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Combining infrared reflection adsorption spectroscopy and ab initio quantum chemical methods we study
adsorption of water on the “bilayer terminated” surface of ice film grown on a Ru(001) substrate. The adsorption
was performed at 38 K with gradual increase of the coverage from 0.14 to 0.42 ML. Only three observed
infrared bands, which are associated with the free OH groups, could be used for analysis of the structure: the
OH stretching bands at 3720, 3695, and 3665 cm-1. The calculated frequencies permit the assignment of
these bands to the OH stretching vibrations of the single water molecules stabilized at the terminal OH groups
(3720 cm-1), the terminal OH groups of the bilayer surface (3695 cm-1), and the terminal OH groups acting
as a proton acceptor toward adsorbed water species (3665 cm-1). Our calculations show that at the submonolayer
coverage of water the lateral H-bonding interaction between the adsorbed molecules should lead to the
aggregation of these molecules into small clusters. The structure of these clusters is significantly different
from that of the ice, which results in the formation of disordered adsorption layer. This result suggests that
upon adsorption of water the growth of the ice should occur by successive phase transition from the disordered
adsorption layer to the bilayer.

Introduction

At very low temperature and ultrahigh vacuum, progressive
adsorption of water on close-packed metal surfaces leads to the
formation of a two-dimensional (2D) lattice of H-bonded water
molecules known as a “bilayer ice”.1 The studies of the structure
and growth of this 2D lattice are of important significance1-6

for understanding the elementary mechanisms of water-metal
and water-water interactions. At very low coverage the ad-
sorption is mainly governed by the water-metal interaction;
although for Pt(111) it may be complicated by water clustering
due to a very low diffusion barrier for isolated water mole-
cules.3,7 At a higher coverage, when the water molecules form
the bilayer ice with a large domain size, the adsorption is dom-
inated by the H-bonding interaction with the ice surface.5,8,9

This adsorption appears to be a very convenient model reaction
for investigating elementary mechanisms of water adsorption
at ice surfaces. In this paper we present results of our combined
infrared reflection adsorption spectroscopy (IRAS) and quantum
chemical studies of water adsorption on the bilayer-terminated
ice surface grown on Ru(001).

Experimental Section

The experiments were carried out in an ultrahigh vacuum
chamber which was equipped with a three-grid retarding field
analyzer for low-energy electron diffraction (LEED) and Auger
electron spectroscopy (AES), and a quadrupole mass filter for
thermal desorption spectroscopy (TDS). The base pressure was
<1 × 10-10 Torr. A Fourier transform infrared spectrometer
(Mattson RS-1), a mirror system, and a narrow band mercury

cadmium telluride (MCT) detector were coupled to the chamber.
A collimated parallel IR beam was focused on the sample at an
incident angle of 85° by an off-axis paraboloidal mirror through
a BaF2 window. A Ru(001) clean surface served as a background
reference for the absorption spectrum. A resolution of 4 or 8
cm-1 and p-polarized light were used for IRAS measurement.
Notably, s-polarized light gave no absorption peak for both ice
and adsorbate, indicating that the dipole selection rule of IRAS
at metal surface works at this surface. All the spectra reported
here were recorded at the surface temperature of 38 K. Water
gas was introduced by way of a pulsed gas delivery system.
The sample was cooled to 38 K using a cryogenic refrigerator
and was heated to 150 K by electron bombardment from the
rear. The Ru(001) clean surface was prepared by Ar-ion
bombardment, annealing, oxidation, and flashing cycles. The
cleanliness was confirmed by LEED and AES and also checked
using the IRAS spectrum of a CO-covered surface. The heating
rate for TDS and IRAS annealing sequences was∼1 5 K/s.
The cooling rate was∼1 K/s. We prepared the well-crystal-
lized and monohydride-terminated ice surface on Ru(001). The
ice film was grown below 100 K. The deposition rate was
∼1/7-1/6 bilayer/s. After the deposition, the film was annealed
at ∼125 K. The water coverage was estimated from TDS,
assuming that the ice multilayer grows after the saturation of
the bilayer growth and that the sticking coefficient of water is
independent from the coverage.1

Details of Calculations

HF and MP2 calculations were performed with the
GAUSSIAN-94 package.10 The standard 6-31G(d), 6-311G(d,p),
and 6-311+G(d,p) basis sets were used. Molecular vibrations
were animated with the MOLDEN program.11

The ice surface was modeled by a cluster including 12 water
molecules (model1) of the surface bilayer (Figures 1 and 2).
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The positions of the lower oxygen atoms were fixed, corre-
sponding to the ideal geometry of the 2D lattice withRO-O )
2.85 Å. The terminal H atoms of this lower layer were directed
toward the nearest O atoms of the neglected lattice. All the
remaining geometry parameters were optimized.

