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The study of water in confined geometries has been receiving
much attention in chemistry, biology, and geology.[1] A variety
of spectroscopic and theoretical investigations have demon-
strated that water molecules confined in 1-nm-scale materials
such as porous silica show unique properties not seen on the
bulk scale.[2–7] A 1-nm-scale space is available as an exper-
imental space for characterizing the behavior of an individual
single molecule, while this scale is too small to illuminate the
collective behaviors of liquid-phase molecules as condensed-
phase matter. To elucidate the complicated properties of
liquid-phase water molecules, a 10–100-nm-scale space is
appropriate but has been almost unavailable. The technolo-
gies involved in micro- and nanochemistry on a chip are
expected to allow the production of a physicochemically well-
defined 10–10-nm-scale space on glass substrates (called an
extended nanospace). Previously, we developed extended
nanospaces by means of well-controlled micro-/nanofabrica-
tion techniques and made capillary and time-resolved fluo-
rescence measurements of water confined in the spaces.[8] The
results showed that, compared with bulk water, the water
confined in the extended nanospaces had a higher viscosity
and a lower dielectric constant. Similar size-confinement
phenomena have been shown in hydrodynamic flow, con-
ductivity, and ionic transport results in extended nanospa-
ces.[9–12] However, little molecular-level information is avail-
able concerning the mechanisms for the novel confinement-
induced nanospatial properties of water molecules in
extended nanospaces. Here we present size-confinement
effects of the molecular structure, motions, protonic mobility,
and localization of proton-charge distribution of water and
water–surface proton exchange in 295–5000-nm extended
nanospaces by NMR spectroscopy measurements.

First, we examined the 1H NMR chemical shift (dH) of
water in spaces of 295 to 5000 nm at 25 8C and found that the
values for the confined water are almost constant at around
dH= 4.6 ppm, regardless of the sizes (see Supporting Infor-

mation). This result indicates that the water molecules
confined in extended nanospaces keep the four-coordinated
hydrogen-bond structures seen for bulk water. However, the
full line width at half-height in the 1H NMR spectrum
broadened with a decrease in the size of the space (R).
Thus, we examined the size dependence of the spin-lattice
relaxation rate (1H 1/T1) for water at 25 8C. As shown in
Figure 1A, the 1/T1 values for confined water molecules
increase sharply below R= 800 nm whereas they remain
almost constant for space sizes of 800–5000 nm. The 1/T1

value of 1.62 s�1 for a 320-nm space exceeds, by about a
factor of 5, the bulk value (0.32 s�1) and is not consistent with
1/T1 values for physisorbed water.[13, 14] A frequency depend-
ence could also be observed in these 1H 1/T1 values (see
Supporting Information). These phenomena lead to the
interesting conclusion that the molecular motions of water
even in extended nanospaces are inhibited compared to those
of bulk water.

However, the interpretation of the measured 1H 1/T1 (1/
T1meas) values, which involve both an intramolecular compo-
nent (1/T1 intra) associated with rotational diffusion and an
intermolecular one (1/T1 inter) associated with translational
diffusion and proton diffusion, is difficult. It is desirable to
extract the 1/T1 intra component by measuring the 2H 1/T1 value
of heavy water (D2O), which has a quadrupole moment,
because the obtained 2H 1/T1 values are dependent on
rotational correlation times (tC) for the motion of the
deuterium electric-field gradient (EFG) tensor.[15,16] The
value of tC for H2O is about 1.4-times larger than that of
D2O because of the isotope effect on the viscosity of water,
and so the 1/T1 intra component of H2O can be determined.[17]

With the relation 1/T1meas= 1/T1 intra+ 1/T1 inter, it becomes
possible to divide the size dependence of 1/T1 inter and 1/
T1 intra for H2O (see Supporting Information). As shown in the
inset in Figure 1A, 1/T1 intra is almost constant for all sizes, with
the main effect of size being on the 1/T1 inter component, yet
without any change in structure. It follows from this result
that the motional properties of water confined in extended
nanospaces are quite different from those in 1-nm-scale
nanomaterials, because in such nanomaterials not only trans-
lation but also rotation is inhibited for water molecules.[3]

The variation in only intermolecular interaction results
from inhibition of molecular translational diffusion and/or
enhancement of proton diffusion associated with the Grot-
thus proton-transfer mechanism:[18] H3O

++H2O!H2O+

H3O
+. Therefore, we measured the temperature dependence

of the 1H 1/T1 values over the range of 4 to 50 8C and
examined the size dependence of the apparent activation
energy (Ea) values taken from the Arrhenius plots for 1H 1/T1.
If molecular translational diffusion is dominantly affected by
size confinement, the Ea values should increase because of an
increase in the potential-energy barrier to translation. How-
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ever, as shown in Figure 1B (blue squares), the Ea value of
bulk water is 18 kJmol�1 and the value decreases to
10 kJmol�1 with a decrease in size to R= 320 nm. This loss
of 8 kJmol�1 means that the size confinement has reduced the
potential-energy barrier to the proton diffusion of water. In
other words, rather than hydrodynamic mobility it is protonic
mobility, including proton hopping between water molecules,
that dominates the molecular behavior in confining geo-
metries. This explanation is supported by the fact that the
8 kJmol�1 decrease in energy shown above corresponds to the
differences in Ea values between dielectric relaxation and
proton-hopping times.[17,19]

