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A B S T R A C T

In this study, monodispersive nanoconfined water (“water pocket”) is organized spontaneously in hydrophilic
ionic liquid (IL). The IL is 1-alkyl-3-methylimidazolium nitrate ([Cnmim][NO3] n = 2, 6, and 8). By small-angle
neutron scattering (SANS), D2O aggregations in the IL are detected. There are no SANS peaks for
[C2mim][NO3]–D2O, but, in [C6mim][NO3]–x mol% D2O, a SANS peak can be observed at 70 < x < 90 mol%.
The peak intensity, position, and profile change according to water concentration and temperature. Pure
[C8mim][NO3] has a distinct SANS peak, reflecting on the nanodomains at room temperature. Above 70 mol%,
the SANS peak of [C8mim][NO3]–D2O sharply increases and shifts to the low-Q position. The water pocket devel-
ops proportionate to water concentration, and its morphologies are visualized using an ab initio bead model. The
alkyl chain length dependence of the water pocket is clarified by a three-dimensional reconstruction method.

© 2021

1. Introduction

The nanoconfinement of water has been widely investigated to iden-
tify differences with respect to the bulk water. The properties of
nanoconfined water have been clarified using size-tunable mesoporous
silica materials [1]. Melting points on the pore-size scale indicate the
size effect of the hydrogen bonding network. Moreover, three water
types have been classified via Raman spectroscopy and attenuated total
reflectance Fourier transform (FT) infrared spectrometry. The two-
dimensional confinement of water has been conducted using graphene
[2,3]. With water sandwiched by graphene sheets, molecular dynamic
(MD) simulations demonstrated the phase transitions and thus phase di-
agram [2]. The one-dimensional (1D) behavior of the nanoconfined wa-
ter inside carbon nanotubes has been examined by Raman spectroscopy
[4] and AC impedance [5], the results of which suggest that diameter
influences fluid phase transitions. Moreover, 1D channeling of high pro-
ton conduction was induced in the hydrophobic metal–organic nan-
otube [5].

Ionic liquid (IL) has been utilized as a novel solvent in various re-
search fields [6–11]. IL is designed and synthesized freely by a combi-
nation of cations and anions. Nanoheterogeneity in the liquid state has
been demonstrated by MD as a characteristic feature of IL [12]; the IL
was 1-alkyl-3-methylimidazolium hexafluorophosphate ([Cnmim][PF6]
(n = 2, 4, 6, and 8), where n is the alkyl chain length). With increasing
n, polar and nonpolar nanodomains developed in the simulation box.

Experimentally, the nanoheterogeneity of [Cnmim][Cl] (n = 3, 4, 6, 8,
and 10) was detected by small- and wide-angle X-ray scattering
(SWAXS) [13]. A prepeak appeared at the low–Q of the SWAXS pat-
terns, the intensity and position of which changed according to n. In
both pure and mixed systems, nanoheterogeneous liquid structures
have been investigated as the fourth evolution of IL [14]. For instance,
the nanoconfined water in [C8mim][NO3] has been simulated by MD
[15]; the nanoconfined water existed near the nanodomain boundaries.
Another MD simulation [16] suggested that [C4mim]+ cations are re-
pulsive to water; thus, water can be excluded from polar nanodomains.
Using small-angle X-ray scattering and small-angle neutron scattering
(SANS), the hidden information of neutron-enhanced D2O aggregation
in [C4mim][NO3] has been extracted, where the monodispersive
nanoconfined water in the IL was referred to as a “water pocket” [17,
18]. The water pocket formed spontaneously in the water-rich region
(70 < x < 90 mol% D2O) and can explain the partial refolding of pro-
tein [19]. Moreover, via simultaneous wide-angle X-ray scattering
(WAXS) and differential scanning calorimetry (DSC), the water pocket
at the specific water–concentration region prevented crystal nucleation
of both IL and ice at low temperatures [20]. Furthermore, the slow dy-
namics of the water pocket were clarified by quasielastic neutron scat-
tering, the results of which were compared with bulk water [21]. The
peculiar features of the water pocket have been summarized by [22,
23].
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In this study, we investigate the alkyl chain length dependence of
[Cnmim]+ (n = 2, 6, and 8) cations for the water pocket using SANS.
By changing the water concentration and temperature, the size, shape,
and distribution of the water pocket in the IL are estimated by examin-
ing the SANS peak.

