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ABSTRACT 

The purpose of this research is to investigate the adsorption of organic contaminants, 

namely polycyclic aromatic hydrocarbons (PAHs) and green leaf volatiles (GLVs), as well as 

their interactions with reactive oxygen species (ROSs) on atmospheric air/water and air/ice 

interfaces. In another series of projects, we studied several intermediate and semi-volatile 

organic compounds from oil (IVOCs and SVOCs, e.g., alkanes with 17-31 carbon atoms), 

surfactants and dispersants at air/salt water interfaces. These simulations are relevant to 

understand the fate of these compounds during the recent 2010 Deepwater Horizon (DWH) 

oil spill. 

The adsorption of gas-phase aromatics (benzene, naphthalene and phenanthrene), ROSs 

(O3, OH, H2O2 and HO2) and GLVs (2-methyl-3-buten-2-ol (MBO) and methyl salicylate 

(MeSA)) on atmospheric air/water or air/ice interfaces was investigated using classical 

molecular dynamics (MD) simulations and potential of mean force (PMF) calculations. All 

aromatics, ROSs and GLVs exhibit a strong preference to be adsorbed at air/water or air/ice 

interfaces. The adsorption of both naphthalene and ozone onto 1-octanol, 1-hexadecanol or 

1-octanal coated air/ice interfaces is enhanced when compared to bare air/ice interfaces. 

Classical MD simulations were performed to investigate the growth of ice from supercooled 

aqueous solutions of benzene, naphthalene, phenanthrene, •OH, H2O2, or •HO2. All solutes in 

the supercooled aqueous solutions are displaced to the air/ice interface during the freezing 

process at both 270 K. In contrast, only a fraction of benzene, H2O2 and •HO2 molecules 

become trapped inside the ice lattice during the freezing process at 260 K. Our simulations of 
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oil hydrocarbons (IVOCs and SVOCs) and dispersants at air/sat water interfaces were 

performed in collaboration with experiments from K. T. Valsaraj’s group. We found that 

n-alkanes (C15 to C20) exhibit a strong preference to stay at both bare and SDS 

coated-air/salt water interfaces, as opposed to either staying in the gas phase or being 

dissolved in bulk of salt water solution. Our results suggest that, from the thermodynamic 

point of view, n-alkanes have a stronger tendency to remain at the air/salt water interface, and 

thus are more likely to be ejected to the atmosphere, as their chain length increases, and as 

the SDS concentration increases. 
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CHAPTER 1 INTRODUCTION 

1.1. Adsorption of Organics and Reactive Oxygen Species on Air/water and Air/ice 

Interfaces: Background and Motivation 

Aerosols represent an important portion of particulate matter and play an important role 

in climate, air quality and fate of pollutants in the atmosphere, although significant 

uncertainties remain due to limited knowledge on their sources, composition and path of 

formation.[1-10] Organics represent a major fraction of particulate matter, and a significant 

part of these are secondary (formed in the atmosphere). These secondary organic aerosols 

(SOAs) remain poorly understood at present, and are an important factor in the well-known 

smog-fog-smog cycle.[11] Here, fog forms by condensation of water on sub-micron particles, 

which then takes up organics from different sources (automobile emissions, plants, etc.). 

These organics then react with atmospheric oxidants [e.g., ozone and radicals such as 

hydroxyl (•OH) and nitrate (•NO3)] to yield more organics and SOAs in the near-surface 

atmosphere, providing particles where water can condense in the next fog episode.[1, 11] 

Possible pathways for oxidation/nitration reactions during a smog-fog-smog cycle include 

reactions in the gas phase, at the air/water interface or within the bulk of the water drops. 

Oxidation and nitration reactions at air/water interfaces can exhibit kinetics that are much 

faster than those of their homogeneous counterparts in the gas and bulk water phases.[1, 12, 

13] Therefore, chemical processing within atmospheric fog droplets have a profound impact 

on the climate, air quality and fate of pollutants in the atmosphere. 

In this dissertation we focused on molecular modeling of two types of organic compounds 

at atmospheric air/water and air/ice interfaces, namely polycyclic aromatic hydrocarbons 

(PAHs) and green leaf volatiles (GLVs). PAHs consist of two or more carbon-hydrogen rings 
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in which at least one ring has an aromatic structure. PAHs are ubiquitous pollutants in the 

environment. They typically arise from the incomplete combustion of fossil fuels, automobile 

emissions, oil cracking, forest fires and volcanoes. PAHs are known to have important 

carcinogenic and mutagenic effects.[14] The current list of 126 priority pollutants from the U. 

S. Environmental Protection Agency (EPA) contains 16 PAHs.[15] Furthermore, these 

compounds can undergo photochemically-induced oxidation and nitration reactions with 

reactive oxygen species (ROSs) [e.g., ozone (O3) and radicals such as singlet oxygen, 

hydroperoxy (HO2), hydroxyl (OH) and nitrate (NO3)].[1] Reactions of PAHs with ROS 

produce oxy- and nitro-PAHs that are even more toxic than PAHs (up to 105 times larger 

carcinogenic and mutagenic activities [14, 16]), and contribute to the formation of secondary 

organic aerosols. In the gas-phase, PAHs mainly reacts photo-chemically with OH 

radicals.[14] Under normal atmospheric conditions PAHs are typically nonreactive, but they 

react in the presence of high concentrations of gases such as ozone and OH radicals.[1, 17, 18] 

Among PAHs, naphthalene has the highest vapor pressure and exists predominantly in the gas 

phase.[14] 

PAHs can be adsorbed at the surfaces of water droplets, atmospheric aerosols, fog, mist, 

ice and snow. This process consists of adsorption to the air/ice or air/water interface and 

dissolution in the bulk QLL or in bulk water.[19] Heterogeneous reactions of PAHs at 

air/water and air/ice interfaces can have faster kinetics than their homogeneous counterparts 

in the gas phase.[1, 12, 13] Although PAHs are hydrophobic, the air-water interface can 

uptake significant amounts of these compounds; recent molecular dynamics (MD) 

simulations indicate the presence of deep free energy minima for adsorption of PAHs at the 
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air-water interface.[20] It is also observed that the free energy minima tend to get deeper 

when the size of the PAH increases.[20] Energy minima at the interface suggest that 

heterogeneous reactions are possible due to the preference of benzene, naphthalene, 

phenanthrene and anthracene to stay on the water interface, as compared to dissolution in 

bulk water.[20] The uptake of PAHs at air-water and air/ice interfaces can be further 

enhanced by the presence of water-soluble organic compounds at the interfaces. These 

compounds (collectively called humic-like substances) have been identified in fog[21-26] and 

can also affect the reactivity of PAHs with ROS. The processes taking place at atmospheric 

air/water and air/ice interfaces (water droplets, atmospheric aerosols, fog, mist, ice and snow) 

therefore have a profound impact on the fate and transport of PAHs and other trace gases in 

the atmosphere. However, and despite their relevance, a fundamental understanding of the 

adsorption and heterogeneous reactions of PAHs and ROSs at air/ice interface is still 

lacking.[1] The adsorption and photochemical transformations of PAHs and ROSs at the 

air/water interface has been the subject of several recent experimental and simulation 

studies.[12, 13, 20, 25, 27-32] Very recently, the effect of surfactants on the behavior of PAHs 

at the air/water interface has been studied via molecular simulations.[33] Similarly, several 

studies have focused on the adsorption and reactions of these compounds at air/ice 

interfaces.[34-43] Despite recent progress in the area, a fundamental understanding of the 

processes taking place between PAHs and ROSs at the air/ice interface is still lacking. The 

physical properties of the QLL are not completely understood,[44, 45] and even less is known 

about how pollutants interact and undergo chemical reactions at the QLL.[45] Molecular 

simulation studies in this area can provide information of the processes occurring at the 
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molecular level, which in turn can complement experiments and assist in the interpretation of 

experimental results. Molecular simulation studies can also provide insights to understand if 

the QLL acts as sub-cooled water or represents a rather different environment. In this 

dissertation we have focused on the properties of PAHs at atmospheric air/ice interfaces, as 

well as their interactions with ROSs at these interfaces. 

As mentioned above, many studies have focused on PAHs on atmospheric air/water 

interfaces; however, other organic compounds at these interfaces have not been studied in 

detail. A number of characterization efforts have focused on the organic fraction of 

atmospheric fog, which can vary depending on the source, altitude and latitude of the 

measurements.[12, 22, 46-50] This organic fraction can be split into particulate and 

water-soluble organic carbon (WSOC). The latter accounts for 70-80% of the total mass of 

carbon in fog waters,[51] but about 40% of WSOC is unidentified due to difficulties in 

analytical sampling and analysis.[46, 48, 52] Much of the organics in fog waters arise from 

the chemical processing of anthropogenic, soil-derived and biogenic organic precursors; the 

latter represent a major source of WSOC in fog.[53, 54] Among the biogenic volatile organic 

compounds (BVOCs) emitted from vegetation, isoprene and monoterpenes have been widely 

studied and are known to produce SOAs via oxidation and nitration reactions.[55-60] 

However, a large fraction of BVOC emissions also come from compounds other than 

isoprene and monoterpenes.[61, 62] Of these, green leaf volatiles (GLVs) are a group of 

BVOCs and consist of oxygenated hydrocarbons emitted in large quantities by plants, 

especially when they are subject to mechanical stress (grass cutting, animal grazing) or local 

weather changes.[6, 63-65] Organic compounds in GLVs include 2-methyl-3-buten-2-ol 
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(MBO), cis-3-hexen-1-ol, cis-3-hexenylacetate, methyl salicylate (MeSa) and methyl 

jasmonate. However, and despite their relevance, a fundamental understanding of the 

adsorption and heterogeneous reactions of GLVs at air/water interface is still lacking. 

In chapter 2 of this dissertation we report a molecular dynamics simulation study where 

we elucidate molecular-level details of the adsorption and the interactions between 

naphthalene and ozone molecules at the air/ice interface. In chapter 3 we studied how the 

adsorption of naphthalene and ozone on air/ice interfaces is affected by the presence of 

varying concentrations of surfactant species at these interfaces. We also investigated how the 

structural properties of these surfactant species change with variations in their concentrations. 

We also investigated how surfactants affect the structural and dynamical properties of 

naphthalene at the surfactant-coated air/ice interfaces. Afterwards, we report MD simulations 

of ice growth from supercooled water containing dissolved aromatic molecules (chapter 4) 

and ROSs (chapter 5). These compounds are known to be solvated to a considerable degree in 

bulk water at environmental conditions. Because of this fact, ice growth from supercooled 

aqueous solutions of these compounds is a process that can occur in natural environmental 

conditions, for example during freezing of lakes, formation of ice at the sea and formation of 

snow pellets. As a result, PAHs and ROSs could become trapped into the ice lattice and then 

undergo photochemical reactions in such an environment. In chapters 6 and 7 we investigated 

the adsorption of two GLVs, MBO (chapter 6) and MeSa (chapter 7), as well as their 

interactions with ROSs at the air/water interface using molecular simulations. 
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1.2. Adsorption of Oil Organics and Dispersants on Atmospheric Air/salt Water 

Interfaces: Background and Motivation 

The Deepwater Horizon (DWH) was an oil drilling rig located in the in the Gulf of 

Mexico approximately 75 km from the coast of Louisiana. On the 20th of April 2010, the 

DWH oil rig exploded and consequently sank due to a rupture of the riser pipe on the seafloor 

at approximately at 1500 m depth.[66] Due to the DWH accident, millions of barrels of oil 

released into the waters of the Gulf of Mexico during April to July, 2010 resulting in the 

largest oil spill ever in Gulf of Mexico region and caused significant environmental 

damage.[67] Although a considerable fraction of the oil-gas mixture remained dissolved in 

the bulk water a large fraction of the oil leaked from the 2010 Deepwater Horizon (DWH) 

accident accumulated on the surface of the sea. A significant part of this oil evaporated into 

the atmosphere and contributed to the formation of organic aerosols.[68-70] The evaporation 

process from the oil spill consists first of evaporation of small hydrocarbons containing less 

than 6 carbon atoms, which are soluble in the water to a considerable degree. Hydrocarbons 

containing less than 10 carbon atoms evaporated within a few hours within reaching the sea 

surface; the hydrocarbons containing 10 to 16 carbon atoms evaporated within few hours to 

few days after they reached the sea surface. Finally, hydrocarbons containing more than 16 

carbon atoms which evaporated very slowly, if at all.[68, 69] These volatile organic carbon 

(VOC), intermediate volatile organic carbon (IVOC) and semi volatile organic carbon 

(SVOC) species are oxidized in the atmosphere, which leads to formation of lower volatile 

compounds causing them to nucleate in to new particles forming SOAs. SOAs are important 

to understanding the faith of pollutants in the atmosphere and important contributor to air 

quality and climate change.[71] In the atmosphere, aerosol particles scatter the solar radiation 
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and act as environment for condensation of water during process such as cloud formation 

which in return effect the climate and air quality.[72] The inability to quantify the molecular 

composition and mass of the atmospheric aerosols prevents progress in understanding aerosol 

chemistry due to difficulties in experimental methods.[73, 74] Furthermore, theoretical 

studies point to the importance of SVOCs and IVOCs as important precursors in aerosol 

formation.[7, 75] De Gouw et al. [68] shows that hydrocarbons in the range between 

C14‐C16 which evaporated over a time period less than 100 hours resulted in SOAs detected 

downwind of the oil spill region. However, the fate of other organic compounds from oil, 

such as the heavier IVOCs (C17-C18) and the semi-volatile organic compounds (SVOCs, 

C19-C31) has not been addressed so far. The hypothesis behind our work is that the fraction 

of these compounds that reach the sea surface didn’t evaporate but remained there, and 

phenomena such as bubble-bursting and white caps (breaking waves) on the sea surface will 

carry these compounds, as well as the dispersants released to combat the spill, into the 

atmosphere. Even though breaking waves and bursting bubbles are an important source of 

generation of aerosols at the sea surface,[76] negligible data has been gathered so far on 

wave- and bubble-generated aerosolization of oil near the DWH accident site. These 

processes generate water droplets that are expected to contain oil and gas components, marine 

salts, and dispersants; the water in these droplets eventually evaporates and aerosols are 

formed. However, much remains to be done to accurately determine how much and which 

organics are transported into the atmosphere through wave-breaking and bubble-bursting 

aerosolization. In particular, molecular simulations can provide answers to many of the 

“how?” and “why?” questions that will surface as the experimental results are interpreted. 
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Furthermore, the interfacial properties such as structural properties of water at the interface 

and the interfacial width can be significantly influenced by the presence of hydrocarbons and 

surfactants at air/water interfaces.[77-80] In chapter 8 of this dissertation, we studied the 

properties of the alkanes pentadecane (C15) and icosane (C20) on air/salt water interfaces 

that are either bare or coated with a standard anionic surfactant, sodium dodecyl sulfate (SDS) 

using classical MD simulations. We also investigated how the structural properties of these 

alkane species and SDS molecules change with variations in their concentrations. Our results 

suggest that, from the thermodynamic point of view, alkanes have a stronger tendency to 

remain at the air/salt water interface (and thus are more likely to be ejected to the atmosphere) 

as their chain length increases, and as the SDS concentration increases. These results are in 

agreement with what the group of K. T. Valsaraj observed in their experiments, namely that 

more alkanes are ejected when dispersant is present in the system. 
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CHAPTER 2 A MOLECULAR SIMULATION STUDY OF THE ADSORPTION OF 

NAPHTHALENE, PHENANTHRENE AND OZONE ON ATMOSPHERIC AIR/ICE 

INTERFACES
†
 

Contents of this chapter have already been published (T. P. Liyana-Arachchi, K. T. 

Valsaraj and F. R. Hung, A molecular simulation study of the adsorption of phenanthrene, 

naphthalene and ozone on atmospheric air/ice interfaces. J. Phys. Chem. A 2011, 115, 

9226-9236). In this chapter, we report molecular dynamics (MD) results of the adsorption of 

gas-phase phenanthrene, naphthalene and ozone on atmospheric air/ice interfaces. The main 

objective of this study was to investigate the adsorption of gas-phase phenanthrene. 

naphthalene and ozone on atmospheric air/ice interfaces and air/ice interfacial properties 

under the influence of naphthalene and ozone. The rest of this chapter is structured as follows. 

Section 2.1 is the introduction. Section 2.2 contains a description of our computational 

models and methods. In Section 2.3 we present results and discussion and in Section 2.4 we 

summarize our main findings. 

2.1. Introduction 

The adsorption and photochemical transformations of PAHs and ROSs at the air/water 

interface has been the subject of several recent experimental and simulation studies.[12, 13, 

20, 25, 27-32] Very recently, the effect of surfactants on the behavior of PAHs at the air/water 

interface has been studied via molecular simulations.[33] Similarly, several studies have 

focused on the adsorption and reactions of these compounds at air/ice interfaces.[34-43] 

Sorption to ice is important for the fate of organic contaminants in colder climate and in cold 

ecosystems at high latitudes and altitudes. PAHs have been observed in snow in both urban 

                                                        
† Reprinted with permission of J. Phys. Chem. A 2011, 115, 9226-9236 
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and remote areas.[81-94] PAHs are present in snow in relatively low concentrations at remote 

high-latitude areas, but exhibit much larger concentrations near urban centers.[14] The 

sorption mechanism consists of the adsorption of organic molecules to the air-ice interface, 

dissolution in the quasi-liquid layer (QLL) at the ice surface, and incorporation in the solid 

ice crystal.[95] The QLL at the ice surface is a transitional liquid-like layer observed at 

temperatures close to the melting point. Experiments indicate that the QLL exists on the 

crystalline ice surface.[96-101] It is hard to estimate the thickness of the QLL, because the 

values obtained for thickness of the QLL are highly dependent on the experimental 

techniques used to measure it.[96, 101-108] Justified by the existence of a QLL, the ice 

surface has been assumed to behave similarly to a subcooled water surface at temperatures 

between 0 ºC and -30 ºC. Based on this assumption, calculations of equilibrium partitioning 

in the atmosphere have estimated the air-ice interfacial partitioning by extrapolating 

adsorption constants for the air-water interface.[109-111] However, controversy exists 

regarding the validity and accuracy of this extrapolation. Roth et al.[95] compared snow 

surface sorption of organic vapors to extrapolated water adsorption and found an 

extrapolation error up to an order of magnitude. According to the surface Raman spectra 

obtained by Kahan et al.,[39] the surfaces of ice and water exhibit different degrees of 

hydrogen bonding between the water molecules, indicating a different environment presented 

by the QLL from that of liquid water. In recent studies, Donaldson and coworkers have found 

significant differences in the photolysis rates of PAHs and the reactivity of hydroxyl radicals 

at air-ice and air-water interfaces.[36, 37, 40, 41] In contrast, results from Ram and 

Anastasio[34] suggest that the photolysis rates of phenanthrene, fluoranthene and pyrene in 
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bulk ice and in aqueous solution are similar. Recent results from the Donaldson group also 

suggest that self-association of naphthalene molecules is enhanced at air-ice interfaces as 

compared to air-water interfaces.[38] In addition, results from our recent combined 

experimental-simulation study suggest that surface adsorption is the predominant mechanism 

for the uptake of phenanthrene in thin water and ice films; incorporation of phenanthrene in 

the solid ice structure was negligible.[43] Furthermore, the interfacial air-water and air-ice 

partition constants of phenanthrene increased greatly in the presence of surface-active 

substances, suggesting that these compounds can lead to important increases in the uptake of 

organic compounds by atmospheric water and ice films.  

Despite recent progress in the area, a fundamental understanding of the processes taking 

place between PAHs and ROSs at the air/ice interface is still lacking. The physical properties 

of the QLL are not completely understood,[44, 45] and even less is known about how 

pollutants interact and undergo chemical reactions at the QLL.[45] Molecular simulation 

studies in this area can provide information of the processes occurring at the molecular level, 

which in turn can complement experiments and assist in the interpretation of experimental 

results. Molecular simulation studies can also provide insights to understand if the QLL acts 

as sub-cooled water or represents a rather different environment. Here we report a molecular 

dynamics simulation study where we elucidate molecular-level details of the adsorption and 

the interactions between phenanthrene, naphthalene and ozone molecules at the air/ice 

interface. Among the previous simulation studies of PAHs at the air/ice interface,[34-43] only 

the work of Ardura et al. [38] considered naphthalene, and this study was focused on the 

self-association of this compound at the air/ice interface. We first report results for the 



12 
 

potential of mean force (PMF) of naphthalene and ozone at the air/ice interface, and compare 

those against simulated results obtained for the air/water interface. Afterwards, we report 

results for the density profiles of the different species for varying concentrations of 

naphthalene and ozone at the air/ice interfaces. Finally, and following the molecular 

simulation work of Vácha et al.[29] for air/water interfaces, we have monitored the number 

of contacts between naphthalene and ozone at the air/ice interface for varying concentrations 

of these two species. These contacts could probably lead to chemical reactions between 

naphthalene and ozone, and following Vácha et al.,[29] we assumed that the reaction rate is 

proportional to the number of these contacts, in an attempt to obtain insights into the possible 

reaction mechanism between naphthalene and ozone at air/ice interfaces.  

2.2. Models and Methods 

The TIP5P water model[112] was used in our simulations with the air/ice and air/water 

interfaces. This water model has been used in previous simulation studies of PAHs at air/ice 

interfaces,[35, 38, 113] and is capable of reproducing the experimental melting point of 

hexagonal ice Ih at 1 bar.[114] Phenanthrene, naphthalene and ozone were modeled using the 

force fields and parameters from the previous work of Vácha et al.,[20, 28, 29] which can 

reproduce experimental values of the free energies of hydration. Since these force fields were 

parameterized by Vácha et al.,[20, 28, 29] in combination with the SPC/E water model,[115] 

we first verified that the experimental free energies of hydration were also correctly 

reproduced when these naphthalene and ozone force fields are used in combination with the 

TIP5P water model (see §2.1.1 and §2.2.1 below).   
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Classical molecular dynamics (MD) simulations were conducted using the 

GROMACS software[116] in the NVT ensemble (constant number of molecules, volume and 

temperature). For simulations on air/ice and air/water, we considered orthorhombic 

simulation boxes of dimensions 27 Å×31.4 Å×240 Å, and 27 Å×31.4 Å×260 Å (x, y and z 

respectively). Periodic boundary conditions were applied in all three directions. A wide range 

of concentrations for naphthalene and ozone were considered in our simulations: 1 to 90 

molecules of naphthalene, and 1 to 400 molecules of ozone. Regarding phenanthrene 

adsorption we used up to 4 phenanthrene molecules.  The concentration of ozone in air in 

Baton Rouge, Louisiana averages about 80-100 μg/m3, with occasional maximum values of 

240 μg/m3 (which exceeds the National Ambient Air Quality Standard, NAAQS).[12]  

Similarly, the concentration of PAHs in air in Houston and Baton Rouge (in the 

Texas-Louisiana Gulf Coast corridor) ranges between 0.00053 and 0.03224 mg/cL.[48] These 

atmospheric concentrations are much lower than the ‘overall’ concentrations of naphthalene 

and ozone considered in our paper (obtained by dividing the number of molecules of the 

species of interest by the volume of the vacuum regions in our systems). However, the 

concentrations of these species used in our study should be considered more as ‘surface’ 

concentrations rather than ‘overall’ concentrations, due to the small system sizes considered 

in our study. In that sense, the experimental surface concentrations of these species are 

different from the atmospheric concentrations and are more difficult to define precisely, as the 

surface concentrations depend on the partition between gas phase and the air/ice interface. In 

order to analyze atmospherically-relevant concentrations and obtain statistically-relevant 
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results from MD simulations, one would need to consider prohibitively large system sizes 

that are beyond the capacities of current computational resources. 

For the simulations of phenanthrene, naphthalene and ozone on water films, we 

placed a slab of 1344 TIP5P water molecules in the center of the simulation box, forming two 

interfaces with vacuum regions mimicking air. In the simulations of phenanthrene, 

naphthalene and ozone on air/ice interfaces, we placed 576 TIP5P water molecules arranged 

into 5 bi-layers of hexagonal ice Ih in the middle of the simulation box, creating the ice slab. 

These molecules were fixed in space. Afterward, and following previous studies,[38, 113, 117] 

we placed two thin layers, both formed by 768 ‘mobile’ water molecules on both sides of the 

immobile ice slab (these ‘mobile’ water molecules were not fixed in space). Part of these 

‘mobile’ water molecules that are near the immobile ice slab gradually freeze during the 

equilibration part of our simulations. The ‘mobile’ water molecules that remain unfrozen 

intend to mimic the QLL of water that forms at the air/ice interface, and this simulated QLL 

eventually exhibit a stable thickness during the equilibration part of our simulations. 

In this study we have considered an ice slab where the basal plane (0001 face) of 

hexagonal ice Ih is in contact with the QLL. A recent molecular simulation study[117] 

suggests that the thickness of the QLL is similar for different water models, provided that the 

same undercooling temperature with respect to the melting point of the specific water model 

is considered. The thickness of the QLL also depends on the plane of ice Ih [basal (0001), 

prism (1010) or secondary (1120) faces] that is initially exposed to the air interface when 

surface premelting occurs.[117, 118] For each simulated system we first relaxed our initial 

configurations using the steepest descent energy minimization method. A time step of 1 fs 
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was used in all our simulations and data were collected every 10 ps. Bond lengths were 

constrained using the LINCS algorithm.[119] Temperature coupling was done using the 

velocity-rescaling algorithm of Parrinello et al. [120, 121] with a coupling constant of 0.1 ps. 

A cut-off distance of 0.9 nm was used for the Lennard-Jones interactions. The particle-mesh 

Ewald (PME) method[122] was used with a cutoff of 0.9 nm and a grid spacing of 0.12 nm in 

order to account for long-range Coulombic interactions. 

2.2.1. Potential of Mean Force (PMF) Calculations 

In our first series of simulations, we determined the free energy profile associated 

with moving one molecule of naphthalene or ozone from the gas phase into the water slab 

(air/water system) or into the QLL (air/ice system). The constraint force method [123-125] 

was used in these simulations. In this method, the z-distance between the center of mass of 

naphthalene or ozone molecule and the center of mass of the water or ice slabs is constrained. 

The force that needs to be applied to the naphthalene or ozone molecule in order to keep this 

distance fixed is then calculated in the simulation. This was done using increments of 1 Å 

using multiple simulations along the z-axis. The potential of mean force (PMF) can then be 

obtained from integration of this force.[123-125] We assumed the free energy in gas phase to 

be zero. Calculations of the PMF of naphthalene and ozone on air/water systems were carried 

out in order to verify that our adopted force fields were able to reproduce experimental values 

of the free energies of hydration. Each of these simulations were run for ~ 2 ns; after an 

equilibration period of ~ 1 ns, the forces were averaged over ~ 1 ns. To determine the PMF of 

naphthalene and ozone on air/ice systems, each of the simulations were run for ~ 6 ns, of 

which ~2 ns were used for equilibration and ~ 4 ns were used to average the forces at each 
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value of z-distance considered (during the 2 ns equilibration period the QLL was able to reach 

its equilibrium thickness). PMF simulations were run at 270 K on ice and at 298 K on water.  

2.2.2. Conventional MD Simulations 

Each ‘conventional’ MD simulation for the air/ice systems was equilibrated over at 

least 4 ns (regarding adsorption of phenanthrene this was 2.5 ns). Afterward, a production run 

of 8 ns was conducted (regarding adsorption of phenanthrene this was 10 ns). phenanthrene 

adsorption on to air/water was also done for the purpose of investigating the differences 

between air/ice and air/water interfaces (For this 2.5 ns equilibration time period and a 10 ns 

production run was used).  In these MD simulations we investigated the adsorption of 

phenanthrene, naphthalene and ozone on air/ice interfaces. Also phenanthrene adsorption on 

air/water interfaces was investigated. We also investigated the interactions between 

naphthalene and ozone at the air/ice interface. For the air/ice interface, we evaluated the 

distribution of the angle between the aromatic plane of phenanthrene or naphthalene and the 

ice/QLL surface (xy-plane). Angular distribution of phenanthrene on air/water was also 

investigated. This property was evaluated for varying numbers of naphthalene and ozone 

molecules at the air/ice interface and for 2 molecules per surface of phenanthrene on both 

water and ice surfaces. The residence time of phenanthrene and naphthalene molecules at the 

air/ice interface and in the bulk QLL was also calculated in our simulations, using two 

naphthalene and phenanthrene molecules per interface. For the analysis of the ozonolysis 

reaction rate at varying number of ozone and naphthalene molecules at the air/ice interface, 

we assumed that the rate of reaction is proportional to the number of contacts between 

naphthalene and ozone. Following Vácha et al.,[29] we defined a contact as when hydrogen 
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atoms of a naphthalene molecule are within 3.5 Å from two side oxygen atoms of an ozone 

molecule (this distance corresponds to the first minimum observed after the first maximum in 

the radial distribution function between hydrogen atoms of naphthalene and the two side 

oxygen atoms on ozone). Vácha et al.[29] indicate that the results do not vary appreciably if a 

different value of distance is used. We used the software VMD[126] for all our visualizations. 

