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Hydrophilicity or hydrophobicity is a macroscopic property of the surface, and its atomic scale
understanding has not been established. We have studied adsorption of water molecules on the ‘“hydro-
phobic” carbon nanotube surface at room temperature in water vapor. Based on optical measurements of
individual single-walled carbon nanotubes suspended between micropillars in water vapor together with
molecular dynamics simulations, we found that water molecules form a stable adsorption layer of 1-2 ML
thickness on the nanotube surface and they show rapid adsorption and desorption transition at a critical
pressure. This adsorption layer is created by lateral hydrogen bonding of water molecules confined in the
weak van der Waals potential of the surface. In spite of hydrophobic hydration, carbon nanotubes exhibit

hydrophobicity macroscopically.
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Water can form a hydration layer on material surfaces.
This is an indispensable property for living cells [1] and
also influences the surface properties of materials in ambi-
ent air. Hydration clearly occurs on a hydrophilic surface
immersed in water as a result of strong interaction between
water molecules and the material surface. Recent atomic
force microscopy studies revealed the ordered structure of
water molecules on the surface [2-5]. A hydrophobic
surface, on the other hand, has much weaker interaction
with water molecules. Nevertheless, hydration takes place
on the hydrophobic part of proteins in liquid water [6].
Then, a question arises: is a hydrophobic surface free from
water molecules in the presence of water vapor? This is a
crucial question in order to understand the nature of hydro-
phobicity in atomic scale.

Graphene is a simple model of hydrophobic surface to
examine the interaction with water molecules because the
van der Waals interaction originates only in a single atomic
layer, and the surface is inert and flat owing to sp? carbon-
carbon bonds. Here, we used single-walled carbon nano-
tubes (SWNTs) [7] to probe the behavior of water
molecules on the graphene surface, since an SWNT is a
rolled-up graphene and its hydrophobicity can be extended
to that of graphene by taking into account the curvature
effect. Because of the one-dimensional singular density of
states of electrons, resonant optical measurements can be
performed for an SWNT [8], and the effect of water
molecule adsorption can be probed: the optical transitions
in an SWNT are strongly influenced by the surrounding
environment of the SWNT. Photoluminescence spectros-
copy (PL) [9,10] can detect the condensation of molecules
as a result of dielectric constant change [11,12]. Raman
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scattering spectra [13] can indicate the kinetic interaction
between adsorbed molecules and carbon atoms in the
SWNT. Molecular dynamics (MD) simulation is also a
powerful tool for exploring thermodynamic properties of
water molecules around an SWNT as well as vibrational
properties of a water-surrounded SWNT [14]. One thing
we should note is that an SWNT also has an inner space.
So, we selected as-grown SWNTs with closed ends.

We performed PL and Raman scattering spectroscopic
measurements using individual SWNTs suspended
between micropillars, while changing the temperature
and water vapor pressure in an environmental cell. The
growth and measurement conditions are the same as pre-
vious reports [15]. In short, SWNTs were directly grown
on silica pillar structures (8 pum in height and positioned
7 pm apart) by ethanol chemical vapor deposition. For
spectroscopy, a Ti:sapphire laser (690—-850 nm) was used
as the excitation laser. PL. emission (900-1600 nm in
wavelength) was measured with an InGaAs multiarray
detector. The laser spot was 1-2 um in diameter, and the
laser power was lowered to 0.05 mW, avoiding additional
heating by laser irradiation. The temperature of the sample
(ranging from 20 to 45°C) was controlled by a Peltier
temperature controller and the water vapor pressure (rang-
ing from 1 to 2 X 103 Pa) in the environmental cell was
controlled by a scroll pump and a mass flow controller.

