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Hydronium (H3O
þ) ions at an ice surface penetrate into its interior over a substantially longer distance

than hydroxide (OH�) ions. The observation was made by conducting reactive ion scattering and infrared

spectroscopic measurements for the acid-base reaction between surface H3O
þ (or OH�) and NH3

(or NH4
þ) trapped inside an amorphous ice film at low temperature (< 100 K). The study reveals very

different transport efficiencies of positive and negative ion defects in ice. This difference is explained by

the occurrence of an efficient proton-relay channel for H3O
þ, which does not exist for OH�.
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Ice is a unique type of solid conductor containing hydro-
nium (H3O

þ) and hydroxide (OH�) ions as intrinsic
charge carriers. These species exist as positive and nega-
tive ion defects, respectively, in the ice lattice where they
are in proton-transfer equilibrium with constituting water
molecules. It is generally conceived that the coexistence of
positive and negative ionic defects is deeply related to
certain unusual electrical properties of ice, including the
thermoelectric effect [1] and the freezing potential (the
Workman-Reynolds effect) [2,3]. The properties of ion
defects in ice are an appealing subject of study not only
from the perspective of ice physics, but also in a broad
range of disciplines in physics, environmental sciences,
astrophysics, and chemistry owing to the ubiquity and
importance of ice in natural environments.

Numerous studies have been performed to understand
the charge conduction phenomena of ice [4–13]. The ex-
perimental studies range from classical ice conductivity
measurements [4] to modern molecular spectroscopic mea-
surements that monitor the H/D isotopic exchange kinetics
and proton-transfer dynamics [5–11]. The theory of charge
conduction in terms of ice molecular structure was ad-
vanced by Jaccard [12] and Onsager and Dupuis [13]
long ago. Owing to these investigations, the transport
mechanism of H3O

þ in ice is now well understood.
H3O

þ moves via a sequence of proton transfers along the
hydrogen bond chain of water (Grotthuss mechanism), and
this process may occur even at low temperature. At high
temperature, the proton-transfer relay is coupled with
Bjerrum defect motion to extend the distance of the proton
transfers [5–7]. However, a complete picture for charge
conduction in ice will be attainable only when the trans-
ports of both positive and negative ion defects are properly
understood. The present study explores some open ques-
tions related to this issue: What is the relative efficiency of
charge transport by positive and negative ion defects? Do
they move like ‘‘mirror images’’ in ice with only the
proton-transfer directions reversed, or via intrinsically dif-
ferent molecular mechanisms? To answer these questions,
we have measured the transport distances of H3O

þ and

OH� through an ice film by placing H3O
þ (or OH�) at the

ice film surface and its counter base (or acid) in the ice
interior. The study shows that H3O

þ travels a substantially
longer distance than OH� due to the occurrence of an
efficient proton-relay mechanism for H3O

þ, which does
not exist for OH�.
We conducted the experiment in an ultrahigh vacuum

chamber [14] equipped with instrumentation for reactive
ion scattering (RIS), low-energy sputtering (LES), reflection
absorption infrared spectroscopy (RAIRS), and temperature
programmed desorption (TPD). An H2O ice film was
grown typically to a thickness of 50 BL (bilayer; 1 BL ¼
1:14� 1015 water molecules cm�2) on a Ru(0001) crystal
by using a back-filling method at a slow (� 0:1 BL s�1)
deposition rate. The Ru substrate temperature was main-
tained at 70–100 K, which resulted in an amorphous ice film
growth [15]. The thickness of the ice film was estimated by
performing TPD measurements [16]. HCl and NH3 vapors
were introduced into the chamber through separate leak
valves and guided close to the sample surface through
tube dosers. Cs atoms were deposited onto the sample by
using an alkali metal dispenser (SAES Getters).
The chemical species present on the ice film surface

