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ABSTRACT: Polymerized ionic liquids are a promising class of
versatile solid-state electrolytes for applications ranging from
electrochemical energy storage to flexible smart materials that
remain limited by their relatively low ionic conductivities
compared to conventional electrolytes. Here, we show that the
in situ polymerization of the vinyl cationic monomer, 1-ethyl-3-
vinylimidazolium with the bis(trifluoromethanesulfonyl)imide
counteranion, under nanoconfinement within 7.5 ± 1.0 nm
diameter nanopores results in a nearly 1000-fold enhancement in
the ionic conductivity compared to the material polymerized in
bulk. Using insights from broadband dielectric and Raman
spectroscopic techniques, we attribute these results to the role of
confinement on molecular conformations, ion coordination, and subsequently the ionic conductivity in the polymerized ionic liquid.
These results contribute to the understanding of the dynamics of nanoconfined molecules and show that in situ polymerization under
nanoscale geometric confinement is a promising path toward enhancing ion conductivity in polymer electrolytes.

KEYWORDS: polymerized ionic liquids, nanoconfinement, ion dynamics, molecular conformations, Raman spectroscopy,
broadband dielectric spectroscopy

■ INTRODUCTION

By combination of the robust mechanical properties of
polymers with the ion conduction capabilities and electro-
chemical stability of room temperature ionic liquids (ILs),
polymerized ionic liquids (polyILs) have emerged as a
promising class of highly tunable materials for a wide range
of applications including battery technologies, fuel cell
membranes, CO2 capture, biomolecule detection, nano-
actuators, and stimuli-responsive materials.1−4 The fast ion
diffusion compared to the time scale of the structural dynamics
of the polymer segments is the main distinguishing character-
istic of these materials compared to typical solid polymer
electrolyte systems.5 However, the effective immobilization of
one of the ions onto the polymer backbone following
polymerization drastically reduces the overall ionic conductiv-
ity compared to the unpolymerized ILs. Other changes in
physicochemical properties that result from polymerization
include a decrease in molecular degrees of freedom and
increased viscosity, both of which affect ion mobilities.6,7

There have been several attempts to increase ionic
conductivity in ILs through various chemical and physical
methods, one of which is the use of physical confinement at
nanometer length scales.8−11 However, the effects of physical
confinement at the molecular level on the properties of polyILs
and the question of whether it is possible to achieve high ionic

conductivity through geometric nanoscale confinement remain
unexplored.
Geometric confinement at the molecular level is known to

result in significant changes in the physical properties of
various glass-forming systems by altering the length scales of
cooperative dynamics and/or increasing the role of substrate
interactions.12−16 Additionally, the behavior of ions in
nanopores is of great importance for engineering nanofluidic
and biosensing devices, and the mechanism of ion transport
through nanochannels is of much interest for biomimetic
technology such as cellular transistors and selective filtra-
tion.17−21 For pure ILs under nanoconfinement, reports have
identified that influences from both the length scale of the
confinement and the electrostatic surface interactions of the
ions with the substrate can either facilitate or hinder ion
transport.22−25 Experimental and simulation studies of ILs
have suggested that there is an increase in the coordination
between the anion and cation near the substrate which can
result in slowed ion diffusion compared to the bulk.9,26
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Furthermore, ordered solvation layers of up to several ion
pairs, which also correspond to a reduction in ion mobility,
have been shown to occur under confinement and near the
substrate interface due to these electrostatic surface inter-
actions of the ILs and the substrate.27−30 On the other hand,
faster dynamics in nanoporous media have also been observed
as the confinement length scale increases and the strength of
interactions with the substrate decreases.31,32 These faster
dynamics with increasing confinement have been utilized to
help design synthetic biomimetic ion channels and polymer-
based nanofluidic diodes.19,33,34 Finally, the conformational
equilibrium structures of the IL moieties have been observed
to change under confinement, which may also alter
dynamics.35,36 Therefore, nanoscale confinement seems to be
a promising approach to tune physicochemical properties of
polyILs.
For noncharged polymers under nanoconfinement, several

physical characteristics have also been observed to change
compared to bulk including the dynamic glass transition
temperature (Tg), self-diffusivity, dielectric relaxation strength,
conformational entropy, and molecular packing density.16,37−41

Similarly, these structural and dynamical effects that are
observed under nanoconfinement have also been observed in
pressure-dependent studies of noncharged polymer sys-
tems.14,42−46 Additionally, in situ free radical polymerization
within anodized aluminum oxide (AAO) nanopores have
resulted in an increase in reaction kinetics with the resulting
polymers exhibiting a narrower molecular weight distribution
compared to those prepared under similar reaction conditions
in bulk.47,48 For bulk polyILs, experimental and computational
studies have shown that when the ion conduction is dominated
by hopping of ions along the polymer backbone corresponding
to faster dynamics compared to hopping from chain to chain in
an entangled system.46,49,50 Thus, if nanoscale confinement can
lead to favorable alignment of chains as seen in noncharged
polymers, then higher ionic conductivity may result in polyILs.

