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Synopsis

e report the transformation from gels to viscous fluids within a time period of 101–103 h in
ixtures of precipitated silica in silicone oil. Scaling behavior in elastic and viscous moduli versus

requency, similar to that reported by Trappe and Weitz �Phys. Rev. Lett. 85, 449–452 �2000��, has
een observed for suspensions of different ages, silica volume fractions, and silicone oil molecular
eights; this shows self-similarity in the stress-bearing silica network in these samples. The elastic
lateau modulus, extracted from the scaling of the moduli for each suspension, decays
xponentially with time, but the initial plateau modulus depends only on the silica volume fraction
nd is independent of the properties of the base fluids. The aging time constant is larger if thinner
ilicone oil or a higher silica volume fraction is used. The aging rate is slower for silica in
ethyl-terminated silicone oil than that in hydroxyl-terminated silicone oil by about an order of
agnitude. We attribute the aging effects to the adsorption of poly�dimethylsiloxane� on silica and

se a model based on the “poisons” model by Cohen-Addad and de Gennes �C. R. Ocad. Sci.
aris, Série II 319, 25–30 �1994�� and on the simulation work by Tsige and co-workers �J. Chem.
hys. 118, 5132–5142 �2003�� to explain our observations. No aging effect has been observed for
ilica-mineral oil mixtures. © 2007 The Society of Rheology. �DOI: 10.1122/1.2714640�

. INTRODUCTION

Poly�dimethylsiloxane� �PDMS� is a polymer chain with a Si–O backbone and two
ethyls attached to each silicon atom. The two end groups of PDMS can be functional-

zed, often with hydroxyl �−OH� or methyl �−CH3� groups. Without cross-linking, PDMS
s a liquid �silicone oil� with a wide range of viscosity values, depending on the polymer
hain length.

When cross-linked, PDMS can form a silicone rubber that tends to be soft and yet
ragile. Its mechanical properties can be improved significantly, however, by adding fine
article fillers such as fumed silica or carbon black �Dannenberg �1975��. The reinforce-
ent of rubbers by fillers is of tremendous importance for the modern rubber industry,
hich provides an incredibly large range of products of various mechanical properties.
Despite its important industrial applications, the knowledge of silica reinforcement of

ilicone rubbers has remained mostly empirical. For example, the tensile strength and
lastic modulus of silica-filled silicone rubbers are affected to a large extent by filler
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326 SELIMOVIC, MAYNARD, AND HU
oncentration and silica surface chemistry, among other parameters and processing meth-
ds, but it is still not clear how silica interacts with the polymers on a molecular level
Dannenberg �1975�; Cochrane and Lin �1993�; Aranguren et al. �1994��. It is believed
hat silica can reinforce silicone rubbers by forming hydrogen bonds between its surface
ydroxyl groups and the polymers.

Without cross-linking, one can still obtain a gel by adding small silica particles to
DMS melts, and these gels are often used as filling compounds for optic cables to
rotect the fibers from water damage �Khan et al. �1991��. The viscoelastic properties of
ilica-PDMS gels are quite complex. Hysteresis has been reported in both the viscosity
nd the primary normal stress when the shear rate is increased and then decreased
Ziegelbaur and Caruthers �1985��. After an applied shear is abruptly changed from one
alue to another, the shear stress relaxes or grows in a complex manner that depends on
he shear history �Kosinski and Caruthers �1985��. PDMS molecular weight, silica filler
oncentration and surface chemistry, and sample age also seem to affect the rheological
roperties of these suspensions �Kosinski and Caruthers �1986�; Aranguren et al. �1992�;
eGroot and Macosko �1999��.
One of the crucial issues in understanding the viscoelastic properties of silica-filled

ilicone gels is the interaction between silica and PDMS. Experiments show that the
nteraction is strong enough that a good solvent like chloroform or toluene is not able to
emove PDMS adsorbed on silica �Cohen-Addad et al. �1985��, although toluene under
n ammonia atmosphere �Vondracek and Schatz �1979�� or a dilute solution of trimeth-
lchlorosilane is able to do so, indicating that PDMS chains are not chemically bonded to
he silica surface. Infrared spectroscopy also detects no covalent bonds between PDMS
hains and silica silanol sites �Léger et al. �2000��. Researchers nowadays mostly agree
hat PDMS is physically adsorbed on the silica surface.

