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Soft Matter

Abstract

Nanoconfinement of ionic liquids (ILs) influences their physicochemical properties. In this study,
we investigate the effect of soft nanoconfinement imposed by lyotropic liquid crystals (LLCs) on
ILs. The LLC ion gels are obtained through self-assembly of a short chain block copolymer (BCP)
of polyethylene-block-poly(ethylene oxide), PE-b-PEO, in ILs. The effect of confinement on the
interaction of ions with PEO is investigated through electrochemical impedance spectroscopy
(EIS) and carbon dioxide (CO,) absorption measurements. The results show that the synergistic
effect on the CO, absorption capacity of LLC ion gels takes place as a result of confinement.
Formation of IL pathways through the LLC increases the CO, solubility, absorption capacity, and
absorption rate. Increasing the concentration of block copolymer in LLC structure enhances the
dissociation of ILs and consequently lower CO, absorption. Therefore, the competing effects of

confinement and IL-PEO interaction control the properties of LLC ion gels.
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Introduction

lonic liquids (ILs) have been widely investigated as novel solvents, electrolytes, and soft functional
materials due to their unique properties including high thermal stability, negligible vapor pressure,
and high ionic conductivity." However, the widespread applications of ILs have been hampered
by their liquid state. A simple but versatile strategy to overcome this problem is to confine ILs in
nanoporous host. Nanoconfinement of ILs can promote unusual charge transport and
functionalities for IL-based devices for energy generation and storage.’*

Comprehensive studies have been done on the behavior of ILs in pores of various sizes and types
by molecular dynamic (MD) simulations.!® The simulations have reported both a decrease®’ and
an enhancement 89 in the ion mobilities of ILs confined in pores. Different experimental techniques
have been used to understand the physicochemical properties and dynamics of nanoconfined ILs
in various porous materials on a molecular level." For example, using specialized nuclear
magnetic resonance (NMR) techniques, Le Bideau et al. found a decrease in the diffusivity of ILs
in monolithic silica matrices.'® lacob et al. showed an enhancement in the diffusion coefficients of
ILs confined in silica nanopores by more than two orders of magnitude in comparison to their bulk
values, which was attributed to the changes in ion packing under two-dimensional geometrical
confinement.!" These results show the importance of the pore sizes, pore wall-IL interaction, and
physiochemical properties of ILs investigated under confinement.

In comparison to comprehensive studies on the structural dynamics of confined ILs in rigid
inorganic matrices, the physicochemical aspects of soft nanoconfinement of ILs in polymer
matrices have been overlooked. Polymer electrolytes are usually obtained by in situ
polymerization of monomers in ILs 2-'4 or solvent casting method.'%¢ Several polymers, such as
poly(methyl  methacrylate),’>'®  fluorinated  copolymer  poly-(vinylidene  fluoride-co-
chlorotrifluoroethylene),’® and epoxy resins'® have been explored. Among them, block
copolymers (BCs) can form advanced assembled nanostructures driven by the affinity of a

selective block to ILs, and thus, impose confinement on ILs."7-18
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Several molecular dynamics simulation have been done on the structural and dynamics of
polymer electrolytes based on PEO and ILs (homogeneous electrolytes in which IL is not
confined).'®20 |t has been reported that upon formation of the polymer electrolytes, there is a
remarkable slowdown of the polymer dynamics in comparison with pure PEO. This effect is
attributed to the coordination of oxygen atoms of PEO chains with cations of ILs. Park et al.
reported that breaking ionic clusters to achieve homogeneous ionic phase is a coherent method
to enhance ion conductivity of polymer electrolytes.?!

MD simulations have shown that gas diffusion in the confined gas/IL mixtures can be faster than
that in the bulk.2® Different experimental techniques have been used to understand the
physicochemical properties and dynamics of nanoconfined ILs in various porous materials on a
molecular level.":1.22-24 By using pulsed field gradient NMR, Hazelbaker and coworkers?? found
that, compared to the bulk condition, the diffusivites of CO, and IL decrease under
nanoconfinement in KIT-6 silica that has pore size of 8.5 nm. This result was attributed to the
reduced density of ionic liquid at the pore walls, which provides an additional free volume that can
lead to fast CO, diffusion near the walls. In another study, Shin et al.?® investigated the dynamics
of the IL and CO, in the supported ionic liquid membranes, measured with two-dimensional
infrared spectroscopy and Pump-Probe experiments. They observed that the structural
fluctuations of the IL in the pores are slower than that in the bulk phase by ~ 2-fold. Their results
showed that despite the relatively large pore size (~ 350 nm) of the membrane, the IL structural
change induced by the polymer interface can propagate out from the interface more than 100 nm,
influencing the dynamics of ILs.?5 In addition, macroscopic uptake and permeability
measurements of CO, showed that the carbon dioxide transport in confined ILs can be faster than
that in corresponding bulk ILs.?627 These observations suggest that confined ILs can perform
better than bulk ILs for applications in gas capture and separations.