2.3. Results and Discussion 

2.3.1. PMF of Naphthalene and Ozone in Air/water Systems 

 In Figure 2.1 we present the PMF when one molecule of naphthalene or one 

molecule of ozone moves from the gas phase to the air/water interface, and then across the 

water slab. These systems have been studied in previous simulation studies.[20, 28, 29] As 

mentioned above, the force fields that we used for naphthalene and ozone were initially 

parameterized[20, 28, 29] in combination with the SPC/E water model to reproduce the 

experimental free energies of hydration of naphthalene and ozone. Therefore, the purpose of 

our PMF calculations is to test the performance of our adopted force fields for naphthalene 

and ozone, when used in combination with the TIP5P water model.  
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Figure 2.1. PMF of one molecule of naphthalene (blue line) and one molecule of ozone 
(green line) at 298 K. The density profile of water is represented as the red dashed line. 
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From Figure 2.1, the simulated hydration free energy obtained for naphthalene is about 

-10 kJ/mol, and for ozone is about +2.8 kJ/mol. These results are very similar to those 

obtained by Vácha et al. in their simulation studies,[20, 28] and are comparable with the 

experimental values of the free energies of hydration for these two molecules (between -7.5 

kJ/mol and -10.3 kJ/mol for naphthalene, and between +2.9 and +3.7 kJ/mol for ozone, as 

determined from Henry’s law constants[20, 28]) In addition, the free energy minima 

determined in our PMF calculations (-26.4 kJ/mol for naphthalene and -4.9 kJ/mol for ozone) 

are very similar to those reported in simulations by Vácha et al.[20, 28] These results show 

that the combination of force fields used in our study can reproduce experimental values of 

the free energy of hydration of naphthalene and ozone, as well as previous simulation results 

of the PMF for naphthalene and ozone in air/water systems. 

2.3.2. Air/ice Systems: Density Profiles of the Mobile Water Molecules  

For air/ice systems, as described before in the section on Simulation details, part of the 

thin layers of mobile water that we placed near the fixed ice slab gradually freeze during the 

equilibration part of our simulations. In Figure 2.2a we present the time evolution of the 

density profiles of the mobile water molecules in air/ice systems at 270 K, when 3 ozone and 

15 naphthalene molecules are present at each air/ice interface. Some variations in the density 

profile of the mobile water molecules are observed during the initial equilibration period (the 

first 4 ns of our runs), but no significant variations in the density profiles are observed during 

the production period (last 8 ns). These results suggest that part of the mobile water 

molecules freeze or melt during the first 4 ns of our simulations, as suggested by the large 

peaks and the deep local minima found in the density of the mobile water molecules that are 
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close to the immobile ice slab. These results also suggest that the mobile water molecules that 

remain unfrozen (the QLL in our systems) eventually reach a stable thickness during the 

equilibration part of our simulations. Similar trends were observed for all the concentrations 

of ozone and naphthalene considered in our study, as well as for all our air/ice systems at 250 

K. In Figure 2.2b we depict the density profiles of the mobile water molecules at 270 K and 

250 K, when 15 naphthalene and 3 ozone molecules are present at each air/ice interface. 

More fluctuations in the density profile are observed at 250 K as compared to that at 270 K, 

suggesting that the thickness of the QLL decreases with a reduction in temperature, as 

expected. Similar temperature trends were observed for different concentrations of 

naphthalene and ozone at the air/ice interfaces. 
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Figure 2.2. Average density profiles of ‘mobile’ (M) and ‘immobile’ (I) water molecules in 
air/ice systems. (a) Density profiles of ‘mobile’ water molecules at 270 K, averaged over the 
following time periods: M1 = 2 to 3 ns; M2 = 4 to 5 ns; M3 = 8 to 9 ns; M4 = 11 to 12 ns (3 
ozone and 15 naphthalene molecules at each air/ice interface). (b) Density profiles of 
‘mobile’ water molecules at 270 K and 250 K (3 ozone and 2 naphthalene molecules at each 
air/ice interface) 

In Figure 2.3 we present the density profile of the mobile water molecules for fixed 

number of ozone molecules and varying number of naphthalene molecules at the air/ice 

interface (Fig. 2.3a), and for varying number of ozone molecules while keeping constant the 

number of naphthalene molecules (Fig. 2.3b). Important changes in the density profile of the 
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mobile water molecules are observed when the number of naphthalene molecules at the 

air/ice interface increases while keeping the number of ozone molecules constant. In contrast, 

variations in the number of ozone molecules while keeping constant the number of 

naphthalene molecules produce negligible variations in the density profiles of the mobile 

water molecules. These observations suggest that the thickness of the QLL experience a 

significant reduction with increasing concentrations of naphthalene at the air/ice interface, 

whereas changes in the ozone concentration at this interface do not affect significantly the 

thickness of the QLL. However, this effect seems to occur only for sub-monolayer coverage 

of naphthalene; in Figure 2.5, the density profiles of the mobile water molecules seem to be 

unaffected when the concentration of naphthalene changes from 15 to 45 molecules per 

interface (the former is close to monolayer surface coverage). 
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Figure 2.3. Density profiles of mobile (M) and immobile (I) water molecules in air/ice 
systems at 270 K, for: (a) constant concentration of ozone (3 molecules per interface) and 
varying concentrations of naphthalene (M1 = 2 molecules of naphthalene, M2 = 45 
naphthalene molecules per interface); and (b) constant concentration of naphthalene (15 
molecules per interface) and varying concentrations of ozone (M3 = 3 ozone molecules, M4 
= 200 ozone molecules per interface). 

 The reasons behind why increases in naphthalene surface concentration at 

sub-monolayer coverage promotes freezing of the mobile water molecules are not clear to us 

(it might be an effect of naphthalene-water interactions), and should be investigated in 
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follow-up studies. In contrast, the results shown in Figure 2.3 suggest that changes in the 

ozone concentration at this interface do not affect significantly the thickness of the QLL. 

2.3.3. PMF of Naphthalene and Ozone in Air/ice Systems 

In Figure 2.4 we present the PMF obtained by moving one naphthalene or one ozone 

molecule from the gas phase into the layer of mobile water molecules in air/ice systems at 

270 K. The PMF profiles exhibit deep minima at the air/ice interface, suggesting that both 

naphthalene and ozone prefer to be adsorbed at the air/ice interface, rather than staying in the 

gas phase or being dissolved in the QLL.  
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Figure 2.4. PMF on air/ice systems at 270 K. (a) One naphthalene molecule moving into a 
bare air/ice interface. (b) One ozone molecule moving into a bare air/ice interface. (c) One 
molecule of ozone moving into an air/ice interface coated with 15 naphthalene molecules. 
The density profiles of mobile water (M ) and naphthalene (N) molecules are also 
depicted. 

In addition, all PMF profiles show a very sharp increase as the molecule of naphthalene 

or ozone is dragged near the ‘mobile’ water molecules that froze during the equilibration 

period of the simulations (as signaled by the sharp peaks observed in the density profiles in 

Fig. 2.3). This result suggests that incorporation of ozone or naphthalene into the crystalline 

structure of ice is thermodynamically unfavorable. The minima in the PMF for naphthalene 

and ozone at the bare air/ice interface are -22.2 kJ/mol and -5.1 kJ/mol. In Figure 4c we show 

the PMF of one ozone molecule moving into an air/ice interface coated with 15 naphthalene 
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molecules. The minimum in the PMF in this case is -8.4 kJ/mol, which is 65% deeper than 

the minimum observed for a bare air/ice interface. This result suggests that the surface 

adsorption of ozone on air/ice interfaces is enhanced by the presence of naphthalene 

molecules at the interface. From the results shown in Figure 2.4, it is not possible to obtain an 

accurate estimation of the free energy of hydration of naphthalene and ozone in the QLL, 

mainly because the thickness of the QLL in our simulated systems does not allow the PMF to 

converge to a stable value (in contrast to what was observed for air/water systems, see Figure 

1). 

2.3.4. Residence Time of Phenanthrene and Naphthalene Molecules in Bulk QLL  

We carried our conventional (i.e., unbiased) MD simulations of air/ice and air/water 

systems considering a total of 2 phenanthrene and naphthalene molecules per interface (no 

ozone molecules), in order to estimate the fraction of the simulation time that the 

phenanthrene and naphthalene molecules spend at the interface, as well as the fraction of time 

they spend inside the QLL. We arbitrarily defined the interface as the point where the density 

of the mobile water molecules reaches a value of 900 kg/m3. At 270 K, the naphthalene 

molecules spend 9.9% of the total simulation time within the bulk of the QLL, as compared 

to 4.5% at 250 K. For phenanthrene resident time was 7.2% at 267 K and 4.8% at 260 K. 

Visual inspection of video clips of the time evolution of our systems suggest that, within the 

total simulated time, phenanthrene and naphthalene was not incorporated into the lattice 

structure of ice. Rather, phenanthrene and naphthalene was only adsorbed onto the surface 

and bulk of the QLL in air/ice systems. These results suggest that surface adsorption is the 

dominant mechanism for uptake of naphthalene from vapor phase on thin ice films as 
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opposed to dissolution in the bulk of the QLL. With decreasing temperature, phenantherene 

and naphthalene exhibits an increasing tendency to remain at the surface, suggesting that as 

the temperature drops, surface adsorption becomes more dominant than dissolution in the 

bulk QLL. This tendency of phenanthrene and naphthalene to predominantly remain at the 

surfaces has an impact on surface processes, such as heterogeneous reactions between 

naphthalene and incoming ROSs. For example, Kahan et al.[41] indicate that the rate of 

anthracene photolysis at air/ice interfaces is five times larger than those observed when 

anthracene is within an ice matrix or in room-temperature aqueous solution. Furthermore, the 

observation that phenanthrene and naphthalene was only adsorbed at the air/ice interface also 

agrees with a recent study[127] that concluded that terpenoids have a strong tendency to be 

adsorbed on ice surfaces, as opposed to be absorbed onto the crystalline structure of ice. In 

particular, steric effects were argued to hinder the absorption of relatively large terpenoids 

onto the crystalline structure of ice.  

2.3.5. Effects of Varying Concentrations of Naphthalene and Ozone Molecules at the 

Air/ice Interface 

Looking again at Figures 2.4b and 2.4c, it can be observed that the PMF minimum for 

ozone is slightly displaced towards the gas phase and away from the bulk of the mobile water 

molecules when naphthalene molecules coat the air/ice interface. Furthermore, in a 

naphthalene-coated air/ice interface (Figure 2.4c), the z-coordinate at which the PMF 

minimum for ozone is observed is slightly smaller than the z-coordinate at which the density 

profile of naphthalene reaches its maximum. These observations suggest that when a 

significant number of naphthalene molecules are present at the air/ice interface, ozone 

molecules have a tendency to adsorb on top of the already adsorbed naphthalene molecules, 
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rather than adsorbing directly on the air/ice interface. This observation suggests that when the 

surface concentration of naphthalene is significant, it can hinder the surface adsorption of 

ozone and its further dissolution in the bulk of the QLL. Therefore, in what follows we study 

in detail how varying concentrations of ozone and naphthalene affect properties such as local 

density profiles, orientation of the molecules and interactions between ozone and naphthalene 

in the air/ice interface. These properties are relevant because they affect the chemical 

reactions between PAHs and ROSs that can take place at atmospheric air/ice interface.   

(a) Varying Number of Naphthalene Molecules, Constant Ozone Molecules per Air/ice 

Interface   
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Figure 2.5.  Density profiles at 270 K on air/ice systems, for: (a) 15 naphthalene and 3 
ozone molecules per air/ice interface, (b) 45 naphthalene and 3 ozone molecules per air/ice 
interface. Letters O, N, I and M represent ozone, naphthalene, immobile water molecules (ice 
slab) and mobile water molecules.  

In Figure 2.5 we present density profiles of naphthalene, ozone, mobile and immobile 

water molecules in air/ice systems at 270 K, for two concentrations of naphthalene, 15 and 45 

molecules per air/ice interface (the former is close to monolayer surface coverage, while the 

latter is beyond monolayer coverage for the area size of our simulation box. Side views of 

representative simulation snapshots of these systems are depicted in Figure 2.6. The density 

profiles presented in Figure 2.5 indicate that both naphthalene and ozone prefer to stay at the 

air/ice interface, as opposed to remaining in the gas phase or entering the bulk of the ice 
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phase. Comparing the positions of the peaks in the densities of naphthalene and ozone, it is 

observed that naphthalene is closer to the mobile water molecules forming the QLL. This 

observation is consistent to the PMF results shown in Figure 2.4, and indicates that when 

naphthalene molecules are present at the air/ice interface, the molecules of ozone tend to 

remain on top of the naphthalene film (although there is significant overlap between the 

density profiles of naphthalene and ozone, see Fig. 2.5). These trends were consistently 

observed when the number of naphthalene molecules per interface was varied between 2 and 

45.  

a b

 

Figure 2.6. Side view of representative simulation snapshots of naphthalene and ozone on 
air/ice interfaces at 270 K. (a) System with 15 naphthalene and 3 ozone molecules per air/ice 
interface. (b) System with 45 naphthalene and 3 ozone molecules per air/ice interface. 
Naphthalene = dark cyan and gray; ozone = purple; mobile water molecules = red and gray; 
immobile water molecules = green and gray 

Visual inspections of simulation snapshots (Fig. 2.6) and video clips of the time 

evolution of our systems suggest that ozone molecules tend to penetrate into the naphthalene 
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films at the air/ice interface; however, the ozone molecules do not remain inside the 

naphthalene films for long periods of time. These observations agree with the trends shown in 

the density profiles of Figure 2.5. Since ozone molecules mostly prefer to stay on top of the 

naphthalene film, most of the contacts between naphthalene and ozone (which could lead to 

chemical reactions between them) should take place in this region. Nevertheless, overall 

contacts between nearby naphthalene and ozone molecules could occur in several ways:  1. 

Between naphthalene and ozone molecules that are both in direct contact with the mobile 

water molecules in the QLL, 2. Between naphthalene molecules that are in direct contact with 

the mobile water molecules, and ozone molecules that are close to these naphthalene 

molecules, but are not in direct contact with the mobile water molecules,3. Between 

naphthalene molecules that are not in direct contact with the mobile water molecules, and 

ozone molecules which are in direct contact with these mobile water molecules and 4. 

Between naphthalene and ozone molecules that are not in direct contact with the mobile 

water molecules. The density profiles shown in Fig. 2.5 suggest that at low concentrations of 

naphthalene, case (2) would be the most dominating, although in principle all cases could be 

observed. For high concentrations of naphthalene, again all four possible scenarios could take 

place but case (4) would be the most dominating as the layer of naphthalene would become 

thicker and ozone tends to lie on top of the naphthalene film. For higher concentrations of 

naphthalene molecules at the air/ice interface, we did not observe fluctuations in the density 

profiles (Fig. 2.5), which suggests that naphthalene remains as a liquid-like phase and does 

not crystallize on the air/ice interface.  
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a b

 
Figure 2.7. Top views of representative simulation snapshots of systems of naphthalene and 
ozone on air/ice interfaces at 270 K. (a) System with 15 naphthalene molecules per interface. 
(b) System with 45 naphthalene molecules per interface. black background represents ice 
surface 

Figure 2.7 depicts top views of simulation snapshots of air/ice systems. These snapshots 

suggest that naphthalene molecules tend to make larger aggregates as the number of 

naphthalene molecules at the air/ice interface increases, due to the strong interactions 

between naphthalene molecules. Previous studies[36, 38] suggest that naphthalene molecules 

have a larger tendency to interact with each other and form clusters at the air/ice interface as 

compared to the air/water interface, which in turn affect the reactivity of PAHs with ROSs at 

these interfaces. 

The orientation of naphthalene molecules at the air/ice interface was also monitored in 

our MD simulations. This orientation is relevant to the reactions between naphthalene and 

oxidizing species (e.g., ozone and hydroxyl radicals), because the reactivity of ozone with 

naphthalene depends on a detailed interaction between these two molecules. In Figure 2.8a 

we present the angle distribution between the aromatic rings of naphthalene and the air/ice 

interface at different concentrations of naphthalene. An angle of 0° indicates that the rings of 
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the naphthalene molecule remain flat with respect to the interface, and ±90° represents the 

naphthalene molecule lying perpendicular to the interfaces.  
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Figure 2.8. Average angle distributions of naphthalene molecules at air/ice interface at 270 K. 
(a) For constant 3 ozone molecules and varying number of naphthalene molecules per air/ice 
interface. (b) For constant 15 naphthalene molecules and varying number of ozone molecules 
per air/ice interface. 

From Figure 2.8, it can be observed that in all cases (2 to 45 naphthalene molecules per 

air/ice interface) the naphthalene molecules prefer to lie flat at the interfaces with air. 

However, naphthalene retains a considerable ability to rotate around its molecular axis, as 

signaled by the wide distribution of angles observed. From Figure 2.8, the angle distribution 

of naphthalene gets narrower as the number of naphthalene molecules decreases while 

keeping a constant number of ozone molecules, indicating that naphthalene has a lesser 

preference to be flat at larger concentrations at the air/ice interface (see also Fig. 2.6b). At 

low concentrations of naphthalene at the air/ice interface, interactions between naphthalene 

molecules will be minimal and naphthalene will interact primarily with water molecules at 

the QLL, and therefore naphthalene molecules prefer to lie flat at the air/ice interface to 

maximize favorable interactions with water molecules. When the naphthalene concentration 

is high at the air/ice interface, naphthalene molecules tend to make larger aggregates by 

readily interacting with each other.  
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We also examined the effect of temperature on the orientation of naphthalene at 

varying concentrations of this species. Our results (not shown for brevity) indicate that when 

the concentration of naphthalene is low, these molecules show a larger preference to lie flat at 

a temperature of 250 K, as compared to what was observed at 270 K. In contrast, for high 

concentrations of naphthalene, the angular distributions were similar at 270 K and 250 K. 

These observations indicate that at low concentrations of naphthalene, the effect of 

temperature on the orientation of naphthalene is more significant as compared to what is 

observed at high concentrations of naphthalene at the air/ice interface. We also calculated the 

average mean square displacement (MSD) value of naphthalene molecules at the air/ice 

interface on xy plane (also not shown for brevity). We did not observe any significant 

changes in the values of the MSD as the concentration of naphthalene at the air/ice interface 

was varied at constant temperature. The trends observed in Figs. 2.5-8 for a temperature of 

270 K are consistent with those observed at a temperature of 250 K. 

(b) Varying Number of Ozone Molecules, Constant Naphthalene Molecules per Air/ice 

Interface 

Figures 2.8b, 2.9 and 2.10 represent properties of the naphthalene film (15 naphthalene 

molecules per air/ice interface) as the number of ozone molecules is varied from 3 to 200 

molecules per interface. The results shown in Figure 8b suggest that the orientation of 

naphthalene at the interface seems to be unaffected by the concentration of ozone molecules. 

At low ozone concentrations, the ozone molecules prefer to stay on top of the naphthalene 

molecules, as seen in the density profiles (Figure 2.9a) and simulation snapshots (Figure 

2.10a). 
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Figure 2.9.  Density profiles of naphthalene and ozone molecules at 270 K on air/ice 
systems: (a) 15 naphthalene and 50 ozone molecules per air/ice interface, (b) 15 naphthalene 
and 200 ozone molecules per air/ice interface. Letters O, N, I and M represents ozone, 
naphthalene, immobile and mobile water molecules. 

 As the ozone concentration at the interface increases to larger values, most of the 

naphthalene molecules still prefer to stay close to the mobile water molecules in the QLL, but 

a significant fraction of the naphthalene molecules spend a considerable amount of time away 

from direct contact with these mobile water molecules, as indicated by the secondary small 

peaks in the density profiles of naphthalene (Figure 2.9b), and by simulation snapshots 

(Figure 2.10b). Visual inspection of video clips of the simulation trajectories indicates that 

naphthalene molecules spend a significant time inside the thicker layer of ozone observed at 

larger concentrations of this species. We did not observe any significant changes in the MSD 

of the molecules of naphthalene in the xy plane as the concentration of ozone was varied 

(results not shown for brevity). Among the four possibilities discussed previously in 

§2.3.5.(a). for the overall contacts between naphthalene and ozone molecules, all four 

possibilities could take place at low or high concentrations of ozone; case (2) would be the 

most dominant in the former scenario, whereas in the latter scenario it is not clear which case 

would be the most dominant 
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 (c) Number of Contacts between Naphthalene and Ozone Molecules 

The reactions between PAHs and ROSs at the air/water and air/ice interface have been 

proposed to occur via the Langmuir-Hinshelwood mechanism,[17, 18, 27, 37, 128-131] in 

which the ozone and naphthalene molecules adsorb simultaneously onto the air/ice or 

air/water interface and then interact and react at the surface. Another possibility is the 

Eley-Rideal mechanism,[128] in which ozone adsorbs directly on top of naphthalene already 

adsorbed at the interface and then reacts. Most experimental studies of PAHs and ROSs on 

air/water and air/ice interfaces have fitted their data to the equations of the 

Langmuir-Hinshelwood mechanism.[17, 18, 27, 37, 128-131] In this work, we have followed 

the study of Vácha et al.[29] and monitored the number of contacts between molecules of 

naphthalene and ozone at the air/ice interface, but now considering a wider range of 

concentrations for these two species. These contacts could probably lead to chemical 

reactions between naphthalene and ozone, and we can assume that the reaction rate is 

proportional to the number of these contacts.  

In the first system we considered, we kept constant the number of molecules of 

naphthalene (15 molecules per air/ice interface) and monitored the number of contacts while 

varying the number of ozone molecules. Afterwards, we kept constant the number of 

molecules of ozone (3 molecules per air/ice interface) and monitored the contacts while 

varying the number of naphthalene molecules. These results are shown in Figure 2.11. When 

the number of ozone molecules was held constant, the number of contacts showed a linear 

relationship to the number of naphthalene molecules at the air/ice interface (Figure 2.11a). 

However, when the naphthalene concentration was held constant, for all systems we observed 
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a linear relationship at low ozone concentrations and a saturation effect when the ozone 

concentration was further increased at the air/ice interface (Figure 2.11b). 

      a       b 

 

Figure 2.10. Side views of representative simulation snapshots of naphthalene and ozone 
adsorption on the air/ice interface at 270 K, for systems containing (a) 15 naphthalene and 50 
ozone molecules per air/ice interface; and (b) 15 naphthalene and 200 ozone molecules per 
air/ice interface. Naphthalene = dark cyan and gray; ozone = purple; mobile water molecules 
= red and gray; immobile water molecules = green and gray. 
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Figure 2.11. (a) Number of contacts with respect to number of naphthalene molecules when 
number of ozone molecules is constant (3 molecules per interface) on air/ice at 270 K and 
250 K (b) Number of contacts with respect to number of ozone molecules when number of 
naphthalene molecules is constant (15 molecules per interface) on air/ice at 270 K and 250 K. 

There was no significant difference in number of contacts between naphthalene and 

ozone molecules as the temperature decreases. Our results for air/ice systems are in 
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agreement with those of Vácha et al.[29] at low concentrations of ozone (up to 24 ozone 

molecules). However, the plateau in the number of contacts (Fig. 2.11b) was not observed in 

the work of Vácha et al.,[29] possibly because they only considered systems of 32 molecules 

of naphthalene and up to 24 ozone molecules. Based on the nonlinear relationship between 

the number of contacts and ozone concentration for fixed naphthalene concentration at the 

air/ice interface (Figure 2.11b), we can assume that the rate of reaction has a nonlinear 

relationship to surface ozone concentration. As discussed before, in our study both 

naphthalene and ozone are adsorbed at the air/ice interface forming films that are a few nm 

thick during the simulations (Figs. 2.5 and 2.9). Furthermore, the contacts taking place 

between naphthalene and ozone molecules could occur at the air/ice interface in several ways 

(cases 1-4 in §2.3.5.(a) and §2.3.5.(b)). Therefore, our simulation results do not provide any 

firm evidence supporting or ruling out either of the two possible reaction mechanisms. 

Further studies are needed in order to come to firm conclusions about the reaction mechanism 

between naphthalene and ozone at atmospheric air/ice interfaces 

2.3.6. Phenanthrene Orientation at the Air/ice and Air/water Interfaces 

From Figure 2.12, we observe that phenanthrene molecules prefer to adopt a flat 

orientation at the interface with considerable angular flexibility (ability to rotate around the 

molecular axis). For the case of phenanthrene at the air/water interface, the average angular 

distribution was found to be very similar for the two temperatures considered (296 K and 280 

K), with a somewhat narrower distribution found for the lower temperature. This result 

suggests that varying temperatures have no significant effects on the orientation of 

phenanthrene at the air/water interface.  
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Figure 2.12. Average distribution of the angle between the aromatic rings of the 
phenanthrene molecules and the air/water or air/ice interface at different temperatures 

For systems of phenanthrene at the air/ice interface, we observe that with changing 

temperature (267 K and 260 K), the angle distributions of phenanthrene did not change 

significantly with temperature, with a somewhat narrower distribution found for the lower 

temperature. The angle distributions were similar to those observed for the air/water 

interface. 

2.4. Concluding Remarks  

MD simulations were carried out to investigate the adsorption of phenanthrene, 

naphthalene and ozone on air/ice interfaces. We first verified that our combination of force 

fields (TIP5P[112] for water and the force fields used by Vácha et al.[20, 28, 29] for 

naphthalene and ozone) were able to reproduce experimental free energies of hydration and 

previous simulation results. The thickness of the QLL formed by ‘mobile’ water molecules in 
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our simulations reach a stable value after equilibration time period. As expected, the 

simulated thickness of the QLL decreases with temperature, but also decreases with 

increasing concentrations of naphthalene at the air/ice interface. However, this effect seems to 

occur only for sub-monolayer coverages of naphthalene; increasing the surface concentration 

of naphthalene beyond monolayer coverage seems to have negligible effect in the thickness 

of the QLL. Similarly, changes in the ozone concentration do not affect the thickness of the 

QLL. Surface adsorption was found to be the predominant mechanism for the uptake of 

phenanthrene, naphthalene and ozone on ice films. Our results for naphthalene and ozone in 

air/ice systems show deep free energy minima for these two species at the air/ice interface 

(-22.2 and -5.1 kJ/mol); these values are comparable to those determined for air/water 

interfaces (-26.4 and -4.9 kJ/mol). Our results also suggest that incorporation of ozone or 

naphthalene into the crystalline structure of ice is thermodynamically unfavorable. When the 

air/ice interface is coated with naphthalene, the free energy minimum observed for ozone is 

deeper than that observed for ozone in a bare air/ice interface, indicating that surface 

adsorption of ozone is enhanced by the presence of naphthalene molecules at the air/ice 

interface. Furthermore, ozone tends to adsorb on top of the naphthalene film; although 

significant penetration of ozone into this film is also observed, the ozone molecules do not 

remain inside the naphthalene film for long periods of time. Larger aggregates of naphthalene 

molecules were observed as the concentration of naphthalene increases at the air/ice interface. 

Naphthalene and phenanthrene molecules tend to adopt a flat orientation on the air/ice 

interface; less variation in the orientation was observed for lower concentrations of 

naphthalene at a fixed concentration of ozone. In contrast, variations in the ozone 
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concentration do not affect significantly the orientation of naphthalene at the air/ice interface. 

However, as the concentration of ozone increases, most of the naphthalene molecules still 

prefer to stay close to the mobile water molecules in the QLL, but a significant fraction of the 

naphthalene molecules spends a considerable amount of time inside the thicker layer of ozone. 

We also analyzed the number of contacts between naphthalene and ozone at the air/ice 

interface upon variations in the concentrations of these two species. These contacts were 

assumed to be proportional to the reaction rate between these two species. When the number 

of ozone molecules was held constant, the number of contacts showed a linear relationship to 

the number of naphthalene molecules. However, when the naphthalene concentration was 

held constant, for all systems we observed a linear relationship at low ozone concentrations 

and a plateau in the number of contacts is reached at high ozone concentrations. Our 

simulation results do not provide any firm evidence supporting or ruling out either the 

Langmuir-Hinshelwood or the Eley-Rideal mechanism of reaction between naphthalene and 

ozone. 
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CHAPTER 3 ADSORPTION OF NAPHTHALENE AND OZONE ON 

ATMOSPHERIC AIR/ICE INTERFACES COATED WITH SURFACTANTS: A 

MOLECULAR SIMULATION STUDY
‡
 

Contents of this chapter have already been published (T. P. Liyana-Arachchi, K. T. 

Valsaraj and F. R. Hung, Adsorption of naphthalene and ozone on atmospheric air/ice 

interfaces coated with surfactants: A molecular simulation study. J. Phys. Chem. A 2012, 116, 

2519-2528). In this chapter, we report molecular dynamics (MD) results of the adsorption of 

gas-phase naphthalene and ozone on to air/ice interfaces coated with different surfactant 

species (1-octanol, 1-hexadecanol or 1-octanal). The main objective of this study was to 

investigate the adsorption of gas-phase naphthalene and ozone on atmospheric surfactant 

coated air/ice interfaces and investigate the air/ice interfacial properties under the influence of 

surfactants. The rest of this chapter is structured as follows. Section 3.1 is the introduction. 

Section 3.2 contains a description of our computational models and methods. In Section 3.3 

we present results and discussion and in Section 3.4 we summarize our main findings. 

3.1. Introduction 

Snow or ice represents an important environment in the atmosphere and on the earth’s 

surface due to the fact that they play an important role in the storage and reactions of 

environmentally relevant trace gases.[2, 132] Surface processes, such as adsorption and 

chemical reactions, are enhanced at snow and ice surfaces due to their large surface area.[2] 

Polycyclic aromatic hydrocarbons (PAHs) have been detected in snow and ice in both urban 

and remote areas.[81-94] PAHs are known to have carcinogenic and mutagenic effects,[14] 

and can also undergo oxidation and nitration reactions with reactive oxygen species 

                                                        
‡ Reprinted with permission of J. Phys. Chem. A 2012, 116, 2519-2528 
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(ROSs)[133, 134] to yield compounds such as oxy- and nitro-PAHs which are even more 

toxic.[14, 16, 133, 134] Heterogeneous reactions of PAHs on snow and ice have faster 

kinetics compared to those observed in homogenous gas phases.[12, 13, 133] As a result, it is 

important to fundamentally understand the adsorption process as well as the structural and 

dynamical properties of PAHs and ROSs at the air/ice interface, because these properties 

affect the reaction rate between these compounds at these interfaces. Although PAHs are 

hydrophobic, the air/ice interface can uptake significant amounts of these compounds. In our 

previous molecular dynamics (MD) studies,[135] we observed a deep free energy minimum 

for adsorption of naphthalene and ozone at air/ice interfaces, and the presence of naphthalene 

at the air/ice interfaces enhanced the adsorption of ozone to the air/ice interface. A large 

fraction of phenanthrene and naphthalene molecules tend to remain adsorbed at the air/ice 

interface, rather than dissolved into the quasi-liquid layer (QLL) or incorporated into the ice 

crystals.[135, 136] These observations have implications in the heterogeneous reactions 

between PAHs and ROSs at the air/ice interface. 

