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Abstract. We investigate the effects of grain-surface hydrogenation reactions on gas phase chemical models of
diffuse and translucent clouds in the interstellar medium. Models in which gas phase species freeze out on to
dust without release do not match observed column densities well. Expanding on previous work we extend our
models to include the release of C, N, O, S and CO following hydrogenation on the grain surface. The results
show that such mechanisms do improve the ability of chemical models to reproduce observed abundances, not only
through the release of otherwise frozen-out species but also because of the additional hydrogenating reactions. For
example, the predicted column densities of NH in diffuse clouds and H2S and NH3 in translucent clouds match
observations better in models with grain-surface hydrogenation.
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1. Introduction

Diffuse and translucent clouds remain something of an
enigma in modern astronomy. Although the longest-
studied of interstellar clouds, their role in the evolution of
matter in space is unclear. Their relatively simple chem-
istry has led them to be identified as test-beds of chemical
networks. This may be inappropriate, as they present dif-
ficulties (for example, the pathological case of CH+; and
the high observed abundance of CO) that have not cur-
rently been resolved. It seems evident that both the dy-
namics and the detailed pressure-density structure may
be affecting the chemistry. In addition, uncertainties in
some gas phase reactions remain, and the contribution of
grain-surface reactions – indicated by both H2 and NH
– cannot yet be regarded as definitive, owing to limited
experimental and theoretical support. However, this last
point is being addressed in several studies (Vidali et al.
1999; Pirronello et al. 1999; Williams et al. 1999).

It is encouraging, therefore, that there has been
a resurgence of interest in observations of diffuse and
translucent clouds, and the list of identified molecular
species has been significantly extended. Comprehensive
lists of identified interstellar molecules are given in
van Dishoeck (1998), Turner (2000) and Lucas & Liszt
(1997). Recently, two new important species have been
observed in the interstellar medium: CH3 (Feuchtgruber
et al. 2000) and C3 (Maier et al. 2001; Haffner & Meyer
1995). Most of these new discoveries cannot be adequately
accounted for on the basis of simple chemical models, and
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either more complex cloud structures (Nguyen et al. 2001)
or additional chemical routes have been proposed.

In an earlier paper (Viti et al. 2000) we explored the
potential contribution of grain surface reactions to hydro-
carbon formation in diffuse and translucent clouds as a
supplement to the well-established gas phase networks.
The gas phase network alone appears insufficient as a
model of these clouds because it is thought that when a
molecule in the gas meets a dust grain it will stick to the
surface (Williams 1998). Some energetic mechanism must
be involved if the molecule is to return to the gas phase,
and a chemical change may well occur (Jones & Williams
1984). In the previous paper two models were explored:
in the first (Model A) it was simply assumed that all C+

ions arriving at grain surfaces were incorporated into hy-
drogenated amorphous carbon (HAC), and in the second
(Model B) the C+ ion was assumed to be returned to
the gas as CH4, thereby feeding the hydrocarbon chemi-
cal network. A hybrid of these models was also discussed.
The results showed that Model A could not account for
the chemical richness observed, but that Model B, and the
hybrid model (AB), could provide an adequate match to
the observations of hydrocarbons in diffuse and translu-
cent clouds. The abundances of several as yet undetected
species were also predicted.

One of the more significant problems in diffuse cloud
chemistry has been the failure of models to account ad-
equately for the abundant molecule CO (Wagenblast &
Williams 1993). Gas phase formation routes to CO include
C and C+ with OH, O with CH, and HCO+ with e−. The
formation route through the CH and O gas phase reac-
tion is enhanced by the adoption of CH4 injection from
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grains (Viti et al. 2000) but even in this case there still
appears to be a shortfall in the computed CO abundance.
Wagenblast & Williams (1996) suggested that an addi-
tional contribution from dust-formed OH and H2O react-
ing with C+ might resolve the difficulty. Hence it seems
reasonable to extend the chemistry of Viti et al. (2000)
to include the surface hydrogenation of other species on
dust grains, and to explore the contribution of the product
molecules to the gas phase network of reactions.

We have, therefore, included hydrogenation of O, N,
S+, CO to various products which then enter the gas
phase network. These gas+grain chemistry models are ex-
plored for a variety of environments, ranging from rather
low number density, low extinction clouds, to moderate
density, moderate extinction clouds.

In Sect. 2 we describe the details of the models, in-
cluding the adopted hydrogenation efficiency, largely as in
Viti et al. (2000). The effects of the hydrogenation reac-
tions are described in Sect. 3. The main results are given
in the form of column densities integrated through the
clouds, as in Viti et al. (2000), in Sect. 4, where we com-
pare our models with some of the available observations.
In Sect. 5 we briefly present our conclusions.

