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7
Modelling grain surface chemistry in

dense molecular clouds
In preparation by J.V. Keane & A.G.G.M. Tielens

Abstract

Interstellar ices show a varied composition with distinct water-rich and inert
components containing a variety of carbon-bearing species, including CO, CO 2,
H2CO, CH3OH, and CH4. We have developed a model for grain surface reac-
tions among accreting atoms, radicals, and molecules. This model is centred
around key hydrogenation and oxidation reactions:- H + CO, H +H 2CO, and
O + CO. The results show that water-rich ices are formed at densities� 105cm�3

where atomic hydrogen is an abundant gas phase species. Inert ices, on the other
hand, form at higher densities. We have applied this model to examine the dis-
tribution of the carbonaceous species CO, CO2, H2CO, CH3OH, and CH4. The
distribution of oxygen, in the accreting gas, among atomic and molecular oxygen
(O2) controls the CO/CO2 ratio. The observed CO/CO2 ratio on the accreting
gas is high (>

�
0.35). The actual CO oxidation route is not clear. According to

our results both the reactions O + CO and OH + CO can accommodate observed
abundances of CO and CO2. The abundance ratios of CO, H2CO, and CH3OH
reflect the ease with which H2CO is hydrogenated as compared to CO. Our
models are in good agreement with the observations for equal probability for
these two reactions (on a per species basis). The models best approximate the
observed ice mantle compositions for densities 104 – 105cm�3, which is the den-
sity at which accretion becomes comparable to the free-fall timescale. Finally,
our results are based upon a Monte Carlo approach to surface chemistry and they
have revealed that under some circumstances a ”cascade” can convert all of the
O3 into H2O. Such a cascade is difficult to incorporate into (modified) rate
equation approaches to grain surface chemistry.
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7.1 Introduction

ORIGINALLY, interstellar grains were believed to only play a passive role in interstellar
chemistry by acting simply as reservoirs of molecules that has previously condensed out

from the gas phase. A well known exception was H2, which had been shown to be formed
exclusively on grains (Hollenbach & Salpeter 1971). However, it soon emerged that a sub-
stantial fraction of the catalogued gas phase species could not in fact be formed through gas
phase chemistry or their abundances were considerably greater than what a gas phase origin
could account for. Notably, CH3OH could not be produced efficiently in gas phase models
and a surface chemistry origin through the successive hydrogenation of CO was proposed as
the major route to CH3OH (Tielens & Allamandola 1987; Hiraoka et al. 1994; Charnley
et al. 1997). Also, as the process of D-fractionation is very temperature-sensitive (Millar et
al. 1989), high abundances of deuterated species in warm gas (e.g., HDO, HDCO, D 2CO,
CH2DOH, CH3OD) betray the credible role of grains as cold storage ”cells” in the preserva-
tion of these species from a previous cold dark phase. In principle, these species may have
formed through gas phase reactions although all of these have viable grain surface routes.
Thus, grain surface chemistry is now well established as having a pivotal role in the origin
and evolution of interstellar molecules in cold regions associated with star formation (Allen
& Robinson 1977; Tielens & Hagen 1982; d’Hendecourt et al. 1985; Brown 1990; Hasegawa
et al. 1992; Ruffle & Herbst 2000).

As the hot core forms and heats the surroundings, small saturated species are liberated
from the mantles, either by evaporation or shocks, into the gas phase and initiate the drive
toward molecular complexity (Charnley et al. 1992; Caselli et al. 1993). As a result, different
mantle compositions can lead to strong chemical variation between different sources (i.e.,
nitrogen-bearing species or oxygen-bearing organic species; Blake et al. 1987; Charnley et
al. 1992; Caselli et al. 1993; Rodgers & Charnley 2001). These ”foreign” grain surface
chemistry species injected into the warm gas will be converted back to CO and other typical
gas phase species on a timescale of � 104yr. During this conversion, complex molecules are
made; some of these may have prebiotic significance (Ehrenfreund & Charnley 2000; Snyder
1997).

Although oxygen plays a crucial role in interstellar chemistry (i.e., in the formation of
H2O), the abundance of molecular oxygen has long been a key problem in astronomy. Recent
attempts to estimate the O2 abundance using the Infrared Space Observatory (ISO) were
unsuccessful and the results suggested that O2 comprised as little of 6% of the total oxygen
budget in dense molecular clouds (Vandenbussche et al. 1999). However, the launch of the
Submillimeter Wave Astronomy Satellite (SWAS; Melnick et al. 2000) has allowed, for the
first time, serious constraints to be placed on the amount of O2 in cold molecular clouds.
These results seem to suggest that the O2 abundances in dense molecular clouds is extremely
low (i.e., � 10�7; Goldsmith et al. 2000). Thus, though some atomic O is locked-up in CO,
there must be a substantial gas phase atomic O abundance which will then have considerable
consequences for the chemistry. It is worth noting that, in dense cold cores - the formation
sites of ice mantles-, which are well shielded from photodissociation, the abundance of O 2

could well be larger (Spaans & van Dishoeck 2001).

In this work we present a simple, accretion limited model for the chemistry occurring on
grain surfaces. We use this model to address a few of the key questions on the composition
of interstellar ice mantles, notably the distribution of cabron over the carbonaceous species
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CO, CO2, H2CO, CH3OH, and CH4. In section 7.2 we outline the contraints placed on the
composition of interstellar ices by the observations. The chemical model and the parameters
governing the chemistry are described in Section 7.3, along with a comparison with other
grain surface chemistry approaches. In Section 7.4, we first present the general results of
the grain surface chemistry and then discuss in some detail the important processes. Finally,
Section 7.5 presents the conclusions and the main issues that arise from this work.

7.2 Observational constraints

Our knowledge of the composition of interstellar ices has grown dramatically after the launch
of ISO. Interstellar ices have been detected by their vibrational bands in the infrared spectra
of objects embedded in or located behind molecular clouds (see Tielens & Whittet 1997;
Ehrenfreund & Schutte 2000 for reviews). In many instances, spectra are awash with ice
absorption features and as a result, it was possible to make an almost complete inventory
of the icy molecular material for the first time down to the �% level in abundance. Cur-
rent abundances of interstellar ices in contrasting environments, along with typical cometary
abundances, are summarised in Table 7.1. The most striking aspect of Table 7.1 is the appar-
ent simplicity of the composition of interstellar ices. Infrared observations clearly show that
interstellar grain mantles consist mainly of H2O. One of the most notable accomplishment
of ISO was the discovery of the ubiquitous presence of CO 2 ice along all of lines of sight (de
Graauw et al. 1996; Gerakines et al. 1999; Boogert 1999; Boogert et al. 2000a). In addi-
tion, carbon-bearing species such as CO, CH3OH are detected, along with trace amounts of
CH4, H2CO, and HCOOH (Boogert et al. 1996,1998; Dartois et al. 1999; Ehrenfreund et al.
1998; Gerakines et al. 1999; Gibb et al. 2000; Keane et al. 2001a). NH 3 is also observed,
though there is considerable uncertainty about its abundance (Gibb et al. 2000; Dartois &
d’Hendecourt. 2001). Table 7.1 also compares interstellar ice abundances with cometary
abundances. Although there are some discrepancies in the deatils between the composition
of cometary and interstellar ices (e.g. OCS), in general there is remarkable agreement in the
species present as well as their gobal abundances indicating that cometary ices are a mix-
ture of original interstellar material and material processed in the solar nebula (Mumma et al.
1993; Irvine et al. 2000).

