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A B S T R A C T

1-Alkyl-3-methylimidazolium nitrate ([Cnmim][NO3], n = 4, 6, and 8)-D2O was provided a small-angle neutron
scattering (SANS) peak, representing D2O aggregations (Abe et al., J. Phys. Chem. Lett. 5 (2014) 1175 and J. Mol.
Liq. 346 (2022) 117035). Nanoconfined water (water pocket) appeared in the water-rich region, with a size dis-
tribution that was almost monodispersed. The water pocket in [C4mim][NO3] was characterized by the hydrogen
bonding (Abe et al., J. Mol. Liq. 210 (2015) 200). In this work, the hydrogen bonding state of [Cnmim][NO3]-D2O
(n = 2, 6, and 8) that was examined by Raman spectroscopy, the water concentration dependencies of the OD
stretching band of D2O indicated that the hydrogen bonding state of the water pocket was invariant. The hydro-
gen/deuteron (H/D) exchange reaction was observed only in [C6mim][NO3]-D2O, with the H/D exchange com-
pleted within 1 h. Moreover, large pD values were observed only in [C6mim][NO3]-D2O, and the kinetic pD be-
havior supported the H/D exchange.

© 20XX

1. Introduction

Nanoconfined water is investigated in various research fields [1–3]. It is
formed in solids such as graphene sheets [4–8], carbon nanotubes
[9–11], and nanoporous silica [12–15]. While the properties of
nanoconfined water are influenced by hydrophilic or hydrophobic
walls, the structures, dynamics, and hydrogen bonding states of
nanoconfined water are different from those of bulk water. In contrast,
water is loosely confined on the nanoscale, even in liquid circum-
stances. Where specifically, in a water-poor region, water-in-salt dis-
tinctly appears and contributes to stable high-voltage aqueous Li-ion
batteries [16], aqueous solutions cause water aggregations in a specific
water concentration [15–19].

Ionic liquids (ILs) are multi-functional liquids that can be freely de-
signed for each application by changing the cation–anion combination
[20]. ILs possess nanoheterogeneous liquid structures [21,22]. A repre-
sentative cation is 1-alkyl-3-methylimidazolium, [Cnmim]+, where n
reveals the alkyl chain length. The polar and nonpolar nanodomain
sizes are tuned by the alkyl chain length. As nanoenvironments, ILs are
studied with respect to the local stiffness and softness of nanodomains
[23].

Water confinement in ILs has attracted considerable attention
among research communities. The nanoheterogeneity of
[C8mim][NO3]–H2O was examined by molecular dynamics simulations

⁎ Corresponding author.
E-mail address: ab@nda.ac.jp (H. Abe).

[24]. Near the boundaries of the polar and nonpolar nanodomains,
nanoconfined water or “water pocket” was formed, even in a liquid
state. Accordingly, small-angle neutron scattering (SANS) experiments
were conducted to observe the water pocket. Experimental results
showed that a SANS peak appeared in [Cnmim][NO3]-D2O (n = 4, 6,
and 8) [25–27], illustrating that a water pocket was spontaneously
formed in the water-rich region. The size of the water pocket in
[C4mim][NO3] was estimated to be 2 nm. This water pocket helped ex-
plain the partially globular state of a double-sized lysozyme [28]. The
water concentration dependence of Raman bands in [C4mim][NO3]-
D2O was also observed [29,30]. In contrast to that of bulk water, the hy-
drogen bonding strength was weakened at 70–90 mol% D2O, whose
concentration region was characterized by the water pocket existence.
In addition, when [C4mim][NO3]-D2O was used, the slow dynamics of
water was probed by quasielastic neutron scattering (QENS) [31]. A
slow proton transfer was also observed in tiny nanodroplets through po-
larization-resolved fluorescence-IR spectroscopy [32], where, com-
pared with the QENS of bulk water, the bulk water-like fast dynamics
was not induced in the water pocket. The water pocket is described by
its small size, monodispersive distribution, weak hydrogen bonding,
and slow dynamics. The water pocket at room temperature contributed
to the solidifications at low temperature. At 70–90 mol% D2O, the crys-
tallizations of both [C4mim][NO3] and D2O are suppressed completely
[33]. The water pocket in ILs is summarized in the literature [34,35],
Where, in addition to the water pocket, the hydrogen/deuteron (H/D)
exchange reaction is also observed in hydrophilic [Cnmim][X]-D2O by
NMR and Raman spectroscopy [36–41]. By adding D2O, H linked to the
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second carbon, C(2), of [Cnmim]+ (Fig. 1(a)) can be easily replaced
with D in imidazolium-based ILs. The alkyl chain length of cation and
anion determines its reaction kinetics. Hydrophobic IL-2-propanol-d8
indicates the H/D exchange [42]. The IL is 1-alkyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide, [Cnmim]
[TFSI] (n = 2–6). The H/D exchange lacks alkyl chain length depen-
dence.

