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ABSTRACT

This Account describes a recent study of reactions on ice surfaces
with the emphasis on the mechanistic features of elementary
reactions steps. Cs* reactive ion scattering (Cs* RIS) and low-energy
sputtering (LES) techniques monitor the reactions by detecting the
molecules and ions on the ice surface. The types of reactions
include molecule diffusion and migration, proton transfer, and
some simple reactions on frozen water and alcohol surfaces. Ice
surface reactions exhibit unique behaviors due to a kinetic con-
straint, resulting in the isolation of reaction intermediates, pref-
erential stabilization of charged species, and diversity of reaction
products.

Introduction

Chemistry of ice surfaces has received increasing attention
in recent years. Research on this subject was partly
stimulated by the discovery that ice particles in the polar
stratospheric clouds play catalytic roles in the seasonal
depletion of the ozone layer.! In addition, chemical
processes on ice surfaces play important roles in many
other natural phenomena at low temperatures. For ex-
ample, snow and ground ice covering presently constitute
more than 10% of Earth’s land area, and they influence
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the chemical composition and heat balance of the atmo-
sphere.? Sea salt ice or aerosols in the marine boundary
layer are considered to be responsible for the generation
of active halogen species in the Arctic troposphere.?
Interstellar icy grains are considered a catalyst in the
formation of extraterrestrial organics.? Infrared astronomi-
cal observations, organic molecules found in meteorites,
and laboratory experiments support the possibility that
simple chemicals are transformed to more complex
molecules in the ice layers accreted on the dust particles
of interstellar clouds.*

Ice surfaces offer a unique reaction environment that
is much different from that formed by liquid water, gas,
or even bulk ice. At the temperature of ice, the rate of
thermal reaction surmounting an Arrhenius activation
barrier is much slower. In addition, the rate of reagent
diffusion is reduced by several orders of magnitude upon
the phase transition from liquid to solid. With such drastic
changes, the occurrence of a chemical reaction with an
appreciable speed might be considered doubtful, and this
expectation is generally fulfilled in bulk ice. However,
recent studies show that reactions occur even at substan-
tially low temperatures at the surface of ice, sometimes
with rates having sufficient speeds to affect the global
environment or to guide the molecular evolution pro-
cesses in outer space. Since the chemistry of ice surfaces
is in its early stage of investigation, the subject is not yet
well understood. Studies of elementary reactions at well-
defined ice surfaces have been limited to several proto-
typical systems.>~?6 However, these investigations have
already highlighted some important aspects of ice surface
chemistry. In this Account, we describe the experimental
studies of elementary reactions on ice carried out in our
laboratory; these reactions include the self-diffusion of
water molecules, ion migration, proton transfer, and the
Sn1l and Sy2 reactions of alcohols. Further, we outline
several important mechanistic features of ice surface
reactions deduced from these experiments. This Account
is hoped to provide insights into the basic understanding
of ice surface chemistry and assist future research in this
new exciting field.
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FIGURE 1. lllustration of the Cs™ RIS process. Cs* collides with
the surface at t = 0 to release most of its initial kinetic energy, and
the slow outgoing Cs* drags molecule X along with it to form a
CsX* complex.

Methods of Study

A systematic study of elementary reactions on ice requires
the preparation of clean and well-defined ice surfaces.
This can be carried out in ultrahigh vacuum (UHV), where
surface contamination and water adsorption from residual
gases can be minimized. The UHV sample handling
necessitates that ice films be grown and maintained at a
temperature below that of water sublimation (<160 K).
The growth temperature controls the morphology of the
film to be either amorphous (<130 K) or a crystalline
phase (>145 K). Ru(0001) or Pt(111) crystals are favored
as substrates for film growth because their lattice param-
eters match well with those of crystalline ice.

The analysis techniques need to have the capability for
molecular identification and to monitor the reactions
occurring right on the surfaces. The Cs™ reactive ion
scattering (Cs™ RIS) technique is ideally suitable for this
purpose, because it can monitor neutral molecules on ice
surfaces with a depth resolution of 1 bilayer (BL).2”"2?° In
this technique, a Cs* ion beam of low energy (10—100 eV)
is scattered from a surface, and the mass of the scattered
ions is analyzed. Figure 1 schematically illustrates the Cs*
RIS process by showing the scattering trajectory. A Cs*
ion collides with the surface and subsequently drags
molecule X away from the surface along its outgoing
trajectory. The Cs™—X association is driven by the ion—
dipole attraction force. The mass of the adsorbate is
determined by mass spectrometric detection of a CsX*
complex. The molecule abstraction from the surface
occurs instantaneously (<1 ps); thus, any slow secondary
reactions at the surface caused by the ion impact do not
interfere with the CsX" formation. The Cs* RIS dynamics
has been described in detail.??

