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Abstract

Theoretical studies of the interaction of HCl with small water clusters have so far neglected

the effect of temperature, which ranges from a few tens of Kelvin in cluster experiments, up to

about 250 K in typical atmospheric conditions. We study the dynamical behavior of a selected set

of HCl(H2O)6 clusters, representative of undissociated and dissociated configurations, by means

of DFT-based first principles molecular dynamics. We find that the thermodynamical stability

of different configurations can be affected by temperature. We also present the infrared spectra

of dissociated and undissociated configurations at 200 K and discuss the origin of the spectral

features.
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I. INTRODUCTION

The molecular pathways leading to the dissociation of strong acids in/on water systems

have been the subject of intense study in the last years. The HCl/water system is of particu-

lar interest due to the strong affinity of HCl for ice and to the possible implications that HCl

dissociation may have in the heterogeneous chemistry of the atmosphere. Chlorine radicals

activated at the ice surfaces of polar stratospheric cloud particles are believed to play an

important role in atmospheric ozone depletion in polar regions [1–4]. Laboratory data lead-

ing to molecular descriptions of the reactions are sparse due to the difficulty of performing

surface experiments on a high vapor pressure material such as ice [5]. As a consequence, the

chemical pathway is not understood in details [6–8]. Two points are under a strong debate.

One regards the uptake of a strong acid at the surface of ice; the other is related to the

dynamics of the acid dissociation and the formation of active chlorine atoms [9]. Crucial to

both aspects is a detailed understanding of the interaction of the acid with the surrounding

shell of water molecules. In this context, efforts have focused either on extended systems

such as monohydrate crystals and solutions [10, 11], or on small HCl-H2O clusters [12–27].

HCl partial or complete dissociation in extended systems has been interpreted in terms of

formation of H3O
+ or H5O

+
2 , and Cl− ions. Experimental studies on HCl-water clusters

are hampered by difficulties in detecting clusters larger than HCl(H2O)2 [12], due to the

stronger affinity of small water clusters for water than for HCl [13]. As a consequence, most

of our understanding regarding HCl-water clusters comes from theoretical studies. Several

molecular dynamics simulations and ab initio calculations have been performed to study the

interaction of HCl with progressively larger water clusters, with the aim of identifying the

crucial number of water molecules to dissociate the HCl molecule and add insight into the

molecular mechanisms responsible for the dissociation. Ab initio molecular orbital studies

show that the most stable configuration of the HCl-H2O system is the hydrogen-bonded

molecular complex, while the proton-transferred ionic structure is higher in energy [14, 15].

Proton transfer from HCl to water was predicted to be unfavorable also in HCl-water clusters

with up to three water molecules [13, 16, 17]. Lee et al. have suggested an ionic structure

for the ground state of clusters with four water molecules [18]. Re et al. found that pro-

ton transfer in the hydrogen-bonded cluster HCl(H2O)n with n = 1 − 5 completely occurs

only in the case of n = 5 clusters [19]. Using the B3LYP density functional method and
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the CCSD(T) ab initio method, Milet et al. showed however that HCl starts dissociating

already in HCl(H2O)4 [20]. Devlin et al., using ab initio Monte Carlo simulations found

that in HCl(H2O)6 three-coordinated HCl dissociates directly to form a clearly recognizable

solvated Cl− and H3O
+ ion pair [21]. They also suggested that to induce ionization, HCl

must bind to a two-coordinated dangling-O molecule, that is, one that does not accept a

proton from another H2O molecule.

Theoretical studies have so far neglected the possible effect of temperature in the disso-

ciation process. Temperatures relevant to atmospheric processes range between 200 K and

250 K. Temperatures in clusters produced in the laboratory are less constrained, but are

believed to be between 50 K to 200 K, depending on the experimental set-up. Temperature

has certainly an important role in the dynamics of dissociation, but evidence is raising that

temperature might also have an important role in determining the thermodynamical stability

of different cluster forms. In the case of HBr, for example, experiment and theory disagree

regarding the minimum number n of H2O molecules required to dissociate the acid [28–30],

with theory predicting a stable dissociated state already for n = 4 and laser spectroscopy

on clusters showing that at least 5 molecules are required to dissociate HBr. Calculations

being done at zero temperature, and experiments at finite temperatures, a possible reason

for the discrepancy is the effect of temperature on the stability of different (dissociated or

undissociated) forms [30]. In the case of HCl, ab initio free-energy calculations within the

harmonic approximation suggest a destabilization of the dissociated state when temperature

is raised from 0 to 300 K, in the case of n = 4 [31]. Temperature effects on the relative

stability of different structures has been already considered in the case of pure water clus-

ters. Theoretical studies find important changes as a function of temperature, with more

open (cyclic) structures preferred at high temperature over compact structures [32, 33].

