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Resumé 

Předkládaná disertace shrnuje autorovy výpočetní studie chování iontů na vodných 

površích. Původní inspirace k této práci vzešla z měření reaktivity aerosolů mořské vody ve 

znečištěné přímořské atmosféře. Tento jev se podařilo vysvětlit pomocí povrchových reakcí 

na těchto aerosolech, což nás ale zároveň přivedlo do rozporu s Onsagerovou teorií povrchů 

elektrolytů. Podle ní jsou inorganické ionty z povrchu solných roztoků odpuzovány a svrchní 

monomolekulární vrstva se skládá z čisté vody. Naše molekulově dynamické výpočty 

ukázaly, že situace je složitější. Tvrdé (nepolarizovatelné) ionty, jako např. alkalické kationty 

či flór se skutečně chovají podle Onsagerova modelu. Měkké (polarizovatelné) ionty se ale na 

povrchu vody vyskytují a mohou se tak účastnit povrchových chemických reakcí. Některé 

ionty (např. bromid, iodid, či hydroxoniový kation) se dokonce na vodním povrchu 

akumulují. Naše teoretické předpovědi, poprvé zveřejněné v r. 2000, jsou v posledních pěti 

letech potvrzovány řadou povrchově citlivých spektroskopických měření. 

Disertace se skládá z 40 původních, 2 zvaných a 2 přehledných článků a 3 knižních 

kapitol, týkajících se problematiky iontů na rozhraní voda/vzduch. Tyto práce lze rozdělit do 

pěti podskupin. První zahrnuje články zaměřené na atmosférické aplikace iontů na slaných 

kapkách. Druhá skupina podává moderní fyzikálně-chemický obraz povrchu elektrolytů, 

založený na molekulově dynamických simulacích. Třetí skupina publikací rozšiřuje 

problematiku na povrchovou hydrataci organických iontů. Fázových přeměn (krystalizace, 

mrznutí) v slaných roztocích a vlivu povrchu se věnují články ve čtvrté skupině. Konečne pátá 

skupina zahrnuje studie vodných klastrů s ionty, které slouží zejména jako modelové systémy. 

Soubor publikací je doplněn úvodem, které podává autorův subjektivní pohled na 

problematiku s cílem „vtáhnout čtenáře do děje“, krátkým komentářem k jednotlivým 

publikacím, shrnujícím závěrem a krátkým seznamem literatury. 
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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 milimeters1. Figure 1 schematically depicts 

processes involving atmospheric aerosols. 

Fig. 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 

appreciated2. 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 
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particles grow on mineral dust (clay) aerosols. Aerosols also play an important role in the 

global radiative balance1. 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 gases3. 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 microns1. 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 holes1. 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.   
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 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 radiation4,5. 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.5  

Figure 2 schematically shows the interfacial formation of Cl2 by a direct charge transfer from 

chlorides, present in the aerosols, to atmospheric hydroxyl radicals. 

 

Fig. 2: Mechanisms of Cl2 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 



 6

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 generation6 and second harmonic generation7 are nonlinear spectroscopic 

techniques that are surface sensitive because the signal vanishes in centrosymmetric media. 

Another method, photoelectron spectroscopy8 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.9 Unlike the traditional picture of surfaces of inorganic salt 

solutions being practically devoid of ions,10,11 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.9,12 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.9 
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. 

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.13 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.9,12 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.14 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. 
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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.9 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.9 As 

mentioned above, traditionally, surfaces of aqueous electrolytes are described as inactive and 
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practically devoid of ions.10,11 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.9 Surface propensity has also been investigated for different organic ions 

(e.g., carboxylate anions) where the main surface driving force is the hydrophobic effect.15 

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.16 

 

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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