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A B S T R A C T 

Observ ations of dif fuse clouds sho wed that they contain a number of simple hydrocarbons [e.g. CH, C 2 H, (l- and c-)C 3 H 2 , 
and C 4 H] in abundances that may be difficult to understand on the basis of conventional gas-phase chemical models. Recent 
e xperimental results rev ealed that the photodecomposition mechanisms of hydrogenated amorphous carbon (HAC) and solid 

hexane release a range of hydrocarbons into the gas, containing up to six C-atoms for the case of HAC decomposition. These 
findings moti v ated us to introduce a new potential input to interstellar chemistry: the ‘top-down’ or degradation scheme, as 
opposed to the conventional ‘build-up’ or synthesis scheme. In this work, we demonstrate the feasibility of the top-down approach 

in diffuse clouds using gas–grain chemical models. In order to examine this scheme, we derived an expression to account for 
the formation of hydrocarbons when HACs are photodecomposed after their injection from grain mantles. Then, we calculated 

the actual formation rate of these species by knowing their injected fraction (from experimental work) and the average rate 
of mantle carbon injection into the interstellar medium (from observations). Our preliminary results are promising and reveal 
that the degradation scheme can be considered as an efficient mechanism for the formation of some simple hydrocarbons in 

dif fuse clouds. Ho we ver, an actual proof of the ef ficiency of this process and its rate constants would require comprehensive 
experimental determination. 

Key words: astrochemistry – ISM: abundances – ISM: clouds – dust, extinction – ISM: molecules. 
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 I N T RO D U C T I O N  

iffuse atomic and molecular clouds are characterized by low
as densities (10–500 cm 

−3 ), relatively high temperatures (30–
00 K), and low visual extinctions ( A v ≤ 1 mag); hence, they
re transparent to interstellar ultraviolet (UV) photons that play a
ital role in their chemistry (e.g. Snow & McCall 2006 ; Tielens
013 , and references therein). Diffuse clouds can be considered as
atural laboratories where astrochemists may examine the chemical
volution of the Universe: from the simplest atomic hydrogen (H I )
o the most complex observed molecules such as polycyclic aromatic
ydrocarbons (PAHs; Shematovich 2012 ) and fullerenes (e.g. C 60 

+ ;
ampbell et al. 2015 ). 
The first observed molecules in the interstellar medium (ISM),

ndeed in diffuse gas, were detected about 80 yr ago. These detections
ere assigned to CN and the two hydrocarbons: CH and then CH 

+ 

Swings & Rosenfeld 1937 ; McKellar 1940 ). See reviews by Tielens
 2013 ) and McGuire ( 2018 ), and references therein, for a historical
ackground on the early observed species in the ISM and for a
omplete list of all identified species in the ISM, respectively. 

Since the first detection of hydrocarbons (hereafter HCs), many
f them, including the radical CH (Sheffer et al. 2008 ), have been
bserved in diffuse regions and in diffuse gas in the line-of-sight to

ther environments. 

 E-mail: zma@sci.cu.edu.eg (ZA); viti@strw .leidenuniv .nl (SV) 
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Hydrocarbons are compounds made of only hydrogen and carbon
toms. The y hav e two main cate gories: aliphatic and aromatic.
liphatic hydrocarbons have a geometric structure as linear chains

ither branched or non-branched where carbon atoms are joined with
ingle, double, or triple chemical bonds or a cyclic structure with only
ingle bonded carbons (if the compound has three or more carbons).
romatic hydrocarbons are those with a benzene, C 6 H 6 , ring as the
nit of their structure. 
The cyclic forms of hydrocarbons are surprisingly spread in diffuse

egions. Cox, Guesten & Henkel ( 1988 ) recorded the first detection
f the cyclic C 3 H 2 (c-C 3 H 2 ) in the diffuse clouds in the lines-
f-sight towards Galactic and extragalactic regions. They found
hat the species is a sensitive tracer for low-density media and its
bundance is comparable to that recorded for dark regions (10 −8 

o 10 −9 ). Cox et al. ( 1988 ) concluded that c-C 3 H 2 can survive in
V e xposed re gions (e.g. those with A v ≤ 1 mag). The linear

orm of this molecule (H 2 CCC; hereafter l-C 3 H 2 ) has been first
dentified in dark clouds (Cernicharo et al. 1991 ), and then in the
ine-of-sight towards the massive star-forming regions W51 e1/e2,

51D, and W49 with the ratio c-C 3 H 2 /l-C 3 H 2 ranging between 3
nd 7 (Cernicharo et al. 1999 ). More recently, Lucas & Liszt ( 2000 )
onducted a surv e y for diffuse and marginally translucent clouds
hat lie towards a sample of compact extragalactic millimetre (mm)-
ontinuum sources and identified various hydrocarbons, namely
 2 H, C 3 H, C 4 H, and c-C 3 H 2 . The surv e y results showed that C 2 H
nd c-C 3 H 2 are widely spread with relatively high abundances of
0 −8 and 10 −9 , respectively, and a fixed ratio for C 2 H/c-C 3 H 2 of
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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1 The code website: https:// uclchem.github.io/ . 
2 1 Habing = 1.2 × 10 −4 erg cm 

−2 s −1 sr −1 , which is equi v alent to 10 8 

photons cm 

−2 s −1 . 
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early 27. Similar results were obtained for the observed diffuse 
as along all lines of sight towards the massive star-forming regions 
G34.3 + 0.1, G10.62 −0.39, W51, W49N) and Srg A 

∗ (Gerin et al.
011 ). Afterwards, Liszt et al. ( 2012 , 2014 ) detected C 2 H, C 4 H,
-C 3 H 2 , and c-C 3 H in diffuse clouds. All of these hydrocarbons
ave also been observed with comparable abundances in photon- 
ominated regions (PDRs) and planetary nebulae (PNe) (Pety et al. 
005 , 2012 ; Schmidt, Zack & Ziurys 2018 ). 
Most of the hydrocarbons are ejecta from carbon-rich evolved 

tars in their asymptotic giant branch stage. These compounds 
pread gradually into the ISM during the evolutionary stages of 
rotoplanetary nebulae and PNe to enrich the surrounding diffuse 
SM with a wide spectrum of carbonaceous species (Allamandola & 

udgins 2003 ). The absorption bands in diffuse ISM at 3.4, 6.85,
nd 7.25 μm are attributed to material with a significant amount of
ydrogenated amorphous carbons, also known as HAC or a-C:H (e.g. 
uley & Williams 1983 ; Dartois et al. 2020 , and references therein).
he mechanism/scenario of the formation of hydrocarbons has been 

he concern of several studies whether observational, theoretical, 
nd/or experimental. The importance of the 3.4 μm band feature 
n tracing interstellar organic substances moti v ated Mennella et al. 
 2002 ) to perform experiments aimed to study the formation of C–H
onds in nanosized carbon grains when exposed to a flux of atomic
. The results indicate that the formation of C–H bonds (i.e. the

ormation of hydrocarbons) may occur in a time-scale 100 times 
horter than the typical lifetime of a diffuse cloud (3 × 10 7 yr) with
 hydrogenation efficiency of 6 per cent. This value is higher than
he required value, 1 per cent, to balance the destruction of these
onds by UV irradiation in diffuse clouds. Therefore, Mennella et al. 
 2002 ) concluded that hydrogenation of carbon grains can proceed 
nder diffuse medium conditions and this process is very important 
o explain the existence of the 3.4 μm band feature in such clouds. 

