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Abstract:  

 The reaction environments present in water, ice, and at ice surfaces are physically distinct 

from one another and studies have shown that photolytic reactions can take place at different 

rates in the different media.  Kinetics of reactions in frozen media are measured in snow and ice 

prepared from deionized water.  This reduces experimental artifacts, but is not relevant to snow 

in the environment, which contains solutes.  We have monitored the effect of nonchromophoric 

(will not absorb sunlight) organic matter on the photolytic fate of the polycyclic aromatic 

hydrocarbons (PAHs) phenanthrene, pyrene, and anthracene in ice and at ice surfaces.  

Nonchromophoric organic matter reduced photolysis rates to below our detection limit in bulk 

ice, and reduced rates at ice surfaces to a lesser extent due to the PAHs partially partitioning to 

the organics present.   

In addition, we have monitored the effect of chromophoric (will absorb sunlight) 

dissolved organic matter (cDOM) on the fate of anthracene in water, ice, and ice surfaces.  

cDOM reduced rates in all three media.  Suppression in liquid water was due to physical 

interactions between anthracene and the cDOM, rather than to competitive photon absorbance.  

More suppression was observed in ice cubes and ice granules than in liquid water due to a freeze 

concentrating effect.    

 Sodium Chloride (NaCl) is another ubiquitous environmental solute that can influence 

reaction kinetics in water, ice, and at ice surfaces.  Using Raman microscopy, we have mapped 

the surface of ice of frozen NaCl solutions at 0.02M and 0.6M, as well as the surface of frozen 

samples of Sargasso Sea Water.  At temperatures above and below the eutectic temperature (-

21.1°C).  Above the eutectic, regions of ice and liquid water were observed in all samples.  

Liquid regions generally took the form of channels.  Channel widths and fractional liquid surface 



coverage increased with NaCl concentration and temperature.  Volume maps of the three 

samples at temperatures above the eutectic point, showed that liquid channels were distributed 

throughout the ice sample.  Liquid fractions were similar at ice surfaces and in the bulk at depths 

of at least 80 µm.   
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1.1 Importance of the Cryosphere 

The cryosphere is the part of Earth’s surface where water is present in solid form.  This 

definition includes the polar ice caps, sea ice, glaciers, lake ice, snow, and permafrost.  It is 

present at high altitudes and also includes many urban areas for at least some fraction of the year.  

The cryosphere plays a vital role in the energy balance on earth via heat transport and albedo, 

and makes up 75% of the world’s freshwater supply.1-2  Furthermore, the cryosphere plays a 

prominent role in many atmospherically relevant reactions by providing a source for reactive 

species, increasing the measured local photon fluxes via light scattering, and by acting as a 

reaction substrate.3-9   

 

1.2 History of Snow Chemistry 

 Numerous fields of science have investigated the reaction environments present in snow, 

ice, and frozen solutions.  In the 1960s, food chemists found that – in contrast to expectations – 

some reactions occurred more quickly once a dilute solution was frozen.10 This was determined 

to be a result of enhanced local concentrations due to freeze exclusion; this effect will be 

discussed in Section 1.6.2. Astrochemists have performed numerous studies investigating ice as a 

reaction medium, looking at interstellar ice and chemical exchanges between gases and dust 

occurring in icy mantles.11-12 The first investigations of snow and ice as reaction media relevant 

to Earth were conducted in the context of catalytic stratospheric ozone loss, which is initiated by 

reactions at the surface of ice clouds.  Reactions at the surface of polar stratospheric clouds 

(PSCs) were found to convert inert chloride (Cl¯) to active chlorine (·Cl), which catalytically 

destroyed stratospheric ozone.13-14  While some of the lessons learned from these areas of 

research inform our understanding of reactions in snow and ice at Earth’s surface, there are some 
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important differences that make the cryosphere a unique reaction environment. For example, the 

low temperatures and high energy photons present in space create reaction environments that are 

very different from those on earth, and PSCs consist primarily of frozen nitric acid hydrates 

rather than the frozen water that makes up ice at Earth’s surface. Chemistry in the cryosphere is a 

growing area of research with implications ranging from albedo above snowpacks to air and 

water quality in remote regions and urban centers. 

Until fairly recently, the cryosphere was thought to act as a physical sink for atmospheric 

species, but was not believed to influence chemistry.  In the 1980s, researchers discovered that 

ozone in the atmospheric boundary layer (the lowest part of the atmosphere whose behavior is 

directly influenced by contact with earth’s surface) above remote polar regions was being 

destroyed rapidly and inexplicably during polar spring.15  Further investigations into this 

phenomenon found that ozone was being broken down because of halogen activation occurring 

in the snowpack and on the surfaces of aerosols.16-20 This chemistry, which is discussed in 

greater detail in Section 1.3.1, has some similarities to the catalytic chemistry at the surface of 

polar stratospheric clouds that leads to ozone hole formation. Gas-phase chemistry continued to 

be used to predict the concentration of atmospheric species in remote polar regions until field 

studies conducted in 2000 in the high Arctic (Alert, Canada (82°30’N 62°19’W)) determined that 

the concentrations of several atmospheric compounds such as formaldehyde, acetaldehyde, NOx 

(nitrogen oxides present as NO and NO2), nitrous acid (HONO), hydroxyl radical (·OH), and 

peroxyl radical (HO2·) were found in concentrations ranging from two to 25 times greater than 

were predicted by gas-phase chemistry.21-22  Furthermore, the concentrations of O3 and Hg0 were 

measured to be 4.5 and 8 times lower respectively than predicted.21-23  In the early 2000s, 

scientists also discovered that chemistry in or on snow and sea ice was responsible for oxidizing 
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gaseous elemental Hg.24-25 These studies demonstrated that chemistry in the snowpack was 

playing a more prominent role in the fate of atmospheric species than initially believed.   

 Field, laboratory, and modeling studies over the past two decades have largely focused on 

several key types of chemistry in the snowpack: Halide activation, which leads to catalytic ozone 

and mercury loss; photochemical OH production; fate of aromatic pollutants; and composition 

and chemistry of dissolved organic matter (DOM). More recently, snowpacks near hydraulic 

fracturing operations have been determined to induce chemistry that is distinct from that in polar 

snowpacks. Specifically, very high boundary layer ozone concentrations near hydraulic 

fracturing operations in Vernal, Utah, have been ascribed to unique chemistry in the snowpack.9, 

26 

 

1.3 Major Research Topics in Polar Photochemistry 

1.3.1 Halide Activation  

Halide activation occurs when inert halides are converted into reactive gaseous halogen 

atoms.  This is extremely important because atomic halogens can have significant effects on 

atmospheric chemistry and compositions.27  During the 1980s, scientists in Barrow, Alaska and 

Alert, Nunavut observed depletion of tropospheric ozone during polar spring.28-29  Further 

investigations identified concurrent high atmospheric bromine concentrations that could not be 

explained by long range transport.30  Research conducted at Alert in 1986 found that ozone and 

bromine concentrations were inversely correlated.15   

Continuous atmospheric mercury concentrations were first recorded in 1995 at Alert, 

Canada.  It was observed that between March and June, low concentrations of gaseous elemental 

Hg were observed.  This was significant because it had been previously reported that there was 
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very little variation in Hg levels.15, 31  After several years of observations, it was determined that 

these atmospheric mercury depletion events were a real phenomenon.32-33 It was also determined 

that ozone depletion events and mercury depletion events are closely correlated.32 As in the case 

of ozone, gas-phase mercury was being depleted by bromine in the polar boundary layer. The 

oxidized mercury then deposits on the snow, increasing snowpack mercury concentrations.25, 32, 

34-37  This increase in condensed-phase mercury has adverse effects on both animal and human 

populations of Arctic ecosystems.24-25, 32, 38-39   

Numerous field studies have been conducted in the Arctic and Antarctic to understand the 

role of halogens in ozone and mercury depletion events.8  Local chemical events referred to as 

“bromine explosions” have been identified as being responsible for this chemistry.8 Bromine 

explosions refer to the formation of reactive gas-phase bromine in the form of Br2 and HOBr 

through oxidation of bromine in the atmosphere in polar regions.  Bromide ions (Br¯) at ice 

surfaces are converted to either Br2 or HOBr, which are released to the gas phase where they 

photolyze to form reactive Br atoms.  Br¯ can be “activated” through reactions with NOx, OH, 

and O3.
40-47  Br2 and HOBr are released to the gas phase, where they photolyze to form Br atoms. 

This sets up a catalytic cycle (described in Reactions 1.1 – 1.6) in which Br atoms react with O3 

to form BrO and O2; HOBr is regenerated via Reaction 1.4, resulting in catalytic ozone 

destruction.3, 8 

1.1 HOBr + Br¯ + H+ → H2O + Br2 (multiphase reaction) 

1.2 Br2 + hν → 2Br 

1.3 Br + O3 → BrO + O2 

1.4 BrO + HO2 → HOBr + O2 

1.5 BrO + BrO → 2Br + O2 
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1.6 HOBr + hv → Br + OH 

 Bromide in coastal snows is sourced from seawater, and in inland snows it is primarily 

sourced from transported sea spray aerosols.15, 48 Recently, modeling studies and satellite 

observations have demonstrated that halogen activation may be initiated by snow blowing events 

and aerosol chemistry.  Wind is capable of lifting salt-containing snow into the atmosphere 

where bromine can be released into aerosols, or reactions can occur on the saline blowing 

snow.49-50  Sea-salt aerosols and seawater on the ice pack will be partially liquid even at 

temperatures well below the freezing point of water and the concentration of chloride and 

bromide will increase in the liquid fraction as the temperature decreases.51   

1.3.2 Photochemical Hydroxyl Radical Formation 

Hydroxyl radicals are important compounds in atmospheric chemistry because their 

concentration in the troposphere is a determining factor in its oxidizing capacity.52  OH radicals 

are typically formed in the atmosphere via the photolysis of ozone: 

  1.7) O3 + hν → O(1D) + O2 (λ < 320 nm) 

 1.8) O(1D) + H2O → OH + OH 

High solar zenith angles and low water partial pressures in the winter and at high latitudes 

reduces the rates of these reactions significantly.  It was assumed that OH concentrations would 

be very low at high altitudes such as Alert, Canada.  However, as mentioned previously, mixing 

ratios of boundary layer OH above polar snowpacks were found to be 10 times greater than 

predicted by gas phase chemistry.21, 23, 53  It was therefore determined that chemistry within the 

snowpack must be contributing to OH mixing ratios.   

Polar field studies and laboratory investigations have shown that OH can be produced in 

snowpacks by nitrate photolysis, which also forms NOx and NO2
¯, which reacts with water 
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molecules to form HONO.54-62  HONO emissions have been observed in Greenland and HONO 

itself can be photolyzed and form gas-phase OH.55, 63 HONO mixing ratios 20 times greater than 

predicted by gas-phase chemistry alone have been reported in the atmospheric boundary layer in 

Alert, Canada and Summit, Greenland.21, 23 These observations suggest that nitrate photolysis can 

at least partially explain the higher-than-expected OH concentrations.  Many field, lab, and 

modelling studies have been conducted in order to quantify OH production from nitrate 

photolysis in ice.57, 59, 64-66 In addition to nitrate, nitrite and hydrogen peroxide have been 

investigated as potential OH sources in polar snowpacks.67-69  Although hydrogen peroxide has a 

low molar absorptivity at 300 nm compared to nitrate and nitrite, the hydrogen peroxide 

concentration and quantum yield in the snowpack are large enough to make its photolysis 

significant.64-65, 67-71  

1.3.3 Photolysis of Aromatic Pollutants 

The snow in remote polar regions is extremely clean with low solute concentrations, 

making it an ideal medium to analyze reaction kinetics in the field.  Numerous types of organic 

pollutants have been found in remote polar locations in low concentrations due to long range 

transport.6  Several studies have investigated photolysis kinetics of aromatic pollutants in snow 

and ice. Some report different reaction kinetics or mechanisms in ice compared to in liquid 

water,4, 6, 72-84 while others report similar kinetics in ice and liquid water.85  These discrepancies 

have been ascribed to different reactivities within bulk ice and at ice surfaces.81-84  Despite the 

studies listed above, the role of the cryosphere in the chemical processing of aromatic pollutants 

remains poorly understood. The work presented in this thesis concentrates on the photolysis of 

PAHs in snow and ice and on understanding ice as a photochemical reaction medium.   
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1.4 Photolysis of PAHs in the Environment: 

1.4.1 Overview 

Polycyclic aromatic hydrocarbons (PAHs) consist of two or more fused benzene rings.  

They are formed from the incomplete combustion of fossil fuels, and can be released into the 

atmosphere from a variety of sources such as car exhaust and power plants.  Upon entering the 

atmosphere, PAHs can transport and deposit in locations either nearby or far from the emission 

source.   

The Clean Water Act of 1977 listed 16 PAHs as priority pollutants by the EPA.86  PAHs 

are carcinogenic and mutagenic: they are capable of reacting with sunlight, and the products 

formed during photolysis are often more toxic than the parent compound.87  PAHs can have a 

variety of adverse health effects depending on the amount of exposure.  In the short term, they 

can cause skin and eye irritation, nausea and vomiting, and inflammation, while prolonged 

exposure can lead to skin, lung, bladder, and gastrointestinal cancers, damage to DNA, cataracts, 

kidneys, and livers, and gene mutation cell damaging and cardiopulmonary mortality.88  Upon 

photolysis, PAHs form a variety of products, including aromatic alcohols, quinones, ketones, and 

ethers.89-91 

1.4.2 Direct Photolysis:   

Sunlight at wavelengths longer than 290 nm can reach Earth’s surface; shorter 

wavelengths are filtered by stratospheric ozone.92-93  Photolysis is a major fate of PAHs in the 

environment with reactions generally occurring more rapidly in condensed phases compared to 

gas phase.92, 94-95   

PAHs can undergo direct photolysis by absorbing UV photons and undergoing electronic 

excitation, where a bound electron is transferred to a more energetic, but still bound state.  
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Products can be formed in several ways.  PAHs undergo photoionization when they absorb 

shorter wavelengths of light (λ<290) but this is not relevant to Earth’s surface.96 Direct 

ionization has been reported not to be an important photolysis pathway for most PAHs exposed 

to sunlight at Earth’s surface.97-98 PAH photodegradation reactions can proceed via a singlet state 

or triplet state mechanism.98  It is important to note that not all PAHs will react via the same 

mechanism.  While some PAHs react predominantly via the triplet state, for example, 

anthracene, 9-methylanthracene, acenaphthalene, and perylene, other PAHs like pyrene and 

benzo[a]pyrene react through the singlet state.99  Molecular oxygen is thought to be important to 

PAH photolysis, but its role in the mechanism(s) remains poorly understood.97-99  Scheme 1 

illustrates potential PAH photodegradation pathways in aqueous environments.  

