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The dynamics of poly(dimethyl siloxane) (PDMS) filled with very fine silica particles with surface areas equal to

90 and 300 g™ has been investigated by quasielastic neutron scattering (QENS). The elastic scattering
intensity has been monitored as a function of temperature up to 275 K and momentum t€fsferalues
corresponding to the first and second sharp diffraction maxima. A small dynamic effect is observed below 235 K,
i.e. below the melting temperature of PDMS. Considerable decrease of molecular mobility in the filled systems is
detected above 235K as a result of the decreased entropy of the adsorbed segments. The extent of reduced
mobility is such that part of the chains no longer contributes to the quasielastic broadening but gives rise to an
elastic component. At 40 wt% silica content and 250 K the fraction of immobilized segments amounts t&r 0.072
0.005 for the filler with 90 Mg~ surface area which corresponds to an adsorption layer of about 801898
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INTRODUCTION corresponding to the usual polymer glass transition did not
shift with increasing filler content but decreased in
magnitude indicating that fewer chains participate in this
relaxation process with increasing filler content. The second
tané peak was broader than the first, decreased in size with
increasing particle content and was shifted to a lower
temperature. These results were discussed in terms of a
model first developed for ionomers, the EHM (Eisenberg,
Hird and Moore) model. Within this model, the polymer—
filler composites consist of silica particles surrounded by a
layer of immobile polymer that does not participate in either
of the two glass transitions. The second glass transition is
identified with a layer of loosely bound polymer chains
which is experimentally detectable only when the regions of
restricted mobility overlap; as the average interparticle
distance decreases with the addition of filler particles, the
loosely bound polymer is gradually transformed to tightly

Composites containing reinforcing fillers exhibit improved
mechanical strength compared to the polymer méirix
The reinforcement effect strongly depends on the properties
of the interfacial region between the two components, i.e.
the interphase, and it is largely determined by the specific
interactions between the polymer and the reinforcing
additive. As a consequence, the structure and the mobility
of the polymer within the interfacial region are altered
compared to the bulk polymer.

The experimental results from n.ni¥® dielectric
spectroscopy and dynamic mechanical thermal analy-
sist®!! (d.m.t.a.) revealed that the mobility of chain units
adjacent to the adsorbent surface differs considerably from
the bulk. Two and even thréeregions of different chain
mobility have been identified by n.m.r. experiments. This
dynamic heterogeneity implies that chain relaxation in the . .
adsorbed layer differs from the bulk. The chain mobility bound W'th a decrease in the area of the se_cond_pﬂaks.
outside the absorbed layer, which was estimated to be about " this work we present the first quasielastic neutron
four times the van der Waals diameter of the molecules, is SCaltering (QENS) study of polymer—filler composites and
close to that of the unfilled polymer. In addition, th’e explore_ the effect of reinforcing flller on the fast segmental
introduction of active fillers produces an insoluble gel of dyr]amlcs and for length scales in the range from 3 t0 25 A
bound rubber whose content can be determined bywhlch are the relevant length scales for the dynamically

extraction or pulsed n.m.r. measureméhts modified polymer.

Tsagaropoulos and Eisenb&?g*have recently reported . IN€ System chosen for our study consists of PDMS filled
a stud%]/ ofpthe dynamic mecha%ical propertie); ofpvarious with hydrophilic Aerosil (fumed silica). This appeared to be

polymer—filler systems including poly(dimethyl siloxane) 2" obvious choice due to the extensive literature available

(PDMS). Most composites examined showed two peaks in on the low-frequency dynamics of both filled and .unfilled
tangent delta (tad) at silica contents above 10 wt% except polymer. Furthermore, PDMS has a low glass transitig (

PDMS/filler composites where a second tapeak was resulting in a pronounced _quasi«_alastic_ broadening at
observed above 20wt%. The low-temperature peak ‘€MPeratures above the melting point. It is therefore very
suitable for studying the effect of restricted mobility due to

the ‘slow’ filler particles. In addition, among the elastomers,
*To whom correspondence should be addressed PDMS shows the greatest improvement in mechanical
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properties with the addition of fillers. A modification of the

Only the coherent scattering contains structural informa-

dynamics of the chain units adjacent to the adsorbenttion on the position of the nuclei in the sample since it arises
surface compared to units in the bulk is therefore expected.from interference effects between waves scattered from

