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It is shown that the adsorption of HCI molecules at the surface of ice in-
creases, if the HCI binding energy increases with the distortion amplitude
of the oxygen sites of ice. At the same time, the adsorption stimulates an in-
crease of the Lindemann parameter for the ice lattice, driving its melting at
temperatures (7' = 190 K) relevant to the polar stratosphere. Similar effects
take place when the lateral interaction between HCI molecules becomes
more attractive due to the coupling through the ice lattice.
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1. Introduction

Adsorption of HCI on ice is believed to be one of the preliminary steps, involved
into the ozone depletion over the Antarctic [1]. The exceptional importance of the
problem has initiated extensive theoretical [2-5] and experimental [7—11] investiga-
tions in this field. One of the most important points is the mechanism for chlorine
accumulation through the HCI ionization upon adsorption on ice. Semiempirical cal-
culations suggest [12] that at least four to six water molecules are needed to ionize
HCI, while the natural coordination of the honeycomb lattice (ice Ih) at the surface
is three. It should be stressed that the solvation mechanism is strongly correlated
with the mechanism of HCI adsorption.

Several theoretical approaches were developed to explore this phenomenon. One
of them [3] takes into account the dynamic nature of ice-vapour interface. In the
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course of water and HCI co-adsorption the latter can be encapsulated during the
process of ice growth. However, the collision frequency (partial pressure) of water
molecules with the ice surface should be high enough to account for the formation
of the solvation shell before HCI has time to desorb.

Another model [4] assumes that the ionization is assisted by a quasi-liquid layer
which exists on the surface of ice, providing in this way an appropriate coordination
for adsorbed HCl molecules. Nevertheless, the nature of the quasi-liquid layer at
stratospherically relevant conditions (low temperatures, 7'~ 200 K and pressures,
prct &~ 1077 — 107% Torr) remains to be investigated.

The nonideality of the ice surface was examined as a source of increasing ad-
sorption. For instance, the defect-assisted adsorption [5] is consistent with the en-
capsulation scenario. However, our preliminary estimation [6] implies that point-like
defects (like vacancies) do not give a significant increase of the binding energy. To
recover the experimentally measured adsorption energy (46 kJ/mole), one has to
assume a binding energy of about 60-80 kJ/mole at the defect sites, depending on
their concentration. This suggests the investigation of more extended defects (like
cracks or pores).

Moreover, recent experiments [7-9] give a convincing evidence that adsorbate-
induced effects should be considered in order to make a link between all the aspects
concerning the HCl-ice interface. In particular, we have already demonstrated that
in the quite general case (when the cohesion energy of a crystal is comparable to the
adsorbate-substrate or adsorbate-adsorbate interactions), the adsorbate-substrate
coupling may lead to a distortion [13] or restructuring [14] of the substrate lattice.
In addition, it was shown that the adsorption may facilitate a local melting [15] and
roughening [16] of the substrate, such that the corresponding disordering tempera-
tures are much lower than those for a clean surface. Since both the HCl-ice binding
energy and the ice cohesion energy are of the order of the hydrogen bond strength
(=~ 20 kJ/mole), we expect these effects to be especially pronounced.

In this paper, based on previous experience, we argue that the adsorbate-induced
effects may lead to the formation of quasi-liquid droplets [15], involving a local dis-
tortion (or even melting) of the ice lattice supplemented by the condensation of HCI
molecules around the distorted domains. We take into account the dynamic nature
of the ice surface, that is, the lattice sites are allowed to displace from their equilib-
rium positions, distorting in this way an ideal lattice arrangement. Then the binding
energy of HCI at a given site should depend on the distortion amplitude. Dynamical
effects are discussed within the harmonic approximation, which is known [17] to
be quite reliable for the bulk ice-Th. Application of these simple models together
with order of magnitude estimations, based on experimental data, demonstrate that
the formation of quasi-liquid droplets can be realized at stratospherically relevant
conditions. Nevertheless, the distortion alone does not explain experimental results
regarding coverage and adsorption energy. For that reason, our approach should be
modified to include a solvation mechanism.
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2. Single-site approach

