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Structure of silica-filled poly(dimethyl siloxane) gels and solutions
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Small-angle neutron scattering measurements are described f@dipmyhyl siloxang solutions and gels
containing fumed silica filler, swollen in toluene. Contrast variation with solvent deuteration is used, first to
determine the density of the silica, and then to distinguish the three different partial structure factors of the
filled polymer samples. The concentration of the polymer solution immediately surrounding the filler particles
is found to be enhanced over a distance range of about 20 A, and then depleted beyond this range. The
distribution of the filler particles is described by a stretched exponential with an expmﬁ@tComparison
of the partial structure factors of the silica and the polymer indicates that less than 10% of the free surface of
the filler particles is in contact with polymdiS1063-651X%99)03002-0

PACS numbe(s): 61.25.Hq, 82.70.Gg, 81.05.Qk, 68.3%

INTRODUCTION simply additive. In this article we report SANS measure-
ments on silica-filled PDMS elastomers, in which contrast
Filler particles have been used for many years in rubbersariation is used to separate the partial structure factors of
as reinforcing materials for innumerable goods such as autdhe different components.
mobile tires, industrial sealants, elastomer mouldings, etc. To
investigate the properties and structure of these fillers in their
polymer environment, a wide range of different experimental
techniques has been employed. The effect of these particles The polymer, kindly supplied by Rme-Poulenc
on their surroundings depends on the spatial range consiilicones, was linear polydimethyl siloxane hydroxylated at
ered, and although some techniques, such as nuclear mageth extremities. Three systems were investigated.
netic resonance or Raman scattering, can supply valuable (1) A high molecular weight fraction of pure polymer,
information of a local nature, the interpretation of the resultsM,,~500 000, with polydispersity indeM /M ,=2, where
is not straightforward and is strongly model dependent. M, and M,, are, respectively, the number average and the
Small-angle neutron and x-ray scatterif§ANS and weight average molecular weights.
SAXS) have been used to investigate the distribution of car- (2) A lower molecular weight oil of viscosity 20 Pas,
bon black dispersed in natural rublddr and of silica par-  containing 9% w/w fumed silic€Degussawith trimethylsi-
ticles in polydimethyl siloxandPDMS) [2]. Carbon black Iyl groups grafted to its surface. The BET specific surface
particles are found to possess an internal structure, whichrea of this treated silica is 602 *. Prior to grafting, the
complicates the analysis and limits the amount of informa-nominal BET surface area of the untreated silicade name
tion that can be deduced about the distribution of the surZ300 is stated to be 300 fiy *. A sample of this untreated
rounding polymer. With silica, fractal-like behavior has beensilica was used in these experiments to measure the proper-
observed in the clusters when the concentration is suffities of the pure filler.
ciently high[2,3], and the role played by this secondary net-  (3) The same ag2), but with in addition 4.3% w/w ethyl
work in the mechanical properties remains a subject of contriacetoxysilane. This additive binds to the hydroxyl end
siderable interest. SANS measurements have also begmoups and establishes cross links when the system is ex-
reported on polymer molecules attached to porous silica unposed to atmospheric moisture. After completion of the re-
der dilute conditions, in which scaling behavior is observedaction, during which acetic acid is released, the residual
for the concentration profilg4]. Relatively little attention, weight fraction of this cross-linking additive falls to 1%.
however, appears to have been paid to the influence of the Both these samples were prepared by mechanically mix-
filler particles on their immediate polymer surroundingsing the filler and PDMS melt in a ball mill under dry nitro-
when they are incorporated in a concentrated solution or gen at room temperature until the mixtures were homoge-
gel[5—7]. This interaction is important because the existenceneous. A third set of samples was similarly prepared with
of free silica surfaces modifies the local polymer distribution,untreated fumed silica of surface area 300gm. Between
and the polymer and the silica networks are therefore nothe sample mixing and the SANS experiments, more than
three years elapsed. This delay is sufficient to allow equilib-
rium adsorption to be established on the filler surfele
* Author to whom correspondence should be addressed. Electronic The samples were swollen in mixtures of hydrogenated
address: erik.geissler@uijf-grenoble.fr toluene (Prolabo, analytical gradeand deuterated toluene
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FIG. 1. SANS spectra(q,D) of silica aerogel300 nfg™?) in
toluene at different degrees of deuteratdn FIG. 2. Least square fits afl (g,D) vs D for different values of