2. The models

The basic chemical model which we use is the UMIST
rate file (Millar et al. 1997) with the slight modifications
described in Viti et al. (2000). The initial elemental abun-
dances by number relative to hydrogen were taken to be
7.0× 10−2, 1.1× 10−4, 6.0× 10−5, 4.6× 10−4, 1.3× 10−5,
3.0 × 10−9, 2.0 × 10−7 and 7.0 × 10−9 for helium, car-
bon, nitrogen, oxygen, sulphur, magnesium, sodium, and
silicon respectively. These values are taken from Snow &
Witt (1996) as in the previous paper, though more recent
estimates differ. For example, Savage & Sembach (1996)
give abundance for Mg and Si more than two orders of
magnitude different, although those changes in particu-
lar would not significantly affect the results that we shall
present. The adopted value of the cosmic ray ionization
rate ζ, is 1.3 × 10−17 s−1. For static slab model clouds
with densities of each of 100, 300 and 1000 H-nuclei cm−3

we run time-dependent chemical multipoint calculations
to find the gas phase abundances for evolutionary times
up to 107 years, over a range of visual extinction from
0 to 4 mag. CO self-shielding is accounted for using codes
developed by Wagenblast (1992). The gas is assumed to
be evenly mixed with dust grains to which molecules will
stick on collision: a process known as “freeze out”. The
efficiency of freeze out for a given molecule depends on
the size and charge of the grains; assuming, as is usual,
that any species contacting a grain will stick with proba-
bility ≈1. In our models we use a traditional grain model.
All grains are assumed to have an excess charge of 1 e−.

There are alternative grain models which expand the
traditional grain size distribution to include large num-
bers of very small grains. In such a case the small grains
will dominate surface processes because they present most

of the available surface area. The effects of the grain sur-
face processes we examine in this paper could be signifi-
cantly changed in such models: firstly, because the smaller
grains will tend to have a significantly different charge dis-
tribution (Weingartner & Draine 1999), altering not only
the freeze-out rates but also possibly affecting the ioniza-
tion balance between atoms and their corresponding ions
(Lepp et al. 1988); and secondly, because the distribution
of frozen-out species is less likely to be constant across all
grains, it may not be possible to model surface processes
in a classical manner.

We compare results from eleven different chemistries:
Models A and B are as mentioned in Sect. 1; Model A
has no recovery of species from grains, and in Model B all
positive carbon ions that meet the grain surfaces are re-
injected into the gas phase as CH4 molecules. The other
chemical models that we used add extra hydrogenation
reactions to Model B as described below. In all cases, the
products of these surface reactions are assumed to be re-
turned promptly to the gas phase.

Model C extends Model B by including the hydrogena-
tion of oxygen and nitrogen: O forms H2O on collision with
a dust grain, and N forms NH3.

Model D adds to Model C the hydrogenation of sul-
phur: S+ is hydrogenated to H2S on grains.

We also tested three models to examine consequences
of the hydrogenation of CO. In Models E1 to E3 hydro-
genation of CO into different species is added to the chem-
istry of Model C, that is, with C+, O and N hydrogena-
tion. In Model E1, CO forms H2CO on grains, and in
Model E2 the product is CH3OH. Model E3 is a hybrid
of E1 and E2 in which H2CO and CH3OH are formed
equally. Models F1 to F3 are the same as E1 to E3 but
with the hydrogenation of S+ added as in Model D.

Finally, in addition to the above we have included re-
sults from a model using a chemistry identical to that of
Model A (without any hydrogenation on grains) but in
which species do not freeze out on to dust grains. We call
this Model Z and it is provided as a reference to show
the situation where dust grains do not interact chemically
with the gas phase. The hydrogenation reactions added in
each model are summarized in Table 1.

3. Effects of the hydrogenation reactions

The changes in computed abundances with the addition
of new grain-surface reactions are essentially as expected.
Release of molecules from grains to the gas phase will
necessarily cause an increase in abundance in all models
relative to model A for all species based on the elements
released. This is simply because an element that was being
removed from the gas phase in Model A is still present in
other models. If there is an ejection mechanism for one hy-
drogenated species (as in Model B), then it seems logical
to expect ejection of some kind for other hydrogenated
species; the real question is the form of the ejection re-
actions and their relative efficiencies. Unfortunately, not
enough is yet known about activity on the grains to set
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Table 1. Summary of hydrogenation reactions on grain surfaces included in each chemical model.

Chemical model Surface hydrogenation reactions

A None (freeze-out of all species)

B C+↓ −→CH4 ↑
C As Model B but with O↓ −→H2O↑, and N↓ −→NH3↑ also

D As C, with S+ ↓ −→H2S↑
E1 As C, with CO↓ −→H2CO↑
E2 As C, with CO↓ −→CH3OH↑
E3 As C, with 50% CO↓ −→H2CO↑, 50% CO↓ −→CH3OH↑
F1 As D, with CO↓ −→H2CO↑
F2 As D, with CO↓ −→CH3OH↑
F3 As D, with 50% CO↓ −→H2CO↑, 50% CO↓ −→CH3OH↑
Z Purely gas-phase chemistry (as A) with no grain interaction

accurate a priori rates; and current observational data are
probably not extensive enough to make detailed studies
of such complex systems. Hence, we introduce ejection re-
actions for only a few species at a time, each with 100%
efficiency: this efficiency may be unrealistic, but at this
stage we are only interested in studying the qualitative ef-
fects of surface grain chemistry on the evolution of diffuse
and translucent clouds in order to answer the following
question: would the abundances of hydrogenated species
vary enough to produce a detectable difference? By in-
troducing a 100% efficiency of ejection, we are, of course,
allowing for the largest possible effect.

