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ABSTRACT: Using in situ nanodielectric spectroscopy, we \ AAO 100nm
studied the adsorption kinetics of cis-1,4-polyisoprene (PI) into ; o
porous alumina by following the evolution of the dielectrically
active longest normal mode. We studied the influence of molar
mass, nanopore diameter, and surface functionalization. Adsorption
times depend strongly on the ratio 2R,/D, where R, is the radius is
gyration and D is the pore diameter. For a given pore diameter, the
characteristic adsorption times are some 8 orders of magnitude
slower than the terminal relaxation times and more than 12 orders
of magnitude slower than the segmental times. The extremely slow kinetics reflect the fact that exchanging chains with the pore
surface have to pass through several unfavorable configurations (e.g., trains, loops). The molar mass dependence of the characteristic
adsorption times (7,4, ~ N*°) is in good agreement with a scaling theory proposed by de Gennes and later refined by Semenov and
Joanny. Subsequently, we investigated the imbibition of miscible PI blends by taking advantage of the difference in imbibition speeds
of the respective homopolymers. We show that the shorter chains penetrate first the nanopores, whereas the longer chains enter only
at the late stages of the filling process. Moreover, the long-time adsorption is dominated by an exchange mechanism involving
primarily the shorter chains. The results from in situ nanodielectric spectroscopy demonstrate the capacity of the technique to
provide the imbibition length, the adsorption kinetics, and, at the same time, the chain dynamics.

increasing time —

I. INTRODUCTION nanoporous alumina, the probing volumes are typically ~107"
m? or smaller (~1072° m® at the early stages of imbibition) and

There is a growing interest in understanding the way that s
the polymer mass is ~107"° g (i.e., femtograms), hence the

1,2 .
polymers penetrate narrow pores.”~ One example is sequenc-

ing DNA with nanopores,” a technique based on passing DNA term nDS. The technique provides simultaneous access to the
through a nanopore in a membrane and reading off individual kinetics of imbibition and to the molecular dynamics during
bases from the ion current passing through the pore. Another flow at the segmental and chain length scales.
example involving synthetic macromolecules is inkjet printing. In a recent study, " we have employed a type A polymer, i.e.,
In both cases, it is essential to characterize the conformations a polymer having components of dipole moment both
of the macromolecules inside the pores as well as the perpendicular and along the polymer backbone. We could
polymer—wall interactions.*™'® The latter is the key factor show that interfacial interactions develop already during the
for the design of polymer interfaces with controlled physical polymer flow in nanopores. Herein, we study the adsorption
properties (wettability, adhesion, viscosity, glass temperature, kinetics of cis-1,4-polyisoprene as a function of polymer molar
etc.) of importance in several applications including mem- mass (M, = 4840—42 412 g-mol™"), nanopore diameter (100—
branes, coatings, and organic electronic devices. 20 nm), and surface treatment (native vs silanized nanopores)
In this endeavor, techniques that can provide simultaneous by following the evolution of the longest normal mode. For the
access to the kinetics of imbibition and to the molecular confining medium, we employ self-ordered nanoporous

dynamics during and after flow are advantageous. A recent
development in this direction has been the implementation of
the nanodielectric spectroscopy (nDS) technique to follow the
imbibition of polymers in nanopores."'~* In this technique, a
capacitor is formed by the two surfaces of a nanoporous
aluminum template and an ac field is applied along the pore
axis. A polymer melt on the top surface of a template will
penetrate the pores by capillary action. By recording the
evolution of capacitance, C, it is possible to extract the complex
dielectric permittivity (C ~ &), where the details of the
polymer dynamics during flow (e.g., in situ) are encoded. With

aluminum oxide (AAO) that contains arrays of parallel
cylindrical nanopores uniform in length (pore depth = 100
um) and diameter (pore diameters = 100, 40, and 20 nm) that
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can easily be infiltrated from the melt."”> In contrast to the
earlier study,14 here, we are interested in the long-time
adsorption kinetics following the full imbibition. The aim is to
establish scaling laws for the adsorption time as a function of
pore size and molecular mass. We find that adsorption is an
extremely slow process because it involves unlocking several
unfavorable chain configurations. The characteristic time scale
depends strongly on the degree of confinement and molar
mass. The experimental findings on the molar mass depend-
ence of the characteristic adsorption times are discussed in
view of a scaling theory proposed by De Gennes™ and later
refined by Semenov and Joanny.®

As an extension of this work, we explore how symmetric PI
blends penetrate the same nanopores. This part requires a
judicious choice of blend components so that both chains relax
within the experimental window at the imbibition temperature.
We find that shorter chains (i) penetrate first and (ii) adsorb
first on the AAO walls. The longer chains are entering the
pores only at the late stages of the filling process, providing an
example of polymer fractionation in the absence of solvent.
The advantage of nDS over other—static—techniques is that it
provides the pertinent time scales (chain relaxation) in situ and
in parallel with the adsorption kinetics.