g. The intersection ab =0.497 is the contrast match point for all
(Acro9) with deuterium content-99%. The specimens for Vvalues ofq.
SANS were contained in a cell consisting of 1-mm thick
quartz windows separated by a 1-mm spacer sealed with @nsity of the solvenpy(D) depends linearly on the deute-
Viton O ring. Measurements of the equivalent set of samplegium contentD. For any fixed value off therefore, the square
containing untreated silica particlé300 nfg~?) at the same root of Eq.(1)
concentration yielded results that are closely similar to those
from the treated system, and are not described here. VI(d,D)=(pp—ps) VKT Q) (2
The SANS experiments were carried out on &7 and ) . . )
D22 instruments at the ILL, Grenoble, using wavelengths ofhould yield a straight line when plotted as a functiorDof
12 and 10 A, respectively. For the former instrument, the=or this to be true, in Eq2) the sign of the square root must
sample-detector distance was 2.9 m, and for the latter, twB€ chosen to be positive on one side of the contrast match
distances were used, 2 and 18 m. Counting times were b&oint, at whichps(D)=p,, and negative on the other. As
tween 20 min and 1 h. Calibrations were made with water av¥aries, this procedure generates a family of linear regression
25 °C using the measurements of Ragnettal. [9]. Correc- lines, shown in Fig. 2. All these lines meet at a single point,
tions for incoherent background were made with a methodndicating that the mass density of the silica partictbgo, ,
described elsewherl0]. All measurements were made at is uniform. The point of intersectior) =0.497, combined
room temperaturé20 °C). with a knowledge of the scattering lengths of the constituent
Experimental errors were estimated using the meamuclei of toluene and silichl1], then yields for this sample
square deviations of the data from the area detector for the
sample, the empty cell and the background, together with the dsio,=2.089 g cm3. 3
Poisson noise in the transmission measurements. The result-
ing mean square deviation of the intensity provides the stathis value, which is lower than the density of bulk fused
tistical weights employed in inverting the matrf€q. (4) silica, is a sign that the material is porous.
below]. This process yields the partial structure factors and
their errors.
The density of the fumed silica used in the filled elas- RESULTS AND DISCUSSION
tomers was not known with precision. As a knowledge of the In ternary systems such as those investigated here, the
density of each component is essential to analyse a ternascattered intensity(gq) can be expressed in terms of three
system, contrast variation measurements were made on tipartial structure factor§;;(q), where the subscriptsandj
pure filler. This was done by preparing slurries of untreatedefer to polymer(p) and filler (f). Thus Eq.(1) transforms to
silica aerogel A£300 with toluene at four different values of
deuteration contenD. The resulting SANS spectra are  1(Q)=KT[(pp—ps)?Spp(q)
shown in Fig. 1. In this double logarithmic representation,
the four curves appear to lie parallel to each other within the (pp= P (P1= P9 Spr(A) +(pr—ps) *Sre(a) ]
experimental error. Since the toluene-aerosol mixture consti- (4)
tutes a binary system, the observed intensity is given by
Here,p,, p;, andps are the scattering length densities of the
I(q,D)=(pp—pS)2kTS(q), (1) polymer, the filler, and the solvent, respectively. The values
calculated from the literature for these quantities are
where S(q) is the structure factor of the silica particles in
suspension, and the Boltzmann factkTE4.11x 1021 Js) pp=6.34x10° cm?, (59
expresses$(q) in terms of Pal. In Eq. (1), pp is the scat-
tering length density of the polymer; the scattering length ps=(0.944+4.730D)x 10 cm?, (5b)
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FIG. 3. SANS spectra of filled uncross-linked PDMS solution in q (A1)

toluene at five different values @.
FIG. 5. Modulus of the partial structure faci@,(q)| for filled
pr=3.30% 10° cm™2, (50) gel and for uncross-llnked solutiqgopen symbols: positive values;
filled symbols: negative valugsFor clarity, the error bars are
shown only for the uncross-linked solution, and gel data have been
wherep; is the result of substituting the isopyknic poidt  shifted upwards by two decades.
=0.497 of Fig. 2 into Eq(5b).
_Figure 3 shows the normalized SANS spectra from theiretched exponential representation. The stretched exponen-
filled uncross-linked polymer solutions in toluene, at five dif- i3] form
ferent values of D. The total volume fraction of
polymer+silica is ¢=0.20. The curves obtained from the
cross-linked gel fully swollen in toluenep=0.24), not re- Si1(q)=aexgd —(qRa)"], (6)
produced here, closely resemble those of Fig. 3. The struc-
ture factorsS;;(q) are found by inserting the corresponding
intensitiesl (q) into Eq.(4) and inverting the matrix. Each of
the resulting curves;j(q) yields information on the distri-
bution of matter in the sample.
In the double logarithmic plot of Fig. 1 it is clear thigiy)
does not follow a straight line: the distribution of the silica
particles is therefore not fractal in thgg range. The same

