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Resumé

Predkladana disertace shrnuje autorovy vypocetni studie chovani iontli na vodnych
povrsich. Piivodni inspirace k této praci vzesla z méteni reaktivity aerosolti moiské vody ve
znecisténé primotské atmosféie. Tento jev se podarilo vysvétlit pomoci povrchovych reakei
na téchto aerosolech, coz nas ale zarovei piivedlo do rozporu s Onsagerovou teorii povrcht
elektrolytd. Podle ni jsou inorganické ionty z povrchu solnych roztokli odpuzovany a svrchni
monomolekularni vrstva se sklada z ¢isté vody. Nase molekulové dynamické vypocty
¢i flor se skute¢n¢ chovaji podle Onsagerova modelu. M¢kké (polarizovatelné) ionty se ale na
povrchu vody vyskytuji a mohou se tak ucastnit povrchovych chemickych reakci. Nékteré
ionty (napf. bromid, iodid, ¢i hydroxoniovy kation) se dokonce na vodnim povrchu
akumuluji. Nase teoretické predpovédi, poprvé zvetejnéné v r. 2000, jsou v poslednich péti
letech potvrzovany fadou povrchové citlivych spektroskopickych méfeni.

Disertace se sklada z 40 ptivodnich, 2 zvanych a 2 ptehlednych ¢lanki a 3 kniznich
kapitol, tykajicich se problematiky iontli na rozhrani voda/vzduch. Tyto prace lze rozd¢lit do
péti podskupin. Prvni zahrnuje ¢lanky zamétené na atmosférické aplikace iontl na slanych
kapkéch. Druhé skupina podava moderni fyzikdlné-chemicky obraz povrchu elektrolyti,
zalozeny na molekulové dynamickych simulacich. Tteti skupina publikaci rozsituje
problematiku na povrchovou hydrataci organickych iontt. Fazovych pfemén (krystalizace,
mrznuti) v slanych roztocich a vlivu povrchu se vénuji ¢lanky ve ¢tvrté skupin€. Konecne paté
skupina zahrnuje studie vodnych klastrt s ionty, které slouzi zejména jako modelové systémy.

Soubor publikaci je doplnén tivodem, které podava autortiv subjektivni pohled na
problematiku s cilem ,,vtdhnout ctenafe do d&je*, kratkym komentafem k jednotlivym

publikacim, shrnujicim zadvérem a kratkym seznamem literatury.



Introduction

The original inspiration for our molecular dynamics studies of ions at the air/water
interface came from experimental investigations of atmospheric aerosols. Aerosols are natural
or anthropogenic particles suspended in the atmosphere. These particles are either solid (e.g.,
soot, dust, salt, and ice particles) or liquid (water droplets and aqueous sea-salt aerosols), with
typical sizes ranging from 100 nm to several milimeters'. Figure 1 schematically depicts

processes involving atmospheric aerosols.
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Flg 1: Schematic picture of processes involving atmospheric aerosols (courtesy of D.

Dabdub from UC Irvine).
The role of aerosols in the physics of cloud formation is relatively well recognized and
appreciated”. In a nutshell, solid microparticles of soluble salts, such as sulfates, nitrates, or

chlorides, serve as cloud condensation nuclei, on which droplets are formed, while ice



particles grow on mineral dust (clay) aerosols. Aerosols also play an important role in the
global radiative balance'. In a direct way, they reflect and scatter the incoming solar radiation.
Indirectly, their amount and composition influences the cloud coverage and, consequently the
Earth albedo. Quantitatively, these effects are not very well established, however, current
estimates show that aerosols can reduce by up to 50 % the global warming effect of the
greenhouse gases’. In polluted areas aerosols represent a considerable health risk and as such
are being closely monitored via the so called PM10 and PM2.5 indices, reflecting integral
concentration of particles of average sizes of 10 and 2.5 microns'. Finally, atmospheric
aerosols serve as “reactors” for important chemical processes in the atmosphere. This fact has
been largely overlooked until it has been conclusively demonstrated less than two decades ago
that heterogeneous halogen chemistry on particles forming polar stratospheric clouds is
responsible for the creation of polar ozone holes'. Since then, increasing effort has been

directed to elucidation of chemical processes occurring on or in atmospheric aerosols.

Chemistry on aqueous sea salt aerosols

While gas phase chemistry can be usually satisfactorily described via rate constants and
kinetic equations a much more detailed, molecular picture is required for understanding
processes taking place on solid particles and in or on aqueous aerosols. Of particular
importance is the surface layer of the aerosols, which comes directly into contact with the
reactive gases present in the atmosphere. We cannot hope for understanding the aerosol
chemistry without properly describing this interfacial layer and its ability to adsorb
atmospheric gases. In this light, it is surprising how little is known at the molecular level
about the surfaces of the most ubiquitous and generic atmospheric aerosols, such as aqueous

sea salt particles, ice crystals, and water microdroplets.



One of the first heterogenous tropospheric reaction, which has been elucidated at a
detailed molecular level, is the production of molecular chlorine from aqueous sea salt
aerosols in the presence of ozone and UV radiation®. A combined experimental and
computational study, involving also the author of this proposal, showed that this reaction,
which is important for the chemistry of the marine boundary layer, takes place primarily at the
air/water interface of the aqueous sea salt particles.’

Figure 2 schematically shows the interfacial formation of Cl, by a direct charge transfer from

chlorides, present in the aerosols, to atmospheric hydroxyl radicals.
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Fig. 2: Mechanisms of Cl, formation from aqueous sea salt aerosols (adopted from Ref. 5).

Characterization of ions at aqueous surfaces

Aqueous surfaces and interfaces are ubiquitous and play an important role not only in
the atmosphere but also in many technological processes (even unwanted ones such as
corrosion). The anisotropic and heterogeneous interfacial region is typically only a few
molecular diameters wide. While many established techniques exist for characterizing solid
surfaces with atomic resolution, the situation is different for liquid aqueous interfaces.

Primarily due to surface disorder, capillary waves, and volatility of liquid water, our



knowledge about the detailed molecular structure of these interfaces has been rudimentary
until recently. This has changed, however, within the last decade thanks to molecular
simulations and modern spectroscopic techniques.

. For experiment, one of the greatest inherent challenges is the lack of sensitivity due
to the relatively small number of molecules occupying the interface relative to the bulk. Sum
frequency generation® and second harmonic generation’ are nonlinear spectroscopic
techniques that are surface sensitive because the signal vanishes in centrosymmetric media.
Another method, photoelectron spectroscopy” is a sensitive probe of solute-solvent
interactions but for volatile liquids such as water it was long considered technically
unfeasible. However, with the recent advent of liquid microjets, which do not obscure the
measurements with large amounts of water vapor, such experiments became possible. The
surface selectivity comes from the finite mean free path of photoelectrons in water which can
be as short as sub-nanometer for certain photon energies. The above techniques thus continue
to emerge as powerful experimental approaches to probing structure and dynamics at aqueous
interfaces.

Present progress in molecular level understanding of aqueous interfaces is a nice
example of fruitful feedbacks between experiments on one side and theory and simulations on
the other side. Based on molecular dynamics simulations we were able to suggests a new view
on surfaces of aqueous electrolytes.” Unlike the traditional picture of surfaces of inorganic salt

solutions being practically devoid of ions, "

simulations employing polarizable force fields
indicated that soft ions (e.g., heavier halides, azide, or thiocyanite), as well as hydronium,
exhibit a significant propensity for the air/water interface.”'> The computational results,
supported by surface selective spectroscopic measurements, were analyzed in terms of Gibbs

adsorption thermodynamics and used for rationalizing heterogeneous tropospheric chemistry

in the marine boundary layer.’



Molecular picture from computer simulations

The traditional, ion-free picture of the surfaces of aqueous salt, acid, and base
solutions is based on a model of a charged spheres in a dielectric continuum."® Electrostatic
forces described within this model are important but they do not provide the whole picture.
Such a model, e.g., does not distinguish between cation vs. anion solvation, since it lacks
specific ion-water interactions in the first solvation shell, as well as polarization and
dispersion effects, and it also underestimates solvation entropy effects.

