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ABSTRACT
The recent detection of c-C6H5CN in the dark cloud TMC-1 provides a new evidence of polycyclic aromatic hydrocarbons
(PAHs) in dark clouds. However, knowledge of PAHs in dark cloud chemistry is still very limited. In this study, we investigate
the effects of PAHs on the chemistry in dark clouds by coupling published PAH-related chemistry with a gas–grain reaction
network. We found that abundances of some ice species, such as OCS, OCN, C2H5OH and HCOOCH3, are enhanced by more
than two orders of magnitude due to the inclusion of PAHs in the gas–grain chemistry through accretion and subsequent reactions
in ice. Especially, combining PAHs with gas–grain chemistry in dark clouds provides an alternative way to reach a good overall
agreement of sulphur-bearing species in both the gas and solid phases using the cosmic value of sulphur. With the inclusion
of PAHs, CS + O −→ OCS makes a contribution of ∼5–10 per cent to solid-phase OCS together with CO + S −→ OCS
(∼80−90 per cent), depending on the initial abundances, chemical age and PAH parameters.
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1 IN T RO D U C T I O N

Polycyclic aromatic hydrocarbons (PAHs) contribute about 2–30 per
cent of the carbon in the interstellar medium (ISM; e.g. Tielens
2008). These molecules are composed of multiple aromatic rings
fused together, forming a planar molecular structure. The aromaticity
is due to the resonance of electrons through the rings (delocalized).
PAHs have a weak dipole moment but if one of the carbon atoms in
the PAH is substituted with a nitrogen atom to form a nitrogenated
PAH (PANH), which has a larger dipole moment, then this might be
observable in the far-infrared or Millimeter Wave (MW) range. The
PAHs are abundant in space and this abundance had been estimated
to be ∼10−7 (e.g. Tielens 2008) for various reasons. Allamandola,
Tielens & Barker (1985) estimated the interstellar PAH abundance to
be ∼2 × 10−7 with an average number of carbon atoms of NC = 20
and a radius of ∼0.56 Å by fitting the unidentified infrared emission
features in the range of 3.3–11.3μm for the Milky Way. The PAH
abundance can also be estimated from the chemical equilibrium.
Watson (1976) proposed that the equilibrium concentration of H2D+

can be estimated by the DCO+/HCO+ density ratio when the
reactions of H3

+ and H2D+ with CO are the sources of HCO+

and DCO+. By extending this method to consider PAHs, Lepp &
Dalgarno (1988) derived an upper limit of PAHs of ∼6 × 10−6

from the DCO+/HCO+ density ratio when the negative charge is
mostly in the form of PAH− with NC = 30−50. For the dark cloud
L134N, Lepp & Dalgarno (1988) proposed X(PAH) < 9.8 × 10−6

and X(PAH−) < 8.5 × 10−7. Also for dark clouds, Wakelam &
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Herbst (2008) estimated a PAH (NC = 30) abundance of ∼3 × 10−7

by integrating over a PAH radius range of 3.8–6.0 Å using the dust
model jM = 1 from Draine et al. (2007), which was used to reproduce
the extinction curves of the Milky Way. Recently, a simple N-bearing
PAH c−C6H5CN was detected with an abundance of ∼5 × 10−10 in
TMC-1, which could have been formed via the neutral–neutral gas-
phase reaction CN + c-C6H6 −→ c-C6H5CN + H (McGuire et al.
2018). This hints that PAHs could widely exist in dark clouds from the
evidence of observations, if small PAHs (e.g. C6H6 and c-C6H6CN)
are precursors for PAH formation. However, the PAH chemistry in
dark clouds is still far from being understood because of the limited
observed information of PAHs and limited data from laboratories.
For example, we still do not know the explicit composition, sizes
and abundances of PAHs, or their chemical effects in the ISM.

However, because of the high estimated abundances of PAHs,
previous chemical modelling studies have shown significant effects
of abundant PAHs on the gas-phase chemistry in diffuse clouds (e.g.
Millar 1992) and dark clouds (e.g. Lepp & Dalgarno 1988; Millar
1992; Wakelam & Herbst 2008), which provides positive effects of
PAHs on interstellar chemistry. Especially for dark clouds, a pure
gas-phase model, with the inclusion of PAHs made by Wakelam &
Herbst (2008), predicted enhanced gas-phase abundances of many
molecules (e.g. OCS and CH3OH with enhancements of up to two
orders of magnitude), as a result of reactions with PAHs and/or
secondary effects (indirect reactions without PAHs). They showed
that PAHs take over the role of electrons to be the main negative
charge carriers, and that the typical dark cloud TMC-1 CP prefers
PAHs in contrast to L134N. However, their models are limited
to the pure gas phase, which is not self-consistent because dust
grains play important roles in the depletion of gas-phase species and
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the formation of complex organic molecules (COMs) in ices (e.g.
Hasegawa, Herbst & Leung 1992; Garrod, Wakelam & Herbst 2007;
Garrod 2008). The disagreements between gas-phase H2O and SiO
noted by Wakelam & Herbst (2008) also need a more self-consistent
model with dust grains. In particular, when the big abundance
changes of gas-phase species caused by PAHs (Wakelam & Herbst
2008) are transferred to the solid phase through accretion and
subsequent surface/mantle reactions, the ice species abundances
could be affected.

The aim of the present paper is to study the effects of PAHs on
dark cloud chemistry using a gas–grain chemical model. Special
attention is paid to the effects of PAHs on ice composition. Because
the estimated upper limit of abundances of PAHs is a few 10−6

as we have discussed above, the inclusion of PAHs in a gas–grain
model might not alter the main ice compositions, which have larger
abundances than PAHs. For example, according to the detected ice
species in wide physical conditions of massive young stellar objects
(MYSOs), low-mass young stellar objects (LYSOs), background
(BG) stars and comets (see the lower and upper quartile values of
the detection in table 2 of Boogert, Gerakines & Whittet 2015), H2O
has an abundance of ∼10−4. Note that CO, CO2, NH3, CH3OH and
CH4 have ice fractions (relative to ice H2O) of ∼4−43, ∼10−39,
∼4−8, ∼5−23 and ∼3−6, respectively. These ice species will not
be altered much by the inclusion of PAHs. However, for some ice
species, such as H2CO, OCN− and OCS with smaller ice fractions or
only upper limits determined (Boogert et al. 2015), the inclusion of
PAHs could introduce big changes. In particular, a big enhancement
in the gas phase caused by the inclusion of PAHs could introduce
significant changes to ice OCS, which is the only detected S-bearing
ice species. This could provide new constraints on the S-bearing
chemistry in dark clouds, similar to enhancing the S-bearing reaction
network (e.g. Vidal et al. 2017; Laas & Caselli 2019).

We have coupled a three-phase gas–grain chemical reaction
network with PAH-related chemistry and found that PAHs play
important roles in S-bearing species in both the gas phase and ices
(solid phase). In Section 2, we describe the three-phase gas–grain
dark cloud model with the inclusion of PAHs. Then, in Section 3,
we present the effects of PAHs on both gas-phase and solid-phase
species using low-metal initial abundances. In Section 4, we show
the effects of PAHs with high-metal initial abundances on sulphur-
bearing species. In Section 5, we show the impact of PAH size and
abundance. We give a summary in Section 6.

2 MO D EL

2.1 Chemistry of PAHs

In the ISM, PAHs are likely to be constrained by fitting observations
like the PAH with a carbon number of NC ∼ 20−50 (e.g. Tielens
2008). According to Wakelam & Herbst (2008), a pure gas-phase
model with PAHs of 10 Å produced smaller abundances for many
species by only a factor of ∼2 compared with the model with smaller
PAHs of 4 Å. Additionally, their models with a PAH size of 4 Å
produced the best fit to observed molecular abundances in TMC-1.
Thus, we adopt PAHs with a size of 4 Å (C30H14) and mass of 374
(amu) in this work. We adopt the integrated fractional abundance,
X(PAH) = nPAH/nH = 3.07 × 10−7, of PAHs over a radius range of
3.8–6.0 Å estimated by Wakelam & Herbst (2008). We discuss the
impact of the size and abundance of the PAHs in Section 5.

The PAH reaction network was taken from Wakelam & Herbst
(2008) and downloaded from the kinetic data base (Wakelam et al.

2012) for astrochemistry.1 In this network, the electron attachment,
recombination of negative PAH ions (PAH−) with smaller positive
ions, and photo-detachment of PAH− by ultraviolet radiation are
treated as in their standard model (Wakelam & Herbst 2008).
Positive charged PAHs (PAH+) were not included because of their
lower abundance than that of PAH and PAH− in clouds with AV

> 2 mag (Lepp & Dalgarno 1988; Dartois & D’Hendecourt 1997;
Bakes & Tielens 1998), which results in negligible contributions to
the chemistry (Wakelam & Herbst 2008).