Temperature-induced structural changes may have important implications for the reactivity

of the cluster and its capability to dissociate the acid.

Here, we focus our attention on the interaction of HCl with a water hexamer (n = 6)

at the temperature conditions found in the lower troposphere (about 200 K), via density-

functional-based first principles molecular dynamics. The choice of HCl(H2O)6 is motivated

by the possibility to compare our findings with experimental results, which are available so

far only for HCl on ice surfaces. Six-membered rings are the smallest topologically closed

arrangements of H2O molecules in ice and at its ideal surfaces, so HCl(H2O)6 can be seen as
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representative of a typical molecular environment found by HCl adsorbed at the surface of

ice. Starting from the analysis of the energetic properties of different HCl(H2O)6 isomers,

we present the dynamical behavior of two configurations representative of a dissociated and

of a non-dissociated system, respectively.

II. SIMULATION METHODS

Geometrical optimizations, energies, and infrared spectra of HCl(H2O)6 clusters were

determined by means of density-functional theory (DFT) methods, with a gradient corrected

exchange correlation functional (BLYP). The choice of the BLYP functional is supported

by its accuracy in reproducing the results obtained with higher-level methods in pure water

clusters [34]. Troullier-Martins pseudopotentials were adopted to describe valence electron-

nuclei interactions [35]. Orbitals were expanded in a plane wave basis set with an energy

cut-off of 80 Ry. This cutoff ensures convergence of the electronic states with respect to

the plane wave basis set in the case of pure water, as already shown [36], and is therefore

appropriate also for Cl, whose valence radius is larger than that of oxygen. In the plane

wave approach, the system is repeated periodically in three dimensions. The simulation

box size was found to be converged at 35 bohrs (19 Å). DFT plane-wave calculations were

performed with the Quantum-Espresso package [37]. Relaxed structures were also optimized

at the MP2/6-311G** level using Gaussian03 [38].

For the dynamical runs at finite temperature, electronic states and the atomic positions

were evolved with the Car-Parrinello method [39]. The fictitious electronic mass µ was

fixed to 250 a.u., with a time step of 0.12 fs (5 a.u.) for the integration of the equations

of motions using the velocity-Verlet algorithm. Recent studies have highlighted the need

to use a small electronic mass (smaller than one fifth of the lightest atomic mass in the

system [40]) in order to ensure an adiabatic evolution of the electronic degrees of freedom

on the Born-Oppenheimer surface, over the full length of the MD trajectory. Our value of

µ = 250 a.u. is about eight times smaller than the mass of the proton. Forces on atoms

were computed using the Hellman-Feynman theorem and wave functions were assumed to

have the periodicity of the simulation cell. The target temperature of 200 K was reached by

heating up the system gradually with temperature steps of 40 K followed by equilibration

for at least 4 ps at each temperature. At each temperature the trajectories were initially
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thermalized for about ∼1.5 ps via a Nosé-Hoover thermostat, followed by a micro-canonical

run of ∼ 2.5 ps. At 200 K the total simulation time was about 25 ps for each structure, and

averages were taken during the last 20 ps.

Infrared (IR) spectra were calculated from the Fourier transform of the time self-

correlation of the total dipole moment [41].

α(ω) =
4πω tanh(βh̄ω/2)

3h̄ n c

∫ +∞

0
dt e−iω t 〈M(t) ·M(0)〉, (1)

where T is the temperature, β = 1/(k
B
T ), n is the refractive index (in our case we take

n=1), c is the speed of light in vacuum, M is the total dipole moment (including nuclear and

electronic components) and the angular brackets indicate a statistical average over initial

times. The electronic dipole moment at each time step was evaluated using a Berry-phase

approach [41].

III. RESULTS AND DISCUSSIONS

A. Geometry configurations of HCl water clusters

The structure of HCl(H2O)6 clusters has not been investigated in experiments yet, and

theoretical studies have only considered configurations representative of the local environ-

ment found at the surface of ice [21], including dissociated, undissociated, and partially

dissociated structures, but have not addressed their energetic stability. The structures of

pure (H2O)6 clusters have been instead studied more extensively. The lowest-energy con-

figuration is still debated, with several isomers, so called book, cage, prism, and ring (also

called cyclic) structures [42], displaying similar energies, at various levels of theory. Recent

studies on the water hexamer [32, 33] have shown that the ring structure is likely to be

the most stable at high temperature. In order to study the finite temperature properties of