Pety et al. ( 2005 ) used the IRAM Plateau de Bure Interferometer
o observ e sev eral hydrocarbons, as well as CO and C 

18 O, in
he horsehead PDR, and, using a one-dimensional PDR model, 
hey attempt to fit their observations. Unfortunately, none of their 

odels was able to correctly reproduce the observed amounts of 
ydrocarbons. In order to impro v e their models, Pety et al. ( 2005 )
roposed three different scenarios but conclude that the most likely 
ne is that the observed hydrocarbons result from the fragmentation 
f PAHs in the intense far-UV radiation due to the nearby star σ -Ori.
From another perspective, Serra D ́ıaz-Cano & Jones ( 2008 ) 
odelled the evolution of carbon dust particles due to the passage of

hock waves in warm interstellar and inter-cloud media. The authors 
ssumed that HACs are the most abundant form of carbonaceous 
rain mantles and they should be considered the more realistic model 
f interstellar dust grains. Their results showed that HAC erosion 
n shocks can supply the ISM with hydrocarbon compounds three 
imes more than the abundance supplied by graphite grains. Serra 
 ́ıaz-Cano & Jones ( 2008 ) also estimated that carbonaceous dust
rains can survive in the ISM up to ∼2 × 10 8 yr. 
More recently, experiments showed that the photodissociation of 

olid C 6 H 14 and HAC mantles leads to the formation of simple
ydrocarbons and small C-clusters (Duley et al. 2015 ). The authors 
ere able to detect simple hydrocarbons such as C 3 H 2 , C 6 H 5 , C 6 H 6 ,

nd other products of the form C n H 2 n −1 from the irradiation of HAC
lm by UV photons. The authors concluded that the detection of
 3 H 2 among the products of the induced photodecomposition of 
ACs may reflect a way for the formation of the widely spread

-C 3 H 2 in diffuse ISM, and indicate the possibility of including 
he top-down (degradation) chemistry as an alternative process of 
he formation of such species in diffuse ISM. Another possibility 
o explain the existence of C 2 H and C 3 H 2 with relatively high
bundances in diffuse gas in comparison to that found in planetary
ebulae (factor of 1–10 per cent) is the ejection of these species from
he PN to the surrounding diffuse gas (Schmidt et al. 2018 ). 

The failure of pure gas-phase models in reproducing and explain- 
ng the observed amounts of some HCs, e.g. C 3 H 2 , C 4 H (Alata et al.
015 ; Cuadrado et al. 2015 ; Guzm ́an et al. 2015 ), in diffuse clouds
nd the recent experimental results (Duley et al. 2015 ) moti v ated us
o model hydrocarbon chemistry in diffuse clouds by introducing the 
op-down mechanism to the classical gas-phase chemical models. 
his study aims also to investigate the sensitivity of hydrocarbon 
hemistry to the physical condition of the environment of diffuse 
louds and will attempt to define the space parameter that leads to
he best fit of observations. 

The layout of this paper is as follows: Section 2 explains the
hemical model and the new approach we used to simulate the
ormation of hydrocarbons in diffuse interstellar environments. In 
ection 3, we display and discuss the key results of our models and

he influence of the degradation chemistry (top-down mechanism) 
n the HC content in diffuse clouds. We also compare the model
esults with observations. Finally, Section 4 summarizes the main 
onclusions and remarks of this work. 

 M O D E L L I N G  H Y D RO C A R B O N S  

e attempt to simulate the chemistry of hydrocarbons in a typical
iffuse cloud ( n H = 100 cm 

−3 and T = 100 K) using a real-time-
ependent gas–grain chemical model: UCLCHEM 

1 (Holdship et al. 
017 ). The code models a ‘parcel’ of gas of homogeneous density, at
 specific A v (determined by the user-defined density and the radius
f the parcel). See Holdship et al. ( 2017 ) for full details of the code.
or this study, we fix the interstellar radiation field (RF) ( G 0 ) to 1
abing. 2 Hydrogen ions, H 

+ , are formed by the cosmic ray (CR)
onization process that happens at the ISM standard ionization rate: 
ISM 

= 1.3 × 10 −17 s −1 (Wakelam et al. 2005 ). The gas-to-dust
atio is uniform so that one visual magnitude of extinction ( A v = 1)
orresponds to a total hydrogen column density of 1.6 × 10 21 cm 

−2 

Draine 2011 ). 
At each time-step, the model calculates the A v using the ‘on the

pot approximation’: 

 v ∼ n H × R 

1 . 6 × 10 21 
, 

here n H is the volume density and R is the radius. 
Table 1 lists the initial physical and chemical conditions used for

he reference model (hereafter RM) of this study. 

.1 Degradation chemistry 

ulas et al. ( 2013 ) showed that for lines of sight with interstellar
 xtinction curv es (ISECs) similar to the average ISEC, the abundance
f carbon (in any neutral form; i.e. atomic or compound) locked into
ust grains is about 20 part per million, i.e. 2 × 10 −5 . If we assume
hat in diffuse clouds along these lines of sight carbon atoms are
emo v ed from HAC mantles by shocks that occur at time intervals of
 Myr, then the rate to produce the maximum abundance of carbon
MNRAS 511, 3832–3843 (2022) 
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Table 1. The initial elemental abundances and physical conditions used for 
the RM of this work. 

Initial abundances a Physical parameters b 

Helium 8.50 × 10 −2 Density (cm 

−3 ) 100 
Carbon 2.69 × 10 −4 Temperature (K) 100 
Oxygen 4.90 × 10 −4 Radius (pc) 5.2 
Nitrogen 6.76 × 10 −5 A v (mag) 1 
HAC 

c 20 per cent n (C) 

a Asplund et al. ( 2009 ). 
b Awad, Viti & Williams ( 2016 ). 
c Adapted for this study (see text). 

Table 2. The computed fraction, f X , of HCs in- 
jected in the gas via the sublimation of HACs as 
assigned in Fig. 1 in Duley et al. ( 2015 ). 

