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Abstract 

 

Molecular ices freeze out on the surface of dust grains within the interstellar medium (ISM). 

Dust grains form 1% of the mass of the ISM, and are comprised of siliceous or carbonaceous 

material. Molecular ices are H2O-rich, with major components including CO and CO2, along 

with trace amounts of sulphur containing molecules, including SO2. CS2 ice has also been 

detected in cometary comae. 

Previous studies of the adsorption and desorption of H2O-rich ices show that the H2O 

structure dictates the desorption, diffusion and trapping of molecules within the ice. This is 

important in star forming regions, where the evaporation of molecular ices is not spontaneous. 

Hence, the chemical composition of the resultant star or planetary system is affected by these 

processes in molecular ices. 

There is little previous experimental work concerning the adsorption and desorption of 

sulphur bearing ices. Therefore a study of CO2, SO2 and CS2-bearing, H2O-rich, ices adsorbed on 

a carbonaceous surface at ≤ 33 K, has been conducted using reflection absorption infrared 

spectroscopy (RAIRS) and temperature programmed desorption (TPD). Qualitative inspection 

of the ices shows that the molecular size impacts the ability of a species to diffuse or trap 

within the ice. Quantitative analysis of the TPD spectra has also been conducted, to determine 

desorption energies and orders. These have been used in an astrochemical model, simulating 

the warming of ices in a star forming region. 

A model has also been created to simulate RAIR spectra of adsorbate layers on a surface. 

Experiments show that amorphous CO and CO2 ices exhibit unusual splitting of the C-O stretch, 

typically characteristic of crystalline ice. A model was developed to investigate this splitting 

within the amorphous ice. Results show that this splitting occurs as a function of the dielectric 

properties of the ice. 
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Figure 7.1. TPD spectra of a 200 L exposure of CO2, SO2 and CS2 (top to bottom) each 
adsorbed on 100 L H2O adsorbed on a HOPG surface at ≥ 20 K. 
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Figure 7.2. TPD spectra of a 200 L exposure of a 15% CO2:H2O, 10% SO2:H2O and a 10% 
CS2:H2O (top to bottom) mixture adsorbed on a HOPG surface at ≥ 20 K. 
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Figure 7.3. Simulated TPD spectra of a 0.3 um thick, 13% CO2:H2O, 0.3% SO2:H2O and a 
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Figure 7.4. Simulated gas phase abundances of molecular species, following 
evaporation from an interstellar ice mantle in a hot core surrounding a 25 M


 star. 
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Chapter 1: Introduction 

 

This thesis describes laboratory experiments performed to investigate the adsorption and 

desorption of a range of astrophysically relevant ices on an interstellar dust grain analogue 

surface. In particular, reflection absorption infrared (RAIR) experiments were conducted on 

pure ices of CO, CO2 and H2O, adsorbed on a highly oriented pyrolytic graphite (HOPG) surface 

below 33 K, and used as a diagnostic tool for the creation of an infrared simulation. RAIR and 

temperature programmed desorption (TPD) experiments have also been performed, 

investigating pure and H2O dominated ices containing CO2, CS2 and SO2. These results have 

been used to study the observed trapping and diffusion properties of adsorbates in a H2O 

matrix as a function of the size of the volatile molecule. This data has also been used to derive 

kinetic information about the desorption process, which can be used in astrochemical models 

to simulate the evaporation of ices in star forming regions within the interstellar medium 

(ISM). 

 

1.1. Interstellar Medium 

 

The Milky Way, a barred spiral galaxy 106 light years in diameter, is part of the Local Group 

of approximately 30 galaxies. It is home to the Solar System as one of many known planetary 

systems, and the Sun as one of up to 4 × 1011 stars. As viewed from Earth (figure 1.1), the Milky 

Way appears as a diffuse band of light. However, upon closer inspection, dark clumps are 

observed in the Milky Way, initially described as ‘holes in the sky’1,2. These regions are not 

empty and void however, and are in fact composed of clouds of gas and dust. It is within these 

clouds, in the vast region between the stars known as the ISM, where new stars are born. 

The ISM comprises ≈10% of the mass of the Galaxy. This in turn is predominantly composed 

of gas, 99%, with 1% of the mass of the ISM being found in dust grains. The gas within the ISM 

is composed of 93% H and H2 and 6% He. The remaining 1% of the gas within the ISM is made 

up of heavier elements, such as C, N, O and trace amounts of other elements. The matter 

within the ISM is not uniformly distributed and a variety of regions, characterised by 

temperature and H atom density, can be identified. 

The majority of the volume of the ISM, up to ≈70%, is known as the hot ionised medium or 

coronal interstellar gas3. With a mean temperature of up to 106 K and density down to           

10-4 atoms cm-3, the hot ionised medium contains no molecules, with the dominant species 

being H+. The conditions of the hot ionised medium are so harsh that highly ionised species 

such as O6+ are found. Also occupying much of the volume of the ISM is the intercloud 
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medium. The intercloud medium is a region of gas which fills up to ≈20% of the volume of the 

ISM. This region is also relatively hot, 104 K, and diffuse, 0.1 atoms cm-3, with the dominant 

species being H. 

The majority of the mass of the ISM is found in clouds of cold gas and dust, surrounded by 

the intercloud medium, and occupies less than 1% of the volume of the ISM. The temperature 

and density of these clouds are an indication of the evolution of the cloud, which forms part of 

the evolutionary cycle of star formation and death2,4. Diffuse clouds have a temperature and 

density of around 100 K and 100 atoms cm-3. They are composed predominantly of atomic H, 

with partial formation of H2, and trace concentrations of CO and H2CO. Over time, diffuse 

clouds cool and collapse to become dense molecular clouds or dark clouds, figure 1.2. These 

clouds have a rich composition of molecules, and characteristically have a temperature 

between 10 - 20 K and density up to 106 atoms cm-3. A relatively high dust grain density, 

typically around 104 grains cm-3, is also observed in these clouds, which has a significant impact 

on the chemistry within these regions. 

The dust grains within dense molecular clouds play several pivotal roles in the chemistry 

within these regions. Firstly, as evidenced by the fact that molecular clouds appear as dark 

patches in the sky, dust grains shield the cloud from visible and ultraviolet (UV) radiation. This 

hinders photo-dissociation processes of the molecular species within the cloud, allowing a rich 

composition of molecules to exist with appreciable lifetimes. Dust grains also act as a third 

Figure 1.1. The Milky Way as viewed from the Earth’s surface in Chile. Taken from 
http://apod.nasa.gov/apod/ap051004.html. 
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body for surface chemistry, accounting for the formation of several molecular species, as well 

as acting as a reservoir for interstellar ices. Therefore, as a direct result of dust grains, the 

composition of dense molecular clouds is varied. To date over 140 molecules have been 

detected within the ISM, in both the gas phase and on the surface of dust grains, as 

summarised in table 1.1. Also indicated in table 1.1 are the components of interstellar ice 

mantles, most of which are formed via surface chemistry on the dust grain surface. 

Due to the low temperature within these clouds, gravitational forces play a pivotal role over 

astrophysical timescales. Pockets of hydrogen gas within dense molecular clouds may begin to 

condense and collapse, in many cases initiated by the shockwave of an astrophysically recent 

and nearby supernova. Eventually this collapse results in the formation of a protostar, and as a 

direct result will lead to the gradual warming of the surrounding region, described as a hot 

core. The warming in hot core regions will promote chemistry on the surface of interstellar 

dust grains, as well as allowing for the thermal desorption of icy mantles from the dust grain 

surface. Once evaporated, the warm gas may undergo further chemistry to produce a rich 

mixture of saturated organic molecules. The protostar and consequent rotating accretion disk, 

formed from the remnants of the collapsing dense cloud, and composed of the gas and dust 

warmed and processed by the hot core and protostar, may then evolve to give a planetary 

Figure 1.2. The Snake Nebula, also known as Barnard 72, is one of many dark clouds of 
gas and dust which obscure the light from background star clusters. Taken from 
http://apod.nasa.gov/apod/ap050521.html. 
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system such as the Solar System. Therefore the chemical composition of the gas, dust and icy 

mantles is of critical importance to the makeup of a new star system, whether a planetary 

system evolves, and may even be an important factor in determining whether the planetary 

system supports life. 

 

Table 1.1. Table showing some of the molecules detected in the ISM to date. Adapted 
from http://astrochemistry.net/. Molecules found in icy mantles are shaded in grey

5-7
. 

Number of atoms 

2 3 4 5 6 7+ 

H2 H3
+
 CH3 CH4 C2H4 CH3CH3 

CH CH2 NH3 NH4
+
 CH3OH CH3NH2 

CH
+
 NH2 H3O

+
 CH2NH CH3CN CH3CCH 

NH H2O C2H2 H3CO
+
 CH3NC c-C2H4O 

OH H2O
+
 H2CN SiH4 NH2CHO CH3CHO 

OH
+
 C2H HCNH

+
 c-C3H2 CH3SH C2H5OH 

HF HCN H2CO H2CCC H2CCCC CH3OCH3 
C2 HNC c-C3H CH2CN HCCCCH CH2CHCN 
CN HCO l-C3H H2CCO H2C3N

+
 CH3CH2CN 

CN
+
 HCO

+
 HCCN NH2CN c-H2C3O C3H4O 

CO HN2
+
 HNCO HCOOH HC2CHO CH3CH2CHO 

CO
+
 HOC

+
 HNCO

-
 C4H C5H CH3COCH3 

N2
+
 HNO HOCO

+
 C4H

-
 HC4N CH3CONH2 

SiH H2S H2CS HC3N C5N CH2OHCHO 
NO H2S

+
 C3N HCCNC  CH3COOH 

CF
+
 C3 C3O HNCCC  HCOOCH3 

HS C2O HNCS C5  HOCH2CH2OH 
HS

+
 OCN

-
 SiC3 SiC4  CH3C4H 

HCl CO2 C3S   CH2CCHCN 
SiC CO2

+
    CH3C3N 

SiN N2O    C6H 
CP HCS

+
    C6H

-
 

CS NaCN    C6H2 
SiO MgCN    HCCCCCCH 
PN MgNC    HC5N 
AlF c-SiC2    NH2CH2COOH 
NS AlNC    C6H6 
SO SiCN    C7H 
SO

+
 SiNC    CH3C6H 

NaCl C2S    C8H 
SiS OCS    C8H

-
 

AlCl SO2    HC7N 
S2     HC9N 

FeO     HC11N 
KCl      

 

During the formation of a planetary system, dust particles aggregate into lumps of rock, 

most of which become incorporated into planetary bodies. However, due to a variety of 

processes and collisions, some of these rocks are knocked into an elliptical orbit. These are 

known as comets. Depending on the process in which a comet was formed, the cometary ice 

may have the same chemical composition as the solar nebula in which it was formed. 
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Therefore, to further understand the conditions in which our Solar System was created 

specifically, investigations into cometary ices are also of great importance2. 

 

1.2. Dust Grains 

 

Although only 1% of the mass of the ISM is composed of dust grain particles, they play a 

crucial role in the chemistry that occurs in star forming regions. It has been shown from 

chemical models that gas phase chemistry alone cannot account for the abundance of H2, 

along with a number of other molecular species. Dust grains are also required to account for 

the composition of interstellar ices, where the abundance of species found in ices, such as H2O, 

NH3, CH4 and CH3OH for example, are not accountable from accretion onto the grain surface 

from the gas phase. Therefore, dust grains are believed to act as a third body in formation 

reactions, acting as both a reservoir and catalyst for reactions. 

The composition of interstellar dust grains is not entirely known, however, clues about the 

nature of dust grains are obtained from interstellar extinction and polarisation2, as shown in 

figure 1.3, and from the infrared spectrum of interstellar ices and dust grains8,9, shown in 

figure 1.4. The shape of the extinction curve in the low wavenumber region, up to 4 μm-1, 

suggests that the majority of dust grains have a mean radius of 0.1 μm. A bump in the 

Figure 1.3. The average extinction curve (solid line) and mean polarisation curve (dash-
dot line) of the diffuse interstellar medium, taken from reference [2]. Also shown are 
three fits to the average extinction curve showing extinction from 0.1 μm radius grains 
(long dashed line), a fit responsible for the 216 nm hump in the extinction curve (short 
dashed line) and a fit responsible for the ultraviolet extinction (dotted line). 
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extinction curve is observed at 4.6 μm-1 which is thought to be characteristic of very small 

carbonaceous particles, with a radius of approximately 0.003 μm2,3. The steady rise in the 

extinction curve at short wavelengths, known as the ultraviolet extinction, is the result of 

larger, polycyclic aromatic hydrocarbon (PAH) particles as well as small siliceous particles2,3. 

Further evidence for siliceous particles within the dust grains is observed in the infrared 

spectrum of molecular clouds. Figure 1.4 shows the infrared spectrum, taken from the short 

wavelength spectrometer on the infrared space observatory, of the star forming region 

W33A9. The silicate absorption is clearly observed. The depletion of several condensable 

elements from the average solar abundance, such as O, Mg and Fe, also suggests that dust 

grains may be composed of pyroxenes, MgxFe1-xSiO3, and olivines, Mg2xFe2-2xSiO4.
10 Evidence 

for the shape of interstellar dust grains is also given. The interstellar polarisation must be 

caused by non-spherical particles which are aligned to a magnetic field2,3. This indicates that 

dust grains are elongated in shape, and are generally oriented within a dense cloud. 

In summary, dust grains are known to be elongated particles which range in size between   

1 nm - 1 μm10,11. They are known to be composed of siliceous and carbonaceous material. 

Although the exact structure of the dust grains is unknown, a popular model considers the 

grain as a refractory silicate core covered with an organic refractory mantle2,11,12. The 

carbonaceous material has been ascribed to graphite13, amorphous carbon14, hydrogenated 

amorphous carbon15 and PAHs16 to name but a few. There is no universal model for a dust 

grain analogue due to the complex and uncertain composition of interstellar grains. Several 

dust grain analogues have been used in previous studies ranging from inert surfaces such as 

Au17-24 and CsI25-35 to more astophysically relevant surfaces including siliceous surfaces, 

olivine36-38 and Si39-49, as well as carbonaceous surfaces such as amorphous carbon36,50-52 and 

Figure 1.4. Infrared spectrum of W33A taken from the short wavelength spectrometer on 
the infrared space observatory. Taken from reference [9]. 
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HOPG20,53-74. Therefore, the use of HOPG as a dust grain analogue in laboratory based studies, 

as used in the experiments described in this thesis, is suitable. HOPG is composed of sheets of 

graphene, one atom thick layers of carbon densely packed into a honeycomb crystal lattice75,76. 

HOPG has previously been used to study the formation of H2 and HD53,54,63-73 and to investigate 

the adsorption and desorption of molecular ices including H2O, NH3, CH3OH and C2H5OH20,55-

62,73,74. 

Understanding the chemical and physical behaviour of an adsorbate on a surface is 

essential to surface science. This includes understanding how the adsorbates are bonded to 

the surface, and how the surface affects the adsorption of molecular ices. For example, CO has 

been shown to be physisorbed on an HOPG surface77, where only weak van der Waals forces 

hold the adsorbate on the surface. The binding strength of physisorbed species is 

characteristically found to be < 60 kJ mol-1. Conversely, CO is adsorbed onto a more reactive 

surface, such as Cu(111), via chemisorption78,79. In these systems, the adsorbate is held on the 

surface via strong chemical bonds and the binding strength is characteristically in excess of    

60 kJ mol-1. As interstellar dust grains are thought to be generally inert, it is expected that the 

majority of interstellar ice mantles are physisorbed on the dust grain surface. 

 

1.3. Ice Mantles 

 

As evidenced by infrared spectra of molecular clouds within the ISM, shown in figure 1.4, 

dust grains act as a reservoir for interstellar ices. At the low temperatures of molecular clouds, 

down to 10 K, gas phase species readily condense onto the surface of dust grains, forming icy 

mantles, where the mantle composition does not reflect the gas phase composition or 

abundances80. This is due to a range of processes, including the formation of more complex 

molecules on the grain surface, as well as energetic processing of the ices by UV radiation and 

cosmic rays80-88, as depicted in figure 1.52,62,80,89. Table 1.2 shows the typical composition and 

abundances of icy mantles, with respect to H2O, in a range of star forming regions9,90-112. The 

abundances are also compared with typical abundances in cometary ices4,113. 

In a molecular cloud, where the H:H2 ratio is typically high, common for immature clouds, 

reactive gaseous species such as H, D, C, N, O and CO condense onto the dust grain surface and 

form new species via thermal hopping and quantum tunnelling80,84. As the H:H2 ratio is high, 

hydrogenation processes dominate, and polar (H2O, NH3, CH4 and CH3OH rich) ices form on the 

surface80,82,84,85,114-116. If the H:H2 ratio is low however, typical for more mature clouds, species 

such as C, N, O and CO are free to react forming apolar (CO, CO2, O2 and N2 rich) ices27,80,115,117. 

Ices may also undergo energetic processing, via thermal processes, UV or cosmic radiation 

from nearby stars, or a protostar and hot core80-88. This processing has been shown, via 
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laboratory based experiments, to allow for the formation of more complex organic species, 

such as C2H5OH24,81,87. Desorption processes also occur upon warming of the icy mantles, 

where the processed molecules are released into the gas phase to drive the formation of 

larger organic molecules. 

 

Table 1.2. Ice abundance toward infrared sources and comets with respect to H2O. 

Ice Elias 16
a
 

NGC 7538 
IRS9

b
 

GL 7009S
c
 W33A

d
 GL 2136

e
 Sgr A*

f
 Comets

g
 

H2O 100 100 100 100 100 100 100 
CO 25 16 15 8 2 < 12 5-30 
CO2 18 22 21 13 16 14 3-20 
CH4  2 4 1.5  2 1 

CH3OH < 3 5 30 18 6 < 4 0.3-5 
H2CO  4 3 6 3 < 3 0.2-1 

HCOOH  3  7  3 0.05 
H2S    < 0.2    
OCS < 0.2  0.2 0.2   0.5 
NH3 ≤9 13  15  20-30 0.1-1.8 
XCN < 0.5 1 1.5 3.5 0.3  0.01-0.4 
SO2  < 0.5  0.31    

From references; a = [94,95,100,102,107-109], b = [90,92,95,96,100,103,104,112],                 
c = [98,99], d = [9,91,92,95,96,99,101,110-112], e = [

93,95,100,103,105,106,115
], f = [97,100] and g = 

[4,113]. 

 

The evaporation of icy mantles in hot core regions is not instantaneous and the ice 

constituents do not necessarily evaporate together118. This has consequences for the 

understanding of the gas phase chemistry in star forming regions, as reactive volatile species 

Figure 1.5: Schematic diagram of the energetic processes occurring on a typical ice 
mantle covered dust grain surface. Adapted from references [2,62,80,89]. 
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are not injected into the gas phase at the same time. An example of this can be shown by the 

study of the desorption of a range of astrochemically relevant molecules from H2O-rich ices19, 

where the desorption of many species is dictated by the desorption of the H2O itself. 

Studies of the adsorption of H2O on a surface below 120 K show that amorphous solid 

water (ASW) is formed119-121. ASW is thought to be the most abundant phase of H2O ice in the 

ISM. It is a porous, low density phase of solid H2O ice and is a metastable form of liquid H2O. 

The exact morphology, porosity and density of ASW is not precisely known, and is a function of 

the temperature, pressure and angle of deposition119-121. Conversely, adsorption of H2O onto a 

surface above 140 K produces crystalline ice (CI), a dense, ordered and non-porous form of 

solid H2O. ASW can undergo an irreversible phase transition to CI upon warming to 

temperatures above 140 K. Between 120 - 140 K, ASW is thought to undergo a ‘liquid like’ 

transformation, where pores in the ice close119-121. These features of ASW have direct 

consequences for the desorption of volatile molecules inserted into the ASW ice. For example, 

small volatile molecules may diffuse through the porous ASW matrix to desorb at their natural 

sublimation temperature. The diffusion of larger molecules may be hindered, depending on 

the size of the pores in the ASW film. ASW also has the ability to trap volatile molecules within 

its pores as a result of the ‘liquid like’ transformation of ASW. This results in the desorption of 

the volatile molecules at temperatures well above their natural sublimation temperature. Two 

desorption features are commonly observed for the desorption of astrochemically relevant 

molecules from H2O-rich ices19, coincident with the desorption features of H2O. These include 

a ‘molecular volcano’ of the volatile molecules with the ASW - CI transition, and co-desorption 

with the desorption of CI. The molecular volcano occurs as the volatile molecules, trapped 

within the closed pores of ASW, are violently released as the H2O molecules rearrange, re-

opening the pores, and forming CI. In some cases, some volatiles may remain in the CI, 

embedded in the H2O matrix, to desorb coincident with the desorption of CI. 

 

1.3.1. Cometary Ices 

 

In addition to interstellar ices, cometary ices are also of interest. Comets are the relics of a 

collapsing cloud, formed as a star and planetary system is created2. As such, they are 

composed of the same material from the protostellar nebula from which the planetary system 

was formed. As the comets in our Solar System formed, with the formation of our Sun and 

planets, they were thrown out to distances of 50,000 astronomical units (AU) (where 1 AU is 

the distance between the Sun and the Earth, 1.5 × 1011 m). At these distances from the Sun, 

hundreds of billions of comets reside in the Oort cloud, where they remain ‘nascent’, and are 

too small to be observed from Earth. However, due to gravitational perturbations, some 
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comets such as Hale-Bopp, shown in figure 

1.6, which approached the centre of the 

Solar System in 1997, are observable to Earth 

and satellite based observations4,113,122-124. 

The nucleus of Hale-Bopp is relatively small, 

only kilometres in diameter2. As a comet 

approaches the Sun, it warms up and the ice 

and dust from the nucleus boils off, creating 

the long tail and coma usually associated 

with comets. This tail can be several 

hundreds of thousands of kilometres in 

length2. 

Understanding whether any energetic 

processing of the cometary ice has occurred 

once the solar and planetary system has 

formed, as well as the extent of the cometary 

processing, is therefore of great importance 

to understanding how the cometary ice 

deviates from its original, protostellar ice. Previous investigations report that abundances and 

compositions of cometary ices are found to be similar to those typically found in star forming 

regions of the ISM2,4,107, as shown in table 1.2. This is a critical discovery, as the investigation of 

cometary ices is therefore of direct relevance to understanding the conditions of the 

protostellar nebular in which the Sun and Earth were formed. Analogous to interstellar ices, 

H2O is the most abundant species within the ice, followed by CO, with other major 

constituents including CO2 and CH3OH, with trace abundances of other species including OCS, 

SO2 and CS2.4,113,122-124 Mass spectrometric evidence from the Giotto and Vega space probes 

have also provided proof that the dust particles of comet Halley are composed of siliceous 

refractory material (Si, Mg and Fe) with organic, carbonaceous material (C, O and N)125,126. This 

correlation between cometary dust and ice, and that found in star forming regions of the ISM 

suggests that cometary volatiles undergo little processing in the ‘nascent’ state in the solar 

nebula2,122. Therefore, comets are often considered to be the best probe to investigate the 

origins of our Solar System. 

 

 

 

 

Figure 1.6. Picture of Hale-Bopp Comet 
taken in 1997 as it passed close to Earth. 
Taken from 
http://apod.nasa.gov/apod/ap050522.html. 
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1.4. Sulphur Chemistry in the ISM 

 

As this thesis discusses the adsorption and desorption of molecular ices containing sulphur 

bearing molecules, and since these species are found in both interstellar and cometary ices, an 

understanding of the sulphur chemistry in the ISM is of importance. Sulphur has a relatively 

high cosmic abundance, approximately 4% of the abundance of carbon, and is predominantly 

found ionised in diffuse regions and in a neutral state within dark molecular clouds127. Fifteen 

sulphur containing molecules have been detected in the gas phase within the ISM7,127-130, 

including CS131,132, SO133, H2S
134, OCS135 and SO2

136. However, the observed abundance of gas 

phase sulphur containing molecules is found to be depleted by up to 90% within dark 

molecular clouds127,137. Steady state models of cold molecular clouds have shown that gas 

phase S, CS and SO accounts for the majority of the observed sulphur-bearing species137,138. 

The remaining sulphur is thought to be composed of sulphur-bearing ices adsorbed on the 

surface of dust grains127,129,139 or undetectable molecules or ions such as S2 or S+.127,129 

Sulphur bearing molecules contained within ices on the surface of dust grains are found 

predominantly in the form of H2S within dense regions128,140,141. Upon warming, H2S evaporates 

into the gas phase where it undergoes a number of chemical reactions to create a range of 

sulphur containing species. A number of gas phase models and reaction schemes have been 

created to investigate sulphur chemistry within regions of star formation127,128,138,140,142-145. 

These models show that warm H2S is readily dissociated to release SH and S140. 

 

SSHSH
HH

2 → →  

 

The study of sulphur chemistry in the gas phase, and on the surface of interstellar dust 

grains, has been shown to be particularly useful as a tracer for the chemical evolution of star 

forming regions127,138,140,142,143,145-147. The chemistry of sulphur in the ISM is not analogous to the 

chemistry of oxygen in the ISM, despite their chemical similarities. For example, the gas phase 

reactions which play a critical role in the formation of OH and H2O within diffuse clouds, in 

particular: 

 

H+OHH+O +
2

+ →  

 

H+OHH+OH +
22

+ →  
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H+OHH+OH +
32

+
2 →  

 

are exothermic. However, the sulphur substituted analogues to reactions 1.2 - 1.4: 

 

H+SHH+S +
2

+ →  

 

H+SHH+SH +
22

+ →  

 

H+SHH+SH +
32

+
2 →  

 

are endothermic, and therefore cannot account for the abundance of H2S, for example144. 

Instead, H2S is formed on the surface of a dust grain in the diffuse regions via hydrogenation of 

SH127. 

From the products of reaction 1.1, a range of other sulphur containing species can be easily 

formed, including SO and SO2
138,140,144: 

 

H+SOO+SH →  

 

H+SOOH+S →  

 

O+SOO+S 2 →  

 

νh+SOO+SO 2→  

 

H+SOOH+SO 2→  

 

as well as CS and OCS138,140,144: 

 

O+CSC+SO →  

 

νh+OCSS+CO →  

 

The time dependence of the abundance of SO and SO2 in the ‘early time’ of a hot core, up 

to 5 × 105 years138, shows that these molecules are good candidates for use as ‘chemical 

clocks’, to measure the time elapsed since the core began to warm. For example, the SO:SO2 
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ratio can be used to determine the age of a hot core. At times of less than 105 years, the 

abundance of SO has been shown to be characteristically higher than that of SO2. The opposite 

is observed for hot cores over 105 years of age, where the SO:SO2 ratio is < 1. The production 

of SO2 from H2S has also been shown to be temperature dependent140, as well as being 

dependent on the availability of OH and therefore in competition with the formation of H2O. 

For example, at low gas temperatures, ≈100 K, corresponding to a low mass star, most of the 

sulphur from H2S converts to SO2 as a direct result of the abundance of OH at these 

temperatures, leading to low H2S:SO2 and SO:SO2 ratios. Conversely, at higher gas 

temperatures, corresponding to a higher mass star, ≈300 K, O and OH are efficiently converted 

to H2O, and as such are not abundant enough to form SO and SO2. Therefore the SO:SO2 ratio 

is also temperature dependent. 

Time and temperature dependence have also been observed in the production of OCS140. 

For example, above 200 K, efficient formation of OCS, via equation 1.14, is observed up to 

around 2 × 104 years140. However at lower temperatures, the predicted abundance of OCS falls, 

as the only viable formation routes occur via HOCS+ and HCS, which are known to be minor 

sulphur bearing species. 

Although gas phase models of the sulphur chemistry in the ISM have been able to predict 

the abundances of SO, SO2 and CS128,140, they have not been able to accurately reproduce the 

abundance of OCS for example. These models have been solely based upon the evaporation of 

pure H2S ices upon warming in a hot core region, however OCS and SO2 ices have also been 

observed in these regions101,102,112. The observed abundances of OCS in dense molecular clouds 

and young hot core regions also shows more OCS on the surface of dust grains than in the gas 

phase101,102. Therefore it is implied that OCS and SO2 are also formed on the surface of dust 

grains in these dense regions, and once evaporated, will contribute to the gas phase 

abundances, unaccounted for by the gas phase formation models. 

Steps to understand the formation of sulphur containing molecules on the surface of a dust 

grain analogue have been taken130,148, via irradiation of CO, CO2 and H2O-rich SO2 and H2S-

bearing ices. Efficient formation of OCS in H2O-dominated H2O:CO:H2S ices has been observed, 

as well as the formation of CS2 and SO2 in CO and CO2-rich H2S-bearing ices respectively130,148. 

However, as discussed previously, a complete understanding of the desorption of these ices is 

of importance to better understand the gas phase chemistry in star forming regions, and has 

yet to be performed. Therefore a complete study of the adsorption and desorption of SO2 and 

CS2-bearing, H2O-rich ices has been conducted, and will be discussed with, and compared to, 

work describing CO2 and OCS62-bearing H2O-rich ices on an astrophysically relevant dust grain 

analogue. 
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1.5. Previous Work 

 

As previously discussed, H2O is a major constituent of interstellar ices in dense molecular 

clouds and young hot core regions. Therefore a wide range of experimental studies have been 

conducted to study the formation, processing and desorption of pure H2O ices as well as H2O-

rich ices17-19,28,31-33,41-43,48,55,61,62,74,149-154. Here, a brief discussion of a selection of previous 

studies, highlighting the motivation for this study is given. 

Kay et al119,121,155-161 have performed extensive investigations of the porosity, trapping and 

diffusion properties of ASW. The nature of ASW has been investigated by studying the 

adsorption of H2O on a range of surfaces, including Au(111), Ru(001) and Pt(111), at a range of 

temperatures, from 20 K to 150 K, and even by growing ASW as a function of deposition angle 

and deposition rate. For example, by studying the thermal desorption of N2 from a range of 

ASW surfaces, grown at different angles of deposition at 26 K121, ASW is shown to be highly 

porous at deposition angles approaching 70° and non-porous, or dense, at deposition angles   

≤ 20°. Background deposition of H2O from ambient vapour has been shown to produce a highly 

porous ASW structure. The effect of the porosity of ASW on the diffusion, trapping and release 

of adsorbed volatile molecules has also been investigated. TPD spectra of binary and reverse 

layers of Ar deposited on and below films of porous and dense ASW were investigated. 

Diffusion of Ar through a dense ASW film was not observed, indicated by the lack of trapping 

of Ar in binary layers of Ar on dense ASW, and the lack of Ar desorption at its natural 

sublimation temperature from reverse layers of dense ASW on Ar. Conversely, diffusion of Ar 

through a porous ASW film was observed119. As already discussed, the release of volatile 

molecules trapped within an ASW film occurs coincident with the desorption features of ASW. 

A molecular volcano of the trapped volatile molecules is observed coincident with the ASW - CI 

transition156, as well as co-desorption with the evaporation of CI155. 

The thermal desorption of pure H2O ice from a Au surface at 10, 100 and 130 K has also 

been investigated by Fraser et al149. Growth of a monolayer, followed by multilayers of ASW, 

was observed upon adsorption of H2O on the surface at 10 K. Depositing thick films of H2O on 

the surface at different temperatures was also performed to show that different forms of H2O 

ice were produced. High and low density ASW were formed by depositing H2O onto the surface 

at 10 and 100 K respectively, and CI was formed by depositing H2O on the surface at 130 K. 

Quantitative analysis of the TPD spectra of multilayer ASW and CI was also performed, 

assuming an order of desorption of 0 and pre-exponential factor for the desorption process of 

1 × 1030 molec cm-2 s-1, to derive energies for the desorption process of each ice. These were 

found to be 46.6 kJ mol-1 for ASW and 48.0 kJ mol-1 for CI. These kinetic data were then 

subsequently used to model the desorption and trapping of CO in an ASW ice in a chemical 
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simulation17, providing evidence that the evaporation of icy mantles does not occur 

spontaneously. 

Collings et al17-19 have also conducted a brief survey of the desorption of a wide range of 

astrophysically relevant H2O-rich ices, including CO, CO2, CS2 and SO2-bearing ices, on a Au 

substrate at 8 K. Three ice configurations were investigated; pure ices, sequentially adsorbed 

ice layers on a pre-adsorbed H2O ice, and mixed ices co-adsorbed with H2O. The desorbates 

were grouped into three categories, based upon their desorption behaviour with H2O; CO-like, 

H2O-like and intermediate species. CO-like species, including the most volatile species CO, N2, 

O2 and CH4, show two desorption features above the natural sublimation temperature of the 

ice in layered and mixed H2O-rich ices. These were observed as a molecular volcano coincident 

with the ASW - CI transition156 and co-desorbing with CI. The observation of these desorption 

features in layered and mixed ices, as well as the desorption of the ice constituents at their 

natural sublimation temperatures in mixed ices, indicated that CO-like species are able to 

diffuse and trap within a H2O ice matrix. H2O-like species, including NH3, CH3OH and HCOOH 

show characteristics similar to H2O. Unlike CO-like species, H2O-like species do not show any 

behaviour characteristic of diffusion or trapping within the H2O ice matrix, and indicate strong 

hydrogen-bonding interactions between the ice constituents and H2O. Finally, intermediate 

species, including H2S, OCS, CO2, SO2 and CS2, showed hindered diffusion through the H2O film, 

with no desorption of the ice constituents at their natural sublimation temperature in mixed 

ices. However, the molecular volcano with the ASW - CI transition is observed in layered and 

mixed ices indicating trapping of the intermediate species. 

The work of Collings et al has been built upon over the years by the group led by Brown55-

62,74, to provide a detailed study of pure and H2O-rich ices on an astrophysically relevant dust 

grain analogue surface. Included in this work is an infrared and thermal desorption study of 

pure H2O ice, grown on a HOPG surface below 100 K, conducted by Bolina et al55,162. RAIR 

spectra of a range of exposures of H2O show the formation of bulk, or multilayer, ASW, 

physisorbed on the surface. Two infrared features are observed in the RAIR spectrum of ASW, 

a very broad feature near 3400 cm-1 and a small feature at 1677 cm-1, assigned to the O-H 

stretching mode, νOH, and H-O-H scissors mode of ASW respectively. Warming the ASW ice to 

150 K, or adsorbing H2O onto a warm surface prior to collecting a RAIR spectrum, shows that 

the νOH mode is characteristically altered. Three distinct features are observed in the νOH mode 

of H2O following warming to 150 K at 3180, 3322 and 3394 cm-1, characteristic of CI. Complete 

desorption of the H2O ice is observed following warming to 175 K. TPD experiments were also 

conducted to investigate the thermal desorption of a range of thicknesses of H2O ice. 

Desorption of multilayer H2O produces a TPD spectrum with a peak temperature of ≈164 K and 

a bump on the low temperature leading edge of the desorption peak at 153 K20. This bump is 
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characteristic of the ASW - CI phase transition, where the peak at 164 K corresponds to the 

desorption of CI. 

Ulbricht et al have performed a survey of the desorption of a range of adsorbates, including 

CO, CO2 and H2O, adsorbed on a bare HOPG surface, as well as on a single walled carbon 

nanotube surface, at 20 K163. Whilst the TPD survey of Ulbricht et al was not directly motivated 

by understanding the desorption of interstellar ices, it provides a comparison to this work for a 

range of astrochemically relevant ices desorbing from a bare HOPG surface. Derivation of 

kinetic parameters was also performed for the desorption of these ices, including determining 

the energies for the desorption of each molecular ice. 

Other work of specific interest is that of Sandford and Allamandola31-35,80,152,164,165, who have 

studied the infrared spectra of a range of astrophysically relevant ices, adsorbed on a CsI 

window at 10 K. Their studies included pure ices and layered and mixed polar and apolar ices, 

including H2O, CO, CO2, H2S and SO2. In particular, it was shown that infrared spectra of CO and 

CO2 ices have temperature dependent features which are characteristically different when 

mixed in a polar or apolar ice. This led to the use of the observed infrared features of CO and 

CO2 as a tool to determine the thermal and chemical nature of interstellar ices in a range of 

regions. In addition to characterising the behaviour of ice constituents as a function of the 

chemical nature and temperature of the ice, Sandford and Allamandola et al constructed a 

library of surface binding energies (ΔHS) of each ice, and calculated residence times for each 

ice constituent on an astrophysical timescale. Surface binding energies were determined by 

assuming that the desorption of ices follows33: 

 

kT

HΔ
expν=R S

0S

-
 

 

where RS is the rate of re-evaporation from the surface, ν0 is the lattice vibrational frequency 

of the molecule on the surface and T is the surface temperature. This is accomplished 

isothermally, by warming the ice to a predetermined temperature and holding the ice at this 

temperature whilst measuring the loss of ice, via sublimation, as a function of time. The 

measured loss of material was then used to derive the binding energy of the ice on the surface 

via equation 1.1633: 

 

( ) ( ){ }
Atν

νΔτνΔτa
lnT-=

k

HΔ

f0

fimS -
 

 

1.15 

1.16 



34 

where am is the area of the molecular site on the surface, tf is the total time over which the loss 

of material is observed, A is the integrated absorbance of the vibrational band32,152 and (τΔν)i 

and (τΔν)f are the integrated band strength at time, t = 0 and t = f respectively.  

This technique has been successful in determining binding energies for a range of molecular 

ices, although there are two obvious problems with this approach. As discussed in chapter 2, 

the rate of desorption (rdes) of a molecular ice follows a standard rate equation known as the 

Polanyi-Wigner equation166: 
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where νn is the pre-exponential factor for desorption, θ is the coverage of the molecules on the 

surface, Edes is the desorption activation energy and TS is the surface temperature. Comparison 

of equations 1.15 and 1.17 shows obvious similarities. However, the rate of re-evaporation 

used by Sandford and Allamandola is not dependent on the coverage of the ice on the surface, 

and hence the order of the desorption process is 0. A desorption order of 0 is characteristic of 

weakly bound, bulk, or multilayer, desorbing species, and is a valid assumption which is often 

used by the group of McCoustra et al17-20. This assumption affects the pre-exponential factor 

for desorption however, where the units for the pre-exponential factor are given by         

(molec m-2)1-n s-1. A 0th order desorption process has a pre-exponential factor with units of 

molec m-2 s-1 as opposed to a frequency, s-1, and is a function of several factors including the 

size of the molecule, entropy of the ice system as well as the vibrational frequency of the 

adsorbed molecules163. Therefore, assuming that ν0 can be represented by the lattice 

vibrational frequency of the surface bound molecule alone, a value often found to be                

1 × 1012 - 13 s-1, is not a valid assumption, as the pre-exponential for multilayer species have 

been shown to be to the order of 1 × 1028 - 32 molec m-2 s-1,55-57,59,60,163. 

A second problem with the approach of Sandford and Allamandola is the fact that they rely 

on the assumption that the integrated area of the infrared bands used to determine the 

surface binding energy, via equation 1.16, only changes as a function of the number of 

molecules on the surface. However, it has been shown that the size of an infrared absorption 

band is a function of several factors, including chemical and physical interactions within the 

ice55. For example, previous studies of the H2O νOH mode show that this vibrational band 

changes as a function of increasing surface temperature due to the ASW - CI transition55,162. 

Therefore careful selection of appropriate infrared bands for use in this analysis has to be 

made. 

1.17 
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A detailed infrared and thermal desorption study of CO2-bearing H2O-rich ices on a Si wafer 

above 80 K has also been conducted by Maté and Gálvez41-43. These studies also provided 

evidence for the trapping of CO2 within an ASW layer. However, the desorption of CO2 at its 

natural sublimation temperature was not observed, and pure CO2 ices were not investigated, 

as the natural sublimation of CO2 is around 80 K. Infrared and TPD investigations of the 

trapping and diffusion properties of CO2-bearing CH3OH-rich ices were also conducted on a Si 

wafer at 85 K44. Analogous to studies investigating the diffusion and trapping of CO2 through 

an ASW ice, trapping of CO2 in a CH3OH-rich ice is observed, and desorption features of CO2 

coincide with the phase transition of amorphous CH3OH to crystalline CH3OH as well as the 

desorption of crystalline CH3OH. Therefore, the composition of the polar ice in which trapping 

of volatile molecules occurs affects the desorption of the ice constituents, where the 

desorption features of CH3OH do not occur at the same temperatures as those of ASW. Surface 

binding energies for CO2 adsorbed on ASW, CI, amorphous CH3OH and crystalline CH3OH were 

also determined, using the same approach as Sandford and Allamandola. It was found that the 

surface binding energy for CO2 adsorbed on all four ice systems studied was the same, within 

experimental error, and was found to be between 19.7 and 20.7 ± 2 kJ mol-1. 

These experimental investigations, determining the diffusion and trapping properties of 

astrochemically relevant ices from a H2O-rich matrix, as well as desorption energies for the 

observed desorption processes, are of vital importance to astrophysical simulations. As 

discussed previously, several models assume the evaporation of molecular ices to occur 

spontaneously as soon as the hot core begins to warm. However, evidence from experimental 

studies indicates that this is not the case, and therefore inclusion of the observed desorption 

processes into these models is required to improve the accuracy and validity of the 

astrophysical simulation. As briefly touched upon, desorption energies, as well as other kinetic 

parameters, can be derived from TPD spectra via application of equation 1.17. These kinetic 

parameters can be implemented in to astrophysical models58, such as the models employed by 

Viti and Williams118,167-169, to describe the injection of volatile reactive species from the icy 

mantles into the gas phase. The time in which a protostar begins to burn hydrogen, and the 

time in which the protostar reaches the ‘main-sequence’ of stars may span up to                        

1 × 106 years167. As a consequence of this, the warming in hot core regions, from the 

temperature of the dense molecular cloud of 10 K, to the temperature in which all ices have 

desorbed from the dust grain surface, is not instantaneous. As the evaporation of ices is not 

instantaneous, understanding the evaporation of a range of ices, including the temperatures at 

which they desorb, and therefore when they are injected into the gas phase, is of extreme 

importance to further understand the gas phase chemistry of star forming regions. 
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1.6. Motivation for this work 

 

As discussed in this introduction, understanding the chemical and thermal nature of 

interstellar ices is of direct relevance to understanding the formation of stars, planets and even 

life. In particular, understanding the adsorption, desorption, diffusion and trapping properties 

of sulphur-bearing molecules in H2O-rich ices is vital to further understand the composition 

and morphology of interstellar ices in dense clouds, and their evaporation upon warming in 

star forming regions. Therefore a complete investigation, using RAIR and TPD experiments, of 

pure and H2O dominated ices containing CO2, CS2 and SO2 has been conducted for the first 

time. 

Interstellar ices are observed via infrared and radio spectroscopy, which can be compared 

with laboratory based experiments to identify the chemical composition and nature of the ice. 

Therefore the infrared spectra of typical interstellar ices, adsorbed on a dust grain analogue, 

are useful for the characterisation and identification of interstellar ices in a range of regions. 

Hence, a detailed understanding of the optical properties of ices on a dust grain analogue 

surface is necessary, to help provide accurate assignments of the features observed in the 

infrared spectra of these ices. 

Understanding the role of sulphur-bearing molecules in an interstellar ice analogue has a 

number of motivations. Firstly, the adsorption and desorption of sulphur-bearing ices has 

astrophysical implications for the gas phase composition and chemistry in both diffuse and 

dense molecular clouds, and in particular is of importance in star forming regions. This includes 

understanding the degree of trapping and diffusion of these molecules in a H2O-rich ice. 

