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ABSTRACT: By the use of small angle neutron scattering, the chain conformation in a polymer nanocomposite
was studied as a function of the nanoparticle fraction for two different molecular weights. A repulsive system was
realized in mixing poly(ethylene—propylene) and hydrophobically modified silica. All nanocomposite SANS
data exhibit a pronounced scattering peak at intermediate momentum transfers, which is closely connected
with the particle structure. Even under contrast matching conditions, the hydrophobic surface layer of the
nanoparticles was found to contribute significantly to the scattering signal. In particular, in the short chain
matrix the peak origin is exclusively related to direct particle scattering. In the long chain matrix, an additional
peak contribution is present. Possible origins include void correlation scattering or polymer correlation
scattering. We show unambiguously that the conformation of short chains with a molecular weight of
3000 g/mol is not visibly disturbed by the presence of the nanoparticles. In contrast to that a polymer matrix
with 50 000 g/mol chains is affected by the particle presence. The chain radius of gyration R, decreases.

Introduction

Reinforcement of polymers by inorganic particles has been
known and used for a long time. Nevertheless, a detailed molecular
understanding of the microscopic mechanisms is still a challenge.
With the availability of nanosized filler particles with a wide variety
of surface coatings, both scientific and industrial research on the
subject of polymer nanocomposites were greatly enhanced. In
particular, attention has been dedicated to the investigation of the
polymer structure in the presence of nanoparticles. Unfortunately,
results in the literature are still very ambivalent. In simulations, both
the chain conformation dependence on energetic filler—polymer
interaction as well as on chain size R, vs particle size R, were
studied.'”” As long as the energetic filler—polymer interaction was
not unrealistically high, the main results were qualitatively governed
by the polymer—filler size ratio W = R,,/R,4 In general, three
different regimes were accessed by the different simulations, W < 1,
P~ 1,and ¥ > 1. The main results of representative simulations
by Termonia,’ Sung,2 Vacatello,>* Sharaf,” and Picu and
Ozmusul®’ in their respective regimes will be briefly summarized
in order to illustrate the existing discrepancies.

e ForW < 1, theresults are quite in agreement with each
other despite different simulation assumptions and
model systems. Termonia, Picu, and Dionne find that
the chain size is not affected at all in this regime. Sharaf’s
result indicates a decrease of the chain size, but only on
the order of 2%. Thus, the chain size is hardly affected
by the presence of the nanofillers, as long as it is small
compared to the filler size.

e The situation is different, when W ~ 1. In this regime,
Picu finds a decrease of the average radius of gyration
R, for all filler fractions ®. This is in accordance with
the results by Vacatello, who uses Monte Carlo simula-
tions in realistically dense systems and always finds a
decrease of R, independent of the specific chain molecule
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(PE, PDMS). Sharaf also observes a significant de-
crease of the chain size at filler fractions @ > 0.10 using
polyethylene (PE) chains with 1000 skeletal bonds.
(At low filler fractions @ < 0.04, he reports a swelling
of the chain; these filler fractions are not of interest in
this context, however.) In contrast to these findings,
Termonia’s Monte Carlo simulations (using a tech-
nique introduced by Pakula et al.), were also per-
formed for a polyethylene system, but predict hardly
affected chain sizes at W ~ 1 for high filler fractions.

o The biggest discrepancies arise in the ¥ > 1 regime.
Here, the simulations by Termonia yield a significant
swelling of the chain size in the presence of the nano-
particles (by more than 10%); in particular, this is also
true at high filler fractions @ > 0.20. This is in
agreement with the findings of Sung. The latter work
investigates polymers in porous media, where in prin-
ciple the porous medium is considered as hard spheres
that percolate above the percolation threshold (*0.3
in all considered scenarios). Moreover, Sharaf also
reports significant chain swelling for ¥ < 1, but only
for small ®. For @ > 0.10 all computed systems finally
exhibit a chain size decrease. An analogous decrease of R,
is also reported by Vacatello for @ > 0.10.

The subject has also been addressed experimentally by scatter-
ing experiments. Nakatani measured an R,-decrease in a system
of PDMS and trimethylsilyl-treated fillers, when polymer and
particle size were of the same order, and an increase, when the
chains were significantly longer.® Mackay et al. showed the
swelling of PS chains in the presence of nanofillers (¥ > 1),
whereas Sen et al. observed unchanged chain conformations in
PS-silica nanocomposites'® over a wide range of PS molecular
weigths (W ~ 1-3). In the latter work, a pronounced polymer
correlation peak at intermediate Q was found. To our knowledge,
the regime W << | has not been experimentally addressed in detail
for high filler fractions ®.
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Since so many different observations exist in literature, we chose
to approach the topic with a well-defined model system with neg-
ligible energetic particle—polymer and particle—particle interac-
tions. This will enable a separation of confinement effects of merely
geometrical and excluded volume nature vs those of energetic
nature in more complicated systems.

Furthermore, we demonstrate that vigilance needs to be applied,
when polymer quantities are extracted from experimental nano-
composite scattering data. In particular, we will emphasize that
even under best-possible matching conditions filler particles may
have a significant scattering contribution. Our investigation is
therefore concerned with an accurate nanoparticle characteriza-
tion and particularly the quantification of a direct particle scatter-
ing contribution. It will become clear that for hydrophobically
modified nanoparticles this procedure is necessary, when com-
posites with high particle volume fractions are studied.

The present study uses small angle neutron scattering (SANS)
in order to contribute to a better understanding of the chain con-
formation in polymer nanocomposites. Composites of high
filler fractions of silica particles, covered with a hydrophobic
surface layer, in a hydrophobic polymer matrix (poly(ethylene-
propylene)) are investigated. This constitutes a model system
for a polymer—particle nanocomposite with nonattractive inter-
actions.

The system is studied for two different molecular weights M,
which were chosen so that ¥ < | and W 2 1. The first choice
is primarily meant to structurize the general conclusions from
simulations. The higher molecular weight on the other hand was
chosen to contribute to a better understanding of the W 2 1 regime,
where great discrepancies arise from the different simulative
approaches.