In this study, we investigate the hydrogen bonding states of
[Cnmim][NO3]-D2O (n = 2, 6, and 8) through Raman spectroscopy,
where H/D exchange is observed only in [C6mim][NO3]-D2O. The wa-
ter pocket is spontaneously formed when n ≥ 4. Where a specific hydro-
gen bonding different from that of bulk water is developed in the water
pocket, the hydrogen bonding states in [Cnmim][NO3]-D2O are drasti-
cally changed with or without the water pocket. The pD values support
the H/D exchange only in [C6mim][NO3]-D2O.

2. Experimental method

[C2mim][NO3] (>98.0 %) was received from Tokyo Chemical In-
dustry, Co. and a solid at room temperature. The [C6mim][NO3] and
[C8mim][NO3] liquids (>98.0 %) at room temperature were pur-
chased from Angene Chemical, Co. We used the as-received samples af-
ter vacuum drying for a few days. Distilled D2O (99.9 %, Merck Co.)
was then selected. The hydrophilic IL and D2O mixture was prepared
inside a glove box under flowing helium gas to avoid atmospheric mois-
ture. The samples were mixed through 100 times of hand shaking, con-
sidering that the molecules are easily damaged in an ultrasonic bath.
The sample treatment was the same as that in a previous study [27]. In
the kinetic experiments, we started to count time just after mixing in
the dry box. [42].

An NRS-5100 Raman spectrometer (JASCO Co.) equipped with a
monochromator and a Peltier-cooled camera was used for the measure-
ments. Excitation was triggered by a 5.8 mW green laser with 532 nm
wavelength. We measured Raman spectra of each sample three times:

Fig. 1. (a) Molecular structure of [C2mim]+ and atomic position of C(2). (b)
Raman intensities of [Cnmim][NO3]-x mol% D2O (n = 2, 6, and 8). The data
were collected after 2 days of mixing. The numbers in the figure reveal the wa-
ter concentrations. H/D exchange on the Raman bands. The 1010 and
1024 cm−1 Raman bands corresponded to C(2)-D and C(2)-H, respectively. The
numbers in the figure reveal x mol% D2O.

1 h, 2 day, and 4 months after mixing. Fully equilibrated mixtures were
stored at room temperature for 4 months.

A semiconductor pH sensor (ISFET 0040-10D, Horiba Co.) was used
for the pH measurements. The pH values were calibrated using the fol-
lowing standard pH solutions: KH3(C2O4)2·2H2O (pH = 1.68), C6H4
(COOK)(COOH) (pH = 4.01), KH2PO4 + Na2HPO4 (pH = 6.86)
(Horiba Co.), and Na2B4O710H2O (pH = 9.18). The semiconductor pH
meter was placed in a metal container continuously flushed with he-
lium gas to reduce the atmospheric moisture [43]. Inside the container,
the pH sensor was immersed in the sample.

3. Computational details

Density functional theory (DFT) calculations were performed to op-
timize the molecular structures of [Cnmim][NO3] (n = 2, 4, 6, and 8)
and the molecular complex of [NO3]− and m(H2O) (m = 0, 1, 2, and 3).
Furthermore, the molecular conformations of the [Cnmim]+ cations
were assessed energetically. The Raman bands were obtained by DFT. A
scaling factor of 0.964 was used for the Raman bands. All DFT calcula-
tions were performed using the B3LYP hybrid functional and the
6–31++G(d,p) basis set of the Firefly package [44,45].

