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

1. Introduction vapor pressurel(< 110 K). The tools of this investigation are
FTIR spectroscopy, Monte Carlo simulation, and ab initio

lonization of hydrochloric acid, HCF H,O — HzO" + CI, calculations.

is a very basic reaction in chemistry. It is driven by ion solvation Past ab initio studies of HCl and HBr solvation focused on

in water; i.e., the ions form strong hydrogen bonds with the . o4 \yater-acid clusters containing several water molecBiés.

solvent, and the formation of the solvation shell renders the It was shown that a minimum of four water molecules is needed
resulting reaction exothermic and thermodynamically favorable. for stable ionic structures. A similar conclusion was reached

Recently, there has been enhanced interest in the acid ionizatioqrom matrix isolation spectroscopy of the pertinent clusters:
reaction on the ice surface, in connection with the ozone hole §
formation. This is because HCI adsorption and ionization on
stratospheric ice particles was proposed as one of the importan
steps in the reaction chain leading to ozone destruétidithe

HCI 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 considerable theoretical attention. Gertner and Hynes proposed

as clusters and ice surfaces to induce the ionization (see, e.g. o - : L
- ; . ’ an HCI ionization mechanism under stratospheric conditions,
refs 4-47). The latter issue is addressed here for acid adsorbate b

on cold ice nanocrvstal surfaces: preliminary results were Via incorporation into a continuously regenerated ice particle
X 8 ys S, preliminary. surface®®-3° The extent of acid solvation during adsorption
published!® Our focus is on solvation and ionization stages of

acid adsorbate under “quasi-static” conditions of essentially zero the ice surface (rather than during incorporation into the ice
q y lattice) was addressed by a number of studies, with different

- - - results.Molecularadsorption was obtained in several electronic
: Ef’nﬁr;fpﬁ?kﬁ’g?ha#j?‘;{g E'ma"' deviin@okstate.edu. structure studies, in which relaxation of the system was restricted
 E-mail- sadlej@jo«ejlﬁne{.éhem.uw.edu.pl. by a finite size a_nd_ periodic boundaries_, zero sur_face temper-
§E-mail: aytemiz@fef.sdu.edu.tr. ature, and/or a limited number of relaxing coordinafe®:4>
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however, in that study assignment of bands to different clusters
has been problematic except for the smallest sizes. For the HCI
Yind HBr adsorbateice-surface system, both experimental (e.g.,
refs 14-33) and theoretical (e.g., refs-347) studies have been
pursued extensively.

The extent of acid ionization on the ice surface attracted
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Molecular adsorption was also investigated in simulations al. obtained saturation of HCI uptake on ice films of one HCI
employing empirical (un-ionizing) potentiat$374143The above molecule for each surface,B .32

studies resulted in adsorption energies in the rang&lskcal/ At higher temperatures (which are beyond the scope of the
mol for un-ionized HCI adsorbate on a crystalline ice surface. present study), the acidice system is very dynamic. A number
Clary and Wang suggested an important role of surface defectsof studies demonstrated penetration of HCI adsorbate into the
in extending the lifetime of physisorbed molecules under jce lattice to form ionic hydrates, occurring upon extended
stratospheric COﬂditiOﬂS, to allow for encapsulation in the ice exposure of the surface to HCI above 110 K (See, e.g., refs 21,
surface and ionizatioff.Cassasa proposed that HCl may be able 25, 30, 32, and 33). At temperatures approaching stratospheric
to ionize after displacing water from the surf€©n the other ~ ones, experimental studies required finite gas pressures to
hand, nearly barrierless HCl ionization was obtained in a QM/ stabilize the solid, and the HEIce interaction occurred under
MM molecular dynamics simulation of HCI collisions with a  conditions of constant evaporation and condens&&éh2’

crystal ice surface by Svanberg et al., employing the PM3 e tg its complexity, the acid adsorbatee-surface system
semiempirical molecular orbital scherffeThe ionization de- g gill far from being well understood. Considerable discussion
pended on HCl sticking to a commonly available site on a basal js associated with a number of topics, such as the onset
plane, in which one dangling-O (d-O) and two dangling-H (d- temperature and the extent of adsorbate penetr&i®.32he
H)-atoms of ice are available for adsorbate bonding. (The acid-to-water ratio in hydrate products formed under different
notation d-O/d-H is used for dangling water atoms, with congitionsl9.20.2232%and the influence of surface morphology on
unsaturated hydrogen bond coordination with respect to otherine HC-ice interactiori?-2526.29.3The experimentally derived

H-0.) A facile transition was proposed to occur to such locations binding energies and enthalpies of HCI on ice range from 6 to

from less favorable binding sites. A DFT-based on-the-flight 18 kcal/moli926.27.49.50thjs large spread of values is not

simulation of Mantz et al. in the 15230 K range resulted i syrprising considering the varying extents of ionization and

similarly efficient ionization on ice-surface regions rich in dH. penetration at different experimental coverages and tempera-
A variety of experimental techniques have been applied to tures.

investigate the acidsurface interaction, and the extent of The aim of this study is to advance molecular level

ionization. Brieﬂy, experimental evidence pOintS toward meta- understanding of the acidce nanopartic|e interaction in the
stablemolecularHCI at low temperatures of tens of degrees |ow temperature regime, below the penetration threshold. The
Kelvin, and a transition to an ionized adsorbate layer as the critical measurements are the FTIR difference spectra between
temperature is increased toward 100 K; however, the resultsHC|-covered nanocrystals, and bare nanocrystals prepared under
reported by different groups are not entirely consistent. Spec- similar conditions. The difference method eliminates the interior

troscopic features due to molecular HG2500 cn1), DCI ice bands so that spectral features due to adsorbate can be
(~1820 cm?), and HBr ~2220 cm') were identified by examined. The resulting broad bands evolve as a function of
Delzeit et al. on the amorphous ice surface in the-66 K temperature due to a transition from a predominantly molecular

range!® The molecular bands were shown to persist up to 125 tg g predominantly ionic surface layer.

K on ice nanoparticles at submonolayer coverdg@ands due Atomic level understanding of this system poses a serious
to protonated water (a product of acid ionization) were observed g qretical challenge. Simulations are difficult due to lack of

as well on ice nanoparticles at 85'Kand on ice films above  gmpirical potentials that include both an accurate description
80 K20.33 of proton transfer from acid to water, and between water

Kang et aF® probed the extent of HCI ionization on  molecules. Here we employ Monte Carlo (MC) simulations of
nonporous amorphous ice films by Gen scattering; molecular  molecularHCI on an ice particle, aiming to obtain information
HCl was detected from a reactive ion scattering product CSHCI  on the molecular adsorbate layer at 50 K. Furthermore, ab initio
and ionized acid, from the protonated water SIMS signal. The techniques are applied to study cluster models, in which HCI
ionization extent was shown to increase with temperature. can both stretch and ionize. However, as shown below a fairly
Predominantly molecular HCI was detected below 70 K, high level of ab initio calculation is necessary to describe HCI
comparable amounts of ionic and molecular species were solvation, restricting the size of feasible;®)y+*(HCl)m models
obtained in the 96120 K range, and at 140 K the ionization ton < 7, m < 2.

was complete. On the other hand, complete ionization of HCl |nterpretation of the spectra for this quantum-mechanical and
on ice films was concluded from a SIMS study by Donsig and yery anharmonic system also poses considerable difficulties. The
Vickermart® (above 90 K), and from a spectroscopic investiga- most complex issue is proton dynamics. Protonated water
tion by Banham et &° (above 80 K). The apparent contradiction appears in two limiting forms: hydronium#9* and Zundel
may be due to sensitivity of ionization to HCI coverage; see HsO,*. (In the Zundel form the proton is shared by two water
section 4. molecules: HO:+-HT+:-OH,.) These distinct forms were identi-

A number of molecular-beam scattering studies demonstratedfied in crystalline HCI hydrate® In aqueous solution, in which
efficient trapping of HCI on the ice surfaéé?6-?’Isacson and  the proton undergoes diffusion, continuous interconversion
Sitz employed pulsed-beam and mass-spectrometric techniquesccurs between the two form%.%> In amorphous solids such
to study HCI adsorption on thin ice films in the 16070 K as the ionized adsorbate layer, a frozen continuum of configura-
range?® Analysis of the data in the 160125 K range suggested  tions intermediate between hydronium and Zundel is likely to
two HCI components; the first was characterized by a desorption be present. Moreover ab initio calculations (see section 2.2)
energy of 6.7 kcal/mol, in the range proposed for molecular suggest facile transitions between distinct bonding configurations
HCI. The second component, presumably ionized and hydratedseparated by low barriers. Thus structural changes may be
HCI, was “lost” on the surface in a process having an activation included already within the range of zero-point motion, or
energy of 5.0 kcal/mol. The apparent molecular-beam reflectivity thermal excitations at low. A path integral study of a solvated
decreased substantially between 126 and 140 K, in qualitative proton in a liquid in fact showed quantum delocalization of a
accord with the results of Kang et & At 80—120 K, Haq et proton over both a Zundel and a hydronium strucfire.
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The extreme anharmonicity of the aeidurface system is Barei rticl
evidenced by the so-called “Zundel effect”, i.e., an intense (A) . e._ce prRRIORS

continuum absorption underlying the spectral bafdshis (B) Particle core

feature is observed for both liquid and solid systems rich in o

Zundel ions. The effect is due to continuous modulation of the M. o

proton potential well by the ©-O stretch, other local motions, \:ﬁ;‘ ‘ e

and fluctuations of the electric field. Thus the proton potential A -4 "'3'.'*1«?4

extends from a single well for short-©O distances, to either fﬁﬁz*;
.5 Y

symmetric or asymmetric double we#s525455The 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 Kifown.
Although complete understanding was not attained, these limited
tools provide considerable qualitative insight to the structural
evolution of the HCice system as a function of temperature.  §

In section 2, the computations are described. Section 3 g
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 | provides auxiliary results for the spectra (C) 18 HCI coverage (D) 79 HCI coverage

of ionic hydrate and deuterate films. Following the accepted Figure 1. (A) (H;0).0s bare ice-particle model. Dangling-O-atoms are
usage?’ the term “oxonium ions” is used throughout as a generic dark blue. (B) Hydrogen bond network in the core of the ice particle;

name for all forms of protonated water, including Zundel and crystalline order is largely retained in the interior. (C, D) Simulation
hydronium ions. snapshots with 18 and 79 HCI molecules.