NEUTRON SCATTERING*1®

different nuclei. The incoherent part carries no structural
information. Incoherent scattering arises from deviations in
scattering length from the mean value and it is due both to

In a scattering experiment using neutrons, the incident the existence of different isotopes in the specimen and to the

beam, which is characterized by the wavevedkgrof
wavelength), (Ik.l = 27/\,) and energ\E, is scattered by
the nuclei in the target material. Changes in both their
energy and direction of travelling may occur upon
scattering. If the scattered beam has enefgyand
wavevectok (Ikl = 2z/\), then by considering conservation
of energy and momentum, the following relationships can
be obtained:

AE=E-E,= (%) (K — k)

hQ="(k —ko) @)

where h=h/27 (h is Planck’s constant) andh, is the
neutron massni, = 1.675X 107" kg). For an elastic pro-
cess, there is no energy change upon scattesikg= 0 and
thereforelkl = lkgl. In this case, the wavevector chanQe

1)

presence of nuclei in different spin states. Since the nuclear
spin is usually uncorrelated with the position of the nuclei,
incoherent scattering does not contain any structural
information but can be exploited in dynamic studies.

Neutron scattering experiments carried out to investigate
molecular motion in polymeric materials exploit the
large incoherent cross-section of the hydrogen atoms
(oine(H) = 80.26 barns) compared t@,. of other nuclei
(0ine(C) = 0.001 barnsgj,(D) = 2.05 barns and,(O) =
0.000 barns). For a hydrogen-containing polymer, the
incoherent scattering cross-section relative to the monomer
unit is also large compared to the coherent part and therefore
the scattering is mainly incoherent.

The quantity measured experimentally is the double
differential scattering cross-sectiarfg/(9E 0Q). This gives
the probability that a neutron is scattered with energy
change & into the solid angle d at a fixed scattering angle

(also termed scattering vector or momentum transfer) 0. For a system oN identical nuclei’o/(JE 09) is related

defined by equation (2) reduces to:

Ar . 0
Q:IQI:Tsmé

wheref is the scattering angle.

®)

Inelastic scattering is observed when the nuclei are

vibrating, rotating or translating in the time-scale of the
scattering experiment.

to the incoherent scattering lav..(Q,w) (w being the
angular frequency) according to:

o _Nk
IQOE  drk,

incSinc(Qs @) (4)

The incoherent scattering law describes correlations

Because molecular vibrations Petween the same nuclei at time zero &raehd it therefore

involve changes between quantized energy levels which Provides information about the motion of individual nuclei.
are large compared to neutron energies, a finite exchange offowever, sinces(Q,«) essentially arises from nuclei with
energy takes place between the neutrons and the nucledifferent spins, nothing can be said about the spatial

giving rise to discrete peaks in the inelastic neutron
scattering spectra.

For rotational and translation motion, small energy
exchanges occur between the neutrons and
particles which are diffusing over a time scale of about

correlations of these nuclei.
Data analysis is generally performed by comparing a
model function to the experimental data. This involves

thechoosing an analytical expression to represent the scattering

law Sp(Q,w), convoluting it with the instrumental

10°-10"%2s, Because the spacings between the energy'esolution and fitting it to the experimental data. The
levels are small compared to neutron energies, quantizationdisadvantage of this procedure is that the analytical form of
can be neglected and molecular motion is detected as aSn(Qw) has to be known and needs to be a relatively
broadening of the elastic line due to neutrons scatteredSimple mathematical function for the convolution to be
without energy transfers. Because of the small energy Performed. ) ) .

changes involved, this type of neutron scattering technique 10 avoid making assumptions on the motion of the PDMS

is referred to as quasielastic neutron scattering (QENS).

chains, we adopt a different method based on the Fourier

The neutron—nucleus interaction is characterized in termstransform of the QENS data. A detail study of the dynamics

of two parameters, the scattering lengtivhich represents

of PDMS will be reported in a separate publication.

the amplitude of the scattered wave and the scattering cross- 1he scattering functior§,(Qw) is the time-Fourier

sectiong which gives the probability of a neutron being
scattered in the# steradians. The relationship between the
two parameters ist = 4rb? (the scattering cross-section is
measured in barns, a unit which is equivalent to4@m?).

transform of the intermediate scattering functig(Q,t):

S@)= o [ln@ X~k (5)

The neutron—nucleus interaction depends not only on thewhich is defined as:

type of nucleus but also on the total spin state of the

neutron—nucleus system. This explains why values of

scattering lengthb are of the same order of magnitude
(1072 cm) for all nuclei but differ from isotope to isotope of

(@) = = (expliQ-R () exp(— IQ-RO))  (6)
N

where the brackets indicate a thermal averageRy(tjland

the same nucleus. As a consequence, the scattering crossR;(0) are the positions of the nuclei at tinheandt = 0,

section can be separated into two contributionsplerent
Ccross-sectiono, = 4m(b)? which is related to the mean
value of the scattering length and icoherentcomponent
oine = 41((b% — (b)?), which is due to deviations from the
mean scattering length.
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respectively.