HCl(H2O)6 clusters by molecular dynamics, we start by constructing a set of representative

initial configurations. Because the ring isomer is the lowest energy structure for the (H2O)6

cluster, according to our DFT-BLYP calculations, we started by constructing structures rep-

resentative of the undissociated system by placing the HCl molecule in different positions

along the ring isomer of the water hexamer. The ring isomer is not a good starting structure

if the purpose is to construct a dissociated system, however. Earlier studies [19] have shown

that a minimum of three hydrogen bonds is required for the dissociation of HCl. Thus,
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FIG. 1: Representative configurations of the (H2O)6HCl clusters. (A) Undissociated ring-like

structure; (B) dissociated structure; (C) prism-like structure. H atoms are shown in white, Cl

atoms in green (light), and O atoms in red (dark). The dotted lines indicate hydrogen bonds.

we construct two different configurations for HCl(H2O)6, that fulfill this constraint starting

from prism-like geometries, similarly to what was done in Ref. 21.

The configurations obtained after structural optimization at the BLYP level are shown

in Fig. 1. All calculations reported in this section are done at the BLYP level of theory. In

order to verify the reliability of BLYP calculation, final structures are further optimized with

MP2 calculations. Geometrical parameters for the ring-like and dissociated configurations
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TABLE I: Selected interatomic distances (in Å) in the ring-like structure (A) determined after

BLYP and MP2 optimizations.

BLYP MP2

Cl-H20 1.33 1.30

O4–H20 1.79 1.75

TABLE II: Selected interatomic distances (in Å) in the dissociated structure (B) determined after

BLYP and MP2 optimizations.

BLYP MP2

Cl–H12 2.14 2.02

Cl–H16 2.03 1.99

Cl–H17 2.13 2.23

O7-H18 1.04 1.01

O7-H19 1.04 1.03

O7-H20 1.06 1.03

O6-H16 1.02 0.99

O2–H18 1.55 1.53

O5–H19 1.56 1.47

O6–H20 1.51 1.48

are shown in Tables I and II. For the undissociated ring-like geometry (Fig. 1(A)), we find

that in the structure of lowest energy the HCl molecule is hydrogen-bonded through its

proton to the water hexamer (H2O· · ·HCl). The H-Cl bond length is 1.33 Å, very close

to the equilibrium bond length of gas-phase HCl (the predicted equilibrium bond length of

isolated HCl at the same level of theory is 1.30 Å). The length of the H2O· · ·HCl hydrogen

bond is 1.79 Å, in agreement with previous work on undissociated clusters [19, 21, 45].

In the dissociated structure shown in Fig. 1(B) the ion-pair H3O
+ and Cl− are embedded

in a (H2O)5 matrix and separated by a water molecule. In this structure, stabilization

caused by the proton transfer can be rationalized by the fact that the positive charge on

the H3O
+ disperses through the three hydrogen bonds toward water molecules, forming an

Eigen complex (H9O
+
4 ) [43]. The three HOH· · ·Cl− hydrogen bonds have lengths of 2.14
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TABLE III: Energies of the structures shown in Fig. 1. Energies are in eV and are relative to the

lowest energy structure.

structure BLYP MP2

A 0.18 0.31

B 0.00 0.00

C 0.36 0.16

Å, 2.13 Å, 2.03 Å(2.02 Å, 1.99 Å, 2.23 Å at the MP2 level), while the hydrogen bonds

formed by H3O
+ with the three surrounding H2O molecules have an average length of 1.54

Å in BLYP calculations and 1.50 Å in MP2. In the structure shown in Fig. 1(C) the HCl

molecule binds to a prism-like water hexamer forming three hydrogen bonds (two acceptors

and one donor). The starting configuration of structure (C) consisted of H3O
+ and Cl− in

close contact, but DFT-BLYP optimization of this structure lead to the displacement of the

shared proton towards the Cl− ion, at a distance of 1.43 Å from Cl− and 1.41 Å from O,

and therefore in proximity of the mid-point between O and Cl. Further MP2 optimization

pushes the proton even closer to Cl− (1.34 Å from Cl− and 1.58 Å from O), at a distance

similar to the one obtained for structure (A), and therefore consistent with the formation

of a HCl molecular entity. Such a discrepancy between different levels of theory would in

principle deserve further attention, however structure (C) is found to dissociate in the finite

temperature runs described in the next section, so we believe this is outside of the scopes

of the present work. In summary, the three configurations appear to be representative, at

least at the BLYP level of theory, of undissociated (A), fully dissociated (B), and partially

dissociated (C) structures.