Il. EXPERIMENTAL SECTION

ILIl. Samples. Four cis-1,4-polyisoprene homopolymers with
narrow dispersities, D, were employed in the present study (Table
1). PI 12k and PI 21k were purchased from PSS Polymer Standards

Table 1. Molecular Characteristics of the cis-1,4-
Polyisoprene Homopolymers and Their Blends as Obtained
from GPC/SEC

M, M, Ry Mo

sample (grmol™) (grmol™) D (nm)“ (Pa-s)
PI 5k 4840 5116 1.06 2.3 2.0
PI 12k 11 800 12 000 1.02 3.6 8.8
PI 21k 23 300 23 600 1.01 S.1
PI 42k 42412 43997 1.04 6.9 259.0
B1 (Sk/21k)
B2 (Sk/42k) 50.0

“The radius of gyration, R, was calculated according to (Rgz)0 =1/
6(R?), using % =0.679 (A? mol/g)).16

Service GmbH and used without further purification. PI Sk and PI
42k were synthesized in house (MPI-P). Two symmetric blends
(composition 50/50 wt %) of PI Sk with PI 21k and of PI 5k with PI
42k (designated as Bl and B2, respectively) were prepared and
investigated in the second part of this study.

ILIl. AAO Templates. Self-ordered nanoporous aluminum oxide
(AAO) templates with both ends open were purchased from InRedox
(Longmont). Pore diameters and the corresponding porosities were
100 nm (24 + 3%), 40 nm (12 + 2%), and 20 nm (11 + 2%),
respectively, according to the manufacturer, and the pore length was
100 pm. Prior to infiltration, all AAO templates were annealed in a
vacuum oven at T = 443 K for 8—10 h. This procedure removes the
majority of OH groups from the AAO surface.

ILIIl. In Situ Nanodielectric Spectroscopy. Dielectric spectros-
copy (DS) and in situ nanodielectric spectroscopy (nDS) were
employed to follow the dynamics of bulk and confined PI In both
cases, a Novocontrol Alpha frequency analyzer composed of a
broadband dielectric converter and an active sample head was used.
For bulk samples, polymers were embedded between two stainless
steel electrodes with a diameter of 20 mm accompanied with a Teflon
spacer of 50 ym to maintain a constant thickness. The sample
configuration for in situ nDS is shown in Figure 1. First, the AAO
templates were sputtered with a gold layer (thickness of 35 nm) on
both sides. Sputtering was made under vacuum (lower than 2 X 107°
Pa) by a Bal-tec MED 020 with a current density of 40 mA. The high-
vacuum environment is to ensure the uniformity of the sputtered Au
layer. The current density during sputtering was optimized to produce
Au grains with appropriate size (too big may block the AAO pores;
too small may hinder the current transport). Scanning electron
microscopy (SEM) was subsequently explored to determine the
distribution of Au grains on the inner surface of the AAO templates
(Figure 1). In addition to a uniform film deposited on top of the AAO
templates, traces of gold are found also within the pores (down to a
depth of about 400 nm). However, given the high aspect ratio (>10%)
of nanopores, any inhomogeneities in the field lines can be neglected.
A thin film of the polymer was then deposited on the top of the AAO
template. For the kinetic studies, the polymer molar mass as well as
the temperature and frequency ranges need to be wisely selected. A
broad frequency range from 1072 to 107 Hz was employed for the bulk
DS measurements. In contrast, a narrower frequency range, from 10
to 10° Hz, is necessary to probe the imbibition kinetics by nDS. With
this choice, the time needed for a single dielectric curve is around 2
min. In general, the dielectric function depends on frequency,
temperature, and time. At a given time and temperature, it can be
fitted by the empirical equation of Havriliak and Negami (HN)"

top surface
(Au)

