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ABSTRACT 

Polymer-Particle Nanocomposites: Size and Dispersion Effects 

Joseph Moll 

Polymer-particle nanocomposites are used in industrial processes to enhance a broad range of 

material properties (e.g. mechanical, optical, electrical and gas permeability properties).  This 

dissertation will focus on explanation and quantification of mechanical property improvements upon the 

addition of nanoparticles to polymeric materials.  Nanoparticles, as enhancers of mechanical properties, 

are ubiquitous in synthetic and natural materials (e.g. automobile tires, packaging, bone), however, to 

date, there is no thorough understanding of the mechanism of their action.  In this dissertation, silica 

(SiO2) nanoparticles, both bare and grafted with polystyrene (PS), are studied in polymeric matrices.  

Several variables of interest are considered, including particle dispersion state, particle size, length and 

density of grafted polymer chains, and volume fraction of SiO2.  

Polymer grafted nanoparticles behave akin to block copolymers, and this is critically leveraged 

to systematically vary nanoparticle dispersion and examine its role on the mechanical reinforcement in 

polymer based nanocomposites in the melt state.  Rheology unequivocally shows that reinforcement is 

maximized by the formation of a transient, but long-lived, percolating polymer-particle network with the 

particles serving as the network junctions.  The effects of dispersion and weight fraction of filler on 

nanocomposite mechanical properties are also studied in a bare particle system.  Due to the interest in 

directional properties for many different materials, different means of inducing directional ordering of 

particle structures are also studied.  Using a combination of electron microscopy and x-ray scattering, it 

is shown that shearing anisotropic NP assemblies (sheets or strings) causes them to orient, one in front 

of the other, into macroscopic two-dimensional structures along the flow direction. In contrast, no such 

flow-induced ordering occurs for well dispersed NPs or spherical NP aggregates!   This work also 



 
 

 
 

addresses the ƛƴǘŜǊŦŀŎƛŀƭΣ ǊƛƎƛŘ ǇƻƭȅƳŜǊ ƭŀȅŜǊΣ ƻǊ ΨōƻǳƴŘ ƭŀȅŜǊΩ which has long been of interest in polymer 

nanocomposites and polymer thin films.   The diveǊƎŜƴǘ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǘƘŜ ΨōƻǳƴŘ ƭŀȅŜǊΩ ŀǎ ŎƻƳǇŀǊŜŘ ǘƻ 

the bulk material can have very important effects on properties, including mechanical properties.  This is 

ŜǎǇŜŎƛŀƭƭȅ ǘǊǳŜ ƛƴ ǇƻƭȅƳŜǊ ƴŀƴƻŎƻƳǇƻǎƛǘŜǎΣ ǿƘŜǊŜ ŀǘ ƘƛƎƘ ǿŜƛƎƘǘ ŦǊŀŎǘƛƻƴǎΣ ΨōƻǳƴŘ ƭŀȅŜǊΩ ǇƻƭȅƳŜǊ can 

easily make up 20% or more of total material!  Here we quantify this layer of bound polymer as a 

function of particle size, polymer molecular weight and other variables, primarily using 

thermogravimetric analysis but also dynamic light scattering and differential scanning calorimetry.  We 

find that as nanoparticles become smŀƭƭŜǊΣ ǘƘŜ ΨōƻǳƴŘ ƭŀȅŜǊΩ systematically decreases in thickness.  This 

result is quite relevant to explanations of many polymer nanocomposite properties that depend on size, 

including mechanical and barrier properties.   

Many additional important and new results are reported herein.  These include the importance 

of dispersion state in the resulting mechanical properties of polymer-particle nanocomposites, where a 

systematic study showed an optimal dispersion state of a connected particle network.  An additional and 

unexpected finding in this system was the critical dependence of composite properties on grafted chain 

length of particles.  As the grafted chain length is increased, the strain which leads to yielding in a steady 

shear experiment is increased in a linear relationship.  At very high rates, this yielding process 

completely switches mechanisms, from yielding of the particle network to yielding of the entangled 

polymer network!  A surprising correlation between the amount of bound polymer in solution and in the 

bulk was also found and is interpreted herein.  Self-assembly was further explored in a range of different 

systems and it was found that grafted particles and there mimics have vast potential in the creation of a 

wide array of particle superstructures. 

 In concert, these experiments provide a comprehensive picture of mechanical 

reinforcement in polymer-particle nanocomposites.  Not only is the dispersion state of the particles 



 
 

 
 

crucial, but the presence of grafted chains is also so for proper reinforcement.  Here many routes to 

ideal dispersion are detailed and the important role of grafted chains is also resolved. 
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1. Introduction  

 It has been more than 8 decades since nanoparticles (NPs) have been added to synthetic 

materials to improve properties as variant as mechanical properties[1-4], electrical properties[2, 5], and 

gas permeability[6, 7].   A wide range of nanoparticles (clay, silica, gold, C60, carbon nanotubes) are now 

added into materials ranging from car tires to gas filtration systems.  Nanoparticles are typically of size 

order less than 100nm and can have a wide variety of different shapes (rods, discs, spheres).  

Nanoparticle size [8, 9] and dispersion [10, 11] are critical in determining their effect on material 

properties.  The various effects of particle size are most commonly understood by invoking the 

increased surface area to volume ratio of the particles as compared to micron sized particles or larger.  

Particle dispersion state affects the percolation threshold of nanocomposites, among other things.   Yet, 

to date, much about the mechanism of property improvements for nanocomposites and especially their 

improvements in mechanical properties is not well understood.   

 This work focuses on the mechanical properties of linear polymers filled with inorganic 

nanoparticles.  As much as possible, the results are generalized to all filled polymer systems.  

Specifically, spherical particles ranging from ~100 down to less than 10 nm have been studied.  Both 

bare silica (SiO2), which has a surface chemistry dominated by silanol groups, and SiO2 grafted with 

polystyrene (PS) have been used.  These systems have been studied with two linear polymers of widely 

varying molecular weight.  Namely, poly (2-vinyl)pyridine (P2VP) and PS.  These polymers have both 

been widely studied, and especially in the case of PS, the behavior of linear PS (i.e. in the absence of 

branching) is well understood and documented.  P2VP was chosen as a polymer analogous to PS, but 

with a pyridine group replacing the phenyl group along the polymer backbone (thus allowing for a 

favorable interaction between the polymer and SiO2 surface).  Both PS and P2VP are semi-flexible 

polymers with low entanglement molecular weights (Me). 
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 In order to study the full phase space of these systems, a wide range of variables are used, 

including particle size, volume fraction of SiO2, particle dispersion state, free polymer (or matrix 

polymer) molecular weight and in the case of grafted particles, graft density and grafted chain length. 

1.1 Experimental Techniques  

 A wide range of techniques from material chemistry were employed in order to study the 

various experimental systems in this thesis.  Rheological measurements play an extremely important 

part in the narrative of the mechanical properties of polymer nanocomposites.  Transmission electron 

microscopy (TEM) was used to characterize almost all of the samples studied and to quantify both the 

particle size and the particle dispersion state in the composites; Small Angle X-ray Scattering (SAXS) and 

Ultra-Small Angle X-ray Scattering (USAXS) were done by collaborators at Argonne National Laboratory 

to compliment the TEM measurements.  Thermogravimetric analysis (TGA), differential scanning 

calorimetry (DSC), and dynamic light scattering (DLS) were used to quantify the bound polymer in these 

nanocomposite systems.   X-ray Photon Correlation Spectroscopy (XPCS) was used to study the diffusion 

of nanoparticles in polymer matrices and provide a view of microscopic mechanical reinforcement, as 

opposed to the macroscopic mechanical reinforcement that rheology probes.  Many other experimental 

techniques were also employed, and these are outlined in the appropriate chapters, as needed. 

1.1.1 Rheology 

 Rheology is an important tool for understanding the viscoelastic properties of complex 

materials.  Here it is used as the primary measurement of nanocomposite mechanical properties.  A 

wide range of rheological experiments have been employed, including small amplitude oscillatory shear 

(SAOS), stress relaxation, creep, start-up of steady shear, large amplitude oscillatory shear (LAOS) and 

extensional rheological experiments at a constant extension rate.  All of these measurements work in 

tandem toward understanding a materialΩs rheological response.  SAOS can give information about the 
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build-up of structure with time and help determine whether a material is a viscoelastic liquid or solid.  It 

can also give the yield strain of a material.  Stress relaxation and Creep experiments are important for 

measuring the long time material response, and can also tell whether the material is a liquid, solid, or 

critical gel.  Start-up of steady shear gives the yield stress and extensional rheology can tell the degree of 

strain hardening, among other things.  

 There are two variables of primary importance in rheology.   The first is the strain, represented 

as the Greek letter ɹ, a dimensionless measure of the deformation of a material, the exact definition of 

which is dependent on the initial material geometry (i.e. shape).  The second is the stress, represented 

as the Greek letter ̀, which has units of pressure and is a measure of a materials response to an 

imposed strain.  Stress is the deforming force divided by the area over which it is applied. 

 SAOS ƛǎ ǘƘŜ ǊƘŜƻƭƻƎƛŎŀƭ ŜȄǇŜǊƛƳŜƴǘ άǘƘŀǘ Ƙŀǎ been most widely used to determine the linear 

ǾƛǎŎƻŜƭŀǎǘƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǇƻƭȅƳŜǊƛŎ ƭƛǉǳƛŘǎΦέ[12]  In SAOS, a sinusoidal strain (ʴύ or deformation is 

imposed on a sample.  The resulting stress όˋύ is also sinusoidal, and has the same frequency as the 

strain, but is phase shifted.  The phase shift of the stress (along with the ratio m̀ax/  mɹax) are only 

dependent on the ŦǊŜǉǳŜƴŎȅ ƻŦ ǘƘŜ ƻǎŎƛƭƭŀǘƛƻƴǎ ƛƴ ʴΣ ƴƻǘ ƻƴ ʴmax, as long as mɹax is not too large (this 

experimental regime is termed as the linear regime and this is where the word small comes from in 

SAOS).  The phase shift of the frequency is ƎƛǾŜƴ ŀǎ ǘƘŜ DǊŜŜƪ ƭŜǘǘŜǊ ʵ ŀƴŘ ƛǎ ǾŜǊȅ ƛƳǇƻǊǘŀƴǘΦ  CƻǊ ŀ 

purely elastic sample, the relationship between stress and strain can be seen in Equation 1.1: 

Equation 1.1 

gs G=  

Thƛǎ Ŝǉǳŀǘƛƻƴ ƛǎ IƻƻƪŜΩǎ ƭŀǿ ŦƻǊ ŀƴ ŜƭŀǎǘƛŎ ǎƻƭƛŘΣ ǿƘŜǊŜ G is the elastic modulus, a material constant 

analogous to the spring constant.  Thus the stress is proportional to strain.  Alternatively, for a 

Newtonian liquid, the relationship between stress and strain is shown in Equation 1.2 : 
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Equation 1.2 

¶

= ghs  

¢Ƙƛǎ Ŝǉǳŀǘƛƻƴ ƛǎ bŜǿǘƻƴΩǎ [ŀǿ ƻŦ ±ƛǎŎƻǎƛǘȅΣ ǿƘŜǊŜ ʹ ƛǎ ŀ ƳŀǘŜǊƛŀƭ ŎƻƴǎǘŀƴǘΣ the viscosity, and ‎ is the 

shear rate, or rate of deformation.  Thus the stress is proportional to the time derivative of the strain.  

Consider that an elastic solid has a well-defined shape and if a strain is imposed to displace it from that 

shape, a restoring force attempts to return it.  Alternatively, a Newtonian liquid takes the shape of its 

container, thus its resistance to deformation is only manifested while the deformation takes place.    In 

this sense, a SAOS experiment is particularly clever.  The strain has a sinusoidal oscillation, and the 

component of the stress which oscillates in phase with the strain can be related to the elastic nature of a 

viscoelastic material.  There is also a component of the stress which oscillates 90 degrees out of phase 

with the strain (according to a cosine function).  This stress oscillates in phase with the rate of strain, and 

can be related to the viscous nature of a viscoelastic material.  This can be seen in the definition of the 

ǎǘƻǊŀƎŜ ŀƴŘ ƭƻǎǎ ƳƻŘǳƭƛ όDΩ ŀƴŘ DΩΩ respectively) in Equation 1.3 and Equation 1.4: 

Equation 1.3 

d
g

s
cos'

max

max=G  

Equation 1.4 

d
g

s
sin''

max

max=G  

{ǘƻǊŀƎŜ ŀƴŘ ƭƻǎǎ ƛƴ ǘƘƛǎ ŎƻƴǘŜȄǘ ǊŜŦŜǊǎ ǘƻ ŜƴŜǊƎȅΦ  ¢ƘŜǎŜ ǘǿƻ ǾŀǊƛŀōƭŜǎ ŀǊŜ ƻŦ ǇǊƛƳŀǊȅ ƛƴǘŜǊŜǎǘ ƛƴ {!h{Φ  DΩ 

is a measure of the solid like response of a material (stored energy) ŀƴŘ DΩΩ ƛǎ ŀ ƳŜŀǎǳǊŜ ƻŦ ǘƘŜ ƭƛǉǳƛŘ ƭƛƪŜ 

response (dissipated energy).   
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 Step strain (also called Stress Relaxation) and Creep give very similar information to SAOS, but 

are less often used (although more conceptually simple).  In stress relaxation, an instantaneous strain is 

imposed on a fully relaxed material at time t=0.  The stress is monitored as a function of time.  Here 

again, it is useful to consider the response of an elastic solid and a Newtonian liquid.  In the former case, 

there is no mechanism by which the stress can relax.  Thus whatever initial stress exists, which will be 

proportional to the total deformation or strain, will persist for eternity.  In the latter case the stress will 

be quite high as the strain is taking place, but will fall to zero as soon as it stops.  In a viscoelastic 

material, the stress will neither fall to zero instantaneously nor persist indefinitely, but gradually relax to 

zero (e.g. in polymer melts), or to some constant value (e.g. in elastomers).  The speed with which this 

happens depends on the time constants of the stress relaxing mechanisms within the material.  At very 

short times, there is often no mechanism by which decay can occur, and the stress will appear constant 

(as in an elastic solid).  ¢Ƙƛǎ ΨƎƭŀǎǎȅΩ ōŜƘŀǾƛƻǊ ƛǎ ǘȅǇƛŎŀƭƭȅ much too short for rheological measurements.   

If there is a large amount of time in between relaxation processes, the stress will remain constant, or 

plateau.  Often, in entangled polymer melts, the entanglements will relax last, and there will be a gap of 

some amount of time between their relaxation and that of proceeding relaxation processes.  The 

resulting plateau can be used to calculate the density of entanglements[13].  Lƴ ŀƴŀƭƻƎȅ ǿƛǘƘ IƻƻƪŜΩǎ 

Law above, the ratio of time dependent stress and applied strain give the time-dependent stress 

relaxation modulus, G(t), defined in Equation 1.5: 

Equation 1.5 

0

)(
)(
g

st
tG =  

The stress relaxation modulus is a material property that is independent of strain, as long as the 

measurement is in the linear regime (i.e. the strain is low). 
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 A creep experiment is the conjugate of a step strain experiment.  Instead of imposing a constant 

strain and monitoring the stress, a constant stress is imposed and the strain is monitored.  This 

experiment is particularly useful for long time measurements, because the torque (and thus the 

sensitivity of the measurement) does not decay with time.  One caveat is that the measurement may 

start in the linear regime, but end outside of it as the strain begins to climb (in stress relaxation, if the 

beginning of the experiment is in the linear regime the sample will remain in the linear regime 

throughout, because the strain is constant and the stress only decreases with elapsed time). 

 In a creep experiment, an elastic solid will deform a certain amount in response to the constant 

stress, but no further.  A Newtonian liquid will continue deforming indefinitely, assuming the stress is 

high enough to begin deformation.  Here again, a new variable is defined which relates stress to strain 

for this experiment and this is called the shear creep compliance, represented as J(t) Equation 1.6: 

Equation 1.6 

s

g )(
)(

t
tJ =  

If the creep experiment is in the linear regime, the behavior of J(t) will be independent of the stress. 

 All of the above experiments are primarily used to measure the linear viscoelastic response of 

materials.  These linear measurements are useful because they do not perturb the material in a 

permanent way (i.e. there is no hysteresis).  However, it is sometimes necessary to quite drastically 

perturb a system to fully understand it, and thus non-linear measurements perform an important role.  

In start-up of steady shear, a constant rate of strain is imposed and the stress is measured as a function 

of time.  Here a viscosity is also used, which while it is not the same as the viscosity for a Newtonian 

liquid (since it is not a material constant), is defined in Equation 1.7 in a similar way: 
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Equation 1.7 

g

s
h=  

Other variables of interest are the first and second normal stress differences (N1 and N2). 

 LAOS is the non-linear analogue of SAOS.   Here, a sinusoidal oscillating strain is still imposed, 

the amplitude of which is outside the linear regime.  Thus it is no longer the case that the stress also 

oscillates as a sine function(higher harmonics will be present)[12].  In this work, LAOS is not utilized to 

study rheological variables, which can be quite complicated, but rather to use flow fields to align 

materials.  Alignment with LAOS has been achieved on many other systems, including di-block 

copolymers[14, 15], colloidal crystals[16], and other nanocomposite systems[17-19], to name a few. 

 The final rheological experiment used herein is extensional rheology.  According to Dealy and 

Wissbrun[12]Σ άǘƘŜ ǎƛƳǇƭŜǎǘ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ŀƴ ŜȄǘŜƴǎƛƻƴŀƭ Ŧƭƻǿ ƛǎ ǘƘŀǘ ƛǘ ƛǎ ŀ ŘŜŦƻǊƳŀǘƛƻƴ ǘƘŀǘ ƛƴǾƻƭǾŜǎ 

ǎǘǊŜǘŎƘƛƴƎ ŀƭƻƴƎ ǎǘǊŜŀƳƭƛƴŜǎΦέ  9ȄǘŜƴǎƛƻƴŀƭ Ŧƭƻǿ ƛǎ ŘƛŦŦŜǊŜƴǘ ǘƘŀƴ typical shear flow, because the 

geometry changes with time.  Extensional flow is of a great deal of importance to industry.  In this work, 

extensional flow is used primarily to look for particle alignment, but also to quantify strain hardening.  

{ǘǊŀƛƴ ƘŀǊŘŜƴƛƴƎ ƛǎ ŀƴ ƛƳǇƻǊǘŀƴǘ ƛƴŘǳǎǘǊƛŀƭ ǇǊƻǇŜǊǘȅ ōȅ ǿƘƛŎƘ ǘƘŜ άǎǘǊŜǎǎ ƛƴŎǊeases more rapidly than 

ǿƻǳƭŘ ōŜ ŜȄǇŜŎǘŜŘ ōȅ ǘƘŜ ƭƛƴŜŀǊ ǘƘŜƻǊȅέ ǳǇƻƴ ŘŜŦƻǊƳŀǘƛƻƴ[12].  In polymeric materials, including 

polymer nanocomposites, it arises from polymer entanglements and it is an important area of study[20, 

21].  Homopolymers only show strain hardening at elongation rates above the inverse Rouse stretch 

time(1/ Ṟ).  At these high rates the individual chains are stretched, which leads to hardening.  The Rouse 

stretch time is roughly defined in Equation 1.8: 
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Equation 1.8 

Z

D
R

3

t
t =  

with Ṟ the Rouse stretch time, ̱D the reptation time (or terminal relaxation time) and Z the number of 

entanglements.  This formula assumes pure reputation and no contour length fluctuations and is, as 

such, only a rough approximation. In light of this discussion, strain hardening at low elongation rates can 

be an important signature of reinforcement of polymer melts by nanoparticles (monodisperse, linear 

polymer melts show no strain hardening in extension at low rates). 

 As a final tool to understanding the rheological experiments in this text, it is important to 

mention a bit about rheological geometry.  Ideally, geometry will not have a large effect on 

measurements.  While this is often the case for linear shear, it is not always so.  Most of the shear 

measurements taken herein were performed in a parallel plate geometry (a disc shaped geometry), the 

major disadvantage of which is that the strain is non-uniform, and specifically increases as the radial 

distance from the disc center is increased.  Also, in a parallel plate geometry, the bulk of the material is 

relatively close to the edge of the sample, and thus edge fracture is a major concern.  In addition, wall 

slip may occur while shearing melts. In order to remove any doubt that the phenomena discussed herein 

were an artifact of the geometry, in some instances an 8mm cone and plate geometry with a cone angle 

of 0.1 radians was used.  This geometry (with an accompanying addition to the ARES oven design) was 

custom built [22], based on a system first proposed by Meissner[23-26].  In this geometry, the cone is 

used as a replacement to the lower plate and was 25 mm in diameter.  On top, an 8mm plate is attached 

to a ring partition and the ring partition is not connected to the force-rebalance transducer.  Therefore, 

the diameter of the measured sample was only a fraction of the diameter of the sheared sample, 

because in this set-up, the edge of the sample is no longer measured. Thus the results of any edge 
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fracture are significantly delayed (until such time as the edge defects expand inward to the measured 

portion of the sample).   

This altered geometry allows more accurate characterization of strain in the sample. 

