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A B S T R A C T

X-ray reflectivity (XRR) examined surface structures of hydrophobic quaternary ammonium ionic liquids, and
their propanol mixtures were examined by XRR. The quaternary ammonium cations were [N(n)111]+ (n = 3, 4,
and 6) and an anion was commonly bis(trifluoromethanesulfonyl)imide, [TFSI]−. The surface tension of pure [N
(n)111][TFSI] increased with increasing n. Pure [N(n)111][TFSI] surface structures were stable in all gas atmos-
pheres. The XRR of [N3111][TFSI]-1-propanol equilibrated showed CO2-induced surface roughness. Time-
resolved XRR under CO2 of [N(n)111][TFSI]-propanol provided surface instabilities and a reconstruction
process. The addition of 2-propanol to CO2 in [N4111][TFSI] promoted specific surface layering and a large
amount of CO2 capture.

1. Introduction

CO2 emissions have been a major contributor to global warming of
the Earth's surface and atmosphere. Carbon capture and storage (CCS)
is one solution to problems (Rosa et al., 2020). In addition to CCS, CO2
capture and utilization (CCU) technology is being proposed, with uti-
lization and removal pathways taken into account (Schoedel et al.,
2016). When combined with energy, CCS and CCU form a carbon-
neutral energy system (Hepburn et al., 2019). The urgent challenges
for a climate problem have been ongoing on the molecular level. Ionic
liquids (ILs), which are simple molecules, are a candidate for CO2 cap-
ture. Due to the nearly zero vapor pressure of the ILs, the ILs are easily
recycled. It was reported that the high physical sorption of CO2 is real-
ized by 1-butyl-3-methylimidazolium hexafluorophosphate,
[C4mim][PF6] (Blanchard et al., 1999). Under high temperature and
high pressure, a lot of supercritical CO2 (scCO2) were absorbed into
[C4mim][PF6]. The scCO2 absorption properties were expressed in the
P-T phase diagram. In CO2 capture studies, the scCO2 capture system
was mainly optimized (Bara et al., 2009). High scCO2 capture was ob-
tained by bis(trifluoromethanesulfonyl)imide, [TFSI]−, anion. More-
over, it was pointed out that gas selectivity is also important for indus-
trial applications (Bara et al., 2009). CO2 capture using ILs has been
summarized in the literature (Brennecke and Gurkan, 2010; Ramdin et
al., 2012; Zeng et al., 2017). Based on implications for process design,
the cost for scCO2 capture using the ILs was evaluated precisely (Zhai
and Rubin, 2017; Mota-Martinez et al., 2018). Using polymerized ILs,

normal CO2 (nCO2) is captured at ambient pressure and temperature
(Tang et al., 2005). The reversible sorption and desorption of nCO2
were monitored at room temperature. For further cost-cutting, nCO2
capture using propanol-diluted quaternary ammonium ILs was exam-
ined (Abe et al., 2016). N-trimethyl-N-butylammonium bis(trifluo-
romethanesulfonyl)imide, [N4111][TFSI], -2-propanol indicates the
highest nCO2 capture. Since the ILs are expensive, the propanol dilu-
tion contributes to the cost cutting. To probe nCO2 in the mixtures, the
quaternary ammonium IL-propanol mixtures were quenched into liq-
uid nitrogen (Abe et al., 2020). nCO2 capture using the propanol-
diluted ILs without pressing and heating devices is a promising system
for cost-cutting and downsizing purposes. Very recently, a series of
quaternary ammonium cations with tetrafluoroborate anion was exam-
ined for CO2 capture (Su et al., 2021). Density functional theory calcu-
lations indicated a geometrical relation between the ILs and CO2.

