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SUMMARY

The primary focus of this research is to investigate non-thermal processes occur-

ring on ice surfaces and the photo-ejection of ions from liquid surfaces. Processes at

the air-water/ice interface are known to play a very important role in the release of

reactive halogen species with atmospheric aerosols serving as catalysts. The ability

to make different types of ice with various morphologies, hence, different adsorption

and surface properties in vacuum, provide a useful way to probe the catalytic effect

of ice in atmospheric reactions. Also, the use of the liquid jet technique provides

the rare opportunity to probe liquid samples at the interface; hitherto impossible to

investigate with traditional surface science techniques.

In Chapter 2, the effect of ice morphology on the release of reactive halogen species

from photodissociation of adsorbed organic halides on ice will be presented. Quantum

state resolved measurements of neutral atomic iodine from the photon irradiation of

submonolayer coverages of methyl iodide adsorbed on low temperature water ice were

conducted. Temperature programmed desorption (TPD) studies of methyl iodide

adsorbed on ice were performed to provide information on the effect of ice morphology

on the adsorption of submonolayer methyl iodide.

The interaction and autoionization of HCl on low-temperature (80–140 K) water

ice surfaces has been studied using low-energy (5–250 eV) electron-stimulated desorp-

tion (ESD) and temperature programmed desorption (TPD). A detailed ESD study

of the interactions of low concentrations of HCl with low-temperature porous amor-

phous solid water (PASW), amorphous solid water (ASW) and crystalline ice (CI)

surfaces will be presented in Chapter 3. The ESD cation yields from HCl adsorbed
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on ice, as well as the coverage dependence, kinetic energy distributions and TPD

measurements were all monitored.

Probing liquid surface using traditional surface science technique is usually diffi-

cult because of the problem of keeping the liquid surface clean and the distortion of

information by the interference of equilibrium dense vapor above the liquid. By using

the liquid jet technique the ejection of ions from surface of micron sized liquid can

be adequately probed with a linear time-of-flight mass spectrometer. The photoion-

ization of pure water and aqueous solutions of NaOH, NaCl and HCl is presented in

Chapter 4. The aim of this investigation was to provide a fundamental understanding

of the structure of water/vacuum interfaces. In Chapter 5, the ejection of ions from

salt solutions containing divalent cations is also presented. The goal of the experiment

was to figure out the solvation structure and reaction dynamics of divalent metal ions,

M2+ on the surface of aqueous solution. A lot of work has been done in the gas phase

either by a pickup-type cluster source or by collision induced dissociation of ejected

ions from electrospray. For the first time the direct monitoring of ions ejected from

liquid into gas phase is explored. Possible ejection mechanisms for the ejection of

cations are discussed extensively in both Chapters 4 and 5.

The results presented in this thesis is a combination of experiments performed at

the Georgia Institute of Technology and the Pacific Northwest National Laboratory

(PNNL) which includes experiments on ice and micro-jet respectively. The results

in Chapters 2 and 3 have been submitted to the Journal of Chemical Physics and

the Journal of Physical Chemistry respectively. It is important to note that the data

presented in Chapter 3 was originally taken by Dr Janine Herring-Captain as part of

her thesis work. It is also presented in this thesis due to effort in analyzing the data

and preparation of the submitted manuscript. Chapter 4 and 5 represents papers

which will also be submitted for publication in the open scientific literature. All the

work leading to the results presented in these two chapters were done during my

xiv



visit to PNNL and I would like to acknowledge that the instrumentation and data

acquisition were done in collaboration with Nikolai Petrik and Greg Kimmel.

xv



CHAPTER I

INTRODUCTION

Heterogeneous processes on both ice [1-4] and liquid water interfaces [5] play very

important roles in atmospheric chemistry. Important atmospheric reactions such as

the hydrolysis of SO2 [6-8] and the reaction of ClONO2 with HCl [9] occur on the

surfaces of atmospheric aerosols. The presence of atmospheric surfaces such as polar

stratospheric clouds (PSCs) provide alternative reaction pathways compared to the

gas phase for the photolysis of chlorine-containing species involved in stratospheric

ozone depletion.[10] Reactive halogen species involved in tropospheric ozone deple-

tion episodes during Polar Sunrise are also known to be formed from either adsorbed

halogenated hydrocarbon on ice surfaces or sea salt aerosols. [11] For all of the afore-

mentioned reactions and other relevant atmospheric reactions, the reactivity of gases

is strongly influenced by the surface properties of the ice and liquid aerosols. How-

ever, despite the ease of obtaining information on the bulk properties (such as pH and

solute concentration) of multiphase systems found in the atmosphere, developing a

model surface with well defined composition and structure is always difficult. Studies

of reactions on both ice and liquid surfaces at ambient conditions are usually compli-

cated by the rapid desorption and adsorption processes due to the high evaporation

rates at the surface. To develop a better understanding and improve modeling of sev-

eral atmospheric relevant reactions, it is important to develop laboratory techniques

that provide an opportunity to investigate non-thermal reactions on both ice and liq-

uid surfaces. The focus of this research is to investigate the adsorption of molecules,

solvation of ions and the non-thermal processes at the surfaces of ice and aqueous

solutions.
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1.1 Low temperature studies of ice

Quantitative understanding of how the air-ice interface influences important atmo-

spheric reactions is critical in developing relevant models for the prediction of impor-

tant global atmospheric changes. Low temperature ice studies provide insight into

the interactions of adsorbates on ice surfaces.[12] The decrease in evaporation rates

of the ice permits detailed investigations of how the bulk properties of ice affects

the interaction of molecules on its surface, albeit at temperatures lower than that

observed in the atmosphere. Extensive studies have been done on the reactions of

atmospheric relevant molecules on water ice at low temperature in ultrahigh vacuum

(UHV) conditions. These interactions on ice have been investigated using different

techniques such as temperature programmed desorption (TPD),[13-15] electron stim-

ulated desorption (ESD),[16] X-ray photoelectron spectroscopy (XPS) [17, 18] and

reflection absorption infrared absorption spectroscopy (RAIRS). [19, 20]These stud-

ies show that the adsorption, bulk diffusion and desorption of adsorbed molecules

depend largely on the morphology of the ice substrate.

Ice grown in vacuum can exist in different structural forms depending on the

temperature of the cold substrate.[21] Deposition of water vapor at substrate tem-

peratures below 130 K results in the formation of low density porous amorphous

ice (PASW) while dosing water vapor at higher temperatures (≥130 K) results in

formation of amorphous solid water (ASW). Another form of ice, crystalline ice, is

formed by dosing water vapor at temperature ≥ 140 K. Porous amorphous solid water

(PASW) and amorphous solid water (ASW) grown at 90 K and 130 K, respectively,

are both used in this study. The PASW, unlike ASW, is known to be porous with a

high density surface defects that facilitate trapping of adsorbates in the bulk of the

ice films.[22]

The adsorption, desorption and photodissociation dynamics of alkyl halides on the

surface of ice are relevant to the understanding ozone depletion episodes in both the

2



stratosphere and marine boundary layers. The investigation of organic compounds

such as alkyl halides adsorbed on the surface of ice films in ultrahigh vacuum envi-

ronments provide information on the various degree of interaction of the adsorbate

molecules with dangling OH bonds on the surface of ice.[20] Previous studies also

reveal the effect of ice morphology on the photochemistry of trapped alkyl halides

in ice. [14] These alkyl halide molecules are weakly bound to the surface of the ice

because of the dipole-dipole coupling between the alkyl halide molecules and the wa-

ter molecules. As shown in Chapter 2, the reactive halogen species released during

photon irradiation depend on the interactions of the adsorbed alkyl halide molecules

with the ice surface.

PSC surfaces are known to create reaction pathways that enhance ozone depletion

episodes in the stratosphere.[10] A critical unknown factor in these reactions is the

extent of ionization of HCl molecules adsorbed on PSC. Kang et al. used reactive ion

scattering (RIS) and low energy secondary ion mass spectrometry (SIMS) to measure

the extent of ionization as a function of temperature and found mostly molecular HCl

at temperatures below 70 K, a mixture of the ionized and molecular forms of HCl from

90–120 K, and complete ionization above 140 K.[23] Molecular beam experiments [24]

and temperature programmed desorption (TPD) [25-28] have found two types of HCl

adsorption at temperatures between 100–170 K, assigned as molecular HCl adsorption

and a second ionized or hydrated species. Spectroscopic studies shows evidence of

complete ionization at 80 K on ice films,[29, 30] while others report molecular bands

that exist up to 125 K.[31] In addition, the kinetics and rate of adsorption of HCl

on ice have been investigated as function of the ice phase.[32] Despite these reported

findings, the controversy surrounding the molecular and ionic states of HCl on ice

still prevails and extensive work is required to understand the chemical state of HCl

on ice.
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1.2 Probing liquids in vacuum

Unlike probing reactions on ice surfaces, investigating air/liquid interfaces present

several challenges. This is because traditional surface science techniques require an

ultra high vacuum environment to prevent distortion of information due to interfer-

ence from equilibrium vapor above the liquid surface during data acquisition. In order

to circumvent this problem, Faubel et al. developed the liquid jet technique for intro-

ducing a continuous micron-sized liquid jet in vacuum.[33-35] The liquid jet technique

also facilitates the direct study of continually renewed liquid surfaces in high vacuum,

thereby preventing the constant changing of the properties and composition of the

liquid surface due to the aging process (diffusion of impurities or liquid constituent).

With the liquid jet technique, traditional surface science techniques such as ultravi-

olet photoelectron spectroscopy (UPS) [36-38] and X-ray spectroscopy (XPS) [39-41]

have been use to investigate liquids in an ultrahigh vacuum environment. The liquid

jet technique is also valuable for laser ionization of liquid surfaces in vacuum, and

has been employed to examine the gas-liquid interface of organic solutions. [42-45]

Monitoring ejected ions from UV laser ionization of liquid jets with time of flight

mass spectrometry was pioneered by Kondow and co-workers.[44] However, this body

of work was done exclusively on solutions of relatively high concentration and on or-

ganic solvents. The primary focus of this research is to investigate the photo-ejection

of ions from pure water and aqueous salt solutions. In particular, the ions ejected

during laser irradiation (λ = 193 nm) of liquid jet containing aqueous solutions of

NaCl, NaOH, HCl and MCl2 (M=Mg2+, Ca2+, Sr2+ and Ba2+) were monitored using

a linear time-of-flight mass spectrometer.
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CHAPTER II

PHOTODISSOCIATION OF METHYL IODIDE

ADSORBED ON LOW-TEMPERATURE AMORPHOUS

ICE SURFACES

2.1 Introduction

Extensive work has been done on photodissociation studies of both gas phase [46-54]

and adsorbed methyl iodide (CH3I) on different solid substrates.[55-64] This wealth

of information, and the recent discovery of iodine containing organic compound as

the source of reactive halogen species during the ozone depletion processes,[11] has

renewed interest in the investigation of photodissociation studies of methyl iodide

adsorbed on ice. The surface enhanced catalytic effect of ice (snow) during ozone

depletion is believed to be the long sought link in understanding the mechanism

involved in the initial release of reactive halogen species.[65] However some questions

remain unresolved, the possible mechanism for the direct release of reactive halogen

species involved in ozone depletion episodes at polar sunrise is not fully understood.

Other questions include the quantum yield of these reactive halogen species and how

factors like radiation and ice morphology affect the uptake and release of reactive

halogen species.

The present study is designed to provide information on the state resolved mea-

surement of the ground state I(2P3/2) and excited state I(2P1/2) photofragments re-

leased during photodissociation of methyl iodide adsorbed on ice. With the present

experimental setup, wavelengths within (290 nm) and outside (260 nm) the actinic

flux are used to irradiate the CH3I adsorbed on ice. TPD is used to probe the general

structure and coverage of methyl iodide adsorbed on ice.
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2.2 Experimental Details

The UHV chamber used is shown in Figure 2.1 and operates at a base pressure of

5.0×10−10 Torr and it is equipped with a rotatable, polycrystalline zirconia substrate

(99.94 % purity) and a dosing system consisting of two leak valves coupled to a dif-

ferentially pumped dosing manifold. The chamber is equipped with a linear time of

flight mass spectrometer (ToF-MS) for neutral atomic and molecular fragment de-

tection using resonance enhanced multiphoton ionization (REMPI). The system is

also equipped with and a quadrupole mass spectrometer (QMS) to analyze desorbing

species during temperature programmed desorption (TPD) analysis. The tempera-

ture of the zirconia substrate can be varied from 90 K to 900 K via liquid nitrogen

cooling and resistive heating. The temperature is monitored with a type-K thermo-

couple attached to the substrate.

Prior to deposition, de-ionized water was subjected to several freeze-pump-thaw

cycles. High purity (99.5 %) CH3I was also passed through liquid nitrogen traps to

remove any possible condensable contaminants. To prevent mixing of the adsorbates

before deposition, two separate effusive dosing systems were used for dosing interested

gases into the vacuum chamber. The surface of the polycrystalline zirconium sub-

strate is cleaned by flash heating to 900 K and then cooling back down to 90 K. This

annealing process removes any chemisorbed iodine atoms and other contaminants

from the surface of the substrate. All experiments were done with approximately

50 ML of ice, assuring that interactions associated with the polycrystalline zirconia

substrate are removed or minimized. The 50 ML of ice were deposited by background

dosing water vapor at 5.0×10−8 Torr for 17 minutes with a backing pressure of ap-

proximately 1 Torr. Methyl iodide was adsorbed on porous amorphous solid water

(PASW) grown at 90 K and on amorphous solid water (ASW) grown at 130 K. The

ice temperature was then kept at 90 K to achieve a sticking coefficient close to unity

for CH3I and submonolayer coverages were deposited by dosing the vapor at 1×10−8
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Torr for 10 seconds. For TPD experiments, the substrate was heated linearly using a

rate of 3 K/s and the desorbing neutrals were monitored by QMS.

