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ABSTRACT: The effect of nanosized silica particles on the properties of poly(vinyl acetate) (PVAc) was
investigated for a range of silica concentrations encompassing the percolation threshold. The quantity of polymer
adsorbed to the particles (“bound rubber”) increased systematically with silica content and was roughly equal to
the quantity shielded from shear stresses (“occluded rubber”). This bound and occluded polymer attained a level
of ~12% at a silica volume content of 28%; nevertheless, the glass transition properties of the PVAc, including
the glass transition temperature, local segmental relaxation function and relaxation times, and the changes in
thermal expansion coefficient and heat capacitfgivere unaffected by the interfacial material. That is, there

is no indication that the local segmental dynamics of the chains adjacent to silica particles differ from the motions
of the bulk chains. Interestingly, the volume sensitivity of the segmental dynamics, as determined from the scaling
exponenty in the relationTy ~ V47 in which Vj is the specific volume at the glass transition, becomes stronger
with increasing silica concentration. Moreover, this dependengeintreases abruptly at the filler percolation
threshold. The implication of this result and possible directions for new research are considered.

Introduction surface, and it has been proposed that immobilization of such
interfacial chains induces glassy behavior at temperatures above
the bulkT.13-16 Relatedly, there have been various reports of
increases in the glass transition temperatig,due to the

Nanoparticle reinforcement of rubber is almost as old as the
use of rubber itself. The incorporation of hard particles into

soft polymers usually serves two purposes: reducing cost andpresence of reinforcing fillers:-22 however, other investigators

improving performance. The main property enhancements ar€sund no effect of carbon black, silica, and other particles on

stifiness and strength, although better processability (e.g., Sh.apel'g?&z“The effect of nanoconfinement on the polymer dynamics,
retention), abrasion resistance, fluid impermeability, fire resis-

¢ d electrical Juctivit 50 b lized. Optirmal S€€N in thin films and porous structufgs?’” may have an
ance, and eiectrical conductivity can aiso be realized. Opimal j,g,,ance for layered fillers such as clay plateRZAn obvious
reinforcement requires a continuum of nanoparticle contacts

th th o trati 9 lation threshold™ f ' direct consequence of filler is that less material participates in
wi € minimum concentration (‘perco ation thresno ) for the glass transition, suppressing the changes in the temperature
a flocculated network depending on particle size, shape, and

ot " ith th | Th ¢ awork conf coefficients of the modulus, enthalpy, volume, etc., occurring
interaction wi € polymer. 1he presence of a network conters , , heating throughTy.2° Temperature changes also influence
nonlinearity to the mechanical response, since the particle

tact be broken by strain. This leads to th ll-k the extent of the interactions among the nanoparticles due to
contacts can be broken Dy strain. 1is l€ads 1o the well-known changes in their mutual proximity and their Brownian motién.
Payne effect: the marked reduction in the dynamic storage

aul d f ) inthe | aul tThis confers additional complexity to the local segmental
modulus and appearance of a maximum in the 1oSs modulus & response of the polymer in the vicinity of the glass transition.

strain amplitudes in the range 6:10%2~> Although the : : : : :
. ' o In this work we investigate poly(vinyl acetate) (PVAc) mixed
dynamic modulus of filled rubber exhibits a weak dependence with silica nanoparticles. PVAc has &, above ambient

on s;rain gmplitude even at low par.ticl.e concentratipns, aStrongtemperature. While this precludes application as a general
nonlinearity accompanies the_ continuity (.)f the_part_lcle contacts purpose elastomer, it makes it convenient to measure properties
effec;e_d b_y high concentrations. Th's Jammifigyjamming both above and belowly. This is important for our PVT
transitiorf is seen generally in colloidal suspensions and other experiments, which relygon mercury as a confining fluid and
thlxotroplq fluids. Recent wc_)rk has shown th".ﬂ .the d|§ruptlon thus cannot be carried out at low temperatures (Hg crystallizes
.Of the particle network transpires at a character_lstlc strain energy, ;39 °C). Silica has found increasing applications as a filler,
independent of the nature of the particles or their concentrétion. for example in the tire industry to reduce the rolling resistance

