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ABSTRACT: The stability of 44 nm diameter silica particles in poly(ethylene glycol) (PEG) melts is assessed
through the experimental measurement of particle second virial coefficients,B2 ) B2,cc/B2

HS, whereB2,cc is the
particle second virial coefficient andB2

HS is the excluded volume second virial coefficient of the particles.
Measurements are made using side bounce ultra-small-angle X-ray scattering (SBUSAXS) of dilute filled PEG
melts of variable molecular weight. Results showB2 values to be equal to or greater than one for the molecular
weights investigated. Experimental results are compared to recent PRISM theory adaptations to filled polymer
melts.

I. Introduction

Filled polymers are a class of materials in which particulate
matter is dispersed in a polymer matrix. These materials are of
significant technological interest due to the ability of the particles
to improve and alter mechanical, electrical, rheological, optical,
and/or thermal properties of the composite. These materials find
uses in diverse products, including filled rubbers, nanocompos-
ites, insulating and conductive polymers, biomaterials, coatings,
and thermal resistive materials. Many of the particle enhanced
properties are strongly dependent on the state of the particle
dispersion. In turn, the degree of dispersion is determined by
polymer-mediated particle interactions. Only a few studies have
investigated the microstructure of these systems.1-5

Comparison between models and experimental measures of
particle behavior in polymer melts is made difficult due to the
long relaxation times associated with high molecular weight
polymers and difficulties in reaching equilibrium. To circumvent
this difficulty, we work with nanoparticle dispersions in low
molecular weight polymers where we systematically increase
polymer molecular weight. Using side bounce ultra-small-angle
X-ray scattering experiments (SBUSAXS),6 we assess the
thermodynamic stability of 44 nm diameter Sto¨ber silica
particles in poly(ethylene glycol) (PEG) melts through the
determination of second virial coefficients. Our dilute polymer
melt studies lay the foundation for future studies of the
microstructure of dense particulate-polymer mixtures.

PEG is a highly active surface molecule able to adsorb
strongly to hydrophilic and hydrophobic surfaces often
irreversibly.7-21 PEG adsorption capability has been an area of
active research from fundamental studies on polymer adsorption
and colloid stability8-10,12-18,21 to novel innovative areas such
as drug delivery and adsorption inhibition.11,19 In the area of
biotechnology and drug delivery, proteins are conjugated with
PEG to increase their transfer to a surface.11 In other cases,
PEG adsorption may be used to inhibit adsorption of another
molecule.19 A few studies have also shown that end effects
alter the adsorption characteristics of the PEG backbone even
at high molecular weights.22-24 Measurement of segmental
adsorption energies and estimates of the work of adhesion of

PEG on silica show PEG to adsorb strongly to a silica surface,
much more so than other polymers.20 These studies tend to be
carried out in ternary systems containing solvent, particles, and
polymer. We are interested here in understanding polymer-
mediated particle interactions in a binary system of particles
and polymer.

Recently, a model for the state of aggregation of nanoparticles
in polymer melts has been developed by Hooper and Sch-
weizer.25 This model uses a polymer reference interaction site
model (PRISM) for the polymer and accounts for polymer
segment-segment, polymer segment-particle, and particle-
particle interactions. For particles that only experience volume
exclusion interactions, two key parameters are found to be
important in determining the state of particle aggregation: the
polymer segment-particle contact interaction energy and the
range of the attraction. The state of aggregation is determined
by a competition between entropic and enthalpic contributions
where the entropic contribution results from oscillatory depletion
forces acting between two particles in a polymer melt. Depletion
forces are governed by intrinsic polymer density fluctuations
that arise as a result of segment level packing correlations.
Depletion forces will therefore depend on the ratio of particle
to segment diameters,D/d. These attractive forces favor contact
aggregation and describe the athermal limit where there is
negligible interaction between polymer segment and the particle
surface. This type of behavior is similar to the strong depletion
forces found in highly asymmetric binary hard-sphere suspen-
sions26,27 and in nonadsorbing dilute polymer-particle
solutions28-32 where contact aggregation of the large spheres
is driven by exclusion of the small spheres or polymer from
the region between the large spheres. The structure and potential
of mean force between two particles in the athermal case have
recently been explored using PRISM theory and molecular
dynamic simulations.33 Good agreement was seen between the
two approaches.

