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A B S T R A C T

Nanoconfined water (water pocket) and ionic liquid crystals (ILCs) were formed in a hydrophilic ionic liquid
(IL)–D2O system. Herein, 1-decyl-3-methylimidazolium nitrate ([C10mim][NO3]) was used as the IL. By the com-
plementary use of small- and wide-angle X-ray and neutron scattering, a complicated phase diagram of
[C10mim][NO3]–D2O was determined. The lyotropic ILCs of [C10mim][NO3] containing 70–90 mol% D2O ap-
peared at room temperature. At high temperature, the lyotropic ILCs transformed into the water pocket in the
nanoheterogeneous liquid.

© 20XX

1. Introduction

Ionic liquids (ILs) have been widely used in various fields because of
their specific properties [1–11]. Nanoheterogeneous structures are an
outstanding feature of ILs that are observed even at room temperature
[12–15]. In addition, ILs can be developed into self-organized ionic liq-
uid crystals (ILCs) [16,17]. ILs and ILCs have also been synthesized as
functional liquid materials for many industrial applications [18,19].

The nanoheterogeneity of ILs was first predicted by molecular dy-
namics (MD) [20]. These ILs were from the 1-alkyl-3-
methylimidazolium family, [Cnmim][X], where n indicates the alkyl
chain length of the cation. Experimentally, the nanoheterogeneity of
[Cnmim][X] was investigated using small- and wide-angle X-ray scatter-
ing (SWAXS) [21], and MD simulations were performed for pure ILs
and hydrophilic IL–water mixtures [22]. In the water-rich region of the
[C8mim][NO3]–water system, the nanoconfined water was shown in
the simulation box. Moreover, the nanoconfined water (water pocket)
in [Cnmim][NO3]–D2O (n = 4, 6, and 8) was investigated using small-
angle neutron scattering (SANS) [23–25]. A specific water concentra-
tion exists in the water pocket, therefore, the crystallization both of
[C4mim][NO3] and water is suppressed at low temperature [26]. More-
over, the weak hydrogen bonding [27,28] and slow dynamics [29] of
[Cnmim][NO3]–water were studied using Raman spectroscopy and qua-
sielastic neutron scattering, respectively. The anomalous static and dy-

namic properties of the water pocket are summarized in the literature
[30].

Phase behaver, surface tension, ionic conductivity, and mesophase
structures of aqueous [Cnmim][X] solutions were examined systemati-
cally [31], and the phase diagrams of [C8mim][X]–water and [C10mim]
[X]–water (X = Cl or Br) were subsequently determined. Moreover,
[C8mim][Cl] with 69–80 mol% H2O gelled at room temperature and
was classified as a lyotropic ILC [32]. SWAXS results revealed that the
lyotropic mesophase contained both hexagonal and lamellar phases.
Moreover, the distinct SANS peak of [C8mim][Br]–D2O and
[C10mim][Br]–D2O were obtained [31]. The core–shell ellipsoid model
(a Hayter–Penfold model) can fit the observed SANS peak. Small-angle
X-ray scattering revealed that a two-dimensional (2D) hexagonal struc-
ture was formed in [C10mim][NO3]–78.8 mol% H2O [33]. Furthermore,
a distinct peak appeared in the SANS pattern in [C12mim][NO3]–D2O[34].

Water-in-salt, which is another type of nanoconfined water, exhib-
ited high performance in lithium-ion batteries [35]. The water-in-salt
electrolytes contain Li(H2O)2.5–TFSI (TFSI = bis(trifluoromethanesul-
fonyl)imide). Moreover, IL-assisted water-in-salt electrolytes can im-
prove the electrochemical stability of devices [36]. In contrast, in the
self-assembled ILCs, 1D, 2D or 3D nanochannel networks were designed
freely, and water transportation was tuned for their tasks [37]. The hy-
drogen bonding states of nanoconfined waters were simulated using
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MD. The properties of nanoconfined water in mixed systems were sum-
marized in previous studies [38,39].

In this study, we determined the complicated phase diagram of
[C10mim][NO3]–D2O using SWAXS and small- and wide-angle neutron
scattering (SWANS). The lyotropic mesophase was investigated only by
SWANS. A complementary use of X-ray and neutron scattering was used
to determine the 2D hexagonal structure of the lyotropic ILCs.