2. Computations The Potential. A nonpolarizable potential surface (PES) was
2.1. Monte Carlo Simulations.In these calculations, a fixed — employed with the monomers assumed rigid. The TIP4 potential
amount of HCI molecules (18 or 79) was deposited on an ice was used for waterwater interactiong! For HCk--HCl interac-
particle containing 293 water molecules (Figure 1). The system tion, the potential of ref 72 was adopted. The H&H,0
was simulated using classical canonical Monte Carlo at 59 K. potential was constructed by applying LorenBerthelot mixing
2.1.1. Computational DetailsThe computational MC pro-  rules to the HO---H,O and HC}--HCI potentials*"3 which
cedure is similar to the one used in our past simulations of NH employ a single Lennard-Jones center on the heavy atoms, plus
adsorption on ic€! A brief summary is given below with further ~ point charges. The same point charges were adopted for the
details found in the Supporting Information and in refs 61 and HCI-+-H;O potential, together with Lennard-Jones parameters
69. o = 3.3 A ande = 0.31 kcal/mol; the parameters correspond
The Ice-Particle Model. At low temperatures ice particles tend to slightly readjusted values obtained by using the well-known
to freeze to a cubic ice form (ice 15765 The O-atoms forma  mixing rules. The energy minimum in the configuration in which
periodic pattern; however, water orientations are quasi-randomHCI is collinear with the water bisector corresponds to &-Cl
within the constraints of the nearly perfect tetrahedral bonding O distance of 3.12 A and a well depth of 4.4 kcal/mol. For
geometry8263The properties of ice Ic are very similar to those comparison, the corresponding ab initio values reported for the
of the common hexagonal ice Ih form, which is likewise HCl--*H,O dimer are in the range 3.£3.22 A and 4.65.5
orientationally disordered. Ice nanoparticle structure and spec-kcal/mol>114574As seen in Figure 2, for these potentials the
troscopy were pursued by us in the p¥st° It was shown that H,0---H,0 bond in the optimal orientation is stronger than the
ice nanoparticles are characterized by a crystalline interior and H20---HCI bond, and HGF-HCI and HCt--HOH bonds are
a disordered surface. The surface structure is dictated by themuch weaker. (The weakness of the HEIOH interaction was
need to terminate the crystalline interior in an approximately also noted in an ab initio study of cyclic ¢§B), --HCI clusters
spherical geometry. Hydrogen bond flexibility is sufficient for by Packer and Clar$)
most surface KD molecules to acquire four hydrogen bonds, Details of the MC Simulation. A canonical Monte Carlo (MC)
although with a coordination shell strongly distorted from simulation was used, af = 50 K. A fixed number of HCI
tetrahedral symmetry. (Scarcity of under-coordinated molecules molecules (18 or 79) was initially deposited at random on the
makes the surface a poor solvating medium; see below.) Thecluster surface. First, &« 10’ MC steps were carried out for
ice particle model (KO).03 (Figure 1) used in the calculation  HCI molecules only. Then 5 1C® steps were performed on
was constructed as described in ref 61. The experimentsthe entire system of HCl| and J&@ molecules. An MC step
employed much larger particles of average diamet&2 nm, included a rotation and a translation of a randomly selected
with tens of thousands of water molecules. However, even at molecule. The translational steps were chosen from the Gaussian
the size of a few hundred molecules, we obtained the basic distribution, witho = 0.032 and 0.08 A for water and HCI,
structural pattern of a nearly crystalline core and a disordered respectively. Rotation vectors were also selected from a
surface; see Figure 1 and ref 69. Gaussian distribution as well, with= 1.4° and 1.9 for water
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and HCI, respectively. Rotations were carried out around
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 HCI simula-
tion. In the case of kD---H,O and HO---HCI, 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 A, respectively. The latter definition results in
negative HO---HCl interactions with a mean value 13.4 kcal/
mol. Oxygen atoms of water with less than 2 hydrogen bonds
to other HO moleculesare defined below as dangling (d-O),
even if bonded to HCI. Dangling-H-atoms (d-H) of.®
correspond to zero hydrogen bonds to othe®H

J. Phys. Chem. A, Vol. 106, No. 41, 2002377

In the case of HCI-HCI 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
A (see Figure 3c). Both definitions result in all-negative pair
interactions, with mean values 6f1.8 and—1.7 kcal/mol,
respectively. The HGI-HOH bond cutoff was set at 2.89 A.
This is because < 2.89 A 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 <H
distances correspond to both attractive and repulsive interactions
with dangling and nondangling H. A shorter cutoff at 2.75 A
was tried as well, corresponding to a dip in the H&-H
distance distribution function.

2.1.2. MC ResultsThe results are shown in Figures 1, 3,
and 4, and in Table 1. A distribution of HCI 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 bD provide strong binding sites for
HCI. In the lowest coverage simulation, the number of d-O
exceeds considerably the number of adsorbate molecules, and
thus nearly all HCI 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~GHCI---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
H,0---H,0 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 Ntdsorbate
on the same ice particR) About 60% of HCI adsorbate
molecules are bonded to surface O-atoms, a large majority of
which are dangling. Nearly half of the O-bonded HCI molecules
are doubly coordinated; i.e., an additional weak bond is formed
by CI, either to d-H of ice or to an H-atom of another HCI.

,(b) HCL.HOH - i
|
I ,’\\ A . (d) H20..H20
I \\I ! L |
[ A WY
I I VA b
/ LY
| v : | \
1 ! N -
i l ] ARV
~d
2 3 4 1 2
\
i
. | |
(a) H20..HCI I (c) HCL..HCI
“ I ?\ l l
INHAYY e
o VTR \
\ W
AN TV AANS
. LN\ ) ) |
1 2 3 4 2 3 4
distance [A]

Figure 3. Radial distribution functions for H-X distances. Results from a 79 HCI simulation, unless explicitly stated otherwise. (a) (Dashed)

H---O distances for kD---HCI pairs; (solid) dangling-O only. (b) (Das

hed)-€H distances for KD---HCI pairs; (solid) d-H only. (c) Ct-H

distances for HG}H-HCI pairs. (d) G--H distances for KHO---H,O pairs. The arrows denote cutoffs used for bond definitions.
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TABLE 1: HCI Coordinations 2 2.1.3. MC Conclusions and Commeritsthe present model,
coverag 18 79 rigid un-ionizing adsorbate HCl is considered. The acid molecule
total O-bonded 17 46 is a good proton donor and a poor proton acceptor, and thus
O---HClI° 10 (9) 17 (15) d-O-atoms of the ice surface serve as strong binding sites for
O-+*HCl-++d-H . 6(7) 10 (13) the adsorbate. At low coverage, one-third of the HC| molecules
O"'HC|"'H(fC|) 1@ 10 (14) form an additional weak bond to d-H. At higher coverage for
O-++HCl++-H, 2(4) .
no O-bond 1 33 which the number of HCI exceeds the number of d-O, two
Cl---HCIP 16 coordinated configurations of the form d-@HCl---HCl are also
Cl-++HCl-+-H(ClI) 8 present. Three coordinated configurations are uncommon.
Cl-+-HCl---d-H . 3 Past studies suggest that the minimal number of bonds needed
no. of d-O 43 50 ST . 11 44
no. of d-H 37 a1 for HCl ionization is three: one to H, two to GP-1144However,
no. of d-H--CI(H) 6 (8) 17 (21) an interesting situation appears to prevail on a cold particle

2Bond cutoffs: HO+H,0, 2.30 A: HO-HCl. 3.35 A: HCH+HOH. surface: to ionize, molecular HCI needs three bonds, but as