Therefore RAIRS and TPD experiments of pure ices and layered and mixed H2O-containing ices 

have been performed. Kinetic data for the desorption of sulphur-bearing ices from pure and 

H2O rich ices, can also be derived. These data can then be used in astrochemical models to 

simulate the evaporation of ices, and hence the injection of molecules into the gas phase to 

drive chemical formation, on astrophysical timescales using astrophysical heating rates. 

A second motivation for the investigation of sulphur-bearing molecular ices is to better 

understand the effect of changing the size of the molecule on the adsorption and desorption 

of the ice. This is achieved by comparing the experimental results from CO2 ices with the 

sulphur substituted analogues of CO2, namely SO2 and CS2. Experimental results for OCS-

bearing ices62 will also be discussed to provide a complete comparison between the sulphur 

substituted analogues of CO2. Studying the differences between CO2, OCS, SO2 and CS2 has 

implications in astrochemistry as well as being of general physical chemical interest. 
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CO2, SO2 and CS2 are all classified as 

‘intermediate desorbing species’ as 

determined by Collings et al19. Therefore CO2, 

SO2 and CS2 should behave in a similar 

manner to each other upon adsorption and 

desorption from pure and H2O-rich ices, 

where the major difference is an increased 

size of the molecule. CO2, SO2 and CS2 have 

bond lengths of 116.3, 143.1 and 155.26 pm 

respectively and O, C and S atoms have 

covalent radii of 66, 73 and 105 pm and van 

der Waals radii of 152, 170 and 180 pm 

respectively. Therefore CO2 is the smallest 

molecule, with SO2, OCS then CS2 being the 

largest molecule, as depicted in figure 1.7. 

Understanding how these molecules behave in a H2O-rich ice is of direct importance to 

astrochemistry, as well as providing an insight into the trapping and diffusion of the species 

within a H2O matrix. This has obvious implications into the evaporation of molecular ices, as 

molecules that trap within a H2O film will only be injected into the gas phase when H2O 

evaporates. Studying the series of molecular ices from CO2 to CS2 may provide an ‘upper limit’ 

for the constraint of diffusion through an ASW film and hence provide astronomers a more 

reliable tool to simulate which molecules may diffuse or trap in a H2O rich ice, as well as the 

degree of trapping observed. 
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Chapter 2: Experimental Apparatus and Techniques 

 

As described in chapter 1, the regions of interest in the interstellar medium (ISM) have 

extremely low pressures and temperatures. In order to understand the chemical processes in 

the ISM, these harsh conditions need to be recreated in the laboratory. The lowest pressures 

achievable in the laboratory are several orders of magnitude higher than the regions of 

interest in the ISM, however they are low enough for surface science techniques under the 

timescales available for laboratory based experiments. The low temperatures of the ISM are 

easily reproduced in the laboratory. These conditions are achieved using an ultra high vacuum 

(UHV) chamber and a coldfinger, cooled by a closed cycle Helium refrigerator. 

 

2.1. UHV Chamber 

 

The experimental apparatus (figure 2.1) has previously been described in detail1, and 

consists of a UHV chamber, pumped by a combined ion and titanium sublimation pump (TSP) 

(Captorr ion pump & Boostivac TSP, Physical Electronics). Coupled with the ion pump is a 

Figure 2.1. UHV chamber and experimental apparatus used to recreate and study the 
interstellar ice analogues discussed in this thesis. 
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turbo-molecular pump (TMP) (Turbovac 151, Leybold Ltd.) backed by a rotary pump (Trivac 

D5E, Leybold). The combined ion pump and TSP, and the TMP, are independently connected to 

the UHV chamber via a pair of gate valves. This allows the UHV chamber to be vented to 

atmosphere whilst keeping the ion pump under vacuum, as well as allowing the UHV chamber 

to be pumped from atmosphere to high vacuum (≈1 × 10-8 mbar) in stages. The UHV chamber 

reaches a base pressure of ≤ 2 × 10-10 mbar and the pressure inside the chamber is monitored 

via an ion gauge (ITL Ltd.). A schematic diagram showing the pump and pressure gauge setup is 

shown in figure 2.2. 

The HOPG sample is mounted on a closed cycle Helium refrigerator (HC-2D-1, SHI-APD 

Cryogenics Inc.) cooled cold finger, see section 2.2, reaching base temperatures of ≤ 20 K. The 

sample temperature is monitored via an N-type thermocouple connected to a temperature 

control module (ε2408, Eurotherm Ltd.). The cold finger is mounted on a high precision 

manipulator (Omniax Translator, MX Series, VG, UK), allowing micrometer precision movement 

of the sample in three dimensions. Sample rotation through 360° is also achieved via the use of 

a differentially pumped rotary feedthrough. Therefore the sample can be cooled to low 

temperature and its position manipulated to a high level of accuracy, all under UHV, essential 

for the surface science techniques employed in this study. 

The UHV chamber consists of two 

experimental levels. The upper level is 

equipped with the ion gauge, an ion gun 

(Physical Electronics Ltd.) for metal surface 

sputtering as well as low energy electron 

diffraction (LEED) optics (ErLEED-1000A, 

Specs GmbH) for surface electron diffraction 

experiments. Neither the ion gun, or LEED 

optics were used in this study. The lower 

level is equipped with a quadrupole mass 

spectrometer (QMS) (HAL 201, Hiden 

Analytical Ltd.) for temperature programmed 

desorption (TPD) experiments and residual 

gas analysis (RGA). The QMS is fitted with a 

stainless steel shroud with a 10 mm diameter 

aperture facing the centre of the UHV 

chamber and cold finger. This is to reduce 

detection of residual gas from within the 

UHV chamber during TPD experiments, so 

Figure 2.2. Diagram showing the 
experimental chamber and dosing manifold 
with all associated pumps and pressure 
gauges. Adapted from reference [1]. 
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that the QMS signal is from the line of sight of the sample. Differentially pumped KBr windows 

are fitted at the lower experimental level for performing reflection absorption infrared 

spectroscopy (RAIRS) experiments. A set of parabolic and flat mirrors (Aero Research Ltd.) are 

mounted on the UHV chamber, in such an arrangement so as to focus infrared light from a 

Fourier transform infrared spectrometer (RS1 Research Series, Mattson Instruments) on to the 

sample surface. The reflected light is then focused into a liquid nitrogen cooled mercury 

cadmium telluride detector (EG&G Optoelectronics). The infrared beam path outside the UHV 

chamber is kept under a constant purge of dry, CO2 free, air to reduce infrared absorbance 

from gas phase H2O and CO2 in the atmosphere. Several viewing ports are also installed on the 

chamber to allow for sample observation during installation and movement. 

Two fine control leak valves (LVM Series Leak Valve, VG) are also connected to the lower 

experimental level for controlled dosing of sample gas into the chamber (figure 2.2). The 

sample gases are handled in a stainless steel manifold which allows up to two gases to be 

dosed into the chamber simultaneously, and several gases to be dosed into the chamber in 

succession. The dosing manifold is pumped by an air cooled TMP (Turbovac 50, Leybold Ltd.), 

backed by a rotary pump (Trivac D5E, Leybold). 

 

2.2. Cold Finger and Sample Mount 

 

To perform TPD experiments and to investigate the effect of warming on the infrared 

spectra of surface ices, the ability to warm and cool the sample in a controlled manner is 

required. It is also necessary to warm the sample to high enough temperatures to ensure 

surface cleanliness, as well as to allow the sample to cool as rapidly as possible following 

cleaning, thus preventing residual gases in the chamber from contaminating the surface prior 

to each experiment. The most important aspect of the control over the sample temperature, 

especially from an astrophysical point of view, is the ability to cool the sample to low enough 

temperatures analogous to those found in the ISM. 

 

2.2.1. Cold Finger 

 

The sample is attached, via the sample mount, to the end of a closed cycle Helium 

refrigerator cooled cold finger. The flange on which the cold finger and Helium expander are 

mounted has four additional ports. Two of these ports are mounted with power feedthroughs, 

each of which are connected to two lengths of 0.6 mm diameter Ag plated Cu wire insulated 

with Kapton, forming part of the resistive heating circuit as discussed later. The other two 

ports are mounted with N-type thermocouple feedthroughs, each of which is connected to a 
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length of Nicrosil-Nisil (Ni-Cr-Si/Ni-Si alloy) wire, also known as N-type thermocouple wire. One 

of the N-type thermocouple wires is attached to the end of the cold finger, to monitor the 

cooling of the cold finger, the other is used to monitor the sample temperature. All wires are 

tightly wound around the cold finger, with the heating wires also being passed through two 

heat sink stages. This is to reduce the effect of conduction from the wires, which are at room 

temperature at one end of the cold finger, to the sample which is at base temperature. The 

cold finger is shrouded by a Au coated radiation shield prior to installation into the UHV 

chamber, to reduce heating of the sample from blackbody radiation from the UHV chamber 

walls. The radiation shield has a 180° slit cut out, corresponding to the position of the sample, 

to allow for RAIRS and TPD experiments. 

 

2.2.2. Sample Mount 

 

Several considerations need to be taken into account when designing the sample mount. 

Firstly, the sample must be in good thermal contact with the mount to allow for efficient 

cooling of the sample to achieve a very low base temperature. Secondly, the sample must also 

be in contact with the resistive heating circuit to allow for controlled warming of the sample, 

without warming the sample mount and cold finger. Finally, the sample mount must be 

electrically isolated from the cold finger and sample so that the resistive heating circuit does 

not short through the cold finger or sample mount. 

As discussed by Bolina1, an ideal material on which the HOPG sample can be mounted is 

sapphire. At low temperature, the thermal conductivity of sapphire is high, to allow for 

efficient cooling of the sample. Conversely, at high temperature, as the sample is being 

warmed for instance, the thermal conductivity of sapphire is low, reducing the conduction of 

heat from the sample to the cold finger. Finally, sapphire is electrically insulating, and will 

therefore allow the resistive heating circuit to be completed without a short through the cold 

finger or sample mount. 

The sample mount described here, figure 2.3, is a modified version of the sample mount 

described by Bolina1, to allow the HOPG sample to be cooled via the closed cycle Helium 

refrigerator, as opposed to the liquid Nitrogen cooled cold finger used previously. The sample 

mount was designed by Burke2 and is composed of an oxygen-free high conductivity copper 

(OFHC) plate attached directly to the end of the cold finger. Several layers of Ag foil are used to 

increase thermal conductivity between the cold finger and OFHC plate. The resistive heating 

circuit is passed through an electrically isolated stage, attached directly to the back of the 

OFHC plate. This is composed of two OFHC blocks, isolated from the OFHC plate via a sapphire 

spacer, and isolated from each other via a ceramic spacer. To ensure electrical insulation Mo 
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screws, insulated with a ceramic sleeve and 

hat, are used to attach the resistive heating 

stage to the OFHC plate. The Kapton 

insulated Ag plated Cu heating wires are 

screwed into each half of the OFHC cylinder 

in such an arrangement that the resistive 

heating circuit does not short through the 

sample mount. A short rod of W is attached, 

recessed into a hole bored into the bottom 

of each OFHC block, and held in place with 

Mo screws. Into this rod a small hole is 

bored, into which a length of 0.5 mm 

diameter W/Re (75% W, 25% Re) alloy 

filament is attached via silver solder. These 

W/Re filaments can then be attached to the 

sample to complete the resistive heating 

circuit. 

The HOPG sample, 20 × 10 × 2 mm 

(Goodfellow Ltd., UK), is cleaned via the ‘Scotch tape’ method prior to mounting3 and is 

attached to the sapphire block via a tension wire system. The sapphire is blackened by the 

amorphous carbon from a candle to reduce any infrared features from the sapphire surface in 

the RAIRS experiments. Sandwiched between the HOPG sample and the sapphire block are the 

W/Re filaments, thermocouple wire and a piece of Ta foil the same size as the HOPG sample. 

The thermocouple wire is spot welded to the Ta foil so that the temperature of the Ta foil and 

the HOPG sample can be monitored. The Ta foil is positioned in direct contact with the 

sapphire block, directly beneath the HOPG sample, with the thermocouple wire in direct 

contact with the HOPG sample. The W/Re filaments are placed between the Ta foil and HOPG 

sample (separated by ≈5 mm). The HOPG sample has grooves cut into the back of it, 

corresponding to the position of the W/Re filaments and thermocouple wire, to create a snug 

fit. The sample then sits on top of the Ta foil in direct contact with the foil, the thermocouple 

wire and the W/Re filaments. Tension wires are then passed over the HOPG sample (≈2 mm 

from the edges of the HOPG sample) and fastened into the tension mechanism, electrically 

insulated from the OHFC plate via ceramic sleeves, in such a way that the wires apply an even 

force over the sample. 

The tension mechanism is composed of an OFHC cross into which four holes are drilled 

corresponding to the holes in the sapphire block through which the tension wires are passed. 

Figure 2.3. Diagram showing the sample 
mount and tension mechanism used to 
attach the HOPG sample to the cold finger, 
allowing rapid and controlled cooling and 
warming of the sample. Ceramic insulation 
and Mo screw attachments have been 
omitted. Adapted from reference [1]. 
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It is held in place via small stainless steel screws, with a large stainless steel screw through the 

centre of the cross. As the central screw is tightened, the OFHC cross is moved away from the 

sapphire block and the tension wires tighten. An OHFC cap is placed on the end of the screw to 

allow an even distribution of force on the sapphire block as the tension mechanism is 

tightened. This method of tension mounting allows the HOPG sample to be cooled to ≤ 20 K, 

via thermal contact with the sapphire block. It also provides effective and reproducible 

resistive heating of the sample up to 500 K from room temperature, or up to 300 K from base 

temperature, without significant warming of the sapphire block and cold finger. 

 

2.3. Sample Cleaning 

 

The HOPG sample was cleaned prior to each experiment to ensure that no residual gas 

from the chamber was adsorbed onto the surface during the experiment. This was achieved by 

warming the sample from base temperature to 300 K for 3 minutes. Previous sample cleaning 

was achieved by warming to 500 K for 3 minutes1. However, due to the lower sample 

temperature, which is regularly at 20 K in the experiments described in this thesis, warming to 

500 K requires a larger current to be passed through the resistive heating wires. This puts 

strain on the W/Re filaments, greatly reducing their lifetime. Warming to 500 K from base 

temperature also warms the sapphire plate by a considerable amount, and increases the 

amount of time it takes for the sample to return to base temperature. Achieving a base 

temperature of 20 K, following warming to 300 K for 3 minutes, reproducibly took 

approximately 10 minutes. A quick flash of the sample to 150 K was also performed, 

immediately prior to experimentation, to further clean the sample. Sample cleanliness was 

confirmed by the absence of any desorbing species, or any increase in chamber pressure, 

during TPD experiments with no dosage. 

 

2.4. Experimental Techniques 

 

RAIRS experiments for pure CO, CO2 and H2O ices adsorbed on HOPG were performed in 

this thesis, see chapter 3. In addition, RAIRS and TPD experiments of CO2, CS2 and SO2-bearing 

H2O ices adsorbed on HOPG were also performed, see chapters 4 - 6 respectively. Both the 

RAIRS and TPD experimental techniques are well established, and hence will only be briefly 

discussed here. 
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2.4.1. Reflection Absorption Infrared Spectroscopy 

 

RAIRS is a standard surface infrared technique, used to study the vibrational spectrum of an 

adsorbate on a surface4,5. This technique has been predominantly used to study adsorbate - 

metal surface systems, and has been the subject of several reviews4-9. RAIRS can also be used 

to study adsorbates on a HOPG surface, which has been shown to obey the metal surface 

selection rule9,10. 

Figure 2.4 shows the electric field vector of infrared light incident (I) upon and reflecting (R) 

from a surface. The electric field vector incident on an interface plane such as a metal surface 

can be resolved into two components based upon polarisation with respect to the plane of 

incidence. Light polarised parallel and perpendicular to the plane of incidence is described as 

p- and s-polarised respectively. Upon reflection, at all angles of incidence, s-polarised light 

undergoes a 180° phase change, resulting in a zero net vector for s-polarised light. At grazing 

incidence, common for RAIRS experiments, the net vector for p-polarised light becomes 

enhanced. As the interaction between the transition dipole moment of a vibration and electric 

field vector is fundamental to the absorption of infrared light, only adsorbate vibrations 

perpendicular to the surface, interacting with the p-polarised component of the electric field 

vector, will appear in RAIR spectra. This is known as the metal surface selection rule. This 

effect is also observed for HOPG, with a maximum absorption intensity at an angle of incidence 

of ≈73°,10 as the HOPG surface displays metal like optical and dielectric properties, including 

free electrons9. 

Figure 2.4. Diagram showing the components of the electric field vector upon reflection 
of light from a HOPG surface. I and R are the incident and reflected components of the 
electric field vector, subdivided into s and p-polarised components upon reflection. Also 
shown is the angle of incidence commonly used for a HOPG surface. 
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2.4.2. Temperature Programmed Desorption 

 

TPD is a conceptually simple surface 

technique which provides kinetic information 

concerning the desorption of an adsorbate 

from a surface, shown schematically in figure 

2.5. After deposition of the adsorbate ice, 

the sample is positioned directly in front of 

the QMS. The sample temperature is then 

increased using a controlled linear heating 

rate, typically 0.5 K s-1 in this thesis. The 

heating rate was monitored via a 

thermocouple feedback loop, controlled by 

iTools software (Eurotherm Ltd.) which 

monitored the sample temperature and 

regulated the power supply (Xantrex 30-70, 

Thurlby Thandar Ltd.) to the resistive heating 

circuit. As the sample is warmed, the 

adsorbate ice gains energy, and eventually 

begins to desorb from the surface. The desorbed gas phase molecules, or flux, are then 

recorded by the QMS, which is set to continuously scan the major mass fragments of the 

molecules of interest. This results in a TPD spectrum of QMS pressure as a function of time, 

which is directly proportional to the rate of desorption as a function of temperature due to the 

linear heating rate. 

 

2.4.2.1. Quantitative Analysis of TPD Spectra 

 

Kinetic data which describe the desorption process, such as the desorption order, 

desorption energy and pre-exponential factor, can be derived from TPD spectra via application 

and rearrangement of the Polanyi-Wigner equation11 (equation 2.1): 

 

s

desn
ndes

RT

E
expθν=

dt

θd
=r

-
 

 

where rdes is the rate of desorption, νn is the pre-exponential factor of the desorption process 

of order n, θ is the coverage, Edes is the desorption energy, R is the gas constant and Ts is the 

(2.1) 

Figure 2.5. Schematic of the TPD 
experimental setup. Also shown is a 
schematic of the thermocouple feedback 
loop, used in conjunction with iTools 
software, to control the linear heating rate. 
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surface temperature. The desorption order, desorption energy and pre-exponential factors can 

all be determined via rearrangement and manipulation of equation 2.1. To determine the 

desorption order, the Polanyi-Wigner equation can be expressed as shown in equation 2.2: 

 

( )[ ] [ ]relθlnn=TIln      

 

where I(T) is the QMS intensity and θrel is the relative coverage, taken as the area under the 

TPD curve. From equation 2.2, the desorption order can be determined from the gradient of a 

plot of ln*I(T)+ against ln*θrel] at a fixed temperature, using a set of TPD spectra with varying 

initial adsorbate coverage. A range of fixed temperatures may be used where the leading 

edges on the low temperature side of the TPD peaks are of interest. The error in the 

desorption order may be taken as twice the standard deviation in the gradients obtained from 

a sensible range of fixed temperatures, as discussed in chapters 4 - 6. 

The desorption energy can give an indication of the binding strength within an adsorbate 

layer and between the adsorbate and the surface, and can be determined from further 

manipulation of the Polanyi-Wigner equation (equation 2.3): 

 

( )[ ] [ ]
s

des
rel

RT

E
=θlnnTIln

-
   -  

 

By plotting ln[I(T)] - n.ln*θrel] against 1/T for each TPD spectrum, taking the gradient as          

-Edes/R, the desorption energy of an adsorbate can be obtained. The gradient must be taken 

from the leading edge of the TPD spectra. Since ΔI(T) and Δθrel are negligible, the error in 

ln[I(T)] - n.ln*θrel+ may be taken as Δn.ln*θrel], hence propagating the error in the desorption 

order into the desorption energy. 

To determine the pre-exponential factor for desorption, the absolute coverage of the 

adsorbate on the surface must be determined. This can be achieved by considering the rate of 

impingement of molecules on the surface as a function of adsorbate exposure. Assuming a 

sticking probability of 1, the number of molecules (NM) on the surface as a function of 

adsorbate exposure, can be given as (equation 2.4): 

 

g

4-

M
mkTπ2

LA10
=N  

 

where L is the dose in Langmuir, where 1 L = 10-6 mbar s, A is the surface area, m is the mass of 

the adsorbate, k is Boltzmann’s constant and Tg is the gas temperature, taken as 300 K. As the 

(2.2) 

(2.3) 

(2.4) 
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QMS has a shroud with a 10 mm diameter, only 39% of the molecules on the surface will be 

detected in a TPD experiment. 

By comparing the number of molecules as a function of exposure with the area under each 

TPD spectrum, a scaling factor to convert the rate of desorption and area, to an absolute 

intensity and coverage can be determined. The pre-exponential factor can then be calculated 

via further rearrangement of the Polanyi-Wigner equation (equation 2.5): 

 

( )

s

desn
n

RT

E
expθ

TI
=ν

 -
 

 

The error in νn is taken as νn√(Δn2 + ΔEdes
2) since ΔI(T), Δθ and ΔT are negligible. 

This analysis method has been used previously to derive the kinetic data for H2O, NH3, 

CH3OH and C2H5OH ices12-15 and can be incorporated into astrophysical models simulating the 

desorption of molecular ices on astronomical timescales16-18. 
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Chapter 3: Reflection Absorption Infrared Spectroscopy of 

Carbon Monoxide, Carbon Dioxide and Water bearing ices on 

Highly Oriented Pyrolytic Graphite 

 

3.1. Introduction 

 

Laboratory based infrared studies have been used to produce a library of interstellar ice 

analogues to compare to infrared observations of the interstellar medium (ISM)1,2. Studies like 

these not only provide comparative infrared spectra to help assign the spectra of molecular 

clouds, but also provide cross sections of infrared bands to indicate the relative abundances of 

interstellar molecules1-6. A range of laboratory based infrared experiments have also been 

undertaken to probe the processing of interstellar ices3,4. Thorough understanding of the 

infrared spectra of interstellar ice analogues is of great importance to assign the composition 

of interstellar ices, understand the processing of ice mantles and to understand the structure 

and nature of the ice. For example, CO and CO2 have been shown to be important 

astrophysical molecules in identifying the thermal history and nature of an interstellar ice. 

Observations of CO in particular have suggested that both polar (H2O, CH4, CH3OH rich) and 

apolar (CO, CO2, N2 and O2 rich) ices exist on the surfaces of interstellar grains in an ‘onion like’ 

structure7,8. Previous infrared studies of CO9-41 and CO2
5,6,10,11,19,20,33,39,42-66 ices have shown that 

not only are they infrared active, with strong transitions, but they also have infrared modes 

which are highly susceptible to the local environment. 

CO has been detected in the ISM in molecular clouds, in both the gas phase67,68 and 

condensed on the surface of interstellar dust grains7,69-72, as well as in molecular ices observed 

in the comae of comets73,74. Detection of CO in these environments has been accomplished via 

infrared observation of the CO stretch, νCO, around 2140 cm-1. In many observations of the CO 

stretch in a range of interstellar ices, two independent peaks are observed; a broad flat peak 

around 2136 cm-1 and a sharp peak around 2140 cm-1, attributed to CO in polar and apolar ices 

respectively1,7,69-71. The abundance of CO in the gas phase, as well as in icy mantles in 

molecular clouds, has been reported1,68,75 and is found to be approximately 10 times greater in 

the gas phase than within the icy mantle. 

CO2 ices have also been detected in the ISM76-84, condensed on the surface of dust 

grains1,39,85,86, as discussed in more detail in chapter 4. Gas phase CO2 infrared spectra show 

three fundamental bands at 2349, 2280 and 660 cm-1 assigned to the 12CO2 and 13CO2 ν3 

stretches and the ν2 bend respectively87. A large number of surface infrared studies, of pure 
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CO2 as well as CO2-bearing polar and apolar ices, have been conducted on a range of 

surfaces5,6,10,11,19,20,33,39,42-66. The infrared spectra of solid CO2 have been shown to differ 

depending on the nature of the ice matrix, whether polar or apolar19,88. For example, the 12CO2 

ν3 stretch is shifted from the gas phase value, 2349 cm-1,87 by approximately 7 - 15 cm-1 in 

apolar ices and 2 - 8 cm-1 in polar ices, depending on the exact ice composition20,43. 

Splitting of certain vibrational modes is also observed in many infrared studies of CO and 

CO2 bearing ices at grazing incidence10,16,17,20,34,36,52. This has previously been assigned to the 

orthogonal optical (LO) and transverse optical (TO) vibrational coupling within crystalline 

ices46,89, known as the Berreman effect90. A detailed description of the cause of LO - TO 

splitting is given in section 3.4, but it is often given the simplified explanation of the coupling of 

neighbouring vibrations, vibrating in the same or opposite directions to each other. This effect 

is typically observed for crystalline films due to the periodicity, ordering and alignment of the 

molecular vibrations. However, this effect has now also been observed in amorphous films of 

CO and CO2
10,16,17,20,34,36,52, as well as in thin amorphous films of other adsorbate-surface 

systems91-93. Therefore understanding the optical and physical properties of CO and CO2, as 

well as those of other optically similar ices, is important to understand the observation of LO - 

TO splitting within amorphous ice. As discussed in section 3.3, this can be achieved via the 

application of a model to simulate the infrared spectra of CO and CO2 ices, and is the topic of 

this chapter. An infrared model has previously been created by Palumbo et al10,20,36 to simulate 

the transmission infrared spectra of CO and CO2 on a Si film and the work described in this 

chapter is an extension of their investigation to study infrared spectra, in the reflection mode, 

of CO and CO2 on a carbonaceous surface. 

A model has been created based upon the work of Greenler94-96 and Gardner et al97-100 to 

recreate the reflection absorption infrared (RAIR) spectra of CO and CO2 adsorbed on a highly 

oriented pyrolytic graphite (HOPG) surface. The RAIR spectrum of H2O ice adsorbed on a HOPG 

surface is also investigated for comparison and discussion. This work is compared with the 

work of Palumbo et al10,20,36 to validate the model and to provide further evidence for the 

origin of LO - TO splitting in amorphous ice. 

 

3.2. Experimental 

 

The experimental apparatus and techniques used for all experiments have been described 

in detail in chapter 2. Research grade CO (BOC Gases, 99.9%), CO2 (BOC Gases, 99.9%) and H2O 

(distilled, deionised) were used in these experiments. The H2O was purified via repeated 

freeze-pump-thaw cycles. Ices were grown in situ by backfilling the chamber through a high 

precision leak valve. All exposures are measured in Langmuir, where 1 L = 10-6 mbar s, and 
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were not corrected for ion gauge sensitivity. RAIR spectra were taken at a resolution of 2 cm-1 

and are the result of the co-addition of 128 scans. 

 

3.3. Infrared Model 

 

Previous infrared models have been created, simulating a range of adsorbate-surface 

systems10,20,36,61,94,97-101. The model described here is based upon the theoretical work proposed 

by Greenler94-96, modified and implemented by Gardner et al97-100. Gardner’s model was 

created to simulate the far-infrared RAIR spectra of tin-(IV) oxide films on a glass surface, in 

particular RAIR spectra of SnCl4 and SnBr4 adsorbed on thin films of SnO2 were investigated97-

100. Contrary to RAIR investigations of adsorbate films on a metal surface, inverse reflection 

bands are observed in the RAIR spectra of films adsorbed on a non-metal surface102. Inverse 

reflection bands are those where an increase, rather than decrease, in the intensity of 

reflected light is observed upon absorption. The model implemented by Gardner et al97-100 was 

used to investigate these inverse bands observed in the far infrared. 

A model has also been created by Palumbo et al10,20,36 to investigate the transmission 

infrared spectra of CO and CO2 films adsorbed on a crystalline Si surface. This model, modified 

from the work of Wood and Roux61, simulated the transmission spectra, taken at non-normal 

incidence, of amorphous CO and CO2 ices adsorbed on a surface. As discussed later, this 

enabled the observation of LO and TO phonon modes within the amorphous ices, not 

observable at angles of incidence normal to the surface. LO and TO phonon modes are not 

commonly observed in amorphous ices, and hence the origin of these observations in CO and 

CO2 ices was investigated. Although it was found that the optical properties of the CO and CO2 

ice, which are similar to each other, are the cause of these observations, detailed analysis and 

comparison to an optically dissimilar ice was not conducted. 

Therefore a model has been created to simulate the RAIR spectra of CO, CO2 and H2O ices 

on a HOPG surface. The results of these simulations are compared with the simulations of 

Palumbo et al10,20,36 to validate the model used here, and to further investigate the physical 

and optical reasons for the observation of LO and TO phonon modes within an amorphous ice. 

As described in chapter 2, RAIRS is a surface vibrational spectroscopy technique which 

enables the identification and classification of the vibrational bands of an adsorbate on a 

surface102,103. To understand and simulate RAIR spectra, we must first understand how infrared 

light interacts with reflective and transparent interfaces, as well as with molecular vibrations. 
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3.3.1. Reflection and Refraction 

 

The wavelength of light absorbed by an 

adsorbate vibration can be determined by 

comparing the incident and reflected 

infrared light upon reflection from a surface. 

The incident light can be described by 

electromagnetic wave theory, where light is 

composed of two component vectors; the 

electric field vector (E) and the magnetic field 

vector (B), oscillating perpendicular to each 

other and to the direction of the propagating 

light (K), as shown in figure 3.1. Infrared 

radiation interacts with the change in the 

molecular dipole moment, induced by a 

vibration, resulting in a transition dipole 

moment vector (T). The angle between E and 

T is fundamental to the intensity loss of an 

infrared absorption band, where maximum absorption occurs when E and T are aligned. For 

linearly polarised light, the angle between E and T depends only on the orientation of T, which 

leads to the metal surface selection rule, discussed below, and can be used to extract 

structural information about an adsorbate on a metal surface from RAIR spectra. 

Upon incidence of light on to an interface plane between two optically different media, the 

incident light (Ei) will split into reflected (Er) and refracted or transmitted (Et) light along the 

plane of incidence (figure 3.2). The angle of refraction (φ) can be determined from the angle of 

incidence (θ) and the refractive indices (ña and ñb) of the two optically different media, a and b, 

using Snells law of refraction103: 

 

φsinn~=θsinn~ ba  

 

where ña, the refractive index of phase a, is defined as follows: 

 

aaa ikn=n~  -  

 

(3.1) 

(3.2) 

Figure 3.1. Diagram depicting an 
electromagnetic wave where E = electric 
field vector, B = magnetic field vector and   
K = direction of propagating light. 
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Here, na is the real part of the refractive index and ka is the extinction coefficient of phase a. ña 

can be real or complex depending on the extinction coefficient of the material. For example, a 

vacuum has n = 1 and k = 0, and hence ña is real. 

Upon reflection from an interface plane, incident and reflected light can be resolved into 

two components of the vectors based upon light polarisation. If the polarisation plane is 

parallel to the plane of incidence, the light is described as p-polarised (Ep from parallel). 

Conversely, if the polarisation plane is perpendicular to the plane of incidence, the light is 

described as s-polarised (Es from the German word senkrecht for perpendicular). Upon 

reflection from a metal surface, s-polarised light undergoes a 180° phase change, resulting in a 

zero net electric field vector for s-polarised light. Conversely, the net vector is enhanced for p-

polarised light upon reflection from a metal surface. Therefore, only adsorbate vibrations with 

a component of the vibration normal to the surface, which interact with p-polarised light, are 

visible in RAIR spectra. As discussed in chapter 2, this is known as the metal surface selection 

rule and also holds for HOPG26,104. 

 

 

Figure 3.2. Beam geometry and polarisation of infrared light at the interface between two 
optically different media, a and b. ña and ñb are the refractive indices of phases a and b 

respectively, θ and φ are the angles of incidence and refraction respectively, Ei, Er and Et 

are the incident, reflected and transmitted components of the electric field vector of the 
infrared light, Ei,p and Er,p are the p-polarised components of the incident and reflected 
components of the electric field vector and Ei,s and Er,s are the s-polarised components of 
the incident and reflected components of the electric field vector respectively. 
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3.3.2. Fresnel Reflection Coefficients 

 

Using the definitions above, a model can be constructed based upon the application of the 

Greenler equations94-96, to simulate the RAIR spectra of physisorbed adsorbates on a surface97-

101. The Greenler equations, which are extensions of the Fresnel equations103, define the 

reflectivity (Rab) of light at the interface between two optically different materials, a and b. Rab 

can be described by the Fresnel reflection coefficient (rab) between the two phases where: 

 

2

abab r=R  

 

The Fresnel reflection coefficient describes the ratio of the reflected and transmitted 

electric field amplitude of an electromagnetic wave incident on an interface between two 

different media. The Fresnel reflection coefficients for s and p-polarised light are derived from 

the application of the boundary conditions from the electromagnetic wave theory to the 

Maxwell equations103. However, due to the metal surface selection rule, only p-polarised light 

is observed in RAIR spectra, and hence s-polarised light is omitted. The Fresnel reflection 

coefficient for p-polarised light may take several forms, depending on the formalism, but can 

be described as the ratio of the complex amplitudes of the electric field vectors of the 

reflected and incident waves, and is a function of the angle of incidence101. The angular 

dependent component of the reflection coefficient (ξa) is defined as follows: 

 

aaa θcosn~=ξ  

 

where θa describes the angle of incidence onto the interface between phases a and b. The 

Fresnel reflection coefficient for p-polarised light is given by: 

 

baab

baab
ab,p

ξε~+ξε~
ξε~ξε~

=r
-

 

 

where   a and   b are the complex dielectric constants of phases a and b respectively. The 

complex dielectric constant of a phase is related to the complex refractive index of the phase 

by the Maxwell relation101,103: 

 

aa ε~=n~  

 

(3.3) 

(3.4) 

(3.5) 

(3.6) 
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Equation 3.5 can then be written as a function of the refractive indices of the two phases 

and the angles of incidence and refraction at the interface: 

 

bb
2
aaa

2
b

bb
2
aaa

2
b

ab,p
θcosn~n~+θcosn~n~

θcosn~n~θcosn~n~
=r

-
 

 

Note that θb describes the angle of incidence, incident onto the interface between phases b 

and c, and is also described by φa, the angle of refraction from the interface between phases a 

and b. 

The most relevant form of the Fresnel coefficient is given in terms of the angle of incidence 

only103, which can be determined using Snells law (equation 3.1) and the trigonometric 

identity: 

 

1=θsin+θcos 22  

 

leading to the relationship: 

 

a
22

a
2
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The Fresnel reflection coefficient for reflection at an interface between two phases, a and 

b, can then be expressed as: 
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Therefore the reflection of p-polarised light impinging on the interface plane between two 

optically different media, vacuum, adsorbate or surface, can be described by the complex 

refractive indices of each media, and the angle of incidence of the impinging light. However, to 

simulate RAIR spectra, the reflection of light through a three layer system, comprising of the 

vacuum, adsorbate and surface, needs to be considered. 

 

3.3.3. RAIRS Model 

 

As the adsorbate-surface systems described in this chapter consist of pure CO, CO2 and H2O 

ices adsorbed on a HOPG surface, a three layer model (vacuum, ice and HOPG surface) is 

(3.7) 

(3.10) 

(3.9) 

(3.8) 
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required to simulate the RAIR spectra of these ices. The Greenler model94 considers the 

reflection of light between three layers, a vacuum, an adsorbate layer and a surface, and 

hence may be adapted to study the RAIR spectra discussed here. To extend the Fresnel 

reflection coefficients for a multilayered system, we must take into consideration partial 

multiple internal reflections between the interfaces, as shown in figure 3.3. For a three phase 

system, the Fresnel reflection coefficient is given by97-100: 

 

ab

ab

βi2
bcab

βi2
bcab

abc err+1

er+r
=r

-

-

 

 

where βab describes the phase change of light through the interface between phases a and b, 

and is defined by: 

 

λ

ξdπ2
=β bb

ab  

 

where db is the thickness of phase b and λ is the wavelength of the incident light. 

Experimental RAIR spectra are obtained by comparing the background infrared spectrum 

with that of an adsorbate covered surface. Therefore, the RAIR spectra for a three layered 

(3.11) 

(3.12) 

Figure 3.3. Schematic of the RAIRS model of a three phase system (a, b and c), showing 
multiple internal reflection. As indicated on the figure, ña = 1 (na = 1, ka = 0), common for a 
vacuum, θ = 75°, common for the RAIRS technique for a HOPG surface. Also shown are 
the variables ñb and ñc, the complex refractive indices for the ice and HOPG surface 

respectively (phases b and c respectively), φ, the angle of the refracted infrared light 

between the vacuum and ice (phases a and b) and d, the thickness of the ice (phase b). 
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model can be simulated from the Fresnel reflection coefficients, with equation 3.3, using the 

following relationship: 

 

ac

acabc

R

RR
=

R

RΔ -
 

 

where Rac describes the reflectivity between the vacuum and surface with no adsorbate film 

and Rabc describes the reflectivity of the adsorbate covered surface. 

Therefore a model can be created, which can be used to simulate the vibrational bands of 

experimental RAIR spectra, using only; 

 

 The wavelength dependent refractive indices of the adsorbate(s) and surface 

 The thickness of the adsorbate film(s) 

 The angle of incidence and the wavelength of the incident light. 

 

The wavelength dependent refractive indices of the adsorbates and surface can be found in 

the literature10,36,105,106, and the angle of incidence can be taken as 75°, common for the RAIR 

technique using a HOPG surface26. The thickness of the adsorbate film can then be varied 

between a range of sensible adsorbate film thicknesses. The thicknesses used can be 

estimated by considering the rate of impingement of molecules on the HOPG surface. By 

assuming a sticking probability of 1, the number of molecules as a function of exposure 

adsorbed on the surface can be approximated. For example, a 1 L exposure of CO on the HOPG 

surface relates to 2.88 × 1014 molec cm-2. By considering the volume of one adsorbate 

molecule, the volume of the adsorbate film can be approximated. The volume of CO was found 

by considering the C and O atoms as intersecting spheres with radii equal to the van der Waals 

radii of C and O atoms, separated by the bond length of CO. Therefore the volume of a 1 L 

exposure of CO was found to be ≈1.47 × 10-14 m3. Finally, considering the surface area of the 

HOPG surface, the film thickness of a 1 L exposure of CO was found to be ≈0.07 nm. Therefore, 

simulated RAIR spectra will be collected using a range of film thicknesses between 0.01 - 5 nm, 

corresponding to sub-monolayer and multilayer coverage of the adsorbate film. 

In simulating the RAIR spectra of pure CO, CO2 and H2O ices on HOPG, the optical and 

physical properties of the ice, such as its refractive index, extinction coefficient and dielectric 

constant, can be probed as a function of the wavelength of light. This will provide insight into 

the causes of the observed infrared features as a consequence of the properties of the ice. The 

simulated RAIR spectra will also be compared with experimental RAIR spectra to validate the 

(3.13) 
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results of this model, as well as to discuss the strengths and short comings of this theoretical 

technique. 

 

3.4. Results and Discussion 

 

Experimental and simulated RAIR spectra were obtained for pure CO, CO2 and H2O ices on 

HOPG. Experimental RAIR spectra for pure CO, CO2 and H2O ices adsorbed on a HOPG surface 

at 26, 28 and 20 K respectively, were collected using the experimental setup described in 

chapter 2. Simulated RAIR spectra were created using the RAIRS model as described in section 

3.3. 

HOPG is a semimetal with a uniaxial layered crystalline structure104,105. Due to the 

anisotropic nature of the HOPG surface, two sets of refractive indices, and consequently 

dielectric constants, are exhibited. These are parallel, or in plane (ñip,   ip) and perpendicular, or 

out of plane (ñop,   op) with respect to the HOPG surface. Figure 3.4 shows the in-plane complex 

refractive index for HOPG at room temperature in the wavelength region between 1000 and 

4000 cm-1, taken from reference [105]. As the RAIRS model is temperature independent, the 

temperature at which the refractive index for HOPG was collected does not affect the results. 
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Figure 3.4. In-plane complex refractive index of HOPG, parallel to the HOPG surface. 
Taken from reference [105]. 
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As there are no significant changes to the optical or structural properties of HOPG in the 

temperature range at which the RAIR experiments are performed, 20 - 300 K, the complex 

refractive index for HOPG found at room temperature will not be significantly different to that 

for HOPG at 20 K. 

The in-plane complex refractive index of HOPG in the mid infrared region shows behaviour 

approaching that of a metal104, characterised by an extinction coefficient, k ≥ 10103. A feature is 

observed in the in-plane complex refractive index of HOPG, figure 3.4, around 1587 cm-1, 

corresponding to the infrared active E1u mode of the graphite lattice, with a transition dipole 

moment parallel to the HOPG surface104. 

The out-of-plane complex refractive index of HOPG, averaged as n = 1.3, k = 0 over the mid 

infrared region104, shows behaviour characteristic of an insulator. As the out-of-plane 

properties of HOPG describe the optical properties of HOPG perpendicular to the surface, 

through the bulk of the HOPG sample, they are not involved in the reflection of light incident 

on the plane between the adsorbate and surface. Therefore the insulator properties of HOPG 

are not included when simulating the RAIR spectra of adsorbed ices on HOPG. 

Using the ‘metal like’ part of the complex refractive index of HOPG, an angle of incidence of 

75° and a refractive index for the vacuum of n = 1, k = 0 (as shown in figure 3.3), a model has 

been created using Mathcad7 Standard (©1986 - 1997 MathSoft Inc.) to simulate the RAIR 

spectra of a range of infrared active films adsorbed on a HOPG surface. 

 

3.4.1. CO Ice 

 

Experimental spectra. RAIR spectra were collected for a variety of exposures of CO 

adsorbed on HOPG at 26 K, shown in figure 3.5. Following a CO exposure of 10 L, an infrared 

band is observed in the RAIR spectrum at 2142 cm-1. Increasing CO exposure to 30 L shows a 

shift of the band at 2142 cm-1 to 2143 cm-1 as well as a low intensity feature appearing at   

2137 cm-1. Further increase of CO exposure, up to 100 L, shows an increase in the size of both 

bands at 2143 and 2137 cm-1, with no further shift in wavenumber of either infrared band. 

Gas phase studies of the infrared spectrum of CO show a single fundamental band at 

2143.3 cm-1.23 Therefore, due to the lack of a significant shift in the wavenumber of the 

observed infrared bands upon adsorption on the surface, physisorbed CO ice is formed on the 

surface. Also, as the infrared bands do not saturate with increasing CO exposure, it is 

suggested that multilayers of CO are forming on the surface at 26 K. 

Previous studies of amorphous CO adsorbed on a Au surface at 8 K16,17,36 show two infrared 

bands at 2142 and 2139 cm-1, also in agreement with studies of CO ices10,15,20,34,61. These bands 

were assigned to the LO and TO modes of the νCO stretch of multilayer CO respectively15. 
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However, as discussed previously, observation of LO - TO splitting is usually associated with 

crystalline ices36. Therefore, to investigate the origin of the observation of LO and TO modes of 

the νCO stretch in amorphous CO ice, a model was created to simulate the experimental RAIR 

spectra. 

RAIRS Model. RAIR spectra of a film of solid CO adsorbed on a HOPG surface were 

simulated using the RAIRS model discussed in section 3.3, and are shown in figure 3.6. At all 

thicknesses of the CO layer, two infrared bands are observed in the νCO vibrational region, at 

2142.6 and 2137.8 cm-1. With the exception of the intensities of the bands, no differences in 

the RAIR spectra are observed upon increasing the thickness of the CO ice layer in the 

simulation. 

