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The study focuses on acid adsorption on cold ice particle surfaces. The investigation encompasses HCl, DCl,
and HBr adsorbate spectroscopy, Monte Carlo simulations of molecular HCl adsorbate on a model ice particle,
and ab initio studies of HCl solvation and ionization in mixed acid-water clusters. It is shown that ice
nanocrystal surfaces offer a range of adsorption sites, in which HCl freezes in different recognizable solvation
stages. These stages were identified spectroscopically and assigned, with the help of calculations, to weakly
and strongly stretched HCl molecules, and to Zundel and hydronium ions that are products of proton transfer.
At moderate submonolayer coverages in the 50-60 K range, the acid adsorbate is predominantly molecular.
Heating promotes formation of contact hydronium- chloride ion pairs. Near 90 K, an ionization burst is
observed, resulting in an ionic surface hydrate layer rich in Zundel cations.

1. Introduction

Ionization of hydrochloric acid, HCl+ H2O f H3O+ + Cl-,
is a very basic reaction in chemistry. It is driven by ion solvation
in water; i.e., the ions form strong hydrogen bonds with the
solvent, and the formation of the solvation shell renders the
resulting reaction exothermic and thermodynamically favorable.
Recently, there has been enhanced interest in the acid ionization
reaction on the ice surface, in connection with the ozone hole
formation. This is because HCl adsorption and ionization on
stratospheric ice particles was proposed as one of the important
steps in the reaction chain leading to ozone destruction.1-3 The
HCl solvation mechanism also attracted considerable attention
in the context of the minimum extent of solvation necessary
for acid ionization, and the ability of confined-water media such
as clusters and ice surfaces to induce the ionization (see, e.g.,
refs 4-47). The latter issue is addressed here for acid adsorbate
on cold ice nanocrystal surfaces; preliminary results were
published.48 Our focus is on solvation and ionization stages of
acid adsorbate under “quasi-static” conditions of essentially zero

vapor pressure (T e 110 K). The tools of this investigation are
FTIR spectroscopy, Monte Carlo simulation, and ab initio
calculations.

Past ab initio studies of HCl and HBr solvation focused on
mixed water-acid clusters containing several water molecules.5-13

It was shown that a minimum of four water molecules is needed
for stable ionic structures. A similar conclusion was reached
from matrix isolation spectroscopy of the pertinent clusters;4

however, in that study assignment of bands to different clusters
has been problematic except for the smallest sizes. For the HCl
and HBr adsorbate-ice-surface system, both experimental (e.g.,
refs 14-33) and theoretical (e.g., refs 34-47) studies have been
pursued extensively.

The extent of acid ionization on the ice surface attracted
considerable theoretical attention. Gertner and Hynes proposed
an HCl ionization mechanism under stratospheric conditions,
via incorporation into a continuously regenerated ice particle
surface.36,39 The extent of acid solvation during adsorptionon
the ice surface (rather than during incorporation into the ice
lattice) was addressed by a number of studies, with different
results.Molecularadsorption was obtained in several electronic
structure studies, in which relaxation of the system was restricted
by a finite size and periodic boundaries, zero surface temper-
ature, and/or a limited number of relaxing coordinates.38,40,45
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Molecular adsorption was also investigated in simulations
employing empirical (un-ionizing) potentials.34,37,41,43The above
studies resulted in adsorption energies in the range 5-11 kcal/
mol for un-ionized HCl adsorbate on a crystalline ice surface.
Clary and Wang suggested an important role of surface defects
in extending the lifetime of physisorbed molecules under
stratospheric conditions, to allow for encapsulation in the ice
surface and ionization.37 Cassasa proposed that HCl may be able
to ionize after displacing water from the surface.42 On the other
hand, nearly barrierless HCl ionization was obtained in a QM/
MM molecular dynamics simulation of HCl collisions with a
crystal ice surface by Svanberg et al., employing the PM3
semiempirical molecular orbital scheme.44 The ionization de-
pended on HCl sticking to a commonly available site on a basal
plane, in which one dangling-O (d-O) and two dangling-H (d-
H)-atoms of ice are available for adsorbate bonding. (The
notation d-O/d-H is used for dangling water atoms, with
unsaturated hydrogen bond coordination with respect to other
H2O.) A facile transition was proposed to occur to such locations
from less favorable binding sites. A DFT-based on-the-flight
simulation of Mantz et al. in the 150-230 K range resulted in
similarly efficient ionization on ice-surface regions rich in d-H.46

A variety of experimental techniques have been applied to
investigate the acid-surface interaction, and the extent of
ionization. Briefly, experimental evidence points toward meta-
stablemolecularHCl at low temperatures of tens of degrees
Kelvin, and a transition to an ionized adsorbate layer as the
temperature is increased toward 100 K; however, the results
reported by different groups are not entirely consistent. Spec-
troscopic features due to molecular HCl (∼2500 cm-1), DCl
(∼1820 cm-1), and HBr (∼2220 cm-1) were identified by
Delzeit et al. on the amorphous ice surface in the 15-60 K
range.15 The molecular bands were shown to persist up to 125
K on ice nanoparticles at submonolayer coverages.24 Bands due
to protonated water (a product of acid ionization) were observed
as well on ice nanoparticles at 85 K,15 and on ice films above
80 K.20,33

Kang et al.28 probed the extent of HCl ionization on
nonporous amorphous ice films by Cs+ ion scattering; molecular
HCl was detected from a reactive ion scattering product CsHCl+,
and ionized acid, from the protonated water SIMS signal. The
ionization extent was shown to increase with temperature.
Predominantly molecular HCl was detected below 70 K,
comparable amounts of ionic and molecular species were
obtained in the 90-120 K range, and at 140 K the ionization
was complete. On the other hand, complete ionization of HCl
on ice films was concluded from a SIMS study by Donsig and
Vickerman23 (above 90 K), and from a spectroscopic investiga-
tion by Banham et al.20 (above 80 K). The apparent contradiction
may be due to sensitivity of ionization to HCl coverage; see
section 4.

A number of molecular-beam scattering studies demonstrated
efficient trapping of HCl on the ice surface.17,26,27Isacson and
Sitz employed pulsed-beam and mass-spectrometric techniques
to study HCl adsorption on thin ice films in the 100-170 K
range.26 Analysis of the data in the 100-125 K range suggested
two HCl components; the first was characterized by a desorption
energy of 6.7 kcal/mol, in the range proposed for molecular
HCl. The second component, presumably ionized and hydrated
HCl, was “lost” on the surface in a process having an activation
energy of 5.0 kcal/mol. The apparent molecular-beam reflectivity
decreased substantially between 126 and 140 K, in qualitative
accord with the results of Kang et al.28 At 80-120 K, Haq et

al. obtained saturation of HCl uptake on ice films of one HCl
molecule for each surface H2O.32

At higher temperatures (which are beyond the scope of the
present study), the acid-ice system is very dynamic. A number
of studies demonstrated penetration of HCl adsorbate into the
ice lattice to form ionic hydrates, occurring upon extended
exposure of the surface to HCl above 110 K (see, e.g., refs 21,
25, 30, 32, and 33). At temperatures approaching stratospheric
ones, experimental studies required finite gas pressures to
stabilize the solid, and the HCl-ice interaction occurred under
conditions of constant evaporation and condensation.22,25,27

Due to its complexity, the acid adsorbate-ice-surface system
is still far from being well understood. Considerable discussion
is associated with a number of topics, such as the onset
temperature and the extent of adsorbate penetration,17,19,30,32the
acid-to-water ratio in hydrate products formed under different
conditions,19,20,22,32and the influence of surface morphology on
the HCl-ice interaction.19,25,26,29,32The experimentally derived
binding energies and enthalpies of HCl on ice range from 6 to
∼18 kcal/mol;19,26,27,49,50this large spread of values is not
surprising considering the varying extents of ionization and
penetration at different experimental coverages and tempera-
tures.

The aim of this study is to advance molecular level
understanding of the acid-ice nanoparticle interaction in the
low temperature regime, below the penetration threshold. The
critical measurements are the FTIR difference spectra between
HCl-covered nanocrystals, and bare nanocrystals prepared under
similar conditions. The difference method eliminates the interior
ice bands so that spectral features due to adsorbate can be
examined. The resulting broad bands evolve as a function of
temperature due to a transition from a predominantly molecular
to a predominantly ionic surface layer.

Atomic level understanding of this system poses a serious
theoretical challenge. Simulations are difficult due to lack of
empirical potentials that include both an accurate description
of proton transfer from acid to water, and between water
molecules. Here we employ Monte Carlo (MC) simulations of
molecularHCl on an ice particle, aiming to obtain information
on the molecular adsorbate layer at 50 K. Furthermore, ab initio
techniques are applied to study cluster models, in which HCl
can both stretch and ionize. However, as shown below a fairly
high level of ab initio calculation is necessary to describe HCl
solvation, restricting the size of feasible (H2O)n‚‚‚(HCl)m models
to n e 7, m e 2.

Interpretation of the spectra for this quantum-mechanical and
very anharmonic system also poses considerable difficulties. The
most complex issue is proton dynamics. Protonated water
appears in two limiting forms: hydronium H3O+ and Zundel
H5O2

+. (In the Zundel form the proton is shared by two water
molecules: H2O‚‚‚H+‚‚‚OH2.) These distinct forms were identi-
fied in crystalline HCl hydrates.58 In aqueous solution, in which
the proton undergoes diffusion, continuous interconversion
occurs between the two forms.51-55 In amorphous solids such
as the ionized adsorbate layer, a frozen continuum of configura-
tions intermediate between hydronium and Zundel is likely to
be present. Moreover ab initio calculations (see section 2.2)
suggest facile transitions between distinct bonding configurations
separated by low barriers. Thus structural changes may be
included already within the range of zero-point motion, or
thermal excitations at lowT. A path integral study of a solvated
proton in a liquid in fact showed quantum delocalization of a
proton over both a Zundel and a hydronium structure.56
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The extreme anharmonicity of the acid-surface system is
evidenced by the so-called “Zundel effect”, i.e., an intense
continuum absorption underlying the spectral bands;57 this
feature is observed for both liquid and solid systems rich in
Zundel ions. The effect is due to continuous modulation of the
proton potential well by the O‚‚‚O stretch, other local motions,
and fluctuations of the electric field. Thus the proton potential
extends from a single well for short O‚‚‚O distances, to either
symmetric or asymmetric double wells.51,52,54,55 The proton
motion modulates in turn the local intermolecular interactions;
e.g., H+ approach to one of the water molecules affects its stretch
and bending force constants.