Careful analysis and modelling of the spectral signatures of these ices have revealed many
aspects of their molecular environments. In particular, it has been shown that there are a num-
ber of independent ice components along most lines of sight which are generally classified
as distinct polar (H2O-rich) and apolar (CO-rich) phases (Tielens et al. 1991; Chiar et al.
1995,1998; de Graauw et al. 1996; Boogert et al. 1999; Gerakines et al. 1999). CO 2 is
located almost exclusively in the polar component of the ices implying that the CO 2 formed
simultaneously with the H2O. CO, on the other hand, is found in both polar and apolar states.
In connection with this, variations in the shape and the peak position of profiles observed to-
ward some luminous protostars have revealed the importance of thermal processing of the
molecular material, presumably by the newly formed star. The bending mode of CO 2 is par-
ticularly sensitive to its environment and as such has served as a diagnostic of the conditions
of the icy environment around protostars. Evolution of the band profile with temperature has
been demonstrated, with evidence for segregation of the mantle constituents when the grain
is heated (Ehrenfreund et al. 1996, 1998; Gerkaines et al. 1999). Studies of the 13CO2 fea-
ture have also shown structure consistent with segregation between CO 2 and polar molecules
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Table 7.1— Abundances of interstellar ices for different lines of sight and typical abundances seen in comets.a

Species NGC 7538:IRS9 W 33A Elias 29 Elias 16
high-mass high-mass low-mass dark cloud comets

CO2 (total) 24 14 22 18 3-20
(polar) 16 13 — 18 —
(apolar) 8 1 — — —

CO (total) 16 9 5.6 25 5-7
(polar) 2 6 0.8 3 —
(apolar) 14 2 4.8 22 —

CH3OH 4 22 < 4 <3 0.3-5
CH4 2 2 <1.6 — 0.2-1.2
H2CO 2-4 2-6 — — 0-5
HCOOH < 3 < 3-7 — — 0.05-0.1
OCS 0.05 0.3 <0.08 — —
OCN� 1 10 <0.24 <2 0.02-0.1
NH3 <10 <15 <9.2 — —
Referencesb 1,2,3,4,5,6 1,3,4,5,6 7 1,8 9,10,11,12

a Relative to H2O (i.e., H2O=100), except in the case of the cometary abundances which are normalised to CO.
b References:(1) Whittet 1997 and refs. therein; (2) Schutte et al. 1996; (3) Gerakines et al. 1999; (4) Gibb et

al. 2000; (5) Keane et al. 2001a; (6) Boogert et al. 1996,1998; (7) Boogert et al. 2000; (8) Whittet et al. 1998;
(9) Mumma et al. 1993,1996; (10) Crovisier et al. 1996; (11) Wink et al. 1998; (12) Irvine et al. 2000.

which arises from thermal processing (Boogert et al. 1999). The abundance of apolar CO has
been shown to correlate with the overall ice temperature as determined from the profile of 3.0
�m ice band towards luminous protostars (Smith et al. 1989). Since CO is highly volatile,
its abundance varies inversely with the degree of thermal processing. The abundance of po-
lar CO does not seem to correlate with temperature indicators and this suggests that a small
fraction of the CO has become encased within the H2O matrix, implying that both species
condensed simultaneously (Sandford & Allamandola 1988).

The results of ISO have placed strong constraints on the composition of interstellar ices.
The observations clearly show that there is a preference for simple, saturated species. Ad-
ditionally, they provide evidence for different ice phases, i.e., H 2O dominated and an inert
apolar phase dominated by CO. Considering the carbon budget, we recognise that, for ices
dominated by H2O-ice (polar ices), CO2 and CH3OH are generally the dominant species
towards luminous star formation. In dark clouds dominated by low-mass protostars, in con-
trast,CH3OH has not been discovered in the ice and theCH3OH/CO2 ratio is� 0.15. Likely,
these two species result from hydrogenation and oxidation of accreted CO on the grain surface
(Tielens & Hagen 1982; Tielens & Allamandola 1987). The presence of CO 2 indicates oxi-
dising conditions in a grain mantle that is otherwise formed in a reducing environment (e.g.,
H2O, CH3OH) may well be a characteristic of grain surface chemistry (Tielens & Hagen
1982). The other carbonaceous ice species, CH4 and NH2CHO, are present at the trace level
(� 0.05 of the carbon). Hence, these observations are particularly important in guiding stud-
ies concerned with modelling the chemistry that occurs on icy grain mantles: specifically, the
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presence of polar and apolar ice and the distribution of carbon over the carbonaceous species.

7.3 Chemistry

7.3.1 The chemical model

We have adopted a “scoundrel approach” (Charnley et al. 1992) and consider that chemical
reactions occurring on the grain surface are solely responsible for the formation of the molec-
ular species investigated here. The model follows the Monte Carlo accretion limited method
of Tielens & Hagen (1982), which is based upon two essential and simplifying assumptions-:

(i) the accretion timescale >> the timescales for reaction of the accreted atom H, N, C, or O,
with other species;

(ii) there is no desorption of grain mantle species and thus the surface chemistry is not coupled
to the gas-phase.

The reactions considered here are presumed to occur only between weakly bound sites (i.e.
from one physisorbed to another physisorbed site).

Accretion

The constituents of the gas are limited to the species that dominant the bulk composition of
the gas, i.e., H, C, CO, O, O2, N, and N2. A gas-phase species i accretes on to the grain at a
rate:

Racc(i) = ni v(i)� a
2; (7.1)

where ni and �vi are the gas-phase abundance relative to hydrogen and the mean velocity of
the species i, and a is the grain size. Thermal velocities of the gas phase species are given by:

�vi =
q
(3kTg=mi); (7.2)

where mi is the mass of the gas species i, Tg is the temperature of the gas (10 K) and k is
the Boltzmann constant. It is assumed that the sticking coefficient (i.e. the probability that
a species stays on the surface after the collision) is unity for all species striking the grain
surface. Accretion is a random process with a probability given by:

Pacc(i) = Racc(i)=
X
j

Racc(j); (7.3)

where the summation is over all gas phase species. The accretion timescale, �acc, is then
given by:

��1acc =
X
i

Racc(i) (7.4)

For a 1000Å grain, �acc� 105 s at n = 104 cm�3 and T = 10 K.
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Table 7.2— Elemental fractional abundances of gas-phase species

Species Fractional
Abundance (cm�3)

H 1
O 3.4�10�4

C 1.4�10�4

N 7.5�10�5 a

a Meyer et al. 1997

Gas phase composition

The adopted gas-phase elemental abundances are summarised in Table 7.2. Inside molecular
clouds, hydrogen is mainly in molecular form. Cosmic ray ionisation and dissociative recom-
bination processes maintain a low density of atomic hydrogen of�1 cm�3, i.e., an abundance
of 1/nH, with nH the total density of hydrogen nuclei. Observations and theoretical studies
consistently show that within a dense cloud, carbon is almost exclusively locked up on CO
(Keene 1990). Cosmic ray ionisation of H2 produces a low-intensity FUV field, even inside
dense clouds (Prasad & Tarafdar 1983), and this FUV field dissociates a minor amount of
CO. The carbon released drives the chemistry of more complex species in the gas phase as
well as the formation of CH4 on grain surfaces. Calculated abundances of (neutral/ionised)
carbon are then typically� 0.01 relative to CO (Gredel et al. 1989). We have adopted a C/CO
fraction of 0.03 in all of our calculations. The reservoir of nitrogen in molecular clouds is
unknown. Theoretical studies suggest most of the nitrogen is in the form of N 2. We have
adopted an atomic nitrogen abundance of 0.1 relative to N 2, which can react on grain sur-
faces to form, among others, NH3. The gas phase oxygen budget in molecular clouds is not
well known. A substantial fraction is locked up in CO. The remainder is generally thought to
be in atomic (O) or molecular (O2) form, or alternatively in H2O. SWAS has placed strong
limits on the O2 33–12 (Bergin et al. 2000) and H2O 110–101 (Snell et al. 2000) lines in
dark clouds. However, these observations are difficult to interpret in view of the large SWAS
beam. In line with theoretical studies (Spaans & van Dishoeck 2001), we assume that the
gas phase H2O abundance is low. We have elected to treat the O/O2 (fO2

) ratio as a free
parameter in our studies.