 

Scheme 1:  

Adapted from Fasnacht and Blough 2003.99 

PAHs form photolysis products such as aldehydes, quinones, nitrated products (e.g. 

naphthalene will form 1- and 2-nitronaphthalene when nitrate radicals are present), and other 

compounds that are more toxic than the parent molecule.94-95, 100-103  Accurate PAH photolysis 

kinetics in environmental media are therefore necessary in order to predict the health effects of 

1P0 + hν → 1P* + 3O2 → [1P*---3O2] → Product (1) 

 

                

1O2 or 3O2       O2
¯     P+ + H2O (-H+) → Product (2) 

 

        

       3P* + 3O2 → [3P*---3O2] → Product (3) 
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PAHs.  PAH photolysis kinetics can vary greatly between different media. As mentioned above, 

photolysis is generally much faster in condensed phases than in the gas phase. Reactivity can 

also vary between different condensed phases. For example, PAH photolysis rate constants 

spanned more than two orders of magnitude in different types of fly ash.104  Factors such as 

polarity can greatly influence reactivity: PAH photolysis rate constants have been reported to be 

2 to 10 times faster in water than in organic solvents.105-107  In addition, environmental solutes 

can influence kinetics.  For example, halide salts are shown to have varying effects on aromatic 

pollutant photolysis, suppressing rates in some, enhancing others, and sometimes showing no 

effect at all.83, 108-112   

1.4.3 Indirect Photolysis 

PAHs can be broken down in the environment through indirect photolysis, where a 

molecule reacts with light to form a radical, and this radical goes on to react with another 

compound.  Another type of indirect photolysis is photosensitization where a molecule absorbs 

light and transfers its energy or an electron to the desired reactant. Indirect photolytic reactions in 

the environment are caused by species such as ·OH, singlet oxygen, and excited triplet state 

dissolved organic matter.113-122  As mentioned previously, nitrate, nitrite, and hydrogen peroxide 

can contribute to indirect photolysis reactions in the snowpack by photolyzing to produce OH.  

 

1.5 Physical Properties of Snow and Ice: 

Reactions in snow and ice take place primarily in two locations: veins and pockets within 

the ice bulk that contain liquid water,123 and at the ice surface, which has physical and chemical 

properties that are distinct from both bulk ice and liquid water.4, 123-126  Reactions have been 

shown to occur at different rates between these two regions of ice.83-84 Since ice surfaces are in 
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contact with the atmosphere, much effort has been put toward understanding their role in 

physical and chemical processes in the environment.  

1.5.1 Ice Surface: 

Ice surfaces contain a layer of disordered water molecules that is often referred to as a 

quasi-liquid or liquid like layer. This layer is similar to premelting layers observed at the surfaces 

of metals and other crystals near their melting points, but is much thicker (perhaps over 100 nm), 

and extends to very low temperatures (experimental studies and molecular dynamic simulations 

indicate that this disordered region can exist up to 60°C below water’s freezing point.)127-128 

Researchers have studied the physical properties of this disordered region for several decades 

using a variety of techniques, investigating exchange processes that occur at the air-ice interface 

and the ice surface’s role in promoting chemical reactions.4, 123-126, 129-141 A major question is 

whether the surface can be described as analogous to the liquid phase and if the processes taking 

place can be accurately described using parameters (such as rate constants and partitioning 

coefficients) measured in liquid water.   

The thickness of the disordered region at the ice surface has been estimated based on 

experimental studies, molecular dynamics simulations, and thermodynamic calculations.  These 

studies have reported thicknesses near the melting point ranging from 0.3 nm, about the diameter 

of a water molecule, to almost 100 nm, due to varying initial assumptions. Figure 1.1 

summarizes numerous experimental and molecular simulation studies that have probed the depth 

of the disordered region.4  Despite the variety of probing techniques and data acquired via 

modeling, the predicted thickness of this disordered interface is far from conclusive. For 

example, molecular dynamics simulations consistently predict thicknesses far smaller than those 

measured experimentally, and different atomic force microscopy (AFM) studies report 
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thicknesses that vary by two orders of magnitude at the same temperature.128, 142-146 This figure 

highlights the fact that the physical properties of the quasi-liquid layer are poorly understood, 

and that more research is needed to better characterize it.   

 

Figure 1.1. Comparison of different methods to derive the thickness of the disordered interface (DI) at the free ice 

surface versus 1T = Tm − T obtained using different methods. Solid circles are measured data, while dashed lines 

are results from reported equations fit to experimental data. Molecular dynamics (MD) simulations are represented 

by open circles. Glancing-angle X-ray diffraction (Dosch et al., 1995) on (a) basal and (b, c) prismatic crystal 

surfaces, (d) proton backscattering (Golecki and Jaccard, 1978) on basal ice, ellipsometry (Furukawa and Nada, 

1997) on (e) basal and (f) prismatic crystal surfaces, (g) atomic force microscopy (AFM) (Döppenschmidt and Butt, 

2000) on a 100 ml frozen droplet and vapour deposited on mica, (h) AFM (Pittenger et al., 2001) for vapour-

deposited ice on metal, (i) AFM (Goertz et al., 2009) for ice frozen on a metal substrate, (j) ambient pressure near-

edge X-ray absorption fine structure (Bluhm et al., 2002) for vapourdeposited ice on metal, HeNe laser optical 

reflectance (Elbaum et al., 1993) on basal crystals in the presence of (k) water vapour and (l) 30 Torr air, TIP4P/Ice 

MD simulations (Conde et al., 2008) for (m) basal and (n, o) prismatic crystals, (p) general thermodynamic solution 

(Dash et al., 2006) Reproduced with permission from Bartels-Rausch et al. 2014.4 
 

1.5.2 Impurities at Ice Surfaces:  

Molecular dynamics simulations and experimental studies of ice growth from salt 

solutions have shown that as the temperature drops, ions and other species present in the solution 

do not freeze with the water molecules.139-140, 147-150  The same effect has been observed with the 

inclusion of small organics, as well as acids such as HCl and HNO3.
7, 151-153  This occurs because 
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impurities affect the hydrogen bonding network of water frozen as ice, with more disorder 

observed in the immediate vicinity of the impurity.  As water freezes, solutes become excluded 

and form brines which are present in liquid regions within the ice bulk or at the ice surface.3, 10, 

137, 154-157  This “salting out” effect can increase local solute concentrations like halide salts and 

organic matter by orders of magnitude compared to the initial concentrations in the liquid 

solution.3, 154, 158-159   

 

1.6 PAH Photolysis in Snow and Ice 

1.6.1 PAHs in the Cryosphere 

 Ice core samples taken from Greenland have shown an increase in PAH concentration 

over the past 100 years, with PAH concentrations reaching as high as 230 pg/g ice, 50 times 

more abundant than it was before the 18th century.160  The dramatic increase in concentration 

correlates with the increased use of petroleum during that time, with more PAHs being found 

deposited during the winter months compared to the spring and summer, indicating that this is a 

relatively recent phenomenon since the world became industrialized.161-162   

PAHs are found in snow in both urban centers and remote polar regions.  In urban areas, 

PAHs are found in concentrations ranging from 100 ng/L of snow to several µg/L.163-166  In 

sparsely populated low latitude regions, PAH concentrations ranging from 35 ng/L to 3.28 µg/L 

have been reported.166-168 In remote polar regions, PAHs concentrations are found anywhere 

from a few ng/L to almost 100 ng/L.163, 169-170 The relatively high concentrations in remote 

snowpacks are due to long range transport, since PAHs are emitted primarily in populated 

regions. Pollutants can travel by ocean transport, but this method can take anywhere from years 

to decades to occur.171-172  Most transport is atmospheric, via a process referred to as the global 
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distillation effect.173-175  During this process, semi-volatile compounds in warm areas evaporate 

and condense in colder climates, such as remote polar regions, leading to elevated concentrations 

of chemicals in regions far from their area of origin.173-174   Air pollutants can be transported to 

distances over 100 km from their source via this mechanism.176-178  The cold temperatures at 

higher latitudes capture organic pollutants, an effect called cold trapping.179   

Snow is formed from water vapor condensing on an ice-forming nucleus or water 

droplets are supercooled onto ice crystals, a process known as riming.180  Contaminants 

(including PAHs) are included into snowflakes as part of the ice-forming nucleus, by being 

scavenged during the riming process, or by the snowflake as it falls through the atmosphere.181  

Furthermore, contaminants can adsorb directly to the snow surface.182  Due to the large surface 

area of snowflakes the cold temperature of the snow surface enhancing gas partitioning to the 

snow surface, snow is an important sink for gas phase organic pollutants.183-184   

After deposition to earth’s surface, the concentration of contaminants depends on both 

the initial concentration of the contaminant in the falling snow and on the amount of snow that 

falls.185  The freezing and thawing process can cause pollutants to redistribute themselves among 

the snowpack.186  Furthermore, changes in temperature can affect the equilibria of adsorption 

onto snow crystals, gas-particle distribution influencing uptake coefficients, and the amount of 

snow precipitation.187-188   

1.6.2 Photolysis of PAHs in Snow and Ice 

As discussed in Section 1.5, PAH photolysis can proceed very differently at ice surfaces 

than in liquid water. This may be due to different physical interactions between PAHs and water 

molecules at liquid and frozen aqueous surfaces. Surface-sensitive emission spectra and 

molecular dynamics simulations suggest that many aromatic compounds self-associate at the ice 
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surface, even at submonolayer surface coverages.81-83, 189 This self-association can lead to a red-

shift in the absorption spectra of some aromatic pollutants.81-82, 189 For other aromatic species, 

however, including PAHs such as anthracene, red-shifts in the absorbance spectrum cannot 

explain faster photolysis kinetics at ice surfaces; the reason for enhanced reactivity there remains 

unknown.81, 83 

Most studies investigating reactions in snow and ice use deionized water to perform 

experiments. This reduces the potential for experimental artifacts, but does not reflect the 

complex composition of snow and ice in the environment. Solutes may greatly affect 

photochemical kinetics in snow and ice. In fact, their effects may be even greater than in liquid 

water due to freeze exclusion (or “salting out”). It has been suggested that many reactions in 

snow will take place in particulate matter contained in snow.190-191  

Organic matter (OM) is a ubiquitous solute in snow and ice. One type of OM is 

chromophoric, meaning it absorbs sunlight.  A prime example of this is chromophoric dissolved 

organic matter (CDOM).  Studies have shown that the majority of light absorbing faction in 

snowpack is not from inorganic compounds, but from an unknown organic fraction.  This 

unknown faction is thought to be CDOM.192  CDOM is formed from decaying plants and 

microorganisms and is found primarily in two forms: fulvic acid (FA) and humic acid (HA).193  

These compounds are large, with their size ranging to several thousand daltons.193  Because 

CDOM absorbs sunlight, it can competitively absorb photons, and thus lower reaction rates.  

However, it photolyzes to produce several reactive species including singlet oxygen, hydroxyl 

radicals, peroxy radicals, and excited state DOM, which have been shown to enhance photolysis 

rates of aromatic pollutants in aqueous solution.113, 194-197 Only one study has reported the effects 

of CDOM on pollutant photolysis in snow and ice; CDOM was recently shown to enhance 
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photolysis kinetics of the insecticide aldrin in snow and ice.198 Organic matter that does not 

absorb sunlight may also affect PAH photolysis kinetics in snow and ice. Molecular dynamics 

simulations have shown that naphthalene adsorbed to ice surfaces coated with an organic 

monolayer partitioned preferentially to the ice-organic interface, where they likely experience a 

very different reaction environment than at an air-ice interface.199   

 

1.7 Goal of Research 

 Much remains to be determined about the fate of PAHs in snow and ice.  Most studies 

look at reaction rates in pristine ice, which can help understand the kinetics taking place, but are 

not necessarily relevant to well populated areas.  In urban areas within the cryosphere, the snow 

and ice is often in contact with many environmental solutes, such as organic matter and salts.  

The second chapter of this work investigates the effect of nonchromophoric organic matter on 

the photolytic fate of the PAHs phenanthrene, pyrene, and anthracene in bulk ice and the ice 

surface.  

Chapter three investigates the influence of CDOM on the photolysis kinetics of 

anthracene in water, bulk ice, and ice surfaces. Possible effects such as competitive photon 

absorbance, photosensitization, and production of reactive species were investigated.   

Chapter four reports investigation into the physical characteristics of the surfaces of 

frozen saltwater solutions.  Samples of frozen sodium chloride solutions and Sargasso Sea Water 

were analyzed using Raman microscopy to determine the location of halides at frozen surfaces 

above and below the eutectic temperature of NaCl-H2O solutions. 
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2.1 Abstract 

We have investigated the effects of organic matter (OM) that does not absorb sunlight 

(“non-chromophoric”) on the reactive environment presented by bulk ice and ice surfaces. 

Fluorescence spectroscopy showed that the presence of as little as 2.5  10-5 M octanol or 

decanol reduces the extent to which naphthalene self-associates at ice surfaces, which indicates 

that naphthalene partitions between ice and organic phases present there. We also measured 

photolysis kinetics of the polycyclic aromatic hydrocarbons (PAHs) anthracene, pyrene, and 

phenanthrene in bulk ice and at ice surfaces containing 2.5  10-5 M to 7.5  10-3 M OM. In bulk 

ice, even the lowest concentrations of OM reduced photolysis kinetics to below our detection 

limits. Organic matter also reduced measured photolysis kinetics of PAHs at ice surfaces, but 

generally to a lesser extent than in bulk ice. Our results support previous reports that bulk ice and 

ice surfaces present distinct reaction environments, and show for the first time that OM can 

affect PAH photolysis kinetics by altering the physical environment within bulk ice and at ice 

surfaces.   