The enthalpic contribution becomes important when there is
a favorable attraction between monomer and the particle surface.
For particles experiencing only volume exclusion interactions,
a favorable polymer-particle attraction competes against en-
tropic depletion and, as has long be appreciated, is necessary
for obtaining a stable dispersion in a polymer melt.34 As the
strength and range of the polymer-particle attraction are* Corresponding author. E-mail address: czukoski@uiuc.edu.
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increased, one can imagine the buildup of an immobilized
polymer layer that resists direct particle contact and results in
steric stabilization.

Recent studies performed by Hooper and Schweizer suggest
four types of particle organization in dilute particle-polymer
melts: entropic depletion aggregation, steric stabilization, local
bridging flocculation, and tele-bridging flocculation.25 The
ability of a given polymer-particle mixture to fall into one of
these classes is governed by the particle-polymer segment size
ratio, particle volume fractionφc, polymer molecular weight,
and the strengthεpc and rangeR of attraction between polymer
segments and the particle surface. Hooper and Schweizer also
investigate particle stability in polymer melts through calculation
of the particle second virial coefficient.35 They find the second
virial coefficient displays nonmonotonic behavior varying from
negative to positive and back to negative with increases in the
strength of polymer-particle attraction for specified polymer
chain lengthN. The repulsive regime corresponding to positive
second virial coefficients occurs at interaction energies of 1-2
kBT between polymer segments and the particle surface. Note
that this interaction energy is referenced to the polymer
segment-segment interactions in the bulk. The transition from
attractive to repulsive (negative to positive second virial
coefficient) is abrupt at low polymer-particle attraction (<0.5
kBT) while the transition from repulsive to attractive (positive
to negative second virial coefficient) depends on additional
mixture parameters such asD/d, R, and N. Few studies are
available to test the predictions of this model.

Below we characterize the second virial coefficient of silica
nanoparticles as a function of polymer molecular weight in the
melt. We start with monomer and increase the degree of
polymerization,N, to 180. These studies are carried out in the
high D/d limit and under conditions where we expect the
strength of polymer segment-particle interactions to be attrac-
tive.

This paper is structured as follows. Experimental methods
are described in section II. In section III, we report the details
of extracting the second virial coefficient and its variation with
polymer molecular weight. We find that the normalized particle
second virial coefficientBh2 (Bh2 ) B2,cc/B2

HS whereB2
HS is the

hard-sphere value) is greater than or approximately equal to
one for all molecular weights sampled. This indicates that the
nanoparticles are more repulsive than their equivalent hard-
sphere value. Thus, the nanoparticles appear to be thermody-
namically stable in a PEG melt irrespective of molecular weight.
In section IV, we discuss the experimental results in relation to
PRISM theory. Conclusions are drawn in section V.

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 Sto¨ber et al.36 The synthesis
produces an alcosol solution of silica particles. Particle diameter
was 43( 4 nm determined from TEM measurements (number
distribution) and 44( 4 nm determined from X-ray scattering
measurements (volume distribution). We predict a particle to
segment size ratio of 60 on the basis of a Kuhn segment diameter
of 0.7 nm (d ) C∞l/cos(θp/2), whereC∞ ) 4.1 is the characteristic
ratio of PEG,l ) 1.5 Å is the length of a backbone bond, andθp

) 68° is the angle of a backbone bond). LargeD/d values are
equated with decreased particle stability. A particle diameter of 44
nm was chosen as a compromise between minimizingD/d and our
ability to synthesize well-defined monodisperse particles. Particles
were dispersed in ethylene glycol and PEG ranging in MW from
400 to 8000 purchased from Sigma-Aldrich. Particle dispersions
were made by combining known masses of the alcosol and PEG.

The ethanol is evaporated at∼70 °C in a vacuum oven initially
purged with nitrogen to remove oxygen which is known to degrade
the polymer at elevated temperature. Higher temperatures are needed
for PEG to dissolve in ethanol. The unusual phase behavior of PEG
in ethanol has recently been studied.37

The amount of alcosol added to a known mass of PEG was
determined by the desired amount of loading once the ethanol was
evaporated. The filled polymer is transparent since PEG and silica
are contrast matched. This index matching reduces the van der
Waals forces between the particles.38 The filler content of the alcosol
was measured by dry weights after evaporation of the ethanol. The
volume fractions of filler were determined from the mass of silica
added to the polymer adopting a particle density of 1.6 g/cm3. The
particle density was determined from light scattering of silica
nanoparticle dispersions in ethylene glycol.

