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ABSTRACT: We report the segmental dynamics of poly(n-ethyl
methacrylate) melts forming nanotubes inside cylindrical alumina
nanopores (AAOs). Long nanotubes were fabricated at the inner
pore walls by the polymer precursor film during the complete
wetting transition at high temperatures. Using differential scanning
calorimetry and dielectric spectroscopy, we show that the
segmental dynamics in the nanotubes are bimodal and slower
than in bulk with a broad distribution of relaxation times. These
features reflect the dynamic properties of the “dead layer” formed

by the adsorbed polymer chains at the pore walls.

D espite the numerous applications of polymer wetting of
solid substrates' ™ (including lubrication, coatings,
adhesion, etc.), important aspects are not fully understood,
including the pertinent polymer dynamics. A way to investigate
the properties of wetting is by employing polymers as they
penetrate narrow pores of high energy solid materials.”””
Polymer imbibition in nanopores is described by the
competition of two mechanisms.”” The first is the standard
hydrodynamic flow, resulting in a parabolic flow profile. When
the inner wall has a strong attraction to the polymer, a layer of
immobile chains is created (called “dead layer”), resulting in an
increase of the effective viscosity and to slower imbibition.®
The second is the chain reptation under a pressure gradient,
leading to a plug flow profile and to the reduction in the
effective viscosity (faster imbibition).” For low molar mass
polymers, the former mechanism dominates. When such
polymers penetrate self-ordered nanoporous alumina templates
(abbr. AAO), a “dead zone” is formed that causes deviations
from the classical Lucas-Washburn equation'""

1/2
h(t)=[yR cos&] Ji
2n (1)

Here, h(t) is the imbibition length, y is the surface tension, 8 is
the advancing contact angle, R is the pore radius, and t is the
imbibition time. Importantly, the characteristic t'/? scaling
remains unchanged; the deviation manifests solely in the
prefactor, which no longer matches the Lucas-Washburn
expression. One major question is on the segmental dynamics
within the “dead layer”.'*~"” Molecular dynamics simulations
of polymer imbibition in nanopores have revealed that
adsorption creates the “dead layer” with significantly reduced
chain mobility, effectively reducing the pore radius.”>*!
Investigating the dynamics within the dead layer is not an
easy task. Simulations have an advantage in this respect as they
can infer the segmental mobility as a function of the distance
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from the solid walls. Results have shown that the zone extends
to 1—2 times the radius of gyration.zo_25 On the other hand,
experimentally this zone is not readily accessible.

Here, in order to investigate the polymer segmental
dynamics within the “dead layer” we employ a different
approach. We fabricate nanotubes by following the kinetics of
the wetting transition of a polar polymer within cylindrical
alumina nanopores. Earlier studies have shown that the wetting
of the inner wall of AAO nanopores by a precursor film is a
rapid process. It can wet the whole AAO surface.”™” The
wetting transition depends on several factors, including
temperature, time, and polymer molar mass. In complete
wetting, the precursor film spreads on the inner walls of the
nanopores ahead of the main capillary front of the polymer
melt giving rise to nanotubes. In partial wetting, nanopores are
gradually filled with the polymer melt by capillary action giving
rise to nanorods. Complete or partial wetting depends on the
sign of the spreading coeflicient, S = ysq — ysp — Y1 Where
Vs Ysu and g are the solid—gas, solid—liquid, and liquid—
gas interfacial energies, respectively. When S > 0 there is
complete wetting, whereas S < 0 gives partial wetting of the
surface.'

The spreading of the precursor film, driven by surface
interactions, may lead to unique chain alignment or adsorption
states at the polymer—template interface. These states could
potentially “freeze” nonequilibrium conformations in the
vicinity of the liquid-to-glass temperature, directly affecting
the interfacial stability and mechanical integrity of the
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nanotubes.”*™** Hence, it is important to investigate the
segmental dynamics of polymers that form nanotubes. For this
study, we employ poly(n-ethyl methacrylate)s (PEMA) with
two molar masses. PEMA is a polar polymer with accessible
dynamics, as determined by dielectric spectroscopy over a
broad temperature range.”**> We first establish the conditions
(temperature, time, and molar mass) leading to nanotube
formation. Subsequently, we investigated the segmental
dynamics with dielectric spectroscopy (DS) and differential
scanning calorimetry (DSC). The results show that the “dead
layer” is composed of segments with substantially slower
segmental dynamics as compared to the bulk.

