
LETTERS

Enhanced mobility of confined polymers
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Non-classical behaviour, brought about by a confinement
that imposes spatial constraints on molecules, is opening
avenues to novel applications. For example, carbon nanotubes,
which show rapid and selective transport of small molecules
across the nanotubes, have significant potential as biological
or chemical separation materials for organic solvents or
gaseous molecules1–5. With polymers, when the dimensions
of a confining volume are much less than the radius of
gyration, a quantitative understanding of perturbations to chain
dynamics due to geometric constraints remains a challenge6–10

and, with the development of nanofabrication processes, the
dynamics of confined polymers have significant technological
implications11–17. Here, we describe a weak molecular-weight-
dependent mobility of polymers confined within nanoscopic
cylindrical pores having diameters smaller than the dimension
of the chains in the bulk. On the basis of the chain configuration
along the pore axis, the measured mobility of polymers in
the confined geometry is much higher than the mobility of
the unconfined chain. With the emergence of nanofabrication
processes based on polymer flow, the unexpected enhancement
in flow and reduction in intermolecular entanglements are
of significant importance in the design and execution of
processing strategies.

Scaling arguments on the diffusion of single-chain molecules
in the bulk predict that the reptation time of individual chains
is proportional to the cube of the contour length18. Confinement,
however, may influence the interpenetration of chains owing to the
finite space available and the molecular-weight dependence of chain
dynamics. Here, we address both issues in a study on the flow of
polymers into nanoscopic cylindrical channels.

The capillary rise of a polymeric liquid in a nanoporous
membrane has been studied recently. Anodized alumina
membranes having cylindrical nanoscopic pores, with diameters
comparable to or smaller than the radius of gyration of a
polymer chain in the bulk, were used. Figure 1a shows a field-
emission scanning electron micrograph of polystyrene nanorods
(Mw ∼ 5.91 × 105 g mol−1) prepared using nanoporous alumina
(pore diameter ∼ 15 nm). As twice the radius of gyration, 2Rg

(∼45 nm), is approximately three times the pore diameter, the
chain configuration must be perturbed, resulting in an entropic
penalty due to chain deformation10. Despite this entropic penalty,
the capillary force in the nanoscopic cylindrical pores is sufficiently

strong to draw the polymer into the pore. The capillary rise of
a polymer, polystyrene, in the pores (as shown in Fig. 1d) was
measured by time-resolved small-angle X-ray scattering (SAXS) at
T ∼ 190 ◦C. The integrated intensity or the scattering invariant,
Q, is proportional to [φUρ2

AO + φF(ρAO − ρPS)
2
]φPφAO where

φP and φAO are the volume fractions of pores and alumina
in the membrane, respectively, φU and φF are the volume
fractions of unfilled and filled pores, respectively, and ρAO

(∼1.37 mole electrons cm−3) and ρPS (∼0.565 mole electrons cm−3)
are the electron densities of the aluminium oxide and polystyrene,
respectively19,20. As φU = 1−φF, then all of the parameters defining
the invariant are known with the exception of the volume fraction
of unfilled pores. As φU decreases, that is, as the pores fill, the
integrated scattering decreases. Figure 1b shows the reduction in
Q relative to Q0, Q of the unfilled membrane at time t = 0, with
time, that is, as the polystyrene rises in the pores. The total flux of
polystyrene into the pores is given by:

J =πr2 1l

1t
= −K

1(Q/Q0)

1t
, (1)

where r is the radius of the pore, l is the distance the polymer
has flowed into the membrane and K (∼3.24 × 10−20 m3) is
πr2Lρ2

AO/(2ρAO − ρPS)ρPS. L (∼120 µm) is the length of the
nanopore. So, from equation (1), the flux of the polymer into the
pores can be determined and compared with that expected from the
bulk viscosity of the polymer21,22.