 

2.2 Introduction 

A wide range of atmospherically-important reactions occur in snow and ice at Earth’s 

surface (e.g. refs 1-6). Reactions in ice occur primarily in two compartments: Veins and pockets 

within the ice bulk, which contain liquid water,7 and at the ice surface, which has 

physicochemical properties that are distinct from both bulk ice and liquid water (e.g. refs 7-11). 

Some reactions have been shown to proceed at different rates in these two regions.12-13  

Reaction kinetics in ice have been measured primarily in samples prepared from 

deionized water. This minimizes experimental artifacts and simplifies the reaction system, but 
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may not accurately represent the reaction environment that ice presents in much of the world. 

Although some ice (such as that in remote inland polar regions) contains very low solute 

concentrations, snow in most of the world contains high concentrations of solutes such as halide 

salts and organic matter (OM). Solute concentrations in veins and pockets within ice and at ice 

surfaces can be significantly higher than in the pre-frozen solution due to exclusion from the ice 

matrix during freezing.8  

Aromatic pollutants such as pesticides and polycyclic aromatic hydrocarbons (PAHs) are 

found in snow both in urban centers and remote regions (e.g. Ref 14). Many aromatic pollutants 

have carcinogenic and mutagenic properties; their toxicity often increases after photolysis (e.g. 

ref 15). Some recent studies have measured photolysis kinetics of aromatic pollutants in ice. 

Studies that probed bulk ice (or liquid regions therein) generally reported photolysis kinetics that 

were similar to those measured in liquid water.13, 16 However, studies that probed the ice surface 

reported much faster photolysis rates.13, 17-19 In bulk ice, solutes that photolyze to form hydroxyl 

radicals increased measured PAH reaction rates,12, 16, 20 but no enhancement was observed at ice 

surfaces.12, 17 Sodium chloride and sodium bromide have been shown to decrease photolysis rates 

of the aromatic compound harmine at ice surfaces due to the formation of a liquid brine at the ice 

surface; at high salt concentrations, harmine photolysis kinetics were the same as those measured 

in liquid water.19 These studies show that solutes can greatly alter the reaction environment in ice 

and at ice surfaces. 

Organic species are often associated with natural waters and with snow and ice in the 

atmosphere (e.g. refs 5, 21). Immiscible organic species form coatings at water surfaces that can 

significantly affect reaction kinetics there. The mass transfer of gas-phase species to water can be 

enhanced or suppressed by organic films, as can heterogeneous reactions such as hydrolysis and 
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ozonation (e.g. refs 22-26). Chromophoric dissolved organic matter (cDOM) absorbs solar 

radiation, and so can affect photochemistry in aqueous solution by filtering sunlight, by acting as 

a photosensitizer, or by producing reactive species such as hydroxyl radicals (e.g. ref 27). 

Organic matter that does not absorb sunlight (non-chromophoric OM) may also affect 

photochemistry: We have recently shown that PAH photolysis in aqueous solution is suppressed 

by miscible organic species such as methanol.28 Immiscible OM may also affect photochemistry 

by forming microenvironments in natural waters to which hydrophobic pollutants can partition; 

the fate of hydrophobic pollutants in these organic environments may be substantially different 

from that in aqueous solution (e.g. ref 27). PAH photolysis is significantly slower in the water-

immiscible organic solvents octanol and decanol than in aqueous solution.28-29 However, we have 

recently shown that photolysis in aqueous solutions containing several mM octanol or decanol 

(corresponding to one to several monolayers at the water surface) proceeds at similar rates as in 

pure deionized water.28 This suggests that PAH photolysis kinetics are regulated by total OM 

concentration rather than by surface excess.   

Organic pollutants such as PAHs are thought to be strongly associated with OM in snow 

and ice.21 However, the effects of OM on environmental reactions in ice have not been 

investigated. In this work, we examine the effects of immiscible non-chromophoric OM on the 

photolysis kinetics of PAHs in ice and at ice surfaces.  

 

2.3 Experimental 

2.3.1 Sample Preparation 

Samples of phenanthrene (Aldrich, ≥ 99.5%), pyrene (Alfa Aesar, 98%), anthracene 

(Acros organics, 98%), and naphthalene (Fluka, ≥ 99%) were prepared by stirring a few mg of 
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solid PAH in 100 mL of water overnight and then diluting the solution to 1.2  10-6 M 

(phenanthrene), 1.0  10-7 M (pyrene), 6.3  10-8 M (anthracene), or 1.2  10-4 M (naphthalene). 

The samples were then frozen in 10 mL aliquots in ice cube trays (“ice cubes”). Some ice cubes 

were crushed to 2 mm diameter crystals (“ice granules”) prior to photolysis. For some 

experiments, aqueous solutions containing a PAH and 25 μM  to 7.5 mM octanol (Acros 

Organics, 99%) or decanol (Alfa Aesar, ≥ 98%) were prepared. 

Samples of phenanthrene and anthracene in frozen decanol were prepared by dissolving a 

few mg of PAH in liquid decanol and diluting the solution to the same concentrations as 

described for the aqueous solutions, then freezing the solution in an ice cube tray. The resulting 

samples were powdery solids with similar diameters to the ice granules described above. 

2.3.2 Photolysis 

Samples containing phenanthrene were irradiated with the output of a 450 W xenon arc 

lamp, and samples containing pyrene and anthracene were irradiated by a 150 W lamp. The 

output of the lamp passed through a 295 nm long-pass cut-off filter, through a quartz flat-

bottomed dish filled with deionized water acting as an IR filter, and through aluminum mesh that 

was used as a neutral density filter. The average lamp power reaching the sample was measured 

to be 26.3 mW using a power meter centered at 310 nm. The filtered output of the lamp was 

reflected downward onto the sample which was contained in a copper vessel. Temperatures 

within the vessel were varied between 23 C and –25 C (with expected variations within the 

sample holder of less than 2 C with a recirculating chiller attached to the copper vessel. Dark 

runs were conducted for all experiments by shielding samples from the lamp during the course of 

the experiment.  
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Photolysis kinetics were determined by measuring the change in PAH fluorescence 

intensity over time. After a known time period of irradiation, samples were removed from the 

copper vessel and melted into a 1 cm quartz cuvette. This was repeated at known time intervals 

ranging from 1 minute to 2 hours. Fluorescence spectra were acquired on a commercial 

fluorimeter using excitation wavelengths of 252 nm for anthracene and phenanthrene and 261 

nm for pyrene. Photolysis rate constants were determined from the slope of the best-fit line to 

either ln(I) vs. time (first-order kinetics) or I-1 vs. time (second-order kinetics), where I is 

fluorescence intensity of the PAH. Fluorescence intensity was monitored at 401 nm (anthracene), 

364 nm (phenanthrene), or 372 nm (pyrene). Each experiment was repeated at least three times.  

2.3.3 Fluorescence spectra 

Naphthalene fluorescence spectra in ice granules were acquired at 15 °C by connecting 

a recirculating chiller to the sample holder of a commercial fluorimeter. Ice granules containing 

naphthalene were placed in a 1 cm quartz cuvette. The cuvette was placed in the fluorimeter and 

emission spectra were acquired. Samples were excited at 266 nm and fluorescence was acquired 

between 300 and 500 nm with 1 nm steps. Samples were allowed to sit for several minutes 

before spectra acquisition to achieve thermal equilibrium.   

 

2.4 Results and Discussion 

2.4.1 Clean ice 

2.4.1.1 Spectra  

Figure 2.1 shows naphthalene fluorescence spectra in liquid water and in ice granules 

with average diameters of 2 mm and 4 mm respectively. The surface-area-to volume (SAV) 

ratios of the smaller ice granules are approximately two times greater than the larger granules. 
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Naphthalene emission in aqueous solution does not extend to wavelengths longer than about 390 

nm, but in the ice granules significant emission is observed between 380 and 500 nm. This 

emission at long wavelengths is due to excimers, which form from self-associated naphthalene.30 

We also acquired emission spectra of ice granules that did not contain naphthalene. The spectra 

did not contain features resembling monomeric or excimeric naphthalene emission. However, the 

sharp peaks in the ice samples in Figure 2.1 at approximately 340 nm, 450 nm, 470 nm, and 485 

nm are due to scattering from the ice rather than to naphthalene emission. 
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Figure 2.1. Fluorescence spectra of naphthalene in liquid water and in ice granules with diameters of 2 mm (“small 

granules”) and 4 mm (“large granules”). Shown spectra are the average of 3 individual spectra. 

 

Excimeric emission from naphthalene and other aromatic hydrocarbons has been 

measured at ice surfaces using surface-sensitive laser-induced fluorescence.17-18, 31 Aromatic 

species are thought to self-associate at ice surfaces due to unfavorable interactions with water 

molecules in the disordered surface region.32 Our fluorescence measurements are not inherently 

selective to ice surfaces (compared to ice bulk), but we can increase our surface selectivity by 

increasing the SAV of our samples. Naphthalene in ice is likely distributed between the air-ice 

interface and liquid regions within bulk ice. As the SAV ratio of ice samples increases, so too 

does the fraction of solutes at the air-ice interface. Studies have recently shown that reaction 

kinetics in ice granules with high SAV ratios are similar to those measured directly at ice 
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surfaces.12-13 The fact that we observe excimeric emission from naphthalene in ice granules, and 

that the intensity of excimer emission relative to monomer emission intensity increases with 

decreasing ice granule size (i.e. with increasing SAV) indicates that we can probe naphthalene at 

ice surfaces using a commercial fluorimeter. 

2.4.1.2 Photolysis Kinetics 

Table 2.1 shows the average photolysis rate constants of phenanthrene, pyrene, and 

anthracene in liquid water, ice cubes (SAV = 2.9 cm-1), and ice granules (SAV = 30 cm-1).  

Photolysis was better described by first-order than by second-order kinetics in all cases. 

 

Table 2.1. Photolysis rate constants of PAHs in water at 23 C and in ice samples at 15 °C. The stated error 

represents the standard deviation about the mean for at least 3 trials.  

 

  First-order Rate Constant (10-4 s-1) 

Environment Phenanthrene Pyrene Anthracene 

Water 0.8 ± 0.3 2.3 ± 0.5 1.3 ± 0.5 

Ice cubes --a 4.4 ± 0.4 3 ± 2 

Ice granules 2 ± 1 3 ± 1 6 ± 3 

 
a) Fewer than half of the experiments yielded measurable photolysis rate constants. The experiments with 

measurable kinetics yielded a rate constant of (5 ± 3)  10-5 s-1. We define this rate constant as our lower limit 

of detection.  

 

 

 Photolysis kinetics measured in ice cubes were within a factor of 2.3 of those measured in 

aqueous solution in all cases. This is in agreement with previous reports of similar photolysis 

kinetics of anthracene, phenanthrene, and pyrene in bulk ice and in aqueous solution.13, 16 The 

photolysis rate constants we measured in ice granules were faster than those measured in 

aqueous solution for all three PAHs, in agreement with reports that photolysis of aromatic 

compounds proceeds more quickly at ice surfaces than in aqueous solution.17, 19 Photolysis of 

anthracene and phenanthrene proceeded more quickly in ice granules than ice cubes, consistent 

with reactivity being different in bulk ice and at ice surfaces.12-13 Pyrene photolysis was more 
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rapid in ice cubes than in ice granules, although photolysis in both samples was faster than in 

aqueous solution. We have previously observed a reduction in pyrene photolysis kinetics in 

aqueous solution at concentrations that exceed saturation;28 the similar kinetics in bulk ice and at 

ice surfaces may be due to a combination of rate-enhancing effects of the ice surface and rate-

suppressing effects of pyrene self-association. 

2.4.2 Effects of organics 

2.4.2.1 Spectra  

Figure 2.2 shows fluorescence spectra of naphthalene in aqueous solution, in solid 

decanol granules (diameter = 2 mm), and in ice granules (diameter = 2 mm). Emission from 

excimeric naphthalene is not observed in aqueous solution, but dominates in ice granules due to 

self-association at the ice surface. No excimeric emission is observed in solid decanol. This is in 

agreement with an earlier study that reported only monomeric emission from naphthalene at the 

surface of solid decanol.17 Self-association at ice surfaces is thought to be due to unfavorable 

interactions between aromatic compounds and surfacial water molecules;32 since naphthalene 

interacts much more favorably with decanol than with water, we do not expect excimers to form 

at liquid or solid decanol surfaces. 
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Figure 2.2. Fluorescence spectra of naphthalene in liquid water, in solid decanol, and in ice granules (2 mm 

diameter) prepared from deionized water and from aqueous solutions containing 2.5 mM decanol or octanol. Shown 

spectra are the average of 3 individual samples. 
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Figure 2.2 also shows the effects of incorporating 2.5 mM octanol or decanol in aqueous 

solutions prior to freezing on naphthalene fluorescence. In the presence of OM, excimeric 

naphthalene emission is observed, but to a lesser extent than in pure ice granules. This shows that 

OM is present at the ice surface, and that it creates a physical environment that is distinct from 

that at pristine air-ice interfaces.  