2. Experiments

2.1. Materials

[C2mim][NO3], which is in a solid state at room temperature, was
purchased from Tokyo Chemical Industry, Co. (>98.0%).
[C6mim][NO3] and [C8mim][NO3] were purchased from Angene
Chemical, Co. (>98.0%). We used the as-received samples without
vacuum drying at 373 K for a few days. Table 1 lists the densities of
[C2mim][NO3] [24], [C4mim][NO3] [25], [C6mim][NO3] [26], and
[C8mim][NO3] [27]. Considering neutron scattering length density
(SLD), distilled D2O (99.9%, Merck Co.) was selected as an additive to
enhance the water pocket. The mixture of hydrophilic IL and D2O was
prepared inside a glove box under flowing helium gas to avoid atmos-
pheric moisture. The SLD values of [Cnmim]+ cations are relatively
small (Table 1). Thus, [NO3]− and D2O are observable in the SANS.

2.2. Simultaneous measurement of wide-angle X-ray scattering and
differential scanning calorimetry

To clarify the complicated phase behaviors, a DSC instrument was
attached to the X-ray diffractometer [28]. Simultaneous WAXS and DSC
measurements were conducted (SmartLab, Rigaku Co.) using Cu Kα ra-
diation (λ = 1.542 Å). A 1D detector (D/tex, Rigaku Co.) was used for
fast scanning (θ-2θ scan). DSC windows for WAXS were metal-coated
Mylar films. The temperature range for the simultaneous measurements
was 293–173 K. The cooling/heating rate was 5 K/min. During the si-
multaneous measurements, dry nitrogen gas was flowing at 20 mL/min
to reduce moisture.

2.3. Small-angle neutron scattering

SANS experiments were conducted on the BL15 (TAIKAN) at the
Japan Proton Accelerator Research Complex (J-PARC) [29]. To observe
a hierarchical structure on the wide Q-range, small-, medium-, and
high-angle detector banks have been equipped on the TAIKAN. Here,
the scattering vector Q was defined as 4π(sin θ)/λ (Å−1), where the scat-
tered angle was 2θ. A sample changer was mounted onto the goniome-
ter. Temperature was controlled with a circulating bath (Ministat 125,
Huber, Co.) The mixtures were inserted into a quartz cell (thickness of
1.0 mm; Starna Scientific Ltd.) with a low neutron absorption ability.
We analyzed the observed data quantitatively using background inten-
sities, e. g., empty-cell, glassy carbon, and D2O-filled-cell scattering. In
the data analysis, we used the scattering data with 2–5 Å. It is well
known that samples containing a large amount of hydrogen provide

Table 1
Density of [Cnmim][NO3] (n = 4, 6, and 8) and neutron SLD of [Cnmim]+

(n = 4, 6, and 8) cations, [NO3]− anion, and D2O.
[C2mim][NO3]
[24]

[C4mim][NO3]
[25]

[C6mim][NO3]
[26]

[C8mim][NO3]
[27]

Density
(g/cm3)

1.209 1.160 1.190 1.074

293 K 293 K
[C2mim]+ [C4mim]+ [C6mim]+ [C8mim]+ [NO3]- D2O

SLD (×10-6

[Å−2])
0.618 0.427 0.298 0.219 1.57 6.37

modified profiles above 1.5 Å−1 [29]. The data reduction was tuned by
changing the incident wavelength regions.

