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Introduction

Water is indispensable to living cells.[1–3] Although lipid
membrane bilayers exhibit highly limited water permeabili-
ty, water can penetrate the cells.[4–9] The presence of water
channels in membranes was already predicted in the 1950s.
The narrowest water-channel pore size is presumed to be
0.3 nm, which is only slightly larger than the diameter of a
water molecule (0.28 nm).[10–12] The membrane with a water
channel has hydrophobic properties and the presence of
active sites in the narrowest pores is assumed. Water mole-
cules are supposed to be stable in such hydrophobic nano-
scale spaces. Hence, the hydrophobicity-gain mechanism of
water molecules in nanopores needs to be elucidated. Fur-
thermore, the structure of water confined in nanoscale
spaces has been presumed to be different from that of the
bulk. For instance, water molecules in nanopores cannot
form large clusters that are larger than the nanopore width
due to the size restriction, while in the bulk vapor clusters
are not formed as evidenced by IR spectroscopy.[13,14] In-
stead they associate to form larger clusters on condensation.
Thus, the properties and structures of water in hydrophobic
nanopores have been actively studied.[15–24]

Graphite carbon materials are typically hydrophobic. The
simplest evidence for the hydrophobicity of graphite carbon
materials is given by the fact that the contact angle of water
on a graphite basal plane is in the range of 50–908, though
the contact angle value is sensitive to surface contamina-
tion.[25,26] Thus, study of water adsorption in carbon nano-
pores can be associated with the fundamental subject of
water in hydrophobic nanoenvironments. Many studies on
water adsorption in carbon nanopores have given the cur-
rent mechanism that oxygen-containing groups at the sur-
face of the grpahite induce water adsorption.[27–39] However,
it is also known that some nanoporous carbon materials that
have been heat-treated in an inert atmosphere or treated in
hydrogen provide a characteristic adsorption isotherm;[40]

the water adsorption below P/P0=0.4 is zero, but a marked
increase occurs just above P/P0=0.5. Consequently, we need
a new mechanism for water adsorption in carbon nanopores
that are free of surface functional groups; this should be
helpful in understanding the stability of water in the chan-
nels of membranes. Recent molecular simulation studies
pointed out that graphite slit nanopores which are free of
surface functional groups give a predominant adsorption
uptake near P/P0=0.5.[41–43] In particular Ohba et al. showed
the reason why water molecules are stabilized in graphite
nanopores.[45] With in situ X-ray diffraction and in situ
small-angle X-ray scattering (SAXS), Iiyama et al. showed
clear evidences that water molecules confined in carbon
nanopores have an solid-like structure.[17,46,47] Accordingly, a
combined study on water adsorption in carbon nanopores
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with grand canonical Monte Carlo (GCMC) simulation and
in situ SAXS can elucidate the cluster structure of water
molecules and the growth mechanism of water nanoclusters
in hydrophobic nanopores. This paper describes the critical
water cluster size for cluster growth and the molecular
mechanism of the cluster growth in the nanopores.

Results and Discussion

The experimental adsorption isotherms of water at 293, 303,
and 313 K together with a simulated isotherm at 303 K are
shown in Figure 1. These experimental isotherms almost per-

fectly coincide with each other, showing an adsorption hys-
teresis loop. On the other hand, the simulated isotherm has
no adsorption hysteresis, agreeing with the desorption
branch of the experimental isotherm. The simulated iso-
therm is obtained under complete equilibrium conditions
and, thus, the desorption branch of the experimental iso-
therm should reflect the equilibrium process. Therefore, we
cannot describe the experimental adsorption branch over
the whole P/P0 range by GCMC simulation. As experimen-
tal adsorption and desorption branches overlap each other
up to a 0.08 fractional filling (f), the GCMC simulation
data below f=0.08 must be referable. Consequently, we will
discuss the GCMC simulation data at f=0.06. However, we
need information on the abrupt adsorption jump in the ad-
sorption branch. The in situ SAXS profiles at 303 K on ad-
sorption and desorption branches coincided with each other
until f=0.24, although those data are not shown here. Ac-
cordingly, we can use the GCMC simulation data at f=0.24
for determining molecular states on the adsorption branch.
Snapshots of the GCMC simulated isotherm at f=0.06,
0.24, and 0.60 are shown in Figure 2. The experimental ad-
sorption amount of the desorption branch near P/P0=0.5 is
in the range of f=0.06–0.24, while f=0.60 corresponds to
that at P/P0=0.6. That is, snapshots at f=0.06 and 0.24 ex-
press adsorption states before and just after the adsorption
jump of the isotherm. Figure 3 shows the cluster distribution
determined from the snapshots in Figure 2. The peak posi-