We have calculated the abundances for visual extinc-
tions from 0 to 4 mags for clouds of density 100, 300 and
1000 cm−3. This enables us to consider the chemistry
in several régimes including diffuse clouds with density
≤300 cm−3 and AV ∼1 mags, and translucent clouds with
higher density and AV ∼ 3 mags. Tables 2–4 summarize
our results; they contain column densities for the clouds
after a time of 107 years–there is no steady state for mod-
els with freeze-out. In Tables 2 and 3 Col. 9 shows the
observed column densities of ζ Per (in Table 2) and ζ Oph
(in Table 3) taken from the literature; for some species,
however, these were not available in which cases we have
compared our models with the column densities derived
along different lines of sight (not presented in the tables)
and discussed these comparisons in the text (in particular
Sects. 4.1.1, 4.1.3 and 4.1.5). Even when available, we have
not included error bars in listing the observed values, as
comparisons between observations and our model results
should only be done in qualitative terms. Note that the
column densities of Models A and B may differ from the
ones listed in Viti et al. (2000) because we have incorpo-
rated a better treatment of CO self-shielding and a more
accurate estimation of the integrated column densities.

Here we review in qualitative terms the consequences
of introducing surface hydrogenation. The effects of
adding hydrogenation reactions for C+ were discussed in
the previous paper (Viti et al. 2000); in Model C where we

have added hydrogenation for oxygen and nitrogen there
is an equivalent set of changes for species containing these
elements. Of particular interest are the H2O and CO abun-
dances which are related because H2O and OH are thought
to be part of a major formation route for CO. The in-
troduction of surface hydrogenation for C+ (Model B) in-
creases the amount of CH2 present, which reacts with oxy-
gen to produce CO. The column density of CO is thereby
greatly increased (compared to Model A), but the column
densities of H2O and OH in Model B fall compared to
Model A: this is a consequence of the increase in carbon-
bearing species in the gas. With the addition of surface
hydrogenation of oxygen directly into H2O (Model C) the
former C:O ratio is maintained and the column densities
of H2O and OH recover to approximately the levels of
Model A.

The addition of surface hydrogenation of nitrogen
to NH3 in Model C affects directly the abundance of NH3,
increasing it well above the level of Models A and B.

With the inclusion of sulphur hydrogenation to H2S in
Model D, the column densities of S and S+ are increased
for all cloud densities. For the diffuse clouds these are
the only significant effects. However, at the translucent
cloud density of 1000 cm−3 several species, including CS,
SO and H2S, have column densities increased by several
orders of magnitude.

The differences between Models E1, E2 and E3 are
negligible. The only species whose column density changes
significantly between them is CH3OH. It seems that H2CO
can be adequately produced from CH3OH in the gas phase
so there is no real need to consider these models (or F1–
F3) separately. In the tables of results therefore we have
only included Models E3 and F3 which both produce
CH3OH and H2CO in equal amounts from CO. Probably
the most interesting thing to observe with these models is
that they do not decrease the column density of CO; in-
deed, in the translucent cloud case it is increased even fur-
ther beyond that of Model C, probably as a consequence
of the increase of the carbon budget in the gas due to
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Table 2. Results of chemical models for 1 mag of visual extinction for clouds with number density of 100 cm−3 after 107 years.
The computed column densities (in cm−2) of each species from seven models are compared to the observed column densities
for ζ Per taken from the literature, when available. (Note, numbers in the form a(b) above represent a× 10b.)

Species Model Observation

A B C D E3 F3 Z ζ Per

H 1.7(20) 1.7(20) 1.7(20) 1.7(20) 1.7(20) 1.7(20) 1.7(20) 8.9(20)–1.4(21)a

H2 7.2(20) 7.2(20) 7.2(20) 7.2(20) 7.2(20) 7.2(20) 7.2(20) 3.2(20)–7.1(20)a

S 6.4(11) 5.0(12) 5.0(12) 6.0(13) 5.0(12) 6.0(13) 5.9(13) 1.8(13)b

S+ 2.0(15) 2.0(15) 2.0(15) 2.1(16) 2.0(15) 2.1(16) 2.1(16) 1.6(16)c

CS 8.0(7) 5.3(9) 5.3(9) 6.7(10) 5.3(9) 6.7(10) 2.4(10) −∗

SO 1.5(7) 1.5(7) 1.9(7) 1.7(9) 1.9(7) 1.7(9) 2.0(8) −∗

CO 8.5(11) 1.5(13) 3.1(13) 3.0(13) 3.1(13) 3.0(13) 1.1(13) 6.1(14)b

C2H 1.4(8) 8.3(11) 8.3(11) 8.0(11) 8.3(11) 8.0(11) 1.0(11) −∗

C3H2 5.2(4) 2.0(9) 2.0(9) 1.7(9) 2.0(9) 1.7(9) 1.8(8) −∗

C2H2 3.2(6) 3.2(10) 3.2(10) 3.2(10) 3.2(10) 3.2(10) 2.9(8) −
CH3 4.2(9) 1.4(12) 1.4(12) 1.4(12) 1.4(12) 1.4(12) 1.9(10) −
NH 1.4(10) 9.2(9) 3.1(11) 3.1(11) 3.1(11) 3.1(11) 1.1(10) 1(12)d

CN 3.1(8) 7.7(9) 6.8(10) 6.7(10) 6.8(10) 6.7(10) 5.2(9) 3.0(12)e

OH 1.0(13) 9.9(11) 3.9(12) 3.8(12) 3.9(12) 3.8(12) 1.1(12) 4.0(13)e

H+
3 3.8(13) 4.5(12) 4.5(12) 4.1(12) 4.5(12) 4.1(12) 4.0(12) −∗

C3 2.5(4) 2.9(9) 2.9(9) 2.7(9) 2.9(9) 2.7(9) 2.9(8) −∗

a Savage et al. (1977), b Snow (1977), c Snow et al. (1987), d Meyer & Roth (1991), e Felenbok & Roueff (1996),
∗ some species for which ζ Per observations are not available have however been observed for other clouds; we discuss this
in the text.

the ejection and dissociation of CH3OH and H2CO. Also
in the translucent cloud models the amount of CO2 is
increased and we can see an increase in the column densi-
ties of H2CO and CH3OH themselves. The hydrogenation
of CO makes no appreciable difference in the diffuse cloud
regime.

