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We show that H=D exchange between H2O and D2O in ultrathin ice films adsorbed on Cu(100) does not

occur through autoionization at temperatures below 140 K. The exchange is, however, facile if a proton

deficiency is induced in the ice films by having small amounts of OH preadsorbed on the copper surface.

The system was studied using surface infrared vibrational spectroscopy with the aid of density functional

theory calculations.
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One of many remarkable properties of water is the
efficient transport of Hþ and OH� ions, in both the liquid
and in the different solid phases, compared to other ions.
To rationalize the anomalous transport properties intercon-
version between different hydration complexes surround-
ing the ion have been evoked in the liquid phase for both
ions [1,2]. An important manifestation of the proton trans-
port is the efficient isotopic exchange observed in both
water and ice, i.e., 2H2Oþ2D2O�>H2Oþ2HDOþ
D2O. The Grotthuss mechanism [3] has for more than
100 years provided the basis for the understanding of
how the exchange occurs not only in liquid water but
also in ice and thin ice layers at surfaces. The isotopic
H=D mixing observed in thin ice layers on surfaces has
accordingly been proposed to be facilitated by an excess of
protons in the ice network, through H3O

þ, much in anal-
ogy with the liquid phase [4,5].

In the present work we show conclusive spectroscopic
data demonstrating efficient H=D isotopic exchange in a
system having a deficiency of protons instead. An ultrathin
ice film, consisting of � 2 bilayers (BL) grown as well
defined planar structures on a Cu(100) surface, is used
for the study. Importantly we show that no H=D exchange
occurs in the ice film when the ice layer is chemically
uniform and the copper surface is clean. That is, H=D
exchange in these ice films does not occur through auto-
ionization (2H2O<¼> H3O

þ þ OH�) below 140 K.
Instead, we show that the exchange can be catalyzed
by small amounts of OHad preadsorbed on the surface.
While OHad is readily formed upon water adsorption on
many metal [6] and metal oxides surfaces [7] H3O

þ
remains elusive and has not been spectroscopically identi-
fied on any metal surfaces so far. As a result the existing
model where H=D exchange in thin films at metal sur-
faces has been assumed to be catalyzed by H3O

þ [4,5]
needs to be revised and refined in accordance with
recent theoretical results [8]. The situation for ice is si-
milar to that of liquid water for which the OH� ion, until
recently [2,9,10], has been given much less attention
than H3O

þ.

The Cu(100)/water system has been studied using a
Fourier transform infrared (FTIR) spectrometer connected
to a turbo pumped ultra high vacuum chamber. The
Cu(100) crystal has a very low defect concentration indi-
cated by the narrow line width (� 1:0 cm�1) of the �ðO-HÞ
mode in OH at low coverages (data not shown). All spectra
were recorded below 90 K. The sample temperature was
measured using a thermocouple (type E) and controlled
using a feedback system (Eurotherm) which allowed for
the temperature to be kept both at a constant (� 0:5 K)
temperature and to be ramped at controlled rate, 4 K=s.
Our experimental probe is unique in that the isotopic
distribution and the degree of H=D mixing can be moni-
tored at the ice surface as well as in the entire ice layer
simultaneously. The mixing at the ice surface is probed by
the �freeðO-HÞ mode of water molecules that have one
hydrogen bond protruding out into vacuum at the ice
surface, often referred to as the dangling bond. The degree
of mixing in the entire ice film is simultaneously probed by
the water bending modes, �ðH-O-HÞ, of H2O, D2O and
HDO. All experimentally observed isotopic shifts of the
frequency of the vibrational modes have been confirmed by
density functional theory (DFT) calculations (Table I). The
integrity of this approach is well documented for surface
adsorbates [12] and water complexes [13]. The growth
conditions are such that nonporous amorphous solid water
is formed [14]. The formation of ice is dominated by a
layer by layer growth on the Cu(100) surface as demon-
strated by a saturation of the dangling bond mode intensity
upon completion of the first bilayer (BL). The intensity
stays constant as the coverage is increased up to � 20
bilayers, see inset Fig. 1. This is consistent with a two-
dimensional layer by layer growth resulting in large islands
with uniform thickness and in agreement with previous
scanning tunneling microscopy (STM) studies of water at,
e.g., Pt(111) at these temperatures [15]. Also, water has
been shown to be highly mobile on the Cu(100) surface
already at 20 K [16].
The layer by layer growth allows for the preparation

