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Abstract
Computational Investigation of the [onization and Photo-Ionization of
Hydrogen Halide Acids in Water Clusters
Sacha Z. Zlatkova

The ionization of hydrogen halide acids HX (X=Cl, Br) in the presence of water
in the ground and excited electronic states is an important fundamental process, with
possible implications for the ozone layer depletion. Experimental investigations of acid
dissociation and hydration of ion pairs [X(H,0),Hs0'] at the molecular level are
hindered by instrument limitations, and to date, theoretical studies address the mechanism
of acid ionization in polar and non-polar solvents only partially. This thesis aims at
characterizing ground-state acid-water complexation and ionization, and possible effects
of water on the ionization of HX in electronically excited states.

As for ground-state ionization, the structures of HCI and HBr in aqueous clusters
of different sizes were characterized with second-order Meller-Plesset perturbation
theory (MP2), and coupled cluster theory with single, double and perturbative triple
excitations [CCSD(T)], paying particular attention to the critical number of water
molecules needed for acid ionization to occur. Combined results from the quantum theory
of atoms in molecules (AIM) and infrared (IR) vibrational spectra analyses are used to
unambiguously characterize the nature of bonding in acid-water clusters. Global
minimum-energy cluster structures suggest that both HCl and HBr form ionized
complexes in the presence of four water molecules.

As for possible excited-state ionization of hydrogen halides, the excited-state
electronic structures and potential energy curves of gas-phase HBr were first obtained
from multi-reference configuration interaction (MRCI) calculations. Investigation of the
influence of water molecules on the excited-state potential energy curves of HBr then
revealed the feasibility of excited-state ionization, and thus photo-ionization in water
clusters, due to opening of an ion-pair dissociation channel. This work thus claims the
interpretation of recent experimental findings [Science, 2002], in which HBr photo-
ionization was observed in small water clusters, but not for clusters larger than size 4,
presumably because of ground-state ionization that quenches the HBr photo-ionization

channel.

iii
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Chapter 1.

General Introduction
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I.1. Hydrogen Halides Acid Chemistry

Strong acids such as hydrogen halides are present and play an important role in
many processes in a large variety of living and non-living systems on our planet. When
dissolved in water under ambient conditions, acids dissociate into ions, common
knowledge in modern science, but a revolutionary discovery explained by the Arrhenius
dissociation theory back in the late eighties of the nineteenth century [1, 2]. As
knowledge advances and a more sophisticated understanding emerges about matter and
its structure, this theory must be extended to a wider temperature range and to systems
where more types of molecular interactions are involved. In living organisms, ions from
dissociated hydrogen halides (mostly HCl and HBr, but also HF and HI) play an
important role in the proper functioning of e.g. gastro-internal systems, ion-channels of
cell membranes, enzyme catalysis, drugs, etc. A very recent review of halogen-containing
biochemical systems [3] describes their important features. For example, Walsh’s
research group has been working extensively for many years to reveal the mechanism of
halogenation by enzyme, in order to characterize their catalytic activity and design
strategies for the halogenation to other substrates. Halogenation leads to alteration of the
enzyme physical properties, such as the electronic and steric effects that may govern the
affinity and selectivity of ligand-substrate complexes, as observed for the binding
interaction of chlorinated antibiotic vancomycin to its cell-wall target [4].

Hydrobromic and hydrochloric acid are widely known as chemical products
released in the atmosphere resulting from industrial processes and naturally from
volcanic activity. It is arguable which of the above factors most significantly influenced

and/or triggered the current climate changes, nonetheless it was unambiguously proven
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that chlorofluorocarbons (CFC), chlorofluoromethanes (CFM), halones, as well as a
series of other industrial wastes, participate in atmospheric chemical processes, resulting
in the destruction of the UV-protecting ozone layer, severe weather changes, and
agricultural issues, which all may endanger the future of our planet. Even though a very
recent sign of relief comes from the conclusion of Weatherhead and Andersen [5] that the
ozone layer has stopped depleting, and is locally recovering, the authors are implicitly
warning that it is unlikely we will observe full recovery of the ozone layer, and that its
instability is a result of the chemical content of the polar stratospheric clouds (PSCs)
formed during very cold seasons. The latter are formed of aerosol particles and ice
crystals during the Antarctic winter at temperatures of about 180-190 K [6]. Hydrogen
halides are most probably adsorbed on the surface of these ice-water crystals or droplets,
constituting a system known as an acid-water cluster. It is believed that these clusters
play a key role in the mechanism of formation of halide radicals [7, 8], which leads to
ozone destruction via a complex sequence of chemical reactions upon photoexcitation.
The 1995 Nobel Prize in chemistry was shared by Paul Crutzen, Mario Molina,
and Sherwood Rowland for their pioneering contributions [9-11] in explaining the
mechanisms of the ozone layer formation and depletion, and emphasizing the connection
of a particular group of chemicals of anthropogenic origin present in the atmosphere to
the ozone loss phenomenon. The chemical processes and kinetics affecting stratospheric
ozone depletion have been reviewed in detail [8, 12, 13]. The lowest atmospheric layer -
the troposphere spans from the surface to about 10 km in altitude. Since the temperature
and pressure gradually decrease with altitude, the dynamics of tropospheric air masses is

characterized mostly by a convection motion, carrying up all anthropogenic and natural
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chemical waste. At an altitude between 7 and 10 km, in the tropopause, at temperatures
around 210 K, these chemical compounds start to aggregate or mix with water in the form
of ice crystals. The chemistry of CFC/Halon replacement compounds takes place in this
part of the atmosphere [14]. Above the tropopause, up to 50 km spans the stratosphere,
which is characterized with a gradual increase in temperature and motion of the air
masses is mostly horizontal, contributing to a large spread of these industrial and volcanic
chemicals. Heterogeneous processes, involving fluorine, bromine, and iodine species and
occurring on acid-aerosol particles, characterize the stratospheric chemistry. The increase
in the stratospheric temperature is a result of the energy released from the solar photolysis
of stratospheric species such as ozone. In a normal situation, in the moderate presence of
industrial chemicals and regular atmospheric gases, UV-radiated oxygen molecules (O5)
dissociate into atomic oxygen radicals (O<), which instantly react back with O,
producing ozone (Os). This is a photocycle since photolysis also proceeds backwards
leading to self-destruction of ozone molecules (a very slow process - Oz has 1 to10 years
lifetime). Therefore, in these ideal conditions, the ozone layer thickness varies only
slightly (within 3 km) depending on the solar radiation and atmospheric air dynamics.
However, it was firmly established that chlorofluorocarbons (CFC), halones and other
green-house gases act as catalysts for the reversed reaction, and therefore significantly
affect the stability of the ozone layer.

One of the most widely accepted mechanisms for ozone destruction beyond its
normal regeneration cycle involves the following reactions:

Cl+0; - CIO (1)

ClO+0 - Cl+0, (2)
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ClIO +NO — Cl + NO, 3)
In the stratosphere, Cl radicals react readily with various hydrogen-containing species to
form HCI. Kinetics studies [7] have shown that the largest rate coefficients of formation
of HCI are from reactions with CHs (10 cm™ s, although H,O, and HNO; also
contribute (~10” em™s" and ~10"° cm™s™, respectively). A similar mechanism applies to
BrOyx (x = 1,2) for the formation of hydrobromic acid (HBr), with the significant
difference that BrOy species are much more thermodynamically unstable than CIOy [15],
and at the same time bromine species have a higher destructive potential for ozone than
their chlorine analogs. The above gas-phase mechanism would lead to accumulation of Cl
mostly in the form of hydrochloric acid (HCI) and chlorine nitrate (CIONQ,), but despite
their high reactivity, Cl radicals are not the direct cause for the ozone depletion via a
simple gas-phase mechanism. While this gas-phase chemistry only provides a partial
explanation of the exact mechanism of hydrogen halide ozone destruction rule, an
alternative, heterogeneous chemistry approach, initially proposed by Solomon et al. [16],
complements it by the following reaction:
CIONO; + HC1 — HNOs + Cl, Q)]

Later, Hynes and co-workers [17-20] in series of publications explained the possible
outcomes of this reaction. Firstly, according to the hypothesis for heterogeneous origin of
Cl radicals, reaction (4) takes place on the ice surface of polar stratospheric aerosol
particles, therefore the possibility for it to be a two-step mechanism has to be explored.
The former involves hydrolysis of the chlorine nitrate to produce hypochlorous acid
(HOCT), which on a second step reacts with the HCI to produce Cl:

CIONO; + H,O — HNO; + HOCI 4)
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HOCI + HCl - H,0 + Cl, (6)

Molecular chlorine (and, as later also established, bromine) is then photolyzed during the
Antarctic spring, to form halide radicals, which as explained earlier in this chapter act as
catalyst for the destructive part of the ozone cycle. Experimental and subsequent
theoretical studies provide an important finding: the water network of the ice surface
provides not merely a platform but is an important reagent, which facilitates the rapid
hydrolysis of chlorine nitrate. A barrier of 30 kcal/mol was estimated for reaction (4) in
the absence of water, but three water molecules are able to catalyze the reaction through a
proton shuttle mechanism [19].

The two-step mechanism of Cl, and Br, production was experimentally and
theoretically excluded, because it was proven [20, 21] that the product from reaction (5),
nitric acid (HNOs3), slows down the hydrolysis substantially by acidifying the ice surface.
Moreover, the ionization of HCI by water and subsequent proton transfer appear to be the
most likely path for reaction (4). At this point, the investigation of this mechanism,
experimentally and theoretically, fall into several categories of studies: ionization of
hydrogen halides in the presence of XONO,, (X = Cl, Br) on ice surfaces, or ionization of
hydrogen halides in water clusters, on ice surfaces, or in the liquid phase. An overview of
the results obtained previously for the ionization of HCl and HBr in water clusters

follows.
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I.2. Experimental Studies of HCI and HBr Ionization

It is now widely accepted that the key step in the mechanism of polar ozone
depletion involves the interaction of HCl and HBr with the particles that constitute polar
stratospheric clouds. The characteristic temperature of these systems is below
approximately 185 K. Experimental work to investigate the mechanism of reaction (4)
includes studies of the interaction of HCl and CIONO; on an ice surface, as well as
studies of HCI —water clusters. Direct observation of HCI and HBr remains difficult due
to the technical challenges of performing experiments with molecular specificity under
the conditions typical of the polar stratosphere (~ 10 Torr and 180 K), for which
traditional surface-science teehniques, which require ultra-high vacuum conditions, are
often not suitable. Thus, it is still not known whether HCI/HBr exists in an ionic or
molecular form at (or near) the ice surface. Spectroscopic evidence [22, 23] indicates an
ionic form of HCI at low temperatures (less than 180 K) and partial pressures where ionic
hydrates of HCl are known to be thermodynamically stable [24]. However, some
experimental studies suggest, that HCI is absorbed in molecular form [25, 26]. Estimates
of the HCl-ice interaction energy has been reported, but the many assumptions employed,
and the poor reproduction of the exact conditions of the polar stratosphere make these
results not fully reliable. For example, in a beam study [26], the binding energy of HCI
on a slowly condensing ice at 165 K was estimated to be 31 — 38 kJ/mol (7.4 — 9.1
kcal/mol), whereas an interaction energy of 25 kJ/mol (6.0 kcal/mol) was determined for
HCIl with a slowly evaporating HCl-covered ice. In two other beam studies on the
desorption of HCI by an amorphous ice surface held at 100 — 126 K, an activation energy

of desorption of 30 — 26 kJ/mol (7.2 — 6.2 kcal/mol) was estimated, while for a
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temperature regime 140 K, a value of 33 = 5 kJ/mol (6.7 — 9.1 kcal /mol) was reported
[27]. All these uncertainties in the energy of formation of the HCl-ice lattice complexes
require a theoretical investigation of the absorption-desorption process.

Initial ground-state charge separation in simple acids like HBr and HCI has been
predicted to occur upon contact with as little as four water molecules [28, 29]. In several
experimental cluster studies, it was determined that a diamond-like ionized complex in

which Br and H3O" are separated by three more water molecules exists for the smallest

ice monocrystals of pure water [30], and of water bound independently to the hydronium
[31] and bromide [32] ion. As mentioned earlier, experiments indicate that the uptake of
HBr [33] by ice exceeds that of HCI, due to different dissociation abilities. In a recent
experiment, Hurley et al. [34] demonstrated charge separation in size-selected
HBr-(H;0), clusters. Neutral clusters of HBr with water serve as chromophores for

resonant multiphoton ionization, and they would form easily detectable cationic cluster
products. Upon dissociation of this complex into Br and H;0", the chromophore species

disappear, eliminating the photoionization pathway and the cation signal altogether.
Experiments showed that the signal disappears upon addition of the fifth water molecule,
which led the authors to the conclusion that HBr needs to form a five-water cluster in
order to undergo ground-state ionization. However, it was also mentioned that the
temperature of this experiment cannot be precisely determined and therefore a strict
conclusion about the mechanism of HBr ionization in water cannot be made. The
experimental results reported so far give a relatively good basis to support the hypothesis

of the mechanism of ozone depletion through acid dissociation, but technical limitations
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of the experimental setups and the complexity of the system and conditions, all warrant a

thorough theoretical investigation.

1.3. Theoretical Studies of HCI and HBr Ionization

Computational work to study the interaction of acids with the ice surface of PSC
particles and in water clusters (which serve as a suitable model to investigate the
mechanism of acid dissociation at the molecular level) is scattered, and only a review of
the key studies will be given here. Theoretical investigations of acid dissociation in water
have focused on: (a) the evolution of the acid-water system in time [27, 35-38] or (b)
quantum chemical properties, such as the energy of formation, dipole moments, infrared
vibrational frequencies and geometrical parameters of ionized and non-ionized clusters
[28, 39-44].

Geometrical parameter and energetics of HX-water have been reported for halide
series (X=F, Cl, Br, 1) [24, 28, 40, 42-46]. In a comprehensive investigation of the
ionization state of HCI in clusters containing up to three waters [39] it was shown that the
most stable conformation is a hydrogen bonded, where HCI acts as a proton donor. The
Hacig-Cl interaction was qualified as non-hydrogen bonding which stabilizes the ring
structure of the cluster [39]. In addition, the very large red shift observed in the stretching
frequency of HCl and the symmetric stretching mode of the donor O-Hyaer were ascribed
to the hydrogen-bond formation. Based on the increase in the HCI bond length, charge
transfer within the O-HCI hydrogen bond and stretching frequency changes, the authors
concluded that the HCI bond strength decreases although HCI is not ionized. Studies of

four- water clusters of hydrogen halides [43, 46-48] indicate that HCI and HF form fully
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ionized stable complexes, where stabilization arises solely from the six hydrogen bonds
formed. Specifically for HCI, a minimum of four water molecules is required in order to
form stable structures, in which positive and negative ions coexist in the cluster, with a
binding energy of 41.2 kcal/mol as estimated with density-functional theory [47] (37.5
kcal/mol was estimated for HF with the same methodology).

In all the afore mentioned studies, it was noticed that the O---H distance between
the protons of the hydronium ion (H;0") and the water molecules in the rest of the cluster
is about the same for all hydrogen halides, and this was attributed to the fact that the ionic
moieties are located at opposite ends of a diamond-like structure (Figure 1), with little

effect on the hydrogen bonds. For comparison, in pure water the O---H distance is about

Figure 1. Simplified charge separation process leading to the formation of solvent-
separated ion-pair, shown on the right [2].

