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ABSTRACT

ORIENTATION EFFECTS IN
NANOCOMPOSITE FILMS AND GELS

by Jun Li
Advisor: Professor Steven A. Schwarz

We have studied the orientation effect of high aspect ratio nanofillers on

spin cast nanocomposite films and nanocomposite hydrogels.

In the spin cast nanocomposite films project, we have shown that spin-cast
polystyrene (PS)/Cloisite 6A (clay) nanocomposite films display a large radial
thickness dependence that increases with clay concentration. Transmission
electron microscopy reveals a tendency for the high aspect ratio clay particles
to align in the direction of shear. Near the center of rotation, particles remain
randomly oriented, leading to the formation of voids as the film dries. Atomic
force microscopy shows that the roughness near the spin axis is higher than the
roughness in the outer region. This proves that the orientation of clay platelets
has a strong effect on the structure and thickness of films. A two dimensional
numerical model that incorporates both hydrodynamic and orientation effects

provides a good fit over a wide range of filler concentrations and spin rates.

In the nanocomposite hydrogels projects, we applied Small Angle Neutron
Scattering (SANS) to study the shear induced clay orientation in Poly(ethylene
oxide) (PEO)/ Laponite RD nanocomposite hydrogels. Under shear, the clay
platelets may orient along the shear flow direction and may stretch the
polymer chains bridging different clay platelets. The structure of the gel will

turn from isotropic to anisotropic, therefore yielding anisotropic SANS



patterns. The experiments demonstrate that the evolution of the anisotropic
SANS patterns depends on the temperature of the sample, concentration of
PEO and clay, and the molecular weight. A two correlation length Debye-
Anderson-Brumberger (DAB) model was applied to fit the SANS data. The
short range correlation length is ~5 nm, which is likely to be the thickness of a
domain composed of a clay platelet and the polymer chain wrapping it. While
the long range correlation length is ~50 nm, which is similar to the distance
between clay platelets. Under shear, clay platelets orient and polymer chains
may be stretched; thus the both the long range and short rang correlation
length will change. The correlation length along shear flow direction is

observed to respond differently from that along the perpendicular direction.



TABLE OF CONTENTS

LIST OF FIGURES i
LIST OF TABLES VI
ACKNOWLEDGEMENTS XI
CHAPTER 1 1
INTRODUCTION. ..ottt e et e e e e e e 1
1.1 NANOFILLERS AND NANOCOMPOSITE ...ttt eeniineteanieannenaens 1
L1 NOPANTICIE. ... et e e e e 1
1.1.2 Nanotube, nanofiber, and nanorod............ccccooviiiii i 5
1.1.3 Clay and NanoCOMPOSITE. .. ......vuur ceeee et e eee e 9
1.2 INTRODUCTION OF EXPERIMENTAL FACILITIES......cuvviuiieneeennn. 15
121 TAARES rheOMELer... ... e 16
1.2.2 Small Angle Neutron Scattering (SANS)........ccoevvvvvieiniennn, 18
1.3 THESIS STRUCTURE ...uuiiteetiiiiteeetevetee et et e aieane senaee en e eens 21
CHAPTER 2. e e e e 25
EFFECT OF CLAY PLATELET ORIENTATION ON SPIN CAST
NANOCOMPOSITE FILMS ... 25
2.1 INTRODUCTION. ..ttt ttietne eeneeaieaenee et et e e e e ee ven e eaenen s 25
2.2 EXPERIMENT ...ttt ettt et e et et e e et e e e e 26
2. 3 IMIODEL ... 1ttt ettt e e e e 30
2.4 CONCLUSION . .. .ttt ettt e et ettt e e et e e a e 34
CHAPTER 3. e e e 35
STRUCTURE AND THICKNESS MODELING FOR SPUN CAST
POLYSTYRENE/CLAY NANOCOMPOSITE FILMS..................... 35
3. L INTRODUCTION. ...ttt vttt et et e e e een e e eeeaea e ean e nene senaaees 35
B2 EXPERIMENTS .. ettt ittt ettt ettt e ettt e e e nea e eaa 37
3.2.1 Thickness of spin cast PS/clay toluene films....................... 37
322 TEM CroSS SECHION ... ...ttt et e e e e e 39
3.2.3 Atomic force micrographs (AFM) of a Langmuir-Blodgett
cloisite BATIIM......oo 41
324 VISCOSILY .ttt ettt et e e et e e 42
3.2.5 EVaporation rate.........cc.eiviiniieie e e e e 46

LB MODEL ..ttt et e e 49



3.3. 1 Mass transfer model. .. ....ccoo.oeeeieoi i 50
3.3.2 Amendment of the mass transfer model to include an

orientation effeCt. ..ot 54

3.4 SIMULATION RESULT AND DISCUSSION. ... cuviviiiirieeeecieeeeianen, 57
3.5 CONCLUSION. ..ottt et ettt et et e et e e e e e e e eaeeeens 59
CHAPTER 4. e e e 61
EFFECT OF TEMPERATURE ON SHEAR INDUCED ANISOTROPIC
STRUCTURE IN POLYMER CLAY HYDROGELS...........cccvvvne, 61
4.1 INTRODUCTION . ...ttt ettt e et e et e e e e ie e e e e e et e e saeeneeas 61
N oy =t = = Y1\ =1 N 63
4.3 RESULTS AND ANALYSIS. .. utttitiet it eetetiee et et eeree e e aenaanan 64
N @0 N I U 1] [0 71
CHAPTER 5. e e e 73
SHEAR RESPONSE IN POLYMER CLAY NANOCOMPOSITE
HYDROGELS. ..ot e e e e 73
5.1 INTRODUCTION ... ettt ittt eetiete et et et e e e et e e e e e a e e eaanes 73
5.2 EXPERIMENT S ittt ittt e et ettt et et e e e e e e e e e et r e aaeeeeaaes 75
5.3 RESULTS AND ANALYSIS .. ittt ittt et iieiiie e e eaeaee e e aaeens 76
5.4 CONCLUSION. ..ttt ittt ettt et et e et ee e e e e e e e e e eens 87
CHAPTER 6. e e e e e e e e e 89
SUMM A R Y e e 89
BIBLIGRAPHY ..o e e e 92



LIST OF FIGURES

Number Page
Fig. 1-1. Computer graphic showing a nanotube composed of two helicoidal
shells. 5
Fig. 1-2. Structure of 2:1 phyllosilicates. *** 10

Fig. 1-3. Scheme of different types of composite arising from the interaction of
layered silicates and polymers: (a) phase-separated microcomposite; (b)

intercalated nanocomposite and (c) exfoliated nanocomposite.’ 12
Fig. 1-4 A picture of the TA ARES rheometer. 16

Fig. 2-1. A nanocomposite flm spun cast on silicon at 3000 rpm for 30 s from
a solution of PS (60mg/ml)/Cloisite 6A (30mg/ml)/toluene. The film thickness
is ~ 4 pm in the center, decreasing to ~ 4 um at the periphery. a) Photograph
(Nikon Coolpix 4500) of the film. b) confocal microscope image (Leica TCS
SP2) of the central region as indicated. 26

Fig. 2-2. PS/clay/toluene spin cast films. The symbols represent measured
data. The dash lines are the prediction of the mass transfer model. The solid
lines are predicted by the orientation model. (a) spin rate 2000 rpm, PS 60
mg/ml, clay concentrations as indicated. (b) PS 60 mg/ml, clay 30 mg/ml, spin

rates as indicated. 27

Fig. 2-3. Cross section TEM images of PS (60 mg/ml)/clay (40 mg/ml) spun
cast films on vinyl cyclohexene substrate (a) center region, and (b) outer

region. 28



Fig 2-4. AFM topographical images of polymer films spun cast at 2000 rpm.
(a) PS film without clay, (b) the outer region of a PS (60 mg/ml)/clay (10
mg/ml) film, and (c) the center region of the same PS/clay film. 29

Fig. 3-1. The effect of clay concentration on the thickness distribution for
PS/clay/toluene spin cast films, PS concentration is 60mg/ml and clay
concentrations vary as indicated. The spin rate was 2000 rpm, spin time was

60 s, and the treated silicon wafers were hydrophobic. 38

Fig. 3-2. The effect of spin rate on the thickness distribution for
PS/clay/toluene spun cast films on as received silicon wafers for a PS
concentration of 60 mg/ml and clay concentration of 40 mg/ml . The spin time

is 30 s, spin rates vary as indicated. 39

FIG. 3-3. Cross Section TEM pictures for PS/clay spin cast films on vinyl
cyclohexene substrates with a PS concentration of 60 mg/ml, clay
concentration of 40 mg/ml, spin rate of 3000 rpm, and spin time of 30's. (a)
Cross-section cut from the center region along a radial direction. (b) Cross-
section cut from the center region along a tangential direction. (c) Cross-
section cut from the outer region along a radial direction. (d) Cross-section

cut from the outer region along a tangential direction. 40

FIG. 3-4. AFM micrograph of a Cloisite 6A Langmuir-Blodgett(LB) film
deposited on a silicon substrate. The line indicates a platelet dimension of 473

nm. 42

Fig. 3-5. Viscosity of PS/toluene solutions as a function of shear rate, were

measured by a TA ARES rheometer in the cone plate geometry. The numbers

v



represent the PS concentration of each sample in units of mg/ml. The solid

lines indicate the magnitudes predicted by Eq. (2). 43

Fig. 3-6. Viscosity of PS/clay/toluene solutions as a function of shear rate.
The PS concentration is 60 mg/ml, while the clay concentration varies as

indicated. The solid lines are plots of Eq. (3.1). 44

Fig. 3-7. Viscosity of PS/clay/toluene solution for PS/clay concentration ratios
of 3/2. The numbers represent the PS concentration/ clay concentration of the

sample in units of mg/ml. The solid lines are plots of Eq. (3.1). 45

Fig. 3-8. The normalized evaporation rate, y, determined by mass loss

12

measurement, is plotted as a function of (spin rate/100 rpm) "~ , x. The linear

fitis given by y =1.12x - 0.17. 48

Fig. 3-9. Evaporation rate ratio vs PS concentration, as determined by mass

loss measurements, PS/clay concentration ratios vary as indicated. 49

Fig. 3-10. Normalized film thickness vs. radius for spun cast PS/clay/toluene
films on as received silicon wafer. PS concentration is 60 mg/ml, clay
concentration is 40mg/ml, spin rate is 2000 rpm, spin time is 30s. (a)
Measured data. (b) Model predictions including the effect of platelet
orientation. (¢) Model predictions without including the effect of orientation,

and with a magnified view in the inset. 58

Fig. 4-1. Two dimensional SANS scattering patterns at three temperatures,
with shear rates (s'). The patterns at the far right were obtained immediately

after the application of highest shear, with the Couette cell at rest. 64



Fig. 4-2. a) SANS anisotropy |(Iy- Ix)/(Iy+Ix)| as a function of shear rate and
q at 2°C  b) Anisotropy averaged over the entire q range as a function of

shear rate at three different temperatures as indicated. 65

Fig. 4-3. Static SANS intensity vs. q at 10°C and 40°C. Solid lines show the
fits obtained by the DAB model for the parameters given in Table 4-1. 67

Fig. 4-4. Application of the DAB model to the dynamic SANS data averaged
over a 10° range in the X (parallel) and Y (perpendicular) directions. a) and
b): Short range correlation lengths parallel and perpendicular to the shear flow
direction; c¢) and d): Corresponding long range correlation lengths; ¢) and f):

Corresponding relative strengths of long range correlation 1- f . 70

FIG.5-1. Two dimensional SANS scattering patterns for five samples under
different shear rates (s™) as indicated above. a) LP1, b) LP4, ¢) LP6, d) LP7,
e) LPS. 77

Fig. 5-2 Shear dependence of average SANS anisotropy |(ly-1x)/(ly+1x)| over

entire q range. 79

Fig. 5-3 SANS intensity curves for sample LP4 under shear rate 400 s
averaged data along X and Y direction in a range of 10°. Solid lines represent

the prediction from the two correlation DAB model. 80

Fig. 5-4 Fits of the circular average intensity data at 0 shear rate with DAB

model show an R1 dependence on polymer/clay volume ratio. 82

Fig. 5-5 Fits of the section average intensity data at different shear rates along
X and Y directions, a) R1 dependence on shear rate; b) R2 dependence on

shear rate. 83

vi



Fig. 5-6 Corresponding fit result along X and Y direction of relative weight of

long range correlation, 1-f, dependence on shear rate. 84

Fig. 5-7 Frequency response a) Elastic modulas, G'; b)Loss modulas, G". 86

vii



LIST OF TABLES

Number

Table 4-1. DAB fitting results for static SANS data

Table 5-1 Sample wt. concentration (%)

viii

Page

68

75



ACKNOWLEDGMENTS

The author wishes to thank all the professors for their guidance through the
six years’ studying, thank all the classmates for their cooperation, and thank all

the friends for their encouragement and support.

First and foremost, I am deeply indebted to my supervisor, Prof. Steven A.
Schwarz from Queens College of City University of New York. He always
encourages me to seek after new ideas and technology, guides me through the
research work, and helps me on my career development without any
reservation. I will benefit from his profound knowledge and nice personality in

all my life.

I would like to express my gratitude to Prof. Miriam Rafailovich and Prof.
Jonathan Sokolov for their direction on my research work and their help on my
career development. I also would like to thank Prof. Alexander Lisyansky,
Prof. Nan-Loh Yang, Prof. A. Genack, Vladimir Zaitsev, Donna Hernandez,
Bob Bunch, Grigory German, and Howard Rose for their great help during
these several years’ study, A special thanks goes to Dr. Min Yue Lin for his

direction and kind assistance on the neutron scattering experiment.

I appreciate the cooperation from my classmates and friends from SUNY
Stony Brook; they are Mayu Si, Xuesong Hu, Bingquan Li, Yuan Ji, Yantian
Wang, Yuan Sun, Jun Jiang, Chunhua Li, Xiaohua Fang, Song Li, Shouren Ge,
Wentao Li, Haobin Luo. I also appreciate the valuable discussion and strong
support from my friends: Li Chen, Bing Hu, Ke Tang, Huafeng Xie, Xiaowei Xu
, Jing Wang, Sean Zhang, Sheng Zhang, Kungang Zhou.

ixX



Lastly, I am grateful to my mother, Yuebing Yang, for her encouragement
and support on my studies during the past several years. My two brothers, Wei
Li and Bo Li spent a lot of time and energy to take care of our mom, therefore
I can concentrate on my study; I really appreciate their contribution. Since my
father has passed away a long time ago, he always lives in my heart and this

thesis is in memory of my deeply loved father, Changyou Li.