The ions on ice surfaces can be probed by the low-
energy sputtering (LES) method.®?” Ice surfaces can
stabilize charged species such as hydronium (H;O") and
ammonium (NH,") ions through solvation by water
molecules. The impacting low-energy Cs* ions can desorb
such preexisting ions from the surface. The impact energy
is controlled to be only slightly above the desorption
threshold of the ions to minimize molecular fragmentation
and suppress secondary ion emission, which occurs
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FIGURE 2. The intensity of emitted hydronium and ammonium ions
as a function of collision energy from two different types of ice
surfaces. For a surface prepared by the co-exposure of 0.3 L HCI
and 0.15 L NH; on an ice film to form NHs;t and H3;0" ions, the
emission of ammonium (M) and hydronium (O) ions exhibit threshold
energies much lower than those for emission of hydronium (a) and
ammonium (v) ions from a pure Hy0 or NHs film. The inset shows
the magnification of the threshold region. The film temperature is
100 K.
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FIGURE 3. Positive ion mass spectrum obtained on a D,0-ice
surface exposed to 1.5 L of HCI at 140 K. The D,0-ice film is 2 BL
thick, prepared on a Ru(0001) surface. The Cs™ peak intensity is
reduced by 1/10.

during high-energy sputtering. Figure 2 shows that LES
causes only the desorption of preexisting ions, and the
secondary ion emission can be prevented by the proper
tuning of the beam energy.® The preformed NH," and
H;0" ions on the ice surface are emitted at Cs* impact
energies above 17 and 19 eV, respectively. On the other
hand, on pure H,O and NHj surfaces where none of these
ions exists, H;O0" and NH," ions are emitted only above
60 eV due to collision-induced secondary ionization
processes.

The Cs*™ RIS and LES experiments can be performed
simultaneously with a single Cs* beam, such that both
neutral and ion species on the surface can be recorded
in a single mass spectrum. Figure 3 shows the mass
spectrum of positive ions emitted from a D,0O-ice surface
exposed to HCI gas at 140 K.!!' RIS signals appear at masses
greater than the reflected Cs* primaries (m/z = 133 amu/
charge). CsD,O" and Cs(D,0)," are produced due to the
pickup of one and two water molecules, respectively, from
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FIGURE 4. (a) Schematic illustration of the procedure for kinetic
measurement of self-diffusion on ice surfaces. A H,0-ice film with
a thickness of 4.0 BL is prepared on a Ru(0001) substrate, and then
D,0 molecules are deposited onto it to a coverage of 0.5 BL. The
changes in the H,0 and D,0 surface concentrations resulting from
self-diffusion are measured after a diffusion time t at temperature
T. (b) The result of the measurement for self-diffusion rate as a
function of temperature between 100 and 140 K. The vertical axis
shows the relative surface abundance of H,0, D,0, and HDO
measured after a duration of 23 s, from which the speed of self-
diffusion is deduced.

the surface. The LES peaks include D;O% and its hydrated
clusters (Ds0,"). The hydronium ions are produced by
ionization of HCI on ice at this temperature. The isoto-
pomeric distributions of the LES and RIS signals indicate
the occurrence of characteristic H/D exchange reactions
between hydronium ions and water molecules at the
surface. These isotopomer signals quantitatively reflect the
isotopomeric distributions at the surface because isotopic
scrambling does not occur in a mass spectrometer with
the ionizer switched off.3°

