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ABSTRACT: Supported ionic liquid membranes (SILMs) are
porous membranes impregnated with ionic liquids (ILs) and
used as advanced carbon capture materials. Here, twodimensional infrared (2D IR) and IR polarization selective
pump−probe (PSPP) spectroscopies were used to investigate
CO2 reorientation and spectral diﬀusion dynamics in SILMs.
The SILM contained 1-ethyl-3-methylimidazolium bis(triﬂuoromethylsulfonly)imide in the poly(ether sulfone)
membrane with average pore size of ∼350 nm. Two ensembles
of CO2 were observed in the SILM, one in the IL phase in the
membrane pores and the other in the supporting membrane
polymer. CO2 in the polymer displayed a red-shifted IR
absorption spectrum and a shorter vibrational lifetime of the
asymmetric stretch mode compared to the IL phase. Despite the relatively large pore sizes, the complete orientational
randomization of CO2 and structural ﬂuctuations of the IL (spectral diﬀusion) in the pores are slower than in the bulk IL by ∼2fold. The implication is that the IL structural change induced by the polymer interface can propagate out from the interface more
than a hundred nanometers, inﬂuencing the dynamics. The dynamics in the polymer are even slower. This study demonstrates
that there are signiﬁcant diﬀerences in the dynamics of ILs in SILMs on a molecular level compared to the bulk IL, and the study
of dynamics in SILMs can provide important information for the design of SILMs for CO2 capture.

1. INTRODUCTION
The rise in the atmospheric concentration of the major
anthropogenic greenhouse gas, carbon dioxide, has been
accelerated since the industrial revolution, resulting in the
onset of global warming and climate change that will cause
severe eﬀects on humanity.1−3 Thus, reducing the current level
of CO2 emission into the atmosphere is important to global
society, and carbon capture and storage (CCS) from stationary
sources is an important goal.4,5 In the CCS process, CO2 is
captured before it enters to the atmosphere. Currently, the
capture process is expensive, inhibiting the practical application
of CCS. In many approaches, regenerating the capture material
after CO2 separation requires substantial energy.5 Therefore,
developing eﬃcient methods and materials for CO2 capture is
the key to the accomplishments of CCS.
Ionic liquids (ILs) are molten salts, consisting of complex
cations and anions, that have melting points below 100 °C.6 ILs
that remain as liquids at room temperature are called RTILs.
RTILs have been of great interest as one of promising media
for carbon capture because they have negligible volatility,7 low
ﬂammability,8 high thermal stability,9 and more importantly,
high tunability of their physical and chemical properties.6,10
Degradations and loss of the capture medium, which are major
ﬂaws of using organic solvents in carbon capture, can be
essentially eliminated by using RTILs.11−13
© 2017 American Chemical Society

Supported ionic liquid membranes (SILMs) are advanced
materials for carbon capture and separation. The SILMs are, in
general, based on organic or inorganic porous membranes
whose pores are ﬁlled with RTILs.14−17 SILMs are highly cost
and energy eﬃcient because they have a large surface area for
CO2 capture and diﬀusion of CO2 through the RTIL in the
pores provides an avenue for capture of the CO2 without the
need for a solvent regeneration process.14−17 Therefore, various
types of SILMs have been developed and examined to optimize
their permeability and selectivity for applications.17 In addition,
there has been extensive studies on nanoconﬁned ILs in various
porous materials to understand physicochemical properties and
dynamics of ILs on a molecular level, using diﬀerent
experimental techniques.18−23 Yet, ultrafast spectroscopic
studies of these systems are rare although the fundamental
time scales of molecular dynamics are usually on picosecond
scale.
Recently, ultrafast time-resolved IR spectroscopies were
employed to investigate the dynamics of CO2 in bulk
RTILs.24−26 These bulk IL experiments were conducted as a
function of alkyl chain length on 1-ethyl-3-methylimidazolium
bis(triﬂuoromethylsulfonyl)imide (EmimNTf2) and with 4, 6,
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injected through a needle. The SILM was exposed to 13CO2 for more
than 20 min inside the vial so that it absorbs enough 13CO2 for the
experiments. On the basis of the extinction coeﬃcient of asymmetric
stretch band of CO2 in water34 and the absorbance of the sample, the
concentration of 13CO2 in the sample was calculated to be 400 ion
pairs of EmimNTf2 per a carbon dioxide molecule.
To determine how well the pores are ﬁlled with the IL, the PES200
membrane was weighed before and after the pore ﬁlling with surface
wiping, and the amount of IL absorbed by the membrane was
calculated. From the 25 mm diameter, 150-μm thickness, and 80%
porosity of PES200, it was estimated that about 95% of the pores are
ﬁlled by the SILM preparation. The prepared SILM sample was
sandwiched between two one-inch CaF2 windows with a 150-μm thick
polytetraﬂuoroethylene (Teﬂon) ring spacer. The spacer thickness is
comparable to that of PES200. To prevent the membrane from being
in contact with the windows, 3.5-μm thick spacer, which was cut from
thin ﬁlm (Mylar TF-135, Premier Lab Supply) with a hole in the
middle, was inserted between the SILM and window on both sides.
This allows the SILM to be in a stand-alone mode, giving the same
condition as in its practical application. In the FT-IR spectrum, there
was no sign of free 13CO2 gas that can diﬀuse out of the SILM into the
3.5-μm gap and would interfere with the signal in the laser
experiments. Depending on the sample conditions, the 3.5-μm gap
was often ﬁlled with a small amount of IL which came out from the
SILM while the sample cell was assembled. However, the
contributions of 13CO2 in the IL trapped in this gap to the signal is
negligible because the SILM is much thicker than the gap (2 × 3.5 μm
vs 150 μm). The majority of the signal comes from 13CO2 in the
SILM. The sample cell was assembled under dry environment to avoid
contamination with H2O. Also, vacuum grease was applied to each
layer of spacers for sealing the sample cell and avoiding escape of
13
CO2. The FT-IR spectra of the samples were collected using a
Thermo Scientiﬁc Nicolet 6700 FT-IR spectrometer before and after
the ultrafast IR experiments to conﬁrm that there were no changes in
the samples over time.
2.2. Time-resolved Ultrafast Infrared Experiments. The
details of the experimental setup have been reported previously;35 a
brief description is presented here. A Ti:sapphire regenerative
ampliﬁer pumps a home-built optical parametric ampliﬁer creating
mid-IR pulses centered at 2277 cm−1 with ∼6 μJ pulse energy. An
enclosure of the optical table was purged with H2O and CO2-scrubbed
air to minimize atmospheric absorption. Because some CO2 remained
even with the purge, 13CO2 that has its asymmetric stretch absorption
shifted away from the 12CO2 wavelength was used so that atmospheric
12
CO2 absorption did not aﬀect the data.
The mid-IR beam was split into two beams, a stronger pump pulse
and weaker probe pulse. The pump pulse was passed through an
acousto-optic mid-IR Fourier-domain pulse-shaper. In the PSPP
experiments, the pulse shaper chopped the pump pulse to obtain
transient absorption signals, while in the 2D IR experiments the pulse
shaper generated two excitation pulses, 1 and 2, and controlled the
delay time (τ) between them. In addition, the pulse shaper controlled
the phase of the pulses and was used to overcome light scattering that
is the major diﬃculty in performing the laser experiments of
membranes. A 4-shot phase cycling scheme35 was used for the 2D
IR experiments with perpendicular polarization conﬁguration as well as
for the PSPP. In the 2D IR measurements with parallel polarization
conﬁguration, in which the scattered light was a more serious problem,
an 8-shot phase cycling and chopping scheme was utilized.36 A
mechanical delay stage in the probe pulse path controlled the time
delay between the pump and probe pulses in the PSPP experiments or
the time delay (waiting time, Tw) between the second excitation pulse
2 and the third excitation pulse 3 (probe pulse) in the 2D IR
experiments. The pump and probe pulses were focused into the
sample with a small crossing angle for both experiments. After passing
through the sample, the probe pulse was directed into a spectrograph.
The spectrograph disperses the probe pulse, which was then detected
in the frequency-domain by a 32-pixel HgCdTe (MCT) IR array
detector. The 2D IR signal is collinear with the third pulse (probe

