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A B S T R A C T

The hydrophobic quaternary ammonium ionic liquid (IL), N-trimethyl-N-butylammonium bis (trifluoromethane-
sulfonyl) imide [N4111][TFSI] with a 2-propanol additive captures significant normal CO2 (nCO2) at room
temperature and ambient pressure. The 2-propanol-based mixture promotes conductivity under the nCO2 cir-
cumstance. To investigate the conformational changes induced by nCO2 important for its storage ability, Ra-
man spectroscopy measurements on quenched quaternary ammonium IL-propanol mixtures are systematically
conducted. Through liquid nitrogen quenching, the Raman intensities indicating the repulsive molecular inter-
action between 2-propanol and nCO2 are clearly observed, and exhibit distinct nCO2 mixing. The quenched
[N4111][TFSI]-propanol mixtures highlighted that the cation-anion interaction was modified by the 2-propanol
additive. Freezing sites of nCO2 correspond to amount of the nCO2 capture.

© 2018

1. Introduction

Carbon dioxide (CO2) emission is considered a major cause of warm-
ing of the Earth's surface and atmosphere, with its capture by varying
techniques exploited as an urgent approach to halt its effects. Many
CO2 capture systems emerged in the last two decades including utiliz-
ing recyclable ionic liquids (ILs). As initially reported for efficient CO2
capture by physical sorption, supercritical CO2 (scCO2) was efficiently
captured in the IL 1-butyl-3-methylimidazolium hexafluorophosphate,
[C4mim][PF6] [1]. Since then, IL-supported CO2 capture has been inves-
tigated extensively by theoretical [2–6] and experimental [7–10] meth-
ods. Particularly, the anion dependence of CO2 capture was clarified by
systematic experiments [11–14]. These studies demonstrated that high
CO2 capture is commonly achieved when the bis(trifluoromethanesul-
fonyl)imide, [TFSI]− anion is involved [11].

Due to the high CO2 capture ability, the scCO2 capture system has
witnessed intensive optimization and designed. Also, normal CO2 (nCO2)
has been studied for the CO2 storage quantity. This is because apply-
ing ILs in CO2 without employing scCO2 for industrial applications re-
quires extra cost-cut and downsizing. As an example, the fast sorp-
tion and desorption of nCO2 was proposed as a low-cost CO2 capture
system using polymerized ILs [15], and to achieve pilot systems, the
CO2 capture costs were precisely evaluated [16,17]. In addition to
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the physical sorption, chemical sorption is used for commercial CO2 cap-
ture.

Recently, propanol isomer effects in ILs were highlighted including
nCO2 capture behaviors [18–23]. Under vacuum, desorption times were
measured to evaluate the molecular interactions between the ILs and
propanol [18], with 1-propanol more affirmative of ILs compared with
2-propanol, attributed to the longer 1-propanol desorption time. In prob-
ing the propanol isomer effect, Raman spectroscopy seems indispens-
able, as the Raman bands of the [TFSI]− anion reflect the conformation
stability. The stable conformers of the [TFSI]− anion involve cis (C1) and
trans (C2), and are predicted by density functional theory (DFT) calcula-
tions (Fig. 1) [24,25]. To estimate phase stabilities on the binary phase
diagrams of the [Cnmim][TFSI] (2 ≤ n ≤ 10) and propanol system, the
C2/C1 conformation ratio was evaluated, and this provided further infor-
mation on the propanol isomer effect [19]. The ratio of C1 and C2 con-
formers depended on the n of the [Cnmim]+ cation and propanol type.
Furthermore, the propanol isomer effect is also reported in high nCO2
capture systems [21]. Efficient nCO2 capture achieved by the quaternary
ammonium IL, N-trimethyl-N-butylammonium bis(trifluoromethanesul-
fonyl)imide ([N4111][TFSI]) and 2-propanol system was higher com-
pared with the IL and 1-propanol system. Recently, under air or nCO2,
the surface structure of the IL-propanol system was examined by X-ray
and neutron reflectivity [26]. The specific anion layer appeared near the
surface only in [N4111][TFSI]-2-propanol.

In this study, the impact of nCO2 on the conformational stabilities
of the quaternary ammonium IL-propanol mixtures is investigated. Also,

https://doi.org/10.1016/j.molliq.2020.113687
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Fig. 1. Molecular structures of the [N3111]+, [N4111]+, [N6111]+, and [DEME]+

cations. The C1 and C2 conformers of the [TFSI]− anion are also illustrated.

the nCO2 mixing effect in the IL-propanol solutions is probed by quench-
ing with liquid nitrogen. The nCO2 freezing sites are attributed to the
nCO2 capture amount difference.

2. Materials and methods

The hydrophobic quaternary ammonium cations used in this study
were N,N,N-trimethyl-N-propylammonium, [N3111]+, [N4111]+,
N-hexyl-N,N,N-trimethylammonium, [N6111]+, and N,N-di-
ethyl-N-methyl-N-(2-methoxyethyl)ammonium, [DEME]+ obtained
from IoLiTec GmbH and Kanto Chemical Co. (Fig. 1). The additives
1-propanol and 2-propanol were also purchased from Kanto Chem. Co.
These reagents were utilized without further purification. The mix-
tures in this study are expressed by IL-x mol% propanol. For instance,
[N4111][TFSI]-80 mol% 2-propanol means that [N4111][TFSI] is
20 mol% of total, and 2-propanol is 80 mol% of total.

The electrical conductivity of samples was measured using a LAQUA
DS-72 conductivity meter (HORIBA Advanced Techno Co., Ltd). The
electrode was immersed in the mixture filled in a screw cap vial. For
in-situ observation under nCO2 flow, the screw cap vial with the elec-
trode was fixed in a gas flow-type container, with the nCO2 flow con-
trolled by a flow meter with a needle valve at a flow rate of 5 cc/min.
The temperature dependence of the electrical conductivity was evalu-
ated using a water bath (BB301, Yamato Scientific Co., Ltd.), where the
temperature stability was within 0.1 °C.