Chapter 1

INTRODUCTION

1.1 Nanofillers and nanocomposite

In recent years, nanocomposite materials have attracted a lot of attention in
academic research and industry application. Nanocomposites are particle-filled
polymers for which at least one dimension of the dispersed particles is in the
nanometer range. There are three types of nanocomposites, depending on how
many dimensions of the dispersed particles are in the nanometer range. When
the three dimensions are on the order of nanometers, we are dealing with
isodimensional nanoparticles, such as spherical silica nanoparticles,
semiconductor nanoclusters, gold nanoparticles, and silver nanoparticles.
When two dimensions are in the nanometer scale and the third is larger, an
elongated structure like nanotubes or whiskers is formed. Currently, carbon
nanotubes or cellulose whiskers are extensively studied as reinforcing
nanofillers yielding materials with exceptional properties. The third type of
nanocomposites only has one dimension in the nanometer range. In this case
the filler is present in the form of sheets with thickness range from one to a
few nanometers, while the length may be hundreds to thousands of nanometers
long. These materials are obtained by the intercalation of the polymer (or a
monomer subsequently polymerized) inside the galleries of layered host
crystals. There is a wide variety of both synthetic and natural crystalline fillers

that are able to intercalate a polymer under some specific conditions.'

1.1.1 Nanoparticles



Nanoparticles have become a most exciting area of research in recent years.
So far a lot of metal nanoparticles, alloy nanoparticles, metal compound
nanoparticles, and organic nanoparticles have been synthesized, and these
nanoparticles have been introduced into different materials to improve certain

properties.

Metal nanoparticles play important roles in many different areas. The
intrinsic properties of a metal nanoparticle are mainly determined by its size,
shape, composition, crystallinity, and structure (solid versus hollow). In
principle, one could control any one of these parameters to fine-tune the
properties of this nanoparticle. Controlling the size, shape, and structure of
metal nanoparticles is technologically important because of the strong
correlation between these parameters and optical, electrical, and catalytic
properties. Gold nanoparticles are very popular; they have been applied
extensively to make devices. Other metal metals particles, such as silver,
cobalt, gallium, and dysprosium nanoparticles have also attracted much

interest because of their special properties.

Sun and Xia have synthesized silver nanocubes in large quantities by
reducing silver nitrate with ethylene glycol in the presence of
poly(vinylpyrrolidone) (PVP). They further used silver cubes as sacrificial
templates to generate single-crystalline nanoboxes of gold.> A single gold
nanoparticle can act as a nanoantenna in the near field of a sample and the
modification of its intrinsic radiative properties by monitoring its plasmon
spectrum has been studied.’ Effective utilization of coupled surface plasmon
resonance from gold nanoparticles has been demonstrated experimentally for
optoelectronic applications based on second-order nonlinear optics; the second

harmonic light intensity was enhanced by a factor of 8.* Schaadt and



coworkers have engineered enhancement of optical absorption and
photocurrent in a semiconductor via the excitation of surface plasmon
resonances in spherical gold nanoparticles deposited on the semiconductor
surface.” Introduction of gold nanoparticles into poly(9,9’-dioctylfluorene) can
make nanocomposite Light-Emitting Diodes and has enhanced the
electroluminescence stability and quantum efficiency of Blue-Light-Emitting
Polymers.® Gittins and coworkers have showed that organic molecules
containing redox centres can be used to attach gold nanoparticles to electrode
surfaces and so control the electron transport between them; they expected this
to form the basis for a range of nanoscale electronic switches.” The
application of other metal nanoparticles have also been extensively studied.
Silver nanoparticles have been applied to make dipole nanolasers;® memory
effect has been observed in cobalt nanoparticle systems;” optical nonlinearity
resulting from a light-induced structural transition in gallium nanoparticles has
been demonstrated;'® embedding dysprosium nanoparticle into a sputtered film

matrix leads to special magnetic property related to the particle size."'

Compared to metal nanoparticles, some alloy nanoparticles may have
stronger magnetic properties. Sun and coworkers have synthesized
monodisperse iron-platinum (FePt) nanoparticles by reduction of platinum
acetylacetonate, and decomposition of iron pentacarbonyl in the presence of
oleic acid and oleyl amine stabilizers is reported.'”” They further produced
exchange-coupled isotropic FePt-Fe3Pt nanocomposites with an energy
product of 20.1 MGOe, which exceeds the theoretical limit of 13 MGOe for
nonexchange-coupled isotropic FePt by over 50 per cent."” Cobalt platinum
alloy, CoxPt;0x, nanoparticles with dimensions from approximately 2 to 5 nm
can be synthesized using the reverse micelle method. Composition atomic

ratio of Co to Pt at around unity gives the highest coercivity of 5500 Oe at



room temperature.'* Samarium cobalt alloy nanoparticles, and iron cobalt

alloy nanoparticles also showed the super-paramagnetic property."

Metal compound nanoparticles have also been extensively applied in
different areas. It has been reported that vanadium dioxide nanoparticles can
dramatically enhance the optical contrast between the semiconducting and
metallic phases in the visible region;'® CoRh,O,; nanoparticles show a
systematic magnetic enhancement below Ty.'” The magnetic properties of
NiHy nanoparticles are quite different from those of Ni nanoparticles, and they
have been considered to be important materials that can be used for hydrogen
storage for both fuel cells and electrodes in batteries.'"® Nanoparticles of
indium oxide, synthesized by pulsed laser ablation of a pure indium metal
target, have a band gap close to GaN'’; nanoparticle crystalline iron
phosphates (FePO4-2H,O and FePO4) were synthesized using a (CTAB)
surfactant as an anode material for Li rechargeable batteries.”’ Sun and
coworkers have showed that photovoltaic devices fabricated from blends of
branched CdSe nanoparticles and a conjugated polymer give improved

performance compared with devices made from nanorod/polymer blends.”!

Now organic nanoparticles have also attracted a lot of interest. It has been
reported that hyperbranched polymers (HBPs) act as mobile organic
nanoparticles doped in methacrylate photopolymers for highly efficient
volume holographic recording.”> A new class of organic nanoparticles (CN-
MBE nanoparticles) with a mean diameter of ca. 30- 40 nm, prepared by a
simple reprecipitation method, exhibit a strongly enhanced fluorescence
emission.”> Organic nanoparticles have also been applied to fabricate memory

devices, which exhibit nonvolatile memory characteristics at low operation



voltages and do not show any change of characteristics with time in normal

ambient conditions .%*

1.1.2 Nanotube, nanofiber, and nanorod

For nanotube, nanofiber and nanorod, only two dimensional sizes are in the
nanometer scale, the size in the other dimension is much bigger. Thus the
aspect ratio for these fillers is very big. Specific sizes and properties of these
fillers have been the subject of extensive research and application. In

particular, carbon nanotubes have been a scientific frontier since 1990.

Fig. 1-1. Computer graphic showing a nanotube composed of two helicoidal

shells.?’

A carbon nanotube is a seamless cylindrical sheet of graphite whose
diameter is so small and its aspect ratio is so great that it can be considered
from the electronic point of view as a one-dimensional structure. In the

absence of external strain, a carbon nanotube is always straight unless carbon



rings having a number of carbons different from six (pentagons, heptagons,
octagons, etc.) are present in the hexagonal network. A nanotube may consist
of one or more cylindrical shells of graphitic sheets (sometimes called

1. The exact structure of the carbon nanotube

graphene) as shown in Fig. 1-
depends on the methods of preparation. The fabrication methods of nanotubes
have been developed since 1990. There are mainly three ways to fabricate
carbon nanotubes, which are: carbon arc, carbon vapor deposition, and
catalytic methods. The outer diameter varies typically between 2 and 20 nm in
the arc-produced nanotubes, while the inner hollow diameter is typically on
the order of 1 to 3 nm.”® The single shell nanotubes produced with catalysts
have a much narrower distribution centered around 1.2 nm.** In multilayered
nanotubes, the interlayer distance is ~ 0.34 nm, which corresponds to the
interlayer distance in graphite. The arrangement of the carbon atoms in the

hexagonal network of the tube is more often than not helicoidal, which results

in chiral tubes.”’

In recent years, the application of carbon nanotubes has developed fast in
many different areas. Field-effect transistors have been fabricated based on
individual single- and multi-wall carbon nanotubes’>"; they have even been
applied to make a logic circuit.”*>> Carbon nanotubes have also been applied
to fabricate a field-emission flat panel display; further improvement of this
technology may lead to easy-to-make and inexpensive flat panel displays.*®’
The unique chemical and physical properties of carbon nanotubes also paved
the way to new and improved sensing devices in general, and electrochemical
biosensors in particular. Upon exposure to gaseous molecules such as NO, or
NHj, the electrical resistance of a semiconducting single wall nanotube is
found to dramatically increase or decrease, and this serves as the basis for

38 .
nanotube molecular sensors.” Carbon nanotube based electrochemical



transducers offer substantial improvements in the performance of
amperometric enzyme electrodes, immunosensors and nucleic-acid sensing
devices.” A gas can be condensed to high density inside the narrow single
wall nanotubes and therefore make them effective hydrogen storage materials
for fuel cell electrical vehicles.*” Carbon nanotubule membranes can also be
filled with nanoparticles of electrocatalytic metals and alloys to be used to
electrocatalyse oxygen reduction and methanol oxidation, two reactions of
importance to fuel-cell technology.”’ The high stiffness and strength, low
density, and large aspect ratio of single-walled carbon nanotubes make them
good candidates as ultrahigh frequency nanomechanical resonators.*
Electromechanical actuators based on sheets of single-walled carbon
nanotubes were shown to generate higher stresses than natural muscle and
higher strains than high-modulus ferroelectrics.* We can even dope carbon
nanotubes with some specific material to improve certain properties, for
example, the magnetic property can be improved by doping cobalt,* and the
conductivity can be enhanced by doping potassium (K) and bromine (Br).*
Carbon nanotube transistors will exhibit high on-state conductance, carrier

mobilities, and on-off ratios by doping polymer electrolytes.*

Nanofibers have a shape similar to nanotubes, but they are relatively longer
and may not be hollow. Metal nanofibers can be fabricated by using the gas-
evaporation method in the presence of electric fields*’; polymer nanofibers can
be made by electrospinning.***" Now nanofibers have been applied to a lot of
different areas. A non-woven poly( € -caprolactone) (PCL) scaffold made by
electrostatic fiber spinning can be used for bone tissue engineering. Poly(L-
lactide-co-g-caprolactone) [P(LLA-CL)] nanofiber may be a biomimetic
extracellular matrix for smooth muscle cell and endothelial cell proliferation.™

The addition of carbon nanofiber to polypropylene can lead to a 350% increase



of dynamic modulus while still maintaining similar thermal behavior. >' A Pt-
Ru/graphitic carbon nanofiber nanocomposite exhibits high relative
performance as a direct-methanol fuel cell anode catalyst.”* Doping a zinc
oxide nanofiber array with gallium can improve electric properties of
nanofibers and enhance field emission.” It was found that not only the activity
but also the selectivity of nickel crystallites could be dramatically altered when
using graphite nanofiber to supported nickel particles as catalyst.>* Polyaniline
Nanofiber Gas Sensors perform better than conventional thin films because
their high surface area, porosity and small diameters enhance diffusion of
molecules and dopants into the nanofibers.” Vanadium oxides (V,Os)
nanofiber actuators provide the potential advantages of low-cost synthesis by

sol-gel routes and high charging capacity and long cycle life.*®

The length of nanorods are usually smaller than that of nanotubes and
nanofibers, but their aspect ratios are still big. The shape and size of nanorods
may vary with respect to fabrication method and conditions. The synthesis of
Barium Titanate (BaTiO3) and Strontium Titanate (SrTiO3) nanorods can be
accomplished by solution-phase decomposition of bimetallic alkoxide
precursors in the presence of coordinating ligands.”’. The CdS nanorod can be
fabricated by using a monosurfactant system under atmospheric benchtop
conditions.”® Gold and silver nanorods of diameter 40 and 90 nm and having a
variety of aspect ratios (length/diameter) can be prepared using the template
synthesis approach.” Recently the application of nanorods has also aroused a
lot of interest. Composites of inorganic nanorods and a conjugated polymer
have been used to make photovoltaic cells.”” Dislocation-free indium gallium
nitride/gallium nitride multiquantum-well nanorod arrays can improve the total

external efficiency and brightness of light emitting diodes.®’ Semiconductor



nanorods can be used to fabricate readily processed and efficient hybrid solar

cells together with polymers.*
1.1.3 Clay and nanocomposite

Recently clay has also been a popular filler because it can be used to make
nanocomposite materials at low cost. Under certain conditions, clay can
exfoliate into platelets with the thickness at ~1nm, but the lateral size can be
much bigger. Usually the aspect ratio of clay platelet is very big, and the
orientation of clay platelets is important to the structure and property of the

material.

Clays or layered silicates are a subgroup of the general class of layered
solids that includes such materials as graphite intercalation compounds,
layered perovskites, and layer dichalcogenides. Most rigid clays have a 2:1-

layered silicates structure as shown in Fig.1-2; %%

they can also have a 1:1
layer type and a 2:1 inverted ribbon structure ®. In 2:1-layered silicate
structure, central to the tetrahedral layers are silicon or aluminum (Al) ions,
which are tetrahedrally bonded to oxygens. The number of Al ions in
tetrahedral sites determines the net negative charge of the host layer. Those
oxygens forming the tetrahedral bases border the interlamellar gallery and are
arranged in hexagonal rings that form a kagomé lattice. At the geometric mid-
plane of each clay layer resides an atom octahedrally coordinated to those
oxygens comprising the tetrahedron tip. The layer thickness is around 1 nm
and the lateral dimensions of these layers may vary from 300 A to several
microns and even larger depending on the particular silicate. These layers
organize themselves to form stacks with a regular van der Waals gap in

between them called the interlayer or the gallery. Isomorphic substitution
within the layers (for example, AI’* replaced by Mg®* or by Fe*", or Mg*"



replaced by Li") generates negative charges that are counterbalanced by alkali
or alkaline earth cations situated in the interlayer. The net negative charge on
the host layer component of each unit cell is 0 or le; thus 2:1 clays are
anionic. This charge is balanced within the unit cell by the charge on the
gallery cation. In the simplest picture, this cation nests below and above the
hexagonal cavities and is surrounded by six basal oxygens and the hydroxyl
group of each layer. As the forces that hold the stacks together are relatively

weak, the intercalation of small molecules between the layers is easy. "*>

+—— Octahedral

Basal spacing

«4—— Tetrahedral

O Al Fe, Mg, Li
®on

®o
@ Li, Na,Rb, Cs

63, 64

Fig. 1-2. Structure of 2:1 phyllosilicates.

