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ABSTRACT

PolymerParticle NanocompositeSize and Dispersion Effects

Joseph Moll

Polyme-particle nanocompositeare used inindustrialprocesses to enhance a broaahge of
material propeties (e.g. mechanical, optical, electrical andgas permeabilitypropertieg. This
dissertation wilfocus onexplanation andjuantificationof mechanical property improvementgon the
addition of nanoparticleso polymeric materials. Nanoparticleas enhancers of mechanigabperties,
are ubiquitous in synthetic and natural materidésg. automobile tirespackaging, boehowever, to
date, there is nothorough understanding othe mechanism otheir action In this dissertationsilica
(SiQ) nanoparticles both bare ad grafted withpolystyrene (PS)are studiedin polymeric matrices
Several griables of interest are considergthcluding particle dispersion state, particle size, length and
density of grafted polymer chaénand volume fraction &iQ.

Polymer grafted nanoparticles bedve akin to block copolymerand thisis critically leveraged
to systematically vary nanopatrticlesgiersion ancexamineits role on the mechanical reiofcement in
polymerbasednanocompositesn the melt state Rheologyunequivocally shows that reinforcement is
maximized by the formation of a transient, but leliged, percolating polymeparticle network with the
particles serving as the network junctiond.he effects of dispersion and weight fraction of filler on
nanocomposié mechanical properties are also studied in a bare particle sysi2uoe to the interest in
directional properties for many different materials, different means of inducing directional ordering of
particle structures are also studied.sidg a combinatiomf electron microscopy andnay scattering it
is shownthat shearing anisotropic NP assemblies (sheets or strings) causes them to orient, one in front
of the other, into macroscopic twdimensional structures along the flow direction. In contrast,sac

flow-induced ordering occurs for well dispersed NBs spherical NP aggregates This work also
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the bulk materiatan have vey important effects orproperties including mechanical propertiesrhis is
SalLISOAFffe (NHzS Ay LRfe@YSNI ylIy202YLR2aAirldSacan 6 KSNB
easily make p 20% or more of total materiallHere wequantify this layer of bound polymer as a
function of particle size polymer molecular weightand other variables, primarily using
thermogravimetric analysibut also dynamic light scatterirand differential scanning calorimetry We
find that as nanoparticles become bnf f S NE (i K Ssysttmdaicily Becréabes i thikknesEhis
result is quite relevant to explanations of many polymer nanocomposite properties that depend on size,
including mechanical and barrier properties.

Many additionalimportant and new results are reportdeerein These include the importance
of dispersion state in the resulting mechanical properties of polypagticle nanocomposites, where a
systematic study shogd an optimal dispersion state of a connected partieéwork. An additional and
unexpected finding in this system wte critical dependence of composifgoperties on grafted chain
length of particles. As the grafted chain length is increased, taimsivhich leads to yieldinip a steady
shear experiment is increased in a linear relationship. At very hatgs, this yielding process
completely switches mechanisms, fropelding of the particle network to yielding of thentangled
polymer nawork! A surprising correlation between the amount of bound polymer in solution atitkin
bulkwas also found and is interpreted herein. Sed§embly was further explored in a range of different
systems and it was found that grafted particles and there mifnéage vast potential in the creation of a
wide arrgy of particle superstructures.

In concert, these experiments provide a comprehensive picture of mechanical

reinforcement in polymeparticle nanocomposites. Not only is the dispersion state of the pestic



crucial, but the presencefarafted 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 nanoparti¢dBs)have been added to synthetic
materials to improve properties as variant as mechanical propgftiéfs electrical propertieg, 5], and
gas permeabilityp, 7]. A wide range afianoparticleqclay, silica, goldzs,, carbon nanotubes) are now
added into materials ranging from car tires to gdtsdiion systems. Nanoparticlewe typically of size
order less than 100nm andao have a wide variety of different shapes (rods, discs, spheres).
Nanoparticle sizg8, 9] and dispersion[10, 11] are critical in determining their effect on material
properties. The various effects of particle size areanost commonly understoody invoking the
increased surface area to volume ratio of the particles as compared to micron sized particles or larger.
Particle dispersion state affects tipercolation threshold of hanocompositeamong other things Yet,
to date, much about the mechanism of property improvements for nanocomposites and especially their

improvements in mechanical propertiés not well understood.

This work focuses on the mechanical properties of linear polymers filled hwihorganc
nanoparticles. As much as possible, the results geeeralizedto all filled polymer systems.
Specifically, spherical particles ranging freft0 down to less than 10 nm have been studied. Both
bare silica(SiQ), which has a surface chemistry domiad by silanol groupsand SiQ grafted with
polystyrene(PS) havdeen used. These systems have been studied with two linear polymers of widely
varying molecular weight. Namely, poly\v@ayl)pyridine (P2VP) and PS. These polymers have both
been widey studied, and especially in the case of PS,kibleavior 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 phengroup along the polymr backbone thus allowing for a
favorable interaction between the polymer and Si€urface) Both PS and P2VP are sdexible

polymers with low entanglement molecular weightsM
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In order to study the full phase space of these systems, a wide rahgariables are used,
including particle size, volume fractioof SiQ, particle dispersion state free polymer (or matrix

polymer) molecular weight and in the @aef grafted patrticles, graftensity andgrafted chain length

1.1 Experimental Techniques

A wide range oftechniques from raterial chemistry were employed in order to study the
various experimental systems in this thesis. Rheological measurements play an extrapaiant
part in the narrativeof the mechanical properties of polymeanocomposites Transmission electron
microscopy(TEM)was used to characterize almost all of the gdes studied and toguantify both the
particle size and the particle gisrsion state in the composite§mall Angle Xay ScatterindSAXSand
Ultra-Smdl Angle Xray ScatterinUSAXS)ere done by collaborators at Argonne National Laboratory
to compliment the TEM measurements.Thermogravimetric analysi§TGA) differential scanning
calorimetry(DSC)anddynamiclight scattering(DLSwere used to quatify the bound polymer in these
nanocomposite systemsX-ray Photon Correlation Spectroscof¥PCSyas used to study the diffusion
of nanoparticles in polymer matrices and provide a view of microscopic mechanical reinforcement, as
opposed to the macrospic 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
Rhedogy is an important tool for understandinthe viscoelastic propertief complex
materials. Here it is usedas the primary measurement of nanocomposite mechanical properties. A
wide range of rheological experiments have been employed, including small amplitude oscillatory shear
(SAOS)stress relaxation, cregstart-up of steady shear, large amplitude oscillatory sh@ahOSpand
extensional rheological experimenséd a constant extension rateAll of these measurementsork in

tandem toward understanding a mater@lrheological response.ABScan give information abduhe
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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 ithe material reponse, and can also tellhether the material is a liquid, solid, or
critical gel. Startip of steady shear gives the yield stress an@mesibnal rheology can tdhe degree 6

strain hardeningamong other things

There are two variables of primamnportance in rheology. The first is the straiepresented
as the Greek letter, a dimensionlessneasure of the deformation of a material, the exact definition of
which is dependent on the i@l material geometry (i.e. shape)The second is th&tress,represented
as the Greek letter , which has units of pressure and is a measure of a materials response to an

imposed strain.Stress is theleforming force divided bthe area over which it is applied.

SAOS\ & G KS NXKS2ft 23A Olbken BidsLisdelfh 06 viaideteérmiirie lthé linéar &
GAaA02StFalAO0 LINE LIS NIPR $3SACSET sinusgidaldtidis (NOdeforimajiaizisk a ¢ ¢
imposed on a sample The resulting stres§ "ig)also sinusoidal, and has the same frequency as the
strain, butis phase shifted. The phase shift of the stress (alwitly the ratio " naf ‘may) are only
dependent onthe F NBlj dzSy 0& 2F GKS 2,4 @4 6n0 kA2 no@too Adage (this y 2 0
experimental regime is termed as the linear regime and this is where the word small comes from in
SAOS). The phashift of the frequency iI9A @Sy & (GKS DNBS]1 tSGOGSNI + |y

purely elastic sample, the relahship béween stress and strain can be seerEquationl.l:

Equationl.1

s =Gg

TMa Sldz- A2y Aa | 221 SQa Gfislthe eldstcNdodulys, aSriatera@lican§ianta 2 f A R
analogous to tk spring constant. Thus the stress is proportional to strain. Alternatively, for a

Newtonian liquid, theelationship between stress and strain is showikguationl.2 :



Equationl1.2

1
s=hg

¢CKA& Sldzr A2y A& bSgil2y®Ra [ | & & haldskoBitQada Hidithel v & K S NJ
shear rate, or rate of deformation. Thtise stres is proportional to the time derivative dfie strain.

Consider thatn elastic solid has a welefined shape and if a strain is imposed to displace it from that

shape, a restoring force attempts to return it. Alternatively\lewtonianliquid takes the shape of its

container, thus its resistance to deformation is onlynifi@sted while the deformation takes placeln

this sense, a SAOS experiment is particularly clever. The strain has a sinusoidal oscillation, and the
component of the gess which oscillates in phase withe strain can be related to the elastic natwka

viscoelastic material. There is also a component of the stussh oscillate®®0 degrees out of phase

with the strain &ccording to a cosine furion). This stress oscillates in phase with the rate of strain, and

can be related to the viscous nae of a viscoelastic material. This can be seen ird#fmition of the

dG2NF3S | yR f 2 agspedi’eRidEqhationl[3@nd EqyaRon®Q Q

Equationl1.3

G'= S max cosd
Orrax

Equationl.4

G":sﬂsind
Grrax

{Gi2N}r3S IyR t2aa Ay GKA&a O2yiSEG NBTSNBR (G2 SySNHe
is a measure of the solid like response of a mat¢siared energy) Y R DQQ Aa | YSI| &dz2NB 2

responsgdissipated energy)
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Step strain (also calleStress Relaxatigrand Creemive very similar information to SAOS, but
are less often used (although morenceptually simplg In stress relaxation, anstantaneous strain is
imposed on dully relaxed material at time t=0 The stress is monitoreas afunction oftime. Here
again it is useful to consider the response of an elastic solid and a Newtonian liquid. In the former case,
there is no mechanisrby which the stress can relaxThus whatever initial stress exists, which will be
proportional to the total deformation or strain, will persist for eternity. In the latter ctmestress will
be quite high as the strain is taking platait 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 elastomer® speed with which this
happens depends on the tinconstants of the stress reliag mechanisms within the materia/t very
short times, there is often no mechanism by which decay can occur, and the stress will appear constant
(as in an elastic solid¢ KA a W3f | daeQ mud kob éharefddIhdobgicdhdasike@entst &
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 waléix last, and there will be a gap of
some amount of time between their relaxation and thaf proceeding relaxation procegs The
resulting plateau can be used to cake the density of entanglements3]. Ly |y I f 23& gAGK |
Law above, the ratio of time dependent stress and applied strain give the-dépendent stress

relaxation modlus, G(t), definedh Equationl.5:

Equationl1.5

G(t) = s®

0

The stress relaxatiomodulus is a material property that imdependent of strain, as long as the

measurement is in the linear reginfiee. the strain is low)
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Acreep experiment is the conjugatd# a step strain experimentinstead of imposing a constant
strain and monitoring the stressa constant stresss imposed andhe strainis monitored This
experiment is particularly useful for long time measurements, because the torque (and thus the
sensitivity of the measurement) does not decaith time. One caveat is that themeasurement 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 reithain in the linearregime

throughout, because the strain t®nstant and the s#&ss only decreases with elapsed time

In a creep experiment, an elastic sohill deform a certain amount in response to the constant
stress, but no further. A Newtonian liquid will continue deforming indefinjtasuming the stiss is
high enough to begin deformation. Here againnew variable is defined which relates stress to strain

for this experiment and this is called the shear creep compliaregresented as J(Bquationl.6:

Equation1.6
S

If the creep experiment is in the linear regintiee behavior ofl(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 therigain a
permanent way (i.ethere is no hysteresjs However, it is somdimes necessarto quite drastically
perturb a system to fully understand it, and thus Horear measurements perform an important role.

In startup of steady sheara constant rateof strainis imposedand the stress is measured as a function
of time. Here a viscositys also usedwhich while it is not the same as théscosity for a Newtonian

liquid (since it is not a material constant¥ definedn Equationl.7 in a similar way:



Equationl.7
S
h==
g

Other variables of interest are the first and second normal stress differengem@\\).

LAOSs the nonlinear 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 thatréiss also
oscillates as a sine functighigher harmonics will berpsent]12]. In this work,LAOSs not utilized to
study rheological variables, which can bmuite canplicated, but rather to use flow fields to align
materials. Alignment with LAOS has been achieved on many other systems, inclubiogkdi

copolymer$l4, 15], colloidal crysta[d.6], and other nanocomposite systeiig-19], to name a few

Thefinal rheological experiment used heaneis extensional rheologyAccording to Dealy and

Wissbun[12]z &G G0 KS &AYLX S&ai STAYAGAZY 2F |y SEGSyarzyl
AGNBGIOKAY3I Fft2y3a &GNBI Yt Ay Sa dypical sh€ak ffo®, ybackuBe/ thet Ft20
geometry changes with time. Exteosal flow is of a great deal of importanceitadustry. In this work,

extensional flowis usedprimarily to look for particle ajinment, but also to quantifgtrain hardening.
{GNIAY KFENRSYAY3I A& |y AYLRNIL Y (eadey Ratedrdpiik than LINE LIS
g2dzf R 0SS SELISOGSR o6& (KS [L2h yirf poldhent Kratdrisl®, éncludiig2z y RS
polymer nanocomposites, it arises from polymer entanglements and it is an important area of2€udy

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

time(1/_g). At the® high rates the indidual chains are stretched, which leads to hardenifige Rouse

stretch time is roughly defineoh Equationl.8:



Equation1.8
t
t,=-2
"3z

with _rthe Rouse stretch time, the reptation time (or terminal relaxation time) and Z the number of
entanglements. Thiformula assumes pure reputation amt contour length fictuations and isas
such,only a rough approximationn light of this discussion, strain hardening at low elongation rates can
be an important signature of reinforcement pblymer melts by nanoparticles (monodisperse, linear

polymer melts show no stmaihardening in extension at low rates).

As a final tool to understanding the rheological experiments in this text, it is important to
mention a bit aboutrheological geometry. Ideally, geometry will not have a large effect on
measurements. While this @ften 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 dipedlgeometry), the
major disadvantage of which is that the strain is aonform, and specifically increases as the radial
distance from the disc center is increaseflso, in gparallel plate geometry, the bulk of the material is
relatively close to thedge 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 anel gémetry with a cone angle
of 0.1 radanswas used. This geometry (with an accompanying addition to the ARES oven design) was
custom built[22], based on a system first proposed by Meis§?@P6]. In this geometry, the cones
usedas a replacement to the lowealate 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 forebalance transducer. Therefore,
the diameter of the measured sample was wrd fracton of the diameter of the sheared sample,

becausen this setup, the edge of the @ample is no longer measuredhds 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).

Ths altered geometry allows more accurate characterization stin in the sample.
Furthermore, because any 4ol f f SR WSR3IS SFFSOGaQ oAttt o0Sedi YYSRAL
in the form of an unevestress plateau), these too can be ruled out.all experiments within this work,

the geometry is dfined at the outset.

