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A B S T R A C T

In-situ observations of normal CO2 (nCO2) absorption and desorption were carried out on hydrophobic quaternary
ammonium ionic liquids (ILs). Time-resolved mass transfer was directly monitored under a nCO2 flow. Under the
nCO2 atmosphere, the rhythmic mass fluctuation of nCO2 was observed in pure N-trimethyl-N-butylammonium
bis(trifluoromethanesulfonyl)imide, [N4111][TFSI], in which nCO2 capture was found to be enhanced by the use
of a 2-propanol. Surface structures of IL-propanol solutions were examined via X-ray and neutron reflectivity
measurements. The complicated surface structures of the [N4111][TFSI]-propanol system were clarified in both
air and nCO2 via the complementary use of X-ray and neutron measurements, whereby the nCO2 capture in the
ILs was found to be influenced by the surface structures.

© 2018

1. Introduction

CO2 capture has been investigated as a solution by which to resolve
the global warming of the Earth's surface and atmosphere. Currently,
to overcome the problem, many research studies are underway on cap-
ture of CO2 by ionic liquids (ILs). A milestone in IL-driven CO2 capture
research was the high physical sorption of supercritical CO2 (scCO2) at
high temperature and high pressure by the IL, 1-butyl-3-methylimida-
zolium hexafluorophosphate, [C4mim][PF6] [1], where the scCO2 ab-
sorption properties were exhibited in the P-T phase diagram of the ma-
terial. Many theoretical [2–10] and experimental [11–21] studies have
been carried out on CO2 capture using ILs. The cation and anion ef-
fects of CO2 capture have been examined for a long time. A series of
studies on CO2 capture using ILs have been summarized in the litera-
ture [22–25]. In terms of industrial applications, in addition to the abil-
ity to capture CO2, gas selectivity is also important [22]. Systematic
measurements can distinguish the specific ILs that have high CO2 ab-
sorption. The features of ILs were characterized by the commonly se-
lected bis(trifluoromethylsulfonyl)imide, [TFSI]−, anion [22]. In early
CO2 capture studies, the scCO2 capture system was mainly optimized. In
contrast, in reality, normal CO2 (nCO2) is captured. Using polymerized
ILs, the reversible and fast sorption and desorption of nCO2 has been
reported [13]. For actual industrial applications, a nCO2 capture sys-
tem without pressing and heating devices is indispensable for cost-cut-
ting and downsizing purposes. Cost for CO2 capture was evaluated pre
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cisely [24,26,27]. In addition to the physical sorption, chemical sorp-
tion was used for the commercial CO2 capture. Recently, considering
low cost and simplicity, IL-assisted carbon fiber was designed [28].

The surface structures of ILs have been investigated experimentally
by carrying out X-ray reflectivity (XRR) [29–31] and neutron reflec-
tivity (NR) [32] measurements. Alkyl chain ordering on the surface
of 1-alkyl-3-methylimidazolium, [Cnmim]+ was determined [29]. Some
models of the surface structures of the IL array were proposed consider-
ing the surface-normal electron density profiles [30]. One of the mod-
els suggested that a densely packed tail array of [C4mim]+ cation is
formed. Very recently, the in-situ observation of NR under an electric
field was carried out to determine the relationship between the elec-
trochemical properties and structure of the electric double layer (EDL)
of 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide,
[C4mpyr][TFSI] [32]. It was found that excess [C4mpyr]+ cations were
formed at the interface.

As an additive effect, an isomer effect of propanol has been ob-
served in ILs [33–36]. During desorption under vacuum, the molecu-
lar interactions between the ILs and propanol were estimated accord-
ing to the desorption time [33]. 1-Propanol was found to have stronger
interactions with the ILs compared with those of 2-propanol. A signif-
icant finding from Raman spectroscopic studies was that the propanol
isomer effect has some connection to the conformations of the [TFSI]−
anion, which has two stable conformers; one cis (C1) and the other trans
(C2) [37,38]. To clarify the isomer effect on the molecular level, sys-
tematic experiments were carried out on [Cnmim][TFSI] (2 ≤ n ≤ 10)
[34]. Binary phase diagrams indicate that the interaction between the
ILs and 1-propanol are quite different from those between the ILs and
2-propanol. From Raman spectroscopic measurements, it was found
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that the stability of the C1 and C2 conformers originates from com-
petition between the alkyl chain length of the [Cnmim]+ cation and
the propanol isomer effect. The idea of using the interaction-tunable
propanol isomer effect was then applied into an EDL capacitor [35].
Using porous electrodes, large capacitance was achieved in the
propanol-rich region. In AC impedance spectroscopic measurements, an
obvious isomer effect was observed to have an effect on the electro-
chemical properties and the 2-propanol mixture was found to have a
longer relaxation time. Furthermore, nCO2 capture using quaternary am-
monium ILs has been found to be influenced by the isomer effect of
propanol [35]. Highly efficient nCO2 capture was achieved in a quater-
nary ammonium-based system, where the use of a N-trimethyl-N-buty-
lammonium bis(trifluoromethanesulfonyl)imide, [N4111][TFSI],
−2-propanol system results in the highest nCO2 capture.