Furthermore, because any so-ŎŀƭƭŜŘ ΨŜŘƎŜ ŜŦŦŜŎǘǎΩ ǿƛƭƭ ōŜ ƛƳƳŜŘƛŀǘŜƭȅ ǾƛǎƛōƭŜ ƛƴ ǘƘŜ ǊƘŜƻƭƻƎƛŎŀƭ Řŀǘŀ όe.g. 

in the form of an uneven stress plateau), these too can be ruled out.  In all experiments within this work, 

the geometry is defined at the outset. 

1.1.2 Transmission Electron Microscopy  

 TEM was used to characterize the dispersion state of the nanoparticles in their polymer 

matrices.  Although TEM has some limitations (e.g. small sample size, requirement for contrast between 

components of a material) for homogenously dispersed nanocomposites, it can quickly confirm the 

dispersion state and provide a visual image much easier to understand than a scattering plot. 

 TEM uses electrons to probe a material and one of the primary limitations is that unlike many 

other particles (e.g. x-rays and particularly neutrons), electrons are not very penetrating.  Thus, any 

sample has to be very thin to be studied.  It is typically not possible to get a quality image at thicknesses 

much greater than 100nm (with a thickness of 200nm the upper limit of the best TEMs). 

 The electrons in a TEM beam produce an image by interacting with the electrons in a sample.  

Since the electron density is proportional to the material density, materials with a higher density appear 

darker in a TEM image (less electrons make it through to produce the image).  TEM is ideally suited for 

SiO2-polymer nanocomposites, because the density of the SiO2 particles (1.9 g/cm3) [27] is about twice 

as large of the density of the polymers used ~1g/cm3 for both PS and poly(2-vinyl pyridine) (P2VP).  Note 

that the SiO2 particle density is slightly less than the density of bulk SiO2 (2.2 g/cm3). 
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1.1.3 Thermogravimetric Analysis  

 TGA is a conceptually simple experiment that was used primarily for calculations of the total 

amount of bound polymer.  In a TGA experiment, a sample is placed in a crucible, and the temperature 

is ramped as the mass is simultaneously measured.  Assuming a sample with multiple component parts, 

which burn at different, well defined temperatures, the drop in mass at a given temperature can be 

used to quantify the mass percentage of the various constituents in the sample.   

 Most of the TGA measurements that will be talked about in this work were taken on 

centrifugation pellets.  These were made after polymer nanocomposites were re-dissolved in a solution.  

Such a solution will have three constituent elements, SiO2 particles, free polymer chains, and polymer 

bound to the SiO2 surface.  Upon the choice of an appropriate number of revolutions per minute, the 

particles will travel to the bottom of the tube (the pellet) the free polymer will stay in solution (the 

supernatant), and any bound polymer will enter the pellet as a traveling companion to the particle.  It is 

this pellet that can then be burned in a TGA to quantify the total amount of bound polymer.  

1.1.4 Differential Scanning  Calorimetry  

 Differential scanning calorimetry (DSC) is similar to TGA in design; a sample is heated over the 

course of time.  Here the sample heat capacity is measured.  In polymers DSC is widely used.  The glass 

transition temperature of polymers can be measured by observing an abrupt shift in the behavior of the 

heat capacity.  It is also quite useful for separating out constituent elements of mixtures, if the response 

of the pure materials are known.   It is in such a context in which DSC is primarily used in this work as 

well as to show the shift in the glass transition temperature (Tg) of polymer nanocomposites relative to 

the Tg of pure polymers. 
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1.1.5 X-ray Photon Correlation Spectroscopy  

 Scattering can be broadly defined as the deviation of radiation from its path as it passes through 

a medium and is caused by non-uniformities in a sample.  Many different particles will scatter, including 

neutrons, electrons, and photons.  A scattering event can be elastic (i.e. outgoing radiation has the same 

energy as incident radiation), inelastic (i.e. outgoing radiation has a different energy than incident 

radiation), coherent (i.e. radiation has a constant phase relationship, e.g. either always in phase or 

always out of phase) or incoherent (radiation does not have a constant phase relationship).  In X-ray 

Photon Correlation Spectroscopy (XPCS), a beam of x-rays is passed through a sample of interest and the 

changes in the scattering pattern over time are used to give information about the motion of the 

constituents in the sample.   

 The x-rays in an XPCS experiment are a form of synchrotron radiation (radiation from charged 

particles traveling at relativistic speeds).  X-rays interact with the electromagnetic field of the electrons 

in matter (and thus interact more strongly with heavier elements).  X-rays can be, for example, 

adsorbed, scattered elastically, scattered inelastically, etc., and each scattering event will have a 

different probability.  Adsorbed x-rays can produce secondary electrons, which are primarily responsible 

for radiation damage in samples.  To minimize the potential for this damage, x-ray experiments are 

typically short. 

 In order to better understand x-rays, it is useful to compare them to other common scatterers, 

such as neutrons and electrons.  While electrons provide information about small areas of samples, and 

are not amenable to statistical averaging, and neutrons provide statistical averages rather than real 

space pictures, x-rays can be used to do both (although in XPCS, a statistical average of the sample is 

created).  In contrast to neutrons, but similar to electrons, x-rays interact with the electrons in a sample.  

X-rays are very penetrating (which is why they can be used to image human bones), but are not as 
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penetrating as neutrons (neutrons interact with the nucleus of samples, a rather small target, and thus 

tend to pass long distances through materials).  Electrons are not very penetrating at all, which is why 

samples used for experiments with electrons must be very thin (discussed in Section 1.1.2).   

 In the US, the three largest shared user facilities which provide synchrotron radiation are: The 

National Scattering and Light Source at Brookhaven National Laboratories, the Advanced Photon Source 

at Argonne National Laboratories, and the Advanced Light Source at Lawrence-Berkeley National 

Laboratories.  All x-ray experiments presented in this work were performed at Argonne National 

Laboratories. 

XPCS is the x-ray analogue of dynamic light scattering (with an additional benefit that x-rays, 

unlike visible light, can travel through opaque materials) and compliments rheological experiments.  

Rheology informs one about the macroscopic mechanical behavior of a system.  XPCS focuses on the 

microscopic mechanical behavior.  In XPCS, a beam of x-rays is passed through a sample and the changes 

in the scattering function over time are used to calculate the diffusion constant as well as signatures of 

gel-like behavior.  

 As discussed, the scattering image created by the beam of x-rays is dependent on non-

uniformities in the sample, and in the case of polymer nanocomposites, these are primarily caused by 

the presence of the particles.  The exact position of the particles is important, and if their positions do 

not change, the scattering pattern will also remain the same.  However, at elevated temperatures, the 

particles are mobile, thus the scattering image changes with time.  These changes can be used to 

understand the motions of the particles, or the microscopic dynamics (by creating an autocorrelation 

function of the scattered intensity with time).  As a matter of simplification, XPCS is usually used to look 

at samples with a constant average structure, but a changing local structure. 
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 In an XPCS experiment, the autocorrelation function of the intensity with time is fit to a 

stretched exponential as seen in Equation 1.9: 

Equation 1.9 
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where A is the baseline (equal to 1), B is the contrast (which depends on the coherence of the beam),  ̱

is the relaxation time, which can be related to the diffusion coefficient, and ̡ Is the stretching exponent, 

which can be related to the gel-like behavior of the material. 

1.2 Background and Rheology of Linear  Polymers  

 PS is ubiquitous in modern research and life.  Its discovery dates back almost two centuries.  The 

entanglement molar mass of PS is 17,000 g/mol at 140 C and the 

glass transition temperature (Tg)  is 373K[13].  P2VP is analogous 

to PS but the monomeric unit has a nitrogen at the 2 position of 

the phenyl ring.  Figure 1.1 shows a monomeric subunit of both 

PS and P2VP.  The Tg of P2VP is the same as PS, 373 K[28] and 

both PS and P2VP have a density of ~1.1g/cm3[29].  For 

comparison, the density of bulk SiO2 is 2.2 g/cm3 and the density 

of the SiO2 particles is 1.9 g/cm3 and the smaller density of the nanoparticles has been explained by 

voids primarily near the particle surface[27]. The entanglement molar mass of P2VP is slightly higher 

than that of PS, at 27,000 g/mol[30].  P2VP and PS are immiscible and the miscibility of P2VP partially 

depends on its ability to form hydrogen bonds with the component of interest[31].  The surfaces of SiO2 

particles are covered with hydroxyl groups, and the resulting hydrogen bonds between P2VP and SiO2 

favor miscibility.  This is the opposite of PS: bare SiO2 particles form large agglomerates when mixed 

with PS[32].  TEMs showing bare SiO2 in both PS and P2VP are displayed in Figure 1.2. Despite these 

Figure 1.1 Monomeric subunits of PS(a) 
and P2VP(b) 
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differences, many physical properties of the two polymers are very similar, allowing for concentration 

on the primary variable of interest in much of this work, the hydrophobic/hydrophilic nature of these 

polymers, and thus their miscibility with SiO2 (P2VP is much more hydrophilic).  For all TGA experiments, 

P2VP is the polymer used and under nitrogen it burns at ~400 C[31].   

 In order to provide some background for the large amount of rheology of polymer 

nanocomposites discussed herein, it is important to fully understand the rheology of linear (i.e. non-

branching) polymers.  All of the samples used in this work were made with very monodisperse polymers 

(typically with P.D.I. of ~1.2 or less) and so we focus on the rheology of monodisperse PS and P2VP.  As 

many of the rheological experiments discussed in Section 1.1 give essentially the same information 

about a material, here the discussion will be confined to SAOS, the most broadly used rheological 

experiment.  In general, linear polymers behave very differently rheologically depending on whether 

they are above or below their entanglement molecular weight.  For instance, in an unentangled melt, DΩΩ 

ƛǎ ŀƭǿŀȅǎ ƎǊŜŀǘŜǊ ǘƘŀƴ DΩ[12].  If we consider the storage modulus of a linear polymer, in every case it 

will have a very high frequency glassy modulus plateau, which typically is not measureable.  If there are 

entanglements, there will be a secondary, entanglement plateau.  This occurs at lower frequencies, 

Figure 1.2 In general, bare silica particles are immiscible with PS (a) and miscible with P2VP (b). 
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corresponding to the long lived nature of the entanglements (small values in the frequency domain 

correspond to large values in the time domain).  DΩΩ ǿƛƭƭ Ǉŀss through a minimum in the region of the 

ŜƭŀǎǘƛŎ ǇƭŀǘŜŀǳ ƛƴ DΩ άǊŜŦƭŜŎǘƛƴƎ ǘƘŜ ŦŀŎǘ ǘƘŀǘ ƭƛǘǘƭŜ ŘƛǎǎƛǇŀǘƛƻƴ ƻŎŎǳǊǎ ƛƴ ǘƘŜ ǊŜƎƛƻƴ ƻŦ ǊǳōōŜǊȅ 

ōŜƘŀǾƛƻǊέ[12]. (At these frequencies, the material is acting more like a solid).  Beyond this entanglement 

regime, these polymers enter into terminal relaxation.  If one plots DΩ ŀƴŘ DΩΩ ǾǎΦ ŦǊŜǉǳŜƴŎȅ ƻƴ ŀ ƭƻƎ-log 

plot, the relationship in this regime is linear (indicative of power law behavior), with slopes of 2 and 1 

respectively. 

1.3 Synthesis of Grafted Particles  

 Grafted particles are created through one of two broadly defined synthetic routes.  The first is a 

grafting-to synthesis, where the polymer is first synthesized separately from the particle and then 

attached via a chemical reaction. The second is a grafting-from synthesis, where the polymer is grown 

out from the particle surface.   In this work, PS grafted SiO2 nanoparticles were synthesized according to 

a RAFT (reversible addition-fragmentation chain transfer) synthesis [33, 34].  RAFT is a versatile, 

ǎǘǊŀƛƎƘǘŦƻǊǿŀǊŘ άŎƻƴǘǊƻƭƭŜŘ ǊŀŘƛŎŀƭ ǇƻƭȅƳŜǊƛȊŀǘƛƻƴ ǘŜŎƘƴƛǉǳŜέ [24].  Recently, RAFT has been increasing 

in prominence [35, 36].   As it is compatible with a grafting-from synthesis, RAFT has the advantage of 

being able to achieve much higher graft densities.   

 RAFT is a free radical polymerization and follows the series of conventional steps for such 

reactions.   First is radical generation, then chain transfer agent activation, which is followed by a 

propagation step (core-RAFT equilibrium) and finally termination[37]. 

1.4 Self-Assembly of PS Grafted Particles in PS Matrix  

Self-ŀǎǎŜƳōƭȅ ƛǎ ǘƘŜ άŀǳǘƻƴƻƳƻǳǎ ƻǊƎŀƴƛȊŀǘƛƻƴ ƻŦ ŎƻƳǇƻƴŜƴǘǎ ƛƴǘƻ ǇŀǘǘŜǊƴǎ ƻǊ ǎǘǊǳŎǘǳǊŜǎ ǿƛǘƘƻǳǘ 

ƘǳƳŀƴ ƛƴǘŜǊǾŜƴǘƛƻƴέ ŀƴŘ ƛǎ relevant in many scientific processes[38].  Its importance in polymer and 

particle systems has long been a topic of interest.  For example, the well-studied phase diagram for di-
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block copolymers shows a broad range of potential morphologies, primarily depending on the relative 

lengths and the miscibility of the blocks[39] and this has a great deal of practical relevance, including in 

ǘƘŜ ƴŜȄǘ ƎŜƴŜǊŀǘƛƻƴ ƻŦ ΨǳƭǘǊŀ-ƘƛƎƘ ŘŜƴǎƛǘȅ ǎǘƻǊŀƎŜ ƳŜŘƛŀΩ[40]. Self-assembly is a defining property of 

amphiphyllic materials, including di-block copolymers, Janus particles[41], peptides[42], and many other 

systems.   

Previous work in the Kumar lab has well established that SiO2 nanoparticles uniformly grafted 

with PS chains will self-assemble, forming a wide array of nanoparticle structures[43]. In this work the 

particles are 14nm in diameter, which has been confirmed many times experimentally [10, 44, 45]. They 

are grafted with PS chains using a RAFT polymerization method [33, 34, 46, 47] which is discussed in 

more detail in Section 1.3. These particles are isotropic, and whereas with anisotropic particles it is not 

difficult to explain the formation of complex, anisotropic structures (as the anisotropy of the particle 

encodes the resulting geometry)[48], here the formation of anisotropic structures is less intuitive.  

Figure 1.3 9ȄǇŜǊƛƳŜƴǘŀƭ άƳƻǊǇƘƻƭƻƎȅ ŘƛŀƎǊŀƳέ ƻŦ ǇƻƭȅƳŜǊ ǘŜǘƘŜǊŜŘ ǇŀǊǘƛŎƭŜǎ ƳƛȄŜŘ ǿƛǘƘ ƳŀǘǊƛȄ ǇƻƭȅƳŜǊǎ(a). The 
red region represents spherical aggregates, the blue region represents sheets and interconnected structures, the 
cyan region represents short strings and the magenta region represents dispersed particles. The lines that 
separate different regions are merely guides to the eye. b.) Transmission electron microscopy micrographs 
corresponding to the delineated samples in 1.3a which constitute member nanocomposites from each of the four 
broadly defined regions in the morphology diagram. 
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Essentially, the SiO2 core and the PS grafts and matrix are immiscible, because the SiO2 is hydrophilic and 

the PS is hydrophobic[32].  However, because the grafted polymers are chemically bound to the SiO2 

particles, dispersion of the SiO2 is possible, and the extent to which this takes place depends on grafted 

chain length and graft density, thus allowing for a wide range of dispersion states, from spherical 

aggregates to well dispersed particles. Thus these composites self-assemble into an array of anisotropic 

structures by virtue of the inherent dislike between the SiO2 and the PS[33, 34, 43, 46, 47]. This 

assembly process is akin to that seen in block copolymers, and, as with block copolymers, one can plot 

this assembly in a phase diagram.  In this phase diagram, the critical variables are the graft density and 

the ratio of the grafted chain length to the matrix chain length. This is done in Figure 1.3.  The x-axis in 

this figure, the ratio of graft to matrix chain length, a, is a measure of the solvent quality experienced by 

the grafted polymer brush in the matrix polymer. In the large a limit, the brushes are in good solvent 

and the only unfavorable interaction is between the particle cores and the polymers. In the opposite 

limit, where the a value tends to 0, the matrix chains dewet the brush autophobically [49]. There is now 

a dislike between the polymers and the core, but also a dislike between the brush and matrix chains. 

Many previous experiments have conclusively demonstrated that this crossover from wet to non-wet 

brush behavior occurs when a ~1 [50-54].  The y-axis is the density of graft chains on the nanoparticle 

surface, s. In the limit of large a and s the nanoparticles are well dispersed due to steric stabilization. In 

the opposite limit of small a and s the nanoparticles macroscopically phase separate from the matrix.  

Decreasing the values of a and s progressively leads to strings, sheets and interconnected structures of 

nanoparticles.  At a fixed brush-matrix wettability, as the graft density increases, the particle dispersion 

changes from spherical aggregates to connected structures to a well dispersed state.  It is important to 

note that the dashed lines separating different regions in the phase diagram are not abrupt transitions 

and are merely meant as guides to the eye.  Chevigny et al.[11] went to slightly higher graft densities 

and other authors have gone to much higher graft densities [32, 55] with results consistent with the 



 
18 

 
 

phase diagram presented, however Sunday et al. [56] found that some adjustments need to be made 

when both ̀  and  hare very large. As these high values are not studied here, this caveat is ignored for 

the purposes of this dissertation.  Due to the large variability in dispersion states achieved, a system of 

PS grafted particles in a PS matrix can be used to better fundamentally understand the effect of 

dispersion on various nanoparticle properties. 

1.5 Dispersion Effects on Nanocomposite Properties  

The addition of filler has been found to dramatically enhance the mechanical properties of 

polymeric materials[1]. The mechanism of reinforcement, however, remains in debate, but there is 

broad agreement that particle dispersion state plays a critical role. There are three scenarios that have 

been proposed. At one extreme, mechanical reinforcement is suggested to be due to the agglomeration 

of particles; when these agglomerates percolate through the system there is a direct pathway for the 

propagation of stress and hence mechanical reinforcement[1-4].  In contrast to this άǇŀǊǘƛŎƭŜ-ƻƴƭȅέ 

scenario, others involve both the particles and polymer chains. Long et al.[57] used the fact that chain 

immobilization occurs around nanoparticles[58]τthey suggested that mechanical reinforcement is 

found when particles with a άōƻǳƴŘέ glassy layer percolate[59-62].  A final scenario considered by 

Arunguren[63] and Goritz[64], and elaborated upon by Wang[65] and Sternstein[66], is that the particles 

form a network, with the polymer chains forming άōǊƛŘƎŜǎέ between particles.  Crucial to resolving this 

argument is the ability to control the nanofiller dispersion state. Particularly relevant is that the Kumar 

group previously showed that SiO2 nanoparticles uniformly grafted with PS behaved akin to block 

copolymers because of the dislike between the SiO2 core and the PS corona (discussed in Section 1.4).  

These grafted particles thus self-assembled into a variety of anisotropic structures when they were 

placed in a PS matrix (Figure 1.3)[43]. 



 
19 

 
 

1.6 Polymer Bound Layer  

 When polymeric materials are exposed to a surface, they form an adsorbed layer[67].  This layer 

of polymer can have drastically different properties than the bulk material.  For instance, glass transition 

temperature (Tg) changes have long been studied in these confined systems, beginning with the 

benchmark works of McKenna[68, 69] and Keddie et al.[70, 71]  These changes are related to the 

surface-polymer interaction: attractive interactions increase Tg while repulsive interactions decrease 

Tg[28, 72, 73].  However, significant Tg changes in bound polymer are controversial.  Indeed, in previous 

work by the Kumar group the Tg of poly(2-vinyl) pyridine (P2VP) loaded with SiO2 particles (14nm in 

diameter) was investigated and minimal changes in Tg(less than 10 K) were observed[74].  Many other 

groups have also seen negligible changes in Tg for both thin film and polymer nanocomposite 

systems[75-77].   

 Nanoparticle size has a dramatic effect on the resulting particle-polymer nanocomposite 

properties[8], and the improvement in properties when going from micron to nano sized filler particles 

can be large.  This phenomenon is most easily understood by invoking the substantial increase in the 

surface area to volume ratio as the nanoparticle size is reduced.  For spherical NPs, this ratio goes as the 

inverse of the radius.   This is especially important for material properties that depend on inter-particle 

interactions (such as mechanical and electrical properties), as all interactions should be mediated 

through the surface.  Furthermore, at constant volume fraction as nanoparticle size decreases the inter-

particle separation will also decrease, increasing interactions between particles. 

In all of this, the polymer-particle interaction is paramount, and this is related to the size ratio of 

nanoparticles to the polymer chains.  For instance, nanoparticle miscibility is determined by this ratio; it 

has been found that nanoparticles of smaller size than the polymer radius of gyration (Rg) are miscible 

and if the reverse is true immiscibility results[78].  Relative size can often be more important than the 



 
20 

 
 

enthalpic interaction between nanoparticles and polymer.  Another area of considerable study is the 

confinement effect the presence of the nanoparticles has on the polymer. 

