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ABSTRACT: The direct evidence of confined water (“water
pocket”) inside hydrophilic room-temperature ionic liquids
(RTILs) was obtained by complementary use of small-angle X-ray
scattering and small-angle neutron scattering (SAXS and SANS). A
large contrast in X-ray and neutron scattering cross-section of
deuterons was used to distinguish the water pocket from the RTIL.
In addition to nanoheterogeneity of pure RTILs, the water pocket
formed in the water-rich region. Both water concentration and
temperature dependence of the peaks in SANS profiles confirmed
the existence of the hidden water pocket. The size of the water
pocket was estimated to be ∼3 nm, and D2O aggregations were well-simulated on the basis of the observed SANS data.

SECTION: Liquids; Chemical and Dynamical Processes in Solution

Room-temperature ionic liquids (RTILs) have been highlighted
as novel solvents for green chemistry.1−5 Their physicochemical
properties depend on their inherent liquid structure. Structur-
ally, their most fascinating feature is nanoheterogeneity, even
when in a liquid state. In a pure RTIL system, size and
distribution of nanoheterogeneity have been investigated
experimentally6−8 and theoretically.9−14 In the typical imida-
zolium-based RTILs system (e.g., RTILs containing 1-alkyl-3-
methylimidazolium cations; Cnmim+), nanodomain size is
proportional to the alkyl chain length, n.7 Nanoheterogeneity
is derived from polar and nonpolar components of RTILs.
Recently, mysterious hydrogen bonding of water in the

RTILs has been reported. The effect of addition of water into
[C8mim][NO3] was demonstrated by a molecular dynamics
(MD) simulation.15 At a concentration <80 mol % H2O, bulk
water is not formed in the simulation box. Water is confined
near the nanodomain boundaries between the polar and
nonpolar components. In another MD simulation,16 [C2mim]-
[EtSO4]−80 mol % H2O reveals a critical mixing from chain-
like water aggregation to the bicontinuous system, where
EtSO4

− is ethylsulfate. Furthermore, an outstanding hierarchy
structure is observed in the water-rich region of a hydrophilic
RTIL−water system.17,18 The RTIL was N,N-diethyl-N-methyl-
N-(2-methoxyethyl)ammonium tetrafluoroborate, [DEME]-
[BF4], whose characteristics include a negative charge on the
oxygen of the [DEME−] cation19 and numerous stable

conformers20 of the [DEME−] cation. Hydrogen bonding can
control the water-mediated network at short-range order,
medium-range order (MRO), and long-range order. Both the
liquid structure as well as macroscopic properties of [DEME]-
[BF4]−water mixtures exhibit anomalous optical absorption in
the UV−vis region21 as well as anomalous density and thermal
properties,22 AC impedance properties,23 and pH values.24,25

Because of the mysterious hydrogen bonding of water in the
RTILs, RTIL−water mixtures can possibly control protein
structures. Very recently, we reported that lysozyme in
[C4mim][NO3]−D2O mixtures exhibits refolding, which is
related to the confined water.26 Dependence of lysozyme
structure on water concentration was determined by small-
angle X-ray scattering (SAXS). In contrast, β-lactoglobulin (β-
LG), which has larger protein size than lysozyme, aggregates in
[C4mim][NO3]−D2O mixtures.27 Aggregations of β-LG vary
depending on water concentration and RTIL type. Confined
water introduced into [C4mim][NO3] is key for elucidating
intrinsic properties of the protein refolding and aggregation.
We refer to this water as occupying a “water pocket”. The water
pocket corresponds to nonbulk water in the MD simula-
tion.15,16 However, as far as we know, direct evidence of the
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water pocket in the RTILs has not been experimentally
obtained. In principle, distinguishing the water pocket from the
RTILs is difficult, primarily because scattering power of water is
very small and the hydrogen of water is not sensitive to X-rays.
In this study, we experimentally extract the hidden water

pocket using a complementary method that involves both
SAXS and small-angle neutron scattering (SANS). The size and
distribution of the water pocket are simulated using the SANS
data.
Because of its neutron absorption and incoherent scattering

abilities, the RTIL, [C4mim][NO3] (Sigma-Aldrich), was used
in this study. The water content in the as-received sample was
130−150 ppm, as determined from the Karl Fischer titration
method. Using methods described in the literature,28−31 we
synthesized N,N-diethyl-N-methyl-N-(2-methoxyethyl)-
ammonium nitrate, [DEME][NO3]. Distilled D2O (99.9%,
Merck) was used as an additive. Because both RTILs are
hydrophilic, the mixtures were prepared inside a glovebox
under flowing helium gas.
SAXS experiments were conducted using a Kratky camera