1.1.2 Transmission Electron Microscopy
TEM was used to characterize the dispersion state of the nanoparticles iir grwymer
matrices AlthoughTEMhas some limitationse(g.small sample sizeequirement for contrast between
componens of a materidl for homogenouslydispersed nanocomposite®# 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 limitatotigat unlike many
other particles (e.g.-xays and particularly neutrons), electrons are notyw@enetrating. Thus, any
samplehas tobe very thinto be studied It is typically not possible to get a quality image at théslaes

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

Theelectronsin a TEM beanproduce an image by interacting with the electrons in a sample.
Sincethe electron densitys proportional tothe materialdensity, materials with a higher dengiappear
darker in a TEM image (less electrons make it through to produce the image). TEM is ideally suited for
SiQ-polymer nanocomposites, becautiee density of theSiQ particles (1.9 g/crf) [27] is about twice
as large of the density of the polymers used ~1g/éwn both PSand poly(2vinyl pyridineXP2VP) Note

that the SiQ particle densitys slightly less than the density of b@k3 (2.2 g/cn).
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1.1.3 Thermogravimetric Analysis
TGAIs a conceptually simple experiment thags used primarily for calculations of the total
amount of bound polymer. In a TGA experiment, a sample is placed iniblerand the temperature
is ramped as the mass is simultaneously measured. Assuming aesaitipmultiple component parts
which burn at different, well defined temperatures, the drop in mass at a given temperature can be

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

Most of the TGA measurements that will be talketoat in this work were taken on
centrifugation pellets.These were made aftergbymer nanocomposites were fdissolved in a solution.
Such a solution Wihave three constituent element§iQ particles, free pglmer chains, and polymer
bound to theSiQ surface. Upon the choice of an appropriate number of revolutionsnpi@ute, the
particles will travel to the bottom of the tube (the pellet) the freelymer will stay in solutiorfthe
supernatant) and any bound polymer will enter the pellet as a traveling companion to the particle. Itis

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 (DSi8)similar to TGA idesign;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 eeasured 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 mateials are known. It is in suchcantext in whichDSds primarilyusedin this work as
well as to show the shift in the glass transition temperaturg ¢F polymer naocomposites relativeéo

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

Scattering can be broadly defined as the deviation of radiatiomfits path as it passes through
a medium and is caused by naniformities in a sample. Many different panfes will scatter, including
neutrons, electrons, and photon®\ scattering event can be elastie(outgoing radiation has the same
energy asincident radiation), inelastici.€. outgoing radiation has a different energy than incident
radiation), coherenti(e. radiation has a @nstant phase relationship, e.g. eithaiways in phase or
always out of phase) or incoherent (radiation does not haveonstant phase relationship)in X-ray
Photon Correlation SpectroscopyP&$ a beam of xays is passed through a sample of interest and the
changes in the scattering pattern over time are usedgtee information about the motion of the

constituents in the sample.

The xrays in an XPCS experiment are a form of synchrotron radiation (radiation from charged
particles traveling at relativistic spegd Xrays interact with the electromagnetic faef the electrons
in matter (and thus interact more strongly with heavier elements):rayé can be, for example,
adsorbed, scattered elastically, scattered inelasticadlic., and each scattering event will have a
different probability. Adsorbed-rayscan produce secondary electrons, which are primarily responsible
for radiation damage in samples. To minimize the potential for this damagg; gxperiments are

typically short.

In order to better understand-rays, it is useful to compare them to @hcommon scatterers,
such as neutrons and electrongVhile 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,-xays can baised to do both (although in XPCS, a statistical average of the sample is
created). In contrast to neutrons, but similar to electronsays interact with the electrons in a sample.

X-rays are very penetrating (which is why they can be used to imagehibones), but are not as
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penetrating as neutrons (neutrons interact with the nucleusamples, a rather small target, and thus
tend to pass long distances through materjal€lectrons are not very penetrating at all, which is why

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

In the US, the three largest shared user facilities which provide synchrotron radiationhare: T
National Scattering and Light Source at Brookhaven National Laboratories, the édi\Rimaton Source
at Argonne National Laboratories, and the Advanced Light Source at LavBeriadey National
Laboratories. All -xay experiments presented in this work were performed at Argonne National

Laboratories.

XPCSs the xray analogue of dynamilight scatteringlwith an additional benefit that xays,
unlike visible light, can travel through opaque materiagd compliments rheological experiments.
Rheologyinforms oneabout the macroscopic mechanical behavior of a system. XPCS focuses on th
microscopic mechanical behavidn XPCS, a beam ofays is passed through a sample and the changes
in the scattering function over time are used to calculate the diffusion constant as sveifjaatures of

getlike behavior.

As discussedthe scatering image created by the beam ofrays is dependenton 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, andrifpthetions 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 mtions of the particlesor 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 structusat a changing local structure.
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In an XPE experiment, the autocorrelation function of the intensity with time is fit to a

stretched exponential as seen ltuationl.9:

Equation1.9
he
f(Q,t)=A+Be’
where A is the baseline (equal to 1), B is the contfasiich depends on the coherence of the beam),
is the relaxation time, which can be relatedtte diffusion coefficient, and Is the stretching exponent,

which can be related to the géike behavior of the material.

1.2 Background and Rheology of Linear Polymers

PSis ubiguitous in modern researand life Its discovery dates back almost two centurigébe
entanglement molar mass of PS is 17,000 g/mol at C4and the
d b glass transition temperature @ris 373KK13]. P2VP is analogous
to PS but the monomeric unit has a nitrogen at theosition of
Z N the phenyl ring. Figure 1dhows a mnomeric subunit of both
| PS and P2VPThe T, of P2VP is the same as PS, 3fZ8Kand

, , , both PS and P2VP have a density of ~1.1{2%h For
Figure1.1 Monomeric subunits of PS

and P2VP(b) comparison, the density of bulk Si 2.2 g/cri and the density

of the SiQ particles is 1.9 g/cthand the smaller density of the nanoparticles has been explained by
voids primarily near the particle surfd@7]. The entanglement molar mass of P2VP is slightly higher
than that of PS, at 27,000 g/nj80]. P2VP and PS are immiscible and the miscibility of p2wRlly
depends on its ability to form hydrogen bonds with the component of int¢8d$t The surfacgof SiQ
particles are covered with hydroxyl groups, and the resulting hydrogen bonds between P2\&0and
favor miscibility. This is the opposite of PS: ba®Q particles form large agglomerates when mixed

with P$32]. TEMs showindpare Si@in both PS and P2VP are displayedrigurel.2. Despite these
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differences many physical propées of the two polymers areery similar,allowing for concentration
on the primary variable of interest in much of this work, the hydrophobidrbphilic nature of these
polymers, and thus their miscibility with S§QP2VP is much more hydrophilidjor all TGA experiments,

P2VP is the polymersed and under nitrogen it burns at ~4@)31].

Figurel.2 In general, bare Bta particles are immiscible with PS (a) and miscible with P2VP (b).

In order to provide some background for the large amount of rheology of polymer
nanocomposits discussed herein, it is important talfy understand the rheology dinear (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 andsP2VP.
many of the rheological experiments discussedSectionl1.1 give essentially the samaformation
about a material,here the discussion will be confined ®AOSthe most broadly used rheological
experiment In general, linear polymers behave very differently rheologically depending on whether
they are above or below thieentangement molecular weightFor instance, in an unentangled mdh,Q Q
Ad fglea HRBIwe Saddidérkhe gtoraDeOmodulus of a linear polymer, in every case it
will hawe a very high frequenoglassy modulus plateau, which typically is not measureable. If there are

entanglements, there will be a secondary, entanglement plateau. This occurs at lower frequencies,
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corresponding to the long lived nature of the entangleme(gmall values in the frequency domain
correspond to large values in the time domair)) Q Q  gsittiraugh BIminimum in the region of the
StlradA0 LIXIFGSkdz Ay DQ GNBFfESOGAy3a GKS FFOG GKIG
0 S K I [AA.ZAutkese frequencies, the material is acting more like a soBeyond this entanglement
regime, these polymers enténto terminal relaxation. IfonplotsDQ YR DQQ @& dlog¥F NB |j dzS

plot, the relationship in this regime is line@indicative of power law behavigryvith slopes of 2 and 1

respectively.

1.3 Synthesis of Grafted Particles

Grafted particlesare created through one of twbroadly definedsynthetic routes. The first is a
graftingto synthesis, where the polymer is first synthesized separately from the particle and then
attached via a chemical reaction. The secad graftingrom synthesiswhere the polymer igrown
out from the partick surface. In this work,PSgrafted SiQ nanoparticles were synthesized according to
a RAFT(reversible additiorfragmentation chain transfersynthesis[33, 34]. RAFT is a versatile,
AUNIAIKGF2NBEFNR a0O2y iNR{ t R RacéhitlyRAFThas biger idche&SNG 1 | G A 2
in prominence[35, 36]. As it is compatible with graftingfrom synthesis, RAFT has the advantage of

being able to achieve much highgraft densities

RAFT is a free radical polymerization dotlows the series of conventional steps for such
reactions. First igsadical generation, then chain transfer agent activation, which is Ve by a

propagation step (CoMRAFT equilibrium) and finally terminat{&].

1.4 Self-Assembly of PSGrafted Particles in PSMatrix
SelfF aaSyofte A& (GKS aldzizy2Y2dza 2NBFIYyAT FGA2y 2F O
KdzYl y Ay G S NI8lguantirenyasy scieyitiR prdcéssg88]. Its imporaince in polymer and

particle systems has long been a topic of interest. For example, thestudled 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 ohe block§39] and this has a great deal of practical relevanceludingin

GKS ySEG 3ISyK&NB&ARBY AR (I §adeRbsknblg is ¥ 8eRnlng Groperty of
amphphyllic materials, including dtilock copolymers, Janus partidés], peptide$42], and many dter

systems.

Previous work in tt Kumar lab has well established tHai3 nanoparticles uniformly grafted
with PSchains will selassemble, forming a wide array of nanopatrticle struct{#8 In this work the
particles are 14nm in diameter, which has been confirmed many times experimeial{4, 45]. They
are grafted withPSchains using a RAFT polymerization metfi@8| 34, 46, 47] which is discussed in
more detail inSection1.3. These particles arisotropic, 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 geometfy#B], here the formation of anisotropic structures is less intuitive.
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Essentially,te SiQ core and thePSgrafts and matrix are immiscible, because 8i€) is hydrophilic and
the PSis hydrophobi{32]. However, because the graftepolymers are chemically bourid the SiQ
particles, dispersion of th8iQ is possible, and the extent to which shiakes place depends gmnafted
chain lengthand graftdensity, thus allowng for a wide range of dispersion states, from spherical
aggregates to well dispersed particldhusthese composites sessemble into an array of anisotropic
structures by virtue of the inherent dislike between tI83Q and the P$33, 34, 43, 46, 47]. Ths
assembly process is akin to that seen in block copolymar, as with block copolymers, oman plot
this assembly in a phase diagrarm this phase diagranthe critical variables are thgraft densityand
the ratio of thegrafted chain lengtlio the matrix chain lengthThis is done ifrigurel.3. The xaxis in
this figure the ratio of graft tomatrix chain lengtha, is a measure ahe solvent quality experienced by
the grafted polymer brush in the matrix polymemn the largea 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 thea value tends to 0, the matrix chaidewet the brush autophobicalld9]. There is now

a dislike between the polymers and the core, but also a dislike betwherbtush and matrix chains.
Many previous experiments have conclusively demonstrated that this crossover from wet toaion
brush behavior occurs whem ~1[50-54]. The yaxis is the density ajraft chainson the nanopatrticle
surface,s. In the limit of largea ands the nanoparticles are well dispersed due to steric stabilization. In
the opposite limit of smalh and s the nanoparticles macroscopially phase separate from the matrix.
Decreasindhe values ofa ands progressively leads to stringsheets and interconnected structusef
nanoparticles At a fixed bruskmatrix wettability, as thegraft densityincreases, the particle dispersion
changes from spherical aggregates to connected structures to a well dispersed Ist@témportant to
note that the dashed lines separatimtifferent regions in the phase diagram are not abrupt transitions
and are merely meant as guides to the ey@hevigny et dl11] went to slightly higher graftlensities

and other authors hve gone to much higher graft densitigg2, 55] with results consistent with the
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phase diagram presented, howeverray et al.[56] found that some adjustments need to beaghe
when both™ andh are very largeAs these high values are not studied hefes ttaveat isgnored for
the purposes of this dissertatiorDue to the large variability in dispersion states achieved, a system of
PS grafted particles in a PS matten be used tdbetter fundamentally understand thesffect of

dispersion on various naparticle properties

1.5 Dispersion Effects on Nanocomposite Properties

The addition of filler has been found to dramatically enhative mechanical properties of
polymeric materialgl]. The mechanisnof reinforcemer, however, remains in debat but there is
broad agreement that particle dispersion state playsriticalrole. There arethree scenarios that have
been proposed. At one extremmechanical reinforcement is suggestiedbe due to the agglomeration
of patticles; when theseagglomerates percolate througthe systemthere is a direcipathway for the
propagation ofstress and hence mechanical reinforcenfést]. In contrast to thisa LJ- N&i K fO& &S
scenario, othersnvolve both the partites andpolymer chains. Long et 7] used thefact that chain
immobilization occurs around nanoparticlfs8]t they suggested that mechanicatinforcement is
found when particles with ax 0 2 dzaylaRsy layepercolatg59-62]. A final scenaricconsideredby
Arungureri63] and Gorit64], and elaborated upon bWand65] and Sternsteif66], is that theparticles
form a network, withthe polymer chains forming 0 NJ& BeBa®en particles. Crucial to resolving this
argumert is the ability to control thenanofiller dispersion state. Particulamglevant is thathe Kumar
group previously showed thatSiQ nanogparticles uniformly grafted withPSbehaved akin toblock
copolymers because of thdislike between the Sirore and thePScorona(discussed in Sectiah4).
These grafted particles thusléassembled into a variety adnisotropic structures when they we

placed in & Smatrix Figurel.3)[43].
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1.6 Polymer Bound Layer

When polymeric materialare exposed to a surface, they foram adsorbed lay¢67]. This layer
of polymer can have drastically different properties than the bulk material. For instance, glass transition
temperature () changes have long been studien these confined systemdyeginning with the
benchmark works of McKenf&B, 69] and Keddie et 470, 71] These changes are related to the
surfacepolymer interaction: attractive interactions increasg While repulsive interactions decrease
T28, 72, 73]. However, significantyEhanges in bound polymer are controversial. Indeed, in previous
work by the Kumar group they Df poly(2vinyl) pyridine (P2VP) loaded wiBiQ particles (3nm in
diameter) was investigated and minimal changes{te3s than 10 K) were obsen{@d]. Many other
groups have also seen negligible changes jnfof both thin film and polymer nanocomposite

systemg75-77].

Nanoparticle size has a dramatic effect on the resultipgrticle-polymer nanocomposite
propertied8], and the improvement irproperties when going from micron to nano sized filler particles
can be large.This phenomenon is most easily wndtood by invoking the substantial increase in the
surface area to volume ratio as the nanopartisiee is reducedFor spherical NPs, this ratio goes as the
inverse of the radius.This is especially important for material properties that depend oeriparticle
interactions (such as mechanical and electrical properties), as all interactions should be mediated
through the surface Furthermore, & constant volume fraction as nanoparticdee decreases the inter

particle separation will also decreasecreasing interactionbetween particles

In all of this, the polymepatrticle interaction is paramount, and thisredated to the size ratio of
nanoparticles to the mlymer chains. For instance, nanopartioiescibility is determined by thistio; it
has been found that nanoparticdeof smaller size than the polymer radius of gyratiog) éRe miscible

and if the reverse is true immiscibility resyit8]. Relative size can often be more important than the
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enthalpic interaction between nanopartideand polymer. Another area of considerable study is the

confinement effect the presence ahe nanoparticls has on thgolymer.