and 10 carbon chain lengths on the imidizolium. Prior to the
study of CO2 in these bulk RTILs, the small anion, SeCN−, was
used as the vibrational probe to investigate the same series of
bulk RTILs.27,28 In the ﬁrst study of the dynamics of RTILs in
SLIMs, SeCN− in EmimNTf2 was used as the vibrational probe.
The results of these studies using ultrafast two-dimensional
infrared (2D IR) spectroscopy and IR polarization selective
pump−probe (PSPP) experiments demonstrated that the RTIL
dynamics in the SILMs was substantially slower than in the
bulk.29 Therefore, the dynamical properties of ILs in SILMs
cannot be obtained from studies of the bulk liquid.29 Thus,
measurements of molecular interactions and dynamics in
SILMs are important for developing an understanding of
SILMs for technological applications.
In this study, the orientational and structural dynamics were
investigated using PSPP and 2D IR spectroscopies applied to
SILMs containing 13CO2, which were prepared with EmimNTf2
and poly(ether sulfone) (PES) membranes. Although the same
SILM was previously examined with SeCN− vibrational probe
due to the ease of sample preparation,29 CO2 is the relevant
solute for investigating SILMs for CO2 capture. Unlike SeCN−,
13
CO2 in the SILM samples existed in two distinct ensembles,
that is, in the IL and in the polymer itself. Two well resolved
CO2 asymmetric stretch bands were observed in the Fourier
transform infrared (FT-IR) spectrum of the SILM sample. The
blue-shifted (higher frequency) band is the same as observed in
the bulk RTIL. The CO2 observed in the additional (lower
frequency) band in the membrane polymer exhibits very
diﬀerent behavior from the ensemble in the IL phase. The
dynamics of the CO2 ensemble in the polymer are much slower
than they are in the IL in the SILM, which in turn are slower
than the dynamics in the bulk IL.
The PES membrane used in this study has very large pores,
with the average pore size of ∼350 nm.29 The fact that both the
CO2 and SeCN− vibrational probes report on substantial
slowing of the RTIL dynamics in such large pores is
remarkable. For example, water in nanoscopic conﬁnement in
systems, like AOT reverse micelles, has bulk-like water behavior
away from the interface once the diameter is greater than ∼5
nm.30,31 Moreover, pulsed ﬁeld gradient NMR study found that
the diﬀusivities of CO2 and IL decrease under condition of
nanoconﬁnement in KIT-6 silica that has pore size of 8.5 nm,
compared to the bulk condition.19 The results presented here
show that pore interface in SILMs produces long-range IL
structuring that is diﬀerent from the bulk IL structure. The
change in IL structure in the pores and the slowing of the
observed dynamics suggests that CO2 translational diﬀusion
will also be slowed. The translational diﬀusion coeﬃcient of
CO2 in the pores, which is directly connected to the SILM’s
performance, was estimated using the complete orientational
relaxation time measured by PSPP and the Stokes−Einstein
(SE) equation.32,33

2. EXPERIMENTAL PROCEDURES
2.1. Sample Preparation. EmimNTf2 was purchased from Iolitec
and stored in a nitrogen glovebox after drying under vacuum (∼100
mTorr) at ∼65 °C. Isotopically labeled 13CO2 (<99% isotopic purity)
and poly(ether sulfone) membrane (Supor 200), abbreviated as
PES200, were purchased from Icon Isotopes and Pall corporation,
respectively. To prepare the SILM sample with 13CO2, a piece of
PES200 was soaked in EmimNTf2 overnight. After the wet PES200
was wiped with lens tissues to remove excess EmimNTf2 on its surface,
it was transferred to a vial that had a cap with rubber septum. The air
inside the vial was pumped out for 20 min and then, 13CO2 gas was
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pulse), which also acts as the local oscillator (LO) used for heterodyne
detection of the signal.
In the PSPP measurements, the probe polarization was horizontal
(in the plane of the optical table) and the pump polarization was at
45° with respect to the probe pulse. After the sample, a polarizer
mounted in a computer controlled rotation stage alternately resolved
the probe pulse at +45° (parallel to the pump) and −45°
(perpendicular to the pump) relative to the incident polarization
(horizontal). Since the response of the spectrograph grating is
polarization-dependent, another horizontal polarizer was placed in
front of the spectrometer’s entrance slit to ensure that there is no bias
in the detection of the polarizations. The collected probe signals
parallel, S∥(t), and perpendicular, S⊥(t), to the pump were used to
obtain the population relaxation P(t) and the second Legendre
polynomial orientational correlation function C2(t) using37

S (t ) = P(t )[1 + 0.8C2(t )]

(1)

S⊥(t ) = P(t )[1 − 0.4C 2(t )]

(2)

From these, the population relaxation is given by
P(t ) =

1
[S (t ) + 2S⊥(t )]
3

(3)

The anisotropy, r(t), is the transition dipole orientational
correlation function (the second Legendre polynomial correlation
function, C2(t) = ⟨P2(μ̂ (t)·μ̂ (0))⟩), scaled by 0.4.

r(t ) =

S (t ) − S⊥(t )
S (t ) + 2S⊥(t )

= 0.4C 2(t )

Figure 1. Background-subtracted FT-IR of 13CO2 in (A) SILM, bulk
EmimNTf2, (B) PES200, and PES200 ﬁlled with mineral oil. The
spectrum in red is obtained by subtracting the spectrum in bulk
EmimNTf2 from the SILM spectrum.

