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Introduction and goals 
 
 Interfacial science is a branch of physical chemistry which has attracted a never 

ceasing interest ever since its foundations have been established. In our days interfacial 

processes are intriguing for scientists working in a variety of fields of fundamental and 

applied physics and chemistry. The spectrum of these fields ranges from environmental 

research to nanoscience. One of the leading directions of interfacial science nowadays is the 

question of obtaining atomistic scale data directly about the interface. Computer simulations 

are known to be able to provide such data and thus they may complement highly developed 

surface sensitive experimental methods. 

The present PhD thesis is aimed at demonstrating the ability of computer simulations, 

namely molecular dynamics and Monte Carlo techniques, to model interfacial phenomena. 

My work is comprised of two major subjects. One of them is the atomistic scale examination 

of solid interfaces relevant in atmospheric chemistry, whereas the other targets the 

investigation of liquid surfaces. 

Solid interfaces are known to participate in several processes in environmental 

chemistry. Ice surfaces, for instance, play an outstandingly significant role in promoting 

chemical reactions in the atmosphere. Their importance has been discovered together with the 

discovery of the Antarctic ozone hole, and since then interactions of trace gases with ice 

surfaces in the Earth’s atmosphere have been attracting an ever growing interest. Another 

important family of solid surfaces abundant in the atmosphere are aerosols. These small 

molecular aggregates, which may be made up both of inorganic and of organic compounds, 

are known to alter the light scattering properties of the atmosphere due to their colloidal size, 

and they are also known to act as efficient nuclei for heterogeneous ice and cloud 

condensation. 

In my work concerning solid surfaces I have applied grand canonical Monte Carlo 

simulations to reconstruct the adsorption isotherm of acetaldehyde on ice at a temperature 

which is relevant for the upper troposphere. I have also investigated the adsorption of certain 

bifunctional volatile organic compounds, namely hydroxy acetone and oxalic acid on ice, by 

means of molecular dynamics simulation. Finally I have applied the md method to study the 

phase behavior of aqueous organic aerosols in the tropospherically relevant (p,T) range. In all 

of these studies I have attempted to compare my results with relevant experimental data in 

order to justify the validity of the models and the applicability of the technique used. 
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 One of the major dilemmas of studying liquid surfaces by atomistic simulations is the 

fact that the presence of capillary waves induces corrugations of the interface which have to 

be taken into account when analyzing the obtained trajectories. Thus several interfacial 

phenomena can only be successfully explained if we take into account the molecularly rugged 

and dynamically changing nature of the interface 

My work concerning liquid interfaces includes first of all the examination of the 

competitive adsorption of polymers and surfactants on the free surface of water by means of 

molecular dynamics simulations. In this study, special attention has been paid to the correct 

intrinsic treatment of the interface in order to get an atomistic scale insight to the structure and 

dynamics of the mixed adsorption layer and subsequently to be able to describe the 

underlying thermodynamic features which invoke the observed competition. The other study 

concerning liquid interfaces targeted the characterization of the transfer of ions through 

liquid-liquid interfaces by using the potential of mean force method to calculate the free 

energy profile. The main direction of this work has been the development of a method to 

reconstruct the free energy profile of ions or small molecules with respect to the real 

dynamically changing intrinsic interface, in order to get a more detailed view on the process 

of ion transfer.  

The applied methods 

 Simulations: I have applied two basic simulation methods for my studies concerning 

interfaces. I have used the grand canonical Monte Carlo technique, which is a stochastic 

method capable of modeling the grand canonical ( ,V,T) ensemble, to reconstruct the 

adsorption isotherm of acetaldehyde on ice, the choice of this method was dictated by the fact 

that it is able to yield the number of inserted molecules as a function of the chemical potential, 

which can be easily converted to the experimentally measurable format of an adsorption 

isotherm. In studies which relied greatly on investigating dynamic properties, such as the 

exchange of molecules between the interface and the bulk phase, I have applied molecular 

dynamics simulations since their deterministic nature allows us to obtain information about 

dynamic behavior of the system. Constrained force molecular dynamics simulations have 

been used to create the trajectories to describe the free energy profile ions across liquid-liquid 

interfaces, the reaction coordinate which the system has been constrained to follow has been 

chosen to coincide with the normal vector of the macroscopic plane of the interface. 

 Analysis: The ITIM (Identification of the Truly Interfacial Molecules) method which 

was developed in our group has been used to detect the interface in the majority of my 
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studies. Nevertheless a number of modifications had to be performed on the original method 

in order to increase its speed (for intrinsic free energy calculations) as well as in order to make 

it suitable for examining surfaces of higher complexity (in the case of polymer-surfactant 

competitive adsorption). 

New scientific results: 

Solid interfaces: 

1. The adsorption of acetaldehyde on ice has been studied for the first time by GCMC 

simulations. The adsorption isotherm has been proven to follow a Langmuir-like behavior and 

the orientation of the adsorbed molecules has been found to be such that they turn with their 

carbonyl group towards the surface in order to form one hydrogen bond, whereas they point 

outwards with their methyl groups, adapting either tilted orientations (in order to maximize 

the dipole-dipole attractions among them) or perpendicular ones in the case of high surface 

coverage. 

2. From the molecular dynamics study of the adsorption of bifunctional species (oxalic 

acid and hydroxy acetone) on the surface of ice under tropospheric conditions it could be 

primarily concluded that md simulations are applicable to address such questions. Secondly in 

the case of oxalic acid it could be proven that the outstandingly stable gas phase conformation 

of the molecules changes in the vicinity of the ice surface in order to maximize the number of 

hydrogen bonds which anchor them to the surface. It could also be concluded that the 

experimentally observed thermally induced desorption of water molecules from under a layer 

of oxalic acids can be attributed to the lateral aggregation of oxalic acid molecules at the 

surface and subsequent formation of uncovered areas of ice. The model of hydroxy acetone on 

the other hand has been found to be not accurate enough for detailed analysis and an urgent 

need for the development in this direction has been expressed. 