There have been many attempts to quantify the total amount of polymer on the nanopatrticle
surface, buino systematic study of particle size effectEhe few &iempts to quantify the magnitude of
the bound layer of plymer on nanoparticls relative to a flat surface have produced results ranging
from the finding of Brown etal. df Wo62dzy R LJ2f @ YSNI f | & Spediciesizgdl, KI & vy
to a complete absence of bound polyrigd]. In the first case, only repulsive interactiobetween the
nanoparticles and the polymer were corgred, limiting the applicabilitpf the results; In the second
case the error was of size order of the measureisg’4]. Work in the Kumagroupon highly attractive
polymer particle pairhias definitively showh NB RdzOG A2y Ay (KS WonhetpAR | & S\
' FEl 4G &adzaNFIFOS KFa I WwWo2dzyR f I & SNRon® FLnnZMBE.NJ dp y Y:
The attractive interactions in these systems warecontrast to thework of Brown et a[9], potentidly
explaining the deviation in resultdndeed, Cohei\ddad and Ebeng¢8l] found that attractive
interactionslead to a thicker bound layer that also adsorbs much more qui€klyer groups have also
attempted to quantify the bound layer around particleSargsyan et 4I75] found a ~2.5nm bound layer
for poly(methyl methacrylate) (PMMA) adsorbed to 15nm diame&&n particles.. In their work, the
particle dispersion state was agglomerated, potentially clouding the resultgiaBekis et al. found a2
3nm bound layer for composites of 10nm diame&®Q in both natural rubbei82] and poly(dimethyl
siloxane]83]. Finally, Ciprari et al. studied alumina and magnetigsmoparticles with diameters of 39
and 90nm respectively. BothViMA and PS were used as the adsorbed polymer and they calculated
bound layer thicknesses of ~5nm for the alumimanoparticles and ~10nm for the larger magnetite
nanoparticles, irrespective of polymed 6 2 4 K 2F KA OK gSNBE F2dz2MROGR2 KD O
with both sets of particlds They postulated that a thicker bound layer could be due t@akee

interactions between the nanoparticdeand the polymdB4].
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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 probl@anpolymer nanocomposite Different techniques have

been usedo improve dispersionincluding reducing the particle size to below the radius of gyratiRn

to improve miscibilityf 78], functionalization of the nanopatrticle surfd88], and sonicatiorj86], among

other techniques. In this chapter, PS grafted Si@anoparticles 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 thef PS).

2.1 Sample Preparation
All grafted partites are prepared in the lab of Professor Brian Benicewicz at the University of

South Carolina.PSchains are grown fromhie surfaces of spheric8iQ nanopatrticles (diameter = 14
nm, Nisan Chemicals) using reversitddditionfragmentation chain transfe(RAFT) poiyperizaton as
discussed in Sectidh3[33, 34, 46, 47]. Thechain length of the grafts and the graft densgiare varied
systematicallyto vary the dispersion state (Sectidmd) and the samples used in the experiments in this
chapter areindicated intables in the individual sections in which the samples are discusdeel grafted
particles are dissolved in solvengither benzene ortetrahydrofuran (THFE)and mixed with a
monodispersd?Smatrix dissolved in the same sel. This solution is sonicat€d s sonication, 1 s rest)
for 3min, pourednto a 60mm diameter Petri diskried overnight in a vacuum oven, atften annealed
for 5 days at 18 Torr at 150 C. All the composites haveveight % of theSiQ core unlesotherwise
noted. The samples are alyzed by transmission electromicroscopy (TEM), USAXS (nopaeed
here), and rheology. TEBamples aranicrotomed (thicknes$60 nm) and transferred to a Formvar
coated copper TEM gridRheological samples are dried f& days at 80C to remove angolvent and

molded into cylindrichdiscs 12 mm in thickness an8 mm in diameter. Samples for the stamp of
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steady shear at vaousrates are carefully treated in precisely the same fashion for almmgganolding,
and loading into the rheometeto facilitate comparison. Atheological neasurements are made at 180

C.

2.2 Linear Rheology
Linear rheology, inctling linear oscillatory shear, step strain, amdep, isfundamental to the
understanding of medmical properties. Here, SAOSs focused on, butlinear creep and stress
relaxdion are also considered. The latter tweere performed to probe the mechardtproperties at
long times The results of all rheological experiments showed a strong dependence on the matrix
polymer, but for linear experimentthis dependencewvas especially pronouncedTherefore in this

section,mostfigures compare samples withatrices of the same molecular weight.

2.2.1 Small Amplitude Oscillatory Shear

In order to compare samples from throughoutethmorphology diagram ifrigure 1.3, small
amplitude oscillatory shear was performed on mamynposites, with a focus on comparisdmstween
samples that werall prepared in the same matrix, as the matrix molecular weightahlasge effect on
rheological behaviar In Figure2.1, sevencompositesare considered At 5 % by weight diQ the
particles do not significantlghange the loss modulus D Q Q 0 of thehvemopd¢nier. The storage
Y2 Rdzf dz& 6 D Qdo&s havy siglifeaf@iNF BRSNSy 0Sa TFTNRY [alof@tich G4 KS
occur at low frequency.In Figure2.1a andFigure2.1b samples at three differengjraft densitiesare
considered as comparedo the 129 kg/mok PSorange data points) The relevant details of these
samples are listed ifable2.1. Here, wo grafted chain lengthare compaed: ~28kg/molin Figure2.1a
and ~75kg/mol in Figure2.1b. Thus when theagraft densityis increased, the dispersidn Figure 2.1a
movesfrom spherical aggregates at lograft densityup to an interconnected network structure at

higher graft densities andn Figure 2.1bit moves from aggregates t@n interconnected structureto

K 2
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Figure 2.1 Absolute and normalized storage moduli (circles) and loss moduli (stars) for various nanocc
dispersion states. Graft length is held constant at ~28 kg/mol (a) and ~75 kg/mol (b) as the graft d
steadily increased, from 0.0h/om? to ~0.1ch/nnf. The normalized storage modulus for a range of sampl
as well of the location of all samples in the morphology diagram are displayed. Three out of the four
defined regions in the morphology diagram are represented: Agtgegéed and dark red data point
connected/sheet structures (purple, royal blue, blue, and teal) and particle strings (cyan). The 12¢
homopolymer data points are gold. The low frequency storage modulus is highest in the connected she
of the morphology diagram, indicating optimal mechanical properties in this morphological regime.

strings In both plos, having a particle dispersion state corresponding to an interconnected network
structure maximizes the low frequency storage modulifsa true nanoparticle etwork forms, this will
alsomanifest itself in the storage modulus. In such a case, one would expect a low frequency plateau
D Q lodouwslto the entanglement plateanf a pure polymer discussed ir@ion 1.2). In allstudied

composites at 5 weight percent Sio suchplateauwas observed On the other hand, even going to
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the lowest frequency possible in the ARES rheometer (0r@dis), in no composite wagerminal
relaxationreached Therefore one cannot rule out the possibility that a very low frequency plateau
exists correspondingto 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
aidrisSa Ay (KS wO02yySOilSRk amSad appanedBhAthigngfovetient is KS Y 2 N
maximized aintermediate graft density.This can be seen kigure2.1c, wherethe normalized sirage
modulifor all 7 compositeis plotted(i.e. the composite storage modulus divided by the matrix storage
modulus) InFigure2.1d the location of the samples the morphology diagram fronFigure1.3 is
displayed The two aggregate samplésed) have a particuldy low storage modulus compared to the
other samples. These also have a large variance in dispersion from the other sangdesanbe
qualitatively seen inthe TEMs of the seven samples listedTiable 2.1 (Figure2.2). Of nde is the
sequestration of all of thsamples on the lefside 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 matsoef different molecular weightbecaise of the limited range of

the graft lengthof the polymea on the nanoparticles However, a comparison of the storage and loss
moduli for composites with different matrices is complicategthe fundamental contribution of the
YIEGNRE LRfeYSN G2 GKS NBf I El (i Aaxyiyen kdiedp BvarStie 2 O O dzN.
normalization of the storage moduli by their respective matrices does not faeili@minparison, because

the entanglementplateau and terminal relaxation happen at differeinequendes depending on the
matrix. Thus in orderdcompare samplethroughout the morphology diagram, it is necessary to devise

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

Section2.3.2



Figure2.2 TEMs 6the seven samples studied (a) ahére location in the morphology diagram (b) first presented

in Figure 2.1

Table2.1 Brush and matrix numbeaverage molecular weights (J polydispersities (PDI), brughaft densities

matrix solvent quality, and morphologies for SAOS samples.

Graft density| Graft M, | Graft | Matrix M, | Matrix | Matrix Solvent| Morphology
(chains/nn?) (kg/mol) | PDI (kg/mol) PDI Quality @)

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 11 129.2 1.03 0.54 strings
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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 understard the existence
of a nanoparticle networkin the
context of rubber elasticity theory.

In Figure2.3, composites with 5, 8,

i3 2 -1 0 1 2
10 10 10 10 10 10 and 15 wt %of SiQ nanoparticles

Frequency (rad/s)

Figure2.3 180C storage moduli(circles) and loss moduli (s
at different loadings: 5% (open green), 8% (black), and
(gold) by weight. The graft molecular weights are 52, 114
150 kg/mol respectively. The matrix molecular weight is
kg/mol for the 5% and 8% particle loadings and 150 kg/mc 1.3) with the largest low frequency
the 15% loadig of silica.

are consideredfrom the region of

the morphology digram (Figure

storage modulus i.e., percolating
particles at an intermediate graft density of 0.05 chainsniithe relevant experimental details of these
sampes are listed in the figure captionAt the higher loadings, a plateau in the storage modulus is
observed at experimentally accessible frequencifésne extrapolates the low-frequency plateau iD Q
(the equilibriummodulus of the nanoparticle networ&.,) down to a modulus afero by plotting 1B
versusthe weight percent of Si¢) the onset of gelatioms predicted to beD3.2 percent by weighand
the modulus expected fathe 5 wt % sample is 8 Pa (near the border of our lowesasurements)Of
course, with only two data points this extrapolation is far from quantitativecotding to the phantom

network modef87], 1 KS y dzYo SNJ RSyaAirite 2F St adreddsidithe STFSO

number density of elastically effective junctibd? A y (g&en byEquation2.1:
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Equation2.1
G

n- m=—
kg T

We assume every particle acts asetwork2 dzy O A 2 Yy LJ2 A y U1E° pafticlesicnf Bbrthe ' p ©H
Mp 60 3 IxYOR particleB/cnifep the 8 wt %. Using the measuredgof 2610 and 172 Pa for
the 15% and 8%composites, NS & LISOG A @St eX R 408 BtRrds/cny (9 graftgraft
entanglements per particle) for the 15 wt % aRd5 x 16° strands/cni (2 graftgraft entanglements
per particle) for the 8 wt % nanocomposite. These data therefeupport the picture thatthe
mechanical reinforcement is driveprimarily by the formation of a nanoparticle network, with the
particles as the junction points and graftaft entanglements athe elastically effective strand# this
context, it appears that a glassy adsorbedlymer layeris not necessary to explain the observed
reinforcementin this system (recall such a layer was discussegdtion 1.6). Indeed,this mechanism
for reinforcement is ruled out not only by the large distances between the patrticles, but potentially also
by the high temperature, J+ 80 K (although it is not cleto exactly which temperature the bound layer
will persist) According tgorevious workin the Kumar groupwell dispersedparticles at 15 wt 9&iQ
display an elastic moduluglateay10], suggesting reinforcement. In this welispersed systemthe
inter-particle distance i$944 nm. Previous experimentalork has suggested that th®iQ-PSsystemis
characterizedby a bound (presumably glassy) layer of thickn@dsnm, or perhaps slightly greater
thickness,as was discussed ine$tion 1.6 [74]. Giventhe particle size of 14 nm and the large inter
particle spacing, a bridging glassy layers cannot explain thdgedings.

Jouadt et al[88] studied bareSiQ particles in PS at very lopercent SiQ. They discovered
evidence of reinforcement in thexistence of high temperature@lateaus. These authors also
rule out an overlap of glassy layers and suggest that”tBmatrix may be bridging particles, allowin

interparticle interactions far below the volume fractions at which all of tinoparticles contact each
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other. While the differences in the twaystems make it difficult to directly comparé, is not
unreasonable to supposihat in cases such as thesleeir adsorbed polymers are acting analogously
the chemically grafted polymeistudied here

Furthermore, it is important teemphasize that theéests presented hereirwere performedwell
above T and on a system of necontacting nanoparticlesaind thusother mechanisms of reinforcement
may exist indifferent narocomposite systems.Indeed, a very different system will be discussed in
Chapterss and 6. However, thisexperimentalsystem was chosen because of its relevance tastrial
problemsand specifically the optimal dispersion state of nanopartiaheautomobile tires. By studying
well above Tand without crosslinks,the nanoparticlenetwork is isolated and it is the mechanism of
reinforcement in thisnetwork that isaddres®d. The ability to systematically vary the nanoparticle
morphology allows the critical examination ofhe factors that have beerproposed to underlie
mechanical reinforcement in polymeanocomposdes far above J The percolation ohanoparticles is
necessary for stress propagation acrossdfistent however, entanglement ofraft chainson different
particles allows this percolation atuchlower particle loadings. Thus, thesesults unequivocally show
that mechanical reinforcement in this systerasults fromthe formation of a network where the
nanoparticles arghe network junctiong64, 66, 89-91] connected by gft-graft entanglementsas the

elastially 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 nelnewen at 5 percent by weight
loading(i.e. a low frequency plateau in the storage modulsflkess relaxation was studied fthie same
seven composites discuss in Sectior2.2.], listed inTable2.1 and displayed irFigure2.2. In stress
relaxation, as discussed in Sectibri.], a step strain is imposed dhe sample and the relaxation of the

stress is charted in time A stress relaxation experiment occurs in ttime domain, instead of the
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frequency domainand thusit is much easier to te the samples to long times (the equivalentl@i/
frequencies). e ARESheometer has a lowefrequencylimit of 0.001 rad/s, however there is no
upper limit to time, and after only 1000s the emalent timescales ofthe 0.001 rad/s SAOS
measurementhave alreadybeenprobed (in SAOS, measuring out to these low frequesavould take
almost 24 hours) In Figure2.4 the stress relaxation data for all seven composaes considered (the
correspondingocation in the norphology diagram is indicated in the insetNotably, theordering of
the composites is the same as can be seehRigure2.1c. Here, only the composite with the structure

most centrally in the
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Figure 2.4 Stress relaxation measurements for seven nanocomposites
129 kg/mol homopolymer. The relaxation modulus is plotted as a funol

time, and persists out to the longest times for the blue samples, located
connected/sheet region of the morphology diagram (shown in inset).

rheometer and thus their
(s)
validity is subject to question
In fact, this is a primary
limitation of dress relaxation
expetiments: the data become unrallewhen the torque falls too low. The torque can be increased by
increasing the step strainolwever, the strain musbe 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 ndiarosiduli
once it drops four orders of magnitudeelow 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
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measurement timesCreep experiments, wbih as opposed to stress relaxation apply a constant stress
instead of a constant strain, ardsoideally suited for long timeneasurementsand torque does not
change as creep progresseB) &ction2.2.4creepon these samplewill be discussedas well as stress
relaxation experiments that were taken with an Anton Paar Physica rheometer, which has a wider

torgue rangethan the ARES

2.2.4 Long Time Response

As stated previoushthe particle network behavior (and specifically any particle plateau) manifests
itself at very low frequencies or long times. The experiment of chstiedying long time behavior is
creep. In creep onean probe very longimescals andthe decrease in torque that would be
experienced in stress relaxation or small amplitude oscillatory siseaot a concern This is because
creep is a constant stress experiment, and thus the torque is also constant throughout the expgerimen
This is discussed in moretd# in Sectionl.1.1 All creep experimets were done on an AnteRaar
Physica rheometer, which is a stress catitd rheometer (as opposed to ARES, which is strain
controlled). The AntoRaar Physichas a feedback mechanism that allows it to also perform strain
controlled experimentsg.g. stress relaxation and small amplitude oscillatory shear) badause of
some difficulties that wereenauntered with Creepseveral stress relaxation experimentgre also
done using this rheometer The Physica has lower torque resolution than the ARES, which facilitates

stress relaxatiomt long times.

