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ABSTRACT: The rheology and microstructure of 44 nm diameter silica particles suspended in unentangled
polyethylene oxide (PEO) melts are studied through measurement of filled melt viscosity and X-ray scattering
measurement of interparticle structure factors, S(q,φc), where q is the scattering vector and φc is the silica volume
fraction. The neat polymer melts are Newtonian over the probed shear range. Filled melts have a constant viscosity
at low particle concentrations and shear thin at high concentrations. At the same particle volume fraction, filled
melt viscosities increase with polymer molecular weight. By defining an effective particle volume, assuming
polymer adsorption adds 2.9Rg to the particle diameter, suspension viscosities of both molecular weights at all
volume fractions resemble that of hard sphere suspensions. The particle osmotic compressibility and position
and coherence of the first nearest neighbor shell suggest that the particles have radii larger than the core size due
to polymer structuring near the particle surface. These results are interpreted as resulting from a modest strength
of attraction between polymer segments and particle surfaces.

I. Introduction

Filled polymers are an important class of materials where
particles are dispersed in a polymer matrix. When the particle
reaches nanosized dimensions, the material is commonly referred
to as a polymer nanocomposite. Particles are incorporated to
improve and alter mechanical, electrical, optical, thermal, and/
or barrier properties of the polymer.1 The degree of property
enhancement achieved in the composite depends on the state
of the particle dispersion and the ability of the particle surface
to alter polymer segment dynamics.1,2 This makes dispersion
of particles and control of the state of dispersion of considerable
importance in the manufacture of nanocomposite materials.

The state of dispersion is sensitive to the forces that act
between particles dispersed in polymer and how these forces
drive particle organization. Over the past decade, there has been
growing interest in understanding the fundamental chemistry
and physics that govern the state of particle aggregation in a
polymer melt and there is substantial evidence that the state of
the dispersion depends on both particle-particle and polymer
segment-particle surface interactions. A favorable segment-
particle interaction leads to the polymer wetting the particle
surface. The effects of attractions are, however, nonmonotonic,
with weak attractions leading to particle stability and strong
attractions leading to polymer bridging and aggregation.

In low molecular weight solvents, the interaction of solvent
molecules with a surface results in structuring of the fluid next
to the surface. As two surfaces are brought together, this
structure results in solvation forces that can persist to surface
separations of 5-10 molecular diameters. The force profile is
oscillatory with a period equal to the molecular size and overlays
a van der Waals attraction.3 The amplitude of the oscillations
increase near the surface. Solvation forces which arise from
favorable interactions between the solvent and the surface tend
to stabilize particles due to the work required to displace solvent
molecules when particles are forced together. As the molecular
weight of the solvent increases, theory and simulations suggest
the characteristic length scale of the structuring remains the
polymer segment diameter, as opposed to the polymer radius
of gyration. Local structuring is predicted to protrude 2-3

segment diameters from a surface after which segmental density
fluctuations are expected to be equivalent to the bulk.4-6 The
more rapid decay of the local structuring in linear polymer
solvents is due to the configurational entropy penalty of a chain
molecule assuming a more ordered configuration. The degree
of polymer structuring at the particle surface is predicted to be
sensitive to segment-surface interactions with stronger interac-
tions resulting in greater structuring.

The results of the theory and simulations are not in agreement
with experimental studies of the forces between surfaces when
the interposing material is a polymer melt. The most detailed
experimental studies are those that employ the surface forces
apparatus (SFA),7-14 but also more recently the atomic forces
microscope (AFM).15,16 These experiments measure the
forces required to hold two surfaces at a particular separation
and suggest the existence of an immobilized polymer layer on
the two opposing surfaces with a thicknesses that depends on
the polymer radius of gyration (Rg). As two surfaces are brought
into close proximity, a monotonic repulsion appears initially at
5-6Rg and reaches a hard wall repulsion at 2-3Rg.7,10 Oscil-
latory interactions are rarely seen.9 Evidence of a repulsion with
ranges that scale on Rg has been seen for polydimethylsilox-
ane,8,9,14-16 polyphenylmethylsiloxane,7,10,14 polybutadiene,11,12

and perfluorinated polyethers13 on a number of surfaces such
as mica and silica. Dynamic measurements of confined polymer
below the entanglement molecular weight suggest that for
surface separations greater than that associated with the adsorbed
layer, the viscosity of the confined polymer is comparable to
the bulk viscosity and there is a no-slip boundary condition
located at ∼2Rg from the particle surface.7,9,14 As surface
separations become equivalent to the thickness of the adsorbed
layer, polymer wall slip occurs at the plate surface.59

The general explanation for the discrepancy between predic-
tive models and experiments is the slowing down of polymer
dynamics at adsorbing surfaces. de Gennes suggested that if
the segment interaction with the surface is sufficiently strong,
the surface will “pin” polymer segments.17 This would result
in a monotonic repulsion that extends of order Rg from a surface.
For a polymer molecule to change its configuration upon
confinement between two surfaces, all adsorbed segments must
desorb to allow the chain to change its configuration. The chain* Corresponding author. E-mail: czukoski@illinois.edu.
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nature of polymers enables many segments to adsorb per chain.
If the strength of segment adsorption is strong, the polymer may
be unable to adjust its configuration within a reasonable time
scale. This hypothesis agrees with the later simulation study of
Mansfield and Theodorou who show that strong adsorption leads
to a flattened chain conformation and a lengthening of the
relaxation time of chains whereas weak adsorption leads to
higher segment mobility near a surface.6 As a result, experi-
mental studies of systems involving polymers and surfaces may
not be capable of probing the equilibrium adsorption studied
by models and simulations.

