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B INTRODUCTION

Mixing polymer melts with nanosized particles that offer a
huge interacting surface leads to novel materials with sometimes
exceptional properties, such as mechanically very strong light-
weight materials, improved processability, reduced permeability,
decreased rolling resistance in tires, etc.' Even though polymer
nanocomposites have been extensively investigated, many basic
questions concerning the molecular origin of their properties are
not solved.

Concerning the polymer dynamics that to a large extent
determines the mechanical properties of the nanocomposite,
widely different and often conflicting results are reported.
Starting with small scale local dynamics in both experiments
and simulations, mobility gradients in the direction of the
particles were reported.” * On the other hand, also data are
found where no influence of the nanoparticle could be ob-
served.” These results are also manifest in the observation of
gradients for the glass transition temperature.*®

On an intermediate scale, the entropy-driven Rouse dynamics
takes place. There most of our knowledge comes from simula-
tions that rather generally appear to show an overall slowing
down of the Rouse modes.”” '° Nevertheless, also the observa-
tion of a preferably slowing down of the longest wavelength
modes is reported."’

On a larger scale polymer melts are entangled leading to
laterally confined chain dynamics—the reptation process. There
the chain moves preferentially along its own profile—Ilateral
motions are restricted by the entanglements. In the frame of the
reptation concept the constraints are modeled by a tube follow-
ing the coarse-grained chain contour. Chain relaxation is
achieved if a chain has left its original tube.'” Simulations indicate
that as a consequence of chain confinement by nanoparticles, the
entanglement density is reduced.'* Recently, under strong con-
finement in nanoporous materials such an increase of the tube
diameter was also observed."> On the other hand, also an
enhanced entanglement network was reported.’

Here, in a nanocomposite with nonattractive interactions we
investigate the chain dynamics within the polymer matrix, from
the initial Rouse dynamics to entanglement controlled motion.
Using neutron spin echo spectroscopy, it is possible to directly
observe the single chain dynamic structure factor of a polymer
chain in the environment of a nanocomposite. We studied
poly(ethylene-alt-propylene) (PEP) filled with hydrophobically
modified silica particles as a function of filler concentration.
The key experimental results are (i) the basic Rouse relaxation
rate is unaffected even at high filler concentrations, (ii) the
effective lateral confinement size or tube diameter is decreasing
with increasing filler concentration, and (iii) the data can be
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rationalized in terms of a gradual crossover from polymer caused
entanglements to “particle entanglements” or chain motion
under fixed obstacles.

B THEORETICAL BACKGROUND

On intermediate length scales, the dynamics of a polymer
chain in the melt to a good approximation can be described in
terms of the Rouse model that treats the dynamics of a Gaussian
chain in a heat bath including entropic forces originating from
the conformational chain entropy. At scales QRg > 1, where Rg
is the chain end to end distance, the normalized single chain
dynamic structure factor S can be written as a function of a
scaling variable u = Qz/z(Wt)l/ 2 combining spatial and tem-
poral scales."

S(u) = /0oo dsexp {—s - i/ooo M (1 — exp(—2%))
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There W = 3ksT/({/?) is the elementary Rouse frequency. It is
given by the ratio of the entropic force 3kgT// % and the friction
coefficient &. /2 is the mean-squared segment length.

At observation times and spatial scales beyond the Rouse
regime entanglements lead to a retardation of the structure factor
decay—Ilong chains are confined by their mutual entanglements.
In the reptation model this lateral confinement is captured by a
tube of diameter d following the chain profile. To a good
approximation, the coherent dynamic structure factor S(Q,t)
takes on the form