It is striking that the flux is only weakly molecular-weight
dependent as shown in Fig. 1c. As the flux is inversely proportional
to ∼N 1.5±0.1, and as the flux is inversely related to the viscosity,
η, then η ∼ N 1.5±0.1. In the bulk, the reptative motion of polymer
chains predicts η ∼ N 3.4 above the entanglement molecular weight,
Me, of the polymer23–25. For polystyrene, Me ∼ 2 × 104 g mol−1,
the molecular-weight dependence observed here for flow into
the nanopores is much less than that reported for the bulk.
Consequently, confinement has markedly decreased η, enhancing
the flow of polystyrene when N > Ne. As an example, η for
polystyrene (Mw ∼ 1.03×106 g mol−1) in the bulk is 4.4×106 Pa s
(ref. 21), whereas in the nanopores (d ∼ 15 nm) η, evaluated using
the Washburn equation23, is 3.4×103 Pa s. The slope of 1− Q/Q0

versus the square root of time in Fig. 1b was 0.056 h−1/2 for the
polystyrene (Mw ∼ 1.03×106 g mol−1), and the surface tension of
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Figure 1 Measurement of capillary rise of polymeric liquid. a, Scanning electron micrograph of polystyrene nanorods (Mw ∼ 591 kgmol−1) prepared from nanoporous
alumina. b, Scattering invariant and the height of the polystyrene in the nanoporous alumina as a function of the square root of the heating time. From the steepest increase,
Mw is 114 (filled circles), 379 (filled triangles), 750 (filled diamonds), 1,032 (filled down-triangles), 2,880 (filled squares) kg mol−1, respectively. As the polymeric melt fills the
pore, the electron density difference between the alumina matrix and the cylindrical pore becomes lower. c, The flux of polystyrene melt of different molecular weights (filled
squares) through the nanoporous alumina (d∼ 15 nm, L∼ 120 µm) when l∼ L/2, and the flux calculated with the bulk property (open squares and line) from ref. 22.
d, Schematic diagram of the SAXS experiment to measure the capillary rise in the nanoscopic cylindrical pores.

polystyrene (ref. 26) and the contact angle between polystyrene
and alumina, used for the evaluation of η, was ∼29 mJ m−2 and
∼23◦, respectively. Typically, this polystyrene penetrates ∼100 µm
into the pores over the course of a day, which is slow enough not to
stretch the chain molecules during flow in the nanopores.

The segmental mobility of chain molecules in the cylindrical
nanopores was also investigated. Differential scanning calorimetry
studies of polystyrene in the nanopores are shown in Fig. 2. Several
different molecular weights of polystyrene in the nanoporous
alumina (d ∼ 15 nm) were examined. As shown in the figure, the
glass-transition region of polystyrene in the nanoporous alumina
was broader than that of bulk, and the glass-transition behaviour
of polystyrene in the nanoporous alumina, similar to results on
supported ultrathin films27–30, showed little dependence on the
molecular weight. The onset point or end point of the glass
transition varied by only 10 K and was essentially the same as
that measured for polystyrene on supported thin films. This is
understandable, as the polymer in the pores can be considered as
an extension of the case of thin films on a support31–33. As flow
measurements were done well above the end point of the transition
of polystyrene in the nanopores and the glass-transition behaviour
was not relevant to the molecular weight, the observed reduction in
η cannot be attributed to the glass-transition temperature, Tg.