(4)

In the 2D IR vibrational echo experiments, three excitation pulses 1,
2, and 3 impinge on the sample with controllable time delays, τ (delay
between 1 and 2 pulses) and Tw (delay between 2 and 3 pulses). In
eﬀect, pulses 1 and 2 label the initial frequencies of the 13CO2
asymmetric stretch vibrational oscillators. After the system evolves
during Tw, pulse 3 generates the vibrational echo signal, reading out
the ﬁnal frequencies of the vibrational oscillators. To carry out the
polarization selective measurements, the polarization of both excitation
pulses 1 and 2 was set to 0° and 90° relative to the probe polarization
(horizontal) in the ⟨XXXX⟩ (parallel) and ⟨XXYY⟩ (perpendicular)
conﬁgurations, respectively, using a polarizer and half-wave-plate. The
resolving polarizer after the sample is ﬁxed to horizontal and is not
changed for either polarization conﬁgurations. The 2D IR spectrum
consists of the ωm (vertical) and ωτ (horizontal) axes and requires two
Fourier transforms to obtain the frequency domain spectrum. The ﬁrst
Fourier transform yields the ωm axis experimentally by resolving the
frequencies of echo/LO pulse via the spectrograph, that is, the time
domain pulse is taken into the frequency domain. Scanning τ in the
experiments produces an interferogram at each ωm because the echo
signal moves in phase relative to the ﬁxed in time LO. The numerical
Fourier transform of this interferogram for each ωm gives the ωτ axis of
the 2D IR spectrum.
For each Tw, a 2D IR spectrum is collected by scanning τ, and the
spectral diﬀusion is evaluated based on the 2D line shape analysis at
each Tw. The Tw dependent frequency-frequency correlation function
(FFCF) contains the dynamical information on interest. The center
line slope (CLS) method38,39 was employed to obtain the normalized
FFCF (CLS(Tw)) from the 2D IR spectra. A plot of the CLS vs Tw is
the normalized Tw-dependent portion of the FFCF. Given the
CLS(Tw) and the linear absorption spectrum, the full FFCF including
the homogeneous component can be determined.

intense peak at 2271 cm−1 along with the 2276 cm−1 peak
observed in the bulk IL. The red curve in Figure 1A is the
remaining spectrum after subtracting the scaled bulk IL CO2
spectrum (blue) from the total spectrum (black). This
additional feature that is not present in the bulk IL or
SeCN− in the SILM is assigned to 13CO2 in the polymer itself.
The amplitude ratio of the two large peaks in the SILM
spectrum varies with sample in a range of 0.4 to 0.6. In addition
to the two major peaks, there is a small sideband at 2266 cm−1
which is a hot band arising from the combination of thermally
excited bend and the asymmetric stretch modes of 13CO2 in the
polymer. On the red side of the hot band, there is a very weak
transition attributed to a small amount of 13C18O2 in the 13CO2
gas. Both features were also observed in the bulk IL.24
Figure 1B conﬁrms that the additional peak at 2271 cm−1
arises from 13CO2 in the polymer. The black spectrum is 13CO2
in the membrane with no IL ﬁlling the pores. The rotational
spectrum of gas phase 13CO2 in the empty pores is evident in
addition to the peak at 2271 cm−1. The rotational spectrum
disappears when the pores are ﬁlled with mineral oil as
displayed in Figure 1B (blue spectrum). Because 13CO2 is
essentially insoluble in mineral oil, it only exists in the polymer
phase of the membrane with its pores ﬁlled with mineral oil.
The blue spectrum is identical to the subtracted spectrum in A,
which is reproduced as the red spectrum in Figure 1B.
Therefore, in the SILM, CO2 not only dissolves in the IL in the
pores but also in the PES polymer. When SeCN− is dissolved in
the SILM, there is a single peak, corresponding to SeCN− in
the bulk as an anion will have negligible solubility in the
polymer. In contrast to SeCN−, CO2 is not charged or polar
and can occupy free volume in the polymer that makes up the
membrane.
The observation of carbon dioxide trapped in the nonporous
domain of the membrane is not surprising; dense nonporous
polymeric membranes have been used for gas separation

3. RESULTS AND DISCUSSIONS
3.1. Linear IR Absorption Spectra. Figure 1A displays the
IR absorption spectrum of 13CO2 in the SILM (black) and
13
CO2 in the bulk IL (blue). 13CO2 in the bulk IL has its
asymmetric stretch at 2276 cm−1. SeCN− in the PES200 SILM
with the same IL previously showed a single peak as in its bulk
sample.29 However, 13CO2 in the SILM has an additional
11224
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applications.40 The gas transport mechanisms involved in the
separation processes in the nonporous membranes is described
by a solution-diﬀusion mass transfer model.40 In this model, gas
transport through polymer proceeds with three steps: (1)
preferential gas sorption on the feed side of the membrane, (2)
diﬀusion through the membrane driven by the concentration
gradient or partial pressure diﬀerence, and (3) gas desorption
on the far side of the membrane. Therefore, the product of
solubility and diﬀusivity determines the permeability that is a
measure of the membrane’s ability to permeate a gas. In
general, the solution-diﬀusion model is also applied to the
liquid membranes including SILMs that are prepared with the
porous membranes.17 Thus, the PES SILM studied here can
have two transport phases consisting of the IL in the pores and
the polymer membrane (backbone) phase. The solutiondiﬀusion process can occur through both phases. However, as
shown below, CO2 dynamics in the SILM is so much faster in
the IL than in the polymer that transport through the polymer
should make a negligible contribution to the overall transport
through the SILM.
The spectrum of 13CO2 in the SILM pores is identical to its
spectrum in the bulk within experimental error. The average
pore size of PES200 was measured to be ∼350 nm with a broad
distribution although the nominal pore size speciﬁed by the
manufacturer is 200 nm.29 Because the pores are so large, a
negligible fraction of the CO2 will be in contact with pore walls.
The absorption spectrum is sensitive to the relatively local
interactions between the IL and CO2. The fact that the
spectrum of 13CO2 in EmimNTf2 in the membrane pores is the
same as it is in the bulk IL, within experimental error, indicates
that the local structure of the IL in the pores is little diﬀerent
from its structure in the bulk liquid. Compared to other
nanoconﬁned systems, such as H2O in AOT reverse micelles in
which bulk-like spectra occur away from the interface for water
nanopools diameters greater than ∼5 nm,30,31 the pore
dimension of PES200 are very large. Therefore, it is not
surprising that the spectra of CO2 in the bulk IL and in the
membrane are the same. However, as shown below, the
dynamics of the IL and CO2 in the SILM pores are very
diﬀerent from those in the bulk liquid.
In the SILM sample, the asymmetric stretch band of 13CO2
in the supporting membrane phase is red-shifted by 6 cm−1
from that in the IL phase. Previously, it was observed that the
same 13CO2 band in the nonpolar solvent, n-hexadecane, is redshifted by 7 cm−1 from that in the bulk EmimNTf2.26 The 6
cm−1 red shift in the supporting membrane phase, which is
comparable to the 7 cm−1 red shift in n-hexadecane, suggests
that poly(ether sulfone) provides CO2 molecules with nonpolar
environment. However, the full-width at half-maximums
(fwhm’s) are not the same. A Voigt ﬁt to the asymmetric
stretch bands of 13CO2 in the supporting membrane phase
yields a fwhm of 5.1 compared to 7.7 cm−1 in n-hexadecane,
suggesting a relatively narrower range of environments in the
polymer than in the alkane.
3.2. PSPP Measurements: Population Dynamics.
Figure 2 displays the population relaxation of the asymmetric
stretch of 13CO2 in the IL in the membrane pores (blue points)
and in the membrane polymer (red points). Both curves ﬁt well
to a single exponential function when the ﬁts are begun at t =
50 ps. The results are 61 ± 2 ps for 13CO2 in the IL in the pores
(2277 cm−1 band) and 54 ± 2 ps for 13CO2 in the membrane
polymer (2271 cm−1 band). The error bars come from the
variations in the results of a number of data sets taken on