For both molecular weights, we find that the chain statistics is
not affected and remains Gaussian. The polymer radius of
gyration is also unchanged, when the chain size is much smaller
than the particle size. When the chain size becomes comparable to
the particle size, a decrease of the radius of gyration at high filler
fractions is observed. Moreover, in all samples an identical
scattering peak at intermediate Q values is found, which is closely
connected to the particle structure. All of the scattered peak
intensity directly originates from the particle core—shell con-
trast in the short matrix. In the long matrix, evidence for an
additional scattering contribution from voids or polymer
correlations is found.

The paper is organized as follows. In the Experimental Section,
the material system is introduced, and the SANS method is
presented. In the next section, Theoretical Background, a brief
overview over the necessary scattering functions for the data
modeling is given. Then in the Results and Discussion, the
experimental results are presented and discussed. First, a char-
acterization of the unfilled polymer matrices and of the used
particles was performed separately. The primary particle struc-
ture and average scattering length density is extracted from
measurements in dilute solution. Then, the nanocomposite SANS
data are presented, where always the average polymer scattering
length density is equal to the average particle scattering length
density. Before final quantitative conclusions are drawn from
these data, however, we present an ancillary measurement in
order to quantifiy the scattering contribution from the particle
core—shell contrast. This is achieved by measuring a sample
with high particle volume fraction in toluene solution, where
the average toluene scattering length density is equal to the
particles’, i.e. under the same contrast conditions that prevail
in the nanocomposites. With this knowledge, the direct scat-
tering contribution from the particles is removed from the
SANS data. The remaining signal is then compared to the
data from the unfilled melts, and differences are discussed in
detail.
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Table 1. Molecular Characteristics of PEP Polymers

sample M (g/mol) MM,
h-PEP3k 2980 1.04
d-PEP3k 3400 1.04
h-PEP50k 48900 1.02
d-PEP50k 49800 1.02

“ M, for PEP3k, M,, for PEP50k polymers.

Experimental Section

Materials. The model nanocomposite used in this work
consists of poly(ethylene-a/t-propylene) (=:PEP) as an apolar
polymer component and hydrophobically modified silica from
Nissan Chemical as filler component. Thus, a nanocomposite with
dominantly repulsive interaction is realized.

Two pairs of deuterated and hydrogenated PEP samples with
different molecular weights, h-PEP3k, d-PEP3k and h-PEP50k,
d-PEP50k were chosen as the soft component. The four PEP
polymers were synthesized from parent polyisoprenes, h- and
d-PI, by catalytic hydration (deuteration) using a conventional
Pd/BaSOy, catalyst. The corresponding polyisoprenes were pre-
pared by anionic polymerization of isoprene (d-isoprene) mono-
mer, with t-butyllithium as initiator and benzene as polymerization
solvent. The obtained microstructure consists of 75% cis-1,4, 18%
trans-1,4, and 7% 3.4 units for the PIS0k and of 65% cis-1,4,
29% trans-1,4, and 6% 3.4 units for the P13k, which was verified
by NMR spectroscopy.

The weight-average molecular weights of the PI50k polymers
were determined by low angle laser light scattering in heptane.
The number-average molecular weight of the h-PI3k sample was
obtained from '"H NMR measurements using the 9 protons of
the zert-butyl initiator group as internal reference. Size exclusion
chromatography (SEC) on the d-PI3k and h-PI3k in THF
revealed almost identical elution volumes. The molecular weight
of the d-PI3k is then derived from the number-average molec-
ular weight of the h-PI3k obtained by NMR multiplied by the
ratio of the molecular weights of the monomeric units, 76/68.
The polydispersity of all PIs were determined by size exclusion
chromatography (SEC) in THF relative to polystyrene stan-
dards. After saturation all PEP materials were remeasured by
SEC revealing no detectable change in polydispersity. For the
h-PEP materials complete saturation was verified by the dis-
appearence of the vinyl protons in the '"H NMR spectra.
Complete saturation was also assumed for the d-PEP polymers
since they were prepared identically. The average molecular
weights of the final PEP polymers were then recalculated by the
simply adding D, or H, per repeat unit. The characteristics of all
PEP polymers are summarized in Table 1.

The silica nanofillers were obtained from Nissan Chemical
(trade name: ORGANOSILICASOL Tol-St), and will be re-
ferred to as “ST” particles in this work. According to supplier
information, the particle diameter is Dg7~ 10—15 nm; the silica
surface is partially modified with short hydrocarbons not spec-
ified further. Approximately 20% of the OH surface groups
have been replaced, which suffices to render the particle hydro-
phobic. The silica are supplied in a stable toluene solution at a
filler fraction of ® = ®g; ~ 30 vol %. For a more accurate
specification of the particles, we conducted an elemental anal-
ysis, yielding the element abundances given in Table 2. More-
over, none of the supplier informations were used in the
evaluation of the experiments. All necessary particle parameters
were determined in adequate experiments, the results of which
are given in the text.

Both PEP and the particle surface layer consist of hydro-
carbons. Thus, a dominantly repulsive particle—polymer inter-
action is realized and the PEP-ST system constitutes a model
nanocomposite with repulsive interactions. The only nonrepul-
sive forces are due to van der Waals attraction.

The samples are divided into two different species: PEP—silica
nanocomposites and silica solutions in toluene. A complete list of
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Table 2. Elemental Analysis of the Tol-St Particles

element Si O H C
mass fraction 0.46 0.45 0.01 0.08
number fraction 0.26 0.45 0.19 0.10

Table 3. Sample Nomenclature”

sample Dg; [vol %] ratio h-/d-tol ratio h-/d-PEP
PEP3k-0 0 52/48
PEP3k-35 35 52/48
PEP3k-50 50 52/48
PEP3k-60 60 52/48
PEP50k-0 0 52/48
PEP50k-18 18 52/48
PEP50k-35 35 52/48
PEP50k-50 50 52/48
Si33 0.75 33/67
Si38 0.75 38/62
Sid6 0.75 46/54
Si56 0.75 56/44
Si66 0.75 66/34
Si100 0.75 100/0
hd-tol27 27 57/43 = ppare

“PEP50k denotes the M, ~ 50 kg/mol polymer matrix and PEP3k the
M,, ~ 3 kg/mol matrix. All values refer to the temperature used in the
corresponding measurement, i.e., 7 = 150°C for the nanocomposites
and room temperature for the solution samples. The h/d ratios of
protonated vs. deuterated components are given in vol/vol.

sample compositions is given in Table 3. The nanocomposites
were obtained by means of solution mixing in toluene. After
stirring for 48 h, the samples were first evaporated in air for 12 h
and then dried in a vacuum oven for48 hat 7 = 50 °C. In order
to minimize oxigen residues, the dry samples were loaded into
copper sample containers (thickness = 1 mm) for the SANS
measurements under argon conditions. The silica solution sam-
ples were also stirred for 48 h and then filled into glass containers
(thickness =1 mm). The vessels were sealed with Parafilm in
order to prevent solvent evaporation.

