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ABSTRACT: This work explores the plausibility of quantum tunneling of excess protons in
amorphous solid water (ASW) at temperatures as low as 10 K. The transport of protons from a
proton donor (HCl) to an acceptor (NH3) species located at a controlled separation distance in an
ASW film was investigated at 10 and 80 K. The proton transfer efficiency was measured by
quantitation of the yield of ammonium ions using reflection−absorption infrared spectroscopy.
The average transport distance of excess protons in the ASW films was ∼10 water molecules in the
temperature range 10−80 K and showed no noticeable dependence on the temperature. On the
other hand, the transport of protons along the surface of the ASW film was restricted to within a
range of two water molecules at 10 K because of an energy barrier. The mobility of excess protons
in the interior of ASW at temperatures close to 10 K indicated quantum tunneling of protons, most
likely in the microscopic crystalline regions of the ASW samples.

1. INTRODUCTION
The mobility of excess protons (positive protonic defects) in
ice is intimately related to the diverse physical1,2 and chemical
properties of ice.3 The general concept of proton transport in
ice was originally formulated by Jaccard4,5 and Onsager6 and is
now well accepted through extensive experimental verifica-
tion.7−23 The excess protons in ice move along its hydrogen-
bonded network via an efficient hopping relay (Grotthuss)
mechanism.1,2 The proton passage along the hydrogen-bonded
water chain polarizes the direction of the hydrogen bonds,
which blocks the passage of the subsequent protons hopping
along the same path. Therefore, for a continuous flow of
protons, reorientation of water molecules (Bjerrum defect
motion) must take place to depolarize the hydrogen-bond
direction. As water reorientation in ice is activated at
temperatures above 130 K,9−11 an ice crystal can be an
effective protonic conductor only at a high temperature.
Acceptance of this elegant mechanism of proton transport in
ice in the scientific community, however, was not a
straightforward process, and there were opposing arguments
and confusions, which have been briefly summarized by
Devlin.23 The concept of proton mobility in the ice interior
was challenged by the report that H3O

+ ions that were soft-
landed on an ice film surface remained on the surface over a
wide temperature range,24 which appeared to reflect a lack of
proton mobility in the ice interior. This confusion was clarified
by the discovery of Lee et al.,18−20 who showed that excess
protons thermodynamically prefer to reside at the ice surface
rather than in the interior. Because of this property, protons in
fact collected at the surface of ice samples in the proton
mobility experiments with soft-landed H3O

+ ions over a wide
temperature range,24 while possessing high mobility in the ice
sample interior to be able to reach the surface.20,25,26 The
trapping of protons at the ice surface further implies that
proton migration along the ice surface does not occur as
efficiently as that in the ice interior. Studies of H/D exchange

reaction on ice surface indicate that for surface proton transfer
a small but substantial energy barrier (∼10 kJ mol−1), which is
associated with proton trapping in the surface potential
minimum, must be overcome.27 Accordingly, proton transfer
along the ice surface occurs by thermal activation above a
certain temperature or by chemical activation of the ice
surface,17,27,28 in contrast to efficient proton transfer in the ice
interior over a wide temperature range.7−14

Theoretical calculations using a hybrid quantum mechanics/
molecular mechanics approach indicate that an excess proton is
not trapped in a potential energy minimum in the ice crystal
but can transfer with a small energy barrier.29 The proton
hopping along the hydrogen-bonded network of ice is coupled
with the lattice geometry relaxation to facilitate sequential
proton transfers in a concerted fashion.29 An interesting
question is whether proton hopping can occur in ice at
extremely low temperatures, i.e., when the lattice thermal
vibration is minimized and not readily available to assist in the
proton transfer. The proton conductivity in ice is closely
related to various ice phenomena at low temperatures,
including proton order/disorder phase transitions,30 charge
distributions at the ice surface and interior,22 and proton
transfer reactions in ice.3 However, to our best knowledge,
direct evidence has not been reported as yet for the mobility of
excess protons in cryogenic ice near 0 K. There are some
observations that indirectly support proton mobility under
these conditions.22,31−34 For example, infrared spectra of acid-
doped amorphous solid water (ASW) samples showed an
intense absorption of the Zundel continuum, which could be
related to concerted proton transfers in the lattice.31,33,34 The
surface voltage measurement of ice films with adsorbed acids
showed that the positive protonic charge was spread over a
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considerable depth from the surface, which was possibly due to
fluctuating excess protons near the ice surface.22 Spontaneous
dissociation of halogenated acetic acids has been observed in
ASW at 10−140 K, indicating efficient proton injection and
migration in the lattice.31,32 Notably, although slightly different
from the transport of excess protons, concerted motion of
multiple protons has been observed in pure ice samples at 5
K.15 Quasi-elastic neutron scattering (QENS) studies of pure
crystalline ice (CI) samples in Ih and Ic phases have shown
that proton dynamics do not freeze out even at 5 K, which
indicates a simultaneous movement of several protons by
quantum tunneling in proton-ordered hexagonal loops that are
present in a macroscopic, proton-disordered ice crystal.15