Model Z, without freeze-out, naturally differs most
from Model A in which all species suffer freeze-out with no
ejection. One of the main effects of the postulated hydro-
genation and ejection mechanism is simply avoiding deple-
tion of elements from the gas phase. This restores to mod-
els other than A more of the characteristics of Model Z.
However, it is thought that ions and molecules which meet
the surface of a dust grain will stick to it, making Model Z
seem unphysical. The differences between this model and
others due to hydrogenation rather than the simple release
of frozen species (notably CH3 and NH at low densities
and H2S and NH3 at 1000 cm−3) may offer some support
for ejection from grains as a result of chemical reactions
on the surface.

4. Comparisons with observations

Observationally, diffuse and translucent clouds have been
extensively studied. We have taken into consideration as
many relevant studies as possible, although for a more
comprehensive summary we refer the reader to several re-
cent reviews: Turner (2000), who summarizes the results of
a large observational study of translucent clouds; a review

by van Dishoeck (1998) where recent results on translu-
cent and diffuse clouds are presented; and Lucas & Liszt
(1997) who present comprehensive observations of diffuse
clouds. The relation of our results to observations is dis-
cussed below.

4.1. Diffuse clouds

We choose to compare results of selected species from
models of number densities of 100 cm−3 (cf. Table 2, close
to the ζ Per number density) and 300 cm−3 (cf. Table 3,
close to the ζ Oph number density) with observations of
diffuse clouds. Many of the species in the tables have been
selected because they have been observed towards the lines
of sight of ζ Per, ζ Oph and other diffuse clouds.

4.1.1. Sulphur-bearing species

Atomic and ionized sulphur have been observed along the
line of sight to ζ Per (Snow 1977; Snow et al. 1987) and
ξ Per (Smith et al. 1991). The column density of neutral
sulphur is estimated to be approximately 1.8× 1013 cm−2

by Snow (1977) and slightly lower (7.24–9.55×1012 cm−2)
by Smith et al. (1991). More significant is the ratio of
N(C)/N(S), given by the latter authors as ∼80, signifi-
cantly larger than obtained from previous work (Gomez-
Gonzalez & Lequeux 1975). As the number densities of
ζ Per and ξ Per are close to 100 cm−3 (Wagenblast et al.
1993; Smith et al. 1991), we compare these observations of
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Table 3. Results of chemical models for 1 mag of visual extinction for clouds with density of 300 cm−3 after 107 years. The
computed column densities (in cm−2) of each species from seven models are compared to the observed column density for ζ Oph
taken from the literature, when available.

Species Model Observation

A B C D E3 F3 Z ζ Oph

H 5.5(19) 6.0(19) 6.1(19) 6.0(19) 6.1(19) 6.0(19) 5.9(19) 5.2(20)a

H2 7.7(20) 7.7(20) 7.7(20) 7.7(20) 7.7(20) 7.7(20) 7.7(20) 4.5(20)b

S 6.8(9) 1.0(11) 1.0(11) 1.3(14) 1.0(11) 1.3(14) 1.3(14) 8.5(13)c

S+ 1.7(13) 1.8(13) 1.8(13) 2.1(16) 1.8(13) 2.1(16) 2.1(16) 1.2(16)c

CS 3.1(3) 5.1(8) 5.0(8) 6.1(11) 5.0(8) 6.1(11) 2.0(11) 7(11)–5(12)d

SO 7.1(5) 7.3(5) 1.3(6) 1.2(10) 1.3(6) 1.2(10) 1.4(9) −∗

CO 1.9(9) 6.0(13) 2.2(14) 2.1(14) 2.2(14) 2.1(14) 6.9(13) 1.72(15)e

C2H 4.6(2) 5.0(12) 4.9(12) 4.6(12) 4.9(12) 4.6(12) 5.9(11) −∗

C3H2 3.5(-4) 3.3(10) 3.2(10) 2.6(10) 3.2(10) 2.6(10) 2.7(9) −∗

C2H2 1.8(1) 2.3(11) 2.3(11) 2.2(11) 2.3(11) 2.2(11) 2.1(9) −
CH3 1.6(7) 2.9(12) 2.8(12) 2.8(12) 2.8(12) 2.8(12) 4.6(10) −
NH 9.7(9) 5.3(9) 6.5(11) 6.5(11) 6.5(11) 6.5(11) 8.8(9) 8.8(11)f

CN 7.4(5) 3.9(10) 4.2(11) 4.0(11) 4.2(11) 4.0(11) 2.8(10) 3(12)g

OH 1.7(13) 6.8(11) 6.9(12) 6.7(12) 6.9(12) 6.7(12) 1.0(12) 4.8(13)h

H+
3 3.3(13) 1.8(12) 1.8(12) 1.6(12) 1.8(12) 1.6(12) 1.5(12) −∗

C3 1.5(-4) 4.9(10) 4.8(10) 4.2(10) 4.8(10) 4.3(10) 4.5(9) 1.6(12)a

a Maier et al. (2001), b Bohlin et al. (1978), c Morton (1975), d Drdla et al. (1989), e Lambert et al. (1994), f Crawford &
Williams (1997), g Lambert et al. (1990), h Chaffee & Lutz (1977), ∗ some species for which ζ Oph observations are not available
have however been observed for other clouds; we discuss this in the text.