Surfactant-like molecules can significantly affect the interfacial properties of PAHs and 

ROSs when adsorbed at air/ice interfaces. Atmospheric water and ice films typically contain 

surfactants such as humic and fulvic acids like species.[21, 23-26, 48, 137] Organic species 

can be found in samples of water droplets and snowflakes from both urban and rural areas, 

although the concentration is found to be much higher near cities.[138-140] Surface-active 

organic molecules such as alcohols, acids, amines, carbonyls, etc., are important contributors 

to the total organics found on atmospheric air/water interfaces.[48] The molecular 

composition of the organic film on atmospheric water and ice surfaces varies drastically 
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depending on the source, altitude and latitude of the measurements, which leads to difficulties 

in analytical sampling and analysis.[141] For example, about 40%-50% of organic 

compounds in fog water could not be fully characterized in the experimental analysis of Raja 

et al.;[48] these compounds were assumed to be high molecular weight humic-like substances. 

The presence of such organic films could alter the interfacial properties of ice surfaces, and 

could cause changes in heterogeneous reactivities at these interfaces. Some studies show that 

the uptake of PAHs at air/water and air/ice interfaces is further enhanced by the presence of 

films composed of organic compounds at air/water and air/ice interfaces.[129, 142, 143]  

In this work we studied how the adsorption of naphthalene and ozone on air/ice 

interfaces is affected by the presence of varying concentrations of surfactant species at these 

interfaces. We also investigated how the structural properties of these surfactant species 

change with variations in their concentrations. We also investigated how surfactants affect the 

structural and dynamical properties of naphthalene at the surfactant-coated air/ice interfaces. 

All of the above investigations were done using three different surfactant models (1-octanol, 

1-hexadecanol and 1-octanal). We selected model organic surfactant compounds with 

different organic functional groups that have either been found, or could be expected to exist 

on environmental ice surfaces.[33, 144] This was done in order to understand if functional 

groups in the surfactants have any effect on the interfacial properties, as well as to probe how 

different functional groups affect the adsorption of PAHs and ROSs at the air/ice interface. 

3.2. Simulation Details 

In this study we have used the same models for water, naphthalene and ozone that we 

used in our previous studies of adsorption of phenanthrene, naphthalene and ozone on bare 
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air/ice interfaces.[135, 136] Water was modeled using the TIP5P water model,[112] and 

naphthalene and ozone were modeled using the force fields and parameters from the previous 

work of Vácha et al.[20, 145, 146] The force fields for naphthalene and ozone were 

parameterized by Vácha et al.[20, 145, 146] to reproduce the free energy of solvation of these 

species in combination with the SPC/E water model.[115] However, in our previous 

study[135] we determined from calculations of the potential of mean force that these force 

fields for naphthalene and ozone, when used in combination with the TIP5P water model, can 

also reproduce the experimental values of the free energies of hydration of these species. We 

used the OPLS-all atom force field[147] to model the surfactant species considered in this 

study (1-octanol, 1-hexadecanol and 1-octanal).  

Classical molecular dynamics (MD) simulations were conducted using the GROMACS 

software[116] in the NVT ensemble (constant number of molecules, volume and temperature). 

For simulations on the surfactant-coated air/ice interfaces, we considered orthorhombic 

simulation boxes of dimensions 27 Å × 31.4 Å × 240 Å (x, y and z respectively). Periodic 

boundary conditions were applied in all three directions. For the simulations of naphthalene 

and ozone on surfactant-coated air/ice interfaces, we placed 576 TIP5P water molecules 

arranged into 5 bi-layers of hexagonal ice Ih in the middle of the simulation box, creating an 

ice slab. These water molecules were fixed in space. Following previous studies,[117, 135, 

136, 148] we placed two thin layers, both formed by 768 TIP5P ‘mobile’ (i.e., not subject to 

any motion constraints) water molecules on both sides of the immobile ice slab. Part of these 

‘mobile’ water molecules that are near the immobile ice slab gradually freeze during the 

equilibration part of our simulations.[135] The ‘mobile’ water molecules that remain 
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unfrozen intend to mimic the QLL of water that forms at the air/ice interface. Following our 

previous work, [135, 136] we have considered an ice slab in which the basal plane (0001 face) 

of hexagonal ice Ih is in contact with the QLL. The ice slab and the two QLLs of water form 

two interfaces with vacuum, which intend to mimic two atmospheric air/ice interfaces. Up to 

18 molecules of 1-octanol, 1-hexadecanol and 1-octanal, and up to 2 naphthalene molecules 

and 1 ozone molecule per air/ice interface were considered in our simulations. The simulated 

‘overall’ concentrations of these species (equal to the number of molecules of the species of 

interest divided by the total volume of the vacuum regions) are much larger than the reported 

‘overall’ concentration of carbonyls, alcohols, PAHs and ozone in air, which can range 

between 0.3922 – 1.0800 mg/cL (carbonyls), 0.3339 – 0.1040 mg/cL (alcohols), 0.00053 – 

0.03224 mg/cL (PAHs) and 80 – 100 µg/m3 (ozone) in Houston and Baton Rouge (in the 

Texas-Louisiana Gulf Coast corridor).[12, 48] However, and due to the small sizes of our 

simulated systems, the concentrations of the species used in our study should be viewed as 

‘surface’ concentrations rather than ‘overall’ atmospheric concentrations (the reported values 

listed above). The experimental surface concentrations of these species are different from the 

atmospheric concentrations and are more difficult to define precisely, as the surface 

concentrations depend on the partition coefficients of each species between gas phase and the 

air/ice interface (and most of these partition coefficients are not readily available for our 

specific systems). In order to analyze concentrations as low as atmospheric concentrations 

and obtain statistically-relevant results from MD simulations, it would be necessary to 

consider much larger system sizes which are beyond the current computational resources. 
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Another way would be to determine the adsorption isotherm of each species, but this study is 

beyond the scope of the present work.  

The initial configurations of each simulated system were first relaxed using the steepest 

descent energy minimization method. A time step of 1 fs was used in all our MD simulations 

and data were collected every 10 ps. Bond lengths were constrained using the LINCS 

algorithm.[119] Temperature coupling was done using the velocity-rescaling algorithm of 

Parrinello et al. [120, 121] with a coupling constant of 0.1 ps. A cut-off distance of 0.9 nm 

was used for the Lennard-Jones interactions. The particle-mesh Ewald (PME) method[122] 

was used with a cutoff of 0.9 nm and a grid spacing of 0.12 nm in order to account for 

long-range Coulombic interactions. 

In this study we performed both potential of mean force (PMF) calculations and 

conventional MD simulations. In the former series of calculations, we determined the free 

energy profile associated with moving one molecule of naphthalene or ozone from the gas 

phase into the air/ice interface. As in our previous paper,[135] the constraint force 

method[123-125] was used in these simulations. In this method, the z-distance between the 

center of mass of naphthalene or ozone molecule and the center of mass of the ice slabs is 

constrained. The force that needs to be applied to the naphthalene or ozone molecule in order 

to keep this distance fixed is then calculated in the simulation. This procedure was done using 

increments of 1 Å in multiple simulations along the z-axis. The potential of mean force (PMF) 

can then be obtained from integration of this force,[123-125] taking as reference point the 

free energy of the molecule of interest in the gas phase, which was assigned a zero value. To 

determine the PMF of naphthalene and ozone on surfactant-coated air/ice systems, each of 
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the simulations were run for ~ 6 ns, of which ~2 ns were used for equilibration and ~ 4 ns 

were used to average the forces at each value of z-distance considered. PMF simulations were 

run at 270 K on ice.  

Afterwards, we performed ‘conventional’ MD simulations of surfactant-coated air/ice 

systems, which were equilibrated over at least 4 ns. After equilibration, production runs of at 

least 8 ns were conducted. In these MD simulations we investigated the adsorption of 

naphthalene and ozone on surfactant-coated air/ice interfaces. We evaluated the distribution 

of the angle between the aromatic plane of naphthalene and the air/ice surface (xy-plane) 

using two naphthalene molecules per air/ice interface. This was evaluated using the angle 

formed between the vector normal to the aromatic plane and the vector normal to the air/ice 

surface (z-direction). We also determined the angle formed between the normal to the air/ice 

surface (z-direction) and a vector joining the first and last carbon atoms in each surfactant 

molecule (i.e., C1-C8 for 1-octanol and 1-octanal, and C1-C16 for 1-hexadecanol). This 

property was evaluated for varying number of molecules (5 to 18) of the different surfactant 

species at each air/ice interface. Additionally, the density profiles of naphthalene with respect 

to density profiles of water and surfactants were also investigated. This was investigated with 

2 naphthalene molecules at each air/ice interface and varying concentrations of surfactants at 

the air/ice interface. We also investigated the average distance between the naphthalene 

molecules at the surfactant-coated air/ice interfaces. Regarding the dynamical properties of 

the naphthalene molecules at the surfactant-coated air/ice interfaces, we calculated the 

average mean square displacement and diffusion coefficient of naphthalene molecules (2 

molecules per interface) at the surfactant-coated air/ice interfaces. We also compared these 
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properties determined at surfactant-coated air/ice interface with those obtained at bare air/ice 

interfacial properties. We used the software VMD[126] for all our visualizations. Simulations 

considering surfactant-coated and bare air/ice interfaces were carried out at 270 K. 

3.3. Results and Discussion 

3.3.1. Air/ice Systems: Density Profiles of the Mobile Water Molecules  

In our previous work[135] with simulated air/ice systems, it was observed that part of the 

thin layers of mobile water that we placed near the fixed ice slab gradually froze during the 

equilibration part of the simulations. This simulated QLL eventually exhibits a stable 

thickness during the equilibration part of our simulations.[135]  

 
Figure 3.1. Average density profiles of ‘mobile’ (M) and ‘immobile’ (I) water molecules in 
air/ice systems. All values are normalized by dividing by the largest value of the local density 
of ‘mobile’ and ‘immobile’ water. (a) Density profiles of ‘mobile’ water molecules at 270 K, 
averaged over the following time periods: M1 = 4 to 5 ns; M2 = 7 to 8 ns; M3 = 11 to 12 ns. 18 
molecules of 1-octanol and 2 molecules of naphthalene are present at each air/ice interface. (b) 
Density profiles of mobile (M) and immobile (I) water molecules in air/ice systems at 270 K 
with 2 naphthalene molecules and 18 surfactant molecules per interface. M4 = 1-octanol, M5 = 
1-hexadecanol, M6 = 1-octanal, M7 = no surfactants present. 

In Figure 3.1a we show the time evolution of the density profiles of mobile water 

molecules during the 8 ns production run period (i.e., after the 4 ns equilibration part), when 

18 1-octanol molecules and 2 naphthalene molecules were present at each air/ice interface. 

Significant variations were not observed in the density profiles of mobile water molecules 
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during this period. These results suggest that part of the mobile water molecules freeze during 

the first 4 ns of the simulations (equilibration time period) and reach the equilibrium QLL 

thickness, which is consistent with what we observed in our previous work.[135] These 

results are consistent with the trends we observed when the air/ice interface was coated with 

1-hexadecanol and 1-octanal. In Figure 1b we present the density profile of the mobile water 

molecules averaged over the production run period at the surfactant-coated air/ice interfaces 

(18 molecules of 1-octanol, 1-octanal or 1-hexadecanol, and 2 naphthalene molecules per 

air/ice interface). Changes in the density profile of the mobile water molecules were observed 

when the number of surfactant molecules at the air/ice interface was increased from 0 to 18 

while keeping two naphthalene molecules at each air/ice interface (Figure 3.1b). It can be 

observed that there are more fluctuations in the density profiles of the mobile water 

molecules when surfactants are present. In contrast, variations in the structure of the 

surfactant molecule (1-octanol, 1-octanal or 1-hexadecanol) while keeping the same molar 

concentrations at the air/ice interface  produce negligible variations in the density profiles of 

the mobile water molecules. These observations suggest that the thickness of the QLL is 

reduced when surfactants are present at the air/ice interface. This behavior might be an effect 

of the additional intermolecular interactions that arise when surfactants are added to bare 

air/ice interfaces; this point deserves further investigation in future studies. 

3.3.2. PMF of Naphthalene and Ozone in Air/ice Systems 

In Figure 3.2 and 3.3 we present the PMF obtained by moving one naphthalene or one 

ozone molecule from the gas phase into air/ice interfaces coated with 1-octanol, 

1-hexadecanol or 1-octanal (18 molecules of surfactant per air/ice interface) at 270 K. 
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Figure 3.2. PMF (green lines) of moving one naphthalene molecule from the gas phase into 
the mobile water molecules in surfactant-coated air/ice systems at 270 K. In all cases, 18 
molecules of surfactant are present in each air/ice interface. (a) Air/ice interface coated with 
1-octanol. (b) Air/ice interface coated with 1-hexadecanol. (c) Air/ice interface coated with 
1-octanal. The density profiles of mobile water (M, red lines) and surfactant (S, blue lines) 
molecules are also depicted. These density profiles are normalized with respect to the 
maximum value of the local density of the corresponding species found in the simulation box 

 For both ozone and naphthalene, PMF profiles exhibit deep minima at the 

surfactant-coated air/ice interface, and sharp increases in the PMF are observed as the 

naphthalene or ozone molecules are dragged into the ‘mobile’ water molecules that froze 

during the equilibration period of the simulations.  
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Figure 3.3. PMF (green lines) of moving one ozone molecule from the gas phase into the 
mobile water molecules in surfactant-coated air/ice systems at 270 K. In all cases, 18 
molecules of surfactant are present in each air/ice interface. (a) Air/ice interface coated with 
1-octanol. (b) Air/ice interface coated with 1-hexadecanol. (c) Air/ice interface coated with 
1-octanal. The density profiles of mobile water (M, red lines) and surfactant (S, blue lines) 
molecules are also depicted. These density profiles are normalized with respect to the 
maximum value of the local density of the corresponding species found in the simulation box. 

These observations suggest that both naphthalene and ozone prefer to be adsorbed at the 

surfactant-coated air/ice interface, as compared to staying in the gas phase, being dissolved in 

the QLL or embedded in the crystalline structure of ice. In our previous simulation study for 

naphthalene and ozone on bare air/ice interfaces,[135] we also determined that the 
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incorporation of naphthalene and ozone into the crystalline structure of ice is 

thermodynamically unfavorable. In these bare air/ice systems, the minima in the PMF for 

naphthalene and ozone was observed at the air/ice interfaces and are about -22.2 kJ/mol and 

-5.1 kJ/mol, respectively. In comparison, our results show that when 18 molecules of 

1-octanol, 1-hexadecanol or 1-octanal are present at the air/ice interface, the naphthalene 

PMF minima values are -30.5 kJ/mol, -39.6 kJ/mol and -44.3 kJ/mol (Fig. 3.2), and the ozone 

PMF minima values were -14.3 kJ/mol, -14.9 kJ/mol and -10.02 kJ/mol (Fig. 3). These 

results indicate that for the surfactants considered, adsorption of both naphthalene and ozone 

on air/ice interfaces is enhanced by the presence of surfactants at the interfaces. The PMF 

minima for naphthalene and ozone depend on the specific surfactant present at the interfaces. 

1-octanal seems to interact stronger with naphthalene at the air/ice interfaces than 

1-hexadecanol, which in turn interacts stronger than 1-octanol. In contrast, ozone seems to 

interact stronger with 1-octanol and 1-hexadecanol than with 1-octanal. The PMF minimum 

for naphthalene becomes deeper with increasing length of the hydrophobic tail of the 

surfactant (naphthalene has a deeper minimum when 18 molecules of 1-hexadecanol are 

present at the air/ice interface, as compared to when the same number of molecules of 

1-octanol are present). In contrast, increasing the length of the hydrophobic tail does not have 

a significant effect on the adsorption of ozone (the PMF minima were similar when the air/ice 

interfaces are coated with 1-octanol or 1-hexadecanol with the same molar concentration). 

For the case of adsorption of naphthalene on air/water interfaces, the PMF minimum also 

becomes deeper when these interfaces are coated with 1-octanol, changing from about -25 

kJ/mol (bare air/water interfaces) to about -32 kJ/mol (air/water interfaces coated with 
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1-octanol).[33] This change represents a reduction of about 28% in the PMF minimum value 

with respect to the value on bare air/water interfaces. Similarly, the value of the PMF 

minimum of naphthalene on air/ice interfaces coated with 1-octanol decreases in about 37% 

with respect to the value observed on bare air/ice interfaces. This comparison suggests that 

surfactants have a somewhat larger effect on the adsorption of naphthalene on air/ice 

interfaces than on air/water interfaces.  

The position of the z coordinate where the PMF minimum of naphthalene and ozone is 

observed, relative to the density profiles of the different species in the air/ice systems, gives 

insights on whether these molecules prefer to adsorb on top of already adsorbed surfactant 

molecules, stay dissolved in the surfactant layer, or adsorb inside the ‘mobile’ water 

molecules in the QLL. From Figures 3.2 and 3.3, in all cases the PMF minima of both 

naphthalene and ozone are located deep into the surfactant layer and close to the interface 

with the mobile water molecules in the QLL. Therefore, thermodynamics suggests that both 

naphthalene and ozone prefer to stay dissolved in the surfactant layer and close to the QLL, 

rather than to adsorb on top of the surfactants near the air region in our systems, or deep into 

the QLL. The results presented in Figs. 3.2 and 3.3 suggest that surface adsorption is the 

dominant mechanism for uptake of naphthalene from vapor phase on thin surfactant-coated 

ice films, as opposed to dissolution into the QLL or incorporation into the crystalline ice. The 

tendency of naphthalene and ozone to preferably remain at the air/ice interface, and the 

enhancement of surface adsorption with the presence of surfactants, are relevant to surface 

processes such as heterogeneous reactions between naphthalene and ozone at the air/ice 

interfaces. The trends observed for the PMF of both naphthalene and ozone are in agreement 
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with previous experimental and simulation results obtained for phenanthrene, naphthalene 

and ozone adsorption at bare and surfactant-coated air/water and air/ice interfaces.[135, 136] 
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Figure 3.4. Density profiles of the species in different air/ice systems at 270 K. Letters S 
(blue line), N (green line), I (red line) and M (purple line) represent surfactant, naphthalene, 
immobile and mobile water molecules. (a) 18 molecules of 1-octanol and 2 molecules of 
naphthalene per air/ice interface. (b) 18 molecules of 1-hexadecanol and 2 molecules of 
naphthalene per air/ice interface. (c) 18 molecules of 1-octanal and 2 molecules of 
naphthalene per air/ice interface. The density profile of each species is normalized by 
dividing by the maximum value of the local density of each species in the simulation box. 

3.3.3. Density Profiles 

In Figure 3.4 we present density profiles of naphthalene, surfactants and mobile and 

immobile water molecules in air/ice systems at 270 K, as obtained from ‘conventional’ MD 
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simulations. In these systems 18 molecules of surfactant (1-octanol, 1-octanal or 

1-hexadecanol) and 2 molecules of naphthalene are present at each air/ice interface.  

 

a b

 

Figure 3.5. Side view of representative simulation snapshots of naphthalene and 1-octanol on 
air/ice interfaces at 270 K. (a) System with 2 molecules of naphthalene and 5 molecules of 
1-octanol per air/ice interface. (b) System with 2 molecules of naphthalene and 18 molecules 
of 1-octanol per air/ice interface. Naphthalene = red; 1-octanol = green; mobile water 
molecules = cyan; immobile water molecules = gray.  

Side views of representative simulation snapshots of these systems are depicted in 

Figures 3.5, 3.6 and 3.7. Density profiles of systems where 5 molecules of surfactants and 2 

molecules of naphthalene are present at each air/ice interface are not shown for clarity. The 

density profiles and the snapshots indicate again that naphthalene prefers to stay at the 

surfactant-coated air/ice interfaces, as opposed to remaining in the gas phase or entering the 

bulk of the ice phase. When we compare the z coordinates of the peaks in the density profiles 

of naphthalene and surfactants (Fig. 3.4), we observe that the peaks for naphthalene are closer 

to the mobile water molecules in the QLL; the surfactant peaks are a little farther from these 
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water molecules. Density profiles of systems where 5 molecules of surfactants are present at 

the air/ice interface had similar trends. 

 

ba

 

Figure 3.6. Side view of representative simulation snapshots of naphthalene and 
1-hexadecanol on air/ice interfaces at 270 K. (a) System with 2 molecules of naphthalene and 
5 molecules of 1-hexadecanol per air/ice interface. (b) System with 2 molecules of 
naphthalene and 18 molecules of 1-hexadecanol per air/ice interface. Naphthalene = red; 
1-hexadecanol = green; mobile water molecules = cyan; immobile water molecules = gray. 

Visual inspections of simulation snapshots (Figs. 3.5-7) and video clips of the time 

evolution of our systems also indicate that naphthalene molecules tend to penetrate into the 

surfactant films at the air/ice interface. Significant overlap in the density profiles of 

naphthalene and surfactants are observed in Fig. 3.4, in agreement with the PMF results 

shown in Figs. 3.2 and 3.3. These results indicate that even when considerable concentrations 

of surfactant molecules are present at the air/ice interface, naphthalene molecules have a 

tendency to stay dissolved in the surfactant layer and to adsorb directly onto the air/ice 

interface, rather than adsorbing on top of the surfactant molecules and close to the air region. 
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These results were consistent for both low and high concentrations of surfactants (1-octanol, 

1-hexadecanol and 1-octanal) at air/ice interface. 

 

a b

 

Figure 3.7. Side view of representative simulation snapshots of naphthalene and 1-octanal on 
air/ice interfaces at 270 K. (a) System with 2 molecules of naphthalene and 5 molecules of 
1-octanal per air/ice interface. (b) System with 2 molecules of naphthalene and 18 molecules 
of 1-octanal per air/ice interface. Naphthalene = red; 1-octanal = green; mobile water 
molecules = cyan; immobile water molecules = gray.  

3.3.4. Structural Properties of Surfactants at the Air/ice Interface 

The orientation of surfactant (1-octanol, 1-octanal or 1-hexadecanol) molecules at the air/ice 

interface was monitored in our MD simulations when 2 naphthalene molecules were present 

at the air/ice interface. Figure 3.8 presents the angle distribution between the vector of the 

end carbon atoms of the alkyl groups of each surfactant molecule and the air/ice interface 

(xy-plane). A value of 1 for cos() represents that the alkyl group of the surfactant molecules 

remains flat with respect to interface and a value of 0 for cos() represents the alkyl group of 

the surfactant molecule lying perpendicular to the interface.  
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Figure 3.8. Average angle distributions of surfactant molecules at air/ice interface at 270 K. 
(a) Systems with 2 naphthalene molecules and varying number of 1-octanol molecules per 
air/ice interface. (b) Systems with 2 naphthalene molecules and varying number of 
1-hexadecanol molecules per air/ice interface. (c) Systems with 2 naphthalene molecules and 
varying number of 1-octanal molecules per air/ice interface. L and H represent 5 and 18 
surfactant molecules per air/ice interface. 

From Figure 3.8, it can be observed that none of the surfactant species prefer to lie flat at 

the air/ice interface; rather, they tend to orient at a tilted angle at the air/ice interface (in a 

way that the hydrophilic end pointing towards the ice surface). Our results suggest that the 

angle distribution of the surfactants depends on the hydrophilic end group and the length of 
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the hydrophobic tail, as well as on the concentration of each surfactant at the air/ice interface. 

When larger concentrations of 1-hexadecanol are present at the air/ice interface, the angular 

distribution is narrower as compared to 1-octanol or 1-octanal at the same molar 

concentrations. These trends suggest that as the alkyl chain (hydrophobic tail) gets longer, the 

angular distribution becomes narrower (see Figs. 3.6 and 3.8). It was also observed that as the 

surfactant concentration increases, for all species the preferred tilt angle increases with 

respect to the ice surface as compared to lower concentrations of each species. This 

observation suggests that the concentration of each surfactant species has a significant effect 

on the orientation at the air/ice interface, which is in agreement with previous results obtained 

from simulations of surfactants at air/water interfaces.[149] At low concentrations of 

surfactants at the air/ice interface, surfactants interact primarily with the water molecules at 

the QLL rather than with other surfactant molecules. However, at larger concentrations, the 

interactions between surfactant molecules become more important, making the surfactant 

molecules to align closer to perpendicular with respect to the air/ice interface (xy plane).  

3.3.5. Structural and Dynamical Properties of Naphthalene Molecules at the 

Surfactant–Coated Air/ice Interface 

The orientation of naphthalene molecules at the surfactant-coated air/ice interfaces was 

investigated in the MD simulations. This orientation is relevant to the reactions between 

naphthalene and incoming oxidizing species due to the fact that the reactivity of ozone with 

naphthalene depends on a detailed interaction between these two molecules.  
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Figure 3.9. Average angle distributions of naphthalene molecules at 270 K at air/ice 
interfaces coated with varying concentrations of different surfactant molecules (W, L and H = 
0, 5 and 18 surfactant molecules per air/ice interface). (a) Systems with 2 naphthalene 
molecules and varying number of 1-octanol molecules per air/ice interface. (b) Systems with 
2 naphthalene molecules and varying number of 1-hexadecanol molecules per air/ice 
interface. (c) Systems with 2 naphthalene molecules and varying number of 1-octanal 
molecules per air/ice interface.  

Figure 3.9 presents the angle distribution between the aromatic rings of naphthalene and 

the air/ice interface for the case where two naphthalene molecules are present at the 

surfactant-coated air/ice interface. A value of 1 for cos() represents that the aromatic ring is 

parallel to the ice surface and a value of 0 for cos() represents the aromatic ring is 
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perpendicular to the ice surface. We monitored the angular distribution of naphthalene 

molecules for systems of up to 18 molecules of surfactant per air/ice interface were present. 

Naphthalene prefers to lie flat at bare air/ice interfaces, but when the interface is coated with 

1-octanol, naphthalene’s preference to align flat at the ice surface decreases, in agreement to 

simulation results obtained for the air/water interface.[149] In contrast, when the air/ice 

interface is coated with 1-hexadecanol, naphthalene’s preference to be at a flat orientation is 

enhanced as compared to that observed in bare air/ice interfaces. No significant variations in 

the angular distribution are observed when the air/ice interface is coated with increasing 

concentrations of 1-octanal. The angular distributions of naphthalene are similar when low 

concentrations of 1-octanol or 1-octanal are present at the air/ice interface. However, as the 

1-hexadecanol concentration increases, naphthalene prefers to orient at a tilted angle. These 

results suggest that the specific surfactant molecule and its concentration at the air/ice 

interface play a major role in the orientation of naphthalene at these interfaces. 

We also calculated the average distance between centers of mass of two naphthalene 

molecules at the surfactant-coated air/ice interfaces, for the case where two naphthalene 

molecules were adsorbed to each surfactant-coated air/ice interface, and up to 18 surfactant 

molecules were present at each interface. This distance is important since naphthalene 

exhibits a tendency to self-associate at the air/ice interface.[148] The average distances 

between two naphthalene molecules when 18 molecules of 1-octanol, 1-hexadecanol or 

1-octanal are present at the air ice interface is 1.12±0.38 nm, 1.21±0.35 nm and 1.18±0.37 nm, 

respectively. On bare ice interfaces the average distance between naphthalene molecules were 

1.10±0.39 nm. Although we observe slight increases in the average distances between 
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naphthalene molecules in surfactant-coated air/ice interfaces as compared to bare air/ice 

interfaces, such increases are not significant (especially considering the standard deviations 

reported above). Similar results were observed at low surfactant concentration at the air/ice 

interface. 

The mean square displacement (MSD) of naphthalene molecules on surfactant-coated 

air/ice surfaces is shown in Figure 3.10 for bare air/ice interfaces, and when 18 molecules of 

1-octanol, 1-hexadecanol and 1-octanal are present at the interfaces. All systems contain 2 

molecules of naphthalene per air/ice interface.  
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Figure 3.10. Average mean square displacement of naphthalene molecules on bare or 
surfactant-coated air/ice interfaces at 270 K.  

These results indicate that the dynamics of naphthalene at the surfactant-coated air/ice 

interface are significantly slower when compared to those in bare air/ice interfaces. No 

significant changes are observed in the MSDs of naphthalene when 1-octanol or 1-octanal are 

present at the air/ice interface, however the dynamics of naphthalene becomes slower when 

the air/ice interfaces are coated with 1-hexadecanol. The average diffusion coefficients of 
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naphthalene molecules were found to be 5.76, 1.86, 1.07 and 0.25 (× 10-5 cm2/s) on air/ice 

interfaces that are bare or coated with 1-octanol, 1-octanal and1-hexadecanol, respectively. 

These results indicate that the diffusion of naphthalene molecules at the air/ice interface is 

hindered by the presence of surfactants at the air/ice interface; the restriction in motion 

depends on the chemical details of the surfactants (head group, chain length). Furthermore, 

the density profiles (Figure 3.4) show that for the 1-hexadecanol system, naphthalene is 

adsorbed farther away from the gas phase as compared to the 1-octanol and 1-octanal systems. 

Those observations help in explaining the large reduction observed in the diffusion 

coefficient of naphthalene in the 1-hexadecanol system, because near the gas phase, the 

diffusion of naphthalene should be less hindered due to the lack of other molecules restricting 

its movement.  