B. Light Scattering. Static light scattering (SLS) was performed
on a Brookhaven Instruments BI-200 SM goniometer with a Lexel
Argon-Ion model 95 laser. The wavelengthλ was 514 nm, and
measurements were taken fromθ ) 50°-130°. The instrument was
calibrated with the scattering of toluene to convert scattering
intensity from counts per second to absolute units of cm-1. The
samples were filtered with 0.45µm Corning filters into glass tubes
with a beam path length of 1 cm. The samples were heated to 70
°C and maintained by a constant temperature bath. Light intensity
was measured by a photomultiplier tube and processed by a BI-
9000AT digital correlator. SLS was performed on very dilute
particle concentrations (2.4, 4.8, 9.0, 11.9, and 14.1 mg/mL) in
ethylene glycol (EG). SLS of the filled polymer was not practical
due to the difficulty of filtering polymer to remove dust. PEG and
silica are also nearly contrast matched which further complicates
the measurement. The refractive index of EG is slightly less than
that of silica, making it possible to see the particles with light.

C. SBUSAXS. SBUSAXS was performed at the 33ID-D
beamline UNI-CAT facility 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. The side bounce
characteristic is enabled by a pair of horizontally reflecting crystals
which 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. The incident beam passes
through the first Kapton slide, is scattered by the sample, and exits
through the second Kapton slide. The beam path length was∼1
mm. The cells were heated to 70°C, which is above the melting
temperature of PEG (66°C), and maintained by a constant
temperature 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 PEG. The scattering
intensity of the PEG 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 the dispersion can be viewed as an
effective one-component system.

III. Results

A. Light Scattering. Static light scattering was performed
on silica dispersions in EG as a check of the particle molecular
weight that can be used to calculate the particle density. The
scattering intensity of light from a single-component dispersion
written in terms of particle mass concentration is given by

R(q,c) is the Rayleigh ratio which is the scattered intensity
normalized by the incident intensity. The Rayleigh ratio was
determined by normalizing the scattering intensity to that of

R(q,c) ) cMKP(q) S(q,c) + B (1)
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pure toluene at 90°. The variableq is the scattering vector,q )
(4π/λ) sin(θ/2) whereλ is the incident beam wavelength andθ
is the scattering angle. The first term refers to scattering from
the particles wherec is the particle mass concentration,M is
the particle molecular weight, andK is an optical constant,K
) 2π2n2(dn/dc)2/NAλ4, wheren is the refractive index of EG,
dn/dc is the refractive index increment, andNA is Avrogrado’s
number. The value of dn/dc of silica in ethylene glycol was
measured with a Milton Roy refractomenter to be 0.0219 cm3/
g. P(q) is the form factor accounting for intraparticle scattering
interference, andS(q,c) is the structure factor accounting for
interparticle scattering interference. The second term,B, refers
to background scattering of the dispersing phase. Background
scattering is subtracted off of the Rayleigh ratio by the scattering
of pure EG. From this point on,R(q,c) will refer only to
scattering from the particles.

To measure the particle molecular weight, we are interested
in scattering in the zero angle and zero concentration limit. We
assume the particle form factor is well described by Guinier’s
law (qDz < 2):

whereDz is thez-average particle diameter. Under conditions
of small q, a suitable approximation drops higher order terms
which scale asq4 and higher. In addition, in theq f 0 limit,
the structure factor can be related to a virial expansion through
the osmotic compressibility

In the dilute limit, higher order terms may be dropped.

Here Bh2 ) B2,cc/B2
HS where the second virial coefficient is

divided by that of a hard sphere of the same size. The hard-
sphere value is equal to 4 times the particle volume,B2

HS )
4Vc. Substituting these two approximations into eq 1, we rewrite
the Rayleigh ratio in Zimm form39

In accordance with eq 5, the data are plotted withcK/R(q,c) as
the ordinate andq2 + c as the abscissa. By applying the limits
of q ) 0 andc ) 0, the data can be extrapolated to obtain
estimates ofcK/R(q,c) at a single concentration and single
scattering vector, respectively (see Figure 1). Theq ) 0
extrapolated points have a slope that depends onB2 and an
intercept ofMw

-1. We find Bh2 ) 10.3( 0.5 andMw ) (4.5 (
0.2)× 107 g/mol. A Bh2 of 10.3 corresponds to an effective hard-
sphere diameter of 96 nm. Thec ) 0 extrapolated points have
a slope that depends onDz and an intercept ofMw

-1. We find
a Dz of 45 ( 5 nm and aMw ) (4.5 ( 0.1) × 107 g/mol. The
weight-average molecular weights are the same in both limits.
The weight-average molecular weight divided by thez-average
particle size gives a silica density of 1.6 g/cm3 as anticipated
from the literature.40

The reader may be concerned about the three higher
concentration data sets having a negative slope. This negative
slope is due to interparticle structure having an effect on
scattering and appears in the structure factor as a square angular
dependence.41-44