of isotopically distinct sandwiched layers of ice. This is
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experimentally confirmed and summarized in
Figs. 1(a) and 1(b) and Table I. Initially a 0.9 BL of D2O
is adsorbed on a clean Cu(100) surface, at 90 K, Fig. 1(a).
The ice layer does not wet (or only partially wets)
the Cu(100) as apparent by the �freeðO-DÞ mode at
2728 cm�1, giving rise to a hydrophilic first layer of ice,
as observed for, e.g., Cu(111) [17]. On top of this ice
layer H2O (0.9 BL) is adsorbed at 84 K, Fig. 1(b).
Characteristic of layer by layer growth, the �freeðO-DÞ
mode disappears and is replaced by the corresponding
�freeðO-HÞ mode at 3697 cm�1. In the bending mode re-
gion, 1000–1800 cm�1, both �ðD-O-DÞ at 1207 cm�1 and
�ðH-O-HÞ at 1651 cm�1 are readily observed (small
amounts of HDO originating from H=D exchange at the
chamber walls are always present). After heating, at 140 K
for 240 s, a 1:1 mix of H2O and D2O is obtained at the ice
surface which is evident by the appearance of both
�freeðO-HÞ and �freeðO-DÞ dangling bond modes with simi-
lar intensity, Fig. 1(c). Importantly both the bending mode
and the �freeðO-DÞmode regions show that there is no H=D
exchange in the film. That is, no increase of intensity of
bending modes corresponding to HDO (1400–1500 cm�1)
is observed and no low energy shoulder develops, on the
�freeðO-DÞ band at 2726 cm�1, to be associated with DHO.

The result is dramatically different when the experiment
is repeated with small amounts of hydroxyl preadsorbed on
the copper surface. In short, hydroxyl is produced by
exposing the surface to oxygen at 470 K where Oad is
formed. At 90 K, >1 BL of H2O is adsorbed. Hydroxyl,
� 0:07 monolayers [18], is formed by the reaction: Oad þ
H2Oad �>2OHad at 170 K, where excess water desorbs.
The surface is then recooled to� 90 K before exposure to
D2O and thenH2O following the exact procedure as above.
Accordingly, the spectrum of the first layer of D2O is
clearly indistinguishable from the one obtained on the
clean metal surface, compare Figs. 1(a) and 1(a0).
When the second layer of water H2O is added the presence
of OHad still does not influence the vibrational spec-
trum. Figures 1(b) and 1(b0) are indistinguishable as long

as the sample is kept below 90 K. After heating, at 140 K
for 240 s, the two water isotopologues are completely
mixed, i.e., 25% H2O, 50% HDO and 25% D2O is ob-
served, Fig. 1(c0). As above all spectra are recorded after
the sample temperature has returned to � 90 K. The mix-
ing is clearly observed in the bending region, Fig. 1(c0),
demonstrating that the proton diffusion in the thin ice layer
is very efficient at 140 K. Importantly, H=D mixing facili-
tated by autoionization, through (2H2O<¼> H3O

