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ABSTRACT

Context. The compositional properties of hydrogenated amorphous carbons are known to evolve in response to the local conditions.
Aims. We present a model for low-temperature, amorphous hydrocarbon solids, based on the microphysical properties of random
and defected networks of carbon and hydrogen atoms, that can be used to study and predict the evolution of their properties in the
interstellar medium.
Methods. We adopt an adaptable and prescriptive approach to model these materials, which is based on a random covalent network
(RCN) model, extended here to a full compositional derivation (the eRCN model), and a defective graphite (DG) model for the
hydrogen poorer materials where the eRCN model is no longer valid.
Results. We provide simple expressions that enable the determination of the structural, infrared and spectral properties of amorphous
hydrocarbon grains as a function of the hydrogen atomic fraction, XH. Structural annealing, resulting from hydrogen atom loss, results
in a transition from H-rich, aliphatic-rich to H-poor, aromatic-rich materials.
Conclusions. The model predicts changes in the optical properties of hydrogenated amorphous carbon dust in response to the likely
UV photon-driven and/or thermal annealing processes resulting, principally, from the radiation field in the environment. We show
how this dust component will evolve, compositionally and structurally in the interstellar medium in response to the local conditions.
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1. Introduction

In this paper we will refer to an amorphous hydrocarbon par-
ticle as any finite-sized, macroscopically-structured (i.e. a con-
tiguous network of atoms), solid-state material consisting solely
of carbon and hydrogen atoms. There is now a wealth of labora-
tory data on such materials (e.g., Smith 1984; Robertson 1986;
Angus & Hayman 1988; Robertson & O’Reilly 1987; Mennella
et al. 1995; Scott et al. 1997; Grishko & Duley 2000; Ferrari &
Robertson 2004; Duley et al. 2005b; Hu & Duley 2008a) and
also a number of theoretical models which interpret their in-
herent structures (e.g., Robertson 1986; Robertson & O’Reilly
1987; Angus & Jansen 1988; Robertson 1988; Tamor & Wu
1990; Jones 1990; Duley 1995; Dadswell & Duley 1997; Duley
et al. 2005a) and it is upon these data and models that we shall
rely in constructing a model for the evolution of hydrocarbon
grains in the interstellar medium (ISM).

It has long been known that laboratory hydrocarbon solids
darken upon exposure to ultraviolet (UV) light and to heating
(e.g., Iida et al. 1985; Smith 1984), and that this photo-darkening
of the materials is accompanied by a decrease in the band gap or
optical gap energy, Eg. It is this property that is at the heart of the
inherent variability of the optical properties of such solid materi-
als, and that is of prime interest in the context of the applicability
of these properties in unravelling the histories of hydrocarbon
grains in the ISM (e.g., Duley 1996).

� Appendices A and B are available in electronic form at
http://www.aanda.org

The evolution of hydrocarbon materials is therefore of key
interest for the study of interstellar dust properties because
it appears that graphite is no longer a tenable candidate to
explain the dust properties associated with carbon-rich inter-
stellar dust (e.g., Dartois et al. 2004b, 2005; Serra Díaz-Cano
& Jones 2008; Compiègne et al. 2011). Amorphous hydrocar-
bons, however, do appear to be a widespread component of
interstellar dust in galaxies (e.g., Dartois et al. 2004a). These
materials are consistent with the observed infrared absorption
bands (e.g., Dartois et al. 2004b; Dartois & Muñoz-Caro 2007)
and show temperature-dependent luminescence (e.g., Robertson
1986) consistent with the observed interstellar luminescence in
the red, the so-called extended red emission (ERE, Duley et al.
1997; Duley 2001; Dartois et al. 2005; Godard & Dartois 2010)
and with the likely irradiation effects and the associated aliphatic
to aromatic transformation in the ISM (e.g., Jones 1990; Dartois
et al. 2004a,b; Pino et al. 2008; Mennella 2008; Godard et al.
2011), in circumstellar regions (e.g., Goto et al. 2003, 2007;
Sloan et al. 2007; Pino et al. 2008), in interplanetary dust par-
ticles (IDPs, Muñoz Caro et al. 2006) and solar system organics
(Dalle Ore et al. 2011).

The work presented here was conceived with the applica-
tion of the random covalent network (RCN) theory for the struc-
ture of amorphous hydrocarbon materials (Phillips 1979; Döhler
et al. 1980; Thorpe 1983; Angus & Jansen 1988; Jones 1990) to
the astrophysical context (Jones 1990) and this series of follow-
up papers has therefore been some 21 years in gestation.

In this paper we study the compositional, structural and spec-
tral properties of amorphous hydrocarbon materials and apply
this to the nature of low-temperature particles in the ISM.
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The paper is organised as follows: in Sects. 2 and 3 we
present the eRCN and defective graphite (DG) models for the
structural evolution of hydrogenated amorphous carbons and
their associated spectra, in Sect. 4 we discuss the astrophysical
implications for the evolution of carbonaceous dust in the ISM,
in Sect. 5 we summarise the model predictions, in Sect. 6 we dis-
cuss the limitations of the eRCN/DG models, and in Sect. 7 we
present out conclusions.

In the ensuing, associated papers we study the compositional
and wavelength-dependent optical properties of amorphous hy-
drocarbons within the astrophysical context (Jones 2012a, here-
after Paper II) and the rôle of size effects on those optical prop-
erties (Jones 2012b, hereafter Paper III).

2. Structural models for amorphous hydrocarbons

Hydrocarbon materials span the entire compositional range be-
tween the ordered diamond-like solids and graphite-like solids
(CHn, where n ≈ 0) and organic polymers (CHn, where n ≈ 2),
but it is the amorphous hydrocarbon materials that exist between
these various forms that are of most interest here (CHn, where
0 ≤ n ≤ 2). This is because amorphous hydrocarbons exhibit
properties that can change in response to their irradiation and
thermal histories (e.g., Jones 1990).

The crucial parameters that define the structures (i.e. the
short-range order) of amorphous hydrocarbon materials are the
carbon atom bonding, in particular the ratio of the sp3 and sp2

fractions, and the hydrogen content (Robertson 1986; Robertson
& O’Reilly 1987; Angus & Jansen 1988; Jones 1990). Of partic-
ular relevance is the way in which the sp3 and sp2 carbon atoms
cluster, as indeed they must if they are to preserve the required
atomic configurations (Angus & Jansen 1988; Jones 1990).
Hydrocarbon solids therefore consist of domains of diamond-
like or aliphatic (sp3 bonded) and graphite-like or aromatic (sp2

bonded) carbon intimately connected in networks that lack any
long-range order but that are bridged by aliphatic and olefinic
structures. The domains may consist of only a few to a few tens
of atoms and contain both C and H atoms. At the short-range or
atomic level there is some regularity in the networks due to the
geometrical constraints imposed by the bonding of the carbon
atoms as a function of their hybridisation state i.e. sp3 or sp2,
over the long-range there is no significant order.

In order to understand the structures of hydrocarbon materi-
als a particularly useful set of models have been the RCN the-
ories (Phillips 1979; Döhler et al. 1980; Thorpe 1983; Angus
& Jansen 1988; Jones 1990). These use the average nearest-
neighbour bonding environment to constrain a macroscopic
RCN of carbon and hydrogen atoms. The network is completely
constrained when the number of constraints per atom (related to
the coordination number) is equal to the number of mechanical
degrees of freedom (the dimensionality, Phillips 1979). Within a
network the formation of bonds leads to increased stability, how-
ever, in a random network directed bonds lead to strain energy
due to distortions in the bond lengths and angles. The optimal
network is one that just balances these two effects.

In the following sections we summarise the salient points of
the RCN theories and extend the model to more complex com-
positions.

2.1. The basic random covalent network model

In order to aid the reader, we here summarise the essential ele-
ments of the RCN formalism, which is described in detail else-
where (Phillips 1979; Döhler et al. 1980; Thorpe 1983; Angus
& Jansen 1988; Jones 1990).

If in a network m is the coordination number of a given
atom (1 for hydrogen, and 2, 3 and 4 for sp1, sp2 and sp3 car-
bon atoms, respectively) then the number of constraints for a
given atomic site, Ncon, in a three-dimensional network, where
the bonding is dominated by nearest neighbour, directed valence
bonds is, as given by Döhler et al. (1980),

Ncon =
1
2

m2 if m ≤ 2,

Ncon =
5
2

m − 3 if m ≥ 2, (1)

and for a completely constrained network consisting of several
types of atom of coordination number i and atomic fraction xi,∑

i

xi Ncon,i = 3. (2)

Hydrocarbon materials can be considered to consist primarily of
only hydrogen atoms, and sp2 and sp3 carbon atoms (Robertson
1986; Jones 1990). Any sp1 hybridised carbon atoms are of very
low abundance in these materials and are, for simplicity, ignored
in the RCN model. In this case two equations then relate the
atom fractions for each component, x1 (H), x3 (sp2) and x4 (sp3),
respectively, i.e.,

x1 + x3 + x4 = 1 (3)

0.5x1 + 4.5x3 + 7x4 = 3, (4)

and with some simple algebra we then have that

x3 =
(8 − 13XH)

5
≡ Xsp2 and (5)

x4 =
(8XH − 3)

5
≡ Xsp3 (6)

where XH is the atomic fraction of hydrogen (≡x1). The ratio, R,
of the sp3 and sp2 atom fractions and the average coordination
number, m̄, is then, following Angus & Jansen (1988),

R ≡ Xsp3

Xsp2
=

(8XH − 3)
(8 − 13XH)

, (7)

m̄ = XH + 3Xsp2 + 4Xsp3 =
(12 − 2XH)

5
= 2.40 − 0.40 XH, (8)

where we now replace the fundamental quantities x3 and x4, the
sp2 and sp3 carbon atom fractions, respectively, by the more ex-
plicit symbols Xsp2 and Xsp3 . The average carbon atom coordi-
nation number is obtained by considering only the Xsp2 and Xsp3

fractions in Eq. (8) and then re-normalising to the carbon atom
fraction (1 − XH), i.e.,

m̄C =
3Xsp2 + 4Xsp3

(1 − XH)
=

(12 − 7XH)
5(1 − XH)

=
2.40 − 1.40 XH

(1 − XH)
· (9)

From Eq. (7) we can see that for sp3 bonding only, i.e. setting
Xsp2 = 0, we have XH = 8/13 = 0.615. For hydrogen concen-
trations greater than 0.615 the number of bonds is insufficient
to use up all the degrees of freedom and the network will be
“under-constrained”. For sp2 bonding only we can similarly set
Xsp3 = 0 and in this case we have XH = 3/8 = 0.375. For hydro-
gen concentrations less than 0.375 the network would be “over-
constrained”. In general, if the number of constraints per atom
is greater than the number of dimensions then the network will
re-construct in some way and small clusters violating this sim-
ple RCN model would be expected to appear. From the limits of
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the validity of Eq. (7) we see that these RCNs can therefore only
exist over the hydrogen content range 0.38 � XH � 0.62.