system (BioSAXS-1000, Rigaku) at a wavelength of 0.1542 nm.
The incident beam was collimated using a parabolic multilayer
mirror. Here the scattering vector q is defined as 4π(sin θ)/λ
(nm−1), where the scattered angle is 2θ. To eliminate air
scattering, all assemblies were placed inside a vacuum chamber.
Data were collected using a 2D detector (PILATUS 100K/R).
Samples were placed in quartz capillaries with a diameter of 1.0
mm and a thickness of 0.1 mm. Time-of-flight SANS was
performed on the BL15 (Taikan) instrument at the Japan
Proton Accelerator Research Complex (J-PARC).32 To
simultaneously detect the scattering data from the wide q
range, two kinds of area detectors were installed in the
beamline. Data were collected from the small- and medium-
angle detector banks in this study. A sample changer was
mounted onto the goniometer. Temperature was controlled
with a circulating bath (Ministat 125, Huber) The mixtures
were placed into a quartz cell (Starna Scientific) with low
neutron absorption ability. The thickness of the cells was 1.0
mm for [DEME][NO3] mixtures and 2.0 mm for [C4mim]-
[NO3] mixtures. The observed data were corrected with respect
to the background, such as empty-cell and D2O-filled-cell
scattering. Using the multiple scattering model,33 we estimated
multiple scattering from the H of each cation in the simulation.
By removing the long-wavelength components of incident
neutron radiation, multiple scattering was almost suppressed.
For example, with a restricted wavelength of 0.25 to 0.35 nm
and Δq/q = 0.12, scattering intensities in the small-angle
detector bank were smoothly connected to those in the
medium-angle bank. 2D data from both SAXS and SANS were
reduced into 1D data because of isotropic scattering.
In the case of X-ray radiation, the scattering power of a

deuteron is merely 3% that of a D2O molecule. However, in the
case of neutrons, the scattering power increases to 73% that of
D2O. With respect to extracting the positions of D2O in the
RTILs, this increased scattering in the complementary method
provides a substantial advantage. SANS data were fitted by a
model-dependent least-squares method via the program
SASf it.34 From the pair-distance distribution function obtained
by GNOM,35 ab initio modeling was performed using the
GASBOR31 program in the ATSAS software package37−39 to
determine the aggregation shape of the water pocket. The
aggregation shape was approximately reconstructed with beads
(i.e., with a dummy atom model) in the simulation box.

Comparison between Small-Angle X-ray Scattering and Neutron
Scattering. The data-corrected SAXS patterns of [C4mim]-
[NO3]−water mixtures at room temperature are shown in
Figure 1. The red and blue circles in the Figure denote the

[C4mim][NO3]−80.0 mol % and [C4mim][NO3]−93.0 mol %
D2O systems, respectively. The SAXS intensity of the sample
with 80 mol % D2O was greater than that of the sample with
93.0 mol % because of the large X-ray scattering power of the
RTIL. No distinct peak was observed over the wide q range,
unlike the case of pure RTILs.7 Thus, RTILs’ inherent
nanoheterogeneity in the water-rich region of the [C4mim]-
[NO3]−D2O system was not detected by SAXS. We cannot
probe the density fluctuations of the water pocket directly using
only X-rays because of the lack of sensitivity of X-rays toward
deuterated water.
In contrast, the SANS patterns at room temperature differed

substantially from the SAXS pattern. The dependence of the
SANS patterns on the water concentration in [C4mim][NO3]
and [DEME][NO3] is shown in Figures 2a,b, respectively. A
significant finding is that a very weak but apparent peak
appeared in the patterns of [C4mim][NO3]−D2O mixtures
with <95 mol % D2O (Figure 2a). The concentration coincides
with one of percolation limits estimated by the MD
simulations.16 At higher concentration, ionic liquid network
peaks in the simulation box. Experimentally, density of
[DEME][BF4]−H2O mixtures drastically changed at 90−95
mol %.22 The experimentally obtained partial molar volumes of
[DEME][BF4] and water were evaluated to be 202.2 and 17.9
(cm3/mol), respectively. The average size was estimated to be 3
nm from the q position of the peak. The appearance of this
peak in the SANS pattern, which was not observed in the SAXS
pattern (Figure 1), confirms that the deuteron-contrasted water
pocket is certainly detected via SANS. We stress that the
complementary use of X-ray and neutron radiation is quite valid
for less observable local fluctuations, such as those due to D2O,
compared with large scattering power of the RTILs. In addition,
the trapezoid profile of the observed peak was not fitted by a
simple Gaussian or Lorentzian function. Therefore, some
intensity modulations were derived from the interference
among the confined water. In contrast, the pattern of the
[DEME][NO3]−D2O system included no peak in the