Molecule Diffusion and Migration near the Ice
Surface

The diffusion of water molecules, or self-diffusion, enables
the adsorbates on an ice surface to be solvated and ready
for chemical transformation. Self-diffusion also facilitates
the migratory motion of reagent molecules at the surface.
Thus, self-diffusion not only affects the reaction behavior
on ice but also controls the reaction speed. Jung et al.’
examined the self-diffusion on ice surfaces in a direction
normal to the surface for the temperature range of 100—
140 K. They prepared thin films of H,O ice on a Ru(0001)
substrate and then deposited a fractional coverage of D,O
molecules on them (see Figure 4a). The temporal changes
in the H,O and D,0 surface concentrations were moni-
tored with a depth resolution of 1 BL, which revealed self-

diffusion kinetics in the vertical direction. Figure 4b shows
the result of the measurements, in which the ice surfaces
initially possess equal amounts of H,O and D,O at
different temperatures, and the variations in the H,O and
D,O surface concentrations are measured after a fixed
duration of the diffusion time. The rate of depletion of
the surface D,O molecules due to their inward diffusion
increases at higher temperatures, accompanied by an
increase in H,O population at the surface. The result yields
the first-order rate coefficient for the vertical diffusion of
water molecules, which ranges from k = (5.7 + 0.6) x 10™*
sl at 100 K to k = (6.7 & 2.0) x 1072 s~! at 140 K with
Arrhenius activation energy of 13.7 & 1.7 kJ] mol™.

The measured activation energy for the surface diffu-
sion is several times smaller than the activation energy
for bulk water diffusion (52—70 k] mol™!).2 The extrapola-
tion of the diffusion rates to a higher temperature indi-
cates that the surface and bulk diffusion rates become
similar at 150—160 K, the temperature at which liquidlike
translational diffusion begins.3! At a lower temperature
(<150 K), the self-diffusion at the surface is faster than
that in bulk due to the lower activation energy for the
former. Interestingly, the activation energy for the surface
diffusion is quite close to the migration energy of inter-
stitial molecules in bulk ice (15 k] mol™!).2 The proximity
to the interstitial migration energy suggests that surface
water molecules diffuse in a manner similar to that of
interstitials in bulk. The outermost region of the ice
surface appears to have a highly disordered molecular
arrangement, which offers a high density of “interstitial-
like” molecules.

In addition to self-diffusion, other factors can influence
the motions of reactant species at an ice surface. For
instance, chemical species may have different thermody-
namic propensities for residing at the surface of ice or in
the interior, depending on its interaction with the ice
surface and the degree of solvation by water molecules.
Kim et al. examined the migratory motions of Na™ and
Cl™ ions on ice surfaces, driven by thermodynamic forces.
They prepared Na*™ and Cl~ ions on the ice surface by the
ionic dissociation of NaCl vapor.” The variation of the ion
populations at the surface was monitored by LES, which
revealed the migratory behaviors of the ions.% Figure 5
shows the Na' and Cl~ populations at the surface as a
function of ice temperature for 100—140 K. The Na"
intensity gradually decreases with an increase in the
temperature over 110—130 K, whereas the Cl™ intensity
remains almost constant. The result indicates the inward
migration of Na*t at elevated temperatures, in contrast to
the surface residence of Cl~. The interior residence of Na*™
agrees with the result of metastable impact electron
spectroscopy (MIES) experiments on NaCl at ice sur-
faces.?? Interestingly, the Cl~ signals in the MIES experi-
ments indicate the solvated Cl~ structure for T > 120 K.
Considering that MIES monitors the tail of a surface
electronic wave function, whereas LES detects the species
in the first bilayer of ice, we may conclude that Cl~ is
located in the first bilayer of the ice surfaces in partially
solvated forms.
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FIGURE 5. Variation of LES intensities for Na™ (M) and CI~ (O) ions
as a function of ice film temperature. NaCl exposure was 0.8 ML on
D,0-ice films with a thickness of 4.0 BL. The LES measurements
were carried out after 2 min from the time of NaCl deposition at the
indicated temperatures. The D,0 films are nonporous, amorphous
ice deposited at 130 K.

Two additional aspects of the ion migration experi-
ments® are mentioned. First, the Na* migration starts to
occur above 110—120 K, which is the onset temperature
for activating the self-diffusion. This suggests that Na*t
migration requires the diffusion of surface water mol-
ecules. Second, ice surfaces provide an opportunity to
study the kinetics of ion segregation in slow motion. The
mobility of ions on ice at these temperatures is extremely
low in comparison to that in liquid water. Nevertheless,
the thermodynamic state of amorphous ice may be
considered at the extrapolation from liquid water. In this
respect, the kinetic measurements on an amorphous ice
surface may supplement those on a liquid water surface,
which is barely accessible for sophisticated surface ana-
lytical techniques.