The present study aims to explore the possibility of quantum
tunneling of excess protons in ice at very low temperatures. An
experimental scheme was devised to measure proton transport
from a proton donor to an acceptor species that was placed at
controlled separation distances within an ice sample. For CI,
however, such a sample structure could not be constructed
because excess protons in the ice sample interior migrate
spontaneously to the surface during crystallization of the
sample at high temperatures,19,20,25 as mentioned above. For
this reason, the structure was constructed with an ASW film by
vapor deposition in a vacuum at a sufficiently low temperature
to suppress efficient diffusion of excess protons. The
measurement of proton transport in this sample gave
information about proton mobility in ASW, most likely in
the microscopic ice crystallites present in the sample.
Nevertheless, the results may prove to be a useful guide for
judging proton mobility in CI as well.

2. EXPERIMENTAL SECTION
The experiment was conducted in an ultrahigh vacuum (UHV)
chamber, which was equipped with a quadrupole mass
spectrometer (QMS; Extrel, MAX-500HT) and a Fourier
transform infrared (FTIR) spectrometer (Bruker, Vertex
70).35,36 A Pt(111) single crystal was cooled by a closed-
cycle He cryostat (Sumitomo Heavy Industries, CH-204N)
and heated by bombardment of 2 keV electrons from a
homemade electron gun attached behind the crystal. The
sample could be cooled to ∼10 K and heated above 1200 K.
The lowest achievable temperature (∼10 K) was estimated
from an extrapolation of the sample heating/cooling rates
because this temperature was below the range (>15 K) of the
attached N-type thermocouple. The Pt(111) crystal substrate
(surface atomic density = 1.5 × 1019 Pt atoms m−2) was
cleaned by 2 keV Ar+ ion sputtering and heating to 1200 K.
The ASW films were grown on the Pt(111) substrate
maintained at 80 K at a growth rate <0.2 monolayer (ML; 1
ML = 1.1 × 1019 water molecules m−2) per second by
backfilling the chamber with water vapor. Water self-diffusion
is prohibited at this temperature.37 Hydrogen chloride (HCl,
≥99% purity) and ammonia (NH3, 99.999% purity) gases were
deposited onto the sample surface by using separate tube
dosers and leak values. The background partial pressure of
these gases was kept below 4 × 10−8 Pa during deposition to
prevent the contamination of the chamber wall.
Temperature-programmed desorption (TPD) experiments

were performed to estimate the thickness of the ASW film as
well as the amounts of HCl and NH3 in the samples. The film
thickness was estimated by comparing the intensities of water
desorption signal (m/z 18) produced from the ASW film and
the water monolayer on Pt(111). Similarly, HCl and NH3

coverages were determined by comparing their desorption
intensities to that of their known desorption features on
Pt(111).38−40

Reflection−absorption infrared spectroscopy (RAIRS) was
used to measure the amounts of hydronium ions, ammonium
ions, and NH3 molecules in the samples. Incident p-polarized
IR light was reflected from the sample at a grazing angle (85°)
and entered an external mercury−cadmium−telluride detector.
Dry N2 gas was used to purge H2O and CO2 gases from the
beam path. All spectra were recorded at ∼10 K to maintain
constant baseline intensities and were averaged for 1024 scans
with a spectral resolution of 4 cm−1.