3.4. Concluding Remarks 

MD simulations were performed to investigate the adsorption of naphthalene and ozone 

on surfactant-coated air/ice interfaces. The thickness of the QLL formed by ‘mobile’ water 

molecules in our simulations reaches a stable value after ~4 ns and maintained an equilibrium 

thickness during the production run period of 8 ns. The thickness of the QLL decreases with 

increases in the surfactant concentration at the air/ice interfaces; no significant differences in 

the QLL thickness are observed for identical concentrations of different surfactants (1-octanol, 

1-hexadecanol, or 1-octanal). Surface adsorption is found to be the predominant mechanism 

for uptake of naphthalene and ozone on surfactant-coated ice films, as opposed to dissolution 

into the QLL or incorporation into the crystalline ice. PMF calculations show deep free 

energy minima for naphthalene and ozone adsorption at surfactant-coated air/ice interfaces. 
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These PMF minima are significantly deeper than those observed for naphthalene and ozone 

on bare air/ice interfaces, suggesting that the presence of surfactants enhances the adsorption 

of naphthalene and ozone on air/ice interfaces. For naphthalene, the PMF minimum becomes 

deeper when the air/ice interface is coated with 1-hexadecanol, as compared to when air/ice 

interface is coated with 1-octanol, which suggests that increasing the hydrophobic tail length 

of the surfactants enhances the adsorption of naphthalene on air/ice interfaces. In contrast, the 

PMF minima for ozone in 1-octanol or 1-hexadecanol-coated air/ice interfaces are similar. 

Both naphthalene and ozone prefer to stay dissolved in the surfactant layer and close to the 

mobile water molecules in the QLL, rather than to adsorb on top of the surfactants and near 

the air region in our systems. All the surfactants studied tend to adopt a tilted orientation at 

the air/ice interface, with the angle distribution and the most preferred angle varying between 

different surfactants. As the surfactant concentration increases, surfactant molecules prefer to 

have a more perpendicular orientation with respect to the air/ice interface. The specific 

surfactant and its concentration affect the orientation of naphthalene molecules at the ice 

surfaces; in most cases, naphthalene prefers to lie flat at the surfactant-coated air/ice 

interfaces, except at high 1-hexadecanol concentrations. Our results suggest that the presence 

of surfactants at the air/ice interfaces have no significant effects on the self-association of 

naphthalene molecules at these interfaces (at least for the surfactants considered and the 

range of concentrations studied in this paper). In contrast, the dynamics of naphthalene 

molecules at the air/ice interface are significantly slower when surfactants are present at the 

air/ice interface compared to bare air/ice interface; the slowest dynamics were observed for 

1-hexadecanol-coated air/ice interfaces. 
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CHAPTER 4 ICE GROWTH FROM SUPERCOOLED AQUEOUS SOLUTIONS OF 

BENZENE, NAPHTHALENE AND PHENANTHRENE
§
 

Contents of this chapter have already been published (T. P. Liyana-Arachchi, K. T. 

Valsaraj and F. R. Hung, Ice growth from supercooled aqueous solutions of benzene, 

naphthalene and phenanthrene. J. Phys. Chem. A 2012, 116, 8539-8546). In this chapter, we 

report molecular dynamics (MD) results of the ice growth from supercooled aqueous 

solutions of benzene, naphthalene or phenanthrene. The main objective of this study is to 

explore the fate of benzene, naphthalene or phenanthrene molecules after freezing of the 

supercooled aqueous solutions. The rest of this chapter is structured as follows. Section 4.1 is 

the introduction. Section 4.2 contains a description of our computational models and methods. 

In Section 4.3 we present results and discussion and in Section 4.4 we summarize our main 

findings. 

4.1. Introduction 

 Polycyclic aromatic hydrocarbons (PAHs, e.g., naphthalene, phenanthrene) are molecules 

that exhibit at least two fused aromatic rings. These compounds are ubiquitous atmospheric 

pollutants and are known to have important carcinogenic, mutagenic and teratogenic 

effects.[14] PAHs can react with reactive oxygen species (ROSs) [e.g., ozone, hydroperoxy, 

hydroxyl and nitrate][1] and produce oxy- and nitro-PAHs which exhibit enhanced 

toxicity.[14, 16] PAHs can be adsorbed at atmospheric air/water interfaces (water droplets, 

aerosols, fog, mist), a process that typically involves adsorption at the interface and 

dissolution in the bulk water.[19] Similarly, PAHs can also adsorb at atmospheric air/ice 

interfaces (ice, snow). The sorption mechanism in this case consists of adsorption of the 
                                                        
§ Reprinted with permission of J. Phys. Chem. A 2012, 116, 8539-8546 
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PAHs to the air/ice interface, dissolution in the quasi-liquid layer (QLL, a transitional 

liquid-like layer observed when ice is exposed to a free surface such as air at temperatures 

close to the melting point[96-101]), and incorporation into the solid ice crystal.[95]  

Adsorption of PAHs and ROSs at the air/water and air/ice interfaces are of particular 

importance because heterogeneous reactions between these compounds at these interfaces can 

exhibit kinetics that are much faster than those of their homogeneous counterparts in the gas 

phase.[1, 12, 13]  

PAHs (gas)

PAHs (surface)

PAHs (bulk)

ROSs (gas)

ROSs (surface)

ROSs (bulk)

WATER

PAHs (gas)

PAHs (surface)

PAHs (bulk)

ROSs (gas)

ROSs (surface)

ROSs (bulk)

ICE

PAHs (QLL) ROSs (QLL)
QLL

 

Figure 4.1. The multiple ways in which photochemical reactions between PAHs and ROSs 
can take place in atmospheric air/water (left) and air/ice (right) systems. 

In principle, photochemical reactions between PAHs and ROSs can occur in multiple 

ways (Figure 41). PAHs and ROSs can adsorb and remain on the air/water or air/ice interface 

(i.e., without migrating to the bulk water or into the QLL), and undergo heterogeneous 

reactions at these interfaces. Another possibility would be that PAHs and ROSs become 

dissolved in the bulk water or inside the QLL, and then undergo photochemical reactions. For 

the particular case of PAHs and ROSs in ice/snow, these species could also become trapped 

into the lattice structure of ice and undergo reactions in that environment. A final possibility 

is for PAHs and ROSs to react in the gas phase (Figure 4.1). Therefore, a fundamental 
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understanding of the properties of PAHs and ROSs in air/water and air/ice systems can lead 

to an improved understanding of the multiple ways these species can undergo photochemical 

reactions in atmospherically relevant systems. 

Previous molecular dynamics (MD) simulations from our group have indicated the 

presence of deep free energy minima for adsorption of gas-phase PAHs (naphthalene, 

phenanthrene) and ROSs (ozone) at air/ice interfaces,[135, 136, 150] suggesting that there is 

a thermodynamic incentive for these molecules to remain at such interfaces rather than being 

dissolved inside the QLL or incorporated in the lattice structure of ice. We have also observed 

that the thickness of the QLL affects the distribution of PAHs in the QLL and at the air/ice 

interface; as the QLL becomes less thick due to a decrease in temperature, PAHs tend to 

spend less time inside the QLL and remain for longer times at the air/ice interface.[136] 

These simulations studies[135, 136, 150] are relevant for the scenario described above where 

PAHs and ROSs undergo chemical reactions at the air/ice interface or within the QLL. 

However, some PAHs such as naphthalene and phenanthrene are known to be solvated to a 

considerable degree in bulk water at environmental conditions.[20, 135, 136, 149] Because of 

this fact, ice growth from supercooled aqueous solutions of PAHs is a process that can occur 

in natural environmental conditions, for example during freezing of lakes, formation of ice at 

the sea and formation of snow pellets. As a result, PAHs and ROSs could become trapped 

into the ice lattice and then undergo photochemical reactions in such an environment. Here 

we report MD simulations of ice growth from supercooled water containing dissolved 

aromatic molecules, namely benzene, naphthalene and phenanthrene. The first objective of 

our simulations is to explore the fate of those aromatic molecules after the freezing process, 
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namely how likely it is for these molecules to become trapped inside the crystalline structure 

of ice, or if they are displaced to the QLL or to the interface with air. Ice growth from 

supercooled water and aqueous solutions has been the subject of several studies. Nada and 

Furukawa[151-153] investigated ice growth from supercooled water via molecular 

simulations, and Vrbka and Jungwith[154] studied the growth of ice from supercooled 

aqueous solutions of NaCl, but these studies did not consider the presence of an interface 

with air. The effects of such an interface was taken into account in the work of Carignano and 

Szleifer,[155, 156] who performed molecular simulations of ice growth from pure water and 

from aqueous solutions of NaCl, in the presence of interfaces with air. Such an interface is 

required for ice to develop a QLL. The thickness of the QLL depends on the temperature and 

also is influenced by the presence of solutes.[157] Estimating the thickness of the QLL is 

hard due to the fact that the values obtained for thickness of the QLL are highly dependent on 

the experimental techniques used to measure it.[96, 101-108] In our simulation studies we 

also investigated the effect of benzene, naphthalene and phenanthrene on the thickness of the 

QLL, as well as monitored the orientation of the aromatic molecules that end up at the air/ice 

interface. This property is important due to the fact that reactions between PAHs and ROSs 

depend on the orientation of these molecules. We carried out our MD simulations at two 

different temperatures, 270 K and 260 K. In addition, we also performed several potential of 

mean force (PMF) calculations because of several reasons: (1) verify that our adopted force 

fields and parameters could reproduce experimental values of the free energy of hydration for 

benzene and phenanthrene, and (2) determine the PMF associated with moving a molecule of 

benzene or phenanthrene from the gas phase into the air/ice interface.  
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4.2. Simulation Details 

All our MD simulations were conducted using the GROMACS software.[116] In analogy 

to our previous studies,[135, 136, 150] benzene, naphthalene and phenanthrene were modeled 

using the force fields and parameters from the work of Vácha et al.,[20, 145, 146] and water 

was modeled using the TIP5P water model.[112] However, the parameters from Vácha et al. 

were parameterized to reproduce the free energy of solvation of benzene, naphthalene and 

phenanthrene in combination with the SPC/E model for water.[115] In a previous study,[135] 

we determined from potential of mean force (PMF) calculations that the parameters from 

Vácha et al. for naphthalene, when used in combination with the TIP5P water model, can also 

reproduce the experimental value of its free energy of hydration. In order to reproduce the 

experimental free energy of hydration of benzene and phenanthrene, we followed previous 

work[20, 145, 149] and increased the atomic charges up to 10% of the original charges[20, 

145, 146] when using the parameters of Vácha et al. in combination with the TIP5P water 

model (Supporting Information). We then tested these parameters by determining the PMF 

associated with moving one molecule of benzene or phenanthrene from the gas phase into a 

slab of liquid TIP5P water, and corroborated that the experimental free energies of hydration 

of these molecules are correctly reproduced (Figures 3 and S.1, Supporting Information). 

However, this increase in the atomic charges does affect the interactions between molecules 

of aromatics, which might be important in our simulations of ice growth from supercooled 

aqueous solutions of benzene, naphthalene or phenanthrene because the concentrations of 

these species considered here (see below) are larger than the naturally-occurring 

concentrations of these species in the atmosphere. Simulation results for the liquid densities 
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of pure benzene, naphthalene and phenanthrene at atmospheric pressures (not shown for 

brevity) using our modified models show deviations of less than 10% from reported 

experimental values. These results suggest that the interactions between aromatics, although 

not completely accurate, are still somewhat being captured by our models. Furthermore, our 

models can reproduce the experimental free energy of hydration of these aromatic molecules 

(see Figures 3 and S.1, Supporting Information), which is a physical characteristic thought to 

be of importance for this particular study. One possible way to overcome this issue is to 

consider larger system sizes (i.e., lower concentrations of aromatics), so that solute-solute 

interactions become less important. However, prohibitively large system sizes would be 

required in order to consider naturally-occurring concentrations of benzene, naphthalene and 

phenanthrene in atmospheric systems, as well as to obtain statistically-relevant results from 

the simulations. Afterwards, we performed similar calculations to determine the PMF 

associated with moving a molecule of benzene or phenanthrene from the gas phase into the 

air/ice interface. Details of all of these simulations (e.g., system sizes, methods) were exactly 

the same as those described thoroughly in our previous papers.[135, 150] 

For our simulations of ice growth from supercooled aqueous solutions of benzene, 

naphthalene or phenanthrene, the simulated systems consist of a total of 1920 water 

molecules and 12 benzene, naphthalene or phenanthrene molecules. Following previous 

studies,[155, 156] the initial configurations were prepared by bringing together a block of 

hexagonal ice Ih (576 TIP5P molecules), and a slab of liquid water with 1344 molecules. 

Following our previous work,[135, 136, 150] the basal plane (0001 face) of the hexagonal ice 

is in contact with the liquid water. The slab of water/ice has x and y dimensions of 
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approximately 27 Å and 31.4 Å, and was placed in the center of an orthorhombic simulation 

box with the same x and y dimensions and elongated in the z direction (300 Å).  

 

Figure 4.2. Illustration of the initial simulation setup.   

This setup results in a heterogeneous ice/water system, where one of the sides of the ice 

block and one of the sides of the water slab are in contact with vacuum, mimicking one 

air/ice interface and one air/water interface (Figure 4.2). Afterwards, six molecules of 

benzene, naphthalene or phenanthrene were inserted at random positions within the slab of 

liquid water, and six additional molecules of benzene, naphthalene or phenanthrene were 

placed randomly at the air/ice interface at the left in Figure 4.2. The rationale behind the 

initial placement of these molecules is as follows. Water molecules in the liquid slab will 

gradually freeze during the simulation (i.e., ice growth will occur from left to right in Figure 

4.2); in addition, water molecules at the initial air/ice interface (left in Figure 4.2) will melt 

(see Figure 4.5). This process will ultimately result in one large slab of ice with QLLs on both 

sides of it (i.e., two air/ice interfaces with two QLLs, see e.g., Figures 4.6 and 4.7). The six 

molecules of benzene, naphthalene or phenanthrene initially placed at the air/ice interface 

(left in Figure 4.2) will likely remain at the air/ice interface or within the QLL that will form 

at this interface. In contrast, the other six molecules of benzene, naphthalene or phenanthrene 

that were initially inserted in the slab of liquid water will either get incorporated into the ice 

structure, migrate to the QLL that will form at the air/ice interface on the right side of Figure 
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4.2, or move to that particular interface. Therefore, our initial placement of the 12 molecules 

of benzene, naphthalene or phenanthrene provides the opportunity for significant fractions of 

these molecules to be incorporated into the ice lattice or to lie at any of the two QLLs.  

The initial configurations of each simulated system were first relaxed using the steepest 

descent energy minimization method. Afterwards, MD simulations were conducted in which 

the x and y dimensions of the simulation box were allowed to fluctuate with a coupling to a 

semi-isotropic Parrinello-Rahman barostat that keeps the z-dimension constant at 300 Å. 

Thermal coupling of all systems were done using Nose-Hoover thermostat following 

previous studies.[155, 156] Simulations were run at a pressure of 1 atm and at two 

temperatures, 270 K and 260 K. Periodic boundary conditions were applied in all three 

directions. A time step of 1 fs was used in all our MD simulations and data were collected 

every 10 ps. Bond lengths were constrained using the LINCS algorithm.[119] A cut-off 

distance of 0.9 nm was used for the Lennard-Jones interactions. The particle-mesh Ewald 

(PME) method[122] was used with a cutoff of 0.9 nm and a grid spacing of 0.12 nm in order 

to account for long-range Coulombic interactions. All our MD simulations were run for up to 

150 ns, and at least three independent simulation runs starting from different initial 

configurations were performed for each system. We used the software VMD[126] for all our 

visualizations.  

4.3. Results and Discussion 

4.3.1. PMF of Benzene and Phenanthrene in Air/water and Air/ice Interfaces 

As indicated above, we first determined the PMF associated with moving one molecule 

of benzene or phenanthrene from the gas phase into a slab of liquid water (Figure 4.3), with 
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the goal of testing that our adopted force fields for benzene and phenanthrene, when used in 

combination with the TIP5P water model, are capable of reproducing the experimental free 

energies of hydration. The air/water interface is arbitrarily depicted in Figure 4.3 as the point 

where the density of water reaches 500 kg/m3.  
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Figure 4.3. PMF of moving one benzene or phenanthrene molecule from the gas phase into 
the water molecules in air/water systems at 298 K. A value of zero in the z-axis represents the 
air/water interface (arbitrarily defined as the point where the density of water reaches 500 
kg/m3); positive values of z-axis represent the bulk water phase. 

From Figure 4.3, the simulated hydration free energy obtained for benzene is about -3.1 

kJ/mol, and for phenanthrene is about -18.0 kJ/mol. These results are similar to those 

obtained by Vácha et al.,[20] and by Wick et al.[149] in their simulation studies. These 

results are also consistent with reported experimental values of the free energies of hydration 

for these molecules: between -3.0 and -4.5 kJ/mol for benzene, and between -14.0 and -17.5 

kJ/mol for phenanthrene, as determined from Henry’s law constants.[20, 28] In Figure B.1 

(APPENDIX B: SUPPORTING INFORMATION (CHAPTER 4)) we present PMF results 
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obtained for benzene using the original set of atomic charges for this molecule, and using the 

modified atomic charges used in this work. The original set of atomic charges for benzene, 

when used in combination with the TIP5P water model, give results for the free energy of 

hydration of benzene that deviate significantly from the experimental values (Figure B.1). 

The calculated free energy of hydration falls within the experimental values when the atomic 

charges are increased in 10% from the original charges. These results corroborate that the 

combination of force fields used in our study can reproduce experimental values of the free 

energy of hydration of benzene and phenanthrene in air/water systems. Furthermore, the free 

energy minima found at the air/water interface from our PMF calculations (around -16.0 

kJ/mol for benzene, and -36.2 kJ/mol for phenanthrene) are similar to those reported in 

simulations by Vácha et al.[20, 28, 158] and Wick et al.[149]   

In Figure 4.4 we present the PMF obtained by moving one benzene or one phenanthrene 

molecule from the gas phase into the bulk ice systems at 270 K. The air/ice interface is 

arbitrarily depicted in Figure 4.4 as the point where the density of water reaches 500 kg/m3. 

The PMF profiles exhibit deep minima at the air/ice interface, suggesting that from the 

thermodynamic point of view both benzene and phenanthrene prefer to be adsorbed at the 

air/ice interface, rather than staying in the gas phase or being dissolved in the QLL.  In 

addition, all PMF profiles show sharp increases as the molecule of benzene or phenanthrene 

is dragged close to the frozen water molecules. 
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Figure 4.4. PMF of moving one benzene or phenanthrene molecule from the gas phase into 
the mobile water molecules in air/ice systems at 270 K. A value of zero in z-axis represents 
the air/ice interface (arbitrarily defined as the point where the density of water reaches 500 
kg/m3);  positive values of z-axis represent the QLL and the bulk ice. 

These results are consistent with those presented in our previous work[135, 150], which 

showed that naphthalene also prefers to be adsorbed at the air/ice interface. The PMF minima 

observed at the air/ice interface for benzene and phenanthrene are -14.2 kJ/mol and -27.3 

kJ/mol. A PMF minimum value of -22.2 kJ/mol was computed in our previous work for 

naphthalene at the bare air/ice interface.[135] These results suggest that an increase in the 

number of aromatic rings in PAHs leads to deeper minima in the PMF at the air/ice interface, 

which is also consistent with the trends observed for PAHs at air/water interfaces.[20] 

4.3.2. Ice Growth from Supercooled Aqueous Solutions of Benzene, Naphthalene or 

Phenanthrene  

In Figure 4.5 we present the time evolution of the density profiles of the water molecules 

at 270 K, when no solutes are present. Variations in the density profile of the water molecules 
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were observed during the ice growth period (during the first 120 ns of our runs), but no 

significant variations in the density profiles were observed after 120 ns.  
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Figure 4.5. Average density profiles of water molecules in air/ice systems at 270 K, averaged 
over the following time periods: I1 = 0 to 1 ns; I2 = 120 to 121 ns; I3 = 129 to 130 ns. All 
values are normalized by dividing by the largest value of the local density of water. 

These results suggest that part of the pure water slab freeze and part of the pure ice slab 

(at air/ice interface) melt during the first 120 ns of our simulations, as suggested by the large 

peaks and the deep local minima observed in the water density profiles shown in Figure 4.5. 

These results also suggest that the QLL in our systems eventually reach a stable thickness 

after 120 ns. Similar trends were observed for ice growth from supercooled aqueous solutions 

of benzene, naphthalene or phenanthrene at both 270 K and 260 K. In order to estimate the 

QLL thickness, we followed previous studies[159, 160] and calculated the root mean square 

fluctuations δ in the oxygen-oxygen distance between water molecules: 
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Where n is the number of water molecules, rij is the distance between the oxygen atoms 

of molecules i and j, and the brackets  represent time average. Following previous 

studies,[159, 160] δ ≥ 0.1 in the QLL (Lindemann criterion). Using this criterion, we 

determined that after the ice growth period, the QLLs present at both air/ice interfaces have a 

similar thickness of approximately 8.5 Å at 270 K, and about 7.5 Å at 260 K. These two 

QLLs were formed by two different paths; the first one formed by melting of ice at the 

interface (left side in Figure 4.2), and the second one formed by the growth of ice from the 

initially thicker slab of liquid water (right side in Figure 4.2). The uniformity in the thickness 

of both QLLs further suggests that the system has reached its equilibrium during the ice 

growth time period. The values reported above for the QLL thickness in contact with the 

basal plane of ice for the TIP5P water model with respect to its melting temperature (273.9 

K[153]), are in good agreement with the QLL thickness reported for other water models with 

respect to their specific melting points.[117, 155, 160]  

When solutes are added and ice grows from supercooled aqueous solutions of either 

benzene, naphthalene or phenanthrene, the thickness of the two QLLs grows to 

approximately 10.5 Å at 270 K, and to about 8.5 Å at 260 K. This observation suggests that 

the aromatic hydrocarbons dissolved in water tend to increase the thickness of the QLLs 

formed at the air/ice interfaces from ice growth. Differences in the number of aromatic rings 

(benzene, naphthalene or phenanthrene) do not seem to induce significant variations in the 

thickness of the QLLs at both temperatures. In Figures 4.6 we present the density profiles of 

benzene or phenanthrene and water molecules in air/ice systems at 270 K, after ice growth 

from supercooled aqueous solutions. 
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Figure 4.6. Density profiles of benzene or phenanthrene / ice systems after freezing at 270 K. 
Letters I, B and P represent water, benzene and phenanthrene molecules respectively. (a) 
System with 12 benzene molecules (b) System with 12 phenanthrene molecules. The density 
profile of each species is normalized by dividing by the maximum value of the local density 
of each species in the simulation box. 

Side views of representative simulation snapshots of these systems are depicted in Figure 4.7. 

These results indicate that the benzene and phenanthrene molecules that were initially placed 

at the original air/ice interface (left side in Figure 2) remain at this particular air/ice interface. 

On the other hand, the benzene and phenanthrene molecules that were initially placed within 
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the original slab of liquid water (Figure 2) tend to migrate to the air/ice interface formed at 

the right side of Figure 4.7 during ice growth.  

 

a

b

 

Figure 4.7. Side view of representative simulation snapshots of benzene or phenanthrene/ice 
systems after freezing at 270 K. (a) System with 12 benzene molecules. (b) System with 12 
phenanthrene molecules. Benzene and phenanthrene = cyan and grey; water molecules = red 
and white.  

These molecules did not remain inside the ice lattice that grew during any of the 

independent simulations performed for these systems at 270 K. Considerable overlap between 

the density profiles of benzene or phenanthrene and water in the QLLs is observed in Figure 

4.6, indicating that benzene and phenanthrene molecules spend a considerable time inside the 

QLL. These results are consistent with those observed for ice growth from supercooled 

aqueous solutions of naphthalene at 270 K (results not shown for brevity).  
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In Figure 4.8 we present density profiles of benzene, naphthalene and water molecules in 

air/ice systems at 260 K after ice growth from supercooled aqueous solutions, and in Figure 

4.9 we present representative snapshots of these systems.  
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Figure 4.8. Density profiles of benzene or naphthalene / ice systems after freezing at 260 K. 
Letters I, B and N represent water,benzene and naphthalene molecules respectively. (a) 
System with 12 benzene molecules (b) System with 12 naphthalene molecules. The density 
profile of each species is normalized by dividing by the maximum value of the local density 
of each species in the simulation box. 

For naphthalene systems at 260 K, the observations are similar to those described above 

for benzene and phenanthrene systems at 270K, i.e., aromatic molecules that were placed at 

the original air/ice interface (left side in Figure 4.2) remain there, and the naphthalene 
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molecules initially placed in slab of liquid water (Figure 4.2) migrate to the air/ice interface 

formed at the right side of Figure 4.9.  

  

a

b

 
Figure 4.9. Side view of representative simulation snapshots of benzene or naphthalene / ice 
systems after freezing at 260 K. (a) System with 12 benzene molecules (benzene molecules 
incorporated into the ice lattice are circled in yellow). (b) System with 12 naphthalene 
molecules. Benzene and naphthalene = cyan and grey; water molecules = red and white. 

Similar trends were observed after freezing of supercooled phenanthrene aqueous 

solutions at 260 K (results not shown for brevity). However, the results observed for 

supercooled aqueous solutions of benzene at 260 K exhibit a different trend. The benzene 

molecules initially placed at the original air/ice interface (left side in Figure 4.2) remain at the 

QLL formed there during the simulation run, in analogy to the results discussed above. In 

contrast, only some of the benzene molecules initially placed in the water slab migrate to the 



78 
 

air/ice interface and QLL formed on the right side of Figure 4.9 after ice growth; several of 

the benzene molecules get incorporated into the crystalline ice structure formed during the ice 

growth time period (Figures 4.7 and 4.8). These results were consistently observed in all of 

the independent simulation runs (started from different initial configurations) that were 

conducted for benzene systems at 260 K. Mean square displacement (MSD) results at 260 K 

for the benzene molecules that are inside the ice lattice or at the QLLs at the air/ice interfaces 

are shown in Figure 4.10.  

 

 

Figure 4.10. Mean square displacement (MSD) of benzene molecules after freezing at 260 K. 
Letters I and S represent benzene molecules trapped in the ice lattice and at the QLLs at the 
air/ice interfaces. 

The dynamics of the benzene molecules inside the ice lattice are significantly slower than 

those of the benzene molecules at the air/ice interfaces, indicating that the former molecules 

are indeed trapped inside the lattice structure of ice. These results indicate that benzene 

molecules can be incorporated in the crystalline structure of ice as the freezing temperature is 

decreased to 260 K. In contrast, benzene molecules were not trapped in the ice structure at 
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270 K; furthermore, larger aromatic molecules such as naphthalene or phenanthrene are not 

incorporated into the crystalline structure of ice at any of these two temperatures. We further 

explored the structure of the water molecules in the ice lattice close to the trapped benzene 

molecules, by measuring oxygen-oxygen, oxygen-hydrogen and hydrogen-hydrogen radial 

distribution functions for water molecules within a 1×1×1 nm3 cube enclosing a trapped 

benzene molecule. We then compared those results against those obtained for water 

molecules within a cube of similar size far away from the trapped benzene molecules. These 

results are shown in Figure B.2 (APPENDIX B: SUPPORTING INFORMATION 

(CHAPTER 4)). The structure of ice Ih as given by these g(r) functions agree with the results 

obtained by Vega et al.[161] These results also show that the structure of ice near the trapped 

benzene molecules is only slightly distorted with respect to the ice structure far away from 

the trapped benzene species. In contrast, the incorporation of larger molecules such as 

naphthalene or phenanthrene into the ice crystals would significantly alter the structure of the 

ice lattice, which might be one of the reasons why these molecules were not trapped inside 

ice in our simulations. Intermolecular interactions between water and the guest molecules 

should also play a role in determining which molecules can become trapped inside the ice 

lattice and which cannot. The structure of the water molecules near and far away from the 

benzene molecules trapped in ice Ih could be further explored using the tetrahedral order 

parameter proposed by Errington and Debenedetti.[162] Such detailed investigations of the 

structure of ice, as well as freezing of supercooled aqueous solutions of ROSs, will be 

considered in upcoming studies from our group. 
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The orientation of benzene, naphthalene and phenanthrene molecules at the air/ice 

interfaces was investigated in the MD simulations after ice growth from supercooled aqueous 

solutions. In Figure 4.11 we present the distribution of the angle  formed between a vector 

normal to the aromatic rings of the hydrocarbons and a vector normal to the air/ice interface 

(z-direction). A value of 1 for cos() indicates that the aromatic ring is parallel to the ice 

surface, and a value of 0 for cos() indicates that the aromatic ring is perpendicular to the ice 

surface.  
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Figure 4.11. Average angle distributions of benzene,naphthalene and phenanthren molecules 
at 270 K and 260 K at air/ice interfaces. Letters I, B and N represent water,benzene and 
naphthalene molecules respectively. 

It is observed that the molecules of benzene, naphthalene and phenanthrene prefer to lie 

flat at the air/ice interface. However, all the molecules retain a considerable ability to rotate 

around its molecular axis, as represented by the wide distribution of angles observed. 

Furthermore, the preference to orient parallel to the air/ice surface is enhanced as the number 

of aromatic rings increases; phenanthrene shows a larger preference to lie flat at the air/ice 
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interface as compared to naphthalene and benzene. This trend might result from an increase 

in the magnitude of the interactions between the aromatic hydrocarbons and the water 

molecules in the QLL, as the number of aromatic rings per molecule increases. Furthermore, 

the preference to orient parallel to the air/ice surface for each species increases with 

decreasing temperature. These results are consistent with those from our previous work,[135, 

136] and also with those obtained by Vácha et al.[146] and Wick et al.[149] for aromatic 

hydrocarbons at air/water interfaces.  

