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Neutron spin echo has revealed the single chain dynamic structure factor of entangled polymer chains

confined in cylindrical nanopores with chain dimensions either much larger or smaller than the lateral pore

sizes. In both situations, a slowing down of the dynamics with respect to the bulk behavior is only

observed at intermediate times. The results at long times provide a direct microscopic measurement of the

entanglement distance under confinement. They constitute the first experimental microscopic evidence of

the dilution of the total entanglement density in a polymer melt under strong confinement, a phenomenon

that so far was hypothesized on the basis of various macroscopic observations.
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Confinement effects in polymer melts may lead to un-
usual properties. This concerns both the chain conforma-
tion, which may be distorted, as well as chain dynamics,
which may be altered due to surface interactions and
changes of topology and chain self-density [1–4]. The
understanding of such behavior is not only a scientific
challenge but is also important for knowledge-based appli-
cations in nanotechnology, such as nanocomposites, coat-
ings, adhesives, etc. [5]. Today, microscopic studies on the
chain dynamics under confinement are mainly available
through simulations. Only a few experiments have ad-
dressed this problem, e.g., the flow of polymers through
nanopores, the extensional rheology of nanosized polymer
films, the observation of dewetting kinetics of thin films or
NMR relaxometry. Chain dynamics is commonly de-
scribed in terms of the Rouse and the reptation model.
The relaxation of the Rouse modes, determined by a bal-
ance of viscous and entropic forces, only depends on the
chain length and the monomeric friction. In addition, long
polymers heavily interpenetrate each other and mutually
restrict their motions at long times in forming topological
constraints (‘‘entanglements’’). In the reptation model the
entanglement effect is modeled by a tube of diameter d�
‘

ffiffiffiffiffiffi
Ne

p
along the coarse grained chain profile confining the

chain motion (‘, monomer length; Ne, number of mono-
mers between the entanglements). The dominant motional
mechanisms in this model are (i) a curvilinear version of
the Rouse motion (local reptation) followed by (ii) the
escape of the whole molecule from the tube at long times,
the reptation process (see, e.g., [6,7]). The important
question that is addressed now both by simulations
[2,3,8,9] as well as by a variety of experiments on a macro-
scopic level [4,10–12] is how these dynamics change under
confinement.

Basically all simulations available indicate that confine-
ment reduces chain mobility independent of the adhesive
potential of the wall. An analysis of the Rouse modes of
unentangled chains under confinement reveals a uniform
slowing down of all modes which was interpreted by an
effective increase of monomeric friction [8]. The conse-
quences for the entanglement density are less clear: while
in the early work of Shaffer [1] no influence was found,
newer simulations [2,3,9] seem to indicate an increase of
the entanglement distance that was related to chain com-
pression and thereby to the reduction of the interchain
overlap under confinement. The combined effects of in-
creased effective friction and entanglement distances were
even found to lead to a nonmonotonic behavior of the chain
relaxation with confinement size [2]. Also, heterogeneous
scenarios like a repulsion of entanglements away from the
confining surface were proposed [9].
Observing a significantly enhanced flow of large poly-

styrene molecules into the pores of anodic alumina oxide,
Russell and co-workers concluded on a reduced viscosity
that would follow from a decreasing entanglement density
due to lateral chain compression [4]. Performing very
delicate studies on the extension ratio of nanoscopic poly-
mer films under shear, Si et al. also conjectured on a
reduced density of interchain entanglements which, ac-
cording to them, should be compensated by a correspond-
ing increase of intrachain entanglements [10]. Similarly,
from dewetting experiments a significantly reduced entan-
glement density in thin polymer films was conjectured
[11]. Finally, an antagonistic effect of confinement was
concluded from NMR relaxometry studies, that reported a
reduction of the tube diameter in confined polymer melts
by about 1 order of magnitude as compared to the bulk
(‘‘Corset effect’’) [12].
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Using the space-time resolution of neutron spin echo
spectroscopy (NSE) [7], here we report the first direct
observation of the entanglement distances and the associ-
ated intermediate scale Rouse dynamics under confine-
ment conditions. We present results on the single chain
dynamic structure factor of poly(ethylene oxide) (PEO)
confined in cylindrical nanopores of anodic alumina oxide
(AAO). The chain dimensions (average bulk end-to-end