The conformation of polystyrene in the nanopores was
measured by small-angle neutron scattering (SANS) using a
0.1-mm-thick alumina membrane filled with a mixture of
61% deuterated polystyrene and 39% hydrogenous polystyrene.
The nanoporous channels were partially filled, to avoid
an overflow of the polymer melt onto the surface. The
remaining unfilled portions of the nanopores were filled with a

contrast-matching fluid (d-ethanol/h-ethanol) to remove excess
scattering from the membrane. The fraction of deuterated
polystyrene and hydrogenous polystyrene was chosen so
that the neutron scattering-length density of the deuterated
polystyrene/hydrogenous polystyrene mixture matched that
of the membrane so as to minimize any scattering from
the membrane and improve the signal-to-noise ratio of the
single-chain scattering. The polymer-filled membrane was placed
in the neutron beam and tilted to an incidence angle of 30◦

(as shown in Fig. 3a). A typical SANS profile of a deuterated
polystyrene/hydrogenous polystyrene (61 wt% deuterated
polystyrene, Mw of deuterated polystyrene ∼ 528 kg mol−1 and
Mw of hydrogenous polystyrene ∼ 591 kg mol−1) mixture in an
anodic aluminium oxide membrane with 30-nm-diameter pores
is shown in Fig. 3b. Any residual scattering arising from the
membrane occurs on the horizon (qy = 0) and, as would be
expected, a reflection is seen at q ∼ 0.01 Å−1 corresponding to
the centre-to-centre distance between the pores. Even although a
contrast-matching condition was used, any slight mismatch will
result in a substantial amount of scattering relative to any other
contributions to the scattering. The SANS along qz , that is, in
the direction of the axes of the pores, has two origins. The first
is the form factor of the pores and, as the length of the pores is
large, this scattering occurs at angles well beyond the resolution
of the instrument and can be ignored. The second, which is much
weaker, arises from the single-chain scattering of the deuterated
polystyrene/hydrogenous polystyrene mixture confined in the
pores. Figure 4a shows the scattering pattern along qz (filled squares
and circles) taken from the two-dimensional pattern in Fig. 3b and
the calculated single-chain scattering (solid line, Debye function).
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Figure 2 Differential scanning calorimetry of polystyrene in the cylindrical
nanoporous alumina. The pore diameter of the alumina was 15 nm, and the
heating rate was 30 Kmin−1. The bottom thermogram is for bulk polystyrene
(Mw ∼ 1,210 k) and the other thermograms are those of polystyrene in nanopores.

The scattering from bulk polystyrene is also shown for comparison.
For q > 0.002 Å−1, these data are well described by the calculated
profile of an unperturbed chain. Consequently, along the pore axis,
the chain is unperturbed. The radius of gyration of the polymer in
the nanopores was found to be identical to that in the bulk over a
wide range of molecular weights and pore diameters, as shown in
Fig. 4b. This is consistent with theoretical arguments18,34,35. As the
chain is unperturbed along the pore axis and the pore diameter is
less than 2Rg, then, assuming incompressibility of the polymer
melt, the number of chains per unit volume must be smaller
than that in the bulk. The polymer chain is confined inside the
volume Vpore = πbN 1/2r2, where b is the Kuhn segment length.
In a bulk, the same chain would be confined inside the volume
Vbulk = (π/6)[bN 1/2

]
3. When the density of a polymer melt is

the same as the density in the bulk, we have to conclude that
the number of chains sharing the same volume Vpore is smaller
than the number of chains sharing the volume Vbulk. However,
the pore size is still large, compared with the chain segments
(b � 2r < 2Rg), and the polymers in the pores are not fully
disentangled in the molecular-weight regime that we have used.
Therefore, it is reasonable to use the single-chain scattering with
the assumption that the complete demixing of protonated and
deuterated chains does not occur.

These results suggest that, as the entangled polymer enters and
flows into the pores, the number of chains per unit volume is
decreased and, consequently, the interpenetration of the polymer
chains decreases. However, after flow into the pores the chains are
not stretched in the direction of flow but, owing to confinement, are
compressed in a direction orthogonal to the flow. The diffusivity
of a single unperturbed chain in a polymer melt is known to be
proportional to N−2.4±0.1 and can be written as (N > Ne limit)23–25:
µ≈ N 1.4