There have been many attempts to quantify the total amount of polymer on the nanoparticle 

surface, but no systematic study of particle size effects.  The few attempts to quantify the magnitude of 

the bound layer of polymer on nanoparticles relative to a flat surface have produced results ranging 

from the finding of Brown et al. of ŀ ΨōƻǳƴŘ ǇƻƭȅƳŜǊΩ ƭŀȅŜǊ ǘƘŀǘ Ƙŀǎ ƴƻ ŘŜǇŜƴŘŜƴŎŜ ƻƴ particle size[9], 

to a complete absence of bound polymer[79].  In the first case, only repulsive interactions between the 

nanoparticles and the polymer were considered, limiting the applicability of the results;  In the second 

case the error was of size order of the measurements[74].  Work in the Kumar group on highly attractive 

polymer particle pairs has definitively shown ŀ ǊŜŘǳŎǘƛƻƴ ƛƴ ǘƘŜ ΨōƻǳƴŘ ƭŀȅŜǊΩ ŦƻǊ ƴŀƴƻǇŀǊǘƛŎƭŜǎΥ whereas 

ŀ Ŧƭŀǘ ǎǳǊŦŀŎŜ Ƙŀǎ ŀ ΨōƻǳƴŘ ƭŀȅŜǊΩ ƻŦ ƻǊŘŜǊ ϤрƴƳΣ ŦƻǊ мпƴƳ ŘƛŀƳŜǘŜǊΣ ǘƘƛǎ ŘǊƻǇǎ ǘƻ only ~1nm [74, 80]. 

The attractive interactions in these systems were in contrast to the work of Brown et al.[9], potentially 

explaining the deviation in results. Indeed, Cohen-Addad and Ebengou[81] found that attractive 

interactions lead to a thicker bound layer that also adsorbs much more quickly. Other groups have also 

attempted to quantify the bound layer around particles.  Sargsyan et al.[75] found a ~2.5nm bound layer 

for poly(methyl methacrylate) (PMMA) adsorbed to 15nm diameter SiO2 particles. .  In their work, the 

particle dispersion state was agglomerated, potentially clouding the results.  Fragiadakis et al. found a 2-

3nm bound layer for composites of 10nm diameter SiO2 in both natural rubber[82] and poly(dimethyl 

siloxane)[83]. Finally, Ciprari et al. studied alumina and magnetite nanoparticles with diameters of 39 

and 90nm respectively.  Both PMMA and PS were used as the adsorbed polymer and they calculated 

bound layer thicknesses of ~5nm for the alumina nanoparticles and ~10nm for the larger magnetite 

nanoparticles, irrespective of polymer όōƻǘƘ ƻŦ ǿƘƛŎƘ ǿŜǊŜ ŦƻǳƴŘ ǘƻ ƘŀǾŜ ǘƻ ƘŀǾŜ ΨƭƛƳƛǘŜŘ ƛƴǘŜǊŀŎǘƛƻƴΩ 

with both sets of particles).  They postulated that a thicker bound layer could be due to weaker 

interactions between the nanoparticles and the polymer[84].  
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2. Grafted Particles: Mechanical Behavior as a Function of Dispersion  

 Dispersion of nanoparticles plays a critical role in many material properties, however proper 

control of dispersion is a long standing problem in polymer nanocomposites.  Different techniques have 

been used to improve dispersion, including reducing the particle size to below the radius of gyration (Rg) 

to improve miscibility [78], functionalization of the nanoparticle surface[85], and sonication [86], among 

other techniques.  In this chapter, PS grafted SiO2 nanoparticles are used to control dispersion, as 

discussed in Section 1.4.  The mechanical properties of the resulting composites are systematically 

tested using melt rheology (at temperatures 80K above the Tg of PS). 

2.1 Sample Preparation  

All grafted particles are prepared in the lab of Professor Brian Benicewicz at the University of 

South Carolina.  PS chains are grown from the surfaces of spherical SiO2 nanoparticles (diameter = 14 

nm, Nissan Chemicals) using reversible addition-fragmentation chain transfer (RAFT) polymerization as 

discussed in Section 1.3 [33, 34, 46, 47].  The chain length of the grafts and the graft densities are varied 

systematically to vary the dispersion state (Section 1.4) and the samples used in the experiments in this 

chapter are indicated in tables in the individual sections in which the samples are discussed.  The grafted 

particles are dissolved in solvent, either benzene or tetrahydrofuran (THF), and mixed with a 

monodisperse PS matrix dissolved in the same solvent. This solution is sonicated (2 s sonication, 1 s rest) 

for 3min, poured into a 60mm diameter Petri dish, dried overnight in a vacuum oven, and then annealed 

for 5 days at 10-4 Torr at 150 C. All the composites have 5 weight % of the SiO2 core unless otherwise 

noted. The samples are analyzed by transmission electron microscopy (TEM), USAXS (not reported 

here), and rheology. TEM samples are microtomed (thickness Ḑ60 nm) and transferred to a Formvar-

coated copper TEM grid. Rheological samples are dried for 5 days at 80 C to remove any solvent and 

molded into cylindrical discs 1-2 mm in thickness and 8 mm in diameter. Samples for the start-up of 
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steady shear at various rates are carefully treated in precisely the same fashion for annealing, molding, 

and loading into the rheometer to facilitate comparison. All rheological measurements are made at 180 

C. 

 

2.2 Linear Rheology   

 Linear rheology, including linear oscillatory shear, step strain, and creep, is fundamental to the 

understanding of mechanical properties.  Here, SAOS is focused on, but linear creep and stress 

relaxation are also considered.  The latter two were performed to probe the mechanical properties at 

long times.  The results of all rheological experiments showed a strong dependence on the matrix 

polymer, but for linear experiments this dependence was especially pronounced.  Therefore, in this 

section, most figures compare samples with matrices of the same molecular weight. 

2.2.1 Small Amplitude Oscillatory Shear  

In order to compare samples from throughout the morphology diagram in Figure 1.3, small 

amplitude oscillatory shear was performed on many composites, with a focus on comparisons between 

samples that were all prepared in the same matrix, as the matrix molecular weight has a large effect on 

rheological behavior.  In Figure 2.1, seven composites are considered.  At 5 % by weight of SiO2 the 

particles do not significantly change the loss modulus όDΩΩύ ŦǊƻƳ DΩΩ of the homopolymer.  The storage 

ƳƻŘǳƭǳǎ όDΩύΣ ƛƴ ŎƻƴǘǊŀǎǘΣ does have significant ŘƛŦŦŜǊŜƴŎŜǎ ŦǊƻƳ DΩ ƻŦ ǘƘŜ ƘƻƳƻǇƻƭȅƳŜǊ, all of which 

occur at low frequency.  In Figure 2.1a and Figure 2.1b samples at three different graft densities are 

considered, as compared to the 129 kg/mole PS(orange data points).  The relevant details of these 

samples are listed in Table 2.1. Here, two grafted chain lengths are compared: ~28 kg/mol in Figure 2.1a 

and ~75 kg/mol in Figure 2.1b.  Thus when the graft density is increased, the dispersion in Figure 2.1a 

moves from spherical aggregates at low graft density up to an interconnected network structure at 

higher graft densities and in Figure 2.1b it moves from aggregates to an interconnected structure to 
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strings.  In both plots, having a particle dispersion state corresponding to an interconnected network 

structure maximizes the low frequency storage modulus.  If a true nanoparticle network forms, this will 

also manifest itself in the storage modulus.  In such a case, one would expect a low frequency plateau in 

DΩ όŀƴŀlogous to the entanglement plateau of a pure polymer discussed in Section 1.2).  In all studied 

composites at 5 weight percent SiO2 no such plateau was observed.  On the other hand, even going to 

Figure 2.1 Absolute and normalized storage moduli (circles) and loss moduli (stars) for various nanocomposite 
dispersion states. Graft length is held constant at ~28 kg/mol (a) and ~75 kg/mol (b) as the graft density is 
steadily increased, from 0.01 ch/nm

2
 to ~0.1ch/nm

2
. The normalized storage modulus for a range of samples (c) 

as well of the location of all samples in the morphology diagram are displayed.  Three out of the four broadly 
defined regions in the morphology diagram are represented: Aggregates (red and dark red data points), 
connected/sheet structures (purple, royal blue, blue, and teal) and particle strings (cyan). The 129 kg/mol 
homopolymer data points are gold. The low frequency storage modulus is highest in the connected sheet region 
of the morphology diagram, indicating optimal mechanical properties in this morphological regime. 
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the lowest frequency possible in the ARES rheometer (0.001 rad/s), in no composite was terminal 

relaxation reached.  Therefore, one cannot rule out the possibility that a very low frequency plateau 

exists, corresponding to a true network of nanoparticles.  In any case, the small amplitude oscillatory 

shear experiments presented here clearly show an improvement in material properties at dispersion 

ǎǘŀǘŜǎ ƛƴ ǘƘŜ ΨŎƻƴƴŜŎǘŜŘκǎƘŜŜǘΩ ǊŜƎƛƻƴ ƻŦ ǘƘŜ ƳƻǊǇƘƻƭƻƎȅ ŘƛŀƎǊŀm, and apparently this improvement is 

maximized at intermediate graft density.  This can be seen in Figure 2.1c, where the normalized storage 

moduli for all 7 composites is plotted (i.e. the composite storage modulus divided by the matrix storage 

modulus).  In Figure 2.1d the location of the samples in the morphology diagram from Figure 1.3 is 

displayed.  The two aggregate samples (red) have a particularly low storage modulus compared to the 

other samples.  These also have a large variance in dispersion from the other samples, as can be 

qualitatively seen in the TEMs of the seven samples listed in Table 2.1 (Figure 2.2).  Of note is the 

sequestration of all of the samples on the left side of the diagram.  This highlights a limitation of the 

small amplitude oscillatory shear experiments.  In order to probe the full width of the morphology 

diagram, it is necessary to use matrices of different molecular weight (because of the limited range of 

the graft length of the polymer on the nanoparticles).  However, a comparison of the storage and loss 

moduli for composites with different matrices is complicated by the fundamental contribution of the 

ƳŀǘǊƛȄ ǇƻƭȅƳŜǊ ǘƻ ǘƘŜ ǊŜƭŀȄŀǘƛƻƴ ǇǊƻŎŜǎǎŜǎ ƻŎŎǳǊǊƛƴƎ ƛƴ DΩ ŀƴŘ DΩΩ ŀǘ a given frequency.  Even the 

normalization of the storage moduli by their respective matrices does not facilitate comparison, because 

the entanglement plateau and terminal relaxation happen at different frequencies depending on the 

matrix.  Thus in order to compare samples throughout the morphology diagram, it is necessary to devise 

a different, more suitable metric than that of normalized storage modulus, and this will be addressed in 

Section 2.3.2.  
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Figure 2.2 TEMs of the seven samples studied (a) and there location in the morphology diagram (b) first presented 
in Figure 2.1. 

 

Table 2.1 Brush and matrix number-average molecular weights (Mn), polydispersities (PDI), brush graft densities, 
matrix solvent quality, and morphologies for SAOS samples. 

Graft density 

(chains/nm2) 

Graft Mn 

(kg/mol) 

Graft 

PDI 

Matrix Mn 

(kg/mol) 

Matrix 

PDI 

Matrix Solvent 

Quality (a) 

Morphology 

0.01 30 1.3 129.2 1.03 0.23 aggregates 

0.01 78 1.3 129.2 1.03 0.60 aggregates 

0.05 32 1.07 129.2 1.03 0.25 connected 

0.05 52 1.07 129.2 1.03 0.40 connected 

0.05 75 1.06 129.2 1.03 0.58 connected 

0.1 25 1.15 129.2 1.03 0.19 connected 

0.11 70 1.1 129.2 1.03 0.54 strings 



 
26 

 
 

 

2.2.2 The Nanoparticle Network  

In order to more quantitatively 

represent the mechanical 

reinforcement as a function of 

dispersion state, an attempt is 

made to understand the existence 

of a nanoparticle network in the 

context of rubber elasticity theory. 

In Figure 2.3, composites with 5, 8, 

and 15 wt % of SiO2 nanoparticles 

are considered, from the region of 

the morphology diagram (Figure 

1.3) with the largest low frequency 

storage modulus, i.e., percolating 

particles at an intermediate graft density of 0.05 chains/nm2. The relevant experimental details of these 

samples are listed in the figure caption.  At the higher loadings, a plateau in the storage modulus is 

observed at experimentally accessible frequencies.  If one extrapolates the low-frequency plateau in DΩ 

(the equilibrium modulus of the nanoparticle network Geq) down to a modulus of zero by plotting Geq 
1/3 

versus the weight percent of SiO2, the onset of gelation is predicted to be Ḑ3.2 percent by weight and 

the modulus expected for the 5 wt % sample is 8 Pa (near the border of our lowest measurements). Of 

course, with only two data points this extrapolation is far from quantitative.  According to the phantom 

network model[87], ǘƘŜ ƴǳƳōŜǊ ŘŜƴǎƛǘȅ ƻŦ ŜƭŀǎǘƛŎŀƭƭȅ ŜŦŦŜŎǘƛǾŜ ƴŜǘǿƻǊƪ ǎǘǊŀƴŘǎ ˄ ƛƴ excess of the 

number density of elastically effective junction Ǉƻƛƴǘǎ ˃ ƛǎ given by Equation 2.1: 

Figure 2.3 180C storage moduli(circles) and loss moduli (stars) 
at different loadings: 5% (open green), 8% (black), and 15% 
(gold) by weight. The graft molecular weights are 52, 114 and 
150 kg/mol respectively.  The matrix molecular weight is 129 
kg/mol for the 5% and 8% particle loadings and 150 kg/mol for 
the 15% loading of silica. 
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Equation 2.1 

Tk

G

B

eq
=-mn  

We assume every particle acts as a network ƧǳƴŎǘƛƻƴ ǇƻƛƴǘΣ ƳŀƪƛƴƎ ˃ Ґ рΦн Ҏ 1016 particles/cm3 for the 

мр ǿǘ ҈ ŀƴŘ ˃ Ґ нΦс × 1016 particles/cm3 for the 8 wt %.  Using the measured Geq of 2610 and 172 Pa for 

the 15% and 8% composites, ǊŜǎǇŜŎǘƛǾŜƭȅΣ ȅƛŜƭŘǎ ˄-˃ Ґ пΦмт × 1017 strands/cm3 (9 graft-graft 

entanglements per particle) for the 15 wt % and 2.75 × 1016 strands/cm3 (2 graft-graft entanglements 

per particle) for the 8 wt % nanocomposite. These data therefore support the picture that the 

mechanical reinforcement is driven primarily by the formation of a nanoparticle network, with the 

particles as the junction points and graft-graft entanglements as the elastically effective strands. In this 

context, it appears that a glassy adsorbed polymer layer is not necessary to explain the observed 

reinforcement in this system (recall such a layer was discussed in Section 1.6). Indeed, this mechanism 

for reinforcement is ruled out not only by the large distances between the particles, but potentially also 

by the high temperature, Tg + 80 K (although it is not clear to exactly which temperature the bound layer 

will persist). According to previous work in the Kumar group, well dispersed particles at 15 wt % SiO2 

display an elastic modulus plateau[10], suggesting reinforcement. In this well-dispersed system, the 

inter-particle distance is Ḑ44 nm. Previous experimental work has suggested that the SiO2-PS system is 

characterized by a bound (presumably glassy) layer of thickness Ḑ1 nm, or perhaps slightly greater 

thickness, as was discussed in Section 1.6 [74]. Given the particle size of 14 nm and the large inter-

particle spacing, a bridging of glassy layers cannot explain these findings. 

Jouault et al.[88] studied bare SiO2 particles in PS at very low percent SiO2. They discovered 

evidence of reinforcement in the existence of high temperature G0 plateaus. These authors also 

rule out an overlap of glassy layers and suggest that the PS matrix may be bridging particles, allowing 

interparticle interactions far below the volume fractions at which all of the nanoparticles contact each 
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other. While the differences in the two systems make it difficult to directly compare, it is not 

unreasonable to suppose that in cases such as these their adsorbed polymers are acting analogously to 

the chemically grafted polymers studied here. 

Furthermore, it is important to emphasize that the tests presented herein were performed well 

above Tg and on a system of non-contacting nanoparticles, and thus other mechanisms of reinforcement 

may exist in different nanocomposite systems.  Indeed, a very different system will be discussed in 

Chapters 5 and 6. However, this experimental system was chosen because of its relevance to industrial 

problems and specifically the optimal dispersion state of nanoparticles in automobile tires. By studying 

well above Tg and without cross-links, the nanoparticle network is isolated, and it is the mechanism of 

reinforcement in this network that is addressed. The ability to systematically vary the nanoparticle 

morphology allows the critical examination of the factors that have been proposed to underlie 

mechanical reinforcement in polymer nanocomposites far above Tg. The percolation of nanoparticles is 

necessary for stress propagation across the systemτhowever, entanglement of graft chains on different 

particles allows this percolation at much lower particle loadings. Thus, these results unequivocally show 

that mechanical reinforcement in this system results from the formation of a network where the 

nanoparticles are the network junctions [64, 66, 89-91] connected by graft-graft entanglements as the 

elastically effective network strands. 

2.2.3 Stress Relaxation  

 In order to validate the small amplitude oscillatory shear data and probe frequencies that are 

low enough to potentially show a clear effect of the nanoparticle network even at 5 percent by weight 

loading (i.e. a low frequency plateau in the storage modulus), stress relaxation was studied for the same 

seven composites discussed in Section 2.2.1, listed in Table 2.1 and displayed in Figure 2.2.  In stress 

relaxation, as discussed in Section 1.1.1, a step strain is imposed on the sample and the relaxation of the 

stress is charted in time.  A stress relaxation experiment occurs in the time domain, instead of the 
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frequency domain, and thus it is much easier to take the samples to long times (the equivalent of low 

frequencies).  The ARES rheometer has a lower frequency limit of 0.001 rad/s, however there is no 

upper limit to time, and after only 1000s the equivalent timescales of the 0.001 rad/s SAOS 

measurement have already been probed (in SAOS, measuring out to these low frequencies would take 

almost 24 hours).  In Figure 2.4 the stress relaxation data for all seven composites are considered (the 

corresponding location in the morphology diagram is indicated in the inset).  Notably, the ordering of 

the composites is the same as can be seen in Figure 2.1c.  Here, only the composite with the structure 

most centrally in the 

ΨŎƻƴƴŜŎǘŜŘκǎƘŜŜǘΩ ǊŜƎƛƻƴ ƻŦ 

the morphology diagram 

shows evidence of a low 

frequency plateau.  The other 

samples do potentially show 

plateaus, but they are below 

the torque range of the 

rheometer and thus their 

validity is subject to question.  

In fact, this is a primary 

limitation of stress relaxation 

experiments: the data become unreliable when the torque falls too low.  The torque can be increased by 

increasing the step strain, however, the strain must be linear (and hence small).  Indeed even if a larger 

strain is chosen, a general rule of thumb on an ARES rheometer is that one should not trust the moduli 

once it drops four orders of magnitude below its initial value.  Thus while all of the curves in Figure 2.4 

are taken out to very long times, insufficient torque resulted in very noisy data at the longest 

Figure 2.4 Stress relaxation measurements for seven nanocomposites and a 
129 kg/mol homopolymer.  The relaxation modulus is plotted as a function of 
time, and persists out to the longest times for the blue samples, located in the 
connected/sheet region of the morphology diagram (shown in inset). 
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measurement times. Creep experiments, which as opposed to stress relaxation apply a constant stress 

instead of a constant strain, are also ideally suited for long time measurements, and torque does not 

change as creep progresses.  In Section 2.2.4 creep on these samples will be discussed, as well as stress 

relaxation experiments that were taken with an Anton Paar Physica rheometer, which has a wider 

torque range than the ARES. 

2.2.4 Long Time Response 

As stated previously, the particle network behavior (and specifically any particle plateau) manifests 

itself at very low frequencies or long times.  The experiment of choice studying long time behavior is 

creep.  In creep one can probe very long timescales and the decrease in torque that would be 

experienced in stress relaxation or small amplitude oscillatory shear is not a concern.  This is because 

creep is a constant stress experiment, and thus the torque is also constant throughout the experiment.  

This is discussed in more detail in Section 1.1.1.  All creep experiments were done on an Anton-Paar 

Physica rheometer, which is a stress controlled rheometer (as opposed to ARES, which is strain 

controlled).    The Anton-Paar Physica has a feedback mechanism that allows it to also perform strain 

controlled experiments (e.g. stress relaxation and small amplitude oscillatory shear) and because of 

some difficulties that were encountered with Creep, several stress relaxation experiments were also 

done using this rheometer.  The Physica has a lower torque resolution than the ARES, which facilitates 

stress relaxation at long times. 

 Several problems were experienced with creep, the primary problem being difficulty finding a 

linear stress regime. In this regime, the creep compliance (J(t)) should overlay at different values of 

stress.  For many of the studied samples this overlay was not possible even as the stress approached the 

lower limit of the rheometer and thus these results are not shown. 
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 In Figure 2.5 the long time behavior for four different samples plus that of the 129 kg/mol 

homopolymer are presented.  Because of the problems with creep outlined above, the results in Figure 

2.5 are from either creep (green) or stress relaxation experiments (red), and in both cases have been 

converted into SAOS data.  The data conversions are then compared to 
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Figure 2.5 Low frequency/long time linear rheological data for the four composites and corresponding homopolymer 
from Table 2.2.  SAOS (black lines) probes the high frequency regime and converted creep (green points) and stress 
relaxation (red lines) are used to extend the SAOS to much lower frequencies. Data are presented for the 129 kg/mol 
homopolymer (a), aggregate (b), connected (c) and string (d) composites at 5 weight % SiO2 content, and a 
connected composite at 8 weight % SiO2 content.  The stars in the plots correspond to the location of the samples in 
the morphology diagram (f).  All of the samples have a storage modulus higher than the loss modulus at high 
frequencies and then these variables quickly cross over.  Only for the 8% composite does the storage modulus 
eventually cross back above the loss modulus and form a plateau, although the connected and string samples come 
close. 
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SAOS data from the Physica taken on the same sample, to ensure that overlap between the two occurs.  