distance Re ¼
ffiffiffiffiffiffiffiffiffihR2

ei
p

) were either much larger or smaller
than the lateral pore sizes (characterized by the pore di-
ameter D). At long times well beyond the entanglement
limit, for Re > D we found a 15% expanded entanglement
network, while for Re < D the bulk values are reproduced.
As compared to bulk PEO, a moderate slowing down of the
dynamics in the intermediate time regime was noticed.
This effect, other than simulations suggested, may not be
related to a general increase of the Rouse friction, since the
local dynamics at short times is found to be largely
unchanged.

Ordered AAO templates were prepared by a two-step
anodization process of aluminum [13]. The templates con-
sist of a hexagonal array of parallel cylindrical pores of
120 �m depth oriented perpendicularly to the surface of
the template [inset of Fig. 1(c)]. Two samples were pre-
pared with different Re=D ratios (see Table I). The nano-
porous channels were filled with mixtures of deuterated (d)
and protonated (h) PEO chains in fractions of
0:748=0:252 ðv=vÞ. Such mixtures have the same neutron
scattering-length density as the templates, that had been
previously determined by a contrast matching small angle
neutron scattering (SANS) experiment with dioxane. Prior
to the NSE experiments, we checked the quality of the
matching on sample I at 400 K at the SANS instrument
KWS-2 (JCNS at FRM-II Munich). The results obtained
with pore orientation parallel to the incident beam are
displayed in Fig. 1(a). The AAO scattering intensity is
confined to a narrow sheet in reciprocal space perpendicu-
lar to the pore direction. For SANS the curvature of the
Ewald sphere is very small, the intensity sheet is tangential
to the detected patch, and SANS reveals the pore arrange-
ment in an imperfect lattice. Figure 1(a) shows that, though
matching reduced the pore scattering intensity consider-
ably, it is still visible. Tilting the sample a given angle �
around the vertical axis, the cut of the inclined intensity
sheet on the Ewald sphere becomes a circle, and any
residual scattering from the membrane occurs on the ver-
tical axis (Qx ¼ 0) [see Fig. 1(b)]. Figure 1(c) shows with
triangles the cross section integrated along the horizontal
direction in the 2D pattern of Fig. 1(b) and the calculated
single chain form factor [solid line, Debye function PðxÞ ¼
ðe�x þ x� 1Þ=x2; x ¼ Q2R2

g] with the bulk value for the

radius of gyration Rg. ForQ values above� 10�2 �A�1 the

agreement is excellent. Thus, with such geometry and for

Q> 10�2 �A�1, the intensity scattered in the horizontal
direction is mainly due to the contrast between deuterated
and protonated polymer chains. There, SANS reveals the
single chain structure factor and NSE accesses the single
chain dynamic structure factor SchainðQ; tÞ [7,14] of the
confined polymer mixture.
The dynamic experiments on sample I were performed

at the JCNS spectrometer J-NSE at the FRM II and on
sample II at the IN15 instrument at the ILL (Grenoble).
Different Q values were investigated at 400 K in the
Fourier time intervals 0:2 � t � 130 ns (J-NSE) and
9 ps � t � 200 ns (IN15) by combining two incident
wavelengths (� ¼ 8 and 12.9 Å at J-NSE, � ¼ 8 and
16 Å at IN15). Because of the small amount of polymer
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FIG. 1 (color). (a) 2D-SANS pattern of sample I with the pores
oriented parallel to the incident beam. The powderlike appear-
ance is due to a resulting random orientation of the hexagonal
lattice in the stacked templates. (b) The same as (a) but with the
sample rotated by � ¼ 15� around the vertical axis. (c) Cross
sections obtained for � ¼ 15� [data in (b)] calculated by radial
averaging of 2D pattern (circles) and integrated along the hori-
zontal direction (triangles). Solid line: Debye form factor with
Rg ¼ 5:5 nm. Rocking measurements showed that for � � 10�

the template’s contribution in the NSE window is roughly
constant. Inset: Scanning electron micrograph (Philips XL-30
ESEM) of the surface of the AAO templates.

