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More than 140 different molecules have been identified in the interstellar medium (ISM) to date.

Dust grain particles are also found in the ISM, and some of these molecules freeze out at the cold

temperatures (10–20 K) to form molecular ices. Understanding the adsorption and desorption

of these ices is crucially important in understanding the processes that lead to star and planet

formation, and may even help to lead to an understanding of the origin of life itself. High sensitivity

surface science techniques, including temperature programmed desorption (TPD) and reflection

absorption infrared spectroscopy (RAIRS), are being increasingly used to investigate the interactions

between dust grains and interstellar ices. This perspective provides an overview of the current level

of understanding of the adsorption and desorption of astrophysically relevant molecules from a

range of dust grain analogue surfaces. Whilst the focus of this review is on interstellar ices, the

results discussed are equally valid to discussions of cometary and planetary ices.

1. Introduction

To date astronomers have detected over 140 different molecules

in the dense regions of interstellar space known as molecular

clouds.1,2 These range from simple diatomics such as H2
3,4 and

CO5 to large saturated organics such as HC11N.6 It was

initially thought that conditions within these dense molecular

clouds, characterised by low temperatures (10–20 K) and

pressures (104–108 hydrogen atoms cm�3), were not conducive

to chemistry. However, a combination of infrared, millimetre

and microwave spectroscopy has shown that this is not the

case and in fact these regions exhibit a rich chemistry and are

the birth sites for stars and planets.7,8

Over the last 30 years, significant progress has been made

regarding the understanding of the formation (and subsequent

destruction) of molecules within interstellar space. Current

astrophysical models indicate that gas phase chemistry alone

cannot account for the variety and richness of molecules

observed in star-forming regions. For example, the enhanced

abundances of gas phase H2,
9,10 NH3,

11 and the presence of

alcohols such as CH3OH12,13 cannot be explained by gas phase

processes. The origin of these enhanced abundances, and the

presence of more complex species, is thought to arise from a

combination of surface chemistry and the evaporation of

‘‘processed’’ molecular ices that have formed and/or frozen

out on the surface of dust grains.14–20

Small dust grain nano-particles make up only around 1% of

the total mass of the interstellar medium (ISM) but play a
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pivotal role in its chemistry.21,22 Dust grains are thought to be

comprised of silicates, oxides and carbonaceous materials.23,24

In dense molecular clouds, molecules and atoms from the gas

phase condense onto the grains to form molecular ices,16,21,25,26

the composition of which does not reflect gas phase abundances.

During the lifetime of a molecular cloud (106–108 years)

the ices undergo significant physical and chemical changes

depending on the astrophysical environment. A summary of

some of the typical processing routes for interstellar ices is

shown in Fig. 1. The grain acts as a third body, catalysing

chemical reactions at the surface. At very low temperatures

(o20 K) atomic species such as H, D, N, C and O form simple

molecules via thermal hopping or quantum tunnelling on

grain surfaces.16 In regions characterised by high atomic H

abundances, hydrogenation forms molecules such as H2O,

NH3, CH3OH and CH4.
13,16–19,27 Ices comprised of these

molecules are often referred to as polar ices and are dominated

by H2O.16,28,29 Conversely, in regions where the gas phase

atomic and molecular hydrogen ratios are much lower, surface

bound C, N and O atoms form so called apolar ices consisting

of more volatile species including CO, CO2, N2 and O2.
27,30,31

The presence of multiply deuterated species in the ISM has

also been ascribed to grain surface chemistry.32

Interstellar ices undergo further processing via exposure to

ultraviolet (UV),20,33,34 X-ray or cosmic radiation,35 in addition

to thermal processing. Laboratory studies of ice grain mimics

have shown that UV irradiation gives rise to the formation of

complex organics such as NH2CHO, OCN� and

C2H5OH.34,36,37 Bombardment of the ices by low energy

protons and ions also leads to the formation of new species,

in addition to altering the morphology of the ices.35,38–41 Heat

generated by new born stars stimulates further surface

chemistry prior to evaporation of these icy mantles during

cloud collapse. In regions of massive star formation known as

hot cores, where temperatures rise to in excess of 100 K,

sublimation of the ices gives rise to enhanced gas phase

abundances of molecules. Once the molecules have been

released into the gas phase, they drive a rich chemistry leading

to the formation of larger organics such as methyl formate

(HCOOCH3) and dimethyl ether ((CH3)2O).13,18,42

Studies have shown that the sublimation of interstellar ices

is not instantaneous.43 Hence a detailed understanding of the

thermal desorption of interstellar ices from dust grains is

essential for the accurate modelling of star formation. This

information can be obtained from surface science techniques

such as temperature programmed desorption (TPD) studies of

model interstellar ices on dust grain analogue surfaces.44–57

Numerous studies have shown that the desorption of astro-

physically relevant species from H2O-rich ices occurs over a

range of temperatures, instead of a single temperature as

assumed in many astrophysical models.46,48,58–69 Several

authors70,71 have demonstrated the importance of using

experimentally determined kinetic parameters to describe the

sublimation of interstellar ices from grains. These data can be

incorporated into astrophysical models to extrapolate desorption

events on timescales relevant to real astrophysical processes.

Furthermore, the data can be used to calculate residence times

of molecules on grain surfaces as a function of temperature, in

addition to providing a more accurate method of estimating

total column density (an estimate of the thickness of the ice) in

interstellar ices.55,72,73

This perspective aims to provide an overview of the current

level of understanding of the adsorption, and particularly

desorption, of astrophysically relevant molecular ices from a

range of dust grain analogue surfaces. Whilst the perspective

focuses on the adsorption and desorption of ices in an

interstellar context, particularly with respect to star-forming

regions and to hot cores, much of the data is equally relevant

to discussions of the desorption of cometary and planetary

ices, although these are not specifically described here. The

main body of the perspective discusses results obtained for a

range of different interstellar ices, using ultra-high vacuum

(UHV) surface science techniques to study adsorption on and

desorption from a range of dust grain analogues. We provide a

more general review of some of the experiments that have been

undertaken to study ice desorption by several different groups,

Fig. 1 Schematic showing the main routes of interstellar ice processing that takes place in astrophysical environments. The molecular species

labelled within the inner layer highlight the main constituents detected in interstellar ices.
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and summarise the kinetic desorption parameters that have

been derived for all ice systems studied to date. We then focus

in more detail on two important interstellar ice systems—

CH3OH46,51 and OCS containing ices—using our own data as

an illustrative example.

2. Background

2.1 Interstellar dust grains

The exact composition of interstellar dust grains remains a

matter of debate. Current knowledge is reliant on the inter-

pretation of visible and UV extinction curves, scattering and

polarisation of starlight and measurements of gas phase

depletion by UV spectroscopy of nearby stars.23,24 Advances

in interstellar spectroscopy have also made it possible to derive

detailed information about the composition and physical

nature of the ices frozen out on dust grains.29,74–76 Spectro-

scopic observations indicate that dust grains are primarily

composed of carbonaceous and silicate materials, ranging in

size from 1 nm to 1 mm.23,24 The carbonaceous material has

been ascribed to numerous different forms, including

graphite,77–79 diamond,80 amorphous carbon,81 hydrogenated

amorphous carbon,82 coals,83 polycyclic aromatic hydro-

carbons,84 complex aliphatic carbon chains85 and organic

residues produced by UV photolysis.86 Silicates also make

up a substantial fraction of interstellar dust. Silicate grains are

95% amorphous and are detected near O-rich stars. To a lesser

extent, Si–C materials have also been detected.23

2.2 Interstellar ice composition

Significant progress in the understanding of interstellar ices

has been made since the launch of the Infrared Space

Observatory (ISO) in 1995. This instrument enabled astronomers

to study interstellar space over the 2.5–45 mm spectral region,

allowing the detection of molecules frozen out on dust grains.

Stars located behind molecular clouds (field stars) or embedded

within the cloud (protostars) provide continuous infrared

emission that is absorbed by molecules within the ice. The

infrared band profile and peak position is sensitive to ice

composition, intermolecular interactions and to the astrophysical

environment. Hence information with regard to the chemical

and physical evolution of star and planetary systems can be

obtained.

The successful interpretation of ISO data has been made by

correlating these data with laboratory investigations34,38,72,87,88

studying interstellar ice analogues under conditions resembling

those found in molecular clouds. Fitting data recorded for

model interstellar ices to observational infrared data has

enabled the unambiguous identification of over 20 molecules

in astrophysical ices. A typical infrared absorption spectrum

of W33A76 is shown in Fig. 2. The major constituent of ices in

dense molecular clouds is H2O, making up 60–70% of the

ices.16,28,29 Other major constituents include CH3OH, CO2,

CO, and to a lesser extent CH4, NH3, OCS, HCOOH, CH2O

and OCN�.26,74–76,89,90 C2H5OH and C2H6 have also been

detected.91 The sensitivity of the infrared features (in particular

CO and CO2) to ice composition and temperature have

made it possible for astronomers to determine the chemical

composition, thermal history and even the presence of distinct

layers within interstellar ices.27,87,92

2.3 Laboratory studies on bare dust grain analogues

If accurate data for grain processes are to be derived in

the laboratory, then experiments must be performed under

astrophysical conditions, using UHV, low temperatures

(o20 K), and a suitable model dust grain surface. The nature

of the surface is vital in cases where adsorbate–substrate

interactions play an important role and where chemical

processes depend on binding sites, sticking probabilities, binding

energies, desorption kinetics and surface diffusivity. However

it is clear from the wealth of information from infrared

spectroscopic observations, combined with laboratory work

on model grain surfaces and astrophysical ices, that the

determination of the exact composition and morphology of

dust grains, and the identification of ice constituents, is still

ongoing. As a consequence, there is no universal dust grain

analogue that can be used in the laboratory.

The question then remains, what constitutes a suitable dust

grain analogue that can be used to study gas–grain reactions?

Unfortunately there is no immediate solution to this problem,

since both grain and interstellar ice composition are strongly

dependent on the astrophysical environment. Hence a wide

variety of surfaces have been used to investigate astrophysically

relevant processes. These include silicates (amorphous and

crystalline93,94), a variety of carbonaceous surfaces (amorphous

carbon,95 particulate surfaces96 and highly oriented pyrolytic

graphite (HOPG)51), metal surfaces67 (e.g. polycrystalline Au,

Cu), insulators (CsI),73 zeolites97 and also porous films of

meteorite53 and simulated moon dust samples.98 Furthermore,

in dense molecular clouds where the grain is covered in

H2O-rich ices, the ice surfaces themselves must also be

studied.60,67,99

To date, the primary focus of research on bare dust grain

analogue surfaces has been the formation of molecular hydrogen.

