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Using in situ nanodielectric spectroscopy we demonstrate that the imbibition kinetics of cis-1,4-
polyisoprene in native alumina nanopores proceeds in two time regimes both with higher effective viscosity
than bulk. This finding is discussed by a microscopic picture that considers the competition from an
increasing number of chains entering the pores and a decreasing number of fluctuating chain ends. The
latter is a direct manifestation of increasing adsorption sites during flow. At the same time, the longest
normal mode is somewhat longer than in bulk. This could reflect an increasing density of topological
constraints of chains entering the pores with the longer loops formed by other chains.
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Understanding that way that polymers penetrate in
narrow pores is important for applications including
separation of proteins with relevance in cell biology and
the development of inkjet printing for commercial xerog-
raphy. In general, placing macromolecules close to inter-
faces alter their conformational and dynamic properties
[1,2]. Much of this behavior stems from polymer-substrate
interactions [3–6]. Taming the strength of interfacial
interactions especially under nonequilibrium conditions
(e.g., during flow), will enable the design of polymer
interfaces with controlled physical properties (viscosity,
glass temperature as well as wettability and adhesion) of
importance in applications (organic electronic devices,
coatings, membranes).
A recent advancement in this field have been experi-

ments by the so-called, nanofluidic method [7–10]. The
method employs self-ordered nanoporous aluminum oxide
(AAO) templates sputtered with a thin gold layer to
transform the nanoporous membranes into capacitors
where an ac field is applied along the pore axes (Fig. 1).
When the openings of the pores are brought into contact
with a polymer melt, capillary forces drive the polymer
chains into the pores. The polymer increases the
capacitance C by way of the dielectric permittivity ε of
the penetrating polymer (C ∼ ε). The method offers

simultaneous access to the kinetics of imbibition and to
the molecular dynamics during flow at the segmental and
possibly the chain length scales. Results have demonstrated
the potential of the method to extract quantitative infor-
mation on the viscosity experienced by the polymer during
flow [7]. However, despite profound importance in appli-
cations, the pertinent polymer chain dynamics during flow
have not been addressed either in theory or in experiment.
In this Letter we employ the nanofluidic method to

follow the in situ polymer dynamics directly at the chain
length scale by studying the evolution of normal modes in
cis-1,4-polyisoprene (PI) during imbibition in AAO nano-
pores. The scientific question we address is if and how
adsorption affects the imbibition kinetics of polymers. This
question, despite being of importance in the design of

FIG. 1. Schematic of the AAO-sample geometry for the in situ
imbibition of cis-1,4-polyisoprene. In the upper part the dipole
moment components along (μj) and perpendicular (μ⊥) to the
chain contours are indicated. The direction of the E field with
respect to the end-to-end vector (thick arrow) is shown in the
right. The electric filed is applied in the z direction (flow
direction), hence the z component of the polarization is detected.
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membranes and devices, has not been addressed so far. The
reason is that it requires precise measurements of polymer
dynamics during flow. Results show that polymer imbibi-
tion proceeds in two time regimes with distinct changes in
the dielectric strength of normal modes. We discuss this
finding with the help of a microscopic picture that con-
siders the competition from an increasing number of chains
entering the pores and a decreasing number of fluctuating
chains with time. The latter provide unambiguous evidence
for increasing adsorption sites during flow.
The studied polyisoprene (PI) homopolymer had Mn ¼

42 410 and Mw ¼ 44 000 gmol−1 (PI-42k). AAO tem-
plates [11] with both ends open and thickness of 100 μm
were purchased from InRedox (Longmont, USA). Pore
diameters and corresponding porosities were 100
(24� 3%), 40 (12� 2%), and 20 nm (11� 2%), respec-
tively. Two types of AAO surfaces were examined. One
(the untreated) where templates were placed in an oven
under vacuum at a temperature of 443 K for 8–10 h in order
to remove the majority of OH groups from the AAO
surface. Another one (the silanized) with a treated surface
with trichloro(1H,1H,2H,2H-perfluorooctyl)silane (for
5 min under vacuum followed by heating to 423 K in
order to remove any excess silane). Dielectric spectro-
scopy (DS) measurements were carried out at different
temperatures in the range from 183 to 393 K, at atmos-
pheric pressure, and for frequencies in the range from
10−2 − 3 × 106 Hz. For the in situ imbibition kinetic
experiments, a gold layer (thickness 35 nm) was sputtered
on both sides of the AAO templates as top and bottom
electrodes (Fig. 1). More details on material and methods
can be found in the Supplemental Material [12].
Figure 2(a) provides fitting examples for bulk PI