We did not attempt as yet accurate calculation of spectra for
this complex anharmonic system. Assignment of the measured
spectra is aided by ab initio normal-mode analysis of cluster
models, which provides information on the not-very-anharmonic
motions. Comparison to amorphous-hydrate spectra was also
useful because the structures of crystal analogues are known.58

Although complete understanding was not attained, these limited
tools provide considerable qualitative insight to the structural
evolution of the HCl-ice system as a function of temperature.

In section 2, the computations are described. Section 3
describes the experimental setup. The main experimental results
of this study, the acid adsorbate spectra as a function of
temperature, are reported in section 4; the computational results
of section 2 are used for the interpretation. Section 5 summarizes
the results. Appendix I provides auxiliary results for the spectra
of ionic hydrate and deuterate films. Following the accepted
usage,59 the term “oxonium ions” is used throughout as a generic
name for all forms of protonated water, including Zundel and
hydronium ions.

2. Computations

2.1. Monte Carlo Simulations.In these calculations, a fixed
amount of HCl molecules (18 or 79) was deposited on an ice
particle containing 293 water molecules (Figure 1). The system
was simulated using classical canonical Monte Carlo at 50 K.60

2.1.1. Computational Details.The computational MC pro-
cedure is similar to the one used in our past simulations of NH3

adsorption on ice.61 A brief summary is given below with further
details found in the Supporting Information and in refs 61 and
69.

The Ice-Particle Model. At low temperatures ice particles tend
to freeze to a cubic ice form (ice Ic).62-65 The O-atoms form a
periodic pattern; however, water orientations are quasi-random
within the constraints of the nearly perfect tetrahedral bonding
geometry.62,63The properties of ice Ic are very similar to those
of the common hexagonal ice Ih form, which is likewise
orientationally disordered. Ice nanoparticle structure and spec-
troscopy were pursued by us in the past.66-70 It was shown that
ice nanoparticles are characterized by a crystalline interior and
a disordered surface. The surface structure is dictated by the
need to terminate the crystalline interior in an approximately
spherical geometry. Hydrogen bond flexibility is sufficient for
most surface H2O molecules to acquire four hydrogen bonds,
although with a coordination shell strongly distorted from
tetrahedral symmetry. (Scarcity of under-coordinated molecules
makes the surface a poor solvating medium; see below.) The
ice particle model (H2O)293 (Figure 1) used in the calculation
was constructed as described in ref 61. The experiments
employed much larger particles of average diameter∼12 nm,
with tens of thousands of water molecules. However, even at
the size of a few hundred molecules, we obtained the basic
structural pattern of a nearly crystalline core and a disordered
surface; see Figure 1 and ref 69.

The Potential. A nonpolarizable potential surface (PES) was
employed with the monomers assumed rigid. The TIP4 potential
was used for water-water interactions.71 For HCl‚‚‚HCl interac-
tion, the potential of ref 72 was adopted. The HCl‚‚‚H2O
potential was constructed by applying Lorentz-Berthelot mixing
rules to the H2O‚‚‚H2O and HCl‚‚‚HCl potentials,71,73 which
employ a single Lennard-Jones center on the heavy atoms, plus
point charges. The same point charges were adopted for the
HCl‚‚‚H2O potential, together with Lennard-Jones parameters
σ ) 3.3 Å andε ) 0.31 kcal/mol; the parameters correspond
to slightly readjusted values obtained by using the well-known
mixing rules. The energy minimum in the configuration in which
HCl is collinear with the water bisector corresponds to a Cl‚‚‚
O distance of 3.12 Å and a well depth of 4.4 kcal/mol. For
comparison, the corresponding ab initio values reported for the
HCl‚‚‚H2O dimer are in the range 3.12-3.22 Å and 4.0-5.5
kcal/mol.5,11,45,74As seen in Figure 2, for these potentials the
H2O‚‚‚H2O bond in the optimal orientation is stronger than the
H2O‚‚‚HCl bond, and HCl‚‚‚HCl and HCl‚‚‚HOH bonds are
much weaker. (The weakness of the HCl‚‚‚HOH interaction was
also noted in an ab initio study of cyclic (H2O)n‚‚‚HCl clusters
by Packer and Clary.5)

Details of the MC Simulation. A canonical Monte Carlo (MC)
simulation was used, atT ) 50 K. A fixed number of HCl
molecules (18 or 79) was initially deposited at random on the
cluster surface. First, 4× 107 MC steps were carried out for
HCl molecules only. Then 5× 108 steps were performed on
the entire system of HCl and H2O molecules. An MC step
included a rotation and a translation of a randomly selected
molecule. The translational steps were chosen from the Gaussian
distribution, with σ ) 0.032 and 0.08 Å for water and HCl,
respectively. Rotation vectorsVr were also selected from a
Gaussian distribution as well, withσ ) 1.4° and 1.9° for water

Figure 1. (A) (H2O)293 bare ice-particle model. Dangling-O-atoms are
dark blue. (B) Hydrogen bond network in the core of the ice particle;
crystalline order is largely retained in the interior. (C, D) Simulation
snapshots with 18 and 79 HCl molecules.
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and HCl, respectively. Rotations were carried out aroundVr

vectors according to formulas given in ref 75.
Definitions of Hydrogen Bonds. The discussion below

employs a concept of intermolecular bonds. To define a “bond”,
radial distribution functions shown in Figure 3 were used,
together with energy information obtained in a 79 HCl simula-
tion. In the case of H2O‚‚‚H2O and H2O‚‚‚HCl, the geometric
cutoff is conveniently set for a bond in the gap following the
first near-neighbor peak in the radial distribution function, at
2.30 and 2.35 Å, respectively. The latter definition results in
negative H2O‚‚‚HCl interactions with a mean value of-3.4 kcal/
mol. Oxygen atoms of water with less than 2 hydrogen bonds
to other H2O moleculesare defined below as dangling (d-O),
even if bonded to HCl. Dangling-H-atoms (d-H) of H2O
correspond to zero hydrogen bonds to other H2O.

In the case of HCl‚‚‚HCl pairs, the separation of the near
neighbor peak from the rest of the distribution is not as well
defined. We tried two reasonable bond cutoffs, at 2.85 and 3.2
Å (see Figure 3c). Both definitions result in all-negative pair
interactions, with mean values of-1.8 and-1.7 kcal/mol,
respectively. The HCl‚‚‚HOH bond cutoff was set at 2.89 Å.
This is becauser < 2.89 Å contributions to the radial distribution
function shown in Figure 3b originate entirely from negative
energy HCl interactions with d-H-atoms of the ice surface (mean
interaction energy of-0.98 kcal/mol), whereas longer Cl‚‚‚H
distances correspond to both attractive and repulsive interactions
with dangling and nondangling H. A shorter cutoff at 2.75 Å
was tried as well, corresponding to a dip in the HCl‚‚‚d-H
distance distribution function.

2.1.2. MC Results.The results are shown in Figures 1, 3,
and 4, and in Table 1. A distribution of HCl coordinations for
the two coverages is shown in Table 1, for the short and long
cutoff definitions. The two definitions yield qualitatively similar
results.

Dangling-O-atoms of H2O provide strong binding sites for
HCl. In the lowest coverage simulation, the number of d-O
exceeds considerably the number of adsorbate molecules, and
thus nearly all HCl are attached to d-O. One-third of adsorbate
molecules form, in addition, a weak bond to a d-H in a two
coordinated bridge configuration d-O‚‚‚HCl‚‚‚d-H (Table 1).

At the higher 79-molecule coverage, the number of adsorbate
molecules exceeds the number of d-O binding sites. A moderate
(∼16%) increase is observed in the total number of d-O sites,
which occurs, presumably, at the expense of cleavage of strained
H2O‚‚‚H2O bonds on the particle surface. (A similar but much
more dramatic increase with coverage in the number of strong
binding sites was observed in MC simulations of NH3 adsorbate
on the same ice particle.61) About 60% of HCl adsorbate
molecules are bonded to surface O-atoms, a large majority of
which are dangling. Nearly half of the O-bonded HCl molecules
are doubly coordinated; i.e., an additional weak bond is formed
by Cl, either to d-H of ice or to an H-atom of another HCl.

Figure 2. Intermolecular interactions. Thin solid line: TIP4P OH‚‚‚
O water-water interaction. Water orientations were set at minimum
energy values. Dot-dashed: H2O‚‚‚HCl interaction. O‚‚‚HCl is col-
linear with the water bisector. Dotted: HCl‚‚‚HOH interaction. HCl‚‚‚
HO bonds are collinear. Thick solid: HCl‚‚‚HCl, for a nonlinear
minimum energy configuration.72

Figure 3. Radial distribution functions for H‚‚‚X distances. Results from a 79 HCl simulation, unless explicitly stated otherwise. (a) (Dashed)
H‚‚‚O distances for H2O‚‚‚HCl pairs; (solid) dangling-O only. (b) (Dashed) Cl‚‚‚H distances for H2O‚‚‚HCl pairs; (solid) d-H only. (c) Cl‚‚‚H
distances for HCl‚‚‚HCl pairs. (d) O‚‚‚H distances for H2O‚‚‚H2O pairs. The arrows denote cutoffs used for bond definitions.
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Triply coordinated HCl, with one bond to H and two to Cl are
a minority species, even using the long bond cutoff. Most of
the HCl that are not attached to the surface O-atoms participate
in wormlike configurations such as HCl‚‚‚HCl or HCl‚‚‚HCl‚‚‚
HCl. A head of a “worm” is commonly attached to a surface
O-atom. A “worm-tail” may be terminated by a connection to
d-H.

Figure 4 shows the distribution of the molecular binding
energies. At the high coverage, the low and high energy wings
of the distribution are dominated by HCl, which are and are
not bonded to strong O-sites on the surface, respectively. For
the low coverage, a doubly peaked structure is still observed,
although nearly all molecules are O-bonded. The doubly
coordinated HCl dominate the low energy peak in the molecular
energy distribution. However, the division to two peaks does
not correspond to the division between molecules with and
without the extra weak bond to d-H. This finding underscores
a significant contribution to the adsorbate binding energy from
interactions with additional “non-bonded” water molecules.