Figure 2.1: Schematic of UHV chamber designed at the Georgia Institute of Tech-
nology.

For the state resolved measurements, a plume of neutrals are created by irradiating

the methyl iodide adsorbed on ice with either a 290 or 260 nm laser beam generated

by frequency doubling the output of a Nd:YAG (yttrium aluminum garnet) master

oscillator power oscillator (MOPO) with a barium borate (β-BBO) doubling crystal.

To ensure a single photon process, a defocused laser beam ( 6 µJ/pulse) was used to

irradiate the sample. Both ground and excited state atomic iodine species can then

be detected by focusing a tunable pulsed laser beam (∼1 mm) above and parallel to

the surface as shown in Figure 2.2. The ground state I(2P3/2) and excited state of

neutral iodine I(2P1/2) were detected using the I (6p[3]5/2 ←− 5p2P3/2) at 304.67 nm
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and I(6p[1]3/2 ←− 5p2P1/2) at 305.57 nm (2+1) REMPI schemes, respectively.[66]

The laser wavelength required for this detection scheme was generated by frequency

doubling the output of a Nd:YAG pumped dye laser with a potassium dehydrate

phosphate (KDP) crystal. The typical pulse energies were ∼1.5 mJ/pulse.

Figure 2.2: Diagram of the REMPI-Time-of-flight mass spectrometer experimental
setup with the pulse sequence of both the desorption and ionization (REMPI) laser.
This setup was used to detect neutral iodine atoms released during the photodissoci-
ation of adsorbed methyl iodide on ice.

TPD studies of CH3I adsorbed on ice were performed in the same UHV chamber to

provide information on the coverage and the affect of ice morphology on the adsorption

of submonolayer CH3I.Using the REMPI scheme described above, the quantum state

resolved velocity distribution of the desorbing neutral iodine photofragments was

detected by varying the delay time between the photodissociating laser pulse and the
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ionization laser pulse as shown in Figure 2.2. This technique was use for determining

the quantum states of iodine. All velocity distributions reported were acquired at 200

ns delay increments.

2.3 Results

2.3.1 Temperature programmed desorption of 0.1 ML CH3I on ice

Figure 2.3a shows TPD spectra of 0.1 ML CH3I adsorbed on PASW with three des-

orption states at 120 K, 150 K and 160 K. For methyl iodide adsorbed on ASW, the

TPD spectrum (Figure 2.3b) shows one desorption state at 120 K. A comparison of

the two TPD spectra shows that in case of ASW, all methyl iodide desorbed before

water. In both cases, the desorption state corresponding to multilayer formation at

130 K is negligible.[16] At this coverage, this implies that there is limited amount of

clustering of the methyl iodide molecules on the surface of ice. However, in the case

of PASW it appears that the CH3I may adsorb into the pores and possibly become

trapped. To test this, the TPD of CH3I deposited on a 25 ML film of PASW and

then capped with a 25 ML overlayer of PASW is shown in figure 2.3c. The trapped

methyl iodide in 50 ML of PASW has the same desorption states at 150 K and 160

K as methyl iodide adsorbed on PASW, however, no feature was observed at 120

K. The feature at 150 K corresponds to rapid release of trapped CH3I during the

crystallization of amorphous ice. This molecular volcano effect has been described in

detail by others using trapped CCl4 in ice.[67] As shown in Figure 2.3d, the small

feature in the CH3I TPD at 160 K corresponds to the desorption of amorphous ice.

9



Figure 2.3: Temperature programmed desorption of 0.1 L CH3I adsorbed on a) 50
ML of PASW ice b) 50 ML of ASW ice c) trapped between two 50 ML layers of
PASW ice. The lower spectrum (d) represents the TPD of 50 ML of PASW ice. The
heating rate for all TPD spectra was ∼3 K s−1. CH3I was detected as m/z=142 for
all spectra while H2O was detected as m/z=18.

2.3.2 Photodissociation of methyl iodide adsorbed on ice

A typical time-of-flight mass spectrum obtained from ionization of neutral atomic or

molecular iodine released after laser irradiation of adsorbed CH3I on ice is shown in
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Figure 2.4. Both ground state I(2P3/2) and excited state I(2P1/2) iodine photofrag-

ments were observed using both 260 and 290 nm photodissociation wavelengths. Typ-

ically, these were the only products detected using the 304.67 and 305.57 nm REMPI

wavelengths. However as shown in Figure 2.4 , for the case of CH3I adsorbed on

ASW, formation of I2 was also detected as I2
+ via non-resonant ionization. The I2

+

formation is referred to as non-resonance because the signal is independent of the

wavelength of the ionization laser. In other words, the I2
+ signal observed by using

304.67 nm REMPI wavelength is also observed when a non-resonant wavelength (for

example 305 nm) is used. It is important to point out that the non-resonant I2
+ yield

is approximately two times higher when 260 nm is used for dissociation compared to

290 nm (data not shown).

Figure 2.4: Representative TOF mass spectra for iodine photofragments from CH3I
adsorbed on a) PASW and b) ASW. Spectra were taken with a 3 µsec interval between
the dissociation laser (λ = 290 nm) and REMPI laser. Non-resonant production of
I2

+ is observed only when CH3I is adsorbed on ASW.
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The time of flight distribution (ToF) for I(2P3/2) and I(2P1/2) photofragments

obtained during photodissociation are shown in Figures 2.5 and 2.6 respectively. The

time-of-flight spectra have been normalized for the sake of comparison and have been

fit using the Maxwell-Boltzmann expression

I(t) = C1t
−3exp

[
− m

2kT1

d2

t2

]
+ C2t

−3exp

[
− m

2kT2

d2

t2

]
(1)

The fitting procedure to this Maxwell-Boltzmann expression has been previously

described in [68]. The time-of-flight data is fit to multiple components where C1 and

C2 are proportionality constants, T1 and T2 are the effective temperatures, m is the

mass of the desorbing neutral fragment, d is the distance from the surface to the laser

beam, k is the Boltzmann constant, and t is the delay time between the electron beam

and laser beam. Though the fits in figures 2.5 and 2.6 to multiple distributions are

not unique, these empirical fits demonstrate the complexity of the photodissociation

event and subsequent desorption trajectories. The least number of distributions was

employed to yield the best overall fit to the experimental spectra.
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Figure 2.5: Summation of multiple Maxwell-Boltzmann distributions (solid line) fit
to I(2P3/2) TOF data for 0.1 L CH3I adsorbed on 50 ML of a) ASW and b) PASW.
Laser light with 290 nm (top panel) and 260 nm (bottom panel) wavelength was used
to irradiate the surface. The dotted lines represent the thermal Maxwell-Boltzmann
distribution with an effective temperature of 90 K. The dashed lines represent ener-
getic nonthermal components.
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Figure 2.6: Summation of multiple Maxwell-Boltzmann distributions (solid line)
fit to I(2P1/2) TOF data for 0.1 L CH3I adsorbed on 50 ML of a) ASW and b)
PASW. Laser light with 290 nm (top panel) and 260 nm (bottom panel) wavelength
was used to irradiate the surface. The dashed lines represent energetic nonthermal
components. Unlike I(2P3/2) TOF data, the dotted lines that represent the thermal
Maxwell-Boltzmann distribution is absent.

Photodissociation (290 nm) of CH3I on ASW produces I(2P3/2) with an energetic

nonthermal component corresponding to an effective temperature of 12500 K ( 1.6

eV) with intermediate components at 1550 K (0.2 eV) and 380 K (0.05 eV) and a

slow component at 90 K (0.01 eV). Photodissociation (290 nm) of CH3I adsorbed on
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PASW (figure 2.5b) yields a fast component 12500 K (1.6 eV) as well as intermediate

distributions at 2000 K (0.25 eV) and 750 K (0.09 eV). Photodissociation of CH3I

adsorbed on ASW (figure 2.5c) using 260 nm photons yields a ToF distribution with an

energetic nonthermal component at 19500 K (∼2.5 eV) and intermediate components

at 1900 K (∼0.25 eV) and 400 K (∼0.05 eV). 260 nm photodissociation of CH3I

adsorbed on PASW (figure 2.5d) yields a fast component 19500 K (∼0.25 eV) and

intermediate components of 2300 K (∼0.3 eV) and 500 K (0.06 eV). The thermal

Maxwell-Boltzmann distribution is only observed with I(2P3/2) photofragment when

CH3I is adsorbed on ASW. The effective thermal temperature (90 K) is represented

by dotted lines.

The I(2P3/2), the I(2P1/2) time of flight distribution for CH3I adsorbed on either

PASW or ASW are composed of only nonthermal components. As shown in figure

2.6, the ToF distribution can be fitted using at most three Maxwell-Boltzmann distri-

butions. With 290 nm, CH3I adsorbed on ASW (Figure 2.6a) has a highly energetic

nonthermal component with an effective temperature of 11500 K (∼1.5 eV) and inter-

mediate components of 2600 K (∼0.34 eV) and 600 K (0.08 eV). For CH3I adsorbed

on PASW (Figure 2.6b), the highly energetic nonthermal component is 7000 K (∼0.9

eV) with an intermediate nonthermal component of 1800 K (∼0.23 eV). When 260

nm photons are used to irradiate the methyl iodide, the nonthermal component of

the ToF distribution is the same for both ASW (Figure 2.6c) and PASW (Figure

2.6d). The highly nonthermal component is 7200 K (∼0.93 eV) and the intermediate

nonthermal components are 1650 K (∼0.21 eV) and 550 K (∼0.07 eV).

The ToF data can be summarized as follows: 1) The I(2P3/2) and I(2P1/2) distri-

butions for CH3I adsorbed on either ASW or PASW surfaces have fast nonthermal,

intermediate, thermalized and slow components using both 290 and 260 nm excitation

wavelengths; 2) The relative contribution of nonthermal velocities is much higher for

the I(2P1/2) relative to I(2P3/2) fragment using both 290 and 260 nm excitation; 3)
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the ToF distributions are generally narrower for CH3I adsorbed on PASW relative to

ASW; and 4) the ToF distributions are generally faster and narrower using 260 nm

excitation.

The ToF distributions for the non-resonant I2
+ signal observed during 290 and

260 nm photodissociation of CH3I adsorbed on ASW is shown in Figure 2.7. The I2
+

signals were detected using 305 nm as well as the 304.67 and 305.57 nm I(2P3/2) and

I(2P1/2) REMPI wavelengths.

Figure 2.7: Maxwell-Boltzmann distributions fit to non-resonant I2 TOF data for
0.1 L CH3I adsorbed on ice grown at 130 K (ASW) for both 290 nm and 260 nm.

The ToF distributions at 290 nm (open circles) and 260 nm (solid circles) are

fit with to two Maxwell-Boltzmann distributions (dotted lines) that have a highly

energetic nonthermal component with an effective temperature of 5500 K (∼0.71 eV)
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for both wavelengths and intermediates component with effective temperatures of

1500 K (∼0.19 eV) for 290 nm and 1300 K (∼0.17 eV) for 260 nm. The atomic and

molecular iodine ToF data is compiled and presented in Table 2.1.

Table 2.1: Effective temperature of Maxwell Boltzmann distribution with corre-
sponding translational kinetic energy.

λ(nm) Ice type Photofragment Non-thermal Intermediate Slow Thermal
T(K),(eV) T(K),(eV) T(K),(eV) T(K),(eV)

290

I(2P3/2) 12500,(1.62) 1550,(0.2) 380,(0.05) 90,(0.01)
ASW I(2P1/2) 11500,(1.49) 2600,(0.34) 600,(0.08)

I2 5500,(0.71) 1500,(0.19)
I(2P3/2) 12500,(1.62) 2000,(0.26) 750,(0.1)

PASW
I(2P1/2) 7000,(0.90) 1800,(0.23)

260

I(2P3/2) 19500,(2.52) 1900,(0.25) 400,(0.05) 90,(0.01)
ASW I(2P1/2) 7200,(0.93) 1650,(0.21) 550,(0.07)

I2 5500,(0.71) 1300,(0.17)
I(2P3/2) 19500,(2.52) 2300,(0.30) 500,(0.06)

PASW
I(2P1/2) 7200,(0.93) 1650,(0.23) 550,(0.07)

In summary, photodissociation of adsorbed CH3I shows the following important

differences relative the gas-phase: 1) The yields of the I(2P3/2) and I(2P1/2) frag-

ments are similar using both 260 nm and 290 nm; 2) The kinetic energies of these

photofragments are substantially higher than those produced in the gas-phase; 3) The

production and release of I2 is a significant product channel.

2.4 Discussion

2.4.1 Structure of methyl iodide adsorbed on ice and the effect of ice
morphology

The temperature programmed desorption (TPD) of 0.1 ML of CH3I adsorbed on

either ASW or PASW is similar to that of CCl4 adsorbed on the same type of ice.[69]

The feature at 120 K, shown in Figure 2.3, represents the desorption of isolated

CH3I monomers from the ice surface. At the low coverage used in this study, the

multilayer desorption feature (130 K) is negligible for ASW and completely absent for
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PASW. This indicates that CH3I molecules are primarily isolated on both ice surfaces,

implying that there is very limited molecule-molecule (i.e CH3I:CH3I) interaction.