H2 is the most abundant molecule in the ISM and plays a key

role in many astrophysical processes. It is formed via the

recombination of hydrogen atoms on bare dust grains in

Fig. 2 An ISO spectrum of the embedded stellar object W33A.76 The

spectrum shows the absorption features arising from the components

of interstellar ices frozen out on dust grains. The labelled features

highlight the main bands that lead to the identification of major

constituents of interstellar ices. Reproduced from E. L. Gibb et al.,

Astrophys. J., 2000, 536, 347–356. Reproduced by permission of the

AAS.
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diffuse clouds.9,10 Several groups have studied the formation

of H2 and HD via the recombination of atomic H/D on a

variety of dust grain analogue surfaces.56,93–95,99–102 The

formation of more complex species such as CO2,
103 H2O

104–106

and CH3OH107–112 has also been investigated, and several

reviews have discussed molecular formation on a range of

dust grain analogue surfaces.56,113–116

In order to produce an analogue more akin to a real dust

grain, Mautner et al. investigated adsorption on meteorite

films.53 The grain mimic was prepared using laser ablation and

controlled condensation techniques under UHV, to create a

film of nano-particulate sized fragments deposited on a Au

surface. Their preliminary study focused on CO adsorption

and desorption and they observed broadened TPD profiles,

reflecting the heterogeneity of the surface.53 The use of novel

surfaces has also been extended with the investigation of CO

adsorption and desorption on zeolite surfaces.97

2.4 Laboratory studies on water ice surfaces

H2O is a dominant component of many astrophysical ices

found in comets, planetary satellites and on interstellar

dust.28,117–120 Hence the interaction of volatile species on

and within H2O-rich ices is of fundamental importance to

understanding many interstellar processes. The majority of

experiments studying H2O have focused on the thermal

processing of H2O-rich model interstellar ices. Numerous

laboratory studies have shown that the desorption of molecules

deposited on the surface of H2O ice, or co-deposited as an

intimate mixture with H2O, is controlled by the morphology

and desorption of H2O.46,48,54,58,60–69,88,121–123 H2O ice exists

in a number of different phases, the physical properties of

which depend on experimental factors including deposition

temperature, the angle of the impinging flux and the method of

deposition.54,124–127 Amorphous solid water (ASW) is the

dominant H2O phase in astrophysical environments117,120,128–132

and is formed at temperatures below B130 K. X-Ray and

electron diffraction measurements have shown that it exists in

two distinct phases.129,133,134 At low temperatures (B10 K)

a high density amorphous form exists. This undergoes an

irreversible phase transition to form a low density, less porous,

amorphous phase at 38–68 K.129 When warmed beyond the

glass transition temperature (136 K), ASW transforms into

a super-cooled metastable liquid, prior to crystallisation at

160 K.135,136 The change in porosity and surface area of the ice

during the ASW–CI (crystalline ice) transition can result in the

trapping or release of volatile species deposited on or within

the ice.137 CI has also been detected within many astrophysical

environments138–140 and is formed as a result of thermal

processing141 or during the condensation stage within

circumstellar envelopes of evolved stars.128,138 A further stable

form of ice (hexagonal ice) is formed at temperatures above

170 K, and has a structure more associated with terrestrial

conditions.

The porosity of ASW has been probed by studying the

adsorption and desorption of a variety of molecules on

H2O-ice surfaces.99,124–127,142–146 TPD125,127 and electron

stimulated desorption142 measurements of N2 desorption

from ASW films have shown the surface to be highly porous.

The porosity of ASW and the ice phase can be controlled by

the deposition angle,125,127 deposition temperature, and by the

thermal history of the ice and substrate.142 Using a combination

of experiment and theory, it has been shown that ASW has

dangling bonds143,144,147,148 at the surface that provide

preferential sites for molecular adsorption.143,149 An examination

of the desorption kinetics of various molecules (H2, D2, N2,

CH4) from ASW has also provided insight into the porosity of

ASW films, demonstrating a range of binding sites at the

surface.127,146 The porous ASW ice surface catalyses several

key surface reactions which are particularly relevant to the

ISM. In particular, the catalytic effects of the ASW surface

have been investigated for H2 formation.99–101 ASW has also

been shown to catalyse the formation of CH3OH.108,109

Several publications have also highlighted the role of H2O

ice in the UV and cosmic ray processing of interstellar

ices.34,36,88,150,151 The formation of CO2,
150 CH3OH88,152 and

C2H5OH,37 in addition to other complex species, has been

reported in multi-component ices.34 In these experiments, the

substrate was not considered an important factor. However,

recent experiments have shown that the surface can provide an

additional route of energy transfer following photon absorption,

leading to the formation or photodesorption of molecules

from interstellar ices.153 Ion bombardment of mixed interstellar

ice mimics has also shown an alternative route to the formation

of simple molecules such as CO2 from pure CO ice films39 and

more complex organics from H2O/CO ices.154

Clearly, studies of the thermal desorption of interstellar ice

mimics are extensive and have been performed on a wide

variety of surfaces. However, in many cases parameters that

accurately describe the desorption kinetics of astrophysically

relevant molecules adsorbed on dust grain surfaces have not

been fully characterised. In the following, the adsorption and

desorption of several astrophysically relevant volatiles on a

range of dust grain analogue surfaces will be described.

3. Experimental techniques

To fully understand surface adsorption and desorption on

model interstellar dust grains requires a combination of

scientific disciplines, including astronomy, chemistry, physics

and surface science. It also requires the use of state-of-the-art

apparatus, used to mimic the conditions of the ISM. Most

experiments are performed in an UHV apparatus with a base

pressure of r2 � 10�10 mbar. In this case, the major

constituent of the vacuum in the chamber is H2, providing

similar conditions to those found in the ISM.

The two main techniques used to study adsorption and,

more specifically, thermal desorption are infrared spectro-

scopy and TPD. Infrared spectroscopy has been used in

both the reflection mode (reflection absorption infrared

spectroscopy—RAIRS), as used by ourselves and by McCoustra

and co-workers,48,53,66,155,156 and in the transmission mode as

in the experiments of Sandford and Allamandola72,73,157–160

and Gálvez et al.54 Infrared spectroscopy is a fingerprinting

technique that can be used to identify the nature of the adsorbate

on the model grain surface (physisorbed, chemisorbed etc.) and

to give information about any interactions between the adsorbate

and co-adsorbates such as H2O-ice. On metallic and semi-metallic
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model grain surfaces, such as graphite, RAIRS can also be

used to give information about the orientation of the adsorbate,

by using the metal surface selection rule to identify the number

of allowed vibrational modes for a given adsorbate orientation.

Transmission infrared spectroscopy has also been used to

determine desorption activation energies for a wide range of

model interstellar ices (see later) by monitoring the decrease

of the integrated absorbance of infrared bands as a function of

annealing time and temperature.54,72,73,157–160

TPD is a mass spectrometric technique that has been used

by several groups46–48,50–52,57,58,60–62,64,66,67,69,122,123,161,162 to

monitor the desorption of model interstellar ices as a function

of annealing temperature. TPD is particularly useful, as not

only can the nature of the desorbing species be identified from

its mass, but detailed analysis of TPD data recorded as a

function of coverage, such as that presented in Section 4.3, can

be used to determine the kinetic parameters that govern

desorption.

In our own experiments, reported in Section 4, the dust

grain analogue is highly oriented pyrolytic graphite (HOPG).

HOPG is considered a suitable dust grain analogue surface

and has been widely used to investigate the formation of

simple molecules, such as H2 and HD.56,102,163 HOPG has

the advantage of being easy to clean and maintain under UHV

conditions. The ordered structure of the surface and its

derivatives (such as graphene) also make it a useful model

grain surface for theoretical investigations of catalytic

processes in the ISM.164–168

To model the low temperature conditions of the ISM, the

dust grain analogue must be cooled to 10–20 K. This is usually

achieved by mounting the sample on the end of a closed cycle

He refrigerator, as in our experiments, or on the end of a liquid

He cooled cryostat. Experiments have also been performed

using liquid nitrogen sample cooling, giving sample temperatures

of around 90 K.

A range of different methods of dosing are used to grow

model interstellar ices in situ. Typically, gases are admitted

into the UHV chamber via a high-precision leak valve, which

either fills the whole chamber with the dosing gas or doses the

gas of choice via a directional doser pointing directly at the

sample. The latter is preferable as it avoids the dosed gases

freezing out on all of the cold surfaces in the chamber. Doses

are usually measured in Langmuir (L), as in our experiments,

where 1 L = 10�6 Torr s. Ice thicknesses are estimated using

various methods, the most accurate of which is a quartz crystal

micro-balance.156 In our own experiments, ice thicknesses

were estimated from a knowledge of the dosing rate and were

found to range from monolayers at the lowest exposures (3 L)

to around 50 Å thick multilayers for the thickest ices (300 L).

4. Results and discussion

A wide range of studies of surface processes of relevance

to interstellar space have been performed, in many

different laboratories. These include studies of molecular

formation,102,112,116,163 studies of UV34,37,88,152,169–171 and

electron172,173 irradiation of interstellar ices, and studies of

the ion bombardment of interstellar ices.39,40,154,171,174–176 This

perspective focuses on investigations of the adsorption and,

more importantly, thermal desorption of model interstellar

ices. Thermal desorption studies that specifically address

astrophysical problems have been published by numerous

research groups. In the following, examples will be used to

illustrate how surface science techniques can be employed to

provide a detailed picture of the thermal behaviour of

cometary and interstellar ices. This is not intended to be an

exhaustive review, but aims to inform the reader of the ice

systems studied to date and the primary techniques used to

study them. This will be followed by a more detailed discussion

of two important model ice systems—CH3OH46,51 and OCS

containing ices adsorbed on a carbonaceous model grain

surface (HOPG)—using our own work as an illustrative

example of the type of information that can be obtained for

these systems. CH3OH, CH3OH/H2O layered ices and

CH3OH : H2O mixtures are typical of molecules detected

within polar ices and will be used to illustrate the general

trends seen for astrophysically relevant molecules exhibiting

hydrogen bonding. New data for OCS desorption from

HOPG, from ASW ices and from OCS : H2O mixtures will

be presented to illustrate the trends observed for non-hydrogen-

bonded species, often detected within non-polar ices.

4.1 Overview of the thermal desorption of model interstellar

ices in the laboratory

As indicated previously, laboratory studies cannot exactly

reproduce astrophysical conditions. Difficulties in identifying

a suitable dust grain analogue remain a key issue. The

multi-component nature of interstellar ice also adds to the

complexity of experiments. Furthermore, heating rates are clearly

constrained on a laboratory timescale, compared to those

observed under astrophysical environments. The question then

arises, what can UHV and surface science provide with regard

to understanding the thermal processing of interstellar ices?

Several investigations have focused on infrared and TPD

studies of the adsorption and desorption of pure ices adsorbed

on a variety of substrates.47,50–52,57,72,73,92,157–160,177 At first

glance such experiments do not seem astronomically relevant,

since interstellar ices are multi-component in nature. However,

the study of pure molecular ices provides a firm foundation to

aid the understanding of the adsorption and desorption of

more complex ices such as those observed in the ISM.

Collings and co-workers67 have studied the desorption of a

wide variety of astrophysically relevant molecules in an astro-

nomical context. Fig. 3 shows TPD spectra for a range of

molecular ices adsorbed on polycrystalline Au at 8 K.67 The

data illustrate the wide range of desorption temperatures and

desorption characteristics observed for each species. These range

from highly volatile species such as CO, O2, N2 and CH4, which

desorb at temperatureso30 K and clearly show monolayer and

multilayer desorption, to larger molecules such as CH3OH and

HCOOH that are characterised by much higher sublimation

temperatures and more complex desorption behaviour.

Typically, data have shown that astrophysically relevant

adsorbates are weakly bound to metallic, graphitic and silicate

surfaces, forming physisorbed multilayer ices.47,50–52,57,177

Furthermore, TPD data for a range of substrates can be

compared, to determine whether the substrate plays a significant
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role in dictating the desorption kinetics of astrophysically

relevant ices. Such a study was recently performed by Green

et al. who compared the thermal desorption of pure CH3OH

ices grown on graphitic (HOPG),51 amorphous silica and

polycrystalline Au substrates.177 Examination of the desorption

data from different substrates indicated that at higher surface

coverages, CH3OH desorption was independent of the under-

lying substrate, as expected. Substrate dependent desorption

was however observed at lower coverages. However, the size

distribution of the dust grains and variations in the heating

rate were found to be more significant than the nature of the

substrate in modifying desorption kinetics.