Molecule f X Molecule f X 

C 0 .12 C 3 H 7 0 .12 
CH 4 0 .09 C 4 0 .06 
C 2 H 5 0 .06 C 5 H 11 0 .03 
C 2 H 6 

a 0 .09 C 6 H 4 0 .03 
C 3 0 .12 C 6 H 5 0 .03 
C 3 H 4 0 .21 C 6 H 6 0 .03 

a C 2 H 6 is the shorthand of CH 3 CH 3 . 
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3 UMIST website: http:// udfa.ajmarkwick.net/ . 
4 KIDA website: ht tp://kida.ast rophy.u-bordeaux.fr/. 
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nto the ISM via HACs injection ( R inj ) can be expressed as follows: 

 inj = 

2 × 10 −5 

3 × 10 13 
n H = 6 × 10 −19 n H ( cm 

−3 s −1 ) , (1) 

here n H is the total number of hydrogen in all forms in the cloud. 
In their recent time-of-flight (TOF) e xperiments, Dule y et al.

 2015 ) detected 20 different simple hydrocarbons, some are iso-
ers, produced from the photodecomposition of the e v aporated

olid hexane (C 6 H 14 ) and HACs from grain mantle analogues. In
heir fig. 1, red arrows indicated the mass peaks corresponding to
hree of the resulted hydrocarbons and small carbon clusters. The
uthors expressed the presented HAC mass spectrum in units of
qui v alent number of carbon atoms. From this figure, we selected
he strong signals and very crudely calculated the fraction, f X , by
hich their assigned species are injected into the gas-phase after the
ecomposition of the HACs. A summary of these calculated fractions
or the 12 assigned molecules is given in Table 2 . 

The experimental data of the injected species sho w v ariation in
he strength of their signal that may imply that the efficiency of the
njection of HACs vary among species with an unknown efficiency
actor, say ‘ef’ where 0 < ef < 1. This factor is treated in our model as
 free parameter and its value is the one by which we obtain the best
t to observations. In light of the total amount of carbons injected

nto the gas at the rate R inj , expressed in equation (1), the injection
f any resulted molecule as a fraction f X of the original decomposed
AC will occur at an injection rate R inj (X) given by the following

quation: 

 inj (X) = R inj × ef × f X 

= 6 × 10 −19 n H × ef × f X cm 

−3 s −1 (2) 

We included the degradation chemistry in our chemical network
y introducing a set of 12 chemical reactions each occurring at the
ate R inj (X) derived from the TOF experimental data. These reactions
re generally of the form 

AC 

inj −−−→ 

R inj (X) 
X (3) 
NRAS 511, 3832–3843 (2022) 
here the molecules X are those listed in Table 2 . This route of
ormation is, then, added to the formation pathway of the species if
t has any additional route in the gas-phase chemical network (see
ection 2.2). 

.2 Gas-phase chemistry 

he gas-phase network for our species list is taken from the UMIST
atabase for Astrochemistry (UDfA) database 3 ratefile 2012 (McEl-

oy et al. 2013 ) except for the species C 3 H 7 , C 5 H 11 , C 6 H 4 , C 6 H 5 

hat were not included in this database. The gas-phase chemistry of
oth C 3 H 7 and C 3 H 7 

+ included in our network is taken from the
IDA 

4 database and reported in Loison et al. ( 2017 ). The rest of the
issing species (C 5 H 11 , C 6 H 4 , C 6 H 5 ) have no reactions under the

onditions of the ISM and are not included in the KIDA ratefile. For
his reason, we produced a suitable simple chemical network for these
pecies and for the new species that may further be formed in the
edium. This network includes simple reactions such as dissociative

ecombination, ion-neutral, and photoprocesses to account for the
ormation and destruction of the species following top-down routes.
able 3 lists these reactions with their rate parameters from which

he rate constants ( k ) are calculated self-consistently in the model
sing the UMIST formula (e.g. Woodall et al. 2007 ; McElroy et al.
013 ) as follows: 

 = 

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

(a) if two-body reaction 
α ( T / 300) β exp ( −γ /T ) cm 

3 s −1 

(b) if CR ionization reaction, for ζ = ζISM 

α s −1 

(c) if photoreactions 
α exp ( −γA v ) s −1 

, 

here ζ is the CR ionization rate, A v is the visual extinction, and the
onstants α, β, and γ are the rate parameters. 

For the new chemistry in Table 3 , and as an acceptable first
pproximation, we adopted the general Langevin rate constant. These
ate constants are 10 −7 and 10 −9 cm 

−3 s −1 for dissociative electron
ecombination (DR; AB 

+ + e − → A + B) and ion-neutral (IN;
 

+ + B → C 

+ + D) reactions, respectively (Oka et al. 2003 ).
n the UMIST database, most of the photodissociation reactions
PH; AB + h ν → A + B) have rate parameters α and γ typically
n the range 10 −10 to 10 −12 s −1 and 1–3, respectively, and since
hey are temperature independent then β = 0. For this exploratory
alculation, it is reasonable to adopt the middle value of each range
or the parameters; i.e. α ∼ 10 −11 s −1 and γ = 2. We ran test models
ith different values of the parameters and found that the o v erall
ydrocarbons chemistry is insensitive to changes in the parameters
f this PH reaction set in Table 3 . 
We note that the molecule C 3 H 4 has two structural isomers

H 3 CCH and CH 2 CCH 2 with similar chemistries. We included both
hemistries in our network, and the obtained results showed that
he two species have almost identical chemical behaviours, with
nsignificant differences in their abundances, less than a factor of 2.
herefore, in this work, we displayed the results of one of the two
pecies, CH 3 CCH, chosen arbitrarily. In addition, we distinguished
etween cyclic (c-) and linear (l-) forms of the species such as the
ase of C 3 H 2 , where the linear form is written as H 2 CCC in the
MIST masterfile. Reactions with the rate parameter α lower than
0 −13 s −1 were excluded from the network to save computational

http://udfa.ajmarkwick.net/
http://kida.astrophy.u-bordeaux.fr/
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Table 3. The set of top-down gas-phase reactions included in the model chemical network and their rate 
parameters to account for the formation and destruction of C 5 H 11 , C 6 H 4 , and C 6 H 5 , and their related 
species, that are missing in UMIST and KIDA astrochemical databases. 

