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ABSTRACT: The ﬁrst electronic transition (Ã ← X̃ ) of liquid water (H2O and D2O)
on an α-alumina substrate was studied using variable angle attenuated total reﬂection
far-ultraviolet (VA-ATR-FUV) spectroscopy in the wavelength region 140−180 nm
(8.86−6.89 eV). A variation in the penetration depth of the evanescent wave of a
probe light (25−19 nm) directly determined individual FUV spectra associated with
bulk water (distance from the alumina surface >2 nm) and interfacial water (<2 nm).
We found that the Ã ← X̃ band of the interfacial water was markedly blue-shifted and
red-tailed relative to the bulk water. The electronic state diﬀerence of the interfacial
water from the bulk water mainly arose from the hydrogen-bond structure and energy
aﬀected by the alumina surface.

A

(IR)13,14 spectroscopic studies with molecular dynamics
(MD) simulations15 show that the partially charged aluminol
groups on the surface perturb the local density of liquid water
and induce the formation of highly dense hydration layers
extended up to ∼2 nm from the surface. Consequently, the
physical properties of the interfacial water (density, viscosity,
and dielectric constant) are distinctively diﬀerent from those of
the bulk water.16−18 Hence, it is expected that the Ã ← X̃
transitions of the interfacial water is markedly diﬀerent from the
bulk water.
Herein, we revealed the Ã ← X̃ transition of liquid water
(H2O and D2O) on an alumina surface by measuring the ATRFUV spectrum of liquid water with various incident angles of a
probe light (θ). The individual spectra of bulk and interfacial
water were determined by linearly decomposing the measured
variable angle (VA) spectra based on the spectral changes with
the penetration depth of the evanescent wave of the probe light
(dp) from the alumina surface.19
The broad Ã ← X̃ bands of liquid water were observed
around 8.45 eV for H2O and 8.53 eV for D2O (Figure 1). As θ
increased from 58.4° to 71.8°, the Ã ← X̃ band maxima (λmax)
were blue-shifted from 8.41 to 8.48 eV for H2O and 8.49 to
8.57 eV for D2O, the α values increased from 2.01 × 105 cm−1
to 2.39 × 105 cm−1 for H2O and 1.99 × 105 cm−1 to 2.41 × 105
cm−1 for D2O, and the half-width at half-maximum (HWHM)
on the longer-wavelength side increased from 0.598 to 0.630 eV

lthough ultraviolet (UV) photoabsorption of liquid water
is a fundamental photochemical process in nature, the
original reports on the spectral measurement of the ﬁrst
electronic transition (Ã ← X̃ ) of liquid water were conducted
less than half a century ago.1−3 The most challenging part of
investigating the Ã ← X̃ transition of liquid water is that the
absorption coeﬃcient (α) steeply rises by 7 orders of
magnitude in far-UV (FUV) region (∼2 × 105 cm−1 at 8.3
eV) in contrast to its high optical transparency in near-UV and
visible light regions.1,3−6 Because of the high surface tension of
pure water, it is impractical to measure the transmission
spectrum of liquid water.2,3 The FUV spectrum of liquid water
describing the entire Ã ← X̃ band was originally reported with
an external reﬂection method by Painter in 1968.1 Since then,
the spectral measurement of the entire Ã ← X̃ band has been
rarely reported due to the experimental diﬃculty, despite
intensive progress in the theoretical aspects.7,8 In order to
measure the FUV spectra of liquid water more practically, we
developed an attenuated total reﬂection (ATR)-type FUV
spectrophotometer employing a single-crystal alumina prism.4,9
The accumulation of spectral measurements unveil how the
electronic states of pure water and aqueous solutions are
associated with the hydrogen-bond (H-bond) energy from the
temperature diﬀerence spectra of pure water and the spectra of
the various electrolyte solutions.5,6,10
However, the measured FUV spectrum of liquid water with
either a transmission or reﬂection method does not represent
the electronic transition of bulk liquid water, because the
extremely short path length causes a strong surface eﬀect of the
solid substrate on the liquid structure of water molecules. The
X-ray,11 sum-frequency vibrational (SFV),12 and infrared
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Figure 1. Far-ultraviolet absorption spectra of H2O (left) and D2O (right) with various incident angles shown in parentheses.