Figure 2. Population decay curves of the asymmetric stretch of 13CO2
in the IL (2277 cm−1 band) and supporting membrane phases (2271
cm−1 band) of the SILM sample. The solid curves are the kinetic
model ﬁt described in ref 22.

diﬀerent samples. The decay constant in the bulk IL starting at
50 ps is 64 ± 2 ps,24 which is within the error bars for 13CO2 in
the IL in the membrane pores. The time constant for
vibrational relaxation is sensitive to the immediate environment
of the vibrational chromophore. Vibrational relaxation requires
the energy in the initially excited mode to ﬂow into a
combination of lower frequency modes that conserve
energy.41,42 Generally, these will be a combination of
intramolecular modes and one or modes of the bath continuum
of low frequency intermolecular modes.41 Then the diﬀerence
in the lifetime for 13CO2 in the IL and in the polymer is caused
by diﬀerences in the local environments, which will have a
diﬀerent distribution of intermolecular modes and diﬀerent
couplings between the initially excited asymmetric stretch and
the bath modes.
When the single exponential ﬁts obtained at t > 50 ps for
both 13CO2 in the IL and in the polymer are extended back to t
= 0, the curves are above the short time data. This behavior has
been observed previously for 13CO2 in bulk EmimNTF2.24 As
shown in Figure 1A, to the red of the main bands is a hot band
that is the result of the thermal population of the bending
modes. When a bending mode is thermally populated, the
frequency of the stretch is shifted to the red (combination band
shift). The bandwidth of the IR pulses is substantially larger
than the diﬀerence in frequency between the stretch and the
combination band, so the excitation pulses populates both
modes. When the thermally excited bend relaxes to the ground
state, population is transferred from the combination band to
the stretch band. When a bend becomes thermally excited,
population is transferred from the stretch band to the
combination band. However, the combination band has a
larger transition dipole than the stretch.24 Therefore, the small
combination band is over populated relative to the thermal
equilibrium ratio of populations, and there will be a net ﬂow of
population from the combination band to the stretch band.
After several bend lifetimes, the excited state populations of the
two bands will be in their thermal equilibrium ratio. After that,
population exchange will continue, but it will not inﬂuence the
long time (>50 ps) exponential lifetime decay of the stretch
band.
In addition to inﬂuencing the population decays, population
exchange between the hot band and the stretch band produces
oﬀ-diagonal peaks that grow in with the bend lifetime.24 This
process has been discussed in detail for 13CO2 in the bulk IL.24
The only diﬀerence here is that there are two sets of oﬀ11225
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diagonal peaks, one set involving the 13CO2 in the IL in the
membrane pores and the other set involving the 13CO2 in the
membrane polymer. Within experimental error, the bend
lifetimes in both membrane environments are the same as
found in the bulk IL, 13 ps. This very low amplitudes oﬀdiagonal peaks do not inﬂuence the analysis of the diagonal
peaks to give the time dependence of the spectral diﬀusion and
the FFCF.
Within the experimental error, the 13CO2 asymmetric
stretching mode lifetime is the same in the IL in the membrane
pores as it is in the bulk IL. The lack of change in the
vibrational lifetime in the SILM pores was also observed in the
study of the same SILM with SeCN− as the vibrational probe.29
As discussed brieﬂy above, vibration relaxation is very sensitive
to the local environment. The fact that the vibrational lifetimes
are the same in the bulk and in the pores for two vibrational
probes indicates that there is no substantial change in the
structure of the IL surrounding the probes.
3.3. PSPP Measurements: Reorientation Dynamics.
The anisotropy data from the PSPP measurements were
utilized to determine the orientational relaxation of the 13CO2
(see eq 4). Figure 3 presents the anisotropy decays of 13CO2 in

pores and the bulk sample, indicating that there is complete
orientational relaxation. In contrast, for 13CO2 in the polymer
of the SILM, an oﬀset is necessary in their ﬁts because the time
range in which the data can be collected is limited by the
vibrational lifetime and is not long enough to determine the
complete anisotropy curve. It is diﬃcult to determine the oﬀset
level in the ﬁt, which results in a large error in the longest time
constant, t3. If the oﬀset is ﬁxed to 0 in the ﬁt, the ﬁrst two time
constants do not change, but t3 becomes very long, well outside
the experimental range but has a smaller error because the long
time constant and the oﬀset do not play oﬀ against each other.
As will be discussed below, the 2D IR experiments suggest that
the 13CO2 ensemble in the polymer is unlikely to undergo
complete orientational randomization. The 2D IR data led to
ﬁtting the anisotropy data from the membrane phase with a
triexponential decay with an oﬀset. With either ﬁtting
procedure, it is clear that the ﬁnal complete orientation
relaxation either does not occur or it is exceedingly slow.
As depicted in Figure 3, the anisotropy decays of 13CO2
slows down in the IL in the pores and in the polymer. In going
from the bulk sample to the IL phase in the SILM, the longest
time constant, t3, changes from 51 to 90 ps while the ﬁrst two
time constants, t1 and t2, remain unaﬀected within experimental
error.
The triexponential anisotropy decays in EmimNTf2 for both
the bulk and in the IL in the SILM samples, after the inertial
drop, can be interpreted as two sequentially restricted angular
diﬀusions (wobbling-in-a-cone) followed by complete orientational randomization of the 13CO2.44−47 Using the standard
approach (wobbling analysis),44,45,48,49 the cone angles are
retrieved from the amplitudes of the exponential terms in the
anisotropy decay, and the correlation times are given by τc1 = t1
for the ﬁrst cone, τc2 = (1/t2 − 1/t3)−1 for the second cone, and
τm = t3 for the complete orientational randomization. The
orientational diﬀusion constants for each cone are calculated
based on both cone angle and correlation time.44 The inertial
cone angle is recovered from the extent of the initial drop, but
its time dependence cannot be resolved. The resulting
parameters from the wobbling analysis are tabulated in Table
2. The inertial cone angle of the IL phase in the SILM sample is
somewhat smaller than that in the bulk sample. The local IL
structure in the SILM allows 13CO2 to have smaller space
available for ballistic inertial motion than in the bulk sample.
This is an indication that the IL structure surrounding the
13
CO2 is not identical to the bulk liquid, in contrast to the
spectra and lifetimes, which were not changed within
experimental error. The second cone angle in the pores is
also slightly smaller compared to the bulk sample whereas the
ﬁrst cone angles in the both samples are almost the same. The
decrease in both inertial and second cone angles of the SILM
sample leads to the decrease in the total cone angle that is
sampled prior to the complete orientational randomization.
However, the overall diﬀerences in the cone angles between the
bulk and SILM samples are small; there is only subtle change in

Figure 3. Anisotropy decay curves of 13CO2 in the bulk EmimNTf2
and the IL and supporting membrane phases of SILM. The solid
curves are triexponential ﬁts to the data.

the bulk EmimNTf2, in the IL in the SILM pores, and in the
membrane polymer. The data were taken at the center
frequency of each of the asymmetric stretch bands. All of the
anisotropy decays in Figure 3 begin with initial values less than
the maximum anisotropy value, 0.4, when the data are
extrapolated back to t = 0. This initial drop from 0.4 is caused
by ultrafast inertial orientational motion that occurs on a faster
time scale than the time duration of the overlapped pulses and
cannot be resolved.43 The diﬀerence between 0.4 and the t = 0
value gives information on the extent of inertial orientational
motion. After the initial drop, the anisotropy curves are ﬁt well
by triexponential decays (Figure 3), and their ﬁt parameters are
summarized in Table 1. No oﬀsets are needed in the ﬁts of the
anisotropy decays for the 13CO2 in EmimNTf2 in the SILM