using a summation of two Havriliak and Negami (HN)
functions [13,14] following imbibition. The slower one
corresponds to the longest normal mode whereas the faster
to the summation of all higher (shorter) modes. We first
note that the higher normal modes seem to approach the
longest normal mode and second, the longest normal
mode is longer than in the bulk. We will return to this
point later.
The evolution of the dielectric loss curves at the length

scale of the normal modes is depicted in Fig. 3(a) for AAO
pores with diameter of 40 nm. The radius of gyration of the
polymer Rg is smaller than the diameter of the pore d
(2Rg=d ¼ 0.35). The analysis of the dielectric loss curves
provides the dielectric strength of the slower (longest
normal mode) and faster (higher normal modes) modes
[Fig. 3(b)]. It shows an initially increasing dielectric
strength for both modes, scaling as t1=2, up to 17 000 s.
This increase is followed by a plateau at longer times (for
the slower mode) or even a decrease (for the higher normal
modes). Notably, the plateau is absent in the case of the
silanized pores (Fig. S2, Supplemental Material [12]). In
parallel, the imbibition length L was measured ex situ by

optical reflection microscopy and the result is shown in
Fig. 3(c). Based on the Lucas-Washburn equation (LWE)
developed for Newtonian liquids penetrating a cylindrical
capillary of radius R, the imbibition length should scale
as [15,16]

(a) (b)

FIG. 2. (a) Dielectric loss curves of bulk and confined PI-42k
within AAO pores with pore diameters of 100, 40, and 20 nm at
T ¼ 303 K. The black dashed line indicates the peak position of
the longest normal mode in bulk PI. Representative fit of the
dielectric loss curve for the bulk PI-42k with a summation of two
HN functions corresponding to the longest normal mode (blue
shaded area) and the summation of shorter normal modes (red
shaded area). (b) Evolution of the relaxation times for PI-42k
during imbibition inside AAO nanopores as a function of the
square-root of time. Same color codes as in (a): 100 (orange
circles), 40 (green squares), and 20 nm (blue rhombi). The short
dashed lines give the position of the longest normal mode and of
the internal modes in the bulk polymer at the same imbibition
temperature.

(a) (b)

(c)

FIG. 3. (a) Evolution of the dielectric loss spectra of PI 42k
during imbibition within AAO nanopores with pore diameter of
40 nm at 303 K. (b) The extracted dielectric intensity as a
function of the square root of imbibition time. (c) Imbibition
lengths extracted via the optical reflection method at selected
times. The dashed line is a guide for the eye. The extracted
effective viscosity, ηeff , in the two regimes is4660 Pa s (magenta)
and 910 Pa s (green) for regimes I and II, respectively. The solid
black line is the prediction of LWE. The calculation is based on
the bulk viscosity η0ðbulkÞ ¼ 285 Pa s; γL ¼ 30.1 mN=m;
cos θ ¼ 0.88; R ¼ 20 nm.
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Here, γ is the surface tension, θ is the advancing contact
angle, R is the pore diameter, η is the viscosity, and t is the
wetting time. Employing the bulk viscosity η0 ¼ 285 Pa s
(from rheology measurements), the measured surface
tension γL ¼ 30.1 mN=m and the measured advancing
contact angle, θ ¼ 28° we obtain the solid line in
Fig. 3(c). The experimental results deviate from the
LWE predictions. The L-versus-