Samples were placed in glass petri dishes for quenching using liq-
uid nitrogen. The nCO2 gas was introduced in the samples by bubbling
in zipped bags for 10 min for saturation as reported in previous studies
[21,26]. The bags were then directly introduced in liquid nitrogen, and
stored for at least 10 min for adequate quenching. The quenched sam-
ples were measured in the filled liquid nitrogen container to maintain
the temperature and prevent melting. In quenching without nCO2, the
CO2 bubbling process was skipped by directly immersing the zipped bag
samples in liquid nitrogen.

An NRS-5100 Raman Spectrometer (JASCO Co.) equipped with a
monochromator and a Peltier-cooled camera was used for measure-
ments. The excitation was triggered by a 6.0 mW green laser with a
wavelength of 532 nm.

The DFT calculations were performed to assess the interactions be-
tween the cations, anion, and CO2, with Raman bands assigned to mol-
ecular vibrations. The conformations of the cations and the [TFSI]− an

ion with CO2 were also optimized by DFT. All DFT calculations were
performed using the B3LYP hybrid functional and 6–31++G(d,p) basis
set of the Firefly package [27,28].

3. Results and discussion

3.1. Electrical conductivity under nCO2 flow

The temperature and time dependences of the electrical conductiv-
ity of pure [N4111][TFSI] are displayed in Fig. 2(a). As the nCO2 flow
begins at a time of zero, the conductivity of pure [N4111][TFSI] in-
creases monotonically with rising temperature. In contrast, at constant
temperature, a time-invariant conductivity is observed. This demon-
strates little change in the conductivity even under nCO2 flow. There-
fore, a minor amount of nCO2 in pure [N4111][TFSI] does not con-
tribute to improve the conductivity. However, in pure [C4mim][PF6]
with scCO2, the dissolved scCO2 promotes an increase in the electri-
cal conductivity [29], with the conductivity proportional to pressure.
This is attributed to viscosity reduction by the dissolved scCO2 in pure
[C4mim][PF6]. Also, weak molecular aggregations of the scCO2 and
[PF6]− anion can diminish the cation-anion ion pairing, and increase

Fig. 2. Temperature and time dependences of the electrical conductivity, σ, of (a) pure
[N4111][TFSI] and (b) [N4111][TFSI]-propanol system. The time was set to zero when
the nCO2 follow started.
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the charge carriers. In pure ILs, inherent properties of the scCO2 such as
low viscosity and fast diffusion control the high conductivity.

The electrical conductivity of the [N4111][TFSI]-propanol systems
measured at 20 °C is exhibited in Fig. 2(b). By adding propanol, the
conductivity of the [N4111][TFSI]-propanol increases by a factor of
more than two relative to that of pure [N4111][TFSI]. Here, the elec-
tric conductivity of pure 2-propanol is 6 μS/m (20 °C). Thus, non-ionic
propanol cannot contribute to the electrical conductive carrier under
the electric field. Thus, this difference is likely due to viscosity re-
duction by propanol dilution. Although the conductivity of the
[N4111][TFSI]-80 mol% 2-propanol mixture was lower than that of the
[N4111][TFSI]-80 mol% 1-propanol at t = 0 s, the rate of conductivity
increase of the 2-propanol-based mixture eventually surpassed that of
the 1-propanol mixture (Fig. 2(b)). The gradual conductivity increase
was derived through the path distance of 4 cm from the liquid's sur-
face to the electrode's position. Without stirring the solution, reach-
ing the electrode from the liquid's surface with absorbed nCO2 requires
a longer duration. From the nCO2 diffusion, the propanol isomer ef-
fect is recognized in the [N4111][TFSI]-propanol system. Similarly, in
the [C4mim][PF6] + scCO2 mixture, propanol-assisted aggregation of an
anion and nCO2 interrupts the [N4111]+ cation and the [TFSI]− an-
ion pairing. Here, we deduce that specific fluctuations resembling those
from scCO2 are induced in the [N4111][TFSI]-2-propanol system. These
fluctuations occur in the [N4111][TFSI]-2-propanol mixture at room
temperature, since phase separation critical point is 15.6 °C [21].

3.2. nCO2 capture by the quaternary ammonium ionic liquid system

The nCO2 amount captured by the quaternary ammonium
IL-propanol system was reported in a previous study [21]. The nCO2 mo-
lar fraction in the mixtures is provided by ξ (Fig. 3), which is calculated
according to the following equation:

(1)

where nIL and nCO2 represent the moles of IL and nCO2, respectively. To
calculate the molar fraction of nCO2, only the IL amount was consid-
ered since pure 1-propanol and 2-propanol do not capture nCO2 [21],
and moreover, on the IL nCO2 capture potential is significant. In this
study, the ξ of the [N6111][TFSI] was examined in addition to those
of the [N3111][TFSI], [N4111][TFSI], and [DEME][TFSI] systems. The
ξ of the pure [N6111][TFSI], [N6111][TFSI]-75.0 mol% 1-propanol,
and [N6111][TFSI]-75.0 mol% 2-propanol mixtures are 7.8, 5.8, and

Fig. 3. The CO2 molar fraction, ξ, of the quaternary ammonium ILs at room temperature.
The [TFSI]− anion is commonly selected.

8.4 mol%, respectively. The alkyl chain length effect of the [N3111]+,
[N4111]+, and [N6111]+ cations for nCO2 capture is exhibited in Fig.
3. Obviously, the [N4111][TFSI]-2-propanol is optimized for nCO2 cap-
ture. Hence, adequate alkyl chain length of the quaternary ammonium
cations is advantageous for nCO2 capture.