Vibrational frequencies were computed within the harmonic
approximation. We also assumed that the effect of vibrational
coupling between the terminal OH groups of the bilayer surface
is insignificant.

Results and Discussion

1. IRAS Data. Figure 3 presents the OH stretching (3800-
2900 cm-1) and the HOH bending (1800-1000 cm-1) spectral
regions of the ice after annealing (A) and those after the
adsorption of 0.14 (B), 0.28 (C), and 0.42 (D) ML of water.
Curves B/A, C/A, and D/A show the changes of IRAS bands
upon adsorption, being obtained by subtraction of spectrum A
from spectra B, C, and D, respectively.

Four OH bands can be distinguished in the stretching region
of the spectra: three narrow bands at 3720, 3695, and 3665
cm-1 and the very broad, intense band at 3650-3000 cm-1.
(Although the intensity of the 3665 cm-1 band is comparable
to that of the spectral noise, we consider this band to correspond

to a surface species since it appears in both C and D spectra).
Being narrow, the bands at 3720, 3695, and 3665 cm-1 should
be related to the free OH groups of some adsorbed water species.
The 3650-3000 cm-1 band is mainly associated with the
H-bonded OH groups of the bulk ice (spectra A, B, C, and D).

Only the 3695 cm-1 band can be found in the spectrum of
the clean surface (spectrum A). According to the ice structure
(Figure 1), we assign this band to the stretching vibration of
the free surface OH groups (hereafter denoted as HOs). Upon
adsorption the new bands at 3720 and 3665 cm-1 appear. The
3720 cm-1 band is close in wavenumber to the asymmetric
stretching vibration of the proton-acceptor water molecule of
the H2O‚‚‚HOH dimer12 (3728 cm-1). Therefore one can
tentatively attribute this band to the H2O‚‚‚HOs surface species
formed by the adsorption of single water molecules at the free
HOs groups. It is to be noted that the decrease of the 3695 cm-1

band of HOs groups does not linearly correlate with the
coverage: no significant change in the intensity of this band
occurs in increasing the coverage from 0.28 to 0.42 ML (Figure
3). This fact can be explained by association of the adsorbed
molecules into surface clusters and/or by the formation of some
adsorbed species which contribute to the same 3695 cm-1 band.
This implies that the adsorption does not follow the simple
mechanism

even when the concentration of HOs is sufficient enough to
accommodate all the adsorbed water molecules as isolated
species. Also the appearance of the 3665 cm-1 band at 0.28
and 0.42 ML indicates the formation of some water species
different from H2O‚‚‚HOs. These results contradict the half-
bilayer-terminated model of the ice surface13 corresponding to
the stabilization of one isolated water molecule at each of the
HOs groups.

As could be expected, the adsorption increases the intensity
of the 3650-3000 cm-1 band of the H-bonded water species
(cf. the B/A, C/A, and D/A spectra). No individual OH band of
adsorbed species can be unambiguously distinguished in this
region.

The bending region of the spectra is represented by the broad
band at 1650 cm-1 only (Figure 3), the sharp bands at 1500
and 1200 cm-1 (marked by asterisks) being some contamination

Figure 1. Structure of the bilayer ice surface.

Figure 2. Cluster model of the bilayer ice surface.

Figure 3. IRAS spectra of clean ice surface (A) and water adsorption
on ice for submonolayer coverages (B-D). The difference spectra (B/
A, C/A, and D/A) between the clean and the submonolayer water
covered spectra are also shown.

H2O + HOs f H2O‚‚‚HOs (1)
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bands. No pronounced changes of the 1650 cm-1 band can be
found after the adsorption. Therefore, similar to the stretching
vibrations of the H-bonded OH in the 3650-3300 cm-1 region
(see above), the bending vibrations of the adsorbed species are
useless for the following analysis.