Continuum models thus should not be pushed beyond their range of validity, i.e., to
effects at sub-nanometer separations where the granularity of the ion-water and water-water
interactions is of a key importance. This involves the first solvation shell structure, as well as
the detailed behavior of ions at aqueous interfaces. Theoretical questions at the Angstrom
scale can hardly be properly addressed without calculations with atomic resolution.
Statistically averaged results containing all the molecular details can be obtained by
Molecular Dynamics (MD) or Monte Carlo (MC) simulations.”'? These simulations employ
either an empirical force field (i.e., a prescribed interatomic interaction potential of an
analytical form) or the Car-Parrinello approach, where forces are evaluated by quantum
chemical methods such as the different variants of the density functional theory."* MD and
MC calculations do not involve any macroscopic parameters (e.g., dielectric constants) but
rather derive all properties from motions of mutually interacting atoms. An ion containing
aqueous interface within this picture is shown in Figure 3. This snapshot from our MD
simulation demonstrates the atomic resolution one can obtain with all the details concerning
ion distributions, molecular orientations, hydrogen bonding patterns, and surface corrugation

accessible for analysis.



Fig. 3: A cut from a snapshot from our molecular dynamics simulation of an aqueous salt

solution/vapor interface demonstrating the atomic resolution of the obtained picture. The

particular system shown here is NaBr(aq) with sodium in green and bromide in gold color.

Our calculations show the importance of a detailed molecular description of the
air/solution interface which accounts both for interactions within the first solvation shell and
for long range effects.” In particular, ion and water polarization, solvent exclusion, and
hydrogen bonding rearrangements determine whether or not a particular ion is found at the
aqueous surface. A new view of inorganic ions at the air/water interface is emerging from our
simulations, which is supported by surface selective spectroscopic experiments.” As

mentioned above, traditionally, surfaces of aqueous electrolytes are described as inactive and



practically devoid of ions.'*"

This is true for hard (non-polarizable) ions, such as fluoride and
alkali cations. However, due to specific ion effects, and polarization interactions in particular,
soft (polarizable) monovalent anions, such as the heavier halides and other polarizable
inorganic anions exhibit a propensity for the air/water interface. Similarly, the hydronium
cation shows an affinity for the aqueous surface, albeit primarily due to its specific hydrogen
bonding features.” Surface propensity has also been investigated for different organic ions
(e.g., carboxylate anions) where the main surface driving force is the hydrophobic effect.'
Finally, differences in surface and bulk behavior of ions between liquid water and ice were
studied via simulations of ice nucleation and crystallization in aqueous solutions. Unlike

water, ice is an extremely bad solvent which leads to the effect of brine rejection from

freezing salt solutions. '®

Conclusions

The presence and, in some cases, even enhancement of ions soft ions at aqueous
interfaces has important consequences for heterogeneous physics and chemistry relevant both
for technology and for atmospheric processes. This is true for extended aqueous surfaces and,
in particular, for small droplets which have a large surface-to-bulk ratio. Probably the best
known example of such a process is the production of molecular chlorine and other reactive
halogen compounds at the surfaces of aqueous sea salt aerosols in the polluted marine
boundary layer. Our simulations have been pioneering in the sense of predicting the existence
of polarizable ions at the air/water interface which is being confirmed by experiment, in

particular by surface selective spectroscopic techniques.
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Experiments and Simulations of
lon-Enhanced Interfacial
Chemistry on Aqueous NacCl
Aerosols

E. M. Knipping," M. ]. Lakin,? K. L. Foster,? P. Jungwirth,?
D. . Tobias,? R. B. Gerber,>* D. Dabdub," B. ). Finlayson-Pitts**

A combination of experimental, molecular dynamics, and kinetics modeling
studies is applied to a system of concentrated aqueous sodium chloride particles
suspended in air at room temperature with czone, irradiated at 254 nanometers
to generate hydroxyl radicals. Measurements of the observed gaseous molec-
ular chlorine product are explainable only if reactions at the air-water interface
are dominant. Molecular dynamics simulations show the availability of sub-
stantial amounts of chloride ions for reaction at the interface, and quantum
chemical calculations predict that in the gas phase chloride ions will strongly
attract hydrox| radicals. Model extrapolation to the marine boundary layer
yields daytime chlorine atom concentrations that are in good agreement with
estimates based on field measurements of the decay of selected organics over
the Southern Ocean and the Morth Atlantic. Thus, ion-enhanced interactions
with gases at aqueous interfaces may play a more generalized and important
role in the chemistry of concentrated inorganic salt solutions than was pre-
viously recognized.

J. Phys. Chem. B 2000, 104, 7702—7706

301

Surface Effects on Aqueous Ionic Solvation: A Molecular Dynamics Simulation Study of
NaCl at the Air/Water Interface from Infinite Dilution to Saturation

Pavel Jungwirth*’ and Douglas J. Tobias?

J. Heyrovsky Institute of Physical Chemistry, Academy of Sciences of the Czech Republic, Dolejskova 3,

18223 Prague 8, Czech Republic, and Department of Chemistry and Institute of Surface and Interface Science,

University af California at Irvine, Irvine, Caljfornia 92697-2025
Received: March 13, 2000; I Final Form: May 31, 2000

The concentration dependence of the behavior of the Na™ and C1™ ions solvated mn a water slab has been
mvestigated using molecular dyvnamics simulations employing a polarizable potential model. At all
concentrations, the sodium 1ons are almost exclusively located in the interior, while the chloride anions occupy
also a significant portion of the surface of the slab. This difference, which has important consequences for
the atmospheric reactivity of aqueous sea-salt microparticles (microbrines), i1s discussed in terms of the relative
sizes and polarizabilities of the two 10ons. The salt concentration, which has been vaned from infinite dilution
to saturation, has a strong effect on many physical properties, such as the ion solvation numbers and the
degree of 10n paming, which are quantified separately for the inferior and surface regions of the water slab.
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J. Piys. Chem. 4 2000, 104, 145—148 145

How Many Waters Are Necessary To Dissolve a Rock Salt Molecule?

Pavel Jungwirth

J Heyrovsky Institure af Physical Chemistry, dcademy of Sciences of the Czech Republic,
Dolgjskova 3, 18223 Prague 8, Czech Republic

Received: August 24, 1999, In Final Form: October 19, 1999

It 15 textbook knowledge that in order to dissolve rock salt in liquid water at ambient conditions at least mine
water molecules per salt molecule are needed. An obwious but until now unsolved question arises: How
many water molecules are necessary to solvate a single sodium chloride molecule? In other words, what 1s
the smallest water cluster in which a solvent separated Na™/Cl™ ion pair becomes stabilized? The answer,
based on accurate gquantum chemical calculations, 1s that simple extrapolation from the liquid i1s quantitatively
wrong and that the hexamer represents the smallest water species that dissolves the NaCl molecule.

JOURNAL OF CHEMICAL PHYSICS VOLUME 114, NUMBER 16 22 APRIL 2001

Surface solvation of halogen anions in water clusters: An ab initio
molecular dynamics study of the CI" (H;0)g complex

Douglas J. Tobias®
Department of Chemisiry and Institute for Surface and Interface Science, University of California, Irvine,
California 92697-2025

Pavel Jungwirth
J. Heyrovsky Institute of Physical Chemistry, Academy of Sciences of the Czech Republic and Center
Jor Complex Molecular Systems and Biomolecules, Dolejskova 3, 18223 Prague §, Czech Republic

Michele Parrinello
Max-Planck-Institut flir Festkorperforscinmg, Heisenbergsirasse 1, D-70379 Smitgart, Germany

(Recerved 17 November 2000; accepted 9 February 2001)

The structure and dynamics of C17{H;0)s has been studied by ab inifio molecular dynamics using
the Car—Parrinello approach, and compared to results of ab initio quantum chemical caleulations.
molecular dvnanucs based on both polarnizable and nonpolanizable empirical potentials, and
vibrational spectroscopy. The electronic structure methodology (density functional theory with the
gradient-corrected BLYP exchange-correlation functional) used m the Car—Parnnello dynamics has
been shown to give good agreement with second-order Maoller—Plesset results for the structures and
energies of CI7(H,0),. n=1-4. clusters. The configurational sampling during the 5 ps ab initio
molecular dynamics simulation at 250 K was sufficient to demonstrate that the chlonde anion
preferred a location on the surface of the cluster which was significantly extended compared to the
munimum energy geometry. The structure of the cluster predicted by the polarizable force field
simulation is in agreement with the ab initio simulation, while the nonpolarizable force field
calculation was 1n qualitative disagreement. predicting an interior location for the anion. The time
evolution of the electronic structure during the ab imitio simulation was analyzed in terms of
maximally localized orbitals (Wanmier functions). Calculation of the dipole moments from the
centers of the Wanmier orbitals revealed that the chlonide anion 1s significantly polarized, and that
the extent of water polarization depends on location in the cluster, thus underscoring the importance
of electronic polarization i halogen ion solvation. The infrared absorption spectrum was computed
from the dipole—dipole correlation function, mcluding both nuclear and electronic contributions.
Aside from a systematic redshift by 3%—3% 1n the frequencies, the computed spectrum was m
quantitative agreement with vibrational predissociation data on C17(H;0)s. Our analysis suggests
that accounting for anharmonicity and couplings between modes is more important than the fine
tuning of the electronic structure method for the quantitative prediction of hydrogen bond dynamics
1n agqueous clusters at elevated temperatures. © 2007 American Institute of Plhysics.