Although experimental studies have proposed some low-
temperature (down to 10 K) formation pathways of PAHs in the cold
ISM through some neutral–neutral reactions (e.g. Parker et al. 2012;
Thomas et al. 2017), electron attachment of PAH anions (Carelli,
Grassi & Gianturco 2013) and some high-temperature (300 K) gas-
phase reactions between dehydrogenated PAH anions and neutral
species (Demarais et al. 2012), chemical modelling studies of PAHs
are very limited due to the incomplete reaction network. Thus, as
a first step, we study the effects of PAHs on ice composition to
determine/constrain the ice chemistry in dark clouds by directly
introducing gas-phase reactions of PAHs with additional accretion
and desorption of PAHs into a gas–grain model. It should be kept in
mind that PAHs are not chemically active in the sense that there is no
chemical reaction changing PAHs except for their ionization degree.
Here, we do not consider accretion or desorption from the PAHs but
only PAHs on silicate dust grains.

We consider the accretion and desorption of neutral PAHs as for
other neutral species in gas–grain models (e.g. Hasegawa et al. 1992;
Semenov et al. 2010). The binding energy of PAHs (C30H14) is
estimated as 20 956 K using the fitted formula as function of NC and
NH (hydrogen atom number) proposed by Kamp et al. (2017):

Ebind(PAH)/kB = [482 × (NC − NH)] + (946 × NH) (K). (1)

This formula is available for PAHs with NC up to 100. The uncer-
tainties are within ∼10 per cent. Because of the high mass and low
thermal velocity of C30H14, the accretion time-scale is estimated as
∼106 yr with a dust-to-gas mass ratio of 0.01, a temperature of 10 K
and a gas density of 2 × 104 cm−3. Thus, we expect that the changes to
the gas-phase species caused by the inclusion of PAHs (Wakelam &
Herbst 2008) will result in changes to species on dust grains before
the accretion of PAHs (106 yr), because of the interaction between
gas and dust grains.

2.2 Model and parameters

To investigate the effects of PAHs in dark clouds, we use the Gas–
Grain CHEMistry (GGCHEM) code, which has been used to study
various problems in the ISM (Ge, He & Yan 2016a; Ge, He & Li
2016b; Tang et al. 2019; Ge et al. 2020). We updated the two-phase
GGCHEM code to a three-phase code following the method proposed
by Ruaud, Wakelam & Hersant (2016).

In our model, the original gas–grain rate file was taken from
Semenov et al. (2010), which was developed on basis of The Ohio
State University (OSU) rate file. It includes gas-phase reactions,
surface/mantle reactions, accretion, and thermal and cosmic ray-
induced desorption. It should be noted that we do not include reactive
desorption (e.g. Garrod et al. 2007) in our models, which could
release species from the solid phase to the gas phase. Finally, this
gas–grain rate file is coupled with the above PAH chemistry to
reach a complete reaction network. In the final rate file, to reach a

1http://kida.obs.u-bordeaux1.fr/networks.html
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Table 1. Low- and high-metal initial abundances, n(x)/nH.

Species Low-metala High-metalb

H2 0.5 0.5
He 9.0 × 10− 2 9.0 × 10− 2

C+ 1.2 × 10− 4 1.2 × 10− 4

N 7.6 × 10− 5 7.6 × 10− 5

O 2.56 × 10− 4 2.56 × 10− 4

S+ 8.0 × 10− 8 1.5 × 10− 5

Si+ 8.0 × 10− 9 1.7 × 10− 6

Na+ 2.0 × 10− 9 2.0 × 10− 7

Mg+ 7.0 × 10− 9 2.4 × 10− 6

Fe+ 3.0 × 10− 9 2.0 × 10− 7

P+ 2.0 × 10− 10 1.17 × 10− 7

Cl+ 1.0 × 10− 9 1.8 × 10− 7

PAH 3.07 × 10− 7 3.07 × 10− 7

a Data from Semenov et al. (2010) and references therein. b

Data from the EA2 set of Wakelam & Herbst (2008).

reasonable abundance of HNCO, we added 13 gas-phase reactions of
HNCO taken from the University of Manchester Institute of Science
and Technology (UMIST) data base for astrochemistry2 (McElroy
et al. 2013), which are missed in the original gas–grain network.
We also removed ten reactions related to PAHs because the fluorine-
bearing species HC4N, SiC2H3, SiC4H, H2C3 and HC3 are not in
our network. We also removed three duplicate reactions related
to H2COHOCH2

+. All added and removed reactions are listed in
Table A1 in Appendix A.

We use a typical dust radius of 0.1μm. The mass density of the dust
grains and the site density are 3.0 g cm−3 and 1.5 × 1015 sites cm−2,
respectively (Semenov et al. 2010). Following Fayolle et al. (2011),
the two outermost monolayers are considered as the surface, as in
the three-phase models of Ruaud et al. (2016) with β = 2. According
to Ruaud et al. (2016), the diffusion-to-binding energy ratio in the
mantle is fixed as Em

diff (x)/Em
bind(x) = 0.8 and that in the ice surface

is set to be the typical value of Es
diff (x)/Es

bind(x) = 0.4. The diffusion
energies of the mantle species with Em

diff (x) < Em
diff (H2O) are set to

be that of H2O in the mantle, Em
diff (H2O), except for H, H2, C, N

and O with the assumption of water ice. The sticking coefficients of
neutral species are unity except for H and H2, which are calculated
by the temperature-dependent formula determined through fitting to
experimental data on np-ASW ice (Matar et al. 2010). This formula
gives 0.95 and 0.75 for H and H2 at 10 K, respectively.

We run the dark cloud model with a density of 2 × 104 cm−3, and
a gas and dust temperature of 10 K. The extinction and cosmic ray
ionization are set to be 10 mag and 1.3 × 10−17 s−1, respectively.
We note that there are several sets of initial abundances used for
chemical studies (e.g. Wakelam & Herbst 2008; Semenov et al. 2010,
and references therein). In order to obtain the big chemical effects
generated by the models with different sets of initial abundances, we
test two typical sets: low- and high-metal abundances, especially for
the sulphur element (8 × 10−8 and 1.5 × 10−5 for low- and high-metal
sets, respectively), which could be important for the only S-bearing
species OCS detected in ice in dark clouds. The initial abundances
we used are listed in Table 1 in which the second column shows the
low-metal set from Semenov et al. (2010) that has been widely used
for studies of dark cloud chemistry (Ge et al. 2016a, b, 2020; Sipilä
et al. 2019). In the third column, we show the high-metal set taken
from the EA2 set of Wakelam & Herbst (2008), which is used to

2http://udfa.ajmarkwick.net/

Figure 1. Abundance evolution tracks of selected species from models with
(solid) and without (dotted) PAHs. The same species with the same colors.
The prefixes ‘m’ and ‘s’ indicate mantle and surface species, respectively.

reproduce the S-bearing species, as in Vidal et al. (2017) and Laas &
Caselli (2019), using enhanced networks.

Based on this dark cloud model, the effects of PAHs using the
low-metal and high-metal sets are presented in Sections 3 and 4,
respectively.

3 EFFECTS O F PAHS O N C HEMI STRY US ING
L OW-M E TA L A BU N DA N C E S

3.1 Effects on gas-phase molecular abundances

Our models show similar abundance evolution tracks of PAH, PAH−,
electron (e−) and other gas-phase molecules as in Wakelam & Herbst
(2008) before 106 yr. Fig. 1 shows that electrons are replaced by
PAH− to be the main negative charge carrier after 102 yr, and some
gas-phase abundances of molecules (e.g. OCS and CH3OH) are
enhanced by up to ∼two orders of magnitude before 106 yr. We
also note that the gas-phase PAH abundance (green solid line) is
decreased after 106 yr due to the accretion of PAHs. Most PAHs are
locked in the dust surface (blue line in the left panel). All of these
points mean that the feedback from dust surface reactions is very
small due to the cold dust grains (10 K). After ∼5 × 106 yr, because
of the accretion of PAHs (green solid line), the electron (black solid
line) becomes the main charge carrier again, which results in smaller
differences of gas-phase species between models with and without
PAHs (see the right panel of Fig. 1).