1.94 A while in these configurations, the O-H distance is in the range 1.5 — 1.6 A. Based
on geometrical arguments, hydrogen bonding in the diamond-like (ionic) clusters appears
stronger, compared to that in pure water clusters of the same size, which may account for
the greater stability of the ionic aggregates in comparison to the non-ionized ones. The

ability of an acid to dissociate in the presence of a given number of water molecules must
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be governed by its acidity [47], and therefore one may expect that HBr will dissociate in
smaller clusters than HCI.

The ionization of HBr in small water clusters was specifically explored,
simultaneously by two research groups [28, 29]. It was found that HBr also requires four
water molecules in order to form an ionic cluster, which as for HCI, appeared to be more
stable than the non-ionic species. The cluster was also characterized by a specific
diamond-like geometry discussed earlier and free energy calculations [28] suggest that it
will remain thermodynamically more stable for temperatures up to 180 K, above which
the non-ionic (also known as atop) HBr + (H;O)s cluster becomes more stable. As
pointed out in the same article, ionization in the presence of three water molecules has
not been resolved for HBr, due to subtleties of the calculation. In both studies [28, 29], no
ion-pair of three water — acid complex has been found. Despite the propensity of HBr
towards dissociation in four-water clusters, in comparison to HCI, the required significant
geometrical rearrangements in order to achieve most stable ionic configuration, have led
to the conclusion [28] that, like HCI, HBr has to be incorporated into the ice surface.

Along with geometrical parameters and energetics, infrared spectroscopic
properties of acid-water clusters help characterize ionization of hydrogen halides in water
clusters. For the theoretical prediction to be accurate and reliable, it was shown [42] that
infrared frequencies have to be calculated taking into account anharmonic effects and
basis set superposition error (BSSE). Excellent correlation with available experimental
results was demonstrated when those two factors were accounted for in the case of the
one- and two- water clusters of HCI. Alikhani and Silvi [42] have also demonstrated that

density-functional methods such as B3LYP (Beck’s three-parameter exchange and Lee-
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Yang-Parr correlation hybrid functional) have a limited applicability, even when
combined with correlation-consistent basis sets, and that coupled cluster theory with
single, double and perturbative triple excitations (CCSD(T)) or at least second-order
Moller-Plesset perturbation theory (MP2) should be used. Odde et al. [43] have found
that the best performance for larger (four- and five-water) clusters is obtained with
Moller-Plesset perturbation theory calculations with minimum triple-zeta or 6-311++G**
basis sets.

In the last decade, the topological analysis of the electron density known as the
Quantum Theory of Atoms in Molecules (QT-AIM) has become a common approach to
unambiguously characterize the interatomic interactions in a molecular system. This
theory has been successfully applied in many areas of theoretical chemistry for systems
as large as enzymes and for transition metals compounds. To date, the only AIM study
{49] of the influence of hydrogen halides on the connectivity of a water cluster has been
performed on a five-member system, where HX lies atop the pentamer water cluster. This
type of acid-water cluster, however, has been previously reported as very unstable and

cannot represent a precursor of acid ionization in the presence of water.

1.4. Conclusions

Theoretical investigations of water clusters containing hydrogen halides have a
critical role to play in revealing the mechanism of ionization of acids in stratospheric
conditions. To date, Muller-Plesset perturbation theory calculations have proven to
provide the best estimates of all properties (geometries, energetics, spectroscopic

signature, charge distributions, and electron density distributions) necessary in the
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characterization of the interatomic interactions and the thermodynamic stability of the
molecular clusters. The goals of this thesis are: (a) to provide some insight into ground-
state acid ionization in water clusters by characterizing the nature of the bonding
interactions in the clusters through an AIM analysis of the electron density; and (b) to
characterize the excited states involved in the photoionization of HBr, especially in the
presence of water. With these findings, we hope to facilitate future experimental
investigations of the spectroscopy, photochemistry and theory of the ionization of
hydrogen halides in the presence of water, and to further our understanding of their

implication in particular in atmospheric chemistry.
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Chapter I1.

Bonding Structure and Infrared Spectra of

Hydrogen Halide Aqueous Clusters

To be submitted as:

Sacha Z. Zlatkova and Gilles H. Peslherbe, Journal of Physical Chemistry A, (2007)
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Abstract

The nature of the bonding interactions in water clusters of different size
containing HCl or HBr has been investigated by means of electronic structure
calculations with second-order Moller-Plesset perturbation theory (MP2), and coupled
cluster theory with single, double and perturbative triple excitations [CCSD(T)],
combined with a quantum theory of atoms in molecules (AIM) analysis of the electron
density. This work shows unambiguously that both HCIl and HBr are ionized at cluster
size four, though (high-energy) ionized structures of HBr also exist for smaller cluster
sizes. Total and Gibbs free energies of formation are also reported at a temperature
typical for atmospheric conditions (180K), in order to compare our results with those of
previous studies. Further, the infrared spectra of the HX(H,0), clusters, and the shifts of
the frequencies relative to those of the gas-phase species in particular, could be

rationalized by the bonding structure inferred from AIM analysis.
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[1.1. Introduction

Ionization of simple acids such as hydrogen halides has long been a key concept
in acid-base chemistry and is often implicated in biochemistry [50, 51] and atmospheric
chemistry [52]. For instance, there is mounting experimental evidence that the increased

production of Cl, and Br; in the atmosphere is due to the reaction

HX + XONO; — X5 + HNO»

(where X = Cl and Br), which could first require ionization of hydrogen halides at the
liquid ice surface of polar stratospheric cloud particles [41, 53, 54]. However,
uncertainties in the reported experimental acid-water interaction energies prevent a firm
conclusion on whether the acid is ionized [55, 56] or remains in a molecular form [57] at
the surface of liquids. Although a subject of many theoretical studies [18, 19, 28, 29, 35,
36, 40, 43-45, 49, 54], the question of how many water molecules are necessary to ionize

a strong acid is still not fully answered [28, 34],

The minimum-energy structures of both HCl and HBr in clusters of up to six
water molecules have been relatively well characterized by electronic structure
calculations [28, 39, 40, 42-45, 47, 48]. However, to date, with the exception of one study
of a five-water cluster [49], all theoretical studies draw conclusions about HCI and HBr
ionization on the basis of cluster geometries and vibrational frequencies [42, 58]. It was
also shown for HCI(H,O),, clusters that the prediction of proper vibrational spectra

requires the inclusion of anharmonicity [42].

Surprisingly, the nature of the bonding interactions in HX(H,O), clusters, which

is essential to discriminate between ionized and non-ionized structures, has not been fully
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addressed to date. The quantum theory of atoms in molecules (QT-AIM or just AIM) of
Bader [59, 60] offers a rigorous approach to characterize bonding interactions in
molecules. The applicability of this theory has already been demonstrated for a large
number of compounds and molecular complexes such as carbohydrates, peptides, amino
acids, transition metal complexes, and hydrogen bonded systems [61]. This theory is thus
highly suited to unambiguously characterize ionic, covalent and hydrogen bonds in
HX(H;0), clusters. As mentioned earlier, only one study [49] addressed acid ionization
not on the sole basis of geometries and spectra, but also on the basis of the nature of
bonding interactions inferred from AIM analysis, for a rather unstable [43] five-water
cluster, containing HBr and HCI. The characterization of acid ionization from the

perspective of bonding interactions in clusters thus requires a more thorough treatment.

The outline of this chapter is as follows. The computational methodology
employed in this work is first presented in Section II. The results of our calculations
(molecular structures, relative energies, vibrational frequencies and spectra, charge
distributions and electron density analysis) are then presented for HX(H,O), (n=1 - 4) in

Section III. A summary and conclusions follow in Section IV.

I1.2. Computational Method

Molecular geometries were optimized with second-order Moller-Plesset
perturbation theory (MP2) [62-64], and energies were calculated for these geometries
with coupled cluster theory with single, double and perturbative triple excitations
[CCSD(T)] for clusters containing an acid and up to four water molecules. The

augmented correlation-consistent basis set aug-cc-pVTZ [65, 66] was used for H, O and
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Cl, while the small core pseudo-potential and augmented correlation-consistent basis set
SDB-aug-cc-pVTZ [67, 68] was used for Br. The dissociation energy and the Gibbs free
energy of formation of the clusters were calculated according to the formula

Dy = ESSPM, (HX(H,0),) — EC“PD,; (HX) — nECSPM,, (H,0)

AGEESDD — FOCSDD) | (AGMP2 _ EMP2
where EC“SPM, and EMP, are the total energies calculated at MP2 and CCSD(T) levels

of theory, respectively, while the AGM™

is the Gibbs free energy of formation calculated
for the clusters at MP2 level of theory with a thermal correction at 180K. A vibrational
frequency analysis was performed in order to characterize the nature of stationary points,
and calculated frequencies were scaled by the standard factor of 0.9546 [28]. Because
anharmonicity has been proven significant for these clusters [42, 69, 70}, anharmonic
frequencies were also calculated by numerical differentiation (second-order perturbative
treatment) along the normal modes as implemented in Gaussian03 [71-73]. Energies were
corrected for basis set superposition error (BSSE) using the counterpoise method [74, 75]
and thermodynamic properties were calculated within the harmonic oscillator-rigid rotor
approximation. All calculations were performed with the Gaussian03 suite of programs

[73]. The AIM analyses of the electron density and its Laplacian were performed with the

AIMPAC suite of programs [76].

The quantum theory of atoms in molecules (AIM) [59] provides means of
mapping the topological properties of the electronic density p(r) to a Lewis-structure
representation of molecules. The theory has been discussed in detail elsewhere [60, 77]
and only the key features, relevant for the present study, are reviewed here. A gradient

vector field analysis partitions the molecular electronic density into regions or ‘basins’,
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each belonging to a specific atom, and physical properties of atoms can be obtained by
integration over the basins. Bond critical points (BCPs) and ring critical points (RCPs)
correspond to saddle points of p(r), while bond paths are lines of maximum electronic
density between two bonded nuclei. The set of bond paths in a molecule defines its
molecular graph. The Laplacian of the electronic density VZp(r) identifies regions of local
charge concentrations (Vzp(r) < 0) and local charge depletion (V2p(r) > 0) in the topology
of the electronic density. The nature of bonding between atoms can be characterized by
the value of the electronic density p(r) and the sign of the Laplacian of the electronic
density Vzp(r) at BCPs. A large p(r) value together with a large negative Vzp(r) value are
indicative of sharing of electronic density between atoms, and thus of a shared interaction
characteristic of covalent bonding. A low p(r) value along with a positive Vp(r) value
indicate that the electronic density accumulates in separate atomic basins away from the
BCP, a feature representative of a closed-shell interaction typically found in ionic and

hydrogen bonding.

I1.3. Results and Discussion

The relative stability of HX(H,0), clusters has already been investigated and
reported in detail, as described in Section I. Therefore, for the purpose of the present
study, we only focus our attention on the most stable configurations. When discussing
these structures throughout this chapter, a water hydrogen atom is labeled H,, and the acid
hydrogen atom labeled H,. Free energies of formation and thermodynamical stability
have been discussed elsewhere at MP2/aug-cc-pVDZ level of theory [28, 43, 44] and our

CCSD(T) data are listed in Table 1. It was already reported that the X'H;0" ion pair is
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formed in clusters of size 4 and that it remains thermodynamically stable for low
temperatures up to 180K [28]. This temperature is characteristic of atmospheric
conditions, therefore Gibbs free energy of formation of all clusters are calculated at this
temperature and at CCSD(T) with thermal correction calculated at MP2 levels of theory.
The molecular structures and graphs of the most stable HX(H;0), clusters are shown in
Figure 2 while contour plots of the Laplacian of the electron density are shown in Figures

3,5, and 7-9.

Table 1. Dissociation and free energies of HX(H,0), (n=0-4)°

name De. Dy AG g0k
H,0O 0 0 -
HCI 0 0 -
HCI(H,0) 6.0 4.0 09
HCI(H,0), 14.8 10.0 2.3
HCI(H,0);S 259 18.3 5.8
HCI(H,0);D 21.8 15.2 3.0
HCI(H,0)4D 37.8 25.2 6.8
HCI(H,0)4C 38.8 24.4 6.5
HCI(H,0),P 35.8 24.2 8.3
HBr 0 0 -
HBr(H,0) 5.1 3.2 0.1
HBr(H,0), 13.6 9.0 1.3
HBr(H>0):S 24.5 17.2 4.6
HBr(H,0);D 22.5 13.3 0.2
HBr(H,0)4D 40.7 28.0 9.5
HBr(H,0),C 38.7 26.3 8.4
HBr(H,0)4P 337 24.1 7.2
HBr(H,0),4 35.2 25.0 7.9

D, is the classical dissociation energy, D, the zero-point corrected energy and AG is the
Gibbs free energy (at 180 K), calculated with CCSD(T)/aug-cc-pVTZ. S, C, D, and P
identify the square, cyclic, diamond-like, and pentamer structures, respectively (see
Figure 2). All energies in kcal/mol.

20

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 7



L.3.a. HCI and HBr. The calculated bond lengths of HCI and HBr are 1.275 A and
1.409 A, respectively, which coincide with experimental values (Table 2) [78]. The
calculated vibrational frequencies 2981 cm™ for HCI and 2659 cm™ for HBr, are in very
good agreement with the experimental values of 2891 and 2649 cm™, respectively (Table
2 and Figure 3). For both HCI1 and HBr, not surprisingly, the electronic density p at the
BCP has large values (Table 2) and the Laplacian Vp is largely negative, which implies
a strong covalent interaction. This is further reflected in the contour plots of the
Laplacian, in Figure 3, which show a characteristic shared-shell interaction between the
hydrogen atom and the halide for both acids. These AIM features for HCI and HBr are
used throughout this work to characterize the molecular form of the acid and predict the

onset of ionization.
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Figure 2. Molecular cluster structures and graphs of HX(H,0), (X=Cl, Brand n =0
—4). Small dots along BPs represent BCPs; small dots outside BPs represent ring
critical points.
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Table 2. Geometrical, electronic and IR-spectroscopic properties of HX(H,0), (n=0-2)

a,b

r pecp(r)  Vppe(r) V(H-X) Exp.’
Vi (AVi-x)
H,O ro-H 0.961° 0352 -2.04 3631 3657
- - - 3759 3756
1587 1595
HCI re-cl 1.275°  0.251 -0.77 2981 2886
HCI-H,O H,-Cl 1.289 0.230 -0.86 2748 (138) 2723 (162)
H....O 1.882 0.031 0.10 - -
HCIH,0), HeCl 1328 0218  -0.81 2412 (474) 2464 (422)
H..O 1.718 0.044 0.13 - -
Hy...Cl 2.604 0.011 0.03 - -
HBr IH-Br 1.409°  0.199 -0.41 2659 2649
HBr-H,O H.-Br 1.432 0.192 -0.42 2463 (186) 2446 (203)
H...O 1.936 0.028 0.08 - -
HBr(H,O), H,-Br 1.462 0.184 -0.43 2171 (478) 2328 (321)
H,...O 1.742 0.043 0.12 - -
H,...Br 2.725 0.010 0.02 - -

Distances in A, angles in degrees, p in e/A®, and V?p in e/A’. H, refers to the acid hydrogen, H,
the water hydrogen. Only the shortest H,...O value is reported. Anharmonic v(H-X) frequencies
in cm™.Values in parenthesis indicate red-shift of the H-X frequency with respect to gas-phase.
All results are calculated with MP2/aug-cc-pVTZ.

b Experimental results: 10.4=0.958 A, <H-O-H=104.5 degrees, ru.c= 1.275 A and ryp=1.409 A

are taken from reference [78], Viz.x(AVm.x) are taken from reference [42].
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Figure 3. Contour plots of the Laplacian of the electronic density Vp for HX and
HX(H;0), in the X-H,+O-H, plane. Dashed lines correspond to positive Vzp (regions
of electronic charge depletion), solid lines to negative V>p (regions of electronic charge
concentration); Bond paths are denoted by solid straight lines and BCPs by solid
squares, atoms outside the indicated plane appear as dots.