For a series of di-block copolymers comprising poly(styrensulfonate) (PSS) and
poly(methylbutylene) (PMB), PSS-b-PMB, confinement effects could suppress the ion clustering

4
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Soft Matter

tendency if the PSS domain width was narrower than 6 nm.2' The benefits of suppressing ion
cluster formation to enhance proton transport properties were further demonstrated by employing
phosphonated polymers.28 Therefore, the break-up of ionic clusters with the aid of confinement is
a promising approach to enhance the conductivity of polymer electrolyte.?® The ILs confined in
the gel polymer electrolyte can be divided into two fractions: (1) at (or close to) polymer /IL
interface and (2) within IL domains. The interaction of the gel matrix with either cations or anions
decreases the tendency to form ion-pairs or aggregates, resulting in an increase in the total
number of ion carriers in the gel polymer electrolyte. 23031

It has been shown that CO,is remarkably soluble in imidazolium-based ILs.32-35 For example, the
solubility of CO, in 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM][PFg]) at 15 bar
pressure is about 23 mol%.3 The CO, solubility can be tuned by variation of cations and anions.
For example, using fluorine-containing anions (e.g., bis(trifluoromethylsulfonyl)imide, Tf,N)3°
could increase the CO, solubility. In this work, therefore, we use 1-butyl-3-methylimidazolium
hexafluorophosphate, [BMIM][PF¢], and 1-butyl-1- methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide, [BMPyr][NTF,]. To make soft templates for nanoconfinement of
ILs, we use Brij58, a di-block copolymer of PE and PEO. Due to the high polarity difference
between the polar domains of the ILs and nonpolar n-alkyl tails of the di-block copolymer as well
as hydrogen bonding of cations with ether oxygen of PEO, the phase segregation leading to self-
assembled nanodomains is observed. Therefore, the obtained block copolymer and IL mixtures
have lyotropic liquid crystal (LLC) state. We investigate the effect of soft nanoconfinement on the
structural properties of ILs through electrochemical impedance spectroscopy (EIS) and CO,
absorption measurements. We compare the IL nanoconfinement in LLCs with homogeneous

mixtures of PEO/IL as control samples.
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Experimental

Materials

Polyoxyethylene-20-cetyl ether known as Brij58 (M,, = 1124 g/mol, Sigma-Aldrich) was used as
block copolymer. The polyethylene oxide (M,,=1000 g/mol, Sigma-Aldrich, PDI=1.07), which has
approximately the same molecular weight of PEO block in Brij58, was used for the preparation of
control samples. 1-Butyl-3-methylimidazolium hexafluorophosphate ([BMIM][PFs], 98%, Sigma-
Aldrich) and 1-butyl-1- methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([BMPyr][NTF;], 98%,
Sigma-Aldrich) were used as ILs. All chemicals were used as received without further purification.
For preparation of samples, desired amounts of components were mixed manually until a
homogeneous mixture was obtained. As control samples, homogeneous mixture of PEO/IL were

prepared with the same ratio of PEO/IL (47/53) as in the Brij58/IL (52/48) samples.

X-ray Scattering

SAXS measurements were carried out using Bruker Nanostar System with a monochromated Cu
Ka radiation source with the wavelength of 1.54184 A. The q is the scattering vector defined as
g=411sin6/ A, where 0 is half the scattering angle. Samples were loaded into nominally 1.0 mm
PTFE washers with Kapton windows. To prevent sample evaporation, vacuum isolation adapters
were installed at the end of the primary flight path and entrance to the secondary flight path so
that the samples were at ambient pressure within the ~10 cm air gap between the adapters during
the SAXS measurements. In SAXS, X-rays scattered as function of the scattering angle 26, with
respect to the transmitted direct beam, are collected on an area detector. The 2-D intensity data
are azimuthally averaged and plotted as I(q). Corrections were applied to the sample data
including normalization by transmission coefficient and count time, empty container and
instrument background subtraction, thickness normalization, and scaling of the SAXS intensity,
I(q), to units of differential scattering cross section per unit volume (cm) using a glassy carbon

intensity calibration standard.
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Rheology

A stress-controlled rheometer DHR-3 (TA Instruments, New Castle, DE) was used to measure
the rheology of samples. A 20 mm cross-hatched parallel plate geometry with 1 mm gap was
used in all experiments. All tests are performed in the linear viscoelastic region (0.5% strain,
confirmed from amplitude sweep tests). Frequency sweep tests were done on samples at 25 °C

and frequency range of 100 to 0.1 Hz.