The surface structures of ILs are quite different from the bulk struc-
tures. Surface structures of 1-alkyl-3-methylimidazolium, [Cnmim]+,
were determined by X-ray reflectivity (XRR), where n reveals the alkyl
chain length of the [Cnmim]+ cations (Carmichael et al., 2001;
Solutskin et al., 2005, 2006; Mezgera et al., 2013). From the surface-
normal electron densities, models of the surface structures of the ILs
were proposed. Molecular dynamics simulations confirmed the surface
layering of the ILs (Yan et al., 2006; Shimizu et al., 2018). Furthermore,
surface structures had a relationship with surface tensions, with surface
tensions being inversely proportional to the alkyl chain length of the
[Cnmim]+ cations. Under an electric field, the in-situ observation of the
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electric double layer (EDL) of 1-butyl-1-methylpyrrolidinium bis(triflu-
oromethanesulfonyl)imide, [C4mpyr][TFSI], was carried out by neu-
tron reflectivity (NR) (Lauw et al., 2012). A relationship between EDL
formation and the electrochemical properties was carried. Using XRR
and NR in conjunction can extract the hidden information about com-
plex surface structures of quaternary ammonium IL-propanol solutions
relating to nCO2 capture (Abe et al., 2020). Under the nCO2 condition,
specific surface layering of [N4111][TFSI]-2-propanol occurred. The
surface structure aided in the increased efficiency of nCO2 capture.

In this study, using XRR, surface structures of [N(n)111][TFSI]
(n = 3, 4, and 6) were examined by changing propanol concentrations,
propanol isomers, and gas circumstances. In pure [N(n)111][TFSI],
time-invariant and stable surfaces were formed at any type of gases. Ki-
netic behaviors of the [N(n)111][TFSI]-propanol solutions were ob-
served by time-resolved XRR. During an early stage of nCO2 absorption,
kinetic surface reconstructions by nCO2 were observed.

2. Materials and methods

The quaternary ammonium cations were N,N,N-trimethyl-N-propyl
ammonium ([N3111]+), [N4111]+, and N-hexyl-N,N,N-
trimethylammonium ([N6111]+) (Kanto Chemical Co., Sigma-Aldrich
Co., and Solvionic Co.) The molecular structures of the ILs are shown in
Fig. 1. For each gas flowing experiments, [N3111][TFSI]-x mol% 1- and
2-propanol (x=20, 40, 60, and 75 mol%) were prepared. In the case of
the [N4111][TFSI]-based mixtures, 75 mol% 1- and 2-propanol mix-
tures were utilized. 20, 40, 60, and 70 mol% 1- and 2-propanol were
added into [N6111][TFSI]. Hydrophobic ILs featuring the [TFSI]− an-
ion were used in this study to prevent water contamination from atmos-
pheric moisture. The [TFSI]− anion has two stable conformers: one is cis
(C1), and the other is trans (C2) (Fig. 1). The conformational ratio of C1
and C2 had the amount of nCO2 capture in [N4111][TFSI]-propanol so-
lutions (Abe et al., 2016). The additives 1-propanol and 2-propanol
(Kanto Chem. Co.) were also used.

The XRR measurements were carried out using a SmartLab (Rigaku
Co.). An incident wavelength λ, of 1.54054 Å (Cu Kα1) was obtained by
a Ge(220) double monochromator. The X-ray windows of a gas replace-
ment container were Kapton films, with a thickness of 7.5 μm. Inside
the container, temperature was fixed at 23 °C within 0.5 °C. A free liq-
uid surface, whose size is 60 × 30 mm2, was obtained on the Teflon
plate. The air was replaced with He, N2, or CO2 by flowing the gas
through for 20 mL/min during the sample position adjustment for 3–5
min. After the adjustment, a gas supply was stopped, and time-resolved
XRR measurements started. The scattered wavevector, Q, was provided
as Q = 4π (sinθ)/λ (Å−1).

Fig. 1. Molecular structures of quaternary ammonium ionic liquids.