Mobility

We assume that all species are physisorbed rather than chemisorbed on the ice surfaces. The
mobility of an accreted species, i.e. the ability to diffuse from one physisorbed site to another,
is crucial to the likelihood of a reaction occurring on the grain surface. Theoretical studies of
H diffusion on ice surfaces show that quantum mechanical tunnelling dominates the diffusion
process at 10 K with a diffusion timescale which varies between 10�12s and 10�9s depending
on the assumptions (Hollenbach & Salpeter 1971; Leitch-Devlin & Williams 1984; Tielens
& Allamandola 1987). Much slower tunnelling times have been inferred from experiments
of H on silicate and graphite surfaces (Katz et al. 1999). However, this analysis ignored
chemisorption of H, which actually controls the mobility of H on these surfaces (Cazaux &
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Tielens in prep.). On ice surfaces chemisorption does not occur and quantum mechanical
tunnelling will be rapid. Either of these timescales for H-diffusion on an ice surface are much
less than the accretion timescale and as will be discussed below, the precise value is of no
consequence. Atoms heavier than H (N, C, and O) are presumed to diffuse through thermal
hopping:

��1hop = �0 exp

�
�
Edif

kTd

�
; (7.5)

where Td is the dust temperature (10 K) andEdif represents the barrier that must be overcome
in order for the species to diffuse from one site to another. � 0 is the characteristic vibrational
frequency (i.e., represented as an harmonic oscillator) of the grain surface species, and we
have chosen to use a value of 1012 s�1. We have adopted Edif � 0.3Eb = 240 K, where
Eb denotes the binding energy of the species to the grain surface, which is typically 800 K
for atoms on an icy grain surface (Tielens & Hagen 1982). This leads to a thermal hopping
timescale of�10�2s for these atoms. The time it takes a diffusing species to visit all sites on
the grain surface (i.e. scan the surface) is:

�scan = N �; (7.6)

where depending on the diffusing species � is either � tun or �hop y. For a 1000 Å grain, N
� 106 and �scan is then � 10�3s for atomic H and 104s for C, N, and O. Both of these are
less than the accretiont timescale. We note that heavier atoms, radicals or molecules are more
strongly bound to an icy surface (Tielens & Allmandola 1987) and hence, on an accretion
timescale, such species are immobile.

The process of roaming the grain surface is essentially that of a random walk. An ac-
creted species will remain on the grain surface for a time equal to time it takes the species to
thermally desorb (evaporation timescale):

�evap = ��10 exp

�
Eb

kTd

�
; (7.7)

where relevant binding energies are given by Tielens & Allamandola (1987). The desorption
timescale of atomic H is then �103s, i.e. much less than the accretion timescale but larger
than �scan. For atomic C, N, and O as well as all other species the evaporation timescale
is long compared to all other relevant timescales (at 10 K). A mobile H atom can visit each
reacting site then at most:

� = �evap=�scan; (7.8)

which for the parameters above is � 106. Of course, if the atom reacts rapidly, � may be
much less. For the other atoms, the relevant timescale to consider is the accretion timescale,
and � is then 10.

We assume that species with unpaired electrons react upon “collision” on a grain surface.
Reaction of atoms with molecules having paired electrons may also occur upon collision
depending on kinetic considerations (Tielens & Hagen 1982). The probability for an H atom

y Actually for a perfect H2O surface �scan is proportional to
p
N . However, we do not expect the surfaces of

interstellar ices to be perfect.
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(i) to react with a non-radical species (j) depends on the barrier against reaction (activation
barrier, Eaj ):

Pi;j = � �0 exp

�
�
2a

~

q
2mEaj

�
; (7.9)

where � represents the time spent in a site (in this case �tun). If the reactant is not an H atom
(i.e. either N, C, or O) then the term in the exponent is replaced by the likelihood of thermally
hopping over the activation barrier (Ea=kT d). The probability of an atom reacting within one
evaporation timescale (�evap) is then given by:

�i;j = �j k Pi;j ; (7.10)

where �j is the surface concentration of the co-reactant and k is the number of times the atom
enters a specific site. We note that the diffusion timescale drops out, and thus the reaction
probability in each visit is independent of the exact rate at which a species diffuses across
the surface. A faster diffusion timescale limits, of course, the reaction probability but that is
exactly counteracted by the increase in the collision rate. For reactions with negligible acti-
vation barriers (i.e. radicals), Eq. (7.9) reduces to unity. The potential of a reaction occurring
is then determined by the probability of finding a coreactant:

�i;j = �j N
�1 ��1i ; (7.11)

where �i is either due to tunnelling or to thermal hopping, depending on the nature of the
diffusing species. The key point is that a reaction will occur within an evaporation timescale
for H.

The overall reaction rate of species i with species j must then be weighted by all the
reactions that are possible for species i:

Ri;j = �i;j=

nX
l=1

�i;l ; (7.12)

where the summation is over all reactions possible. Now, within this competition of surface
species for a newly accreted H, when there is another radical on the surface, atomic H will
react with this radical even if the surface is otherwise completely covered (�=1) with reaction
partners with Ea as low as 450 K. On the other hand, if there is no radical ”waiting” on
the surface, H will ”select” among the coreactants according to the activation barrier and
the surface concentration of the coreactants involved. We stress once more that the reaction
probability (Eq. 7.11) is independent of the diffusive timescale and the total reaction time
(e.g., the exact value of k). If there is no radical or other coreactant for the H waiting on the
surface, the H atom will evaporate without reaction.

For the other atoms, the maximum barrier of reaction to be considered is E a = 300K for
�i = 10�3 and Ea = 370K for �i = 1. In practise, this may be of importance for the reactions
O + CO and O +O2. For these two reactions, we have adopted PO;CO = PO;O2

, and hence, an
accreted O-atom will select among these two species according to their surface concentration.
For C- and N-atoms, we have ignored reactions with activation barriers.



7.3. Chemistry 121

7.3.2 Surface reaction network

The adopted surface chemistry reaction network is similar to that of Tielens & Hagen (1982).
There are 40 surface reactions in our network which also involve 5 non-radical species and
over half of the reactions are hydrogen addition. These reactions along with the correspond-
ing activation barriers are documented in Table 7.3. For atomic H, reactions with activation
barriers can be of importance. For C and N, we have only included atom-radical reactions.
The surface chemistry of atomic O is unclear. Besides atom-radical reactions, some experi-
mental studies suggest that atomic O may react with CO and O2, while others contradict this.
We will come back to this in Section 7.4.3. For H2, we only include the reaction with OH
(Tielens & Hagen 1982). Furthermore, the reaction H + OH as route to H 2O is not considered
as we have elected to make the OH, once it is formed, react immediately with H 2.

The barrier for the reaction of atomic hydrogen with H 2CO is not well determined even
though this reaction is a crucial step in the formation of CH3OH (Charnley et al. 1997). The
likelihood of an H atom reacting with anH2COmolecule is ultimately determined by the size
of the activation barrier. We have elected to vary this activation barrier between the estimated
values, 230 K and 1850 K. Finally, the reaction H +N2H2 ! N2H + H2 (R25 in Table 7.3)
has been included as an example of an abstraction reaction. In the presence of excess H, this
reaction “absorbs” the hydrogen through sequential abstraction and addition reactions, which
lead to H2 formation.

7.3.3 Comparison with other approaches

Approaches to modelling grain surface chemistry fall into two very distinct categories which
are essentially defined by whether surface- or gas-phase chemistry is the priority. In the first
method, the surface chemistry is governed by the rate at which species are transported to the
grain surface. This is the accretion limited approach and has long been established as relevant
for many astronomical conditions (Hollenbach & Salpeter 1971; Allen & Robinson 1977;
Tielens & Hagen 1982; Tielens & Allamandola 1987; Tielens & Charnley 1997). The model
described above, in Sect. 7.3.1, also adopts this approach. Allen & Robinson (1977) were
the first to construct a model involving a large set of reactions involving atoms and/or radi-
cals. However, given the fact that reactions involving molecules were not addressed and that
a reaction product was immediately desorbed into gas-phase, hydrogenation did not occur.
This meant that simple hydrogenated molecular species were not formed. Also, the size of
the grain was small enough that differences in migration timescale of light and heavy species
became unimportant. In contrast, Tielens & Hagen (1982) considered surface reactions on
large grains, which greatly reduced the mobility of heavier species. As a consequence, reac-
tions involving the atoms H, O, N, and C dominated and in particular, many hydrogenated
and oxidised molecular species were formed. Moreover, the authors were the first to consider
reactions that formed H2 by the abstraction of atomic H which helped to ”mop up”, and thus
control, the free hydrogens. Determination of the surface abundances is accomplished by a
Monte Carlo procedure.