4. Results and discussion

4.1. H/D exchange of [C6mim][NO3]-D2O

[C4mim][NO3]-D2O indicated no H/D exchange over the whole
water concentration range [41]. Even after 58 days, the H/D ex-
change was not induced in [C4mim][NO3]-D2O [30]. The H/D ex-
change generally occurred at the second carbon C(2)-H of the
[Cnmim]+ cation (Fig. 1(a)). The H/D exchange rate was determined
by two Raman bands: 1010 cm−1 of C(2)-D and 1024 cm−1 of C(2)-H
[40,41]. These Raman bands were defined as a result of the combina-
tion of the in-plane ring and CH3(N) deformations. The mode is illus-
trated in Fig. S1. Fig. 1(b) presents the Raman bands of the H/D ex-
change of fully equilibrated [Cnmim][NO3]-D2O (n = 2, 6, and 8). In
[C2mim][NO3]-D2O, the Raman band representing C(2)-H existed at
concentrations>50 mol% D2O (Fig. 1(b)). No C(2)-D was present in
the [C2mim][NO3]-based system; therefore, no H/D exchange oc-
curred in [C2mim][NO3]-D2O even when the D2O concentration was
varied. The models for the HOD-mediated hydrogen bonding were
considered based on the hydrogen bond formation free energy [46].

[C6mim][NO3]-D2O provided entirely opposing behaviors for the
H/D exchange. Instead, of C(2)-H at 1024 cm−1, an obvious C(2)-D Ra-
man band was located at 1010 cm−1 (Fig. 1(b)). Above 50 mol% D2O,
this tendency with C(2)-D and without C(2)-H did not change. With
this result, the complete H/D exchange occurred in [C6mim][NO3]-
D2O. Fig. 2 depicts an in-situ observation of the H/D exchange reaction
in [C6mim][NO3]-82.0 mol%. The C(2)-H Raman band was gradually
reduced, whereas the C(2)-D intensity inversely developed. In a signifi-
cant finding for the kinetic H/D exchange, time dependent the H/D ex-
change provides slow dynamics of the deuteron replacement. The an-
ion effect of the H/D exchange was previously investigated [40,41].

[C8mim][NO3] with a longer alkyl chain was examined to deter-
mine whether or not the chain length would affect the H/D ex-
change effect. From the distinct C(2)-H Raman band without C(2)-D,
[C8mim][NO3]-D2O showed no H/D exchange (Fig. 1(b)). The H/D
exchange was again prohibited in [C8mim][NO3]. While the C(2)-H
stretching could be different among the various samples, but the H/
D exchange was not observed in either [C2mim][NO3]- or
[C8mim][NO3]-D2O, where, compared with the peak width of the
Raman band of [C2mim][NO3]-D2O, the broader Raman band of C
(2)-H was dominant in [C8mim][NO3]-D2O.

Consequently, the H/D exchange was only activated in
[C6mim][NO3] via the D2O additive. One of the possible reasons for this
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Fig. 2. Time dependence of Raman intensity in [C6mim][NO3]-82.0 mol% D2O.
Kinetic H/D exchange appeared at room temperature. The numbers in the fig-
ure reveal time after mixing the samples.

is the degrees of freedom of the [Cnmim]+ conformers [47–49].
[C2mim]+ had planar (p) and non-planar (n), while the stable conform-
ers of [C4mim]+ were calculated as ntt, ngt, ng't, and ng'g' [48]. Here,
trans, gauche, and gauche' are denoted by t, g, and g', respectively. In the
case of [C6mim]+, 15 stable conformers were assessed [48]. By DFT,
[C8mim]+ revealed three conformations, namely, ntttttt, ngttttt, and
ng'ttttt [49]. Fig. S2 presents the optimized conformations of [Cnmim]+

(n = 4, 6, and 8). [PFBS]− was perfluorobutanesulfonate where, experi-
mentally, the crystal polymorphs of [Cnmim][PFBS] (n = 4, 6, and 8)
were observed at low temperature [50]. The cationic conformations for
each crystal were assigned via Raman spectroscopy [51]. Experimen-
tally, in the crystal states of [C8mim][PFBS], ntttttt, ntgtttt, and ntg'tttt
conformers were observed at low temperature [51]. In a liquid state,
the broad band of trans-like conformers was formed at room tempera-
ture. Therefore, in [C8mim]+, alkyl chain packing could be preferred
with excluding the gauche-like conformers. In conclusion, several
[C6mim]+ conformations might trigger the H/D exchange. The protein
system’s structural flexibility aided in the H/D exchange [52].