In this study, the nCO2 sorption and desorption processes of quater-
nary ammonium ILs were examined. By carrying out in-situ mass trans-
fer observations alongside XRR and NR measurements, the amount of
nCO2 captured at room temperature under ambient pressure was found
to be connected to the surface structures of the ILs. The surface states
and propanol isomer effect are key to interpreting the reasons for high
nCO2 absorption in the propanol-rich region, which is desirable for cut-
ting costs in industry.

2. Materials and methods

Hydrophobic ILs featuring the [TFSI]− anion were used in this study
to prevent water contamination from atmospheric moisture. Solubility
of hydrophobic ILs and water was examined systematically and sum-
marized in the literatures [39–41]. The quaternary ammonium cations
used were N,N,N-trimethyl-N-propyl ammonium, [N3111]+, [N4111]+,
N-Tributyl-N-methylammonium, [N4441]+, and N,N-di-
ethyl-N-methyl-N-(2-methoxyethyl)ammonium, [DEME]+ (IoLiTec
GmbH and Kanto Chemical Co.). By Karl Fischer titration method,
water contents of [N3111][TFSI], [N4111][TFSI], [N4441][TFSI], and
[DEME][TFSI] were evaluated to be 30, 56, 68, and 40 ppm, respec-
tively. The additives 1-propanol and 2-propanol (Kanto Chem. Co.) were
also used. Propanol concentration is expressed by x mol%. x is provided
by,

(1)

where mIL and mp are mass of IL and propanol, respectively. MIL and
Mp reveal molecular weight of IL and propanol. For the mass trans-
fer experiments, [N4111][TFSI]-80.1 mol% 1-propanol and
[N4111][TFSI]-80.5 mol% 2-propanol were used. In XRR experiments,
we prepared the mixtures of [N4111][TFSI]-20.4, 40.0, 60.0, 70.0 mol%
1-propanol, and [N4111][TFSI]-20.0, 40.1, 60.0, 70.0 mol% 2-propanol.
For the below weighing method using an electric balance (HR-202i, A
& D Co.), the CO2 flow system was improved. In the system, the mass
transfer of the nCO2 absorption and desorption processes was monitored
in real time with a CO2 flow rate of 30 mL/min. Using an empty screw
tube as a sample holder, mass transfers were examined by changing flow
rate. The above flow rate was determined because of the small mass
changes, Δm during CO2 flowing. The observed mass was calibrated by
Δm. In the previous method [36], moving time from the CO2-filled con-
tainer to the electric balance was not ignored. The nCO2 capture was un-
derestimated by the previous method. Thus, the below weighing method
can remove the experimental ambiguity of CO2 loss, derived from the
sample moving time.

The XRR measurements were carried out using a SmartLab (Rigaku
Co.), with an incident wave length, λ, of 1.542 Å (Cu target). The X-ray
windows used were Kapton films, with a thickness of 7.5 μm. The air
was replaced with CO2 by flowing the gas through for 5 min. The scat-
tered wavevector, Q, was provided as Q = 4π (sinθ)/λ (Å−1). NR mea-
surements were carried out on BL15 (SOFIA) of J-PARC (Tokai, Japan)

[42,43]. CO2 was filled into the sample chamber. To obtain the sur-
face roughness and density profiles related to the observed reflectiv-
ity, Motofit was used [44]. The complementary use of X-ray and neu-
trons was utilized to analyze the surface, interface, and complicated thin
layer of the materials [45,46]. Nano-layered structures near the inter-
face were distinguished using a contrast of the scattering length density
(SLD).

Density functional theory (DFT) calculations were performed to in-
vestigate the interactions between the cations and anion. The confor-
mations of the [TFSI]− anion were optimized in the simulation box. All
DFT calculations were performed using the B3LYP hybrid functional and
6–31++G** basis set of the PC-GAMESS package [47].