These phenomena are relevant to understanding the behavior
of nancomposite melt flow properties. Similar questions about
the strength and range of the particle interactions are important
as are questions of the ability of the polymer to reach equilibrium
configurations.4-6,18 While few systematic studies have been
undertaken, the few that have been performed report varying
rheological responses that depend on the composition and size
of the particle and the composition of the matrix. When the
particle is of colloidal size (10 nm to 1 µm), the flow properties
of the melt are enhanced resulting in an elevated nonlinear
viscosity and enhanced elastic and viscous moduli.19-23 How-
ever, when the particle reaches a size comparable to the polymer
segment size, the viscosity is reported to decrease.24 The
magnitude of the change in mechanical properties and the state
of the particle dispersion is also shown to depend on surface
chemistry.22,25,26

Previously, we established that silica nanoparticles are stable
in low molecular weight PEO melts through measurement of
the particle second virial coefficients that were found to be
positive, slightly larger than those expected for pure volume
exclusion and to have a small dependence on polymer molecular
weight.27 One interpretation of these observations builds on the
experimental work on measurements of surface forces suggest-
ing that a buildup of an immobilized polymer layer on the
surface produces a net repulsion between two particles. The
surface forces experiments would suggest that the range of the
repulsion will depend on Rg, thus contradicting the observation
that the second virial coefficient is weakly dependent on Rg.
The second explanation builds on the results of Hooper and
Schweizer28 who predict an oscillatory PMF with a period equal
to the segment diameter. Under a range of conditions, the PMF
is repulsive and integration over the PMF yields second virial
coefficients greater than a hard particle volume exclusion value
and a weak MW dependence.28

Here, we report our observations on the microstructure and
flow properties of these silica particles in PEO melts outside
the dilute limit. We find that at low volume fraction the melts
are Newtonian over the measurable range of shear rates and
the volume fraction dependence of the viscosity is consistent
with surface force measurements indicating a thin layer of
polymer is immobilized at the particle surface. The thickness
of this layer scales on the polymer radius of gyration. If the
immobilized layer thickness is held constant, the nanocomposite
melts have low shear rate viscosities consistent with that of hard
spheres up to effective volume fractions of 0.57. The structure
factors characterizing particle packing are not consistent with
this interpretation and show that the particles experience an
effective repulsive force with a range significantly larger than
that suggested by the viscosity measurements and that the
magnitude of this repulsive force diminishes as the particle
volume fraction increases. However, interpretation of the
microstructural results is not as straightforward as that of
the flow properties and provides some evidence that the systems
are not at equilibrium. We have chosen to work with low
molecular weight polymer melts to avoid the complication
introduced by entanglements in the filled melt. Our system is

similar to the nanocomposite system of Zhang and Archer, but
the complications of long relaxation dynamics of high MW
polymer and entanglement dynamics has been removed so that
particle enhancement in polymer nanocomposites can be more
clearly defined.22 While one might expect particles suspended
in these low MW polymers to behave as if they are suspended
in a viscous, Newtonian phase, our results demonstrate that the
connectivity of segments clearly affects the filled melt mechan-
ical behavior and particle microstructure in ways that are not
observed for particles suspended in low molecular weight
solvents. In section II, we describe sample preparation methods
and our experimental procedure. In section III, we present
rheology and scattering results and discuss their implications
as far as how particles influence the viscosity of the melt and
how particles pack in the melt. In section IV, we offer
concluding remarks.

II. Experimental Methods

A. Sample Preparation. Silica particles were synthesized by
the base catalyzed hydrolysis and condensation of tetraethylortho-
silicate according to the method of Stöber et al.29 The synthesis
produces an alcosol solution of silica particles. Particles were
synthesized with a number average diameter of 43 nm and a
standard deviation of 4 nm as determined from TEM measurements.
We predict a particle to segment size ratio of 35 based on a Kuhn
segment diameter, d, of 1.2 nm (d ) C∞l/[cos (θp/2)], where C∞ )
6.9 is the experimental characteristic ratio of PEO,30 l ) 1.5 Å is
the length of a backbone bond, and θp ) 68o is the angle of a
backbone bond). The Kuhn segment size is bigger than the PEO
monomer size which is 0.4 nm. A number average particle diameter,
Dc, of 43 nm was chosen as a compromise between minimizing
Dc/d and our ability to synthesize well defined monodisperse
particles. Particles were dispersed in unentangled PEO of two MW
purchased from Sigma-Aldrich (the molecular weight of entangle-
ments of PEO, Me,PEO ≈ 2000). Properties of the polymers are listed
in Table 1. The Rg values were calculated from the characteristic
ratio of PEO in the melt.

After particle synthesis, the alcosol was concentrated 10 times
by heating in a ventilation hood. This concentration step drives off
water and ammonia from the alcosol. Particle dispersions were made
by combining known masses of the alcosol and PEO. The ethanol
was evaporated at a temperature above the melting point of PEO
under vacuum. PEO is miscible in ethanol above a temperature
that is just below its MW dependent melting temperature (Tm,PEO400

) 8 oC, Tm,PEO1000 ) 40 oC).31 Samples are heated in a vacuum
oven to drive off ethanol. The vacuum oven was purged several
times with nitrogen followed by evacuation of the chamber to
remove oxygen which degrades PEO at high temperature. Once
the ethanol is visibly gone, samples were further heated to 75oC in
a vacuum oven for 48 h to drive off any residual ethanol. There
were no changes in the mechanical properties when heating for an
additional 48 h. When heating the samples for long times, several
weeks, the viscosity of the samples would slowly decline. This drop
in the viscosity was also seen for the neat polymer and is attributed
to polymer degradation when heated for long times. Rapid
degradation was seen to occur if the chamber is not effectively
evacuated. Excessive temperatures were avoided due to the pos-
sibility of grafting PEO to a silica surface.32,33