Strictly, the above description is only valid for systems
where the triply coordinated sp2 carbon atoms are randomly dis-
tributed. However, sp2 sites must pair up into, at least, ethylenic
units, i.e., >C=C<, with a coordination number of 4 (Angus &
Jansen 1988) and these structures are observed in the IR spectra
of a-C:H (Dischler et al. 1983a,b). The equations governing the
RCN network with paired sp2 sites, analogous to Eqs. (3) to (9),
are then,

XH + Xsp2 + Xsp3 = 1, (10)

0.5XH + 7(0.5Xsp2) + 7Xsp3 = 3, (11)

Xsp3 =
(6XH − 1)

7
, (12)

Xsp2 =
(8 − 13XH)

7
, (13)

R =
(6XH − 1)

(8 − 13XH)
, (14)

m̄ = XH + 3Xsp2 + 4Xsp3 =
(20 − 8XH)

7
= 2.86 − 1.14 XH, (15)

m̄C =
3Xsp2 + 4Xsp3

(1 − XH)
=

(20 − 15XH)
7(1 − XH)

=
2.86 − 2.14 XH

(1 − XH)
, (16)

and in this case the above expressions are valid for 0.17 � XH �
0.62. This range, derived using a rather simple model, is in ex-
cellent agreement with laboratory data (Angus & Jansen 1988)
and indicates the compositions for which completely constrained
hydrocarbon networks can exist. In Fig. 1 we show R as a func-
tion of XH for the models presented in this section and calculated
using Eqs. ((7), dotted line) and ((14), short dash-dotted line).

For RCN networks consisting of H atoms, sp3 carbon atoms
and C2 sp2 carbon ethylenic (>C=C<) groups, and where 0.17 �
XH � 0.62, the range of values for the mean atomic coordination
number, m̄, given by Eq. (15), is 2.67 � m̄ � 2.15. For an H-poor,
aromatic-rich structure the limiting lower limit must be close to
three, while the upper limit should approach that for a (CH2)n
polymer, i.e., m̄ = 1

3 × 4 + 2
3 × 1 = 2, which is clearly consistent

with the H-rich limit of 2.15 derived here. The mean carbon atom
coordination, m̄C, given by Eq. (16), is equivalently 3.00 � m̄C �
4.03, which reproduces the expected values, i.e., 3.0 for sp2-only
and 4.0 for sp3-only structures.

Duley (1995) extended the RCN model to include sp3 C6H10
“diamond-like” clusters with four aliphatic CH2 groups and
two tertiary CH groups. We note, however, that the smallest
aliphatic cluster of this type is actually the adamantane-like clus-
ter C10H16, which actually contains six aliphatic CH2 groups and
four tertiary CH groups.

2.2. The extended RCN model (eRCN)

With the aim of simplifying our further, and following, ex-
tensions to the basic RCN model(s), and in order to facili-
tate the algebraic manipulations, we now parameterise Eqs. (4)
and (11) to:

aXH + bXsp2 + cXsp3 = 3 (17)

and then, following some simple algebra, derive generalised
expressions for the sp3 and sp2 carbon atom fractions (Xsp3

Fig. 1. Carbon atom ratio R as a function of XH. Dotted line: basic RCN
model (Eq. (7)), short-dashed-dotted line: C2 sp2 clusters (Eq. (14)),
long-dashed line: all sp2 carbon atoms in C6 aromatic clusters (Eq. (35))
and solid line: multi-C6 ring aromatic clusters (Eq. (40)) and methyl
groups (Eq. (52)). The upper and flatter solid lines show the mean
atomic coordination number, m̄ (dashed), and the mean carbon atom
coordination number, m̄C (solid) for the full model. Diamonds and plus
signs [crosses]; laboratory data points for R(XH) and m̄(XH) [m̄C(XH)],
respectively, taken from Angus & Jansen (1988) and references therein.

and Xsp2), their ratio R ≡ Xsp2/Xsp3 , and the average atomic
coordination number, m̄, i.e.,

Xsp3 =
(8XH − 3)

5
=

(b − a)XH − (b − 3)
(c − b)

=
R(1 − XH)

(1 + R)
, (18)

Xsp2 =
(8 − 13XH)

5
=

(c − 3) − (c − a)XH

(c − b)
=

(1 − XH)
(1 + R)

, (19)

R =
(b − a)XH − (b − 3)
(c − 3) − (c − a)XH

, (20)

m̄ = XH + 3Xsp2 + 4Xsp3 ,

= XH + 3

[
(c − 3) − (c − a)XH

(c − b)

]
+ 4

[
(b − a)XH − (b − 3)

(c − b)

]
,

= XH +
3(1 − XH)

(1 + R)
+

4R(1 − XH)
(1 + R)

,

=
(3 − 2XH) + (4 − 3XH)R

(1 + R)
· (21)

In the above expressions, and in many of those that follow, the
factor (1 − XH) often appears; this is simply the total carbon
atomic fraction, i.e., (1 − XH) ≡ (Xsp2 + Xsp3 ) ≡ XC. However,
given that the key parameter for RCN, and the following eRCN,
models is XH, the substitution of XC for (1 − XH) is not particu-
larly useful or informative and we chose not to make it here.

It is clear that hydrogen atoms do not contribute to the con-
nectivity of a network and, if we neglect their contribution and
re-normalise to the total number of carbon atoms, we derive the
general formula for the mean carbon atom coordination number,
m̄C , for the carbon framework, i.e.,

m̄C = 3

(
Xsp2

1 − XH

)
+ 4

(
Xsp3

1 − XH

)
=

(3 + 4R)
(1 + R)

,

= 3

[
(c − 3) − (c − a)XH

(c − b)(1 − XH)

]
+ 4

[
(b − a)XH − (b − 3)

(c − b)(1 − XH)

]
· (22)
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In most RCN systems we find that a = 1
2 and c = 7 and we can

therefore further simplify the above expressions to,

Xsp3 =
(2b − 1)XH − (2b − 6)

2(7 − b)
, (23)

Xsp2 =
(8 − 13XH)

2(7 − b)
, (24)

R =
(2b − 1)XH − (2b − 6)

(8 − 13XH)
, (25)

m̄ =
2(7 − b)XH + 3[8 − 13XH] + 4[(2b − 1)XH − (2b − 6)]

2(7 − b)
,

=
(48 − 8b) − (29 − 6b)XH

2(7 − b)
, (26)

m̄C =
3(8 − 13XH) + 4[(2b − 1)XH − (2b − 6)]

2(7 − b)
,

=
(48 − 8b) − (43 − 8b)XH

2(7 − b)(1 − XH)
· (27)

In our calculations we always use the appropriate expressions
for a, b and c, substituted into Eqs. (18) to (22), so as to avoid
any algebraic errors that may have crept into the derivation of
the more explicit equations presented in the following sections.

2.2.1. Aromatic structures in eRCNs

The RCN formalism was further extended to the more realis-
tic case where the sp2 carbon atoms are allowed to cluster into
C6 aromatic ring units Jones (1990), which is consistent with
the fact that even-numbered C atom clusters are more stable
and therefore favoured (Robertson 1986). This introduces six-
fold coordination sites, X6, with Ncon = 12. The X6 sites exhibit
only short-range order and their inclusion in the RCN scheme is
therefore valid. The equations for atomic conservation and the
summed atomic constraints then become

XH + Xsp2 + Xsp3 + X6 = 1, (28)

0.5XH + 7(0.5Xsp2) + 7Xsp3 + 12(0.167X6) = 3. (29)

If f is the fraction of the sp2 carbon atoms in the C6 units then
X6 ≡ f Xsp2 and the two above equations become

XH + (1 − f )Xsp2 + Xsp3 + f Xsp2 = XH + Xsp2 + Xsp3 = 1, (30)

0.5XH + 7[0.5(1 − f )Xsp2 ] + 12(0.167 f Xsp2) + 7Xsp3 = 3,

0.5XH + 7[0.5(1 − f ) + 2 f ]Xsp2 + 7Xsp3 = 3. (31)

The equations for R and m̄ are then, for a = 0.5, b = 7[0.5(1 −
f ) + 2 f ] = 0.5(7 − 3 f ) an c = 7,

R =
(6XH − 1) + 3 f (1 − XH)

(8 − 13XH)
, (32)

m̄ =
(20 − 8XH) + 3 f (4 − 3XH)

(7 + 3 f )
, (33)

m̄C =
(20 − 15XH) + 12 f (1 − XH)

(7 + 3 f )(1 − XH)
· (34)

These equations reduce to those given previously when f = 0.
The case for f = 1, i.e. all the sp2 carbon atoms in C6 rings,
gives

R =
(3XH + 2)

(8 − 13XH)
, (35)

m̄ =
(32 − 17XH)

10
, (36)

m̄C =
(32 − 27XH)
10(1 − XH)

, (37)

which leads to a good fit to the laboratory data for amorphous hy-
drocarbons for low values of XH (see Fig. 1). However, at higher
hydrogen contents the fit is less good because too much order is
introduced into the network due to the “forced” insertion of un-
realistic aromatic ring structures into a predominantly aliphatic
network.

The RCN model can be further adapted to allow for the pres-
ence of multi-C6 ring aromatic domains of sp2 carbon atoms,
i.e., the introduction of polycyclic aromatics (Jones 1990). This
formalism can be summarised in the following set of equations
for the atomic conservation, the summed atomic constraints, the
ratio R and the average atomic coordination numbers, respec-
tively,

XH + Xsp2 + Xsp3 = 1, (38)

0.5XH + {7[0.5(1 − f )] + Z f }Xsp2 + 7Xsp3 = 3. (39)

In the interests of space-saving in the following, we define an
aromatic carbon component parameter Y f = (7 − 2Z) f . Here we
now have a = 0.5, b = (7[0.5(1− f )]+Z f ) = 0.5[7−(7−2Z) f ] =
0.5(7 − Y f ) and c = 7 and then

R =
(6XH − 1) − Y f (1 − XH)

(8 − 13XH)
, (40)

m̄ =
(20 − 8XH) + Y f (4 − 3XH)

(7 + Y f )
, (41)

m̄C =
(20 − 15XH) + 4Y f (1 − XH)

(7 + Y f )(1 − XH)
· (42)

Here Z is a function of the number of six-fold rings, NR, in the
polycyclic aromatic clusters and is the number of constraints per
carbon atom for the given cluster, i.e.,

Z =
Ncon,NR

nC
, (43)

where nC is the number of carbon atoms per aromatic cluster.
The relevant expressions for Z for linear and compact aromatic
clusters are given in Appendix A. As above, f is the fraction
of sp2 carbon atoms in the aromatic clusters or domains and is
an empirically-derived function of XH. Here we have adopted an
expression, which differs from that of Jones (1990), in that we
use a smooth transition from the maximum value of f ( fmax) at
low XH to f ≈ 0 at high XH using

f = fmax/{e(XH−XHc)/δ + 1}, (44)

where we take fmax = 0.6 as the maximum fraction of sp2 carbon
atoms in the aromatic clusters, XHc = 0.33 as a critical hydrogen
atom fraction and δ = 0.07, which parameterises the steepness of
the transition between high and low f . It appears that our results
are not particularly sensitive to the exact form of f , provided that
the shape of the transition is physically “reasonable”.