Methods: Small Angle Neutron Scattering (SANS). The SANS
experiments were performed on the KWS-2 SANS instrument of
the Jiilich Centre for Neutron Science (JCNS) at the FRM 11
research reactor in Garching, Miinchen, Germany. The polymer
and nanocomposite samples were measured at a temperature of
T = 150 °C. Three different setups with sample-to-detector
distancesof L = 2and8mford = 7Aand L = 8mfori = 12A
were used. For all setups a 8 m collimation length was used. The
wavelength spread was A1/A = 20%. With these setups the
scattering v vector O covers a maximum range of 2 x 1073 A~
0 =02 A™'. The silica dlspersed in toluene samples were
measured at room temperature using two different setups with
sample-to-detector distances of L = 2and 8 mforA = 7 A. The
raw data were corrected for the detector sensitivity, background
noise and scatter1n$ from the empty cell, and calibrated in
absolute units (cm™ ') by using a PMMA secondary standard

according to:
d= s
(@) -

(L)’ P TP (dZ/d Q)"
(Lpl)Zhs Ts Tec<1p1>

(P(Q)=1")(Q) = T*(1*(Q) — I™))

Here pl, s, ec, and be refer to the PMMA standard, sample, empty
cell, and boron carbide, respectively. 7" denotes the transmission,
I(Q) the scattered intensity, /& the sample thickness, L the
sample-to-detector distance and (/*') the averaged measured
intensity of the PMMA. After radial averaging the calculated
incoherent contribution of the protonated chains/protonated tol-
uene was subtracted in order to obtain the absolute normalized
macroscopic differential cross sections (d=/dQ2)(Q), hereafter
abbreviated as 1(Q).
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The determination of the incoherent background was realized
differently for the solution and the polymer samples. In the
particle—toluene solutions, the scaled measured toluene back-
ground (1 — ®g)[n,(dZ/dQnor + (1 — 7,)(dZ/dQ)qi01] was
subtracted, where 7, is the fraction of protonated toluene in
the sample (cf. Table 3). The scattering cross sections of proton-
ated toluene (dX/dQ2)n,; and deuterated toluene (dZ/dQ)40l
were determined separately by SANS measurements of the pure,
unfilled solvents.

In the unfilled polymer melts PEP3k-0 and PEP50k-0 the
determination of the incoherent background (dX/d€2)i,c. pep Was
performed in a different manner. A constant value Cjye o was
subtracted from the data and optimized to yield a regime of
linear slope at high Q (in the usual double logarithmic pre-
sentation). The obtained best fit value for Ciyc o Was then compared
to the measured scattering cross section of protonated PEP scaled
with the corresponding volume fraction, 0.52(dZ/dQ),pgp. The
values were found to be in good agreement with slight deviations
due to the incoherent contribution from dPEP, which was not
separately measured.

For the nanocomposites, an analogous procedure was used.
A value Ci,(P) was subtracted from the corresponding data
curve and optimized to yield a regime of linear slope at high Q.
The resulting values were found to fulfill the relation Cj,o(P) ~
(1=®)Cjyeo 1n good approximation and thus accepted. The
slight deviations from the relation are in accordance with an
additional, small incoherent background from the protonated
particle surface. Note that from the resulting uncertainty of
Cinc(P) a maximal error of £0.05 is introduced in the analysis of
high-Q slopes, which will later in this work be employed to
characterize the chain size and statistics.

Theoretical Background

In order to analyze the scattering diagrams a brief review of the
necessary theory is given. The scattering cross section d¥/dQ2 =:
1(Q) is defined by

10) = (4(Q)P) = <|Zb exp(i07;)[) (1)

A(Q) denotes the scattering amplitude and b; the atomic scattering
length, and the momentum transfer Q is given by

Q:%mWﬂ

where ¢ denotes the scattering angle.
The scattering function of an ideal Gaussian chain is given by
(e.g.,inref 11)

Ipol(Q) = Vq)[mlAp2Spol(Q)

145 1-b"
= V®,,Ap N———2b—— 2
pol AP~ 5 { —b (l_b)g} ()

where S,,,(Q) is the single chain structure factor N is the number
of Kuhn monomers and b = exp (—/x*0?/6) with the Kuhn
length /. V'is the volume of a polymer chain, @, the polymer
volume fraction, Ap=p;—p, the scattering contrast with p;
(i = 1,2) the corresponding scattering length densities (=:SLD)
of polymer and matrix or solvent.

For large N, S,,(Q) can be simplified to the Debye formula

Soawe(Q) = 5 (v= 1+ exp( =) Q)

w1th x=0° R where the rddlus of gyration is given by R,
[rPp() &r/ [ p(; ) d*r = C.nly* with distance from the center of
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mass r, SLD p, backbone bond number n = N, Where
Noono 18 the number of monomers per chain and 7, the number of
backbone bonds per monomer (1, = 3.85 for the PEP structure in
this work), bond length /, (= 1.54 A for C—C single bonds) and
characteristic ratio C...

In a polymer isotope blend, the protonated (“p”) and deuter-
ated (“d”) species of the polymer also have energetic interactions
that can be accounted for via the (nondimensional) Flory—Huggins
parameter y by a random phase approximation:

Ap? 1 1

100) ~ ©,7,N,5,(0)  ®aVaNaSa(Q)

—2/Vy  (4)

Here @,, V;, and N, are the corresponding volume fraction,
monomer volume, and degree of polymerization of the two
isotopes and ¥V is the average monomer volume.

The y parameter of a blend of protonated and deuterated PEP
was determined separately by an analysis of PEP blends at different
h/d ratios and yielded y = (5.4 4 0.8) x 10>, This value is close to
zero, but will be used nevertheless in the evaluation of polymer con-
formations in this work. More importantly, however, eq 4 enables
us to include the different degrees of polymerization N, and N, of
protonated and deuterated species in the analysis, which are a
consequence of the desire to achieve equal molecular weights
M, ~ M, ,for the two species.