[DOT: 10.1063/1.1360200]
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10468 J. Phys. Chem. B 2001, 105, 10468—10472

Molecular Structure of Salt Solutions: A New View of the Interface with Implications for
Heterogeneous Atmospheric Chemistry

Pavel Jungwirth™ and Douglas J. Tobias*#

J. Heyrovsky Institute of Physical Chemistry, Academy of Sciences of the Czech Republic, and

Center for Camplex Molecular Svstems and Biowmaolecules, Dolefjskova 3, 18223 Prague 8, Czech Republic,
Department of Chemistry, University of Southern California, Los Angeles, California 90089-0452, and
Department of Chemistry and Institute for Swrface and Interface Science, University of Calffornia,

Irvine, California 92697-2025

Received: July 17, 2001

MMost salts raise the surface tension of water. Interpretation of this phenomenon via the Gibbs adsorption
equation has led to the commonly held belief that the ions are repelled from the air/solution interface. Here,
we report results from molecular dynamics simulations of a series of sodium halide solution/air interfaces.
The stmulations reproduce the experimentally measured increases mn surface tension relative to pure water.
Analysis of the structure reveals that the small, nonpolarizable fluoride anion is excluded from the interface,
in accord with the traditional picture. However, all of the larger. polarizable halide anions are present at the
interface, and bromide and i1odide actually have higher concentrations in the interfacial region than in the
bulk. On the basis of the simulations we develop a molecular picture of hydrogen bonding 1n the interfacial
region that might be tested by surface sensitive spectroscopic experiments. The novel, microscopic view of
the interfacial structure of aqueous salt solutions presented in this paper has implications for the reactivity of
sea salt aerosols in the marine boundary layer, and bromine chemistry in the remote Arctic at polar sunrise.

T Piys. Chem. 4 2002, 106, 379—383 379

Chloride Anion on Aqueous Clusters, at the Air—Water Interface, and in Liquid Water:
Solvent Effects on CI- Polarizability

Pavel Jungwirth* " and Douglas J. Tobias®

J Hevrovsky Institute of Physical Chemistry, Academy of Sciences of the Czech Republic and Center for
Complex Molecular Svstems and Biomolecules, Dolejskova 3, 18223 Prague 8, Czech Republic,
Department of Chemistry, University of Southern California, Los Angeles, California 90089-0482, and

Department of Chemistry and Institute for Surface and Interface Science, University of California,
Irvine, California 92697-2025

Received: May 31, 2001, In Final Form: October 30, 2001

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 and Car—Parrinello
molecular dynamics simulations. It 15 shown that a water environment significantly reduces the halide
polarizability on clusters, at mterfaces, and in the bulk. In the relatively nigid 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 1s much weaker. Therefore, a single effective value around
4 A?* may be employed for the chloride anion polarizability in aqueous environments.
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J. Phys. Chem. 4 2002, 106, 1286—1298

Excited States of Iodide Anions in Water: A Comparison of the Electronic Structure in
Clusters and in Bulk Solution

Stephen E. Bradforth*" and Pavel Jungwirth™*

Department of Chemistry, University of Southern California, Los Angeles, California 90089-0482, and
J. Heyrovsky nstitute of Physical Chemistry, Academy of Sciences aof the Czech Republic and Center for
Complex Molecular Svstems and Biomolecules, Dolejskova 3, 18223 Prague 8, Czech Republic

Received: August 7, 200I; In Final Form: November 12, 2001

A new computational approach for calculating charger-transfer-to-solvent (CTTS) states of anions 1n polar
solvents 1s presented. This 1s applied to the prototypical aqueous 1odide svstem when the anion 1s placed in
the interior or at the gas—liquid mterface of a bulk water solution or hvdrated m small gas phase clusters.
The expermmental vertical detachment energies and CTTS transition energies are quantitatively reproduced
without any adjustable parameters. The representative shapes of bulk CTTS wave functions are shown for
the first time and compared with cluster excited states. The calculations start with an equilibrium classical
molecular dynamics simulation of the solvated anion. allowing for an extended sampling of nitial
configurations. In the next step. ab initio calculations at the MP2 level employing an extended diffuse basis
set are performed for the anionic ground and lowest triplet state, as well as for the corresponding neutral
system. It 1s argued that due to the small singlet—tnplet sphitting, the triplet state i1s a good model for the
experimental CTTS state. The present calculations on aqueous 1odide 1on are made computationally feasible
by replacing all water molecules (or all waters except for the first solvation shell) by fractional point charges.
It 1s concluded that the bulk wave function 1s mamly defined by the instantaneous location of voids in the
first solvation shell, which arse due to thermal diserder in liquid water. The key ingredient to CTTS binding
i the bulk 1s the long-range electrostatic field due to the preexisting polanization of water molecules by the
ground state 1odide 1on. This 1s very different from the situation in small water clusters, where the CTTS
state is an order of magnitude more fragile due to the lack of long-range polarization. Therefore, it is argued
that the electronic structure of small halide clusters cannot be directly extrapolated to the bulk.

J. Phys. Chem. B 2002, 106, 63616373
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Tons at the Air/Water Interface

Pavel Jungwirth*™¥ and Douglas J. Tohias*H!

J. Hevrouvsky Institute of Physical Chemistry, Academy of Sciences of the Czech Republic and Center for
Complex Molecular Systems and Biomelecules, Dolejskova 3, 18223 Prague 8, Czech Republic, and
Department of Chemistry and Institute for Swrface and Interface Science, University of California,
Trvine, Califarnia 92697-2023

Received: January 24, 2002; In Final Form: March 23, 2002

We present results from theoretical studies of aqueous 1onic solvation of alkali halides aimed at developing

a microscopic description of structure and dvnamics at the interface between air and salt solutions.

The

traditional view has depicted the air/solution interface of simple electrolytes as being devoid of ions. However,
1t 1s now firmly established that polarizable amions, such as the heavier halides, occupy the surface of small
to medium sized water clusters. Using a combination of theoretical calculations, including ab initio quantum
chemistry, Car—Parnnello molecular dynamics simulations, and pnimanly molecular dynamics simulations
based on polarizable force fields, we present a umified view of the interfacial structure of aqueous 1onic
clusters and bulk solutions. Indeed. we demonstrate that the heavier halogen anions have a propensity for the
interface that is proportional to their polarizability. The cluster results are directly supported by existing
experimental and theoretical studies, and the bulk solution results are indirectly supported by several recent
expeniments. The novel view of the ionic solution/air interface presented here has also implications for dynamics
following photoexcitation and electron photodetachment of 1ons. Moreover, the present results provide mnsight
into heterogeneous atmospheric chemistry leading to halogen release from sea salt aerosols in the lower

marine tropesphere and from the Arctic snowpack during polar sunnse.
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Quantum Dynamics and Spectroscopy of Electron Photodetachment in C1™+H20 and
Cl" D20 Complexes

10.

Martina Roeselova,” Martin Mucha,” Burkhard Schmidt,’ and Pavel Jungwirth*’

J. Heyrovsky Institute of Physical Chemistry, Academy of Sciences of Czech Republic and Center for Complex
Molecular Systems and Biomolecules, Dolejskova 3, 18223 Prague, Czech Republic, and Institut fiir
Mathemarik, Scientific Computing, Freie Universitat Berlin, Arnimallee 2-6, 14195 Berlin, Germany

Received: Julv 15, 2002; In Final Form: Octaber 3, 2002

We have modeled electron photodetachment spectra of CI7++*H;0 and C1™++*D,0 complexes using 3D quantum
dynamical simulations on the three low-lying electronic states of the nascent neutral systems. Time-dependent
quantum simulations combined with anionic and neutral stationary-state calculations by imaginary time
propagation allowed for a detailed interpretation of the spectral features 1n terms of the underlying dynamies.
Because of large differences between the anionic and neuntral potential surfaces, the systems are found after
electron photodetachment primanly high above the dissociation threshold. Nevertheless, pronounced long-
lrved resonances are observed, particularly for the lowest neutral state, reflecting the fact that a significant
portion of the excess energy 1s nitially deposited into nondissociative modes, that 1s. to (hindered) water
rotation. These resonances form bands corresponding to water rotational states with a fine structure due to
intermolecular stretch progressions. Comparison 1s made to experimental zero electron kinetic energy (ZEKE)
spectra of the I7++*H,0O complex, where analogous anharmonic vibrational progressions have been observed.