4.4. Concluding Remarks 

MD simulations were performed to investigate the growth of ice from supercooled 

aqueous solutions of benzene, naphthalene or phenanthrene. The objectives of this study were 

to explore the fate of those aromatic molecules after the freezing process (i.e., whether these 

molecules become trapped inside the ice crystals, or if they are displaced to the QLL or to the 

interface with air), and to investigate properties such as the thickness of the QLL and the 

orientation of the aromatic molecules that end up at the air/ice interface. We first successfully 

verified that our combination of force fields (TIP5P[112] for water and the force field from 

Vácha et al.[20] for benzene and phenanthrene) could reproduce experimental values of the 

free energies of hydration of these aromatics. Afterwards, we performed PMF calculations for 

adsorption of gas-phase benzene and phenanthrene on air/ice systems, which indicate the 

presence of deep free energy minima for these species at the air/ice interface (-14.2 and -27.3 

kJ/mol; a PMF minimum of -22.2 kJ/mol was computed in our previous work[135] for 

naphthalene at this interface). These results indicate that there is a thermodynamic incentive 

for these molecules to remain at the interface, and that the PMF minimum becomes deeper 
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with an increasing number of aromatic rings in the hydrocarbon. Ice growth from pure 

supercooled TIP5P water resulted in air/ice interfaces with QLLs that had thicknesses of 

approximately 8.5 Å at 270 K and about 7.5Å at 260 K. The presence of benzene, 

naphthalene or phenanthrene in the supercooled water leads to thicker QLLs formed after ice 

growth, approximately 10.5 Å thick at 270 K and about 8.5 Å thick at 260 K. During the ice 

growth process, naphthalene and phenanthrene molecules are displaced from the ice lattice, 

ending up at the air/ice interface at both 270 K and 260 K; no incorporation of naphthalene or 

phenanthrene into the ice lattice was observed throughout the freezing process in any of the 

independent simulation runs performed as part of this study. Similar trends were observed 

during freezing of supercooled aqueous solutions of benzene at 270 K. In contrast, a fraction 

of the benzene molecules become trapped inside the ice lattice during the freezing process at 

260 K, with the rest of the benzene molecules being displaced to the air/ice interface. These 

results suggest that the size of the aromatic molecule in the supercooled aqueous solution is 

an important parameter in determining whether these molecules become trapped inside the 

ice crystals. All the aromatic hydrocarbons studied preferred to adopt a flat orientation at the 

air/ice interface. The preference to stay flat at the interface increased as the temperature 

decreases and also with the increasing number of aromatic rings for aromatic hydrocarbons.  

In upcoming studies we will study freezing of supercooled aqueous solutions of ROSs, as 

well as consider the effect of other species in these systems (PAHs, surfactants). All these 

results are relevant to understand the multiple ways PAHs and ROSs can undergo 

photochemical reactions in atmospherically relevant air/water and air/ice interfaces, and 

ultimately to understanding the fate of PAHs and ROSs in the atmosphere.  
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CHAPTER 5 ICE GROWTH FROM SUPERCOOLED AQUEOUS SOLUTIONS OF 

REACTIVE OXYGEN SPECIES
**

 

Contents of this chapter have already been published (T. P. Liyana-Arachchi, K. T. Valsaraj 

and F. R. Hung, Ice growth from supercooled aqueous solutions of reactive oxygen species. 

Theor. Chem. Acc, 2013, 132, 1309). In this chapter, we report molecular dynamics (MD) 

results of adsorption and ice growth from supercooled aqueous solutions of hydroxyl (OH), 

hydroperoxy (HO2) or hydrogen peroxide (H2O2). The main objective of this study is to 

explore the fate of OH, HO2 or H2O2 molecules after freezing of the supercooled aqueous 

solutions. The rest of this paper is structured as follows. Section 5.2 contains details about our 

computational models and methods. Results are presented and discussed in Section 5.3, and 

concluding remarks are included in Section 5.4. 

5.1 Introduction 

 Ice growth from supercooled water is a process that occurs in natural environmental 

conditions, in scenarios such as freezing of lakes and formation of snow pellets. Prior to this 

freezing process, atmospheric gases can be adsorbed at air/water interfaces such as water 

droplets, aerosols, fog and mist. This process typically involves adsorption at the interface 

and dissolution in the bulk water [1, 20, 136, 142, 145, 163]. Both hydrophobic gases 

(nitrogen, oxygen and ozone) and hydrophilic species (hydroxyl radicals (·OH), hydroperoxy 

radicals (·HO2), hydrogen peroxide (H2O2), etc.) can be adsorbed at atmospheric air/water 

interfaces. From the thermodynamic point of view, the former gases do not show a 

favorability to dissolve in water [145], but the latter hydrophilic species are known to be 

solvated to a considerable degree in bulk water at environmentally relevant conditions [145]. 
                                                        
** Reprinted with permission of Theor. Chem. Acc, 2013, 132, 1309 
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These aqueous solutions of hydroxyl, hydroperoxy and hydrogen peroxide can then undergo 

freezing in the environment. Understanding this process is important because other species, 

such as polycyclic aromatic hydrocarbons (PAHs) can also adsorb at atmospheric air/water 

interfaces and solvate in bulk water to a considerable degree [20, 135, 149, 164]. PAHs are 

ubiquitous atmospheric pollutants [14] that can react with reactive oxygen species (ROSs) 

(e.g., ozone, hydroperoxy, hydroxyl, hydrogen peroxide) on air/water and air/ice interfaces, to 

produce toxic products [165] that can contribute to the formation of secondary organic 

aerosols (SOAs) [1, 14, 16]. SOAs are a major fraction of particulate matter, which is known 

to have adverse effects on human health and the climate; however, the mechanisms of 

formation of SOAs are not well understood at present [48, 166, 167]. Therefore, 

understanding the processes that happen between solutes such as PAHs and ROSs at 

atmospheric air/water and air/ice interfaces, as well as during freezing of aqueous solutions 

containing these compounds, will contribute at shedding light at issues related to SOAs and 

particulate matter.  

 In principle, PAHs and ROSs can react in gas phase, at air/water and air/ice interfaces, 

inside bulk water or within the quasi-liquid layer (QLL) of water formed at air/ice interfaces, 

or inside ice. Heterogeneous reactions between PAHs and ROSs at air/ice interfaces can 

exhibit kinetics that is much faster than those of their homogeneous counterparts in bulk and 

gas phase [1, 12, 13, 164, 168, 169]. Previous studies indicate that freezing of aqueous 

solutions of a number of solutes causes ice and solute molecules to separate [45, 156, 

170-173]. However, in our previous simulation study for freezing of supercooled aqueous 

solutions of aromatics [164], we observed that benzene could become trapped inside the ice 
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lattice if the freezing process takes place at 260 K; increasing the temperature to 270 K 

causes the benzene molecules in the supercooled aqueous solution to be displaced to the 

air/ice interfaces formed during the freezing process. Furthermore, larger aromatic molecules 

such as naphthalene and phenanthrene always migrated to the air/ice interface when their 

aqueous solutions froze at both 270 K and 260 K. Migration of these molecules to the air/ice 

interfaces results in increased local concentrations at these interfaces and/or at the QLLs 

formed there, which in turn could result in faster reaction rates involving solutes at the air/ice 

interface, as observed in previous experimental studies [174-177]. Therefore, determining the 

final location of solutes after their aqueous solutions undergo a freezing process (i.e., whether 

solutes are trapped in the ice lattice, or are displaced to atmospheric air/ice interfaces or their 

QLLs) is important to understand the reaction mechanisms between these solutes and to 

determine their fate in the atmosphere.  

 In direct relation to our previous work of ice growth from supercooled aqueous solutions 

of aromatic hydrocarbons (benzene, naphthalene and phenanthrene) [164], here we report 

molecular dynamics (MD) simulations of ice growth from supercooled aqueous solutions of 

ROSs, specifically hydroxyl or hydroperoxy radicals or hydrogen peroxide molecules. First 

we explored the effect of these ROSs on the thickness of the QLLs formed at the air/ice 

interfaces. This thickness is known to depend on the temperature and is also affected by the 

presence of solutes [157]; in our previous study [164], we determined that the presence of 

aromatics in the supercooled water undergoing freezing leads to increases in the thickness of 

the QLLs. Experimental measurements of the thickness of the QLL are not straightforward 

and depend highly on the techniques used [96, 101-108]. In our simulations we also explored 
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whether the ROSs become trapped inside the ice lattice, or if they are displaced to the QLL or 

to the interface with air after freezing of their supercooled solutions. We also studied the ice 

growth of supercooled aqueous solutions containing ROSs and benzene, and we coated the 

interfaces with air with molecules of 1-octanal, simply because atmospheric water and ice 

films typically contain surfactants such as humic and fulvic acid-like species [21, 23, 24, 26, 

48, 137, 163]. Surface-active organic molecules (e.g., alcohols, acids, amines, carbonyls, etc.) 

are important contributors to the total organics found on atmospheric air/water interfaces in 

both urban and rural areas [48, 138-140]. These surfactant-like molecules can significantly 

alter the interfacial properties of ice surfaces (such as QLL thickness), as well as the 

reactivity between PAHs and ROSs at the air/ice interface. Previous studies determined that 

the presence of surfactant-like molecules or other impurities at the interface enhances the 

adsorption of aromatic hydrocarbons and ROSs at the air/water and air/ice interface [135, 149, 

178, 179]. Here we also investigated the effect of 1-octanal on the thickness of the QLL and 

on the fate of benzene and the ROSs after freezing of their supercooled aqueous solutions. In 

addition, potential of mean force (PMF) calculations for ROSs at air/water and air/ice 

interfaces were performed with a two-fold objective: (1) test that our chosen force fields and 

parameters could reproduce experimental values of the free energy of hydration of the 

selected ROSs (see Models and methods, below), and (2) study the thermodynamics of 

adsorption of these ROSs on atmospheric air/ice interfaces. 

5.2. Models and Methods 

 Following our previous studies [135, 136, 164, 178], our PMF calculations and MD 

simulations reported here were performed using the GROMACS software [116]. Water was 
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modeled using the TIP5P model [112]. Benzene was modeled using the force fields and 

parameters from our previous work [164], which are able to reproduce experimental values of 

the free energy of solvation when used in combination with the TIP5P water model. The 

OPLS all-atom force field [147] was used to model 1-octanal, as we did in one of our 

previous studies[150]. The hydroxyl and hydroperoxy radicals, and the molecules of 

hydrogen peroxide were modeled using the force fields and parameters from the work of 

Vácha and coworkers [20, 145, 146]. However, the parameters from Vácha et al. were 

adjusted to reproduce the free energy of solvation of these ROSs in combination with the 

SPC/E water model [115]. Therefore, and in order to check that the ROSs parameters 

considered here could reproduce the experimental free energies of hydration for these species 

when combined with the TIP5P water model, we determined the PMF associated with 

moving one hydroxyl radical, one hydroperoxy radical or one molecule of hydrogen peroxide 

from the gas phase into a slab of liquid TIP5P water, in analogy to previous studies [20, 135, 

145, 149, 164]. These results (see §5.3.1) verified that the models used here are able to 

reproduce experimental values of the free energies of hydration of the ROSs considered in 

this study. Afterwards, we performed similar calculations to determine the PMF associated 

with moving a hydroxyl, a hydroperoxy radical, or a molecule of hydrogen peroxide from the 

gas phase into the air/ice interface. Specifics of these PMF calculations are exactly the same 

as those described in detail in our previous papers [135, 164, 178].  

For our simulations of ice growth from supercooled aqueous solutions, we followed 

previous studies [155, 156, 164] and prepared our initial configurations by assembling a 
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block of hexagonal ice Ih (576 water molecules), and put its basal plane (0001 face) in contact 

with a slab of 1344 molecules of liquid water, as shown in Figure 5.1.  

 

 

Figure 5.1. Illustration of the initial simulation system.   

The ice/water slab was placed in the center of an orthorhombic simulation box with Lx = 

27 Å, Ly = 31.4 Å (similar to the dimensions of the ice/water slab) and Lz = 300 Å (much 

larger than the z-dimension of the ice/water slab). This setup results in two vacuum regions 

(mimicking air), one in contact with ice (left side of Figure 5.1) and one in contact with water 

(right side, Figure 5.1). In our first series of simulations, six hydroxyl, hydroperoxy radicals, 

or six molecules of hydrogen peroxide were inserted at random positions within the slab of 

liquid water, and six additional hydroxyl, hydroperoxy radicals, or hydrogen peroxide 

molecules were placed randomly at the air/ice interface at the left in Figure 5.1. In our second 

series of simulations, the air/ice and air/water interfaces in Figure 5.1 were first coated each 

with 18 molecules of 1-octanal. Afterwards, six molecules of benzene and six hydroxyl 

radicals (or six molecules of hydrogen peroxide) were inserted at random positions within the 

slab of liquid water; six additional molecules of benzene and six additional hydroxyl radicals 

(or six molecules of hydrogen peroxide) were also placed randomly at the air/ice interface 

(left side of Figure 5.1). During the freezing process, water molecules in the liquid slab will 

gradually freeze and water molecules at the initial air/ice interface will melt, resulting in a 
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large slab of ice with two QLLs on both sides of it. The six radicals of hydroxyl, hydroperoxy, 

or the six molecules of hydrogen peroxide, and/or the six molecules of benzene initially 

placed at the air/ice interface will likely remain at this interface or within the QLL formed at 

this interface. The other six radicals/molecules of ROSs, and/or the other six benzene 

molecules that were initially inserted in the slab of liquid water, will either get incorporated 

into the ice lattice, or will migrate to the air/ice interface or the QLL formed after freezing at 

the right side of Figure 5.1. Each of the simulated systems was first relaxed using the steepest 

descent energy minimization method. Afterwards, MD simulations were conducted following 

the procedure described in previous studies [155, 156, 164]. The system was thermally 

coupled to a Nosé-Hoover thermostat, and a Parrinello-Rahman barostat set at 1 atm was 

coupled only on the xy plane (where the z direction is perpendicular to the air/ice interface), 

allowing the x and y dimensions of the simulation box to fluctuate while keeping its 

z-dimension constant at 300 Å. Two temperatures, 270 K and 260 K, were considered in our 

first set of simulations (without benzene and 1-octanal), whereas our second set of 

simulations (including benzene and 1-octanal) were run only at 260 K. Periodic boundary 

conditions were applied in all three directions. A time step of 1 fs was used in all our MD 

simulations and data were collected every 10 ps. Bond lengths were constrained using the 

LINCS algorithm [119]. A cut-off distance of 0.9 nm was used for the Lennard-Jones 

interactions. The particle-mesh Ewald (PME) method [122] was used with a cutoff of 0.9 nm 

and a grid spacing of 0.12 nm in order to account for long-range Coulombic interactions. MD 

simulations were run for up to 220 ns, and at least two independent simulation runs starting 
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from different initial configurations were performed for each system. We used the software 

VMD [126] for all our visualizations. 

5.3. Results and Discussion 

5.3.1. PMF of Hydroxyl, Hydroperoxy and Hydrogen peroxide in Air/water and Air/ice 

Interfaces 

In Figure 5.2 we present the PMF associated with moving one radical of hydroxyl or 

hydroperoxy, or one molecule of hydrogen peroxide from the gas phase to the air/water 

interface and then into the bulk water phase. In Figure 5.2 the air/water interface is arbitrarily 

depicted as the point where the density of water reaches 500 kg/m3.  

 

Figure 5.2. PMF of moving one hydroxyl or hydroperoxy radical, or one molecule of 
hydrogen peroxide from the gas phase into water in air/water systems at 298 K. Letters H, X 
and P represent the PMF for hydroxyl radical, hydroperoxy radical and hydrogen peroxide. A 
value of zero in the z-axis represents the air/water interface (arbitrarily defined as the point 
where the water density reaches 500 kg/m3); positive values in the z-axis represent the bulk 
water phase. 
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As indicated above, the goal of our PMF calculations is to verify whether the 

experimental free energies of hydration of these ROSs can be reproduced satisfactorily with 

our chosen combination of models (see Models and methods). From Figure 5.2, the simulated 

free energy of hydration for the hydroxyl and hydroperoxy radicals, and for hydrogen 

peroxide, is about -16.5 kJ/mol, -26.0 kJ/mol and -37.0 kJ/mol, respectively. These results are 

similar to reported experimental values: between -15.9 and -16.7 kJ/mol for hydroxyl radical, 

-25.1 to -31.3 kJ/mol for hydroperoxy radical, and between -35.5 and -37.6 kJ/mol for 

hydrogen peroxide, as determined from Henry’s law constants [145]. Our results are also 

consistent with the simulated hydration free energies obtained for the same ROSs but with 

SPC/E water by Vácha et al. [145]. These results show that the experimental free energy of 

hydration of the ROSs considered in this study can be reproduced satisfactorily with our 

chosen models for ROSs and water. The PMF profiles for the ROSs studied exhibit minima at 

the air/water interface, with values of -20.2 kJ/mol (hydroxyl radical), -37.6 kJ/mol 

(hydroperoxy radical) and -43.7 kJ/mol (hydrogen peroxide). These values are very similar to 

those reported by Vácha et al. [145], and suggest that these ROSs have a thermodynamic 

incentive to be adsorbed at the air/water interface. 

In Figure 5.3 we present the PMF obtained by moving one hydroxyl or one hydroperoxy 

radical, or one hydrogen peroxide molecule from the gas phase into the air/ice systems at 270 

K. In analogy to what we did for air/water systems, the air/ice interface is arbitrarily 

illustrated in Figure 5.3 as the point where the density of water reaches 500 kg/m3. All PMF 

profiles show sharp increases as the ROSs are dragged close to the frozen water molecules. 

The PMF profile for the hydroxyl radical exhibits a minimum of -15.9 kJ/mol at the air/ice 
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interface. This minimum is deeper than the PMF value observed for hydroxyl radical within 

the QLL (around -10 kJ/mol). In contrast, the PMF profiles for hydroperoxy radical and 

hydrogen peroxide exhibit minima at the air/ice interface that are on the order of -33 kJ/mol 

and -36 kJ/mol respectively, but these values are very similar to those observed for these 

ROSs inside the QLL (Figure 5.3).  
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Figure 5.3. PMF of moving one hydroxyl or hydroperoxy radical, or one molecule of 
hydrogen peroxide from the gas phase into water in air/ice systems at 270 K. Letters H, X 
and P represent the PMF for hydroxyl radical, hydroperoxy radical and hydrogen peroxide. A 
value of zero in the z-axis represents the air/ice interface (arbitrarily defined as the point 
where the water density reaches 500 kg/m3); positive values in the z-axis represent the QLL 
and the bulk ice. 

These trends suggest that from the thermodynamic point of view, in air/ice systems a 

hydroperoxy radical and a molecule of hydrogen peroxide can be adsorbed at the air/ice 

interface or be dissolved in the QLL, rather than staying in the gas phase; in contrast, a 

hydroxyl radical has a thermodynamic incentive to remain at the air/ice interface. These 

trends shown in Figure 5.3 also contrast to those observed in Figure 5.2, where all ROSs 

considered prefer to remain at the air/water interface. The PMF curves for hyperoxy depicted 
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in Figures 5.2 and 5.3 exhibit small minima around 1.2 nm away from both water and ice 

surfaces. After reviewing movies of the simulation trajectories, we observed that a few water 

molecules leave the bulk system and bind to the hyperoxy molecule when it is about 1.2 nm 

away from the air/water and air/ice interfaces, which might be the reason for these small local 

minima in the PMF. The results shown in Figures 5.2 and 5.3 suggest that the air/ice interface 

represent a rather different environment for the ROSs studied here as compared to the 

air/water interface.  

5.3.2. Ice Growth from Supercooled Aqueous Solutions of ROSs, and 

ROSs/benzene/1-octanal 

As indicated in the Models and methods section and in our previous study [164], when 

the initial system shown in Figure 5.1 is allowed to evolve in time, water molecules in the 

liquid slab gradually freeze and water molecules at the air/ice interface at the left of Figure 

5.1 melted, resulting in a large slab of ice with two equilibrated QLLs on both sides of it. 

During our simulations of ice growth, we monitored the time evolution of the density profiles 

of the water molecules in each of the systems studied, and after some time we observed 

negligible variations in these density profiles of water and in the thicknesses of both QLLs, 

which suggests that the systems have reached stable conditions. In addition, and because the 

two QLLs were formed by two different paths (one from freezing and the other from melting), 

the fact that both QLLs have similar thicknesses is a strong indication that the system has 

reached stable conditions. Following previous studies [159, 160, 164], the thickness of the 

QLLs was estimated by calculating the root mean square fluctuations δ in the oxygen-oxygen 

distance between water molecules for all the systems:  
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where n is the number of water molecules in a given region, rij is the distance between the 

oxygen atoms of molecules i and j, and the brackets represent time average. Following the 

Lindemann criterion used in previous studies [159, 160, 164], a region where δ ≥ 0.1 is 

considered as the QLL region. For ice growth from supercooled aqueous solutions of 

hydroxyl or hydroperoxy radicals, or hydrogen peroxide, we determined the thickness of the 

two QLLs to be approximately 10.0 Å, 11.0 Å and 11.0 Å respectively at 270 K, and around 

8.0 Å for all systems at 260 K. From our previous work [164], the QLL thickness obtained 

from ice growth from a water/ice system with no solutes was 8.5 Å at 270 K and 7.5 Å at 260 

K. This comparison suggests that the presence of dissolved ROSs tend to increase the 

thickness of the QLLs formed at the air/ice interfaces from ice growth. We observed similar 

results in our previous work [164], where aromatic solutes (benzene, naphthalene and 

phenanthrene) dissolved in water also lead to an increase in the QLL thickness. These 

phenomena are related to colligative properties, where the presence of solutes cause changes 

in the chemical potential of the liquid phase, and lead to reductions in the freezing point and 

vapor pressure, and increases in the boiling point of solutions.   

In Figure 5.4 we present the density profiles obtained for hydroxyl, hydroperoxy or 

hydrogen peroxide and water molecules in air/ice systems at 270 K, after ice growth from 

supercooled aqueous solutions; side views of representative simulation snapshots for 

hydroxyl and hydrogen peroxide systems are depicted in Figure 5.5 (snapshots of 

hydroperoxy systems are not shown for brevity).  
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Figure 5.4. Density profiles of sub-cooled aqueous systems of hydroxyl and hydroperoxy 
radicals and hydrogen peroxide after freezing at 270 K. Letters I, H, X and P represent water, 
hydroxyl, hydroperoxy and hydrogen peroxide. (a) System with 12 hydroxyl radicals. (b) 
System with 12 hydroperoxy radicals. (c) System with 12 hydrogen peroxide molecules. The 
density profile of each species is normalized by dividing by the maximum value of the local 
density of each species in the simulation box.  

These results suggest that at 270 K, none of the ROSs that were initially placed within 

the original slab of liquid water (Figure 5.1) get trapped inside the ice lattice as water freezes; 

rather, the ROSs are displaced to the air/ice interface formed at the right side of Figures 5.1 

and 5.5, or to its QLL during the growth of ice. Likewise, the ROSs that was initially placed 
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at the original air/ice interface (left side in Figure 5.1) remains at this interface or inside its 

QLL.  

 

a

b

 

Figure 5.5. Side view of representative simulation snapshots obtained after freezing of 
supercooled aqueous solutions of hydroxyl or hydrogen peroxide at 270 K. (a) System with 
12 hydroxyl radicals. (b) System with 12 hydrogen peroxide molecules. Hydroxyl and 
hydrogen peroxide = red; water molecules = cyan. 

The results shown in Figures 5.4 and 5.5 indicate that the hydroxyl radicals tend to 

remain at the air/ice interfaces or slightly inside the QLLs. In contrast, hydroperoxy radical 

and hydrogen peroxide remain mostly inside the QLLs (Figures 5.4 and 5.5). Similar results 

were obtained in each of the independent simulation runs performed for these systems at 270 

K. In our previous study [164] we also observed that PAHs tend to migrate to the air/ice 

interface or its QLL during freezing of supercooled aqueous solutions at 270 K.  
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Figure 5.6. Density profiles of sub-cooled aqueous systems of hydroxyl, hydroperoxy or 
hydrogen peroxide after freezing at 260 K. Letters I, H, X and P represent water, hydroxyl 
radicals, hydroperoxy radicals and hydrogen peroxide molecules. (a) System with 12 
hydroxyl radicals. (b) System with 12 hydroperoxy radicals. (c) System with 12 hydrogen 
peroxide molecules. The density profile of each species is normalized by dividing by the 
maximum value of the local density of each species in the simulation box.  

These results are important because the migration of these PAHs and ROSs from bulk 

liquid water to the air/ice interface or its QLL during ice growth would result in higher local 

concentrations of these species at these interfaces, which in turn could cause larger reaction 

rates between PAHs and ROSs under relevant atmospheric conditions.  
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In Figure 5.6 we present density profiles of hydroxyl, hydroperoxy, hydrogen peroxide 

and water molecules in air/ice systems at 260 K after ice growth from supercooled aqueous 

solutions, and representative snapshots of hydroxyl radical and hydrogen peroxide systems 

are shown in Figure 5.7 (snapshots of hydroperoxy radical systems are not shown for brevity). 

For hydroxyl radical systems at 260 K, the observations are similar to those described above 

for the same system at 270 K, namely that these radicals tend to stay at the air/ice interface or 

inside the QLLs formed after the freezing process. 

 

a

b

 
Figure 5.7. Side view of representative simulation snapshots obtained after freezing of 
supercooled aqueous solutions of hydroxyl or hydrogen peroxide at 260 K. (a) System with 
12 hydroxyl radicals. (b) System with 12 hydrogen peroxide molecules. Hydroxyl and 
hydrogen peroxide = red; water molecules = cyan.  

 In contrast, several of the hydroperoxy radicals or hydrogen peroxide molecules 

initially placed in the water slab (Figure 5.1) become trapped inside the ice lattice as water 

freezes, while the rest of these ROSs migrate to the QLL near the air/ice interface formed on 

the right side of Figures 5.6 and 5.7. The hydroperoxy radicals or hydrogen peroxide 
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molecules initially placed at the air/ice interface on the left side of Figure 5.1 remain at this 

interface, mostly inside its QLL (Figures 5.6 and 5.7). These trends were observed in each of 

the independent simulation runs performed at 260 K. In analogy to hydroperoxy and 

hydrogen peroxide systems, in our previous study [164] we observed that benzene can be 

trapped inside the ice lattice during ice growth at 260 K, but not during the freezing process 

at 270 K. Likewise, naphthalene and phenanthrene could not be trapped inside the ice lattice 

at either 260 K or 270 K [164], in analogy to what we observed for hydroxyl radical systems 

here. These combined results suggest that the local concentrations of PAHs and ROSs at 

air/ice interfaces would also depend on the temperature, which in turn affects the reactivity of 

these species at these atmospheric interfaces. These results for hydroperoxy and hydrogen 

peroxide (Figures 5.6 and 5.7), as well as those for benzene [164] at 260 K, are based on the 

short-time dynamics of those systems, as our MD simulations covered over a few hundreds of 

nanoseconds. Experimental studies on similar systems are currently being performed by us 

and will likely lead to more insights about these systems.  

Mean square displacement (MSD) results for hydroxyl and hydroperoxy radicals and 

hydrogen peroxide molecules after ice growth at 270 K are shown in Figure 5.8a. At this 

temperature, all ROSs are displaced to the air/ice interfaces or their QLLs (Figures 5.4 and 

5.5). The dynamics of the hydroperoxy radicals and the hydrogen peroxide molecules at the 

air/ice interface are significantly slower than those of the hydroxyl radicals. This observation 

can be explained from Figures 5.3-5, where we discussed that hydroxyl radicals prefer to stay 

at the air/ice interface, whereas hydroperoxy and hydrogen peroxide tend to remain slightly 

deeper inside the QLL, which may slow down their dynamics. 



100 
 

 

a

b

0.001

0.01

0.1

1

10

100

0 2 4 6 8 10

M
S

D
(n

m
^

2
)

Time (ns)

H

X

P

0.001

0.01

0.1

1

10

100

0 2 4 6 8 10

M
S

D
(n

m
^

2
)

Time (ns)

H

XS

PS

XI

PI

 
Figure 5.8. Mean square displacements of hydroxyl and hydroperoxy radicals and hydrogen 
peroxide molecules after freezing at (a) 270 K and (b) 260 K. In (a), letters H, X and P 
represent hydroxyl, hydroperoxy and hydrogen peroxide. In (b), letters H, XS and PS 
represent hydroxyl, hydroperoxy and hydrogen peroxide at the air/ice interfaces, and letters 
XI and PI represent hydroperoxy and hydrogen peroxide trapped inside the ice lattice. 

 Furthermore, hydroperoxy and hydrogen peroxide have a larger size and could form 

more hydrogen bonds with water molecules as compared to hydroxyl radicals. In Figure 5.8b 

we show MSD results for hydroxyl and hydroperoxy radicals, and hydrogen peroxide 

molecules after ice growth at 260 K; results are shown for the ROSs at the air/ice interface 
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and for those trapped inside the ice lattice. As expected, all MSDs decrease with temperature, 

and the MSDs of the hydroperoxy radicals and hydrogen peroxide molecules trapped in the 

ice lattice are much lower than those of the same species displaced to the air/ice interfaces or 

their QLLs. In analogy to the MSD results at 270 K, the dynamics of the hydroxyl radicals at 

the air/ice interface are faster than those of the hydroperoxy radicals and hydrogen peroxide 

molecules at the interfaces. The dynamics of hydroperoxy and hydrogen peroxide and 

hydroxyl shown in Figure 5.8 may also explain why the former ROSs can be trapped by the 

growing ice lattice at 260 K (Figures 5.6 and 5.7), but not at 270 K (Figures 5.4 and 5.5), 

whereas hydroxyl is displaced to the air/ice interfaces at these two temperatures.  