2.1.3. MC Conclusions and Comments.In the present model,
rigid un-ionizing adsorbate HCl is considered. The acid molecule
is a good proton donor and a poor proton acceptor, and thus
d-O-atoms of the ice surface serve as strong binding sites for
the adsorbate. At low coverage, one-third of the HCl molecules
form an additional weak bond to d-H. At higher coverage for
which the number of HCl exceeds the number of d-O, two
coordinated configurations of the form d-O‚‚‚HCl‚‚‚HCl are also
present. Three coordinated configurations are uncommon.

Past studies suggest that the minimal number of bonds needed
for HCl ionization is three: one to H, two to Cl.7,9,11,44However,
an interesting situation appears to prevail on a cold particle
surface: to ionize, molecular HCl needs three bonds, but as
long as it is molecular, a third bond is not actively sought. The
paucity of triply coordinated configurations is related to a
relatively low density of surface d-H-atoms. As shown in the
past,69 the ice nanocrystal surface is characterized by a
disordered structure, in which H2O molecules are mostly fully
four-coordinated, albeit with a coordination shell strongly
distorted from tetrahedral symmetry. Thus the cold ice-particle
surface does not constitute a particularly effective solvating
medium with respect to the acid.

However, the strength of HCl hydrogen bonds is expected
to increase with hydrogen bond coordination (an effect that is
absent in the present MC calculation). This is because hydrogen
bonding stretches and polarizes HCl, which thus becomes a more
effective hydrogen bonder. The implications will be discussed
in the context of the interpretation of the spectra. Briefly, the
MC calculation underestimates the ability of doubly coordinated
HCl to reorganize the surrounding solvating medium.

2.2. Ab Initio Calculations. The MC simulations provide
“entry level" molecular configurations adopted by adsorbate HCl
on a cold particle surface. In this section, ab initio calculations
on smaller clusters are used to elucidate the extent of HCl
stretching and solvation in different configurations. Our MP2
level calculations include energy minimization and normal-mode
analysis for (H2O)n(HCl)m clusters, withm ) 1, 2, n ) 1-7
(Figures 5 and 6). In larger clusters shown in Figure 6, the choice
of HCl configurations was guided by the Monte Carlo results.
The smaller structures (Figure 5) were added to elucidate trends
with size.

2.2.1. Computational Details.The calculations were carried
out with a suite of Gaussian 98 programs.77 Full geometry
optimizations were performed using the most stringent internal
criteria (“verytight” option) at the MP2 frozen core level.
Harmonic MP2 (frozen core) frequencies and infrared intensities
were calculated using analytical second derivatives, except for
the largest models (H2O)7(HCl) (Figure 6j,l) for which the
numerical option was used. The aug-cc-pVDZ basis set was
employed in the calculations.76 This basis set is the largest that
could be realistically used with our computer resources for
optimization and frequency calculations at a correlated level,
for the largest cluster sizes. This basis set was retained for
smaller clusters as well, to obtain trends as a function of size
on a consistent level of accuracy. As shown previously, this
basis set reproduces rather well geometries, frequencies, and
electric properties of hydrogen-bonded clusters.78 The HCl bond
length, dipole moment, and fundamental harmonic frequency
were calculated at the MP2 level as 1.288 Å, 1.185 D, and 3023
cm-1, as compared to experimental values of 1.275 Å, 1.093
D, and 2991 cm-1, respectively.79 For H2O, the OH bond length,
HOH angle, dipole moment, and fundamental frequencies were
calculated at the MP2 level as 0.966 Å, 103.9°, 1.879 D, and
3938, 3803, and 1622 cm-1, as compared to experimental values

TABLE 1: HCl Coordinations a

coverageb 18 79
total O-bonded 17 46
O‚‚‚HClc 10 (9) 17 (15)
O‚‚‚HCl‚‚‚d-Hd 6 (7) 10 (13)
O‚‚‚HCl‚‚‚H(Cl)e 1 (1) 10 (14)
O‚‚‚HCl‚‚‚H2

f 2 (4)
no O-bondg 1 33
Cl‚‚‚HClh 16
Cl‚‚‚HCl‚‚‚H(Cl)i 8
Cl‚‚‚HCl‚‚‚d-Hj 1 3
no. of d-O 43 50
no. of d-H 37 41
no. of d-H‚‚‚Cl(H) 6 (8) 17 (21)

a Bond cutoffs: H2O‚‚‚H2O, 2.30 Å; H2O‚‚‚HCl, 3.35 Å; HCl‚‚‚HOH,
2.75 Å; HCl‚‚‚HCl, 2.85 Å. Numbers in parentheses pertain to longer
cutoffs: HCl‚‚‚HOH, 2.89 Å; HCl‚‚‚HCl, 3.20 Å; see text. Configura-
tions of low abundance were omitted.b Number of HCl in the
simulation.c A single bond to O-atoms, mostly d-O.d A two-
coordinated bridge coordination. Most of the O-atoms and all H-atoms
are dangling.e A two-coordinated bridge coordination, in which the
Cl-atom is connected to H of another HCl.f Three-coordinated HCl.
Cl is connected to H-atoms of two HCl.g HCl in which H-atom is not
bonded to O of ice. At high coverage HCl engages in “worm like”
configurations: HCl‚‚‚HCl, HCl‚‚‚HCl‚‚‚HCl, etc. h “Worm tail” con-
figuration. i “Worm middle” configuration.j “Worm tail” HCl, con-
nected to d-H.

Figure 4. Distribution of molecular HCl energies, from the 50 K MC
simulation at different coverages. The HCl energy was taken as a sum
of its interactions with the particle and half of its interactions with
other HCl. (Thick, solid) all HCl. (Thin, solid/dot-dashed) HCl with/
without a hydrogen bond to an O-atom on the ice surface.
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of 0.958 Å, 104.5°, 1.847 D, and 3942, 3832, and 1648 cm-1,
respectively.80

The MP2 method was judged to be more suitable to the
current problem than the commonly employed and cheaper DFT/
B3LYP, because the latter tends to overestimate the tendency
of HCl to stretch and ionize. This conclusion was reached from
a comparison of MP2 and DFT results in the aug-cc-pVDZ
basis, and is in accord with past comparative studies employing
MP2 and DFT with larger basis sets for (H2O)n‚‚‚(HCl)
clusters.8,9 Table 2 shows HCl frequency shifts in (H2O)n‚‚‚
HCl, n ) 1, 2, with respect to isolated HCl, calculated with
MP2 and DFT, and measured in the Ar matrix.4 In the aug-cc-
pVDZ basis, both methods overestimate the size of the shift;
however, the agreement with experiment is much better for MP2.
The present MP2 and DFT results are similar to MP2/6-31g-
(2dp) and DFT/D95++(d,p) results of refs 5 and 7, respectively.
One may note that structure f of (H2O)3‚‚‚HCl in Figure 5 is
molecular in MP2 but ionizes in B3LYP. (A similar result was
reported for D95++(p,d) basis, but not for 6-311++g**. 8)

Inclusion of anharmonic effects was also attempted for
structures for which HCl remains molecular. A local HCl stretch
mode was assumed. The potential was mapped as a function of
HCl bond length in the vicinity of the minimum and fitted to a
Morse function. For isolated HCl, good agreement was obtained
between the anharmonic Morse frequency, and the experiment
(2916 versus 2886 cm-1). Moreover, for the clusters, the
harmonic Morse frequencies were within several tens of cm-1

from the ones obtained from the normal-mode analysis.
However, the anharmonic HCl frequency shifts in clusters are
seriously overestimated. For example, the anharmonic shifts
calculated for H2O‚‚‚HCl and (H2O)2‚‚‚HCl were -327 and

-743 cm-1, respectively, as compared to the harmonic values
of -262 and-545 cm-1, and the experimental ones in an Ar
matrix of -212 and 481 cm-1.4 Thus the deviation seems to
increase with size. In the following discussion we empirically
employ the harmonic values, because the latter are closer to
the available experimental results.

Cluster energetics are reported in the Supporting Information.
The CP correction81 was applied to the optimum geometry for
the full supermolecular basis. No account has been taken of
BSSE in geometry optimization or in normal-mode analysis.

2.2.2. Ab Initio Results.The investigation included thirteen
molecular structures (Figure 5a-h, Figure 6i,j,o-q), three
ionized ones (Figure 6l-n), and one “semi-ionized” in Figure
6k. For the molecular structures, approximately linear correlation
was found between HCl equilibrium bond length, and the
frequency shift (Supporting Information, Figure A1). Molecular
HCl transitions in the clusters are characterized by high intensity
(700-3000 kM/mol). In accord with past studies,5,7,9,11all cyclic
(H2O)n‚‚‚(HCl) clusters shown in Figure 5 are molecular rather
than ionic. The HCl frequency shift increases by 460 cm-1 with

Figure 5. Cluster minima (H2O)n(HCl)m, with m ) 1, 2, n ) 1-4,
investigated in MP2/aug-cc-pvDZ calculations. HCl bond lengths,
stretch frequency shifts, and intensities are marked.

Figure 6. Cluster minima (H2O)n(HCl)m, with m ) 1, 2, n ) 5-7,
investigated in MP2/aug-cc-pvDZ calculations. HCl bond lengths,
stretch frequency shifts, and intensities are marked for un-ionized acid
molecules. In ionic clusters, the O-atom of H3O+ is blue. Purple arrows
mark a water molecule in (j) that switched an H-bond to solvate chlorine
in (k). Black arrows mark acceptor bonds that impede solvation by
H2O.