When terminated with hydroxyls, the PDMS end groups can easily form hydrogen
onds with silanol groups on the silica surface; the adsorption of methyl-terminated
DMS has generally been assumed to occur through hydrogen bonding between the
xygen atoms in the PDMS backbones and the silanol groups on the silica surface
Boonstra et al. �1975��. By fitting concentration profiles of the adsorbed PDMS layers on
reshly cleaned plane surfaces of silicon wafers to theoretical models, Léger and co-
orkers �2000� have found the adsorbed PDMS layers to be “pseudobrushes” �loops of a

arge distribution of loop sizes and few tails�, suggesting that each PDMS chain is at-
ached to the silica surface at multiple monomer sites within the chain. The end groups of
DMS chains, however, play an important role in the adsorption; hydroxyl-terminated
hains are absorbed in greater amount �Patel et al. �1994��.

A recent investigation on the interactions between PDMS and silicon dioxide using
lectronic structures calculations and molecular dynamics simulations, however, has chal-
enged the conventional view that oxygen atoms in the PDMS backbones form hydrogen
onds with silanol groups on silica surfaces �Tsige et al. �2003��. This study shows that
he end groups in both methyl- and hydroxyl-terminated PDMS dominate the interactions
etween PDMS and the silica surface. Methyl-terminated PDMS interacts with the silica
urface by a weak attraction between a hydrogen atom in the methyl group and an oxygen
tom in a hydroxyl group on the silica surface; hydrogen bonding between oxygen atoms
n PDMS backbones and silica hydroxyl groups cannot occur due to the steric hindrance
f methyl groups on the backbones. The binding energy between a methyl end group and
silanol group is −1 to −6 kcal/mol, depending on the simulation method used; the

ond between a hydroxyl end group and a silanol group is much stronger at
16 kcal/mol, which is comparable to that between a water molecule and a silanol group

−13 kcal/mol� �Tsige et al. �2003��.
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327AGING EFFECTS OF PRECIPITATED SILICA IN PDMS
When using silica—usually fumed silica—as a filler in silicone gels, a further com-
lication is that the silica surface is generally far from clean and bare; contaminants like
ater are inevitable. Cohen-Addad’s group has done extensive research �Cohen-Addad

2000�� on the adsorption of PDMS on fumed silica, which has an abundant amount of
ilanol groups on its surfaces �� a few per nm2�. A surprising finding is that the adsorp-
ion rate is faster for PDMS with larger molecular weights �Girard and Cohen-Addad
1991��. This shows that the chain diffusion is not the main process involved in the
DMS adsorption on silica, leading Cohen-Addad and de Gennes �1994� to develop a
poisons” model: The surface of silica particles is initially saturated with small molecules
the poisons�. As the poisons slowly diffuse away from their binding sites on silica,
DMS chains replace them and form permanent bonds with silica. Studies of the kinetics
f the adsorption of PDMS on fumed silica from PDMS melts have shown that the
dsorption is characterized by a slow diffusion process with a exp(−(t /�)1/2) time depen-
ence �Cohen-Addad et al. �1989�; Girard and Cohen-Addad �1991��. The time constant
is on the order of 101–102 h and is shorter for hydroxyl-terminated PDMS than methyl-

erminated PDMS �Cohen-Addad and Ebengou �1992��. The amount of PDMS adsorption
s proportional to the square root of the PDMS molecular weight �Cohen-Addad �1989��,
lthough deviations from this dependence and even a linear dependence have also been
ound �Cohen-Addad et al. �1985��.

Thus, in a silica-PDMS suspension—even without knowing exactly how PDMS is
ttached to the silica surface—one should expect interactions between �1� silica-silica
hydrogen bonding between silanol groups on adjacent particles�, �2� silica-PDMS �bond-
ng between silica surface silanol groups and PDMS chains�, and �3� PDMS-PDMS
entanglement between PDMS chains� �Cochrane and Lin �1993��.