In our second series of simulations, we considered freezing of supercooled aqueous 

solutions containing benzene and hydroxyl (or hydrogen peroxide); in addition, the two 

interfaces with air in our initial setup (Figure 5.1) were coated with a fixed number of 

1-octanal molecules (see Models and methods). Simulations were run only at 1 atm and 260 

K. The thickness of the QLLs obtained after freezing in these systems was determined using 

the criteria outlined in the previous section, and it was found to be approximately 6.5 Å at 

260 K for both systems (benzene/hydroxyl/1-octanal, and benzene/hydrogen 

peroxide/1-octanal). This observation suggests that the presence of surfactant-like molecules 

such as 1-octanal at the air/ice interfaces tends to decrease the thickness of the QLLs formed 

after ice growth (δ = 8 Å for both hydroxyl or hydrogen peroxide, as discussed above; δ = 8.5 

Å for benzene [164], all after freezing at 260 K). A decrease in QLL thickness, in this case 

due to the presence of surfactant-like molecules at the interface, is relevant because it would 

result in a larger local concentration of solutes such as aromatics and ROSs inside the QLL 
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after freezing of aqueous solutions, and could in turn affect the rate of reactions between 

these species at atmospheric air/ice interfaces. 

In Figure 5.9 we depict density profiles of hydroxyl radical (or hydrogen peroxide), 

benzene, 1-octanal and water molecules, as obtained after freezing of these supercooled 

aqueous solutions at 260 K.  
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Figure 5.9. Density profiles of benzene, 1-octanal, water and (a) hydroxyl radical, or (b) 

hydrogen peroxide, after freezing of these sub-cooled aqueous solutions at 260 K. Letters I, O, 
B, H and P represent water, 1-octanal, benzene, hydroxyl or hydrogen peroxide. The density 
profile of each species is normalized by dividing by the maximum value of the local density 
of each species in the simulation box 
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Side views of representative simulation snapshots of these two systems are presented in 

Figure 5.10. These results indicate that benzene and hydrogen peroxide can be trapped inside 

the growing ice lattice, but hydroxyl radicals cannot, in analogy to the results discussed above 

(Figures 5.5-5.8, freezing of supercooled solutions of ROSs) and in our previous paper ([164], 

freezing of supercooled solutions of aromatics).  

 

a

b

 
Figure 5.10. Side view of representative simulation snapshots of sub-cooled aqueous 
solutions containing benzene, 1-octanal, and hydroxyl radical or hydrogen peroxide after 
freezing at 260 K. (a) System with 12 hydroxyl radicals, 12 benzene and 36 1-octanal 
molecules. (b) System with 12 hydrogen peroxide, 12 benzene and 36 1-octanal molecules. 
Hydroxyl and hydrogen peroxide = red; water molecules = cyan; benzene molecules = purple; 
octanal molecules = green. 

In other words, the presence of additional species such as 1-octanal and benzene does not 

allow hydroxyl radicals to become trapped inside the ice crystal during freezing, nor allows 
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hydrogen peroxide (or benzene) to escape the growing ice lattice. The hydroxyl radicals tend 

to remain inside the 1-octanal layer in the air/ice interfaces; in contrast, the hydrogen 

peroxide molecules tend to lie inside the QLL, slightly away from the layer of 1-octanal. 

These trends are similar to those observed for the same ROSs in systems where the interfaces 

are not coated with 1-octanal (see Figures 5.5-5.8 and their discussion above). Benzene 

molecules tend to remain inside the 1-octanal layer in both systems, which is similar to what 

we observed for adsorption of naphthalene on air/ice interfaces coated with 1-octanal [178]. 

The trends observed in this study are important to understand the reactivity between ROSs 

and aromatics at atmospheric air/ice interfaces. For example, a reduction in the QLL 

thickness and the migration of ROSs and aromatics to the air/ice interface and/or its QLL 

could result in enhanced reaction rates between these species because of their larger local 

concentrations at these interfaces. Mean square displacement (MSD) results at 260 K for 

hydroxyl radical, hydrogen peroxide and benzene molecules in air/ice systems coated with 

1-octanal are shown in Figure 5.11. Again, the dynamics of the hydrogen peroxide and 

benzene molecules trapped inside the ice lattice are significantly slower than those observed 

for the molecules of the same species that are at the interfaces. In addition, the dynamics of 

hydroxyl, hydrogen peroxide and benzene at the air/ice interfaces coated with 1-octanal are 

significantly slower than those observed for the same species at bare air/ice interfaces (see 

Figure 8 above, and Figure 10 in [164]). These trends are consistent with those observed in 

our previous study [178], where the dynamics of naphthalene molecules were also hindered 

by the presence of surfactants at the air/ice interface.   
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Figure 5.11. Mean square displacement of hydroxyl radical, hydrogen peroxide and benzene 
molecules after freezing at 260 K. Letters HS, PS, PI, BI, BS and B1 respresents hydroxyl at 
the surface, hydrogen peroxide at the surface, hydrogen peroxide inside ice, benzene inside 
ice, benzene at the surface, and benzene on bare air/ice interface, respectively. 

We further explored the structure of water in the ice lattice near the hydroperoxy radicals 

and hydrogen peroxide and benzene molecules that were trapped in ice, by measuring the 

tetrahedral orientational order parameter qi as defined by Errington and Debenedetti [162]: 
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The tetrahedral order parameter qi of water molecule i is calculated by running sums over the 

oxygen atoms of the four nearest neighbors of molecule i. i,j,k is the angle formed between 

the oxygens of molecules i, j and k, with the oxygen atom of molecule i placed as the angle 

vertex. qi = 1 for an ideal ice crystal (i.e., a perfect tetrahedral network), and qi = 0 for an 

ideal gas. Following methods described in previous studies [180, 181], we calculated the 

threshold order parameter qt for TIP5P water model to be around 0.92. This threshold is 

defined in such a way that qi > qt represents ice-like molecules, and qi < qt represents 

liquid-like (disordered) molecules. Then qi was measured for water molecules within a 1×1×1 

nm3 cube enclosing a hydroperoxy radical, benzene, or hydrogen peroxide molecule trapped 
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in the ice lattice. We then compared those results against those obtained for water molecules 

in the ice lattice far away from these trapped species. The distribution of qi is shown in Figure 

5.12.  
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Figure 5.12. Tetrahedral order parameter qi of water molecules near and far away from the 
hydroperoxy radicals, hydrogen peroxide or benzene molecules trapped inside the ice lattice. 
(a) Around benzene. (b) Around hydroperoxy. (c) Around hydrogen peroxide. In all cases, the 
blue continuous lines represent qi of water molecules close to the ice-trapped aromatics or 
ROSs, and the red dashed lines represent qi of water molecules far away from the trapped 
species. 
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Figure 5.13. Radial distribution functions g(r) of water molecules near and far away from the 
hydrogen peroxide molecules trapped inside the ice lattice. (a) oxygen-oxygen. (b) 
hydrogen-hydrogen. (c) oxygen-hydrogen. 1 represents the radial distribution function 
between water molecules close to the trapped hydrogen peroxide molecules, and 2 represents 
the water molecules far away from the trapped hydrogen peroxide molecules. 

The average value of qi for molecules far away from the trapped species was 

approximately 0.96 in all cases, whereas the average values of qi close to trapped benzene, 

hydroperoxy or hydrogen peroxide were approximately 0.93, 0.96 and 0.96 respectively. 

Negligible variations in the distributions of qi of water molecules near and far away species 
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trapped in the ice are observed; only slight differences are observed for water molecules near 

and far away from benzene trapped in the ice lattice. These results suggest that the structure 

of ice is minimally affected by the species trapped in the ice lattice. The structure of ice Ih as 

given by these values of qi around and far away solutes agree with results obtained in 

previous studies, where qi = 0.8-0.96 for crystalline ice for different water models [180, 

182-184]. The structure of water in the ice lattice near and far away from the trapped species 

was further explored by computing oxygen-oxygen, oxygen-hydrogen and 

hydrogen-hydrogen radial distribution functions for water. These g(r) functions are shown in 

Figure 5.13 only for water molecules close to and far away from hydrogen peroxide 

molecules trapped in the ice lattice; similar results were obtained for water close to and far 

away from trapped hydroperoxy and benzene [164]. These results further corroborate that the 

structure of ice near the trapped ROSs and aromatics is only slightly distorted when 

compared to that far away from the trapped species. 

5.4. Concluding Remarks 

MD simulations were performed to investigate the growth of ice from supercooled 

aqueous solutions containing (1) ROSs such as hydroxyl or hydroperoxy radicals, and 

hydrogen peroxide molecules, and (2) mixtures of the same ROSs with benzene molecules, 

and with molecules of 1-octanal present at the interfaces with air. We intended to explore the 

effects of these species on the thickness of the QLL formed at the air/ice interface, as well as 

to investigate the fate of the ROSs and aromatics after the freezing process, namely if these 

species become trapped by the growing ice lattice, or if they are displaced to the air/ice 

interface or to its QLL. Before running these simulations, we verified that our combination of 
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force fields (TIP5P [112] for water, and the parameters from Vácha et al. [145] for hydroxyl, 

hydroperoxy and hydrogen peroxide) could reproduce the experimental free energies of 

hydration of these ROSs, by performing PMF calculations for these ROSs on air/water 

interfaces. We then performed similar PMF calculations for the same ROSs at air/ice 

interfaces, finding that the PMF minima for hydroperoxy and hydrogen peroxide at the air/ice 

interface are very similar to the PMF values observed for these species inside the QLL. These 

trends contrast to what was observed for hydroxyl at air/ice interfaces, and for the ROSs at 

air/water interfaces, for which the PMF minima was deeper than the value of PMF observed 

inside the QLL (air/ice systems) or inside bulk water (air/water systems). Our MD 

simulations of ice growth from supercooled aqueous solutions indicate that the presence of 

ROSs or benzene in the water leads to the formation of QLLs in the air/ice interfaces that are 

thicker than those formed when pure supercooled water is frozen; in contrast, coating the 

interfaces with 1-octanal leads to the formation of thinner QLLs. ROSs were always 

displaced from the ice lattice into the air/ice interface after the freezing process at 270 K. At 

260 K, hydroxyl was always displaced to the air/ice interface, but a significant fraction of 

hydroperoxy and hydrogen peroxide become trapped by the growing ice lattice during the 

freezing process at this temperature. These observations might be explained by the facts that 

(1) our PMF calculations indicate that hydroxyl radicals prefer to remain at the air/interface, 

whereas hydroperoxy and hydrogen peroxide prefer to lie inside the QLL; (2) the dynamics 

of hydroxyl in these systems are significantly faster than those observed for hydroperoxy and 

hydrogen peroxide; and (3) hydroperoxy and hydrogen peroxide have a larger size and could 

form more hydrogen bonds with water molecules as compared to hydroxyl radicals. The 
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structure of water as determined from the tetrahedral order parameter and radial distribution 

functions is not significantly altered by the presence of hydroperoxy, hydrogen peroxide or 

benzene trapped in the ice lattice. The presence of 1-octanal at the air/ice interfaces does not 

alter the trends described above, but tend to slow down the dynamics of ROSs and aromatics 

at the air/ice interface. Overall, these results are relevant to determining reactivity between 

aromatic hydrocarbons and ROSs in atmospheric air/ice interfaces, as well as to determining 

the faith of these species in the atmosphere.  
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CHAPTER 6 MOLECULAR SIMULATION OF GREEN LEAF VOLATILES AND 

ATMOSPHERIC OXIDANTS ON AIR/WATER INTERFACES
††

 

Contents of this chapter have already been published (Thilanga P. Liyana-Arachchi, 

Christopher Stevens, Amie K. Hansel, Franz S. Ehrenhauser, Kalliat T. Valsaraj and Francisco 

R. Hung, Molecular simulations of green leaf volatiles and atmospheric oxidants on air/water 

interfaces, Phys. Chem. Chem. Phys. 2013, 15, 3583-3592). In this chapter, we report 

molecular dynamics (MD) results of the adsorption of gas-phase 2-methyl-3-buten-2-ol 

(MBO) on to air/water interfaces. The main objective of this study was to investigate the 

adsorption of gas-phase MBO on atmospheric air/water interfaces and investigate the 

interactions between MBO and OH radicals at the air/water interface. The rest of this chapter 

is structured as follows. Section 6.1 is the introduction. Section 6.2 contains computational 

and experimental methods. In Section 6.3 we present results and discussion and in Section 

6.4 we summarize our main findings. 

6.1. Introduction 

MBO (Figure 1) is an unsaturated alcohol which is emitted in large quantities by some 

species of pine,[185-191] including some from high-altitude mountain sites and other remote 

areas,[192-195] where the concentrations of MBO can be 4-7 times those of isoprene; this 

fact strongly suggests that MBO and other GLVs can be a source of SOAs in the atmosphere. 

MBO emitted from plants can be oxidized by •OH, •NO3 and O3. MBO reactions with •OH 

dominate during day time, whereas reactions with •NO3 take place mostly during the 

night;[196-198] MBO can account for a significant fraction (about 20%) of the •OH 

reactivity in areas such as the Sierra Nevada Mountains in California during the day.[195] 
                                                        
†† Reprinted with permission of Phys. Chem. Chem. Phys. 2013, 15, 3583-3592 
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Oxidation and nitration reactions involving MBO yield products such as acetone, 

glycolaldehyde, 2-hydroxy-2-methylpropanal, formaldehyde, glyoxal and organic 

nitrates,[198-207] which are relevant to the formation of SOAs under atmospheric 

conditions.[208-212]  

 

CH3 CH2C CH

CH3

OH

C4C2 C3C1

C5

OH

(a) (b)
 

Figure 6.1. (a) 2-methyl-3-buten-2-ol (MBO). (b) Nomenclature of carbon atoms in MBO 
molecule as used in this study. 

Molecular simulation studies, along with experiments, can lead to important insights on 

the processes taking place between GLVs and oxidants in atmospheric water drops, and 

ultimately contribute to a fundamental understanding of SOAs. To the best of our knowledge, 

GLVs have not been examined in molecular simulation studies in this context in the past. 

Here we investigate the adsorption of MBO and •OH at the air/water interface using 

molecular simulations. In order to ensure that our models can reproduce the physics relevant 

to this problem, we first computed the simulated free energy of hydration for MBO, and 

compared against previously reported experimental values (such a comparison was done for 

•OH using our chosen models in a previous study).[28] We also computed the simulated 

1-octanol-water partition coefficient for MBO, and compared against our own experimental 

measurements of this property. Afterwards, we performed potential of mean force (PMF) 

calculations for MBO near atmospheric air/water interfaces, and then performed classical 
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molecular dynamics (MD) simulations to study several structural and dynamical properties of 

MBO and •OH that are relevant to their possible reactions in atmospheric water droplets.  

6.2. Methods 

6.2.1. Experimental Determination of the 1-octanol/water Partition Coefficient KOW for 

MBO 

 The experimental free energy of hydration of MBO, an important variable for the 

validation of our computational models, can be either determined from its Henry’s constant in 

water[213] or from the 1-octanol/water partition coefficient. As only one value for the 

Henry’s constant of MBO was reported,[214] we performed additional experimental 

measurements of the 1-octanol/water partition coefficient KOW for MBO, closely following 

OECD guideline #107.[215] 2-methyl-3-buten-2-ol (>98%, Sigma-Aldrich, Milwaukee, WI, 

USA), water (Burdick and Jackson LC-MS grade, Honeywell, Muskegan, MI, USA) and 

1-octanol (analytical grade, Sigma-Aldrich, Milwaukee, WI, USA) were used as received 

without further purification. For the determination of the 1-octanol/water-partition coefficient 

10 mL, 13.33 mL and 6.67 mL of a 0.01 M solution of MBO in 1-octanol were mixed in 40 

mL vials with 10 mL, 13.33 mL and 6.67 mL water-saturated 1-octanol and 20 mL, 13.33 mL 

and 26.66 mL 1-octanol-saturated water, respectively, yielding 1-octanol-water phase ratios 

of 1:1, 2:1 and 1:2. Each solution was tested in duplicate pairs with the same 1-octanol-water 

phase ratio. The vials were placed and shaken in a constant-temperature shaking water bath 

(25±1 °C) to allow for sufficient contact and equilibration. The concentration of MBO in each 

phase was measured via HPLC daily, until the difference of the KOW between the individual 
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solutions was greater than the difference between the daily measurements, i.e. a constant KOW 

was achieved.  

For the HPLC analysis an Agilent 1100 HPLC-UV/DAD system was used consisting of the 

following components: a degasser (G1322A), a quaternary pump (G1311A), an autosampler 

(G1313A), a column compartment (G1316A) and a diode array detector (G1315A). 4 μL of 

each sample was injected onto a 2.1-mm×150-mm Ultra IITM Aqueous C18 column (Restek 

Corp., Bellefonte, PA, USA) with 3-μm particle size, held at 25 °C. A water:acetonitrile 

gradient method with a 0.2 mL/min flow rate was used, starting with 100% water for the first 

five minutes, ramping linearly to 100% acetonitrile within 30 minutes, followed by a 30 

minute isocratic hold at 100% acetonitrile, and a final ramp back to 100% water within 10 

minutes, followed by a 100% water, 20-minute post time. The UV absorbance of 

2-methyl-3-buten-2-ol was monitored with an averaged signal from 190 to 200 nm taking a 

data point every 2 s using the diode array detector with a slit of 4 nm. The concentration of 

2-methyl-3-buten-2-ol was determined from the measured peak area via a calibration curve 

obtained through the analysis of standard solutions of known concentration (0.74 mg/L to 

1589 mg/L). 

6.2.2. Computational Models and Methods 

6.2.2.1. Molecular Models and Validation: Free Energy of Hydration and 1-octanol/water 

Partition Coefficient for MBO 

All our molecular simulations were conducted using the GROMACS software.[216] 

Water was modeled using the SPC/E model,[217] and the OPLS-AA force field[218] was 

adopted for MBO. •OH was modeled using the force field and parameters from Vácha et 

al.,[28] which can reproduce the free energy of hydration of •OH in SPC/E water.[28] In 
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order to validate our choice of models, we first determined the free energy of hydration and 

the 1-octanol/water partition coefficient for MBO, which are related according to the 

following relation:[219]  

 
RT

GG
K

solvationhydration

ow 303.2
log


            (1) 

Where ∆Ghydration is the free energy of a molecule of MBO solvated in water phase, and 

∆Gsolvation is the free energy of a molecule of MBO solvated in a water-saturated 1-octanol 

phase (“wet” octanol), which allows a more accurate determination of the free energies and 

partition coefficient for polar solutes.[220, 221] To calculate ∆Ghydration, we considered 

simulation boxes of average dimensions of 40.48 Å × 40.48 Å × 40.48 Å (x, y and z 

respectively, which had a standard deviation of 0.007 Å, 0.007 and Å 0.007 Å on x, y and z 

dimensions respectively during the simulation time period) containing up to 2197 molecules 

of water. To calculate ∆Gsolvation, we used simulation boxes with average dimensions of 35.39 

Å × 35.39 Å × 61.93 Å (x, y and z respectively, with a standard deviation of 0.008 Å, 0.008 Å 

and 0.014 Å on x, y and z dimensions respectively during the simulation time period) 

containing wet octanol (up to 96 molecules of water and 280 molecules of 1-octanol, which 

were modeled using the OPLS-AA force field).[218] The amounts of water and 1-octanol 

used in our wet octanol systems yield a water mole fraction of about 0.25, which is within the 

range of experimental values reported for water saturation in 1-octanol (water mole fraction 

between 0.21 and 0.29),[222] and is comparable to water mole fractions used in previous 

molecular simulation studies).[223] The water and wet octanol simulation boxes contained 

one molecule of MBO. Periodic boundary conditions were applied in all three directions. We 

then performed thermodynamic integration calculations following a procedure described in 
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previous studies.[224-226] We first model the molecule of MBO under vacuum conditions by 

‘switching off’ all its interactions with the solvent molecules (water or wet octanol). 

Afterwards, we turn on the interactions between MBO and solvent gradually by coupling a 

parameter λ to the Hamiltonian H , where λ varies between λ = 0 (initial state, MBO in 

vacuum) and λ = 1 (final state, MBO fully hydrated or solvated). The phase space between 

these initial and final states was divided into 21 intermediate states with equally-spaced 

values of λ, for which we conducted MD simulations in the NPT ensemble (P = 1 atm, T = 

298 K) for a total of 2 ns, of which 1.5 ns were used to calculate averages. Pressure and 

temperature coupling was done using a Parrinello-Rahman barostat and the velocity-rescaling 

algorithm of Parrinello et al.[120] by numerically integrating < ∂H / ∂λ > over the 21 

simulations we determine ∆Ghydration (MBO in water) and ∆Gsolvation (MBO in wet octanol), 

and then use equation (1) to determine the simulated log(KOW) for MBO.        

6.2.2.2. Potential of Mean Force (PMF) Calculations and Molecular Dynamics (MD) 

Simulations 

For simulations in air/water interfaces, we considered an orthorhombic simulation box of 

dimensions up to 60 Å × 60 Å × 300 Å (x, y and z respectively) and we performed those 

simulations in the NVT ensemble. Periodic boundary conditions were applied in the x, y and z 

directions. We first placed a slab of up to 5805 SPC/E water molecules in the center of the 

simulation box, forming two interfaces with vacuum regions mimicking air. In our first series 

of simulations, we determined the potential of mean force (PMF) associated with moving one 

molecule of MBO from the gas phase into the water slab (air/water system), using the 

constraint force method.[124, 125, 227] Each of the simulations in our PMF calculations was 

run at 298 K for at least 27 ns, of which at least 20 ns were used to average the forces at each 
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value of z-distance considered. Afterwards, we performed unconstrained, classical MD 

simulations of MBO and •OH on air/water systems, which were equilibrated over at least 2 ns 

and with at least 25 ns for averaging. Up to four molecules of MBO and •OH radicals were 

considered in these simulations, which were run at 298 K and 280 K. Additional details of our 

PMF calculations and MD simulations are exactly the same as those used in our previous 

studies for polycyclic aromatic hydrocarbons on air/water and air/ice interfaces.[228-232] We 

used the software VMD[126] to generate all the simulation snapshots analyzed in this study. 

6.3. Results and Discussion 

6.3.1. Validation of Force Fields: Experimental vs. Simulation Results for Free Energy of 

Hydration and 1-octanol/water Partition Coefficient for MBO 

Following the procedure described in §6.2.1, we determined the experimental value of 

the 1-octanol/water partition coefficient of MBO as log(KOW) = 0.69 ± 0.01; and from the 

only reported experimental value[214] of the Henry’s law constant for MBO in water, we 

determined its free energy of hydration to be about -19.5 kJ/mol. In order to ensure that our 

molecular models can reproduce the physics relevant to the systems considered here, we 

computed the simulated free energy of hydration and the 1-octanol-water partition coefficient 

for MBO following the methods described in §6.2.2. From these calculations, the simulated 

free energy of hydration was found to be -22.75 ± 0.79 kJ/mol, and the free energy of 

solvation of MBO in wet 1-octanol is equal to -27.30 ± 0.90 kJ/mol, yielding a simulated 

partition coefficient of log(KOW) = 0.79 ± 0.20. Following previous work,[225] uncertainties 

in the free energies of hydration and solvation of MBO were computed from binning 

analysis,[233] and the error associated with log(KOW) was determined from these 
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uncertainties and equation (1). These values are in good agreement with the experimental 

values reported above. In particular, the difference found between the simulated and 

experimental values of log(KOW), as well as the magnitude of the error bar associated with the 

determination of this property ins simulations, are comparable to those found in recent 

simulation studies for n-alkanes and ionic liquids using a different technique.[219, 223] 

Likewise, the simulated free energy of hydration for our chosen •OH model in SPC/E water 

was equal to -17.8 kJ/mol, as determined by Vácha et al.[28] This value is reasonably close to 

the reported experimental free energy of hydration for •OH (between -15.9 and -16.7 kJ/mol); 

these experimental and simulation values also agree with the value we computed recently[232] 

for the free energy of hydration of our chosen •OH model in TIP5P water,[112] which was 

equal to -16.5 kJ/mol. All these comparisons between simulation and experimental results 

indicate that our choice of molecular models can reproduce physical properties that are 

relevant for these systems. 

6.3.2. PMF of MBO in Air/water Systems 

In Figure 6.2a we present the PMF obtained when one molecule of MBO is moved from 

the gas phase to the air/water interface, and then inside the bulk of the water slab. The PMF 

was arbitrarily set equal to zero when the MBO molecule is in the gas phase far away from 

the air/water interface. From Figure 6.2a, the simulated free energy of hydration of MBO is 

about -22.3 kJ/mol (when the molecule of MBO is inside the bulk of the water slab). This 

result is in good agreement with the experimental value (-19.5 kJ/mol), and with the 

thermodynamic integration result as described above (-22.7 kJ/mol), which further validates 

our choice of force fields.  



119 
 

  

-80

-70

-60

-50

-40

-30

-20

-10

0

-2 -1.5 -1 -0.5 0 0.5 1


H

(Z
) 

[k
J

/m
o

l]

Z-axis (nm)

-40

-35

-30

-25

-20

-15

-10

-5

0

-2 -1.5 -1 -0.5 0 0.5 1

P
M

F
 (

k
J

/m
o

l)

Z-axis (nm)

a

b

0

5

10

15

20

25

30

35

40

45

50

-2 -1.5 -1 -0.5 0 0.5 1

-T


S
(Z

) 
[k

J
/m

o
l]

Z-axis (nm)

c

 

Figure 6.2. (a) PMF, (b) enthalpy and (c) entropy associated to moving an MBO molecule 
from gas phase into the water molecules in air/water systems at 298 K. The dashed line 
represents the location of the air/water interface; positive and negative values in the z-axis 
represent the water and gas phases.  

The PMF profile of Figure 6.2a also exhibits a deep minimum for MBO at the air/water 

interface. This minimum is equal to -31.0 kJ/mol, which suggests that MBO has a 

thermodynamic incentive to be adsorbed at the air/water interface, as opposed to being 
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dissolved in the bulk water or remaining at the gas phase. This finding is congruent with our 

previous studies where we observed PMF minima for polycyclic aromatic hydrocarbons 

(benzene, naphthalene and phenanthrene) and reactive oxygen species (•OH, •HO2 and H2O2) 

on air/water interfaces.[228, 231, 234-236]. Following recent studies by van der Spoel et 

al.,[225, 237] we decomposed the PMF into an enthalpic contribution and an entropic 

component, as shown in Figures 6.2b-c. The enthalpic component was determined as the 

average potential energy of the system in each of the PMF simulations, and the entropic 

component was calculated as the difference between the PMF and the enthalpic contribution 

at any given value of the z coordinate.[225, 237] From Figure 6.2b, the enthalpy contribution 

to the PMF also exhibits a minimum at the interface. This finding shows that the stability of 

MBO at the interface is mainly enthalpic in nature, in analogy to what was found for other 

organic molecules and several halide ions at the air/water interface.76,88 For MBO, the 

entropic contribution (Figure 6.2c) just slightly enhance the depth of the PMF minimum. 

These trends can be rationalized following the same arguments as discussed by Hub et 

al.[225] for small alcohols at the air/water interface: (1) an MBO molecule in bulk water 

disrupts a number of water-water hydrogen bonds, but if this MBO molecule is at the 

air/water interface it disrupts less water-water hydrogen bonds; therefore, water ‘pushes’ the 

MBO solute from bulk to the air/water interface; (2) similarly, an MBO molecule that is in 

gas phase but reasonably close to the air/water interface is dragged into the interface, because 

the MBO-water interactions provide an energetic incentive for MBO to be at the interface 

rather than in the gas phase. The enthalpy and entropy change rapidly as the MBO 

approaches the water surface before it is much closer to the air/water interface. By reviewing 
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movies of the simulation trajectories, we observed that a few water molecules leave the bulk 

water system and interact with the MBO molecule when it is about 1.0 nm away from the 

interface, which in turn makes the MBO molecule to orient in such a way that its OH group 

points towards the air/water interface. 

Likewise, from previous studies, •OH also has a PMF minimum at the air/water interface 

(between -20 kJ/mol[236] and -24 kJ/mol[28]), which indicates that •OH also has a 

thermodynamic preference to remain at the air/water interface. Those results suggest that 

chemical reactions between MBO and •OH are more likely to take place at the air/water 

interface, rather than inside the bulk of atmospheric water droplets or in gas phase. Therefore, 

we performed classical MD simulations to study several structural and dynamical properties 

of MBO and •OH that might be relevant to their possible reactions at the air/water interface.   

6.3.3. Structural and Dynamical Properties of MBO and •OH at Air/water Interfaces  

In Figure 6.3 we present density profiles of MBO, •OH and water molecules along the 

z-coordinate (perpendicular to the air/water interface) at 298 K. In these systems 2 molecules 

of MBO and 2 OH radicals are present at each air/water interface. Side and top views of 

representative simulation snapshots of these systems are depicted in Figure 6.4. In analogy to 

the PMF results shown in Figure 6.2, these density profiles indicate that both MBO and •OH 

prefer to stay at the air/water interfaces, although they also spend a significant fraction of 

time inside the bulk of the water slab. The density profiles of MBO and •OH exhibit 

significant overlap and peak at similar values of z. These results suggest again that chemical 

reactions between MBO and •OH are very likely to occur at the air/water interface. The 
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density profiles of these systems at 280 K exhibit similar trends and are not shown for 

brevity.  
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Figure 6.3. Density profiles of MBO, •OH and water at 298 K. The density profile of each 
species is normalized by dividing by the maximum value of their respective local density in 
the simulation box. 