Proton Transfer

Proton transfer is ubiquitous in aqueous media and is
related to diverse phenomena ranging from acid—base
neutralization to enzymatic reactions. Due to its special
nature, proton transfer will be discussed separately from
other reactions in this Account. Protons have a signifi-
cantly greater mobility than other ions in liquid water due
to the Grotthuss mechanism, in which the effective motion
of a proton involves the rearrangement of hydrogen bonds
in the molecular chain of water. For ice, such motions
are expected to be hampered by the rigid tetrahedral
structure of the hydrogen bond network. The mechanism
of proton transfer in such structurally constrained envi-
ronments is an interesting subject.?8912-15

Park et al.® studied the resonant proton transfer be-
tween the water molecules on ice surfaces by monitoring
the H/D exchange between H,O and D,0, given by the
following reaction:

H,0 + D,0 < 2HDO (reaction 1)

On pure ice surfaces at low temperatures, the H/D
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FIGURE 6. RIS mass spectra from a D,0-ice film with a mixture of
H,0 and D,0 on the surface in the ratio 1:1 and exposed to 0.1 ML
HCI. The underlying D,0 films were deposited at 135 K. The D,0 film
was exposed to HCI at 95 K, and then the film temperature was
maintained at 95 K for 10 min before the RIS measurement.

exchange is very slow due to the lack of sufficient protons
to mediate the proton transfer. The reaction occurs in a
time scale of several minutes at 140 K, even when the
surface is prepared as a homogeneous mixture of H,O and
D,O molecules.

The addition of HCI onto the ice surface generates
excess protons and significantly accelerates the isotopic
exchange.? In Figure 6, a small amount of HCl is added at
95 K onto an ice film, whose first bilayer is a homogeneous
mixture of D,O and H,O in a population ratio of 1:1. The
underlying sublayer is a D,O-ice film. The RIS products
at m/z = 151—153 amu/charge show that the isotopomeric
ratio of surface water molecules is H,O/HDO/D,0O = 1:2:
1, indicating that the isotopic exchange is complete
between equal amounts of surface H,O and D,O mol-
ecules. The result also indicates that the isotopic exchange
is confined to the first bilayer of the surface and does not
propagate to the underlying D,O layer. Thus, proton
transfer efficiently occurs only on the surface at this
temperature.

When the temperature is increased to 140 K, the surface
abundance of D,O increases relative to H,O and HDO,
indicating that the D,O molecules in the sublayer partici-
pate in the isotopic exchange.® However, this vertical H/D
exchange involving the sublayer molecules occurs very
slowly in comparison to the rapid exchange in the first
bilayer of the surface. In addition, the vertical exchange
reaction occurs only to a depth of about 3 BL for the
investigated temperature (140 K) and duration (15 min).
Thus, proton transfer is highly anisotropic near the surface
of ice. It is estimated?® that protons propagate across 40
water molecules along the surface but only across a
thickness of 3 BL in the normal direction. This suggests
two possibilities: (i) a higher proton mobility at the
surface of ice than in the bulk or (ii) a thermodynamic
propensity of a proton to reside at the surface of ice rather
than in the interior. The surface residence of protons is
consistent with the strong H;O* desorption observed from
the surfaces of H;O"-containing ice films in LES experi-
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ments (Figure 3).!! Theoretical works also indicate that
H;0" prefers to stay near the surface of aqueous solu-
tions.%?

When we compare the speed and distance of propaga-
tion, the vertical H/D exchange process exhibits a similar-
ity to the self-diffusion of water. Thus, it can be argued?®
that the vertical H/D exchange may be dependent on the
vertical diffusion of water, that is, self-diffusion carries the
isotopomers that are produced at the surface by the lateral
H/D exchange to the sublayer, and vice versa. This implies
that a separate proton transfer route, if it exists, must be
slower than the vertical self-diffusion of water at 140 K.
Recently, we observed that the proton transfer occurs
faster than self-diffusion at lower temperature (120—130
K).

Next, an example of the proton transfer between
different donor and acceptor species is discussed, which
is depicted by reaction 2.