result is also true for the partial structure fact@g(q), . -
. . _ system[12] indicate that the validity of Eq4) extends well
l(;a::cuﬁte:ie;rogtﬁgf4), lfr?rFtihe Tlfﬁeigludt'{;g aar:g Tf?oivvxogn into the light scattering region at logyand is limited by the
gel, P Y- 9 ;?JOrodq*4 behavior at the higlq end. Values of the apparent
radiusR, in Fig. 4 lie in the range 2—3m.

where the exponeni= 3, produces a straight line plot for
the three filler systems investigated. The explanation of this
behavior is not at present clear, but is related to the method
of production of the silica aggregates. The similarity between
the structure factors of the silica in the free state and inside
the polymer matrix shows that the mechanical mixing does
not modify the aggregates. Results for a similar filled PDMS

T T somomens 1 The off-diagonal ternS,(q) is shown in Fig. 5 both for
10% omeg, o Siozin POMSgel | ] the uncross-linked solution and the gel. The error bars shown
+  Si0,in PDMS solution |- are those calculated from the covariant matrix of Ej, as
107 |- 2000, - ] outlined in the Experimental sectioB,(q) displays an os-
- o E cillation, with a minimum (in this representation negative
S . T, P, (X 100) ] values are distinguished from positive valueat g
I ’ S Yo, , ~0.02A"1. Such a minimum implies a region that is de-
o g o P pleted in polymer at about 100 A from the silica particles. In
100 199 ~ TN il the cross-linked system, this depleted feature shifts to lower
o > ! g, indicating that the permanent elastic forces expand the
oy % ‘ e o ] range of the corresponding concentration fluctuation. This
01 02 03 04 05 06 observation may also be due in part to deposition of a layer
q'% (K13 of polymerized ethyl triacetoxysilane at the surface of the

silica particles. At higheq, in both samples3,:(q) changes
FIG. 4. S(q) of silica aerogel in Fig. 1), and partial structure ~ Sign once again to become positive. Close to the filler sur-
factor S;4(q) of silica in swollen gel(O) and in uncross-linked face, therefore, the polymer concentration is enhanced. Over
solution (+), plotted in a stretched exponential representation witha limited range at the low end of Fig. 5, the data from these
n=1%. two samples satisfy the Guinier relation
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S (Pa’) where ¢ is the polymer-polymer correlation length and
Sosn0)= @/ 911/ d¢ is the osmotic susceptibility, being the
polymer volume fraction andll the osmotic pressure exerted
by the solvent in the solution. For this samples11.5 A
] and S,,,{0)=0.9x10 " Pa . The broad plateau in the re-
T ; gion q<0.03 A~ ! indicates that large scale associations are
R ] absent from this solution.
e By contrast, for the filled polymer solution and gel the
0.0001 B curves ofSp(q) in Fig. 7 exhibit a complex pattern over
\ [ . their entire range. The physical picture of silica beads sur-
i \ ] rounded by a corona of polymer chains makes it tempting to
\ interpret these scattering functions in terms of star polymers
\ 1 [13-14. This approach seems attractive in the present case,
T since the scattering functions of solutions of star polymers
qualitatively resemble those observed in Fig. 7. The appear-
5 5 ance of regions with slope in excess of 3, which is the sig-
9T A7 nature of scattering from surfaces, is, however, inconsistent
FIG. 6. Guinier plot of logo Sy((q) Vs g7 for the lowestq data with stars, and this_concept is therefore abandoned in favor
points of Fig. 5.0: filled gel, +: filled solution. The slopes of the of a phenomenological approach.

straight lines yieldR;=570 A andR;=550 A, respectively. In Fig. 7 the scattering function of the filled polymer so-
lution (plussegdisplays three different characteristic lengths.