4.2. D2O Raman bands in [Cnmim][NO3] (n = 2, 6, and 8)-D2O

The OH and OD stretching bands of bulk water were investigated by
Raman spectroscopy associated with the hydrogen bonding network
[53,54]. The asymmetric band profile was derived from two hydrogen
bonding components [53]. The OH stretching Raman band of the bulk
water was interpreted using intra- and intermolecular coupling [54].
The 3250 cm−1, 3490 cm−1, and 3650 cm−1 Raman bands were identi-
fied as a collective mode, local mode, and broken hydrogen bond, re-
spectively. The hydrogen bonding state of the HOD was experimentally
and conceptually examined [55].

[C2mim][NO3]-D2O had no water pocket, as evidenced by the ab-
sence of a SANS peak [27]. No nanoheterogeneity occurred in the pure
[C2mim][NO3]. Fig. 3 illustrates the OD stretching bands of D2O in

Fig. 3. D2O Raman bands in [C2mim][NO3]-x mol% D2O. The number in the
figure reveals the D2O concentrations. The CMB, LMB, and BHB reveal weak
hydrogen-, medium hydrogen-, and strong hydrogen-bonded water, respec-
tively.

[C2mim][NO3]-x mol% D2O. The Raman bands were decomposed into
three parts using the asymmetric pseudo-Voigt function [29]. The ob-
served OD stretching Raman bands were assigned as collective mode
band (CMB) at 2390 cm−1, local mode band (LMB) at 2520 cm−1, and
broken hydrogen bond band (BHB) at 2620 cm−1. The intensity frac-
tion of the Raman bands is given as follows:

(1)

where ICMB, ILMB, and IBMB reveal the intensities of the CMB, LMB,
and BHB Raman bands, respectively. The intensities were obtained us-
ing the fitted peak intensities and widths. In Fig. S3, the intensity frac-
tions, fi, of the Raman bands are plotted on the water concentration
scale. In pure D2O, the largest Raman band was CMB. Once the IL was
dissolved into D2O, the CMB gradually decreased with the increasing IL
content (Fig. S3). This tendency was similar to [C4mim][NO3]-D2O [29,
30]. A monotonic decrease of the CMB and a monotonic increase of the
LMB simultaneously occurred with the decreasing water concentration.
The water pocket was not formed in [C2mim][NO3]-D2O: hence, the
bent curves of fi were not observed above 50 mol%. A constant fi ap-
peared between 60 and 87 mol% due to the water pocket in the case of
[C4mim][NO3]-D2O [30]. In [C2mim][NO3]-D2O, the hydrogen bond-
ing of D2O did not change discreetly on the water concentration scale.
No drastic Raman band shifts of CMB, LMB, and BHB were observed
with changing water concentration.

In the [C6mim][NO3]-D2O system, a distinct SANS peak appeared at
70–90 mol% [27]. An almost monodispersive water pocket was also
spontaneously formed. NMR previously showed that HOD water was
formed by the H/D exchange in [C4mim][BF4]-D2O [38]. In
[C6mim][NO3]-D2O, the H/D exchange effect should be considered for
the Raman intensities (Fig. 2). In contrast to fi of [C2mim][NO3]-D2O,
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[C6mim][NO3] changed the water concentration dependency of fi (Fig.
S3). At 90–100 mol% without a water pocket, the CMB, LMB, and BHB
of [C6mim][NO3]-D2O in Fig. 4 were the same as those of
[C2mim][NO3]-D2O. In the absence of a water pocket above 90 mol% in
both systems, the hydrogen bonding of percolated water was equivalent
between both. Below 80 mol%, fBHB drastically decreased and disap-
peared below 60 mol%. Moreover, the CMB shifted to a lower
wavenumber (redshift) with a decreasing water concentration. The H/
D exchange occurred in [C6mim][NO3]-D2O; thus, the HOD effect
should be considered in addition to D2O. In the previous study [55], the
BHB of the bulk HOD indicated a blueshift, while the strong hydrogen
bond was characterized by a redshift. The hydrogen bonding of D2O
was not modified by the [C2mim]+ and [NO3]− species, with the HOD
population growing with the decreasing water concentration; hence,
the CMB redshift of the water pocket (Fig. 4) was identical to that of
bulk water. However, the observed redshift of the BHB was unclear.