In the second method, the chemistry is governed by the coreactant collision rate of the
accreted species on the grain surface and is more generally referred as being reaction limited.
This approach is driven by the desire to express the reaction probabilities in terms of rate
equations, as is commonly done for gas-phase chemistry. This method was first introduced
by Pickles and Williams (1977) and is the more widely employed (d’Hendecourt et al. 1985,
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Table 7.3— Grain surface reactions

Reactants Products Ea (K) Reactants Products Ea (K)

R1: H CO HCO 1000 R28: O CO CO2 1000
R2: H HCO H2CO a R29: O O O2

a

R3: H H2CO CH3O b R30: O O2 O3
a

R4: H H2CO H2COH b R31: O HCO HCOO a

R5: H CH3O CH3OH a R32: O N NO a

R6: H H2COH CH3OH a R33: O NO NO2
a

R7: H O OH a R34: O NO2 NO3
a

R8: H O2 HO2 1200 R35: O CN OCN a

R9: H HO2 H2O2
a

R10: H H2O2 H2O + OH 1400 R36: C N CN a

R11: H O3 O2 + OH 450
R12: H HCOO HCOOH a R37: N N N2

a

R13: H CN HCN a R38: N NH N2H a

R14: H N NH a R39: N HCO NHCO a

R15: H NH NH2
a

R16: H NH2 NH3
a

R17: H C CH a

R18: H CH CH2
a

R18: H CH2 CH3
a R40: H2 OH H2O + H 2600d

R20: H CH3 CH4
a

R21: H NO HNO a

R22: H NHCO NH2CO a

R23: H NH2CO NH2CHO a R41: O HCO CO2 + H a;e

R24: H N2H N2H2
a R42: OH CO CO2 + H 80e

R25: H N2H2 N2H + H2 650c

R26: H NO2 HNO2
a

R27: H NO3 HNO3
a

a Negligible activation barrier.
b Varied from 230 K to 1850 K.
c from Tielens & Hagen 1982.
d H2 is assumed to reside on the grain and atomic H is a byproduct (Schiff 1973; Tielens & Hagen 1982).
e Alternative CO2 forming reactions, see Sect. 7.4.3.

Brown & Charnley 1990; Hasegawa et al. 1992; Hasegawa & Herbst 1993a; Caselli et al.
1993,1994; Shalabiea & Greenberg 1994). The models of d’Hendecourt et al. (1985) were
the first to couple the surface and gas-phase chemistry in a time-dependent manner. These
authors included non-thermal desorption mechanisms which resulted in a substantial return of
species back into the gas. Brown & Charnley (1990) adopted the approach of d’Hendecourt et
al. but also considered a more complex chemistry. A reduced grain surface reaction network
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was used, and the explicit desorption mechanisms of d’Hendecourt et al. were neglected. A
more recent treatment by Hasegawa et al. (1992) of the reaction limited method has become
the standard and it is instructive to compare the mathematical treatment of the reaction limited
approach with the diffusion limited approach.

In the reaction limited method the surface reaction rate between surface species i and j is
given by-:

Ri;j = �i;j(Rdif;i + Rdif;j)NiNj nd; (7.13)

where Rdif is the inverse of the time its takes for an adsorbed particle to visit every site on
the grain (�scan), �i;j is the probability for a reaction to occur on an encounter, and n d is the
dust-grain density (Hasegawa et al. 1992, Eq. 5). Considering this on a per-grain basis, we
can rearrange Eq. (7.13) in the nomenclature adopted in Sect. 7.3.1. Assuming that species i
is an H atom, Eq (7.13) then becomes-:

Ri;j = Ni �i;j Rreact Tdif ; (7.14)

where Rreact is the total reaction rate which limits the number of times each site is visited.
�i;j is the probability that the accreting and diffusing radical reacts with j rather than with
other species, and Tdif is the transmission coefficient associated with the site-to-site diffusion
process of the mobile species. The most salient aspect of Eq. (7.14) is that compared to
Eq. (7.10) the diffusion factor does not drop out and thus that the rate equation is intimately
linked to the mobility of the reacting species. This approach is accurate only when a large
number of reacting species are present on the grain since averaged abundances are considered
(Tielens & Charnley 1997). As emphasised throughout, R react >> Racc and therefore this
condition is not fulfilled and this approach may lead to erroneous results, where species with
different surface mobilities are considered.

7.3.4 Numerical model

The grain surface chemistry described in the preceding sections is modelled in the following
manner. One by one, species are picked randomly from the gas according to Equation (7.3),
and land on the surface. In principle, either an atom or a molecule can be chosen from the
gas phase. If an atom (either H, C, O, or N) is picked, then one of the available surface
coreactants, with which it can react, is chosen according to Equation (7.12). As described in
Sect. 7.3.1, an atom selects a coreactant based on the probability of overcoming the reaction
activation barrier and on the surface concentration. Therefore, if a radical, which has no
activation barrier, is present it is chosen above all else, otherwise a coreactant is chosen
according to its surface concentration. If no coreactant is available, then a moving atom
which is not H remains on the surface until it is selected for a reaction. In the case of atomic
H, if a reaction does not occur within its evaporation timescale, then the H evaporates. If,
on the other hand, the accreted gas phase species is a molecule (CO, N 2, or O2), which does
not diffuse and there is no diffusing atom on the surface, the accreted species is trapped in a
surface site.

The numerical model is based upon a Monte Carlo method. A random number generator
selects initially the accreting gas phase species and then its coreactant, conforming to the pro-
cedure described above. Ten million (107) species are accreted from the gas phase, resulting
in, typically, five million (5�106) reactions being followed. The abundances of trace species
are then, on average, reliable (3�) at the 10�3 level w.r.t to the total ice abundance.
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7.3.5 Parameters governing the chemistry

The chemistry in the model is in essence governed by three parameters, which are varied in
order to gauge their influence on the overall chemistry. These parameters are: (1) the density
of hydrogen nuclei, (2) the O/O2 ratio, and (3) the ratio of the probability of an atomic H to
react with CO relative to H2CO. The total hydrogen nuclei density (nH) in a molecular cloud
varies from 103 cm�3 to about 106 cm�3. The relative abundance of a gas phase species (n i)
is determined by ni/nH (c.f., Sect. 7.3.1). Thus, the accretion rate of a species is proportional
to the density.

In light of the recent SWAS results, which indicate that O2 is only a trace constituent of
the gas, we have elected to include a variable parameter fO2

which controls the O/O2 ratio.
The gas phase abundance of O is then given by (1-2fO2

)(AO-AC)nH cm�3, where AO and
AC are the elemental abundances of O and C (e.g., the CO abundance). The O 2 abundance is
then given by fO2

(AO-AC)nH cm�3. In the context of this study, the parameter fO2
is varied

from 0.01 to 0.45 which corresponds to O2 abundances of 2�10�6 and 9�10�5, respectively
Finally, the ratio of the probability of an atomic H to react with CO relative to H 2CO (i.e.