were measured by performing RIS, LES, and RAIRS
analyses. In the RIS and LES experiments, a Csþ beam
from a low-energy ion gun (Kimball Physics) collided with
the sample surface at the incident energy of 30 eV, and the
ions emitted from the surface were detected by a quadru-
pole mass spectrometer (Extrel) with its ionizer filament
switched off. In RIS, neutral species (X) on the surface are
picked up by the scattering of Csþ projectiles to form
Csþ-neutral clusters (CsXþ). In LES, preformed ionic
species (Yþ and Z�) on the surface are ejected by the
Csþ impact. Thus, RIS and LES signals reveal the identi-
ties of neutral (X) and ionic species (Yþ and Z�), respec-
tively, on the surface [14,17]. The probing depth for LES
and RIS methods is �1 BL of the ice surface at the
employed Csþ beam energy [17]. Chemical species in
the interior of the ice samples were monitored with
RAIRS [18,19].
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We studied the transport of H3O
þ by preparing an ice

film that had excess hydronium ions on its surface and
proton acceptor (NH3) molecules in the interior at a con-
trolled distance from the surface (sample A). Figure 1
shows the results of LES, RIS, and RAIRS measurements
performed at each preparation stage of sample A. First, an
amorphous H2O-ice film (50 BL thickness) was grown on
Ru(0001), and NH3 was adsorbed onto the film surface for
a coverage of �0:3 ML. The presence of NH3 and H2O
molecules on the surface was verified by the RIS signals
of CsNH3

þ (m=z ¼ 150) and CsH2O
þ (m=z ¼ 151),

shown in Fig. 1(I-a), and the �2 band (umbrella mode;
1100 cm�1) of NH3 [20] in the RAIR spectrum, shown in
Fig. 1(II-a). Next, anH2O layer was overlaid on the sample
for a desired thickness between 3–30 BL to make an
NH3-sandwich ice film. In Fig. 1(b), where the H2O over-
layer thickness was thin (3 BL), the CsNH3

þ signal inten-

sity decreased to a certain degree, indicating that NH3

molecules were partially buried under the H2O layer. The
�2 band intensity of NH3 corresponding to the total NH3

content in the sample did not decrease. The added H2O
layer increased the IR band intensity around 1600 cm�1,
which corresponded to the intramolecular bending mode
of H2O.

Finally, HCl was added onto the H2O=NH3=H2O film,
which produced H3O

þ and Cl� on the surface via HCl
ionization [17]. This created a situation in which H3O

þ
was located at the sample surface and the proton acceptor
(NH3) was buried underneath the H2O overlayer. The H2O
overlayer thickness defined the distance between the pro-
ton donor and acceptor. Thermal diffusion of NH3 in the
ice film was observed to be negligible at temperature
� 90 K, which is consistent with the diffusion coefficient
of NH3 in ice reported in the literature [21,22]. H3O

þ has a
thermodynamic tendency to reside at the ice surface rather
than in the interior [7,11]. The IR spectrum obtained from
this sample [Fig. 1(II-c)] showed a new band appearing
near 1470 cm�1, which corresponded to the �4 band of
NH4

þ [23]. The NH3 signal intensity at 1100 cm�1 de-
creased. These changes revealed thatNH3 was converted to
NH4

þ by the proton transfer from surface H3O
þ species

(reaction 1).

H 3O
þðsÞ þ NH3ðbÞ ! H2OðsÞ þ NH4

þðbÞ;
(reaction 1)

where (s) and (b) indicate surface and bulk species, re-
spectively. The LES spectrum [Fig. 1(I-c)] showed an
NH4

þ peak (m=z ¼ 18), which indicated that NH4
þ was

formed on the film surface as well as in the interior. The
amount of the surface NH4

þ species (measured by LES)
was estimated to be 55% of the total NH4

þ content
(measured by RAIRS) for this sample. Importantly, the
H3O

þ signal (m=z ¼ 19) was absent from the LES spec-
trum, which revealed that the proton transfer fromH3O

þ to
NH3 was complete.
The transport phenomena of OH� were studied by con-

ducting analogous experiments to those described above
for H3O

þ transport. The difference was that the ice sample
used for the OH� study contained excess OH� species on
its surface and counter acid (NH4

þ) in the sandwich layer
(sample B). This sample was prepared as follows. On the
surface of an H2O-ice film (50 BL) grown on Ru(0001),
NH3 (0.30 ML) and HCl (0.25 ML) were coadsorbed to
produceNH4