Available online at www.sciencedirect.com
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Polarizability and aqucous solvation of the sulfate dianion

Pavel Jungwirth **, Joseph E. Curtis °, Douglas J. Tobias °

& 1. Heyrovsky Institute of Physical Chemistry, Academy of Sciences of the Czech Republic and Center for Complex Molecular Systems
and Biomolecules, Dolefkova 3, 18223 Prague 8, Czech Republic
Y Department of Chemistry and Institute for Surface and Interface Science, University of California, Irvine, CA 92697-2025, USA

Received 26 September 2002; in final form 29 October 2002

Abstract

Polarizability of the sulfate dianion solvated in waler clusters and 1n an extended waler slab is mvestigated by a
combination of ab mitio calculations and classical and Car-Parninello molecular dynamics. Quantum chemistry cal-
culations at the MP2/aug-ce-pvde level are performed for structures obltaimed from molecular dynamics simulations
replacing waler oxygens and hydrogens by [ractional point charges. Sullate polarizability in bulk water amounts to
roughly 7 A" Despite this large value SOi_ clearly prefers interior over surface solvation, in accord with previous
experimental evidence for large aqueous clusters.
© 2002 Elsevier Science B.V. All rights reserved.
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12 Physical Properties and Atmospheric
Reactivity of Aqueous Sea Salt Micro-Aerosols

Pavel Jungwirth

Summary. Aqueous sea salt micro-aerosols play an important role in the heteroge-
nous chemistry of the lower marine troposphere both in polluted and in remote
areas. ln particular, reactions with gases such as ozone or OH radicals leading to
the release of molecular chlorine have been intensely studied, both experimentally
and theoretically. Moreover, thin layers of sea water deposited on Arctic ice packs
have been discovered to be a ma Jjor souree of reactive bromine species which destroy
the surface ozone layer during polar sunrise. ‘There is increasing evidence that the
air-water interface is of a key importance in these chemiral processes. Despite this,
little has been known about the structure and physical properties of agquens sea
salt aerosols at a detailed, molecular level. Here, we summarize results of classi-
cal molecular dynamics, Car-Parrinello molecular dynamics and ab ingtio quantim
chemistry calculations on concentrated aqueous sodium chloride and bromide solu-
tions confined to cluster and slab goometries. The main questions addressed by the
simulations comeern the onset of NaCl ionic solvation in water clusters, transition
from clusters to slabs, structure of solvation lavers and degree of ion pairing in con-
centrated solutions with confined geometries. A key result of the simulations is the
observation that polarizable halogen anions (chloride and bromide) are present at
the air-water interface of bulk solutions in amounts sullicient for the heterogenous
atmospheric chemistry to take place. The calculations also reveal that bromide ac-
tually exhibits surfactant activity, i.e. its concentration at the interface is higher
than in the bulk. This is in accord with the observed enhanced atmospheric re-
activity of aqueous bromide compared to chloride and with SEM experiments on
wetting and re-drying of NaCl/NaBr co-cTystals.

V. Buch J.P. Devlin (Eds.)

Water
in Confining
Geometries
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Salt Crystallization from an Evaporating Aqueous Selution by Molecular
Dynamics Simulations

Martin Mucha and Pavel Jungwirth™
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Molecular simulations of crystal nucleation and growth from an evaporating salt solution are presented. Despite
the fact that crystallization from solution 15 the most common way of producing crystals 1n nature, 1t has not
been simulated on a computer with molecular resolution. We show that such calculations are feasible both
for clusters and for extended systems. containing initially an almost saturated solution of sodium chloride.
Moreover, we demonstrate that, within a broad range of external conditions, the nanosecond time scale computer
simulations robustly and reproducibly display the onset of salt crystallization from solution. We also provide
analysis at an atomic resolution and establish the role of water molecules in the process. The present simulations
provide unique information about the mechanism and dvnamics of nucleation and crvstal growth from an
evaporating solution. Such information can be used for predictions of morphologies and growth rates of
macroscopic crystals from first principles.

13.

Agueous Salt Nanodroplets 2283

VAN DER WAALS ATTRACTION AND COALESCENCE OF AQUEOUS
SALT NANODROPLETS

Pavel JUNGWIRTH"* and Victoria Buct?®
I Heyrovsky Institute of Phiysical Chemistry, Academy of Sciences of the Czech Republic and
Center for Complex Molecilar Systems and Biomaolecules, DolejSkova 3, 182 23 Prague 8,
Crech Republic; e-mail: pavel fungwirtheEjh-inst.cas.cz
b Department of Physical Chemistry and Fritz Haber Center for Molecular Dynamics,
The Hebrew Universily of Jerusalem, Jerusalem 91904, Israel; e-mail: viki@fh hajiac.il
Collect, Crech, Chem. Commun, Vol 68) (2003}

Collisions of aqueous salt nanodroplets at zero iIniltial relative velocity are investigated by
means of molecular dynamics simulations. The character of the van der Waals interactions,
which bring the droplets together and cause coalescence, is described in detail, and the pa
rameters of the droplet-droplet potential are extracted from the collisional trajectories. Con
centration and size effects, together with implications for cloud and precipitation modeling

are discussed.
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Impact, Trapping, and Accommodation of Hyvdroxyl Radical and Ozone at Aqueous Salt
Aerosol Surfaces. A Molecular Dynamics Study
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Phys, Cheme Chem. Phys, 2003, 5, 3752-3757 .

Martina Roeselova,*” Pavel Jungwirth,” Douglas J. Tobias,” and R. Benny Gerber=§
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Received: May 8, 2003; In Final Form: August 14, 2003

Collisions of the gaseous hydroxyl (OH) radical and ozone (O;) with the surfaces of sodium chloride or
iodide solutions, as well as with the surface of neat water, were investigated by molecular dynamics simulations.
The principal intent was to answer atmospherically relevant questions concerning the trapping and
accommodation of the OH and O; species at the surface and their uptake into the bulk solution. Although
trapping is substantial for both species, OH adsorbs and absorbs significantly better than O: Most of the
trapped O; molecules desorb from the surface within 50 ps, whereas a significant fraction of OH radicals
remains at the interface for time intervals exceeding 100 ps. The aqueous surface has also an ortentational
effect on the OH species. favoring geometries with the H atom pointing toward the aqueous bulk. The effect
of the dissolved salt on the trapping efficiency is minor; therefore, most likely, atomic ions solvated in aqueous
aerosols do not act as strong scavengers of reactive gases in the atmosphere. However, frequent and relatively
long contacts between the adsorbed molecules and halide anions do occur, allowing for heterogeneous
atmospheric chemistry in the interfacial layer.

Polarizability of the nitrate anion and its solvation at the
air/water interface

Pedro Salvador,” Joseph E. Curtis,” Douglas J, Tobias® and Pavel Jungwirth*®

d00d

@ J. Hevrovsky' Institute of Physical Chemistry, Academy of Sciences of the Czech Republic and
Center for Complex Molecular Systems and Biomolecules, Dolejskova 3, 18223 Prague 8,
Czech Republic. E-mail: Pavel Jungwirthiwih-inst.cas.cz

b Institute of Computational Chemistry, University of Girona, Campus Montilivi,

17071 Girona, Spain

 Department of Chemistry and Institute for Surface and Interface Seience,

University of California, Irvine, CA 92697-2025, USA

Received 25th April 2003, Accepted 2nd July 2003
First published as an Advance Article on the web 24th July 2003

The anisotropic molecular polarizability of the nitrate anion and its decomposition into atomic contributions
is studied using @b initio quantum chemistry and the Atoms in Molecules theory. Aqueous solvation of NO4™ in
interfacial environments is investigated by a Car-Parrinello molecular dynamics simulation of a cluster, and
classical molecular dynamics of an extended slab system with bulk interfaces using a polarizable force field
based on the Atoms in Molecules analysis. Both in aqueous clusters and in systems with extended interfaces the
nitrate anion clearly prefers interfacial over bulk solvation. This is primarily due to its large value of molecular
polarizability, the gas phase value of which is reduced by only 5-10% in the aqueous environment. For
polarizable force field simulations of ioni¢ solvation, we recommend to cast the NO,~ polarizability into
three equal contributions of roughly 1.3 A* placed on the oxygen atoms of the anion.
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Adsorption of Atmospherically Relevant Gases at the Air/Water Interface: Free Energy
Profiles of Aqueous Solvation of N1, 02, O3z, OH, H.0, HO;2, and H20;
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Free energy profiles associated with moving atmospheric gases or radicals across the air/water interface were
calculated as potentials of mean force by classical molecular dynamics simulations. With the emploved force
field, the experimental hydration free energies are satisfactorily reproduced. The main finding 15 that both
hydrophobic gases (nitrogen, oxvgen, and ozone) and hvdrophilic species (hydroxyl radical, hydroperoxy
radical, or hydrogen peroxide) have a free energy minimum at the air/water interface. As a consequence, it
1s inferred that atmospheric gases, with the exception of water vapor, exhibit enhanced concentrations at
surfaces of aqueous aerosols. This has important implications for understanding heterogeneous chemical
processes in the troposphere.