Table 2.2 gives experimental details of the composites studied, which were all in a 129.2 kg/mol matrix.  

For the homopolymer and the aggregate composite, the creep conversion to SAOS matched the high 

frequency SAOS data (green and black curves respectively in Figure 2.5a and 2.5b), however, for the 

remaining composites, no linear regime was found for creep.  The Anton Paar stress relaxation data for 

these samples was in the linear regime.  The conversion of this data overlaid perfectly with the high 

frequency SAOS (red and black curves respectively in Figure 2.5c and 2.5d) and since the creep 

experiments were non-linear in these composites, the stress relaxation conversion was used.   

For the 8% composite (Figure 2.5e), a second stress relaxation experiment (not shown) had a 

longer terminal relaxation time than the first (red curve in Figure 2.5e), suggesting a buildup of 

structure.  Thus apparently, an equilibrium structure had not been reached even after five days 

annealing.  Considering that at 5 weight %, some structures continue to evolve after five days annealing, 

and that the 8% composite was effectively annealing for the entirety of the first stress relaxation 

experiment (>100,000s), this result is not unreasonable. 

Table 2.2 Brush number-average molecular weights (Mn), polydispersities (PDI), graft densities, matrix solvent 
quality, and morphologies for SAOS samples. 

Graft density 

(chains/nm2) 

Graft Mn 

(kg/mol) 

Graft 

PDI 

Matrix 

Solvent 

Quality (a) 

Morphology Presence of 

plateau? 

Onset of Terminal 

Relaxation(s) 

0.01 78 1.3 0.60 aggregates No too long to measure 

0.05 79.9 1.41 0.61 connected ambiguous ~10,000 

0.05, 8  wt % 114 1.15 0.88 connected Yes (~400 Pa) 10,000-100,000 

0.11 70 1.1 0.54 strings ambiguous ~400 
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 The response of the homopolymer is consistent with what is expected for a linear polymer 

above the entanglement molecular weight.  Meanwhile, an aggregate dispersion state often leads to a 

rheological response similar to that of the homopolymer, as will be seen again and again in this text, 

however these results show there is a clear deviation at low frequencies/long times.  The storage and 

loss moduli, when plotted on a log-log plot, are parallel to each other.  This suggests this composite is 

behaving as a critical gel at these timescales[92].   

 All of the samples show an initƛŀƭ ŎǊƻǎǎƻǾŜǊ ōŜǘǿŜŜƴ DΩ ŀƴŘ DΩΩ ǿƛǘƘ DΩ ƘƛƎƘŜǊ ŀǘ ƘƛƎƘ 

ŦǊŜǉǳŜƴŎƛŜǎ ŀƴŘ ǘƘŜƴ ǉǳƛŎƪƭȅ ŦŀƭƭƛƴƎ ōŜƭƻǿ DΩΩΦ  hƴƭȅ ǘƘŜ у҈ ŎƻƳǇƻǎƛǘŜ ǎhows a second crossover in the 

two moduli, however, both the connected and string structures come close.  

 From the data, it is clear that the 8% sample has the strongest rheological response.  This 

sample takes a very long time to reach the terminal relaxation regime and the length of time seems to 

increase with annealing. 

2.3 Non-linear Rheology  

While the picture derived from linear rheology clearly indicates the necessity of the percolation 

of a particle network for maximum reinforcement, the role of the polymer is not resolved. If it does play 

a role, then does the scenario of Long et al. or the Goritz picture (as discussed in Section 1.5) have more 

relevance?  Recall that Long suggested that particle percolation is mediated by the overlap of adsorbed, 

glassy layers of polymer on the particle surface whereas Goritz postulated it was the bridging of 

polymers between particles.  In order to fully probe the polymer network, non-linear rheology is 

necessary.  The primary experiment used is start-up of steady shear, and from the results that will be 

presented it will become clear that these steady shear experiments have the ability to break-up particle 

networks, either temporarily or permanently depending on the composite.    Throughout the course of 

my Ph.D., many  
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Table 2.3 Brush and matrix number-average molecular weights (Mn), polydispersities (PDI), brush graft densities, 
matrix solvent quality, morphologies, and reinforcement metric for studied samples. 

Graft 

density 

(chains/nm2) 

Graft Mn 

(kg/mol) 

Graft 

PDI 

Matrix 

Mn 

(kg/mol) 

Matrix 

PDI 

Matrix 

Solvent 

Quality (a) 

Morphology Overshoot/plateau 

0.01 25 1.2 142 1.04 0.18 aggregates 1.08 

0.01 158 1.5 142 1.04 1.11 sheets 1.07 

0.01 158 1.5 42.2 1.04 3.76 connected 1.40 

0.05 17 1.05 142 1.04 0.12 connected 1.48 

0.05 17 1.05 42.2 1.04 0.40 connected 1.82 

0.05 100 1.2 131.4 1.01 0.76 connected 1.83 

0.05 17 1.05 42.2 1.04 0.81 connected 1.82 

0.05 160 1.21 142 1.04 1.13 connected 1.36 

0.05 160 1.21 42.2 1.04 3.79 strings 1.23 

0.1 24 1.04 142 1.04 0.17 sheets 1.17 

0.1 45 1.06 142 1.04 0.32 connected 1.38 

0.1 24 1.04 42.2 1.04 0.57 connected 1.35 

0.1 154 1.25 42.2 1.04 3.65 dispersed no overshoot 

different steady shear experiments were performed.  In this chapter, I focus on results from 13 

nanocomosites that represent the full range of the morphology phase diagram (Figure 1.3).  Relevant 

experimental details on these samples are listed in Table 2.3. 
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2.3.1 Start -up of Steady Shear 

Start-up of steady shear experiments at a variety of strain rates (0.01-0.5 s-1) show the same 

qualitative behaviorτe.g., a stress maximum as a function of time with the strain value at the stress 

maximum decreasing slightly with decreasing strain rate (Figure 2.6). Similar results have been 

previously reported[93], in agreement with the notion that this stress maximum, which is a 

manifestation of the transient elastic (or solid-like)behavior of the reinforced samples, must disappear in 

the limit of zero strain rate.  Thus at these low rates, the characteristic overshoot occurs at the same 

strain, independent of rate.  

Flow reversal experiments 

were performed to determine 

whether the overshoot is 

recoverable; samples that had 

been sheared past the stress 

maximum at a shear rate of 0.2 

s-1 were reannealed for 1 week 

at 150  C. These samples 

displayed an overshoot, albeit 

weakened suggesting whatever 

structural breakdown occurs is 

at least partially recoverable. 

Figure 2.6 Strain of the shear stress overshoot is roughly independent of shear 
rate (at these low rates) in the start-up of steady shear at 180 C. The sample 
was sheared at six different rates: 0.5 (black), 0.2 (red), 0.1 (blue), 0.05 
(green), 0.02 (purple), and 0.01 (orange) (s

-1
).  The grafted chain length is 100 

kg/mol, the graft density is 0.05 chains/nm
2
, and the matrix chain length is 

132.9 kg/mol.  Electron micrographs confirm a connected nanoparticle 
structure. 



 
37 

 
 

Of the 13 nanocomposites studied and listed in Table 2.3 only the sample with well dispersed 

nanoparticles showed no overshoot. Past work in the Kumar lab has shown that the well-dispersed 

sample will also show solid like behavior, but at higher particle concentration (Ḑ15 wt % SiO2)[10]. In 

Figure 2.7, three nanocomposites from Table 2.3 are considered. The grafted chain length to matrix 

chain length ratio was held roughly constant, and the graft density was varied in the range 0.01-0.1 

chains/nm2. Start-up of steady shear experiments (Figure 2.7a) display a stress overshoot in each case, 

although the peak is small in the nanocomposite with small particle agglomerates. A maximum in stress 

overshoot is seen for the intermediate graft density. These results are corroborated by linear oscillatory 

Figure 2.7 Start-up of steady shear data at 180 C at a shear rate of 0.2 s
-1
 (a) and storage modulus data(also taken 

at 180 /ύ  ŦƻǊ ǘƘǊŜŜ ƴŀƴƻŎƻƳǇƻǎƛǘŜǎ ǿƛǘƘ ǘƘǊŜŜ ŘƛǎǘƛƴŎǘ ƎǊŀŦǘ ŘŜƴǎƛǘƛŜǎ ŦǊƻƳ ǘƘŜ ΨƳƻǊǇƘƻƭƻƎȅ ŘƛŀƎǊŀƳΩ ǊŜǇǊŜǎŜƴǘƛƴƎ 
spherical aggregates (red), a particle network (blue), and sheets of particles (teal).  TEMs and the relative positions 
in the morphology diagram are also shown (c).  All three samples have a 142 kg/mol matrix.  For the aggregate 
sample, the graft molecular weight is 25 kg/mol and the graft density is 0.01 chains/nm

2
.  For the particle network 

and the sheets of particles these values  are 17 kg/mol and 0.05 chains/nm
2
 and 24 kg/mol and 0.1 chains/nm

2
 

respectively. 
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shear experiments, which show that this intermediate graft density also has the most reinforcement (in 

line with the discussion from Section 2.2.1), as evidenced by the height of the low-frequency modulus in 

Figure 2.7b. ¢ƘŜ ƭƻŎŀǘƛƻƴ ƛƴ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ΨƳƻǊǇƘƻƭƻƎȅ ŘƛŀƎǊŀƳΩ ŀǎ ǿŜll as TEM micrographs are 

both shown for the three distinct dispersion states (agglomerated clusters, a connected nanoparticle 

network, and sheets) in Figure 2.7c. The dimensionality of these structures was determined by 

comparing consecutive microtomed slices of sample[43]. Thus, both steady shear and SAOS suggest that 

the reinforcement is strongly correlated to the nanoparticle morphology, with an apparent maximum 

being obtained when the particle structures percolate. This is in line with the expectations of Payne, 

Gusev, and many other past works, including from the Kumar group [93-95].  

2.3.2 A Maximum in the Morphology Diagram  

To critically resolve the role of the polymer matrix, it is important to consider samples spanning 

the whole morphology diagram (Figure 1.3). A difficulty is that the matrix polymer molecular weight has 

to be varied to achieve the desired broad range of the ratio of the graft length to matrix length. Since 

there is a strong dependence of the absolute values of the modulus on the matrix molecular weight, a 

measure of mechanical reinforcement is needed that normalizes out this variable. The stress value at 

the peak of the overshoot scaled by the stress plateau value at large strain (long time) is particularly 

appropriate, as utilized previously[93, 96].  This analysis (Figure 2.8) shows that, as expected, the largest 

reinforcement occurs in the regions corresponding to networks of particles. Perhaps more interesting is 

the trend seen for various percolated samples, all with similar morphologies, but with widely varying 

graft densitiesτapparently, the reinforcement goes through a maximum at an intermediate graft 

density (0.05 chains/nm2). This result offers a crucial insightτthe graft chains play a central role in 

reinforcement. Were a particle-only scenario operative, then the maximum reinforcement would be in 

the limit of very low graft densities, where the particle cores can contact other cores. This point is 

elaborated on in Section 2.3.3.  
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2.3.3 Graft Length and Overshoot Strain  

More insight into the mechanism of reinforcement, specifically, the role of graft chains, results 

when we plot the strain value ŀǘ ōƻǘƘ ǘƘŜ ǎƘŜŀǊ ǎǘǊŜǎǎ όˋύƳŀȄƛƳǳm and the primary normal stress (N1) 

maximum as a function of grafted chain length (Figure 2.9). N1 is plotted ŀƭƻƴƎ ǿƛǘƘ ˋ ōŜŎŀǳǎŜ ƛǘ ŘƛǎǇƭŀȅǎ 

a maximum in all filled samples, even in cases where the dispersion state does not allow for a 

nanoparticle network to span the material (and thus no shear stress maximum exists). The observed 

strong linear correlation in this figure implies that the stress maximum is driven by the existence of a 

ǇŀǊǘƛŎƭŜ ƴŜǘǿƻǊƪΣ ǿƘŜǊŜ ǘƘŜ ƴŜǘǿƻǊƪ άŎƻƴƴŜŎǘƛǾƛǘȅέ is transmitted by the graft chains. Thus, while the 

dispersion state of the filler is primarily responsible for the magnitude of reinforcement, the presence of 

Figure 2.8 Lƴ ǘƘƛǎ ΨƳƻǊǇƘƻƭƻƎȅ ŘƛŀƎǊŀƳΩ ǎȅƳōƻƭǎ ŀǊŜ ǇƭƻǘǘŜŘ ǿƘƻǎŜ ǎƛȊŜ ǎŎŀƭŜ ǿƛǘƘ ǘƘŜ ŘŜƎǊŜŜ ƻŦ 
reinforcement as characterized by the ratio stress overshoot maximum value/plateau value.  Other 
measures give qualitatively similar results (i.e. the connected sheet regime, at intermediate graft 
density, provides the best reinforcement).  Only the well-dispersed sample yielded no stress maximum. 
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the graft chains enhances this effect.   !ǇǇŀǊŜƴǘƭȅΣ ǘƘƛǎ ƛƴŎǊŜŀǎŜǎ ǘƘŜ ǎǘǊŀƛƴ ǘƻ άōǊŜŀƪέ ǘƘŜ particle 

network, which it is conjectured is the origin of the stress maximum.  The next pertinent question is why 

the stress maximum is optimized only 

at an intermediate graft density and 

why both lower and higher graft 

densities show lower reinforcement. 

For extremely low graft densities, there 

are very few graft chainsτsince it 

appears that thŜ άƛƴǘŜǊŀŎǘƛƻƴέ ƻŦ ƎǊŀŦǘ 

chains is crucial, it then follows that 

low graft densities do not offer 

substantial reinforcement. The 

reduction of reinforcement at high 

graft densities is attributed to the 

particular shape of the morphology diagram (Figure 1.3)τas one increases the graft density, the x-axis 

values have to get smaller to maintain a given morphology (in this case particle morphologies which 

percolate). Consider a fixed matrix molecular weightτthis implies that the grafted chain length must 

decrease as graft chain density increases to maintain the same morphology. Since the extent of the 

interaction between graft chains is expected to decrease with decreasing graft length, then it follows 

that the stress reinforcement must eventually decrease with increasing graft density for a given particle 

morphology. For 14 nm SiO2 at 5 weight percent, the typical spacing between particles is Ḑ50 nm. The 

longest grafts with Mn Ғ 160 kg/mol have size of Ḑ20 nm, but at 0.01 chains/nm2 there are only 6 graft 

chains on each particle so they barely entangle, while at 0.05 chains/nm2 there are 30 graft chains on 

each particle and they entangle significantly. For graft density 0.1 chains/nm2 shorter grafts with Mn < 

Figure 2.9 Deformation necessary for the shear stress overshoot 
increases linearly as a function of the grafted chain length. We 
consider three graft densities: 0.1 chains/nm

2
 (pink stars), 0.05 

chains/nm
2
 (blue circles), and 0.01 chains/nm

2
 (red triangles).  Both 

N1 overshoot (open symbols) and  ̀overshoot strains (closed symbols) 
are displayed.  The lines are simply guides to the eye. 
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50 kg/mol are used, and these have size smaller than 15 nm and cannot reach the grafts on other 

particles so they cannot form graft-graft entanglements. In combination, all these results argue for the 

crucial role of graft chains in mechanical reinforcement in this system.  
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3. Alignment of Grafted Particle Structures in Response to Flow  

In this chapter the use of shear flow fields to orient and order polymer grafted SiO2 nanoparticle 

self-assembled structures and potentially affect the growth of these domains is examined.   This is 

important to create materials with directionally dependent properties.  In contrast to large particles, of 

characteristic size R, where hydrodynamics controls flow-alignment and assembly, the nanoparticles at 

hand are much smaller.  Thus alignment will not operate under these mechanisms. 

Three flavors of experiments are conducted ς SAOS, start-up of steady shear, and LAOS ς on a 

variety of the morphologies from the experimental morphology diagram (Figure 1.3). Both a parallel 

plate and a specialized cone-partitioned-plate set-up were used, and yielded qualitatively similar results 

implying that the geometry does not affect the ŜȄǇŜǊƛƳŜƴǘΩǎ ŀƴǎǿŜǊ. All sets of rheology experiments 

were conducted at 1800C, 800C above the glass transition temperature (Tg) of PS. The start-up of steady 

shear results showed important differences in stress/strain curves for the different NP dispersion states 

(this was discussed in detail in Section 2.3). Specifically, a smooth increase of stress to steady-state was 

observed, without any occurrence of overshoot (or occasionally a very small overshoot), when the initial 

nanocomposite dispersion state was small spherical aggregates, or well dispersed nanoparticles. Every 

intermediate dispersion studied, ranging from strings to fractal networks of particles or sheets, 

demonstrated a stress overshoot. Note that, in linear oscillatory shear, for all composites, the low-

frequency (<10rad/s) storage modulus decreases at a slower rate (with decreasing frequency) from what 

was observed with the homopolymer.  Whereas for an aggregate dispersion state this change is small, 

the effect is much larger for interconnected or string structures (see Figure 2.1). 

To determine the structural origins of these qualitatively different stress responses, TEM was 

performed (conclusions were verified using ultra small angle x-ray scattering[97] (USAXS) using a unified 

fit model[98]).  A series of eight start-up of steady shear experiments were performed on two different 

initial dispersion states, one in which the nanoparticles are arranged into small aggregates, and one in 
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which the particles form sheets. The strains chosen were 0, 1, 3, 8, 14, 59, 400, and 1200.  These values 

were selected using the stress overshoot in the self-assembled sheets sample as a reference, since the 

maximum deformation and alignment was expected and achieved there.   Strains on both sides of the 

stress maximum were studied. Sections 3.3 and 3.4 will discuss in detail representative micrographs for 

selected strains for the two different dispersion states, a connected network of sheets and spherical 

aggregates respectively. All the samples discussed in this chapter are listed in Table 3.1. 

Table 3.1 Brush and matrix number-average molecular weights (Mn), polydispersities (PDI), brush graft densities, 
matrix solvent quality, morphologies and effect of shear on aggregation state for studied samples. 

Graft density 

(chains/nm2) 

Graft Mn 

(kg/mol) 

Graft 

PDI 

Matrix Mn 

(kg/mol) 

Matrix 

PDI 

Matrix Solvent 

Quality (a) 

Morph-

ology 

Coarsen 

with shear ? 

0.01 78 1.3 129 1.03 0.60 aggregates no 

0.01 128 1.35 129 1.03 0.99 aggregates no 

0.01 128 1.35 91 1.02 1.41 aggregates no 

0.02 156 1.22 91 1.02 1.71 sheets yes 

0.05 15 1.1 91 1.02 0.16 aggregates very slight 

0.05 52 1.07 129 1.03 0.40 connected yes 

0.05 75 1.06 129 1.03 0.58 connected yes 

0.05 79.9 1.41 129 1.03 0.62 connected yes 

0.05 88.7 1.68 129 1.03 0.69 connected yes 

0.05 120 1.18 129 1.03 0.93 sheets yes 

0.05 120 1.18 91 1.02 1.32 sheets yes 

0.1 66.4 1.2 129 1.03 0.51 connected yes 

0.1 56 1.15 91 1.02 0.62 connected yes 

0.1 154 1.25 42 1.04 3.67 dispersed no 

0.11 70 1.1 129 1.03 0.54 strings yes 
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3.1 The Peclet Number and Zeta 

The Peclet number is a dimensionless number that can be used to compare the relative 

importance of the shear flow to movement caused by Brownian diffusion.  The Peclet number is defined 

as in Equation 3.1: 

Equation 3.1 

Pe=
g R( )R

kT
6p Rh

è
êé

ø
úù

=
6p g h R3

kT
 

Here ‎ is ǘƘŜ ǎƘŜŀǊ ǊŀǘŜ ŀƴŘ ʹ is the viscosity. In the case where shear dominates the movement of 

particles, the Peclet number will be much larger than one and in the diffusion dominated regime it will 

be smaller than one.  In contrast to large particles, of characteristic size R, where hydrodynamics 

controls flow alignment and assembly and Pe is of order 103 or larger [99-102] the nanoparticles at hand 

are much smaller, Pe~O 1( ). Hence, thermal energy induced fluctuations are comparable to flow 

induced effects. In addition to the Peclet number, a second pertinent dimensionless number in this 

context is zeta όʸύΣ ǿƘƛŎƘ is defined in Equation 3.2 : 

Equation 3.2 

Tk

U

b

=z  

ʸ emphasizes the relative importance of the interparticle attractions, U, to the thermal energy. 