The amount of alcosol added to a known mass of PEO was
determined by the desired amount of loading once the ethanol was
evaporated. The alcosol is combined with the PEO at a temperature
above Tm of the polymer followed by a rapid mix on a vortex stirrer.
The resulting mixture is a light near transparent blue reminiscent

Table 1. Polymer Properties

MW Na Rg [nm] Tm [°C] ηp
b [mPa s]

PEO400 9 0.8 8 16
PEO1000 23 1.3 40 35
a Number of monomers. b Temperature of 75 °C.
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of the alcosol before the addition of PEO. Once the ethanol is
evaporated, the filled polymer is transparent since PEO and silica
are contrast matched. This index matching reduces the Van Der
Waals forces between the particles.34 When suspensions are index
matched in low MW solvents and the characteristic size of the solid
phase is much bigger than the dispersing phase, the dispersing phase
can be viewed as a continuum. Under such conditions, suspension
microstructure and rheology is seen to be well described by hard
sphere models.35 The particle mass fraction of the alcosol was
measured by dry weight after evaporation of the ethanol. The
density of the particle filled melt, FT, was measured using a Mettler/
KEM DA-100 density/specific gravity meter. The particle volume
fraction, φc, was calculated from the mass of silica, mc, added to a
mass of polymer, mp, using the measured filled melt density and a
particle density, Fc, of 1.6 g/cm3 determined from the particle
molecular weight and particle size.27

φc )
FT

Fc
( mc

mc +mp
) (1)

B. Rheology. Rheological experiments were performed using a
constant stress C-VOR Bohlin rheometer with cone and plate
geometry. The cone diameter was 20 mm, and the angle was 4°.
Measurements were made at a sample temperature of 75 °C. This
temperature was chosen because it is above the melting temperature
of PEO for all molecular weights. The melting temperature of high
MW PEO is 66 °C. Viscosity measurements were made on samples
prepared in two different ways. Samples were first made by
evaporation of alcohol to produce a filled melt with the desired
particle volume fraction. The second set of samples were made by
first preparing a highly concentrated filled melt (φc ) 0.46 for
PEO400 and φc ) 0.43 for PEO1000) followed by dilution with
additional polymer to the desired volume fraction. The purpose of
this procedure is to ensure that the synthesis condition is not
affecting the adsorbed conformation of the polymer on the particle
surface. Viscosity measurements of both sample sets were identical.

C. SBUSAXS. SBUSAXS was performed at the 32ID-B XOR
beam line located at the Advance Photon Source, Argonne National
Laboratory. The instrument employs a Bonse-Hart camera and a
double-crystal Si(111) optics to extend the range of measurements
to lower scattering vectors.36 A pair of horizontally reflecting
crystals enabled effective pinhole collimation removing the need
for slit desmearing. An absolute calibration converts scattering
intensity from counts per second to absolute units of cm-1 through
knowledge of the sample thickness along the path of the beam.
Samples were loaded in custom-made aluminum cells. Two kapton
polyimide slides sealed the sides of the cell chamber using epoxy
perpendicular to the beam path. The beam path length was
approximately 1 mm. The cells were heated to 75 °C and maintained
by a constant temperature water bath. Measurements on each sample
were taken over a period of 30 min. Background intensity was
accounted for by measuring the scattered intensity of neat PEO.
The scattering intensity of the PEO is subtracted off of the sample
scattering leaving only scattering due to the silica nanoparticles.
This is based on the fact that the scattering from the silica particles
dominates leading to our assumption that cross scattering terms
between the polymer and particle can be neglected and the
dispersion can be viewed as an effective one component sys-
tem.37-40

The scattering intensity of X-rays from a single component
dispersion is given by

I(q, φc)) φcVc∆Fe
2P(q)S(q, φc)+B (2)

The first term refers to scattering from the particles where φc is the
particle volume fraction, Vc is the volume of a single particle, and
∆Fe is the electron scattering length density of the particles over
that of the PEO dispersing phase. The variable q is the scattering
vector, q ) (4π/λ)[sin (θ/2)], where λ is the wavelength of incident
X-rays and θ is the scattering angle. P(q) is the form factor
accounting for intraparticle scattering interference and S(q,φc) is

the structure factor accounting for interparticle scattering interfer-
ence. The second term, B, refers to background scattering and
scattering from the polymer. Background scattering and polymer
scattering is subtracted off of the intensity by the scattering of a
reference which in our case is the neat polymer. From this point
on, I(q,φc) will refer only to scattering from the particles.

In the dilute particle limit, the structure factor goes to unity and
the scattering equation reduces to I(q,φc) ) φcVc∆Fe

2P(q). The form
factor for spherical particles is given by

P(q)) (3
sin(qDc ⁄ 2)- (qDc ⁄ 2) cos(qDc ⁄ 2)

(qDc ⁄ 2)3 )2

(3)

We account for modest polydispersity in particle size by calculating
P(q) for a size distribution. This is done by employing a Gaussian
diameter distribution to calculate an average form factor for a
population of particles with volume average diameter Dj c and
standard deviation ν. The integration variable Dc is the variable
diameter of a particle.