3. Results and discussion

3.1. Time evolution of the nCO2 mass transfer

The nCO2 absorption and desorption times were investigated to
clarify the dynamic process of nCO2 capture. Previously, the
[N4111][TFSI]-2-propanol system was optimized for nCO2 capture [36].
Time resolved mass gain and loss were monitored by an electric balance
under nCO2. Fig. 1 shows the time dependences of nCO2 capture in pure
[N4111][TFSI] and [N4111][TFSI]-propanol mixtures. The molar frac-
tion of nCO2 is calculated according to:

(2)

where nIL and nCO2 represent the moles of IL and nCO2, respectively.
Here, the moles of propanol are not considered is quite cheap compared
to ILs [36]. One of reasons is that the nCO2 capture ability only of the
ILs is important. Also, in the previous study, pure 1-propanol and pure
2-propanol had no ability of nCO2 capture [36]. The indirect role of
propanol is that molecular interactions are changed by the modified liq-
uid structures. It should be noticed that only ILs can capture the amount
of CO2. The time was set to zero when the CO2 gas started to flow.
When the CO2 gas began to flow, pure [N4111][TFSI] immediately ab-
sorbed nCO2, as reflected by the red curve in Fig. 1. After saturation
was achieved within 10 s, η oscillated gradually for a long time period
(~200 s), but after turning off the CO2 gas supply, decreased rapidly.
Based on Le Chatelier's principle, the mass fluctuation in the pure sys-
tem implies that CO2 is easily extruded from the pure IL.

In contrast, for the [N4111][TFSI]-80.5 mol% 2-propanol system, a
larger η value, represented as a blue curve in Fig. 1 was obtained, as
reported previously [36]. Two peculiar features on the time scale were

Fig. 1. Time dependences of the CO2 molar fraction, η. η of [N4111][TFSI]-80.1 mol%
1-propanol is expressed by the green curve. In [N4111][TFSI]-80.5 mol% 2-propanol (the
blue curve), stable and highly efficient nCO2 capture was observed. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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identified as follows; (i) there was very little time fluctuation in η, and
(ii) there were two steps in the CO2 absorption process. In the case
of (i), the suppression of the rhythmic η oscillation means that the
2-propanol additive acts as positive factor in the absorption of CO2. In
the case of the two nCO2 capture steps described in (ii), the times of
the first and second steps in the absorption process were estimated to
be 200 s (η < 5 mol%) and within another 10 s (5 mol% < η), respec-
tively. In order to interpret the above experimental results, the nCO2
capture process can be divided into three stages; (a) CO2 selectivity on
the surface, (b) CO2 absorption rate at the air/liquid interface, and (c)
CO2 storage in the bulk liquid. It was deduced that the first step as a
pre-stage for nCO2 absorption is induced by the rearrangement of sur-
face molecules. It takes time to form the unique surface layer that in-
cludes nCO2. Once the specific surface layer is formed, nCO2 capture
in the bulk liquid is promoted. During the desorption process of the
[N4111][TFSI]-2-propanol system, gradual decay of η occurred below
5 mol%. In the reverse process, it takes time to collapse the nCO2-medi-
tated surface layer.

Previously, 1-propanol-based mixtures showed a little enhancement
when used in nCO2 capture [36]. This is a typical isomer effect of
propanol as seen in phase diagrams [34]. The mass transfer in
[N4111][TFSI]-80.1 mol% 1-propanol system is expressed by the green
curve shown in Fig. 1. Two absorption steps were not seen in the
1-propanol-based mixtures. It was predicted that the specific surface
layer observed for the 2-propanol-based mixture was not formed. Com-
pared with the η value of pure [N4111][TFSI] and the 2-propanol-based
mixture, the intermediated mass fluctuation occurred in the
1-propanol-based mixture. The time taken for mass fluctuation in the
[N4111][TFSI]-1-propanol system was almost comparable to that of
pure [N4111][TFSI]. Therefore, the nCO2 capture behavior of the
1-propanol-based mixture was similar to that of pure [N4111][TFSI].

3.2. Neutron reflectivity of pure ILs with or without CO2

In the three processes of CO2 capture, the surface state of the liq-
uid is the most important factor in terms of selectivity. This is be-
cause time-variant CO2 capture (Fig. 1) is influenced by surface fluctu-
ations. In-situ NR observations of provides details on the surface rough-
ness and density profile near the surface. The NR measurements of pure
[N3111][TFSI], [N4111][TFSI], [N4441][TFSI], and [DEME][TFSI]
with or without nCO2 are shown in Figs. 2(a)-2(d). Here, it should
be noted that NR measurements are sensitive only to [TFSI]− anions
and CO2.