The energies of the three configurations are reported in Table III both at the BLYP

and MP2 level. Even though BLYP and MP2 energy differences for the three HCl(H2O)6

clusters do not agree for what concerns the ordering of the energy for the structures (A) and

(C), both methods find the dissociated structure (B) as the most stable energetically, which

confirms that dissociated configurations are energetically preferred in clusters with n > 4.
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FIG. 2: Snapshots (a) and (b) are taken along the molecular dynamics trajectory at 200 K starting

from structure (A). The HCl molecule forms short-lived weak hydrogen bonds with a second water

molecule (the Cl· · ·H distance reaches minimum values of about 1.95 Å). Snapshots (c) and (d)

are taken along the molecular dynamics trajectory at 200 K starting from structure (B). Snapshot

(c) shows an Eigen complex structure and snapshot (d) shows a short-lived asymmetric Zundel

structure.

B. Relative cluster stability at atmospheric temperature

The three structures described in Sec. III.A were evolved by Car-Parrinello molecular

dynamics at 200 K, a typical temperature in the lower troposphere. The details of the sim-

ulation are discussed in Sec. II. Structure (C) is found to dissociate into (H2O)5+HCl·H2O

when temperature is raised from 120 K to 160 K. Structures (A) and (B) are dynamically

stable up to 200 K, within the time scale of the simulation, so the finite-temperature anal-

ysis has been carried out on structures (A) and (B) only. Large fluctuations characterize

the atomic displacements in both structures. We show in Fig. 2 two snapshots of structure

(A) and two of structure (B) taken along the two runs at 200 K. In structure (A) the Cl

atom occasionally forms weak temporary bonds with one of the molecules other than the

one to which it is permanently bonded as shown in Figs. 2(a) and 2(b). Structure (B) opens

up, upon heating, in the “book”-like configuration shown in Fig. 2(c). Further, one of the
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protons composing the Eigen complex occasionally moves towards the center of the O-O dis-

tance, transforming the Eigen complex into a slightly asymmetric Zundel-like structure (Fig.

2(d)) [11, 43, 44]. Similar short-lived Zundel-like states have been observed in DFT-based

simulations of the proton diffusion in bulk water, both at normal density and in the super-

critical state [44]. It has been shown that proton diffusion in supercritical water is enhanced

with respect to normal water as a consequence of the incomplete and/or hydrogen-bond

unsaturated nature of the Eigen complexes. In our clusters, no proton diffusion is observed,

in spite of the low-coordination of the hydrogen-bond network. This can be explained by

observing that contrary to supercritical water, the solvation shell of the Eigen complex in

our cluster is complete.

Based on the above observations, it is clear that thermal fluctuations are far from har-

monic in this temperature regime. In order to study the relative stability of our configu-

rations at finite temperature we computed their free energy difference (∆F ) by adding to

the average energy difference ∆E(T ) calculated along the two runs at 200 K, the contribu-

tion due to their entropy difference (−T∆S). The entropy difference was evaluated using a

vibrational density of states approach [46],

S = 3kB

∫ ∞

0
D(ω) [xcoth(x)− log(2sinh(x))] dω , (2)

where x = h̄ω/2kBT and D(ω) is the vibrational density of states, obtained as the Fourier

transform of the time correlation of the atomic velocities. At T= 200 K we obtain for

∆E(T ) = EA(T ) − EB(T ) a value of −0.16 eV, implying that finite temperature effects

reverse the sign of the energy contribution to the free energy at 200 K (the value of ∆E for

the relaxed structures is +0.18 eV, see Table III). The value of ∆E(T ) calculated within the

harmonic approximation is essentially unchanged with respect to the energy difference in the

relaxed structures, and is thus significantly different with respect to the value obtained from

the molecular dynamics simulation. A possible reason for the discrepancy is the significant

structural fluctuations of the two structures (see Fig. 2), and in particular the energetic

gain resulting from the formation of the short-lived weak second H-bonds between Cl of the

HCl molecule and the water ring in structure (A). Such anharmonic effects are impossible

to capture within a harmonic picture of the atomic displacements, and confirm the strong

anharmonic nature of the cluster dynamics at 200 K. For ∆S(T ) = SA(T )−SB(T ) we obtain

a value of 0.5×10−3 eV/K at 200 K. A calculation of the entropy difference in the harmonic
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FIG. 3: Top panel: Infrared spectrum of HCl(H2O)6 in the ring structure (A) at 200K. The infrared

spectrum of the pure (H2O)6 cluster at 200 K is also shown (bottom panel), for comparison.

limit yields ∆S(T ) = 0.55× 10−3 eV/K, at the same temperature, in reasonable agreement

with the fully anharmonic result obtained with molecular dynamics. Both harmonic and

molecular dynamics calculations agree on the fact that the ring isomer has a significantly

higher entropy at 200 K, which is consistent with its more open structure. By summing

up the contributions from the energy difference ∆E(T ) = −0.16 eV and for the entropic

contribution to the free energy difference (−T∆S = −0.10 eV) we obtain a for ∆F = FA−FB

at 200 K a value of −0.26 eV, which supports the thermodynamical stability of the ring

structure versus the dissociated structure at this temperature. We caution however that a

harmonic description of the free energy difference would still give the dissociated structure

as more stable at 200 K, though by a smaller amount with respect to the zero temperature

results.