However, very few studies have examined the effects of surface
interactions and confinement on the properties of poly-
ILs.48,49,51

To unravel the interplay between confinement on the
molecular conformations and ionic dynamics of nanoconfined
polyILs, the well-studied monomeric vinyl IL, 1-ethyl-3-
vinylimidazolium [1E3VIm] with the bis(trifluoromethane-
sulfonyl)imide [NTf2] counteranion, was filled into unidirec-
tional nanoporous silica membranes with mean pore diameter
of 7.5 nm and subsequently polymerized in situ by free radical
polymerization. Broadband dielectric spectroscopy (BDS) and
Raman spectroscopy were employed to study the changes in
the dynamics and ion conformations and coordination that
result from both the nanoconfinement and polymerization.
The ionic conductivity of the confined polyIL was observed to
increase by a factor of ∼1000 compared to the bulk equivalent.
We attribute the enhancement in charge transport of the
confined polyIL to changes in the equilibrium ratio of the NTf2
cis and trans conformational isomers and decreased coordina-
tion between cations and anions. We demonstrate that these
changes arise from (i) screened electrostatic interactions of the
substrate with the free anions, (ii) lower packing density of the
polyIL within the pores, and (iii) implicit unidirectional
alignment of polymer chains within the nanopores that result
in increased mobility of the NTf2 anion.

■ RESULTS AND DISCUSSION

Prior to investigating the properties of the nanoconfined
polyIL, it is critical to have a measure of the degree of
polymerization, fraction of unreacted monomer, and extent of
nanopore filling. These factors are readily probed by confocal
Raman spectroscopy and complementary 1H NMR measure-
ments. First, the progression of free radical polymerization in
bulk and nanoconfined 1E3VIm NTf2 is investigated. Prior to
further analysis, all Raman spectra were baseline corrected and
normalized by the integrated intensity of the S−N−S bending

Figure 1. Normalized Raman spectra showing decreasing intensity of the 1660 cm−1 band over time during bulk polymerization (a) as well as
before and after in situ polymerization and bulk 75% polyIL/IL blend (b). The inset of (a) shows that the calculated polymer fraction during bulk
polymerization over time with a final monomer conversion of 95%. Confocal Raman Z-mapping normalized by I740 after polymerization within
pores (c) and non-normalized 3D data plot (d) reveals that the pores are uniformly filled with IL and polyIL.
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mode of the NTf2 anion, I740, to account for changes in the
density of the material during polymerization.52,53 The CC
stretching mode of the vinyl group on the cation shows up as a
band at 1660 cm−1 in the Raman spectrum.54,55 As shown in
Figure 1a, this peak reduces in strength as polymerization
proceeds due to reaction of the vinyl bond into the polyIL
backbone. The percent conversion of the monomeric cations
into polymeric repeat units within the chain backbone was
calculated over time (i.e., polymer fraction = [It=0 − It]/It=0,
where It is the integrated intensity of the normalized 1660
cm−1 peak at initial time, t = 0, and as time progressed during
polymerization). These polymer fraction data are displayed in
the inset of Figure 1a and reveal a final monomer percent
conversion in bulk of ∼95%. The resulting polymer was
measured by 1H NMR to determine the number-average
molecular weight of Mn = 5.2 kg/mol.
Using the data in the inset of Figure 1a as a calibration basis

for polymer fraction, we determined the percent conversion of
monomeric cations into polymer repeat units under nano-
confinement to be 72 ± 4% over three separate experiments
(see Figure 1b). A Z-mapping spectrum of the polymerized
1E3VIm NTf2 in the nanopores, with an accuracy of ±50 nm,
was obtained by using confocal Raman microscopy and is
displayed in Figure 1d. The depth profile of the normalized
I1660 in Figure 1c reveals that the resulting polymer and
unreacted monomer are uniformly filled through the pores
after polymerization. Assuming no termination by combina-
tion, the Mn of resulting polymer was estimated to be ∼3 kg/
mol by 1H NMR from the data in Figure S1. For comparison, a
bulk blend of a Mn = 3.2 kg/mol polyIL was prepared with 75
mol % monomer as described in the Materials and Methods
section. Figure 1b shows that the intensity of the 1660 cm−1

peak for the bulk 75% polymer/monomer blend is comparable
to that of the confined polymer sample. This bulk mixture and
neat polyIL will be henceforth termed the “75% polyIL/IL
blend” and “bulk polyIL”, respectively, and the nanoconfined
IL and polymerized samples will be termed the “1E3VIm NTf2
in pores” and “in-situ polyIL”, respectively. We note that
because of the low emission intensity of the ILs in nanopores

and instrument limitations during temperature control
measurements, Raman measurements were not successful
during the in situ polymerization within pores (see the
Materials and Methods section for details). Therefore, only
measurements made before and after polymerization are
reported here.
From the BDS experiments, the real part of the complex