Two poly(ethyl methacrylate) (PEMA) samples were used
to fabricate nanotube structures. Their molecular character-
istics (PEMA-7k and PEMA-37k, with respective M, values of
7 and 37 kg/mol) are shown in Table SI. Self-ordered
nanoporous aluminum oxide (AAO) templates with a pore
diameter of 400 nm and a uniform pore depth of 100 ym were
fabricated following established literature protocols
(AAOC400).>° In addition to nanotubes, we investigate the
segmental dynamics within another confining geometry. We
used V-shaped AAOs with a top pore diameter of 450 nm, a
bottom pore diameter of 100 nm, and pore depth of 2.5 yum,
denoted as V-450-100-2500. The V-shaped templates have a
pore depth of only 2.5 ym (as compared to 100 ym in the case
of the cylindrically shaped nanopores) hence it is not possible
to stabilize nanotubes with V-shaped nanopores. The
templates have been characterized by different methods
including SEM, FIB, AFM, and laser interferometry, as
reported elsewhere ¥®!72673%3¢

and § min for PEMA-7k, and T = 493 K (i.e., T+ 158 K) and
10 min for PEMA-37k, respectively. Subsequently, samples
were rapidly cooled to room temperature to preserve the
nanostructures. For the DS measurements the nanotubes were
not released from alumina. For the SEM characterization, the
AAO templates were dissolved using a S wt % NaOH aqueous
solution, yielding free-standing PEMA nanotubes supported by
the residual bulk film.

The polymer nanostructures were investigated by scanning
electron microscopy (SEM-SU8000). Top-view and cross-
sectional images of PEMA nanotubes at different heights were
analyzed. Figure 1 and Figure S2 depict free-standing PEMA
fibers for PEMA-37k and PEMA7Kk, respectively, following
AAO removal. In some cases, the nanotubes broke at different
height in the process of removing the AAO template. The
thickness of the precursor film evidenced by the nanotube wall
thickness in both cases was around 100 nm. This should be
compared with the coil size. The radius of gyration (R,) of
PEMA-7k and PEMA-37k was determined to be around 2.7
and 6.1 nm, respectively.”’ Therefore, for PEMA-37k the
nanotube thickness is approximately 15 X R,. Notably, this is
the smallest stable nanotubes that could be prepared with
PEMA. Using different temperature/imbibition time condi-
tions (Figure S3) or smaller nanopores (Figure S4) resulted in
nanorods instead of nanotubes. Some plate-like features evident
in Figure lc and Figure S2c¢ are imaging effects showing
nanorods formed at the lower cross-section portions of the
released polymers.

DSC measurements (Mettler Toledo DSC-822 calorimeter)
were performed on both PEMA nanotubes located inside

Precursor

AAO Template

Polymer

Figure 1. SEM images of the released nanotubes of PEMA-37k from
AAOC400 templates following imbibition at 493 K for 10 min.
Different sections are shown: (a) a top view, (b) a cut about half-
height of the templates showing nanotubes, and (c) at the bottom of
the templates showing fully infiltrated nanopores.

We systematically optimized the temperature and time
parameters for the two PEMA homopolymer infiltrations using
the template wetting method (see Figure S1, Supporting
Information). First, a PEMA film was placed on top
cylindrically shaped AAO templates with 400 nm diameter
and 100 pm depth nanopores (AAOC400). The assembly was
transferred to a preheated oven for vacuum annealing. The
optimal temperature and wetting time for the formation of
nanotubes were determined as T = 463 K (ie, T, + 128 K)
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Figure 2. (a, ¢) DSC curves of nanotubes located inside AAOC400
templates and of the corresponding bulk samples PEMA-7k and
PEMA-37k at heating rates of 10 K/min. (b, d) First derivative of the
heat flow with respect to temperature.