[C8mim][NO3]-D2O showed the “water pocket” in the water-rich
region [27] without the H/D exchange (Fig. 1(b)). Therefore, the hy-
drogen bonding state of the water pocket without the HOD was ex-
tracted via Raman spectroscopy, where the water pocket existed at
70–90 mol%. Fig. 5 reveals the CMB, LMB, and BHB of
[C8mim][NO3]-D2O. The same water concentration dependence of fi
was obtained at 95–100 mol%. Fig. S3 shows that the fi values of
[C2mim][NO3]-, [C6mim][NO3]-, and [C8mim][NO3]-D2O coincide
with each other. However, discrete fi changes were detected only in
[C8mim][NO3]-D2O at 90 mol%. Furthermore, almost constant fCMB,
fLMB, and fBHB values were obtained at 70–90 mol%. This constant in-
tensity fraction was also found in [C4mim][NO3]-D2O [30].

In other words, the water pocket existence governs the hydrogen
bonding state, and the hydrogen bonding state inside the water pocket
is not influenced by the water concentration at 70–90 mol%. With the
significant point is that CMB disappearing at 50 mol% (Fig. 5), we also
stress here that the hydrogen bonding state of the water pocket differs
from that of bulk water due to the different fi values. The nanohetero-

Fig. 4. D2O Raman bands in [C6mim][NO3]-x mol% D2O. The number in the
figure reveals the D2O concentrations.

Fig. 5. D2O Raman bands in [C8mim][NO3]-x mol% D2O. The number in the
figure reveals the D2O concentrations.

geneity was well developed in the pure [C8mim][NO3] with a long alkyl
chain. Water could be isolated, and a hydrogen bonding network could
not form, in the water-poor region.

4.3. DFT calculations of the [NO3]– Raman bands

In Raman spectroscopy, the [NO3]− stretching and bending modes
were obtained in [C4mim][NO3]-D2O [30]. Where in particular, in the
bending mode, the Raman bands were sensitive to the local environ-
ments [56], the Raman band at 1041 cm−1 was assigned to the [NO3]−

stretching mode, and the 706 cm−1 peak was identified as the [NO3]−

bending mode. The symmetry breaking of [NO3]− was induced by the
water hydrogen bonding. The nitrate hydration at ∼720 cm−1 and the
contact ion pairing at ∼740 cm−1 of different kinds of nitrate aqueous
solutions were analyzed via Raman spectroscopy [57]. Hydration and
ion pairing were differentiated by the Raman band at ∼710 cm−1. The
DFT calculations could support the possibility of water-in-salt related to
the water pocket.

We next investigated the effect of hydrated nitrate ion by calculat-
ing the Raman bands of the [NO3]−-m(H2O) complex using DFT. Where
the contact ion pairing effect was evaluated with cations and [NO3]−

without water molecules, in Fig. S4, a gradual blueshift was obtained
both in the stretching and bending modes with the increasing numbers
of water molecules. The alkyl chain length effect for the [NO3]− stretch-
ing and bending modes was also calculated using pure [Cnmim][NO3]
(n = 2, 4, 6, and 8) (Fig. S5). From n = 2 to n = 6, the blueshift was
dominant in the stretching mode, but [C8mim][NO3] did not indicate a
blueshift. The blueshift could not occur proportionally to the alkyl
chain length (Fig. S5). We next focused on the calculated bending
mode. The bending mode of [NO3]− indicated no blueshift even when
the alkyl chain length was changed. However, the band splitting was
calculated in [Cnmim][NO3]. For instance, the triplet Raman bands of
the bending mode appeared only in [C2mim][NO3]. This is a significant
feature of the Raman bands for [NO3]−.



CO
RR

EC
TE

D
PR

OO
F

H. Abe et al. / Journal of Molecular Liquids xxx (xxxx) 120383 5

4.4. [NO3]– Raman bands of [Cnmim][NO3]-D2O

Fig. 6 depicts the [NO3]− stretching and bending modes in
[C2mim][NO3]-D2O. The stretching mode at 1041 cm−1 shifted to a
higher Raman wavenumber with the increasing water concentration.
The blueshift of the stretching mode was supported by DFT (Fig. S4).
The bending Raman band of [C2mim][NO3]-60.7 mol% D2O was lo-
cated in the center of 705 cm−1, which was similar to that of
[C4mim][NO3]-60 mol% D2O [30]. In [C4mim][NO3]-D2O, the bend-
ing mode comprised two Raman bands attributed to nitrate hydration
(700 cm−1) and ion pairing (710 cm−1). The 700 cm−1 band of
[C4mim][NO3]-D2O was positioned at the fixed wavenumber, al-
though the 710 cm−1 band shifted to a higher wavenumber above
50 mol% D2O [30]. This bending mode tendency was discovered in
[C2mim][NO3]-D2O (Fig. 6). More interestingly, nitrate hydration in
[C2mim][NO3]-D2O existed, even at 95.4 mol% D2O. The DFT calcu-
lations (Fig. S5) showed that the blueshift of the bending bands was
derived from an increase in the coordination number of the water
molecules bounded to the [NO3]− anion. The invariant positioning of
the nitrate hydration suggested that the water coordination number is
almost constant. Alternatively, the blueshift of the ion pairing band
implied that the cation and anion interaction was sensitive to the wa-
ter content. Whereas in the local conditions in both systems not being
dependent on the formation or nonformation of the water pocket in