Surface tension was measured using the capillary rise method (Dyne
Gauge, DG-1, Surfgauge Instruments Co.) (Abe et al., 2018; Nemoto et
al., 2021). The surface tension was obtained using the bulk densities
(ρbulk) as listed in Table 1 (Matsumoto et al., 2000; Zhang et al., 2006).
The measurement range was 0–80 mN/m and its resolution was 1 mN/
m.

To monitor propanol in the mixture during CO2 flowing, time-
resolved Raman spectra were measured in a backscattering geometry
using a micro-Raman spectrometer (RA-07F, Seishin-Shoji) equipped
with a monochromator (500M, Horiba Jobin Yvon) and a charge-
coupled device detector (Symphony, Horiba Jobin Yvon). Radiation of
532 nm from a Nd:YAG laser was used as an excitation source with a
power of 20mW. The Raman spectra were measured at room tempera-
ture and ambient pressure, and CO2 flowing rate was 20mL/mim. Fig.
S1 reveals time dependence of Raman spectra of [N4111][TFSI]-80
mol% 1-propanol (Fig. S1). The Raman band of 1-propanol appeared
additionally at around 860 cm−1 (Abe et al., 2020), which indicated by
the blue arrow (Fig. S1). Even under CO2 flowing for 5 min, 1-propanol
did not change

3. Results and discussion

3.1. Stable surface structures of pure quaternary ammonium ionic liquids

Surface tensions of pure [N(n)111][TFSI] (n = 3, 4, and 6) were
measured at room temperature using ρbulk (Table 1). In contrast to
[Cnmim][TFSI] (Shimizu et al., 2018), surface tensions of pure [N(n)
1111][TFSI] increased proportionally to n. Since an anion is common in
both systems, the surface tensions are originated from the cation behav-
iors near the surface. At least, the surface state of [N(n)111][TFSI]
could differ from that of [Cnmim][TFSI].

The surface structure of pure [N4111][TFSI] was investigated at
room temperature. Fig. 2 indicates the equilibrated XRR of pure
[N4111][TFSI] under air, He, N2, or CO2. XRR coincided with any gas
circumstances. The types of gases did not modify XRR. This tendency
also appeared in pure [N3111][TFSI], and [N6111][TFSI]. More inter-

Table 1
Surface tensions and bulk densities and of pure quaternary ammonium ionic
liquids, [N(n)111][TFSI].

[N3111][TFSI] [N4111][TFSI] [N6111][TFSI]
Surface tension
[mN/

m]
σ 18.6 20.4 22.7

Density
[g/

cm3]
ρbulk 1.44 Matsumoto et al.

(2000)
1.41 Zhang et al.

(2006)
1.33 Zhang et

al. (2006)

Fig. 2. X-ray reflectivity (XRR) of pure [N4111][TFSI]. Thick gray curve indi-
cates equilibrated XRR under the air.
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estingly, only under the He circumstance, many bubbles were formed
on the bottom of the Teflon plate except for pure [N6111][TFSI]. For
instance, the bubbles of pure [N4111][TFSI] are shown in Fig. 3. Com-
pared with CO2, He solubility in the ionic liquids was quite low (Chau et
al., 2013). To investigate gas-driven surface changes, the time depen-
dence of XRR of pure [N4111][TFSI] in air or CO2 was measured (Fig.
4). The XRR of pure [N4111][TFSI] was time-invariant, and other ILs
also provided time-invariant XRR under all gas conditions. As a result,
in pure [N(n)111][TFSI], the stable surface was formed in the presence
of air, He, N2, or CO2. In the gas selectivity experiment (Abe et al.,
2016), [N4111][TFSI]-propanol absorbed very little N2. It is deduced
that N2 could be repulsive to [N4111][TFSI] on the surface. Thus, under
N2, no bubbles were formed in any [N(n)111][TFSI]-propanol.