P = PCO/PH2CO) is elected to be a free parameter. The reason for this is, as mentioned in
Sect. 7.3.2, that the reaction barrier for H with H2CO is not well determined, and hence we
have chosen to vary this from 230 K to 1850 K. Essentially, PCO and PH2CO are evaluated by
Equation (7.9) whereby the only variable is Ea of H2CO. Therefore, when the H2CO barrier
is low, atomic H preferentially reacts withH2CO. On the other hand, when theH2CO barrier
is high, atomic H will react preferentially with CO. Thus, the composition of the ice mantles
formed in the models not only reflects the physical conditions of the gas but also the kinetics
of the reactions occurring on the grain surface.

7.4 Results

The results are discussed in the context of different model conditions. The specific param-
eters being investigated are: the O2 abundance and the activation barrier of H2CO. Before
addressing the finer details of each particular model, we first describe the general trends of
the grain-surface chemistry.

7.4.1 General trends

First consider models without ”H-absorption” reactions (c.f., Sect. 7.3.2). At low densities,
and with a low O2 fraction (Fig. 7.1a), atomic hydrogen is the most abundant gas-phase
species which gives rise to a reducing environment on the grain surface. This results in water
formation through the O + H (R7) reaction route, while CO is efficiently driven to CH 3OH.
As the gas becomes denser the accretion rate of atomic gas-phase O increases and thereby
shifting the grain-surface chemistry. The most striking aspect is that all of the accreted CO
becomes thoroughly oxidised into CO2. The excess O is converted first into O3. The surface
concentration of O3 temporarily increases, until an accreting H reacts with O3 (R11) to OH.
The OH then reacts immediately with H2 on the surface to H2O, releasing an additional H
which can react again with O3. This run-away process continues until either all the O3 is
converted or the released H reacts with another coreactant present. As a result, the H 2O re-
mains high in these calculations at all densities while the O3 abundance is small. The O2

abundance is limited by its reaction with H and is also never high. Finally, at the density
when the atomic O and H accretion rates are similar, the competition between hydrogenation
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Figure 7.1— The calculated fractional abundances (f) of solid-phase grain mantle species as a function of hydro-
gen density. Panels (a) and (b) represent the results of a model without nitrogen chemistry, whereas panels (c) and (d)
represent a model with nitrogen chemistry. The two left panels represent models with low O2 gas-phase fractions,
while the panels on the right denote models with high O2 gas-phase fractions. In all panels CO is denoted by the
line with diamond symbols to allow easy comparison.

and oxidation of radicals becomes important. This is specifically relevant for the formation
of HCOOH.

For models with a high O2 fraction in the gas-phase, the chemistry proceeds in a slightly
different manner (Fig. 7.1b). At low densities, atomic H coverts all O and O 2 into H2O and
CO into CH3OH. As the atomic H accretion rate drops relative to that of the other species,
atomic O predominantly oxidises CO to CO2, but some CO remains at the highest densities.
Also, in contrast to the low O2 case, the O3 abundance can build up because O2 quickly
”absorbs” the H released by R11. Then, the composition shifts from a water-dominated ice
to a more inert matrix containing large abundances of CO and O 2. The abundance of CO2

in these inert matrices reflects directly the O/O2 accretion ratio. Note that there is also some
H2O present due to the occasional reaction of H with O3 and the resulting cascade (see
above).
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Recalling the observational constraints highlighted in Sect. 7.2, CO is detected in both
apolar (H2O poor) and polar (H2O rich) states. However, in Fig 7.1a &, b CO is only present
at the higher densities and only in a predominantly apolar state. The reason for this is that,
at the lower densities in the H-rich conditions, CO is efficiently depleted by H reducing
reactions. This is due not only to reactions with H accreted directly from the gas phase but
also as a result of reactions with atomic H created as reaction byproduct. The cascade (c.f.,
R40) set up by the OH produced in reactions R10 & R11, terminates through H-addition
with CO. As the density increases and gas phase conditions change to H-poor, CO is able to
accumulate on the grain surface. In order to reproduce the observations, an efficient means
of ”absorbing” the excess atomic H is needed, thereby limiting the aggressive hydrogenation
of CO. The work of Tielens and Hagen (1982) introduced, for the first time, reactions that
formed H2 by the abstraction of atomic H, i.e. H + HX!H2 + X. This can also be viewed
as an ideal way with which to ”absorb” the excess atomic H. We have elected to use only
one such reaction involving N2H2 (R25 in Table 7.3). In the absence of a radical on the
surface, this reaction competes well with all other relevant hydrogenation reactions. While
this reaction allows the ”survival” of acccreted CO and its daughter products H 2CO and
CH3OH on the ice, it has little influence on the remainder of the ice mantle composition. Also
the absolute abundance of N2H2 (which is produced from atomic N) is of little consequence
since the intermediate radical N2H is not diverted to other species (Allen & Robinson 1977).
We note that there are many other species which can similarly absorb excess atomic H at low
densities. These include potentially interesting ice mantle components such as H 2S, N2H4,
and various metal hydrides (Tielens & Hagen 1982; Tielens & Allamandola 1987).

Figure 7.1c, shows the resulting grain surface chemistry when the abstraction reaction is
incorporated under low O2 conditions. CO is now seen at the intermediate densities, along
with the H2O. However, the fractional abundance of CO is still very low, whereas the frac-
tional abundance of CO2 is notably high, even at low densities. The excess H now prefers
to react with N2H2 as opposed to CO. However, the reaction O + CO still limits the abun-
dance of CO in a polar environment. This is also reflected in the fractional abundance of
CH3OH, which is significantly lower than for the cases shown in Fig. 7.1a & b. The efficient
conversion of CO into CO2 also represses the amount of CH3OH produced.

Within in this context, models with a high O2 fraction, and with the H abstraction reac-
tion, have a chemistry that starts to resemble more the observations (Fig. 7.1d). In this case,
CO is now present at substantial levels with the H2O at intermediate densities. In line with
this, the CH3OH fractional abundance is also greater at the lower densities as less of the CO
is converted in CO2. In addition, the H2O fractional abundance decreases with increasing
density. This is because the two main H2O formation pathways, namely the H2O2 route
(R10) and the O3 cascade (R11), are both now stringently controlled by the abstraction reac-
tion (R25).

Thus, in light of the above discussion, we elect to adopt both a high O 2 fraction and the
abstraction reaction (R25 in Table 7.3) from here on. As an aside, we note that within this
scheme, HCOOH is not formed since oxidation of the HCO radical is no longer competitive.

7.4.2 Oxidation versus Hydrogenation

Figure 7.2 shows the calculated abundance ratio of CO2 and CH3OH relative to CO for differ-
ent gas phase O2 abundances. Along each line, the gas phase density increases from bottom
to top and the oxidising conditions parallel this. The reducing conditions increase from left
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Figure 7.2— The abundance ratio of CO2 and CH3OH relative to CO for different O2 abundances (fO2
, see

Sect. 7.3.5). Along each curve, the total density is varied from low (upper right) to high (lower left) densities. A
given fO2

controls the atomic O/H ratio and hence the oxidising and reducing conditions. The diamonds denote the
observed abundance ratios derived using the solid state CO (filled) and gas phase CO abundances (open).

to right. For a given fO2
, this controls the atomic O/H ratio and hence the oxidising and

reducing conditions.
Superimposed are the interstellar abundance ratios observed toward a number of high-

mass embedded protostars. The solid diamonds indicate the abundance ratios derived using
the observed solid state CO abundances. Because CO is a very volatile molecule a small in-
crease in the dust temperature may cause some of the solid state CO to evaporate into the gas
phase (also known as outgassing; Sandford & Allamandola 1988). There is clear evidence
for the importance of thermal processing in the observed profiles of the CO 2 band towards
massive protostars. Hence, some of the gaseous CO along the line of sight may have cycled
through the grain mantles. We therefore also show the data observed towards massive pro-
tostars normalised to the gaseous CO column density. Comparison of the observations with
the data reveals two points. First, the high abundance of solid H 2O attest to the importance
of hydrogenation reactions. However, the observed CO 2/CH3OH ratios show that oxida-
tion reactions have been of great importance as well. Depending on whether outgassing has
been important or not, the derived densities at which ice mantle formation occurred was 10 4

and 105 cm�3, respectively. Second, the observed mantle composition requires a rather high
O2 abundance. Essentially, this reflects the adopted high efficiency of the O + CO!CO 2
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Figure 7.3— The calculated fractional abundances when the CO2 forming reaction CO + O is switched off. The
chemistry was run with a high O2 fraction and only major molecular species are shown.

reaction on the grain surface.