In the following section, we report our experimental observations on a drastic change
ver time in the rheological properties of suspensions of precipitated silica in silicone oil
the aging effects� and the influence of PDMS molecular weights and silica particle
oncentrations on the aging time constant. In Sec. III, we explain our experimental
bservations qualitatively and self-consistently using a model based on the poisons model
y Cohen-Addad and de Gennes and on the simulation work by Tsige and co-workers.
hen not specified, “silicone oil” refers to the methyl-terminated PDMS melt in the text

elow; we have also tested hydroxyl-terminated PDMS.

I. EXPERIMENTS AND RESULTS

Precipitated silica particles are comprised of solid, spherical primary particles of na-
ometer size fused into clusters �secondary particles�, often with fractal structures �Leg-
and �1998��. The precipitated silica powder used in our experiments, Zeodent 165 �J. M.
uber Corporation, Havre de Grace, MD�, is highly polydisperse and has cluster diam-

ters in the range of 10–16 �m. The Brunauer-Emmett-Teller surface area is 179 m2/g,
nd the pore volume is 5.9 cm3/g.

The silica particles were suspended in four different kinds of fluids: �1� silicone oil
00 �SO-100, methyl terminated�, �2� silicone oil 350 �SO-350, methyl terminated�, �3�
ilicone oil 2000 �SO-2000, hydroxyl terminated�, and �4� mineral oil �MO�. SO-100 and
O-350 were Dow Corning ® 200 fluids, purchased from the Chemical Store �Pompano
each, FL�; SO-2000 was a Dow Corning 3-0133 fluid, provided by Dow Corning Co;
O was purchased from Fisher Scientific �Fair Lawn, NJ�. The molecular weight M,

ensity �, and viscosity � of these fluids are listed in Table I.
Each sample was prepared by mixing the appropriate amount of silica power, un-
reated as received, in about 25 ml of suspending oil in a small glass jar. After 2–3 min
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328 SELIMOVIC, MAYNARD, AND HU
f vigorous stirring with a spatula, the mixture usually looked homogenous to the eye.
he mixture was then stirred for 10 more min. For the calculation of silica volume

raction, silica density is set to 2 g/cm3 �neglecting the moisture content�. Two volume
ractions were used in our experiments: 5.3% and 8.0%.

Samples were stored at room temperature, and sedimentation of silica was observed
uring storage. The samples, however, were manually re-suspended before each measure-
ent. The measurement of each data point in this paper took about 15 min, and sedimen-

ation during the measurement is negligible. The rheological measurements were carried
ut on a Bohlin C-VOR rheometer, using a 4-40 cone/plate tool at 25 °C. After being
oaded onto the rheometer, the samples were allowed to relax for 10 min. The elastic

odulus G� and the loss modulus G� were measured using an oscillatory shear in the
inear regime and as a function of angular frequency �. These tests were conducted on
ach sample at various times after it was first mixed �at t=0�.

For results reported below, we did not preshear the samples after they have been
oaded onto the rheometer, because the rheological properties of silica-PDMS suspen-
ions were highly sensitive to the shear history �Ziegelbaur and Caruthers �1985��. The
ata were taken using multiple samples, and we could see that the measurements were
enerally reproducible, with some scattering in the data.

It is worthwhile pointing out here that the aging effects presented in the following
ages cannot be attributed to the method of sample preparation or to the measurement
echnique, because, as we will see, the time evolution of the rheological properties of
ilica-silicone oil and silica-mineral oil samples is drastically different, despite using the
ame mixing and testing protocol.

. Aging effect and scaling behavior

Figure 1 shows G� and G� as a function of � for mixtures of silica in SO-350 at 5.3%
olume fraction. We can see clearly that the freshly made suspension is an elastic gel,
ith G� being frequency independent and much larger than G�. The plateau value of the

lastic modulus, G0�, measures the strength of the gel network.
This all changes drastically over time, however, with G� and G� both dropping dra-

atically, but G� more so than G�. After approximately two weeks, G� has decreased by
everal orders of magnitude and has become much smaller than G�, and G� now shows a
early linear frequency dependence, characteristic of a viscous fluid. Figure 2 shows the
ime evolution of G� and G� at a fixed frequency of 27 rad/s. Both moduli decay expo-

ABLE I. Molecular weight, density, and viscosity of suspending fluids.