If the simplifying assumption is again made that f = 1 then
it is an easy matter to calculate R as a function of XH for a wide
range of aromatic clusters (PAH-like species). Rather surpris-
ingly when this is done the results do not differ significantly from
the single six-fold ring case, even for 4–5 ring linear and com-
pact aromatic clusters (Jones 1990). Therefore it seems that lim-
iting the consideration to the case for only benzene-like rings in
hydrocarbon RCNs would be a reasonable assumption to make.
This is supported by the observation that the π − π∗ transition
in amorphous hydrocarbons occurs at 6.5 eV which is close
to the prominent 1A1g −1 E1u transition of benzene at 7.0 eV
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(Fink et al. 1984), therefore implying that a common aromatic
cluster in amorphous hydrocarbons is the six-fold ring.

This RCN model extended to include polycyclic aromatic
clusters (eRCN) has been shown to give a good fit to experimen-
tal data in the range 0.2 < XH < 0.6 (Jones 1990), the range
over which reliable experimental data are available (Angus &
Hayman 1988, see Fig. 1). However, at values of XH < 0.2 the
RCN approach is not valid because these hydrocarbons probably
contain significant long-range order (aromatic carbon domains)
and are therefore no longer true random networks.

In Fig. 1 we show R as a function of XH as given in Eqs. (7),
(14), (35) and (40) for the basic RCN model and its more sophis-
ticated eRCN derivatives.

It is interesting to compare the atomic coordination num-
bers for the best-fit model and Fig. 1 therefore shows the mean
carbon-plus-hydrogen and carbon-atom-only coordination num-
bers, m̄ and m̄C, respectively, derived from our most sophisti-
cated RCN-derived model that includes aromatic clusters, and
methyl groups (see the following section).

2.2.2. The inclusion of methyl groups (–CH3) into eRCNs

Some years ago it was shown that modelling the infrared spectra
of a-C:H in the C–H stretching and bending region at 2.5−10 μm
(1000−4000 cm−1) required the, previously un-reported, pres-
ence of a significant methly group, –CH3, concentration (Ristein
et al. 1998). This kind of grouping was not considered in the
original RCN models (Döhler et al. 1980; Angus & Jansen
1988; Jones 1990). The presence of methy groups therefore re-
quires a fundamental re-thinking and “re-tuning”, of the current
RCN/eRCN models. This primarily arises because the methyl
groups, like hydrogen atoms, are structure-terminating compo-
nents with unit coordination number. There is therefore a degen-
eracy between H atoms and –CH3 groups in a RCN network.

In order to take into account the presence of methyl groups in
the network we consider that a certain fraction, φ, of the sp3 car-
bon atom sites are replaced by –CH3 groups, effectively inserting
an extra, “non-linking” –CH2– group into the some of the C–H
bonds in the a-C:H structure. In this case the number of sp3 car-
bon atoms in the structure, Xsp3 , is not affected but there is resul-
tant increase in the hydrogen atom fraction by a factor of φXsp3 .
This corresponds to the addition of one extra hydrogen atom per
sp3 methyl carbon atom, rather than three additional hydrogen
atoms as might be expected. This is because in the eRCN model
there are already one or two hydrogen atoms attached to every
sp3 C atom for XH ≥ 0.5. Thus, the eRCN equations, including
the presence of sp2 ethylenic C2 clusters (Eqs. (10), (11), (14),
(15) and (16)), can be re-written in the form

XH + Xsp2 + Xsp3 = 1, (45)

(0.5 + φXsp3)XH + 7(0.5Xsp2) + 7Xsp3 = 3,

which, upon re-arrangement, gives

0.5XH + 7(0.5Xsp2) + (7 + φXH)Xsp3 = 3, (46)

where a = 0.5, b = 3.5 and c = (7 + φXH). Substituting into
Eqs. (20)–(22) we have

R =
(6XH − 1)

(8 − 13XH) + 2φXH(1 − XH)
, (47)

m̄ =
(20 − 8XH) + 2φXH(3 − 2XH)

(7 + 2φXH)
, (48)

m̄C =
(20 − 15XH) + 6φXH(1 − XH)

[7 + 2φXH(1 − XH)]
, (49)

Fig. 2. R as a function of XH for the best-fit RCN model (Eq. (52),
lower solid red line) and DG model (with L = 2, Eq. (75), lower
dashed red line); the corresponding values of mC for each model
are shown in the upper “flatter” red lines. Shaded: validity-ranges
for the RCN (right) and DG (left) models, darker where they over-
lap. Thick dash-dotted: mean number of rings per aromatic cluster
(NR/10). Thin dash-dotted: mean number of C atoms per aromatic clus-
ter (nC/20). Short dashed: aromatic domain size (da in nm). Long-
dashed: aromatic coherence length (La in nm). Diamonds; laboratory
data for R (Angus & Jansen 1988, and references therein).

If we now include the aromatic clusters back into this model with
the methyl groups included then the eRCN equations (Eqs. (10)
and (11)) can now be re-written in the form

XH + Xsp2 + Xsp3 = 1, (50)

0.5XH + {7[0.5(1 − f )] + Z f }Xsp2 + (7 + φXH)Xsp3 = 3, (51)

where a = 0.5, b = {7[0.5(1 − f )] + Z f } = 0.5(7 − Y f ) and
c = (7+φXH). Using Eqs. (20)–(22) and substituting for a, b and
c using

(c − b) = 0.5[(7 + 2φXH) + Y f ],

(c − 3) = 0.5(8 + 2φXH),

(c − a) = 0.5(13 + 2φXH),

(b − a) = 0.5(6 − Y f ) and

(b − 3) = 0.5(1 − Y f ),

we obtain R, and the average coordination numbers, m̄ and m̄C,
for our most sophisticated eRCN network, i.e.,

R =
(6XH − 1) + Y f (1 − XH)

(8 − 13XH) + 2φXH(1 − XH)
, (52)

m̄ =
(20 − 8XH) + (Y f + 2φXH)(4 − 3XH)

(7 + 2φXH + Y f )
, (53)

m̄C =
(20 − 15XH) + 2(2Y f + 3φXH)(1 − XH)

(7 + 2φXH + Y f )(1 − XH)
· (54)

The above expression for R is plotted in Figs. 1 and 2, where
we see that Eq. (52) gives a better fit to the laboratory data
for the hydrogen-rich amorphous carbons. Here we have empir-
ically assumed φ = 30(XH − 0.5)2, in order to give a physically-
reasonable fit to the steep rise of R at high XH, and note that the
fit is not particularly sensitive to the detailed form of the expres-
sion for φ.

In Fig. 2 we also plot other key quantities, namely: the num-
ber of rings per aromatic domain, NR = [5.8/4.3XH]2, the aro-
matic domain size, da = 0.18(3NR + 4)0.5 nm, and the aromatic
coherence length, La = 0.77/Eg(eV) nm ≡ 0.77/(4.3XH) nm (see
Appendix A for more details).
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Table 1. Designation of, and formulæ for, the major eRCN bulk material structural groups.

Carbon atom Bonding Atomic Atomic fraction
hybridisation structure fraction expression Notes

Atoms

H — XH = XH

sp2 C — Xsp2 = Xsp2

sp3 C — Xsp3 = Xsp3

Aromatic C-H bonds

sp2 CH aromatic X2
CH,ar = ηmar f Xsp2 η = XH/(1 − XH), the [H]/[C] atom ratio

mar = (aromatic cluster coord. no.)/(no. of C atoms)

Olefinic and aliphatic C-H bonds – for XH ≤ 0.5

sp2 CH olefinic X2
CH = u η (1 − f )Xsp2 u = {1 + ((1 − mar)/[(1 − XH)/( f Xsp2 ) − 1])}a

sp2 CH2 olefinic X2
CH2

= 0
sp3 CH aliphatic X3

CH = u η Xsp3

sp3 CH2 aliphatic X3
CH2

= 0
sp3 CH3 aliphatic X3

CH3
= 0

Olefinic and aliphatic C-H bonds – for XH > 0.5

sp2 CH olefinic X2
CH = u (2 − η) (1 − f ) Xsp2

sp2 CH2 olefinic X2
CH2

= 2 u (η − 1) (1 − f ) Xsp2

sp3 CH aliphatic X3
CH = u (2 − η) Xsp3/(1 + φ) φ = 30(XH − 0.5)2

sp3 CH2 aliphatic X3
CH2

= 2 u (η − 1) Xsp3/(1 + φ)
sp3 CH3 aliphatic X3

CH3
= 3 uφ Xsp3 /(1 + φ) (1 + φ) re-normalises for CH3

C-C bondsb

sp2 C�C aromatic XC�C = 3
2 f Xsp2/Xbond f = 0.5ex/(1 + ex)

sp2 C=C olefinic XC=C = 1
2 (1 − f )Xsp2/Xbond x = (XH − X0)/δ , X0 = 0.35, δ = 0.085

sp3 C−C aliphatic XC−C = Xsp3/Xbond Xbond = XH + ( 1
2 + f )Xsp2 + Xsp3

Notes. (a) The parameter u corrects for the fact that only the peripheral aromatic cluster carbon atoms can bond with hydrogen atoms, thus
“releasing” more hydrogen atoms to bond with other non-aromatic carbon atoms. (b) The factor Xbond in the C-C bond fractions is a required
renormalisation because the total number of bonds in the eRCN � the number of atoms, as indicated by the pre-X fractions in the sp2 C-C bonds
expressions.

2.2.3. A compositional de-construction of eRCNs

In this section we quantitatively examine the chemical compo-
sitional make-up and bonding configurations of eRCN-modelled
a-C:Hs, i.e., we determine their C-Hn and (C-C)m bond fractions.
This is done with the ultimate view of being able to predict the
XH- and size-dependent, infrared spectral characteristics of these
materials using the laboratory-measured cross-sections and in-
tensities for the constituent structures (e.g., Ristein et al. 1998).
The derived structures have a key bearing on the electronic and
optical properties of these materials.

In “de-constructing” the network in this way we need to con-
sider all of the possible, fundamental and basic CnHm (n ≥ 1,
m ≥ 0) building blocks that make up solid, amorphous hydro-
carbons. Table 1 presents the major bond groupings that we will
consider in this study, gives their eRCN designations and the ex-
pressions that define their atomic fractions (derived later within
this section).

The eRCN model clearly cannot account for the presence
of interstitial H atoms because they do not affect the network,
nevertheless their effects could be important (e.g., Sugai et al.
1989; Duley 1996; Duley & Williams 2011) and will need to be
taken into account in more sophisticated models.

Note that, as above, we assume that any sp1 C-H or C≡C
bonds are of such low abundance that their presence within,
and influence upon, the eRCN model of the a-C:H structure
and composition can be ignored without loss of generality (e.g.,
Robertson 1986; Kassavetis et al. 2007). Similarly, we also

ignore the possible incorporation of oxygen and nitrogen atoms
into the hydrocarbon structure. Although, the addition of sp1

carbon atoms and hetero-atoms could, in principle, be incorpo-
rated into a further extension of the eRCN formalism, with the
inclusion of structure-terminating and bridging groups such as
– C≡C –, ≡C–H, – O – , – OH, = O, – NH2, = NH and the
substitution of N for C in aromatic rings. However, and in prac-
tice, it is difficult to do this in a physically-meaningful way be-
cause of the inherent limitations of the method (see Appendix B).
Dadswell & Duley (1997) have in fact already considered the in-
corporation of O atoms, in the form of OH groups, into the RCN
structure and find that this can lead to a strong absorption feature
in the 3 μm region.