Generally, our models show similar effects of PAHs on gas-
phase species abundances as in Wakelam & Herbst (2008) before
106 yr; see more abundance evolution tracks of selected species in
Appendix B. By comparing our three-phase gas–grain model with
the pure gas-phase model of Wakelam & Herbst (2008), we note
that th pure gas-phase model overestimated the abundance of H2O
(∼10−6) after 105 yr, which is similar to that noted by Wakelam &
Herbst (2008). This is not consistent with the observed upper limit
of H2O (∼7.7 × 10−8) in TMC-1 (Snell et al. 2000). However,
when the three-phase model is used, our models with low/high-
metal abundances (regardless of the PAHs) produce a comparable
H2O abundance of ∼5 × 10−8 at a reasonable age of ∼2 × 106 yr
(see the cyan lines in Fig. 1) due to the depletion of water in the
model with dust grains at a later age.

The above improvement is not a new finding of this work, but
only the difference caused by coupling dust grains with gas-phase
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Figure 2. Abundance evolution tracks of selected ice species listed in Table 2
from models without (dotted) and with (solid) PAHs.

chemistry. We show that this highlights the fact that combining PAHs
with a three-phase model results in a more self-consistent result for
some gas-phase species. In the next section, we present the effects
of PAHs on the ice component.

3.2 Effects on solid-phase molecular abundances

Fig. 2 shows the abundance evolution tracks of selected ice species
that have observed data (Table 2) or large changes due to the inclusion
of PAHs. From this figure, we see that, after 105 yr, the ice abundance
of H2O is up to ∼10−4, which is comparable to the observed value
(1.28 × 10−4) in Elais 16, a field star close to TMC-1 (Nummelin

Figure 3. Abundance evolution tracks of selected ice species with enhance-
ments larger than two orders of magnitude caused by PAHs between 105 and
106 yr (grey region). For C2H3 and HS2 in the last two panels, they have
reduced abundances and a zoomed-in y-axis (red colour). Black solid and red
dashed lines are for models without and with PAHs, respectively.

et al. 2001). We also see that most species (e.g. H2O, CO, CO2,
NH3, CH4, H2CO, H2O2, HCN, HNCO, H2S and CH3OH) have
small changes after 105 yr due to the inclusion of PAHs, except for
OCN, OCS, HCOOCH3 and C2H5OH, which originally have smaller
abundances than PAHs in the model without PAHs.

Table 2. Comparison of ice fractions (relative to ice water, per cent) of selected species between observations and models (with and without PAHs at 106 yr).
These species are abundant or detected.

Species Es
diff/E

s
bind = 0.40 Es

diff/E
s
bind = 0.35 Elias 16a BG starsb MYSOsb LYSOsb L1157c

No PAH PAH No PAH PAH

H2Od 1.3e−4 1.2e−4 1.1e−4 1.0e−4 1.3e−4 4.0e−5 3.1e−5 3.8e−5 1.0e−4
CO 62 71 51 57 26 20−43 4−15 12−35 −
CO2 0.94 2.4 20 28 20 18−39 12−25 23−37 −
NH3 18 17 21 23 <9 <7 ∼7 4−8 −
CH3OH 0.026 0.008 0.035 0.014 <3 6−10 5−23 5−12 0.1−10
H2O2 2.1 2.5 1.6 1.8 <5 − − − −
CH4 7.2 5 9.4 6.8 − <3 1−3 3−6 −
H2CO 0.43 0.19 0.72 0.47 − − ∼2−7 ∼6 −
H2S 0.054 0.057 0.061 0.066 − − − −
HCN 4.2 4.3 4.5 5.1 − − − − −
OCN 5.2e−6 0.021 1.7e−6 0.046 − − − − −
HNCO 0.48 1.3 0.44 1.5 − − <0.3−0.7 −
OCS 1.1e−11 7.9e−8 7.6e−11 8.0e−7 <0.2 <0.22 0.03−0.16 ≤1.6 −
HCOOCH3 1.3e−10 7.8e−8 1.5e−10 9.0e−8 − − − − 0.001−0.1
C2H5OH 1.8e−7 1.3e−4 2.2e−7 1.5e−4 − − − − 0.0001−0.01
PAH(C30H14) − 0.11 − 0.13 − − ∼8 − −
a Observed data by Nummelin et al. (2001). b Collected observed data by Boogert et al. (2015). c For C2H5OH and HCOOCH3, the fractions are estimated using
abundance ratios to CH3OH of 10−2 and 10−3, respectively, in molecular outflow L1157 (Arce et al. 2008), an estimated CH3OH abundance of 10−7−10−5

(e.g. Bachiller & Pérez Gutiérrez 1997; Lefloch et al. 2017) and H2O abundance of 10−4 (Vasta et al. 2012). d For H2O, it is the abundance relative to nH.
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Figure 4. Diagram of abundance changes of 162 neutral species at the chemical age of 106 yr. The black crosses show the changes of gas-phase neutral species
(XPAH

gas /Xgas) caused by the inclusion of PAHs. The red points indicate the changes of the solid-phase species XPAH
solid/Xsolid corresponding to the gas-phase

species. The grey squares show the abundance ratios between gas-phase and solid-phase species in the model without PAHs. Selected ice species are marked
with blue boxes and chemical formulas. All species are presented with an increasing order of XPAH

gas /Xgas from panels 1 to 7.

To explore the general effects of PAHs on ice species, we counted
the species with the maximum changes of ice abundances between
models without and with PAHs over 105−106 yr, which covers the
typical chemical age (∼3 × 105 yr) of dark clouds such as TMC-
1 and L134N (e.g. Garrod et al. 2007; Majumdar et al. 2017).
We show the abundance evolution tracks of selected ice species
in Fig. 3 with enhanced abundance ≥ two orders of magnitude,
log(XPAH

i,ice /Xi,ice) ≥ 2, caused by PAHs. From this figure, we can
see that the maximum abundance changes are up to ∼104 for some
ice species, such as SO2, C3H3N, SiNC and C4H4. For most of the
selected ice species, the changes are within three orders of magnitude,
especially for organic molecules such as C2H5OH, CH3CHO and
HCOOCH3. All of these species have abundances smaller than the

PAH abundance (∼10−7), which means that the PAHs only affect
ice species with lower abundances than theirs. We also note that
there are only a few species that have reduced abundances by
more than one order of magnitude, such as C2H3 and HS2, shown
in the last two panels of Fig. 3. This means that the inclusion
of PAHs causes enhancements for most ice species due to the
enhanced gas-phase abundances through accretion and/or subsequent
reactions.

Fig. 4 shows the abundance changes of 162 neutral species in
both the gas phase (black crosses) and solid phase (red points),
which are linked through accretion and desorption, at 106 yr. All
species are plotted with increasing ratios (RPAH

gg = XPAH
gas /Xgas) of

gas-phase species between models with and without PAHs (black

MNRAS 497, 3306–3322 (2020)
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Figure 5. Percentage curve of individual reactions relative to the total
production rate for OCS on the dust surface (left panels) and in the mantle
(right panels). Upper and lower panels show the results from models without
and with PAHs, respectively. Note that the two surface-to-mantle processes
in the bottom-right panel are the individual transfer process (blue colour)
and the swapping process (yellow colour); see the definitions in Ruaud et al.
(2016).

crosses), from panels 1 to 7. Similarly, ratios of solid-phase species
RPAH

ss = XPAH
solid/Xsolid are shown with red points. A ratio between gas-

phase and solid-phase neutral species (Rgs = Xgas/Xsolid) in the model
without PAHs is plotted with a grey square. The selected ice species
shown in Table 2 are marked with blue boxes and chemical formulas.
From this figure, we see that RPAH

ss roughly increases with RPAH
gg ,

which hints that enhancements of solid-phase species are mainly
due to accretion. We note that the selected ice species in panels
1–4 and 7, such as H2O2, H2, NH3, CO, CO2, HCN, CH4, H2CO,
CO2 and CH3OH, have very small changes due to the inclusion
of PAHs. This is because the changes of the corresponding gas-
phase species are small and the gas-phase abundances are smaller
than in the solid phase (Rgs < 1; grey square), which transfers
small effect to the solid phase. However, for ice species such
as OCN, OCS and C2H5 in panels 5 and 6, they have bigger
enhancements. For OCS, the reasons are the enhanced accretion
of gas-phase species and the enhanced contribution of reactions
in ice. For C2H5OH, the enhancement of ice abundance is due to
direct accretion of gas-phase corresponding species, which results
in similar enhancements in both gas- and solid-phase abundance of
C2H5OH.

By checking the leading formation reactions of ice species shown
in Fig. 3, we can roughly classify these species into six typical groups
by the enhancement mechanisms, although the classification is very
complicated.