The refractive index of X-rays, nr, is provided by (Veldhuis et al.,
2014),

(1)

where δ = λ2reρe/2π, β = λμ/4π: re the classical electron radius
(2.818 × 10−5 Å), ρe the electron density, and μ the attenuation coeffi-
cient. Under very small angles, the critical angle (θc) is approximated as
(Veldhuis et al., 2014),

(2)

On the other hand, mass density (ρm) is obtained by,

(3)

Here, NA indicates Avogadro's number. The molecular weight and a
total number of electrons are expressed by M and Z, respectively. Using
Eqs. (2) and (3), ρm is directly connected with θc as follows;

(4)

In addition to the surface intensity, the XRR profile is significant. If
the critical wavevector (Qc = 4πsin(θc)/λ) is introduced, reflectivity is
given approximately by satisfying with Qc ≪ Q (Tidswell et al.,
1990). However, liquid free surface fluctuates naturally, and surface
roughness is not ignored. For instance, the roughness of pure water was

Fig. 3. Helium bubbles on the bottom in pure [N4111][TFSI]. Only under the
helium circumstance, the bubbles appeared except for pure [N6111][TFSI].

estimated by introducing the root-mean-square roughness, which obeys
Gaussian statistics (Braslau et al., 1985). The observed rapid decay of
XRR on the Q scale means that the surface roughness in the liquid state
is an intrinsic property. If the surface roughness is predominant, inten-
sity dumping becomes more remarkable. In case of pure [N4111]
[TFSI], the observed XRR did not obey the Q−4 law (Fig. 2). The surface
state of pure [N(n)111][TFSI] is not described as the ideal flatness.

The dynamic property of surface structure is important for gas ab-
sorption (Naeiji et al., 2020). In general, it is predicted that the gas at-
mosphere directly influences the surface state of the ILs. As a result, the
time dependence of XRR was determined by varying He, N2, or CO2. To
investigate gas-driven surface changes, the time dependence of XRR of
pure [N4111][TFSI] in air or CO2 was measured (Fig. 4). The XRR of
pure [N4111][TFSI] was time-invariant, and other ILs also provided
time-invariant XRR under all gas conditions. As a result, in pure [N(n)
111][TFSI], the stable surface was formed in the presence of air, He, N2,
or CO2.

3.2. Equilibrated surface structures in quaternary ammonium ionic liquid-
propanol solutions

Fig. 5 shows equilibrated XRR of [N3111][TFSI]-x mol% propanol.
From Eq. (4), is obtained. Since the critical angle (θc) is quite
small, sin(θc) is approximated to be θc. Therefore, Eq. (4) is transformed
to,

(5)

Qc shifting by CO2 is connected with the surface density change,
Δρm, using Eq. (5). To clarify the surface influence by CO2 (Abe et al.,
2020), Δρm is defined as,

(6)

Simultaneously, as another indicator of Qc for mixing effect, Qc
(pure) of pure [N(n)111][TFSI] is used as a reference. Then, Qc shifting,
ΔQc, is provided by,

(7)

