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The effect of asymmetric aqueous solvation on the polarizability of the chloride anion is investigated by
accurate ab initio calculations on structures obtained from classical molecular dynamics atfithCeello
molecular dynamics simulations. It is shown that a water environment significantly reduces the halide
polarizability on clusters, at interfaces, and in the bulk. In the relatively rigid cluster environment, the amount
of this reduction strongly depends on the particular geometry of the complex, while in more disordered,
extended liquid systems, the geometric effect is much weaker. Therefore, a single effective value around

4 A% may be employed for the chloride anion polarizability in aqueous environments.

I. Introduction halogen anions to reside at the surface is the large value of the
) . ) _ anion polarizability:>17 This has been qualitatively rationalized
The behavior of halogen anions in various aqueous environ- i terms of an additional energy gain due to an induced shift of

ments, such as small and large clustefsair—water inter-  ho pojarizable electron cloud of the anion in the asymmetric
faces;?*2 and bulk solution$?*® has attracted considerable gjectric field created by the sum of water dipoles at the

attention recently. Many of these studies have been aimed atiyierface24 Further evidence of the major role of polarizability
understanding, at a detailed molecular level, the process of salt;, stabilizing large “soft’ ions at the surface stems from

splvation not only at infin_ite dilution i_n the_ bu’rR_ but also at preliminary simulations of a mixed NaCl/NaBr doped aqueous
higher solute concentratiotfs'® and in finite size systems,  gjap showing an enhanced concentration of bromide with respect
where surface effects play an important rbtel>** 9 Interest- 1 chioride at the interfac®in perfect agreement with the SEM
ingly, these basic physical chemistry questions are also of direct g, yeriment? Understandably, the nonpolarizable sodium cations
relevance to atmospheric research. Indeed, it has been discovereg, q,,oride anions cannot achieve this extra stabilization at the

recently that airborne aqueous sea-salt aerosols serve as a globgliarface and are, therefore, repelled from the interface by the
source of molecular chlorine and bromine, both in the polluted ,|actrostatic image forcg;12.17.23

nd in the remote lower marine tr hergd-21 ) . N
and feh emote .e. d © ophosp ere” L | In the view of the prominent role of polarizabilities of halogen
One of the most exciting and somenow counterintuitive results oo g for the properties of the surfaces of aqueous salt solutions,
of recent studies of halogen anions in agqueous systems with 8nd given the importance of the aiwater interface for the

Ir?rlge surfac_e-to-bulkbra'?o |séheltisxc¢p'i fOT fltuofrlde, ?” Iheawer atmospheric reactivity of sea-salt aerosols with gaseous pollut-
alogen anions can beé found at tne-airaler interface. Inlargé — gnea11 it i crucial that the corresponding MD simulations

Wa(';erthLtjst?rs tth's effect_ IS %&mat'fﬁ ir}[ﬂ bﬁth s_lmut:a?éhs account for the effect of polarizability as accurately as possible.
and pnhotoeiectron experimentsnow that the neavier halogen — 4eaq calculations employing a nonpolarizable force field did

anion resides solely at the surface. However, even for extendednot show any or only very minor presence of heavier halogens
SR/ASSem_S p(l)sts_essmgf; an-aiater ||nt§ rfac_'t[er; mcile(f[uljlr dﬁnam'%s_ ¢ at the surface, and a significant anionic surface concentration
(MD) simulations o aqueous slabs with solvated salls predict y, ;g up only upon inclusion of polarizabilities into the
the presence of heavier halogen anions at the sutfa&ayhich modell117.26

is supported by most recent scanning electron microscopy § . . o .
(SEM) experiments on bromide-doped NaCl crystals exposed . In this respect, Itis very satlsfactpry th"."t qualitative _predlc-
to water vapoP2 These observations are in striking contrast to tons of polarizable force field MD simulations for chloride on
the behavior of the alkali cations, which are strongly repelled smgll.\{vater clusters have been verified by recent—ﬂ?arrmellq
from the aqueous surfaé;1217in accord with classical theories ab initio MD calculation$. However, for accurate quantitative

of electrolyteg? ' predictions it is important to employ appropriate values of

A detailed analysis of the MD simulations reveals that the halogen ion polarizabilities in the force fields. This is a rather

) . . .~ subtle and difficult issue for several reasons. First, strictly
most important factor that makes it possible for the heavier . e .
speaking, polarizability is an overall and generally nonadditive

property of the whole system. Luckily, however, for nonco-
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(b) minimum, corresponding to a surface anion (see Figure 1b) and
waters in the 4-2 arrangeme#itand a low-lying stationary point
of Cz, symmetry, representing an embedded structure with three
waters on each side of the chloride anion (see Figure 1c).
Additionally, for the system with six waters, we have also
employed geometries corresponding to five snapshots from our
previous CarParrinello MD simulatior?, separated by a time
interval of 1 ps from each other.