(i) PAHs affect ice abundances through both accretion and re-
actions in ice. OCS, HCS and C4H4 belong to this group. For
example, OCS is enhanced by gas-phase reactions OCS+ + PAH−

−→ OCS + PAH and HOCS+ + PAH− −→ OCS + H + PAH.
Then, ice OCS abundance is enhanced by enhanced reactions on
the dust surface: O + CS −→ OCS (∼10 per cent at 106 yr) and
CO + S −→ OCS (∼80 per cent at 106 yr) together with enhanced
accretion (∼10 per cent at 106 yr); see Fig. 5. Finally, OCS are quickly
transferred from surface to mantle. In Fig. 6, we show abundance
evolution tracks of OCS-related species. From this figure, we see that

Figure 6. Abundance (with respect to nH) evolution tracks of OCS-related
species in the gas phase (black lines), dust surface (red lines) and mantle
(cyan lines) from models with (solid) and without (dotted) PAHs. Upper and
lower panels are for two formation pathways in the solid phase: CO + S −→
OCS and CS + O −→ OCS, respectively.

CS has enhanced abundance in the solid phase (surface + mantle),
which enhances the solid-phase OCS abundance through CS + O.
However, only the reaction CO + S in the mantle is enhanced due to
the enhanced abundance of S in the mantle. If no PAH is included,
only CO + S −→ OCS (∼100 per cent at 106 yr) is the effective
formation pathway in the dust surface; see Fig. 5. Compared with
the enhanced network proposed by Laas & Caselli (2019), the surface
reaction CS + O −→ OCS is new when PAHs are included.

(ii) PAHs affect ice abundances only through accretion and reac-
tions in ice, but there are no PAH-related gas-phase reactions playing
an important role in the formation of species in this group. OCN and
some carbon chain molecules (e.g. CnN with n = 5, 7, 9) belong to
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Figure 7. Same as Fig. 6 but for C2H3 with one formation pathway in the
solid phase: CH3 + H −→ C2H3.

this group. Taking OCN as an example, the abundance of ice OCN
is enhanced by enhanced abundances of ice CN and NO, which are
due to enhanced abundances of the corresponding species in the gas
phase.

(iii) PAHs affect ice abundances through direct accretion. Com-
plex organic molecules (such as C2H5OH), Mg, CCl and HPO belong
to this group. For example, gas-phase C2H5OH is enhanced by
C2H5OH2

+ + PAH− −→ C2H5OH + H + PAH due to the higher
abundance of PAH− than electrons (see Fig. 1), and then transferred
to the dust surface and mantle by direct accretions.

(iv) PAHs affect the ice abundance though reactions in the
solid phase with a PAH-related gas-phase reaction. SO2 be-
longs to this group, which shows that the gas-phase reaction
HSO2

+ + PAH− −→ PAH + SO2 + H becomes the leading forma-
tion routine when PAHs are included. However, the enhancement of
ice SO2 is not due to the direct accretion but the enhanced reaction
of O + SO −→ SO2 in both the dust surface and mantle because of
the enhancements of ice O and SO.

(v) Although gas-phase C2H3 has enhanced abundance due to the
inclusion of PAHs (see the black lines in Fig. 7), ice C2H3 has reduced
solid-phase abundance, as shown in panel 3 of Figs 3 and 4. The
reason is that ice C2H3 is mainly formed in the mantle through CH3

+ C with CH3 and C having reduced abundances in the mantle due
to the inclusion of PAHs (see cyan lines in Fig. 7). The enhancement
of gas-phase C2H3 caused by the inclusion of PAHs makes a very
small contribution to the solid phase through direct accretion.

(vi) This is a special case with totally new gas-phase reac-
tions and subsequent accretion (e.g. C2H5). For C2H5, the origi-
nal reactions between C4H7

+ (or C2H5OH) and e− are replaced
by C2H5

+ + PAH− −→ C2H5 + PAH due to the enhancement of
C2H5

+. Then, subsequent accretion transfers gas-phase C2H5 to ice.

We also note that ice C–N–O-bearing species (e.g. C5N, C7N, C9N,
OCN and C3H3N) have larger changes caused by PAHs than only
C–H-bearing species (e.g. C7H, C9H, C9H and C2H5); see Figs 2
and 4. This hints that PAHs play important roles in the formation
of complex organic molecules. There are many species that have

increased or decreased abundances, but we do not discuss these
further as there is no observed information to constrain them.

In general, the inclusion of PAHs introduces big changes to solid-
phase species due to direct accretion when the original network
without PAHs has big abundance ratios between gas-phase species
and corresponding solid-phase species (e.g. OCS and C2H5OH).
Additional reactions in ice make contributions to some species (e.g.
OCS, SO2 and C2H3).

3.3 Comparison with observations

3.3.1 Ice compositions

For the ice abundances in dark clouds, we usually compare models
with the observed values in Elias 16, which is a field star close
to the dark cloud TMC-1. For most of the observed ice fractions
(in per cent, relative to ice H2O), our model with PAHs produces
comparable values; see Table 2, where we show two models with
different Ediff/Ebind = 0.4 and 0.35 to show the effects mainly on
CO2. The two models show that the observed ice fraction of CO2

can be reproduced by changing the Ediff/Ebind within 0.35 and 0.4.
For the main ice component with a fraction larger than 1.0 (e.g.
H2O, CO, CO2, NH3, CH4, HCN, and H2O2), the effects of PAHs
are small because the PAH has a smaller abundance of ∼10−7 in
comparison with them (with H2O abundance of 10−4). For OCS,
our models produce an enhanced ice fraction (∼10−7) by ∼four
orders of magnitude. Similarly, OCN, C2H5OH and HCOOCH3

have enhanced abundances by ∼three orders of magnitude due to
the inclusion of PAHs.

For ice PAHs, our models predict ∼0.1 ice fraction, which is
roughly comparable to the summarized value of ∼8 for MYSOs by
Boogert et al. (2015). If we simply assume that elementary carbons
are mainly locked in CO and CO2 in ice with a total ice fraction
of Ctot = 70−80 (see Table 2), the carbon percentage of PAH can
be estimated as 3.7−4.3 = 100 × (0.1 × NC/Ctot), where NC = 30
for C30H14. This value is comparable with the value of ∼2–30 from
observations (e.g. Tielens 2008; Herbst & van Dishoeck 2009).

For ice complex organic molecules (COMs) HCOOCH3 and
C2H5OH, our models also predict enhanced ice fractions. Although
cold dense clouds have no such observed data to compare with
our results, we can roughly compare our modelled results with
complex molecules in the L1157 outflow in which the observed
gas-phase COM abundance enhancements are due to the subsequent
sputtering of the dust ice mantle caused by the outflow shock (Arce
et al. 2008). Arce et al. (2008) found observed HCOOCH3 and
C2H5OH abundance ratios with respect to CH3OH to be 0.01 and
0.001, respectively, in the blue lobe of the L1157 outflow (B1 lobe).
According to Vasta et al. (2012), the water abundances are about
10−6 and 10−4 for low- and high-velocity shock regions in L1157,
respectively. In the case that high-velocity shock sputters all the
dust mantles, the water abundance of about 10−4 is comparable
with our models. Using a reported CH3OH abundance of about
10−7−10−5 (e.g. Bachiller & Pérez Gutiérrez 1997; Lefloch et al.
2017), the ice fraction of CH3OH is about 0.1−10 (10−7/10−4 × 100
to 10−5/10−4 × 100). Considering that the observed HCOOCH3 and
C2H5OH abundance ratios with respect to CH3OH are about 0.01 and
0.001, respectively, the ice fractions of HCOOCH3 and C2H5OH are
estimated as about 0.001−0.1 and 0.0001−0.01 accordingly. The
value of C2H5OH is comparable with our modelled fractions of
C2H5OH (∼10−4) when PAHs are included (see Table 2). This hints
that inclusion of PAHs may have the potential to account for the
formation of COMs in ice in the cold dark cloud stage. However,
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Figure 8. Distance of disagreement of molecules between TMC-1 CP and
the model with low-metal initial abundances. Dotted and solid lines indicate
models without and with PAHs, respectively. Points mark the best-fitting
ages.

PAH chemistry, shock chemistry, high-temperature chemistry and
physical conditions should also be considered carefully and self-
consistently in outflows in future work.

3.3.2 Gas-phase molecules observed in TMC-1

Although Wakelam & Herbst (2008) have made a comparison
between observations and models to TMC-1 using a pure gas-phase
model with PAHs, we re-do this to show that introducing PAHs
into a three-phase model does not change their conclusions. We also
show the abundance values that will be useful to find disagreements
between observations and models, especially for some S-bearing

species. Thus, a possible solution is proposed in Section 4 using
high-metal initial abundances.