IL.3.b. HX(H;0) and HX(H,0); The complexes of HX with one water molecule have
been well characterized in terms of geometries and energetics [39, 43, 44]. The H-X bond

distances are slightly elongated, by 0.014 A and 0.023 A, and the corresponding stretching
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vibrational frequencies red-shifted by 234 cm™ and 189 ¢cm™ for Cl and Br, respectively
(Table 2). The trend of bond elongation for H-X is retained in the two-water clusters, where
the HX bond is larger by 0.053 A for both Cl and Br, compared to the gas-phase H-X bond.
The H-X vibrational frequencies in HX(H,0); are further red-shifted, by 477 cm™ and 441
cm™ for Cl and Br, respectively. The internuclear interactions in the water molecules are less
affected by the presence of the hydrogen halide for the one-water complex as well as the two-
water clusters. The electronic density at the BCPs of H,-O is 0.35 e/A® and the Laplacian is
—2.08 ¢/A° for water, and these values are practically unchanged in the complexes (Table 2).
The contour plot of the Laplacian in Figure 3 supports this trend: the H,-O interaction is
shared-shell for HX(H,O) as well as for HX(H,0), (not shown). The infrared spectra for
these clusters, shown in Figure 4, contain insignificant changes (20 — 30 cm™) in the
frequencies of the water modes with respect to gas-phase water. While the atomic charge
(Table 3) on CI and H, does not change (-0.22 and 0.22), it almost doubles for Br and O
(-0.22 and -0.63), respectively, in comparison to gas-phase molecules, indicating that the
dipole-dipole interaction for HBr-water is stronger than that for HCl-water in both HX(H,O)
and HX(H,0),. The hydrogen-halide bonding interaction is covalent for both cluster sizes,
according to the characteristic shared-shell interaction evident from the contour plot of the
Laplacian (Figure 3, the contour plots for HX(H2O), are not shown but are similar). The
values of ppep and V2pacp for the H,-X BCPs are slightly changed (0.23 to 0.21 ¢/A* and
~0.85 t0 ~0.80 e/A’, 0.192 to 0.184 ¢/A’ and ~0.42 to —0.43 e/A’ for Cl and Br, respectively)
in comparison to gas-phase, indicating that the covalent interaction of the hydrogen halide is

retained in one and two water complex, however, the
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Table 3. Atomic charges for HX(H;0), (n=0-4)?

name X H, H,, O
H,O - - 0.16 -0.31
HCl -0.22 0.22 - -

HCI-H,O -0.25 0.17 0.34 -0.60

HCI(H,0), 027 022 030  -0.67
HCIH,0);S  -030 023 031  -0.68
HCI(H,0)D  -032 023 031  -0.71
HCI(H,0):D -071 032 054  -0.64
HCI(H,0),C -0.84  0.66 038  -0.60
HCI(H,0):,P -033 024 034  -0.70

HBr 0.16  0.16 - -
HBr-H,O -0.21 014 035  -0.63
HBr(H,0), -022 017 028  -0.67
HBr(H,0):S -026 018 028  -0.67
HBr(H,0)D -054 027 025  -0.52
HBr(H,0):D -0.57 042 025  -0.65
HBr(H,0),C  -0.55 039 026  -0.61
HBr(H,O)P -028 016 029 -0.72
HBr(H,0), -0.15  -0.04 032  -0.43

In fraction of e. Calculated from AIM analysis of the MP2/aug-cc-pVTZ wavefunction. The
C, D, and P labels refer to the cyclic, diamond-like and pentamer structures. Hy, is the water
hydrogen closest to the halide atom or the hydronium ion hydrogen for HX(H,0);4 S, C and
D. The oxygen charges are those of the donor oxygen for HX(H,0)4 P and the hydronium ion
oxygen for HX(H;0);4 S, C and D.

increasingly red-shifted H-X stretching vibrational frequencies suggest increasing weakening
of the acid bond with cluster size, while the water is not significantly affected by the acid for

these two clusters.

I1.3.c. HX(H;0); The two most stable configurations of three-water clusters (Figure
2), exhibit a square configuration, referred to as HX(H>0); S [43, 44] and a “diamond-like”
configuration, referred to as HX(H,O); D [28, 43, 44]. The square conformation is

energetically more stable than the diamond-like one by 3.1 kcal/mol and 3.9 kcal/mol for
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HCI and HBr, respectively, in good agreement with previous works [28, 29, 43, 44]. From
the data for the Gibbs free energy of formation (Table 1) one can see, that even though the S
clusters are more stable, their formation is less preferable than the D clusters, which is in
qualitatively good agreement with previous results [43]. In HX(H,O); S the acid bond
distance H,—X is 1.33 A and 1.49 A for Cl and Br, but still smaller than the shortest halide-
water hydrogen bond distance X---H,, (above 2.3 A) for both acids. Contrary to this in

HX(H,0)3 D, the H.—X bond distance is further elongated

Table 4. Geometrical, electronic and IR-spectroscopic properties of HX(H,0);*

r pecp(r)  Vppcp(r) VHX)

HCI(H,0); S H.-Cl 1.330 0.203 -0.73 2008 (982)
H,...O 1.626 0.060 0.14
H,...Cl 2.319 0.017 0.05

HCI(H,0); D H,-Cl 1.388 0.198 -0.52 1765 (1216)
H,...0 1.491 0.080 0.10
H,...Cl  2.629 0.010 0.03

HBr(H;0); S H,-Br 1.487 0.161 -0.33 1645 (1003)
H,...0 1.596 0.064 0.14
H,..Br  2.469 0.016 0.04

Br(H,0),H;0"'D  H,-Br 1.942 0.057 0.05 -

H,...O 1.066 0.248 -1.09
H,..Br  2.460 0.017 0.04

*  Distances in A, p in e/A’ and V?p in e/A’. Results are calculated with MP2/aug-cc-pVTZ.
Anharmonic v(H-X) frequencies in cm™ . Values in parenthesis indicate red-shift of the H-X
frequency with respect to gas-phase. H, refers to the acid hydrogen, H,, the water hydrogen.
Only the shortest H,...O value is reported. S and D refer to the square and diamond-like
structures, respectively (see Figure 2).

up to a value of 1.39 A and 1.94 A, for Cl and Br, respectively. This change in geometry
between the S and D configurations is expressed through different hydrogen bond formation.

Thus, for the S clusters, HX is forming hydrogen bonds only with the adjacent two waters,
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while in the D clusters the acid is forming hydrogen bond with all three water molecules. The
IR spectra (Figure 4 and Table 4) of the square acid-water conformations show distinguished
features of acid stretching with frequency of 2008 cm™ and 1645 cm™ for H-Cl and H-Br,
respectively. On these spectra, water symmetric stretching is more intense with a red shift of
102 cm™ and 179 cm for Cl and Br respectively in comparison to the gas-phase water
symmetric mode, than the corresponding asymmetric vibrational modes for both acid-water
complexes. Bending water vibrational modes are more blue shifted for Br (by 110 cm™) than
for CI (85 cm'l) but both features of the water IR spectra indicate deformation of the water
cluster due to the presence of acid. The appearance of a single-peak stretching vibration, even
more red-shifted than the ones observed for HX, HX(H,0) and HX(H,0),, by 752 cm™ and
805 cm™ for Cl and Br, respectively, compared to the isolated HX is an indication that HX in
these cluster configurations is not ionized but weakened. For this bond interaction the
electron density in the BCP has values of 0.20 ¢/A* and 0.16 ¢/A®, which are lower than the
corresponding gas-phase values, while the Laplacian is less negative (-0.73 e/A’ and
-0.33 e/A’) for Cl and Br, respectively. The acid hydrogen halide internuclear interaction

H,—X is shared-shell on the corresponding contour plots of V’p. The latter indicating

weakening of the covalent H,—X interaction in HX(H,O); S.

The corresponding calculated internuclear distances H,—X are 1.39 A and 1.94 A,
whereas the shortest O---H, and X---Hy, are 1.49 and 2.63 A for Cl and 1.07 and 2.46 A for Br,
respectively. This is the first situation in these cluster groups when bonding properties of
HBr differ from HCI having the H,—Br and Br--H,, distances longer than the corresponding
O---H, ones. Further investigation of these properties from the calculated IR spectra (Figure

4) reveal that the H—Br stretching vibrational frequency is disappeared instead of the
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existing three OH stretches corresponding to a H;O" structure, where the asymmetric as well
as the symmetric vibrational frequencies of H;O" are strongly red-shifted, indicating weakly
bonded H;0" ion. From the analysis of the electron density in the bond critical points of

H,—Br and H,,Br has very small values

Figure 5. Contour plots of the Laplacian of the electron density for the HX(H,0); D
cluster. See Figure 3 for caption details.

0.06 ¢/A° and 0.02 e/A>, while the Laplacian in these BCPs is positive, 0.05 ¢/A” and 0.04
e/A’, respectively constituting ionic interactions as well as closed-shell contour of the
Laplacian (Figure 5, right) in contrast to a shared-shell interaction for HCI(H,O); D (Figure
5, left). The atomic charges (Table 3) on the water are equally negative in HCI(H,O); D but
in HBr(H,0); D the central oxygen has less negative charge than the outermost members.
This indicates that as the negative charge on the central oxygen is withdrawn and more
concentrated on Br, hydronium ion formation occurs particularly in HBr(H,0); D cluster. By

this contrast between properties of HX(H,0); D and HX(H;0)s3 S, it is evident that for Br
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ionized complex occurs at cluster size 3, while in both clusters the water network in strongly

affected by the presence of the acid.

11.3.d. HX(H;0)4, Contrary to the HX(H,0);, the most stable HX(H,O), appear to be
diamond-like HX(H>O)s D cluster, followed closely by the cyclic (or open-book-like)
HX(H0)4 C cluster configuration. The HCI(H,O)4 D cluster is 0.8 kcal/mol and HBr(H,0);D
is 1.6 kcal/mol more stable than are the cyclic ones (Table 1). For both Cl and Br diamond-
like clusters, all shortest H--X distances differ only by 0.02 A and have values the range
2.25 A —2.10 A, an indication for a very weak hydrogen halide interaction. The vibrational
spectra (Figure 5) of the diamond-like cluster structures have grouped O-H stretching modes
corresponding to the water molecule vibrational motions followed by O-H stretching of the
H;0", a cluster of bending H-O-H for both H,0O and H;0™ and at the low-frequency end of
the spectrum hydrogen-bonding frequency network. The Laplacian contour plots for both CI
and Br containing clusters evidence a closed-shell interaction for the shortest H-+X distances
(Figure 7), supporting further HCI and HBr ionic complexation with the water in these
configurations. Only in these two clusters C and D the charge on X is most negative while
the negative charge on the O corresponding to the hydronium ion much smaller than that of
the outermost water oxygen atoms, an indication of ion pair formation. For these two clusters
all values of ppcp for H,...O are large, 0.26 ¢/A° (4C) and 0.33 /A (4D) for CI; 0.29 e/A°
(4C) and 0.33 e/A* (4D) for Br, while the corresponding values of the Laplacian in these
BCPs are large negative, -1.79 ¢/A° (4C), -2.48 ¢/A° (4D) for Cl; -2.02 e/A° (4C), -2.50 ¢/A°
(4D) for Br. This is to show that all short H,...O, within the range of bond interaction

distances, have covalent character.
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Table 5. Geometrical, electronic and IR-spectroscopic properties of HX(H,0),*

r pece(r)  V?p pep(r) V(EH-X)
CI(H,0),H;0"C®  H,-Cl 1.779 0.069 0.04024 -
H....O 1.058 0.264 -1.75160
Hy...Cl 2211 0.022 0.06132
CI'(H,0),H;0" D®  H,-Cl - - - -
H....O 0.990 0.328 -2.47607
Hy...Cl 2.066 0.035 0.07212
HCI(H,0)4 P H,-Cl 1.338 0.214 -0.66946  2004.60 (976)
H,...O 1.583 0.061 0.12248
H,...Cl 2.271 0.021 0.05812
Br(H,0),H;0" C® H,-Br 2.005 0.051 0.04244 -
H....O 1.034 0.285 -2.02455
Hy...Br 2.353 0.025 0.05528
Br(H,0),H;0"'D°  H,-Br - - - -
H,...O 0.988 0.332 -2.50477
Hy...Br 2.238 0.030 0.05767
HBr(H,0), P H,-Br 1.513 0.164 -0.36968  1658.81 (1001)
H,...O 1.506 0.076 0.10324
Hy...Br 2.409 0.019 0.04892
HBr(H,0), atop H.-Br 1.439 0.194 -0.4612  2365.72 (294)
H....O 4.90 0.032 0.09552
H,..Br 3.275 noBCP  noBCP

»  Distances in A, p in ¢/ A® and V?p in e/ A°. Results are calculated with MP2/aug-cc-pVTZ.
Anharmonic v(H-X) frequencies in cm™.Values in parenthesis indicate red-shift of the H-X
frequency with respect to gas-phase. H, refers to the acid hydrogen, H,, the water hydrogen.
Unless specified otherwise, only the shortest H,...O value is reported. C, D, and P refer to the
cyclic, diamond-like, and pentamer structures, respectively (see Figure 2).

The shortest H,-X value is given, while the H,...O value corresponds to the OH distance in
the hydronium ion, towards the bromine.

For H,...O the averaged value of all OH distances pointing towards the halide is given, for
Hy,...Br the averaged value is given.

Only the shortest Hy,...Br value is given.
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Figure 6. Calculated infrared spectra of H,0, H;O", HX, and HX(H;0)..
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Figure 7. Contour plots of the Laplacian of the electron density for HX(H,0); D and
HX(H;0),4 C clusters. See Figure 3 for caption details.
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Contrary to this, for the BCPs at all short Hy,...X distances the electron density has very low
values: 0.02 e/A’ (40), 0.03 /A’ (4D) for Cl and Br, respectively. The later shows ionic
character of the X-H interaction within a bond range. At the same time, large negative values
of the atomic charges of -0.71 and -0.57 for CI and Br, respectively and large positive atomic
charges on the closest hydrogen of 0.42 and 0.32, are to show the electronic charge is
localized for the D and C clusters on X" and H from the hydronium ion. Lastly, the existence
of a bond path between X and O of the hydronium ion in the 4D clusters of Cl and Br is a
result of the strong ion-dipole interaction between these two cluster moieties which is

responsible for the energetic stability of this cluster form.