The surface of ice is modelled as a planar honeycomb lattice of N adsorbing
sites whose equilibrium positions are given by the set {RY}. More precisely, we
associate the lattice with the arrangement of oxygen atoms. The lattice is taken as
non-rigid, that is the sites are allowed to deviate from their equilibrium positions
(for instance, due to vibration at non-zero temperatures, or dynamic distortion). We
consider the displacements u; = R; — RY, where R, is a vector specifying the site
location. To provide an adequate lattice dynamics calculation we have to take into
account the random heterogeneity of the force constants [18]. As we only focus on
certain dynamic aspects, it is sufficient to consider a single-site approach, capable of
recovering the mean square displacements with a reasonable choice of the effective
rigidity coefficient. Thus the surface of ice is described by the effective Hamiltonian

where 7 is the rigidity coefficient determining the mean square displacement (or the
lattice distortion)

% = (3N = kT3, @

Here (...) denotes thermodynamic averaging. This Gaussian form can be taken as a
mean-field limit of the harmonic approximation [17] used for the description of the
lattice dynamics of ice. By introducing such an approach we underestimate the pair
correlations and neglect the heterogeneity [18] in the force constants. Nevertheless,
our model gives a reasonably good agreement with the lattice dynamics calculations.
In particular, at 7" = 190 K, the mean square displacement for the ice bulk is
[19] 62 = 0.0083 A2, which is consistent with experimental data. To recover this
value (using equation (2)) we have to assume v = 1.97 eV/A? which is in the
range between the weaker (1.1 eV/A?) and the stronger (2.1 eV/A?) intermolecular
stretching force constants [19] used in the lattice dynamics calculations of the ice-Ih
bulk.

The lattice is in contact with a fluid of HCI that occupies the half-space above
the surface. An HCI molecule is modelled as a hard sphere with a point-like sticky
site, that may bind with the lattice sites. Therefore, the interaction of HCI molecules
with the surface is described by the lattice gas Hamiltonian

H = % thtj — Z(M + €y + E(uz’))tia <3>

where W is the pair interaction between the two adsorbed nearest neighbour HCI
molecules and g is their chemical potential. The set of occupation numbers ¢; = 0, 1
controls the distribution of adsorbates at the lattice sites. As it was shown in our
earlier works [13,14], such a Hamiltonian can be obtained, by integrating out the
fluid bulk. In this way, W and u+ € + €(u;) are related to the mean force potential
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and the density profile in the fluid, respectively. The binding energy €, corresponds
to a lattice “frozen” at equilibrium (rigid lattice). This case corresponds to the
conditions studied by Kroes and Clary [2]. In addition, we have a term, e(u;), which
depends on the lattice distortion.

e(w) = zuj + ... (4)

The expansion above implies that €(u;) is an isotropic function. To proceed further
we have to decide on whether €(u;) increases or decreases with u;. A recent theoret-
ical study [20], which allowed HCI to vibrate, gave an adsorption energy (roughly,
the average binding energy) of 25 kJ/mole, which is about 6 kJ/mole larger than
that for a rigid HCl model. We may expect a similar increase, if the lattice of ice
is not rigid. Also, we argue that ¢, does not correspond to a maximum, because of
the quite limited ability of the Cl atom to interact with the surface. A distortion of
the oxygen lattice may distort the HCl-ice hydrogen bonds, reducing the distance
between a Cl atom and the surface and allowing for a larger binding energy. Based
on this, we assume € > 0. Of course, such a mechanism cannot give an unlimited gain
in the binding energy. If the distortion is too strong, then it may break the hydro-
gen bonds between HCI and ice. This can be reproduced by taking additional terms
in the expansion (4). Instead of doing so, we retain the quadratic approximation,
keeping in mind its restricted validity (Ju;| < #max). On the other hand, we have to
keep € < 7, in order to avoid instabilities because of the Gaussian approximation of
the lattice displacements. The free energy, in the mean field approximation (MFA)
for the occupation numbers, is given by
BF  BEF)  38W6?

