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A B S T R A C T

Nano-confined water (a water pocket) was spontaneously formed using an ionic liquid (IL),
1-butyl-3-methylimidazolium nitrate ([C4mim][NO3]), in [C4mim][NO3]-H2O and [C4mim][NO3]-D2O mix-
tures. The static average size of the water pocket in [C4mim][NO3]-80mol% D2O has been estimated to be
around 2nm, determined via small-angle neutron scattering measurements (Abe et al., J. Phys. Chem. Lett.,
2014, 5, 1175). In this study, the dynamics of the water pocket in the IL were directly examined using incoher-
ent quasielastic neutron scattering. Using the H-D difference of a neutron incoherent scattering cross section,
the extent of the diffusion of the water molecules in the water pocket was determined. The water pocket could
be characterized due to the slow dynamics of the water compared with those of bulk water.

© 2017.

1. Introduction

Nano-confined water has been investigated from the viewpoint of
the structure and dynamics of water. For instance, water has been
artificially confined on the nanoscale using carbon nanotubes [1–7].
A phase transition inside the carbon nanotubes was verified using
Raman spectroscopy [1]. Transition temperatures can be drastically
changed using different types of carbon nanotubes with different di-
ameters and a variety of water formation was previously observed in a
phase diagram [3]. Depending on the carbon nanotube diameter, melt-
ing points have been observed to vary. Moreover, using molecular dy-
namics (MD) simulations, a ring structure of water molecules has been
demonstrated in a simulation box [6]. Confined water is also exten-
sively influenced by carbon nanotube walls. In addition to carbon nan-
otube confinement, water has also been confined inside porous materi-
als [8–13]. Using MD simulations, low density water and high density
water have been simulated in nanoporous silica [11]. The nano-con-
fined water was found to have dynamic heterogeneity.

Ionic liquids (ILs), which simply comprise a cation and an an-
ion, possess nanoheterogeneity. Polar and non-polar nano-domains
in 1-alkyl-3-methylimidazolium hexafluorophosphate, [Cnmim][PF6],
and 1-alkyl-3-methylimidazolium bis(trifluoromethanesul-
fonyl)amide, [Cnmim][TFSA] have been theoretically predicted [14].
Here, n represents the alkyl chain length of the Cnmim+ cation. In the-
oretical calculations, nanoheterogeneity developed in the simulation
box proportionally to the alkyl chain length, n. Experimentally, the
nanoheterogeneity of [Cnmim][Cl] (n= 3, 4, 6, 8, 10) was examined
using X-ray diffraction [15]. This first evidence of nanoheterogeneity

⁎ Corresponding author.
Email address: ab@nda.ac.jp (H. Abe)

provided significant insight into the fundamental science. Related
to nanoheterogeneity, the dynamic properties of [C8mim][PF6] and
[C8mim][TFSA] were examine by neutron diffraction and neutron
spin echo (NSE) techniques. The inter-domain, inter-ionic, and in-
ter-alkyl-chain dynamics was decomposed. The nanoheterogeneity of
[C8mim][NO3] was simulated not only for the pure ILs, but also for
a binary system [17]. Water was found to exist at the nano-domain
boundaries in the water-poor region and the nano-confined water (wa-
ter pocket) formation was observed in the water-rich region. Using,
small-angle neutron scattering (SANS) [18,19], the water pocket in
[C4mim][NO3]-D2O was experimentally probed for 70< x < 90mol%
D2O. It clarified that the water pocket is spontaneously formed just
upon mixing. Using Raman spectroscopy, at a specific water concen-
tration, it was found that the hydrogen bonding of the water in the wa-
ter pocket was weakened [20]. Spontaneous formation of the loosely
packed water pocket could be explained by the presence of weak hy-
drogen bonding compared with the strong hydrogen bonding observed
in bulk water. Furthermore, at cooling rate of 5°C/min, no crystalliza-
tion of [C4mim][NO3]-D2O occurred at 70< x < 94mol% D2O [21].

In this study, we investigated the dynamic properties of
[C4mim][NO3]-80.0mol% H2O and [C4mim][NO3]-80.2mol% D2O
using quasielastic neutron scattering (QENS). Using the difference of
an incoherent scattering cross section between H and D, a residence
time between jumps, τ0, of the water in the water pocket was esti-
mated.

2. Experiments

The IL used in this study was [C4mim][NO3] (Sigma-Aldrich).
Distilled H2O (99.9% purity, Kanto Chemical Co.) and distilled D2O
(99.9% purity, Merck Co.) were used as additives. Due to the IL be
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ing hydrophilic, the mixtures were prepared inside a glovebox under a
flow of helium gas.