To quantify the disagreement between models and observations in
TMC-1 CP, we use the distance of disagreement (Wakelam, Herbst &
Selsis 2006)

D(t) = 1

Nobs

Nobs∑

i=1

| log(Xobs,i) − log(Xmod,i)| (2)

to obtain the best fit, using a collection of observed species abun-
dances (with respect to nH) collected by Agúndez & Wakelam (2013),
CH3CHO (10−10) and HCOOCH3 (1.1 × 10−10) from Soma et al.
(2018), and NS+ (2.4 × 10−12) from Cernicharo et al. (2018). In total,
the number of observed species is Nobs = 56. In equation (2), Xobs,i and
Xmod,i are abundances from observations and models, respectively.
We show calculated D(t) in Fig. 8, which shows that the model
with PAHs produces a better overall agreement (smaller D value)
with molecules in TMC-1 CP. The chemical ages are constrained as
3.3 × 105 and 1.7 × 105 yr for the model with and without PAHs,
respectively. The comparison of gas-phase abundances between
observations and models in TMC-1 CP is shown in Fig. 9. From this
figure, we see that OCS, HC5N, HC7N, HC9N, CH3OCH3, C3H4,
C3H3N, CH3C6N and CH3CHO have enhanced abundances by more
than one order of magnitude (red vertical lines), reaching observed
levels due to the inclusion of PAHs.

However, for CH3OH and CH3OCH3, models with PAHs still
underestimate their abundances. This could be due to the missing
non-thermal desorption: reactive desorption (e.g. Garrod et al. 2007;
Minissale et al. 2016) and/or grain size-dependent cosmic ray
induced desorption (e.g. Iqbal & Wakelam 2018) in our model.
If non-thermal desorption is properly treated together with PAHs,
a better agreement is expected when feedback from dust grains
makes reasonable contributions to gas-phase COMs. We note that

Figure 9. The ratios (Xmod/Xobs) of 56 gas-phase molecular abundances (X, with respect to nH) between models with low-metal initial abundances and
observations in TMC-1 CP (Agúndez & Wakelam 2013; Cernicharo et al. 2018; Soma et al. 2018). Points and triangles are for models without and with PAHs,
respectively. The light grey region shows one order of magnitude of assumed uncertainties of the observed value. The observed abundances are shown with
labels at the top of this figure. The red lines mark differences by more than one order of magnitude between models. The chemical formulas with blue and
orange colours indicate the species overestimated and underestimated by our model with PAHs, respectively.
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Table 3. Abundance (relative to nH) of neutral S-bearing species in the gas phase (left part), dust surface (middle part) and mantle (right part) from
the model with high-metal initial abundance at the age of 2 × 106 yr. In each part, the first and second columns show abundances from models without
(X) and with (XPAH) PAHs, respectively. The third column shows the relative change of abundance, RC = (XPAH − X)/X, caused by the inclusion of
PAHs. Bold font indicates a negative change (RC < 0.0).

Species Gas phase Dust surface Dust mantle
X X PAH RC X X PAH RC X X PAH RC

H2S 7.45e–10 3.78e–09 4.1 1.31e–06 1.38e–06 0.053 1.35e–05 1.30e–05 −0.03
SO 2.69e–09 1.22e–08 3.5 3.72e–11 2.56e–10 5.9 2.48e–12 3.33e–09 1.3e+03
SO2 4.24e–11 4.37e–10 9.3 2.46e–18 1.87e–17 6.6 6.61e–14 2.06e–08 3.1e+05
OCS 1.89e–11 1.11e–10 4.9 1.19e–15 1.67e–15 0.4 9.77e–13 5.70e–08 5.8e+04
HCS 6.99e–11 1.94e–10 1.8 1.08e–19 3.45e–19 2.2 9.43e–20 1.08e–18 10
S2 5.53e–11 8.46e–10 14 9.27e–10 6.92e–09 6.5 6.44e–14 3.34e–12 51
S 2.14e–07 2.32e–07 0.085 2.03e–15 2.34e–15 0.16 2.71e–13 6.04e–13 1.2
CS 8.33e–10 7.27e–10 − 0.13 1.41e–10 1.61e–09 10 3.06e–13 3.25e–10 1.1e+03
C2S 5.06e–11 1.48e–10 1.9 1.55e–12 1.71e–11 10 1.57e–15 4.04e–12 2.6e+03
C3S 8.78e–12 5.58e–11 5.4 4.23e–09 1.36e–07 31 1.25e–11 1.54e–08 1.2e+03
C4S 2.21e–13 2.93e–12 12 1.94e–11 1.74e–08 900 3.61e–16 2.83e–10 7.8e+05
H2CS 3.03e–09 3.53e–09 0.16 1.02e–08 2.84e–08 1.8 3.29e–11 4.07e–10 11
HS 8.70e–11 1.16e–09 12 3.62e–15 4.52e–15 0.25 1.20e–12 9.49e–09 7.9e+03
NS 4.22e–10 6.62e–10 0.57 4.53e–14 1.18e–13 1.6 7.26e–14 1.30e–09 1.8e+04
HS2 1.10e–11 3.02e–10 26 1.89e–10 1.80e–09 8.5 6.75e–15 3.71e–13 54
H2S2 1.06e–11 8.89e–10 83 1.83e–10 7.83e–09 42 6.41e–15 7.92e–12 1.2e+03
SIS 4.54e–13 5.80e–12 12 6.92e–10 1.19e–08 16 1.03e–13 2.97e–11 2.9e+02

abundances of some species are overestimated by our model with
PAHs such as, H2CN, HNC3, HC2NC, HNCO, C2H2O and H2O
(blue chemical formulas in Fig. 9). These disagreements will be
mostly removed when both PAHs and high-metal abundances are
considered (see Appendix C). We also note that our model with
PAHs cannot reproduce S-bearing species abundances well, such as
NS, H2S and HCS+ (orange chemical formulas in Fig. 9). We discuss
these S-bearing species using a model with PAHs and high-metal
initial abundances in Section 4.

4 EFFECTS O F PAHS O N S-BEARING SPECI ES
U S I N G H I G H - M E TA L A BU N DA N C E S

The initial abundances play an important role in chemistry, espe-
cially for sulphur-bearing species that have two widely used initial
abundances: a depleted value (∼10−8) and the cosmic value (∼10−5;
e.g. Wakelam & Herbst 2008; Vidal et al. 2017; Laas & Caselli
2019). To compare the differences with the model using low-metal
initial abundances, we tested the EA2 set with high-metal initial
abundances from Wakelam & Herbst (2008); see the third column
in Table 1. Compared with the low-metal initial abundances in the
second column of Table 1, the metal abundances in high-metal set
are enhanced by about two to three orders of magnitude, but the same
for others. This allows us to explore the effects of initial abundances,
especially for S-bearing species that are greatly affected by PAHs,
as shown in the following.

We show all neutral S-bearing species from the model with high-
metal initial abundances at 2 × 106 yr (see the determination of the
age in Section 4.2) in Table 3. This table shows that the inclusion
of PAHs introduces big changes to abundances of gas-phase (right
part), dust surface (middle part) and mantle (right part) species. In
each part, the third column shows the relative change of abundance
RC = (XPAH − X)/X, which can be easily used to check the effects
of PAHs. In general, the inclusion of PAHs produces enhanced
abundances for most S-bearing species, but reduced abundances
of CS in the gas phase and H2S in the mantle. In the following

subsections, we discuss S-bearing species in the solid and gas phases
by comparing them with observations.

4.1 Ice fractions

We show the ice fractions of selected species in Fig. 10. From
this figure, we see that the high-metal initial abundances do not
change the main composition (H2O, CO, CO2, NH3 and PAHs)
much. However, SO, SO2 and OCS have big enhancements up to
three orders of magnitude using the high-metal initial abundances.
Their ice fractions are also consistent with the observed upper
limits of OCS (0.2) towards Elais 16 (see collected data in Gibb
et al. 2000) and SO2 (0.6) towards W33A (Boogert et al. 1997).
The inclusion of PAHs provides an alternative way to produce a
comparable ice fraction of OCS, which cannot be reproduced well
by most of the previous chemical models resulting in an OCS ice
fraction of only ∼10−14−10−9 (e.g. Ruffle & Herbst 2000; Garrod
et al. 2007; Acharyya, Hassel & Herbst 2011). This is also consistent
with the recent modelled ice fraction of OCS using an enhanced
reaction network and the cosmic value of sulphur at the age of a few
106 yr (Vidal et al. 2017; Laas & Caselli 2019). For COMs (CH3OH,
HCOOCH3 and C2H5OH), the effects of initial abundances are small.

In our model with PAHs and high-metal initial abundances (see
Table 3 and Fig. 2), 99 per cent of elementary sulphur is locked
in solid-phase H2S with an abundance of X ∼ 10−5 at the age
of 2 × 10−6 yr. The OCS, SO, SO2, C3S, HS and NS are the
secondary abundant S-bearing species in ice with abundances of X ∼
10−9−10−8. These are consistent with the modelled organo-sulphur
in ice by Laas & Caselli (2019).