3. RESULTS
The transport of excess protons was studied by preparing an
ASW sample with a four stacked-layer structure, as shown in
Figure 1. The sample consisted of a bottom ASW film grown

on a Pt(111) surface, an adsorbed HCl (proton donor) layer,
ASW spacer film, and adsorbed NH3 (proton donor) layer.
The sample preparation procedure and the RAIR spectra
recorded at each preparation stage are shown in Figure 1. First,
a bottom ASW layer was grown on a Pt(111) substrate for a
thickness of ∼70 ML (Figure 1I). The corresponding
vibrational spectrum showed characteristic features of a pure
ASW film (Figure 1a),41,42 which include a strong O−H
stretching band (∼3400 cm−1) and H−O−H bending
vibration (1660 cm−1). An intermolecular libration band
(∼900 cm−1) appeared outside the spectral display range.43,44

Next, HCl was adsorbed for 0.2 ML on the ASW film surface
(Figure 1II). The two bands at 1225 and 1760 cm−1 were
discernible in the difference spectrum (Figure 1b), which
corresponded to symmetric and asymmetric bending of H3O

+,
respectively.45 The Zundel continuum absorption due to
excess protons also appeared in the region of 1000−3000
cm−1,31,46 as marked by the dotted line. These features,

Figure 1. (I−IV) Schematics of preparation stages of NH3(0.25 ML)/
ASW(x ML)/HCl(0.2 ML)/ASW(∼70 ML) film (“HCl-sandwich”
structure) on a Pt(111) substrate. The sequence of growth from the
bottom to top layer is (I) ASW substrate film, (II) HCl adsorbate,
(III) ASW spacer film, and (IV) NH3 adsorbate. Steps I−III were
performed at 80 K for all samples. Ammonia adsorption (step IV) was
performed at either ∼10 or 80 K. (a−d) Difference RAIR spectra
before and after the corresponding steps. The ASW spacer layer in (c)
had a thickness of 7 ML. The dotted line in spectrum (b) is the
spectral baseline drawn to indicate the Zundel continuum absorption.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b11829
J. Phys. Chem. C 2019, 123, 3657−3663

3658

http://dx.doi.org/10.1021/acs.jpcc.8b11829
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcc.8b11829&iName=master.img-002.jpg&w=170&h=174


together with the absent H−Cl stretch band (∼2500 cm−1) of
molecular HCl with hydrogen bonding to the surface,
confirmed the complete dissociation of HCl into excess
protons and chloride ions at 80 K.47−50 The negative
absorption near 3400 cm−1 was consistent with the conversion
of a certain portion of water molecules into hydronium ions.
Subsequently, on this HCl adsorbate layer, an ASW film was
overlaid with a controlled thickness (Figure 1III), which
defined the distance between the proton donor (HCl) and
acceptor (NH3). The difference spectrum of this ASW spacer
layer (Figure 1c) was nearly identical to that in Figure 1a.
Lastly, NH3 molecules were adsorbed for 0.25 ML on top of

the ASW spacer film (Figure 1IV). The NH3 adsorption was
performed at either ∼10 or 80 K. This temperature defines the
temperature of proton transfer through ASW from HCl to
NH3. As presented in Figure 1d, NH3 adsorption produced
various changes in the spectrum. The symmetric bend (ν2) of
NH3 at 1100 cm−1 appeared as a result of ammonia
adsorption.21,45 The asymmetric bend (ν4) of NH4

+ at 1480
cm−1 could be attributed to proton transfer to NH3. The
negative absorptions at 1760 and 1210 cm−1 indicated a
decreased population of hydronium ions because of proton
transfer. The complex features at 2800−3600 cm−1 indicated
changes in the N−H stretch intensity of NH3 and the O−H
stretch intensity of water. All these features indicated the
occurrence of acid−base reaction 1 by transport of excess
protons through the ASW spacer film