2.75 A; HCk+HCl, 2.85 A. Numbers in parentheses pertain to longer |09 @S it is molecular, a third bond is not actively sought. The
cutoffs: HCH+HOH, 2.89 A; HCH+HCI, 3.20 A; see text. Configura-  Paucity of triply coordinated configurations is related to a
tions of low abundance were omittétdNumber of HCI in the relatively low density of surface d-H-atoms. As shown in the
simulation.¢ A single bond to O-atoms, mostly d-©A two- pastt® the ice nanocrystal surface is characterized by a
coordinated bridge coordination. Most of the O-atoms and all H-atoms disordered structure, in which,® molecules are mostly fully
‘érle dangling® A two-gooraina}ted b;}idg?_mc:?r%rdinationa_in wr&icnélhe four-coordinated, albeit with a coordination shell strongly
Cl iitcc):r(;]nlrfecc:toendn?ocﬁ-attgms ?)f mgtHgHCI .inrve;/ﬁigf?ol—:-;rt]grts is not. distorted from tetrahedra‘l symmetry_. Thus the COI.d Ice'pam.de
bonded to O of ice. At high coverage HCI engages in “worm like” Surface does not constitute a particularly effective solvating
configurations: HGk-HCI, HCI---HCI---HCl, etc." “Worm tail” con- medium with respect to the acid.

figuration.' “Worm middle” configuration) “Worm tail” HCI, con- However, the strength of HCI hydrogen bonds is expected
nected to d-H. to increase with hydrogen bond coordination (an effect that is
absent in the present MC calculation). This is because hydrogen

20 ' ‘ bonding stretches and polarizes HCI, which thus becomes a more
15 + ] effective hydrogen bonder. The implications will be discussed
0l 1 in the context of the interpretation of the spectra. Briefly, the
MC calculation underestimates the ability of doubly coordinated
5+t - HCI to reorganize the surrounding solvating medium.
0 2.2. Ab Initio Calculations. The MC simulations provide
' ‘ ' “entry level" molecular configurations adopted by adsorbate HCI
6 18 HCl . on a cold particle surface. In this section, ab initio calculations
Al ] on smaller clusters are used to elucidate the extent of HCI
stretching and solvation in different configurations. Our MP2
2t - level calculations include energy minimization and normal-mode
3 _ N . analysis for (HO)y(HCl)n, clusters, withm =1, 2,n = 1-7
APy 65 45 o5 (Figures 5 and 6). In larger clusters shown in Figure 6, the choice
E keal/mol of HCI configurations was guided by the Monte Carlo results.

Figure 4. Distribution of molecular HCI energies, from the 50 K MC 1 he smaller structures (Figure 5) were added to elucidate trends
simulation at different coverages. The HCI energy was taken as a sumWith size.
of its interactions with the particle and half of its interactions with 2.2.1. Computational Detail§-he calculations were carried
other HCI. (Thick, solid) all HCI. (Thin, solid/detdashed) HCI with/ out with a suite of Gaussian 98 prografisFull geometry
without a hydrogen bond to an O-atom on the ice surface. optimizations were performed using the most stringent internal
. . . criteria (“verytight” option) at the MP2 frozen core level.
Trlpl_y C(_)ordmat_ed HCI, with one bond to H and two to Cl are Harmonic MP2 (frozen core) frequencies and infrared intensities
a minority species, even using the long bond cutoff. quF of were calculated using analytical second derivatives, except for
_the HCI t_hat are _not at_tached to the surface O-atoms participate largest models @@);(HCI) (Figure 6j,l) for which the
in wormlike configurations such as HEHCI or HCl---HCI--- numerical option was used. The aug-cc-pVDZ basis set was
HCI. A head of a *worm” is commonly attached to a surface  ohioved in the calculatio.This basis set is the largest that
O-atom. A “worm-tail” may be terminated by a connection 10 .44 pe realistically used with our computer resources for
d-H. optimization and frequency calculations at a correlated level,
Figure 4 shows the distribution of the molecular binding for the largest cluster sizes. This basis set was retained for
energies. At the high coverage, the low and high energy wings smaller clusters as well, to obtain trends as a function of size
of the distribution are dominated by HCI, which are and are on a consistent level of accuracy. As shown previously, this
not bonded to strong O-sites on the surface, respectively. Forbasis set reproduces rather well geometries, frequencies, and
the low coverage, a doubly peaked structure is still observed, electric properties of hydrogen-bonded clustéBhe HCI bond
although nearly all molecules are O-bonded. The doubly length, dipole moment, and fundamental harmonic frequency
coordinated HCI dominate the low energy peak in the molecular were calculated at the MP2 level as 1.288 A, 1.185 D, and 3023
energy distribution. However, the division to two peaks does cm™1, as compared to experimental values of 1.275 A, 1.093
not correspond to the division between molecules with and D, and 2991 cm?, respectively?® For H,0, the OH bond length,
without the extra weak bond to d-H. This finding underscores HOH angle, dipole moment, and fundamental frequencies were
a significant contribution to the adsorbate binding energy from calculated at the MP2 level as 0.966 A, 103.9.879 D, and
interactions with additional “non-bonded” water molecules. 3938, 3803, and 1622 cth as compared to experimental values
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Figure 5. Cluster minima (HO),(HCl)m, with m= 1, 2,n = 1-4,
investigated in MP2/aug-cc-pvDZ calculations. HCI bond lengths,
stretch frequency shifts, and intensities are marked.

of 0.958 A, 104.8, 1.847 D, and 3942, 3832, and 1648 dm
respectively?°
The MP2 method was judged to be more suitable to the
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Figure 6. Cluster minima (HO),(HCl)m, with m= 1, 2,n = 5-7,
investigated in MP2/aug-cc-pvDZ calculations. HCI bond lengths,
stretch frequency shifts, and intensities are marked for un-ionized acid
molecules. In ionic clusters, the O-atom of® 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
H,0.

TABLE 2: HCI Frequency Shifts (cm~1) in (H,0),++(HCI)
Clusters,n =1, 3
n exp MP2 B3LYP? B3LYP* mMp
1 —212 —262 —314 —313 —227
2 —481 —545 —659 —694 —453
—865 —1052 —1199 =727

current problem than the commonly employed and cheaper DFT/ 3
B3LYP, because the latter tends to overestimate the tendency s Reference 4. Experimental HCI frequencies obtained from mass-
of HCl to stretch and ionize. This conclusion was reached from scaled values measured for deuterated clusters, in the Ar matrix.
a comparison of MP2 and DFT results in the aug-cc-pVDZ Frequency shifts with respect to HCl isolated in ARresent results,
basis, and is in accord with past comparative studies employingaug-cc-pvDZ basis: Reference 7. B3LYP/D95+(d,p). ¢ Reference
MP2 and DFT with larger basis sets for gBi),++(HCI) 5. MP2/6-31g(2dp)¢ In ref 4, a feature corresponding 6371 cnt?
clusters®® Table 2 shows HCI frequency shifts in 481),--- shift was tentatively assigned to 4Bl)s+(HCI); but in view of

. . . computed trends this assignment appears unlikely.

HCI, n = 1, 2, with respect to isolated HCI, calculated with
MP2 and DFT, and measured in the Ar mattibn the aug-cc- —743 cnt, respectively, as compared to the harmonic values
pVDZ basis, both methods overestimate the size of the shift; of —262 and—545 cnT?, and the experimental ones in an Ar
however, the agreement with experiment is much better for MP2. matrix of —212 and 481 cmb.* Thus the deviation seems to
The present MP2 and DFT results are similar to MP2/6-31g- increase with size. In the following discussion we empirically
(2dp) and DFT/D95-+(d,p) results of refs 5 and 7, respectively. employ the harmonic values, because the latter are closer to
One may note that structure f of §8);---HCI in Figure 5 is the available experimental results.
molecular in MP2 but ionizes in B3LYP. (A similar result was Cluster energetics are reported in the Supporting Information.
reported for D95-+(p,d) basis, but not for 6-3H1+g**.8) The CP correctioft was applied to the optimum geometry for

Inclusion of anharmonic effects was also attempted for the full supermolecular basis. No account has been taken of
structures for which HCI remains molecular. A local HCI stretch  BSSE in geometry optimization or in normal-mode analysis.
mode was assumed. The potential was mapped as a function of 2.2.2. Ab Initio ResultsThe investigation included thirteen
HCI bond length in the vicinity of the minimum and fitted to a molecular structures (Figure 5&, Figure 6i,j,6-q), three
Morse function. For isolated HCI, good agreement was obtained ionized ones (Figure 6In), and one “semi-ionized” in Figure
between the anharmonic Morse frequency, and the experiment6k. For the molecular structures, approximately linear correlation
(2916 versus 2886 cm). Moreover, for the clusters, the was found between HCI equilibrium bond length, and the
harmonic Morse frequencies were within several tens oflcm  frequency shift (Supporting Information, Figure Al). Molecular
from the ones obtained from the normal-mode analysis. HCI transitions in the clusters are characterized by high intensity
However, the anharmonic HCI frequency shifts in clusters are (700—3000 kM/mol). In accord with past studie$?1all cyclic
seriously overestimated. For example, the anharmonic shifts (H2O),+++(HCI) clusters shown in Figure 5 are molecular rather
calculated for HO---HCI and (HO),:--HCI were —327 and than ionic. The HCI frequency shift increases by 460 tmith
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increasing ring sizen(= 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®2 The (HO);—3*+(HCI) ring structures in Figure 5ac
correspond to the well-known lowest energy isonter& The
energy of the T-shaped structure (f) is 1290 ¢érhigher than
that of structure (c); (f) was included to demonstrate the
remarkably high HCI frequency shift in this triply coordinated
configuration. Each of the un-ionized structures calculated by
us for the larger clusters is unlikely to be tlogvestminimum

for a given size. A number of past studies demonstrated both
ionic and molecular minima of comparable energy already for
(H20)4°++(HCI).”-° The objective here was to calculate HCl bond
length and frequencyor 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 HCI
adsorbate on ice. Cluster models with HCI coordination ranging
from 1 to 3 were investigated, as suggested by MC simulations.
A model with a singly coordinated HCI molecule was con-
structed by connecting HCI to a d-O-atom of the well-known
water hexamer cage structét¢Figure 6i). The resulting HCI
frequency shift with respect to the gas phas&§2 cnt?) 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 CI connected to a d-H. The resulting HCI bond
stretching is substantial, but proton transfer does not occur as
yet; the H-atom is closer to Cl (1.376 A) than to O (1.511 A).
The large calculated frequency shift 1137 cn1?) is close to
the shift observed for the second molecular bantii86 cnr?).