This isoenergetic feature of the unjamming is also observed in of the tread rubbe-234 and a number of studies of silica

sheared gel reinforcement have appear¢é3>43 The silica used herein

Of interest herein is the effect of nanoparticle reinforcement consists of spherical particles with surfaces treated to reduce
on the local segmental dynamics. These motions underlie manythe polarity and thereby provide stronger interaction with the
important properties of polymet'sand also function as the  polymer segments. The concentration of the silica was varied
precursor to the larger length scale chain motions associatedo determine the effect on certain properties, in particular those
with processing and flo#2 Constraints from nanOpartiCles may associated with the local Segmenta| dynamics_
affect segmental mobility, at least of chains near the particle

Experimental Section

 Naval Research Laboratory. The poly(vinyl acetate) (Sigma-Aldrich) had a weight-average
* Bridgestone Americas. molecular weight= 167 kg/mol and a polydispersity 2.01. The

10.1021/ma702372a CCC: $40.75 © 2008 American Chemical Society
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Figure 1. TEM images of PVAc containing 0.28 (top) and 0.04 volume fraction silica
(bottom) volume fraction of silica. The dispersion of the particles results
in transparency of the samples.

Figure 2. Viscosity in Mooney units at 70C (circles) vs silica
concentration. The solid line is the viscosity calculated from eq 1, while

) ) . - the broken line was calculated assuming a portion of the polymer is
filler was Nan-O-Sil amorphous colloidal silica from Energy occluded, increasing the effectiye

Strategy Associates, Inc. These are spherical particles with an

average diameter o100 nm and surface treated with tetrasulfi- tion of the filler. In Figure 2 are the flow viscosities, of the
dosilane. The silica particles were incorporated into the polymer rypbers, showing the expected increase with the filler content.
using a Brabender internal mixer at 70 followed by mixing on An equation to describe the effect of suspended, rigid spheres

a two-roll mill. The final compounds were transparent, COnsistent w6 \iscosity of a fluid is the Einstein equation, modified by
with good dispersion of the silica. Figure 1 shows representative Guth and Gold for higher particle concentratitfhs
transmission electron micrographs. The filler volume fraction was 9 P

in the range frony = 0 to 0.282 £0.70 parts of silica per polymer

by weight), as verified by thermogravimetric analysis of the final n(¢) = n(0)(1+ 2.5 + 14.1p%) 1)
compounds. Bound rubber was determined as the unextracted PVAc ) ) ) ] )
after immersion in an excess of toluene for 3 days at@3 where(0) is the viscosity of the neat fluid. Equation 1 assumes

Modulated differential scanning calorimetry (MDSC) was carried NO interaction between the fluid and particles, so that the
out using a TA Instruments Q100, calibrated with a sapphire Viscosity depends on the concentration of particles but not on
standard. Samples, thoroughly dried prior to measurements, weretheir size or shape. Equation 1 underestimatésr the filled
cooled in the calorimeter from 80 te10 °C at 1 °C/min. The PVAc (solid line in Figure 2).
modulation wast1 deg, with a 60 s period. Viscosities were To improve the fit to experimental data, one can include
measured at 78C in a Mooney viscometer using the small rotor.  higher order terms in eq 1 or use alternative expressiofs,

Dynamic shear measurements employed a TA Instruments ARESgyample the equation of Oliver and Ward for the viscosity of a
rheometer, using a cone and plate geometry (15 mm diameter, O'ldispersion of spherés

rad angle), with data obtained at 70 and a frequency 1 rad/s.
A Novocontrol Alpha analyzer was used for dielectric relaxation _ .

measurements, in combination with a Delta Design model 9023 1(¢) = n(0)(1 - ag) @)
oven. The pressure and temperature dependences of the volum

were measured using a Gnomix instrum@rnn which the sample Where ais a constant. However, thg proplem \.N.'th thgse
is immersed in mercury contained in a flexible bellows. At various expressions is neglect of the polymer in the interstitial regions

fixed pressures over the range from 10 to 160 MPa, the volume at the particle interface. A method to account for this occluded
change was measured as temperature was lowered froff deg polymer was suggested by Medaffeeq 1 is fit to the data by
aboveT, to —10°C at a rate of 0.8C/min. To determine the bulk  letting ¢ be an adjustable parameter, representing the effective
modulus in the rubbery state, the change in volume was also concentration, that is, the sum of the silica plus occluded
measured isothermally as a function of pressure, with the latter polymer. As seen in Figure 3, the quantity of occluded rubber,
increased from 10 to 80 MPa at a rate of 4 MPa/min. From the calculated as the difference between the filler concentration
specific gravity at ambienT and P measured by the bqqyancy reproducing they(¢) data in Figure 2 and the actual silica
C/wethod, these volume changes were converted to specific volume,.qncentration, increases with silica content, comprising as much

: as 10% of the polymer at large At high ¢ the quantity of
bound rubber (chains firmly attached to the silica particles)
exceeds the amount of occluded rubber.