H O (b) NH (s) H O(b) NH (s)3 3 2 4+ → ++ +
(1)

where (s) and (b) designate surface and bulk species,
respectively. It was observed that the reaction instantaneously
occurred following the adsorption of ammonia onto the ASW
surface. No further increase in the reaction yield was observed
after a time delay of RAIRS measurement up to 1 h.
The present sample structure (“HCl-sandwich” structure)

was chosen to assess proton transfer because it had two
advantages over the “NH3-sandwich” structure with the
reversed positions of HCl and NH3, which was used in the
previous studies.21 The first advantage is that the initial
amount of excess protons in the sample can be accurately
determined for the HCl-sandwich sample because of complete
dissociation of HCl inside an ASW film at the temperature (80
K) of the sample preparation.47−50 In contrast, when the NH3-
sandwich film is used, the adsorption of HCl onto the ASW
film surface needs to be performed in the final stage of sample
formation at the temperature of proton transfer (10 or 80 K).
However, the degree of HCl dissociation on the ASW surface
at 10 K is unknown. Second, the sticking coefficient of water
molecules on hydronium ions present on the ASW surface is
close to unity. This makes an ASW spacer layer grow on them
with near uniform thickness. On the other hand, the low
sticking probability (∼0.14 at ∼90 K) of water molecules on
NH3 adsorbates hampers the growth of ASW spacer layer with
a uniform thickness in the NH3-sandwich sample.21

The proton transfer yield in reaction 1 was measured as a
function of the donor−acceptor distance by changing the ASW
spacer thickness. Figure 2a displays the difference spectra in
the 1000−2000 cm−1 region measured after ammonia
adsorption at 80 K, which were obtained for samples with
varying thicknesses of the spacer layer. Figure 2b shows the
corresponding results obtained for ammonia adsorption at ∼10
K. In both cases, the features arising as a result of reaction 1,
aforementioned in Figure 1d, were clearly observable. The ν2

band of NH3 at ∼1100 cm−1 and the ν4 band of NH4
+ at

∼1480 cm−1 attributable to ammonia adsorption and proton
transfer, respectively, were observed. At the same time, the
absorbances of the symmetric (1225 cm−1) and asymmetric
(1760 cm−1) bending vibrations of hydronium ions decreased.
These changes were more pronounced when the thickness of
ASW spacer was narrower and the sample temperature was
higher. The weak absorption feature at ∼1630 cm−1 could be
the symmetric bending of NH4

+.51,52 Although this vibrational
mode is IR-inactive for NH4

+ in the gas phase, it could be IR-
active for the surface-adsorbed species because of the
symmetry breaking associated with hydrogen bonding to the
surface. This feature could also be a visual distortion effect in
the spectrum due to the depletion of H3O

+ asymmetric bend
intensity located nearby (∼1760 cm−1). The scissoring
(asymmetric bending) mode of NH3 could also appear in
this position.
The spectrum displayed at the bottom of each series in

Figures 2a and 2b corresponds to the sample without an ASW
spacer film. In this sample, proton transfer occurred along the
surface of the ASW sample between H3O

+ and NH3 located on
the surface. The efficiency of this surface proton transfer could
be estimated from the NH4

+ band intensities of these samples,
as described below. The area of the ν4 band of NH4

+ at ∼1480
cm−1 was converted to NH4

+ population with the help of a
calibration experiment, which measured the ν4 band area for a
known amount (0.25 ML) of NH4

+ produced by a
stoichiometric reaction between NH3 (0.25 ML) and HCl
(in excess) on the ASW film surface. Separate calibration
experiments were performed at ∼10 and 80 K. Then, the
efficiency of the surface proton transfer was calculated by

Figure 2. Difference RAIR spectra measured after ammonia
adsorption for a coverage of 0.25 ML onto the surface of ASW(0−
30 ML)/HCl(0.2 ML)/ASW(∼70 ML)/Pt(111) samples. Ammonia
adsorption was performed at temperatures (a) 80 K and (b) ∼10 K.
The thickness of the ASW spacer layer in the samples was 0, 2, 3, 5, 7,
10, 15, 20, and 30 ML, from the bottom to top spectra in (a) and (b).
The vertical spacing between the spectra is for visual clarity. Gray
shades highlight the positions of the ν4 band of NH4

+ (∼1480 cm−1)
and the ν2 band of NH3 (∼1100 cm−1). Glitch peaks around 1200
cm−1 in several spectra can be attributed to noise that most likely
originated from the mechanical vibration of a He cryostat.
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dividing the population of NH4
+ with the initial population of

hydronium ions on the sample surface. This quantitation
procedure revealed that almost all hydronium ions that are
initially present on the surface reacted with adsorbed ammonia
molecules to form NH4