C. Infrared spectra at atmospheric temperature

The infrared spectra calculated for the two configurations at 200 K are shown in Figs.

3 and 4, respectively. A comparison of the spectrum of the ring structure (A) with the

spectrum calculated for the water hexamer in the ring structure [33], at similar temperature

conditions, shows that the peaks above 3000 cm−1 are due to the O-H stretches. The small

peak at 3700 cm−1 is characteristic of “lone”, non-hydrogen-bonded O-H units. The peak at
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FIG. 4: (a) Infrared spectrum of Cl−(H2O)5H3O+ in the dissociated structure (B) at 200K; (b)

Vibrational density of states projected on selected atoms in the protonated H3O+ unit (see Fig. 1

for atom numbers); (c) Same as (b), but projected on selected atoms surrounding the Cl atom.

1600 cm−1 arises from H2O bending, and the structure below 800 cm−1 is due to translational

and rotational H2O modes. HCl contributes with a broad peak at 2500 cm−1, corresponding

to the H-Cl stretching vibration. The width is associated with the fluctuating nature of the

HCl environment, with Cl occasionally forming a second weak H-bond with a H2O molecule

in the ring, as discussed in Section III.B. The vibrational frequency of the free HCl molecule

at the same level of theory is 2800 cm−1, so attachment of HCl to the ring hexamer causes a

red-shift of approximately 300 cm−1 of this mode, in agreement with earlier calculations [21].

The infrared spectrum of structure (B) has a more complex structure. The peaks at 3700

cm−1, 1600 cm−1, and the continuum below 800 cm−1 are similar to those calculated for

structure (A), and arise from “lone-OH” stretching, bending, and translational/rotational

modes of unprotonated H2O molecules, respectively. The stretching peak of hydrogen-

bonded OH’s is broader and slightly red-shifted with respect to that of the ring structure.

The broadening arises from the presence of a component coming from the three OH units

that are hydrogen bonded to Cl. The vibrational spectrum of such units is clearly seen in

Fig. 4(c), where their frequency is found to range between 2800 cm−1 to 3200 cm−1. OH
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units more strongly bound to Cl (O6-H16 in Fig. 1, see bond lengths to Cl in Table II)

display a larger red shift than less weakly bound units (O3-H12, O4-H17). The very broad

shoulder between 2000 and 2800 cm−1 originates from stretching vibrations of OH units

in H3O
+, as can be argued from the comparison between the infrared spectrum and the

vibrational density of states projected on H3O
+. The three contributions are also broad,

but peak on the higher side of the distribution for shorter OH units (O7-H18, O7-H19) and

on the lower frequency side for the longer unit (O7-H20), as expected. Moving to lower

frequencies, the infrared spectrum of the structure (B) shows then a small peak at 1600

cm−1 due, as already said, to bending in intact molecules, and a peak at 1350 cm−1 arising

from bending modes in H3O
+, as can be argued by comparison with the vibrational density

of states projected on H3O
+. Finally, the far-infrared portion between 500 and 1000 cm−1

is substantially broader and weaker than the corresponding region in the ring structure.

IV. CONCLUSIONS

Our first principle molecular dynamics simulations of the interaction of HCl with wa-

ter clusters at temperatures comparable to those found in the lower troposphere indicate

that the inclusion of temperature effects can modify significantly the results obtained in

low-temperature studies. Finite temperatures can alter the thermodynamical stability of

different cluster structures by favoring more open conformations, which could in turn hin-

der the dissociation of the acid. This could explain the discrepancies between theory and

experiments reported in the case of HBr [30]. Our simulations also offer a glimpse into the

possible effects of temperature in the interpretation of experimental infrared spectra. The

large fluctuations experienced by the HCl molecule in the undissociated case gives rise to a

significant broadening of its spectroscopic signatures. The dynamical nature of the Eigen-ion

band in the dissociated cluster confirms the broad nature of such feature also in a confined

geometry [47]. We hope our study will stimulate further efforts to identify spectroscopically

larger HCl-water clusters than obtained so far.
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