Ma � �g/cm3�a � �Pa s�b

O-100 �−CH3 ends� 5200d 0.968 0.12
O-350 �−CH3 ends� 13,650c 0.975 0.36
O-2000 �−OH ends� �35,000c,e 0.915 1.94
O 424d 0.862 0.18

Information provided by the manufacturers.
Measured at 25 °C in our laboratory.
MN.
MW.
Calculated �Barry �1946��.
entially with time, but the time constant extracted from this figure depends on the value



o
q
m

s
t

F
o

F
f
�
t

329AGING EFFECTS OF PRECIPITATED SILICA IN PDMS
f the frequency and also differs for the two moduli. Curves of moduli at a fixed fre-
uency as a function of time for other samples were published in an earlier paper �Seli-
ovic and Hu �2004��.
A more informative picture of the time evolution of the viscoelastic properties of the

uspensions emerges when we collapse different data sets for different-aged samples onto
wo master curves for G� and G�, following the method used by Trappe and Weitz

IG. 1. The elastic modulus G� �closed symbols� and the viscous modulus G� �open symbols� as a function of
requency for silica in SO-350 at 5.3% volume fraction. The sample ages are 0.25 h �circles� and 606.5 h
diamonds�. The straight line, showing a linear relationship between the modulus and the frequency, is to guide
he eye.
IG. 2. The elastic modulus G� and the viscous modulus G� as a function of sample age at a fixed frequency
f 27 rad/s for silica in SO-350 at 5.3% volume fraction.
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330 SELIMOVIC, MAYNARD, AND HU
2000�. In this method, different scaling factors, a for � and b for both G� and G�, are
btained for each individual data set, with b proportional to a /�, where � is the viscosity
f the base fluid. Trappe and Weitz proposed the following model to explain this propor-
ionality: At low frequencies, the viscoelastic properties of a particle gel are dominated by
he elastic modulus of the gel network, characterized by a frequency-independent plateau

odulus G�=G0�. At high frequencies, the viscosity of the base fluid dominates, and the
iscous modulus is G�=��. The crossover of the two moduli, where G� and G� are equal
o each other, occurs at a frequency �c�G0� /�. For gels with differences in network
trengths but with a strong similarity in structures, the crossover points can be made to
oincide by normalizing the moduli by G0� and the frequency by �c. In terms of master
urve scaling factors, then, a�� /G0�, b�1/G0�, and a��b.

In Fig. 3�a�, we graph G� and G� master curves obtained from 12 different data sets
or different-aged samples of silica in SO-350 at 5.3% volume fraction. In this figure, we
lot scaled modulus values versus scaled frequency. To identify scaling factors a and b
or each individual data set, we first found crossover points for data sets where the G� and
� curves actually intersected and extrapolated crossover points for nonintersecting data

ets. We then determined a and b factors for each data set that would make all of the
ctual and extrapolated crossover points to coincide. Finally, we fine tuned the values of
and b until we had produced continuous and visually smooth master curves. We did not

se data for which the extrapolated crossovers had large uncertainties.
The master curves in Fig. 3�a� closely resemble those obtained by Trappe and Weitz

2000�: At low frequencies, bG� reaches a constant value and is much larger than bG�; at
igh frequencies, the relationship between bG� and a� is close to linear, and bG� is much
arger than bG�. The inset in Fig. 3�a� shows that the scaling parameters are related by a
ower law, b�az, with z=0.91, which is very close to the value of 1 in the Trappe-Weitz
odel.
One of the benefits of scaling G� and G� to master curves is that one can extract the

lastic plateau modulus G0� �G0��1/b� for very weak gels, even when the direct measure-
ent of G0� is impossible because of instrument limitations. Figure 3�b� shows G0� as a

unction of sample age t, fitted to an exponential function

G0��t� = G0�� + �G0��0� − G0�� �e−t/�, �1�

here G0��0� is the plateau modulus of freshly made samples at time t=0, G0�� is the
lateau modulus of the aged samples, and � is the aging time constant. For silica in
O-350 at 5.3% volume fraction, �=22 h.