tions at f=0.06, 0.24 and 0.60 are 7, 8, and 13, respectively,
indicating the increase of the cluster size with the filling.
Some clusters consisting of less than ten water molecules
are observed at f=0.06; water molecules already form clus-
ters of considerable size even at f=0.06. They rarely form
clusters below f=0.02 and in such cases they are mostly iso-
lated from each other, although the snapshot is not shown.
Accordingly, water clusters grow gradually with the increase
in P/P0 before the adsorption jump of the isotherm. The
snapshot at f=0.24 expresses a different feature from that
of f=0.06; clusters merge with each other to form a partial-
ly continuous adsorbed layer. Thus, the greater the filling,
the broader the cluster-size distribution. The peak of the

Figure 1. Adsorption isotherms of water at 293 K (*), 303 K (~), and
313 K (&) together with the simulated isotherm at 303 K (*).

Figure 2. Snapshots at f=0.06, 0.24, and 0.60. Blue circle: oxygen, red
circle: hydrogen.

Figure 3. Cluster size distributions of water at f=0.06 (*), 0.24 (~), and
0.60 (&).
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cluster size distribution at f=0.60 evidently shift to the
right side, as mentioned above, which shows the growth of
clusters.

The growth of water clusters shown by GCMC simulation
can be experimentally verified by in situ SAXS. The SAXS
profiles at f=0.4 are shown in Figure 4a. Then we applied

an Ornstein–Zernike (OZ) analysis to these SAXS profiles.
Figure 4b shows linear OZ plots for the SAXS profiles. Con-
sequently, the correlation length can be determined. The
correlation lengths versus the fractional filling at different
temperatures are shown in Figure 5. The correlation length

gives the direct information of average cluster size. Thus,
the water cluster growth mechanism in hydrophobic nano-
pores can be shown experimentally by using the variation of
the correlation length with the fractional filling. The correla-
tion length versus f relationship is independent of the tem-
perature, because the data at different temperatures form a
common linear relation. This linear relationship bends
downward at f=0.5, and in the small f region is has been
extrapolated to f=0. The intercept of the steep linear rela-
tion corresponds to the correlation length of 0.3 nm, which
originates from the water–carbon distance (ssf=0.33 nm).
Therefore, water molecules are initially adsorbed on the
nanopore wall, and then they associate with each other to
form the clusters. The linear increase of the correlation
length with f stems from the growth of unit clusters below
f=0.5. On the other hand, the linear relationship above f=

0.5 comes from the merging of unit clusters, because the
merging can be regarded as the filling of intercluster voids
with water molecules and thereby the correlation length
does not increase so much. Consequently, the extrapolation
of the linear relationship in the higher fractional filling
range to f=0 provides the average size of the unit cluster,
which should be essential for the induction of the predomi-
nant water adsorption. Hence, this unit cluster size is named
the critical cluster size in this article. The correlation length
at the intercept is 0.6 nm, which corresponds to 8–10 associ-
ated water molecules under the assumption of the spherical
cluster shape.[48–51] That is, clusters such as octamers to deca-
mers of water molecules have enough hydrophobicity to be
stably adsorbed in carbon nanopores, agreeing with the pre-
diction by the preceding interaction potential calculation.
Furthermore, the correlation length corresponding to the
bending point of the linear relationship indicates the cluster
size (~0.7 nm) of which clusters initiate bridging to form
uniform adsorbed layers in the nanopores.

The schematic model of the water cluster growth is shown
in Figure 6. Isolated molecules associate with each other to
form unit clusters of the critical size of 0.7 nm, as shown in
Figure 6a,b. Then, unit clusters bridge each other to form an
adsorbed layer with interstices, as shown by Figure 6c. Final-
ly water molecules are adsorbed in the interstices.

Thus, snapshot analysis of GCMC simulation and in situ
SAXS can determine the critical unit size of the water clus-
ters that gain a sufficient hydrophobicity and give the mo-
lecular basis for the adsorption jump in the water adsorption
isotherm on nanoporous carbon near P/P0=0.5. At the
same time, the growth process of the clusters can be shown.
The hydrophobicity gain by the water cluster formation
should be studied with the relevance to water channels in
the cell membrane in future.