AAOC400 templates and in the bulk samples for comparison.
The DSC traces, for PEMA-7k and PEMA-37K, respectively,
are shown in Figure 2a,b and ¢,d, both at a heating rate of 10
K/min. The results demonstrate a higher T, with asymmetric
broadening (353 K for PEMA-7k and 35S K for PEMA-37k)
compared to that of the bulk (342 K for PEMA-7k and 345 K
for PEMA-37k). This is attributed to the adsorption effects at
the interface that restrict the segmental (and chain) mobility.
Consistent with previous molecular dynamics simulations, such

https://doi.org/10.1021/acsmacrolett.6c00291
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Figure 3. Relaxation frequencies at maximum loss for PEMA-7k
corresponding to different processes and different confining
conditions including nanotubes. From lower temperatures, the f-
process (squares), the a- (circles) and the (aff)- (triangles) processes
are shown, together with a slower process (rhombi) under
confinement. The data of PEMA-7k nanotubes located inside
AAOC400 are shown with blue filled symbols. The bulk data are
shown in red, the data of fully infiltrated PEMA in AAOC400
template in magenta and the data of fully infiltrated PEMA in
AAOV2500 data in green. The lines are fits to the VFT equation for
the slow, (af8)- and a-processes, and to the Arrhenius equation for the
p-process. With stars are indicated the bulk and nanotube T,s from
DSC (at a characteristic time 7 ~ 100 s, fo. = 1/277,,,)-

adsorption-induced mobility reduction is most pronounced
within the first few monomer layers near the wall, effectively
raising the local glass temperature relative to that of the
bulk.”*!

The DS study on the dynamics of confined PEMA was made
on four different kinds of samples: (i) bulk PEMA, (ii) fully
infiltrated PEMA in an AAO template with cylindrical
nanopores (AAOC400), (iii) PEMA nanotubes attached to
cylindrical AAO nanopores, and (iv) fully infiltrated PEMA in
an AAO template with V-shaped nanopores (with 450 nm top
diameter, 100 nm bottom diameter, and 2.5 um depth,
AAOV2500) (AAOV2500). Details are provided in the
Supporting Information. In all cases, the complex dielectric
permittivity €* = & — i¢”, here €' is the real and &” is the
imaginary part, was obtained as a function of frequency @ and
temperature T. Figure S3 gives representative dielectric loss
curves for the bulk- and confined-PEMA-7k within cylin-
drically shaped AAO (AAOC400), in nanotube structures and
within conically shaped AAO (AAOV2500). The equivalent
capacitor for the system geometry shown in Figure 1 and
Figure S2 can be approximated by three capacitors (Figure S4)

DS
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Figure 4. Relaxation frequencies at maximum loss for the bulk and
confined PEMA-37k corresponding to the different processes in bulk
(open symbols) and in nanotubes located inside AAOC400 templates
(filled symbols in blue). From lower temperatures, the S-process
(squares), the a- (circles) and the (aff)- (triangles) processes are
shown, together with a slower process (rhombi) under confinement.
The lines are fits to the VFT equation for the slow, (af)- and a-
processes, and to the Arrhenius equation for the -process. With stars
the bulk and nanotube T,’s from DSC.

o c ol T Canoy Where

-1

in parallel as C,,; = (L + - ) +C
pol air

Ciota is the total capacitance, C,, refers to the polymer

capacitance located at the pore bottom, C, to the air

capacitance located above the polymer, C, refers to the

polymer capacitance forming the nanotubes, and Cy,o to the

alumina. The total dielectric function is given by

o
/ o L(‘Epol lspol) / o
Erotal ~ 1Erotal = d d 7 - X (/)air/pol + (‘gpol - wpol) X {/{,01
pol + air(épol - lépol)
v .
+ (&ar0 — 8540) X Bppo (2)

Here, L is the template thickness, d,, and d,; are the thickness
of the polymer and the air above it, @/, the volume
occupied by the air/polymer at the center, ¢,, the volume
fraction of nanotubes, and @,,o the volume fraction of AAO
(@air/pol + Ppor is the porosity). After rearrangement, the
imaginary part of the dielectric function is given as

LX @iepal
A+ B?