TABLE 2: HCl Frequency Shifts (cm-1) in (H2O)n‚‚‚(HCl)
Clusters, n ) 1, 3

n expa MP2b B3LYPb B3LYPc MP2d

1 -212 -262 -314 -313 -227
2 -481 -545 -659 -694 -453
3 -865 -1052 -1199 -727

a Reference 4. Experimental HCl frequencies obtained from mass-
scaled values measured for deuterated clusters, in the Ar matrix.
Frequency shifts with respect to HCl isolated in Ar.b Present results,
aug-cc-pvDZ basis.c Reference 7. B3LYP/D95++(d,p). d Reference
5. MP2/6-31g(2dp).e In ref 4, a feature corresponding to-371 cm-1

shift was tentatively assigned to (H2O)3‚‚‚(HCl); but in view of
computed trends this assignment appears unlikely.
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increasing ring size (n ) 2-4) and concurrent reduction of the
strain; a similar red shift as a function of ring size was observed
in the hydrogen-bonded OH stretch band of cyclic pure water
clusters.82 The (H2O)1-3‚‚‚(HCl) ring structures in Figure 5a-c
correspond to the well-known lowest energy isomers.5,7,9 The
energy of the T-shaped structure (f) is 1290 cm-1 higher than
that of structure (c); (f) was included to demonstrate the
remarkably high HCl frequency shift in this triply coordinated
configuration. Each of the un-ionized structures calculated by
us for the larger clusters is unlikely to be thelowestminimum
for a given size. A number of past studies demonstrated both
ionic and molecular minima of comparable energy already for
(H2O)4‚‚‚(HCl).7-9 The objective here was to calculate HCl bond
length and frequencyfor a giVen pre-imposed coordination,
rather than to locate the lowest cluster minimum for a given
size.

Three-dimensional structures shown in Figure 6 will be used
for the interpretation of the experimental results for HCl
adsorbate on ice. Cluster models with HCl coordination ranging
from 1 to 3 were investigated, as suggested by MC simulations.
A model with a singly coordinated HCl molecule was con-
structed by connecting HCl to a d-O-atom of the well-known
water hexamer cage structure83 (Figure 6i). The resulting HCl
frequency shift with respect to the gas phase (-362 cm-1) is in
the range of the first experimentally observed band discussed
in section 4. In model (j), HCl is in a doubly coordinated bridge
configuration, with the H-atom connected to a d-O of the water
cluster, and with Cl connected to a d-H. The resulting HCl bond
stretching is substantial, but proton transfer does not occur as
yet; the H-atom is closer to Cl (1.376 Å) than to O (1.511 Å).
The large calculated frequency shift (-1137 cm-1) is close to
the shift observed for the second molecular band (-1186 cm-1).
A model with triply coordinated HCl was constructed by
replacing, with HCl, one of the water molecules in a low energy
water heptamer structure.84 The triply coordinated HCl dissoci-
ated in the course of minimization, forming a clearly recogniz-
able solvated H3O+ and Cl- contact-ion pair (Figure 6m).

A question can be asked concerning the ability of HCl to
solvate another HCl on the Cl side, in place of H2O. This is
because, according to Monte Carlo modeling at the higher
coverages, the Cl side of HCl is frequently solvated by another
HCl. To address this issue, two water molecules of the heptamer
were each replaced by an HCl. The ensuing minimization
resulted in an ionized minimum (Figure 6n), which is very
similar to structure (m), with Cl- solvated by the second HCl
instead of H2O. Moreover, in cyclic molecular minima (HCl)-
(H2O)n)3,4, replacement of an H2O molecule by a second HCl
in tandem to the first was calculated to have only a minor effect
(of a few tens of cm-1) on the first HCl frequency; compare
structures (c) and (d) and (g) and (h) in Figure 5.Thus it appears
that the Cl side of HCl can be solVated almost as effectiVely by
another HCl, as by H2O, both in molecular and in ionized
structures.Moreover, calculations show that HCl molecules,
solvating Cl ends of strongly stretched molecular HCl (as in
Figure 5d,h), are characterized by a few hundred cm-1 red shift
and thus contribute to the first observed spectral band.85 A much
larger shift was obtained for HCl solvating Cl-. An intense
transition was calculated at 2121 cm-1 for HCl solvating Cl-

in the ionized structure (n); this result is used below in the
assignment of one of the experimentally observed bands.

High coordination of HCl is necessary but insufficient for
effective acid solvation. For example, structures (o) and (q) in
Figure 6 include doubly and triply coordinated HCl molecules,
which, however, are only moderately stretched in contrast to

structures (j) and (m). Thus, an additional requirement pertains
to the coordination of proton-acceptor H2O that is bonded to
the H-atom of HCl. As discussed in past theoretical studies of
proton transfer in water,51,52H2O is an effective proton acceptor
only if both H-atoms are hydrogen bonded to other H2O, and
the O does not have an additional acceptor bond from another
H2O. An arrow marks the “offending” proton acceptor bond in
structures (o) and (q), which impedes solvation. To further probe
this effect, the “offending” bond in structure (o) was removed
by elimination of the H2O molecule in the top left corner with
the resulting structure subjected to energy minimization. A
substantial increase in the HCl bond length was in fact obtained
in the minimized structure (p), as compared to (o), from 1.332
to 1.354 Å, with concurrent increase in thefrequency shift,from
-615 to-875 cm-1.

One may note finally the T-shaped structure (H2O)3‚‚‚HCl
in Figure 5f in which HCl is molecular (albeit strongly
stretched), despite triple coordination. Apparently, the two edge
water molecules are insufficient to solvate simultaneously H3O+

and Cl-.
Another striking ab initio result is the common presence of

flat potential energy regions connecting different bonding
structures. Because of that presence, lengthy minimizations were
needed; e.g., minimization of the cyclic structure (h) was
interrupted after 128 iterations, still yielding one imaginary
frequency. The remaining structures in Figures 5 and 6 yielded
only real frequencies. However, upon extended minimization
of the singly coordinated structure (i), the Gaussian program
located an essentially barrierless transition to the lower energy
doubly coordinated structure (o). Similarly, extended minimiza-
tion of the doubly coordinated structure (j) resulted in an
essentially barrierless transition to the “semi-ionized” structure
(k). The latter transition corresponds to cleavage of a strained
hydrogen bond in a three-membered water ring, and re-
attachment of the corresponding water H-atom to Cl. Thus the
acid molecule becomes triply coordinated, although the two
solvating hydrogen bonds to Cl are relatively long. (Compare
bond lengths in (k) and (m).) The result ispartial proton transfer
from acid to water; the proton adopts a location roughly in the
middle between O and Cl, rather than forming an H3O+ unit as
in (m) and (n). The energy difference between pairs of structures
(i) and (o), and (j) and (k), is only a few hundred cm-1, well
below the zero-point energy. Similar transitions are likely to
occur, with zero or small activation barriers, on the ice surface
(and are discussed in section 4).

An ion-separated structure (l) was obtained from molecular
structure (j) by subjecting it to DFT minimization. (As noted
above, DFT overestimates the tendency of HCl to stretch and
ionize.) Structure (l) is a minimum in MP2 as well; its energy
is 2054 cm-1 below that of (j). This result is in qualitative accord
with activated but irreversible ionization observed in the
experiment for HCl adsorbate (section 4). Although the MP2
reaction path was not calculated, comparison between (j) and
(l) is instructive because it may represent the type of changes
occurring during adsorbate ionization. A striking feature is
collective participation of numerous molecules in the transition.
Two proton jumps occur, resulting in an H3O+ ion at a next-
near-neighbor position with respect to Cl-. Out of eleven
hydrogen bonds in (j), three are broken, and two new ones are
formed. One bond undergoes a donor-acceptor switch. The
cooperative nature of the ionization transition was already noted
in several past electronic-structure studies of acid ionization in
clusters.6,8,10
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Finally, the normal mode spectra of the three ionic structures
(l-n) are shown in Figure 7; the spectra will be used in the
interpretation of ionized adsorbate and hydrate spectra. For
H3O+, the lowest frequency and the most intense OH-stretch
peak originates from the most elongated OH. In models (m)
and (n) with contact ion pairing, the longest OH is in contact
with the anion; the corresponding frequencies are 2292 and 2497
cm-1, respectively. In model (l), H3O+ is distorted toward the
Zundel structure, with one OH significantly longer than the other
two. The corresponding normal frequency is 2059 cm-1; in
anharmonic reality, such long bonds most likely contribute to
the Zundel continuum. The frequencies of the two remaining
H3O+-stretch transitions are similar for all three structures,
falling in ranges 2710-2803 and 3032-3077 cm-1.

2.2.3. Ab Initio Conclusions and Comments.Efforts were
made to construct reasonable cluster models, which are suf-
ficiently large to represent unstrained hydrogen bonding of
molecular and ionized HCl adsorbate to the ice particle surfaces,
and yet sufficiently small to be amenable to ab initio studies.
The highest level of calculation feasible for us was MP2/aug-
cc-pVDZ.

The extent of HCl stretching and the corresponding frequency
shift are influenced by several factors: the HCl coordination,
the extent of strain in the hydrogen bond network, and the
coordination of the proton acceptor water molecule. Singly and
doubly coordinated HCl remains molecular. Ab initio frequency
shifts calculated for singly and doubly coordinated HCl in
models (i) and (j) (Figure 6) (-362 and-1137 cm-1) are close
to the first and second measured bands (section 4). The larger
shift appears to require, in addition to double coordination d-O‚‚‚
HCl‚‚‚d-H, a relatively unstrained hydrogen bond network,
because a smaller model (p) of similar coordination resulted in
a significantly reduced shift. Barrierless ionization was obtained
in triply coordinated models, with one bond to H and two bonds
to Cl; this result is in accord with past ab initio studies.7,9,11,44

One may note also the triply coordinated but strained config-
uration (k), in which proton-sharing occurs between water and
chloride. Solvation of the Cl side of HCl by another HCl appears

to be as effective as by H-atoms of water. In addition, solvation
is most effective if both H-atoms of the proton acceptor H2O
are bonded to other water molecules, whereas the O-atom is
not engaged in a proton acceptor bond with another water. The
latter acceptor bond, if present, impedes stretching of doubly
coordinated HCl and prevents proton transfer from a triply
coordinated one (see structures (o) and (q)).

Calculations suggest a common presence of barrierless or low
barrier transitions between distinct bonding structures (e.g.,
structures (i) and (n); (j), (k), and (l)). This conclusion should
be regarded as tentative, because potential surfaces calculated
on the present ab initio level appear to be too flat (as evidenced
by the overestimation of the anharmonic frequency shifts).
Moreover, the hydrogen bond network of the much larger ice
nanoparticles may be more rigid. Still, this finding appears
consistent with the experimental evidence for low barrier
transitions between molecular and ionic adsorbate states. Prob-
able presence of numerous bonding structures below the zero-
point energy complicates interpretation of the spectra, as
discussed in sections 4 and 5.