The [DEME]+ cation containing an ether bond displays an opposite
propanol isomer effect on nCO2 capture compared with other quaternary
ammonium ILs. The ξ of [DEME][TFSI]-1-propanol is higher than that of
the [DEME][TFSI]-2-propanol mixture (Fig. 3). Since the [TFSI]− anion
is common in the ILs, the electronegative part of oxygen in the [DEME]+

cation likely contributed in this opposite propanol isomer effect. Pos-
sibly, the role of 1-propanol and 2-propanol for nCO2 capture is mod-
ified by the ether bond. This result implies that molecular interaction
between the ether bond and nCO2 is sensitive to a charge network-de-
pendent ion pairing.

3.3. Raman spectra of the quenched [N3111][TFSI]-based system

The Raman band intensities were normalized to those of the [TFSI]−

anion, with the Raman bands located at 278 cm−1 [30]. The 278 cm−1

band was assigned as the breathing mode of the [TFSI]− anion. Ex-
cept for a crystal state, the 278 cm−1 Raman band was quite stable in
the liquid, supercooled liquid, and glass states, although other stretch-
ing modes at 260–360 cm−1 were easily influenced by the state changes
[30]. Here, we introduce the nCO2 effect parameter, η, which is derived
from the following expression:

(2)

where I(CO2) and I(Air) at 670/758 cm−1 (cation), 860 cm−1

(1-propanol) [31], and 819 cm−1 (2-propanol) [32] are the Raman in-
tensities under nCO2 and air, respectively.

The Raman spectra of the quenched pure [N3111][TFSI] with and
without nCO2 are displayed in Fig. 4(a). The band at 758 cm−1 high-
lighted by the blue arrow is assigned to asymmetric stretching of the
[N3111]+ cation by DFT calculations (Fig. S1(a) of the Supporting
Information) [33]. In pure [N3111][TFSI], the Raman spectra of the
quenched samples with and without nCO2 coincided, with the ηobs of
the pure [N3111][TFSI] presented in Table 1. The ηobs (758 cm−1) for
the [N3111]+ cation in the pure system is −0.12. In the DFT calcula-
tions, the ηcal (758 cm−1) for the [N3111]+ cation of the [N3111]+-CO2
pair was then estimated (Fig. S2(a) of the Supporting Information). Ev-
idently, the calculated Raman intensities exhibit an opposite tendency
to that for nCO2 capture in Fig. 3. For instance, the low calculated in-
tensity of the [N4111]+ in Fig. S2(a) is connected with the high nCO2
capture in Fig. 3. Thus, we deduce that strong cation vibrations likely
exclude nCO2. In the DFT calculations, the ηcal decreases with CO2 ex-
cept for the [DEME]+-CO2 and 2-propanol-CO2 pairs (Fig. S2(b)).

The C2/C1 of the anion changes extensively with nCO2 and without
nCO2 (Table 1). The C2/C1 conformation ratios (260–360 cm−1), rep-
resenting conformation stabilities of the [TFSI]− anion were obtained
from peak profile fitting using a linear combination of pseudo Voigt
functions [18–22]. The Raman bands at 316 and 326 cm−1 are assigned
to the C1 conformer, while those at 297 and 340 cm−1 are attributed
to the C2 conformer. In the recent ab initio calculation [34], the min-
imum energy conformations of the [TFSI]− anion were evaluated in
[Cnmim][TFSI] (n = 2, 4, 6, 8). The ab initio dihedral angle potentials
for the [TFSI]− anion indicate the global energy minimum of the C2
conformer. Thus, a high C2/C1 ratio indicates that a liquid state is sta-
ble. Therefore, under the air atmosphere, the high C2/C1 of 1.83 im-
plies that the quenched [N3111][TFSI] is stable. Contrarily, with nCO2,
the lower C2/C1 value of 1.40 means that the quenched solid is not sta
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Fig. 4. Raman spectra of (a) pure [N3111][TFSI], (b) [N3111][TFSI]-75.0 mol%
1-propanol, and (c) [N3111][TFSI]-75.0 mol% 2-propanol. The blue, green and red arrows
indicate the [N3111]+, 1-propanol, and 2-propanol Raman bands. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)

bilized by the dissolved nCO2. Thus, in the pure system, the nCO2 is a
destabilizer for the [N3111]+ cation and the [TFSI]− anion.

In contrast, in the quenched [N3111][TFSI]-80 mol% 1-propanol
mixture, the Raman bands of 1-propanol appear additionally at around
860 cm−1 (Fig. 4(b)). The strength of the molecular interaction be-
tween nCO2 and 1-propanol in the quenched solid is evaluated by the

860 cm−1 Raman band (shown by the green arrow in Fig. 4(b)), with
an observed ηobs (860 cm−1) for 1-propanol of −0.83. In the DFT cal-
culations (Fig. S2(b)), the ηcal (860 cm−1) value with CO2 is estimated
as −0.007. Due to the high negative ηobs (860 cm−1) value, the stretch-
ing motion of 1-propanol is influenced by nCO2. Next, we estimate the
strength of the interaction between the [N3111]+ cation and nCO2 from
the ηobs (758 cm−1) value. Since the ηobs (758 cm−1) of the cation is
−0.59 for the [N3111][TFSI]-1-propanol system (Table 1), the attrac-
tion interaction between the [N3111]+ cation and nCO2 appears strong.
The DFT calculation supports the negative ηobs, with ηcal (758 cm−1)
of −0.031. The presence of nCO2 near the cation probably suppresses
the cation vibration. For the [TFSI]− anion, under the nCO2 condition,
entirely different Raman bands at around 260–360 cm−1 are observed
(Fig. 4(b)), with the decreasing C2/C1 ratio from 2.01 to 0.80 attrib-
uted to nCO2 (Table 1). Compared with the decreasing C2/C1 ratio of
the pure [N3111][TFSI], that in the quenched 1-propanol-based mix-
ture increased. Thus, the nCO2 weakly interacts with the [TFSI]− an-
ion, causing further destabilization of the quenched solid. More inter-
estingly, in addition to the 260–360, 758, and 860 cm−1 Raman bands,
intensities of other Raman bands decrease after nCO2 addition. We in-
fer that the nCO2 interferes with the [N3111]+ cation and 1-propanol in
the quenched solid, while freeze randomly surrounding [N3111]+ and
1-propanol, based on the decreasing intensity of different Raman bands.