7.4.3 CO2

While early laboratory studies (Tielens & Hagen unpublished) showed that the reaction
O + CO!CO2 occurs at low temperatures in ice matrices with excess CO, subsequent lab-
oratory investigations by Grim & d’Hendecourt (1986) showed that this reaction likely pos-
sessed an appreciable activation barrier. In order to account for the observed interstellarCO 2,
it was therefore initially hypothesised that photolysis of interstellar ices containing H 2O and
CO was the origin of interstellar solid CO2. In light of observations of field stars, which
show little if no evidence for UV radiation (Whittet et al. 1996), this view has dropped from
favour. By default, the O + CO reaction remained in theoretical models as no viable alter-
native existed. However, recently laboratory studies are once again questioning the O + CO
surface reaction (Fraser et al. in preparation). Figure 7.3 shows the grain surface chemistry
that occurs when the CO2 forming reaction is turned off. Of course, in this case CO2 is
not formed. Compared with Fig. 7.1d, the most obvious difference is that at each density the
fractional abundance of CO is very large with the end result that at high densities the man-
tle is predominantly composed of CO. Furthermore, the fractional abundances of H 2O and
O3 are generally larger. The reason for this is that atomic O now quickly reacts with O 2 to
O3 (R30). Therefore, in the H-rich phase (i.e. low densities), H readily reacts with the O 3 to
H2O. When the gas phase conditions switch to H-poor, the only major route for atomic O is
to O3, which then accumulates to significant levels on the grain surface. Additionally, at the
highest density, trace species such as NO3 and HNO3 are present around the 1% to 2% level.
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If the O + CO route is not a viable reaction pathway, and also neglecting photolysis, then
CO2 must be formed in another (efficient) manner in order to account for the large abun-
dances seen toward molecular clouds and field stars (Gerakines et al. 1999). CO 2 produced
in the gas phase and subsequently accreted onto the grain can only account for a minor frac-
tion of the observed CO2 (Herbst & Leung 1989; Millar et al. 1991). Shocks may be an
efficient process to produce gaseous CO2 (Charnley & Kaufmann 2000). Whether this is
the origin of solid state CO2 depends then on the rate at which molecular cloud material is
cycled through shocks since the rate at which gaseousCO2 is converted back to other species
in quiescent regions is similar to the rate at which gaseous CO2 accretes.

Recently, Ruffle & Herbst (2001) have investigated two alternative grain surface routes for
CO2: CO + OH!CO2 + H and/or O + HCO!CO2 + H. Both of these reactions may posses
large activation barriers. The first CO2 forming reaction involves the intermediate forma-
tion of HOCO (Milligan & Jacox 1971) and thus cannot simply be viewed in a bimolecular
abstraction scheme. The formation mechanism is then in fact:

CO + OH 
 HOCO�%!

HOCO
HCO2 �! CO2 + H (7.15)

There is considerable discussion in the chemical literature on the kinetics and energetics of
this reaction, driven largely by its importance in sooty environments (Schatz et al. 1987;
Fulle et al. 1996). If HOCO can rearrange into the HCO2 complex, then the H dissociation
channel barrier is lower than the entrance channel and likely CO 2 formation could occur.
This is as opposed to H trying to dissociate directly from HOCO, which is deemed to have a
higher exit barrier. In that case, the resulting HOCO radical may react to form HCOOH. The
second reaction follows the scheme:

O + HCO 
 HCOO� %�!

HCOOH
CO2 + H (7.16)

In our study we have assumed that the intermediate, highly excited, radical HCOO stabilises
on the grain surface and is ultimately reduced by atomic H to HCOOH. In line with the
discussion above, HCOO might molecularly dissociate into CO2 + H. However, Milligan &
Jacox (1971) have shown that HOCO is the product formed in the photolysis of CO in a
H2O matrix.

In order to assess the efficiency of these alternative CO2 forming routes, we have run
the models with the O + CO reaction switched off, and with either reaction (7.15) or (7.16)
incorporated. The results are shown in Figs. 7.4 & 7.5, where in both cases only relevant
surface species are plotted. Here, we only discuss the chemistry in the context of the CO 2

reactions. Figure 7.4 displays the fractional abundances that result from reaction (7.15) for
both a low and a high O2 fraction (fO2

). Strikingly, CO2 is abundantly produced in the
density regime n= 104 – 105cm�3 for both fO2

conditions. This is a direct reflection of the
fact that reaction (7.15) is weighted to the surface concentration of CO which is accretes in
great amounts at large densities. For n� 5cm�3 (i.e., poor atomic H conditions), OH is no
longer formed and the route to CO2 is broken. This explicitly means that reaction (7.15)
is only a viable alternative for CO2 production for intermediate densities (104 – 105cm�3).
Notably, in the low the fO2

case, HCOOH is present around the 1% level as direct result of
atomic O more efficiently oxidising the HCO radical. The results of the other possible CO 2
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Figure 7.4— The fractional abundances of relevant surface species for the CO2 forming reaction CO + OH (see
text for details). Panels (a) & (b) are run under low and high fO2

conditions, respectively.

route, reaction (7.16), are shown in Fig 7.5, under low fO2
conditions. In this case, we have

elected to allow the two end products (i.e., CO2 or HCOOH) to have an equal chance of
being formed. This aspect is clearly reflected in the fact the CO2 (line denoted by diamonds)
and HCOOH directly trace each other. At low densities, as a result of atomic H being more
abundant than atomic O, the HCO radical is preferentially hydrogenated and as a consequence
theCO2 fraction is low. At higher densities, the abundance of atomic H decreases sufficiently
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Figure 7.5— Fractional abundances versus density for relevant surface species when the CO2 forming reaction
O + HCO is substituted for the O + CO reaction (see text for details)and run under low fO2

conditions. CO2 is
denoted by the open triangles.

to allow reaction (7.16) to proceed. If, on the other hand, the O 2 fraction is large then the
available gas phase atomic O decreases and as a consequence the rate at which reaction (7.16)
occurs diminishes. In this case, CO2 is not formed (to any significant extent) and is thus not
a viable alternative to the traditional CO2 forming reaction O + CO.

A comparison of the model abundances of CO2 and its progenitor CO, which result from
the various CO2 forming reactions, with their corresponding observed interstellar solid state
abundances may help to further elucidate the efficiency and hence relevancy of each of the
possible CO2 routes. Figure 7.6 shows such a comparison for which the possible CO 2 form-
ing reactions were run under different initial O2 gas phase abundances. The O +CO2 reaction
is represented by the solid lines, with density increasing from from left to right. In line with
Fig. 7.2, the models that best approximate the data are for conditions with a high fO2

fraction
and a density of a around n= 104 – 105cm�3. This reaction, as mentioned earlier, is an effi-
cient mechanism to produce CO2. The dashed lines in Fig. 7.6 denote the model abundances
that arise from theCO2 forming reaction OH + CO. This route toCO2 can reasonable account
for the observed abundance ratios for the density range n= 10 4 – 105cm�3 (see Fig. 7.4) and
thus, in principle, is a viable alternative to the O + CO pathway. On the other hand, Fig. 7.6
clearly illustrates that the CO2 forming reaction O + HCO (reaction 7.16; dotted line) is not
efficient at producingCO2, irrespective of the initial O2 fractional gas phase abundance (note:
fO2

= 0.31 in this case falls outside the parameter space of Fig. 7.6).