+ €0p0 X Buao 3)

"

o ¥ ¥ )
Etotal = X (&g X B — £y X A) + £, X Bl

where A = d,, + d,;; X €50 and B = d,;, X ;. Simulated curves
based on eq 3 suggested a minor contribution to the

Table 1. Parameters of the VFT Equation for Bulk and Confined PEMA-7k

type of confinement/process fo (sY)
bulk_a process 3.8 x 10"
bulk_af} process 2.2 x 10"
AAOC400_a process 3.8 X 10
AAOC400_af} process 4.8 x 10"
AAOV2500_a process 3.8 X 108
AAOV2500_af process 7.3 x 10"
nanotube AAOC400_a process 3.8 X 107
nanotube_ AAOC400_af} process 6.3 x 10"

“Held fixed to the value of bulk.

D T, (K) fij (K) at 7 = 100 s

129 + 33 256.5 + 10.2 334.7
252 + 113 183.6 + 29.8

12.9¢ 2572 + 0.1 335.6
23.1 £33 184.8 + 9.4

12.9¢ 257.7 +£ 0.2 336.2
25.0 + 4.7 1789 + 12.6

12.9 257.7 +£ 0.3 336.2
17.3 + 4.6 201.9 + 16.9

1125 https://doi.org/10.1021/acsmacrolett.6c00291
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Table 2. Parameters of the VFT Equation for Bulk and Confined PEMA-37k in Nanotubes

type of confinement/process fo (s7Y)
bulk_a process 5.8 x 10"
bulk_ap} process 4.5 x 10"
nanotube_ AAOC400_a process 5.8 X 107
nanotube_ AAOC400_ap} process 42 x 10"

“Held fixed to the value of bulk

D T, (K) T, (K) at 7 = 100 s
13.6 + 42 254.4 + 132 3353
362 + 3.8 161.1 + 7.0
13.6° 256.7 + 0.2 3384
53.5 + 327 1242 + 39.0

characteristic frequency at maximum loss using the equivalent
capacitor model.

DSC measurements in the nanotubes (Figure 2), already
revealed an increasing and broadened T, relative to bulk. The
T, increased by 11 K for both PEMA-7k and PEMA-37k
nanotube samples located inside AAOC400 templates. More
information on the dynamics can be extracted by DS. PEMA
was chosen for this study because of its rich dynamics®**’
associated with the liquid-to-glass transformation (a-process
with a Vogel—Fulcher—Tammann temperature dependence),
the secondary relaxation (f-process with an Arrhenius
temperature dependence), and their coalescence to form the
afi-process (also with a VFT temperature dependence). The a-
process, the f-process, and the merged aff processes all occur
within a convenient frequency/temperature/pressure window
accessible by DS. Earlier studies™ as a function of temperature
and pressure discussed the origin of the dynamic processes of
PEMA through their distinct pressure sensitivities (the
apparent activation volumes AV*) and the ratio R = AE*/
AH?, of activation energies:

o)

(d In ‘r/@(%) )P @

It was shown that the a-process bears both intra- and
intermolecular contributions. As such, it is controlled both by
temperature and volume. However, based on the value of the
dynamic ratio AE"/AH" between the two, it is temperature
that exerts the stronger influence. The f-process, on the other
hand, is mainly of intramolecular origin in agreement with
earlier NMR results.”> Furthermore, the apparent activation
volume, AV¥, revealed that the mixed (@f)-process (at high
temperatures/frequencies) is the structural relaxation, implying
that it presents characteristics of a segmental process. The
same conclusion was reached®* from the values of the ratio of
activation energies, AE*/AH?, with approximate values of 0.60,
0.90 and 0.68, respectively, for the a-, f- and (af)-processes.
This value for the (aff)-process suggests that, while it is
controlled both by temperature and volume, the former has the
greater influence.