The quenched [N3111][TFSI]-80 mol% 2-propanol mixture shows a
different Raman spectrum under nCO2 (Fig. 4(c)). The 819 cm−1 Raman
band depicted by the red arrow in Fig. 4(c) contains information on the
molecular interaction between 2-propanol and CO2, with a low dumping
of ηobs (819 cm−1) (=−0.23) obtained for 2-propanol. In the DFT calcu-
lation, the ηcal (819 cm−1) is 0.012, and this result contrasts with the ηcal

(860 cm−1) of the 1-propanol and CO2 pair. A reason for this difference
is the variation of the 2-propanol conformer with CO2. Details of the cal-
culations are provided in Section 3.7, with at least the repulsive inter-
action between 2-propanol and nCO2 demonstrated. Next, the relation-
ship between the [N3111]+ cation and nCO2 in the 2-propanol-based
mixture is obtained from the ηobs (758 cm−1) of −0.38. Compared with
the 1-propanol-based mixture (ηobs (758 cm−1) of −0.59), the minor de-
crease of the observed value implies a slightly weakened nCO2 effect in
the 2-propanol-based mixture. Contrarily, under the nCO2 atmosphere,
the peak profiles exhibiting the anion Raman bands at 260–360 cm−1

are distinct from those of the 1-propanol-based mixture (Fig. 4(c)). The
C2/C1 value under nCO2 of the 2-propanol-based mixture changes from
2.01 to 0.95, and this decreasing ratio is almost comparable to that of
the 1-propanol-based mixture. Therefore, the propanol isomer effect on
the [TFSI]− anion is weak. In fact, in the

Table 1
η(670/758 cm − 1) as cation, C2/C1 ratios as anion, η(860 cm − 1) as 1-propanol, and η(819 cm − 1) as 2-propanol of pure ILs and their mixtures.

η obs (670 cm − 1) (cation)

C2/C1 (anion) η obs (758 cm − 1) (cation) η obs (860 cm − 1) η obs (819 cm − 1)

Pure 1-PrOH 2-PrOH Pure 1-PrOH 2-PrOH 1-PrOH 2-PrOH

Air CO2 Air CO2 Air CO2

[N3111] + 1.83 1.40 2.01 0.80 2.01 0.95 −0.12 −0.59 −0.38 −0.83 −0.23
[N4111] + 0.97 0.88 0.80 0.91 1.01 0.87 −0.47 −0.02 0.07 −0.20 −0.37
[N6111] + 1.15 1.17 1.18 1.10 1.22 1.20 0.17 −0.12 0.10 0.03 −0.19
[DEME] + 1.11 1.08 1.09 1.03 1.09 1.05 0.07 0.00 −0.11 0.42 0.21

[N3111] + [N4111] + [N6111] + [DEME] + 1-Propanol 2-Propanol

η cal −0.031 −0.050 −0.011 0.114 −0.007 0.012
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ξ of the [N3111][TFSI]-propanol mixture (Fig. 3), the ξ difference be-
tween 1-propanol- and 2-propanol-based mixtures is quite low.

3.4. Raman spectra of the quenched [N4111][TFSI]-based system

The pure [N4111][TFSI] and [N4111][TFSI]-propanol mixtures are
examined to clarify the alkyl chain length effect of the cations in nCO2
capture. The pure [N4111][TFSI] exhibited low dissolved nCO2 effect on
the Raman spectra by quenching, except for the 758 cm−1 Raman band
(Fig. 5(a)). Focusing on the [N4111]+ cation in the pure system, the
observed ηobs (758 cm−1) is −0.47, with the negative value attributed
to the nCO2 attraction to the [N4111]+ cation, while the DFT provided
an ηcal (758 cm−1) value of −0.050 (Fig. S2(a)). For all pure IL systems
(Table 1), the strong pairwise interaction between the cation and nCO2
appears only for the pure [N4111][TFSI], with the Raman intensity pro-
files at 260–360 cm−1 (anion Raman bands) minimally changing due to
nCO2 (Fig. 5(a)). The minor C2/C1 ratio decrease implies that nCO2 was
not retained near the [TFSI]− anion in the quenched solid.

As in the pure system, nCO2 influence on the [TFSI]− anion is
not observed in the 1-propanol-based (Fig. 5(b)) and 2-propanol-based
(Fig. 5(c)) mixtures due to low C2/C1 ratio differences between the air
and nCO2 circumstances. The [N4111]+ cation's stability is unchanged
with or without nCO2 for the 1-propanol- and 2-propanol-based mix-
tures, since both ηobs (758 cm−1) values are almost zero. Hence, in
the quenched propanol-based mixtures, the [N4111]+ cation and the
[TFSI]− anion are unaffected by the dissolved nCO2. In contrast, by

Fig. 5. Raman spectra of (a) pure [N4111][TFSI], (b) [N4111][TFSI]-75.0 mol%
1-propanol, and (c) [N4111][TFSI]-75.0 mol% 2-propanol.