3. Results and discussion

3.1. Small-angle neutron scattering of [C2mim][NO3]–D2O

[C2mim][NO3] is in a solid state at room temperature, and it crystal-
lizes simply on cooling at ambient pressure, whereas the complicated
crystal polymorph and multiple crystallization pathways are induced
under high pressure [30]. Fig. 1 shows the low-Q intensities of
[C2mim][NO3]–x mol% D2O at room temperature, from which it is evi-
dent that no distinct prepeaks exist over the whole water concentration.
Moreover, the background intensities decreased with an increase in
D2O concentration, since the incoherent scattering of H atoms of the
[C2mim]+ cation was reduced. Therefore, the water pocket for
[C4mim][NO3]–D2O observed by [17] was not formed in
[C2mim][NO3]–x mol% D2O at room temperature. This result is consis-
tent with the little nanoheterogeneity of pure [C2mim][NO3]. The little
nanoheterogeneity and lack of a water pocket support the idea that the
water pocket can only be organized by the distinct nanoheterogeneity
of the IL. We predict that each water molecule is isolated because of the
weak nanoheterogeneity of [C2mim][NO3]. A principal peak tail was
observed at approximately 1.6 Å−1 (Q2). The observed intensities can
mainly be derived from the weak correlation between [NO3]− and D2O
because of the small SLD value of [C2mim]+ (Table 1). Even at 280 K,
the water concentration dependence of the SANS profile does not
change. Thus, the water pocket cannot exist in [C2mim][NO3] media.

3.2. Small-angle neutron scattering of [C6mim][NO3]–D2O

Pure [C6mim][NO3] did not crystallize at low temperatures. A glass
transition was observed by the simultaneous WAXS and DSC measure-
ments (Fig. S1). Since pure [C6mim][NO3] is in a liquid state at room
temperature, a weak and broad prepeak in the pure system can be was
observed at 0.3–0.4 Å−1 (Q1) in Fig. 2(a). A principal peak can be ob-
served in the vicinity of Q2. In the mixed system, a distinct peak at Q1
appears with an increase in water concentration, and the Q1 peak shifts
to the low-Q position. Particularly, the Q1 peak becomes sharp accom-
panied by an increasing peak intensity at 70–90 mol% D2O (Fig. 2(a)).
This implies that the water pocket inside [C6mim][NO3] formed in the
same manner as in [C4mim][NO3]–D2O [17]. The average size of the
water pocket in [C6mim][NO3]–D2O was 20–25 Å, which is comparable
to that in [C4mim][NO3]–D2O. At 95 mol%, the water pocket in

Fig. 1. SANS of [C2mim][NO3]–x mol% D2O at 298 K (x = 60, 70, 75, 80, 85,
and 90).
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Fig. 2. SANS of (a) water concentration dependence [C6mim][NO3]–x mol%
D2O at 298 K, and (b) temperature dependence of SANS peak in [C6mim][NO3]
–80 mol% D2O.

[C6mim][NO3] almost collapsed, judging from the absence of the Q1
peak. We deduce that the water additive might percolate over the
whole region, and the IL can be confined inversely above 95 mol%.

Generally, the water pocket, which is loosely packed in the IL, is in-
fluenced by the thermal fluctuation of IL host nanodomains. For in-
stance, the water pocket in [C4mim][NO3] developed at low tempera-
tures [18]. Here, we focus on [C6mim][NO3]–80 mol% D2O, since the
water pocket is stable at 70 < x < 90 mol%. Fig. 2(b) reveals the tem-
perature dependence of the representative Q1 peak of [C6mim][NO3]
–80 mol% D2O, from which it is evident that the Q1 peak is asymmetric
at 298 K. With a decrease in temperature, the SANS intensity at Q1 in-
creased slightly and shifted to the low-Q region accompanied by peak
broadening. The peak broadening at 280 K implies that water pocket
coarsening occurred at low temperatures. For quantitative estimation,
we introduced the intensity change provided by ΔI/I (%), where ΔI = I
(280 K) - I(298 K). The ΔI/I of [C6mim][NO3]–80 mol% D2O is larger
than that of [C4mim][NO3]–80 mol% D2O (Table 2).