Estimations ƻŦ ʸ ǾŀƭǳŜǎ ƛƴ ǘƘŜǎŜ ŎŀǎŜǎ ŀǊŜ ŘƛŦŦƛŎǳƭǘ ǎƛƴŎŜ ǿŜ Řƻ ƴƻǘ ƪƴƻǿ ǘƘŜ ŜȄŀŎǘ ŎƘŜƳƛǎǘǊȅ ƻŦ ǘƘŜ {ƛh2 

particles of interest.  Using a bare (unretarded) London-dispersion formula for SiO2 spheres at a 

separation oŦ мƴƳ ȅƛŜƭŘǎ ʸϤнΦ  hƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ Ŧƛǘǎ ƻŦ ŀƴ ŀƴŀƭȅǘƛŎŀƭ ƳƻŘŜƭ ǘƻ ǘƘŜ YǳƳŀǊ ƭŀōΩǎ ǇǊŜǾƛƻǳǎ 

quiescent self-ŀǎǎŜƳōƭȅ ŜȄǇŜǊƛƳŜƴǘǎ ǎǳƎƎŜǎǘ ʸϤмлΦ Despite this uncertainty, y unambiguously exceeds 1 

at short distances (~1 nm), whereas it becomes negligible at larger separations. Given the fact that the 
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ratio Pe/y  <1 , we do not expect flow-effected NP-structure formation.   Consistent with this surprising 

conclusion, it appears that self-assembled anisotropic nanoparticle structures can be oriented into the 

flow direction with the structures lining up one-behind-the-other so as to minimize drag. However, no 

flow induced growth of these structures occurs. No such orientational ordering is found in the case of 

spherical structures, e.g., individual NPs or spherical NP clusters! In contrast to conventional wisdom, 

these results therefore show that flow can only be used to orient anisotropic nanoparticle structures 

along streamlines, but that flow itself does not induce any domain growth. These results are highly 

relevant for the creation of materials with controlled transport behavior such as in gas membranes, 

organic photovoltaics and batteries. 

3.2 Experiment Design  

The rheological properties of nanocomposites was investigated, where the spatial dispersion of 

the nanoparticles were varied systematically[43] from well-dispersed (i.e., NPs miscible in the matrix) to 

agglomerated into small spheres (presumably due to macroscopic phase separation) as discussed in 

Section 1.4. Several intermediate states, i.e., strings, sheets and networks, created by particle self-

assembly, were also focused on (Figure 1.3).  

3.2.1 Composite Preparation and T ransition Electron Microscopy  

RAFT polymerization is used to grow PS chains of various lengths and densities from 14nm SiO2 

particles.  The grafted particles are dissolved in tetrahydrofuran (THF) and monodisperse PS added to 

this mixture. One hour of mixing using a vortex, followed by pulsed sonication (3 minutes: 2s sonication, 

1s rest) are used to thoroughly mix the solution which is then solvent cast into a 60mm Petri dish, dried 

overnight in a vacuum, and annealed for 5 days at 150°C  (10-4 torr). The composites are prepared to 

each be 5% of the SiO2 core by weight. TEM (including image analysis), SAXS, USAXS and rheology are 

used to analyze the samples.  For TEM, 60nm, microtomed sections are transferred to a copper grid 
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which has been pre-coated with Formvar. Since orientation is extremely important when looking at 

nanocomposite response to flow, great care is taken to record the orientation with respect to flow of 

the sections. To prepare for rheology, the samples are first vacuum dried for several days at 80°C to 

remove excess solvent. These are then annealed for 5 days at 150°C. Custom molding apparatuses are 

then used to mold the samples into 8, 10 or 25mm diameter discs depending on the geometry desired 

for experimentation.  The apparatuses are steel cylinders with a hollowed out center.  This hollowed out 

region is also cylindrical in shape, with a diameter that matches the diameter of the resulting sample 

and a steel plunger is fitted to slide smoothly but tightly up and down the length of this hollowed out 

region.  The plunger should be slightly longer than the encasing steel cylinder.  Three screw holes are 

positioned equidistant from each other around the upper edge of the encasing cylinder and these are 

used to secure a steel lid in place of the same diameter as the encasing cylinder.  The encasing steel 

cylinder is also fitted with a small hole in which a thermocouple is inserted (such that the tip of the 

thermocouple will reach very near to the sample within, but not actually contact it).  Just above this 

hole, a large tube extends outward to which a vacuum can be attached to slow sample degradation.  

Once the lid is screwed in place and the plunger is inserted, a small disc shaped region is available (with 

one edge of the disc the top edge of the plunger and the other edge of the disc the bottom edge of the 

lid).  This is where the sample is molded and the thickness of the resulting mold will depend on the total 

amount of sample added into this region.  The sample is typically added with the plunger partially 

inserted and the lid not yet attached.  In order to prevent the sample from sticking to the steel, Teflon 

coated Kapton is cut to fit the top edge of the plunger exactly and a second piece of Kapton, slightly 

larger than the circular hole, is cut to fit between the sample lid and the encasing steel.  Once the 

sample is in place, the whole apparatus can be fitted with a band heater, a thermocouple and a vacuum.  

Thus high molding temperatures can be reached in a controlled fashion, under vacuum.    The samples 

are typically molded at 150 C and if the temperature is too much higher the sample will enter into the 
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spaces between the plunger and the encasing cylinder.  All rheology measurements are conducted at 

180°C. 

In each of the eight experiments, the samples were taken to a different final strain and then 

quickly quenched to room temperature (the quench time was limited to 5 minutes; upon investigation 

no further evolution of dispersion state was observed even with much larger quench times in line with 

behavior seen in similar experiments[103]. The quenched samples were observed using transmission 

electron microscopy and image analysis was performed, using the average from 100 micrographs. 

Images for electron tomography were taken on a JEOL EM-2010 microscope operating at 200 

kV.  Images were taken from -68 to 68 degrees tilt every 2 degrees (total of 69 images).  Inelastically 

scattered electrons were removed from the images using a Gatan energy filter operating at 0 eV energy 

loss.  Alignment and reconstructions of images were done using IMOD[104].  Visualization of the 3D 

volume was done using Avizo. 

3.2.2 Rheology 

In all cases, the microtomed sections were taken 1mm into the 8mm diameter disc. As this is 

relatively close to the edge of the sample, edge fracture effects were a major concern.  Furthermore, in 

a parallel plate geometry the strain is non-uniform and specifically increases as the radial distance from 

the disc center is increased.  In addition, wall slip may occur while shearing melts. In order to remove 

any doubt that the dispersion state changes observed were an artifact of the geometry, an 8mm cone 

and plate geometry with a cone angle of 0.1 radians was used.  This was attached to a ring partition, 

such that diameter of the measured sample was only a fraction of the diameter of the actual sample 

(discussed in detail in Section 1.1.1).  In this set-up, the edge of the sample is no longer measured, and 

thus the results of any edge effects are significantly delayed (until such time as the edge defects expand 

inward to the measured portion of the sample[22, 26]).   
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This altered geometry allowed us to more accurately characterize strain in the sample. 

Furthermore, because any so-ŎŀƭƭŜŘ ΨŜŘƎŜ ŜŦŦŜŎǘǎΩ ǿƛƭƭ ōŜ ƛƳƳŜŘƛŀǘŜƭȅ ǾƛǎƛōƭŜ ƛƴ ǘƘŜ Ǌheological data (in 

the form of an uneven stress plateau), these too can be ruled out.  When TEMs of samples sheared in 

this geometry were taken, the trend of increasing aggregation with increasing strain was unchanged. 

3.2.3 Image Analysis  

In an attempt to quantify these images, Image J software was used to perform image analysis.  

To determine aggregation state, a radially averaged autocorrelation function calculation was performed 

on a series of 100 micrographs taken from the microtomed sections of the quenched samples. 

3.3 &ÌÏ× 2ÅÓÐÏÎÓÅ ÆÏÒ Ȭ#ÏÎÎÅÃÔÅÄȭ 3ÈÅÅÔÓ 

First a sample with self-assembled, but non-percolating particle sheets is considered (Figure 

3.1). Here the dispersion shows very large changes with strain. With increasing strain in the regime 

below stress maximum, „ „ , it is clear from the TEM micrographs that the domains initially  order 

along the flow direction (which is parallel to the strain axis).  The sheets position themselves one behind 

the other, leading to macroscopically large, but not connected structures, as observed with TEM 

tomography (Figure 3.2). This is apparently to reduce drag, which is much larger with sheets than 

individual particles. We conjecture that, due to strong interparticle attractions, the flow is too weak to 

reduce drag by breaking the sheets, and hence orients them along the flow direction. This shear-induced 

domain ordering is maximized in the vicinity of the stress maximum, at which point the domains grow to 

macroscopic size in one dimension. It is suggested that here there is an analogy with the work on large 

colloidal particles[100, 105], albeit weak, since hydrodynamics are much less important in our case, 

Pe~O(1), than in the colloid case where Pe~O(103).  Under the influence of shear (even weak rate exerts 

large torque in anisotropic objects), the sheets of particles orient in flow.  They eventually
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Figure 3.1 The stress vs. strain relationship during a steady-shear experiment for an interconnected initial 
dispersion state. The four TEM images show the evolution of morphology in this sample at strains of 0 (1),  8 (2), 14 
(3),  and 1200 (4). All images are oriented such that the flow and vorticity directions correspond to the horizontal 
and vertical directions, respectively. 
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Figure 3.2 Tomographical data of the sample with a connected nanocomposite structure from Figure 3.1, strain = 
8 (where maximum alignment is seen).  (a) A traditional TEM of the sample. (b)-(d)  Projections o the 3D 
reconstruction of the composite in the xy, xz, and yz planes respectively  where x is the transverse, y is the flow 
direction, and z is the vorticity direction. 

Figure 3.3 Ultra-small angle x-Ǌŀȅ ǎŎŀǘǘŜǊƛƴƎ ƻƴ ǘƘŜ ΨŎƻƴƴŜŎǘŜŘΩ ƴŀƴƻŎƻƳǇƻǎƛǘŜ ǎǘǊǳŎǘǳǊŜ at maximum alignment 
from Figure 3.1.  Here we look at the sample (disc shaped from the parallel plate geometry) in two distinct 
directions.  (a) Looking through the plane of the disc (top view) and (b) looking down the diameter of the disc (edge 
view). In each case, we look at scattering in two orthogonal directions. All lines correspond to a unified fit. In the 
edge on view, we see significantly higher intensity at the intermediate q values for the samples perpendicular to the 
flow. In the top view, the differences between the perpendicular and parallel samples are negligible.  This is 
consistent with particle sheets that orient themselves one behind the other to reduce drag as was seen in the 
tomography (Figure 3.2). 
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align fully in the direction of flow and under the influence of the weak thinning in the elastic matrix they 

associate forming super-sheets. Hobbie et al. [106] investigated semi-dilute dispersions of carbon 

nanotubes in a polybutadiene matrix and in a similar flow regime, also saw alignment in the direction of 

flow.  

This alignment with flow is further confirmed with USAXS (Figure 3.3). In this figure, the same 

quenched rheological sample as in Figure 3.1 is investigated. The USAXS shows an anisotropy which 

indicates an alignment of the particles in the flow direction (as also visualized in TEM).  In Figure 3.3a, 

the sample is viewed from the top, looking through the plane of the disc from the parallel plate 

geometry. There is minimal difference in the scattering observed in the two orthogonal directions here.  

The characteristic length scale in each case is ~70nm.  This is consistent with TEMs that were also taken 

in this orientation, which showed no difference in alignment when the sample is viewed from the top.  

In contrast, the USAXS clearly shows alignment when the sample is viewed from an edge on view (Figure 

3.3b).  Here the scattering is clearly anisotropic, with a characteristic length scale that nearly quadruples 

(from ~45 to ~180nm).  Thus the degree of alignment observed in both USAXS and TEM depends on the 

orientation of the sample.  This is consistent with sheets of particles, which orient in the direction of 

flow, such that when a cross section is viewed from the edge they appear as aligned strings, but when 

viewed from the top they appear as small clusters of particles with minimal alignment. 

 

Beyond the strain at which maximum alignment is obtained, the domains tend to break-up and 

coarsen. Similar coarsening with flow has been observed in colloidal gels and other systems[103, 107, 

108] and specifically, we find precedent for this in the studies of Rajaram and Mohraz[109, 110].  

However, a direct comparison is precluded as their colloid-polymer mixture consists of large particles, 

has much lower viscosity and the interparticle forces are very strong compared to van der Waals, due to 

depletion. In the present anisotropic nanoparticle assemblies, the domains break when the integrated 
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ŀǇǇƭƛŜŘ ǎƘŜŀǊ άŜƴŜǊƎȅέ ƛǎ ƭŀǊƎŜǊ ǘƘŀƴ ǘƘŜ άōƻƴŘƛƴƎέ ŜƴŜǊƎȅΦ ¢ƘŜ ƭŀǘǘŜǊ ƛǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ ǘƘŜ ǾŘ² 

attraction of the cores and the star-like engagement of the grafts όƛΦŜΦ ʸϤмлύ. Coarsening of the broken 

pieces under shear suggests that flow-induced diffusion operates. There are similarities with the work of 

Mohraz[107], who investigated the flow-alignment of colloidal gels. These systems formed strings 

aligning 450 to the flow in contrast to our case. Note that 450 is the most probable direction, that of 

maximum extension, also observed with rod-like polymers[111].  Finally, no tumbling is observed in this 

system, presumably due to the large drag and absence of enough momentum to overcome it.  This is 

expected given the strong viscoelastic nature of the matrix [105, 112].  The above points are also well 

illustrated in the calculated radially averaged correlation function as well as its components along the 

flow and vorticity direction (Figure 3.4). We see an aggregation, or coarsening of the dispersion state, 

that begins after the maximum in stress.  When we analyze the aggregation in the flow and vorticity 

directions, we see no change in aggregation in the vorticity direction until after the stress maximum, but 

a steady change in aggregation in the flow direction.  It is thus apparent that the orientation and 

ordering of domains is maximized close to the stress maximum. This result establishes a deep 

connection between the nanoparticle morphology in the system and the rheological behavior of the 

material. Hence, as in typical thixotropic materials, the flow history controls sample morphology. 
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3.4 Flow Response for ȬIsolated Aggregatesȭ 

A nanocomposite, comprised of spherical nanoparticle clusters, which displayed effectively no 

stress overshoot is considered next. Judged from the rheological and TEM analysis shown in Figure 3.5, it 

is apparent that this sample shows hardly any changes in aggregation state with the application of 

strain. This result is also reflected in the calculated radially averaged correlation function, which remains 

practically invariant with applied strain as well, and the two components of the correlation function, 

Figure 3.4 Radially averaged autocorrelation function in both a linear (a) and a log-log (b) plot for the sample from 
Figure 3.1.  The 1-dimensional autocorrelation function in the flow(c) and vorticity(d) directions are also shown.  
Each curve is the result of image analysis performed on 100 separate micrographs using Image J software.  The 
different colors represent 8 different strains at which quenching occurs: 0(black), 1(orange), 3(red), 8(blue), 
14(teal), 59(pink), 400(gray), and 1200(olive). 
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along the flow direction and vorticity direction also show minimal changes on the application of 

strain(Figure 3.6). We briefly discuss these results in light of the previous work of Pasquino et al. [113] 

who have suggested that the application of steady shear to a shear-thinning, shear-banding wormlike 

micellar solution  containing micron-sized, spherical particles caused the particles to chain and 

eventually crystallize in the flow direction. These authors observed no stress overshoot in their case, and 

besides the very different matrix, the large particles in their study were non-Brownian and the 

combination of hydrodynamic effects along with the matrix normal forces and banding instability of the 

matrix appears to be responsible for the observed ordering[114], which occurs at much higher strains 

than those used currently. In the present case of nanoparticle structures with Pe~O(1), the matrix is a 

Figure 3.5 The stress vs. strain relationship during a steady shear experiment for an initial dispersion state of small 
particle aggregates. The TEM images are at strains of 0 (1), 8 (2), and 1200 (3).  In the aggregate case, there is no 
change in dispersion state with applied strain. All images are oriented such that the flow and vorticity directions are 
the horizontal and vertical directions, respectively. 
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weakly thinning but highly viscoelastic polymer melt far from any instability region. In addition, the 

attraction between nanoparticles is important, and hence the above conditions for shear-chaining and 

order of particles are not met. Therefore, nanometer-sized particles show qualitatively different 

behavior than their micron sized-analogs and the difference is attributed to a combination of their 

Brownian nature, interparticle forces and the matrix. Note that no order is observed when shearing 

Brownian suspensions of Newtonian particles at Pe=1[115]. 

Figure 3.6 Radially averaged autocorrelation function in both a linear (a) and a log-log (b) plot for the sample from 
Figure 3.5.  The 1-dimensional autocorrelation function in the flow(c) and vorticity(d) directions are also shown.  
Each curve is the result of image analysis performed on 100 separate micrographs using Image J software.  The 
different colors represent 8 different strains at which quenching occurs: 0(black), 1(orange), 3(red), 8(blue), 
14(teal), 59(pink), 400(gray), and 1200(olive). 
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3.5 Dispersion Effects on Degree of Aggregation with Shear   

To establish the generality of these results we have examined a variety of systems on our 

άǉǳƛŜǎŎŜƴǘέ ƳƻǊǇƘƻƭƻƎȅ Ǉƭƻǘ όFigure 1.3) which delineates regions where different structures form. We  

observe that the regions that have a particle network and thus show maximum reinforcement (Figure 

2.8) [116], also show the greatest degree of coarsening with flow.  In Figure 3.7 a quantitative analysis is 

performed on four composites from the morphology diagram, and the difference between the radially 

averaged autocorrelation is unequivocally greatest in the conneted/sheet morphology regime.  These 

results can be qualitatively understood in Figure 3.8, in which several samples are shown before and 

after steady shear. The inset shows the location of these samples in the morphology diagram (Figure 

1.3).  Note that there is no dispersion change with spherical aggregates or well-dispersed particles, but 

in other cases, there is some obvious change, usually comprised of particle aggregation.   

 

 

Figure 3.7 Amount of aggregation subsequent to shear (strain = 1200) as a function of nanoparticle 
dispersion state.  Aggregation is the greatest when dispersion is such as has been found to maximize 
mechanical reinforcement (see Figure 2.8).  Both the steady state shear response of the composites at a 
shear rate of 0.1 (a) and the total aggregation, as measured by subtracting the autocorrelation of the 
quiescent composite from the autocorrelation of the strained composite (b) are shown.  In the inset the 
location of the samples in the morphology diagram are displayed. 
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Figure 3.8 TEMs before and after steady shear on 9 different nanocomposites that were taken to large 
strains(well past the overshoot).  The location of the samples in the morphology diagram is also shown.  For 
samples in the well dispersed region(magenta in the morphology diagram), or near or in the spherical 
aggregate region(red in morphology diagram), little or no aggregation is seen.  The maximum aggregation is 
in the connected/sheet region (blue in the morphology diagram). 
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3.6 Large Amplitude Oscillatory Shear  as a Route to Alignment  

The particle alignment which peaks at the stress overshoot is of particular interest because of its 

ability to impart directional properties. In this regard, optimizing the flow conditions for most effective 

alignment is a formidable challenge. Motivated by the body of work on alignment induced during large 

amplitude oscillatory shear (LAOS) in block copolymers[14, 15] we attempted to improve the alignment 

of the anisotropic SiO2 nanoparticle assemblies using LAOS experiments and (in the case were the 

desired strains are prohibitively large for the ARES oscillatory motor mode) a series of flow reversal in 

steady-shear experiments. LAOS experiments were employed at a variety of different frequencies, in 

both parallel plate and cone and plate geometry and at maximum strains that ranged from roughly half 

the strain at which the overshoot occurred up to 10-15 times the overshoot strain. The primary set of 

LAOS experiments were done at strains just before or just after the strain of the stress overshoot.  The 

rationale was as follows: The stress overshoot in steady shear experiments had been indicated to 

correspond to the maximum alignment and percolation of the sample (Section 3.3). Thus LAOS 

experiments with strains near the overshoot were deemed necessary.  However, we have also shown 

that strains beyond this overshoot correspond to the breaking or coarsening of the nanoparticle 

structures.  Two scenarios were thus possible: The structure might need to be broken and then re-form 

in a more aligned state in order to increase alignment, or the breaking of the structure might be 

detrimental to alignment, and instead increase coarsening.  In fact, none of the many experimental 

conditions that were tried were successful in improving alignment beyond what was achievable with 

steady shear. To illustrate this point, we took the LAOS sample that had the best visually apparent 

qualitative alignment (as judged from TEM micrographs) and compared it to the alignment of ƛǘǎ ΨǎƛǎǘŜǊΩ 

sample that had been sheared unidirectionally. In Figure 3.9, the autocorrelation function in the vorticity 

direction is subtracted from the autocorrelation function in the flow direction for each of these two 
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samples. This can then be used as a measure of the overall alignment, and as can be seen in the figure, 

in both cases, the alignment is the same within reasonable error margins. 

Thus the ultraslow timescales for the growth and equilibration of our nanocomposite structures 

preclude reordering and alignment on the time scale of a period of oscillation. Essentially, the various 

dispersion states from our phase diagram 

take days to form. In contrast, in LAOS of 

block copolymers, the structures break 

during the LAOS experiment, but reform 

quickly enough that oscillatory shear can be 

used to align them. In our case, for the 

structures to re-form, so as to be fully in 

equilibrium with the flow, takes too much 

time (as judged from their linear 

viscoelastic response[10, 43]) and thus the 

more likely scenario is either no effect, or 

the coarsening seen at large strains in 

steady shear. Further, due to the strong attractive forces holding these clusters together, it is unlikely 

they will deform in response to the flow field.   