3. Concerning the study of binary water organic aerosols (malonic acid/water and oxalic 

acid/water systems) it could be concluded that the phase behavior as well the structure and the 

size of the pure aerosol particles depends greatly on the chemical nature of the organic 

molecule. We have also seen that the phase behavior of the binary aerosols is governed 

mainly by the changes in temperature whereas the effect of pressure has been found to be 

negligible. Analyzing the effect of the carbon chain length and O:C ratio has led to the 

conclusions that whereas at low temperatures the structure of the oxalic acid/water and the 

malonic acid/water binary aggregates is very similar (water cluster are adsorbed on the 
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surface of one stable aggregate), at higher temperatures the oxalic acid/water system 

disintegrates readily into smaller droplets whereas the malonic acid/water aggregate size is 

preserved. This finding has been found to support the experimentally proven fact that organic 

molecules characterized by a higher O:C ratio are usually more effective as cloud 

condensation nuclei. The peculiarities of the phase behavior have been proven to be 

attributable to rather entropic than energetic effects. 

Liquid interfaces 

1. The study of the competitive adsorption of polymers and surfactants (PEO and SDS) 

has revealed that polymer molecules in the absence of surfactant are anchored to the surface 

with only a small number of segments, whereas the rest of their segments are arranged in 

loops towards both the aqueous phase and the vapor phase. We have also observed that the 

addition of a small amount of SDS to the system invokes synergistic effects bringing at least 

80% of the polymer segments to the surface. The experimentally observed displacement of the 

polymer by the surfactant starts only at higher SDS concentrations, when the surface is 

already crowded and thus a competition develops for the occupation of the surface sites. We 

have concluded that the observed mechanism of adsorption is due to an interplay between 

three main effects, i) the favorable electrostatic interactions invoked by the presence of the 

ionic surfactant at the interface, ii) the conformational entropy of the PEO chains, which is 

obviously lowered by the adsorption but increased by the possibility of forming loops towards 

both the aqueous and the apolar phase (vapor or hydrocarbon layer) and iii) the competition 

for the adsorption sites when the surface is already crowded. We have seen that the 

displacement happens in a segment-by-segment manner, and we have observed the formation 

of polymer/surfactant complexes well-known at the bulk aqueous solutions, also at the 

interface. 

2. In this work we have presented detailed calculations for determining the solvation free 

energy profile of a SCN- ion across the water-DCE liquid/liquid interface. Our results showed 

that the free energy cost of transferring the ion from the bulk aqueous to the bulk DCE phase 

is about 70 kJ/mol. A local free energy minimum has been observed in the subsurface water 

region, just beyond the point up to which DCE can penetrate into the aqueous phase along the 

molecularly rugged interface. The presence of this free energy well indicates the ability of the 

SCN- ion for being adsorbed at the close vicinity of the interface. It has also been seen that the 

SCN- ion enters into the organic phase along with the water molecules constituting its first 

hydration shell. This fact also leads to the preference of such orientations at the interface in 
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which the bulky S atom remains at the aqueous side of the interface, whilst the smaller N 

atom, together with its smaller first hydration shell penetrates to DCE.  

3.  The new protocol to calculate the free energy profile from constrained simulation with 

respect to the instantaneous intrinsic interface, which is to the best of our knowledge the first 

such method described in the literature, has been tested on the water/DCE/Cl- system. We 

have seen that the profile obtained with the intrinsic approach yields more detailed 

information about the mechanism of transfer. As opposed to the non-intrinsic profiles the one 

obtained by the new intrinsic approach exhibits a clear maximum indicating the point where 

its contact with the opposite phase is maximal (i.e.: when it is at the tip of the water finger it 

pulls out), and shows and under-sampled region right beyond the maximum, towards the 

organic phase which indicates that the ion is repelled from the surface together with its first 

hydration shell after the final breakage of the hydrogen bonded connections between the 

hydration shell and the bulk aqueous phase. In other words the percolating network of the 

aqueous surface is recovered immediately. 

Perspectives 

My work has shed light on the wide range of applicability of computer simulations in the 

field of modeling interfacial processes. Obviously there are several unexplored areas which 

are currently subject of investigations in our group. Concerning solid surfaces, the 

development has taken a direction to model the competitive incorporation of small molecules 

such as CO or noble gases into clathrate hydrates which, are of great interest for the 

community of astrophysicists. We have started recently to adapt grand canonical Monte Carlo 

simulations, used so far for modeling the competitive adsorption of small molecules on 

zeolites, to be able to perform that kind the above-mentioned analysis.  

In the field of fluid interfaces the two main directions of development are the 

following. First of all investigations of the structure and dynamics the adsorption layer of 

several ionic and non-ionic surfactants is going on currently. The main target of this work is 

to investigate the lateral diffusion of surfactants at the interface. On the other hand, we have 

also started recently to characterize the depth to which surfactants can penetrate into the 

subsurface layers by means of a modification of the ITIM analysis. Both of these studies are 

aimed at developing the currently existing theoretical models of surfactant adsorption at fluid 

interfaces. Secondly our new method to reconstruct free energy profile with respect to the 

intrinsic interface is also going on. Currently we are testing the ability of our method to 
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describe the transfer of complex ions (SCN-) and of neutral molecules such as methane and 

other small organic compounds. 
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