Pj(q))

∫ 1

√2πν2
e(-(Dc - Dj c)2/2ν2)Dc

6P(q) dDc

∫ 1

√2πν2
e(-(Dc - Dj c)2/2ν2)Dc

6 dDc

(4)

Experimental scattering of dilute suspensions are fit to the scattering
equation for q > 0.007 Å-1 utilizing eq 4 for the form factor to
determine a scattering size and standard deviation in the polymer
melt (Figure 1). The depression in the scattering at low q in Figure
1 is due to the influence of S(q,φc) which is not truly unity at all q,
but less than unity at low q. The fitting procedure has three
adjustable parameters: particle diameter, standard deviation, and
electron contrast density.

As the volume fraction of particles is raised, the structure factor
measures the spatial distribution of particles in inverse space.
Formally, the structure factor for a single component dispersion is
defined as the Fourier transform of the nonrandom part of the pair
correlation function, gcc(r).

S(q, φc)) 1+
φc

Vc
∫0

∞
4πr2[1- gcc(r)]

sin(qr)
(qr)

dr (5)

The term [1-gcc(r)] is often called the total correlation function,
hcc(r). In order to determine the real space distribution of particles,
one must take the inverse Fourier transform of S(q,φc) to find gcc(r).

Figure 1. Experimental scattered intensity and model fit [solid line] of
a dilute suspension (φc ) 0.022) of particles in PEO1000 utilizing an
average form factor, Pj(q). Fitting parameters are Dj c ) 44 nm, ν ) 4
nm, ∆Fe ) 6.5 × 1010 cm-2.
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Experimental structure factors for concentrated suspensions are
calculated by dividing the intensity of a concentrated suspension
by the intensity of a dilute suspension (ds), eq 6. In the dilute limit,
the structure factor goes to unity since particle positions are
uncorrelated. The result leaves S(q,φc) for the concentrated suspen-
sion,

S(q, φc))
I(q, φc)

Ids(q, φc)

φc,ds

φc
(6)

III. Results and Discussion

A. Rheology. In Figure 2, the steady state relative viscosity,
ηr ) η/ηp, is plotted as a function of the dimensionless Peclet
number (Pe ) 6πηpγ̇Rc

3/kBT, ηp is the viscosity of the polymer,
Rc is the particle radius, γ̇ is the shear rate, kB is Boltzmann’s
constant, and T is temperature). The neat low molecular weight
polymers behave as Newtonian liquids with viscosities of 16
cP and 35 cP at 75 oC, respectively. At low particle concentration
(φc e 0.1), the melt viscosities are also independent of shear
rate. The slightly elevated viscosity at high Pe is due to
secondary flows not associated with the particles. A small
amount of shear thinning is present at φc of 0.193 and 0.177 in
PEO400 and PEO1000 respectively. Shear thinning in stable
particle suspensions is a many body effect and appears as three-
body and higher order interactions become significant.41 These
interactions create thermodynamic stresses. At low shear rates
thermodynamic stresses dominate over hydrodynamic stresses
and elevate the low shear viscosity. At higher particle volume
fractions, shear thinning is observed. Shear thinning occurs as
hydrodynamic stresses alter the suspension microstructure. At

high Pe, the viscosity reaches a second plateau. The behavior
observed for the flow properties of the silica particles in these
low MW polymers (high MW solvents) is similar to the behavior
of stable particle suspensions in low MW solvents: viscosities
dominated by Brownian type interactions at low rates of
deformation and viscosities dominated by hydrodynamic inter-
actions at high rates of deformation.41

Due to the Newtonian behavior of unentangled PEO melts
and the large polymer-particle size ratio, we make the assump-
tion that the low MW polymer-particle composite may be
viewed as a particle suspension in a high viscosity continuum.

Figure 2. Measurement of the relative viscosity versus Pe of (A)
PEO400 for φc of 0.000 [O], 0.095 [0], 0.193 [4], 0.296 [#]0.410 [/],
0.480 [+] and (B) PEO1000 for φc of 0.000 [O], 0.091 [0], 0.177 [4],
0.270 [#], 0.373 [/], 0.445 [+].

Figure 3. Measurement of the zero shear rate viscosity of PEO400
[b] and PEO1000 [9] are plotted versus φc. Also shown are Einstein’s
equation [dotted line], Einstein’s equation including the hard sphere
second order correction [dot-dash line], and fits to eq 7 [solid lines].

Figure 4. Measurement of (A) the low shear rate viscosity and (B) the
high shear rate viscosity for PEO400 [b] and PEO1000 [9] nanocom-
posites are plotted versus φc [closed symbols]. Also shown is a smooth
curve through experimental hard sphere data [dashed line] plotted as a
function of volume fraction.43,44
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Under this premise, the low shear relative viscosity, ηr,o )
limPef0ηr, of stabilized particles at low volume fractions in a
solvent may be characterized by

ηr,o ) 1+ 2.5kφc +H(kφc)
2 (7)

where k ) φeff/φc, φeff is an effective volume fraction, and H
accounts for particle pair interactions. We expect H ) 5.9 if
the particles interact as hard spheres.42 In Figure 3, ηr,o is fit to
eq 7 by a least-squares nonlinear regression for φc e 0.10
yielding k ) 1.18 ( 0.04 and 1.34 ( 0.05 and H ) 6 ( 1 and
6 ( 1 for PEO 400 and 1000 respectively. The values of k imply
that the particles look effectively larger and the values of H
compare well to the theoretical value of 5.9 expected of hard
sphere suspensions. These dilute solution results suggest that
particles behave as hard spheres with sizes that are larger than
the core silica particle. In Figure 3, closed symbols are ηr,o

measurements at low volume fractions plotted versus φc. Also
shown are the predictions of Einstein’s equation (ηr,o ) 1 +
2.5φc), Einstein’s equation with the second order correction for
hard spheres (ηr,o ) 1 + 2.5φc + 5.9φc

2), and the fitting results
to eq 7. The observation that k is greater than unity and H is
equivalent to the hard sphere value suggests that particles have
a larger effective hydrodynamic size and that interactions can
be characterized by a hard repulsion.