In both of [N3111][TFSI]-20.0 mol% 1- and 2-propanol mixtures,
XRR of the mixtures almost coincided with XRR of pure [N3111][TFSI],
expressed by the thick gray curve (Fig. 5). For simplicity, XRR(IL, x, i,
gas) is described using types of ILs (N3, N4, N6, and D), concentration
(x mol%), i-propanol (i=1 or 2), and the gas circumstance. N3, N4, and
N6 reveal [N3111][TFSI], [N4111][TFSI], and [N6111][TFSI], respec-
tively. The propanol additives below 20 mol% did not influence the sur-
face structures in the mixed system. This result contradicted with the
[N4111][TFSI]-propanol system (Abe et al., 2020). With increasing the
propanol concentration, drastic propanol isomer effect appeared in
XRR(N3, 40, 1, air) and XRR(N3, 40, 2, air) (Fig. 5). From the Qc posi-
tions of the 40 mol% 1-propanol mixture, the surface density increased
a little by CO2 (0 < Δρm). In the 40 mol% 2-propanol mixture, Qc did
not change (Δρm = 0). CO2-driven surface enrichment occurred in the
40 mol% 1-propanol mixture. Moreover, the intensity dumping of XRR
(N3, 40, 1, CO2) reflected large surface roughness. The propanol isomer
effect of the 40 mol% mixtures is explained by simultaneous surface en-
richment and roughness by CO2. In XRR(N3, 60, 1, CO2), the above ten-
dency is much enhanced. Consequently, by CO2, the surface roughness
increased extensively at around 40-60 mol% 1-propanol. In the
quenched bulk of [N3111][TFSI]-1-propanol mixtures (Abe et al.,
2020), the 1-propanol Raman band decreased a lot by CO2. Therefore,
both at surface and bulk states of [N3111][TFSI]-1 propanol, CO2 could
disturb the network among cation, anion, and 1-propanol. However,
the 2-propanol-based system indicated no CO2-induced XRR dumping
(Fig. 5). The non-CO2 influence was also seen in the quenched bulk
state of [N3111][TFSI]-2-propanol (Abe et al., 2020). No CO2-induced
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Fig. 4. Time dependence of X-ray reflectivity (XRR) of pure [N4111][TFSI] under air and CO2. Fully equilibrated XRR is expressed by thick gray curve.

reduction of the 2-propanol Raman band was observed. Even at the
bulk state of the 2-propanol-based mixtures, molecular interactions
among cation, anion, and 2-propnol did not vary by CO2. Thus, consis-
tent experimental results indicate that CO2 enhances the propanol iso-
mer effect in [N3111][TFSI]. The focusing surface density of the 60
mol% propanol, positive Δρm was observed in 60 mol% 1- and 2-
propanol mixtures. However, both Qc did not exceed Qc(pure) of pure
[N3111][TFSI] (ΔQc ≤ 0). In previous study (Abe et al., 2016, 2020),
maximum CO2 capture was observed In the [N3111][TFSI]-60 mol% 2-
propanol. Thus, Δρm and ΔQc of the 60 mol% mixtures are summarized
in Table 2. For comparison, two parameters of [N4111][TFSI]-propanol
are listed in Table 2, where maximum CO2 capture occurred at around
70-80 mol% 2-propanol. In case of [N4111][TFSI]-70 mol% 2-propanol
(Abe et al., 2020), positive Qc shifting (0 < ΔQc) occurred under CO2.
The positive Qc shifting exhibits that surface density in the mixture is
larger than that in pure [N4111][TFSI] despite propanol dilution. Fur-
thermore, a complementary use of XRR and NR suggests that the spe-
cific surface layering exists in [N4111][TFSI]-70 mol% 2-propanol (Abe

et al., 2020). The specific surface layering was connected with the high
efficiency of CO2 capture. Therefore, negative ΔQc of all [N3111]
[TFSI]-propanol mixtures is regarded as non-forming specific surface
layering. Another significant point is that after XRR experiments, CO2
bubbles in [N3111][TFSI]-propanol form on the Teflon plate (the bot-
tom side) in the mixed system (Fig. S1). Obviously, the number of bub-
bles is high in 1-propanol-based mixtures. Similarly, in the case of pure
ILs under He conditions, CO2 in the [N3111][TFSI]-1-propanol could be
easily ruled out as an unstable factor. In contrast, no bubbles in
[N3111][TFSI]-75.0 mol% 2-propanol indicated that CO2 is well re-
solved in the mixture (Fig. S1). Furthermore, negative Δρm of [N3111]
[TFSI]-75.0 mol% 1-propanol and zero Δρm of [N3111][TFSI]-75.0
mol% 2-propanol correspond to CO2 solubility, which is inversely pro-
portional to a number of bubbles.