3.3. Small-angle neutron scattering of [C8mim][NO3]–D2O

The glass transition of pure [C8mim][NO3] was detected at low tem-
peratures using simultaneous WAXS and DSC measurements (Fig. S2).
The glass transition temperature (Tg) was estimated to be 201 K. Upon
heating, liquid crystal and crystal phases did not appear, even though

Table 2
Q1 peak intensity, position, width, ΔI/I, and shape of [Cnmim][NO3]–
80 mol% D2O (n = 2, 4, 6, and 8).

Intensity position (Å−1) width (Å−1) ΔI/I (%) shape

n = 2 no – – – –
n = 4 weak 0.33 0.44 2.3 trapezoid
n = 6 medium 0.30 0.20 17.4 asymmetric
n = 8 strong 0.25 0.070 15.7 symmetric

phase transitions of [C8mim][NO3] were predicted by MD simulations
[32]. At room temperature, pure [C8mim][NO3] exists in the liquid
state. Fig. 3(a) shows the SANS profile of pure [C8mim][NO3] at 298 K.
In contrast to pure [C6mim][NO3], the prepeak at Q2 of pure
[C8mim][NO3] is more distinct, which implies that nanodomains in the
pure system became larger and nanoheterogeneity developed over the
medium range. The small SLD value of [C8mim]+ in Table 1 suggests
that [NO3]− aggregations contribute mainly to the sharp prepeak of
pure [C8mim][NO3]. By adding water, the prepeak shifted and in-
creased drastically above 70 mol%. Compared with
[C6mim][NO3]–D2O, the Q1 peak of [C8mim][NO3]–D2O became much
larger, which suggests that the water pocket has a high population and
long lifetime. Proportional to the alkyl chain length of the cations, the
sufficiently large water pocket was very stable inside the larger nan-
odomains of [C8mim][NO3]. At 95 mol% as the percolation limit of
[C4mim][NO3]–D2O [17], the peak profile drastically changes: the pre-
peak spreads widely in the center of 0.19 Å−1. This implies that polydis-
persive fluctuations can be realized in [C8mim][NO3]–95 mol% D2O.
Moreover, the size of the water pocket can be tuned by the alkyl chain
length of the [Cnmim]+ cations.

Our next step is to estimate flexibility of the nanoconfinement flexi-
bility and softness/hardness of the water pocket from the thermal prop-
erties of [C8mim][NO3]–D2O. The temperature dependence of the SANS
peak at Q1 is almost the same at 70 < x < 90 mol%. The Q1 peak in
[C8mim][NO3]–80 mol% D2O is indicated in Fig. 3(b), from which it is
evident that the increment of the Q1 peak intensity is large upon cooling
and comparable with the ΔI/I of [C6mim][NO3]–80 mol% D2O (Table
2). Hence, the water pockets in [C6mim][NO3] and [C8mim][NO3] de-
velop further at low temperatures. Generally, diffraction theory indi-
cates that the Debye–Waller factor containing elastic constants as a
thermal effect influences the scattered intensity [33]. Thus, a large ΔI/I
of [C6mim][NO3]–80 mol% D2O and [C8mim][NO3]–80 mol% D2O was
derived from the softness of the water pocket.

To interpret the low-temperature behavior of the water pocket in
[C8mim][NO3], we examine the nanoheterogeneity of pure
[C8mim][NO3]. Fig. 3(c) depicts the temperature dependence of the Q1
peak in pure [C8mim][NO3]; a distinct prepeak was only observed in
SANS for pure [C8mim][NO3]. With respect to the temperature depen-
dence of the peak intensity, the ΔI/I of pure [C8mim][NO3] is almost
equivalent to that of [C8mim][NO3]–80 mol% D2O. Therefore, the soft-
ness of the water pocket is influenced by the softness of the nan-
odomains in the IL. The sharp prepeak of pure [C8mim][NO3] at 298 K
broadened and shifted to the low-Q position at low temperatures, where
280 K is greater than Tg. This result is consistent with the temperature
dependence of a prepeak in pure [C8mim][BF4] by SWAXS [13]. It is
well known that the hydrophobic tail of [Cnmim]+ cations causes the
formation of a nonpolar nanodomain, which has fast dynamics [34].
Since the nonpolar nanodomain is described by a markedly low thermal
activation, the prepeak intensity by SWAXS increased by developing
nanoheterogeneity upon cooling. It should be noted that in the SANS
experiment, the nonpolar nanodomain of [C8mim]+ does not exist be-
cause of the small SLD (Table 1). By contrast, the SLD of [NO3]− is suffi-
ciently large in the SANS. We predict that the Q1 peak in pure
[C8mim][NO3] (Fig. 3(c)) originates from the polar nanodomains de-
rived from [NO3]− aggregates. Hence, in a pure system, a supercooled
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Fig. 3. SANS of (a) water concentration dependence [C8mim][NO3]–x mol%
D2O at 298 K, (b) temperature dependence of SANS peak in [C8mim][NO3]
–80 mol% D2O, and (c) temperature dependence of SANS peak in pure
[C8mim][NO3].