Impedance Spectroscopy

The ionic conductivity was measured via EIS. The samples were placed into a Teflon ring, which
held the samples at a constant diameter (6 mm) and thickness (2 mm). The sample disks were
sandwiched between two stainless steel blocking electrodes. Sample temperature was
maintained using a custom-built environmental chamber. The samples were held at each
temperature for 1 h before measurement. The AC amplitude was 50 mV and the frequency were

scanned from 1 MHz to 0.1 Hz.

Fourier transform IR (FTIR) spectroscopy

LLC lon gels were studied by FT-IR ATR Perkin Elmer spectroscopy in the range 4000—

600 cm™'. Baseline correction was carried out on the IR spectra.

Absorption Measurement

The CO, uptake capacity of samples was measured with a Micromeritics ASAP2050 Xtended
Pressure Instrument. We followed the procedure reported in the literature for measuring the CO,
absorption of ILs.37-38 Approximately 1 g of samples was used for measurement. Before analysis,
the sample was degassed under vacuum at 70 °C with pressure less than 10 ymHg. The
degasification was stopped after the pressure increase rate was less than 1 ymHg/min. It takes
approximately 24 h for complete degasification of samples. The absorption isotherms were
obtained at room temperature (25 °C) and gas pressures of up to 7500 mmHg. The temperature
of the sample was controlled by circulating a mixture of ethylene glycol and diethylene glycol in

7
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Soft Matter

water to a Dewar flask in which the sample holder was drowned. The temperature of the flask
was controlled by a thermostat with a precision of + 0.01 C. The amount of CO, absorbed by the
samples was calculated from the pressure change between the gasinjection and equilibrium. The
instrument performed dosing/vacuuming and equilibrium based on the target pressure. After initial
pressure adjustment for each step, the instrument insolated the sample for equilibrium. The
equilibration continued until the pressure variation in the sample holder was less than 0.1% per
minute. The equilibrium check interval was assigned as 100 s. From the measured pressure
change, the amount (moles) of gas absorbed was calculated via the ideal gas law. The amount
of CO, desorbed by the samples was calculated from the pressure change during vacuum and
equilibrium. The instrument performed vacuuming and equilibration based on the target pressure.
The equilibration continued until the pressure variation in the sample holder was less than 0.1%

per minute. The equilibrium check interval was assigned as 100 s.

Results and Discussion

SAXS Analysis

The selected ILs, [BMIM][PF¢] and [BMPyr][NTF,], form lamellar structure with Brij58, in which the
confinement size can be changed without losing the structure. Six different samples are
investigated with different compositions. Table 1 summarizes the samples used in this study. The
morphology of the LLC ion gels is lamellar structure as determined by SAXS (Figure 1a). Lamellar
structures have 1:2:3... relative positions of Bragg peaks, q/q*, where q* is the principal peak.
According to Bragg’s equation, in lamellar structure, the lattice parameter, d, is calculated from
d=2n/q* equation. The polar domain size, §, can be estimated as 6 = d¢, where ¢ is the volume
fraction of polar domain (PEO block and IL). Detailed definition and calculations of parameters
can be found elsewhere.3*43 The calculated parameters obtained from SAXS experiments on

various samples are summarized in Table 1.
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The frequency sweep results show that ¢’ > G" for the samples, thus, the ion gels have a solid-
like behavior in the linear viscoelastic region (Figure 1b and Figure S1). Block copolymers self-
assemble in selective solvents and form mesophases. It has been reported that mixtures of Brij58
and water form LLC mesophases.** In this study, the ILs have been used as selective solvent for
the formation of LLC structure. The cross-polarized light micrographs of ion gels confirm the

formation of LLCs with mixture of Brij58 and ILs (Figure S2).

(a) Brij58/[BMIM][PF6]  (52/48) (b) 10
* — Brij58/[BMIM][PF6]  (64/36) ]
q — Brij58/[BMIM][PF6]  (74/26) = -
Brij58/[BMPyr][NTF2] (52/48) o - P )
2q* Brij58/[BMPyr][NTF2] (64/36) = - e0°®® L
—— Brij58/[BMPyr][NTF2] (74/26) @ 1 eo o0 ® i
o0 00O
— 3q* g . m N u 5 "
3 3 gquuunt = o ©
8 4q* £ m N 8 8 Jooo 0
=y 610'2—.000008g99
2 T’; P Ooooo
2 ] ]
£ S 1
- i
Q i
Py [BMIM][PF6] [BMPyr][NTF2]
2 m G e G
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I I I I w 10-_| T T IIIIIII T T IIIIIII T T IIIIIII
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Figure 1. (a) SAXS profiles for the LLC ion gels at room temperature (25 °C). (b) The storage

and loss moduli of ion gels prepared with Brij68/IL 74/26 wt%.