Filler —Polymer Interaction. Surface treatment of the silica Filler —Filler Interaction. The dynamic storage moduluS),
with tetrasulfidosilane reduces the polarity of the silica, which is plotted vs strain amplitude in Figure 4 for PVAc with varying
reduces the particteparticle attraction strength and also, by concentration of silica. At low strain there is a plateaudn
making the filler surface more compatible with the polymer, but the modulus decreases with strain for the higher silica levels.
enhances fillerpolymer interactions. Enhanced interactions This is the well-known Payne effettreflecting mechanical
between silica and PVAc can make the interfacial polymer disruption of the flocculated particle network. The concentration
insoluble in a good solvent and potentially reduces the segmentalof particles necessary for this agglomeration can be determined
mobility of these chains. The degree and consequences of thisfrom a plot (Figure 5) of5' at low strain amplitude vg. Beyond
immobilization have been subjects of various studfed*+143 ~11% silica there is an increase in the slope, demarcating the
Medalig® determined that the shielding of the occluded polymer development of long-range continuity of particle contacts. The
layer from mechanical stresses increases the effective concentraconnectivity of the particles enhances their contribution to the

Results
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Figure 3. Bound (open circles) and occluded (filled squares) PVAC 4¢'qtrain amplitudes:0.1% (stars; left ordinate scale) and of the scaling
as a function of silica content. The vertical dashed line denotes the g, nonent (right ordinate scale; squares calculated using the specific
minimum filler concentration for formation of an agglomerated network. ,Jiime of the compound and circles usivgorrected for the PVAc

content). The vertical dashed line denotes the minimum filler concentra-
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Figure 4. Dynamic storage modulus as a function of shear strain for volume fraction silica
PVAc at 70°C with varying silica levels (as indicated by volume).  Figure 6. Difference in heat capacity between the glassy and rubbery

states afl (solid triangles), along with thACp calculated assuming

mechanical response and can give rise to other effects, such ag§0 contribution from the silica (solid line) and assuming no contribution
higher thermal or electrical conductivit§:s° from the silica or the occluded rubber (dashed line).

Local Segmental DynamicsThe glass transition in polymers  the silica concentration increasesCp decreases, as expected
denotes the onset of local segmental motions (correlatedsinceT, only involves the polymer. In fact, the entire reduction
conformational transitions of a few backbone bonds), reflected jn AC, can be accounted for solely by consideration of the
inter alia as a change in the variation of the heat capaClfy,  amount of polymer present; this is indicated by the solid line
with temperature. The calorimetrig measured for the samples through the data, representisdCe(¢) = ACH(O)[(1 — ¢)prl/
was unaﬁected_ by the presence of the_silica concentrafign; [pr + (1 — ¢)prl, wherepg (= 1.18 g/mL) andp; (= 2.1 g/mL)
= 40.4+ 0.7°C independent of. (Note this value from MDSC  gre the respective mass densities of the PVAc and silica. Thus,
is about 2 deg higher than obtained by conventional DSC at 5] pyAc segments participate in the glass transition, including
the same rate of temperature change.) The literature concerninghe substantial number of occluded chains. This is seen in Figure
the effect of reinforcing nanofillers ofy is mixed*~2* but we 6, wherein the heat capacity increment calculated after subtrac-
have recently shownthat some confusion arises from the use tjon of the occluded chains (dashed curve) underestimates the
of mechanical determinations ®, specifically the loss tangent  easured values afCp.