Here, we only present the leading reactions for the main S-bearing
species (H2S, SO, SO2 and OCS) in ice. With high-metal abundance
of S+ and PAHs, the most abundant H2S is formed in the dust surface
via

H + HS −→ H2S (∼ 100 per cent), (3)

without change compared with the model without PAHs. The H2S is
destroyed through H2S + H −→ HS + H2 in the solid phase, which
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Figure 10. Ice fractions (in per cent, relative to water) from models using
low-metal (black colour; see second column of Table 1) and high-metal (cyan
colour; see third column Table 1) initial abundances. The dotted and solid
lines are for models without and with PAHs, respectively. Horizontal lines
indicate upper limits for OCS and CH3OH in Elias 16 (see Table 2), SO2 in
W33A (Boogert et al. 1997) and lower limits for HCOOCH3 and C2H5OH
deduced from L1157 (see Table 2) roughly.

is the same as that in Vidal et al. (2017). The solid-phase OCS is
formed through the following two reactions in the dust surface:

CO + S −→ OCS (∼ 95 per cent); (4)

CS + O −→ OCS (∼ 5 per cent). (5)

The enhancement of SO ice abundance (mantle + surface) is due to
the direct accretion of enhanced gas-phase SO. However, for SO2, it
is mainly formed through enhanced reactions in ice,

SO + O −→ SO2 (∼ 100 per cent), (6)

due to the enhanced abundance of ice SO.
If correlations of ice composition between protostar IRAS 16293–

2422 B and comet 67P/Churyumov–Gerasimenko (67P/C–G) found
by Drozdovskaya et al. (2019) are true, we can roughly compare
the ice S-bearing abundance with that observed in comet 67P/C–
G (Calmonte et al. 2016; Shingledecker et al. 2020). We list our
modelled ice abundances of S-bearing species in Table 4 together
with those observed, which shows that our model with PAHs (third
column) produces a better agreement than the model without PAHs
(second column). Additionally, our model with PAHs can reproduce
PN, PO and HCl. In other words, the observed data in the comet
prefer the model with PAHs.

4.2 Gas-phase sulphur-bearing abundances

By comparing 11 collected S-bearing species, Vidal et al. (2017)
proposed a best chemical age of 1.3 × 106 yr for TMC-1 CP using an
enhanced S-bearing network with high-metal initial abundances. We

Table 4. Abundances (relative to solid-phase H2O) of ice sulphur-bearing
species, PN, PO and HCl, from the model with high-metal initial abundances
at 2 × 106 yr and from observations toward comet 67P/C–G. The second
and third columns show the results from models without and with PAHs,
respectively.

Species Model Model + PAHs Comet 67P/C–G

H2S 1.24 × 10−1 1.36 × 10−1 (1.10 ± 0.05) × 10−2 a

OCS 8.23 × 10−9 5.37 × 10−4 (4.08 ± 0.09) × 10−4 a

SO 3.34 × 10−7 3.38 × 10−5 (7.10 ± 1.10) × 10−4 a

SO2 5.56 × 10−10 1.94 × 10−4 (1.27 ± 0.03) × 10−5 a

S2 3.90 × 10−6 3.26 × 10−5 (1.97 ± 0.35) × 10−5 a

H2CS 8.65 × 10−5 2.72 × 10−4 (2.67 ± 0.75) × 10−6 a

H2S2 7.72 × 10−7 3.69 × 10−5 < 6.04 × 10−6 b

HS2 7.96 × 10−7 8.50 × 10−6 < 1.06 × 10−6 b

PO 1.44 × 10−6 4.49 × 10−5 ∼ 1.10 × 10−4 b

PN 2.07 × 10−5 2.14 × 10−4 < 1.10 × 10−5 b

HCl 7.78 × 10−6 2.55 × 10−4 ∼ 1.40 × 10−4 b

a Data from Calmonte et al. (2016) and Shingledecker et al. (2020). b Data
from Drozdovskaya et al. (2019), and references therein.

Figure 11. Distance of disagreement of ten S-bearing species from models
with low-metal (black) and high-metal initial abundances (cyan). Solid and
dotted lines indicate models with and without PAHs, respectively. The yellow
vertical line marks the best-fitting age by the model with PAHs and high-metal
initial abundances.

also checked the effects of initial abundances on gas-phase S-bearing
species. We use the same function shown in equation (2) to calculate
a distance of disagreement among 10 selected S-bearing species but
without HNCS and HSCN, which are not in our network. However,
we added a new observed species NS+ (Cernicharo et al. 2018) to
compare with our model.

The calculated D(t) is shown in Fig. 11 using all ten species shown
in Fig. 12. The best-fitting age of 2 × 106 yr for the model with high-
metal initial abundances and PAHs is marked with a vertical yellow
line in Fig. 11. This age is strongly supported by the total abundance
of the detected gas-phase S-bearing abundance, Xdetected

tot (S) (red solid
line); see Fig. 13. At the best age, the total abundance of all S-bearing
species Xtot(S) ∼ 2.8 × 10−7 is very close to the total abundance of
the ten detected gas-phase species in TMC-1 (2.6 × 10−8, red dash-
dotted line) and the depleted sulphur abundance of 8 × 10−8 widely
used in dark cloud models (black dotted line). We also note the
difference of the total abundances between all and only-detected S-
bearing species. This means that the missing sulphur by observations
in the gas phase is mainly locked in atom S (see Table 3). Also, around
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Figure 12. Gas-phase sulphur-bearing species abundance evolution tracks
from three-phase models with low-metal (black) and high-metal (cyan) initial
abundances. Solid and dotted lines indicate models with and without PAHs,
respectively. The red dashed line marks the observed value in TMC-1 CP. The
yellow vertical line marks the best-fitting age by the model with PAHs and
high-metal initial abundances.

Figure 13. Total (selected) gas-phase and solid-phase S-bearing species
abundances as a function of time (see legend). The yellow vertical line marks
the best-fitting age by the model with PAHs and high-metal initial abundances.
The dashed, dotted and dash-dotted horizontal lines denote initial high-metal
S+ abundance, low-metal S+ abundance and total gas-phase abundance,
respectively, of detected S-bearing species in TMC-1 CP.

106 yr (see Appendix C), other detected species can be reproduced
by our model with PAHs and high-metal initial abundances.

From Fig. 11, we see that when no PAHs are included (dotted
lines), our models reach best fits at the age of about ∼3 × 105 yr
for models using low- and high-metal initial abundances. However,
Dmin is larger than in the model with high-metal initial abundances.
Our model with high-metal initial abundances but without PAHs
(cyan dotted line) produces two comparable good fits at ∼3 × 105

and ∼8 × 105 yr, respectively. However, HCS+ abundance (Fig. 12)
cannot be reproduced at any age of the two models. Our model
with high-metal initial abundances and PAHs produce the best fit at
∼2 × 106 yr, which is consistent with that of Vidal et al. (2017) and
Laas & Caselli (2019), using the cosmic value of the sulphur element
and an enhanced reaction network for sulphur-bearing species. This
all hints that combining PAHs into a gas–grain model provides an
alternative way to produce observed gas-phase S-bearing species
together with the ice OCS.

We also note that, at a wider age range of about 105 ∼ 2 × 106,
HCS+ abundance can only be reproduced by the model with PAHs
and high-metal initial abundances (cyan solid lines in Fig. 12).
Meanwhile, our models can also reproduce the observed ratio (∼33)
between NS and NS+ reported by Cernicharo et al. (2018) within a
factor of 2, at the age of ∼2 × 106 yr.

In the model with PAHs and high-metal initial abundances, the
formation pathway may be different from the model without PAHs.
Because we used the PAH-related network of Wakelam & Herbst
(2008), we re-describe the leading reactions for only HCS+ and
C3S, which have bigger enhancements than others, to emphasize the
importance of PAHs at the age of 2 × 106 yr. The abundance of
HCS+ is enhanced through

H3O+ + CS −→ HCS+ + H2O (7)

CS+ + H2 −→ HCS+ + H (8)

H3
+ + CS −→ HCS+ + H2 (9)

in which H3O+ has enhanced abundance caused by PAHs (see
Fig. B2).

For C3S, the leading formation pathway is

HC3S+ + PAH− −→ PAH + C3S + H (10)

together with the normal pathway

HC3S+ + e− −→ C3S + H. (11)

All of the above leading reactions are mostly consistent with
the ones from Laas & Caselli (2019) except for the PAH-related
reactions. Considering the good agreements of all 11 gas-phase
species in our model at the age of about 106 ∼ 2 × 106 yr (see Fig. 12)
and the good agreement of ice OCS, we emphasize the importance
of PAHs in dark clouds, which is highly desired for studies in the
future using experiments, models and observations.