Less stable than the diamond-like HX(H,O)4 D is an in-plane pentamer HX(H,O)4 P
which is higher in energy by 1.0 kcal/mol for Cl and 3.9 kcal/mol for Br, respectively. This
cluster exhibits different features for the two acids. In the case of HCI, a single infrared peak
corresponding to the H-CI stretching mode is separated from the water-bending modes
cluster, although red-shifted with respect to the gaseous H-CI by 860 cm™. The red shift of
the analogous H-Br stretching mode is 1108 cm™ but it occurs at lower frequency than the
water-bending modes and it overlaps with them (Figure 6). The corresponding bond
distances are elongated from their equilibrium values (HX in a gas phase) by 0.06 A and 0.10
A, which suggest that the HBr bond interaction is weakened in the presence of the water
molecules for this configuration. The analysis of the charge density and its Laplacian confirm
the latter suggestion by the high values of p (0.21 and 0.16, for Cl and Br, respectively) at the
bond critical points between the H and X nuclei with respect to the values in these points for

isolated acids (0.25 and 0.20).
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Figure 8. Contour plots of the Laplacian of the electron density for HX(H,O0)4 P cluster.
See Figure 3 for caption details.

Figure 9. Contour plots of the Laplacian of the electron density for HBr(H,0), atop
cluster in two planes. See Figure 3 for caption details.

The Laplacian at the H-X bond critical point are large and negative, suggesting that the HX
bonding interactions are strongly covalent (Table 5). The same character is observed for the
H-Br interaction in the “atop” cluster configuration, which is less stable than the ionized

diamond-like configuration by 2.9 kcal/mol.
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From the spectra on Figure 6, despite the large red shift of 976 cm™and 1001 cm™ for
Cl and Br, respectively, the H-X stretching in the P conformations, the stretching vibration
of water are much more intense and slightly shifted to lower frequency as well. This can be
attributed to the weakening of the O-H bonds leading to their instability with respect to the
D-clusters. Lastly, in the ionized D and C clusters the H-X modes are completely replaced
by the modes characteristic for hydronium ion. This comes to show that the presence of HX
also affects the structure of the water cluster and the bond dissociation in the acid is

accompanied by more hydrogen bond formation in the entire cluster.

II. 4. Summary and Conclusions

In this chapter, the nature of the bonding interactions in water clusters containing the
strong acids HCI and HBr has been investigated in terms of geometries, the topology of the
electron density distribution and vibrational spectra. The results show that HBr ionizes in a
smaller water cluster than HCI, even though the ionized complex is less stable than the non-
ionized one. One of the most important findings is that ionization of HCI and HBr occurs
while a step-wise hydrogen halide bond weakening (with cluster size) correlates with an
increasing red shift of the corresponding H-X vibrational frequency, blue shift of the water
bending frequencies and disappearance of the acid stretching frequency mode.

These features are supported by the AIM analysis of the HX(H20), (n = 0 ~ 4)
electron density distribution. The covalent H-X bond is increasingly weakened as a function
of cluster size up to cluster size 4. The values of pgcp in BCP for the H-X bond in all 0 to 3
clusters sizes gradually decreases from maximum values of 0.25 /A and 0.19 ¢/A’ in the

gas-phase HX to minimum values of 0.19 e/A” and 0.16 e/A” in the 3S clusters for Cl and Br,
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respectively. For the BCPs of HX in these nonionized clusters, the Laplacian Vppcp changes
from, -0.77 e/A° and -0.42 e/A° to -0.52 e/A° and -0.33 e/A> in 3-S clusters for Cl and Br,
respectively. This decrease in values of the electronic density and the Laplacian, as
introduced in the beginning, are evident for weakening of the hydrogen halide bond. Sudden
change of 0.06 /A’ and 0.05 /A’ for ppcp and 0.04 e/A° for Vppcp occurs in the HX
BCPs of the 4C cluster, where the HX interaction becomes ionic for the ionized
X (H,0);H30" clusters, where the electronic density and the Laplacian exhibit low and
positive values, respectively, characteristic for ionic interaction. We also demonstrated that
while in the nonionized clusters the H,-X frequency is gradually and strongly red-shifted
with respect to the gas-phase spectra of HX, such frequency disappears from the spectra of
the ionized 4D and 4C clusters. Finally we hope that this study provides additional insight in
the mechanism of ionization of HCl and HBr in the presence of water in support to previous
works [28] when ionization of HBr in small water clusters was discussed in the light of

different temperature regimes and postulated to occur in cluster size 4 for the first time.
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Chapter III.

A High-Level Quantum Chemistry Characterization

of HBr Photoionization

To be submitted as:

Sacha Z. Zlatkova and Gilles H. Peslherbe, Journal of Chemical Physics, (2007)
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Abstract

The excited and Rydberg states of HBr were investigated with multireference
configuration interaction (MRCI) calculations with the aug-cc-pVTZ basis set. Particular
attention was paid to the first Rydberg C'II state, the intermediate E'S and the ion-pair V'Z
states for their relevance to HBr photoionization. Results show that spin-orbit coupling plays
an important role in the relative position of the potential energy curves due to mixing of the
ion-pair and Rydberg states. The spectroscopic properties calculated for the first, third and
fifth vibrational level of the ion-pair and Rydberg E'S states are in a good agreement with
previously reported values. The potential energy curves of the Rydberg C'I1, the intermediate
E'S’, the ion-pair state V'S™ and their triplet counterparts b’I1, e’Z" and X" are fully
characterized for the first time in terms of Franck-Condon vertical excitation energies. The
first four vibrational levels of the Rydberg C'IT state were also calculated in order to explain
the uneven distribution of the vibrational levels in the other two V'Z and E'S states, which

are known to all interact via spin-orbit coupling. A possible rationalization of the mechanism

of HBr photoionization was given based on these results.
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II1.1. Introduction

Studies of diatomic molecules such as hydrogen halides HX (X = Cl, Br, and I) are
important due to spin-orbit coupling effects [79, 80] resulting in large perturbations of the
molecular rovibrational spectra and potential energy surfaces [81]. Among all hydrogen
halides, HCI has receiving significant attention from the experimental and theoretical
standpoint, mostly due to the relatively small size of the chlorine atom (compared to bromine
and iodine), which results in a simpler spectrum for the valence and excited states. More
specifically, the potential energy curves and transition dipole moments of HCI have been
investigated theoretically in great detail [82, 83], providing a reference for further analogous
studies of the other members of the HX series. The interest in the excited states of HBr stems
from theoretical and spectroscopic characterization of the intermediate HBr Rydberg region
and the implications of those properties for atmospheric processes related to ionization.
Relativistic effects, resulting from the large size of the bromine atom, also complicate the
electronic structure of the HBr excited states. Despite the large amount of experimental data
on rovibrational constants, energetics, transition moments, and vibrational spectra around the
HBr equilibrium internuclear distance, characterization of those properties for the ion-pair
state and the states that can interact with it is still largely incomplete.

Stamper and Barrow reported for the first time lines in the absorption spectrum of
HBr in the range 66,700 to 85,700 cm™, but no precise assignment of the states involved in
the transitions was given [84, 85]. Later, Baig and co-workers made assignments on the basis
of measured synchrotron radiation spectra [86], but the most detailed assignment of the bands
of HBr below 79,500 cm™ to date has been reported by Ginter et al. [87]. Ascenzi et al. [88]

employed resonance-enhanced multiphoton ionization spectroscopy with time-of-flight
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resolution to measure and characterize the lines in the H*'Br spectrum in the absorption
region 81,900 — 94,900 cm™. A total of 34 bands were analyzed and assigned to transitions
from the ground X'Z*;. state of HBr to Rydberg states from the (6,7,8)sc, (6,7,8)po, 4dn,
6pm, 4d3, and (5,6) d& manifolds, and to the second and third vibrational levels of the E'Z"
state. This work, along with previous theoretical [89, 90] and experimental [85]
investigations of the higher vibrational levels of the intermediate E'S" and ion-pair V'Z"
valence states, allowed to draw the following conclusions: (a) the valence state has a strong
perturbation effect on the vicinal 'S+ and >T . states, and in particular on the E!S" state;
(b) the result of this strong interaction is a compression of the rovibrational levels of the E-
manifold and an expansion of the levels in the V-state near the equilibrium distance; (c) such
perturbations caused by the V-state were found to even affect the A states, as Fla - vz’
near-resonant interactions were detected for both HCI and HBr [90].

Detailed theoretical investigations of the (c® ©°) ¢* manifold (A'IT and a'lIT;, i =
0,1,2) were reported by Péoux and co-workers [91], who simulated the dynamics of HBr
photofragmentation by means of time-dependent, time-independent and semiclassical
methods. A similar study was very recently reported by Smolin et al. [92]. Both studies
indicated that spin-orbit branching at larger photon wavelengths is governed by the initial
excitation to both the A'TT and a’IT (Q=0) states, a conclusion that was drawn on the basis of
potential energy curves, transition moments, and spin-orbit coupling matrix elements. A
theoretical analysis of twelve electronic states including singlet, doublet and triplet states up
to high Rydberg energies was performed by Chapman and co-workers [84], in a study which
is the most detailed investigation to date of the HBr electronic spectra. They reported vertical

Franck-Condon energies of 71,154 cem” and 74,889 cm’! for the b’II; and C!IT states,
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respectively, which are somewhat different than the previously reported values of 67,088
em” and 70,528 cm™ [86]. In two previous theoretical studies [92, 93], dynamic electron
correlation was deemed important.

Reliable calculations of the HBr electronic states are thus needed in order to
characterize unambiguously the nature of the transitions to the higher Rydberg states and to
resolve the discrepancies in previously reported data. This is especially important, [79, 80,
94, 95] in light of the difficulties associated with the analysis of the HBr spectra, and because
of the relevance to HBr photoionization. For example, the interaction of the intermediate
high-energy states with the valence states is known to result in the formation of both atomic
and molecular ions products upon photoexcitation. Further, recent experimental work by
Castleman and co-workers [34, 96, 97] on HBr in small water clusters also suggested that
HBr photoionization is the result of the interaction between Rydberg states and the V' 'ion-
pair state. The nature of the Rydberg excited states [98, 99], their complex character due to
the numerous interstate interactions, characteristic for such large atom as bromine, and the
fact that the bonding changes from covalent to ionic as a function of internuclear separation
all command the use bof multireference methodology [98]. The ground electronic state of HBr
has been characterized previously by means of relativistic configuration interaction (CI) [84]
and multireference configuration interaction (MRCI) [92] calculations, and the
multireference character of the ground-state wavefunction was proven important, even near
the equilibrium distance [92].

In this chapter, potential energy curves of the ground, ion-pair and Rydberg states,
along with dipole moment curves and the corresponding vibrational levels are characterized

for HBr up to the intermediate E'S” state by high-level quantum chemistry calculations. The
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outline of this chapter is as follows. The methodology used in this work is described in
Section II. The results are presented in Section III along with discussion of the ground-state
potential energy curve, the potential energy and transition dipole moment curves for the
lowest valence manifold of IT symmetry, and of the low-lying Rydberg and the ion-pair

states. Conclusions follow in section I'V.

II1.2. Computational Details

The internally contracted multireference configuration interaction (MRCI) [100, 101]
method as implemented in the MOLPRO package [102] was used to calculate the HBr
potential energy curves and transition dipole moments. The reference wave function was
generated using a Complete Active Space Self-Consistent Field (CAS-SCF) [103, 104]
procedure with an active space consisting of the 6Gapz+1s, 4Map(xy), 70*4pz, 86" s and 57 speey)
molecular orbitals of HBr.

As relativistic effects were previously shown to be significant for large halides such
as iodine [105], they were included in the treatment of the K and L shell of the bromine by
employing a small-core pseudo-potential, along with a aug-cc-pVTZ-PP correlation-
consistent basis set [106, 107] of Peterson and co-workers for the valence electrons, which
later in the chapter will be referred to as TZ. The aug-cc-pVTZ augmented correlation-
consistent polarized core/valence basis set [108] was used for H. It was shown earlier [109]

that including diffuse functions on hydrogen in molecules containing species with a large
core such as Br is essential to predict reliable energy minimd, spectroscopic and geometrical

data for excited electronic states.
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Several basis sets were tested. The benchmarking was done on the basis of previously
reported experimental values of 3685 cm™ and 30,210 em™ for the bromine fine-structure
splitting E(sz) — E(*P3p) [110] and dissociation energy Do [111], respectively. It was
already proven that the aug-cc-pV5Z-PP basis set provides optimal results for the ground and
low-lying valence excited states [92]; This basis set yields a Do of 29,349 cm™ (3.0 % error
compared to experimental value) and a bromine fine-structure splitting of 3538 cm™ (4.0 %
error compared to experimental value), exactly as in [92]. The aug-cc-pVDZ-PP yields a Dy
of 28,154 cm™ (7.3 % error compared to experimental value), a bromine atom fine structure
splitting of 3370 cm™ (8.5 % error compared to experimental value); aug-cc-pVTZ-PP yields
Dy 0f 29,280 cm™ (3.2 % error compared to experimental value) and a bromine fine-structure
splitting of 3397 cm™ (7.8% error compared to experimental value). Since the computational
demands for calculations of the higher electronic states with inclusion of spin-orbit coupling
would be unrealistic with the aug-cc-pV5Z-PP basis set, the aug-cc-pVTZ-PP basis set,
which produces results of similar accuracy, is adopted in the following.

Spin-orbit (SO) effects were accounted for via the effective one-electron spin-orbit
operator included in the relativistic effective core potential of bromine. Calculations of the
potential energy curves corrected for SO coupling were performed with the interacting-states
method as implemented in the MOLPRO package [102]. The spectroscopic properties of
selected electronic states of HBr, such as vibrational energies (Gy) and rotational constants
(Be), were calculated from the ab initio potential energy curves with the LEVEL program

[112].
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ITI.3 Results and Discussion
The calculations are carried out in C,y, symmetry. The reason for this is that the
MOLPRO package can use Abelian point group symmetry only. Therefore, for molecules

with degenerate symmetry, such as linear molecules (C.y), Abelian subgroup C, is

implemented [102]. A total of 14 molecular orbitals (MOs) (1035, 203pz, 1T3pxy, 3034, 273,
4634, 1834, 3M3d, 5C4s) 6Capzris, 4Tapxy, T0ap.*, 80ss*, Smspyy™ are treated explicitly aside from
the 5 inner most atomic-like MOs (core = [G1s, G2s, O2pz, Mapx, M2py]) coOrresponding to the K
and L shells of Br which are accounted for by a pseudopotential as mentioned above. The
active MOs used in this calculations in order to generate the valence and Rydberg electronic
states, i. €. 6C4pz+1s, 4Tapxy, 7C04pz*, 80ss¥, STspx ™ are separated by symmetry as follows: 3 of
Ay, 2 of each B, and B; elements of irreducible representation. The most important MOs that
contribute to the excited states discussed in this chapter are depicted in Figure 10. The A'TI
and a’IT manifolds originate from the 4n* — 7 transition, the C'IT and b’IT states from the
4n* — 8o transition, the first excited sigma states V'S" and t°S* states from the 66> — 75"
and the E'S", and ¢’T" states from the 4n* — 5n transitions. The potential energy curves for
all 10 states consisting of three singlet 'S* (A;) —(X'SY, V'Z*, and B'E"), two singlet 'TI
(B1+B5) — (A'TL, C'I1), one triplet *=* (A}) — (£°Z"), two triplet °IT (B;+B,) — (a°I1, b’IT) and
one singlet 'A (Aj+A,) — F'A state are shown in Figures 11 and 13, while the molecular

orbital configuration of these states is given in Table 6 and the transition dipole moments are

shown in Figure 12 and 14.
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Figure 10: Molecular orbitals of HBr contributing to the electronic states, discussed in
this work.
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Table 6: Spectroscopic assignment of HBr electronic states and
molecular configurations®

MO configuration Ginter’s notation
(o 7°) o*! a°TI; (0,1,2), A 'TI(1)
(c' ") o*! 327 (07,1), V 'Z7(0")
(c° 7°) 5sc' b °IT; (0,1,2), C 'TI(1)

(6* ) 5pc’ d °11; (0,1,2), D 'T1(1)
(o? 7°) 5pn! e’ (07,1), E '=%(0")

£3A:(1,2,3), F 'AQ2)
(o? 1°) 5dc! n °IT; (0,1,2), N 'TI(1)

*  The notation of reference [85] is adopted.