Figure 1(a) shows a scanning electron microscopy
(SEM) image of a suspended SWNT between a pair of
silica pillars. Among the SWNTSs grown on the pillar top
area, only a few of them formed a singly isolated and
suspended structure. Selecting perfectly isolated and
high-quality semiconducting SWNTs was crucial for our
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FIG. 1 (color online). PL from a singly suspended SWNT.
(a) SEM image of SWNT suspended between silica pillars. PL
maps measured from (b) a (9, 7) SWNT in vacuum (4.0 Pa)
and (c) the same SWNT in water vapor (630 Pa) at room
temperature (25 °C). The lower-left and center circles indicate
the PL peak positions of the SWNT in vacuum and in water
vapor, respectively.

investigation. Especially, we carefully selected suspended
SWNTs which were not defective or chemically modified
[15], and were closed at both ends. Since open-ended
SWNTs showed an extra PL peak shift upon encapsulation
of water [16], we could determine whether the SWNTs
measured were closed or opened. PL maps, composed of
PL emission spectra excited by varying the laser wave-
length, were acquired from an individual SWNT in vacuum
and in water vapor, and are shown in Figs. 1(b) and 1(c),
respectively. The PL peak position shifted depending on
the environment, i.e., vacuum or water vapor. The emission
and excitation wavelengths in water vapor [Fig. 1(c)] were
larger by 34 and 23 nm, respectively, than those in vacuum
[Fig. 1(b)] [12] while the peak width was almost the same.
The optical transition energies of the PL. map in water
vapor [the center circle in Fig. 1(c)] were almost equal to
those of (9, 7) in ambient air [17].

The peak position shift occurred as a rapid transition
when the water vapor pressure was varied, as shown in
Fig. 2(a) for the emission spectra from a (10, 5) SWNT at
various temperatures. The emission wavelength was inde-
pendent of the water vapor pressure below the transition
pressure P,, and rapidly redshifted at P,. This PL peak
transition is similar to that observed in ethanol vapor [12],
and is attributed to the adsorption and desorption of water
molecules on the SWNT surface [11]. The surface adsorp-
tion of molecules increases the dielectric constant sur-
rounding the SWNTs, and decreases the optical transition
energy [18,19]. While SWNTs are not covered with
adsorbed substances within vacuum, water molecules are
adsorbed onto SWNTs at pressures above P,. The discon-
tinuous change of the density (coverage) at P, from zero to
almost saturation suggests that it is the first-order phase
transition of water molecules on SWNT surface.
Additionally, the adsorption and desorption phenomena
are perfectly controlled by the temperature and pressure
of the water vapor in the chamber, which indicates that the
water layer is thermodynamically in equilibrium with the
external water vapor phase.

The transition pressure P, clearly depends on the SWNT
temperature, as shown in Fig. 2(a). Based on the modified
Langmuir model which involves the interaction between
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FIG. 2 (color online). Dependence of PL emission on the
environment and chirality. (a) Water vapor pressure P and
temperature 7 dependence of the emission peak wavelength
Aem for the (10, 5) SWNT. P (T) is the saturation vapor
pressure. (b) Temperature dependence of the transition pressure
P (T). Dashed lines were obtained using Eq. (1). (¢) Tube
diameter d,,,. dependence of the activation energy FE,,.
(d) Raman scattering spectra (G band and RBM peak) from
(10, 5) SWNT, measured in vacuum (4.0 Pa) and water vapor
(630 Pa). The wavelength of the excitation laser is 785 nm.

adsorbates [20], the temperature dependence of P, can be
expressed as

P, « /T exp(—E,/RT), (1)