Figure 1. Small-angle X-ray scattering profiles of (a) [C4mim][NO3]−
80.0 mol % D2O (●, red) and (b) [C4mim][NO3]−93.0 mol % D2O
(●, blue) at room temperature.
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measured q region (Figure 2b). Hence, the water pocket
observed in the [C4mim][NO3]−D2O system is suppressed in
the [DEME][NO3]−D2O system. Because the NO3

− anion is
common to both systems, the difference between C4mim+ and
DEME+ cation is key for interpreting the appearance/
disappearance of the water pocket. With respect to the
[DEME][NO3]−D2O system, one possible reason is that the
oxygen of the DEME+ cation acting as an electronegative
component19 disturbs the formation of the confined water. The
oxygen of the cation might attract a deuteron of D2O through
hydrogen bonding as well as a NO3

− anion. Among the nearly
equivalent oxygen sites of both the cation and anion, the MRO
of the water network develops without the formation of the
water pocket. The network might be sustained by the dynamic
motion of D2O between two different oxygen sites. In the case
of the DEME+ cation system, we predict that a hierarchal
structure is preferred to stabilize the liquid system under the
hydrogen-bonding driven MRO network. In contrast, electro-
negative nitrogen of C4mim+ cation might not capture a
deuteron of D2O. This is because nitrogen is bonded to
hydrophobic methyl or butyl chain and has little space
geometrically. The motion of hydrophobic tail groups of cation
might weaken hydrogen bonding between hydrophilic head
groups of cation and a deuteron of D2O. Also, the MD
simulations of [C4mim][BF4]−H2O support the weak inter-
action between cation and water.40 The interaction is
suppressed by the size and anisotropy of cation.
Thermal Properties of Conf ined Water. To investigate the

thermal stability of the water pocket, we measured the
temperature dependence of the SANS patterns of [C4mim]-
[NO3]−77.8 mol % D2O and [DEME][NO3]−79.6 mol %
D2O (Figure 3a,b). The logarithmic scale of the SANS intensity
was converted to a linear scale to emphasize the SANS peak
profile. In the linear plot, the SANS of the [DEME][NO3]−
79.6 mol % D2O was slightly modulated, although no distinct
peak was observed (Figure 3b). Here the experimental
conditions in [DEME][NO3]−79.6 mol % D2O are a

measurement time of 2 h and a cell thickness of 1 mm. At
lower temperatures, no peak in the SANS pattern was observed,
and the SANS intensity increased slightly. Hence the water
pocket did not form in the [DEME][NO3]−79.6 mol % D2O
mixture at low temperatures. The MRO of the water network
did not collapse even at low temperatures. In contrast, in the
case of [C4mim][NO3]−77.8 mol % D2O (measurements time
of 2 h and cell thickness of 2 mm), a trapezoidal peak was
observed in the SANS patterns as a function of temperature,
which indicates a thermal effect of the water pocket. Obviously,
the SANS intensities increased at low temperatures; however,
the total scattering is explained merely by an increase in the
baseline without any peak shifts or sharpening/broadening.
This result indicates that the size and distribution of the water
pocket are invariant from 24.8 to 5.0 °C; however, different
types of local fluctuations are induced at low temperatures. The
thermally invariant confined water is realized because of the
rigid confinement of theoretically predicted nanodomain
boundaries.15

SANS Analysis and Modeling of Local Fluctuations. Theoretical
approaches are indispensable in resolving the complicated
heterogeneity in the liquids. To acquire reliable statistics, we
performed 8 h measurements on the [C4mim][NO3]−77.8 mol
% D2O system at 5 °C. We first fitted the observed data using
the model-dependent SASf it program,34 which is a least-squares
fitting program that incorporates numerous models. Among the
available models, the Teubner−Strey phenomenological model
(TS model)41,42 is the most adequate for modeling the water
pocket because other models in SASf it cannot adequately
reproduce the observed peak. The profile fitted using the TS
model and a Maxwell size distribution for [C4mim][NO3]−
77.8 mol % D2O at 5 °C is shown by the green curve in Figure
4a. The TS model was originally developed on the basis of the
Landau theory to explain microemulsions consisting of a binary
oil−water system. We suppose that the formation of the weakly
formed ambiguous boundaries of the microemulsions is very
similar to that of the water pocket, whose boundary is
ambiguous in the MD simulation.15,16 However, the TS model

Figure 2. Small-angle neutron scattering (SANS) as a function of D2O
concentration of (a) [C4mim][NO3]- and (b) [DEME][NO3]-based
mixtures at room temperature. A distinct peak appeared in the SANS
profile of the [C4mim][NO3]−D2O system with a water content <90
mol %.