Reaction Reactants Products Rate parameters 
type a Re1 Re2 Pr1 Pr2 α β γ

DR C 3 H 6 
+ E 

− C 3 H 5 H 1 × 10 −7 0 0 
C 4 H 6 

+ E 

− C 4 H 5 H 1 × 10 −7 0 0 
C 5 H 10 

+ E 

− C 5 H 9 H 1 × 10 −7 0 0 
C 5 H 9 

+ E 

− C 5 H 8 H 1 × 10 −7 0 0 
C 5 H 8 

+ E 

− C 5 H 7 H 1 × 10 −7 0 0 
C 5 H 7 

+ E 

− C 5 H 6 H 1 × 10 −7 0 0 
CH 3 C 4 H 

+ E 

− C 5 H 3 H 1 × 10 −7 0 0 
C 5 H 12 

+ E 

− C 5 H 11 H 1 × 10 −7 0 0 
C 6 H 4 

+ E 

− C 6 H 3 H 1 × 10 −7 0 0 
C 6 H 5 

+ E 

− C 6 H 4 H 1 × 10 −7 0 0 
C 6 H 6 

+ E 

− C 6 H 5 H 1 × 10 −7 0 0 

IN C 3 H 3 
+ C 2 H 2 CH 3 C 4 H 

+ H 1 × 10 −9 0 0 
C 3 H 7 

+ CH 3 CH 3 C 5 H 12 
+ H 1 × 10 −9 0 0 

C 5 H 5 C 3 H 7 
+ C 5 H 12 

+ C 3 1 × 10 −9 0 0 
C 2 H 5 

+ CH 3 C 6 H 4 
+ H 1 × 10 −9 0 0 

C 4 H 3 
+ C 2 H 3 C 6 H 5 

+ H 1 × 10 −9 0 0 
C 2 H 4 

+ C 4 H 4 C 6 H 6 
+ H 2 1 × 10 −9 0 0 

PH 

b C 3 H 7 PHOTON CH 3 CHCH 2 H 1 × 10 −11 0 2 
CH 3 CHCH 2 PHOTON C 3 H 5 H 1 × 10 −11 0 2 
C 3 H 5 PHOTON CH 3 CCH H 1 × 10 −11 0 2 
C 5 H 11 PHOTON C 5 H 10 H 1 × 10 −11 0 2 
C 5 H 10 PHOTON C 5 H 9 H 1 × 10 −11 0 2 
C 5 H 9 PHOTON C 5 H 8 H 1 × 10 −11 0 2 
C 5 H 8 PHOTON C 5 H 7 H 1 × 10 −11 0 2 
C 5 H 7 PHOTON C 5 H 6 H 1 × 10 −11 0 2 
C 5 H 6 PHOTON C 5 H 5 H 1 × 10 −11 0 2 
C 5 H 5 PHOTON CH 3 C 4 H H 1 × 10 −11 0 2 
CH 3 C 4 H PHOTON C 5 H 3 H 1 × 10 −11 0 2 
CH 3 C 4 H PHOTON C 3 H 2 C 2 H 2 1 × 10 −11 0 2 
C 5 H 3 PHOTON C 5 H 2 H 1 × 10 −11 0 2 

a Reaction type – DR: dissociative recombination, IN: ion-neutral, PH: photoprocess (McElroy et al. 
2013 ). 
b The rate constant of photoreactions depends on the visual extinction ( A v ) as k = α exp( −γ A v ) in s −1 . 
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ime because these reactions will not have a significant contribution 
o the chemistry. 

The full chemical network in this work includes 123 species linked 
n a total of 1399 gas-phase reactions. The fractional abundances of
ny species X in the network is computed by solving a set of ordinary
ifferential equations (ODEs), generally, of the form 

d 

d t 
(X) = 

∑ 

F rate (X) − D rate (X) , 

here F rate (X) and D rate (X) are the net rates of reactions of the
ormation and destruction of X, respectively. If the species X has 
n additional formation pathway through the degradation chemistry 
ith a net rate of injection of R inj (X), then this formula is updated to

ccount for this extra formation route as follows: 

d 

d t 
(X) = 

∑ 

F rate (X) + R inj (X) − D rate (X) . 

At any time-step and after computing the fractional abundances 
f the species, the code (self-consistency) checks that the total 
bundances of all species containing a particular element do not 
xceed the initially defined elemental abundance of that particular 
lement. For instance, in the case of C and HACs, we set an initial
bundance of HACs to be 20 per cent of the total number of C initial
bundance. At each time-step, the code ensures that the total number 
f HACs does not exceed the 20 per cent and that the total abundance
f C-containing species, including HACs, does not exceed the initial 
lemental abundance of C defined in the input and listed in Table 1 . 

.3 The model grid 

he RM of this study is run under the standard physical conditions
f a typical diffuse cloud with full injection rate (ef = 1). Beside the
M, we ran a grid of 14 models, divided in four categories, in order to

nvestigate the effect of (1) changing the environmental conditions 
amely; the density (models RO), the strength of the RF (models
F), and the CR ionization rate (models Zeta), and (2) varying the

njection rate of HACs into the gas (models EF) on the fractional
bundances of the simple hydrocarbons produced in diffuse clouds. 
 list of the models can be found in Table 4 . All models are run
tilizing the same chemical network and the fractional abundances 
re computed with respect to the total amount of H atoms in the
edium in all forms. 

 RESULTS  A N D  DI SCUSSI ON  

n this section, we present and discuss the model results of the
hemistry of a typical diffuse cloud applying the suggested degrada- 
MNRAS 511, 3832–3843 (2022) 
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Table 4. The model grid performed to explore the effect of varying the 
physical conditions of the environment on the chemistry of the clouds. RM 

refers to the reference model of the study. 

Model The variable parameters Total no. 
category a Density RF ( G 0 ) ζISM 

b ef of models 
(cm 

−3 ) (Habing) (s −1 ) 

RM 100 1 1 1 1 

RO 10–300 1 1 1 3 
RF 100 0.1–10 1 1 3 
Zeta 100 1 0.1–50 1 3 
EF 100 1 1 10 −4 to 1 5 

a Category – RO: the density; RF: the radiation field; Zeta: the CR ionization 
rate; and EF: the injection efficiency. 
b ζ ISM 

is the ISM standard CR ionization rate ( = 1.3 × 10 −17 s −1 ). 
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ion chemistry to the conventional pure gas-phase chemical models.
he results are illustrated in Figs 1–5 for two selected sets of
ydrocarbons; the first (hereafter set I) is the experimentally obtained
et from HAC photodecomposition (Duley et al. 2015 ) and the second
hereafter set II) includes the observed species in diffuse clouds (Liszt
t al. 2012 ). 

.1 Impact of degradation chemistry 

he impact of including the degradation chemistry to the classical
as-phase chemical models is illustrated in Fig. 1 . Column (a) of the
gure shows the fractional abundances of the species using pure gas-
hase models while column (b) is the classical gas-phase model with
he inclusion of the degradation mechanism at maximum efficiency,
.e. ef = 1. It is important to remember that the physical conditions
f both models are those of the RM in Table 1 : ρ = 100 cm 

−3 ,
 0 = 1 Habing, and ζ = ζ ISM 

. The results are illustrated for both
ets of HCs: set I (the top panels) and set II (the bottom panels),
s quoted in the figure header. In general, and apart from CH in set
I, models with degradation chemistry show higher abundances of
ll HCs compared to the classical gas-phase models for both sets of
pecies during early times ( t < 10 6 yr). For both sets, the abundances
n both models converge to similar values after 10 6 yr. This time
orresponds to the time when HACs reach saturation and hence their
njection becomes inefficient in the gas. By saturation, we mean the
ime at which the amount of HACs remo v ed from the grains reaches
ts maximum value and there is no renewal mechanism on grains. 