Dielectric loss curves for the different confining geometries
are shown in Figures S5 and S6 for the PEMA-37k and
PEMA-7Kk, respectively. The loss curves depict the three main
relaxation processes of PEMA: the f-, a-, and (af})-processes.
Another process (the “slow” process) exists under the ionic
conductivity contribution. The results show that PEMA
nanotubes exhibit noticeably broader peaks across all three
processes compared to the other types of confinement. To
quantify the extent of the broadening, the low- and high-
frequency slopes for the a-process were extracted using the
HN equation, and plotted as a function of temperature in
Figure S7, Supporting Information. For PEMA-7k, the low
frequency slope (m) of the nanotube sample decreased from

1126

0.53 in the bulk to 0.45 in the nanotubes. This effect is more
pronounced in PEMA-37k, with the m value decreasing from
0.5 to 0.35. The broadening of the segmental and local
dynamics reflects the wider distribution of relaxation times,
resulting from a combination of adsorbed and free chain
segments in the vicinity of the pore walls. Simulations of
polymer melts under nanoconfinement have demonstrated that
such broadening originates from the coexistence of adsorbed
chain segments (e.g, loops and trains) with severely slowed
dynamics and free segments with higher mobility, leading to a
distribution of relaxation times that extends over several
decades 7233133

The characteristic relaxation frequencies for all processes are
shown in Figure 3 and Figure 4, for PEMA-7k and PEMA-37k,
respectively. The temperature dependence of the characteristic
frequencies corresponding to the a- and (af)-processes
followed the Vogel—Fulcher—Tammann (VFT) equation:

f f DT,
= expl ———
max 0 p T — ’IE)

(5)

where f is the characteristic relaxation frequency at maximum
dielectric loss corresponding in the limit of very high
temperatures, D is a dimensionless parameter and T is the
“ideal” glass temperature located below T,. On the other hand,

g
the fB-process conforms to an Arrhenius dependence as

=% ex —i
Joax =1 P( RT] (6)

where E is the activation energy. The fitting parameters to the
VFT equations are shown in Table 1 and Table 2 for PEMA-
7k and PEMA-37Kk, respectively. Compared to the bulk, the
fully infiltrated PEMA in the cylindrical nanopores exhibits a
somewhat higher T, and a slower a-process. Similarly, within
V-shaped nanopores, which have a slightly larger surface-to-
volume ratio than the cylindrical nanopores, there is an
increasing T,. Furthermore, PEMA nanotubes exhibit the
highest T, among all three cases. This provides additional
evidence that the “dead zone” effect is the primary factor
slowing both segmental dynamics and the imbibition kinetics
during the capillary filling of polymers.

In addition to the three processes described above in
confinement there exists a “slow” process. This process appears
under the ionic conductivity and therefore the corresponding
frequencies display larger uncertainty. Given the proximity of
the process to the measured DSC T, we attribute the process
to the relaxation of segments in the immediate vicinity of the
pore walls (within the adsorbed layer). These results should be
compared with recent simulations of polymer (cis-1,4-
polybutadiene in this case) chains confined between alumina
substrates.”* There, an effective local glass temperature could
be extracted as a function of distance from the substrate. Much
higher glass temperatures relative to bulk were found within
the first layer (with the length of the repeat unit, T, = TE“H‘ +

https://doi.org/10.1021/acsmacrolett.6c00291
ACS Macro Lett. 2026, 15, 11231128
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123 K) and within the second layer (a region of about 2 repeat
unit lengths exhibited T, = Tgulk + 25 K), while in more distant
layers T, = Tg“lk. In view of the simulations, we attribute the
“slow” and the “segmental” process to the relaxation of
segments in close proximity to the pore walls and further away,
respectively, both located within the adsorbed layer. It is
surprising that “dead layer” effects could be detected in the
experiments in a nanotube with thickness 15 X R,. It suggests
that the adsorbed layer extends far away from the pore surface.
Of key importance here are the configurations of long loops
which are formed following polymer imbibition, as revealed
from recent studies by the in situ nanodielectric s7pectroscopy
of type-A polymers in the same AAO templates.'”*%*' =