adding 1-propanol, the specific Raman band of the 1-propanol is re-
duced by nCO2, with ηobs (860 cm−1) of −0.20 (Fig. 5(b)). The other Ra-
man bands shown by the 1-propanol-based mixture indicate no change
with and without nCO2. Thus, nCO2 might be present near the
1-propanol and thereby affect its stretching mode. Next, we examine
the highest nCO2 capturing [N4111][TFSI]-2-propanol system shown
in Fig. 3 [21]. The Raman spectra of the [N4111][TFSI]-75.0 mol%
2-propanol are displayed in Fig. 5(c). Under the nCO2 circumstance,
a further decrease of the 2-propanol Raman band at 819 cm−1 is ob-
served. By referring to the positive ηcal (819 cm−1) of 0.012 and the neg-
ative ηobs (819 cm−1) value of −0.37, the clear difference implies that
no 2-propanol - nCO2 pair is formed. The negative ηcal (1-propanol) or
positive ηcal (2-propanol) reflects the propanol isomer effect. This obser-
vation explains the high nCO2 storage in the [N4111][TFSI]-2-propanol
system. In the Raman spectra at room temperature, the propanol isomer
effect is obviously missing (Fig. S3(a)–(d)). Here, we emphasize that, by
quenching, the dissolved nCO2 effect is first demonstrated in the Raman
spectra. This is possibly caused by free flow of nCO2 in the mixtures at
room temperature. Then, we cannot probe the nCO2-induced propanol
isomer effect at room temperature.

3.5. Raman spectra of the quenched [N6111][TFSI]-based system

The pure [N6111][TFSI] is the largest quaternary ammonium cation
in this study. Alternatively, the bulk liquid structure of the
[N4444][C4SO4] was simulated by molecular dynamics (MD) [35]. The
liquid structure of a large cation such as [N4444]+ was reflected by
the nano-heterogeneity in the MD simulation. Since the nCO2 cap-
ture tendency of the [N6111][TFSI] system differs from those of the
[N3111][TFSI] and [N4111][TFSI] (Fig. 3), the nano-heterogeneity
likely influences the nCO2 capture.

The Raman spectrum of pure [N6111][TFSI] is exhibited in Fig.
6(a), with its experimentally low ηobs (758 cm−1) of 0.17 presented in
Table 1, while the calculated ηcal (758 cm−1) from DFT calculation
of −0.011 is illustrated in Fig. S2(a). However, the high calculated
[N6111] intensity in Fig. S2(a) means that the strong vibrational mode
of the [N6111]+ cation is visualized by DFT. In the quenched mixture,
the [N6111]+ cation shows a weak relationship with nCO2. Regarding
the anion effect on the pure system, the C2/C1 ratio under nCO2 coin-
cides with that under air. Therefore, the nCO2 caused no conformational
change of the [TFSI]− anion. This implies no interaction between the
nCO2 and the [TFSI]− anion in the quenched state.

By adding 1-propanol, the −0.12 ηobs (758 cm−1) of the [N6111]+

cation is opposingly negative but low, compared with the pure sys-
tem (Fig. 6(b)). The negative calculated value of ηcal (758 cm−1) of
−0.011 indicates that nCO2 remains around the [N6111]+ cation in the
1-propanol-based mixture. The [TFSI]− conformation revealed by the in-
variant C2/C1 ratio is not modified by nCO2. In addition, the Raman
band of 1-propanol at 860 cm−1 is unchanged by nCO2, considering the
0.03 ηobs (860 cm−1). Therefore, the absorbed nCO2 had little interac-
tions with the [N6111]+ cation, [TFSI]− anion and 1-propanol.

The [N6111][TFSI]-2-propanol mixture displays an ηobs (819 cm−1)
value of −0.19 (Fig. 6(c)), with the negative ηobs hindering nCO2 attrac-
tion to the 2-propanol because of its positive ηcal. For other molecular
pairs, the nCO2 effect is minimal due to the low ηobs (758 cm−1) value of
0.10 for the [N6111]+ cation and minor C2/C1 ratio difference for the
[TFSI]− anion.

3.6. Raman spectra of the quenched [DEME][TFSI]-based system

The [DEME]+ cation is a quaternary ammonium cation involving
an ether bond [36]. Due to the ether bond of the [DEME] cation,
the strong Raman band of [DEME][I] appeared at 670 cm−1 [37]. The
670 cm−1 Raman band was identified as the symmetric stretching mode
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Fig. 6. Raman spectra of (a) pure [N6111][TFSI], (b) [N6111][TFSI]-75.0 mol%
1-propanol, and (c) [N6111][TFSI]-75.0 mol% 2-propanol.

of the [DEME]+ cation. In DFT, the 670 cm−1 Raman band shifts to
higher position with the [TFSI]− anion (Fig. S1(b)). By quenching, the
pure [DEME][TFSI] displayed little nCO2 capture enhancement or sup-
pression on the Raman spectra (Fig. 7(a)). The ηobs value at 670 cm−1

(cation) is 0.07 (Table 1). In the DFT calculation, the ηcal (670 cm−1)
of 0.114 is only positive value in the cations. Considering the experi-
mental and calculated DFT results, we suggest that the ether bond of
the [DEME]+ cation is attractive to nCO2. The experimentally obtained
C2/C1 ratio (anion) remains unchanged with and without nCO2. Hence,
in the pure system, nCO2 failed to influence the [TFSI]− anion in the
quenched solid.

By adding 1-propanol, Raman bands were modified under nCO2
(Fig. 7(b)), with the enhancement of the 860 cm−1 Raman band
(1-propanol) expressed by an ηobs (860 cm−1) of 0.42 (Table 1). Since
the ηcal (860 cm−1) from DFT is −0.007, the 1-propanol is very repulsive
to nCO2. Moreover, the η(670 cm−1) for the cation of zero and nearly
invariant C2/C1 ratio for the anion are explained by the weak interac-
tion with nCO2 in the 1-propanol-based system. Hence, this emphasizes
that the nCO2 effect emerges only in the 1-propanol. More interestingly,
the 2-propanol and nCO2 interaction caused intensity changes in the Ra-
man spectrum (Fig. 6(c)). Compared with the 1-propanol-based mix-
ture, the propanol isomer effect is clarified by the Raman spectra. For
instance, the 2-propanol in the [DEME][TFSI]-2-propanol mixture is af-
firmative to nCO2 because ηobs (819 cm−1) of 0.21 and ηcal (819 cm−1)
of 0.012 are positive. Here, we notice that the nCO2 capture of the
cation including the ether bond is related to the propanol isomer effect.