Introducing clay to polymer, we can make a polymer clay composite with
the structure depending on the nature of the components used (layered silicate,
organic cation and polymer matrix) and the method of preparation. As shown
in Fig. 1-3, generally there are three types of composite: microcomposites,

intercalated nanocomposites, and exfoliated nanocomposites. When the

10



polymer is unable to intercalate between the silicate sheets, a phase separated
composite (a) is obtained, whose properties stay in the same range as
traditional microcomposites. Beyond this classical family of composites, two
types of nanocomposites can be recovered. The first is an intercalated structure
(b) in which a single (and sometimes more than one) extended polymer chain
is intercalated between the silicate layers resulting in a well ordered multilayer
morphology built up with alternating polymeric and inorganic layers. Second,
when the silicate layers are completely and uniformly dispersed in a
continuous polymer matrix, an exfoliated or delaminated structure is obtained
(c).! Ray and Okamoto pointed out there is another kind of nanocomposite,
flocculated nanocomposites, which conceptually are the same as intercalated
nanocomposites but silicate layers are sometimes flocculated due to

hydroxylated edge—edge interaction of the silicate layers.®

The large variety of polymer systems used in nanocomposites preparation
with layered silicate can be conventionally classified as: vinyl polymers,
condensation (step) polymers, polyolefins, biodegradable polymers, and
specialty polymers like poly(N-vinylcarbazole) (PNVC) and polyaromatics
such as polyaniline (PANI). ®**" Polymer clay nanocomposites can be prepared
by several methods: exfoliation/adsorption, chemical/thermal conversion, in

situ intercalative polymerization, melt intercalation and template synthesis.’’

11
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Fig. 1-3. Scheme of different types of composite arising from the interaction of
layered silicates and polymers: (a) phase-separated microcomposite; (b)

intercalated nanocomposite and (c) exfoliated nanocomposite.'

_ Exfoliation/adsorption: The layered silicate can be exfoliated into single
layers using a solvent in which the polymer is soluble. As the forces that stack
the layers together are weak, clay will be dispersed in an adequate solvent. The
polymer then adsorbs onto the delaminated sheets and when the solvent is
evaporated (or the mixture precipitated), the sheets reassemble, sandwiching
the polymer to form, in the best case, an ordered multilayer structure. Under
this process are also gathered the nanocomposites obtained through emulsion

polymerization where the layered silicate is dispersed in the aqueous phase.
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_ In situ intercalative polymerization: The layered silicate is swollen within the
liquid monomer (or a monomer solution) so that the polymer formation can
occur in between the intercalated sheets. Polymerization can be initiated either
by heat or radiation, by the diffusion of a suitable initiator or by an organic
initiator or catalyst fixed through cationic exchange inside the interlayer before

the swelling step by the monomer.

_ Melt intercalation: The layered silicate is mixed with the polymer matrix in
the molten state. Under these conditions and if the layer surfaces are
sufficiently compatible with the chosen polymer, the polymer can crawl into
the interlayer space and form either an intercalated or an exfoliated

nanocomposite. In this technique, no solvent is required.

_ Template synthesis: In this case, the silicates are formed in situ in an
aqueous solution containing the polymer and the silicate building blocks. This
has been widely used for the synthesis of double-layer hydroxide-based
nanocomposites, ' but is far less developed for layered silicates. In this
technique, based on self-assembly forces, the polymer aids the nucleation and
growth of the inorganic host crystals and gets trapped within the layers as they

1
grow.

Nanocomposites consisting of a polymer and clay (modified or not)
frequently exhibit remarkably improved mechanical and materials properties
because of the stronger interfacial interaction between the matrix and clay.
Compared with conventional filler-reinforced systems, nanocomposite
materials have a higher modulus, strength, and heat resistance, a lower
decreased gas permeability and flammability, and a better biodegradability of

biodegradable polymers. In systems consisting of poly(z-caprolactone) and
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nylon-6 with varying amounts of layered silicate (montmorillonite), the
storage (G') and loss (G") moduli increase at all frequencies with increasing
silicate loading.”” For poly(ethylene oxide) (PEO)/organoclay nanocomposites
prepared via a solvent casting method, a hysteresis phenomenon was also
enhanced with organoclay content, and the increase in the storage/loss
modulus and interactions among organoclay platelets were observed, as well
as enhanced thermal stability .”> The nanocomposite of PS and sodium ion-
exchanged montmorillonite (Na+-MMT) exhibits more pronounced shear
thinning behavior with increasing clay content.”* In adhesive nanocomposites
of organically modified montmorillonite (OM) and polyurethane, small
volume fractions of the platelike nanoparticles in the polymer matrix
decreased the transmission rate of oxygen and water vapor.”> Montmorillonite
(MMT) based nanocomposite systems show reduced flammability, and it has
been show that the MMT must be nanodispersed for it to affect the
flammability.”® It has been reported that the introduction of Cloisite 30B to

biodegradable aliphatic polyester will lead to a lower biodegradability.”’

As polymer clay nanocomposite materials show some advantage over
traditional polymer material, they have been applied widely. They are used to
make tires, flexible and rigid packaging such as films, bottles, trays, and
blister packs, and also for electronics plastics such as wire and cable coatings.
Triphase catalytic materials based on alkylammonium exchange forms of
smectite clays can be used as efficient, stable, and recyclable catalysts for a
variety of organic chemical conversions.”® A novel bentonite clay-based Fe-
nanocomposite (Fe-B) was successfully developed as a heterogeneous catalyst
for photo-Fenton discoloration and mineralization of an azodye Orange.” It
has also been demonstrated that montmorillonite clay hybridized into liquid

crystal yields many advantages to improve the electro-optical properties of a
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display device.” The use of nanocomposites also constitutes a versatile and
robust approach in the development of novel electrolytes with tailored
electrochemical and  mechanical  characteristics.”’  Biopolymer-clay
nanocomposites allow the development of electrochemical sensors for the
potentiometric determination of anionic species, which shows a higher
selectivity towards monovalent rather than to di- or trivalent anions and the

. . . . 82
best potentiometric response towards nitrate ions.

1.2 Introduction of experimental facilities

The work shown in this thesis is mainly composed of research work on
two projects: nanocomposite films and nanocomposite gels. In the project on
nanocomposite films, a Dektak IIA surface profilometer was applied to
measure film thickness at different locations on the wafer, a TA ARES
rheometer was applied to measure the viscosity of Polystyrene(PS)/Cloisite 6A
solutions, a Headway spinner was used to spin cast the nanocomposite film,
and then a Leica TCS SP2 confocal microscope was applied to examine the
surface shape. A JEOL JEMI1200 TEM was used to obtain images of the
cross-section of spun cast PS/Cloisite nanocomposite films, an Atomic Force
Microscope (AFM) Dimension 3000 was applied to study the roughness of the
films, and a KSV 5000 LB trough was used to make Langmuir-Blodgett
Cloisite 6A films. In the nanocomposite gels projects, the Small Angle
Neutron Scattering (SANS) experiment was carried out on NG3 and NG7
SANS instruments at the Center for Neutron Research, National Institute of
Standards and Technology; the rheology of the nanocomposite gels was done
on a TA ARES rheometer in our lab. The rheology and SANS are most

important, and the facility for these experiments should be introduced in detail.

15



1.2.1 TA ARES rheometer

A rheometer is a sensitive measurement technique widely used to measure

the rheology of materials, with a setup as shown in Fig.1- 4.

Fig. 1-4 A picture of the TA ARES rheometer.

For different samples, we may use different geometries to hold the samples.
Generally, plate-plate is applied for solid material, cone-plate is applied for
gels and non dilute solutions, while Couette is applied for dilute solutions. We

mainly used our home made cone plate geometry in our experiments. The
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cone and plate were stainless steel, with a cone diameter of 50 mm and cone
angle of 2°. The plate diameter was 54 mm, 4 mm larger than the cone
diameter to reduce edge effects. The plate had a lip at the perimeter to prevent
material loss. The cone structure makes the shear rate the same at different
locations. A bigger cone diameter and smaller cone angle can lead to a more
precise measurement. As the measured data may also depend on the material
of cone and plate, we used a standard sample to calibrate the machine for first

time use.

There are two modes for the measurement, steady mode and dynamic
modes. We must make the choice before we calibrate the distance between the
cone and plate, and before we put any sample in it. In steady mode, we can use
shear rate sweep to measure shear viscosity of a material. In dynamic mode,
we may use frequency sweep to check how the elastic modulus, loss modulus,
phase angle, and complex viscosity depend on the frequency. It is especially
important to find the gel point because an important property at gel point is
that the phase angle is almost independent of frequency. In this mode, we can
also use temperature sweep to check the temperature dependence of the
material, use strain sweep to check how the structure inside the material alters

as the strain increase, and use time sweep to check how the material relaxes.

As the rheometer is a sensitive instrument, we must develop good habits in

operating and maintaining this machine.

e First and foremost, we must check if the air pressure is high enough
before we turn on the machine. As the motor is driven by the air
pressure, the motor will be broken if the pressure is not high enough.
We even need to put something over the motor while not in use, in case

other people may touch this sensitive instrument.
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e We must check if we have chosen the correct mode before we load any

sample because we can’t change mode when there is sample mounted.

e We should always move the sample holders in a gentle way in case they

may collide and cause imprecision or even damage to the machine.

e We should always keep an eye on the normal force and torque indicated
by the machine when we load sample and make measurement because

they can never be out of the range accepted by the machine.

e It is always safer to take the sample holders out of the machine and

then clean the sample than to clean the sample directly in the machine.

1.2.2 Small angle neutron scattering

Small angle neutron scattering (SANS) is a very powerful tool to study the
microstructure of materials. A series of SANS experiments have been employed
at the National Institute of Standard and Technology to study the shear induced
structure of nanocomposite gels. Here I will introduce the basic theoretical
background and application regarding SANS based on my friend, Min Y. Lin’s

lecture notes. ¥

Neutrons interact with matter through their nuclei. The scattering is very
short range, and isotropic. As a result, the scattering from a single nucleus
can be characterized by one parameter, b, called the scattering length. That
is, b replaces the scattering amplitude, f(é), in the scattering formula for

neutrons scattered by one nucleus,
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w(r) = exp(ik «F) —b exp(ik 'F) (1.1)

where k is the wave vector of the incident wave, and k’ is the wave vector of

the scattered wave. In elastic or quasi-elastic scattering, K'=k =27/1.

There is no complete theory of the nucleon — nucleon interaction. The
scattering length b for each isotope has been tabulated by experimental
measurements. It can be complex; the imaginary part represents absorption
and usually is very small. Most importantly, b varies with Z, the atomic
number, and can be different for different isotopes. To neutrons, matter is a

collection of nuclei, each at a position ;. The potential is therefore:

27h? &

V(r)= - Zbié(r—ri) (1.2)

Where all bj are “coherent” scattering lengths of the isotopes, m is the

mass of a nuclei, h is Planck’s constant.

The scattering wave vector is =k '—k , and it’s magnitude is
q=2ksin9=47”sin9 (1.3)

For SANS, the angle 6 is small, typically 0 < 15°. As small angles, sinf = 6,
the range of q is only limited by the technical configuration of the small
angle instrument. Another consequence of the length scales is that distances
between nuclei (atoms) are small. Therefore, it is safe to average the
scattering lengths into a density within a microscopic phase. It is called the

neutron scattering length density
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p=3bn (1.4)

One example is where one phase is particles, and the particles are made of
one type of molecules. Then the average is over one molecule only, where N
is the number of isotopes, n; is the number of atoms of the ith isotope, bjis

the scattering length of that isotope, and Vi, is the molecular volume.

For one particle in another phase py, e.g., solvent, the scattering cross

section 1S:

d%Q = (O F=(p,—p)| j exp(=iger)dr | (1.5)

Now the integral is over the particle volume v only. The cross section

depends on the size, shape and orientation of the particle only, independent

of the particle position. The factor (p, — p)° is called contrast. In neutron

scattering it can be varied relatively easily by isotope substitution without

changing the material’s property.

In experiments, small-angle neutron or X-ray scattering (SANS and
SAXS) reveal the structure of amorphous materials in the range of length
scales between 1 and 100 nm. This resolution is of particular interest in the
field of polymers solutions and gels. In the simplest case of a dilute polymer
solution, two length scales are required to describe the system: that of the
local chemical architecture, i.e., the length of the repeating unit, and the
radius of gyration, Rg, of the individual coils.** In more concentrated
solutions, as the coils overlap they lose their individuality, and the

thermodynamic properties are governed by another length scale, &, the
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correlation length between polymer segments.®

In this overlapping
(semidilute) regime, however, an additional length scale arises-the distance
between entanglements along a given chain, which controls primarily the

86
In a

dynamic response through the plateau modulus of the solution.
chemically cross-linked network, the situation is more complex: (i) the
presence of cross-links imposes permanent constraints on the network
chains; (i1) rearrangements of the polymer segments occur that depend on the
details of the cross-linking procedure. These superstructures are detectable at
high degrees of swelling, where they appear as concentrated regions
embedded in a more dilute background. Neutron scattering is a powerful tool
for revealing the spatial extent of these longer range supermolecular
structures, which control the overall physical behavior of the network both in

the dry and in the swollen state.®”

When the length scale is bigger than 100 nm, we need ( to be even
smaller, meaning the angle @ should be small. In this case, SANS may not be
able to satisfy our requirement, instead USANS (Ultra Small Angle Neutron
Scattering) will work in this regime. In the NG7 BT5 USANS instrument at
Center for Neutron Research of the National Institute of Standards and
Technology, the q range can run from 3.33E-4 nm” to 1.05E-2 nm’,

indicating the scattering scale range can be from 100nm to 3000nm.

1.3 Thesis Structure

In this thesis, we will introduce our research work on two projects: spin
cast nanocomposite films and nanocomposite gels. Chapter 2 and Chapter 3

are for nanocomposite films projects; Chapter 4 and Chapter 5 are for
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nanocomposite gels. Actually each chapter comes from an independent paper

for a journal publication; they may overlap in some parts.