o - 22 ~n (1
N N 2 n<+

B(p+eo—3WO) 5
T—e/v" ) ’ )

where F} is the lattice free energy at zero coverage and 3 = 1/kT. Minimizing ®
with respect to ©, we obtain the equilibrium coverage

1 Blu+e—3W6)

_ 1 _ l-¢/y

For a rigid lattice (e = 0, ¢p = 20 kJ/mole) and at stratospherically relevant con-
ditions (pgcy = 1077 Torr, T' = 190 K) equation (6) gives © = 4.3 - 1078, which is
exactly of the same order of magnitude as in the simulation [2]. It is clear that ©
increases as €/v — 1, since the effective binding energy

E =+ kT In[1/(1—¢/7)] (7)

grows with €/~. This gives a shift of the adsorption isotherm towards lower pressures
(see figure 1). This, in turn, gives a larger adsorption energy than that corresponding
to a rigid lattice. To demonstrate this we rearrange equation (6) to the conventional
form [21], involving the free energy of adsorption AG

—BAG _ eB(Ef?;W@) S} (8)

(S 11—
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Figure 1. Coverage, calculated at W = 0, as a function of the dimensionless
pressure P = exp[B(u + €p)] (single-site approach). Relative mean square dis-
placement (§/80)? as a function of €/7 is shown in the inset. Stratospheric con-
ditions (7" = 190 K, pgc = 1077 — 10% Torr, ¢y = 20 kJ/mole) correspond to
P=43-(10"8-1077).

The so-called standard value AG, (calculated at © = 1/2) is then proportional to
the binding energy AGy = —F + 3W/2. If we neglect the lateral interaction W
between HCI molecules, then F is a measure of the adsorption free energy. The
distortion implies an increase in the coverage up to © = 4-107% (at ¢/y = 0.99),
which is still too far from the experimental results © ~ 0.4 — 0.8.

Taking a derivative of ® with respect to v and using the result (2) for 62, we
obtain the coverage-dependent mean square displacement of the lattice

2 2 €/
5_50[1+1—e/7@} (9)
increases with increasing € (the inset in figure 1). The mean square displacement is
closely related to the Lindemann parameter L = /62 /d, which is a semiempirical
measure of melting. Recall that the Lindemann criterium states that a crystal melts
when L ~ 0.1, where d is the equilibrium lattice spacing. The equilibrium spacing
in the bulk ice is d = 2.76 A (at T = 190 K). Thus, to match the Lindemann
criterium, we must have § = 0.276 A. Returning to equation (9) we see that this
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is the case when §/5y = 3.03. The latter occurs when ¢/ = 0.91 and ¢/ = 0.89
for © = 0.8 and © = 1, respectively. Therefore, if the gain in the binding energy
¢ becomes comparable with the rigidity coefficient ~, then the ice surface is driven
towards melting (provided that we know how to explain © ~ 1). It is instructive to
calculate the molar energy excess AFE due to the lattice distortion

AE = (E — ) = gNA52. (10)

For € = 1.95 eV/A? and § = 0.276 A we obtain AE = 7.23 kJ/mole. Then the total
energy E =~ 28 kJ/mole, which is far below the experimental data (46 kJ/mole).
Our estimation is closer to the result [20] (25 kJ/mole), obtained when the HCI
molecules were allowed to vibrate. Based on this we may conclude that the dis-
tortion energy is not enough to explain experimental values for both coverage and
adsorption energy. Nevertheless, this does not mean that the distortive mechanism
should be abandoned. Simply, the adsorbate-induced distortion is not the only ef-
fect. If the mean square displacements of oxygen sites become large enough, then
an adsorbed HCI molecule is found in a quasi-liquid environment [4] that may facil-
itate its dissociation. The latter is beyond the scope of our simple model. However,
the model does explain how such distorted (or quasi-liquid) domains may appear at
stratospherically relevant conditions.