Ignoring for the moment the kinetic uncertainties of these reactions, there are additional
issues that need to be addressed. In particular, because of the low temperatures, reaction
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Figure 7.6— A comparison of model CO2/H2O and CO/H2O abundance ratios for the different CO2 forming
reactions - CO + O (solid line); O + HCO (dotted line); OH + CO (dashed line). The numbers denote different O2
fractional gas phase abundances (fO2

, see Sect. 7.3.5). Also plotted are the observed abundance ratios (filled dia-
monds) for a number of high- and low-mass protostars (c.f., Gerakines et al. 1999; Keane et al. 2001a; Nummelin
et al. 2001).

(7.15) will only occur if the OH formed finds itself adjacent to the CO molecule. If the OH
is not formed adjacent to a CO molecule, the OH will react rapidly with H2 to H2O. Hence,
whether either of these alternative routes to CO2 (i.e., reactions (7.15) & (7.16)) are viable
on grain surfaces remains to be seen. Further experimental and quantum chemical studies are
required to settle these issues.

7.4.4 H2CO and CH3OH

The formation of CH3OH on grain surfaces involves the successive hydrogenation of CO,
shown in Eq. (7.17).

CO
P1
�!
1

HCO �!
2

H2CO
P3
�!
3

CH3O �!
4

CH3OH (7.17)

Steps 2 and 4 in Eq. (7.17) are barrierless and atomic H reacts readily, ensuring that the rad-
icals HCO and CH3O do not accumulate on the surface. Steps 1 and 3, on the other hand,
are believed to have appreciable reaction barriers. The accumulation of CO and H 2CO there-
fore depends on the probability of H reacting with either species. In Fig. 7.1d (the adopted
model), H2CO never accumulates on the grain surface, whereas CO does. This results from
the assumption that the reaction barrier for the hydrogenation of H 2CO is considerably lower
than the corresponding barrier for CO and consequently atomic H preferentially reacts with
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Figure 7.7— Fractional abundances versus hydrogen density of relevant surface species for different H2CO acti-
vation barriers. The dot-dashed lines indicate species that are significantly affected by varying the H2CO activation
barrier.

H2CO. In Fig. 7.7, model results are presented varying the H 2CO activation barrier from
230 K to 1850 K. Fig 7.7a is the same as Fig. 7.1d where essentially all the H 2CO is reduced
to CH3OH. As the H2CO activation barrier is increased to 1000 K, the amount of H 2CO on
the surface also increases to just less than the 1% level. In this model, as the conditions change
from reducing to oxidising, the reaction sequence (7.17) terminates more often at H 2CO. Of
course for high densities all hydrogenation reactions decrease in importance. These effects
are even more pronounced when the activation barrier for hydrogenation of H 2CO is 1850 K
(Fig. 7.7c), Now H2CO can accumulate at high levels (�20%) on the grain surface. Strik-
ingly, the overall chemistry is very similar in all cases. We note that when the activation
barrier for the H2CO reaction increases the H, that now does not react with H2CO, reacts
with H2O2 instead and the abundance of the latter decreases slightly from panel Fig. 7.7a
through c. As a result, H2O is also more abundant.

Alternatively, the chemistry of Fig. 7.7 can be expressed in terms of the ratio of the proba-
bility for H to react with CO relative to H2CO, i.e. P = P1=P3 in Eq. 7.17. Figure 7.8 shows
the abundance ratios H2CO/CH3OH and CO/CH3OH for different reaction probability ra-
tios. The diamonds in Fig. 7.8 indicate the H2CO/CH3OH and CO/CH3OH interstellar ice
abundance ratios observed toward a number of high-mass embedded protostars. The observed
abundance ratios of CO/CH3OH is based upon the total solid CO column density, including
the apolar component. However, in our model the CH 3OH and H2CO are largely limited to
the water-rich (polar) phase. If we had normalised to the polar CO abundance only, the filled
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Figure 7.8— The abundance ratio of H2CO and CO relative to CH3OH. The curves show the results for the
ratio of the probability of H to react with CO relative to H2CO. Along each curve the CO/H accretion probability
varies from small to large. The diamonds indicate observed abundances toward a number of embedded young stellar
objects. Plotted are the results using the solid state CO (filled diamonds) and with the gas phase CO (open diamonds).
The circles denote the gas phase composition of the Orion Compact ridge (see text; Sutton et al. 1995; Wright et al.
1996) and the box surrounding them denotes the range of literature values.

diamonds would, in general, shift only slightly to the left, with one object would shifting sig-
nificantly. Since the solid state (solid diamonds) CO abundance are sensitive to outgassing,
the observational values may not accurately reflect the true CO abundance (as discussed in
preceding paragraph). However, gas-phase CO abundances can be used (open diamonds).
Also plotted in Fig. 7.7, are a number of abundance ratios derived for the Orion Compact
Ridge (filled circles; Sutton et al. 1995; Wright et al. 1996). The variations seen in these
points might well reflect the fact that Orion molecular cloud OMC-1 is a complex region and
observations might suffer from confusion (i.e., observations of the Compact Ridge might be
(slightly) contaminated by nearby regions). Within the context of our models, the conditions
that best account for the composition of ices toward the embedded protostars were accretion
during an intermediate density (n� 104cm�3) gas-phase and for an assumed P � 1, i.e., it
is equally probable that an H can react with CO as with H2CO on a per-species basis (i.e.,
assuming equal �i). This approach was first considered by Charnley et al. (1997), in which
they solved the hydrogenation chemistry of CO to CH3OH analytically disregarding all other
reactions. Their resulting abundances differ somewhat from ours. We have checked that our
numerical model reproduces the Charnley et al. results if we switch off all other reactions.
As it turns out, the other hydrogenation reactions do have an important influence on the CO,
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Figure 7.9— As Fig. 7.8, but in this case the abundance ratios are determined from gas phase data (van der Tak et
al. 2000a,b). The diamonds indicate the observed gas phase abundances towards the embedded young stellar objects
shown in Fig. 7.8. The triangles are additional objects from the study of van der Tak et al. (2000a,b). As in Fig. 7.8,
the circles denote the Orion Compact Ridge abundance ratios.

H2CO, CH3OH abundance ratios at high densities (low atomic H in the accreting gas) when
the competition for H is fierce. It is this aspect that causes the curves to level off to the right
of Fig. 7.8. Charnley et al. (1997) derived a value of 10�3 for P which is much lower than
our best fit value of (P � 1). However, their value for P was based on comparison to the
observations of the Orion Compact Ridge, which falls in the region where the curves are lev-
elling off. Hence, because of their limited chemistry, their study underestimates the value of
P considerably. We note also, that the Orion Compact Ridge observations are outlyers with
regard to all other sources and would indicate a value for P of � 10�1.

In contrast to ice studies, observations of gaseous CO, H2CO, and CH3OH in hot cores
(van der Tak et al. 2000a,b), reveal high density, cold environments that have little atomic H
(e.g., high density) and therefore are not conducive to hydrogenation (Fig. 7.9). The model
can reproduce the observed ratios in the gas phase of hot cores if we extend the curves to high
densities (� 106cm�3). However, the agreement is largely artificial because abundances of
all hydrogenated species is very low at high densities. These gaseous ratios are difficult
to reconcile with observed interstellar ice abundances unless only a minor fraction of the
CO observed in hot cores has been cycled through the ice phase in massive star forming
regions. Under the conditions indicated by the CO, H2CO, and CH3OH abundances, the
accretion is mainly of inert species and additionally there is little atomic O present. As a
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Table 7.4— Comparison of model abundances with observed ice abundances a

Model 1b Model 2c

Species protostarsd Elias 16 103 104 105 103 104 105

H2O 100 100 100 100 100 100 100 100
CO2 (total) 14 – 24 18 54 64 106 18 30 133

(polar) 13 – 16 18 54 64 — 18 30 —
(apolar) 1 – 8 — — — 106 — —- 133

CO (total) 5 – 16 25 0.01 1 14 0.03 6 153
(polar) 1 – 6 3 0.01 1 — 0.03 6 —
(apolar) 2 – 14 22 — — 14 — — 153