Comparing the experimental and simulated RAIR spectra of CO on HOPG, shown in figure 

3.7, shows good agreement between the positions of the LO and TO modes of the νCO stretch 

as well as relative intensities of the LO and TO modes. This shows that the model used here is a 

valid approach for reproducing the infrared spectra of an adsorbate-surface system. However, 

the simulated RAIR spectrum does not accurately reproduce the band widths of the observed 

infrared features. For example, the LO mode of the νCO stretch from the experimental 

spectrum of a 100 L exposure of CO has a full width half maximum (FWHM) of 3.9 cm-1, as 

opposed to that in the simulated spectrum which has a FWHM of 1.2 cm-1. The experimental 
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Figure 3.5. RAIR spectra of a range of exposures of CO adsorbed on a bare HOPG 
surface at 26 K. 
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Figure 3.6. Simulated RAIR spectra of solid CO adsorbed on a HOPG surface. A 1 nm 
thick film equates to a ≈14 L exposure of CO. 

Figure 3.7. Comparison of experimental and simulated RAIR spectra for a 100 L exposure 
(≈7 nm thickness) of CO adsorbed on bare HOPG at 26 K. 
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spectra are produced by the co-addition of 128 infrared scans at a resolution of 2 cm-1, leading 

to broader infrared bands which are not reproduced in the model. The RAIRS model is also not 

temperature dependent, and therefore cannot be used to investigate the effect of the surface 

temperature on the positions of the infrared bands. However, a strength of the model is its 

ability to investigate in detail the optical and physical properties of the ice which are 

responsible for the observed infrared vibrational bands. By comparing the properties of the 

ice, such as the refractive index and dielectric constant, with the simulated RAIR spectra, an 

indication into the origins for the LO - TO splitting can be gained. 

Figure 3.8 shows the reflection and extinction coefficients for solid CO at 15 K (top left), 

taken from reference [36], as well as several physical and optical properties calculated for the 

CO ice in the wavenumber region of the νCO stretch, 2120 to 2160 cm-1. 

Refractive index and extinction coefficient, n and k. From figure 3.8 (top left), the 

refractive index shows a minimum and maximum at 2141.6 and 2137.8 cm-1 respectively. The 

extinction coefficient shows a maximum at 2138.7 cm-1. Comparing with the positions of the 

LO and TO modes observed in the simulated RAIR spectra, at 2142.6 and 2137.8 cm-1 

respectively, shows close agreement between the optical properties of CO and the observed 

Figure 3.8. Figure showing the functions used in the RAIR model for CO adsorption on a 
HOPG surface, as a function of wavenumber. Top left. Refractive index of solid CO at    

15 K, taken from reference [36]. Top right. Calculated complex angle of refraction, φ, 

between the vacuum and CO film. Bottom left. Calculated complex dielectric function, ε, 
of solid CO at 15 K. Bottom right. Calculated complex phase change, β, of the light 
passing through the CO film. 
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infrared bands. This is as expected, plus exact agreement is observed between the maximum 

in the value of n and the appearance of the TO mode of the νCO stretch. 

Angle of refraction, φ. The angle of refraction of light between the vacuum and CO ice was 

calculated from Snell’s law (equation 3.1), and is shown in figure 3.8 (top right). This was 

calculated to determine whether the angle of refraction plays a role in the absorption of light 

by an adsorbate vibration. As evident from equation 3.1, the angle of refraction is complex for 

an absorbing material at non-normal incidence. At first glance, this is conceptually difficult to 

understand, as it is expected that the angle of refraction should remain in the plane of 

incidence and be real, i.e. not have an imaginary component. However, this can be understood 

by considering the infrared light at each wavelength separately (as a plane wave traversing the 

ice film), i.e. by considering monochromatic radiation. In a vacuum, the plane wave has wave 

fronts, planes of constant amplitude and phase. These planes of constant amplitude and phase 

are parallel to each other and perpendicular to the beam direction. Passing through an 

absorbing material, the planes of constant phase and amplitude are no longer parallel to each 

other. The planes of constant phase are perpendicular to the refracted beam direction, as is 

the case in a non-absorbing material, and hence correspond to the real part of the complex 

angle of refraction103. However, as the amplitude of light will vary across the beam as it passes 

through the ice, due to absorption of light, the planes of constant amplitude will be parallel to 

the interface plane. This corresponds to the imaginary part of the complex angle of 

refraction103. 

From figure 3.8 (top right), the planes of constant phase, or real part of the angle of 

refraction, show a broad maximum between 2145.5 - 2146.9 cm-1, and a minimum at       

2139.7 cm-1. The planes of constant amplitude, or imaginary part of the angle of refraction, 

show a maximum at 2142.6 cm-1. Comparing to the positions of the LO and TO modes 

observed in the simulated RAIR spectra, at 2142.6 and 2137.8 cm-1, there is agreement 

between the imaginary part of the angle of refraction and the LO mode of the νCO stretch. As 

the imaginary part of the angle of refraction corresponds to the direction of the planes of 

constant amplitude, whereby the amplitude of the light decreases as it traverses the adsorbate 

film, due to absorption, it is clearly expected that this angle corresponds to an absorption 

band. 

Dielectric constant, ε. The complex dielectric constant is calculated from equation 3.6, and 

is shown in figure 3.8 (bottom left). The importance of the dielectric constant of a crystalline 

ice with respect to the LO - TO splitting of an adsorbate vibration has been previously 

catalogued10,36,90. In a crystalline film, LO phonons are polarised lattice vibrations propagating 

parallel to the surface normal, whereas TO phonons are polarised lattice vibrations 

propagating perpendicular to the surface normal36,90, as shown in figure 3.9. LO phonon 
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vibrations create an electric field, caused by charge bunching, equal and opposite to the lattice 

polarisation. Therefore there is no net electric displacement caused by the phonon vibration. 

In an undamped system, where the amplitude of the phonon vibration does not degrade with 

time, the LO phonon vibration will occur at the frequency corresponding to   = 0.90 Conversely, 

TO phonon vibrations do not create an electric field, as the shearing motion of the adsorbate 

molecules do not create charge bunching, and occur at the frequency corresponding to         

| | = ∞.90 

In a damped system, if the incident infrared radiation has an electric field vector parallel to 

the surface normal, lattice vibrations that are also parallel to the surface normal, i.e. LO 

phonon vibrations, will become resonantly enhanced and will occur at frequencies where | | 

is small90,107 (figure 3.9). If the incident infrared radiation has an electric field vector 

perpendicular to the surface normal, lattice vibrations that are also perpendicular to the 

surface normal, i.e. TO phonon vibrations, will have resonantly enhanced amplitude and will 

occur at frequencies where | | is large90,107 (figure 3.9). This effect does not break the metal 

surface selection rule as p-polarised light has components of the electric field vector both 

parallel and perpendicular to the surface normal (figure 3.2). This effect has also been 

observed in amorphous materials36,91-93 and so it has been argued that periodicity is not 

required to observed the LO and TO phonon modes of a thin film36. 

The LO and TO phonon modes of CO can be approximated by the minimum and maximum 

of | | of the CO ice respectively107. From figure 3.8 (bottom left), the real part of the dielectric 

constant shows a minimum and maximum at 2139.2 and 2137.5 cm-1 respectively. The 

imaginary part of the dielectric constant has a minimum at 2138.2 cm-1. Also shown in figure 

3.8 (bottom left) is the | | of the CO ice as a function of wavenumber, showing a minimum 

and maximum at 2142.6 cm-1 at | | = 0.2 and 2138.2 cm-1 at | | = 10.8 respectively. 

Comparing to the positions of the LO and TO modes observed in the simulated RAIR spectra, at 

Figure 3.9. Schematic of the interaction of the LO and TO polarised phonon modes with 
the electric field of incident infrared light. Left. LO phonon vibrations propagating parallel 
to the surface normal, constructively interacting with the contribution of the electric field 
vector parallel to the surface normal. Right. TO phonon vibrations propagating 
perpendicular to the surface normal, constructively interacting with the contribution to 
the electric field vector perpendicular to the surface normal. 
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2142.6 and 2137.8 cm-1 respectively, there is exact agreement between the minimum in | | 

and the LO mode of the νCO stretch and close agreement between the maximum of | | and the 

TO mode of the νCO stretch. By considering that in an undamped system, the LO mode should 

correspond to the frequency where   = 0, the LO mode is in fact observed as | | → 0. 

Comparing with results for the transmission infrared model of Palumbo et al10,20,36, the LO 

and TO phonon modes of CO on a Si surface were observed at 2142.5 and 2138.3 cm-1. This 

model used the same complex refractive indices36 as used here, and slight differences in the 

positions of the LO and TO phonon modes were observed. This is likely due to the different 

simulation method and surface used in the two cases. However, the positions of the LO and TO 

modes are in close agreement, validating the model created here. Although the positions of 

the LO and TO phonon modes was defined for an undamped system in the original work of 

Berreman90, the origin of LO - TO splitting in an amorphous CO ice was simply stated, by 

Palumbo et al10, as occurring in the frequency range corresponding to an increased reflectivity 

corresponding to the region where n < 1. Therefore the exact properties of the CO ice which 

cause this effect in amorphous ice is still unknown. 

Phase change, β. The phase change of the infrared light as it traverses the ice film was also 

calculated from equation 3.12, and is shown in figure 3.8 (bottom right). The real part of the 

phase change shows a broad minimum between 2145.5 - 2146.9 cm-1, and a maximum at 

2137.8 cm-1. This broad minimum corresponds to the broad maximum observed in the real 

part of the angle of refraction, (figure 3.8 (top right)). This is expected, as the real part of the 

angle of refraction corresponds to the direction of the planes of constant phase as the light 

traverses the ice. The imaginary part of the phase change shows a minimum at 2138.7 cm-1. 

Comparing to the positions of the LO and TO modes observed in the simulated RAIR spectra, at 

2142.6 and 2137.8 cm-1 respectively, shows exact agreement with the minimum of the real 

part of the phase change of light and the TO mode of the νCO stretch. 

 

Table 3.1. Summary of the positions of the LO and TO phonon modes from experimental 
and simulated RAIR spectra of CO on HOPG, along with the positions as predicted from 
inspection of |ε| and comments describing the optical and physical properties of the ice 
corresponding to the positions observed in the model. 

 Experimental Model | | Comments 

LO 2143 2142.6 2142.6 0.2 
Max Im(φ) 
Min | | 

TO 2137 2137.8 2138.2 10.8 
Max n 

Max Re(β) 

 

In summary, the optical and physical properties of the CO ice as a function of wavenumber 

have been calculated in the wavenumber range of the νCO stretch, and have been compared to 

the positions of the LO and TO phonon modes from the simulated RAIR spectra, summarised in 

table 3.1. It was found that although interpretation of the minimum and maximum of | | 
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provided close agreement with the positions observed in the simulated RAIR spectra, exact 

agreement was only observed for the LO mode of the νCO stretch, corresponding to | | → 0. 

Exact agreement between the maximum in n and Re(β) with the TO mode of the νCO stretch 

was also observed, however these optical properties are not expected to directly cause 

absorption of light by a vibration. 

 

3.4.2. CO2 Ice 

 

The optical properties and behaviour of CO2 ice on a surface have been previously shown to 

be comparable to those of CO ices10,16,17,19,20,34,36. Therefore to understand the trends observed 

in CO ices, and to gain further evidence for the origins for the observed LO - TO splitting, the 

RAIRS model was extended to investigate CO2 ices adsorbed on a HOPG surface. 

RAIR spectra were collected for a variety of exposures of CO2 adsorbed on HOPG at 28 K, 

shown in figure 3.10. The exact details of the spectra will be described in greater detail in 

chapter 4, and are therefore only briefly discussed here. Following a CO2 exposure of 10 L, an 

infrared band is observed in the RAIR spectra at 2376 cm-1, which shifts to 2382 cm-1 with 

increasing CO2 exposure up to 100 L. Increasing CO2 exposure shows a low intensity feature 
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Figure 3.10. RAIR spectra of a range of exposures of CO2 adsorbed on a bare HOPG 
surface at 28 K. 
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appearing at 2339 cm-1 following a 20 L exposure, and at 2282 cm-1 following a 50 L exposure 

of CO2. Further increase of CO2 exposure, up to 100 L, shows an increase in the size of all 

observed infrared bands, with no further shift in wavenumber. 

Gas phase CO2 infrared spectra show 3 fundamental infrared active bands at 2349, 2280 

and 660 cm-1 assigned to the 12CO2 and 13CO2 ν3 stretches and the ν2 bend respectively87. As the 

bands at 2339 and 2282 cm-1 are close to those observed for the ν3 stretches of 12CO2 and 

13CO2 respectively, they can both be assigned to the same vibrational modes, and show that 

CO2 is physisorbed on the HOPG surface at 28 K. Comparing to previous studies of amorphous 

CO2 adsorbed on a Si surface at 12.5 K10,20, two infrared bands were observed in the RAIR 

spectra, in the wavenumber region for the 12CO2 ν3 stretch, at 2377 and 2345 cm-1. In 

agreement with the assignments of the CO infrared features, these bands were assigned to the 

LO and TO modes of the 12CO2 ν3 stretch of multilayer CO2 respectively10,20. As discussed 

previously, observation of LO - TO splitting is usually associated with crystalline ices36. 

Therefore, in conjunction with the CO RAIRS investigation, the origin for the observation of the 

LO and TO modes of the 12CO2 ν3 stretch in an amorphous ice has been investigated by use of 

the RAIRS model. No LO - TO splitting is observed for the 13CO2 ν3 stretch and as such, 

modelling this vibrational band will provide a comparison to a normal infrared absorption 

peak. 

RAIRS Model. RAIR spectra of a film of solid CO2 adsorbed on a HOPG surface were 

simulated using the RAIRS model and the results are shown in figure 3.11. At all thicknesses of 

the CO2 layer, two infrared bands are observed in the 12CO2 ν3 stretch region, at 2342.6 and 

2337.8 cm-1 and one infrared band is observed in the 13CO2 ν3 stretch region at 2283 cm-1. In 

agreement with the simulated RAIR spectra of CO, no changes in the RAIR spectra are 

observed upon increasing the thickness of the CO ice layer in the simulation, with the 

exception of the intensities of the infrared bands increasing. 

Comparing the experimental and simulated RAIR spectra of CO2 on HOPG, shown in figure 

3.12, shows good agreement between the positions of the LO and TO modes of the 12CO2 ν3 

stretch as well as the 13CO2 ν3 stretch, and the relative intensities of the observed infrared 

bands. However, the experimental RAIR spectra show an increase in the wavenumber of the 

LO mode of the 12CO2 ν3 stretch with increasing CO2 exposure. This coverage dependence is not 

recreated in the RAIRS model of CO2 on HOPG, and is therefore not a consequence of the 

optical properties of CO2. As discussed in chapter 4, the observed coverage dependence of the 

position of this band is likely caused by a physical interaction between CO2 molecules within 

the ice as the thickness of the ice increases. The RAIRS model is limited as it cannot readily 

simulate physical or chemical interactions within the ice film, or between the ice and surface. 

Hi 
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Figure 3.12. Comparison of experimental and simulated RAIR spectra for a 100 L 
exposure (≈ 7 nm thickness) of CO2 adsorbed on bare HOPG at 28 K. 
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Figure 3.11. Simulated RAIR spectra of solid CO2 adsorbed on a HOPG surface. A 1 nm 
thick film equates to a ≈14 L exposure of CO2. 
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To investigate the physical and optical properties of CO2 responsible for the observed infrared 

features in the RAIR spectra, the simulated RAIR spectrum of CO2 will be compared to the 

optical and physical properties of CO2, as for CO. 

Figure 3.13 shows the reflection and extinction coefficients for solid CO2 at 12.5 K, taken 

from reference [10] (top left), as well as several physical and optical properties calculated for 

the CO2 ice in the wavenumber region of the 12CO2 and 13CO2 ν3 stretches, 2250 - 2450 cm-1. 

LO and TO modes of the 12CO2 ν3 stretch. The complex dielectric constant of CO2, 

calculated from equation 3.6, is shown in figure 3.13 (bottom left). As for CO RAIR spectra, the 

LO and TO phonon modes of CO2 can be approximated by the minimum and maximum of | | 

of the CO2 ice respectively107. From inspection of | |, the LO and TO modes of the 12CO2 ν3 

stretch are expected to occur at 2378 cm-1 at | | = 0.2 and at 2343 cm-1 at | | = 8.9 

respectively. Comparing with the positions of the LO and TO modes of the 12CO2 ν3 stretch, 

observed in the simulated RAIR spectra, at 2378 and 2341 cm-1, there is good agreement 

between the minimum of | |, as | | → 0, and the LO mode of the 12CO2 ν3 stretch. The TO 

mode, at 2343 cm-1, is slightly higher than the position observed in the simulated RAIR spectra. 

Figure 3.13. Figure showing the functions used in the RAIR model for CO2 adsorption on 
a HOPG surface, as a function of wavenumber. Top left. Refractive index of solid CO2 at 

12.5 K, taken from reference [10]. Top right. Calculated complex angle of refraction, φ, 

between the vacuum and CO2 film. Bottom left. Calculated complex dielectric function, ε, 
of solid CO2 at 12.5 K. Bottom right. Calculated complex phase change, β, of the light 
passing through the CO2 film. 
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These trends are in agreement with those observed in the CO RAIR model. 

By comparing the position of the TO mode of the 12CO2 ν3 stretch with the refractive index, 

angle of refraction and phase change of light through the ice, there is agreement with the 

maximum in n as well as with Re(β) (from equation 3.1), shown in figure 3.13 (bottom right). 

This trend was also observed in the CO RAIR model. A broad maximum in Re(φ), calculated 

from equation 3.12 (figure 3.13 (top right)), is also observed corresponding to the position of a 

broad minimum observed in Re(β). Again, both Re(φ) and Re(β) describe the phase change of 

the light as it passes through the ice film, and hence this trend is not surprising. 

13CO2 ν3 stretch. As LO - TO splitting is not observed for the 13CO2 ν3 stretch, inspection of 

| | is not meaningful. However, it should be noted that | | does not drop below 1, or 

approach 0, in the wavenumber region of the 13CO2 ν3 stretch, converse to the observation of 

| | in vibrational regions where LO - TO splitting is observed. Inspection of the optical and 

physical properties of the CO2 ice, corresponding to the 13CO2 ν3 stretch, can provide insight 

into the fundamental properties of the ice which cause infrared absorption in the absence of 

LO - TO splitting. The 13CO2 ν3 stretch occurs at 2283 cm-1 from the simulated RAIR spectra, 

corresponding to a maximum in k and Im(φ) and a minimum in Im( ) and Im(β). Trends 

observed between the imaginary parts of φ,   and β with k are expected as the extinction 

coefficient is directly proportional to each of these functions via equations 3.1, 3.6 and 3.12 

with equation 3.2 respectively. Therefore, the observed infrared band can be simply described 

as coincident with the maximum in k. This is also expected, as k is related to the absorption 

coefficient, α, by the relationship: 

 

σkπ2=α  

 

where σ is the wavenumber. In other words, the optical and physical properties of a vibration 

which does not show LO - TO splitting are characteristically different to those which do show 

LO - TO splitting. 

Also of interest is a relationship observed between n and the real parts of φ,   and β. This is 

in agreement with the trend observed between k and the imaginary parts of φ,   and β, as n is 

directly proportional to each of these functions via equations 3.1, 3.6 and 3.12 with equation 

3.2 respectively. 

In summary, the optical and physical properties of the CO2 ice as a function of wavenumber 

have been calculated in the wavenumber range of the 12CO2 and 13CO2 ν3 stretches, and these 

have been compared to the positions of the infrared features in the simulated and 

experimental RAIR spectra. These data are summarised in table 3.2. It is found that the LO 

mode of the 12CO2 ν3 stretch corresponds to a minimum in | |, where | | → 0. Agreement 

(3.14) 
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between the maximum in n and Re(β) with the TO mode of the 12CO2 ν3 stretch is also 

observed. These trends were also observed in the LO and TO modes of the νCO stretch of CO. It 

has also been shown that the 13CO2 ν3 stretch, which does not show LO - TO splitting, has a 

maximum absorption corresponding to a maximum in k, which is directly proportional to the 

absorption coefficient, α. For the CO2 ice, | | does not drop below unity in the wavelength 

region of the 13CO2 ν3 stretch, and therefore does not approach 0 and does not show LO - TO 

splitting. This may be an indication that the polarisation of the phonon modes within the ice in 

this wavelength region is weak, and hence there may be no LO or TO polarised phonon 

vibrations traversing the ice to interact with the incident infrared radiation. To further 

investigate this, the infrared spectrum of an ice which does not show LO - TO phonon splitting, 

namely H2O, has been simulated and compared to the optical and physical properties of the 

ice. 

 

Table 3.2. Summary of the positions of the LO and TO phonon modes from experimental 
and simulated RAIR spectra of CO2 on HOPG, along with the positions as predicted from 
inspection of |ε| and comments describing the optical and physical properties of the ice 
corresponding to the positions observed in the model. 

 Experimental Model | | Comments 
12

CO2 ν3 LO 2382 2378 2378 0.2 Min | | 

12
CO2 ν3 TO 2339 2341 2343 8.9 

Max n 
Max Re(β) 

13
CO2 ν3 2282 2283 - > 1 Max k 

 

3.4.3. H2O Ice 

 

In contrast to the comparable optical behaviour of CO and CO2 ices, simulating the RAIR 

spectra of H2O ices will allow comparison between the behaviour of polar and apolar ices as 

well as an investigation of the absorption of infrared bands which are not affected by LO and 

TO phonon splitting. 

Typical RAIR spectra for H2O adsorbed on a HOPG surface have been previously collected108. 

A RAIR spectrum following deposition of multilayer H2O shows two infrared bands, a very 

broad feature around 3430 cm-1 and a less intense peak at 1670 cm-1, assigned previously to 

the νOH stretching mode and HOH scissors mode of amorphous solid water (ASW) 

respectively108. 

RAIR spectra of the νOH stretch of a film of solid H2O adsorbed on a HOPG surface were 

simulated using the model discussed earlier. Figure 3.14 (top left) shows the reflection and 

extinction coefficients for solid H2O at 10 K, taken from reference [106]. Also shown in figure 

3.14 are the other functions and coefficients used in the RAIR model, including the complex 

angle of refraction (top right), calculated from Snell’s law of refraction (equation 3.1), the 
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complex dielectric function (bottom left), calculated from equation 3.7, as well as | | and the 

complex phase change (bottom right), calculated from equation 3.15. 

Using the coefficients shown in figure 3.14 in the RAIRS model, a RAIR spectrum of solid 

H2O adsorbed on a HOPG surface has been simulated, and is shown in figure 3.15. Figure 3.15 

also shows a typical RAIR spectrum of multilayer ASW on HOPG. The simulated RAIR spectrum 

of ASW shows a broad band centred around 3430 cm-1 and a small feature at 3666 cm-1, 

assigned to the νOH stretch and OH dangling bond of multilayer ASW respectively108. As 

discussed previously, the RAIRS model used here is temperature independent and does not 

reflect any physical or chemical processes that occur on the surface. However, as observed in 

figure 3.15, the νOH stretch of H2O is very broad, characteristic of hydrogen bonding within the 

ice film, and the OH dangling bonds of multilayer ASW are also observed, a characteristic of 

the surface area of the ice. These infrared features are not being simulated by the RAIR model 

however. Instead they are caused by the method in which the refractive indices were 

obtained. The H2O refractive indices used here were found by satisfying the Kramers-Kronig 

relation109 for the experimental transmission spectra of ASW adsorbed on an optically 
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Figure 3.14. Figure showing the functions used in the RAIR model for H2O adsorption on 
a HOPG surface, as a function of wavenumber. Top left. Refractive index of solid H2O at 

10 K, taken from reference [106]. Top right. Calculated complex angle of refraction, φ, 

between the vacuum and H2O film. Bottom left. Calculated complex dielectric function, ε, 
of solid H2O at 10 K. Bottom right. Calculated complex phase change, β, of the light 
passing through the H2O film. 
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transparent CsI surface at 10 K106. Therefore, the broad nature of νOH stretch and OH dangling 

bonds were observed in the experimental infrared spectra and are therefore translated into 

the optical properties of H2O upon determination of n and k. 

 

Table 3.3. Summary of the position of the νOH stretch from experimental and simulated 
RAIR spectra of H2O on HOPG, along with the optical and physical properties of the ice 
corresponding to the positions observed in the model. 

 Experimental Model | | Comments 

νOH 3430 3440 - > 1 Max Im(φ) 

 

Table 3.3 shows a comparison between the position of the νOH stretch from experimental 

and simulated RAIR spectra of H2O adsorbed on HOPG. As discussed previously, detailed 

inspection of | | is not necessarily meaningful for the position of the vibrational band in an ice 

which shows no LO - TO splitting. However, it is noted again that the | | of the ice, in the 

wavenumber region of the νOH stretch, does not drop below unity and therefore does not 

approach 0 so does not show LO - TO splitting. Although the νOH stretch does not correspond 

to the maximum in k at 3304 cm-1 (figure 3.14 (bottom left)), as observed for the 13CO2 ν3 

stretch, it does correspond to a maximum in Im(φ) which, as discussed previously, is related to 

k via equations 3.1 and 3.2. Hence a general trend in the optical and physical properties of an 

Figure 3.15. Comparison of experimental and simulated RAIR spectra for a 100 L 
exposure (≈ 9 nm thickness) of H2O adsorbed on bare HOPG at 20 K. 


R

/R

3800 3600 3400 3200 3000 2800

Wavenumber / cm
-1

3430

 Experiment
 Model



77 

ice which does not show LO - TO splitting is observed, which is characteristically different to 

the trends observed for ices which do show LO - TO splitting. 

 

3.5. Summary and Conclusions 

 

Experimental and simulated RAIR spectra have been obtained for CO, CO2 and H2O ices 

adsorbed on a HOPG surface. Experimental RAIR spectra of CO, CO2 and H2O ices are shown to 

be accurately reproduced by the RAIRS model, validating the model, as well as providing a tool 

to study the fundamental optical and physical properties responsible for infrared absorption of 

dielectric ices on a ‘metal-like’ surface. As has been shown, by comparing the optical and 

physical properties of each ice in the wavenumber region of an infrared vibration with the 

simulated RAIR spectra, the LO - TO splitting is observed to occur as | | → 0 when | | < 1. It 

also appears that the LO and TO phonon modes can be generally approximated by inspection 

of the positions of the minimum and maximum of | | respectively. For CO and CO2 ices, the TO 

phonon mode occurs coincident with the maximum in n. An infrared vibration of CO2 ice in the 

wavenumber range where LO - TO splitting is not expected shows a single vibrational band 

coincident with the maximum in k, as expected, due to the direct relationship with the 

absorption coefficient. 

 

Table 3.4. Predicted positions of the LO and TO phonon modes of the δs and νCO 
vibrations of NH3 and OCS respectively from the model, compared against the observed 
infrared bands from [110] and [111] respectively. 

Ice Experimental Model | | Comments 

NH3 
δs LO 1080

110
 1076.7 1076.7 0.5 

Max Im(φ) 
Min | | 

δs TO 1057
110

 1052.3 1054.7 11.6 
Max n 

Max Re(β) 

OCS 
νCO LO 2073

111
 2085.2 2085.2 0.3 

Max Im(φ) 
Min | | 

νCO TO 2019
111

 2015.8 2017.7 5.8 
Max n 

Max Re(β) 

 

Previous studies of the optical properties of CO and CO2 on a Si surface10,20,34,36 describe a 

similar effect for the positions and properties of the TO modes in amorphous ice, where the LO 

- TO splitting was observed due to the increased reflectivity as a function of k2 - n2, in the 

wavenumber region where n < 1. As the region where n < 1 is related to | | < 1, this study is in 

agreement with that for CO and CO2 on Si. This study has also built upon the understanding of 

the properties of an ice exhibiting LO - TO splitting of the vibrational bands, whereby the 

positions of the LO and TO phonon modes can be predicted for other amorphous ices, for 

example NH3 and OCS. Table 3.4 shows the predicted positions of the LO and TO modes of the 
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NH3 symmetric deformation, δs, and the OCS vibration, νCO. Using the optical properties of NH3 

and OCS from reference [106], both the NH3 δs and OCS νCO vibrations are expected to exhibit 

LO - TO splitting as | | < 1. Comparing to the Raman spectra of NH3 on a brass substrate at    

18 K110 and the infrared spectra of OCS on a HOPG surface at 14 K111, agreement with the 

observation and positions of the LO and TO modes of each respective vibration has been 

shown. 

The model is limited however, and cannot be used to simulate RAIR spectra of ice layers 

involving chemical or physical interactions within or between the layers. For example, the 

experimental RAIR spectra of CO2 show a coverage dependence upon adsorption of increasing 

exposures of CO2. This is not seen in the simulated RAIR spectra as it is not caused by the 

optical properties of CO2. The model can also be modified to simulate RAIR spectra of four or 

more layers, for example CO or CO2 covered H2O ices adsorbed on a HOPG surface could be 

investigated. However, the optical properties of H2O in the infrared region of the CO and CO2 

vibrational absorption regions show no absorption features, and are similar to those of a 

transparent dielectric film. Therefore the model will not simulate any interaction between the 

CO or CO2 film and the H2O layer. The model cannot be simply modified to simulate a rough or 

heterogeneous surface, as it assumes that the interfaces between the layers is flat and parallel 

to the surface plane. To simulate more complex interstellar ices, a higher level computational 

approach would therefore be required. Despite this, a greater understanding of the vibrational 

properties of a pure amorphous ice is required to better identify and characterise more 

complex mixed or layered ices, with applications in observing the composition of interstellar 

ices. 
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Chapter 4: Temperature Programmed Desorption and Reflection 

Absorption Infrared Spectroscopy of Carbon Dioxide bearing ices 

on Highly Oriented Pyrolytic Graphite 

 

4.1. Introduction 

 

Since the launch of the Infrared Space Observatory (ISO) in 19951 observations of CO2 in the 

interstellar medium (ISM) have been made using the Short Wavelength Spectrometer2. Prior to 

this, direct ground and air based observations of CO2 in the ISM were hindered by atmospheric 

CO2. CO2 is predominantly found in the solid phase in the ISM, with typically less than 5% of 

interstellar CO2 being found in the gas phase3. CO2 has been shown to be a major constituent 

of icy mantles which accumulate on the surface of dust grains in dense interstellar clouds4. 

Infrared observations from the Spitzer Space Telescope5-8 and ISO9-13 have shown that CO2 is 

found in the solid phase in abundances of 10 - 23% relative to H2O towards high and low mass 

stars, field stars and galactic centre sources14. The abundance of solid CO2 has also been found 

to be up to 37% relative to H2O towards some low and intermediate mass sources14,15. 

Understanding the nature of CO2 in the ISM is of great importance for many reasons. 

Understanding the cosmic evolution of carbon, including characterising the formation of 

CO2
16,17 and its role in the formation of larger carbon bearing species (for example glycine18), is 

a key problem in astrophysics10. It has also been shown from observation and experimentation 

that CO2 is a powerful tracer molecule in investigating the composition, thermal and radiation 

history of an icy mantle19,20. The vibrational modes of CO2 are characteristically different 

depending on the composition of the ice matrix, whether apolar (CO, CO2, O2 and N2 rich)20,21 

or polar (H2O and CH3OH rich)20,21, as well as on the evolution of the icy mantle in the cycle of 

interstellar clouds20. 

Gas phase CO2 infrared spectra show 5 infrared active bands22; three fundamental bands at 

2349, 2280 and 660 cm-1 assigned to the 12CO2 and 13CO2 ν3 stretches and the ν2 bend 

respectively, and two combination bands at 3705 and 3600 cm-1 assigned to the ν1 + ν3 and   

2ν2 + ν3 combination modes of CO2. A large range of surface infrared studies, using both 

transmission and reflection infrared spectroscopy, of pure CO2 as well as CO2-bearing polar and 

apolar ices have been conducted on a range of surfaces including CsI14,19,20,23-30, Si31-37, MgO38-40, 

NaCl41-45, Ge46, zeolitic47,48, carbonaceous49,50, Al51 and Au52 surfaces. Comparing infrared 

studies of CO2-bearing polar ices19,23,25,30,33-35,37,51 with CO2-bearing apolar ices14,19,20,24,30-32 

shows differences in the characteristics of the observed infrared bands. For example, the 12CO2 
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ν3 stretch in polar ices is shifted further from the gas phase value (7 - 15 cm-1 depending on ice 

composition25) than in apolar ices (2 - 8 cm-1 depending on ice composition24). The infrared 

bands of CO2 have also been found to be dependent on the temperature of the CO2-bearing 

ice19. Therefore, the infrared spectrum of CO2 can be used to determine the nature of 

interstellar icy mantles. 

A small range of temperature programmed desorption (TPD) experiments have also been 

conducted on pure CO2 and CO2-bearing polar ices on a range of surfaces33,35,39,53,54. From TPD 

spectra of pure CO2 desorbing from a Au surface at 8 K53 and a highly oriented pyrolytic 

graphite (HOPG) surface at 20 K54, multilayers of CO2 were shown to desorb with a natural 

sublimation temperature of approximately 80 K. 

TPD spectra of CO2-bearing H2O ices show characteristics indicating trapping of CO2 within 

the H2O film. Previous studies of the TPD spectra of H2O on a HOPG surface at 92 K have shown 

that H2O multilayers desorb around 164 K, showing a bump on the low temperature side of the 

main peak at 152 K55. These two TPD peaks correspond to desorption of crystalline ice (CI) and 

the amorphous to crystalline phase transition of amorphous solid water (ASW) respectively. 

Desorption of CO2 from CO2-bearing layered and mixed H2O ices is observed well above the 

natural sublimation temperature of CO2, coincident with the ASW - CI transition and 

desorption of CI33,39,53. Desorption of CO2 at its natural sublimation temperature from CO2-

bearing layered and mixed H2O ices was also observed from a Au surface at 8 K53. Desorption 

of CO2 at its natural sublimation temperature from CO2-bearing H2O ices was not observed 

from a Si surface at 80 K33 and MgO single crystal at 90 K39. However, this is not a consequence 

of the underlying substrate. Instead it is due to experimental limitations on the substrate 

temperature, which has a temperature close to the natural sublimation temperature. The 

observation of CO2 desorption at its natural sublimation temperature, as well as the trapping 

of CO2 in CO2-bearing mixed and layered H2O ices, indicates the ability for diffusion of CO2 

within the porous structure of ASW. 

The trapping and diffusion of CO2 within other polar ice matrices has also been 

investigated. TPD spectra of CO2-bearing CH3OH ices desorbing from a Si surface at 85 K35 show 

the trapping of CO2 within the CH3OH film. Previous studies of the TPD spectra of CH3OH on a 

HOPG surface at 97 K have shown that CH3OH multilayers desorb around 150 K56. Also of 

interest is the observation that the amorphous to crystalline phase transition of CH3OH ice 

occurs around 120 K57, prior to the onset of desorption of CH3OH. Therefore the amorphous to 

crystalline phase transition of CH3OH is not observed in the TPD spectra of pure CH3OH ices, in 

contrast to the TPD spectra of ASW ice55. Desorption of CO2 in CO2-bearing CH3OH ices is 

observed well above the natural sublimation temperature of CO2, coincident with the 

amorphous to crystalline phase transition of CH3OH and co-desorption with crystalline CH3OH. 
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However, desorption of CO2 at its natural sublimation temperature from CO2-bearing CH3OH 

ices was not observed from a Si surface at 85 K35. Again, this may be due to experimental 

limitations on the substrate temperature, where the substrate temperature is already above 

the natural sublimation temperature of CO2. 

As well as providing insight into the qualitative desorption and trapping features of CO2-

bearing ices, TPD can also provide quantitative information on the kinetics of desorption. 

Although derivation of desorption energies can be achieved via a number of other 

experimental techniques, including infrared studies19,33,35, these require a number of 

assumptions about the kinetic parameters for desorption. Table 4.1 shows the calculated 

kinetic parameters from a range of previous studies of CO2 bearing ices. Deriving desorption 

energies from infrared studies of multilayer CO2 requires the assumption that the desorption 

order is 0 and the pre-exponential factor is 3 × 1012 s-1, the average lattice vibration frequency 

of solid CO2. Assuming a desorption order of 0, which is common for multilayer populations of 

an ideal adsorbate58, with a pre-exponential factor of 3 × 1013 s-1, the units and value of which 

are common for desorption of monolayer populations of an ideal adsorbate58, is not a valid 

assumption. Multilayer populations of ices often desorb with a fractional desorption order and 

a consequently altered pre-exponential factor55,56,59,60, and therefore assumptions based upon 

an ideal adsorbate are not always valid. 

 

Table 4.1. Kinetic data determined from previous studies of CO2 desorption for a range of 
CO2-bearing ices. 

#
determined from TPD, *determined from infrared spectra, 

†
determined 

from time of flight mass spectra. 

CO2 Ice Composition Desorption Order, n 
Desorption Energy / 

kJ mol
-1

 
Pre-exponential 

factor / s
-1

 
#
CO2 monolayers on HOPG

54
 0 24 ± 2 6 × 10

14
 

#
CO2 multilayers on HOPG

54
 0 23 ± 2 6 × 10

14
 

*CO2 on CsI
19

 0 22 3 × 10
12

 
*CO2 on H2O

19
 0 24 3 × 10

12
 

*CO2 on ASW
33

 0 21 ± 2 3 × 10
12

 
*CO2 on CI

33
 0 20 ± 2 3 × 10

12
 

*CO2 on amorphous CH3OH
35

 0 20 ± 2 3 × 10
12

 
*CO2 on crystalline CH3OH

35
 0 20 ± 2 3 × 10

12
 

†CO2 on CI
50

 1 21 ± 2 1 × 10
13

 
†CO2 on H2O

61
 1 25 1 × 10

13
 

 

Desorption energies derived from time of flight mass spectrometry50,61 are also noted in 

table 4.1. These studies have also made assumptions about the value of the desorption order 

and pre-exponential factor used. However, assuming a desorption order of 1 with a pre-

exponential factor of 1 × 1013 s-1, both common for monolayer populations of an ideal 

adsorbate58, is a reasonable assumption although it does not describe the desorption of bulk 

CO2 ice. Therefore high quality TPD spectra of a wide range of CO2-bearing ices are needed, not 

only to gain a better understanding of the trapping and diffusion behaviour of CO2 within CO2-
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bearing ices, but also to derive realistic kinetic parameters for the desorption of CO2, which 

can be used in astronomical models of star forming regions62-64. 

Given the obvious importance of CO2 containing ices in the ISM, a complete investigation 

into the adsorption and desorption properties of a range of CO2-bearing ices adsorbed on a 

model carbonaceous grain surface has been undertaken. Whilst there have been several 

investigations into the adsorption and desorption of CO2 containing ices on a wide range of 

surfaces, this is the first complete study of a range of astrophysically relevant ices adsorbed on, 

and desorbing from HOPG. Previous work58 shows the importance of investigating adsorption 

and desorption on a wide range of astrophysically relevant surfaces. Reflection absorption 

infrared spectroscopy (RAIRS) and TPD have been used to study pure CO2 ices, binary layered 

CO2 and H2O ices, CO2:H2O mixed ices and CO2 adsorbed on CH3OH:H2O mixed ices. 

Understanding the adsorption and desorption of pure ices is of great importance in 

understanding and characterising the adsorption and desorption of CO2 from more complex 

systems, such as CO2 on a H2O surface. Binary layered ices of CO2 on H2O and reverse layered 

ices of H2O on CO2 have also been studied, allowing the diffusion and trapping characteristics 

of CO2 in a H2O matrix to be studied. Binary layered ices of CO2 on pure H2O and CH3OH:H2O 

mixtures are also compared to investigate the effect of the nature of the polar ice on the 

behaviour of CO2. Finally mixtures of CO2 and H2O are also studied. Investigations of ice 

mixtures provide the most realistic analogy to interstellar ices. 

 

4.2. Experimental 

 

The experimental apparatus and techniques used for all experiments have been described 

in detail in chapter 2. Research grade CO2 (BOC Gases, 99.9%), CH3OH (Fisher Scientific, 99.9%) 

and H2O (distilled, deionised) were used in these experiments and the CH3OH and H2O were 

purified via repeated freeze-pump-thaw cycles. Ices were grown in situ by backfilling the 

chamber through a high precision leak valve. All exposures are measured in Langmuir, where   

1 L = 10-6 mbar s, and were not corrected for ion gauge sensitivity. RAIR spectra were taken at 

a resolution of 2 cm-1 and are the result of the co-addition of 128 scans. For the warm RAIRS 

experiments, the sample temperature was raised and held at a pre-determined temperature 

for the duration of a spectrum, lasting approximately 5 minutes. TPD spectra of masses 18, 32 

and 44, the major mass fragments of H2O, CH3OH and CO2 respectively, were recorded 

simultaneously. All TPD spectra were recorded at a heating rate of 0.50 ± 0.01 K s-1. 
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4.3. Results and Discussion 

 

RAIR and TPD spectra were recorded for CO2-bearing ices adsorbed on a HOPG surface 

below 33 K. CO2, H2O and CH3OH were dosed onto the HOPG sample in five dosing regimes: 

pure CO2 adsorbed on bare HOPG, binary layered ices of CO2 adsorbed on pre-adsorbed H2O 

layers, reverse binary layered ices of H2O adsorbed on pre-adsorbed CO2 layers, binary layered 

ices of CO2 adsorbed on pre-adsorbed CH3OH:H2O mixtures, and well defined mixtures of CO2 

and H2O co-deposited on bare HOPG (figure 4.1). 

4.3.1. Pure CO2 Ice 

 

RAIR and TPD spectra were recorded for a range of exposures of CO2 adsorbed on a bare 

HOPG sample at 28 and 33 K respectively. The study of pure CO2 ices is of importance to 

determine whether any adsorbate-substrate interactions are involved in the growth and 

desorption of the ices. Kinetic data about the desorption of pure ices from a bare surface can 

also be derived from TPD spectra55,56,59,60. This data can then be incorporated into astrophysical 

models simulating the desorption of molecular ices on astronomical timescales62-64. 

 

4.3.1.1. TPD Data 

 

Figures 4.2 and 4.3 show the TPD spectra recorded for the desorption of a range of 

exposures of pure CO2 adsorbed on HOPG at 33 K. At the lowest CO2 exposure of 1 L, a peak is 

observed in the TPD spectrum at a temperature of 83 K with a low temperature shoulder at   

77 K (figure 4.2). Increasing the CO2 exposure to 2 L gives a TPD peak with a temperature of   

84 K and a low temperature shoulder at 80 K. Further CO2 exposure, up to 7 L, shows a gradual 

increase in the size and temperature of the low temperature shoulder, whereas the main peak 

shows an increase in size but only a very slight increase in temperature. At higher CO2 

exposures, between 5 and 10 L, the low temperature shoulder merges into the main peak prior 

to dominating the spectrum, showing common leading edges on the TPD spectra in the 

Figure 4.1. The five dosing regimes used to investigate the adsorption and desorption of 
CO2-bearing ices adsorbed on HOPG below 33 K. From left to right, pure CO2, binary 
layers of CO2 on H2O, reverse binary layers of H2O on CO2, binary layers of CO2 on 
CH3OH:H2O mixtures and CO2:H2O mixtures. 
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reallylongword to get onto the next page then turn white so you can’t see me! Mwah ha ha ha 

ha ha ha. 