The most useful information gleaned from the study of

pure ices is the determination of the desorption

kinetics44,45,47–52,54,57,72,73,157–160,178 of the ices. Kinetic

data have been reported for a range of astrophysically

relevant molecules using infrared54,72,73,157–160 and TPD

techniques44,45,47–53,57,178,179 and these data are summarised

in Tables 1–3. Sandford and co-workers determined binding

energies for a range of astrophysically relevant molecules using

infrared transmission spectroscopy.72,73,157�160 Surface binding

energies were determined by monitoring the decrease of the

integrated absorbance of spectral features of the ice as a function

of annealing time. Measurements have been reported for a range

of pure ices deposited on CsI at 10 K, including H2O, CO, CO2

and NH3 ices, in addition to CO2, CO and H2 desorption from

H2O ices (Table 1). More recently Gálvez et al. employed a

similar technique, using infrared spectroscopy, to describe the

desorption of CO2 from amorphous and annealed H2O ices.54

In the majority of cases, however, TPD has been employed

to measure the desorption kinetics of astrophysically relevant

molecules. Numerous methodologies have been derived in

order to extract desorption kinetics from TPD curves.180

TPD curves can be described by the Polanyi–Wigner

equation.181 Leading edge analysis of a series of TPD curves

can then yield kinetic parameters, such as desorption orders,

desorption energies and pre-exponential factors for pure ices.

This methodology is used in our laboratory to determine the

desorption kinetics of astrophysically relevant molecules50–52,57

and is described later. An alternative approach has been used

by Fraser et al.47 to determine the parameters for the

desorption of H2O ices (and later of CH3OH177 ices and for

CO desorption from ASW films48). Desorption energies and

pre-exponential factors are determined from the solution

of a set of differential equations that describe the thermal

desorption of the ice, and the pumping rate of the UHV

system. The unknown kinetic parameters are varied until a

Fig. 3 TPD traces of various astrophysically relevant species deposited

on a bare gold substrate at 8 K. Each trace has been arbitrarily scaled

such that the total desorption yield is equal. TPD experiments were

performed using a constant heating rate of 0.08 K s�1. Reproduced

from M. P. Collings et al., Mon. Not. Astron. Soc., 2004, 354,

1133–1140, John Wiley and Sons. Reproduced with permission.

Table 1 Desorption energies for astrophysically relevant ices, derived
using infrared absorption spectroscopy (see references for details of
the methods used). In all cases, the assumed desorption order is 1

Molecule Substrate Desorption energy/kJ mol�1

SO2
159 CsI 28.8 � 0.3

CO2
72 CsI 22.4 � 1.2

CO2
54 H2O (ASW) 21 � 2

CO2
54 H2O (CI) 20 � 2

CO2
72 H2O 23.8 � 1.2

CO73 CsI 7.9 � 0.1

CO72 H2O 14.5 � 0.4

H2O (unannealed)73 CsI 40.0 � 0.1

H2O (annealed)73 42.1 � 0.4

CH3OH157 CsI 35.2 � 0.1

NH3
157 CsI 25.6 � 0.2

H2
160 CsI 1.9

H2
160 H2O 4.6 � 0.3
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match is found between experimental and simulated data. The

advantage of this method is that it can be applied for

non-linear heating rates, and additional desorption steps for

more complex desorption schemes can also be incorporated.48

However, this method requires an accurate knowledge of the

surface coverage and an assumption of the desorption order in

order to undertake the simulations.

Studies of the desorption of astrophysically relevant

molecules adsorbed on ASW have also been performed.

Understanding the adsorption and desorption of astrophysically

relevant volatiles deposited on ASW ices is equally, if not

more, important as investigating desorption from bare grain

analogues. Although interstellar ices usually form complex

mixtures, highly volatile species such as CO, N2 and CH4 are

thought to be formed via gas phase chemistry and they accrete

onto the surfaces of interstellar icy mantles at low temperatures

(o20 K). Interstellar ices undergo significant desorption and

re-adsorption, and hence the investigation of layered binary

ices, where adsorbates are deposited on top of (or beneath)

ASW, is relevant to the ISM and to cometary environments.

As a result, several groups have studied the interaction of

astrophysically relevant molecules with ASW surfaces using a

combination of infrared and TPD spectroscopies.46,48,54,60,63,65–69

Ayotte et al. investigated the adsorption, trapping, and

release of 5 highly volatile species deposited on dense and

porous ASW films at 22 K.65 Controlling the surface porosity

of the ASW film, by changing the angle of the impinging

flux during deposition, demonstrated how ASW ices control

the sublimation behaviour of all of the adsorbates. Fig. 4

(left panel) shows the desorption of 1 monolayer (ML) of Ar,

CH4, CO, N2 and O2 from dense ASW films. Desorption of all

of the adsorbates occurred below 60 K, at temperatures

resembling those observed for the pure ices investigated by

Collings et al.67 (Fig. 3). Fig. 4 (right panel) shows the

corresponding desorption profiles for the same species from

porous ASW films. Desorption from the porous ASW ices

below 80 K accounts for 95% of the deposited ice. However,

desorption is also observed in two additional high temperature

peaks that are common for all of the adsorbates investigated.

The appearance of the two additional high temperature

features in the TPD spectra and the modification of the low

temperature desorption for these volatile molecules on porous

ASW can be explained by Fig. 5. The figure illustrates the

desorption of CO deposited on ASW at 8 K.66 This general

trapping and release mechanism is also representative of that

observed for other volatile molecules, including O2, N2 and

CH4. Briefly, at temperatures o70 K desorption competes

with surface diffusion. Between 15–30 K, multilayer CO

desorbs at the same time as it diffuses into the pores of

ASW. As the temperature rises, CO desorbs from the surface.

The increased surface area generated by the heterogeneity of

the porous ASW film gives rise to a range of different binding

sites127,146,182 and to an increased capacity of the water surface

for adsorption,65,125,127 which yields a modified desorption

profile for monolayer CO (as seen in the right hand panel of

Fig. 4). At temperatures between 30–80 K, ASW undergoes a

Table 2 Kinetic parameters for the desorption of multilayers of pure ices from a range of astrophysically relevant model ices, derived using TPD
spectroscopy

Molecule Substrate Desorption order Desorption energy/kJ mol�1 Pre-exponential factor/molecules m�2 s�1

H2O
178 HOPG 0 46 � 3 9 � 1014�1 a

H2O
47 (ASW) Au 0 46.6 � 0.5 1 � 1030

H2O
47 (CI) Au 0 47.9 � 0.5 1 � 1030

CH3OH178 HOPG 0 46 � 3 3 � 1016�2 a

CH3OH177 Au 0 43.2 � 0.9 3 � 1030�1

CH3OH177 Silica 0 45.4 � 0.9 3 � 1030�1

CH3OH179 Al2O3 0 46.4 � 2.1 3 � 1024

C2H5OH178 HOPG 0 46 � 3 2 � 1015�2 a

NH3
178 HOPG 0 25 � 2 5 � 1013�1 a

CO2
178 HOPG 0 23 � 2 6 � 1014�1 a

CO178 HOPG 0 13 � 1 2 � 1014�1 a

CO44,45 Au 0 7.1 � 0.1 7 � 1026�1

CO53 Meteorite 1 13.5 � 3 1013 b

CO48 H2O 0 9.8 � 0.2 —
O2

44,45 Au 0 7.7 � 0.2 7 � 1026�1

N2
44,45 Au 0 6.6 � 0.2 7 � 1026�1

a Note that these pre-exponential factors are first order values, despite the quoted desorption order of zero. b This is a real first order

pre-exponential factor, with units of s�1.

Fig. 4 TPD spectra for (a) CH4, (b) CO, (c) O2, (d) Ar and (e) N2

deposited on top of dense (left panel) and porous (right panel) ASW at

22 K. The spectra below 80 K for porous ices are multiplied by a factor

of 0.10 to keep both low and high temperature features on the same

scale. Reproduced from P. Ayotte, R. S. Smith, K. P. Stevenson,

Z. Dohnalek, G. A. Kimmel and B. D. Kay, J. Geophys. Res. Planets,

2001, 106, 33387–33392. Copyright (2001) American Geophysical

Union. Reproduced by permission of American Geophysical Union.
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phase transition leading to partial pore collapse and entrapment

of CO. At 140 K, CO desorption occurs abruptly via a volcano

desorption mechanism.137 Here ASW converts to CI, leading to

the formation of connected pathways to the surface that allows

some of the trapped CO to escape. The characteristics of this

desorption are dependent on the crystallisation process, which in

turn depends on the heating rate. Finally CI desorbs from the

surface, allowing the release of the remaining trapped CO.

TPD experiments using simple two-component mixtures

dominated by H2O are often studied in concert with studies

of layered ices54,60,66,68,69 to provide a more complete picture

of the desorption dynamics of model interstellar ices. These

co-deposited ice systems are more astrophysically relevant

compared to layered ices as they more closely represent the

structure of real interstellar ices.

BarNun and co-workers have extensively investigated

two-component and multi-component ice mixtures using a

wide range of astrophysically relevant molecules, from volatile

species, such as H2, CO, N2 and CH4, extending up to complex

molecules such as CH3OH and n-C6H14.
58,60–62,64,122,123,161,162

These experiments have illustrated the key factors that govern

the trapping efficiency of ASW and the sublimation behaviour

of the trapped gases from model cometary and interstellar ices.

Fig. 6 (left panel) shows thermal desorption spectra for a

co-deposited 4-component mixture containing H2O, CH4, CO

and Ar deposited on CsI at 50 K.62,123 Gases desorb from the

H2O-rich ice over 8 different temperature ranges. However,

the desorption of the volatile components of the mixture can

be simplified into two main steps, analogous to the behaviour

observed for sequentially deposited systems. At low temperatures,

multilayer and monolayer desorption from the surface of the

mixed ice is observed (regions b + c). This is followed by more

complex high temperature (T > 135 K) desorption arising

from the trapped component of the gas, released as a result of

structural changes in the H2O ice (regions d–f).

Fig. 6 (right panel) shows a plot of the volume of trapped

gas as a function of deposition temperature for binary mixtures

of H2O ices co-deposited in a 1 : 1 ratio with CO, N2, Ar and

CH4 and for a complex mixture of H2O : CH4 : Ar : CO

(or N2). The plot provides a summary of several com-

peting factors, and shows that the trapping behaviour of

ASW is dependent on both the morphology of the ASW

ice and on the properties of the trapped gases. Clearly the

trapping efficiency is dependent on the porosity of ASW,

which in turn is dependent on the deposition temperature of

the ice. The amount of trapped gas decreases exponentially as

the deposition temperature increases from 24 to 100 K. This is

in part due to the number of trapping sites available within the

ASW ice, which decreases as it converts from high density to

low density amorphous ice and then to CI. However, the

higher deposition temperatures also show that the trapping

depends on the properties of the gas. At the lowest temperature,

24 K, all gases are trapped equally. At temperatures between

50–75 K, CH4 is preferentially trapped over CO, N2 and Ar.