A model with triply coordinated HCI was constructed by
replacing, with HCI, one of the water molecules in a low energy
water heptamer structufé The triply coordinated HCI dissoci-
ated in the course of minimization, forming a clearly recogniz-
able solvated gD and CI* contact-ion pair (Figure 6m).

A question can be asked concerning the ability of HCI to
solvate another HCI on the Cl side, in place ofCH This is
because, according to Monte Carlo modeling at the higher
coverages, the Cl side of HCl is frequently solvated by another
HCI. To address this issue, two water molecules of the heptamer
were each replaced by an HCIl. The ensuing minimization
resulted in an ionized minimum (Figure 6n), which is very
similar to structure (m), with Cl solvated by the second HCI
instead of HO. Moreover, in cyclic molecular minima (HCI)-
(H20)n=3 4, replacement of an #0 molecule by a second HCI
in tandem to the first was calculated to have only a minor effect
(of a few tens of cm?) on the first HCI frequency; compare
structures (c) and (d) and (g) and (h) in Figurd@Bus it appears
that the ClI side of HCI can be salted almost as effecily by
another HCI, as by bD, both in molecular and in ionized
structures.Moreover, calculations show that HCI molecules,
solvating Cl ends of strongly stretched molecular HCI (as in
Figure 5d,h), are characterized by a few hundred’ored shift
and thus contribute to the first observed spectral f8Adnuch
larger shift was obtained for HCI solvating CIAn intense
transition was calculated at 2121 chfor HCI solvating Ct
in the ionized structure (n); this result is used below in the
assignment of one of the experimentally observed bands.

High coordination of HCI is necessary but insufficient for
effective acid solvation. For example, structures (0) and (q) in
Figure 6 include doubly and triply coordinated HCI molecules,
which, however, are only moderately stretched in contrast to
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structures (j) and (m). Thus, an additional requirement pertains
to the coordination of protonacceptor HO that is bonded to
the H-atom of HCI. As discussed in past theoretical studies of
proton transfer in wateP!-52H,0 is an effective proton acceptor
only if both H-atoms are hydrogen bonded to othePiHand

the O does not have an additional acceptor bond from another
H2O. An arrow marks the “offending” proton acceptor bond in
structures (0) and (qg), which impedes solvation. To further probe
this effect, the “offending” bond in structure (0) was removed
by elimination of the HO molecule in the top left corner with
the resulting structure subjected to energy minimization. A
substantial increase in the HCI bond length was in fact obtained
in the minimized structure (p), as compared to (0), from 1.332
to 1.354 A, with concurrent increase in tirequency shiftfrom
—615 to—875 cntl.

One may note finally the T-shaped structure@h:--HCI
in Figure 5f in which HCI is molecular (albeit strongly
stretched), despite triple coordination. Apparently, the two edge
water molecules are insufficient to solvate simultaneous(™
and Cr.

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 (0). 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 CI. 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 resultgartial proton transfer
from acid to water; the proton adopts a location roughly in the
middle between O and Cl, rather than forming ay©H unit as
in (m) and (n). The energy difference between pairs of structures
(i) and (0), and (j) and (k), is only a few hundred Thwell
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 () was obtained from molecular
structure (j) by subjecting it to DFT minimization. (As noted
above, DFT overestimates the tendency of HCI to stretch and
ionize.) Structure () is a minimum in MP2 as well; its energy
is 2054 cm! below that of (j). This result is in qualitative accord
with activated but irreversible ionization observed in the
experiment for HCI adsorbate (section 4). Although the MP2
reaction path was not calculated, comparison between (j) and
() 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 ang®* ion at a next-
near-neighbor position with respect to ClOut of eleven
hydrogen bonds in (j), three are broken, and two new ones are
formed. One bond undergoes a donacceptor switch. The
cooperative nature of the ionization transition was already noted
in several past electronic-structure studies of acid ionization in
clusters®8.10
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to be as effective as by H-atoms of water. In addition, solvation
is most effective if both H-atoms of the proton accepteOH
2000 - (1) s 5_ v 1 are bonded to other water molecules, whereas the O-atom is
l notengaged in a proton acceptor bond with another water. The
! . latter acceptor bond, if present, impedes stretching of doubly
! ” JJ'E L coordinated HCI and prevents proton transfer from a triply
L coordinated one (see structures (0) and (q)).

Calculations suggest a common presence of barrierless or low
§ barrier transitions between distinct bonding structures (e.g.,
structures (i) and (n); (), (k), and (1)). This conclusion should

v (YR be regarded as tentative, because potential surfaces calculated

(B) ” on the present ab initio level appear to be too flat (as evidenced
! ﬂ+ ﬂhﬁfﬂ by the overestimation of the anharmonic frequency shifts).
, Moreover, the hydrogen bond network of the much larger ice
i _ nanoparticles may be more rigid. Still, this finding appears
i consistent with the experimental evidence for low barrier
! | U L A transitions between molecular and ionic adsorbate states. Prob-
|
|

3000 [ T T T T T

1000

T

3000 =
(CI-)HCI

1o

2000 | (M) s

|
i
1000 | i :
i

-—-1

L}

I
I
i
I
'l
I
'l
|
|
- l
'||| !

3000

2000 (M)

Intensity kM/mole

o

. able presence of numerous bonding structures below the zero-

o Ll L : . j . rLJmJ point energy complicates interpretation of the spectra, as
4000 3500 3000 2500 2000 1500 1000
Frequency cm-1

Figure 7. Ab initio spectra of ionic structures-) (see Figure 5). 3. Experimental Section

Intensities below 1900 cn (solid lines) were multiplied by 4. (Det The usual difficulty in the investigation of adsorbagurface

gﬁzr}ﬁ%ﬁgﬁt&hog];sdgf gsﬂ)P blﬁagl?edtsl_ éj:r?;t:;ﬁ;eetghmgzgi”\:ﬁtagbre"aspectroscopy is a large interior-to-surface ratio of molecules,

Note the 2121 cmt frequency of HCI bonded to Clin the middle so that spectroscopic signals are lost among those of the bulk

panel. substance. In the present study, this problem is overcome by
the use of 3-D arrays of ice nanocrystals that assemble on the

Finally, the normal mode spectra of the three ionic structures windows of a collisional-cooling cluster cell. The arrays
(I-n) are shown in Figure 7; the spectra will be used in the prepared at 50 K are stable at temperatures below 100 K and
interpretation of ionized adsorbate and hydrate spectra. Foroffer a large surface area with respect to gas adsorption; their
H3O™, the lowest frequency and the most intense OH-stretch surface properties are similar to those of an ice aefGsbhe
peak originates from the most elongated OH. In models (m) mean diameter of the constituent nanoparticles is reflected in
and (n) with contact ion pairing, the longest OH is in contact the intensity ratio of the d-H spectral feature, originating from
with the anion; the corresponding frequencies are 2292 and 2497the surface, and the hydrogen bonded OH band, caused
cm L, respectively. In model (I), 0" is distorted toward the ~ predominantly by interior water molecules. This size estimate
Zundel structure, with one OH significantly longer than the other has been double-checked by measurement of the intensity of a
two. The corresponding normal frequency is 2059 ¢min CF, adsorbate band for monolayer coverage. (Monolayer
anharmonic reality, such long bonds most likely contribute to coverage is detected from the unique band shape characteristic
the Zundel continuum. The frequencies of the two remaining of collective LO and TO modes of adsorbate ,C%

H3O*-stretch transitions are similar for all three structures, The above system has been used to investigate transmission
falling in ranges 27162803 and 30323077 cn1l. FTIR spectra of bare and adsorbate covered ice nanoparticles
2.2.3. Ab Initio Conclusions and CommenEforts were in the 50-120 K range. Samples have been prepared of HCI

made to construct reasonable cluster models, which are suf-adsorbed on kD, DCl on D,O, HCI on D,O, DCI on HO, and
ficiently large to represent unstrained hydrogen bonding of HBr on H,O ice. The measurements focused on the difference
molecular and ionized HCI adsorbate to the ice particle surfaces,spectra between adsorbate-covered nanocrystals and bare nano-
and yet sufficiently small to be amenable to ab initio studies. crystals prepared under similar conditions. The differencing
The highest level of calculation feasible for us was MP2/aug- allows for a clear view of spectral features originating from the
cc-pVDZ. adsorbate.