S(Qt) _ Qo \ Y oc
S(Q) - (1—6Xp<— 36 ))Sl (Qrt)
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where §°°(Q,t) and $*°(Q,t) are contributions from local Rouse
motion along the tube (local reptation) and escape from the tube,
respectively - (for a more exact implementation of the tube
model see also ref 13). In the NSE time window the chains do not
yet escape from the tube (t << the longest Rouse relaxation time
Tg = 1.85 X 10* ns); therefore, $°(Q,t) = 1 and the value of d
determines the plateau levels. The contribution of the local
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Figure 1. Dynamic structure factor of PEP at various nanofiller volume fractions @ at T = 423 K. (a) Result from a bulk melt ((J, Q = 0.5 nm™'; O,
Q=0.77nm ' A, Q=096 nm *; and O, Q = 1.15 nm ™ "). The solid lines display the prediction of eq 2 for long times. (b) Results for filler volume
fractions 0 < @ < 0.6at Q= 0.96nm™ ' (T, A, ®, v, and tilted A represent ® =0, 0.18, 0.35, 0.50, and 0.6, respectively). Solid lines are fits with eq 2 in

the long time regime. (c) Resulting apparent confinement length d,,,[

nm] (®).

reptation process in our observation window is given b}r S°(Qpt) =
exp[(t/7o) erfe((t/75)"?)], where 7, = 36/(W/*Q" is the time
scale for the Rouse motion along the tube. Additional confine-
ment that is imposed by the filler nanospheres will add to the
tube confinement and lead to an apparently narrower tube.

B EXPERIMENTAL SECTION

The experiments were performed on a model system comprising
hydrogenated 1,4-polyisoprene chains that were anionically synthe-
sized and Nissan ORGANOSILICASOL Tol-St silica particles at
volume fractions 0 < @ =< 0.6. The deuterated and protonated
alternating poly(ethylene—propylene) (PEP) chains had a molec-
ular weight of 50 kg/mol with a molecular weight distribution M,,/
M, = 1.02. Following ref 17, the Nissan particles have a diameter of
D,, =2R,,=17.0 == 0.2 nm, and the size distribution follows a log-
normal distribution 1/((277)"/?0R) exp(—In(R/Ry,)*/(20)*) with
0 = 0.32 & 0.02. We note that D,, is significantly larger than the
PEP tube diameter (* S nm). The particle surface is coated with
short hydrocarbons making them hydrophobic.

A detailed description of the sample materials and a thorough
structural characterization were presented earlier.'” Therein, in
a first series of small-angle neutron scattering experiments
(SANS) via contrast variation the scattering lenogth density of
the particles was determined to p, = 2.95 X 10" cm ™. More-
over, the silica showed to be well-dispersed at small and
intermediate volume fractions with some signs of clustering at
high volume fractions ® > 0.3S. Because of the hydrophobic
coating, a core—shell structure results that cannot be fully
matched. Nevertheless, in the Q range of the dynamic experi-
ments the resulting scattering from the shell does not con-
tribute. Best contrast match was achieved for a mixture of H/D
PEP of 52/48 by volume.'” Because of the high fraction of
protonated polymer, the incoherent signal is not negligible.
Therefore, in the NSE data analysis of this paper the incoherent
dynamic structure factor for reptation was included.'> The
chain conformation in all samples is Gaussian, characterized
by a Q > dependence at high Q. The radius of gyration Ry
decreases slightly at high filler fractions @."”

The dynamic experiments were performed at the neutron spin
echo (NSE) instrument IN1S at the Institut Laue Langevin in
Grenoble at a temperature T = 423 K. We covered a Q range of
0.5< Q< 1.15nm" " at423 K for times 100 ps < t < 200 ns using
two wavelengths 4 = 8 and 16.8 A.
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Figure 2. Initial decay of S(Q,t) at T = 423 K at ® = 0.3S for various
momentum transfers (0, Q = 0.5 nm_l; O, Q =0.77 nm_l; A,
Q=096nm '; C,Q=1.15nm ). The solid lines represent a fit with
the Rouse structure factor (eq 1) at the initial decay of the bulk result
(W/* = 0.95 nm*/ns).