Next we generated, using CaParrinello MD of CI~ with
48 water molecules and employing periodic boundary condi-
tions, a set of geometries corresponding to a liquid bulk situation.
(d) For ab initio evaluation of polarizabilities we extracted succes-
sive structures separated by 0.2 ps. Finally, we have simulated
. the effect of the airwater interface using a classical MD
‘@ y ° simulation with a polarizable force field. More precisely, we
\ 8 initially placed the chloride anion at the surface of a water slab
. and followed its trajectory toward the bulk. For ab initio analysis,
successive structures separated by 10 ps were stored.
For evaluating Ct polarizabilities in the cluster, bulk, and
= ) slab environments, we have replaced the oxygen and hydrogen
atoms of the water molecules by point charges-6f82 e and
Figure 1. Geometries of the clusters under investigation. (a) Optimal 1 0-41 €, respectively. These are the charges used in the popular
geometry of Ct(H,0)s, (b) surface isomer of C(H.0)s, (c) embedded SPCE water modéeéf The replacement of explicit water

isomer of Ct(H,0)s, and (d) a snapshot of the ©H,0)s cluster from molecules by point charges leads to a computationally simple
a CP simulation (small spheres represent the positions of the Wannierand efficient ab initio scheme of evaluation of solute polariz-
charges). ability in a solvent of an arbitrary size and geometry. For the

clusters under investigation, we have verified that this approach

fact that halogen anion polarizabilities in solutions or in ionic js accurate in the sense that it reproduces the respective values
crystals are significantly reduced with respect to the corre- of C|- jonization potentials following from all atom calculations
sponding gas-phase vals?® Unfortunately, there are no  (see the next section). In addition to placing point charges at
direct measurements of halogen ion polarizabilities in aqueousthe positions of the nuclei, for the cluster and bulk solution
solutions, and the available data are extrapolations from ionic configurations generated in the GeRarrinello molecular
crystals and salt solutiort§-> On the other hand, very accurate  gynamics (CPMD) simulations, we have employed more
ab initio calculations have been performed for halogen anions regjistic water charge distributions by using the centers of two
in the gas phas@and an attempt to account for the effect of a gjectron localized orbitals for the valence electrons. Specifically,
bulk solvent has been undertaken receftly. e ysed the maximally localized Wannier functions, which are

The principal aim of the present paper is to investigate appropriate for electronic structure calculations employing
computationally the effect of aqueous environment, ranging from periodic boundary conditions and plane wave basis%et5.
clusters to the interface and bulk of a solution, on the The \Wannier charge model for water is defined bye charge
polarizability of the chloride anion, with special emphasis on gzt the oxygen nucleust1 e charges at the hydrogen nuclei,
the difference between interior and surface solvation. To achievegnd —2 e at each of the four Wannier function centers
this goal, we employ a combined approach based on accuratecorresponding to the two bonding and two lone péré

ab initio quantum chemical calculations on structures obtained snapshot from the CPMD simulation of the G#,0)s, including
from classical and CatParinello MD simulations. The main  the Wannier function centers, is shown in Figure 1d.

issue to address is the transferability of halogen ion polarizability
between different aqueous environments and estimation of its
optimal value for simulations in extended system.

All of the ab initio calculations were performed using the
Gaussian98 prografi.The 500 ps constant temperature classical
MD simulation was carried out using the Amber6 program
package’® The system contained 556 polarizable water mol-
ecules and a single polarizable chloride anion, replicated in three

In the first step of our computational approach, we have dimensions by periodic boundary conditions, with one of the
established the least numerically demanding ab initio schemebox lengths extended to 100 A to generate two—aiater
that gives a converged value of the gas-phase polarizability of interfaces. We used the same polarizable force-field as in our
the chloride anion of 5.5 & which is the MP2/t-aug-cc-pvtz  previous studi¢d—12 and treated the electrostatic interactions
method®2 We stress, that while it is sufficient to truncate the using the smooth particle mesh Ewald séfnThe Car
perturbative treatment of correlation effects at the second order,Parrinello ab initio MD simulations were performed using the
it is crucial to employ an extended set of diffuse functions in CPMD progrant® The electronic structure was computed using
order to converge the value of the chloride polarizability. density functional theory and the generalized gradient ap-