Figure 4.2. TPD spectra of low exposures of CO2, up to 10 L, adsorbed on a bare HOPG 
surface at 33 K. 
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Figure 4.3. TPD spectra of high exposures of CO2, above 10 L, adsorbed on a bare HOPG 
surface at 33 K. 
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temperature range of 75 to 83 K. At CO2 exposures of 10 L and above (figure 4.3) the leading 

edges of the TPD spectra no longer overlap. The main TPD peak that grows to dominate the 

spectrum for CO2 exposures greater than 5 L increases in temperature with increasing CO2 

dose. 

The main TPD peak observed following a 1 L exposure of CO2 can be assigned to monolayer 

desorption of CO2. It is the first peak observed and therefore must be caused by desorption of 

CO2 directly associated with the HOPG surface. The monolayer peak appears to remain the 

dominant peak between CO2 exposures of 5 and 7 L. It shows characteristics which indicate 1st 

order desorption, characterised by a slightly non-symmetric peak shape and constant peak 

temperature, common for surface bound or monolayer desorbing species58. The peak which 

first appears as a low temperature shoulder on the monolayer peak, prior to merging with and 

dominating this peak upon increasing CO2 exposure, can be assigned to multilayer desorption 

of CO2. The multilayer desorption peak does not saturate with increasing CO2 exposure and 

shows characteristics indicating 0th order desorption. 0th order desorption is characterised by a 

highly non-symmetric peak shape, increasing peak temperature with increasing adsorbate 

coverage and coincident leading edges, and is common for solid or multilayer desorbing 

species58. Although the leading edges on the multilayer TPD spectra are not perfectly shared, 

the TPD spectra do show a non-symmetric peak shape and increasing peak temperature with 

increasing CO2 coverage. CO2 multilayers are also observed in the TPD spectra at higher CO2 

exposures than those for CO2 monolayer formation, as expected for multilayer formation. 

Comparing to previous TPD studies of multilayers of physisorbed CO2 on a Au and HOPG 

surface53,54, good agreement is observed. 

A linear correlation is observed when comparing the integrated area of each TPD spectrum 

as a function of the exposure of CO2, as shown in figure 4.4, showing constant uptake of CO2 

on the HOPG surface. This indicates a constant sticking probability for CO2 adsorption on HOPG 

and suggests that multilayers of CO2 are being formed. The linear uptake curve does not 

saturate at CO2 exposures of up to 200 L, indicating that CO2 is physisorbed on the HOPG 

surface, which is also indicated by the desorption temperature of CO2 multilayers observed 

(≈80 - 90 K). 
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4.3.1.2. RAIRS Data 

 

To confirm the assignments of the TPD spectra and compare with previous infrared studies, 

RAIR spectra were collected for a variety of exposures of CO2 adsorbed on HOPG at 28 K, 

shown in figure 4.5. The trends observed for infrared bands in the 12CO2 ν3 vibrational region, 

2400 - 2330 cm-1, are discussed as this is the strongest CO2 vibrational band observed. In 

addition, this band is not obscured by the ν(OH) vibrational band of H2O, discussed later. After a 

CO2 exposure of 5 L a single band is visible at 2373 cm-1. This band shifts to 2382 cm-1 with 

increasing CO2 exposure up to 100 L. Two further bands appear in the RAIR spectra after a total 

CO2 exposure of 30 L, a broad band centred at 2373 cm-1 and a low intensity band at 2341 cm-1. 

Increasing the CO2 exposure further shows an increase in the intensities of all bands with no 

further frequency shift, and the bands do not saturate. 

A linear plot is observed when comparing the integrated area of each infrared band with 

respect to the exposure of CO2. The integrated area does not saturate with increasing CO2 

exposure, indicating a constant sticking probability during adsorption of CO2 and suggesting 

that CO2 is physisorbed on the surface, assuming constant molecular orientation with 

increasing CO2 exposure. This linear relationship, also observed for the TPD data, suggests that 

Figure 4.4. Integrated area of the TPD spectra shown in figures 4.2 and 4.3 as a function 
of exposure of CO2. The line is supplied as a guide to the eye, and was produced using a 
linear fit to the data. 
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multilayers of CO2 are forming, physisorbed on the HOPG surface at 28 K. This is also implied 

when comparing the infrared frequencies with those observed for the same vibrations in gas 

phase spectra. The 12CO2 ν3 vibration is observed at 2349 cm-1 in gas phase spectra, close to the 

observed band at 2341 cm-1 in this work. This suggests only a weak interaction upon 

adsorption, and that CO2 is physisorbed on the HOPG surface. 

Warming the HOPG surface incrementally can provide information about the temperature 

dependent behaviour of the CO2 ice adsorbed on HOPG at 28 K. Figure 4.6 shows a 100 L 

exposure of CO2 adsorbed on a HOPG surface at 28 K warmed to a range of temperatures. 

Warming the ice to between 28 and 55 K shows no change in the observed infrared features at 

2382 and 2341 cm-1, whereas the feature at 2373 cm-1 shifts to 2367 cm-1. Upon warming the 

HOPG surface to 62 K, the band at 2382 cm-1 broadens slightly and shifts down to 2381 cm-1. 

Further warming to 66 K produces a RAIR spectrum with reduced peak intensities and a further 

shift of the band at 2382 cm-1 to 2378 cm-1. Warming to 73 K leads to desorption of the CO2 

ice. 

From comparison with other infrared spectra for amorphous and crystalline CO2 adsorbed 

on a range of surfaces14,19,20,23-52, experimental and theoretical studies of microcrystalline65-69 

CO2 as well as gas phase22 CO2 investigations, assignments of the observed infrared bands can 

be made. Gas phase studies of the infrared bands between 2000 – 3000 cm-1 show two peaks 

Figure 4.5. RAIR spectra of a range of exposures of CO2 adsorbed on a bare HOPG 
surface at 28 K. 
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at 2283 and 2349 cm-1 relating to the ν3 stretching mode of 13CO2 and 12CO2 respectively. 

Therefore the band at 2341 cm-1 can be assigned to the ν3 stretching mode of 12CO2 

physisorbed on the HOPG surface at 28 K. This is also in agreement with previous work on the 

infrared spectra of amorphous and bulk crystalline CO2
14,19,20,23-52,65-69. 

As discussed in chapter 3, the band observed at 2382 cm-1 is not observed in infrared 

studies of amorphous CO2 ices at normal incidence to the surface, where a single band in the 

12CO2 ν3 region around 2341 cm-1 is observed. However, a band near 2382 cm-1 is observed in 

infrared investigations of crystalline CO2 ices28,65-69 and amorphous CO2 ices at grazing 

incidence24,31,32,37. Infrared studies of crystalline CO2 ices generally show a broad, multi-peak, 

feature between 2340 - 2380 cm-1.28,67-69 In particular, the study of Ovchinnikov and Wight28 

reported the transverse optical (TO) and orthogonal, or longitudinal optical (LO), modes of the 

12CO2 ν3 band, split as a consequence of the crystalline nature of the CO2 ice, to be at 2344 and 

2381 cm-1 respectively. This does not explain the observation of the band at 2382 cm-1 in 

amorphous ices. Instead, as discussed by Baratta and Paulmbo31,32,37 and confirmed in chapter 

3, the observed LO - TO splitting is caused by coupling of polarised phonon vibrations within 

the CO2 ice with the electric field of the incident radiation at grazing incidence, known as the 

Berreman effect70. Therefore the bands at 2382 and 2341 cm-1 are assigned to the LO and TO 

phonon modes of the 12CO2 ν3 vibration respectively. 

Figure 4.6. RAIR spectra of a 100 L exposure of CO2 adsorbed on a bare HOPG surface at 
28 K warmed to a range of temperatures. 
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The LO phonon mode of the 12CO2 ν3 vibration is observed to increase in frequency upon 

increasing CO2 coverage on the HOPG surface, and it decreases in frequency with increasing 

surface temperature in the temperature range for CO2 sublimation. Therefore, the position of 

the CO2 vibrational mode is directly related to the coverage of CO2, or thickness of the CO2 ice 

on the surface. As discussed in chapter 3, this behaviour is not a direct consequence of the 

optical nature of CO2. As the CO2 ice is physisorbed on the HOPG surface, this effect may be 

caused by physical interactions between CO2 molecules on the surface. This effect could be the 

result of the orientation of CO2 molecules within the ice, which may alter the polarisation of 

the phonon vibrations and therefore affect the interaction of the phonon modes with the 

incident infrared light. 

The broad band at 2373 cm-1, which appears to shift to 2367 cm-1 upon warming, is not 

observed in the literature. However, as the coverage of CO2 on the HOPG surface has been 

shown to affect the position of the LO phonon mode of the 12CO2 ν3 vibration, the band at 

2373 cm-1 could also be caused by a modification of the polarisation of the phonon vibrations 

within the ice. The CO2 ice is expected to be heterogeneous and amorphous, which could 

cause disruptions to the phonon vibrations within the ice and therefore may affect the 

interaction of the incident light with the phonon modes. Also, as the ice is heterogeneous, it 

would be expected that a band caused by this effect would be broad and would be located 

between the vibrational positions of the LO and TO phonon vibrations, as observed for the 

band at 2373 cm-1. Therefore this band could be assigned to a weakly polarised LO phonon 

mode of the 12CO2 ν3 vibration. However, irrespective of the cause and exact assignment of the 

observed infrared bands in the 12CO2 ν3 vibrational region, clearly the infrared spectrum of 

physisorbed CO2 ice, particularly in the 12CO2 ν3 vibrational region, is complex. 

Comparing RAIR and TPD spectra of pure CO2 ice on HOPG, it is seen that multilayer CO2 

forms on the surface below 33 K. Differences in the warming profiles between the 

experimental techniques used affect the sublimation of the CO2 ice. The RAIRS warming 

experiments, with a slower heating rate, show complete CO2 desorption between 66 and 73 K. 

The TPD experiments however, with an overall faster heating rate, show the onset of 

desorption around 75 K, and complete desorption is observed between 85 and 95 K depending 

on CO2 coverage. However, irrespective of the subtle differences between the onset and 

complete desorption of CO2 ice in the RAIRS and TPD experiments, good agreement is 

observed for the sublimation temperature of CO2 in a temperature range indicative of 

physisorbed ice. It is also not evident from either RAIR or TPD spectra that any phase changes 

of the CO2 film occur upon warming the HOPG surface. 
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4.3.1.3. Quantitative Analysis of TPD Data 

 

To gain a better understanding of the desorption of CO2 from a HOPG surface and to 

provide qualitative information for astrochemical models, analysis of the TPD data has been 

performed. The methodology used here has been described in detail in chapter 2. 

 

Desorption orders. According to equation 2.2 (chapter 2) the desorption order can be 

determined from the gradient of a plot of ln[I(T)] versus ln[θrel] at a fixed temperature, using a 

set of TPD spectra with varying initial CO2 coverage. This method for obtaining the desorption 

orders assumes that the desorption energy and pre-exponential factor do not vary with 

coverage or temperature. This has previously been shown to be a valid assumption for H2O
55, 

NH3
59, CH3OH56 and C2H5OH60 ices, and since CO2 is physisorbed on the HOPG surface should 

also be a valid assumption in this case. Monolayer desorption rates were taken from the TPD 

spectra for CO2 exposures between 1 and 10 L (figure 4.2) and are shown in figure 4.7 (top). 

Figure 4.7 (bottom left) shows an order plot for monolayer desorption at a fixed temperature 

Figure 4.7. (Top) TPD spectra of monolayer CO2, taken from figure 4.2, showing CO2 
exposures of 1 to 10 L. Also shown as a dotted line is the fixed temperature of 80 K. 
(Bottom left) Plot of ln[I(T)] against ln[θrel] at a fixed temperature of 80 K producing a 
gradient for monolayer desorption order. (Bottom right) Plot of ln[I(T)] – n.ln[θrel] against 
1/T from the TPD spectrum produced following a 5 L exposure of CO2, using n as        
0.73 ± 0.02. This line has a gradient of -Edes/R. 
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of 80 K, with a gradient of 0.74. Using a range of fixed temperatures between 79 and 81 K, 

shown in table 4.2, the average monolayer desorption order was found to be 0.73 ± 0.02, 

where the error was taken as twice the standard deviation of the obtained gradients from 

table 4.2. 

 

Table 4.2. Calculated desorption orders for monolayer CO2 adsorbed on HOPG at 33 K. 

Fixed Temperature / K Desorption Order, n 

79.0 0.73 
79.5 0.73 
80.0 0.74 
80.5 0.73 
81.0 0.71 

 

As the leading edges in the TPD spectra for multilayer CO2 do not overlap at exposures of  

10 L and above (figure 4.3), rigorous analysis of these spectra produce small, negative, 

desorption orders. This is a direct consequence of the behaviour of the leading edges within 

the set of TPD spectra. For example, at a fixed temperature of 83 K, an inverse correlation 

between the CO2 exposure and I(T) is observed for 100, 150 and 200 L exposures. A negative 

desorption order is unrealistic and would otherwise affect the analysis of the desorption 

energy and pre-exponential factor. However, as discussed previously, the TPD spectra show 

other characteristics similar to 0th order desorption, such as asymmetric peak shapes and 

increasing peak temperature with increasing CO2 coverage. Also, the calculated desorption 

orders, although negative, are very close to 0. 0th order desorption is also expected for most 

multilayer desorbing species58, therefore the multilayer desorption order will be taken as 0. 

This is in agreement with the assumptions of previous studies53,58,71-73. 

These values of desorption order are in agreement with the qualitative analysis of the TPD 

spectra discussed above, and confirm the assignments given. Multilayer desorption is assumed 

to be 0th order, in agreement with that assumed via qualitative inspection by Ulbricht et al54. 

Monolayer desorption appears to be close to 1st order by observation, but is shown to be 

fractional order by analysis. This is most likely caused by the overlap of the monolayer and 

multilayer TPD curves. Due to this overlap, separation of the monolayer and multilayer 

contributions to CO2 desorption is difficult. Hence upon analysis, a contribution from the 

multilayer desorption is observed in the peaks assigned to the monolayer desorbing species. 

Therefore when analysing CO2 monolayer desorption, the choice of set temperatures used is 

important to reduce the multilayer contribution to the monolayer peak. 

 

Desorption Energies. It is also possible to determine the desorption energy of the CO2 

monolayer and multilayers adsorbed on HOPG, to obtain an indication of the binding strength 

within the monolayer and multilayers, and between the adsorbate and the surface. Using the 
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desorption orders determined above, the desorption energy of the monolayer and multilayer 

of CO2 can be determined via a plot of ln[I(T)] - n.ln[θrel] against 1/T, taking the gradient as        

-Edes/R. The error in ln[I(T)] - nln[θrel] was taken to be Δn.ln[θrel], thus the error in the 

desorption order is propagated into the desorption energy gradient. Again it is assumed that 

the pre-exponential factor and desorption energy do not vary with coverage and temperature. 

Figure 4.7 (bottom right) shows the gradient for the monolayer desorption energy following a 

5 L exposure of CO2, using a value of n of 0.73 ± 0.02, giving a desorption energy of               

21.3 ± 0.8 kJ mol-1. Using the series of TPD traces between 1 and 5 L exposure of CO2, from 

figure 4.2, monolayer desorption energies were obtained and are shown in table 4.3. The 

average monolayer desorption energy was found to be 20.2 ± 2.2 kJ mol-1. The error in the 

average monolayer desorption energy was calculated via propagation of the errors calculated 

from the desorption energy gradients from each TPD spectrum as shown in table 4.3. 

 

Table 4.3. Calculated desorption energies for monolayer CO2 adsorbed on HOPG at 33 K. 

CO2 exposure / L Desorption Energy, Edes / kJ mol
-1

 

1 20.8 ± 1.5 
2 19.5 ± 1.1 
3 19.3 ± 0.9 
5 21.3 ± 0.8 

 

The desorption energy for multilayer CO2 was obtained using the series of TPD traces 

between 20 and 200 L exposure of CO2, from figure 4.3. Desorption energies were obtained for 

the set of TPD spectra, and are shown in table 4.4. The average multilayer desorption energy 

was found to be 24.8 ± 1.6 kJ mol-1. As the multilayer desorption order was assumed to be 0, 

no error from the desorption order could be used to calculate the error in the desorption 

energy. Therefore the error in the average multilayer desorption energy was taken as twice 

the standard deviation of the obtained energies from table 4.4. 

 

Table 4.4. Calculated desorption energies for multilayer CO2 adsorbed on HOPG at 33 K. 

CO2 exposure / L Desorption Energy, Edes / kJ mol
-1

 

20 25.7 
50 24.6 

100 25.8 
150 24.0 
200 24.2 

 

Desorption energies have been previously determined for 1 ML (monolayer) and 4 ML 

coverages of CO2 on a HOPG surface at 20 K54, and are quoted as 24 ± 2 and 23 ± 2 kJ mol-1 

respectively, both of which are within the range of values calculated here. Multilayer 

desorption energies have also been calculated from infrared spectra of CO2 ices on CsI at        

10 K19, quoted as 22 kJ mol-1, again close to the energy found here. The monolayer and 
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multilayer desorption energies calculated here are also comparable with the desorption 

energies of other physisorbed species55,56,58-60. They are also similar to each other, which is 

reasonable as the monolayer and multilayer contributions to the TPD spectra overlap and 

merge as the multilayer peak grows and dominates the TPD spectra. 

 

Pre-exponential factors. The pre-exponential factor for desorption can also be determined 

from the TPD spectra. To determine the pre-exponential factor for desorption, the absolute 

coverage of CO2 adsorbed on HOPG must be determined. This can be achieved by calculating 

the rate of impingement of CO2 molecules on the HOPG surface. Using the methodology 

described in chapter 2, the rate of impinging CO2 molecules on the HOPG surface, as a function 

of CO2 exposure, is 4.59 × 1014 molec L-1. However, due to the 10 mm diameter aperture on the 

quadrupole mass spectrometer (QMS), only 39% of the molecules on the HOPG surface will be 

detected in a TPD experiment. Therefore the number of molecules which will pass through the 

QMS aperture as a function of CO2 exposure will be 1.80 × 1014 molec L-1. This value can then 

be used to convert the relative coverage, previously taken as the area under each TPD 

spectrum, into an absolute coverage by scaling using the relationship between the integrated 

TPD peak area and the actual CO2 exposure. From figure 4.4, the area under each TPD 

spectrum, as a function of CO2 exposure, produced a linear fit with gradient 7.75 × 10-9 L-1, 

producing a scaling factor for the coverage calculation of 2.32 × 1022 molec. 

To determine the pre-exponential factor, the Polanyi-Wigner equation can be rearranged to 

give an expression for νn, as shown in chapter 2. The error in νn was taken as νn√(Δn2 + ΔEdes
2). 

Monolayer and multilayer pre-exponential factors were calculated using the TPD spectra for 

CO2 exposures of 1 to 10 L and 20 to 200 L respectively and the desorption orders and energies 

obtained above. The results are shown in table 4.5. The average monolayer and multilayer pre-

exponential factors were found to be 9.32 × 1014 ± 0.9 (molec m-2)0.27 s-1 and                               

1.07 × 1030 ± 1.5 molec m-2 s-1 respectively. Units are given as (molec m-2)1-n s-1. 

 

Table 4.5. Calculated pre-exponential factors for monolayer and multilayer CO2 adsorbed 
on HOPG at 33 K. 

Monolayer Multilayer 

CO2 exposure / L 
Pre-Exponential Factor, 

νn / (molec m
-2

)
0.27

 s
-1

 
CO2 exposure / L 

Pre-Exponential Factor, 
νn / molec m

-2
 s

-1
 

1 
2 
3 
5 
7 

10 

1.07 × 10
15 ± 0.5 

9.37 × 10
14 ± 0.5 

1.04 × 10
15 ± 0.5 

9.80 × 10
14 ± 0.5 

8.74 × 10
14 ± 0.5 

6.90 × 10
14 ± 0.5

 

20 
50 

100 
150 
200 

1.72 × 10
30 ± 1.3 

9.20 × 10
29 ± 1.5 

9.18 × 10
29 ± 1.5 

9.19 × 10
29 ± 1.5 

8.82 × 10
29 ± 1.4
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Pre-exponential factors for multilayer populations of a range of physisorbed 

adsorbates55,56,58-60,63 have been found to range from 8 × 1025 molec m-2 s-1 for NH3
59 to              

2 × 1037 molec m-2 s-1 for C2H5OH60, in agreement with the pre-exponential factor determined 

here. Variations in the pre-exponential factors may be caused by variations in the size of the 

adsorbed molecule54. Pre-exponential factors for a 1st order desorption process are typically 

taken as 1 × 1012 - 13 s-1,19,74,75 relating to the average vibrational frequency of a molecule on a 

surface and close to the value determined here. The monolayer pre-exponential factor 

determined here is also comparable to those cited in previous studies of CO2 

desorption19,33,35,50,54,61 from a range of surfaces. 

Comparing the set of kinetic parameters for CO2 desorption determined here, summarised 

in table 4.6, with those cited in the literature19,33,35,50,54,61, table 4.1, some striking differences 

are evident. Ulbricht et al54 assumed a desorption order of 0 from qualitative inspection, 

common for multilayer desorption, but calculated a 1st order pre-exponential factor of              

6 × 1014±1 s-1. Sandford and Allamandola19 and Gálvez and Maté33,35 both assumed a desorption 

order of 0, common for multilayer desorption and pre-exponential factor of 3 × 1012 s-1, 

common for monolayer desorption. The determination of accurate kinetic parameters has 

been shown to be of great importance in modelling molecular clouds and star forming regions 

in the ISM58,63, whereby the definition between volatiles on a surface and in the bulk of an ice 

matrix is needed. 

 

Table 4.6. Calculated kinetic parameters for monolayer and multilayer CO2 desorbing 
from a bare HOPG surface at 33 K. 

 n Edes / kJ mol
-1

 
νn  

/ (molec m
-2

)
1-n

 s
-1

 

Monolayer 0.73 ± 0.02 20.2 ± 2.2 9.32 × 10
14 ± 0.9

 
Multilayer 0 24.8 ± 1.6 1.07 × 10

30 ± 1.5
 

 

4.3.2. CO2/H2O Ice Layers 

 

The study of binary layered ices of CO2 adsorbed on H2O and reverse layered ices of H2O 

adsorbed on CO2 is important in order to understand the effect of H2O on the adsorption and 

desorption of CO2. There is evidence that H2O rich ices undergo segregation upon warming76, 

and so the study of binary and reverse layered ices, not just mixed ices, is of direct relevance 

to astrochemistry. It is also necessary to understand the effect of H2O on CO2 ices in order to 

better understand more complex systems, such as CO2:H2O mixtures. 

RAIR and TPD spectra were obtained for CO2 adsorbed on a 100 L exposure of pre-adsorbed 

H2O and a 100 L exposure of H2O adsorbed on a range of pre-adsorbed exposures of CO2 on a 

HOPG surface below 33 K. Previous studies have shown that ASW is formed on a surface by 
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vapour deposition on cold substrates below 140 K39,77. Comparing the RAIR and TPD spectra of 

a 100 L exposure of pure H2O with a previous study of the adsorption and desorption of H2O 

films55 indicates that in this study, a 100 L exposure of H2O leads to the formation of 

multilayers of ASW. 

 

4.3.2.1. CO2/H2O Binary Ice Layers 

 

TPD. Figures 4.8 and 4.9 show TPD spectra for a range of exposures of CO2 adsorbed on  

100 L of pre-adsorbed H2O on HOPG at 33 K. At the lowest CO2 exposure of 2 L, three 

desorption features are observed in the spectrum (figure 4.8), a broad low temperature peak 

centred at 90 K as well as two high temperature peaks, neither of which were observed in TPD 

spectra of pure CO2, at 158 and 167 K. Increasing the CO2 exposure to 10 L leads to an increase 

in the size of the low temperature peak with no discernable shift in peak temperature. The two 

high temperature peaks do not show any significant change in size or peak temperature upon 

increasing CO2 coverage between 2 and 10 L. Increasing the CO2 exposure to 15 L shows an 

increase in the size of the low temperature peak at 90 K and the high temperature peak at   

158 K, with no associated change in peak temperature. However, no change in size or peak 

Figure 4.8. TPD spectra of low exposures of CO2, up to 20 L, adsorbed on 100 L of H2O on 
a HOPG surface at 33 K. The H2O TPD spectrum following a 20 L exposure of CO2 
adsorbed on 100 L of H2O is shown in black. 
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temperature of the high temperature feature at 167 K is observed between 10 and 15 L 

exposures of CO2. No further changes in either of the two high temperature peaks at 158 and 

167 K are observed upon increasing CO2 exposure above 15 L. Further increase of the CO2 

exposure between 20 and 200 L (figure 4.9) shows a gradual increase in temperature of the 

low temperature peak, from 90 to 94 K. Figures 4.8 and 4.9 also show an example of the H2O 

TPD spectrum observed in these experiments. No changes in the H2O TPD peak are observed 

with increasing CO2 exposure. The H2O TPD feature shows a large peak, with a peak 

temperature of 167 K and a bump on the leading edge of the spectrum at 158 K. The bump at 

158 K is assigned to the irreversible phase change of ASW to CI, caused by a change in the 

vapour pressure of ASW and CI, and the peak at 167 K is assigned to the desorption of 

multilayers of physisorbed CI55. 

Integration of the CO2 TPD peaks from figures 4.8 and 4.9 as a function of CO2 exposure, 

shown in figure 4.10, shows a linear relationship between the total CO2 area and the exposure 

of CO2. This constant uptake indicates a constant sticking probability for CO2 on an ASW 

surface and suggests that multilayers of CO2 are being formed. The total integrated area of the 

CO2 TPD spectra does not saturate up to a CO2 exposure of 200 L, indicating that the CO2 

multilayers are physisorbed on the ASW surface at 33 K. Figure 4.10 also shows the 

Figure 4.9. TPD spectra of high exposures of CO2, above 20 L, adsorbed on 100 L of H2O 
on a HOPG surface at 33 K. The H2O TPD spectrum following a 200 L exposure of CO2 
adsorbed on 100 L of H2O is shown in black. 
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contributions to the total CO2 area from the low temperature TPD peak at 90 - 94 K, and the 

two high temperature peaks at 158 and 167 K. The low temperature peak shows constant 

growth with increasing CO2 exposure, whereas the two high temperature peaks saturate 

following exposures of 20 L and above. The total area of the two high temperature peaks, after 

saturation, equates to an 8 L exposure of CO2 when compared to pure CO2 desorbing from a 

HOPG surface at 33 K. 

Assignment of the CO2 desorption features from an ASW surface can be made by 

comparison with the TPD spectra of pure CO2 on a HOPG surface (figures 4.2 and 4.3), with 

previous studies of binary ices of CO2 and H2O
33,39,53, as well as with studies of binary ices of 

other volatile molecules with H2O
39,53,78,79. As the two high temperature CO2 TPD peaks occur 

coincidentally with the features observed in the H2O TPD spectrum, they can be assigned to 

CO2 trapped within the porous ASW surface. This is also confirmed by comparison with the 

TPD spectra of pure CO2 desorbing from a bare HOPG surface at 33 K, whereby the lack of the 

two high temperature peaks in the pure CO2 TPD spectra indicates that the peaks at 158 and 

167 K are caused by the ASW surface. In particular the feature at 158 K can be assigned to 

volcano desorption of CO2 with the phase transition of the H2O film, whereas the feature at 

167 K can be assigned to co-desorption of CO2 with the H2O film. The ability of ASW to trap 
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Figure 4.10. Integrated area of the TPD spectra shown in figures 4.8 and 4.9 as a function 
of exposure of CO2. The figure shows the areas of the low temperature, 90 to 94 K, peaks, 
the combined areas of the two high temperature peaks at 158 and 167 K, and the total 
CO2 area of all three peaks. Lines are supplied as a guide to the eye. 
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molecules has been shown to depend on its morphology, and evidence for rearrangement of 

the ASW film at temperatures below the ASW to CI phase transition has been 

observed38,39,53,77. The rearrangement is thought to seal off pores in the ASW surface, trapping 

volatiles within the ASW. During the ASW to CI phase transition, trapped molecules within the 

pores of the ASW film are rapidly released, evidenced by a sharp peak in the TPD spectrum 

referred to as a molecular volcano38,39,53,77. Volatiles are also sometimes retained within the 

H2O film to desorb with the sublimation of CI39,53. 

Similar assignments can be made for the low temperature TPD peaks for CO2 desorption 

from an ASW surface at 33 K as were made for pure CO2 desorbing from a bare HOPG surface 

at 33 K. The low temperature TPD feature shows 1st order desorption behaviour below an 

exposure of 20 L, with a constant peak temperature of 90 K, indicating monolayer growth of 

CO2 on the ASW surface. At exposures above 20 L, 0th order behaviour is observed with an 

increasing peak temperature with increasing CO2 exposure and common leading edges on the 

TPD spectra. 

Quantitative analysis, as discussed in sections 2 and 4.3, was also conducted on the TPD 

spectra of CO2 adsorbed on 100 L of pre-adsorbed H2O on HOPG at 33 K. CO2 monolayers were 

found to desorb from a 100 L film of ASW with an order of 1.09 ± 0.06, desorption energy of 

17.5 ± 7.5 kJ mol-1 and pre-exponential factor of 2.71 × 107 ± 1.8 (molec m-2)-0.09 s-1. Comparing to 

the kinetic parameters for monolayer desorption of CO2 from a bare HOPG surface at 33 K, it 

can be seen that the desorption order, energy and pre-exponential factor are strongly affected 

by the ASW surface. The desorption order is still found to be close to unity, as expected for 

monolayer species58, however it increases from 0.74 to 1.09 when desorbing from an ASW 

surface as compared to a HOPG surface. The pre-exponential factor is also greatly affected by 

the ASW surface, decreasing from 9.32 × 1014 ± 0.9 (molec m-2)0.26 s-1 to                                        

2.71 × 107 ± 1.8 (molec m-2)-0.09 s-1. This is a direct consequence of the increase in the desorption 

order for desorption from HOPG as compared to an ASW surface, as the pre-exponential factor 

is highly influenced by n. Compared to the ordered, homogeneous, nature of a HOPG surface, 

an ASW surface is heterogeneous with a rough, disordered structure and a wide range of 

different adsorption sites. This implies that ASW bound CO2 will desorb from a range of sites, 

with a range of desorption energies. This is also implied by the broad monolayer desorption 

peak in the TPD spectrum, as well as the large errors found whilst performing quantitative 

analysis on the monolayer TPD spectra. This method for determining kinetic parameters can 

only determine the average kinetic parameters for monolayer desorbing species when 

adsorbed on a heterogeneous surface. 

CO2 multilayers were found to desorb from a 100 L film of ASW with a desorption order of 

0, desorption energy of 25.4 ± 1.4 kJ mol-1 and a pre-exponential factor of                               
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2.06 × 1030 ± 0.5 molec m-2 s-1. Comparing to the kinetic parameters found for pure CO2, clearly 

multilayer desorption occurs with the same order, energy and pre-exponential factor 

irrespective of the underlying surface. This is expected as multilayer CO2 on a HOPG or ASW 

surface is bound to other CO2 molecules, and the multilayer kinetic parameters therefore 

describe CO2 bound desorption of CO2. 

 

RAIRS. The characteristics of CO2 trapping within an ASW film can also be probed by RAIRS 

which, when compared with TPD spectra, can provide wider evidence for the assignments 

made. Following a 100 L exposure of H2O, two infrared bands are observed in the RAIR 

spectrum, as shown in figure 4.11. A very broad feature is observed around 3400 cm-1 and a 

smaller, but still broad peak is seen at 1670 cm-1. These have been assigned previously to the 

ν(OH) stretching mode and HOH scissors mode of ASW respectively55. No changes in the H2O 

vibrational bands are observed upon exposing the H2O surface to CO2. 

RAIR spectra of a range of exposures of CO2 adsorbed on 100 L of pre-adsorbed H2O on a 

HOPG surface at 28 K, in the wavenumber range of the 12CO2 ν3 vibration, 2400 to 2330 cm-1, 

are shown in figure 4.12. At low CO2 exposures, up to 10 L, a single infrared band is observed in 

the CO2 ν3 region, at 2346 cm-1. A second band is observed in the RAIR spectra upon increasing 

Figure 4.11. RAIR spectra of a 100 L exposure of H2O adsorbed on a HOPG surface at    
28 K. 
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CO2 exposure to 20 L, where a shift in the band at 2346 cm-1 to 2348 cm-1 is also observed. 

Further exposure of CO2, up to 50 L, shows an increase in size and a shift in wavenumber of the 

peak at 2370 cm-1 to 2380 cm-1 as well as a shift in the band at 2348 cm-1 to 2351 cm-1. An 

additional peak at 2340 cm-1 is also observed in the RAIR spectra following a 50 L exposure of 

CO2. Finally, increasing the CO2 exposure to 100 L shows a further shift in the bands at 2380 

and 2351 cm-1 to give a sharp peak at 2382 cm-1 and a broad peak at around 2355 cm-1 

respectively. There is also an increase in the size of the peak at 2340 cm-1, with no associated 

shift in wavenumber. 

Warming the HOPG surface incrementally can provide information about the temperature 

dependent behaviour of the CO2 ice adsorbed on ASW as well as about the characteristics of 

CO2 trapped in ASW. RAIR spectra, following warming of a 100 L exposure of CO2 adsorbed on 

100 L of H2O, in the wavelength range of the 12CO2 ν3 and νOH vibrational regions are shown in 

figures 4.13 and 4.14 respectively. No spectral shift of any infrared band is observed upon 

heating the HOPG surface up to 44 K (figure 4.13). At 59 K the band at 2382 cm-1 shifts down in 

wavenumber to 2380 cm-1. Warming further to 65 K shows a significant decrease in the size of 

the bands at 2380 and 2340 cm-1, as well as an associated shift in wavenumber of the band at 

2380 cm-1 to 2379 cm-1. Warming to 71 K shows desorption of most of the CO2, whereby only a 

Figure 4.12. RAIR spectra of a range of exposures of CO2 adsorbed on 100 L of H2O 
adsorbed on HOPG at 28 K. 
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sentences which don’t make sense are fun, especially when no body is going to be able to see 

them te he he 

Figure 4.13. RAIR spectra of a 100 L exposure of CO2 adsorbed on 100 L of H2O adsorbed 
on HOPG at 28 K, prior to warming to a range of temperatures. 
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Figure 4.14. RAIR spectra of the νOH region of a 100 L exposure of CO2 adsorbed on a  
100 L exposure of pre-adsorbed H2O adsorbed on a HOPG surface at 28 K prior to 
warming to a range of temperatures. 
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single CO2 band is observed at 2342 cm-1. No changes are observed in the band at 2342 cm-1 

between 71 and 105 K, whereas a slight shift in the ν(OH) band at 3400 cm-1 (figure 4.14) is 

observed at 105 K. Upon further warming, to 123 K, the ν(OH) band undergoes a significant shift 

to 3270 cm-1 with an associated decrease in size, and the band at 2342 cm-1 (figure 4.13) is no 

longer visible, indicating desorption of the remaining CO2. 

Assignments of the observed infrared bands can be made by comparison with the RAIR 

spectra of pure CO2 adsorbed on a bare HOPG surface at 28 K (figure 4.5). The bands at 2382 

and 2340 cm-1 are also observed in the pure CO2 spectra and can be assigned to the LO and TO 

modes of the 12CO2 ν3 vibration of multilayer CO2 respectively. The coverage dependence of 

the LO mode of the 12CO2 ν3 vibration has been previously discussed, whereby similar 

behaviour in the position of the LO mode of the ν3 vibration upon increasing CO2 exposure is 

observed. The band at 2346 cm-1 is the first band to appear in the RAIR spectrum, shifting and 

broadening upon increasing CO2 exposure. As it is the first band to appear in the RAIR spectra, 

it could be assigned to H2O bound CO2. As seen in the TPD spectra, H2O bound CO2 produces a 

broad band as a consequence of the heterogeneous nature of the ASW surface, with a large 

surface area and large range of adsorption sites on the surface. A RAIR peak assigned to a 

surface bound adsorbate on a flat surface would be expected to saturate once a complete 

monolayer has formed. However the ASW surface is rough, and hence the saturation of 

monolayer CO2 only occurs once the rough surface, including any pores, is saturated. Once the 

onset of multilayer growth is observed in the infrared spectra at 20 L, characterised by the 

observation of the LO phonon mode of the 12CO2 ν3 vibration at 2370 cm-1, the 2346 cm-1 band 

shifts with increasing exposure to give a broad peak around 2355 cm-1. This may be caused by 

an influence on the polarisation of the phonon vibrations within the layered ice analogous to 

that observed at 2373 cm-1 in the pure CO2 RAIR spectra, accounting for the lack of observation 

of a band at 2373 cm-1. 

Warming the surface above the natural sublimation temperature of CO2 produces RAIR 

spectra with a band at 2342 cm-1, not previously observed in the RAIR spectra of CO2 on a bare 

HOPG surface at 28 K. Comparing with TPD spectra of binary layers of CO2 on H2O (figures 4.8 

and 4.9) and with the lack of the 2342 cm-1 band in the pure CO2 RAIR spectra upon warming 

(figure 4.6), the 2342 cm-1 band can be assigned to CO2 trapped within the ASW surface. The 

shift in the ν(OH) band of H2O from 3400 cm-1 to 3270 cm-1 between 105 and 123 K has been 

previously observed55 and can be assigned to amorphous and crystalline H2O respectively. RAIR 

spectra show that the trapped CO2 desorbs from the ice between 105 and 123 K, as the H2O 

film undergoes an ASW - CI transition as observed in the TPD spectra. A second high 

temperature peak is observed in the TPD spectra of binary layers of CO2 on H2O, coincident 

with desorption of CI and assigned to co-desorption of CO2 with H2O. It is therefore expected 



106 

that a small amount of CO2 remains trapped within the CI between the amorphous to 

crystalline phase transition and desorption of the H2O film. This is not evident from the RAIR 

spectra, as no CO2 band is visible when the surface is warmed to 123 K. This may be due to the 

differences in the experimental techniques used, whereby the TPD technique is more sensitive 

to low adsorbate coverage. As the co-desorption peak in the TPD spectra is very small, it is 

likely to be too weak to be observed in the RAIR spectra. 

 

4.3.2.2. H2O/CO2 Reverse Ice Layers 

 

To gain better insight into the trapping and diffusion of CO2 in and through an ASW film, 

TPD spectra of reverse binary layered ices of H2O adsorbed on CO2 on a bare HOPG surface at 

33 K were collected. Figure 4.15 shows a comparison between a 20 L exposure of CO2 

adsorbed on 100 L H2O, from figures 4.8 and 4.9, and a 100 L exposure of H2O adsorbed on    

20 L CO2, adsorbed on a HOPG surface at 33 K. Three desorption features are observed in the 

TPD spectra of reverse binary ice layers of H2O on CO2, a peak with a low temperature shoulder 

at 96 K followed by two high temperature peaks at 158 and 167 K. The low temperature peak 
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Fig 4.15. TPD spectra of a 20 L exposure of CO2 adsorbed on a 100 L exposure of H2O 
and a 100 L exposure of H2O adsorbed on a 20 L exposure of CO2, both adsorbed on 
HOPG at 33 K. Shown in black is the H2O TPD spectrum following a 20 L exposure of CO2 
adsorbed on 100 L of H2O on a HOPG surface at 33 K, for comparison. 
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at 96 K appears to have a bump on the low temperature side of the TPD peak. However, only a 

small range of exposures of CO2 in the reverse layered ices were investigated, and as such this 

second contribution cannot be assigned. This broad feature at 96 K can only be accounted for 

in the TPD spectra of reversed binary ices of H2O on CO2 if diffusion of CO2 through the ASW 

film occurs. 

Comparing to TPD spectra of binary layered ices of CO2 on H2O as well as with the H2O TPD 

spectrum, the features at 158 and 167 K can be assigned to volcano and co-desorption of CO2 

respectively. Comparing the integrated area of pure CO2 desorbing from a HOPG surface at    

33 K with the integrated area of the two high temperature peaks for the reverse layers, shows 

that the trapped features equate to a 12 L exposure of CO2, as compared to an 8 L exposure for 

CO2 adsorbed on ASW. This is also evident from the TPD spectra in figure 4.15, as the two high 

temperature peaks in the reverse binary layered ices are larger than their counterparts in the 

standard binary layered ice TPD spectrum. This is as expected, as desorption of CO2 prior to the 

onset of the ASW - CI transition in reverse binary layered ices can only occur due to diffusion of 

CO2 through the ASW film, since the ASW film is on top of the CO2 ice. Therefore it is 

reasonable to expect that trapping of CO2 in the ASW film is more likely to occur for the binary 

layers of CO2 on ASW. This also explains the increase in peak temperature observed in figure 

4.15, as desorption of the bulk of the CO2 is hindered by the diffusion of CO2 through the ASW 

film. 

 

4.3.3. CO2/CH3OH:H2O Binary Ice Layers 

 

To study the effect of the nature of the polar ice, whether pure ASW or CH3OH-bearing H2O 

ice, on the desorption of CO2, RAIR and TPD spectra were obtained for CO2 adsorbed on a    

100 L exposure of a 15% CH3OH:H2O mixture adsorbed on a HOPG surface at 33 K. Adsorption 

of any exposure of CO2 onto the CH3OH:H2O mixed ice does not show any alteration to the 

observed CH3OH or H2O features, which are shown in figure 4.16. Previous studies on 

CH3OH:H2O mixtures80 have shown that mixing CH3OH and H2O produces a characteristically 

altered ice film, caused by strong hydrogen bonding interactions between CH3OH and H2O. TPD 

spectra of CH3OH:H2O mixtures show that the bump on the leading edge of the H2O TPD trace, 

characteristic of the ASW - CI transition, is not visible for the CH3OH:H2O mixed ice. The CH3OH 

TPD trace shows a broad multi-component desorption feature at 144 K, and a desorption peak 

at 172 K assigned to co-desorption of CH3OH with CI80. 

 

TPD. Figure 4.16 shows TPD spectra for a range of exposures of CO2 adsorbed on 100 L of a 

15% CH3OH:H2O mixture adsorbed on HOPG at 33 K. Following a 20 L exposure of CO2 on the 
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CH3OH:H2O mixture, three desorption features are observed; a broad, low temperature peak 

centred at 90 K and two high temperature peaks at 144 and 172 K, shown in figure 4.17. Upon 

increasing CO2 exposure to 50 L, a sharp desorption feature appears on the low temperature 

peak at 88 K. This feature shifts to 94 K with increasing CO2 exposure to 200 L, showing 

common leading edges on the set of TPD spectra. No change in the two high temperature 

peaks is observed with increasing CO2 exposure. The H2O desorption spectrum shows a single 

feature, with a peak temperature of 172 K. The CH3OH TPD trace shows two desorption 

features, at 144 and 172 K, neither of which change with increasing CO2 exposure. 

TPD studies of CH3OH:H2O mixtures have previously been reported80. Comparing the H2O 

desorption feature with TPD spectra for a pure H2O film, as well as with binary layers of CO2 

and H2O, shows the absence of the bump on the leading edge of the TPD spectrum, usually 

associated with the ASW - CI transition. This has also been observed in previous studies of 

layered ices of CH3OH and ASW81. By inducing nucleation of H2O, CH3OH lowers the ASW - CI 

transition temperature of the H2O film by 13 K81. Therefore the ASW - CI phase transition 

occurs prior to the onset of H2O desorption and is not visible in the TPD spectrum. The H2O 

desorption feature observed at 172 K, in figures 4.16 and 4.17, can therefore be assigned to 

desorption of CI. 