J. AM. CHEM. SOC. 2004, 125 876—833
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Solvent-Mediated Folding of a Doubly Charged Anion

Xin Yang, ™ You-Jun Fu T+ Xue-Bin Wang, T+ Petr Slavicek ¥ Martin Mucha 5!
Pavel Jungwirth,*%! and Lai-Sheng Wang*t+
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2710 University Drive, Richland, Washingron 99352, W. R. WWiley Environmental
Molecular Sciences Laboratory, Pacific Novtiwest National Laboratory, P.O. Box 999,
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Dolgiskora 3, 18223 Prague 8, Czech Republic

Received August 25, 2003, E-mail: pavel jungwirthi@jh-inst.cas.cz; ls.wang@pnl.gov

Abstract: The microsolvation of the suberate dianion, ~0:C{CHz)sCO2, with two separate charge centers
was studied by photoelectron spectroscopy and molecular dynamics simulation one solvent molecule at a
time for up to 20 waters. It is shown that the two negative charges are sclvated in the linear suberate
alternately. As the solvent number increases, the negative charges are screened and a conformation change
occurs at 16 waters, where the cooperative hydrogen bonding of water is large enough to overcome the
Coulomb repulsion and pull the two negaftive charges closer through a water bridge. This conformation
change, revealed both from the experiment and from the simulation, is a manifestation of the hydrophilic
and hydrophobic forces at the molecular level.
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Solvation of the Azide Anion (N17) in Water Clusters and Aqueous Interfaces: A Combined
Investigation by Photoelectron Spectroscopy, Density Functional Calculations, and
Molecular Dynamics Simulations’

Xin Yang, Boggavarapu Kiran, Xue-Bin Wang, and Lai-Sheng Wang*

Department of Physics, Washington Statre University, 2710 University Drive, Richland, Washingron 99352, and
W R Wiley Environmental Molecular Sciences Laboratory, Pacific Nortinwest National Laboratory, MS K§-88,
P.O. Box, Richland, Washington 99332

Martin Mucha and Pavel Jungwirth

Institute of Organic Chemistry and Biochemistry, Academy of Sciences af the Czech Republic and Center for
Complex Molecular Systems and Biomalecules, Flemingovo nam. 2, 16610 Prague 6, Czech Republic

Received: Jamiary 26, 2004; In Final Form: March 29, 2004

We report a photoelectron spectroscopy and computational study of hydrated N3~ anion clusters, N3~ (H:0),
{(n = 0—16), m the gas phase. Photoelectron specira of the solvated azide anions were observed fo consist of
a single peak, simular to that of the bare N3, but the spectral width was observed to broaden as a function
of cluster size due to solvent relaxation upon electron detachment. The adiabatic and vertical electron detachment
energies were measured as a function of solvent number. The measured electron binding energies indicate
that the first four solvent molecules have much stronger interactions with the solute anion, forming the first
solvation shell. The spectral width levels off at n = 7, suggesting that three waters in the second solvation
shell are sufficient to capture the second shell effect in the solvent relaxation. Density functional calculations
were carried out for N3~ solvated by one to five waters and showed that the first four waters interact directly
with N3~ and form the first solvation shell on one side of the solute. The fifth water does not directly solvate
N3~ and begins the second solvation shell, consistent with the observed photoeleciron data. Molecular dyvnamics
simulations on both solvated clusters and bulk interface revealed that the asymmetric solvation state in small
clusters persist for larger systems and that N3~ prefers interfacial solvation on water clusters and at the extended
vacuum/water interface.
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Propensity of soft ions for the air/water interface

Lubos Vrbka®, Martin Mucha®, Babak Minofar®, Pavel Jungwirth™*,
Eric C. Brown"®, Douglas J. Tobias™*
Anstitute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic,

and Center for Complex Molecular Systems and Biomolecules, Flemingovo nam. 2, 16610 Prague 6, Czech Republic
“Department of Chemistry and Institute for Surface and Interface Science, University of California, Irvine, CA 92697-2025, USA

Abstract

Major recent advances: Results of molecular dynamics simulations with polanzable force fields, supported by surface sensitive
experiments, indicate that the propensity of atomic and hydrophilic molecular 1ons for the air/water interface exhibits strong ion
specificity. While hard. non-polarizable ions are repelled from the interface, soft. polarizable ions exhibit surface affinity.
© 2004 Elsevier Ltd. All nights reserved.

Keywords: Propensity; Soft ions; Air/water interface
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Molecular Structure of Surface-Active Salt Solutions: Photoelectron Spectroscopy and
Molecular Dynamics Simulations of Aqueous Tetrabutylammonium Iodide’
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We report photoelectron measurements and molecular dynamics (MD) simulations with a polanizable force
field of surface-active tetrabutylammonium iodide (TBAI) in aqueous solution. Photoemission is studied for
a photon energy of 100 €V, using a G-gm-diameter liquid jet. Surfactant activity of the TBAI salt at the
solution surface 1s proved by a dramatic (x70) increase of the I (4d) signal, as compared to that of a Nal
aqueous solution for identical salt concentrations. Completion of the segregation monolayer 1s suggested
through the growth of the 1odide photoelectron emission signal, as a function of the salt concentration. Our
experiments reveal identical electron binding energies of iodide in TBAI and Nal aqueous solutions, which
are independent of the salt concentration. Zero or very small spectral shifts of anv feature, including the
low-energy cuteff, suggest that no dipole is formed by TBA™ and I™ ion pairs perpendicular to the surface,
which 1s 1n accord with the simulated 1onic density profiles. Both cations and anions exhibit strong surfactant
activity, thus failing to form a strong electric double layer. While the cations are surface-bound due to
hydrophobic interactions, iodide 15 driven to the vacuum/water interface by its large polarizability. MD
simulations also allow characterization of the thermally averaged geometnes of the surface-active cations, 1n
particular the orientations of the butyl chains with respect to the water surface.
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Counter-lon Effects and Interfacial Properties of Aqueous
Tetrabutylammonium Halide Solutions

Lubos Vibka™ and Pavel Jungwirth™®

A Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic, and Center for

Complex Molecular Systems and Biomolecules, Flemingovo nam. 2, 16610 Prague 6, Czech Republic.

B Corresponding author. Email: pavel jungwirth@uochb.cas.cz

Aqueous solvation of tetrabutylammonium {luoride and iodide was investigaied by means of molecular dynamics
simulations in extended slab geometry. The varying propensities of the individual ions for the air‘water interface
were quantified and analyzed in terms of hydrophobic, polarization, and ion ion interactions, While the cations
behave as standard ionic surfactants, the surface behaviour of the halide counter ions strongly depends on the ionic
size and polarizability—iodide is surface active, while fluoride is repelled from the interface. The counter-ion effects
at different concentrations on the density and charge profiles across the aqueous slab are discussed in detail.
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Bulk versus Interfacial Aqueous Solvation of Dicarboxylate
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Abstract: Solvation of dicarboxylate dianions of varying length of the aliphatic chain in water clusters and
in extended aqueous slabs was investigated using photoelectron spectroscopy and molecular dynamics
simulations. Photoelectron spectra of hydrated succinate, adipate, and tetradecandioic dianicns with up to
20 water molecules were obtained. Even—odd effects were observed as a result of the alternate solvation
mode of the two negative charges with increasing solvent numbers. The competition between hydrophilic
interactions of the charged carboxylate groups and hydrophaobic interactions of the aliphatic chain leads to
conformation changas in large water clusters containing dicarboxylates bigger than adipate. It also leads
to a transition from bulk aqueous solvation of small dicarboxylates to salvation at the water/vapor interface
of the larger ones. Whereas oxalate and adipate solvate in the inner parts of the aqueous slab, suberate
and longer dicarboxylate dianions have a strong propensity to the surface. This transition also has
consequences for the folding of the flexible aliphatic chain and for the structure of aqueous solvation shells
around the dianions.
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Abstract