The effect of ice morphology on the desorption of CH3I can also be deduced from

the TPD data. For CH3I adsorbed on ASW, the CH3I exists in the form of two

dimensional islands.[70] The absence of the multilayer desorption state (∼130K) in

the TPD data indicates only the desorption of free monomers of CH3I from the ASW

ice surface. However, according to previous studies done on adsorption of CCl4 on

ice,[22] the porosity of PASW ice could lead to the formation of three dimensional

CH3I clusters trapped in the near surface region of the ice. When CH3I is deposited

on PASW, the micropores are filled before the CH3I proceeds to form 2 dimensional

islands as observed on ASW ice. The trapped CH3I molecules are released at a much

higher temperature (150 K) as shown in Figure 2.3a due to the restructuring of the

ice. CH3I trapped in 50 ML of PASW had TPD features at 150 K and 160 K that

were similar to that of CH3I adsorbed on PASW. The rapid release observed at 150

K has previously been reported and attributed to the phase transition of ice, in this

case from amorphous to crystalline ice.[67] The overlap of the CH3I desorption peak

at 160 K and the TPD peak of H2O suggests that not all trapped CH3I molecules

escape into the gas phase during the phase transition from amorphous to crystalline

ice. These remaining CH3I molecules are trapped at the grain boundaries in the bulk

crystalline ice and desorbed simultaneously with the crystalline ice (Figures 2.3a,c).
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Figure 2.8: Desorption pathways of CH3I from amorphous solid water (ASW) and
porous amorphous solid water (PASW) ice from amorphous.

2.4.2 Electronic Structure of CH3I and adsorbed CH3I

The electronic structure and gas phase dissociation of CH3I in the A band (320 nm <

λ > 210 nm) has been widely studied.[71] Photodissociation of CH3I in the A band

involves overlapping Frank Condon transitions to three excited states,3Q1,
3Q0 and

1Q1 (Mulliken’s notation). It has been shown that the 3Q0 correlates asymptotically

with the I (2P1/2 ) state while the 1Q1 and 3Q1 correlate with the I(2P3/2). However, as

shown in Figure 2.9, molecules that are photoexcited to the 3Q0 state can mix with the

1Q1 states corresponding to the ground spin-orbit state I(2P3/2). Previous gas phase

dissociation studies show that the system curve crosses over the 1Q1 curve with about

25 % probability,[72] and according to figure 2.8, 260 nm excitation photodissociation

of gas phase CH3I should yield predominantly I(2P1/2).
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Figure 2.9: Schematic one-dimensional potential energy diagram involved in CH3I
A-band photodissociation. Gas phase A-band photo-excitation occurs primarily from
the ground state to 3Q0 excited state, however, due to spin-orbit coupling the 3Q0

state mixes with the 1Q1 state at the curve crossing.

Though this is not shown in figure 2.9, CH3I can also dissociate at lower energies

via a well known process known as dissociative electron attachment. This involves an

inelastic scattering event with a low-energy electron typically produced by excitation

of the underlying metal substrate. DEA can yield both I and CH3 fragments with

non-thermal energy distributions. However, the present study was carried on a 50

ML thick layer of ice, thereby eliminating the effects due to the underlying polycrys-

talline zirconia substrate. Also, the bulk band gap of the polycrystalline zirconia (>5

eV)[73] is larger than the incident energy of the laser (4.28 or 4.77 eV). Therefore the

photodissociation of adsorbed CH3I by single photon-induced electron attachment

can be considered largely eliminated.
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The excited electronic states (3Q1,
3Q0 and 1Q1) which contribute to the A band

dissociation of CH3I involves transitions from the lone pair of the iodine to the anti-

bonding carbon-iodine orbital. Due to surface interactions, the p-orbitals of adsorbed

CH3I molecules are not degenerate since the pz orbital is lowered by the surface bind-

ing energy (∼0.6 eV) thereby shifting the 3Q0 state higher in energy.[74] Therefore

when CH3I is adsorbed and oriented towards the ice water molecules, the electronic

coupling of the pz orbital can reduce the initial accessibility of the 3Q0 state.

2.4.3 Photodissociation mechanism

There are two possible pathways by which atomic iodine can be formed. An atomic

iodine photofragment can be formed by photodissociation of photodesorbed CH3I or

photodissociation of CH3I adsorbed on ice. Ice is transparent at the two wavelengths

used [75] and most of the incident photons are absorbed by the polycrystalline zirconia

substrate. With a laser fluence of ∼300 µJ/cm2 and a pulse width of 10 ns the

calculated maximum average temperature rise is insufficient to induce any appreciable

thermal desorption.

The observed difference in the photodissociation dynamics of adsorbed CH3I on

ice surface compared to gas phase is controlled by the coupling of the adsorbate to the

surface and the iodine photofragment velocity and orientation. The predominance of

the lower spin state can be understood in terms of the above mentioned substrate

and orientation induced state-mixing.[76]. The 0.6 eV surface induced higher energy

shift of the 3Q0 state clearly inhibits the direct accessibility of the 3Q0 state. Since

the 3Q0 asymptotically correlates to the I(2P1/2) product, the inability to directly

populate this state reduces the I(2P1/2) production probability to only trajectories

that cross with the directly accessible 1Q1 surface.

The reduction of the I(2P1/2) signal compared to gas phase may also be explained

if the I(2P1/2) photofragment scatters into the ice and remains trapped or undergoes a
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non-spin conserving collision with the ice. This implies that surface photodissociation

produces I(2P1/2) with a smaller recoil velocity relative to I(2P3/2).[77] In addition

to the change in the spin-state distribution, the results presented here show a devi-

ation from the kinematics of the gas-phase photodissociation of CH3I. For example,

the maximum available energy of the iodine fragment monitored at 260 and 290 nm

wavelength should be ∼0.24 eV due to conservation of energy during photodissocia-

tion and the mass ratio between methyl (m/z 15) and iodine (m/z 127).[78] Figure

3 shows non-thermal components as high as 2.5 eV for the I(2P3/2) fragment from

photodissociation of CH3I adsorbed on ASW at 260 nm. Heavy halogen photofrag-

ments (bromine and iodine) with high velocities that are in excess of those expected

from gas phase photodissociation have been previously reported.[79] Unlike the light

fragment of the photodissociation process (methyl m/z = 15), heavy fragments [Br

(m/z = 79) and I (m/z = 127)] are known to violate conservation of momentum.[72]

Cowin and coworkers explained this deviation from gas phase photolysis in terms of a

simple dynamic model in which light methyl fragments transfer some of their trans-

lational energy to the heavy halogen fragments.[80] The intermediate components

of the energy distributions presumably belong to iodine atoms that suffer collisions

before escaping into the vacuum at different trajectories.

The ground state iodine fragment I(2P3/2) that has fully thermalized with the

ice substrate is only observed when CH3I is adsorbed on ASW (Figures 2.5a and

2.5c). In contrast, CH3I adsorbed on PASW shows no contribution from iodine atoms

that have equilibrated with the ice substrate before escaping (thermal temperature

90 K). As explained in Section 2.4.1, the presence of pores in PASW could either

make the trapped CH3I molecule unavailable for photodissociation or trap iodine

photofragments formed during photodissociation within the ice substrate.

The spin state population and broad kinetic energy distribution of iodine photofrag-

ments observed provides a strong evidence for different orientations of the adsorbed
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CH3I molecules on ice. Though the present experimental setup can not distinguish

whether the preferred orientation is CH3I molecules adsorbed with iodine atoms up or

down or with the C–I bond lying parallel on the ice surface, previous theoretical calcu-

lations and experiments of methyl iodide adsorbed on insulators like LiF [81-83] and

MgO [77] surfaces predict a perpendicular orientation with the halogen atoms point-

ing down. Since we are working at low CH3I coverage (i.e. where cluster formation

and dipole-dipole coupling is minimal), the trajectory of the iodine photofragments

must be directed towards the surface before escape. As discussed below, they can

also react to form I2.

2.4.4 I2 formation and release

I2 is produced during the photodissociation of adsorbed CH3I on ASW. A similar

signal is not observed for CH3I adsorbed on PASW. Since monomers are expected

to be the dominant adsorbate, the generally pore free surface of ASW enhances the

probability of iodine photofragments colliding and reacting with neighboring CH3I or

adsorbed (surface trapped) I. The I2 formed from these reactions can either thermally

equilibrate with the ice surface or if produced with sufficient energy, escape from the

surface. Previous gas phase experiments[84] indicates at least the presence of neutral

CH3I dimers is required to form I2. Though the TPD data indicates no or minimal

dipole-dipole coupling of CH3I molecules at the low coverage used, the high CH3I

surface concentration on ASW (relative to PASW) increases the number of trapped

iodine photofragments. In addition, it increases the probability of reactive scattering

events that form I2. Unlike ASW, the high surface to volume ratio of PASW and the

presence of pores limits the possibility of collisions of neighboring iodine species. The

observed increase in the yield of I2 with 260 nm light relative to 290 nm light is also

important. Recall that the low yield of the I(2P1/2) from surface photodissociation

relative to gas-phase photodissociation using 260 nm was attributed to the coupling
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to the surface. The reduced yield and the I(2P1/2) velocity distribution implies that

these fragments probably undergo reactive scattering to form trapped I (and hence

I2) more effectively than I(2P3/2). The escaping I2 bi-modal energy distribution may

also reflect multiple collision geometries and/or different precursors.

2.5 Conclusion

The interaction of adsorbed CH3I on both porous amorphous solid water (PASW)

and amorphous solid water (ASW) and subsequent photodissociation have been in-

vestigated. The photodissociation dynamics leading to the formation of I(2P3/2) and

I(2P1/2) are dependent on the morphology of the ice surface. According to TPD

measurements, ASW has a small surface defect density, thereby providing a possi-

ble pathway for the photofragments to collide and thermalize with the ice substrate.

The relative quantum yield of the formation of I photofragments favors the I(2P3/2)

states, a deviation from gas phase photodissociation suggesting a strong interaction

of H3I with the surface of the ice water molecules. The higher velocity possessed

by I(2P3/2) photofragments enhances their surface escape probability compared to

I(2P1/2) photofragments. Finally, the ability of the ice surface to trap predominantly

I(2P1/2) produced during photodissociation and reactive scattering of iodine atoms

with neighboring iodine containing species likely accounts for the formation of I2.
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CHAPTER III

PROBING THE INTERACTION OF HYDROGEN

CHLORIDE WITH LOW-TEMPERATURE WATER ICE

SURFACES USING THERMAL AND

ELECTRON-STIMULATED DESORPTION

3.1 Introduction

Several studies have investigated the interaction of adsorbates such as HCl on low

temperature ices under high or ultra-high vacuum conditions. Kang et al. used

reactive ion scattering (RIS) and low energy secondary ion mass spectrometry (SIMS)

to measure the extent of ionization with temperature and found mostly molecular HCl

at temperatures below 70 K, a mixture of the ionized and molecular forms of HCl from

90–120 K, and complete ionization above 140 K.[23] Molecular beam experiments[24]

and temperature programmed desorption (TPD) [25-28] have found two types of HCl

adsorption at temperatures between 100–170 K, assigned as molecular HCl adsorption

and a second ionized or hydrated species. HCl has been shown to aid in further

dissolution of HCl molecules, with the Cl− ion acting to solvate the hydrogen side of

the incoming HCl molecule.[85] In addition, spectroscopic studies have shown evidence

of complete ionization at 80 K on ice films,[29, 30] while others report molecular bands

that exist up to 125 K.[31] Near-edge X-ray absorption fine structures (NEXAFS)

spectroscopy has been used with photon-stimulated desorption (PSD) to probe the

interaction of HCl and ice in the bulk and on the surface,[86] respectively. These

measurements provide evidence of ionization both in the bulk and at the surface; the

molecular HCl signal was not observed when 1 L of HCl was adsorbed on 100 L of
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crystalline ice at 120 K. Changes due to the solvated Cl− ion were also observed in

the spectra.

Several theoretical and modeling studies have also attempted to describe solvation

of HCl on ice surfaces. Gertner and Hynes employed molecular dynamics simulations

of HCl on the surface of ice at 190 K and suggested that the HCl was initially incorpo-

rated as a molecular species into the ice lattice (not the bulk).[87] In this case, there

was a barrier for dissociation since the dynamic lattice response was not taken into

account. However, more recent calculations by Bolton et al.[88] and Buch et al.[85]

have clearly demonstrated the importance of defect configurations, the amount of

HCl, and the dynamic lattice relaxation of the ice.

Electron stimulated desorption (ESD) is an extremely sensitive surface specific

probe that has been used to study the near-surface structure of ice.[89-91] The two

features that make ESD inherently surface sensitive are the low penetration depth of

electrons and the fact that cations must be produced at or near the surface to desorb

from the sample. It has been shown that the ESD products can be greatly affected

by small changes in the local potential and excited state lifetimes of the surface

molecules.[90] Using ESD, we can examine the temperature and phase dependence

of the cation yields to gain insight into the dynamic interactions of small molecules

with low-temperature ice surfaces.

In this set of experiments, a detailed ESD study of the interactions of low con-

centrations of HCl with low-temperature porous amorphous solid water (PASW),

amorphous solid water (ASW) and crystalline ice (CI) surfaces has been done.