In their work on a-C, a-C:H and ta-C materials, with band
gaps in the range 0−3 eV, Kassavetis et al. (2007) find that their
two Tauc-Lorentz (2-TL) oscillator model, for the optical prop-
erties, does not give an entirely satisfactory fit for a-C:H mate-
rials. They suggest that this is due to the presence of sp1 bonds
and chain-like configurations that are inconsistent with the as-
sumptions of their model. There is now convincing analytical
and experimental evidence to support this suggestion because
as-deposited, hydrogen-free, cluster-assembled carbon films can
exhibit a significant sp1 carbon chain component, which is al-
most completely destroyed upon exposure to air (e.g., Ferrari &
Robertson 2004).

As pointed out by Ferrari & Robertson (2004), the nature
of the clustering of the sp2 phase (into chains or cage-like
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structures) and the orientation of those clusters can play a key
role in the determination of the properties of amorphous (hy-
dro)carbon materials.

Using femtosecond pulsed laser ablation and deposition
to form tetrahedral carbon and amorphous diamond-like films
Hu et al. (2007a,b) find that the composition of these mate-
rials includes sp1, sp2, and sp3-bonded carbon. They show
that an observed excitation band in their UV-Raman spectra
(2000−2200 cm−1 ≡ 4.55−5.00 μm) is consistent with the pres-
ence of sp1 chains in their materials, with sp1 carbon atom frac-
tions of ≈6%. This work clearly provides a key insight into the
detailed composition and structure of tetrahedral carbon films
containing sp2 clusters and sp1 chains. However, it yet remains
to be seen whether the properties of these (hydrogen-poor) mate-
rials, often produced under “stressful” conditions, can be applied
to interstellar carbonaceous particles formed under less-intense
energy conditions and where exposure to H atoms is practically
ubiquitous.

Interest in the inclusion of nitrogen into amorphous carbons
has led to the study of amorphous carbon nitrides, a-CNx, in
which various N-bonding configurations have been classified
(e.g., Ferrari & Robertson 2004). In their detailed study, Dartois
et al. (2005) found that if nitrogen atoms are present in labo-
ratory analogues of interstellar amorphous hydrocarbons then
they tend to be found in structure-bridging groups rather than
being incorporated into aromatic clusters. However, the sim-
ilar frequencies for C–C and C–N modes does make the in-
terpretation of the skeletal modes rather difficult (e.g., Ferrari
& Robertson 2004). In general, a low content or absence of
“hetero-atom” groups in ISM carbonaceous materials is appar-
ent (Pendleton & Allamandola 2002; Dartois et al. 2005) and
hence the simplifying assumption to ignore them here is justi-
fied. Nevertheless, there are indications for a carbonyl compo-
nent (characteristic of ketones) in the carbonaceous dust in the
Seyert galaxy NGC 1068 (Dartois et al. 2004a). Additionally,
the incorporation of O and N into the CHON-type materials
(in CHON, CH, CHO and CHN combinations) detected in the
comet Halley dust (e.g., Clark et al. 1987) implies that the incor-
poration of O and N hetero-atoms into the eRCN structure could
be important for solar system studies. However, such an exten-
sion of the eRCN model is not without its limitations, as pointed
out in Appendix B.

We note that the expressions for the C-C bonds in Table 1 fol-
low trivially from the earlier-defined expressions for the sp2 and
sp3 carbon atom content of the eRCN (e.g., see Sect. 2.1). For
the more abundant C-H bond configurations we adopt a simple
statistical approach to arrive at the C-H bond definitions, i.e., we
assume an equipartition of the hydrogen atoms between the sp2

and sp3 carbon atom sites where the H atoms can bond. Based
on this assumption we derive expressions for the aromatic CH,
olefinic CHn (n = 1, 2) and aliphatic CHn (n = 1, 2, 3) bond
concentrations.

For (e)RCNs the case where XH = 0.5 provides something of
a critical point, which corresponds to structures with (H/C) = 1,
i.e., where, statistically, each carbon atom is associated with one
hydrogen atom. We therefore now consider the two regimes,
XH ≤ 0.5 and XH > 0.5, in our de-construction of the eRCN
bonding. In both cases the hydrogen-to-carbon atom concentra-
tion ratio can be expressed as,

[H]
[C]
=

XH

(1 − f )Xsp2 + Xsp3
=

XH

(1 − XH) − f Xsp2
≡ η, (55)

where the denominator is the olefinic sp2 and aliphatic sp3 car-
bon atom fraction. As can be seen, we have for the moment,

Fig. 3. The CH2/CH3 abundance ratio as a function of XH for the
aliphatic carbon component in the best-fit eRCN model (Eq. (52)).

Fig. 4. The aromatic, f Xsp2 (red), olefinic, (1 − f )Xsp2 (orange), total
sp2, Xsp2 (grey dashed), aliphatic, Xsp3 (blue) and CH3, φXsp3 (black
dashed), carbon atom fractions as a function of XH for the best-fit eRCN
model (Eq. (52)).

ignored the aromatic carbon and its associated hydrogen content,
as indicated by the − f Xsp2 term in the denominator. We return
to this missing aromatic carbon component later in this section.

Figure 3 shows the CH2/CH3 abundance ratio as a function
of XH for the aliphatic carbon component in the best-fit eRCN
model. In the diffuse ISM this ratio appears to be 2.5 ± 0.4
(Pendleton & Allamandola 2002) and in laboratory a-C:H is
close to 2 (Dartois et al. 2005), which would seem to imply,
based on the eRCN model, that the large carbonaceous grains
in the ISM, that are observed in absorption, must be rather H-
rich with XH lying in a narrow range close to ∼0.53−0.55 and a
H/C ratio of the order of 1.2.

For XH ≤ 0.5 each carbon atom is, at most, singly hydro-
genated (see above) and we can ignore CH2 and CH3 groups.
We then have

Xi
CH =

u XH Xi

(1 − XH) − f Xsp2
= u η Xi, (56)

where i = 2 (i = 3) corresponds to single sp2 olefinic CH (sp3

aliphatic CH) bonds, and u is an aromatic C-H abundance re-
normalising factor (see Table 1). Xi represents the corresponding
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Fig. 5. As for Fig. 4 with the aromatic (Xsp2 ,CHar
H , red dashed), olefinic

(Xsp2 ,CH
H , Xsp2 ,CH2

H , orange dashed) and aliphatic (Xsp3 ,CH
H , Xsp3 ,CH2

H , blue

dashed; Xsp3 ,CH3
H , blue triple dot-dashed) CHn fractions also shown,

where in most cases the H subscripts have been dropped and the su-
perscripts written as subscripts for clarity.

Fig. 6. The fraction of all carbon atoms (XC,noH(total), green), sp2 aro-
matic (Xsp2,ar,noH, red), olefinic (Xsp2 ,noH, orange) and sp3 (Xsp3 ,noH, blue)
carbon atoms as a function of XH that are not attached to a hydrogen
atom, for the best-fit eRCN model (Eq. (52)).

carbon atom fraction, i.e., (1 − f )Xsp2 or Xsp3 . Particularly im-
portant in the case of these hydrogen-poor eRCNs is the need to
consider the sp2 (polycyclic) aromatic cluster hydrogen content.
From Table A.1 (see also Fig. A.2) we can see that the aromatic
cluster coordination number per carbon atom for an aromatic
cluster is given by the cluster coordination number, mcluster, di-
vided by the number of constituent carbon atoms, nC,

mcluster

nC
=

3.5
√

NR + 2.5
2NR + 3.5

√
NR + 0.5

≡ mar, (57)

where we have here assumed that the aromatic clusters are com-
pact. Figure A.2 shows the behaviour of mar as a function of the
number of aromatic rings, NR, in the cluster. Appendix A gives
the details of the aromatic cluster characterising parameters. For
the aromatic C-H fraction we then have

X2
CH,ar = ηmar f Xsp2 . (58)

Fig. 7. The adopted wavelength-dependent, IR band cross-sections per
carbon atom, σC (1 Mb = 10−18 cm2), for the eRCN model as a function
of XH (≡ Eg). The upper curves (purple) are for the H-rich, wide band
gap materials and the cross-sections, in the 8 μm region, decrease with
decreasing XH from top to bottom – XH = 0.58 (purple), 0.52 (cobalt),
0.46 (blue), 0.40 (green), 0.34 (yellow), 0.29 (orange), 0.23 (brown) and
0.17 (red).

For XH > 0.5, a carbon atom can be multiply hydrogenated and
we therefore need to calculate the concentrations of CHn groups
for sp2 (where i = 2 and n = 1 or 2) and sp3 (where i = 3 and
n = 1, 2 or 3). In this case it can be shown that, for n = 1 and 2,

Xi
CHn
= u n [(−1)n(nη − 2)] Xi

[
+0 (i=2), −1

3
X3

CH3, (i=3)

]
, (59)

where the term in the left hand square brackets gives (2 − η),
for CH groups, or 2(η − 1), for CH2 groups (see Table 1), and
is a C-H bond abundance factor. For the fractional abundance of
methly groups, i.e., n = 3 (see Sect. 2.2.2), we have

X3
CH3
= 3 u φ Xsp3 . (60)

Figures 4 and 5 show the carbon atom and CHn bond fractions,
derived using the expressions (indicated in full in Table 1), as a
function of XH for the best-fit eRCN model (Eq. (52)). The gen-
eral trends to be seen in these figures are that, with decreasing
XH, H-rich aliphatics give way to H-poorer olefinics and aro-
matics, and that sp3 CH3 and CH2 groups are progressively re-
placed by CH2 and then CH olefinics. Note that the aromatic
CH abundance is rather low in these materials, which even in
their H-poorest state contain more, and about equal fractions of,
aliphatic and olefinic CH groups.

In Fig. 6 we show the fractions of the eRCN constituent car-
bon atoms that are not bonded to a hydrogen atom. The indicated
trends are rather similar with the, not-unexpected, exception that
for low values of XH most of the aromatic sp2 carbon atoms are
not hydrogenated, as can clearly be seen by comparison with
Fig. 5.

2.2.4. The predicted infrared spectra of bulk eRCN materials

Adopting a compositional structure and the appropriate band pa-
rameters allows a prediction of the IR spectra, as was done for
HAC materials in the 3 μm region (e.g., Duley 1995; Dadswell
& Duley 1997; Duley et al. 2005a). This kind of study then en-
ables a search for RCN solutions that would be compatible with
observations (e.g., Duley 1995).
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Fig. 8. The predicted eRCN spectrum in the 3.2−3.6 μm C-H stretch-
ing region as a function of XH calculated using the structural
de-composition described in Sect. 2.2.3 and the data in Table 2. The
diamonds, squares and triangles indicate the aliphatic, olefinic and aro-
matic band positions, respectively (see Table 2). The data with error bars
are for the diffuse ISM absorption along the Galactic Centre IRS6E line
of sight (black) and Cyg OB2 No. 12 (grey) (taken from Pendleton &
Allamandola 2002).