When the proton-transfer mechanism is modulated, the
proton-charge distributions should be localized along linear
O···HO hydrogen-bonding chains of water molecules. The
ratio of the tC value to the rotational correlation times
obtained from the 1H 1/T1 values in

17O-enriched water (tOH)
can provide a criterion for evaluating the localization of
proton-charge distribution, because the principal axis of the
deuterium EFG tensor is essentially coincident with an O�H
internuclear vector.[16] In a normal liquid, the 17O-induced
1H 1/T1 values depend only on rotational motions as in the
case of D2O and the tOH values should approximately equal
the tC values. When the proton-charge distribution along the
O···HO hydrogen-bonding chain is localized by the appear-
ance of intermolecular interactions between a proton and 17O,
the tOH/tC ratios should be less than unity (see Supporting
Information). The plot of R versus tOH/tC in Figure 1B (red
circles) is a curve of similar shape to that of Ea and shows that
the ratio decreases significantly from unity to about 0.3 in the
same size range as for the 1H 1/T1 values.

Although the 1H 1/T1 values provide insight into the faster
component of motions, it is insensitive to the slower ones. The
slower motions are usually found in the water molecules
adsorbed on surfaces where the water molecules form
ordered water layers invoking a linear O···H�O bond near
the surface.[20,21] Therefore, to estimate the correlation
between water adsorbed on surfaces and water in extended
nanospaces, we measured the 1H spin–spin relaxation rates
(1H 1/T2) governed by the slower component of molecular
motions.[15,22] We found that size confinement increases the 1/
T2 values just as it did for the 1/T1 values, while the differences
between the 1/T2 and 1/T1 values become greater with
reductions in the nanospace sizes as shown in Figure 1C.
Since the chemical exchange of magnetization between
protons in water and surfaces should be reflected in these
differences, their increase by size confinement corresponds to
an enhancement of the frequency of proton exchanges
between water molecules.

The important findings in the NMR results of the confined
water are as follows: 1) retention of the four-coordinated
water structure, 2) slower translational motions, 3) dominant
protonic mobility, 4) proton-charge distribution localized
along the O···H-O hydrogen-bonding chains, and 5) chemical
exchange of protons between water and water adsorbed on
surfaces (Figure 2A). These results indicated that protons
migrate through water–water and/or water–surface hydrogen-
bonding networks. We can hypothesize that, as illustrated in
Figure 2B, the water molecules in extended nanospaces

Figure 1. A) The size dependence of 1H 1/T1 values (&) of water
confined in micro- and nanospaces at 300 MHz and 22 8C. The inset
shows the size dependence of intermolecular translational (~) and
intramolecular rotational motions (*) obtained from experimental
1H 1/T1 (&) values of water in the channel range of 295 to 1500 nm.
The 1H 1/T1 values were measured by the inversion recovery method
(p�t�p/2·5T1) with t varying from 1 ms to 20 s and expressed by a
single-exponential function. B) The size dependences of tOH/tC ratios
(*) and Ea values (&) for water inside micro- and nanospaces at
300 MHz and 22 8C. The inset shows the results for 295–1500-nm
spaces. C) A log–log plot of 1/T2�1/T1 values (&) versus space sizes
of water at 300 MHz and 22 8C. The 1/T2�1/T1 values increase
continuously from bulk water to adsorbed water (&; see Refs. [13,14]).
The 1H 1/T2 measurements were performed using a standard Carr–
Purcell–Meiboom–Gill (CPMG) pulse sequence (p/2�t�p�2t�
p�2t�p ···) with 2t pulse spacing of 0.987 ms.
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loosely couple in a direction perpendicular to the surface.
Specifically, we suggest that a proton-transfer phase (SP),
which is an intermediate phase between a bulk phase (SB) and
the adsorbed phase (Sa), exists in extended nanospaces as
shown in Figure 2C.

To verify the validity of this model, we compared our
experimental relaxation data with a theoretical one based on
three-phase exchange theory, which states that the water in
confined geometries is composed of three phases: SB, SP, and
Sa. The water molecules in spaces within the 800–5000-nm-
size range are dominated by the SB phase, and their relaxation
rates do not depend on the size of the space. As the SP phase
appears with decreasing sizes at around 800 nm, the relaxa-
tion rates begin to change according to the interfacial area
ratio of SP to SB. For all confinement sizes, the Sa phase exists
in a thickness of about 0.3 nm.[14] Thus, the overall relaxation
rate (1/T1exptl) is expressed as follows [Eq. (1)] as the weighted

1
T1 exptl

¼ 1
T1B

þ lA1

V1

1
T1P

þ eA2

V2

1
T1a

ð1Þ

average of these phases; the subscripts 1 and 2 denote SP and
Sa phases, respectively, l refers to the thickness of Sa, e

corresponds to the thickness of thickness of SP, and A/V
represents the interfacial area ratio.