The intermediate scattering function can be derived from
the experimental data via deconvolution by considering that
a convolution inw-space corresponds to a multiplication in
time.
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EXPERIMENTAL silica particles to a 0.5 wt% solution of PDMS in pentane.
) The suspension was stirred for 48 h and then the solvent was
Materials allowed to evaporate at room temperature under stirring.

Poly(dimethy! siloxane)Nl,, = 103400 g mol*, M,/M, The powder was dried in a vacuum oven. Samples for QENS
= 2.36) was purchased from Aldrich. Differential scanning experiments were prepared by compressing the dried
calorimetry (d.s.c.) measurements were performed on amixture at room temperature in a mould. The thickness of
Metler DSC at a heating rate of 10 K mih PDMS shows a  the films was approximately 0.2 mm.

Ty at 151K, a cold crystallization at 188 K and a broad  The d.s.c. traces of the PDMS—filler samples showed
melting transition composed of two endothermal peaks at broader transitions compared to PDMS but the transition
227 and 233 K (see inset Figure 1(a)). temperatures are not substantially altered in the presence of

Composite samples containing silica particles (Degussa)filler. The main change is associated with the melting peak.
of two different surface areas were prepared: PDMS—A90 A single peak was detected in the PDMS—filler samples at
containing Aerosil A90 particles of 90y * surface area 233 K and the crystallization of the polymer matrix was
(nominal diameter: 20 nm) and PDMS—A300 made from found to be suppressed. In fact, earlier stutires/e shown
Aerosil A300 with 300nig™ surface area (average  that addition of filler particles with volume fraction higher
diameter: 7 nm). The weight fraction of Aerosil in the than 0.3 results in the complete suppression of crystal-
mixtures was 40 wt% which corresponds to a volume lization. This effect is largely dependent on the type of filler
fraction of 23 vol% as calculated from the densities of used. The filler particles induce disorder by creating quasi-
PDMS and Aerosil (0.982 and 2.20 g ciprespectively). crosslinks at the physisorbed points and slow down the chain

PDMS—Aerosil mixtures were prepared by adding dried diffusion which is necessary for polymer crystallization.

0)
om
[ 3
»
»ne

S(Q,w-0) (T)/ S(Q,w~0) (T
-

BO P

D »oe

m pl e
[ ]

o pOd e

O PO
[ ]

o A
100 00 e el ::)) .
T T T, 2
0.02 lg c |m
0.01 \ T T ‘ \
0 50 100 150 200 250 300
(a) T (K)
1 ' I 2 ° ¢ oo,
) -
I 05 - W o Xa .
[_" - n 5 A [ ]
- » 2 O °
8 L °
3 02
y o
o .
2 0.1 A o A R
/[—T " o,
:: 0.05 - LI
S | o
3
D 0.02
& 1 .?O 1 .g2 1 .232 O.ﬂ95 O..53
0-01 T — T T T T
0 50 100 150 200 250 300
(b) T (K)

Figure 1 Elastic window scany(Q,«» = 0)(T)/S(Q,» = 0)(T = 0), versusemperature of (a) PDMS and (b) PDMS—-A90M) (1.80, ©) 1.62, (A) 1.32, (J)
0.95 and @) 0.53 A%, In the inset of (a): d.s.c. trace of PDMS measured at 10 K frhowing the glass transition temperatufg, cold crystallization T
and melting peaks
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The integrated heat of fusion amounts to 31 and 10"y
PDMS-A90 and PDMS—-A300, respectively.
QENS measurements A%

QENS measuremerits'® were performed on the IRIS .
back-scattering spectrometer at the Rutherford Appleton =
Laboratory (ISIS pulsed neutron sourte)The temperature < PDMS - A90
range investigated varied from 4 to 280 K. The energy range *E‘
covered by the spectrometer was from 0.4 to 0.4 meV g
with an energy resolution of 1V (measured as FWHH) =
for the PG002 analyser and of L&V for the MIO06
analyser. TheQ range varied from 0.25 to 1.97A. PDMS