3.2 Experimental Details

The ultra-high vacuum (UHV) chamber used for this experiment (Figure 3.1) oper-

ates with a typical base pressure of 2×10−10 Torr equipped with a pulsed low-energy

electron beam, a quadrupole mass spectrometer (QMS), a time-of-flight (TOF) mass
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spectrometer, and a cryogenically cooled sample mount. The substrate was an oxi-

dized zirconia sample that could be varied in temperature from 80 K to 600 K and

rotated to face any port in the UHV chamber. The temperature was controlled via a

computer and feedback loop for TPD measurements as well as controlling the mor-

phology of the ice sample.The ultra-high vacuum (UHV) chamber used for this ex-

periment (Figure 3.1) operates with a typical base pressure of 2×10−10 Torr equipped

with a pulsed low-energy electron beam, a quadrupole mass spectrometer (QMS), a

time-of-flight (TOF) mass spectrometer, and a cryogenically cooled sample mount.

Figure 3.1: Schematic of UHV chamber used for probing interaction of HCl on ice.

The pulsed electron gun was at a 45 degree incident angle relative to the sample

substrate normal and the electron beam energy could be varied from 5 to 250 eV.
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The electron flux density during a single 200 ns pulse was typically 6×1013 s−1cm−2.

The configuration of the electron gun, time-of-flight (TOF) mass spectrometer and

sample was designed to allow field free measurements to be taken with the TOF at a

90 degree angle relative to the sample plane. A 100 V extraction field on the TOF was

typically used to collect the desorbing cations unless otherwise stated, such as during

the velocity distribution measurements where field free conditions were implemented.

Precautions were taken to eliminate any effects of co-dosing HCl with water since

this may lead to the dosing of ionized species. Therefore, the chamber was equipped

with two completely separate dosing lines terminated in leak valves with directed dos-

ing tubes. The dosing lines were thoroughly baked and equipped with liquid nitrogen

traps. The HCl dosing line was purged to passivate the surface and equipped with a

directed glass dosing tube to reduce contamination products from HCl reacting with

metal surfaces. Using the QMS, we found the HCl to be free of any contamination.

The water samples were purified by several freeze-pump-thaw cycles prior to dos-

ing. The ice samples were vapor deposited at controlled temperatures designed to

specifically grow PASW at 80 K, ASW at -110 K, or CI at -140 K.

A minimum of 40 ML was found to be sufficient to decouple the surface of the

ice from the substrate, and all samples were >50 ML to ensure the measurements

were not affected by the substrate. HCl coverages were determined by measuring the

pressure change in the chamber during dosing corrected with an enhancement factor of

10 to account for the directed dosing. This is an upper limit to the amount of HCl and

assumes a unit sticking probability. At low temperatures, the HCl sticking probability

is close to unity. However at higher temperatures (specifically those samples dosed

at 140 K) the coverage of HCl is most likely lower than calculated.
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3.3 Results

3.3.1 Cations from ice surfaces containing HCl.

The cations produced and desorbed during 250 eV electron impact of pristine ice can

be seen in the solid lines of Figure 3.2. The cation yield is dominated by H+ with a

much less H2
+, and an even smaller yield of H+(H2O)n. The cluster yield from PASW

is the highest and it is typically 5–6 times larger for CI, and about 2–3 times larger

than for ASW.[92]

A very interesting and dramatic change in the cation yields occurs due to the

presence of small amounts of HCl.[21] This change can be seen in Figure 3.2 where

the dashed gray lines represent the ESD yields after a dose of ∼0.1 ML of HCl. Dosing

PASW with small amounts of HCl increased the cluster yield by approximately 1.3

times compared to that of pristine PASW ice while dosing HCl on ASW increased the

cluster yield by 3–5 times. However, the largest relative increase in the cluster yield

is observed for HCl on CI. Specifically, the H+(H2O)1 and H+(H2O)2 yields increased

by over a factor of five and eight, respectively. This large enhancement required the

presence of ∼0.3 ML HCl on H2O at 140 K. When CI was initially grown at 140

K, then lowered to 80 K for HCl dosing, and finally raised back to 140 K prior to

irradiation, approximately the same increase was seen in the clusters for HCl that

was both dosed and irradiated at 140 K. The CI sample dosed and irradiated at 80

K also showed an increase in the cluster ion yield, although the change was not as

large as with dosing at higher temperatures. As discussed in more detail below, this

probably indicates only partial ionization of the HCl at 80K.
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Figure 3.2: Cations produced and desorbed during 250 eV electron impact of pure
(solid line) and HCl (dashed gray line) dosed PASW (bottom panel), ASW (middle
panel), and CI (top panel). Upon addition of HCl there is a large decrease in the H+

and H2
+ yields and an increase in the cluster yields.
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Figure 3.3 shows the relative increase in integrated total cluster yields as a func-

tion of HCl coverage. The filled symbols correspond to H+(H2O), and the dimer

(H+(H2O)2) is shown as open symbols for CI (bottom panel), ASW (middle panel)

and PASW (top panel). Dosing each phase of ice at different temperatures provided

a unique response to increasing amounts of HCl. CI dosed at 140 K shows the largest

relative change. The smallest increase is PASW dosed at 80 K, with the clusters

approaching twice the value of the pristine ice sample. While this relative increase is

the smallest of all samples, it is important to note the PASW had the highest overall

cluster yields. The cluster yield from ASW dosed with HCl at 110 K is 3–4 times the

value of pure ice, reaching this value at ∼0.5 ML HCl coverage. Similar to the ASW

sample, CI dosed at 140 K also reaches an upper limit for clusters between 0.5–0.6

ML. After the first dose of HCl on PASW, the H2
+ yield dropped ∼30%, decreas-

ing by ∼80% after ∼0.75 ML HCl. In summary, the CI shows the most dramatic

increase in the cluster yield, followed by the annealed ASW and PASW ice films. In

contrast to the cluster yields, the H+ and H2
+ yields significantly decrease (>80%)

upon adsorption of HCl.
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Figure 3.3: Relative increase in cluster yield with HCl coverage for H+(H2O) (filled
symbols) and H+(H2O)2 (open symbols) for (A) PASW, (B) ASW, and (C) CI.

3.3.2 H+ kinetic energy distributions with/without HCl.

Due to the large proton yields, time-of-flight (TOF) distributions could be measured

under field-free conditions (no extraction potential). The TOF taken under these

conditions can be converted into a kinetic energy distribution by using the Jacobian

transformation I(E) = I(t)t3/(mL2) where I(t) is the intensity as a function of time
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(t), m corresponds to the mass of the ion, and L is the length of the flight path

traveled by the ion. The kinetic energy distributions of the proton from CI and

PASW are shown in Figure 3.4. The solid squares are the Jacobian transformation

of the data for pure ice samples and the open circles are for HCl dosed ices. The

dotted and dashed lines in Figure 3.4A (CI) represent the Gaussian curves fit to the

data with the sum shown as a solid line. The kinetic energy distribution from CI can

be represented by two Gaussian curves with peak kinetic energies of ∼4 eV and ∼8

eV, indicating that at least two channels are responsible for proton production and

desorption. At lower temperatures, only the first spectrum recorded shows a small

contribution from the lower energy channel, most likely the result of efficient removal

of dangling bonds during the first several electron pulses. The resulting spectrum is

similar to that shown in Figure 3.4B for both pure and HCl dosed PASW. The solid

and dashed lines in 3.4B are fits to the data and the Gaussian curves centered at

∼8 eV describe the data reasonably well. Note that there is no shift in the kinetic

energies of the protons with HCl dosing for either CI or PASW, indicating that the

surface is not charging.
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Figure 3.4: H+ velocity distribution from pristine (squares) and HCl dosed (circles)
(A) CI and (B) ASW ice samples collected under field-free conditions. The dotted
and dashed lines in are the Gaussian fit to the fast and slow velocity components for
pristine and HCl dosed ice, respectively. The solid lines are the sum of the Gaussian
fit which accurately describe the data.

3.3.3 TPD of HCl: Ice at several growth temperatures.

TPD was performed after ESD-TOF measurements as well as on non-irradiated sam-

ples to ensure the irradiation was not causing the ionization of the adsorbed HCl.

Figure 3.5 shows typical TPD traces from HCl dosed ice. The dashed line corre-

sponds to water desorption (divided by 5) and HCl desorption is shown as the solid

line. All of the TPD spectra for the corresponding ESD-TOF spectra shown have only

one HCl TPD peak which is coincident with the water desorption peak. As discussed
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later in this paper, we interpret this as a strong indication of HCl ionization on the

ice surface. This does not rule out the possibility of some physisorbed HCl.

Although this is not an in-depth investigation of HCl TPD from ice, it provides

useful insight into the interaction of HCl on the ice surface. As shown in Figure 3.5,

there are three main desorption features that occur under various dosing conditions

for HCl coverages greater than 0.5 ML. The first is feature (I) which is coincident with

water desorption. The second feature (II) is a shoulder (non-resolved peak) which

can start between 110 K and 130 K depending on HCl dosing temperature and leads

into the first feature. The lowest temperature feature (III) occurs when dosing HCl

below 110 K.
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Figure 3.5: Temperature programmed desorption spectra of HCl dosed on ice at (A)
150 K, (B) 110 K, and (C) 80 K on CI, ASW, and PASW, respectively. The dashed
line is the water desorption (divided by 5 for comparison) and the solid line is the
HCl desorption. There are three different desorption features seen under the dosing
conditions used. All TPD spectra of the samples used in the ESD measurements
showed only one desorption feature (I) attributed to an ionized species.
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3.4 Discussion

3.4.1 Mechanisms for cation ESD

A brief review of the electronic structure of condensed phase water and the excited

states leading to proton desorption is provided. A more detailed description of the

electronic structure of water can be found elsewhere.[90, 92] Calculations and pho-

toemission data show the electronic structure of condensed ice retains much of the

gas-phase character with some broadening and minor shifting of the energy levels.

The largest change in the condensed phase occurs in the a1 levels which are signif-

icantly broadened, (compared to the 1b1 and 1b2 levels), and are most affected by

hydrogen bonding. Specifically, the unoccupied 4a1 orbital is in the band gap, spa-

tially extended, and mixed with the 2b1 level. All of these two-hole and two-hole

one-electron excited states involve bands of a1 symmetry, which are involved in hy-

drogen bonding. Since levels with a1 character are sensitive to the local bonding

environment, the proton yields can be used to gather information about the local

geometry and dynamic response of the ice surface.[92] At low dosing temperatures,

the random orientation of the surface water molecules leads to a low proton yield for

PASW compared to CI most likely because the proton undergoes reactive scattering

across the ice surface or into the bulk.[93] As the temperature increases, the degree of

coupling between water molecules decreases while the number of dangling bonds and

mobility of surface water molecules increases.[94] These changes can increase excited

state lifetimes and the probability for proton emission.[90, 92] As described in ref 92,

the kinetic energy and threshold energy measurements indicate that the production

of H+ involves either two-hole or two-hole one-electron excited states that involve

bands of a1 symmetry. The primary valence configurations (3a1)
−1(1b1)

−1(4a1)
1 and

(3a1)
−2(4a1)

1 are known to produce protons with kinetic energy ranging from 0 and

4 eV. The (1b1)
−2(4a1)

1 configurations produce protons with kinetic energy between

4 and 7 eV while the two-hole (2a1)
−1 states leads to the formation of fast protons
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with kinetic energy greater than 7 eV.

H2
+ desorption has similar threshold values compared to H+ but the yield is much

lower. Although the branching ratio is small, some of the above mentioned two-hole

and two-hole one-electron states responsible for proton desorption can decay to form

H2
+. This has been observed in the time correlated dissociation of doubly ionized

states of water, most likely through a dissociative triplet state.[95] Photoionization

near the O 1s −→ 2b2 resonance[96] was reported to produce H2
+. The absorption

of four photons to produce H2
+(X 1Σg

+) was also reported in a recent multiphoton

ionization study.[97] The H2
+ yield observed from these ices is large relative to the gas

phase studies. This indicates that many body interactions and orientational defects

may play a role in its production. Reactive scattering may also be a source of H2
+.

The mechanism for cluster ion desorption involves production of two holes and

a Coulomb explosion resulting from these holes in neighboring water molecules. A

detailed description of this model can be found elsewhere. Briefly, the weak ∼25 eV

threshold for H+(H2O) formation is most likely due to intermolecular Coulomb decay

(ICD) or reactive scattering of protons.[98] whereas the primary 70 eV threshold for

H+(H2O)n, n=1-7 probably corresponds to direct formation of a localized 2a1
−2 state.

Coupling of this excited state with a neighboring water molecule leads to the final

state of one positive charge on each of the two water molecules, most likely with an

OH+...H+(H2O) configuration. This can occur either through either ICD or ultrafast

dissociation. The surrounding water molecules respond to the charges by reorienting

in an attempt to solvate the charges, and finally the unstable configuration undergoes

a Coulomb explosion resulting in desorption of a protonated cluster.