+ at 80 K. This reacted portion was
reduced to about 44% at 10 K, indicating that the surface
proton transfer efficiency varied significantly depending on the
temperature. This behavior is consistent with the fact that an
excess proton is trapped in a shallow potential minimum on
the ASW surface,19,20 and its migration along the surface
requires it to overcome an energy barrier of ∼10 kJ mol−1 with
the help of thermal or chemical energy,27 as mentioned in
section 1. Accordingly, a substantially large portion of excess
protons was trapped in position on the ASW surface without
migrating to NH3 at ∼10 K. For the present coverages of HCl
(0.2 ML) and NH3 (0.25 ML), the average distance between
the proton donor and acceptor was about two water molecules.
Therefore, the result indicated that 44% of excess protons
could move across two water molecules at ∼10 K. This surface
migration of protons could be activated by local heating of the
surface upon ammonia adsorption. At 80 K, thermal energy
may additionally contribute to overcoming the surface
diffusion barrier, which extends the proton transfer distance
to significantly longer than two water molecules.
Proton transfer efficiency through ASW can be estimated

from the results of proton transfer measurements as a function
of the ASW spacer thickness. This proton transfer efficiency
(η) was calculated only for the “mobile” protons in the sample.
A “mobile” proton refers to an excess proton that is not
permanently trapped in the potential well in its initially created
position at the corresponding temperature. When both
hydronium ions and ammonia molecules are placed on the
surface of an ASW film, only “mobile” protons can migrate
along the surface to produce NH4

+, whereas “immobile”
protons are trapped in the potential well of the surface at fixed
positions. Therefore, it was considered that the population of
mobile surface protons would be equal to the population of
NH4

+ ions measured in the surface proton transfer experiment
in the absence of an ASW spacer film, θmobile H

+ = θNH4
+(0 ML),

where θA is the surface population of A species. As mentioned
above, almost all excess protons present on the ASW surface
were “mobile” at 80 K, but this portion decreased to about
44% at ∼10 K. It was assumed that the same ratio for mobile/
immobile excess protons was maintained underneath the ASW
spacer layer at corresponding temperatures. This assumption
was based on the rationale that thermal rearrangement of the
H-bonded water structure does not easily occur at the
temperature (80 K) of sample preparation.9−11 Of course,
water adsorption on the surface may perturb the proton
trapping structures and may convert some of these immobile
protons to mobile protons underneath the ASW spacer film.
This effect, however, appeared to be insignificant in the spectra
shown in Figure 2, which showed a smooth decrease, rather
than a discontinuous increase, in the ammonium formation
yield as a thin ASW layer was overlaid on the surface
hydronium ions. Based on these considerations, the proton
transfer efficiency through ASW across the film thickness of x
could be determined by the equation

x
x x

( )
( ) ( )

(0 ML)
NH

mobile H

NH

NH

4 4

4

η
θ

θ

θ

θ
= =

+

+

+

+

The η(x) curves at ∼10 and 80 K estimated from the data set
presented in Figure 2 are plotted in Figure 3. The value of η(x)

decreased from unity at x = 0 to below 0.1 at x = 30 ML at
both temperatures. The average distance of proton transfer
through ASW was calculated by integrating η(x) over x. The
average proton-transfer distance calculated in this way was ⟨x⟩
= 11.2 ± 1.1 ML at 80 K and 9.4 ± 1.4 ML at ∼10 K. In the
case of an “NH3-sandwich” sample, a correction for the
nonuniform thickness of ASW spacer layer has previously been
implemented for a more realistic estimation of ⟨x⟩,21 but this
correction had little impact (±1 ML) on improving the ⟨x⟩
value of the present samples. Thus, proton transfer distance
was considered basically equal to the thickness of the spacer
layer.