Table 1. Parameters from the Triexponential Fits to the Anisotropy Decays

a

sample

A1a

t1 (ps)

A2a

t2 (ps)

A3a

t3 (ps)

oﬀset

bulk
SILM (pore)
SILM (polymer)

0.11 ± 0.01
0.13 ± 0.01
0.10 ± 0.01

0.9 ± 0.1
0.6 ± 0.1
0.6 ± 0.1

0.08 ± 0.01
0.08 ± 0.01
0.03 ± 0.01

6.5 ± 0.7
7.5 ± 0.9
6.1 ± 0.6

0.12 ± 0.01
0.14 ± 0.01
0.10 ± 0.03

51 ± 1
90 ± 2
309 ± 119

0
0
0.12 ± 0.03

Ai is the amplitude of each exponential.
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Table 2. Parameters from Wobbling Analysis
sample

θin (deg)a

θc1 (deg)b

θc2 (deg)b

θtot (deg)c

τc1 (ps)d

τc2 (ps)d

τm (ps)d

Dc1 (10−2 ps−1)e

Dc2 (10−2 ps−1)e

bulk
SILM (pore)

22.5 ± 1.5
16.6 ± 2.7

30.3 ± 0.9
31.5 ± 1.3

33.3 ± 0.8
30.4 ± 0.7

48.7 ± 0.5
45.5 ± 0.4

0.9 ± 0.1
0.6 ± 0.1

7.4 ± 0.9
8.2 ± 1.1

51 ± 1
90 ± 2

8.2 ± 1.4
12.9 ± 2.3

1.2 ± 0.1
0.9 ± 0.1

The inertial cone angle. bθc1 and θc2 are the ﬁrst and second diﬀusive cone half angles. cThe total cone half angle accounting for all three cones. dτc1,
τc2, and τm are the decay times associated with the ﬁrst and second diﬀusive cones and the ﬁnal free diﬀusion, respectively. eDc1 and Dc2 are the ﬁrst
and second cone diﬀusion constants.
a

with anions in the IL65,66 whereas SeCN− is an anion, probably
interacting more strongly with cations in the IL.
To qualitatively address the extent of the slowing of the IL
rearrangement experienced by CO2 in the SILM, an “eﬀective
viscosity” can be determined. With the reasonable assumption
that the shape and volume of CO2 does not change when
conﬁned in the SILM, τm only depends on the viscosity
according to the DSE equation. However, the alkyl chain length
dependent experiments with the 13CO2 vibrational probe found
that τm does not perfectly follow the bulk viscosity changes.26
To compensate for this diﬀerence, a correlation plot of τm
measured in diﬀerent IL versus the bulk viscosity of each IL was
ﬁt with linear functional form to obtain the empirical
relationship. Then, the eﬀective viscosity experienced by CO2
in the SILM can be obtained using τm of the SILM sample and
the empirical functional form. The calculated eﬀective viscosity
in the SILM is 117.0 cP which is close to the bulk viscosity of
DmimNTf2 (134.4 cP).26 The viscosity of bulk EmimNTf2 is
36.3 cP. The eﬀective viscosity of the IL in the pores is ∼3
times greater than the bulk viscosity. This increase in the
viscosity is quite remarkable because CO2 is in the same IL in
both bulk and SILM samples and only diﬀerence is the
presence of polymer interface in the SILM sample. The longrange IL ordering eﬀect caused by the pore interfaces
substantially inﬂuences the global IL dynamics.
3.4. 2D IR Measurements: Spectral Diﬀusion and
Structural Dynamics. 2D IR spectroscopy measures structural evolution of a system by reporting on the spectral
diﬀusion of a vibrational probe that senses the dynamics of
surrounding liquid structures. The vibrational probe molecules
will experience diﬀerent interactions with their surroundings
because of the inhomogeneity in the liquid structures, giving
rise to the inhomogeneous broadening of the vibrational
absorption line. Spectral diﬀusion provides information on how
long it takes the probe molecules to sample all the frequencies
in the inhomogeneously broadened line, i.e., all the liquid
structures that contribute to inhomogeneous broadening of the
absorption spectrum. The amplitudes and time scales of the
spectral diﬀusion can be quantiﬁed through the FFCF, which is
the probability that a vibrational oscillator with an initial
frequency in the inhomogeneous spectral distribution will have
that same frequency at a later time, averaged over all initial
frequencies. The FFCF is modeled with a multiexponential
form

the local environment experienced by 13CO2. Within the error
bars, the time constants for the ﬁrst and second cones are very
close for the two samples, and thus, given the small changes in
the cone angles, the diﬀusion constants are similar. The
similarities in the cone angles, correlation times, and diﬀusion
constants reﬂect that the local environments around 13CO2 are
very similar in the pores and bulk sample. This is consistent
with the previous results, using SeCN− as the probe, that the
local IL structure is essentially unaﬀected by conﬁnement in the
pores of the PES200 membrane.29
Unlike the wobbling-in-a-cone, the time constant for the
complete orientational randomization, τm, increases from 51 to
90 ps in going from the bulk to the SILM sample, revealing
signiﬁcant slowdown. (The diﬀusion constant is Dm = 1/6τm.)
In the previous study, it was found that τm of 13CO2 in the bulk
EmimNTf2 agrees well with the orientational diﬀusion time
constant calculated from the Debye−Stokes−Einstein (DSE)
equation under the slip boundary conditions.25 In addition, τm
increased in proportion to the viscosity of the bulk IL as the
alkyl chain of the cation of the IL became longer.26 This
suggests that the rearrangement of global IL structure is
necessary for CO2 to undergo the complete orientational
randomization and for the bulk ions to move out of the way.
Therefore, the increase of τm in the SILM sample suggests that
the global IL structure is substantially inﬂuenced by the
conﬁnement in the membrane pores.
The conﬁnement eﬀects on the IL in the PES200 membrane
as shown through the deviation from the bulk liquid dynamics
were unexpected because the pore size is very large compared
to the sizes of other systems where nanoconﬁnement strongly
aﬀects liquid dynamics.30,31,50−52 The IL structure at surfaces
and interfaces has been of great interest recently, and it is
commonly accepted that the interactions with interfaces can
aﬀect the ordering of cations and anions within a few
nanometers from interfaces.53−59 However, this picture has
been challenged by recent experimental and theoretical studies
which indicate that ILs can form ordered structures distinct
from the bulk over much large distances from an interface.60−63
In line with these recent studies, our results provide substantial
evidence that the poly(ether sulfone) interface can inﬂuence
the global IL structure over a large distance.
The slowdown of complete orientational relaxation in the
SILM was also observed with SeCN− as the vibrational probe.
In going from the bulk EmimNTf2 to the same SILM studied
here, τm of SeCN− increased from 136 to 512 ps.29 This 3.8fold increase is substantially larger than 1.8-fold increase
observed here for CO2. The similar trend also can be found in
alkyl chain length dependence of τm. As the IL changed from
EmimNTf2 to DmimNTf2 (1-decyl-3-methylimidazolium bis(triﬂuoromethylsulfonyl)imide), τm increased by a factor of 3.6
for SeCN− and 1.8 for CO2.26,27 The carbon dioxide molecule
is relatively small and is known to occupy empty cavities in the
IL.64 In addition, CO2 is a neutral molecule, mainly interacting