II1.3.a. The HBr ground electronic state.

The ground-state wave function of HBr predominantly involves a (core...564s)
0G4pz+1s,4Tapxy configuration near the equilibrium internuclear distance. The dissociation
energy (Do) calculated here (Table 7) is in an excellent agreement with the experimental
value of 3.74 eV [111]. The lowest vibrational level of the ground state, listed in Table 8,
was calculated to be 2643 cm™, which agrees very well with the previously reported

experimental value of 2648 cm™ [92].

I11.3.b. HBr excited electronic states of IT symmetry.
The potential energy and transition dipole moment curves for the low-lying valence
excited states of HBr are shown in Figures 11 and 12, respectively. The repulsive a’I1 and

ATl valence states, which originate from the (core...66%4n°)7c*! molecular configuration,

form the lowest dissociation channel following excitation from the ground state. It was
shown earlier for HF [113], HCI [114-116], HI {117, 118] and HBr [91, 119, 120] that upon

photoexcitation, the ground the low-lying repulsive electronic states of
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Table 7: Properties of HBr electronic states

State  Tye® Other work ¢ Do ¢
MRCI  Other work MRCI Other
work
X'zt 0 0 0.77 0.82° 3.72 3.76°
a’Il 49,326 -
A'TT 54,862 56,500 £ 0.35
b1 68,366 67,088 ' -1.87  -1.75
c'm 70,188 74,889 © -2.89 -1.95
70,527 1
£y 71,462 - 0.99
vist 75,310 75,923 ¢ 1.16
a1 74,266 73,5421 3.35
D'TT 75,507 76,198 -0.89
st 73,580 73,740 b 1.12
E'st 76,478 77,939 0.81
34 74,871 74,2211 1.12
FIA 75,522 77,009 1.16
n’l1 79,319 - -3.78
N'TT 81,509 81,309 0.28
% All values given at the ground state equilibrium distance (r,= 1.42 A).
®  Vertical Franck-Condon energies in cm™, calculated with MRCl/aug-cc-pVTZ.
¢ Dipole moment in D, calculated with MRCI/ aug-cc-pVTZ.
¢ Dissociation energy in eV, calculated with MRCI/ aug-cc-pVTZ.
®  From reference 6.
£ From reference 46.
&  From reference 47.
?" From reference 8.
“ From reference 7.
-

From reference 45.

HX interact via spin-orbit coupling resulting in the photo-fragments H(®S) and X(*P), and the

relative branching ratios of the various fragments have been reported, providing invaluable
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information on the photodissociation process. It was shown that when spin-orbit coupling is
taken into account, there are two dissociation channels H(*S,,) + Br (*P32) and H(*S12) + Br
(2P1/2), involving the ground and four optically accessible spin-orbit excited states,
respectively [92]. The vertical Franck-Condon energy for the valence singlet A'TI state is
calculated to be 54,862 cm’, which is in good agreement with the previously reported
experimental value of 56,500 cm™ [78] (error of 3.0 %). As can be seen from the transition
dipole moment curves in Figure 12, all four optically accessible states of the A'IT and a’II

manifolds can contribute to initial excitation, with the least contribution from the t°% states.
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Figure 11: Potential energy curves of Figure 12: Transition dipole
the valence I, °I1;, and =" manifolds moment curves for the X'Z" to the
of HBr from MRCI/aug-cc-pVTZ valence A'TI, a’II and £ states
calculations including spin-orbit from MRCV/aug-cc-pVTZ
coupling. calculations.

The potential curve of the lowest Rydberg C'IT state, shown in Figure 13, has a
minimum at an internuclear separation of 1.52 A. The shift from the ground-state
equilibrium distance of 1.42 A is caused by perturbations from the valence

(core...66%,4n°)7c*! manifold. The C'II state is of primary interest as it was implicated
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in recent experiments on HBr photoionization in water [97] and because of difficulties of
estimating spin-orbit coupling with the A'IT and a’ITmanifolds and rovibrational
structure. The calculated first four rovibrational levels are reported in Table 8. However
only the band of the D'IT state was reported previously [85]. Due to weak spin-orbit
coupling, signals from the b’IT and C'IT states could not be observed [85] as for the
D'IT state. As can be seen from Figures 12 and 14, the transition dipole moment for the
transition from the ground state to the C'IT state indicates that it is accessible at much
higher energies than the t'S state and the repulsive-valence manifolds. Further, from the
relative position of the potential curve and the previous report [114] of its rotational
coupling to the F'A state, the C'I1 states rﬁay acts as a gateway for predissociation of the

F-state, as discussed later.
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cc-pVTZ calculations.

II1.3.c. HBr excited electronic states of £ and A symmetry

Although originating from different molecular orbital configurations, the states from
the (core...60',4n*)7c*! and (core...60%4n°)51*' manifolds undergo avoided-crossing
perturbations, which result in the formation of a double-well potential for the ion-pair viz*
state and the corresponding potential energy curves are reported in Figure 13. The MRCI
vertical T, energies (Table 7) compare very well to the experimental data reported in [86,
121]. The transition and permanent dipole moments are shown in Figure 14 and 15. The
correct description of the potential energy curves of these manifolds requires a proper
treatment of spin-orbit coupling. All low-lying Rydberg 135" and 1T states form a manifold
well above the ground state, as can be seen in Figures 13 and 16, and therefore all mix

because spin-orbit coupling. For example the F'A and fA state coincide with the ion-pair
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V'z" state near the ground-state equilibrium HBr distance up to a distance of 2.0 A, while the

intermediate E'Z" and the valence ion-pair curves give rise to an avoided crossing between

Dipole moment, D

Ao oA

1.4 24 3.4 4.4 54
R(H-B), A

Figure 15: Dipole moment curves to the ground X'T", valence A'Il, ion-pair V'E" and
Rydberg C'I1 and E'S states, from MRCl/aug-cc-pVTZ calculations.
1.9 and 2.0 A. Thus, based on the calculated potential curves, a barrier height of 16.2
kcal/mol, at 1.92 A between the two wells of the ion-pair state is obtained for the first time.
In this study, the attention is focused on properties of the C'IL E'S and V' states, since they
are involved in photoionization of HBr. In order to explain the latter, permanent and
transition dipole moments were calculated with respect to internuclear HBr separation. In
Figure 14, the transition dipole moments of both C'IT and E'T states show that they are
optically accessible, however from the vertical energy of the E'S state, 76,471 cm™ one can
conclude that it is much less energetically favorable with respect to the C'II state, 70,188
cm’' as it can be seen from Table 8.

The dipole moments reflect the electronic charge distribution and thus help

characterize the HBr electronic structure in various electronic states. In general, CASSCF
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predicts dipole moments that compare well to experimental results [99], and for instance,
Buenker and co-workers [98] reported very good agreement between the CASSCF dipole
moments of the HI ground and a’IT states with experimental data. As for HBr, Chapman and
co-workers [14] observed the same trends in the dipole moments for the ground, a’IT and
V'S" manifolds as in the present work. Even though the method (restricted CI or RCI) used
in [84] does not account for dynamic electronic correlation energy the results and discussion
of the ground-state dipole moment could be used as a reference. Although generally the
Rydberg C'IT and E'Y. are listed in the literature as bound-covalent states [85, 88], the plot of
the dipole moments (Figure 15) suggest that due to their extensive mixing with the ion-pair
state, these states change polarity in the region of the avoided crossing and their negative
dipoles reflect slightly ionic nature up to 5 A when their dipoles decay to zero, indicating
their bonding character. Contrary to the Rydberg, the ion-pair state is characterized with a
largely positive dipole, indicating that electron density is shifted away from H towards Br
upon internuclear separation and from the potential energy curve (Figure 13) it can be seen
that it is nonbonding state as assumed earlier [85] base on comparison with the HCI ion-pair
state. This analysis is important in relation to the vibrational spectra discussed later, as it

rationalizes the uneven distribution of their vibrational levels.

I11.3.d. Spectroscopic properties of the HBr low-lying Rydberg and ion-

pair states

The results obtained from MRCI calculations with spin-orbit coupling for the
vibrational levels of the intermediate and ion-pair states are listed in Table 3. Energies of the

first 4 vibrational levels of the C'I1 state are reported for the first time. Those energies of the
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vibrational levels of the E'S and V'S which were available in the literature [85, 89] were

used in this study for reference and to obtain the correct order of

Table 8: Calculated rovibrational spectroscopic constants for the C'II, V'S and E'E" states

State v ? G,? Timer. Tower’ BS Dx10°° (m+) Gyex,
Other work ¢
X't 0 2643 - - - - (0) 2648
cm o 70 493 7.75
1 72 387 1.32 1.82
2 75 929 1.26 2.00
3 79 197 1.20 2.17
viz* 0 75 548 1.41 1.46 2.35 (0) 75 923
1 76 078 2.46 2.99 227 (1)76 514
2 76 589 2.37 3.06 2.74 (2) 76 962
3 77 383 2.36 3.18 32 -5 (3)77 345
4 78 232 2.24 342 3.2 4) 77 821
5 78 471 1.29 1.68 3.55 (5) 78 390
6 79 027 2.19 3.54 3.72 2.2 (6) 78 941
7 79 770 2.14 3.65 4.01 7.5 (7) 79 481
8 80 350 2.14 3.75 3.96 14 (8) 80 028
9 80 543 1.23 1.75 4.38 (9) 80 646
10 81 145 2.10 3.84 3.61 -1 (10) 81 194
11 81 759 1.23 1.81 5.75 -11 (11) 81 684
12 82 337 2.00 4.08 5.12 3.5 (12) 82 418
13 82 878 1.23 4.14 5.07 6.8 (13) 82915
(14) 83 777
Elx* 0 77 313 1.37 1.74 (0) 77 940
1 80076 1.26 1.86 (1) 80 168
2 82 143 1.26 1.96 (2) 82274
3 83273 1.24 2.00 (3) 84 250
4 86 846 1.18 2.20 (4) 86 132
*  Vibrational levels v and energies G,, in cm’
b Potential energy curve turning points, in A.
Z‘ Rotational constants B and D, in cm™.

From reference [89].

these levels since experimentally they are only assigned relatively, by m+0 assuming that the

experimentally detected level might not be the lowest available for a particular electronic
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state. Thus the G,= (77,383 cm™), Gy=s (78,471 cm™) and G, (80,078 cm™) and Gy=
(83,273 cm™) of the V'S and E'S, respectively are in very good agreement with previously

reported values from experiment [85, 89]. Since only the low-lying vibrational
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Figure 16: Potential energy curves from MRCVaug-cc-pVTZ calculations of the lowest
Rydberg C'II state, the intermediate E'S" and the valence ion-pair V'Z" states along
with the vibrational levels (v’=0-13) of the former.

energies are well documented [85], potentials curves for these three states have not been
reported to date, which till recently leaves uncertain the mechanism of interaction of these
states leading to the formation of the ion-pair state.

Our calculations indicate that the vibrational levels of the ion-pair state are rather
unevenly distributed, as was proposed previously [88, 89] on the basis of their energies and
possibly due to spin-orbit coupling known to be characteristic for this state. The turning
points, listed in Table 8 show alternation of the vibrational levels between the two wells of

the potential. Further, the first calculated thirteen vibrational levels of the ion-pair state and
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the first four levels of the intermediate E'S* agree with the only reported data [89] and are
used along with the newly calculated first four levels of the Rydberg C'IT states to explain
mutual perturbations in these vibrational spectra, discussed below. As can be seen from
vibrational levels listed in Table 8, the spacing of levels of the Rydberg E- and C-states is
significant in contrast to compression of the vibrational levels in the V-states. This was
previously attributed to the repulsive homogeneous interaction between the Rydberg E- and
the ion-pair V-states [89, 90]. The former are due to interactions of the m+0 and m+1 with
v’c = 2, between m+4 and m+5 interacting with v’g = 0, between m+6 and m+7 due to
interaction with v’c = 3 and between m+8 and m+9 due to interaction with v’g = 1. The
position in the double-well potential of the V-state vibrational levels can be determined from
the calculated turning points (Table 8). Since the energy barrier of this state is near the
v’g = 3 level, higher vibrational levels of the V-state as well as for the E- and C- states were
not calculated. Also since v’y = 0 is much lower than the barrier and the spacing of the higher
vibrational levels are larger than the bandwidth of the pump laser [96] and therefore they
cannot be populated, a tunneling mechanism is expected to govern the ionization dynamics of

HBr.

I11.4. Conclusions

In this chapter, ab initio calculation of the HBr potential energy curves are reported
for the ground, valence (repulsive), and the low-lying Rydberg states in the vicinity of the
jon-pair V'=* state accompanied with complete list of the bound-state vibrational levels of
the Rydberg states which serves to explain their interaction. For the correct interpretation of

all states considered in this chapter, the vertical excitation energies were calculated at the
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equilibrium distance and it was found that they compare well to available experimental
values. Contour plots of the most important molecular orbitals involved in the electronic
transitions considered in this chapter were shown in order to support the discussion on the
nature of these transitions. It was shown that spin-orbit coupling is very well pronounced for
the ground and valence (repulsive) manifolds, showing that this effect must be included in-
the calculation of the potential energy curves and transition dipole moments for the A'TT and
a’IT manifolds as well for the Rydberg C'IT and E'Z, and for the ion-pair V' states. It was
demonstrated through the transition dipole moments that when spin-orbit states were
considered, all optically accessible AT, 2°T1, and t°% states contribute to the initial excitation
from the ground state. Including spin-orbit effects in the calculation of the low-lying Rydberg
and ion-pair states was especially important due to their extensive perturbation at a long
range of internuclear distances and in the explanation of the uneven distribution of the
vibrational levels in these states. The transition dipole moments of these states were used to
distinguish the nature of the ion-pair state. The potential energy barrier of the ion-pair state
between the two wells was calculated to be 16.2 kcal/mol, a value suggesting that tunneling

mechanism of the ionization of HBr from this state should be considered.
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Chapter 1V.

On the Photoionization of HBr in Water Clusters

To be submitted as:
Sacha Z. Zlatkova and Gilles H. Peslherbe, Journal of Chemical Physics (Communications),

(2007)
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I[V.1 Introduction

The photoionization and photodissociation of a typical molecule is a multiphoton and
a multicontinuum processes [122]. In studies with weak visible or ultraviolet radiation, a
molecule absorbs a single photon and dissociates on the lowest potential energy surface
accessible within the Franck-Condon window. Upon excitation, the population of the neutral
excited state, AB**, can decay either by predissociation to form A + B* or A"+ B, or by
autoionization to form AB" + ¢". The photoionization of hydrogen halides, hydrogen bromide
(HBr) in particular, in water clusters has been a matter of discussion in relation to their
possible role in the ozone layer depletion problem [123-125]. Gas-phase HBr by itself has
been the subject of numerous experimental and theoretical investigations, which have
revealed a detailed picture of the photodissociation process leading to atomic products [79,
85].