liquid state at low temperatures described by the broad prepeak can be
explained by [NO3]− aggregations.

Combined with the temperature dependence of the Q1 peak inten-
sity in the pure system, a loosely packed and soft water pocket of
[C8mim][NO3]–80 mol% D2O grew at low temperatures, accompanied
by [NO3]− aggregates. Here, we confirm that a large and soft water

pocket is promoted in [C8mim][NO3]. Considering the Q1 peak posi-
tion, peak width, and ΔI/I in Table 2, we can tune the softness and size
of the water pocket by selecting [Cnmim]+ cations.

3.4. Ab initio bead modeling of the water pocket

Small-angle scattering (SAS) can be interpreted using various mod-
els. Model-free analysis has been developed by introducing indirect FT
[35]. The pair-distance distribution function, P(r), represents the intra-
and inter-particle interactions. The observed SAS was smoothly fitted
by the indirect FT method, and P(r) was estimated simultaneously using
the GNOM [35] in the ATSAS software package. Density fluctuations
obtained by SAS are expressed in size, shape, and distribution. To visu-
alize the arbitrary shapes of the density fluctuations in real space, a
low-resolution ab initio shape determination method has been devel-
oped for biomolecules in the aqueous solution. The ab initio reconstruc-
tion simulation programs for various shape and formation types of pro-
tein structures are unified in the ATSAS software package [36–39].

In [C6mim][NO3]–D2O, a distinct Q1 peak can be observed at
70 < x < 90 mol%. The peak sharpens and shifts from 70 to 90 mol%,
which corresponds to the variable formations of the water pocket. To
visualize the variable formations on the water concentration scale, we
simulated the size, shape, and distribution of the water pocket using
ATSAS software package. At first, the observed SANS data of
[C6mim][NO3]–D2O and [C8mim][NO3]–D2O were analyzed using
GNOM after absolute value correction. GNOM can optimize P(r) by re-
ferring to the observed SANS profile. Fig. 4(a) shows the fitted SANS
profile of [C6mim][NO3]–80 mol% D2O at 298 K, as an example, where
the observed SANS intensity is represented by red closed circles and the
calculated SANS intensity is represented by the gray curve. The calcu-
lated intensity is consistent with the observed asymmetric profile. At
the same time, P(r) was obtained by using the boundary condition of P
(r) = 0 at r → 0 and r → rmax. Fig. 4(b) shows the P(r) of [C6mim][NO3]
–80 mol% D2O at 298 K. The P(r) oscillation of [C6mim][NO3]–D2O is
dominant compared with that of [C4mim][NO3]–D2O [17]: the oscilla-
tion of [C4mim][NO3]–D2O decays rapidly, whereas the oscillation of

Fig. 4. (a) Observed and calculated SANS intensities of [C6mim][NO3]
–80 mol% D2O at 298 K and (b) P(r).
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Fig. 5. Ab initio simulation results of [C6mim][NO3]–D2O and [C8mim][NO3]–D2O with respect to the SANS peak and P(r) at 298 K. [Cnmim]+ cations and [NO3]− an-
ion are omitted.