2. Calculation Results.2.1. Theoretical Approach Used for
Frequency Calculations.Results of theoretical studies by Pulay
et al.,14 Blom et al.,15 and Botschwina et al.16 suggest that the
HF method with a moderate basis set should correctly describe
thedifference in frequencyof a molecular fragment in different
chemical environments since the errors in the computed force
fields are quantitatively systematic (see also refs 17-19). This
feature of the HF approximation has been successfully used for
developing the scaled quantum mechanical force field (SQMFF)
methodology for the quantitative description of vibrational
frequencies of molecules14-16 and molecular complexes.20

According to theoretical results by Williams and coauthors,20

larger basis sets, polarization functions, diffuse functions, or
electron correlation should not produce a more accurate predic-
tion of these frequency differences. To illustrate this fact, in
Tables 1 and 2 we report the calculated HF stretching frequen-
cies and frequency shifts for H2O and CH3OH dimers (Figure
4), respectively. The available experimental values12,21-23 for
these complexes in the gas phase and matrix isolation are also
presented. Although for the CH3 and the OH groups the
computed HF/6-31G(d,p) frequencies underestimate the related
experimental values by up to∼500 cm-1, the frequency shifts
are reproduced to an average accuracy of 6 cm-1 which about

corresponds to the accuracy of experimental measurements for
these complexes. For the H-bonded OH groups of CH3OH and
H2O dimers, the HF/6-31G(d,p) method underestimates the
experimental shifts by 43 and 17 cm-1, respectively. This is
mainly due to the anharmonicity effect which cannot be included
within the used harmonic approximation (at the MP2/VTZ-
(2df,2p) level24 the corresponding corrections to∆νOH for
anharmonicity are equal to 35 and 28 cm-1). The calculations
of these complexes at the MP2/6-31G(d,p), HF/6-311G(d,p),
and HF/6-311+G(d,p) levels suggest that neither inclusion of
electron correlation no increase of the basis set should change
significantly the results (Tables 1 and 2). Therefore we will
calculate the frequencies at the HF/6-31G(d,p) level as

for the OH stretching vibrations associated with the free OH
groups and the bending vibrations, and as

for the OH stretching vibrations corresponding to the H-bonded
OH groups, whereνo

exp is the related experimental value for
the free molecule and∆νth is the calculated frequency shift with
respect to the free molecule.

2.2. Clean Ice Surface.Table 3 presents the calculated
frequencies of the water molecules of the upper layer of model
1 (w1, w2, and w3, Figure 2). The only vibration of these
molecules falling in the 3800-3650 cm-1 range is the asym-
metric stretching modeνas, which is basically the stretching
vibration of the free HOs groups. The calculatedνasfrequencies
3688 (w1), 3694 (w2), and 3695 (w3) cm-1 are in very good
agreement with the observed band at 3695 cm-1 for the clean
bilayer-terminated ice surface (Figure 3).

2.3. Adsorption of One Water Molecule. Figure 5 shows the
optimized geometry of model2, which mimics an isolated water
molecule adsorbed on the ice surface. The starting geometry
corresponded to the optimized model1 with moleculew4 being

TABLE 1: Frequencies of Water Molecule and Frequency Shifts of Water Dimer (cm-1)

molecule mode 6-31G(d,p) MP2/6-31G(d,p) 6-311G(d,p) 6-311+G(d,p) expta

H2O νas 4265 4030 4238 4244 3734
νs 4147 3891 4143 4142 3638
δ 1769 1682 1750 1726 1589

dimer (1) ∆νas -25 -32 -24 -22 -26
∆νs -47 -73 -46 -46 -64
∆δ 28 32 29 31 21

dimer (2) ∆νas -12 -23 -7 -8 -6
∆νs -8 -15 -7 -5 -5
∆δ 0 -2 -1 14 4

a Ref 12.

TABLE 2: Frequencies of Methanol and Frequency Shifts of Methanol Dimer (cm-1)

molecule mode 6-31G(d,p) MP2/6-31G(d,p) 6-311G(d,p) 6-311+G(d,p) expt

CH3OH ν′as 3277 3243 3257 3261 3005a

νs 3157 3096 3141 3148 2848a

νOH 4191 3912 4185 4188 3667a

δOH 1491 1408 1489 1472 1335a

dimer (1) ∆ν′as -19 -20 -19 -19 -13a

∆νs -15 -19 -15 -14 -15a

∆νOH -64 -91 -63 -68 -107b

∆δOH 63 81 63 64 49c

dimer (2) ∆ν′as 18 15 15 13
∆νs 17 17 17 15
∆νOH 5 6 4 1 11a

∆δOH -4 -10 -4 3 -2c

a Ref 21.b Ref 22.c Ref 23.

Figure 4. Water (a) and methanol (b) dimers.