In the next step, we have generated, using the above-proximation, treating only the valence electrons explicitly, with
mentioned method and employing the standard-6-8G* basis pseudopotentials and a plane wave basis set, as described in
set for water, optimized geometries for clusters containing a ref 9. Our previous CPMD simulation of QH,0)s at 250 K
chloride anion and three or six water molecules. For the employed cluster boundary conditioHsThe present CPMD
Cl~(H0)3 cluster we have reached the global minimum with simulation of the bulk solution at 300 K contained one chloride
all three waters on one side of the anion (see Figure 1a), while anion and 48 water molecules in a cubic box of length 12 A,
for the CIF(H,O)s complex we have located both the global replicated using three-dimensional periodic boundary conditions.

II. Computational Methods
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TABLE 1: Polarizability (in A 3) and Vertical lonization TABLE 2: Polarizability (in A 3) and Vertical lonization
Potential (in eV) of Bare CI~ and Chloride On/In Water Potential (in eV) of ClI~ on Water Hexamer for Five
Clusters with Waters Treated as Point Charges or Explicitly Snapshots Separated by 1 ps Taken from a CarParrinello
- MD Run
system polarizability 1P
cr 5.49 3.64 time (ps) charge model polarizability P
Cl~(H20)s(point charges) 4.54 5.65 1 SPCE 4.29 6.27
Cl~(H20); (explicit waters) 5.34 1 Wannier 3.95 7.19
Cl~(H20)s (point charges, surface isomer) 4.30 6.39 2 SPCE 4.31 6.22
Cl~(H20)s (explicit waters, surface isomer) 6.33 2 Wannier 3.98 7.17
Cl~(H20)s (point charges, embedded isomer) 3.63 6.64 3 SPCE 4.48 5.97
Cl~(H20)s (explicit waters, embedded isomer) 6.65 3 Wannier 4.22 6.80
4 SPCE 4.33 6.61
; ; 4 Wannier 3.98 7.38
Ill. Results and Discussion 5 SPCE 452 6.09
5 Wannier 4.29 7.01

Results of the present MP2 calculations for chlorideater
cI_usters with three anql six water mole_cules (for geometries S€eTABLE 3: Polarizability (in A 3) and Vertical lonization
Figure 1) are summarized together with the values for the bare pgtential (in eV) of CI- in Liquid Water for Five Snapshots
anion in Table 1. We present here only the mean value of the Separated by 0.2 ps Taken from a CarParrinello MD Run
chloride polarizability, since in all aqueous environments under

study its asymmetry has been smaller than 10%. This is rather time (ps) charge model polarizability i
important in connection with MD simulations, since polarizable 0.3 SPCE 4.07 7.02

. . L 0.3 Wannier 3.72 7.87
force fields employ a single scalar value for the atomic (ionic) 0.5 SPCE 415 718
polarizability. In addition, we also show in Table 1 values of 05 Wannier 3.89 8.03
vertical ionization potentials (IP), calculated as the energy 0.7 SPCE 4.22 7.84
difference between the anionic system and the lowest state of 0.7 Wannier 4.01 8.85
the corresponding neutral system at the geometry of the anion/ 8'8 §VPCE_ g-ég ?'gg
water system. For all of the clusters in Table 1, we present IPs 11 S;gréler 426 6.51
calculated both with explicit water molecules and with all water 1.1 Wannier 3.96 7.30

atoms replaced by fractional point charges.