e /η0bN 2.4, where η0 and Ne are the segmental viscosity and
entanglement length, respectively. The average force applied to each
polymer chain is produced by a pressure gradient p′ is F = p′b3N .
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Figure 3 Measurement of overall conformation along nanopore axes via
SANS experiment. a, Schematic diagram of SANS set-up, showing the collimated
incident beam, oriented sample, an area detector and the averaged scattered
intensity over a range of span from the vertical axis. The uniformly oriented
polymer-containing nanopores are tilted to an incidence angle of 30◦ relative to the
normal incidence of the beam. b, Typical two-dimensional scattering pattern of
deuterated polystyrene/hydrogenous polystyrene (61 wt% deuterated polystyrene,
Mw of deuterated polystyrene∼ 528 kgmol−1 and Mw of hydrogenous
polystyrene∼ 591 kgmol−1) in a nanoporous alumina template (pore
diameter∼ 30 nm). The strong bright spots, the lattice scattering due to the regular
spacing between the cylindrical pores, appear only horizontally as the aligned pores
are tilted 30◦ relative to the normal incidence of the beam. The scattering intensity
was averaged with a span of ±10◦ from the vertical axis to analyse the overall
chain dimension along pore axes. The span is shown as black dotted lines.

Calculating the average drift velocity in a nanotube v = µF, and
multiplying it by the cross-sectional area of the nanotube, the total
flux, J , will be ∼FµκN/Rg,ll, where κ is the number of polymers
sharing the same volume and κN is the total number of monomers
inside the tube length Rg,ll. Using κ = r2b/N 1/2, we obtain:

J = Fµr2
=

p′b2r2

η0

(
Ne

N

)1.4

. (2)

Equation (2) shows that the flux is proportional to ∼N−1.4. As
the apparent viscosity of the polymer is inversely proportional
to the flux, the apparent viscosity should be proportional to
∼N 1.4. This simple scaling argument agrees well with our
experimental observations.

Whereas no apparent mobility change has been observed for
small molecules in interconnected nanopores36, the large chain
molecules were found to have an enhanced mobility in this
confining geometry. In a melt of a bulk semicrystalline polymer,
a change in the flow behaviour due to a decrease of the degree
of chain interpenetration was reported. It was recently found that
the entanglement density could be controlled by slow melting
and the long-lived less-entangled melt had a lower melt viscosity
and enhanced drawability37. In addition to the enhanced flow,
confinement effects on the chain conformation can perturb the
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Figure 4 Scattered intensity of polystyrene in bulk and in nanopores from two-dimensional SANS pattern after calibration and the chain dimensions of different
molecular-weight polystyrene along the pore axes in different pore diameters. a, The averaged SANS pattern (with a ±10◦ span with a centre of the vertical axis) from
Fig. 3b of deuterated polystyrene/hydrogenous polystyrene (61 wt% deuterated polystyrene, Mw of deuterated polystyrene∼ 528 kgmol−1 and Mw of hydrogenous
polystyrene∼ 591 kgmol−1) in the nanopore (pore diameter∼ 30 nm). The open symbols are the experimental data of bulk deuterated polystyrene/hydrogenous polystyrene,
and the filled symbols are the scattering of deuterated polystyrene/hydrogenous polystyrene in the nanoporous membrane. The dotted and solid lines are the RPA function
fitted for the mixture in bulk and in the nanoporous membrane, respectively. The raw data were calibrated for empty cell, detector efficiency and relative to standard
materials, and then they were plotted on an absolute intensity scale. Circular and square symbols are in different q ranges, and they were obtained at NIST and IPNS,
respectively. b, The chain dimension along the nanopore axis relative to the radius of gyration in bulk as a function of the ratio of pore diameter to twice the radius of gyration.

interfacial properties and, ultimately, the long-term stability of the
nanostructured materials.