TABLE I. Details of the samples investigated.

Sample MhPEO
w (g=mol) Mw=Mn

a MdPEO
w (g=mol) Mw=Mn Number of templates Polymer mass (M) (g) Re (nm) D (nm) Re=D

I 22 700 1.01 19 500 1.02 30 0.54 13.5 35 0.4

II 480 000 1.07 430 000 1.2 15 0.39 59.7 25 2.4

aAfter release from the nanoconfinement, for sample II somewhat broadened Mw distributions were found, indicating some chain
rupture that however did not alter the nature of the highly entangled melt.
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in the beam (M in Table I) measurement times per run were
of about 20 h (J-NSE) and 12 h (IN15).

Figure 2 shows the results obtained for sample I [2(a)]
and sample II [2(b)]. In both cases the data tend to finite
plateaus that reflect confinement effects on the dynamics of
the polymer chains—the single chain fluctuations are lat-
erally restricted giving rise to a Debye-Waller–type form
factor. This is an experimental observation yielding the
spatial extent of the molecular motion independent of
any model considered. This kind of behavior is also present
in the entangled bulk sample [15], where chain confine-
ment is due to topological interactions with the surround-
ing chains. The bulk results could be well described by the
reptation model (see, e.g., [6,7]):

SðQ; tÞ
SðQÞ ¼

�
1� exp

�
�Q2d2

36

��
SlocðQ; tÞ

þ exp

�
�Q2d2

36

�
SescðQ; tÞ; (1)

where SlocðQ; tÞ and SescðQ; tÞ are contributions from local
motion and escape from the tube, respectively. For PEO at
400 K, SescðQ; tÞ ¼ 1 in the NSE window and the value of
d determines the plateau levels. The contribution of local
reptation in the NSE window is given by

SlocðQ; tÞ ¼ exp

�
t

�0

�
erfc

� ffiffiffiffiffi
t

�0

s �
; (2)

where �0 ¼ 36=ðW‘4Q4Þ is the time scale for Rouse seg-

ment diffusion along the tube with W the Rouse rate
(determined by the friction with the medium). For bulk

PEO at 400 K, with ‘ ¼ 5:8 �A, Wbulk ¼ 13:34 ns�1 and

dbulk ¼ 52:6 �A [15]. The curves describing SchainðQ; tÞ of
bulk PEO at the corresponding Q values are shown in
Fig. 2(a) as dashed lines. They reproduce very well the
plateau levels of the confined short-chain polymer. The
situation is different for the more confined long chains.
In Fig. 2(b), the dashed line shows the de Gennes descrip-

tion of the bulk results for Q ¼ 0:1 �A�1. The confined
SchainðQ; tÞ at this Q decays to significantly lower values,
indicating a less restricted dynamics (larger effective tube
diameter).
On the other hand, the data show a clear slowing down

compared to the bulk behavior at intermediate time scales
[see Figs. 2 and 3], while at short times (t & 1 ns) the
dynamics equals that of the bulk (see Fig. 3). This obser-
vation is fully consistent with our previous results on the
local dynamics of sample I [16], where quasielastic neu-
tron spectra with resolution of the order of a nanosecond
did not reveal essential deviations from the bulk segmental
dynamics at length scales smaller than 1.5 nm. Our experi-
ments suggest a higher impact of confinement on the
longer-wavelength Rouse modes than on the local scale.
This is in contradiction to simulations that were interpreted
in terms of an overall slowing down of all Rouse modes [8].
One possible explanation for the observed behavior could
be some adsorption effect on the surface of the pore walls.
The alumina surface ‘‘attracts’’ hydrophilic PEO chains,
leading to a complete wetting of the AAO surface by the
polymer melt. In a first approximation the adsorption effect
was modeled by a Rouse chain with pinned seg-
ments, such that on average the surface layer is covered.
Averaging over all positions of the pinned segments along
the affected chains the SchainðQ; tÞ shown in Fig. 3 are
obtained. At short times this simple model reproduces
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FIG. 2 (color online). Normalized SchainðQ; tÞ of the short
confined chains (sample I) (a) and the long confined chains
(sample II) (b) at the Q values indicated. Empty symbols
correspond to data obtained with � ¼ 8 �A, full symbols with
� ¼ 12:8 �A (J-NSE) and � ¼ 16 �A (IN15). Dashed
lines: de Gennes curves [Eq. (1)] fitting the bulk PEO behavior
[15]. Solid lines in (b): Fits to Eq. (1) with W ¼ Wbulk, deliver-
ing a dconf value of 60.3 Å.
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FIG. 3 (color online). NSE data at Q ¼ 0:1 �A�1 (circles) and
Q ¼ 0:2 �A�1 (diamonds) for the short (empty symbols) and long
(full symbols) PEO chains compared with the bulk data (crosses
and pluses) [15]. Solid lines: Rouse curves displaying the bulk
behavior below 1 ns. Dotted lines: Calculated Rouse SchainðQ; tÞ
for pinned chains. Note that the upturn of the experimental data
is due to both the entanglements (see bulk behavior) as well as to
the suggested pinning (pore data).
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the unchanged Rouse dynamics, and at longer times it
displays the observed tendency.