where T is the absolute temperature, E, is the activation
energy, and R is the gas constant [12]. The temperature
dependence of P, for three chiralities is shown in Fig. 2(b)
and the present experimental data are well fitted to Eq. (1).
The E, value is shown in Fig. 2(c). In spite of the small
temperature measurement range, the error of E, is small,
7%-15%. The E, values were around 100 kJ/mol, more
than twice the heat of evaporation of bulk water, 44 kJ/mol
at 25°C [21]. The physical meaning of the large E, is
unclear at the moment and further theoretical studies are
required to clarify it. Interestingly, E, exhibited clear tube
diameter dependence. The larger diameter SWNTs have
lower P, and the E, increases with increasing tube diameter,
as shown in Figs. 2(b) and 2(c). This diameter dependence
means that the curvature of the tube surface hinders adsorp-
tion of water molecules, similar to the curvature effect
expressed by Kelvin equation p «<exp(—a/rT), where a is
constant and r is curvature radius. This result predicts that
water molecules more easily adsorb on the surface when the
tube diameter becomes infinity, i.e., on the graphene sur-
face. Note that the adsorption and desorption feature of
water molecules for other carbon materials that have pores,
slits, and defective structure as adsorption sites (amorphous
carbon, active carbon [22], etc.) is much different from
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those for SWNT's shown in Figs. 2(a) and 2(b). In the case of
these carbon materials, their complex structures mainly
contribute to water adsorption.

To examine the effect of water molecule adsorption,
Raman spectra were measured simultaneously with PL
measurement in vacuum and water vapor. For Raman scat-
tering measurement, the excitation laser wavelength was set
to 785.0 nm and the PL emission light and Raman scattering
light were separated with two dichroic mirrors [23]. Raman
spectra were obtained with a CCD array detector.

The result is shown in Fig. 2(d). While the G band
around 1594 cm™! did not show any change, indicating
no charge transfer occurred between the water layer and
the SWNT, the Raman frequency of the radial breathing
mode (RBM) peak around 222 cm™! clearly up-shifted
above P; in water vapor. Because RBM is a vibrational
mode of the total symmetrical displacement of carbon
atoms in the radial direction [13], the water adsorption
directly affects the frequency of the vibration.

To analyze the molecular-scale structure of the water on
the SWNT surface, we performed MD simulations of water
molecules around the SWNT in the NVT ensemble using
SCIGRESS ver. 2.3 (Fujitsu Ltd.). The temperature was
controlled by the velocity scaling method. Periodic bound-
ary conditions were imposed on all directions of the
simulation cell consisting of a box with a volume V =
5.5 X 5.5 X L nm?, where L = 8.52 nm is the length of an
SWNT. A water molecule was expressed as the SPC/E
force field [24]. The interaction between carbon atoms of
an SWNT was expressed as an optimized Tersoff potential
for graphene and SWNTs [25]. Universal force fields were
used for the cross interaction between a water molecule
and a carbon atom [26]. The velocity Verlet method was
used to integrate the equation of motion with the time step
of 0.5 fs. The time interval to calculate the thermal average
of a physical quantity was taken to be several hundred ps
after a system achieves equilibrium. The RBM spectrum of
SWNTs can be extracted from the MD data in accordance
with a similar way to Ref. [14].

Figure 3(a) shows an MD snapshot of 1000 water mole-
cules around the (13, 0) SWNT at thermal equilibrium at
25 °C. The diameter of (13, 0) SWNT is 1.05 nm, which is
close to that of the measured (10, 5) SWNT (1.02 nm)
shown in Fig. 2. The water molecules almost uniformly
condensed on the SWNT outer surface, and clearly formed
a layered structure, coexisting with the external vapor
phase. The density distribution of water molecules along
the radial direction from the central axis of the SWNT is
presented for various numbers of water molecules (Ny,o =
600, 800, and 1000) in Fig. 3(b). Two peaks appear at
r=0.84nm and r = 1.13 nm, respectively, for any Ny,o.
As Ny,o increased, the density of water at r = 0.84 nm
approached a saturation value more quickly than that at
r = 1.13 nm. For comparison, the density distribution of
the bulk water around the (13, 0) SWNT (Ny,o = 1638
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FIG. 3 (color online). MD simulation of (13, 0) SWNT and
water molecules. (a) Snapshot of the SWNT and 1000 water
molecules. (b) Radial distribution functions of water molecules
around SWNT in a water vapor atmosphere (solid curves) and
bulk water (dotted curves). The vertical dashed line at r =
0.51 nm denotes the averaged radius of the (13, 0) SWNT.
(c) Angle distribution between hydrogen bonds in the first layer
and the tangential plane of the tube surface, which is normalized
to the total number of hydrogen bonds in the first layer.
(d) Calculated frequency of the RBM of (13, 0) SWNT in
vacuum and water vapor.