ffiffi
t

p
plots [Fig. 3(c)] also

show the two regimes. Up to t ¼ 17 000 s the polymer melt
imbibes like a liquid with the effective viscosities of
4660 Pa s. For longer times the imbibition can be described
by an effective viscosity of 910 Pa s. This suggests that the
polymer penetrates the pores with a 16-fold and threefold
higher viscosity than in the bulk. At the same time, the
characteristic relaxation time corresponding to the longest
normal mode [Fig. 2(b)] is slightly longer than in the bulk.
Higher effective viscosities than the bulk are not

uncommon during polymer imbibition in nanopores
[17–19]. Recently, Doi et al. [19] constructed a unified
theory to describe the imbibition behavior of polymer melts
in nanopores. Two different mechanisms were proposed:
one is the dead-layer effect due to the adsorption of
polymer segments. Strongly adsorbed polymer chains
create a smaller effective pore radius (Reffective < RAAO)
giving rise to a higher effective viscosity (ηeffective > ηbulk).
The other mechanism relies on the reptation of polymer
chains under a pressure gradient. As pores reduce to a size
comparable to the thickness of the dead layer (extreme
confinement), polymer chain transport is achieved mainly
by the reptation of free polymer chains in a network driven
by the pressure gradient originating from the capillary
force. This mechanism leads to the lower effective viscosity
(ηeffective < ηbulk). The nonmonotonic behavior of the effec-
tive viscosity on pore size is the result of the competition
between the two mechanisms. This effect found experi-
mentally [17] was well captured by theory [19].
By contrasting the growing imbibition lengths [Fig. 3(c)]

with the evolution of dielectric loss [Fig. 3(b)] we come to,
at first site, a surprising finding: Although in regime I the
polymer advances within the pores following the LWE
(albeit with a higher effective viscosity), in regime II, the
polymer continues to advance under a constant (or even
slightly decreasing) dielectric strength. To better under-
stand this result we need to comment on the microscopic
factors that influence the dielectric strength for the
segmental and normal mode processes. The corresponding
Δε’s for the segmental and normal mode processes
are [20–27]

Δεsegmental ¼
1

3ε0
Fg

μ2s
kBT

NA

V
; ð2Þ

Δεlongest n:m: ¼
4πNAμ

2
NM

3kBT
hr2i
MPI

: ð3Þ

In Eq. (2), for the segmental relaxation F is the local field, g
the Kirkwood-Fröhlich correlation factor, μs the dipole
moment per molecule, and NA Avogadro’s number.
Evidently, the dielectric strength for the segmental mode
being proportional to the number density of dipoles, is an
increasing function of imbibition time up to the complete
pore filling. This has been confirmed by following the
evolution of the segmental process in PI (at a lower
temperature) and in another polymer [poly (n-butyl
methacrylate) [7] ]. Hence, the evolution of the segmental
process follows approximately the predictions from Eq. (2).
In contrast, the dielectric strength of the chain modes

relates to the relaxation of the end-to-end vector, hr2i, the
dipole moment per contour length, μNM, and the chain
molecular weight,MPI. The former is prone to chain
configurations next to the pore wall (Fig. 4). For example,
adsorbed polymer segments with a fixed train configuration
next to the walls do not fluctuate in time and hence do not
contribute to the dielectric strength of the chain relaxation.
Likewise, segments in looped configurations do not con-
tribute to the dielectric strength as both ends are fixed at the
pore walls. Only segments located in the tails can fluctuate
in time and hence contribute to the dielectric strength
of the chain relaxation. The data shown in Fig. 3 provide
unambiguous evidence than only a portion of chains (i.e.,
subchains) fluctuate in time during the imbibition process.
This should be contrasted with the silanized pores
where the dielectric strength is increasing up to complete
pore filling. Surface treatment reduces adsorption sites
effectively acting as lubricant for the chains (see Fig. S2,
Supplemental Material [12]). However, it is puzzling that
the obtained relaxation time of the chain relaxation (Fig. 2)
is not faster—as it would be expected for shorter chain
configurations associated with the free ends [27].
Below we provide a plausible microscopic scenario