C Badh Sae . B

polymer

i‘ v
100hm

380nm -

|
100nm

AAO nanopores

Figure 1. (Left) SEM images showing the top surface and cross section of AAO pores with a diameter of 65 nm after Au sputtering. The left
bottom figure is a zoom-in of part of the top image. Au particles are distributed at the top of the nanopores within a distance of 380 nm. (Middle)
Schematic of the experimental setup employed for nDs. The blue arrow indicates the direction of the applied electric field, E (along the nanopores,
z-axis). The cyan dashed arrow indicates the flow direction of the meniscus within the AAO nanopores. The xyz coordinate represents the
laboratory axis. (Right) The equivalent capacitor circuit with Z being the impedance.
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Ae(T, t)
[1 + (iorn(T, f))a(t)]m)

g, T, t) = e (T, t) +

o(T, t)
gy

+
(1)
Here, Ae(T, t) is the relaxation strength, 74y is the Havriliak—Negami
relaxation time, @ and ¥ (0 < @, ay < 1) are the shape parameters
describing the symmetric and asymmetric broadening of dielectric
function (with the high-frequency slope in a log—log representation
being ay), respectively, and &, is the dielectric permittivity at the
limit of high frequencies. At lower frequencies, £” increases due to the
conductivity (¢” = 6,/ (we,), where o, is the dc conductivity and &, is
the vacuum permittivity). The upturn of ¢” at the higher frequencies
is due to the background signal from the Au sputtered electrodes.

ILIV. Simulation of the Imbibition Process. nDS provides
precise information on the evolution of the imbibition length and the
associated polymer dynamics.'' Modeling the imbibition process
requires the use of the equivalent capacitance model (Figure 1). In
the parallel model, the capacitance of the polymer (C,) and air (C,)
are connected in series, whereas the combinational capacitance of the
polymer/air (C,,) connects in parallel with the capacitance of AAO
(G,). Therefore

1 1

1
—,and Cj,3 = C, + C;
Cp

G G )

Since the capacitance is C = €A/L, where L and A are the thickness
and electrode area, respectively, it follows that

% _ Lel*
& = ¥
dy + dg (3)
8;;3 = 513‘/’12 + 83*903 (4)

In the last equation, ¢, represents the porosity of AAO templates,
@3(=1 — @y,) is the AAO area, and L is the full length of the AAO
nanopores. After some arrangements, we can obtain the following
equation for the complex dielectric permittivity

Le
* 1 *
€53 = [———lo,, + ¢
123 d+ dzel* (2% 395 (5)
Therefore, the imaginary part is
v diel'py,
&3 = N2 FRY
(d, + dye))* + (&/'d,) (6)
For the real and imaginary parts of the dielectric function of AAO, we
employed &3 = 2.6 and &" = 0. The latter value involves the

subtraction of the empty cell signal (e.g., the background). Based on
eq 6, the presence of an air capacitor can influence the dielectric loss
maximum for polar molecules.'® For nonpolar substances, like PI, the
shift of the frequency at the maximum loss during imbibition is
insignificant (see Supporting Information Figure S1).

IL.V. Calibration Experiments. Independent calibration measure-
ments of the imbibition length were made by employing ex situ
reflection optical microscopy (ROM). Measurements were made on
fractured surfaces of AAO templates and for different imbibition
times. Before fracturing, the templates were immersed into liquid
nitrogen to prevent the further imbibition of PI into nanopores. For
Newtonian liquids, the time dependence of imbibition length, d,
(Figure 1), can be obtained from the Lucas—Washburn equation
(LWE)19—21

1/2
a\(t) = (—VD 2’7 6] Ji o

Here, y is the surface tension, @ is the advancing contact angle, D is
the pore diameter, 7 is the viscosity, and t is the wetting time. For the
surface tension and static contact angle, we have employed the
reported values from a PI homopolymer (M, = 800 g'mol™' and M,, =
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880 g:mol™!).** The former was measured by the pendant drop
method at T = 290 K (y = 30 mN-m™), whereas the latter was
measured by employing a customized setup on sessile drops at 290 K
(cos® = 0.88 + 0.02). Examples are provided in Supporting
Information Figure S2.

IL.VI. Rheology. The viscosities of the PI homopolymers and their
blends were measured by a shear rheometer (ARES). Measurements
were made with the environmental test chamber as a function of
temperature ranging from 208.15 to 303.15 K. The zero-shear
viscosities at the reference temperature are included in Table I.
Details are provided in the Supporting Information (Figures S3 and
S4).

lll. RESULTS AND DISCUSSION

lll.I. Homopolymer Adsorption. The adsorption kinetics
following the full imbibition of cis-1,4-polyisoprenes in AAO
was studied as a function of pore size and molar mass (Figure
2). Figure 2 depicts the evolution of the dielectric loss curves
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Figure 2. (Left) Evolution of dielectric loss curves at the late stages of
imbibition of PI Sk within AAO templates having 20 nm diameter
pores at T = 303.15 K. (Right) Evolution of the normalized dielectric
intensity during the in situ imbibition and subsequent adsorption
within AAO nanopores with different pore diameters; (green): 100
nm, (red): 40 nm, and (blue): 20 nm all at the same temperature
(303.15 K). Lines represent the result of the fit to an exponential
decay function (see text).