(tano). The filler-induced stiffening of the rubber (e.g., Figures Above T, the variation in the heat capacity itself with

2 and 4) can skew the shape of the loss tangent, unaccompaniegh|jows the same trend. In fact, the magnitudeGyf for the

by any significant change in the segmental dynamics underlying gjjica is sufficiently smallCp ~ 0.7 J/(g°C) at RT? that its

the gla}ss transition per se; this may result in the false impressionggntribution can be ignored given the experimental scatter of
of a higherTj. the measurement of the heat capacity.

The calorimetricTy is identified with the temperature of an There is a similar step increase in the thermal expansivity as
abrupt increase i, due to the onset of liquidlike mobility =~ temperature is increased throufija To quantify this, we carried
with increasingT. In Figure 6, we plot (filled triangles) the  out PVT measurements on the rubbers, with representative
magnitude of this step change in heat capadi{p, vs ¢. As results for three compositiong & 0, 0.082, and 0.282) shown
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Figure 7. Specific volume as a function of temperature with pressure

increasing from the top to the lower curves: (a) neat PVAcG0

MPa, 10 MPa increments); (b) 8.2% silica (260 MPa, 10 MPa

increments; 66160 MPa, 20 MPa increments); (c) 28.2% silica<{10

60 MPa, 10 MPa increments and 80 MPa).

in Figure 7. Over the limited temperature range, &) data

in both the rubbery and glassy states could be fit to a linear
equation, with the isobaric thermal expansion coefficient
obtained astp = (dV/dT)V ~L. Results extrapolated 6= Ty

(at P = 10 MPa, the lowest measurable pressure of the PVT
instrument) are displayed in Figure 8 for all samples. Generally,
the thermal expansion of filled rubber is dominated by the

Macromolecules, Vol. 41, No. 4, 2008
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assuming no contribution from the silica.
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The solid line assumes that all PVAc contributes to the transition
strength; i.e. Aap(¢) = (1 — ¢)Aap(0). The dashed line assumes the
occluded rubber does not participate in the glass transition.
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structure, its thermal expansivity is very small, = 1076
per °C.5* Thus, we can assume that the volume expansion is
due solely to the PVAc, and indeed the equatig(y) = (1 —
¢)op(0) describes accurately the experimental data (solid lines
in Figure 8). Taking the difference of the values for the rubbery
and glassy states, we obtalup, the change in the thermal
expansion coefficient aly (Figure 9). Similar to the heat
capacity jump aflg, these data reflect the contribution of all
polymer segments (solid line in Figure 9). Subtracting the
occluded chains from the polymer concentration leads to
calculatedAap (dashed line) that underestimate the measured
values.

It is well-established that segmental relaxation timgsare
accurately described over broad ranges of thermodynamic
conditions by the scaling law

7, =f(TV") (3)

in which y is a material constant, independentloéndP, and
f represents some function, unknown a pridri.ogether with

polymer>3 Since silica is an amorphous glass having a network the fact thatz, is constant affy (that is, asP increases]Ty
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Figure 11. Dispersion in the dielectric loss due to local segmental concentration associated with formation of a filler network
motion (circles: ¢ = 0; squares: ¢ = 0.23) at the indicated (Figure 5)

temperatures. When divided by 0.66 to normalize for the mass fraction . . . L
of polymer, the peak for the filled PVAc (solid line) superposes onthe AN uncertainty in this analysis is th.e_ correct value\ofo .
peak for neat PVAc. The rise in the dielectric loss toward lower use in determining/—the sample specific volume (squares in
frequencies is due to the conductivity, which becomes more separatedFigure 5) or the remainder after subtraction of the silica content

at higherT. (circles in Figure 5). The latter is more realistic; however, the
. . differences in the obtaineg are not large and do not change
increases but,(Ty,P) does not_f,5 this means that th&, and the results qualitatively, as seen in the figure.
the volume at the glass transition are related according to Given that the volume dependencefis affected by the
~ filler, it is of interest to measure directly the segmental relaxation
Ty OV, (4) times. We carried out dielectric relaxation measurements at

ambient pressure on the neat polymer and PVAc containing 23%
The proportionality of the two quantities means that a double- silica. From these data, for other pressures could be calculated
logarithmic plot ofTg (in kelvin) vs Vg will have a slope equal  using eq 3 and the equation of state (see below), but we restrict
to —y. The appeal of this analysis is that it enables the our attention herein to the relaxation behavior at zero pressure.
dependence of, to be determined without actual relaxation In Figure 11 are shown the local segmental relaxation peaks at
data. Such a plot is shown in Figure 10. Theobtained from 50 and 80°C for the two materials. When the spectra for the
fitting eq 4 to the experimental points, increases wjthin filed PVAc are divided by the mass fraction of polymer (
particular, there is a change in thép) behavior at the silica  0.66 for the volumetric concentration @f = 0.23), at both
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Table 1. Equation-of-State Parameters (Eq 6) for the PVAc/Silica Compounds
Vo (mL/g) oo x 104 (°C™Y)