To clarify the alkyl chain length effect of the surface structures in
the [N(n)111][TFSI]-propanol system, XRR of [N6111][TFSI]-propanol
was examined (Fig. 6) compared with [N3111][TFSI]-propanol solu-
tions. Here, pure [N6111][TFSI] possessed the largest surface tension,
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Fig. 5. Equilibrated X-ray reflectivity (XRR) of [N3111][TFSI]-x mol% 1-propanol and [N3111][TFSI]-x mol% 2-propanol. Red curves indicate XRR under CO2
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

Table 2
The CO2-enhancement effect (Δρm) and the mixing effect (ΔQc) of [N(n)111]
[TFSI]-1-propanol and -2-propanol.

[N3111][TFSI] (x ∼
60)

[N4111][TFSI] (x=70 ∼
80)

[N6111][TFSI] (x ∼
60)

1-PrOH 2-PrOH 1-PrOH 2-PrOH 1-PrOH 2-PrOH
Δρm + + ∼ 0 + ∼ 0 ∼ 0
ΔQc ∼ 0 ∼ 0 - + ∼ 0 ∼ 0

while surface tension of [N3111][TFSI] is the smallest (Table 1). Below
40 mol%, equilibrated XRR profile of [N6111][TFSI]-propanol solu-
tions almost coincided with XRR of pure [N6111][TFSI] indicated by
the thick gray curve (Fig. 6). Under CO2, a lot of bubbles appeared on
the bottom below 40 mol% (Fig. S2). In comparison to the [N3111]
[TFSI]-propanol system, the number of bubbles in [N6111][TFSI]-2-
propanol was greater than that in [N6111][TFSI]-1-propanol. The op-

posing bubble formation behaviors imply that the propanol isomer ef-
fect varies with surface tension. Even at 60 mol%, Qc did not change in
both 1-propanol- and 2-propanol-based mixtures, although XRR(N6,
60, 2, air) profile was modified. Considering maximum CO2 capture of
[N6111][TFSI]-60 mol% 2-propanol (Abe et al., 2020), two parameters
are represented in Table 2. [N6111][TFSI]-propanol is characterized by
nearly zero Δρm and ΔQc below 60 mol% (Fig. 6). It is concluded that a
rigid surface in [N6111][TFSI]-propanol can be formed, owing to the
high surface tension of pure [N6111][TFSI]. In terms of CO2 capture,
very little CO2 capture was achieved in [N6111][TFSI]-propanol (Abe
et al., 2020). Surface reconstruction for the specific surface layering did
not occur due to non-variable XRR in [N6111][TFSI]-propanol.
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Fig. 6. Equilibrated X-ray reflectivity (XRR) of [N6111][TFSI]-x mol% 1-propanol and [N6111][TFSI]-x mol% 2-propanol. Red curves indicate XRR under CO2
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

3.3. Kinetic behaviors of X-ray reflectivity in quaternary ammonium ionic
liquid-propanol solutions

Combined with CO2 capture abilities in [N(n)111][TFSI]-propanol,
characteristic features of equilibrated surface structures are distin-
guished as listed in Table 2. CO2 enhancement effect (Δρm) and mixing
effect (ΔQc) parameters are indispensable for further understanding.
Two positive parameters of [N4111][TFSI]-2-propanol imply that the
surface enrichment is caused to stabilize the surface state. After stabi-
lization, the specific surface layering corresponds to high efficiency for
CO2 capture. To interpret surface reconstruction related to the CO2 ab-
sorption process, time-resolved XRR experiments were carried out. Fig.
7 reveals the time dependence of XRR in [N3111][TFSI]-60.0 mol% 1-
propanol, where the thick gray curves in the figure represent XRR of
pure [N3111][TFSI] for a comparison. Under the air, a gradual Qc shift

to a higher Q position was observed with the lapse of time. Contrary to
the pure time-invariant system (Fig. 4), the surface structure obtained
by XRR(N3, 60, 1, air) depended obviously on time. Moreover, the fluc-
tuated XRR of [N3111][TFSI]-60.0 mol% 1-propanol was enhanced un-
der CO2 (Fig. 7). For instance, at the early stage of CO2 capture, the Qc
position under CO2 is lower than that under the air. Also, profile oscilla-
tions of XRR(N3, 60, 1, CO2) on the Q scale were distinct. Therefore,
CO2 could disturb the surface flatness of [N3111][TFSI]-60.0 mol% 1-
propanol, and lowered the surface density at the early stage. On the
contrary, at the late stage, Qc was shifting to a higher position but did
not exceed Qc of pure [N3111][TFSI] (ΔQc ∼ 0). Therefore, the equili-
brated surface state became stable, but the specific surface layering was
not formed in [N3111][TFSI]-1-propanol.