3. Dynamic effects

In the previous section we neglected the pair correlations. For that reason we
were not able to determine the extent of the distorted domains. It is known [22] that
an indirect (through the substrate) interaction between the adsorbates is inversely
proportional to the substrate shear modulus. Therefore, pair-wise effects should
become quite important with increasing distortion. We keep the same model for the
lattice and HCI molecules, but now the ice Hamiltonian is given by the following
harmonic approximation

H = Z Dz’j(“i - uj)27 (11)
ij

where D;; is the force constant (or elastic) matrix. The HCI-HCI pair interaction is
represented by the expansion

W(RZ, R]> =W —+ Al-j(ul- — 11j)2 + ... s (12)

where W is the pair interaction between two HCI molecules, adsorbed at the equi-
librium positions of the ice lattice. The second term corresponds to the interac-
tion,which is mediated by the lattice distortion. For simplicity, we drop the linear
term, by assuming that the equilibrium lattice spacing is close to an extremum of
W (|R; —R;|), such that, A;; represents the curvature of the HCl mean force poten-
tial, calculated at distances of the order of the equilibrium lattice spacing. Therefore,
the adsorption of HCI is described by the lattice gas model

H =Y W+ A - uj)z]tz‘tja—(MJrGo)th‘ (13)

ij
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in which the lateral HCI interaction is coupled to the lattice distortion. As we are
interested in estimating the difference due to this additional interaction, it is rea-
sonable to apply a perturbative technique, developed in our previous studies [15,16].
Choosing a system with A;; = 0 as reference and performing a summation over {¢;}
we obtain the following effective Hamiltonian for the displacements

Hee = [Dij + xijAijl(w — u;)?, (14)
ij

where x;; = (tit;) — (t;)(t;) = & exp(—R;;/€) is the adsorbate correlation function
and ¢ is the correlation length. It is now clear that the range of the adsorbate-
induced perturbation is of an order of the adsorbate correlation length. The latter
determines an average size of the distorted domains, as mentioned in the previous
section. The Hamiltonian (14) allows us, at least in principle, to explore all the
lattice dynamic aspects. Instead of doing so, we restrict ourselves by an order of
magnitude estimation to determine the conditions under which quasi-liquid droplets
may be formed. Clearly, everything depends on the symmetry of the D;; and A;;
matrices and on the magnitude of their elements. Also, the range and symmetry of
Xij plays a role. If the HCI gas is correlated at distances much larger than the lattice
spacing, then the correlation function may be replaced by a number proportional
to £2. Fourier transformation allows one to diagonalize the Hamiltonian (14). This
gives a dispersion law. At small wave vectors k, the frequency splits according to
the splitting of the dynamic matrix

D(k) + €2 A(k) — Q(k) = wo(k) + &wi(k), (15)

where wp (k) is the frequency spectrum of the pure ice lattice, while £%w; (k) gives the
shift due to the adsorbate-induced effects. To estimate the mean square displacement
5% we use the so-called flat spectrum approximation Q(k) = Q oc D + £2A, in which
the collective frequency €2(k) for a given mode is replaced by an effective one-body
frequency 2. Then we obtain

&

| L —
1+ &A/D

(16)
It is seen that 62 increases with €2 when A is negative. Then we are restricted to
€2A/D < 1 in order to keep the stability of H.. Therefore, the surface of ice is
strongly distorted when the HCI-HCI interaction becomes more attractive due to
the coupling through the ice substrate. Conditions at which an indirect interaction
between the adsorbates is attractive are extensively discussed in [22]. Note, however,
that W(R,;, R;) is a mean force potential for HCI, so that an additional attraction
through the gas phase may exist [13,14]. However, the distortion is not monotonic
with the coverage, since £ oc (1 — ©). The maximum is at © = 1/2, that is, when
the strongest density fluctuations in the adsorbate take place [15].
Using the same perturbative technique we calculate the coverage

65(H+60)e*35[W+A52}@

T 1+ oBluteo) g 3BWASE”

(17)
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Figure 2. Coverage, calculated at W = 0, as a function of the dimensionless
pressure P = exp[f(u+ €o)] (pair approach) at different 3A§2. Other parameters
are the same as for the previous figure.