In all experiments, the elastic intensity scattered within a w\
small frequency interval around =~ 0 (AE = 14 yeV) and ~ , — .
corresponding to neutrons which are scattered at zero 0.2 1.0 1.8 2.6
energy transfer, was first monitored in a wide temperature 0
interval ranging from 4 to 280 K (elastic window scan). QA7)
From these measurements the incoherent dynamic structuretigure 2 Static structure factoS(Q) obtained from wide-angle X-ray
factor, YQ,w = 0), was determined and data were scattering at 300 K for PDMS, the polymerffiller composite and the filler
normalized with respect to the extrapolated value at 0 K Particles (A90)
for selectedQ values.

In the absence of quasielastic broadening the decrease of
the elastic intensity is described by the Debye—Waller Tewe g,
factor: = ¢ .

WVoz00 e L
SQ w=~0)(T=0) = TN

where{u? is the mean square amplitude of vibrations which 3 02 .
decreases linearly with increasing temperature{(i® = T. o 2
Therefore, by plotting If{Q,w = 0)(T)/YQ,w = 0)(T = 0)] ; 0.1 A
versustemperature any non-linearity observed is due to & CoAs
molecular motions other than vibrations. This also gives =& 0.05 . °
rise to the appearance of a quasielastic broadened componentz
in the QENS spectra. I 002 — "

Subsequently, a number of long time measurements were & PDMS PDMS-A90 PDMS{ASOOJ
made at selected temperatures in the range between 100 and g1 L — B
280 K in order to determine the scattering law as a function 0 50 100 150 200 250 300
of the energy transfer. To quantify the effect of filler on the T (K)
mobility of the PDMS chains the frequency data were _ _—
converted to the intermediate scattering functi¢@,t)*’. E'gL,\‘Arg_gAgglgﬁgc“)"’g'gf\’,lwsf‘;asrggrzgf"If’seg?ii’{e for®) PDMS, ©)

WAXS measurements
The wide-angle X-ray (WAXS) measurements were weighted average of the pure components, as shown in
carried out on a Siemeng- diffractometer (Model Figure 3
D500T) in the reflection geometry. Cu oK radiation
measurements were used from a Siemens generatorRESUL.I_S
(Kristalloflex 710 H) operating at 35 kV and 30 mA and a
graphite monochromator was utilized in front of the detector Values of Q. =~ 0) normalized to the extrapolated
(A = 1.54 A). Measurements were performed in theange intensity at 0 K are plotted iRigure 1(a) andFigure 1(b) as
1 to 2@, with steps of 0.0%, covering theQ range from 0.4 a function of temperature and momentum transgefor
to 2.8 A%, Experiments were performed at 300Kgure 2 PDMS and a sample containing 40 wt% of Aerosil 90
shows the static structure fact§(Q) of PDMS, the filler (PDMS-A90), respectively. The temperature dependence of
particles (A90) and the PDMS/A90 sample used for QENS INn[S(Q, w = 0)(T)/SQ,w = 0)(T =0)] is a very sensitive
measurements. probe of the mobility and hence of the transition temperatures
The structure factors of the polymer and the filler show a in the unfilled and filed PDMS samples. Below 75K,
main peak arising mainly from intermolecular interactibhs  IN[S(Q, w = 0)(T)/S(Q,w =~ 0)(T =0)] decreases linearly
at about 0.8 and 1.5 A for PDMS and A90, respectively.  with increasing temperature, as expected by the absence
The peak position is related to an average intermolecular of molecular motions other than vibrations. From 80 to
distance § = 27/Qnay) €qual to 7.8 and 4 Aor PDMS and 150 K the decrease of the elastic intensity beyond the normal
the filler particles (A90), respectively. Because the peak Debye—Waller factor is attributed to the reorientational
position reflects the average density (or specific volume) of motion of the methyl groups in PDMS. Independent n.m.r.
the material®, the difference between distances obtained for measurements made on similar systems assigned the
PDMS and A90 is then a consequence of the lower density dynamics around 95K to the Crotation of the CH
(less efficient packing) of the polymer as compared to the groups about the Si—C bohdThis is confirmed by the
filler particles (the nominal diameter of A90 is 20Q.A he analysis of SQ,w) which will be reported in a separate
structure factor for the composite (PDMS/A90) is the publicatiorf®.
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In the vicinity of the glass transition temperature located crystalline polymer dynamics. The analysis of the neutron
at 150 K for both filled and unfilled samples, a pronounced scattering intensity as a function of energy transfer in terms
decrease of the elastic intensity would be expected dueof a Gaussian distribution of activation energies will be
to the onset of large-scale conformational rearrangementspresented in a separate publicatidrHere we note that any
(a-relaxationf’. In practice, however, such a prominent dynamic effect due to the fillers is negligible upTgand
decrease of IIBQ,w=0)T)/SQ,w=0)T=0)] is the slightly more pronounced effect which is detected
observed only above the melting temperature, i.e. abovebetweenTyandT, (Figure 3) is probably due to differences