Table 1. SAXS characteristics of LLC ion gels.

d-spacing Polar domain

Compositions (wt%) Structure Dy (nm)
(hm) (hm)
Brij 58/[BMPyr][NTF,] (52/48) Lamellar 16.2 12.6 6.5
Brij58/[BMPyr][NTF,] (64/36) Lamellar 16.4 13.4 4.8
Brij58/[BMPyr][NTF,] (74/26) Lamellar 15.8 121 3.2
Brij58/[BMIM][PFg] (52/48) Lamellar 16.4 12.8 6.5
Brij58/[BMIM][PFg] (64/36) Lamellar 16.3 13.4 4.7
Brij58/[BMIM][PF¢] (74/26) Lamellar 15.8 13.0 3.2
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Confinement in LLC ion gels
To investigate the effect of soft nanoconfinement in our system, the IL pathway thickness (D;.)
and chain density are calculated (Table 1). The Dy, is the intermicellar distance and is obtained

from Dy, = ¢, d (Figure 2).

a 0 —
@ (R F,C-S - N'—C's')— CF v iy F
/NWCHs 3 Tt T 3 HSC\/\/NJ \CH3 F_/P\_
H,C 0O O O

[BMPyr][NTF,] [BMIM][PF,]

Brij58 \/\/\/\/\/\/\/\{\O/\,]/ OH
Cl6 20

®) ©
i) §£{J§~f’; g 4 ’//"' -------------------

INO ,.’.f(.’;,....)'.h..’ Qt Dy 7
)

i
Lattice e s f P i
Parameter=d | # 3? ) L :
’ 1
¢/’ H h
(0§ 88 ,
Polar Domain =& {0970 L, Fo .~ I
CERE: 1 | s
[t S :
_____________ i

Hydrophobic domain

lonic Liquid < )€) CO, ®®®  Byjj58
Polar domain

Figure 2. (a) The chemical structure of ILs and Brij58, (b) schematic representation of the

lamellar structure in LLC ion gels, and (c) planar chain density of PEQ in polar domain.

We hypothesize that densely tethered chains stretch to alleviate the interactions caused by
crowding.*® A random coil conformation (mushroom regime) occurs when the interchain distance
(2) is greater than 2R (where Rr is the Flory radius), and more extended conformation (brush

regime) occurs when Z < 2R The stretching-entropy and excluded-volume interactions

10
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influence the chain density in the brush regime as result of lateral confinement. The Flory radius
(Rg) can be estimated using following equation:*®

Rr=bN’ (1)
where b is the characteristic monomer dimension (taken as 2.78 A for the ethylene oxide repeating
unit), N is the number of monomers in each PEO chain, and v is taken as 0.5. The Flory radius
for the PEO chains pendant in polar domain with molecular weight of 1000 g/mole is estimated to
be 1.3 nm. The interchain distance inversely scales with chain density. The distance between the

grafting sites, Z, can be obtained as follows:*”

2

Z="7 (2)
where ¢ is the planar chain density (with unit of nm-2), which can be obtained from mass balance

equation given as follows:*’

phN,
o= (3)

S—D[L

where h = —— is the thickness of polymer brush, p is the bulk density of polymer, N, is Avogadro

number, and M, is the number average molecular weight of polymer brush.

Table 2. The density and physical distance of PEO chains in polar domains of LLC ion gels with

different compositions.

" h (brush o (chain Z (interchain

Compositions (wt’%) thick(ness, nm) densgty, nm-2) dis(tance, nm)
Brij 58/[BMPyr][NTF;] (52/48) 3.1 2.3 0.7
Brij58/[BMPyr][NTF,] (64/36) 4.3 3.2 0.6
Brij58/[BMPyr][NTF;] (74/26) 4.5 3.4 0.6
Brij 58/[BMIM][PF¢] (52/48) 4.6 3.5 0.6
Brij 58/[BMIM][PF¢] (64/36) 4.8 3.6 0.6
Brij 58/[BMIM][PF¢] (74/26) 4.9 3.7 0.6

From Eq. (2) and (3), we can estimate the interchain distance of PEO in the polar domains of the
LLC ion gels with different composition (Table 2). The interchain distance of the PEO chains for

11
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all the LLC ion gels are lower than the Flory radius (Z < 2Rg), implying that PEO chains in all
samples are in brush regime and the chains have extended conformation. By increasing the block

copolymer concentration, the D, in the polar domain becomes smaller.