Using typical C-H and C-C band positions, widths and cross-
sections taken from the literature (see Table 2 and references
therein, and Fig. 7) and the eRCN structural de-construction de-
scribed in Sect. 2.2.3 and Table 1, we show the predicted optical
depth spectra τ(ν), in arbitrary units, for bulk eRCN materials in
the 3 μm and 6−7 μm regions in Figs. 8 and 9, respectively. Here
the optical depth normalised by the C atom column density, NC,
is given by

τ(ν)
NC
=

∑
i

σC,i Xh
i gi(ν)∫ ∞

0
gi(ν) dν

, (61)

where σC,i is the integrated cross-section per C atom for band
i (see Table 2 and Fig. 7), Xh

i is the relative abundance (atomic
fraction) for group i (CnHm, where n = 1, 2 and m = 0, 1, 2, 3)
of C atom hybridisation state h (where 2 ≡ sp2 or 3 ≡ sp3,
in keeping with the nomenclature used in Tables 1 and 2) and
g(ν) is the band profile. Anticipating the required behaviour of
these bands at long wavelengths (FIR to cm), we here assume
intensity-normalised, Drude profiles for all of the bands, i.e.,

g(ν) =
(γν)2

(ν2 − ν20)2 + (γν)2
, (62)

where ν is in wavenumbers, ν0 is the band centre and γ the band
width. The spectra in Figs. 8 and 9 have been normalised to the
peak of the strongest band exhibited for all of the displayed,
XH-dependent compositional spectra (i.e., the 3.42 band in the
XH = 0.615 sample). In Fig. 10 we show the same spectral data
but normalised to the strongest band in each spectrum in order
to better indicate the evolution of the form of the spectra as a
function of XH.

From Figs. 8–10 it can clearly be seen that, as XH decreases,
the band intensities weaken with the transition from aliphatic-
dominated structures to olefinic and aromatic-rich materials. It
is interesting to note, from a close look at Figs. 8 and 9, that
there is a rather clear separation of the spectral properties of
eRCNs at XH ∼ 0.5 as the dominant structure changes from

Fig. 9. The predicted eRCN spectrum in the 6.0−7.5 μm C-H bending
and C-C mode region as a function of XH calculated using the structural
de-composition described in Sect. 2.2.3 and the data in Table 2. The
symbols are the same as for the previous figure. The grey shaded areas
indicate the approximate full width of the observed a-C:H bands in this
region (e.g., Pendleton & Allamandola 2002; Dartois et al. 2005).

aliphatic to olefinic/aromatic. Indeed the structure and spectra
of eRCNs evolve “rapidly” in the region 0.5 < XH < 0.62 (cf.
the steepness of R in this region of XH in Fig. 1), as a result of
the loss of aliphatic material, and then evolve more “slowly” for
XH < 0.5, where the transition is principally from olefinic to aro-
matic composition as the sp2 regions “coalesce” into larger aro-
matic domains as XH decreases. Thus, and as expected from the
cross-sections indicated in Table 2, at low XH the spectra show
only the relatively weaker aromatic bands occurring at shorter
wavelengths than for the aliphatic, H-rich eRCNs (XH > 0.5) in
both of the spectral windows shown in Figs. 8–10.

2.3. The defective graphite (DG) model for H-poor
amorphous hydrocarbons

As shown above the eRCN model is only valid for amorphous
hydrocarbons with XH � 0.2. For H-poor amorphous hydrocar-
bons we therefore need to develope a new approach to modelling
their structural properties. In order to do this we adopt and mod-
ify the “defective graphite” (DG) formalism of Tamor & Wu
(1990), which considers carbon atom vacancies in an otherwise
perfect graphite lattice. Such vacancies leave the three adjacent
carbon atoms, which are supposed to transform from sp2 to sp3,
each with two dangling bonds because the contiguity of the aro-
matic structure has been broken. Essentially, this lattice vacancy
approach is a percolation issue because, with increasing vacancy
concentration, a percolation threshold is reached, which is the
point where the aromatic domains cease to percolate and become
isolated (e.g., Stauffer & Aharony 1994). Ultimately all aromatic
character will be lost at some higher vacancy concentration.

Figure 12 shows a graphite basal plane with two carbon atom
vacancies, and indicates the essential elements of the DG net-
work model. In Fig. 12 the lower, left defect contains three radi-
cal carbon atoms and results in a loss of the aromatic character in
the three concerned rings. Each carbon atom adjacent to a defect
(carbon atom vacancy) can then be “passivated” by the addition
of two hydrogen atoms, to form three associated sp3 CH2 groups
within the graphite basal plane. The loss of one carbon atom is
then compensated by the addition of six hydrogen atoms. In the
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Fig. 10. The predicted full eRCN spectrum in the 3−8 μm C-H stretching and bending and C-C mode region as a function of XH calculated using
the structural de-composition described in Sect. 2.2.3 and the data in Table 2. Here the spectra are normalised to the strongest band for each value
of XH. The data with error bars and the shaded areas indicate the diffuse ISM bands as per Figs. 8 and 9.

Fig. 11. The predicted full DG spectrum in the 3−8 μm C-H stretching and bending and C-C mode region as a function of XH calculated using the
structural de-composition described in Sect. 2.2.3 and the data in Table 2. Here the spectra are normalised to the strongest band for each value of
XH. On the left the strongest bands are for high XH > 0 (green to brown), while the opposite is true for the longer wavelength bands on the right
(shortward of 6.8 μm). The data with error bars and the shaded areas indicate the diffuse ISM bands as per Figs. 8 and 9.

upper right defect the three adjacent carbon atoms have been
transformed to sp3 and each has been bonded to two hydrogen
atoms. In this case there is an associated loss of the aromatic
character in six adjacent rings.

If we now consider a defect-free, graphite lattice with NC
carbon atoms, into which we introduce Nv carbon atom vacan-
cies (defects) each of which is associated with six hydrogen
atoms, then

XH =
NH

NC + NH
=

6Nv

(NC − Nv) + 6Nv
· (63)

If we now define the vacancy fraction within the defective
graphite lattice as Q = (Nv/NC) then

XH =
6Q

1 + 5Q
, (64)

where the total number of carbon and hydrogen atoms in the
lattice is (1+ 5Q). The number of sp3 sites is then 3Nv and their
atomic fraction is 3(Nv/NC) ≡ 3Q. Similarly, the atomic fraction
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Table 2. Adopted C-H and C-C band modes in eRCN bulk materials: band centre (ν0), width (δ) and integrated cross-section (σ).

ν0 δ σ Band eRCN
No. [cm−1 (μm)] [cm−1] [×10−18 cm2] assignment designation Notes

C-H stretching modes

1 3078 (3.25) 22.5 1.40 sp2 CH2 olefinic, asy. X2
CH2

2 3050 (3.28) 53.1 1.50 sp2 CH aromatic X2
CHar

3 3010 (3.32) 47.1 2.50 sp2 CH olefinic X2
CH

4 2985 (3.35) 17.7 1.15 sp2 CH2 olefinic, sym. X2
CH2

5 2960 (3.38) 29.3 5.00 sp3 CH3 aliphatic, asy. φ X3
CH3

6 2925 (3.42) 28.9 3.30 sp3 CH2 aliphatic, asy. X3
CH2

7 2900 (3.45) 30.0 0.50 sp3 CH2 aliphatic X3
CH

8 2882 (3.47) 30.2 1.00 sp3 CH tertiary aliphatic X3
CH2

9 2871 (3.48) 27.8 1.45 sp3 CH3 aliphatic, sym. φ X3
CH3

10 2850 (3.51) 41.8 2.20 sp3 CH2 aliphatic, sym. X3
CH2

C-H bending modes

11 1470 (6.80) 30.0 0.30 sp3 CH3 aliphatic, asy. φ X3
CH3

est. width
12 1450 (6.90) 30.0 1.20 sp3 CH2 aliphatic X3

CH2
est. width

13 1430 (6.99) 30.0 0.10 sp2 CH aromatic X2
CHar

est. width
14 1410 (7.09) 30.0 1.00 sp2 CH2 olefinic X2

CH2
est. width

15 1400 (7.14) 30.0 0.10 sp3 (CH3)3 aliphatic, sym. X3
(CH3)3

not included
16 1370 (7.30) 30.0 0.30 sp3 CH3 aliphatic, sym. φ X3

CH3
est. width

C-C modes

17 1600 (6.25) 40.0 0.19 sp2 C�C aromatic XC�C est. width
18 1500 (6.67) 40.0 0.15 sp2 C�C aromatic XC�C est. width
19 1640 (6.10) 40.0 0.10 sp2 C=C olefinic XC=C all data est.

additionally-assumed and estimated C-H modes

20 3020 (3.31) 50.0 0.50 sp2 CH olefinic X2
CH est. intensity and width

21 890 (11.24) 20.0 0.50 sp2 CH aromatic X2
CHar

est. intensity and width
22 880 (11.36) 40.0 0.50 sp2 CH aromatic X2

CHar
est. intensity and width

23 790 (12.66) 50.0 0.50 sp2 CH aromatic X2
CHar

est. intensity and width

additionally-assumed and estimated C-C modes

24 1328 (7.53) 120.0 0.10 sp3 C-C aliphatic X3
C−C est. intensity and width

25 1300 (7.69) 120.0 0.10 sp3 C-C aliphatic X3
C−C est. intensity and width

26 1274 (7.85) 120.0 0.10 sp3 C-C aliphatic X3
C−C est. intensity and width

27 1163 (8.60) 90.0 0.10 sp3 C-C aliphatic X3
C−C est. intensity and width

Notes. The data, except where indicated as estimated (est.), are taken from Dartois et al. (2004a,b); Joblin et al. (1994); Ristein et al. (1998);
Wexler (1967) and E. Dartois private communication. sym. and asy. indicate symmetric and asymmetric modes, respectively. The 3.47 μm band
is estimated from Mennella (2008) and assumed to be similar to the CH2 group properties. The 3.38 μm CH3 band intensity has been scaled up
by a factor of 1.4, with respect to the expected value, in order to get a better fit to the the Galactic Centre data (Figs. 8 and 10). Data for the
additionally-assumed bands are taken from Robertson (1986) and Verstraete et al. (2001); here we have assumed cross-sections of 5 × 10−19 cm2

and 10−19 cm2 for all CH and CC modes, respectively.

of sp2 sites is 1− (Nv/NC)− 3Q = 1− 4Q and for the DG model
we can write

Xsp3 =
3Q

1 + 5Q
, (65)

Xsp2 =
1 − 4Q
1 + 5Q

, (66)

R =
Xsp3

Xsp2
=

3Q
1 − 4Q

· (67)

Substituting for Q using Eq. (64), i.e., Q = XH/(6 − 5XH), we
then have

R =
3XH/(6 − 5XH)

1 − 4XH/(6 − 5XH)
=

3XH

(6 − 9XH)
, (68)

which indicates that the range of validity for the DG model
is 0 ≤ XH ≤ 0.66. However, the upper limit here is really

determined by the defect concentration and the defected graphite
metal-to-insulator transition. Tamor & Wu (1990) determine that
this key transition occurs at Q = 1/24 (≡ 0.042) or, equivalently
(via substitution into Eq. (64)), for XH = 0.21. We note that for
Q > 1/12 (XH > 0.35) the structure is no longer a contiguous
network and so XH = 0.35 (i.e., a composition of ≈CH0.3 or
C3H) represents a “hard” upper limit to XH and the validity of
the DG model.