HBr(X'z") + hv — HBr (A'TI) — H(S) + Br(*Pi3,23) »
It was shown that all three lowest-valence A'TI, a’II and t° manifolds are optically
accessible and thus can contribute to HBr photodissociation [92]. However, multiphoton
excitation allows population of a series of Rydberg and higher excited states of HBr [85, 88,
90], and depending on the nature of the excited state populated and its interaction with
neighboring states, photoionization may occur in one step, leading to the production of ions

HBr(X'z") + hv — HBr (4pn) —» H" +Br
or a more complex autoionization process may occur which is not replicated in the present
study and thus not discussed.

The dissociation of strong acids such as a hydrogen halide in water is a fundamental

process for understanding the nature and behavior of hydration, which results in the
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formation of ion pairs. It was also anticipated that solvent fluctuations may play an important
role in the photoionization of hydrogen halides [36]. It was postulated that, in the presence of
water, ground-state HBr does not ionize in clusters of different size, but photoionization upon
photoexcitation (to yield H' + Br’) might be possible in water clusters as the HBr ion-pair
state, formed as a result of the avoided crossing between the first-excited and Rydberg singlet
states (V'Z" and E'S" [83, 89, 90, 126]) could become energetically and optically accessible.
The fundamental experimental work of Castleman and co-workers [125] is the only study of
HBr photoionization in water clusters reported to date, in which an ultrafast dynamics
experiment was performed using pump-probe techniques and reflection time-of-flight mass
spectrometry. The interpretation of the experimental results is rather convoluted. For gas-
phase HBr, a small absorption cross-section for the ion-pair ViZt state was reported,
inferring a very low probability of photoionization. However, an increase in the signal of
ionized species was found in the presence of water molecules about the ion core. Castleman
and co-workers concluded that solvent motion leads to an increase in the absorption cross-
section, and thus the observed ion signal. They also found that a minimum of five water
molecules were necessary for the formation of a contact ion pair (CIP). A series of theoretical
studies [28, 29, 43, 44, 127}, however, unambiguously showed that a cluster of four water
molecules is sufficient to cause HBr ground-state ionization, leading to the formation of a
CIP, and ultimately a solvent-separated ion pair (SSIP). None of these studies dealt with the
behavior of these complexes upon photoexcitation, a key step to thoroughly understand and
interpret the experimental results.

In the present chapter, we report an investigation of the effects of solvation on excited-

state HBr ionization. The outline of this chapter is as follows. The computational
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Figure 17: Electronic configuration of the ground, Rydberg, and ion-pair singlet
states of HBr(H,O). The 3a;, 1b; and 4a; molecular orbitals of water interact with
the m4p, molecular orbital of HBr and form 4 mixed molecular orbitals of A’
symmetry in the Cs complex. The core contains the 1s, 2s and 2p molecular orbitals
of Br embedded in the small-core pseudopotential.

methodology employed in this work is first presented in Section II. The results of our
calculations (molecular structures, potential energy and dipole moment curves of the
lowest Rydberg and ion-pair states, ionization potentials, Franck-Condon vertical

energies and differential solvation energies) are then presented for HBr(H,0), (n =0 - 4)

in Section III. A summary and conclusions follow in Section I'V.

IV.2. Computational Details

The ground and excited-state electronic structure of HBr(H;O), were calculated

using the state-averaged complete active space self-consistent field (CAS-SCF)
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formalism [128, 129] as implemented in MOLPRO [102]. A small-core relativistic
pseudopotential was used for the inner K, L, and M shells of bromine, in combination
with the aug-cc-pVDZ-PP augmented correlation-consistent basis set [130], while
Dunning’s aug-cc-pVDZ correlation-consistent double-zeta basis set [108, 131] was
used for hydrogen and oxygen. The active space for the HBr(H,O), complexes is
constructed according to the scheme depicted in Figure 17 for HBr(H,O). As separate
species, the molecular orbitals (MOs) of both HBr and H,O belong to a irreducible
representation of C,, symmetry, while the MOs of each HBr(H,O) belong to a
representation of lower symmetry C; (Cs symmetry was used initially for identification of
the electronic structure of the states below the ion-pair state). Therefore, as can be seen
from Figure 17, all c MOs are represented as A’(A) orbitals, the 7 orbitals comprise one
A’ and one A” orbital, and the 3d orbitals three A’ and two A” orbitals. CAS-SCF/aug-
cc-pVDZ-PP is computational-cost effective, and allows treatment of systems as large as
HBr(H,0), (n=1-4), while producing total energies within 7% error of the MRCl/aug-
cc-pVTZ method used in Chapter III for gas-phase HBr.

The electronic configuration of the HBr(H,O) complex X (A’) ground state is
characterized by a [6°457 4pey] Valence configuration. In order to probe the effects of
water on the excited states of HBr, only excitations to the valence A’(c*04pz) and
A’(c*oss) HBr orbitals are taken into account in this calculation, which represents an
active space of 6 electrons in 7 molecular orbitals. In order to preserve this active space
for the larger clusters, where symmetry cannot be used, subsequent inspection of the
molecular orbitals and comparison of the results for vertical energies of HBr for C;, and

C, symmetry showed that transitions from the ground to the first four excited states
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comprises the spectrum of HBr in water up to its lowest ion-pair state limit. The ground-
state geometries of HBr(H,O) structures were optimized at constrained HBr internuclear
separations with the methodology described above, and the resulting structures are shown

in Figure 18.
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Figure 18: Potential energy curve of the ground XX state HBr(H,O) as a function of
H-Br internuclear separation, calculated with CAS-SCF/aug-cc-pVDZ.

It was previously predicted theoretically [28, 29, 43, 44, 127] that SSIP forms in a
cluster of four water cluster for HBr in its ground electronic state. However, in all those
studies a stationary state structure of only particular kind of cluster (HX(H20),, n=1-4
and their ionized alternative forms) was considered in contrast to the dynamic study
where different sizes cluster mixture was experimentally investigated at a finite

temperature [125]. That is probably the origin of the discrepancy on the number of water
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molecules to fully ionize the acid. Based on our previous study [127] of the electron
density distribution in all the clusters (n = 0 — 4), we showed that for the two most stable
four-water clusters the bromine interacts with the water cluster in a purely ionic fashion.
This suggests that the mechanism of ionization of HBr in a four water cluster might
involve a combination of CIP formation in the HBr ground electronic state, which
transforms into SSIP in the ion-pair state upon excitation due to further solvent

fluctuations.

IV.3. Results and Discussion

The ground-state potential energy as a function of the acid internuclear separation
is shown in Figure 18. The motion of the water is wobbling with respect to the axis of the
acid up to a 1.77 A internuclear separation, when H;0" starts to form and rotated,
forming a contact ion pair (CIP Br-H;O0") at 3.33 A. This is consistent with previous
studies on the dynamics of HCI ionization in water [36], which showed that the
reorganization of the water molecules about the ion core initiates the formation of a
solvated contact ion pair (CIP), and further solvent fluctuations lead to the formation of
solvent-separated ion-pair (SSIP) and thus complete ionization.

The calculated Franck-Condon energies from the potential energy curves, shown in
Figure 19, are 8.70 ¢V and 9.36 eV for the excited C'IT is the ion pair V'T states,
respectively, and are in good agreement with our previously reported values [126],
calculated with MRCV/aug-cc-pVTZ. The X"(A’) ground state of the acid water complex,
as can be seen from Figure 19, is stabilized by 0.19 eV, compared to gas-phase HBr. A

stabilization of 0.34 eV and 1.02 eV are calculated for the excited C"(A’’) and ion-pair
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V7(A’) states, respectively. Calculated dipole moments, shown in Figure 20, confirm the

covalent nature of the ground state of
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. Figure 19: Potential energy curves for the ground X'Y", first excited C'II and ion-
pair V' states of HBr (left panel), and the ground X"(A), first excited C"(A”), and
ion-pair V7(A’) states of HBr(H,O) (right panel), calculated with CAS-SCF/aug-cc-

pVDZ.
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Figure 20: Dipole moment curves for the ground electronic X's" and ion-pair V'z*
states of HBr (left panel) and HBr(H,O) (right panel), calculated with CAS-
SCF/aug-cc-pVDZ.
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both HBr and HBr(H,0), as the dipole moment gradually vanishes as the Br + H + H,O
are formed, and the ionic nature of the ion-pair V'(A”) state as the dipole moment
steadily increases for both HBr and HBr(H,O) as a function of internuclear separation as
the products Br™ + H + (H,0), are formed. Thus the water molecule influences all
electronic states of HBr involved in the photodissociation, but mostly stabilizes the ion-
pair state.

Br - 17.62 eV

HBr*_i_ 11.23 ¢V

AEprobe

HBr" (H,0) e 9.61 eV
H'Br (vlz+)_‘_ 9.34eV

H'Br (H,0) (V"A") 832eV

Br b U HBt (X'Z Yot e
HBr (H,0) (X A" e -0.19 €V

Figure 21: Relative position of the electronic states of Br, HBr and HBr(H,O),
calculated with CAS-SCF/aug-cc-pVDZ.

Comparison of ionization potentials and Franck-Condon energies for excitation to the
ion-pair state for HBr and HBr(H,O) are presented in Figure 21. A reduction of 0.7 eV
was estimated earlier (with MP2/6-31G) [125] for the ionization potential (IP) of
HBr(H,O) with respect to that of gas-phase HBr, because of solvent effects. Including
dynamic electron correlation yields a value of 1.6 eV for difference in IPs, as the IP for
gas-phase HBr is 11.23 eV while the corresponding value for the HBr(H>O) is 9.61 eV,

just 1.3 eV higher than the energy to access the ion-pair V™ state. Hence differential
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solvation due to the presence of water has a large impact on the IPs and acts in favor of
the ionization.

Cluster Franck-Condon vertical energies (E"rc) for the V7(A) «— X(A) transition
were calculated for clusters up to size 4, where the geometries employed are optimized
nonionic clusters, presented in Chapter II. The differential solvation energy (AE's) is
related to the cluster Franck-Condon energies as:

Evc = E'kc + AE o1, )
where E%c is the Franck-Condon vertical excitation from the ground to the ion-pair state
of HBr. Cluster Franck-Condon energies (Figure 22) and differential solvation energies
(Figure 23) are shown along with the oscillator strengths (Figure 22) calculated for the
transitions C'II «X"T and V'S «XZ. The vertical Franck-Condon excitation energy
from the ground to the ion-pair state of HBr(H,0), decreases with cluster size increase
and become approximately equal to the photoexcitation energy 5.34 eV used in [125] by

cluster size 4.
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Figure 22: Franck-Condon energy for the ground to C'II and ion-pair V'S state
transitions along with corresponding oscillator strengths calculated with CAS-
SCF/aug-cc-pVDZ. The solid line corresponds to the photoexcitation energy used in
the experiment of Hurley et al. [125].
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In their experimental studies of HBr photoionization in aqueous clusters, Castleman
and co-workers report an increase in the ion signal following excitation of HBr-water
clusters, which led them to conclude that complete ionization of hydrogen bromide in
water clusters occurs only in the excited-valence (ion-pair) states of cluster size 5, and it
is not likely to occur in the ground state. They assumed that the v = 1 vibrational level of
the Rydberg C'IT was first reached upon excitation, and the ion-pair state was populated
by internal conversion, in contrast to the gas phase scenario, because of the stabilization
of the ion-pair state in water clusters [125].

Our calculation support the hypothesis that 4 water molecules are not enough to fully
ionize HBr in its ground electronic state but that the V' " jon-pair state is accessible upon
photoexcitation, either directly or internal conversion from the C'IT state. The origin of
the discrepancy may lie in temperature effects. Further calculations of the oscillator
strength related to optical accessibility of the C™(A) and V™(A) states for all clusters, but

especially HBr(H,0)4, are underway.
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Figure 23. Differential solvation energy as a function of cluster size calculated with
CAS-SCF/aug-ce-pVDZ.
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IV.4. Conclusions

Some aspects of the photoionization of HBr in water clusters were investigated
using the state-averaged complete active space self-consistent field method, paying
particular attention to the potential energy and dipole moment curves of the lowest
Rydberg and ion-pair excited states, and vertical Franck-Condon excitation energies.
Analysis of the dipole moments in the ground and ion-pair state potentials were used to
confirm the nature of these states for both HBr and HBr(H;O) clusters. A single water
molecule stabilizes the very polar HBr ion-pair state by 1.02 eV, while stabilization is
less significant for the ground and the Rydberg C7(A”) states (0.19 and 0.34 eV,
respectively). As a result of differential solvation the gap between the Rydberg and ion-
pair states decreases to 0.leV for HBr(H,O), compared to that for HBr (0.73 eV),
implying that the ion-pair state may eventually become energetically accessible for larger
clusters photoexcited to the C (A”) state through internal conversion. Further analysis
shows that, the increased differential solvation, the vertical Franck-Condon energy for the
ground to ion-pair state transition becomes approximately equal to the photoexcitation
photon energy employed in the cluster experiments by cluster size 4. As inferred from
experiments, combined with our previous analysis of ground-state HBr(H20), clusters
(Chapter II), this leads us to conclude that ground-state HBr is not fully ionized in water
clusters up to size 4, but it ionizes in the excited ion-pair state upon photoexcitation, as 4
water molecules render this state energetically stabilized and thereafter optically
accessible. Our assumption is based on the shift of both excited C"(A”) and ion-pair

V7(A’) state and we predict that for larger clusters these two states will alternate leading
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to full accessibility of the ion pair state. Thus the hydrogen bromide-water clusters

excited to the C"(A’’) state will reach the V7(A’) state via internal conversion.
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Chapter V.

General Conclusions
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The main objective of this thesis was to further our understanding of the
molecular interactions and mechanisms that govern ground and excited-state ionization of
strong acids such as hydrogen halides in aqueous clusters. This was primarily motivated
by recently reported experimental studies of HBr photoionization in small water clusters
[34], a thorough interpretation of which needs further theoretical insight treatment. This
thesis then reports (1) an investigation of the bonding structure and infrared spectra of
ground-state  HX(H;O), clusters [X=Cl, Br; n=0-4] (Chapter II), (2) high-level
calculations of the gas-phase HBr electronic (excited) states (Chapter III), and (3) a
preliminary account of the HBr(H2O), electronic excited states and the implications for
photoionization (Chapter IV).

The ground electronic states of HX(H;O), clusters were characterized in the
literature in terms of the relative stabilities of different conformations. Chapter II of this
thesis describes a compilation of the information for relative stabilities of non-ionized
and ionized clusters at CCSD(T)/aug-cc-pVTZ level of theory, with calculated infrared
spectroscopic properties, geometrical parameters, and electronic density and its
Laplacian. For the HX, HX(H,O) and HX(H,O), the presence of water results in
increasing HX elongation of the bond distance, as well as a red shift of the acid stretching
vibrational frequency consistent with the weakening of the covalent HX bond interaction,
inferred from the analysis of the electron density and its Laplacian. The properties of
these clusters were used as reference for assessment of ionized versus nonionized clusters
for n = 3 and 4. At 3 waters both HCI(H20); conformations are characterized with
shared-shell interaction of H,—X and H~O. Blue shift of the water bending modes was

characteristic for deformation of the water cluster due to the presence of acid. Hence,
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ionization cannot be achieved for HCI(H,0);. On the contrary, accumulation of negative
charge on the Br in HBr(H,O); D conformation, signiﬁcant in comparison to the
corresponding charges in the nonionized HBr(H,O); S conformation, the closed-shell
interaction for H;—Br, characteristic for ionic bonding and the disappearance of the H,—Br
vibrational mode but observation of H;O" vibrational modes instead, are all indicators
that HBr(H;O); D conformation is ionized complex. The HX(H,0), clusters exhibited
reversed stability, more stable are the ionized, cyclic and diamond-like cluster. Closed-
shell Laplacian contour for halide-water interaction, small values of the electron density
and positive values for the Laplacian in the critical points of X...H, and X...H,, were
calculated in addition as evidence of the pure ionic interactions of the halide within the
water network. The less stable pentamer and atop configurations in both HX(H,O),
cluster exhibit covalent character of the H,—X interaction and existing though large red
shifted H,—X frequency mode, identifying these clusters as nonionized.