3. Experimental Section

The usual difficulty in the investigation of adsorbate-surface
spectroscopy is a large interior-to-surface ratio of molecules,
so that spectroscopic signals are lost among those of the bulk
substance. In the present study, this problem is overcome by
the use of 3-D arrays of ice nanocrystals that assemble on the
windows of a collisional-cooling cluster cell. The arrays
prepared at 50 K are stable at temperatures below 100 K and
offer a large surface area with respect to gas adsorption; their
surface properties are similar to those of an ice aerosol.67 The
mean diameter of the constituent nanoparticles is reflected in
the intensity ratio of the d-H spectral feature, originating from
the surface, and the hydrogen bonded OH band, caused
predominantly by interior water molecules. This size estimate
has been double-checked by measurement of the intensity of a
CF4 adsorbate band for monolayer coverage. (Monolayer
coverage is detected from the unique band shape characteristic
of collective LO and TO modes of adsorbate CF4.66)

The above system has been used to investigate transmission
FTIR spectra of bare and adsorbate covered ice nanoparticles
in the 50-120 K range. Samples have been prepared of HCl
adsorbed on H2O, DCl on D2O, HCl on D2O, DCl on H2O, and
HBr on H2O ice. The measurements focused on the difference
spectra between adsorbate-covered nanocrystals and bare nano-
crystals prepared under similar conditions. The differencing
allows for a clear view of spectral features originating from the
adsorbate.

An earlier FTIR study of HCl adsorbed on ice nanocrystal
arrays showed that, to reveal the details of the surface adsorbed
state, control of the formation of the adsorbate layer is critical.
In that study,24 HCl was adsorbed by vapor diffusion to ice
nanocrystals within 3-D arrays supported on the two infrared-
transparent windows of a static cluster cell. This resulted in
nonuniform coverage of the particle surfaces as the HCl uptake
varied greatly from the front to the backside of the arrays. The
computations of section 2 show that solvation by other HCl
molecules is nearly as effective as hydration in stabilizing the
ionized state. The high surface concentration of HCl at the front
of the arrays caused extensive ionization, so that intense ionic
bands dominated much of each spectrum (see Figure 3B of ref
24). Observation of the bands of molecularly adsorbed HCl was
therefore severely restricted.

Here, in a broad-ranging search for the stretch-mode bands
of molecular HCl, DCl, and HBr adsorbed at submonolayer

Figure 7. Ab initio spectra of ionic structures (l-n) (see Figure 5).
Intensities below 1900 cm-1 (solid lines) were multiplied by 4. (Dot-
dashed) stretch mode. S, B, U, and L denote stretch, bending, umbrella,
and libration modes of H3O+; brackets denote mixed modes with H2O.
Note the 2121 cm-1 frequency of HCl bonded to Cl- in the middle
panel.
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levels on the surface of crystalline ice nanoparticles, we have
adopted an approach that avoids this large variation in acid
coverage throughout an array. In this approach, nanocrystals
of cubic ice,86 ∼12 nm in average diameter, were formed as
aerosol particles by rapid loading of the double-walled cluster
cell to 0.4 bar with 1% mixtures of water vapor in helium. With
the thick-walled inner chamber held at 50 K,∼6% of the ice
particles instantaneously collect on the ZnS cell windows.67 A
dozen repetitive cycles of loading and pumping produces 3-D
arrays having an effective thickness of∼0.4 µm.

Hydrogen chloride was included in the ice arrays, with an
overall acid-to-water ratio of∼1:50, by alternating each loading
of ice particles with a loading of much smaller clusters of HCl
or DCl. At 50 K, the acid clusters are a transient part of the
3-D array. Much of the HCl moves immediately to the surface
of the ice particles with the remainder following when the cell
is warmed to 60 K. Though this approach does not give
completely uniform distributions of acid molecules on the
particle surfaces, superiority to previous methods is evident from
the relatively weak intensity of interfering ionic bands. For 12
nm ice particles,∼12% of the water molecules are part of the
surface,69 and thus the standard acid dosage was∼1 adsorbed
HCl for each six surface water molecules. Ice arrays dosed with
HBr have been similarly prepared. The experimental adsorbate
coverage was estimated from the observed decrease in the free
d-H (D) band intensity at 3694 (2726) cm-1.67

Because Ostwald ripening of 12 nm ice nanocrystals occurs
above 100 K and is aggressive at 120 K, most of the present
results refer to the temperature range 50-110 K. (Ostwald
ripening refers to the growth of larger particles at the expense
of the smaller ones driven by the greater vapor pressure of the
latter.)

4. Results and Discussion: Acid-Adsorbate Spectra on
Surfaces of Ice Nanocrystals

4.1. Overview of 60 K Adsorbate Spectra.The measured
difference spectra are shown in Figures 8-12. At 50-60 K,
the spectra display two broad bands, which are assigned to
molecular HCl, DCl, and HBr (Figures 8-11). As the temperature
is raised, ionic features grow (Figures 9-11). Different re-
sponses to warming are observed depending on the level of acid
doping of the ice surface. Dosage levels of∼20% of a
monolayer typically result in limited ionization during prepara-
tion followed by progressive low levels of ion-pair formation
in the 70-90 K range. Such samples then display a burst of
ionization in the 90-95 K range with the difference spectra
becoming dominated by bands characteristic of the acid hydrates.
The highest dosage levels (g30%) are accompanied by signifi-
cant ionization already during sample preparation at 50 K,
followed by extensive ionization above 60 K. Still, near 90 K,
a large jump is observed in the ion signal. Low acid dose levels
<20% are associated with a gradual increase in the ion bands,
but without a burst of ionization. Rather, progressive ionization
continues to higher temperatures, with the molecular band (1)
still visible at temperatures as high as 110 K.

The Zundel effect, i.e., a very intense continuum absorption
underlying the distinct bands, is prominent in the measured
spectra. The continuum contribution (which is suppressed in
Figures 8-11 for a clearer view of the bands) can be seen in
Figure 12.

4.1.1. Molecular Bands of Adsorbate HCl and HBr at 50-
60 K.Examples of difference spectra, of ice arrays with adsorbed
HCl compared with bare-ice arrays, are given in Figure 8. The
spectra, obtained at 50 K using surface coatings of∼20%, are

for HCl adsorbed on H2O ice (top) and for HCl on D2O ice
(middle). The HCl(1) band, observed in previous studies, is
apparent at 2480 cm-1 in the top spectrum, together with a
second band of molecular HCl indicated near 1700 cm-1.

Figure 8. Infrared difference spectra at 50 K from comparison of
nanocrystalline arrays with∼20% cover of HCl with similar bare-
particle arrays. The top and middle spectra are for H2O and D2O ice-
particle arrays, respectively. Large fluctuations in the O-D stretch
region of the latter have been blanked out. The bottom difference
spectrum, comparing two pure D2O ice samples, illustrates the
instrumental noise.

Figure 9. Infrared difference spectra for HBr on H2O for ice arrays
with moderate acid dosing (∼20% of a monolayer cover). Spectra are
offset to show the temperature dependence of the acid-ice interaction.
The spectra labeled 2:1 and 4:1 are of the corresponding H2O:HBr
amorphous hydrate nanoparticles. Note: weak ion bands at 2070 and
1670 cm-1 have been subtracted from the bottom spectrum, the 100 K
spectrum has been compressed 2-fold, and the Zundel continuum has
been suppressed.
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However, the oxonium ion has a known band of moderate
intensity near 1700 cm-1.15 The experiment was carried out
under conditions corresponding to minimal ionization (low
coverage, low temperature). Still, because of the overlapping
ion band, together with interference from the surface water-
bending band near 1650 cm-1, the 1700 cm-1 band cannot be
assigned with confidence to molecular HCl, on the basis of the
top spectrum alone. (The surface water-bending frequency is
affected by the adsorbate, resulting in a dip in the HCl(2) band.)

Fortunately, both interferences in the top spectrum of Figure
8 can be shifted out of the 1700 cm-1 region by adsorbing HCl
on nanocrystals of D2O rather than H2O. The 1H:4D dihydrate
spectrum of Figure 11 shows that isotopically mixed oxonium

ions (such as HD2O+ and HD4O2
+, the low temperature

ionization products for HCl on D2O) have no structured
absorption in the 1700 cm-1 region. The band of the surface
water-bending mode is meanwhile moved to∼1200 cm-1.
Despite this elimination of the interfering features, a band at
∼1700 cm-1 remains in the surface spectrum (Figure 8
(middle)). The computational results have identified likely
structures (Figure 6i,j), formed by HCl with ice-surface groups,
capable of inducing small (∼400 cm-1) and large (>1000 cm-1)
shifts of the HCl stretch mode relative to the HCl gas-phase
frequency. Together with the two spectra of Figure 8, these
results identify molecularly adsorbed HCl as the source of
prominent bands near 2480 and 1700 cm-1 (corresponding to
frequency shifts of-406 and-1186 cm-1 with respect to the
gas phase).

Further experimental evidence, that the stretch mode of
molecular HCl strongly bound to the ice surface absorbs near
1700 cm-1, has been obtained from the analogous difference
spectra of HBr adsorbed on H2O (Figure 9) and D2O ice arrays.
Because a combination of the weaker bond and greater mass of
HBr causes a lower gas-phase stretch-mode frequency (2560
vs 2891 cm-1),87 red-shifted analogues of the two bands of
molecularly adsorbed HCl are expected. That two such bands
are present in the 60 K difference spectra of HBr on H2O is
apparent from the bottom spectrum of Figure 9. The weakly
shifted HBr(1) mode appears as a broad band near 2260 cm-1.
A second prominent band near 1530 cm-1 is logically attributed
to the strongly bound HBr(2). A band of similar position and
bandwidth is also present in the spectrum of HBr adsorbed on
D2O ice (not shown).

The two bands in the spectra of molecularly adsorbed HCl
and HBr do not include all of the infrared absorption by
molecularly adsorbed acid molecules. As indicated in Figures
8 and 9, and consistent with computational results (section 2),
subbands and diffuse absorption are present between the band
maxima for both HCl and HBr. In particular, the MP2

Figure 10. As in Figure 9, except for DCl on D2O ice with a higher
acid dosage (∼30% of a monolayer), and a 4-fold compression of the
125 K spectrum. The spectra labeled 2:1 and 4:1 are of the corre-
sponding amorphous films (Figure 1).