during and after the full imbibition of PI Sk into AAO
nanopores having pores with a diameter of 20 nm at 303.15 K.
The technique requires a judicious choice of the parameters
(temperature/molar mass) such that the spectrum of normal
modes is contributing to the dielectric loss within the
investigated (restricted) frequency window at the imbibition
temperature. At this temperature, the segmental dynamics are
out of the accessible frequency window. We observed
increasing dielectric loss curves for the longest normal mode
during imbibition until after 12 000 s when the trend reversed
and the dielectric loss curves start to decrease in intensity. The
same figure compiles the evolution in the dielectric strength,
Ag, of the normal mode for the same PI following imbibition
in AAO with different pore diameters. This trend is more
evident in the smaller pores. Note the very long time scales, in
the case of the 20 nm pores, in the order of (several) days. We
will return to this point below.

In Figure 2, the dielectric strength is normalized to the
maximum value. The maximum, Ag,, coincides with the full
imbibition of the polymer as evidenced by independent
measurements by reflection optical microscopy (ROM). At
subsequent times, the strength of the normal mode is
decreasing due to increasing adsorption. In the figure, the
dielectric strength is normalized (from max (1) to min (0)
values) to make the comparison of the time scales more
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evident. Polymer adsorption gives rise to train and loop chain
configurations that are dielectrically inactive because part of
the chain cannot fluctuate in space and time. This is evident, as
the dielectric strength for the normal mode is given by~

2
2 N ()

- 3egksT My (8)

Here, (r*) is the mean-square end-to-end distance, iy is the
dipole moment per contour length, and My, is the chain molar
mass. The decrease in dielectric strength can be parameterized
by an exponential function as Ae = Ag,,. (exp™/%), where
7,45 is the characteristic adsorption time. A single exponential is
the simplest approach to describe the desorption process as
rate-limited by the energetics of surface detachment.”” At the
same time, we can record the position (frequency of maximum
loss, fma) of the normal mode, that relates to the longest
relaxation time as 7,,,, = 1/(27f.). Hence, nDS provides
simultaneous access to the adsorption kinetics and to the chain
dynamics during adsorption.

The results of the adsorption kinetics of PI Sk can be
discussed with the help of Figure 3. The figure depicts the

9 9
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Figure 3. Dependence of the characteristic adsorption time log(7,4,/
s) on (left) the inverse pore diameter and (right) the degree of
confinement, defined by the ratio of polymer size (2R,) to the pore
diameter for PI Sk: (red spheres): characteristic adsorption times
obtained from the fits shown in Figure 2. The lines represent the
result of a linear fit. The time scale of the longest normal mode (blue
solid rhombi) is also plotted at the end of the adsorption process (see
Figure SS). The time of full imbibition is plotted with the green solid
squares. Error bars give the uncertainties (typically smaller than the
symbol size).

characteristic adsorption time, log(7,4./s) as a function of the
inverse pore diameter (Figure 3a) and as a function of the
degree of confinement (Figure 3b), the latter defined by the
ratio of the polymer coil size (2R,) to the pore diameter. In
addition, the figure contains the time required for the full
imbibition of the pores (in green) extracted by ROM (this
time coincides with the Ag,,). The adsorption time follows

the dependencies as:
log(z,4/s) =22 £ 02 + 6258, (D in nm) and

2R
log(z,4s/s) =22 = 0.2 + (13.5+1.8) X -5 (D innm), eg,

strongly increasing with confinement. The characteristic
relaxation times of the longest normal mode obtained from
the dielectric loss maximum at the end of the imbibition
process are also shown. Notably, this time scale is somewhat
longer than in the bulk especially within the smaller pores
(Supporting Information Figure SS). This finding could reflect
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an increasing density of topological constraints as a result of
the loop/train configurations of the adsorbed chains. Loop/
train configurations are expected to reduce the critical
molecular weight for entanglements for chains in the vicinity
to the pore walls. The results presented here as well as in ref 11
are consistent with the notion of surface-enhanced entangle-
ments that “propagate” in the direction normal to the
surface.>* On the other hand, the results on the time scale of
chain relaxation obtained in situ by following the full imbibition
are at variance from earlier results on 3-d as well as 1-d and 2-d
confined PI that reported faster chain dynamics through the
relaxation of terminal subchains.””**

A direct proof that the decrease in the dielectric intensity of
the longest normal mode is due to the adsorption of chains is
provided by following the same kinetics but in a treated
(silanized) AAO surface. The results between untreated and
treated surfaces for a PI 21k within AAO templates having
pores with a diameter of 100 nm at 303.15 K are compared in
Figure 4. Following the full imbibition, the dielectric strength