4. DISCUSSION
When the present samples were prepared by the growth of an
ASW spacer layer over the hydronium ions (stage 1-III) at 80
K, it was assumed that the hydroniums stayed in position
without upward diffusion. However, the hydronium ions could
undergo thermal diffusion and accumulate at the surface of a
growing ASW film at high temperature because of their
thermodynamic affinity for the ice surface.19,20,26 For this
reason, the possibility of upward diffusion of hydronium ions at
80 K was worth investigating. The necessary information could
be obtained from the measurement of the surface voltages of
HCl-doped ASW films, as described by Lee et al.22 An analysis
of the changes in the film voltage with the growth of the ASW
overlayer on the HCl-adsorbed ASW surface at 95 K (Figure 5
in ref 22) showed that the average penetration depth of excess
protons into the ASW overlayer was 3.5 ML when the HCl
adsorbate coverage was 0.04 ML. This penetration depth
decreased with an increase in HCl coverage, probably as a
result of electrostatic interactions between H+ and Cl− ions.
Based on this reference, the upward penetration of excess
protons into ASW spacer layer in the present samples was
expected to be <3.5 ML because of a higher HCl content (0.2
ML) and a slightly lower temperature. Therefore, the absolute
distance of proton migration in the present measurements
likely had this magnitude of uncertainty (<3.5 ML). When the
relative differences in the proton transfer distances at two
different temperatures were assessed, this uncertainty would
mostly cancel out because the same temperature (80 K) was
used for the growth of the ASW spacer in all samples.

Figure 3. Proton transfer efficiency versus the thickness of ASW
spacer layer measured at 80 K (black solid squares) and ∼10 K (red
open circles). The normalized η(x) curves represent the transport
efficiencies of “mobile” excess protons in the sample. The error bars
correspond to the uncertainty for the quantitation of proton donor
and acceptor species through RAIRS measurement.
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Moon et al.21 conducted similar experiments as described in
this study, except that the locations of HCl and NH3 in the
samples were reversed (“NH3-sandwich” structure), and
reported that the average proton migration distance, ⟨x⟩, was
11.3 ML in ASW films at 90 K. The two studies show good
agreement of the ⟨x⟩ values (11.3 and 11.2 ML) at similar
temperatures (80 and 90 K), which supports the validity of the
experimental approaches. The upward migration of excess
protons did not occur in the experiments conducted by Moon
et al.21 because NH3 was located in the sandwich layer and
hydronium ions were at the surface of the samples. Therefore,
the agreement in ⟨x⟩ values implied that the upward migration
of excess protons in the present samples was not extensive.
In the discussion above, two different quantities relating to

proton transport ranges have been mentioned, and it is
worthwhile clarifying the differences between them. The
proton transport distance (x) measured in this study and by
Moon et al.21 is the actual migration distance of excess protons
from the proton donor to the acceptor species. This proton
transport process occurs irreversibly in one direction. On the
other hand, the penetration depth of excess protons into an
ASW film discussed for the film voltage measurement22

corresponds to the distance of positive charge displacement
from the initial injection position of hydronium ions in the
sample, in the absence of proton acceptor species. The excess
protons in this case may commute back and forth reversibly
while residing near the location of the initial hydronium
injection. The latter may represent the time-averaged position
of protons commuting in the solid lattice. Therefore, the
former (9−11 ML at 10−80 K) is always greater than the latter
(3.5 ML at 95 K).
The present study shows two notable features for proton

transfer in ASW. One is that proton transfer occurs in ASW at
temperatures as low as ∼10 K. The observed proton transfer
distance in ASW is 9.4 ± 1.4 ML at this temperature, whereas
the range of proton transfer along the ASW surface is
substantially shorter (about 2 ML). Considering the possibility
of local heating of the surface by ammonia adsorption, the
surface proton transfer may actually be more restricted if the
ammonia adsorption effect is excluded, which is consistent
with the fact that surface proton transfer is an activated
process.27 At 10 K, essentially all atoms and molecules are
immobilized with minimal thermal motion at the fixed lattice
positions. Theoretical calculations29 indicate that the barrier
height for transport of excess proton in ice is ∼50 kJ mol−1