Figure 4.16. TPD spectra of a range of exposures of CO2 adsorbed on 100 L of a 15% 
CH3OH:H2O mixture adsorbed on HOPG at 33 K. Shown in dotted black and blue are the 
H2O and CH3OH TPD spectra following a 200 L exposure of CO2 adsorbed on a 100 L 
exposure of a 15% CH3OH:H2O mixture adsorbed on a HOPG surface at 33 K. 
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Comparing the CH3OH TPD trace to previous studies of pure CH3OH56,58,82 ices, binary 

layered ices of CH3OH and ASW79,83 and to CH3OH:H2O mixtures80, also shows striking 

differences upon mixing CH3OH with ASW. TPD spectra of pure CH3OH ices and binary layered 

ices of CH3OH and ASW both show a sharp desorption feature around 144 K, assigned to the 

desorption of multilayer CH3OH. A small CH3OH desorption feature is also observed coincident 

with the H2O desorption feature and is assigned to the co-desorption of CH3OH with CI. 

However, mixed CH3OH:H2O ices show a broad complex multilayer desorption feature around 

144 K, as well as a large desorption feature coincident with the CI desorption feature. The 

latter is assigned to co-desorption of CH3OH with CI. The large co-desorption feature indicates 

a strong interaction between CH3OH and H2O molecules, where the formation of a hydrogen 

bonded complex is implied80. The broad, low temperature feature is observed near the natural 

sublimation temperature of CH3OH on a bare HOPG surface, implying that CH3OH can diffuse 

through the ASW film. However this is counter intuitive if strong interactions form between 

CH3OH and H2O. Instead this feature could be caused by release during a phase or morphology 

change of the ASW, either the ASW - CI transition lowered in temperature by the induced 

nucleation caused by CH3OH, or a liquid phase of H2O as discussed in previous studies84-87, at 
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Figure 4.17. TPD spectra of a 20 L exposure of CO2 adsorbed on a 100 L exposure of a 
15% CH3OH:H2O mixture adsorbed on a HOPG surface at 33 K. Shown in dotted black 
and solid grey lines are the H2O and CH3OH TPD spectra following a 200 L exposure of 
CO2 adsorbed on a 100 L exposure of a 15% CH3OH:H2O mixture adsorbed on a HOPG 
surface at 33 K respectively. 
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136 K. Therefore this broad peak will be simply assigned to desorption of weakly bound CH3OH 

during the phase transition of H2O. 

The observed CO2 desorption features can be assigned by comparison with TPD spectra of 

pure CO2 (figure 4.2 and 4.3) and binary layered ices (figure 4.8 and 4.9) as well as with the 

CH3OH and H2O features observed in figures 4.16 and 4.17. The broad, low temperature, 

feature in the TPD spectra of a 20 L exposure of CO2 on the CH3OH:H2O mixture, observed at 

90 K, is similar to that observed for monolayer CO2 adsorbed on a heterogeneous ASW surface. 

Increasing CO2 coverage shows behaviour consistent with multilayer desorption of CO2, 

showing 0th order characteristics with common leading edges and increasing peak 

temperatures with increasing CO2 exposure. This is in agreement with multilayer desorption of 

CO2 from a bare HOPG surface as well as from a layer of pre-adsorbed ASW. 

The two high temperature desorption features at 144 and 172 K are both well above the 

natural sublimation temperature of CO2, and must be trapped within the CH3OH:H2O ice. 

However, comparing the two high temperature desorption features with those observed from 

TPD spectra of binary layered ices of CO2 and ASW, striking differences are observed. 

Desorption of CO2 from a layer of ASW showed two high temperature desorption features at 

158 and 167 K, coincident with the ASW - CI transition and desorption of CI. However, CO2 

desorption from a CH3OH:H2O mixture at 144 and 172 K is coincident with the CH3OH 

desorption features at 144 and 172 K, and the H2O desorption feature at 172 K. The CH3OH 

desorption features at 144 and 172 K have been assigned to desorption of weakly bound 

CH3OH during the ASW - CI transition and co-desorption of CH3OH with CI. Therefore the 

observed CO2 desorption features at 144 and 172 K are assigned to co-desorption of CO2 with 

weakly bound CH3OH during the ASW - CI transition and co-desorption of CO2 with CI 

respectively. The difference between the CO2 desorption features seen at 158 and 144 K for 

binary layered ices of CO2 on ASW, and the peaks observed for CO2 desorption from 

CH3OH:H2O surfaces, is a direct consequence of the alteration of the ASW - CI transition, 

caused by the inclusion of CH3OH in the ice. 

Comparing the integrated area of CO2 desorbing from a bare HOPG surface at 33 K with the 

integrated area of the two trapped CO2 features from a CH3OH:H2O mixture, shows that the 

trapped features from a CH3OH:H2O mixture equates to a 2 L exposure of CO2. In comparison, 

the trapped CO2 feature desorbing from an ASW film equated to an 8 L exposure of CO2. This 

suggests that the CH3OH:H2O mixture is not as capable as pure ASW at trapping small volatiles 

such as CO2. 

Quantitative analysis, as discussed in sections 2 and 4.3, was also conducted on the TPD 

spectra of multilayers of CO2 adsorbed on a 100 L exposure of pre-adsorbed 15% CH3OH:H2O 

mixture on a HOPG surface at 33 K. CO2 multilayers were shown to desorb from a 100 L film of 
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a 15% CH3OH:H2O mixture with a desorption order of 0, desorption energy of                         

24.3 ± 2.4 kJ mol-1 and pre-exponential factor of 2.30 × 1029 ± 0.8 molec m-2 s-1. Comparing to the 

kinetic parameters found for multilayer desorption of CO2 from a bare HOPG surface and ASW 

surface at 33 K, it can be seen that multilayer desorption occurs with the same order, energy 

and pre-exponential factor irrespective of the underlying surface. Again, this is expected as 

desorption of multilayer populations of CO2 is actually describing CO2 bound desorption of CO2. 

 

RAIRS. The characteristics of CO2 trapping within a CH3OH:H2O mixture can also be probed 

by RAIRS, which when compared with TPD spectra, can provide wider evidence for the 

assignments made. Four infrared bands are observed in the RAIR spectrum following a 100 L 

exposure of a 15% CH3OH:H2O mixture, shown in figure 4.18. A very broad feature is observed 

around 3400 cm-1 and a smaller, but still broad, peak is seen at 1670 cm-1, assigned previously 

to the ν(OH) stretching mode and HOH scissors mode of ASW respectively55. A sharp feature at 

1460 cm-1 and a small broad feature around 1020 cm-1 are also observed, assigned to the ν(CO) 

stretching mode and the δa(CH3) mode of CH3OH respectively56,82. Some infrared bands observed 

for pure CH3OH are not seen however. For example the ν(OH) mode of CH3OH at 3260 cm-1 is 

obscured by the ν(OH) of H2O, and other bands may be too weak to observe. No changes to 

Figure 4.18. RAIR spectra of a 100 L exposure of a 15% CH3OH:H2O mixture adsorbed on 
a HOPG surface at 28 K. 
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either the CH3OH or H2O vibrational bands are observed in the RAIR spectrum upon exposing 

the CH3OH:H2O surface to any exposure of CO2. 

RAIR spectra of a range of exposures of CO2 adsorbed on 100 L of a 15% CH3OH:H2O 

mixture on a HOPG surface at 28 K, in the wavenumber range of the 12CO2 ν3 vibration, 2400 to 

2330 cm-1, are shown in figure 4.19. Following a CO2 exposure of 5 L, two bands are observed 

in the RAIR spectra, a sharp peak at 2372 cm-1 and a shallow, broad, peak centred around  

2355 cm-1. Increasing the CO2 exposure shows a gradual increase in size and a shift in the 

frequency of the band at 2372 cm-1 to 2380 cm-1 following a 200 L exposure of CO2. Following a 

CO2 exposure of 100 L, another band can be observed in the RAIR spectrum at 2340 cm-1, 

which increases in size but does not shift upon further exposure to CO2. 

Comparing the RAIR spectrum of a 100 L exposure of CO2 adsorbed on a CH3OH:H2O surface 

with the RAIR spectrum of 100 L of CO2 adsorbed on a bare HOPG or ASW surface (figures 4.5 

and 4.12), the bands observed at 2380 and 2340 cm-1 can be assigned to the LO and TO 

phonon modes of the ν3 vibration of multilayer CO2 respectively. As also observed in RAIR 

spectra of CO2 adsorbed on a bare HOPG or ASW surface, the LO phonon mode increases in 

frequency upon increasing CO2 coverage. The band observed at 2355 cm-1 is one of the first 

bands observed in the RAIR spectra, along with the LO phonon mode at 2372 cm-1. Therefore it 

Figure 4.19. RAIR spectra of a range of exposures of CO2 adsorbed on a 100 L exposure 
of a 15% CH3OH:H2O mixture on a HOPG surface at 28 K. 
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can be assigned to CO2, bound to the CH3OH:H2O surface, in agreement with the H2O-bound 

CO2 feature observed in figure 4.12 between 2346 and 2355 cm-1. 

RAIR spectra of the 12CO2 ν3 and νOH vibrational regions, following warming of a 200 L 

exposure of CO2 adsorbed on 100 L of a 15% CH3OH:H2O mixture, are shown in figures 4.20 

and 4.21 respectively. No spectral shift of any observed infrared band is seen upon heating the 

HOPG surface up to 44 K. On warming to 61 - 73 K, the band at 2380 cm-1 shifts up in 

wavenumber to 2381 cm-1 (figure 4.20). Warming further to 85 K shows a shift in both bands at 

2381 and 2340 cm-1, to 2377 and 2342 cm-1 respectively, as well as a significant decrease in the 

size of all CO2 bands. Warming further to 97 K shows desorption of most of the CO2, whereby 

only a single CO2 band is still observed at 2342 cm-1. No changes are observed in the band at 

2342 cm-1 between 97 and 134 K, whereas a slight broadening in the ν(OH) band at 3400 cm-1 is 

observed from 97 K (figure 4.21). Unlike the RAIR spectra of binary layers of CO2 and ASW, 

there is no significant shift of the ν(OH) band at 3400 cm-1 prior to the desorption of H2O. This is 

in agreement with the TPD spectra of CO2 adsorbed on a CH3OH:H2O surface (figures 4.16 and 

4.17), where the ASW - CI transition is not observed due to the insertion of CH3OH in the H2O 

ice. 

Comparing the spectra in figures 4.19 and 4.20 to RAIR and TPD spectra of CO2 adsorbing 

Figure 4.20. RAIR spectra of a 200 L exposure of CO2 adsorbed on a 100 L exposure of a 
15% CH3OH:H2O mixture adsorbed on HOPG at 28 K, prior to warming to a range of 
temperatures. 
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and desorbing from an ASW surface below 33 K can provide insight into the effect of the 

nature of the polar ice surface, whether pure ASW or CH3OH-bearing H2O ices, on the 

behaviour of CO2. The temperature of the ASW - CI transition in CH3OH-bearing H2O ices is 

decreased when compared to pure ASW ice. This not only affects the desorption of H2O and 

CH3OH, but also affects the volatiles trapped within the polar ice. As has been observed, 

desorption of H2O dictates the desorption of CO2 trapped within the ice. Therefore a change in 

the behaviour of the H2O, driven by the inclusion of CH3OH in the ice, will inevitably change the 

behaviour of CO2 desorption. In addition, the CH3OH-bearing H2O ice is characterised by the 

formation of a hydrogen bonded network, implying a more densely packed and ordered ice as 

compared to ASW. Therefore the physical differences between the ice films affect the diffusion 

and trapping of CO2 through and within the respective ices. 

 

4.3.4. CO2:H2O Ice Mixtures 

 

RAIR and TPD spectra were obtained for a range of exposures of a 15% mixture of CO2 and 

H2O, co-deposited on a HOPG surface at 33 K. Mixtures of CO2 and H2O are the most 

Figure 4.21. RAIR spectra of the ν(OH) region of a 200 L exposure of CO2 adsorbed on a 
100 L exposure of a 15% CH3OH:H2O mixture adsorbed on HOPG at 28 K, prior to 
warming to a range of temperatures. 
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astrophysically relevant system studied here, providing the most realistic analogy to 

interstellar ices. 

 

TPD. Figure 4.22 shows the TPD spectra of a range of exposures of a 15% CO2:H2O mixture 

co-deposited on a HOPG surface at 33 K. Three desorption features are observed following the 

lowest CO2:H2O mixture exposure of 20 L; a low temperature peak centred around 90 K and 

two high temperature peaks at 159 and 163 K. Increasing the CO2:H2O exposure, up to 200 L, 

shows an increase in the size of all observed desorption features, and no noticeable shift is 

observed in the desorption features around 90 K and 159 K. The CO2 desorption feature at   

163 K gradually increases in peak temperature upon increasing CO2:H2O exposure to reach   

174 K following a 200 L exposure. 

H2O TPD spectra following a 20 L exposure of the CO2:H2O mixture show a single desorption 

feature with a peak temperature of 163 K and a bump on the leading edge at 159 K. Increasing 

the CO2:H2O exposure shows a gradual increase of the peak temperature to 174 K following a 

200 L exposure, whereas the bump at 159 K does not shift. Comparing to TPD spectra of pure 

H2O
55, the two observed H2O desorption features can be assigned to the ASW - CI transition at 

159 K and the desorption of CI between 163 and 174 K. As the exposure of H2O increases with 

Figure 4.22. TPD spectra of a range of exposures of a 15% CO2:H2O mixture adsorbed 
on a HOPG surface at 33 K. Shown in black is the H2O TPD spectrum following a 200 L 
exposure of a 15% CO2:H2O mixture adsorbed on HOPG at 33 K. 
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increasing CO2:H2O exposure, the temperature of the main H2O desorption feature is observed 

to increase. This is consistent with previous TPD studies of pure H2O
55. 

By comparing the CO2 and H2O TPD spectra from the 15% CO2:H2O mixtures with those 

observed for binary layers of CO2 and H2O, the observed CO2 desorption features can be 

assigned. It has previously been shown that H2O dictates the desorption of CO2 above its 

natural sublimation temperature. Therefore the CO2 features observed at 159 K, coincident 

with the ASW - CI transition of H2O, and between 163 and 174 K, coincident with the 

desorption of CI, can be assigned to volcano and co-desorption of CO2 trapped with the H2O 

matrix. As the CO2:H2O mixture is co-deposited on the surface, it is intimately mixed. 

Therefore, the low temperature CO2 desorption feature at 90 K must be caused by diffusion of 

CO2 through the mixed ice, comparable to that observed in the reverse binary layers of H2O 

adsorbed on CO2. Comparison between the trapped CO2 desorption features from binary and 

reverse CO2 and H2O ice layers (figures 4.8, 4.9 and 4.15) with those of CO2:H2O mixtures 

(figure 4.22), shows that the trapped CO2 features are larger for the mixtures. 

Integration of the observed desorption features, as well as the total integrated area of all 

CO2 peaks, shows a linear correlation between area and CO2:H2O exposure. Comparing the 

total CO2 integrated area with that of the high temperature desorption features of CO2 

indicates that, for all CO2:H2O exposures, approximately 71% of the CO2 is trapped within the 

ice mixture until the onset of H2O desorption, and 29% of the CO2 is able to diffuse through the 

mixture to desorb near the natural CO2 sublimation temperature. The amount of CO2 which 

traps in a 100 L exposure of the mixed CO2:H2O ice is equivalent to the amount of trapped CO2 

in the reverse binary layered ices of a 100 L exposure of H2O on top of CO2. This shows that 

thermal processing in the reversed binary ices of H2O on CO2, prior to complete desorption of 

the layered ice, may be a plausible method for producing binary mixed ices. This also indicates 

the upper limit of CO2 inclusion, or saturation, in an ASW matrix. 

 

RAIRS. Figures 4.23 and 4.24 show RAIR spectra for a 100 L exposure of a 15% CO2:H2O 

mixture adsorbed on HOPG at 33 K prior to being warmed to a range of temperatures. 

Following a 100 L exposure of a 15% CO2:H2O mixture, three infrared features are observed: a 

very broad feature at 3400 cm-1 and a small peak at 1670 cm-1, analogous to the H2O RAIR 

spectrum shown in figure 4.11. These are assigned to the ν(OH) stretching mode and HOH 

scissors mode of ASW respectively55. Also observed in the wavenumber range of the 12CO2 ν3 

vibration, 2400 to 2330 cm-1, is a single infrared band at 2345 cm-1. This band can be assigned 

to the 12CO2 ν3 vibration of H2O associated CO2 via comparison with RAIR spectra of binary 

layered ices of CO2 on H2O (figure 4.12) and CO2 on CH3OH:H2O (figure 4.19). It is also 

immediately obvious that the band observed at 2382 cm-1, assigned to the LO phonon mode of 
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Figure 4.23 RAIR spectra of a 100 L exposure of a 15% CO2:H2O mixture adsorbed on 
HOPG at 28 K, prior to warming to a range of temperatures. 
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Figure 4.24. RAIR spectra of the ν(OH) region of a 100 L exposure of a 15% CO2:H2O 
mixture adsorbed on HOPG at 28 K, prior to warming to a range of temperatures. 
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the 12CO2 ν3 vibration of multilayer CO2 is not observed in the RAIR spectrum of a CO2:H2O 

mixture, and this is discussed shortly. 

Warming to 70 K shows a gradual and slight spectral shift and sharpening in the band at 

2345 to 2343 cm-1 (figure 4.23). Little change is observed in the RAIR spectrum upon warming 

the surface to 92 K. Warming to 127 K shows a decrease in size and slight shift in the observed 

infrared band to 2342 cm-1. Complete desorption of CO2 is indicated by the RAIR spectrum 

following warming to 159 K, where a corresponding shift in the H2O ν(OH) stretch (figure 4.24) 

from 3400 cm-1 to 3260 cm-1, characteristic of the ASW - CI transition, is observed. No infrared 

features are observed in the RAIR spectrum following warming of the surface to 176 K where 

complete desorption of the CO2:H2O mixture has occurred. 

The first and most noticeable difference between RAIR spectra of pure, binary and mixed 

CO2: H2O ice is the lack of an infrared band around 2382 cm-1. The CO2 and H2O are intimately 

mixed in a CO2:H2O mixture. As discussed in chapter 3, H2O ice does not show LO - TO phonon 

splitting of any infrared active vibrational band as the minimum and maximum of |ε| for H2O 

ice does not approach 0 and ∞ respectively. Therefore phonon vibrations within the CO2:H2O 

mixed ice will not become polarised with respect to the surface normal. As a result, only the 

TO mode of the 12CO2 ν3 vibration is observed as expected for infrared spectra at normal 

incidence to the surface. Changes to the position of the CO2 vibration, attributed to H2O bound 

CO2, are also observed upon warming the mixed ice, where the band initially at 2345 cm-1 

shifts to 2342 cm-1. This is in line with observations in the layered ice of CO2 on H2O, where, 

upon adsorption, this band is initially observed at 2346 cm-1. Upon warming the layered ice 

above the natural sublimation temperature of CO2, an infrared band of trapped CO2 at        

2342 cm-1 is still observed in the spectrum. This is not to be confused with the TO phonon 

mode of the 12CO2 ν3 vibration of multilayer CO2 which is observed between 2341 and         

2340 cm-1 (figures 4.5, 4.12 and 4.19). 

On warming the surface to above the natural sublimation temperature of CO2, prior to the 

onset of desorption of H2O, the single CO2 infrared band shifts to 2342 cm-1. Desorption of CO2 

from the mixture is observed to occur coincident with the ASW - CI transition, also in 

agreement with binary layered ices of CO2 on H2O, and TPD spectra of CO2:H2O mixed ices. 

However no CO2 is observed in the RAIR spectra at surface temperatures between the ASW - CI 

transition and desorption of CI, as opposed to that observed in TPD spectra of CO2:H2O 

mixtures. As discussed for the desorption of binary layers of CO2 on H2O, this is likely due to 

experimental constraints on the sensitivity of the infrared spectrometer. 
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4.4. Summary and Conclusions 

 

RAIR and TPD spectra have been collected for a range of CO2 bearing ices adsorbed on a 

graphitic dust grain analogue below 33 K. It has been shown that multilayers of CO2 grow on a 

HOPG surface, as well as on polar ice surfaces below 33 K. CO2 is physisorbed on the surface, 

and desorbs with a sublimation temperature of around 90 K. The nature of the surface, 

whether bare HOPG or polar ice, has little effect on the adsorption and desorption of 

multilayer CO2. This is expected as bulk, or multilayer, CO2 is essentially bound to other CO2 

molecules. This is also evident from quantitative analysis of TPD spectra of multilayers of CO2, 

as summarised in table 4.7, whereby desorption energies for multilayer desorption of CO2 are 

all found to be the same within experimental error, irrespective of the nature of the underlying 

surface. 

 

Table 4.7. Calculated kinetic parameters for multilayer CO2 desorbing from a bare HOPG 
surface and a range of polar ice surfaces at 33 K. 

 n Edes / kJ mol
-1

 
νn  

/ molec m
-2

 s
-1

 

Pure CO2 0 24.8 ± 1.6 1.07 × 10
30 ± 1.5

 
CO2/H2O 0 25.4 ± 1.4 2.06 × 10

30 ± 0.5
 

CO2/CH3OH:H2O 0 24.3 ± 2.4 2.30 × 10
29 ± 0.8

 

 

When adsorbed on a porous ice, CO2 may trap within the ice matrix above its natural 

sublimation temperature, depending on the nature of the ice surface. ASW, a heterogeneous 

and disordered surface, traps CO2 whereby it is released into the gas phase during a volcano 

desorption, coincident with the ASW - CI transition, and co-desorption, coincident with the 

desorption of CI. This is also observed for CO2 desorption from a CH3OH:H2O polar ice, 

however, the amount of CO2 trapping within equivalent coverage of the polar ice surface is 

reduced to approximately 25% of that trapped in an ASW surface. This is likely caused by 

strong hydrogen bonds forming in the CH3OH:H2O ice surface, creating a less heterogeneous 

and more ordered ice surface. Therefore the CH3OH:H2O ice surface is less porous. The nature 

of the polar ice surface is obviously important for the behaviour of volatiles adsorbed on or 

within the ice. 

Comparing binary layered ices of CO2 on ASW and reverse binary layered ices of ASW on 

CO2 shows the ability of CO2 to diffuse through the polar ice to allow desorption close to its 

natural sublimation temperature. This is also seen to affect the amount of trapping of CO2 

within an equivalent coverage of ASW, whereby approximately 50% more CO2 is seen to trap 

within the ASW ice when it first has to diffuse through the entire ice prior to desorption as 

opposed to surface bound CO2 trapping within pores of the amorphous surface. 
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Finally CO2:H2O mixtures were studied. Growth of multilayer CO2 was inhibited due to the 

inherent nature of the mixture. This greatly affected the RAIR spectra, whereby only one 12CO2 

ν3 band was observed as opposed to the complex infrared spectra of bulk CO2. Diffusion and 

trapping of CO2 within the mixed ice was also observed, where approximately 71% of the CO2 

remained in the ice upon warming above the natural sublimation temperature of CO2. 

The trends observed here can be used to help identify the nature and composition of 

interstellar ices, where the kinetic data derived from TPD spectra can also be used to create 

models of interstellar ices in star forming regions, as shall be discussed in more detail in 

chapter 7. 
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Chapter 5: Temperature Programmed Desorption and Reflection 

Absorption Infrared Spectroscopy of Carbon Disulphide bearing 

ices on Highly Oriented Pyrolytic Graphite 

 

5.1. Introduction 

 

The study of sulphur chemistry in the gas phase and on the surface of interstellar dust 

grains has been shown to be particularly useful as a tracer for chemical evolution in star 

forming regions1-8. The depletion of elemental sulphur is also a problem in astrophysics9-11, 

where the total abundance of observed sulphur-bearing molecules in the gas phase accounts 

for approximately 0.1% of the solar sulphur abundance11. Steady state models of cold 

molecular clouds have shown that gas phase S, CS and SO accounts for the majority of the 

observed sulphur-bearing species4,11. The remaining sulphur is thought to be composed of 

sulphur-bearing ices on the surface of dust grains3,10,12 or undetectable molecules or ions such 

as S2 or S+.3,10 

Until recently it was hypothesised that CS2 existed in the ices of a number of comets13-15 to 

account for the relatively high abundances of the CS radical observed15-19. However it was not 

conclusively detected until a study by Jackson, Scodinu and Xu20 of the comet de Vico. 

Detection of CS2 was impaired due to low abundances, as it is readily photodissociated by 

ultraviolet radiation into CS and S fragments21-23. From the observed abundance of the 

daughter molecule CS, the abundance of CS2 within a typical cometary ice has been found to 

be ≈0.2% with respect to H2O
24. It has also been shown, from comparison between the typical 

composition of cometary and interstellar ices, that the composition of these ices is closely 

related24. Although CS2 has yet to be discovered within dense molecular clouds in the 

interstellar medium (ISM), CS has been detected in a number of regions, including near hot 

cores1,3,4,24-26, in abundances up to 2 × 10-7 with respect to H2. It has also been shown, via 

application of chemical modelling, that the source of sulphur bearing molecules in cometary 

ice cannot be accounted for by chemical processing alone27. Therefore it is believed that the 

chemical composition, within the core of cometary ices, is a record of the chemical 

composition of the primitive solar nebular in which they were formed24,27. 

The study of CS2-bearing ices in comparison with the study of CO2-bearing ices is also of 

interest to help to understand how the physical properties of the molecule affect its ability to 

trap and desorb from ices. CO2 and CS2 have bond lengths of 116.3 and 155.3 pm respectively. 

The relative sizes of O and S atoms can be described by their covalent radii at 66 and 105 pm 
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respectively. Therefore, due to the respective bond lengths and atom size, the CO2 molecule is 

much smaller than CS2. It is therefore expected that this may affect the ability of the larger CS2 

molecule to diffuse and trap within a H2O matrix. 

A range of experimental studies of CS2 have been conducted. Of relevance to this study are 

those involving temperature programmed desorption28 (TPD) and infrared techniques29,30. TPD 

studies of a range of astrophysically relevant molecules, including CS2, adsorbed on a Au 

substrate and a pre-adsorbed film of amorphous solid water (ASW) at 8 – 10 K, were 

conducted28. It was discovered that multilayers of CS2 desorb from the Au surface at 

approximately 100 K. A feature on the low temperature side of the TPD peak was also 

observed at approximately 90 K, caused by a phase transition of amorphous to crystalline CS2. 

TPD spectra of CS2 desorption from a pre-adsorbed ASW film showed two additional features, 

coincident with the desorption of the H2O film. These were assigned to the volcano and co-

desorption of trapped CS2 within the ASW film. TPD spectra of CS2:H2O mixtures were also 

collected28. Only two TPD features were observed, coincident with the desorption of H2O. As 

the CS2 multilayer desorption peak was not observed, it was concluded that the diffusion of 

CS2 through the H2O film was limited, especially when compared to the ease of diffusion of 

smaller volatiles such as CO and CO2
28. 

Infrared and Raman spectra of gas phase29,31 and solid CS2 have also been recorded30,32,33. 

Gas phase infrared studies of CS2 show two fundamental stretches at 396.8 and 1532.5 cm-1, 

assigned to the bend, ν2, and the asymmetric stretch, ν3, respectively29. A number of 

combination bands above 2000 cm-1 were also detected. Gas phase Raman studies31 of CS2 also 

showed a fundamental stretch at 657.98 cm-1, assigned to the infrared inactive symmetric 

stretch, ν1, as well as a number of combination bands between 630 and 820 cm-1. Infrared 

spectra of crystalline CS2 condensed on a KBr surface at 85 K show orthogonal optical (LO) and 

transverse optical (TO) splitting of the ν2 bending mode, at 401 and 394 cm-1 respectively, and 

of the ν3 stretching mode of CS2, at 1528 and 1495 cm-1 respectively30. 

Clearly the study of the adsorption and desorption properties of pure CS2 and CS2-bearing 

ices is of importance in order to better understand the properties of interstellar ices in 

cometary nuclei. Using TPD, the structure and desorption behaviour of CS2 ices can be studied 

and kinetic information can be derived by rigorous quantitative analysis. RAIR spectra can also 

be used to probe the structure of CS2 ices as well as the interaction of CS2 with H2O. 

Understanding the adsorption and desorption of pure ices is of great importance in 

understanding and characterising the adsorption and desorption of CS2 from more complex 

systems, such as CS2 on a H2O surface. Investigating the interactions of CS2 in layered ices is 

also relevant to understanding the characteristics of CS2:H2O mixed ices. Binary layered ices of 

CS2 on H2O and reverse layers of H2O on CS2 have been studied, in order to investigate the 
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diffusion and trapping characteristics of CS2 in a H2O matrix. Mixtures of CS2 and H2O have also 

been investigated, as these provide the most realistic analogy to cometary ices. This is the first 

detailed study of the adsorption and desorption of CS2-bearing ices adsorbed on a model dust 

grain surface. 

 

5.2. Experimental 

 

The experimental apparatus has been described in detail in chapter 2. CS2 (Sigma Aldrich, 

puriss. p.a., ≥99.9%) and H2O (distilled, deionised) were used in these experiments, purified via 

repeated freeze-pump-thaw cycles. Ices were grown in situ by backfilling the chamber through 

a high precision leak valve. All exposures are measured in Langmuir, where 1 L = 10-6 mbar s, 

and were not corrected for ion gauge sensitivity. RAIR spectra were taken at a resolution of     

4 cm-1 and are the result of the co-addition of 256 scans. For the warm RAIRS experiments, the 

sample temperature was raised and held at a predetermined temperature for 3 minutes, prior 

to recording RAIR spectra at base temperature. TPD spectra of masses 18 and 76, the major 

mass fragments of H2O and CS2 respectively, were recorded simultaneously. All TPD spectra 

were recorded at a heating rate of 0.48 ± 0.01 K s-1. 

 

5.3. Results and Discussion 

 

RAIR and TPD spectra were recorded for CS2 bearing ices adsorbed on a HOPG sample at   

20 K. CS2 and H2O were dosed on to the HOPG sample under four dosing regimes: pure CS2 

adsorbed on bare HOPG; binary layered ices of CS2 adsorbed on pre-adsorbed H2O layers; 

reverse binary layered ices of H2O adsorbed on pre-adsorbed CS2 layers; and well defined 

mixtures of CS2 and H2O co-deposited on bare HOPG. 

 

5.3.1. Pure CS2 Ice 

 

RAIR and TPD spectra were recorded for a range of exposures of CS2 adsorbed on a bare 

HOPG sample at 20 K. The study of pure CS2 ices is of importance to determine whether any 

adsorbate-substrate interactions are involved in the growth and desorption of the ices. Kinetic 

data concerning the desorption of pure ices from a bare surface can be derived from TPD 

spectra of pure ices34-37. 
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5.3.1.1. TPD Data 

 

Figures 5.1 and 5.2 show TPD spectra recorded for a range of exposures of pure CS2 

adsorbed on a HOPG surface at 20 K. At the lowest exposure of CS2, 1 L, a single peak is 

observed in the TPD spectrum with a peak temperature of 135 K (figure 5.1). Increasing the CS2 

exposure to between 1 and 10 L shows a gradual decrease in peak temperature to 122 K 

following a 10 L exposure. Further increasing the exposure, to between 10 and 20 L, leads to a 

constant peak temperature of 122 K. At higher exposures of CS2, between 20 and 200 L, the 

peak temperature increases gradually to reach 131 K following a 200 L exposure (figure 5.2). 

Above an exposure of 20 L, all TPD spectra show a single, asymmetric peak with a common 

leading edge. 

Assignment of the observed peaks in the TPD spectra can be made by comparison with 

investigations of other adsorbates, physisorbed on a HOPG surface34-36,38,39. The TPD spectra 

can be split into three ranges of low, medium and high CS2 exposures. At low CS2 exposures, 1 

to 10 L, the observed TPD peak shows a decreasing peak temperature with increasing exposure 

(figure 5.1). This is characteristic of an increasing number of next neighbour repulsions 

between CS2 molecules40. As this peak is the first to be seen in the TPD spectra, it can be 

Figure 5.1. TPD spectra of low and medium exposures of CS2, up to 20 L, desorbing from 
a bare HOPG surface at 20 K. 
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assigned to the desorption of sub-monolayer CS2, adsorbed directly on the HOPG surface. A 

decreasing peak temperature was not seen for CO2, chapter 4, hence clearly the large size of 

the CS2 molecule causes repulsions between the adsorbed species. At medium CS2 exposures, 

10 to 20 L, the observed TPD peak shows a constant peak temperature with increasing 

exposure (figure 5.1). This behaviour is characteristic of 1st order desorption, and is common 

for monolayer species41. At high CS2 exposures, 20 to 200 L, the observed peak shows an 

increasing peak temperature with increasing exposure and a common leading edge on the 

desorption peak (figure 5.2). This behaviour is characteristic of 0th order desorption, and is 

common for multilayers41. 

Integration of the area under the TPD spectra shows a linear relationship between CS2 

exposure and peak area, shown in figure 5.3, indicating a constant sticking probability for CS2 

adsorption on the HOPG surface. In addition, the TPD peak area does not saturate, indicating 

that multilayers of CS2 are being formed, physisorbed on the HOPG surface at 20 K. The 

desorption temperature observed (≈120 - 140 K) also suggests that CS2 is physisorbed on the 

surface. 

Comparing with TPD spectra of pure CO2 adsorbed on HOPG at 33 K (chapter 4), both 

monolayer and multilayer growth of physisorbed CO2 and CS2 are observed on HOPG below   

33 K. However, low exposures of CO2 do not show a decreasing peak temperature with 

Figure 5.2. TPD spectra of high exposures of CS2, above 20 L, desorbing from a bare 
HOPG surface at 20 K. 
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increasing exposure, suggesting no lateral interactions between sub-monolayer CO2. Also of 

note is the increase in sublimation temperature between CO2 and CS2 multilayers, where the 

onset of desorption of CO2 occurs around 75 K, as opposed to the onset of desorption of CS2 

occurring around 110 K. This increase in desorption temperature indicates an increase in 

stability of CS2 adsorbed on the HOPG surface. As CS2 is larger than CO2, it is more readily 

polarised and, as a result, stronger van der Waals forces will form between the molecules 

within the ice and between the ice and the surface. This has been previously found for noble 

gases physisorbed on surfaces42,43. Therefore the energy for adsorption, and the related 

desorption energy, will be greater for CS2 than for CO2. 

 

5.3.1.2. RAIRS Data 

 

To confirm the assignments of the TPD spectra, RAIR spectra were collected for a range of 

exposures of CS2 adsorbed on a bare HOPG surface at 20 K. These are shown in figure 5.4. 

Infrared bands are only observed in the wavenumber range between 1470 and 1580 cm-1. At 

the lowest exposure of CS2, 1 L, a single infrared band is observed at 1520 cm-1. Increasing the 

CS2 exposure to between 1 and 5 L shows a gradual increase in the wavenumber of this band 

Figure 5.3. Integrated area of the TPD spectra shown in figures 5.1 and 5.2 as a function 
of CS2 exposure. The line is supplied as a guide to the eye, and was produced using a 
linear fit to the data. 
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to 1539 cm-1 after a 5 L exposure. Increasing the exposure of CS2 to 10 L shows a further 

increase in the position of the most prominent infrared band to 1540 cm-1. A shoulder on the 

main infrared band becomes visible, following a CS2 exposure of 50 L, at 1491 cm-1. Further 

increase in CS2 exposure, to 200 L, shows no shift in the infrared bands at 1540 and 1491 cm-1. 

The infrared bands at 1540 and 1491 cm-1 do not saturate with increasing CS2 exposure, 

indicating that physisorbed multilayers of CS2 are formed on the HOPG surface at 20 K. This is 

also suggested when comparing the observed infrared frequencies with those observed for the 

same vibrations in gas phase spectra. The CS2 ν3 vibration is observed at 1533 cm-1 in gas phase 

spectra29, close to the observed band at 1540 cm-1 in this work, suggesting only a weak 

interaction upon adsorption. 

Warming the HOPG surface incrementally can provide information about the temperature 

dependent behaviour of the CS2 ice adsorbed on HOPG at 20 K. Figure 5.5 shows a 200 L 

exposure of CS2 adsorbed on HOPG, warmed to a range of temperatures. Warming the ice to 

between 20 and 69 K shows no significant change in the observed infrared features. Upon 

warming the HOPG surface to 78 K, the main infrared band shifts slightly from 1540 to        

1543 cm-1, whereas the shoulder at 1491 cm-1 greatly increases in intensity and sharpens, to 

become an independent infrared band. Further warming, to between 78 and 112 K, shows no 

change in the band at 1543 cm-1, whereas a very subtle shift in the band at 1491 to 1493 cm-1 

Figure 5.4. RAIR spectra of a range of exposures of CS2 adsorbed on a bare HOPG 
surface at 20 K. 
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is observed. Warming to 120 K leads to desorption of the CS2 ice, in agreement with the TPD 

desorption temperature of ≈120 - 140 K. 

Assignment of the observed infrared bands can be made by comparison with previous 

infrared studies of CS2 in the gas phase29 and on a KBr surface at 85 K30. Gas phase infrared 

studies show fundamental CS2 stretches at 396.8 and 1532.5 cm-1, assigned to the bend, ν2, 

and the asymmetric stretch, ν3, of CS2 respectively29. Surface infrared spectra of crystalline CS2 

on a KBr surface at 85 K show splitting of the observed gas phase bands, with peaks at 1528 

and 1495 cm-1, assigned to the LO and TO modes of the ν3 stretch respectively30. 

Due to the wavenumber range of this RAIRS experiment, the ν2 bend of CS2 is not visible in 

this study. However, comparing the ν3 stretch of gas phase and surface infrared studies to the 

infrared bands observed here shows that the bands at 1540 and 1491 cm-1 can be assigned to 

the LO and TO modes of the ν3 stretch of CS2 ice respectively. The change in the RAIR spectra 

between 69 and 78 K is likely caused by a structure change of the CS2 ice from a disordered or 

amorphous ice to an ordered or crystalline ice, in agreement with Collings et al28. This accounts 

for the increase in size of the TO mode at 1491 cm-1, whereby the LO - TO splitting becomes 

more distinct as a direct result of the formation of crystalline ice. 

The ν3 stretch of CS2 is first observed at 1520 cm-1 at low CS2 coverage, gradually shifting to 

1540 cm-1 following a 10 L CS2 exposure. This shift may be caused by the same intermolecular 

Figure 5.5. RAIR spectra of a 200 L exposure of CS2 adsorbed on a bare HOPG surface at 
20 K warmed to a range of temperatures. 
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repulsions as observed in TPD spectra up to CS2 exposures of 10 L (figure 5.1), or by a structure 

or orientation change of the CS2 ice upon formation of a monolayer of CS2. Hence the observed 

vibrational band between 1520 and 1540 cm-1, up to CS2 exposures of 10 L, is assigned to sub-

monolayer CS2. With further comparison to the TPD spectra for CS2 desorption from HOPG, it 

can be seen that physisorbed multilayers of CS2 are formed on the surface. Upon warming, a 

phase change in the CS2 ice is observed in the RAIR spectra between 69 and 78 K. This is prior 

to the onset of desorption and is therefore not observed in the TPD spectra. Both TPD and 

RAIR spectra show CS2 desorption occurring between ≈120 – 140 K. 

 

5.3.1.3. Quantitative Analysis of TPD Data 

 

To gain a better understanding of the desorption of CS2 from a HOPG surface and to 

provide qualitative information for astrochemical models, analysis of the TPD data has been 

performed. The methodology used here has been described in detail in chapter 2. Sub-

monolayer CS2 TPD spectra show characteristics indicating intermolecular repulsions, 

characterised by a decreasing peak temperature with increasing CS2 exposure. Performing 

quantitative analysis of these TPD spectra can only provide kinetic data for the combination of 

repulsion and desorption, where the desorption properties cannot be resolved. Therefore, 

quantitative analysis to determine the kinetic properties for CS2 desorption was conducted on 

TPD spectra of monolayer and multilayer CS2, following CS2 exposures of 10 L and above. 

 

Desorption orders. From equation 2.2, the desorption orders for monolayer and multilayer 

desorption can be determined from the gradient of a plot of ln[I(T)] against ln[θrel] at a fixed 

temperature, for a set of TPD spectra with varying initial CS2 coverages. This method assumes 

that the desorption energy and pre-exponential factor do not vary with coverage or 

temperature. This has previously been shown to be a valid assumption for H2O
34, NH3

36, 

CH3OH35 and C2H5OH37 ices, as well as for CO2 ices in chapter 4. Since CS2 is physisorbed on the 

HOPG surface, it should also be a valid assumption in this case. Monolayer desorption rates 

were taken from the TPD spectra for CS2 exposures of 10 to 20 L, whereas multilayer 

desorption rates were taken from the TPD spectra for CS2 exposures of 20 to 200 L. Figure 5.6 

(bottom left) shows an order plot for monolayer and multilayer desorption at a fixed 

temperature of 118 K, constructed from the TPD spectra in figures 5.1 and 5.2 (shown in figure 

5.6 top left and right). Using a fixed temperature of 118 K, desorption orders of 0.92 and 0.15 

were obtained for monolayer and multilayer CS2 respectively. Using a range of relevant fixed 

temperatures, between 113 and 122 K, shown in table 5.1, average desorption orders for 

monolayer and multilayer CS2 were found to be 0.88 ± 0.07 and 0.14 ± 0.05 respectively. 
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Table 5.1. Calculated desorption orders for monolayer and multilayer CS2 adsorbed on 
HOPG at 20 K. 

Fixed Temperature / K Monolayer Desorption Order, n Multilayer Desorption Order, n 

113 0.91  
114 0.86  
115 0.83 0.14 
116 0.84 0.18 
117 0.89 0.16 
118 0.92 0.15 
119  0.15 
120  0.13 
121  0.10 
122  0.10 

 

Monolayer and multilayer desorption are close to 1st and 0th order respectively. These 

values are in agreement with the qualitative analysis of the TPD spectra discussed above, and 

confirm the assignments given. Comparing to monolayer and multilayer desorption orders 

found for CO2, 0.73 ± 0.02 and 0 respectively (chapter 4), shows that CS2 monolayer desorption 

is closer to the expected 1st order desorption than the CO2 monolayer is. However, this is 

Figure 5.6. (Top left) TPD spectra of monolayer CS2, taken from figure 5.1, showing CS2 
exposures of 10 to 20 L. (Top right) TPD spectra of multilayer CS2, taken from figure 5.2, 
showing CS2 exposures of 20 to 200 L. Also shown as a dotted line in both figures is the 
fixed temperature of 118 K. (Bottom left) Plot of ln[I(T)] against ln[θrel] at a fixed 
temperature of 118 K producing gradients for monolayer and multilayer desorption 
orders. (Bottom right) Plot of ln[I(T)] – n.ln[θrel] against 1/T from the TPD spectrum 
following a 200 L exposure of CS2, using n as 0.14 ± 0.05. This line has a gradient of         
-Edes/R. 
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expected as CO2 TPD spectra show overlap between monolayer and multilayer desorbing 

species (figure 4.2, chapter 4) reducing the value of, and making analysis difficult for, the CO2 

monolayer. In addition, due to the CO2 multilayer TPD spectra showing unshared leading 

edges, the CO2 multilayer desorption order was assumed to be 0. This is still close to that 

found for CS2 multilayer desorption, and is as expected for multilayer desorption. As shown for 

sub-monolayer CS2, lateral interactions within an ice also affect its desorption40. Therefore the 

increase in monolayer desorption order between CO2 and CS2 monolayers is also caused by 

increased repulsive intermolecular interactions within the monolayer. This is in agreement 

with the lack of observation of repulsive interactions in CO2 sub-monolayers, where the sub-

monolayer could not be resolved from monolayer CO2. 