Chapter 2 is based on a paper published as Applied Physics Letters 89,
111917 (2006). In this Chapter we mainly discuss the orientation effect of clay
in spin cast nanocomposite films. We show that the thickness of spin cast
nanocomposite polystyrene/clay films displays a large radial dependence that
is not explained by current models. Transmission electron microscopy and
atomic force microscopy reveal a tendency for the high aspect ratio clay
particles to align in the direction of shear. Near the center of rotation, particles
remain randomly oriented, leading to the formation of voids as the film dries.
We present a two dimensional numerical model that incorporates both
hydrodynamic and orientation effects, and accurately fits the thickness data

over a wide range of filler concentrations and spin rates.

Chapter 3 will further introduce the experiments and model development,
and it will be a paper to be submitted to the Journal of Applied Physics. This
Chapter is actually a full paper following a letter. In this chapter, we show
additional evidence that spin-cast polystyrene (PS)/Cloisite 6A (clay)
nanocomposite films display a large radial thickness dependence that
increases with clay concentration. A numerical model has been developed to
calculate the film thickness distribution based on mass transfer. The model
requires knowledge of shear dependent viscosities and evaporation rates as a
function of clay and solvent (toluene) concentration. We report detailed
measurements of these parameters, and show that they are well described by
standard models. Shear thinning cannot account for the strong radial
dependence, but extending the model to include the effect of clay platelet

orientation provides a good fit to experimental data. Transmission Electronic
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Microscopy (TEM) cross-sections show that the clay platelets are randomly
oriented near the axis of rotation, but become increasingly aligned at greater

distances from the axis.

Chapter 4 is based on a paper that has been published as
Macromolecular Rapid Communications 27, 1787 (20006). In this chapter, we
mainly discuss the temperature effect on shear induced anisotropic structure in
polymer clay hydrogels. Shear induced orientation of nanoparticles in
Poly(ethylene oxide)/ Laponite RD hydrogels has been investigated by small
angle neutron scattering (SANS). As temperature is reduced, anisotropy
develops at lower shear rates. The two correlation length Debye-Anderson-
Brumberger (DAB) model provides a good fit to the experimental data. The
deduced short range correlation length (~5 nm) is observed to increase with
shear. The long range correlation length (~ 50 nm) shows a strong
directional dependence, and decreases when shear is applied. The relative
contribution of long range order to the SANS intensity is observed to

increase with shear and decrease with temperature.

Chapter 5 will discuss the concentration effect on shear induced
structure and dynamic response in nanocomposite hydrogels, which is
complementary to Chapter 4. It is a paper that will be submitted to
Europhysics Letters for publication. Shear induced structures of PEO/ LRD
hydrogels with different concentration have been investigated by SANS. The
anisotropic SANS patterns develop at a lower shear rate when the weight
concentration ratio between PEO and LRD is about 1:2. The two correlation
length DAB model provides a good fit to the experimental data. The deduced
short range correlation length will increase with the polymer clay volume ratio

when it is bigger than a threshold value. The long range correlation length
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shows a strong directional dependence, and decreases when shear is applied,
but the relative weight of long range correlation will increase with shear rate.
The rheology data show that the system becomes very elastic, and the network

inside is optimal at a specific weight concentration ratio.

Chapter 6 will provide a summary for the whole thesis, and it will point

out what work has been left for further study.
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Chapter 2

EFFECT OF CLAY PLATELET ORIENTATION ON SPIN CAST
NANOCOMPOSITE FILMS'

2.1 Introduction

Spin cast films are widely employed in device manufacture, and in
fundamental studies of novel thin films.”” During the spin-casting process,
competition between solvent evaporation and viscous spreading typically
results in a film of uniform thickness. The addition of clay nanoparticles
allows the creation of nanocomposite films with enhanced control over such
properties as gas permeability and flame retardance.'”' In solution, the clay
may exfoliate into a large number of platelets, each only a few nanometers in
thickness. The platelets orient under shear, producing a non-Newtonian
solution that is well described by the Carreau model. Jenekhe and Schuldt’™
predict that a Carreau model fluid should still produce a spin cast film of
uniform thickness. Britten and Thomas” have examined spin cast films from
non-Newtonian colloidal suspensions of spherical silica particles, and of plate
shaped alumina particles, in methanol. In the former case, uniformly thick
films were indeed produced, while for the elongated particles, the film
thickness dropped by only a few percent from the center to the periphery of the
film. We have spun cast solutions of high molecular weight polystyrene with
different concentrations of functionalized clay, and mapped the radial

thickness variation. We show that the film thickness varies by as much as a

! This chapter has been published at Applied Physics Letters 89, 111917 (2006)*
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factor of four over a radial distance of several millimeters, as illustrated in Fig.
5. We describe a quantitative model which correlates the orientation of the
clay platelets with the film thickness and predicts the observed thickness

variations as a function of spinning parameters.

a | b

30mm 6mm

Fig. 2-1. A nanocomposite flm spun cast on silicon at 3000 rpm for 30 s from
a solution of PS (60mg/ml)/Cloisite 6A (30mg/ml)/toluene. The film thickness
is ~ 4 pm in the center, decreasing to ~ 4 um at the periphery. a) Photograph
(Nikon Coolpix 4500) of the film. b) confocal microscope image (Leica TCS

SP2) of the central region as indicated.
2.2. Experiment

Spin cast film thicknesses were examined for mixtures of polystyrene
(Mw 280K, Aldrich), Cloisite 6A (Southern Clay), and toluene (99.5, Aldrich).
The PS concentration was held fixed at 60 mg per ml toluene, with clay

concentrations of 0, 10, 20, 30, and 40 mg/ml. The solutions were treated with
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Fig. 2-2. PS/clay/toluene spin cast films. The symbols represent measured
data. The dash lines are the prediction of the mass transfer model. The solid
lines are predicted by the orientation model. (a) spin rate 2000 rpm, PS 60
mg/ml, clay concentrations as indicated. (b) PS 60 mg/ml, clay 30 mg/ml, spin

rates as indicated.
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ultrasound for periods of at least one hour to assist clay exfoliation. A
Headway spinner was used to spin cast the nanocomposite film onto as-
received silicon. The dry nanocomposite films displayed concentric rings (Fig.
1-1), with the center of the rings clearly identifying the rotation axis. A Dektak
ITA surface profilometer was employed to measure thickness at different wafer
locations. A line was scribed with a razor blade through the center of rotation,
and the thickness measured at 1 mm intervals. For a spin rate of 2000 rpm (30
s duration), the film thickness increases as the clay concentration increases,
and shows a strong radial dependence when the clay concentration is high
(Fig. 2-2(a)). The effect of spin rate was studied at a clay concentration of 30
mg/ml. From Fig. 2-2(b), it can be observed that thickness decreases as spin
rate increases, and falls more rapidly to its perimeter value at the higher spin

rates. The illustrated fits to the data are discussed below.

(b) [—]

Fig. 2-3. Cross section TEM images of PS (60 mg/ml)/clay (40 mg/ml) spun
cast films on vinyl cyclohexene substrate (a) center region, and (b) outer

region.
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Clay platelet orientation was examined by both transmission electron
microscopy (TEM) and atomic force microscopy (AFM). A clay concentration
of 40 mg/ml was employed for TEM analysis. Films were spin cast on vinyl
cyclohexene substrates with a spin rate of 3000 rpm for 30 s. Samples were cut
from the center and outer regions of the film, and a JEOL JEM1200 TEM was
used to obtain cross section images. Fig. 2-3(a), from the center region, shows
random clay platelet orientation and the presence of voids. Fig. 2-3(b), from
the outer region, shows a tendency for the clay platelets to orient parallel to the

surface of the substrate, due to the high shear rate.

(b)

1 200

100

0onm
100nm

1
0 nm — e A 32 701_'

-100nm . y | :
0 1.00 2.00 0 1.00 2.00 o 1.00 2.00

pnm pum um

Fig 2-4. AFM topographical images of polymer films spun cast at 2000 rpm.
(a) PS film without clay, (b) the outer region of a PS (60 mg/ml)/clay (10

mg/ml) film, and (c) the center region of the same PS/clay film.
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AFM experiments were performed on samples with a PS (MW 50K,
Pressure Chemical) concentration of 60 mg/ml, either with no clay or with a
clay concentration of 10 mg/ml, spin cast at 2000 rpm for 30 s. An AFM
Dimension 3000 was employed to scan a 2 um X 2 um  at the center and outer
regions of the films. The image of the center region of the sample with no clay
(Fig. 2-4(a)) displays a smooth surface with a low density of surface asperities.
Surface roughness develops in the sample with clay. In the outer region (Fig.
2-4(b)), individual platelets are clearly visible and well aligned with the film
surface. In the central region (Fig.2- 4(c)), more steeply sloped surface
asperities are observed. The rms height variations for the scan lines shown in
Fig's 4(a), 4(b), and 4(c) are 0.53 nm, 12.6 nm, and 25.7 nm respectively.
AFM was also employed to image individual platelets adhered to a silicon
surface, prepared by a Langmuir-Blodgett technique. The average extent of
the platelets was measured to be ~450 nm, consistent with the TEM results, as
well as with Fig. 2-4(b). X-ray diffraction results of Lim and Park’ show that
the platelet thickness is about 3.5 nm.

2.3 Model

The dashed and solid lines in Fig. 2-2 are the result of model calculations. A
mass transfer model” describes the time dependent film thickness during
spinning as:

oh pw’ O(r’h’) s

—= ——~-§ @.1)
ot 3rp or
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Where h is film thickness and is a function of radius r, t is time, p is the
density of the solution, @ is spin rate, r is viscosity, and € is evaporation

rate. In this model, the mean square shear rate is given by

h .y
_[ 74z swh, 607 r?
: = (—+— 2.2

. ( , ) ( s 3) (2:2)

<y’ >=

In order to apply Eq.(2.1), we must first determine the concentration
dependence of viscosity and evaporation rate, as well as the shear rate
dependence of the viscosity. The values of viscosity and evaporation rate both
change by orders of magnitude during the spinning process. A TA ARES
rheometer was employed to measure the static shear dependent viscosity of
PS/clay/toluene solutions at room temperature in the cone plate geometry. The
cone and plate were stainless steel, with a cone diameter of 50 mm and cone
angle of 2°. The shear dependent viscosities were found to be well described

by the Carreau Equation™:
n-n,=0,-n)1+2°7")" (2.3)

n,. is the viscosity when shear rate is infinite, 7, is the zero shear viscosity, A

is the relaxation time (the inverse of the shear thinning rate), and N is the
negative of the slope of the shear thinning curve. These parameters depend on
the polymer and clay concentrations. Evaporation rates in still air were
determined by weight loss measurements for various polymer/clay
concentrations. At high spin rates, the evaporation rate is known to increase in

proportion to the square root of the spin rate’”".

By monitoring the weight
loss of toluene in a spinning Petri dish, the transition to a square root

dependence was observed to occur at ~100 rpm. The evaporation rate data
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were well fit by assuming that the evaporation rate is proportional to the

surface area of remnant toluene.

The mass transfer model was implemented by dividing the spin coating
process into three stages: a brief initial spinning stage where evaporation is
negligible, an intermediate stage that terminates when spinning is halted, and a
final drying phase. In the short ~1 s initial stage, during which the film
thickness may decrease by orders of magnitude as solution washes off the
surface, it is reasonable to assume that the density, viscosity, and evaporation
rate remain constant.” Eq.(2.1) then has a simple analytic solution. In the
second stage, the incremental change of thickness in Eq.(2.1) due to
evaporation and flow is calculated at time intervals of 1 ms, and radial
intervals of 50 um. After each time step, the local concentration and shear rate
are recalculated, allowing updated values of viscosity and evaporation rate to
be used for the next iteration. In the final drying stage, the calculation
continues at zero spin rate until the film reaches its final thickness. The model
is two-dimensional, and of necessity ignores possible variations of platelet
density with depth, but the TEM images suggest a relatively uniform
distribution. The results of the model calculations (Fig. 2-2) adequately
describe the effect of concentration and spin rate in the outer region of the
samples, but predict a very small dependence on radius. Britten and Thomas®
employed a similar model, also predicting a weak dependence on radius

despite the highly non-Newtonian nature of their colloidal system.

In order to model the effect of platelet orientation, we develop an estimate

for the orientation order parameter

S =<(3COS*6-1)/2> (2.4)
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at all locations on the sample, where & is the deviation angle of the particle
with respect to the flow direction. When all particles are aligned in the
direction of flow, the parameter S is equal to 1, while for purely random
orientation, S is equal to 0. Forster et al.'® have shown that, for an

experimental system of cylindrical micelles, the viscosity is given by:

n=ne" 2.5)

The parameter, a, has a value of ~13.8 over a wide range of micelle

Mo
o

concentrations. Inserting into Eq.(2.3) with the approximation ~0, we

obtain:

.2
S = Nina+1%2) =N + I 2.6)
a a

Ve

.2 . .
Here, y,°1s the maximum mean square shear rate encountered in the

numerical simulation at a given location, and A is derived from the fit of
Eq.(2.3) to viscosity data. We obtain an estimate of film thickness by
assuming, first, that the mass transfer model correctly describes the film
thickness up to the point in time where shear flow becomes negligible, and
second, that during subsequent evaporation, the clay/polymer domains cannot
reorient. As polymer chains attach to both platelet surfaces and move with it,
comprising a clay/polymer domain, the thickness of a domain, h,, is on the

order of the radius of gyration, ~20nm. Randomly oriented domains extend

1
over a vertical distance, h,, on the order of (450x450xh,)* or 160 nm. For
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partial orientation, we employ a simple empirical formula to estimate the

average vertical extent hg of a domain in the film:

hs =h, xS+h x(1-5) @.7)

The number of domains stacked vertically, n, is easily found from the final

calculated clay volume, so the net contribution to the film thickness is nhg . If
the film thickness in the numerical simulation is observed to drop below nhg ,
the thickness at the conclusion of the simulation is reported as nhg . The

clay/polymer domain orientations are fixed at this stage, so that additional
solvent evaporation results in the presence of voids within the film. The solid
lines in Fig. 2-2 show the prediction of the model with the effect of platelet

orientation included, and provide a much better fit to experiment.