The extent of HCI stretching and the corresponding frequency  An earlier FTIR study of HCI adsorbed on ice nanocrystal
shift are influenced by several factors: the HCI coordination, arrays showed that, to reveal the details of the surface adsorbed
the extent of strain in the hydrogen bond network, and the state, control of the formation of the adsorbate layer is critical.
coordination of the proton acceptor water molecule. Singly and In that study?* HCI was adsorbed by vapor diffusion to ice
doubly coordinated HCI remains molecular. Ab initio frequency nanocrystals within 3-D arrays supported on the two infrared-
shifts calculated for singly and doubly coordinated HCI in transparent windows of a static cluster cell. This resulted in
models (i) and (j) (Figure 6){362 and—1137 cnt?) are close nonuniform coverage of the particle surfaces as the HCI uptake
to the first and second measured bands (section 4). The largewaried greatly from the front to the backside of the arrays. The
shift appears to require, in addition to double coordinationrd-O  computations of section 2 show that solvation by other HCI
HCI---d-H, a relatively unstrained hydrogen bond network, molecules is nearly as effective as hydration in stabilizing the
because a smaller model (p) of similar coordination resulted in ionized state. The high surface concentration of HCI at the front
a significantly reduced shift. Barrierless ionization was obtained of the arrays caused extensive ionization, so that intense ionic
in triply coordinated models, with one bond to H and two bonds bands dominated much of each spectrum (see Figure 3B of ref
to ClI; this result is in accord with past ab initio studiefst-44 24). Observation of the bands of molecularly adsorbed HCIl was
One may note also the triply coordinated but strained config- therefore severely restricted.
uration (k), in which proton-sharing occurs between water and  Here, in a broad-ranging search for the stretch-mode bands
chloride. Solvation of the Cl side of HCI by another HCl appears of molecular HCI, DCI, and HBr adsorbed at submonolayer
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discussed in sections 4 and 5.
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levels on the surface of crystalline ice nanoparticles, we have
adopted an approach that avoids this large variation in acid HCL ON H20 ICE (TOP) AND D20 ICE AT 50K
coverage throughout an array. In this approach, nanocrystals

of cubic ice®® ~12 nm in average diameter, were formed as -002+ I
aerosol particles by rapid loading of the double-walled cluster HCI[]
cell to 0.4 bar with 1% mixtures of water vapor in helium. With
the thick-walled inner chamber held at 50 k6% of the ice l
particles instantaneously collect on the ZnS cell wind&Ws. 0015 L colid
dozen repetitive cycles of loading and pumping produces 3-D CL-:HCI
arrays having an effective thickness-©0.4 um.

Hydrogen chloride was included in the ice arrays, with an
overall acid-to-water ratio of1:50, by alternating each loading
of ice particles with a loading of much smaller clusters of HCI
or DCI. At 50 K, the acid clusters are a transient part of the ‘
3-D array. Much of the HCI moves immediately to the surface
of the ice particles with the remainder following when the cell ~ 50E-08
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 e PR et
nm ice particles,~12% of the water molecules are part of the 2800 2600 2400 2200 2000 1800 1600 1400
surface?® and thus the standard acid dosage wdsadsorbed Wavenumber (cm-1)

HCI for each six surface water molecules. Ice arrays dosed with Figure 8. Infrared difference spectra at 50 K from comparison of
HBr have been similarly prepared. The experimental adsorbateNanocrystalline arrays with-20% cover of HCI with similar bare-
coverage was estimated from the observed decrease in the fre article arrays. The top and middle spectra are fgDdnd DO ice-

. . article arrays, respectively. Large fluctuations in the @D stretch
d-H (D) band intensity at 3694 (2726) c#f’ region of the latter have been blanked out. The bottom difference

Because Ostwald ripening of 12 nm ice nanocrystals occurs spectrum, comparing two pure 0 ice samples, illustrates the
above 100 K and is aggressive at 120 K, most of the presentinstrumental noise.
results refer to the temperature range-300 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.) . S

HCI[2)

001

Absorbance

HBr ON H20 VS TEMPERATURE: 20% COVER

4. Results and Discussion: AcierAdsorbate Spectra on
Surfaces of Ice Nanocrystals

4.1. Overview of 60 K Adsorbate SpectraThe measured =
difference spectra are shown in Figures1®. At 50-60 K,
the spectra display two broad bands, which are assigned to .
molecular HCI, DCI, and HBr (Figures 8-11). As the temperature
is raised, ionic features grow (Figures-91). Different re-
sponses to warming are observed depending on the level of acid

nce

doping of the ice surface. Dosage levels ®20% of a g 002100k

monolayer typically result in limited ionization during prepara- <

tion followed by progressive low levels of ion-pair formation E .

in the 70-90 K range. Such samples then display a burst of

ionization in the 96-95 K range with the difference spectra o010k N

becoming dominated by bands characteristic of the acid hydrates.

The highest dosage levels 80%) are accompanied by signifi- 50K

cant ionization already during sample preparation at 50 K, i nam)\ HBr(2)

followed by extensive ionization above 60 K. Still, near 90 K, ok

alarge jump is observed in the ion signal. Low acid dose levels o

<20% are associated with a gradual increase in the ion bands, 2600 2400 2200 2000 1800 1600 1400 1200

but without a burst of ionization. Rather, progressive ionization Wavenumber (cm-1)

continues to higher temperatures, with the molecular band (1) Figure 9. Infrared difference spectra for HBr on,@ for ice arrays
still visible at temperatures as high as 110 K. with moderate acid dosing{20% of a monolayer cover). Spectra are

: : : . offset to show the temperature dependence of the-acainteraction.
The Zundel effect, i.e., a very intense continuum absorption The spectra labeled 2:1 and 4:1 are of the correspondi@HBr

underlying the d'sft'nCt bands’_ IS _prom'nent '_n the measure_d amorphous hydrate nanoparticles. Note: weak ion bands at 2070 and
spectra. The continuum contribution (which is suppressed in 1670 cnt* have been subtracted from the bottom spectrum, the 100 K
Figures 8-11 for a clearer view of the bands) can be seen in spectrum has been compressed 2-fold, and the Zundel continuum has
Figure 12. been suppressed.

4.1.1. Molecular Bands of Adsorbate HCI and HBr at-50  for HCI adsorbed on KO ice (top) and for HCI on BO ice
60 K.Examples of difference spectra, of ice arrays with adsorbed (middle). The HCI(1) band, observed in previous studies, is
HCI compared with bare-ice arrays, are given in Figure 8. The apparent at 2480 cmd in the top spectrum, together with a
spectra, obtained at 50 K using surface coatings 9%, are second band of molecular HCI indicated near 1700 tm
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.007+ EFFECT OF TEMPERATURE ON 30% DCI ON D20 ICE
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Figure 10. As in Figure 9, except for DCI on D 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).
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Figure 11. Asin Figure 9, except for HC| adsorbate opice (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).
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However, the oxonium ion has a known band of moderate
intensity near 1700 cm.!®> 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 ci the 1700 cm! band cannot be
assigned with confidence to molecular HCI, on the basis of the

J. Phys. Chem. A, Vol. 106, No. 41, 2002383

ZUNDEL CONTINUA VS TEMP: DCI ON D20 (TOP) AND HBR ON H20

ZUNDE| BASELINE

Absorbance

.01

.005+

e e B
HBr(2)

60 K

ZUNDEL BASELI
1200

T T
1600 1400
Wavenumber (cm-1)

T T
2000 1800 1000

Figure 12. Difference infrared spectra of HBr on,8 (bottom) and

DCl on DO 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.

ions (such as HBD' and HDO.*, the low temperature
ionization products for HClI on ED) have no structured
absorption in the 1700 cm region. The band of the surface
water-bending mode is meanwhile moved 4d200 cntl.
Despite this elimination of the interfering features, a band at
~1700 cnT! remains in the surface spectrum (Figure 8
(middle)). The computational results have identified likely
structures (Figure 6i,j), formed by HCI with ice-surface groups,
capable of inducing smalt400 cnt?) and large ¢ 1000 cnt?)
shifts of the HCI stretch mode relative to the HCI gas-phase
frequency. Together with the two spectra of Figure 8, these
results identify molecularly adsorbed HCI as the source of
prominent bands near 2480 and 1700 értcorresponding to
frequency shifts of~406 and—1186 cnt?! with respect to the
gas phase).