2. Experimental method

2.1. Materials

The hydrophilic IL used in this study was [C10mim][NO3], which
was purchased from Angene Chemical, Co. (>98.0%). The as-received
sample was vacuum dried at room temperature using a diaphragm vac-
uum pump (DTU-20, Ulvac Co.). The phase behavior of pure
[Cnmim][NO3] (n = 2, 4, 6, 8, and 10) is summarized in Table 1 [40].
The solidification of pure [Cnmim][NO3] (n = 2, 4, 6, 8, and 10) did
not occur at room temperature.

Considering the neutron scattering length density (SLD), distilled
D2O (99.9%, Merck Co.) was selected as an additive to enhance the wa-
ter pocket. The mixture of hydrophilic IL and D2O was prepared inside a
glove box under flowing helium gas to avoid contact with atmospheric
moisture. The [C10mim][NO3]–x mol% D2O systems with 70, 80, and
90 mol% D2O existed as solids at 23 ℃ (Fig. S1).

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

To clarify the complicated phase behavior of [C10mim][NO3]–D2Oat low temperature, a differential scanning calorimetry (DSC) instru-
ment was attached to the X-ray diffractometer (SmartLab, Rigaku Co.)
[41]. Simultaneous SWAXS and DSC measurements were conducted us-
ing Cu Kα radiation (λ = 1.542 Å). Here the scattering vector Q was de-
fined as 4π(sin θ)/λ (Å−1), where 2θ is the scattered angle. Metal-coated
Mylar films were used as DSC windows in SWAXS. The temperature
range for the simultaneous measurements was from −95 ℃ to 80 ℃.
The cooling/heating rate was 5 ℃/min. During the simultaneous mea-
surements, dry nitrogen gas was flown at 20 mL/min to reduce mois-
ture.

SLDs for the X-ray scattering were calculated using the observed
densities in Table 2 [42,43]. During X-ray diffraction, D2O in the ILs is
often difficult to investigate. For instance, the normalized SLD of
[C8mim][Cl]–D2O during X-ray diffraction is plotted in Fig. S2. Since
the normalized SLD only slightly depends on D2O concentration, the
SLD of [C8mim]+ mainly contributes to the total X-ray scattering inten-
sity.

Table 1
Phase behavior of pure [Cnmim][NO3] (n = 2, 4, 6, 8, and 10) [40].
[Cnmim][NO3] n = 2 n = 4 n = 6 n = 8 n = 10

Cryst. Glass. Glass Glass Cryst.
TC = -10.7
℃

Tg ∼ -41
℃

Tg ∼ -70
℃

Tg ∼ -71
℃

TC = -17.3
℃

Table 2
X-ray and neutron scattering length densities (SLDs) of [C8mim][Cl] and
[C8mim][NO3] obtained using the observed densities [42,43].

SLD (×10-6

Å−2)

ρ(g/cm3) 25 ℃ X-ray neutron
[C8mim][Cl] pure [42] 1.008810 9.396 0.5802
[C8mim][Cl] 78.33 mol%

H2O
[42] 1.010423 9.189 1.928

[C8mim][NO3] pure [43] 1.074 9.950 0.9861

2.3. Small- and wide-angle neutron scattering

SWANS experiments were conducted on a BL15 instrument
(TAIKAN) at the Japan Proton Accelerator Research Complex (J-PARC)
[44]. To observe the hierarchical structure in the wide Q-range, small-,
medium-, and high-angle detector banks were equipped on the TAIKAN
instrument. A sample changer was mounted onto the goniometer, and
the temperature was controlled with a circulating bath (Ministat 125,
Huber, Co.). The mixtures were inserted into a 1.0-mm thick quartz cell
(Starna Scientific Ltd.) with a low neutron absorption ability. We ana-
lyzed the observed data quantitatively using background intensities
such as those of the empty cell, glassy carbon, and D2O-filled-cell.

SLDs for neutrons were also estimated (Table 2). In a previous study
[25], small neutron SLD values of [Cnmim]+ were calculated. The nor-
malized SLD for neutrons in Fig. S2 indicates that D2O is more observ-
able in the water-rich region of [C8mim][Cl]–D2O. Therefore, the water
pocket is enhanced in SWANS.