Fig. 7. Raman spectra of (a) pure [DEME][TFSI], (b) [DEME][TFSI]-75.0 mol%
1-propanol, and (c) [DEME][TFSI]-75.0 mol% 2-propanol.

In a previous study [21], nCO2 amount captured in the
[DEME][TFSI]-2-propanol system was lower than that of the
1-propanol-based system (Fig. 3). Although the repulsive interaction be-
tween 1-propanol and nCO2 is connected to the high nCO2 amount cap-
tured, the attraction between 2-propanol and nCO2 is attributed to low
nCO2 storage. For better understanding, we summarize the propanol iso-
mer effect and the nCO2 capture potential of the [DEME][TFSI]- and
[N4111][TFSI]-propanol mixtures.

(i) [DEME][TFSI]-1-propanol; ηobs (860 cm−1) > 0, ηcal

(860 cm−1) < 0, large ξ
(ii) [DEME][TFSI]-2-propanol; ηobs (819 cm−1) > 0, ηcal

(819 cm−1) > 0, small ξ
(iii) [N4111][TFSI]-1-propanol; ηobs (860 cm−1) < 0, ηcal

(860 cm−1) < 0, small ξ
(iv) [N4111][TFSI]-2-propanol; ηobs (819 cm−1) < 0, ηcal

(819 cm−1) > 0, large ξ

By introducing an assumption, the experimental and theoretical re-
sults are explained. The assumption is that, in highly efficient nCO2
capture, the CO2 molecules in the mixture are freely moving around
at room temperature. At this temperature, the CO2 effect is undetected
due to speed of moving CO2. The repulsive molecular interactions also
support the rapid movement of the CO2. In the quenched solid, CO2
freezes, reflecting the repulsive interactions. Based on such a scenario,
the low nCO2 storage is explained by the affirmative interaction be-
tween propanol and nCO2. By a series of quenched quaternary ammo
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nium ILs and propanol mixtures, the spectral changes under the CO2 cir-
cumstance imply that the CO2 storage process at the molecular level is
revealed by the Raman intensities with or without nCO2.

3.7. DFT calculations for molecular pairs

We estimate the possible confirmations of [N3111]+, [N4111]+, and
[N6111]+ cations by the DFT calculations. Fig. S4(a)–(c) reveals the di-
hedral angle potential energies of the above cations. The N-C-C-C dihe-
dral angle in the [N3111]+ cation was calculated, while the C-C-C-C di-
hedral angle was used in other cations. Only in the [N3111]+ cation,
the trans conformer was stabilized. In contrast, gauche conformers of the
[N4111]+ and [N6111]+ cations were found to be the local potential
minimum in addition to the global potential minimum of their trans con-
formers.

Our next step is to estimate the conformational stabilities of molecu-
lar pairs with CO2. The optimized molecular pairs of the quaternary am-
monium cations and CO2 are illustrated in Fig. 8(a). In the cation-CO2
pair, CO2 prefers the electro positive part of the quaternary ammonium
cations (Fig. 8(a)). Proportionally to the alkyl chain length, the cal-
culated energy increases except for the [DEME]+-CO2 pair. Due to the
ether bond, the [DEME]+ is not stabilized by CO2. This calculation is
important for interpreting the high efficiency of nCO2 capture of the
[N4111][TFSI]-based system.

To distinguish the effect of the orientational orders and conforma-
tions, the positional dependence of the cation/anion and CO2 was cal-
culated by DFT. The gauche and trans conformers of the [N4111]+

cation with CO2 are significant to interpret the experimental results.
In the [N4111]+ cation and CO2 pair, the [N4111]+ conformation re

mains unchanged irrespective of the CO2 positions (Fig. 8(b)). Also, the
optimized energies at each pair are only slightly influenced by the rel-
ative CO2 positions. In contrast, the [TFSI]− anion and CO2 pair shows
various results from DFT calculations (Fig. 8(c)). The molecular confor-
mation of the [TFSI]− anion (Fig. 1) exhibits sensitivity to the CO2 posi-
tions, and is characterized by a torsion angle, α, that was defined in pre-
vious studies [19,22,23]. Moreover, the optimized energy changes are
accompanied by α angle alteration. Through the CO2-driven conforma-
tional changes, depending on the stabilization energy, the [TFSI]− anion
is sensitively coupled with CO2. As mentioned previously, the C2 con-
former is more stable than the C1 conformer [24,33], where the C2/C1
ratio representing the stability factor is also crucial for evaluating the
CO2 effect in the quenched solids.

Furthermore, the propanol isomer effect is simulated by the DFT
calculations. Although the conformation of 1-propanol is unchanged
by CO2, the 2-propanol conformation is drastically modified by CO2
with accompanying energy changes (Fig. 8(d)). These conformational
changes explain the positive ηcal (819 cm−1) of 2-propanol. In fact, the
vibrational mode of the 2-propanol is enhanced by the CO2, and the cal-
culated Raman bands shift to the lower wavenumber region reflecting
the molecular interactions (Fig. S2(b)). Here, we stress that the CO2-dri-
ven conformational flexibilities of the [TFSI]− anion and 2-propanol pro-
mote high efficiency nCO2 capture. The molecular conformation degrees
of freedom coupled with energetical stabilization can be exploited for
designing highly efficient nCO2 capture systems.