conductivity (σ′) and imaginary part of electric modulus (M″)
are plotted against frequency in Figure 2 for all samples except
for the bulk 75% polyIL/IL blend. The dielectric spectra of
bulk materials result in qualitatively similar data with a
characteristic frequency-independent plateau corresponding to
the DC ionic conductivity (σ0). The polymer and monomer
confined within the nanopores, however, do not display a
characteristic plateau for σ0. The most probable reasons for this
are a distribution in pore sizes and mobility deviations at such
small length scales that cause an increased distribution of
polarization time scales.32,48 Therefore, the M″ peak frequency
(ωc) is taken to denote the characteristic rate of the onset of
long-range ion hopping, and the value of σ′ at ωc is used to
estimate σ0 for all samples except the bulk monomeric IL. The
σ′(ωc) values are typically higher than σ0 by a factor of about 2
(see Figure 2b) but are often used when the distribution of ion
hopping relaxations is not clearly represented by a single onset
frequency.
Below 240 K, the monomer in bulk crystallizes and σ0 drops

considerably, and the time scales of ωc occur outside the
accessible frequency range. Therefore, the actual σ′ plateau
value, σ0, is taken as the σ0 for this sample. Crystallization does
not occur for any of the other samples in bulk or in pores, and
therefore, the σ′(ωc) values are used as an estimation of σ0 for
relative consistency. In Figure 3, M″ and normalized σ′/σ0 data
from 190 to 230 K are plotted together as master curves by
normalizing the angular frequency by ωc for the in situ polyIL
and 1E3VIm NTf2 in pores. This representation of M″ shows
that the breadth of the main peak is narrower for the in situ
prepared polyIL compared to the 1E3VIm NTf2 in the
nanopores. This suggests a more homogeneous distribution of
ion dynamics time scales for the in situ polyIL samples. In the

Figure 2. Frequency-dependent real part of the complex conductivity (σ′, left axis) and imaginary part of the electric modulus (M″, right axis)
versus frequency for bulk monomer at 240 K (a), bulk polymer at 350 K (b), in situ polyIL at 210 K (c), and 1E3VIm NTf2 at 210 K (d). The
frequency of the peak maximum in M″ is indicated with vertical arrows at fc. The horizontal dotted lines indicate the value of σ0 for the bulk
monomer and polymer samples. The dashed lines signify the σ′ values at the frequency of the main M″ peak which corresponds to the onset of
long-range ion hopping.
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Figure 3 M″ master curves, another lower-frequency, higher-
temperature peak is present with a weaker intensity than the
M″(ωc) relaxation for both the 1E3VIm NTf2 in pores and in
situ polyIL. This relaxation is slightly perceptible as a low-
frequency shoulder in the single-temperature spectra of Figure
2c. This slower relaxation is ascribed to interfacial ion
dynamics that are not observed in bulk, presumably arising
from electrostatic interactions at the substrate interface.26

The representative ionic conductivities are plotted versus
inverse temperature for all materials in Figure 4, along with the
σ′ values associated with the lower-frequency M″ peak for the
nanoconfined samples which are labeled with “confined
polymer” and “confined monomer”. The values for the in situ
polyIL and 1E3VIm NTf2 in pores in Figure 4 are corrected for

the 7% porosity of the silica membranes. The linear relation in
the log−log plot of σ0 and ωc (termed the Barton−Nakajima−
Namikawa relation, BNN) holds for all samples as seen in
Figure S2. As expected, the 75% polyIL/IL blend has a lower
conductivity compared to the bulk IL with a similar Vogel−
Fulcher−Tammann (VFT) temperature dependence, whereas
the bulk polyIL displays an Arrhenius-like temperature
dependence especially at low temperatures. This suggests
that at this concentration for the 75% polyIL/IL blend the
chain packing frustration may not be significant enough to
have decoupled ionic conductivity from ion dynamics as
observed in bulk for neat imidazolium-based polyILs.5,7

However, this consideration is beyond the scope of the
current article.
The ionic conductivity of the 1E3VIm NTf2 in pores is

similar to that in bulk and is consistent with past reports.31,32,48

The “confined polymer” conductivity of the in situ polyIL in
Figure 4 is observed to be similar to the polyIL in bulk at high
temperatures. However, since the “confined polymer” con-
ductivity exhibits a decreased activation energy, the resulting
ionic conductivity at room temperature is 3 decades greater
than that of bulk polyIL. We attribute this result mainly to
alignment of polymer chains through the pore allowing for the
single chain ion hopping mechanism which has been estimated
by simulations to contribute to enhancement of ion transport
compared to intrachain hopping.56 Through transport flux
considerations, an equation for dc conductivity (σ0) can be
formulated as a linear combination of the products of mobility
(μ), number density (n), and charge (q) of all the ions (i) in
the system: σ0 = ∑iμiniqi. Following polymerization, it is
reasonable to expect that the effective number density of
charge carriers (n) would not differ by orders of magnitude. By
assuming no effective change in the charge of each ion, the
main contribution to increase the dc conductivity toward lower
temperatures for the polyIL in the pores therefore must be the
mobility of the ions (μ). Additionally, the fact that there is an
obvious bifurcation in the time scales of ion dynamics for the
in situ polyIL, which is not observed in the similar bulk
material of the 75% polyIL/IL blend, strongly suggests
heterogeneous dynamics of the polymerized 1E3VIm NTf2
material within the silica pores. These heterogeneous dynamics
will be explored further in the discussions on ion conformation
and coordination below.
To investigate the roles of confinement and polymerization