H,0" 4+ NH, < H,0 + NH," (reaction 2)
This is a prototypical example of heterogeneous proton
transfer. The reaction is substantially exoergic, proceeding
instantaneously in an aqueous phase with an equilibrium
constant K.q = 1.7 x 10° at 298 K. It is even more facile in
a gas phase with K,q = 1 x 10%. Reaction 2 has been
studied on ice surfaces by IR spectroscopy!” and by Cs*
RIS and LES.° In the latter work, the reaction was
examined by carrying out H3;Ot—NH; titration experi-
ments; the hydronium-ion-containing ice surfaces were
prepared by exposure to HCI, and then NH; was added
in varying amounts to change the ratio of the proton
donor and acceptor. Figure 7 shows the result of the
titration experiments performed on D,0O-ice films at 100
K, in which the progress of the H;O"—NHj reaction is
monitored by quantitatively measuring all four compo-
nents of the reaction (LES measures H;O' and NH, ", and
RIS measures NH; and H,0).

A prominent feature of the above-mentioned experi-
ment is that the reaction quotient (Q) can be obtained.

Q = [H,0][NH, "1/ ([H,0"][NH,]) (1)

The Q value is observed to be large only at the initial stage
of the NHj titration, and it decreases as the titration
proceeds to reach a limiting value of ca. 20. This value is
much smaller than the K4 of reaction 2 in liquid water or
in the gas phase. K.q on ice should have an intermediate
value between the two equilibrium constants because
these species are partially solvated at the surface. The
much lower value of Q than K., indicates that reaction 2
does not reach thermodynamic equilibrium on ice, and
the proton transfer is incomplete.

The incomplete proton transfer from H;O" to NHj
contrasts the very efficient proton transfer observed
between water molecules on ice (Figure 6). In the latter
part, the resonant proton transfer appears to be able to
propagate along the hydrogen bonds in the molecular
chain of water. On the other hand, in the heterogeneous
proton transfer between water and ammonia, the am-
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FIGURE 7. LES and RIS spectra measured with the progress of
the H30"—NHjs reaction on ice. An amorphous D,0 film (3—4 BL)
was first exposed to 0.5 L of HCI to generate hydronium ions, and
then to NH; at varying exposures: (a) 0.02 L, (b) 0.3 L, and (c) 0.7 L.
The reaction temperature was 100 K.

monium ion can act as a proton trap that terminates the
proton-transfer chain. Moreover, the ammonium ions are
rather immobile on ice surfaces due to solvation. The
solvated ions generate kinetic barriers, and the reaction
stops at an intermediate stage trapped between the
barriers. The coexistence of H;O*, NH;, H,O, and NH,*
at the surface represents a kinetically trapped, metastable
state of the reaction.

Chemical Reactions

Chemical reactions on ice surfaces reveal more interesting
features of kinetic trapping. The most extensively inves-
tigated reaction so far is the ionization of HCl molecules
on ice, which has received prolonged attention owing to
its implication for stratospheric ozone depletion.! A
detailed mechanism of this reaction is still under active
investigation,''>16 and a review of the burgeoning reports
on this subject is beyond the scope of this Account.
Infrared spectroscopic studies and the theoretical aspects
of this reaction have been reviewed.!® Other reaction
studies include the radiolysis of frozen molecules,'®'?
solvation of weak acids and bases,?*2! and reactions of
alkali metal atoms,?*?* propene,?® and alcohols.!02426
Among these, two specific examples will be discussed here
as follows: (i) the reactions of Na atoms with ice surfaces
investigated by Kempter and co-workers?2* and (ii) the
reactions of HBr with frozen alcohol surfaces.!®

The reaction of Na atoms with water is a well-known
exoergic reaction in the liquid phase, yielding NaOH and
H, as the final products. The reaction is believed to occur
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with the ionization of Na atoms and the subsequent
solvation of detached electrons. However, it has been
difficult to directly observe the intermediate stages. Kempt-
er and co-workers?*?* examined this reaction on ice films
using MIES, ultraviolet photoelectron spectroscopy (UPS),
and density functional theory (DFT) calculations. Upon
reaction of Na atoms with an ice surface at 90 K, the MIES
features show a Na 3s electron solvated by water mol-
ecules at the surface. The spectra suggest that the 3s
electron is delocalized from its Na core, such that it is
trapped between Na and the protons of the hydrating
water molecules pointing toward Na. Obviously, the ice
surface stabilizes the solvated 3s electron, which is only a
transient intermediate in the liquid phase. The Na 3s
signal disappears when the film is heated to 115 K; this is
consistent with the discussion in the previous section that
Na™ migrates inward above this temperature due to the
increased self-diffusional activity.® The reaction of Na on
frozen methanol films also indicates the stabilization of
the solvated 3s electron and the eventual production of
methoxy species.?