[C6mim][NO3]–D2O has a long period. The large oscillating P(r) for
[C6mim][NO3]–D2O implies that the correlation strength among water
pockets is large. The longer tail of the [C6mim]+ cations excludes water
molecules from the hydrophobic nonpolar nanodomain and thereby
promotes the water pocket formation.

Three-dimensional model reconstruction in real space using SAS
data is a recent trend to explain the structure and property of proteins
in a solution. The nanostructure shape is represented by a dummy bead
assembly. We have already shown the visualization of the monodisper-
sive water pocket in [C4mim][NO3]–D2O [17,18] using the GASBOR
[36] program in ATSAS [36–39]. The shape and distribution of the wa-
ter pocket using ab initio modeling are similar to those obtained by MD
simulations [15]. Fig. 5 shows the morphologies of the water pocket in
[C6mim][NO3] and [C8mim][NO3] at 298 K. The aggregation shape in
real space was approximately reconstructed with dummy beads in the
simulation box. The reconstruction is a snapshot in real time and space
of the water pockets, which are obtained from the SANS peak. In
[C6mim][NO3]–x mol% D2O, the monodispersive water pockets are
well demonstrated and characterized by anisotropic shapes. With an in-
crease in water concentration, the size of the water pocket in
[C6mim][NO3]–D2O changes slightly. More interestingly, some water
pocks are linked with others by a water string. The water bridging ex-
pressed by the water string is seen at 70 < x < 90 mol%. Since the wa-
ter bridging is also simulated in [C4mim][NO3]–D2O with a trapezoid
peak shape [17], the asymmetric peak profile of [C6mim][NO3]–D2O
provides the water bridging. GASBOR was originally improved to find a
chain-like distribution [40]. In fact, it is reconstructed that two globular
domains are connected by a linker using GASBOR [41]. By changing
temperature, the domain structural transformation from a single globu-
lar domain to two globular domains was demonstrated, where P(r) was
calculated from the scattering data at 0.02 and 0.28 Å−1.

In contrast to the slight water concentration dependence of
[C6mim][NO3]–D2O, a water pocket with intense water consecration
dependency was obtained in [C8mim][NO3]–D2O, and it coarsened
with an increase in water concentration. However, at 95 mol%, water
occupies mainly in space, and their sizes become polydispersive. The
simulated 95 mol% mixture resembled the MD simulation result of
[C8mim][NO3]–95.2 mol% water [15]. Consequently, the monodisper-
sive water pocket vanished at 95 mol%, and a water-dominant state
was transferred between 90 and 95 mol%. Focusing on the water bridg-
ing in Fig. 5, in [C8mim][NO3]–D2O, rare water bridging was simulated
for some water concentrations, which is related to the symmetric SANS
profile of [C8mim][NO3]–D2O. Hence, nonsymmetric SANS peak profile
corresponds to the inherent water bridging among water pockets.

4. Conclusions

Monodispersive nanoconfined water (“water pocket”) was orga-
nized spontaneously in the hydrophilic IL [Cnmim][NO3] (n = 4, 6, and
8), and the relationship of the water pocket with the nanoheterogeneity
of IL was examined by SANS experiments. Q1 peak enhancement in the
water-rich region was caused by the water pocket. The water pocket
size varied extensively according to the alkyl chain length of the
[Cnmim]+ cations. Particularly for [C8mim][NO3]–x mol% D2O, a large
water pocket formed. At 95 mol%, the water pocket collapsed, resulting
in large and polydispersive water fluctuations. By the temperature de-
pendence of the SANS intensities, the softness/hardness of the water
pocket was evaluated qualitatively. A soft water pocket was realized in
[C6mim][NO3] and [C8mim][NO3] with flexible nanodomains. The
size, shape, and distribution of the water pocket were demonstrated us-
ing the ab initio bead model. Size, softness/hardness, and distribution of
the water pocket can be tuned by water concentration, temperature,
and alkyl chain length of the [Cnmim]+ cation. The water pocket pro-
posed in this paper is a promising technique for next-generation
nanoheterogeneity engineering.
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Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
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