on the NTf2 conformations and anion−cation coordination, we
will now return to the Raman data. The NTf2 anion is known
to take on both cis and trans conformational isomers, which in
the literature are called the C1 and C2 conformers,
respectively.35,57−59 In Figure 5a, the room temperature
Raman peaks at 398 and 410 cm−1 that correspond to the
C2 and C1 conformers, respectively, are displayed for all of the
samples in this study. The relative integrated intensities of
these peaks (I398 and I410) correspond to the conformational
equilibrium concentrations of the NTf2 trans and cis isomers.60

The monomer samples, in both bulk and nanoconfinement,
have a relatively decreased I410, indicating that the monomer
samples have a significantly decreased fraction of the C1
conformer, whereas the bulk polyIL and 75% polyIL/IL blend
samples have an increased equilibrium concentration of this cis
isomer. Interestingly, the in situ polyIL is found to have a
similarly low fraction of the C1 conformer as both of the
monomer samples. In Figure 5c, the cis and trans isomer peaks
at selected times measured during bulk polymerization at 85

Figure 3. Master curves of the real part of the complex conductivity
(σ′) and the imaginary part of the electric modulus (M″) functions
versus the radial frequency scaled by the characteristic ion transport
rate (ωc) for confined polymer (a) and monomer (b). The real part of
conductivity (blue edged data) is normalized by the ionic
conductivity, σ0 (left axis). These master curves were prepared by
normalizing the frequency-dependent spectra at each temperature by
ωc. Vertical lines are added as guides to the eye, denoting the main
peak at ωc and the lower frequency peak of confined polymer and
monomer ion dynamics, respectively.

Figure 4. The dc ionic conductivity (σ0 ∼ σ′(ωc)) plotted against
inverse temperature for all ILs and polyILs (see legend). For
nanoconfined samples, the main σ′(ωc) values are signified with the
arrow denoting “bulk-like” conductivities. The data labeled “confined
polymer” and “confined monomer” are the σ′ values that correspond
to the lower-frequency, higher-temperature M″ peak shown in Figure
3.
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°C show that the relative amount of NTf2 conformations shifts
to a higher concentration of cis isomers as polymerization
progresses. This shift occurs at ∼10 min following initiation
and corresponds to a polymer fraction of about 0.7.
Correspondingly, the 75% polyIL/IL blend at room temper-
ature has a similar I398 to I410 ratio as the bulk polymerization
at 85 °C during Raman measurement at 10 min. Therefore, we
conclude that the increased equilibrium concentration of the
C1 conformer in the bulk 75% polyIL/IL blend compared to
an increased C2 conformer concentration for the in situ polyIL
is a direct result of confinement of the material within the 7.5
nm diameter nanopores.
The equilibrium conformational changes of the NTf2 anion

are well documented in the literature for ILs and metal ion
salts. Higher equilibrium concentrations of the C2 conformer
in NTf2 containing ILs have been observed in crystalline
domains and at higher pressures, while the C1 conformer has
been calculated to have reduced conformational entropy and
larger dipole moments.61,62 Additionally, it has been
determined that packing density and conformation play a
crucial role in crystallization and glass formation of NTf2
containing ILs.43 Therefore, these NTf2 isomers can be used as
a proxy for considering possible changes in the molecular
density of the materials in this study. Furthermore, recent
results of polymers confined to silica nanopores showed that
for poly(propylene glycol) a density gradient of chain forms
where lower densities occur at the center of the pore.16 The
same group also reported evidence of density fluctuations that
determine the glassy dynamics of alcohols in nanopores from
positron lifetime annihilation spectroscopy and BDS measure-

ments.12 Considering our results in combination with
conformational and density changes reported in the literature,
we conjecture that a higher NTf2 equilibrium concentration of
the C1 conformer in our materials can be qualitatively used as
a proxy for determining which materials have a comparatively
higher packing density. As such, the in situ polyIL sample has a
lower average packing density than the bulk samples that
contain polyIL. This lower density within nanoconfinement
then corresponds to a relatively higher concentration of C2
conformers, which also corresponds to materials with the
highest ionic conductivities (e.g., monomeric IL and nano-
confined materials).
An additional feature of the Raman spectra of ILs containing