In Figure 4, ηr,o is plotted as a function of φc as closed
symbols over the full volume fraction range studied. When
comparing ηr,o to the viscosity measured of experimental hard
sphere suspensions,43,44 the particles again appear to occupy a
volume larger than their core size. (Figure 4A). Secondary flows
at high shear and loss of sample from spinning out of the cone
and plate gap in some cases hindered absolute measurement of
the high shear relative viscosity, ηr,∞. The values shown in
Figure 4B are from fitting ηr with eq 8 to extrapolate to the
high shear plateau.

ηr ) ηr,∞ +
ηr,o - ηr,∞

1+ (σr/σc)
m

, σr )
σRc

3

kBT
(8)

σr is the reduced shear stress, σc is a dimensionless critical stress,
and m is a fitting parameter. Values of σc and m are shown in
Table 2. σc are similar to those observed for hard sphere-like
particles suspended in low molecular weight continuous phases,
and also indicates a maximum critical stress.45 ηr,∞ is found to
also be elevated above the high shear viscosity measured of
experimental hard spheres (Figure 4B).44 The elevation is higher
as the MW is increased.

In Figure 5, ηr,o and ηr,∞ are plotted versus φη where φη )
kηφc. kη is an adjustable parameter that accounts for the larger
effective size of the particles due to polymer adsorption. We
find that these data at all volume fractions for the two melts
collapse onto a single curve at low Pe that superimpose on the
experimental data of hard sphere-like suspensions.43,44 The data
also collapse at high Pe, but the viscosity as a function of φη
drops convincingly below hard spheres at φη > 0.3.44 The values
of kη that collapse the data are found to depend similarly on
polymer molecular weight following the relation kη ) (Dη/Dc)3

) [1+(2.9Rg/Dc)]3. The values of kη are 1.18 ( 0.01 and 1.29
( 0.02 for PEO 400 and 1000 respectively which agree quiet

well with k determined from the fitting of the dilute viscosity
data to eq 7. The quantity Dη/Dc, where Dη is an effective
particle diameter, is 1.06 and 1.09 for PEO 400 and 1000,
respectively. The dependence of kη on Rg indicates that effective
hard sphere size depends on polymer molecular weight sug-
gesting that the range of the effective hard sphere repulsion is
governed by the degree of polymerization, not by polymer
segment size.

When comparing the low shear viscosity to that observed
for hard spheres, the polymer layer has a constant thickness up
to φη of 0.57. The average particle surface to surface separation
in terms of Rg at this volume fraction can be estimated from
acc ) (Dc/Rg)[(φm/φc)1/3 - 1] where φm is the maximum random
packing fraction of 0.63. When φc ) 0.445 (φη ) 0.572) for
PEO1000, acc ) 4.1 indicating that at this volume fraction the
adsorbed layers are not yet overlapping. Thus, filled melt
viscosity is well described by effective hard spheres suspended
in a Newtonian continuous phase even when the distance
available for polymer between the effective hard core particle
surface is of order 2Rg. These results indicate that the particles
interact like hard spheres with a size that depends on polymer
molecular weight, but not volume fraction, suspended in a
continuous phase with a molecular weight dependent Newtonian
viscosity.

The high shear viscosity drops below hard spheres at high
particle volume fractions. Our initial intuition is that this is a
result of the softness of the adsorbed polymer layer. The high
shear viscosity clearly deviates from hard spheres at φη > 0.3.

Table 2. Relative Viscosity Fitting Parameters

PEO400 PEO1000

φc φη σc m φc φη σc m

0.193 0.227 0.087 3.2 0.177 0.227 0.089 1.92
0.296 0.348 0.13 1.79 0.270 0.348 0.11 1.73
0.410 0.482 0.13 1.63 0.373 0.479 0.13 1.62
0.480 0.564 0.051 1.70 0.410 0.527 0.082 1.45

0.445 0.572 0.030 1.75

Figure 5. Measurement of the (A) zero shear rate viscosity and (B)
the high shear rate viscosity for PEO400[O] and PEO1000 [0]
nanocomposites are plotted versus φη [open symbols]. The inset (A)
shows the low shear viscosity at low volume fractions. Also shown
are Einstein’s equation [dotted line], Einstein’s equation with the hard
sphere second order correction [ dot-dash line], and a smooth curve
through experimental hard sphere data [dashed line] plotted as a function
of volume fraction.43,44
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It is difficult to know if the high shear viscosity deviates at
lower volume fractions since secondary flows hinder measure-
ment at higher shear. Interestingly, the high shear viscosity of
suspensions of soft particles fall off the effective hard sphere
curve as the volume fraction exceed 0.3 suggesting that deviation
of the high shear viscosity may be associated with soft particle
interactions.46 These same suspensions also show deviation of
the low shear viscosity from hard sphere behavior as well.

Recently, working at shear rates that are extreme compared
to those probed experimentally here, Pryamitsyn and Ganesan
silmulated the flow of nanoparticles in an unentangled polymer
melt and showed that polymer slip increased with polymer
molecular weight when there are weak attractions between
polymer segments and the particles. These simulations were
carried out with particles having a diameter of five segment
diameters and did not show an increased effective particle size
with polymer molecular weight.