For the case of repulsive spheres,γ(c) is always a positive
function of concentration.44 The second virial coefficient sug-
gests that the particles appear more than twice as large with
respect to diameter than their real size. This will cause particle
structure to build into the suspension at concentrations lower
than what would be expected for purely hard-sphere systems.
Without accounting for the angular dependence of the structure
factor, the negative slopes seen at high concentration might be
thought to imply a negativeDz

2. The slopes are instead a result
of the square angular dependence of the structure factor. The
angular dependence of the structure factor drops out in the zero
angle and zero concentration limits, allowing us to obtain the
second virial coefficient and a particle size consistent with TEM
measurements.

Before presenting the second virial results of silica particles
in PEG melts, we turn first to explaining the largeBh2 value in
EG. TheBh2 is significantly larger than unity, which tells us
that the particles appear much bigger than their actual size. We
hypothesize that the dielectric constant of EG is sufficiently
high that the particles can carry a charge. To test the hypothesis,
the conductivity of dilute particle suspensions in EG and
PEG400 was measured as a function of particle volume fraction.
Conductivity measurements were made using a YSI model 34
conductance-resistance meter with a model 3403 dip cell at
25 °C. In the dilute particle limit where particles are noninter-
acting, we approximate the suspension conductivity as arising
from all ionic species according to

Figure 1. Zimm plot of silica in EG at concentrationsc of 2.4 (O),
4.8 (0), 9.0 (4), 11.9 (+), and 14.1 mg/mL (∞) with a stretch factor
of 10-3. The closed symbols show the extrapolated values for zero angle
(b) and zero concentration (9). The lines show the fits to the
extrapolated data for zero angle (solid) and zero concentration
(dotted).
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In this equation,σ is the solution conductivity,σs is the
conductivity of pure EG,zk andωk are the valence charge and
mobilities of thekth ion, Fk is the bulk number concentration
of the kth ion, ande is the elementary charge of an electron.
Ion mobility is defined by the relation

Here zk and ak are the valence and radius of thekth ion,
respectively, andµ is the continuous phase viscosity. There are
four general ionic species that contribute to the solution
conductivity: positive and negative ions present other than those
contributed by the particles, particle counterions due to dis-
sociation of silanol groups at the particle surface (SiOHf SiO-

+ H+), and the particle macroion. More complex expressions
for solution conductivity as a function of particle concentration
exist, but this simple expression will serve our purpose.

The conductivity of pure EG is grouped with the first two
terms of the summation in eq 7 to give the conductivity of the
solution at infinite particle dilution,σ0. The EG suspensions
contain trace amount of ammonia that was present in the alcosol
solution before the ethanol is evaporated off. Also, because of
the need to maintain overall solution neutrality, particle coun-
terions, i, must balance particle charge,Fi ) zcFc. We apply
these substitutions to eq 7 and rewrite in terms of particle volume
fraction,φc.

Ds is the diameter of the particle at the Stern surface. Ion
mobility is estimated in EG by multiplying a standard mobility
of an ion in aqueous (K+/Cl- ion, ωi,aq ) 7.8 × 10-4 cm2/
(V s)) by the ratio of the continuous phase viscosities

We assume the valence charge of an ion to be one. Particle
charge can be determined from the slope of conductivity
measured as a function of particle volume fraction with
knowledge of the particle mobility. Particle mobilities are
commonly measured using electrophoresis techniques. These

techniques require high contrast between the particles and
dispersing phase. We were unable to measure the electrophoretic
mobility of our particles in EG due to the small particle size
and similar refractive indices between silica and EG. Therefore,
we use the Hu¨ckel equation

to estimate the particle mobility in EG.ς is the zeta potential
which is defined as the potential at the surface of shear near
the particle surface.

If we assume a thick double layer,κDs/2 , 1, the zeta
potential can be assumed to be analogous with the particle
surface potential. The particle surface potential is related to
particle charge through the solution to the linearized Poisson-
Boltzmann equation45

whereκ is the Debye parameter

Assuming a monovalent symmetrical electrolyte,Fk was esti-
mated fromσ0 to be of the order 10-4 M, giving a κDs/2 ≈ 1.
Substituting eqs 11 and 12 into eq 9 gives a linear equation for
the conductivity as a function of particle volume fraction with
a slope that depends on the zeta potential:

In Figure 2, the reduced conductivity is plotted as a function
of particle volume fraction. We find the conductivity to rise
with the addition of particles to EG, indicating that the particles
add charge to the suspension. Using eq 14, we estimate a zeta
potential of 100 mV, which according to eq 12 translates into
400 elementary charges per particle. We find the opposite to
be true in PEG400. The conductivity declines with the addition
of particles, indicating that the dispersing phase conducts more
so than the particles. This shows that the surface silanol groups
do not disassociate in PEG and the particles are not charged.
The decline, however, is much steeper than we would expect
for simply uncharged particles, leaving us to believe that some
additional mechanism is also contributing to the reduction in
conductivity of the filled polymer. The conclusion we draw is
that ethylene glycol has a large enough permittivity,εEG ) 38.7,
to support a small charge on the particle surface while PEG400
whereεPEG ≈ 5-8 cannot support appreciable charge.

As a check on this estimate of particle surface potential, we
use the zeta potential to calculateBh2 and directly compare the
value with the results of light scattering. TheBh2 of a charged
particle is related to the repulsive potential force,Φ(r), between
two interacting double layers38

The integration variableb is the outer limit where the repulsive
potential decays to zero. The repulsive potential force between
two interacting double layers is approximated as

Figure 2. Reduced conductivity as a function of particle volume
fraction for EG (O) and PEG400 (0). Dashed lines show a linear fit.
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with δ ) πεrε0ς2Ds
2κ exp[κDs]/kBT.38 Evaluating the integral

with ς ) 105 mV andκDs/2 ) 1.9 givesBh2 ∼ 10, which
supports the second virial measured with light scattering. These
results provide independent and consistent support for particle
charge in EG.

It is widely known that the molecular weight of colloidal
macroions determined by light scattering can be heavily
influenced by double layer overlap of adjacent particles.46

Double layer overlap will cause a disorder-order transition at
volume fractions much lower than expected for hard spheres
where the crystallization volume fraction is 0.5. Strong double
layer overlap leads to correlated fluctuations in particle density.38

Under these circumstances, density fluctuations giving rise to
the scattering are not independent such that eq 5 cannot be
applied. Two approaches can be used to avoid this difficulty.
First, the repulsions can be screened by increasing the back-
ground electrolyte concentration. The amount of electrolyte
required to screen the electrostatic repulsions will depend on
particle charge. The higher the charge, the larger the concentra-
tion of background electrolyte required to mitigate the effects
of self-screening. Swamping with excess electrolyte, however,
may cause scattering from the electrolyte to become significant
compared to the particle. Scattering from excess electrolyte can
be taken into account by adding an additional term to eq 147

The subscriptj refers to the added excess electrolyte. At low
ionic strengths, the added term in eq 17 is negligible as in our
case. In the second approach, double layer overlap can simply
be avoided by reducing the macroion concentration such that
eq 5 is valid to determine molecular weight and the second virial
coefficient.46,47For charged particles, the capacity of the solution
to screen double layer repulsions is a function of the particle
concentration. At sufficiently low concentrations, density fluc-
tuations in the charged particles will become uncorrelated. The
challenge is to determine the volume fraction range where the
particle density fluctuations become independent such that
accurate extrapolation to zero concentration can be made.
Experimentally, one can look for linearity in 1/S(0,c) vsc, which
is observed (Figure 1). In addition, we can estimate whether
significant double layer overlap should be expected. This is done
by calculating the volume fraction where the particles will
undergo a disorder-to-order transition. Hard-sphere suspensions
transition from a disordered state atφc > 0.50 to an ordered
state atφc > 0.55. The larger effective size of our particles will
cause this transition to occur at a lowerφc given by the
expression 0.50Bh2 < φc < 0.55Bh2. Thus, we can expect double
layer overlap to be a concern atφc ≈ 0.05. The volume fractions
probed by light scattering are all less than 1%. Thus, the effects
of double layer overlap resulting in nonlinearities are not
expected and, as shown, not observed. The linearity of the
1/S(0,c) extrapolated points at different concentrations shown
in Figure 1, and this estimate of the particle concentration where
significant double layer overlap will occur indicates that at silica
volume fractions less than 0.01 in ethylene glycol we are in a
limit where density fluctuations are sufficiently uncorrelated that
we can extrapolate to zero concentration to determine an
accurate molecular weight. The agreement of this molecular

weight with other literature values of particle density suggests
that we have a consistent estimate of particle molecular weight
to be used in X-ray scattering experiments.