C(t ) = ⟨δω(t )δω(0)⟩ =

∑ Δi2exp(−t /τi)
i

(5)

where Δi and τi are the frequency ﬂuctuation amplitudes and
associated time constant, respectively, for the ith component.
δω(t) = ω(t) − ⟨ω⟩ is the instantaneous frequency ﬂuctuation,
where ⟨ω⟩ is the average frequency. A component of the FFCF
is motionally narrowed if Δτ < 1, and then its Δ and τ cannot
be determined separately. The motionally narrowed component contributes to the homogeneous broadening of the
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spectral diﬀusion. Note that the spectra are normalized to the
highest amplitude contour. In Figure 4B, the IL band has
become relatively higher in amplitude because it has a longer
lifetime. At very long time, the IL band is larger in amplitude
than the polymer band.
As discussed in the Experimental Procedures, 2D IR
experiments were performed in ⟨XXXX⟩ (parallel) and
⟨XXYY⟩ (perpendicular) polarization conﬁgurations. It was
recently observed that the CLS decays obtained with these two
polarization conﬁgurations are not necessarily the same,
demonstrating that, in certain cases, structural ﬂuctuations of
the sample medium do not entirely determine the frequency
ﬂuctuations of the vibrational probe.67 The rotation of the
molecule can also play a role. The diﬀerence in the parallel and
perpendicular decay curves was addressed by modeling the
interaction of the vibration with its surroundings as coupling to
electric ﬁelds, Stark eﬀect, produced by the liquid in which the
vibrational probe is embedded. For CO2, the coupling is
through the second order Stark eﬀect.25,67,68 When the ﬁeld
varies on a similar time scale, or slowly, relative to the
orientational relaxation times of the probe molecule, frequency
ﬂuctuations occur due to the probe rotation. Therefore,
reorientation of the probe molecule contributes to spectral
diﬀusion and gives rise to diﬀerent CLS decays for ⟨XXXX⟩ and
⟨XXYY⟩ polarization conﬁgurations.25,67,68 This phenomenon is
referred to as reorientation-induced spectral diﬀusion (RISD),
in contrast to structural spectral diﬀusion (SSD), which arises
solely from structural evolution of the liquid. In general, we are
interested in measuring SSD. Analytical expressions are
available for the RISD contribution. The expressions use the
orientational relaxation measured with PSPP experiments as
their inputs. Therefore, the SSD can be obtained from ﬁtting
the parallel and perpendicular 2D IR data. The second-order
Stark eﬀect RISD theory for CO2 results a further separation of
SSD into the contributions from scalar and vector interactions
of the medium with CO2. A more detailed discussion including
the equations used in the data ﬁtting are presented in
Supporting Information.
Figure 5A shows 2D IR CLS data (points) for both the bulk
sample and the IL in the membrane pores in the ⟨XXXX⟩ and
⟨XXYY⟩ polarization conﬁgurations. The data for each sample
are simultaneously ﬁt with the second-order Stark model
described brieﬂy above. The scalar and vector correlation
functions were modeled with the same functional forms as
previously used for the bulk sample:25,26 a biexponential for the
scalar part and a single exponential for the vector part. The
model ﬁts the data very well, as can be seen in Figure 5A (solid
lines). If single exponentials are used for each term, the model
does not ﬁt the data. In addition, adding more exponentials
does not improve the ﬁt quality and does not result in unique
time constants.
In the SILM sample, ⟨XXXX⟩ CLS curve of IL phase band
(2277 cm−1) showed a small oscillatory feature starting with
growth at short waiting time from 0.3 ps up to 3 ps. The same
feature starting with decay also appeared in its ⟨XXYY⟩ CLS.
(The features are not shown here.) The oscillations in CLS
curves have previously been observed in D2O in RTIL. The
coherent energy transfer between symmetric and antisymmetric
stretch modes of D2O can cause the oscillations in the 2D line
shapes.69 The oscillatory feature observed in the SILM sample
could also indicate the presence of the coherent excitation
transfer, presumably between asymmetric stretch mode of CO2
and its hot band; the beating pattern appears diﬀerently in two

absorption line and has a pure dephasing line width, given by
Γ* = Δ2τ/π = 1/(πT*2 ), where T*2 is the pure dephasing time.
The vibrational lifetime and orientational relaxation also
contribute to the homogeneous broadening through the total
homogeneous dephasing time, T2 which is given by
1
1
1
1
=
+
+
*
T2
2T1
3Tor
T2
(6)
where T1 and Tor are the vibrational lifetime and orientational
relaxation time, respectively. Then, the total homogeneous line
width is Γ = 1/(πT2). As mentioned in the Experimental
Procedures, the FFCF can be extracted from the line shape
analysis of 2D IR spectra, using the CLS method.38,39
Figure 4 presents 2D IR spectra of 13CO2 in the SILM
sample at Tw = 4 and 60 ps. Two diagonal bands are from two

Figure 4. 2D IR spectra of the asymmetric stretch of 13CO2 in SILM.
(A) The spectrum at short waiting time. The bands from both the IL
and supporting membrane phases are elongated along the diagonal,
the dashed line. (B) The spectrum at longer waiting time. The
supporting membrane phase band at 2271 cm−1 is fairly elongated
while the IL phase band at 2277 cm−1 looks almost round. The
spectral diﬀusion is obtained from the change in shape of the spectrum
with Tw.