In the case of solid identical, spherical, monodisperse particles,
the cross section can be factorized

110) = VOAPS(Q)P(©Q) = SO Al Q)P (5)
where V' is the volume of the scattering particle. @ denotes the
corresponding volume fraction and Ap = p; — p, the scattering
contrast with p; (i = 1, 2) the corresponding scattering length
densities (SLD) of the different sample components. P(Q) is the
form factor of 1 particle, 4,,(Q) the scattering amplitude of one
particle according to eq 1, and S(Q) the structure factor, which
contains the pair correlations of the particle centers. In a dilute
system, S(Q) = 1.

The nanoparticles are assumed to be spherically symmetric.
The form factor of a sphere is given by'?

PO, R) = x%(sin(x) v cos(x)) (©)

where x = QR with particle radius R.

Instead of a simple spherical structure with homogeneous
density, several papers suggested a core—shell structure for the
description of silica particles grafted with organic molecules."
This issue will also be addressed. For a spherical core—shell
particle (see inset Figure 2b) with core radius R, shell thickness
t and scattering length densities p,., and py;, in a solvent with SLD
Ps0» 1t 18 found that

Aw*she(Q) = Apco VcoBcO(Q) + Apxh Vsthh(Q) (7)

where V; denotes the corresponding scattering volume, Ap; =
0i = Pso» Beo(Q) = 3/x7(sin(x) — x cos(x)) is the core amplitude,
and By(Q) = 3/(y° = x))(sin(y) = y cos(y)) — (sin(x) — x cos(x))]
the shell amplitude with x = QR and y = Q(R + ).

The formulas so far are valid for monodisperse particles. A
particle size distribution according to a normalized distribution
function f{r) is included in this work via a local monodisperse
approximation:

10) = / CS()P(0.1)S(0.1) dr (s)

For S(Q,r) = 1, the formula is exact.
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Figure 1. Single chain form factors of PEP3k-0 and PEP50k-0 with fits.

In the context of this work, a log-normal distribution will be

used,
N In(r/Ryeq)
10) = o (M) ©)

The median R,,,.;and width o of the distribution are related to the
expectation value Ry, := (r) and variance Var(f) via Ry, = Rieq
exp(0?/2) and Var(f) = R, (exp(20°) — exp(c?)).

Results and Discussion

Characterization of the Pure Polymer Melts. In Figure 1,
the scattering curves of the unfilled polymer melts PEP50k-0
and PEP3k-0 are shown on the absolute scale. The error bars
are within the symbol size and therefore left out for the sake
of clarity. The lines represent fits using the model functions,
eq 2 for PEP3k and eq 3 for PEP50k, including a random
phase approximation according to eq 4.

To reduce the degrees of freedom in the fitting procedure,
the radius of gyration of the deuterated PEP R,, was
coupled to the protonated PEP R, , via the known ratio of
monomer numbers N; (i = p, d)

Re,a = Rg,p\/ Np/Nd

In the case of PEP50k the radius of gyration for the proton-
ated species R, ,sor = 8.33 &+ 0.03 nm was obtained,
yielding a characteristic ratio C., = 6.45 £ 0.05 at T =
150 °C. Zirkel et al. found C.. = 6.51 at T'= 150 °C'*in good
agreement with the results here. At high Q values perfect
Q *-behavior is observed, characteristic for unperturbed
Gaussian chain statistics and in accordance with the Debye
formula.

In the case of the low M|, sample, finite size effects are
visible because of the low monomer number N,,,,,,, = 43. We
have to use the exact eq 2 in the random phase approxima-
tion 4, yielding R, , 3 = 1.93 & 0.03 nm, and accordingly
C., = 5.7 &£ 0.2. By means of RIS theory Zirkel et al. have
calculated values of Cp(T = 120 °C) ~ 6.00 and Cp(T =
250 °C) & 5.35 for 1/N = 0.025.'* By linear extrapolation,
Cy(T = 150 °C) ~ 5.86 can be estimated, which is in good
agreement with the value found here. In the high-Q regime a
Qil'ss-behavior is observed. This is not, however, a devia-
tion from ideal Gaussian chain behavior, but only a conse-
quence of the low monomer number. The slope —1.55 is
reproduced by the unapproximated scattering eq 2.



Article

@% sy o4 WRTET
7 Tt T 200 nm
L Boe e
. 'r! -
p. .-.{' ‘:’,!. ) " ’. ) s
& & ':‘ - _" . -" ]
' ; \ :' ‘@ e '
‘q. e % L8
> B . f L
TMEREV o
)H_. e A * :
9 ¢
, .. 8 » L3 .
i » . ® 3
a .‘5:9 . 5 ‘.. ’

Macromolecules, Vol. 43, No. 23, 2010 9841

(b) 160 ———————— — :
| counted abundance in TEM SLD proﬁle:
= =lognormal distribution from SANS fit B r,
140+ —— lognormal fit of TEM data 3.55e10em™= B
] 2.95¢10 cm™ 1
120 E
1.95¢10 cm™

100 +
80

60 ~

abundance

40

20+

 ETIE TR TETTE IR TR TR RN NN AR TR N RN TL NN NN SN

0

radius (nm)

Figure 2. (a) TEM micrograph of silica primary particles. Smeared regions are artifacts from the object carrier. (b) Histogram of core radii from the
TEM images with a log-normal fit (black line); the green line is the log-normal distribution of core radii from the SANS measurements; the inset is a
sketch of the core—shell model structure with the corresponding profile of scattering length densities.
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Figure 3. (a) 0.75 vol % ST in hd-toluene with core—shell fits (see text). (b) Contrast parabola of ST in hd-toluene.

In summary, the single chain form factors of the unfilled
PEP melts can be very accurately modeled by ideal unper-
turbed Gaussian chains.