B. SBUSAXS. The scattering intensity of X-rays from a
single-component dispersion is similar in form to that used for
light written in terms of particle volume fraction

The first term refers to scattering from the particles whereVc is
the volume of a single particle and∆Fe is the electron scattering
length density of the particles over that of the PEG dispersing
phase. Again, the variableq is the scattering vector,P(q) is the
form factor, andS(q,φc) is the structure factor. Background
scattering is subtracted off of the intensity by the scattering of
the neat polymer. From this point on,I(q,φc) will refer only to
scattering from the particles.

Because of its larger scattering length density, silica scatters
much more strongly than the polymer with configurations altered
by the particles. As a result, scattering from conformational
changes in the polymer matrix caused by the particles is
negligible in the experimental measure of the particle second
virial coefficient. This approach is equivalent to scattering
studies of suspensions in low molecular weight continuous
phases where distortions to the solvent packing due to the
presence of the particles are associated with the particle and
ultimately attributed to particle size or potential of mean
force.48-51 Hooper and Schweizer show that ignoring the effects
of polymer configurational changes in calculatingB2,cc results
in only moderate shifts in theoretical predictions of filled
polymer melt phase behavior.35

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

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

We account for modest polydispersity by calculatingP(q) for a
volume distribution in particle size. This is done here by
employing a Gaussian diameter distribution to calculate an
average form factor for a population of particles with mean
diameterDh V and standard deviationσV. The subscriptV indicates
volume distribution. The integration variableDV is the variable
diameter of a particle.

Experimental scattering of dilute suspensions is fit to eq 18
by minimizing the sum of the residuals and utilizing eq 20 for
the form factor to determine a scattering size and standard
deviation in the polymer melt (Figure 3). The fitting procedure
has three adjustable parameters: particle diameter, standard
deviation, and electron contrast density. The fitting routine
yielded a particle diameter of 44 nm and a standard deviation
of 4 nm for all polymer molecular weights. The electron contrast,
however, is not the true contrast but is merely a variable
parameter used in fitting the data with an average form factor.
S(q,φc) is not truly unity and only approaches unity in the limit
φc f 0. Still, the influence ofS(q,φc) on scattering is small

Φ(r)
kBT

) δ
exp[-κr]

κr
(16)

R(q,c) ) cK
M [M -

zce∑cjzjej

∑(cj/Mj)zj
2ej

2]2

P(q) S(q,c) + B

(17)

I(q,φc) ) φcVc∆Fe
2P(q) S(q,φc) + B (18)

P(q) ) (3 sin(qD/2) - (qD/2) cos(qD/2)

(qD/2)3 )2

(19)

PhV(q) )

∫ 1

x2πσ2
e-(DV-Dh V)2/2σ2

DV
6P(q) dDV

∫ 1

x2πσ2
e-(DV-Dh V)2/2σ2

DV
6 dDV

(20)
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enough compared toP(q) that we are able to fit the data and
get a size and standard deviation that are comparable with TEM
measurements.

To extract second virial coefficients from the scattering
results, we are interested in variations in absolute scattering
intensity in the zero angle limit. To determine this, we need to
know the particle volumeVc, the particle volume fractionφc,
and the electron contrast density∆Fe. The particle volume can
be derived from the form factor fit (see Figure 1) and also
calculated from TEM measurement. Particle volume fraction
is calculated from the mass of particles added to the polymer
and the particle molecular weight (determined with light
scattering). We lack an independent measure of the electron
contrast density and must determine it simultaneously with the
second virial coefficient. (The analogous parameter with light
is dn/dc, which is measured using a refractometer.) The
scattering intensity is written in a form similar to eq 5 after
substituting eqs 2 and 4 into eq 18

In Figure 4, scattering intensity is plotted vsqDz for filled
PEG3000.I(q,φc) data in theqDz range of 0.7-2.0 is fit to eq
21. Applying the limits ofq ) 0 andφc ) 0, we calculateφcVc/
I(q,φc) at a single particle volume fraction and single scattering
vector, respectively. Figure 5 shows data for PEG3000 plotted
according to eq 21. Theq ) 0 extrapolated points have a slope
that depends onBh2 and an intercept of∆Fe

-2. We find Bh2 )
1.5 ( 0.8 and∆Fe ) (8.4 ( 0.8) × 1010 cm-2. The c ) 0
extrapolated points have a slope that depends onDz and an
intercept of∆Fe

-2. We find aDz of 44 ( 12 nm and a∆Fe )
(8.4 ( 0.3) × 1010 cm-2.