The proton yield reflects the bonding configurations of surface molecules with

terminal -OH bonds in direct line of sight to the detector. The clusters reflect the

behavior of the last several terminal water layers and thus the yields provides in-

formation regarding the local hydrogen bonding in these layers. At low HCl dosing
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temperatures, the water molecules are randomly oriented in PASW and ASW and

there is limited long range order. As stated above, cluster ion formation and ejection

requires the localization of holes. Due to the lack of an ordered hydrogen bonding

network in PASW, the holes can localize and are less likely to hop beyond a screening

distance (1–2 nm) before a Coulomb explosion occurs. This ’localized hole hopping,’

where a hole hops to a neighboring water molecule but not far enough to be screened,

occurs in the terminal 1–3 water layers of PASW and results in a large cluster yield.

Increasing the temperature from 80 K (PASW) to 110 K (ASW) also causes water

molecules to rotate/diffuse into configurations that causes micropore collapse and an

increased density/order that allows holes to hop further reducing the likelihood of

Coulomb explosion occurs. This decreases the cluster yield. As the temperature in-

creases, a more crystalline structure is formed[90, 99] and the holes are more likely

to hop even further away from each other through the hydrogen bonding network.

Since CI has the most extensive hydrogen bonding network of the samples studied,

the efficient hole hopping results in the lowest initial cluster ion yield.

3.4.2 Mechanism of HCl effects on cation ESD.

The solvation of HCl on an ice surface can induce changes in the local molecular

structures of the lattice sites surrounding the ionized species.[21] Coupled quantum

mechanics/molecular mechanics (QM/MM) simulations of HCl interacting with ice

surfaces shows evidence of rapid ionization and changes in the water-water bond

lengths upon ionization.[88, 100] The change in the bond lengths is correlated with

the disruption of the hydrogen bonding. Solvation of the Cl− ion decreases the bond

lengths in the water molecules closest to the ion and slightly elongate the water-water

distances within the next nearest neighbors in the ice lattice.

Since local lattice disruptions and nearest neighbor bond length changes could

also effect hole localization probabilities and hence impact the formation rates and
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ejection yields of ions, ESD can be a very useful probe of the molecular scale changes

induced by the HCl solvation. For example, if the hydrogen bonding network is

disrupted such that holes cannot efficiently hop to a distance that allows screening

from the second hole, the resulting Coulomb explosion can produce clusters and cause

desorption of these charged clusters. This is consistent with the phase dependencies

showing the largest HCl induced change for CI, whereas the smallest is observed in

the highly disordered PASW. The increase in the cluster yield in PASW and for CI at

80K is evidence that the ice is a dynamic surface and the terminal water molecules can

reorient to solvate ions leading to autoionization and separated ion-pair formation.

The reduction in the H+ and H2
+ yields upon the addition of HCl also shows

the importance of dangling bonds in the solvation and incorporation of HCl into the

ice sample. The addition of HCl decreases the proton yield by reducing the number

of dangling hydrogen atoms available. This reduction is due to the formation of

a solvation shell around the Cl−. These results also agree with calculations which

show that dangling bonds, especially on step and edge sites can play important roles

in HCl solvation.[88, 100] If one assumes that the proton comes solely from surface

defects, the experimental yield at 90K indicates an intrinsic CI surface defect density

of ∼1012 cm−2. Assuming 1015 sites/cm−2 for a hexagonal bilayer, this is 10−3 of

the total surface sites available. The reduced proton signal and the HCl low coverage

dependence implies HCl ionization involves multiple hexagons and sub-surface lattice

displacements. The increased cluster ion yields at increased HCl dosing temperatures

also indicate that ionization is not complete at 80 K. This is consistent with previous

results using different techniques.[23]

3.4.3 Temperature programmed desorption

There are numerous investigations into the TPD of HCl from ice over a wide range of

dosing temperatures, HCl dose rates, ice phase, and annealing history of the ice.[24,
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29-32, 101-104] Both Harnett et al.[30] and Graham and Roberts[29] measured lower

temperature features which were dependent on several factors such as total HCl dose,

saturation of the underlying ice film, annealing history, and dosing temperature.

Harnett et al.[30] found that HCl dosing below 130 K results in an HCl enriched

surface layer that leads to HCl desorption before water desorption and proposed the

formation of HCl trihydrate at the surface. Graham and Roberts[29] show a similar

feature in their TPD spectrum and attribute this feature to an adsorbed state only

occurring after saturation of the water film to form HCl hexahydrate. Sadtchenko[101]

explored HCl interaction with thick films and found that the annealing history of the

ice played a major role in the HCl desorption profile.

The variety of conditions used by various groups highlights the importance of

understanding the fundamental interaction of the HCl with the ice surface before

adding complications such as hydrate formation and HCl-HCl interactions. TPD

measurements were taken as a complimentary probe to our ESD measurements and

show that with low HCl concentrations, the HCl is strongly interacting with the water

molecules and exists in the ionized form at all temperatures studied. The degree of

ionization depends upon both the temperature and coverage and is nearly complete

except at the lowest HCl dosing temperatures. The desorption feature measured after

all of our ESD measurements support the ESD observations of an ionized species

which influences the local bonding network of the ice. TPD measurements of non-

irradiated ice under the same dosing conditions used for the ESD measurements show

identical results, an indication that the electron bombardment is not inducing the

HCl ionization on the ice surface.

Some useful information can be gleaned from the higher HCl dose TPD experi-

ments. It is clear that the TPD feature labeled I in Figure 3.5 is evidence of a very

strongly interacting HCl species, intimately tied to the water and most likely ionized.
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Rising edge analysis of the multilayer water desorption peak gave a zero order activa-

tion energy of 41± 2 kJ/mol, in agreement with previous studies using TPD[104] and

isothermal desorption.[105, 106] The activation energy of the ionized HCl desorption

feature (I) was found to be 43± 2 kJ/mol using the Polanyi-Wigner equation.[74]

I(t) ∝ dm

dt
= −dθm

dt
= V (θm).θnm.exp

[
−Edes(θm)

R.T

]
(1)

where

V(θm) = the frequency factor

θm = instantaneous coverage

n = desorption order

Edes(θm) = activation energy

R = gas constant

T= temperature (K)

Assuming second order kinetics and a normal frequency factor of 1013 ML−1sec−1.

The calculated activation energy of the HCl desorption is close to that of the water

from ice most likely because the water desorption/diffusion is controlling the rate at

which the ionized species recombine.

The nature of peak II in Figure 3.5 suggests some interaction of the HCl in which

the HCl molecule is interacting with either the water ice or the ionized HCl species

that seems to remain on or near the ice surface. The Cl− ion is most likely located

on or near the surface of the ice when the first molecules are initially ionized.[23, 107,

108] The subsequent incoming HCl molecules then find a different surface than the

dangling hydrogen bonds present on the pure ice samples. The HCl molecule can

interact with the Cl− ion through the proton, forming a Cl−–HCl complex. It is also

possible that this interaction is a lower hydrate complex (HCl)(H2O)n where n = 1–3,

as suggested by Sadtchenko et al.[101] However, because this HCl desorbs prior to the
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water, it is more likely the HCl molecule interacting with the Cl− forming a trapped

molecule at the surface.

The lowest temperature peak (III) is most likely physisorbed HCl which is only

weakly interacting with the surface. This occurs at dosing temperatures below 110 K

and is the weakest interaction of HCl with the ice sample. These TPD measurements

have shown that the first interaction of HCl with ice forms a strongly interacting

and most likely ionized complex, and only at higher doses are subsequent interactions

seen. These subsequent interactions can be formation of a hydrated surface species,

interaction of the HCl with the ionized Cl− ions, or physisorption on the ice surface.

3.5 Conclusions

The interaction and autoionization of HCl on ice was probed using low-energy elec-

tron stimulated desorption (ESD) and temperature programmed desorption (TPD).

The ESD of H+, H2
+, and H+(H2O)n, n = 1–8 yields provided insight into the dy-

namic response of the terminal water molecules on an ice surface. Submonolayer

concentrations of HCl produced a large reduction in the H+ and H2
+ signals as well

as an increase in the protonated cluster yield (H+(H2O)n, n = 1–8). These results

are interpreted as rapid ionization of HCl at the surface at temperatures as low as 80

K. The surface of the ice becomes disordered as HCl autoionizes and forms contact

ion pairs, leading to reduced numbers of dangling bonds at the surface and increased

hole localization. The decrease in the proton yield upon HCl dosing shows the impor-

tance of dangling bonds in HCl adsorption and ionization, in agreement with recent

QM/MM calculations.[88, 100] The increase in the cluster yield with HCl results from

the disorder present at the surface of the ice. The results are supported by TPD mea-

surements with HCl desorption occurring ∼150 K commensurate with bulk ice. TPD

measurements show the presence of molecular HCl at dosing temperatures below 120

K however the dose required to adsorb molecular HCl is strongly dependent on the
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annealing history of the ice. The results indicate that ice surfaces are very dynamic

and can cause the dissociation of acidic molecules at temperatures lower than those

expected in the stratosphere. The study also demonstrates the utility of ESD to

probe reactions occurring on low temperature ice surfaces.
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CHAPTER IV

PHOTOIONIZATION OF LIQUID WATER AND

AQUEOUS SOLUTIONS USING A MICROJET.

4.1 Introduction

Processes at the air water interface are known to play very important roles in at-

mospheric cemistry, with liquid aerosol droplets serving as catalysts.[5] Examples of

such surface specific reactions include the hydrolysis of SO2,[6-8] and the reaction

of ClONO2 with HCl.[9] However, despite its importance, investigating properties

of liquid surfaces especially in vacuum has often proved difficult. This is because

traditional surface science techniques requires an ultra high vacuum environment to

prevent distortion of information due to interference from equilibrium vapor above the

liquid surface during data acquisition. In order to circumvent this problem, Faubel et

al. developed the liquid jet technique for introducing a continuous micron sized liquid

jet in vacuum.[33-35] By using a liquid jet with diameter d, that is comparable to the

mean free path in the equilibrium vapor, the chance of a collision with molecules in

the vapor for particles leaving or entering the liquid surface is reduced.

λ(cm) =
c

Pv(Torr)
(1)

Figure 4.1 shows the schematic diagram of a typical liquid jet. To avoid molecular

collision with the equilibrium vapor in region B, the diameter of the nozzle must be

less than free mean path of the gas phase.Under this condition, the ejected ions from

the surface of the liquid jet move directly from the liquid jet mainstream (region

A) into region C which is governed by molecular flow. According to equation 1, for

pure water with a vapor pressure Pv = 4.58 Torr at the freezing point 273 K and c
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= 5.3×10−3 Torr.cm, the free mean path (λ) = 11.57 µm, therefore, using a liquid

jet with 10 µm diameter will eliminate collision of ejected ion with the dense vapor

pressure.[33]

Figure 4.1: Schematic of a 10 µm liquid jet. The liquid jet (A) is surrounded by
a collisional atmosphere (B), the size of which depends upon the jet diameter, and
beyond which the number density of evaporating molecules drops as 1/r in a collision
free zone (C). The density of B as well as the liquid temperature can be modeled by
Clausius-Clapeyron evaporative cooling model. [40]

The liquid jet techniques also facilitates the direct study of continually renewed

liquid surface in high vacuum thereby preventing the constant changing of the proper-

ties and composition of the liquid surface due to aging process (diffusion of impurities

or liquid constituent).

Several groups have used several versions of this design to study liquid interfaces
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using traditional techniques such as ultraviolet photoelectron spectroscopy (UPS)[36-

38] and X-ray spectroscopy (XPS).[39-41] The liquid jet technique is also valuable for

laser ionization and has been employed to examine the gas liquid interface of aqueous

solutions.[42-45] Monitoring ejected ions from UV laser ionization of liquid jets with

time of flight mass spectrometry was pioneered by Kondow and co-workers.[44] How-

ever, this body of work was done exclusively on relatively high solute concentrations

and on organic solvents. In an earlier article, we reported for the first time, the use of

the liquid jet technique to probe the ejection water clusters from the gas/liquid inter-

face of aqueous sodium halide (Na+X−, X=Cl, Br, I) salt solutions at concentration

range between 10−4 and 10−1M.[109] The yield of ejected protonated water clusters

(H+(H2O)n) varied inversely with increasing salt concentration, while the solvated

sodium ion cluster (Na+(H2O)m) yield varied by anion type. The distribution of wa-

ter clusters (for n, m ≥2) at low salt concentration was identical to that observed from

low-energy electron irradiated amorphous ice[92] and the production of these clusters

was accounted for using a localized ionization/Coulomb expulsion model. Since these

clusters are ejected exclusively from the surface of the liquid and the cluster distri-

butions are influenced by the local structure, these experiments provide a sensitive

probe of the liquid vacuum interface of these solutions.

The purpose of the present study is to extend the investigation of ion ejection

from the interface of aqueous solutions. Specifically, cluster ion ejection from pho-

toionization of aqueous solutions of NaOH, NaCl and HCl are investigated at different

concentrations. A detail study of water clusters ejection from pure water, D2O and

mixture of both is also presented.

4.2 Experimental Details

The liquid jet chamber used for investigating liquid in vacuum was constructed and

used at PNNL in collaboration with Nikolai Petrik and Greg Kimmel. The chamber
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consists of three components (Figure 4.2): a liquid jet delivery system mounted on

a XYZ translational stage, a vacuum chamber equipped with a time of flight mass

spectrometer (∼120 cm) and a liquid nitrogen cryotrap for maintaining a base pressure

between 10−6 and 10−5 Torr while the liquid jet is running. The liquid delivery system

consists of a Schimadzu HPLC pump that delivers solution at a constant flow rate and

a 6 way selection valve for dispensing solutions with different concentrations during

experiment. In-line filters are employed at different parts of the liquid delivery system

to prevent clogging of the aperture. The jet design consists of a 10 µm sized stainless

steel aperture clamped between a stainless steel metal cap and PEEK (polyether

ether ketone) tubing. With the stainless steel aperture and metal cap, voltage can be

applied to the nozzle or grounded if necessary.