Characterization of the Particle Phase. For the character-
ization of the silica particles, transmission electron micros-
copy (TEM) and SANS were used. In the TEM experiments,
the supplied solution was diluted to about 0.8% (w/w), dropped
on a carbon coated copper grid and dried in high vacuum. The
measurements were done with a Philips CM 200 TEM at an
operating voltage of 200 kV. The sizes of 1835 particles were
evaluated in order to characterize the silica primary particle
diameters. Figure 2a shows an exemplary micrograph. In
Figure 2b, a histogram with the prevailing particle radii is
given. The best fit was achieved by a log-normal distribution
with average particle radius R,,, = (7.90 £0.08) nmand o =
0.32 (solid line in the figure). This is in good agreement with
the supplier information Dg; ~ 10—15 nm.

A more detailled characterization of the particles, includ-
inginformation about the organic surface shell, is possible by
SANS measurements. Additionally, the scattering length
density of the particles has to be determined in order to be
able to contrast match them in SANS experiments with
nanocomposites.

Figure 3a shows the results of a SANS contrast variation
study with 0.75 vol % silica in a mixture of protonated and
deuterated toluene (-ds). The lines in the figure represent fits,
which will be explained in detail below. In order to determine

the contrast matching condition, the intensity at a given Q-value
is evaluated as a function of the mean scattering length density
of the solvent. This should result in a parabola in accordance
with eq 5. The parabola apex is then the average SLD of the
particle. The result of this approach for the ST particles is
plotted for a single Q value in Figure 3b), yielding an average
SLD psy = (2.95 & 0.05) x 10'° cm™2 This value is sig-
nificantly smaller than pg;0» &~ (3.55 & 0.08) x 10" cm ™2
calculated for amorphous SiO, with a mass density of 2.25 +
0.05 g/em®.

Furthermore, a Guinier analysis was performed to extract
the radius of gyration R, ,,, of the particles from each of the
data setsin Figure 3a. A significant variation of the extracted
apparent R, ,,, of the ST particles with solvent SLD is found
here. Figure 4 shows that approximately Rg,a],,,2 o< 1/Ap,
where Ap=ps7 — pson- FOr a homogeneous particle the appar-
ent value of R, must be constant, and in particular independent
of the solvent SLD. This indicates that the surface modified ST
particles cannot be modeled as homogeneous hard spheres.

Complete contrast matching is not possible, if the particles
are not homogeneous. In this particular case, the nanofillers
consist of a silica core and an organic surface with differnt
SLDs. The observed dependence ng,,,2 o< 1/Ap is in accor-
dance with calculations by Markovic et al.'> for spherical
core—shell particles.

As a consequence, the scattering curves in Figure 3a must
be described with a core—shell model (eq 7). Furthermore,
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Figure 4. Apparent Rg2 from Guinier fits vs 1/Ap according to ref 15.

the previously determined SLD pg7 must be perceived as an
average particle SLD

Psr = (Vcopco + VS/lp.yh)/VST (10)

(with the indices signifying core, shell and the whole particle).
The particle core is assumed to consrst of typical amorphous
sﬂrca with a density of 2.25 g/em?, yielding p., = 3.55 x 10'°
cm 2. The shell is assurned to consist of the organic surface
groups (pcu, ~0cm %). Furthermore, it is not excluded that
the silica pdl‘thleS are less compact at the perlrl)hery. Thus,
a less compact silica fraction (psio, < 3.55 x 10 % em™?) will
also be included in the shell. The average shell SLD value pg,
is expected to be well in between these limits. Moreover, it
has to be pointed out that the scattering curves do not display
a clear Guinier regime at low Q, but show slight forward
scattering. Meyer et al. showed for very similar particles in a
combined SANS/TEM study that this is due to an aggrega-
tion of silica primary particles with an average aggregation
number N = 2.'® This is accounted for by the structure
factor Ssy(Nc,Q) calculated by Schweins and Huber,'”
adapted to reflect aggregates of touching hard spheres. Note
that in the analysis of'® as well as in this work, N is included
as an effective and experimentally evaluated aggregation num-
ber. In reality, the TEM analysis points to a narrow distibution
of the aggregation number within different aggregates around
an average value N, justifying the procedure.

By using eq 8 and a log-normal distribution of core diameters
(mean core radius R,,, and polydispersity o) as motivated by
the TEM investigations, the experimental data in Figure 3a
are described by one joint fit. The fits are in good agreement
with the experimental data in all cases (see solid lines in
Figure 3a), providing a core radius R,,, = 7.2+ 0.1 nm, and
a shell thickness 7,;, = 1.3 0.1 nm. All extracted parameters
are given in table Table 4. Note that within the experimental
accuracy the results consistently reproduce (via eq 10) the
average SLD psr = 2.92 x 10" ecm™? ~ (2.95 + 0.05) x
10'® cm ™2 found before.

The log-normal distribution of particle core diameters is
compared to the results of the TEM analysis in Figure 2b).
The solid line is the result from the TEM histograph with
RuverEm = 7.9 nm and og4ys = 0.32, whereas the dashed
line is a log-normal distribution with R, s4vs = 7.2nm and
0s4ns = 0.32. The results from the two methods are in
excellent agreement, with small deviations supposedly arising
from the different contributions of the surface shell in the
two methods.

Polymer Structure in Dependence of Filler Fraction ®.
PEP3k-ST Composites. The scattering results from the short

Nusser et al.

Table 4. Particle Properties from SANS

Rm'g 7.2 4+ 0.1 nm

o 0.32+0.02

tsn 1.3£0.1 nm

Peo 3.55 x 10" em ™2 (fixed)
Psh (1.95+0.1) x 10" cm ™2
Nc¢ 2 (fixed)

) 0.75% (fixed)

chain PEP3k-ST nanocomposites for various particle frac-
tions are shown in Figure 5a. The ratio of protonated to deu-
terated PEP was always chosen as 52/48 in volume to reproduce
the mean silica SLD at 150 °C. Three features are visible.

1 A strong excess forward scattering at low Q.

2 The appearance of a peak at intermediate Q.

3 The collapse to one master curve of the different
results at high Q, if the data are scaled with the
polymer volume fractions ®,, = 1 — @ of the
samples.

These observations agree with those found by Sen et al. for
the case of polystyrene filled with silica nanoparticles.'®

First, we address the high-Q regime, because an analysis of
the radii of gyration in the intermediate and low-Q regime is
impossible due to the significant peak structure in this region.
In the Kratky regime at high O > 0,4, for Gaussian chains
the polymer scattering intensities of two different nanocompos-
ite samples can be related to the statistical segment length /x via

m ]( 125 )/q)lil _ lKa(DpZ _ Rg:d)ﬂ (11)
[(®@p,0)/Pps g0, Ry,

where @, ,» is the corresponding polymer volume fraction.
For ideal chains with N — <, where the Debye eq 3 is
applicable, m = 2."® For very short chains, the equation is
approximate and m < 2 is found from eq 2.