A consistency check on the data is that we expect∆Fe to be
the same for all molecular weights of PEG. The electron contrast
between molecular silica and PEG as calculated from the atomic
electron density is 8.23× 1010 cm-2. As seen in Table 1, our
expectation for a constant electron density as MW is varied is
met, and the experimental and calculated values are the same
within experimental uncertainty. In addition, Table 1 contains
second virial coefficients for the particles in monomer (EG) and
in polymer of increasing MW. We find the particles in polymer
interact with excluded volumes greater than or approximately

equal to the hard-sphere value. Our methods of extracting the
second virial coefficient of the particles in ethylene glycol using
SBUSAXS were unsuccessful due to a large degree of suspen-
sion structure being observed even at volume fractions of a few
percent due to surface charge. (Indeed, particle structure was
even observed with light at volume fractions of less than 1%.).
As a result, very dilute concentrations were needed to study
suspensions under conditions where only pair interactions are
important. At these concentrations, the X-ray scattering from
particles is too weak to obtain accurate data. Therefore, the table
presents the second virial coefficient measured with light
scattering to compare with PEG.

IV. Discussion

As shown in Table 1, for allN greater than 1, the second
virial coefficient is equal to or slightly greater than unity. The
values ofBh2 and the angular dependence of the scattering from
the melts show no evidence of aggregation. The absence of

Figure 3. Experimental scattered intensity (O) and model fit (solid
line) of a dilute suspension (φc ) 0.05) of particles in PEG3000. Mean
particle diameterDh V and size distributionσ are extracted from the model
fit utilizing an average form factorPhV(q).

φcVc

I(q,φc)
) [1 + 5

9(qDz

2 )2][ 1

∆Fe
2

+
8Bh2

∆Fe
2
φc] (21)

Figure 4. Experimental scattering intensity for particle volume fractions
φc of 0.01 (O), 0.03 (4), 0.04 (]), and 0.05 (∞) in PEG3000.

Figure 5. Zimm plot of silica in PEG3000 withφc of 0.01 (O), 0.03
(4), 0.04 (]), and 0.05 (∞) and a stretch factor of 7× 10-5. The
closed symbols show the extrapolated values for zeroq (b) and zero
φc (9). The solid lines show fits to the extrapolated data for zeroq and
zeroφc. Dotted lines show linear fits to the experimental data at each
φc.
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attractions can be partially attributed to the index matching of
the particles and polymer which greatly reduces the van der
Waals contribution to attractions.38 From the calculations of
Hooper and Schweizer, we would expect strong depletion
attractions if the polymer and particles interact in the athermal
limit. Thus, even in the absence of van der Waals attractions,
we would expect strong attractions. We also know that PEG
adsorbs strongly to silica from solution,12-14,17 indicating that
the particle stability may arise from steric stabilization.

In this event, Hooper and Schweizer from PRISM calculations
suggest that for a range of polymer segment-particle attractive
strengths the potentials of mean force between the particles are
oscillatory with periods on the order of the segment diameter,
d. Integrating over these to determine the effective excluded
volume has a net result of yielding second virial coefficients
close to unity independent ofD/d and N.25 While it is
deceptively easy to assume thatBh2 ) 1 indicates that the
particles interact with only volume exclusion interactions, the
work of Hooper and Schweizer suggests that this is a fortuitous
summation over the positive and negative oscillating contribu-
tions to the potential of mean force (PMF) that results inBh2

values close to unity.35

Hooper and Schweizer predict conditions resulting in repul-
sive particles (i.e.,Bh2 > 0) are bordered by unstable regions
whereBh2 values plummet to extreme negative values. Effective
hard-sphereBh2 values occur at modestεpc, strong enough to
prevent particle contact aggregation but weak enough to resist
polymer-mediated network formation. Phase diagrams worked
out by Hooper and Schweizer summarize the values ofBh2

resulting in a miscibility window where filler particles are
stabilized by steric repulsions of adsorbed polymer layers (see
Figures 6 and 7 in Hooper and Schweizer35). This window
occurs at modest polymer-particle surface interaction and is
bordered by direct contact aggregation from weak interaction
and particle-particle bridging caused by strong interaction. The
spinodial boundaries that determine the width of the miscibility
window are sensitive to variablesD/d andN. Increasing either
variable leads to a narrowing of the miscibility window. The
narrowing of the miscibility window with increasingD/d appears
to be more significant than for increasingN. A direct comparison
of our experimental system to the PRISM model would predict
silica-filled PEG to fall in the miscible window with anεpc range
of 1-2 kBT for R of 0.5, which is a good approximation for
short-range H-bonding. From the stability criterion, no phase
separation is possible whileBh2 > 0, and indeed in preliminary
experiments, stable PEG melts have been produced at volume
fractions in excess of 0.3 for all molecular weights studied here.