V& (mL/g)

bo (MPa™?) by (°C™Y) y
0 0.8431 0.8290 7.86 257 0.0083 2210.14
18 0.8305 0.8190 6.98 276 0.0087 2:2D.04
4.3 0.8141 0.8061 6.76 244 0.0060 2:8D.05
8.2 0.7942 0.7833 6.87 248 0.0059 2:80.17
11.9 0.7729 0.7569 6.76 383 0.0128 380.10
15.3 0.7533 0.7441 6.06 270 0.0057 389.11
20.5 0.7253 0.7162 5.69 332 0.0083 3#0.20
28.2 0.6884 0.6827 4.80 330 0.0064 3#8.17

a At ambient temperature and pressur€alculated using the specific volume after subtraction of the silica content.

temperatures the peaks for the two compositions superpose, apasilica particles were reported to affect the glass transition of
from the rise toward lower frequencies due to dc conductivity the polymer. However, other studies found no evidence of such
(transport of mobile ions). This shows that the silica does not an effect?32451From(¢) and eq 1 we deduce that as much as

alter the segmental dynamics.
In Figure 12, the segmental relaxation times, defined.as
= 1/(2nfmay), Wherefnax is the frequency of the maximum in

10% of the polymer is isolated from the shear field at the higher
silica concentrations. The quantity of this occluded rubber is
close to the bound rubber content (Figure 3). Nevertheless, this

the dielectric loss, are plotted vs reciprocal temperature. The shielding of the interfacial polymer does not alfgr which is

74(T) of the unfilled and filled PVAc are equivalent and the
non-Arrhenius behavior can be described by the VVegelcher
equatioR®

611

Iog Ty = —11.72+ T%?

(®)

whereT is in kelvin. At the calorimetricTy, 7, = 11 s.
Bulk Modulus. Although the PVT data illustrated in Figure

constant € 40.4 + 0.7 °C) for all compositions. Moreover,
the segmental relaxation dispersion and relaxation times show
no evidence of immobilized polymer. Consistent with these
results, the magnitude of the changes in heat capacity and
thermal expansivity al are strictly proportional to the polymer
concentration; that is, the diminution NCp or Aap with ¢

can be quantitatively accounted for without invoking the
presence of constrained polymer, in the manner necessary to
describe the viscosity data. None of the experiments carried out

7 can be used to determine the bulk modulus, it is more accuratepgrein provide evidence of any suppression of the segmental
to employ isothermal measurements for this purpose. Accord- yopility of PVAC chains residing at the interface with the silica.

ingly, isothermal specific volumes were measured as a function

of pressure at various fixed temperatures ab®yand fit to
the Tait equation of staté

V(T,P) =V, exp(o,T){1— 0.0894 In[1+ P/B(T)]}  (6)
whereqy is the thermal expansion coefficient at zero pressure
B(T) = by exp(-b,T) )

and Vo, by, andb; are material constants. Note that over the
limited range of the measurementswas constant within either

Although the local segmental relaxation function (Figure 11)
and relaxation times (Figure 12) are unaffected by the presence
of silica nanoparticles, the dielectric spectra for the filled and
unfilled material are not identical. In Figure 11 the rise toward
lower frequencies, due to the contribution to the dielectric loss
from mobile charge carriers, is larger fas > 0. This
contribution has a frequency dependence given by

©)

in which o4 is the (frequency independent) dc conductivity and
the vacuum permittivitgo = 8.854x 10-12F/m. The magnitude

€de = 04d (€o)

the glassy or rubbery states. The Tait parameters for eachgf .. depends on both the concentration of ions and their

composition are listed in Table 1; these also give a good
description of the isobariPVT data measured for the rubbery
state. From eq 6 the bulk modulus is calculate® as

_(B+P)V

K= 0.0894/,

(8)

with results shown in Figure 13. The bulk modulus increases
with silica content, and since the bulk modulus of silica is very
large ¢~30-fold larger thark of neat PVAc)? there is negligible
error in assuming that the compressibility arises solely from
the polymer. With this assumption thedependence ok is
accounted for entirely by the amount of polymer in the
composition (solid line in Figure 13). Note that assuming the
occluded polymer is incompressible would yield calculated
values ofK (dashed line) significantly larger than the measured
bulk modulus.