During such early times, the inclusion of the top-down mechanism
ields abundances of the order of 10 −9 to 10 −10 for all the species
n set I except C 5 H 11 , C 6 H 4 , and C 6 H 5 that ha ve ab undances of
he order 10 −8 and C 3 H 7 with a lower abundance of 10 −11 . After
hat time, the abundances of all the species drop ( < 10 −13 ). The
igh abundances during the early stages of the evolution are due to
he formation of the species via HACs injection into the medium.

hen the HACs abundances reach chemical saturation, t � 10 6 

r, we obtain the sudden decline in the abundances of the injected
pecies. Throughout the early stages of the evolution, formation
nd destruction processes are competing with comparable reaction
ates which causes the evolutionary curves to remain relatively flat.
fter 10 6 yr, atomic C reaches its maximum abundance and as a

esult, the role of HACs injection in the formation of the HCs in
et I becomes minimal. As a consequence, the formation rates drop
eading to the dramatic decrease in the abundances of the HCs shown
n Fig. 1 . CH 4 and C 3 H 4 remain barely detectable in the gas with
ractional abundances comparable to those of pure gas-phase models
f ∼10 −13 . 
NRAS 511, 3832–3843 (2022) 
We are aware that the species C 5 H 11 , C 6 H 4 , and C 6 H 5 are those
or which reliable reaction rates are in fact missing from the astro-
hemical databases and hence our results rely on our assumptions. 

A chemical analysis of the observed species CH, C 2 H, l-C 3 H 2 , c-
 3 H 2 , and C 4 H shows that CH is mainly formed by the reaction ‘H +
H 2 ’ that has not been affected by the injection mechanism while the
bundances of C 2 H, l-C 3 H 2 , c-C 3 H 2 , and C 4 H have been influenced,
ndirectly, by the injection chemistry. The analysis revealed that
arent molecules of l-C 3 H 2 , c-C 3 H 2 , and C 4 H are C 3 H 4 , C 6 H 3 , and
 4 H 3 , respectively. These latter species are either direct products
f the HACs injection (e.g. C 3 H 4 ) or they are daughters of other
njected molecules (e.g. C 6 H 3 ). This finding may explain why the

olecular abundances of set II drop at the same time as the species
n set I. F or e xample, if we take the case of C 6 H 3 we find that it
s the tertiary product of the photodecomposition of benzene, C 6 H 6 ,
hich is a direct product of the photodecomposition of mantle HACs

Duley et al. 2015 ). Therefore, when the production of C 6 H 6 drops,
s a consequence of the drop of HACs abundances, the abundance
f C 6 H 3 will drop; too. Other gas-phase formation routes for c-C 3 H 2 

ill reco v er the abundance of the species to ultimately converge with
hat of pure gas-phase models (ef = 0). 

Ho we ver, the formation of C 2 H in models with injection happens
y many routes dominated by the photodecomposition of C 2 H 2 and
 4 H. The analysis of the chemistry of both parents showed that

hey are daughters of species affected directly (CH 4 and C 3 H 4 )
r indirectly (C 4 H 3 ) by the decomposition of HACs. Thus, the
bundance of C 2 H drops when HACs injection drops because both
ormation routes via C 2 H 2 and C 4 H become minor. The reco v ery of
he abundance of C 2 H in the gas after 10 6 yr is due to other gas-
hase pathways such as dissociation of C 6 H. Towards the end of the
imulation, when the abundance of C in the medium increases and C
eactions dominates, the formation of C 2 H via C 2 H 2 starts to become
mportant again but with lower formation rates compared to earlier
imes ( t ≤ 10 6 yr). This result may explain the convergence of both

odels illustrated in Fig. 1 at the late stages of the evolution. 

.2 Sensitivity to environmental parameters 

t is now established that variations in the environmental space
arameters affect the chemistry of this environment and that the
hemical evolution of a region may be used to constrain the physical
arameters of these environments (e.g. Millar 2015 ; Yamamoto
017 ). In this section, we discuss the results of modelling HCs
hemistry under various conditions of density, RF, CR ionization rate,
nd injection rate that are denoted in Table 4 by the model categories
O, RF, Zeta, and EF, respectively. In this study, an arbitrary factor
f 8 was taken to account for the uncertainties associated with
oth observational values and many free parameters that go into
he models. Hence, if the impact of varying a parameter in a given
odel is larger than 8 we consider its impact significant. 
It is interesting to investigate what fraction of HACs is needed to

ccount for the formation of hydrocarbons in diffuse clouds. This
oti v ated us to run chemical models with different injection rates,
 inj (X), category EF. According to equation (2), variations in R inj (X)
re controlled by changes in the value of the parameter ‘ef’. Fig. 2
isplays the results of the five models in the category EF plus the
M, for the two sets of species described earlier. All models are

un under the same physical conditions of the RM (in Table 1 ), but
t different injection rates, R inj (X). Colour code is used to indicate
if ferent v alues of the parameter ‘ef’. The dark grey solid lines
dded to set II panels represent the observed values of the species,
aken from Liszt et al. ( 2012 ). As expected, increasing the injection
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Figure 1. The influence of degradation chemistry on the chemical evolution of the gas in a typical diffuse cloud for two sets of species: in the top panel, species 
obtained in the results of Duley et al. ( 2015 ) experiments and in the bottom panel, the observed HCs by Liszt et al. ( 2012 , 2014 ). The results are shown for two 
models: the classical gas-phase network without the top-down chemistry (column a) and the new RM model that combines the degradation chemistry with the 
classical gas-phase network (column b). 
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ate, i.e. larger ‘ef’ values, yields higher fractional abundances of 
pecies and show a better matching with observations for set II
olecules. An exception is CH where neither the evolutionary trend 

or the calculated fractional abundances are affected by fluctuations 
n the injection rates. That is because the formation and destruction 
athways of the species are independent of any products of the 
egradation chemistry as discussed in Section 3.1. The rate of 
emoval of HACs from the grains, R inj in equation (1), is computed
ssuming that the maximum amount of carbon is injected from grains
y shocks every 10 6 yr. Variations in the injection time-scale is
xpected to impact the fractional abundances of the HAC products in 
he gas due to its impact on their production rate by injection, R inj (X)
n equation (2). In order to test this idea, we performed two models
hat proceed under the same physical conditions of the RM but with
ifferent injection time scales. The first model (0.01 R inj , indicated by
ash lines in Fig. 3 ) assumes that the maximum injection takes 100
yr, thus the injection rate is 100 times slower than that of the RM

 R inj , solid black lines). The other model (100 R inj , dash dot dot lines)
roceeds with a maximum injection time that is 100 times shorter
han the RM and therefore the injection rate is 100 times faster than
he reference R inj in equation (1). 

