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ABSTRACT

Roll-to-roll nanomanufacturing is the next generation processing technique with
advantages of high throughput and low cost, beneficial for manufacturing functional
materials for flexible electrons, medical device and filtration applications. Roll-to-roll
processing combining external electric field to organize nanoparticles in polymer films
provides a unique processing path fabricate the nanocomposites with directionally ordered

structures which exhibit significantly enhanced properties in field direction.

The first part of this study presents a simple, low cost and commercially viable method
to manufacture multifunctional nanocomposites with directionally ordered structures. The
manufacturing of poly(dimethylsiloxane) (PDMS) film with “Z” aligned graphite
nanoparticles by application of electric field is achieved continuously on a roll-to-roll
processing line. The “Z” aligned nanocomposite films exhibit significantly enhanced

dielectric permittivity, electrical and thermal conductivity through the thickness direction.

The second study develops a novel roll-to-roll processing method for “Z” alignment of
barium titanate (BaTiO3) nanoparticles in polystyrene (PS)/toluene solution systems,
which broadens the choice of polymers to use as matrix to manufacture functional films

with anisotropic structure. This is accomplished by applying electric field to a two-layer



solution film cast on a carrier: the top layer is a sacrificial layer contacting the electrode
and the bottom one is the composite layer. The “Z” aligned nanocomposite films show

substantially increased dielectric permittivity for enhancing the performance of capacitors.

The third study proposes a three-layer wound dressing with “Z” aligned superabsorbent
particles by using the processing method developed in previous study. This resulting
wound dressing preferentially expands in thickness direction after absorbing water, thus
reducing the lateral stress between the dressing and wound. The aligned wound dressings
could achieve up to 33% smaller lateral expansion than the film with random particles.
Compared to irregular shape particles, rod-like particles with higher aspect ratio are more

effective to improve anisotropic swelling and reduce lateral expansion.

The final study demonstrates the formation of dispersed and bicontinuous morphology
of PS and PMMA blends with the interface coated by silica nanoparticles modified with
PS-r-PMMA copolymer. The effect of the solvent evaporation rate, blend compositions,
particle loading and size on the resulting morphology is systematically investigated. The
vertical alignment of PMMA phase with dense nanoparticle coated interface by the
application of electric field is investigated. The effect of dielectric constant of

nanoparticles on their reorganization at the interface under electric field demonstrated.
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CHAPTER I

INTRODUCTION

Incorporating functional nanomaterials into polymer is one of the most promising
approaches to fabricate multifunctional nanocomposites with tailorable mechanical,*
thermal® and electrical properties.® Polymer based nanocomposites have been actively
explored to replace traditional metal materials in emerging areas due to their lightweight,
flexibility, high mechanical strength, superior manufacturing and low processing cost.
With explosive growth of nanoscience and nanotechnology, the multifunctional polymer
nanocomposites have a prosperous future in broad applications, such as light weight

structures,’ energy storage,” flexible electronics® and biomedical applications.®

The methods of adjusting compositions, interfaces and structures are commonly used
to tailor or optimize the properties of multifunctional nanocomposites. Ordered structures
are more preferential for nanocomposites because it can promote the properties more
effectively, and the properties can be tailored by controlling the degree of ordering. The
ordered structures of nanocomposite films can be achieved by self-assembly, patterned

substrate, imprint technique and external field assisted assembly. The external field



assisted assembly of nanoparticles or phases is a very effective method to create long

range ordered structures for nanocomposite films.

External electric field is one of the most commonly used methods to create ordered
structures for polymer nanocomposite, liquid crystals, polymer blends and block
copolymers. The electric field assisted assembly of nanomaterials has been developed in
laboratory scale for applications of flexible electronics, filtration, fuel cells, photovoltaics
etc. And large scale nanomanufacturing capability of product will be demanded in the
next decades. Roll-to-roll processing is one of important industrial manufacturing
techniques fabricating coating, film and devices in high volume manufacturing involving
a flexible substrate which is transferred between two drums. Benefiting from the
continuous production, roll to roll processing can lower the cost of manufacturing,
increase the volume rates of production and process efficiency through sequential
application of successive layers on a web. More importantly, additive and subtractive
process can be built on roll to roll processing line to build structures in continuous
manner since it’s a substrate based manufacturing technique. Therefore, a novel roll to
roll processing line built on with external electric field, magnetic field and thermal
gradient zone was developed in our laboratory to manufacture the polymer based
nanocomposites with ordered structures. This roll to roll line was designed to used doctor
blade, slot die or flow coating to cast liquid polymer composite film on a flexible

substrate. The cast liquid film is then transported by the carrier into the electric field zone



which consisting of a parallel electrode sitting on the top of the film. The electric field
zone is capable to provide +15 kV voltages in direct current (DC), alternating current
(AC) and biased AC mode. Under the high electric field strength, the ordered structures

of nanoparticles, phases and domains can be created for nanocomposite films.

Previous studies focused on developing nanocomposites with thermal” or UV curable®
resins as the matrix materials due to the ease of utility in continuous processes. The
electric field assisted ordered structures are frozen in the matrix materials cured by
thermal heat or UV light. However, the top electrode was adhered to the film after
solidifying due to direct contact in these studies which limit the continuous processing.
An air gap is introduced between film and top electrode to solve this problem to achieve
continuous manufacturing. Moreover, there are several limitations for the thermoset
system: (1) the matrix materials can only be thermoset materials; (2) the viscosity of the
fluid may be too high for the particles to move to achieve the alignment at high loading
of particles; (3) the matrix needs to be transparent to UV light which is difficult at high
particle loading. The fluid may not be transparent when the refractive index contrast
(difference) of matrix and particle is large. Thus a new system is needed for thermoplastic
polymers to broaden the choice of materials for matrix. The system of thermoplastic
polymer/solvent solution is another alternative, because it is ease of adjustment of the
viscosity by modifying the particle/polymer concentration. Moreover, more diverse

choices of thermoplastic materials with excellent performance can be chosen for the



matrix materials such as polyvinylidene fluoride (PVDF), polyethylenimine (PEI) and

polyimide (PI).

The goal of this research is to develop multifunctional nanocomposites with ordered
structures and solve various processing challenges for roll to roll continuous
manufacturing of nanocomposites with ordered structures. This research also develops a
new processing method to create ordered structures for thermoplastic polymers/solvent
system. By using this newly developed method, multifunctional nanocomposites for
applications of capacitors, wound dressing and filtration are fabricated. The work
presented here should provide a new processing system to develop multifunctional

nanocomposites with more broad choices of materials.

Chapter Il provides fundamental mechanisms of film formation, chain orientation and
phase separation by solvent evaporation and the technique of electric field assisted

assembly of nanoparticles and phases.

Chapter I11 introduces a roll to roll continuous process to manufacture large-scale
multifunctional thermosets films with electric field assisting graphite nanoparticle
organization in the thickness direction (“Z” direction). The kinetics of “Z” alignment was
studied by tracking the real-time optical light transmission response to electric field as the
nanocolumlar organization under the electric field creates particle depletion zones and
hence creating transparency. Benefiting from the anisotropic structure of aligned particle

chains, the electrical and thermal properties of the nanocomposites were dramatically



enhanced through the thickness direction as compared to the nanocomposites containing
the same particle loading without alignment. This roll to roll electric field continuous
process provides a simple, low cost and commercially viable method to manufacture

multifunctional nanocomposites.

Chapter IV describes a newly developed roll to roll processing method for “Z”
alignment of nanoparticles in thermoplastic/solvent solution under mesh-plate electric
field, which significantly broadens the choices of polymer matrix from thermoset to
thermoplastic polymers. A two-layer solution film is cast on a carrier: top sacrificial layer
contacting the electrode and the bottom layer of polymer solution dispersed with BaTiO3
particles. The kinetics of particle alignment and chain buckling is studied by measuring the
real time optical light transmission during electric field application and drying steps. The
enhancement of dielectric permittivity of resulting films with “Z” alignment particles is

shown.

Chapter V designs a three-layer wound dressing film containing wound contact layer,
absorbing layer and backing layer. The absorbing layer contains “Z” aligned
superabsorbent particles by external electric field during film formation in order to
minimize the lateral swelling during exudate absorbing process, thus eliminating the lateral
stress on the wound. The reduced lateral expansion of aligned wound dressing is shown.

The effect of particle shape on anisotropic swelling is also investigated.



Chapter VI demonstrates the formation of bicontinuous polystyrene (PS)/ poly(methyl
methacrylate) (PMMA) polymer blends with silica particles coated at the interface during
solvent evaporation. The effect of the rate of solvent evaporation, blend compositions,
particle loading and size on the resulting morphology is systematically investigated. The
electric field induced alignment of vertical PMMA domains with particles coated interface
is shown. The effect of dielectric constant of nanoparticles on the organization of

nanoparticles at the interface is also demonstrated.



CHAPTER II

BACKGROUND AND LITERATURE REVIEW

2.1 High dielectric materials

The fundamentals and applications of high dielectric permittivity (high-k) materials

are discussed in details below.

2.1.1 Dielectric permittivity and polarization

The capacitance for parallel plate capacitor with free space and dielectric material as

insulator (Figure 2.1) is given by equation 2.1 and 2.2 respectively.

EoA

C== (2.1)
L
== (2.2)
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where C is capacitance, ¢ is the absolute permittivity of the free space (8.854* 10™? F/m),
€' is the absolute dielectric permittivity of dielectric material, A is the electrode area, d is
the gap between two electrode, and &, is called relative dielectric permittivity. Compared

to the capacitor with vacuum, the capacitance of the capacitor with dielectric material is



increased by a factor of ¢, and the value of ¢ is called as the dielectric constant or

relative dielectric permittivity, which can be calculated as equation 2.3.

(a) (b)

Vacuum
K

Dielectric
material
K

Figure 2.1 The structure of plate capacitor: (a) with vacuum, (b) with dielectric material

between two conductive electrodes with area of A and separation of d.

The charge storage is due to the polarization of the medium under electric field where
the positive and negative charges are displaced away from the equilibrium position.
Polarization can be divided into four mechanisms: (1) electric polarization, (2) ionic
polarization, (3) orientation polarization and (4) interfacial polarization.® When an atom
is composed of electron cloud and atomic nucleus in an external electric field, the
induced dipole will be developed due to the separation of electron center (negative charge)
from the atomic nucleus center (positive charge), which is electric polarization. For ionic
crystals, there is no net polarization due to the same magnitude of dipole moment for
positive and negative dipole. However, the net polarization is no longer zero in the
presence of electric field due to the displacement of positive and negative ions under field,

which is ionic polarization.*® Some materials have permanent dipoles within the structure,



but the molecules are still randomly oriented due to the thermal agitation. If an electric
field is applied, the permanent dipoles are oriented and aligned in the direction of electric
field, which is orientation polarization. In order to achieve the orientation polarization,
the dipole must have enough energy to overcome the thermal energy under electric field,
thus the orientation polarization is temperature dependent. In case of composites, the
interfacial polarization occurs due to the accumulation of the positive charges at the

interface and remains negative charge in the bulk.*
2.1.2 High dielectric permittivity materials

High dielectric permittivity materials are highly demanded for electronic applications

11,12 13,14

including actuators, organic field-effect transistors, electrical stress control

15.18 and high-charge storage devices.'”® For example, the high-k materials

applications
play an essential role in electrical stress control as demonstrated in Figure 2.2.” The
electric field concentrates at cut back point of shield layer leading to the stress field
beyond the shield layer. The electric field stress concentrated at the cut back point may
cause the breakdown of air eventually leading to the surface discharge and insulation
failure of the cable. To reduce the surface electrical stress and keep the electrical stress
below the breakdown voltage of air, high-k material is needed to cover the cut back point.
Ceramics such as barium titanate (BT),* calcium copper titanate (CCTO),? and lead

zirconate titanate (PZT)? are the most commonly used materials as high-k materials due

to their high dielectric permittivity. However, their drawbacks of mechanical brittleness,



low breakdown strength and high temperature processing condition limit their
applications.'® Polymers have advantages in energy storage applications due to their
mechanical flexibility, high breakdown strength and ease of processing. Nevertheless,
most polymers have their limitations in energy storage applications due to low dielectric
permittivity, so high electric field (i.e. E> 500 MV/m) is needed to achieve high energy

density.*® %

One of the promising methods to prepare high-k material is to include the ceramics
into the polymer matrix. The CCTO particle/polyimide (P1) nanocomposites with 40 vol%
loading prepared by in-situ polymerization method show dielectric permittivity as high as
49.1, which is 14 time higher than the pure P1.”> Compared to the dielectric permittivity
of perovskite ceramics, up to several thousand, the dielectric permittivity of the
composite is still too low due to the interface structure.?’ Much effort has been made to
enhance the dielectric permittivity of the polymer/ceramic composite, including
eliminating the voids in polymer composites,?” doping metal oxide on surface of ceramic
particles,?® aligning particles in thickness direction by dielectrophoretic assembly.?® %

The effect of the structure of ceramic materials in polymer matrix on the dielectric

permittivity of composites is discussed in detail below.
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Figure 2.2 Electric stress and potential distribution at cable terminations without (A) and
with (B) high- k material. The dashed lines are equipotential lines.'* (Reprinted with

permission from Ref. 11)

The dielectric permittivity of polymer matrix nanocomposites is dependent on the
concentration of the filler and the dielectric permittivity of the filler and matrix. The
dielectric permittivity of composites is limited by the structure extremity of involved two
phases, as shown in Figure 2.3. The dielectric permittivity of the composites with parallel

31
I

and series model”" is shown equation 2.4 and 2.5, respectively.

Ecmax = €m¢m t+ & ¢p (2.4)
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where &, and &, is dielectric permittivity of matrix and particle, respectively, ¢ and

¢p is concentration of matrix and particles, respectively.
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Figure 2.3 (a) series model, (b) parallel model and (c) random mixing model for

composites.

The series model predicts the lowest and the parallel model predicts the highest
dielectric permittivity for the nanocomposites as shown in Figure 2.4. For particles that
are random in the matrix, the dielectric permittivity of the composites locates between

these two limits. Maxwell mixing rule (equation 2.6) gives the predicted value:

2£m+£p+2¢p(£p—£m)

E. =&
¢ m 2£m+£p—¢p(£p—£m)

(2.6)

Although the addition of ceramic particles with high dielectric permittivity enhances
the dielectric permittivity dramatically, the dielectric permittivity of the composites
cannot exceed 100 even with 75 vol% particle content.** * With such high particle

content, the polymer composites films lose high flexibility, mechanical performance and

low cost of production.
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One of the promising approaches to achieve better enhancement of the dielectric
permittivity for polymer matrix with much less ceramic particle loading is aligning the
particles to form pearl chain structure in the thickness “Z” direction under electric field.
Tomer®* studied the composites of barium titanate (BaTiOs) particles aligned in silicon
elastomer by dielectrophoretic assembly and reported 120% improvement of dielectric
permittivity after alignment. The composites with aligned structure of (Bags5Sro.4s)TiO3
has 3 time higher dielectric permittivity than sample with random particles®. Tang®
found out that the alignment of PZT nanowires in “Z” direction can enhance the energy
density up to 51.6% greater than the nanocomposites with random nanowires at 20 vol%

particles.

The aligned dielectric particles form columns along “Z” direction, and these columns
create a similar structure as the parallel model, which can increase the dielectric
permittivity for composites close to the upper limit. However, the measured dielectric
permittivity of composite with aligned particles is smaller than the value predicted by the
parallel model. The particles forming chains are closer to each other than the random
particles, so the interaction between particles increases*. The gap among particles filled
with polymer with low dielectric permittivity causes the measured value smaller than the
value predicted by parallel model. This system can be modeled by the one dimensional

35, 37

chains of particles separated by polymer gap as shown Figure 2.5. In a single chain,

the dielectric permittivity can be predicted by the series model. Therefore, the dielectric

13



permittivity of the composite can be predicted by the following equation®*":

e = e, + 6, | 2] @7)

geEmtep

where g is the ratio of the particle size and the average inter-particle distance.

E =

1 f

=0 o=1

Figure 2.4 Schematic of effect dielectric constant of a mixture/composite versus the
composition: 1-parallel connection, 2-series connection; 3-real composite with random

particles.®® (Reprinted with permission from Ref. 38)

In the long range, the pearl chain length is not as long as the thickness of the film, so
there are large gaps between the pearl chains, which also leads to the smaller value of
dielectric permittivity than upper limit. On the other hand, since the value of g has a large
numerical value, the dielectric permittivity of composite with aligned pearl-chain is larger

than that of composites with random particles. Bowen reports that the dielectric

14



permittivity of aligned composites generally 2-3 times larger than randomly dispersed

sample when g=14.3.

t \ 4
chains polymer
matrix

Figure 2.5 Schematic of one dimensional model.

Another effective method to achieve high dielectric permittivity of polymer
composite film with very low loading of particles is to use electrically conductive
particles based on the percolation theory. Very high dielectric permittivity ranging from
several hundred to millions has been achieved for percolated composites with different
conductive particles including metal, carbon nanotubes and graphene etc. Fan'’ reported
that dielectric permittivity of poly(vinylidene fluoride)(PVDF)/graphene composite could
be up to more than 200 at 1000Hz with 1.01 vol%, and the dielectric loss was 0.48. As

the concentration of graphene increased further beyond the percolation, the dielectric

15



permittivity of composites increased exponentially to extremely high value of 4.5x10" at
1000 Hz while the dielectric loss was as high as 229 at this concentration. This
nanocomposite with high dielectric permittivity and dielectric loss can be used as

electromagnetic wave absorption.

When the concentration of the conductive particles is close to the percolation
threshold, the composites has an insulation-conductive transition behavior. The
percolation transition is a transition of isolated fillers into continuous cluster throughout
the system formed by fillers contacting each other as the concentration increases.”® The

dielectric permittivity of the composites can be expressed in a classic explicit law™®:

=< = (f, - friter)™ for frier < fc (2.8)

Em

where f. is the percolation threshold, and q is the critical exponent, in the range 0.8 to 1.

The critical change of the dielectric permittivity near the percolation is due to the
micro-capacitor network.”® * The micro-capacitor is formed by the neighboring
conductive particles and a thin layer of polymer between them. The significant increase
of dielectric permittivity of the composites contributed by all the micro-capacitors is
correlated with a significant intensity increase of local electric field near the percolation
threshold. The migration and accumulation of charge carriers at the interface of matrix
and conductive fillers are promoted by the increase of local electric field intensity. The
charges generated by surface plasma resonance or by charge injection from electrode are

accumulated at the interface of polymer and conductive fillers due to their different

16



relaxation times. As the particle concentration increases, the accumulated charges at the
interface are relaxed by tunneling (when the neighboring particle distance is within
tunneling range) or by ohmic conduction (when the particles have direct contact with
each other).* Thus the significantly enhanced dielectric permittivity of

polymer/conductive particle composites is attributed to the interfacial polarization.
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Figure 2.6 Dielectric constant of the PVDF/xGnP nanocomposites as a function of the
XGnP volume fraction, measured at 1000 Hz. Inset a) shows the best fits of the
conductivity to Equation 2.8. Inset b) shows the loss tangent as a function of xGnP

volume fraction.!” (Reprinted with permission from Ref. 17)
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High dielectric permittivity at much lower particle loading is achieved by using the
conductive particles than ceramic particles. Since the conductive particles in previous
studies are randomly dispersed in polymer matrix, there is a potential to achieve higher
dielectric permittivity with much lower loading of filler thus retaining the flexibility of
polymer and lowering the cost. One way to reduce this critical concentration is to use
electric field to form “nanocolumns” of conductive nanoparticles chains in the field
direction in polymer matrix. For instance, electric field aligned epoxy/graphite flakes
composite films exhibit up to 7-8 orders of magnitude higher of electric conductivity than
randomly dispersed composites.** Since the percolation behavior of dielectric permittivity
follows the percolation behavior of electrical conductivity for most of

polymer/conductive particle composites,** *

enhanced dielectric permittivity is also
expected by the alignment of the conductive particles. The fundamental mechanism of
electric field assisted assembly of ceramic particles, conductive particles and phase will

be discussed in detail. To prepare the polymer based composite film with best quality, the

fundamental of film processing, film formation will be described below.
2.2 Polymer film processing

Polymers or polymer based nanocomposite films are gaining increased popularity and
enjoying worldwide growth due to their extensive applications in the fields of packaging,
electronics, pharmacy and optics.*** There are many methods to manufacture polymer or

polymer nanocomposite films including film blowing, hot melt cast film extrusion, spray

18



coating and solution casting method for thermoplastic polymers, ultraviolet curing and

thermal curing for thermoset polymers.

Film blowing is a process of forcing the polymer melts through a tubular die, blowing
air to inflate the polymer melts into a cylinder, cooling the film in air, and drawing down
the tubular film.*” Hot melt cast film extrusion technique is widely used in industrial
manufacturing due to its single process step, higher production capacity, and lower cost
compared to film blowing. The cast film line is usually composed of gravimetric feeding
system, extruder, filtration system, flat die system, cooling unit, automatic gauge control
system, corona treatment and winder.*® In a typical film extrusion, the polymer material is
provided by the gravimetric feeding system, then melted and mixed in the extruder. The
polymer melts are extruded through the flat die system, and the molten curtain enters the
highly polished cooled rolls to freeze the film. The orientation of molecular chains and
thickness of the film can be controlled by the rotation speed of rollers. Then the film is
passed downstream where edge trimming and corona treatment is applied if needed, and
the final film is winded into rolls.*® Spray coating is suitable for low viscosity polymer
solutions and the process includes liquid atomization, in-flight droplet evaporation,
spreading, drying and adhesion on the substrate.*® Solvent solution casting method is a
process of dissolving of thermoplastic polymer in organic solvent, die or blade casting on
the substrate followed by evaporation of the solvent. It is widely used for fabricating high

quality films with uniformity, clarity, flexibility and controlled thickness. UV curing is a

19



conversion of liquid resins with acrylate double bonds or epoxy group into solid films via
free radical or cationic polymerization activated by UV light energy. UV curing is
becoming more and more popular due to its high process speed, and the liquid film can
be cured in seconds, which is much faster than other methods. Thermal curing is similar
as UV curing but activated by heat energy instead of UV light and its curing speed is

relative slower than UV curing, ranging from minutes to hours.

Solution casting method is the main method to fabricate the nanocomposite films in
this dissertation, so the fundamental simulation of drying, orientation of molecular chains

during drying, and the techniques for solution casting will be discussed below.
2.2.1 Solution casting process

The advantages of the solution casting films are uniform thickness distribution,
optimum optical purity, high optical transparency, low haze and virtually in-plane
isotropic orientation.”* Owing to all these excellent properties, the solvent cast films can
be used as photographic film, optical polarizers, compensation or retardation film,*® and
electronic applications.>* *> Some high temperature polymers such as polyimide film with
excellent electrical stability at high temperature can only be achieved by solution casting
process but not the melting extrusion method. Polyimide film is produced by casting poly
(amide carboxylic)/ dimethylacetamide and cross linking with acetic anhydride
subsequently.>® In a typical process of solvent casing, the polymers are dissolvent in
volatile solvents or solvent mixtures to form a homogeneous solution with a reasonable

20



viscosity. Doctor blade die or slot die are usually used to cast the solution into a liquid
film with a desired thickness on a supporting substrate. There are varieties of materials
used for supporting substrate: copper, stainless steels, polytetrafluoroethylene (PTFE)
films, siliconized paper, polyester film and other polymer films.>! The cast liquid film
goes into the oven to remove the solvent, and the drying condition is controlled by
heating via supporting film heater, heating via radiation, and air stream drying. The
drying condition is important to fabricate films with high quality, such as temperature, air
flow speed and solvent loading in the air. There are two steps for the solvent to evaporate
from the cast film. The first step happens as the solvent concentration is still high, and the
diffusion rate of solvent is also high, so the solvent evaporates rapidly. As residual
solvent in the film becomes very low, the solvent content of the surface is close to zero
and the diffusion rate of the residual solvent to the surface can be 1000 times slower than
before, which is the controlling factor for solvent evaporation. The drying process for
solvent cast films is very complex and the detailed mathematical modeling is discussed

below.

2.2.2 Mathematical modeling of the drying process

The drying process of solvent cast film is a thermal diffusion process of polymers and
solvent in the solution film related to the mass and heat diffusion. The 3D governing
equations for the kinetics of concentration and temperature evolution for drying process

were developed by Shams E.*®
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where p; and o is the mass density and volume fraction of the solvent respectively; t time;
T temperature; p and cp are mass density and isobaric specific heat capacity of the
polymer solution respectively. J; is the non-convective mass flux of the solvent and p is

the exchange chemical potential of the components and are given by

— _ (¥ — H
Ji= a(ago)T Vo [a(ﬂ)¢+ﬁ] VI (2.12)
_ M Py
M= o e (2.12)

where p; and p;, are the chemical potentials of solvent and polymer respectively; M; and
M are molar mass of solvent and polymer respectively and p; is the mass density of
polymer. To preserve the positive definiteness of entropy production, the
phenomenological coefficients restricted by constraints: a, § and y should satisfy the
following conditions:

a0, >0, B[ ayT—1 (2.13)
where o (Op/0e)T, a(Op/0p),+B and v-B%T/o. are mutual diffusion coefficient, thermal
diffusion coefficient and thermal conductivity, respectively. To satisfy the constraint

S</ ayT =1, B is made as zero, mutual diffusion coefficient o and thermal conductivity y

is given by®®
Dop: My p(1-0)
e i S };;p 2 (2.14)
T6/5 (1-T;)038
=% Mll;,;/e T, 1/6 (2.15)
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where Dy and y, are two constant parameters, Ty, and T, are boiling and critical points of
the solvent and T, is the reduced temperature.

In his study, the above governing equations were used to numerically simulate the
drying process of a solvent cast polymer solution film on a glass substrate and the whole
system is exposed to a laminar air flow at temperature T,, as shown in Figure 2.7.Since
the dimension of solvent cast film in the plane of surface is larger than the thickness in
several orders of magnitude, the diffusion is considered as a 1D process to a good
approximation.