þ þ
OH�), is clearly negligible at these temperatures (and
times �50 min data not shown.) (For comparison copies
of the spectra for the heated ice layer, Figs. 1(c) and 1(c0),
are put on top of the spectra for the unheated layer as grey
spectra, as indicated by the arrows.) The complete isotopic
scrambling is confirmed by the reference spectrum, Fig. 1
ref, recorded for a 1:1 premixed H2O=D2O sample.
The mode assignments and the isotopic shifts were

supported by density functional theory (DFT) calculations
performed within the GAUSSIAN 09 package [19] and the
B3LYP functional. Four water molecules adsorbed on a
Cu(100) surface were used as a model for the dangling
bond water molecule, Fig. 2. For the initial geometry
optimization the 6� 311þ gðd; pÞ basis set was used
with all 13 copper atoms frozen at the FCC bulk positions,
one hydrogen atom was added to close the electronic shell.
For the frequency calculations this geometry was frozen,
with exception of the dangling bond H2O molecule
(dashed circle in Fig. 2), and reoptimized using the
6� 311þþgð3df; 3pdÞ basis set. A small but consistent
improvement has been observed for isotopic vibrational
shifts in water dimers by increasing the size of the basis set
[13]. The aim of the frequency calculations is to model
vibrational shifts of the dangling bond water molecule
when HDO is formed. All other vibrational modes in the
cluster are accordingly ignored. In Fig. 1 only the calcu-
lated shifts, black vertical lines, upon formation of HDO
are shown. That is, for �freeðO-HÞ and �freeðO-DÞ the
calculated frequencies are normalized with respect to the
experimental value of the unmixed isotopologue. All the

TABLE I. Vibrational shifts induced by isotopes as determined by DFT calculations compared to experimental data. The calculated
dangling bond frequencies are scaled by 0.9679 to account for anharmonicity [11].

Cu(100) B3LYP

6� 311þþgð3fd; 3pdÞ
Dangling bond stretch mode [cm�1] Bending mode of dangling bond water [cm�1]

Isotopic mix Scaled Calc. Cu(100) Exp. Shift Calc. Shift Exp. Calc. Normla Exp.

H-OHþ 3H2O 3717 3697 . . . . . . 1651a 1651a

H-ODþ 3H2O 3715 3694 �2 �3 1402 1404

H-O18Hþ 3H2O 3704 3687 �13 �10 . . . . . .

H-OHþ 3D2O 3716 3697 �1 . . . 1646 . . .

D-ODþ 3D2O 2706 2726 . . . . . . 1204 1207

D-OHþ 3H2O 2698 2713 �9 �13 1487 1506

D-OHþ 3D2O 2697 2713 �10 �13 1489 . . .

aThe bending mode region is normalized with respect to the �ðH-O-HÞ mode frequency, at 1651 cm�1, in the isotopically uniform
film.
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frequencies of the modes in the bending mode region,
1000–1800 cm�1, are normalized with respect to the ex-
perimental value of the �ðH-O-HÞ mode in dangling bond
H2O (1651 cm�1). As seen in Table I the calculations
allow for a clear and consistent description of all isotopic
shifts in both spectral regions shown in Fig. 1. The for-
mation of HDO results in a downshift of the �freeðO-HÞ
mode by 3 cm�1 and a downshift of the �freeðO-DÞ mode
by 13 cm�1, as confirmed by the DFT calculations, Table I.
While the size of the shifts is counterintuitive it follows
from the fact that the dangling bond vibrational mode in

H2O is essentially decoupled from the rest of the water
molecule whereas in D2O this is not the case. The
�freeðO-DÞ mode is therefore more strongly influenced by
the formation of the mixed species. In the water bending
mode region, 1000–1800 cm�1, discrimination between
H2O, HDO, D2O and DHO can clearly be made for dan-
gling bond molecules. To get a qualitative description of
the bending modes shifts, that occur upon addition of the
second BL, an additional water molecule, adsorbed oxygen
down, was placed on the dangling bond hydrogen in Fig. 2.
The calculated shifts of the embedded water molecule are
shown as blue vertical lines in Fig. 1(c0) and reproduce the
experimental shifts qualitatively.
As a reference a conventional hexagonal ice structure on