þ via HCl ionization and the subsequent acid-
base reaction of H3O

þ and NH3. The NH4
þ signal in the

LES spectrum [Fig. 2(I-a)] and the 1470 cm�1 band of
NH4

þ in the IR spectrum [Fig. 2(II-a)] confirmed the
formation of NH4

þ. A small excess of NH3 remained
unreacted on the surface, which was indicated by the
CsNH3

þ peak in Fig. 2(I-a) and the NH3 signal

(1100 cm�1) in Fig. 2(II-a), although H3O
þ was all con-

sumed in the acid-base reaction, as evidenced by the absent
H3O

þ signal. Next, an H2O overlayer was deposited for a
desired thickness between 3–30 BL to make an
NH4

þ-sandwich film. Figure 2(b) illustrates the results
for an H2O overlayer with 3–4 BL thickness. The NH4

þ
signal disappeared from the LES spectrum, whereas the IR
signal of NH4

þ did not decrease but rather somewhat
sharpened. These changes indicated that theH2O overlayer

FIG. 1. (I) Mass spectra of LES and RIS signals obtained at
each preparation stage of sample A (H3O

þ=H2O=NH3=H2O
film). (II) The corresponding RAIR spectra. The sample was
prepared in the following sequence. (a) An H2O-ice film (50 BL
thickness) was grown on Ru(0001), and NH3 was adsorbed on
the surface for a coverage of �0:3 ML. (b) An H2O film (3 BL)
was overlaid onto the surface. (c) HCl was adsorbed for
�0:2 ML at 90 K to generate H3O

þ on the surface. The Ru
substrate temperature was kept at 90 K or below during the
construction of the sample. The RAIR spectra correspond to the
‘‘difference spectra’’ with respect to a pure H2O film (50 BL).
The spectral absorbance is indicated by the scale bar in spectrum
(II-a). The dotted line in spectrum (II-c) is drawn as a guide to
the eye.
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completely covered the NH4
þ. The NH4

þ band sharpening
was due to the additional solvation of NH4

þ by H2O [24].
Excess OH� was added onto the surface of the

NH4
þ-sandwiched film by adsorbing Cs atoms. The Cs

adsorbates hydrolyzed to Csþ and OH� ions on the ice
surface. Both Csþ and OH� stay on the surface of a pure
ice film [25,26]. The RAIR spectrum from this sample
[Fig. 2(II-c)] showed that the NH4

þ intensity at 1470 cm�1

somewhat decreased upon the addition of OH� on the sur-
face. This indicated the occurrence of the reaction between
OH� and NH4

þ. However, the NH3 intensity at 1100 cm�1

did not increase, indicating that the reaction occurredwithout
the formation of NH3. Therefore, we consider that the reac-
tion led to salt formation via the direct association of NH4

þ
and OH� (reaction 2).

OH�ðsÞ þ NH4
þðbÞ ! NH4OHðbÞ (reaction 2)

The unchanging NH3 intensity indicates that the proton
transfer from interior NH4

þ to surface OH� did not occur.
Further, this indicates nonoccurrence of the OH� transport
via a proton-transfer relay across the H2O film. The migra-
tion of OH� is required by (reaction 2). In this case we
consider thatOH� can move via molecular hydroxide diffu-
sion, as observed in a recent study of OH� transport in
amorphous ice at �135 K [26]. The diffusion of NH4

þ is
prohibited in the sample [Fig. 2(b)]. In the negative-ion LES
spectrum [inset of Fig. 2 (I-c)], anOH� signal appeared with
a low intensity, indicating that (reaction 2) did not occur to
completion.

The transport distances of H3O
þ and OH� in ice were

measured by repeating the experiments described above
with ice samples that had various thicknesses of an H2O
spacer, i.e., by changing the separation distance between
H3O

þ (or OH�) and NH3 (or NH4
þ). Experimentally, we

measure the yield of the acid-base reaction as a function of
the distance of the acid-base pair, and this reaction yield is
equivalent to the transport efficiency (�) of H3O

þ or OH�
across the distance because the reaction goes to completion
upon the contact of the acid-base pair. The transport effi-
ciency was calculated according to Eqs. (1a) and (1b).