The film drying process is a moving boundary problem, so the surface position of the
film w(t) is not known a priori. The equation of this moving boundary were derived with

regard to the conservation of polymer mass during the drying process as below>®

dw(t) G

- = (2.16)

where C; is the evaporating solvent flux.
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Figure 2.7 Schematic drawing of film drying process.”® (Reprinted with permission from

Ref. 56)

A system of coupled nonlinear partial differential equations is formed from the
governing mass diffusion and heat conduction equations. By plugging J; from Eqg. (2.11)
into Eq. (2.10) and letting 3 be zero, the 1D evaporation problem can be expressed
below:

P =5ta(5) T+aes) (217)
perge =5 lan(5) 5+ (O!ﬂ(aﬂ)(p‘Hf)g} (2.18)

One initial condition and two boundary conditions are needed to solve Equations above.
The initial conditions are fulfilled by starting with uniform concentration and temperature

profiles
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p(y,t =0) = ¢, (2.19)
T(y,t =0)=T, (2.20)

Boundary conditions at the surface w(t) of the solution are®®

Undweo = cw(®), ) =2 = ¢ (2.21)
Udwe =<h > (T —T.) + AH,C;s (2.22)

where <h> and AH, are the averaged heat transfer coefficient and heat of evaporation of
solvent, respectively>’. Boundary conditions at the substrate for the mass and heat
equations are
Ji=0 (2.23)
Jq =~k (2.24)
where k and T, are the thermal conductivity and absolute temperature of substrate

respectively. Transient heat conduction in the substrate along with the associated initial

and boundary conditions are given by

éTsub _ é’szub

a K oy? (225)
Toup(y, t = 0) =T (2.26)
I sub
<h>((T,—Tew) =—k (2.27)

where « is the thermal diffusivity of the substrate. The boundary condition at the interface
between substrate and polymer solution is satisfied by a continuity condition in
temperature. An explicit finite difference scheme was used to solve the system of partial
differential equations (9) and (10) considering the initial and boundary conditions

described above. @, t” and & are volume fraction of the solvent, dimensionless time and
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dimensionless length. £=0 shows the substrate and &= 1 represents the evaporating
surface at t=0. In case of T=318.15 K, V=1.2 m/s and initial solvent concentration is 0.8,
the calculated concentration and temperature profiles is showing Figure 2.8 and 2.9.
Before evaporation happens, the solvent concentration is constant 0.8 throughout the
thickness direction of cast film. Once solvent starts evaporating, the solvent
concentrations increases decreases dramatically on top surface of the film while increase
slightly near the substrate in Figure 2.8, so the drying rate is solvent evaporation
controlled. The solvent concentration on top surface is much lower than bottom surface
which explains the formation of skin layer on top surface during drying. As the
evaporation proceeds, the solvent concentration on bottom surface starts decreasing and
the top surface deceases at much lower rate, and the drying rate is diffusion controlled.
Eventually, the solvent concentration is at very low level and there’s no solvent gradient
in thickness direction. In case of film temperature, there’s a temperature gradient
observed: colder on top surface and warmer on bottom surface due to faster evaporation
on the top surface showing in Figure 2.9. The temperature first decreases at the beginning
of drying due to the evaporation and then increases asymptotically to the set drying

temperature.
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Figure 2.8 Concentration profile for film evaporation process.*® (Reprinted with

permission from Ref. 56)
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Figure 2.9 Temperature profile for film evaporation process.*® (Reprinted with permission

from Ref. 56)
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2.2.3 Molecular orientation induced by solvent evaporation

The solvent cast polymer solution film undergoes constrained volume shrinkage due
to solvent evaporation, because the film sticks to the substrate, resulting in one
dimensional thickness reduction.®® The constrained volume shrinkage induces the
development of in-plane stress®®, which leads to the most of polymer chains lying in the
plane of the film naturally.?® In an unconstrained polymer solution drying, the film has a
three dimensional volumetric shrinkage which does not lead to any orientation. The
in-plane orientation of the polymer chains cause the out of plane birefringence, so the
orientation level of the polymer molecular chains can be characterized by birefringence
technique if refractive index difference (intrinsic birefringence) between parallel and

6182 investigated the effect of

perpendicular to the polymer chain is not zero. D. Luca
solvent cast conditions such as film thickness, polymer molecular weight, casting solvent,
temperature on the molecular orientation by measuring birefringence. It was found out
that the birefringence increased with decreasing film thickness due to faster drying rate
for thinner film. The birefringence decreases with increasing temperature due to the
ambient temperature is closer to the glass transition temperature. The drying process can
be regarded as freezing the molecular conformations when the glass transmission of film
passes the substrate or ambient temperature. The closer substrate temperature to the glass

transmission temperature, the slower the freezing and the more time for the molecular

chains to relax resulting lower birefringence. The birefringence increases with polymer
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molecular weight because of more molecular entanglement and slower drying rate. The
birefringence was measured after film was totally dried, so we miss the information of
molecular orientation during drying. Recent, a custom built measurement system was
developed in Dr. Cakmak’s research group to track the real-time change of weight,
thickness, in-plane and out of plane birefringence of the solvent cast film during drying.®®
It was found out that the weight and thickness decreases and level off beyond a critical
time after solvent evaporation. The in-plane birefringence almost remains zero during
drying indicating that the polymer chains are randomly distributed in the plane. However,
the out of plane birefringence remains zero during initial drying and increases sharply to
a very high value as the weight and thickness approached to the plateau indicating the
polymer chains are oriented parallel to the film plane.®* Moreover, the out of plane
birefringence gradient along the thickness direction of the film was investigated caused
by the drying gradient along thickness direction.®® Higher birefringence was observed on
the substrate-solution film interface at earlier stage due to the casting procedures. As the
solvent evaporates, the birefringence gradient profile was reversed and the air-solution
film interface had higher birefringence. After a critical time, highly oriented layer was
formed at the air-solution film interface, and this layer developed through the whole

thickness as the solvent evaporates.
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2.2.4 Phase separation of polymer blends solution during drying

The thermodynamics and kinetics of phase solution of polymer blends solution during

solvent evaporation are introduced below.

2.2.4.1 Thermodynamics of polymer blends

Since the phase separation mechanism of ternary solution is complicated, the
introduction begins with the binary solution. The necessary but not sufficient
thermodynamic condition for the binary system involving polymer or solvent to be
homogenous mixture is that the Gibbs free energy of this mixture, AG, must be negative.
AGq, as a functional of polymer ratio at different temperature is shown in the upper part
of Figure 2.10. At temperature T3, the curve of AG, has concave shape with one
minimum value over the whole polymer ratio range (6°AGn/6d>>0), meaning any phase
separation will cause the increase of AGn, which is not preferential, so the system at T1 is
completely miscible over the whole range of polymer ratio. Therefore, the necessary and
sufficient conditions for homogeneous mixtures are AGn<0 and *AG,/6D*>0. At
temperatures of T, and T3, the system is partially miscible because it only meets
condition of AG,,<0 but $*AG,/dd?<0 in some range due to two local minima. In order
minimize the Gibbs free energy AG, of the system, the system will phases separate into
two phases with each of them having the concentration determined by the tangent points
on the on AG, curve and these two points are called binodal points expressed below

(aAGm/é,@)phase 1= (aAGm/é,@)phase 2 (2.28)
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The volume ratio of rich and minor phases at binodal points can be predicted by the lever
rule. The curve connected by all these binodal points at different temperatures is binodal
curve as shown in the lower part of Figure 2.10. There’re two inflection points between
two minima and maxima where 6°AG,/6®%=0, which is called spinodal points, and the
curve connection these points at different temperatures is the spinodal curves. In the
phase diagram, the binodal and spinodal curve meet at a critical point where
O*AGn/6®3=0. There are three regions of different degree of miscibility in the phase
diagram (1) the stable single phase regions above the binodal curve in Figure 2.10, (2) the
metastable region between the binodal and spinodal curves and (3) unstable region where
the system spontaneously phase separated. At T, the Gibbs free energy of the mixture is

positive so the system is completely immiscible over the whole range of polymer ratio.
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Figure 2.10 Schematic diagram of Gibbs free energy of mixing and phase diagram as a

function of polymer concentration.®® (Reprinted with permission from Ref. 66)
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Figure 2. 11 Phase diagrams of hypothetical polymer blends. The solid line is the binodal
and the broken line is the spinodal. The diagrams are of the form (a) LCST, (b) UCST, (c)
combined LCST and UCST, (d) hourglass, and (e) closed loop.®’ (Reprinted with

permission from Ref. 67)

For binary system such as polymer solution or polymer blends, there’re five types of
phase diagrams observed most commonly including upper critical solution temperature
(UCST), lower critical solution temperature (LCST), combined UCST and LCST,
hourglass and closed loop shaped phase diagrams showing in Figure 2.11.5" If the

miscibility of mixture as shown in the Figure 2.10 increases with the temperature, the
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system change from two phases to one phase as the temperature increases, which is
UCST. Polystyrene in cyclohexane exhibits UCST phase diagram.®® On the contrary, the
system such as polystyrene in benzene® with decreasing miscibility as the temperature
increases shows a lower critical solution temperature (LCST). Some binary systems such
as polystyrene in acetone may show different phases diagrams depending on the
molecular weight: (1) a combined UCST and LCST phase diagram for polystyrene with
lower molecular weight of 4800 and 10,300 (2) hourglass shape phase diagram for
polystyrene with higher molecular weight of 19,800 and 50,000.% Poly(vinyl

alcohol)/water system was found to have a closed-loop phase diagram.”

2.2.4.2 Kinetic of phase separation

Phase separation is the process of a mixture with single phase moving to metastable
or unstable region caused by a change of temperature, pressure or composition. The
mechanism of phase separation is substantially different for moving from one phase
region to metastable region and unstable region resulting from nucleation and growth and
spinodal decomposition respectively showing in Figure 2.12.

(@) Nucleation and growth mechanism

When a polymer solution is forced to jump from the single phase region into
metastable region, the system may stay at a single phase or undergo phase separation.
This is attributed to the fact that the Gibbs free energy of this system is at local but not

global minimum. Therefore, the system is stable to the small fluctuations of concentration
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caused by the change of temperature or pressure. If the fluctuation is large enough to
form nucleating clusters, the phases separate and grow spontaneously, so this phase
separation process is called nucleation-growth decomposition. These nucleating clusters
have similar composition as the new phases. The formation of nucleating clusters requires
the activation energy AE,n, which depends on the gradient of free energy of mixture and
the interfacial tension (yi12) which is given by the equation below:

AEqy = — 2Ry MGy, + 4TRy Y1, (2.29)
where AGm is the supersaturation degree related Gibbs free energy, yi, is the interfacial
tension between nucleating clusters and their surroundings, Ry is the diameter of
nucleating cluster.

The activation energy as a functional of the diameter of nucleating cluster Ry is
shown in Figure 2.13. The activation energy AEay shows a maximum value (AE") at
critical radius R” of nucleating cluster. If the diameter of cluster is smaller than R, it will
be dissolved back into the solution to form single phase. If the diameter of cluster is
larger than R, the growth process will start spontaneously. The critical value of AE” and

R” is given below:

« _ 16my;p3
I (2.30)
x _ 2V12
R =2 (2.31)
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Figure 2.12 Schematic representation of the density fluctuations during the spinodal
decomposition mechanism (SD, bottom) and the nucleation and growth (NG, top)."

(Reprinted with permission from Ref. 71)

The rate of nucleation of N nucleation clusters during time t can be described using
an Arrhenius equation in equation below:
i—': = kyexp(— %) (2.32)
where Ky is pre-exponential factor, kg is Boltzmann constant , T is temperature.
The growth is diffusion controlled, so it is proportional to the concentration gradient
towards the nucleating cluster. As shown in Figure 2.12, there are three stages of phase
separation process: early, intermediate, and late/final. The upper and lower limits of

concentration are determined by the tie-line limits intersection of the binodal. Once the
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nucleation cluster with diameter of R™ forms in the early stages, the growth starts

spontaneously due to the concentration gradient in the intermediate stage. The new phase

has a concentration of C2 with a sharp interface with its surroundings. As a result, the

phase separation based on the nucleation mechanism usually leads to island/matrix

morphology.
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Figure 2.13 Activation energy diagram for nucleation explaining the existence’
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(b) Spinodal decomposition

When the polymer solution is forced to jump from the stable region to unstable region,
the long range phase separation starts spontaneously according to the spinodal
decomposition mechanism due to the delocalized concentration fluctuation. In spinodal
decomposition, the fluctuation of concentration results in the decrease of free energy in
the system and triggers a long-wave fluctuation through the solution as shown in Figure
2.12. There’s no sharp interface forming in the early and intermediate stages for spinodal
decomposition compared to nucleation growth mechanism. The wavelength doesn’t
change but the amplitude increases with time during the early stage of spinodal
decomposition, which is explain by Cahn and Hilliard theory.

The concentration fluctuation described by Cahn-Hilliard" theory is below

dc(x,t)

8 - MV2 x {(6f[(c(x,t))

i’ ])T + r2kp TV2c(x, 1)} (2.33)
where c(x,t) is the concentration field, M is the mobility, f is the free energy density
as a function of concentration, r; is range of effective integration. Since the concentration
fluctuations are small relative to the overall concentration during the early stage of
spinodal decomposition, the linearized diffusion equation can be described below by

neglecting the concentration dependencies:

dc(x,t)

0%f
= M[(E)Tv% + rZkgTV3(] (2.34)

Then the equation above is written as a Fourier series
Sci () = ocr (0)exp[R(K)t] (2.35)
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where K is the wave vector and R(k) is amplification factor. The amplification factor as a
function of wave vector is shown in Figure 2.14. If the system is quenched into unstable
regions (6*f/6c®<0), the amplification factor is positive, on the other hand, if the system is
quenched into metastable region (6*f/6c®>0), it is negative. The critical wave vector is
defined below:

a2f 1

ke = [—(32) (2.36)

7 ke T
The amplification factor increases exponentially as k<k., and decay exponentially as
k>ke. It grows at the maximum rate if k=k¢/v/2. Since the amplification factor increases
with wave vector exponentially, there’s a sharp maximum at k= kn,. Therefore, all the
concentration waves other than those at k,, can be neglected and the system has a fixed
wavelength at An=27/kn.”* However, the linearized Cahn-Hilliard theory is only valid
during the initial stage of spinodal decomposition when the deviations of concentration

compared to the mean are small.
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Figure 2.14 Amplification factor as a function of wave number.”*(Reprinted with

permission from Ref. 74)

In the intermediate stage, the linear theory above in no longer valid, and the
non-linear effects will dominate the phase separation which can be predicted by the
Langer-Bar-Miller theory. It predicts that the wavelength of the sinusoidal concertation
wave increases instead of staying at a stagnant value as predicted in linear theory, which
leads to the growth of domain size.”® The amplitude of scattering peak grows till it
reaches the equilibrium concentration. In the late stage of spinodal decomposition,
coarsen behavior of domain occurs and the domains may grow to a size much larger than

microscopic length. The peak wave vector K, can be described in power law: ky~t©,
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with ®=1/3 for solid binary mixture and ®=1/d for fluid system, where d is the dimension
of the system. The morphology of domains formed by spinodal decomposition is usually
bicontinuous structure, but this bicontinuous morphology may break up to form droplet

structure.

2.2.4.3 Phase equilibria in ternary system: polymer A/polymer B/solvent

The phase behavior becomes more complicated with the introduction of a third
component. Since the ternary systems studied in this dissertation focus on the phase
behavior of polymer A/polymer B/solvent system, so the kinetic of phase separation for
this system will be described below. During solvent evaporation, the concentration of
polymer increases and the phase separation occurs according to the mechanism of
nucleation-growth or spinodal decomposition. Figure 2.15 shows the typical phase
diagram for ternary solution where the dot curve is binodal line and the solid curve is the
spinodal line. Point P and Q is the state of the solution at different concentration during

evaporation.
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Figure 2.15 Ternary phase diagram of polymer A/polymer B/solvent system. The arrow

indicates the drying process.” (Reprinted with permission from Ref. 76)

The free energy of mixing for the ternary polymer solution consisting of polymer A,

polymer B and solvent is described in the Flory-Huggins expression:’’

AGp,

D;
wr = 2iy MOt Nicj X% O D (2.37)

where i=A, B and S (Ais polymer A, B is polymer B and S is solvent), @; is the volume
fraction v; is the molar volume, and y;; is the interaction parameter. The blend ratios of
the polymer are defined as 04 and 0g according to Scott’s procedures, and the volume

fraction of total polymer @, is expressed below:

@P = @A + @B = 1 - ¢S (240)
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The second derivation of free energy with respect to 6, is expressed below:

0%AG
0042

._AR71Q§,( 41 __ZZAB¢¢) =

vaba vBlp vy

—zm’iﬁ Op(Dp — Bp°) (2.41)
A

where ®p° is the spinodal volume fraction of polymer blends where 6°AG /60 A %=0. Am

is the wavelength of the concentration fluctuation having the highest growth rate, and R,

is the maximum fluctuation growth rate constant.

Am = 4T (W)/4 M2 = 2ml[3(@p — )] (2.42)
Ry = ("’QAZ) ="F Mo 2 2
m= T = lz P (Dp — Dp°) (2.43)

where « is the gradient energy constant according to J. Aartsen, | is a range of
polymer-polymer interaction.” Figure 2.16 shows the effect of polymer concentration @,
on Amand Ry. The phase separation starts to occur at lower concentration near point P for
lower evaporation rate of solvent resulting in larger An,. In contrast, the phase separation
occurs at higher concentration near point Q for higher evaporation rate resulting in
smaller A, and then the fluctuation will be frozen as solvent evaporates leading to

shorter periodic distance in the bicontinuous structure.”
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Figure 2.16 Concentration dependence of Ry, and An,. Calculated from eq. 2.42 and

2.43.% (Reprinted with permission from Ref. 76)

Figure 2.17 shows the concentration dependence of Ry, on various factors such as the
polymer-polymer interaction parameter, blend ratio and degree of polymerization. The
spinodal polymer volume concentration ®p° is proportional to XAB_l for symmetric
polymer pair (va= Vvg), thus ®p° decreases and the Ry,-@p curve shifts from (ii) to (i) as
xas increases. Therefore, the higher y ag is the less possibility to form bicontinuous
structure and the higher possibility to form drop/matrix structure. The larger of the
deviation of polymer blend ratio from the symmetry, the smaller of the product of 66g,
which results in larger ®p° and shifts the curve from (i) to (ii). Since Ry~ N, the curve
shifts from (ii) to (iii) for polymers with higher molecular weight. Thus the ternary

solution has less phase-separated structure if the polymer has very high molecular weight.
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Figure 2.17 Concentration dependence of Rm, showing the effects of ym,, blend ratio 646g,
and degree of polymerization N: (i) larger ym, 02=0g; (ii) small xm, 04<0g; (iii) large N.”

(Reprinted with permission from Ref. 76)
2.2.4.4 Phase separation of polymer blends with nanoparticles

The nanoparticles tend to be absorbed at the interface of two immiscible fluids if they
have equal affinity to each component. It was first known since early 20th century as
Pickering emulsions by using colloids to stabilize the emulsions for low molecular weight

liquids. The liquid-liquid interface can be created by mechanical or ultrasound agitation
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and phase separation. If the liquid undergoes nucleation-growth phase separation,
Pickering emulsions are expected to form. If the liquid forms bicontinuous structure with
large interfacial area by spinodal decomposition, the chemically neutral colloids are
absorbed to form a mono-layer of particles at the interface to freeze the structure, which
is known as bicontinuous interfacially jammed emulsion gels (bijels). Dr. Cates first
reported bijels in 2005 by computational simulation of the formation of solid-like liquid
materials with continuous domains maintained by a jammed layer of colloid particles.”
Figure 2.18 shows the sequence of bijels structure forming. The two liquids are colored in
yellow and blue, and particles are green. The spinodal phase separation induced
bicontinuous domains coarsen to reduce the interfacial energy. As coarsening proceeds,
the interface absorbs and sequesters the colloid particles by sweeping the fluid phases.
Shortly thereafter the bijels of 2,6-lutidine/water/ fluorescent silica colloids® and

alcohol/oil/silica colloids®* were formed experimentally.

Recent studies have developed polymer blends in both dispersed and bicontinuous
structures with the particles packed densely at the interface. Therefore, the concepts of
Pickering emulsion and bijels have been extended from low molecular fluids to polymer
systems. The polydimethylsiloxane (PDMS) and polyisobutylene (PIB) blends with 7/3
ratio phase separated into droplet/matrix morphology according to nucleation and growth
mechanism.®* The addition of silica particles suppressed or slowed down coalescence

because silica nanoparticles were accumulated at interface. The Janus particles of triblock
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terpolymer polystyrene-block-polybutadiene-block-poly(methylmethacrylate) (SBM)
were found densely packed at the interface of Poly(2,6-dimethyl-1,4-phenylene ether)
(PPE) and  poly(styrene-co-acrylonitrile) (SAN).2 Owing to this Pickering effect, the
coarsening of the droplet was suppressed due to the stearic repulsion of Janus particles.
The SBM Janus particles also stabilized the dispersed and bicontinuous morphologies of
PS and PMMA blends via densely assembling at the interface. The bicontinuous structure
of PMMA and SAN blends with PMMA modified silica particles coated interface was
investigated by Composto as shown in Figure 2.19.2* As the particles loading increased

from 2 to 10 wt.%, the domain size was reduced from ~400nm to ~200nm.

The interfacially jammed nanoparticles act as excellent compatibilizers for polymer
blends to reduce the phase separated domain size for both dispersed and bicontinuous
domains, which is beneficial for improving the mechanical and optical properties.
Furthermore, if selectively etching one of the phases, porous materials with partially
exposed nanoparticle at the surface of the channels can be fabricated. The porous
polymer materials act as the scaffold to support the nanoparticle to have high surface
exposure area. The catalytic nanoparticles can catalyze the reaction of gas or liquid
passing through the channels of porous materials, which promising for filtration and

catalyst applications.
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Figure 2.18 Time evolution of monodisperse neutrally wetting colloidal particles at
volume fraction of 20% in a binary solvent following a quench.” (Reprinted with

permission from Ref. 79)

Figure 2.19 Cross-sectional SEM images of 2.5 mm thick PMMA : SAN films with (a) 2

wt% NP, (b) 5 wt% NP and (c) 10 wt% NP. Films are annealed at 195 oC for 24 h and
exhibit a bicontinuous structure. As loading increases, the domain size decreases.®

(Reprinted with permission from Ref. 84)
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2.2.5 Roll to roll process for functional polymer films

The roll to roll process, as known as web processing, is one of the industrial
manufacturing techniques to fabricate coating, film and devices in high volume
manufacturing. It involves a flexible substrate which is transferred between two drums.
The basic version of roll to roll processing line is composed of a loop of stainless steel
belt wrapped over two drums with one of them connected to drive which can control the
speed precisely and another one connected to a servo system to adjust the belt tension in
order to ensure its constant flatness.>* The belt needs an edge guide system to prevent the
shift of belt during the operation by horizontal movement of the support drum. Many
different support materials can be used as the substrate such as copper, PET films, silicon
paper and other polymer films. Since roll to roll process is a substrate based
manufacturing method, it provides a platform serving a full range of additive and
subtractive process to build functional structures in a continuous way, % and these
additional process can be vacuum, UV, thermal, external electric and magnetic field.? %*
% Roll to roll process has been to manufacture optical films, separation membranes,
textiles, flexible solar panels, printed thin film batteries and flexible packaging of
electronic component. Benefiting from the continuous production, roll to roll process can

lower the cost of manufacturing, increase the volume rates of production and process

efficiency through sequential application of successive layers on a web. Although the
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initial cost for setting up the system is high, it can be recovered by the economic
advantages during production.

Roll to roll process provides a platform for a variety of techniques for nanomaterial
fabrication such as external field assisted assembly, deposition, nanopatterning, imprint

or soft lithography and laser ablation. Each technique will be discussed below:

a. External field

The application of external field such as electric field, magnetic field and thermal
gradient zone on the roll to roll process line (Figure 2.20 a) has been developed by M.
Cakmak,®® which provides us a robust manner to manufacture multifunctional films
including heat spreaders, ultrahigh density information storage systems, capacitors, fuel
cell and battery membranes. This roll to roll process line can deposit liquid film on
flexible substrate, and the nanoparticles in the liquid matrix can be organized into particle
chains as it passes through the electric field zone as shown in Figure 2.20(b).*’ If the
dispersed phase is diamagnetic or ferromagnetic particle, it can be aligned into columns
as the film passes the magnetic zone as shown in Figure 2.20 (c).®® Vertically oriented
cylindrical PS-PMMA block copolymer nanostructure can be achieved as the block
copolymer thin film pass through the thermal gradient zone. As shown in Figure 2.20(d),
92% vertical orientation factor can be achieved due to the sharp temperature gradient

field with successful scale up on the roll to roll line.®
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Figure 2.20 (a) roll to roll processing line combing electric field, magnetic field and

thermal gradient zone,®® (b) Aligned BaTiOs particles by E field®” (c) Aligned Ni particles
by magnetic field,%® (d) morphology of PS-PMMA annealed in thermal gradient zone.®

(Reprinted with permission from Ref. 86, 87, 88 and 89)

b. Deposition

Several deposition methods such as sputtering, evaporation, chemical vapor
deposition (CVD) can be implanted on the roll to roll process line. Multilayer sputtering
system can be easily achieved on roll to roll line as shown in Figure 2.21, where the
entire line is loaded into vacuum to sputter different materials without inference among
each different sputter source. As the substrate moves through the sputtering zone, the

materials will be deposited on the substrate and the thickness of each material is affected
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by the process rate. While it is difficult for CVD to deposit multilayer in this method

because the reactive gas barrier is needed within the vacuum system.
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Figure 2.21 Inline vacuum coater and sputtering process.(Reprinted with permission

c. Nanopatterning

Roll to roll nanopatterning is a promising technique for high through nanopatterning

for a wide range of device applications. The gravure printing, flexographic printing, and

from Ref. 90)

screen printing techniques are described below. Gravure printing is a type of printing

process to engrave the image onto a carrier. The rotary patterned cylinder is coved with

ink, and the excess ink is cleaned off by dr. blade leaving the cavities filled with ink as

shown in Figure 2.22. The plate cylinder contacts with the compression cylinder to print

the ink to the substrate. Gravure printing works well for low viscosity ink printing and
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high speed printing (up to 15m/s).”* Flexographic printing transfers the ink via direct
contact of the soft printing plate cylinder and substrate, whose ink is provided by anilox
cylinder with engraved micro cavities on the surface (Figure 2.22). The ink on anilox
roller is supplied by the fountain roller which is immersed in the ink batch. There’re two
screen printing methods: flatbed screen printing and rotary screen printing. In flatbed
screen printing, the squeegee swipe the ink on the mesh and the ink will penetrate into the
opening of mesh. Then the mesh is lifted up leaving the patterns with same feature as the
mesh opening on the substrate. The screen rotates at the same speed as the substrate and
the ink is pushed through the opening of the mesh to the substrate. The printing speed can
be larger than 100 m/min for rotary screen printing, and 0-35 m/min for the flatbed screen

printing. **
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Figure 2.22 Schematic illustration of printing techniques with permanent printing forms,
namely gravure printing, flexographic printing, and screen printing in flatbed or rotary
design. Underneath each illustration is a picture of a corresponding printing form.**

(Reprinted with permission from Ref. 91)

d. laser ablation

Laser ablation on roll to roll process line can produce ablated polyimide or PET

substrate for flexible electronics. This technique can write on the polymer film directly
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using high power laser by breaking molecular bond into short units. The amount of
material to be broken can be tailored by adjusting the energy density, wavelength and

pulse width of laser.