3. Results and discussion

3.1. Small- and wide-angle X-ray scattering and differential scanning
calorimetry of [C10mim][NO3] − D2O

[C10mim][NO3] with 70–90 mol% D2O existed in the solid state at
room temperature (Fig. S1). In a previous study [33], [C10mim][NO3]
–78.8 mol% H2O formed a strong physical gel at room temperature.
For instance, the gelation of [C10mim][NO3]–80 mol% D2O was ob-
served at approximately 60 ℃ (Thex).The water concentration dependence of the phase behavior of
[C10mim][NO3]–x mol % D2O was obtained by the simultaneous
SWAXS and DSC measurements. Fig. 1 shows the SWAXS patterns of
[C10mim][NO3]–x mol % D2O as a function of water concentration at
the minimum temperature (Tmin = –95 ℃). For comparison, the
SWAXS pattern of pure [C10mim][NO3] at Tmin is plotted in Fig. 1. In the
pure system, the 00ℓ Bragg reflections (ℓ = 1, 2, 3, and 5) indicated a
hybrid layered structure with a large lattice constant of 42.1 Å [42].
The Q001 of the hybrid layered structure was 0.15 Å−1 (Qhyb). At
60–95 mol% D2O, the 00ℓ Bragg reflections were also observed at Tmin.Compared with the SWAXS pattern of the pure system, some additional
Bragg reflections were observed for the 60–95 mol% mixtures. This in-
dicates that the hybrid layered structure could be modified slightly by
the addition of water. The 97.5 mol% mixture exhibited a different
SWAXS pattern at Tmin (Fig. 1). Moreover, the Q001 Bragg reflection of
the hybrid layered structure vanished in the SWAXS pattern of
[C10mim][NO3]–97.5 mol% D2O. The stacking sequence of the
97.5 mol% mixture was represented by the lattice constant of 25.2 Å. In
a previous study [42], the ILC-like crystal of pure [C10mim][NO3] was
induced by a specific cooling rate, and the ILC-like crystal was identi-
fied by the sharp Bragg reflection at Qpre. Moreover, the ice crystal co-
existed in the 97.5 mol% mixture due to its weak Bragg reflections.

Enthalpy was calculated from the DSC traces. For instance, the en-
thalpy change in ethylammonium nitrate (EAN)–water as an ideal sys-
tem was estimated [45]. Fig. 2 indicates the water concentration depen-
dence of the enthalpy difference, ΔH, upon cooling of
[C10mim][NO3]–D2O. Here, the ΔH of cold crystallization upon heating
does not contribute to the ΔH in Fig. 2. The broken line in Fig. 2 indi-
cates the ideal enthalpy difference for IL crystallization [45]. Within the
experimental errors, the smaller ΔH values of 70–90 mol% D2O were
caused by partial amorphization upon cooling or cold crystallization
upon heating. In contrast to EAN–H2O, the crystallization of
[C10mim][NO3]–D2O occurred over the whole water concentration re-
gion.

The simultaneous SWAXS-DSC measurements of [C10mim][NO3]
–80 mol% D2O were conducted between –95 and 80 ℃ (Fig. 3). At 80
℃ before cooling, a broad prepeak at 0.25 Å−1 (Qpre) appeared in the



CO
RR

EC
TE

D
PR

OO
F

H. Abe et al. / Journal of Molecular Liquids xxx (xxxx) 122551 3

Fig. 1. Water concentration dependence of small- and wide-angle X-ray scatter-
ing (SWAXS) patterns at − 95 ℃. The open square reveals the scattering from
the DSC windows. Blue closed circles represent the hybrid layered structure.
Red and green closed circles reveal the ionic liquid crystal-like and ice crystal
structures, respectively.

SWAXS pattern of the liquid mixture. In the pure [C10mim][NO3] sys-
tem at room temperature [42], a prepeak was observed at 0.23 Å−1. The
prepeak of the pure system is derived from the nanoheterogeneity of
the liquid structure. The correlation length of the nanoheterogeneity at
80 ℃ was evaluated to be 25.1 Å. The nanoheterogeneity of the pure
system existed even at 80 mol% D2O above Thex. Since [C10mim]+ is
quite sensitive to X-rays, the prepeak of the mixture was derived mainly
from [C10mim]+. Upon cooling, the SWAXS patterns and DSC thermal
trace at Thex did not change at all (Fig. 3). We could not observe the
phase change at Thex using the simultaneous SWAXS and DSC measure-
ments. This result is in contrast to the solidification observed at Thex.Thus, we deduce that X-ray insensitive D2O is only related to the gela-
tion at Thex. After further cooling, a distinct phase transition occurred at
TC1 (=–15.5 ℃), and an exothermal peak was observed on the DSC
thermal trace (Fig. 3). In addition, the Bragg reflections were observed
in the SWAXS pattern after the disappearance of the prepeak. Due to the
small SLD of D2O in the SWAXS profiles, it is difficult to recognize the
ice crystal formation in [C10mim][NO3]–80 mol% D2O. Upon heating,
cold crystallization occurred at –33.0 ℃ (TCC) with an exothermal peak
(Fig. 3). However, no change was observed at TCC in the SWAXS pat-
terns. Therefore, we assumed that the partially amorphized

Fig. 2. Enthalpy difference, ΔH, between the liquid and solid states as a func-
tion of water concentration x. The dotted line indicates the ideal ΔH of
[C10mim][NO3].