Nanostructure Effect

The confinement of ILs, where ion-wall interactions become important relative to ion-ion
interactions, can induce some changes in their physicochemical behavior.48-50 |t has been
reported that the addition of IL to pure PEO slows down polymer dynamics.%" This retardation in
polymer dynamics was attributed to the coordination between the cations and the polymer
backbone. Such a strong coordination can be expected to hinder the mobility of the polymer
backbone and reflect in slower polymer relaxation.5" To investigate the effect of soft
nanoconfinement on the interactions between the ions and PEO chains in LLC ion gels, the
relaxation time of the polymer chains is measured through EIS. Dielectric relaxation is a result of
the reorientation process of dipoles in the polymer chains, which shows a shoulder in &'’ spectra
(Figure 3a).52 By increasing the temperature, the peak in €'’ spectra shifts to higher frequency
suggesting the acceleration of the relaxation process (Figure S3).52 The complex permittivity

spectra of the ion gels are analyzed utilizing the empirical Havriliak-Negami (HN) function.

Ae

(W)=t [1 + (iwran)]”

(4)

where tyy is the characteristic relaxation time, de = gy — &4 is the relaxation strength of the

process in which ¢ = lim ¢'(w) and &, = lim €'(w)., and @ and f (0 < a, af < 1) describe the

w—0 W—0

symmetric and asymmetric broadening of the distribution, respectively.

12
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Figure 3. (a) The dielectric loss spectra €' (w) of ion gels versus frequency at room temperature,
(b) The temperature dependence of relaxation time for LLC ion gels and PEQO/IL mixture. The

arrow shows the direction from slow to fast relaxation time.

The relaxation strength of the process is determined from the step in the real permittivity data.
Then, the relaxation time is obtained by fitting the imaginary part of the Havriliak-Negami equation
with the imaginary permittivity data.5® With increasing the temperature, the dielectric strength of
the electrolyte increases while the relaxation time becomes faster (Figure 3b), which confirms the
enhancement of ionic polarization.>* Mostly in polymer electrolytes, the ionic conduction occurs
in the presence of local segmental motions of the polymer host, which is due to a direct coupling
between ions and functional group of the polymer.55 PEO exhibits a Vogel-Fulcher-Tamman (VFT)
relaxation (i.e., a relaxation) process attributed to large-scale cooperative segmental motion of
PEO chains above its melting point.

Figure 3b shows that the relaxation time of PEO chains is slower in LLC ion gels compared to the
homogeneous mixtures of PEQ/IL. The configuration of PEO chains in the nanodomains of LLC
ion gels is strongly affected by the thermodynamic interactions.5¢ Therefore, the motion of PEO

chains in LLC ion gels inevitably coupled with the surrounding chains to minimize the density

13
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fluctuations. This phenomenon possibly leads to retarded relaxation of PEO chains in LLC ion
gels compared to homogeneous mixture of PEO/IL.56 One important observation from Figure 3b
is that the PEO relaxation time in LLC ion gels prepared with [BMIM][PF¢] is slower than that of
[BMPyr][NTF,] at each composition. The difference in relaxation times is attributed to the stronger
hydrogen bonding of [BMIM][PFe] with alkyl hydrogen of PEO chains compared to the
[BMPyr][NTF,], restricting the segmental motion of the polymer chains.5”

The FTIR analysis have been done to further investigate the interaction of ILs with PEO chains in
the LLC ion gels. The FTIR results (Figure 4) show that a hydrogen bonding forms between the
alkyl hydrogen of PEO and the fluorine ions of [PFs]~ and [NTF,]". The hydrogen bonding is also
possible between cations (especially imidazolium-based ones) and PEO chains.%® Therefore, one
expects that a stronger hydrogen bonding is detected when the Brij58 concentration is increased
in the ion gels. The results show that by increasing the Brij58 concentration in the
Brij58/[BMIM][PF¢] ion gels, the intensity of C-H stretching peak significantly decreases and the
peaks become broader, which confirms the enhancement of interaction of [PFs]~ and/or [BMIM]*
with the PEO chains. The change in C-H stretching peak is not significant for [NTF,]~ anions in
the studied range of Brij concentration, which suggests that [BMPyr][NTF,]-PEO interaction is
weaker than [BMIM][PF¢]-PEO one.

To further investigate the effect of soft nanoconfinement on the interaction of ions with PEO, the
number of free ions in the system have been estimated from EIS data. The frequency dependent

dielectric spectra are analyzed with Random Barrier Model proposed by Dyre® to extract the dc

conductivity oy and ion diffusion rate 1/Te-, where 7, is the relaxation time.

14
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Figure 4. FTIR spectra of ion gels with different compositions and ionic liquids. The shaded area
is from the spectral regions of C-H stretching. The spectrums are vertically shifted for

comparison.