In aqueous solution, an octanol monolayer is formed at the water surface at bulk 

concentrations of approximately 2.5 mM.33-34 We acquired naphthalene emission spectra in ice 

granules containing octanol concentrations ranging from 0.25 – 7.5 mM. We determined the 

relative degree of self-association at ice surfaces by taking the ratio of excimer fluorescence 

intensity (the total intensity from 365 – 440 nm) to monomer fluorescence intensity (310 – 335 

nm). As shown in Figure 2.3, the degree of self-association decreases dramatically in the 

presence of 0.25 mM octanol compared to in pure water ice. Increasing the octanol concentration 

further causes only minor decreases in the ratio up to at least 7.5 mM. The lowest 

excimer:monomer intensity ratio observed (at an octanol concentration of 7.5 mM) is 1.3  0.5, 

which is approximately 6.5 times greater than the ratio measured in solid decanol (0.197  

0.009), and approximately 5.6 times greater than that measured in aqueous solution (0.228  

0.002). This suggests that in the presence of OM, the environment that PAHs encounter at ice 

surfaces is between that of the pristine ice surface and the surface of solid OM, and that OM does 

not completely shield naphthalene from the ice surface even at multilayer coverage. This is in 

agreement with recent molecular dynamics (MD) simulations that predicted that octanol and 

other aliphatic hydrocarbons will form an organic layer above the disordered surface region of 

ice, and that naphthalene will reside deep within the organic layer, in occasional contact with the 
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ice surface.35 That study predicted little effect of OM films on the degree of naphthalene self-

association; our results show that the effect is in fact significant. 
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Figure 2.3. Effects of octanol on the average excimer:monomer ratio of naphthalene in ice granules at 15 °C. The 

error represents the standard deviation about the mean of 3 samples. 

 

We also measured excimer:monomer ratios in large granules (4 mm diameters). Octanol 

and decanol had a greater effect on the ratio in large granules than in small granules. The 

excimer:monomer ratio in large granules containing 7.5 mM octanol was 17% of that in pure ice, 

compared to 24% for small granules. Likewise, the excimer:monomer ratio in large granules 

containing 7.5 mM decanol was 41% that in pure ice, compared to 55% in small granules. This 

suggests that as SAV decreases, more of the naphthalene is in contact with the OM, likely within 

liquid regions in bulk ice. 

2.4.2.2 Photolysis Kinetics in Bulk Ice (Ice Cubes) 

We measured anthracene and pyrene photolysis kinetics in ice cubes (SAV = 2.9 cm-1) in 

the presence of 7.5 mM octanol or decanol. In the presence of OM, photolysis was too slow to 

measure. We also varied the octanol concentration in the pre-frozen solution between 0.025 and 

7.5 mM. No anthracene photolysis was observed in the presence of octanol at concentrations 
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equal to or greater than 0.25 mM. In ice cubes prepared from solutions containing 0.025 mM 

octanol, no photolysis was observed in three of the six experiments, while the other three 

experiments yielded a rate constant of (3  1)  10-4 s-1, which is similar to that measured in ice 

cubes in the absence of OM. 

These results suggest that OM and PAHs are co-excluded during freezing to liquid 

regions within the ice, and that photolysis occurs in a primarily organic phase. The rate constants 

of anthracene and pyrene measured in liquid octanol and decanol are below 5  10-5 s-1;28-29 if 

photolysis kinetics are similar in ice cubes containing octanol and decanol, they will be below 

our detection limit. It is possible that at the lowest OM concentration (0.025 mM), PAHs in some 

samples are excluded to different regions than the octanol during freezing. This would explain 

the fact that 50% of experiments showed photolysis kinetics similar to those measured in pure 

ice samples, while the remaining experiments did not show any photolysis. 

2.4.2.3 Photolysis Kinetics at Ice Surfaces (Ice Granules)  

Table 2.2 summarizes the effects of octanol and decanol on the photolysis rate constants 

of anthracene, pyrene, and phenanthrene in ice granules (SAV = 30 cm-1). Octanol had little 

effect on PAH photolysis rates. The presence of 7.5 mM decanol reduced phenanthrene and 

anthracene photolysis rate constants by a factor of two, and reduced pyrene photolysis rate 

constants to below our detection limit (so by at least a factor of six). Phenanthrene and 

anthracene photolysis kinetics were also measured in frozen decanol; no photolysis was observed 

in these experiments. Anthracene photolysis at the surface of frozen decanol was reported to be 

2.7 times faster than at the surface of liquid decanol.17 The rate constant for anthracene 

photolysis in liquid decanol was well below 5  10-5 s-1,28 so we do not expect to detect 

photolysis at solid decanol surfaces even with the reported rate enhancement. 
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Table 2.2. Effects of 7.5 mM octanol and decanol on photolysis rate constants of PAHs in ice granules at 15 °C. 

The stated error represents the standard deviation about the mean of at least 3 trials. 

 

 

 

 

 

a) Photolysis was not observed. We assign an upper limit to the rate constant of 5 x 10-5 s-1. 

b) Experiment was not performed. 

 

 In bulk ice, PAH photolysis was significantly suppressed by OM, suggesting that PAHs 

largely resided within liquid or solid pockets of OM and were not in contact with liquid water or 

ice. The smaller effect of OM at ice surfaces suggests that PAHs there are still in contact with 

ice, and do not exist completely in an organic phase. This is in agreement with the fluorescence 

spectra we acquired that show excimeric naphthalene emission even in ice granules containing 

OM concentrations corresponding to multilayer coatings in liquid solution. The greater effect of 

OM on excimer:monomer ratios in larger granules also supports this conclusion; in ice cubes, 

which have a much smaller SAV than large ice granules (2.9 cm-1 and 15 cm-1 respectively), we 

expect the effects of OM to be much greater. 

At the lamp powers used in our experiments, PAH photolysis kinetics depend on photon 

flux.13 If the presence of OM decreases the photon flux reaching the sample, this could explain 

the suppressed photolysis. We investigated this possibility by placing 12 mL each of octanol and 

water in the quartz dish used as an IR filter, forming aqueous and organic layers of 

approximately 3 mm in depth. The total volume of liquid in the quartz bowl was the same as in 

the previously-described experiments. The power of the lamp passing through this dish was not 

Measured First-order Rate Constants (10-4 s-1) 

Environment Phenanthrene Pyrene Anthracene 

Ice 2  1 3  1 6  3 

Ice and octanol 2.0  0.9 3  1 4  1  

Ice and decanol 0.9  0.8  --a 3  1 

Solid decanol --a n/ab --a 
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significantly different from that measured when only water was in the dish, and photolysis 

kinetics of anthracene in aqueous solution at room temperature were similar to those measured 

with only water in the quartz dish. If OM suppresses PAH photolysis kinetics in ice cubes and 

ice granules by reducing the photon flux, we would expect the photolysis rate constant to 

decrease when the light passed through a layer of octanol before reaching the sample. Based on 

these results, we do not believe that non-chromophoric OM reduces PAH photolysis kinetics in 

ice and at ice surfaces by reducing the photon flux. 

The suppression of photolysis at ice surfaces in the presence of NaCl and NaBr has been 

ascribed to the formation of a liquid brine at the ice surface due to freezing point suppression 

caused by the salts.19 In that study, photolysis at the surface of frozen 100 mM NaCl solutions 

was half as fast as at frozen freshwater surfaces. In the current study, anthracene and 

phenanthrene photolysis rates were suppressed to a similar extent in the presence of less than 7.5 

mM decanol or octanol; pyrene photolysis rates were suppressed even more significantly by OM. 

It is unlikely that OM is more than an order of magnitude more efficient at depressing water’s 

freezing point than NaCl. Therefore, we suggest that our results are not due primarily to surface 

melting, but rather are due to the formation of a distinct phase at the ice surface. This is in 

agreement with MD simulations which suggest that the thickness of the surfacial disordered 

layer is in fact reduced by organic surfactants, rather than increased as would be expected if the 

surface was melting.35 

We investigated the effects of temperature on anthracene photolysis kinetics. Table 2.3 

lists anthracene photolysis kinetics in ice granules at 15 and 25 °C. Reducing the temperature 

of pure ice samples does not affect the measured kinetics, in agreement with previous work.17 

Likewise, in the presence of 7.5 mM decanol, no change in reaction rate is observed at the two 
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temperatures. However, in the presence of 7.5 mM octanol, reducing the temperature from 15 

to 25 °C decreases the photolysis rate to a value that is below our detection limit. Our estimated 

maximum rate constant of 5 x 10-5 s-1 corresponds to the reaction being at least eight times 

slower at -25 oC than at -15 oC. Similarly, we were unable to measure pyrene photolysis in the 

presence of 7.5 mM octanol at 25 C. This difference in octanol’s effects at the two 

temperatures is likely due to a change in octanol’s phase: With a melting point of 16 °C, 

octanol is a liquid at 15 °C and a solid at 25 C. This suggests that the more significant 

suppression of PAH photolysis by decanol than octanol at 15 °C (as shown in Table 2.2) may 

be due to the fact that decanol is a solid at that temperature (m.p. = 6.4 C). This would also 

explain the fact that octanol’s effect is greater at the lower temperature, while decanol’s effect 

remains unchanged. We therefore suggest that solid OM may reduce photolysis kinetics more 

significantly than liquid OM. The reason for this behavior is not clear. It is possible that solid 

OM reduces photolysis kinetics by sequestering the PAHs from the underlying ice surface more 

effectively than liquid OM. However, naphthalene excimer:monomer ratios in ice granules 

containing octanol were lower than those containing the same concentration of decanol at 15 

°C, indicating that the liquid OM (octanol) sequestered the PAH more effectively than the solid. 

Further, excimer:monomer ratios in ice granules containing 7.5 mM octanol were higher at 25 

C than at 15 C (1.9  0.7 and 1.3  0.5 respectively), which again suggests that naphthalene 

has more contact with the ice surface when decanol is in the solid rather than in the liquid phase. 

The enhanced suppression of photolysis by solid OM may have implications for the fate of PAHs 

in snow associated with particulate organic matter versus dissolved organic matter, and warrants 

further study.  
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Table 2.3. Anthracene photolysis kinetics in snow at varying temperatures. The stated error represents the standard 

deviation about the mean of at least 3 trials. 

 

Temperature (°C) Measured First-order Rate Constants (10-4 s-1) 

0 mM OM 7.5 mM octanol 7.5 mM decanol 

15 6±3 4±1 3±1 

25 6±3 --a 3±1 

a) Photolysis was not observed. We assign an upper limit to the rate constant of 5 x 10-5 s-1. 

 

2.5 Conclusions and Atmospheric Implications 

We have investigated the effects of non-chromophoric OM on the physical environment 

encountered by PAHs associated with ice, and to its effects on PAH photolysis kinetics in bulk 

ice and at ice surfaces. Our results suggest that OM can create unique reaction environments 

within bulk ice and at ice surfaces, and can alter PAH reactivity. Non-chromophoric OM reduces 

PAH photolysis kinetics significantly in bulk ice, and to varying degrees at ice surfaces. Solid 

OM appears to suppress photolysis more effectively than liquid OM. Although the photolysis 

kinetics of PAHs do not display a temperature dependence, their lifetimes in snow-covered 

environments may display a temperature dependence due to phase-transitions of OM associated 

with the snow. Further, our results suggest that particulate OM may suppress PAH photolysis 

kinetics more effectively than dissolved OM in snow and ice.  

These results show that photolysis in “dirty” ice, such as is present in most urban centers, 

may occur quite differently than in pristine ice, which has been primarily used in laboratory 

experiments. The results also show that OM does not need to absorb sunlight in order to affect 

pollutant photolysis kinetics. To our knowledge this possibility has not previously been 

considered.  

Atmospheric lifetimes of PAHs in snow at Summit, Greenland, have been reported to be 

much longer than laboratory-measured photolysis kinetics predict.16 It has been suggested that 
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this could be due to PAHs being associated with soot and organic aerosols, rather than with snow 

and ice.16, 21 Our results demonstrate that PAHs associated with an organic phase will photolyze 

less rapidly than those associated with a pure ice phase. These findings may help to reconcile 

predictions and measurements of PAH concentrations in snow and ice. 

Our observations that OM suppresses PAH photolysis kinetics less efficiently at ice 

surfaces than in liquid regions within bulk ice supports the idea that different reaction 

environments exist in liquid regions within bulk ice and at ice surfaces (e.g. refs 12-13). Our 

results suggest that in order to accurately predict the chemical fate of organic pollutants such as 

PAHs in winter environments, the composition of snow and ice must be taken into account. 

Further, the distribution of solutes within the snow and ice must be considered, since different 

reaction rates (both in the presence and absence of OM) will be observed within bulk ice and at 

ice surfaces. Finally, we suggest that the effects of other solutes on photochemical kinetics in and 

on ice should be investigated to improve our understanding of environmentally-relevant 

chemistry in solute-containing snow and ice.  
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3.1 Abstract 

We have investigated the effects of chromophoric dissolved organic matter (CDOM) on 

the photolysis kinetics of the polycyclic aromatic hydrocarbon (PAH) anthracene in liquid water, 

ice cubes (representative of reactions occurring in liquid regions within bulk ice), and ice 

granules (representative of reactions occurring at ice surfaces). Fulvic acid (FA) and natural 

organic matter (NOM) suppressed anthracene photolysis in all three media. In liquid water, 

competitive photon absorption (the “inner filter effect”) played a negligible role in the observed 

suppression; quenching of excited anthracene is likely the dominant effect of CDOM. 

Conversely, competitive photon absorption did suppress anthracene photolysis in ice cubes and 

ice granules. Physical interactions between CDOM and anthracene (such as quenching of excited 

anthracene and suppression of excimer formation) may also reduce anthracene photolysis rate 

constants in ice and at ice surfaces. We also investigated possible causes for faster anthracene 

photolysis at ice surfaces than in aqueous solution. We determined that enhanced local photon 

fluxes caused by light scattering can account for only ~20% of the observed enhancement. Self-

association of anthracene at ice surfaces appears to lead to different photolysis mechanisms than 

in the liquid phase, and may explain the faster photolysis as ice surfaces. 

 

3.2 Introduction  

Aromatic pollutants such as polycyclic aromatic hydrocarbons (PAHs) are emitted 

primarily in industrialized regions, but are found even in the most remote parts of the earth due 

to long range transport.1-2 These pollutants often increase in toxicity after undergoing chemical 

processing in the environment; their health effects therefore depend on their reaction kinetics. 