Park et al.'® examined the reactions of hydrogen
bromide with frozen films of ethanol (C,H;OH) and tert-
butyl alcohol [(CH;3);COH]. In the liquid phase, these are
exemplary Sy2 and Syl reactions, proceeding through
reaction paths 3 and 4.

C,H,OH + HBr < C,H,OH," + Br~ —
[*"Br+--C,H*++"OH,] — C,H,Br + H,0 (reaction 3)

(CH,),COH + HBr < (CH,),COH," + Br™ <
(CH,),C" 4+ H,0 + Br~ — (CH,),CBr + H,0

(reaction 4)

The reactions proceed all the way up to alkyl bromides in

the liquid phase, where the reactions are governed by

thermodynamics. Intermediate species such as protonated

alcohol and carbocation exist only for transient lifetimes

along the pathway.

The reaction of HBr with a frozen tert-butyl alcohol
surface is illustrated by the RIS spectra in Figure 8. For a
pure tert-butyl film before the reaction (Figure 8a), the
spectrum shows the RIS signals of a fert-butyl alcohol
molecule and a small amount of water physisorbed from
residual gas. When the surface is reacted with HBr gas at
100 K, as shown in Figure 8b, the C;Hy" and C4H;;0" peaks
are newly observed, representing the formation of tert-
butyl cation [(CH3)3C"] and protonated tert-butyl alcohol
[(CH3)3COH, '], respectively. The increased water popula-
tion (the increased CsH,O™" intensity) indicates the libera-
tion of water by the conversion of (CHs;);COH," to
(CH3)3C™" (reaction 4). Importantly, fert-butyl bromide is
not formed in the reaction, which is validated by the
absence of CsC,HoBr" peaks (m/z = 269 and 271 amu/
charge). On a frozen ethanol surface, similar studies show
that HBr reacts with the surface to yield protonated
ethanol as the exclusive product.!® Ethyl bromide is not
formed from the reaction.

The reactions on frozen ethanol and fert-butyl alcohol
surfaces are summarized in Scheme 1. On the ethanol
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FIGURE 8. LES and RIS spectra obtained on a pure (CH3);COH film
(a) and on a (CH3)3COH film after HBr exposure of 0.3 L (b). Alcohol
films were deposited at 120 K, and HBr exposure and RIS analysis
were carried out at 100 K.

surface, protonated ethanol is the only product, and the
formation of the Sy2 transition state and ethyl bromide is
prohibited. The reaction with tert-butyl alcohol produces
protonated fert-butyl alcohol (20% yield) and tert-butyl
cations (78%). The yield of tert-butyl bromide is negligible
(=2%). Notably, the species formed on the frozen molec-
ular surfaces correspond to the intermediates in the
liquid-phase reactions. This result not only confirms the
Sx1 and Sy2 mechanisms of the liquid-phase reactions but
also reveals the nature of kinetic trapping on ice. The
kinetic barrier prohibits the Sy2 transition state of reaction
3 and the recombination of (CHs);C"™ and Br~ in the Syl
path of reaction 4. As such, the reactions do not reach
alkyl bromides, although they are thermodynamically the
most stable. The kinetic trapping observed in this case is
distinguished from the retardation of the reaction speed
at low temperature. The trapped intermediates are meta-
stable and do not deplete appreciably with time. Thus,
they can be regarded as characteristic reaction products,
rather than transitory species, under the given environ-
ment.