—?R2 First, at highq a shoulder is present that is analogous to that
Spf(Q)=Spf(0)eXr< 3 ) (7)  of the pure binary solution. This feature, which is shared
with the signal from the cross-linked gébpen circleg
whereRg is the radius of gyration of the polymer clusters comes from the osmotic fluctuations of the constituent poly-
around the silica. The results are shown in Fig. 6, where th

er network, and may be described by an expression similar
straight line fits yieldRg=550 A for the filled solution, and 1© Ed- (8)- In cross-linked systems, however, owing to their

0.001 .

0 4x10°® 8x10° 1.2x10° 1.6x10°

Rg=570A in the gel finite elastic modulusG, the osmotic susceptibility can be
The polymer-polymer scattering functiorts, ,(q) ob- expressed 310,17

tained from these experiments are shown in Fig. 7. The low- o2

est data pointgcrosses are those of the unfilled uncross- Sosm(0)=[ Goldet AG3]’ 9

linked solution in the semidilute state. It can be described powloe

satisfactorily by an Ornstein-Zemike expression where w=I1—-G is the swelling pressure of the solvent in

the gel. Second, at intermediate valuegjpéxtra scattering

Seo(q) = SOS—"{O) (8)  is visible compared with that from the unfilled solution. In
(1+92%&?) chemically cross-linked gels, an equivalent feature is identi-
fied with static concentration fluctuations due to elastic con-
log  S,(a@) (Pa=l) straints in the polymer networkl8]. This feature can be
-3 — T simulated by an additional term in the scattering function of
the form[19]
° o ° ge]
=4 . ]+ﬁller T
+++: + 50l A
x S = ——=3" (10
= N T eEy?
TR, - unfilled gel
-6 . whereA describes the amplitude of the static fluctuations and

B, their spatial range. In the present filled solutions, analo-
gous concentration fluctuations are expected to develop

-7 r Ph*mn.
1 around the filler particles, since the free ends of polymer

-8 | chains adsorbed on the silica are stretched elastically by os-
motic forces. For these solutions, therefore, the region of

-9 NP R high concentration is situated in a layer immediately sur-
1073 10-2 10-1 rounding the silica particles. As stated above, this expecta-

(&1 tion is corroborated by the positive values of the cross-term
q Stp(Q) at highg. Lastly, at the lowest values aefin Fig. 7,

FIG. 7. Polymer-polymer partial structure factoBs,(q) in @ region is distinguished with slope close ta!, character-

swollen PDMS gel containing silic€D), and in the corresponding istic of Porod scatterinf20]. To describe this feature a third

uncross-linked solutiof+). Also shown are the structure factors of Characteristic lengtiE , is necessary.

a PDMS-toluene solution without fillefpure solution (x), and a In the lowestq range no feature equivalent to the upturn

randomly cross-linked PDMS géR4] fully swollen in octane to  in S,,(q) is observed in the partial structure factor of the

approximately the same concentrati@). silica S¢¢(qg) for which the Porod region occurs at highegr
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log S (q) (Pa-1) TABLE |. Specific surface area of silica filler measured by
1opp SANS, from EQ.(12). (The error in these estimates is approxi-
CoTTT T mately 25%)

i £= 168
-4 \\ == 23R 1 2 ¥ & S nom
| 2 410k Vdsio, Vdsio, Py Vdsio,

[

Sample (Mg  (mPg™) (m?g™h)
silica ££300 330 300
filled solution 35 440 0.08 60
filed gel 21 270 0.08 60

[@dwldp+4G/3]=1.24<10 "Pal is indicated by an ar-

' row at the left of Fig. 8. The agreement with the intensity of
1073 1072 107" the osmotic term in Eq11) lends support to this approach.
g (AN The standard method for estimating the size of the large

scale (low ) feature in Fig. 7 is to calculate the specific
FIG. 8. Least squares fit of EQLO) to the partial structure factor g rface ared& ,/V [22]

Sop(0) of the filled uncross-linked solution. The dotted curve is the
first term in Eq.(11), and the arrow is the intensity calculated from
the swelling pressure of the equivalent {21].