the NTf2 anion is the ∼740 cm−1 band corresponding to S−
N−S bending modes. A blue-shift in this ∼740 cm−1 band (i.e.,
shift toward lower wavenumbers) has been determined to
correspond to NTf2 ions that are less coordinated with the
countercation.52,60 Density functional theory calculations show
that this peak is actually a combination of two peaks: one that
increases in intensity at 748 cm−1 corresponding to NTf2 ions
that are more coordinated to the cation and one that
conversely increases in intensity at 742 cm−1 as the anion
becomes less coordinated.58,63 We performed temperature-
dependent bulk measurements of the bulk IL and polyIL,
corroborating this effect through observation of a blue-shift of
the peak with decreasing temperature (see Figure S3). The
narrower width in the M″(ωc) peak, which is observed
following polymerization in nanopores in Figure 3, has been
shown to also correlate with increased average ion-to-ion
distances in salts.64 The following qualitatively lists the
materials in this study in increasing shift toward more
coordinated anions in Figure 5b: 1E3VIm NTf2 in pores >
bulk 1E3VIm NTf2 > in situ polyIL > bulk 75% polyIL/IL
blend > bulk poly1E3VIm NTf2. Figure 5d shows the ∼740
cm−1 peak during bulk polymerization over time. Here, the
peak maximum does not actually shift, but a more pronounced
shoulder at 748 cm−1 is observed. Overall, the results in Figure
5 show that the less coordinated NTf2 having a higher degree
of C1 conformers is favored under confinement.
We now analyze the ionic conductivity data of the ILs from

Figure 4 to determine the fraction of ions that are adsorbed at
the silica substrate and make a decreased contribution to long-
range ion motion. Because of the parallel geometry of the
porous silica matrix and the material in the pores, complex
impedance (Z*) can be separated into a linear combination of
contributions from the SiO2 matrix (ZSiO2

* ) and the material
inside the pores (Zpore* ). The complex impedance is related to
the measured complex dielectric function (εm*) through Z*−1 =
iωεm*Cm, where Cm is the vacuum capacitance associated with
the sample geometry and εm* is the complex dielectric function.
Here, for εm* = εm′ − iεm″ , εm′ and εm″ are the measured real and
imaginary parts of the complex dielectric function, respectively.
In reports by Iacob et al., the authors used a linear
combination of the measured imaginary permittivity to
describe dynamics of nanoconfined ILs based on surface area
fractions of adsorbed and nonadsorbed ions.32,65 We will use a
slightly different representation using the real part of the
measured complex conductivity, σm′ = ωε0εm″ , to express the dc
conductivity values (σm′ (ωc)) of the 1E3VIm NTf2 in pores in
terms of the contributions from the silica (σSiO2

′ ) and
contributions from the materials in the pores separated into
some layer adsorbed to the pore surface (σa′) and some

Figure 5. Raman spectra associated with the NTf2 cis (dotted) and
trans (dashed) conformations at 410 and 398 cm−1, respectively, for
bulk samples, monomer in pores, and in situ polyIL (a) and during
bulk polymerization measurements (c). The S−N−S bending mode
observed at ∼740 cm−1 is displayed for all materials (b) and during
bulk polymerization measurements (d). In (b) the dashed and dotted
lines signify bands corresponding to free anions and more coordinated
anions, respectively. All are normalized by peak intensity of the S−N−
S bending mode at ∼740 cm−1 to account for density variations
among the samples.
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contribution that is bulk-like toward the center of the pore
(σb′). This is displayed in eq 1, where the fractions parallel to
electrodes for the adsorbed, bulk-like, and silica matrix are
given by fa, f b, and f SiO2

, respectively.

f f fm a a b b SiO SiO2 2
σ σ σ σ′ = ′ + ′ + ′ (1)

Even with a porosity of ∼7% ( f b + fa = 0.07 and therefore f SiO2

∼ 0.93), the ion conducting properties of the SiO2 matrix are
so small at measured temperatures and frequencies (σSiO2

′ +

f SiO2
< 10−8 S cm−1) that the σSiO2

′ term in eq 1 is negligible
compared to that of the ions within the pores. Dividing the
terms in eq 1 by the bulk conductivity, σb′(ωc), gives us a ratio
of the measured conductivity to the conductivity of the bulk
fraction (σm′ /σb′ = f b, assuming σa′ ≪ σb′). From this we can
calculate an estimated fraction of ions that are adsorbed to the
pore wall and are inhibited from contributing to the dc
conductivity (Fa = fa/0.07). This fraction of adsorbed ions is
displayed in Figure 6, where Fa ∼ 0.55 ( fa ∼ 0.038) is constant

with temperature. Using this model, Iacob et al. found that
from 220 to 250 K the absorbed surface area fraction of the
entire silica membrane with 7.5 nm pores filled with 1-hexyl-3-
methylimidazolium PF6 increases from fa ∼ 0.04 to 0.055,
which agrees well with our simple estimation of adsorbed ion
fractions.32