Factors such as sublimation temperature,58,64 molecule/atom

size61,62,64,123 and the strength of interaction of the atom/

molecule with H2O
62,64 have all been found to play a significant

role in the trapping mechanism. For example, CO traps more

efficiently than N2 due to its larger dipole moment, and hence

stronger interaction with H2O.58 Furthermore the strong

interaction that exists between CH3OH and H2O and its

relatively high sublimation temperature accounts for the high

trapping efficiency of CH3OH in ASW.64

In contrast to TPD, infrared spectroscopy provides a useful

tool to probe the state of model interstellar ices upon adsorption

and during the heating process. The sensitivity of infrared

absorption bands to ice composition and temperature make it

an ideal technique to study the composition of model inter-

stellar ices. An extensive range of mixed ices have been studied

in the laboratory and have been used to interpret astronomical

spectra with regard to the ice composition, relative abundances

and thermal history of ice films.30,72,73,85,91,92,157–160,183–185

Sandford and Allamandola studied the properties of

CO2 as a function of temperature and ice composition in pure,

binary and tertiary ice mixtures using infrared transmission

spectroscopy.158 Fig. 7 shows the change in the CO2 n3 band

in pure CO2, binary H2O : CO2 (20 : 1) and tertiary

H2O : CH3OH : CO2 (20 : 10 : 1) mixed ices adsorbed on

CsI at 10 K. At 10 K, pure CO2 ice exhibits a broad infrared

band centred at B2343 cm�1, with a high frequency shoulder.

Fig. 5 Cartoon summarising the behaviour of CO adsorbed on

amorphous H2O under laboratory conditions (not to scale).

Reproduced from M. P. Collings et al., Astrophys. J., 2003, 583,

1058–1062. Reproduced by permission of the AAS.
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The high frequency feature is not evident in the mixed ices

and is attributed to CO2–CO2 interactions, which are clearly

inhibited in the mixed ices. Furthermore, the peak profile,

position and width of the CO2 n3 band clearly varies in all

three ices at 10 K, with an increasingly narrower peak width

and shift to lower frequency observed for the H2O : CO2 and

H2O : CO2 : CH3OH ices respectively. This distinctive beha-

viour for all three ices is also observed during annealing.

Experiments clearly demonstrate that CO2 remains trapped

within the mixed ices beyond its normal sublimation tempera-

ture, as reported in several TPD studies.54,67,68 However, it is

also clear that the presence of CH3OH in the ice gives rise to

significantly modified thermal behaviour compared to the

binary system. At 140 K, the CO2 n3 band at 2340 cm�1 is

characterised by a significant decrease in intensity, coupled with

the development of a new band near 2346 cm�1. It has been

proposed that CH3OH is incorporated into the crystalline struc-

ture of the annealed ice giving rise to a larger number of available

sites that could retain CO2. Similar observations have also been

reported for CH3OH doped ices in other experiments.161,186,187

These experiments provide important information with regard to

the ice composition and thermal history of interstellar ices for

comparison with astronomical infrared data.

Although not intended to be comprehensive, the summary

given above gives an idea of some of the information that can

be gained using a range of UHV surface science techniques to

study the adsorption, and most importantly the desorption, of

model interstellar ices. We now focus on two important ice

systems: CH3OH and OCS containing model interstellar ices,

in order to discuss in detail some of the data obtained for

model interstellar ices. In both of these cases, we use our own

data to illustrate what is currently known about these systems.

4.2 Adsorption and desorption of CH3OH containing

interstellar ices

CH3OH is the most commonly detected molecule within inter-

stellar ices after H2O
188,189 and has received considerable attention

in the astrophysical literature.46,51,64,157,161,177,184,185,190,191

It has been detected within polar and apolar ices with abundances

varying considerably depending on the astrophysical environment.

The abundance of CH3OH has been estimated to be as low

as 5% with respect to H2O in dark molecular clouds,

rising to 15–30% in the vicinity of low192 and high mass

protostars.188,189,193 Laboratory studies of model interstellar

ices suggest that CH3OH is closely associated with H2O and

CO2, forming CO2–CH3OH complexes, prior to segregating

into pure CH3OH ices before outgassing.184,185,190,194 It is now

widely acknowledged that the majority of CH3OH detected

within interstellar ices is not formed in the gas phase, but instead

is formed by successive hydrogenation of CO accreted on the

surface of dust grains.107–109,111,112 The observation of higher

CH3OH abundances near massive protostars where ices are

subjected to higher temperatures (30 K) and UV radiation, also

suggests that it drives a rich interstellar photochemistry in these

regions.34,88 Hence understanding the adsorption and thermal

desorption of CH3OH ices provides an essential step towards

elucidating the chemistry of interstellar and cometary ices.

4.2.1 Adsorption and desorption of pure CH3OH ices on

HOPG. Fig. 8 shows TPD spectra for pure CH3OH ices

adsorbed on HOPG at 98 K as a function of dose. At low

exposures (Fig. 8A) two distinct peaks are observed in the

TPD spectrum. The higher temperature peak is assigned to

monolayer desorption. The low temperature peak that does

not saturate with increasing dose (Fig. 8B) is assigned to the

desorption of multilayer CH3OH. Increasing the CH3OH

exposure further shows that multilayer desorption dominates

the TPD spectrum. At the highest exposures (>100 L)

(Fig. 8B) there is also a high temperature desorption peak,

assigned to the formation of crystalline CH3OH as a result of

the heating process, as reaffirmed by RAIRS.51 The formation

of crystalline CH3OH is dependent on the heating rate177 as

well as on the initial coverage and deposition temperature.51

Hydrogen bonding strongly influences the adsorption and

desorption of CH3OH on HOPG. Close inspection of the TPD

data in Fig. 8B shows that the leading edges of the multilayer

Fig. 6 Left panel: thermal desorption spectra showing the evolution of gas from a H2O : CH4 : CO : Ar (1 : 0.33 : 0.33 : 0.33 : 0.33) ice

mixture condensed at 50 K. Right panel: total amount of trapped gas as a function of deposition temperature. (B) CH4, (n) CO, (J) N2, and (&)

Ar. Open symbols represent a 1 : 1 gas : water mixture. Solid symbols represent a H2O : CH4 : Ar : CO (or N2) mixture. Some points are shifted

on the temperature axis to prevent overlap. Reprinted (figures) with permission from A. Bar-Nun, I. Kleinfeld and E. Kochavi, Phys. Rev. B:

Condens. Matter, 1988, 38, 7749–7754. Copyright (1988) by the American Physical Society.
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desorption peaks are not shared. Multilayer desorption typically

obeys zero-order kinetics and is characterised by the sharing of

the leading edges of TPD traces. The deviation from perfect

zero-order desorption kinetics seen for CH3OH (see Table 3) is

ascribed to hydrogen bonding that exists within the ice. This is

consistent with RAIRS data (not shown51), where hydrogen-

bonded networks are evidenced by a characteristic broad

n(OH) stretching band. For adsorbates such as CH3OH, where

H-bonding is expected, the interactions between adjacent

molecules, rather than adsorbate–substrate interactions, often

dictate the adsorption. This is illustrated in Fig. 8, which

clearly shows the onset of multilayer formation prior to

monolayer saturation.

4.2.2 Sequentially deposited CH3OH/H2O ices. Pure

CH3OH ices are not found in interstellar conditions, and

instead CH3OH is usually found in H2O-rich ices. It is

therefore important to understand the interaction of CH3OH

with H2O, in order to determine the complex chemistry of

multi-component interstellar ices. The adsorption and desorption

of CH3OH ices from ASW films shows a complex interaction

between the adsorbate and ASW, due to the formation of

hydrogen bonds during thermal processing.46 The strength of

the interaction gives rise to changes in the RAIRS and TPD

spectra of the underlying ASW ice film that are generally not

observed for smaller, more volatile, species. When CH3OH is

deposited on the surface of ASW, perturbations in the resulting

H2O desorption are observed in the TPD spectra. The

distinctive bump typically observed on the leading edge of

the H2O TPD trace,137,195 ascribed to the ASW–CI phase

transition, is not as prominent when compared with desorption

of pure H2O ice. RAIR spectra also suggest that crystallisation of

the H2O film may be modified in the presence of CH3OH.

RAIRS data: adsorption and desorption of CH3OH on ASW

films. RAIR spectra recorded following the deposition of

CH3OH on top of ASW are almost identical to those for the

pure ices grown on HOPG, implying that the ices form layers

at 98 K.46 Any differences between adsorption on bare HOPG

and on ASW ices should be distinguishable only at the lowest

adsorbate exposures, where the adsorbate is directly bound to

the underlying substrate. However, RAIRS suggests that

CH3OH adsorption on ASW at low exposures is identical to

adsorption on HOPG.51 This is surprising, considering the

presence of dangling OH bonds on the surface of ASW, which

are expected to facilitate hydrogen bond formation.147,148

However, it is possible that the ASW ice grown at 98 K is

Fig. 7 The dependence of the 12CO2 n3 band on temperature for three different matrix compositions. All the ices were deposited at 10 K and

heated at a rate of 2 K min�1. Annealing temperatures and ice compositions are shown in the figure. Reproduced from S. A. Sandford and

L. J. Allamandola, Astrophys. J., 1990, 355, 357–372. Reproduced by permission of the AAS.

Fig. 8 TPD spectra for pure CH3OH adsorbed on HOPG at 98 K

following exposures of (A) 2, 3, 5, 7, 10 and 15 L and (B) 15, 20, 50,

100 and 300 L.
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not sufficiently porous to modify adsorption of the CH3OH

monolayer compared to on HOPG.

To investigate the thermal processing and desorption of the

ices, annealing experiments were performed using RAIRS.

RAIRS complements TPD data (shown later) by probing

the structural changes of the ices during annealing and

identifying any molecular interactions that occur between the

ices. Fig. 9 compares RAIR spectra following the annealing of

50 L of CH3OH ice on HOPG and 50 L of CH3OH deposited

onto a 50 L ASW film grown on HOPG. The changes to the

OH and CO band profiles during the annealing of CH3OH on

ASW are in contrast to those observed for pure CH3OH on

HOPG. Furthermore, the changes to the OH stretch shown in

Fig. 9C are different to those observed for pure H2O ices.52

Annealing the pure CH3OH ice to 129 K results in the splitting

of both the OH and CO bands, prior to desorption from the

HOPG surface at 160 K. The OH band splits into two peaks at

3290 cm�1 and 3174 cm�1 (Fig. 9D). Similarly the CO band

splits at 129 K into peaks at 1037 cm�1 and 1027 cm�1

(Fig. 9B). In each case, these observations were assigned to a

change in morphology of the CH3OH ice from an amorphous

to a crystalline phase, prior to desorption.51

It is evident from the RAIRS data shown in Fig. 9A and C that

annealing the binary ices does not lead to the crystallisation of the

CH3OH overlayer. The CO band (Fig. 9A) does not split into two

peaks during annealing, but instead heating to 135 K results in a

decrease in the intensity of the CO stretch at 1045 cm�1, coupled

with a downshift in frequency to 1038 cm�1 and the appearance

of a low frequency shoulder at 1013 cm�1. The 1013 cm�1 feature

is not observed in the pure CH3OH ice (Fig. 9B), suggesting that

an interaction occurs between the CH3OH and H2O ice layers on

heating. It will be shown later from TPD data and from studying

CH3OH : H2O mixed ices that this new band arises from

thermally induced mixing between the ices. Intermixing between

the ices during annealing is further supported by the fact that the

CO band remains in the RAIR spectrum to higher temperatures

when deposited on ASW (Fig. 9A) compared to on HOPG

(Fig. 9B), consistent with experiments performed on CH3OH

and D2O layered ices.196,197

TPD data. TPD data for CH3OH deposited on ASW films

provide further evidence that ASW significantly changes the

desorption of volatiles deposited on its surface. TPD spectra

following increasing exposures of CH3OH adsorbed on 50 L

of ASW on HOPG at 97 K are shown in Fig. 10. It is

immediately clear when comparing TPD spectra for CH3OH

adsorbed on ASW with those for CH3OH deposited directly

onto HOPG (Fig. 8) that very different behaviour is observed.