Figure 3. Temperature dependences of small-angle neutron scattering
in (a) [C4mim][NO3]−77.8 mol % D2O and (b) [DEME][NO3]−
79.6 mol % D2O.
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is still not sufficient to extrapolate the trapezoidal peak profile.
In recent SANS analyses,39 further progress has been made in
the analysis of the local structures in noncrystalline materials.
The ATSAS software package37−39 is commonly used in model-
free simulations. First, the pair-distance distribution function
P(r) was calculated using the indirect Fourier transformation
(FT) program GNOM.35 P(r) was determined through the
optimization of parameters to fit the observed data, I(q). In the
case of [C4mim][NO3]−77.8 mol % D2O at 5 °C, the
calculated P(r) in Figure 4b simultaneously provides the
optimized I(q) in reciprocal space, which is indicated by the
blue curve in Figure 4a. In comparison with the conventional
TS model, the indirect FT approach can reproduce the
observed data almost perfectly. The other determinant of
calculation accuracy is the convergence of P(r) at r→0 and r→
rmax. With both of these conditions satisfied (i.e., a well-fitted
I(q) and the convergence of P(r)), we successfully analyzed the
complicated SANS profile. We subsequently observed that P(r)
revealed additional medium range oscillations. The oscillation
of P(r) over the medium-range indicates that some interference

between the water pocket is not ignored. For simplicity, the
total scattering Itotal is expressed by

= + + *I I I I Itotal RTIL D O RTIL D O2 2 (1)

where * indicates convolution as a coupling term between the
RTIL contribution (IRTIL) and D2O contribution (ID2O). The
third term in eq 1 is influenced by the correlation between the
RTIL nanoheterogeneity and the water pocket on the basis of
diffraction theory. The trapezoidal profile indicates that the
water pocket interacts with other pockets through the RTIL
media.
Ab Initio Simulation to Visualize the Water Pocket. In the case

of complicated systems, graphical representations by computer-
aid simulations enable us to directly recognize anisotropic
shapes and arrangements of aggregations in real space.
Although the simulation results are merely one ensemble in
real time and space, the results become a fingerprint to address
primary/secondary structures. The ab initio bead modeling of
one component enables the visualization of complicated local
fluctuations, such as protein solutions, with 15% errors.39 In
this study, one component of D2O was approximately
simulated in a [C4mim][NO3]−D2O system, because only
D2O exhibits enhanced SANS. Hence, the nonenhancement
term IRTIL in eq 1 was not considered in the calculations.
GASBOR36 is a promising ab initio modeling program that uses
monodisperse beads (i.e., dummy-atom models). We selected
the refinement using P(r) in real space because the simulation
of the observed I(q) in reciprocal space provided poor
reproduction of I(q). P(r) modulated over the medium-range
is a good constraint to express the water pocket. The optimized
shape and distribution of the water pocket were reconstructed,
as shown in Figure 4c. Aggregations of a comparable size are
located with a specific distance among them. In the
[C4mim][NO3]−D2O system, the water pocket visualized on
the basis of SANS data is similar to the confined water in the
MD simulation of the [C8mim][NO3]−H2O

15 and [C2mim]-
[EtSO4]−H2O.

16

In this study, theoretically predicted confined water is
experimentally verified for the first time by the complementary
use of X-ray and neutron radiation. In the [C4mim][NO3]−
D2O system, the D2O concentration and temperature depend-
ence of the distinct peak in the SANS profile provide direct
proof of the water pocket inside the RTILs. The size of the
water pocket is ∼3 nm. However, indirect FT methods and
refinements of the observed I(q) can estimate the pair-distance
distribution function P(r). The ab initio modeling of neutron-
enhanced D2O on the basis of P(r) approximately demonstrates
the size, shape, and distribution of the water pocket on the
mesoscopic scale. This result of the present study will help in
clarifying the mechanism of the hierarchy,18 the existence of
nearly free hydrogen bonds even at 77 K43 in the [DEME]-
[BF4]−water system, and protein refolding in [C4mim]-
[NO3]−D2O mixtures.26 Mysterious water behavior in the
water-rich region might be due to simple balancing among the
charge (scalar), orientational order (vector), and coordination
number (topology).44
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Figure 4. (a) Small-angle neutron scattering intensities, I(q), of
[C4mim][NO3]−77.8 mol % D2O at 5 °C and (b) pair-distance
distribution functions, P(r), and (c) ab initio simulation results based
on I(q) and P(r). The green curve in panel a is obtained by the
Teubner−Strey phenomenological model. Blue curves in panel a
reveal I(q) optimized by indirect Fourier transformation.
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