With the ionic radii calculated for NTf2 (∼1.85 Å) and 1-
ethyl-3-methylimidazolium (∼1.5 Å) by Nordness et al., we
have sketched a 7.5 nm diameter pore filled with 1E3VIm NTf2
monomer, which is displayed roughly to scale as a schematic
inset of Figure 6 with ∼11 ion pairs spanning the diameter of
the pore. The native OH bonds of SiO2 are known to have a
slightly negative charge and, therefore, preferentially interact
with the cation.51 The schematic first displays an adsorbed
layer of 1E3VIm cations near the pore surface (in green)
closely coordinated with a second layer of anions having the
C1 conformer (in orange) that correspond to a larger dipole
moment of the NTf2 anion. This picture is reinforced by
results that show that imidazolium cations orient planar to
silica surfaces, and the SO2 oxygens of the NTf2 anion in the cis
conformation are closely coordinated to the imidazolium

ring.52,66 From the calculated Fa, a dotted concentric circle
which has a radius of 2.5 nm and 0.45 surface area fraction of
the 7.5 nm pore cross-sectional area is also displayed in the
schematic. Within the pore, a count of the cations in the bulk-
like layer inside the 5 nm diameter dotted circle constitutes
∼70% of the cations packed inside the pore. This percentage of
adsorbed ions closely resembles the fraction of monomers
converted into the polymer backbone (in situ polyIL having 72
± 4% conversion of monomers; see Figure 1b). We expect that
these cationic monomers that are effectively immobilized by
the electrostatic solvation layer during polymerization remain
largely unreacted.
The spatial resolution of the Raman microscope in the X−Y

plane is limited to ∼50 nm, and thus, we cannot experimentally
determine changes in anion conformations across a single pore
or whether the confined cations in the resulting polymer chains
are more closely coordinated to the pore walls or the center of
the pores or homogeneously distributed within the pore.
However, it is evident from the confocal Z-mapping data in
Figure 1c,d that the pores are uniformly filled with polyIL and
IL, which suggests that the polymer chains take on a stretched
conformation in the longitudinal direction. This is supported
by results of noncharged polymers displaying nonequilibrium
dynamics corresponding to stretched chain conformations.41

Using this molecular picture and our results, we expect that the
entropic penalty of polymerization in the nanopore is offset by
the altered density of the in situ polyIL compared to the 75%
polyIL/IL blend as suggested by the NTf2 conformational
equilibrium data in Figure 5a. If we consider this penalty in
bulk, the entropic cost may be offset by an increased fraction of
the larger dipole moment C1 conformer following polymer-
ization, which is similarly observed during crystallization.43,62

Additionally, there is a reduced anion−cation coordination of
the in situ polyIL compared to the polymer in bulk as shown
for the blue-shift of the S−N−S bands in Figure 5b. Therefore,
as polymerization progresses and reaches a maximum
conversion under nanoconfinement, the resulting ion con-
duction associated with the polymer chains elongated through
the pores is higher than the random coiled chains of the bulk
polymer as shown in the “confined polymer” conductivity in
Figure 3. Additionally, the ion hopping mechanisms of the in
situ polyIL are separated into this “confined polymer” portion
and a “bulk-like” monomer portion, suggesting that the
unreacted monomer is no longer adsorbed to the silica
surfaces and does not get trapped in the randomly distributed
chains as would occur for the 75% polyIL/IL blend even
though the chains are diluted compared to the pure bulk
polymer.
The molecular picture described above is also in accordance

with recent surface force apparatus measurements and
simulations that describe electrostatic interactions between
negatively charged flat surfaces and imidazolium NTf2-based
ILs that form long-range layer formations from a few ion pairs
to ∼1 μm.30,66−68 Additional evidence from surface force
measurements of ILs between flat surfaces predicts that at
relatively high temperatures an interplay between electrostatic
interactions of silica surfaces and ions cause structural layer
formations at length scales <10 nm.28,69 These layer formations
are also described as a liquid-crystalline structured phase,
which would likely prefer the crystalline cis NTf2 conforma-
tions.61 Therefore, we conclude that the electrostatic
interactions associated with the silica pore walls are
experienced by all ions within the pores, but the curvature of

Figure 6. Illustration of the emerging picture of the fraction of ions
that are adsorbed to the pore walls (Fa) vs inverse temperature. The
inset schematic is a representation of the cross section of a silica
nanopore filled with the 1E3VIm NTf2 monomer. The pore walls are
closely associated with cationic monomers which are then surrounded
by a layer of anions with the cis conformation that exist within this Fa
boundary as signified by concentric dotted circle with a 5 nm
diameter. C2 conformers are present near the center of the pore and
contribute to bulk like ion conduction as shown in Figure 2.
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the nanopores allows resistance to this radial layer formation.
This presumption is qualitatively supported by the dielectric
data that exhibit narrower M″(ω) for the in situ polyIL
corresponding to a narrower distribution of ion dynamics times
compared to the 1E3VIm NTf2 in pores shown in Figures 2c,d
and 3.