ensembles of 13CO2 residing in the IL and the polymer that
makes up the membrane. At a short waiting time, Tw = 4 ps
(Figure 4A), both bands are elongated along the diagonal
(dashed white line) because the environment has had little time
to evolve and the vibrational oscillators have frequencies close
to their initial frequencies. However, the extent of elongation
for each band is diﬀerent, with 13CO2 in the polymer having a
higher degree of elongation than that for 13CO2 in the IL in the
membrane pores. At a longer waiting time, Tw = 60 ps (Figure
4B), the shape of IL phase band becomes more round due to
the evolution of IL structures. In contrast, the band shape of the
supporting membrane phase is not very diﬀerent from the
initially elongated shape at Tw = 4 ps, indicating its slow
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the error bars. The similar changes in the τ2 and τ3time scales in
going from the bulk IL to IL in the pores may suggest that both
time constants originate from the same IL motions that can
alter both the magnitude and direction of the solvent’s internal
electric ﬁelds. In contrast, the short scalar correlation time, τ1, is
unchanged in going from the bulk to the pores. This
component was previously observed to display no dependence
on the alkyl chain length of bulk RTILs, which suggests its
insensitivity to the extent of nonpolar aggregation of the IL and
thus, the overall IL structures.26 It may involve very local IL
motions that are not inﬂuenced by either alkyl chain length or
conﬁnement in the membrane pores.
In contrast, it was observed that the two SSD components, τ2
and τ3, are sensitive to the global structures and overall
ﬂuctuations of IL.26 In the CO2 study in the bulk RTILs, τ2 and
τ3 became longer with increasing alkyl chain length of IL. The
chain length dependence in the bulk indicates that the
slowdown in τ2 and τ3 in the SILM sample reﬂects a change
in the global IL structure and their dynamics. The slowing of
the spectral diﬀusion and the slowing of the orientational
relaxation in the SILM relative to the same IL in the bulk
demonstrates that the IL dynamics, and therefore structure, is
signiﬁcantly inﬂuenced by the presence of the pore interface, in
spite of the large pore sizes. The same trend in SSD was
observed for the SeCN− in SILM.29
Although the polarization dependent CLS data allows us to
determine the SSD part of the total FFCF without the RISD
contributions, MD simulations will determine the complete
FFCF without a separation into SSD and RISD components.72
Therefore, the isotropic decay is obtained by taking the parallel
2D spectrum and adding twice the perpendicular spectrum with
the parallel and perpendicular spectra properly normalized. The
resulting isotropic curve, which still contains the RISD
contribution, is useful because it is the CLS that would be
calculated in a molecular dynamics (MD) simulations, which in
general, do not include the polarized radiation ﬁelds. The
isotropic FFCF parameters obtained from the isotropic CLS
decays are given in Table 4.
In contrast to the IL CLS data of the SILM and the bulk, the
membrane phase data did not yield data that is consistent with
the RISD theory. The parallel and perpendicular measurements
on 13CO2 in the polymer did not show the characteristic
behavior in which the perpendicular decay is faster than the
parallel decay. The RISD theory was derived for vibrational
probes that are orientationally distributed randomly relative to
the electric ﬁelds produced by the surrounding medium. If the
CO2 enters the polymer strands with an orientation that is
correlated with the strand topography and it does not undergo
complete rotational relaxation, then it is likely that the CO2 will
not be randomly oriented relative to the polymer produced
electric ﬁeld. This is a situation that is not covered by the RISD
theory. As discussed in connection with the orientational
relaxation of CO2 in the polymer, there is a very slow
component. The slow component is either an oﬀset, which

Figure 5. 2D IR CLS (normalized frequency-frequency correlation
function) decay data of 13CO2 (A) in the bulk EmimNTf2 and IL
phase of SILM (2277 cm−1) from both the parallel and perpendicular
polarization conﬁgurations and (B) in the bulk EmimNTf2 and the IL
(2277 cm−1) and supporting membrane phases (2271 cm−1) of SILM
from the perpendicular polarization conﬁguration. The solid curves are
the second-order RISD ﬁts to the data, except for the supporting
membrane phase data which are ﬁt with biexponential.

polarization conﬁgurations. Another possibility is that there is a
fast rapidly damped physical oscillation of the CO2 relative to
the anions it interacts with. This type of oscillation has been
observed HOD in D2O at very short times (∼100 fs)70 and on
a longer time scale (1.5 ps) for benzonitrile in a metal organic
framework.71 As the oscillation is not observed in the bulk
sample, the second explanation may be correct and indicate a
diﬀerence in the CO2−IL interaction in the membrane pores
compared to the bulk IL. However, the exact origin is unclear.
For this reason, the early time CLS points up to 4 ps were
excluded in the RISD ﬁt for the SILM sample. Since the time
scales of CLS decays are signiﬁcantly longer than that of early
time features, the results from the RISD ﬁt will not be aﬀected.
Table 3 summarizes the SSD parameters obtained from the
second-order Stark model ﬁts, comparing CO2 in the bulk
EmimNTf2 and in the IL phase of SILM sample.
As can be seen in Figure 5A, the CLS decays of CO2 in the
IL phase are substantially slower in the SILM sample. In going
from the bulk to SILM samples, the longer time constant, τ2, in
the scalar correlation function and the vector correlation time,
τ3, increase by a factor of 2 while the shorter time constant, τ1,
in the scalar part remains the same as found for the bulk, within

Table 3. SSD Parameters from RISD Fits Based on the Second-Order Stark Eﬀect Model
Fs, scalar correlation

a

Fv, vector correlation

sample

A1a

τ1 (ps)

A2

IL bulk
IL in pores

0.09 ± 0.02
0.04 ± 0.01

20 ± 5
17 ± 8

0.07 ± 0.02
0.17 ± 0.01

a

τ2 (ps)

A3 a

τ3 (ps)

77 ± 20
143 ± 11

0.36 ± 0.01
0.54 ± 0.01

57 ± 5
113 ± 7

Ai is the amplitude of each exponential.
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Table 4. Isotropic FFCF Parameters
sample

Γ (cm−1)a

Δ1 (cm−1)b

τ1 (ps)c

Δ2 (cm−1)b

τ2 (ps)c

IL bulk
IL in pores

3.2 ± 0.1
2.7 ± 0.2

0.99 ± 0.02
0.98 ± 0.04

7.2 ± 1.2
14.2 ± 1.9

0.95 ± 0.05
1.12 ± 0.06

52 ± 4
82 ± 12

Γ: homogeneous line width (fwhm). bΔi: inhomogeneous line width (standard deviation) of the ith component. cτi: decay time constant of the ith
component.

a

The shape factor, f, is used for the nonspherical diﬀusing
particles and has been theoretically calculated for prolate and
oblate ellipsoids.74 If we assume that none of the molecular
properties change in going from the bulk IL to the IL in the
pores, i.e., the molecular dimensions, the CO2 shape factor,
then the diﬀusion constant in the IL pores is determined by the
ratio of the viscosity for the bulk IL (36.3 cP) and the eﬀective
viscosity determined from the orientation relaxation time for
the IL in the pores (117 cP). The experimental value in the
bulk IL is 5 × 10−6 cm2s−1.75,76 Then, the estimated value for
the IL in the SILM pores is 1.6 × 10−6 cm2s−1.
Although there is no experimentally determined diﬀusion
constant that can be directly compared, the diﬀusivity can be
extracted from the permeability of CO2 measured in the same
SILM. Scovazzo et al. have measured the CO2 permeability
through the SILM prepared with PES200 and EmimNTf2,
using the time-lag method in gas ﬂux experiments.77 Because
the permeability is a product of solubility and diﬀusivity
according to the solution-diﬀusion model,17 the diﬀusivity can
be calculated based on the reported permeability (960 barrers)
and CO2 gas solubility in the bulk EmimNTf2 (0.1 mol/L
atm).77 It should be noted that the CO2 solubility used in this
calculation is for the bulk EmimNTf2, not for the SILM. The
value for the SILM is unavailable in the literature. The
calculated diﬀusivity, 3.2 × 10−6 cm2s−1, is larger than the
diﬀusion constant obtained from the eﬀective viscosity
determined using the orientational relaxation measurements
by a factor of 2. In the permeability experiments, a pressure
gradient is applied across the SILM to drive the diﬀusion of
CO2 in the gas ﬂux measurements.32 The presence of driving
force can accelerate the diﬀusion of CO2, which results in larger
diﬀusion constant. Another possibility is that the CO2 solubility
in the SILM might be larger than that in the bulk IL. A recent
simulation study demonstrated that nanoconﬁnement of IL in
model membranes with very small 2 and 5 nm pores increases
CO2 solubility compared to the bulk IL.78 Although the pore
sizes in the simulation are much smaller than the SILM used in
this study, the solubility could still be aﬀected by the
conﬁnement in the SILM as the CO2/IL dynamics are
inﬂuenced. Nonetheless, both the permeability measurements
and the orientational relaxation measurements indicate that the
translational diﬀusion in the IL in the pores is slower than in
the bulk IL, presumably because of the long-range IL ordering
caused by the pore interface.