Table 1. Ã ← X̃ Band Parameters of Liquid Water in Bulk and Interfacial Phases and Ice States (Amorphous and Ih); Transition
Energy at Band Maximum (λmax/eV), Absorption Coeﬃcient (α/105 cm−1), Molar Absorption Coeﬃcient [ε = (α/cln10)/103 L
mol−1cm−1; c, concentration (molL−1)], and Half-Width at Half-Maximum (HWHM/eV)a
H2O
λmax
α
ε
HWHM
a

measured value

bulk

interface

8.41−8.48
2.01−2.39
1.58−1.87
0.598−0.630

8.37
1.81
1.42
0.600

8.63
6.89
0.623

D2O
ice

ice (Ih)

measured value

bulk

interface

ice

8.64
2.72

8.65
3.59

8.75*

0.476

8.43
1.77
1.40
0.519

8.68
7.12

0.560

8.49−8.57
1.99−2.41
1.58−1.90
0.538−0.585

(amorphous)

0.562

Those of ice states were obtained from refs 20 and 21. *λmax was obtained from the raw reﬂection spectrum.

Figure 2. Resolved far-ultraviolet spectra of the bulk (dp > 2 nm) and interfacial (<2 nm) water for H2O (left) and D2O (right); dp, penetration
depth of evanescent wave of probe light.

and 0.538 to 0.585 eV for D2O. Because the θ variation
corresponds to a change in the dp length, the observed spectral
changes were ascribed to the extent of the interfacial water
contribution to the measured spectra. Therefore, the observed
spectral features as increasing θ (shortening dp); blue-shift,
increasing absorptivity, and broadening bandwidth, reﬂected
the electronic nature of the interfacial water. The measured Ã
← X̃ band parameters (λmax, α, and HWHM) of H2O and D2O
at the smallest and largest θ are listed in Table 1.
The VA spectral analysis revealed that the Ã ← X̃ transitions
of the bulk water (dp > 2 nm) and the interfacial water (<2 nm)
were quite diﬀerent (Figure 2). The optimum spectra of the
bulk and interfacial phases were calculated with the alternating
least-squares (ALS) method by assuming that the thickness of
the interfacial water layer on the alumina surface is ∼2 nm.
From the X-ray11 and MD15 studies of the water−alumina
interface, the density of water molecule ﬂuctuates from the
alumina surface until ∼1.5 nm. So, ALS calculations were tried

with the initial value of the interfacial thickness (lini) from 0.5 to
3 nm. Then the ALS result from lini = 2 nm was selected,
because the ﬁtting error was the smallest. The maximum
percent relative uncertainty of the ﬁtting result was about 10%.
The details of the VA spectral analysis are described in the
Supporting Information (SI). The λmax value of the interfacial
water was larger than that of the bulk water by 0.26 eV for H2O
and 0.25 eV for D2O, the α value of the interfacial water was 3.8
times larger for H2O and 4.0 times for D2O, and the red-tailing
of the Ã ← X̃ band on the longer-wavelength side was observed
only for the interfacial water. The Ã ← X̃ band parameters of
the bulk and interfacial water are compared in Table 1 with
those of the solid states (hexagonal crystal (Ih) and
amorphous) from refs 20 and 21. SI Figure S1 shows the
imaginary part of the refractive index (k) of the bulk water
compared with the literature values of liquid water from refs 1
and 3.
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The higher Ã ← X̃ transition energy of the interfacial water
relative to the bulk water was associated with the stronger Hbond network of the interfacial water. Figure 3 shows the