The QENS experiments were carried out using a time-of-flight
near backscattering DNA spectrometer at beam line BL02 at the Ma-
terials and Life Science Experimental Facility at the Japan Proton Ac-
celerator Research Complex (MLF/J-PARC), Tokai, Ibaraki, Japan,
running at 400kW proton beam power [22–24]. The spectra over an
energy transfer range from −0.04meV to 0.10meV were measured at
an energy resolution of 3.6 μeV. The momentum transfer, Q, was pro-
vided by 4π(sinθ) / λ (Å−1). The Q range was 0.025–1.975Å−1. Double
cylindrical Al cells were used in the QENS experiments. The inner di-
ameter of the outer cylindrical cell (0.25 mm thickness) was 14.0 mm,
while the outer diameter of the inner cylindrical cell (0.25 mm thick-
ness) was 13.6mm. A sample thickness of 0.2mm was selected to
reduce multiple scattering during the experiments. The temperature
range was −20°C to 30°C, controlled using a top-loading cryo-fur-
nace (Suzuki Shokan Co.). Cooling rate was 1.5 °C/min. The exposure
time was about 4–5h for a single measurement. The spectra obtained
were then normalized to those of a vanadium standard. The sample
volume of [C4mim][NO3]-80.0mol% H2O was almost equivalent to
that of [C4mim][NO3]-80.2 mol% D2O.

To determine the cooling rate dependence of solidification, simul-
taneous X-ray diffraction and differential scanning calorimetry (DSC)
measurements were carried out using a SmartLab (Rigaku Co.). An
incident X-ray wavelength λ = 1.542Å (Cu radiation) was selected. A
one dimensional detector (D/tex, Rigaku Co.) was used for a rapid
scan.

3. Results and discussion

3.1. Cooling rate dependence of [C4mim][NO3]-80.0mol% H2O

Fig. 1 depicts the cooling rate dependence of the solidifications of
[C4mim][NO3]-80.0mol% H2O. Upon changing the cooling rate, the
X-ray diffraction patterns represented by blue curves were obtained at
the minimum temperature (−90°C). For comparison, X-ray diffraction
in the liquid state (25°C) is depicted in red. At a cooling rate of 1.0 °C/
min, crystallization occurred at −39.8°C (TC) upon cooling, accompa-
nied by an exothermal peak on the DSC trace. Since the amorphous
halo pattern almost diminished below TC, the mixture was thought to
have fully crystallized with a cooling rate of 1.0 °C/min. However,
Bragg reflections for ice crystals were not observed. The crystalliza-
tion of the water pocket was suppressed even by slow cooling. Thus,
in [C4mim][NO3]-80.0mol% H2O, only [C4mim][NO3] crystallized,
while the water pocket did not crystallize. This is an important obser-
vation that crystallization of the nano-confined water pocket is not in-
duced even if the outer IL crystallizes. Upon an increase in the cooling
rate, the crystallinity at the minimum temperature proportionally low-
ered with the cooling rate, where TC was almost constant. In contrast,
a portion of the amorphous halo pattern increased upon an increase in
the cooling rate. Finally, above a cooling rate of 4.0 °C/min, crystal-
lization was not observed upon cooling. The amount of crystallization
of the IL is therefore heavily dependent on the cooling rate. This is
one of the features of the ILs, which causes the nanoheterogeneity in
the liquid state and is connected with non-equilibrium behavior. An-
other feature of the solidification in [C4mim][NO3]-80.0mol% H2O is
that ice crystals are not formed at any cooling rate. From SANS results
[18], it was deduced that the size of the nano-confined water pocket is
smaller than the critical size required for the nucleation of ice crystals.

Fig. 1. X-ray diffraction patterns of [C4mim][NO3] – 80.0mol% H2O. The red curve
represents X-ray diffraction in the liquid state at 25°C. The other curves in blue repre-
sent the solid states of the mixture at −90°C. Upon changing the cooling rates, the crys-
tallinity drastically changed. The red closed circles and blue closed squares correspond
to the scattering angles of the Al sample cell and ice crystals, respectively. Obviously,
ice crystals were not formed at any of the cooling rates. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this
article.)

3.2. Dynamics of water pocket by QENS

Fig. 2(a) and (b) depicts the incoherent dynamic structure fac-
tor, Si

inc(Q, ω), of [C4mim][NO3]-80.0mol% H2O and
[C4mim][NO3]-80.2mol% D2O, at −20°C upon cooling, respectively.
Since the incoherent scattering cross section of hydrogen is much
larger than that of other elements, the obtained spectra of both sam-
ples can be regarded as having incoherent scattering (7 and 12%
coherent scattering fractions for [C4mim][NO3]-80.0mol% H2O and
[C4mim][NO3]-80.2mol% D2O, respectively). In case of
[C4mim][NO3]-80.0mol% H2O, the incoherent dynamic structure fac-
tor, SIL+H2O

inc(Q, ω), is expressed by [25],

where ⊗ represents the operator of the convolution. R(Q, ω) is the in-
strumental resolution function, which was determined using a vana-
dium standard sample. SIL

inc(Q, ω) and SH2O
inc(Q, ω) represents the

Sinc(Q, ω) of the ionic liquid and H2O, respectively. AIL and AH2O are
scaling factors. In the case of [C4mim][NO3]-80.2mol% D2O, Eq. (1)

(1)
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Fig. 2. The dynamic structure factors, Si
inc(Q, ω), of (a) [C4mim][NO3]-80.0mol% H2O, (b) [C4mim][NO3]-80.2mol% D2O, and (c) the difference between the H2O- and D2O-based

mixtures. The intensity is plotted by a logarithmic scale.