Since reactivity can vary greatly between different environments, accurate rate constants in 

relevant environmental media are required to accurately predict PAH fate and toxicity.3 
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Over the past decade, photolysis has been recognized as an important transformation 

pathway for PAHs in snow and ice.4-7 A number of aromatic pollutants, including several PAHs, 

have been reported to photolyze more rapidly at ice surfaces than in aqueous solution.4-9  In some 

cases, this appears to be due to self-association leading to red shifts in the pollutants’ absorbance 

spectra.8, 10 For other pollutants, however, the reason for faster photolysis at ice surfaces remains 

unknown.4 This uncertainty makes it difficult to predict pollutant fate in snow-covered regions. 

Additional uncertainty is added by the fact that photolysis of some species has been reported to 

proceed at different rates in different compartments within ice. Specifically, the disordered region 

at ice surfaces appears to present a distinct physical environment from liquid regions within bulk 

ice; reaction kinetics can be very different in these two regions.11-12 For example, the photolysis 

rate constant of the PAH anthracene in liquid regions within ice is similar to (or slightly larger 

than) that in aqueous solution, while the rate constant at ice surfaces is up to six times greater.4-5, 

7  Benzene, toluene, ethylbenzene, and xylenes do not photolyze in aqueous solution or in liquid 

regions within bulk ice because their absorbance spectra do not overlap with sunlight at Earth’s 

surface. However, at ice surfaces each of these molecules undergoes photolysis due to red-shifted 

absorption spectra caused by self-association.8-9  

Ice is a complex reaction environment, and its effects on the photochemical fate of 

aromatic pollutants remain poorly understood. Further complexity and uncertainty is introduced 

by the presence of solutes. Most investigations of aromatic pollutant photolysis kinetics in snow 

and ice have been performed in samples frozen from deionized water without added solutes. 

However, ice in the environment often contains non-negligible solute concentrations, which can 

affect reaction kinetics in non-straightforward ways. For example, common solutes such as 

nitrate, nitrite, and hydrogen peroxide photolyze in water and ice to form hydroxyl radicals 
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(OH). However, there is some indication that OH reactivity toward aromatic pollutants is much 

lower at ice surfaces than in liquid water.4, 13-14 Other solutes can decrease photolysis rate 

constants of aromatic species in ice or at ice surfaces by changing the physical properties of the 

local environment. Halide salts have been reported to suppress photolysis of the aromatic 

molecule harmine at ice surfaces by creating a liquid brine, and we have reported that octanol 

and decanol suppress PAH photolysis in liquid regions within bulk ice and at ice surfaces by 

forming a nonpolar environment due to co-exclusion of solutes.5, 12 

Chromophoric dissolved organic matter (CDOM) is an important environmental solute 

that could affect photolysis kinetics both by altering the physical properties of the local 

environment and by participating in photochemistry. CDOM, which refers to environmental 

organic matter that can absorb sunlight, is present in surface waters at concentrations that 

generally range from a few to tens of mg L-1.15-16 It is also present in snow and ice, and recent 

measurements in Barrow, Alaska suggest that absorption of sunlight in snow and ice is 

dominated by organic molecules.17 In surface waters, CDOM forms nonpolar microenvironments 

to which hydrophobic pollutants partition and react.18-19  Since CDOM absorbs solar photons, it 

can affect photolysis rate constants of other aquatic species by competitively absorbing photons 

(the inner filter effect). It can also produce reactive species such as OH, singlet oxygen (1O2), 

organic peroxy radicals (RO2), and excited triplet state CDOM upon absorbing light.20-24 CDOM 

has variable effects on the photochemical fate of pollutants in aqueous solution; the dominant 

effects depend on the overlap of the pollutant’s absorbance spectrum with sunlight, its reactivity 

toward the various oxidizers produced by CDOM, and its susceptibility to photosensitization; 

photolysis can be either enhanced or suppressed by CDOM.23, 25-26  

The effects of CDOM on pollutant photolysis in snow and ice are largely unknown; a 



52 

 

single study has reported that the insecticide aldrin photolyzed more rapidly in ice containing 

CDOM due to singlet oxygen production and photosensitization.17 Given the varied effects of 

CDOM on pollutant photolysis kinetics in liquid water, it is likely that different pollutants will 

also be affected in different ways by CDOM in ice. In this work we measure rate constants of the 

PAH anthracene in aqueous solution, in bulk ice, and at ice surfaces in the presence and absence 

of CDOM to investigate (1) the reasons for faster photolysis at ice surfaces compared to in 

aqueous solution, and (2) the effects of CDOM on anthracene photolysis kinetics in aqueous 

solution, in liquid regions within bulk ice, and at ice surfaces. 

 

3.3 Experimental  

3.3.1 Chemicals 

 Anthracene (Acros Organics, 98%), pyrene (Alfa Aesar, 98%), methanol (Sigma—

Aldrich, ≥99.8%), fulvic acid (FA, Suwannee River Standard I, International Humic Substances 

Society), Suwannee River natural organic matter (NOM, International Humic Substances 

Society), 2-nitrobenzaldehyde (2NB, Alfa Aesar, 98+%), and furfuryl alcohol (FFA, Acros 

Organics, 98%) were used without further purification. 

3.3.2 Sample Preparation 

For most experiments, solutions were prepared by stirring a few mg of solid anthracene 

in 100 mL of deionized water (18 MΩ cm) overnight. This saturated stock solution was diluted 

with deionized water to a final anthracene concentration of 6.3 × 10-8 M. For concentration 

dependence experiments and for experiments using anthracene concentrations greater than the 

saturation limit, anthracene was dissolved in methanol and then diluted 99:1 with deionized 

water. Fulvic acid or NOM was dissolved in deionized water at concentrations up to 30 mg L-1. 
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Samples were frozen in 4 or 5 mL aliquots in ice cube trays. Some samples were irradiated after 

being removed from the tray without further processing (“ice cubes”), and some were crushed to 

2 mm diameter “ice granules” prior to photolysis.  

3.3.3 Photolysis  

Samples were irradiated by the output of a 150 W xenon arc lamp.  For most 

experiments, the output of the lamp passed through a 295 nm long pass cutoff filter and through 

a flat-bottomed quartz dish filled with deionized water that acted as an IR filter. The beam was 

then reflected downward onto the sample. Aqueous samples were contained in a quartz cuvette at 

room temperature (23 °C); ice samples were contained in a stainless steel vessel that was 

maintained at -15 °C using a recirculating chiller. The photon flux in aqueous solution (which is 

assumed to be the same as the incident photon flux) was determined to be (3.15  0.08) × 1013 

photons cm-2 s-1 by chemical actinometry (vide infra). Experiments investigating anthracene’s 

concentration dependence were conducted using a different 150 W xenon arc lamp with a 

configuration described previously and a photon flux of 1.4  1014 photons cm-2 s-1.27 Dark 

control experiments were performed for each set of experimental conditions; no decrease in 

anthracene concentration was observed in the absence of light. 

Photolysis rate constants were determined by measuring the change in anthracene 

fluorescence intensity over time.  After irradiation for a time interval ranging from 1 to 80 

minutes, the sample was removed from the light, and ice samples were melted in the dark. Once 

the sample reached room temperature, an emission spectrum of the melt-water was acquired on a 

commercial fluorimeter (Photon Technology International QuantaMaster 40) using an excitation 

wavelength of 252 nm. The photolysis rate constant was calculated from the slope of the best-fit 

line to either ln(I/I0) vs. time (first-order kinetics) or I-1 (second-order kinetics), where I is 
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fluorescence intensity of anthracene after an irradiation time t and I0 is fluorescence intensity at t 

= 0.  Each experiment was repeated at least 3 times. Fluorescence intensity was monitored at 401 

nm. 

3.3.4 Chemical Actinometry  

Solutions of 2NB were prepared in deionized water at concentrations of approximately 

1.3 × 10-5 M. Some samples were frozen in 4 mL aliquots in stainless steel ice cube trays and 

covered with Parafilm; ice cubes and ice granules were prepared as described above. Photolysis 

was effected in 30 second increments. Irradiated samples were melted in sealed glass jars and 

diluted with an equal volume of methanol, and then 2NB concentrations were determined using 

High Performance Liquid Chromatography (HPLC) on an isocratic Shimadzu Prominence-i LC-

2030 with UV detection at 277 nm. A C-18 reverse-phase column (Restek, 150 mm × 4.6 mm, 

5 μm particle size) was used; the column temperature was maintained at 40 °C. The mobile phase 

was 30/70 v/v deionized water to acetonitrile with a 0.6 mL min-1 flow rate. Total photon fluxes 

were determined from the rate of 2NB loss as described in McFall and Anastasio.28  

3.3.5 Singlet Oxygen Detection 

In some experiments, 0.01 M FFA was incorporated into the sample as a singlet oxygen 

trap. Ice granules containing FFA (in the presence and absence of anthracene) were irradiated for 

10 minutes and the concentration of 6-hydroxy-2,3-dihydro-6H-pyrano-3-one (“pyranone”), 

which is formed from the reaction of FFA and 1O2, was determined via HPLC of the meltwater.  

The column temperature was 40 °C and the mobile phase was 50/50 methanol/water with a flow 

rate of 1 mL min-1, and absorbance was measured at 219 nm.   
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3.4 Results and Discussion  

3.4.1 Photolysis in Liquid Water 

Figure 3.1a shows emission spectra from an aqueous solution containing 6.3 × 10-8 M 

anthracene and 30 mg L-1 FA after various irradiation times, and Figure 3.1b shows emission 

spectra of solutions containing either anthracene or FA. While there is significant spectral 

overlap in emission from anthracene and FA, the three resolved peaks at 380 nm, 401 nm, and 

425 nm in Figure 3.1a are clearly from anthracene. These peaks decrease in intensity during 

irradiation, and their shapes remain distinct even at long irradiation times, whereas the 

featureless emission at wavelengths longer than ~450 nm does not decrease appreciably even 

after 60 minutes of irradiation. This suggests that we do not need to separate the components of 

the reaction mixture in order to measure anthracene photolysis kinetics using fluorescence 

spectroscopy. To ensure that FA photolysis does not contribute to the measured photolysis rate 

constant of anthracene, we irradiated aqueous solutions containing only FA. We measured a rate 

constant for FA photolysis of (8.6 ± 0.5) × 10-6 s-1 which was determined to be the limit of 

detection for our study. This value is in good agreement with previously reported CDOM 

photolysis rate constants.29 The smallest anthracene photolysis rate constant measured when 

CDOM was present in the reaction mixture in this study was 8.4 × 10-5 s-1 (vide infra), which is 

close to an order of magnitude larger than that measured for FA. We therefore conclude that the 

contribution of FA photolysis to our reported anthracene photolysis rate constants in this study is 

negligible.  
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Figure 3.1. Emission spectra of aqueous solutions excited at 252 nm: (a) 6.3 × 10-8 M anthracene and 30 mg L-1 FA 

at irradiation times of 0 min (solid blue trace), 20 min (long dashed green trace), 40 min (short dashed orange trace), 

and 60 min (dotted grey trace); and (b) individual solutions containing 6.3 × 10-8 M anthracene (solid blue trace) and 

30 mg L-1 FA (dashed red trace). 
 

We measured anthracene photolysis rate constants in the presence of FA and NOM under 

two sets of conditions. In the first, CDOM was contained in the reaction solution, and could 

affect anthracene photolysis either through intermolecular interactions (such as production of 

reactive species or energy transfer) or competitive photon absorption. In the second, CDOM was 

contained in the quartz dish used as an IR filter suspended above the sample; in this case 

competitive photon absorption was the only means by which it could affect anthracene 

photolysis. As shown in Figure 3.2, anthracene photolysis rate constants were inversely 

correlated with FA concentration when FA was in solution with anthracene, and anthracene 

photolysis was suppressed to a similar extent by FA and NOM. When FA solutions were 
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suspended above the reaction solution, very little suppression of anthracene photolysis was 

observed, even at high FA concentrations. Photolysis kinetics of several PAHs have been 

measured in the presence of FA at environmentally relevant wavelengths.25 Although anthracene 

photolysis was reported to be slightly enhanced by 5 mg L-1 FA, the authors concluded that the 

only important role of CDOM in PAH photochemistry is light attenuation. Our results suggest 

that CDOM suppresses anthracene photolysis, but that light attenuation is not the dominant 

mechanism.                         

 

Figure 3.2. Anthracene photolysis rate constants measured in the presence of 5 mg L-1 FA suspended above the 

reaction solution (red circles) and contained in the reaction solution (blue triangles), as well as in the presence of 5 

mg L-1 NOM in the reaction solution (green square). Error bars represent the standard deviation about the mean of at 

least three trials. The solid red and dashed blue traces are linear fits to the data. The slopes are -4.2 × 10-7 L mg-1 s-1 

and -2.0 × 10-6 L mg-1 s-1. 

 

We have previously reported that the organic compounds octanol and decanol suppress 

PAH photolysis in liquid water and in ice by reducing local polarity.5, 27 To determine whether 

the suppressing effect of CDOM on anthracene photolysis shown in Figure 32 was due to 

decreased polarity, we acquired emission spectra of pyrene, a fluorescing polarity probe, in the 

presence and absence of FA; full details are provided in the Supplementary Information (SI). The 

emission spectra (Figure S1 in the SI) indicate that the polarity of an aqueous 30 mg L-1 FA 

solution was not significantly different from that of deionized water. Polarity changes are 

therefore not responsible for the observed suppression of anthracene photolysis by CDOM; other 
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factors, such as quenching of anthracene excited states, are likely responsible.  