H-bond acceptors relative to the bulk water formed 2 nm below
from the alumina surface.
The observed spectral features of the interfacial water relative
to the bulk water; the blue-shift and the red-tailing of the Ã ←
X̃ bands were associated with the forced H-bond structure and
energy by the alumina surface. A two-dimensional bilayer
model of the alumina−water interface was proposed to
reconcile not well-deﬁned point of zero charge (pzc) of the
alumina surface.26 The ﬁrst water layer on the alumina forms a
tetrahedrally coordinated H-bond structure with the other
water molecules in the layer and with the hydroxyl groups of
the alumina. The partial charges localized on the Al2OH2+0.5
and AlOH−0.5 groups weakly induce the local ordering of the
ﬁrst layer molecules in the slightly acidic pH region.12 This
dense ice-like water layer accompanies the higher Ã ← X̃
transition energies of the interfacial water by ∼0.25 eV and the
lower OH vibrational band12−14 by ∼100 cm−1 relative to the
bulk water. Because the strong H-bond structure in the ﬁrst
layer makes fewer dangling OH bonds to the second layer, the
ﬁrst layer might be hydrophobic to the subsequent layers.26−28
The red-tailed bands of the Ã ← X̃ transition in the interfacial
spectra were ascribed to the dangling OH bonds or broken Hbond acceptors of the water molecules existing near the ﬁrst
layer surface and to liquid-like structure in the subsequent
layers. Therefore, the proposed H-bond structure model of the
alumina−water interface could explain that the electronic
structure diﬀerences between the bulk and interfacial water
mainly arose from the H-bond energy diﬀerence between the
ground and excited states, and this is in line with the electronic
state calculation of a small water cluster29 and the temperaturediﬀerent FUV spectrum of liquid water.5
The examination of deuterium eﬀects on the bulk and
interfacial FUV spectra elucidated the electronic nature of the Ã
← X̃ transition of liquid water. The lower ground state
electronic energy of D2O relative to H2O mainly caused the
higher Ã ← X̃ transition energy of D2O. The Ã ← X̃ transition
energy diﬀerences between H2O and D2O (0.057 and 0.047 eV
for the bulk and interfacial phases, respectively) were equivalent
to the zero-point vibrational energy (ZPVE) diﬀerence between
the O−H and O−D stretching modes (ZPVEO−H − ZPVEO−D
= 0.053 eV). The Ã ← X̃ bands of D2O were contracted relative
to H2O, because D2O molecules form a stronger and more
well-deﬁned H-bond network than H2O molecules due to the
smaller molecular size and lower ZPVE.30,31 The HWHM value
of the Ã ← X̃ band of D2O was smaller by 13.5% for the bulk
phase and 9.8% for the interfacial phase. The higher
absorptivity of the interfacial D2O band indicated that the Hbond network of the interfacial D2O molecules was more
compressed on the alumina surface than that of H2O. The α
value ratio of the interfacial phase to the bulk phase was 5.4%
larger for D2O than H2O. Consequently, the concentration
ratio of the interfacial phase to the bulk phase was also larger
for D2O. This is consistent with the result that the more welldeﬁned tetrahedral and open structure of the H-bond network
of D2O makes liquid D2O ∼4% more compressible than liquid
H2O at room temperature.32,33
We can conclude that the VA-ATR-FUV spectral analysis of
liquid water on the alumina substrate revealed the pure Ã ← X̃
transition spectra of the bulk and interfacial water. The alumina
surface strongly aﬀected the electronic state of liquid water. The
interfacial water spectra exhibited the blue-shift and the redtailing of the Ã ← X̃ band relative to the bulk water. These
spectral diﬀerences of the interfacial water were derived from

Figure 3. Normalized Ã ← X̃ bands of bulk and interfacial H2O in the
liquid state determined by the present experiment and those of Ih and
amorphous ice states obtained from ref 20.