235K for all samples investigatedFigure 1(a) and in sample morphology, i.e. different amounts of crystallinity
Figure 1(b)). in the samples as discussed in Section Section 3. The extent

It is interesting to comment upon the behaviour close to of changes in molecular mobility in this temperature range
150 K in PDMS. As shown ifrigure 1(a) andFigure 1(b), is illustrated inFigure 4 where the normalized5Q,w)

just aboveT g, the elastic intensity appears to decrease more spectra of the unfilled and filled samplesGit= 1.78 A
than at lower temperatures, but it soon stabilizes to a andT = 235 K have been plotted. The good data overlap at
constant value up to 200 K. This is consistent with the d.s.c. this temperature indicates that the dynamics of the PDMS
measurements on PDMS (Section 3.1). Hence, the initial chains is unperturbed by the presence of the filler particles
decrease 0§Q,w = 0)(T)/YQ,w = 0)(T = 0) aboveTy is up to the melting point. In addition, the similarity between
associated with the onset of segmental motion. However, the two data sets confirms that the scattering of the filler
PDMS undergoes cold crystallization at 188 K;)( and particles is negligible compared to the scattering of the
molecular motion is now restricted due to the presence of PDMS chains, as expected from a comparison of the cross-
crystalline regions up to the melting temperature. Above section of the repeat unit in PDMS (510 barns) and the
235 K, the elastic intensity decreases steadily and shows across-section of the silica filler (11 barns, calculated for the
pronounced) dependenceRigure 1(a) andFigure 1(b)) as SiO; units).
usually observed in a polymer m&lt=® _

It is evident by comparindrigure 1(a) and Figure 1(b) Effect on segmental motion
that the presence of filler particles causes a slowing down of The dynamics of PDMS has been investigated in the past
segmental motion. A direct comparison between filled and by various techniqués’ including QEN$“~2% Three
unfilled SQ,w) spectra atQ = 1.80 A is presented in relaxation processes have been observed: the segmental
Figure 3 Although the elastic intensity is generally higher «-relaxation aff > T, and atT < T, two processes; and
for PDMS—-A90 and PDMS—-A300 up to 235 K comparedto +, the latter being attributed to the methyl group rotation.
PDMS, the dynamic effect observed is very small. Above Earlier QENS measurements on PDMSTat- T,, showed
T, this effect increases significantliigure 3 and depends  that the segmental relaxation time-scaled with Q™" with
on the particle surface area, at equal volume fraction of ninthe range 3 to 4. Although these results were interpreted
fillers. Aerosil 300, having the largest surface area interms of the Rouse model, recent stufffaemonstrated
(300 n? g™, is more effective in restricting the mobility  that the same(Q) scaling could result from the inherent

of the polymer chains. non-exponentiality in the intermediate scattering function,
) i.e.1(Q,t) = exp{—[t/7(Q,T)]"} with n = 2/8 whereg is the
Effect on methyl group rotation Kohlraush—Williams—Watts (KWW) exponent.

In principle, the rotational motion of the methyl groups in PDMS and samples containing filler particles are
PDMS influences the QENS spectra in the temperature semicrystalline up to 235 K and large-scale conformational
range from 100 to 235 K. In practice, identification of rearrangements are severely hindered below this tempera-
methyl group rotation above 150 K is complicated by the ture. As a consequence, the QENS spectra Up,toontain
onset of long-range motions and at higher temperatures byboth elastic and quasielastic componerfgre 4), the
the cold crystallization of PDMS. In the temperature range latter probably consisting of contributions from the
betweenTy and T, the pure polymer spectral shape is amorphous regions in addition to methyl group reorienta-
complicated due to the filler and the amorphous and tions. The coexistence of amorphous and crystalline regions

Intensity (a.u.)