�ðH3O
þÞ ¼ ��sðH3O

þÞ
�s

initialðH3O
þÞ ¼

��bðNH3Þ
�s

initialðHClÞ (1a)

�ðOH�Þ ¼ ��sðOH�Þ
�s

initialðOH�Þ ¼
��bðNH4

þÞ
�s

initialðCsÞ (1b)

Here, �ðXÞ is the transport efficiency of X, and �s and �b
are surface and bulk populations, respectively. For ex-
ample, �ðH3O

þÞ is equivalent to the change of relative
surface population of H3O

þ, which, in turn, is estimated
from the decrease of NH3 population in the interior mea-
sured by RAIRS. Figure 3 displays �ðH3O

þÞ and �ðOH�Þ
measured as functions of the H2O spacer thickness. The
result indicates that H3O

þ transports over a substantially
longer distance than OH�.
The experimentally measured transport distance needs

to be refined by making a correction for the nonuniform
thickness of the H2O spacer film. The H2O film has micro-
scopic variations in its thickness mainly for two reasons:
(i) deposition of randomly incident water molecules and
(ii) difference in sticking probability of water on H2O,
NH3, and NH4

þ adsorbates. The thickness variation due
to the first factor can be simulated by using a stochastic
model for film growth from randomly incident gas
molecules (Supplemental Material 1 [27]). The thickness

FIG. 2. (I) LES and RIS mass spectra obtained at each prepa-
ration stage of sample B (OH�=H2O=NH4

þ=H2O film). (II) The

corresponding RAIR spectra. (a) NH3 (0.30 ML) and HCl
(0.25 ML) were coadsorbed on an amorphous H2O-ice film
(50 BL thickness) to generate NH4

þ. (b) An H2O overlayer

(3–4 BL) was added to make an NH4
þ-sandwich ice film.

(c) OH� species (0.15 ML) were provided by the hydrolysis of
Cs atoms on the surface. The temperature was maintained at
�80 K during the sample construction. The dotted lines in the
RAIR spectra are provided as a guide to the eye.

FIG. 3. Experimental measurement for the transport efficien-
cies of H3O

þ (�) and OH� (4) as a function of H2O spacer
thicknesses (d). The temperature was �80 K during the experi-
ment. The dotted lines are provided as a guide to the eye.
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distribution function thus obtained is shown in Eq. (2),
where Pðl; dÞ represents the probability that the film has
a local thickness of l when its average thickness is d.

Pðl; dÞ ¼
�
dl

l!

�
expð�dÞ (2)

Equation (2) was validated by comparing it with the experi-
mental growth behavior of a D2O overlayer on an H2O film.
Second, the sticking probability of water on various adsor-
bate sites was estimated by performing separate adsorption
experiments. The sticking probability was�1:0 onH2O and
NH4

þ, and �0:14 on NH3. This means that, for sample A,
the H2O overlayer grew thinner on NH3 than on H2O, and
some NH3 adsorbates could remain exposed to the surface,
as observed in Fig. 1(b). In this case, the proton-transfer
distance from H3O

þ to NH3 was shorter than the average
thickness of the spacer layer. Also, NH4

þ could be formed
on the surface as well as in the interior. The correction
procedure accounting for this effect is described in
Supplemental Material 2 [27]. For sample (B), this correc-
tion was unnecessary because the water sticking probability
was the same on both the H2O and NH4

þ sites. With these
considerations, the relationship between the experimentally
measured transport efficiency (�) and a corrected transport
efficiency (�0) is given by Eq. (3).

�ðdÞ ¼ X
l

Pspacerðl; dÞ�0ðlÞ (3)

Here, Pspacerðl;dÞ is the thickness distribution function of a

spacer film after making the correction for surface NH4
þ

species. A corrected transport efficiency (�0) curve was
obtained by fitting a theoretical �ðdÞ function in Eq. (3) to
the experimental �ðdÞ curve. A least-mean-square method
was used for the fitting so as to minimize the difference
between the experimental and theoretical �ðdÞ curves,P½�expðdÞ � �theoryðdÞ�2, from which an optimized set of