2.4 Conclusion

We have shown in the PS/Cloisite/toluene system that the orientation of
high aspect ratio filler particles has a strong effect on spin cast film
thickness, surface roughness, and void formation. The radial dependence of
the film thickness as a function of the spinning parameters can be modeled
accurately by accounting for orientation effects, and the shear rate required

to suppress void formation can be predicted.
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Chapter 3

STRUCTURE AND THICKNESS MODELING FOR SPUN CAST
POLYSTYRENE/CLAY NANOCOMPOSITE FILM

3.1 Introduction

Spin coating is widely employed to create thin films because it is
inexpensive and can be applied to large areas. This technology is used in the
manufacture of integrated circuits, magnetic storage disks, and optical

devices, and in recent years has been applied to fabricate field effect

89,101 102,103 104,105

transistors , solar cells, and light-emitting diodes as well.
Hybrid films, such as polymer/silica composites, have the potential to
improve device performance.'® Such films can be prepared by spin-casting a
solution of polymer and composite onto a substrate such as silicon wafer or
glass surface. In the spin-casting process, film thickness depends on a
competition between viscous spreading of the film and solvent evaporation
during the spinning process. Emsli, Bonner and Peck'”’ first described the
flow of a viscous liquid on a rotating disk. Since then, a number of
theoretical models have been developed to calculate the thickness of spin

92,93,95,108-115
cast films.””"">

These models are not easily applied to nanocomposite
systems. Introduction of particles into the polymer solution produces a
shear-dependent viscosity, and anisotropic composite particles may orient
during the process of spinning and thus modify the film structure. In this

paper we examine the structure of spin-cast films of polystyrene (PS)/clay
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(Cloisite 6A) dissolved in toluene. We observe that the orientation of

exfoliated clay platelets has a profound effect on film thickness.

The introduction of clay into the polymer matrix can improve

L6 and  gas permeability.''"® When clay is

mechanical properties
introduced into a polymer solution, it can exfoliate into a large number of
platelets. All polymer chains in the resulting spin-cast film are then close
enough to a clay surface to be affected by local interactions. Under shear,
polymer/platelet domains orient to produce a shear thinning effect. During
spinning, shear rate increases with radius, so viscosity varies with radius.

We show that a model for spin-cast film thickness must account for the

effects of platelet orientation.

During spinning, the centrifugal force is balanced by the viscoelastic
force when the solution is in dynamic equilibrium. The flow along the
tangential direction becomes negligible at short spin times, so that mass
transfer is mainly due to radial flow and evaporation of solvent. As in prior
models, we employ this approximation. We measure the shear dependent
viscosity and evaporation rate as a function of clay and solvent
concentration, and find that these data are well fit by standard models. Thus
we are able to use a numerical simulation to predict the radial dependence of
film thickness. Comparing the calculated result with experimental data, we
find that the film thickness near the axis of rotation is grossly
underestimated, indicating that the radial dependence can not be fully
explained by the mass transfer model. We believe that the orientation of
PS/clay domains is the main reason for the observed discrepancy. This
hypothesis is supported by TEM cross-sections of spin-cast PS/clay

nanocomposite films. We therefore incorporate a simple orientation model
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into the mass transfer model. The calculated results of this new model

provide a good fit to the experimental data.

3.2 Experiment

3.2.1 Thickness of spin cast PS/clay/toluene films

Polystyrene (Mw 280K, Aldrich), Cloisite 6A (Southern Clay) and
toluene (99.5%, Aldrich) were mixed together. The PS concentration was
initially held fixed at 60mg/ml, while the clay concentration varied as
Omg/ml, 10mg/ml, 20mg/ml, 30mg/ml and 40mg/ml. (In the latter sample,
for example, the solution would consist of 60 mg PS, 40 mg clay, and 1 ml
toluene.) The solutions were treated with ultrasound for periods of at least
one hour to help the clay exfoliate. A Headway spinner was used to spin cast

the nanocomposite film onto fresh hydrophobic silicon wafers with size

about 30mm X 30mm.

When the films were dry, for those films with clay, we could clearly see
a rainbow colored set of concentric rings on the surface. The center of the
rings locates the spinning axis. As the films with clay were strongly
scattering, the ellipsometer could not measure the thickness correctly.
Instead, a Dektak IIA surface profilometer was applied to measure film
thickness at different locations on the wafer. A line was scribed with a razor

blade through the center of rotation. Thickness was measured at 1 mm
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intervals. In pure PS films, the surface profilometer and ellipsometer

measurements were in good agreement.

For a spin rate of 2000 rpm and a spin time of 60 s, the measured film
thicknesses are shown in Fig. 3-1 as discrete symbols. The film thickness
increases as the clay concentration increases, and shows a strong radial

dependence when the clay concentration is high.
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Fig. 3-1. The effect of clay concentration on the thickness distribution for
PS/clay/toluene spin cast films, PS concentration is 60mg/ml and clay
concentrations vary as indicated. The spin rate was 2000 rpm, spin time was

60 s, and the treated silicon wafers were hydrophobic.

To examine the effect of spin rate, we set the clay concentration at 40
mg/ml, set the spin time at 30 s, and spin rate at 1000 rpm, 2000 rpm, 3000
rpm, and 4000rpm. From Fig. 3-2, it can be observed that film thickness
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decreases as spin rate increases. The radial dependence for film thickness is
still strong in all cases, and the slope of the films is enhanced at higher spin

rates.

14+ -
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Fig. 3-2. The effect of spin rate on the thickness distribution for
PS/clay/toluene spun cast films on as received silicon wafers for a PS
concentration of 60 mg/ml and clay concentration of 40mg/ml . The spin time

is 30 s, spin rates vary as indicated.

3.2.2 TEM cross sections

A clay concentration of 40 mg/ml was employed for TEM analysis. Several
films were spin cast on vinyl cyclohexene substrates with spin rate at 3000
rpm and spin time at 30 s. Two samples were cut from the center of the films

along the radial direction and tangential directions, respectively. Another two
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samples were cut from the periphery of the films, again along the radial and
tangential directions. A JEOL JEM1200 TEM was used to obtain images of

these samples, as shown in Fig. 3-3. Images 3a and 3b from the central

region show random clay platelet orientation. On the other hand, images 3¢

FIG. 3-3. Cross Section TEM pictures for PS/clay spin cast films on vinyl

cyclohexene substrates with a PS concentration of 60 mg/ml, clay
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concentration of 40 mg/ml, spin rate of 3000 rpm, and spin time of 30 s. (a)
Cross-section cut from the center region along a radial direction. (b) Cross-
section cut from the center region along a tangential direction. (c) Cross-
section cut from the outer region along a radial direction. (d) Cross-section

cut from the outer region along a tangential direction.

and 3d from the outer region of the films show a tendency for the clay
platelets to orient parallel to the surface of the substrate, presumably due to

the high shear rate.

3.2.3 Atomic Force Micrographs (AFM) of a Langmuir-Blodgett Cloisite 6A
film

A solution of Cloisite 6A (Southern Clay) in toluene (99.5%, Aldrich) was
prepared with concentration 1mg/ml, and then treated by ultrasound for one

hour to induce exfoliation. An as-received silicon wafer with size about 3 cm

X 3 cm was chemically treated so as to be hydrophilic. The silicon wafer was

fastened to the dipper of a KSV 5000 LB trough and then the dipper
descended so that 90% of the silicon wafer was immersed in deionized water.
50 pl of the aforementioned Cloisite toluene solution was then dispersed at
the air-water interface. After toluene had evaporated and surface tension was
smaller than 0.2mN/m, the barrier was translated at a speed of 5 mm/minute
to compress the surface film. When the surface tension reached 7.8 mN/m,
the barrier motion ceased. The silicon wafer then moved upward at a speed
of 2 mm/minute. The resulting Cloisite 6A Langmuir-Blodgett film was then

scanned with an AFM Dimension 3000. Despite significant aggregation of
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particles, some platelets are visible in the AFM micrograph of Fig. 3-4. The
average extent of those platelets is about 450 nm, consistent with the TEM
micrographs (Fig. 3-3). Lim’s x-ray diffraction experiments’® showed that

the platelet thickness is about 3.5 nm.

0 2.00um

FIG. 3-4. AFM micrograph of a Cloisite 6A Langmuir-Blodgett(LB) film
deposited on a silicon substrate. The line indicates a platelet dimension of 473

nm.

3.2.4 Viscosity

Viscosity is a function of the polymer concentration C, clay concentration

C., shear rate, molecular weight and temperature. In the present experiments,
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molecular weight and temperature were held constant. Our nanocomposite
solutions are non-Newtonian, and the well accepted Carreau Model™ is

chosen to describe the viscosity dependence on shear rate:

n=n,=0,-n)1+A7)" 3.1)

n,, is the viscosity when shear rate is infinite, 7, is the zero shear viscosity,

A is the relaxation time (the inverse of the shear thinning rate), and N is the

negative of the slope of the shear thinning curve. All four parameters depend
on Cp and Ce.
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Fig. 3-5. Viscosity of PS/toluene solutions as a function of shear rate, were
measured by a TA ARES rheometer in the cone plate geometry. The numbers
represent the PS concentration of each sample in units of mg/ml. The solid

lines indicate the magnitudes predicted by Eq. (2).
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A TA ARES rheometer was applied to measure the static viscosity of
PS/toluene solutions at room temperature in the cone plate geometry. The cone
and plate were stainless steel, with a cone diameter of 50 mm and cone angle
of 2°. The plate diameter was 54 mm, 4 mm larger than the cone diameter to
reduce edge effects. The plate had a lip at the perimeter to prevent material
loss.  Successive measurements confirmed that evaporation during the
measurement had a negligible effect. A commercial viscosity standard was

employed for calibration.
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Fig. 3-6. Viscosity of PS/clay/toluene solutions as a function of shear rate.
The PS concentration is 60 mg/ml, while the clay concentration varies as

indicated. The solid lines are plots of Eq. (3.1).
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The experimental data are shown in Fig 3-5. Negligible shear thinning is
observed at low PS concentration. As shown in the figure, the viscosity is well

fit by the function:

-Cp, /226.6
In(y )s) =3.322-6.067e (3.2)

viscosity (Pa-s)
s 3

-
o
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Fig. 3-7. Viscosity of PS/clay/toluene solution for PS/clay concentration ratios
of 3/2. The numbers represent the PS concentration/ clay concentration of the

sample in units of mg/ml. The solid lines are plots of Eq. (3.1).

PS/clay solutions were ultrasonicated for several hours. After all the clay
and PS had dissolved and the solution appeared homogeneous, the viscosity

was examined as before. Fig. 3-6 shows data for fixed PS concentration (60
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mg/ml), while Figure 3-7 displays data for a fixed ratio Cp/Cc of 3/2. The
solid lines in both figures indicate that the data is well fit by the Carreau
model, Eq. (3.1). The four parameters in the equation are observed to vary
smoothly with concentration, and are described by simple empirical functions
in the simulations below.

3.2.5 Evaporation rate

97’98, and the concentrations of

Evaporation rate is a function of spin rate
polymer and clay. During spinning, the evaporation rate {€}, with units of

m/s, is popularly described by:
=K Jo (3.3)

K, is a scaling constant determined by experiment. It implicitly includes
such effects as the solvent’s vapor pressure over the solution, diffusion rate
in air, and parameters that control the vapor boundary layer thickness. For
the purpose of numerical simulations, we will require a formula for the
evaporation rate as a function of polymer and clay concentrations. While an

empirical formula could prove adequate, we show here that a simplistic

physical model provides a good description of measured evaporation rates.

We assume that the evaporation rate is proportional to the surface area of
free solvent, and when the evaporation ceases, the concentration of the
polymer is Ct (in mg/ml) and the volume of trapped solvent is Vs If we let V

represent the total solvent volume in the solution, then:
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Here, o is a dimensionless parameter that accounts for the high aspect ratio
of the clay platelets. If the platelets were cubic in shape, & would have a
value of 1, but because they tend to be aligned with the solution surface,
evaporation is greatly reduced. A value of o = 50 is employed to fit the

observed data below.

According to Eq. (3.3), we know that the square of the evaporation rate is
proportional to the spin rate. A series of experiments were first carried out to test
this relationship for pure toluene. During the measurement, toluene was placed in
a glass dish with a diameter of 5.76 cm and height of 1.0 cm. We first measured
the evaporation rate when the dish was stationary in an open fume hood with
face velocity 100 ft/m. We then employed a mass balance to measure the
evaporation rate at different spin rates in five minute cycles. During each cycle,
the dish was spun for 100 s at a selected spin rate, and spent another 200 s
without spinning prior to measurement of the mass of the dish. As the stationary

evaporation rate had already been determined, it was thus possible to determine
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Fig. 3-8. The normalized evaporation rate, y, determined by mass loss

12

measurement, is plotted as a function of (spin rate/100 rpm) "~ , x. The linear

fitis givenbyy = 1.12 x - 0.17.

the evaporation rate during spinning. In these experiments, the evaporation did
not change significantly until the spin rate increased above 100 rpm. When the

spin rate is smaller than 100 rpm, the evaporation rate is assumed to be €. Fig.

3-8 shows that Eq. (3.3) provides a good description of the toluene evaporation

rate at spin rates above 100 rpm.
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Fig. 3-9. Evaporation rate ratio vs PS concentration, as determined by mass

loss measurements, PS/clay concentration ratios vary as indicated.

The concentration dependence of Eq. (3.4) was also examined
experimentally. PS (Mw 280K, Aldrich), Cloisite 6A, toluene dilute solutions
were used with clay/ PS concentration ratios set at 0/3, 1/3 and 2/3. As before,
the solutions were treated with ultrasound to induce exfoliation. Evaporation
rates were determined by mass loss measurements as just described, and the
experimental results are shown in Fig. 3-9. The data are well described by Eq.

(3.4).

3.3 Model
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3.3.1 Mass transfer model

We divide the spin coating process into three stages: a brief initial
spinning stage where evaporation is negligible, an intermediate stage that
terminates when spinning is halted, and a final drying phase where
evaporation may continue to significantly reduce the film thickness. The
time dependent film thickness during spinning has been described as:

oh _ po® o(r’h*)

—= 3 3.5
ot 3rp  or (3-5)

where h is film thickness and is a function or radius r, t is time, p is the
density of the solution, ® is spin rate, n is viscosity, and € is evaporation
rate. During the short (~1 s) initial phase, it is reasonable to assume that the
density, viscosity, and evaporation rate remain constant, and that the
evaporation rate term is small. In this case, a film of uniform thickness

remains flat as a function of time. Eq. (3.5) simplifies to:

oh  2pa’h’
E:_T_e (3.6)

It is numerically very inefficient to use Eq. (3.5), when Eq. (3.6) can in fact
be solved analytically given the initial simplified conditions. We define X as
the ratio between the thickness change due to flow and that due to

evaporation rate,
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‘= 2p0°h’ /3
€

(3.7)

We then define a critical ratio X, at which the transition from the initial (Eq.
(3.6)) to the intermediate stage (Eq. (3.5)) occurs. We define h as the film

thickness when the ratio X= x_ in Eq. (3.7).
For a negligible evaporation rate, Eq. (3.6) can be solved analytically:

21 2
h= ho(l+wt)‘”2 (3.8)

where h, is the initial thickness of the film. We can easily determine the time

for the initial stage corresponding to thickness . This time is typically about

1 s, much less than the experimental spin times employed. Use of this
analytical formula reduces computational times by an order of magnitude. The
choice of X does not strongly affect the observed relative variations of
thickness with concentration, spin rate, or radius, but it does affect the

magnitude of the thickness somewhat. In the simulations below, we chose X,

= 2 to best match the magnitude of the observed thicknesses.