(with the help of Fig. 4) that attempts to reconcile all
experimental findings. The figure depicts only a few chains
and shows the imbibition process at the beginning (corre-
sponding to regime I) and at later stages (regime II) of the
imbibition process. At the beginning, only a small portion
of chains are in contact with the pore walls forming trains,
loops and some tails (e.g., chain in red). Despite the small
fraction of adsorbed segments, the effective pore diameter
is reduced and the overall viscosity is increased reflecting
the effect of the dead layer. However, the majority of chains
are not in contact with the pore walls and hence there exist
fluctuations of the end-to-end vector (e.g., chains in green,
blue, and yellow). As time progresses within regime I
(t1=2 < 150 s1=2) more polymer chains enter the pores and
the dielectric strength increases [Eq. (3)]. At longer times,
within regime II, more segments are adsorbed at the pore
walls creating more train and longer loop configurations
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that have as an effect the reduction in the dielectric strength
for the normal modes.
The kinetics of irreversible adsorption were first studied

theoretically for functionalized polymers in solution [3] and
subsequently generalized for thin polymer films (where
confinement is one dimensional) by evaluating the thick-
ness of the adsorbed layer [4–6]. It was found that
adsorption follows two time regimes; at short annealing
times, the thickness (hads) increases linearly with time
due to the available substrate surface scaling as
(hads ∼ N1=2 ∼ Rg, N is the degree of polymerization). At
longer times, the available surface sites are reduced and
chains adsorb by loops with a length that increases in time.
The thickness of the adsorbed layer in this case increases
slower with time with a logarithmic dependence. As the
subchains forming the loops cannot fluctuate, the loops
inevitably become dielectrically inactive. As a result, the
dielectric strength of the normal modes will decrease with
time [4]. These effects, obtained under quasiequilibrium
conditions, will also affect the dielectric strength of the
normal modes in the present case, e.g., during polymer
flow. Interestingly, the fast-growing initial dependence and
the final slower logarithmic dependence is reminiscent to
the square-root time dependence of the imbibition length
[Eq. (1)] but this point needs to be explored further.
Despite the similarities with 1D confinement there exist,

however, a fundamental difference. In the present case, the
near constancy of the dielectric strength is a composite
effect owing to an increasing number of chains within
the pores and a decreasing number of fluctuating
chains [Fig. 3(b)]. Interestingly, the crossover time from
Fig. 3(b) corresponds to a timescale much longer than the
terminal relaxation time of the bulk polymer (see Fig. S7,

Supplemental Material [12]). This provides additional
support to the fact that other—longer—timescales are
involved in the adsorption process. Adsorption, apart from
chain diffusion towards the interphase, involves continuous
conformational pathways of the chains towards minimizing
their free energy.
The existence of a somewhat slower longest normal

mode (Fig. 2) within regime II in the native AAO nano-
pores is more difficult to explain. It could associate with an
increasing density of topological constraints (entangle-
ments). New chains entering the pores (e.g., yellow chains
in Fig. 4) are topologically constrained by the increased
numbers of longer loops. This can explain the longer
characteristic time for the normal modes during polymer
flow (Fig. 2). Notably, this effect is absent in the case of
silanized AAO (see Fig. S3, Supplemental Material [12]).
In the absence of adsorption sites long loops are not
formed, the chains do not experience extra topological
constraints and imbibe with the same timescale as in bulk.
These results will depend on the degree of confinement