Wyart and de Gennes hypothesized that polymer slip at a
particle surface can lower the friction factor associated with
particles in a polymer matrix.47 This effect diminishes as
the particle size becomes larger than the Edward’s tube
diameter,48 However in the large particle limit, with increasing
strength of segment-particle attraction, they suggest that the
effective particle hydrodynamic size will increase by ∼Rg due
to nonslip of polymer segments at the surface.

While models and simulations consistently show the length
scale for polymer melt modulated surface interactions is the

segment diameter, confined melt experiments consistently show
monotonic repulsive profiles that scale on the polymer radius
of gyration.7-16 For example, Granick and co-workers report
the force profile of PPMS on mica for several molecular weights
all below Me.7 In their work, the polymers used are similar in
size (Rg) and number of skeletal bonds to that of PEO 400 and
1000. They observe a monotonic repulsion that increases in an
exponential fashion and report that the required force to hold
surfaces at a fixed separation for different molecular weights
collapse onto a single curve when the plate separation is
normalized by Rg. The repulsive force becomes appreciable (∼1
kBT) at a spacing of ∼4.5 Rg and is strongly repulsive
approaching a hard wall interaction when the surfaces have a
separation of 2.8 Rg. When measuring the dynamic response,
the confined polymer displayed a viscosity comparable to the
bulk viscosity at surface separations of 7Rg, but transitioned to
an elastic response at separation distances of <5Rg.

In the present study, the minimum average particle separation
probed is 4.1Rg for PEO1000 at φc ) 0.445. At this volume
fraction, the filled melt has a well defined low shear viscosity
suggesting that free polymer is present between the particles
with a viscosity comparable to the bulk viscosity. The adsorbed
PEO appears to form a more compact layer than PPMS.

Schools of thought on the origin of the Rg scaling of the
repulsion include that of de Gennes where polymers assume an
extended configuration.17 The repulsion is described by the
pinning of segments to the surface such that the polymer
molecules cannot adjust their configurations on a reasonable
time scale as they become confined thus trapping them in a
“restricted” equilibrium configuration. Mansfield and Theodorou
appear to explain the pinning effect as arising from high
potential barriers at segment adsorption sites which impedes

Figure 6. Particle structure factors of (A) PEO400 at a φc of 0.095
[O], 0.193 [0], 0.296 [4], 0.410 [#] 0.514 [/], 0.550 [+] and (B)
PEO1000 at a φc of 0.091 [O], 0.177 [0], 0.270 [4], 0.373 [#], 0.473
[/], 0.520 [+]. Dashed lines are model fits to polydisperse hard sphere
structure factors using two adjustable parameters: the effective particle
volume fraction, φS(q), and the effective particle diameter, Dq*.

Figure 7. (A) Particle inverse compressibility (1/S(0,φc)) and (B) the
magnitude of the first structural peak (S(q*,φc)) plotted versus φc for
PEO400 [O] and PEO1000 [0]. Also shown is the expected curves of
a hard sphere suspension [dashed lines].
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lateral motion of chains and lengthens the relaxation time.6 A
second explanation invokes nonequilibrium adsorption where
the first polymers to adsorb assume a flat configuration while
polymers that adsorb later assume an extended configuration
due to lower availability of adsorption sites.49 In this case, the
strength of segment-surface interactions hinders equilibration
of the adsorbed segments. These two explanations highlight an
ongoing debate over equilibrium versus nonequilibrium polymer
adsorption. Both approaches argue that repulsive interactions
have ranges that will scale on Rg. Our mechanical studies cannot
distinguish between the two, but do confirm the existence of a
monotonic repulsion that scales with Rg and appears to stabilize
particles.

B. SBUSAXS. Based on the collapse of the low shear
viscosity data onto data predicted and measured for other hard
sphere-like suspensions, we would expect the static microstruc-
ture of the particles in PEO to mimic effective hard particles of
a slightly larger size. Figure 6 shows the particle structure factors
of moderately low to high particle concentration in PEO400
and PEO1000. The particles display liquid like character in both
molecular weights up to volume fractions greater than 0.50.

Given our interest in the effective particle volume fraction
developed from the comparison of the filled polymer viscosities
with values predicted for hard spheres, we initiate our investiga-
tion of the particle microstructure by the ability of hard spheres
to capture the inverse particle compressibility, ∂Π/∂φc, which
is measured through Eq. (9) by extrapolating to S(0,φc).

lim
qf0

1
S(q, φc)

)
Vc

kBT
∂Π
∂φc

(9)

Π is the osmotic pressure. The results shown in Figure 7A
include data presented in Figure 6 and several addition dilute
measurements. The two lines in the inset of Figure 7A are a
linear fit of the dilute measurements to a first order virial
expansion in Eq (10).

lim
qf0

1
S(q, φc)

)
Vc

kBT
∂Π
∂φc

) 1+ 8Bj2φc(dilute) (10)

Bj2 is the particle second virial coefficient normalized by the
particle excluded volume and is interpreted as a conversion
factor between the colloid volume fraction and the effective
hard sphere volume fraction, φS(q)/φc. As a result, we expect
values of kη and Bj2 to be similar and indeed we find that Bj2 )
1.3 ( 0.2 and 1.4 ( 0.3 for PEO 400 and 1000, respectively.
Thus, under dilute conditions, the suspension thermodynamic
and hydrodynamic properties are well described as effective hard
particles with sizes slightly larger than the core silica particle
size.