Trappe and Weitz’s master curves contained viscoelasticity data of samples of carbon
lack suspended in oil with various volume fractions and particle-particle interaction
trengths �controlled by adding surfactants�. They observed a shallow minimum in G� at
ow frequencies and attributed the minimum to the flow of suspensions at low frequen-
ies. For our aged samples, we notice plateaus in both G� and G� at �unscaled� low
requencies that do not fit well onto the master curves in Fig. 3�a�. The flow of suspen-
ions is a possible explanation for the plateaus in G�, but not for G�, because G� should
all, not rise, in magnitude as the gel network is strained beyond its elastic linear regime,
s seen in our amplitude sweeps. A possible explanation for these plateaus is the limita-
ion of the self-similarity argument used in the Trappe-Weitz model, because self-
imilarity cannot extend indefinitely to higher and higher volume fractions due to the
nite particle size; this limitation is probably more pronounced at low frequencies when
he suspensions are strained more in our frequency sweeps at constant stress.
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. Effect of silica volume fractions

Figure 4�a� shows a set of master curves for moduli versus frequency for four different
inds of samples: �i� silica in SO-350 at 5.3% volume fraction, 12 sets of data, sample
ge 0.25–177 h; �ii� silica in SO-350 at 8.0% volume fraction, 31 sets of data, sample
ge 0.3–595 h; �iii� silica in SO-100 at 5.3% volume fraction, 13 sets of data, sample age
.25–248 h; and �iv� silica in SO-2000 at 5.3% volume fraction, 17 sets of data, sample
ge 0.12–11.3 h. Figure 4�b� shows b vs a /� in a log-log plot with a slope of 0.91, again

IG. 3. �a� The scaling of the elastic modulus G� and the viscous modulus G� as a function of frequency for
ilica in SO-350 at 5.3% volume fraction. Twelve sets of data, for samples of ages ranging from 0.25 to 177 h,
re used. The inset is the relationship between fitting parameters b and a, showing a power law relationship with
n exponent of 0.91. �b� The plateau modulus G0� as a function of sample age. The solid line is a fit to an
xponential function given by Eq. �1� with a time constant �=22 h.
ery close to the exponent of 1 predicted by the Trappe-Weitz model �2000�.
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332 SELIMOVIC, MAYNARD, AND HU
The effect of silica volume fractions is shown by comparing the plateau modulus G0�
s a function of sample age for silica in SO-350 at 5.3% and at 8.0% volume fractions
Fig. 5�. Two features show up clearly in this plot: The initial plateau modulus G0��0� at
.0% volume fraction is about an order of magnitude higher than that at 5.3%, reflecting
stronger silica gel network at a higher volume fraction; the aging time constant is longer

or the higher silica volume fraction ��=48 h for 8.0%, and �=22 h for 5.3%�.

. Effect of PDMS molecular weights

Figure 6 shows the effect of PDMS molecular weights by plotting the plateau modulus

IG. 4. �a� The scaling of the elastic modulus G� and the viscous modulus G� as a function of frequency for
our sets of samples: silica in SO-350 at 5.3% and 8.0% volume fractions, silica in SO-100 and in SO-2000,
oth at 5.3% volume fraction. �b� The fitting parameter b as a function of the fitting parameter a divided by the
ase fluid viscosity �. The power law relationship has an exponent of 0.91.
0� as a function of sample age for silica in SO-350 and in SO-100, both at 5.3% volume
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333AGING EFFECTS OF PRECIPITATED SILICA IN PDMS
raction. We notice again two features: The initial plateau modulus G0��0� is about the
ame for the two base fluids, indicating that the silica networks are similar in strength for
hese two base fluids; a smaller PDMS molecular weight results in a slower aging process
�=76 h for SO-100, and �=22 h for SO-350�.

IG. 5. The plateau modulus G0� as a function of sample age for silica in SO-350 at 8.0% �closed triangles� and
t 5.3% �open circles� volume fractions. The solid lines are fits to an exponential function given by Eq. �1�.
amples with a higher silica volume fraction have a larger initial plateau modulus and a longer aging time
onstant � �48 and 22 h, respectively�.