Several prolems weae experienced witlcreep, the primary problenmbeing difficulty findinga
linear stress regimeln 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 etrenstiess approached the

lower limit of the rheometeand thus these results are not shown
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In Figure2.5 the long time behavior for foudifferent samplesplus that of the 129 kg/mol
homopolymer are presented Because of the problenvegith creep outlined abovethe results inFigure
2.5 are fromeither creep(green)or stress relaxation experiment{sed), and in both cases have been

converted into SAOS datdhe data conversions are then compared to
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Figure2.5 Low frequency/long timeriear rheological data for the four composites and corresponding homopc
from Table 2.2. SAOS (black lines) probes the high frequency regime and converted creep (green points
relaxation (red lines) are used to extend the SAOS to much fi@geencies. Data are presented for the 129 kg,
homopolymer (a), aggregate (b), connected (c) and string (d) composites at 5 weight, ¥or8&ht, and .
connected composite at 8 weight % SiOntent. The stars in the plots correspond to the locatibtihe samples
the morphology diagram (f). All of the samples have a storage modulus higher than the loss modulu:
frequencies and then these variables quickly cross over. Only for the 8% composite does the storag
eventually cross backbove the loss modulus and form a plateau, although the connected and string samplt
close.
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SAOSIatafrom the Physicdaken on the same sampléo ensure thaibverlapbetween the two occurs
Table 2.2 gives experimental details of the compossteslied, which were all in a 129.2 kg/mol matrix.
For thehomopolymer and the aggregate compositihe creepconversion to SAOS matched the high
frequency SAOS data (green and black curves respectively in Figure 2.5a antidvBbgr, for the
remainingcompositesno linear regime was found for creeprheAnton Paarstress relaxabn datafor
these samplesvas in the linear regime. The conversion of this data overlaid perfedthy the high
frequency SAOS (red and black curves respectively in FigbceaRd 2.5d) and sincthe creep

experiments were noitinearin thesecomposites, the stress relaxation conversion was used.

For the 8% composite (Figure 2.5a)secondstress relaxatiorexperiment(not shown)had a
longer terminal relaxation timahan the first (red curve in Figure 2.5e3uggesting a dildup of
structure. Thus apparently, an equilibrium structure had not been reached even after five days
annealing.Considering that ab weight %, some structas continue to evolve aftdive days anealing,
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 numberaverage moleculaweights (M), polydispersities (PDIyraft densities matrix solvent
quality, and morphologies for SAOS samples.

Graft density| Graft M, | Graft | Matrix Morphology Presence o] Onset of Termina

(chains/nnf) | (kg/mol) | PDI | Solvent plateau? Relaxatiol(s)
Quality @)

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) | 10,006100,000

0.11 70 1.1 |054 strings ambiguous ~400
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The response of the homopolymés consistent with what is expected for a linear polymer
above the etanglement molecular weight. Meanwhile, aggregate disersion state ofterleads to a
rheological response similar to that of the homopolymer, as will be seen again and again exthis t
however these results show there is a clear deviation at low frequencies/long tifies.storage and
loss moduli, when plotted on a ldgg plot, are parallel to each other. This suggests this composite is

behaving as a critical gel at these timdsg®?2].

All of the sampes show an ink £ ONR&a&a2@SNJ 6SG46SSy DQ |yR D
TNBIdSyOASa FyR GKSY ljdza O1f & Fhbvisé degobi crosSdvet i thd Q Q

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 termirshxation regime and the length of time seems to

increase with annealing.

2.3 Non-linear Rheology
While the picture derived from linear rheologiearly indicates the necessity of the percolation

of a particle network for maximum reinforcemerthe role of thepolymer is not resolved. If does play

a role, then does thaecenario of Long et abr the Goritz picturdas discussed ine$tion 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, nelmear rheology is
necessary.The primary experimentised is starup of steady sheamnd from the results that will be
presented itwill become clear thathese steady shear experimenhave the ability to rakup particle
networks, either temporarily or permanently depending on the compositd.hroughout the course of

my Ph.D., many
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Table 2.3 Brush and matrix numbeaverage molecular weights (W polydispersities (PDI), brugiaft densities
matrix solvent quality, morphologies, and reinforcement metric for studied samples.

Graft Graft M, | Graft | Matrix Matrix | Matrix Morphology | Overshoot/plateau
density (kg/mol) | PDI | M, PDI Solvent

(chains/nn?) (kg/mol) Quiality @)

0.01 25 1.2 142 1.04 0.18 aggregates | 1.08

0.01 158 15 142 1.04 1.11 sheets 1.07

0.01 158 15 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 | 422 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 | 422 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 | 422 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, | focus on results from 13
nanocomosites that represent the full range of the morphology phase diagFigurel.3). Relevant

experimental details on these samples are listedaile2.3.
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2.3.1 Start-up of Steady Shear

Startup of steady shear experimenat a varigy of strain rates(0.01-0.5 s') show the same
gualitative behavior e.g.,a stress maximum as arfction of time with the strairvalue at the stress
maximum deceasing slightly with decreasingtrain rate Figure 2.6). Simiar results have been
previously reported93], in agreement with the notion that this stress maximumwhich is a
manifestation of the tansient elastic (or solitlke)behavior of the reinforced samplesiust 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 reversh experiments
4 were performed todetermine
—~10
DC_U whether the overshoot d
~ recoverable; samples that had
7))
% been sheared past the stress
= i sha f0.2
3 maximum at a sbar rate of 0.
w10
s' were reannealeddr 1 week

1 2 3
1OStra| ﬁo 10 at 150 C. These samples
Figure2.6 Strain of the shear stress overshoot is roughly independent of
rate (at these low rates) in the staup of steady shear at 18C. The samp
was sheared at six different rates: 0.5 (black), 0.2 (red), 0.1 (blue)
(green), 0.02 (purple), and@ (orange) (3. The grafted chain length is 1 )
kg/mol, the graft density is 0.05 chains/mand the matrix chain length  Structural breakdown occurs is

132.9 kg/mol. Electron micrographs confirm a connected nanop:
structure. at least partially recoverable

displayed anovershoot albeit

weakenedsuggesting whatever
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Of the 13 nanocomposites studieand listed in Table 2.8nly the sample with welllispersed
nanoparticles showedho overshoot. Bst workin the Kumar lathas shown that the welldispersed
sample will also show solid like=havior, but at higher particle concentratio®15 wt %SiQ)[10]. In
Figure2.7, three nanocomposite$rom Table 2.3are consideredThe grafted chain lengthto matrix
chain length ratiowas held roughly constant, and tlgraft densitywas varied inthe range 0.010.1
chains/nnf. Startup of steady shear experimen(Bigure2.7a) display a stress ovérsot in each case,
although thepeak is small in the nanocompositetvsmall particle agglomerate$ maximum in stress

overshoot isseen for the intermediate grafiensity. These results are corrobted by linear oscillatory
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Figure2.7 Startup of steady shear data at 180 at a shear rate of 0.21$a) and storage modulus data(also tal
at180/ v F2NJ GKNBS yly202YL2airitsSa gAdK GKNBS RAA
spherical aggregates (red), anticle network (blue), and sheets of particles (teal). TEMs and the relative pc
in the morphology diagram are also shown (c). All three samples have a 142 kg/mol matrix. For the a
sample, the graft molecular weight is 25 kg/mol and tlefgdensity is 0.01 chains/nm For the particle netwo
and the sheets of particles these values are 17 kg/mol and 0.05 chafat24 kg/mol and 0.1 chains/rf
respectively.
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shearexperiments, which show that this intermediaggaft densityalso has the most reinforcemefin
line with the discussiorrdm Section 2.2.1)asevidenced by the height of thew-frequency modulus in
Figure2.7b. ¢ KS f 20 A2y Ay (KS SELISNANASTEN Imicrogiphg &dJK 2 £ 2 3
both shown forthe three distinct dispersion state@gglomerated clusters, a coacted nanoparticle
network, and sheets) inFigure 2.7c. The dimensbnality of these structures wasletermined by
comparing consecutive microtomed slicessamplg43]. Thus,both steady shear and SAG&gesthat
the reinforcement isstrongly correlated to thenanoparticle morphology, with aapparent maximum

being obtaied when the particle structurepercolate. This is in line with the expectations of Payne,

Gusevand many otler past works, including from the Kumar grd@3-95].

2.3.2 A Maximum in the Morphology Diagram

To critically resolve the role of thgolymer matrix, it is importanto consider samplespanning
the whole morphology diagrarFigurel.3). A difficulty is that thenatrix polymermolecular weightas
to be varied to achieve the desd broad range of the ratio dhe graft length to matrixength. Since
there is a strongleperdence of the absolute vadis of the modulus on the matrixolecular weighta
measure of mechanical reinforcemens neededthat normalizes out this vaable. he stressvalue at
the peak of the overshmt scaled by the stress platearalue at large strairflong time)is particularly
appropriate, asutilized previousli{93, 96]. ThisanalysisFigure2.8) shows that, as expected, the last
reinforcement occurs in theegions corresponding to netwks of particles. Perhaps mongeresting is
the trend seen fowarious percolated samples, alith similarmorphologies, but withwidely varying
graft densities apparently, the reinforcema goes through a maximum at amtermediate graft
density (0.05 chains/nm2). This resultesf acrucial insight the graft chainsplay a central roldn
reinforcement. Were a particlenly scenaip operative, tlen the maximum reinfocementwould bein
the limit of very lowgraft densities where the paticle cores carcontact othercores. This point is

elaborated onin Sectior2.3.3
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reinforcement as characterized by the ratio stress overshoot maximum value/plateau value.
measures give qualitatively similar results (i.e. the connected sheéheg@t intermediate gra
density, provides the best reinforcement). Only the-disppersed sample yielded no stress maximui

2.3.3 Graft Length and Overshoot Strain
More insight into the mechanism of reinforcement, specificathg, role of graft chaingiesults

when we plot the strainvalue & 02 0 K (K & K $n-aNd thie pridiBrg rormal stiesgsil) E A Y dz

| dz& ¢

O

maximum as a function afrafted chain lengtifFigure2.9). Nlis plottedl £ 2y 3 gAGK -~ 0S5
a maximum in all fied samples, even in cases where tldéspersion state does not allofior a
nanoparticle network to spathe material (and thusio shear stress maximumxisty. The oberved
strong linear correlationn this figure implies that thetress maximum is driven by thexistence of a
LI NIAOES ySig2N) I ¢ KSNStransiitted by $hég@? didins Th@&2whiye $he G A O A &

dispersionstate of the filler is primayi responsible for the magnitudaf reinforcement, the presencef
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the graft chainsenhancesthis effect. ! LJLJ NBy it &> GKA& AyONBpaiids (GKS

network, which it is conjectured the origin of the stressnaximum. The next pertinat question isvhy

the stress maximum is optimized only

- 40 * Slope =0.21 +0.01 e at an intermediate graft density and
O 35| + sSlope=0.23:0.01
@ Slope =0.09 + 0.01 i

_8 30| & SIEE:=0.14io,o1 why both lower and highergraft
N A Slope=004:0005| .- e N _
5 25| /. Slope=0.07:0.004| - densities show lowerreinforcement.
> 20} ' ' "
O L For extremely low graftlensities, there
+— 15}
- 10: are very few graft chains since it
C L
© 5: appearsthat thS G Ay G SNI Ol A2y é
e

0 1 2 N N 4 4 4 4
D "0 20 40 60 80 100 120 140 16 chains is crucial, it then follows that

Graft Length (kg/mOl) low graft densites do not offer

Figure 2.9 Deformation necessary for the shear stress overs
increases linearly as a function of the grafted chain length
consider three graft densities: 0.1 chainsﬁwr(pink stars), 0.C
chains/nnf (blue circles), and 0.01 chains/Arfred triangles). Bo _ _ _
N, overshoot (open symbols) ancvershoot strains (closed symb "€duction of reinforcement at high
are displayed. The lines are simply guides to the eye.

substantial reinforcement. The

graft densities is attributed tothe
particular stape of the morphology diagranfrigurel.3)t asone increases the graft density, theaxis
values have to gesmaller to maintain a given morphology (in this case partietegphologies which
percolate). Consider a fixed matrix molecwegightt this implies hat the grafted chain lengthmust
decrease as graft chain density increases to maintain the gaorphology. Since the extent of the
interaction betweengraft chainsis expected to decreaswith decreasing graft length, then follows
that the stress reinforcement must eventually decreagth increasing graft density for a given particle
morphology. Fod4 nmSiQ at 5 weight percent the typical spacing between particlesi80 nm. The
longest grafts with MrF 160 kg/mol have size @20 nm, but at 0.01 chains/nhthere are only Graft
chainson each particle so they barely entangle, while at 0.05 chainSthere are 30 grafthains on

each particle and they entanggignificantly. Fograft density0.1 chains/nrf shorter graftswith Mn <
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50 kg/mol are used, and these have size smdhan 15 nm and cannot reach the grafts on other
particles sahey cannot form grafgraft entanglements. In combination, all thesssults arguefor the

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

In this chapter thause of shear flow fieklto orientandorder polymer graftedsiQ nanoparticle
selfassembled structwes and potentially affect the growth of these domaiis examined. This is
important to create materials with directionally dependent properties. In contrast to large particles, of
characteristic size R, where hydrodynamics controls-fiignment and asembly the nanoparticles at

hand are much smallefThus alignment will not operate under these mechanisms.

Three flavors of experimentare conducted; SAOSstartup of steady shear, andAOS; on a
variety of themorphologiesfrom the experimental morphology diagrarkigure1.3). Both a parallel
plate and a specialized coipartitioned-plate setup were used, angielded qualitatively similar results
implying thatthe geometrydoesnot affect theS E LIS N&A Y S y. iAiDs&ts df shigolbdy Mdperiments
were conducted at 18tC, 88C above the glass transition temperaturg) (@f PS The starup of steady
shear results showed iportant differences in stress/strain curves for the diffat NP disprsion states
(this was discussed in detail Sction 2.3). Specifically, ansooth increase of stress to steadyate was
observed, without any occurrence of overshdot occasionally a very small overshgathen the initial
nanocomposite dispersion state was small spherical aggregategell dispersechanoparticles Every
intermediate dispersion studied, mging from stringsto fractal networks of particles or sheets,
demonstrated a stressvershoot Note that, in linear oscillatory shear, for all composites, the {ow
frequency (<10rad/s) storage modulus decreases at a sloate (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 inteonnected or string structures (séégure2.1).