As expected, models with longer time-scales (dash lines) al w ays 
ield lower fractional abundances for all of the species in sets I and
I compared to the RM (solid black lines). The reason for this is that
ith longer times of injection, the production rate of the injected 
olecules decreases by a factor of 100 compared to the RM. On
he other hand, models with shorter time scales of injection (dash
ot dot lines) lead to more material in the gas compared to the RM
odel, in a shorter period and hence the lifetime of most of the

pecies produced via 100 R inj models is shorter than that of the other
wo models. None of the two new models was able to reproduce
he observed abundances of HCs, although the abundances of CH, 
 2 H, and C 4 H in models with shorter injection time (i.e. 100 R inj ) are
loser to observations (grey solid lines) during times ≤10 4 yr. For
et II molecules, the abundances and chemical evolution of CH are

he least affected by changes in the injection time-scales. All other
olecules respond differently, but their obtained abundances in the 

hree models tend to converge to values close to those of the RM at
imes later than 10 6 yr (see Fig. 3 ). 

In order to qualitatively constrain the environmental conditions 
here HCs may exist, we modelled the chemistry of the observed
ydrocarbons (set II) under different environmental conditions. Fig. 4 
hows the time evolution of the fractional abundances of these species 
or the different model categories in Table 4 . Each column of the
gure represents one model category labelled in its header. Different 
olours indicate different values of the same parameter of the model
see the figure key). Physical conditions that represent the RM are
enoted in the figure key as RM and represented by red curves. Dark
rey lines mark the observed values as taken from table 4 in Liszt
t al. ( 2012 ). 

We find that all models show similarities in the evolutionary trends
f the species with slightly different responses to changes in the space
MNRAS 511, 3832–3843 (2022) 
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Figure 2. The effect of varying the injection rate efficiency on the fractional abundances of the two selected sets of hydrocarbons obtained experimentally and 
observationally in the diffuse gas (see text). 
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arameters. Although most of the species are insensitive to variations
n the gas density (Column a) and CR ionization rate (Column c) at
imes ( < 10 6 yr), their steady state abundances ( t > 10 6 yr) may differ
y up to 2 orders of magnitude. In this study, we are interested in the
ime interval when HACs feed the medium with hydrocarbons, i.e.
0 4 < t (yr) ≤ 10 6 . During this period, most of the abundances are
nhanced in diffuse environments with lower UV photon intensity
0.1 G 0 , black line). 

The calculated abundances of C 2 H, c-C 3 H 2 , and C 4 H in our RM
re ∼6, 3.19, and 22 times less than those observed (Liszt et al.
012 ). In addition, Liszt et al. ( 2018 ) showed that adding C-atom
o C 2 H ( ∼4 × 10 −8 ) to form C 3 H reduces the abundance of C 2 H
y about 100 times in all observed environments including diffuse
egions; i.e. n (C 3 H) ∼ of the order of 10 −10 . Their observations of
if fuse regions sho wed also that the ratio N (c-C 3 H)/ N (l-C 3 H) is about
.5 whereas N (C 2 H) is 200 and 100 times higher than that of N (c-
 3 H) and N (l-C 3 H), respectively. The current network used in this
ork does not differentiate between c-C 3 H and l-C 3 H, but we can
etermine the total amount of C 3 H in the gas. Our results show that,
t 10 6 yr, n (C 3 H) is of the order of 10 −9 that is an order of magnitude
igher than the approximate value observed. Adopting the ratio of
iszt et al. ( 2018 ), our calculations may indicate that n (c-C 3 H) and
 (l-C 3 H) are 3 × 10 −10 and 6 × 10 −10 , respectively. These values
NRAS 511, 3832–3843 (2022) 
re comparable to those observed in the diffuse regions B0415 and
2200 (see table 4 in Liszt et al. 2018 ), although the ratios to C 2 H are
uch less than the observed ratios. On the contrary, our computed

alues of orders 10 −9 and 10 −10 for C 2 H and c-C 3 H 2 , respectively,
re in good agreement with model calculations by Guzm ́an et al.
 2015 ), but for the ion C 3 H 

+ our value is 10 times less than their
omputed abundance at A v = 1 mag. 

Of all the performed models, those with the following combination
f physical parameters: n H = 100 cm 

−3 , ζ = ζ ISM 

, 0.1 G 0 , and
aximum injection of HACs yield a better match to observations

lthough the abundances are 5–30 times higher than the observed
alue (Liszt et al. 2012 ), (see Fig. 4 – column b). The chemical
nalysis of these species revealed that in the RM, most of those
pecies are destructed in the gas-phase by UV photons and other less
fficient pathways via ion–molecule reactions. In models with less
ntense radiation filed ( = 0.1 G 0 ), the destruction of the species is
ominated by ion–molecule reactions, in particular those involving
 

+ . These reactions may count for more than 70 per cent of the
estruction pathways of a given species. The production of C 

+ ions
ccurs, in general, via several photoprocesses that may dominate the
hemistry at low A v . As a consequence, the reduction of the UV
hoton flux reduces the abundance of C 

+ which, in turn, decreases
he destruction rate of the species. Thus, an enhancement in the

art/stac297_f2.eps
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Figure 3. The effect of varying the injection rate on the fractional abundances of the two sets of molecules in diffuse clouds. Each curve represents an injection 
rate (see the figure key). 
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ractional abundances of HCs is obtained in diffuse clouds. As 
lready mentioned, there are many similarities in the evolutionary 
rend of all species, in particular C 2 H, c-C 3 H 2 , and C 4 H, species that
ave been extensively studied in PDRs (Pety et al. 2005 ; Murga
t al. 2020 ). These similarities may indicate resemblance in the 
hemistry of diffuse clouds and PDRs regardless of their slightly 
ifferent physical conditions. Moreo v er, Alata et al. ( 2015 ) studied
xperimentally the formation of hydrocarbons from the photolysis 
f HACs and then implemented their experimental results into PDR 

hemical models to study the effect of varying the UV radiation on
he yield of the HCs. In their fig. 4, we notice that their calculated
bundances of C 2 H, c-C 3 H 2 , and C 4 H, at A v = 1, are comparable
o our values within a factor of 10 at times > 10 6 yr. This factor
ecomes around 60 during the early stages of the evolution of c-C 3 H 2 

olecules. This supports our suggestion that there are similarities in 
he chemistries of diffuse clouds and PDRs that are easily penetrated 
ith UV photons. These results also support our suggested new 

njection mechanism as an ef fecti ve way to form small hydrocarbons
n diffuse clouds. 