IG. 6. The plateau modulus G0� as a function of sample age for silica in SO-100 �closed circles� and in SO-350
open circles�, both at 5.3% volume fraction. The solid lines are fits to an exponential function given by Eq. �1�.
oth suspensions have about the same initial plateau modulus. Suspensions of silica in silicone oil of a smaller

olecular weight have a longer aging time constant � �76 and 22 h, respectively�.
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334 SELIMOVIC, MAYNARD, AND HU
We should mention that the moduli versus frequency curves for silica in SO-100 do
ot fit onto the master curves after G� becomes larger than G� and are not included in Fig.
. This could be due to the loss in self-similarity in the stress-bearing silica network
uring the aging process, or it could be due to the loss of space-spanning silica network
ltogether.

. Silica in mineral oil

Figure 7 plots G� and G� as a function of � for suspensions of silica in mineral oil at
.3% and 8.0% volume fractions. For each volume fraction, G� is independent of � and
s much larger than G�, indicating that the elastic properties of the gel network dominate
n this frequency regime for both volume fractions. Furthermore, the plateau modulus G0�
s very close in magnitude to the initial plateau modulus G0��0� for silica in silicone oil at
he same volume fractions �Figs. 5 and 6�, suggesting that the silica gel network formed
n mineral oil is similar to the initial network in silicone oil.

A major difference between silica suspended in silicone oil and in mineral oil, how-
ver, is that the mineral oil suspensions do not age. Figure 8 shows that the plateau
odulus G0� for silica in mineral oil at 8.0% volume fraction does not change with time;

he plateau modulus for silica in SO-350, also at 8.0%, is plotted in the same graph for
omparison.

. Hydroxyl-terminated silicone oil

Figure 9 plots the plateau modulus G0� as a function of sample age for silica suspended
n hydroxyl-terminated SO-2000 at 5.3% volume fraction. We can see that with a time
onstant �=2.0 h, the aging process for silica suspended in hydroxyl-terminated silicone

IG. 7. The elastic modulus G� �closed symbols� and the viscous modulus G� �open symbols� as a function of
requency for silica in mineral oil at 8.0% �circles� and at 5.3% �triangles� volume fractions.
il is much faster than that for silica in methyl-terminated silicone oil. The initial plateau



m
�
g

t

F
c
f
s
a

F
c
s

335AGING EFFECTS OF PRECIPITATED SILICA IN PDMS
odulus, G0��0�, however, is about the same for silica in silicone oils of both end groups
at the same volume fraction�, reflecting again that both suspensions have similar initial
el network strength.

Once again, after G� becomes larger than G�, G� and G� for silica in hydroxyl-
erminated SO-2000 can no longer be scaled onto the master curves in Fig. 4�a�; after

IG. 9. The plateau modulus G0� as a function of sample age for silica in hydroxyl-terminated SO-2000 �closed
ircles�, in comparison to that for silica in methyl-terminated SO-350 �open circles�, both at 5.3% volume
raction. The solid line is a fit to an exponential function given by Eq. �1� with a time constant �=2.0 h. Both

IG. 8. The plateau modulus G0� as a function of sample age for silica in mineral oil �closed circles�, in
omparison to that for silica in SO-350 �open triangles�, both at 8.0% volume fraction. Mineral oil suspensions
how no aging behavior.
uspensions have similar initial plateau modulus, but suspensions of silica in hydroxyl-terminated silicone oil
ge much faster.
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336 SELIMOVIC, MAYNARD, AND HU
4 h, the suspension is Newtonian with shear stress proportional to shear rate. In contrast,
he scaling behavior for silica in methyl-terminated SO-350 extends into the range of
��G�.
We have also tested a suspension of silica in a thinner hydroxyl-terminated silicone oil

Dow Corning Q1-3563 fluid�. This suspension showed similar aging behavior compared
o silica in SO-2000 and became a free-flowing Newtonian fluid within 24 h.

II. MODEL AND DISCUSSION

Since the initial elastic plateau modulus of all suspensions in our experiments depends
nly on the silica volume fraction and is independent of the properties of the base fluids,
here is little doubt that the silica gel network is responsible for the initial elastic prop-
rties of our suspensions. The formation of a gel by suspending hydrophilic silica par-
icles in silicone oil and in mineral oil �both hydrophobic� does not come as a surprise,
ecause silica particles prefer to bind with each other in order to lower free energy. The
ilica network thus formed can sustain small deformation and is responsible for the
lastic properties of the gel. The aging of the silica-silicone oil suspensions indicates a
radual deterioration of the silica network over time. The silica-mineral oil suspensions,
owever, remain stable with time.