Fig. 6. [NO3]− anion symmetric stretching mode at 1041 cm−1 and bending
mode at 706 cm−1 of [C2mim][NO3]-D2O. The number in the figure reveal the
D2O concentrations.

the water-rich region, here, similar water concentration dependencies
of [C2mim][NO3]- and [C4mim][NO3]-D2O were obtained.

Fig. 7 presents the observed Raman bands of the [NO3]− anion in
the [C6mim][NO3]-D2O system. The Raman shifts with respect to the
water concentration were not compared with the other systems be-
cause of the H/D exchange only in the [C6mim][NO3]-based system.
The HOD water derived from the H/D exchange contributes differ-
ently to the Raman bands of the [NO3]− anion. Thus, we cannot di-
rectly compare the Raman shifts with the other IL-based systems hav-
ing no H/D exchange. A blueshift was observed in the [C6mim][NO3]-
D2O system.

[C8mim][NO3]-D2O is a prototype of the hydrogen bonding state
that is directly associated with the water pocket. The SANS peak of the
[C8mim][NO3]-based system suggests that the water pocket exists
without the H/D exchange [27]. Direct comparisons of [C2mim][NO3]-
and [C8mim][NO3]-D2O can clarify the influence of the water pocket
on the [NO3]− anion because both systems showed no H/D exchange
(i.e., no HOD water). This is a significant experimental fact for ad-
dressing the specific hydrogen bonding of the water pocket. The
stretching Raman bands of [C8mim][NO3]-D2O provided a continuous
blueshift with the increasing water concentration in the same manner
as [C2mim][NO3]- and [C6mim][NO3]-D2O (Fig. 8). Fig. S6 illustrates
the blueshifts as a function of the water concentration. A notable dif-
ference is that the stretching Raman band of [C8mim][NO3]-D2O
changed to a lower wavenumber when compared to the stretching
mode of [C2mim][NO3]-D2O. The DFT calculations in Fig. S4 showed
that he blueshift was caused by water hydrations. Consequently, water

Fig. 7. [NO3]− anion symmetric stretching and bending modes at 1041 cm−1

and 706 cm−1, respectively, of [C6mim][NO3]-D2O. The number in the figure
reveals the D2O concentrations.
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Fig. 8. [NO3]− anion symmetric stretching and bending modes at 1041 cm−1

and 706 cm−1, respectively, of [C8mim][NO3]-D2O. The number in the figure
reveals the D2O concentrations.

hydration was extensively promoted in [C2mim][NO3]-D2O. These hy-
dration behaviors were also discovered in the bending mode. Appar-
ently, in [C8mim][NO3]-D2O, the Raman intensity of the ion pairing at
710 cm−1 was larger than that of nitrate hydration at 700 cm−1. Fur-
thermore, at 95.1 mol% D2O, the hydration band of [C8mim][NO3]-
D2O nearly vanished (Fig. 8), with the intensity ratio of
[C8mim][NO3]-D2O opposing that of [C2mim][NO3]-D2O. As a result, a
weak nitrate hydration was observed in [C8mim][NO3]-D2O.

Table 1 summarizes the water pocket properties. The water
pocket appeared at 4 ≤ n and developed with the increasing n. The
intensity fraction, fi, of the OD stretching mode became constant at
70 ≤ x ≤ 90 mol% D2O. The hydrogen bonding state in the water
pocket could not be influenced by the abovementioned concentra-

Table 1
Properties of the water pocket in [Cnmim][NO3] (n = 2, 4, 6, and 8).
[C2mim]+ [C2mim]+ [C4mim]+ [C6mim]+ [C8mim]+