Fig. 8. Optimized molecular pairs for the (a) quaternary ammonium cations-CO2 pair, (b) [N4111]+-CO2 pair, (c) [TFSI]−-CO2 pair, and (d) 2-propanol-CO2 pair.
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4. Conclusions

The nCO2 effect in quaternary ammonium IL-propanol mixtures were
detected on Raman spectra by liquid nitrogen quenching. The mole-
cular interactions in the quenched solids were estimated by the Ra-
man bands at 670/758 cm−1 (cation), 260–360 cm−1 (anion), 860 cm−1

(1-propanol), and 819 cm−1 (2-propanol). Through the quenching, the
nCO2 effect was demonstrated in the IL-propanol mixtures, and the
propanol isomer effect was clearly related to the nCO2 capture. From
DFT calculations, the attractive and repulsive interactions of different
molecules with CO2 were estimated by intensity changes of the Raman
bands. Based on the calculated results, the molecular interactions were
evaluated using the Raman intensities. The nCO2 amount captured was
explained by the molecular interactions. The CO2-sensitive conforma-
tions of the [TFSI]− anion and 2-propanol demonstrated their validity
for nCO2 capture at room temperature and ambient pressure.

CRediT authorship contribution statement

Hiroshi Abe:Conceptualization, Writing - original draft, Writing - re-
view & editing.Fumiya Nemoto:Data curation, Formal analysis.Hiroaki
Kishimura:Data curation.Shinichiro Ozawa:Investigation.

Declaration of competing interest

There are no conflicts to declare.

Acknowledgements

We appreciate Dr. T. Takekiyo and Prof. Y. Yoshimura of the Na-
tional Defense Academy for helpful discussions and experimental sup-
port. We also thank Mr. M. Ikezoe for assistance with the experiments.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.molliq.2020.113687.

References

[1] L A Blanchard, D Hancu, E J Beckman, J F Brennecke, Green processing using
ionic liquids and CO2, Nature 399 (1999) 28–29.

[2] J D Morganti, K Hoher, M C C Ribeiro, R A Ando, L J A Siqueira, Molecular
dynamics simulations of acidic gases at interface of quaternary ammonium
ionic liquids, J. Phys. Chem. C 118 (38) (2014) 22012–22020.

[3] K M Gupta, J Jiang, Systematic investigation of nitrile based ionic liquids for
CO2 capture: a combination of molecular simulation and ab initio calculation, J.
Phys. Chem. C 118 (2014) 3110–3118.

[4] M Klähn, A Seduraman, What determines CO2 solubility in ionic liquids? A
molecular simulation study, J. Phys. Chem. B 119 (2015) 10066–10078.

[5] E I Izgorodina, J L Hodgson, D C Weis, S J Pas, D R MacFarlane, Physical
absorption of CO2 in protic and aprotic ionic liquids: an interaction perspective,
J. Phys. Chem. B 119 (2015) 11748–11759.

[6] S Li, W Zhao, G Feng, P T Cummings, A computational study of dicationic ionic
liquids/CO2 interfaces, Langmuir 31 (2015) 2447–2454.

[7] Z Lei, J Han, B Zhang, Q Li, J Zhu, B Chen, Solubility of CO2 in binary mixtures
of room-temperature ionic liquids at high pressures, J. Chem. Eng. Data 57
(2012) 2153–2159.

[8] M Wang, L Zhang, L Gao, K Pi, J Zhang, C Zheng, Improvement of the CO2
absorption performance using ionic liquid [NH2emim][BF4] and [emim][BF4]/
[bmim][BF4] mixtures, Energy Fuel 27 (2013) 461–466.

[9] R Rajamanickam, H Kim, J-W Park, Tuning organic carbon dioxide absorbents
for carbonation and decarbonation, Sci. Rep. 5 (2015) 10688-7.

[10] C H Giammanco, S A Yamada, P L Kramer, A Tamimi, M D Fayer, Structural
and rotational dynamics of carbon dioxide in 1-alkyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ionic liquids: the effect of chain length, J.
Phys. Chem. B 120 (2016) 6698–6711.

[11] J E Bara, T K Carlisle, C J Gabriel, D Camper, A Finotello, D L Gin, R D Noble,
Guide to CO2 separations in imidazolium-based room-temperature ionic liquids,
Ind. Eng. Chem. Res. 48 (2009) 2739–2751.

[12] J F Brennecke, B E Gurkan, Ionic liquids for CO2 capture and emission
reduction, J. Phys. Chem. Lett. 1 (2010) 3459–3464.

[13] M Ramdin, T W de Loos, T J H Vlugt, State-of-the-art of CO2 capture with ionic
liquids, Ind. Eng. Chem. Res. 51 (2012) 8149–8177.

[14] S Zeng, X Zhang, L Bai, X Zhang, H Wang, J Wang, D Bao, M Li, X Liu, S Zhang,
Ionic-liquid-based CO2 capture systems: structure, interaction and process,
Chem. Rev. 117 (2017) 9625–9673.

[15] J Tang, H Tang, W Sun, H Plancher, M Radosza, Y Shen, Poly(ionic liquid)s: a
new material with enhanced and fast CO2 absorption, Chem. Commun. (2005)
3325–3327.

[16] H Zhai, E S Rubin, Technical and economic assessments of ionic liquids for
pre-combustion CO2 capture at IGCC power plants, Energy Procedia 114 (2017)
2166–2172.

[17] M T Mota-Martinez, P Brandl, J P Hallett, N Mac Dowell, Challenges and
opportunities for the utilisation of ionic liquids as solvents for CO2 capture,
Mol. Syst. Des. Eng. 3 (2018) 560–571.

[18] H Abe, T Mori, R Abematsu, Y Yoshimura, N Hatano, Y Imai, H Kishimura,
Desorption process in room temperature ionic liquid based-mixtures under
vacuum, J. Mol. Liq. 167 (2012) 40–46.

[19] S Ozawa, H Kishimura, S Kitahira, K Tamatani, K Hirayama, H Abe, Y
Yoshimura, Isomer effect of propanol on liquid–liquid equilibrium in
hydrophobicroom-temperature ionic liquids, Chem. Phys. Lett. 613 (2014)
122–126.