(e.g.,2Rg=d). For the same PI-42k entering 100 nm pores
(see Fig. S3, Supplemental Material [12]) where
2Rg=d ∼ 0.14, the imbibition process has also two regimes
with enhanced viscosity than in bulk, however, stage II has
now the higher viscosity. In addition, part of the findings
could be attributed to changes in glass temperature, Tg,
under confinement [28–33]. Having this in mind we studied
the segmental dynamics following the in situ imbibition (by
cooling and subsequent heating runs (see Fig. S4,
Supplemental Material [12]). In agreement with earlier
studies the segmental dynamics become bimodal below
some “critical” temperature (Tc ∼ 226 K) [31–33]. The
high Tg is near (slightly above) the bulk Tg whereas the
lower Tg depends on the degree of confinement. The shift
in Tg from the bulk value in the latter case can be
parametrized as ΔTg ∼ −54ð2Rg=dÞ (see Fig. S5,
Supplemental Material [12]) for a range of PI molecular
weights and degrees of confinement. Changes in Tg
under confinement have been discussed in terms of
increasing interfacial energy for a number of different
polymers [28,29].
Lastly, we compare the current findings with the results

from a rheodielectric experiment on the same polymer [34]
where the dielectric response was followed during shear. It
was shown that the latter is much less sensitive to shear as
compared to the strong shear-thinning behavior in the
viscoelastic response. Differences in the viscoelastic and
dielectric responses were discussed in terms of isochronal
orientational cross-correlation of segments under fast shear.
We note two differences from the present case. First,
viscoelasticity is less important for flow within channels.
From the data depicted in Fig. 3(c), we can extract effective
shear rates as _γ ¼ v=Rð∼0.5 rad=sÞ, v is the velocity, R is
the pore radius. At such low shear rates, the viscosity that is
experienced by the polymer during flow is the zero-shear

FIG. 4. Schematic of PI imbibition in native nanopores. Four
colored chains are shown at initial (left) and additional chains at
later stages (right). Initially only a small number of segments
corresponding to the red chain are adsorbed to the walls forming
some trains, loops and tails. At latter stages, additional chains
have segments in the vicinity of the pore walls and inner chains
(e.g., yellow chain) are more entangled with the loops of the
adsorbed chains (red or blue chains).
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viscosity (see Fig. S7, Supplemental Material [12]). Second,
the measured dielectric strength (Δε) reflects the chain
dimension hR2

zi in the flow direction (Fig. 1) as opposed
to the shear gradient direction probed in rheodielectrics.
In conclusion, the imbibition kinetics of entangled

cis-1,4-PI was studied, for the first time during flow, by
in situ nanodielectric spectroscopy, under conditions of
confinement (0.14 < 2Rg=d < 0.35) and as a function of
pore surface treatment. For native AAO pores, imbibition
follows two time regimes both with increased effective
viscosity relative to bulk. Within the later stages the
dielectric strength of the longest normal mode remains
constant despite the fact that more chains are entering the
pores. We have discussed this finding by a microscopic
picture that considers the competition from an increasing
number of chains entering the pores (that increases the
dielectric strength) and a decreasing number of fluctuating
chains (that decreases the dielectric strength). At the same
time, the longest normal mode is somewhat longer than in
bulk within native pores but not in silanized pores. This
could reflect an increased density of topological constraints
with time in the former case.
In situ dielectric spectroscopy provides us with access to

length scales and timescales (from the local segmental to
internal chain modes, and to the longest normal mode)
under nonequilibrium conditions (during flow) never
considered before. The method and current results provided
unambiguous evidence for growing interfacial interactions.
Taming the strength of interfacial interactions under such
nonequilibrium conditions could help towards designing
polymer interfaces with controlled physical properties.
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Reflection Optical Microscopy. 

The infiltration process was followed for specific time intervals. Subsequently, the top layer was removed, 

the AAO templates were cross sectioned and the imbibition length was determined from the cross sections 

by reflection optical microscopy (ROM) (Zeiss Axiotech vario). Figure S1, provides representative 

images of cross-sectioned AAO templates for different time intervals. In ROM, the optical contrast 

originates from the change in the index of refraction between the empty nanopores and the polymer 

infiltrated part. Typically for each cross section the imbibition lengths were obtained at 10 different 

positions.  

 

 

 

 

 

 

 

FIG. S1. Optical images showing the imbibition length of PI 42k within AAO with pore diameter of 40 
nm at 30 oC for different time periods: (left) 111 s1/2, L=27 µm, (center) 150 s1/2, L=38 µm, and (right) 
199 s1/2, L= 70 µm. The regions specified by blue arrows represent the areas filled with PI 42k. 