To determine the structural origins of these qualitatively different stressponsesTEMwas
performed €onclusions were verifiedsing ultra small angle-nay scattering97] (USAXS) using a unified
fit model[98]). A series of eight stattp of steady shear experiments were performed on two different

initial dispesion states, one in which the nanopartisl@re arranged into small aggregates, and one in



which the particles fornsheets. The strains chosen were 0, 1, 3, 8, 14, 59, 400, and 1200. These values
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were selected using the stress overshoot in the-asfembledsheetssample as a reference, sintdee

maximum deformation and alignmentasexpeced and achievedhere.

Strains on both sides of the

stress maximum were studied. Sectio83 and 3.4 will discuss in detailepresentative micrographs for

selected strains fothe two different dispersion st@s, a connected network of shee@nd spherical

aggregates respectivelll the samples discussed in this chapter are listethine3.1.

Table 3.1 Brush and matrix numbeaverage molecular weights (J) polydispersities (PDI), brughaft densities
matrix sovent quality, morphologies andfect of shear on aggregation state for studied samples.

Graft density | Graft M, | Graft | Matrix M, | Matrix | Matrix Solvent| Morph- Coarsen
(chains/nnf) (kg/mol) | PDI | (kg/mol) | PDI Quality @) ology 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

0.01 128 135 |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| veryslight
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 diffusidre Peclet number is defined

asin Equation3.1:

Equation3.1

o= (ORIR _ 6pghR’
&kT g kT
é%ipRha

Herel is KS & K S I NJs thNa vis@sitytIn/tRe 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 particlesof characteristic size R, where hydrodynamics
controls flow alignment and assembly aReis of order 18 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 ddition to the Peclet numbera second pertinent dimensionless number in this

context iszetad ¥ 0 X is defifedhfEquation3.2 :

Equation3.2

U

k,T

Yy emphasizes the relative importance of the interpartiddtractions, U, to the thermal energy.
Estimaton®2 ¥ v @l fdzSa Ay (KSasS OFrasSa INB RAFTTAOLA
partides of interest. Using a bareir{retarded Londondispersion formula for SiOspheres at a
separatond MYyY @ASfRa Y YH D hy GKS 2GKSNJ KFIyRXZ FA
quiescentse a4 SY o6 f & SE LIS NA DSpitd this uhazthmt® anambigudwsly exceeds

at short distances~L nm), whereas it becomes negligible at larger separations. Given the fact that the

ANy

a 2
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ratio Pe¥ <1 , we do not expect flowffected NPstructure formation. Consistent with this surprising
conclusion, it appearthat selfassembled anisotropic nanopartickructures can be oriented intthe

flow direction with the structures lining up oAgehindthe-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 stratures, e.g., individual NPs or spherical NP clusters! Irrastnto conventional wisdom,
these results therefore show that flow can onbe used to orient anisotropic nanoparticitructures

along streamlines, but that flow itself does not induce any domgrowth. 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 nanocompositeas investigatedwhere the spatial dispersion of
the nanoparticle were varied systematicalg] from welldispersed (i.e., NPs miscible in the matrix) to
agglomerated into small spheres (presumably due to macroscopic phase sepaesialigcussed in
Section1.4. Several intermediate states, i.e., strings, sheets and networks, created by partiele self

assemly, were also focused oirigurel.3).

3.2.1 Composite Preparation and T ransition Electron Microscopy
RAFT polymerization is used to gr&\8chains of various lengths and densities from 14%8iQ
particles. The grafted particleseadissolved in tetrahydrofuran (THF) and monodispétSadded 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 i@onan Petri dish, dried
overnight in a vacuum, and annealed for 5 days at 150°C" t(kf). The composites are prepared to
each be 5% of th&iQ core by weight. TEM (including image analysis), SAXS, USAXS and rheology are

used to analyze the samples. rFEEM, 60nm, microtomed sectionseatransferred to a copper grid
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which has been preoated with Brmvar. Since orientation is extremely important when looking at
nanocomposite response to flow, great care is taken to record the orientation with respdicwoof

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 om2%b 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 shgpeith a diameter that matches the diameter of the resulting gén

and a steel plunger is fitteth 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 arodrthe upper edge of thencasingcylinder and these are

used to secure a steel lid in place of the same diameatethe encasing cylinderThe encasing steel
cylinder is also fitted with a small hole in which a thermocouple is inserted (such that tioé¢ tiye
thermocouple will reach very near titne sample within, but not actually contaci.it Just above this

hole, a large tube extends outward to which a vacuum can be attached to slow sample degradation.
Oncethe 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 thekiéss 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 steeln Teflo
coated Kapton is cut to fit theop edge of the plunger exactly and a second piet&apton, slightly

larger than the circular holds cut to fit between the sample lid and the encasing steel. Once the
sample is in place, the whole apparatus can tiediwith a band heater, a thermocouple and a vacuum.
Thus high molding temperatures can be reached in a controlled fashion, under vacuum.samples

are typically molded at 15@ and if the temperature is too much higher the sample will enter ihéo t
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spaces between the plunger and the encasing cylind&t.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 timas 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 experimefit®3]. The quenched samples were observed using transmission

electron microscopy and image analysis was performed, using the aveoagd ®0 micrographs.

Images for electron tomography were taken on a JEOREM microscope operating at 200
kV. Images were taken from8 to 68 degrees tilt every 2 degrees (total of 69 images). Inelastically
scattered electrons were removed from theages using a Gatan energy filter operating at 0 eV energy
loss. Alignment and reconstructions of images were done using [MXD 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 noniform and speifically 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 obsdrwere an artifact of the geometry, an 8mm cone
and plate geometry with a cone angle of 0.1 ragswas 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) this setup, 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 samfik2, 26]).



48

This altered geometry allowed us to more accurately characterize strain in the sample.
Furthermore, because any ol f f SR WSR3IS SFFTSO0GaQ dioogicaldatd imh YYSRA I
the form of an uneverstress 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 quatify 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 quérsetmeples.
33 &1 1T x 2AO0PTTOA &£ O O6#111AAOAAE 3EAAOO
Firsta sample with selassembled, but nopermlating particle sheets is considereBigure
3.1). Here the dispersion shows very large changes with strain. With increasing strain in the regime
belowstress maximum, , it is clear from the TEM micrographs that the domains initialiger
along the flow direction (which is parallel to the strain axis). The sheets position themselvieshime
the other, leading to macroscopically large, but not connected structuasspbseved with TEM
tomography Figure3.2). This is apparently to reduce drag, which is muahelawith sheets than
individual particlesWe conjectire that, due to strong interparticle attractions, the flowt@ weakto
reduce drag by breaking the sheets, and hence orients them aloniptledirection. Thishearinduced
domain ordering is maximized in the vicinity of the stress maximum, at vgloictt the domains grow to
macroscopic size in one dimensidhis suggestedhat here there is an analogy with the work on large
colloidal particlegl00, 105], albeit weak, since hydrodynamics are much less important in our case,
Pe~0(1), than in the colloid case where Pe~€)(10nder the influence of shear (even weak rate exerts

large torque in anisotropic objects), the sheets of pagclorient in flow. They eventually
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Figure 3.1 The stress vs. strain relationship during a stesgligar experiment for an interconnected in
dispersion state. The four TEM images show the evolutiamgbhology in this sample at strains of 0 (1), 8 (2
(3), and 1200 (4All images are oriented such that the flow and vorticity directions correspond to the hor
and vertical directions, respectively.




Figure3.2 Tomographical data of the sample with a conneat@shocomposite structurfom Figure3.1, strain

8 (where maximum alignment is seen).

direction, and z is the vorticity direction.
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from Figure 3.1. Here we look at the sample (disc shaped from the parallel plate geometry) in two

directions. (a) Looking through the plane of thgcdtop view) and (b) looking down the diameter of the disc |
view). In each case, we look at scattering in two orthogonal directions. All lines correspond to a unified !
edge on view, we see significantly higher intensity at the intermedjatalues for the samples perpendicular tc
flow. In the top view, the differences between the perpendicular and parallel samples are negligible.
consistent with particle sheets that orient themselves one behind the other to reduce drag asemam th

tomography Figure3.2).
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alignfully in the direction of flow and under the influence of the weak thinning in the elastic matrix they
associate forming supesheets. Hobbie et alf106] investigated semdilute dispersions of carbon
nanotubes in a polybutadiene matrix and in a similar flow regime, also saw alignmniet direction of
flow.

This alignment with flow is further confirmed with USAREGUWre3.3). In this figure the same
guenchedrheological sample as iRigure3.1 is investigated The USAXS shows an anisotropy which
indicates an alignment of the particles in the flow direnti@s also visualized in TEMh Figure3.3a,
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 orthogonatidiredere.

The characteristic lengtbcale 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 slscalignment when the sample is viewed from an edge on viégu(e

3.3b). Here the scattering is clearly anisotropic, with a characteristic lesggth that nearly quadruples

(from ~45to0 ~18(hm). 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 oss 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 ‘oieakd
coarsen. Similar coarsening with flow has been observed in colloidal gels and other §4881137,
108 and specifically, we find precedent for this in the studies of Rajaram and M&b&az10Q.
However, a direct amparison is precluded as their collgidlymer mixture consists of large patrticles,
has much lower viscosity and the interparticle forces are very strong compared to van der Waals, due to

depletion. In the present anisotropitanoparticleassemblies, the @mains break when the integrated
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attraction of the cores and the stdike engagement of the grafis A ® S dCoarséning of the broken
pieces under shear sggsts that flowinduced diffusion operates. There are similarities with the work of
Mohra4107], who investigated the flovalignment of colloidal gels. These systems formed strings
aligning 48 to the flow incontrast to our case. e that 45 is the most probable direction, that of
maximum extension, also observed with flikke polymerglll]. Finally no tumbling is observed in this
system presumably due to the large drag and absence of enough momentum to overconidii is
expected given the strong viscoelastic nature of the maffi®5, 112]. The above points are also well
illustrated in the calculated radiallgveraged correlation functioas well as its components along the
flow and \vorticity direction Figure3.4). We see an aggregation, or coarsening of the dispersion state,
that begins after the maximum in stress. When we analyze the aggregatithe iflow 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 aximized close to the stress maximum. This result establisheteep
connection between the nanoparticlmorphology in the system and the rheological behavior of the

material. Hence, as in typical thixotropic materials, the flow history controls samplghology.
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Figure3.4 Radially averaged autocorrelation function in both a linear (a) and dolgpgb) plot for the sample fra
Figure3.1. The idimensional autocorrelation function in the flow(c) and vorticity(d) directions are also ¢
Each curve is the result of image analysis performed on 100 separate micrographs using Image J soft
different colors represent 8 different strains at which quenching occurs: O(black), 1(orange), 3(red),
14(teal), 59(pink), 400(gray), and 1200(olive).

3.4 Flow Response for @solated Aggregates &

A nanocompositecomprised of spherical nanoparticlaisters,which displayed effectively no
stressovershoot is considered next. Judged from the rhgalal and TEM analysis showrigure3.5, it
is aparent 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 invariat with applied strain as well,ra the two components of the correlation function,
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Figure3.5 The stress vs. strain relationship during a steady shear experiment for an initial dispersion state
particle aggregates. The TEM images are at strains of 0 (1), 8 (2), and 1200 (3). In the aggregate case, th
change in dispersion stateitly applied strain. All images are oriented such that the flow and vorticity directiol
the horizontal and vertical directions, respectively.

along the flow direction and vorticity direction also show minimal changes on the application of
strain(Figure3.6). We briefly discuss these results in lighttleé previous work of Pasquino et §l.13

who have suggested that the application of steady shear to a ghéaring, sheatbanding wormlike
micellar solution containing micresized spherical particles caused the particles to chain and
eventually crystalliz 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-Biawnian 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 orddfidd], which occurs at much higher strains

than those used cuently. In the present case of nanopartid&uctures with Pe~0O(1), the matrix is a
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Figure3.6 Radially averaged autocorrelation function in both a linear (a) and dolgpgb) plot for the sample fro
Figure3.5. The idimensional autocorrelation function in the flow(c) and vorticity(d) directions are also ¢
Each curve is the result of image analysis performed on 100 separate microgsapdmage J software. 1
different colors represent 8 different strains at which quenching occurs: O(black), 1(orange), 3(red),
14(teal), 59(pink), 400(gray), and 1200(olive).

weakly thinning but highly viscoelastic polymer melt far from astability region In addtion, the
attraction between nanoparticke isimportant, and hence the above conditions for shehaaining and
order of particles are not met. Therefore, nanometzed particles show qualitatively different
behavior than theirmicron sizeeanalogs and the difference idt@buted to a combination oftheir
Brownian nature, interparticle forces and the matrix. Note that no order is observed when shearing

Brownian suspensions of Newtonian particles at P&£q].
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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 ou
GliAdE & OSy (1 ¢ Y 2 NJuiklBY whieh&lelihdates ilegians where different structures form. We
observe that the regios that have a particle networind thus show maximumeinforcement(Figure
2.8) [116], also show the greatestegree of coarsening with flow. Figure3.7 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 rediimese
results can be qualitativelynderstood inFigure3.8, in which several samples are shown before and
after steady shear. The inset shows thedtion of these samples in the morphology diagrdfig(re
1.3). Note that there is no dispersion change with spherical aggregates adigdirsed peticles, but

in other cases, there is some obvious change, usually comprised of particle aggregation.
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Figure 3.7 Amount of aggregation subsequent to shear (strain = 1200) as a function of nanoj
dispersion state. Aggregation is the greatest when dispersion is such as has been found to
mechanical reinforcement (séégure2.8). Both the steady state shear response of the composite
shear rate of 0.1 (a) and the total aggregation, as measured by subtracting the autocorrelatior
quiescent omposite from the autocorrelation of the strained composite (b) are shown. In the in
location of the samples in the morphology diagram are displayed.
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Figure 3.8 TEMs before and after steady sheaw 9 different nanocomposites that were taken to le
strains(well past the overshoot). The location of the samples in the morphology diagram is also shi
samples in the well dispersed region(magenta in the morphology diagram), or near or iphieca
aggregate region(red in morphology diagram), little or no aggregation is seen. The maximum aggre
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 particlealignment 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 bodyofk on alignment induced during large
amplitude oscillatory shear (LAOS) in block copolyfdrd 5 we attempted to improve the alignment
of the anisotropicSiQ nanoparticleassemblies using LAOS experiments and (in the case were the
desired strains are phibitively large for the ARES oscillatory motor mode) a series of flow reversal in
steadyshear experiments. LAOS experiments were employed at a variety of different frequencies, in
both parallel plate and cone and plate geometry and at maximum straatsrédmged from roughly half
the strain at which the overshoot occurred up to-18 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 falws: The stress overshoot in steady shear experiments had been indicated to
correspond to the maximum alignment and percolation of the sam{@ection3.3). 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 ohaneparticle
structures. Two scenarios were thus possifilee structure might need to be broken and theAfoem
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 alignmentas judged from TEM micrograptes)d compared it to the alignment &f i & Wa A ad S»
samplethat had been shearednidirectionally InFigure3.9, the autocorrelation function in the voidity

direction is subtracted from the autocorrelation function in the flow directitor 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 samehaitreasonablesrror margins