2.3 Electric field assisted assembly

Functional polymer nanocomposite films with organized nanoparticle chains or
phases can be manufactured on roll to roll processing line if an external electric field
zone was implanted on it as stated in the section above. The orientation or alignment of
dispersed phase or nanoparticles in the polymer matrix enhances the mechanical, thermal
or electrical properties of resulting nanocomposite. In this section, the fundamental of
particle or phase organization under electric field and previous studies will be described

below.

2.3.1 Forces acting on a particle under electric filed

The particles are polarized to form “pearl chain” structures due to attractive
electrostatic force. As the particles move under electric field, the hydrodynamic force
resists the motion of the particles. During the drying of the casting film, the shrinkage
forces forms dramatically at the end of the drying.  All these forces are discussed in

detail in the following.
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A. Electrostatic forces.

a. non-conductive particles

Assuming that the electric field around the induced dipole doesn’t affect the
neighboring particles’ field, the polarization of a particle is regarded as a point dipole
locating at the center of the particle. Point-dipole approximation provides us a simple and

reasonable method to analyze the inter-particle interaction forced in the dielectrophoresis.

E g “@@" @KEDRotation& ‘\

alignment

Attraction Repulsion i

Figure 2.23 Electrostatic interaction between dipoles i and j in electric field.

As the electric field is applied to the composite solution in “Z” direction, the particles
are polarized to form dipole as shown in Figure 2.23. If the angle between the line of
particles’ center and Z direction is 0 degree, the attracting force between the dipole can be
expressed generally in the following equation:

3 a\*
F = 2meye,,d?B?E,° (—) (2.44)
where g, is the permittivity of the free space, &, is the dielectric constant of the matrix,

d is the diameter of the particles, E, is the electric field strength, the R is the distance of

two neighboring particles,?? and Clausius-Mossotti factor B = (g, — &)/ (&, + 2&,).
P P
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If the angle between the line of particles’ center and Z direction is not 0, and the
attractive force on the particle i at the origin of the spherical coordinate system by

another particle j at (R;;, 8;;) (Figure 2.23) can be expressed as:®

ij

FEH(Rij,6,) = %nsoemdzﬁonz(Riij)“[(BcosZHU —1)e, + (sin26;;)eg]  (2.45)
where e, and ey are the unit vector in r and 0, respectively. If the diameter of the
particles is different, only the magnitude of the attractive force alerts. This equation is
valid if the dielectric constant is small (B—0) and the particles are separated greatly
(Rij/d—0).

When two particles with line of center parallel with electric field direction, the two
particles will be attractive to each other. When the line of center of two particles is
perpendicular to the electric field, they will repel to each other. When their line of center
is at some angle with respect to the electric field, a torque will be acted on them to align
them in the direction of electric field.”*

If the highly polarized spheres are very close to another particle, equation becomes
not accurate, because this case doesn’t satisfy the point dipole assumption. In this case,
the induced dipole creates disturbance field and this field can polarize another particle
leading to electrostatic dipole beyond the dipole. Thus the magnitude of the attractive

force will be much larger than the value predicted by equation 2.45. The attractive force

can be given:
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Fij' (Rij, 6i) =
13—67'[80£md2,82E02(Riij)“[(Zf//cosZHij — f1sin26;;)e, + (frsin26;;)eq] (2.46)
where the fj describes the effect of higher order multipole moments. f;, and the electric
field strength between the interparticle gap increases monotonically with &, /&, so the

attractive force between the nearly contacting spheres are very large.
b. Conductive particles in a matrix

If the particles are conductive, the free charges of particles will migrate to the
particle/matrix interface. In DC field, the free charges accumulating at the interface
screen the electric field in the particles, so the conductivity determines the polarization of
the particles. In the AC field with high frequency, there’s no sufficient time for the free
charges to respond, thus the polarization of the particles is controlled by the permittivity.
In the medium frequency, the polarization of the particles is controlled by both
permittivity and conductivity. The interaction force is a function of field frequency,

permittivity and conductivity of both particles and matrix.

If the particles or the matrix is conductive, the absolute dielectric constant € needs to
be replaced by the complex permittivity &* = ¢ — i% where ¢ is the conductivity, ®=2xf,
f being the frequency of the applied electric field.*® The Clausius-Mossotti factor can be

expressed as follow:

B = (ep — em)/(gp + 2&1,) (2.47)
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The Clausius-Mossotti factor is frequency dependent, and its value when the

frequency is 0 and o can be given as below:

Op—0Om

ﬁO = W‘Tm (248)
B = _;p;:; (2.49)

It can be concluded that at the low frequency limit of 0, the polarization is dominated
by the conductivity ratio, and the polarization is determined by the dielectric constant

ratio at the high-frequency limit of .

The attractive force between the dipoles can be determined as: ** *°
F& (R, 65) =
(frsin26;;)eq] (2.50)
where E,.. = E,/ V2, and the effective Clausius-Mossotti factor is
[(Wma)? +EE12 + (Wt )2 [1-E)2
Berrw) = B3 . b (2.51)

[1+WEmw)?]?
ept2em

where By = (81) - Em)/(ep + 2&y), Be = (Up - O-m)/(o-p + 201), tmw = &0

Opt2om
B. Hydrodynamic resistance

The electric field induced dipole-dipole attractive forces have to overcome the
hydrodynamic resistance to make the motion and organization of the particles in the
matrix possible. Particles are much larger than the molecules of the matrix, so the
matrix can be regarded as a continuum. The Reynolds number is very small, because the
particles are very small and the matrix is relatively viscous. Thus the hydrodynamic
resistance can be described by the Stokes equations as follow:
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F?% = —3m,,dU (2.52)

where, 1,, is the viscosity of the matrix and U is the shear rate of the i particles.

C. Brownian forces

The particles experience the Brownian forces due to the thermal motion of the matrix,
so the Brownian forces make the particles random in the matrix. The thermal force
experienced by the particles is zero mean for long time scales. The Brownian force can be
give as follow:

< FB(t)FB(t+t') = 12nn,,dkT55(t") (2.53)

D. Short range of repulsive forces

The particles are not contacting each other, because the particles are separated to
some distance by the repulsive force, including Born repulsion, steric or solvation forces.
These short range repulsive forces are modeled as hard sphere interaction. The short

range repulsive forces can be expressed in two forms:

FP(Rij) = —Foexp[—100 ("L~ 1)] e, (2.54)
.\
E'P(R;;) = —F, (%) e, (2.55)

where F, = %neosmdzﬁonz, typically 5 < n < 37. The first equation is in exponential
repulsion and the second one includes the power-law repulsion. Simulation results show
that the pearl chains are thicker than one particles diameter (multi particle width columns)
in the case of the exponential repulsion equation. On the contrast, the peal chains shows
only single particle wide chains in the case of the inverse power law form if the exponent
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is small. For exponential repulsion system, there is a relative minimum in the potential
energy alongside the strand. Nevertheless, there’s no minimum for the power law system
with small exponent. If the exponent is sufficiently large for revealing the relative

minima, multiple particles thick strands can be produced.

E. Stress induced by constrained drying

The polymer solution is deposited on a substrate, and the volume of this solution
film will shrink due to the solvent evaporation. The area of the film is constrained on the
substrate, so only the thickness shrinks. At the early stage of the drying, there’s no shrink
stress which is relieved by the viscous flow of the polymer solution®”. As more solvent
evaporates, the film becomes solid enough to support the elastic stress. ® The film stress
starts grow after a critical point at which the glass transition temperature of the coating is

equal to the drying temperature.®® The stress in film can be calculated as™

_ 2Egtg?
T (1-v)6ete

(2.56)
where o is the film stress, E, is the modulus of the substrate, ts is the thickness of
substrate, v, is the Poisson’s ratio of the coating, t; is the thickness of film and € is a

radius of the curvature.*®

The drying of polymer solution is non-uniform in both vertical and lateral direction.
For solution casting films, the edge of the solution film dries faster due to less resistance
to vapor phase transport and relatively thinner thickness. *°° For the solution film in the

dish or pocket cell, the center dries faster than the edge.*™ Out-of-plane compression'®
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stress appears near the edge of the solution film for solution casting films.%* As the
solvent evaporates, the drying front grows towards to the center of the film. Thus the
out-of-plane compression stress grows in the whole films during the drying, and it causes

the pearl chain to tilt.

F. Total Forces acting on the particles

When the electric field is applied to the particle suspension, the total force acted on
the particles includes electrostatic force, hydrodynamic resistance, Brownian forces and
short range repulsive force. Whether the particles can form pearl chains depends on the
electrostatic force is larger than all the resistance. The ratio of Brownian force to the

electrostatic force is as follow:

Fp kT
Fg (SosmdSﬁzEOZ) (257)
So the Brownian force can be negligible compared to the electrostatic force.
Based on the point dipole model, the ratio of the electrostatic force to the
hydrodynamic force is given:
Fg ~ gogmdﬁonz (258)

Fhydro 8nU

For the experiments in this work , &,,=2.5, d=500nm, E,=2kV/mm, U'® is at the
scale of 10um/s. The calculated viscosity should be smaller than 0.5 Pa*s to make the

electrostatic force larger than the hydrodynamic forces. This is not consistent with

experiment results. The reason is that the point dipole model is only valid if % — 0 and
ij
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B—0. The actual electrostatic force is much larger, because the local field strength is very

large when the particles are nearly touching.

The ratio of the electrostatic force to the short range repulsive force is given as:

d 4
2(5—
Fg (Rij)

(2.59)

Frep - exp[—loo(%—l)]
For this case, the ratio is around 0.35<1, which is due to the limitation of point dipole

model. Zukoski®® reported that the time needed to form pearl chains could be calculated

167

PVSTT thus varying these parameters will affect the time it takes to obtain the
oem 0

by t =

chain structure, within the scale of 10-100ms.
2.3.2 Electric field assisted assembly of particles

Many studies have been carried out on the electric field assisted assembly of various
particles or phase in thermoplastic or thermoset polymer matrix including particles with
dielectric and electrically conductive particles. The typical procedures to prepare the
nanocomposite with electric field assisted assembled particles are below. The particles
are first uniformly distributed the polymer/solvent solutions, polymer melts and thermal
or UV curable precursors by using high speed mixing, sonication or other dispersion
methods. An insulating plane such as glass slide with two parallel electrodes is the most
commonly used setup for electric field aligned. The composite solutions are poured into
the gap between the two electrodes and the electric field is applied between them. The

particles are generated with dielectric forces to overcome the drag force of viscous
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polymer medium and undergo two steps of motion under the electric field. The
anisotropic particles rotate themselves with the long axis parallel to the electric field
direction in most cases and attract each other to form particle chains in field direction.
Since the particles are aligned into chain in the plane of the film rather than the thickness
direction, the kinetic of the alignment can be easily observed by optical microscopy. The
liquid polymer matrix needs to be solidified to freeze the structure of particle chains by

solvent evaporation, cooling and UV or thermal curing methods.

2.3.2.1 Electric field alignment of dielectric particles

« v ,

ey '{l
. :ﬁ)(}f'} | i

Figure 2.24 Optical micrographs of aligned glass spheres (10 vol%) with narrow size
distribution, polymerized after: (a) 0 s, no alignment; exposed to electric field of 0.9
KV/mm for (b) 1 s and (c) for 1 min (d) for 4 min.** (Reprinted with permission from

Ref. 104)
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The dielectrophoretic force is proportional to the dielectric permittivity contrast
between particles and matrix according to the equation 2.44, so strong electric field
strength is needed for the alignment of dielectric particles with relatively low dielectric
permittivity such as glass bubbles (dielectric permittivity is 6.9). E. Robertson'®* studied
the alignment Kkinetics of glass bubbles with 25 um diameter in photo curable matrix
under 0.9kV/mm electric field strength by optical microscope as shown in Figure 2.24. It
was clearly seen that the glass bubbles form very short chains after applying electric field
1s and the length of the chains grows and doubles after 1 minute. After 4 minutes, the
single particle chain joins together into strings, so the alignment happens very fast under

the electric field. Zhang'®

studied the alignment of glass bubble in polydimethylsiloxane
(PDMS) in thickness direction and the aligned composites show enhanced compression
modulus compared to the composites with random particle. The in-plane alignment of
barium titanate particles with high dielectric permittivity (2000) in PDMS under electric
field was also studied by E. Roberson. Relatively, and lower electric field strength (0.27
kV/mm) is needed to achieve the alignment of barium titanate particles due to its higher
dielectric permittivity resulting in stronger dielectrophoretic forces. The particle chains
also grow longer and coarsen thicker with the time of applying electric field. Batra®
investigated the chaining and alignment of barium titanate nanoparticles in thickness
direction of PDMS nanocomposite film by applying electric field. The barium titanate

particles (100nm diameter) form discreet rows of particle chains in thickness direction

instead of coarsened particle strings. The nanocomposites with aligned particle chains
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showed around 30% increase of dielectric permittivity than the random nanocomposites

at the same loading of particles, which was useful for capacitor applications.

2.3.2.2 Electric field alignment of conductive particles

The dielectrophoretic force is proportional to the square of polarizability of the
particle in the matrix which is given by the real part of Clausuis-Mossotti factor § (0<p<1)
as mentioned above in equation 2.48. In the case of conductive particles such as gold and
silver, =1 due to zero internal electric field reduced by the redistribution of conduction
bad electrons continually inside the particles.’®® %" Therefore, the dielectrophoretic force
that act on the conductive particles is much stronger than dielectric particles to make
them easier to align into particle chains under the electric field. The gold colloid
nanoparticles (25nm) were uniformly distributed in the matrix due to the repulsive
interactions between them to prevent agglomeration as shown in Figure 2.25(a). After
applying electric field, the dielectrophoretic force acting on the gold nanoparticle drives
them to form gold microwires with 400 nm diameter and the particles are packed closely

together as shown in Figure 2.25(b) and (c).**’
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2.0kV x100k SE(M)

Figure 2.25 Gold microwires grown in a 20 um electrode gap. (a) Before applying
voltage, no wire growth (b) Applying voltage 7 V RMS results in the formation of wires,
(c) SEM morphology of the wire grown from 25 nm diameter gold nanoparticles.'”’

(Reprinted with permission from Ref. 107)

2.3.2.3 Effect of particle shape on the alignment

Previous work discussed above is all about the alignment of spherical particle under
the electric field due to the dielectrophoretic force. However, particles with non-spherical
shape such as rod, wires and flakes are also widely used to prepare nanocomposites. The
principal axes of these particles with non-spherical shape must be parallel to the applied

electric field direction so that the induced dipole moment is parallel to the field direction.

67



As a result, the non-spherical particles experience the orientation under the
dielectrophoretic torque till stable state first, and then the particles are aligned into chains
due to dipole-dipole interactions. In the presence of electric field, the spheroidal particles
are induced dipoles as shown in Figure 2.26. If the dipole is very small compared to the
scale of non-uniformity of applied electric field strength Ey, the dielectrophoretic force

and toque can be approximated as follow:'%

F=(p*V)E, (2.60)
T, =p XE, (2.61)
p =" (g, — &m)E" (2.62)

where F is dielectrophoretic force, p is dipole moment of spheroidal particle having
semi-major axes a, b and c, Eo is applied electric field strength, T, is torque, E" is the

uniform electric field internal to the particle, which is not parallel to Eq in general.

Ey = EO,x/[1 + (gp — &m)Lx/Em] (2.63)

abc oo ds

Where Lx = > Jo m

Where Ry = /(s + a?)(s + b2)(s + c2). The internal field
for y and z components has similar expression as in x direction. Equation 55 is

substituted into equation 54 and 53, the torque in x component can be give below®

2
_ 4mabc(ep—em)” (Lz—Ly)EoyEo,z

 3eml 1+ (BB [1+(EE,)

(2.64)

X
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To generalize, the electric field components are assumed all positive and a>b>c, in which
case 0<Ly< Ly< L,<1. Therefore, Tx<0, Ty>0 and T,>0, meaning that the
dielectrophoretic torque tends to orient the principal axes of particle along the electric

field direction.

Z/--------------.'/

Figure 2.26 A spheroidal dielectric particle in a uniform electric field. The semimajor

axes are a > b > c. The particle experiences an electrical torque that seeks to align the
particle with any of the axes, but only alignment along the longest axis (a) is stable. %

(Reprinted with permission from Ref. 108)

The alignment of plate-like particles with low dielectric permittivity such as
montmorillonite clay particles were demonstrated by S. Batra.'® The kinetic of particle
orientation and alignment was characterized by real-time birefringence change due to
clay’s optical anisotropy upon applying electric field. At low voltage, the birefringence
increased slowly and reached a plateau eventually due to the drag flow resistance of the

resin. The rate of birefringence increase was much faster and the increases of
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birefringence happened immediately at high voltage. The orientation and alignment of
clay particles were also observed by polarized optical microscopy with first order red
wave plate. With the application of the electric field parallel to the slow axis of red wave
plate, the color of clay particle changed from yellow to blue slowly due to the rotation of
particles and the particles formed blue chains as shown in Figure 2.27. The electrically
conductive flaky particles, graphene nanoplatelets, were vertically aligned in epoxy
polymer under electric field.** The basal plane of graphene nanoplatelets was oriented
along the electric field direction and then aligned into conductive chains in thickness
direction. The nanocomposites with aligned graphene nanoplatelets showed significantly
improved electrical and thermal properties with 7-8 orders of magnitude improvement of

electrical conductivity and 60% increase of thermal conductivity in alignment direction.*

Figure 2.27 Time sequence images showing rotation of particles in the electric field (40

109

V/mm) with the electric field parallel to the slow axis of red wave A plate.” (Reprinted

with permission from Ref. 109)
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Halloysite nanotubes, tubular clay mineral nanoparticles with low dielectric

permittivity (¢=7.9),'*°

were aligned in photo curable resin by the application of electric
field. The kinetics of the orientation and alignment of halloysite nanotubes were
characterized by real-time change of birefringence after applying electric field.*"* It was
found that the orientation of the nanotubes takes place in less than 1s after applying
electric field. The cross-sectional morphology showed that all the halloysite nanotubes
were oriented with the long axis of the tube along the field direction, and the nanotubes
were aligned to form chains in head and tail. The movement of lead zirconate titanate
(PZT) fibers with high dielectric permittivity in thermal curable polyurethane under
electric field was investigated by D. Ende.*® Upon application of the electric field, the
PZT fibers rotated with their long axes along electric direction then coalesced into chains.
It was found out that the orientation angle of individual fibers inside the fiber chains
increased with the aspect ratio of fibers because the low aspect ratio fibers connected to
adjacent particle corner to corner resulting in off-axis. The single wall carbon nanotubes
(SWNTs) with 2 nm diameter and 5-15 um length dispersed DI water were exposed to
electric field, and the SWNTSs were rotated and aligned along electric field lines and

connected two electrode as shown in Figure 2.28.12

The device with dielectrophoresis
aligned SWNTSs can be used as a pH sensor due to the pH sensitive electrical conductivity

of SWNTs.
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Figure 2.28 SEM images of the sensor structure and the dielectrophoretically aligned

SWNTs.*? (Reprinted with permission from Ref. 112)

2.3.3 Electric field assisted assembly of polymer blend

The phase morphology of polymer blends has great effect on the mechanical,
electrical, thermal, chemical and other properties. If one phase is oriented to form
anisotropic morphology, the polymer blends are expected to form anisotropic mechanical,
electrical or optical properties. Electric field has been used to control the morphology by

13,114 o1 three

orienting one of the phases in many polymer blend systems including two
phases system.™> 1 One of the conclusions is that no apparent droplet deformation or
orientation can be observed for a blend system in which there’s almost no dielectric

constant mismatch between the dispersed phase and matrix such as

polystyrene/polybutadiene/toluene system.*!
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Figure 2.29 Time-evolution of phase-separated structures and corresponding 2D-FFT
power spectra obtained for a P2CS/PVEM (30:70) blend containing LiClO4 (0.5 wt. %)
under an electric field (AC 11.2 kV/cm, f =10 Hz) at 118 °C.*® (Reprinted with

permission from Ref. 118)

The two phase blends of Poly(2-chlorostyrene) (P2CS)/poly(vinyl methyl ether)
(PVME) with 30:70 ratio was applied to 11.2 kV/cm electric field at 118 °C to study the
time-evolution of morphology as shown in Figure2.29.8 In the early stage of phase
separation, the morphology was isotropic evidenced by the circular shape of

2-dimensional Fourier transform (2D-FFT) spectra. After 90 minutes, the shape of
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2D-FFT spectra started changing into ellipsoidal from circular indicating the formation of
anisotropic morphology. The morphology of aligned patterns became more and more
obvious and coarsened with time, and the size of ellipsoids decreased meaning that the

anisotropic degree increased.

The three phase blends of 50/50 PS/PVA in toluene blend were applied with electric
field during solvent evaporation at two different field strengths. At weak field 2.3 kV/cm,
the prolate ellipsoids of dispersed PVA phase were aligned to form chains in electric field
direction (Figure 2.30(a)), which was very similar as the morphology of aligned
nanoparticles. As the field strength was increased to 4.5 kV/cm, the ellipsoids were
deformed further and fused together to form cylinder structures as shown in Figure
2.30(b).**® However, the PS-rich droplet in 10/90 PS/PVA blend in toluene were
elongated perpendicular to the field direction, and the elongated ellipsoid started to break

up under 8 kV/mm as shown in Figure 2.30(c).
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Figure 2.30 Electric-field-induced morphologies of 1/1 (w/w) PS/PVA in toluene during
solvent evaporation: (A) at E=2.3 kV/cm; (B) at E=4.5 kV/cm, (c) Breakup of
presumably PS-rich columns in a PVA-rich matrix at E= 8 kV/cm for 1/9 PS/PVA in

toluene blend.™® (Reprinted with permission from Ref. 119)

The difference of elongation direction was caused by the dielectric permittivity and
conductivity difference between two polymers. The elongation of the dispersed droplet
was along the electric field when the dispersed phase (PVA-rich) had higher dielectric

permittivity and electrical conductivity than the matrix phase (PS) in the system
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discussed above. A discrimination function, ®, was developed by Torza S. to predict the

deformation direction of dispersed phase in three phases blend as below: '

®=S(R*+1)—2+3(SR—-1)(2M + 3)/(5M + 5) (2.65)
s=m p=In py="m (2.66)
Sp O’p ﬂp

where ey and g,, om and o, Nm and n, are the dielectric permittivity, conductivities and
viscosity of the matrix and dispersed phase, respectively. Thus the deformation direction
can be predicted by the sign of @ as follows: (1) the elongation is along the field
direction to form prolate ellipsoid if ®>0, (2) there’s no deformation for dispersed phase
if ®=0, (3) the elongation is perpendicular to the field direction to form oblate ellipsoid if
®<0. Asshown in Figure 2.31, the effect of dielectric permittivity and conductivity on
the free charge distribution and deformation direction. There’s no free charge distributed
on the dispersed phase/matrix interface when ®=0, resulting in no deformation of droplet.
When SR < 1, the hemisphere facing the negative electrode became negatively charged
thus electric tangential stress inducing a pole-to-equator fluid deformation. The reverse
happened when SR > 1, with opposite direction of electric tangential stress inducing an

equator-to-pole fluid deformation.
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Figure 2.31 Instantaneous free charge distribution and the direction of the electric
tangential stress at the interface in an electric field.*'® (Reprinted with permission from

Ref. 119)

If the electric field strength was too high, the deformed ellipsoids started to break up
as predicted by Carton and Krasucki.'?! The critical electric field strength of breakup of

dispersed phase under strong electric field can be predicted as following equation:

1
21N\ 2
crit = =) (= — bo)f1p .
E 600 ( m Go)H (2 67)

emd €Em—€p

1 Ncos 1IN

G =—— [<Nz-1)% —1] (2.68)
Hy,? = 2N/34, (2.69)
Ap=2N—-1—-N72 (2.70)
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where Ei; is the critical electric field strength before break up, X is the surface tension of
droplet, d is the initial diameter, N is the ratio of major axis and minor axis of prolate

spheroidal droplet. The major axis to minor axis ratio of droplet was shown in Figure

2.32 as a function of the expression(

€m

6’”6 — Go)H,. It was found out that, as this
~Cp

expression was beyond a critical value, N increased dramatically implying that the
spheroidal droplet was not stable and could be broken up as the electric field strength was

above the critical value.**

Eit €
= 1= (e Te — Go)Hj
600(2TtR /€,,,d)2 mop

Figure 2.32 Elongation of dispersed phase under electric field. Curve (a) eyem =0.5, (b)

121

gpem =11, (C) gpem =21, (d) epem =c0.”" (Reprinted with permission from Ref. 121)
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CHAPTER IlI
ROLL TO ROLL CONTINUOUS MANUFACTURING MULTIFUNCTIONAL
NANOCOMPOSITES BY ELECTRIC FIELD ASSISTED “Z” DIRECTION

ALIGNMENT OF GRAPHITE FLAKES IN POLY(DIMETHYLSILOXANE)

A roll to roll continuous process was developed to manufacture large-scale
multifunctional poly(dimethylsiloxane) (PDMS) films embedded with thickness direction
(“Z” direction) aligned graphite nanoparticles by application of electric field. The Kinetics
of particle “Z” alignment and chain formation was studied by tracking the real-time change
of optical light transmission through film thickness direction. Benefiting from the
anisotropic structure of aligned particle chains, the electrical and thermal properties of the
nanocomposites were dramatically enhanced through the thickness direction as compared
to the nanocomposites containing the same particle loading without electrical field
alignment. With 5 vol% graphite loading, 250 times higher electrical conductivity, 43
times higher dielectric permittivity and 1.5 times higher thermal conductivity was achieved
in the film thickness direction after the particles were aligned under electrical field.
Moreover, the aligned nanocomposites with merely 2 vol% graphite particles exhibit even

higher electric conductivity and dielectric permittivity than the non-aligned
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nanocomposites at random percolation threshold (10 vol% particles), as the “electric field
directed” percolation threshold concentration is substantially decreased using this process.
As the graphite loading increases to 20 vol%, the aligned nanocomposites exhibit thermal
conductivity as high as 6.05 W/m*K, which is 35 times of the thermal conductivity of pure
matrix. This roll to roll electric field continuous process provides a simple, low cost and
commercially viable method to manufacture multifunctional nanocomposites for
applications as embedded capacitor, electromagnetic (EM) shielding and thermal interface

materials.