This relation can be even better visualized in a Kratky-like
plot, i.e. I/<I>pD/Q1'55 vs Q (cf. Figure 5b), because then the
high Q regime appears as a horizontal line for the unfilled
sample PEPSk 0. In the figure, it is obvious that for Q >
0.08 A™", all curves collapse to a common plateau. This
indicates that neither R, nor the chain statistics are altered by
the presence of the nanoparticles. These findings agree very
well with those of Sen,'® who found no change of the single
chain conformation in SANS experiments on a PS—silica
system with PS chain lengths N,,,,,,, > 860.

Furthermore, also the simulations of nanocomposites
presented in the introduction agree with the observations.
Picu and Ozmusul®’ showed that for short chains neither the
size nor the statistics of a polymer chain is affected.

We also want to hint at results found in a simulation of
polymers confined between smooth walls by Li et al.'® He
shows that Rg starts to decrease significantly, as soon as the
wall separation distance is on the order of the polymer radius
of gyration. In the case of the PEP3k chains, R, ~ 1.9 nm,
which is smaller than the typical void size in the present hard
sphere system of spheres with diameter Dgr = 17 nm
(for detailled void size calculations refer, e.g., to ref 20).

At intermediate values of Qa peak is visible, which becomes
more prominent with increasing ®. The peak position Q eux =
0.04 A" corresponds to a correlation length of &3, =
27/ Qpeak = (16.0 £ 0.3) nm ~ Dgy. From the assumption
of additivity of scattering contributions a first quantification
of the peak can be achieved by introducing the peak height
H3k((b):I(q),Qpeuk)_q)pz)/I(q) = O,Qpeuk)- Values of H are
given in table Table 5. It is found that in good approximation
H3(®) o< ® (cf. Figure 6). A more detailled discussion of the
intermediate Q peak will be given later in this work.
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Table 5. Peak Heights H;;(®) and Hsg ()

@ (%) Hy(®) (em™) Hsoi(®) (em™")
18 1.29
35 0.96 1.80
50 1.28 2.50
60 1.67

In all the samples containing filler particles, strong forward
scattering at low Q is observed. The slope of the forward scat-
tering contributions is d &~ —3.33 in all cases, the amplitudes
vary systematically with filler fraction. The existence of strong
forward scattering can be rationalized by scattering from holes
and silica aggregates. A more quantitative analysis of this
low-Q feature is not envisaged in the frame of this work,
however.

PEP50k-ST Composites. In Figure 7a, the SANS data of
the higher molecular weight PEP50k-ST nanocomposite
series is plotted. At low Q, again strong forward scattering
possibly due to pdrticle aggregates and holes is visible, yet
not further discussed in more detarl here.

Moreover, at high Q > 0 1 A™" all curves show in good
approxnnatlon the same Q2 dependence that was observed
in the unfilled polymer melt already. This means that the
chain statistics are largely unperturbed on small length scales,
which is again best illustrated in Kratky scaling (Figure 7b).
The Kratky plateaus are parallel, but do not coincide, if normal-
ized with ®,,,. The latter indicates a change of the average
radius of gyration R, sox(®). Since there is no significant
contribution of the scattering peak in this Q regime, eq 11 can

be used to directly extract the corresponding ratios Ry ,qrip :=
Ry D)/R(® = 0) from the ratio of the Kratky plateau
values. An increase of the plateau level is equivalent a decrease
in R,. A quantification of the effect is given in table Table 6.

Having determined R, (®), we can now compute the
theoretical curve /,,.,(Ry(®)) of a Gaussian chain with radius
of gyration R (®). In the calculation, all parameters except
R, were taken from the best model fit of the unfilled sample
PEP50k-0, which is shown in Figure 1. 7,,,(Rq(®)) was then
calculated by means of a random phase approximation (eq 4)
with polymer single chain structure factor S,,/(Q) according
to eq 3. This is the same model calculation that was also used
for the description of the chain conformation in the unfilled
PEP melt. For @ = 50%, the corresponding model curve is
shown in Figure 8 in absolute units. The analogous descrip-
tions of the ® = 18% and ® = 35% data are vertically
shifted in the figure for the sake of clarity. (The data were
shifted by the same factor in order to preserve the compar-
ison between data and model calculation.) Both high and low
Q data of the samples are in good agreement with 7,,.,(Q).
We conclude that the chain statistics is not affected, whereas
a decrease of R, is observed. In particular, the polymer
conformation is still Gaussian.

The same behavior was also found in a simulation of poly-
mers between smooth walls by Li et al,'” where it is shown that
R, decreases, when the wall separation distance is on the
order of R, or less.

Furthermore Sharaf® conducted MC simulations of d =
20 nm particles in a melt of polyethylene chains. The degree
of polymerization is similar to N,,,,,, of the PEP50k chains
used here. He did not account for any adsorption, making his
system effectively nonattractive as in our case. He, too,
found a shght yet not very pronounced decrease of R,.
Vacatello® found in his MC simulations of polymer partrcle
nanocomposites thatin all cases a decrease of R, was present.
This decrease was always on the order of few percent, in
accordance with the SANS results presented here. Further-
more, we want to point out the good agreement with the
simulation results by Picu and Ozmusul.*” They reported
unaffected polymer chain sizes, when R, < r,,.,, Whereas the
chain size decreased, when R, % 7, This is exactly, what is
observed in the present experimental study of the repulsive
PEP-ST nanocomposite system.