The Random Barrier Model assumes that the conduction takes place by hopping of charge
carriers in a spatially randomly varying energy landscape and provides an approach to analyze
the conduction on a theoretical level. Within the Continuous-Time-Random Walk (CTRW)

approximation,® the following expression for the complex conductivity is obtained®:

N lwT,
o ((1)) =00 [ln 1 +iwt,) (5)

Splitting into real and imaginary parts delivers:

gowtearctan (wt,)

O-’(w) =1, 2 2 2
Zln (1 + wt, ) + (arctan (wt,))

OowTeIn (1 + wzrez)

(7)

0” w —
(@) %lnZ (1 + w?re?) + 2(arctan (wt,))?

Equations (6) and (7) are used to fit the data present in Figure 5 and Figure S4 and S5, to obtain

ooy and 7, (Table S1). Substantial deviation from Eq. (6) occurs at low frequencies. To describe
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the spectra in the whole frequency region, more sophisticated models®' should be considered.
However, it should be emphasized that the main goal here is to evaluate free-ion number density
from EIS data, which can be essentially captured by the Eq. (6) as shown in Figure 5. Here, the

low-frequency response does not affect the analysis results.

-1

0.1 = 10" A )
% e (a) Brij58/[BMIM][PF6] (74/26) % (b) Brij58/[BMIM][PF6] (74/26)
= 4 = an2
g)' 5| o 10
2. >
‘E"\ 0.01; ol :l;l 103 ot
S : =
= % g 104 _m
= 24 S
o] c
= 0.001 S 10~
6]
2 47 .. E 10'5 -
@ ) c
@ 2 o S
il ® 7 _
0.0001-, @ T T T T T T T E 10 7 T T T T T T T
10" 10' 10° 10° 10" 10' 10° 10°
Frequency (Hz) Frequency (Hz)

Figure 5. Typical (a) real and (b) imaginary parts of the complex conductivity spectrum, o*(w).

The solid red line is the fit to the spectrum using eq (6) and (7).

It has been suggested that the free ion concentration and ionic diffusivity can be quantitatively

determined by using relaxation time 7. and dc conductivity ¢¢.6? In this method, to calculate the
free ion concentration, we combine the electrodynamic analog of the Einstein relation:
oo=(Y/ksT)(n+D s ¢4 +n_D_q~) (8)
with the Einstein-Smoluchowski relation:

D =2/21, (9)
where kg is the Boltzmann constant, n ;. _ is the free ion concentration, g + _ is the ion charge,
D 4 _ is the ion diffusivity, 1 is the ion jump length, and 1/rh ~ 1/Te is the mean ion hopping rate.

Assuming that D = D _ = D (which has been demonstrated experimentally for many ILs),®® n ;.
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=n_=n, and q;+ =q_ =e (the elementary charge), we arrive at the following expression

connecting the free ion concentration, dc conductivity, and ion hopping rate:

2ne’D  ne’A?
00 = "kyT = kylt, (10)

The total free ion concentration (n.: =n4+ +n_) is calculated by taking the hopping length
values, A, comparable to the Pauling diameter. The results for A reported by Sangoro et al.t4 for
ILs varied between 0.24 and 0.31 nm. However, it has been reported that the hopping length is
higher in polymeric electrolytes compared to pure ILs.®5 Based on the reported values in the
literature for polymer electrolytes,%5-% here we consider A between 0.7 to 0.9 nm for our LLC ion
gels. We consider this range to approximate and compare the fraction of free ions in our system
with two different ILs. The 0.9 nm upper limit is the highest value reported for jump length in the
literature for polymer electrolyte. The 0.7 nm lower limit for 1 is chosen based on the fact that the
number density of free ions obtained in this range from Dyre model would not be higher than the
total number of ions in the system, which is determined from the density and the molecular weight

of ILs at room temperature as follows:

p(g/m3) 1.38 x 10°

N¢otal — [BMIM][PF6] = 2 X MW (9Imol) XNy=2 X5 %x6.022 X 1023 =5.8 x 10%7 (Number of ions/m3)

p(g/m3) 1.4 x 106 23 27 ) 3
Meotal - (BMPyrINTF2) = 2 X e X N = 2 X 55— X 6,022 X 10% = 3.9 x 10 (Number of ions/m?)