H/D exchange × × ○ ×
Size of water pocket (nm) – ∼1.8 ∼2.8 ∼3.3
fi (70 ≤ x ≤ 90) D2O Variant Constant – Constant
Nitrate hydrationanion Strong Strong – Weak
pD 7–8 6.4–7.4 8.9–9.5 6.8–7.9

tion. Nevertheless, in [C6mim][NO3]-D2O, we cannot calculate the fi
due to the H/D exchange effect. The 700 cm−1 Raman band repre-
senting the nitrate hydration clarified the difference between
[C4mim][NO3]- and [C8mim][NO3]-D2O. In the [C8mim][NO3]-based
system, a large water pocket and a weak nitrate hydration were
characterized. Hence, the ion pairing of the cation and the anion was
preferred in the large water pocket (70 ≤ x ≤ 90 mol%). The size of
the water pocket and the hydration state might be altered by varying
the alkyl chain length. A key discovery in this study sheds fresh light
on the use of water pockets in water-in-salt applications.

4.5. pD of [Cnmim][NO3]-D2O

The H/D exchange was connected with the pD values [58,59]. Here,
pD was obtained as follows [60]:

(2)

The exchange rate constants were represented by a V-shaped curve
on the pD scale. The V-shaped curves were changed by molecular con-
formers, ionic strength, and temperature. The H/D exchange was also
monitored through the pD measurements. In the protein system [58],
the C(2) imidazole protons were influenced by geometrical accessibility
to the protons. The H/D exchange was accelerated when the C(2) pro-
tons were exposed to D2O.

Fig. 9 presents the water concentration dependence of pD in
[Cnmim][NO3] (n = 2, 4, 6, and 8). The samples were fully equili-
brated because of 60-day storage at room temperature. In
[C2mim][NO3]-x mol% D2O, the neutral pD slightly increased with the
increasing D2O concentration. D2O was well dissolved into [C2mim]+

without the water pocket formation and could be mobile between
[C2mim]+ and [NO3]−. A neutral pD implied that D2O cannot stay
only in [C2mim]+. The [C8mim][NO3]-D2O system also provided a
monotonic pD increment of (Fig. 9). In the case of [C8mim][NO3]-
D2O, a distinct water pocket was formed [27], appearing near the nan-
odomain boundaries in the simulation box [24]. Thus, D2O could be
excluded from the C(2)-H position. In contrast, different pD tendencies
were observed in [C4mim][NO3]-D2O. The pD value was minimized at
approximately 85 mol% D2O. The concentration region coincided with
that of the water pocket existence in [C4mim][NO3]-D2O. Therefore,
the water pocket might contribute to the H/D exchange suppression.
More importantly, the pD of [C6mim][NO3]-D2O became nearly 9 (Fig.
9). In the previous studies [58,59], the exchange rate constants exten-
sively increased on the alkali side. The time dependence of pD in
[C6mim][NO3]-80 mol% D2O was measured to compare the time evo-

Fig. 9. Water concentration dependences of [Cnmim][NO3]-D2O (n = 2, 4, 6,
and 8).
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lutions of the Raman bands in Fig. 2. The pD value saturated within
1 h (Fig. S7), indicating that the observed pD corresponded to the H/D
exchange. The H/D exchange in [C6mim][NO3]-D2O was certified by
the time-resolved Raman spectroscopy and the pD measurements. Ac-
cessibility to the C(2) proton was deduced to be enhanced by flexibil-
ity and many degrees of freedom of [C6mim]+ [48].

5. Conclusions

In this work, the hydrogen bonding states of [Cnmim][NO3] (n = 2,
6, and 8) were examined by Raman spectroscopy with respect to
nanoconfined water, also known as water pocket. Anomalous H/D ex-
changes were induced only in [C6mim][NO3]-D2O. The anomaly was
connected with large pD values only in [C6mim][NO3]-D2O. The alkyl
chain length-dependent H/D exchange was first observed herein.
[C2mim][NO3]-D2O was characterized by absence of both an H/D ex-
change and water pocket, while [C8mim][NO3]-D2O was represented
by the lack of both H/D exchange and a water pocket at 70–90 mol%.
The water pocket-driven hydrogen bonding was directly obtained by
comparing [C8mim][NO3]-D2O with [C2mim][NO3]-D2O. The hydro-
gen bonding state of the water pocket did not change at 70–90 mol%.
The intensity fractions of the CMB, LMB, and BHB were different from
those of bulk water. A weak nitrate hydration was observed in
[C8mim][NO3]-D2O. In conclusion, various kinds of water pocket in ILs
are useful for the water-in-salt technology.
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