-0.35 -0.25 -0.15 -0.05 0.05 0.15 0.25 0.35

T T T T T

Energy (meV)

Figure 4 Normalized QENS spectra of (——) PDMS and)(PDMS—-A90 at 235 K and 1.78 7
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having different mobilities, in addition to the underlying effect is shown inFigure 6 as an apparent elastic
motion of the methyl groups, makes data analysis in this contribution tol(Q,t). Whereas the intermediate scattering
temperature range impractical. For this reason the following function of PDMS vanishes at long times due to the absence
discussion will focus on the analysis of the neutron of fixed centre of masd(Q,t) for PDMS—A90 tends to a
scattering data abovE,, where the effect of the fillers on finite value. This indicates that parts of the chains are

chain motion is greatesE{gure 3. immobilized, at least within the time-range examined in this
The reduced elastic intensity§(Q,» = 0)) from the experiment.
elastic window scanHigure 3 in the filled polymers finds In order to quantify the fraction of PDMS chains which

its counterpart in th&Q,w) spectra which are considerably experience restricted mobility we compare the intermediate
narrower in the latter systems as compared to PDMS scattering function of PDMS at 250 K with data from
(Figure 5. This observation is in qualitative agreement with  PDMS—-A90. As shown irrigure 6, at this temperature the
n.m.r* and dynamic mechanical measuremé&nts 1(Q,t) of PDMS can be fitted to the PDMS—A90 data after
In order to quantify the decrease of chain mobility in adding an elastic contribution, according to the following
filled samples we have analysed in detail the intermediate relationship:
scattering function(Q,t) derived fromSQ,w) by perform- .
ing a Fourier transform. An alternative fitting procedure of HQ Dpoms-roo=AQ) + (1 = AQ)(Q Droms  (8)
the QENS spectra is to treat tH#Q,w) with a suitable whereA(Q) can be regarded as the non-ergodicity parameter
choice of a model function to be convoluted with the representing the fraction of immobilized chains. By using
instrumental resolution. However, in this approach assump- equation (2) we implicitly assume that the dynamics of free
tions about the scattering law are necessary. Bearing this insegments, i.e. those giving rise to a quasielastic component,
mind we have chosen a method of analysis which treats thedoes not change significantly in the filled system. This is
intermediate scattering function and results in the spatial confirmed experimentally as shown kigure 6 where the

extent of confinement. match between data from the two samples is very good,
The restrictions of molecular mobility experienced by the within experimental error. Similar fits are obtained at
chains has been clearly illustrated Wigure 5 The otherQ values and thé\(Q) values are reported ihable 1

intermediate scattering function of PDMS and PDMS- for PDMS—-A90 at 250 and 275 K. It is worth noting that the
A90 confirms this observation. The extent of the dynamic A(Q) values of Table 1 have a broad maximum in the

S(Q,w)

-0.35 -0.25 -0.15 -0.05 0.05 0.15 0.25 0.35
(a) Energy (meV)

S(Q:0)

-0.35 -0.25 -0.15 -0.05 0.05 0.15 0.25 0.35
(b) Energy (meV)

Figure 5 (a) Normalized QENS spectra of (——) PDMS arid) (PDMS-A90 at 275 K and 1.78 2 and (b) QENS spectra of (——) PDMS an@)(
PDMS-A90 at 275 K and 1.44 A&
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Figure 6 Intermediate scattering function determined from the QENS spectra after Fourier transfoliRDMS—-A90 and ©) PDMS at 250 K and
1.2 AL The line represents the PDMS data corrected for an elastic contribution using equation (2) (see text). In the inset: comparison between the static
structure factoS(Q) obtained from wide-angle X-ray scattering at 300Fgure 2 andA(Q) values at[(J) 250 K and W) 275 K (Table )