The excited states of gas-phase HX have been studied extensively both
experimentally and theoretically, especially the valence manifold contributing to the
photodissociation has been described in detail in the literature in terms of potential
energy curves, transition dipole moments and integral cross sections. However, due to
strong perturbations between some of the low-lying Rydberg states and the ion-pair state
of HBr, the rovibrational structure of those states and subsequently the photoionization of
HBr still require investigation. The ion-pair state and neighboring excited states of gas-
phase HBr calculated with the multi-reference configuration interaction method
(MRCl/aug-cc-pVTZ) are discussed in Chapter HI for all states up to the lowest ion-pair

limit along with a complete list of the bound-state vibrational levels of the Rydberg
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states. Calculated Franck-Condon energies were found to compare well with available
experimental values. It was shown that spin-orbit coupling is significant for the ground
and valence (repulsive) manifolds, as well as for the Rydberg C'IT and E'S, and ion-pair
V' states. From the transition dipole moments calculated with inclusion of spin-orbit
coupling, all A'TI, a’I1, and 'Y states were found to be optically accessible and to
contribute to the initial excitation from the ground state in HBr photodissociation, as
reported earlier [92]. Including spin-orbit effects in the calculation of the low-lying
Rydberg and ion-pair states was especially important due to their extensive perturbation
at large internuclear separations and to explain the uneven distribution of the vibrational
levels for these states. The ion-pair state is characterized by a two-well potential, with
wells separated by a barrier of 16.2 kcal/mol, a value suggesting that a tunneling
mechanism should be considered for gas-phase HBr photoionization, which could explain
the low yield depending, on which vibrational level is reached in experimental studies.
Calculations of the excited states of HBr(H,O), were performed with the
complete active space self-consistent field (CASSCF/aug-cc-pVDZ) method, as a suitable
compromise between accuracy and computational cost. Finally, it was shown in Chapter
IV that stabilization effects of water are most significant for the ion-pair V'E" state,
which is shifted down in energy by 1.02 eV for HBr(H,O) compared to gas-phase HBr,
and thus approaches the C'II state. This may explain the experimentally observed
increase in the absorption cross section for larger clusters [34]. With cluster size increase,
the Franck-Condon vertical excitation energies to the ion-pair state decrease, due to
increasing differential solvation effects, and by cluster size 4, the Franck-Condon energy

approaches almost exactly (5.32 eV) the experimental photoexcitation pump energy
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(5.34 eV) [34]. This combined with the results of Chapter II, leads to the very important
conclusion that, in the ground state, HBr forms stable ionized complexes with water in
clusters containing fewer than four water molecules and it does fully ionize in the excited
state upon photoexcitation.

This investigation of the electronic structure of HX(H;O), clusters, with the use of
quantum chemical methods brought further insight into the nature of the underlying
molecular interactions that govern the mechanism of ionization of strong acids, such as
HCI and HBr, in the presence of a few water molecules. It was also clearly shown that
solvation affects the electronic structure of the excited states of HBr, rendering the ionic
channel possible upon photoexcitation, a finding that could have implications for

precursor reactions to ozone depletion.
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Appendix

1. Cartesian coordinates (in A) of optimized geometries in their standard orientation,
and total energy (in a.u.) for the stationary-state structures of HX(H,O), clusters
(X = Cl, Br, n = 0 — 4), calculated at the MP2 level of theory with aug-cc-pVTZ
basis for H,0, and Cl and the SDB-aug-cc-pVTZ basis set for Br.

HCI

Cl 0.000000 0.000000 0.070833
H 0.000000 0.000000 -1.204167
Total energy = -460.3151301

HCI-H,O

O 1.951762 -0.000381 -0.088391
H 2367584 0.766172 0.319471
H 2.378012 -0.759170 0.323185

Cl  -1.202840 0.000108 0.006854
H 0.088588 -0.005786 -0.052042

Total energy = -536.6535423
HCI(H,0),
-1.663454 -1.148217 0.093748

0O
O -0.950516 1.521304 -0.107523
C 1.518599 -0.198465 0.001964

—

H  -0.720077 -1.361775 0.064368
H  -2.068075 -1.717086 -0.567935
H -1.478231 0.703963 -0.033817
H -1201315 2.060665 0.648822
H 0.563269 0.703433 -0.034629

Total energy =-612.9968437

HBr

Br 0.000000 0.000000 0.002107
H 0.000000 0.000000 1.411893

Total energy = -13.9170905
HBr-H,O

O 2.560071 -0.000280 -0.092380
H 2.953595 0.765103 0.339387
H 2961833 -0.759602 0.342477
Br  -0.772829 0.000043 0.003248
H 0.653034 -0.004747 -0.056516

Total energy = -90.2541956

HBr(H,0),

-2.163302 -1.223675 0.094267
-1.645612 1.490599 -0.108201

1.094161 -0.068004 0.000835
-1.210327 -1.390766 0.068538
-2.535126 -1.803434 -0.577336
-2.094315 0.626941 -0.031370
-1.925126 1.996404 0.661626
-0.059434 0.815600 -0.039223

o]

TTZTTZTTEFOO

Total energy =-166.5974295
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—

TTZTTTEZTTTTQOOC0

AOXZTCZOZDZ=ZOZXTTTO

—_—

-2.326491
-0.156586
-0.807846
1.885307
-2.918490
-1.901487
-1.012710
-0.171511
0.092388
-0.798221
0.987195

-0.000085
0.000020
-0.778480
0.778338
2.125627
3.082711
1.870274
-2.125700
-3.082718
-1.870224
0.000079

HCI( Hggb (CyCliC)

-0.327595
-1.924269
1.955023
0.159271
-0.319563
0.555392
-1.433556
-2.454673
1.590933
2.565383
-0.836781

Total energy = -689.3436513

HCI(H,0); (diamond-like)

-1.033061
0.347200

-1.337671
-1.337804
-0.901103
-0.887782
0.024040

-0.900973
-0.887431
0.024133

1.572730

-0.017569
0.018735
0.015772
-0.053616
-0.774826
-0.007713
0.004206
0.821715
-0.019994
0.758978
-0.006394

1.155414
0.709286
0.651215
0.651348
-0.605398
-0.512965
-0.729520
-0.605506
-0.512406
-0.729653
0.053918

Total energy = -689.3376006

ZTEZITITTITTEFOOO

asarf@RanfasfioRaagarfasie)

™

-2.877528
-0.807397
-1.330542

1.425608
-3.463682
-2.433087
-1.632365
-0.833624
-0.435716
-1.312487

0.338403

-1.571650
-0.509264
-1.769950
-1.771316
-1.293428
-1.611458
-0.379293
-1.290109
-1.607773
-0.376434

1.179057

HBr(H,0); (cyclic)

-0.266473
-1.956760
1.985315
0.062033
-0.242508
0.607926
-1.408453
-2.442647
1.605607
2.591562
-0.979308

Total energy = -242.9441695

HBr(H,0); (diamond-like)

0.001102
0.000231
0.806795
-0.804349
-2.070922
-2.341581
-1.745306
2.072585
2.343196
1.745617

-0.029189
0.024232
0.020576
-0.026996
-0.790719
-0.011008
0.002200
0.855881
-0.013220
0.767179
0.009600

1.045165
0.933965
0.477605
0.477779
-0.459109
-1.325614
-0.593929
-0.459167
-1.325824
-0.593841

-0.000764 0.026707

Total energy = -242.9417823
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HCI(H,0), (diamond-like)

ODTZOITIZOZTITOIZTEOD

—

Total energy = -765.6927764

1.821022
1.355040
1.370304
1.442928
0.390925
-0.457607
0.279721
0.349550
-0.486521
0.225850
0.557919
-0.327526
0.543526
-1.700061

0.008442
-0.711337
0.881705
-0.149495
2.032084
1.547389
2.476642
-1.726960
-1.294126
-1.895461
-0.269181
-0.210750
-1.083397

-0.127808
-0.685502
-0.420537
0.817381
-0.657106
-0.480239
-1.502657
-1.252718
-0.931765
-2.191508
2.044832
1.600211
2.557707

0.004927 0.069371

HCI(H,0)4 (cyclic/open book)

CTOQITIITOTZTTOZTOTITO

1.934264
1.034371
1.957519
2.051288
2.780617
2.132890
-0.327657
0.643716
-0.934581
-1.960306
-1.901115
-2.900442
-0.934456
-0.507937

1.214578
1.445749
1.511704
-1.324132
-1.455970
-0.392172
-1.309155
-1.400177
-1.556027
-1.108685
-0.156837
-1.310211
1.400014
-0.267128

Total energy = -765.690193

0.675239
0.353835
1.589575
-0.058374
-0.671390
0.276158
-0.933905
-0.613169
-0.179390
1.077210
0.852078
1.108926
-0.461910
-0.945514

HBr(H,0)4 (diamond-like)

WIZOZTOXTTZOTTIO

—

2276618
1.834598
1.839975
1.878767
0.901963
0.029289
0.840256
0.885508
0.018325
0.816491
0.992196
0.102426
0.984071

0.009356
-0.726778
0.876978
-0.126930
2.046832
1.603731
2.470481
-1.781952
-1.380238
-1.969978
-0.222375
-0.176157
-1.025386

-0.079093
-0.634164
-0.405822
0.860333
-0.706832
-0.552950
-1.568416
-1.224395
-0.957909
-2.165447
2.089915
1.657667
2.620841

-1.394128 0.001125 0.014546

Total energy = -319.299433

HBr(H,0), (cyclic/open book)

TWETOTITOTEROTIITO

-1.493608
-0.574903
-1.450985
-2.839039
-3.454905
-2.445022
-0.789430
-1.673191
-0.475283
0.440733
0.967072
1.083801
1.3013%94
-0.074621

-1.859447
-1.617258
-2.048361
0.163686
-0.162320
-0.639207
1.427784
0.961771
1.982593
2.274676
1.452761
2.989872
-0.561433
0.676719

Total energy = -319.296256

0.790310
0.539025
1.732648
-0.239532
-0.902728
0.196092
-0.983969
-0.718678
-0.205676
1.119484
1.017868
1.157531
-0.210396
-0.942560
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HCI(H,0)4 (pentamer)

0
H
H
O
H
H
0
H
H
0O
H
H
Cl
H

Total energy = -765.6873133

-0.182326
0.590371
-0.035088
-2.512886
-1.703803
-2.892052
-1.957773
-2.201297
-2.469946
0.669357
-0.307168
0.828633
2.267789
1.506948

-2.336672
-1.755157
-2.793785
-0.972005
-1.506672
-1.300943
1.653981
0.709489
1.945179
2.124092
1.958897
2.710766
-0.268827
0.847115

HBr(H,0), (a top)

Br

ITTIIZITETZOOITOTOT

2.083760

0.988432
-3.175172
-2.500779
-1.167435
-0.917685
-0.581513
-2.477539
-1.256268
-2.833576
-4.013617
-0.361653
-0.598199
-2.224982

-0.029088
0.557639
-0.902929
-1.333184
-1.738968
-0.864929
0.981050
1.693888
1.356159
0.808421
-1.296690
-2.083422
1.519162
2.090597

Total energy = -319.308306

0.194911
0.092480
1.028094
-0.219966
-0.074762
-1.039352
0.095144
-0.036777
0.854382
0.100629
0.106904
-0.645752
-0.096873
-0.004121

-0.275341
0.450429
-0.838611
-0.276018
0.844410
1.186861
1.340510
-0.415384
0.726280
-0.639678
-0.592532
0.450599
2.134857
-1.251257

HBr(H,0)4 (pentamer)

TPTTOZTOTTOTTO

-0.628347

0.114142
-0.437064
-2.910110
-2.094988
-3.342060
-2.433719
-2.628853
-2.866460
-0.012653
-0.998917

0.107430

2.383487
1.745658
2912574
1.008082
1.559093
1.319671

-1.551527

-0.583988

-1.791399

-2.221337

-1.933998

-2.606800

1.695983 0.106185

0.666016

-1.286907

Total energy = -319.310647

-0.057132
-0.005811
-0.837276

0.160015
0.067456
0.960007
-0.161867
-0.021346
-0.986619
0.036496
-0.050750
0.914619

0.004121
-0.004613
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2. Vibrational frequencies and corresponding intensities for the optimized geometries of
HX(H,0), clusters (X = CI, Br, n = 0 — 4), calculated at the MP2 level of theory with
the aug-cc-pVTZ basis set for H, O, and Cl and the SDB-aug-cc-pVTZ basis set for
Br. Frequencies o; are in cm™, intensities are km/mol and are given in parentheses.
No scaling factor is applied to the frequencies. The molecular modes associated with
the frequency are labeled as: “bend” (bending motion of water); “sym” (symmetric
stretch of water); “asym” (asymmetric stretch of water); HB (motion of the acid-water
complex associated with hydrogen bond formation); “H-CI” and “H-Br” (stretching
motion of the acid); “C” (complex combination of molecular modes);“symp”
(symmetric stretch of the in-plane O-H bonds in the pentamer structure); “,ymd” (the
asymmetric stretch of the dangling/out-of-plane O-H groups).
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Molecule

HB Frequencies

(Intensities)

Acid Frequencies

(Intensities)

Water Frequencies

(Intensities)

H,0

Oend = 1624.13 (72.60)

© sym = 3860.53 (9.65)

© asym = 3989.22 (76.19)

HCl

om.c1= 3048.15 (53.76)

HCI'H,0

oup = 152.32 (30.21)

on.c1 = 2814.06 (695.93)

@bend = 1624.10 (71.67)

oue = 184.34 (189.61)

Doy = 3845.87 (24.87)

opg = 189.03 (6.21)

Dasym = 3972.96 (104.12)

o= 498.41 (51.46)

® 15 = 607.11 (39.66)

HCI(H,0),

oip = 89.36 (5.84)

el = 2562.00 (1079.84)

Opena = 1630.73 (84.61)

oup = 167.08 (117.95)

Obend = 1644.25 (30.51)

omp = 186.58 (17.47)

oym = 3660.36 (331.11)

onp = 209.24 (9.73)

Oeym = 3798.71 (96.89)

omB = 241.74 (79.22)

Wasym = 3925.08 (125.39)

oup = 267.65 (71.27)

Oasym = 3947.05 (147.59)

onp = 350.37 (122.69)

oy = 422.83 (105.72)

oup = 568.86 (86.65)

omp = 680.75 (147.11)

oup = 867.44 (41.46)

HCI(H,0)3
(cyclic)

ogp = 37.97 (1.00)

op.cl = 2259.85 (1846.35)

Obend = 1643.15 (61.55)

omp = 66.25 (1.11)

Obend = 1655.94 (45.82)

oup = 138.65 (4.99)

Obend = 1676.99 (21.21)

ous = 190.20 (26.36)

Ogm = 3466.94 (711.48)

oms = 193.41 (93.72)

sy = 3590.54 (646.12)

oup = 235.54 (38.54)