From the point of view of percolation, a hexagonal (honey-
comb) lattice has a percolation threshold pc = 0.6962, which is
the minimum site concentration for an infinite network in an infi-
nite lattice (e.g., Stauffer & Aharony 1994). The critical vacancy
threshold is then (1 − pc) = 0.3038. However, in this infinite
honeycomb network not all sites are part of hexagonal ring sys-
tems and so this is not an appropriate model for a contiguous
aromatic lattice, where each 6-fold aromatic ring is made up of
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Fig. 12. The defected graphite (DG) network model. The filled (open)
circles represent carbon (hydrogen) atoms in an aromatic network. The
inset dotted circles indicate rings with aromatic character.

six carbon atoms each shared by three rings (= 6 × 1
3 , i.e., two

carbon atoms per ring). Given that, and that each vacancy leads
to the de-aromatisation of three rings (with no H atom addition),
the critical vacancy threshold for a contiguous aromatic network
is then (1 − pc)/(2 × 3) = 0.051, which is very close to the
critical defect concentration of 0.042 for the metal-to-insulator
transition in graphite found by Tamor & Wu (1990). Thus, for
vacancy concentrations larger than �0.04 the percolation thresh-
old is reached and the aromatic domains no longer percolate but
become isolated from one another.

A lower limit to the H atom content of amorphous hydrocar-
bons comes from the results of irradiation studies, which show
that H atom loss from a-C:H stops at about XH ≈ 0.05 (e.g.,
Adel et al. 1989; Marée et al. 1966; Godard et al. 2011). Such a
lower limit to the DG model validity, and as an indicator of the
minimum possible H atom content in processed a-C:H materi-
als, could have important consequences for the evolution of dust
under ISM conditions if this same lower limit holds true there.
For a further discussion on this point see Paper II (Sect. 5.2).

In the same way as for the eRCN model we can derive the av-
erage atomic coordination number, m, and average carbon atom
coordination number, mC, which are

m̄ = XH + 3Xsp2 + 4Xsp3 =
1
2

(6 − 3XH), (69)

m̄C = 3
Xsp2

Xsp2 + Xsp3
+ 4

Xsp3

Xsp2 + Xsp3
=

1
2

(6 − 5XH)
(1 − XH)

· (70)

The fraction of sp2 atoms in aromatic rings is equal to Xsp2 in
the DG case because all of them are part of a ring, therefore
substituting for Q = XH/(6 − 5XH) from Eq. (64) we get the
fraction f of the carbon atoms in aromatic rings

f = Xsp2 =
1 − 4Q
1 + 5Q

=
1
2

(2 − 3XH). (71)

Note that the above formalism implicitly takes into account the
de-aromatisation of that part of the graphite lattice associated
with the defect (i.e., the conversion of carbon atoms from sp2

to sp3), and therefore Xsp2 is a direct measure of the aromatic
carbon atom fraction.

If we now consider the DG model in terms of stacked
graphite sheets then we can see that defects (vacancies) in close

proximity in adjacent sheets could lead to cross-linking between
the layers. We note that nitrogen hetero-atoms could perhaps
play an important role here because in nano-structured a-C:N
films a strong cross-linking between graphitic planes is observed
(e.g., Ferrari & Robertson 2004). In any event, cross-linking
leads to a reduction in the hydrogen atom content for a given
value of R by at least one hydrogen atom per defect. The loss of
more than one hydrogen atom per defect, up to a maximum of
three per defect, implies multiple cross-links per defect. A mini-
mum condition for all of the stacked DG layers to cross-link into
a macroscopic structure is when each vacancy is associated with
two cross-links, each forming an aliphatic bridge to one of the
two adjacent sheets. We further assume that the cross-links on
the sp3 carbon atoms can, for steric hindrance reasons, only be
on adjacent sp3 carbon atoms. Thus, both CH2 and CH groups
can be present in the DG structure. If L is the number of cross-
links per defect (0 ≤ L ≤ 3) then the number of hydrogen atoms
per defect is (6 − L)Q and we have that

XH =
(6 − L)Q

1 + (5 − L)Q
, (72)

Xsp3 =
3Q

1 + (5 − L)Q
=

3XH

(6 − L)
, (73)

Xsp2 =
1 − 4Q

1 + (5 − L)Q
=

(6 − 9XH) − (1 − XH)L
(6 − L)

(74)

and

R =
3XH

(6 − L) − (9 − L)XH
=

3XH

(6 − 9XH) − (1 − XH)L
, (75)

where we use the substituion

Q =
XH

(6 − L) − (5 − L)XH
=

XH

(6 − 5XH) − (1 − XH)L
· (76)

We can also re-formulate Eqs. (69) and (70) for the atomic coor-
dinations for cross-linked DG structures using this substitution
for Q i.e.,

m̄ =
(6 − 3XH) − (1 − XH)L

2 − 1
3 (1 − XH)L

, (77)

m̄C =
3[(6 − 5XH) − (1 − XH)L]

(6 − L)(1 − XH)
, (78)

which reduce to Eqs. (69) and (70) when L = 0.
Figure 2 shows the results for the DG model of Eq. (75),

over its range of validity 0 ≤ XH ≤ 0.35, assuming L = 2, i.e.,
that there are two cross-linking bonds per defect (carbon atom
vacancy). As can be seen in Fig. 2, this DG model gives rea-
sonable agreement with the eRCN model and has the advantage
that it can be used to describe hydrogen-poorerhydrocarbons ex-
tending towards a graphite-like structure. Also shown in Fig. 2
are the mean carbon atom coordination numbers, 3 ≤ m̄C ≤ 4,
for the eRCN (solid red line) and DG (dashed red line) models.

2.3.1. A compositional deconstruction of bulk DGs and their
predicted infrared spectra

In the same way as was done for eRCNs (see Sect. 2.2.3) we
can deconstruct the DG network into its component structures.
However, in this case the process is much simplified because
the network consists of only aromatic sp2 carbon atoms and
aliphatic CH and CH2 groups (at the vacancy sites). We then
have, respectively, for the aromatic and aliphatic C-C bonds and
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the aliphatic CH and CH2 groups concentrations: XC�C,DG =
3
2 Xsp2 , XC−C,DG = 2Xsp3 , XCH2,DG = (3 − L) Xsp3 and XCH,DG =
L Xsp3 . Note that these equations indicate that the number of
inter-atomic bonds is not equal to the total number of atoms in
the structure. Thus, the atomic bond fractions have to be nor-
malised by the total number of bonds, Xbond, which is given by

Xbond =
3
2

Xsp2 + 2 Xsp3 + XH

=
3
2

Xsp2 +

[
2 +

(6 − L)
3

]
Xsp3 (79)

where we have substituted XH =
1
3 (6 − L)Xsp3 . We then have for

the DG model that the atomic bond fractions in the structure are

XC�C,DG =
3 Xsp2

2 Xbond
, (80)

XC−C,DG =
2 Xsp3

Xbond
, (81)

XCH,DG =
L Xsp3

Xbond
and (82)

XCH2,DG =
(3 − L) Xsp3

Xbond
· (83)

The only spectral bands that bulk DGs will show are therefore
at 6.25 and 6.67 μm due to aromatic C�C bonds, 3.45 μm due to
aliphatic CH stretching, 3.42 and 3.51 μm due to aliphatic CH2
stretching modes, and at 6.9 μm due to aliphatic CH2 bending
(e.g., see Table 2). However, for finite-sized particles the surface
bonds will be terminated with H atoms and a large fraction of
these will be aromatic CH bonds; as at the periphery of isolated
polycyclic aromatic hydrocarbon (PAH) molecules. These DG
particle, aromatic, surface CH bonds could provide a catalytic
rôle in molecular hydrogen formation in the ISM (e.g., Rauls &
Hornekær 2008; Le Page et al. 2009) and such processes, involv-
ing CH2 sites, could lead to a significant fraction of surface (or
PAH “edge”) aliphatic CH2 groups, in addition to the aromatic
CH sites. The consequences of particle size for the DG model
are discussed in detail in a following paper.

3. The 3–13.5 μm spectra of hydrocarbon solids

In Fig. 13 we show the full, but provisional, spectra presented as
the absorption coefficient, α, for our eRCN/DG materials. These
spectra are well-constrained for wavelengths less than �7.3μm
where the band cross-sections have been determined experimen-
tally. However, for the longer wavelength bands, and as indicated
in the lower part of Table 2 (i.e., bands 20 to 27), we have in-
troduced “place holder” bands with positions, widths and inten-
sities, determined by comparison with a-C:H absorption coeffi-
cient data (taken from Robertson 1986, Fig. 14), and also guided
by the band positions and widths in the interstellar emission
spectra (e.g., Verstraete et al. 2001), with the aim of allowing
a qualitative exploration of the behaviour of the spectral varia-
tions of these materials in the ISM. However, some progress in
this area has been made with the measurement of the absorp-
tion and emission spectra of some HAC materials and carbon
nano-particles in the 3 to 20 μm wavelength region (e.g., Scott
et al. 1997; Duley et al. 2005a,b; Hu et al. 2006; Hu & Duley
2008a,b).

We caution the reader in the use of the spectral bands long-
ward of 7.3 μm for the detailed interpretation of astronomical

spectra, at least until such time as these bands have been mea-
sured in the laboratory for a wide range of amorphous hydro-
carbon solids. Nevertheless, the adaptability of this model will
allow for a rather easy revision of the complex index of refrac-
tion data once appropriate laboratory data become available.

We note that the spectra shown in Fig. 13 exhibit most of
the IR bands observed in absorption and in emission in the ISM
and that the model predicts a general weakening of the aliphatic
bands, as XH decreases, which is accompanied by a shift in char-
acter towards olefinic and aromatic-dominated bands. We also
note that the relative intensities of the bands will depend upon
particle size and not just on XH. This effect will be studied in
detail in a follow-up paper.

4. Astrophysical implications

The evolution of the spectral properties of carbonaceous dust,
from its formation in the circumstellar shells around evolved
stars to its transition into the ISM, has clearly been demon-
strated (e.g., Goto et al. 2003, 2007; Sloan et al. 2007; Pino et al.
2008). The eRCN/DG carbonaceous dust evolution model pre-
sented here, in which the nature of the dust is characterised by
its hydrogen content, XH, and the carbon atom sp3/sp2 hybridi-
sation ratio, R = Xsp3/Xsp2 , allows a detailed exploration of the
compositional transformations of these types of materials.

We now examine some of the consequences of hydrogenated
amorphous carbon dust evolution, as predicted by the eRCN and
DG models, within the astrophysical context. However, a full
examination will be presented in a follow-up paper, once the
optical properties (Paper II) and the size dependence of these
properties have been investigated.