What causes the gradual breakdown of the silica network in silicone oil? Why is the
ging time constant longer when the PDMS molecular weight is smaller and when the
ilica volume fraction is larger? Why is the aging time constant for silica in hydroxyl-
erminated silicone oil much smaller than that in methyl-terminated silicone oil?

To answer these questions, it is helpful to correlate the aging behavior we have ob-
erved with the dynamics of PDMS adsorption on silica �Cohen-Addad �2000��. As
entioned in the Introduction, PDMS is physically adsorbed on silica with a time con-

tant on the order of 101–102 h, and the adsorption rate is faster for PDMS with larger
olecular weights. In addition, the adsorption of hydroxyl-terminated PDMS is faster

han that of methyl-terminated PDMS. In comparison, the aging time constant we have
bserved for silica in silicone oil is also on the order of 101–102 h, and the aging process
s faster for PDMS of larger molecular weights. Furthermore, the aging time constant for
ilica suspended in hydroxyl-terminated PDMS is about an order of magnitude shorter
han that in methyl-terminated PDMS. These comparisons strongly suggest that the
DMS adsorption on silica plays a key role in the aging process of concern here.

Let us then consider the following scenario: When first suspended in PDMS, hydro-
hilic silica particles are attracted to each other in a hydrophobic medium and form a gel
etwork. As PDMS slowly adsorbs onto the surface of silica, silica particles gradually
ose direct contact with each other. To maintain a gel network under these circumstances,
DMS would have to be the intermediate connecting agent between silica particles. This
ould be accomplished by the adsorption of a single polymer on two adjacent particles
bridging� or by the entanglement between polymers adsorbed on adjacent particles. Both
f these two situations, however, require PDMS of sufficient molecular weights �the
ntanglement limit for PDMS is 47 000 g/mol� �Fox and Allen �1964�; Cohen-Addad
2000��. Since the silicone oils we used have relatively small molecular weights, it is
nlikely that silica particles can maintain a gel network with PDMS as connecting agents
n our experiments. Without PDMS connecting silica particles, the attractions between
ilica particles become weaker and weaker as more and more PDMS are adsorbed on the
ilica surface, resulting in the suspensions’ gradual transition to a viscous fluid.

The poisons model proposed by Cohen-Addad and de Gennes �1994�, on the other

and, provides a possible explanation. In this model, small poison molecules, which are
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nitially adsorbed on the silica surface, slowly diffuse away from their binding sites and
re replaced by PDMS. If silica particles coated with PDMS cannot bind with each other,
he gel network then falls apart. The poisons in our samples are water molecules, because
e used untreated silica powders.
Water molecules bind strongly with silica hydroxyl groups, and it is very difficult to

emove all residual water molecules from silica surface, even with oven heating at mod-
rate temperatures. The bond between methyl-terminated PDMS and silica silanol
roups, on the other hand, is weaker, as shown by the fact that silicone oil is hydrophobic
nd is immiscible with water. Why should PDMS replace water on silica surface? A
ossible explanation is provided by the recent simulation work by Tsige and co-workers
2003�, which predicts that a PDMS polymer binds with a silanol group on the silica
urface primarily through the end groups and not through the PDMS backbone. Since it
refers to lie with its backbone parallel to the silica surface, a PDMS polymer can “cover
p” a large silica surface area without actually forming bonds with all silanol groups
nderneath and thus sterically hinder the formation of silica network. In other words,
nly a fraction of the silanol groups on the silica surface need to bind with PDMS for the
ilica network to be significantly weakened. This also explains qualitatively why the
ging time constant is larger for smaller PDMS molecular weights and why suspensions
ith high silica volume fractions age more slowly.
To sterically cover up a given area of the silica surface with smaller PDMS polymers,

ore polymers are needed. If the binding is made primarily with PDMS end groups, a
arger percentage of hydroxyl sites on the silica surface would need to be occupied by
DMS instead of water, and this will take a longer time. When the volume fraction is
igh, each silica particle has more neighbors on average. To break down the silica net-
ork, more PDMS polymers need to bind to silica surface, and this also takes longer

ime.
If, on the other hand, we assume that the adsorption of PDMS on silica is through the

DMS backbone, we then would have a more difficult time justifying the PDMS mo-
ecular weight dependence of the aging process, because the silica particles are immersed
n a polymer melt and the number of monomers in the polymer backbones that are
vailable to form bonds with the silica surface should not be sensitive to the polymer
olecular weight. In fact, the original poisons model by Cohen-Addad and de Gennes

1994�, which assumes that PDMS makes multiple bonds with silica along the polymer
hain, cannot explain the molecular weight dependence of the PDMS adsorption dynam-
cs.