3.4.2 Photolysis in Ice Cubes and Ice Granules  

Table 3.1 shows anthracene photolysis rate constants measured in liquid water, ice cubes, 

and ice granules; these values are in agreement with previous measurements.5, 7 Several aromatic 

compounds have been reported to photolyze more rapidly at ice surfaces than in aqueous 

solution.5, 7-9, 13, 30-34 Rate constants of reactions occurring in ice granules largely reflect reactions 

at ice surfaces due to the high surface-area-to-volume ratios, whereas rate constants acquired 

from experiments performed with ice cubes largely reflect reactivity in liquid water, since 

reagents are primarily confined to liquid inclusions within the bulk ice.5, 7, 9, 12, 14  

 

Table 3.1. Photolysis rate constants of anthracene in water at 23°C and in ice cubes and ice granules at -15°C.  The 

stated uncertainty represents the standard deviation about the mean of at least three trials. 

environment rate constant (10-4 s-1) 

water 1.5 ± 0.2 

ice cubes 3.1 ± 0.5 

ice granules 7.5 ± 1.2 

 

3.4.3 Local Photon Fluxes in Aqueous Solution, Ice Cubes, and Ice Granules 

Light scattering in small particles such as aerosols can increase local photon fluxes and 

lead to faster-than-expected photolysis.35 This could partially account for faster anthracene 

photolysis in ice cubes and ice granules. Indeed, photon fluxes in ice disks and ice granules 

prepared similarly to our ice cubes and ice granules have recently been reported to be 

approximately 40% and 80% greater than photon fluxes in aqueous solution.28 We measured 

local photon fluxes in aqueous solution, ice granules, and ice cubes using 2NB actinometry.28 

The molar absorptivity and photolysis quantum yield of 2NB do not show a significant 

dependence on temperature or phase, so the photolysis rate constant of 2NB is directly 
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proportional to the local photon flux, which may differ from the incident photon flux due to 

scattering.36 Figure 3.3 shows local photon fluxes within each sample type at the same incident 

photon flux. Photon fluxes were 29% and 66% greater in the ice cubes and ice granules than in 

aqueous solution, in good agreement with previous observations.28 These results suggest that up 

to 20% of the enhancement in anthracene’s photolysis rate constant in ice granules may be due to 

scattering, but that the majority of the enhancement is due to other factors. 

 

 

Figure 3.3. Local photon fluxes measured in water, ice cubes, and ice granules at the same incident photon flux. 

Error bars represent the standard deviation about the mean of at least 3 trials. 

 

3.4.4 Role of Anthracene Self-Association on Photolysis Kinetics 

Many aromatic species, including anthracene, undergo self-association at ice surfaces, 

even at submonolayer coverages.4, 8, 37 The resulting red shifts in the absorbance spectra (due to 

excimer formation) have been reported to enable photolysis of benzene and substituted benzenes, 

which do not absorb solar photons in their monomeric forms.8-9  Anthracene excimers have red-

shifted absorbance compared to monomers, but this red shift does not contribute significantly to 

faster photolysis at ice surfaces.4 Self-association could lead to faster photolysis for reasons other 

than red-shifted absorption spectra, however. 
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Singlet oxygen has been reported to be generated from the irradiation of concentrated 

PAH solutions in organic solvents.38-39 It is possible that high local anthracene concentrations 

resulting from freeze exclusion are forming 1O2 in ice cubes and granules in our experiments. We 

irradiated ice granules containing the 1O2 trap FFA to determine whether this was the case. After 

irradiating ice granules containing FFA for 10 minutes, no pyranone product was detected 

regardless of whether anthracene was present in the sample. This suggests that 1O2 formation is 

not responsible for the faster anthracene photolysis observed in ice cubes and granules in this 

work.  

To determine whether self-association increases anthracene photolysis rates, we measured 

photolysis rate constants of 3.0 × 10-5 M anthracene in aqueous solution. Anthracene’s solubility 

limit in water is 2.5 × 10-7 M, so we expect significant self-association in these samples.40 As 

shown in Table 3.2, anthracene photolyzed more than three times more rapidly in the saturated 

solution than in dilute solution. To ensure that this was an effect of self-association rather than 

concentration, we also measured anthracene photolysis kinetics at a concentration of 3.0 × 10-5 M 

in methanol and in a 50% v/v mixture of methanol and water. Anthracene photolyzes less rapidly 

in methanol and methanol-water mixtures than in aqueous solution due to lower polarity.27 In 

methanol and methanol-water mixtures, anthracene photolysis rate constants at the two 

concentrations were the same within experimental uncertainty. At the higher concentration, 

anthracene is well above the solubility limit of 2.5 × 10-7 M in water, but is soluble in methanol 

and the methanol-water mixture.41 This indicates that it is self-association, rather than high 

concentrations, that enhances anthracene reactivity. 
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Table 3.2. Anthracene photolysis rate constants at low and high concentrations in aqueous solution, methanol, and 

water-methanol mixtures. The stated uncertainty represents the standard deviation about the mean of at least three 

trials.  

rate constant (10
-5 

s
-1

) 

1.5 × 10-7 M 3.0 × 10-5 M 

water 25 ± 2 85 ± 4 

methanol 2.3 ± 1.6 3.4 ± 1.0 

mixturea 10 ± 2 9.5 ± 1.4 

a) 50% v/v methanol / water 

 

Anthracene excimers can be detected by a reduction in fluorescence intensity of the 

shortest wavelength emission peak (~380 nm, “Peak 1”) relative to that of the second (~405 nm, 

“Peak 2”).42 Figure S2 in the SI shows anthracene emission spectra in aqueous and organic 

solutions at low concentrations where excimer formation is expected to be minimal; the Peak 

2:Peak 1 ratio in each solution is between 1.0 and 1.3. Figure 3.4 shows that at a concentration of 

3.0 × 10-5 M, there is little evidence of excimers in methanol or methanol-water mixtures (Peak 

2:Peak 1 ratios are 1.0 and 1.2 respectively), but that there is extensive excimer formation in 

water (with a Peak 2:Peak 1 ratio of 4.0). This confirms that anthracene photolysis is enhanced 

by self-association.  
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Figure 3.4. Intensity-normalized emission spectra of 3.0 × 10-5 M anthracene excited at 356 nm in water (solid black 

trace), methanol (dotted blue trace), and a 50/50% v/v methanol-water mixture (dashed red trace). 

 

To further investigate the effects of self-association on anthracene photolysis kinetics, we 

measured photolysis rate constants in aqueous solution over a range of concentrations below and 

above the solubility limit. As shown in Figure 3.5a, the rate constant was independent of 

concentration below approximately 8 × 10-6 M, but increased at higher concentrations. Figure 

3.5b shows relative excimer fractions as a function of anthracene concentration. Excimeric 

content displays a very similar concentration dependence as anthracene photolysis rate constants, 

adding further evidence that faster anthracene photolysis at high concentrations is due to self-

association.  
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Figure 3.5. Effect of anthracene concentration on (a) first-order anthracene photolysis rate constants, and (b) 

excimer content in aqueous solutions containing 1% methanol (v/v). The vertical dashed traces denote anthracene’s 

saturated concentration in aqueous solution.40 The error bars represent the standard deviation about the mean of at 

least 3 trials. 

 

Using the method of initial rates, we determined that anthracene photolysis was first 

order at anthracene concentrations up to approximately 7.5 × 10-6 M, and second order at higher 

concentrations. This shift to second order kinetics coincides with the concentrations at which we 

observe an increase in the apparent first order rate constant, which suggests that anthracene 

photolysis in solutions containing large excimer concentrations (and perhaps at ice surfaces) is 

faster than photolysis in dilute aqueous solutions, and that it proceeds via a different mechanism. 

This transition from first- to second-order kinetics was only detectable via initial rates analysis; 
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first order fits to the data were excellent at all concentrations. This is demonstrated in Figure S3 

in the SI, which shows fits to 1st and 2nd order photolysis kinetics in water at low and high 

concentrations. We were not able to determine the reaction order at ice surfaces as we did in 

aqueous solution using the method of initial rates since local concentrations at ice surfaces can 

not be predicted from the concentration in solution prior to freezing. Fits to first and second 

order rate constants were both very good in frozen media.  

We note that while the increase in photolysis rate constants correlated well with the 

fraction of excimers (as shown in Figure 3.5), this does not necessarily indicate that the faster 

photolysis is due to the excimers themselves. It is possible that anthracene excimers photolyze 

more rapidly than monomers (due perhaps to larger absorption cross sections or photolysis 

quantum yields). However, faster photolysis may also arise from the close proximity of 

anthracene molecules under conditions that give rise to excimer emission. For example, energy 

transfer between adjacent anthracene molecules (self photosensitization) could also explain the 

observed photolysis kinetics.  

3.4.5 Effects of CDOM on Anthracene Photolysis in Ice and at Ice Surfaces 

Figure 3.6 shows anthracene photolysis rate constants in aqueous solution, ice cubes, and 

ice granules in the presence and absence of 5 mg L-1 CDOM. Rate constants measured in the 

presence of FA and NOM were the same within experimental uncertainty in each medium. While 

competitive photon absorption by CDOM had little effect on anthracene photolysis kinetics in 

liquid water, photolysis in ice cubes and ice granules was suppressed when aqueous 5 mg L-1 FA 

solutions were suspended above the reaction chamber; the rate constants in ice cubes and 

granules were reduced to 70% and 44% of those measured in the absence of FA. Incorporating 

the CDOM into the ice cubes and ice granules containing anthracene suppressed photolysis 
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further. Rate constants in ice cubes and ice granules containing FA or NOM were 39% and 24% 

of those in the absence of CDOM. Approximately 48% and 74% of the reduction in anthracene’s 

rate constant when CDOM was present in ice cubes and ice granules can be attributed to 

competitive photon absorbance. The additional suppression observed when CDOM was in the 

sample (as opposed to when it was suspended above the sample) may be due to several factors, 

which we discuss below. 

 

Figure 3.6. Effects of 5 mg L-1 FA and NOM on anthracene photolysis rate constants in water, ice cubes, and ice 

granules. Error bars indicate the standard deviation about the mean of at least 3 trials. “Quartz bowl” indicates that 

aqueous CDOM solutions were suspended above the reaction chamber, and “sample” indicates that the CDOM was 

incorporated into the anthracene solution. 

 

We have previously reported the effects of organic matter that does not absorb sunlight 

(“non-chromophoric OM”) on PAH photolysis kinetics.5 Octanol and decanol suppressed PAH 

photolysis rate constants in ice cubes to values below our detection limits at OM concentrations 

as low as 0.25 mM (32.6 mg L-1). Octanol did not greatly suppress photolysis at ice surfaces (in 

ice granules), but 2.5 mM decanol reduced anthracene’s photolysis rate constant by 50%, and 

suppressed pyrene photolysis below our detection limit. A key difference between octanol and 

decanol is that at the temperature of those experiments (-15 oC), octanol is a liquid and decanol is 

a solid. In that work, suppression of PAH photolysis was attributed to co-exclusion of PAHs and 
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OM leading to reaction environments with high local organic concentrations; we have reported 

that anthracene and other PAHs photolyze much less rapidly in nonpolar organics than in 

aqueous solution.27  Co-exclusion of anthracene and CDOM may also be responsible for some of 

the suppression observed in the current work. Reduced local polarity could explain some of the 

observed suppression, but it could also be due to other factors. For example, high local CDOM 

concentrations could lead to enhanced inner filter effects, as well as to increased quenching of 

excited anthracene molecules. Freeze exclusion could also lead to organic microenvironments 

within bulk ice and at ice surfaces; self-association may be suppressed in these organic regions, 

leading to photolysis occurring via unimolecular rather than bimolecular pathways. 

The observed suppression of anthracene photolysis by CDOM is in contrast with a recent 

study that reported increased photolysis rate constants of the insecticide aldrin in the presence of 

various types of CDOM (including Suwannee River fulvic acid) in liquid water and ice.17 The 

different effects of CDOM on these two pollutants is likely due to the fact that aldrin absorbs 

sunlight very weakly, and so singlet oxygen production and photosensitization are CDOM’s 

dominant effects on the photolysis kinetics. Anthracene absorbs sunlight much more strongly 

than aldrin, and CDOM’s main effects will be competitive photon absorption (at least in frozen 

media) and quenching of excited anthracene molecules. This illustrates the complexity of 

predicting the effects of CDOM on the fate of aromatic pollutants in liquid and frozen aqueous 

environments. 

 

3.5 Conclusions 

Anthracene photolyzes more rapidly at ice surfaces than in aqueous solution; the majority 

of this enhancement can not be explained by light scattering. The observed enhancement 
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correlates with excimer concentration, and may be explained by larger photolysis rate constants 

of excimeric anthracene than of monomeric anthracene, or by interactions such as energy transfer 

between adjacent anthracene molecules. The observation that anthracene photolysis becomes 

more rapid and switches to second order kinetics in aqueous solutions at concentrations that give 

rise to excimer emission supports this hypothesis. 

Chromophoric dissolved organic matter (in the form of FA and NOM) slightly suppressed 

anthracene photolysis in aqueous solution. This appears to be due primarily to physical 

interactions between CDOM and anthracene rather than to competitive photon absorption. 

Conversely, competitive photon absorption by CDOM decreased anthracene photolysis rate 

constants in liquid regions within ice and at ice surfaces. Further suppression of anthracene 

photolysis when CDOM was in the reaction mixture could be due to physical interactions 

between anthracene and CDOM or to enhanced competitive photon absorption by CDOM due to 

high local concentrations. Our results, along with those of Grannas et al., demonstrate the wide 

range of effects that CDOM can have on pollutant photolysis in snow and ice.17 This work 

increases our understanding of chemistry in the cryosphere, and will improve predictions of 

pollutant fate in snow-covered regions.  