Further experimental evidence, that the stretch mode of
molecular HCI strongly bound to the ice surface absorbs near
1700 cnT?, has been obtained from the analogous difference
spectra of HBr adsorbed on,& (Figure 9) and BO 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 c¢cm?),87 red-shifted analogues of the two bands of
molecularly adsorbed HCI are expected. That two such bands
are present in the 60 K difference spectra of HBr ofOHs
apparent from the bottom spectrum of Figure 9. The weakly
shifted HBr(1) mode appears as a broad band near 2266.cm
A second prominent band near 1530¢ris 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
D,0 ice (not shown).

top spectrum alone. (The surface water-bending frequency is The two bands in the spectra of molecularly adsorbed HCI

affected by the adsorbate, resulting in a dip in the HCI(2) band.)
Fortunately, both interferences in the top spectrum of Figure

8 can be shifted out of the 1700 ciregion by adsorbing HCI

on nanocrystals of gD rather than KHO. The 1H:4D dihydrate

spectrum of Figure 11 shows that isotopically mixed oxonium

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 HCI and HBr. In particular, the MP2
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calculations identify the weak band at 2120¢nn Figure 8 Phase.The evolution of the DCI/BO spectra as a function of
with acid molecules that solvate Clas in Figure 6n. The  temperature can be noted in Figure 10. Spectra of 30% DCI on
corresponding band for HBr appears near 207G%m D,0 nanocrystals obtained at 60 K are dominated by a band of
4.1.2. The 5660 K Adsorbate Spectra: Discussiofihe molecularly adsorbed acid (DCI(1)) at 1870 ch(Figure 10,
HCI(1) band in Figure 8, with a frequency downshifted-b$00 bottom). The position of this band is consistent with previous
cm1 with respect to the HCI gas phase, indicates slightly reports>2*and with the frequency of the corresponding HCI-
stretched HCI, whereas the HCI(2) band, corresponding to a (1) band (2480 cm'). On the basis of the computational and
huge frequency downshift 6£1200 cnt?, points to strongly experimental results for HCI, a band of molecular DCI(2) is
stretched HCI on the verge of ionization. expected in the 12601300 cnt? range. A band is in fact visible
According to the MC simulations of the molecular adsorbate near 1230 cm; however, as in the case of HCHE, assign-
state at 50 K, the typical coordination of HCI is either one or Ment is problematic due to interfering features from both an
two. That is, HCI bonds preferentially to dangling-O-atoms on ©0Xonium-ion band near 1270 crhand the bending mo&#® of
the ice surface, with about one-third of the acid molecules the ice-surface molecules at 1213 chthe latter appears also
acquiring an additional bond, via Cl, to a d-H-atom in the in the 125 K adsorbate spectrum). To avoid this interference,
vicinity. The experimental coverage of 20% was determined Scans have been made for DCI on thgCHice surface (not
from the observed decrease in the free d-H intensity. Thes shown) which confirm the assignment as a DCI(2) band centered
ratio of doubly and singly coordinated molecules, as obtained at ~1230 cnt™.
by MC, suggests that the percentage of bonded d-O-atoms on The analysis of the system evolution upon heating is based
the nanoparticle surface is much higher than that of d-H, i.e., on the assignment of the acid-deuterate bands (see Appendix
closer to 80%. ). Heating to 80 K is associated with gradual growth of ionic
Ab initio cluster calculations confirm that singly and doubly ~features at 1950, 1570, and 1270 ¢mPresumably, some of
coordinated HCI remains molecular. The ab initio frequency the doubly coordinated DCI molecules acquire a third hydrogen
shift calculated for singly coordinated HCI bonded to a d-O in bond and undergo ionization, forming contact ion pairs.
a water cluster (Figure 6i) is close to the first measured band. Acquisition of a third bond is a low activation energy process,
A cluster model shown in Figure 6j, in which HCl is in a doubly  likely to be associated with DCI surface diffusion, or cleaving
coordinated bridge configuration d-GHCI---d-H, yielded a of the most strained hydrogen bonds within the ice surface. In
large frequency shift similar to that of the second measured band.accord with discussion in Appendix I, the band at 1950 tm
Comparable intensities measured for the two molecular bandsis assigned to the OD stretch of a@" cation in contact with
(Figure 8a) appear consistent with thé:3 abundance ratio of ~ Cl~. The feature at 1270 cm is contributed by ion bending
singly and doubly coordinated HCI. This is because the ab initio (probably with admixture of water bending). The feature at 1570
intensity of the HCI stretch in configuration (j) is 2 times that cm ! originates from the stretch vibration of DCI solvating Cl
of (i). According to the MC simulations, triply coordinated ions, supporting the notion that self-solvation by acid molecules
configurations that lead to ionization are improbable because plays an important role in initial stages of ionization.
of scarcity of d-H-atoms on the ice particle surface. A structural transition of the adsorbatsurface system to
However, the large frequency shift of the doubly coordinated an ionic hydrate phase is initiated at 90 K. The 1950 €m
HCI is contingent on a relatively unstrained hydrogen-bond feature of contact ion pairs is no longer prominent, and the
network. Moreover, the large shift of the doubly coordinated Cl—-+--DCI feature at 1570 cnt is reduced. At this stage, the
HCI is obtained only if the acceptor d-O molecudees not spectrum resembles that of the amorphous acid dideuterate,
have an additional acceptor bond from anothes®i(see section including the underlying continuum indicative of the Zundel-
2.1). The observation of strongly stretched HCI indicates that ion formation. (The Zundel effect is discussed in more detail
doubly coordinated acid molecules are able to modify their below.) Further heating to 125 K results in more extensive
solvation shells beyond the MC results. This is because all d-O hydration and ion separation, as evidenced by the resemblance
molecules in the MC simulations have interfering acceptor bonds of the spectrum to that of amorphous tetradeuterate. However,
from other water molecules. In reality, the presence of the 1700 at this temperature acid hydration is likely to be influenced by
cm~! band already at 50 K indicates efficient elimination of water-vapor deposition due to Ostwald ripening (i.e., evaporation
such acceptor bonds in a low activation-energy process. Theof the smallest ice nanoparticles, which is significant above 110
elimination process is likely to be promoted by the strengthening K).
of the remaining hydrogen bonds, due to HCI polarization that A closely related evolution with increasing temperature is
accompanies the stretching. (HCI polarization and stretching opserved for 20% HBr on #0 (Figure 9). Due to low coverage,
were not included in MC.) Observation of the 2120€rhand  there is minimal (but observable) evidence of ionization below
of CI=---HClI indicates that some polarized HCl molecules gq K. That is, between 60 and 90 K thel 700 cnv! oxonium-
manage to acquire a third bond to another HCI and to ionize. jon band intensifies; but the molecular bands remain prominent
(Ab initio calculations show that the chloride can be solvated ntjl the ionization burst a+95 K. In fact, at 90 K, the HBr(1)
by HCI, much as by kD) band is essentially unchanged whereas the HBr(2) band has
The presence of an additional molecular configuration;d-O  weakened noticeably, suggesting that primarily the highly
HCI---HCI, was suggested by the MC simulations for coverages stretched acid molecules described by the calculations of section
that saturate the d-O sites. An unstrained cyclic ab initio model 2 are on the verge of ionization at the lower temperatures. Note
of Figure 5h suggests that the first and the second HCl in suchthe dramatic change from a “largely molecular” spectrum at 90
configurations contribute to HCI(2) and HCI(1) bands, respec- K, to the much more intense ionic hydrate-like spectrum at 100
tively.8> (Note that there is some inhomogeneity in the experi- K. The 100 K surface spectrum appears closer to that of the
mental surface coverage, with acid self-solvation most important tetrahydrate than dihydrate. (Reduced intensity near 2500 cm
in the more dense spots.) in the surface and tetrahydrate spectra, as compared to the
4.2. Temperature Effect on Adsorbate Bands; Transition dihydrate spectrum, is indicative of a reduced amount of contact
from Molecular Adsorbate to lonized Surface Hydrate ion pairing; see Appendix |.)
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The temperature dependence of the HCI-gi®bce spec-
trum, at 20% coverage, can be followed in Figure 11. The 50
K spectrum at the bottom includes the molecular HCI(2) feature
of strongly stretched HCI, and a 2120 chifeature of HCI
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 HCI(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 1HC}QD
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 ssi€acephase formed
from the acid adsorbate and the surface water molecules in the
1HCI:2D,0 ratio; otherwise, a spectroscopic signature of a much
more completely deuterated system would be obtained.