νth ) νo
exp + ∆νth (2)

νth ) νo
exp + ∆νth - 28 cm-1 (3)
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H-bonded with the HOs group of moleculew1 of the upper layer
(RO(w4)-H(w1) ) 1.8 Å, ∠O(w4)H(w1)O(w1) ) 180°). This
adsorption forms two new water species compared to the clean
surface (model1): the H-bonded water molecule of the upper
layer (w1 molecule of model2) and the adsorbed water molecule
itself (w4 molecule of model2). The calculated binding energy
for this adsorption is equal to 8.7 kcal/mol. The computed
frequencies of speciesw1, w2, w3, andw4 of model2 are listed
in Table 3. According to these frequencies, the only new OH
stretching band which should emerge in the 3800-3650 cm-1

region as a result of this type of adsorption is theνas band of
speciesw4 at 3723 cm-1. This theoretical prediction is in
excellent agreement with the appearance of the 3720 cm-1 band
after the adsorption of the first dose of water (spectrum B, Figure
3). Therefore we conclude that theνas mode of the isolated
speciesw4 contributes to the 3720 cm-1 band in the IRAS
spectra. Since the formation of speciesw4 involves the HOs

sites, the intensity of the 3695 cm-1 band of these sites decreases
in going from 0 to 1/7 ML (Figure 3).

2.4. Adsorption of Two Water Molecules on Neighboring
Surface OH Groups.Figure 6 shows the optimized geometry
of model 3 corresponding to the adsorption of two water
molecules on the neighboring HOs sites (moleculesw4 andw5
of model 3). The starting geometry was analogous to that of
model2 with the additional water moleculew5 being H-bonded
to the HOs group of the surface moleculew2 (RO(w5)-H(w2) )
1.8 Å,∠O(w5)H(w2)O(w2) ) 180°). In the optimized structure
moleculesw4 and w5 are H-bonded with each other. During
the optimization moleculew5 loses its initial, strong H-bond
with the surface but forms three new H-bonds, namely the strong
H-bond with the adsorbed moleculew4 and two weak H-bonds
with the surface moleculesw2 and w3. The calculated total

binding energy for this adsorption is 23.8 kcal/mol (11.9 kcal/
mol per water molecule). Since for two isolated water species
(moleculew4, model 2) the total binding energy is equal to
17.4 kcal/mol, the H-bonding interaction between the two water
molecules adsorbed at the neighboring HOs groups increases
the total stabilization energy by 6.4 kcal/mol. This result implies
that the half-bilayer terminated surface structure13 is strongly
energetically unfavorable.

Although the interaction between moleculesw4 and w5
significantly deviates the O(w1)-H(w1)‚‚‚O(w4) angle from
its optimal value of about 180° for the H(w1)‚‚‚O(w4) H-bond

TABLE 3: Frequencies of Molecular Modelsa (cm-1)

model mode w1 w2 w3 w4 w5 w6 expt

1 νas 3688 3694 3695 3695
νs 3428 3418 3416
δOH 1618 1603 1608

2 νas 3570 3695 3696 3723 3695, 3720
νs 3469 3394 3402 3635
δOH 1637 1604 1596 1593

3(3′) νas 3554[3559] 3664[3669] 3639[3640] 3695[3694] 3677[3679] 3665, 3695
νs 3455[3431] 3308[3305] 3414[3416] 3502[3488] 3474[3463]
δOH 1605[1608] 1639[1638] 1645[1642] 1631[1635] 1619[1622]

4 νas 3563 3613 3679 3698 3680 3691 3695
νs 3437 3409 3370 3503 3453 3558
δOH 1601 1645 1614 1625 1623 1582

a Only the OH stretching frequencies associated with the free OH groups (underlined in the table) can be used for analysis of the structure. All
the frequencies corresponding to the OH stretching vibrations of the H-bonded OH groups and the HOH bending vibrations could not be distinguished
in the spectra (see the text).

Figure 5. Cluster model of a single water adsorbed on the bilayer ice
surface.

Figure 6. Cluster model of the adsorption of two water molecules on
the neighboring OH groups of the bilayer ice surface.
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(cf. models2 and 3), this H-bond strengthens (cf. the bond
lengths). This is due to the cooperative effect between the
H-bonds in the [‚‚‚OH(w1)‚‚‚OH(w4)‚‚‚OH(w5)‚‚] surface
polymer.