when the O−O distance of the ice crystal is fixed, and it
decreases to 6 kJ mol−1 for the minimum-energy path with full
geometry optimization, although the feasibility of such lattice
distortion in cryogenic ice is questionable. These barrier
heights are far too large for proton transfer to occur at 10 K.
For example, the expected classical rate of proton transfer over
the barrier of 6 kJ mol−1 is only k ∼ 5 × 10−19 s−1 at 10 K with
a frequency factor of 1013 s−1. Therefore, the observed proton
transfer must occur via quantum tunneling. The other feature
is that the proton transfer distance is independent of the
temperature, as indicated by the almost negligible difference
(1.8 ± 1.8 ML) between the ⟨x⟩ values at 10 and 80 K. This
behavior contrasts with the significantly different efficiencies of
proton transfer along the surface at 10 and 80 K. If it is
considered that the different proton transfer efficiencies on the
surface could somehow interfere with the measurements of
vertical proton transfer in the present experiment, such a small
difference in the ⟨x⟩ values may be physically meaningless. The

temperature independence again supports the quantum
tunneling of excess protons. Previously, quantum tunneling
phenomena of protons have been observed in experiments
using pure ice crystals15 and water nanoclusters53 and studied
by theoretical calculations.54 In these cases, concerted
tunneling of multiple protons occurs in proton-ordered rings
present in ice crystals or nanoclusters without acid additives.
This involves simultaneous migration of charge defects in the
loop without changing the net dipole moment in the whole
proton transfer structure. The present system is different from
these cases in that a net charge is carried through the lattice by
the transport of excess protons.
The structure of ASW films prepared at 80 K must inevitably

have an incomplete hydrogen-bonding network with high
density of defects. In this environment, proton tunneling may
be possible only in those localized regions of the sample that
have a crystalline-like structure with a well-ordered hydrogen-
bond network. Abundant defects and incompletely coordi-
nated molecules in the sample may act as permanent traps of
excess protons at low temperature.9−11 Consequently, the
proton transfer efficiency decreases rapidly with an increase in
the donor−acceptor separation distance. In other words, the
proton transfer distance in ASW is limited by the hydrogen-
bond connectivity of the lattice, which implies that the proton
transfer distance may vary depending on the preparation
conditions of the ASW sample. Besides, the proton transfer
distance is expected to be substantially longer in a macroscopic
ice crystal with low defect density.
The occurrence of proton tunneling at low temperature has

useful implications for cryogenic ice chemistry. Recent studies
have shown that fluoroacetic acids spontaneously dissociate in
ASW at low temperature (10−140 K) with a higher yield than
that in aqueous solutions at room temperature.31,32 These
phenomena have been explained in terms of the proposition
that acid dissociation is driven by the configurational entropy
of mobile excess protons in the ice lattice.32 The occurrence of
proton tunneling in ASW at low temperature supports this
interpretation that highly mobile protons can generate a
substantially large configurational entropy. Similar effects have
also been suggested for the promotion of crystallization of
ASW films in the presence of acids.50 In general, it has been
considered extremely difficult for chemical reactions to occur
spontaneously in cryogenic ice because of the immobility of
atoms and molecules as well as the lack of thermal energy to
overcome the reaction activation energy. For example, in the
ice environments of the outer planets of the solar system and
the interstellar medium,55,56 it has thus far been assumed that
chemical reactions are driven mostly by external energy input.
However, the availability of proton tunneling in cryogenic ice
suggests that certain types of proton transfer reactions may be
able to occur spontaneously even under these conditions, as
has been observed for the dissociation of fluoroacetic acids in
ice.31,32

5. CONCLUSIONS
In this study, the transport efficiency of excess protons in ASW
was examined at the low temperatures at which only proton
hopping motion was possible without thermal reorientation of
water molecules. It was found that the diffusion of excess
protons occurred in ASW at temperatures as low as ∼10 K.
The average proton-transport distances were 9.4 ± 1.4 and
11.2 ± 1.1 ML at 10 and 80 K, respectively, through the ASW
film prepared by vapor deposition at 80 K. On the other hand,
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proton diffusion along the ASW surface hardly occurred at 10
K because of an activation energy barrier. The observations
that proton transfer through ASW was nearly independent of
the temperature and took place over a substantially longer
distance than surface proton transfer indicated the quantum
tunneling nature of excess protons in ASW. The observed
proton transfer may occur in microscopic crystalline-like
regions of the ASW samples, implying that the proton transfer
distance may be much longer in an ice crystal. This study
confirmed the assumption in previous studies16,31,32,50 that
excess protons are uniquely mobile species in ice at low
temperatures and may contribute to various physical and
chemical phenomena in these environments.
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