For φc > 0.09, there is a rapid rise in 1/S(0,φc) suggesting a
dramatic suppression of particle density fluctuations. 1/S(0,φc)
continues to grow rapidly upon further addition of particles.
When compared to a hard sphere suspension in a low MW
solvent at the same particle concentration (Figure 7A, dashed
line), the particles in melts of both molecular weights are much
less compressible than if the particles interacted only through
volume exclusion interactions. At higher φc, the growth in the
osmotic pressure slows and eventually approaches the hard
sphere value.

The magnitude of S(q*,φc) provides information about the
coherence in the first nearest neighbor shell of particles. In
Figure 7B, we compare the behavior of S(q*,φc) measured in
our melts with the behavior expected for hard spheres and
observe behavior similar to the volume fraction dependence of
1/S(0,φc). The dispersion is less compressible as the shell of
nearest neighbor particles becomes more coherent due to
suppressed particle density fluctuations. However, above a

volume fraction of 0.3, the growth in S(q*,φc) slows, and values
of S(q*,φc) approach those expected for hard spheres at a volume
fraction of φc.

These data suggest that density fluctuations are suppressed
over those expected for hard spheres and are more strongly
correlated than expected for hard spheres of the same size as
the core silica particles. However the decrease in compressibility
and increase in coherence of the first shell of particles slows at
higher volume fractions suggesting a softening of the repulsive
interactions such that at the highest volume fractions the
behavior approaches that of hard spheres with the core silica
size. Note that the PEO1000 suspensions start with an effective
size larger than the particles suspended in PEO400. However
at higher volume fractions there are fewer density fluctuations
and more coherence in the PEO400 composites.

Further analysis of the scattering data is found by forcing a
fit of S(q,φc) by an effective hard sphere structure factor. Hard
sphere structure factors are calculated using the Percus-Yevick
closure through the method of Vrij and Baxter’s simplification
of the direct correlation function.50-52 The model calculates the
total scattering intensity of a suspension as a function of
dimensionless scattering vector, qD, for an input volume
fraction. A Gaussian particle size distribution is incorporated
into the model to predict the scattering intensity of a polydisperse
particle suspension. The particles are 10% polydisperse. Poly-
disperse structure factors are derived by dividing the total
scattering intensity by the particle form factor.51 The predictions
of the model have been shown to predict the scattering intensity
of polydisperse monomodal and bimodal particle populations.53

Figure 6 shows the fits to the model.
The structure factors are fit to the model using two adjustable

parameters: φS(q), an effective particle volume fraction and Dq*,
an effective particle diameter that captures the average spacing
between the particles. The fitting procedure is as follows. First,
φS(q) is selected that captures the magnitudes of S(0,φc) and
S(q*,φc). The model calculates the structure factor in dimension-
less scattering vector space. Second, an effective hard sphere
diameter, Dq*, is selected such that the model fits the experi-
mental structure factor in dimensional scattering vector space.

By allowing Dq* to be independent of φS(q), the model captures
in a near quantitative manner, the experimental structure factors.
Notice that Dq* only shifts the data in q space, but does nothing
to the shape of the model structure factor. Below we discuss
the implications of allowing Dq* to be independent of φS(q). By
forcing S(0,φc) to hard sphere values we extract an effective
thermodynamic volume fraction, φS(q). Of significance is that
the same value of φS(q) also predicts the magnitude of S(q*,φc)
and the shape of the first peak in S(q,φc) near q* when the
effective particle size is set to Dq*. This demonstrates that the
structure can be interpreted in terms of effective hard sphere
behavior.

There are two important features of φS(q). First, for small
values of φc, the effective particle volume fraction is slightly
larger than the core particle size. With increasing φc, φS(q) passes
through a maximum before returning to values near φc with
increasing number density. (Figure 8). Second, the effective
volume fraction is weakly dependent on polymer molecular
weight. These features indicate that the thermodynamic and
hydrodynamic particle sizes have different dependencies on
silica volume fraction and polymer molecular weight.

In order to make a comparison between the effective particle
sizes we define one final effective size from the PY fits to
S(q,φc), DS(q) ) Dc(φS(q)/φc)1/3. In Figure 9, we compare three
measures of particle size as a function of φc. The hydordynamic
sizes are dependent on molecular weight but have no dependence
on φc. The thermodynamic sizes are not equal but are substan-
tially larger than Dc at φc ∼ 0.09 and decrease toward Dc as φc
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increases. The maximum in the thermodynamic size suggests
particles experience a long-range repulsion that is not important
in determining the suspension viscosity.

The inability of effective hard spheres to describe the structure
with a particle size and volume fraction that have similar
dependencies on particle number densities suggests the hard
sphere pair potential cannot describe particle packing behavior.
In addition, the possibility of nonequilibrium polymer configu-
rations may influence the packing and rheology in ways that
are not captured in equilibrium descriptions of particle packing.

IV. Conclusion

Silica nanoparticles dispersed in unentangled PEO melts were
studied using measurement of steady state filled melt viscosity
and the particle static structure factor. Silica and PEO have near
identical refractive indices such that VDW forces between the
particles are minimized. Thus, particle stability is expected to
be solely governed by polymer-surface interactions. Contrast
matched particle suspensions in low molecular weight solvents
where the solvent wets the surface are routinely well described
by hard sphere models.43,44 Here we explore the ability of
particles dispersed in polymer melts to obey such models. Past
experiments performed with high molecular weight filled
entangled polymers show deviations, yet there is no consensus
on the origin of the deviations: particle aggregation,54 polymer
bridging,22 or a slowing down of polymer entanglements.7,21,55

The present study focused on unentangled polymers where the
complications of entanglements and long relaxation times in

the bulk polymer are eliminated. In an attempt to demonstrate
the equilibrium nature of the observations, we demonstrate that
particle packing and flow properties are independent of the
preparation path. The formation of the adsorbed layer is
considered to be a “restricted” equilibrium or nonequilibrium
phenomenon,17,49 yet the adsorbed polymer consistently evolved
to the same final state. We see no evidence of a change in the
state of the dispersion or in rheological properties as the
nanocomposite melt is sheared or annealed as was previously
seen in high MW PEO-silica nanocomposites.22 The viscosity
of the unentangled PEO-silica nanocomposites diverges at high
volume fraction suggesting the onset of a solid like response.
Further studies are needed to discern the origin of elevated
mechanical properties in PEO-silica nanocomposites below
entanglement and as the MW of the polymer is increased.