3.1 Introduction

Multifunctionality in polymer based nanocomposites increasingly become essential for

electronic applications. For instance, the applications of flexible displays'??, capacitive

11,12

sensors'?, electromagnetic (EM) shielding™®, actuators,*" *? electrical stress control

15,16 17-20

applications and high-charge storage devices require electrically conductive
polymer nanocomposites and high dielectric permittivity (high-k) materials. In addition, as
the power density of electronics becomes higher, it can lead to overheating.*?* Efficient
heat removal, herein, becomes crucial in order to retain the performance and reliability of

electronics™®® and thus polymer nanocomposites with high thermal conductivity are needed

for thermal interface material (TIM) to dissipate heat efficiently.

The inclusion of electrically conductive particles into polymer matrix may enhance the

electrical conductivity, dielectric permittivity as well as thermal conductivity. For
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example, Dang et al.** fabricated poly(vinylidene fluoride) (PVDF)/Nickel (Ni)
nanocomposites, and the electrical conductivity can reach 10°° S/m at 100 Hz with 17 vol%
of Ni particle. Its dielectric permittivity is increased to 400 at 100 Hz. Xue et al.*® reported
that PVDF/multi-walled carbon nanotube (MWCNT) nanocomposites with 6 vol%
MWCNT can achieve about 5x10* S/m electrical conductivity and 1700 dielectric
permittivity at 1 kHz. PVDF/exfoliated graphite nanoplate nanocomposites show
1.15x10°® S/m electrical conductivity and about 2700 dielectric permittivity at 100 Hz with
1.01 vol% loading.!” The electrical conductivity and dielectric permittivity of this
nanocomposite film can even reach 2.3x10° S/m and 4.5x 10 at 1 kHz with 2.4 vol%
loading respectively, although the dielectric loss is also high (229)."” With addition of 20
vol% loading of single wall carbon nanotube (SWNT), the thermal conductivity of high
density polyethylene (HDPE) increases from 0.5 to 3.2 W/m*K.'?® Balandin et al.**’
prepared epoxy/graphene-multilayer graphene nanocomposites with 10 vol% loading, and
the thermal conductivity can reach 5.1 W/m*K, which is 23 times higher than pure epoxy.
Thus the inclusion of conductive nanoparticles into polymer is very effective way to

prepare material with high dielectric permittivity, electrical and thermal conductivity.

Since the conductive particles in all the above studies were randomly dispersed in
polymer matrix, they tend to be filled at high concentrations, typically beyond percolation
threshold, to achieve meaningful enhancement in properties. At these higher loadings,

other desired properties such as flexibility and transparency usually are detrimentally
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affected. One way to reduce this critical concentration is to use electric field to form
“nanocolumns” of chains of nanoparticles in the field direction in polymer matrix. For

128 reported the use of electric field to align carbon nanocones in resin to

instance, Knaapila
form conductive chains, and the film exhibits at least 2-3 orders of magnitude enhancement
in electrical conductivity along thickness direction compared with the film with random
dispersed fillers. Electric field aligned epoxy/graphite flakes composite films exhibit up to
7-8 orders of magnitude higher of electric conductivity than randomly dispersed
composites.**  Since the percolation behavior of dielectric permittivity follows the
percolation behavior of electrical conductivity for most of polymer/conductive particle

42.43 enhanced dielectric permittivity is also expected by the alignment of

composites,
particles. In case of thermal conductivity, alignment of 5 vol% diamond particle in
polysiloxane can achieve 145% enhancement of thermal conductivity, increasing from
0.128 to 0.301 W/m*K.*? Therefore, the “Z” electric field assisted assembly of
nanoparticles has significant effect on enhancing through-thickness dielectric permittivity,
electrical and thermal conductivity. However, batch methods are used for most studies to

fabricate nanocomposites with two electrodes contacting to the film directly, which is not

suitable for mass production and industrial applications.

Aiming to manufacture nanocomposites with “Z” aligned nanoparticles in large scale, a
roll to roll processing line equipped with an electric field zone assisting alignment was

developed in our research group.?® 8 109:130.131 |y this processing line, particles are aligned
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in polymer solution/precursor under the electric field as the cast UV curable monomer film
containing nanoparticles passes through the electric field zone. The aligned particles are
frozen by UV or thermal curing or solvent evaporation, and then the composite film moves
out of electric field zone as the nanocomposite film continues along the film line. If a direct
contact of top electrode with the composite film is used, this causes detachment difficulties
following solidification. In order to eliminate this issue, an air gap between top electrode
and film is introduced and this facilitated continuous manufacturing. Relatively low
electric field is applied on the film compared to direct contacting method because the air
gap acts as an insulating layer. Thus it’s easier to achieve alignment for ceramic particles

with high dielectric permittivity or electrically conductive particles.

In this paper, we report a new method of aligning graphite particles dispersed in PDMS
by electric field. Graphite is used as the filler because it’s electrically and thermally
conductive. Moreover, it’s naturally abundant and low cost carbon filler as compared with
carbon nanotubes and graphene. The kinetic of “Z” alignment of graphite particles in
PDMS precursor under electric field with air gap is studied by measuring optical light
transmission and the aligned particles are frozen in the final film by thermal curing PDMS.
The effect of aligned structures on the dielectric permittivity, electrical conductivity and

thermal conductivity is investigated.
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3.2 Materials and methods

The materials, batch method and roll to roll processing method are described in

details as follow.

3.2.1 Materials

Natural graphite flaky nanoparticles (400nm-1pm) were obtained from US Research
Nanomaterials, Inc. Polydimethylsiloxane (PMDS), Sylgard 184, was supplied by Dow
Corning Co. and used as the matrix to prepare the nanocomposites. It is a thermally curable
and solvent free resin, and can be cured in 20 minutes at 90 °C. Indium Tin Oxide (ITO)

coated conductive glass purchased from Structure Probe, Inc. was used as electrode.

3.2.2 Batch production of nanocomposite film

The graphite nanoparticles were uniformly dispersed in the PDMS precursor by Thinky
planetary centrifugal mixer. The curing agent was added to the dispersion with 1:10 ratio to
the precursor. 15cm wide dr. blade was used to cast the suspension with 100 pum thickness
on ITO coated glass (bottom electrode). The gap between the cast film and top ITO coated
glass (top electrode) was controlled at 1 mm by using four spacers at the four corners of the
ITO coated glass as shown in Figure 3.1. The AC electric field (100 Hz) was applied
between the two electrodes for 40 mins and the film was heated to 90 °C by hot plate with

the electric field on until the film was totally cured after 20 minutes.
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Figure 3.1 Set up for electric field assisted alignment with an air gap between the top

electrode and film.
3.2.3 Roll to roll manufacturing of nanocomposite film

15 cm. wide dr. blade was utilized to cast the suspension on PET substrate on the roll to
roll processing line assembled with electric field at speed of 50 cm/min. After the front of
the film entering the electric zone, the speed was slowed down to 1 cm/min. The gap
between the cast film and top electrode was set at 1mm. In electric field application portion
of the R2R machine there are two temperature zones: (1) first cold zone maintained at room
temperature; (2) the hot zone at 100 °C at downstream section of electric field. As the film
passes through the electric zone, the graphite particles were aligned to form nanocolumnar

chain structure in the first cold zone and the PDMS resin was cured the second hot zone
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while preserving the nanostructure developed in the first zone and proceeded along the

machine direction and collected continuously.
3.2.4 Characterization

The cross sectional morphology of PDMS/graphite nanoparticles nanocomposite films
with and without alignment was characterized by SEM (JSM7401). The cured films were
fractured in liquid nitrogen and sputter coated with silver before SEM characterization.
The electrical conductivity, dielectric permittivity and dielectric loss were measured by
4192A LF impedance analyzer. 15mm x 15mm size of PDMS/graphite nanocomposite
films were sputter coated with silver on both sides. The silver coated films were
sandwiched by two electrodes to measure the capacitance with frequency sweeping from 1
kHz to 1MHz. According to the measured capacitance, the dielectric permittivity of film is

calculated by the following equation:

cd
SoA

& = (3.1)
where & is the dielectric permittivity of film, C is the measured capacitance (Farads), d is
the thickness (m) of film, & is the dielectric permittivity of free space (8.854 x 10™** F*m™)
and A is the area (m?) of capacitor electrode. The PDMS/graphite nanoparticles

nanocomposite film with 6 cm diameter and 1 mm thickness are used to measure the

thermal conductivity by FOX 50 Series thermal conductivity analyzer.
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3.3 Results and discussions

This section is divided into the kinetic of alignment, electrical conductivity, dielectric

permittivity, thermal conductivity and roll to roll continuous processing.
3.3.1 The kinetic of alignment

The through thickness light transmission is low for the nanocomposite films with
randomly distributed nanoparticle, as most of the light is scattered and/or absorbed by the
randomly distributed highly absorbing fillers. If the nanoparticles are aligned into chains in
“Z” direction to form “nanocolumnar’ anisotropic structure, depletion zones are created
between the columns allowing the light to pass through the depletion zones directly and the
light that passes in the direction normal to the film increases in proportion to the formation
of depletion zones. This allowed us to indirectly quantify the formation kinetics of the
nanocolumnar chain structures.?® #* 8 A custom-built measurement system (Figure 3.2(a))
was developed in our group to track the real-time change of weight, thickness,
birefringence, optical light transmission and temperature.®® The blade cast PDMS/graphite
film is sandwiched by two pieces of indium-tin oxide (ITO) coated glass with four spacers
between them, which can create a 1mm thick air gap between the film and top ITO glass as

shown in Figure 3.2(b).

The real time change of light transmission for 0.1v% graphite/PDMS composite film

without and with electric field (500V) is shown in Figure 3.2(c). The light transmission
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value through the electrodes without the sample is defined as 100%. Prior to the application
of external electrical field (in the first 60s), the light transmission is low as the randomly
distributed graphite particles in PMDS at stage | scatter and absorb the incoming light.
Once 500 V is applied, the light transmission shows a very sharp increase within several
minutes, noted as stage I1. This rapid increase of light transmission is caused by the
formation of short particle chains of adjacent particles leaving particle depletion zones in
between. At stage 11, the light transmission increases at a lower rate, as these short
particles chains grow into longer chains by attracting the free particles to create wider and
more particle free depletion zones. At 2400s, the temperature (red line) of the film is
increased to 85 °C by blowing hot air to cure PDMS while maintaining the electric field.
During heating, the light transmission slightly increases as the lowering of viscosity at
higher temperatures before the polymer matrix fully cured facilitate further refinement of
nanocolumnar structures and the light transmission becomes constant thereafter. The
light transmission for the film without applying high voltage (black line) remains nearly

constant during the whole process.
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Figure 3.2 (a) Measurement system tracking real time change of weight, thickness,
birefringence, light transmission and temperature, (b) Setup to measure the light
transmission after applying electric field, (c) Real-time change of light transmission and

temperature for 0.1vol% graphite/PDMS without and with high voltage (500V).

The effect of voltage on the light transmission for 0.1vol% graphite/PDMS film is
shown in Figure 3.3(a). As expected, higher voltage leads to rapid increase of light
transmission at stage Il and the higher light transmission level at the end of stage Il. With
higher voltage, the particles undergo stronger dielectrophoretic force to overcome the

viscous resistance of the matrix to form chains thus leading to a faster alignment and light
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transmission change. At stage 11 and IV, the light transmission increases to higher level at
higher applied voltage. When applied voltage is higher than 1000V, the liquid film is
attracted towards the top electrode, which means 1000V is the highest voltage and still safe
condition for preparing the film.¥* 33 Similar four-stage behavior can also been seen for
higher graphite loadings: 0.25 and 0.5 vol%, as demonstrated in Figure 3.3(b) and (c),
respectively. Under the same applied voltage, the higher the graphite loading, the lower the
rate of light transmission increase at stage Il and 111 as well as the lower final value
observed. The light transmission of the cured films with different loadings of graphite
prepared under different voltages is summarized in Figure 3.3(d). The aligned films are
more transparent than the film with random particles, and the light transmission increases
with increasing applied voltages. When the applied voltage is 1000V, the light
transmission was improved 2.9 times for the film with 0.1 vol% graphite, increasing from
16% to 62%. As the particle concentration increases, the light transmission decreases at
same process conditions. When the particle loading is 0.5%, the light transmission
increases from 1% to17%. Therefore, electrical field assisted alignment is also effective to
achieve enhanced transparency along “Z” direction, and the light transmission can be
tailored by adjusting applied voltages. For the nanocomposites with higher concentration
of particles, the films become too opaque for the instrument to measure the light

transmission.
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Figure 3.3 Effect of applied voltage on real-time light transmission change of
PDMS/graphite film with different loadings: (a) 0.1 vol%, (b) 0.25 vol%, (c) 0.5 vol%, (d)
effect of applied voltage and particle loading on light transmission of nanocomposite film

after curing.

The effect of applied voltage on the particle alignment for 0.5 vol% graphite/PDMS
nanocomposite film is also studied by SEM, as shown in Figure 3.4. The particles are
colored yellow (false) to distinguish them from other features. The graphite particles are
randomly distributed within the film without the application of electric field, as can be seen

in Figure 3.4(a). Upon the application of 250V external electrical field along the thickness
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direction, graphite particles are aligned into short chains following the direction of the
applied electrical field, as observed in Figure 3.4(b). As the applied voltage is increased up
to 500V, 750V and 1000V, the particle chains also grew longer and the number of chains
became fewer. As a consequence, the depletion zones between particle chains became
wider at higher voltage, which is consistent with the higher light transmission values at
higher voltages, as stated earlier. 1000V external electrical field is selected to study the
effect of particle concentrations. The cross sections of aligned nanocomposites under
1000V external electrical field with different particle loadings are studied by SEM and
shown in Figure 4. Below 10 vol% of particle loadings (Figure 3.5a-€), clear chain
structures consist of graphite particles can be observed upon applied electrical field,
whereas for samples containing higher than 10 vol% of particles, the anisotropic chain
structures can be barely seen. Instead, vast aggregates of particles that are randomly
dispersed within the PDMS matrix were observed due to the high viscosity and the
frustrated particle structure forms at such high concentrations as the spatial density of

particles became too high leading to interruption of alignment process.
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Figure 3.4 Cross sectional morphology of 0.5v% graphite/PDMS nanocomposites

prepared under different voltages: (a) 0V, (b) 250V(c) 500V, (d) 750V, (e) 1000V (scale

bar:20um) (graphite particles are artificially colored to enhance the contrast).
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Figure 3.5 Cross sectional morphology of PDMS/graphite nanocomposites with different
consternations after alignment: (a)0.25 v.%, (b) 0.5 v.%, (c) 1 v.%, (d) 2 v.%, (e) 5 v.%, (f)
10 v.%, (g) 15 v.%, (h) 20 v.%, (j) 25 v.% (scale bar:20um) (graphite particles are
artificially colored to enhance the contrast).

3.3.2 Electrical conductivity and dielectric permittivity

To study the effect of alignment on the electrical properties of resulting polymer
nanocomposites, the electrical conductivity of cured PDMS/graphite nanocomposites with
different particle loadings was measured along the thickness direction as a function of
frequency at room temperature, as shown in Figure 3.6 It can be seen that the electrical

conductivity of the nanocomposites increases with frequency and volume content of
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particles for both aligned and non-aligned samples. The electrical conductivity for the
aligned nanocomposite (Figure 3.5b) has higher value than that of isotropic nanocomposite
(Figure 3.5a) at same loading of particles. The electrical conductivity value at frequency
1000 Hz was summarized in Figure 3.7 as a function of graphite volume content. For the
composites with randomly dispersed particles, the electrical conductivity increases mildly
with particle concentration below ~10 vol.%, whereas this increase becomes significantly
more rapid beyond 10 vol.%, as indicated by the black curve in Figure 3.7. When the
particle content is relatively low, the conductive particles are separated by the insulating
polymer matrix and the electrical conductivity is attributed to the tunneling effect
(non-Ohmic conduction). As the loading of particles increases, the insulating polymer
layer becomes thinner and hence the tunneling effect becomes more effective. As the
volume content increases beyond a critical value, the conductive particles come to direct
contact with each other, and an insulator-conductor transition can be observed.”* ¥ In the
case of graphite nanoparticles, the critical content value lies in between 7.5% and 16%.
This direct contact between conductive particles gives rise to percolation transition, which
forms conductive networks through the film. This critical volume content of conductive
particles is called percolation threshold, where Ohmic conduction occurs.™*® The
conductivity of polymer/conductive particle nanocomposites near the percolation
threshold can be described as below,

c(fg) o (fe — f4) 7%, when f, < f, (3.2a)

c(fg) o« (fy — fo)f, when f; > f, (3.2b)
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where fq is the volume content of graphite, f; is the percolation threshold, s and t are the
dimensionless parameters in the insulating and conducting regions, respectively.**® The
fitting results of experimental electrical conductivity data based on Equation 1a and 1b are
given in the inset plots of Figure 3.7. It can be seen that the percolation threshold (f) is
10%, with t=3.43 and s=1.03. The critical exponent value in the insulator region, s=1.03, is
very close to the universal values (Sy, ~ 0.8~1 for 3D fillers in theory**®). While the critical
exponent, t=3.43, is larger than the universal values (t,, =1.6~2 for 3D fillers in theory*®)
in conductor region but close to the value for PVDF/reduced graphene oxide system.**’
The discrepancy of the critical exponent in conductor region between graphite and

universal value is attributed to the high aspect ratio of the two dimensional flaky graphite

particles.
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nanocomposites at room temperature: (a) with random particles, (b) with aligned

particles.

96



1e1

1e-2 4
E 1e3 - |
—
-2
e 1e4 - Fo=10%
> t=3.43
=
- 19'5 " 48 48 44 42 40 08
b log (fg-fc)
= 1eb 4
T
6

1e-7 4
o

1e-8 - e of data

1 _9 h - log .(fc—fg)- . -

e L] L) v L
0 10 20 30 40

Volume Content of Graphite%

Figure 3.7 Effect of alignment on the electrical conductivity for nanocomposites as a
function of volume content at room temperature and 1000 Hz. The insets show the best

fits of the conductivity to Equation 3.2.

It can also be seen in Figure 3.7 that aligned nanocomposites (blue curve) exhibit
higher electrical conductivity than non-aligned nanocomposites (black curve) for all
particle concentrations (0.1-25 vol.%), and this gap of electrical conductivity between
aligned and non-aligned samples is significantly greater at lower particle concentrations
(below 10 vol.%). As the volume content is 5 vol%, the electrical conductivity of aligned
nanocomposite shows largest enhancement and is more than 250 times higher than that of

isotropic one. This is consistent with the SEM results in Figure 3.5, where the graphite
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particles are shown to form vertical chains instead of isolated particles in aligned samples,
which induces much shorter distance between particles and thus higher conductivity.
Moreover, the particles are aligned better at concentrations lower than 10 vol.% (Figure
3.5a-e), whereas aligned samples with higher concentrations exhibit poor alignment
structures (Figure 3.5f-i), which results in the less significant difference of electrical
conductivity at higher concentrations between aligned and non-aligned samples. It can also
be noted in Figure 3.7 that the aligned sample with 2 vol% particles reaches the same
electrical conductivity level of non-aligned nanocomposite with 10 vol% particles, which
is the percolation threshold according to the fitting results. Namely, the alignment of
embedded particles by external electrical field can significantly decrease the conductive
percolation transition concentration. In addition, since the slope of the conductivity curve
is reduced beyond 5% filler content, the films with intermediate conductivities may be
more repeatedly produced. This is particularly important for electrostatic discharge film
packaging applications for protection of sensitive electronics including hard disk heads.
The dielectric permittivity of nanocomposites as a function of frequency at room
temperature is shown in Figure 3.8 The dielectric permittivity decreases with frequency
and increases with the concentration of particles, and aligned samples (Figure 3.8b) show
higher dielectric permittivity than non-aligned ones (Figure 3.8a) at given particle
concentration. The values of dielectric permittivity at 1000Hz were summarized and
plotted in Figure 3.9 for both aligned and non-aligned nanocomposite as a function of

volume content. A very sharp increase of dielectric permittivity can be observed near the
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percolation threshold for the nanocomposites with random particle as shown in Figure 3.9
(black curve), which is similar to the percolation behavior of electrical conductivity. The
dielectric permittivity increases dramatically to 88.4 as the particle concentration reaches
the percolation threshold (10 vol%), which is around 40 times higher than the polymer
matrix, pure PDMS (about 2.24). The change of the dielectric permittivity can be predicted
by power law in equation 2 as below:

e(fy) o= (e = o)™, when f, < f; (33)
where ¢ is the dielectric permittivity, f;=10% and s=1.17 in this equation as given in the
bottom inset plot of Figure 3.9. As the volume fraction increases further to 20 vol.%, the
dielectric permittivity continues increasing exponentially to a giant value as high as
3.1x10" and the dielectric loss is also high as 212 due to increased electrical conductivity,
as indicated by the top inset plot of Figure 3.9. The nanocomposites with both high

dielectric permittivity and loss provide promising candidates for EM shielding

applications.
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Figure 3.9 Effect of alignment on the dielectric permittivity for nanocomposites as a
function of volume content at room temperature and 1000 Hz. The insets show dielectric
loss as function of graphite volume fraction and the best fits of the conductivity to

Equation 3.3.

On the other hand, aligned nanocomposites exhibit this fast dielectric permittivity
increase at much lower particles concentration, as shown by the blue curve in Figure 3.9.
At the same loading of graphite, the aligned nanocomposites have much higher value of
dielectric permittivity than the isotropic samples. With merely 2 vol% of particles, the
dielectric permittivity of aligned nanocomposites is improved to 111.7, which is 23 times

higher than the dielectric permittivity (4.7) of the non-aligned samples, and 50 times of
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pure PDMS. Additionally, this value is even higher than the dielectric permittivity value
(88.4) of isotropic nanocomposites at percolation threshold (10 vol%) by 26%, meaning
that the percolation transmission was achieved at much lower loading of particles.
Benefiting from the low loading of particles at percolation threshold, the flexibility of
polymer matrix can be maintained. With dielectric permittivity of 111.7 and dielectric loss
of 0.28, the aligned materials are useful for embedded capacitors working at low electric
field.!" % As the volume content increased to 3.5 vol%, the dielectric permittivity is
increased to 258, and dielectric loss is increased to 0.45, which is still acceptable for high
charge storage capacitor.*’ It is also worth mentioning that the aligned PDMS/graphite
nanocomposites manufactured in this study were able to achieve similar dielectric
permittivity as PVDF/graphene systems at comparable loading of particles, which were

reported as 90 at 1.6 vol% particle loading and 280 at 2 vol%,**’

and two times higher than
PVDF/MWCNT nanocomposites, which were reported by Xue* et al. as 40 and 80 at 2
vol% and 3.5 vol% particles loading, respectively. It’s important to point out that graphite
has the advantage of much lower cost of raw material and processing than graphene and
carbon nanotubes, but it still achieve similar or even better properties after alignment. The
enhancement effect in dielectric permittivity by the alignment of particles also increases
with the concentration of particles and reaches the maximum at 5 vol%, with the dielectric
permittivity of 524 after alignment, which is 43 times higher than that of non-aligned

samples. As the volume fraction further increases, the enhancement effect diminishes, and

the difference between aligned and non-aligned samples also tapers, due to the same reason
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as less aligned structures at higher particle concentration. The largest dielectric permittivity
can be as high as 5.6x10’ for aligned nanocomposite with 20 vol% of graphite, which is a
slightly higher than that of non-aligned sample. As the graphite loading increases to 25
vol%, the dielectric permittivity decreases due to the increased electrical conductivity

induced current leakage within the nanocomposite.