In contrast to the two well defined monolayer and multilayer

peaks observed when CH3OH is deposited on HOPG, CH3OH

desorption from ASW is complex. Assignment of the desorption

peaks in Fig. 10 was made by comparison with TPD spectra

for CH3OH desorption from HOPG (Fig. 8) and by

Table 3 A summary of the experimentally derived kinetic parameters determined for the desorption of pure ices from HOPG at 97 K in our
laboratory. The parameters were derived by leading edge analysis of TPD spectra. These parameters have been used to simulate the desorption of
pure ices under astrophysical conditions

Molecule Desorption order Desorption energy/kJ mol�1 Pre-exponential factor/molecules m�2 s�1

Multilayer
H2O

52 0.26 � 0.02 39.9 � 0.8 1 � 1027�1

CH3OH51 0.35 � 0.21 41.0 � 0.8 6 � 1025�3

C2H5OH57 0.08 � 0.07 56.3 � 1.7 2.2 � 1037�2

NH3
50 0.25 � 0.05 23.2 � 1.1 8 � 3 � 1025

OCSa 0.11 � 0.03 28.6 � 1.3 4.2 � 1032�1

CO2
a 0 24.8 � 162 1.1 � 0.1 � 1030

Monolayer
CO2

a 0.73 � 0.02 19.8 � 2.9 5.3 � 0.8 � 1014 b

CH3OH51 1.23 � 0.14 48.0 � 0.8 9 � 109�3 b

a The substrate temperature in these experiments was r20 K. b Monolayer desorption is first order and therefore the pre-exponential factor has

units of s�1.

Fig. 9 RAIR spectra comparing the sequential heating of 50 L

CH3OH deposited on 50 L H2O (A and C) with 50 L of pure CH3OH

ice (B and D). (A) and (B) show the CO stretching region between 1150

and 950 cm�1. (C) and (D) focus on the OH stretching region between

3700 and 2900 cm�1. In each case the underlying substrate was HOPG

and the deposition temperature was 97 K. The annealing temperatures

are shown in the figure.
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correlating CH3OH desorption with the corresponding H2O

TPD spectrum.52

Fig. 11A compares TPD spectra of pure CH3OH ice

adsorbed on HOPG with CH3OH adsorbed on 50 L ASW

on HOPG at 97 K. The figure clearly shows that the mono-

layer peak for the pure CH3OH ice desorbs at a similar

temperature to the peak observed around 137 K for CH3OH

adsorbed on ASW. Hence this peak can be assigned to

a CH3OH monolayer desorbing from the ASW surface.

However, the desorption of the CH3OH monolayer is clearly

modified on ASW. The broadening of the monolayer TPD

profile, and the relative decrease in the intensity of the

monolayer peak on the ASW surface, is consistent with the

heterogeneity of the porous ASW film.127,145,146,182

The CH3OH multilayer can be assigned based on the

observation of similar behaviour for CH3OH adsorbed on

HOPG and on ASW (Fig. 11B). This peak does not saturate

and is characterised by an increase in desorption temperature

with increasing dose, in addition to an asymmetric peak

profile. The presence of both monolayer and multilayer

features is consistent with previously reported CH3OH/H2O

data.67 The desorption kinetics of the multilayer are clearly

modified when adsorbed on ASW. A similar modification of

adsorbate desorption kinetics has also been observed for

C2H5OH/H2O ices69 andD2 desorption fromASW surfaces.146,182

This is shown in Fig. 11B, which compares the TPD traces of

multilayer CH3OH (300 L) adsorbed on H2O ice of varying

thickness (10 L and 50 L) and on bare HOPG. The H2O

exposures correspond to a non-porous monolayer H2O film

(10 L) and a porous ASW ice layer (50 L). A detailed

discussion of the effect that these H2O films have on the

thermal desorption of CH3OH can be found in Wolff et al.46

For the purposes of this discussion, the films reflect a change in

surface morphology, ranging from bare HOPG to ASW. The

change in kinetics is characterised by an increase in desorption

temperature and by the fact that the leading edges of multi-

layer traces on the different surfaces cannot be overlaid.

Adsorption of CH3OH on ASW (Fig. 10) also gives rise to

two additional desorption features that are not observed in the

pure ices (Fig. 8). Assignment of the new features can be made

by overlapping the respective CH3OH and H2O TPD spectra

obtained from a single experiment. At low CH3OH exposures

(7 L), Fig. 11C shows that the high temperature feature

(154 K) observed in the CH3OH TPD corresponds to the

desorption of bulk crystalline H2O ice. This peak can therefore

be assigned to CH3OH co-desorption with CI. At higher

CH3OH exposures (300 L), Fig. 11D shows that the sharp

feature observed on the high temperature side of the CH3OH

multilayer corresponds to the ASW–CI phase transition in the

underlying ASW ice (146 K), and can therefore be assigned to

CH3OH desorption via a volcano desorption mechanism.

Volcano and co-desorption of CH3OH have also been reported

in other TPD experiments investigating CH3OH desorption

from ASW.67

The presence of both co-desorption and volcano features

indicates that thermally induced mixing occurs between the

two ice layers. However, the extent of the mixing is difficult to

fully assess with TPD and RAIRS alone. As shown in Fig. 10,

monolayer CH3OH desorbs from the ASW surface prior to the

saturation of the co-desorption feature, suggesting that not all

Fig. 10 TPD spectra following increasing CH3OH exposures on a

50 L ASW film adsorbed on HOPG at 97 K. (A) shows CH3OH

exposures of 3, 5, 7, 10, 15 and 20 L. (B) shows CH3OH exposures of

20, 50, 100 and 300 L.

Fig. 11 (A) TPD spectra comparing the desorption of 7 L of CH3OH

deposited on bare HOPG (solid line) with 7 L CH3OH deposited on

50 L H2O (dotted line). (B) Comparison of CH3OH TPD spectra

adsorbed on bare HOPG (solid line) and H2O films of 10 L (dashed

line) and 50 L (dotted line). The CH3OH exposures in (B) were 300 L

in each case. Panels C and D show TPD spectra overlaying CH3OH

desorption traces (black lines) with the corresponding H2O desorption

traces (grey lines) for layered ices. The CH3OH exposures are 7 L (C)

and 300 L (D). The H2O TPD spectrum in (A) has been scaled for

clarity. In all cases the deposition temperature was 97 K.
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of the CH3OH is incorporated into the H2O ice even at low

CH3OH exposures. Thermally induced mixing for the layered

ices has been ascribed to the entrapment of CH3OH at grain

boundaries during the ASW–CI transition,46 rather than a

complete mixing between the two films as previously reported

in experiments on CH3OH/D2O ices196,197 and C2H5OH/H2O

layered ices.69,198

4.2.3 CH3OH : H2O ice mixtures

TPD data. The most astronomically relevant ices consist of

intimate mixtures of the various components of the ice.

Fig. 12A shows TPD spectra recorded for CH3OH and H2O

following a 300 L exposure of a mixed CH3OH : H2O ice on

HOPG at 97 K. The TPD spectrum for H2O resembles that

observed for pure H2O ices adsorbed on HOPG.52 The main

peak at 166 K is assigned to the desorption of CI, and the high

temperature shoulder at 172 K is assigned to the desorption of

hexagonal ice. However, there are also some subtle changes to

the H2O TPD profile due to the presence of CH3OH within the

ice. Firstly, the bump on the leading edge of the H2O TPD

spectrum, characteristic of the ASW–CI phase transition,137,195 is

not observed for mixed CH3OH : H2O ices. This is consistent

with previous studies of layered CH3OH/H2O ices which

showed that CH3OH lowers the crystallisation temperature

of H2O ice when incorporated into the underlying bulk, by

inducing the nucleation of H2O.186 Secondly, the feature

assigned to hexagonal ice is more prominent compared to that

seen for the pure H2O ice52 and that observed for the binary

layered ices.46 This is ascribed to a strong interaction between

CH3OH and H2O and will be discussed later.

CH3OH desorption from the ice mixture is characterised by

three main features. The TPD spectrum is dominated by a

broad desorption peak with an onset around 133 K, and a local

maximum at 144 K. This is followed by a complex irregular

desorption profile. This complex multi-component feature is

contrasted by a well defined sharp desorption peak at 166 K,

coupled with a broad low intensity shoulder appearing on the

high temperature side of this peak at 172 K. It is clear from the

TPD data (Fig. 12A) that CH3OH desorption from the mixed

ice is significantly modified compared to the desorption of pure

CH3OH ice and CH3OH/H2O layered ices. This is shown in

Fig. 12B which compares the TPD trace for CH3OH from the

mixed ices (Fig. 12A) with TPD traces for equivalent exposures

of pure CH3OH (black line panel B) and CH3OH deposited on

50 L of ASW at 97 K (grey line panel B).

Fig. 12A shows that the two CH3OH peaks at 166 and

172 K desorb coincidentally with the crystalline and hexagonal

phases of H2O respectively. These features are therefore assigned

to the co-desorption of CH3OH trapped within the bulk of the

H2O ice. The fact that the CH3OH also desorbs with hexagonal

ice implies a strong interaction between CH3OH and H2O.

RAIRS data (not shown) suggest that this interaction is due to

the formation of a hydrogen-bonded complex.

The complexity of the broad low temperature feature in

Fig. 12A suggests desorption from numerous sources. Clearly,

CH3OH desorption occurs prior to the onset of H2O

desorption at 133 K. Hence this feature is not a result of

CH3OH desorption via a molecular volcano mechanism.

Furthermore, this feature is very broad compared to the sharp

and well defined desorption typically characteristic of explosive

volcano desorption as observed for OCS (see later) and other

volatile species.48,65–67,137 Fig. 12B shows that the broad

CH3OH feature observed in the mixtures has a desorption

temperature corresponding to CH3OH desorption from both

HOPG and ASW films. This suggests that CH3OH desorption

from the mixture still occurs near its natural sublimation

temperature on HOPG or ASW and is not completely inhibited

when co-deposited. This could imply that CH3OH has the

ability to diffuse through the ASW ice. However, the complex

CH3OH feature could also be a result of the phase change of

the ASW. Previous experiments135,136,196,199 have shown that

ASW undergoes a morphology change at 136 K, exhibiting

liquid-like properties prior to crystallisation at 165 K. This is

consistent with desorption of CH3OH across this temperature

range. Whether CH3OH has the ability to diffuse through the

ice in a similar fashion to smaller volatiles (CO2, CO), or

whether desorption is induced by the rearrangement of the

ASW prior to crystallisation, cannot be determined here.