In the intermediate stage, the viscosity, density, and evaporation rate of Eq.
(5) become a function of the time dependent concentration. The change of
concentration depends on evaporation and on the radial flow of solution if the
concentration is different between neighboring points. When the polymer
concentration is small, the evaporation rate is almost constant and thus the

concentration at different positions is almost the same. When the PS
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concentration becomes high, radial flow is greatly reduced, so that the change
of concentration is dominated by evaporation, i.e., the concentration gradient
and radial mass flow are together sufficiently small so that only evaporation
need be accounted for in computing the local concentration. The validity of

this approximation is confirmed by multiple simulations, as shown below.

For a nanocomposite solution, we again define the concentration of

polymer as C, (mg/ml), and the concentration of clay as C., and employ
standard values for the density of solvent pg, density of polymer p, and
density of composite p. . After a time increment At, the new concentrations of

polymer C, and nanocomposite C,’ are:

_ Cp
P_ ~
188, Ce  Cey
h P Pc (3.9)
C. = Ce |
C_1—%(1+&+C—C)
h Pr Pc

Although the change of solution density is small and could be neglected, it is
also straightforward to compute (assuming no volume change upon mixing)

as:

_ps+C,+C

Pt (3.10)
1+—P2 4+

Py P

Yonkoski and.Soane” have shown that the shear rate 7 generated during spin

coating should be:
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. oV, V, ov, ov,
7= A () (D) T (L
or r 0z 0z

oV
arz ) (3.11)

where the flow velocity has components in the radial and z directions of

2 2
PO h 7%, v =—%(hzz —%23) (3.12)

V. =

z

Inserting Eq. (3.12) into Eq. (3.11) yields a simple formula for the mean

square shear rate

h;}Zdz 2 2 2
! _pohp o T (3.13)

-2
<7 h n 5 3
Thus, at each time interval, we can calculate the rms shear rate and
concentrations. The shear rate is required in order to employ the measured
viscosities of the previous section. The use of an rms shear rate is avoids the

need for an intensive 3-D numerical simulation.

Eq. (3.5) can be written in the form of a difference equation as:

pw’ r*h(r)’ —(r—Ar)>h(r — Ar)’
[ (
n rAr

Ah=—

)+ 6]At (3.14)

Inserting the functions for viscosity and evaporation rate introduced in the
experimental section, we can use numerical simulations to monitor the

change in film thickness in the intermediate spinning stage.

After the spinner stops, the flow of the solution freezes. The remnant
toluene in the film will continue to evaporate in still air, so that Eq. (3.5)

becomes:
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2—? =-§, (3.15)
With this equation, it appears easy to simulate how the film thickness
changes during the stage of film drying. However, the mathematical
calculation is based on the assumption that the solution is incompressible.
During this stage, the forces of gravity and adhesion may not be strong
enough to compress the film. The free space left inside the film when the

solvent evaporates is not accounted for in Eq. (3.15). Thus we can only

approximately simulate the change of thickness during the film drying stage.

3.3.2 Amendment of the mass transfer model to include an orientation effect

In the present mass transfer model, as in previous models, the effect of
shear thinning on the radial variation of film thickness is relatively small, as
has been observed experimentally in a colloid system.” The large radial
dependence of film thickness observed in the present study requires that the
mass transfer model be amended to include the effect of platelet orientation.
We connect the local platelet orientation to the calculated local shear rate,
and maintain the simplicity and speed of the numerical simulation by
employing a simple empirical equation. Though empirical, the amended
model produces a reasonable fit to the radial dependence of film thickness as

a function of both clay concentration and spin rate.

The degree of orientation can be described by the orientation order

100
parameter

S =<(3C0S?*6-1)/2> (3.16)
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where O is the deviation angle of the particle with respect to the flow
direction. When all particles are aligned in the direction of flow, the
parameter S is equal to 1, while for purely random orientation, S is equal to
0. Forster and his colleagues'” have shown that, for an experimental system

of cylindrical micelles, the viscosity is given by:

n= noeias (317)

The parameter, a, has a value of ~13.8 over a wide range of micelle
concentrations, and approaches 30 only at very high concentrations. In the

Carreau Model, the zero shear viscosity 7, is generally much larger than the

infinite shear viscosity 77, , so that we can make the approximation Te 0 ,

o

and Eq. (3.1) can be simplified to:

n _ 2.:2\-N

—=1+Ay") (3.18)

o
From equations (3.17) and (3.18), we derive:

.2
S =%1n(1+/1272)=%1n(1+742) (3.19)

Ve

Here N is the slope of shear thinning curve, ;'/m is the maximum shear rate
during the entire spinning process, and ;}C is the shear thinning rate

determined by experiment. Thus we are assuming that we can estimate the
orientation order parameter from the experimental results for viscosity vs.

shear rate.
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The film, if free of voids, is composed of clay/polymer domains and free
polymer. When Cloisite 6A exfoliates into the solvent, platelets with typical
size 450 nm x 450 nm x 3.5 nm are produced. Polymer chains attach to both
platelet surfaces and move with it, thus comprising a clay/polymer domain.
The thickness of the domain, h,, is on the order of the radius of gyration, and is
approximated as 20 nm below. Randomly oriented domains extend over a

3 6r 160 nm.

vertical distance, h;, on the order of (450 nm x 450 nm x hy)
For partial orientation, we employ a simple empirical formula to estimate the

average vertical extent of a domain in the film:
hg =h, xS +h x(1-5) (3.20)

To estimate the number of domains stacked vertically, n, we first find the
volume of clay contained in a film volume of dimensions 450 nm x 450 nm
x he, where 450 nm is the mean platelet length and h¢ is the film thickness
calculated in the mass transfer model when shear flow ceases. (Shear flow is
defined to cease when spinning terminates, or when the first term in Eq. (3.5)
drops below 107 nm/s.) The parameter n is obtained by dividing this volume
of clay by the volume of one clay platelet — 450 nm x 450 nm x 3.5 nm. In
that region of the film, the “intrinsic” contribution to the film thickness, h;,

due to clay/polymer domains is defined to be hj=n hs.

During the process of simulation, we not only keep track of the
concentrations at each location, but also of the maximum local shear rate.
The maximum local shear rate determines the orientation parameter, S, in Eq.
(3.19), and hence the intrinsic film thickness h;. When shear flow ceases, the
mass of clay and polymer at a given location is fixed, but solvent continues

to evaporate. If the film thickness in the numerical simulation is observed to
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drop below h;, the thickness at the conclusion of the simulation is reported as
hi. In so doing, it is assumed that the clay/polymer domain orientations are
fixed when shear flow freeze, and that additional solvent evaporation results

in the presence of voids within the film.

3.4 Simulation Results and Discussion

The model was implemented in C++. The simulation results for the effect of
clay concentration are shown in Fig 3-1; while those for the effect of spin
rate are shown in Fig. 3-2. The solid lines in Figures 3-1 and 3-2 show the
prediction of the model including the effect of platelet orientation, and
provide a good fit to experiment. To compare the two models, normalized
film thickness for spun cast PS /clay nanocomposite films were plotted in
Fig. 3-10. The concentration of PS is 60mg/ml, clay concentrations vary as 0,
10, 20, 30, and 40 mg/ml. The spin rate is 2000rpm, spin time is 30 s, and the
film was spun cast on as received silicon wafer. Experimental data appears in
Fig. 3-10(a). The curves in Fig. 3-10(b) represent the normalized model
predictions including the orientation effect. The calculated points in Fig. 3-

10(c) correspond to the model prediction without the orientation effect, and

the inset reveals that these curves are not flat, but drop off by a few percent

with distance from the rotation axis.
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Fig. 3-10. Normalized film thickness vs. radius for spun cast PS/clay/toluene
films on as received silicon wafer. PS concentration is 60 mg/ml, clay
concentration is 40mg/ml, spin rate is 2000 rpm, spin time is 30s. (a)
Measured data. (b) Model predictions including the effect of platelet
orientation. (¢) Model predictions without including the effect of orientation,

and with a magnified view in the inset.
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Britten and Thomas” examined colloidal suspensions of both spherical
silica particles and elongated alumina particles. They observed no obvious
film thickness variation for the silica sample, but a several percent variation
for 300nm x 300nm x 50nm alumina particles. They employed a model similar
to our mass transfer model to simulate their results, with an outcome similar to
the results of Figure 3-10(c), but they did not account for the deviation
between simulated and experimental results when the radius was small. The 50
nm thickness of their alumina particles is much larger than the thickness of
Cloisite 6A platelets (3.5 nm), while the length of both particles were
comparable. Therefore the orientation effect in their sample should be smaller,
and indeed is only a few percent as compared to thickness variations of over

70% observed in our data.
3.5 Conclusion

The addition of Cloisite 6A clay particles to a PS/toluene solution increases
the thickness of the resultant spin cast film. Films with clay show a strong
radial dependence in film thickness, especially when the radius is small; the
radial dependence is enhanced as clay concentration increases. The solutions
with clay are highly non-Newtonian, i.e., they exhibit significant shear
thinning. A computationally efficient mass transfer model was employed to
calculate the film thickness, incorporating the effects of shear thinning. The
model requires as input the shear dependent solution viscosity as a function
of both polymer and clay concentration. The viscosity data for a wide range
of concentrations were found to be well described by the Carreau model.
Data for evaporation rate as a function of polymer and clay concentrations

were also required, and were found to be well fit by a simple model equation.
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At distances of several millimeters from the rotation axis, the mass
transfer model performed well in describing both the magnitude of the film
thickness and its variation with clay concentration and spin rate. In accord
with previous studies, however, shear thinning produced a relatively small
variation of film thickness in the mass transfer model. TEM cross sections
reveal that the clay particles exfoliate efficiently in the film, and that the
resulting clay platelets are randomly oriented near the center of rotation, but
tend to align parallel to the wafer surface at larger distances from the center,
due to strong shear. AFM and TEM both reveal that the platelets have a
diameter on the order of 450 nm, a significant fraction of the film thickness.
These results suggested that the mass transfer model should be amended to
incorporate the effects of platelet orientation. The revised model correlates
the degree of orientation with the maximum shear rate observed at a given
location. The model furthermore assumes that the randomly oriented
platelet/ polymer domains cannot collapse as the film dries. As a result,
solvent evaporation should lead to the creation of voids in the film. The
amended model does a much better job of describing the radial dependence

of film thickness as a function of clay concentration and spin rate.
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Chapter 4

EFFECT OF TEMPERATURE ON SHEAR INDUCED ANISOTROPIC
STRUCTURE IN POLYMER CLAY HYDROGELS?

4.1 Introduction

Layered silicate based nanocomposite materials have attracted much recent
interest, as they present a cost effective approach to improve the mechanical
properties, flame retardance, and thermal stability of polymer systems."'?
The enhanced material properties not only depend on the dispersion of the
filler, but also depend on the orientation of the high aspect ratio nanoparticles.
Laponite RD, a synthetic clay, can disperse in water as disk—shaped particles,
30 nm in diameter and 1 nm in thickness. Each platelet displays more negative
charge on its face, and less negative charge at the edge. The electrostatic
interaction between platelets may lead to a house of cards structure described
by van Olphan."*! Clay platelets will orient under shear, and butterfly type
patterning has been shown in light scattering experiments for colloids.'*'

Upon introduction of polymer to the clay aqueous solution, polymer chains
will interact with the clay platelets and may be adsorbed to the surface of clay
platelets. With contrast variation SANS measurement, Nelson and Cosgrove
showed that the addition of PEO to a Laponite aqueous solution will cause the
clay platelets to be enveloped by PEO, leading to a thickness change on each

face of about 1.5 nm and a radius change in the range of 1.5 nm to 4.5 nm.'*

2 This cllllglpter has been published at Macromolecular Rapid Communications 27, 1787
(2006)
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Under shear, the clay platelets may orient and thus stretch the polymer chains
bridging the platelets; therefore an anisotropic shear induced structure can be
expected. Schmidt and coworkers have observed the development of
anisotropic neutron scattering and light scattering patterns for the
PEO/Laponite aqueous solution under shear. ''** Shibayama et al. have
observed that clay platelets are strongly tethered by Poly(N-
isopropylacrylamide) (PNIPA) chains.'” A butterfly SANS pattern develops
when the sample is stretched. All these experiment have been performed at

room temperature; the effect of temperature has not yet been revealed.

When temperature increases, the rotational Brownian motion of clay

126
and

platelets acts in opposition to shear induced platelet orientation. Perrin
Jerrard'”” showed that the rotational diffusion constant for platelet-like
particles increases in proportion to temperature. At the same time, stretched
polymer chains that bridge adjacent platelets will relax faster at higher
temperature, again acting in opposition to shear induced anisotropy. In this
regard, Doi and Edward'®® derived that the rotational relaxation time of
polymer is inversely proportional to temperature. Temperature also affects
PEO stability in aqueous solvent.'”"*! The attractive force between the PEO-
covered surfaces in water has been predicted to be related to the temperature-

dependent solubility of PEO in water.'*’

As temperature increases, hydrogen
bonds are more easily broken, decreasing the solvency of PEO in water, and
consequently decreasing the layer thickness adsorbed to the particle.”” At the
same time, a higher temperature enhances the bridging interaction of polymer
chains on adjacent particles,131 which could aid the development of anisotropy.
To elucidate the competing effects of stabilization, Brownian rotational
motion, and relaxation, we examine here the evolution of shear induced

structure in PEO LRD hydrogels at different temperatures.
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4.2 Experiment

Samples were composed of 3.0 wt. % Laponite RD (LRD) (Southern
Clay), Deuterium Oxide (D,O) (99.7%, Cambridge), and 1.5 wt. %
Poly(ethylene oxide) (PEO) (Aldrich) with Mw = 900,000 . LRD was added to
D,O and the solution was ultrasonicated for several hours and left still for
about ten hours to assist the exfoliation of LRD. After the solution became
transparent, PEO was added and the solution was magnetically stirred. It took

about two weeks for the system to became homogeneous.