Osym = 3731.44 (340.66)

omp = 245.97 (117.12)

Oasym = 3915.24 (107.05)

omp = 272.20 (66.77)

Oasym = 3931.93 (110.86)

ous = 313.81 (41.02)

Oasym = 3934.50 (149.91)

ous = 321.12 (99.51)
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onp = 421.72 (47.39)

ogp = 458.23 (23.43)

oup = 538.59 (99.23)

oup = 723.33 (24.44)

oup = 796.29 (171.31)

onp = 844.53 (96.54)

o = 1009.04 (35.31)

HCI(H,0)3
(diamond-like)

oup = 42.77 (9.52)

on-c1 = 1926.40 (2099.88)

Opend = 1627.84 (77.19)

oms = 67.91 (8.97)

Opend = 1630.10 (111.61)

ous = 77.80 (2.02)

Opend = 1656.30 (40.94)

oup = 130.02 (43.80)

Dgym = 3658.70 (146.20)

oup = 156.81 (151.92)

®emC = 3807.48 (64.68)

onp = 176.75 (46.78)

Ooym = 3808.02 (112.80)

os = 205.19 (13.30)

Dasym = 3744.90 (474.10)

ous = 222.90 (27.65)

Oasym = 3951.51 (202.24)

ous = 229.40 (75.08)

Dasym = 3952.91 (80.16)

onp = 267.90 (70.21)

oup = 366.85 (88.66)

omp = 403.13 (281.94)

oup = 487.62 (64.63)

omp = 641.51 (16.68)

ons = 650.20 (314.44)

oup = 939.63 (54.60)

o = 1093.48 (33.04)

HCI(H,0),

(pentamer)

oup = 19.66 (2.97)

on.ciC= 2147.33 (2269.10)

Obend = 1648.71 (59.18)

o = 40.69 (0.14)

Opend = 1660.05 (49.01)

o = 50.12 (0.03)

Opend = 1673.81 (27.82)

opp = 66.11 (1.95)

Obend = 1695.94 (29.68)

opg = 135.54 (6.48)

Ogymp = 3402.28 (982.07)

o = 181.71 (15.65)

Dgymp = 3504.02 (949.99)

oup = 186.73 (71.49)

Osymp = 3575.84 (624.37)

omp = 219.60 (38.80)

Osymp = 3718.10 (401.84)

oup = 227.42 (120.22)

Dasymd = 3913.20 (99.19)

omp = 259.63 (106.14)

®asymd = 3932.75 (102.10)

ous =275.61 (110.58)

®asymd = 3933.06 (150.22)

opg = 311.81 (33.21)

Dasymd = 3935.30 (96.62)

ous = 320.57 (71.48)

ous = 337.56 (52.75)

ous = 444.94 (25.86)

omp = 471,52 (33.10)
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oup = 490.49 (40.28)

oup = 561.70 (63.51)

omp = 754.76 (11.88)

opp = 811.15 (151.54)

orp = 869.88 (97.61)

o = 918.22 (86.83)

oup = 1034.00 (31.17)

Molecule

HB Frequencies

(Intensities)

H;0" Frequencies

(Intensities)

Water Frequencies

(Intensities)

HCI(H,O)4
(diamond-like)

oup = 74.47 (8.36)

DunC = 1494.49 (486.27)

@bendC = 1632.03 (30.14)

ous = 80.85 (2.72)

©bendC = 1788.41 (30.91)

®pendC = 1642.98 (23.61)

oms = 110.66 (2.95)

©pendC = 1814.07 (39.81)

OpendC = 1661.32 (8.38)

onp = 184.35 (6.99)

®asymC = 2661.81 (1373.6)

©4ymC = 3297.33 (1189.92)

ons = 195.63 (16.19)

DasymC = 2735.13 (1242.5)

0mC = 3324.14 (1075.81)

oup = 259.23 (40.41)

©eymC = 2948.50 (946.60)

0gmC = 3382.79 (1268.46)

omp = 263.35 (56.47)

Oasym = 3911.11 (131.32)

orp = 289.31 (3.34)

Oasym = 3918.85 (72.69)

omp = 302.26 (68.30)

Oasym = 3920.62 (145.21)

oup = 319.23 (129.01)

ops = 336.05 (175.42)

o = 384.16 (10.83)

ous = 444.89 (41.72)

ous = 484.43 (83.23)

omp = 527.12 (132.57)

oup = 700.01 (101.41)

oyp = 740.65 (73.62)

ous = 823.53 (28.77)

oup = 847.86 (29.29)

oup = 992.61 (104.03)

oy = 1041.77 (50.09)
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Molecule

HB Frequencies

(Intensities)

H;0" Frequencies

(Intensities)

Water Frequencies

(Intensities)

HCI(H,0)4
(cyclic)

oup = 29.74 (1.69)

OumbrlC = 1409.57 (463.30)

©bendC = 1638.10 (89.24)

omp = 72.47 (2.86)

®bendC = 1715.62 (13.53)

©bendC = 1650.02 (41.04)

ous = 86.82 (4.73)

®bendC = 1732.17 (129.85)

®pendC = 1669.02 (27.50)

WHB &= 149.25 (1658)

©asymC = 2216.44 (2284.9)

©emC = 3342.78 (1216.38)

ons = 182.02 (9.79)

DasymC = 2807.51 (1620.2)

©eymC = 3522.16 (860.18)

ous = 234.00 (6.99)

©mC = 3298.91 (476.22)

@symC = 3595.02 (505.81)

oyp = 236.00 (101.33)

Oasym = 3920.84 (117.47)

omp = 260.11 (78.71)

Oasym = 3923.48 (152.56)

ous = 266.74 (90.05)

Dasym = 3925.26 (81.26)

oms = 333.27 (27.39)

oms = 350.86 (234.33)

ous = 361.28 (22.24)

ous = 401.33 (80.12)

onp = 420.72 (17.58)

onp = 524.35 (86.87)

oup = 631.88 (114.51)

onp = 688.55 (76.72)

omp = 744.11 (32.39)

oup = 765.66 (95.54)

oup = 914.26 (51.43)

ous = 1026.71 (89.29)
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Molecule

HB Frequencies

(Intensities)

Acid Frequencies

(Intensities)

Water Frequencies

(Intensities)

H,O

@bend = 1624.13 (72.60)

© sym = 3860.53 (9.65)

© asym = 3989.22 (76.19)

HBr

ons:= 2706.61 (16.82)

HBr-H,0

omp = 126.59 (3.55)

o5 = 2518.11 (539.85)

Obend = 1625.04 (68.85)

ous = 181.41 (6.71)

Osym = 3840.13 (25.82)

onp = 189.49 (213.21)

Oasym = 3967.42 (99.86)

onp = 434.62 (40.54)

o = 535.95 (26.12)

HBr(1,0),

onp = 75.15 (4.29)

o B = 2256.22 (1067.48)

Obend = 1630.24 (76.23)

orp = 153.24 (27.20)

Opend = 1644.06 (32.68)

opp = 163.83 (102.80)

@gm = 3654.39 (328.16)

onp = 208.20 (7.38)

Ogym = 3799.57 (92.30)

oup = 235.54 (78.02)

Oaym = 3920.86 (125.77)

Dasym = 3945.59 (152.45)

ous = 343.50 (137.51)

oup = 411.33 (92.90)

oup = 530.60 (65.30)

ome = 647.92 (136.00)

o = 844.82 (52.32)

HBr(H;0)3
(cyclic)

oup = 35.44 (0.73)

ou-pr = 1863.50 (2148.50)

Obend = 1639.76 (56.27)

oup = 58.58 (1.27)

Dbend = 1652.49 (34.68)

omp = 118.71 (5.55)

Obend = 1674.63 (66.75)

opg = 153.12 (56.90)

Ogym = 3432.97 (755.16)

oup = 192.60 (81.94)

@gym = 3579.53 (652.54)

opp = 234.00 (33.47)

om = 3724.84 (362.41)

oup = 250.48 (119.72)

©asym = 3906.16 (107.00)

omp = 276.34 (62.57)

Wasym = 3931.10 (123.85)

oup = 309.69 (33.59)

Dasym = 3931.73 (142.50)

oup = 326.13 (112.85)

oup = 424.45 (50.37)
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oup = 460.08 (15.91)

WDHB — 527.97 (9863)

oup = 701.46 (24.56)

oyp = 8§03.37 (147.23)

onp = 843.16 (86.37)

ons = 1020.21 (34.13)

Molecule

HB Frequencies

(Intensities)

H;0" Frequencies

(Intensities)

Water Frequencies

(Intensities)

HBI‘( HzQ)g
(diamond-like)

onp = 66.58 (1.45)

OunbC = 1361.38 (753.46)

Opena = 1624.59 (35.96)

oup = 126.16 (19.42)

Obend = 1712.27 (87.87)

Obend = 1635.51 (59.66)

omp = 127.57 (6.30)

Obend = 1732.58 (47.57)

®sym = 3581.80 (446.60)

onp = 184.36 (148.77)

Oasym = 2202.42 (2054.7)

Ogym = 3598.04 (621.55)

oup = 204.90 (24.32)

Oasym = 3164.68 (1118.8)

Dasym = 3926.94 (66.65)

oup = 232.81 (2.35)

©gmC = 3205.77 (433.58)

Oasym = 3928.44 (213.56)

oup = 284.33 (96.43)

o = 360.04 (33.26)

oy =~ 388.07 (0.38)

oup = 424.25 (194.22)

onp = 568.74 (242.07)

oup = 584.63 (1.80)

ous = 695.21 (24.82)

oup = 699.23 (85.33)

wup = 789.80 (53.33)
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Molecule

HB Frequencies

(Intensities)

Acid Frequencies

(Intensities)

Water Frequencies

(Intensities)

HBr( H_QQ)Q
(a top)

ons = 20.63 (0.62)

on-sC = 2421.22 (756.55)

Obend = 1649.06 (68.80)

ogp = 31.55 (1.03)

@bendC = 1658.71 (71.08)

omp = 51.22 (0.63)

Obend = 1664.91 (85.26)

oup = 80.10 (1.55)

Obend = 1690.55 (6.68)

omp = 129.35 (15.46)

Ogymp = 3360.85 (673.63)

o = 196.75 (4.01)

©gmp = 3497.04 (880.10)

o = 224.08 (73.03)

Ogmp = 3559.05 (757.12)

ous = 233.61 (13.23)

©smp = 3684.03 (337.03)

oup = 245.82 (38.47)

Dasymd = 3909.04 (109.15)

orp = 259.08 (94.26)

©asymd = 3917.04 (96.33)

ous = 279.27 (32.89)

Dasymd = 3926.42 (95.87)

oy = 291.04 (211.98)

Dasymd = 3935.76 (102.78)

ops = 317.17 (13.15)

opp = 392.46 (26.04)

oup = 429.98 (15.94)

omp = 459.31 (12.97)

omn = 465.89 (33.76)

o = 513.11 (13.82)

omp = 574.43 (108.01)

ous = 708.34 (192.13)

ous = 812.61 (174.32)

omp = 879.96 (135.68)

orp = 1010.09 (14.87)

HBr(t,0),

(pentamer)

ous = 16.99 (2.35)

oppC= 1545.84 (2412.83)

Obend = 1644.38 (46.93)

g = 39.83 (0.22)

0pendC = 1662.81 (64.33)

ous = 42.09 (1.91)

@bendC= 1683.25 (292.56)

opp = 66.72 (5.55)

®bendC= 1710.15 (392.16)

oup = 105.41 (43.66)

OsympP = 3332.32 (1108.29)

opp = 147.43 (49.89)

Omb = 3478.44 (949.11)

oup = 187.12 (54.01)

Oeymb = 3363.36 (680.75)

o = 220.14 (6.07)

Osymp = 3701.53 (451.12)

oup = 228.19 (170.46)

@asymd = 3898.05 (100.99)

oup = 264.65 (51.95)

@asymd = 3930.02 (150.76)

oup = 278.89 (145.73)

®asymd = 3931.49 (100.59)

opp = 324.22 (7.91)

Dagymd = 3935.05 (99.85)

ops = 329.12 (44.15)
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ous = 345.78 (118.76)

oup = 449.96 (26.07)

oup = 479.51 (33.49)

oup = 503.86 (40.02)

omp = 549.31 (57.77)

onp = 768.19 (16.25)

oup = 821.64 (130.14)

omp = 899.15 (102.21)

oup = 942.35 (48.87)

ous = 1084.91 (24.37)

Molecule

HB Frequencies

(Intensities)

H;0" Frequencies

(Intensities)

Water Frequencies

(Intensities)

HBr(H,0)4
(cyclic)

omp = 28.63 (1.13)

@umt:C = 1432.63 (398.62)

®bendC = 1636.05 (70.27)

omp = 72.95 (4.28)

0pendC = 1726.22 (29.64)

Opend = 1644.23 (27.07)

opg = 78.63 (2.60)

ObendC = 1745.08 (77.25)

®pendC = 1670.60 (32.99)

ops = 137.29 (12.22)

®asymC = 2529.36 (2305.6)

Ogmp = 3312.31 (1172.10)

opg = 160.94 (5.99)

@asymC = 2719.97 (1536.9)

@symb = 3523.36 (888.40)

oy = 227.97 (21.57)

04mC = 3168.32 (670.30)

OgymP = 3565.12 (590.84)

oup = 235.84 (81.00)

®asymd = 3915.91 (148.95)

ouB = 266.06 (54.56)

®asymd = 3918.06 (114.48)

onp = 272.87 (98.06)

@asymd = 3920.97 (104.21)

omp = 319.16 (53.86)

onp = 341.83 (40.77)

o = 362.02 (193.41)

o = 398.81 (61.41)

omp = 410.07 (12.24)

oup = 532.38 (76.37)

oup = 611.78 (102.63)

omp = 665.05 (67.14)

omp = 752.34 (64.27)

ous = 755.40 (57.78)

ous = 934.69 (59.01)

omp = 1037.51 (94.88)
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Molecule

HB Frequencies

(Intensities)

H;0" Frequencies

(Intensities)

Water Frequencies

(Intensities)

HBr( HzQ_)z_;
(diamond-like)

oy = 70.85 (7.26)

Ount:lC = 1486.24 (488.93)

Oena = 1627.90 (26.84)

oup = 76.79 (2.41)

WpendC = 1789.47 (25.26)

Opend = 1636.10 (17.83)

o = 96.99 (3.28)

®bendC = 1815.35 (33.72)

®pendC = 1651.63 (5.56)

ous = 163.74 (6.26)

Wasym = 2679.13 (1378.84)

Osymp = 3349.11 (1064.89)

oup = 172.40 (8.10)

Oasym = 2747.83 (1273.16)

Osymp = 3372.71 (956.44)

oup = 214.88 (25.05)

Osym = 2953.59 (897.20)

Osymp = 3417.91 (1348.37)

@mp = 258.71 (80.53)

®asymd = 3906.95 (140.35)

onp = 282.62 (17.00)

Dasymd = 3913.95 (80.03)

o = 300.51 (3745)

@asymd = 3915.74 (155.36)

ous = 313.52 (101.34)

oy = 325.25 (185.80)

ous = 375.20 (7.29)

oy = 426.96 (22.88)

oy = 465.02 (76.17)

ome = 507.68 (137.73)

oyp = 668.96 (112.73)

oup = 702.83 (78.88)

ops = 775.82 (21.88)

oup = 845.26 (25.57)

oup = 987.88 (90.41)

ous = 1039.04 (49.50)
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