■ CONCLUSION
In summary, BDS and Raman spectroscopy were employed to
investigate ion dynamics, coordination anion/cation pairs, and
anion conformations in 1E3VIm NTf2 in bulk and under
nanoscale confinement both before and after polymerization.
Within the 7.5 nm diameter silica nanopores, the polymer-
ization was found to be incomplete, resulting in ∼75%
conversion of the cationic monomers into polymer chains.
This is attributed immobilization of monomeric cations within
an adsorbed layer that results from electrostatic interactions
with the pore walls. We illustrate this by showing that ∼30% of
the cations can pack into a cross-sectional pore area existing in
a 0.55 surface area fraction as calculated from the ionic
conductivities. Two ion dynamics processes are observed for
the materials within the pores, whereas only one is observed
for the same material in bulk. This suggests that separated
phases are present within the pores. An increase in ionic
conductivity, σ′(ωc), is observed for the confined in situ polyIL
sample compared to that in the bulk 75 wt % of a polyIL/IL
blend. The Raman band at ∼740 cm−1 for the nanoconfined
samples is shifted toward lower wavenumbers corresponding to
an increase in uncoordinated anions. Additionally, the
conformational equilibrium of anion conformers for the in
situ polyIL is determined to be the same as that observed in the
monomeric IL, while during polymerization in the bulk there is
an increase in trans NTf2 conformations at roughly 75%
monomer conversion. Finally, we determined that for all of the
materials measured those with higher concentrations of NTf2
C2 conformer correlate to increased ion conduction. These
results are useful in a range of applications from those that
require knowledge of confined dynamics of ILs and polyILs
such as in batteries or supercapacitors to bioapplications such
as nanochip anolyte detection and biomimetic transistors.

■ MATERIALS AND METHODS
The unidirectional, 50 μm thick nanoporous silica membranes with an
average diameter of 7.5 ± 1.0 nm and ∼7% porosity were prepared by
an electrochemical etching of p-⟨100⟩, highly doped silicon wafers in
an electrolyte of 1:1 volume ratio of hydrofluoric acid:ethanol as
previously described.70,31 Hydrofluoric acid (HF) is corrosive and
extremely toxic. Therefore, proper personal protective equipment
should be worn, safety protocols followed, and training completed
before and while handling HF. Anodization and electropolishing steps
were performed by using 140 mA at 35 V for 40 min and 5 A at 15 V
three times for 30 s each, respectively. Subsequent oxidation of the
nanoporous silicon wafers was performed at 700 °C for 3 h and then
at 880 °C for 6 h. 1E3VIm NTF2 (98% purity) was purchased from
Iolitec and dried at 125 °C and 10−3 mbar for 24 h before use.
The free radical thermoinitiator, azobis(isobutyronitrile) (AIBN),

was purchased from Fisher and recrystallized from methanol. The
AIBN was mixed with the IL at 1.3 wt % AIBN for 24 h at room
temperature while bubbling with dry N2 for 40 min. The IL, with or
without AIBN, was filled into the nanoporous silica by coating each
side of the membrane with the liquid then placing it in an ultrahigh-
vacuum chamber and holding it at <10−8 mbar at room temperature
for 48 h. The sample was then removed from the vacuum oven, and
any excess liquid from the surface was carefully removed by wiping
with KimWipes then subsequently sheared multiple times between

two clean glass slides until no detectable residual IL was transferred
from the membrane surfaces to the slide. Free radical polymerization
in nanopores was performed in triplicate by placing the cleaned IL-
filled membrane into a Linkam THMS600 temperature stage, which
was then purged for 30 min with dry N2 before heating the material to
85 °C and holding for 24 h at the same temperature. The pure polyIL
in bulk was polymerized during Raman spectroscopy with the same
conditions as the in situ polyIL: solvent free with 1.3 mol % AIBN at
85 °C in the Linkam stage. This bulk polymerization was performed
in triplicate, and the conversion curve (displayed as inset of Figure 1a)
for each experiment was reproducible within ±1%. The resulting
confined polymers’ Mn were determined to be ∼3 kg/mol by crushing
the membranes that contained and extracting the material with d6-
DMSO and analyzed with end-group analysis using 1H NMR
spectroscopy (see Figure S1). The bulk polyIL was determined to
haveMn = 5.2 kg/mol. As described in the Results and Discussion, the
maximum conversion of monomeric 1E3VIm monomer to polymer
was ∼75% within the pores. Therefore, a bulk blend was prepared for
measurement comparisons by preparing a mixture with 25 mol %
monomeric 1E3VIm NTf2 with a 3.2 kg/mol poly1E3VIm NTF2 in
tetrahydrofuran at room temperature and stirring for 12 h. The
mixture was subsequently dried under vacuum at 85 °C for 48 h to
remove the solvent.

Raman spectroscopy measurements were performed with a Horiba
LabRAM HR Evolution Raman microscope fitted with a liquid
nitrogen cooled charge coupled detector and a 648 nm excitation
laser, 1800 gratings/mm, over five 2 s accumulations. A 100×
objective was used for all measurements except when using the N2-
purged temperature stage for temperature-dependent measurements
of solvent-free, bulk polymerization of 1E3VIm NTf2 and subsequent
temperature-dependent measurements. In this case, a long working
distance (LWD) 20× objective was used. Raman measurements of the
in situ polymerization under nanoconfinement were not achieved due
to the small amount of IL within the pores, resulting in very low
emission intensities by using the temperature stage and LWD 20×
objective. Therefore, only measurements made before and after
polymerization were possible. The measurement of the solvent-free,
bulk polymerization was prepared by placing the 1.3 wt % AIBN/IL
mixture between two glass coverslips with 0.3 mm thick Teflon
spacers to maintain sample thickness and purging the temperature
stage for 10 min with dry N2. The temperature was then raised quickly
to 85 °C to initiate free radical polymerization and held at 85 °C to
ensure the resulting polyIL was above its Tg throughout the reaction
during bulk polymerization measurements.1 Temperature-dependent
measurements were made only after the CC stretching mode of the
vinyl monomer at 1660 cm−1 had disappeared for 30 min, indicating
no further detectable conversion of the CC bond into the polymer
backbone was occurring.54,55 All Raman spectra were normalized by
the intensity of the S−N−S bending mode of the NTf2 anion, I740, to
control for changes in the density of the material during the
reaction.52,53