in the cell with V =15.5X5.5X 1.704nm?) is plotted with
the dotted curve in Fig. 3(b). The dotted curve has two
clear peaks at r = 0.84 and 1.13 nm as well as a small third
peak at r = 1.40 nm, and it reaches the density of the bulk
water, 0.998 g/ cm?, outside the third peak. This behavior
is in excellent agreement with previous reports [14].

To clarify the detailed features of water molecules in each
water layer, we investigated the orientation of hydrogen
bonds between two water molecules in the layer. As
depicted in the inset in Fig. 3(c), the orientation is expressed
as the angle 6 between a hydrogen bond and a plane
perpendicular to the radial direction. Figure 3(c) shows
the normalized density distribution of hydrogen bonds in
the first layer as a function of 6. A peak appears at § = 0,
which indicates that the water molecules in the first layer are
connected with lateral hydrogen bonds. The position of the
peak was maintained at & = 0 and the width of distribution
did not change regardless of the number of water molecules
Ny,o- That is, the orientation of hydrogen bonds between
the water molecules in the first layer is independent of Ny,
value and persists stably even when an SWNT is immersed
in bulk water. In contrast to the first layer, the above-
mentioned lateral hydrogen bonds could not be observed
in the second layer and at more distant positions.

Figure 3(d) shows the simulated RBM of the (13, 0)
SWNT in vacuum and wrapped with water molecules with
various Ny, values. The RBM frequency of the (13, 0)
SWNT in vacuum was f = 222 cm™ !, and it up-shifted by
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Af =~ +7 cm™! in the water vapor (Ny,0 = 800 and
1000). Interestingly, the up-shift of RBM frequency
occurred once the water molecules began to condense on
the SWNT, and then the up-shift showed little change after
the first layer was formed. The up-shift of the RBM peak
(+7 cm™1') in water vapor is in good agreement with the
above experimental results shown in Fig. 2(d). The quanti-
tative agreement of the adsorption effects on the vibra-
tional properties ensures that the experimentally observed
condensation of water molecules is essentially the same as
the results of MD simulation.

Various theoretical papers have reported the confine-
ment of water molecules in nanospace and some of them
have pointed out the existence of structured water mole-
cules in the vicinity of a hydrophobic surface [27].
Experimentally, two-layer crystalline ice films on graphene
on Pt(111) were detected at low temperature and under
ultrahigh vacuum conditions [28]. However, we should
note that the surface of the graphene on Pt(111) is hydro-
philic owing to the wetting transparency of graphene [29]
and only suspended graphene exhibits its intrinsic hydro-
phobicity. In contrast, the water adsorption layer presented
here appears purely on a graphene surface. The water layer
on the hydrophobic graphene surface is thermodynami-
cally in equilibrium with the external vapor and liquid
phases around room temperature. The water layer can be
present on other hydrophobic materials in general and it is
regarded as ‘“‘hydrophobic hydration” in water vapor.

In conclusion, we have complementarily performed
experiments and theoretical simulations and shown that
water molecules can form a structural layer of 1-2 ML
thickness on the hydrophobic carbon nanotube surface as
well as on the graphene surface as a result of hydrogen
bonding network of water molecules. It exists at room
temperature in the presence of water vapor and persists
even in liquid water. The present results imply that nano-
tube and graphene exhibit hydrophobicity even though
they are hydrated. The concept of hydrophobicity should
be changed taking into account the interaction between
water and hydrated surface as a solid-vapor interface.
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