atomic sulphur with values quoted in Table 2. Models B
and C are close to the lower limit of Smith et al. while
Model D is four times larger than the value quoted by
Snow et al. However, if we compare the N(C)/N(S) ratio,
Models D and Z both give a ratio of 30, lower than the ob-
served value (Smith et al. 1991), though close to the older
value ∼32 found by Gomez-Gonzalez & Lequeux (1975).
By contrast, in models where ionized sulphur is frozen out
the ratio is ∼340, much larger than observed, suggesting
that sulphur is not being retained on the grains in these
clouds.

Ionized sulphur is observed to have a column density
of ≈1.6× 1016 cm−2 (Snow 1977; Snow et al. 1987), three
orders of magnitude larger than neutral sulphur. This ratio
is roughly consistent with our Models B, C and D. As
expected, the S+/S ratio does not vary among models,
since grain hydrogenation and ejection of ionized sulphur
would increase the total sulphur budget in the gas phase.
However, the observed ionized sulphur column density is
well matched by Model D, and also by Model Z.

Drdla et al. (1989) have searched the CS J = 2−1
emission line in 10 diffuse molecular clouds and success-
fully detected it in four of the clouds, including ζ Oph.
They derive the total CS column densities from one line
by means of statistical equilibrium calculations and they
found that the CS column density varied from∼2×1012 to
3× 1013 cm−2. Lucas & Liszt (1997) also detected molec-
ular absorption of CS and SO, among other species, in
front of extragalactic millimetre wavelength radio sources

and find column densities for both species between 1012

and 1013 cm−2. Their cloud density is, however, larger
than the one adopted by our models, probably few hun-
dred cm−3 on average (Lucas & Liszt 1997).

From Tables 2 and 3 one can see that CS is only formed
in significant amounts when sulphur freeze-out and hy-
drogenation occur. In Model D for densities of at least
300 cm−3, CS reaches the lower limit of the observed
abundances. In general, we find that our models under-
estimate the abundance of CS in the diffuse medium al-
though Model D is very close to the observed lower limit.
A slightly higher density than that used for Table 3 would
improve the agreement.

We conclude from the analysis of sulphur-bearing
species that models with grain surface reactions involv-
ing the hydrogenation of sulphur are favoured over those
models with freeze-out. However, in the diffuse cloud case,
there is little to distinguish these models from a model
without freeze-out.

4.1.2. Carbon monoxide

Viti et al. (2000) found that surface hydrogenation of C+

indirectly yields an increase in CO by more than 30% but
that the computed column density was more than one or-
der of magnitude less than that observed for ζ Oph (but
note that this line of sight has an unusually high CO col-
umn density, and may not be typical).

Table 3 shows a clear increase in column density
from Model B to Model C, where oxygen and nitrogen
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Table 4. Results of chemical models for 3 mag of visual extinction for clouds with density of 1000 cm−3 after 107 years. The
computed column densities (in cm−2) of each species from seven models are compared to column densities for translucent clouds
taken from the literature. With the exception of the column densities from van Dishoeck et al. (1991) the observational values
presented are determined from fractional abundances averaged over a variety of translucent clouds, and assuming a gas column
density around 3× 1021.

Species Model Observation

A B C D E3 F3 Z

H 7.7(18) 1.8(19) 1.9(19) 1.8(19) 1.9(19) 1.8(19) 1.6(19) −
H2 2.4(21) 2.4(21) 2.4(21) 2.4(21) 2.4(21) 2.4(21) 2.4(21) ∼3(22)

CS 1.4(5) 4.9(5) 2.1(7) 1.8(13) 2.7(7) 2.2(13) 2.7(13) 3.3(13)a

SO 2.7(5) 5.8(4) 3.1(8) 1.6(13) 1.8(8) 1.7(13) 2.0(12) 9.6(13)a

H2S 1.0(3) 2.2(2) 1.6(5) 3.2(13) 1.1(5) 3.2(13) 4.7(9) 7.5(13)a

NH3 5.3(11) 2.2(11) 2.3(13) 1.9(13) 2.1(13) 1.8(13) 9.8(9) 3–6(13)a,b

N2H+ 5.9(10) 2.8(10) 4.1(11) 7.2(9) 2.3(11) 5.3(9) 8.7(8) 3(12)a

HCN 7.3(10) 1.0(11) 3.5(11) 3.3(11) 5.1(11) 5.2(11) 5.3(10) 1.1(14)a

HNC 1.0(11) 9.7(10) 1.5(12) 1.4(12) 1.5(12) 1.5(12) 3.5(10) 7.5(12)a

CH3OH 4.4(9) 2.7(9) 1.1(10) 1.3(9) 3.2(13) 2.5(13) 1.6(8) 1.8(13)c

CO 8.3(15) 3.4(16) 8.0(16) 6.6(16) 2.9(17) 2.5(17) 2.2(17) 1(16)–1(17)d

H+
3 1.6(14) 3.0(13) 3.4(13) 1.1(13) 2.8(13) 9.9(12) 5.7(12) −

C2H 4.1(11) 9.1(13) 2.8(13) 2.1(13) 3.0(13) 2.4(13) 6.2(12) 1.98(14)e

C3H2 9.3(9) 4.4(12) 6.0(11) 3.5(11) 6.3(11) 4.3(11) 1.1(11) 3(12)f

CH3 1.6(12) 1.4(13) 6.6(12) 5.8(12) 1.1(13) 9.6(12) 3.4(11) −
C3 4.1(9) 3.3(12) 6.4(11) 4.6(11) 7.4(11) 5.8(11) 1.8(11) −

a Turner (2000), b Turner (1995a), c Turner (1998), d van Dishoeck et al. (1991), e Turner et al. (1999), f Cox et al. (1988).