1.0 SO
- silanized AAO
; 0.8
. g 0.6
() 5]
8’ Oonooooooo « 0.44 S
- 0000000°° native AAO
empty 0.2
17 silanized AAO 0.0k 100 nm
10" 107 10° 10* 10° 10° 700 50x10°  1.0x10°
frequency (Hz) time (s)

Figure 4. (a) Evolution of the dielectric loss curves during and
following the complete imbibition of PI 12k within silanized AAO
nanopores having pore diameters of 100 nm at T = 303.15 K. (b)
Evolution of dielectric intensity (Ag) of PI 12k during the in situ
imbibition (and subsequent adsorption) within nanopores with a
native (red) or silanized (green) inner pore surface.

in a silanized pore remains constant with time in sharp contrast
to the native AAO surface. Evidently, silanization is very
effective in reducing adsorption sites acting as a lubricant for
the incoming chains.

Next, we discuss the evolution of the distribution of
relaxation times during and following polymer imbibition.
The data refer to PI 21k, where the maximum in the loss of the
chain modes is well within the frequency window. In Figure S,
the evolution of the dielectric loss curves at the late stages of
imbibition within AAO templates having 40 nm pores at

——43s"°
——63s"°
—79s5"°
—— 918"
——103s**
——200s*°
——300s*°
400s*°
500s°°

R QU

-1.30+

loge"

100 10°  10°  10° 0 600
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35
10’

Figure 5. (Left) Evolution of the dielectric loss curves at the late
stages of imbibition of PI 21k within AAO templates having 40 nm
pores at 303.15 K. (Right) Evolution of the HN shape parameters.
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303.15 K are shown. The same figure depicts the low- and
high-frequency HN parameters during the adsorption kinetics.
The evolution of the high-frequency slope (ay) shows the
narrowing of the distribution of relaxation times with time.
The broader distribution at the earlier stages reflects the
continuous changes due to chain adsorption.

The chain length dependence of the adsorption process is
examined next. Figure 6 provides the evolution of dielectric

1 .O*I%\
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©

Pl 21k
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Figure 6. Evolution of dielectric intensity (Ae) of PI with different
molar masses during the in situ imbibition (and subsequent
adsorption) within AAO nanopores with a diameter of 100 nm at a
temperature of 303.15 K. Lines represent fits to an exponential decay
function.

strength for three PIs with molar masses of S, 12, and 21 kg
mol ™" within AAO templates with a pore size of 100 nm at
303.15 K. The normalized dielectric strength was again fitted
to an exponential function, and the characteristic adsorption
times are plotted in Figure 6. Evidently, adsorption times
become much longer with increasing molar mass. Additional
data for a smaller pore diameter (40 nm) are provided in
Supporting Information Figure S6.

The different time scales can be discussed with the help of
Figure 7. The figure contains in total four time scales: The
faster (~ns) is the segmental relaxation obtained from the
Vogel—Fulcher—Tammann (VFT) equation at the imbibition
temperature (303.15 K) (Supporting Information Figure S7).
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Figure 7. Molar mass dependence of the characteristic time scales
within AAO nanopores with pore diameters (left) 100 nm and (right)
40 nm; (green squares): full imbibition time, (red spheres):
characteristic adsorption time following imbibition, (blue solid/
empty circles): peak position of the longest normal mode of
polyisoprene under confinement (at the end of adsorption process).
Dashed and dash-dotted lines are linear fits. Error bars give the
uncertainties (typically smaller than the symbol size).
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The latter was obtained immediately following the kinetic
experiments by fast cooling to below T, and slow heating to
higher temperatures. As expected, this time scale is the fastest
without a significant dependence on molar mass. The second
time scale is the longest normal mode obtained at the end of
the imbibition process as 7, = 1/(2afn,) (Supporting
Information Figure S5). The critical molar mass M, for PI is
~10 800 g:mol ™" (the entanglement molecular weight is M, ~
5400 g-mol™') meaning that PI Sk is unentangled, PI 21k is
entangled, and PI 12k is in the border region.16 Despite the
limited data points two slopes can be obtained with exponents
of approximately 2 and 3.4 below and above M.. The third
time scale corresponds to the time needed for the full
imbibition and has a clear molar mass dependence. Finally, the
fourth time scale reflects the adsorption times that strongly
depend on both the molar mass and the pore size. Adsorption
times are (i) some 8 orders of magnitude slower than the
terminal relaxation times (e.g., the relaxation of the chain as a
whole) and (ii) display a similar molar mass dependence with
the terminal times. Interestingly, annealing times were also
found to scale with the chain relaxation times in confined
poly(propylene glycol) within AAO templates (although
through a different temperature protocol).**”’