Dielectric experiments were performed by using a Novocontrol
High Resolution Alpha dielectric analyzer with an applied ac voltage
of 0.1 V over the frequency range (10−1−107 Hz). Temperature was
controlled with a Quatro cryostat system (180 K-400 K with a
stability of ±0.1 K). The bulk materials were sandwiched directly
between two 10 mm diameter brass electrodes held at a constant
thickness by sing two 200 μm diameter glass rods. Nanopore samples
were placed between two 6 mm diameter, 0.75 μm thick aluminum
foil disks to ensure sufficient electrode contact with the silica
membrane and then placed between two 6 mm brass electrodes.
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 Figure S1 is the 1H NMR spectrum of the in-situ polyIL. After in-situ polymerization 
within the nanopores, and subsequent dielectric and Raman spectroscopy measurements, the 
polyIL-filled membranes were ground into a fine powder. This powder, containing broken 
nanoporous silica, polyIL and unreacted IL monomer, was then added to roughly 1.5 mL of d6-
DMSO to dissolve the organic IL and polyIL. This sample was then measured by 1H NMR. The 
peaks in Figure S1 match the corresponding hydrogen nuclei that are labeled in the schematic of 
the monomeric cation and cationic repeat unit. The peak labeled “h” corresponds to the six 
hydrogens in the polymer end group that come from the AIBN initiator. The relative values of 
peak integration (xi) are displayed below the peaks themselves. These integral values are divided 
by the number of hydrogens they represent when calculating relative amounts of each molecule. 
This concludes a relative fraction of un-converted monomer to be 0.3 which compares well with 
the polymer fraction as determined by Raman Spectroscopy. By end group analysis, the in-situ 
polymer molecular weight is ~3 kg/mol. 

Figure S1: 1H NMR spectrum of the in-situ polyIL with the labeled peaks corresponding to the hydrogen nuclei in the schematic 
monomeric cation, cationic repeat unit, and polyIL end group.
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Figure S2 below is the log-log plot of the real part of conductivity value at the 
characteristic ion hopping rate vs the characteristic ion hopping rate for all samples except the 
monomer in bulk. The in-situ polyIL and 1E3VIm NTf2 in pores are provided here for all of the 
triplicate samples. The bulk polymer, bulk 75% polyIL/IL blend, and bulk-like conductivities for 
the monomer and polymerized samples in pores are shown as stars, crossed diamonds, and solid 
and open circles, respectively (with a solid line for a guide). All of these data fall on the same 
line and correlate with the BNN relation of the random barrier model of AC to DC ion 
conduction1. The “confined” monomer and polymer conductivities, as shown in Figure 4 of the 
main text, are observed to have an increased value of conductivity for the corresponding ion 
hopping rate as observed in the closed and open circles (with a dashed line as a guide).

Figure S2: BNN plot for all triplicate samples in pores for the monomer and polymerized sample, and also for the polymer 
containing materials in bulk. The corresponding log conductivity vs 1000/T data are found in Figure 4 of the main text.
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Figure S3 (top) is the temperature dependent bulk polyIL Raman peaks for the cis/trans 
conformational isomer of the NTf2 anion. The ratio of these two peaks are used to calculate the 
equilibrium conformational enthalpy change from cis to trans (ΔHconf = 2.45 kJ/mol) with 
increasing temperature for these two isomers as shown in the inset. This enthalpy changes is 
slightly decreased compared to the value for a similar monomeric ionic liquid in bulk from the 
literature (1-ethyl-3-methylimidazolium NTf2 , ΔHconf = 3.5 kJ/mol)2. Additionally, with 
increasing temperature the S-N-S bending mode of the anion shifts toward higher wavenumbers 
and is shown in Figure S3(bottom). This shift corresponds to an increase in free NTf2 with 
increasing temperature.

Figure S3: Temperature dependent Raman 
spectrum for the NTf2 vibrational modes of the cis-trans isomers (top) and S-N-S bending mode 
(bottom).



S-5

REFERENCES

1. Dyre, J. C., The random free-energy barrier model for ac conduction in disordered solids. Journal 
of Applied Physics 1988, 64 (5), 2456-2468.
2. Fujii, K.; Fujimori, T.; Takamuku, T.; Kanzaki, R.; Umebayashi, Y.; Ishiguro, S., Conformational 
equilibrium of bis(trifluoromethanesulfonyl) imide anion of a room-temperature ionic liquid: Raman 
spectroscopic study and DFT calculations. J Phys Chem B 2006, 110 (16), 8179-83. 8179-8183.