Thusthe utraslow 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

0.15 take days to form. In cdrast, in LAOS of
. block copolymers, the structures break
[ ]
’;,0'10' * during the LAOS experiment, but reform
p— .:
Ql) o® quickly enough that oscillatory shear can be
5005}
\>.</ ' ': used to align them. In our case, for the
O e
F structures to reform, so as to be fully in
0.00 1 N
0 100 200 300 equilibrium with the flow, taks too much

Distance (nm)

Figure 3.9 Alignment comparison for a sample shearel

Steady shear (bIaCk) and one in LAOS (green). There viscoelastic respon$ﬁ0, 43]) and thus the
significant difference between the two samples. The horiz
and vertical directions are the flow and vorticity directi
respectively.

time (as judged from their linear

more likely scenario is either no effect, or
the coarsening seen at large strains in
steady shearFurther, 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 extensiond& experiments, the primary consideration was the presence of both alignziedt
strain hardening (above and beyond that which would in any case have been observed for the pure
polymer). As strong alignment had often beeabserved 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
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Strained sample

nanccomposites have shown alignment of silicate layer<

perpendicular to the direction of extensifitil7]. To determine N
Quiescent sample

the extent of particle alignment with extensional flow, ther

are two relevant directions of possible alignment, paradet %

y
_ /
perpendicularto the axis of elongtion and these previous &%

results make it unclear in which axis anisotropic assembrigure 3.10 The quiescent sample w
strained as shown, and then cut in h
particle structures will align themselves in, if any. Therefolmages were taken both perpendicular

and parallel (y) to the axis of elongation.
after the samples were quenched they were prepared for TE.v
analysis to quantify alignment. This preparation was done but cuttiagsamples as shown Figure

3.10. In this way, alignment could be checked in multiple directions.

3.7.1 Alignment
In Figure3.11 a sample of grafted
SiQ particles in PS from the connected
region of the morphology diagram(see
Figure 1.3), is considered. In this figure
there areTEMs for two shear histories. Th
first shear history was at a rate of 0.1 and

taken to a strain of 2. Here the view paralls

to the axis of elongation is shown Figure : SIS L
Figure 3.11 TEMs of nanocomposite (5% by weight,SiC¥
3.11a andthe perpendicularview is shown kg/mol graft length, 0.05 ch/nfgraft density, and 214 kg/m
matrix length) under different elongation conditions.
in Figure3.11b. The second shear history images were taken on a sample at a rate of 0 botr
parallel(a) and perpendicular(b) to the elongation, and at a
of 1 s, again parallel (c) and perpendicular (d) to

at a rate of 1 $ andtaken to a strain of 3. .
elongation.

The view parallel to the axis of elongation is

shown inFigure3.11c andthe perpendiculaviewis shown irFigure3.11d. Because thappliedstrain is
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easer to visualize in a quenched elongational sample than ir

guenched sample from steady shear (the shape of the sample cha

with strain), inFigure3.12, the quiescent sample and the two sample

taken to the different strains are shownWhile some degree of

alignment is seen at the higher rate, it is apparent from the figure tl b Strain=3 \
Strain =2

the most alignment is visible at the low rate. This is consistent v

what was discovered in eady shear experimentsiVhether or not

more alignment is seen when looking in the direction patar rigyre 312 Quiescent (a) ar
strained (b) geometry of quenct
perpendicular to extensioms not entirely clear. This would requirextensional samples.

more micrographs, and probably image analysis.

3.7.2 Strain Hardening

In this section thepossibility of strain hardening (above and beyond what would be observed for
a homopdymer) in extensional measuremenits considered Again, hree different particle dispersion
statesare studied:spherical aggregates, connected structures, and particle strings. These dispersion
states are obtained by mixing particles, again at 5% hightef SiQ, with 129 kg/mol homopolymer.
The particles all have graft lengths of ~75 kg/mol, but gaaft densities ranging from 0.01
ch/nm?(aggregates), to 0.05 ch/mftonnected), to 0.1 ch/nffstrings). In additiona sample in the
connected region Dour morphology digram at a higher weight percent Si@ compared(8%,
114kg/mol graft, 0.05 ch/ nA). Strain hardening is indicated by an elongational viscosity higher than
that of the linear viscoelastic envelope. Since all of the matrices useaarabove the entanglement
molecular weight, in point of fact all of the samples will display strain hardehthg elongation rate is
high enough (Pure polymers exhibit strain hardening at elongation rates above the inverse Rouse
stretch time see Setion 1.1.1). Thusif the nanopatrticles are having an effect, this would manifest itself

asstrain hardening above and beyond that of themopolymerat high rates or the emergence of strain
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hardening at rates below the inverse Rouse tinThe presence of strain hardening is dependent on the
sample and tk results can be seen fRigure3.13 and are summarized ifiable3.2. Essentially, only the
8% sample shows strain hardening abarel beyond what would be observed for the homopolymer,
and this is the most dramatic when the measurement is taken at lower radesvever, the comparison

is not direct, as the linear viscoelastic envelope is not necessarily the same for the nanocosnaodite
the homopolymer.Furthermore, Le Meins et a[11§ found that the addition of nanoparties to
polymer melts actully suppressed strain hardeningn their work, they used much larger particles and
so the comparison is again not direct. Haraguchi et al. faméhcrease in strain hardening has also

been found with polymer nanocomposifd49. The potential strain hardening observed in the 8%
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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 homopolymaeasurements 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 = 0.11cHaims/nm
connected structure (blue, graft = 79 kg/mol, density = 0.05 chaitfy/and spherical aggregates (red, graft = 78
kg/mol, density = 0.01 chains/fin 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 chaﬁ)as/nm
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compositeis consistent with many previous and current results from small amplitude oscillatory shear,
where we seao effect of theparticles except at low frequencies (low frequencrelngtimescales=

low shear rates). It is important that eventive 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
GKS RA&ASYGlFy3ftSYSyld GAYS 2F GKS WwWSyidly3atSR ySigé2N
of a particle network (which we know is present for the 8% samp@)e additional 5% sample, in a
higher molecular weight matrix, was also studiedt(shown in the figure) and showed no strain
hardening. 1 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 numbeaverage molecular weights () polydispersities (PDI), brughaft densities
matrix solvent quality, morphologies and the presence of strain hardening in studied samples.

Graft density| Graft M, | Graft | Matrix M, | Matrix | Matrix Solvent| Morph- Strain
(chains/nnf) (kg/mol) | PDI | (kg/mol) | PDI Quality @) ology hardening?
0.01 78 1.3 129.2 1.03 0.60 aggregateg no

0.05 79.9 141 | 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, wéhave taken selfassembled anisotropic NP structures and by the use ofdefihed
steady shear flow fields grawthe structures and aliggd 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
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confirmed using TEM in combination with image analysis and scattefiihgre is some evidence of

alignment in extensional rheology, as well.
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4. Entanglement of Grafts

In the peceding chaptersdispersion effects on polymer nanocomposite mechanical and flow
propertieswere considered PS grafted Sianoparticlesin a PS matxi selfassembled intaa broad
range of dispersion states, based upon the inherent dislike between PS and S@vever, in the
studied systems, it is difficult to vary the dispersion independently of the graft length andderadity
of the chains Ths is because these variables &inadamentally responsible for dispersioBiven a PS
matrix molecular weightit is possible to double thgraft densityand still achieve the saendispersion
by decreasing the chain lengthit is important to remember thathe 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 emistsivhen the intermediate graft
density of~0.05 chains/nrhis chosen for reasons thawere explained in that chaptgr Thus, it is
important to determine howgraft chainsplay a role in nanocomposite properties, independent of
dispersionto the extent possibleand specifically focusing on grahtanglementgwhich have already

been digussed somewhah Sction2.3.3.

Entanglements of linear polyens are largelyinderstood and were disissed in the introductory
chapter. Howver, the graft chain entanglemenbehavioris expected to deviatérom that of linear
chaing12(], and this is because the graft chains are tethered on one &ltof the grafted particles
used in this chapter have graft lengths shorter than the matrix chaigtiheand thus according to the
discussion in Section 1.4, the matrix is a poor solvent for these grAftditionally, the grafdensities
are expected to be important as thewill determine the configuration of the graft chain. There are
three generallyacceptedregimes of configuration for grafted particles, a mushroom like configuration at
low graft densities, drushlike configuration at high densities in which the graft chargend further

outward from the surface andre entangled with each other, and a transition zone at intermediate
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densitie§121]. At the highest graft densities studied this text(0.1 chains/nrf) the graf chains just

begin to enter thigransition regime.

Limited wok exists in the literature regardirgntanglements of polymers grafted to particlies
polymer melts howeverthe properties ofentangelments of graft chainat a planar interfacewith
elastomer$120, 122] and entanglednelts [123 have been reported previously. In the latter case the
effective friction was foundo correlate to the flow rate, with slower flows leading to a higher value of

friction.

In many ways, grafted ptéeles are analogous to star polymers. Star polymers have varying
numbers of chain arms all connected at a shared cé¢bffj and entanglements in these sgshs are
relatively wellstudied and follow the same tube model of entanglemé¢bg] as linear polymers. Miros
and Vlassopoulos stusll star polymers diluted with linear chaimmd found that the entanglement
molecular weight decreased with increasing volume fraction of star polji#€. 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
Hererheologyis used to study entanglements of Sitanocomposites wit PSgrafted particles.
In linear rheology, these entanglements manifest themselvelifiarent ways. The primary evidenoé
themistheSy G I y3f SYSy (s dafeauiisSvergzdimilar to ¢hitlexhibited by a crlisked
polymer, and it thus suggests the presence of an interaction between molecules that can simulate, over
I OSNIFAY NI¥y3IS 2F 7FNBI dzSy (12 SHavever fiirShe SamfleS etidied® ¥ | N
at 5% by weight, the entanglement plateau onlypdaded on the polymer molecular weight; the
presence of the grafted particldsad no significant affect Another linear rheologcal phenomenon
indicatve of polymer entanglements ,igor example the abrupt change in tb dependence of the

viscosity onthe 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
G6AOS GKS al SN 3S Y2t SOdzt I NIl 84 Bowéveraitlisldbisuytd 0 S ¢ &
use this to look at the entanglement in the grafted particles, as there are many differerdosnpleting

factors which will also affect the viscosity.

Herenon-linear measurementhave the potential to pvide new insights Howeverin order to
accessinformation about polymer entanglements, one ha® increase the shear rate to values high
enoughto correspor to the frequency wherghe entanglement plateaunanifests itselfin linear
measurements. That is, if one considers p#8at low shear rates, the rheology is relatively
straightforward. Theviscosity increases with shear and then reachedateau value. However, as the
shear rate increases, the entanglements begimexert influence on the rheologyShear thinning occurs
and there is a decrease the steady stateriscosity with increasing shear rate. Furthermore, a yielding
process bgins. An overshoot in viscosity is observed in the steady shear rate experiment, and this is
similar to the overshoot that occurs for nanocoagites which emerges at much lower shear ratéhe
2OSNEK220 FT2NJ £ Ay SI|E NI LR Kl YAS/NEA GANSS (0O €R Al GyAR? vl 26 NAeS yNIB
0KS T 2208). Rehebtliy\Wahg et al. have tated this overshoot to the yielding of an entangled

polymer network12§].

One major complication is thathe use ofhigh shearrates is fraught with experimental
difficulties, primarily because of artifacts in the rheological data caused by phenomena such as edge
fracture and shear bading. Of primary concern to thmeasurementdhereinis edge fracture. During
edge fracture the edge of the sample begito fold inward or otherwise deviate from expected
geometry and the fbws observed at the edgare notwell-defined. Edge fracture initiallpnly affeds
the outermost layeiof the sample, buas an experiment progresses, these abnoraral poorly defined

flows work theirway inward, toward the center However, since the edge of the sample is responsible
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for the most taque 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 staup of steady shear experimen In ader to correct for thisa special
rheologicalsetup is used. This sefp is a cone and plate geometry with a partition rifigtroduced in
Section1.1.]). In this setup, there is aing 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 istnconnected 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 aff@dtesican

increase the experimentally accessible shear raiean order of magnitude

4.2 High Shear Rate Experiments
As explained previously, the presence of the cpaditioned plate allows much higher shear

rates than would otherwise be possible. Tisidecause the buffer zone provideg the partition ring

setup 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 frondales). Highshear 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 nonlinear response, but in a compldyedifferent time regime than in all previouteady 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 arewent

to ashearrate higher than 0.275 andall PShomopolymers showed a viscosity or stress curve that rose

up and pateaued with time. Although most of theomposite samples would show shear stress
overshoot, this was never seen in the homopolyrmamples. However, at higher rates, linear polymers

do display an overshoot in viscosity in a steahear experiment. lirror! Reference source not



69

10%g 95
@ 1 S
© 10°k 3
E K2 N
QU] peeesies 3 |
> L .*.0 ah y'<< ;M - S »»
me A v »
D 2 - O > "
(’) 10 F = A v a > N »’
Q » N .
2 1.0 &
| ) . Q...‘.
S 102 3. aaasssl 2. aaassasl 1. assassel 0. sassaml 1. PR 5 g . rY .
10° 10% 10" 10° 10" 10 O 10° 0 o
strain = strain

Figure4.1 The viscosity (a) and viscosity normalized using the high strain viscosity plateau (b) both as a fur
strain. A cone partitioned plate geometry was usedr{tvease the maximum shear rate). The sample is a 12
kag/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

ound., both untreated andhormalized steady sheaesultsare shownfor a 129 kg/mol, monodisperse

PS Thenormalizeddata are dividedy the large strain, plateau viscosity, to emphasize the presence of
an overshoot. A series of steady shear experimeraie performed one right after the other, with short

rest times in betweenThe viscosity is shown instead of the shear stress in order to emphasize shear
thinning, which commences at a rate 8f2s'. The firstovershoot in the steady shear cureecursat a

shear rate of 105 In our nanocomposite steady shear experimentserg 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
0dKS

rationalized as aresultofatramk Sy 3 WSy Gl y3t SyYySyid ySisg2N] Q

at higher rates because the polymer does not have time to disentangle with response to shear.

e A
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Figure 4.3 The viscosity for a connected network sar
(graft dersity = 0.05 chains/nfij) normalized using the hi
strain viscosity plateau as a function of strain. A e
partitioned plate geometry was used (to increase
maximum shear rate). The sample is in a 129.2 kg/m
homopolymer. Five different shear ratewere studiet
0.2(purple), 0.63(gold), 3.2(teal), 10(magenta) and 32 |
yellow).
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Since, in a similar fashion to the pure
polymer, there was an absence ofan
overshoot in the case ofmany of the
nanocomposites with a dispersion state of
small spherical aggregsg the rheological
response of such a composite walso tested
at much higher rates A sample with a78
kg/mol graft, 1292 kg/mol matrix, and 0.01
chaingnm? graft densitywas sheared to see
at which rate the onset of yielding occurs
The results Kigure 4.) show that this
aggregate samplessentiallymimics what is

seen for the homopolymer (suggesting a

negligible effect of the particles).