Thunderclouds are electrified when charge 15 transferred between small and large ice particles
colliding in a cloud that contains strong updrafis. The small ice particles rise with one type of charge
and the large ice particles fall and camry with them downward the other type of charge, which is most
often negative, so that normally lightning lowers negative charge from cloud to the ground. While
the collisional mechanism of thundercloud charging 1s well established, the nature of the charge
transfer between the colliding ice particles is not very well understood on the atomic level, and no
present theory can explain itin full detail. Here we propose a new charge separation mechanism that
is based on molecular dynamics simulations of particle surfaces and collisions, keeping track of the
individual charges as they move in the form of salt ions from one ice particle to another. Under
normal conditions, when sulfates dominate as cloud condensation nuclet, this ionic mechanism 1s
consistent with the prevailing negative charging of graupels in thunderclouds. Moreover, with dearth
ol sulfate anions, the present mechanism predicis a shift toward s positive charging. This fits well o a
large range of observations of enhanced positive lighining, connected with smoke nch in chlondes
and nitrates, that could not be explained satisfactorily previously.

i@ 2005 Elsevier BV, All rights reserved.
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We report the sum frequency generation (SFG) spectra of aqueous sodium 1odide mnterfaces computed with
the methodology outlined by Morita and Hvnes (J. Phys. Chem. B 2002, 106, 673), which 1s based on molecular
dynamics simulations. The calculated spectra are n qualitative agreement with expeniment. Our simulations
show that the addition of sodium 10dide to water leads to an increase in SFG wfensity in the region of 3400
cm !, which 1s correlated with an increase in ordering of hydrogen-bonded water molecules. Depth-resolved
orientational distribution functions suggest that the ion double layer orders water molecules that are
approximately one water layer below the Gibbs dividing surface. We attribute the increase in SFG intensity
to these ordered subsurface water molecules that are present in the aqueous sodmm 1odide/air mnterfaces but
are absent in the neat water/air interface.
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Abstract

Solvation of surface-active tetrabutylammonium iodide (TBAI) in liquid water and in sodium bromide aqueous solution was
investigated by VUV photoelectron spectroscopy and by molecular dynamiecs simulations. The observed signal intensity changes
in the photoemission spectra are consistent with the varying propensities of the different ions for the solution interface. While
the cations are surface-bound due to hydrophobie interactions, the anions are driven to the vacuum/solution interface by their large
polarizability and size. Iodide is more polarizable, and hence more surface-active than bromide, which explains the relatively small
decrease of the iodide photoemission signal when TBAT is dissolved in bromide solution.
© 2005 Elsevier B.V. All rights reserved.
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Abstract: Photoelectron spectroscopy combined with the liquid microjet technique enables the direct probing
of the electronic structure of agueous solutions. We report measured and calculated lowest vertical electron
binding energies of agueous alkali cations and halide anions. In some cases, gjection from deeper electronic
levels of the solute could be observed. Electron binding energies of a given aqueous ion are found to be
independent of the counterion and the salt concentration. The experimental results are complemented by
ab initio calculations, at the MP2 and CCSD(T) level, of the ionization energies of these prototype ions in
the agueous phase. The solvent effect was accounted for in the electronic structure calculations in two
ways. An explicit inclusion of discrete water melecules using a set of snapshots from an equilibrium classical
molecular dynamies simulations and a fractional charge representation of solvent molecules give good
results for halide ions. The electron binding energies of alkali cations computed with this approach tend to
be overestimated. On the other hand, the polarizable continuum model, which strictly provides adiabatic
binding energies, performs well for the alkali cations but fails for the halides. Photon energies in the
expeniment were in the EUV region (typically 100 eV) for which the technique is probing the top layers of
the liquid sample. Hence, the reported energies of aqueous ions are closely connected with both structures
and chemical reactivity at the liquid interface, for example, in atmospheric aerosal particles, as well as
fundamental bulk solvation properties.

J. Phys. Chem. B 2005, 109, 8861—8872 8861
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Investigations of the air—liquid interface of aqueous salt solutions containing ammonium (NHy") and sulfate
(S04 ions were carried out using molecular dynamics simulations and vibrational sum frequency generation
spectroscopy. The molecular dynamics simulations show that the predominant effect of S04 ions, which
are strongly repelled from the surface. is to increase the thickness of the interfacial region. The vibrational
spectra reported are 1n the O—H stretching region of liquid water. Isotropic Raman and ATR-FTIR (attenuated
total reflection Fourier transform infrared) spectroscopies were used to study the effect of ammonium and
sulfate 1ons on the bulk structure of water. whereas surface sum frequency generation spectroscopy was used
to study the effect of these 1ons on the interfacial structure of water. Analysis of the interfacial and bulk
vibrational spectra reveal that aqueous solutions containing SO~ perturb the interfacial water structure
differently than the bulk and, consistent with the molecular dvnamics simulations, reveal an increase in the
thickness of the interfacial region.
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Contrasting current textbook descriptions, a consistent picture of substantial concentration enhancement of
highly polarizable anions at the surface of aqueous electrolyte solutions 1s emerging. Such enhancement may
have important implications for chemistry occurring on aqueous aerosols and ocean surfaces. Here we present
a combined experimental and theoretical mvestigation of the liquid/air interface of aqueous sodmm thiocyanide
at varying salt concentrations. Normalized second harmonic generation intensities fitted to Langmuir isotherms
vield a Gibbs free energy of adsorption of —1.80 keal/mol. These results are in accord with molecular dynamics
simulations 1n slab geometry, which predict an appreciable surface enhancement of SCN-.
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Aqueous solvation of benzene dicarboxylate dianions (BCD?") was studied by means of photoelectron
spectroscopy and molecular dynamics simulations. Photoelectron spectra of hydrated o- and p-BCD?™ with
up to 25 water molecules were obtained. An even—odd effect was observed for the p-BCD?™ system as a
result of the alternate solvation of the two negative charges. However, the high polatizability of the benzene
ring makes the two carboxylate groups interact with each other in p-BCD?, suppressing the strength of this
even—odd effect compared with the linear dicarboxylate diantons linked by an aliphatic chain. No even—odd
effect was ohserved for the o-BCD® system. because each solvent molecule can interact with the two
carboxylate groups at the same time due to their proxmmity. For large solvated clusters, the spectral features
of the solute decreased while the solvent features became dominant. suggesting that both o- and p-BCD? are
situated 1n the center of the solvated clusters. Molecular dynamics simulations with both nonpelarnzable and
polarizable force fields confirmed that all three 1somers (o-, m-, and p-BCD?") solvate in the aqueous bulk.
However, upon methylation the hydrophobic forces overwhelm electrostatic interactions and, as a result, the
calculations predict that the tetramethyl-o-BCD® 1s located at the water surface with the carboxylate groups
anchored 1n the liquid and the methylated benzene ring tilted away from the aqueous phase.
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The molecular structure of the interfacial regions of aqueous electrolytes 1s poorly understood, despite its
crucial importance in many biological. technological, and atmospheric processes. A long-term controversy
pertains between the standard picture of an ion-free surface layer and the strongly 1on specific behavior
indicating in many cases significant propensities of simple inorganic ions for the interface. Here, we present
a unified and consistent view of the structure of the air/solution interface of aqueous electrolytes containing
monovalent inorgamic ions. Molecular dynamics calculations show that m salt solutions and bases the positively
charged 1ons, such as alkali cations, are repelled from the interface, whereas the anions, such as halides or
hydroxide, exhibit a varying surface propensity, correlated primarily with the 1on polarizability and size. The
behavior of acids 15 different due to a significant propensity of hydronium cations for the air/solution interface.
Therefore, both cations and anions exhibit enhanced concentrations at the surface and, consequently, these
acids (unlike bases and salts) reduce the surface tension of water. The results of the simulations are supported
by surface selective nonlinear vibrational spectroscopy, which reveals among other things that the hydronim
cations are present at the air/solution interface. The 1on specific propensities for the air/solution interface
have important implications for a whole range of heterogeneous physical and chemical processes, including
atmospheric chemistry of aerosols, corrosion processes, and bubble coalescence.
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Ultrasonic Velocities, Densities, Viscosities, Electrical Conductivities, Raman Spectra, and
Molecular Dynamics Simulations of Aqueous Solutions of Mg(OAc): and Mg(NO3)::
Hofmeister Effects and Ion Pair Formation
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Molecular Systems, Flemingovo nam. 2, 16610 Prague 6, Czech Republic
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The ultrasonic velocities, densities, viscosities, and electrical conductivities of aqueous solutions of magnesium
nitrate and magnesium acetate have been measured from dilute to saturation concentrations at 0 = #/°C = 50.
The temperature derivative of the isentropic compressibility. &;. became zero at 2.28 and 2.90 mol kg™! for
Mg(OAc)z and Mg(NOs): solutions, respectively, at 25 °C. The total hydration numbers of the dissolved 1ons
were estimated to be, respectively, 24 3 and 19.2 at these concentrations. Differences in &, for various M**
salts, using the present and literature data. correlated with reported M*"—OH, bond lengths and to a lesser
extent with cationic charge densities (1onic radit). The influence of anions on &, appears to follow the Hofmeister
series and also correlates approximately with the anionic charge density. Substantial differences between
Mg(OAc):(aq) and Mg(NO;):(aq) occur with respect to their structural relaxation times (derrved from
compressibility and viscosity data) and their electrical conductivities. These differences were attributed to a
much greater ion association in Mg(OAc), solutions. Raman spectra recorded at 28 °C confirmed the presence
of various types of contact ion pairs including mono- and bidentate complexes in Mg{OAc).(aq). In Mg-
(NO;z)a(aq). only noncontact 1on pairs appear to be formed even at high concentrations. The experimental
results are supported by melecular dynamics simulations, which also reveal the much stronger tendency of
OAc™ compared to NO; ™ to associate with Mg?" in aqueous solutions. The simulations also allow an evaluation
of the ion—ion and 1on—water radial distribution functions and cumulative sums and provide a molecular
picture of 1on hydration in Mg({OAc):(aq) and Mg(NO;)a(aq) at varying concentrations.
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Brine Rejection from Freezing Salt Solutions: A Molecular Dynamics Study