Reactions between MBO and •OH generate a number of possible first generation 

oxidation products such as acetone, formaldehyde, formic acid, glycolaldehyde, 

2-hydroxy-2-methylpropanal, CO and CO2, where •OH attacks the C1, C2 carbons in the 

double bond in MBO (Figure 1).[198]  

 
a b

 
Figure 6.4. (a) Side and (b) top views of representative simulation snapshots of MBO and 
•OH at the air/water interface at 298 K. Systems contain two MBO molecules and two OH 
radicals per air/water interface. MBO = green, •OH = blue, water = red. In (b), water 
molecules are not depicted for clarity. 



123 
 

The orientation of MBO molecules at the air/water interfaces is therefore relevant to their 

reactions with oxidizing species originating in the gas phase such as •OH. In Figure 6.5a we 

present the distribution of cos(), where  is the angle formed between the vector joining the 

C1 and C3 carbon atoms in MBO (Figure 6.1b), and the vector normal to the air/water 

interface. A value of 0 for cos() indicates that the MBO molecules remains parallel to the 

air/water interface, whereas a value of 1 indicates that the MBO molecule lies perpendicular 

to the interface. 
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Figure 6.5. (a) Distributions of cos (), where  is the angle formed between the vector 
joining the C1 and C3 carbon atoms in MBO (Figure 1b), and the vector normal to the 
air/water interface, at 298 K and 280 K. (b) Density profiles for OH, the rest of the MBO 
molecule, and water at 298 K. (c) Average distances between carbons C2-C4, C2-C5 (Figure 
1b) in MBO at 298 K and 280 K at air/water interfaces. 
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These results suggest that MBO mostly prefers to lie parallel to the air/water interface, 

but retains a considerable ability to rotate around its molecular axis. No significant variations 

were observed in the angular distribution at the two temperatures examined (298 K and 280 

K). As expected, MBO aligns with its OH group pointing to the water molecules at the 

interface, as shown in the density profiles presented in Figure 6.5b. The distribution of 

distances between the C2-C4 and C2-C5 carbon atoms in MBO (Figure 6.1b) was also 

monitored in our MD simulations and presented in Figure 5c for the two temperatures 

considered. This distance was monitored because the addition of •OH to the C2 carbon might 

be sterically hindered.[198] From Figure 6.5b, the C2-C4 and C2-C5 distribution of distances 

peak at ~2.53 Å, with no appreciable variations at the two temperatures considered here (298 

K and 280 K).  

The mean square displacement (MSD) of MBO molecules on air/water interfaces is 

presented in Figure 6.6 at both 298 K and 280 K. As expected, the MSDs at 298 K are larger 

than those observed at 280 K.  
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Figure 6.6. Mean square displacement (MSD) of MBO at 298 K and 280 K at the air/water 
interfaces. 
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The average diffusion coefficients of MBO molecules at the air/water interface were 

found to be 0.39 and 0.03 × 10-5 cm2/s at 298 K and 280 K respectively. We also investigated 

the interaction between MBO and •OH radicals at the air/water interface by computing radial 

distribution functions g(r) between the oxygen of •OH and the carbons C1 and C2 in MBO at 

298 K and 280 K. These results are shown in Figure 6.7; the first peak in the g(r) functions is 

observed around 0.45 nm, without significant variations at the two temperatures considered.  
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Figure 6.7. Radial distribution functions g(r) between the oxygen atom of •OH and the 
carbon atoms C1 and C2 of MBO (Figure 1b) at 298 K and 280 K.  

Finally, we monitored the number of contacts between the carbons C1 and C2 of MBO 

and the oxygen atoms of •OH. We arbitrarily considered that a contact happened when the 

O-C1 or O-C2 distance is less than 0.50 nm (previous studies[29, 234] used a distance equal 

to that at which the first local minimum in g(r) is observed; however, it was also argued that 

the results do not vary appreciably if a different distance is considered). These contacts could 

probably lead to chemical reactions between MBO and •OH, and we can assume that the 

reaction rate is proportional to the number of these contacts. From our simulations over a 
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total of 25 ns at the two temperatures considered (298 K and 280 K), we observed about 300 

contacts between the two molecules of MBO and the two OH radicals at each interface (60 Å 

× 60 Å), which suggest that the number of contacts between these two species is significant 

and did not vary significantly in the range of temperatures considered here.  

6.4. Concluding Remarks 

MD simulations were performed to investigate the adsorption of MBO and OH radicals 

on atmospheric air/water interfaces. Our chosen combination of force fields for these systems 

were able to reproduce experimental measurements of the free energies of hydration for MBO 

and •OH, as well as the experimental 1-octanol/water partition coefficient for MBO. Potential 

of mean force (PMF) calculations show a deep free energy minimum for MBO at the 

air/water interface; similar findings were reported for •OH in previous studies,[28, 236] 

indicating, that from the thermodynamic point of view, these two species have a strong 

preference to remain at the air/water interface, as opposed to the bulk water or vapor phase. 

By decomposing the PMF into enthalpic and entropic contributions, we determined that the 

stability of MBO at the interface is mainly driven by enthalpy. Having MBO at the air/water 

interface leads to an optimal situation where, on the one hand, not so many water-water 

hydrogen bonds are disrupted (as opposed to the case where MBO is inside bulk water), and 

on the other hand, water-MBO interactions are still important (as opposed to the case where 

MBO is in the gas phase). These results suggest that chemical reactions between MBO and 

•OH are more likely to take place at the air/water interface, rather than inside of atmospheric 

water droplets or in the gas phase. We also monitored several variables relevant to the 

possible reactions of MBO and •OH at the air/water interface. In particular, the density 
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profiles of these two species overlap significantly at the interface, with MBO aligning parallel 

to the interface with their OH group into the water side of the interface. We found a 

significant number of contacts between MBO and •OH in our simulations, which could lead 

to reactions between these two species.  

One particular issue in this area is the lack of experimental data for other green leaf 

volatiles (GLVs) and their first-generation products from their oxidation reactions. We are 

currently generating experimental data for these compounds, as well as investigating the 

possible reactions of GLVs in fog in the field and in the lab. We are also performing modeling 

studies for other GLVs, as well as their first-generation oxidation products. 
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CHAPTER 7 MOLECULAR MODELING OF THE GREEN LEAF VOLATILE 

METHYL SALICYLATE ON ATMOSPHERIC AIR/WATER INTERFACE 

In this chapter, we report molecular dynamics (MD) results of the adsorption of 

gas-phase Methyl salicylate (MeSA) on to air/water interfaces. The main objective of this 

study was to investigate the adsorption of gas-phase MeSA on atmospheric air/water 

interfaces and investigate the air/water interfacial properties with respect to varying MeSA 

concentrations at the air/water interface. The rest of this chapter is structured as follows. 

Section 7.1 is the introduction. Section 7.2 contains computational and experimental methods. 

In Section 7.3 we present results and discussion and in Section 7.4 we summarize our main 

findings. 

7.1. Introduction 

 In our previous work,[238] we have shown that MBO and oxygenated radicals such as 

•OH exhibit a strong thermodynamic preference to remain at the air/water interface, 

suggesting that chemical reactions between these species are more likely to take place at this 

interface, rather than in the bulk of the water droplets or in the gas phase. In that study we 

also determined experimentally the 1-octanol/water partition coefficient for MBO, which was 

then used to develop an accurate molecular model for MBO; we also pointed out at the lack 

of experimental data available for MBO and other GLVs, which hampers experimental and 

modeling efforts in this area. In the present study we focus on another GLV, methyl salicylate 

(MeSA), which is a semi-volatile organic compound which is emitted by plants such as 

tea.[239-242] MeSA is also produced by tobacco plants when infected with the tobacco 

mosaic virus,[243] and when exposed to high concentrations of ozone.[244] Although MeSA 
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is a semi volatile organic compound (its vapor pressure at 298 K is about 0.2 Torr),[245] it 

could be adsorbed on the surface of atmospheric water droplets, in analogy to what we 

observed with MBO in our previous study.[238]  

 

 

Figure 7.1. Adsorption and dissolution of methyl salicylate (MeSA) at air/water interfaces 

It is important to elucidate where the reactions of GLVs with atmospheric oxidants are 

more likely to take place (i.e., in gas phase, at the air/water interface, or in the bulk of water 

droplets, Figure 7.1), as the kinetics of reactions involving atmospheric oxidants and other 

organic species in these environments may be significantly different,1,16,40 which in turn may 

impact the formation of SOAs in the atmosphere. Combined molecular 

simulation/experimental studies can lead to fundamental discoveries on the processes taking 
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place between MeSA and atmospheric oxidants in atmospheric water droplets. To the best of 

our knowledge, MeSA has not been examined in this context in the past. Here we report a 

molecular modeling study of the properties of MeSA on atmospheric air/water interfaces. In 

order to confirm that our choice of molecular models can reproduce the physical behavior 

relevant to this problem, we first determined experimentally the 1-octanol-water partition 

coefficient of MeSA using thermodynamic integration (TI) calculations, and ensured that we 

could reproduce this value in our molecular simulations. Afterwards, we performed potential 

of mean force (PMF) calculations in order to investigate the thermodynamics of MeSA at the 

air/water interface, and studied the structural and dynamical properties of MeSA and water 

molecules in these systems using classical molecular dynamics (MD) simulations. 

7.2. Methods 

7.2.1. Practical Determination of the Octanol-water Partition Coefficient 

The octanol-water partition coefficient of methyl salicylate was determined via 

shake-flask method following closely OECD guideline #107[215] and is further detailed in 

our previous work.[246] Methyl salicylate (>99%, Sigma-Aldrich, Milwaukee, WI, USA), 

water (Burdick and Jackson LC-MS grade, Honeywell, Muskegan, MI, USA) and 1-octanol 

(analytical grade, Sigma-Aldrich, Milwaukee, WI, USA) were used as received without 

further purification.  

7.2.2. Computational Models and Methods  

All our molecular simulations were conducted using the GROMACS software,[216] and 

all the simulation snapshots in this study were generated using the VMD software.[126] In 

analogy to our previous simulations of MBO on air/water interfaces,[238] we used the SPC/E 
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model[217] for water, and the OPLS-AA force field[218] for MeSA and 1-octanol. In order to 

ensure our choice of models can reproduce the physics that are relevant to this problem, we 

followed a strategy similar to the one used in our previous paper,[238] and determined the 

free energy of hydration (∆Ghydration) of MeSA in a water phase, and the free energy of 

solvation of MeSA in wet 1-octanol (a water-saturated 1-octanol phase which allows accurate 

determination of the free energy and partition coefficient of polar solutes.[220, 221]). We 

performed thermodynamic integration (TI) calculations[224-226, 238] to calculate ∆Ghydration 

and ∆Gsolvation, and used those to calculate the simulated 1-octanol/water partition coefficient 

for MeSA:[219]  

 
RT

GG
K

solvationhydration

ow 303.2
log


            (1) 

These thermodynamic integration calculations were performed at P = 1 atm and T = 298 K. 

Specifics of these calculations are exactly the same as those described in our previous 

paper.[238] As shown later in §7.3.1, the use of the OPLS-AA force field for MeSA resulted 

in a simulated value of log(KOW) that was significantly different from value measured in our 

experiments. As a result, we followed previous studies[20, 28, 149, 231] and increased the 

atomic charges in up to 10% of the original values taken from OPLS-AA; these new 

parameters led to a better agreement between the simulated and experimental 1-octanol/water 

partition coefficients for MeSA. Afterwards, we conducted simulations of MeSA in air/water 

interfaces at 298 K, for which we set up an orthorhombic simulation box of dimensions up to 

Lx = 40 Å, Ly = 40 Å and Lz = 240 Å, where we created two air/water interfaces by placing a 

water slab composed of up to 2197 SPC/E water molecules in the center of the simulation 

box. We first determined the potential of mean force (PMF) associated with moving one 
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molecule of MeSA from the gas phase into the water slab; specifics of these PMF 

calculations are exactly the same as those described in detail in our previous paper.[238] We 

also performed classical MD simulations with varying concentrations of MeSA (up to 32 

molecules of MeSA per air/water interface). Additional details of our MD simulations are 

exactly the same as those used in our previous studies for MBO at air/water interfaces,[238] 

and polycyclic aromatic hydrocarbons (PAHs) on air/water and air/ice interfaces.[228-231, 

247]  

7.3. Results and Discussion 

7.3.1. Experimental and Simulated 1-octanol/water Partition Coefficient of MeSA 

We determined the experimental value of the 1-octanol/water partition coefficient of 

MeSA as log(KOW) = 2.36 ± 0.03. This value is in very good agreement with the value of 2.55 

available in the literature[248] at 25 ± 1 °C. In our previous study for MBO,[238] we found 

one experimental value for its Henry’s law constant, from which we could determine the free 

energy of hydration for MBO; in contrast, we could not find reported experimental values of 

the Henry’s law constant or the free energy of hydration for MeSA. Therefore, and in order to 

assess if our chosen molecular models could reproduce the physical interactions of interest in 

this problem, we performed a first series of TI calculations simulations where we computed 

the simulated 1-octanol/water partition coefficient for MeSA using parameters from the 

OPLS-AA force field. From these first series of TI calculations, the simulated free energies of 

hydration (MeSA in water) and solvation (MeSA in wet 1-octanol) were found to be -21.25 

kJ/mol and -43.44 kJ/mol, yielding a simulated partition coefficient of log(KOW) = 3.87 ± 0.41. 

This initial simulated value is significantly higher compared to the experimental value 



133 
 

[log(KOW) = 2.36 ± 0.03]. As a result, we followed previous work [20, 28, 149, 231] and 

increased the atomic charges of MeSA in up to 10% of the original charges taken from the 

OPLS-AA force field. Using this new set of atomic charges, we repeated our TI calculations 

obtaining values of -29.81 kJ/mol and -44.41 kJ/mol for the free energies of hydration and 

solvation of MeSA. From those values, the new simulated partition coefficient is log(KOW) = 

2.55 ± 0.39, which is in better agreement with the experimental value [log(KOW) = 2.36 ± 

0.03]. The magnitude of the error in our simulations, although relatively large, is comparable 

to that obtained in our previous work for MBO,[238] and to the estimated errors for n-alkanes 

and ionic liquids using a different technique.[219, 223] The satisfactory comparison between 

simulated and experimental results of the 1-octanol/water partition coefficient of MeSA 

indicates that our chosen molecular models can reproduce physical properties that are thought 

to be of relevance for these systems.  

7.3.2. PMF of MeSA in Air/water Systems 

 We determined the PMF associated with moving one MeSA molecule between the 

gas phase and the bulk of the water slab through the air/water interface (Figure 7.2a). In these 

calculations, we arbitrarily assumed that the PMF of a MeSA molecule in the gas phase and 

far away from the air/water interface is equal to zero. From these PMF calculations, the 

simulated free energy of hydration for MeSA inside the bulk water phase was found to be 

-20.70 kJ/mol (Figure 7.2a; this is the difference between the PMF values observed in the gas 

and the bulk water phase). This value is different from the one determined from our TI 

calculations (-29.81 kJ/mol). Differences in the free energies of hydration estimated from TI 

and from PMF calculations seem to be molecule-specific; Hub et al.[225] reported significant  
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Figure 7.2. (a) Total potential of mean force (PMF), and enthalpic (b) and entropic (c)  
contributions to the PMF associated to moving a MeSA molecule between the gas phase and 
the bulk water phase in air/water systems at 298 K. The dashed line represents the location of 
the air/water interface (arbitrarily defined as the point where the water density reaches 500 
kg/m3). Positive and negative values in the z-axis represent the water and gas phases.  
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differences for a number of organic molecules, but in contrast, the hydration free energies of 

MBO as estimated from TI and from PMF calculations were in excellent agreement.[238] 

As discussed by Caleman et al.[237] for ions at the air/water interface, these differences 

in calculated free energies of hydration might be due to the fact that, in PMF calculations 

using the constraint force method, solutes in the gas phase but very close to the interface can 

induce water molecules to jump into the solute. These water jumps, which are not present in 

our TI calculations (i.e., there is no air/water interface in these TI calculations), can cause 

slow convergence in the mean force measured in the PMF calculations and can lead to an 

underestimation of the free energy of hydration. In their study of ions at air/water interfaces, 

Caleman et al.[237] decided to add a correction in their PMF curves to ensure that the 

hydration free energies match the values determined from their TI calculations; in contrast, 

the same group did not add any corrections to their PMF curves in a later study of organic 

molecules at the air/water interface.[225] The PMF curves shown in Figure 7.2 do not include 

any correction to ensure that the free energy of hydration match the value estimated from our 

TI calculations. 

 At the air/water interface, the PMF profile for MeSA (Figure 7.2a) exhibits a deep free 

energy minimum equal to -33.4 kJ/mol, which strongly indicates that this molecule has a 

thermodynamic preference to remain adsorbed at the air/water interface. This minimum in 

free energy could be even deeper, reaching about -42 kJ/mol, due to the fact that we did not 

add a correction to ensure that the free energy of hydration match the value estimated from 

our TI calculations. For MBO, another GLV, we found that the simulated free energy of 

hydration and the PMF minimum at the air/water interface were equal to -22.3 kJ/mol and 



136 
 

-31.0 kJ/mol.[238] The relative magnitudes of these free energies for MeSA and MBO can be 

explained as MeSA is more hydrophilic than MBO (see Figure 1 here and in ref.[238]). The 

findings reported here are also consistent with the results shown in our previous studies of 

PAHs and ROSs, which also exhibited free energy minima on air/water and air/ice 

interfaces.[228-231, 247]  

Inspired by the recent work of van der Spoel et al.,[225, 237] and in analogy to our 

previous study,[238] we split the PMF of MeSA into its enthalpic and entropic components as 

a function of the z-position of the MeSA molecule. These calculations were done in an 

attempt to better understand the adsorption process of MeSA on the air/water interface. The 

enthalpic and entropic contributions to the PMF were determined according to the procedure 

explained in detail before,[225, 237, 238] and are shown in Figs. 7.2b and 7.2c. The enthalpic 

component exhibits a deep minimum at the interface (Fig. 2b), which indicates that the 

thermodynamic stability of MeSA at the interface is mainly driven by its energy interactions 

with the water molecules. Entropy seems to provide a slight enhancement to the depth of the 

PMF minimum at the air/water interface (Fig. 7.2c). The entropic contribution is very low 

when MeSA is in the gas phase, and increases when it approaches the air/water interface; this 

observation is mainly due to the fact that MeSA molecules near the interface tend to adopt an 

orientation where its oxygenated groups point towards the water molecules, whereas its 

aromatic group tends to lie farther away from water (see Figs. 7.6 and 7.7).    

Following again the work of van der Spoel et al.,[225, 237] we further decomposed the 

enthalpic contribution to the PMF (Fig. 7.2b) into water–water and water–MeSA interaction 

energies as a function of the z-coordinate of the MeSA molecule. These contributions are 
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presented in Figures 7.3a and 7.3b. These results show that when the MeSA molecule moves 

from the gas phase into the air/water interface, the water-water interactions become more 

positive (Fig. 7.3a); a very sharp increase in the water-water energy is observed when the 

MeSA molecule moves from the interface into the bulk water phase.  
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Figure 7.3. Decomposition of the enthalpic contribution to the PMF (Fig. 2b) into (a) 
water–water, and (b) water–MeSA interaction energies at 298 K 
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This finding reflects the fact that, when the MeSA molecule is inside the bulk water 

phase, it disrupts a larger number of water-water hydrogen bonds as compared to when 

MeSA is at the interface. From Fig. 3b, it can be observed that the water-MeSA interactions 

become more favorable (more negative) when the MeSA molecule migrates from the gas 

phase into the air/water interface and then into the bulk water phase. In contrast to what was 

observed in Fig. 7.3a, no sharp decreases are observed in the water-MeSA energy 

interactions. These favorable water-MeSA interactions arise because MeSA can form 

hydrogen bonds with water, and its aromatic group also provides additional energetic 

interactions with water. Therefore, a molecule of MeSA that is in the gas phase but in the 

proximity of the air/water interface is ‘dragged’ into the interface, due to the thermodynamic 

incentive provided by the water-MeSA interactions. These energy interactions continue to 

become more negative as the MeSA molecule moves towards the bulk water phase, but are 

outweighed by the sharp increase in the water-water energy; therefore, water tends to ‘push’ 

the MeSA molecule from the bulk water phase into the air/water interface. As a result, the 

air/water interface provides a favorable environment where the MeSA molecule has 

important energy interactions with the water molecules and does not disrupt too many 

water-water hydrogen bonds. These observations are similar to those discussed in the work of 

Hub et al.[225] for small alcohols at the air/water interface, and similar to what we discussed 

for MBO in air/water systems.[238]  

Previous results for ROSs[28, 231] indicate that these atmospheric oxidants also have a 

thermodynamic preference to remain at the air/water interface. These observations, when 

combined with results from this study, strongly suggest that the reactions between MeSA and 
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other ROSs in the atmosphere are very likely to take place at the air/water interface, as 

opposed to inside the bulk of atmospheric water droplets or in the gas phase.  

7. 3.3. MD Simulations: Structural and Dynamical Properties at Air/water Interfaces  

In Figure 7.4 we present density profiles of MeSA and water molecules as a function of 

the z-coordinate (perpendicular to the air/water interface) at 298 K, for low and high 

concentrations of MeSA at the air/water interface (2 and 32 MeSA molecules on each 

air/water interface).  
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Figure 7.4. Density profiles of MeSA and water obtained from classical molecular dynamics 
simulations at 298 K. The systems contain (a) 2 MeSA molecules, and (b) 32 MeSA 
molecules per air/water interface. The density profile of each species is normalized by 
dividing by the maximum value of their respective local density in the simulation box. 
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Side views of snapshots from these classical MD simulations are depicted in Figure 7.5. 

In analogy to the results shown in Figs. 7.2 and 7.3, the density profiles and snapshots from 

Figs. 7.4 and 7.5 indicate that the MeSA molecules mainly prefer to stay at the air/water 

interfaces, although some of these molecules spent a minor fraction of the simulation time 

inside the bulk water phase. No significant variations in the density profiles are observed for 

the range of concentrations of MeSA considered here.  

a b

 
Figure 7.5. Side views of representative snapshots from MD simulations of MeSA at the 
air/water interface at 298 K. Systems contain (a) 2 MeSA molecules, and (b) 32 MeSA 
molecules per air/water interface. MeSA = red, water = blue. 

The results shown in Figs.7.2-5 strongly suggest that the reactions between MeSA and 

atmospheric oxidants are most likely to occur at the air/water interface, and therefore the 

orientation of MeSA molecules at this interface is a property that is relevant in this context. In 

Figure7.6 we decomposed the density profiles of MeSA into the contributions from the 

aromatic ring (hydrophobic group) and the oxygenated groups of the molecule including the 

methyl group (hydrophilic group, see also Fig. 7.1). As expected, the density profile of the 

hydrophilic group remains closer to the water side of the interface, whereas the hydrophobic 

group is farther from water, indicating that MeSA aligns with its oxygenated groups pointing 

to the water molecules at the interface. These results are similar for the range of 

concentrations of MeSA considered here. In Figure 7.7 we present top views of simulation 
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snapshots of air/water systems, and in Figure 7.8 we show the radial distribution functions g(r) 

computed between MeSA molecules, for varying concentrations of MeSA at the air/water  
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Figure 7.6. Density profiles for aromatic ring (hydrophobic group), the rest of the MeSA 
molecule containing the oxygenated and methyl groups (hydrophilic group), and water at 298 
K. Systems contain (a) 2 MeSA molecules, and (b) 32 MeSA molecules per air/water 
interface. The density profile of each species is normalized by dividing by the maximum 
value of their respective local density in the simulation box. 
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a b

 

Figure 7.7. Top views of representative simulation snapshots of systems of MeSA on 
air/water interfaces at 298 K. Systems contain (a) 2 MeSA molecules, and (b) 32 MeSA 
molecules per air/water interface. Only MeSA molecules are depicted for clarity. 
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Figure 7.8. Radial distribution functions g(r) between MeSA molecules at the air/water 
interface 

interface. When only 2 MeSA molecules are present at each air/water interface, the g(r) 

function shows two major peaks at r = 0.24 nm and at r = 0.42 nm. 

The height of each of these peaks diminishes as the concentration of MeSA increases at 

the interface. The mean square displacements (MSD) of MeSA and water molecules are 

shown in Figures 7.9a and 7.9b for varying concentrations of MeSA at the interface at 298 K. 
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The dynamics of MeSA and water molecules at high concentrations of MeSA are 

significantly slower, mainly due to crowding effects (see Fig. 7.7). 
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Figure 7.9. Mean square displacement (MSD) of (a) MeSA, and (b) water molecules at 298 
K at the air/water interfaces. Systems contain 2, 16 and 32 molecules of MeSA per air/water 
interface.  

To further investigate the air/water interfacial properties, the interfacial tensions (γ) of 

bare and MeSA coated air/water interfaces was calculated from the pressure tensors using the 

following equation:[216]  












 zz

yyxxz p
ppL

22
            (2)    

Where Lz is the box length in the z direction, and the diagonal components of the pressure 

tensor are represented by pxx, pyy and pzz. The surface tension in the absence of MeSA 

molecule was found here to be 55.07 mN/m, which is within the range of values previously 
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reported for SPC/E water.[249-253] In Figure 7.10 we present the variation of the surface 

tension in our systems at the interface, for varying number of MeSA molecules; these results 

show that the interfacial surface tension decreases as the number of MeSA molecules at the 

air/water interface increases.  
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Figure 7.10. Interfacial surface tension with respect to varying number of MeSA molecules 
at the air/water interface. Line is a guide to the eye. 

7.4. Concluding Remarks 

We investigated the adsorption of the green leaf volatile (GLV) methyl salicylate (MeSA) 

on atmospheric air/water interfaces at 298 K using several molecular modeling techniques. In 

order to assess our molecular models, we first performed thermodynamic integration (TI) 

calculations to compute the simulated 1-octanol/water partition coefficient for MeSA, which 

was found to be in very good agreement with reported experimental values and our own 

experimental measurements. Potential of mean force (PMF) calculations show a deep free 

energy minimum for MeSA at the air/water interface, which can be explained by the energetic 

interactions between water and MeSA molecules. The interface provides a favorable 

environment where the MeSA molecules have important energy interactions with the water 

molecules at the air/water interface, and do not disrupt too many water-water hydrogen bonds 
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as compared to the case where MeSA molecules are within the bulk water phase. These PMF 

results, as well as molecular dynamics (MD) simulation results, indicate that MeSA has a 

strong thermodynamic preference to remain at the air/water interface, and thus chemical 

reactions with atmospheric oxidants are more likely to take place at the interface, rather than 

within atmospheric water droplets or in the gas phase. At the interface, the oxygenated groups 

in MeSA tend to point towards the water side of the interface, with the aromatic group of 

MeSA lying farther away from water. Increases in the concentrations of MeSA lead to 

reductions in the height of the peaks in the MeSA-MeSA g(r) functions, a slowing down of 

the dynamics of both MeSA and water at the interface, and a reduction in the interfacial 

surface tension. 
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CHAPTER 8 OIL ALKANES AND SURFACTANTS IN ATMOSPHERIC AIR/SALT 

WATER INTERFACES: A MOLECULAR SIMULATION STUDY 

In this chapter, we report molecular dynamics (MD) results of the long chain alkanes 

(Pentadecane and Icosane) and sodium dodecyl sulfate (SDS) at air/salt water interfaces. The 

main objective of this study is to explore the air/salt water interfacial properties under the 

influence of long chain alkanes and sodium dodecyl sulfate (SDS) molecules. The rest of this 

article is structured as follows. Section 8.2 contains details of our computational models and 

methods. The main results and discussion from this study are presented in section 8.3, and 

concluding remarks are included in section 8.4.  

8.1. Introduction 

Previous simulations on adsorption of polycyclic aromatic hydrocarbons (PAHs) and 

reactive oxygen species on the interfaces of air with pure water or ice (i.e., no salts dissolved) 

have established the presence of deep free energy minima for adsorption of these species at 

these interfaces.[20, 135, 136, 149, 158, 247, 254-256] Other experimental and simulation 

studies have focused on the interfacial properties of aqueous salt solutions with or without 

surfactants (i.e., no organic molecules adsorbed).[257-267] Several experimental and 

simulation studies have focused on the properties of air/water interfaces (i.e., no salts 

dissolved) when alkanes with less than 12 carbon atoms are adsorbed at the 

interface;[268-277] the structural properties of water at the interface and the interfacial width 

is known to be significantly influenced by the presence of hydrocarbons and surfactants at 

air/water interfaces.[77-80] Nevertheless, to the best of our knowledge, no studies have 

focused on the properties of alkanes with more than 15 carbon atoms when they are adsorbed 
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on air/salt water interfaces, when dispersants are present. In this work we report classical 

molecular dynamics (MD) simulations and potential of mean force (PMF) calculations to 

study the properties of the linear alkanes pentadecane (C15) and icosane (C20) on 

atmospheric air/salt water interfaces. We focused on these particular n-alkanes because they 

are representative of IVOCs and SVOCs in Louisiana sweet crude oil, and because they have 

been found in analysis of oil mousse samples from the DWH oil spill. We then compared 

these interfacial properties against those obtained for similar systems where the air/salt water 

interfaces are coated with surfactants. However, and due to the complexity of the species 

present in the Corexit dispersant used in the oil spill,[278-283] as a first approach to this 

problem we decided to coat the air/salt water interfaces in our simulated systems with a 

standard anionic surfactant, sodium dodecyl sulfate (SDS). We also investigated how the 

structural properties of the alkane and SDS molecules change with variations in their 

concentrations. These simulations were performed in combination with experimental studies 

from K. T. Valsaraj’s group (to be reported in an upcoming publication), aiming at 

fundamentally understanding the interfacial properties of these systems. Such a fundamental 

understanding is crucial to test our working hypothesis, that processes such as aerosolization 

via bursting bubbles and white caps are likely mechanisms for the ejection of oil spill matter 

(i.e., heavier IVOCs and SVOCs) into the atmosphere.  