4.1. Structural variations and spectral properties

As a result of the effects of photo-darkening, aromatisation or
“graphitisation” of a-C:H solids there is a transformation of car-
bon atoms from the sp3 to the sp2 hybridisation state that is nec-
essarily accompanied by a net loss of H atoms from the structure
(e.g., Duley 1996). The eRCN/DG model predicts a maximum
hydrogen content of about 62%, which is in good agreement
with experiment. Conversely, after extreme processing, it ap-
pears that practically all of the hydrogen can be removed from
these materials. Ion irradiation experiments indicate a minimum
H atom content of about 5% but amorphous carbon materials
formed in the laboratory can be made essentially hydrogen free
and so it is expected that the lower limit is therefore “H-free”
materials.

In the ISM the large carbonaceous grains appear to have
a CH2/CH3 ratio in the range ∼2−3 (e.g., Pendleton &
Allamandola 2002; Dartois et al. 2005). Fig. 3 indicates that, for
the eRCN model, this would be equivalent to a rather narrow hy-
drogen atom fraction range, i.e., ∼53−55% (≡XH = 0.53−0.55).
However, looking at Figs. 8, 9 and 10 we can see that it is the
predicted spectra for a-C:H materials with XH ≥ 0.57 that ap-
pear to be more consistent with the absorption observed along
the Galactic Centre IRS6E, Cyg OB2 No. 12 and IRS7 lines of
site (e.g., Pendleton & Allamandola 2002; Dartois et al. 2004b)
and towards Seyfert 2 galaxy nuclei by Dartois et al. (2004a)
who identify the source material as being of a-C:H origin. We
note that XH ≥ 0.57 implies a CH2/CH3 ratio �1 (see Fig. 3),
rather than the expected value of ∼2−3. Thus, while the spectal
agreement is rather good in the 3−4 μm region, it does not appear
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Fig. 13. The predicted eRCN and DG spectra, presented as the absorption coefficient, α, in the 2.5−13.5 μm region as a function of Eg calculated
using the structural de-composition described in Sects. 2.2.3, 2.2.4 and 2.3 and for the data in Table 2. The adopted colour-coding for this plot
is from large band gap (2.67 eV, purple) to low band gap (–0.1 eV, black) with intermediate values in steps of 0.25 eV from 2.5 (violet) to 0 eV
(grey) with the addition of the Eg = 0.1 and −0.1 eV cases (light grey and black, respectively), as per Paper II. The bands with central positions
long-ward of the vertical grey line (λ(ν0) > 7.3 μm) are not yet well-determined by laboratory measurements.

to be coherent with the observed CH2/CH3 ratio. As indicated in
Table 2, we needed to increase the intensity of only the 3.38 μm
CH3 band in order to obtain a good match to the observational
data. Thus, the discrepancies noted here could be due to uncer-
tainties in the band strengths and/or assignments and/or to parti-
cle size effects.

The intrinsic CH, CH2 and CH3 groups responsible for the
suite of absorption features around 3.4 μm show a clear transfor-
mation from sp3-dominated CHn bands to sp2-dominated CHn
bands as aromatisation proceeds and as XH declines (see Figs. 4
and 5). The accompanying spectral variations shown in Figs. 10
and 11 predict that the spectrum evolves towards one dominated
by olefinic and aliphatic CH groups, with bands at 3.32 and
3.47μm in the case of eRCN, and only aliphatic CH and CH2
bands at 3.42, 3.45, 3.47 and 3.51μm for the DG model. We
note that the aromatic CH band at 3.28μm is not apparent in
these spectra because of the lower abundance of the aromatic
CH groups (with respect to olefinic and aliphatic CH groups) in
the eRCN model and also because its lower intrinsic absorption
strength (see Table 2). Aromatic CH bands are expected in the
DG spectra but they are not included here, i.e., the DG spec-
tra do not yet take into account the likely hydrogenation of the

aromatic surface nor the possibility of aromatic CH formation at
defect sites. These aspects will be dealt with in detail in follow-
ing paper.

The evolution of the structural and spectral properties of a
“single” carbonaceous material therefore appears to provide a
good model for the evolution of amorphous hydrocarbons in in-
terstellar and circumstellar media. With the addition of surface
hydrogenation, and additional size effects, to the calculation of
the spectra the DG model can be carried forward to a study
of the most aromatic carbon particles in the ISM. These will
necessarily be the smallest particles, UV-photo-darkened and
stochastically-heated to high temperatures, as a result of which
they will be dehydrogenated and aromatised.

The sp3 to sp2 transition, as a result of UV photo-processing
in the ISM, could possibly be counterbalanced by hydrogen atom
addition to the structure as a result of (energetic) collisions (e.g.,
Duley 1996). However, it is not yet clear that this “reverse” pro-
cess of ‘aliphatisation’ can occur because it requires that the inci-
dent H atoms are energetic enough to insert into aromatic rings
and transform sp2 C atoms into sp3 sites. Given that the aro-
matic C�C bond energy in benzene is of the order of 5 eV, and
that for an H atom to insert it must break at least one CC bond,
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the activation energy for this process is at least 5 eV, equiva-
lent to > 5 × 104 K, which would seem to indicate that there
is a significant energy barrier to a-C/a-C:H hydrogenation in the
ambient ISM. However, this is offset by the formation of an aro-
matic CH bond (∼4.3 eV) and thus, if quantum mechanical tun-
nelling can occur, the barrier to aliphatisation could be as low as
0.7 eV (≈8000 K). These types of interactions have been well-
studied experimentally and theoretically by Duley (2000) and
Mennella (2008, 2010), within the context of carbonaceous dust
evolution in dense regions, and we therefore do not enter into
any further speculation on the aliphatisation issue here.

4.2. H2 formation in PDRs via a-C:H de-hydrogenation?

Recent observations and their interpretation appear to require
rather efficient molecular hydrogen formation at “elevated” tem-
peratures in photon-dominated regions (PDRs, e.g., Habart et al.
2004, 2011). Rauls & Hornekær (2008) and Le Page et al. (2009)
propose that H2 formation can be catalysed by reactions involv-
ing the chemical trapping of H atoms at the periphery of PAH
molecules in the ISM. In a rather similar vein, we note that in
a-C:H materials “UV-photolysis” or ion irradiation, resulting in
an aromatisation, induces H atom loss from the structure and is
associated with the in situ formation of molecular hydrogen, as
studied and modelled by Smith (1984), Adel et al. (1989), Marée
et al. (1966) and Godard et al. (2011).

Initially, at least, the formation of H2 and CH bonds oc-
curs as interstitial H atoms, with binding energies of the order
of 0.05−0.2 eV (≡600−2400 K), become mobile, react and are
lost from the solid, consistent with an observed increase in the
aliphatic 3.4μm band intensity for temperatures above 573 K,
a process that rapidly terminates at higher temperatures (e.g.,
Smith 1984; Sugai et al. 1989; Duley 1996).

Thus, the formation of H2 associated with the aliphatic
to aromatic transformation of amorphous hydrocarbon grains
should occur in PDRs where the abundant UV photons will pro-
gressively de-hydrogenate any H-rich a-C:H material that has
been “ablated” or “advected” from the nearby, denser molecular
regions. In this case it is the de-hydrogenation of the smallest
a-C(:H) particles that could contribute most to the formation of
H2 because of their relatively large abundance and the fact that
they will also undergo stochastic heating to temperatures of the
order of hundreds of degrees K. However, their stock of hydro-
gen is rather low. The reverse process of H atom addition to the
aromatic component of these small carbon grains (e.g., Rauls &
Hornekær 2008; Le Page et al. 2009) could offset H atom loss
by UV photo-dissociation. Thus, an equilibrium between the UV
and/or thermal processing of small a-C:H particles in PDRs and
H atom addition could be a viable source of H2 formation at
“high” dust temperatures where more classical models for H2
formation appear to be inadequate (see Paper II for a quantifica-
tion of this process).

4.3. a-C:H decomposition products

It is interesting to note that the aromatisation of a-C:H materials
will yield decomposition products as the materials evolve. The
principal product, as discussed above, will be molecular hydro-
gen. However, it is likely that other species will also be released
as the structure re-adjusts to a new composition. As was clearly
shown by Smith (1984), a-C(:H) loses its hydrogen not just as
H2 but also as hydrocarbon molecules, which leads to signifi-
cant mass loss from the samples during thermal annealing. The

release of “molecular” daughter species is likely to become more
pronounced as the particle size decreases as suggested by Duley
(1996), Scott et al. (1997), Duley (2000) and Jones (2009).

Pety et al. (2005) proposed that the small hydrocarbons,
such as CCH, c-C3H2, C4H that they observed in PDRs derive
from precursor PAHs. This hypothesis was proposed by Scott &
Duley (1996) and extended by Jones (2009) who both postulated
that the precursors for these “PAHs” themselves derive from the
photo-thermal de-construction of small a-C(:H) particles (as is
indeed supported by the laboratory work of Smith 1984) in the
transition from dense, molecular regions of the ISM to PDRs.
These precursor “PAHs” may rather resemble the locally aro-
matic polycyclic hydrocarbons (LAPH), cousins of PAHs, that
were proposed by Petrie et al. (2003) as a carrier of the IR emis-
sion bands.

Here we follow the suggestion of Scott & Duley (1996) and
Jones (2009) that a-C(:H) materials in the photon-dominated
ISM follow a continuous evolutionary sequence that schemati-
cally can be represented as:

a-C:H→ a-C→ “PAHs”/“LAPHs”→ small hydrocarbons.

The exact evolutionary track of the carbonaceous particles will
depend upon their size. This is clearly only a part of what must
be a complete carbon cycle and so the above needs to be comple-
mented by “return journey”, i.e., a re-formation of a-C(:H) ma-
terials somewhere in the ISM, perhaps this can occur by a-C(:H)
accretion onto pre-existing grains as proposed long ago by Jones
et al. (1990), more recently by Jones (2009) and alluded to by
Jones & Nuth (2011).

5. Predictions of the eRCN/DG model

Here we summarise some of the more important predictions of
the eRCN/DG model:

1. The determination of a-C:H/a-C structures, containing only
sp2 and sp3 C atoms and H atoms, and their related spec-
tra based on only the critical H atom content, XH (or equiv-
alently the band gap energy Eg(eV) � 4.3XH), as a re-
sult of UV photon-driven and/or thermal annealing, where
sp3 C atoms are transformed into sp2 C atoms as annealing
proceeds.

2. With annealing the a-C:H spectra “evolve” more rapidly for
the hydrogen-rich materials, i.e., 0.5 < XH < 0.62, than
for the hydrogen-poorer materials, due to the loss of hydro-
gen from the structure and the necessary major structural re-
arrangement that is required to compensate for this loss.

3. The expected spectrum of the large carbonaceous grains in
the ISM is given by the purple spectra in Figs. 8 to 10 and 13;
based on the fit to the observed interstellar absorption in the
3.2−3.6 μm region the spectra indicate XH � 0.57 with a
CH2/CH3 ratio ≈0.5−1.3 (Fig. 3).

4. That the photo-thermal dehydrogenation/decomposition of
a-C:H provides an efficient route to molecular hydrogen for-
mation, and to the production of small daughter hydrocar-
bons (e.g., CCH, c-C3H2, C4H, etc.), in regions where their
formation would otherwise appear to be inhibited.