Lubo§ Vrbka and Pavel Jungwirth®

Institute of Organic Chemistry and Biochemistry and Center for Biomolecules and Complex Molecular Systems,
Academy of Sciences of the Czech Republic, Flemingove nam. 2, 10610 Prague 6, Czech Republic
(Received 16 June 2005: published 27 September 2005)

The atmospherically and technelogically very important process of brine rejection from freezing salt
solutions is investigated with atomic resolution using molecular dynamics simulations. The present
calculations allow us to follow the motion of each water molecule and salt ion and to propose a
microscopic mechanism of brine rejection, in which a fluctuation (reduction) of the ion density in the
vicinity of the ice front is followed by the growth of a new ice layer. The presence of salt slows down the
freezing process, which leads to the formation of an almost neat ice next to a disordered brine layer.

DOI: 101 103/PhysRevLen.95. 148501 PACS numbers: 92.10.Rw, 02.70.Ns, 05.70.Fh
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Contents To cover specific 1on effects at all possible aqueous
) interfaces would be an almost heroic endeavor. Our goal 1s

1. '”?mdl_‘“"’” ) . ) 1239 more modest: we aim to focus on the simplest one, 1.e., the
2 HISIO[ICElll Perspective and. Previous Reviews 1261 air/water interface. The general atmospheric and technolog-
3. Thmfetlcal and Computational Results 1261 ical importance of this interface alone justifies our selection.
3.1. Single lons 1261 Moreover, interactions between tons and air or vapor are
3.1.1. Clusters 1261 sufficiently weak so that the nonagqueous phase can often be
3.1.2. Extended Interfaces 1963 viewed as a vacuum. Thus, all that remains to be explored
3.2 Finite lon Concentrations and Counterion 1265 are the structural and dynamical consequences of specific
Effects interactions between tons and water molecules within the

4. Experimental Studies and Comparison with 1267 inhomogeneous interfacial region. In the subsequent sections
Simulation Results we attempt to review the rapidly expanding body of computer
41 Surface Tension 1268 simulations of 1ons at the air/water mterface. We focus on
49 Surface Potentials 1272 relatively small inorganic 1ons (which, according to the
43. Heterogeneous Chemical Processes 1973 traditional, purely electrostatic picture, shou_ld acn_la]ly always
44. Photoelectron Spectroscopy 1274 be repellgd from the aqueous surface), le_awng asnde: the huge
45 Surface Selective Nonlinear Spectroscopies 1275 bady ‘-}“-ﬁﬂ-a“m conceming technologically very unportant
= P Cop organic ionic surfactants. We present the computational

5. Future DE"JE|0meHtS 12 results 1in light of continuum models and, in particular,
6. Conclusions 1278 experimental observations, ranging from traditional surface
7. References 1279 tension measurements to modem surface selective photo-
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Electron Binding Energies of Hydrated H,O0+ and OH-: Photoelectron
Spectroscopy of Aqueous Acid and Base Solutions Combined with Electronic
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Selected biologically relevant i1ons at the air/water interface:
A comparative molecular dynamics study
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Abstract

Interfacial behavior of selected biologically and technologically relevant jons is studied using molecular dynamics simulations employing
polarizable potentials. Propensities of choline, tetraalkylammonium (TAA), and sodium cations, and sulfate and chloride antons for the air/water
interface are analyzed by means of density profiles. Affinity of TAA ions for the interface increases with their increasing hydrophobicity.
Tetramethy lammonium favors bulk solvation, whereas cations with propyl and butyl chains behave as surfactants. The choice of counter-anions
has only a weak effect on the behavior of these cations. For choline, sodium, chlorde and sulfate, the behavior at the aid'water interface was
compared to the results of our recent study on the segregation of these ons at protein surfaces. No analogy between these two interfaces in tenms
of ion segregation 1s found.
i© 2006 Elsevier B.V. All rights reserved.

Kevwonds: Tetraalkylammonium; Polarizable potential, Surfactant; Molecular dynamics
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Aqueous Ionic and Complementary Zwitterionic Soluble Surfactants:
Molecular Dynamics Simulations and Sum Frequency Generation
Spectroscopy of the Surfaces
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An aqueous ionic surfactant, 1-dodecyl-4-(dimethylamino)pyridinmm (DMP) bronude, and the corresponding
zwitterion 2-[4-{dimethylamine)pyridinio]dodecanoate {DPN) were explored by means of molecular dynamics (WMD)
simulations and, for the 1omc system, by infrared—vistble sum frequency generation (IR—w1s SFG). The molecular
structure of the interfacial laver was investigated for the ionic and zwitterionic systems as a function of surfactant
concentration, both in water and in salt (KF or KBr) solutions, by MD simulations in a slab geometry. The buildup
of the surface monolayer and a sublayver was monitored, and density and orientational profiles of the surfactants were
evaluated. The difference between the ionic and zwitterionic systems and the effect of the added salt were analvzed
at the molecular level. The results of MD simulations were compared to those of nonlinear optical spectroscopy
measurements. IR—vis SFG was emploved to study the DMP 1onic surfactant i water and wpon addition of simple
salts. The mfluence of added salts on the different molecular moieties at the interface was quantified in detail
experimentally.

J. Phys. Chem. 4 2006, 110, 5047—5050 5047

Determination of the Electron Affinity of the Acetyloxyl Radical (CH3COO) by
Low-Temperature Anion Photoelectron Spectroscopy and ab Initio Calculations

Xue-Bin Wang, Hin-Koon Woo, and Lai-Sheng Wang™

Department of Physics, Washington State University, 2710 University Drive, Richiand, Washington 99354,
and Chemical Sciences Division, Pacific Northwest National Laboratory, MS K8-88, P.O. Box 999,
Richiand, Washington 99352
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Complex Molecular Svstems and Biomolecules, Flemingovo nam. 2, 16610 Prague 6, Czech Republic
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The electronic structure and electron affinity of the acetyloxyl radical (CH;COO) were investigated by low-
temperature anion photoelectron spectroscopy and ab 1nitio calculations. Photoelectron spectra of the acetate
anion (CH;COO™) were obtained at two photon energies (355 and 266 nm) and under three different
temperatures (300, 70, and 20 K) with use of a new low-temperature 1on-trap photoelectron spectroscopy
apparatus. In contrast to a featureless spectrum at 300 K, a well-resolved vibrational progression corresponding
to the OCO bending mode was observed at low temperatures in the 355 nm spectrum, yielding an accurate
electron affinity for the acetyloxyl radical as 3.250 + 0.010 eV. This experimental result 1s supported by ab
initio calculations, which also indicate three low-lving electronic states observed in the 266 nm spectrum.
The calculations suggest a 197 decrease of the OCO angle upon detaching an electron from acetate, consistent
with the vibrational progression observed experimentally.
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Propensity for the Air/Water Interface and Ion Pairing in Magnesium Acetate vs
Magnesium Nitrate Solutions: Molecular Dynamics Simulations and Surface Tension
Measurements
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Molecular dynamics simulations in slab geometry and surface tension measurements were performed for
aqueous soluttons of magnesium acetate and magnesium nitrate at various concentrations. The simulations
reveal a strong affinity of acetate anions for the surface, while nitrate exhibits only a verv weak surface
propensity, and magnesium 1s per se strongly repelled from the air/water interface. CH;COO ™ also exhibits
a much stronger tendency than NO;~ for 1on pairing with Mg”" in the bulk and particularly in the interfacial
layer. The different interfacial behavior of the two antons is reflected by the opposite concentration dependence
{beyond 0.5 M) of surface tension of the comresponding magnesium salts. Measurements, supported by
simulations, show that the surface tension of Mg(NOs)a(aq) increases with concentration as for other inorganic
salts. However, in the case of Mg(OAc):(aq) the surface tension isotherm exhibits a turnover around 0.5 M,
after which 1t starts to decrease, indicating a positive net solute excess in the interfacial layer at higher
concentrations.