The very long time scale of adsorption can be discussed in
view of a scaling theory developed by De Gennes”® that
accounts for the formation of adsorbed layers in a good
solvent. At early stages, a uniform polymer layer was
considered on the (flat) surface as a result of bulk diffusion.
Subsequent formation of an adsorbed layer was considered as a
two-step process. At a first step, any new chain to be adsorbed
needs to overcome the potential barrier due to the excluded
volume of the already adsorbed chains. At a second step, the
incoming chain replaces the already adsorbed chains by
spreading on the surface, whereas the previously adsorbed
chain unfolds by the formation of long loops. As outgoing (and
incoming) chains have to pass through several unfavorable
configurations the latter process was predicted to be very slow.
As for the molar mass dependence, by considering entangled
polymers, de Gennes suggested that the longest relaxation time
scales as 7 ~ 7, N°, where 7, is the relaxation time of an
adsorbed monomer. Subsequently, Semenov and Joanny®
considered explicitly the structure of tails and loops within
the adsorbed layer (the chain ends are effectively repelled from
the surface) and further assumed Rouse-Zimm dynamics to
predict the molar mass dependence of two characteristic times
scales, the adsorption and the exchange times, with respective
scaling as 7 ~ N*** and N**2. Both of these dependencies are
in line with the experimental results over the limited range of
molar masses investigated. Extending the range of molar
masses is a formidable task due to limitations associated with
the experimental frequency window and imbibition temper-
ature.

lILIl. Blend Imbibition and Adsorption. We further
investigated the effect of blending on the imbibition and
adsorption kinetics for two symmetric PI blends (B1 (5/21k)
and B2 (5/42k)). While the short chains do not entangle, the
long chains are above the entanglement limit.'® The question
is whether the two components penetrate and adsorb on the
pores simultaneously or consecutively. We mention here that
earlier experiments using ex situ methods have demonstrated
the ability of the AAO templates to effectively separate the
components of miscible blends by taking advantage of the
difference in the imbibition speeds of the respective
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homopolymers.”®** These techniques, however, have two
shortcomings: First, they do not provide the respective time
scales, and second, they cannot follow the adsorption kinetics.
The advantage of nanodielectric spectroscopy is that it
simultaneously provides access to the imbibition length and
the adsorption kinetics by following the change in the
dielectric strength of the chain relaxation.

The results for blend B2 with respect to the evolution of the
dielectric loss curves during and following the full imbibition
are shown in Figure 8. The evolution of the dielectric loss
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Figure 8. Evolution of dielectric loss curves corresponding to the two
separate normal modes of PI in blend B2 (5/42k) during imbibition
and subsequent long-time adsorption within AAO with a pore
diameter of 40 nm at 303.15 K. Early (top) and late (below) stages
are shown. Arrows are indicative trends for the evolution of the
dielectric loss curves corresponding to the normal modes of PI Sk
(blue) and PI 42k (red) components in the blend.

curves corresponding to the shorter and longer chains in the
blend reveals distinct differences that will be discussed below
with respect to Figure 10. We should point out here that the
choice of the blend components in B1 and B2 is based on the
existence of two separate normal modes in the blends both
relaxing within the experimental window: a slower (faster) one
reflecting the dynamics of the longer (shorter) chains in the
blend. We will first discuss the results from blend B1.

The evolution of the dielectric intensities of the two separate
normal modes in blend B1 is provided in Figure 9. We point
out that in the blend there exists a single local friction as
obtained by temperature-dependent measurements of the
(single) segmental process in the blends. The results are
compared to independent ROM measurements of the
imbibition length in comparison to the respective homopol-
ymers (Figure 9b). The imbibition lengths for blend B1 are
located in between the corresponding lengths for the two
homopolymers. It further suggests the complete imbibition of
the blend in ~620 s. At this time, the increase of the dielectric
strength of the normal mode for the PI Sk component in the
blend reaches a maximum. Following the full imbibition, the
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Figure 9. (Left) Evolution of dielectric intensity for the PI blend B1
(5/21k) during imbibition and subsequent long adsorption within
AAO with a pore diameter of 40 nm at T = 303.15 K. (Right)
Imbibition lengths measured ex situ by ROM for three systems:
homopolymer PI Sk (blue spheres), homopolymer PI 21k (red
spheres), and B1 blend (black circles). Blue and red dashed lines
represent linear fits to the homopolymer data. The horizontal dashed
line indicates the length corresponding to full imbibition.