In summary, the precursor film made during the wetting
transition of a polymer in the inner walls of cylindrical alumina
nanopores contain adsorbed chains that give rise to a “dead
layer”. This is manifested in the bimodal segmental dynamics
and the broad distribution of relaxation times. The
experimental findings are in excellent agreement with
molecular dynamics simulations, which consistently predict
that the dead layer exhibits sluggish but finite segmental
mobility, a broad relaxation spectrum, and a strong depend-
ence on chain length and confinement, thereby unifying the
understanding of polymer dynamics under nanoscale wetting
conditions. These features of polymer wetting — especially the
effective interfacial thickness, the stability and mechanical
integrity of the interface — are of key importance in designing
surfaces for lubrication and in coatings.
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1. Samples and AAO templates. Two poly(ethyl methacrylate) (PEMA) samples were employed to
fabricate nanotube structures. Their molecular characteristics are shown in Table S1. Self-ordered
nanoporous aluminum oxide (AAO) templates with a pore diameter of 400 nm and a uniform pore depth
of 100 um were fabricated following established literature protocols (AAOC400). In addition to nanotubes
we investigate the segmental dynamics within different confining geometries. For this purpose, V-shaped
AAOQOs were purchased from TopTemplates Technology Ltd. (Shenzhen, China) with a top pore diameter
of 450 nm, a bottom pore diameter of 100 nm, and pore depth of 2.5 um, denoted as V-450-100-2500.
Prior to the infiltration process, all AAO templates were annealed in a vacuum oven at 433 K for 12 hours.

This annealing step eliminates a substantial portion of hydroxyl (-OH) groups from the surface of the

AAO.

Table S1. Molecular Characteristics of the PEMA homopolymers.

Scanning Electron Microscopy (SEM)

Differential scanning calorimetry (DSC)

Polymer M, (kg-mol ™) D
PEMA-7k 7 1.23
PEMA-37k 37 2.00
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110 °C, 6 =50.53° 190 °C, 8 =0°
(complete wetting)

Figure S1. Contact angle measurements of PEMA-7k on a flat Al surface at two temperatures. At 463 K
there is a complete wetting of the surface.

2. Contact angle measurements. The advancing contact angle of the PEMA was measured by placing
nearly spherical polymer particles of ~1 mm diameter onto the substrate. To form spherical particles,
around 1 mg of the polymer was placed on a soot-templated superamphiphobic surface at 383 K by
following known procedures. Subsequently, the polymer sphere was transferred onto an electropolished
Al disk coated by a thin native oxide layer at the same temperature. The latter comprises a flat model
surface that mimics the AAO surface. The substrate was heated to 463 K and the advancing contact angle
of the polymer melt was measured during spreading with a commercial goniometer (OCA35, DataPhysics).
The experiment is shown in Figure S1. Complete wetting is obtained with the formation of a
macroscopically thick film following heating from 383 K (where the contact angle is at 50°) to 463 K
(contact angle of 0°). At this temperature the adhesive forces between the liquid and the substrate are

significantly stronger than the cohesive forces within the liquid."

3. Nanotube preparation. We systematically optimized the temperature and time parameters for the two
PEMA homopolymer infiltration using the template wetting method. Firstly, a PEMA film was placed on
top cylindrically-shaped AAO templates with 400 nm diameter and 100 um depth nanopores (AAO C400),
and the assembly was transferred to a preheated oven for vacuum annealing. The optimal temperature and
wetting time for the formation of nanotubes were determined as 7=463 K (i.e. 7x+128 K) and 5 minutes

for PEMA-7Kk, and 7=493 K (i.e. 7z+158 K) and 10 minutes for PEMA-37k, respectively (Figure S1).