�0ðlÞ values were deduced.
Figure 4 displays the corrected transport efficiency (�0)

of H3O
þ and OH� as a function of the actual transport

distance (l).�0 is close to unity at short distances (� 3 BL)
for both H3O

þ and OH�. In contrast to the rapid drop of
�0ðOH�Þ to zero at l� 6 BL, �0ðH3O

þÞ remains substan-
tially high (� 0:4) until it tails off at �24 BL. The sub-
stantially longer travel distance of H3O

þ than OH� clearly
indicates their asymmetric transport behaviors. It is well
known [12,13] that H3O

þ moves via a proton hopping
relay fromH3O

þ to the neighboring water molecules along
the hydrogen bond chain, and that the associated energy
barrier is very small [28]. For OH� transport, however, an
analogous ‘‘mirror image’’ mechanism of proton relay
does not operate, according to the present observation
that proton transfer does not occur between the separated
NH4

þ and OH� species. The nonoccurrence of a proton-
relay mechanism for OH� transport may be attributed to
the rigid structure of ice [29], in contrast to the facile

occurrence of this mechanism in liquid water due to sol-
vent fluctuation [30].
It is worthwhile mentioning a few additional aspects of

the present study. First, the measurements were made with
amorphous ice samples, where abundant defect sites act as
proton traps and thus block the transport path ofH3O

þ. For
this reason, the transport distance of H3O

þ is expected to
be significantly longer in crystalline ice than in amorphous
ice. OH� transport distance would not increase in an ice
crystal but may in fact decrease because molecular diffu-
sion is more difficult. Therefore, the difference between the
H3O

þ and OH� transport distances is expected to be
amplified for ice crystals. The low temperature require-
ment for the present experiment does not allow us to
prepare a crystalline ice sample and check this behavior.
Second, H3O

þ [7,11] and OH� [25,26] reside preferen-
tially at the surface of ice in equilibrium states due to their
thermodynamic affinities for the surface. Dynamically,
however, these species may commute from the ice surface
to its interior depending on their mobility. This work
measures such travel distances by monitoring the trapping
events ofH3O

þ (orOH�) atNH3 (or NH4
þ) sites in the ice

interior.
Third, H3O

þ and OH� were produced on the ice film
surfaces by the hydrolysis of HCl and Cs, respectively,
which are exoergic. The energy released from these reac-
tions may induce local heating of the surface and promote
the transport of ions over a short range before the energy is
dissipated into the lattice. It is possible that the near unity
values of �0ðH3O

þÞ and �0ðOH�Þ appearing at l � 3 BL
are due to this effect. Because the energy release is greater
for the formation of OH� (75 kJmol�1) than H3O

þ
(61 kJmol�1), its promotion effect may be greater for
OH� than for H3O

þ. However, our observation for
l > 3 BL is the opposite, which means that the extra
energy effect does not interfere with the key conclusion
that H3O

þ has a longer transport distance than OH�.

FIG. 4. The corrected transport efficiency (�0) of H3O
þ (�)

and OH� (h) as a function of the separation distance (l) of acid
and base.
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In summary, the measurement for the travel ranges of
H3O

þ and OH� in amorphous ice at low temperature
demonstrates their asymmetric transport efficiencies.
H3O

þ migrates across a much longer distance than OH�
due to an efficient proton relay involving H3O

þ. On the
other hand, an analogous proton-relay channel does not
operate for OH�. Instead, molecular hydroxide diffusion
can occur to a limited extent. Such behaviors are drasti-
cally different from their mirror image picture. The obser-
vation has several implications. H3O

þ is a uniquely mobile
species in low temperature ice, where molecular diffusion
is effectively frozen and OH� can have only a limited
migration distance. As such, the acid-base reactions in-
volvingH3O

þ may be important for the chemistry of ice in
terrestrial and space environments at low temperature
[23,31], whereas the activity of OH� is less important
except for its role as a proton-transfer inhibitor [29]. In
addition, the asymmetric mobility of H3O

þ and OH� may
be able to provide a better understanding for the charge
imbalance phenomena of ice, including its thermoelectric
effect [2,3] and the charging of ice surfaces [1]. Also, the
present observation made for amorphous ice in the absence
of solvent fluctuation may offer an interesting checkpoint
for the study of H3O

þ and OH� transport dynamics in
liquid water [30,32].
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