Pethaps more interesting is what is
seen when we increasé¢he 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, 29 kg/mol matrix, 0.05

ch/nm?).  In Figure 4., we see that such a

sample has an overshoot at all shear rates. If we look at the magnitude of the Irrrthavershoot, we
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see something even more interesting low ratesthe normalized overshoot pealsd a high value and

then shrinks as the rate is decreased, such that at a rate of‘3l2esnormalized peak is lawer value

than it is at a rate of 0.2’s 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 sampleAn evemore 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 stredhe viscosity that
occurred at strains between 5 and 15 (this is sample dependent, and specifically seems to be correlated
with the grafted chain lengtlin the samplesas discussed ire&tion2.3.3. 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 highites starting at arond 10 &, and it always occurs at a
AOGNIAY 0SG6SSy u | yEomusiein figule® Kve se& & owrSrdof 3t Bigh $tRiRsQ

at low rates, consistent with the previous low rate steady shear experiments, and we see an overshoot
at low strans at high rates, consistent with the high shear rate data for the homopolymer and
W 3INBIFGSQ RAALISNEAZY adldaSo ¢tKdza ¢S OFy L3 adidz
the yielding hat occurs depends on thshear rate. At high shear ratewe see pgmer network
yielding (it is unclear he whether that yielding is solely from the matrix or from the matrix and the

polymer graft). At low shear rates, we see partistdwork yielding (and here it is unclear whether the

yielding is from theparticle core interactions or the graft interactions).
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z A

We now turn to the third dispersionisk 1 S G KS WadNARy3IaQ adlidsS Ay 2
S 4SS a2YSUKAY3I AAYAEIN G2 o6KIG 61 &a 20aSNBSR gAl(
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. Atarate of dnly 1 s
we already see an overshoot betwea strain o and 3 Figure4.). Recall this overshoot does not start
untl arate of 108F 2 NJ KS K2Y2LRft&@YSNI IyR WF3I3INB3IFGS RA&LIS

yielding at an order of magnitude of lower ratego

. . > 15 *
guantify all these results angresent them in a way "5 o«
. . . . . (@) . '0
that is easier to visualize, inigure 4.5we plot the
7))
strain of the overshoot for all samplesusied >>
©
(including an additional,5% sample with a Q@
N
connected structure) as well as the magnitude (g
the normalized overshoot The relevant &~ T E—
O 10 10, 10
experimental details are plotted inTable4.1. In Z Stram

tFigure 4.4 The viscosity for a string structure (g
density = 0.11 chains/n?)] normalized using the hi
strain viscosity plateau as a function of strain. A e
partitioned date geometry was used (to increase
4 L . AL . maximum shear rate). The sample is in a 1
s2 gAUK UKS al YLInSfthe \g/mol PS homopolymer. Five different shear 12

were  studied, 0.32(red), 1(blue), 3.2(te
morphology diagram having@g much less abrupt10(magenta) and 32 (dark yellow).

Figure4. all samples have overshoots that drop

very low straing~2-3) at shear rates at or above 1(

drop towardsthis 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 additiongtaft chainsas compared to the othesample andapparently this
cause the particles to act less like particles and more like inear polymer(i.e. star polymers)and

therefore primarily work to enhance the entanglements experienced by the matrix polymer.
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Table4.1 Brush and matrix numbeaverage molecular weights (W polydispersities (PDI), brughaft densities

matrix solvent quality, morphologies and the shear rate at which overshoot is first observed for studied samples.

Graft density| Graft Graft | Matrix Matrix | Matrix Morphology Rate onset of

(chains/nn?) My PDI | M, PDI Solvent overshoot (5
(kg/mol) (kg/mol) Quality @) D)

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 11 129.2 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 werdone 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.

samples wre used and sometimes repeated measurements were taken on the same sample but the

For the higheft densitysamples, sometimes fresh

trends observed in the strain were not affectedlhus while the results are generally trustwioyt

repetition on fresh samples in all cases is probably necessary

1.50

-
N
(6}

Reinforcement
Metric

strain

-
o
o

10"

Figure4.5 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 ree (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

RN
o
()

relaxation that was allowed to happer r 'y,
after most of the steady sheal .
experiments, to determine how oth

nanoparticle  structure  remained.

These experiments were done, a

stated, to observe what degree o

10" 10° 10" 107

We first caisider the case of an 8% tl me (S)

Figure4.6 Relaxation of the normalized stress after steady shet
sample (the same sample usean 8% composite taken to a strain at stress max (strain = 7, rec
points) and a strain well past the stress max (strain = 100, blacl
Epoints). The graft density is 0.05 chainsformand thegraft length i
114 kg/mol. The matrix polymer is 129.2 kg/mol.

=
(@)

= 0

=

Y

Normalized Stress
o

structure was still present after shear

throughout this text). This composit
was shared to a strain of 7 (at the

peak of the overshoot) and using a separate, fresh sanple strain of 100 (well past the peak and into

the stress plateau region)n each casehe stress was then allowed to relaXheseresults can be seen

in Hgure 46. The 8% sample comes from the connected/sheet region of our morphology diagram. We
note that the stress relaxes more slovityr the cessation of shear at the lower valu@his lends more
credence to the conclusion that the overshoot represents a yielding process that breaks down structure.

This is further confmed by the fact that small amplitude oscillatory shear experiments done before and

FFGSNI AaKSIF NI RAALIX @ | RSONXBI a Sincludihgthie % sam@eshowNE |j dzS y

in Figure4. (for the limited number of5% samples where this decrease does not occur, it is not
necessarily because the sample did not lose structure after sheamaone likelythat the recovery was

too quick to be pobed wih a SAOS experiment). qoantify the speed ofstorage modulus recovery

after shear andletermineK 2 ¢ Y dzOKJ | BKIS (RRY Q Ol dzi &R wlkrettloyskeér 2 vy

a

K
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Figure 4.7 Here weagain focus othe 8% nanocomposite sample in the ometed/sheet region, as this
sample has a nanopatrticle network measureable using the storage modulugute &.7we show the
f26 TFTNBI|dzSyOe DQ elfferQirad SeNdate 2ates (daKahdithe delcovdrability of the
steady shear respoesafter a long wait time (413). 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. Theeexrpental results from igure 4.a involved incredibly
long experimentation times and therefore in some cases because of limited nitrogefwha is
necessary for high temperature experiments, to limit polymer degredatibmyas not possible to carry

the experiments on forslong of times as would have been desired.
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Figure4.7 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(®al). Steady shear viscosity vs. time data
before and after recovery at a rate of 0.32is 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 rheomg8hdarrs.

We also did many stress relaxation experiments after steady shear for 5% samples and
specifically, for the homopolymer and three representative composites (aggregatesnnected
network, andstrings). These experiments were performed atange of shear rates and thresults are

presented in lgure 4.8 Generally, we see that the connected/sheet morphology has stress that persists
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10° for the longest time after

cessation of shear. However to

eau stress
=

ry/plat

probe these results me deeply,

e

the following analysis was done:

Stress recovery/plateau stress

Stress recove

we took the recovery of the

composite samples and divided

out the recovery of the

Stress recovery/plateau stress
Stress recovery/pléteau stress

107F 10° _
, homopolymer in order to see
=
2 . . 10° . : "
L= P 0° 10° 107 10° how much additional structure

time (s) time (s)
Figure 4.8 Stress relaxation after steady shear for a 129 kg
homopolymer (a) and 5% hyeight composites with a 129 kg/n

there was from the particles.

homopolymer and three different particles: 78 kg/mol graft, ( These results proved fruitfuhnd
chains/nnf, aggregate dispersion state (b), 75kg/mol graft, (

chains/nnf, connected structure dispersion state (c) and 70 kg are deplayed in Fgure 4.9 They
graft, 0.11 chains/nrf string dispersion state (d). Several rates

considered: 0.1 (black), 0.2 (purple), 0.32 (red), 0.6 (gold), 1 have been categorized by rate,

3.2 (teal), 10 (magenta) and 3Z ark yellow).
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, thenected structure and the string

structure both decrease with increasing rat€his is consistent with the results presented in Figure 4.7,
GKSNB F2NI Iy y2 O02YLRAAGS (KS WRSOI adIinthagseaf Ay &
the hidh graft density2 NJ Wa G NRAyYy 3IQ aGNHzOGdzZNBE GKA& AYyONBFrasS Aa
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 samptégher grafting density sample an exceptin. Clearly, the large number

of graft chaingn this compositehas a significangéffect which can beprobably berelated to adiitional

entanglements
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5. The Polymer Bound Layer in Bare Particles

Although t has long been understood thatnoparticles are more effective at reinforcement of
polymeric materials than micron sized patrticles, limitationganticle synthesis have, until recently,
limited the ability of researchers tmmvestigate this effect atary small sizesConsider thatsolvent
molecules, which have typical sizes of less than a nanometer, are observed to plasticize polymeric
materials, weakeninghieir mechanical propertieslf these moleculesare treatedas the analogue of
sub-nanometerpatrticles, it is entirely reasonabte conclude thattraditional fillers, when reduced to
this size range, will also prove detrimental to material mechanical propertiedeed, this has been
seenfor 2nm diameterpatrticleg7]. In such a case the radius of gyration of the polymer begins to be
much larger than the particle diameter, and tihmsght beresponsible for the observed behavior.

While many grops have demonstrated aftirence in bound polymer for nanopartidess. a
flat surface, the magnitude of this effect as a function of size is as yet unclear. It is clear there is an
SFFSOG 2F aAal S 2y Wo2dzyR f I & ShiNeffedd iK aotkdxy Jhakis, atdzi A
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 L1t thickness at 14nm, and potentially to
the compete absence of bound layer at some finite nanoparticle size? How do anneglimlgmer
molecular weight, and/ I y 2 LJF NI A Of S ¢ SA 3K 2HNIRO & A 2yS ip®Fd Qly GIKKS

attempt is madeto address these questions for bare partisiestems

5.1 Bound Polymer Thickness in Attractive Polymer Particle Systems:

Differential Scanning Calorimetry
The Kumar group had previously studied a system of P2VPS&ndhanocompositesand
observed many interesting characteristics, including a much smglknift than expected base on the

attractive polymesparticle interactiori74]. The T in this experimental system was studieing
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differential scanning calorimetry (DSC) and the same data was used to determine a bound layer
thickness of 1.4nm (x0.3nm). These results were obtained for 14nm particles. In order to better
understand bound layer thickness in attractive polymarticle systems, two additional polymers were
chosen fora similar DS&tudy here. Poly(methyl methacrylatt@MMA)and poly (ethyl methacrylate)
(PEMA)both also have strong hydrogen bonding interactions with 14nm particles which facilitate
miscibility. Dspersion wadested for these systems using TEM and was found to be uniformly good.
Using DSC, the,Was also determined for all these composites and it was determineditiolates show

a dependence © nanoparticle loading, but thenagnitude of theshifts is less than 10 Kor all
nanoparticle loadings. Thegesults agree with the pture that there are negligiblshifts in glass

transition temperatue on confinement. Here we focus on the bound layer thickness determined by the

same DSC measurentsn
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Figure5.1 DSC as a function of 14nm Sjfarticle loading for three different homopolymers, P2VP (a), PMMA (b),
and PEMA (c). The homopolymer (black), 1% (red), 20% (blue), 40% (teal), 50% (nmeagkb6&s (dark yellow)
loadings by weight were studied. Slight increaseg &s® function of nanoparticle loading are evident.

Figureb.1 shows theDSC data for the three mixtures of polymer and particle at weight fractions
ranging from 0.01 to 0.63. The slight shift intifat was mentioned in the previous paragraph is
apparent in the three different systemdn Rgure 5.2, we perform an analysi§this data to determine
the bound layer thickness. Note th#lie srength of the DSC transitiom Figure 520 A ®S ®> p/ LI
decreases linearly with increasir®§jQ content, but the slope of the line is larger than unifihis

suggestghat the heat capaty goes to zero fofinite polymer concentrationThis implies that therés a
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bound layer of polymeon

each particle, and we
estimate based on the
slopes of thelines that the
thicknesses are 0.8m, to
within relatively largeerror

bars (0.6 nm).From this

we consider a picture that is

0.0 s . . . 4 o 4 -
. 0.5 .

Weight Fraction

Figure5.2 nG, scaled by e value for the pure polymer plotted as a functio

the volume fraction of silica. The plot should scale linearly if there is no
layer and go to zero for 100% of SiO

1.0 inspired by our previous
work on the plase
transitions in thinpolymer

films [129, 130Q. In the

presence of strongolymeibsurfaceA Y 1 SN} Ol A2y a AlG A& VY246 esgefitialy | OOSL

irreversibly adsorbed, poiger layer forms at the particlanterface. Because of the essentially
irreversble nature ofpolymer adsorption, this bounthyer is dynamically decouplddom the @ F NB S €
polymer on t@ of it; i.e. thefree polymerhasessentially no interactionwith the attractive surface. We
postulate that the bound layeraks not relax in the time framef our DSC experiments, andriee only

the bulk of the sampléi.e., the fre chains) shows a glabke relaxation Since thisayer is unaffected

by the surface it essentially has the samg ab the bulk polymer. Additional credence for this
assessment iprovided by recent exp@ments onPSsphere$131] andfor PMMA SiQ composite$75]

where the heat capacity change traversing the glass trangti region was found to decrease
monotonically with increasingurface content. In fat, this NBRdzOUA2Y AY ent/ha3 2y
previously been used tdetermine the effective thickass of the bound polymer layegiving more

credence to this picture.

02
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5.2 Various Silica Particle Sizes in Poly (2 -vinyl pyridine)

As theDSC measurements diseesl in 8ction 5.1 contained large error bars, and were only for
a partick size of 14nma more in depth analysisas pursuedor the composite consisting of P2VP and
SiQ. We study thissystem ofSiQ nanoparticles in poly inyl)pyridine (P2VHh more depthto fully
explore potentiakcauses of the observed maxima in rhanical reinforcementWe focus orthis system
becauseas we have demonstrated previousilie favorable interaction between the P2VP and 8i€)
surfacewill allow the partites to randomly disperse themselves throughout the polyrtfas removing
dispersion as a variahleThis was confirmed with transmission electron microscopy (TEM), ultra small
angle xray scattering (USAXS) andahangle xay scattering(SAX34]. In this work we have taken
TEMs of all studied samples, to confiobmiform dispersion. In Figure 5v8 show representative TEV
of the four particle sizes at 30 weight percaitSiQ. Uniform dispersion is especially important when
OF £ Odzt F GAYy3 GKS G201t WwWo2dzyR fl&8SNR GKAOlySaa TN
definedgeometry is necessary faccurate calculations. Good dispersion will allow for full bolaryer
formation at low enaigh loadings and creates a wdtfined dispersion state, allowing comparison of
different particle sizes.

Additionally, the favorable polymerparticle interaction will allow the polymers to form an
adsorbed or bound layer othe particle surface and our previous evidence has supported the necessity
of attached polymer chains to mediate mechanical reinforcerfiett].