B RESULTS AND DISCUSSION

Figure la displays the dynamic structure factor from the
reference bulk material. The solid lines indicate the results of a
fit with eq 2 in the asymptotic plateau regime. From this fit, we
find a tube diameter of 5 nm. This can be compared to an earlier
result of d = 6 nm that was taken at 492 K. This difference of 17%
is consistent with earlier results, where the tube diameter was
found to decrease by 16% in changing the temperature from 492
to 423 K.!*"°

For various filler volume fractions, Figure 1b presents results
for the dynamic structure factor at Q = 0.96 nm ™" . While the
data at 0 and 18% filler content are very similar, at higher
volume fractions a significant increase of the structure factor at
long times is found. The increasing plateau level directly
signifies an increase of the apparent confinement for chain
motion. For each filler volume fraction @ four different Q
values were studied. In each case a joint fit with eq 2 led to an
apparent tube size d,,, that decreases with increasing ®.
Figure 1c displays the result. From d,,,(® = 0) = 5 nm the
tube size decreases with increasing @ to do,(® = 0.6) =
3.4 nm. We note that the Q-dependent sequence of the plateau
levels for all @ is well described by eq 2 (not shown). This
indicates that the distribution of the total confinement is well
described by a Gaussian distribution.
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Figure 3. (a) Void distance distribution function within a randomly distributed ensemble of hard spheres at @ = 0.5. Solid line analytic approximation
for the monodisperse system (sphere diameter p). O, Simulation for the same system; O, simulation for a polydisperse system with the characteristics of
the nanoparticles. (b) Visualization of the simulated polydisperse particle structure. In the picture polymer chains and the average confinement length

dgeo according to eq 4 are depicted schematically.

Analyzing the data, we first focus on the short time dynamics
that should reflect the underlying Rouse motion of the chains.
Figure 2 presents a comparison between the measured structure
factor at @ = 0.35 with that from the bulk sample. The solid lines
represent a fit to the initial decay of the bulk spectra with eq 1. We
note that—even at high particle concentration—S(Qyt) in its
initial part completely agrees with the bulk data. Thus, the initial
Rouse motion is unaffected. At @ = 0.35 as for all other filler
concentrations the segmental motion is well described in terms
of an undisturbed Rouse model, a finding that agrees with
rheological results by Tuteja.”® Thus, for our sample that is
characterized by nonattractive interaction between the hydro-
carbons at the filler surface and the hydrocarbon polymer chain
we do not find a general slowing down of the Rouse modes nor
there exists evidence for a gradient of mobility of any importance
in the neighborhood of the filler particles—all segments appear
to be equally mobile. For completeness, it should be mentioned,
however, that changes out of the time and length scale window of
observation are not excluded. This is particularly true for very
small distances from the particle surface on the order of one
Kuhn segment, where some simulations find an attractive basin
even in an otherwise nonattractive situation.”'

We now interpret the results on the confinement. Let us first
summarize the experimental facts: (i) Up to high @ the chains
exhibit a Gaussian conformation. (ii) The local segmental dy-
namics is unchanged. (iii) All segments are equally mobile. (iv)
The apparent confinement length d,,,, decreases significantly with
increasing P.

The task is now to understand the extra confinement that
manifests itself in the decrease of d,;,. For that purpose we
have calculated the nearest-neighbor distance distribution
function pHy(r/p,®) within the voids of a polydisperse en-
semble of spheres at a given volume fraction @, where p is the
average particle diameter. Thereby, Hy(r,®) is the probability
that at an arbitrary point in the system the center of the nearest
particle lies at a distance between r and r + dr. Torquato et al.*
have given analytical approximations for randomly distributed
monodisperse spheres that agree very well with their simulated
counterparts. In order to extend to our polydisperse system,
we have simulated Hy(r,®) also for a polydisperse particle
distribution with a log-normal size distribution characteristic
for our ensemble. The simulated situation is visualized in
Figure 3b.
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Figure 4. Characteristic confinement lengths in the PEP—nanoparticle
system: d,,, = apparent confinement length from the NSE measure-
ments; dgeo = calculated geometrical confinement length; dype =
topological tube confinement according to eq S.