As already witnessed in the low molecular Weight sam-
ples, a scattering peak evolves with mcredsmg ®. The
apparent peak position Q,eq A 0.042 A" is almost identi-
cal with the PEP3k composites. It corresponds to a cor-
relation length &s0; = 15.0 & 0.3 nm. Once again, a first
quantification of the peak height can be achieved by defining
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Figure 7. (a) PEP50k, various filler fractions. The inset shows the low-Q regime. (b) Kratky plot of the data for better visibility of the high-Q regime.
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Table 6. R, ,4io(®) = Ry 4ys(P)/R, o from the Kratky Plateau

Analysis for PEP50k
(O] (%) Rg,rulio((b)
0 1
18 0.981£0.005
35 0.922 £0.005
50 0.887 £ 0.005

HSO/\'(q)) = I(q)’Qpeak) - (I)polllheo(Rg(q))sQpeak)~ In this case,
however, the results will be less reliable, because the polymer
scattering intensity of PEP50k is an order of magnitude
higher than that of PEP3k, and consequently much more
dominant compared to the structure peak in the high molec-
ular weight matrix. Obviously the peak heights are different
in the PEP3k and the PEP50k composites (by approximately a
factor of 2), whereas the peak positions are nearly the same. The
former quantitatively excludes that the peaks in the PEP3k
and PEPS50k composites are caused only by an identical
particle contribution or only by an identical polymer corre-
lation peak. If we were dealing with only a particle contribu-
tion, we would expect Hspi(®) = Hz (D).

hd-tol27. In order to quantify the scattering contribution
due to the particles’ core—shell structure, a study of a high
volume fraction silica in a mixture of deuterated and proton-
ated toluene at contrast matching conditions of the silica
partiCleS Phjd—rtol 2.95 x 1010 Cm72:ph/d*PEP,L’oi)'l‘noSi(L’ is
very useful. Since the toluene molecules are very small
compared to the silica particles, no voids and consequently
no void scattering is expected.

In Figure 9, the resulting SANS data are plotted in
absolute units. The prominent feature of the curve is a

I(Q) [em]

e
—_
T

Q=0.038 A"

0.01 . ‘ ‘ - ‘0.1
QAT

Figure 9. SANS data of sample hd-tol27. Dashed line: best fit with the
Percus—Yevick model.

pronounced peak at @ = 0.038 Al x Opeaic = 0.04 AL
The peak cannot be modeled by a simple polydisperse Per-
cus—Yevick hard sphere model (dashed hne in Figure 9) as
often applied in colloid solutions (e.g.,>'*%). We have ob-
served nearly constant peak positions at Q ..« = 0.04 A~

all sample systems for all ®. In a well-dispersed hard sphere
system they should vary systematically with ®.

Therefore, we rather propose to perceive the peak as due to
an intracluster structure factor S;,;.o. Sir 1 characteristic
for a particle aggregate structure or the local colloidal cage
structure of the silica respectively, where the curve shape changes
only little in dependence of ®. The associated correlation length
is &,,; ~ (16.5 £ 0.3) nm, which is slightly bigger than the
values found in the polymer nanocomposites. This slight
dependence on silica “solvent” can be explained with respect
to varied depletion interactions. The depletion interactions
acting on the particles are stronger in the polymer samples
than in toluene, leading to a slightly denser packed silica struc-
ture. The variation in peak positions is so small, however,
that it will be neglected in first approximation for the further
analysis.

Discussion: The Peak Structure. PEP3k-ST Composites. In
the PEP—silica nanocomposites with both the short and long
chain matrices, a peak at Qe ~ 0.04 A~" was observed. From
the facts that & ~ Dy, and that an analogous peak is observed in
the scattering of sample hd-tol27 (cf. Figure 9), it can be con-
cluded that the peak is in all cases due to the particle structure in
the sample. The obvious connection to the particle structure does
not, however, mean that the observed scattering signal is directly
due to a particle contrast. Alternatively the particle structure



Article

could lead to an imprint of correlations on the polymer
phase. To clarify this issue, a closer inspection of the peak
signal is necessary. It could in principle be due to three different
sources:

1 In case of homogeneous filler particles and perfect con-
trast matching conditions, no scattering contribution
from the particles themselves would be visible. Then
the contribution could be interpreted as a polymer corre-
lation peak. A prerequisite for its appearance, however,
would be the existence of a scattering contrast within
the polymer phase of the composite. This could, e.g.,
be due to a preferential localization close to the surface of
either protonated or deuterated species, or to a polymer
layer with slightly affected density close to the filler
surface. In particular, the latter would be expected due
to chain adsorption in systems with attractive polymer—
particle interactions (see, e.g., refs 23—26 for experi-
mental, simulative, and theoretical approaches), and was
used in the experimental study by Sen et al. in a similar
system to explain the existence of a scattering peak
similar to the one present here.'” In the case of the
PEP3k-ST composites, however, no attractive inter-
actions are expected. Moreover, the observation of
unperturbed chain statistics and hardly affected di-
mensions makes an adsorbed phase of significantly
altered density unlikely.

2 If the polymer chains were too bulky to populate the
voids between particles, a void—void-correlation con-
tribution from trapped argon within the particle
aggregates would be present. With R, = 2 nm chains
and particle diameters of Dg7y = 17 nm, this seems
unlikely in the short chain system, though.

3 The third possible source of scattering is a direct
contribution from the filler particles. If the particles were
homogeneous, this explanation would require poorly
matched samples. In the section above, however, we
have proven that the core—shell nature of the particles
contributes a significant scattering intensity to the
overall signal. This contribution is almost nondistin-
guishable at low @, but may be very pronounced at
high filler degrees, as is shown in Figure 9.

In order to address these issues, the contribution of the
unmatched shell to the scattering diagram has to be evaluated.
From the analysis of sample hd-tol27 (Figure 9) we are pro-
vided with information about the direct particle core—shell
contribution at ® = 0.27 in toluene at the same contrast
conditions as in the polymer nanocomposites. We have shown
that the scattering Ipeak position is almost equal in all samples,
Opear = 0.04 A", with only little dependence on the sur-
rounding medium (toluene, PEP3k, PEP50k) and on filler
fraction ®. Thisis an indication that the intra cluster structure of
the nanoparticles is very similar in all samples. Consequently
the total scattering signal from the silica core—shell is expected
to scale only with the absolute amount of particle content in the
sample but is otherwise in good approximation equal in all
investigated samples.

These considerations allow to approximate the direct silica
contribution in the nanocomposite samples by the measured
signal from Figure 9, weighted with the ratio of volume
fractions @/0.27. Then, the scattering contribution from the
silica can be directly removed from the nanocomposite data
using the ansatz

[pol, Sk(q)) = I(q)) - q)/0-27[hd—t0127 (12)

In the equation /(®) is the measured nanocomposite inten-
sity, I,q—.on7 that of 27 vol % ST particles in hd-toluene and
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Figure 10. 7,,,3(®) compared to data of PEP3k-0 sample. Good
agreement yields quantitative proof that there is no visible polymer
scattering contribution to the peak.