However, the TPD data clearly indicate the presence of two

distinct CH3OH species within the H2O ice. One species gives

rise to co-desorption in the TPD spectrum. The second species

Fig. 12 (A) TPD spectra overlaying desorption traces of CH3OH

(solid line) and H2O (dotted line) following an exposure of 300 L of a

mixed ice adsorbed on HOPG at 97 K. The composition of the ice was

16% CH3OH. The H2O TPD trace has been scaled for clarity. (B)

TPD spectra for pure CH3OH ice adsorbed on HOPG at 97 K (black

line) and CH3OH deposited on a 50 L exposure of ASW at 97 K (grey

line). In each case the CH3OH exposure was 50 L, corresponding to an

equivalent dose of CH3OH as in the mixed ice.
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is more weakly bound within the ASW ice and desorbs prior to

crystallisation, most likely during the phase transition of

liquid-like water.

RAIRS data: adsorption and desorption of mixed CH3OH : H2O

ices on HOPG. Fig. 13 shows a RAIR spectrum following a

300 L exposure of a CH3OH : H2O mixture on HOPG at

97 K. Assignment of the vibrational bands is straightforward,

based on comparison with RAIR spectra obtained for pure

H2O
52 and pure CH3OH51 ices adsorbed on HOPG. The

dominant band in the RAIR spectrum occurs between

3600 cm�1 and 3000 cm�1 and is assigned to the n(OH) stretch

of H2O. The low intensity broad bands at 2247 cm�1 and

1677 cm�1 are assigned to the lateral OH bending mode and the

HOH scissors mode of H2O respectively. The broad intense

feature centred at 881 cm�1 is a frustrated libration mode of

H2O.
200 The remaining infrared bands can be confidently

assigned to vibrational modes arising from the CH3OH within

the ice. However, some infrared bands observed for pure

CH3OH are not observed in the mixture. The n(OH) band at

3260 cm�1, assigned to CH3OH in the pure RAIRS spectrum,51

is obscured by the n(OH) band of H2O, which also masks the

CH3OH na(CH3) stretch. The slight broadening and downshift of

the H2O n(OH) band in the mixtures compared to that of the

pure H2O ice52 is indicative of hydrogen bonding between H2O

and CH3OH, as expected, as also observed for sequentially

deposited CH3OH/H2O ices.46,196,197

The most significant difference between the pure CH3OH

spectrum and the CH3OH : H2O spectrum is the splitting of

the CH3OH n(CO) band, shown in the inset to Fig. 13. When

CH3OH is adsorbed on HOPG, the n(CO) band gives a single

peak located at 1045 cm�1. There is no change to either the band

profile or position when CH3OH is adsorbed on a 50 L thick

ASW film (Fig. 9).46 However when CH3OH is co-deposited

with H2O, the band is downshifted and split into two distinct

peaks at 1035 and 1018 cm�1 (Fig. 13 inset). The splitting of the

n(CO) band suggests that CH3OH resides in two distinct

environments within the ice. Recent experiments in our labora-

tory have shown that this is probably a thermal effect, since

deposition of identical CH3OH : H2O ice mixtures at tempera-

tures o14 K gives rise to a single n(CO) peak at 1028 cm�1.

Heating these ices to B90 K results in the splitting of the n(CO)

band into two peaks at 1035 and 1018 cm�1, as seen in Fig. 13.

The desorption of the ice mixtures was investigated by

performing a series of annealing experiments. Fig. 14 shows

RAIR spectra resulting from annealing 300 L of an 11%

CH3OH : H2O ice adsorbed on HOPG at 97 K. The changes

observed in the n(OH) band of the CH3OH : H2O ices during

annealing are almost identical to those reported for pure H2O

adsorbed on HOPG.52 The sharpening of the n(OH) band, in

addition to the change in relative intensities of the two

shoulders at 145 K, is characteristic of ASW crystallisation.52,201

Comparing the n(OH) band of the CH3OH : H2O mixtures

with that of CH3OH/H2O binary layers (Fig. 9C) during

annealing shows distinct differences between the two systems.

Furthermore the n(OH) band remains in the RAIR spectrum

to higher temperatures for the mixtures. The difference in the

n(OH) band profile between the mixtures (Fig. 14A) and the

binary layers (Fig. 9C) is a direct result of the concentration of

CH3OH in the ice. Experiments performed with ice mixtures

with a 60% concentration of CH3OH (not shown) show

similar changes in the n(OH) band profile compared to those

observed for the binary layers.

Fig. 14B shows the effect of annealing 300 L of the

CH3OH : H2O ice, focusing on the n(CO) infrared bands

Fig. 13 RAIR spectra following a 300 L exposure of a CH3OH : H2O

mixture on HOPG at 97 K. The composition of the mixture (in the

vapour phase) was approximately 11% CH3OH. The inset shows the

spectrum between 1200 and 950 cm�1 in more detail and also includes

a RAIR spectrum of a 50 L exposure of pure CH3OH ice adsorbed on

HOPG at 97 K.

Fig. 14 RAIR spectra showing the effects of sequential annealing of a

300 L exposure of an 11% CH3OH : H2O ice adsorbed on HOPG. (A)

shows the high frequency region between 3900 and 2900 cm�1
,

highlighting the crystallisation of ASW to CI. (B) shows the low

frequency region between 1200 and 990 cm�1, showing the effects of

annealing the ice on the n(CO) band of CH3OH. The annealing

temperatures are shown in the figure.
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between 1200 cm�1 and 990 cm�1. The 1018 cm�1 band shows

an immediate decrease of intensity at an annealing temperature

of 135 K. A continued decrease in intensity of this peak is

observed until desorption is complete at 175 K. In contrast,

the band at 1035 cm�1 shows no change in peak intensity until

an annealing temperature of 155 K, and remains in the

spectrum to a slightly higher temperature of 185 K. The

remaining features in the RAIR spectrum, assigned to

CH3OH, also show a gradual decrease of intensity, until

desorption is complete by 175 K. The contrasting beha-

viour of the two n(CO) bands during the annealing of the

CH3OH : H2O ice confirms the fact that CH3OH resides in

two different environments in the mixed ice. This is further

evidenced by comparing the behaviour of the split n(CO) band

with the TPD data shown in Fig. 12. The 1035 cm�1
n(CO)

band can be correlated with the high temperature co-

desorption features observed in the TPD. The complex feature

in the TPD spectrum is associated with the 1018 cm�1
n(CO)

vibrational band in the RAIRS. This band begins to desorb at

an annealing temperature of 135 K, consistent with observations

in the TPD.

Bringing the data from the RAIRS and TPD together shows

that H2O significantly modifies the thermal desorption

behaviour of CH3OH when compared to desorption from

the pure ices. CH3OH desorption from the ices is dependent

on the exact interaction with H2O. Weak CH3OH : H2O

interactions give rise to a complex peak in the TPD, observed

at temperatures corresponding to the sublimation temperature

of pure CH3OH and to the ASW to CI phase transformation.

Strong CH3OH : H2O interactions give rise to co-desorption

features with CI and hexagonal ice.

The formation of a clathrate-hydrate has previously been

proposed to explain the interaction of CH3OH with H2O

within mixed CH3OH : H2O ices.64,157,187,191 Furthermore,

the presence of clathrate hydrates has also been suggested to

account for the release of trapped gases from cometary ices

when the ice is warmed at large distances from the sun. Blake

et al. demonstrated that CH3OH forms type II clathrate

hydrates at 130 K, following deposition of a H2O : CH3OH

(20 : 1) mixture at 85 K.187 Experiments performed at higher

CH3OH concentrations gave rise to phase separation, with the

formation of a type II clathrate-hydrate in addition to regions

of pure amorphous CH3OH that were segregated at grain

boundaries. Similar experiments by Hudson and Moore

also confirmed the formation of a CH3OH clathrate in

CH3OH : H2O ices using infrared spectroscopy.191 Hence,

the formation of a clathrate-hydrate structure, in addition to

thermally induced CH3OH segregation, could explain the

splitting of the n(CO) band observed in the CH3OH : H2O

RAIRS shown in Fig. 14.

4.3 Adsorption and desorption of model OCS interstellar ices

OCS has been detected in several astrophysical environments

including planetary atmospheres within our own solar

system,202 cometary comae203 and within icy mantles in dense

molecular clouds.75,204–206 However, compared to CH3OH,

OCS has received considerably less attention in the astro-

physical literature, mainly because it is detected in much

smaller abundances, estimated to be 0.05–0.2% with respect

to H2O.75,204–206 Detection of solid OCS within interstellar ices

has been confirmed by a combination of theoretical and

laboratory infrared studies of multi-component OCS ices at

10 K.205,206 The 4.9 mm (2040 cm�1) absorption feature

observed within astrophysical spectra was attributed to the

CO stretch of OCS. This infrared band was shown to be highly

sensitive to the ice environment,207 with OCS thought to be

embedded within CH3OH-rich ices.205,206 Astrophysical

models of sulfur chemistry in hot core regions have successfully

predicted the observed gas phase abundances of the majority

of sulfur containing species, including SO, SO2 and CS.208,209

However, OCS abundances cannot be reproduced via gas

phase reactions, hence surface chemistry is implied.208,209 As

a result laboratory studies have shown that OCS can be readily

produced via UV210 and proton irradiation211 of ices including

carbon (CO and CO2) and sulfur (H2S and SO2) containing

species. Despite the obvious importance of OCS, its thermal

desorption from dust grain analogues has not previously been

reported in detail.

4.3.1 Adsorption and desorption of pure OCS ices adsorbed

on HOPG. TPD and RAIRS data show that OCS is weakly

bound to the HOPG surface at 14 K, forming physisorbed

multilayer ices. This is confirmed by the relatively low

desorption energy determined for the multilayer species from

leading edge TPD analysis (see later) and the fact that the

infrared bands in the RAIR spectra remain unsaturated as a

function of increasing ice exposure (not shown).

OCS monolayer and multilayer features can be distinguished

at low exposures (o5 L) by the presence of two distinct

TPD peaks. For increased exposures between 7 and 10 L

these peaks merge into a single desorption feature. TPD

traces for multilayer OCS desorption from HOPG (Fig. 15

trace A) are in good agreement with previously published data

for OCS desorption from Au.67 In contrast to CH3OH ices,

OCS shows no evidence of clustering on HOPG at low

exposures.

The most significant information that can be obtained from

TPD investigations of pure ices is the determination of the

kinetic parameters for desorption. Desorption orders, energies

and pre-exponential factors can be determined from a series of

TPD spectra such as those shown in Fig. 8. These can then be

incorporated into astronomical models to simulate desorption

on astronomically relevant time scales.55

There are a variety of analytical methods that can be used

to determine kinetic information from a series of thermal

desorption curves with varying initial exposures.180,181 The

method described here has been successfully used to determine

desorption parameters for all six adsorbates investigated in

our laboratory to date, and the kinetic parameters obtained

are summarised in Table 3. Specifically, data have been

obtained for the desorption of multilayer H2O,52 CH3OH,51

NH3
50 and C2H5OH57 adsorbed on HOPG at 97 K and for the

desorption of multilayer CO2 and OCS ices adsorbed on

HOPG at 14 K. Values for the desorption of monolayer

CO2 and CH3OH51 are also reported. Here we discuss

the analysis of TPD data for pure OCS ices, to obtain the

desorption parameters given in Table 3.
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Desorption orders. The starting point of any TPD analysis is

the Polanyi–Wigner equation:180,181

rdes ¼ �
dy

dt
¼ uny

n exp
�Edes

RT

� �

ð1Þ

where rdes is the rate of desorption, y the adsorbate coverage,

un is the desorption pre-exponential factor, n is the order of

desorption, Edes is the desorption activation energy, R is the

gas constant, T the substrate temperature and t is time. Since

the rate of change of coverage y with time t can be linked, via a

linear heating rate, to the rate of change of coverage y with

temperature T (which is proportional to the signal intensity in

the TPD trace I(T)), eqn (1) becomes:

IðTÞ / uny
n exp

�Edes

RT

� �

ð2Þ

Rearranging this equation and taking logarithms, and noting

that only relative coverage yrel can bemeasured in the experiments

described here, eqn (2) becomes:

ln½IðTÞ� / lnðunÞ þ n lnðyrelÞ �
Edes

RT
ð3Þ

The desorption order can then be obtained by plotting a graph

of ln[I(T)] against ln[yrel] for a series of TPD curves of varying

initial coverage at a fixed temperature. The gradient of this

plot is equal to the desorption order n. In order to successfully

perform this plot, the values of Edes and un should not vary

significantly with coverage. This plot is constructed from

points taken from the leading edges of the TPD curves at a

fixed temperature. Average desorption orders can be obtained

by repeating the plot for a range of fixed temperatures. This

calculation is ideally performed for a family of TPD curves

consisting of a single desorption peak.