The experimental system chosendg) nanopatrticles (from ~1-400 nm in diameter) in P2VP
(2-940kg/mol). Our motivation for choosing this systemtisat the favorable interaction between the
SiQ and the P2VP, as mentied previously, should allow a truly random dispersion of$i@ particles
in the polymer matrix. Furthermore, Nissan Chemicals prasdcomplimentary samples of seaér
different SiQ nanoparticle sizes. The ability to asmany nanoparticlesizes all from the same

YFEydzFlF OGdzNBENJ Aa AYLRNIIFIYydGx 06SOFdzaS KSNB 4SS KIF @S
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thickness as &nction ofnanoparticle size, ignoring variables such as type or shape of NP. Wegowant

compare the magnitudedi KS OKIF y3S Ay W6 2 dzy Ro tHe logp&iNEpheindmer@al vy S a a

Figure 5.3 TEMs confirmingexcellent dispersion for four different sizes of particles from Nissan chemicals
particles ~14nm in diameter (a), medium particles ~22nm in diameter (b), large partick8&rman diameter (i
and extra large particles ~110 nm in diameter (d).

which improve particle properties as nanopartictize decreases (including the favorable change in

surface area to volume ratio as patrticle size decreases).

5.3 Thermogravimetric Analysis Experiment Design
The silica nanoparticles were generously donatedNigsan Chemicals and come dispersed in

one of twosolvents, both at 31 weight percenSiQ: methyl ethyl kéone (MEK) or isopropyl alcohol
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(IPA). The particles come in one of four sizes as reported by Nissa&ndf) 1723nm, 4050nm, and
70-100nm (trese 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 dme S and L pécles come in MEK and the M, L, and XL
particles come in IPg&hus the L particles come in two different solvents). In order to create precise
measurements of ta bound layer thickness, a welkfined nanoparticlegeometry is necessary. The

size is reprted 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 softwidris. analysis was compared to similar

measurements taken usinglz_Sand the results a reported in lgure5.4 andTableb. 1.
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Figure 5.4 Particle size distribution for the three larger Nissan particles as taken by image analysis of TEM
micrographs (a) and using@LSon 1% solutions of the particles (0.1% in the case of the XL particles)h®)S
particles were taken to be of size 14nm, which has been well reported in the literature.
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Table5.1 Calculated Particle Sizes

Particles: M LarPA) | LMEK) | XL
Nissan distribution (nm) 17-23 40-50 70-100
TEM Average diameter (nm) 225 |709 |56.0 |134
DLSAverage Diameter (nm) 222 | 705 |874 |114

The P2VP is purchased frdPolymer Source Iramd has number average molecular weigbfs
2.1, 5, 14, 22, 50, 97277, and 854 kg/mol with P.D.I. of 1.14,.07, 1.05, 1.09, 1.04, 1.08,09and 1.10
respectively.Unless otherwise noted, the 50kg/mol P2VP is ugeadtick solutions in MEK are prepared
by adding 1 mL pyridine to 4 mL of the particle solution as manufactured. Partigteoss 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 impove patrticle dispersion through charge stabilization (pyridine acts as a Lewis
base) and through competitive hydrogen bonding of the pyridine to $i@ surface.This prevents
premature crosdinking of the SiQ, which will lead to particle agglomeraticand precipitatiofi74].
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 solithat, 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 pL onto a tarred weighing
paper, allowing the solvent thully 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 maS&isand 70% is P2VEBxcept in
the case of the M particles, where 408tQ is ued to promote full pellet formationThis combined
solution of both particles and P2VP is again vortexed overnight, followed by one minute of sonication

(2s sonicate, 1s rest). It is then pouradtbi a teflon coated petri dish and left in the fume hood to dry.



85

After drying, a small section of the sample is select~~
to confirm the particle dispersion state using electrc
microscopy. The section is embedded in epoxy and curec
y ne/ hHb@INJt ig then microtomedising a Leica UC
microtome into 60nm sections and placed on armvar

coated copper TEM grid. These sections are visualized usi

JEOLIEM100 CX transiasion electron microscope ] ) ,
Figureb.5 Pellet formed after centrifugatic

of a redissolved composite, in this cas

To determine the bound layer thickness, tthOnm, 50kg/mol P2VP composite.

remainder of the sample is again dissolved in its respective

solvent, either MEK or

100 IPA. If the sample is to

N ——— i
= %i be annealed, then it is

S' o ="
= 16 Wt % ] placed in an oven
o —k— 21
O 60 —de— 22 - under vacuum at
[0 —oe—33 J
o —k—34 Mp e/ 0ST2NE
= 40 —k—37 4
% ’Ik ?g ) dissolving. This
; —k— 81 _ )
= 20§ —k— 86 . dissolved sampl is
o
-"é' vortexed  overnight

o

2 3 4
Number of Washes

Figure5.6 Weight Percent Sias a function of the initial bding, and numbe
of washes, of the nanocomposite. The bound layer achieved is minutes. The particles
independent of initial loading, up to a loading of 86% by weight.

and then centrifuged

at 13,000 rpm for 5

form a pellet at the
bottom of the centrifuge tube, and any bound P2Vih&orporated into the pellet as wellThe unbound

P2VP remains in the supernatanatfully famed pellet from a 100nm sample is showrFigure 5.5This
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washing process is repeated, to ensoeenoval of all unbound P2VRIt was experimentally determined

that two washes is sufficient after observing a convergence of the bound layer thickndsses a

washes of samples that were washed between one and five ti(REgire 5.§. (This was done for
nanocomposites with particle weighfractions ranging from 186%). The resulting pellets are

completely dried first in the fume hood overnight, then ate80 dzy RS NJ @I OdzdzY® CAY |l f f |
each burned in a thermogravimetric analyzer (TGA) in a heatggence as follows: an isotherat

ondne/ F2 Nlolowed byYateypdratG@rampFNB Y on G2 wmpntenan G H Py
isotherm | i wm pfar ®00snfinutes(to confirm the absence of solven@nd finally a temperature
rampFNBY wmpnon (2 wmnnnodne/ |G mndneg/ kKYAY BHKSNB GKS
The SiQ does not burn off. Assuming that each particle and any bounded palyoeforms to a

perfectly spherical geometry, and using weight fractionR#VHAn the pellet as determined byGA, the

bound layer thickness is calculate&ince we do not know the exact density of the bound P2VP, we
assume the same density as the bulkcilculate thickness.

Table5.2 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 0.06x 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 agglomeraibis

coating may aleast partidly burn off during the TGA runSince the Nissaparticles are proprietary,
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information about the coatings not readily availableThereforesamples of pure particles of each size
were burnedto determine whatfraction of the particleis coating. Similarly, to account for the small
amount of P2VP that does not burn off, TGA runs were performed on pure HR€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

Ly 2NRSNJ (2 LINROARS | aGNRy3 F2dzyRIFGA2Yy F2NJ YSI
nanocomposites were meticulously characteriz&dis included a thoragh analysis of the dispersion
state of the nanoparticles,asawllISTAY SR RAALISNRARA2Y aidlFdS Aa LI NIFY2
calculations are to have any meaning. Furthermore, nanopatrticle size must be precisely measured, as

this significantly affectd KS Wo2dzy R f I @SN OF t Odzf | GA2y &

5.4.1 Nanoparticle Disper sion

We first consider the dispersion achieved using the preparation techniques outlined in the
experimental section.Figure 5. demonstrates the excellent dispersion shown for nanocompssite
independentof particle sizeand loading fraction as is consistent wjitevious workin 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 ohaedispersion qualy with the naked eye at
loadingsas high as 30 percent Good dispersion is paramounas this allows for an accurate
calculation of the bound layer thickness. For all samples studied, micrographs were taken to confirm
good dispersionin some of the micrographs in Figure 5.7, strings of particles were observed, and thus a
computer analyis was performed to confirm that these strings are consistent with random dispersion,

and we turn to this discussion now.

C

(
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Small

Medium

Large

Extra Large

Figure5.7 Using the preparation procedure described, the particles are well despéndependent 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 sampleémage analysis was don@his was the result of our conceover
the fact that a quick perusal of the micrograplssiggests that the particlesften appear to be arranged
asstrings. Are the strings of particles that are observed a result of natural-pauticle associations in
a two dimensional projection af random, thre dimensional particle distributiéhIn 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, 2dhd3@0)
were binarized using Image J software. Meanwhile, using the patrticle size distributions from the image

analysis orthe large particles, a computer generated three dimensional space with the dimensions of a
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TEM slice was created (60nm thick x ~480mide 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, generatindyadandom
equivalent of the binarized images taken from the actual samples. Autocorrelation functions were
performed on both the computer generated and sample generateaifized images. In Figure &.the
images created using a computer and using thei@csamples are compared at 10%dad0% by weight.

In Figure 5.B, the differencebetween the autocorrelation function for the computer generated and
sample generated iages isshown. In each case, the computer generated images seem to be slightly
larger,perhaps due to an underestimated particle size distributiofhe shapes of the autocorrelation
functions do not deviate considerably from each other, and the results arentakeevidence 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!

)Micrograph
o
0o

1 : IComputer 10%

Figure5.8 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 waslightly 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 imageBiveparticle loadings were studied, 8(black), 10(red), 20(blue), 30
(teal) and 40 (magenta) perce8iQ by weight.

260 200 500
Distance (nm)
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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 analysising aDLS(Figure5.4). For TEMseveral hundredparticles were imaged
and the resulting images were binarized and analyzed to create a size distrib&aih.the TEM and
the DLSgave average particle sizes tiveere 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 udeddltalations.For
the Snanoparticles, because the size approaches the limit of accurate measurefoehbth TEM and a
DLS we instead take the well recorded literature value of ~14nm in diameter for these paj1io)esl,
45]. Average particle sizder the particles were thus determined to be: Idr the S particles222 for
the M patrticles 705 for the L particles in isopropan@7.4 for the L particles in MEKRda114nm for
the XL nanoparticle As a side note, the noticeably larger particle size as compared to the Nissan
distribution for the L particles is a producf how the size distribution was calculated. The size
distribution for the L particles as caihed in the bottle is actually significantly broader, however not all
of these patrticles 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 wimegaisured 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 partichenpr 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 smallegiarticle sizes form o pellet, and the XL Nissan nanoparticle
form a pellet that has approximale twice the volume of the Inanoparticles.In this work, all

calculations are carried out using the average measured particle diameter.
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5.5 Bound Layer Dependence on Particle Loading

In Figure 5.6we plot the fraction ofSiQ in the pellet as a function of particle loading (the
remainder of the pellet is adsorbed polymer). This is doné¢hi®IS nanoparticle In the figure, we plot
the fraction ofSiQ in the freshly prepared composite, and after four different wash cyclesy amples
ranging from 1686% SiQ by weight were studied in order to determine the effect of weight percent on
Bound layefdthickness. For small weight fractions, we do not expect to see a difference in the
OF £ Odzf I § SR W0 2 dzy Rre fs plénfy Nilpolyinét o @oprnyaShdl &duilibtiugn bdurkd $ayer.

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 tonthv@particles. Such a
A0SYI N 2 ¢g2dAZ R LINBadzyroteée t€SIFIR G2 I RSONBFAaS Ay
SiQ, inFigure5.6). Apparently, even at the highest NP loadings studied, this threshold is not reached.
CKS GKAOlYySaaleSNOKBI a0 8 dzil Bgniiak & Ibadidg oa6ywd ¥ Ndthichy (
translates t076% volume) the particles are still able to form a full @mn\close tdull) equilibrium layer.

Note, towever, that to ensure that the amount of polymer would not limit the bound layer size, all

F Ol dzl £ Woexpmymentstwieré GoN&with particles that were 40% or less by weiglBi©f
particles.

Theinvariance of bound polymer with weight fraction suggests two things: flistNPs adsorb
A0NRyYy3Ife o0SAAYYAYyI Ay az2fdziazy yR a t2y3 | a
virtually all goes to the surfaceThis is in good agreement tiithe strongly attractive surface. The
adhesion energy foBiQ/P2VP has been estimated using infrared spectroscopy t85@ mJ/ni[132].

It is also in agreement with DLS measurements on solutions of particle and po§ecend the particle
dispersion is maintained even at very high weight fractiomesewit 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 wherehere is not enough polymer téully distribute,no matter how strongly it

l.:.l
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adsorbs or how well dispersed the particles areUnfortunately,weight fractions larger than 86%ould
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 veaskand throughout this manuscript, this is

the number of washes utilized.

5.6 Bound Layer Dependence on Annealing

We now considerthe effect of

annealing at high temperaturesn /é\ {
c !
bound layer thicknessfor polymer ~ 2 5}k ®
(7)) S
. 70} :
nanocomposites The purpose of Q@ L
3
annealing is to achieve a full, < 20.'
= ! %
equilibrium bound layer. In order to = h
CT) 15 {
determine the appropriate annealinc =, ’
© !
time, the bound layer thicknesses ¢ _5' 1.0 E
OT,
C P Il 2 Il 2 Il P Il a Il 2 'l 2 1
articles of size L annealed from
P é 2 3 4 5 6 8

hours to 8 days were compared. Th

Time (days)

| icl h h Figure5.9 Bound layer thickness as a function of annealing time
arge particles were chosen as theye |, 40 Nissan particles in both IPA (red) and MEK (black).

approximatey the same size and thepme in both of the studied solvents and thus facilitate a solvent
comparison. The results irFigure 5.9show an increase in bound layer thickness from 6 hours up to 3
days. Beyond 3 days of annealing, thhickness remains roudp constant with perhaps a slight
decrease in thickness at the longest time&flays(possibly indicating degradation). The results are
consistent for both IPA and MEK although in all cases the IPAlparhave a thinner bound layer,
expectedgiven thesmaller particle sizeHowever, 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 peeparlPA. Five days is also apparently
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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 -aslaerd
and itis 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 si&e.we treat the
separate solutions ahe L particles as two differersizes, this gives us fivgzes for considerationThis
is a limited but still meaningful nuber, and provides clear trend in behavior Here weperformed
bound layer calculations on samplesth before and after annealing, and theesults are shown in
Fgure 5.10 We plot bound layer thickness \mth particle diameter and one over the diameter. In the
latter casethe thickness for a planar surfacean be extrapolated by tiking at where the curve
interceptsthe y-axis. Visually, this ibetween 4 and 5 nmwhichfits well with the thickness gblanar

surfaces that have been measured in the literature(ard 4nm).

(&)
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a 4 As Castin IPA S b 2 IPA, unannealed
~ 4} o AsCastin MEK | A E i 5> MEK, unannealed
E A Annealed in IPA c 4F A |PA, annealed
c e Annealed in MEK ~—— e MEK, annealed
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Figure5.10 Bound layer thickness as a function of particle diameter (a) and one over the particle diameter (b).
Both as cast (opeblue) 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 \WHEK 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 becaagell-dispersed state was not confirmed
for the nanoparticls. After multiple attempts at improving dispersion, the only state that could be
achieved were small aggregates of particles (Figure 5.1hg thinner bound layefound for these
particle sizesis consistent with expectationsbut the measurement accacy on these small

nanoparticles is somewhat in doubt.

Figureb5.11 Dispersion state achieved for very small particles at two diameters: 4nm (a) and 10 nm (b).

LG Aa AYLRNIFYyG G2 Lidzi GKS RSONBI &S SidkgtheWo 2 dzy R
surface area to volume ratio and interparticle distance continue to increase and decrease respectively
with decreasing nanoparticle size, there must be sonmmpeting effect that opposes these
phenomena. This opposition is expected to become stronger as the @arsize is diminisheduilding
off the results in Chapter In which we showed that ifPSSiQ nanocomposites the nanoparticle
interactions are undniably 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

































































































