The liquid jet is mounted vertically downward on the x-y-z translational stage into

the vacuum chamber. Eventually, the liquid jet contracts to ∼ 6µm [42, 110, 111]

and possess a final velocity of ∼78.5 m/s (at a constant flow rate of 0.3ml/min). The

calculated Reynolds number (Re) for a liquid jet that passes through a 10 µm aper-

ture under these conditions is ∼800. Re <2000 indicates the liquid jet under these

conditions is operated as a stable laminar flow. However, in practice, the laminar

region of the liquid jet only extends to 5–10 mm in length before breaking up into

a continuous stream of droplets that could extend several centimeters away form the

nozzle.[40] Probing the liquid jet within this laminar flow required redesigning the

TOF mass spectrometer that was previously reported.[109] The TOF mass spectrom-

eter was redesigned with adjustable repeller and extraction tubes (diameter ∼6.25

mm). This design allows the liquid jet to be probed at 5 mm away from the nozzle

(figure 4.3).
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Figure 4.2: Custom made liquid jet chamber designed at Pacific Northwest National
Laboratory (PNNL). The liquid jet streams downward into a liquid nitrogen cold
trap. The liquid jet is adjusted with respect to the focused laser beam in the middle
of the repeller and extraction plate of the TOF mass spectrometer to optimize ion
yield.
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Figure 4.3: The custom-built Liquid jet Chamber at PNNL with a new time-of-flight
optics.

Due to evaporative cooling, the liquid jet forms icicles upon touching the surface

of the liquid nitrogen cyrotrap. Two mechanical choppers were attached above the

cyrotrap to help reduce the formation of icicles by slicing the frozen ice. In conjunction

with the cryotrap, two turbomolecular pumps are used to differentially pump the main

chamber to give a pressure of 10−5 Torr. The TOF chamber has a pressure of 10−6

Torr while running the liquid jet. The calculated temperature of the liquid jet at 5

mm is approximately 277 K.[33]

A GAM ArF EX 10F Excimer laser (193 nm) was used for the photoionization of

the liquid jet and was operated between 100 and 400 µJ/pulse, with a shot to shot

variation of about 10 to 20 µJ/pulse. The laser beam is focused on the liquid jet

which is positioned geometrically in the middle of the chamber, between the repeller

and the extractor plates of the TOF mass spectrometer. Since both the laser and

jet are on x-y-z translation stages, different parts of the liquid jet can be effectively

sampled either by moving the liquid jet across or up and down with the laser beam

position fixed.

Typical experiments involve irradiating the liquid jet (at 5 mm distance away
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from the nozzle) with a focused laser beam (∼250 µJ/pulse). The jet was place in

the middle of a 3 mm extraction field (distance between repeller and extraction plate).

Ejected ions were detected using the linear TOF mass spectrometer. For photoion-

ization of aqueous solutions of different concentration, the six-way valve attached to

the HPLC pump was employed to switch from one solution to another. A complete

flushing of previous solution takes approximately 10 minutes at a constant flow rate

of 0.3 ml/min. Liquid jets containing pure water and aqueous solutions of NaCl,

NaOH and HCl at concentrations ranging between 10−4 M and 2.5×10−2 M were

investigated at a constant flow rate of either 0.3 or 0.5 ml/min. Blank experiments

involving the photoionization of pure water was carried out in between switch out to

a different concentration.

4.3 Results

A typical mass spectrum of positively charged ions ejected from laser irradiation of

the liquid jet containing deuterium oxide and pure water is shown in figure 4.4 a and

4.4 b respectively. In each case, the most prominent ion ejected is unsolvated D3O
+

and H3O
+ with intensity that is ∼10 times higher than the next water cluster ion.

Other cation water clusters of the type D+(D2O)n and H+(H2O)n were observed with

cluster size (n)≤ 6.
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Figure 4.4: Time-of-flight mass spectrum of ions ejected during photoionization of
a) D2O and b) pure water . Cation clusters of the type H+(H2O)n and D+(D2O)n
are observed respectively for H2O and D2O, with n ≤ 6.

In addition to protonated water clusters, photoionization of both NaCl and NaOH

solutions also produced unsolvated Na+ and sodium water clusters of the type Na+(H2O)m.

Figure 4.5 shows mass spectra of ions ejected into the gas phase after photoioniza-

tion of 10−4, 10−3 and 5×10−3 M NaCl and NaOH solutions. H3O
+ and H+(H2O)n

intensities decrease with concentration while both unsolvated Na+ and Na+(H2O)m

clusters increase with concentration.
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Figure 4.5: Typical TOF spectrum of ions ejected during photoionization of 10−4,
10−3 and 5×10−3 M NaCl and NaOH. Unsolvated H3O

+ and Na+ and both water
clusters of the type H+(H2O)n and Na+(H2O)m are observed (n, m ≤ 6). H3O

+ and
protonated water clusters decreases with concentration while Na+ and sodium water
clusters increases with concentration.

Figure 4.6 shows the integrated intensities of ejected ions as a function of salt

concentrations. For both aqueous solutions of NaCl (top panel), and NaOH (lower

panel), H3O
+ and protonated water clusters of the type H+(H2O)n (n>2) dominates

at the lowest concentration (10−4 M) whereas primarily Na+ and Na+(H2O)m clusters

are observed at the highest concentration studied (2.5×10−2 M). A similar experi-

ment was performed for aqueous solution of HCl. Irradiating the liquid jet with laser
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resulted in the ejection of unsolvated H3O
+ and H+(H2O)n (n = 2–6) for all concen-

trations. The yield of these ions remained constant and showed no significant change

as a function of concentration (figure 4.7). The total yield of ejected ions for all

solutions is approximately the same at all concentration studied. As shown in figure

4.8, the ratio of unsolvated H3O
+ and the total yield of measurable protonated wa-

ter cluster (H+(H2O)n, n = 2–4) increases with concentration for both NaOH, NaCl

while that of HCl solution remained constant. Also, for both NaOH and NaCl aque-

ous solutions, the ratio of unsolvated Na+ and the sum of measurable sodium water

cluster (Na+(H2O)m, m = 1–3) remained relatively constant as the concentration is

increased (data not shown).
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Figure 4.6: Experimentally observed ion yield as a function of concentration of
aqueous NaCl (top panel) and NaOH (bottom panel) solutions. Shown are yields of
unsolvated ions: H3O

+ and Na+; protonated water clusters H+(H2O)n, n = 2–4 and
sodium water clusters Na+(H2O)m, m = 1–3. Both the hydronium ion and protonated
water clusters yield varied inversely with increasing concentration while both sodium
ion and sodium water clusters yield was proportional to concentration.
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Figure 4.7: Experimentally observed H3O
+ and H+(H2O)n n = 2–5 yields as a

function of concentration for aqueous solution of HCl. Unlike aqueous solution of
NaCl and NaOH, the protonated water cluster yield remains constant with increasing
HCL concentration.
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Figure 4.8: Plots of the ratio of unsolvated hydronium ion (H3O
+) and the sum of

measurable protonated water clusters as a function of concentration for HCl (solid
square), NaCl (solid circle) and NaOH (open circle). Each data set represents H3O

+/
ΣH+(H2O)n for >2. While the yield of both H3O

+ and protonated water cluster
decreases with concentration, their ratios increases with concentration for both NaOH
and NaCl but remains constant for HCl solutions(dashed lines serve as guides).

4.4 Discussion

4.4.1 Characterization of liquid jet

The ejected ions reported in this study are only observed when the focused laser

beam irradiates the liquid jet. This implies that ejected ions originate from the liquid

jet and not in the gas phase. By moving the liquid jet in small increments (10 µm)

across the laser beam the ejection of ions as function of the effective overlap of both

the focused laser beam and liquid jet can be monitored. Because the liquid jet and

the laser were placed on x-y-z stages, the relative positions of both beams are known.

Figure 4.9 (a) shows the yield of unsolvated ions (H3O
+, Na+) observed from the
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photoionization of pure water and 5×10−3 M NaCl. No ion signal was observed when

the liquid jet was positioned near the focused laser beam while the maximum yield

is observed when the laser and liquid jet overlaps. Solvated ions ejected from the

liquid jet also have similar trends (data not shown). Since the focused laser beam

is much larger than the liquid jet (Figure 4.9 b), contributions from the gas phase

can not be completely ruled out. However, ions that originate from the liquid jet can

be easily distinguished from those that originate from the vapor phase because ions

ejected from the liquid jet are expected to contain more than one solvent molecule

while those from the vapor phase are not.[44, 112] Figure 1a shows that the yield of

gas phase D2O
+ signal compared to the D3O

+ signal is negligible. The D2O
+ signal

is attributed to the gas phase because in liquid phase the initial ion formed, D2O
+

reacts rapidly with surrounding D2O molecules to yield D3O
+ and OD radical.[113]
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Figure 4.9: a)Intensities of unsolvated H3O
+ ejected from photoionization of pure

water (solid circle) and 5×10−3 M NaCl (open circle); and bare Na+ (open square)
ejected from the photoionization of 5×10−3 M NaCl plotted as a function of the
distance between the centers of the focused laser beam and the liquid jet. Other
water clusters have similar trends. b) Schematic of the effective overlap of the liquid
jet (∼ 6µm) and the focused laser beam (∼ spot size 35 µm).

Upon irradiation, the solvent water molecules are ionized while the photoelectrons

formed are either ejected into the vacuum or recombine with cations in the bulk on
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the picosecond time scale.[114] The ejection of these photoelectrons results in charge

build-up and the accumulation of positive charges on the surface. For pure water and

HCl solutions, H3O
+ accumulates on the surface while in the case of NaOH and NaCl

solution both Na+ and H3O
+ compete. Since the ejection of photoelectrons can be

said to occur on the surface of the liquid (photoelectron mean free path is ∼10 Å) the

ejection of ions also occurs primarily from the surface of the liquid jet. If we consider a

uniform distribution of ionization throughout the jet, photoelectron ejection from the

surface of the liquid jet should lead to uniform distribution of excess positive charge on

the surface. The surface concentration of ions is expected to be significantly different

from that of the bulk due to evaporative loss of water molecules. The relative amount

of the solute-solvent interactions on the liquid jet surface for both NaOH and NaCl at

low concentration (10−4 M) is considered small because sodium water clusters can not

be detected and only protonated water clusters are measurable with our experimental

set-up. By increasing the concentration of NaOH and NaCl, both unsolvated Na+

and sodium water clusters increases as a result of sufficient increase in the relative

amount of solute-solvent interactions at the surface of the liquid jet. Figure 4.6 shows

that by increasing the hydronium ion concentration of HCl solutions the amount of

ions ejected remained constant as the concentration increase. This result suggests

that the solvated H3O
+ in the bulk do not migrate to the surface. With a flow rate

of 0.3 ml/min (∼64 m/s), the available time for ions to migrate to the surface is ∼78

µsec since the liquid jet is irradiated by the laser at distance of 5 mm away from the

nozzle. The average distance that ions travel and the number of molecules on the

surface of the liquid jet during this time can be calculated. According to Fick’s law

of diffusion,[115] the average distance (L) that ions travel in liquid medium during a

certain time (t) is given by equation 2.

L =
√

4Dt (2)
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With a diffusion coefficient of 2×10−5 cm2/s an average diffusion length (L) of

approximately 0.8 µm is obtained. Hence, only molecules within this distance are able

to diffuse to the surface before laser irradiation. A distance of 0.8 µm corresponds to

approximately 2500 monolayers of water. From this calculation, we can also infer that

although the ratio of water molecules to Na+ in the bulk is ∼2000:1 for the highest

concentration (2.5×10−2M) the effect of diffusion and evaporative cooling increases

the concentration at the surface considerably. This implies that the ejection of ions

occur on the surface of the liquid jet where the ions are mostly likely inhomogeneously

solvated.

The propensity for Na+ to migrate to the surface also limits the amount of water

molecules available for the solvation of H3O
+ formed during laser irradiation. As

shown in figure 4.8, the ratio of H3O
+ and protonated water clusters H+(H2O)n, n≥2)

increases for both NaOH and NaCl solutions but remain constant for HCl. However,

the total ion yield for all 3 solutions and the ratio of Na+ to sodium water clusters

(Na+(H2O)m, m≥2) for both NaOH and NaCl solutions remains relatively constant

for all concentrations (data not shown). Recent molecular dynamics simulation by

Jungwirth and co-workers [35] adapted for bulk liquids predicts the depletion of small

cations like Na+ from the surface of aqueous solutions. However, as discussed above,

the ejection of electrons into vacuum during laser irradiation forces positive charges

to migrate to the surface.‘The formation of Na+(H2O)m on the surface of the liquid

jet will ultimately distort the hydrogen bonded water network found in the bulk. At

higher concentration, the Na-water interactions become strong enough that one might

expect the formation of clusters containing Na-Cl or Na-OH ion pairs on the surface

of the liquid jet. The presence of these ion pairs and the strong Na-water interactions

is also known to result into breaking of the water hydrogen bond network.[116] The

observed decrease of protonated water clusters and increase of sodium water clusters

with concentration can therefore be attributed to the increase in concentration of Na
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ions on the surface during laser irradiation.