 

Desorption Energies. It is also possible to determine the desorption energy of CS2 

monolayer and multilayers adsorbed on HOPG, to obtain an indication of the binding strength 

within the monolayer and multilayers and between the adsorbate and the surface. Using the 

desorption orders calculated above, the desorption energy of the monolayer and multilayer 

can be determined via a plot of ln[I(T)] - nln*θrel] against 1/T, taking the gradient as -Edes/R. The 

error in ln[I(T)] - nln*θrel+ was taken to be Δn.ln*θrel], thus the error in the desorption order 

contributes to the error in the desorption energy. Again, it is assumed that the pre-exponential 

factor and desorption energy do not change with coverage and temperature. Figure 5.6 

(bottom right) shows a plot to determine the desorption energy for a 200 L exposure of CS2, 

using a value of n of 0.14 ± 0.05. The gradient of the plot gives a desorption energy of          

41.4 ± 2.1 kJ mol-1. Average desorption energies for monolayer CS2 were determined from TPD 

spectra of CS2 for exposures of 10 to 20 L, whereas average desorption energies for multilayer 

CS2 were calculated from TPD spectra for CS2 exposures of 20 to 200 L, shown in table 5.2. 

Average desorption energies were found to be 45.3 ± 6.2 and 44.1 ± 6.0 kJ mol-1 for monolayer 

and multilayer CS2 respectively. 

 
Table 5.2. Calculated desorption energies for monolayer and multilayer CS2 adsorbed on 
HOPG at 20 K. 

CS2 Exposure / L 
Monolayer Desorption Energy, 

Edes / kJ mol
-1

 
Multilayer Desorption Energy, 

Edes / kJ mol
-1

 

10 43.8 ± 3.5  
15 45.5 ± 3.6  
20 46.5 ± 3.7 44.6 ± 5.8 
30  44.7 ± 7.5 
40  49.0 ± 3.1 
50  44.7 ± 2.4 
75  42.5 ± 2.6 

100  44.6 ± 2.2 
150  42.3 ± 2.2 
200  41.4 ± 2.1 
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The monolayer and multilayer desorption energies calculated here are comparable to the 

desorption energies of other physisorbed species34-37,41. They are also similar to each other, 

which is reasonable as the monolayer and multilayer desorb at very similar temperatures. 

Comparing to the multilayer desorption energy found for CO2, 24.8 ± 1.6 kJ.mol-1 (chapter 4), a 

substantial increase is observed for CS2 desorption. This reflects the observed behaviour in the 

TPD spectra, whereby the onset of desorption and peak temperatures observed in CS2 TPD 

spectra were higher than those for the CO2 ices. As discussed previously, this effect is caused 

by stronger van der Waals forces caused by the higher polarisability of the CS2
42,43. 

 

Pre-exponential factors. The pre-exponential factor for desorption can also be determined 

from the TPD spectra. To determine the pre-exponential factor for the desorption process, the 

absolute coverage of CS2 adsorbed on HOPG must be determined. This can be determined by 

calculating the rate of impingement of CS2 molecules on the HOPG surface. Using the 

methodology described in chapter 2, the rate of impinging CS2 molecules on the HOPG surface, 

as a function of CS2 exposure, is 3.49 × 1014 molec L-1. However, due to the 10 mm diameter 

aperture on the quadrupole mass spectrometer (QMS), only 39% of the molecules on the 

HOPG surface will be detected in the TPD experiment. Therefore the number of molecules 

which will pass through the QMS aperture as a function of CS2 exposure will be                      

1.37 × 1014 molec L-1. This number can then be used to convert the relative coverage, 

previously determined as the area under each TPD spectrum, to actual coverage by scaling 

using the relationship between the integrated TPD peak area and actual CS2 exposure. From 

figure 5.3 the area under each TPD spectrum, in arbitrary units, and as a function of CS2 

exposure, produced a linear fit with a gradient of 4.33 × 10-10 L-1. This gives a scaling factor for 

the surface coverage conversion of 3.16 × 1023 molec. 

To determine the pre-exponential factor, the Polanyi-Wigner equation can be rearranged as 

shown in chapter 2, to give an expression for νn. The error in νn was taken as νn√(Δn2 + ΔEdes
2). 

Average pre-exponential factors for monolayer CS2 were determined from TPD spectra for CS2 

exposures of 10 to 20 L, whereas average pre-exponential factors for multilayer CS2 were 

calculated from TPD spectra for CS2 exposures of 20 to 200 L. The results are shown in table 

5.3. Average pre-exponential factors were thus calculated to be                                                 

3.39 × 1021 ± 1.4 (molec m-2)0.12 s-1 and 1.60 × 1031 ± 1.5 (molec m-2)0.86 s-1 for monolayer and 

multilayer CS2 respectively, where the units are given as (molec m-2)1-n s-1. 
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Table 5.3. Calculated pre-exponential factors for monolayer and multilayer CS2 adsorbed 
on HOPG at 20 K. 

CS2 Exposure / L 
Monolayer Pre-Exponential 

Factor, νn / (molec m
-2

)
0.12

 s
-1 

Multilayer Pre-Exponential 
Factor, νn / (molec m

-2
)

0.86
 s

-1
 

10 3.01 × 10
21 ± 1.2 

 
15 3.26 × 10

21 ± 1.1 
 

20 3.91 × 10
21 ± 1.1 1.80 × 10

31 ± 1.0 

30  1.75 × 10
31 ± 1.0 

40  1.59 × 10
31 ± 1.0 

50  1.67 × 10
31 ± 1.0 

75  1.78 × 10
31 ± 1.1 

100  1.51 × 10
31 ± 1.0 

150  1.60 × 10
31 ± 1.1 

200  1.13 × 10
31 ± 1.2 

 

Pre-exponential factors for multilayer desorption of a range of physisorbed adsorbates34-

38,41 have been found to range from 8 × 1025 molec m-2 s-1 for NH3
36 to 2 × 1037 molec m-2 s-1 for 

C2H5OH37. This is in agreement with the value determined for CS2 multilayers and with that 

found for multilayer CO2 desorption (chapter 4). Variations in the pre-exponential factor of 

multilayers are thought to be caused by variations in the size of the adsorbed molecule44, 

which is also in agreement with the trend observed between CO2 and CS2. The vales for the 

multilayer pre-exponential factor as a function of CS2 exposure (table 5.3) show very little 

variation with increasing CS2 coverage. This backs up the assumption made previously for 

analysis of the desorption order and energy, where the pre-exponential factor was assumed to 

remain constant with increasing CS2 coverage. Pre-exponential factors for a 1st order 

desorption process are often taken to be 1 × 1012 - 13 s-1,45-47 the vibrational frequency of a 

molecule on a surface. However the CS2 monolayer pre-exponential factor found here is not 

within the range of the expected values. This is likely caused by the small number of TPD 

spectra available which show monolayer desorption, hindering accurate analysis of the 

monolayer, and may also be affected by the sub-monolayer repulsions observed for low CS2 

coverage. 

Comparing the kinetic parameters for CS2 desorption determined here, summarised in table 

5.4, with those found for CO2 desorption (chapter 4), shows agreement between the 

monolayer and multilayer desorption orders as well as multilayer pre-exponential factors for 

CO2 and CS2 ices. This is expected, as desorption orders and pre-exponential factors are 

dominated heavily by the population of molecules within an ice, and therefore reflect the 

characteristics of monolayer and multilayer desorption of CO2 and CS2. The desorption 

energies found for CO2 and CS2 ices show significant variation, as discussed previously, a 

reflection of the increased desorption temperature of the CS2 ices from HOPG. 
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Table 5.4. Average kinetic parameters for monolayer and multilayer CS2 desorbing from a 
bare HOPG surface at 20 K. 

CS2 ice n Edes / kJ mol
-1

 
νn 

/ (molec m
-2

)
1-n

 s
-1

 

Monolayer 0.88 ± 0.07 45.3 ± 6.2 3.39 × 10
21 ± 1.4

 
Multilayer 0.14 ± 0.05 44.1 ± 6.0 1.60 × 10

31 ± 1.5
 

 

5.3.1.4. TPD Simulation 

 

TPD simulations have also been conducted using the data obtained from quantitative 

analysis of experimental TPD spectra to test the quantitative analysis method and check the 

kinetic parameters found for CS2 desorption. This was achieved using the Chemical Kinetics 

Simulator (Version 1.0, IBM Almaden Research Centre, 1995), a stochastic integration package. 

By assuming an initial state where an ideal ice is already deposited on the surface, simple TPD 

simulations of the ice can be achieved by describing the desorption process by two reactions. 

First the adsorbed molecules desorb from the surface to become gas phase molecules, as 

described by the temperature dependent reaction 5.1. 

 

g2a2 CSCS →  

 

For the simulation to work, this step could include, but does not require, a second reaction 

product describing the free surface adsorption site created by desorption of a molecule of CS2.  

Secondly, to reproduce the experimental TPD spectra, the constant pumping of the gas 

phase CS2 also needs to be simulated, as described by the temperature independent reaction 

5.2. 

 

p2g2 CSCS →  

 

Using the kinetic parameters found from quantitative analysis of experimental TPD spectra 

of CS2 as the starting conditions for reaction 5.1, and using an experimental heating rate of   

0.5 K s-1, experimental TPD spectra can be reproduced by plotting the gas phase concentration 

of CS2 as a function of temperature. Multilayer TPD spectra were simulated using an initial 

surface concentration of 3.49 × 1016 molec cm-2, the expected surface concentration for a 200 L 

exposure of CS2 calculated from the rate of impingement, assuming a sticking probability of 1. 

Figure 5.7 shows simulated TPD spectra using n = 0.14 ± 0.05, Edes = 44.1 ± 6.0 kJ mol-1 and      

νn = 1.57 × 1031 ± 1.5 (molec m-2)0.86 s-1. Varying the value of desorption order within error range, 

holding the desorption energy and pre-exponential factor constant at the average values 

(figure 5.7 top) shows the least variation in the peak temperature of the simulated TPD 

(5.2) 

(5.1) 
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spectra. Conversely, varying the value of desorption energy within the error range, holding the 

desorption order and pre-exponential factor constant at the average values (figure 5.7 bottom 

left) shows the most variation in the peak temperature of the simulated TPD spectra. Also 

shown in all plots in figure 5.7 is the experimental TPD spectrum for a 200 L exposure of CS2, 

taken from figure 5.2. This shows very close agreement with the simulated TPD spectra using 

the average values for n, Edes and νn. Clearly the experimental TPD spectrum is well within the 

range of the errors found in quantitative analysis. This indicates that the method for 

quantitative analysis is accurate and reliable. 

 

5.3.2. CS2/H2O Ice Layers 

 

The study of binary layered ices of CS2 adsorbed on H2O and reverse layered ices of H2O 

adsorbed on CS2 is important to understand the effect of H2O on the adsorption and 

desorption of CS2. There is evidence that H2O rich ices undergo segregation upon warming48 

and so the study of binary and reverse layered ices, not just mixed ices, is of direct relevance 

Figure 5.7. Simulated TPD spectra of multilayer CS2 ice using kinetic parameters derived 
from qualitative analysis of experimental TPD spectra, n = 0.14 ± 0.05,                            
Edes = 44.1 ± 6.0 kJ mol

-1
 and νn = 1.57 × 10

31 ± 1.5
 (molec m

-2
)
0.86

 s
-1

. (Top) Systematic 
variation of n by Δn with constant Edes and νn. (Bottom left) Systematic variation of Edes 
by ΔEdes with constant n and νn. (Bottom right) Systematic variation of νn by Δνn with 
constant n and Edes. Also shown as a dotted line in all figures is the experimental TPD 
spectrum following a 200 L exposure of CS2 from figure 5.2. 
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to astrochemistry. It is also necessary to characterise CS2/H2O binary and reverse ices in order 

to better understand more complex systems, such as CS2:H2O mixtures. RAIR and TPD spectra 

were obtained for CS2 adsorbed on a 100 L exposure of pre-adsorbed ASW and a 100 L 

exposure of ASW adsorbed on a range of pre-adsorbed exposures of CS2 on a HOPG surface at 

20 K. 

 

5.3.2.1. TPD Data 

 

Binary Layers. Figures 5.8 and 5.9 show TPD spectra for a range of exposures of CS2 

adsorbed on 100 L of pre-adsorbed H2O, adsorbed on HOPG at 20 K. At the lowest exposure of 

CS2, 2 L, a single peak is observed in the TPD spectrum with a peak temperature of 164 K 

(figure 5.8). Increasing the exposure of CS2 to 5 L, a second peak is observed in the TPD 

spectrum with a peak temperature of 177 K. Neither of these TPD peaks were observed for 

pure CS2 ices. Both peaks appear to saturate following a CS2 exposure between 150 and 200 L 

(figure 5.9), as shown by the overlap of the high temperature features in the 150 and 200 L 

TPD spectra. Following a CS2 exposure of 20 L, a third peak grows in with a peak temperature 

of 123 K. This peak is very broad, indicating a complex desorption processes. Increasing the CS2 

Figure 5.8. TPD spectra of low exposures of CS2, up to 20 L, adsorbed on 100 L of H2O on 
a HOPG surface at 20 K. The H2O TPD spectrum following a 20 L exposure of CS2 
adsorbed on 100 L of H2O is shown in black. 
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exposure up to 200 L, shows a gradual increase in the temperature of this peak to 130 K. 

Figures 5.8 and 5.9 also show a H2O TPD spectrum. No changes in the H2O spectrum are 

observed with increasing CS2 exposure. The observed H2O TPD spectrum shows a large peak, 

with a temperature of 177 K and a bump on the leading edge of the spectrum at 164 K. The 

bump at 164 K is assigned to the irreversible phase change of ASW to crystalline ice (CI), 

caused by a change in the vapour pressure of ASW and CI, and the peak at 177 K is assigned to 

the desorption of multilayers of physisorbed CI34. 

Integration of the CS2 TPD spectra from figures 5.8 and 5.9 shows a linear relationship 

between the total area of the CS2 signal and the exposure of CS2, shown in figure 5.10. This 

indicates a constant sticking probability for CS2 on ASW at 20 K. The total integrated area of 

the CS2 TPD spectra does not saturate, indicating that multilayers of physisorbed CS2 form on 

the ASW surface at 20 K. Figure 5.10 also shows the contributions to the total CS2 area from 

the low temperature TPD peak, at 123 - 130 K, and the two high temperature peaks at 164 and 

177 K. Clearly the high temperature peaks saturate following a CS2 exposure of approximately 

150 L, whereas the low temperature peak does not appear until a CS2 exposure of between 20 

and 50 L. As the H2O surface dictates the desorption of the high temperature CS2 TPD features, 

and the H2O surface has a finite surface area, the high temperature features saturate. This is 

Figure 5.9. TPD spectra of high exposures of CS2, above 20 L, adsorbed on 100 L of H2O 
on a HOPG surface at 20 K. The H2O TPD spectrum following a 200 L exposure of CS2 
adsorbed on 100 L of H2O is shown in black. 

D
e
s
o
rp

ti
o
n
 R

a
te

 /
 A

rb
it
ra

ry
 U

n
it
s

200180160140120100

Temperature / K

 20 L
 50 L
 100 L
 150 L
 200 L



140 

observed in the TPD spectra following CS2 exposures of 150 L, as well as in the plot of the 

integration of the high temperature CS2 peaks as a function of CS2 exposure. Once the H2O 

surface has become saturated with CS2, growth of multilayers can begin. The total area of the 

two high temperature peaks, after saturation, equates to a 44 L exposure of CS2. This is in 

contrast to the 8 L exposure of CO2 shown to be trapped on a saturated ASW surface at 33 K. 

This is an indication of the diffusion ability of CS2, whereby CS2 trapped within pores of the 

ASW surface cannot diffuse to desorb at its natural sublimation temperature. However CO2 can 

diffuse to desorb at its natural sublimation temperature, and hence less CO2 remains trapped 

to desorb with the H2O features. This is a result of the increased size of the CS2 molecule. 

Assignment of the CS2 desorption features from an ASW surface can be made by 

comparison with the TPD spectra of pure CS2 on a HOPG surface (figures 5.1 and 5.2), as well 

as with previous studies of binary ices of other volatile molecules on H2O
28,49-51, including CO2 

(chapter 4). The two high temperature CS2 TPD peaks occur coincidentally with the ASW - CI 

transition and the desorption of CI respectively. They can therefore be assigned to CS2 trapped 

within the porous ASW surface. In particular the feature at 164 K can be assigned to volcano 

desorption of CS2, whereas the feature at 177 K can be assigned to co-desorption of CS2 with 

the H2O film. The low temperature peak, 123 – 130 K, can be assigned to multilayer CS2 on top 

Figure 5.10. Integrated area of the TPD spectra shown in figures 5.8 and 5.9 as a function 
of exposure of CS2. Shown are the areas from the low temperature, 123 to 130 K, peaks, 
the combined areas from the two high temperature peaks at 164 and 177 K, and the total 
area from all three peaks. Lines are supplied as a guide to the eye. 
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of the ASW. The low temperature peak in the TPD spectra of binary layers of CS2 on ASW is 

broader than that in the pure CS2 TPD spectra, reflecting the heterogeneity of the ASW 

surface, where a range of binding sites for CS2 adsorption exist. 

Quantitative analysis was also conducted for the TPD spectra of CS2 adsorbed on 100 L of 

H2O from figure 5.9. The data obtained are summarised in table 5.5. Multilayer CS2 was found 

to desorb from a 100 L film of ASW with an order of 0.67 ± 0.07, desorption energy of          

30.4 ± 7.5 kJ mol-1 and pre-exponential factor of 9.50 × 1016 ± 1.7 (molec m-2)0.33 s-1. Compared 

with the kinetic parameters found for multilayer desorption of CS2 from a bare HOPG surface 

at 20 K, desorption occurs with a fractional order rather than 0th order. This is a consequence 

of the amorphous nature of the ASW surface, with a larger surface area and variety of 

adsorption sites from which CS2 will desorb. This inevitably affects the pre-exponential factor, 

which is sensitive to the value of the desorption order. Therefore as the desorption order is 

fractional, the pre-exponential factor is found to be in between values expected for 0th and 1st 

order desorption. As the ASW surface is rough and heterogeneous, desorption of CS2 occurs 

from a range of sites, characterised by the broad TPD spectrum. This is also reflected in the 

desorption energy found for multilayer CS2 bound to an ASW surface, which is lower than that 

found for pure CS2 multilayers. 

 

Table 5.5. Average kinetic parameters for monolayer and multilayer CS2 desorbing from 
100 L of H2O on HOPG at 20 K. 

CS2-bearing ice n Edes / kJ mol
-1

 
νn 

/ (molec m
-2

)
1-n

 s
-1

 

Pure CS2 0.14 ± 0.05 44.1 ± 6.0 1.60 × 10
31 ± 1.5

 
CS2 on ASW 0.67 ± 0.07 30.4 ± 7.5 9.50 × 10

16 ± 1.7
 

 

Reverse Layers. To gain better insight into the trapping and diffusion of CS2 in and through 

an ASW film, TPD spectra of reverse layered ices of H2O adsorbed on CS2 on a bare HOPG 

surface at 20 K were collected. Figure 5.11 shows a comparison between TPD spectra for a  

100 L exposure of CS2 adsorbed on 100 L of H2O and a 100 L exposure of H2O adsorbed on top 

of 100 L of CS2, both adsorbed on HOPG at 20 K. Two desorption features are observed in the 

TPD spectra of reverse binary ice layers at 166 and 177 K. Assignments can be made by 

comparison with TPD spectra of binary layered ices of CS2 on ASW (figures 5.8 and 5.9) as well 

as with H2O TPD spectra, and the reverse binary layer studies of H2O on CO2 (chapter 4). The 

features at 166 and 177 K can be assigned to volcano desorption of CS2 and co-desorption of 

CS2 with CI respectively. 

Comparing with the TPD spectra of a 100 L exposure of CS2 on 100 L ASW shows no low 

temperature peak around 130 K in the reverse layered ice. As diffusion of CS2 through the H2O 

matrix is necessary in order to observe a peak at 130 K in the TPD spectrum of H2O on CS2, this 
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indicates that diffusion of CS2 through ASW does not occur. Comparing with the diffusion of 

CO2 through an ASW ice (chapter 4), whereby ≈40% of the total CO2 was able to diffuse 

through the ASW ice, indicates that it is the increase in the size of CS2 molecule that hinders its 

ability to diffuse through the ASW ice. 

 

5.3.2.2. RAIRS Data 

 

The characteristics of CS2 trapping within an ASW film can also be probed by RAIRS, which 

when compared with TPD spectra can provide further evidence for the assignments made. A 

range of exposures of CS2 were adsorbed on 100 L of H2O on HOPG at 20 K. The RAIR spectrum 

characteristic of pure ASW, is shown in figure 4.11 (chapter 4). Following a 100 L exposure of 

H2O, two infrared bands are observed in the RAIR spectrum. A very broad feature is observed 

around 3420 cm-1 and a smaller, but still broad, peak is observed at 1670 cm-1. These are 

assigned to the ν(OH) stretching mode and HOH scissors mode of ASW respectively34. No 

changes are observed in the H2O vibrational bands following exposure of the H2O surface to 

CS2. 

Figure 5.11. TPD spectra of a 100 L exposure of CS2 adsorbed on a 100 L exposure of 
H2O and 100 L exposure of H2O adsorbed on a 100 L exposure of CS2, adsorbed on a 
HOPG surface at 20 K. Shown in black is the H2O TPD spectra following a 100 L exposure 
of CS2 adsorbed on 100 L of H2O on a HOPG surface at 20 K. 
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RAIR spectra of a range of exposures of CS2, adsorbed on 100 L of H2O on HOPG at 20 K, in 

the wavenumber range of the CS2 ν3 vibration, 1470 to 1580 cm-1, are shown in figure 5.12. At 

the lowest exposure, 1 L, a single infrared band is observed at 1528 cm-1. Upon further 

exposure, the band broadens and shifts to 1540 cm-1, following a 100 L exposure of CS2. The 

asymmetric shape of the infrared feature suggests that it is composed of more than one peak, 

however no distinct contributions to the band are easily distinguished. In contrast to the 

adsorption of CS2 on the bare HOPG surface (figure 5.4), the TO mode of the ν3 vibration at 

1491 cm-1 is not easy distinguishable, however the position of the LO mode at 1540 cm-1 is in 

agreement with that observed for pure CS2. 

Warming the HOPG surface can provide information about the temperature dependent 

behaviour of the CS2 ice adsorbed on H2O, as well as investigating the characteristics of 

trapped CS2 in ASW. RAIR spectra following warming of a 100 L exposure of CS2 adsorbed on 

100 L of H2O are shown in figures 5.13 and 5.14. Warming the HOPG surface to between 20 

and 82 K shows a broadening of the observed infrared band, with an associated shift in 

wavenumber from 1540 to 1528 cm-1 (figure 5.13). Between 91 and 109 K two features can be 

identified in the broad infrared band at 1506 and 1528 cm-1. Warming the HOPG surface 

further shows a decrease in the size and width of the observed infrared band, with a shift in 

Figure 5.12. RAIR spectra of a range of exposures of CS2 adsorbed on a 100 L exposure 
of H2O adsorbed on a HOPG surface at 20 K. 
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another kine that isn’t going to show up as its just to put in some graphs, yay. Ho hum, running 

out of things to write. 

Figure 5.13. RAIR spectra of a 100 L exposure of CS2 adsorbed on 100 L of H2O adsorbed 
on a HOPG surface at 20 K, prior to warming to a range of temperatures. 
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Figure 5.14. RAIR spectra of the ν(OH) region of 100 L of CS2 adsorbed on 100 L of H2O 
adsorbed on a HOPG surface at 20 K, prior to warming to a range of temperatures. 
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wavenumber from 1528 cm-1 to 1539 cm-1 with increasing surface temperature from 119 to 

146 K. An increase in size and a splitting of the ν(OH) stretch of ASW into a three component 

infrared band with peaks at 3160, 3240 and 3360 cm-1 (figure 5.14) is also observed following 

warming to 146 K. This change in the infrared spectrum of ASW is assigned to the ASW - CI 

transition34. Following warming to 156 K no infrared features are observed, indicating 

desorption of the CS2/H2O ice from the surface. The observed features and trends are very 

different to those observed in the RAIR spectra of pure CS2 ice (figures 5.4 and 5.5). 

Assignments of the observed infrared bands can be made by comparing with the RAIR 

spectra of pure CS2 adsorbed on HOPG at 20 K (figures 5.4 and 5.5). Upon adsorption of low 

exposures of CS2 on the ASW surface, a band is first observed at 1528 cm-1, shifting to         

1540 cm-1 upon increasing CS2 exposure. This is similar behaviour to that observed in the pure 

CS2 spectra on a bare HOPG surface, whereby a band was first observed at 1520 cm-1, shifting 

to 1540 cm-1 with increasing CS2 exposure. The difference in the bands at 1528 and 1520 cm-1 

is likely caused by the underlying substrate on which CS2 is deposited, where the ASW surface 

has a greater surface area than HOPG, and hence the saturation of the surface by a monolayer 

requires a greater exposure of CS2. The band at 1520 cm-1 was assigned to CS2 bound directly 

to the HOPG surface. Therefore as the band at 1528 cm-1 is the first to be observed, it is 

assigned to CS2 bound directly to the ASW surface. The shift in the ν3 vibration at low exposure 

for pure CS2 ice was assigned to sub-monolayer CS2, prior to the formation of a monolayer and 

then multilayers, which saturates after an exposure of 10 L. This is not the case in binary 

layered ices, where the band, initially at 1528 cm-1, shifts to 1540 cm-1 following a 50 L 

exposure of CS2. Comparing the RAIR spectra of a 100 L exposure of CS2 on a HOPG and ASW 

surface (figures 5.4 and 5.12) shows agreement in the position of the LO mode of the ν3 stretch 

at 1540 cm-1. However, the pure CS2 spectrum shows a second band at 1491 cm-1, assigned to 

the TO mode of the ν3 stretch. Although this is not observed in the binary layered RAIR 

spectrum of CS2 on ASW, the LO band at 1540 cm-1 does have a long tail towards low 

wavenumber, which may be composed of a contribution from the TO mode of the vibration. 

As the observation of the LO vibrational mode in amorphous ice is dependent on a local 

minimum where |ε| ≤ 1 (chapter 3), and both ices are amorphous at 20 K, the differences 

noted in the observation of the TO mode must be a function of the strength of the dielectric 

constant in binary layered ice. In other words, and as observed in chapter 3, the LO - TO 

splitting is more easily observed in RAIR spectra as the minimum in |ε| approaches 0, as the 

LO mode of the vibration is less mixed with the TO mode. Therefore, the ASW surface must 

affect the dielectric properties of the CS2 adlayer, inhibiting the polarisation of the phonon 

modes within the ice. 
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Upon warming, pure CS2 shows characteristics of an amorphous to crystalline phase 

transition between 69 and 78 K, prior to desorbing between 112 and 120 K (figure 5.5). 

However, the RAIR spectrum of binary layers of CS2 on ASW is complex (figure 5.13). Between 

73 and 91 K the CS2 infrared feature undergoes a shift and splits from 1540 cm-1 to form two 

bands at 1528 and 1506 cm-1. This is not the amorphous to crystalline phase transition of CS2, 

as observed in pure CS2 ices, as no significant shift was observed in the positions of the LO and 

TO modes of the ν3 stretch. However, as adsorption of CS2 on ASW has been shown to affect 

the LO - TO splitting of the ν3 stretch, the bands at 1528 and 1506 cm-1 can tentatively be 

assigned to the LO and TO modes of crystalline CS2 within pores, and on the surface, of ASW. 

Warming the binary layered ice to between 109 and 119 K shows a significant decrease in the 

intensity of the CS2 infrared feature, leaving a small band in the RAIR spectrum at 1528 cm-1. 

This decrease in intensity is caused by the sublimation of multilayer CS2 from the ASW surface, 

in agreement with RAIR (figure 5.5) and TPD spectra (figure 5.2) of CS2 ice from a HOPG 

surface, as well as with TPD spectra of CS2 ice desorbing from an ASW surface (figure 5.9). The 

remaining infrared band, at 1528 cm-1, must be trapped CS2 within the pores of the ASW 

surface. This is in agreement with the position of the H2O bound CS2 infrared peak observed in 

the RAIR spectrum of the lowest exposure of CS2 on the ASW surface (figure 5.12), and with 

the trends observed for CO2 desorption from an ASW surface (chapter 4). Further warming to 

between 136 and 146 K shows a change in the νOH vibrational band from an infrared feature 

characteristic of ASW, to an infrared feature characteristic of CI (figure 5.14), suggesting that 

the ASW - CI transition has occurred34. This is coincident with a further decrease in intensity of 

the CS2 ν3 stretch and a corresponding shift to 1539 cm-1, and is caused by volcano desorption 

of CS2 (figure 5.13). This is in agreement with TPD spectra of binary and reverse layered ices of 

CS2 and H2O (figures 5.8, 5.9 and 5.11) and with trends observed for CO2-bearing H2O ices 

(chapter 4). Further warming to between 146 and 156 K shows complete desorption of the 

CS2-bearing H2O ice, indicating co-desorption of CS2 with CI, also in agreement with TPD 

spectra of binary and reverse layered ices of CS2 and H2O (figures 5.8, 5.9 and 5.11), and with 

trends observed for CO2-bearing H2O ices (chapter 4). 

In summary, both RAIR and TPD spectra of layered ices of CS2 and ASW show features 

characteristic of the trapping of CS2 in ASW ice, where the H2O film dictates the desorption of 

CS2 above its natural sublimation temperature. This is in agreement with observations for 

layered ices of CO2 and ASW (chapter 4), where volcano and co-desorption of CO2 with H2O are 

observed. Comparison between TPD spectra of binary and reverse layered ices indicates that 

diffusion of CS2 through an ASW matrix is not allowed. This is not in agreement with CO2 

layered ices, where diffusion is allowed. Therefore the increased size of CS2 limits its diffusion 

through the porous ASW film. The RAIR spectra of CS2 layered ice also suggest a modification in 
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the dielectric properties of amorphous and crystalline CS2 ice, as compared to pure CS2 ices, 

which is likely to be seen for CS2:H2O mixtures. 

 

5.3.3. CS2:H2O Mixtures 

 

RAIR and TPD spectra were obtained for a range of exposures of a 10% mixture of CS2 and 

H2O, co-deposited on a HOPG surface at 20 K. Mixtures of CS2 and H2O are the most 

astrophysically relevant system studied here, providing the most realistic analogy to cometary 

ices. 

 

5.3.3.1. TPD Data 

 

Figure 5.15 shows the TPD spectrum of a 100 L exposure of a 10% CS2:H2O mixture 

adsorbed on HOPG at 20 K. Three peaks are observed in the CS2 spectrum, a very low intensity 

feature at 118 K and two higher temperature peaks at 160 and 171 K. The H2O TPD spectrum 

shows a desorption feature at 171 K, with a bump on the leading edge at 164 K, characteristic 

of the desorption of CI and the ASW - CI transition of H2O respectively34. 

Figure 5.15. TPD spectrum of a 100 L exposure of a 10% CS2:H2O mixture adsorbed on a 
HOPG surface at 20 K. CS2 and H2O contributions are shown by solid and dashed lines 
respectively. 
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Assignments for the features and behaviour observed can be made by comparing the 

CS2:H2O mixture TPD spectrum with TPD spectra for binary and reversed layers of CS2 and ASW 

(figures 5.8, 5.9 and 5.11). The two high temperature CS2 features at 160 and 171 K are 

coincident with the ASW - CI transition and desorption of CI respectively, as also observed in 

binary and reverse TPD spectra of CS2 and ASW, and CO2-bearing H2O ices (chapter 4). 

Therefore they are assigned to volcano and co-desorption of CS2 from H2O ice respectively. The 

feature observed at 118 K, around the natural sublimation temperature of CS2, must be 

desorption of CS2 from the surface of the CS2:H2O mixture. As diffusion of CS2 through a H2O 

matrix is not allowed, as already shown in TPD spectra of reverse layered ices (figure 5.11), this 

peak cannot be attributed to the diffusion of CS2. In addition, as the ice is intimately mixed, 

formation of multilayer CS2 on the surface of the ice is not possible. Hence the low 

temperature peak must be caused by loosely bound CS2 within the ice surface, a reasonable 

assignment given the small size of the peak. Integration of the CS2 feature at 118 K shows that 

< 1% of the total CS2 desorbs from the ice surface at 118 K. 

CO2:H2O mixtures (chapter 4) show that 29% of the CO2 is able to diffuse through the mixed 

ice, with 71% remaining trapped to desorb with the H2O features. This is in contrast to CS2:H2O 

mixtures where no diffusion is allowed and < 1% of the CS2 desorbs near its natural 

sublimation temperature. This is in agreement with the trends already observed for CO2 

(chapter 4) and CS2 in binary and reverse layered ices (section 5.3.2). 

 

5.3.3.2. RAIRS Data 

 

Figures 5.16 and 5.17 show RAIR spectra, in the wavenumber range of the CS2 ν3 stretch, 

1470 to 1580 cm-1, and ν(OH) stretch region, 3000 - 3800 cm-1, respectively, for a 100 L exposure 

of a 10% CS2:H2O mixture on HOPG at 20 K prior to being warmed to a range of temperatures. 

Upon adsorption of a 100 L exposure of the 10% CS2:H2O mixture, three infrared features are 

observed in the RAIR spectrum. A very broad feature is observed around 3420 cm-1 and a 

smaller, but still broad, peak is observed at 1670 cm-1, in agreement with the RAIR spectra of a 

100 L exposure of pure H2O (figure 4.11, chapter 4). These are assigned to the ν(OH) stretching 

mode and HOH scissors mode of ASW respectively34. A CS2 infrared feature is also observed in 

the spectrum, at 1525 cm-1, assigned to the ν3 stretch of H2O bound CS2. This is in contrast to 

the CS2 infrared features observed in RAIR spectra, at 1540 and 1491 cm-1, for multilayer CS2 

on HOPG (figure 5.4) and at 1540 cm-1 for multilayer CS2 on ASW (figure 5.12). However, the 

CS2 infrared feature first observed in binary layered ices of CS2 on ASW at 1528 cm-1, assigned 

to H2O bound CS2, does resemble the CS2 infrared features observed in the mixed ices. 
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Figure 5.16. RAIR spectra of 100 L of a 10% CS2:H2O mixture adsorbed on a HOPG 
surface at 20 K, prior to warming to a range to temperatures. 
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Figure 5.17. RAIR spectra of the ν(OH) region of 100 L of a 10% CS2:H2O mixture 
adsorbed on a HOPG surface at 20 K, prior to warming to a range of temperatures. 
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No significant changes to the CS2 and H2O infrared features are observed in the RAIR 

spectra when warming the HOPG surface to between 20 and 126 K. Warming the HOPG 

surface to 136 K shows a slight broadening of the CS2 feature at 1525 cm-1, with no associated 

shift in position (figure 5.16). Further warming of the HOPG surface to 145 K shows a decrease 

in the intensity and broadening of the observed CS2 feature, which shows a complex infrared 

band with components at 1539 and 1525 cm-1. Following warming to 145 K, changes are also 

observed in the H2O infrared feature at 3420 cm-1 (figure 5.17), indicative of the ASW - CI 

transition of H2O. No infrared features are observed in the RAIR spectra when warming the 

HOPG surface to 156 K, indicating that desorption of the CS2:H2O mixture is complete, in 

agreement with TPD spectra (figure 5.15). 

Assignment of the observed infrared features can be made, as well as discussion of the 

trapping behaviour of CS2 in a H2O ice, via comparison with the observed features in the RAIR 

spectra of binary layered ices of CS2 and H2O (figures 5.12 and 5.13). Upon adsorbing low 

exposures of CS2 onto a pre-adsorbed H2O surface, an infrared band was observed in the 

wavelength range of the CS2 ν3 stretch at 1528 cm-1, assigned to H2O bound CS2. Upon warming 

the mixed ice, this CS2 infrared feature remains in the RAIR spectra well above the natural 

sublimation temperature of CS2, in agreement with the trapped CS2 feature in RAIR spectra of 

warmed binary layers of CS2 on ASW (figure 5.13). There is little change in the area or position 

of the CS2 feature upon warming the mixed ice. This indicates that there is minimal or no 

desorption of CS2 around the natural sublimation temperature of CS2, indicating that diffusion 

within the H2O ice is limited. This is in agreement with the TPD spectra of CS2:H2O mixtures, as 

< 1% of the CS2 desorbs at its natural sublimation temperature (figure 5.15). Comparing to 

RAIR spectra of pure CS2 and CS2-bearing H2O ices warmed to a range of temperatures (figures 

5.5 and 5.13), where behaviour characteristic of an amorphous to crystalline phase transition 

of CS2 is observed at around 80 K, shows that this behaviour is not observed in CS2:H2O mixed 

ices. This indicates that the mixed CS2:H2O ice does not segregate upon warming, and the CS2 

remains intimately mixed and distributed within the ice. This inhibits the formation of clumps 

of CS2, and hence amorphous or crystalline CS2 does not form. 

 

5.4. Summary and Conclusions 

 

RAIR and TPD spectra of pure CS2 ices, binary and reverse layered ices of CS2 and H2O and 

CS2:H2O mixtures adsorbed on HOPG at 20 K have been collected. RAIR and TPD spectra of 

pure CS2 ices indicate that physisorbed multilayers of amorphous CS2 form on the HOPG 

surface at 20 K following the growth of sub-monolayer and monolayer species. Upon warming, 



151 

the ice undergoes a phase change between 69 and 78 K. Sublimation of multilayers occurs 

between 110 and 130 K, depending on the thickness of the CS2 ice. 

RAIR and TPD spectra of binary layered ices of CS2 on pre-adsorbed H2O suggest the 

formation of a H2O associated CS2 layer on the ASW surface, observed prior to the formation of 

multilayer CS2. Upon warming, TPD data show that a 20 L exposure of CS2 on 100 L of H2O is 

required to fully saturate the ASW surface before the growth of multilayers of CS2 is observed. 

RAIR spectra have been used to identify the differences between H2O associated CS2 and 

multilayer CS2, which can then be used to identify any trapping of CS2 within the H2O matrix. 

The H2O associated CS2 film becomes trapped in the ASW surface upon warming, above its 

natural sublimation temperature, and desorbs with H2O. Reverse layers of H2O adsorbed on 

CS2 show no CS2 desorption features associated with multilayers. This indicates that CS2 cannot 

diffuse through the H2O matrix, probably due to its large size, as compared to the size of the 

pores of ASW. 

RAIR and TPD spectra of CS2:H2O mixtures show that multilayers of CS2 do not form. From 

comparison of the RAIR spectra of binary layers and mixtures of CS2 and H2O, only H2O 

associated CS2 is observed in the mixed ice. Upon warming the mixtures, no evidence for 

segregation of the ice or for diffusion of the CS2 is seen, and all desorption occurs coincident 

with the desorption of H2O. 

Quantitative analysis of the TPD spectra of CS2 ice adsorbed on HOPG and on ASW has also 

been conducted. Kinetic data for CS2 desorption from these surfaces has been determined, and 

is summarised in table 5.6. Due to repulsive lateral interactions observed in sub-monolayer 

coverages of CS2, perfect monolayer CS2 desorption was only observed in TPD spectra of CS2 

exposures between 10 and 20 L. Monolayer CS2 desorbs with an order approaching 1. 

Multilayer desorption of pure CS2 occurs with a desorption order approaching 0, and pre-

exponential factor of around 1 × 1031 molec m-2 s-1, both common for multilayer desorption. 

The desorption energy of pure monolayer and multilayer CS2 were both found to be around   

44 ± 6 kJ mol-1. Comparing to the kinetic data for CS2 desorption from an ASW surface, shows 

that the desorption of CS2 is affected by the underlying substrate. The desorption order and 

pre-exponential factor for CS2 desorption from an ASW surface are characteristic of fractional 

order desorption, a consequence of the increased surface area and heterogeneity of the ASW 

surface. The desorption energy for CS2 from ASW was also found to be lower than that for pure 

CS2 desorption. This is likely caused by the ASW surface, where a variety of binding sites for 

adsorption exist, leading to a range of desorption energies. 
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Table 5.6. Calculated kinetic parameters for monolayer and multilayer CS2 desorbing 
from a bare HOPG surface and an ASW surface at 20 K. 

Monolayer 

 n Edes / kJ mol
-1

 
νn  

/ (molec m
-2

)
1-n

 s
-1

 

Pure CS2 0.88 ± 0.07 45.3 ± 6.2 3.39 × 10
21 ± 1.4

 

Multilayer 

 n Edes / kJ mol
-1

 
νn  

/ (molec m
-2

)
1-n

 s
-1

 

Pure CS2 0.14 ± 0.05 44.1 ± 6.0 1.60 × 10
31 ± 1.5

 
CS2/H2O 0.67 ± 0.07 30.4 ± 7.5 9.50 × 10

16 ± 1.7
 

 

The technique employed for quantitative analysis of TPD spectra, and the values 

determined with this method for multilayer CS2 desorption were tested via the use of a 

stochastic integration package. TPD spectra were simulated, via the use of a standard 

temperature dependent rate equation using the kinetic parameters found for multilayer CS2, 

which accurately reproduced the experimental TPD spectra of multilayer CS2 desorbing from a 

HOPG surface at 20 K, validating the qualitative analysis method. 

Comparing the adsorption and desorption of CS2 with CO2, from chapter 4, can provide 

information on the role of the size of the volatile, especially when considering the ability of the 

species to diffuse and trap within a H2O matrix. Table 5.7 shows the kinetic data calculated 

from the TPD spectra of multilayers of pure CO2 and CS2 ices adsorbed on a HOPG surface at 33 

and 20 K respectively. As can be seen from table 5.7, the desorption order and pre-exponential 

factors are comparable, and are also common for other physisorbed multilayer desorbing 

species34-37. However, an increase in desorption energy of approximately 19 kJ mol-1 is 

observed when comparing CO2 and CS2. This shows that pure CS2 ices are more stable on the 

HOPG surface. This is also shown by the TPD spectra of pure CO2 and CS2 multilayers, whereby 

desorption occurs approximately 30 K higher for CS2 ices than for CO2 ices. 

 

Table 5.7. Kinetic data derived from TPD spectra of multilayers of pure CO2 and CS2 ices 
adsorbed on a HOPG surface at 33 and 20 K respectively. 