More importantly, remarkable surface instability under CO2 was ob-
served at the early stage of the 2-propanol-based mixtures. For instance,
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Fig. 7. Time-resolved X-ray reflectivity of [N3111][TFSI]-60.0 mol% 1-propanol.

[N3111][TFSI]-60.0 mol% 2-propanol provided time- and Q-sensitive
XRR under CO2 (Fig. 8). Compared to the 1-propanol-based mixture un-
der CO2 (Fig. 7), the surface state of the mixture with 2-propanol and
CO2 is more unstable. Surface roughness is caused by 2-propanol cou-
pled with CO2 on the surface, representing the energetically unstable
surface. However, within 26 min, the unstable surface at the early stage
of XRR(N3, 60, 2, CO2) drastically changed to the equilibrated XRR. In
addition to oscillating XRR extensively for 6 min, Qc located the lower
Q position for the first 6 min. At the early stage, the low-density state
could promote the molecular exchange near the surface. After surface
reconstruction, the surface state became stable, accompanying large
surface density. In contrast, XRR(N3, 60, 2, air) did not fluctuate exten-
sively. Under the air, the CO2-enhanced fluctuations were much sup-
pressed (Fig. 8). Under the air, surface improvement was not induced
because of low surface density (ΔQc < 0) and little fluctuations of XRR
(N3, 60, 2, air).

Specific surface layering is a key to interpret high efficiency of CO2
capture in [N4111][TFSI]-2-propanol, satisfying with positive Δρm and

ΔQc (Table 2). In-situ observation of XRR can extract hidden informa-
tion about the formation process of the specific surface layering. At
first, time-evolution of XRR in [N4111][TFSI]-75.0 mol% 1-propanol is
revealed in Fig. S3. Time-steady XRR(N4, 75, 1, air) profiles were ob-
served. A stable surface was formed under the air, although surface
density was low. Even under CO2, Qc of the 1-propanol-based mixture
shifted a little at the early stage. Non-oscillated XRR(N4, 75, 1, CO2) in-
dicated that CO2-driven instability is not induced. Next, the 2-propanol
effect for the formation process of the surface layering was examined.
[N4111][TFSI]-75.0 mol% 2-propanol indicated small time changes of
XRR under air (Fig. S4). XRR profiles fluctuated little at around 9 min.
During 17 min measurements, the Qc position of XRR(N4, 75, 2, air)
was almost constant. Also, negative ΔQc means that, under the air, the
surface density of the 2-propanol mixture is small. Hence, under the air,
the surface state of [N4111][TFSI]-75.0 mol% 2-propanol was stable
with low surface density. However, under CO2, XRR(N4, 75, 2, CO2)
was drastically changed (Fig. S4). Relative large fluctuation of XRR was
observed at 5 min. Even at an early stage of CO2 capture, ΔQc was al-

7



UN
CO

RR
EC

TE
D

PR
OO

F

H. Abe and H. Kishimura Journal of Ionic Liquids xxx (xxxx) 100018

Fig. 8. Time-resolved X-ray reflectivity of [N3111][TFSI]-60.0 mol% 2-propanol.