is approximately modified into;

The reason for this is that the incoherent cross section of D is neg-
ligibly small. Because of the H-D difference of the incoherent scat-
tering cross section, we can determine the nature of the dynamics of
the water in the water pocket by subtraction of SIL+H2O

inc(Q, ω) and
SIL+D2O

inc(Q, ω). The subtraction was conducted to extract the distri-
bution of H2O in the ħω – Q plane. If the assumptions described
by Eqs. (1) and (2) are correct, smooth distribution could be ob-
tained. After subtraction, in the ħω-Q plot, Fig. 2(c), a distinct Q de-
pendence of SH2O

inc(Q, ω) clearly appeared. It should be noticed that
the mixture exists in the liquid state at −20°C (>TC). The decom-
posed SH2O

inc(Q, ω) contains dynamic information about the self-dif-
fusion of the water molecule in the water pocket. For further analysis,
the observed energy spectra of [C4mim][NO3]-80.0mol% H2O were
fitted using the following equation:

where Li(Γi, ω), Ai and Γi represent the Lorentzian function, the in-
tensity of the Lorentzian function and the half width at half maxi-
mum (HWHM) of the Lorentzian function of the i-component, respec-
tively. f(t) denotes the Kohlrausch-Williams-Watts (KWW) function
[25–27]. The KWW function is expressed as;

β represents the stretching exponential and is restricted to be-
tween 0 and 1. τR is the characteristic relaxation time. represents
the Fourier transform. At first, the QENS profiles of [C4mim][NO3]-

80.2mol% D2O at −20°C were fitted to obtain the parameters of
the first and second terms of Eq. (3), as depicted in Fig. 3(a), be-
cause the third term of Eq. (3) is negligible due to the small in-
coherent scattering cross section of D. Then, the QENS profiles of
[C4mim][NO3]-80.0mol% H2O were fitted using the fixed parame-
ters obtained using the D2O-based mixtures as depicted in Fig. 3(b).
The fixing parameters are equivalent to subtract the D2O compo-
nent from the total

Fig. 3. QENS spectra and fitted results of (a) [C4mim][NO3]-80.2mol% D2O and (b)
[C4mim][NO3]-80.0mol% H2O at −20°C. Q is fixed at 1.18Å−1.

(2)

(3)

(4)



UN
CO

RR
EC

TE
D

PR
OO

F

4 Journal of Molecular Liquids xxx (2018) xxx-xxx

scattering. Finally, the parameters derived only from water in the
water pocket were determined. Fig. 4 depicts the Q2 dependence of
ΓH2O(Q) of water in the water pocket. In a jump diffusion model
[25–28], Γ(Q) is provided by;

where DH2O and τ0 correspond to the diffusion coefficient of water and
mean residence time of water, respectively. The solid line in Fig. 4
was obtained by jump diffusion model using Eq. (5). DH2O was found
to be 1.8× 1010 Å2 s−1, and τ0 was calculated to be 20. ps. For compari-
son, the Γbulk(Q) value of bulk water [29] is represented by the broken
line in Fig. 4. Since the Dbulk and τ0 values of bulk water were found
to be 4.2× 1010 Å2 s−1 and 22.7ps [29], the water molecules confined
in the water pocket displayed slower dynamics above TC, than those
of bulk water. The QENS results are consistent with previous QENS
studies [30,31] and those of Raman spectroscopy [20]. With decreas-
ing the nano-pore size, translational diffusion of the confined water
became smaller, since growth of the hydrogen-bond network of water
is suppressed. In the Raman spectra of the stretching mode of water
in the [C4mim][NO3] x mol% D2O, the Raman intensity of the strong
hydrogen bonding of the water pocket (70–90mol%) became weaker
than that of pure water. In the MD simulations of the confined wa-
ter inside carbon nanotube [4], relative amount of hydrogen bonds de-
greased drastically below 2nm in the simulation box. Here it is con-
firmed that, in the confined water on the nanoscale, not only can a
static average size be determined by SANS but also slow dynamics
(weak hydrogen bonding) are observed to contribute to a disturbing
of the nucleation of ice crystal at a low temperature. This is a signif-
icant finding of the spontaneous formation of a water pocket on the
nanoscale, with the loosely packed water pocket being characterized
by slow dynamics compared with those of bulk water.

4. Conclusions

The dynamical properties of water in a water pocket formed by an
IL in different H2O/D2O mixtures were determined using incoherent

Fig. 4. Q2 dependence of HWHM, ΓH2O(Q), at −20°C. The solid curve reveals that the
fitted values are based on a jump diffusion model (see text for details). The broken line
represents the Γbulk(Q) of bulk water at −20°C for comparison.

QENS. The H-D difference of an incoherent scattering cross section
provides evidence of the slow dynamics of the nano-confined water in
the water pocket. The slow dynamics are in agreement with the weak
hydrogen bonding observed in Raman spectra. Spontaneous formation
and no crystallization of the water pocket in the IL originate not only
from the static average size but also from the slow dynamics of the
nano-confined water.
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