where we have replaced §2 by §2 in order to correct our approximate treatment. As is
seen in the figure 2, the coverage increases with increasing distortion, provided that
A < 0. The adsorption isotherms exhibit a liquid-gas coexistence when the interac-
tion parameter SAS? increases. This implies a droplet formation for the adsorbate
around the distorted lattice domains. To observe this effect at stratospheric condi-
tions (P = e®(h+<0) = 4.107%) we have to accept an unphysically large distortion.
Nevertheless, we were able to obtain a reasonably high coverage out of the critical
regime. For instance, ©® = 1/2 can be achieved if NyAd* ~ 4.74 kJ/mole. For a
distortion amplitude § = 0.276 A, satisfying the Lindemann criterium, this corre-
sponds to A = 2.4 eV/A? (that is A ~ D). The total binding energy (25 kJ/mole)
is still below the experimental value. As is discussed above, we have to incorporate
a solvation mechanism in order to remove this discrepancy.

4. Conclusion

In this paper an adsorbate-induced mechanism of the ice lattice distortion is
suggested. It is shown that the adsorption of HCl molecules at the surface of ice
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increases, if either the HCI binding energy or the HCI-HCI attraction increase with
increasing distortion amplitude for the oxygen sites of ice. Simultaneously, the ad-
sorption stimulates an increase of the Lindemann parameter for the ice lattice, driv-
ing its local melting at temperatures (7' = 190 K) relevant to the polar stratosphere.
This may cause the ionization of HCI, since the local coordination of HCl-water com-
plexes increases with the lattice distortion. The range of the distorted domains is
shown to be comparable with the adsorbate correlation length. The coverage varies
from © =~ 107% to © = 1/2 for a realistic choice of the parameters. The adsorption
energy is estimated to be about 28 kJ/mole, that is, below the experimental results.
This discrepancy is attributed to the neglect of HCI solvation upon adsorption.
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ApcopOuiiHo iHAYKOBaHe CMOTBOPEHHA NOBEpPXHi
TBeppaoro Tina. 3acrtocyBaHHa Ao agcopouii HCl Ha
nboai npu ctpatocepHUx ymoBsax

E.B.Bakapin', M.®.lonosko ', X.M.Bagjani?

IHCTUTYT @i3nkn koHaeHcoBaHux cuctem HAH YkpaiHu,
79011 JibBiB, ByN. CBEHLjUBKOrO, 1

NabopaTopist CTPYKTYpU Ta peakTUBHOCTI MOBEPXHEBUX CUCTEM
YHiBepcuteTy iM. [T’ epa i Mapii Kiopi.
dpaHuis, 75230 Mapwux, nnowa Xiocc’e 4

Otpumano 20 rpygHs 2000 p.

MokasaHo, o aacopbuis monekyn HCl Ha noBepxHio N1boay 3pOCTaE, sk-
o 3pocTae eHepris 3B’a3ky Mmosiekyn HCI npu 36inbleHHi amnnityam
CNOTBOPEHHSI KNCHEBUX BY3JiB NIboay. B Tol xe yac agcopbuis ctumy-
JIOE 3pOCTaHHA napameTpa JlingemaHa ons rpatku nboay, NPUBOAsyN 00
ii nnasneHHs npu Temnepatypax (1' = 190 K), BignoBigHMx A0 NOASPHOI
cTpaTtocdepu. NoaidHi edpekT CNOCTEPIratoThbCs, KONU naTepasnbHa B3a-
emMopia Mix monekynamu HCI cTae 6inbLu npuTaranbHO BHACNiA0K 3'e-
HaHHS Yyepes rpaTky Nboay.

Kniouogi cnoBa: agcopbuis HCIl Ha nbogi, ABOBUMIDHW rpaTkoBuiA
ras, CrioTBOPEHHSI rpaTkyl, MOBEPXHEBE I/1aB/IEHHS

PACS: 05.70.Np, 68.45.Da, 92.60.Jq
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