means that complete orientational relaxation does not occur, or
it is a very slow component. However, a very slow component,
even if it is much slower than the vibrational lifetime, will still
result in random orientations of the CO2 relative to the
polymer, in which case the RISD theory should work.
Vibrational probes that are coupled to electric ﬁelds by either
ﬁrst or second order Stark eﬀects have displayed the features
described by RISD theory for a wide variety of systems.25−28,67,68 Therefore, it is likely that the CO2 does not
undergo complete orientational relaxation in the polymer.
While RISD theory cannot be applied to separate SSD and
RISD, we can still compare the spectral diﬀusion of CO2 in the
polymer vs the bulk IL and the IL in the membrane pores.
Figure 5B shows the perpendicular data sets for the three
environments, CO2 in the bulk IL, in the IL in the pores, and in
the polymer. The structural dynamics in the polymer is vastly
slower than in either the bulk IL or the IL in the pores. As the
main interest is the diﬀerence in the dynamics in the IL in the
pores vs in the bulk IL, no further analysis of dynamics of CO2
in the polymer will be given.
Comparison of the CO2 SSD for the bulk and IL in the pores
shows that spectral diﬀusion in the pores is substantially slower
than in the bulk. The comparison of the orientational relaxation
displays the same behavior. The interfaces of pores induce the
reconﬁgurations of IL’s global structures, presumably through
the long-range ordering eﬀect, slowing down the dynamics. In
the membrane phase of SILM, the spectral diﬀusion of CO2 is
far slower due to the direct interactions with the polymer.
3.5. Estimate of Translational Diﬀusion in the Pores.
For practical application as a carbon capture material, the ability
of CO2 to diﬀuse through the SILM, that is diﬀusivity, is one of
important factors together with solubility.17 An estimate of the
translational diﬀusion in the pores can be made using the
eﬀective viscosity given above. If the molecular motions are
reasonably hydrodynamic, both rotational and translational
diﬀusion will be governed by the same friction term. In cases
where the solute molecule is relatively small compared to the
solvent, like CO2 in the IL, then both rotational and
translational diﬀusion will have slip boundary conditions rather
than stick. The standard form of the Stokes−Einstein (SE)
equation is for stick boundary conditions and spherical
particles. With slip boundary conditions, diﬀusion occurs
more rapidly than predicted by the standard SE equation.32
The standard SE equation for diﬀusion can be modiﬁed for a
small and nonspherical molecule by including a shape factor
and size factors in the equation.32,33 A modiﬁed SE equation
gives the translational diﬀusion constant as
DT =

kBT
cπrηf

4. CONCLUDING REMARKS
The dynamics of 13CO2 in a SILM prepared with EmimNTf2
and PES200 polymer membranes were investigated by the
polarization selective pump−probe and 2D IR spectroscopies
and compared to the corresponding bulk sample. The FT-IR
spectrum of 13CO2 in the SILM sample showed a bulk-like
absorption bands and an additional band that is red-shifted by 6
cm−1 from the bulk IR absorption spectrum. Since the redshifted band was observed in the 13CO2 samples in PES200
with and without the IL in the pores (Figure 1), the additional

(7)

where kB is Boltzmann’s constant, T is absolute temperature,
and η is the viscosity. r = 3/(4π) × V1/3
eff is the eﬀective radius,
where Veff is the molecular volume. The size factor, c, accounts
the relative hydrodynamic dimensions of the diﬀusing species
and solvent and can be derived from the microfriction theory.73
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necessarily be predicted from the bulk IL. Then, fundamental
understanding of molecular interactions of RTILs and their
dynamics in SILMs is important for developing SILMs for
application in CO2 capture.

features in the SILM sample can be assigned to the CO2 in the
polymer that makes up the membrane. The population data
analysis found that the lifetimes of asymmetric stretch mode are
the same in the bulk IL and in the IL in the SILM pores but the
lifetime is shorter in the polymer. The facts that the 13CO2
spectra and the lifetimes in the bulk IL and the IL in the pores
are the same, demonstrate that there is no major diﬀerence in
the very local environment surrounding the 13CO2.
The orientational relaxation anisotropy decays showed
substantial diﬀerences between the bulk IL and IL in the
membrane samples. For the CO2 in the IL phase in the bulk
and SILM samples, the anisotropy decays were analyzed by the
wobbling-in-a-cone model. While the half angles and time
constants for two wobbling cones were similar in the bulk and
pores, the complete orientational relaxation time increased by a
factor of ∼2 in going from bulk to SILM. The eﬀective viscosity
that CO2 experiences in EmimNTf2 conﬁned in the SILM pore
was found to be 117.0 cP compared to the bulk viscosity of 36.3
cP. The translational diﬀusion constant of CO2 in SILM was
found approximately using the eﬀective viscosity. The value of
1.6 × 10−6 cm2s−1 is approximately a factor of 3 smaller than
the value in the bulk.
The slowing of the dynamics in SILM was also demonstrated
by polarization selective 2D IR experiments. Like the
anisotropy decays, the fastest components of the spectral
diﬀusion in the bulk IL and in the IL in the pores are the same
within error. However, the slower two components are slower
in the pores than in the bulk by a factor of ∼2. Both the
anisotropy data and the 2D IR data taken on the absorption
band corresponding to CO2 in the polymer show dramatic
slowing compared to CO2 in the IL. Given that the polymer is a
solid, this is not surprising. Experiments that cannot
discriminate between CO2 in the IL in the pores and in the
polymer may need to consider that there are two distinct
subensembles of CO2 in the membrane that have very diﬀerent
dynamics.
CO2 in the PES200 SILMs like a previous study of SeCN− in
the same SILM29 shows that the inﬂuence of conﬁnement in
the pores is signiﬁcant. The pores in these membranes have an
average diameter of ∼350 nm.29 This diameter is large,
approaching macroscopic size. Other types of liquids in pores
of this size would not show conﬁnement eﬀects. Only
molecules very near the interface would be aﬀected. These
experiments and other experiments53,54,56,57,59−62 and simulations55,58,63 show that the interactions of an IL with an
interface are very diﬀerent from those of other liquids. ILs in
the bulk always show charge ordering. The inﬂuence of the
interface may be to produce charge ordering at the interface
that is very diﬀerent from that found in the bulk. Then strong
Coulomb interactions among the ions apparently propagate this
structural diﬀerence over long distances. Understanding how
interfaces inﬂuence the structure and dynamics of ILs is an
interesting and important topic.
Finally, the main purpose of SILMs is to capture CO2. For
practical applications, CO2 selectivity and transport rate are
important for the performance of a SILM. Then, the properties
of both RTILs and supporting membranes must be tested and
optimized. The results presented here demonstrate that the
dynamics of ILs conﬁned in SILMs are diﬀerent from those
found in the bulk IL. Long-range ordering eﬀect near the
interfaces can slow down the structural dynamics of IL and,
therefore, the orientational and translational diﬀusions of CO2.
The properties and dynamics of ILs in SILMs cannot
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