-9 PR | el

Sp_ la-=Spp(@)’ w2

(g=0.1A~1). If the concentration of the polymer surround- v I'Spp(a)g?dq

ing the silica particles were uniform, then, by virtue of

Babinet’s principle S;,(q) andS¢¢(q) would have the same

shape. That this is not the case shows that the silica cluste(ﬁ,herelq_}m is the limit asq tends to infinity in the Porod

are surrounded by a layer of concentrated polymer that ifegion where the intensity varies gs*. The subscripp in

unrelated to the interparticle distances of the silica. 3., refers to the fact that this quantity is calculated from the
These considerations are illustrated by representing thgolymer partial scattering functio®,,(q), for which the Po-

scattering of the polymer-polymer contribution phenomenoyod region lies in the rangg<0.01 A~*. For the filled gel,

logically as use of Eq.(12) yields3.,/V=4.4x10"*A"1, while for the
filled solution, X ,/V=7.3x10 *A~1. These numbers may
_ 5(0) Aq Az be compared with the nominal specific surface area of this
Spp(A) = (1+9%8) + (1+qu§)2+ (1+ 222 filler, namely, 60 g %, which, combined with the mea-

(12) sured densitydsio2 in Eq. (3), corresponds to3,,n/V

=1.25x10"2A "1, The results of these measurements are

Equation(11) contains six adjustable parameters, which, unisted in Table I. Also listed are the values of specific surface
der normal circumstances, is unduly many to describe area calculated from the Porod regiog=0.1 A~1) for
monotonically decreasing curve of the type shown in Fig. 7.5;(q), namely,2;/V. For this calculationS;;(q) is substi-
However, the lowg and highq features of these curves are tuted for S;,(q) in Eq. (12). From Table | it can be seen,
sufficiently distinctive to yield an unambiguous least squaresirst, that the measured vall®; /V of the untreated silica
fit to the data. This is shown in Fig. 8 for the filled uncross-aerogel is consistent with its nominal value; second, the ratio
linked solution[for the gel, the data do not extend to large 3, , /3, of the free surface of the polymer to that of the filler
enough values of] to give a reliable fit to Eq(11)]. The  with which it is in contact is of the order of 10%. This result
values of the characteristic lengths found gre16 A, Z;  implies that the majority of the silica surface is inaccessible
=23A, and E,=410A. Although these numerical esti- to the polymer chains, probably owing to steric hindrance.
mates may be viewed with reserve, their magnitude is sigThe ratio for the fractional occupatian, /> by this direct
nificant: the thicknes&, of the concentrated layer around measurement is lower than indirect estimd®&3| based on
the silica clusters is, as expected for physical reasons, conghemical analysis and NMR, which lie in the range 0.25-0.5.
parable to the correlation lenggof the free polymer chains. Finally, as a comparison with the filled system, in Fig. 7 is
Both these lengths are much smaller than the apparent clustalso shown the SANS spectrum of a randomly cross-linked
radiusE,, the value of which is more consistent with the unfilled PDMS geldots, swollen to approximately the same
radius of gyrationRg estimated from the cross partial scat- concentration in deuterated octaflume fraction 0.178
tering functionS,¢(q). [24]. The difference in solvent does not qualitatively modify

Independent evidence for these results is found by comthe SANS response of the system. At Igywnoq~* behavior
paring the value ofSy,s,{0) obtained by SANS with that is revealed in this case, since no filler is present. In the in-
obtained from swelling pressure measurements in the crossermediateq range, however, the intensity is significantly
linked gels[21]. For the filled gel fully swollen at,=0.24, enhanced compared with the filled system. The correspond-
it is found from these osmotic measurements thats/de ing concentration fluctuations are thus larger in the unfilled
+4G/3=470kPa. The corresponding value of?/ gel.
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CONCLUSIONS of the internal free surfaces reveal that less than 10% of the

Contrast variation measurements with SANS on Silica_sglr;?rc]:grarea of the filler particles is in direct contact with the

filled PDMS solutions and gels swollen in toluene reveal that®
the filler particles are surrounded by a layer of concentrated
polymer, the thickness of whidtaround 20 A is comparable
with the correlation length of the polymer in the rest of the
solution. A region depleted in polymer occurs outside this We are grateful to the Institut Laue Langevin, Grenoble,
layer. At the low(9% w/w) filler concentration studied, frac- for beam time on two instruments, D17 and D22, and to
tal behavior is not observed. The silica distribution insteadRhane-Poulenc Silicones for supplying the samples. We also
displays a stretched exponential form, in which the stretchingicknowledge Grant No. OTKA P016872 from the Hungarian
exponent is equal to3. Evaluations from the SANS spectra Academy of Sciences.
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