The viscosity showed a well defined low shear viscosity, and
shear thinning expected for colloidal suspensions in low
molecular weight solvents. We conclude that the collapse of
ηr,o onto experimental hard spheres by increasing the size of
the particles proves that the particles are interacting as effective
hard particles with a larger size of Dc + 2.9Rg in the polymer
melt. The fact that the effective size of the particles scales with
polymer Rg suggests that the effective hard particle interaction
originates from adsorbed polymer on the particle surface. Scaling
of adsorbed layers with Rg in contact with its melt has been
seen previously in confinement studies of polymer melts.7-16

The similarity of the low shear viscosity as a function of φη
to a hard sphere suspension suggests that the flow behavior is
best understood through the flow mechanics of colloidal
suspensions. At low particle concentrations, the viscosity is
enhanced by particles with a larger effective hydrodynamic size
due to polymer adsorption. The low shear viscosity is well
described by colloidal models with a no-slip boundary condition
located at a surface of shear 1.4Rg from the particle surface. At
moderate particle concentrations where the dispersion is no
longer considered dilute, three-body and higher-order interac-
tions induce local structure in the density distribution of particles.
The viscosity is enhanced by thermodynamic stresses at low
Pe and hydrodynamic stresses at high Pe. The volume fraction
dependence of the high shear viscosity is lower than the viscosity
of hard spheres, yet still collapses onto a single curve for the
two molecular weights studied with an effective particle size
of Dc + 2.9Rg.

While rheology supports a hydrodynamic size that depends
on an adsorbed polymer layer in direct contact with the particle
surface, static scattering supports a different effective particle
size based on the particle structure factor. The structure factors
appear liquid-like and are well fit by a hard sphere model that
employs the Percus-Yevick closure with an effective volume
fraction, φS(q), and an effective particle diameter, Dq*. The
particle compressibility, however, does not mimic hard sphere
behavior as a function of particle volume fraction. Instead φS(q)/
φc peaks at φc ∼ 0.1 and declines thereafter. At this volume
fraction, Dq* indicates an effective particle size of Dc + 20 nm.
Dq* is suggested to be a measure of the range over which the
particle surface can influence polymer segment packing cor-
relation, ∼10 nm. This range is larger than the unperturbed
molecular size of either polymer molecule, 12Rg and 8Rg in
PEO400 and PEO1000, respectively. The Kuhn segment of PEO
is calculated to be 1.2 nm; therefore, the repulsion is ap-
proximately eight segment diameters.

The particle structure factors imply that the particle surface
is able to influence polymer properties far into the bulk polymer.
Such behavior has been documented for polymer when confined
between two plates and in dilute particle dispersion in polymer
melts.56-58 These studies suggest that confinement of polymer
between two particles enhances the range over which the surface

Figure 8. The normalized effective particle volume fraction based on
the fit to hard sphere structure factors (φS(q)/φc) for PEO400 [O] and
PEO1000 [0] and on the low shear rate viscosity (φη/φc) for PEO400
[b] and PEO1000 [9] versus φc.

Figure 9. The normalized effective particle diameters plotted versus
φc: Dq*/Dc for PEO400 [x] and PEO1000 [!], DS(q)/Dc for PEO400
[O] and PEO1000 [0], and Dη/Dc for PEO400 [b] and PEO1000 [9].
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can impact polymer properties. The sudden suppression in
particle density fluctuations on increasing φc to a value larger
than 0.1 is likely a confinement effect.

At a volume fraction of 0.2, the average interparticle
separation distance, reaches 20 nm. At this volume fraction,
φS(q) and Dq* decline in a similar manner while S(q,φc) continues
to resemble liquid like structure factors. The decline in φS(q)

and Dq* suggest that the range over which the particle can exert
influence over the polymer is being reduced due to stripping of
polymer from the interparticle region. This may explain the
reduction in φS(q) and Dq* while S(q,φc) continues to resemble
liquid like structure factors.

In summary, we find that the particle pair interaction potential
that drives how particles pack in the melt appears to not
influence the viscosity. Classical statistical mechanics teaches
us that the particle pair interaction potential should determine
the particle density fluctuations as the particle phase becomes
more concentrated, and this should in turn influence the particle
dynamics and overall melt flow mechanics. The discrepancy
between the rheology and the particle microstructure observed
for these unentangled melts suggests that this view breaks down
for filled melts studied here. Whereas the low shear viscosity
collapses onto experimental hard spheres when the particle
diameter is increased by 2.9Rg, the static particle structure does
not mimic this trend. The suppression of particle density
fluctuations above and beyond those expected of hard particles
suggests that internal configuration of the polymer and the ability
of the polymer to associate with the particle play a role in
determining microstructure. The results imply that the mixture
of polymer and particles cannot be simply thought of as particles
suspended in a solvent continuum even though 2Rg/Dc ) 0.037
for PEO400.
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