3.3.3 Thermal conductivity

The thermal conductivity of both aligned and non-aligned nanocomposites is shown in
Figure 3.10a as a function of particle concentration. Since phonon transmission requires
direct contact between the particles, this requires higher particle concentration than for
electrical conduction that needs the particles to be at least at minimum tunneling distance.
Both nanocomposites showed increasing thermal conductivity with increasing particle
concentration thus forming thermally conductive percolated networks facilitating the
transportation of photons. The aligned nanocomposites, on the other hand, having
“directed percolated” nanoparticle columns exhibit substantially higher thermal
conductivity than the isotropic ones. There’re two reasons for the enhancement of thermal
conductivity after alignment: (1) the thermal conductivity along the basal plane of graphite

138,139 59 the oriented

particle is more than 6 times higher than that through plane direction,
graphite can improve the thermal conductivity more effectively, (2) the aligned graphite

particle chains generate direct thermally conductive “connected” path throughout the film

and the alignment creates an anisotropic structure similar to the parallel conduction
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structure which can achieve the highest thermal conductivity in theory for composites.**°
The highest thermal conductivity achieved is 6.05 W/m*K at 20 vol%, which is high
enough for the application of thermal interface materials. Figure 3.10b shows the ratio of
thermal conductivity of non-aligned (black curve) and aligned (blue curve) nanocomposite
to pure polymer matrix. The thermal conductivity of aligned nanocomposites can be as
high as 35 times the thermal conductivity of pure matrix. The ratio of thermal conductivity
of aligned nanocomposites to non-aligned ones is shown in Figure 3.10c as a function of
particle volume content. The enhancement of thermal conductivity by the alignment of
particles increases with particle content and reaches maximum (~2.5) at 5 vol% graphite,
and then decreases as the particle content further increases, which is consistent with the

development of electrical properties as described earlier.
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Figure 3.10 (a) Effect of alignment on the thermal conductivity for nanocomposites as a
function of volume content, (b) thermal conductivity ratio of nanocomposite and polymer

matriX, (c) thermal conductivity enhancement after alignment.

3.3.4 Roll to roll continuous processing

Batch process is the most common approach to manufacture nanocomposites with
electric field assisted aligned particle in “Z” direction. Our group developed a roll to roll
process for particle alignment to fabricate “Z” aligned functional films in previous
studies.”® 1% Nevertheless, the top electrode was adhered to the film after solidifying due to

direction contact in these studies. Coating lubricants or very slow processing speed may
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help detaching the film from top electrode for continuous process. To solve this problem,
in this study the top electrode is separated from the samples by an air gap as shown in
Figure 11a and 11b, which shows the schematic drawing and actual machine of the custom
built roll to roll process line for continuous manufacturing of nanocomposite films with
“Z” aligned particles under electric field. This process consists of dr. blade solution casting
of liquid films and electric field zone. Within the electric field zone, the front portion of the
substrate was kept at room temperature (cold zone) so that the particles can move and be
aligned, and the end portion was heated to desired curing temperature (hot zone) in order to
cure the polymer matrix and fix the aligned structures. In a typical process, a dr. blade or
slot die is used to cast thermally curable monomer mixtures with well dispersed particles
into liquid film with desired thickness on transporting substrate. The liquid film is then
transported into the electric field zone without touching the stainless steel plate top
electrode. In the cold zone of electric field, the particles are aligned and form into chains
due to dipole-dipole interactions under the electric field. Then the matrix is thermally cured
to freeze the structure of particle chains as the film moves forward and passes through the
hot zone. Herein, the solution of PDMS with 1 vol% graphite particle was used to
demonstrate the roll to roll continuous manufacturing of nanocomposite thin film with
electric field assisted “Z” aligned particle in realistic conditions. The 100pum thick liquid
film (15cm wide and 6m long) was cast on PET substrate and the particles were aligned
and frozen as the film pass through the cold and hot zone in electric zone at 1 cm/min speed

with a Imm thick air gap. The applied voltage was 1000V. The processing speed can also
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be increased in order to meet the industrial production requirements by increasing the
length of the electric field zone. Figure 11c shows the cured and aligned PDMS/graphite
nanocomposite film on PET substrate with 100um thick x 15cm wide x 6m long. The
cross-sectional morphology of resulting samples at selected locations was shown in the
SEM images in Figure 11c, from which it can be seen that graphite particles were aligned
into chains throughout the whole film. The aligned nanocomposite films prepared by roll to
roll line show very close electrical conductivity and dielectric permittivity than the film

prepared by batch production as shown by red stars in Figure 3.7 and 3.9, respectively.
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Figure 3.11. (a) schematic and (b) picture of roll to roll process for continuous

manufacturing nanocomposites with electric field assisted “Z” aligned particles, (c)
picture of 200um thick, 15cm wide, 6m long film on PET substrate after alignment and
curing. The Inset shows the scale with 30cm long ruler. The SEM images show the
morphology of aligned particles in different location of the film (scale bar 20um)

(graphite particles were artificially colored to enhance the contrast).
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3.4 Conclusion

We developed a roll to roll process to continuously produce multifunctional films with
high electric, dielectric and thermal conductivities in thickness direction by aligning
graphite particles along “nanocolumns” whose axes oriented in the field (thickness
direction) by the application of electric field. In this study, non-contact method was
introduced by adding an air gap between the top electrode and the top surface of liquid
film, to rapidly manufacture these films. The kinetics of particle alignment and chain
formation under electric field were studied by tracking the real-time optical light
transmission, with focus on the effect of applied voltage and particle concentrations.
Higher of applied voltage led to longer and thicker particle chains across the film
cross-section. Aligned samples exhibited higher electrical conductivity, dielectric
permittivity as well as thermal conductivity compared to non-aligned samples, and this
enhancement effect first increases with particle content and then decreases as particle
concentration further increases beyond 5 vol%. This is attributed to the fact that the
particles were better aligned below 5 vol%, whereas frustration as a result of high particle
density above 5 vol%, reduces the effect. Aligned nanocomposites achieved percolation
transition at much lower, 2 vol% concentration, compared to that of non-aligned ones at10
vol%. By decreasing the percolation threshold, the flexibility of the polymer matrix was
maintained while achieving similar electrical and thermal performance. Asacomparison,

aligned PDMS/graphite nanocomposites were able to achieve comparable or better

108



electrical and thermal properties than PVDF/MWCNT?*? or PVDF/graphene™*’
nanocomposites at the same particle loading, yet with much lower cost and ease of
processing, which are very promising for a wide range of applications such as imbedded

capacitor, EM shielding, heat spreader and electrical stress control applications.
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CHAPTER IV
ROLL TO ROLL ELECTRIC FIELD “Z ALIGNMENT OF NANOPARTICLES FROM
POLYMER SOLUTIONS FOR MANUFACTURING MULTIFUNCTIONAL

CAPACITOR FILMS

A roll to roll continuous processing method is developed for vertical alignment (“Z”
alignment) of barium titanate (BaTiO3) nanoparticle columns in polystyrene (PS)/toluene
solutions. This is accomplished by applying electric field to a two-layer solution film cast
on a carrier: one is the top sacrificial layer contacting the electrode and the second is the
polymer solution dispersed with BaTiOj3 particles. Flexible Teflon coated mesh is utilized
as the top electrode that allows the evaporation of solvent through the openings. The
kinetics of particle alignment and chain buckling is studied by the custom-build instrument
measuring the real time optical light transmission during electric field application and
drying steps. The nanoparticles dispersed in the composite bottom layer form chains due to
dipole-dipole interaction under applied electric field. In relatively weak electric fields, the
particle chain axis tilts away from electric field direction due to bending caused by the
shrinkage of the film during drying. The use of strong electric fields leads to maintenance

of alignment of particle chains parallel to the electric field direction overcoming the
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compression effect. At the end of the process, the surface features of the top porous
electrodes are imprinted at the top of the top sacrificial layer. By removing this layer a
smooth surface film is obtained. The nanocomposite films with “Z” direction alignment of
BaTiO; particles show substantially increased dielectric permittivity in the thickness

direction for enhancing the performance of capacitors.

4.1 Introduction

The inclusion of nanoparticles in polymer matrix may offer enhanced properties.'**
This includes mechanical,**? electrical,*** thermal properties™** and dielectric
permittivity.®” 1** In many instances, these nanocomposites require high loadings of
particles to reach the percolation threshold to attain the desired physical effect. For
example, more than 75 vol.% of BaTiOj3 particles are needed to increase the dielectric
constant of polyvinylidene fluoride (PVDF) composites™*® to be larger than 100. The
thermal conductivity of silicon carbide (SiC) /epoxy composites is less than 3.9
W*(m*K)™ when the particle loading is 50 vol.%.**" At such high particle concentrations,
the properties of polymers such as flexibility, transparency and ease of processing are
reduced dramatically. One of the methods to achieve improvement of properties in one
direction with much less loading of particles is aligning the particles to form chains under
electric field.>" 182 The alignment of electrically or thermally conductive particles can
form a conductive pathway, so the electrical or thermal conductivity after alignment is

much higher than before alignment at the same particle loading.*?® Tang®® found that
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35.7% higher dielectric permittivity of lead zirconate titanate (PZT) nanowires/PVDF
nanocomposites can be achieved after aligning the nanowires in the Z direction than the
composites with random nanowire due to the increased particle-particle interactions after

alignment.

Thermal’ or ultraviolet (UV) light curable® resins are the most commonly used matrix
materials due to their ease of processing without solvent need. The particles are aligned to
form chains of nanoparticles (nanocolumns) in thermal or UV light curable monomers
under electric field and this formed structure is frozen in the matrix by curing the resin.
There may be several drawbacks in these processes: (1) the viscosity of the precursor fluid
may be too high for the particles to move to achieve the alignment due to high loading of
particles. (2) UV curable matrix needs to be transparent for curing which is particularly
difficult at high particle loading levels. The fluid may not be transparent when the
refractive index contrast (difference) of matrix and particle is large. (3) The matrix
materials are generally thermoset materials that may not be desired due to their relative
brittleness. Another processing path is to use thermoplastic polymer solutions as matrix.
For the polymer solution/particle system, it is easy to adjust the viscosity by modifying the
concentration of solvent. Moreover, more diverse choices of thermoplastic materials with
excellent performance can be chosen for the matrix materials such as PVDF,

polyetherimide (PEI), polyimide (PI).
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Previous studies*®" *** have focused on the in-plane alignment of nanoparticles in
polymer solution under electric field as it is relatively easy. While in the case of Z direction
alignment, the use of solid top electrode prevents the evaporation of solvent, so the
polymer matrix can’t be solidified to freeze the developed particle chain structure.

Buchanan, M.

studied the alignment of graphene platelets to form chains in Z direction
in cellulose/1-propanol solution under electric field by using porous electrode as the top
electrode. The porous electrode allows the evaporation of solvent through the opening
while maintaining electrical field during solidification. When the solvent evaporates, the
thickness of the polymer solution decreases which leads the top surface of polymer
solution to detach from the top electrode. Direct contact of the top porous electrode and
solution surface is ideal for achieving Z direction alignment of dielectric particles in
polymer solutions. One method is introduced to solve the problem of detachment, which is
that extra polymer solution covers the porous top electrode so that the final thickness of
solid films after drying is the same as the gap between top and bottom electrode.**?
However, this method has limitations: (1) it is only suitable for batch production (0.5 cm?

as reported™?) and does not lend itself to continuous production. (2) After removing the

porous top electrode at the end of process, the top surface of film has imprinted pattern.

In this study, Flexible Teflon coated mesh is utilized as the top electrode that allows the
evaporation of solvent through the openings. While drying, the thickness of the polymer

solution decreases, and the mesh remains in contact with the top surface due to its
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flexibility which solve the detachment problem. The kinetics of “Z direction” (thickness)
alignment of particles in polymer solution during electric field application and drying is

investigated by measuring optical light transmission method. A novel two-layer solution
casting method is introduced to eliminate the imprinted patterned top surface. Roll to roll
continuous method is introduced to produce functional films with anisotropic structure at

large scale. Dielectric properties of these films are characterized.

4.2 Materials and Methods

The solution preparation, in plane alignment, preparation of cell sample, preparation

of one layer film and three-layer film are described in details below.

4.2.1 Solution Preparation

30 wt. % solution of PS (Styron 685) in the toluene (anhydrous, 99.8%, Sigma-Aldrich)
was prepared using a Thinky mixer for 1hr. Then 1 and 10 wt. % of barium titanate
nanoparticles (average size: 500 nm, US research nanomaterials, Inc.) with respect to PS
was dispersed in PS/toluene solution for 3hrs, which are denoted as
1BaTiO3/30PS/Toluene and 10BaTiO3/30PS/Toluene, respectively. 5 wt. % polybutadiene
(BUNA CB22, LANXESS) in THF (anhydrous, 99.9%, Sigma-Aldrich) was prepared by

heating at 50 °C with magnetic bar stirring for 6h.
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4.2.2 In plane alignment

The 1BaTiO3/30PS/Toluene solution was loaded between two parallel copper
electrodes as shown in Figure 4.1. The solution was covered by thin glass slide to minimize
the evaporation of solvent or without cover. 1000V/mm electric field strength is applied
between the two electrodes and images of particle alignment are taken at different time

periods by optical microscope.

Optical microscopy

Electrode

Figure 4.1 Set up for studying in-plane alignment of nanoparticles between two

electrodes by optical microscopy.
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4.2.3 Preparation of static (cell) sample

To prepare samples, 7 cm x 7 cm size square cell is prepared by placing a 0.5 mm thick
glass slide on the top of ITO coated glass (bottom electrode). PS/toluene/barium titanate
nanoparticle solution is loaded into the cell cavity slowly. The solution with 0.5 mm
thickness is covered by Teflon coated mesh (325x325, TWP Inc.), and mesh is totally
wetted by the solution. This set up is loaded in the real time light transmission
measurement system. The initial AC (100 Hz) electric filed strengths of 500 V/mm, 1000
V/mm, 1500 V/mm and 2000 VV/mm were applied between mesh and ITO glass to study
their effect (all the electric field strengths mentioned in this study are initial electric field

strength). The electric field is turned off until the film totally solidifies.

4.2.4 Preparation of one layer continuous casting sample

Dr. Blade solution casting method was utilized to cast 10.3 cm wide PS/toluene/barium
titanate films on stainless steel substrate at the speed of 50 cm/min on a roll to roll
processing line.% The cast film moves into the roll to roll electric field system. The
diameter of the wires making up the mesh is 35 um and the size of the opening is 40 pm.
The gap of mesh and bottom electrode is adjusted slightly smaller than the thickness of cast
wet solution film and the solution film is sandwiched between top mesh and bottom
stainless steel substrate. Mesh and stainless steel substrate move at the same speed, thus

there is no shear force is generated during the process. Electric field is applied between
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mesh and stainless steel substrate. After evaporating most of the solvent, the electric field

is removed and the mesh is peeled off from the film.

4.2.5 Two layer continuous casting sample

Two-layer solution casting is performed by 10.3 cm wide Dr. Blade. 0.5mm thick wet
solution film is cast for PS/toluene/barium titanate solution as the composite bottom layer,
and 0.5mm thick wet solution film is cast for PB/THF solution as the top layer. The two
layer films move into the roll to roll electric field systems. The same procedures are carried
out for two layer system as the one layer system. After drying, the mesh is peeled off from
the top layer film that has mesh imprints. Once this is removed the smooth surface

composite bottom layer with aligned particles in Z direction was obtained.

4.2 .6 Characterization

The cross section morphology of PS/BaTiO; films with and without alignment was
characterized by SEM (JSM7401). The cross-section samples were prepared by freeze
fracturing in liquid nitrogen. Prior to the SEM characterization, all the samples were
sputter coated with silver. The film is cut into 15mm x 15mm size and sputter coated with
silver on both sides. The silver coated film is sandwiched by two electrodes to measure the
capacitance. The capacitance is measured by 4192A LF impedance analyzer with
frequency ranging from 1 kHz to 1MHz. Based on the measured capacitance, the dielectric

permittivity of film can be calculated by the following equation:
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cd
gt = SO_A (4.1)
where ¢ is the dielectric permittivity of film, C is the measured capacitance (Farads), d is
the thickness (m) of film, g is the dielectric permittivity of free space (8.854 x 102 Fm™)

and A is the area (m?) of capacitor electrode.

4.3 Results and Discussions

Real time electric-optical light transmission, effect of electric field and effect of

drying gradient on morphology are discussed below.

4.3.1 Real time electric-optical light transmission measurement

When the nanoparticles are organized into nanocolumns in thickness direction, they
create particle depletion zones between them. This leads to enhanced transparency as the
light can easily transmit through these depletion zones.®* ® Thus the kinetics of particle
alignment in solution can be easily studied by measuring the light transmission change
under electric field. The custom-build measurement system (shown in Figure 4.2a) can
track the real time change of weight, thickness, birefringence and optical light transmission
of cast solution film during drying.%® " In this study, the solution film is sandwiched by the
ITO coated glass (bottom electrode) and Teflon coated stainless steel mesh (top electrode)
where the thickness is the same as the spacer (0.5mm) shown in Figure 4.2(b), and this set
up is called “cell”. The light transmission is measured by directing a white light path

through the solution film in normal direction, weight is measured by balance and the
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thickness is measured by the laser micrometer. When electric field is applied, the dispersed
nanoparticles are polarized and adjacent polarized particles form chains (nanoparticle
columns) due to dipole-dipole interaction whose axes are oriented in electric field
(thickness).

(a) (b)

I Laser I

Teflon coated

| High voltage I

Light transmission
and birefringence
monitoring system

| Laser thickness monitor I

| Sample | I Balance I | Light source

PS/Toluene/
particles

glass path

Figure 4.2 (a) Custom-build system measuring real time change of thickness, weight,
birefringence and light transmission during solution drying, (b) set up to measure electric

field response of light transmission.

To study the kinetics of alignment, real time light transmission measurements are
performed while tracking weight and thickness on 30 wt.% PS/Toluene solution with 1
wt.% BaTiO3 with respect to PS (1BaTiO3/30PS/Toluene solution) at varying initial
electric field strengths (AC at 100Hz). The weight and thickness change during drying for

films with and without electric field are almost the same, so only one set is shown in Figure
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4.3. The weight and thickness decrease as the solvent evaporates in the beginning and then
starts leveling off at the end of drying. The light transmission of solution film without
electric field (red dash line) remains nearly constant during the first 1500s shown in Figure
4.3. It starts decreasing after around 2000s to lower value as the particle concentration
increases as the solvent evaporates. The light transmission of the film with 1000V/mm
initial electric field strength shows four-stage behavior shown Figure 4.3. At stage I, the
light transmission remains constant as the particles are randomly distributed. Application
of high voltage at 15s at stage Il leads to very fast response of transmission changing from
12% to 17% in less than 10s as short chains of particles form concurrently with particle
depletion regions in between (Figure 4.3). The formation of particle chains leads to more
particle-free space between them thus leading to the rapid increase in light transmission. At
stage 11, the light transmission continues to increase at a lower rate. At this stage, these
chains increase in length by “sweeping” the particles between chains to create wider
depletion zones.®® At stage IV, the light transmission starts decreasing gradually after
critical time (960s) as the thickness decreases from 0.52 mm to around 0.40 mm and real
time weight compared to the initial weight is 67%. This is due to the buckling of the formed
particle chains as the thickness decreases while solvent continues to evaporate. Even with
buckling of particle chains, the light transmission of the film with electric field is higher

than the film without electric field after drying.
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Figure 4.3 Real-time change of weight, thickness and light transmission of solution film
(1BaTiO3/30PS/Toluene) during drying without and with electric field (initial strength:

1000V/mm).

The effect of the electric field strength on the real time change of light transmission
during drying is shown in Figure 4.4. The stronger the electric field strength, the higher
light transmission achieved at the end of stage 11. At stage 11, the light transmission of all
the films continues to increase at lower rate. At stage 1V, light transmission starting
decreasing occurs later with increasing electric field strength (Figure 4.4). The particle
chains have stronger dielectrophoretic force to overcome the compression force caused by

thickness shrinkage under stronger electric field strength leading to less buckling of these
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nanocolumns. After all the solvent evaporates, the films with stronger electric field have

higher light transmission due to less bucking of the particle chains.
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Figure 4.4 Effect of initial electric field strength on real-time change of light transmission

during solution drying.

The light transmission response on electric field is explained by the hypothesis of

particle alignment, chain growth and chain bucking. To prove the hypothesis, optical

microscopy is utilized to observe the procedures of particle alignment and chain growing in

1BaTiO3/30PS/Toluene solution in-plane under electric field and SEM is used the

investigate the morphology of bucking particle chains. The solution

122

is loaded between two



copper electrodes. Mesh is used as electrode for Z alignment experiment and it slows down
the evaporation of solvent compared to solvent evaporation without covering. To mimic
the solvent evaporation rate in Z alignment experiment, it is ideal to use mesh the cover the
solution as well for in-plane experiment. However, the mesh blocks the image taking of
particle alignment, so two experiments are designed: (1) the solution is covered by thin
glass slide to minimize the evaporation of solvent (Figure 4.5) and (2) the solution without
cover (Figure 4.6). 1000v/mm electric field strength is applied between the two electrodes
and images of particle alignment are taken at various time periods. The particles are
randomly distributed in the matrix at the beginning. Once the high voltage applied, short
chains formed by adjacent particles can be observed in images taken in 5, 10 and 15
seconds for both of the two methods. The fast formation of short chains can explain the fast
increasing of light transmission at stage Il. Gradually, the chains grow longer and longer in
the next hours for first method (Figure 4.5), which is a slow process and it is corresponding
to the behavior of light transmission at stage 111. While in the second method, the particle
chains grow longer a little bit but the length of particle chains is much shorter (Figure 4.6)

due to increasing viscosity caused by the fast solvent evaporation.
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Figure 4.5 Time-evolution of nanoparticles alignment in 1BaTiO3/30PS/Toluene solution
covered by glass slide under electric field (1000V/mm) by optical microscopy (scale bar:

100um).

The solvent evaporation rate in these two experiments are different with that in “Z”
alignment experiment which is somewhere between the rate of these two experiments. In
both of the two in-plane experiments, the images show the procedures of fast formation of
short chains once applying electric field and slow growth into longer chains. Thus the chain
formation in “Z” alignment must be similar, which can explain the light transmission

change at stage I, Il and I1I.

124



Figure 4.6 Time-evolution of nanoparticles alignment in 1BaTiO3/30PS/Toluene solution
without glass cover under electric field (1000V/mm) by optical microscopy (scale bar:

100um).

After drying, the morphology of nanocomposite films with 1 wt.% particle content
under different electric field strengths was studied in Figure 4.7-10. The morphology
throughout the thickness was studied by taking a series of images from the bottom to top of
the sample and creating one composite image. Transparent yellow dots are placed on all the
particles to enhance their contrast. In all the samples, the particles form chains due to the
dipole-dipole interaction under electric field as expected. Interestingly, the axes of particle
chains are not along the electric field direction when the electric field strength is weak

(500V/mm and 1000v/mm) in Figure 4.7 and 4.8, which is caused by thickness reduction
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during drying. There’s an angle between the axes and electric field direction and the angle
become smaller as the electric field strength increases (1500V/mm) shown in Figure 4.9.
Nearly vertical alignment of particles can be achieved in Figure 4.10. As electric field
increases the particle chain axes become more parallel to the field direction and hence the
light transmission is higher as discussed in the manuscript. Although bucking phenomena
of particle chains can be observed, there’re very few particle chains throughout the
thickness of film due to the low particle content (1 wt.%). To have a better understanding
of the morphology, higher particle content is needed. However, the solution with higher
than 1 wt.% content is too opaque for the light transmission measurements. PS/BaTiO3
nanocomposite films with 10 wt.% particles are prepared to study the morphology of
aligned samples (without the light transmission data), since the light transmission can’t be

measured. The morphology results for these samples are discussed below in detail.
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Figure 4.7 Cross sectional morphology of nanocomposite film with 1 wt.% BaTiO3 in PS

prepared under 500V/mm. Scale bar: (a) 10 um, (b) 10 um, (¢) 1 um
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Figure 4.8 Cross sectional morphology of nanocomposite film with 1 wt.% BaTiO3 in PS

prepared under 1000V/mm. Scale bar: (a) 10 um, (b) 10 um, (c) 1 pm
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Figure 4.9 Cross sectional morphology of nanocomposite film with 1 wt.% BaTiO3 in PS

prepared under 1500V/mm. Scale bar: (a) 10 um, (b) 10 um, (c) 1 pm
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Figure 4.10 Cross sectional morphology of nanocomposite film with 1 wt.% BaTiOg3 in

PS prepared under 2000V/mm. Scale bar: (a) 10 pum, (b) 10 pum, (c) 1 pm

4.3.2 Effect of electric field strength on particle chain morphology and orientation

PS/BaTiO3; nanocomposite films with 10 wt.% particles are prepared by “cell” method
under varying electric field strengths. Figure 4.11 shows the cross sectional morphology of
the film prepared under 1000 V/mm. The particles are colored yellow (false) in the image
to distinguish them from other features. Barium titanate particles form chains as expected

under electric field due to dipole-dipole interaction. For UV light/thermal curing system,
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the axes of particle chains were found to orient parallel to the direction of electric field.®”
109 As shown in this figure, for the solution system we investigated, an angle between the
chain axes and the electric field vector is observed. This angle is caused by the buckling of
particle chains leading to decrease in transmitted light intensity during drying discussed in
the section above. Another interesting phenomenon is that the particle chains tilt towards

the same direction instead of randomly in the region as shown in the enlarged image.

Cross section Cross section Top Surface

Center

Figure 4.11 SEM cross sectional morphology of the composite film prepared by cell set

up under 1000V/mm (scale bar: 40 um).
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Figure 4.12 Effect of electric filed strength on the tilt angle of particle chain axes (scale

bar: 20um).