As previously mentioned, our results provide the definite
microscopic proof that under confinement the lateral tube
size is only marginally affected. The weakly confined
sample shows bulklike entanglement density, while the
strongly confined long chains display tube dilation. To
quantify this effect, we have fitted the de Gennes equa-
tion (1) to the NSE data of sample II imposing the value of
Wbulk (which perfectly describes the short-time regime).
The fitting curves are shown as solid lines in Fig. 2(b). A

value of dconf ¼ 60:3 �A is obtained; i.e., an increase of
about 15% is observed for a confinement characterized by
Re=D ¼ 2:4 (i.e., D � Rg).

Let us now discuss the simulation predictions in light of
our microscopic results. Our main observation contradicts
an insensitivity of the entanglement network upon confine-
ment as found in Ref. [1]. Our results qualitatively support
the competing situation predicted in Ref. [2], where the
slowed-down chains experience at the same time
confinement-induced disentanglement effects. We note in
passing that the good description of the long-time behavior
of the experimental SchainðQ; tÞwith only one tube diameter
is in contradiction with a markedly heterogeneous distri-
bution of entanglement lengths, as suggested for polymer
nanocomposites [9]. Finally, good agreement is found with
the results by Baschnagel and co-workers [3], who re-
ported a 32% enhancement of the entanglement length
(equivalent to an increase of 15% in the tube diameter)
for thin films with a similar confinement size. We recall,
however, that in their case the 1D confinement could be
expected to have a lower impact in the dynamics than the
2D confinement imposed in this work.

We now compare our microscopic results with the more
macroscopic data published so far. Russell and co-workers
[4] reported a decrease of the viscosity with respect to the
bulk value by a factor of �1000 in the capillary rise of
chains in a membrane with Re=D � 3:4 and �500 for
Re=D � 2:5. The corresponding derived tube diameter
[dconfðRe=D � 2:4Þ=dbulk � 5 in Ref. [4]] is apparently
incompatible with the value of 1.15 from our experiments.
We could reconcile both observations in two ways. (i) The
flow experiment corresponded to a nonequilibrium situa-
tion, and a strict direct comparison of values might not be
possible. (ii) Flow experiments are expected to be mainly
sensitive to interchain entanglements, the density of which
is drastically reduced under strong confinement, while the
total entanglement density observed by NSEwould be only
slightly reduced with respect to the bulk [17]. Also, the
proposed reduction (factor 3–4) of the entanglement den-
sity based on dewetting experiments [11] is much larger
than what is observed on the chain level. Possibly similar
arguments hold as compared to the flow experiments. We
also mention that the distinction between self-chain and
interchain entanglements in confined polymers was an

essential ingredient to interpret the extensional strain re-
sults in thin polymer films by Si et al. [10]. Their model
based on chain packing assumed that the total entangle-
ment density is constant when applied to systems with
Re & 2h (h, film thickness). With our direct experiments
under 2D confinement we find that for Re ¼ 2:4D it de-
creases by about 15%. Our observation could thus be
considered in order to improve the model proposed in
that work when applied to stronger confinement situations.
Finally, the drastic increase of the entanglement density
concluded from NMR relaxometry (Corset effect) is out of
the question.
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