When the thickness (e) of SP was presumed to be 50 nm,
the values calculated by Equation (1) were quite consistent

with the measured 1/T1 data (Figure 3A; red line). On the
other hand, the relaxation rates given by a well-known two-
phase exchange theory, which takes into account only the
exchange of water between the SB and the Sa phases,[20,23]

diverged from the experimentally measured 1H 1/T1 values
(Figure 3A; green line). Evidently, the SP phase plays an
important role in determining water behaviors in extended
nanospaces.

To assess the relative contribution of the water–surface
interface, the well-established technique of surface modifica-
tion provides a very useful approach. Thus, we compared the
size dependence of the 1H 1/T1 values for water confined by
an unmodified hydrophilic surface including OH groups and
those by a modified hydrophobic surface including CH3

groups. The results are shown in Figure 3B, and the 1/T1

values of water confined in the modified surface were found
to increase at around R= 1000 nm. Despite the fact that the
interactions of the water molecules with the CH3 groups were

Figure 3. A) Comparison of the size dependence of experimental 1/T1

values (&) and theoretical 1/T1 values. The solid red and green lines
represent fits of the 1/T1 values based on a three-phase exchange
theory [Eq. (1)] and a two-phase exchange theory, respectively. B) The
size dependence of 1H -1/T1 values in an unmodified case (&) and a
modified case (!) for water confined in micro- and extended nano-
spaces at 300 MHz and 22 8C. The inset shows an expanded view over
the 250–1500 nm range. The glass surface was modified with trimethyl-
chlorosilane to introduce hydrophobic Si(CH3)3 groups, which interact
less with water.

Figure 2. A) Schematic illustration of water molecules confined in
extended nanospaces on a glass chip. 1) The O�O distance between
water molecules and the bulk water structure are retained in the
extended nanospaces. 2) The intermolecular translational motions in
extended nanospaces are affected by size confinement. 3) Protons
migrate from one water molecule to another adjacent one through
hydrogen-bonding networks. 4) Proton-charge distribution is localized
along its linear O···H-O hydrogen-bonding chains. 5) Chemical
exchange of protons between water and silanol groups on the surfaces
enhances protonic mobility of water in extended nanospaces. B)
Schematic illustration of loosely coupled water molecules located
within 10–100 nm of a glass/water interface. C) Schematic illustration
of the three phases composed in extended nanospaces on a glass
chip. In the illustration of a nanospace, the light blue (SB), dark blue
(SP), and red (Sa) phases correspond to the regions associated with
the bulk phase, a proton-transfer phase, and an adsorbed water phase,
respectively.
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weaker than those with the OH groups, the size-confinement
effect in the hydrophobic case appeared stronger than that in
the hydrophilic case. The differences between the hydrophilic
and hydrophobic cases (� 200 nm) are probably generated by
hydrophobic hydration surrounding the CH3 groups, because
hydrophobic surfaces immersed in water generate a long-
range attractive force with a range of 100 nm.[24–26] Appa-
rently, therefore, the highly directional hydrogen-bonding
networks accompanied by hydrophobic hydration promote
the formation of coupled water molecules as illustrated in
Figure 2.

In summary, we have employed NMR spectroscopy
results to characterize the molecular structure and dynamics
of water confined in extended nanospaces and have con-
firmed that a SP phase, which consists of loosely coupled water
molecules located within about 50 nm from a glass/water
interface, exists in extended nanospaces. Our NMR results
will have important implications for both understanding the
behavior of nanofluidics and the molecular physical chemistry
of liquid-phase molecules and implementing micro- to nano-
fluidic devices.

Experimental Section
The extended nanospaces were fabricated on high-purity synthetic
quartz glass substrates with impurities at less than 1 ppb (VIOSIL-SX,
ShinEtsu Quartz Co., Ltd.) by electron-beam lithography and plasma
etching. All fabricated spaces had widths (W) of 360–5000 nm, depths
(D) of 250–5000 nm, and a length of 42 mm. As the cylindrical pores
with diameter (R) were replaced by 4/R on the basis of the surface-to-
volume ratio (2(D+W)/DW), all results could be optimized as an
equivalent diameter R (295–5000 nm). The substrate fabricated with
extended nanospaces was thermally laminated with a cover plate in a
vacuum furnace at 1080 8C and then cut with a diamond cutter to a
size that allowed it to be inserted into a commercial 5-mm NMR
sample tube. All ultrapure water samples were treated with a water
purification system composed of reverse osmosis membrane, ion-
exchange cylinder, and UV sterilizer (MINIPURE TW-300RU,
Nomura Micro Science Co., Ltd.), and had specific resistivity greater
than 18.0 MWcm. Highly purified water was degassed through a
number of freeze–pump–thaw cycles and was then introduced into the
extended nanospaces by means of capillary force under an argon
atmosphere. The 17O-enriched water sample (ISOTEC Inc.; 4% and
8%) was used without purification. The water-filled spaces were
sealed, and the substrate was put into an NMR sample tube. All NMR
spectra of water were measured at 4–50 8C without spinning. The
effects of dust and impurities could be excluded by performing all
operations in class-100 and -1000 clean rooms.
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