vicinity of the second, sharp diffraction maximum 8fQ) by Tsagaropoulos and Eisenb&tg® This additional
(Figure 2, i.e. at 1.5 A%, implying that there is a small  relaxation process is attributed to the glass transition of
contribution to the total scattering due to a characteristic loosely bound polymer. For PDMS containing 40 wt% silica
distance in filler particles. This is illustrated in the inset to particles (380 mg~?) the difference between the position
Figure 6 whereA(Q) andSQ) are compared. To obtain an  of the two peaks is 53 K. (No melting transition was
estimate of the fraction of immobilized chains at 250 K we detected for this polymer which contained 7 mol% methyl-
use the averagA(Q) of 0.072+ 0.005. This indicates that  phenyl monomer units to prevent crystallization). Due to the
approximately 7.2% of the chains are tightly bound to the larger surface area used in the mechanical measurements we
filers when the particle content is 40 wt% (23 vol%). expect that the difference between the two glass transitions
Assuming that every polymer chain has segments in thein PDMS—A90 should be considerably less than 50 K, at
filler vicinity and that the adsorbed segments retain their 40 wt%. We therefore expect the second glass transition in
Gaussian shape (which is an oversimplification resulting filled PDMS to occur within the temperature range from 150
in the highest possible estimate), we find that the thicknessto 235 K. Because of the semicrystalline nature of PDMS
of the adsorbed layer is about 50 A and PDMS-A90, this glass transition, in addition to the
usual polymer glass transition, is not detectable by QENS.
DISCUSSION At 250 K, both the unp_erturbed chains and those_which were
loosely bound to the filler are expected to contribute to the

In this section we attempt to reconcile our experimental quasielastic component.
observation with other studies reported in the literature for The elastic intensity measured from the intermediate
polymer—filler systems. Early studies of PDMS-—silica scattering function of PDMS—A90F{gure 6 and the
particle$® (200 nf g~ surface area) reported that at a increase of the elastic contribution observed in PDMS—A90
filler content of 14 vol% three tah peaks are observed by and PDMS-A300 Kigure 3 are consistent with the
mechanical measurements. Two peaks are located at theexistence of a layer of immobile chains. The fraction of
same temperature found in the unfilled polymer and immobile chains for PDMS—-A90 is found to be equal to
correspond to the glass transitiof, & 150 K) and melting 7.2% at 250K and 6.2% at 275 K. This is close to the
(213 K). A third broader peak was detected at an amount of tightly bound silicone rubber measured after
intermediate temperature of 182 K. extraction with hexan'€ at similar filler content.

The existence of an additional tarpeak appears to be a
common feature of filled polymers as recently pointed out CONCLUSIONS

Chain adsorption at a filler surface results in a decrease of
Table 1 A(Q) factor as defined by equation (2) as measured from the the free energy of the SySteT“ and a decrease of the entropy
intermediate scattering function of PDMS—A90 at 250 and 275 K through the loss of translational and rotational degrees of
freedom of the adsorbed segments. Although this effect is
known from low-frequency experiments it is the first time
1.04 0.076 0.060 that direct evidence for the dynamically modified interface

QA A(Q) at 250 K AQ) at 275 K

i'ii 8‘8;2 g'ggg is provided in the GHz and THz frequency range with the
158 0.078 0.068 relevant spatial resolution.

1.70 0.076 0.068 Our QENS study of filled PDMS clearly shows that the
1.78 0.071 0.054 presence of the filler particles restricts the mobility of the
1.85 0.051 0.048

polymer chains. A very small dynamic effect is observed in

POLYMER Volume 39 Number 25 1998 6375



Local dynamics of PDMS: V. Arrighi et al.

PDMS filled with nanosize silica particles between 100 and 4.
235 K. Changes due to the presence of the filler within this
temperature range are probably related to the effect of the ¢’
filler on crystallization of the polymer matrix. However,
above 235K, the segmental motion is considerably 7.
hindered. Data analysis of the intermediate scattering
function evidences two dynamic processes: chains which 8.
are unaffected by the presence of the filler and chains whose g
dynamics are severely hindered. These give rise to an elastic

contribution to the QENS spectra and are therefore 10.

immobile within the resolution of our experiment. It is

suggested that the dynamics associated with loosely bound**
chains responsible for the second glass transition in dynamicj,

mechanical measurements could not be detected in this

experiment. This is a consequence of the semicrystalline 13-

nature of PDMS which renders the tvigs undetectable.

The elastic contribution which amounts to 7.2% at 250 K is 15

attributed to the formation of a tightly bound layer of
reduced mobility.

PDMS, with its lowTg and broad quasielastic spectrum at 16.

GHz frequencies is suitable for such studies both from the
fundamental and application viewpoint. However, one

major drawback is that it undergoes cold crystallization 18.

which hinders the dynamics below the melting temperature,

although this deficiency can be overcome by using higher 19

filler contents.

20.
21.
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