However, weakly bound states often give rise to monolayer

and multilayer species, characterised by a significant degree

of overlap between the desorbing species. This is observed

for OCS, shown in Fig. 16A. As a result, order plots are

constructed using a range of temperatures that incorporate

contributions from all desorption peaks. Despite this difficulty,

the methodology has been shown to successfully generate

reproducible desorption orders that are consistent with

conclusions that may be drawn from direct observation of

the TPD data. An example for OCS is shown in Fig. 16B,

which shows a plot of ln[I(T)] against ln[yrel] at a fixed

temperature of 84 K. The dotted line in Fig. 16A indicates

the points on the TPD traces from which the order plot was

constructed. The plot exhibits two clear gradients over the

exposure range. This can be explained by reference to the TPD

data in Fig. 16A and with regard to the temperature used to

construct the plot. The gradient of the plot corresponds to the

most dominant peak in the TPD spectrum at the selected

temperature. Hence points obtained for exposuresr10 L pass

through the leading edge of the monolayer peak, giving rise to

a slope corresponding to the order of desorption for the

monolayer (n = 1.64 � 0.03). Similarly, points for exposures

>10 L are dominated by contributions from the multilayer,

and yield a slope giving the desorption order for the multilayer

(n = 0.11 � 0.03).

Desorption for multilayer ices is expected to follow

zero-order kinetics, and this is often assumed in TPD analysis

of astrophysically relevant ices.44,45,48,49,97,177 However it is

clear from the desorption orders shown here (Table 3) that

multilayer ices do not always show perfect zero-order desorption

kinetics. It will be shown later that the accurate determination

of the desorption order is an important factor, not only in the

determination of the subsequent kinetic parameters such as

Edes and un that are derived from its value, but also in relation

to modelling desorption under astrophysical conditions.

Desorption energy. Using the calculated desorption

orders, the energy of desorption can be obtained by further

rearrangement of eqn (3):

ln½IðTÞ� � n ln yrel / ln un �
Edes

RT
ð4Þ

Fig. 15 TPD spectra showing 15 L OCS desorption from (A) bare

HOPG, (B) 100 L of ASW ice grown on HOPG, and (C) crystalline H2O

formed by annealing ASW to 150 K for 3 minutes. (D) shows OCS

desorption from a 100 L exposure of mixed ice with a composition of

8% OCS with respect to H2O. A scaled H2O spectrum (E) is also shown

for comparison. In each case the deposition temperature was 14 K.
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Hence plotting ln[I(T)] � nln(yrel) against 1/T for the leading

edge of a single TPD spectrum (i.e. for a single exposure),

yields a plot with a straight line of gradient �Edes/R for the

correct order of desorption. Fig. 16C shows a typical plot of

ln[I(T)] � nln(yrel) against 1/T for a 100 L exposure of OCS on

HOPG, giving a desorption energy of 28.6 � 1.3 kJ mol�1 for

multilayer OCS.

Pre-exponential factors. The pre-exponential factors for

molecular ice desorption from HOPG are calculated using

the values of desorption order (n) and desorption energy (Edes)

obtained from the TPD experiments. The pre-exponential

factor is usually obtained from an Arrhenius plot where the

absolute coverage of the ice is known. However, in our

experiments the absolute coverage is not known. Hence a

simple method has been developed to estimate the pre-exponential

factor (un) using the following expression:

un ¼
IsðTÞ

y
n
s exp

�Edes
RT

h i ð5Þ

Here Is(T) is the scaled mass spectrometer intensity and ys is

the scaled coverage determined from Is(T). The scaled values

for Is(T) and ys used in eqn (5) are calculated from a scaling

factor that directly relates the number of molecules per unit

area adsorbed on the HOPG surface to a saturated monolayer

coverage observed in the TPD spectra. The latter is determined

by estimating the surface area for monolayer saturation from

the area and density of the ice, and correlating this to the

integrated area under the monolayer peak in the TPD

spectrum. This value is then used to convert the experimentally

measured relative intensities and coverages into absolute

values. The value determined for the pre-exponential

factor for OCS multilayer ice is given in Table 3. A more

detailed description of this analysis method can be found

elsewhere.50,52,57

4.3.2 Sequentially deposited OCS/H2O ices

RAIRS: adsorption and desorption of OCS on ASW films. As

for CH3OH, understanding the interaction of OCS with H2O

ice is also important to help elucidate the behaviour of real

interstellar ices. The RAIR spectra of OCS deposited on ASW

can only be distinguished from OCS adsorption on HOPG at

the lowest exposures (submonolayer coverages), where surface

interactions are dominant. The CO band of OCS on ASW

exhibits a downshift of B12 cm�1 compared to adsorption on

HOPG. Increasing the OCS exposure leads to the formation of

multilayers, yielding infrared spectra that are identical to those

observed for multilayer OCS adsorbed on HOPG (not shown).

RAIR spectra showing the changes to the OCS CO vibra-

tional band during the annealing of 100 L OCS deposited on

100 L ASW (Fig. 17B) clearly show that its thermal behaviour

is significantly modified compared to pure OCS ice adsorbed

directly on HOPG (Fig. 17A). The complex changes observed

in the OCS CO band on HOPG during annealing (Fig. 17A)

are assigned to a phase change prior to desorption at 80 K.207

However these changes are clearly not observed for the

OCS/H2O ice system. Analogous to the annealing behaviour

of CH3OH on ASW, the phase change of the OCS is inhibited

by the underlying ASW ice. However the thermal desorption

behaviour of ASW itself remains unchanged in the OCS/ASW

ices. Furthermore, OCS is also retained on the ASW surface to

much higher temperatures (145 K) compared to identical

exposures grown on bare HOPG (80 K) providing clear

evidence that OCS remains trapped within ASW.

TPD data. In contrast to the complex desorption exhibited

in the CH3OH/ASW ice system, the OCS/ASW layered ices

provide a much clearer example of how ASW traps astro-

physically relevant volatiles as shown in Fig. 15. Comparing

the TPD profile of multilayer OCS desorption (15 L) around

90 K from HOPG (trace A) with that of OCS desorption from

ASW (trace B), there is a clear broadening and reduction in the

Fig. 16 Plots showing how the desorption order, n and desorption energy, Edes are obtained for the series of OCS TPD curves shown in (A).

(B) shows a graph of ln[I(T)] against ln(yrel) at a fixed temperature of 84 K and allows the determination of the order of desorption. (C) shows a

graph of ln[I(T)] � nln(yrel) against 1/T for multilayer OCS following an exposure of 100 L of OCS on HOPG at 14 K. The data are plotted with a

desorption order of n = 0.11. The desorption energy is calculated from the gradient �Edes/R.
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intensity of the OCS multilayer feature. The change in profile

of the OCS multilayer is assigned to the heterogeneity of the

ASW film, in addition to the redistribution of the initial OCS

coverage between desorption from the ASW surface and

OCS trapped within the pores of the ASW film. The trapped

OCS TPD peak observed in trace B corresponds to OCS

released during the ASW–CI phase transition (trace E).

Volcano desorption has been observed in the TPD spectra of

many layered binary ice systems (where ASW is deposited

underneath or on top of the more volatile ice) and is

often independent of the adsorbate.48,54,60,63,65–68 This high

temperature feature demonstrates the ability of porous ASW

to control the desorption of the vast majority of astrophysically

relevant molecules, with similar behaviour being observed for

CO2,
60,63,67,68 CO,48,63,65–67 Ar,60,61,63,65 N2,

65,67 O2,
65 CH4

60,65

and C2H5OH.69

The extent to which ASW can trap astrophysically relevant

molecules within its porous structure during pore collapse can

be demonstrated by additional experiments using crystalline

ice. Crystalline H2O has a much denser structure than ASW,

with a much reduced surface area, hence decreasing the

entrapment of molecules within the surface pores. The crystalline

ice films in these experiments were formed by annealing an

ASW film to a temperature corresponding to the ASW–CI

transition for 3 minutes and re-cooling back to 14 K. Adsorption

of OCS on CI is shown in Fig. 15C. It is clear that OCS

desorption at the ASW–CI transition is totally blocked when

OCS is deposited on CI, giving rise to a TPD profile similar to

that observed when OCS is deposited directly on HOPG

(trace A).

4.3.3 OCS : H2O ice mixtures

TPD data. In contrast to the significant changes observed in

the desorption profiles of sequentially and co-deposited

CH3OH and H2O ices, the desorption of OCS from OCS : H2O

mixtures closely resembles that of OCS/H2O binary ices.

Desorption of OCS from a 100 L exposure of OCS : H2O

ice is shown in Fig. 15 (trace D). OCS desorption from the

mixed ice is dominated by a sharp desorption feature at 158 K,

which is almost identical to that observed for the OCS/H2O

ice, assigned to volcano desorption. However there are some

differences in the desorption behaviour of OCS from the mixed

ices when compared to the layered systems. Firstly, there is

almost no ‘‘pure’’ OCS desorption from the mixed ice, in

agreement with previous studies.67 Instead, OCS desorption

from the mixture is characterised by a very broad low intensity

desorption feature first observed at around 106 K (Fig. 15

trace D inset). Secondly there is a clear enhancement of the

co-desorption feature in the mixtures, which is negligible in the

layered ices. These two observations suggest that OCS does

not diffuse through the ASW ice when co-deposited as a

mixture but remains trapped within the ice until the ASW–CI

transition. This is in contrast to the desorption behaviour of

other smaller astrophysically relevant molecules, such as CO

and CO2,
48,60,63,65–67 which are observed to diffuse through

ASW at temperatures approximating the sublimation

temperature of the pure ices, and suggests that molecular size

plays an important role in the diffusion mechanism.

RAIRS: adsorption and desorption of OCS : H2O mixed ices

on HOPG. The position and profile of the OCS CO band

within a OCS : H2O mixed ice is modified when compared to

pure OCS and OCS deposited on ASW. The CO band exhibits

a much sharper peak for the mixed ice, coupled with an

increased peak intensity, compared to OCS ices deposited on

top of ASW films. This may suggest that the OCS adopts a

more ordered orientation within the ASW ice. Furthermore

the CO stretch at 2050 cm�1 in the mixture is downshifted by

B11 cm�1 compared to an equivalent dose of OCS deposited

on ASW, in good agreement with previous infrared studies of

OCS : H2O ice mixtures205 and OCS within Ar and N2

matrices.212 The fact that the OCS band is only slightly

Fig. 17 RAIR spectra showing the changes to the OCS CO band following the sequential heating of (A) 100 L of pure OCS ice,

(B) 100 L OCS deposited on 100 L of ASW and (C) 100 L of a 12% OCS : H2O mixed ice. The annealing temperatures are shown in each

figure.
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perturbed from the pure ice and is observed at a similar

wavenumber when embedded within Ar and N2 matrices,

suggests that the interaction between OCS and H2O is a weak

one. This is further supported by the unperturbed infrared

features of H2O in the mixed ice which are identical to those

seen for pure H2O ices.