The d-H (D) feature, appearing at 3694 (2726)énfor free-
OH (OD) unbonded to adsorbate is a useful spectroscopic probe
of the ice/adsorbate systethAt acid coverages 0f40%, the o
transition to a tetrahydrate-like phase is associated with nearly 3000 2500 2000 Py 1000
complete disappearance of this feature. At the ionization burst Wavenumber (cm-1)
of the 20% cases, the loss roughly doubles over that at 50 K to Figure 13. Infrared absorbance of amorphous deuterate films of DCI
a total loss of 36-40%. at 90 K with the RO/acid ratios increasing from top to bottom as

4.3. Continuum Absorption: The Surface Zundel Effect. i”dicl"_’“edd byf 'ﬁbeés' Jhle vertical %”OWE mbark the "’I‘pp“;Ximatel
The surface Zundel effect is highlighted in Figure 12. Specif- 'i)nlﬁg%:isdgutter?atel.m el continua. The absorbance scale refers only
ically, HBr/H,O and DCI/DO spectra, like those shown in
Figures 9 and 10, are redisplayed with the underlying continua
included. The baseline was established and extended from abovi
3000 cnr? for DCI/D,0, and 3600 cm' for HBr/H,0. In the
case of HBr/HO, an abrupt large increase of continuum intensity
is observed at 95 K, which coincides with the transition from
Brz%jo;nalrr:;r;él}/ ??L%ﬁzlaérg’ dl'j;ﬁ"ﬁ:;:g:g: li)sanodbss.elrr\]/ézeir?ct::l/e layer; eg, e>_<citations contr_ibuti_ng to_the continqL_Jm may be
continuum signal; the concurrent increase between 60 and 80assomated with proton motion involving a transition over a

K of the hvdroni tact-i ir sianat ted ab whole range of bonding configurations. In fact, current diffusion
or the hydronium contact-ion-pair signatureé was noted above. \,nie carlo simulations of protonated water clusters- H

In the high temperature limit, the Zundel effect is consistent (H:0)n—s_s reveal numerous bonding configurations (i.e.,
with the good match of t.he spectral bands to thosg of amor.ph.ousminima) already within the range of the zero-point motién.
hydrates/deuterates (Figures 9 and 10, top portion). A similar A gypstantial continuum contribution is reproducibly present
continuum can be seen underlying the bands of the dideuteratesyen in the 56-60 K surface spectra of DCIAD, underlying

film in Figure 13. The relative contribution of the continuum,  ye molecularbands (Figure 12). (For HBr the loWcontinuum
as compared to the discrete band intensities, seems enhanceg mch weaker, being close to the baseline error limit of 0.001

by a factor of 1.5-2 in the surface spectra, relative to the film.  5<qrpance units.) The source of this Idwcontinuum is
The surface dideuterate layer most likely includes Zundel ions  ncertain. It may indicate DCI ionization to the Zundel form at
as the dpminant cation species, because the structure of the,, 3004 |evel as compared to the 90 K spectrum. However,
crystal dihydrate analogue was shown to be@t)(CI").® the absence of concurreiohic bands appears to contradict this
Still, the OD stretch spectrum of the amorphous solid SUggeStSsuggestion. Another possible source is the Zundel effect from
a contipuous distribution. of structures ranging from Zundel to partial proton transfer from DCI to water molecules, in “nearly
hydronium (see Appendix I). triply-coordinated” acid configurations, as in Figure 6k. At the
A number of interesting questions can be asked about the 30% dose level, some acid molecules may acquire already at
higher-T surface spectra but are beyond our current theoretical 60 K three, albeit stretched, hydrogen bonds, resulting in proton
tools. What is the relative contribution of the static and dynamic sharing configurations between water and chloride.
fluctuations; i.e., is the Zundel continuum dominated by a A third possibility is a generalizetholecularZundel effect,
continuous distribution of “equilibrium” ionic structures, or by  in which DCI/HCI remains mostly undissociated at 60 K; and
dynamic modulation of the proton in the Zundel-like members the continuum absorption originates from static/dynamic fluc-
of the distribution? One may note current efforts to address suchtyations in molecular DCI/HCI environments, ranging from
questions theoretically for liquid acid solutions, with the help singly to “nearly triply” coordinated, as in Figure 6k. The
of extended valence bond modét£588 discrete molecular bands, as seen in the 60 K spectra, would
Another uncertainty pertains to the source of the large Zundel then correspond to a fraction of preferentially populated singly
intensity. The integrated continuum intensity per deuteron in and doubly coordinated configurations. In this context one may
the amorphous dideuterate is about 2 times larger than that ofnote recent studies of the matrix-isolated HENH3 dimer, in
the already strong OD stretch band, per D-atom. As noted above,which the HCI frequencghiftvaried from—802 to—1515 and
there is a further enhancement by a factor of-R5for the —1668 cnt! in the Ne, Ar, and Kr matrixes, respectively.
ionized adsorbate layer. This remarkable continuum intensity Although ammonia is a stronger proton acceptor than water,
suggests the occurrence of large-amplitude fluctuations of the the extreme sensitivity of the acid frequency to the environment
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Absorbance

charge distribution, induced by the radiation and magnified by
§he 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>” Additional effects may be present in the surface



9386 J. Phys. Chem. A, Vol. 106, No. 41, 2002 Buch et al.

may be valid for the HCtice system as well. Moreover, ab  beyond the results of the (rigid body) MC simulations, by
initio studies of HCtwater clusters (section 2.1) yielded eliminating the acceptor bonds of d-O molecules. Elimination
essentially barrierless transitions between nearly isoenergeticof the interfering acceptor bonds is likely to be promoted by
but distinct bonding configurations, which correspond to dif- strengthening of the remaining hydrogen bonds as a result of
ferent normal frequencies (see pairs of configurations (j) and HCI stretching and polarization. (Because the hydronium ion

(k), (i) and (o) in Figure 6.) is triply coordinated! the interfering bond must break on the
way to the ionized state.)

5. Summary: Evolution of the Acid—Adsorbate State on Heating above 60 K is associated with gradual growth of ion

Ice Nanocrystals as a Function of Temperature bands. Spectroscopic features were identified due;@'Dons

in contact with Cf, and DCI 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;%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 HCI diffusion. The latter mechanism

is supported by the observation of the €HCI band.
Spectroscopic evidence for Ckolvation by other acid mol-

It is shown that cold ice nanoparticle surfaces provide a
unique “micro-laboratory” for observation of progressive sol-
vation stages of HCIl. The main result of this study is
spectroscopic identification of distinct states of HCI 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 acatisorbate states
on ice nanoparticles: spectroscopic studies, MC simulations of
molecular acid on an ice particle at 50 K, and ab initio
calculations for wateracid clusters, with different choices of
HCI 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 4®i),-
(HClhm, 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 ecules is also consistent W'th.the e_xperlmentally observed
systems is problematic. The measured spectroscopic bands Orfenhancement of |o.n_|zat|on by h!gh acid coveragg. )
the complex aciernanoparticle system are broad and thus Ast_ructural transition to an ionic surface phase rich in Zundel
representative of a distribution of diverse adsorbate sites andions, is observed in the 96100 K range at coverages20%
configurations, which may be difficult to identify. Still, the  (Figures 9-11). An abundance of Zundel ions 4Bk«-H"---
combined information from the three sources seems to yield a ©Hz and isotopic variants) is evidenced by a strong continuum

reasonably consistent zero-order picture of the evolution of the @bsorption underlying the spectrif-ormation of Zundel ions
system with temperature. corresponds to one more stage of ionization: removal of the

At low T, two broad bands were observed experimentally proton (or the deuteron) away from chloride, to a position
(Figure 8), downshifted by-400 and 1200 crrt with respect betwggn two water molecules. At the20% coverage, the
to the gas phase of HCI. MC simulations of molecular HCI transition occurs relatively abruptly near 95 K., over a range of
adsorbed on an ice particle suggest that the bands originate fronf* féW degrees. The spectrum of the resulting surface layer
singly and doubly coordinated HCI. Typical adsorbate configu- Matches that of an amorphous hydrate (deuterate) solid, with
rations obtained in MC include d-@HCI, d-O---HCl---d-H, an acid-to-water ratio in the 1:2 to 1:4 range, depending on the
and d-O--HCI-+*HCI. (The notation d-O/d-H is used for System. Higher dosage level=30%) are accompanied by
dangling water atoms, with unsaturated hydrogen bond coor- Significant ionization already in the 5®0 K range, but a large
dination with respect to other 4. Additional nonspecific  JUMP is still observed in the ion signal near 90 K. Low acid
interactions of HCI, with surrounding acid and water molecules, 40S€ |evels=20% are associated with a gradual increase in the
are present.) Ab initio calculations for cluster models with singly 10N Signal without a burst of ionization.
and doubly coordinated HCI confirm that such HCI remains It should be emphasized that formation of the ion layer at
molecular. The low coordination of the molecular adsorbate on =20% coverage should be viewed as nucleation of a new surface
cold particles is ascribed to the low density of d-O and d-H- phase, rather than as dissolution of acid in ice. In contrast to
atoms on the ice surface that are available for adsorbate bondingliquid water, ice is a poor solvent of isolated molecifies.
Ab initio frequency shifts calculated for singly and doubly However, mixed solid phases of acid hydrates are readily formed
coordinated HCI in cluster models (i) and (j) (Figure 6) are in at sufficiently high temperatures. As shown in past studies,
fact close to those of the first and second measured bandsgxtended exposure of ice to HCI at temperatures above 110 K
respectively. According to ab initio results, the Cl side of an results in propagation of the ionic hydrate phase into the ice
HCI molecule can be solvated by another HCI nearly as well interior2%:25:30.32.33
as by HO. Ab initio calculations suggest an additional contribu- ~ Our understanding of the acid adsorbaige nanoparticle
tion to the first observed band from such HCI molecules system is still far from complete. One question pertains to the

solvating the ClI side of the stretched HCI. source of the continuum absorption underlying thelecular
Substantial stretching of HCI in a doubly coordinated bands of DCI at 60 K (Figure 12; a similar continuum was

configuration is obtained only if the d-O moleculees not hae observed for HCI). A possible source of the continuum is a

an additional acceptor bond from a water moleculéis extra “molecular Zundel effect”, analogous to the ionic one, due to

acceptor bond interferes with proton transfer, as shown in paststatic and dynamic fluctuations in stretched molecular HCI

studies of proton transfer in liquid wat&r.5* Because strongly ~ environments (see section 4.3). Other open issues include
stretched HCI molecules are observed already at 50 K, the molecular mechanisms of various processes occurring on the
molecular adsorbate appears to modify the ice particle surfacesurface, such as elimination of acceptor bonds that interfere with
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solvation, acquisition of a third hydrogen bond by doubly o
coordinated molecular HCI (which is necessary fgOf---Cl~
contact-ion formation), and proton transfer, away from chloride