 

3.6 Supporting Information. Polarity measurements; emission spectra of anthracene in water 

and organic solvents; fits of fluorescence intensity as a function of irradiation time to first and 

second order kinetics. 
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Chapter Four: 

 

 

 

 

 

 

 

 

 

 

Physical Characterization of Frozen Saltwater Solutions Using Raman Microscopy 
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4.1 Abstract: 

 We have investigated the surface of frozen salt water solutions containing 0.02M and 

0.6M NaCl, as well as frozen Sargasso Sea samples using Raman microscopy. At temperatures 

above the eutectic temperature (-21.1°C), the ice surfaces were incompletely wetted at all 

temperatures in the presence of 0.02M NaCl, and at all but the highest temperatures studied 

(approximately -5°C) for 0.6M NaCl and Sargasso Sea water. Liquid water generally took the 

form of channels at the ice surface, although in some cases (at the lowest temperatures for 0.6M 

NaCl and Sargasso Sea water, and at all temperatures for 0.02M NaCl) liquid water was 

observed in “islands” distributed across the ice surface. Fractional surface coverage of liquid was 

very similar for 0.6M NaCl and Sargasso Sea water at all temperatures, which suggests that Cl- 

accounts for the majority of surface melting of sea ice. Liquid fractions ranged from 

approximately 20% to 85% for frozen 0.6M NaCl solutions and Sargasso Sea water between -21 

and -5°C. Channel widths were approximately 10 m at -21°C, and were immeasurably large at -

5°C, where the surface was almost completely wetted. Surface wetting was much less extensive 

for frozen 0.02M NaCl solutions, with only 39% of the surface wetted even at -5°C, and 

channels generally not being observed even at this high temperature. 3-dimensional maps 

indicated that liquid water (and therefore Cl-) is distributed relatively evenly throughout the ice 

bulk (at least to depths of ~100 M). Liquid fractions and channel widths were similar at all 

depths investigated as at the surface for each sample type. Below -21.1°C, no liquid was 

observed in any sample. Instead, NaCl.2H2O (“hydrohalite”) was observed at ice surfaces at low 

temperatures. Surface coverages were independent of temperature (to at least -30°C), and ranged 

from 40% to greater than 70% for 0.6M NaCl and Sargasso Sea water samples, and from 13 – 20 

% for 0.02M NaCl solutions.   
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4.2 Introduction 

The physical properties of ice surfaces have been a matter of scientific interest since 

Michael Faraday observed in 1850 that two ice cubes, when pressed against one another, would 

fuse together.1 In the years since then, numerous techniques have been applied to the 

investigation of the physicochemical nature of ice surfaces. It is currently agreed that, near ice’s 

melting point, the surface is coated in a layer of disordered water molecules, but that is where the 

agreement ends. The physical properties of this disordered surface region are a subject of debate: 

Values of parameters such as density, degree of orientational disorder, and depth as a function of 

temperature vary widely. As an example, experimentally-measured thicknesses of the disordered 

region at -1°C range from less than 1 nm to over 100 nm.2 

The above discussion highlights the complexity of ice surfaces. Interestingly, ice surfaces 

are expected to become more easily understood as compositional complexity increases. This is 

because solutes cause surface melting, and at high enough solute concentrations the ice surface is 

expected to be coated by a liquid film; the properties of this film will be those of a concentrated 

aqueous solution. The composition of the liquid fraction of frozen aqueous solutions can be 

determined from phase diagrams, and the liquid volume fraction of the frozen sample can be 

calculated by a thermodynamic expression, illustrated by Equation 4.1.3  

 

Equation 4.1: ϕ(H2O)(T) = [NaCl]0 / [NaCl]FPD,T
    

 

The liquid fraction (ϕ(H2O)(T)) can be determined by dividing the concentration of the salt 

in a completely melted sample ([NaCl]0) by the concentration of the liquid brine in the ice 

[NaCl]FPD,T.  Knowing the liquid volume fraction of an ice sample is useful, but it doesn’t fully 
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describe the environment at ice surfaces. Phase diagrams and Equation 4.1 tell us how much 

liquid is present in a sample, and what its solute concentrations are, but it does not tell us where 

the liquid is located. While many atmospheric models assume that all solutes are excluded to the 

ice surface (and that therefore all liquid is at the surface), there is no reason that this should be 

the case, since multi-crystalline ice (as it tends to be in the environment) contains many liquid 

regions at grain boundaries, triple points, and defect sites.2, 4-6 Recent experiments report that the 

concentrations of solutes such as Cl¯ and NO3
¯ measured at ice surfaces are significantly lower 

than they should be if all of the solute was excluded to the ice surface.7-9 

Knowing where solutes are located (and their concentrations) is important for two 

reasons. First, solutes may be involved in chemistry. A prime example is bromide, which 

undergoes heterogeneous reactions at ice surfaces to form reactive bromine compounds which 

are implicated in catalytic ozone and mercury depletion in polar regions.10-23 This chemistry is 

made possible in part by the high bromide concentrations at sea ice surfaces due to freeze 

exclusion. A second reason is that solutes can change the physicochemical properties of ice 

surfaces, even if they are not themselves involved in reactions there. Many physical and 

chemical processes occur very differently at liquid and frozen water surfaces. For example, a 

number of aromatic pollutants have been reported to photolyze more rapidly at ice surfaces than 

at liquid water surfaces, and some aromatic pollutants that do not photolyze in aqueous solution 

can photolyze at ice surfaces.24-28  Heterogeneous reaction kinetics have also been reported to 

differ at frozen and liquid water surfaces: Ozonation of phenanthrene was reported to be much 

faster at ice surfaces than at liquid water surfaces, while hydroxyl radicals (OH), which react 

rapidly with aromatic species at liquid water surfaces, have been reported to be unreactive 

toward a range of aromatic species at ice surfaces.29-30 If solutes cause the surface to be coated in 
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a liquid “brine”, then these physical and chemical processes will occur as though the surface is a 

liquid rather than a solid, and can be modelled as such. There is some evidence that this might be 

the case: The photolysis rate constant of the aromatic dye harmine at frozen freshwater surfaces 

was larger than in aqueous solution, but at the surface of frozen NaCl solutions (at initial NaCl 

concentrations greater than 0.2M) it was the same as in aqueous solution. These results were 

interpreted as indicating that the reaction environment experienced by harmine transitioned from 

that of an ice surface to a liquid brine as the NaCl concentration increased.26 

Halides are major solutes in many environmental ices. This is obviously true in sea ice, 

but even remote inland snowpacks such as Summit, Greenland (72.5796° N, 38.4592° W) have 

halide concentrations of 1-4 ppbv due to transported sea spray aerosols.31  Halide-water phase 

diagrams are well-known, and calculating the liquid volume fraction using Equation 4.1 is 

straightforward. Several studies have characterized the surfaces of frozen halide salt solutions. 

Most studies have not reported spatially-resolved data; the emphasis has been on the existence 

and thickness of the liquid layer.3, 7, 32-33  A few studies have investigated the characteristics of 

frozen saltwater solutions using techniques that enable spatial resolution. Scanning Electron 

Microscopy (SEM) studies of sintered frozen NaCl solutions showed isolated liquid patches at 

grain surfaces and at grain boundaries above the eutectic temperature, and “webs” of solid salt 

below the eutectic temperature.34 An Atomic Force Microscopy (AFM) study reported isolated 

“clumps” or islands of solid salt surrounded by bare ice at temperatures below the eutectic 

(measurements above the eutectic were not reported).35 A recent x-ray fluorescence study 

reported that frozen solutions containing NaCl and transition metals had channels at the surface 

at temperatures above the eutectic.36  
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The studies discussed above suggest that not all liquid is excluded to the surface, and that 

liquid may not evenly coat the ice surface. However, the spatially-resolved studies had some 

limitations with respect to applying them to environmental conditions. First, some of the 

techniques require low pressures, which may produce non-atmospherically relevant results. 

Second, low salt concentrations (generally sub-mM) were used in these experiments; these 

concentrations are relevant to inland snows, but not to sea ice. At higher salt concentrations, 

more liquid will be present, which might result in greater surface coverage. Third, only one study 

presented spatially-resolved information both below and above the eutectic temperature.34 The 

cryosphere often reaches temperatures below -21°C; frozen saltwater surfaces may present very 

different reaction environments below this temperature. As a final point, a Nuclear Magnetic 

Resonance (NMR) study reported the existence of liquid water in frozen saltwater solutions at 

temperatures below the eutectic.3 If liquid water is present at these temperatures, it would have 

significant implications for reactions at cold frozen saltwater surfaces. In this work, we use 

Raman microscopy to determine the location of liquid water at frozen salt solutions at a range of 

NaCl concentrations at temperatures above and below the eutectic. We also present volume maps 

to investigate the distribution of liquid water between the ice surface and bulk. 

 

4.3 Methods 

4.3.1 Samples: 

Sodium chloride (Sigma Aldrich ≥99.5%) solutions were prepared by dissolving a 

measured quantity of NaCl in deionized water to a concentration of 0.6M or 0.02M.  Solutions 

were kept in a sealed jar.  Frozen sea ice was prepared with Sargasso Sea water obtained from 

Dr. David J. Kieber at SUNY ESF.37   
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4.3.2 Freezing Technique: 

A custom-built cold chamber was used for all experiments. The chamber consisted of a 

stainless steel plate attached to a Peltier device. A circulating chiller set at 0°C continuously 

flowed a 50/50 v/v mixture of water and ethylene glycol through the copper chamber to remove 

heat produced on the underside of the Peltier.  Once the temperature was stabilized, the stainless 

steel surface was wiped of any excess condensation with a Kimwipe.  A drop of solution 

(approximately 100 L) was placed on the surface, and a tightly-fitting stainless steel cover with 

a quartz window in the ceiling was placed over the sample.  A thermocouple was inserted 

through an entrance on the side of the cover and into the drop to record the temperature of the 

ice. The temperature of the sample chamber was controlled by varying the current applied to the 

Peltier device.  Frozen samples were allowed to equilibrate for 10 minutes prior to acquiring 

spectra.   

4.3.3 Raman Mapping: 

Raman images were acquired with a confocal Raman microscope (Renishaw, InVia) 

using a 532 nm continuous wave laser with a 50× long working distance objective.  The 

microscope was focused at the sample surface prior to each experiment, and an optical image 

was acquired.  Scattered light was collected through the microscope objective and imaged onto a 

CCD camera.  Spectra were acquired between 2502 and 3824 cm-1.   

Map dimensions were 150 µm × 150 µm and spectra were taken in 3 µm steps along the 

x and y axis with an acquisition time of 0.25 s per spectrm.  3-dimensional (“volume”) maps 

were obtained using the same parameters as the surface area maps but were repeated in 10 µm 

steps along the z-axis from the ice surface (z=0 µm) to a depth of -100 µm.  The presence of 

hydrohalite (NaCl.2H2O), liquid water (or “brine”), and solid ice was determined based on 
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criteria expressed by the ratios of the intensity at 3421 cm-1 to the intensity at 3300 cm-1, and the 

ratio of intensities at 3300 cm-1 to 3135 cm-1.  Table 4.1 contains a detailed list of these defined 

criteria.  Several experiments were performed to ensure that exposure to the laser beam did not 

alter the physical properties of the ice surface. These are discussed in the Supplementary 

Information (SI). 

Table 4.1. Criteria for classifying spectra as being due to hydrohalite, liquid brine, or solid ice.   

 3300 cm-1/3135 cm-1 3421 cm-1/3300 cm-1 

Hydrohalite <0.7 >1.05 

Aqueous solution (liquid) >0.7 >0.82 

Ice (solid) <0.7 <1.05 

 

 

4.4 Results and Discussion: 

4.4.1 Spectra: 

Figure 4.1a shows Raman spectra of the OH stretch region of deionized water and 0.6 M NaCl 

solutions. With salt present in solution, the intensity at lower energy is reduced due to the salt 

ions disrupting the hydrogen bonding network.38  Figure 4.1b shows the Raman spectra of 

pristine ice and of a frozen 0.6 M NaCl solution above and below the eutectic temperature (-

21.1°C).  Above the eutectic temperature, the greatest intensity is observed at 3421 cm-1, which 

is similar to that observed in aqueous solution (3425 cm-1). The sharp peaks in frozen salt 

solution below the eutectic temperature at 3421 cm-1 and 3543 cm-1 are indicative of 

NaCl·2H2O.39-40 
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a)  b)   

Figure 4.1. Raman spectra of (a) deionized water and 0.6M NaCl solution normalized to the intensity at 3425 cm-1 

acquired at 25°C and (b) Raman spectra of pristine ice at -16.7°C and a frozen 0.6M NaCl solution at -14.7°C and -

25.7°C.   

 

 

4.4.2 Frozen Surfaces at Temperatures Above the Eutectic: 

4.4.2.1 0.6M NaCl 

 Figure 4.2 shows optical images and Raman maps acquired at the surface of frozen 0.6 M 

NaCl solutions at 3 different temperatures. At all but the highest temperature (-5.2°C), we 

observe distinct regions of solid ice and liquid water. These results are in agreement with 

previous studies that suggest incomplete wetting of ice surfaces by NaCl.41-42 This is the first 

study to show this at seawater NaCl concentrations, however. Further surface maps are available 

in the SI. 
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Figure 4.2. Optical images and Raman maps of a 0.6M NaCl ice surface at -15.4°C, -10.6°C, and -5.4°C from left to 

right.   

In general, liquid regions at the ice surface took the form of channels. This is in agreement with a 

recent x-ray fluorescence study which reported the formation of y-shaped liquid channels at the 

surfaces of frozen aqueous solutions containing NaCl and transition metals.36 As the temperature 

increases, so does the fraction of liquid at the ice surface; at -5°C almost the entire surface is 

wetted. For comparison, at the surface of frozen deionized water samples in the absence of salt, 

no liquid was detected at -15°C, and at -5°C 1.8  0.7% of the surface was covered in liquid. 

Maps of frozen deionized water surfaces are shown in the SI. These results indicate that the 

majority (and at some temperatures, all) of the observed liquid at the ice surface is due to NaCl. 

Figure 4.3 shows average liquid fraction and channel width as a function of temperature.  At ~-

5°C, almost the entire surface is covered in liquid, and it is impossible to measure channel 

widths. It should also be noted that at temperatures just above the eutectic, channels are not 

always present and the liquid is often in the form of isolated patches at the surface.  
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a)   

b)  

Figure 4.3. Temperature dependence of (a) percent coverage of liquid, and (b) average channel width at the surface 

of frozen 0.6M NaCl solutions. Error bars indicate the standard deviation of at least 3 trials.   