As the electric field strength increases, the particle chain axes increasingly become
oriented along the electric field direction (Figure 4.12). The angle between the chain axis
and electric field vector is defined as 0. The angle distribution, average angle and
orientation factor of tilted chains were quantified as shown in Figure 4.13. When the initial
electric field strength is low, the chain axis orientation distribution is broad. As the initial
electric field strength is increased, this orientation distribution becomes narrower and the
average angle decreases. Nearly vertically aligned particle chains can be achieved at
stronger initial electric field strengths (1500 VV/mm and 2000 VV/mm), and the average

angle decreases to 17 and 10°, respectively. The Herman’s orientation factor™ (defined in
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equation 4.1) of particle chain axes relative to the film’s normal direction increases from
0.38 to 0.97 (=1 representing perfect orientation of the axes relative to the reference
direction which is thickness direction in our case) with increasing electric field strength.
The better maintenance of vertical alignment of particle chains under stronger electric field
leads to higher light transmission observation for the film discussed in the section above.
The morphology of samples with 10 wt.% particles is consistent with that of samples with
1 wt.% particle.

S =~ (3cos?0 — 1) (4.1)
where, S is the Herman’s orientation factor, 0 is the angle between particle chain axis and
electric field vector.

1000V/mm 1 1500V/mm " 2000V/mm

14 4

12 12
= = =15
10 10 3
g g P
36 36 ]
2 4 o i 2
& & s

2 2

0 0 0

0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Angle Angle Angle

E Field

Direction -
o 60 12

1.0

l

Hermans Orientation Factor

08

0.6
20

04

10

400 600 800 1000 1200 1400 1600 1800 2000 2200
Electric Field Strength (V/mm)

Figure 4.13 Effect of electric filed strength on average angle, angle distribution and

Herman’s orientation factors.
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4.3.3 Drying gradient effect on the tilt direction of particle chain axes

Figure 4.11 shows cross sectional morphology of the sample prepared by “cell”
method. At the surface, the chain axes tend to tilt towards the right and near bottom surface
they tilt the left. There is a boundary line observed between the right tilted and left tilted
chains, and these tilted chains form an arrow pointing towards the edge of the sample. As
the solvent evaporates the thickness of the solution film shrinks leading to compression
force on the film. Therefore, the matrix bends towards the relatively weaker side, and the

particle chain tilts along the matrix, thus forming arrow pointing to one side.

One-layer Dr. Blade Solution Casting Figh voltage

Bottom electrode

Bottom electrode

(b)
One or two layer
doctor blade

High
voltage

Ground

substrate Teflon coated
mesh

Figure 4.14. Schematic of (a) one layer solution casting method, (b) roll to roll electric

field set up for one or two layer solution casting.
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Roll to roll solution cast samples are fabricated by the procedures shown in Figure
4.14(a). PS/toluene/barium titanate solution is cast on the stainless steel substrate by one
layer doctor blade on a roll to roll processing line.?® 3! The cast film moves into the roll to
roll electric field system shown in Figure 4.14(b). The gap of mesh and bottom electrode is
adjusted slightly smaller than the thickness of cast solution film. The top surface of
solution film touches and wets the mesh as the film approaching to the electric field setup.
Mesh’s speed (controlled by the two roller, described elsewhere® in detail) is adjusted the
same as the speed of stainless steel substrate, thus there is no shear force is generated on the
film during the process. Electric field is applied between mesh and stainless steel substrate
until all the solvent evaporates. For solution cast samples, long chains form and these
chains also tilt due to compression force. However, the chain axes point towards the region
closer to the center of the film in the transverse direction shown in Figure 4.15, which is the
opposite of the samples prepared in the stationary cell. A global widthwise look at discrete
locations at the cross-section of the film along the transverse direction is shown in Figure
4.16. For the left side of the sample, the arrows point to the right, and the arrows in the right
region point to the left. The chains all tilt towards the center region of the film in the
transverse direction. This phenomenon can be explained by the drying gradient effect

difference between these two processing methods.
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Closer to
edge ‘

Figure 4.15 SEM cross sectional morphology of one layer casting composite film under

1000V/mm (scale bar: 50um).

Cross Section View TD

Figure 4.16 A global widthwise cross sectional morphology at discrete location along
transverse direction of composites prepared by solution casting under 1000 V/m (scale
bar: 30um).

136



For the film prepared in the cell, the center part dries faster than the edge due to the
blocking effect of the spacer'® as shown in Figure 4.17. Under the influence of central
shrinkage, the matrix film itself tends to bend towards the softer side (edge). Thus the
particle chains inside the matrix bend to form an arrow pointing to the region closer to the
edge, and a structure shown in Figure 4.17 can be obtained in the film prepared in cell.
While for the R2R solution cast films, the drying gradient is opposite because the film is
free at the edge. As shown in Figure 4.17, the edge region dries first and there is a solvent
concentration gradient in width direction, thus creating a modulus gradient along the
transverse direction. The chains tend to form the arrow bending towards the center region
shown in Figure 4.17. By controlling the drying gradient one can control pointing direction

of the arrow formed with the chain axes.

Solutionin cell Solution casting film
Evaporation Evaporation
Edge Z F. F,
Center
S
Decrease of solvent Dried Dried Decrease of solvent
Concentration Film Film Concentration
FC 1 Fc FC 1 Fc
1 1
solution solid= solid,|, solution solid\,solution :solution solid
Iy N2
”f/// ’q \x‘*\\\\ /x \f / //»//,»
-
I __________ I __|

Figure 4.17 Schematic explanation of tilt direction of particle chains for cell and solution

casting films.
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4.3.4 Two-layer solution casting method to eliminate the imprinted pattern

After drying, the mesh can be peeled off from the film easily, but the imprint pattern is
left behind on the top of the one layer film replicating the wire mesh electrode, as shown in
Figure 4.18. To eliminate the top pattern, the two-layer solution casting method is
developed as shown in Figure 4.19. Two-layer solution film is cast by the two layer doctor
blade. The top polymer (PB) is immiscible with the bottom polymer (PS) and top solvent
(THF) is miscible with the bottom solvent (toluene). Thus the top and bottom polymers are
immiscible with sharp interface between them and solvent in the bottom layer can
evaporate through the top layer. The mesh only touches the top layer solution so the
imprint pattern only remains on the top layer which acts as sacrificial layer. The particles in
the composite bottom layer can be aligned to from chains under electric field. Figure
4.20(a) shows the cross sectional morphology of two-layer composite film with aligned
nanocolumns. A sharp boundary is observed between the two polymer layers and the
particles are aligned to form chains in Z direction in the composite bottom layer. The cross
sectional and surface morphology of the composite bottom layer peeling off the top layer
are shown in Figure 4.20(b) and (c), respectively. After peeling off the top layer film, the
vertically aligned particle chains still can be observed in the composite bottom layer while

its top surface remains smooth from both side and top views.
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Surface Cross section

Figure 4.18 Surface and cross section morphology of one layer composite film after

peeling off the mesh (scale bar: 1200um).

High voltage
Polymer A + solvent A

) e

Y
Bottom electrode

Two-layer Dr. Blade Solution Casting

—

"= Bottom electrode
- Polymer B + solvent B + particles

— < —_— = L, Polymer A: immiscible with Polymer B
Bottom electrode Bottom electrode S0Ivent A: miscible with Solvent &

Figure 4.19 Schematic of roll to roll two-layer solution casting method.
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Figure 4.20 SEM cross sectional morphology of two-layer method prepared films with
aligned particles (a) before and (b) after peeling off the top layer (scale bar:20um), (c)

surface of composite bottom layer after peeling off top layer (scale bar: 100um).

4.3.5 Dielectric permittivity enhancement in aligned nanocomposites

Figure 4.21(a) shows the dielectric permittivity of pure PS film and PS/BaTiO3
nanocomposite films with patterned surface from 1 kHz to 1 MHz. Pure PS film has low
dielectric permittivity (2.79) at 1 kHz, and the dielectric permittivity increases to 3.28 after
adding randomly distributed barium titanate particles (no E). The nanocomposites
prepared under electric field have higher dielectric permittivity, and the stronger of the
electric field strength, the larger dielectric permittivity as the stronger electric field strength

leads to better orientation of particle chains. Figure 4.21(b) shows the effect of orientation
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factor of particle chains on the dielectric permittivity of nanocomposite film with patterned
surface at 1 kHz. The dielectric permittivity increases with the orientation factor of particle
chains. The dielectric permittivity can be increased by 43% for nanocomposite with
highest orientation factor than the patterned film with random particles. The dependence of
dielectric loss on the frequency is shown in Figure 4.21(c) and it shows that the dielectric
loss is quite low and it increases slightly after adding random the BaTiOj3 particles into PS.
The dielectric loss slightly increases with the higher orientation of particle chains due to
the enhanced interfacial polarization between particles but remains very low less than
0.003 even at highest frequencies. Figure 4.22(a) shows the dielectric permittivity of
nanocomposites with smooth surface prepared by two-layer solution casting method. The
PS film with smooth surface has slightly higher dielectric permittivity (2.86) than the PS
film with patterned surface. The nanocomposites with aligned nanocolumns exhibit 42%
higher dielectric permittivity than the smooth film with random distribution of particles.
Figure 4.22(b) shows the dependence of dielectric loss on frequency for the nanocomposite
film with smooth top surface. The dielectric loss of the film with smooth surface shows
smaller dielectric loss than the film with patterned surface due to fewer voids on the
surface. The film with aligned particles shows larger dielectric loss than the film with

random particles. The loss values are all remaining at very low levels.
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Figure 4.21 (a) Dependence of dielectric permittivity on frequency of PS/BaTiO3
nanocomposites with patterned surface, (b) Effect of orientation factor of particle chains
on dielectric permittivity of film with patterned surface at 1 kHz, (c) Dependence of

dielectric loss tan & on frequency of PS/BaTiO3 nanocomposites.
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Figure 4.22 Dependence of (a) dielectric permittivity and (b) dielectric loss tan & on

frequency of PS/BaTiO3; nanocomposites with smooth surface.

4.4 Conclusion

A continuous processing method is developed for aligning nanoparticles vertically
under electric field in the polymer solutions. This method broadens the choice of polymers
to use as matrices to produce functional films with aligned nanoparticles. The kinetics of
particle organization with electric field was investigated by optical light transmission that
was found to be sensitive to track nanocolumn formation and their eventual buckling as a
result of solvent loss related shrinkage. The particle chain axes form first in solution and as
the film dries these columns buckle at mid-section when low electric field is used. The use
of high electric fields overcomes this effect and these nanocolumns remain oriented along
the field direction despite the thickness direction shrinkage take place during drying. We

also discovered that the direction “arrow” morphology formed of buckled columns. The tilt

143



direction of particle chains can be controlled by the drying gradient. The patterned surface
created by the porous electrodes on the top surface can be eliminated by using the two layer
solution casting method that uses two immiscible polymers with solvents that are miscible
with each other facilitating drying of both layers. The nanocomposites with aligned
particles in Z direction show substantially enhanced dielectric permittivity in thickness

direction.

Reproduced in part with permission from Guo, Y.; Batra, S.; Chen, Y.; Wang, E.;
Cakmak, M. Roll to Roll Electric Field “Z” Alignment of Nanoparticles from Polymer
Solutions for Manufacturing Multifunctional Capacitor Films. ACS Applied Materials &

Interfaces 2016, 8, 18471. Copyright [2016] ACS Publications, Inc.
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CHAPTER V
ANISOTROPIC SWELLING WOUND DRESSING WITH “Z” ALIGNED WATER

ABSORPTIVE PARTICLES

Multi-layer solution casting method was utilized to fabricate three-layer wound
dressing films forming wound contact layer, absorbing layer and backing layer. The
absorbing layer, whose function is to absorb and retain the exudate thus providing moist
environment for wound healing, was made up of super absorbent particles and
thermoplastic polyurethane. In this study, the superabsorbent particles were aligned along
chain structures whose axes oriented along the film thickness direction by external
electric field during film formation. This lateral swelling of the absorbing layer while
preferentially expanding in thickness direction during water absorption process, and
therefore eliminating the lateral stress or shear induced friction between the dressing
films and the wound. Compared to the films with non-aligned particles, the aligned
wound dressings could achieve up to 33% smaller lateral expansion. The effect of particle
shape on anisotropic swelling was also investigated, and it was found out that rod-like
particles with high aspect ratio were more effective to improve anisotropic swelling and

reduce lateral expansion compared to irregular shape particles. Additionally, the
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imprinted patterns on the contact layer resulting from the electric field alignment process

promoted the efficiency of absorbing and transporting the exudate into absorbing layer.
5.1 Introduction

Wound healing is a very complex biochemical and cellular process, which comprises
five overlapping stages including haemostasis, inflammation, migration, proliferation and
maturation phases.™* **> Once the haemostasis stage is achieved, exudate that is
essentially blood free of red cells and platelets is produced by the wound for both acute
and chronic wound.**® **’ The exudate plays an important role for wound healing by

158

keeping a moist environment™ and supplying nutrients, mitosis of epithelial cells and

leucocytes to aid the wound healing as well as to prevent wound from infections.™ In
some severe cases such as deep acute wound and chronic wound, the wound produces
excess amount of exudate, which to can inhibit the wound healing and corrupt the healthy
skin around the wound due to the high level of proteinase enzymes.*®® **! Traditional
wound dressings such as cotton wool, natural bandage, lint and gauze were commonly

used for wound care in the past.*®

These traditional wound dressings could absorb the
exudate and prevent the wound from infection by bacteria, but they failed to restrain the
evaporation of moisture, which resulted in the wound becoming overly dried.
Furthermore, their adhesion to the wound could cause overwhelming discomfort and pain,

or even more tissue damage during the removal of the wound dressings. Recent research

has found out that warm and moist wound environment can help accelerate healing.™
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Therefore, polymer-based wound dressing that is able to absorb and retain the excess
exudate, hence maintaining moist environment and also show no or less adhesion to the

wound is desirable.®?

A number of polymer-based wound dressings have been developed to promote the
wound healing and may be classified into: hydrocolloid dressing'®®, alginate dressing'®*,
hydrogel dressing™® and collagen dressing'®® based on the materials used to fabricate
them. Among them, hydrocolloid dressing, which is a semi-permeable polyurethane film

with absorbent particles*®® 1%’

is the most widely used, ascribed to the fact that the
absorbent particles inside provide excellent exudate absorption capacity, and become gels
after absorption to induce fast healing rate and less pain. ®® ** |n addition to absorption
capacity, the ability to retain the moisture is also crucial for wound dressings.
Nevertheless, traditional single layer wound dressings were insufficient to withhold the
absorbed moisture due to the high moisture vapor transportation rate (MVVTR), which
could cause the desiccation of wound.™® Therefore, multilayer wound dressings that
consist of liquid repellent backing layer, absorbent layer and wound contact layer are
developed to absorb and also to retain the exudate, benefiting from a better control on the
MVTR of the backing layer.*”® *"* Currently, the remaining issue about multilayer wound

dressings is that the highly absorptive layer undergoes a large lateral expansion after

absorbing the exudate, which may cause lateral shearing or friction stress to the wound.

147



This stress hinders the wound healing and may cause further sores especially for the

extremely fragile wound such as leg ulcers and pressure sores.™

To solve this problem, many efforts have been made to develop anisotropic polymer
films for the absorbing layer to transfer the lateral expansion to vertical expansion. Tisato
K. et al.!" fabricated stearyl acrylate (SA)/ acylic acid (AA) copolymer gel film with the
lamellar layer aligning parallel to film surface and alkyl chains oriented in thickness
direction (“Z” direction). When such films were immersed in ethanol, their swelling ratio
in “Z” direction was 40% larger than in-plane direction due to the anisotropic crystal

17
|13

structure. Nicholas P. et al.”** prepared a polymer gel of nematic liquid crystalline (NLC)

poly (y-benzyl L-glutamate) (PBLG) with its helix axis oriented along the surface of film

by external magnetic field,""

the swelling ratio of which in “Z” direction was two times
of in-plane swelling ratio in dichloroacetic acid. This was attributed to the fact that the
mechanism of swelling in NLC state was the insertion of solvent between the parallel
helix, which mainly contributed to vertical expansion.”® However, the films in the above
studies didn’t show anisotropic swelling behavior in water. To achieve anisotropic
swelling in water, Gudmundur S.*” reported a multilayer wound dressing with a specially
processed absorbent layer: the absorbent core was drilled with sub millimeter sized
cylindrical receptacles vertically in a predetermined pattern, and these cylindrical

compartments were filled with superabsorbent. The wound contacting layer was also

drilled with large number of apertures so that the absorbent layer could attract exudate
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due to capillary action. Then the vertically aligned superabsorbent cylinders would
absorb the exudate and expand to push the backing layer in Z direction. However, the
preparation procedures in this method involve drilling receptacle, filling superabsorbent
and laminating three layers, which are too complicated. The size of vertical cylinder is

too large, in the range of sub millimeter causing nonuniformity.

In this study, multilayer wound dressings were fabricated by three-layer solution
casting method consisting of wound contact layer, absorbent layer and liquid repellent
layer. Irregular shape and rod like water absorptive particles were prepared by
cryogrinding and electrospinning methods, respectively. The water absorptive particles
were aligned in “Z” direction to form micro or nano size particle chains or cylinders
in-situ in the absorbent layer under electric field instead of filling the submillimeter size
superabsorbent material afterwards like Gudmundur’s work as stated above.” The effect

of alignment on anisotropic swelling behavior was studied.
5.2 Experimental section

The materials, preparation of neutralized rods and irregular shape particles, preparation of

wound dress and the characterization are described in details below.
5.2.1 Materials

The water absorptive polymers, carbopol 981NF and carbopol 907, were supplied by

the Lubrizol Corporation and used to prepare water absorptive particles. The solution
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processing grade thermoplastic polyurethanes (TPUs), SP8B0A150 and HP60D20, were
also provided by the Lubrizol Corporation. 1,4-dioxane (ACS reagent, >99.0%),
N,N-dimethylacetamide (DMAC) (ACS reagent, >99%), polyethylene glycol (PEG)
(Mn=400g/mol), sodium chloride (ACS reagent, >99%), calcium chloride dihydrate
(ACS reagent, >99%) and sodium hydroxide (NaOH) (reagent grade, >98%, pellets) were
purchased from Sigma Aldrich. Teflon coated stainless steel mesh (325%325) obtained
from TWP. Inc. was used as the top electrode. Indium Tin Oxide (ITO) coated glass
supplied by Structure Probe, Inc. was used as the bottom electrode. The alternating
current (AC) voltage was generated by high voltage (HV) amplifier (AMP-20B20,

Matsuda Precision Inc.)

5.2.2 Preparation of neutralized nanorods

12wt.% carbopol 907 (liner polyacrylic acid (PAA), non-crosslinked) aqueous
solution was prepared by using paddle mixer, and this solution was neutralized by sodium
hydroxide aqueous solution (18 wt.%) until the pH value of the solution was 7.0 which
was denoted as 100% neutralization. The water absorptive ability of PAA increases with
the percentage of neutralization, so PAA 100% neutralization has high water absorptive
ability and is safe for wound dressing application. 3% wt.% PEG with respect to carbopol
907 was added into the solution above to act as the cross linker. Electrospinning
technique was used to prepare 100% neutralized PAA nanofibers. The electrospinning

condition was set as: 25 Gauge needle, 22 kV voltage and 13cm target distance. After
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collecting enough nanofibers to form a nanofiber mat, the PAA nanofiber mat was kept in
oven at 190°C for 7 mins to be cross linked by esterification reaction between polyacrylic
acid and PEG. The cross-linked and neutralized nanofiber mat was placed in container
with ceramic balls and chopped into PAA nanorods by ball grinding in Thinky mixer at

2000 rpm for 2 minutes.

5.2.3 Preparation of neutralized irregular particles

1 wt.% carbopol 981NF (partially crosslinked PAA) aqueous solution was prepared
by using paddle mixer, and the solution was neutralized by sodium hydroxide aqueous
solution (18 wt.%) till 100% neutralization. The solution above was cast into 3mm thick
film and dried at 80 °C overnight. The dried film was ball grinded into large irregular
particles in Thinky mixer at 2000r/min for 5 minutes. Then the large PAA irregular

particles were grinded into smaller irregular particles by cryogrinding method.

5.2.4 Preparation of three-layer TPUs film with “Z” aligned nanorods or particles

The two-step preparation procedures were used to prepare the random or aligned
three-layer TPUs films as shown in Figure 5.1. The solution of 15 wt.% HP60D20/DMACc
was cast on the ITO coated glass (bottom electrode) at 0.5 mm thickness by doctor blade
and dried at 50 °C for 12 hours, and this layer of film was marked as layer “A”. Herein,
HP60D20 and SP80A150 were denoted as TPUs1 and TPUs2, respectively. In the second

step, the two-layer solution casting method was used to cast the other two-layer solution
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films on the top of dried TPUs1 film showing in Figure 5.1. The solution of middle layer
was 19 wt.% TPUs2/dioxane solution with various concentrations of neutralized
nanorods or irregular particles. The solution of top layer was 19 wt.% TPUs2/dioxane
solution. Then this three-layer solution film was covered by Teflon coated mesh (top
electrode).?® 600 VV/mm (AC) initial electric field was applied between mesh and ITO
glass for 6 hours until all the solvent evaporated. The middle and top layer of dried film
was marked as layer “B” and layer “C”, respectively. The swelling ratio of TPUsl,
TPUs2, nanorods and irregular particles in solution Aare 0.1, 1.2, 30 and 32,

respectively.

One layer
Solution Castin :
g TPUs1/DMAc 33 3 Dry film

_ — m -

N
ITO coated glass ITO coated glass

Step 1:

TPU52+d|oxane
Two layer Mesh

Solution Castmg

TPUs2+particles/ ITO coated glass :
rods + dioxane

C: TPUs2
H B: TPUs2+particles/rods
? A: TPUs1

Figure 5. 1 Procedures to prepare the three-layer wound dressing.
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5.2.5 Morphological characterization

The morphology of PAA nanofibers and nanorods was characterized by JEOL-7401
scanning electron microscopy (SEM). The random and aligned three-layer films were
fractured in the liquid nitrogen, and the cross sectional morphology was also studied by
SEM. All the samples were sputter coated with silver prior to observation. The 3D
morphology of random and aligned wound dressing film was characterized by Bruker

Skyscan 1172 micro-computed tomography (micro-CT).

5.2.6 Swelling test

The three-layer wound dressing films prepared above were cut into 5.0x5.0 cm square
shaped samples and soaked in the solution A for 30 min at 37 °C. Solution A, an aqueous
solution containing almost the same ionic composition as human serum or wound exudate
and was prepared by dissolving 8.298 gram of sodium chloride and 0.368 gram of
calcium chloride dihydrate in 1 litter of deionized water. The weight, thickness and length
before and after swelling were measured to calculate the swelling ratio, in plan expansion

ratio, out of plane expansion ratio and swelling anisotropy in equations below:

W;-W,

Swelling ratio = (5.1)
0
L
R, =2 (5.2)
=D
Ry =3t (5.3)
Swelling anisotropy = ll:—l (5.4)
//

where W, L and D is weight, length and thickness of the film, respectively. 0 and 1
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represent before and after swelling, respectively. R, and R, are in plane and out of plane

expansion ratio, respectively.

5.2.7 Moisture vapor transmission rate (MVTR)

The three layer wound films were sealed on the top of a cup with inner diameter 35.7
mm containing 20 ml solution A. The cup was right-side up and kept in an incubator at

37 °C and with humidity of less than 20 %. MVTR is calculated as follow:

(W1—=W5)*1000%24
T

MVTR = (5.5)

where W1 is the mass of the cup, film and solution A, 0 and 1 represent before and after

swelling, and T is the test period in hours.

5.2.8 Contact angle of three-layer films

The contact angle of the surface of casted Hi-gel solution film was studied by DSA
100. The contact angle image was taken every minute after water droplet was on the

surface of the film with smooth or patterned surface.

5.3 Result and discussion

Superabsorbent materials were needed to prepare the wound dressings with high
exudate absorbing ability, so the PAA were 100% neutralized to increases the water
absorbing capability. The particles also needed to be crosslinked to maintain their

integrity after absorbing water and in order to be aligned under electric field in solution.
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In this study, two different shapes of neutralized and crosslinked particles, rod-like and
irregular shape particles, were prepared to fabricate the wound dressings, noted as
nanorods and irregular particles. The method to prepare PAA nanorods was
electrospinning PAA nanofibers first and then mechanically chopping the electrospun
nanofibers into nanorods. Figure 5.2(a) shows the SEM morphology of the as-spun
nanofibers with an average diameter of about 700 nm. Since the molecules of PAA used
for electrospinning was linear and non-crosslinked, the nanofibers were crosslinked
afterwards at 190 °C by esterification reaction between carboxyl group of PAA and
hydroxyl group of PEG, to avoid their dissolution in water. The morphology of
nanofibers remained the same after crosslinking, as shown in Figure 5.2(b). In order to
obtain evidence of crosslinking, the FTIR spectra of the nanofibers were recorded before
and after reaction as shown in Figure 5.3. The absorption at 3390 cm™, 2930 cm™, 1450
cm™ and 1101 cm™ were due to the stretching vibration of O-H, C-H, CH, and C-O
groups, respectively.!”® The peaks at 1552 cm™and 1404 cm™ were assigned to
asymmetric and symmetric stretching of -COO", respectively,*’" '’ because the PAA was
neutralized by sodium hydroxide solution. The decrease of these two peaks was due to

the conversion of the ionic bonds to ester bonds (-CO,C-).*"

Meanwhile, the absorption
band at 1691 cm™ corresponding to carboxylic ester group at appears after crosslinking.
To confirm the crosslinking of nanofibers further, the as-spun and crosslinked nanofiber

mats were immersed in solution A for 30 minutes. As can be observed in Figure 5.2(c),

the as-spun nanofibers dissolved and spread into films, whereas the crosslinked
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nanofibers mostly maintained their integrity despite some fibers slightly clumping
together with each other as shown in Figure 5.2(d). The crosslinked nanofibers were then
ball grinded into nanorods as shown Figure 5.4(a). The irregular particles were prepared

by cryogrinding crosslinked PAA without further crosslinking reactions, and the

morphology of the irregular particle is shown in Figure 5.4(b).

7 . Ao ]

Figure 5.2 SEM morphology of neutralized PAA nanofibers (a) As-spun, (b) after
cross-linking, (c) nanofibers without crosslinking after washing, (d) cross-lined nanofiber

after washing.
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Figure 5. 3 FTIR of neutralized PAA nanofibers before and after crosslinking.