Moreo v er, Pilling et al. ( 2012 ) studied experimentally the for-
ation of molecules with double and triple carbon bonds from the 

rradiation of pure and mixed ices of c-C 6 H 12 by highly charged and
nergetic ions that simulates CR particles. Their results showed that 
he maximum production of unsaturated hydrocarbons occur after 
3–5) × 10 6 yr for pure c-C 6 H 12 ices and around 1 × 10 6 yr for c-
 6 H 12 mixed ices. The authors concluded that the CR bombardment
f pure and mixed interstellar ice analogues can be an alternative
athway to the formation of hydrocarbons in astrophysical regions. 
espite the difference in the mantle injection trigger between Pilling 

t al. ( 2012 ) and this work, the results of our RM show that the
aximum production of all studied hydrocarbons occurs at the time 

nterval (1–2) × 10 6 yr which corresponds to the time of maximum
roduction of carbon in the gas via the HAC mantle injection. This
greement between the two production periods support our choice 
f the time interval of maximum injection and gives more support
o the success of the degradation chemistry in producing interstellar 
ydrocarbons. 

To give an insight on the hydrocarbons chemistry and the relation
ith the surrounding environment, we demonstrate, in Fig. 5 , the

hemical evolution of our selected species as a function of the
ifferent parameters at time 10 6 yr which corresponds to the time
f steady state of HACs (see abo v e). From the figure, it is clear that
ydrocarbons chemistry is most sensitive to variations in the radiation
eld (RF, left column). This result has to be expected because in
iffuse clouds carbon h ydrides (h ydrocarbons) chemistry is initiated 
y the inefficient radiative association of C 

+ and H 2 to form CH 2 
+ 
MNRAS 511, 3832–3843 (2022) 
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Figure 4. The influence of changing the environment physical conditions on the fractional abundances of the observed set of species in diffuse gas (Set II). 
Different curve colours indicate different values for the physical parameters in each column: (a) the total gas number density in cm 

−3 , (b) the intensity of the 
radiation field in G 0 , and (c) the CR ionization rate in terms of the standard interstellar rate, ζ ISM 

(see figure key). Dark grey lines mark the observations as 
taken from Liszt et al. ( 2012 ). 
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hich then undergoes various reactions with H, H 2 , and electrons
ne of which will form the methyl group CH 

+ 

3 . The CH 

+ 

3 recombines
ith electron to dissociate into simple hydrides, CH and CH 2 (Millar
015 ). From this discussion, we note that hydrocarbons chemistry
s seeded by C 

+ that is mainly formed by photoreactions of atomic
 and other carbonaceous species present in the ISM. Therefore,
ariations in the intensity of the radiation field affect the yield of C 

+ 

nd in turn influence the hydrocarbon chemistry. This finding and
nalysis of the hydrocarbons chemistry initiation in diffuse clouds
ay give an explanation on why hydrocarbons are insensitive to

hanges in the CR ionization rate (right column). 
Unlike other species, CH showed an enhancement of its abundance

t low values of radiation field (0.1–1 G 0 ). The parent molecule of CH
s CH 2 which is formed through many photodissociation pathways.
hese routes are found to proceed with higher rates when the intensity
f the UV photons is higher, yielding more CH 2 in the medium. This,
n turns, enhances the abundance of CH in diffuse clouds that possess
igh radiation fields. In addition, we found that the formation rates of
H 2 are comparable across models with RF > 1 G 0 , and therefore,

he amounts of CH produced in these environments, at the same time
tep of the chemical evolution, are also comparable (see also Fig. 5 ,
NRAS 511, 3832–3843 (2022) 
iddle column). The rest of the studied HCs are destroyed by C 

+ 

hose abundance increases steadily with radiation field values up to
 G 0 , then it reaches a plateau. This finding may explain the observed
ecrease in the abundance of HCs with the increase of the RF to a
alue of 5 G 0 before they reach an almost constant value. 

Maybe somewhat surprisingly, changes in the total number density
f the gas appears to be selective (see Fig. 5 , middle column). While
ost species seem insensitive to changes in the number density,

he abundances of CH, C 4 H, CH 3 CH 3 , C 3 H 7 , and C 6 H 6 show some
ensitivity to it. The chemical analysis shows that the chemistry of
hese species is indeed linked. This may explain their evolutionary
rends represented in Fig. 5 . We found that CH 3 CH 3 is heavily
estroyed via C 

+ ions to form CH 2 . The latter reacts with atomic
 in the gas to produce CH. The formation rate of CH increases
radually with density until it is about 2 orders of magnitude higher
hen the density increases from 10 to 300 cm 

−3 ; this leads to the
bserved increase in the abundance of CH by ∼100 times its value
n a 10 cm 

−3 cloud. On the other hand and while the production rates
f CH enhances with density increments, the destruction of CH 3 CH 3 

ncreases, too, causing its abundance to decrease in denser clouds.
his may explain the trend observed for those species. In addition,

art/stac297_f4.eps
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Figure 5. The chemical evolution of the two sets of HAC molecules as a function of environmental physical conditions (as indicated in each column header). 
The two sets of species are: the production of the photodecomposition experiments by Duley et al. ( 2015 ) (top row) and the observed set in diffuse clouds 
(bottom row) by Liszt et al. ( 2012 ). Each curve denotes one molecule as labelled in the figure key. 
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ncreasing the gas density suppresses photoreactions and decreases 
he rate of destruction of the species more than 10 times, such as
he case for C 4 H that shows an increase in its abundance in denser
louds. Similar scenarios are applicable for C 3 H 7 and C 6 H 6 . 

.3 Comparison with obser v ations 

odel results showed that the evolutionary trend and the molecular 
bundance of the molecule CH remain unchanged under all mod- 
lling conditions (see Figs 2 and 5 ). We note indeed that observations
f CH in different diffuse molecular Galactic sightlines seem to 
mply a constant fractional abundance of ∼2.0 × 10 −8 (Sheffer et al. 
008 ). Modelling the formation of hydrocarbons by considering the 
op-down mechanism with full injection (i.e. RM model, ef = 1)
hows good agreement with observations for most of the species in 
et II within a factor of 6. The results of C 4 H are also reasonable
ince the observed value represents the upper limit of the molecule 
n diffuse clouds (Liszt et al. 2012 ). The fractional abundances of set
I species match observations at times around 2 × 10 6 yr. 