CRYSTALLINE DEUTERATES OF DCI AT 80 K

to a position between two water molecules, during Zundel-ion 357

formation. Perhaps the most exciting question is the mechanism

of the collective transitionnear 95 K from a largely molecular 3

adsorbate layer to an ionized one. The structure of the resulting 1990
ionized surface layer is also of interest; e.g., do factors other 251,

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

Absorbance
kg

from specific categories of motion? Is the continuum dominated 15 21
by static or dynamic fluctuations in proton environments? What
is the spatial range of excitations contributing to the very intense 4
continuum? (An interesting possibility is proton dislocation over g1
a whole range of bonding configurations during the excitation.)
Detailed modeling of the aciglsurface system, including od
ionization and evolution of the spectra, would be a formidable kﬂ
task. A quantum (or at least semiclassical) treatment is required ¢+ 7 - . -
of nuclear motion in this cold, strongly anharmonic, and 3000 20 by 1000

hydrog_en-nch many -body syste‘i%]l__ack Of. an accurate lonizing Figure 14. Infrared transmission spectra of crystalline deuterate films
potential surface is another serious difficulty. The currently ot pcj at 90 K.

employed highest-level on-the-flight simulations are DFT-based.

Tests of DFT (B3LYP version) for aciewater clusters indicate The solids are largely ionic and include "Chnions and
overestimation of the tendency of HCI to stretch and ionize (see Protonated water cations. In crystalline hydrates a well-defined
refs 8 and 9 and section 2.2); therefore, applications to studiescation (either Zundel or hydronium) can be found, depending
of transition from a molecular to an ionic adsorbate state are On the composition. On the basis of X-ray determinations of
problematic. An accurate empirical potential for ionizing HCI structures, the following formulas were proposed for HCI
is not available, to the best of our knowledge, but an extension hydrates?® for the monohydrate, (#*)(CI"); for the dihydrate,

of an ionizing water potential of ref 93 to include HCl is a (HsO2")(CI"); for the trihydrate, (HO.")(H20)(CI"); and for
possibility. Another promising approach would be an extension the hexahydrate, §@,)(Hz20)(CI") (the cation in this structure

of the empirical valence bond scheme, which has been usedcorresponds to an Eigen form, i.e., a hydronium cation fully
successfully for proton transfer in waférss solvated by three water molecules). Thus spectra of the

hydronium and Zundel ions (solvated by ¢lcan be seen in

Acknowledgment. Support by the National Science Founda- the spectra of crystal mono- and dihydrates (ref 15, Figure 2b,c)
tion, Grant 9983185, KBN 7 TO9A 111 21, and the Binational &nd mono- and dideuterates (Figure 14, top). As seen in Figure
Science Foundation, Grant 9800208 is gratefully acknowledged. 14, the spectra of the crystal di- and trideuterates display an
We also acknowledge, with thanks, the access of N.A-U. to underlying continuum, which is a well-known signature of the

computer services of the group of Prof. Donald Thompson. ~ Zundel ion®’ )
In amorphous hydrates and deuterates, and also on the ice

Supporting Information Available: Appendix Il, Figure nanoparticle surface, one can reasonably expect a continuum
S1, and Table SI containing additional information on MC of proton configurations, ranging from hydronium to Zundel,

simulations. This material is available free of charge via the N varying proportions. All amorphous solid spectra display the
Internet at http:/pubs.acs.org. 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-,
To interpret adsorbate spectra, one must be able to distinguishand hexadeuterate, the continuum constitutes most of the
features due to molecular and ionic states. In fact, in the high absorption intensity at frequencies below the OD stretch. Distinct
temperature limit, adsorbate spectra approach those of the (ionickeatures superimposed on the continuum originate from water
hydrates. Therefore, HCI hydrate and deuterate spectra aremolecules and also from ions, both hydronium and Zundel.
discussed below. (From the crystal dideuterate spectra in Figure 14 it is evident
Spectra of thin films of the amorphous and crystalline acid that the Zundel ion contributes distinct peaks, not only the
hydrates have been published along with tentative band assign-continua.) The features observed in tAmorphoushydrate/
ments!>24We follow the results of ref 15, but modified by the  deuterate spectra will be used to probe ionized adsorbate states
suggestion of Banham et .that, from the X-ray result® and are therefore discussed in more detail below.
the spectrum attributed to the crystalline tetrahydrate should be The initial stage of adsorbate ionization in low dosage samples
assigned to the trihydrate. Here, additional spectra of vapor- corresponds to formation of contact ion pairs, solvated by
deposited films of DCI deuterates are reported. The spectra,surrounding molecules. Spectroscopic signatures originating
which resemble the corresponding hydrate spectra moved tofrom contact ion pairs are therefore needed. Such features are
lower frequencies by mass effects modified by anharmonicity, expected to appear in mono- and dihydrate (deuterate) spectra,
are presented in Figures 13 and 14 for the amorphous andalthough in these solids, a cation is likely to be in contact with
crystalline deuterates, respectively. The acid-to-water ratios more than one anion. Amorphous mono- and dideuterates have
range from 1:1 to 1:6. five well-defined bands, at 2400, 2000, 1560, 1260, and near

Appendix I: Thin-Film Hydrate and Deuterate Spectra
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800 cnT1?, corresponding to bands of the respective hydrates at calculation of the spectrum the corresponding transition would
3144, 2548, 2110, 1686, and 1030 TA° most likely contribute to the continuum.

The broad band around 2548 (2000) €nin amorphous ~ One may note finally the very large Zundel continuum
mono- and dihydrates (deuterates) is assigned to the bond-stretcitensity in the amorphous deuterate (and hydrate) spectra. In
vibration of cations in contact with €l Comparison to crystal  the hexadeuterate, similar integrated intensities were obtained
spectra suggests that the low frequency wing of this band is for the OD stretch band above 2100 chrand for the continuum

dominated by HO™ (Ds0"), and the high frequency region by be|OW. 2100 cm™. Howgver, there are 12 times as many
Zundel ions (becausesD* cations in crystal monodeuterate D-oscillators that contribute to the OD-stretch band than
absorb at lower frequencies than Zundel cations in crystal deuterons. This result suggests an enhancement of the deuteron
dideuterate: see Figure 14). The high frequency peak of the continuum intensity by an order of magnltudt_a with respect to
amorphous mono- and dihydrate (deuterate) stretch feature, nea]he allrea}dylln.tense OD—stret(;h b.and. (The |ntegr§ted stretch
~3144 (2400) cm? should include contributions from (a) water, Intensity is S|m|I'ar to tha}t of anice film of the same'th|ckn%7$s.

(b) the high frequency part of the stretch doublet of Zundel 'I_'h|s argument is oversimplified because the continuum is most
ions, as seen in the crystal dideuterate spectrum, and (c) th ikely contributed by compound molecular motions rather than

hydronium ion stretch of OH (OD), such that H (D) is in contact y v(ijbrattions of deuteronsdontﬁiif”TThe continuulin (ijnéensity
with water rather than with an anion. These assignments of the .r;]e::' eur:ri)g, as 'r:ef::(s:turr(ce) ahl € r(r)e((])l#t?gr?gln:oarthi thi? taorrow
two amorphous hydrate (deuterate) stretch features are alsg’ 9ure 1o, 1S 1 ughly proportic - water-to-
supported by calculated spectra of cluster structures (m) andac'd ratio, |nd|cat|_ng collective V|brat|on_s involving water. Still,

. . . . . the pertinent motions appear to bduminated” by deuterons
(n), which include hydronium and Ckontact ion pairs (Figure . . . ; ; .
6). As seen in their ab initio spectra (Figure 7), the OH stretch in Zundel-like configurations. This follows from the infrared
tra;nsitions of the hydronium gppear togthe reoi from the water absorption of RO ice below 2100 cm’ being much weaker

. han that of th h barid; Iso th k f th

OH stretch, in the 30322292 cn1? frequency range; the lowest than that of the stretch baridnote also the weakness of the

- ; . >~ spectral features below 1800 ciin the crystal mono- and
frequency vibration corresponds to OH in contact with the anion. hexadeuterate, which include hydronium rather than Zundel

A second spectral feature characteristic of amorphous mono-cations (Figure 14).

and dihydrates (deuterates) and also of the adsofisatgace
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