Discussion
An outstanding issue in filler reinforcement is the nature of

mobility. According to the Debye Stokes-Einstein relatiorf?

the segmental mobility governs the ion mobility. This means
that the higheoy for the filled PVAc must reflect the presence
of more ions, presumably associated with the tetrasulfidosilane-
treated particle surface. In Figure 12, theare seen to have a
somewhat steeper slope than the curvessfgrThis underlies
the smaller separation of the conductivity and the relaxation
peak at the lower temperature in Figure 11. This is a well-known
effect usually ascribed to decoupling of translational and
orientational motion8? however, it can also arise if the ion
concentration varies with temperatife.

PVAc in the rubbery state has a thermal expansivity and bulk
compressibility much larger than those of silica (by factors of
roughly 800 and 30, respectively), and we find that the
dependence afir andK can be predicted from the values for
the neat PVAc. An important implication is that neither the
occluded rubber nor the formation of a filler network exerts
any influence on these properties. The latter is true even though
the associated volumetric strains are quite small% for the
data in Figure 13) and below the shear strains associated with

the polymer proximate to the particle surface. There have beendisruption of the network (Figure 4). The percolation threshold

various reports of constraints from the filler causing vitrification
of the interfacial chain&®24including recent work&43in which

for network formation (i.e., continuity of particle contacts
extending from one side to the otheg)~ 0.11 herein (Figure
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5), is within the usual range for rigid fillers in soft polymers, derlies the glass transition, is unaffected by the presence of silica

i.e., 6-35 vol % depending on the size and shape of the particles particles. The only effect of the silica on the glass transition is

and their interaction with the polymé& We can also conclude  to weaken its intensity through reduction in the polymer

that the interaction of the PVAc with the coated silica is concentration.

sufficient to prevent debonding and vacuole formation, which 4. In the rubbery state abovg, the thermal expansion

otherwise could give rise to anomalies in @) response. coefficient and bulk modulus depend only on the quantity of
A surprising result herein is that the volume sensitivity of PVAc present; the contribution of the silica or occluded rubber

the segmental dynamics increases systematically with silicais negligible. This is consistent with the very laws and large

content, notwithstanding the absence of changes in glassK of the glassy, networked Si(articles and with the absence

transition properties, such dg, 7o, ACp, andAop. The effect
of temperature om, is invariant to the presence of the silica

of interfacial effects on the polymer.
5. Although the silica does not measurably influence the

particles, even though the latter change the volume dependenceroperties at the glass transition, including the magnitude and

of 7,. The scaling exponent increases from 2.2 to 3.8 over
the range fromp = 0 to 28.2%. To put this in perspective, we
can calculate the ratio of the isochoric activation enekgy—=
R[(d In 7)/0T~1]]y, to the isobaric activation enthalpylp = R[(9

In 7)/dT-1|p, using the relatio?t?

Ey

-1
H. 1+ apTy)

(10)

The quantityE\/Hp quantifies the relative effect of temperature
and volume to the segmental dynanfits;arying from zero
for volume-dominated dynamics to unity for segmental relax-
ation governed strictly by thermal energy. Inserting in eq 10
the thermal expansion coefficient for PVAc, we obtainTgt
Ev/Hp = 0.77 for neat PVAc, decreasing to 0.69 at the highest

temperature dependence of the segmental relaxation time, the
segmental dynamics exhibit greater volume sensitivity with
increasing silica. This is reflected in the magnitude of the scaling
exponent, which increases frojm= 2.2 for neat PVAc to a
value of 3.8 forp = 0.28. There is an abrupt changeyimt the
concentration of silica for which the Payne effect is manifested
in the mechanical measurements.
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