3.7 Extensional Rheology  

In extensional experiments, the primary consideration was the presence of both alignment and 

strain hardening (above and beyond that which would in any case have been observed for the pure 

polymer).  As strong alignment had often been observed in shear flow, the expectation was for some 

degree of alignment in extensional flow, but it was not clear from the outset how the different flow 

would affect alignment.  For example, extensional measurements on polypropylene/clay 

Figure 3.9 Alignment comparison for a sample sheared in 
steady shear (black) and one in LAOS (green).  There is no 
significant difference between the two samples.  The horizontal 
and vertical directions are the flow and vorticity directions, 
respectively. 
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nanocomposites have shown alignment of silicate layers 

perpendicular to the direction of extension[117]. To determine 

the extent of particle alignment with extensional flow, there 

are two relevant directions of possible alignment, parallel and 

perpendicular to the axis of elongation and these previous 

results make it unclear in which axis anisotropic assembled 

particle structures will align themselves in, if any.  Therefore, 

after the samples were quenched they were prepared for TEM 

analysis to quantify alignment.  This preparation was done but cutting the samples as shown in Figure 

3.10.  In this way, alignment could be checked in multiple directions. 

3.7.1 Alignment  

 In Figure 3.11 a sample of grafted 

SiO2 particles in PS, from the connected 

region of the morphology diagram (see 

Figure 1.3), is considered.  In this figure, 

there are TEMs for two shear histories.  The 

first shear history was at a rate of 0.1 s-1 and 

taken to a strain of 2.  Here the view parallel 

to the axis of elongation is shown in Figure 

3.11a and the perpendicular view is shown 

in Figure 3.11b.  The second shear history is 

at a rate of 1 s-1 and taken to a strain of 3.  

The view parallel to the axis of elongation is 

shown in Figure 3.11c and the perpendicular view is shown in Figure 3.11d.  Because the applied strain is 

Figure 3.10 The quiescent sample was 
strained as shown, and then cut in half.  
Images were taken both perpendicular (x) 
and parallel (y) to the axis of elongation. 

Figure 3.11 TEMs of nanocomposite (5% by weight SiO2, 79 
kg/mol graft length, 0.05 ch/nm

2
 graft density, and 214 kg/mol 

matrix length) under different elongation conditions.  The 
images were taken on a sample at a rate of 0.1 s

-1
, both 

parallel(a) and perpendicular(b) to the elongation, and at a rate 
of 1 s

-1
, again parallel (c) and perpendicular (d) to the 

elongation.   
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easier to visualize in a quenched elongational sample than in a 

quenched sample from steady shear (the shape of the sample changes 

with strain), in Figure 3.12, the quiescent sample and the two samples 

taken to the different strains are shown.  While some degree of 

alignment is seen at the higher rate, it is apparent from the figure that 

the most alignment is visible at the low rate.  This is consistent with 

what was discovered in steady shear experiments. Whether or not 

more alignment is seen when looking in the direction parallel or 

perpendicular to extension is not entirely clear.  This would require 

more micrographs, and probably image analysis.  

3.7.2 Strain Hardening  

 In this section the possibility of strain hardening (above and beyond what would be observed for 

a homopolymer) in extensional measurements is considered.  Again, three different particle dispersion 

states are studied: spherical aggregates, connected structures, and particle strings.  These dispersion 

states are obtained by mixing particles, again at 5% by weight of SiO2, with 129 kg/mol homopolymer.  

The particles all have graft lengths of ~75 kg/mol, but at graft densities ranging from 0.01 

ch/nm2(aggregates), to 0.05 ch/nm2(connected), to 0.1 ch/nm2(strings).  In addition, a sample in the 

connected region of our morphology diagram at a higher weight percent SiO2 is compared (8%, 

114kg/mol graft, 0.05 ch/ nm2).  Strain hardening is indicated by an elongational viscosity higher than 

that of the linear viscoelastic envelope.  Since all of the matrices used are well above the entanglement 

molecular weight, in point of fact all of the samples will display strain hardening if the elongation rate is 

high enough.  (Pure polymers exhibit strain hardening at elongation rates above the inverse Rouse 

stretch time, see Section 1.1.1).  Thus if the nanoparticles are having an effect, this would manifest itself 

as strain hardening above and beyond that of the homopolymer at high rates or the emergence of strain 

Figure 3.12 Quiescent (a) and 
strained (b) geometry of quenched 
extensional samples. 
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hardening at rates below the inverse Rouse time.  The presence of strain hardening is dependent on the 

sample and the results can be seen in Figure 3.13 and are summarized in Table 3.2.  Essentially, only the 

8% sample shows strain hardening above and beyond what would be observed for the homopolymer, 

and this is the most dramatic when the measurement is taken at lower rates.  However, the comparison 

is not direct, as the linear viscoelastic envelope is not necessarily the same for the nanocomposites and 

the homopolymer. Furthermore, Le Meins et al. [118] found that the addition of nanoparticles to 

polymer melts actually suppressed strain hardening.  In their work, they used much larger particles and 

so the comparison is again not direct.  Haraguchi et al. found an increase in strain hardening has also 

been found with polymer nanocomposites[119]. The potential strain hardening observed in the 8% 

 

Figure 3.13 Extensional viscosity as a function of time for five samples.  All samples are in a 129 kg/mol 
homopolymer and the pure homopolymer measurements are included in the plot (orange).  Three of the four broad 
regions of the morphology diagram are represented, strings (cyan, graft = 70 kg/mol, density = 0.11chains/nm

2
, a 

connected structure (blue, graft = 79 kg/mol, density = 0.05 chains/nm
2
) and spherical aggregates (red, graft = 78 

kg/mol, density = 0.01 chains/nm
2
).  A sample from the connected region of the morphology diagram, at a higher 

loading of 8% is also shown (dark gray, graft = 114 kg/mol, graft density = 0.05 chains/nm
2
). 
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composite is consistent with many previous and current results from small amplitude oscillatory shear, 

where we see no effect of the particles except at low frequencies (low frequencies = long timescales = 

low shear rates).    It is important that even in the case where we do see strain hardening for the 8% 

sample, it is at rates which are below where we expect to see strain hardening for a homopolymer.  In 

homopolymers, strain hardening occurs at higher rates because the timescales involved are faster than 

ǘƘŜ ŘƛǎŜƴǘŀƴƎƭŜƳŜƴǘ ǘƛƳŜ ƻŦ ǘƘŜ ΨŜƴǘŀƴƎƭŜŘ ƴŜǘǿƻǊƪΩΦ  ¢Ƙǳǎ ƘŜǊŜΣ ǇƻǘŜƴǘƛŀƭƭȅΣ ǿŜ ŀǊŜ ǎŜŜƛƴƎ ǘƘŜ ŜŦŦŜŎǘǎ 

of a particle network (which we know is present for the 8% sample).  One additional 5% sample, in a 

higher molecular weight matrix, was also studied (not shown in the figure) and showed no strain 

hardening. It is not clear whether or not for the 5% samples, going to lower and lower rates of 

elongation would eventually lead to strain hardening or not.   Indeed, this question needs further 

investigation.   

Table 3.2 Brush and matrix number-average molecular weights (Mn), polydispersities (PDI), brush graft densities, 
matrix solvent quality, morphologies and the presence of strain hardening in studied samples. 

Graft density 

(chains/nm2) 

Graft Mn 

(kg/mol) 

Graft 

PDI 

Matrix Mn 

(kg/mol) 

Matrix 

PDI 

Matrix Solvent 

Quality (a) 

Morph-

ology 

Strain 

hardening? 

0.01 78 1.3 129.2 1.03 0.60 aggregates no 

0.05 79.9 1.41 214 1.03 0.37 connected no 

0.05 79.9 1.41 129.2 1.03 0.62 connected no 

0.05, 8% 114 1.15 129.2 1.03 0.88 connected yes? 

0.11 70 1.1 129.2 1.03 0.54 strings no 

 

3.8 Conclusions 

In conclusion, we have taken self-assembled anisotropic NP structures and by the use of well-defined 

steady shear flow fields grown the structures and aligned them in a favored direction.  The alignment of 

these structures is maximized at the maximum in the stress response in a stress strain curve, and this is 



 
64 

 
 

confirmed using TEM in combination with image analysis and scattering.  There is some evidence of 

alignment in extensional rheology, as well.   
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4. Entanglement of Grafts  

 In the preceding chapters, dispersion effects on polymer nanocomposite mechanical and flow 

properties were considered.  PS grafted SiO2 nanoparticles in a PS matrix self-assembled into a broad 

range of dispersion states, based upon the inherent dislike between PS and SiO2.  However, in the 

studied systems, it is difficult to vary the dispersion independently of the graft length and graft density 

of the chains.   This is because these variables are fundamentally responsible for dispersion. Given a PS 

matrix molecular weight, it is possible to double the graft density and still achieve the same dispersion 

by decreasing the chain length.  It is important to remember that the variation in properties between 

these similar dispersion states can be quite large (e.g. it was determined in Chapter 2 that mechanical 

properties are optimized when a connected network of particles exists and when the intermediate graft 

density of ~0.05 chains/nm2 is chosen, for reasons that were explained in that chapter).   Thus, it is 

important to determine how graft chains play a role in nanocomposite properties, independent of 

dispersion to the extent possible, and specifically focusing on graft entanglements (which have already 

been discussed somewhat in Section 2.3.3). 

 Entanglements of linear polymers are largely understood and were discussed in the introductory 

chapter.  However, the graft chain entanglement behavior is expected to deviate from that of linear 

chains[120], and this is because the graft chains are tethered on one end.  All of the grafted particles 

used in this chapter have graft lengths shorter than the matrix chain length and thus according to the 

discussion in Section 1.4, the matrix is a poor solvent for these grafts.  Additionally, the graft densities 

are expected to be important as they will determine the configuration of the graft chain.  There are 

three generally accepted regimes of configuration for grafted particles, a mushroom like configuration at 

low graft densities, a brush-like configuration at high densities in which the graft chains extend further 

outward from the surface and are entangled with each other, and a transition zone at intermediate 
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densities[121].  At the highest graft densities studied in this text (0.1 chains/nm2) the graft chains just 

begin to enter this transition regime.   

 Limited work exists in the literature regarding entanglements of polymers grafted to particles in 

polymer melts, however the properties of entangelments of graft chains at a planar interface with 

elastomers[120, 122] and entangled melts [123] have been reported previously.  In the latter case the 

effective friction was found to correlate to the flow rate, with slower flows leading to a higher value of 

friction. 

 In many ways, grafted particles are analogous to star polymers.  Star polymers have varying 

numbers of chain arms all connected at a shared center[124] and entanglements in these systems are 

relatively well studied and follow the same tube model of entanglements[125] as linear polymers.  Miros 

and Vlassopoulos studied star polymers diluted with linear chains and found that the entanglement 

molecular weight decreased with increasing volume fraction of star polymer[126].  However, the matrix 

polymer molecular weight was too small to be easily compared to the present study. 

4.1 The Cone-Partiti oned-Plate Setup and High Shear Rates 

 Here rheology is used to study entanglements of SiO2 nanocomposites with PS grafted particles.  

In linear rheology, these entanglements manifest themselves in different ways.  The primary evidence of 

them is the ŜƴǘŀƴƎƭŜƳŜƴǘ ǇƭŀǘŜŀǳΦ  ά¢Ƙƛs plateau is very similar to that exhibited by a cross-linked 

polymer, and it thus suggests the presence of an interaction between molecules that can simulate, over 

ŀ ŎŜǊǘŀƛƴ ǊŀƴƎŜ ƻŦ ŦǊŜǉǳŜƴŎƛŜǎΣ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ŀ ǊǳōōŜǊ ƴŜǘǿƻǊƪΦέ [12]  However, for the samples studied 

at 5% by weight, the entanglement plateau only depended on the polymer molecular weight;  the 

presence of the grafted particles had no significant affect.  Another linear rheological phenomenon 

indicative of polymer entanglements is, for example, the abrupt change in the dependence of the 

viscosity on the molecular weight.  The viscosity goes from being roughly proportional to the MW to 
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being proportional to the MW to the 3.4 power, and the critical weight at which this happens is at about 

ǘǿƛŎŜ ǘƘŜ άŀǾŜǊŀƎŜ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ǎǇŀŎƛƴƎ ōŜǘǿŜŜƴ ŜƴǘŀƴƎƭŜƳŜƴǘǎΦέ[127]  However, it is difficult to 

use this to look at the entanglement in the grafted particles, as there are many different and competing 

factors which will also affect the viscosity. 

 Here non-linear measurements have the potential to provide new insights.  However, in order to 

access information about polymer entanglements, one has to increase the shear rate to values high 

enough to correspond to the frequency where the entanglement plateau manifests itself in linear 

measurements.  That is, if one considers pure PS at low shear rates, the rheology is relatively 

straightforward.  The viscosity increases with shear and then reaches a plateau value.  However, as the 

shear rate increases, the entanglements begin to exert influence on the rheology.  Shear thinning occurs 

and there is a decrease in the steady state viscosity with increasing shear rate.  Furthermore, a yielding 

process begins.  An overshoot in viscosity is observed in the steady shear rate experiment, and this is 

similar to the overshoot that occurs for nanocomposites which emerges at much lower shear rates.  The 

ƻǾŜǊǎƘƻƻǘ ŦƻǊ ƭƛƴŜŀǊ ǇƻƭȅƳŜǊǎ ƛǎ ǘǊŀŘƛǘƛƻƴŀƭƭȅ ǊŜƭŀǘŜŘ ǘƻ άŎƘŀƛƴ ǎǘǊŜǘŎƘέ ŀƴŘ άƻǊƛŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ŎƘŀƛƴǎ ƛƴ 

ǘƘŜ Ŧƭƻǿ ŦƛŜƭŘέ [22].  Recently, Wang et al. have related this overshoot to the yielding of an entangled 

polymer network[128]. 

 One major complication is that the use of high shear rates is fraught with experimental 

difficulties, primarily because of artifacts in the rheological data caused by phenomena such as edge 

fracture and shear banding.  Of primary concern to the measurements herein is edge fracture.  During 

edge fracture, the edges of the sample begin to fold inward or otherwise deviate from expected 

geometry, and the flows observed at the edge are not well-defined.  Edge fracture initially only affects 

the outermost layer of the sample, but as an experiment progresses, these abnormal and poorly defined 

flows work their way inward, toward the center.  However, since the edge of the sample is responsible 
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for the most torque in rotational measurements, from the very onset of edge fracture, the accuracy of 

rheological results is considerably undermined.  Edge fracture will often manifest itself in a drop in the 

steady state viscosity in a start-up of steady shear experiment.  In order to correct for this a special 

rheological set-up is used. This set-up is a cone and plate geometry with a partition ring (introduced in 

Section 1.1.1).  In this set-up, there is a ring partition around the edge of the sample.  This holds a buffer 

zone of sample in place, which is also being sheared, since the partition region is connected to the 

motor.  However, because the partition is not connected to the transducer, no forces are measured 

from this region.  The effect is to buy the measurement time.  Even though edge fracture is occurring at 

the edge of the sample, since that portion is not being measured, the results are not affected.  This can 

increase the experimentally accessible shear rates by an order of magnitude.   

4.2 High Shear Rate Experiments  

 As explained previously, the presence of the cone-partitioned plate allows much higher shear 

rates than would otherwise be possible.  This is because the buffer zone provided by the partition ring 

set-up delays the adverse effects of edge fracture (which invariably occurs at very high shear rates) until 

some reasonable length of time (which can generally be determined from the data).  High shear rates 

can be directly related to high frequencies and short times in a small amplitude oscillatory shear 

experiment and a stress relaxation experiment respectively.  Thus in these experiments we are probing 

the non-linear response, but in a completely different time regime than in all previous steady shear 

experiments.  To understand this, it is probably easiest to consider the change in the steady shear 

behavior of unfilled linear polymer as the rate is increased.  In our previous experiments we never went 

to a shear rate higher than 0.2 s-1, and all PS homopolymers showed a viscosity or stress curve that rose 

up and plateaued with time.  Although most of the composite samples would show a shear stress 

overshoot, this was never seen in the homopolymer samples.  However, at higher rates, linear polymers 

do display an overshoot in viscosity in a steady shear experiment.  In Error! Reference source not 
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ound., both untreated and normalized steady shear results are shown for a 129  kg/mol, monodisperse 

PS.  The normalized data are divided by the large strain, plateau viscosity, to emphasize the presence of 

an overshoot.  A series of steady shear experiments are performed, one right after the other, with short 

rest times in between. The viscosity is shown instead of the shear stress in order to emphasize shear 

thinning, which commences at a rate of 3.2s-1.    The first overshoot in the steady shear curve occurs at a 

shear rate of 10s-1.  In our nanocomposite steady shear experiments, where we also see an overshoot, it 

had been rationalized by the yielding of a nanoparticle network upon shear.  In the case of the 

homopolymer, there is of course no nanoparticle network, but the overshoot can be similarly 

rationalized as a result of a tranǎƛŜƴǘΣ ΨŜƴǘŀƴƎƭŜƳŜƴǘ ƴŜǘǿƻǊƪΩ ǘƘŜ ȅƛŜƭŘƛƴƎ ƻŦ ǿƘƛŎƘ ǿŜ ŀǊŜ ŀōƭŜ ǘƻ ǇǊƻōŜ 

at higher rates because the polymer does not have time to disentangle with response to shear.   

Figure 4.1 The viscosity (a) and viscosity normalized using the high strain viscosity plateau (b) both as a function of 
strain.  A cone partitioned plate geometry was used (to increase the maximum shear rate).  The sample is a 129.2 
kg/mol PS homopolymer. Six different shear rates were studied, 0.1(black), 0.32(red), 1(blue), 3.2(teal), 
10(magenta) and 32 (dark yellow) s

-1
.   
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 Since, in a similar fashion to the pure 

polymer, there was an absence of an 

overshoot in the case of many of the 

nanocomposites with a dispersion state of 

small spherical aggregates, the rheological 

response of such a composite was also tested 

at much higher rates.   A sample with a 78 

kg/mol graft, 129.2 kg/mol matrix, and 0.01 

chains/nm2 graft density was sheared to see 

at which rate the onset of yielding occurs.  

The results (Figure 4.) show that this 

aggregate sample essentially mimics what is 

seen for the homopolymer (suggesting a 

negligible effect of the particles). 

 Perhaps more interesting is what is 

seen when we increase the shear rate for our 

composite samples that have a clearly defined 

particle response in steady shear (as 

manifested in a viscosity overshoot at low 

rates).  We turn first to a sample from the 

connected region of our morphology diagram 

(75 kg/mol graft, 129 kg/mol matrix, 0.05 

ch/nm2).  In Figure 4., we see that such a 

sample has an overshoot at all shear rates.  If we look at the magnitude of the normalized overshoot, we 

Figure 4.2 The viscosity for a spherical aggregate structure 
(graft density = 0.01 chains/nm

2
) normalized using the high 

strain viscosity plateau as a function of strain.  A cone-
partitioned plate geometry was used (to increase the 
maximum shear rate).  The sample is in a 129.2 kg/mol PS 
homopolymer. Six different shear rates were studied, 
0.32(red), 1(blue), 3.2(teal), 10(magenta) 32 (dark yellow) 
and 100 (dark red) s

-1
.   