METHODS

Nanoporous alumina was prepared by an electrochemical two-step anodization
method in dilute sulphuric acid (0.3 M) with an applied voltage of 25 V. A
highly pure aluminium plate (Aldrich, 99.998%, thickness ∼ 1 mm) was
electropolished and anodized. After chemical etching with phosphochromic
acid, the second anodization was carried out for 24 h. The aluminium
supporting layer was dissolved in cuprous chloride solution. The pore was then
opened by floating the membrane on dilute phosphoric acid (0.3 M) followed
by rinsing in an ethanol/water mixture (20/80). The home-made membrane
had hexagonally packed straight pores that ran all the way through. The
centre-to-centre distances of the pores were 65 nm, as determined by scanning
electron microscopy analysis.

The capillary rise of the polymeric liquid into the pores was investigated by
SAXS. The polymeric film was solution-cast onto a thin cover glass. After
drying the film in ambient environment for several days, it was dried under
vacuum for 3 days at 170 ◦C. Then, the dried film (thickness ∼ 100 µm) was
preheated on a hot plate for several minutes, and the nanoporous alumina was
placed on top of it. To ensure good contact between the membrane and the
molten film, the membrane was gently tapped several times. After checking for
good contact, the sample was moved to a vacuum oven that was preheated to
190 ◦C. The oven was evacuated and the sample was kept under vacuum. After
some time, the sample was taken out of the vacuum oven, and quenched by
placing the sample on a large Al plate. Then, the scattered intensity from the
hexagonally packed pore was measured by SAXS. The scattering experiments
were conducted at the 4C2 beamline at the Pohang Light Source (l = 1.38 Å) or
with a conventional instrument (Cu Kα source, l = 1.54 Å, Rigaku).

For Tg measurement, polystyrene was selectively located in the
nanopores38. A polystyrene film was prepared by solution casting. The
polystyrene film was thoroughly dried, and then placed on a thick film of
poly(2-vinylpyridine). Nanoporous alumina was placed on the bilayer film, and
then the sample was heated to 190 ◦C under vacuum. The polystyrene melt was
drawn into the nanopores via capillary force. After heating, the bottom layer

poly(2-vinylpyridine) film was removed by immersing the sample in ethanol
for several days. The glass-transition behaviour was examined at a heating rate
of 30 K min−1 from room temperature after the ageing at 60 ◦C for 18 h.

The overall conformation in the nanopore was measured by SANS.
Hydrogenous polystyrene (61 wt%) was mixed with deuterated
polystyrene (39 wt%) in solution and a thin film was solvent cast. As in the
sampling for the Tg measurement, using the bilayer method, we selectively
locate the hydrogenous polystyrene/deuterated polystyrene mixture in the
nanopore. The SANS measurements were carried out at the NG3 beamline in
the NIST Center for Neutron Research at the National Institutes of Standards
and Technology (NIST) in Gaithersburg, or the small-angle neutron
diffractometer (SAND) at the Intense Pulsed Neutron Source (IPNS) at
Argonne National Lab. The set-up in NIST was as follows: a wavelength (l) of
4.31 Å and 1l/l = 0.15 at a sample-to-detector distance of 15 m.
Contrast-matching experiments and scattering experiments for the high q
range were done at the time-of-flight SAND beamline in IPNS at the Argonne
National Laboratory. The wavelength at the SAND ranged from 1.1 to 14 Å, and
the source frequency was 30 Hz. The sample-to-detector distance was 1.5 m.
The hydrogenous polystyrene/deuterated polystyrene-containing nanoporous
alumina was placed between two quartz plates, and it was immersed in a
d-ethanol/h-ethanol mixture. Between the quartz plates, there was a
rubbery spacer that prevented leakage of the ethanol mixture. The
polystyrene-containing alumina was tilted 30◦ relative to the incident neutron
beam. The scattering information on the chain conformation was taken from
the vertical wedge-shaped cross-section of the scattered pattern (azimuthal
angle: ±10◦). The background and dark current were subtracted from the
measured intensity that was normalized to the incident beam intensity. Bulk
samples with molecular weights corresponding to those in the nanopores were
also examined.
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