Ice n Edes / kJ mol
-1

 νn / (molec m
-2

)
1-n

 s
-1

 

CO2 Multilayer 0 24.8 ± 1.6 1.07 × 10
30 ± 1.5

 
CS2 Multilayer 0.14 ± 0.05 44.1 ± 6.0 1.60 × 10

31 ± 1.5
 

 

Trapping of both CO2 and CS2 ices in binary layered or mixed polar ices is observed in RAIR 

and TPD spectra. Both volcano and co-desorption features of CO2 and CS2 with H2O were 

observed in the TPD spectra. However, reverse layered ices and mixed polar ices of CO2 show 

desorption of CO2 around its natural sublimation temperature. This is not observed in CS2 ices, 

as the diffusion of CS2 through the H2O matrix is hindered. Therefore, due to the smaller size of 

the CO2 molecule, both diffusion and trapping are observed, and the replacement of the O 

atom with the S atom hinders diffusion through an ASW film. 
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Chapter 6: Temperature Programmed Desorption and Reflection 

Absorption Infrared Spectroscopy of Sulphur Dioxide bearing ices 

on Highly Oriented Pyrolytic Graphite 

 

6.1. Introduction 

 

Sulphur dioxide (SO2) has been found in the interstellar medium (ISM), within dense 

molecular clouds towards star forming regions and massive protostars1-7, in the comae of 

comets8,9 and in planetary ices and atmospheres10-15. Discovery of interstellar SO2 was made by 

infrared detection of the vibration at 7.58 μm (1319 cm-1)16 and radio detection of a range of 

rotations, including a strong transition at 83.7 GHz4. In dense molecular clouds, SO2 has been 

found in the gas phase as well as frozen out on the surface of interstellar dust grains17. The 

abundance of SO2 in dense clouds has been found to be up to 1 × 10-8 with respect to H2, 

accounting for up to 5% of the elemental sulphur in these regions18,19. Detection of solid SO2 

on the surface of the Jovian moons, Io and Europa, has also been made from the identification 

of the ν1 + ν3 infrared combination mode of solid SO2 at 4.07 μm10,12,14,20. SO2 ices containing 

trace amounts of H2O have been detected on the surface of Io13 and mixed SO2:H2O ices have 

been detected on Europa20. 

SO2 has been shown to be predominantly formed in the gas phase in the ISM. In hot core 

regions, it is formed by the reaction between OH and SO, a product of the destruction and 

oxygenation of H2S
18. As this reaction is in competition with the formation of H2O, the 

magnitude of SO2 formation is reduced at temperatures above ≈200 K. Once formed in the ISM 

gas phase SO2 has a very long lifetime, ≈106 years, as it is predominantly destroyed by C+, 

which has a low abundance in the ISM, and by H3
+ which cycles back to SO2 via HSO2

+.18 Due to 

the temperature dependence of the formation of SO2, it is considered to be a good tracer for 

understanding the age and temperature of star forming, hot core regions. SO2 is also 

particularly interesting for understanding shocks within dense clouds2,21. Due to the energy 

from the shockwave, formed as a consequence of the death of a star, enhanced molecular 

abundances are often observed in regions where no core warming is apparent. For example, 

the Orion KL plateau has an enhanced abundance of OH due to the destruction of H2O
1,5,22. 

This enhances the abundance of SO2, up to around 10-7 with respect to H2, in regions where 

trace SO2 is expected2. 

Previous experiments studying the ionisation of SO2 and SO2-bearing ices have been 

conducted with the principal aim of investigating the formation of more complex sulphur-
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containing species23-26. Irradiation of pure SO2 ices shows that the formation of SO3 

dominates24. However, irradiating SO2-bearing H2O ices produces ices containing pre-cursors to 

the formation of sulphuric acid, H2SO4, including HSO4
- and SO4

2-, as well as hydrogen peroxide, 

H2O2.
25,26 These studies have also shown the formation of SO2 , as well as other sulphur-bearing 

species including OCS, via the irradiation of H2S-containing H2O ices23,26. This has implications 

for star forming regions as well as for planetary ices. 

The study of sulphur chemistry in the gas phase, and on the surface of interstellar dust 

grains is important in order to understand the depletion of elemental sulphur, via the 

formation of molecular ices such as SO2, in the ISM17-19,27,28. It is also of interest to understand 

the evaporation of SO2-bearing H2O ices, since the injection of SO2 into the gas phase in star 

forming regions and its influence on the gas phase chemistry of sulphur bearing species is not 

completely understood. SO2 has been found to make up to 1% with respect to H2O of a typical 

interstellar ice29. Therefore the study of SO2 and SO2-bearing H2O ices on the surface of an 

interstellar dust grain analogue is of importance to further understand ices in star forming 

regions. 

 

Table 6.1. Frequencies of the fundamental vibrational modes observed in previous 
studies of pure SO2 ice, including orthogonal optical (LO) and transverse optical (TO) 
modes. Combination modes and vibrational bands from isotopic SO2 are omitted. 

Assignment 

Infrared Raman 

30 K 90 K 20 K 77 K 77 K 117 K 20 K 77 K 

Au
30

 AgBr
31-34

 KBr
35

 Crystalline SO2
36

 Cu
32,37

 

ν2 
A1 (TO) 520 521 525 528 522 521 522 525 
A1 (LO)    535    543 

A2       520 521 

ν1 
A1 (TO) 1146 1143 1147  1145 1147 1148 1148 
A1 (LO)        1153 

A2       1144 1144 

ν3 

B1 (TO) 1316 1311 1313 1310 1315 1308 1310 1311 
B2 (TO)  1322 1327 1322 1323 1330 1324 1323 
B1 (LO)    1334    1339 
B2 (LO)        1349 

 

Gas phase SO2 infrared spectra show 3 bands at 518, 1151 and 1361 cm-1 assigned to the ν2 

bend and the ν1 and ν3 symmetric and asymmetric stretches of SO2 respectively38,39. A range of 

infrared and Raman studies of amorphous and crystalline SO2 have also been conducted30-37,40-

44, and the positions of the observed fundamental vibrational bands are summarised in table 

6.1. The amorphous to crystalline phase transition of SO2 occurs around 70 K30. Four infrared 

active fundamental bands of solid SO2 are expected, corresponding to the A1 mode of the ν2 

bend and ν1 stretch and the B1 and B2 modes of the ν3 stretch. The A2 mode of the ν2 bend and 

ν1 stretch are infrared inactive and therefore only visible in Raman spectra. A range of 

combination modes are also observed in the infrared and Raman spectra of solid SO2, including 
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the 2ν1 and ν1 + ν3 combination modes around 1608 and 2288 cm-1 respectively30, as well as 

from isotopic forms of SO2. These are omitted from table 6.1. 

The infrared and Raman spectrum of crystalline SO2 is further complicated by the presence 

of orthogonal optical (LO) and transverse optical (TO) splitting of the fundamental vibrational 

modes30,41,44. LO - TO splitting of vibrational bands is described in detail in chapter 3. The LO 

and TO modes of an infrared active vibration are observed in crystalline ices as a result of the 

interaction of polarised phonon modes within the ice with the incident radiation. This effect is 

forbidden in infrared inactive vibrational modes, and as such the A2 mode of the ν2 bend and ν1 

stretch do not show LO - TO splitting. Therefore the vibrational spectrum of amorphous SO2 

should show 4 infrared active and 2 infrared inactive vibrational modes, whereas the 

vibrational spectrum of solid crystalline SO2 should show 8 infrared active and 2 infrared 

inactive vibrational modes, as shown in previous studies30-37,40,44. 

Infrared spectra have also been collected for pure SO2 ices, and for SO2-bearing H2O ice 

layers and mixtures, on a Au substrate at 10 K30 and on a CsI window at 20 K16. The amorphous 

to crystalline phase transition, around 70 K, and sublimation, between 108 and 120 K, of pure 

SO2 ice were observed16,30. SO2 was found to physisorb on an amorphous solid water (ASW) 

surface, with a similar infrared spectrum to that observed for pure SO2 ices30. Annealing of SO2-

bearing H2O mixed ices showed trapping of SO2 within the H2O matrix30. 

A number of temperature programmed desorption (TPD) experiments have also been 

conducted on pure SO2 and SO2-bearing H2O ices adsorbed on a range of metal surfaces45-50. 

Physisorption of SO2 is observed on a Au surface45,46 and reversible chemisorption is also 

observed on Ag and Cu(111) surfaces46-48, whereas decomposition of SO2 is found on most 

other metal surfaces46. TPD studies of pure SO2 on a Au and Cu(111) surface at 8 and 90 K 

respectively show the formation of multilayer SO2, which desorbs around 100 - 110 K45,46. TPD 

spectra of SO2-bearing H2O ices show characteristics indicating trapping of SO2 within the H2O 

film. Previous studies of the TPD spectra of H2O on a HOPG surface at 92 K have shown that 

H2O multilayers desorb around 164 K, showing a bump on the low temperature side of the 

main peak at 152 K51. These two TPD peaks correspond to the desorption of crystalline ice (CI) 

and the amorphous to crystalline phase transition of ASW respectively. Desorption of SO2 from 

SO2-bearing layered and mixed H2O ices is observed well above the natural sublimation 

temperature of SO2, coincident with the ASW - CI transition and with the desorption of CI45. 

As well as providing insight into the qualitative desorption and trapping of SO2-bearing ices, 

TPD can also provide quantitative information on the kinetics of desorption. Derivation of 

desorption energies has been conducted for infrared spectra of pure SO2 ice, and has been 

found to be 28.8 ± 0.3 kJ mol-1.43 However, deriving desorption energies from infrared studies 

of multilayer SO2 requires the assumption that the desorption order is 0, and the pre-
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exponential factor is 2.4 × 1012 s-1, the average lattice vibration frequency of solid SO2. This is 

not a valid assumption as a desorption order of 0 is common for the desorption of multilayers 

of an ideal adsorbate52, whereas a pre-exponential factor of 2.4 × 1012 s-1 is common for 

desorption of monolayers52. It has also been shown previously that multilayers can desorb with 

a fractional desorption order, and a consequently altered pre-exponential factor51,53-55. 

Therefore assumptions based on an ideal adsorbate are not always valid. Hence high quality 

TPD spectra of a wide range of SO2-bearing ices are needed, not only to gain a better 

understanding of the trapping and diffusion behaviour of SO2 within SO2-bearing ices, but also 

to derive realistic kinetic parameters for the desorption of SO2, described in more detail in 

chapter 2, which can be used in astronomical models of star forming regions56-58. 

The study of SO2-bearing ices, in comparison with the study of CO2- and CS2-bearing ices, is 

of interest to help to understand how the physical properties of the molecule affect its ability 

to trap and desorb from ices. CO2, SO2 and CS2 have bond lengths of 116.3, 143.1 and 155.3 pm 

respectively. The relative sizes of O, C and S atoms can be described by their covalent radii at 

66, 73 and 105 pm respectively. CO2 and CS2 are the smallest and largest molecules 

respectively. It is therefore expected that this may affect the ability of SO2 to diffuse and trap 

within a H2O matrix when compared to CO2 and CS2. 

Given the importance of SO2 containing ices in the ISM as a tool for measuring the age and 

thermal history of star forming regions, a complete investigation into the adsorption and 

desorption properties of a range of SO2-bearing ices adsorbed on a model carbonaceous grain 

surface has been undertaken. Previous work52 shows the importance of investigating 

adsorption and desorption on a wide range of astrophysically relevant surfaces. Reflection 

absorption infrared spectroscopy (RAIRS) and TPD have been used to study pure SO2 ices, 

binary layered SO2 and H2O ices and SO2:H2O mixed ices. TPD spectra have also been used to 

derive kinetic information about the desorption of SO2 by rigorous quantitative analysis. 

 

6.2. Experimental 

 

The experimental apparatus and techniques used for all experiments have been described 

in detail in chapter 2. SO2 (CK Gas, 99.9%) and H2O (distilled, deionised) were used in these 

experiments, purified via repeated freeze-pump-thaw cycles. Ices were grown in situ by 

backfilling the chamber through a high precision leak valve. All exposures are measured in 

Langmuir, where 1 L = 10-6 mbar s, and were not corrected for ion gauge sensitivity. RAIR 

spectra were taken at a resolution of 4 cm-1 and are the result of the co-addition of 256 scans. 

For the warm RAIRS experiments, the sample temperature was raised and held at a 

predetermined temperature for 3 minutes, prior to recording RAIR spectra at the base 
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temperature. TPD spectra of masses 18 and 64, the major mass fragments of H2O and SO2 

respectively, were recorded simultaneously. All TPD spectra were recorded at a heating rate of 

0.53 ± 0.01 K s-1. 

 

6.3. Results and Discussion 

 

RAIR and TPD spectra were recorded for SO2-bearing ices adsorbed on a HOPG surface at  

20 K. SO2 and H2O were dosed on the HOPG sample under four dosing regimes: pure SO2 

adsorbed on bare HOPG; binary layered ices of SO2 adsorbed on pre-adsorbed H2O layers; 

reverse binary layered ices of H2O adsorbed on pre-adsorbed SO2 layers; and well defined 

mixtures of SO2 and H2O co-deposited on bare HOPG. 

 

6.3.1. Pure SO2 Ice 

 

RAIR and TPD spectra were recorded for a range of exposures of SO2 adsorbed on a bare 

HOPG sample at 20 K. 

 

6.3.1.1. TPD Data 

 

Figures 6.1 and 6.2 show TPD spectra recorded for a range of exposures of pure SO2 

adsorbed on a HOPG surface at 20 K. At the lowest exposure of SO2, 1 L, a single broad peak is 

observed in the TPD spectrum with a peak temperature of 114 K (figure 6.1). Increasing the 

SO2 exposure to 3 L shows no change in the peak temperature at 114 K. Further increasing the 

SO2 exposure, to between 3 and 10 L, leads to a gradual increase in peak temperature to 117 K 

following a 10 L exposure of SO2. All TPD spectra following SO2 exposures up to 10 L show a 

single, asymmetric peak with no common leading edge. At higher SO2 exposures, between 10 

and 200 L, the peak temperature gradually increases until it reaches 125 K following a SO2 

exposure of 200 L (figure 6.2). Above SO2 exposures of 10 L, all TPD spectra show a single, 

asymmetric peak with a common leading edge. The size of the TPD peak increases gradually 

with increasing SO2 exposure. 

Assignment of the peaks in the TPD spectra can be made by comparison with investigations 

of other adsorbates physisorbed on a HOPG surface51,53,54,57,59. At low SO2 exposures, 1 to 10 L, 

the observed TPD spectrum shows a single, asymmetric peak with no shared leading edge and 

a small increase in peak temperature with increasing exposure (figure 6.1). This behaviour 

indicates 1st order desorption, characterised by a constant peak temperature and no shared 
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Figure 6.1. TPD spectra of low exposures of SO2, up to 10 L, desorbing from a bare HOPG 
surface at 20 K. 
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Figure 6.2. TPD spectra of high exposures of SO2, above 10 L, desorbing from a bare 
HOPG surface at 20 K. 
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leading edge. First order desorption is common for monolayer species52, which are expected to 

be formed at low SO2 exposures. At high SO2 exposures, 10 to 200 L, the observed TPD 

spectrum shows a single, asymmetric peak, with common leading edges and an increase in 

peak temperature with increasing exposure (figure 6.2). This behaviour is characteristic of 0th 

order desorption and is common for multilayer species52. 

Integration of the area under the TPD spectra shows a linear relationship between SO2 

exposure and peak area, shown in figure 6.3, indicating a constant sticking probability for SO2 

adsorption on the HOPG surface. In addition, the peak area does not saturate, indicating that 

multilayers of SO2 are being formed on the HOPG surface at 20 K. The desorption temperature 

observed (≈115 - 125 K) also suggests that SO2 is physisorbed on the surface. This is in 

agreement with the observation of physisorbed multilayers of SO2 on a Au surface at 8 K45, and 

on a Cu(111) surface at 90 K46. 

Comparing with TPD spectra of pure CO2 and CS2 ice adsorbed on HOPG at 33 and 20 K 

(chapters 4 and 5 respectively), both monolayer and multilayer growth are observed. An 

increase in the sublimation temperature of the pure ice is observed as we go from CO2 to SO2 

to CS2 multilayers. This increase in desorption temperature indicates an increase in the stability 

of SO2 adsorbed on HOPG. Likewise, the similarity in desorption temperature between CS2 and 
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Figure 6.3. Integrated area of the TPD spectra shown in figures 6.1 and 6.2 as a function 
of SO2 exposure. The line is supplied as a guide to the eye, and was produced using a 
linear fit to the data. 
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SO2 ice indicates a similar stability of SO2 adsorbed on the HOPG surface. Larger molecules 

often show higher desorption energy when physisorbed on a surface60,61. This is due to the 

increased polarisability of larger molecules, and as a result stronger van der Waals forces are 

formed between the molecules within the ice and the surface. This trend is in agreement with 

the relative sizes of CO2, SO2 and CS2, where CO2 is smaller than SO2 which, in turn, is smaller 

than CS2. 

 

6.3.1.2. RAIRS Data 

 

RAIR spectra were collected for a range of exposures of SO2, adsorbed on a bare HOPG 

surface at 20 K, shown in figure 6.4. Infrared bands are only observed in the wavenumber 

range between 1100 and 1400 cm-1. At the lowest exposure of SO2, 1 L, two infrared bands are 

observed at 1151 and 1346 cm-1. Increasing SO2 exposure, up to 200 L, shows an increase in 

the size of the observed infrared bands, with no shift in wavenumber. The infrared band at 

1151 cm-1 is symmetric, whereas that at 1346 cm-1 is asymmetric, with a skew towards low 

wavenumber, suggesting that the band at 1346 cm-1 is composed of a number of vibrational 

modes. 
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Figure 6.4. RAIR spectra of a range of exposures of SO2 adsorbed on a bare HOPG 
surface at 20 K. 
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The infrared band at 1151 cm-1 is assigned to the ν1 stretch of amorphous SO2 ice, seen at 

1148 cm-1 in previous studies32,37. The infrared band at 1346 cm-1 is assigned to the LO phonon 

mode of the B2 ν3 stretch of SO2. LO - TO splitting is usually only observed in crystalline ices, as 

discussed in chapter 3, however, the observation of LO and TO modes has been observed in 

amorphous ices with particular optical properties. The refractive index and extinction 

coefficient of SO2 ice are less than unity in the wavelength range of the ν3 vibration44. This 

suggests that the dielectric constant of the SO2 ice, |ε|, will approach 0 and as a consequence, 

the LO - TO splitting of this vibration will be observed, even in amorphous ice. Hence the band 

at 1346 cm-1 is assigned to the LO phonon mode of the B2 ν3 stretch of amorphous SO2. The 

1346 cm-1 band has a long tail towards low wavenumber, suggesting that it may be composed 

of a number of infrared modes. This is in agreement with the position of the TO mode of the B1 

and B2 ν3 stretch and the LO mode of the B1 ν3 stretch seen in previous work30-37,40,44. 

The bands at 1346 and 1151 cm-1 do not saturate with increasing SO2 exposure, indicating 

that physisorbed multilayers of SO2 are formed on the HOPG surface at 20 K. This is also 

suggested when comparing with the gas phase frequencies of the ν1 and ν3 stretches at 1151 

and 1361 cm-1 respectively38,39, and is in agreement with TPD spectra. Integration of the area of 

the ν1 and ν3 bands shows two regions where a linear fit can be applied as a function of SO2 

exposure, shown in figure 6.5. A linear fit can be applied for exposures between 1 and 5 L, and 

between 5 and 200 L. As observed in figure 6.3, a constant sticking probability is suggested 

from TPD spectra of SO2 ice for all exposures of SO2. Therefore this change in infrared band 

strength must be caused by a change in the structure of the SO2 film. 

The band at 1346 cm-1 is much larger than the band at 1151 cm-1, as evident in figure 6.4, 

implying that there is a greater contribution from the asymmetric stretch to the total 

integrated area. By considering the metal surface selection rule, this suggests that the SO2 is 

oriented on the surface with the ν3 stretch predominantly normal to the surface. However, as 

the ice is amorphous, the SO2 molecules are not exclusively oriented in this manner. As the 

change in the rate of growth of the ν1 and ν3 stretches at 5 L is the same, as indicated in figure 

6.5, the change in structure of the SO2 ice is not due to a change in the molecular orientation. 

Therefore this structure change following a 5 L exposure of SO2 may be caused by a density 

change, or some other structural change of the SO2 film. 

The structure change of the ice at 5 L may be a consequence of a change in the underlying 

substrate on which the SO2 molecules adsorb. At the lowest exposures of SO2, the molecules 

adsorb on the bare HOPG surface. However, once the HOPG surface is saturated, the 

remaining SO2 will adsorb on pre-adsorbed SO2. This suggests that the formation of monolayer 

and multilayer SO2 is observed in the RAIR spectra, and that the monolayer saturation 

coverage occurs following a SO2 exposure of 5 L. The observation of monolayer and multilayer 
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SO2, physisorbed on the HOPG surface at 20 K, is also in agreement with the TPD spectra, 

where monolayer and multilayer SO2 were observed below and above exposures of 10 L 

respectively. 

Warming the HOPG surface can provide information about the temperature dependent 

behaviour of the SO2 ice adsorbed on HOPG at 20 K. Figure 6.6 shows a 200 L exposure of SO2 

adsorbed on HOPG, warmed to a range of temperatures. Warming the ice to between 20 and 

58 K shows no significant change in the observed infrared features. Upon warming the HOPG 

surface to 68 K, a slight shift in the infrared band at 1151 cm-1 to 1149 cm-1 is observed, along 

with the appearance of two very small bands on the low wavenumber side of the 1346 cm-1 

band at 1317 and 1306 cm-1. Further warming to 96 K shows no change in the spectrum. 

Warming to 103 K shows a slight decrease in the size of all bands. Complete desorption of the 

SO2 ice is observed following warming to 114 K, in agreement with the TPD desorption 

temperature of ≈115 - 125 K. 

Comparing with previous studies of solid SO2, the observed changes in the RAIR spectra of 

SO2 between 58 and 68 K are a result of the amorphous to crystalline phase transition of SO2, 

observed previously at 70 K30. As discussed previously, the LO mode of the B1 ν3 stretch is 

observed in amorphous ice as |ε| approaches 0. It was also suggested that the low 

Figure 6.5. Integrated area of the symmetric and asymmetric stretches of SO2 from the 
RAIR spectra shown in figure 6.4 as a function of SO2 exposure. The solid and dotted 
lines are supplied as a guide to the eye of integrated areas of the ν3 and ν1 stretches 
respectively, and were produced using a linear fit to the data. 
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wavenumber tail of the band at 1346 cm-1 was composed of the remaining infrared active 

bands of the ν3 stretch. This is confirmed by comparison of the infrared spectra of crystalline 

SO2 with previous studies of solid SO2.
30-37,40,44 In particular, the two new bands at 1306 and 

1317 cm-1 can be assigned to the TO phonon modes of the B1 and B2 modes of the ν3 stretch 

respectively, previously observed at 1311 and 1322 cm-1 respectively30. The bands at 1306 and 

1317 cm-1 become observable due to the increase in order of the crystalline SO2 ice. A slight 

reduction in the position of the ν1 stretch, from 1151 to 1149 cm-1 from amorphous to 

crystalline ice, is also in agreement with previous studies of solid SO2. 

 

6.3.1.3. Quantitative Analysis of TPD Data 

 

Desorption orders. From equation 2.2, the desorption orders for monolayer and multilayer 

SO2 can be determined from the gradient of a plot of ln*I(T)+ against ln*θrel] at a fixed 

temperature for a set of TPD spectra with varying initial SO2 coverages. This method assumes 

that the desorption energy and pre-exponential factor do not vary with coverage or 

temperature. This is valid for H2O
51, NH3

54, CH3OH53 and C2H5OH55 ices, as well as for CO2 and 

CS2 ices in chapters 4 and 5 respectively. Since SO2 is physisorbed on the HOPG surface, it 

should also be a valid assumption in this case. Monolayer desorption rates were taken from 
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Figure 6.6. RAIR spectra of a 100 L exposure of SO2 adsorbed on a bare HOPG surface at 
20 K, warmed to a range of temperatures. 
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the TPD spectra for SO2 exposures of 1 to 5 L, whereas multilayer desorption rates were taken 

from the TPD spectra for SO2 exposures of 10 to 200 L. Figure 6.7 (bottom left) shows an order 

plot for monolayer and multilayer desorption at a fixed temperature of 112 K, constructed 

from the TPD spectra in figures 6.1 and 6.2 (shown in figure 6.7 top left and top right). Using a 

fixed temperature of 112 K, desorption orders of 0.72 and 0.05 were obtained for monolayer 

and multilayer SO2 respectively. Using a range of fixed temperatures between 110 and 114 K, 

shown in table 6.2, average desorption orders for monolayer and multilayer SO2 were found to 

be 0.72 ± 0.04 and 0.05 ± 0.04 respectively. 

Monolayer desorption is found to be fractional, rather than 1st order as expected from 

qualitative analysis of the low SO2 exposure TPD spectra (figure 6.1). This suggests that the 

desorption of monolayer SO2 is not as coverage dependent as would otherwise be expected 

for monolayer desorption of an ideal adsorbate. Multilayer desorption however is 0th order, in 

agreement with qualitative analysis of the high SO2 exposure TPD spectra (figure 6.2), 

confirming the assignments given. Comparing with the monolayer and multilayer desorption 

hello 

Figure 6.7. (Top left) TPD spectra of monolayer SO2, taken from figure 6.1, showing SO2 
exposures of 1 to 10 L. (Top right) TPD spectra of multilayer SO2, taken from figure 6.2, 
showing SO2 exposures of 10 to 200 L. Also shown as a dotted line in both figures is the 
fixed temperature of 112 K. (Bottom left) Plot of ln[I(T)] against ln[θrel] at a fixed 
temperature of 112 K, producing desorption orders for monolayer and multilayer 
desorption. (Bottom right) Plot of ln[I(T)] – n.ln[θrel] against 1/T from the TPD spectrum 
produced following a 200 L exposure of SO2, using n as 0.05 ± 0.04. This line has a 
gradient of -Edes/R. 
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Table 6.2. Calculated desorption orders for monolayer and multilayer SO2 adsorbed on 
HOPG at 20 K. 

Set Temperature / K Monolayer Desorption Order, n Multilayer Desorption Order, n 

110.0  0.03 
110.5  0.03 
111.0  0.04 
111.5  0.03 
112.0 0.72 0.05 
112.5 0.71 0.06 
113.0 0.75 0.07 
113.5  0.07 
114.0  0.07 

 

orders found for CO2 and CS2 ices (chapters 4 and 5 respectively), summarised in table 6.3, 

shows no specific trends for the monolayer desorption order found for each ice. However, 

analysis of the monolayer desorbing species is often difficult as the rate of desorption is 

inherently smaller for monolayers, and there is a finite adsorbate exposure range over which 

monolayers are observed in the TPD spectra. The CO2, SO2 and CS2 monolayer ices are all close 

to 1st order, as expected for monolayer desorption. A trend in the multilayer desorption order 

is observed for the sulphur substituted analogues of CO2, where a slight increase in the 

desorption order coincides with increasing molecule size. However, the multilayer desorption 

order for CO2 ice was assumed to be 0 from inspection of CO2 TPD spectra (chapter 4). 

 

Table 6.3. Average desorption orders for monolayer and multilayer CO2, SO2 and CS2 
adsorbed on HOPG at 33, 20 and 20 K respectively. 

Ice Monolayer Desorption Order, n Multilayer Desorption Order, n 

CO2 0.73 ± 0.02 0 
SO2 0.65 ± 0.02 0.05 ± 0.04 
CS2 0.88 ± 0.07 0.14 ± 0.05 

 

Desorption Energies. It is also possible to determine the desorption energy of SO2 

monolayers and multilayers adsorbed on HOPG, to obtain an indication of the binding strength 

within the monolayer and multilayers, and between the adsorbate and the surface. Using the 

desorption orders calculated above, the desorption energy of the monolayer and multilayer 

can be determined via a plot of ln[I(T)] - nln*θrel] against 1/T, taking the gradient as -Edes/R. The 

error in ln[I(T)] - n.ln*θrel+ was taken to be Δn.ln*θrel], thus the error in the desorption order 

contributes to the error in the desorption energy. Figure 6.7 (bottom right) shows a plot to 

determine the desorption energy for a 200 L exposure of SO2, using a value of n of 0.05 ± 0.04. 

The gradient of the plot gives a desorption energy of 44.3 ± 1.3 kJ mol-1. The average 

desorption energy for monolayer SO2 was determined for exposures between 1 and 5 L, and 

the average desorption energy for multilayer SO2 was determined for exposures between 10 

and 200 L, shown in table 6.4. Average desorption energies were found to be 38.0 ± 3.4 and 

44.2 ± 4.5 kJ mol-1 for monolayer and multilayer species respectively. 
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The monolayer and multilayer desorption energies calculated here are comparable to those 

of other physisorbed species51-55. However, the desorption energy of pure SO2 ices determined 

from infrared spectra of multilayer SO2, 28.8 ± 0.3 kJ mol-1,43 is in disagreement with the 

energy of multilayer SO2 found here. This is likely to be due to the assumptions used in the 

method for determining the desorption energy from infrared spectra. As discussed previously, 

deriving desorption energies from infrared studies of multilayer SO2 requires the assumption 

that the desorption order is 0, and that the pre-exponential factor is 2.4 × 1012 s-1. This is not a 

valid assumption, as a desorption order of 0 is common for multilayers and a pre-exponential 

factor of 2.4 × 1013 s-1 is common for monolayers of an ideal adsorbate52. 

 

Table 6.4. Calculated desorption energies for monolayer and multilayer SO2 adsorbed on 
HOPG at 20 K. 

Monolayer Multilayer 

SO2 exposure / L 
Desorption Energy,   

Edes kJ mol
-1

 
SO2 exposure / L 

Desorption Energy,   
Edes / kJ mol

-1
 

3 
4 
5 

33.0 ± 2.4 
39.0 ± 1.7 
42.1 ± 1.8 

10 
20 
50 

100 
150 
200 

41.2 ± 2.4 
44.3 ± 2.4 
43.8 ± 1.8 
45.5 ± 1.5 
46.0 ± 1.3 
44.3 ± 1.3 

 

Comparing with the monolayer and multilayer desorption energies found for CO2 and CS2 

ices (chapters 4 and 5 respectively), summarised in table 6.5, shows that the multilayer 

energies of SO2 and CS2 ices are comparable. Comparing the desorption energies for 

monolayer and multilayer CO2 ice (chapter 4) with those for SO2 ice, shows an increase in the 

desorption energy with increasing molecule size. This was also observed when comparing CO2 

and CS2 ices, and again is in agreement with the trend observed in the sublimation 

temperature from CO2 and SO2 TPD spectra. 

 

Table 6.5. Average desorption energies for monolayer and multilayer CO2, SO2 and CS2 
ice adsorbed on HOPG at 33, 20 and 20 K respectively. 

Ice 
Monolayer Desorption Energy, 

Edes / kJ mol
-1

 
Multilayer Desorption Energy, 

Edes / kJ mol
-1

 

CO2 20.2 ± 2.2 24.8 ± 1.6 
SO2 38.0 ± 3.4 44.2 ± 4.5 
CS2 45.3 ± 6.2 44.1 ± 6.0 

 

Pre-exponential factors. The pre-exponential factor for desorption can also be determined 

from the TPD spectra. To determine the pre-exponential factor for the desorption process, the 

absolute coverage of SO2 adsorbed on HOPG must be determined. This can be determined by 

calculating the rate of impingement of SO2 molecules on the HOPG surface. Using the method 

described in chapter 2, the rate of impinging SO2 molecules on the HOPG surface, as a function 
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of SO2 exposure, is 3.80 × 1014 molec L-1. However, due to the 10 mm diameter aperture on the 

quadrupole mass spectrometer (QMS), only 39% of the molecules on the HOPG surface will be 

detected in the TPD experiment. Therefore the number of molecules which will pass through 

the QMS aperture as a function of SO2 exposure will be 1.49 × 1014 molec L-1. This number can 

be used to convert the relative coverage, previously determined as the area under each TPD 

spectrum, to actual coverage by scaling using the relationship between the integrated TPD 

peak area and actual SO2 exposure. From figure 6.3, the area under each TPD spectrum as a 

function of SO2 exposure, in arbitrary units, produced a linear fit with a gradient 3.94 × 10-10 L-1. 

This gives a scaling factor for the surface coverage conversion of 3.79 × 1023 molec. 

 

Table 6.6. Calculated pre-exponential factors for monolayer and multilayer SO2 adsorbed 
on HOPG at 20 K. 

Monolayer Multilayer 

SO2 exposure / L 
Pre-Exponential Factor, 

νn / (molec m
-2

)
0.28

 s
-1

 
SO2 exposure / L 

Pre-Exponential Factor, 
νn / (molec m

-2
)

0.95
 s

-1
 

1 
2 
3 
4 
5 

1.86 × 10
22 ± 0.6 

1.78 × 10
22 ± 0.6 

1.39 × 10
22 ± 0.6 

1.25 × 10
22 ± 0.5 

1.15 × 10
22 ± 0.6 

10 
20 
50 

100 
150 
200 

3.21 × 10
33 ± 0.9 

2.56 × 10
33 ± 0.9 

2.86 × 10
33 ± 1.0 

2.48 × 10
33 ± 1.0 

2.90 × 10
33 ± 1.0 

2.81 × 10
33 ± 1.0 

 

To determine the pre-exponential factor, the Polanyi-Wigner equation can be rearranged as 

shown in chapter 2. The error in νn was taken as νn√(Δn2 + ΔEdes
2). Average pre-exponential 

factors for monolayer SO2 were determined from TPD spectra for SO2 exposures of 1 to 5 L, 

whereas average pre-exponential factors for multilayer SO2 were determined from TPD spectra 

for SO2 exposures of 10 to 200 L. The results are shown in table 6.6. Average pre-exponential 

factors were thus calculated to be 1.49 × 1022 ± 1.0 (molec m-2)0.28 s-1 and                                     

2.80 × 1033 ± 1.4 (molec m-2)0.95 s-1 for monolayer and multilayer SO2 respectively, where the 

units are given as (molec m-2)1-n s-1. 

The multilayer pre-exponential factor determined here is in agreement with the multilayer 

pre-exponential factors found for a range of physisorbed adsorbates51,53-55,57, and with that 

found for multilayer CO2 and CS2 desorption (chapters 4 and 5 respectively), summarised in 

table 6.7. Monolayer pre-exponential factors are often taken as 1 × 1012 - 13 s-1,62-64 the 

vibrational frequency of a molecule on a surface. However, this is not observed for monolayer 

SO2 and CS2 ice (chapter 5). This may be caused by the fractional desorption orders found for 

SO2 and CS2 monolayer ice, where the monolayer desorption is not perfect 1st order as 

expected. 
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Table 6.7. Average desorption pre-exponential factors for monolayer and multilayer CO2, 
SO2 and CS2 ices adsorbed on HOPG at 33, 20 and 20 K respectively. 

Ice 
Monolayer Pre-Exponential 
Factor, νn / (molec m

-2
)

n-1
 s

-1
 

Multilayer Pre-Exponential 
Factor, νn / (molec m

-2
)

n-1 
s

-1
 

CO2 9.32 × 10
14 ± 0.9 

1.07 × 10
30 ± 1.5

 
SO2 1.49 × 10

22 ± 1.0 
2.80 × 10

33 ± 1.4
 

CS2 3.39 × 10
21 ± 1.4 

1.60 × 10
31 ± 1.5

 

 

6.3.2. SO2/H2O Ice Layers 

 

The study of binary layered ices of SO2 adsorbed on H2O, and reverse layered ices of H2O 

adsorbed on SO2 is important to understand the effect of H2O on the adsorption and 

desorption of SO2. There is evidence that H2O rich ices undergo segregation upon warming65 

and so the study of layered ices is of direct relevance to astrochemistry. It is also necessary to 

characterise SO2/H2O binary and reverse ices in order to better understand more complex 

systems, such as SO2:H2O mixtures. RAIR and TPD spectra were obtained for SO2 adsorbed on a 

100 L exposure of pre-adsorbed ASW, and a 100 L exposure of H2O adsorbed on a range of pre-

adsorbed exposures of SO2 on a HOPG surface at 20 K. 

 

6.3.2.1. TPD Data 

 

Binary Layers. Figures 6.8 and 6.9 show TPD spectra for a range of exposures of SO2 

adsorbed on 100 L of H2O, adsorbed on HOPG at 20 K. At the lowest exposure of SO2, 1 L, three 

peaks are observed in the TPD spectrum; a broad peak centred at 120 K, and two high 

temperature peaks at 163 and 172 K (figure 6.8). The two high temperature peaks were not 

observed in TPD spectra of pure SO2 ice (figures 6.1 and 6.2). Increasing the SO2 exposure, up 

to 200 L, shows no change in the peak temperature of either high temperature peak. 

Increasing the SO2 exposure to 20 L shows little change in the temperature of the low 

temperature peak, which remains at 120 K. Further increase of the SO2 exposure, between 20 

and 200 L, shows a gradual increase in the temperature of the lower peak to 125 K following a 

200 L exposure of SO2 (figure 6.9). TPD spectra of SO2 exposures between 20 and 200 L also 

show shared leading edges on the low temperature peak. 

Figures 6.8 and 6.9 also show a H2O TPD spectrum for a 100 L exposure of H2O covered by 

SO2. The spectrum shows a large peak, with a temperature of 172 K, and a bump on the 

leading edge at 163 K. The bump at 163 K arises due to the irreversible phase change of ASW 

to CI, and the peak at 173 K is assigned to the desorption of multilayers of physisorbed CI51. No 

changes in the H2O spectrum are observed with increasing SO2 exposure. 
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Figure 6.8. TPD spectra of low exposures of SO2, up to 10 L, adsorbed on 100 L of H2O on 
a HOPG surface at 20 K. The H2O TPD spectrum following a 10 L exposure of SO2 
adsorbed on 100 L of H2O is shown in black. 
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Figure 6.9. TPD spectra of high exposures of SO2, above 20 L, adsorbed on 100 L of H2O 
on a HOPG surface at 20 K. The H2O TPD spectrum following a 200 L exposure of SO2 
adsorbed on 100 L of H2O is shown in black. 
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Integration of the SO2 TPD spectra from figures 6.8 and 6.9 shows a linear relationship 

between the total area and exposure of SO2, shown in figure 6.10. This indicates a constant 

sticking probability for SO2 adsorption on the ASW surface at 20 K. The total integrated area 

does not saturate up to exposures of 200 L, indicating that multilayers of physisorbed SO2 form 

on the ASW surface at 20 K. 

Assignment of the desorption features can be made by comparison with the TPD spectra of 

pure SO2 on a HOPG surface (figures 6.1 and 6.2) as well as with previous studies of binary ices 

of other volatile molecules on H2O
45,66-68, including CO2 and CS2 (chapters 4 and 5). The two 

high temperature SO2 TPD features are coincident with the ASW - CI transition and the 

desorption of CI respectively. They can therefore be assigned to SO2 trapped within the porous 

ASW surface, as also observed for binary ices of CO2 and CS2 on ASW (chapters 4 and 5). In 

particular the feature at 163 K can be assigned to the volcano desorption of SO2, whereas the 

feature at 172 K can be assigned to the co-desorption of SO2 with the H2O film. The low 

temperature peak, between 120 - 125 K, can be assigned to monolayer and multilayer SO2 

formation on the ASW surface, in agreement with pure SO2 TPD spectra (figures 6.1 and 6.2). 

The low temperature peaks in the TPD spectra of monolayer coverages of SO2 adsorbed on an 

Figure 6.10. Integrated area of the TPD spectra shown in figures 6.8 and 6.9 as a function 
of exposure of SO2. The areas of the low temperature peaks, the combined areas of the 
two high temperature peaks at 163 and 172 K, and the total SO2 area from all three peaks, 
are shown. Lines are supplied as a guide to the eye. 
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ASW film are broader than those for pure SO2. This reflects the heterogeneity of the ASW 

surface, where a larger range of binding sites exist on a rough ASW surface than on a flat HOPG 

surface. 

Figure 6.10 also shows the contributions to the total SO2 area from the low temperature 

peak at 120 - 125 K, and the two high temperature peaks at 163 and 172 K. Clearly, the high 

temperature peaks, relating to SO2 trapped within the ASW surface, begin to saturate 

following an exposure of approximately 100 L. The total area of the two trapped features, 

following saturation of the ASW surface above exposures of 100 L, equates to a 42 L exposure 

of SO2. The trapped features in the CO2 and CS2 TPD spectra were found to be due to 8 and    

44 L equivalent exposures respectively (chapters 4 and 5). This shows that CO2 readily diffuses 

through the ASW surface, whereas SO2 and CS2 show more limited diffusion, and remain 

trapped to desorb with the H2O. Upon adsorption of CO2, SO2 or CS2 on ASW, the pores of the 

ASW surface fill with the adsorbate until the surface is covered. Upon warming, as the pores of 

the ASW surface close, the adsorbed molecules within these pores become trapped. Smaller 

adsorbates, such as CO2, can diffuse through the H2O film to desorb close to their natural 

sublimation temperature. However, larger molecules such as SO2 and CS2, will not as readily 

diffuse through the H2O matrix, and hence a greater volume of SO2 and CS2 traps within the 

ASW surface. 

Quantitative analysis was also conducted on the TPD spectra for SO2 adsorbed on 100 L of 

H2O, summarised in table 6.8. Monolayer SO2 was found to desorb with an order of 0.80 ± 0.04 

and pre-exponential factor of 1.85 × 1014 ± 1.3 (molec m-2)0.2 s-1, both of which are common for 

monolayer desorption. The monolayer desorption energy for SO2 on an ASW surface was 

found to be 28.3 ± 10.6 kJ mol-1, considerably smaller than the energy for monolayer 

desorption of pure SO2 ice, 38.0 ± 3.4 kJ mol-1. However, the desorption of monolayer SO2 will 

be greatly affected by the nature of the underlying surface. As the ASW surface is rough and 

heterogeneous, there are a large number of binding sites from which surface bound SO2 can 

desorb. This results in a broad TPD feature, creating difficulty in analysis of an accurate 

monolayer desorption energy, resulting in an energy with a large error and a fractional 

desorption order. This is in agreement with previous studies, where monolayer desorption 

from amorphous surfaces give rise to a fractional desorption order52. The monolayer energies 

for SO2 desorption from a HOPG and ASW surface are both within the range of expected values 

for a physisorbed adsorbate, as well as within each others error range. 

Multilayer SO2 was found to desorb with an order of 0.02 ± 0.02 and pre-exponential factor 

of 2.19 × 1033 ± 0.9 (molec m-2)0.98 s-1, both of which are common for multilayer desorption and in 

agreement with pure SO2 desorption. The energy for multilayer SO2 desorption from an ASW 
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surface is 42.5 ± 3.2 kJ mol-1, also in agreement with the desorption of pure SO2 ice,              

44.2 ± 4.5 kJ mol-1. 

 

Table 6.8. Average kinetic parameters for monolayer and multilayer SO2 desorbing from 
100 L of H2O on HOPG at 20 K. 

SO2 population N Edes / kJ mol
-1

 
νn 

/ (molec m
-2

)
1-n

 s
-1

 

Monolayer 0.80 ± 0.04 28.3 ± 10.6 1.85 × 10
14 ± 1.3

 
Multilayer 0.02 ± 0.02 42.5 ± 3.2 2.19 × 10

33 ± 0.9
 

 

Reverse Layers. To gain better insight into the trapping and diffusion of SO2 in and through 

an ASW film, TPD spectra of reverse binary layered ices of H2O adsorbed on SO2 on a bare 

HOPG surface at 20 K were collected. Figure 6.11 shows a comparison between TPD spectra for 

a 20 L exposure of SO2 adsorbed on 100 L of H2O, and a 100 L exposure of H2O adsorbed on top 

of a 20 L exposure of SO2, both adsorbed on HOPG at 20 K. Two desorption features are 

observed in the SO2 TPD spectra of reverse binary ice layers, at 163 and 172 K. The H2O TPD 

spectrum from reverse binary ice layers is the same as that from binary ice layers of SO2 on 

H2O, showing a large peak, with peak temperature of 172 K, and a bump on the leading edge at 

163 K. 

Fig 6.11. TPD spectra of a 20 L exposure of SO2 adsorbed on a 100 L exposure of H2O 
and a 100 L exposure of H2O adsorbed on a 20 L exposure of SO2, adsorbed on a HOPG 
surface at 20 K. Shown in black is the H2O TPD spectrum following a 20 L exposure of 
SO2 adsorbed on 100 L of H2O on a HOPG surface at 20 K. 
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Assignments of the SO2 TPD peaks are the same as those for layered ices of SO2 on H2O. 