Figure 6 and Table S2 show the results for the amounts of free ions in ion gels and PEO/ILs
mixtures which are obtained from Eq (10). The same trend from the relaxation time can be
observed for the number of free ions in the samples. The samples with slower relaxation time
(e.g., Brij58/[BMIM][PF¢], 74/26 wt%) have higher free ions concentration due to the higher
interaction of the ions with PEO, which enhances the dissociation of ion pairs. In other words, the

samples with faster relaxation time (e.g., Brij58/[BMIM][PF¢], 52/48 wt%) have lower free ion
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concentration. In addition, with increasing the Brij58 concentration, there is more enhancement in
the number of free ions in Brij58/[BMIM][PFg] ion gels compared to Brij58/[BMPyr][NTF,]. This
result is in agreement with the FTIR results in which increasing the Brij58 concentration in
Brij58/[BMIM][PFg] ion gels results in reduction of C-H stretching intensity. Therefore, it can be
concluded that the interaction between the /[BMIM][PF¢] and PEO chains is stronger compared
to [BMPyr][NTF,] and PEO. Consequently, by increasing the Brij58 concentration, a higher portion

of [BMIM][PF¢] is dissociated in the ion gel compared to [BMPyr][NTF,].

1.0 1.0
~ |@ 5 | ®
& &
~, 0.8 ~» 0.8
s s
3 $
™ [
£ 06— E om-
0 n
- c
o L
Q

® 04— x @ 0.4 Brij58/IL  Brij58/IL
ra Brij58/IL  Brij58/IL ™S (64/36) (74126)
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° PEO/L  (52/48) e
g 02| 17153) g ]
= = PEO/NL  Brij58/L
& ® (47/53)  (52/48)
TS L

0.0 0.0

Figure 6. The fraction of free ions obtained from Dyre Model with the A in the rage of 0.7 to 0.9

nm for LLC ion gels and PEO/IL mixtures prepared with (a) [BMPyr][NTF2] and (b) [BMIM][PF6].

Absorption Measurement

To further explore the effect of soft nanoconfinement on the structural properties of ILs, the CO,
absorption capacity of ion gels are measured. The absorption-desorption data are presented in
Figure S6. Figure 7 and Table S3 show the absorption data of CO, in LLC ion gels and PEO/IL
mixtures at 25 °C. The CO, absorption in LLC ion gels and PEQO/IL mixtures is higher than that of
the pure ILs even for the [NTF,] anion with two CO,-philic fluoroalkyl groups.®® The enhanced

absorption in LLC ion gels compared to PEO/ILs mixtures can be explained by the formation of
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IL pathways between the polymer chains. Using the mixing rule, the amount of enhanced
absorption compared to the pure components of the mixtures (i.e., PEO, Brij58, and IL) is

calculated as follows:

2
AS = Xoxp. — 2 _ 4

m;iXx; (1 1)
where Aé§ is the enhanced CO, uptake due to the synergistic effect, m; is the weight percent of

pure components in the mixtures, and x; is the measured total CO, uptake of pure components.
The x..p. is the total absorption obtained from the experiment and the Zl.zz ,mx; is the absorption

calculated based on mixing rule. The positive value of A§ demonstrates that there is a synergistic
effect on enhancement of the CO, uptake. As see in Figure 7, even with the same concentration
of IL and EO groups in the mixtures, the normalized (with pressure) absorption of CO, in LLC ion
gels is higher compared to the PEO/IL mixtures (Figure S7 shows the unnormalized absorption
at 10 bar pressure). In addition, LLC ion gels show higher synergistic effect in absorption than the
PEO/IL mixture. The enhancements in total amount of absorption and synergist effect in LLC ion

gels are attributed to the formation of IL pathway between the PEO chains (Figure 2).

0.08
Jm Mixing Rule [BMPyr][NTF2]
Jm Mixing Rule [BMIM][PF6]
17+ Synergistic Increase [BMPyr][NTF2]
’g J#7 Synergistic Increase [BMIM][PF6]
£ 0.06
K ]
© ]
€ ]
E
& 0.04
= ]
Q -
e ]
o -
1 ]
2 ]
~ 0.02
(] ]
© ]
0.00 -

PEO/L ' Brij58/IL ' Brij58/L ' Brij58/IL
(47/53)  (52/48)  (64/36)  (74/26)
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Figure 7. Total normalized CO, absorption of LLC ion gels. The contributions from mixing rule
and synergistic effect in total absorption are shown by solid fill and diagonal stripes,

respectively.

Molecular dynamic simulations have shown that the CO, solubility in ILs is not governed by a
direct interaction between CO, and the ion;’° rather, it is related to the unoccupied space (or free
volume) in the IL phase.¢7! A slight ion displacement in the IL phase expands the free volume
throughout the IL domain. Therefore, more CO, molecules can be dissolved in the IL phase.
Comparing the trend in the number density of free ions in Figure 6 with the trend in the absorption
results from Figure 7 reveals some information about the effect of soft nanoconfinement on
structural properties of ILs. Increasing the Brij58 concentration in LLC ion gels prepared with
[BMIM][PFs] enhances the ions dissociation in the system (i.e., the free ion concentration
increases). The results suggest that the dissociation of ILs in the ion gels deteriorate the CO,
dissolution. For example, in sample Brij58/[BMIM][PFs] with 74/26 wt% ratio, there is higher
number of free ions compared to Brij58/[BMIM][PF¢] with 52/48 wt% ratio. The former contains
higher IL dissociation, which results in lower absorption of CO,.