First, we note that our calculation for the bare anion presented anion, albeit the exact geometry can be quite different from the
in Table 1 reproduces both the converged value of 5¢& fe optimal structure discussed abdv&evertheless, the corre-
chloride polarizability® and its vertical IP (the experimental sponding polarizabilities and IPs are close to those of the optimal
value being 3.61 eV). Second, we see that, for the cluster structure, with fluctuations of about 5% (see Table 2). In other
systems, replacing explicit water molecules by point charges words, for the cluster under study, the temperature effect is rather
practically does not change the value of the corresponding IP.small. Another fact worth mentioning is the inverse correlation
Moreover, in our most recent study we have successfully between the chloride polarizability in a particular geometry and
calculated not only ground state but also excited charge-transfer-its vertical IP. Qualitatively, the more the anion is bound due
to-solvent states of aqueous iodide using the charge model forto the presence of suitably oriented surrounding water molecules,
the solvent? Since the electronic structure of the excited states the more compressed, and hence less polarizable, its electron
is very diffuse it should be, similar to the polarizability, quite cloud becomes.
sensitive to the quality of the applied solvent model. We believe  Investigations of the chloride polarizability in an extended
that the present findings justify our procedure for calculating aqueous liquid environment have been based on geometries
chloride polarizability in various aqueous environments, which generated by CatParrinello and classical MD simulations.
is straightforward and much simpler than schemes treating Results for five snapshots of a CP run separated by 0.2 ps are
waters explicitly3! and, for asymmetric solvation, might be the presented in Table 3 for ab initio calculations using either the
only practical possibility. At the same time, we are aware of standard SPCE water charges or charges obtained from the
the fact that the present model lacks confinement effects due towannier centers of the localized CP wave function. Although
the solvent electronic cloud. We have shown recently that thesethe duration of the simulation is relatively short, we see
effects are small for aqueous ioditfehowever, they are likely  significant fluctuations in both observables under investigation.
the source of the remaining quantitave discrepancies betweerThe chloride polarizability oscillates around 4.1 f8r the SPCE
our results and those presented in ref 31. charges, while the use of Wannier charges reduces this value

An important conclusion emerging from Table 1 is that by about 0.3 & The mean IP value is 7.1 eV for the former
already small water clusters reduce the gas-phase polarizabilityand to 8.0 eV for the latter charge model, which is slightly below
of chloride anion significantly, this effect being strongly isomer the experimental value of 8.77 eV.
dependent. Indeed, for surface isomers with three or six waters, Finally, we have evaluated the Qbolarizabilities and vertical
the value of CI polarizability is reduced by some 20%, while IPs along a classical MD trajectory for an aqueous slab of a
for the embedded isomer of GH,O)s this reduction reaches  thickness of approximately 26 A. Initially, we have placed the
34%. chloride anion at the airwater interface and we have followed

To estimate the effect of thermal fluctuations in the cluster the subsequent 500 ps dynamics at ambient temperature. Figure
systems, we have evaluated the polarizability and the vertical 2a depicts the distance of the chloride anion from the center of
IP of CI” in the CI"(H2O)s complex, employing five snapshots the slab as a function of time. It can be seen that, during this
separated by 1 ps from our previous E&arrinello ab initio particular trajectory, Cl initially remains more or less at the
molecular dynamics simulati@rat 250 K. The results, sum-  surface, while at 290 ps it “dives” into the bulk. Thus, by ab
marized in Table 2, indicate several interesting trends. All the initio evaluation of Ct polarizabilities and IPs along the
structures from the CafParrinello simulation at ambient trajectory we can explore the influence of the position of the
temperature correspond to a surface location of the chloride chloride anion in the slab on these properties.
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significantly larger polarizability than the interior geometries.
This lack of stronger correlation is clearly due to the liquid
disorder at separations smaller than the mean screening distance
of Coulomb interactions, and due to the fact that in the liquid
the solvation energy of chloride is roughly the same in the bulk
and at the interface. The present results indicate that the use of
a single value of anion polarizability for MD simulations is
justified, although one should realize that the chloride anion
polarizability can fluctuate by as much as 10%. We note that
the present mean value around 4 fwhich represents a
reduction of 30% compared to the gas phase) is slightly larger
than values between 3.25 and 3.7% dppearing in the current
literature?-1-13:43|n our previous MD studies, we have shown
that the somewhat surprising appearance of chloride anions at
the air-water interface is primarily due to the large value of
the CI-polarizability>'! From this perspective, it is encouraging
that the actual value of the aqueous chloride anion polarizability
is most likely slightly larger than the value we have employed
in our earlier studies. Therefore, in reality the propensity of the
chloride anion for the interface of an aqueous solution is likely
to be even stronger than predicted previodsii?

IV. Conclusions

With the use of accurate ab initio calculations based on
geometries obtained from classical or €&arrinello MD
simulations, we have shown in this paper that aqueous environ-
ment significantly reduces the polarizability of the chloride
anion. In clusters, this effect is more pronounced for interior
than for surface ionic solvation. In the extended liquid, the
difference between chloride polarizabilities in the bulk and at
the air-water interface is less pronounced, and a single value
around 4 R can be employed.
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