CH3OH 4 – 22 <3 28 20 0.7 54 61 0.9
NH3 <15 — 10 1 — 12 0.5 —
CH4 2 — 4.4 2 0.4 3.4 4.4 0.5
H2CO 2 – 6 — — — — — 0.1-1.7e 0-0.5e

HCOOH 0 –7 — 0.07 — — — — —

NH2CHO — — — 3 9 — 19 30
H2O2 — — — 4 3 0.3 21 7
a % relative to H2O
b Low O2 fraction
c High O2 fraction
d Based on ice abundances towards high-mass and low-mass objects listed in Table 7.1
e Depending on whether the activation barrier for H2CO is 670 K or 1000 K

result, little H2O will be formed through standard surface chemistry and any H 2O or its
derivative (e.g. H3O+) has to be formed locally (e.g., through the reaction O +H 2 and
OH +H2) in the warm gas. Possibly, the observed ice composition and hot core compositions
can be reconciled by considering that, unlike the hot core material, ices sample quiescent
material, much further away from the collapsing core, which have never experienced the
extreme conditions associated with the protostellar core forming process. Alternatively, the
gas phase abundance ratios in Fig. 7.9 might have fallen, at one stage, close to the P � 1 curve
which is favoured by the solid state abundance ratios and simply with time evolved to their
current positions. In this respect, the gas phase abundance ratios might reflect a later stage of
the star-forming process whereby these species are converted into other molecules. Indeed,
models of the gas phase chemistry of warm molecular material around protostars show that
after the mantles have been injected into the gas phase, the abundances ofCH 3OH andH2CO
decrease, with H2CO decreasing at a more rapid rate (Charnley et al. 1992). As a result, the
data points in Fig 7.9 will shift to the lower right corner, i.e., in the direction indicated by
the arrows. In this way, the bulk of the CO can still cycle through the ice phase in massive
star forming regions. Further theoretical studies are necessary to elucidate the discrepancy
between the solid state abundance ratios and their corresponding gas phase values.
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7.4.5 Comparison with molecular cloud observations

In Table 7.4, we compare the abundances of selected species of our model with abundances of
observed interstellar ices. Model abundances of distinct polar and nonpolar phases are given
to compare more directly with the observations and all abundances are normalised to H 2O.
Generally the observations, especially the distribution of carbon over the (polar) CO, CO 2

and CH3OH species, and the models are in good agreement with the models for n� 10 4–
105cm�3. We note that at these densities, the accretion timescale becomes comparable to the
dynamical timescale of protostar formation (104-105yr). Furthermore, comparison of Fig. 7.7
with the observed solid state H2CO abundances, suggests that the activation barrier of H2CO
is�1500 K. However, there is a considerable discrepancy between the abundance ofCH 3OH
produced by the models and what is actually observed. To a large extent, this results from
the high adopted gaseous C/O ratio which in the models is � 0.45 as opposed to an observed
ratio of, in the case of Elias 16, � 0.25 in the ices. Models run with lower C/O ratios result
in CH3OH abundances which are quite comparable to the obervations. The observed apolar
CO reflects high densities (>105cm�3) in the models when the gas phase is H-poor. NH3 and
CH4 abundances are set by the adopted atomic N and C abundances in the gas phase. Their
good match with the observations is therefore not surprising. Strikingly, although HCOOH
is observed towards protostars, in our models it is simply not produced. Oxidation of the
HCO radical does not appear to be efficient as the atomic O generally prefers routes that
terminate in H2O. On the other hand, H2O2 and NH2CHO have not yet been observed
but both species are present at substantial levels, for n� 104–105cm�3, in our models. A
concerted effort should be made to search for signatures of these molecules. At even higher
densities (106cm�3; not shown in Table 7.4) and in the case of the high fO2

models, HNCO
and OCN are present just beneath the 1% level.

7.5 Summary and future directions
We have presented a simple, Monte Carlo accretion limited model of the chemistry occur-
ring on grain surfaces. The chemical network consists only of a small but important set of
predominantly hydrogenation and oxidation reactions. Two essential and simplifying condi-
tions are assumed: 1) the reaction timescale is significantly less than the accretion time of the
next species and 2) the surface chemistry is not coupled to the gas-phase. In addition, atomic
hydrogen is assumed to quantum mechanically tunnel when diffusing across the surface and
when reacting with a reaction partner. Particular attention is paid to the sensitivity of the
grain surface chemistry to the O2 fraction. Furthermore, the activation barrier regulating the
hydrogenation ofH2CO, and the subsequent formation ofCH3OH, is investigated. To assess
the repressing nature of H-reducing reactions on the overall chemistry, we have included an
H-abstraction reaction that ”absorbs” excess free hydrogen. Below we discuss the principal
results of this study and highlight the important issues that remain to be resolved.

1. We find that hydrogenation and oxidation reactions are equally important on the grain
surface. The high abundances of solid H2O attest to the importance of hydrogenation
reactions. H-abstraction (”mopping up” of excess hydrogen) allows the ”survival” of
accreted CO, and its daughter products H2CO and CH3OH, but has little influence on
the remainder of the ice mantle composition. However, the reaction O + CO still limits
the abundance of CO at the low densities. The efficient conversion of CO into CO 2

also represses the amount of CH3OH produced.
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2. Our simple grain surface chemistry can reasonably account for the observed ice com-
position toward molecular clouds. The results show that water-rich ices are formed
at densities � 105cm�3 where atomic hydrogen is an abundant gas phase species. In-
ert ices, on the other hand, form at higher densities. However, the observed mantle
compositions require, in the context of our models, a rather high fO2

abundance. This
essentially reflects the adopted high efficiency of the O + CO!CO2 grains surface re-
action. Clearly, establishing the abundance of solid O2 is crucial for understanding the
grain surface chemistry.

3. The derived densities at which ice mantle formation occurred is�10 4–105cm�3. Also,
from timescale considerations, this is the density at which the accretion becomes com-
parable to the free-fall timescale.

4. The chemistry is essentially controlled by a few key reactions, namely:-

O+CO ; O +O2

H+CO ; H +H2CO

The above oxidation reactions block theH2O forming reaction O + H and the dominant
routes to H2O are then the hydrogenation of O2 (through H2O2) and oxidation of O2

(through O3) where in this case the O2 acts as a catalyst. The hydrogenation reactions
are the controlling steps in the formation of CH3OH, though both of these steps have
considerable activation barriers. Within the context of our model, comparisons with
observations show, that it is equally probable that an H can react with CO as with
H2CO on a per-species basis. This implies that the activation barriers for each step are
similar. Experimental studies are casting/reviving serious doubts about whether atomic
O can react with CO to CO2. Observationally,CO2 ice is ubiquitous with surprisingly
similar abundances in contrasting environments, and therefore alternative formation
routes to CO2 must be investigated. It is possible that CO2 could be formed by either

CO+OH or O + HCO

In the context of our models, CO + OH can reasonably account for the observed CO 2

ice abundances, but only in density regime n� 104–105cm�3 where the CO2 produc-
tion is efficient. O + HCO, on the other hand, is not a efficient reaction for CO 2 for-
mation. Nevertheless, there is considerable uncertainty about the kinetics of these two
reactions and more theoretical and experimental studies are need in order to establish
if they are in fact viable pathways to form CO2 on interstellar grain surfaces.

5. The origin of HCOOH is unclear as our models did not produce any significant amounts
of HCOOH when run under interstellar chemical conditions that best matched the
global observed ice abundances. Oxidation of HCO seems to be an inefficient source
for HCOOH. Possibly, the reaction OH + CO, and its intermediate product HCO2,
can lead to efficient production of HCOOH, though further experimental and quantum
chemical studies are required.

6. Finally, our results reveal that under certain circumstances a ”cascade” can set in con-
verting rapidly all O3 into H2O. Such a cascade is difficult to incorporate into (modi-
fied) rate equation approaches to grain surface chemistry.