Figure 5.4 SEM morphology: (a) PAA nanorods (scale bar: 5um), (b) PAA particles

(scale bar: 10um).
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Three-layer wound dressings were prepared by solution casting method, and the
in-situ alignment of nanorods or irregular particles was achieved by applying electric
field in “Z” direction of film until the film was dried. SEM was utilized to characterize
the cross sectional morphology of the resulting three-layer wound dressing films, as
shown in Figure 5.5. This figure illustrates the control morphology of the three-layer film
without the application of electric field. The nanorods were colored yellow to distinguish
them from other feather. A clear three-layer structure could be seen: layer A, layer B
dispersed with nanorods, and layer C with imprint patterns. Layer A was made of
moisture permeable polyurethane (TPUs1), which acted as a backing layer to control the
MVTR. Layer B was composed of super absorbent nanorods and polyurethane matrix
(TPUs2). The nanorods were colored yellow (false color) to enhance the contrast between
matrix and dispersed particles. For the wound dressing films obtained without applying
electric field, the nanorods all oriented parallel to the surface of film due to development
of internal compression force caused by the thickness shrinkage as the solvent
evaporates.” On the other hand, for films aligned by electric field, the nanorods were
oriented and aligned in “Z” direction as shown in Figure 5.6. This is attributed to the fact
that the dielectrophoretic force overcomes the compression force during the drying
resulting in maintenance of the developed orientation of the long axes of the particles in
thickness direction. Some of the nanorods were not oriented perfectly in “Z” direction
and a small tilting angle was observed between the electric field direction and the long

axis of nanofibers due to the compressive force as the film thickness reduces,? but
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overall a clear orientation and alignment of the nanorods were obtained along the film
thickness direction. Layer C is a polyurethane layer (TPUs2) with imprint patterns

replicating the feature of Teflon coated mesh.

C: TPUs2
B: TPUs2/rods
A: TPUs1

Figure 5.5 Cross sectional morphology of three-layer wound dressing without application

of electric field (scale bar: 20um).
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C: TPUs2
B: TPUs2/rods
A: TPUs1

Figure 5.6 Cross sectional morphology of three-layer wound dressing with aligned

nanorods (nanorods were artificially colored to enhance the contrast) (scale bar: 20um).
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Figure 5.7 Cross sectional morphology of three-layer wound dressing with random

particles (scale bar: 40um).

C: TPUs2
B: TPUs2/particles,
A: TPUs1
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Figure 5.8 Cross sectional morphology of three-layer wound dressing with aligned

particles (scale bar: 40um).
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As for irregular particles, the cross-section of resulting wound dressing films were
also characterized by SEM for both non-aligned and aligned samples, illustrated in Figure
5.7 and Figure 5.8, respectively. Similar to nanorods, irregular particles were aligned in
the film thickness direction, and formed chain structures in layer B for the samples with
electric field on, whereas the irregular particles were randomly distributed in the films
prepared without applying electric field. For a direct visual observation, the video
showing the alignment of irregular particles in TPUs/dioxane solutions was provided in
supporting information. Additionally, the non-aligned and aligned samples were also
examined by the micro-Xray tomography system to obtain the three dimensional
distribution of irregular particles, as shown in Figure 5.9. For the film prepared without
applying electric field, particles were randomly distributed in layer B, whereas they were
assembled into chains in the film prepared with the application of electric field. Such
three-layer films, when used in wound dressing applications, were flipped upside down.
Namely, the layer C with imprinted patterns becomes the layer that directly contacts the
wound and transports the exudate towards layer B. Layer B is the absorbing layer which
absorbs and retains the exudate. Layer A is the backing layer that allows the moisture to
vaporize through but prevent ingress of liquid from outside. This allows the patient to

take bath or showers while wearing the wound dressing.
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Random

Aligned

Figure 5.9 Micro-CT morphology of three layer wound dressing with random and aligned

particles (scale bar: 100um).

Random Aligned
C: TPUs2 S S
B: 25 wt% nanorods/TPUs2

A: TPUs1

6.2x6.2cm

C: TPUs2
B: 25 wt% particles/TPUs2
A: TPUs1

6.7x67cm 6.3x6.3 cm
Figure 5.10 The size comparison of wound dressing with random and aligned particles or

nanorods after swelling.
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Table 5.1 The effect of alignment on lateral expansion on wound dressing after swelling.

Particle Rods in TPU2 (cm) Particles in TPU2 (cm)
content (wt.%o) Random Aligned Random Aligned
0 59 59 5.9 5.9
15 6.6 6.0 6.5 6.1
25 6.8 6.2 6.7 6.3
35 7.0 6.5 7.0 6.7

To study the swelling behavior of resulting films, the three-layer wound dressing

films with a series of particle contents (0, 15, 25 and 35 wt.%) were cut into 5x5 cm size

and soaked in solution A at 37 °C for 30 minutes. All the swollen samples were measured

and samples with 25 wt.% particles are shown in Figure 5.10 as representatives. For

nanorods, the non-aligned and aligned samples expanded from 5x5 c¢cm to 6.8%6.8 cm and

6.2x6.2 cm, respectively. The lateral expansion was reduced by 33% after alignment

indicating that directional swelling is actually working in these films. Since the nanorods

attained much lower modulus than the polyurethane matrix in the gel state after absorbing

water, the stiffer matrix that surrounds the aligned nanorod chains restrains the expansion

in the lateral direction, leading to a smaller lateral deformation compared to non-aligned

films. Similar effects could also be seen for irregular particles. However, less significant

reduction in the lateral expansion was obtained for films with aligned irregular particles,

due to their lower aspect ratio and larger particle sizes. The in-plane dimension of all

swollen samples with various particle concentrations (0, 15, 25 and 35 wt.% ) was

provided in Table 5.1. In order to quantitatively evaluate the anisotropic swelling

properties of each sample, the swelling anisotropy value, calculated as the ratio of
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out-of-plane expansion ratio (R_) over in-plane expansion (R), and plotted as a function
of particle concentration in Figure 5.11. Generally, films with aligned nanorods or
irregular particles achieved dramatically higher swelling anisotropy values than the films
with randomly dispersed particles, meaning that the aligned films underwent more
vertical expansion than less lateral expansion in comparison to non-aligned films. Also,
films with nanorods exhibited slightly higher anisotropy value than irregular particles due
to their higher aspect ratios. There’re much fewer number of particles needed to form
chains with nanorods than irregular particles, so there’s less sliding among the particles as
they expand after absorbing the exudate. For films with aligned particles, the swelling
anisotropy values of both nanorods and irregular particles showed first increasing then
decreasing trend as the particle content increased from 0 to 35 wt.%, and the maximum
swelling anisotropy value was achieved at 25 wt%. The swelling ratio of the wound
dressing increases with particle content as expected in Figure 5.12(a). The MVTR of
wound dressings, the MV TR of samples with various particle contents was characterized
and plotted in Figure 5.12(b). Both nanorods and irregular particles demonstrated
virtually identical MVTR values between aligned and non-aligned samples, which all
located between 700 and 1600 g*m?*24h™. The three-layer structure wound dressing
were in the desired range of MVVTR for ideal wound dressings to maintain moist
environment but also allow reasonable evaporation to avoid frequently wound dressing

replacement'’°
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Figure 5.11 The effect of alignment and particle shape on swelling anisotropy as a

function of particle content.
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Figure 5.12 The effect of alignment on (a) swelling ratio and (b) MVTR of wound

dressing after swelling.
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As mentioned above, the layer (C) of aligned films were imposed on imprinted
patterns from the top electrode, a conductive mesh, as shown in Figure 5.13. Since layer
C was the contact layer that absorbed the excess exudate directly from the wound, it was
expected to be hydrophilic and wettable for moisture to transport through. The effect of
these imprinted patterns on the wettability of wound dressing films was evaluated by
measuring the contact angle of water droplet on layer C, and compared to the films with
smooth surface prepared without applying electric field, shown in Figure 5.13. The
contact angle values were plotted vs. wetting time for both smooth and patterned surface
films in Figure 5.13. It could be seen that the contact angle on the patterned surface
started with slightly higher value (116 °) than smooth surface films (107 °), due to their
higher roughness level as predicted by the Wenzel model. This model predicts that the
contact angle of this material with rough surface increases with the roughness if the
contact angle of material with smooth surface is above 90°.2% 181 However, the contact
angle of patterned surface films almost instantly dropped below smooth surface films and
reached a much lower value of 32° at 10mins, than 83 ° of smooth surface films. This is
attributed to the capillary force and higher surface area induced by the patterned surface.
Moreover, a higher base radius of the water droplet on the patterned surface was observed,
which is consistent with previous study.'® A combination of lower contact angle and
higher base radius of water droplet indicates that the film with patterned surface has

better water absorbing ability, which is benefitting from the electric field alignment.
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Figure 5.13 The effect of surface of pattern on the contact angle of wound dressing as a

function of time.

5.4 Conclusion

The three-layer wound dressings with anisotropic swelling were prepared by
preferentially aligning the absorbent particles along film thickness direction in the
absorbent layer. The resulting wound dressings exhibited more vertical expansion than
lateral expansion after absorbing water owing to the anisotropic structure of aligned
particles. Moreover, the wound dressing films with aligned particles significantly reduced

the lateral expansion compared to the films without being aligned by electric field, which
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could be extremely beneficial in reducing the shear stress on the wound. The particle
shape also played an important role in the anisotropic swelling behavior of aligned
wound dressing films. It was found that cylindrical particles (hanorods), which possessed
higher aspect ratio, could further increase the anisotropic swelling ratio and reduce the
lateral expansion than irregular particles. Another advantageous effect that the top layer
with imprint pattern imposed by the electrode achieved lower contact angle as well as
higher base radius of water droplet was also induced by the electric field alignment.
Besides, the backing layer of wound dressings remained MVTR values between 700 and
1600 g*m?*24h™*, meaning it is liquid impervious but moisture permeable. Therefore, the
three-layer wound dressings accomplished in this study have enough breathability and in

the meanwhile are able to maintain a moist environment to accelerate wound healing.
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CHAPTER VI
COLLOID NANOPARTICLES TRAPPED MORPHOLOGY OF POLYMER BLENDS
DURING SOLVENT EVAPORATION AND ELECTRIC FIELD INDUCED

VERTICAL ALIGNMENT OF NANOPARTICLE COATED PHASES

The surface of silica nanoparticles was modified by attaching PS-r-PMMA-OH
copolymer brush via the condensation reaction between the hydroxyl group of copolymer
and particles, in order to make them chemically neutral to PS and PMMA. During the
solvent evaporation induced phase separation of PS, PMMA and silica particle blends, the
dispersed and bicontinuous morphologies were stabilized by the interfacial absorption of
silica nanoparticles. The resulting morphology was affected by the rate of solvent
evaporation, blend compositions, particle loading and size. In symmetric blend system,
dispersed phase was observed at low evaporation rate and bicontinuous morphology was
obtained at high evaporation rate. The silica nanoparticles were found to be densely
packed at the interface of PS and PMMA. For asymmetric blend system, only dispersed
phase was observed at both low and high evaporation rates. The size of phase separated
domains decreased with increasing particle loading. The silica nanoparticles with smaller
size resulted in relatively smaller domain size due to their higher surface area to volume

ratio. The morphology of polymer blends with dispersed nanoparticles with the
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application of electric field in vertical direction was investigated. The electric field
resulted in the deformation of the spherical PMMA droplets into vertically oriented
prolate ellipsoids with the particles segregated at the interface densely. There’s no
reorganization and alignment at the interface observed for silica nanoparticles due to their
low dielectric constant. In contrast, the barium titanate (BT) nanoparticles with high
dielectric constant were aligned to form particle chains at the interface with their primary

axes oriented in the electric field direction.

6.1 Introduction

Blending two or more different polymers is a good strategy to generate new materials
with desired properties by combing the unique properties of each component.'®® Fully
miscible polymer blends are the ideal choice but they rarely provide such synergistic
effect. Most of polymer blends tend to phase separate due to the large unfavorable
enthalpy of mixing, which may lead to poor mechanical and optical properties.*®* Since
the phase separation and morphology of polymer blends rely on the interface between
polymer components, the addition of surfactant is a good alternative route to reduce
phase separated domain size and formation of bicontinuous structure useful for creating
materials with useful properties.?* '®° The surfactants such as block and graft
copolymers, 88 janus particles,*® anisotropic particles'® and colloid nanoparticles®® &

are utilized to control the size scale and structure of phase separated morphology via

reducing interfacial tension of two constituents and providing steric hindrance.**
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The block copolymers can suppress the coarsening of dispersed and bicontinuous of
domains in polymer blends effectively. Macosko etc. found out that the
polystyrene-polyethylene (PS-PE) block copolymer can significantly hinder the
coarsening of high-density polyethylene (HDPE) droplet in the polystyrene (PS) matrix
with 12.7/87.3 blend ratio.*®* The PS-PE copolymer with larger PS blocks has a better
effect on hindering the coalescence than one with smaller block due to its better steric
repulsive interactions. The addition of 1% PS-PE block copolymer with intermediate
molecular weight (40 kg/mol) into PS/HDPE blends showed the best reduction of the
bicontinuous phase size and stabilization of the bicontinuous morphology during

187 Therefore,

annealing compared to copolymer with lower or higher molecular weight.
the balance of diffusion rate for block copolymer to reach the interface during phase
separation and steric hindrance ability determines its performance.*®’

The use of Janus particles was demonstrated superior compatibilization performance
compared to the corresponding triblock copolymers. The
polystyrene-b-polybutadiene-b-poly(methyl methacrylate) (SBM) triblock copolymers
having a tightly cross-linked polybutadiene core attached with high molecular weight PS
and PMMA outer blocks functioning as corona chains form the biphasic Janus particles.
The addition of SBM Janus particles into PS/PMMA polymer melt blends and
poly(phenylene ether)/poly(styrene-co-acrylonitrile) (PPE/SAN) melt blends resulted in

the significant decreases of dispersed phase with dense coated Janus particles at the

interface.®® 3 Bryson etc. obtained PS/PMMA bicontinuous morphology during solvent
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(tetrahydrofuran (TFH)) evaporation demixing, which is stabilized by the SBM Janus
particles packing densely at the interface.’® The effect of particle loading and blend
composition of the morphology were investigated but the effects of controlled
evaporation rate and particle size were not studied.

Colloid particle is also used as the compatibilizer to suppress the coarsening of
domain and form bicontinuous morphology for polymer blend system. Chemically
homogeneous colloid particles usually tend to aggregate in one of component which has
preferential wetting to the particles. In order to make the colloid particles stay at the
interface of polymer blends A and B, the interfacial tension between polymer A and B
must exceeds the difference of the interfacial tension of the particle with each component
(A B), yas > yra— vre. - Thus the colloid particles need chemical modification to be
chemically neutral to each component. The hydrophobic silica colloid nanoparticles
(16nm) modified by dichlorodimethylsilane (DCDMS) were absorbed at the interface of
polydimethylsiloxane (PDMS) and polyisobutylene (PIB) with 70/30 ratio, which is very
similar with the Pickering emulsions for low molecular fluid.**® The coarsening and
coalescence of the dispersed PIB droplet was suppressed by the interface coated silica
colloid particles.® Composto etc. investigated the silica colloid nanoparticles grafted with
PMMA brush stabilized bicontinuous morphology during the spinodal decomposition of
PMMA and poly(styrene-ran-acrylonitrile) (SAN) blends as the film was warmed above
the lower critical system temperature.®* 1% It was found out that the modified silica

nanoparticles were segregated at the interface of bicontinuous phases of PMMA and SAN
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and domain size decreases with increasing concentration of particles. The minimum
loading of silica nanoparticles to stabilize the bicontinuous morphology decreases with
increasing the thickness of film. This bicontinuous morphology of polymer blends with
nanoparticles trapped at interface is an extension of concept from bicontinuous
interracially jammed emulsion gels (bijels)”® *’ for low molecular weight fluids to
polymer systems. This attractive bicontinuous structure provides high interfacial area for
organic solar cells, fuel cell and membrane applications. The incorporating of colloid
nanoparticles also introduces other functionalities such as optical, electrical and catalytic
properties into polymer blends. Furthermore, selectively etching one of the phases can
result in a porous polymer material with partially-exposed nanoparticles embedded at the
internal pore surface, and this structure can provide high nanoparticles exposure, which
has the potential to be used for filtration and catalyst applications.

For colloid particle compatibilized polymer blends, previous studies focused on the
morphology of polymer blends phase separated by temperature jumping. There’s no work
on the colloid particle stabilized phase separated structures of polymer blends induced by
the solvent evaporation. In this study, tunable domain size of both dispersed and
bicontinuous structures with silica colloid particle segregated at the interface is studied
for PS and PMMA blend film during solvent evaporation induced demixing. The effects
of controlled evaporation, silica nanoparticle size, particle loading and blend
compositions on the morphology are systematically investigated.

Polymer blends or polymer composites have attracted great attention in both

174



academic and industrial area due to their superior properties to the single component.*®

The mechanical, chemical, optical, electrical and thermal properties of these
multicomponent or multiphase polymer systems are strongly dependent on their
morphologies.™™ Therefore, it is essential to design and control the morphology to tailor
the properties of these systems. The morphology can be modulated by traditional
processing methods such as shearing,**® compression**? and stretching® but only in the
lateral direction. The vertical anisotropic morphology is becoming more and more
interesting in many areas such as transistor,?® filtration,”** energy harvesting and
storage.”%?

The external electric field is one of the most effective strategies to achieve both
lateral and vertical anisotropic morphologies of polymer blends or polymer composite
systems. The effect of electric field on the morphology of either phase-separated domain
of polymer blends or nanoparticles have been studied separately. For example, electric
field was applied on poly(2-chlorostyrene) (P2CS)/poly(vinyl methyl ether) (PVME)
binary blends as the temperature was jumped into unstable region, and anisotropic
morphology with deformed and aligned phases were observed along the electric field
direction.**® In case of phase-separated polymer blends solution with dispersed droplet in
matrix, the electric field induced accumulation of free charges at droplet/matrix interface
resulted in electrical tangential stress at the interface, which led to liquid circulation flows
inside and outside of the droplets. This flow caused the electrohydrodynamic stress at the

interface in addition to the electric stress.*?* 2% 24 Depending on the dielectric constant
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and electrical conductivity differences between two phases, the spherical droplets either
retain the original shape or were deformed into prolate or oblate ellipsoids.?®* For the
polyvinyl alcohol (PVA)/PS with 1/9 ratio in toluene solution, the spherical PVA droplets
were stretched into prolate ellipsoids with the major axis parallel to the electric field
direction and the ellipsoids were aligned to form chains in the field direction due to
higher dielectric constant of PVA.' As the field strength increased, the ellipsoids in a
pearl chain were fused together to from a long column. The PS droplets in 9/1 PVA/PS
toluene solution were deformed into oblate ellipsoids due to lower dielectric constant of
PS. In case of nanoparticles, the vertical alignment of barium titanate nanoparticle in
PS/toluene solution was achieved under the electric field direction resulting in
enchantment of dielectric properties compared to the film with random nanoparticles.?
Recent studies showed the electric field could lead to the elongation of Pickering
emulsion or reorganization of particle at the interface. Russell and his coworkers
investigated the shape deformation of water droplets in silicon oil with chemically
modified polystyrene nanoparticles packing at the interface under electric field.?®® The
external electric field resulted in the stretching of the spherical droplet into prolate
ellipsoids with increasing surface area and absorbing more particles to the interface. The
interfacial area had a little decrease after releasing the electric field but further shape
change was arrested due to the jamming nanoparticle at the interface. The cross-linking
among the jammed nanoparticles led to better stabilization and retaining the spherical

shape under electric field. Dommersnes etc. demonstrated the electric field assisted
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assembly of different particles at the interface of silicon and castor 0il.*®® The electric
field could induce the clay particle and polyethylene particles organize into ribbons at the
equator of droplets. While the silver coated glass particles were aligned to form
longitudinal dipolar chains spanning the entire surface. However, the low molecular
weight emulsions in these studies were not solidified to freeze the structure for further
applications.

The influence of electric field on the morphology of immiscible binary polymer
blends with nanoparticles was simulated by P. Millett.?%” For asymmetric polymer blends,
vertical columnar channels of dispersed phase with particles coated interface were
created under electric field. For the symmetric blends, the electric field resulted in the
formation of vertical columnar bicontinuous structures with particles segregated at
interface. After etching one of the phases, it provides porous materials with partially
exposure particle on the surface of channels which is useful for filtration and catalyst
applications. However, there is no experimental study on the effect of electric field on the
morphology of polymer blends with particle-coated interfaces in vertical direction.

In this study, the effect of vertical electric field on the domain deformation of polymer
blends with particle coated interface and the reorganization of nanoparticle at the
interface will be studied. The effect of dielectric constant of particles on their behavior at
the interface is also investigated. The polymer vertically aligned domains with dense

particle-coated interface are demonstrated
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6.2 Materials and methods

This section introduces materials, polymerization, surface modification of silica, film

preparation and electric induced alignment in details.

6.2.1 Materials

Styrene (99%, Aldrich) and methyl methacrylate (MMA) 99%, Aldrich) were purified
by passing through silica gels. 2,2’-Azobis(isobutyronitrile) (AIBN, Aldrich, 98%) was
recrystallized from anhydrous cold ethanol and dried in vacuum. Methanol (ACS grade,
Carolina), anhydrous 1,4-dioxane (99.8%, Aldrich) and the RAFT agent
(4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanol) were used as received. PS
(Mw: 190kg/mol), PMMA (Mw: 140kg/mol) and Tetrahydrofuran (THF) (ACS reagent,
99%) were supplied by Sigma Aldrich. Barium titanate (BT) nanoparticles were

purchased from US Research Nanomaterials, Inc.

6.2.2. Polymerization Procedures

The solution of styrene, MMA, AIBN and RAFT agent with a ratio of 20/20/0.2/1
was prepared in anhydrous 1,4-dioxane in round-bottom flask following the scheme 6.1.
The flask was well sealed and deoxygenated by purging nitrogen gas for 30 minutes. The
flask was placed in the oil bath with magnetic bar stirring at 70 °C. After 12 hours, the
reaction was stopped by quenching the solution in liquid nitrogen. The synthesized
polymer was precipitated in 1/1 water/methanol solution and collected by centrifuge.
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6.2.3. Surface modification of silica and BT particle by PS-r-PMMA-OH

Silica and BT particles were soaked in sulfuric acid and peroxide (7:3) mixer solution
at 90 °C for 30 minutes to remove the organic and inorganic contamination on the

surface®®

. The particles were rinsed and soaked in DI water to remove the residual acid.
The cleaned particles were dispersed in PS-r-PMMA-OH/toluene solution with 1:2
weight ratios of silica and polymer. After evaporation of the toluene, the composite of
PS-r-PMMA-OH and particles were baked at 170 °C for 2 days, which allowed the
condensation reaction between hydroxyl group of copolymer and particle. The unattached
copolymers were removed by rinsing in toluene for 6 times. The modified silica and BT

particles were collected by centrifuge and dried in vacuum oven. Teflon coated mesh

(325 x 325) was supplied by TWP Inc.

6.2.4 Film casting and drying

5 wt.% PS and PMMA homo-polymers with 50/50 ratio were dissolved in THF
(slightly preferential solvent for PS) and the modified silica particles are dispersed in this
solution. The solution was casted on the glass at 300 pm thickness by blade casting.
Highly instrumented drying machine® was used to study the drying behavior of cast
solution film, which can track the real time change of weight, thickness, in-plane and out
of plane birefringence during the solvent evaporation. The cast solution film was put into

preheated chamber (20, 100, 120 and 140°C) of this instrument immediately and the
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temperature was controlled by blowing hot air (air speed: 2 MPH). Different temperatures

in the chamber induced different evaporation rates of the solvent.

6.2.5 In-plane alignment of phases under electric field

The nanoparticles were dispersed in 12 wt.% (50/50) PS/PMMA THF solution and
this solution was dipped into the gap between two parallel copper electrodes. The electric

field was applied between two electrodes in lateral direction until the film was solidified.

6.2.6 Vertical alignment of phases under electric field

A square cell with 6 cm x 6 cm size was prepared by placing four 0.5 mm thick
spacer on the top of ITO coated glass (bottom electrode). The solution was loaded into
the cell cavity slowly and covered by the Teflon coated mesh. The electric field was
applied between mesh and ITO glass in vertical direction to study their effect of electric
field on the morphology of polymer phase and particles. The electric field was turned off

until the film totally solidified.

6.2.7 Characterization

NMR spectra were recorded by a Varian NMRS 300 instrument. The morphology of
silica nanoparticles before and after surface modification was characterized by JEM
1200XI1 transmission electron microscope (TEM). Fourier transform infrared (FTIR)

spectra of bare and modified silica nanoparticles were recorded on the Thermo Scientific
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Nicolet 380 spectrometer. The weight loss of silica nanoparticles was characterized by TA
instruments Q50 thermogravimetric analyzer (TGA). The morphology of
PS/PMMAV/silica nanocomposite film was characterized by JEOL JSM5310 scanning

electron microscope (SEM).
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Scheme 6. 1 Synthesis of mono hydroxyl group terminated PS-r-PMMA-OH via RAFT

polymerization.

6.3 Results and discussions

The polymerization, surface modification of silica and morphology of dried films are

discussed in details below.

6.3.1. *H NMR spectra of synthesized polymer

The methoxy group’s proton spectra is split into composite peaks grouping from
6=3.70 to 2.65 ppm showing in Figure 6.1, and this splitting of peak is caused by the
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2 The peak of phenyl proton

current shielding effect of benzene ring of styrene unit.
resonances is split into two peaks at 6=7.2 and 6.92 ppm. The methine proton resonance
of styrene unit signals around 6=2.3 ppm. The hydroxyl group resonances at 6=4.22 ppm.

According to the integration of the area of peak 1, 2 and 4, the S/M ratio is close to 1.