[C10mim][NO3] and X-ray insensitive D2O crystallized at TCC upon heat-
ing. At 23.6 ℃ (Tm), the [C10mim][NO3] crystals melted with a distinct
endothermal peak. After further heating, no change was observed in
both the SWAXS pattern and DSC thermal trace. Hence, even upon heat-
ing, the gel-melting at Thex (∼60 ℃) was not investigated using X-ray
scattering.

The phase behavior of [C10mim][NO3]–97.5 mol% D2O was ob-
tained by the simultaneous SWAXS and DSC measurements (Fig. 4). The
prepeak of the liquid mixture at 30℃ was located at 0.20 Å−1. The rela-
tively long correlation length of 31.4 Å was caused by the presence of
an excess amount of water. Upon cooling, a sharp exothermal peak was
observed at –19.3 ℃ (TC1) (Fig. 4). Subsequently, another sharp
exothermal peak appeared at –30.1 ℃ (TC2). Due to the weak incident
X-ray intensity of SWAXS and the slow scanning, the phases at TC1 and
TC2 were not distinguished. However, ice crystals could be formed at
TC1 considering the coexistence of ice and the ILC-like crystals at Tmin(Fig. 1). We confirm that the ILC-like crystals appeared at TC2. Just be-
low TC2, the peak position of the 001 Bragg reflection (0.21 Å−1) in the
ILC-like crystals was higher than that in the liquid state. Upon heating,
cold crystallization was observed at –31.7 ℃, and the SWAXS pattern
varied at TCC. Both ILC-like and ice crystals melted subsequently at ap-
proximately –13.2 ℃ (Tm).

3.2. Small- and wide-angle neutron scattering of [C10mim][NO3] − D2O

Information on D2O in the mixtures was obtained using the large
SLD of D2O for neutron scattering (Fig. S2). The SWANS patterns of
[C10mim][NO3] − D2O at 30 ℃ are shown in Fig. 5. At 30 ℃, pure
[C10mim][NO3] in the liquid state exhibited a prepeak at Qpre. Since
[C10mim]+ possesses a small SLD for neutron scattering, the prepeak in
the pure system is mainly derived from [NO3]-, whose SLD for neutron
scattering is intermediate [25]. In [C10mim][NO3] − 60 mol% D2O, the
mixture was in liquid state at 30 ℃ (Fig. S1). As the peak intensity in-
creased, the peak shifted to a lower Q position. Considering the large
neutron SLD of D2O, it was found that a water pocket is formed in
[C10mim][NO3] − 60 mol% D2O. Using neutron scattering, a signifi-
cant finding was obtained for gel [C10mim][NO3] − 70 mol% D2O at 30
℃ (Fig. 5). A sharp and intense peak appeared at 0.22 Å−1. In addition,
two weak Bragg reflections were observed at 0.38 and 0.44 Å−1. For the
2D hexagonal structures, Bragg reflections are expressed by Qhk [46].
The 0.22, 0.38, and 0.44 Å−1 Bragg reflections at 70 mol% D2O were in-
dexed as 10, 11, and 20, respectively, on the 2D reciprocal lattice plane.
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Fig. 3. Small- and wide-angle X-ray scattering (SWAXS) and differential scanning calorimetry (DSC) thermal trace of [C10mim][NO3] − 80 mol% D2O. Open square
reveals the scattering from the DSC windows. In the SWAXS pattern, the prepeak position (Qpre) in the liquid state is expressed by red closed circles. Closed blue cir-
cles indicate the 00ℓ Bragg reflections (ℓ = 1, 2, 3, and 5) of the hybrid layered structure. TC1 and TC2 are phase transition temperatures, and TCC corresponds to the
cold crystallization temperature upon heating. Tm is the melting point of the hybrid layered structure.