a Cu(111) surface was also explored in the same manner.
On this surface the frequencies of the dangling bond mole-
cule were only modified slightly, � 10 cm�1, the isotopic
shifts even less, � 2 cm�1, as compared to the Cu(100)
surface. These results are consistent with water’s high
ability to adapt to various surface structures [20].
Isotopic scrambling or complete mixing requires, in

addition to proton transfer in the network, that there is
either an efficient self diffusion of the water molecules in
the ice or a combination of water rotational motion and
rapid proton transfer, making diffusion of water molecules
unnecessary [4]. In the latter case, oxygen stays relatively
immobile in the network while the protons only are
transferred and the scrambling is facilitated through the
combination of proton transfer and rotation of water
molecules [4]. In the light of recent theoretica [8] and
experimental [15] work it seems plausible that both of
these processes are activated at 140 K, but that the proton

FIG. 2 (color). Model of dangling bondmolecule, inside dashed
line, as optimized by the density functional theory calculations.

FIG. 1 (color). Infrared vibrational spectra of water adsorbed
on a clean Cu(100), recorded below 84 K. (a) 0.9 BL D2O, (b)
þ0:9 BL H2O, (c) Heated to 140 K for 240 s. Infrared vibrational
spectra of water adsorbed on Cu(100) pretreated with OHad. (a’)
0.9 BL D2O, (b’) þ0:9 BL H2O, (c’) Heated to 140 K for 240 s.
(ref) adsorption of a 1:1 H2O=D2O premixed sample adsorbed
on the clean Cu(100) surface. In cases where the sample was
heated just before, (a),(c) and (a’),(c’) recording of the spectra
started at � 90 K. The vertical black lines show the calculated
frequency shifts for the different isotopologues. The correspond-
ing blue short lines in (c’) indicates the shift induced when
dangling bond is coordinated to an additional water molecule.
Inset shows normalized intensities of �freeðO-HÞ and �freeðO-DÞ
modes in two different isotopically distinct ice films as a
function of water coverage.
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diffusion may start at a much lower temperature.
Interestingly an increased translational diffusion in amor-
phous solid water has previously been observed in the
region above the glass transition temperature at 136 K
and before crystallization [21,22].

The phase transition of amorphous ice to cubic ice below
150 K [23] could potentially influence the present experi-
ments. For these ultrathin layers it appears likely, however,
that the structure is different from bulk ice as the presence of
the surface enforces a one-dimensional ordering, perpen-
dicular to the surface. Accordingly, no difference could be
experimentally observed if the first BL of water was pre-
heated to 140 K before the adsorption of the second BL.

H=D exchange in water adsorbed on the surface of rutile
TiO2ð110Þ has been observed previously [24]. The pres-
ence of OH on these surfaces [25] is well documented and
we propose that the exchange is facilitated by OH in the
TiO2ð110Þ=H2O system as well. Proton transfer between
H2O and OH has also been proposed to facilitate macro-
scopic diffusion of OH into regions of H2O on Pt(111)
[26]. In the latter experiment a region � 0:4 mm broad,
consisted of H2O only and on each side of it a mixed
H2Oþ OH layer. The regions were monitored using
X-ray photo electron spectroscopy (XPS) with respect to
OH diffusion into the H2O region. That experimental data
do not, however, allow for discrimination between OH
diffusion and proton transfer, making the proposed
mechanism tentative. A mechanism involving formation
of H3O

þ was also necessary to account for the measured
diffusion kinetics while spectroscopically not observed.

OH is readily formed, and has been identified spectro-
scopically, when water adsorbs on a large number of differ-
ent surfaces, e.g., mineral [27], metal oxide [25], and metal
[28,29] surfaces. In contrast H3O

þ remains to be spectro-
scopically identified on a metal surface. The mechanism
demonstrated here will therefore be of importance for the
proton diffusion and kinetics of ice nucleated on many
different type of particles at low temperatures, particles
to be found in, e.g., the atmosphere and in outer space. The
results presented here is the first conclusive spectroscopic
demonstration of efficient proton transfer in a solid quasi
two-dimensional water network having a deficiency of
protons.
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