Figure 4.3 The viscosity for a connected network sample 
(graft density = 0.05 chains/nm

2
) normalized using the high 

strain viscosity plateau as a function of strain.  A cone-
partitioned plate geometry was used (to increase the 
maximum shear rate).  The sample is in a 129.2 kg/mol PS 
homopolymer. Five different shear rates were studied, 
0.2(purple), 0.63(gold), 3.2(teal), 10(magenta) and 32 (dark 
yellow). 
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see something even more interesting. At low rates the normalized overshoot peaks at a high value and 

then shrinks as the rate is decreased, such that at a rate of 3.2 s-1 the normalized peak is a lower value 

than it is at a rate of 0.2 s-1.  However, as we increase the rate further the normalized peak again seems 

to increase and now its magnitude is roughly in line with what was observed for both the homopolymer 

and the aggregate sample.  An even more obvious feature of the figure is the dramatic shift in the strain 

of the overshoot as the rate is increased.   As stated previously, all prior experiments were done at much 

lower rates.  At these low rates, we typically saw an overshoot in the stress or the viscosity that 

occurred at strains between 5 and 15 (this is sample dependent, and specifically seems to be correlated 

with the grafted chain length in the samples, as discussed in Section 2.3.3).  At low rates, this overshoot 

strain was independent of rate.  Meanwhile, for the homopolymer sample and the aggregate dispersion 

state, which manifest an overshoot only at high rates starting at around 10 s-1, and it always occurs at a 

ǎǘǊŀƛƴ ōŜǘǿŜŜƴ н ŀƴŘ оΦ  ²ƛǘƘ ǘƘŜ ΨŎƻƴƴŜŎǘŜŘΩ composite in figure 2, we see an overshoot at high strains 

at low rates, consistent with the previous low rate steady shear experiments, and we see an overshoot 

at low strains at high rates, consistent with the high shear rate data for the homopolymer and 

ΨŀƎƎǊŜƎŀǘŜΩ ŘƛǎǇŜǊǎƛƻƴ ǎǘŀǘŜΦ  ¢Ƙǳǎ ǿŜ Ŏŀƴ ǇƻǎǘǳƭŀǘŜ ǘƘŀǘ ǘƘŜǊŜ ŀǊŜ ǘǿƻ ȅƛŜƭŘƛƴƎ ƳŜŎƘŀƴƛǎƳǎ ŀƴŘ ǘƘŀǘ 

the yielding that occurs depends on the shear rate.  At high shear rates, we see polymer network 

yielding (it is unclear here whether that yielding is solely from the matrix or from the matrix and the 

polymer graft).  At low shear rates, we see particle network yielding (and here it is unclear whether the 

yielding is from the particle core interactions or the graft interactions). 
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 We now turn to the third dispersion sǘŀǘŜΣ ǘƘŜ ΨǎǘǊƛƴƎǎΩ ǎǘŀǘŜ ƛƴ ƻǳǊ ƳƻǊǇƘƻƭƻƎȅ ŘƛŀƎǊŀƳΦ  IŜǊŜ 

ǿŜ ǎŜŜ ǎƻƳŜǘƘƛƴƎ ǎƛƳƛƭŀǊ ǘƻ ǿƘŀǘ ǿŀǎ ƻōǎŜǊǾŜŘ ǿƛǘƘ ǘƘŜ ΨŎƻƴƴŜŎǘŜŘΩ ŘƛǎǇŜǊǎƛƻƴ ǎǘŀǘŜΦ  bŀƳŜƭȅΣ ŀǘ ǘƘŜ 

lowest rate, we see a high strain overshoot and at higher rates we see a low strain overshoot 

(postulated to be representative of particle yielding and polymer yielding respectively).  However, the 

difference is the polymer yielding mechanism seems to start at even lower rates.  At a rate of only 1 s-1 

we already see an overshoot between a strain of 2 and 3 (Figure 4.).  Recall this overshoot does not start 

until a rate of 10 s-1 ŦƻǊ ǘƘŜ ƘƻƳƻǇƻƭȅƳŜǊ ŀƴŘ ΨŀƎƎǊŜƎŀǘŜ ŘƛǎǇŜǊǎƛƻƴ ǎǘŀǘŜΦ  ¢Ƙǳǎ ƘŜǊŜ ǿŜ ǎŜŜ ǇƻƭȅƳŜǊ 

yielding at an order of magnitude of lower rates.  To 

quantify all these results and present them in a way 

that is easier to visualize, in Figure 4.5 we plot the 

strain of the overshoot for all samples studied 

(including an additional, 5% sample with a 

connected structure) as well as the magnitude of 

the normalized overshoot. The relevant 

experimental details are plotted in Table 4.1.  In 

Figure 4. all samples have overshoots that drop to 

very low strains (~2-3) at shear rates at or above 10 

s-1Σ  ǿƛǘƘ ǘƘŜ ǎŀƳǇƭŜ ƛƴ ǘƘŜ ΨǎǘǊƛƴƎǎΩ ǊŜƎƛƻn of the 

morphology diagram having a much less abrupt 

drop towards this low strain yielding than the other samples.  This sample also has a normalized 

overshoot peak that is much higher than for most other samples especially at the highest shear rate.  

This sample has many additional graft chains as compared to the other sample and apparently this 

causes the particles to act less like particles and more like non-linear polymer (i.e. star polymers), and 

therefore primarily work to enhance the entanglements experienced by the matrix polymer. 

Figure 4.4 The viscosity for a string structure (graft 
density = 0.11 chains/nm

2
) normalized using the high 

strain viscosity plateau as a function of strain.  A cone-
partitioned plate geometry was used (to increase the 
maximum shear rate).  The sample is in a 129.2 
kg/mol PS homopolymer. Five different shear rates 
were studied, 0.32(red), 1(blue), 3.2(teal), 
10(magenta) and 32 (dark yellow).   
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Table 4.1 Brush and matrix number-average molecular weights (Mn), polydispersities (PDI), brush graft densities, 
matrix solvent quality, morphologies and the shear rate at which overshoot is first observed for studied samples. 

Graft density 

(chains/nm2) 

Graft 

Mn 

(kg/mol) 

Graft 

PDI 

Matrix 

Mn 

(kg/mol) 

Matrix 

PDI 

Matrix 

Solvent 

Quality (a) 

Morphology Rate onset of 

overshoot (s-

1) 

N/A N/A N/A 129.2 1.03 N/A homopolymer 10 

0.01 78 1.3 129.2 1.03 0.60 aggregates 10 

0.05 52 1.07 129.2 1.03 0.40 connected <0.32 

0.05 75 1.06 129.2 1.03 0.58 connected <0.2 

0.11 70 1.1 129.2 1.03 0.54 strings <0.1 

 Because these steady shear experiments have the ability to significantly change the sample, it is 

important to note that some of them were done consecutively, on the same molded sample.  This was 

done with the 129 kg/mol homopolymer and the aggregate sample and repeated experiments at the 

same shear rate showed the same results.  For the higher graft density samples, sometimes fresh 

samples were used and sometimes repeated measurements were taken on the same sample but the 

trends observed in the strain were not affected.  Thus while the results are generally trustworthy, 

repetition on fresh samples in all cases is probably necessary.  

 

Figure 4.5 Reinforcement metric first presented in Section 2.3.2 as function of shear rate for four nanocomposites 
and a homopolymer(a) Strain of overshoot for the same samples (relevant information in Table 4.1) again as a 
function of shear rate (b). The inset shows the location of the samples in the experimental morphology diagram. 
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4.3 Stress Relaxation after Steady Shear 

Next we turn to the stress 

relaxation that was allowed to happen 

after most of the steady shear 

experiments, to determine how much 

nanoparticle structure remained.  

These experiments were done, as 

stated, to observe what degree of 

structure was still present after shear.  

We first consider the case of an 8% 

sample (the same sample used 

throughout this text). This composite 

was sheared to a strain of 7 (at the 

peak of the overshoot) and using a separate, fresh sample, to a strain of 100 (well past the peak and into 

the stress plateau region).  In each case, the stress was then allowed to relax.  These results can be seen 

in Figure 4.6.  The 8% sample comes from the connected/sheet region of our morphology diagram.  We 

note that the stress relaxes more slowly for the cessation of shear at the lower value.  This lends more 

credence to the conclusion that the overshoot represents a yielding process that breaks down structure.  

This is further confirmed by the fact that small amplitude oscillatory shear experiments done before and 

ŀŦǘŜǊ ǎƘŜŀǊ ŘƛǎǇƭŀȅ ŀ ŘŜŎǊŜŀǎŜ ƛƴ ǘƘŜ ƭƻǿ ŦǊŜǉǳŜƴŎȅ DΩ ŦƻǊ Ƴƻǎǘ ǎŀƳǇƭŜǎΣ including the 8% sample shown 

in Figure 4. (for the limited number of 5% samples where this decrease does not occur, it is not 

necessarily because the sample did not lose structure after shear, but more likely that the recovery was 

too quick to be probed with a SAOS experiment).   To quantify the speed of storage modulus recovery 

after shear and determine Ƙƻǿ ƳǳŎƘ ǘƘŜ ΨŘŜǾŀǎǘŀǘƛƻƴΩ ŎŀǳǎŜŘ ŘŜǇŜƴŘǎ ƻƴ ǎƘŜŀǊ rate, we next consider 

Figure 4.6 Relaxation of the normalized stress after steady shear for 
an 8% composite taken to a strain at stress max (strain = 7, red data 
points) and a strain well past the stress max (strain = 100, black data 
points).  The graft density is 0.05 chains/nm

2
, and the graft length is 

114 kg/mol. The matrix polymer is 129.2 kg/mol. 
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Figure 4.7.  Here we again focus on the 8% nanocomposite sample in the connected/sheet region, as this 

sample has a nanoparticle network measureable using the storage modulus.  In Figure 4.7 we show the 

ƭƻǿ ŦǊŜǉǳŜƴŎȅ DΩ ǊŜŎƻǾŜǊȅ ƻŦ ǘƘƛǎ ǎŀƳǇƭe after three separate rates (4.7a) and the recoverability of the 

steady shear response after a long wait time (4.7b).  Even after very long wait times, the structure is not 

fully recoverable. Furthermore, the structural breakdown with shear seems to be more dramatic and 

less recoverable at higher shear rates.  The experimental results from Figure 4.7a involved incredibly 

long experimentation times and therefore in some cases because of limited nitrogen gas (which is 

necessary for high temperature experiments, to limit polymer degredation), it was not possible to carry 

the experiments on for as long of times as would have been desired. 

 

Figure 4.7 Recovery after shear of the storage modulus for the same composite as in Figure 4.6.  Three different 
shear rates are considered in (a), 0.1 (black), 0.32 (red), and 3.2 s

-1
  (teal).  Steady shear viscosity vs. time data 

before and after recovery at a rate of 0.32 s
-1
 is also considered in (b).  The red data is on a quiescent sample and 

the purple data is on the sample that slowly recovered (at 180 degrees C) in the rheometer for 18 hours. 

 We also did many stress relaxation experiments after steady shear for 5% samples and 

specifically, for the homopolymer and three representative composites (aggregates, a connected 

network, and strings).  These experiments were performed at a range of shear rates and the results are 

presented in Figure 4.8.  Generally, we see that the connected/sheet morphology has stress that persists 
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for the longest time after 

cessation of shear.  However to 

probe these results more deeply, 

the following analysis was done: 

we took the recovery of the 

composite samples and divided 

out the recovery of the 

homopolymer in order to see 

how much additional structure 

there was from the particles.  

These results proved fruitful, and 

are displayed in Figure 4.9.  They 

have been categorized by rate, 

to show which sample has the 

most residual structure at a given rate.  While the aggregate samples residual structure as compared to 

the homopolymer does not seem to depend strongly on rate, the connected structure and the string 

structure both decrease with increasing rate.  This is consistent with the results presented in Figure 4.7, 

ǿƘŜǊŜ ŦƻǊ ŀƴ у҈ ŎƻƳǇƻǎƛǘŜ ǘƘŜ ΨŘŜǾŀǎǘŀǘƛƻƴΩ ƛƴ ǎǘǊǳŎǘǳǊŜ ǿŀǎ ƎǊŜŀǘŜǎǘ ŀǘ ǘƘŜ ƘƛƎƘŜǎǘ ǊŀǘŜΦ  In the case of 

the high graft density ƻǊ ΨǎǘǊƛƴƎΩ ǎǘǊǳŎǘǳǊŜ ǘƘƛǎ ƛƴŎǊŜŀǎŜ ƛǎ ǘƘŜ Ƴƻǎǘ ŘǊŀƳŀǘƛŎΣ ǎǳŎƘ ǘƘŀǘ ŀǘ ǘƘŜ ƘƛƎƘŜǎǘ 

shear rate, the stress relaxation curve shows evidence of less structure than was even observed in the 

homopolymer.  The total significance of this result is not clear, but it fits with the previous results that 

show at high rates, this sample higher grafting density sample is an exception.  Clearly, the large number 

of graft chains in this composite has a significant effect which can be probably be related to additional 

entanglements. 

Figure 4.8 Stress relaxation after steady shear for a 129 kg/mol 
homopolymer (a) and 5% by weight composites with a 129 kg/mol 
homopolymer and three different particles: 78 kg/mol graft, 0.01 
chains/nm

2
, aggregate dispersion state (b), 75kg/mol graft, 0.05 

chains/nm
2
, connected structure dispersion state (c) and 70 kg/mol 

graft, 0.11 chains/nm
2
, string dispersion state (d).  Several rates are 

considered:  0.1 (black), 0.2 (purple), 0.32 (red), 0.6 (gold), 1 (blue), 
3.2 (teal), 10 (magenta) and 32 s

-1
 (dark yellow). 
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Figure 4.9  Stress relaxation of composite divided by 
stress relaxation of homopolymer at a time of 0.1 s. 
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5. The Polymer Bound Layer in Bare Particles  

 Although it has long been understood that nanoparticles are more effective at reinforcement of 

polymeric materials than micron sized particles, limitations in particle synthesis have, until recently, 

limited the ability of researchers to investigate this effect at very small sizes.  Consider that solvent 

molecules, which have typical sizes of less than a nanometer, are observed to plasticize polymeric 

materials, weakening their mechanical properties.  If these molecules are treated as the analogue of 

sub-nanometer particles, it is entirely reasonable to conclude that traditional fillers, when reduced to 

this size range, will also prove detrimental to material mechanical properties.  Indeed, this has been 

seen for 2nm diameter particles[7]. In such a case the radius of gyration of the polymer begins to be 

much larger than the particle diameter, and this might be responsible for the observed behavior. 

While many groups have demonstrated a difference in bound polymer for nanoparticles vs. a 

flat surface, the magnitude of this effect as a function of size is as yet unclear.  It is clear there is an 

ŜŦŦŜŎǘ ƻŦ ǎƛȊŜ ƻƴ ΨōƻǳƴŘ ƭŀȅŜǊΩ ǘƘƛŎƪƴŜǎǎ ōǳǘ ƛǘ ƛǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ǇƭŀŎŜ ǘhis effect in context.  That is, at 

what particle size does this behavior onset?  Furthermore, how quickly does the bound layer move from 

the full thickness observed at a flat surface to a layer of ~1/5th that thickness at 14nm, and potentially to 

the complete absence of a bound layer at some finite nanoparticle size?  How do annealing, polymer 

molecular weight, and ƴŀƴƻǇŀǊǘƛŎƭŜ ǿŜƛƎƘǘ ŦǊŀŎǘƛƻƴ ŀŦŦŜŎǘ ǘƘŜ ǘƻǘŀƭ ΨōƻǳƴŘ ƭŀȅŜǊΩΦ  Lƴ ǘƘƛǎ Ŏhapter, an 

attempt is made to address these questions for bare particle systems 

5.1 Bound Polymer Thickness in Attractive Polymer Particle Systems: 

Differential Scanning Calorimetry  

 The Kumar group had previously studied a system of P2VP and SiO2 nanocomposites and 

observed many interesting characteristics, including a much smaller Tg shift than expected base on the 

attractive polymer-particle interaction[74].  The Tg in this experimental system was studied using 
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differential scanning calorimetry (DSC) and the same data was used to determine a bound layer 

thickness of 1.4nm (±0.3nm).  These results were obtained for 14nm particles.  In order to better 

understand bound layer thickness in attractive polymer-particle systems, two additional polymers were 

chosen for a similar DSC study here.  Poly(methyl methacrylate) (PMMA) and poly (ethyl methacrylate) 

(PEMA) both also have strong hydrogen bonding interactions with 14nm particles which facilitate 

miscibility.  Dispersion was tested for these systems using TEM and was found to be uniformly good.  

Using DSC, the Tg was also determined for all these composites and it was determined that it does show 

a dependence on nanoparticle loading, but the magnitude of the shifts is less than 10 K for all 

nanoparticle loadings.  These results agree with the picture that there are negligible shifts in glass 

transition temperature on confinement.  Here we focus on the bound layer thickness determined by the 

same DSC measurements. 

 

Figure 5.1 DSC as a function of 14nm SiO2 particle loading for three different homopolymers, P2VP (a), PMMA (b), 
and PEMA (c).  The homopolymer (black), 1% (red), 20% (blue), 40% (teal), 50% (magenta), and 63% (dark yellow) 
loadings by weight were studied. Slight increases in Tg as a function of nanoparticle loading are evident. 

 Figure 5.1 shows the DSC data for the three mixtures of polymer and particle at weight fractions 

ranging from 0.01 to 0.63.  The slight shift in Tg that was mentioned in the previous paragraph is 

apparent in the three different systems.  In Figure 5.2, we perform an analysis of this data to determine 

the bound layer thickness.  Note that the strength of the DSC transition in Figure 5.2 όƛΦŜΦΣ ɲ/Ǉύ 

decreases linearly with increasing SiO2 content, but the slope of the line is larger than unity. This 

suggests that the heat capacity goes to zero for finite polymer concentration.  This implies that there is a 
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bound layer of polymer on 

each particle, and we 

estimate based on the 

slopes of the lines that the 

thicknesses are 0.8 nm, to 

within relatively large error 

bars (±0.6 nm). From this 

we consider a picture that is 

inspired by our previous 

work on the phase 

transitions in thin polymer 

films [129, 130]. In the 

presence of strong polymerҍsurface ƛƴǘŜǊŀŎǘƛƻƴǎ ƛǘ ƛǎ ƴƻǿ ǿŜƭƭ ŀŎŎŜǇǘŜŘ ǘƘŀǘ ŀ άōƻǳƴŘέ, essentially 

irreversibly adsorbed, polymer layer forms at the particle interface. Because of the essentially 

irreversible nature of polymer adsorption, this bound layer is dynamically decoupled from the άŦǊŜŜέ 

polymer on top of it; i.e. the free polymer has essentially no interactions with the attractive surface. We 

postulate that the bound layer does not relax in the time frame of our DSC experiments, and hence only 

the bulk of the sample (i.e., the free chains) shows a glass-like relaxation.  Since this layer is unaffected 

by the surface it essentially has the same Tg as the bulk polymer. Additional credence for this 

assessment is provided by recent experiments on PS spheres[131] and for PMMAҍ SiO2 composites[75] 

where the heat capacity change in traversing the glass transition region was found to decrease 

monotonically with increasing surface content. In fact, this ǊŜŘǳŎǘƛƻƴ ƛƴ ɲ/Ǉ ƻƴ ŎƻƴŦƛƴŜƳent has 

previously been used to determine the effective thickness of the bound polymer layer, giving more 

credence to this picture. 

Figure 5.2 ɲCp scaled by the value for the pure polymer plotted as a function of 
the volume fraction of silica. The plot should scale linearly if there is no bound 
layer and go to zero for 100% of SiO2. 
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5.2 Various Silica Particle Sizes in Poly (2 -vinyl pyridine)  

As the DSC measurements discussed in Section 5.1 contained large error bars, and were only for 

a particle size of 14nm, a more in depth analysis was pursued for the composite consisting of P2VP and 

SiO2.  We study this system of SiO2 nanoparticles in poly (2-vinyl)pyridine (P2VP) in more depth to fully 

explore potential causes of the observed maxima in mechanical reinforcement.  We focus on this system 

because, as we have demonstrated previously, the favorable interaction between the P2VP and the SiO2 

surface will allow the particles to randomly disperse themselves throughout the polymer, thus removing 

dispersion as a variable.  This was confirmed with transmission electron microscopy (TEM), ultra small 

angle x-ray scattering (USAXS) and small angle x-ray scattering(SAXS)[74]. In this work we have taken 

TEMs of all studied samples, to confirm uniform dispersion.  In Figure 5.3 we show representative TEMs 

of the four particle sizes at 30 weight percent of SiO2.  Uniform dispersion is especially important when 

ŎŀƭŎǳƭŀǘƛƴƎ ǘƘŜ ǘƻǘŀƭ ΨōƻǳƴŘ ƭŀȅŜǊΩ ǘƘƛŎƪƴŜǎǎ ŦǊƻƳ ǘƘŜ ǘƘŜǊƳƻƎǊŀǾƛƳŜǘǊƛŎ ŀƴŀƭȅǎƛǎ ό¢D!ύ ǊŜǎǳƭǘǎΣ ŀǎ ŀ ǿŜƭƭ-

defined geometry is necessary for accurate calculations. Good dispersion will allow for full bound layer 

formation at low enough loadings and creates a well-defined dispersion state, allowing comparison of 

different particle sizes.   

  Additionally, the favorable polymer-particle interaction will allow the polymers to form an 

adsorbed or bound layer on the particle surface and our previous evidence has supported the necessity 

of attached polymer chains to mediate mechanical reinforcement[116].   

 The experimental system chosen is SiO2 nanoparticles (from ~14-100 nm in diameter) in P2VP 

(2-940 kg/mol).  Our motivation for choosing this system is that the favorable interaction between the 

SiO2 and the P2VP, as mentioned previously, should allow a truly random dispersion of the SiO2 particles 

in the polymer matrix.   Furthermore, Nissan Chemicals provides complimentary samples of several 

different SiO2 nanoparticle sizes.  The ability to use many nanoparticle sizes all from the same 

ƳŀƴǳŦŀŎǘǳǊŜǊ ƛǎ ƛƳǇƻǊǘŀƴǘΣ ōŜŎŀǳǎŜ ƘŜǊŜ ǿŜ ƘŀǾŜ ŀƛƳŜŘ ǎǇŜŎƛŦƛŎŀƭƭȅ ǘƻ ƳŜŀǎǳǊŜ ǘƘŜ ΨōƻǳƴŘ ƭŀȅŜǊΩ 
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thickness as a function of nanoparticle size, ignoring variables such as type or shape of NP.  We want to 

compare the magnitude of ǘƘŜ ŎƘŀƴƎŜ ƛƴ ΨōƻǳƴŘ ƭŀȅŜǊΩ ǘƘƛŎƪƴŜǎǎ ǿƛǘƘ ǎƛȊŜ to the opposing phenomena 

which improve particle properties as nanoparticle size decreases (including the favorable change in 

surface area to volume ratio as particle size decreases). 