The SLD for neutrons is listed in Table 1. Therefore, the cations could
not be probed using NR measurements. In the absence of CO2, only
the [TFSI]− anion is observable. Due to the hydrogen present in the
cations, the critical wavevector, QC, was not identified, where QC is
derived from the critical angle, θC. However, the observed reflectiv-
ity obeys the Q−4 law [48]. This means that the surface/interface of
the neutron-observable [TFSI]− anion and CO2 can be described as the
ideal flatness. The CO2-driven enhancement in NR was only seen in
pure [N4111][TFSI] (Fig. 2(b)). The NR of [N3111][TFSI] (Fig. 2(a)),
[N4441][TFSI] (Fig. 2(c)), and [DEME][TFSI] (Fig. 2(d)) decreased
in the presence of nCO2. This result is consistent with the most CO2
being stored in the [N4111][TFSI] system [36]. Thus, it was deduced
that only the surface structure of pure [N4111][TFSI] contributes to-
ward nCO2 capture. Using Motofit [41], the surface/interface rough-
ness of the [TFSI]− anion and CO2 of each of the pure ILs was eval-
uated and their values are listed in Table 2, where the surface/inter-
face roughness is defined as deviations from the ideal surface struc-
ture [48]. In the presence of absence of nCO2, the surface/interface
roughness was almost comparable, except in the case of [N4111][TFSI].
Only in [N4111][TFSI], the surface/interface roughness of the [TFSI]−
anion increased extensively in nCO2. The mass fluctuation of pure
[N4111][TFSI] in the presence of nCO2 (Fig. 1) showed some relation
to the increased roughness brought about by nCO2. Thus, the highly ef-
ficient nCO2 capture process was found to be related to the enhanced
surface/interface roughness of the [TFSI]− anion.

The SLD profiles in real space provided direct surface structures of
each of the ILs (Figs. 3(a)-3(d)). Generally, the SLD is divided into two
parts; one is the enriched density profile near the surface, which is dif-
ferent from the bulk liquid structure, and the other is the constant SLD
in the bulk liquid. For instance, it can be interpreted that a dense surface
originates from the surface layering of the IL [48]. At first, the NR mea-
surements were carried out in air. The pure [N4441][TFSI] system was
characterized by the steep gradient of the SLD and narrow density pro-
file (Fig. 3(c)). From the SDL, the [TFSI]− dominant layer became the
well-ordered state. The large [N4441]+ cation was found to indirectly
promote the layering of the structure, consisting mainly of the [TFSI]−
anion. This is one of the cation effects for the surface layering. The low
surface roughness of pure [N4441][TFSI] does not contradict the dis-
tinct interface. In contrast, broad SLD profiles were obtained in small
cation systems such as [N3111][TFSI] (Fig. 3(a)) and [N4111][TFSI]
(Fig. 3(b)). Despite the small cation size, a relatively sharp SLD pro-
file was calculated for [DEME][TFSI] (Fig. 3(d)). The ether bond-

Fig. 2. Neutron reflectivity of (a) [N3111][TFSI], (b) [N4111][TFSI], (c) [N4441][TFSI], and (d) [DEME][TFSI] with or without nCO2.
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Table 1
SLDs for X-rays and neutrons in units of 10 − 6 Å − 2.

[N4111] + [TFSI] − 1-Propanol 2-Propanol CO2

Neutron
SLD
[×10 − 6 Å − 2]

−0.711 2.75 −0.336 −0.327 2.75

X-ray
SLD
[×10 − 6 Å − 2]

11.8 12.6 7.73 7.52 9.39

Table 2
Surface roughness values of the pure ILs in Å.

[N3111] + [N4111] + [N4441] + [DEME] +

Air σ 6.6 5.6 3.1 5.8
χ 2 0.019 0.019 0.016 0.011
nCO2 σ 6.9 8.0 2.8 6.0
χ 2 0.021 0.017 0.0094 0.0072

substituted [DEME]+ cation shows additional molecular interactions. In
fact, it was calculated that the oxygen part of [DEME]+ is electro-nega-
tive [49].