are hydrogenated on grains. Although CO is still under-
abundant by at least half an order of magnitude with re-
spect to the CO observed in that line of sight (see Table 1
in Viti et al. 2000), the results suggest that if freeze-
out is added to the gas-phase chemistry model used here,
then some release from the grains is necessary for model
abundances to approach observations. A somewhat higher
diffuse cloud density would improve the match between
Model C values and that of ζ Oph.

4.1.3. Hydrocarbons

A full discussion of hydrocarbon chemistry was given in
Viti et al. (2000). However, due to the extension of our sur-
face chemistry to hydrogenation of oxygen and CO, which
may affect the abundances of hydrocarbons, and recent de-
tections by Lucas & Liszt (2000) and Feuchtgruber et al.
(2000) we briefly discuss the hydrocarbons C3H2, C2H
and CH3.

Lucas & Liszt (2000) have detected absorption lines
of C2H and C3H2 along many lines of sight. They find
column densities of, respectively, ∼7 × 1012 cm−2 and
∼4.8× 1012 cm−2. From Table 3 it is obvious that purely
gas phase low temperature models cannot account for the
detection of these species. Viti et al. (2000) concluded
that surface hydrogenation and ejection of hydrogenated
species from the grains may be necessary to account for
hydrocarbon abundances. In fact, Model B fails to meet
the Lucas & Liszt column densities by less than one order
of magnitude in the case of C2H and about one order of
magnitude for C3H2. Lucas & Liszt (2000) imply a gas

density of ∼200 cm−3, similar to ours; however, at a gas
density of 1000 cm−3, our column density matches ex-
tremely well the abundances measured by Lucas & Liszt
(2000) (Table 4). Model A, where no hydrogenation and
ejection occurs is clearly inadequate, regardless of the
cloud density. Note that van Dishoeck & Black (1986)
have succeeded in reproducing the lower limit of the ob-
served column densities of C2H and C3H (and other hy-
drocarbons in general) without invoking grain surface re-
actions, however, their models do not include depletion of
gas phase species on to the grain, a process which is now
believed to occur in some degree (Williams 1998).

Viti et al. (2000) proposed to test the hypothesis that
CH4 is made and released on grains by detecting its prod-
ucts formed in the gas phase; CH3 is indeed the most direct
product but direct comparison with this species (rather
than with one of its products, H2CO) had not yet been
considered because at the time of the analysis no observa-
tions of CH3 were available. Recently, Feuchtgruber et al.
(2000) detected CH3 towards the Galactic Centre and de-
duced a column density of (8.0 ± 2.4) × 1014 cm−2. Our
models fail to match the observed value by at least one
order of magnitude (see Tables 2–4). However, we note
that (i) the gas density along the line of sight observed by
Feuchtgruber et al. (2000) is believed to be >1000 cm−3:
comparisons of Tables 2–4 indicate that the CH3 column
density increases proportionally to the gas density; (ii) if
no hydrogenation and ejection is included (i.e. Model A),
the basic ion-molecule gas-phase chemistry networks
cannot account for the formation of any of the CH3

detected. Even without any freeze-out (Model Z) the
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predicted column density is nearly two orders of magni-
tude below those of models with hydrogenation of carbon.

4.1.4. Nitrogen-bearing species

Among the nitrogen-bearing species, we discuss NH
and CN. NH was first detected by Meyer & Roth (1991)
towards ζ Per and HD 27778 and found to have a col-
umn density of ∼1012 cm−2. More recently, Crawford
& Williams (1997) estimated its column density to-
wards ζ Oph from much higher resolution data to be
∼8.8 × 1011 cm−2. Lambert et al. (1990) reported a col-
umn density of CN towards ζ Oph of ∼3 × 1012 cm−2.
NH is very well reproduced by models where nitrogen hy-
drogenation and ejection occur. CN, on the other hand,
is under-produced by almost one order of magnitude, al-
though, again, in the models where no hydrogenation oc-
curs CN cannot be formed in the gas phase in detectable
quantities. Note that previous models, such as the ones by
Wagenblast & Williams (1993), produce much higher CN
abundance than we do in Model A: this is because their
models do not include depletion of the gas phase on to the
grains. Our equivalent model without depletion (Model Z),
though better than Model A, is still worse than models
with hydrogenation at predicting NH and CN abundances
in diffuse clouds.