SANS experiments were performed at the NG3 and NG7 SANS
instruments of the Center for Neutron Research, National Institute of
Standards and Technology. The Boulder shear cell used in the dynamic SANS
experiments has a Couette geometry with i.d. of 60.952 mm. The gap is 0.45
mm, giving a total path length of 0.90 mm through the sample. The incident
neutron beam is parallel to the shear gradient. The incident wavelength, A, was
6 A and the scattering wave vector, q, covered range for the dynamic SANS
experiments was 0.0029 A to 0.0437 A™. The temperature of the sample was
set at 2°C, 25°C and 50°C. At each temperature, the shear rate was increased
from 0 s™ to 1000 s in 14 steps. Then the shear cell sat at rest to monitor the
relaxation of the system. When the temperature was changed, a new sample
was employed in order to avoid remnant shear effects. Static SANS was
performed in the low q range (0.0021 A "' to 0.0418 A ™) at temperatures of 10
°C, 20°C, 30°C, and 40°C.
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Fig. 4-1. Two dimensional SANS scattering patterns at three temperatures,

with shear rates (s'). The patterns at the far right were obtained immediately

after the application of highest shear, with the Couette cell at rest.

4.3. Results and Analysis

2D scattering patterns of dynamic SANS measurements at different
temperatures and shear rates are shown in Fig 4-1. At 2 °C, anisotropy is
apparent in the 2D image when the shear rate is 50 s, while a similar pattern
appears at 100 s™ at 25°C, and at 200 s when the temperature is 50°C. After
the shear rate reached 1000 s, the shear cell was stopped in order to monitor
relaxation of the anisotropy. A scattering pattern was obtained at rest, as

shown at the far right of the figure, within two minutes of cessation of motion.
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At 2°C and 25°C, some anisotropy remains, while at 50 °C, the sample has

become isotropic.

To elucidate the influence of temperature to anisotropy, we calculate the
anisotropy |(Iy-Ix)/(Iy+Ix)| for different q at each shear rate. Ix and ly
corresponds to the SANS intensity from sectors around 0° (parallel to the
flow) and 90° (perpendicular to the flow) in a range of 10°, respectively. At 2
°C, the anisotropy as a function of q and shear rate is shown in Fig. 4-2 (a).
The figure indicates that the change of the anisotropy is mainly dominated by
the shear rate. Therefore the average anisotropies were calculated by
integrating over the whole q range for each shear rate. As shown in Fig. 4-2
(b), anisotropy is more sensitive to shear rate as the temperature decreases. As
noted previously, the anisotropic structure is generated by both the orientation
of clay platelets and the stretch of polymer chains. At lower temperature, a
smaller threshold shear rate is required to orient the clay platelets and stretch

the polymer chains that bridge the clay platelets.

According to Hammouda et al., there exist two correlation lengths in the
PEO/water system."*> We also observed a drop off in the low q region of the
SANS intensity curves. The curves can be well fit by the two correlation

length Debye-Anderson-Brumberger (DAB) model:'*
I=A/U+0°R%)’ + A, exp(-q"R,’ /4) (.1)

where A; and A; are fitting parameters that depend on incident bean intensity
and sample contrast, Ry represents a short range correlation length, and R;
represents the correlation length for a larger inhomogeneous region. The

correlation function is:

66



y(r)= fexp(-r/R)+(1— f)exp(-r*/R,?) (4.2)

where f'is given by:
f—A/A+() Al (4.3)

Here f indicates the weight of short range correlation in the total correlation, so
that 1-f represents the weight of long range correlation. When f = 1, the two
correlation length DAB model reduces to the one correlation length DAB

model.

100
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I (cm™)

1E3 001 01
A
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Fig. 4-3. Static SANS intensity vs. q at 10°C and 40°C. Solid lines show the
fits obtained by the DAB model for the parameters given in Table 4-1.
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Table 4-1. DAB fitting results for static SANS data

Temperature R, (nm) | R, (hm) 1-f
10°C 4.7 87 0.0025
20°C 4.7 88 0.0022
30 °C 4.3 106 0.0015
40 °C 3.9 117 0.0014

We built a macro in Excel Solver and applied the two correlation length DAB
model to fit the circular average static SANS data at different temperatures.
Two of the fits are shown in Fig. 4-3. We clearly see a drop off near the low q
end, indicating a long range correlation. The parameter values derived from
the fits are shown in Table 4-1. As temperature increases from 10°C to 40°C
at zero shear, the short range correlation length drops from 4.7 nm to 3.9 nm,
but the long range correlation length increases from about 87 nm to 117 nm.
This is opposite to the trend observed in a pure PEO aqueous solution.'”* The
relative weight of the long range correlation, 1 — f, decreases as temperature
increases. It is likely that the short range correlation is associated with a
domain composed of a clay platelet and adhered polymer, while the long range
correlation represents the interaction between different domains. The short
range correlation length of ~ 4 nm matches the thickness of clay platelet and
polymer absorbed to it which has been observed by TEM ', and also agrees
with the thickness shown by Nelson and Cosgrove on a Laponite platelet
wrapped by PEO.'” On the other hand, the observed long range correlation

length of ~100 nm is close to the mesh size in the hydrogel networks shown in
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TEM™, and is similar to the distance between polymer-covered clay rich

domains observed by Small Angle X-ray Scattering (SAXS)."**

The temperature dependence of the correlation lengths is consistent with
the effects of steric repulsion and bridging interaction described by Shay and

131
coworkers. '

When temperature increases, solvency of PEO in water
decreases, and grafted PEO chains shrink toward the particle surface. As the
short range correlation length is associated with the thickness of the PEO/clay
domain, it should therefore decrease at higher temperature. Furthermore,
increased bridging interactions at higher temperature are likely related to the

increase of the long range correlation length.

The influence of shear rate is revealed by applying the two correlation DAB
model to the dynamic SANS data. As shown in Fig. 4-4(a) and 4-4(b), the
short range correlation length is in the range of several nanometers. As shear
rate increases, the short range correlation length tends to increase and the
threshold shear rate is smaller at lower temperature. The increase of length
may indicate shear extension of the polymer adhered to the clay platelets. At
lower temperatures, a smaller energy is needed to deform the domain and

therefore a smaller shear force is required to induce anisotropy.

As shown in Figure 4-4(c) and 4-4(d), the long range correlation length is in
the range of 40 nm to 100 nm. In the x-direction, parallel to the direction of
shear flow, this length drops rapidly from its static value, listed in Table 4-1,
as shear is applied. The drop off with shear is slowest at 50 °C, as expected
due to inhibition of platelet orientation by Brownian rotational motion at high
temperature. In the perpendicular y-direction, only a small reduction in the

long range correlation length is observed as shear is applied, consistent with a
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Fig. 4-4. Application of the DAB model to the dynamic SANS data averaged
over a 10° range in the X (parallel) and Y (perpendicular) directions. a) and
b): Short range correlation lengths parallel and perpendicular to the shear flow

direction; ¢) and d): Corresponding long range correlation lengths; e) and f):
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small rotation of platelets in a direction perpendicular to shear flow. In Fig. 4-
4 (e) and 4-4(f), the relative strength of long range correlation, 1-f, increases as
the shear rate rises. Furthermore, 1-f begins to rise at a lower shear rate when
temperature is lower. The presence of long range order is clearly correlated
with the development of anisotropy, as evidenced by the similarity to the plot

of anisotropy vs. shear rate in Fig. 4-2(b).

4.4 Conclusion

An application of the two correlation length DAB model to static and dynamic
SANS data for the PEO/Laponite hydrogels at various temperatures reveals
significant trends. The short correlation length, associated with polymer
adhered to an individual platelet, decreases with temperature as attached PEO
chains shrink towards the particle surface owing to decreased solubility. At
zero shear, the long correlation length, associated with polymer chains
bridging different clay platelets, increases with temperature while the strength
of long range correlation decreases. The increased long correlation length is
likely related to enhanced bridging interactions. As the shear rate increases, the
short range correlation length increases, and is attributed to extension of
adhered polymer chains. At low shear rate, the long range correlation length
drops quickly with shear in the flow direction, especially at the lower
temperatures, but is less affected in the perpendicular direction. As the shear
rate increases, the long range correlation length in both directions hovers
around 60 nm. However, the relative strength of long range correlation
generally increases with shear rate, and is well correlated with the
development of anisotropy at corresponding temperature, as observed in the

SANS scattering patterns. These patterns also reveal rapid relaxation of
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anisotropy at high temperature. Extension to other concentrations and

molecular weights will be reported in a forthcoming publication.

receive additional instructions in the form of a sample thesis, press Ctrl-A to
select all text. Choose AutoText twice from the Insert menu. Look in Thesis
template, choose Gallery Example and click the Insert button. Choose Print
from the File menu, and press Enter to receive a sample thesis with special
instructions. After printing, re-open the thesis template, and follow the

instructions of the printed sample.
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Chapter 5

SHEAR RESPONSE IN POLYMER CLAY NANOCOMPOSITE
HYDROGELS

5.1 Introduction

Polymeric hydrogels have attracted much attention as functional soft
materials used in applications such as soft contact lens, super absorbent
sanitary napkins and disposable diapers, carriers for protein and nucleic acid in
gel electrophoresis, and support matrices for drug delivery and tissue

replacement.' ¢!

However polymeric hydrogels are weak and fragile because
of the large proportion of water and the randomly cross-linked network
structure. By introducing nanofillers into the system, we can make
nanocomposite hydrogels which can overcome some of the limitations on
mechanical properties of conventional polymeric hydrogels. Nanocomposite
hydrogels show great potential as advanced soft materials in applications such

.. . . . 138
as temperature-sensitive actuators and biocompatible materials.

Laponite RD, synthetic clay, is a popular filler for nanocomposite hydrogels
which has attracted much theoretical and application interest. It can disperse in
water as disk—shaped particles, 25 nm in diameter and 1 nm in thickness. Each
platelet displays more negative charge on its face, and less negative charge at
the edge. The electrostatic interaction between platelets may lead to a house of
cards structure described by van Olphan.'” At low ionic strength, there exists
a liquid-soft solid transition mainly driven by electrostatic repulsive
interaction.'” Harnau and coworkers have developed a reference interaction
site model to describe the structure factor and phase transition of an aqueous

suspension of clay.'* Under shear, clay platelets will orient under shear, and
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butterfly type patterning has been observed in light scattering experiments for

clay gels.'”!

Upon introduction of polymer to the clay aqueous solution, polymer chains
will interact with the clay platelets and may be adsorbed to the surface of clay
platelets. With contrast variation SANS measurement, Nelson and Cosgrove
showed that the addition of PEO to a Laponite aqueous solution will cause the
clay platelets to be enveloped by PEO, leading to a thickness change on each
face of about 1.5 nm and a radius change in the range of 1.5 nm to 4.5 nm.'*
If the polymer molecular weight is big enough, some polymer chains may
bridge different clay platelets and draw them together. Swelson et al.
demonstrated that equilibrium occurs between an entropy-driven drawing
force, arising from partly stretched bridging polymers, and a bonding force to

the clay platelets.'*!

Under shear, the clay platelets may orient and thus stretch
the polymer chains bridging the platelets; therefore an anisotropic shear
induced structure can be expected. Schmidt and coworkers have observed the
development of anisotropic neutron scattering and light scattering patterns for
the PEO/Laponite aqueous solution under shear.''** Shibayama et al. have
observed that clay platelets are strongly tethered by Poly(N-
isopropylacrylamide) (PNIPA) chains and a butterfly SANS pattern develops

when the sample is stretched.'*

We applied SANS to study the shear induced structure of the PEO/Laponite
nanocomposite hydrogels. Then the SANS data was correlated with the
rheology data to interpret the influence of clay and polymer clay concentration
on the properties of the inside network. When we increase the clay
concentration, if all the clay can still exfoliate, the average distance between

two different clay platelets will decrease and thus make it easier for the
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polymer to bridge platelets. With the clay concentration constant, the change
of polymer concentration will lead to a competition between two effects. On
one hand, the increase of polymer concentration will lead to more polymer
chains bridging clay platelets and the stretch of those polymer chains under
shear will make the SANS pattern anisotropic. On the other hand, if the
polymer concentration is too high, each clay platelet will be saturated with
polymer chains, thus a bigger portion of polymer may be free to move and this
will keep the SANS pattern isotropic. Therefore we can predict that there
exists an optimal ratio between clay and polymer concentration for the

anisotropic SANS pattern to appear.

5.2 Experiment

Samples were composed of LRD (Southern Clay), Deuterium Oxide
(D20) (99.7%, Cambridge), and PEO (99.5%, Aldrich) with Mw = 900,000,
with concentrations shown in Table 1. LRD was added to D>O and the
solution was ultrasonicated for several hours and left still for about ten hours
to assist the exfoliation of LRD. After the solution became transparent, PEO
was added and the solution was magnetically stirred. It took about two weeks

for the system to become homogeneous.

Table 5-1 Sample wt. concentration (%)

sample LPO | LPI | LP2 | LP3 | LP4 | LP5 | LP6 | LP7 | LP8 | LP9

PEO/D,0O 3 3 3 3 3 2 1.5 |1 05 10

LRD/D,O 0 1.5 |2 25 |3 3 3 3 3 3

75




SANS experiments were performed at the NG3 SANS instruments of the
Center for Neutron Research, National Institute of Standards and Technology.
The Boulder shear cell used in the dynamic SANS experiments has a Couette
geometry with i.d. of 60.952 mm. The gap is 0.45 mm, giving a total path
length of 0.90 mm through the sample. The incident neutron beam is parallel
to the shear gradient. The incident wavelength, A, was 6 A and the scattering
wave vector, ¢, range covered for the dynamic SANS experiments was 0.0029
A t0 0.0437 A”. For each sample, the shear rate was increased from 0 s to
1000 s in 14 steps. Then the shear cell sat at rest to monitor the relaxation of

the system. All the measurements were done at room temperature.

A TA ARES rheometer was applied in a dynamic frequency sweep from
0.01 rad/s to 100 rad/s with strain at 1% for all the samples at room
temperature in the cone plate geometry. The cone and plate were stainless
steel, with a cone diameter of 50 mm and cone angle of 2°. The plate diameter
was 54 mm, 4 mm larger than the cone diameter to reduce edge effects. The

plate had a lip at the perimeter to prevent material loss.