 

5.3 Thermogravimetric Analysis Experiment Design  

The silica nanoparticles were generously donated by Nissan Chemicals and come dispersed in 

one of two solvents, both at 30-31 weight percent SiO2: methyl ethyl ketone (MEK) or isopropyl alcohol 

Figure 5.3 TEMs confirming excellent dispersion for four different sizes of particles from Nissan chemicals, small 
particles ~14nm in diameter (a), medium particles ~22nm in diameter (b), large particles ~70-85nm in diameter (c) 
and extra large particles ~110 nm in diameter (d). 
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(IPA).  The particles come in one of four sizes as reported by Nissan: 10-15nm, 17-23nm, 40-50nm, and 

70-100nm (these will be referred to as small(S), medium(M), large(L) and extra large(XL) respectively 

from here on). The particle sizes that are used in calculations are different than those reported by the 

manufacturer, as will be discussed further on. The S and L particles come in MEK and the M, L, and XL 

particles come in IPA (thus the L particles come in two different solvents).  In order to create precise 

measurements of the bound layer thickness, a well-defined nanoparticle geometry is necessary.  The 

size is reported by Nissan as a range, but an average size is required for bound layer thickness 

calculations.  Therefore, a large number of TEM images were taken of the particles, and the diameters of 

several hundred particles were measured using Image J software.  This analysis was compared to similar 

measurements taken using a DLS and the results are reported in Figure 5.4 and Table 5.1. 

 

Figure 5.4 Particle size distribution for the three larger Nissan particles as taken by image analysis of TEM 
micrographs (a) and using a DLS on 1% solutions of the particles (0.1% in the case of the XL particles) (b).  The S 
particles were taken to be of size 14nm, which has been well reported in the literature. 
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Table 5.1 Calculated Particle Sizes 

Particles: M L(IPA) L(MEK) XL 

Nissan distribution (nm) 17-23 40-50 70-100 

TEM Average diameter (nm) 22.5 70.9 56.0 134 

DLS Average Diameter (nm) 22.2 70.5 87.4 114 

 

The P2VP is purchased from Polymer Source Inc.and has number average molecular weights of 

2.1,  5, 14, 22, 50, 97, 277, and 854 kg/mol with P.D.I. of 1.14, 1.07, 1.05, 1.09, 1.04, 1.08, 1.09 and 1.10 

respectively.  Unless otherwise noted, the 50kg/mol P2VP is used. Particle solutions in MEK are prepared 

by adding 1 mL pyridine to 4 mL of the particle solution as manufactured. Particle solutions in IPA must 

be further diluted to prevent gel formation by combining 2 mL of the particle solution as manufactured 

with 10 mL of IPA and 3 mL of pyridine (in that order). The pyridine is added in a 4:1 ratio of particles to 

pyridine in order to improve particle dispersion through charge stabilization (pyridine acts as a Lewis 

base) and through competitive hydrogen bonding of the pyridine to the SiO2 surface. This prevents 

premature cross-linking of the SiO2, which will lead to particle agglomeration and precipitation[74].  

Various ratios of pyridine to solvent were tested and 4:1 was determined to be optimal.  For each 

nanocomposite to be prepared, 0.2 g of P2VP is dissolved in 4 mL of solvent, either MEK or IPA 

depending on which solution the particles are provided in. These prepared solutions are vortexed for 1 

hour. The concentration of each solution is then measured by pipetting 100 µL onto a tarred weighing 

paper, allowing the solvent to fully evaporate, and using the observed weight to calculate concentration. 

Based on the measured concentrations, appropriate volumes of both the particle solution and the 

polymer solution are combined such that 30% of the combined mass is SiO2 and 70% is P2VP, except in 

the case of the M particles, where 40% SiO2 is used to promote full pellet formation. This combined 

solution of both particles and P2VP is again vortexed overnight, followed by one minute of sonication 

(2s sonicate, 1s rest). It is then poured into a teflon coated petri dish and left in the fume hood to dry.   
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        After drying, a small section of the sample is selected 

to confirm the particle dispersion state using electron 

microscopy. The section is embedded in epoxy and cured at 

улɕ/ ŦƻǊ у hours. It is then microtomed using a Leica UCT 

microtome into 60nm sections and placed on a Formvar 

coated copper TEM grid. These sections are visualized using a 

JEOL JEM-100 CX transmission electron microscope. 

        To determine the bound layer thickness, the 

remainder of the sample is again dissolved in its respective 

solvent, either MEK or 

IPA. If the sample is to 

be annealed, then it is 

placed in an oven 

under vacuum at 

мрлɕ/ ōŜŦƻǊŜ 

dissolving. This 

dissolved sample is 

vortexed overnight 

and then centrifuged 

at 13,000 rpm for 5 

minutes.  The particles 

form a pellet at the 

bottom of the centrifuge tube, and any bound P2VP is incorporated into the pellet as well. The unbound 

P2VP remains in the supernatant. A fully formed pellet from a 100nm sample is shown in Figure 5.5. This 

Figure 5.6 Weight Percent SiO2 as a function of the initial loading, and number 
of washes, of the nanocomposite.  The bound layer achieved is largely 
independent of initial loading, up to a loading of 86% by weight. 

Figure 5.5 Pellet formed after centrifugation 
of a redissolved composite, in this case, a 
100nm, 50kg/mol P2VP composite. 
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washing process is repeated, to ensure removal of all unbound P2VP.  (It was experimentally determined 

that two washes is sufficient after observing a convergence of the bound layer thicknesses at two 

washes of samples that were washed between one and five times (Figure 5.6). (This was done for 

nanocomposites with particle weight fractions ranging from 16-86%). The resulting pellets are 

completely dried first in the fume hood overnight, then at 80ɕ/ ǳƴŘŜǊ ǾŀŎǳǳƳΦ CƛƴŀƭƭȅΣ ǘƘŜ ǇŜƭƭŜǘǎ ŀǊŜ 

each burned in a thermogravimetric analyzer (TGA) in a heating sequence as follows: an isotherm at 

олΦлɕ/ ŦƻǊ нΦл ƳƛƴǳǘŜǎΣ followed by a temperature ramp ŦǊƻƳ ол ǘƻ мрлɕ/ ŀǘ нлΦлɕ/κƳƛƴΣ then an 

isotherm ŀǘ мрлΦлɕ/ for 10.0 minutes (to confirm the absence of solvent), and finally a temperature 

ramp ŦǊƻƳ мрлΦл ǘƻ млллΦлɕ/ ŀǘ млΦлɕ/κƳƛƴ ǿƘŜǊŜ ǘƘŜ tн±t ƛǎ ŜȄǇŜŎǘŜŘ ǘƻ ōǳǊƴ ƻŦŦ ŀǘ ŀǊƻǳƴŘ прлɕ/Φ 

The SiO2 does not burn off. Assuming that each particle and any bounded polymer conforms to a 

perfectly spherical geometry, and using weight fraction of P2VP in the pellet as determined by TGA, the 

bound layer thickness is calculated.  Since we do not know the exact density of the bound P2VP, we 

assume the same density as the bulk to calculate thickness. 

Table 5.2 Nanoparticle Coating Information 

Particle Size (nm) Solvent Thickness of Coating (nm) Fraction of ParticleThat is Coating 

Small MEK 0.12 ± 0.03 0.022 ± 0.005 

Medium IPA 0.06 ± 0.01 0.008 ± 0.001 

Large MEK 0.27 ± 0.02 0.0104 ± 0.0008 

Large IPA 0.208 ± 0.03 0.008 ± 0.001 

Extra Large IPA 0.5055 ± 0.1 0.010 ± 0.002 

 

        Note that the particles are manufactured with a coating that prevents agglomeration. This 

coating may at least partially burn off during the TGA run.  Since the Nissan particles are proprietary, 
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information about the coating is not readily available.  Therefore samples of pure particles of each size 

were burned to determine what fraction of the particle is coating. Similarly, to account for the small 

amount of P2VP that does not burn off, TGA runs were performed on pure P2VP. The results were 

different for each particle size and solvent and are shown in Table 2. The fraction of the particle that is 

coating is directly used in every bound layer thickness calculation.  

5.4 Nanocomposite Characterization  

Lƴ ƻǊŘŜǊ ǘƻ ǇǊƻǾƛŘŜ ŀ ǎǘǊƻƴƎ ŦƻǳƴŘŀǘƛƻƴ ŦƻǊ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ǘƘŜ ǇƻƭȅƳŜǊ ΨōƻǳƴŘ ƭŀȅŜǊΩ ŀƭƭ 

nanocomposites were meticulously characterized.  This included a thorough analysis of the dispersion 

state of the nanoparticles, as a well-ŘŜŦƛƴŜŘ ŘƛǎǇŜǊǎƛƻƴ ǎǘŀǘŜ ƛǎ ǇŀǊŀƳƻǳƴǘ ƛŦ ǘƘŜ ΨōƻǳƴŘ ƭŀȅŜǊΩ 

calculations are to have any meaning.  Furthermore, nanoparticle size must be precisely measured, as 

this significantly affects ǘƘŜ ΨōƻǳƴŘ ƭŀȅŜǊΩ ŎŀƭŎǳƭŀǘƛƻƴǎΦ 

5.4.1 Nanoparticle Disper sion  

We first consider the dispersion achieved using the preparation techniques outlined in the 

experimental section.  Figure 5.7 demonstrates the excellent dispersion shown for nanocomposites, 

independent of particle size and loading fraction as is consistent with previous work in the Kumar group. 

Although most of the samples studied using TGA were at 30 weight percent, particles are shown at 

many different weight fractions, as it can be difficult to observe dispersion quality with the naked eye at 

loadings as high as 30 percent.    Good dispersion is paramount , as this allows for an accurate 

calculation of the bound layer thickness.  For all samples studied, micrographs were taken to confirm 

good dispersion.  In some of the micrographs in Figure 5.7, strings of particles were observed, and thus a 

computer analysis was performed to confirm that these strings are consistent with random dispersion, 

and we turn to this discussion now. 
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Figure 5.7 Using the preparation procedure described, the particles are well dispersed independent of the weight 
fraction and of size. 

In the qualitative assessment of dispersion quality presented in Figure 5.7, in order to further 

confirm randomly dispersed samples, image analysis was done.  This was the result of our concern over 

the fact that a quick perusal of the micrographs suggests that the particles often appear to be arranged 

as strings.  Are the strings of particles that are observed a result of natural multi-particle associations in 

a two dimensional projection of a random, three dimensional particle distribution?  In order to compare 

the dispersion states achieved to the ideal dispersion state, the following experiment was performed:  

micrographs for the large particle composites at five different weight percents (8, 10, 20, 30 and 40) 

were binarized using Image J software.  Meanwhile, using the particle size distributions from the image 

analysis on the large particles, a computer generated three dimensional space with the dimensions of a 
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TEM slice was created (60nm thick x ~400nm wide x ~300nm tall).  Inside, particles of sizes determined 

by the calculated distribution were randomly placed, until the desired weight fraction was reached.  A 2-

dimensional projection was then created of this three dimensional space, generating a truly random 

equivalent of the binarized images taken from the actual samples.  Autocorrelation functions were 

performed on both the computer generated and sample generated binarized images.  In Figure 5.8a the 

images created using a computer and using the actual samples are compared at 10% and 40% by weight.  

In Figure 5.8b, the difference between the autocorrelation function for the computer generated and 

sample generated images is shown.  In each case, the computer generated images seem to be slightly 

larger, perhaps due to an underestimated particle size distribution.  The shapes of the autocorrelation 

functions do not deviate considerably from each other, and the results are taken as evidence of truly 

random dispersion.  Of special interest is that the occasional strings of particles that are observed in the 

electron micrographs are also present in the randomly dispersed computer generated images! 

 

 

Figure 5.8 Dispersion quality as confirmed through comparisons of computer generated and micrograph generated 
binary representations of 10% and 40% by weight samples (a).  The autocorrelation function for the computer 
generated image was slightly higher at all weight percents, as demonstrated by the difference between the two 
functions (b).  This is consistent with random dispersion in both sets of images, but a slightly larger particle 
distribution in the computer generated images.  Five particle loadings were studied, 8(black), 10(red), 20(blue), 30 
(teal) and 40 (magenta) percent SiO2 by weight.  
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5.4.2 Nanoparticle Size  

For the three largest sizes, a size distribution was determined by image analysis from TEM and 

compared to a size analysis using a DLS (Figure 5.4).  For TEM, several hundred particles were imaged 

and the resulting images were binarized and analyzed to create a size distribution.  Both the TEM and 

the DLS gave average particle sizes that were on the high end of Nissan Chemicals range of particle sizes 

and the agreement between the two was generally good.  Because of the much higher statistics involved 

in a scattering experiment, the average particle sizes obtained this way were used in all calculations.  For 

the S nanoparticles, because the size approaches the limit of accurate measurement for both TEM and a 

DLS, we instead take the well recorded literature value of ~14nm in diameter for these particles[10, 44, 

45]. Average particle sizes for the particles were thus determined to be: 14 for the S particles, 22.2 for 

the M particles, 70.5 for the L particles in isopropanol, 87.4 for the L particles in MEK, and 114 nm for 

the XL nanoparticles.  As a side note, the noticeably larger particle size as compared to the Nissan 

distribution for the L particles is a product of how the size distribution was calculated.  The size 

distribution for the L particles as contained in the bottle is actually significantly broader, however not all 

of these particles are included in the pellet resulting from centrifugation (some of them are too small).  

Thus, we see a significantly narrower and smaller diameter range than what is measured straight from 

the vial.  For the smaller two particle sizes, this is not an issue, as the particles are close enough to each 

other that they are bridged by polymer, and thus connected by a particle polymer network (at 30% by 

weight of particles).  Therefore, all particles make it into the pellet.  Note: if only bare particles in solvent 

are centrifuged, then the two smallest particle sizes form no pellet, and the XL Nissan nanoparticles 

form a pellet that has approximately twice the volume of the L nanoparticles. In this work, all 

calculations are carried out using the average measured particle diameter. 



 
91 

 
 

5.5 Bound Layer Dependence on Particle Loading    

In Figure 5.6 we plot the fraction of SiO2 in the pellet as a function of particle loading (the 

remainder of the pellet is adsorbed polymer).  This is done for the S nanoparticles.  In the figure, we plot 

the fraction of SiO2 in the freshly prepared composite, and after four different wash cycles.  Ten samples 

ranging from 16-86% SiO2 by weight were studied in order to determine the effect of weight percent on 

Ψbound layerΩ thickness.  For small weight fractions, we do not expect to see a difference in the 

ŎŀƭŎǳƭŀǘŜŘ ΨōƻǳƴŘ ƭŀȅŜǊΩ ǘƘƛŎƪƴŜǎǎΣ ŀǎ ǘƘŜre is plenty of polymer to form a full equilibrium bound layer.  

As the weight fraction is increased, the total amount of polymer available per particle should decrease, 

and at some point, there may no longer be enough to fully distribute itself to the nanoparticles.  Such a 

ǎŎŜƴŀǊƛƻ ǿƻǳƭŘ ǇǊŜǎǳƳŀōƭȅ ƭŜŀŘ ǘƻ ŀ ŘŜŎǊŜŀǎŜ ƛƴ ǘƘŜ ΨōƻǳƴŘ ƭŀȅŜǊΩ ǘƘƛŎƪƴŜǎǎ όŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ǇŜǊŎŜƴǘ 

SiO2, in Figure 5.6).   Apparently, even at the highest NP loadings studied, this threshold is not reached. 

¢ƘŜ ǘƘƛŎƪƴŜǎǎ ƻŦ ǘƘŜ ΨōƻǳƴŘ ƭŀȅŜǊΩ ǿŀǎ ŜǎǎŜƴǘƛŀƭƭȅ ƛƴǾŀǊƛŀƴǘ.   Even at a loading of 86 wt % (which 

translates to 76% volume) the particles are still able to form a full (or very close to full) equilibrium layer.  

Note, however, that to ensure that the amount of polymer would not limit the bound layer size, all 

ŀŎǘǳŀƭ ΨōƻǳƴŘ ƭŀȅŜǊΩ experiments were done with particles that were 40% or less by weight of SiO2 

particles.  

The invariance of bound polymer with weight fraction suggests two things: first, the NPs adsorb 

ǎǘǊƻƴƎƭȅ ōŜƎƛƴƴƛƴƎ ƛƴ ǎƻƭǳǘƛƻƴ ŀƴŘ ŀǎ ƭƻƴƎ ŀǎ ŜƴƻǳƎƘ ǇƻƭȅƳŜǊ ŜȄƛǎǘǎ ǘƻ ŦƻǊƳ ŀ Ŧǳƭƭ ΨōƻǳƴŘ ƭŀȅŜǊΩ ƛǘ 

virtually all goes to the surface.  This is in good agreement with the strongly attractive surface.  The 

adhesion energy for SiO2/P2VP has been estimated using infrared spectroscopy to be -350 mJ/m2[132].  

It is also in agreement with DLS measurements on solutions of particle and polymer. Second the particle 

dispersion is maintained even at very high weight fractions were it is difficult to accurately determine 

dispersion from TEM.  Only at the very highest weight fractions do we begin to see a drop off in 

thickness, and this is where there is not enough polymer to fully distribute, no matter how strongly it 
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adsorbs, or how well dispersed the particles are.   Unfortunately, weight fractions larger than 86% could 

not be tested, due to the difficulty of preparing composites at such high loadings.  All the composites 

converge to the same bound layer thickness after two washes, and throughout this manuscript, this is 

the number of washes utilized. 

5.6 Bound Layer Dependence on Annealing  

We now consider the effect of 

annealing at high temperatures on 

bound layer thickness for polymer 

nanocomposites. The purpose of 

annealing is to achieve a full, 

equilibrium bound layer. In order to 

determine the appropriate annealing 

time, the bound layer thicknesses of 

particles of size L annealed from 6 

hours to 8 days were compared.  The 

large particles were chosen as they are 

approximately the same size and they come in both of the studied solvents and thus facilitate a solvent 

comparison.  The results in Figure 5.9 show an increase in bound layer thickness from 6 hours up to 3 

days.  Beyond 3 days of annealing, the thickness remains roughly constant with perhaps a slight 

decrease in thickness at the longest time of 8 days (possibly indicating degradation).  The results are 

consistent for both IPA and MEK although in all cases the IPA particles have a thinner bound layer, 

expected given the smaller particle size.  However, a thinner bound layer in IPA was also achieved when 

particles of the exact same size were washed in the two different solvents.   Based on these results, as a 

precaution, all samples were washed with MEK, even those prepared in IPA.  Five days is also apparently 

Figure 5.9 Bound layer thickness as a function of annealing time for 
large Nissan particles in both IPA (red) and MEK (black). 
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the optimal annealing time for the formation of a bound layer.  Apparently, in solution, the chains do 

not fully adsorb, presumably because of competition with the solvents.  Pyridine is used as a co-solvent 

and it is a strong Lewis base.   In solution, it competes with the P2VP for surface sites, therefore 

annealing is crucial to allow a full bound layer formation.  

5.7 Bound Layer Dependence on  Particle Size 

 We now turn to the bound layer thickness as a function of particle size.  As we treat the 

separate solutions of the L particles as two different sizes, this gives us five sizes for consideration.  This 

is a limited but still meaningful number, and provides a clear trend in behavior.  Here we performed 

bound layer calculations on samples both before and after annealing, and the results are shown in 

Figure 5.10.  We plot bound layer thickness vs. both particle diameter and one over the diameter.  In the 

latter case the thickness for a planar surface can be extrapolated by looking at where the curve 

intercepts the y-axis.   Visually, this is between 4 and 5 nm, which fits well with the thickness of planar 

surfaces that have been measured in the literature (around 4nm).   

 

Figure 5.10 Bound layer thickness as a function of particle diameter (a) and one over the particle diameter (b).  
Both as cast (open blue) and annealed (closed red) composites are studied in IPA (triangles) and MEK (circles). 
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In fact, nanoparticles of sizes even smaller than 14nm in diameter were also measured.  These 

particles were procured in both a powder state and in solution with MEK from Meliorum technologies.  

The bound layer measured in these cases was of an even smaller thickness than what was measured for 

14nm particles, however the results are not reported because a well-dispersed state was not confirmed 

for the nanoparticles.   After multiple attempts at improving dispersion, the only state that could be 

achieved were small aggregates of particles (Figure 5.11).  The thinner bound layer found for these 

particle sizes is consistent with expectations, but the measurement accuracy on these small 

nanoparticles is somewhat in doubt. 

 

Figure 5.11 Dispersion state achieved for very small particles at two diameters: 4nm (a) and 10 nm (b). 

Lǘ ƛǎ ƛƳǇƻǊǘŀƴǘ ǘƻ Ǉǳǘ ǘƘŜ ŘŜŎǊŜŀǎŜ ƛƴ ΨōƻǳƴŘ ƭŀȅŜǊΩ ǿƛǘƘ ƴŀƴƻǇŀǊǘƛŎƭŜ ǎƛȊŜ ƛƴ ŎƻƴǘŜȄǘΦ Since the 

surface area to volume ratio and interparticle distance continue to increase and decrease respectively 

with decreasing nanoparticle size, there must be some competing effect that opposes these 

phenomena.  This opposition is expected to become stronger as the particle size is diminished.  Building 

off the results in Chapter 2 in which we showed that in PS-SiO2 nanocomposites the nanoparticle 

interactions are undeniably mediated by the attached polymer chains (in that case grafted) we 

postulated that the ability of the polymers themselves to mediate interactions between the particles is 






















































