Experimental and Simulated Section

Pitch-based activated carbon fiber (ACF P20) was used as the model
graphitic nanoporous system, because previous studies with X-ray photo-
electron spectroscopy, magnetic susceptibility, X-ray diffraction, and en-

Figure 4. SAXS profiles at f=0.4 (a) and the OZ plots (b). *: 293 K, ~:
303 K, and &: 313 K.

Figure 5. Correlation lengths of adsorbed water at 293 K (*), 303 K (~),
and 313 K (&).
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thalpy of immersion confirm that ACF P20 has a good nanographitic
structure.[52–54] Water adsorption isotherms were measured volumetrically
every 10 K in the temperature range 293–303 K. The SAXS of water-ad-
sorbed ACF P20 was measured by using CuKa radiation. The SAXS pro-
files were measured for the angle range 0.2–7.08. The SAXS experiments
were performed on apparatus that had a two-axial and three-slit system.
ACF P20 was heat-treated at 383 K below 1 mPa for 2 h prior to the ad-
sorption and in situ SAXS measurements. The correlation length was ob-
tained from the Ornstein–Zernike (OZ) analysis of SAXS profile near-
scattering factor s=0 using Equation (1).[55]

IðsÞ ¼ Ið0Þ
1þ x2s2

ð1Þ

Here, I(s), I(0), and x are the scattering intensity at s, the scattering in-
tensity at s=0, and the OZ correlation length, respectively. The goodness
of the OZ relationship can be examined by the following OZ plot
[Eq. (2)]:

1
IðsÞ ¼

1
Ið0Þ þ

x2

Ið0Þ s
2 ð2Þ

The linear plot of I(s)�1 versus s2 provides both I(0) and x. Here x can be
a scale of the size of water clusters in the carbon nanopores in the initial
stage of adsorption. Although I(0) can give information on the cluster–
cluster structure, we will focus on the change of x with water adsorption
in this article.

As water molecules form hydrogen bonds, the intermolecular interaction
of water molecules should be approximated by the sum of the dispersion
interaction and the electrostatic interaction between partial charges on
the atomic sites of a water molecule, as given by the TIP-5P model
[Eq. (3)].[56]
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Here eff and sff are the intermolecular potential-well depth (eff/kB=

80.5 K) and the effective diameter (sff=0.312 nm), respectively. The ab-
solute value of the effective electric charges of the hydrogen atom and
the oxygen lone pair (jqi j ) are 3.86J10�20 C. The distances between the
H�O and O-lone pair are 0.0957 and 0.0700 nm, respectively.

On the other hand, the interaction of a water molecule with the graphite
surface can be described by SteeleKs 10-4-3 potential function,[57] Equa-
tion (4) in which A is 2pssf

2esf1DC, z is the distance of a molecule from
the graphite surface, 1 is the carbon atomic number density, DC is the in-
terlayer distance of the graphite, and esf and ssf are fitted parameters of
the water-carbon potential depth and effective diameter, respectively,
which were obtained using the Lorentz–Berthelot rules (esf/kB=49.3 K,
ssf=0.327 nm).
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In the case of the graphite slit pore, the interaction of the water molecule
with the pore is expressed by the sum of the interaction potentials of the
water molecule with both graphite walls, as given by Equation (5).

�p ¼ �sfðzÞ þ �sfðH�zÞ ð5Þ

Here H is the physical slit pore width, which is the internuclear distance
between opposite graphite walls. The physical slit pore width is associat-
ed with the effective pore width w, which is approximated by the experi-
mentally determined pore width [Eq. (6)].[58]

w ¼ H�ð2 z0�sffÞ z0 ¼ 0:856ssf ð6Þ

Here, z0 is the closest contact distance between the water molecule and
the graphite pore wall.

The water adsorption isotherm of the graphite slit pore at 303 K was si-
mulated with the established grand canonical Monte Carlo (GCMC) pro-
cedure.[59, 60] We used a rectangular cell lJ lJw for the calculation to de-
termine which size is replicated two-dimensionally to form an infinite
slit-shaped pore. Here, the values of l and w are 10 and 1.1 nm, respec-
tively.
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