4.1.5. OH and H+
3

Chaffee & Lutz (1977) detected OH towards ζ Oph and
reported a column density of ∼4.8× 1013 cm−2. Geballe
et al. (1999) detected H+

3 for the first time in diffuse in-
terstellar clouds (towards Cygnus OB2) and found a high
column density of ∼3.8 × 1014 cm−2. Computed abun-
dances for both species are greater (and closer to observa-
tions) in models where freeze-out without ejection of hy-
drogenated species occurs, i.e. in Model A, although in the
case of OH from Table 2 (where the density is supposed to
be representative of ζ Oph), there is less than half an or-
der of magnitude difference between Model A (very close
to observations) and Model C or E3. The fact that OH
and H+

3 are more abundant when freeze-out occurs with-
out hydrogenation and ejection is not surprising as ions
are extremely reactive and they are readily removed when
hydrogenated species such as water are abundant in the
gas. In fact, we note that in Model A more than 50%
of the OH is produced via dissociative recombination of
H3O+ while in the other Models this route only accounts
for ∼10% of the OH present. This may be the cause for the
difference between a model where only freeze-out occurs
and one where freeze-out plus hydrogenation and ejection
occurs. H3O+ is easily destroyed by species such as HCN
and HNC: column densities of these species are more than
two orders of magnitude larger in models where hydro-
genation occurs than in Model A.

Compared to the observed value, H+
3 is under-

abundant in all our models. Note however that the
(Geballe et al. 1999) detection of H+

3 was towards

Cygnus OB2, at a visual extinction of ∼10 mag: compar-
ing Tables 3 and 4, we note that H+

3 increases by over one
order of magnitude when AV increases from 1 to 3 mags:
this should not be due to a density increase because com-
parison of Tables 2 and 3 (same AV but different density)
shows that H+

3 decreases with density (in fact, Geballe
et al. 1999 note that the H+

3 column density is not pro-
portional to the column densities of other species). We in-
fer that a model where the density is kept to ∼300 cm−3

and AV increased to 10 mags should match the observed
H+

3 column density, even for models where hydrogenation
and ejection occurs.

Another factor which may explain the discrepancy be-
tween the computed OH and H+

3 abundances and the ob-
served values is the cosmic ray ionization rate, ζ. The
abundances of both these species are directly related to ζ
through their dependence on H+

2 which is formed by
ionization of H2 by cosmic rays. H+

2 reacts with H2 to
form H+

3 directly, and OH is formed by dissociative recom-
bination of H3O+ which is the product of H+

3 and H2O.
In our models ζ is taken to be 1.3× 10−17 s−1 but in dif-
fuse clouds a value of ζ between 10−17 s−1 and 10−16 s−1

is plausible (van Dishoeck 1998). If ζ were increased by
half an order of magnitude in our models the computed
abundances could be brought close to those observed.

4.1.6. C3

Haffner & Meyer (1995) reported a tentative detection
of C3 towards HD 147889. More recently Maier et al.
(2001) observed C3 in diffuse interstellar clouds along the
lines of sight towards three stars, including ζ Oph, and in-
ferred a column density for C3 of 1.0–2.0× 1012 cm−2. C3

is one of only two bare carbon species detected in diffuse
clouds and it is a potential carrier for some of the Diffuse
Interstellar Bands (Maier et al. 2001). Our diffuse clouds
models (see Tables 2 and 3) do not reproduce the high
column density observed. However, hydrogenation of C+

(Models B–F) does offer some improvement over models
with no freeze-out or no ejection.

4.2. Translucent clouds

Many species have been observed in translucent clouds
(Turner 2000; van Dishoeck 1998). Here, we select some
observational results with which we may compare our
model results. Apart from CH3OH, we shall not discuss
any other hydrocarbons as they were the subject of our
earlier paper (Viti et al. 2000).

4.2.1. Sulphur-bearing species

At number densities of the order of 1000 cm−3, the column
density of many sulphur-bearing species increases when
ionized sulphur is hydrogenated on the grains (Models D
and F). The most significant feature of the results is that
these species should not be detectable if sulphur freezes
out as in Models A to C. But sulphur-bearing species
have been observed extensively in translucent clouds. For
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example, Turner (1995b, 1996a,b) conducted a survey
in a standard sample of 11 Cirrus cores and 27 Clement-
Barvainis translucent objects. Table 6 in Turner (1996a)
summarizes his sulphur studies by listing the ratios
of sulphur-bearing species abundances in all the ob-
served sources. He divides his objects between Cirrus
and Clemens-Barvainis (CB) cores and finds CS/SO =
0.056−0.196, and H2S/SO = 0.21−0.982 for the Cirrus
cores; whereas CS/SO = 0.047−0.478, and H2S/SO =
0.263−3.4 for the CB objects (note that the observed
column densities listed in Table 4 for CS, SO and H2S
are taken from Table 1 in Turner 2000). The H2S/CS
ratios vary between 1.10 and 34.5. From Model D we
have: CS/SO = 0.3, H2S/SO = 0.65 and H2S/CS = 2.1.
Our CS/SO ratio is within the observational values for
the CB objects and H2S/SO and H2S/CS are between
the (somewhat loose) limits given by the observations.
Our conclusion for sulphur is that since these species are
widely detected in translucent clouds, surface hydrogena-
tion and ejection are occurring. Note that grain surface
reactions have been invoked by Turner (1996a) in order to
explain observed sulphur bearing species (e.g. H2S). The
improved match of Model D to observations of SO and
especially H2S over Model Z suggests that hydrogenation
and ejection may be preferable to ejection without surface
reaction.