RAIR spectra showing the changes in the CO band of OCS

during annealing of an OCS : H2O ice mixture are shown in

Fig. 17C. The changes to the CO infrared band during

annealing can be explained by comparison with the TPD data

shown in Fig. 15 and by the behaviour of the H2O n(OH) band

during annealing (not shown). The minor changes in the CO

band at 106 K in the RAIRS are consistent with the onset of

OCS desorption from the mixed ice (Fig. 15D). The significant

decrease in CO band intensity at 136 K in the RAIR spectrum

coincides with the ASW–CI phase transition observed in the

n(OH) stretching region of H2O
52 and is therefore associated

with the release of OCS from the H2O ice via volcano

desorption. OCS is retained in the ice to slightly higher

temperatures in the mixtures compared to the layered ice

configuration (Fig. 17B), as observed for CH3OH : H2O ices.

This is clearly shown by the presence of the CO feature in the

RAIR spectrum beyond temperatures corresponding to the

H2O ASW–CI phase transition.

The RAIRS and TPD data obtained for all three OCS ice

systems clearly show that H2O significantly modifies the

thermal desorption properties of OCS ices. However, it is also

clear that although the thermal desorption of OCS exhibits

similar trends to those observed for CH3OH desorption from

ASW ices, and for the desorption of more volatile species such

as CO there are important differences.

The thermal behaviour of OCS for both OCS/H2O and

OCS : H2O ices is clearly dominated by explosive volcano

desorption, characteristic of all astrophysically relevant

molecules. However negligible co-desorption with CI ice is

observed, which implies that OCS cannot diffuse through H2O

ice and is simply trapped in the H2O ice matrix. The absence

of co-desorption could be a result of a weaker interaction

between OCS and H2O compared to CH3OH and H2O, which

exhibits co-desorption features. However molecular size could

also be a factor. Smaller, more volatile molecules, such as CO

and N2 exhibit co-desorption features in TPD (Fig. 4). The

larger size of OCS could prevent it penetrating as deeply as

smaller molecules into the ASW hydrogen-bonded network

during the re-ordering of H2O, thus preventing entrapment

beyond the ASW–CI phase transition.

5. Desorption under astrophysical conditions

Desorption parameters calculated from TPD data can be

incorporated into astrophysical models in order to determine

desorption temperatures on an astronomical timescale as well

as the residence times of the molecules as ices.55 However, the

desorption temperatures obtained from the kinetic data

(Tables 1–3) cannot be directly incorporated into astrophysical

models. This is because desorption is a non-equilibrium

process that depends on the rate at which the ice is heated.

Typical heating rates of icy mantles in hot cores are of the

order of 1 K century�1,43,70 clearly impractical under laboratory

conditions. Furthermore, desorption also depends on the ice

thickness for non-zero-order desorption.

To determine the extent to which the desorption temperature

varies with heating rate, the desorption of pure ices adsorbed

on HOPG has been simulated using a method developed by

Collings et al.48 Briefly, the method calculates the rate of

change of gas phase concentration of the desorbing species

as a function of temperature using the desorption order,

desorption energy and pre-exponential factor extracted from

the TPD data. The desorption includes two steps. The first

step describes the rate of desorption of the ice from the

surface, while the second step incorporates the rate of pumping

of the gas from the apparatus, hence generating desorption

curves that resemble TPD traces. For a more detailed description

of the method, the reader is referred to Collings et al.48 and

Brown and Bolina.55

Fig. 18 shows simulated TPD traces for pure CH3OH

(Fig. 18A) and pure OCS (Fig. 18B) ices adsorbed on HOPG

using heating rates ranging from those typically applied in the

laboratory (0.5 K s�1) to those determined for hot cores

(1 K century�1). The initial thickness of the ice in these simula-

tions was 9.5 � 1021 molecules m�2, corresponding to an ice

thickness comparable to that of interstellar ices (0.3 mm).67

Clearly the desorption temperature of the ice decreases markedly,

as the heating rate decreases. The desorption temperature for

CH3OH ranges from 171 K at a 0.5 K s�1 heating rate, down

to 101 K at an astrophysical heating rate of 1 K century�1.

A similar reduction in desorption temperature is also seen for

OCS, H2O,55 NH3,
55 C2H5OH, and CO2 with data summarised

in Table 4.

Using this model, the effects of varying the ice thickness on

the desorption temperature were also investigated for pure

CH3OH and OCS ices adsorbed on HOPG. These simulations

used a constant heating rate of 1 K century�1 and the kinetic

parameters listed in Table 3. Fig. 18C and D show that

the desorption temperature increases with ice thickness as

expected. It is also evident that for systems exhibiting

fractional-order desorption, the desorption traces for different

ice thicknesses cannot be simply overlaid. This is more marked

for CH3OH ices (Fig. 18C) which exhibit a greater deviation

from zero-order kinetics than OCS (Fig. 5D), with desorption

orders of 0.35 and 0.11 respectively. This is in contrast to

species that exhibit perfect zero-order desorption, where the

desorption profiles of varying thickness can be overlaid for a

given heating rate.67 This result demonstrates the importance

of using accurately determined kinetic parameters in astro-

physical models.

6. Summary and future work

Detailed surface science investigations from a range of groups,

including our own, have shown that the desorption of

interstellar ices is not instantaneous, and that the composition

and morphology of the ice affects its adsorption and desorption

markedly. Initial studies67 allowed the broad classification of

molecules according to their desorption properties and more

detailed studies46,47,50–52,55,57,69,177 have now allowed the

accurate determination of desorption kinetics for certain

model interstellar ices. These numbers can then be incorporated
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into accurate models of desorption on astrophysically relevant

timescales.55

Despite the clear advances in our understanding of the

adsorption and desorption of model interstellar ices from dust

grain analogue surfaces, a large amount of work remains to be

done in order to enable a complete understanding of molecular

ices in the ISM. In particular, most studies to date have

focussed on binary ices, consisting of only two components.

Real interstellar ices contain many different species and hence

studies of more complex ices are required. The importance of

this has been highlighted by recent studies in our laboratory213

where the desorption of OCS was found to be different when

adsorbed on CH3OH : H2O ices compared to on pure ASW

ice or in a mixed OCS : H2O ice. Further studies of the role of

the underlying grain surface are also necessary, as shown by

recent work on the desorption of CH3OH from a range of

model dust grain surfaces.177 In particular, studies of more

porous and defective surfaces, such as those which are likely to

be found in the ISM, are also important as surface porosity

has been shown to strongly influence the desorption kinetics of

C6H6 from a porous silica model grain surface.214 In addition

to these studies of adsorption and desorption, further detailed

studies of molecular formation on a range of model dust grain

surfaces are also required. Further detailed and accurate

studies, under UHV conditions, of the effects of non-thermal

processing (induced by UV light, cosmic rays, and energetic

ion bombardment) on interstellar ices will also aid our

understanding of interstellar chemistry and enhance our

knowledge of the origin of stars and planets.

Fig. 18 Simulated TPD desorption profiles for (A) pure CH3OH ice and (B) pure OCS ice from HOPG as a function of heating rate. The TPD

curves were generated using the kinetic parameters listed in Table 3. The thickness of the ice is of the order of 0.3 mm, corresponding to an initial

surface coverage of 9.5 � 1021 molecules m�2. The figure also shows the cumulative desorption of (C) CH3OH and (D) OCS into the gas phase as a

function of ice thickness at a heating rate of 0.01 K y�1. The ice coverages are shown in the figure.

Table 4 Table showing the desorption temperatures for pure
molecular ices adsorbed on HOPG as a function of heating rate.
The initial thickness of the ice was set to 9.5 � 1021 molecules m�2

Molecule

Desorption temperature/K

Heating rate

1 K century�1 0.1 K y�1 1 K y�1 1 K day�1 0.5 K s�1

NH3 64 67 71 82 113a

CH3OH 101 105 111 126 171
H2O 103 109 114 132 182
C2H5OH 110 114 118 131 163
CO2 61 64 68 80 118
OCS 66 69 72 82 108

a A 0.2 K s�1 heating rate was applied to NH3 ices.
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J., 2001, 555, L61–L64.

104 S. Ioppolo, H. M. Cuppen, C. Romanzin, E. F. van Dishoeck and
H. Linnartz, Astrophys. J., 2008, 686, 1474–1479.

105 N. Miyauchi, H. Hidaka, T. Chigai, A. Nagaoka, N. Watanabe
and A. Kouchi, Chem. Phys. Lett., 2008, 456, 27–30.

106 H. Mokrane, H. Chaabouni, M. Accolia, E. Congiu, F. Dulieu,
M. Chehrouri and J. L. Lemaire, Astrophys. J. Lett., 2009, 705,
L195–L198.

107 N. Watanabe and A. Kouchi, Astrophys. J., 2002, 571,
L173–L176.

108 N. Watanabe, T. Shiraki and A. Kouchi, Astrophys. J., 2003, 588,
L121–L124.

109 N. Watanabe, A. Nagaoka, T. Shiraki and A. Kouchi, Astrophys.
J., 2004, 616, 638–642.

110 K. Hiraoka, N. Ohashi, Y. Kihara, K. Yamamoto, T. Sato and
A. Yamashita, Chem. Phys. Lett., 1994, 229, 408–414.

111 H. Hidaka, A. Kouchi and N. Watanabe, J. Chem. Phys., 2007,
126, 204707.

112 G. W. Fuchs, H. M. Cuppen, S. Ioppolo, C. Romanzin,
S. E. Bisschop, S. Andersson, E. F. van Dishoeck and
H. Linnartz, Astron. Astrophys., 2009, 505, 629–639.

113 G. Vidali, L. Ling, J. E. Roser and R. Badman, Adv. Space Res.,
2009, 43, 1291–1298.

114 G. Vidali, J. E. Roser, L. Ling, E. Congiu, G. Manicò and
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Res., 2004, 33, 6–13.

116 N. Watanabe and A. Kouchi, Prog. Surf. Sci., 2008, 83, 439–489.
117 J. Klinger, J. Phys. Chem., 1983, 87, 4209–4214.
118 H. Patashnick, G. Rupprecht and D. W. Schuerman, Nature,

1974, 250, 313–314.
119 F. L. Whipple, Astrophys. J., 1950, 111, 375–394.
120 R. Smoluchowski, Science, 1978, 201, 809–811.
121 G. Kumi, S. Malyk, S. Hawkins, H. Reisler and C. Wittig,

J. Phys. Chem. A, 2006, 110, 2097–2105.
122 A. Bar-Nun, J. Dror, E. Kochavi and D. Laufer, Phys. Rev. B:

Condens. Matter, 1987, 35, 2427–2435.
123 A. Bar-Nun and I. Kleinfeld, Icarus, 1989, 80, 243–253.
124 E. Mayer and R. Pletzer, Nature, 1986, 319, 298–301.
125 K. P. Stevenson, G. A. Kimmel, Z. Dohnálek, R. S. Smith and
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