normalized Ã ← X̃ bands of liquid H2O in the bulk and
interfacial phases and those of the solid H2O in the Ih and
amorphous phases.20 The band maximum position of the
interfacial water was much closer to those of the solid states
than that of the bulk water. The Ã ← X̃ transition energy of
water is blue-shifted as the H-bond network is denser and more
structured (λmax: ∼7.4 eV for vapor state,22,23 ∼8.3 eV for
liquid,1−7 and ∼8.7 eV for solid20,21) because of the excitation
of the nonbonding electrons on the oxygen atom, which also
acts as an H-bond acceptor.24 The Ã ← X̃ band of liquid H2O is
blue-shifted from 8.26 to 8.40 eV, and its absorptivity increases
by 12% under constant θ (60°), as the temperature decreases
from 70 to 10 °C.5 From an electronic state calculation of water
pentamer clusters, the blue-shift of the Ã ← X̃ band of the
water cluster relative to the water monomer arises from the
electronic excitation of the H-bond making electrons destabilize
the excited states of the water molecules.7
However, the interfacial water spectrum was not the same as
those of the solid states. The α value of the interfacial H2O was
2.5 and 1.9 times larger than those of amorphous and Ih ice
states, respectively (Table 1). Also, the red-tailing of the Ã ← X̃
band does not appear in the ice state spectra (Figure 3). The
FUV spectroscopic studies of water ice7,8 and the theoretical
studies of water clusters24,25 suggest that the red-tailing of the Ã
← X̃ band is peculiarly ascribed to the weakly H-bonded water
molecules. The electronic state calculation of water pentamer
clusters shows that the Ã ← X̃ transition energies of the
nonbonding electrons in a fully H-bond acceptor water
molecule located at the cluster center are higher than those
in the monomer by 0.7 eV, while those in the broken H-bond
acceptor ones located on the cluster surface are lower by 0.2
eV.7 Also, it is noteworthy to support the ascription of the redtailing that the linear combination of the bulk water and Ih ice
spectra did not reproduce the red-tailing of the Ã ← X̃ band.
Consequently, the interfacial water spectrum reﬂected a denser
and more structured H-bond network accompanied by broken
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the H-bond structure and energy aﬀected by the alumina
surface. The partially charged hydroxyl groups on the alumina
surface formed a strong H-bond layer in the ﬁrst layer, and its
hydrophobicity caused the broken H-bond acceptors and
liquid-like H-bonds in the subsequent layers. It is also
noteworthy that the Ã ← X̃ transition of the bulk liquid
water was revealed by exclusion of the surface eﬀect. The
deuterium eﬀects on the electronic spectra of liquid water
corresponded with the stronger H-bond interaction of D2O,
which made its interfacial structure more compressed than that
of H2O.

EXPERIMENTAL METHODS
Pure water was prepared using deionized water from a Milli-Q
system (water resistivity 18.2 MΩ cm, TOC 3 ppb, Millipore
Corp.). D2O (99.95 atom %) was purchased from Acros
Organic (USA) and used as received. The liquid H2O and D2O
were slightly acidic (pH = ∼6) due to dissolved CO2. A highly
polished α-Al2O3 crystal (R-plane) prism (Kyocera Corp.,
Japan) was prepared, because the surface roughness of a prism
could aﬀect the H-bond structure of the interfacial water. The
average roughness (Ra) of the prism surface is about 5 Å
measured with atomic force microscopy.
VA-ATR-FUV spectra were measured at 25.0 ± 1.0 °C with a
spectrophotometer designed by our group,4,9 which comprised
a D2 lamp, a monochromator (KV-200, Bunkoh-Keiki Co.
Ltd.), the α-Al2O3 prism, and a photomultiplier tube equipped
with a fused silica plate coated with a sodium salicylate ﬁlm.
The probe light path was continuously purged with N2 gas to
reduce the absorption of FUV light by atmospheric oxygen and
water vapor. θ varied from 58.4° to 71.8°. The ATR absorbance
is deﬁned as −log(I/I0), where I is the reﬂected light intensity
for a sample solution and I0 is that for a reference (N2). Because
of the diﬃculty to prepare a fully dry alumina prism surface for
the reference measurements, the alumina prism, set on the ATR
position, was washed with pure ethanol and dried with highpurity N2 gas blow for ∼10 min. Then, the sample
compartment was sealed, and the reference spectra were
measured. The complex refractive indices of liquid water were
calculated with a Kramers−Kronig transformation from the
measured ATR-FUV spectra as shown in the SI.
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