Figure 11. As in Figure 9, except for HCl adsorbate on D2O ice (20%
monolayer). For comparison, the two top dashed spectra are of 70 K
amorphous dideuterate aerosols with two isotopic compositions (all D,
and 1H:4D with complete isotopic scrambling).

Figure 12. Difference infrared spectra of HBr on H2O (bottom) and
DCl on D2O ice nanocrystals as a function of temperature showing the
Zundel continua that are suppressed in Figures 9 and 11. Here each
spectrum is referenced to a baseline extended from frequencies above
the Zundel continuum. The vertical arrows at corresponding frequencies
of the H and D systems indicate approximate magnitudes of the
continua.
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calculations identify the weak band at 2120 cm-1 in Figure 8
with acid molecules that solvate Cl-, as in Figure 6n. The
corresponding band for HBr appears near 2070 cm-1.

4.1.2. The 50-60 K Adsorbate Spectra: Discussion.The
HCl(1) band in Figure 8, with a frequency downshifted by∼400
cm-1 with respect to the HCl gas phase, indicates slightly
stretched HCl, whereas the HCl(2) band, corresponding to a
huge frequency downshift of∼1200 cm-1, points to strongly
stretched HCl on the verge of ionization.

According to the MC simulations of the molecular adsorbate
state at 50 K, the typical coordination of HCl is either one or
two. That is, HCl bonds preferentially to dangling-O-atoms on
the ice surface, with about one-third of the acid molecules
acquiring an additional bond, via Cl, to a d-H-atom in the
vicinity. The experimental coverage of 20% was determined
from the observed decrease in the free d-H intensity. The∼1:3
ratio of doubly and singly coordinated molecules, as obtained
by MC, suggests that the percentage of bonded d-O-atoms on
the nanoparticle surface is much higher than that of d-H, i.e.,
closer to 80%.

Ab initio cluster calculations confirm that singly and doubly
coordinated HCl remains molecular. The ab initio frequency
shift calculated for singly coordinated HCl bonded to a d-O in
a water cluster (Figure 6i) is close to the first measured band.
A cluster model shown in Figure 6j, in which HCl is in a doubly
coordinated bridge configuration d-O‚‚‚HCl‚‚‚d-H, yielded a
large frequency shift similar to that of the second measured band.
Comparable intensities measured for the two molecular bands
(Figure 8a) appear consistent with the∼1:3 abundance ratio of
singly and doubly coordinated HCl. This is because the ab initio
intensity of the HCl stretch in configuration (j) is 2 times that
of (i). According to the MC simulations, triply coordinated
configurations that lead to ionization are improbable because
of scarcity of d-H-atoms on the ice particle surface.

However, the large frequency shift of the doubly coordinated
HCl is contingent on a relatively unstrained hydrogen-bond
network. Moreover, the large shift of the doubly coordinated
HCl is obtained only if the acceptor d-O moleculedoes not
haVe an additional acceptor bond from another H2O (see section
2.1). The observation of strongly stretched HCl indicates that
doubly coordinated acid molecules are able to modify their
solvation shells beyond the MC results. This is because all d-O
molecules in the MC simulations have interfering acceptor bonds
from other water molecules. In reality, the presence of the 1700
cm-1 band already at 50 K indicates efficient elimination of
such acceptor bonds in a low activation-energy process. The
elimination process is likely to be promoted by the strengthening
of the remaining hydrogen bonds, due to HCl polarization that
accompanies the stretching. (HCl polarization and stretching
were not included in MC.) Observation of the 2120 cm-1 band
of Cl-‚‚‚HCl indicates that some polarized HCl molecules
manage to acquire a third bond to another HCl and to ionize.
(Ab initio calculations show that the chloride can be solvated
by HCl, much as by H2O.)

The presence of an additional molecular configuration, d-O‚‚‚
HCl‚‚‚HCl, was suggested by the MC simulations for coverages
that saturate the d-O sites. An unstrained cyclic ab initio model
of Figure 5h suggests that the first and the second HCl in such
configurations contribute to HCl(2) and HCl(1) bands, respec-
tively.85 (Note that there is some inhomogeneity in the experi-
mental surface coverage, with acid self-solvation most important
in the more dense spots.)

4.2. Temperature Effect on Adsorbate Bands; Transition
from Molecular Adsorbate to Ionized Surface Hydrate

Phase.The evolution of the DCl/D2O spectra as a function of
temperature can be noted in Figure 10. Spectra of 30% DCl on
D2O nanocrystals obtained at 60 K are dominated by a band of
molecularly adsorbed acid (DCl(1)) at 1870 cm-1 (Figure 10,
bottom). The position of this band is consistent with previous
reports15,24 and with the frequency of the corresponding HCl-
(1) band (2480 cm-1). On the basis of the computational and
experimental results for HCl, a band of molecular DCl(2) is
expected in the 1200-1300 cm-1 range. A band is in fact visible
near 1230 cm-1; however, as in the case of HCl/H2O, assign-
ment is problematic due to interfering features from both an
oxonium-ion band near 1270 cm-1 and the bending mode69b of
the ice-surface molecules at 1213 cm-1 (the latter appears also
in the 125 K adsorbate spectrum). To avoid this interference,
scans have been made for DCl on the H2O ice surface (not
shown) which confirm the assignment as a DCl(2) band centered
at ∼1230 cm-1.

The analysis of the system evolution upon heating is based
on the assignment of the acid-deuterate bands (see Appendix
I). Heating to 80 K is associated with gradual growth of ionic
features at 1950, 1570, and 1270 cm-1. Presumably, some of
the doubly coordinated DCl molecules acquire a third hydrogen
bond and undergo ionization, forming contact ion pairs.
Acquisition of a third bond is a low activation energy process,
likely to be associated with DCl surface diffusion, or cleaving
of the most strained hydrogen bonds within the ice surface. In
accord with discussion in Appendix I, the band at 1950 cm-1

is assigned to the OD stretch of a D3O+ cation in contact with
Cl-. The feature at 1270 cm-1 is contributed by ion bending
(probably with admixture of water bending). The feature at 1570
cm-1 originates from the stretch vibration of DCl solvating Cl-

ions, supporting the notion that self-solvation by acid molecules
plays an important role in initial stages of ionization.

A structural transition of the adsorbate-surface system to
an ionic hydrate phase is initiated at 90 K. The 1950 cm-1

feature of contact ion pairs is no longer prominent, and the
Cl-‚‚‚DCl feature at 1570 cm-1 is reduced. At this stage, the
spectrum resembles that of the amorphous acid dideuterate,
including the underlying continuum indicative of the Zundel-
ion formation. (The Zundel effect is discussed in more detail
below.) Further heating to 125 K results in more extensive
hydration and ion separation, as evidenced by the resemblance
of the spectrum to that of amorphous tetradeuterate. However,
at this temperature acid hydration is likely to be influenced by
water-vapor deposition due to Ostwald ripening (i.e., evaporation
of the smallest ice nanoparticles, which is significant above 110
K).

A closely related evolution with increasing temperature is
observed for 20% HBr on H2O (Figure 9). Due to low coverage,
there is minimal (but observable) evidence of ionization below
90 K. That is, between 60 and 90 K the∼1700 cm-1 oxonium-
ion band intensifies; but the molecular bands remain prominent
until the ionization burst at∼95 K. In fact, at 90 K, the HBr(1)
band is essentially unchanged whereas the HBr(2) band has
weakened noticeably, suggesting that primarily the highly
stretched acid molecules described by the calculations of section
2 are on the verge of ionization at the lower temperatures. Note
the dramatic change from a “largely molecular” spectrum at 90
K, to the much more intense ionic hydrate-like spectrum at 100
K. The 100 K surface spectrum appears closer to that of the
tetrahydrate than dihydrate. (Reduced intensity near 2500 cm-1

in the surface and tetrahydrate spectra, as compared to the
dihydrate spectrum, is indicative of a reduced amount of contact
ion pairing; see Appendix I.)

9384 J. Phys. Chem. A, Vol. 106, No. 41, 2002 Buch et al.



The temperature dependence of the HCl-on-D2O-ice spec-
trum, at 20% coverage, can be followed in Figure 11. The 50
K spectrum at the bottom includes the molecular HCl(2) feature
of strongly stretched HCl, and a 2120 cm-1 feature of HCl
solvating the anion (as before, some ionization is present already
at 50 K). A growth of ionic features is associated with heating;
however, the molecular HCl(2) band is still apparent at 80 K.
At 95 K the transition to an ionic surface phase has occurred.
The 95 K surface spectrum is similar to that of an isotopically
scrambled ionic dideuterate film, prepared from a 1HCl:2D2O
mixture (1H:4D ratio; bottom of the two dashed curves), but
not that of an all-D dideuterate (top, Figure 11). This result
demonstrates that the 95 K ionic phase is asurfacephase formed
from the acid adsorbate and the surface water molecules in the
1HCl:2D2O ratio; otherwise, a spectroscopic signature of a much
more completely deuterated system would be obtained.

The d-H (D) feature, appearing at 3694 (2726) cm-1, for free-
OH (OD) unbonded to adsorbate is a useful spectroscopic probe
of the ice/adsorbate system.67 At acid coverages of∼40%, the
transition to a tetrahydrate-like phase is associated with nearly
complete disappearance of this feature. At the ionization burst
of the 20% cases, the loss roughly doubles over that at 50 K to
a total loss of 30-40%.

4.3. Continuum Absorption: The Surface Zundel Effect.
The surface Zundel effect is highlighted in Figure 12. Specif-
ically, HBr/H2O and DCl/D2O spectra, like those shown in
Figures 9 and 10, are redisplayed with the underlying continua
included. The baseline was established and extended from above
3000 cm-1 for DCl/D2O, and 3600 cm-1 for HBr/H2O. In the
case of HBr/H2O, an abrupt large increase of continuum intensity
is observed at 95 K, which coincides with the transition from
predominantly molecular to ionic surface bands. In the DCl/
D2O sample, a more gradual increase is observed in the
continuum signal; the concurrent increase between 60 and 80
K of the hydronium contact-ion-pair signature was noted above.