1,,(P) the corrected scattering contribution of the polymer
phase in the nanocomposite.

The curves for 7,,; 3(®) calculated in this way for the PEP3k
samples are shown as solid lines in Figure 10. They are in very
good agreement with the measured SANS data of the unfilled
PEP3k sample, confirming that the chain conformations are
not affected in this system. This confirms our previous deduc-
tions from the Kratky regime. Moreover the validity of the
assumption that the internal particle aggregate structure
factor is approximately independent of ® and approximately
the same in toluene and PEP3k seems justified. Finally, no
significant polymer correlation peak or void correlation scatter-
ing is observed in the low molecular weight samples. The peak
scattering contribution originates only from the core—shell
scattering of particles in this system.

PEP50k-ST Composites. In the long chain nanocompo-
sites, the first step toward a quantitative analysis is again the
removal of the direct particle scattering. For that purpose the
procedure defined by eq 12 was applied to the PEP50k nano-
composites. The result is shown in Figure 11. The curves are
shifted by a constant factor for better visibility, the solid lines
are the contributions from polymer single chain scattering
Lo Re(P)) with the R (®) from table Table 6. Obviously the
scattering peak is still present after removal of the direct
particle scattering.

The remaining peak intensity may be either attributed to
correlations in the polymer melt or to void correlation scattering.
A quantitative decision for or against each of the two possibil-
ities, however, requires additional experimental evidence and
none of them can be unequivocally excluded from the data of
the present study.

If the excess scattering signal is due to a polymer correlation
peak, we can nevertheless deduce one important restriction from
the SANS study, which will be briefly summarized here.

The idea of a region with perturbed polymer segment density
near nanoparticles is supported by plenty computer simulations
(see, e.g., refs 1 and 27). In particular, the mere existence of
such a region is witnessed both in attractive as well as in non-
attractive systems. Only the spatial range and significance of
the density fluctuations depends on the attraction strength.

Moreover, Schweizer et al.>*?® investigated the impact of
nanoparticle presence on the polymer conformation by
means of analytical PRISM calculations. Their results also
show a change of the polymer segment—segment correlation
near the particle surface, which would be seen in the scatter-
ing signal.

The physical origin of changed correlations is classified
into two general effects by Schweizer:
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(i) For one thing, there exists a purely entropical contribu-
tion, which is present even in nonattractive systems.*®
In this case, the disturbed segment—segment correla-
tion is due to topological reasons. Nanoparticles cannot
be pervaded by chains. Thus, the entropically favored
chain organization close to the surface is not necessarily
the same as in the bulk. The dominating correlation
length for the consequent polymer density fluctua-
tionsis given by the particle dimensions, which is also
observed in our experimental PEP-ST system. The
impact of the effect is dependent on chain length. In
particular, it is possible that there is a visible entro-
pical contribution in the PEP50k system, whereas for
the shorter PEP3k chains the contribution may be
too small to be observed experimentally.

(i) In nanocomposites with not too weak (phase sep-
aration!) and not too strong (particle—polymer
network!) polymer—particle interactions the calcu-
lations by Schweizer show the existence of an ad-

sorbed polymer layer with changed density near the
particle surface.?® This bound layer also leads to a
polymer correlation peak, whose features are closely
related to the particle parameters. Thus, the bound
layer peak is qualitatively quite similar to the entropical
peak from point i.

The peak position is predicted by the calculations at
Opeak,cal = 27t/ Dpqp in agreement with the results found here.

But according to ref 26, the strength of the bound layer
peak is not dependent on chain length. Consequently, the
arguments in point ii are not applicable to the PEP-ST system
because of the absence of a polymer density fluctuation peak in
the PEP3k-ST system.

It is still feasible that the remaining peak scattering signal
in the PEP50k-ST composites may result from polymer density
fluctuations. But the density change is then due to entropical
reasons, which leads to perturbations of the polymer seg-
ment density near the nanoparticle surfaces.

Conclusion

In this work, it could be shown that a structural study of polymer
nanocomposites by scattering methods necesseraly involves a
thorough characterization of the incorporated filler particles.
Otherwise, there is the risk of severe errors in quantitative as well as
even qualitative interpretation of the results. This is in particular to
be emphasized, because current model systems rely on particles
with grafted surfaces in order to adjust the interactions in the
systems.

Nusser et al.

The exact knowledge of the particle form factor and intra cluster
structure factor were obtained in ancillary SANS measurements.
The results were then used to quantitatively extract the origins of
different contributions to the scattering pattern in a PEP—
nanoparticle system with largely nonattractive filler—polymer
interactions. When the chain size R, 3, = 2 nm was much smaller
than the particle radius Rg7 = 8.5 nm, neither the chain statistics
nor the average chain size was affected. This is in agreement with
simulations by Li'> and Picu.® Moreover, no evidence for a
polymer correlation peak was observed. Instead, the appearance
of a scattering peak at intermediate Q values could be unequiv-
ocally related to a scattering contribution from the core—shell
structure of the particles.

When the unperturbed chain size Ry 50, = 8.3 nm was on the
order of the particle radius Rg7 = 8.5 nm, the chain statistics was
still not affected, but the chains adapted a reduced radius of
gyration with a minimal value of 0.887 + R,,. A decrease of R,
with increasing nanoparticle fraction was also found in numerous
simulation studies (e.g., refs 3, 5, and 29).

Moreover, again a scattering peak with the same peak position
asin the short chain samples was found. Subtraction of the direct
particle contribution revealed the multiple origin nature of the
peak. In addition to the particle core—shell contribution, void
correlation scattering and a polymer correlation peak were iden-
tified as possible origins of the extra scattering intensity. The
polymer correlation peak was related to PRISM calculations by
Schweizer et al., with the restriction that in the experiments a
polymer correlation peak was only present in the PEP5S0k-ST
system, but not in the PEP3k-ST system. This contradicts the
existence of a bound polymer layer and hints to a changed
segment—segment-density due to entropical reasons.

In order to quantitatively decide the impact of void scattering vs
polymer correlation peak, complementary methods will be needed.
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