Fig. 4. Small- and wide-angle X-ray scattering (SWAXS) and differential scanning calorimetry (DSC) thermal trace of [C10mim][NO3] − 97.5 mol% D2O. Open
square reveals the scattering from the DSC windows. In the SWAXS pattern, the prepeak position (Qpre) in the liquid state is expressed by closed red circles.
Closed blue circles indicate the 00ℓ Bragg reflections (ℓ = 1, 2, 3, 4, and 5) of the ionic liquid crystal (ILC)-like crystals. TC1 and TC2 are phase transition temper-
atures, while TCC corresponds to the cold crystallization temperature upon heating. Tm is the melting point of the ILC-like crystal.

On the Q plot (Fig. 5), Q11 = was satisfied for gel
[C10mim][NO3] − 70 mol% D2O. The hexagonal lattice constant, ahex,at 70 mol% was 32.76 Å. Certainly, gelation as the lyotropic mesophase
occurred in [C10mim][NO3] − 78.8 mol% H2O and was analyzed using
synchrotron X-ray scattering [32]. Hence, it was found that the solidifi-
cation at Thex is caused by the gelation. Although the gelation was not
detected using conventional SWAXS and weak incident X-rays (Fig. 1),
the D2O-mediated 2D hexagonal structure was extracted by neutron
scattering. Using the complimentary use of SWAXS and SWANS, we em-

phasize that the lyotropic mesophase contained the frozen nanohetero-
geneous [C10mim]+ and 2D hexagonal structure of D2O. The peak of gel
[C10mim][NO3] − 80 mol% D2O coincided with that of
[C10mim][NO3] − 70 mol% D2O. The ahex of the 80 mol% mixture was
calculated to be 33.26 Å. At 90 mol% D2O, an obvious peak shift and an
increase in the peak intensity were observed. A peak shift to the lower Q
position implies that the 2D hexagonal structure developed due to a
large amount of water. Moreover, the ahex of the 90 mol% mixture was
found to be 36.85 Å. Above 95 mol%, the 2D hexagonal structure col-
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Fig. 5. Water concentration dependence of small- and wide-angle neutron scattering (SWANS) at 30 ℃. The closed red circle indicates the prepeak position. Closed
light-blue circles correspond to the 10, 11, and 20 Bragg reflections of the 2D hexagonal reciprocal lattice.

lapsed at 30 ℃, and water was percolated over the whole region (Fig.
5).

Based on its SWANS pattern, the [C10mim][NO3] − 80 mol% D2Ogel is regarded as the lyotropic ILC at 30 ℃. To compare Thex deter-
mined by visual observation, the SWANS patterns of
[C10mim][NO3] − 80 mol% D2O were collected at an elevated tempera-
ture (Fig. 6). Obviously, the Bragg reflections of the 2D hexagonal lat-
tice disappeared at 60 ℃. Instead, a broad peak appeared near the Qpreposition, which corresponded to the water pocket in
[C10mim][NO3] − 80 mol% D2O. The correlation length between the
water pockets was 28.56 Å at 60 ℃. With increasing temperature and
decreasing the intensity, the broad peak shifted to a higher Q position.
Notably, the water pocket existed even at 80℃. To determine the water
pocket region on the phase diagram precisely, we measured the temper-
ature dependence of the SANS patterns in pure IL and other mixtures
(Fig. 7). By visual observation, the Thex of [C10mim][NO3] − 70 mol%
was found to be 33 ℃. Thus, the SANS data were consistent with the vi-
sual observation. With increasing temperature, the broad peak repre-
senting the water pocket existed up to 80 ℃. In the MD simulations of
[C8mim][NO3] − H2O [22], water was percolated over the whole re-
gion at 95.2 mol% H2O. Similarly, the SANS profiles of
[C10mim][NO3] − 95 mol% D2O and [C10mim][NO3] − 97.5 mol%
D2O showed the presence of percolated D2O. More importantly, the wa-
ter percolated at the water-rich region did not transform into the water
pocket at 80 ℃. The percolated water was stable even at 80 ℃. Hence,
above 95 mol%, the water pocket cannot exist at any temperature.

3.3. Phase diagram and structure models of [C10mim][NO3] − D2O

The low-temperature complicated phase behavior of
[C10mim][NO3] − x mol% D2O is depicted in the phase diagram given

Fig. 6. Temperature dependence of small- and wide-angle neutron scattering
(SWANS) patterns in [C10mim][NO3] − 80 mol% D2O. The closed red circle in-
dicates the prepeak position. Closed blue circles correspond to the 10, 11, and
20 Bragg reflections of the 2D hexagonal reciprocal lattice.

in Fig. 8. Water concentration and temperature dependences of the
SWANS patterns can clarify the phase changes of
[C10mim][NO3] − D2O. Particularly, a relationship between the water
pocket and lyotropic mesophase is first obtained on the phase diagram.
Simultaneously, the percolated water in the water-rich region is related
to the ILC-like crystal.
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Fig. 7. Temperature dependence of the small-angle neutron scattering (SANS) patterns of [C10mim][NO3] − x mol% D2O.