We found that the calculated ratio C 2 H/c-C 3 H 2 is 11 at the time
f maximum injection. This value is almost 2.5 times lower than the
w

verage of 27 seen in diffuse clouds (Lucas & Liszt 2000 ) and in
DRs (Pety et al. 2005 ). On the other hand, our value lies within the
ange obtained in star-forming regions (11–53), although it is less 
han the quoted average of 28 (Gerin et al. 2011 ). In addition, the
omputed l-C 3 H 2 /c-C 3 H 2 in this work at 10 6 yr is 0.23, which is
hree times the observed ratio in diffuse clouds (Liszt et al. 2012 ),
ut matches the results of Liszt et al. ( 2018 ). Ho we ver, this v alue
s in agreement with the value derived from observations of diffuse
as towards the massive star-forming regions W51 e1/e2 and W49N 

0.2–0.3; Kulczak-Jastrz ębska, Lis & Gerin 2012 ) in the low A v 

egime. Finally, the calculated abundance ratio C 4 H/C 2 H ∼ 0.04 is
n line with the upper limit ratio, 0.14, observed by Liszt et al. ( 2012 ),
nd reported by Liszt et al. ( 2018 ). 

Although the discussion of the results of this study is limited to the
hemistry of hydrocarbons, we can also compare data for the injected
mall carbon clusters such as C 2 and C 3 . The estimated fractional
bundances for C 2 and C 3 , at 10 6 yr in the RM, are 3.9 × 10 −8 and
.03 × 10 −9 , respectively. These values are in good agreement with
heir corresponding average values, 3.0 × 10 −8 and 7.7 × 10 −10 , 
bserved towards the three objects HD 206267, HD 207198, and HD
10121 by Oka et al. ( 2003 ) and led to an abundance ratio of 40,
hich is also in good agreement with our calculated ratio of ∼38. 
MNRAS 511, 3832–3843 (2022) 
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Table 5. A comparison between observations and the computed fractional 
abundances and ratios in the RM of this study, x (X), with respect to the total 
number of H in all forms, n H . In the table, a ( b ) is equi v alent to a × 10 b . 

x (X) 
Species Observations This work a Reference 

CH 20( −9) 6.40( −9) Sheffer et al. ( 2008 ) 
C 2 H 30( −9) 5.10( −9) Liszt et al. ( 2012 ) 
c-C 3 H 2 1.5( −9) 0.47( −9) Liszt et al. ( 2012 ) 
l-C 3 H 2 0.1( −9) 0.11( −9) Liszt et al. ( 2012 ) 
C 4 H 4.0( −9) 0.18( −9) Liszt et al. ( 2012 ) b 

C 2 3.0( −8) 3.90( −8) Oka et al. ( 2003 ) c 

C 3 7.7( −10) 1.03( −9) Oka et al. ( 2003 ) c 

Hydrocarbons ratios 
C 2 H/c-C 3 H 2 27 11 Lucas & Liszt 2000 ) 
l-C 3 H 2 /c-C 3 H 2 0.06 0.23 Liszt et al. ( 2012 ) 
C 4 H/C 2 H 0.14 0.04 Liszt et al. ( 2012 ) b 

C 2 /C 3 40 38 Oka et al. ( 2003 ) 

a Model values are quoted at the time when HACs reach saturation at 10 6 yr. 
b The observed value is the upper limit. 
c The observed value is the average value in the three clouds HD 206267, 
HD 207198, and HD 210121. 
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Table 5 summarizes the calculated fractional abundances and
atios, in the RM at 10 6 yr, for set II species (CH, C 2 H, l- and c-C 3 H 2 ,
nd C 4 H) and small carbon clusters (C 2 and C 3 ) when compared with
bserv ations in dif fuse clouds. All observed fractional abundances
ith respect to H 2 are converted into abundances relative to the total
 nucleons in the medium, where n (X)/ n H = 0.5 n (X)/ n H 2 (Pety et al.
005 ). 

 C O N C L U S I O N S  

rompted by the experimental results of Duley et al. ( 2015 ), we
odelled the hydrocarbon chemistry in typical diffuse interstellar

louds by combining conventional gas-phase networks and a newly
roposed degradation chemistry. We computed the rate of production
f maximum number of carbons in the medium ( R inj ) and the fraction
 f X ) of hydrocarbon molecules produced from the photodecomposi-
ion of HAC grains using the available experimental data. From these
wo quantities, we were able to express and determine the injection
ate [ R inj (X)] of these hydrocarbons in the ISM and estimate the
fficiency parameter of injection (ef). The influence of environmental
ariations on the hydrocarbon chemistry of the diffuse gas was also
xamined. 

Variations in the efficiency of the injection rate of the species
ead to changes in both the calculated fractional abundances and the
esidence time of the molecules in the gas. Decreasing the injection
ates, i.e. lo wer v alues of ef, reduces the computed abundances
nd increases the time interval of the survi v al of these species in
he medium. The time after which the abundances of hydrocarbons
teeply decrease corresponds to the time when HAC injection from
rains becomes a minimum. Our models showed that we often
eed a maximum injection rate of carbons into the gas in order
o reproduce observations. Our results also showed that the period
hen the hydrocarbon production reaches its maximum ( ∼1–2 Myr)

s in good agreement with the time obtained experimentally (3–5
yr) from the CR bombardment of HAC films (Pilling et al. 2012 ). 
In comparing our models with observations, we find that our RM
odel is capable of reproducing the abundances of most of the

bserved species in diffuse clouds within a factor of 6. Changes in
he CR ionization rates showed minor and/or insignificant variations
NRAS 511, 3832–3843 (2022) 
n the abundances of all the sets of studied species in the current work
hile variations in the number density appeared selectiv e. Howev er,

he hydrocarbon chemistry was most influenced by fluctuations in the
adiation field. The combination of physical parameters that better
atches the observations includes gas total density of 100 cm 

−3 ,
emperature of 100 K, a standard CR ionization rate, and a low-
ntensity radiation field of 0.1 G 0 . This combination yields the
bserved abundances of all species (Liszt et al. 2012 ) within an
rder-of-magnitude accuracy. 
Our work highlights the importance of the inclusion of the

egradation chemistry as a route of formation of hydrocarbons in
iffuse clouds and emphasizes the role of HAC mantles in enriching
he ISM with such carbonaceous molecules. Hence, we may conclude
hat the degradation chemistry or the top-down mechanism is a new
otential input to interstellar chemistry and chemical models. It is
 promising scheme that enables chemical models of diffuse clouds
o, successfully, produce comparable abundances of hydrocarbons to
bservations, unlike the case for pure gas-phase models. However,
ur present models are limited by uncertainties in the chemical net-
orks of the species: C 5 H 11 , C 6 H 4 , and C 6 H 5 . Further experimental
ork for a better understanding of the formation of hydrocarbons via

he top-down mechanism such as the estimation of decomposition
nd injection rates of hydrocarbons from HAC or other carbonaceous
antles, and the determination of the binding energies of the mantle

ragments, is therefore desirable. 
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