dielectric strength of the PI Sk component decreases due to
adsorption with a characteristic adsorption time of ~2.9 X 10°
s. The evolution of the dielectric strength of the PI 21k bears
similarities to the lower-molecular-weight component albeit
with one difference. The maximum dielectric strength is
attained somewhat later, and the characteristic adsorption time
increases to 1.5 X 10* s. The latter is in agreement with the
characteristic adsorption times of the respective homopolymers
discussed with respect to Figure 6. This suggests that in blend
B1, imbibition of the two components proceeds with
somewhat different rates; first, the shorter chains are entering
the nanopores, and somewhat later, the longer chains penetrate
together with the remaining short chains. The difference in
imbibition speeds, however, is not dramatic. To enhance the
difference in imbibition speeds of the two components, we
return to blend B2 (5/42k) (Figures 8 and 10).
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Figure 10. (Left) Evolution of dielectric intensity for the PI blend B2
(5/42k) during imbibition and subsequent long adsorption within
AAO with a pore diameter of 40 nm at T = 303.15 K. (Right)
Imbibition length measured ex situ by ROM for three systems:
homopolymer PI Sk (blue spheres), homopolymer PI 42k (red
spheres), and B2 blend (black circles). Blue, red, and black solid lines
are the predictions of the imbibition length based on the LWE and the
measured zero-shear viscosity (Table 1).
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The results of blend B2 (Figure 10) are distinctly different
from those of B1. This is evident here as the blend
components have very different imbibition speeds. Note that
the imbibition lengths of the homopolymers calculated from
the LWE based on the measured (Table 1) zero-shear
viscosities (solid lines in Figure 10b) are at variance from
the measured lengths. While for the homopolymer PI 5k the
extracted effective viscosity from the imbibition length and the
use of the LWE is approximately the bulk zero-shear viscosity,
for the PI 42k homopolymer there exist two slopes during
imbibition with effective viscosities of 4660 and 910 Pa-s, e.g,
much higher than bulk (Table 1). This finding reveals that the
dead-layer effect is dominant."" For the blend, the results from
the ROM study (Figure 10b) suggest that the imbibition
length, d|, is in proximity to the PI Sk homopolymer revealing
a clear preference for the shorter chains to penetrate the pores.
The emerging picture from these results is that the PI Sk
chains enter first, and only later, some PI 42k are dragged into
the pores. This is more evident here because the two
homopolymers have very different imbibition speeds.

These results on the “static” imbibition length obtained ex
situ (ROM) can be compared with the results from dynamic
experiment performed in situ (nDS). In accordance with the
static measurement revealing the faster imbibition of the
shorter chains, the dielectric strength of the PI Sk blend
component (Figures 8 and 10a) first increases during
imbibition and reaches a maximum at a time scale that nicely
corresponds to the full imbibition (as obtained from ROM). It
is only at the late stages of the pore filling that the shorter
chains drag along some of the longer chains in the pores as
evidenced by the slow increase in the dielectric strength of the
PI 42k component. At the same time, the normal mode of the
PI Sk blend component starts to decrease as a result of
increasing adsorption. Hence, at the late stages of imbibition,
two effects take place: first, the shorter chains are adsorbed
onto the AAO pore surface, and at the same time, some of the
longer chains are entering the pores. This further suggests that
long-time adsorption in the blend is dominated by an exchange
mechanism involving primarily the shorter chains.

Overall, results show an efficient separation of long/short
chains in a miscible polymer blend by following the imbibition
length and the associated dynamics of the longest normal
modes. Although previous techniques'">**” were able to show
the potential of AAO templates in separating chains of different
molar masses and in the absence of solvent, nDS has the
advantage of providing the chain dynamics at the same time.
When the blend components have drastically different molar
masses (M, (long)/M,(short) ~8) the long-time adsorption
kinetics is dominated by the shorter chains, otherwise (i.e.,
M, (long)/M,(short) ~4) both chains participate in the
adsorption process.

IV. CONCLUSIONS

The adsorption kinetics of cis-1,4-polyisoprene was studied as a
function of polymer molar mass, AAO pore diameter, and
surface treatment by following the evolution of the dielectri-
cally active longest normal mode by nanodielectric spectros-
copy. Following the initial imbibition of polymer chains and
the formation of an adsorbed layer, the adsorption of other
chains is an extremely slow process. For a given molar mass,
the characteristic adsorption times strongly depend on the
ratio 2R,/D. For a given pore diameter, adsorption times are
some 8 orders of magnitude slower than the terminal

relaxation times and more than 12 orders of magnitude slower
than the segmental times. Nevertheless, the adsorption and
terminal relaxation times display similar molar mass depend-
ences. The extremely slow kinetics reflect the fact that
incoming and outgoing chains from the pore surface have to
pass through several unfavorable configurations (eg., trains,
loops). The molar mass dependence of the characteristic
adsorption times is in good agreement with a scaling theory
proposed by de Gennes and later refined by Semenov and
Joanny, to account explicitly the structure of tails and loops
within the adsorbed layer. The latter suggested that the
adsorption and exchange times scale as 7 ~ N*** and N** not
far from the experimental observations given the small molar
mass range accessible by nDS.