As seen in Figure 6, there is not a significant difference between the free ion concentrations of
LLC ion gels prepared with [BMPyr][NTF,] at different compositions. This observation is in
agreement with FTIR results in which the intensity of C-H stretching peak has not changed by
increasing the Brij58 concentration in these ion gels. These results are also in agreement with the
CO, absorption results in which the synergistic effect has not changed significantly by increasing
the Brij58 concentration in the Brij58/[BMPyr][NTF,] system.

The total elapsed time of the absorption measurements is investigated to understand how the
rate of CO, uptake is different between the LLC ion gels and PEO/IL mixtures. The results show

that the ion gels of Brij58/[BMIM][PFs] and Brij58/[BMPyr][NTF;] with 52/48 (wt:wt) compositions
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412  have the highest absorption rate of 3.2 and 3.8 pymol/minute (Figure 8 and Table S4), respectively.

413  The desorption rates of these ion gels are also the highest compared to the other ion gels.
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418 Figure 8. Total elapsed time for (a,b) absorption of CO, in LLC ion gels and PEO/IL mixtures

419 and (c,d) desorption of CO, from LLC ion gels and PEO/IL mixtures.
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To investigate the relation between the viscosity and absorption-desorption rate of ion gels, the
viscoelastic properties of samples have been measured through frequency sweep test (Figure
S8). The rheological results (Table S4) prove that the viscosity is not the only factor affecting the
absorption-desorption rate. For example, while the PEO/ILs mixtures have very low viscosity

compared to ion gels, their absorption-desorption rate is lower than some of the ion gels (Figure

9).
4.0 -
B [BMPyr][NTF2] m
_ ® [BMIM][PF6]
£ 3.5
£
3 [ | o
£ 3.0
o
9
) 2.5
c . .
.0 o
§ 2.0
o |
28
< 1.5 P m [ )
1.0 -
| | | | | | | | |
10?2 10° 10° 10* 10°
Viscosity (Pa.s)

Figure 9. Absorption rate versus viscosity at frequency of 0.1 Hz for ion gels prepared with

[BMIMJ[PFe] and [BMPyr][NTF,].

The same phenomenon can be observed for pure ILs. The [BMPyr][NTF,] has higher absorption-
desorption rate compared to [BMIM][PFg] even though the former has higher viscosity. This is
because of the higher solubility of CO, in [BMPyr][NTF,] compared to [BMIM][PF;]. These results
confirm our discussion about the effect of soft nanoconfinement on the CO, uptake capacity of
ion gels. Formation of IL pathways between the PEO chains through the LLC templating improves
the solubility of CO, in ion gels and increases the absorption capacity and rate. However, there is
an optimum for the concentration of block copolymer in the ion gels due to the dissociation of ILs,

which deteriorates the CO, dissolution and consequently reduces the CO, capture capacity. The
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prepared ion gel materials can be used in future as a platform for making gas separation

membranes.”2-74

Conclusion

We showed that the nanostructured ion gels have higher CO, absorption capacity compared to
the pure ILs and homogeneous PEQO/IL mixtures due to the existence of IL pathways between the
PEO chains. In the studied systems, the criteria for obtaining an enhanced CO, absorption is to
form confined domains of IL, which requires formation of LLCs. To form an LLC from block
copolymer surfactant and IL mixtures, the IL needs to be a selective solvent for one of the blocks.
In this work, the IL was a selective solvent for PEO block. Depending on the concentration of
mixtures, different mesophases form which can induce confinement of IL in nano-size domains.
The studied mesophase in this work was limited to lamellar structure with relatively wide range of
IL domain size (i.e., confinement size). We found that the soft nanoconfinement effect appears to
change the physical properties of the ILs through reorganization of the cations and anions at the
interface. Increasing the block copolymer concentration in LLC ion gels leads to the dissociation
of ILs, decreasing total absorption capacity and synergistic effect. Two competing effects of
confinement and IL-PEO interaction control the properties of LLC ion gels. While the former
enhances the CO, uptake, the latter lowers it. Owing to the nonvolatility, thermal stability, and
tunable chemistry of block copolymers, LLCs from BCP/IL are very attractive candidates to design

a platform for confinement of ILs for gas separation membranes.
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