most nearly zero. Compared with Qc under the air, Δρm was positive
distinctly. Particularly under CO2, high surface density (ΔQc ∼ 0) even
in the 2-propanol-diluted mixture suggests that CO2 is involved in the
surface layer, and the molecular rearrangement occurred in the high
surface density circumstance until 5 min. By a complementary use of
XRR and NR (Abe et al., 2020), the surface layer model was provided by
introducing the specific [TFSI]− anion and CO2 layer. Formation of the
specific surface layering was interpreted by time dependences of the
CO2 molar fraction, η, of [N4111][TFSI]-80.5 mol% 2-propanol (Abe et
al., 2020). Only in [N4111][TFSI]-2-propanol, two steps in the CO2 ab-
sorption process appeared. The first slow CO2 absorption finished at
220 s (η ∼ 5 mol%). After that, a rapid increase η occurred. Here, it is
deduced that the specific layer could be formed gradually during the
first step of CO2 capture. After stopping the CO2 supply, a slow mass de-
cay appeared below 5 mol%. Therefore, the specific surface layering
([TFSI]− and CO2) having high surface density could be rigid. With
passing time, Qc of XRR(N4, 75, 2, CO2) was shifting to a higher posi-
tion. At the late stage of CO2 capture, increment of the surface density

implies that more than 5 mol% CO2 contributed to the specific surface
layering. Time dependence of XRR and CO2 mass transfer were consis-
tent and can explain the specific surface layering formation.

Time-resolved XRR of [N6111][TFSI]-60.0 mol% 1-propanol was
measured to clarify the alkyl chain length effect. XRR(N6, 60, 1, air)
was time-invariant (Fig. S5). While, XRR(N6, 60, 1, CO2) indicated the
Qc shifting and a little fluctuation of XRR at 6 min. More importantly,
drastic time changes of XRR occurred in the 2-propanol-based mixtures.
The kinetic fluctuations of XRR profiles were discovered to be caused
by unstable surface layers. For example, [N6111][TFSI]-60.0 mol% 2-
propanol in the air provided almost constant XRR oscillations and Qc
(Fig. S6). Further XRR profile fluctuations appeared in the presence of
CO2. Surface instabilities were more pronounced in time-resolved XRR
(N6, 60, 2, CO2) under CO2. At the early stage of the CO2 capture
process, negative ΔQc and the distinct fluctuations of the XRR profiles
were similar to time-resolved XRR(N3, 60, 2, CO2) (Fig. 8). In the same
manner with the [N3111][TFSI]-2-propanol under CO2, ΔQc on the
XRR(N6, 60, 2, CO2) became nearly zero at the late stage. Also, in
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[N6111][TFSI]-2-propanol, CO2-mediated molecular exchanges occur,
and the surface state was stabilized by the high surface density (0 <
Δρm).

4. Conclusions

In-situ observations of XRR profiles under a CO2 atmosphere were
carried out on pure [N(n)111][TFSI], [N(n)111][TFSI]-1-propanol and
[N(n)111][TFSI]-2-propanol systems. In a pure [N(n)111][TFSI] sys-
tem, stable surface structures were formed under any gas atmosphere.
In the mixed system, characteristic Δρm as CO2-enhancement effect
and ΔQc as mixing effect were obtained from the equilibrated XRR.
Positive values both of Δρm and ΔQc are required for the specific sur-
face layering to obtain high CO2 capture in [N(n)111][TFSI]-
propanol. Time-resolved XRR examined the surface reconstruction
process. The fluctuated XRR profile and low surface density at the
early stage of CO2 absorption, particularly in 2-propanol-based mix-
tures, suggested that 2-propanol induces an energetically unstable sur-
face state on the surface and surface fluctuations are accelerated un-
der CO2. The molecular rearrangement took place near the surface to
find a stable surface state. Once the distinct XRR oscillation finished,
Qc shifted to a higher Q position. The optimized surface structure in
[N4111][TFSI]-2-propanol under CO2 is regarded as the specific sur-
face layering. The CO2-assisted densely packed surface layering con-
tributes to high efficiency for CO2 capture in [N4111][TFSI]-2-
propanol.
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