In the high temperature limit, the Zundel effect is consistent
with the good match of the spectral bands to those of amorphous
hydrates/deuterates (Figures 9 and 10, top portion). A similar
continuum can be seen underlying the bands of the dideuterate
film in Figure 13. The relative contribution of the continuum,
as compared to the discrete band intensities, seems enhanced
by a factor of 1.5-2 in the surface spectra, relative to the film.
The surface dideuterate layer most likely includes Zundel ions
as the dominant cation species, because the structure of the
crystal dihydrate analogue was shown to be (H5O2

+)(Cl-).58

Still, the OD stretch spectrum of the amorphous solid suggests
a continuous distribution of structures ranging from Zundel to
hydronium (see Appendix I).

A number of interesting questions can be asked about the
higher-T surface spectra but are beyond our current theoretical
tools. What is the relative contribution of the static and dynamic
fluctuations; i.e., is the Zundel continuum dominated by a
continuous distribution of “equilibrium” ionic structures, or by
dynamic modulation of the proton in the Zundel-like members
of the distribution? One may note current efforts to address such
questions theoretically for liquid acid solutions, with the help
of extended valence bond models.54,55,88

Another uncertainty pertains to the source of the large Zundel
intensity. The integrated continuum intensity per deuteron in
the amorphous dideuterate is about 2 times larger than that of
the already strong OD stretch band, per D-atom. As noted above,
there is a further enhancement by a factor of 1.5-2 for the
ionized adsorbate layer. This remarkable continuum intensity
suggests the occurrence of large-amplitude fluctuations of the

charge distribution, induced by the radiation and magnified by
the freedom of motion in the surface layer. The high continuum
intensity in protonated systems was discussed in the past in terms
of high polarizability of the Zundel proton in the fluctuating
potential well.57 Additional effects may be present in the surface
layer; e.g., excitations contributing to the continuum may be
associated with proton motion involving a transition over a
whole range of bonding configurations. In fact, current diffusion
Monte Carlo simulations of protonated water clusters H+-
(H2O)n)6-8 reveal numerous bonding configurations (i.e.,
minima) already within the range of the zero-point motion.89

A substantial continuum contribution is reproducibly present
even in the 50-60 K surface spectra of DCl/D2O, underlying
themolecularbands (Figure 12). (For HBr the lowT continuum
is much weaker, being close to the baseline error limit of 0.001
absorbance units.) The source of this lowT continuum is
uncertain. It may indicate DCl ionization to the Zundel form at
an ∼30% level as compared to the 90 K spectrum. However,
the absence of concurrentionic bands appears to contradict this
suggestion. Another possible source is the Zundel effect from
partial proton transfer from DCl to water molecules, in “nearly
triply-coordinated” acid configurations, as in Figure 6k. At the
30% dose level, some acid molecules may acquire already at
60 K three, albeit stretched, hydrogen bonds, resulting in proton
sharing configurations between water and chloride.

A third possibility is a generalizedmolecularZundel effect,
in which DCl/HCl remains mostly undissociated at 60 K; and
the continuum absorption originates from static/dynamic fluc-
tuations in molecular DCl/HCl environments, ranging from
singly to “nearly triply” coordinated, as in Figure 6k. The
discrete molecular bands, as seen in the 60 K spectra, would
then correspond to a fraction of preferentially populated singly
and doubly coordinated configurations. In this context one may
note recent studies of the matrix-isolated HCl‚‚‚NH3 dimer, in
which the HCl frequencyshiftvaried from-802 to-1515 and
-1668 cm-1 in the Ne, Ar, and Kr matrixes, respectively.90

Although ammonia is a stronger proton acceptor than water,
the extreme sensitivity of the acid frequency to the environment

Figure 13. Infrared absorbance of amorphous deuterate films of DCl
at 90 K with the D2O/acid ratios increasing from top to bottom as
indicated by labels. The vertical arrows mark the approximate
amplitudes of the Zundel continua. The absorbance scale refers only
to the 6:1 deuterate.
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may be valid for the HCl-ice system as well. Moreover, ab
initio studies of HCl-water clusters (section 2.1) yielded
essentially barrierless transitions between nearly isoenergetic
but distinct bonding configurations, which correspond to dif-
ferent normal frequencies (see pairs of configurations (j) and
(k), (i) and (o) in Figure 6.)

5. Summary: Evolution of the Acid-Adsorbate State on
Ice Nanocrystals as a Function of Temperature

It is shown that cold ice nanoparticle surfaces provide a
unique “micro-laboratory” for observation of progressive sol-
vation stages of HCl. The main result of this study is
spectroscopic identification of distinct states of HCl solvation
in the 50-110 K range, including slightly stretched molecules,
strongly distorted molecules on the verge of ionization, hydro-
nium ions in contact with Cl-, and, finally, an ionic surface
phase rich in Zundel ions.

Three tools were applied to investigate acid-adsorbate states
on ice nanoparticles: spectroscopic studies, MC simulations of
molecular acid on an ice particle at 50 K, and ab initio
calculations for water-acid clusters, with different choices of
HCl coordinations. Each of these tools of itself is limited. The
MC simulation does not allow for acid bond stretching or
ionization upon solvation. Ab initio calculations on (H2O)n-
(HCl)m, n ) 7, m ) 1, 2 include bond stretching and ionization
but are confined to limited dimensionality; moreover, the use
of harmonic normal-mode analysis in these strongly anharmonic
systems is problematic. The measured spectroscopic bands of
the complex acid-nanoparticle system are broad and thus
representative of a distribution of diverse adsorbate sites and
configurations, which may be difficult to identify. Still, the
combined information from the three sources seems to yield a
reasonably consistent zero-order picture of the evolution of the
system with temperature.

At low T, two broad bands were observed experimentally
(Figure 8), downshifted by∼400 and 1200 cm-1 with respect
to the gas phase of HCl. MC simulations of molecular HCl
adsorbed on an ice particle suggest that the bands originate from
singly and doubly coordinated HCl. Typical adsorbate configu-
rations obtained in MC include d-O‚‚‚HCl, d-O‚‚‚HCl‚‚‚d-H,
and d-O‚‚‚HCl‚‚‚HCl. (The notation d-O/d-H is used for
dangling water atoms, with unsaturated hydrogen bond coor-
dination with respect to other H2O. Additional nonspecific
interactions of HCl, with surrounding acid and water molecules,
are present.) Ab initio calculations for cluster models with singly
and doubly coordinated HCl confirm that such HCl remains
molecular. The low coordination of the molecular adsorbate on
cold particles is ascribed to the low density of d-O and d-H-
atoms on the ice surface that are available for adsorbate bonding.
Ab initio frequency shifts calculated for singly and doubly
coordinated HCl in cluster models (i) and (j) (Figure 6) are in
fact close to those of the first and second measured bands,
respectively. According to ab initio results, the Cl side of an
HCl molecule can be solvated by another HCl nearly as well
as by H2O. Ab initio calculations suggest an additional contribu-
tion to the first observed band from such HCl molecules
solvating the Cl side of the stretched HCl.

Substantial stretching of HCl in a doubly coordinated
configuration is obtained only if the d-O moleculedoes not haVe
an additional acceptor bond from a water molecule. This extra
acceptor bond interferes with proton transfer, as shown in past
studies of proton transfer in liquid water.51-54 Because strongly
stretched HCl molecules are observed already at 50 K, the
molecular adsorbate appears to modify the ice particle surface

beyond the results of the (rigid body) MC simulations, by
eliminating the acceptor bonds of d-O molecules. Elimination
of the interfering acceptor bonds is likely to be promoted by
strengthening of the remaining hydrogen bonds as a result of
HCl stretching and polarization. (Because the hydronium ion
is triply coordinated,91 the interfering bond must break on the
way to the ionized state.)

Heating above 60 K is associated with gradual growth of ion
bands. Spectroscopic features were identified due to D3O+ ions
in contact with Cl-, and DCl solvating Cl- (Figure 9). This
assignment was made with the help of ab initio calculations
for ionized cluster models with contact ion pairs (Figure 6m,n),
and strengthened by the presence of the corresponding bands
in the spectrum of the amorphous monodeuterate solid; the latter
solid is rich in contact ions and is expected to include some
acid self-solvation; see Appendix I. Ab initio calculations
presented in section 2.1, as well as past electronic structure
investigations,7,9,11,44indicate that acid ionization requires three
hydrogen bonds. An increase in the observed contact-ion signal
between 60 and 80 K suggests activated acquisition of a third
hydrogen bond by the stretched doubly coordinated adsorbate
molecules; the possible mechanisms include thermal cleaving
of strained hydrogen bonds on the acid surface, and/or adsorbate
self-solvation following HCl diffusion. The latter mechanism
is supported by the observation of the Cl-‚‚‚HCl band.
Spectroscopic evidence for Cl- solvation by other acid mol-
ecules is also consistent with the experimentally observed
enhancement of ionization by high acid coverage.

A structural transition to an ionic surface phase rich in Zundel
ions, is observed in the 90-100 K range at coveragesg20%
(Figures 9-11). An abundance of Zundel ions (H2O‚‚‚H+‚‚‚
OH2 and isotopic variants) is evidenced by a strong continuum
absorption underlying the spectrum.57 Formation of Zundel ions
corresponds to one more stage of ionization: removal of the
proton (or the deuteron) away from chloride, to a position
between two water molecules. At the∼20% coverage, the
transition occurs relatively abruptly near 95 K, over a range of
a few degrees. The spectrum of the resulting surface layer
matches that of an amorphous hydrate (deuterate) solid, with
an acid-to-water ratio in the 1:2 to 1:4 range, depending on the
system. Higher dosage levels (g30%) are accompanied by
significant ionization already in the 50-90 K range, but a large
jump is still observed in the ion signal near 90 K. Low acid
dose levels<20% are associated with a gradual increase in the
ion signal without a burst of ionization.