In the presence of CO2, two types of tendencies for the SLD were
identified. It is noteworthy that the ordered surface structures of
[N3111][TFSI], [N4441][TFSI] and [DEME][TFSI] could be collapsed
a little by nCO2. In contrast, the surface density profile with nCO2 of
[N4111][TFSI] shows the opposite tendency to the others. Although
the molecular structure of the [N4111]+ cation is similar to that of
the [N3111]+ cation, their surface structures are entirely different in
the presence of nCO2. Only the surface layer of [N4111][TFSI] was
increased upon incorporating the nCO2. In this case, it was deduced
that only in pure [N4111][TFSI] did the surface/interface layer of the
[TFSI]− anion show a large SLD and large amount of roughness upon in-
teracting with nCO2.

3.3. X-ray reflectivity of IL-propanol mixtures with or without CO2

The surface states of pure [N4111][TFSI] and
[N4111][TFSI]-propanol mixtures were examined by XRR at room tem-
perature. It is

noteworthy that the contrast between the SLDs of X-rays and neutrons
is great (Table 1). The SLD profiles in XRR contain information on all
of the molecules, although the [TFSI]− anion and CO2 were only ob-
servable in NR measurements. Therefore, the CO2 distribution was clar-
ified through the complementary use of X-rays and neutrons. Fig. 4
shows the XRR measurements of pure [N4111][TFSI]. Obviously, the
QC was apparent in the XRR measurements due to the large SLD of the
[N4111]+ cation, the [TFSI]− anion, propanol, and CO2 (Table 1). The
XRR of pure [N4111][TFSI] did not obey the Q−4 law. It is considered
that a flat surface was not formed in air. Thus, the surface roughness and
the SLD profile of pure [N4111][TFSI] could not be estimated by XRR.
Moreover, the XRR and QC values in the presence of nCO2 coincided
with those measured in air. Generally, the critical angle, θC, is described
using the density, ρ, and the relationship between the two is defined as
[50]:

(3)

Since θC is quite small, sin(θC) is approximately equivalent to θC.
Then, QC (=4π(sinθC)/λ) is also proportional to . Here, the densi-
ties in air and nCO2 are represented by ρair and ρCO2, respectively. The
difference in the densities, Δρ (=ρCO2 − ρair) was almost zero in pure
[N4111][TFSI]. The above experimental results were not in good agree-
ment with the NR results. In order to determine the reasons behind the
inconsistency in the XRR and NR measurements, a surface model was
developed taking into account the contrast in the SLDs of X-rays and
neutrons (Fig. 5). At first, it was assumed that the neutron-insensitive
cation existed in the top layer, where there was a large amount of rough-
ness. Below the cation layer, the anion might be well-ordered with a flat
interface. The model of the surface structures can explain between the
XRR and NR experimental results. Since neutrons can probe only the an-
ion and CO2 (Table 1), the flat interface between the cation- and an-
ion-dominant layers was measured by NR. While, in the XRR measure-
ments, all of the molecules are probed. If the cation layer on the top
layer is quite rough, the XRR cannot obey the Q−4 law. Also, the same
XRR results for pure [N4111][TFSI] both in air and CO2 was explained.
The model based on XRR (Fig. 5) indicates that the rough surface of
the [N4111]+ cation is not be influenced by CO2. Here, it is emphasized
that the complementary use of X-ray and neutron can extract hidden in-
formation about the complicated surface states of the IL-propanol solu-
tions.

Furthermore, the propanol isomer effect of the surface structures
was observed using XRR (Fig. 6). In the mixed system, the Q−4 law of

Fig. 3. Scattering length density (SLD) profiles of (a) [N3111][TFSI], (b) [N4111][TFSI], (c) [N4441][TFSI], and (d) [DEME][TFSI] with or without nCO2.
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Fig. 4. X-ray reflectivity of pure [N4111][TFSI].

XRR was also not satisfied. Here, XRR is described by Ri(x, air/CO2) for
simplicity, where i = 1 and 2 represent the 1-propanol and 2-propanol
additives, respectively. By adding 1-propanol, the QC value without
nCO2 did not coincide with that with nCO2, where the QC value is
denoted by the arrows in Fig. 6. nCO2 lowered the density of the
[N4111][TFSI]-1-propanol system (Δρ < 0), although, in the pure sys-
tem, the density was not influenced by nCO2 (Δρ ~ 0). Hence, it is con-
sidered that nCO2 interacts with 1-propanol in [N4111][TFSI] because
in this system the [TFSI]− anion is regarded as a nCO2 capture site.
Moreover, QC was shifted to a lower Q position upon an increase in the
1-propanol concentration. Similar to the density of bulk liquids, the den-
sity at the surface decreased gradually proportional to the 1-propanol
concentration. R1(20–60, air) showed almost the same curve without
considering the QC shift. In the case of R1(70, air), the reflectivity dif-
fered from that of R1(20–60, air). A large amount of 1-propanol additive
was found to disturb the surface layering of the [N4111]+ cation. Above
80 mol% 1-propanol, the XRR measurements were not reproducible as a
result of increased wetting due to a small contact angle.