4.4.2 Ion ejection mechanism

The surface depletion of electrons during laser irradiation results in formation of excess

positive charges on the surface of the liquid jet. The Coulomb repulsion generated by

these charges causes ejection of ions into the gas phase.[44, 109] The power dependence

measurement for ejection of ions from pure water (Figure 4.10 a) shows a threshold

value of ∼100 µJ/pulse. As the laser power increases, the intensity of ejected ions

increase but levels off at ∼300 µJ/pulse. This result implies that there is a critical

charge density below which there is no ion ejection. There is also a maximum number

of charges that can be available on the surface; once this value is reached, the ejection

of ions remains constant. A derived slope of 2 as shown in Figure 4.10 b indicates a

two photon ionization process.

Figure 4.10: Power dependence measurement. a) Ion yield for each ion, H3O
+ (open

circle), H+(H2O)2 (solid circle) and H+(H2O)3 (open square) plotted as a function of
laser power; a threshold exists around 100µJ. b)Log-log plot with a slope of 2.
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As shown in Figure 4.11, the observed water clusters during photoionization of

NaCl and NaOH solutions are formed as a result of the photoionization of the solvent

water within the first solvation shell and the Coulomb repulsion from the solvated

Na+. Two possibilities can be considered regarding the ejection of ions observed

in the present study. Either they are ejected as a large cluster which subsequently

evaporates to the range of ions observed in the time-of-flight mass spectra or they are

ejected as ions already in their final size range. A conclusion from earlier investigation

in our laboratory is that ions existing on the surface have the probability to extract a

number of neighboring water molecules from the bulk during the ionization-ejection

event.[109] To extract neighboring water molecules, the energy of hydrogen bonding

to the bulk must be overcome but the subsequent formation of ion-dipole bonds to

the cluster helps to recover some of the energy lost. The binding energy of water

clusters decreases with increasing number of water molecules while the number of

bonds required to extract a cluster (hydrogen bond energy) increases geometrically

with increasing cluster size. In other words, the probability of extracting ions de-

creases drastically with increasing cluster size. The ion ejection mechanism suggested

by Kondow et al. however, predicts the ejection of a large nascent cluster that breaks

into a range of smaller clusters before detection.[117] The model is based on formation

of large clusters with hot internal energy which results in unimolecular dissociation

and losses in cluster size prior to detection. While this mechanism can not be com-

pletely ruled out, the absence of a magic number cluster ion which is supposed to

be formed as a result of unimolecular decomposition of an excited large cluster ion

suggest this mechanism is not dominant.[118-120] The size of the magic number ob-

served in these studies is known to vary according to the internal energy of the large

cluster ion, but in all cases the most stable geometrical structure of the daughter ions

are clearly observed as the ion with the highest yield. It remains probable that some

ejected ions originate from gas phase and further work is required to fully characterize
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the mechanistic details of different processes occurring during ion ejection.

Figure 4.11: Mechanism for photoejection of water clusters from aqueous solutions
of NaCl and NaOH.

4.5 Conclusions

Monitoring the ejection of ions from laser irradiation of a liquid jet with time-of-flight

mass spectrometer provides a useful approach to probe liquid surfaces under pristine

vacuum conditions. The liquid jet technique was employed to investigate the ejection

of ions from the surface of pure water, NaCl, NaOH and HCl aqueous solutions. Un-

solvated H3O
+ and protonated water clusters of the type H+(H2O)n were produced

and ejected from the surface of pure water and aqueous HCl solutions into the gas

phase during laser irradiation at 193 nm. In addition to these ions, unsolvated Na+

and solvated Na+ clusters (Na+(H2O)m) were observed for both NaCl and NaOH so-

lutions. The yield of these ejected ions was examined as a function of concentration.

64



The unsolvated H3O
+ and protonated water cluster yield varied inversely with in-

creasing concentration while the unsolvated Na+ and sodium water cluster increases

with concentration for both NaOH and NaCl solutions. However for aqueous HCl

solutions, the ejected ions (both solvated and solvated) remained constant for all con-

centration. The trend observed was accounted for by the propensity of solvated Na+

to migrate to the surface and distort the bulk hydrogen bond network of the bulk wa-

ter molecules. The ejection of ions is explained by Coulomb expulsion of neighboring

positive charged particles.
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CHAPTER V

PHOTOIONIZATION OF LIQUID MICRO-JET

CONTAINING ALKALINE EARTH METAL CHLORIDE,

MCl2 (M=Mg2+, Ca2+, Sr2+ and Ba2+).

5.1 Introduction

Heterogeneous atmospheric reactions involving sea salts are known to be very impor-

tant in the release of reactive halogens.[121] These reactive halogens are responsible

for the destruction of ozone in the marine boundary layer. While NaCl is known to be

the major constituent of sea water, it is by no means the only salt present. Apart from

NaCl, sea water is composed of a combination of other organic salts such as alkaline

earth metal chlorides especially magnesium chloride (MgCl2). It has been reported

that for every eight NaCl molecules present there is one MgCl2. [122] Understanding

the liquid solvation of alkaline earth salts is not only fundamental to understand-

ing heterogeneous atmospheric reactions, it is also important in biological processes.

Aqueous Mg2+ is known to play very important roles in enzymes. Mg2+ also helps to

stabilize complex biological structures like proteins, DNA and RNA.[123]

Given the importance of Mg2+ and other alkaline earth metals in atmospheric

and biological processes, both experimental and theoretical [124-128] investigations

have been done to understand the solvation of these ions mainly in gas phase. The

general method used for probing hydration of singly charged ion clusters such as

M+(H2O)n in gas phase seldom works for doubly charged ions because hydrated

divalent ions are less readily formed.[129] These gas-phase reactivity studies involves

generation of M+(H2O)n by forming M+ from bare metal in gas phase in which

molecular water vapor is present. A more successful technique for studying hydrated
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doubly charged ions, M2+(H2O)n involves the use of electrospray pioneered by Kerbale

et al.[130, 131] Since doubly charged ions exist in solution, the method permits the

transfer of these ions from solution into gas phase. Subsequent collision induced

dissociation of the M2+(H2O)n formed using argon yield a variety of species depending

on the experimental conditions. Essentially, the collision activation of M2+(H2O)n

using argon with a 5 eV collision energy resulted in either loss of water molecules

(reaction 1) or proton transfer to from singly charged metal hydroxide and protonated

water (reaction 2).[132] For these series of experiment, the number of water molecules

observed varied greatly but appears to decrease with the second ionization potential

(IP) of the metal.

M2+(H2O)n + Ar(g)→M2+(H2O)n−m +mH2O (1)

M2+(H2O)n + Ar(g)→MOH+(H2O)n−m +H3O
+ + (m− 2)H2O (2)

The direct photoionization of aqueous solutions containing doubly charged ions

without any subsequent gas-phase collision induced processes is presented. The exper-

iment involves monitoring ejected ions from aqueous solutions of MCl2 (M=Mg, Ca,

Sr and Ba) during laser irradiation by using a linear time-of-flight mass spectrometer.

5.2 Experimental Details

The experiments were carried out in the same liquid jet chamber describe in Chapter

4. Briefly, a liquid jet (∼6 µm) containing aqueous solutions of MCl2 (M= Mg, Ca,

Sr and Ba) was introduced into the vacuum. A constant flow rate was maintained at

0.3 ml/min with a backing pressure of ∼2.9 MPa inside the nozzle during experiment.

After traveling a distance of 5 mm from the nozzle, the liquid jet was irradiated with

a 193 nm laser beam focused at the center (by a lens with focal length 10 cm) of

the 3 mm extraction region of the TOF mass spectrometer. Ions ejected into the gas
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phase were monitored using the linear TOF mass spectrometer.The laser power use

for these experiments was set to (∼250 µJ/pulse) within the linear range reported in

chapter 4. Commercially available MCl2 were used without any further purification

to make 10−4 M, 10−3 M, 5×10−3 M and 10−2 M aqueous solutions used for these

experiments. A blank experiment which involves photoionization of pure water was

done in between runs to eliminate any error due to variation of pressure observed

after running the jet for a considerable length of time.

5.3 Results

Typical time-of-flight mass spectra generated from photoionization of liquid jet con-

taining aqueous solutions of MgCl2, CaCl2, SrCl2 and BaCl2 are presented in figures

(5.1-5.4) for different concentrations (10−4 M, 10−3 M, 5×10−3 M and 10−2 M).

Singly charged unsolvated cations (M+) are clearly visible for all alkaline earth metal

chloride (MCl2) solutions even at the lowest concentration (10−4 M). As shown in

Figure 5.1, the photoionization of MgCl2 solution yields predominantly unsolvated

H3O
+ and protonated water clusters H+(H2O)n (n=2-6) at very low concentrations

(10−4M). Increase in concentration resulted in the decrease of these ions with corre-

sponding increase in yield for unsolvated Mg+, MgOH+ and water cluster ions of the

type Mg+(H2O)x (x=1-2) and MgOH+(H2O)m (m=1-4). It is important to note that

the total ion yield decreases with increase in concentration.

Protonated water clusters ejected from CaCl2 show a similar trend as those ob-

tained for MgCl2. Unsolvated Ca+ and CaOH+ and water cluster ions of the type

CaOH+(H2O)m were observed but Ca+(H2O)x was completely absent. Both SrCl2

and BaCl2 solutions shows similar trend with the ejection of unsolvated M+, MOH+

and water clusters of the type MOH+(H2O)m (m=1-4).

In summary, water clusters of the type M+(H2O)x was only observed for MgCl2 so-

lutions. However, unsolvated MOH+ and water cluster ions of the type MOH+(H2O)m
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were observed for all salt solutions. The relative yield of M+ and MOH+ are shown

in figure 5.5. M+ was predominantly observed for Mg, while an equivalent amount

of M+ and MOH+ are observed for Ca and Sr. However, for Ba, mostly BaOH+ was

observed. Unsolvated H3O
+ and protonated water cluster decrease with increasing in

salt concentration while MOH+ and MOH+(H2O)m increase with increasing concen-

tration. For all salts, the increase in concentrations resulted in the reduction of total

ion ejected.

Figure 5.1: Time-of-flight mass spectrum of ions ejected during photoionization of
MgCl2 solution a) 10−4 M; b) 10−3 M; c) 5×10−3 M and d) 10−2 M. Cation clusters
of the type H+(H2O)n (n = 1–6) MgOH+(H2O)m (m = 0–4) and Mg+(H2O)x (x=1,2)
are observed.
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Figure 5.2: Time-of-flight mass spectrum of ions ejected during photoionization of
CaCl2 solution a) 10−4 M; b) 10−3 M; c) 5×10−3 M and d) 10−2 M. Cation clusters
of the type H+(H2O)n (n = 1–6) and CaOH+(H2O)m (m = 0–4) are observed.
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Figure 5.3: Time-of-flight mass spectrum of ions ejected during photoionization of
SrCl2 solution a) 10−4 M; b) 10−3 M; c) 5×10−3 M and d) 10−2 M. Cation clusters
of the type H+(H2O)n (n = 1–4) and SrOH+(H2O)m (m = 0–7) are observed.
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Figure 5.4: Time-of-flight mass spectrum of ions ejected during photoionization of
BaCl2 solution a) 10−4 M; b) 10−3 M; c) 5×10−3 M and d) 10−2 M. Cation clusters
of the type H+(H2O)n (n = 1–4) and BaOH+(H2O)m, (m = 0–7) are observed.
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Figure 5.5: The relative yield of M+ compared to MOH+. Mg gives mainly Mg+

with a small MgOH+. Approximately equal amount of M+ and MOH+ are observed
for both Ca and Sr while Ba yields mainly BaOH+ and a considerably small amount
of Ba+. This trend appears to be independent of the salt concentration.

5.4 Discussion

The ejection mechanism of ions observed in this experiment is similar to that discussed

in Chapter 4. After electron depletion from the surface of the liquid jet during

laser irradiation, ions are ejected into the gas phase due to the Coulomb repulsion

of neighboring positive charges. H3O
+ and protonated water cluster of the type

H+(H2O)n decreases with concentration for all divalent ions investigated, a similar

trend that was observed in Chapter 4. As the concentration of salt increases in the

bulk, the amount of M2+ that migrates to the surface increases thereby decreasing the
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amount of water molecules available on the surface during laser irradiation. Though

the divalent metal ions studied are thought to assume a formal oxidation state of (+2)

in aqueous solutions, ions ejected into the gas phase do no exhibit unsolvated M2+

or protonated water clusters of the type M2+(H2O)n in the TOF mass spectra. The

calculated relative abundances of MOH+ compared to M2+ in the bulk solution for all

concentrations is negligible, therefore the observation of MOH+ and MOH+(H2O)m

is likely not representative of ions existing in the bulk. In gas phase measurement,

the absence of M2+(H2O)n is justified by either an electron transfer process (when

the second IP of metals are higher than the first IP of water) or by proton transfer

process. Since ions in the bulk are stabilized by the ion-dipole interaction between

the ion and the surrounding water molecules, charge transfer between M2+ and water

molecules is not favored in liquid phase. However, if the ion is located on the surface

of the liquid jet where the M2+ is not completely solvated then this local structure

could favor similar charge/electron transfer processes observed in gas phase.

Laser induced Coulomb expulsion can cause ejected cluster ions to gain some in-

ternal energy subsequently resulting in dissociation of ejected M2+(H2O)n ions similar

that that observed in the gas phase. [132] Just after leaving the surface of the liquid

jet M2+(H2O)n can undergo proton transfer and dissociates into MOH+(H2O)m [133]

as shown in reactions 3 and 4.