Fig. 8. Phase diagram of [C10mim][NO3] − D2O determined by small- and
wide-angle X-ray and neutron scattering (SWANS).

The ILC phase of pure [C10mim][NO3] was simulated using MD
[47]. The 2D layered structure of the ILC phase is related to the prepeak
of the pure system. Moreover, in the previous study [48], the hydrating
water molecules in nitrate aqueous solutions were estimated using Ra-
man spectroscopy. By changing the water concentrations, the 718 cm−1

Raman band was found to be in-plane deformation of the hydrated ni-
trate ions. In case of [C8mim][NO3]-D2O [28], the 718 cm−1 band ex-
isted in the water-rich region. In [C10mim][NO3] − 80 mol% D2O, the
molecular ratio is as follows: [C10mim][NO3]:D2O = 1:4. Based on the
hydrated nitrate, the water pocket of NO3(D2O)4 is introduced (Fig. 9).
Considering the cation size and correlation length (28.6 Å) between the
water pockets, a partial 2D liquid structure of
[C10mim][NO3] − 80 mol% D2O was considered, wherein the alkyl
chains of the [C10mim]+ cation were stacked each other while satisfy-
ing the correlation length (Fig. 9). Because the water pocket existed in
the liquid state without a periodicity, the water pocket was distributed
randomly on the partial 2D layers. Furthermore, we introduce the struc-
ture model of the 2D hexagonal lattice (ahex = 33.3 Å) to explain the
observed SWAXS and SWANS patterns: (i) the [C10mim]+ cation is
frozen in nanoheterogeneity, and (ii) the water pocket including the
[NO3]− anion is in an ordered state. The [C10mim]+ cations are not il-
lustrated in Fig. 9. If we assume that the density of [C10mim][NO3]
–80 mol% D2O is ∼ 1 g/cm3, 6 cations, 6 anions, and 24 water mole-
cules could be included in the hexagonal unit cell (two triangles). The

Fig. 9. Structure model of the water pocket in the partial 2D layers and the ly-
otropic mesophase in the 2D hexagonal lattice.

phase transition from the water pocket to the 2D hexagonal lattice at
Thex without an exothermal peak implies that the water aggregates
could not be collapsed. In addition, the sharp Bragg reflections of the ly-
otropic mesophase indicate that the neutron-sensitive D2O is well or-
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dered. Thus, we assume that the water aggregation of (NO3)3(D2O)12 in
one triangle is formed on the 2D hexagonal lattice (Fig. 9). In the
90 mol% mixtures, the molecular ratio becomes
[C10mim][NO3]:D2O = 1:9. Considering the density of ∼ 1 g/cm3, the
(NO3)3(D2O)27 aggregation could occur in one triangle. The
(NO3)3(D2O)27 aggregation also explains the ahex of 36.9 Å in
[C10mim][NO3] − 90 mol% D2O. When the phase transition from the
2D hexagonal lattice to the hybrid layered structure occurred at TC1,frozen nanoheterogeneous [C10mim]+ transformed to a well-orientated
ordered array with a distinct exothermal peak (Fig. 3). Furthermore,
the molecular rearrangement at TC1 indicates that the well-ordered wa-
ter aggregates vanish.

4. Conclusions

Various phases of [C10mim][NO3] − D2O were investigated by the
complementary use of SWAXS and SWANS. [C10mim][NO3] − D2O ex-
hibits a complicated phase diagram, in which nanoconfined water (wa-
ter pocket) appears near the lyotropic ILC region having a 2D hexagonal
lattice. The phase transition from the water pocket to the lyotropic ILC
is explained by aggregation rearrangement from the partial 2D array of
the water pocket to the large water aggregation in the well-ordered 2D
hexagonal lattice. Above 95 mol% D2O, the lyotropic ILC collapsed be-
cause of the presence of an excess amount of water. In the specific water
concentration region of 70 ≤ x ≤ 90 mol%, a 2D periodic array of large
water aggregates was formed spontaneously in the lyotropic ILC. The
size-tunable water aggregation in the periodic lattice can be utilized in
next-generation nanoheterogeneity engineering.
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