4.2.2. Nitrogen-bearing species

For translucent clouds, we find that all nitrogen-bearing
species in Model C increase by 1–2 orders of magnitude
compared to Model B. For example, the fractional abun-
dance of NH3 at AV = 3 mags is 7.65×10−10 for Model B
and 1 × 10−8 for Model C, with a slight decrease in
Model D. Turner (1995a) has found a fractional abundance
of ∼1−2 × 10−8 which, assuming AV = 3 mags, corre-
sponds to a column density ∼3−6× 1013 cm−2. Model C
results are in agreement with this measurement. Turner
(2000) reports a fractional abundance for N2H+ of ∼10−9

which, assuming AV = 3 mags, corresponds to a column
density of ∼3 × 1012 cm−2. The model which predicts
the closest match to the observations is Model C: in this
model gas phase NH3, and therefore most of the nitrogen-
bearing species in the gas, are enhanced with respect to
Models A and B; however Model D (where gas phase NH3

is enhanced as well) predicts a much lower N2H+ column
density than even Model A and B (where N freezes and
remains on the grains); this is probably due to the fact
that in Model D gas phase H2S, and eventually neutral
sulphur are enhanced and the reaction with sulphur is the
main route of destruction for N2H+.

The HCN column density is reported to be at least
∼6 × 1011 cm−2 by Liszt & Lucas (1994). Models E3
and F3 are in very good agreement with this lower limit.
These models have a rich chemistry due to the hydro-
genation of nitrogen, carbon, oxygen and CO on grains.
A puzzling result is, however, the variation of HCN/HNC
ratio among models: in models where hydrogenation and

ejection of nitrogen occur, the HNC column density in-
creases, while that of HCN stays roughly the same as in
Models A and B, leading to a decrease in the HCN/HNC
ratio (making it much less than unity) for Models C–
F3; this result is not supported by observations. Indeed,
Turner et al. (1997) find the ratio HCN/HNC to be “sig-
nificantly above unity in translucent clouds”. In fact, the
decrease of this ratio in our models may be misleading:
both HCN and HNC fractional abundances do indeed in-
crease when nitrogen is hydrogenated and released from
grains but while HCN is efficiently destroyed, HNC re-
mains constant. The observational result of Turner et al.
(1997) therefore suggests that the UMIST95 rate file,
which we have used, may not contain all the possible
destruction routes for HNC. Indeed the new UMIST99
database (Le Teuff et al. 2000) does add several new re-
actions for HNC.

4.2.3. Methanol

In the previous paper we found that none of our mod-
els could produce methanol in the quantities that are ob-
served, and we noted Turner’s suggestion (Turner 1998)
that methanol may form on grains. In addition there is
some experimental work examining the conversion of CO
to CH3OH (Hudson & Moore 1999).

Models E2, E3, F2 and F3 include, at either 50 or
100% efficiency, a surface reaction producing methanol
from CO sticking on grains. There is, of course, an increase
in methanol column density over other models. In fact,
even Models E3 and F3, where only 50% of hydrogenated
CO produces methanol, give a column density which is
an order of magnitude higher than observed. Thus if CO
is indeed hydrogenated on grains the efficiency required
would need to be only a few percent in order to reproduce
observations.

5. Conclusions

We began from the premise that if C+ can be hydro-
genated and ejected from the surface of grains, as sug-
gested in a previous paper (Viti et al. 2000), then a similar
process may well exist for other elements such as nitro-
gen, oxygen and sulphur. In a hydrogen-rich environment
it seems likely that such elements, when frozen out, will
become hydrogenated (Jones & Williams 1984). As men-
tioned above, models such as our Model A which include
depletion onto grains but no ejection fall well short of re-
producing observed column densities for several molecules.

In this paper we have explored the possible conse-
quences of introducing dust-based hydrogenation mecha-
nisms into our gas-phase chemical models. We have taken
the view that atoms, atomic ions and CO may either be re-
tained at the surface, or be hydrogenated and ejected into
the gas phase. We have also briefly compared with results
obtained assuming freeze-out does not occur (equivalent
to immediate ejection without any surface reactions).

The results for both low density diffuse and translu-
cent clouds show that hydrogenation and ejection from
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the surface of grains does improve the ability of models
to reproduce the observed values for some species. In par-
ticular, the re-release of oxygen into the gas phase does
help bring the predicted CO column density of our models
closer to the observed values in diffuse clouds. Models B–F
do not predict H+

3 high column density observed in diffuse
clouds, although we believe that this is simply due to the
low visual extinction adopted in the models.

For translucent clouds, differences among models ap-
pear to be even more significant. Observations of sulphur-
bearing species seem to suggest that this element must
avoid depletion in some way, and ejection following a hy-
drogenation reaction matches observation better than sim-
ply avoiding freeze-out. Our models including hydrogena-
tion of CO suggest that this may be a good formation
route for methanol and a suitable choice of efficiency could
easily match observation. These models (and indeed all
others) still maintain the CO column density within ob-
served limits. One contradictory result is the inversion of
the HCN/HNC ratio when nitrogen is hydrogenated. This
may have arisen because the UMIST95 rate file does not
include all possible destruction routes for HNC.

Overall, the outlook for these kinds of mechanisms is
favourable. Given correct knowledge of rates and prod-
ucts they may help to explain some observed trends or
features. After submission of this paper, new observations
of diffuse and translucent clouds were published (Lucas &
Liszt 2002; McCall et al. 2002; Roueff et al. 2002), under-
lining the renewed interest in the chemistry and physics
of these regions. Theoretical and experimental studies of
surface processes and interactions are clearly needed in or-
der to understand more fully the chemistry of diffuse and
translucent clouds.
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