M2+(aq)→M2+(H2O)n(g) (3)

M2+(H2O)n(g)→MOH+(H2O)n−m(g) +H3O
+ + (m− 2)H2O (4)

In contrast to other metals, Mg also undergoes electron transfer to give Mg+(H2O)x,

x = 1,2 as shown in reaction 5. Electron transfer from neighboring water molecule to

Mg2+ is energetically favorable and occurs spontaneously in gas phase[134] because

the second IP of Mg2+ (15.6 eV) is larger than the first IP of water (12.6 eV).

74



M2+(H2O)n(g)→M+(H2O)n−1(g) +H2O
+ (5)

The absence of unsolvated Mg2+ could also indicate the reduction of Mg2+ to M+

by solvated electrons, es
−, generated by charge transfer to solvent (CTTS) band of Cl−

during laser irradiation (reaction 6).[135, 136] Also, the solvated electron reacts with

H2O to form OH− which further reacts to form MOH+ as shown below in reactions

7 and 8 :

e−s +Mg2+(aq)→M+ (6)

e−s +H2O(aq)→ OH−(aq) +H(aq) (7)

OH− +M2+ →MOH+(aq) (8)

According to Table 5.1, Mg2+ has the highest 2nd ionization potential and will

react faster with solvated electron. The formation of MOH+ therefore increases while

the formation of M+ decreases from Mg to Ba. Figure 5.5 shows there is a competition

between the two processes.

Table 5.1: Second ionization potentials of alkaline-earth metal.

Element Second IP,eV

Mg 15.6

Ca 11.9

Sr 11.0

Ba 10.0

H2O(g)1 12.6
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5.5 Conclusion

Ion ejection from liquid jet surface by laser irradiation of aqueous solution of MCl2

(M=Mg, Ca, Sr and Ba) have been studied by monitoring ejected ions using lin-

ear time of flight mass spectrometer. The observed ions were unsolvated ions (M+,

MOH+) and water clusters of the type MOH+(H2O)m, H+(H2O)n and M+(H2O)x

(observed for aqueous solution of MgCl2 only). The absence of unsolvated M2+ re-

veals the presence of solvated electron formed via the CTTS band of Cl− during laser

irradiation. The formation of MOH+(H2O)m and M+(H2O)x is justified by the ener-

getics of the ejected ions in the gas phase. Although, the results presented represent

the first time ions ejected from aqueous solutions of alkaline earth metal have been

investigated without any gas phase collision induced fragmentation, further investi-

gation is required to provide more insight into the predominant reactions that result

in the ions detected by the time-of-flight mass spectrometer.

1The first IP of H2O(g) is added for comparison
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CHAPTER VI

CONCLUSION

Heterogeneous reactions on Polar Stratospheric Cloud and sea salt aerosols found in

the marine boundary layer have been implicated as a major source of ozone depletion

episodes in the stratosphere and troposphere, respectively. Though the general im-

portance of surface reactions on ice is well recognized; however, the fundamental and

quantitative information concerning the non-thermal processes of adsorbates on ice

is not fully understood. The low temperature ice studies provide the opportunity to

investigate the effect morphology and hydrogen bonding network at the ice surface on

the reactivity of adsorbates. The use of traditional surface science techniques limits

the temperature range of ice that can be studied but by using the liquid jet technique

the surface of aqueous solutions has been investigated. An attempt has been made to

understand the nature of the vacuum-surface interface and the nature of ion solvation

by monitoring the ejection of ions during laser irradiation of liquid jet.

Photodissociation dynamics of methyl iodide (CH3I) adsorbed on both amorphous

solid water (ASW) and porous amorphous solid water (PASW) has been investigated

with the aim of understanding the effect of ice porosity on the release of neutral iodine

species. The ejected ground state I(2P3/2) and excited state I(2P1/2) photofragments

were detected using resonance enhanced multiphoton ionization (REMPI). Irradiating

with either 260 nm or 290 nm produces iodine photofragments with complicated ve-

locity distributions that depend upon the ice morphology. Temperature programmed

desorption (TPD) results demonstrate that an increase in porosity enhances the ice?s

ability to trap adsorbed CH3I molecules while pore-free ice enhances collisions of

iodine containing surface precursors resulting in the formation of I2 products. The
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presence of an ice solid matrix also resulted in the ejection of iodine photofragments

with higher kinetic energies compared to the gas phase photodissociation of CH3I.

The observed difference in photodissociation dynamics of condensed CH3I compared

to gas phase is ascribed to the enhancement of the ground state I(2P3/2) production

compared to the excited state I(2P1/2) caused by the velocity and orientation of the

I atoms from adsorbed CH3I molecules on the ice surface.

The interaction and autoionization of HCl on low-temperature (80–140 K) water

ice surfaces has also been studied using low-energy (5-250 eV) electron-stimulated

desorption (ESD) and temperature programmed desorption (TPD). There is a reduc-

tion of H+ and H2
+ and a concomitant increase in H+(H2O)n, n = 1–7 ESD yields

due to the presence of sub-monolayer quantities of HCl. These observed changes are

as a result of reduction of dangling bonds and increased hole localization induced by

the presence of HCl. This non-activated autoionization of HCl occurs at tempera-

tures as low as 80 K; well below those typical of polar stratospheric cloud particles.

The uptake and facile autoionization of HCl is further supported by TPD studies

which show that for adsorbed HCl on ice, the desorption of HCl begins at 115 K

and peaks at 180 K. The former is associated with adsorption of molecular HCl and

is strongly dependent on the annealing history of the ice, the latter is commensu-

rate with the desorption of HCl produced by recombinative desorption of solvated

separated ion-pairs.

Photoionization of pure water and aqueous solutions of NaOH, NaCl, and HCl

were also investigated using a liquid jet apparatus that injects a thin (∼6 µm) stream

of liquid into vacuum. Ejected ions from laser irradiation of the liquid jet were mon-

itored using a linear time-of-flight (TOF) mass spectrometer. Unsolvated hydronium

ion (H3O
+) and protonated water cluster (H(H2O)n) were observed from photoioniza-

tion of pure water and HCl solutions. Along with these ions, both unsolvated sodium
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ion (Na+) and sodium water clusters (Na+(H2O)m) were observed from photoioniza-

tion of aqueous solutions of NaCl and NaOH. Both H3O
+ and H+(H2O)n, (n=2-6)

observed varied inversely with increasing concentration of NaOH and NaCl, but re-

mained unchanged with HCl concentration. However, Na+ and Na+(H2O)m(m=1-6)

observed increases with NaOH and NaCl concentration. These results are discussed

in terms of the propensity of solvated Na+ to migrate to the surface and distort the

bulk hydrogen bond network of the bulk water molecules.

The direct monitoring of ions ejected from the surface of aqueous solution of

alkaline-earth metal chloride (MCl, M=Mg2+, Ca2+, Sr2+ and Ba2+) have also been

investigated. The application of time of flight mass spectrometry to monitor ejection

of ions during laser irradiation of liquid jet provides a novel way of probing hydrated

divalent ions in aqueous phase without any interference of surrounding equilibrium

vapor. The ejection of solvated divalent ions into gas phase without a subsequent

collision induced fragmentation was investigated. A comparison of the TOF mass

spectra with aqueous solutions containing monovalent cations presented in Chap-

ter 4 shows a similar trend of decreasing yield of unsolvated H3O
+ and protonated

water clusters with concentration. Other ions ejected from MCl2 solutions include

unsolvated ions (M+ and MOH+) and water clusters of the type MOH+(H2O)m. In

contrast to others, MgCl2 solutions (at low concentrations) also yields water clusters

of the type Mg+(H2O)x. The result obtained and the obvious absence of unsolvated

M2+ and M2+ containing water clusters is explained in terms of the discontinuity

of hydrogen bond network on the surface of the liquid jet, the presence of solvated

electrons and the energetics of ions formed.

The research presented though fundamental, serves as a ground work for extensive

investigation of both ice and aqueous liquid interface. The work presented should be

extended to other halogenated organic compounds stable in both the stratosphere

and the marine boundary layer. Also, detailed investigation of other acidic particles
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(HBr, HNO3 and H2SO4) and aqueous aerosols (brine solutions) co-deposited with

ice on cold substrates should be carried out. A unique problem with surface science

techniques and the use of ‘model environments’ is the subtle but important deviation

from atmospheric ‘real world’ samples. Utilizing liquid phase/aerosol injection system

compared to the gas phase dosing system used in the present study would help reduce

this gap.

The liquid jet technique provides a very good probe of interfacial ion concen-

trations and the perturbations on the hydrogen bonding network on the surface of

liquids. The use of electron stimulated desorption (ESD) would serve as a better

probe (compared to photons) of interfacial reactions on liquids because of the low

penetration depth of electrons. Investigation of electron-induced ion ejection from

liquid jets as a function concentration, temperature of the jet and the presence of

multiply charged cations (such as Mg2+, Ca2+) and anions (such as SO4
2−, PO4

2−)

should be explored.
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Tobias, “Effect of magnesium cation on the interfacial properties of aqueous salt
solutions.,” The journal of Physical Chemistry. A, vol. 114, no. 32, pp. 8359–
8368, 2010.

[123] K. M. Callahan, N. N. Casillas-Ituarte, M. Roeselova, H. C. Allen, and D. J.
Tobias, “Solvation of magnesium dication: molecular dynamics simulation and
vibrational spectroscopic study of magnesium chloride in aqueous solutions,”
The Journal of Physical Chemistry A, vol. 114, no. 15, pp. 5141–5148, 2010.

[124] M. Xu, R. Spinney, and H. C. Allen, “Water Structure at the Air- Aqueous
Interface of Divalent Cation and Nitrate Solutions,” The Journal of Physical
Chemistry B, vol. 113, no. 13, pp. 4102–4110, 2009.

[125] A. T. Blades, P. Jayaweera, M. G. Ikonomou, and P. Kebarle, “Studies of
alkaline earth and transition metal M gas phase ion chemistry,” The Journal of
Chemical Physics, vol. 92, pp. 5900–5906, 1990.

[126] N. Okai, H. Ishikawa, and K. Fuke, “Hydration process of alkaline-earth metal
atoms in water clusters,” Chemical Physics Letters, vol. 415, no. 1-3, pp. 155–
160, 2005.

91



[127] G. N. Merrill, S. P. Webb, and D. B. Bivin, “Formation of Alkali Metal/Alkaline
Earth Cation Water Clusters, M(H2O)(1−6), M= Li+, Na+, K+, Mg2+, and
Ca2+: An Effective Fragment Potential (EFP) Case Study,” Journal of Physical
Chemistry A, vol. 107, no. 3, pp. 386–396, 2003.

[128] J. P. Larentzos and L. J. Criscenti, “A Molecular Dynamics Study of Alkaline
Earth Metal- Chloride Complexation in Aqueous Solution,” The Journal of
Physical Chemistry B, vol. 112, no. 45, pp. 14243–14250, 2008.

[129] M. Sanekata, F. Misaizu, K. Fuke, S. Iwata, and K. Hashimoto, “Reactions
of singly charged alkaline-earth metal ions with water clusters: Characteristic
size distribution of product ions,” Journal of the American Chemical Society,
vol. 117, no. 2, pp. 747–754, 1995.

[130] M. Peschke, A. T. Blades, and P. Kebarle, “Hydration Energies and Entropies
for Mg2+, Ca2+, Sr2+, and Ba2+ from Gas-Phase Ion- Water Molecule Equilibria
Determinations,” Journal of Physical Chemistry A, vol. 102, no. 48, pp. 9978–
9985, 1998.

[131] E. D. Glendening and D. Feller, “Dication- Water Interactions: M2+(H2O)n
Clusters for Alkaline Earth Metals M= Mg, Ca, Sr, Ba, and Ra,” The Journal
of Physical Chemistry, vol. 100, no. 12, pp. 4790–4797, 1996.

[132] M. Beyer, E. R. Williams, and V. E. Bondybey, “Unimolecular reactions of
dihydrated alkaline earth metal dications M2+(H2O)2, M= Be, Mg, Ca, Sr,
and Ba: salt-bridge mechanism in the proton-transfer reaction M2+(H2O)2 →
MOH++ H3O

+.,” Journal of the American Chemical Society, vol. 121, no. 7,
pp. 1565–1573, 1999.

[133] J. Kohno, F. Mafune, and T. Kondow, “Cluster Ion Formation from Alcohol
Solutions of CaI2,” Journal of Physical Chemistry A, vol. 103, no. 11, pp. 1518–
1522, 1999.

[134] A. A. Shvartsburg and K. W. M. Siu, “Is there a minimum size for aqueous
doubly charged metal cations?,” Journal of the American Chemical Society,
vol. 123, no. 41, pp. 10071–10075, 2001.

[135] J. Kohno, F. Mafune, and T. Kondow, “Formation of Ca+(EtOH) m from
Alcohol Solutions of CaCl2,” Journal of Physical Chemistry A, vol. 104, no. 6,
pp. 1079–1084, 2000.

[136] D. Majumdar, J. Kim, and K. S. Kim, “Charge transfer to solvent (CTTS)
energies of small X−(H2O) n=1−4 (X= F, Cl, Br, I) clusters: Ab initio study,”
Journal of Chemical Physics, vol. 112, pp. 101–105, 2000.

92