As an extension of this work, we explored how symmetric PI
blends penetrate the same nanopores. Of particular interest
were blends where the imbibition speeds of the two
homopolymers were very different. By taking advantage of
the disparity in the imbibition speeds, we were able to show
that shorter chains penetrate first and, in addition, that they
adsorb first on the AAO walls. The longer chains are entering
the pores only at the late stages of the filling process providing
an example of fractionation and in the absence of solvent. The
results from nDS demonstrate the advantage of the technique
to provide the imbibition lengths, adsorption kinetics, and
chain dynamics.

In a broader context, the results suggest means of controlling
the interfacial interactions in homopolymers and their blends
of importance in the design of polymer interfaces with
controlled physical processes.
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I. Simulation of the imbibition process of PI
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Figure S1. Evolution of the peak frequency for the non-polar polymer PI during imbibition as a function
of polymer penetration depth, d;, based on the parallel model.

I1. Calibration experiments (Reflection Optical Microscopy)
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Figure S2. (Left) Calibration measurements for the imbibition of PI Sk within different AAO pores:
100 nm (green), 40 nm (red), and 20 nm (blue). Dashed lines are linear fits. Solid lines are theoretical
predictions according to Lucas-Washburn equation with bulk viscosity. (Right) Representative ROM
images obtained ex sifu during the imbibition of PI Sk within AAO 20 nm at 303 K corresponding to
different time periods: (top) 3.16s!2 and (bottom) 8.7s"/2. The scale bar is 100 pum.
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II1. Rheology

Samples were prepared on the lower plate of the 8 and 25 mm diameter parallel plate geometry. The
upper plate was brought into contact, the gap thickness was adjusted and the sample was cooled. The
storage (G") and loss (G") shear moduli were monitored as a function of frequency, w, for frequencies
in the range from 102<w<10?> rad/s. All measurements refer to the linear viscoelastic range.
Subsequently, the complex viscosity (77*) follows as 77* = G"/@ — iG'/w. Master curves at the same
reference temperature (the imbibition temperature, 7=303.15 K) were made by using the time-
temperature superposition principle (¢7s). The latter allows the frequency w dependence of the complex
modulus G* at any temperature 7 to be determined from a master curve at a reference temperature. At
each temperature 7, a single frequency-scale shift factor at allow superposition of all viscoelastic data
at temperature 7 with the data at the reference temperature, 7Trer, as: G * (w;T) =G * (arw;T,e f). Master-
curves of the storage, the loss moduli and the shear viscosity are shown in Figure S3 all at the same

reference temperature of 303.15 K. The shift factors ar and Williams-Landel-Ferry (WLF) coefficients

(C1°, Cy0 at Tyf) are shown in Figure S4.
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Figure S3. Master curves for the storage (black), the loss (red) moduli and the shear viscosity (green)
all constructed at the same reference temperature (303.15 K).
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Figure S4. Shift factors for the homopolymers and the symmetric blend 5k/42k at the reference
temperature (303.15 K). Solid lines represent fits to the WLF equation.
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IV. Evolution of longest normal mode during and after imbibition
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Figure S5. Evolution of peak position log(fm.x/Hz) of the longest normal mode of PI Sk during in situ
imbibition and adsorption process within different AAO templates with pore diameters (100 nm, 40 nm,
and 20 nm): (left) entire imbibition and adsorption process and (right) zoom-in at the early stages. Black
dashed lines indicate the frequency of the longest normal mode for the bulk polymer. Solid colored lines
give the frequency of the peak position corresponding to the longest normal mode at the late stages.
Notice the slower normal mode relaxation within the 20 nm pores as compared to the bulk.
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Figure S6. Evolution of dielectric intensity (Ae) of PI with different molar masses during the in situ

imbibition (and subsequent adsorption) within AAO nanopores with diameter of 40 nm at a temperature
303.15 K. Lines represent fits to an exponential decay function.
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V. Polymer dynamics following imbibition
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Figure S7. Arrhenius plot of the characteristic peak frequencies of PI Sk: longest normal mode (blue)
and segmental relaxation (red). Solid lines are fits to the Vogel-Fulcher-Tammann equation. The vertical
dashed line at 303.15 K indicates the peak frequencies of the normal mode and of the (extrapolated)
segmental mode at the imbibition temperature.
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