5.3 Results and Analysis

2D scattering patterns from SANS measurements for five samples under
different shear rates are shown in Fig. 5-1. For sample LP1, as shown in series
a, only when the shear rate has been increased to 1000 s did a weak
anisotropic pattern appear. But for sample LP4, whose LRD concentration is
double that of LP1, we can see a clear anisotropic pattern at shear rate 200 s™.
We further increase the concentration ratio between LRD and PEO by
reducing PEO concentration. In series ¢, for sample LP6 whose PEO

concentration is half that of LP1, the anisotropic pattern begins to appear at a
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shear rate 50 s and the SANS patterns become more anisotropic as the shear
rate increases. However such a trend doesn't continue if we further reduce the
PEO concentration. For sample LP7, as shown in series d, an anisotropic
pattern also appears at a shear rate 50 s™', but it does not become as anisotropic
as those for LP6 at higher shear rate. For sample LP8, we do not observe any

anisotropic SANS pattern for the shear rates examined.

100 200 400 1000
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FIG.5-1. Two dimensional SANS scattering patterns for five samples under
different shear rates (s™) as indicated above. a) LP1, b) LP4, ¢) LP6, d) LP7,
e) LPS.
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To elucidate the influence of concentration on anisotropy, we calculate the
anisotropy |[(ly-1)/(ly+1y)| for different q at each shear rate for different
samples. Iy and |y correspond to the SANS intensity from sectors around 0°
(parallel to the flow) and 90° (perpendicular to the flow) in a range of 10 °,
respectively. The average anisotropies were calculated by integrating over the
whole q range for each shear rate. As shown in Fig. 5-2, anisotropy begins to
increase at a lower shear rate and the value becomes bigger as the
concentration ratio between LRD and PEO increases from 0.5 to 2. The trend
disappears when the ratio is bigger than 2. According to the curve for sample
LP7, whose concentration ratio is 3, the anisotropy increases with shear rate
from 40 s to 200 s, but there is a big drop off when the shear rate reaches
400 s”'. For sample LP8, whose concentration ratio is 6, the anisotropy stays

around 0.

The source of the anisotropic SANS pattern mainly comes from two
mechanisms: the orientation of clay platelets and the stretch of polymer chains
bridging between clay platelets. In the hydrogel, some of the polymer chains
remain independent of clay platelet, some may wrap the clay platelet, and
some may bridge different platelets. When clay platelets orient, the
independent polymer chains may not be strongly affected, but the bridged

polymer chains may stretch and therefore generate anisotropic structure.

The higher the weight of bridged polymer chains, the more anisotropic is
the shear induced structure. As the LRD/PEO concentration ratio increases, the
weight of bridged polymers chains increases. But if the PEO concentration is
too low, the total number of polymer chains bridging different clay platelets

will be small. Thus they are not strong enough to endure a high shear rate and
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some of the bridges may break; which can explain why the anisotropy for LP8
drops at 400 s™'and the anisotropy for LP9 is almost always 0.
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Fig. 5-2 Shear dependence of average SANS anisotropy |(lI,-1)/(ly+1x)| over

entire q range.

To further study the microstructure and the response to shear, we fit all the

SANS data with a two correlation length Debye-Anderson-Brumberger (DAB)

model:'*

| =A/(1+9°R?)* + A, exp(-q°R,* /4) (5.1)

where A; and A; are fitting parameters that depend on incident beam intensity

and sample contrast, Ry represents a short range correlation length, and R;
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represents the correlation length for a larger inhomogeneous region. The total

correlation is:
(5.2)

(r)= f exp(-r/R)+(1- f)exp(-r’/R,%)

where f'is given by:
r=afias LAl

Here f indicates the weight of short range correlation in the total correlation

(5.3)

so that 1-f represents the weight of long range correlation
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Fig. 5-3 SANS intensity curves for sample LP4 under shear rate 400 s

averaged data along X and Y direction in a range of 10°. Solid lines represent

the prediction from the two correlation DAB model.
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We apply the two correlation length DAB model to fit the section average
SANS data in X and Y directions for samples under different shear rates. As
shown in Fig. 5-3, this model provides a good fit to the SANS data of sample
LP4 under shear rate 400 s'. To check the concentration effect on the
microstructure inside the hydrogel, we fit the circular averaged SANS data of
all samples under shear rate 0 s'. The derived short correlation lengths R; and
their dependence on the PEO/LRD volume ratio is shown in Fig. 5-4(a). When
the volume ratio is smaller than 3, R; is between 3 to 4 nm. This matches the
thickness of clay platelet and polymer absorbed to it which has been observed
by TEM,"* and also agrees with the thickness shown by Nelson and Cosgrove
on a Laponite platelet wrapped by PEO.'” According to their work, the
thickness of polymer layer and adsorbed polymer shows little variance with
molecular weight. On the other hand, our work indicates that this thickness
will change with volume ratio between polymer and clay. When the ratio is not
large, polymer chains are adsorbed to the surface of the clay platelet and exist
as one layer. Before the platelet face is saturated with polymer chains, the
thickness don’t vary much. After it is saturated, the layer will grow thicker as
more polymer chains are adsorbed. That’s why R; increases as the volume

ratio rises above 3.

To further examine how the microstructure responds to shear, we fit the
section average SANS data along X and Y directions for all samples under
different shear rates. The fit result for sample LP1, LP4, and LP6 are shown in
part (b), (c), (d) in Fig.5- 4 for Ry, Ry and 1 — f, respectively. As shown in Fig.
5-4(b), Ry for LP4 and LP6 doesn’t vary much at low shear rate, but it begins
to increase with shear rate after some critical point. On the other hand, R; for
sample LP1 which has a larger PEO/LRD volume ratio, decreases with shear

rate in the low shear range. R; represents the thickness of the microdomain
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composed of the clay platelet and polymer chains wrapping it. If the polymer

clay volume ratio is high, then more polymer surrounds each platelet, and may
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Fig. 5-4 Fits of the circular average intensity data at O shear rate with DAB

model show an R1 dependence on polymer/clay volume ratio.
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be compressed under shear; If this ratio is not high, the stretch effect under
high shear rate will dominate and thus lead to the increase of R;. From Fig. 5-
4(c), we can tell that R, is generally bigger in the Y direction than the
corresponding value in the X direction. R, represents the correlation length
between different clay platelets and such correlation most likely comes from
the polymer chains bridging platelets. Under shear, the clay platelet will begin
to orient along the flow direction, X direction, and thus break some long
bridging chains along that direction. Thus the long rang correlation length in
the X direction will drop quikly at low shear rate. But this effect in the Y

direction is not so strong, so the change for R, in the Y direction is not as fast
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as that in X direction. As shear rate increases, the orientation of clay platelets
is stronger and will disrupt some long distance polymer bridges. Eventually R,
in both directions will fall to the same level. When clay platelets orient, they
will also stretch the bridging polymers chains and will increase 1 — f, the
relative weight of long range correlation. In Fig. 5-4(d), we can see that 1 — f
for samples LP4 and LP6 show obvious increases after a certain critical shear
rate, but this trend is not so strong for sample LP1. In samples LP4 and LP6,
the polymer chains have been stretched at high shear rate, which is revealed by
the anisotropic SANS patterns shown in Fig. 5-1, but this effect is much

weaker for sample LP1.

The change of microstructure is also reflected in the rheological properties of
each sample. For the storage modulus, G’, as shown in Fig.5-5 (a), we have
observed two main behaviors when clay/polymer ratio increases: First, the
value of G’ increases with frequency until reaching a value around 1000 Pa;
second, the slope of the curve decreases until it becomes almost flat. Samples
LP6 and LP7, display the biggest storage modulus, G’, and it is almost
independent of frequency. This is especially clear for sample LP6. Comparing
G’ with the corresponding loss modulus, G’’, as shown in Fig. 5-5 (b), we can
see that G’ is much bigger than G’ for these two samples. Therefore, we can
say that these two samples are very elastic, and the networks inside the system
are relatively intact. But we should also notice that there is a small dropoff in
the G’ curve for sample LP6 at frequency 0.05 rad/s, and for sample LP7 at
frequency around 5 rad/s. This may be attributed to breaking of some bridging

polymer chains.
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5.4 Conclusion

In polymer clay nanocomposite hydrogels, as shown in Fig. 5-6, the polymer
chains may exist in four conditions depending on their relationship to the clay
platelets: 1. Much of the polymer chain length is absorbed to an individual
clay platelets; 2. One part of the polymer chain is absorbed to one clay platelet,
the other part is free from any platelets; 3. Polymer chains bridge two or more
clay platelets; 4. The entire polymer chain is free from any platelet. When the
polymer concentration is much smaller than the clay concentration, most
polymer chains may exist in the first condition. As the polymer concentration
increases, the quantity of the second kind of polymer chain will increase. If the
end to end distance of the polymer chain is bigger than the average distance
between clay platelets, more and more polymer chains will bridge different
clay platelets. If the polymer concentration is too high, a lot of polymer chains
may exist in the fourth condition. The quantity of the first two kinds of
polymer chains may decide R, the thickness of the domains composed of the
clay platelet and polymer attached to it. If the shear rate is greater than the
critical shear rate, the domain size may change; for some samples R; increases
with the shear rate. Under shear, the clay platelet will orient, and thus stretch
the bridging polymer chains. First, the polymer chain bridging two clay
platelets in the flow direction, X direction, may break and thus lead to the
decrease of R, in that direction. As clay platelets orient more, this will also
happen in Y direction. However, as the bridging polymer chains stretch, the
interaction between different clay platelet will be stronger. So the relative
weight of long range correlation, 1- f, will generally increase with the shear
rate. As more and more bridging polymer chains stretch, the shear induced
structure becomes more anisotropic. Because the first two kinds of polymer

chains don’t contribute to the anisotropic structure and the free polymer chains
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will impede the development of anisotropic structure, it is easier to generate
anisotropic structure if the bridging polymer chain is more prevalent. Thus the
anisotropic SANS pattern will begin to appear under lower shear rate when the
ratio between polymer and clay concentration is optimal. And in this case, the
network will be relatively intact, and the system will be very elastic, so the
elastic modulus will be much bigger than the loss modulus and will be almost

independent of frequency.
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Chapter 6

SUMMARY

The introduction of high aspect ratio nanofillers into a polymer matrix can
form a nanocomposite material, which may lead to the improvement of some
properties. The orientation of high aspect ratio nano fillers has an important
effect on some specific properties of the material. We have studied the
orientation effect of clay platelets in spin cast nanocomposite films. We also
applied small angle neutron scattering to study shear induced clay orientation

in nanocomposite hydrogels.

In the spin cast nanocomposite films project, we showed that there is strong
radius dependence in the thickness of spin cast PS/Cloisite 6A/ toluene films.
We first built a model based on mass transfer, which is similar to current
models listed in the literature. This model numerically solves a hydrodynamic
equation with shear viscosity and evaporation rate as input parameters. The
instantaneous local shear viscosity during spinning is obtained from the
dynamic fitting of the Carreau model. The evaporation rate is calculated based
on a simple analytical model and supported by the experimental data.
However this model failed to explain the strong radius dependence of the film
thickness. We figured out that the orientation of clay platelets at different
locations is a key reason for this. As the radius increases, the shear rate
generated during spinning will increase and will lead more and more clay
platelets to orientate parallel to the substrate. This was proved by the TEM for
the cross sections of different parts of the spin cast nanocomposite films. The
AFM of the surface also support this idea because it has been observed that the

center part shows a higher roughness than the outer part due to the difference
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of orientation. We further developed a numerical model which includes both
the orientation effect and hydrodynamic effect. This model provides a good fit

to the experimental data over a wide range of spin parameters.

In this project, the molecular weight of the PS used is 280K. We have also
examined the system composed of different molecular weights. The
experimental data show that the change of molecular weight will lead to the
change to both shear thinning curve viscosity and local thickness distribution.
However we have not extended the model to any molecular weight system,
this needs further research work. On the other hand, we use Cloisite 6A as
nanofillers in the system. Cloisite 6A can exfoliate into toluene as platelets,
with an aspect ratio around 100. If we introduce different aspect ratio
nanofillers into the system, we may observe the orientation effect to a different
degree. Furthermore, different shapes of nanofillers such as nanobar or
nanotube may lead to a big difference in orientation effect. The exact detail

need further study.

In the nanocomposite gel project, we have applied small angle neutron
scattering to study the shear induced clay orientation in PEO/Laponite RD
nanocomposite hydrogels. Furthermore, we applied a two correlation length
DAB model to fit the SANS data. The fitting result gave us two correlation
lengths, a short range correlation length and long range correlation length. The
short range correlation length is about 5 nm, which is likely to be the thickness
of a domain composed of a clay platelet and polymer chains wrapping it. The
long range correlation length is about 50 nm, which is likely to be the distance
between two clay platelets. Under shear, the clay platelets begin to orient
along the flow direction and may stretch bridging polymer chains. This will

change both the short range correlation length and long range correlation

90



length. The detail of the change will depend on temperature, concentration and

molecular weight of polymer.

We have shown that temperature will affect the shear orientation from
several aspects. First, the increase of temperature will lead to a stronger
rotational Brownian motion and will impede the orientation of the clay
platelets. Second, a higher temperature will cause the stretched polymer chains
to relax faster, thus the anisotropic scattering patterns will disappear faster.
Last but not least, the temperature will affect the stabilization of PEO in water

and thus lead to a change of microstructure in the gel.

We have also demonstrated that an optimal PEO Laponite RD concentration
may lead to an anisotropic SANS pattern. Based on the fitting results of the
two correlation length DAB model and the rheology data, we deduced that an
elastic structure can develop inside the gel if the concentration of PEO and
Laponite RD is proper. In this case, the elastic modulus, G’, is much bigger

than the loss modulus, G’’, and is almost independent of frequency.

We have even collected a lot of SANS data to study the effect of molecular
weight. The experimental results showed that a higher molecular weight may
lead to anisotropic structure at a lower temperature. Furthermore, there is a
critical molecular weight to generate anisotropic SANS patterns. The effect of
molecular weight may be explained from the point view of polymer bridges.
However, we have not finished this work yet. In the future, we will develop a
probabilistic model to simulate the network evolution inside the
nanocomposite gels. This model should be able to give a numerical

explanation to all SANS data we have collected.
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