S3



Subsequently, samples were rapidly cooled to room temperature to preserve the nanostructures. For the
DS measurements the nanotubes were not released from alumina. For the SEM characterization, the AAO
templates were dissolved using a 5 wt% NaOH aqueous solution, yielding free-standing PEMA nanotubes

supported by the residual bulk film.

4. Scanning Electron Microscopy (SEM). The polymer nanostructures were investigated using an
SU8000 scanning electron microscope (SEM). The nanotube structures of PEMA were evidenced by
analyzing both the top-view and cross-sectional images at different heights. Figure S2 depict free-standing
PEMA-7k fibers following AAO removal. In some cases, the nanotubes broke at different height in the
process of removing the AAO template. The thickness of the precursor film evidenced by the nanotube
wall thickness was around 100 nm. Additional SEM results of PEMA-7k at 400 nm and 65 nm templates
are shown in Figures S3 & S4.

Precursor

AAO Template

Polymer

)' / ]
Figure S2. SEM images of the released nanotubes of PEMA-7k following imbibition at 463 K for 5
minutes in cylindrically-shaped AAO templates with 400 nm in diameter nanopores. Different sections
are shown: (a) a top view, (b) a cut about half-height of the templates showing nanotubes, and (c) at the
bottom of the templates showing fully infiltrated nanopores.
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Figure S3. SEM images of the released nanorods (top Vlews) of PEMA-7k followmg 1mb1b1t1on at473
K for 2 minutes (a,b) and 5 minutes (c,d), respectively, in cylindrically-shaped AAO templates with
nanopores of 400 nm in diameter.

Figure S4. SEM images of the released nanorods (top views) of PEMA-7k following imbibition at 463
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K for 2 minutes (a,b) and 5 minutes (c¢,d) in cylindrically-shaped AAO templates with nanopores of 65
nm in diameter.

5. FTIR spectroscopy.

Attenuated Total Reflection (ATR) was employed (Bruker Platinum ATR) together with the TENSOR
series FT-IR spectrometer. In ATR the intensity the IR light interacts with the first few microns of the
sample, allowing for an ATR FT-IR spectrum. The depth of penetration depends on the crystal material
(in the range from 0.5 to 4 um). Three measurements were made at ambient temperature. First, the bulk
PEMA-37K film, the empty AAO templates and the PEMA-37k nanotubes within the AAO templates.
The ATR-FTIR spectrum of PEMA (Figure S5) show the main characteristic absorption bands [1]:
2990-2950 cm™! (C-H stretching of CHz and CH3 groups), 2940-2850 cm™! (aliphatic C-H stretching),
1720-1730 cm™ (strong ester carbonyl C=O stretching), 1485-1446 cm’!' (CH> and CHj;
bending/deformation), 13901370 cm™' (CH, symmetric bending), 1265—1235 cm™! (ester C-O stretching),
1190-1140 cm! (C-O-C stretching of ester group), and 1140—1020 cm™! (ester related vibrations). The
spectrum of AAO shows few weak vibrations as follows [2]: Alumina O-H bands around 3400 cm™! and
1630 cm! followed by a broad peak at ~ 1100 cm™ from Al-O-H bending vibrations to increased
absorption below ~ 800 cm™! due to Al-O vibrations. The spectrum of the PEMA-37 K nanotubes located
inside AAO templates is a superposition of the characteristic bands of PEMA with the broad bands of
AAO [3]. For example, the spectrum exhibits strong stretching bands at 2990-2950 cm! and 29402850
cm’!, the ester stretching at 1720 cm™! followed by CH, and CH3 bending/deformation at 1485—1446 cm
I'and by ester stretching at 1265—1235 cm™!, C-O-C ester stretching at 1190—1140 cm™ and ester vibrations
at ~1140—-1020 cm™! on top of the broad AAO O-H bands at ~3400 cm™! and at ~ 1100 cm™! from the Al-
O-H bending vibrations. This is understandable as the penetration depth of the evanescent wave is a few

micrometers, i.e. longer than the nanotube wall thickness (~ 100 nm).
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Figure S5. ATR spectra of empty AAO templates (green), PEMA-37k bulk film (black line) and PEMA-
37 K nanotubes located inside AAO templates (red line).