5 EF F E C T S O F TH E S I Z E A N D A BU N DA N C E
O F PA H S

In our models, we have used the size (4 Å) and abundance
(3.1 × 10−7) of PAHs (C30H14) that produce the maximum effect
on the chemical abundances in the pure gas-phase models from
Wakelam & Herbst (2008). These parameters of PAHs are highly
uncertain. In this section, we discuss the effects of the size and
abundance of PAHs on S-bearing species. Wakelam & Herbst (2008)
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Figure 14. The calculated minimum distance of disagreement (Dmin, colour
scale) for models with varying radius and abundance of PAHs. The left and
right panels are for low- and high-metal cases, respectively, with chemical
ages of 2.0−2.5 × 105 and 0.8−2 × 106 yr accordingly.

have tested PAH abundance and radius in the ranges of 10−10–10−7

and 4–400 Å, respectively, and found that high abundances of small
PAHs are needed for the model with the EA2 set (high-metal set)
to reproduce the observations in the cold core TMC-1. Thus, in this
work, we test four typical PAH abundances of 10−10, 10−9, 10−8 and
10−7, and four typical radii of 4, 10, 40 and 100 Å, which cover a
smaller range of PAH radius than that in Wakelam & Herbst (2008).
For the PAH radius-dependent recombinations rates between PAH−

and the position ion in the gas phase, we use their standard equation
(4) with charge attraction for the model with a PAH radius of 4 Å.
However, for models with radius ≥10 Å, we use their equation (6)
without charge attraction. This is because several negative charges
are more likely to neutralize larger PAHs and because the models of
Wakelam & Herbst (2008) with a PAH radius larger 10 Å had shown
bigger effects on the ionization fraction using equation (6) than using
equation (4) (see their fig. 9). This is the biggest possible effect we
want to check in this section. For these tests in this work, we used
a fixed mass of PAH (C30H14), which means independence between
PAH radius and mass, as adopted in Wakelam & Herbst (2008).

The above setting results in 16 (= 4 × 4) models for each set of
the initial abundances: low- or high-metal set. In the following, we
first calculate the distance of disagreement of the same ten S-bearing
species adopted in Figs 11 and 12 to show the overall agreement.
Then, two special species solid-phase OCS and gas-phase HCS+ are
discussed, which are sensitive to the inclusion of PAHs, as noted in
Sections 4.1 and 4.2, respectively.

Fig. 14 shows the calculated minimum distance of disagreements
(Dmin, colour scale) of the 16 models for the low-metal (left panel)
and high-metal (right panel) cases, respectively. The corresponding
best chemical ages are overlaid on each cell with the logarithmic
value. From this figure, for the low-metal case (left panel), we see
that the best-fitting chemical ages are ∼2 × 105 yr at which the
corresponding Dmin are in the range of about 0.8–1.1 over all PAH
radii and abundances. The better models are reached with a high PAH
abundance of 10−7. However, all PAH radii (4, 10, 40 and 100 Å)
can be used to produce similar Dmin at about 0.8–0.9, which makes it
difficult to find the best model for the low-metal case. For the high-
metal case (right panel), the best chemical ages are around 106 yr for
all 16 models, at which all the values of Dmin are in the range of about
0.6–0.8, which is better than that of the low-metal case. However, it
is still difficult to constrain the parameter space of PAH by such a
small range of Dmin (0.2 corresponds to a factor of about 1.6 ≈ 100.2)
for the high-metal case.

Thus, we try to constrain the parameter space of PAH by checking
solid-phase OCS and gas-phase HCS+. Fig. 15 shows the modelled
ice fraction (per cent) of OCS and Fig. 16 shows the modelled
abundance of HCS+ with varied PAH abundance and radius in
different panels. From the two figures, we see that the observed

Figure 15. Ice fraction (IF, per cent) of OCS (surface + mantle) for models
with varying PAH abundances (see text at the top: 10−10, 10−9, 10−8 and
10−7) and radius (see legends between upper and lower panels: 4, 10, 40
and 100 Å). Upper and lower panels are for low- and high-metal cases,
respectively. The black solid line indicates the model without PAHs. The
black dotted line indicates the observed value.

Figure 16. Similar to Fig. 15, but with the y-axis for HCS+ abundance with
respect to nH. The black dotted line indicates the observed value.

values (black dotted lines) of solid-phase OCS (Fig. 15) and gas-
phase HCS+ (Fig. 16) can only be reproduced by the models with
high-metal initial abundance and high abundances of PAHs (see the
bottom-right panels of the two figures) after ∼105 yr. For a general
trend for solid-phase OCS (see panel 8 in Fig. 15), the model with a
PAH radius of 100 Å is the intermediate case between the model with
a PAH radius of 4 Å (solid blue line) and the model without PAHs
(black solid line). This is the same trend for the ionization fraction
(i.e. the sum of all positively or negatively charged species) in this
work and in Wakelam & Herbst (2008).

To reproduce gas-phase HCS+ (Fig. 16), the model with a PAH
abundance of 10−8 prefers the PAH radii of 4 and 10 Å (see panel 7).
However, for the model with PAH abundance of 10−7, all PAH radii
(4, 10, 40 and 100 Å; see panel 8) can be used to reproduce HCS+

reasonably. This is because the balance between producing (e.g. via
enhanced H3O+ + CS) and destroying (e.g. through e−/PAH− +
HCS+) reactions of HCS+ in the gas phase is reached when the
PAH abundance is high enough to simultaneously enhance H3O+

abundance. This is also true for other ions in the gas phase such as
H3O+, HCS+, OCS+ and HOCS+.

To reproduce solid-phase OCS, the PAH abundance of 10−7 and
radii of 4 Å or 40 Å are needed (see panel 8 of Fig. 15). This is
because the abundance of solid-phase OCS is affected by accretion
and reactions (CO + S and CS + O) in the surface and/or mantle. The
response of solid-phase OCS to PAH radii is similar to the response
of solid-phase CS to PAH radii. When the PAHs are considered,
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enhanced gas-phase CnS (n = 1, 2, 3, 4) via PAH− + HCnS+ (n =
2, 3, 4) is mainly transferred to the solid phase via accretion. Then,
the solid-phase C2S reacts with the C atom to form C3S in the solid
phase. However, C3S cannot be efficiently transferred to C4S as
C3S has bigger diffusion energy than C2S, which results in slower
diffusion. However, the solid-phase C3S and C4S can be destroyed
to form CS, which is then transferred to OCS through CS + O in
the solid phase. Thus, CS + O −→ OCS also makes a contribution
to the formation of OCS in the solid phase. Finally, we see that
C3S and OCS are the two most abundant in the solid phase except
for H2S, SO and SO2 (see Table 3), and the solid-phase OCS has a
large enhancement and positive response to the abundances of PAHs.
However, it is unnecessary to trace/discuss more details because we
have simply assumed independence between PAH radius and mass,
which may introduce uncertainties.

For a summary, to reproduce OCS and HCS+, a high abundance
(≥10−7) of small PAHs (≤10 Å) is necessary when high-metal initial
abundances are used. This is consistent with the conclusions from
Wakelam & Herbst (2008) for better reproducing the abundances
of all the observed gas-phase species (see their fig. 11, panel 2-a).
However, it should always be kept in mind that the chemical effects
are strongly dependent on the sizes and abundances of PAHs, and
this will require future experiments and observations to constrain the
roles of PAHs.

6 SU M M A RY

We have investigated the effects of PAHs on molecular abundances
in dark clouds using a three-phase gas–grain chemical model with
PAH-related chemistry. A good overall agreement in both the gas
phase and ice hints at the importance of PAHs in dark clouds. The
inclusion of PAHs in gas–grain chemistry changes ice chemistry
through accretion and/or reactions in ice when gas-phase species
have comparable/larger abundances than in the solid phase. Our main
findings are as follows.

(i) At the typical ages of dark clouds (∼105−106), some simple
(e.g. OCS and OCN) and complex organic molecules (e.g. C2H5OH
and HCOOCH3) in the solid phase have enhanced abundances by
more than two orders of magnitude due to the inclusion of PAHs.
The inclusion of PAHs introduced additional formation pathways
for ice OCS via the dust surface in the model with low-metal initial
abundances at 106 yr: CS + O −→ OCS (∼10 per cent) and accretion
from gas-phase OCS (∼10 per cent), together with the normal one:
CO + S −→ OCS (∼80 per cent). For the model with PAHs and
high-metal initial abundances, CS + O −→ OCS and CO + S −→
OCS make ∼5 and ∼95 per cent contributions, respectively.