 

We noted that the method of sample preparation affected the fraction of the surface 

covered by liquid at a given temperature. This variability is demonstrated in Figure 4.4. When 

the temperature was lowered directly to -15°C (“no warming,” either rapidly or slowly), liquid 

was observed to cover 51 ± 8% of the surface. If the ice was first frozen at a temperature below 

the eutectic (around -30°C), and then warmed up quickly (“fast warming,” 0.5°C/s), the liquid 
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coverage was determined to be 65 ± 4%, which is larger than the coverage when samples were 

frozen directly to -15°C. However, if the temperature was increased very gradually over the 

eutectic range (“slow warming,” 0.5°C/min), the fractional coverage was only 32 ± 7%. These 

results suggest that temperature fluctuations may significantly affect the extent of surface wetting 

in the environment. For the purposes of reproducibility between experiments, all reported results 

correspond to the latter method of sample preparation unless otherwise specified. 

 

Figure 4.4. Effect of sample preparation on liquid coverage of ice surfaces at -15°C. The error bars indicate the 

standard deviation of at least 3 trials.   

 

We acquired volume (3-dimensional) maps at several temperatures above the eutectic. 

Figure 4.5 shows slices along the x-y plane acquired at 20 µm increments along the z-axis, as 

well as vertical slices along the x and y axes for a 0.6 M NaCl solution at -15.4°C. Liquid 

regions were observed at all depths. We calculated the liquid fraction at depths of -40 and -80 

µm; they were 29  13% and 36  6%, which are in good agreement with the fractional coverage 

of 32 ± 7% measured at the ice surface. Channel widths at the two depths were 15  9 m and 16 

 6 m, which are also in excellent agreement with the width of 16  5 m measured at the 

surface at the same temperature. Two main conclusions can be drawn from these results: First, 
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that not all solutes are excluded to the ice surface; and second, that liquid channels extend 

throughout at least the top 100 µm of ice (and likely deeper). As shown in the SI, volume maps 

of frozen deionized water did not show any liquid at any depth, which indicates that the liquid 

observed in these experiments is due to the NaCl.  Additional volume maps can be found in the 

SI.  
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Figure 4.5. Image slices taken of a volume map for a 0.6M NaCl solution at -15.4°C.  The left-hand column shows 

slices along the x-y plane at 20 µm steps. The right-hand column shows images at the surface (along the x-y plane), 

as well as slices extending 100 m into the sample along the x-z and y-z planes.   
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4.4.2.2 0.02M NaCl 

Chloride’s concentration in seawater is 0.6M, but lower concentrations are observed in many 

environmental snowpacks. We acquired Raman maps of frozen 0.02M NaCl solutions, which 

corresponds to the chloride concentration reported in snow contaminated with road salt.43 Figure 

4.6 shows maps of the ice surface of a 0.02M NaCl solution at -15.0°C and -5.7°C.  There is 

clearly less liquid at the surface of the frozen 0.02M solutions than the 0.6M solutions, and the 

liquid that is present at the surface of the frozen 0.02M surfaces takes the form of isolated 

patches rather than channels. Surface coverages at -15°C and -5°C for the 0.02 M solution were 

8.9 ± 4.0% and 39 ± 11%, compared to 35 ± 9% and 85 ± 21% for the 0.6M solutions. Recall 

that at -5°C, 1.8% of the surface of frozen deionized water was covered in liquid; even 0.02 M 

NaCl has a significant effect on the surface liquid coverage. 

   

Figure 4.6. Surface map of 0.02M NaCl at (left) -15.0°C and (right) -5.7°C. 

Figure 4.7 shows volume maps of a frozen 0.02M NaCl solution at -15.5°C. Again, the 

amount of liquid is significantly lower than that in the 0.6M solutions. While the liquid in the 

0.6M frozen solutions formed channels throughout the ice bulk, this is largely not the case for the 

0.02M solutions. The degree of interconnection between different liquid regions is much lower 

in the 0.02M solutions.  Additional volume maps can be found in the SI.   
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Figure 4.7. Image slices taken of a volume map for a 0.02M NaCl solution at -15.5°C.  The left-hand column shows 

slices along the x-y plane at 20 µm steps. The right-hand column shows images at the surface (along the x-y plane), 

as well as slices extending 100 m into the sample along the x-z and y-z planes.   

 

 

 

4.4.2.3 Sargasso Sea Water 

 We acquired Raman maps of Sargasso Sea water to determine whether solutes other than 

NaCl affect the liquid content of frozen solutions under atmospherically relevant conditions. This 

work presents, to our knowledge, the first reported spatially-resolved analysis of the physical 
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properties of frozen sea water surfaces. Figure 4.8 shows a volume map of a frozen Sargasso Sea 

water solution at -15°C. Looking at the surface map, it is clear that liquid covers a significant 

fraction of the surface in the form of channels.  The surface coverage was 35 ± 4% for the 

Sargasso Sea water, which is the same as that measured at the surface of frozen 0.6M NaCl 

solutions at the same temperature (35 ± 9%). This suggests that NaCl is responsible for the 

majority of surface melting observed in sea ice, despite the presence of other solutes. As with the 

0.6M NaCl solutions, frozen Sargasso Sea water solutions showed significant liquid content well 

below the surface in the form of interconnected channels.  Additional volume maps can be found 

in the SI.   
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Figure 4.8. Image slices taken of a volume map for a Sargasso Sea Water solution at -15.6°C.  The left-hand column 

shows slices along the x-y plane at 20 µm steps. The right-hand column shows images at the surface (along the x-y 

plane), as well as slices extending 100 m into the sample along the x-z and y-z planes.   
 

 

 

4.4.3 Below the Eutectic Temperature 

 At temperatures below the eutectic (-21.1°C), the NaCl–H2O phase diagram predicts a 

combination of solid ice and solid salt (including the hydrohalite, NaCl.2H2O). Liquid water (or 

brine) is not expected to be present, although an NMR study reported the presence of liquid 
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water to temperatures as low as -45°C in frozen 0.5M NaCl solutions.3 Figure 4.9 shows surface 

maps of frozen NaCl and Sargasso Sea water solutions at approximately -31°C. At this 

temperature, we do not see any evidence of liquid (which would be represented in blue on the 

maps if it was detected). Instead, we see distinct regions of pristine ice and hydrohalite. The 

surface coverage of hydrohalite varied significantly between samples and ranged from 40 to 

100% for the 0.6M NaCl solutions and 45 to 80% for the Sargasso Seawater solutions. Coverage 

was much lower for the 0.02M NaCl solutions, ranging from 13 to 20%. At temperatures lower 

than the eutectic, the ice is opaque due to the presence of hydrohalite, and volume maps could 

not be obtained.   

(a) (b) (c) 

Figure 4.9. Surface map of (a) 0.6 M NaCl (-32.0°C), (b) Sargasso Sea Water (-29.5°C), and (c) 0.02 M NaCl (-

30.9°C).  Magenta is hydrohalite, black is ice, and blue is liquid aqueous solution.   

 

 

4.4.4 Near the Eutectic Temperature 

 We performed a series of experiments to investigate the transition between liquid brine 

and hydrohalite near the eutectic temperature using 0.6M NaCl solutions. For these experiments, 

the temperature was increased and decreased in small increments about the eutectic temperature, 

and Raman maps of the surface were acquired at each temperature. Figure 4.10 illustrates the 

amount of hydrohalite present at the ice surface at each temperature. The hydrohalite coverage 

remained constant at temperatures between -32 and -21.7°C. As the temperature increased to -

21.1°C, the extent of hydrohalite coverage decreased rapidly. Negligible hydrohalite was 
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detected at temperatures above the eutectic. After bringing the sample temperature up to 

approximately -15°C, we acquired surface maps of the same sample as the temperature was 

decreased incrementally. As we cooled the sample, we observed a reproducible hysteresis: 

hydrohalite was not observed until the temperature decreased below -22°C – a full degree lower 

than the eutectic temperature. This supercooling is likely due to the fact that hydrohalite 

formation requires the proper conformation of salt and water molecules. Similar hystereses are 

reported for several atmospheric processes such as the efflorescence of aqueous aerosols and the 

homogeneous freezing of water.44-46 This trend was consistent whether the solution was cooled 

slowly, or at a rapid rate (0.5°C/min or 0.5°C/s).   

 

Figure 4.10. Average fraction of the surface covered with hydrohalite as a function of sample temperature. Blue 

circles indicate increasing temperature, and red circles indicate decreasing temperature.  

 

Figure 4.11 shows the fraction of the ice surface covered by liquid at each temperature. 

The same hysteresis reported for hydrohalite formation is observed in these data. Whereas the 

surface coverage of hydrohalite was constant at temperatures below the eutectic, the liquid 

fraction increased with increasing temperature above the eutectic, as shown in Figure 4.11 and 

discussed above.  
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Figure 4.11. Fraction of the surface covered with liquid as a function of sample temperature. Blue circles indicate 

increasing temperature, and red circles indicate decreasing temperature.  

 

Figure 4.12 shows surface maps acquired at temperatures near the eutectic temperature. 

The transition from liquid brine to solid hydrohalite is evident both in the optical images and the 

Raman maps. At all temperatures investigated, hydrohalite and liquid were never observed 

simultaneously.  

  

  

             

Figure 4.12. Optical images and Raman maps of a 0.6M NaCl solution at -21.8°C and -18.7°C. Magenta is 

hydrohalite, blue is solution, and black is ice.   
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4.5 Atmospheric Implications 

 Except at temperatures very near the melting point, the ice surface is incompletely wetted 

at seawater salt concentrations, and incomplete wetting is observed at all temperatures at road 

salt concentrations. Volume maps have shown that not all solutes are excluded to the surface and 

are present at depths of at least 100 µm below the ice surface.  In addition, salt channels are not 

homogenous throughout the ice bulk.  At temperatures below the eutectic, liquid was not 

observed and hydrohalite covers large fractions of the ice surface, typically at greater coverage 

than the preexisting salt solution before it refroze.  These results have implications for the 

reactive environment presented by frozen saltwater solutions.   
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4.7 Supporting Information. Analysis performed to monitor the effect of the laser on the 

physical properties of ice; deionized water Raman maps; additional 0.6M NaCl, 0.02M NaCl, 

and Sargasso Sea Water maps at -15°C and -5°C as well as volume maps at -15°C; 0.6M NaCl 

Raman maps below eutectic temperature.   
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Appendix 

A1. Chapter Three Supplemental Information 

Pyrene is a fluorescing polarity probe.1  Local polarity can be determined from the ratio of 

intensity at 373 nm 393 nm (the I:III ratio).  This ratio increases with increasing polarity.  To 

determine whether FA reduced solution polarity, emission spectra of pyrene in deionized water 

in the presence and absence of 30 mg/L FA were acquired. As seen in Figure S1, 30 mg/L FA 

does not change the I:III ratio, which indicates that the polarity is not appreciably lowered.    

 

Figure S1. Emission spectra of pyrene in deionized water in the presence (solid black trace) and absence (dashed 

red trace) of 30 mg/L FA normalized to intensity at 373 nm.  Emission from FA has been subtracted. 
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Figure S2. Emission spectra of ~2  10-7 M anthracene in water, methanol, and octanol. Spectra have been offset for 

clarity.  

 

 

Figure S3. Anthracene fluorescence intensity fit to (a) first order and (b) second-order kinetics for photolysis of 

samples containing 6.3 × 10-8 M anthracene (black triangles) and 3  10-5 M anthracene (red circles). Fits to first and 

second order kinetics for the low concentration sample are 0.982 and 0.986, and fits to first and second order 

kinetics for the high concentration sample are 0.995 and 0.991. The reported fits are representative of the data set.  
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A2. Chapter Four Supplemental Information 

 To determine if the laser was having an influence on the surface of the ice, we obtained 

successive maps of frozen 0.6M NaCl solutions at -15 oC, -10 oC, and -5 oC. If the laser induces 

melting, we would expect the observed liquid surface coverage to increase with each consecutive 

map. This was not observed. The measured surface coverage varied by up to 3.6% between 

consecutive map acquisitions, and by up to 4.5% between maps acquired for any given sample. 

The measured liquid surface coverage for consecutive maps acquired using 5 m steps were the 

same within experimental uncertainty as those acquired using 3 m steps, which offers further 

evidence that surface melting by the laser did not introduce artefacts in our experiments. 

 

 

 

   

   

Figure S1. Raman maps of 0.6M NaCl taken above the eutectic temperature.  The top row was performed at -

15.3°C, -15.4°C, and -15.4°C respectively.  The images immediately below the map correspond to the same area 

warmed to a -5.6°C, -5.4°C, and -5.1°C respectively.   
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Figure S2. Raman maps of 0.02M NaCl solution maps in the top row were taken at -15.0°C, -15.1°C, and -15.5°C.  

The bottom row corresponds to the same area in the top row warmed to temperatures of -5.7°C, -4.9°C, and -5.5°C 

respectively.  The amount of solution coverage increase accordingly, but never enough to completely wet the 

surface.   

 

   

Figure S3. Raman maps of Sargasso Sea Water obtained at -15.5°C.   

 

 

   

Figure S4. Raman maps of 0.6M NaCl indicating the presence of hydrohalite.  Maps were taken at -27.9°C, -

31.9°C, and -29.6°C 
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Figure S5. 0.6M NaCl Raman maps taken just above the eutectic temperature.  Maps were obtained at temperatures 

of -20.8°C, -20.6°C, and -20.8°C respectively.   

 

   

   

Figure S6. Deionized water maps.  The top row represents map’s at -15.7°C, -15.5°C, and -15.5°C.  The Raman 

maps in the bottom row were all taken at -4.5°C.  The surface coverage by liquid solution came to 1.8±0.7% upon 

analysis, indicating that even at temperatures closest to water’s melting point, the presence of solution at the surface 

is due primarily to chloride ions.   
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Figure S7. Volume maps of deionized water. All maps were performed at -17.5°C.  The lack of liquid water visible 

indicates that chloride ions are responsible for its presence in salt solutions.   
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Figure S8. Volume maps of 0.6M NaCl. Both maps were performed at -15.5°C.   

 

 

 

 

  
 

Figure S9. Volume maps of 0.02M NaCl. The map on the left was performed at -15.6°C and the map on the right 

was performed at -15.2°C.   

 

 

 

 

  
 

Figure S10. Volume maps of Sargasso Sea Water. The map on the left was performed at -15.2°C and the map on the 

right was performed at -15.7°C.   
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