In order to see a phase transition, PRISM tells us that several
key parameters could be manipulated to driveBh2 negative:εpc,
R, D/d, and N. As D/d and N are increased, the miscibility
window may narrow. The PMF scales withD/d. As D/d
increases, the form of the PMF does not change, but the
amplitude of the oscillations grows.25 If the particles are weakly
attractive, an increase inD/d will magnify the attraction, causing
Bh2 to get smaller and eventually go negative.35 On the other
hand, if the particles are weakly repulsive, an increase inD/d
may stabilize the particles. The narrowing of the window with
N is associated with longer chains being able to better bridge

two particles.25,35 The larger dependence onD/d rather thanN
arises from the segmental length scale playing a larger role in
determining particle organization. It is possible that the decreas-
ing trend inBh2 may be showing a narrowing of the miscibility
window with increasingN.

The most significant effect to particle stability leading to a
phase transition is likely to be a change in the polymer
segment-particle interaction. If the surface interaction is
weakened, we would expect negative second viral coefficients
and depletion aggregation. If the surface interaction is strength-
ened, Hooper and Schweizer predict negative second virial
coefficients leading to bridging. As previously mentioned, the
adsorption of PEG from solution onto silica surfaces is
exceptionally strong and is credited to hydrogen bonding
between ether oxygens and surface silanol groups. As a result,
it is unlikely that we can improve the adsorption strength by
increasing the density of surface hydroxyl groups beyond that
of the bare silica surface. The ability to hydrogen bond can be
lessened by applying a surface coating that reduces the surfaces
ability to hydrogen bond. This would lowerεpc and likely shift
the dispersion to depletion aggregation. We leave exploration
of these ideas for future work.

As a second explanation of particle stability, we want to
address the possibility of PEG grafting to the particle surface.
It has been shown that grafting of PEG can occur at elevated
temperatures (113-234 °C) through condensation of PEG
hydroxyl end groups with surface silanol groups.52,53 This is
done by dehydrating the silica surface followed by cooking the
silica in PEG. In these studies, ethylene glycol oligomers and
low MW PEG graft readily to the silica surface. The grafting
density decreases for high MW PEG likely due to the reduction
of terminal hydroxyl groups in the PEG melt. If we assume the
stability arises from polymer grafting, we might expect to
estimate an effective particle excluded volume by assuming the
grafted polymer adds 2Rpg to the core particle diameter. Here
Rpg is the polymer radius of gyration. Assuming a segment
length of d ) 0.7 nm, the radius of gyration of the PEG
molecular weights varies from 0.6 nm for PEG400 to 2.9 nm
for PEG8000. Assuming the particles with grafted polymer
interact like hard spheres with diameters ofD + 2Rpg, Bh2 values
would range from 1.2 to 1.4. On the basis of these estimates,
we cannot rule out the possibility that PEG may be grafted to
the silica surface at our modest temperature of 70°C, giving
steric stabilization to the particles. The potential effects of
grafting are currently being explored.

V. Conclusions

In this study, we evaluate the colloidal stability of silica
nanoparticles in PEG melts of increasing MW through measure-
ment of particle second virial coefficients. For all molecular
weightsg400, we find the second virial coefficient divided by
an equivalent hard sphere to be greater than or equal to one.
This indicates that silica filler particles are thermodynamically
stable in a PEG melt up to a MW of 8000. We compare these
results to particle stability in EG monomer where we find the
particles to be significantly more repulsive than in PEG. This
repulsion is linked to the particles carrying a negative charge

Table 1. Second Virial Coefficient and Electron Contrast Measurements

MW EGa 400 1000 2000 3000 4000 6000 8000
N 1 9 23 45 68 91 136 182
Bh2 10.3( 0.5 1.2( 0.7 1.5( 0.5 1.3( 0.8 1.5( 0.8 1.3( 0.5 1.5( 0.8 1.0( 0.8
∆Fe [×1010 cm-2] 8.5 ( 0.9 7.6( 0.8 8.1( 1.2 8.4( 0.8 8.3( 1.5 9.0( 0.7 8.2( 0.9

a Determined with light scattering.
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due to dissociation of surface silanol groups in EG. Particles
appear to have negligible charges in PEG as determined from
conductivity measurements.

Future work will explore polymer-mediated particle micro-
structure in concentrated dispersions with increasing polymer
MW. We will be interested in the particle packing behavior as
the interparticle spacing decreases and adsorbed polymer layers
interact with increased particle loading. Particle interactions will
be mediated by adsorbed polymer layers. These polymer layers
will experience compression forces and may interpenetrate as
particles pack together.
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