We want to emphasize here that we do not have direct experimental evidence to show
ow PDMS is attached to the silica surface. Even though our results can be explained
ore easily using the end-adsorption model, we do not know for sure whether this is

ndeed the case. The mechanism responsible for the PDMS adsorption on silica thus
emains an open question.

Finally, we compare our experimental results with the earlier work on the aging effect
f silica in PDMS by DeGroot and Macosko �1999�. These authors reported a reduction
f G� �at a fixed frequency� by several orders of magnitude in suspensions of fumed silica
n PDMS of molecular weights higher than 36 000 g/mol; no aging effects were found if
he PDMS molecular weight was less than 20 000 g/mol. They also observed filler re-
gglomeration in the samples that aged and attributed it to the bridging of PDMS between
ilica particles when PDMS is adsorbed asymmetrically on different regions of a particle.
e, on the other hand, used PDMS of molecular weights smaller than 20 000 g/mol and

till saw drastic aging effects. Since bridging is insignificant for these short polymer

hains, the bridging mechanism cannot explain our experimental observations. Since
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eGroot and Macosko did not report how G� changed with time or how the moduli
epended on frequency, it is difficult to compare our findings directly with theirs. The
iscrepancies between our work and theirs could arise from using different kinds of silica
llers �we used precipitated silica while they used fumed silica�.

V. CONCLUSIONS

Precipitated silica particles suspended in silicone oil initially form a gel, because the
ydrophilic silica particles prefer to bind with each other in the hydrophobic silicone oil
o form a space-spanning network. This network breaks down, however, on a time scale
f around 101–102 h for silica in methyl-terminated silicone oil; the breakdown rate for
uspensions in hydroxyl-terminated silicone oil is about ten times faster. This aging
rocess can be slowed down by increasing the silica volume fraction or by decreasing the
DMS molecular weight.

The suspensions of silica in mineral oil, however, show no aging effects. The initial
lastic modulus of all the suspensions tested in our experiments depends only on the
ilica volume fraction and is insensitive to variations in base fluid properties �methyl- or
ydroxyl-terminated silicone oil, mineral oil, different silicone oil molecular weights,
tc.�. This strongly indicates that the silica network is responsible for the initial mechani-
al properties of all the samples we tested, and that this initial silica network depends
nly on the silica volume fraction.

Furthermore, the curves of elastic modulus and viscous modulus versus frequency for
ilica-silicone oil suspensions can be scaled to a set of master curves for samples of
ifferent age using the method and model by Trappe and Weitz �2000�. This scaling
ehavior shows that the stress-bearing silica network is self-similar in structure during the
ging process �at least up the crossover of G� and G�; the scaling does not work for
uspensions of silica in SO-100 and in SO-2000 after G� becomes larger than G��. The
caling of the moduli also allows us to extract the low-frequency elastic plateau modulus,
ven when the direct measurement of this quantity is beyond the instrument limitations in
ur experiments. We have found that the elastic plateau modulus, which measures the
trength of the silica network, decays exponentially with time.

The eventual breakdown of the silica network in silicone oil can be explained quali-
atively by the poisons model by Cohen-Addad and de Gennes �1994�. In this model,
DMS polymers bind to the silica surface by gradually replacing some of the water
olecules �poisons� that are originally bound to silica silanol groups; silica particles

oated with PDMS cannot bind with each other in our experiments, causing the gels to
ventually transform to viscous fluids.

More experimental and theoretical work is required, however, to fully understand the
ging process of the silica-silicone oil system. In particular, direct experimental evidence
n how PDMS is adsorbed on silica will be helpful to developing a model that can predict
he PDMS molecular weight and the silica volume fraction dependence of the aging time
onstant. We hope to address some of these issues in our future research.
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