It is worthwhile to discuss the kinetic trapping on a
frozen molecular surface in greater detail. A close exami-
nation of Scheme 1 reveals that charged species are
preferentially isolated, and their subsequent reactions are
prohibited. For example, protonated alcohols and the tert-
butyl cation are isolated along the reaction paths. Further,
the nucleophilic attack of protonated ethanol by Br~ is
blocked in the Sy2 path, while the association of a tert-
butyl cation and Br~ leading to fert-butyl bromide is
blocked in the Syl path. On the other hand, reactions
involving the movement of neutral molecules are facile,
such as the initial reactive encounter of HBr with alcohol
molecules producing protonated alcohols, and the libera-
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Scheme 1

+
CH,CH,0D + HBr —> CH;CH,—ODH + Br ¢

protonated
alcohol
(yield> 99.7%)

.
(CH,),COH + HBr —> (CH,),C—OH, + Br —>

protonated
alcohol
(yield= 20%)

tion of a water molecule from (CH3);COH,". In the
reactions of a Na atom with frozen water and methanol
surfaces also,?*?* the solvated electron is preferentially
trapped due to its charge. Such selective trapping of
charged species again suggests that reactant mobility is a
critical factor in controlling the cold surface reactions.
While neutral molecules such as water and alcohol have
some mobility on the surfaces at the examined temper-
atures,® charged species such as C,HsOH,", (CH3)3;C",
(CHj3)sCOH, ", Br, e™, and Na' are strongly solvated and
their mobility is greatly reduced.

Finally, it may be pointed out that although both the
primary and tertiary alcohols produce alkyl bromides as
final products in the liquid phase, the two alcohols result
in different product distributions on frozen molecular
surfaces. Ethanol exclusively produces protonated alcohol,
whereas tert-butyl alcohol produces protonated alcohol
and carbonium ions. A subtle chemical difference in the
reactant molecules appears to be well distinguished on
cold molecular surfaces, leading to diversified reaction
products.

Conclusion and Perspective

We have shown that the reactions on ice surfaces exhibit
unique behaviors that are significantly different from
liquid phase reactions. The primary factor that controls
the ice surface reactions is the mobility of molecules.
Water molecules are distinctively more mobile at the
surface of ice than in bulk ice for temperatures <150 K,
causing chemical processes occur on ice with appreciable
speed and enhanced selectivity, though much more slowly
than in the liquid phase. Under such circumstances, the
reaction behavior is guided by kinetic constraints rather
than thermodynamics. The kinetic trapping on ice results
in the following: (i) incomplete proton transfer between
different donor and acceptor species, (ii) isolation of
reaction intermediates, (iii) preferential stabilization of
charged species, and (iv) diversity of reaction products.
Another merit of studying reactions on ice is that reaction
kinetics can be studied in greater detail. Reaction inter-
mediates isolated on the frozen surfaces can be directly
probed by surface spectroscopic techniques. Also, the
motions of reagent species can be sufficiently slowed to
perform the kinetic measurements in real time for some
simple processes such as migration of ions.
Investigations of the chemistry of ice surfaces are still
very limited, and the discovery of additional interesting

5= &+ :t
Br--CH,ODH | —> CHCH,Br + HDO
CH, (vield< 0.3%)

i
+
[(CH3)3c:| + Br + H,0 %> (CH,),CBr + H,0

c1d< 29
carbocation (yield< 2%)

(yield~ 78%)

features is certainly anticipated as more types of reactions
are examined. The reaction mechanisms and dynamics
at a molecular level are interesting and pose fundamental
questions in this field. To answer these questions, the
combined efforts made in both experiments and theory
will be effective, as has been demonstrated in a few recent
studies.!>16232433 Some immediate questions that need to
be examined include the following: (i) Why is the resonant
proton transfer efficient only for surface water molecules?
Is the Grotthuss mechanism also responsible for the
efficient proton transfer? (ii) How do the ice temperature
and the resulting change of surface morphology from an
amorphous state to a crystalline or liquidlike phase
influence reactions? (iii) What are the effects of surface
microscopic structures, such as defects, pores, and clath-
rate hydrates? (iv) How will reactions be affected by
external energy sources such as photons and electron
beams? This question may be relevant for radiation-
induced chemistry in outer space, such as in comet tails
and interstellar space.

The constraint by kinetic barriers is an essential feature
for guiding reactions to produce complex systems not in
thermodynamic equilibrium, such as chemical processes
in life and self-organization. Ice surfaces provide a similar
effect, which might have important implications for low-
temperature chemistry in nature. For example, interstellar
ice grains are considered to catalyze the transformation
of simple molecules to more complex prebiological mol-
ecules.* In this process, a necessary step is the trapping
of various reactive species produced from the radiolysis
of simple molecules in ice mantles so that they are
available for subsequent reactions to increase molecular
complexity. The present finding supports this possibility
and further suggests that charged intermediates might be
important in interstellar molecular evolution.
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