(ii) Considering that carbon atoms in ice are mainly locked
in CO and CO2, the elemental carbon fraction of ice PAH is
estimated as ∼4 per cent, which is comparable to the observations
(∼2−30 per cent).

(iii) The combination of PAHs, gas–grain reaction network and
high-metal initial abundance could be a solution for producing the
abundances of S-bearing species in both the gas phase (e.g. HCS+)
and ices (e.g. OCS).

(iv) Compared with ice abundances in comet 67P/C–G, the model
with PAHs results in better agreement with S-bearing species, PN,
PO and HCl.

(v) Enhanced ice organic molecular abundances caused by the
inclusion of PAHs roughly supports the sputtering of the dust mantle
by high-velocity shock in L1157 from the point of view of the organic
molecular abundance ratios.

The gas–grain dark cloud models with the inclusion of PAHs
predict reasonable gas-phase and ice molecular abundances. A
complete reaction network of PAHs is highly desired in future to
study the formation pathway of PAHs and to predict more observable
PAHs in dark clouds for future observations. Future observations are
highly desired to constrain the size and abundance of PAHs, which
have significant effects on dark cloud chemistry.
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The data and code used in this study will be made available by the
corresponding authors upon request.
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A P P E N D I X A : A D D E D A N D R E M OV E D
R E AC T I O N S

To combine the PAH-related network used by Wakelam & Herbst
(2008) with our gas–grain network taken from Semenov et al. (2010)

Table A1. Added and removed reactions.

Reaction Note

HNCO-related gas-phase reactions
CH2 + NO −→ HNCO + H Added
H2NCO+ + e− −→ HNCO + H Added
H2NCO+ + e− −→ NH2 + CO Added
H3

+ + HNCO −→ H2NCO+ + H2 Added
HNCO+ + H2 −→ H2NCO+ + H Added
HNCOH+ + e− −→ HNCO + H Added
HNCOH+ + e− −→ NH + HCO Added
H3

+ + HNCO −→ HNCOH+ + H2 Added
HNCO+ + H2 −→ HNCOH+ + H Added
He+ + HNCO −→ HNCO+ + He Added
NCO+ + H2 −→ HNCO+ + H Added
OCN + H3

+ −→ HNCO+ + H2 Added
HNCO+ + e− −→ OCN + H Added

Gas-phase reactions of H2COHOCH2
+

H3CO+ + H2CO −→ H2COHOCH2
+ Removed

H2COHOCH2
+ + e− −→ CH3OH + HCO Removed

H2COHOCH2
+ + e− −→ HCOOCH3 + HCO Removed

PAH-related reactions
F+ + PAH− −→ PAH + F Removed
HF+ + PAH− −→ PAH + HF Removed

Table A1 – continued

Reaction Note

HF+ + PAH− −→ PAH + H + F Removed
H2F+ + PAH− −→ PAH + HF + H Removed
HC4N+ + PAH− −→ PAH + HC4N Removed
SiC2H3

+ + PAH− −→ PAH + SiC2H3 Removed
SiC4H+ + PAH− −→ PAH + SiC4H Removed
H3C3

+ + PAH− −→ PAH + H2C3 + H Removed
H2C3 + +PAH− −→ PAH + H2C3 Removed
H2C3

+ + PAH− −→ PAH + HC3 + H Removed

(both can be found in the kinetic astrochemistry data base3), we have
added/removed some reactions. For producing reasonable gas-phase
abundance of HNCO, we added 13 gas-phase reactions taken from
the UMIST data base for astrochemistry4 (McElroy et al. 2013),
which were missed by the original reaction network. These reactions
enhance HNCO abundance from ∼10−18 to a comparable level of
∼10−10. We removed three reactions of H2COHOCH2

+, which is a
duplicate of H5C2O2

+ in the original gas–grain reaction network.
This modification results in comparable gas-phase abundance of
CH3OH to that of Wakelam & Herbst (2008); see Figs B1 and
B2. We also removed ten PAH-related reactions because the F-
bearing species, HC4N+, SiC2H3

+, SiC4H+, H3C3
+ and H2C3

+, are
not in our network. All the above-mentioned reactions are listed in
Table A1.

APPENDI X B: C OMPA RI SON O F G AS-PHAS E
A BU N DA N C E S B E T W E E N T H E TH R E E - P H A S E
M O D E L A N D P U R E G A S - P H A S E MO D E L

In this section, we compare the abundances of selected gas-phase
species from three-phase models and pure gas-phase models with
low- and high-metal initial abundances, as listed in the left and right
columns of Table 1, respectively, with and without PAHs. To do this,
we reduced our three-phase reaction network (hereafter this model
is called M3) to a pure-gas phase reaction network (hereafter called
M1). As a comparison, a pure gas-phase reaction network, the same
as in Wakelam & Herbst (2008), was re-established according to
their description of their reaction network (hereafter called W1).
Thus, the chemical effects of dust grains on gas-phase abundances
can be checked.

We show selected species from figs 3–7 of Wakelam & Herbst
(2008) in Figs B1 and B2 for the models with low- and high-metal
initial abundances, respectively. The solid and dotted lines indicate
the results from the models with and without PAHs, respectively. The
yellow and red colours indicate the pure gas-phase and three-phase
models, respectively. Modelled results from the model with PAHs
of Wakelam & Herbst (2008) are shown with black crosses. From
Figs B1 and B2, we can see the following.

(i) By comparing abundances in pure gas-phase models M1 (solid
yellow line) with W1 (black crosses) of Wakelam & Herbst (2008),
we see that the two models produce very similar abundance evolution
tracks to most of the selected species. We note that our model M3
still underestimated the CH3OH abundance by a factor of about
10, which requires effective non-thermal desorption mechanisms to

3kida.obs.u-bordeaux1.fr/networks.html
4http://udfa.ajmarkwick.net/
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Figure B1. Abundances of selected gas-phase species from three-phase models (red lines) and pure gas-phase models (yellow lines) with low-metal initial
abundances. Solid and dotted lines indicate the model with and without PAHs, respectively. Modelled results from the model with PAHs of Wakelam & Herbst
(2008) are shown with black crosses as a comparison. The observed upper limit of H2O is shown with a grey dashed line (Snell et al. 2000).

release CH3OH from ice on dust grains, such as reactive desorption
(Garrod et al. 2007; Minissale et al. 2016).

(ii) By comparing the pure gas-phase model M1 with the three-
phase model M3, we see that the changes caused by changing the
phase of the model are very small for most gas-phase species.
However, for some species such as H3O+, H3

+, H2O, OCS and

CS, the three-phase model produces earlier depletion, due to
accretion.

In summary, changing the phase of the model does not alter the
main conclusions about the effects of PAHs on gas-phase abundances
from Wakelam & Herbst (2008).
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Figure B2. Same as Fig. B1 but for the model with high-metal initial abundances.

A P P E N D I X C : A BU N DA N C E E VO L U T I O N
T RAC KS OF ALL D ETECTED GAS-PHASE
SPECIES

To show that our model with PAHs and high-metal initial abundances
reaches good agreement for most of the detected gas-phase species
in TMC-1 CP around 106 yr, we show our modelled abundance
evolution tracks of 56 species in Fig. C1. From this figure, we
see that most of the observed species can be reproduced at an age
range of 5 × 105 to 2 × 106 yr, rather than the determined age of
∼106−(2 × 106) for only S-bearing species in Section 4.2. The large
age range hints that the physical model and/or chemical network

should be updated in a more self-consistent way to reach a better
agreement at a single chemical age. This needs more efforts from
both theoretical and experimental studies.

Compared with abundances from the model with PAHs and low-
metal initial abundances shown in Fig. 9 (at the age of 3.3 × 105 yr),
the model with PAHs and high-metal initial abundances produces
better agreements for H2O, HNCO, C2H2O, HC2NC C3O and
C5N around 106 yr. However, our models cannot reproduce the
abundances of CH3OH and CH3OCH3, which may be because of
the missing non-thermal desorption processes (Garrod et al. 2007;
Minissale et al. 2016; Iqbal & Wakelam 2018).
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Figure C1. Abundance evolution tracks of 56 gas-phase species detected in TMC-1 from the model with high-metal initial abundances. The black solid and
blue dotted lines show the models with and without PAHs, respectively. The grey region is jointly determined by the possible chemical age (5 × 105 to 2 × 106 yr
with an age of 106 marked by a vertical red line) and the observed abundance (red horizontal line) with an uncertainty of one order of magnitude. Species with
enhancements of agreement due to inclusion of PAHs are highlighted in red.
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