J Phys. Chem. B 2006, 110, 11971-11976 11971

Surface Segregation of Dissolved Salt Tons
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Sciences of the Czech Republic, and Center for Biomolecules and Complex Molecular Systems,
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Received: March 8, 2006

Surface segregation of 1odide, but not of fluoride or cesium ions, 15 observed by a combination of metastable
impact electron spectroscopy (MIES) and ultraviolet photoelectron spectroscopy (UPS(Hel)) of amorphous
solid water exposed to CsI or CsF vapor. The same surface iomc behavior 15 also derived from molecular
dynamics (MD) simulations of the corresponding aqueous salt solutions. The MIES results show the propensity
of 1odide, but not fluoride, for the surface of the amorphous solid water film, providing thus strong evidence
for the suggested presence of heavier halides (1odide, bromide. and to a lesser extent chloride) at the topmost
layer of aqueous surfaces. In contrast, no appreciable surface segregation of 1ons 1s observed in methanol,
netther in the experiment nor in the simulation. Furthermore, the present results indicate that, as far as the
thermodynamic aspects of solvation of alkali halides are concerned, amorphous solid water and methanol
surfaces behave similarly as surfaces of the corresponding liquids.
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NasS0,4 (H20), (n = 0-4) clusters have been generated in the
gas phase as model systems to simulate the first dissolution steps
of sulfate salis in water; photoelectron spectroscopy and theore-
tical calculations indicate that the first three water molecules
strongly interact with both Na™ and S04, forming a three-
water solvation ring to start to pry apart the Na™ S0,*~ contact
ion pair.

41.

We produced NaS0, (H:0), clusters from a 1w M
NaaS0,4 solution in a HO/CH3CN mixed solvent using
electrospray ionization and studied their structures and ener-
getics by photoelectron spectroscopy (PES) and ab miitio
calculations. The electrospray ionmization-PES apparatus has
been described in detail before.'"™ Our previous studies'™'**
showed that SO,*(H.0), clusters were the dominating species

THE JOURNAL OF CHEMICAL PHYSICS 125, 024706 {2006)

Simulated surface potentials at the vapor-water interface for the KCI

aqueous electrolyte solution
Collin D. Wick and Liem X. Dang”
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Namesti 2, 16610 Prague 6, Czech Republic and Center for Biomolecules and Complex Molecular
Systems, Academy of Sciences of the Czech Republic, Flemingovo Namesti 2, 16610 Prague 6,

Czech Republic

(Received 23 May 2006; accepted 7 June 2006; published online 14 July 2006)

Classical molecular dynamics simulations with polarizable potential models were carried out to
quantitatively determine the effects of KCl salt concentrations on the electrostatic surface potentials
of the vapor-liquid interface of water. To the best of our knowledge, the present work is the first
calculation of the aqueous electrolyte surface potentials. Results showed that increased salt
concentration enhanced the electrostatic surface potentials, in agreement with the corresponding
experimental measurements. Furthermore, the decomposition of the potential drop into contributions
due to static charges and induced dipoles showed a very strong effect (an increase of ~1 V per 1M)
due to the double layers formed by KCl. However, this was mostly negated by the negative
contribution from induced dipoles, resulting in a relatively small overall increase {(—~0.05 V per 1M)
with increased salt concentration. © 2006 American Institute of Physics. [DOL: 10.1063/1.2218840]
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Molecular dynamics simulations of freezing of water and salt solutions
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Abstract

Results of extensive molecular dynamics simulations of freezing of neat water and aqueous sodium chloride solutions are reported. The process
of water freezing in contact with an ice patch s analyzed at a molecular level and a robust simulation protocol within the employed force field is
established. Upon addition of a small amount of NaCl brine rejection from the freezing salt solution is observed and the anti-freeze effect of the
added salt is described.

@ 2006 Elsevier B.V. All rights reserved.

Kevwords:! lce freezing, Brine rejection; Molecular dynamics
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Interface: Surface Tension Measurements and Molecular Dynamics Simulations
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The properties of a series of aliphatic and aromatic carboxvlates and phenolate-nmumicking functional groups
of humic acid are discussed with regard to their behavior in aqueous solutions close to the surface. Both
surface tension measurements and MD simulations confirm that sodium formate behaves in accord with the
classical theory of surfaces of electrolytes, whereas sodium acetate and. much more pronounced. sodium
benzoate and sodinm phenolate show a more hydrotropic behavior with surface active anions. Further to the
surface tension data, the MD results suggest that these hydrotropes are highly oriented at the solution—vapor
interface.
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Autoionization at the surface of neat water: is the top layer pH neutral,
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Autoionization of water which gives rise to its pH is one of the key properties of aqueous
systems. Surfaces of water and aqueous electrolyte solutions are traditionally viewed as devoid of
inorganic ions; however, recent molecular simulations and spectroscopic experiments show the
presence of certain ions including hydronium in the topmost layer. This raises the question of
what is the pH (defined using proton concentration in the topmaost layer) of the surface of neat
water. Microscopic simulations and measurements with atomistic resolution show that the water
surface is acidic due to a strong propensity of hydronium (but not of hydroxide) for the surface.

In contrast, macroscopic experiments, such as zeta potential and tit

ration measurements, indicate

a negatively charged water surface interpreted in terms of preferential adsorption of OH™. Here
we review recent simulations and experiments characterizing autoionization at the surface of
liguid water and ice crystals in an attempt to present and discuss in detail, if not fully resolve, this

Controversy.
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Water autolonization reaction 2Ha0 — HaO~ + OH- 15 a texthook
process of baslc Impoertance, resulting In pH = 7 for pure water.
However, pH of pure water surface Is shown to be significantly
lowser, the reduction being caused by proton stabllizatlon at the
surface. The evddence presented here Includes ab indtio and classical
malecular dynamics simulations of water slabswith solvated Hz0+
and OH- lons, density functional studles of (Hy0)4gH+ clusters, and
spectroscople Isotoplc-exchange data for D20 substitutienal Impu-
ritles at the surface and In the Interior of lo2 nanocrystals. Because
HzO+ does, but OH- does not, display preference for surface sites,
the HyO surface Is predicted to be acldicwith pH < 4.8 For similar
reasons, the strength of some weak adds, such as carbonlic acld, 1s
expected to Increase at the surface. Enhanced surface acldity can
have a slgnificant Impact on agqueous surface chemistry, e.g., In the
atmosphera.

denzity functionsl theory | I} spactrescopy | molsculsr dynamics |
water autsionization | ice nancorystak

putational approaches were used. First, constant volume and
temperature (MWT) ab imiio molecular dynamics simulations
wens carried out for liquid water with a pair of H:O* and OH™
ions. To assess surface effects, the simulation was carmried out for
both a boxwith 3D periodic bound aries and a slab with two open
surfaces and 2D periodic boundaries. This “on-the-fly” tech-
nique enables first-principle modeling of proton transfer systems
at finite temperatures; proton transfer and transitions between
the different protonated water forms are automatically incloded
in the computational scheme. However, the high computational
cost limits the dimensionality of the model system, the duration
of the trajectories, and the accuracy of the electronic structure
method vsed to evaluate the forces and the energies.

Direct simulation of autoionization is not easily feasible
because of the activation barrier (see, however, a pioneering
study of bulk autcionization in ref. 13). On the other hand,
recombination between HaO™ and OH™ can be readily observed
in on-the-fly simulationz, on a feasible time scale, enabling
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