8.2. Simulation Details 

 Classical MD simulations were performed to study the properties of C15, C20 and 

SDS at air/salt water interfaces at 298 K, where for simplicity salt water was modeled as a 

NaCl/water solution. For simplicity, and because our main focus is on the properties of the 
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n-alkanes and SDS, we have modeled water using the non-polarizable SPC/E model,[115] 

and for NaCl we used the non-polarizable parameters from the work of V cha et al.[283] 

These NaCl parameters were initially developed using a polarizable water model; however, 

the study of Auffinger et al.[284] showed that this NaCl model is also consistent with the 

SPC/E water model. In future studies we intend to evaluate similar systems using polarizable 

force fields for water and the salts, which might be needed to capture specific ion effects at 

the interfaces.[257-261] We used the OPLS-all atom force field[147] to model the n-alkanes 

C15 and C20, and parameters for the SDS molecules were taken from the work of Polat et 

al.,[285] which in turn is based on the OPLS-all atom force field.[147] We used the 

GROMACS software[116] to perform all our MD simulations in the NVT ensemble (constant 

number of molecules, volume and temperature). In our simulations we considered 

orthorhombic simulation boxes of dimensions 60 Å × 60 Å × 300 Å (x, y and z respectively) 

and periodic boundary conditions were applied in all three directions. We placed 5805 SPC/E 

water molecules and 63 NaCl ion pairs in the middle of the simulation box, creating a salt 

water slab with two air/salt water interfaces. This results in a salt water slab with salinity 

comparable to that of sea water.  

In the present study we performed both potential of mean force (PMF) calculations and 

conventional MD simulations. In the former series of calculations, we determined the free 

energy profile associated with moving one molecule of C15 or C20 between the liquid and 

gas phases, across air/salt water interfaces that are either bare or SDS-coated. All PMF 

calculations were run for a total of up to 2 ns, from which up to 1.5 ns were used for 

accumulating averages. PMF simulations were run at 298 K on both bare and SDS-coated 

http://en.wikipedia.org/wiki/Icosane
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air/salt water systems. Our MD simulations also included bare and SDS coated-air/salt water 

systems, which were equilibrated for up to 5 ns and at least 5 ns were used for accumulating 

averages. In these MD simulations we considered varying concentrations of n-alkanes and 

SDS molecules; up to 32 molecules of C15, C20 and SDS per air/salt water interface were 

considered. Remaining simulation details are exactly the same as those used in our previous 

publications.[135, 150, 164, 238, 247] 

8.3. Results and Discussion 

8.3.1. PMF of C15 and C20 on Dare and SDS Coated-air/salt Water Systems 

In Figure 8.1 and 8.2 we show the PMF associated by moving one molecule of the 

n-alkanes C15 and C20 between the bulk salt water and the gas phases, across air/salt water 

interfaces that are bare (Fig. 8.1) or coated with 32 molecules of SDS (Fig. 8.2) at 298 K. We 

arbitrarily assumed that the PMF of a C15 or C20 molecule in the gas phase is equal to zero. 

In all cases, the PMF profiles exhibit deep minima at the air/salt water interface, and a sharp 

increase as the molecule of C15 or C20 is in the bulk of the salt water phase. These 

observations suggest that, from the thermodynamic point of view, both C15 and C20 prefer to 

be at the air/salt water interface (bare of SDS-coated), as compared to being in the salt water 

phase or in the gas phase. This is consistent with previous studies, where organic species such 

as PAHs[20, 135, 149, 256] and green leaf volatiles[238] also showed a preference to stay at 

the air/water interface; in turn, the n-alkanes C15 and C20 are relatively large hydrophobic 

molecules with limited solubility in salt water and relatively low volatility. The minima in the 

PMF for C15 and C20 at the bare air/salt water interface are about -13.3 kJ/mol and -15.0 
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kJ/mol respectively, and about -26.4 kJ/mol and -34.9 kJ/mol at SDS-coated air/salt water 

interfaces.  
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Figure 8.1. PMF (green lines) associated with moving one molecule of n-alkane between the 
bulk of the salt water phase and the gas phase, across a bare air/salt water interface at 298 K. 
(a) PMF of pentadecane (C15); (b) PMF of icosane (C20). The red lines represent the density 
profiles of water (W). These density profiles are normalized with respect to the maximum 
value of the local density of water found in the simulation box. 

These results suggest that, from the thermodynamic point of view, n-alkanes have a 

stronger tendency to remain at the air/salt water interface as their chain length increases and 

as the SDS concentration at the interface increases. These observations are consistent with the 
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previous simulation studies of Wick et al.[149] and Vácha et al.,[20] where larger PAHs 

showed a stronger preference to remain at the air/water interface. In SDS-coated air/salt water 

interfaces (Fig. 8.2), the minima in the PMF is observed at a value of the z-coordinate that is 

within the SDS layer, indicating that the n-alkanes C15 and C20 prefer to stay dissolved 

inside the SDS layer and close to the air side of the interface.  
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Figure 8.2. PMF (green lines) associated with moving one molecule of n-alkane between the 
bulk of the salt water phase and the gas phase, across an SDS-coated air/salt water interface 
at 298 K. (a) PMF of pentadecane (C15); (b) PMF of icosane (C20). The red and black lines 
represent the density profiles of water (W) and SDS. These density profiles are normalized 
with respect to the maximum value of the local density of water or SDS found in the 
simulation box. 
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The results described above are especially relevant to our working hypothesis stated in 

the Introduction: the fact that C15 and C20 have a strong thermodynamic preference to 

remain at the air/salt water interfaces, especially if these interfaces are coated with surfactants, 

makes these oil hydrocarbons and dispersants more likely to be ejected to the atmosphere by 

sea surface processes such as breaking waves and bubble bursting.  

8.3.2. Structural Properties of C15, C20 and SDS at the Air/salt Water Interface 
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Figure 8.3. Density profiles of pentadecane (C15), icosane (C20) and SDS molecules in 
air/salt water systems at 298 K. All systems contain 16 molecules of C15 or C20, and 32 SDS 
molecules per air/salt water interface. The nomenclature W, P and I represent density profiles 
of water, pentadecane and icosane respectively. The density profile of each species is 
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normalized by dividing by the maximum value of the local density of each species in the 
simulation box. 

 In Figure 8.3 we present density profiles of C15, C20, SDS and water molecules in 

air/salt water systems at 298 K, as obtained from MD simulations. Up to 16 molecules of C15 

or C20, and 32 molecules of SDS are present at each air/salt water interface. Side views of 

representative simulation snapshots of these systems are presented in Figure 8.4.  

 
a b

 

Figure 8.4. Side view of representative simulation snapshots of pentadecane (C15) and 
icosane (C20) on SDS-coated air/salt water interfaces at 298 K. (a) System with 16 molecules 
of C15 and 32 molecules of SDS per air/salt water interface. (b) System with 16 molecules of 
C20 and 32 molecules of SDS per air/salt water interface. C15 and C20 = green; SDS = black; 
water = orange (NaCl not shown for clarity).  

The density profiles and the snapshots indicate again that both C15 and C20 prefer to 

stay at the SDS-coated air/salt water interfaces. When we compare the z coordinates of the 

peaks in the density profiles of C15 or C20 and SDS (Fig. 8.3), we observe that the peaks for 

SDS molecules are closer to the water molecules in the salt water. The peaks for C15 and C20 

are closer to the air side of the interface, however significant overlap in the density profiles of 

C15 or C20 and SDS is observed in Fig. 3, in agreement with the PMF results shown in Fig. 

8.2. Visual inspections of simulation snapshots of our systems (Fig. 8.4) also indicate that the 

n-alkanes C15 and C20 tend to penetrate into the SDS films at the air/salt water interface. 

Similar trends were observed for the different concentrations of C15, C20 and SDS 
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considered here (up to 32 molecules of C15, C20 and SDS per air/salt water interface); these 

results are not shown for brevity. 
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Figure 8.5. Average angle distributions of (a) pentadecane (C15), and (b) SDS molecules at 
the air/salt water interface at 298 K, at several concentrations of SDS (8, 16 and 32 SDS 
molecules per air/salt water interface). All systems contain 16 molecules of C15 in each 
air/salt water interface. 

 The orientation of the molecules of C15, C20 and SDS at the air/salt water interface 

was monitored in our MD simulations. In Figure 8.5 we show the distribution of the angle  

formed between the vector normal to the interface (z-direction) and (1) the vector joining the 
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carbon atoms at both ends of the C15 molecule, or (2) the vector joining both ends of the 

carbon chain of the SDS molecule.  

In Figure 8.5, a value of cos() = 1 indicates that the carbon chain of C15 and SDS 

remains perpendicular with respect to the interface, and a value of cos() = 0 indicates that 

these carbon chains lie flat at the air/salt water interface. These orientations were investigated 

with respect to varying concentrations of SDS at the air/salt water interface. From Figure 8.5a, 

it can be observed that the molecules of C15 prefer to lie flat when the air/salt water interface 

is bare. In contrast, when this interface is coated with SDS, the pentadecane chains prefer to 

adopt a tilted orientation, and become more perpendicular as the SDS concentration increases 

at the air/salt water interface. From Figure 8.5b, it can also be observed that the angle 

distribution of the SDS molecules is rather broad at low concentrations, but as concentration 

increases the SDS molecules tend to adopt a perpendicular orientation with respect to the 

interface. The trends observed for systems containing C20 molecules are consistent with the 

results shown in Fig. 8.5 for C15, and are not shown for clarity.  

To further investigate the structural properties of pentadecane and icosane at bare and 

SDS-coated air/salt water interfaces, we computed the C15−C15 and C20−C20 radial 

distribution functions g(r) for varying concentrations of SDS at the air/salt water interface. 

Our results for C15 (Figure 8.6a) indicate that increasing concentrations of SDS at the air/salt 

water interfaces leads to reductions in the height of the peaks of g(r). In contrast, for C20 the 

height of the peaks of g(r) does not vary significantly when the concentration of SDS 

increases. Varying concentrations of SDS does not lead to new peaks in the g(r) functions 

shown in Figure 8.6. These results can be explained with the help of the simulation snapshots 
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shown in Figure 8.7, which suggest that both C15 and C20 form dense aggregates at the bare 

air/salt water interfaces. Increasing concentrations of SDS are able to partially disperse the 

aggregates of C15 (Fig. 8.7b), but cannot break down the C20 aggregates (Fig. 8.7d). The 

mixtures of molecules in the Corexit dispersant used in the oil spill[51-56] are larger and 

more complex than SDS, and thus have a better performance in dispersing oil components. 

We are currently modeling systems containing oil hydrocarbons and representative molecules 

from Corexit; these results will be reported in an upcoming publication. 

 

a

b

0

1

2

3

4

5

6

7

8

0 1 2

g
(r

)

r(nm)

0

16

32

0

1

2

3

4

5

6

7

8

0 1 2

g
(r

)

r(nm)

0

16

32

 

Figure 8.6. Radial distribution functions g(r) of Pentadecane−Pentadecane and 
Icosane−Icosane molecules at both bare and SDS coated-air/salt water interfaces at 298 K. (a) 
Radial distribution functions g(r) Pentadecane−Pentadecane molecules. (b) Radial 
distribution functions g(r) of Icosane−Icosane molecules. In each figures 0, 16 and 32 
represents 0, 16 and 32 SDS molecules at air/salt water interface respectively. 



157 
 

 

Figure 8.7. Top views of representative simulation snapshots of systems of Pentadecane and 
Icosane on bare and SDS coated-air/salt water interfaces at 298 K. (a) System with 16 
molecules of Pentadecane on bare air/salt water. (b) System with 16 molecules of 
Pentadecane on SDS (32 molecules) coated-air/salt water. (c) System with 16 molecules of 
Icosane on bare air/salt water. (d) System with 16 molecules of Icosane on SDS (32 
molecules) coated-air/salt water. . Pentadecane and Icosane = green; SDS molecules = black.  

8.4. Concluding Remarks 

Potential of mean force (PMF) calculations and molecular dynamics (MD) simulations 

were performed to investigate the properties of the oil hydrocarbons pentadecane (C15) and 

icosane (C20), as well as a standard anionic surfactant, sodium dodecyl sulfate (SDS) at 

air/salt water interfaces. This work was motivated by the 2010 Deepwater Horizon (DWH) 

oil spill, and we specifically focus on intermediate- and semi-volatile organic compounds 
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(IVOCs and SVOCs, namely hydrocarbons with 14 to 31 carbon atoms). A significant 

fraction of IVOCs and SVOCs released during the DWH oil spill reached the sea surface 

despite the large amounts of Corexit dispersant used, which in turn could have also reached 

the sea surface. The working hypothesis of this study, which is part of a series of studies from 

our group, is that a significant fraction of these IVOCs, SVOCs and the dispersants that 

reached the sea surface did not evaporate but remained there, and phenomena such as white 

caps (breaking waves) and bubble bursting on the sea surface eject these compounds into the 

atmosphere. Negligible data has been gathered so far on wave- and bubble-generated 

aerosolization of oil near the DWH accident site. Our results show that, from the 

thermodynamic point of view, the n-alkanes C15 and C20 have a strong preference to remain 

at the air/salt water interface, as indicated by the presence of deep free energy minima at 

these interfaces. The free energy minimum becomes deeper as the chain length of the 

n-alkanes increases, and as the concentration of SDS at the interface increases. The fact that 

C15 and C20 have a strong thermodynamic preference to remain at the air/salt water 

interfaces, especially if these interfaces are coated with surfactants, makes these oil 

hydrocarbons and dispersants more likely to be ejected to the atmosphere by sea surface 

processes such as breaking waves and bubble bursting.  

Both pentadecane and icosane tend to adopt a flat orientation and form aggregates at the 

bare air/salt water interface. When this interface is coated with SDS, the molecules of C15 

and C20 tend to adopt a titled angle with respect to the vector normal to the interface, and 

become more perpendicular as the concentration of SDS increases. Increasing concentrations 

of SDS are able to partially disperse the aggregates of C15, but cannot break down the C20 
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aggregates formed at the air/salt water interface. The mixtures of molecules in the Corexit 

dispersant used in the oil spill[51-56] are larger and more complex than SDS, and thus have a 

better performance in dispersing oil components. In this initial study in this area we decided 

to study a standard surfactant such as SDS, mainly due to the complexity of the molecules 

present in Corexit.[51-56] In an upcoming publication we will present simulation results of 

systems containing oil hydrocarbons and representative molecules from Corexit. We have 

also studied the ejection rates of oil hydrocarbons and Corexit dispersant in experiments 

using a bubble column reactor, where we have simulated bubble-bursting processes at the sea 

surface. These experimental results agree with the simulation trends presented here, namely 

that more oil hydrocarbons are ejected when Corexit is present in the system. These results 

will be featured in several upcoming publications. Our combined simulation and 

experimental results suggest that aerosolization via bursting bubbles and breaking waves at 

the sea surface is a likely transport mechanism for the ejection of oil spill organics into the 

atmosphere. 
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CHAPTER 9 CONCLUSIONS ONGOING AND FUTURE WORK 

9.1 Conclusions 

In chapters 2-5, we focused on the properties of PAHs and ROSs on atmospheric air/ice 

interfaces. In chapter 2, the adsorption of gas-phase phenanthrene, naphthalene and ozone on 

atmospheric air/ice interfaces was investigated using classical molecular dynamics (MD) 

simulations and potential of mean force (PMF) calculations. Phenanthrene, naphthalene and 

ozone exhibit a strong preference to be adsorbed at the air/ice interface, rather than being 

dissolved into the bulk of the quasi-liquid layer (QLL) or incorporated into the ice crystals. It 

is also observed that a decrease in temperature causes surface adsorption to become more 

significant than bulk phase partitioning for naphthalene and phenanthrene molecules. When 

the air/ice interface is coated with increasing concentrations of naphthalene molecules, the 

QLL becomes thinner and surface adsorption of ozone is enhanced. Furthermore, ozone tends 

to adsorb on top of the naphthalene film, although significant penetration of ozone into this 

film is also observed. Both phenanthrene and naphthalene molecules tend to adopt a flat 

orientation on the air/ice interface, less variation in the orientation was observed for lower 

concentrations of naphthalene, whereas variations in the ozone concentration do not affect the 

orientation of naphthalene molecules. However, as the concentration of ozone increases, most 

of the naphthalene molecules still prefer to stay close to the mobile water molecules in the 

QLL, but a significant fraction of the naphthalene molecules spends a considerable amount of 

time inside the thicker layer of ozone. We also monitored the number of contacts between 

naphthalene and ozone at the air/ice interface upon variations in the concentrations of these 

two species. These contacts were assumed to be proportional to the reaction rate between 
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these two species. When the number of ozone molecules was held constant, the number of 

contacts showed a linear relationship to the number of naphthalene molecules. However, 

when the naphthalene concentration was held constant, for all systems we observed a linear 

relationship at low ozone concentrations and a plateau at high ozone concentrations.  

The adsorption of gas-phase naphthalene and ozone molecules onto air/ice interfaces 

coated with different surfactant species (1-octanol, 1-hexadecanol or 1-octanal) was also 

investigated using classical MD simulations in chapter 3. Naphthalene and ozone exhibit a 

strong preference to be adsorbed at the surfactant-coated air/ice interfaces, as opposed to 

either being dissolved into the bulk of the quasi-liquid layer (QLL) or being incorporated into 

the ice crystals. The QLL becomes thinner when the air/ice interface is coated with surfactant 

molecules. The adsorption of both naphthalene and ozone onto surfactant-coated air/ice 

interfaces is enhanced when compared to bare air/ice interface. Both naphthalene and ozone 

tend to stay dissolved in the surfactant layer and close to the QLL, rather than adsorbing on 

top of the surfactant molecules and close to the air region of our systems. Surfactants prefer 

to orient at a tilted angle with respect to the air/ice interface; the angular distribution and the 

most preferred angle vary depending on the hydrophilic end group, the length of the 

hydrophobic tail, and the surfactant concentration at the air/ice interface. Naphthalene prefers 

to have a flat orientation on the surfactant coated air/ice interface, except at high 

concentrations of 1-hexadecanol at the air/ice interface; the angular distribution of 

naphthalene depends on the specific surfactant and its concentration at the air/ice interface. 

The dynamics of naphthalene molecules at the surfactant-coated air/ice interface slow down 

as compared to those observed at bare air/ice interfaces. The presence of surfactants does not 
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seem to affect the self-association of naphthalene molecules at the air/ice interface, at least 

for the specific surfactants and the range of concentrations considered in this study.  

Classical MD simulations were performed in chapter 4 to investigate the growth of ice 

from supercooled aqueous solutions of benzene, naphthalene or phenanthrene. The main 

objective of this study is to explore the fate of those aromatic molecules after freezing of the 

supercooled aqueous solutions, i.e., if these molecules become trapped inside the ice lattice, 

or if they are displaced to the QLL or to the interface with air. Ice growth from supercooled 

aqueous solutions of benzene, naphthalene or phenanthrene result in the formation of 

quasi-liquid layers (QLLs) at the air/ice interface that are thicker than those observed when 

pure supercooled water freezes. Naphthalene and phenanthrene molecules in the supercooled 

aqueous solutions are displaced to the air/ice interface during the freezing process at both 270 

K and 260 K; no incorporation of these aromatics into the ice lattice is observed throughout 

the freezing process. Similar trends were observed during freezing of supercooled aqueous 

solutions of benzene at 270 K. In contrast, a fraction of the benzene molecules become 

trapped inside the ice lattice during the freezing process at 260 K, with the rest of the benzene 

molecules being displaced to the air/ice interface. These results suggest that the size of the 

aromatic molecule in the supercooled aqueous solution is an important parameter in 

determining whether these molecules become trapped inside the ice crystals. Finally, we also 

report potential of mean force (PMF) calculations aimed at studying the adsorption of 

gas-phase benzene and phenanthrene on atmospheric air/ice interfaces. Our PMF calculations 

indicate the presence of deep free energy minima for both benzene and phenanthrene at the 

air/ice interface, with these molecules adopting a flat orientation at the air/ice interface. 
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In chapter 5, classical MD simulations and potential of mean force (PMF) calculations 

were performed to study (1) the adsorption of several reactive oxygen species (ROSs, namely 

•OH, •HO2 and H2O2) on atmospheric air/ice interfaces, and (2) the growth of ice from 

supercooled aqueous solutions of these ROSs. Free energy minima were observed for these 

ROSs at the air/ice interfaces. The presence of ROSs in supercooled water during the freezing 

process leads to the formation of quasi-liquid layers (QLLs) that were thicker than those 

formed from freezing of pure supercooled water. The ROSs in the supercooled water were 

always displaced to the air/ice interface during the freezing process at 270 K, but if the 

freezing process is carried out at 260 K, a significant fraction of hydroperoxy and hydrogen 

peroxide become trapped by the growing ice lattice. We also studied freezing of supercooled 

aqueous solutions containing ROSs and benzene, with 1-octanal at the interfaces with air. The 

structure of ice is not significantly altered by hydroperoxy, hydrogen peroxide or benzene 

being trapped in the ice lattice. The presence of 1-octanal at the interfaces does not alter the 

trends described above; however, thinner QLLs are formed after the freezing process, and 

1-octanal tends to slow down the dynamics of ROSs and aromatics at the air/ice interface.   

In chapters 6 and 7, we focused on green leaf volatiles (GLVs), which are oxygenated 

hydrocarbons that are emitted by plants, especially under stress conditions such as 

mechanical damage and local weather changes. GLVs can react with 

photochemically-generated oxidants (e.g., OH radicals) in atmospheric water drops, and 

contribute to the formation of secondary organic aerosols (SOAs). In chapter 6, we 

investigated the adsorption of a gas phase GLV, 2-methyl-3-buten-2-ol (MBO) and OH 

radicals on atmospheric air/water interfaces using classical molecular dynamics (MD) 
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simulations and potential of mean force (PMF) calculations. Our models can reproduce 

experimental values of the free energy of hydration of MBO and •OH, as well as 

1-octanol/water partition coefficients of MBO determined experimentally in this study.  

Both MBO and •OH have a strong thermodynamic incentive to remain at the air/water 

interface, with their density profiles overlapping significantly at the interface. These results 

suggest that chemical reactions between MBO and •OH are more likely to take place at the 

interface, rather than inside the bulk of water droplets or in the vapor phase. We found a 

significant number of contacts between MBO and •OH in our simulations, which could lead 

to reactions between these two species.  

In chapter 7, we studied the GLV methyl salicylate (MeSA), which is emitted by plants 

under stress conditions in the environment. We investigated the adsorption of gas phase 

MeSA on atmospheric air/water interfaces under atmospheric conditions. Our model for 

MeSA is able to reproduce the 1-octanol/water partition coefficients of MeSA determined 

experimentally in this study, and is also able to give accurate estimates of the free energy of 

hydration and interfacial partition of MeSA at the air/water interface. MeSA has a strong 

preference to be adsorbed at the air/water interface, as opposed to either being dissolved into 

bulk water phase or staying in the gas phase. MeSA prefers to orient such that the hydrophilic 

end of MeSA is pointing towards the water at the air/water interface, and its hydrophobic ring 

is away from the air/water interface. The dynamics of MeSA and water molecules at the 

air/water interface slow down as the concentration of MeSA at the air/water interface 

increases. The presence of MeSA molecules at the air/water interface decreases the surface 
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tension at the air/water interface. No aggregation of MeSA was observed at the air/water 

interface. 

In chapter 8, we performed MD simulations of long chain alkanes (pentadecane, C15) 

and icosane, C20) on bare and sodium dodecyl sulfate (SDS)-coated air/salt water interfaces. 

Potential of mean force (PMF) calculations and molecular dynamics (MD) simulations were 

performed to investigate the properties of the oil hydrocarbons pentadecane (C15) and 

icosane (C20), as well as a standard anionic surfactant, sodium dodecyl sulfate (SDS) at 

air/salt water interfaces. This work was motivated by the 2010 Deepwater Horizon (DWH) 

oil spill, where a significant fraction of intermediate- and semi-volatile organic compounds 

(IVOCs and SVOCs, namely hydrocarbons with 14 to 31 carbon atoms) released during the 

DWH oil spill reached the sea surface, together with a fraction of the Corexit oil dispersant 

used. This work, which is the first of a series of studies from our group, aims at testing the 

hypothesis that a significant fraction of the IVOCs, SVOCs and the dispersants that reached 

the sea surface did not evaporate but remained there, and phenomena such as white caps 

(breaking waves) and bubble bursting on the sea surface would eject these compounds into 

the atmosphere. Our simulation results show that, from the thermodynamic point of view, the 

n-alkanes C15 and C20 have a strong preference to remain at the air/salt water interface, as 

indicated by the presence of deep free energy minima at these interfaces. The free energy 

minimum becomes deeper as the chain length of the n-alkanes increases, and as the 

concentration of SDS at the interface increases. The fact that C15 and C20 have a strong 

thermodynamic preference to remain at the air/salt water interfaces, especially if these 

interfaces are coated with surfactants, makes these oil hydrocarbons and dispersants more 
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likely to be ejected to the atmosphere by sea surface processes such as breaking waves and 

bubble bursting. Both pentadecane and icosane tend to adopt a flat orientation and form 

aggregates at the bare air/salt water interface. When this interface is coated with SDS, the 

molecules of C15 and C20 tend to adopt a titled angle with respect to the vector normal to the 

interface, and become more perpendicular as the concentration of SDS increases. Increasing 

concentrations of SDS are able to partially disperse the aggregates of C15, but cannot break 

down the C20 aggregates formed at the air/salt water interface.  

9.2. Ongoing and Future Work 

9.2.1 Oxygenated PAHs (OPAHs) and Nitrated PAHs (NPAHs) at Air/water and Air/ice 

Interfaces 

PAHs compounds can undergo photo chemically induced oxidation and nitration 

reactions and produce oxygenated PAHs (OPAHs) and nitrated PAHs (NPAHs), e.g. Figure 

9.1. These compounds are more toxic than PAHs (up to 105 times larger carcinogenic and 

mutagenic activities).  

 
Figure 9.1. Examples of NPAHs and OPAHs from naphthalene 
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Understanding the faith of these OPAHs and NPAHs at air/water and air/ice interfaces, as 

well as their dissolution in bulk water, crystalline ice and in the QLL is important to 

understand the fate and transport of these organic pollutants in the environment. 

9.2.2 Adsorption of Other Green Leaf Volatiles (GLVs) at Air/water Interface 

Other compounds in this class include cis-3-hexen-1-ol (HxO) and cis-3-hexenylacetate, 

(HxAc) as presented by figure 9.2. Furthermore, these compounds are chemically active and 

participate in controlling the oxidative capacity of the troposphere.  

 

Figure 9.2. First generation GLVs 

As discussed earlier in chapter 1, GLVs have been shown to be SOA precursors in the 

atmosphere. These GLVs also react with gas-phase oxidants to produce first generation 

oxidation products such as 3-hydroxypropanal (3HPA) from HxO and HxAC. So it is 

important to understand the properties of these GLVs at air/water interfaces in order to 

understand the fate of these species in the environment and how they contribute to formation 

of SOAs in the atmosphere.  
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9.2.3 Dispersants at Air/salt Water Interfaces 

In this dissertation we investigated the influence of n-alkanes and SDS molecules on the 

air/salt water interfacial properties. We would extend this study of air/salt water interface by 

using model compounds from Corexit 9500/9527 used in the 2010 Deep-water Horizon 

(DWH) accident such as Polyoxyethylene(20)sorbitan monooleate (Tween) and 

Polyoxyethylene(20)sorbitan trioleate (Span) as presented by figure 9.3.  

 

 
Figure 9.3. Polyoxyethylene(20)sorbitanmonooleate(Tween) and 
Polyoxyethylene(20)sorbitan trioleate (Span). 
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APPENDIX B: SUPPORTING INFORMATION (CHAPTER 4) 
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Figure B.1. PMF of moving one benzene molecule from the gas phase into the water 
molecules in air/water systems at 298 K. A value of zero in the z-axis represents the air/water 
interface (arbitrarily defined as the point where the density of water reaches 500 kg/m3); 
positive values of z-axis represent the bulk water phase. Benzene 1 represent the PMF with 
the original set of atomic charges (refs. 17 and 35 in our paper), and Benzene 2 represents the 
PMF with the 10% increased charges for atoms in benzene molecule. EXP UPPER and EXP 
LOWER represent the upper and lower experimental values obtained for free energy of 
hydration for benzene respectively (from refs. 17 and 41 in our paper) 
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Figure B.2. Radial distribution functions g(r) of water molecules near and far away the 
benzene molecules trapped inside the ice lattice. (a) oxygen-oxygen. (b) hydrogen-hydrogen. 
(c) oxygen-hydrogen. 1 represents the radial distribution function between water molecules 
close to the trapped benzene molecules, and 2 represents the water molecules far away from 
the trapped benzene molecules. 
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APPENDIX C: SUPPORTING INFORMATION (CHAPTER 7) 

Table S1. Atomic charges in methyl salicylate (MeSA). See figure S1 for nomenclature of 
atoms in a molecule of MeSA. Representative Gromacs files (input, topology and coordinate) 
are available upon request. 
 

Name Original charges New charges 

C1 0.160                  0.176 

H2 0.030 0.033 

H3 0.030 0.033 

H4 0.030                  0.033 

O5 -0.330                 -0.363 

C6 0.625                  0.688 

O7 -0.430 -0.473 

C8   -0.115                 -0.127 

C9 -0.115                 -0.127 

H10 0.115                  0.127 

C11 -0.115                 -0.127 

H12 0.115                  0.127 

C13 -0.115 -0.127 

H14 0.115                  0.127 

C15 -0.115                 -0.127 

H16 0.115                  0.127 

C17 0.150                  0.165 

O18 -0.585                 -0.644 

H19 0.435                  0.479 

 
Figure S1. Nomenclature of atoms in a MeSA molecule  
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