Desorption of SO2 at its natural sublimation temperature does not occur in reverse binary 

layered ices of H2O on SO2. As SO2 would have to diffuse through the ASW film in order for this 

to happen, the lack of this peak indicates that the ability of SO2 to diffuse through ASW is 

limited. This is in agreement with reverse binary ices of H2O on CS2 (chapter 5). However, 

diffusion is observed in reverse layered ices of H2O on CO2 (chapter 4), and so the lack of 

diffusion for SO2 and CS2 through an ASW film is caused by the increased size of the SO2 and 

CS2 molecules. 

 

6.3.2.2. RAIRS Data 

 

A range of exposures of SO2 were adsorbed on 100 L of H2O on HOPG at 20 K. Following a 

100 L exposure of H2O, two infrared bands are observed in the RAIR spectrum as shown in 

figure 4.11 (chapter 4). A very broad feature is observed around 3420 cm-1 and a small peak is 

observed at 1670 cm-1. These are assigned to the ν(OH) stretching mode and HOH scissors mode 

of ASW respectively51. No changes are observed in the H2O vibrational bands following 

exposure of the H2O surface to SO2. 

RAIR spectra of a range of exposures of SO2 adsorbed on 100 L of H2O on HOPG at 20 K, in 

the wavenumber range of the SO2 ν1 and ν3 stretches (1100 to 1400 cm-1), are shown in figure 

6.12. At the lowest exposure of SO2, 1 L, two broad infrared bands are observed at 1342 and 

1153 cm-1. Further exposure of SO2 shows no significant change in the infrared spectra, and the 

two bands gradually shift to reach 1346 and 1151 cm-1 respectively following an exposure of 

100 L. 

Integration of the infrared bands as a function of exposure shows the same trends as 

observed for the pure SO2 RAIR spectra (figure 6.5). In agreement with the trend previously 

observed, a linear fit can be applied for exposures between 1 and 5 L, and between 5 and    

200 L. As discussed previously, this effect is not due to a change in the sticking probability of 

SO2 adsorption, nor is it likely to be due to a change in the molecular orientation of SO2 on the 

surface. Instead, this trend suggests the formation of monolayer and multilayer SO2 as also 

observed in TPD spectra of binary layers of SO2 on ASW (figures 6.8 and 6.9). At first glance, 

this appears to be counter-intuitive, as ASW has a larger surface area than the HOPG surface, 

and therefore it would be expected that a greater exposure of SO2 would be required to 

saturate the ASW surface with a monolayer. However, this is not too dissimilar to the trend 

observed in the TPD spectra of pure SO2 and layered ice of SO2 on H2O (figures 6.1, 6.2, 6.8 and 

6.9), where monolayer saturation appears to occur for an exposure of SO2 between 10 and    

20 L. The unexpected similarities in the onset of multilayer formation and monolayer 
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saturation of SO2 on a bare HOPG surface and ASW surface in the RAIR and TPD spectra may 

be due to the size of SO2, with respect to the size of the pores in the ASW surface. For 

example, if SO2 is too large to fill the pores within the ASW surface, its relative surface area will 

not be very different to the ordered HOPG surface. In this case the onset of multilayer 

formation and saturation of the monolayer would be expected to occur following the same SO2 

exposure, as observed. 

Warming the HOPG surface provides information about the temperature dependent 

behaviour of the SO2 ice adsorbed on ASW, as well as investigating the characteristics of 

trapped SO2 in ASW. RAIR spectra following warming of a 100 L exposure of SO2 adsorbed on 

100 L of H2O are shown in figure 6.13. The trends observed for the H2O ν(OH) stretch are the 

same as those observed in the RAIR spectra of CO2 on H2O (figure 4.14, chapter 4). Warming 

the HOPG surface to between 20 and 40 K shows no significant changes to the observed 

infrared features (figure 6.13). Upon warming the HOPG surface to 50 K, a slight shift in the 

infrared band at 1151 cm-1 to 1149 cm-1 is observed, as well as the appearance of two very 

small bands on the low wavenumber side of the 1346 cm-1 band, at 1317 and 1306 cm-1. 

Further warming to 90 K shows a broadening of the band at 1346 cm-1 with an associated shift 

to 1342 cm-1. Warming to 100 K shows further broadening of the band at 1342 cm-1 and a 

further shift to 1338 cm-1. The band at 1149 cm-1 also sharpens slightly following warming to 
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Figure 6.12. RAIR spectra of a range of exposures of SO2 adsorbed on a 100 L exposure 
of H2O adsorbed on a HOPG surface at 20 K. 
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100 K. Further warming to 110 K shows a large decrease in the intensity of the SO2 infrared 

bands so that only two shallow bands are observable at 1335 and 1151 cm-1. Warming to 140 K 

shows a gradual increase in the wavenumber of the 1335 cm-1 band to 1340 cm-1. The band at 

1151 cm-1 is no longer visible in the RAIR spectra upon warming to 150 K, and the size of the 

band at 1340 cm-1 has decreased further. An increase in size and a split of the ν(OH) stretch of 

ASW into a three component infrared band, with peaks at 3360, 3245 and 3160 cm-1 (similar to 

that observed in figure 4.14, chapter 4), characteristic of CI51, is also observed upon warming 

to 150 K. Following warming to 160 K, no infrared features are observed, indicating desorption 

of the SO2 and H2O ice from the HOPG surface. 

Integration of the SO2 infrared bands as a function of temperature shows the thermal 

behaviour of the ice, and provides further evidence for trapping of SO2 within the H2O ice. 

Figure 6.14 shows the integrated area of the infrared band initially observed at 1346 cm-1, as a 

100 L exposure of SO2 on 100 L of H2O and a 100 L exposure of SO2 on HOPG is incrementally 

warmed, from figures 6.13 and 6.6 respectively. As evident from figure 6.14, the onset of 

desorption of SO2 begins around 100 K. By 120 K complete desorption has occurred for the 

pure SO2 ice, whereas a certain amount of SO2 remains on the surface in the H2O-dominant 

layer. The integrated area of the SO2 infrared band does not change between 120 and 140 K, 

indicating no evaporation of SO2 from the H2O film in this temperature range. As observed in 
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Figure 6.13. RAIR spectra of a 100 L exposure of SO2 adsorbed on a 100 L exposure of 
H2O adsorbed on a HOPG surface at 20 K, prior to warming to a range of temperatures. 
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the RAIR spectra of layered SO2/H2O ice, the complete desorption of SO2 occurs between 140 

and 160 K. 

Assignment of the observed infrared bands can be made by comparing with the RAIR 

spectra of pure SO2 adsorbed on HOPG at 20 K (figures 6.4 and 6.5). The SO2 infrared bands 

observed upon adsorption on an ASW surface are in agreement with those observed on a 

HOPG surface, and therefore the bands at 1151 and 1346 cm-1 can be assigned to the ν1 

stretch and LO mode of the ν3 stretch respectively. No significant differences are observed in 

the RAIR spectra of SO2 ices adsorbed on a HOPG or ASW surface, prior to warming each ice. 

Upon warming, similar trends are observed in the RAIR spectra of SO2 ice on a HOPG and 

ASW surface up to a surface temperature of ≈90 - 100 K. Above 90 K however, the RAIR 

spectra of SO2 ice adsorbed on HOPG and ASW are no longer comparable. In the layered ices of 

SO2 on H2O the infrared band, initially observed at 1346 cm-1, shifts to 1338 cm-1 at 100 K 

(figure 6.13). Following warming to 110 K, desorption of the bulk of the SO2 is observed in the 

RAIR spectra. This is in agreement with the RAIR spectra of pure SO2 ice (figure 6.5), as well as 

with the onset of desorption from TPD spectra of SO2 on HOPG and ASW (figures 6.1, 6.2, 6.8 

and 6.9). However, two SO2 infrared bands are still observed in the RAIR spectra of SO2 on 

ASW, at 1335 and 1151 cm-1, which are not observed in the pure SO2 RAIR spectra. Warming 
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Figure 6.14. Integrated area of the asymmetric stretch of a 100 L exposure of SO2 on 
HOPG (dotted line) and on 100 L of H2O (solid line), from figures 6.6 and 6.13 
respectively, as a function of ice temperature. The lines are supplied as a guide to the 
eye. 
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further shows a gradual increase in the wavenumber of the band at 1335 cm-1 to 1340 cm-1 at 

140 K. At 150 K the band at 1151 cm-1 is no longer visible in the RAIR spectrum. This is 

coincident with the decrease in intensity of the SO2 infrared band at 1340 cm-1 and with the 

changes observed in the ν(OH) stretch, characteristic of the formation of CI. Therefore, from the 

changes in the ν(OH) stretch, the ASW - CI transition has occurred between 140 and 150 K, and 

partial desorption of trapped SO2 is observed. As the band at 1340 cm-1 and ν(OH) stretch are 

not visible in the RAIR spectra upon warming to 160 K, complete desorption of the ice has 

occurred, and the remaining SO2 has co-desorbed with CI. These high temperature features are 

in agreement with those observed in TPD spectra of binary layers of SO2 on H2O. This is also in 

agreement with previous studies of SO2-bearing H2O ices30. 

 

6.3.3. SO2:H2O Mixtures 

 

RAIR and TPD spectra were obtained for a range of exposures of a 10% mixture of SO2 and 

H2O, co-deposited on a HOPG surface at 20 K. Mixtures of SO2 and H2O are the most 

astrophysically relevant system studied here, providing the most realistic analogy to 

interstellar ices. 

 

6.3.3.1. TPD Data 

 

Figure 6.15 shows TPD spectra of a range of exposures of a 10% SO2:H2O mixture adsorbed 

on HOPG at 20 K. Three desorption features are observed following the lowest SO2:H2O 

mixture exposure of 20 L; a broad peak centred at 121 K, and two high temperature peaks at 

161 and 167 K. Increasing the SO2:H2O mixture exposure, up to 200 L, shows an increase in the 

size of all observed desorption features. No noticeable shift is observed in the peak at 161 K 

upon increasing the SO2:H2O mixture exposure to 200 L. The low temperature SO2 peak at    

121 K remains broad but becomes progressively more complex, and gradually increases in 

peak temperature to approximately 124 K upon increasing SO2:H2O exposure. An increase in 

the peak temperature of the high temperature SO2 peak is also observed from 167 to 173 K 

following a 200 L exposure of the SO2:H2O mixture. 

H2O TPD spectra following a 20 L exposure of the SO2:H2O mixture show a single desorption 

feature with a peak temperature of 167 K. Although the bump on the H2O TPD spectrum, 

characteristic of the ASW - CI transition, is not evident, the observation of SO2 desorption at 

161 K indicates that volcano desorption does occur, and therefore the phase transition also 

occurs at 161 K. The ASW - CI bump should be observed in the TPD spectra, in agreement with 

RAIR spectra, where its apparent lack may be caused by a low signal sensitivity during the 
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experiment, also causing the noisy SO2 TPD spectra. Increasing the SO2:H2O mixture exposure 

to 200 L shows a gradual increase in the peak temperature of the H2O peak to 173 K, whereas 

the bump at 161 K does not shift. Comparing with TPD spectra of pure H2O ice51, the two H2O 

desorption features observed can be assigned to the ASW - CI transition at 161 K and to the 

desorption of CI between 167 and 173 K. As the exposure of H2O increases with increasing 

SO2:H2O exposure, the peak temperature of the CI desorption feature increases, consistent 

with previous TPD studies of H2O ice51. 

Assignments of the observed SO2 desorption features are the same as those for layered 

ices. Diffusion of SO2 through a H2O matrix has been shown to be limited from TPD spectra of 

reverse layered ices of H2O on SO2 (figure 6.11). However, as the SO2:H2O mixture is intimately 

mixed, a proportion of the SO2 will be found on, or close to, the surface of the ice and hence 

observation of SO2 desorption at its natural sublimation temperature is observed from mixed 

ices. As the exact surface area and thickness of the mixed ice is unknown, the relative amount 

of surface bound SO2 is also unknown. Desorption of SO2 at its natural sublimation 

temperature from a mixed SO2:H2O ice is also in agreement with desorption of surface bound 

SO2 from an ASW surface (figures 6.8 and 6.9). 
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Figure 6.15. TPD spectra of a range of exposures of a 10% SO2:H2O mixture adsorbed on 
a HOPG surface at 20 K. Shown in black is the H2O TPD spectra following a 200 L 
exposure of a 10% SO2:H2O mixture adsorbed on a HOPG surface at 20 K. Spectra were 
smoothed using a 7 point binomial function. 
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Integration of the observed desorption features, as well as the total integrated area of all 

SO2 peaks, shows a linear correlation between area and SO2:H2O mixture exposure. Comparing 

the total SO2 integrated area with that of the high temperature desorption features indicates 

that, for all SO2:H2O exposures, approximately 86% of the SO2 is trapped within the ice until 

the onset of H2O desorption, and 14% of the SO2 desorbs near its natural sublimation 

temperature. 

 

6.3.3.2. RAIRS Data 

 

The characteristics of SO2:H2O mixtures can also be probed by RAIRS, which when 

compared with TPD spectra, provides further evidence for the assignments made. Figure 6.16 

shows RAIR spectra for a 100 L exposure of a 10% SO2:H2O mixture on HOPG at 20 K prior to 

being warmed to a range of temperatures. Upon adsorption of a 100 L exposure of the 10% 

SO2:H2O mixture, four infrared features are observed. A very broad feature is observed around 

3420 cm-1 and a smaller, but still broad, peak is observed at 1670 cm-1, in agreement with the 

RAIR spectra of a 100 L exposure of pure H2O (figure 4.11, chapter 4). These are assigned to 

the ν(OH) stretching mode and HOH scissors mode of ASW respectively51. Two SO2 infrared 

Figure 6.16 RAIR spectra of a 100 L exposure of a 10% SO2:H2O mixture adsorbed on a 
HOPG surface at 20 K prior to warming to a range of temperatures. 
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features are observed in the spectrum, at 1336 and 1155 cm-1, assigned to the ν3 and ν1 

stretches of SO2 respectively. Obviously evident, from comparison with RAIR spectra of SO2 

adsorbed on a HOPG or ASW surface (figures 6.4 and 6.12 respectively), is the lack of the LO 

mode of the ν3 stretch at 1346 cm-1. This is a direct consequence of the nature of the mixed 

SO2:H2O ice, as the optical and physical properties of the SO2 ice which are responsible for the 

observed LO - TO splitting are disrupted in intimately mixed ices with H2O, which does not 

show LO - TO splitting (chapter 3). This is also observed for CO2:H2O and CS2:H2O mixtures 

(chapters 4 and 5 respectively). Instead, the band observed at 1336 cm-1 may be caused by H2O 

bound SO2, analogous to the RAIR spectra of mixed CO2:H2O and CS2:H2O ices (chapters 4 and 5 

respectively). 

Warming the HOPG surface to 70 K shows little change in the RAIR spectra of the SO2:H2O 

mixture. Further warming to between 70 and 110 K shows a gradual shift in the bands at 1336 

and 1155 cm-1 to 1340 and 1151 cm-1 respectively (figure 6.16), and a marginal decrease in the 

size of the infrared bands at 110 K. Further warming to 140 K shows no change in the RAIR 

spectra. The band at 1151 cm-1 is no longer distinguishable in the RAIR spectra following 

warming to 150 K. A shift in the band at 1336 to 1338 cm-1 and a splitting of the ν(OH) stretch of 

ASW into a three component infrared band with peaks at 3383, 3302 and 3164 cm-1, 

characteristic of CI51, is also observed in the RAIR spectrum at 150 K. The observed features in 

the H2O ν(OH) stretch are similar to those observed for layered and mixed CO2-bearing H2O ices 

(figures 4.14 and 4.24, chapter 4). Following warming to 160 K no infrared features are 

observed, indicating complete desorption of the SO2:H2O mixed ice from the HOPG surface. 

The marginal decrease in the size of the infrared bands following warming to 110 K is in 

agreement with the desorption of SO2 at its natural sublimation temperature from binary 

layers of SO2 on ASW (figure 6.13). However, this decrease is only marginal which is in 

agreement with TPD spectra of SO2:H2O mixtures (figure 6.15), where only 14% of the SO2 

desorbs at its natural sublimation temperature. Between 140 and 150 K the ASW - CI transition 

has occurred, which coincides with partial desorption of the trapped SO2. This is in agreement 

with the volcano desorption peak in the TPD spectra of SO2:H2O mixtures (figure 6.15). At    

160 K complete desorption of the SO2:H2O mixture has occurred, relating to the co-desorption 

of SO2 with CI peak in TPD spectra of SO2:H2O mixtures (figure 6.15). 

 

6.4. Summary and Conclusions 

 

RAIR and TPD spectra of pure SO2 ices, binary and reverse layered ices of SO2 and H2O and 

SO2:H2O mixtures adsorbed on a bare HOPG surface at 20 K have been collected. RAIR and TPD 

spectra of pure SO2 ice indicate that monolayer SO2 forms, physisorbed on the HOPG surface, 
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followed by multilayer SO2, also physisorbed on the SO2 monolayer. Upon warming, RAIR 

spectra indicate that the SO2 ice undergoes a phase change between 58 and 68 K, in 

agreement with previous studies30. Monolayer formation of SO2, physisorbed on an ASW 

surface, followed by physisorbed multilayer SO2 formation, has also been observed in RAIR and 

TPD spectra of binary layered ices of SO2 on ASW. 

Comparison of the TPD spectra of pure SO2 with binary layered and mixed SO2-bearing H2O 

ices shows the characteristics of the trapping and diffusion of SO2 through a H2O matrix, as 

shown in figure 6.17. Three desorption processes have been observed for SO2-bearing ices, 

occurring with varying degrees in each ice system. Pure SO2 ices only show one desorption 

feature, at its natural sublimation temperature between 115 and 125 K, depending on ice 

thickness. Little modification to the natural sublimation peak of SO2 is observed in the layered 

ices, as multilayer SO2 forms on monolayer SO2 in both pure and layered ices. However, this 

feature is greatly modified in mixed ices, as only surface bound species may desorb at the 

natural sublimation temperature of SO2, and diffusion is limited. This is in agreement with 

reverse layered ices of H2O on SO2 where no SO2 desorption at its natural sublimation 

temperature is observed, and hence diffusion of SO2 does not occur. 

Layered ices show a small degree of trapped SO2, evidenced by the coincidence of SO2 
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desorption with the desorption of H2O. The trapped SO2 feature in layered ices is relatively 

small, as only surface bound SO2 may trap within the pores of ASW as diffusion is limited. This 

is contrary to the observation of trapped features in mixed ices, where the majority of SO2 

desorption occurs with the H2O features. This behaviour has direct implications for 

astrochemical models, where the injection of SO2 into the gas phase will occur predominantly 

with H2O, rather than at the natural sublimation temperature of SO2. 

Quantitative analysis of TPD spectra of SO2 ice adsorbed on a HOPG and ASW surface at    

20 K has been conducted. Kinetic data for desorption from these surfaces has been 

determined, and is summarised in table 6.9. Desorption orders, energies and pre-exponential 

factors for multilayer SO2 desorption from a HOPG and ASW surface are the same, irrespective 

of the underlying surface. This is expected as multilayer SO2 desorption is describing 

desorption of SO2 bound to monolayer SO2, irrespective of whether the monolayer is bound to 

a HOPG or ASW surface. Desorption orders and pre-exponential factors for multilayer 

desorption are approximately 0 and 1 × 1033 molec m-2 s-1 respectively, as expected for the 

desorption of physisorbed multilayers. 

 

Table 6.9. Calculated kinetic parameters for monolayer and multilayer SO2 desorbing 
from a bare HOPG surface and a ASW surface at 20 K. 

Monolayer 

 n Edes / kJ mol
-1

 
νn  

/ (molec m
-2

)
1-n

 s
-1

 

Pure SO2 0.72 ± 0.04 38.0 ± 3.4 1.49 × 10
22 ± 1.0

 
SO2/H2O 0.80 ± 0.04 28.3 ± 10.6 1.85 × 10

14 ± 1.3
 

Multilayer 

 n Edes / kJ mol
-1

 
νn  

/ (molec m
-2

)
1-n

 s
-1

 

Pure SO2 0.05 ± 0.04 44.2 ± 4.5 2.80 × 10
33 ± 1.4

 
SO2/H2O 0.02 ± 0.02 42.5 ± 3.2 2.19 × 10

33 ± 0.9
 

 

Quantitative analysis of monolayer SO2 desorption from a HOPG and ASW surface was 

challenging. The TPD spectra of monolayer SO2 on an ASW surface showed characteristics of 

the amorphous and heterogeneous ASW surface, where a range of adsorption sites for SO2 

adsorption produce a broad, multi-component TPD peak. This affects the analysis by producing 

fractional desorption orders and a less accurate desorption energy. Pure SO2 monolayer 

desorption has an energy similar to that of SO2 multilayers, as expected from the similarity in 

peak temperatures of monolayer and multilayer SO2 in pure TPD spectra. 
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Chapter 7: Summary & Astrophysical Implications 

 

This thesis reports investigations of the adsorption and desorption of a range of 

astrophysically relevant ices on an interstellar dust grain analogue. Understanding of the 

infrared spectra of these ices, the principal method for their detection in the interstellar 

medium (ISM), has been achieved via the creation of a model. This model has been used to 

provide a discussion of the optical and physical properties of an adsorbate, responsible for the 

vibrational modes observed in their infrared spectra. H2O-rich ices containing CO2 and its 

sulphur substituted analogues, namely CS2 and SO2, were also studied to investigate the effect 

of trapping and diffusion of volatile molecules through a H2O matrix. Previous astrophysical 

models, describing the evaporation of ices and subsequent gas phase formation of molecular 

species in star forming regions, have assumed that the sublimation of molecular ices occurs 

spontaneously1,2. This assumption implies that all of the ice molecules are injected into the gas 

phase to take part in these formation reactions at the same time. However, this study has 

shown that the structural properties and sublimation of a H2O rich ice dictates the desorption 

of other trace species within the ice. Therefore the evaporation of each ice species occurs over 

a temperature range, and hence time scale, as the star forming region warms. This will affect 

the subsequent gas phase reactions by dictating the abundance of the required chemical 

reactants. 

 

7.1. Summary 

 

A model, simulating the reflection absorption infrared (RAIR) spectra of simple ices on a 

highly oriented pyrolytic graphite (HOPG) surface, has been created to investigate the optical 

and physical properties of an ice responsible for the observed infrared features. This model has 

shown, via comparison with experimental RAIR spectra of analogous ices, that the observed 

infrared features are affected by the changes to the wavenumber dependent complex 

refractive indices, n and k                                     , of the solid ice film. In particular, 

RAIR spectra of pure CO, CO2 and H2O ices on a HOPG surface have been simulated for the first 

time. Of significance to the ices studied here, is the observation of orthogonal optical (LO) and 

transverse optical (TO) phonon modes in the RAIR spectra of amorphous CO and CO2 ices. LO - 

TO splitting is typically only observed in crystalline ices, where a simplistic model describes the 

optical modes as coupled vibrations within the ice, hence a regular periodicity is implied. 

However, the LO and TO phonon modes of a vibration are in fact described by the interaction 

of infrared light with polarised phonon modes within the ice, dependent on the dielectric 
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properties of the ice which are usually associated with periodic vibrations. This is known as the 

Berreman effect3. Understanding the exact physical and optical properties of the ice 

responsible for the observed LO - TO splitting has been achieved via discussion of the changes 

in   , n and k in the wavenumber region corresponding to these infrared features. In particular, 

this effect has now been observed for vibrations of amorphous CO and CO2                   

                              u    wh   | | < 1. Th                   with previous studies of 

amorphous CO and CO2 ices, where LO - TO splitting was observed due to an increased 

reflectivity as a function of k2 - n2 in the wavenumber region where n < 1.4-7 The study in this 

thesis has been used to show that LO - TO splitting is expected in amorphous ices of NH3 and 

OCS, as well as in CS2 and SO2 ice (chapters 5 and 6 respectively), and is confirmed via 

comparison to experimental investigations8,9. 

Chapters 4 - 6 describe experimental results obtained from RAIR and temperature 

programmed desorption (TPD) studies of CO2, SO2 and CS2-bearing H2O dominated ices 

adsorbed on HOPG at ≥ 20 K. TPD spectra of pure CO2, SO2 and CS2 ices show the formation of 

monolayer and multilayer ices, physisorbed on the HOPG surface. Quantitative analysis of the 

TPD spectra of multilayer CO2, SO2 and CS2 was conducted, the results of which are 

summarised in table 7.1. 

 

Table 7.1. Kinetic data derived from TPD spectra of multilayers of pure CO2, CS2 and SO2 
ices adsorbed on a HOPG surface at 33 K for CO2 ices and 20 K for CS2 and SO2 ices. 

Ice n Edes / kJ mol
-1

 νn / (molec m
-2

)
1-n

 s
-1

 

CO2 0 24.8 ± 1.6 1.07 × 10
30 ± 1.5

 
SO2 0.05 ± 0.04 44.2 ± 4.5 2.80 × 10

33 ± 1.4
 

CS2 0.14 ± 0.05 44.1 ± 6.0 1.60 × 10
31 ± 1.5

 

 

The desorption orders, n, and pre-            f        νn, for the ices show characteristics 

of 0th order desorption, common for multilayer desorption. The desorption energies, Edes, for 

CO2, SO2 and CS2 are characteristic of physisorbed species. Several trends are observed when 

comparing the TPD spectra, and subsequently derived kinetic data, for multilayer CO2, SO2 and 

CS2 desorption. Most significant is the increase in the desorption energy of SO2 and CS2 when 

compared to CO2. As discussed briefly in chapters 5 and 6, the higher desorption energy is 

caused by increased van der Waals interactions between the ice molecules and the surface. 

This is a direct consequence of the increased size of the SO2 and CS2 molecules, as compared 

with CO2. As SO2 and CS2 are larger than CO2, they are more readily polarised and therefore 

form stronger van der Waals interactions with the HOPG surface. This is directly related to the 

desorption energy for physisorbed molecules as van der Waals forces are the main interactions 

binding the ice together and to the surface. A similar general trend is also observed in the pre-

exponential factors for CO2, SO2 and CS2, where the value of the pre-exponential is partially 
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related to the size of the adsorbed molecule. Therefore the size of the adsorbed molecule has 

an effect on the natural sublimation of the adsorbate ice. 

Layered ices of CO2, SO2 and CS2 adsorbed on a thick multilayer film of H2O were also 

investigated (chapters 4 - 6). The TPD spectra of a 200 L exposure of CO2, SO2 and CS2, 

adsorbed on a 100 L H2O surface are shown in figure 7.1. Three desorption features for CO2, 

SO2 and CS2 are observed in the TPD spectra of H2O-bearing layered ices, one at the natural 

sublimation temperature of the ice, the other two are coincident with the H2O TPD features. 

Two features are observed in the TPD spectra of H2O multilayers, assigned to the phase 

transition of amorphous solid water (ASW) to crystalline ice (CI) and the desorption of CI10. 

CO2, SO2 and CS2 all exhibit volcano desorption with the ASW - CI transition as well as co-

desorption with CI, both of which indicate trapping of the molecules within the pores of the 

ASW surface. However, as evident in figure 7.1, the relative size of the trapped TPD features, 

with respect to the natural sublimation TPD peak, increases from CO2 to SO2 to CS2. This is an 

indication of the ability of the molecules to trap within the pores of the ASW surface, as well as 

giving information about their ability to diffuse through the H2O matrix to desorb. Upon 

warming the binary layered ices, pores on the surface of the ASW film begin to close, trapping 

any surface bound adsorbate molecules. Smaller molecules, such as CO2, are able to diffuse 

Figure 7.1. TPD spectra of a 200 L exposure of CO2, SO2 and CS2 (top to bottom) each 
adsorbed on 100 L H2O adsorbed on a HOPG surface at ≥ 20 K. 
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through the H2O matrix to desorb at their natural sublimation temperature. Therefore the size 

of the trapped CO2 TPD features is small. Conversely a larger molecule, such as CS2, cannot 

readily diffuse through the H2O matrix, and hence larger trapped features are evident in the 

TPD spectra. The surface bound CS2, now trapped, desorbs with the H2O TPD features. 

Therefore the size of the adsorbed molecule has a great effect on the diffusion, and degree of 

trapping, within and through a H2O film. 

Finally, mixed ices of CO2, SO2 and CS2 with H2O were also investigated. Figure 7.2 shows 

the TPD spectra of a 200 L exposure of a 15% CO2:H2O, 10% SO2:H2O and 10% CS2:H2O mixture, 

each adsorbed on HOPG at ≥ 20 K. In agreement with the TPD spectra of H2O-bearing ice layers 

(figure 7.1), three desorption features are observed for CO2, SO2 and CS2, two of which are 

coincident with the H2O TPD features. As the ices are intimately mixed, the observation of 

desorption at the natural sublimation temperature of the molecules is an indication of the 

diffusion ability of the molecules through the H2O matrix. As CO2 is the smallest molecule, it 

can more readily diffuse through the mixed CO2:H2O ice and therefore more CO2 will desorb at 

its natural sublimation temperature, as observed in figure 7.2. For SO2 and CS2 mixed ices, the 

size of the natural sublimation TPD feature decreases and the trapped TPD features increase. 

By integrating the area of each TPD feature, it was found that 71% of the total CO2 remains 

Figure 7.2. TPD spectra of a 200 L exposure of a 15% CO2:H2O, 10% SO2:H2O and a 10% 
CS2:H2O mixture (top to bottom) adsorbed on a HOPG surface at ≥ 20 K. 
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trapped within the ice mixture to desorb with the H2O.For SO2 and CS2 86% and 99% of the 

molecules remain trapped in the ice mixture respectively. 

Several factors clearly play a key role in the trapping and diffusion of volatile molecules in 

and through an ASW matrix, including the size of the molecules with respect to the size of the 

pores in the ASW. This plays a significant role in the trapping of species within the ASW ice, as 

varying degrees of trapping are observed with respect to the size of the molecule. From this 

study, the ability for a small molecule, for example CO2, to diffuse through a porous H2O ice is 

much greater than a larger molecule, for example CS2. Therefore less CO2 remains trapped 

within a mixed ice with H2O than the respective ice with CS2. Translating this to the 

evaporation of an interstellar ice mantle indicates that upon warming in a hot core, smaller 

molecules such as CO and CO2 will mostly desorb at their natural sublimation temperatures, at 

a lower temperature and earlier time scale. Conversely, larger molecules, such as SO2 and CS2, 

are expected to evaporate with H2O. Due to the higher surface binding energy of H2O on a 

surface, this will occur at higher temperatures, and therefore at a later time scale. 

 

7.2. Astrochemical Model 

 

As discussed in chapter 1, astrochemical models simulating the evaporation of interstellar 

ices, and the subsequent gas phase chemistry in hot core regions, can be created, 

incorporating the kinetic data obtained from experimental TPD spectra. To show how this 

kinetic data can be incorporated into these simulations, as well as to show how the slow 

heating rate in the ISM affects the desorption of molecular ices, a simple model can be created 

to recreate the TPD spectra on astronomical timescales. This model, based upon the TPD 

simulation used in chapter 5 to confirm the validity of the quantitative analysis method, was 

created using the Chemical Kinetics Simulator (Version 1.0, IBM Almaden Research Centre, 

1995). The heating rate was taken to be the heating rate characteristic of the warming in a hot 

core surrounding a medium sized, 25 M


 star, as used previously by Brown et al11. This heating 

rate is non-linear, unlike the linear heating rate used in the laboratory of 0.5 K s-1, and obeys 

the relationship: 

 

B
dust time×A=T  

 

where Tdust is the temperature of the dust grain as a function of the age of the core, time is 

taken as the amount of time, in years, since the hot core began warming. A and B are taken as 

A = 1.706 × 10-4 K yr-B, B = 1.289 for a star of 25 M


.11 

(7.1) 
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Contrary to the model used in chapter 5, the model used here simulates the desorption of 

an astronomically relevant, H2O dominated mixed ice, containing CO, CO2, OCS, SO2 and CS2. To 

help illustrate the fact that interstellar ices do not evaporate all together, as a function of the 

size of the molecule, CO and OCS ices were included in the simulation. This provides an 

example of a very small molecule, CO, and completes the series of sulphur substituted 

analogues to CO2, namely OCS. CH3OH was omitted from the model, despite being a major 

       u     f                         h   b     h w     b    ‘H2O-  k ’      b           12, and 

as such will only show one desorption feature in this model, coincident with the desorption of 

H2O. 

The composition of the ice was taken from the fractional abundances of the mixed 

interstellar ices observed in the star forming region W33A13-22, as shown in table 1.2 (chapter 

1), summarised again in table 7.2. As definitive detection of CS2 has not been made in the 

molecular ices within star forming regions, the CS2 abundance was assumed to be equal to the 

least abundant species which has been observed in these regions, namely OCS with an 

abundance of 0.2% with respect to H2O. 

 

Table 7.2. Relative abundances, with respect to H2O, of a typical H2O dominated 
molecular ice observed within the star forming region W33A

13-22
. 

†
CS2 abundance was 

assumed to be equal to the least abundant species, OCS, with an abundance of 0.2% with 
respect to H2O. 

Molecular ice % abundance with respect to H2O 

H2O 100 
CO 8 
CO2 13 
OCS 0.2 
SO2 0.31 

CS2
†
 0.2 

 

The three desorption features, as observed in TPD spectra of CO2, SO2 and CS2-bearing H2O 

ices, were simulated by combining the method used in chapter 5 with a simplified version of 

the model used by Collings et al12. The desorption of the molecular ices at their natural 

sublimation temperature was simulated via reaction 7.2: 

 

gNS XX →  

 

where X is the molecule and can be H2O, CO, CO2, OCS, SO2 or CS2. XNS describes the ice 

molecules on the surface of the dust grain, which are free to diffuse through the ice mixture to 

desorb at the natural sublimation temperature of the molecule. Xg describes the gas phase 

molecules, which are monitored and used to produce the simulated TPD spectra. 

(7.2) 
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The trapped TPD features are recreated by adapting the model of Collings et al12, via 

reactions 7.3 - 7.5: 

 

gASW XX →  

 

CIASW XX →  

 

gCI XX →  

 
where XASW describes the molecules in the ASW matrix, which are not free to diffuse through 

the ice mixture and hence are trapped. In particular XASW, and reaction 7.3, describe the 

molecules which desorb in a molecular volcano with the ASW - CI transition. XCI describes the 

ice molecules which remain in the ice mixture after the ASW - CI transition, to co-desorb with 

CI in reaction 7.5. Reaction 7.4 is used to convert a portion of trapped molecules to sites within 

the ice which will lead to co-desorption in reaction 7.5. Using this method requires the initial 

concentrations of both XNS and XASW species to be specified, as the number of trapped 

molecules are not explicitly calculated within the model. This has the advantage whereby the 

different relative amounts of trapping as a function of molecular size, as observed in 

experimental TPD spectra, can be applied to the simulation. 

 

Table 7.3. List of kinetic parameters used in the simulation of the evaporation of an 
astrophysically relevant ice, including the abundances of each molecule in the molecular 
ice, as well as the fraction of each species remaining trapped in the ice mixture to desorb 
with the H2O. 

Reaction Edes / kJ mol
-1

 n 
νn /               

(molec m
-2

)
1-n

 s
-1

 

Number of 
molecules / 

molec 
% Trapped 

H2ONS → H2Og
†
 48.0 1 1.0 × 10

11
 2.40 × 10

18
 0 

CONS → COg
†
 6.87

†
 0 7.0 × 10

26
 1.54 × 10

17
 65

#
 

CO2 NS → CO2 g 24.8 0 1.1 × 10
30

 1.99 × 10
17

 71 
OCSNS → OCSg

‡
 28.6 0.11 4.2 × 10

32
 2.63 × 10

15
 79

*
 

SO2 NS → SO2 g 44.2 0.05 2.8 × 10
33

 3.94 × 10
15

 86 
CS2 NS → CS2 g 44.1 0.14 1.6 × 10

31
 2.33 × 10

15
 99 

XASW → Xg
†
 39.9 1 1.9 × 10

11
 - - 

XASW → XCI
†
 39.9 1 0.1 × 10

11
 - - 

XCI → Xg
†
 48 1 1.0 × 10

11
 - - 

†
kinetic data taken from references [6, 8], 

‡
kinetic data taken from reference [9], 

#
fraction 

of trapped CO taken from reference [10] and 
*
fraction of trapped OCS derived from trends 

in trapped CO2, SO2 and CS2. 
 

The kinetic parameters used in this model, shown in table 7.3, were taken from chapters 4 - 

6 for CO2, SO2 and CS2 and from Bolina et al10, Burke et al9 and Collings et al12, for H2O, OCS and 

CO respectively. The kinetic parameters used to simulate the desorption of trapped species, 

reactions 7.3 - 7.5, are shown in table 7.3. The initial surface coverage of H2O was taken as 

1.20 × 1018 molec cm-2, as calculated by considering the atomic radii of O and H, and the O-H 

(7.3) 

(7.4) 

(7.5) 
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bond length, of H2O. This surface coverage corresponds to a H2O ice thickness of 0.3 μ , 

comparable to the thicknesses of interstellar ices23,24. The number of CO, CO2, OCS, SO2 and CS2 

molecules were then calculated from the initial H2O coverage, using the fractional abundances 

observed in interstellar ices with respect to H2O, table 7.2. As the concentration of trapped and 

‘   -       ’      u        b  v       v               f  h                          f XNS and 

XASW, the total number of molecules of CO2, SO2 and CS2 was used to calculate XNS and XASW via 

the relative amounts of trapping observed in experimental TPD spectra, chapters 4 - 6, as a 

function of molecular size. The amount of trapped CO was calculated from the fractions used 

by Viti et al2, whereas the amount of trapped OCS was assumed from the trends observed 

between CO2, SO2 and CS2. 

As shown in chapter 5, to recreate experimental TPD spectra an extra step is also required 

to remove the gas phase molecules via a pumping mechanism; 

 

pg XX →  

 

where a temperature independent rate of 3.4 × 10-9 s-1 was used, in line with that used by 

Brown et al23. 

To test the validity of the model, as well as to show the effect of the astrophysical heating 

rate on the desorption of mixed ices, the TPD spectra of CO2:H2O, SO2:H2O and CS2:H2O mixed 

ices were simulated, analogous to those in figure 7.2. These are shown in figure 7.3. Several 

similarities are observed when comparing the TPD spectra in figures 7.2 and 7.3. Most 

prominently, the size of the natural sublimation peak of CO2, SO2 and CS2 decreases with 

increasing molecular size. The main differences observed are in the peak temperatures of each 

desorption process, as well as the shape and separation between the trapped desorption 

features. As the model utilises a simplified version of that used by Collings et al12, the 

simulated H2O TPD       u                     h   h             ‘bu  ’     h                

observed in the experimental H2O TPD spectrum. This is because the model does not properly 

simulate the ASW - CI transition, where only the volcano and co-desorption of the trapped 

species are simulated. This assumption is valid however, as the ASW - CI transition occurs at a 

lower temperature than the onset of desorption of H2O upon application of the astronomical 

h           . Th   f     h   h             ‘bu  ’ w u       b   b   v    v    f    w   

included in the model. However, the volcano and co-desorption features are simulated, which 

is the main focus of this simulation. 

As evidenced via comparison of figures 7.2 and 7.3, is the fact that the peak temperature of 

each desorption process is much lower than that observed in the experimental TPD spectra. 

This is in agreement with previous simulations2,12,23 where a slower heating rate, to the order 

(7.6) 
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of 0.4 K century-1 is used, as opposed to 0.5 K s-1 in the laboratory, greatly reduces the 

temperature at which evaporation is observed. Therefore the model used here shows the TPD 

spectra as if they were to be taken over several centuries. Simulating the TPD spectra of each 

desorption process, using an astrophysical heating rate, is of importance, as astrophysical 

models are created using the desorption temperature of each species and process, rather than 

their kinetic parameters, n, Edes     νn. For example, Viti et al2 report the temperatures of the 

volcano and co-desorption processes as a function of the mass of the star. 

To simulate the evaporation of interstellar ices, and hence show the ejection of molecular 

species into the gas phase, the model has to be slightly modified, and reaction 7.6 for each 

molecule removed. This is important as there is no removal of gas phase species via pumping 

in star forming regions, where the removal of gas phase species predominantly occurs in these 

regions via gas phase chemical reactions. This approach to simulating the evaporation of 

interstellar ices is different to the models employed by astrophysicists, as each desorption 

process in this model is simulated from their kinetic parameters, n, Edes     νn. Therefore these 

results could be compared to astrophysical models as a comparison between the two 

approaches. 
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Figure 7.3. Simulated TPD spectra of a 0.3 µm thick, 13% CO2:H2O, 0.3% SO2:H2O and a 
0.2% CS2:H2O (top to bottom) mixture using an astrophysically relevant heating rate of    
T = 1.706 × 10

-4
 × t

1.289
, characteristic of the warming in a hot core near a 25 M


 star. (See 

text). 
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Figure 7.4 shows the gas phase abundances of a range of astrophysically relevant ice 

species, following evaporation from an icy mantle analogue. As immediately observed, the 

evaporation of each species does not occur spontaneously, where the evaporation of the bulk 

of the CO, for example, occurs     w                   by ≈20 000 y    . Th     y h v    

significant impact on the gas phase reactions which occur in star forming regions due to the 

availability of other gas phase species to form more complex molecules. For example, at low 

time scales the availability of reactive species such as H or OH may result in a higher 

abundance of saturated organic molecules. Conversely, the availability of these species may be 

depleted at later time scales, and hence may result in the formation of other molecules. 

As discussed in chapter 1, SO2 can be used as a ‘chemical clock’ to determine the age of a 

hot core region as the gas phase formation of SO2 from H2S has been well studied25,26. This has 

been shown to b        u    y           f   ‘y u  ’ h                h   105 years old. 

However as observed in figure 7.4, the evaporation of SO2 from an icy mantle occurs at both 

2.3 and 2.7 × 104 years, and would therefore affect the use of SO2 as a chemical clock if 

evaporation from a dust grain surface were not considered. For example, from figure 7.4, 

excluding the injection of SO2 into the gas phase via evaporation from an interstellar ice 

reduces the expected gas phase abundance of SO2 by 1.64 × 10-3 with respect to H2O. This 
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Figure 7.4. Simulated gas phase abundances of molecular species, following evaporation 
from an interstellar ice mantle in a hot core surrounding a 25 M


 star. 
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means that a degree of inaccuracy is incorporated into the precision of the use of SO2 as a 

chemical clock. This error is enhanced by the fact that the injection of SO2 into the gas phase is 

partially complete at 2.3 × 104 years, the remaining occurring 4000 years later. 

This thesis has shown the importance of the adsorption and desorption of H2O dominated 

molecular ices. The desorption of H2O dominates the desorption features of minor species 

contained within the ice, where the size of the volatile molecules also plays an important role 

in the diffusion and trapping ability in a H2O matrix. This has immediate consequences for the 

gas phase chemistry in star forming regions, where the reaction routes change as a function of 

time as certain reactive species, such as OH, are depleted. The observation of these ices in the 

ices of comets can also provide a direct insight into the chemistry and nature of the stellar 

nursery in which our solar system was formed to provide clues on the composition of dense 

molecular clouds which may be capable of supporting life. 
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