6. Limitations of the eRCN/DG model

The eRCN and DG structural models for a-C(:H) materials, and
the spectral predictions that they engender, appear to work rather
well. However, it must be remembered that they are only an
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approximation of reality and so they do have their limitations,
which principally seem to be that:

– The spectral bands long-wards of 7.3 μm are seemingly not
yet well-enough determined experimentally for a-C(:H) ma-
terials. Caution should therefore be exercised in their use to
interpret astrophysical observations.

– The eRCN/DG model cannot currently deal with “dangling
bonds” and therefore with dehydrogenated a-C(:H) materials
that might include a significant fraction of them. Given that
“dangling bonds” resulting from dehydrogenation will gen-
erally lead to a structural re-arrangement (as the eRCN/DG
model indeed predicts) this is probably of little concern for
the bulk composition. However, as Duley & Williams (2011)
show, their effects could be rather important.

– The model does not consider the role and consequences of
interstitial H atoms (e.g., Sugai et al. 1989; Duley 1996;
Duley & Williams 2011) because they do not bond into the
network.

– sp2 clustering into chain or three-dimensional cage-like
structures is currently not considered but could be particu-
larly important for small particles where the inclusion of C5
pentagons into the aromatic clusters would quite naturally
lead to shell-like, “fullerene-type” clusters.

– ≡C–H and –C≡C– sp1 sites, and chains thereof, are not in-
cluded in the network calculations. To first order, they are
expected to be of low abundance (�5%) and this may not be
a major limitation.

– This version of the eRCN/DG model does not take into ac-
count the presence of hetero-atoms such as O and N but they
could, in principle, be included in a modified version of the
eRCN model.

7. Conclusions

In this paper, the first in a series, we present a self-consistent
model for the evolution of the structural and spectral proper-
ties of hydrogenated amorphous carbon solids, a-C(:H), which is
based on the RCN and defective graphite (DG) models. We show
that the evolution of a “single” hydrogenated amorphous carbon
material appears to provide an excellent model for the evolution
of these types of carbonaceous dust materials in interstellar and
circumstellar media. In particular, this model is consistent with
the following laboratory and astronomical observations:

– The expected CC and CHn bonding structures and chemical
compositions of the suite of hydrogenated amorphous car-
bons (a-C:H/a-C).

– The compositional and spectral evolutionary transition from
aliphatic-dominated materials to olefinic-dominated (and
eventually to aromatic-dominated) with increasing exposure
to UV photons and with decreasing grain size.

– The formation of molecular hydrogen, as a result of “anneal-
ing” after photon- or incident ion-induced dehydrogenation,
at dust temperatures higher than those for “classical” surface
formation processes.

– The photo-thermal driven “aromatisation” production of
daughter, hydrocarbon molecular species including: locally
aromatic polycyclic hydrocarbons (LAPHs), “PAHs” and
molecular fragments such as CCH, c-C3H2, C4H.

Note that the model here does not consider the effects of particle
size on the compositional and spectral properties. However, the
modelling approach presented here is clearly good for the analy-
sis of bulk materials, and could be valid for particles as small as

10 nm, where their bulk properties dominate over those of their
surfaces. A detailed presentation of particle size effects will be
presented in forthcoming paper.

In the following paper (Paper II) we derive the optical prop-
erties of a-C(:H) materials from EUV energies to cm wave-
lengths.
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Appendix A: Aromatic cluster characterisation

In the study of polycyclic aromatic hydrocarbon (PAH)
molecules and polycyclic aromatic clusters in hydrogenated
amorphous carbon solids (a-C:H or HAC) we need to charac-
terise the constituent aromatic structures in terms of their num-
ber of carbon atoms, nC, number of aromatic, six-fold rings, NR,
or coordination number, m. It has been shown that NR is a func-
tion of the band gap, Eg, of a given hydrogenated amorphous
carbon, i.e., NR = [5.8/Eg(eV)]2, and that Eg can be expressed
as a function of XH, i.e. Eg ∼ 4.3XH, the aromatic coherence
length, La(nm) = [0.77/Eg(eV)], a measure of the aromatic do-
main size, also depends on the band gap (e.g., Robertson 1986,
1991).

In Sect. 2.2.1 we introduced an “aromatic cluster parame-
ter”, Z, which is a function of NR and is simply the number of
constraints, Ncon, per carbon atom for the given cluster, i.e.,

Z =
Ncon,NR

nC
(A.1)

where nC is the number of carbon atoms per aromatic cluster. For
rather small and compact aromatic clusters such as pyrene, pery-
lene, etc. Jones (1990) showed that Z = ( 5

2 NR+12)/(3NR+4) and
for linear aromatic systems such as naphthalene and anthracene
that Z = (5NR + 7)/(4NR + 2). For the linear clusters the ex-
pressions are valid for all NR. However, for compact clusters the
expressions give a reasonable fit for NR ≤ 10 which is appli-
cable to most of the aromatic clusters that occur in amorphous
hydrocarbons (Robertson 1986) and therefore, by inference, in
our eRCNs. Additionally, as pointed out by Robertson (1986),
the compact clusters will be more stable that the row clusters.

The relevant expressions for linear and compact aromatic
clusters are shown in Table A.1. The compact cluster expres-
sion given in the upper part of the table is in fact that for bi-
linear clusters, i.e., two parallel and connected linear structures.
The middle part of the table gives the expressions for clusters
consisting of a given number of rows of linear structures, Nrow,
where in this case the values of NR are restricted to NR ≥ pNrow
where p is an integer ≥1. The expressions for compact clusters
that give reasonable fits for all NR are given in the lower part of
the table.

The expressions for the number of carbon atoms per aro-
matic cluster, nC, and the coordination number mcoord of the clus-
ter are plotted in Fig. A.1. The dashed lines in this figure show
the simple fits to the data for general aromatic clusters, which are
valid for the most compact clusters containing up to about 10-
rings but deviate for larger systems (the expressions for compact
clusters are taken from the upper portion of Table A.1). The ar-
eas indicated by the vertical rows of dots show the values for all
possible aromatic clusters with a given number of rings, i.e., the
values for all possible isomers. The upper limits to the dots are
for the most extended linear acenes (naphthalene, anthracene,
tetracene, pentacene, etc.). Note that the simple expressions, rep-
resented by the dashed lines, give a very good representation of
moderately compact clusters over the entire range of NR consid-
ered here.

The coordination number per carbon atom in the aromatic
cluster is plotted in Fig. A.2. In this figure the large diamonds
show the values for the most compact aromatic clusters pos-
sible, i.e., for the large clusters these are the equivalent to the
coronene, ovalene, circumcorenene, etc. structures. The small
diamonds and their connecting dashed lines show the values for
the multilinear acenes with Nrow = 1, 2, 3, 4 and 5 (from top
to bottom). The small diamonds mark the actual cluster values

Table A.1. Expressions for (polycyclic) aromatic cluster structures.

Term Linear clusters Compact clusters
No. of C atoms, nC 4NR + 2 3NR + 4
Coordination no. 2NR + 4 NR + 6

= 1
2 nC + 3 = 1

3 (nC + 14)
No. of rings 1

4 (nC − 2) 1
3 (nC − 4)

No. of constraints 5NR + 7 5
2 NR + 12

= 1
6 (5nC + 52) = 1

4 (5nC + 18)
Analytical fit for Nrow linear clusters

No. of C atoms, n 2[NR +
NR

Nrow
+ Nrow]

Coordination no. 2[ NR
Nrow
+ Nrow + 1]

No. of rings Nrow(n − Nrow)/[2(Nrow + 1)]

No. of constraints 5( NR
Nrow
+ Nrow + 1)

Analytical fit for all compact clusters
No. of C atoms, n 2NR + 3.5

√
NR + 0.5

Coordination no. 3.5
√

NR + 2.5

= 7
8 [( 7

8 )2 + 1
2 (n − 1

2 )]
1
2 − 9

16

No. of rings {[( 7
8 )2 + 1

2 (n − 1
2 )]

1
2 − 7

8 }2
No. of constraints 5

4 (7
√

NR + 5) − 3

Fig. A.1. Number of carbon atoms nC (upper curves, diamonds) and co-
ordination number mcoord (lower curves, triangles) for the most compact
aromatic clusters possible (solid lines). The dashed lines show the sim-
ple fits to the data for general aromatic clusters.

and the dashed lines are calculated using the multilinear acene
expressions (given in the middle of Table A.1). The horizontal
dotted line indicates the limiting values (0.5) for simple linear
acenes (Nrow = 1). Note that the compact cluster expression in
the upper portion of Table A.1 is equivalent to the multilinear
acene expression with Nrow = 2. The thick solid line gives a fit
for the most compact aromatic clusters calculated using the ex-
pressions in the lower portion of Table A.1.

Appendix B: eRCN model extension possibilities

The mathematical basis of the RCN and eRCN models (e.g.,
Phillips 1979; Döhler et al. 1980; Thorpe 1983; Angus &
Jansen 1988; Jones 1990) is a pair of equations with three inter-
dependent variables, viz.,

XH + Xsp2 + Xsp3 = 1 (B.1)
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Fig. A.2. Ratio of the coordination number m to the number of carbon
atoms nC in aromatic clusters, i.e., the maximum possible number of
peripheral aromatic cluster C–H bonds per carbon atom. See the text
for a full description of the plotted data.

and

aXH + bXsp2 + cXsp3 = 3. (B.2)

Solutions to these equations are found by combining or “collaps-
ing” two of the variables into a single one, i.e., Xsp3/Xsp2 ≡ R,
and solving for R as a function of XH. It is therefore evident that
the addition of any new structural component into the system in-
troduces a new variable, which renders the resulting equations
unsolvable because we then have two equations and four vari-
ables. This limitation could be circumvented in several ways:

1. By a collapsing of three of the variables into one, i.e.,
Xsp/(Xsp3 + Xsp2 ) = P. However, this leads to ambiguities

because of the degeneracy between the variables in the de-
nominator and therefore to no useful or physically-realistic
solutions.

2. By fixing the concentration of the new component. This is a
useful strategy but requires that the atomic fraction of the
new component, W, is well-constrained by measurements
and also that the number of involved atoms is invariant and
independent of the network structure, i.e., no atomic loss,
or transformation, of component W is allowed. New carbon
atom hybridisation or polyatomic structures, such as sp1 C
atoms or five-fold C5 aromatic rings, do not fulfil this condi-
tion and therefore cannot be treated in this way.
The addition of hetero-atoms, such as O and N, should
be possible using this approach, provided that their atomic
abundances remain fixed. However, fixing the abundance of
O and/or N atoms, and then treating their contribution as a
constant, does not correctly take into account their accom-
modation into the structure and does not lead to realistic or
useful solutions.

3. By the elimination of one of the variables. For example, in
order to introduce sp1 C atoms it is possible to eliminate
either the Xsp3 or the Xsp2 component and then solve as a
function of XH by combining the remaining two variables.
However, in neither of these particular cases does this result
in physically-meaningful solutions, which is not surprising
since this treatment imposes unrealistic network constraints,
i.e., networks consisting of only sp1 and sp2 atoms, with 2-
and 3-fold coordination, or of only sp1 and sp3 atoms, with
2- and 4-fold coordination. The readers are left to verify this
limitation for themselves.

In conclusion, it does not yet appear possible to add another car-
bon atom or hetero-atom component to the eRCN model in a
physically-realistic way.
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