Figure 3 compares the results for the scaled probability
Hy(r/p,®) for a monodisperse and polydisperse system. As a
solid line also the analytical approximation for the monodisperse
system is included. As expected, for the polydisperse case we
realize a smearing of the distribution function to larger distances.

With Hy(r/p,P) we now may calculate the average mean
square distance of a polymer segment from the next neighboring
sphere surface:

(o2, (@) = /

0.5

o

pHy (x, ®)(x — 0.5)* dx (3)

where x = r/p. In analogy to the tube diameter we define a
geometrical confinement length

dgeo () = X5, (P)) (4)

Figure 4 presents the volume fraction dependence of d,. With
increasing @ the geometrical confinement strongly gains im-
portance; e.g. at @ = 50 vol % d,, = 4.0 nm, a value smaller than
the tube diameter in the undisturbed melt.

Having measured the apparent confinement length d,,, and
calculated the geometrical confinement length dg.,, in a mean
field approach we now may calculate the tube diameter dy. that
originates from the capacity of the chains to entangle. As the
total confinement is well described by a Gaussian distribution
of confinement lengths we assume that this holds also for the
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individual contributions. Then the squares of the individual
contributions add inversely:

1 1 1

diPP(CD) N dtzube(q)) * a2 (CI)) (5)

geo

Following eq 5, dype as a function of volume fraction may be
evaluated. Together with the measured values for dy,, the result
is included in Figure 4. Seemingly the tube constraints on the
chain motion change from polymer entanglements to constraints
imposed by fixed obstacles (“particle entanglements”). While at
low @ the polymer imposed entanglements dominate, around
@ =35% both are of similar magnitude. For larger ® constraints
by fixed obstacles prevail. Seemingly, at high ®, the polymers
disentangle completely, and as in de Gennes early reptation
approach, the polymer motion is completely constrained by
geomatrical hindrance.

Finally, the conclusions from equation eq S are the results of a
mean fleld picture that has limited validity, since the relevant
length scales dype and D,, are only separated by a factor of 3—4.
However, it is useful to gain a first basic understanding of the
situation. For a more quantitative evaluation of the situation
sophisticated simulations, e.g., with a slip-link approach, would
be desirable. Nevertheless, we note that the chain rheology (e.g.,
the position of the terminal peak) under particle confinement can
be quantitatively described with the here extracted mean field
parameters (to be published).

Il CONCLUSION

In this work we have presented a measurement of the polymer
chain confinement length on the molecular scale. The increasing
plateau levels of the dynamic structure factor at long times, which
are observed with increasing filler volume fraction @, demon-
strate unequivocally the reduction of the confinement length
with @. Analyzing the geometrical confinement provided by the
nanoparticles, we realize that the reduction of the measured
confinement length d,,,, is the result of a transition from polymer
caused entanglement constraints to chain motion in the presence
of fixed obstacles.

Even more, strong evidence for chain disentanglement at high
particle fractions was found and, using a mean field approach,
quantified by an increase of the respective confinement length
dwabe- In principle, two possible mechanisms may lead to this
disentanglement effect. First, in a nanocomposite a high amount
of particle surface is provided. Disentanglement in the vicinity of
nonattractive surfaces has been reported in many simulations and
could contribute to the observed effect. Second, there may be an
additional contribution which arises from the confinement. This
kind of disentanglement scenario has been found in the simula-
tion literature for chains confined between smooth nonattractive
walls'* and was also observed experimentally for polymers
confined in cylindrical nanopores." It will be a task of the future
to distinguish between disentanglement due to the presence of
large surface areas in comparison with disentanglement by chain
confinement.

Other than in most simulations the experiments do not indicate
a general slowing down of the Rouse modes—at least the basic
segmental relaxation dynamics is not altered by the presence of
fillers, though a particular slowing down of long wavelength Rouse
modes as suggested by compliance experiments on nanometer
films* cannot be excluded, since the signature of such Rouse
modes would be overshadowed by confinement effects.
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