 

Dielectric Spectroscopy.  

Dielectric spectroscopy (DS) measurements were performed at different temperatures in the ranges from 

183 K to 393 K, at atmospheric pressure, and for frequencies in the range from 10−2−107 Hz. 

Measurements were made with a Novocontrol Alpha frequency analyzer composed of a broadband 

dielectric converter and an active sample cell. For the bulk material, DS measurements were carried out 

in the usual parallel plate geometry with electrodes of 20 mm in diameter and a sample thickness of 50 

µm maintained by Teflon spacers. For the in situ imbibition kinetic experiments, a gold layer (thickness 

35 nm) was sputtered on both sides of the AAO templates as top and bottom electrodes (Figure 1). Two 

types of AAO surfaces were examined. One (the untreated) where templates were placed in an oven under 

L L L 
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vacuum at a temperature of 443 K for 8-10 h in order to remove the majority of OH groups from the AAO 

surface. Another one (the silanized) with a treated surface with trichloro(1H,1H,2H,2H-

perfluorooctyl)silane (for 5 min under vacuum followed by heating to 423 K in order to remove any excess 

silane). In the kinetic experiments the investigated frequency range was restricted in the range 1-106 Hz 

to facilitate probing the faster kinetics. In all cases, the complex dielectric permittivity ε* = ε′ − iε″, where 

ε′ is the real and ε″ is the imaginary part, was obtained as a function of frequency ω and temperature T, 

i.e., ε*(T, ω). Figure 2a provides fitting examples for bulk PI using the empirical equation of Havriliak 

and Negami (HN): 

                                      𝜀"#∗ (𝜔, 𝛵) = 𝜀+(𝛵) + ∑
./0(1)

23456789:,0(1);
<0=

>0
?
@A3 + BC(D)

6/E7
																															 (S1) 

Here, k indicates the process under investigation, Δεk(T) is the relaxation strength, τHN,k is the relaxation 

time of the equation, mk, nk (0 < mk, mknk ≤ 1) describe the symmetrical and asymmetrical broadening of 

the distribution of relaxation times and ε∞ is the dielectric permittivity at the limit of high frequencies. 

The relaxation times at maximum loss (τmax) are presented herein and have been analytically obtained 

from the Havriliak−Negami equation as follows: 

                                      𝜏JKL,@ = 𝜏"#,@ sinP3/J R
SJ0

?(34T0)
U sin3/J R SJ0T0

?(34T0)
U																																											(S2) 

At lower frequencies, ε″ rises due to the conductivity (ε″ = σ/(ωεf), where σ is the dc conductivity and εf 

the permittivity of free space). The conductivity contribution has also been taken into account during the 

fitting process. 
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FIG. S2. Imbibition of PI 42k in treated (silanized) pores. Evolution of the dielectric loss at the peak 
frequency during imbibition within AAO nanopores with pore diameter of 40 nm at 303 K as a function 
of the square root of imbibition time.   

 

FIG. S3. Evolution of relaxation times corresponding to the longest normal mode for PI 42k in silanized 
(filled circles) and native (open circles) AAO pores with pore diameter of 40 nm at 303 K as a function 
of the square root of imbibition time. The dashed line gives the relaxation time of the longest normal mode 
in the bulk polymer.    
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FIG. S4. (a) Evolution of the dielectric loss curves of PI 42k during imbibition within AAO nanopores 
with pore diameter of 100 nm at 303 K. (b) Evolution of the dielectric loss at the peak frequency and pf 
the extracted dielectric intensity (inset) as a function of the square root of imbibition time. (c) Imbibition 
lengths extracted via the optical reflection method (yellow points) at selected times. The dashed line is a 
guide for the eye. The solid black line is the prediction of LWE. The calculation is based on the bulk 
viscosity η0(bulk)=285 Pa·s; γL=30.1 mN/m; cosθ=0.88; R=50 nm.  
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Segmental dynamics following imbibition 