[20] H Abe, M Aono, S Kameoka, A-P Tsai, Y Yoshimura, S Ozawa, Impedance
spectroscopic study using nanoporous electrode on room temperature ionic
liquid-propanol mixtures, J. Jpn. Inst. Energy 93 (2014) 1015–1020.

[21] H Abe, A Takeshita, H Sudo, K Akiyama, H Kishimura, CO2 capture at room
temperature and ambient pressure: isomer effect in room temperature ionic
liquid/propanol solutions, Green Sus. Chem. 6 (2016) 116–124.

[22] H Abe, E Kohki, A Nakada, H Kishimura, Phase behavior in quaternary
ammonium ionic liquid-propanol solutions: hydrophobicity, molecular
conformations, and isomer effects, Chem. Phys. 491 (2017) 136–142.

[23] H Kishimura, E Kohki, A Nakada, K Tamatani, H Abe, Ether bond effects in
quaternary ammonium and phosphonium ionic liquid-propanol solutions,
Chem. Phys. 502 (2018) 87–95.

[24] K Fujii, T Fujimori, T Takamuku, R Kanzaki, Y Umebayashi, S Ishiguro,
Conformational equilibrium of bis(trifluoromethanesulfonyl) imide anion of a
room-temperature ionic liquid: Raman spectroscopic study and DFT
calculations, J. Phys. Chem. B 110 (2006) 8179–8183.

[25] K Fujii, Y Soejima, Y Kyoshoin, S Fukuda, R Kanzaki, Y Umebayashi, T
Yamaguchi, S Ishiguro, T Takamuku, Liquid structure of room-temperature
ionic liquid, 1-ethyl-3-methylimidazolium bis-(trifluoromethanesulfonyl) imide,
J. Phys. Chem. B 112 (2008) 4329–4336.

[26] H Abe, A Takeshita, H Sudo, K Akiyama, CO2 capture and surface structures of
ionic liquid-propanol solutions, J. Mol. Liq. 301 (2020) 112445–112447.

[27] A.A. Granovsky Firefly version 8http://classic.chem.msu.su/gran/firefly/index.
html

[28] M W Schmidt, K K Baldridge, J A Boatz, S T Elbert, M S Gordon, J H Jensen, S
Koseki, N Matsunaga, K A Nguyen, S Su, T L Windus, M Dupuis, J A
Montgomery Jr., General atomic and molecular electronic structure system, J.
Comput. Chem. 14 (1993) 1347–1363.

[29] J Zhang, C Yang, Z Hou, B Han, T Jiang, X Li, G Zhao, Y Li, Z Liu, D Zhao, Y
Kou, Effect of dissolved CO2 on the conductivity of the ionic liquid
[bmim][PF6], New J. Chem. 27 (2003) 333–336.

[30] J C Lasségues, J Grondin, R Holomb, P Johansson, Raman and ab initio study of
the conformational isomerism in the 1-ethyl-3-methyl-imidazolium
bis(trifluoromethanesulfonyl)imide ionic liquid, J. Raman Spectrosc. 38 (2007)
551–558.

[31] N Michniewicz, A S Muszyński, W Wrzeszcz, M A Czarnecki, B Golec, J P
Hawranek, Z Mielke, Vibrational spectra of liquid 1-propanol, J. Mol. Struct.
887 (2008) 180–186.

[32] A Dhakal, A Raza, F Peyskens, A Z Subramanian, S Clemmen, N Le Thomas, R
Baets, Efficiency of evanescent excitation and collection of spontaneous Raman
scattering near high index contrast channel waveguides, Opt. Express 23 (2015)
27391–27404.

[33] F Capitani, F Trequattrini, O Palumbo, P Roy, P Postorino, A Paolone,
Pressurizing the mixtures of two ionic liquids: crystallization versus
vetrification, J. Raman Spectrosc. 48 (2017) 1819–1827.

[34] J Neumann, B Golub, L-M Odebrecht, R Ludwig, D Paschek, Revisiting
imidazolium based ionic liquids: effect of the conformation bias of the [NTf2]
anion studied by molecular dynamics simulations, J. Chem. Phys. 148 (2018)
193828–193829.

[35] A A Freitas, K Shimizu, J N Canongia Lopes, Complex structure of ionic liquids.
Molecular dynamics studies with different cation–anion combinations, J. Chem.
Eng. Data 59 (2014) 3120–3129.

[36] T Sato, G Masuda, K Takagi, Electrochemical properties of novel ionic liquids
for electric double layer capacitor applications, Electrochim. Acta 49 (2004)
3603–3611.

[37] S Tsuge, K Uno, T Hanasaki, T Takekiyo, H Abe, Y Yoshimura, Structural and
conformational properties of the quaternary ammonium ionic liquid
N,N-diethyl-N-methyl-N-(2-methoxyethyl) ammonium iodide, J. Mol. Struct.
1060 (2014) 208–214.

https://doi.org/10.1016/j.molliq.2020.113687
https://doi.org/10.1016/j.molliq.2020.113687
http://classic.chem.msu.su/gran/firefly/index.html
http://classic.chem.msu.su/gran/firefly/index.html

	CO2 capture by quenched quaternary ammonium ionic liquid-propanol mixtures assessed by Raman spectroscopy
	Keywords
	Abstract
	Introduction
	Materials and methods
	Results and discussion
	Electrical conductivity under nCO2 flow
	nCO2 capture by the quaternary ammonium ionic liquid system
	Raman spectra of the quenched [N3111][TFSI]-based system
	Raman spectra of the quenched [N4111][TFSI]-based system
	Raman spectra of the quenched [N6111][TFSI]-based system
	Raman spectra of the quenched [DEME][TFSI]-based system
	DFT calculations for molecular pairs

	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Supplementary data
	References