6. Differential scanning calorimetry (DSC). DSC measurements were performed on both PEMA
nanotubes and in the bulk samples for comparison. Measurements were made with a Mettler Toledo DSC-
822 calorimeter. The PEMA nanotube samples were prepared as powders by keeping the AAO template.

During the measurement, an empty AAO template with the same mass was used as a reference.

7. Dielectric Spectroscopy. The DS study on the dynamics of confined PEMA was made on four different
kinds of samples: (i) bulk PEMA, (ii) fully infiltrated PEMA in an AAO template with cylindrical
nanopores (AAOC400), (iii)) PEMA nanotubes attached to the cylindrical AAO nanopores, and (iv) fully
infiltrated PEMA in an AAO template with V-shaped nanopores (with 450 nm top diameter, 100 nm
bottom diameter, and 2.5 pm depth, AAOV2500) (AAOV2500). For each sample, the measurement was
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performed at different temperatures in the range of 273-408 K, at atmospheric pressure, and for
frequencies in the range from 1072 to 107 Hz using a Novocontrol Alpha frequency analyzer. In all cases,
the complex dielectric permittivity * = &’ — 1", where &' is the real and &” is the imaginary part, was
obtained as a function of frequency w and temperature 7. The analysis of the DS curves was based on

summation of the empirical Havriliak and Negami (HN) equation:
Agy (T, P) oo(T, P) ()
[1 + (l W - THN,k(TI P))mk]nk igo(,l)

& (w,T,P) = €, + Z
k

where Aey is the dielectric strength, Ty x is the H-N characteristic relaxation time, my, nx (with limits 0.2
<my , mnr < 1) describe, respectively, the symmetrical and asymmetrical broadening of the distribution of
relaxation times and the index k indicates the process under investigation. At lower frequencies, the
dielectric loss sharply rises due to conductivity contribution as oyp/eo, where oy is the dc-conductivity and
&0 (= 8.854 x 10712 F-m™") is the permittivity of free space. From Ty, the relaxation times at maximum

loss, Tmax, Were obtained analytically from the HN equation as follows

. MmNy . Tmy 2
Tmax,k = 1/27T fmax,k =Tunk [Sln <2(1—+le)>/5”1 (M)]l/mk ( )

These relaxation times correspond to the relaxation times of the segmental processes. Except for the
~ —(2/m)e")

applicable for broad peaks was used in the analysis of the dynamic behavior. Figure S6 gives

de’
dlnw

measured €', the derivative of the real part of the dielectric permittivity, &', (

representative dielectric loss curves for the bulk PEMA and confined PEMA within cylindrically shaped
AAO (AAOC400), in nanotube structures and within conically-shaped AAO (AAOV2500).
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Figure S6. Dielectric loss curves of (a) bulk PEMA-7k, (b) fully infiltrated PEMA-7k in AAOC400, (c)
PEMA-7k nanotubes located inside AAOC400, and (d) fully infiltrated PEMA-7k in AAOV2500.
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Figure S7. Dielectric loss curves of PEMA-37k samples in the bulk (in red) and in nanotubes located
inside AAOC400 templates with (a) f-, (b) a- and f-, (¢) (af)- processes, and normalized curves with (d)
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Figure S8. Dielectric loss curves of PEMA-7k samples in the bulk (red), in fully infiltrated AAOC400
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(blue), in fully infiltrated AAOV2500 templates (green), as well as nanotubes inside AAOC400 templates
with (a) -, (b) a- and f-, (c) (af)- processes, and normalized curves with (d) f-, (e) a- and f-, (f) (af)-
processes.
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Figure S9. HN shape parameters of the a- process for (a) PEMA-7k and (b) PEMA-37k. The symbols
indicate the polymer in the bulk (in red), polymer in fully infiltrated AAOC400 (in blue), polymer in fully
infiltrated AAOV2500 templates (in green), as well as nanotubes inside AAOC400 templates (in black).
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