It should be emphasized that formation of the ion layer at
g20% coverage should be viewed as nucleation of a new surface
phase, rather than as dissolution of acid in ice. In contrast to
liquid water, ice is a poor solvent of isolated molecules.63

However, mixed solid phases of acid hydrates are readily formed
at sufficiently high temperatures. As shown in past studies,
extended exposure of ice to HCl at temperatures above 110 K
results in propagation of the ionic hydrate phase into the ice
interior.21,25,30,32,33

Our understanding of the acid adsorbate-ice nanoparticle
system is still far from complete. One question pertains to the
source of the continuum absorption underlying themolecular
bands of DCl at 60 K (Figure 12; a similar continuum was
observed for HCl). A possible source of the continuum is a
“molecular Zundel effect”, analogous to the ionic one, due to
static and dynamic fluctuations in stretched molecular HCl
environments (see section 4.3). Other open issues include
molecular mechanisms of various processes occurring on the
surface, such as elimination of acceptor bonds that interfere with
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solvation, acquisition of a third hydrogen bond by doubly
coordinated molecular HCl (which is necessary for H3O+‚‚‚Cl-

contact-ion formation), and proton transfer, away from chloride
to a position between two water molecules, during Zundel-ion
formation. Perhaps the most exciting question is the mechanism
of thecollectiVe transitionnear 95 K from a largely molecular
adsorbate layer to an ionized one. The structure of the resulting
ionized surface layer is also of interest; e.g., do factors other
than acid concentration determine whether a dihydrate-like or
a tetrahydrate-like structure is obtained? Another problem
pertains to the band versus continuum contributions to the
spectra. Do bands originate from “special" configurations, or
from specific categories of motion? Is the continuum dominated
by static or dynamic fluctuations in proton environments? What
is the spatial range of excitations contributing to the very intense
continuum? (An interesting possibility is proton dislocation over
a whole range of bonding configurations during the excitation.)

Detailed modeling of the acid-surface system, including
ionization and evolution of the spectra, would be a formidable
task. A quantum (or at least semiclassical) treatment is required
of nuclear motion in this cold, strongly anharmonic, and
hydrogen-rich many-body system.92 Lack of an accurate ionizing
potential surface is another serious difficulty. The currently
employed highest-level on-the-flight simulations are DFT-based.
Tests of DFT (B3LYP version) for acid-water clusters indicate
overestimation of the tendency of HCl to stretch and ionize (see
refs 8 and 9 and section 2.2); therefore, applications to studies
of transition from a molecular to an ionic adsorbate state are
problematic. An accurate empirical potential for ionizing HCl
is not available, to the best of our knowledge, but an extension
of an ionizing water potential of ref 93 to include HCl is a
possibility. Another promising approach would be an extension
of the empirical valence bond scheme, which has been used
successfully for proton transfer in water.54,55
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Appendix I: Thin-Film Hydrate and Deuterate Spectra

To interpret adsorbate spectra, one must be able to distinguish
features due to molecular and ionic states. In fact, in the high
temperature limit, adsorbate spectra approach those of the (ionic)
hydrates. Therefore, HCl hydrate and deuterate spectra are
discussed below.

Spectra of thin films of the amorphous and crystalline acid
hydrates have been published along with tentative band assign-
ments.15,94We follow the results of ref 15, but modified by the
suggestion of Banham et al.20 that, from the X-ray results,58

the spectrum attributed to the crystalline tetrahydrate should be
assigned to the trihydrate. Here, additional spectra of vapor-
deposited films of DCl deuterates are reported. The spectra,
which resemble the corresponding hydrate spectra moved to
lower frequencies by mass effects modified by anharmonicity,
are presented in Figures 13 and 14 for the amorphous and
crystalline deuterates, respectively. The acid-to-water ratios
range from 1:1 to 1:6.

The solids are largely ionic and include Cl- anions and
protonated water cations. In crystalline hydrates a well-defined
cation (either Zundel or hydronium) can be found, depending
on the composition. On the basis of X-ray determinations of
structures, the following formulas were proposed for HCl
hydrates:58 for the monohydrate, (H3O+)(Cl-); for the dihydrate,
(H5O2

+)(Cl-); for the trihydrate, (H5O2
+)(H2O)(Cl-); and for

the hexahydrate, (H9O4
+)(H2O)2(Cl-) (the cation in this structure

corresponds to an Eigen form, i.e., a hydronium cation fully
solvated by three water molecules). Thus spectra of the
hydronium and Zundel ions (solvated by Cl-) can be seen in
the spectra of crystal mono- and dihydrates (ref 15, Figure 2b,c)
and mono- and dideuterates (Figure 14, top). As seen in Figure
14, the spectra of the crystal di- and trideuterates display an
underlying continuum, which is a well-known signature of the
Zundel ion.57

In amorphous hydrates and deuterates, and also on the ice
nanoparticle surface, one can reasonably expect a continuum
of proton configurations, ranging from hydronium to Zundel,
in varying proportions. All amorphous solid spectra display the
Zundel effect (Figure 13). A frozen distribution of ionic
configurations is expected to contribute to the continuum, in
addition to the dynamic modulation of the proton force field in
the Zundel-like ions (see section 1). In the amorphous di-, tetra-,
and hexadeuterate, the continuum constitutes most of the
absorption intensity at frequencies below the OD stretch. Distinct
features superimposed on the continuum originate from water
molecules and also from ions, both hydronium and Zundel.
(From the crystal dideuterate spectra in Figure 14 it is evident
that the Zundel ion contributes distinct peaks, not only the
continua.) The features observed in theamorphoushydrate/
deuterate spectra will be used to probe ionized adsorbate states
and are therefore discussed in more detail below.

The initial stage of adsorbate ionization in low dosage samples
corresponds to formation of contact ion pairs, solvated by
surrounding molecules. Spectroscopic signatures originating
from contact ion pairs are therefore needed. Such features are
expected to appear in mono- and dihydrate (deuterate) spectra,
although in these solids, a cation is likely to be in contact with
more than one anion. Amorphous mono- and dideuterates have
five well-defined bands, at 2400, 2000, 1560, 1260, and near

Figure 14. Infrared transmission spectra of crystalline deuterate films
of DCl at 90 K.
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800 cm-1, corresponding to bands of the respective hydrates at
3144, 2548, 2110, 1686, and 1030 cm-1.15

The broad band around 2548 (2000) cm-1 in amorphous
mono- and dihydrates (deuterates) is assigned to the bond-stretch
vibration of cations in contact with Cl-. Comparison to crystal
spectra suggests that the low frequency wing of this band is
dominated by H3O+ (D3O+), and the high frequency region by
Zundel ions (because D3O+ cations in crystal monodeuterate
absorb at lower frequencies than Zundel cations in crystal
dideuterate; see Figure 14). The high frequency peak of the
amorphous mono- and dihydrate (deuterate) stretch feature, near
∼3144 (2400) cm-1 should include contributions from (a) water,
(b) the high frequency part of the stretch doublet of Zundel
ions, as seen in the crystal dideuterate spectrum, and (c) the
hydronium ion stretch of OH (OD), such that H (D) is in contact
with water rather than with an anion. These assignments of the
two amorphous hydrate (deuterate) stretch features are also
supported by calculated spectra of cluster structures (m) and
(n), which include hydronium and Cl- contact ion pairs (Figure
6). As seen in their ab initio spectra (Figure 7), the OH stretch
transitions of the hydronium appear to the red from the water
OH stretch, in the 3032-2292 cm-1 frequency range; the lowest
frequency vibration corresponds to OH in contact with the anion.

A second spectral feature characteristic of amorphous mono-
and dihydrates (deuterates) and also of the adsorbate-surface
systems, is observed at 2110 (1560) cm-1. This band is assigned
to a stretch vibration of HCl (DCl) molecules solvating Cl-. A
corresponding high intensity transition was computed for
Cl-‚‚‚HCl in structure (n) at 2121 cm-1. The Cl-‚‚‚HCl species
was also reported by Laasonen and Klein in an ab initio
molecular dynamics study of a concentrated aqueous HCl
solution.95

The band observed in amorphous mono- and dihydrates
(deuterates) at 1686 (1260) cm-1 has a computed counterpart
at a similar frequency, originating from a combination of water
and H3O+ bending (Figure 7). Although our ab initio models
do not include Zundel ions,96 inspection of crystal dihydrate
and dideuterate spectra suggests that the latter undergo a bending
excitation in this region as well. The computed features at
∼1400 and∼1000 cm-1 (Figure 7) correspond, respectively,
to H3O+ umbrella bending, and libration (with contributions
from both H2O and H3O+). Experimentally, a single broad peak
is observed in the 1030 (800) cm-1 region for amorphous mono-
and dihydrate (deuterate). On the basis of the computations,
the high and low frequency end of this feature is tentatively
assigned to contributions from cation bending, and from
libration.

In higher amorphous hydrates, the 2548 (2000) and 2110
(1560) cm-1 features disappear, in accord with their respective
assignment to the OH (OD) stretch in contact ions, and to the
HCl (DCl) stretch in Cl-1‚‚‚HCl (Cl-1‚‚‚DCl). At high water-
to-acid ratios, all acid is likely to be ionized and solvated by
water, making improbable the contact ions and the Cl-1‚‚‚HCl
configurations. A single OH (OD) stretch feature is visible at
3200 (2500) cm-1, which most likely includes both water and
cation contributions. Anapparentdiscrepancy is obtained with
the calculated spectrum of structure (l) in Figure 6, in which
the ion pair is separated by water. The calculated spectrum
(Figure 7, top) includes one intense low frequency feature at
2059 cm-1, which is absent in the experimental spectra, and
which originates from the longest OH bond in the cation. As
discussed in section 2.2, the H3O+ ion in this model is distorted
toward the Zundel structure, and in an accurate anharmonic

calculation of the spectrum the corresponding transition would
most likely contribute to the continuum.

One may note finally the very large Zundel continuum
intensity in the amorphous deuterate (and hydrate) spectra. In
the hexadeuterate, similar integrated intensities were obtained
for the OD stretch band above 2100 cm-1, and for the continuum
below 2100 cm-1. However, there are 12 times as many
D-oscillators that contribute to the OD-stretch band than
deuterons. This result suggests an enhancement of the deuteron
continuum intensity by an order of magnitude with respect to
the already intense OD-stretch band. (The integrated stretch
intensity is similar to that of an ice film of the same thickness.97)
This argument is oversimplified because the continuum is most
likely contributed by compound molecular motions rather than
by vibrations of deuterons only.54,55,57The continuum intensity
per deuteron, as measured at the frequency marked by an arrow
in Figure 13, is in fact roughly proportional to the water-to-
acid ratio, indicating collective vibrations involving water. Still,
the pertinent motions appear to be “ı¨lluminated" by deuterons
in Zundel-like configurations. This follows from the infrared
absorption of D2O ice below 2100 cm-1 being much weaker
than that of the stretch band;97 note also the weakness of the
spectral features below 1800 cm-1 in the crystal mono- and
hexadeuterate, which include hydronium rather than Zundel
cations (Figure 14).
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