In the 2-propanol-based system, QC was shifted to a higher Q posi-
tion by the CO2 replacement. Particularly in the 70 mol% 2-propanol

mixture, the QC in CO2 shifted to the highest Q position. In previ-
ous study [36], high CO2 capture appeared at 60–90 mol% 2-propanol.
70 mol% is almost the central concentration in the above region. The
large density with nCO2 corresponds to nCO2 capture in the
2-propanol-based mixture. It was predicted that the [TFSI]− layer in-
volving CO2 becomes a densely-packed state with the assistance of
2-propanol. Here, it is we emphasized that Δρ > 0 was realized only us-
ing the 2-propanol additive. This is a typical isomer effect of propanol
on the surface. Systematically, the experimental results were interpreted
in the context of the propanol isomer effect. It was confirmed that the
highly efficient nCO2 capture of the [N4111][TFSI]-2-propanol system
can be explained by its specific surface structure. XRR measurements
could not be carried out above 80 mol% of 2-propanol because of the
low surface tension.

3.4. DFT calculations on the [TFSI]− anion, propanol, and CO2

DFT calculations were carried out to interpret the isomer effect of
propanol in the nCO2 capture process. Since a specific [TFSI]− layer
was formed in [N4111][TFSI], the [TFSI]− anion, propanol, and CO2
were introduced into the simulation box, but not the [N4111]+ cation.
It is well known that the torsion angle, α, is related to liquid stabi-
lization, as has been reported in previous studies [33–36]. The en-
ergy of the molecular complex is plotted on the α scale (Fig. 7). If
there are >3 molecules, the number of possible molecular arrangements
increases and the calculation results depend on the initial arrange-
ments. Thus, the energies of the initial arrangements of the molecu-
lar species were calculated. A pair consisting of a [TFSI]− anion and
CO2 has a lower energy compared with that of a single [TFSI]− an-
ion (−0.153 eV). Hence, the [TFSI]− anion is stabilized by CO2. Fur-
ther stabilization was brought about by the addition of propanol (Fig.
7). The optimized energies of [TFSI]−, 1-propanol, and CO2 showed
some correlation with the torsion angle of the [TFSI]− anion. At around
α = 70°, the energy was at its minimum value. On the other hand,
the 2-propanol additive shows little correlation with the torsion angle,
with the energy being almost constant on the α scale. The results of
the calculations imply that there is a weak interaction between [TFSI]−
and 2-propanol. Therefore, 2-propanol could not disturb the pairing of
[TFSI]− and CO2, indicating that 2-propanol is a good additive to use to

Fig. 5. Surface structural model of pure [N4111][TFSI] with or without CO2.
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Fig. 6. X-ray reflectivity of [N4111][TFSI]-x mol% 1-propanol and [N4111][TFSI]-x mol% 2-propanol.

stabilize the energy, to form a densely packed layer, and to promote the
pairing of [TFSI]− and CO2.

4. Conclusions

In-situ observations of mass transfer under a CO2 atmosphere were
carried out on pure [N4111][TFSI], [N4111][TFSI]-1-propanol and
[N4111][TFSI]-2-propanol systems. Rhythmic mass fluctuations were
observed for pure [N4111][TFSI], whereas the fluctuations were almost
suppressed in the [N4111][TFSI]-2-propanol system. The degrees of the
fluctuations were found to be related to the amount of the CO2 captured.
The surface structures of the quaternary ammonium ILs were system-
atically examined by XRR and NR. Complementary use of X-rays and
neutrons provided significant insight into the complicated surface struc-
tures. Using contrasting SLDs, it was found that a specific layer made
up of [TFSI]− anions and CO2 was formed in pure [N4111][TFSI]. A
propanol isomer effect was also observed in the [N4111][TFSI]-based
system using XRR. The density of [N4111][TFSI]-2-propanol increased
under nCO2, while the 1-propanol-based mixtures

were found to have lower densities in the presence of nCO2. Overall, the
amount of nCO2 capture was determined to be governed by the propanol
isomer effect.
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Fig. 7. Energies of the molecular aggregations by DFT, where α is the torsion angle of the
[TFSI]− anion.
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