Thus mono hydroxyl group terminated PS-r-PMMA with S/M 1:1 ratio is synthesized.
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Figure 6.1 *H NMR spectrum of mono hydroxyl group terminated PS-r-PMMA.

6.3.2. Surface modification of silica nanoparticles

The morphology of silica nanoparticles (17nm) before and after surface modification
was analyzed by transmission electron microscopy (TEM) shown in Figure 6.2. The
nanoparticles are agglomerated, and the single nanoparticle can be observed on the edge

of the agglomeration showing uniform color due to same electron absorption. Following
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chemical treatment we observe well separated individual silica nanoparticles with no
evidence of agglomeration. The modified nanoparticles show core-shell structure with
around 1.7 nm shell thickness, indicating the PS-r-PMMA-OH brush is attached to the
surface of silica particles. Figure 6.3 shows the morphology of silica nanoparticles
(170nm) before and after surface modifications. The bare colloid silica particles have
very uniform morphology and the average diameter is around 170 nm. There is a very
thin layer of coating can be observed on the surface of modified silica particles as the
arrow indicates. The average diameter of the treatment nanoparticles increases slightly to
178 nm, indicating around 4nm thick coating of PS-r-PMMA-OH brush on the surface of

silica nanoparticles.

Figure 6.2 TEM image of (a) bare and modified silica nanoparticles (17 nm) (scale bar:

100nm).
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Figure 6.3 TEM image of bare and modified silica nanoparticles (170nm) (scale bar:

100nm).

Figure 6.4 shows the FTIR spectra of bare and modified silica nanoparticles. The
broad band from 3000 to 3500 cm™ is attributed to the O-H stretching vibration of
hydroxyl group on the surface of bare silica nanoparticles. The spectra of silica
nanoparticle modified with PS-r-PMMA shows two distinct peaks at 698 cm™ and 1490
cm®, which are associated with the C-H bending vibration?° and C=C stretching of
aromatic rings,*** respectively. It indicates PS-r-PMMA brushes are attached to the

surface of silica nanoparticles.
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Figure 6.4 FTIR spectra of pristine and modified silica particles.

TGA was utilized to gain a better understanding of the graft density of PS-r-PMMA
on the surface of the silica particles. As shown in Figure 6.5, bare and modified silica
nanoparticles (17nm) with PS-r-PMMA brush have around 2.5% weight loss due to the
loss of bound water on the surface of silica particle below 300 °C. The bare silica
nanoparticles exhibit 6.5% loss after heating to 800 °C while the treated silica particles
exhibit 33.8% weight loss due to the decomposition of attached PS-r-PMMA brush.
According to the weight loss difference of bare and modified silica particles, the
calculated average coating thickness is estimated to be 1.9 nm which is very close to the
data from TEM. For the bare and modified silica nanoparticles (170nm), the bare silica
particles have 5.5% loss after heating to 800 °C while the treated silica particles exhibit
9.7% weight loss due to the decomposition of PS-r-PMMA brush. Based on the weight
loss difference of bare and modified nanoparticles, the calculated coating thickness is

around 2.5 nm, which is close to the data from TEM images.
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Figure 6.5 TGA curves of bare silica particle and PS-r-PMMA modified silica paticles: 17

nm (solid curve) and 170nm (dash curve).
6.3.3 Morphology of PS/PMMA/silica nanocomposite films

The effect of drying rate on the morphology and size of PS/PMMA silica nanoparticle

film is studied below.

6.3.3.1 Effect of drying rate on the morphology of 50PS/50PMMA blend.

The effect of temperature on the drying rate of 50PS/50PMMA/TFH solution film
was studied by measuring the real time change of weight as shown in Figure 6.6. The

weight of the solution film decreases very fast due to the solvent evaporation of the THF
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(low boiling point: 66 °C), and the higher of the temperature, the faster evaporation rate
of the solvent observed. The surface morphology of PS/PMMA blends with 50:50 ratios
after drying is studied by SEM showing in Figure 6.7. PMMA spherical islands (dark
region) are formed in PS matrix (light region) according to the nucleation-growth
mechanism at 20 °C drying temperature. As the temperature increases to 100 °C (above
the boiling point of THF), PMMA islands with relatively smaller size are formed in PS
matrix due to the faster evaporation rate. The faster of the evaporation rate, the shorter
time for the system to remain in metastable region between binodal and spinodal
curves.?*2 Thus there’s less enough time for PMMA islands to grow into large islands. As
the drying temperature increases t0120 °C, both island and continuous PMMA domains
are formed, but the size of continuous domains are large. If the temperature is further
increased to 140 °C, bicontinuous morphology with small PMMA islands can be
observed. This is caused by the fast evaporation rate making the system pass through the

metastable region rapidly. In this case, the spinodal decomposition dominates over the

nucleation of PMMA domains?*?, hence the bicontinuous structure is formed.
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Figure 6.6 Real time change of weight change for solution cast PS/PMMA film at

different temperatures.
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Figure 6.7 Effect of drying rate on the morphology of PS/PMMA blends with 50/50 ratio.
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6.3.3.2 Effect of drying rate on the morphology of 50PS/50PMMA/silica film

The morphology of hanocomposite film with bare and modified silica nanoparticles is
shown in Figure 6.8. The bare silica nanoparticles for both 170 nm and 17 nm diameter
stay at the PMMA phase due to its hydrophilic surface making them preferential to
PMMA as shown in Figure 6.8 (a) and (b). In contrast, the modified silica nanoparticles
stay at the interface of PMMA islands and PS matrix and form particle rings (Figure 6.8
(c) and (d)) indicating that the surface of silica particle modified with PS-r-PMMA brush

is chemically neutral to PS and PMMA.
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Figure 6.8 Morphology of PS/PMMA film with 10 vol% (a) bare silica nanoparticles

(170nm), (b) bare (17nm), (c) modified (170nm) and (d) modified (17nm).
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The effect of drying rate on morphology is studied for 50PS/50PMMA films with
silica nanoparticles (170nm). The morphology of 50PS/50PMMA films with 20 vol.%
silica nanoparticle dried at different temperatures is shown in Figure 6.9. The film dried
at 20 °C shows island morphology due to the slow drying which gives it enough time for
nucleation and growth to occur. The silica nanoparticles can be observed closely packed
at the interface of PMMA islands and PS matrix and form particle rings. The film dried at
100 °C starts forming a continuous structure instead of the island structure of the pure
PS/PMMA film dried at the same temperature. This is caused by the silica nanoparticles
reducing the mobility of polymer chains and hindering the nucleation of PMMA phase.
When the temperature is increased to 120 °C, the bicontinuous morphology with silica
nanoparticles jammed at the interface can be observed. At this temperature the drying rate
is so rapid that the time to pass through the metastable region is short. Since the
nucleation and growth is a slow rate process, the phase separation starts according to the
spinodal decomposition mechanism before the nucleation and growth happens at such a
high drying rate.?*® Thus very obvious bicontinuous morphology can be observed at 80
°C. The film dried at 140 °C shows smaller bicontinuous domains with silica nanoparticle
coated interface because the spinodal decomposition occurs at higher concentration at
higher drying rate.”® So the wavelength of concentration fluctuation during spinodal
decomposition becomes smaller at higher evaporation rate yielding a smaller periodic

distance in bicontinuous structure.”® Compared to the domain size of pure PS/IPMMA
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film at the same temperature, the domain size of composite film is much smaller as a

result of suppression of mobility by the silica nanoparticles at the interface.

20 °C

Figure 6.9 Effect of drying temperature on the morphology of PS/PMMA/20vol.%

silica(170nm) film (scale bar: 2 um).
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Figure 6.10 Effect of drying rate and particles’ volume concentration on the morphology

of PS/PMMAV/silica nanoparticles (170nm) film (scale bar: 2 um).

The effect of particle’s concentration on the morphology of PS/PMMA /silica
nanocomposite film is shown in Figure 6.10. The nanocomposite film form island
morphology at 20 °C and the size of island decreases with increasing particle
concentration because the silica nanoparticles at the interface suspend their growth. The
film dried at 100 °C starts showing bicontinuous morphology as the volume concentration
of silica nanoparticles increases to above 5vol%. The films dried at 120 °C and 140 °C

show bicontinuous morphology with silica nanoparticle at the interface and the domain
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size of bicontinuous structure decreases with increasing particle concentration showing in
Figure 6.11, which is attributed to the fact that there’re more particles at the interface
reducing the mobility of the polymer chains and restricting the coalescence process
during drying. Higher drying temperature induced faster drying rate leads to smaller

domain size.

10

Domain size (um)

20 40 60 80 100 120 140
Temperature (°C)

Figure 6.11 Effect of drying temperature and 200 nm size particles’ volume concentration

on the domain size.
6.3.3.3 Effect of particle size on the morphology of PS/PMMA/silica nanoparticle film

The morphology of PS/PMMA films with 20 vol% of silica nanoparticles (17nm) is

shown in Figure 6.12. PMMA islands with silica nanoparticles closely packed at the
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interface are observed film dried at 20°C. As the temperature is increased to 100 °C, the
bicontinuous structure with silica particle coated interface can be observed and the size of
domain becomes smaller compared to the film with 170 nm silica nanoparticles. This is
caused by the larger numbers of nanoparticles and higher surface area for 17nm diameter
silica nanoparticle than 170 nm particles resulting better hindering the mobility of
polymer chains and nucleation of PMMA. As temperature increases to 120 and 140 °C,
better bicontinuous structure forms with silica nanoparticles jammed at the interface and
the size of domain decreases due to less time of coalescence caused by faster drying. The
size bicontinuous domain is much smaller compared to film with 170 nm silica particles
at the same loading of particle. The addition of silica nanoparticles with smaller size (17
nm) can halt the coalescence process earlier and trapped the bicontinuous morphology

better during drying.*® %

The nanocomposite films with 17nm diameter silica nanoparticles dried at 20 °C form
island/matrix structure for all the samples and the size of islands decreases as the particle
concentration increases showing in Figure 6.13 and Figure 6.14. As the concentration of
silica nanoparticles is above 5 vol%, the film dried at 100 °C starts showing the
bicontinuous morphology with nanoparticles at the interface. The bicontinuous
morphology can be formed at all range of particle concentration for the film dried at 120
and 140 °C. The increase of particle concentration gives rise to the decrease of average

domain size due to earlier halted coalescence process during phase separation and better
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stabilizing smaller scale structure for higher concentration of particles. Compared to the
films with 200 nm silica particles, the films with 20 nm particles show smaller domain

size at the same condition due to higher surface area to volume ratio.
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Figure 6.12 Effect of drying temperature on the morphology of PS/PMMA/20 vol.%

silica(17nm) film.
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Figure 6.13 Effect of drying rate and volume concentration on the morphology of

PS/PMMAVsilica nanoparticles (17nm) film.
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Figure 6.14 Effect of drying temperature and 20 nm size particles’ volume concentration

on the domain size.
6.3.3.4 Effect of polymer blend ratio on morphology

The ratio of PS and PMMA has a dramatic effect on the resulting morphology. The
PS/PMMA blend films with 35/65 ratio show compact distributed PMMA islands in
continuous PS matrix due to the higher ratio of PMMA as shown in Figure 6.15. For
PS/PMMA films with 35/65 blend ratio, there’s no transition from island to bicontinuous
morphology observed as the drying temperature is 120 °C, which is observed for the
films with 50/50 ratio. This indicates that this blend ratio strays away from the critical

composition where the spinodal decomposition may occur. The size of PMMA island
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domains decreases with increasing drying temperature due to less time for nuclei to grow
at higher drying rate. The effect of blend ratio on the morphology of PS/PMMA/silica
nanocomposite film with 170 nm and 17nm particle diameter is shown Figure 6.16 and
6.17, respectively. At 20 °C, only island morphology is observed for both blend ratio and
the film with 35/65 PS/PMMA ratio shows more compacted island than 50/50 ratio due to
higher composition of PMMA. The nanocomposite films with 50/50 ratio show
bicontinuous structure with silica nanoparticle segregated at the interface when the drying
temperature is above 100 °C. On the contrary, the addition of silica nanoparticles doesn’t
make the transition from island to bicontinuous morphology occurs for the film with
35/65 PS/PMMA ratio which is away from the critical composition for spinodal

decomposition.
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Figure 6.15 Effect of drying rate on the morphology of PS/PMMA blends film with 35/65

ratio.

Figure 6.16 The effect of blend ratio on the morphology with 20 vol% 170 nm silica

nanoparticles.
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Figure 6.17 The effect of blend ratio on the morphology with 20 vol% 17 nm silica

nanoparticles.

6.3.4 Effect of electric field on morphology of PS/PMMA with silica nanoparticles (low

£)

The electric field was applied in the lateral direction of the PS/PMMA/silica/ THF
solution once it was dripped between two electrodes. The final morphology of PS/PMMA
blend film with 10% silica nanoparticles was shown in Figure 6.18. The PMMA spherical
droplets with silica nanoparticles coated interface were stretched into prolate ellipsoids
with the major axis along the field direction. This is consistent with previous works on
pure PS/PMMA blends in toluene solution.™ The accumulated free charges at the
interface induce the tangential stress resulting in the electrohydrodynamic flow inside and
outside the droplets.”® Since PMMA (3.5) has slightly higher dielectric constant than PS
(2.6), the circulation liquid flows are directed from equator to pole leading to the

deformation into prolate ellipsoids.
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Figure 6.18 Morphology of 50/50 PS/PMMA blends with silica nanoparticles coated

interface at E=/300V/mm in lateral direction.

The effect of vertical applied electric field on the morphology is also studied. The
cross sectional morphology of the film without application of electric field is shown in
Figure 6.19. The silica nanoparticles stay at the interface of PMMA droplets and PS
matrix. The spherical droplets are compressed into elliptical domains due to the shrinkage
force developed during solvent evaporation. In contrast, Figure 6.20 shows the vertical
cylindrical domains with the major axis in thickness direction, namely the electric field

direction, for the film applied with 300 VV/mm vertical electric field. The
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dielectrophoresis force overcomes the shrinkage force to make the cylindrical domain
vertically deformed instead of compressed in lateral direction, although there is an angle
observed between the major axis and thickness direction caused by the shrinkage effect.
The electric field induced deformation from spherical droplets to ellipsoids leads to the
increase of surface area which is free of silica particles. The silica nanoparticles are still
densely coated at the surface of droplet with hexagonal arrangement, and there is no
detachment of particles from the interface observed with the application of electric field.
There is no reorganization and alignment of silica particles at the interface observed
because dielectric constant of silica nanoparticles (3.9) is very close that of PMMA and

PS.

1um

Figure 6. 19 Cross sectional morphology of 50/50 PS/PMMA blends with 10 vol% silica

nanoparticles at interface without electric field.

202



Figure 6.20 Cross sectional morphology of 50/50 PS/PMMA blends with 10 vol% silica

nanoparticles coated interface at initial E=/300V/mm in vertical direction (scle bar: 2um).

6.3.5 Effect of electric field on morphology of PS/PMMA with BT nanoparticles (high €)

It is found that the PMMA spherical domains can be stretched into vertically oriented
cylinders and the silica nanoparticles are coated at the interface densely. However, the
silica nanoparticles are not aligned to from particle chains either in the matrix or at the
interface. Is this caused by the limited mobility of silica nanoparticle packed at the

interface or the too similar dielectric constant of nanoparticles and matrix?
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To investigate the reason, the BT nanoparticles with very high dielectric constant
(about 2000) are used for comparison. To make the BT nanoparticles remain at the
interface of PS and PMMA, the surface modification is needed to make them chemically
neutral to each component. The surface modification of BT nanoparticles was carried out
by using the condensation reaction between the hydroxyl groups of BT surface and
hydroxyl group terminated PS-r-PMMA. After the surface modification, the FTIR spectra
of bare and modified BT nanoparticles are collected showing in Figure 6.21. Both the
bare and modified BT nanoparticles show two bands at 1610 cm™and 1452 cm™
indicating the asymmetric and symmetric vibrations of acetate group respectively, which
is corresponding to the unreacted acetate reagent for synthesizing BT particles.?*> % The
modified BT nanoparticles show three distinct peaks: (1) a broad peak from 1040 to 1260
cm’™, which is attributed to the stretching vibration of C-O-C group; (2) the peak at 1730
cm™ indicating the presence of acrylate carboxyl group; (3) two bands at 2850 and 2920
cm, which is assigned to the C-H bond stretching vibrations of the methyl and
methylene group.?*’ Therefore, these distinct peaks indicates the successful surface
modification of BT nanoparticles by the PS-r-PMMA copolymer brush. The TGA curve
of bare and modified BT nanoparticles is shown in Figure 6.22. The bare and modified
BT nanoparticles have the same weight loss (about 0.8%) below 300 °C due to the loss of
bonded water. After heating to 800 °C, the modified BT nanoparticles undergo 1.2% more
weight loss than bare BT particle due to the decomposition of attached PS-r-PMMA

brush. The TEM image in Figure 6.23 shows the core-shell structure of modified BT
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nanoparticles indicating the successful surface modification of BT nanoparticles. The
surface morphology of PS/PMMA with 10 vo% BT nanoparticles after the evaporation of
THF is shown in Figure 6.24. All the BT nanoparticles are densely packed at the interface
of PS and PMMA due to the same wetting ability of modified BT nanoparticles to each

component.
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Figure 6.21 FTIR spectra of pristine and modified BT particles.
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Figure 6.22 TGA curves of bare and modified BT particle.

Figure 6.23 TEM image of modified BT nanoparticles (scale bar 100nm).
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Figure 6.24 Surface morphology of PS/PMMA blend films with 10 vol% BT

nanoparticles after evaporation of THF.

Figure 6.25 shows the cross sectional morphology of PS/PMMA/BT nanoparticles
film without the application of electric field. The BT nanoparticles are segregated at the
interface of PMMA droplet and PS matrix and the spherical PMMA droplet is
compressed into elliptical shape domains due to the shrinkage forces developed during
solvent evaporation. After applying vertical electric field on the film during solvent
evaporation, the spherical PMMA droplet is deformed into a prolate ellipsoid in vertical
direction, although there’s a tilted angle caused by the shrinkage effect showing in Figure
6.26(a). The interface absorbed BT nanoparticles are still densely packed at the interface

and there is no reorganization observed, which is very similar to the morphology of
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PS/PMMAVsilica under electric field. In contrast, the BT nanoparticles are also aligned
into pearl chains vertically at the interface of PMMA droplet and PS matrix as shown in
Figure 6.26 (b). The dense packing of BT nanoparticles at the interface limits the
mobility of nanoparticles to form chains under electric field in Figure 6.26(a). While in
Figure 6.26(b), there are more spaces for BT nanoparticles to reorganize into chains
spanning the interface. This phenomenon was observed in Pickering emulsion system
with electric field induced chain formation of silver coated glass particles at castor-silicon
oil interface.?® Therefore, there is no alignment of silica nanoparticles at the interface is
caused by their low dielectric constant. Figure 6.26 (c) shows the vertically aligned pearl
chains of BT nanoparticles in the PS matrix due to the electric field induced dipole-dipole

interactions, which is observed for homo polymer PS/BT nanoparticles system.*®
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Figure 6.25 Cross sectional morphology of 50/50 PS/PMMA blends with 10 vol% BT

nanoparticles at interface without electric field.
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(a) (b)

Figure 6.26 Cross sectional morphology of 50/50 PS/PMMA blends with 10 vol% BT
nanoparticles at initial E=/300V/mm in vertical direction (a) vertical domains with BT
particles coated at interface, (b) vertically aligned chains at the interface and (c) vertically

aligned particle chains in PS matrix. (Scale bar: 2um)

6.4 Conclusion

The RAFT polymerization synthesized PS-r-PMMA-OH copolymer was attached to
the surface of silica nanoparticles to have the same wetting to PS and PMMA. After
phase separation, the modified silica nanoparticles were segregated at the interface of PS
and PMMA to trap both dispersed and bicontinuous morphologies. The rate of solvent
evaporation, blend composition, particle loading and size determined the formation of

whether dispersed or bicontinuous morphology and the size of domain after drying. The
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50/50 PS/PMMA polymer blends with silica nanoparticles formed the dispersed PMMA
domains in PS matrix at low evaporation rate and bicontinuous morphology at high
evaporation rate at 100 °C drying temperature or above. The silica nanoparticles were
coated at the interface for both dispersed and bicontinuous morphology. The 35/65
PS/PMMA blends can only form the dispersed phases no matter of at low and high
evaporation rate because the composition was away from the critical composition in
phase diagram. As the particle loading increases, the size of phase separated domain
decreases because the interfacial absorbed nanoparticles halted the coarsening and
coalesce of domains. The silica nanoparticles with smaller size resulted in relatively
smaller domain size due to their higher surface area to volume ratio. The spherical
PMMA droplets were stretched into prolate ellipsoids with the particles coated interface.
The ellipsoids were oriented vertically along the electric field direction, although there is
a tilted angle between the major axis of ellipsoid and filed direction caused by the
shrinkage effect during solvent evaporation. The silica nanoparticles with low dielectric
constant were packed densely at the interface with hexagonal arrangement, but not
reorganized and aligned at the interface. The BT nanoparticles with high dielectric
constant were not aligned as well at the interface if the particles were coating at the
interface densely. But BT nanoparticles were aligned into particle chains at the interface

if there were fewer particles at the interface.
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CHAPTER VII

SUMMARY

This study develops two new processing methods for roll to roll continuous
manufacturing polymer nanocomposite with electric field assisting “Z” aligned
nanoparticles or phases: one is for thermoset and the other one is for thermoplastic matrix
materials. Using these processing methods, the cost of large scale manufacturing can be
reduced due to the directional aligned nanoparticles or phases enhancing the properties.

In chapter 111, non-contact alignment method was developed by adding an air gap between
the top electrode and the top surface of liquid film in order to rapidly manufacture these
films, which avoid the adhesion of electrode to film after solidification in previous
researches. Multifunctional PDMS/graphite nanocomposite films with “Z” aligned
graphite particle chains were manufactured by using this method and show high electric,
dielectric and thermal conductivities in thickness direction. The kinetics of particle
alignment and chain formation under electric field were studied by tracking the real-time
optical light transmission, with focus on the effect of applied voltage and particle
concentrations. Higher applied voltage led to faster chain formation and growth as well as
longer and thicker particle chains across the film cross-section. The aligned

nanocomposites exhibited higher electrical conductivity, dielectric permittivity as well as
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thermal conductivity compared to non-aligned samples with the same loading of particles.
This enhancement effect first increases with particle content and then decreases as particle
concentration is beyond 5 vol%. This is attributed to the fact that the particles were better
aligned below 5 vol%, whereas bare alignment can be observed due to high viscosity and
resistivity above 5 vol%. With 5 vol% graphite loading, 250 times higher electrical
conductivity, 43 times higher dielectric permittivity and 1.5 times higher thermal
conductivity was achieved after alignment of particle under electric field. The percolation
transition occurs at much lower, 2 vol% concentration, for aligned samples compared to at
10 vol% for non-aligned ones. By decreasing the percolation threshold, the flexibility of
the polymer matrix was maintained while achieving the same electrical and thermal

performance.

Electric field induced vertical alignment of nanoparticles in thermoset has been well
studied and developed to fabrication nanocomposites. However, there’s little study
involving the thermoplastic polymers as the matrix to produce the nanocomposites with
vertically aligned particles. To broaden the choice of matrix materials, Chapter IV
develops a continuous processing method in the polymer/solvent solution systems for
aligning nanoparticles vertically under electric field. The optical light transmission is
sensitive enough to quantify the kinetics of particle organization with electric field
involving nanocolumn formation and eventual buckling as a result of solvent loss related

shrinkage. The nanocolumns buckle at low electric field, while the use of high electric
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fields overcomes the shrinkage effect to maintain nanocolumns vertically oriented along
the field direction. It is also found out that the direction of buckling for the particle chains
is related to the drying gradient. The patterned surface created by the porous electrodes
on the top surface can be eliminated by using the two-layer solution casting method by
using two immiscible polymers with solvents that are miscible with each other facilitating
drying of both layers. The top layer acts as a sacrificial layer to prevent the direct touch
with the composite layer. The nanocomposites with aligned particles in “Z” direction

show substantially enhanced dielectric permittivity in thickness direction.

Commercialized wound dressings have an issue of too much lateral expansion after
absorbing the exudate causing shearing on the fragile wound during the healing process.
In Chapter V, the three-layer wound dressings are fabricated to solve this issue by
preferentially aligning the absorbent particles vertically in the absorbent layer, using this
newly developed processing method in previous chapter. Owing to this anisotropic
structure, wound dressings undergo more vertical expansion than lateral expansion after
absorbing water. Moreover, the alignment of particles significantly reduces the lateral
expansion by 33% compared to the films with random particles, which is beneficial in
reducing the shear stress on the wound. The cylindrical particles (nanorods) with higher
aspect ratio further increase the anisotropic swelling ratio and reduce the lateral
expansion than irregular particles. The imprint patterns on the top layer achieve lower

contact angle as well as higher base radius of water droplet.
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The PS-r-PMMA modified silica nanoparticles are absorbed at the interface of PS and
PMMA blends for both dispersed and bicontinuous morphologies by solvent evaporation
induced demixing in chapter VI. The formation of dispersed or bicontinuous morphology
is affected by the rate of solvent evaporation, blend compositions, particle loading and
size. The 50/50 PS/PMMA polymer blends form the silica nanoparticle coated dispersed
PMMA domains (similar to Pickering emulsion) in PS matrix at low evaporation rate and
bicontinuous morphology (similar to bijels) at high evaporation rate. The 35/65
PS/PMMA blends can only form the dispersed phases independent of evaporation rate.
The size of phase separated domains decreases as the particle loading increases because
the interfacial absorbed nanoparticles halts the coarsening and coalesce of domains. The
spherical PMMA droplets are stretched into prolate ellipsoids with the major axis in
vertical direction under electric field. The silica nanoparticles with low dielectric constant
were packed densely at the interface with hexagonal arrangement, but not reorganized
and aligned at the interface. While the BT nanoparticles with high dielectric constant are

aligned into particle chains at the interface.
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