Subsequent cooling/heating scans following the in situ imbibition can provide the state of the segmental 

dynamics under confinement.  The results are discussed with respect to Figure S5. In the larger pores (100 

nm) there exists a single segmental process that is faster than in bulk PI (i.e., lower glass temperature). In 

the smaller pores however (40 nm), the dielectric loss curves are clearly bimodal (Figure S5a) giving rise 

to a "lower" and a "higher" glass temperature, respectively. It is noteworthy that the bimodal distribution 

only displays on cooling/heating scans below a “critical” temperature Tc ~ 226 K (Figure S5). The bimodal 

character of the PI segmental dynamics has been discussed earlier.  

 

 

 

 

 

 

 

 

 

 

FIG. S5. (a) Representative dielectric loss curves of bulk (dashed lines) and cooling/heating loss curves 
of PI 42k located inside AAO with pore diameter of 40 nm following imbibition (solid lines). Selected 
temperatures range from 198.15 K to 233.15 K with a step of 5 K. The same color code in curves of bulk 
and confined PI 42k is used: 223.15K (blue), 218.15K (magenta), and 213.15K (orange). The loss curves 
are bimodal and the faster (slower) segmental processes are indicated by black (gray) arrows. The rise of 
the dielectric loss at high frequencies comes from the AAO background. (b) Relaxation diagram showing 
the temperature dependence of the segmental and longest chain relaxation times for the bulk (rhombi) and 
under confinement within different pore sizes: (pentagons): 100 nm pores; (circles): 40 nm pores. 

  

2.4 3.2 4.0 4.8 5.6
-2

0

2

4

6

8

segmental 
process

 Bulk_a-process
 Bulk_Normal Mode
 AAO 100nm_cooling_segmental process
 AAO 100nm_heating_segmental process
 AAO 40nm_cooling_segmental process
 AAO 40nm_heating_segmental process (faster)
 AAO 40nm_heating_segmental process (slower)
 AAO 100nm_cooling_Normal Mode
 AAO 100nm_heating_Normal Mode
 AAO 40nm_cooling_Normal Mode
 AAO 40nm_heating_Normal Mode

Longest 
Normal Mode

1000/T (K-1)

-lo
g 1

0(
t m

ax
/s

)

Tc
-1.8

-1.7

-1.6

198.15K

cooling scan 233.15K

lo
g 1

0e
''

10-1 100 101 102 103 104 105

-1.8

-1.7

-1.6
heating scan 

frequency (Hz)

lo
g 10

e''

233.15K

198.15K



S7 
 

Figure S6 shows the change in glass temperature in confinement from the bulk Tg as a function of 

inverse pore diameter (1/d) and degree of confinement (2Rg/d) for PI-42k in comparison to other 

entangled PIs. In the case of PI-42k and for the smaller pore diameters only the lower glass temperature 

is depicted. All data nicely collapse onto a single curve that can be parameterized as ΔTg~−54×(2Rg/d) 

(Figure S6b). The reduced glass temperature under confinement has been discussed in terms of an 

increasing interfacial energy for a number of polymers.  

 

 

 

 

 

 

FIG. S6. Dependence of ΔTg (=TgAAO- Tgbulk) on (left) inverse pore diameter and (right) the degree of 
confinement, defined by the ratio of molecular size (2Rg) to the pore diameter for entangled PIs. The Tg 
value of PI-42k refers to the lower glass temperature extracted from Figure S5. Tg is defined as the 
temperature where the segmental relaxation time is at time ~ 102 s. The Tg values of other entangled PIs 
(i.e., 20 kg·mol-1, 50 kg·mol-1 and 100 kg·mol-1) are from literature.  
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FIG. S7. Master curve construction for PI 42k at a reference temperature of 303 K. The vertical arrow 
indicates the average shear rate experienced by the polymer during flow (corresponding to the zero-shear 
viscosity plateau indicated by the magenta line).  
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