The computed frequencies of speciesw1, w2, w3, w4, and
w5 of model 3 are reported in Table 3. Only three of the
computed OH stretching frequencies of these species turn out
to be in the 3800-3650 cm-1 spectral region, namely the 3695
(w4), 3677 (w5), and 3664 (w2) cm-1 frequencies. The 3695
cm-1 frequency of moleculew4 exactly corresponds to the
position of theνasstretching band of the free HOs groups. This
result conforms to the experimental fact that the decrease in
the intensity of the 3695 cm-1 band of the HOs groups does
not linearly correlate with the coverage suggesting that this is
due to the formation of a water species which contributes to
the same 3695 cm-1 band. The difference between the 3677
(w5) and 3695 (HOs) cm-1 frequencies is comparable to the
width of the 3695 cm-1 band (∼20 cm-1) and the concentration
of speciesw5 is small compared to the concentration of HOs

groups. Therefore the 3677 cm-1 mode of moleculesw5 should
not manifest itself as a separate OH band but be a small
component of the 3695 cm-1 band. The 3664 cm-1 frequency
of speciesw2 nearly coincides with the 3665 cm-1 band in the
spectra. Therefore we assign this band to the free HOs surface
groups acting as a proton acceptor toward the adsorbed water
species.

2.5. Adsorption of Three Water Molecules on Neighboring
Surface OH Groups.Figure 7 shows the optimized geometry

of model4 mimicking the adsorption of three water molecules
on the neighboring HOs groups. The initial geometry of this
model was similar to that of model3 with the additional
moleculew6 being H-bonded with the surface moleculew3
(RO(w6)-H(w3) ) 1.8 Å, ∠O(w6)H(w3)O(w3) ) 180°). In the
final structure the adsorbed molecules form the [‚‚‚OH(w1)‚‚‚
OH(w4)‚‚‚OH(w5)‚‚‚OH(w6)‚‚] chain of H-bonded OH group
providing the maximum cooperative effect between these
molecules. The computed total binding energy for this adsorption
is equal to 36.6 kcal/mol (12.1 kcal/mol per water molecule).
Both models3 and4 suggest a strong tendency of the adsorbed
water molecules to form water clusters on the bilayer-terminated
ice surface. The relative arrangement of water molecules in these
clusters is dominated by both the inter-cluster and the surface-
cluster interactions being significantly different from that in the
bulk ice.

The calculated frequencies of moleculesw1, w2, w3, w4,
w5, andw6 of model4 are listed in Table 3. Four asymmetric
stretching vibrations of these molecules lay in the 3800-3650
cm-1 region. These are the 3698 (w4), 3691 (w6), 3680 (w5),
and 3679 (w3) cm-1 vibrations. The difference in frequency
between these vibrations and the asymmetric stretching vibration
of the HOs surface groups is within 16 cm-1 only. Therefore
these modes should not appear as separate OH bands in the
spectra but contribute to the 3695 cm-1 band of HOs groups.

2.6. Effect of Model Size.To check whether the calculated
binding energies and frequencies can significantly depend on
the size of the model, the adsorption of two water molecules
on the neighboring HOs sites was calculated also with model
3′ (Figure 8), which is an extended analogue of model3. The
positions of five additional water molecules of model3′
(compared to model3) correspond to the idealized ice structure.
The total stabilization energy 25.2 kcal/mol (12.6 kcal/mol per
one molecule) for model3′ is close to that of 23.8 kcal/mol
(11.9 kcal/mol per one molecule) for model3. Also the
difference in geometry and frequencies between models3 and
3′ are insignificant (cf. Figures 6 and 8, and Table 3). These
results suggest that a further extension of the model size should
not affect the results.

Conclusion

Our combined infrared and quantum chemical study indicates
a significant role of the lateral H-bonding interaction between
the neighboring water molecules adsorbed on the bilayer
terminated ice surface. As an example, for two adjacent water
molecules the energy gain due to this interaction is about 6 kcal/

Figure 7. Cluster model of the adsorption of three water molecules
on the neighboring OH groups of the bilayer ice surface.

Figure 8. Extended cluster model of the adsorption of two water
molecules on the neighboring OH groups of the bilayer ice surface.
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mol. This interaction leads the neighboring adsorbed water
molecules to aggregate with the structure of the formed surface
clusters being significantly different from that of the ice. This
implies that upon adsorption of water the growth of the ice
should occur by successive phase transitions from the disordered
adsorption layer to the ordered ice lattice.

Our calculations suggest four different water species associ-
ated with three bands in the infrared spectra. These are the single
water molecules adsorbed at the terminal surface OH groups
(asymmetric stretching mode at 3720 cm-1), the water molecules
of the upper layer of the ice surface (stretching mode of the
free OH group at 3695 cm-1), the water molecules of the clusters
having a free OH group (stretching mode of the free OH groups
at 3695( 20 cm-1), and the water molecules of the upper
surface layer of ice interacting with adsorbed species by the
oxygen atom (stretching mode of the free OH group at 3665
cm-1).
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