
Abstract. We review research into the evolution of carbon
particles at stages from the envelopes of asymptotic giant
branch stars to planetary nebulae. The evolution of carbon
particles is discussed from several standpoints: observational
data are summarized; the formation mechanisms and cluster-
ing of aromatic molecules are considered; conditions for the
formation of carbon particles in the envelopes of stars and for
their subsequent evolution in protoplanetary and planetary
nebulae are described; results of experiments on creating
equivalents of interstellar dust and analyzing their characteris-
tics are presented; and, finally, possible evolutionary scenarios
for carbon particles are presented. Particular attention is paid
to fullerene molecules, which are important for constructing a
comprehensive picture of the evolution. Their presence and
nonuniform distribution suggest that, depending on the condi-
tions, the formation of carbon particles can follow two paths: via
planar or nonplanar aromatic molecules.
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1. Introduction

Interstellar dust is an important component of the interstellar
medium (ISM), participating in many physical and chemical
processes. Dust determines the energy balance of the medium
via the photoelectric effect and the ionization balance via the
recombination of electrons and ions. The dust surface serves
as a substrate and, in some cases, a catalyst for chemical
reactions; as a result, the chemical composition of the ISM is
enriched with molecules whose formation in the gas phase is
inefficient. Interstellar dust absorbs, scatters, polarizes, and
re-emits stellar light, and is also a building material for the
formation of planets. The smallest (nanoscale) components of
dust, aromatic hydrocarbons, are representatives of complex
organic compounds and biomolecules and are therefore of
astrobiological importance. Thus, the study of interstellar
dust, especially carbon, in the range from molecules with a
single aromatic ring and nanoparticles to large conglomerates
of a micron scale is important for the development of many
areas of astronomy.

There are two types of interstellar dust: carbon and silicate
[1]. According tomodernmodels, dust sizes range from� 4 A

�

to several micrometers [1, 2], with the overwhelming majority
of small dust grains (9 50 A

�
) being carbon. It is currently

unknown to what extent dust grains are homogeneous in
composition. In some models, silicate and carbon grains exist
separately [1, 3], while, in other models, dust grains consist of
both silicate and carbon materials. For example, in the
THEMIS model [4], carbon grains can be purely carbon,
although the structure of the carbon material is heteroge-
neous, and silicate grains are covered with a carbon mantle,
and are therefore heterogeneous in chemical composition. In
[5], a model is proposed in which dust grains in size 9 50 A

�
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are homogeneous in composition, while larger grains are
conglomerates of smaller carbon and silicate grains. The
authors believe that such grains are formed in the ISM due
to collisions and coagulation.

Regardless of the model, one of the components of dust is
small carbon particles: their presence is indicated by a number
of observations. First, the infrared (IR) spectra of emission
nebulae contain broad bands at wavelengths from 3 to
� 20 mm, which correspond to vibrational transitions of
polycyclic aromatic hydrocarbon (PAH) molecules, fuller-
enes, nanosize particles of amorphous carbon, and other
carbon particles [6±10]. Second, a feature of the absorption
curve at a wavelength of 2175 A

�
coincides with a jump in the

absorption of many types of carbon particles [11±14]. Third,
diffuse absorption bands appear along almost any line of
sight. Five of these bands have been reliably associated with
fullerene molecules C�60 [15, 16], and others are also assumed
to correspond to carbon-containing molecules [17±19]. In the
astronomical literature, it is common to relate nanosize
particles and macromolecules to dust particles. In what
follows in this paper, we use the term `particle' for both
macromolecules and large dust particles, because this term
has become established in the physics and chemistry literature
on the study of hydrocarbons. We reserve the term `dust' as a
general name for all particles in the astronomical context.

While the presence of carbon particles in the ISM is by no
means in doubt, information about their size, structure, and
composition is not definitive. An exception is given by the
above-mentioned fullerene molecules, which have been
identified both by vibrational transitions in the IR range
and by electron transitions in the optical range [9, 15, 20].
Benzonitrile and cyanonaphthalene molecules have also been
detected by rotational transitions [21, 22].

It is believed that the main source of carbon particles is
provided by asymptotic giant branch (AGB) stars, in which
the carbon abundance exceeds the oxygen abundance, i.e.,
C=O > 1 [23].1 `Carbon chemistry' occurs in these stars.
The mass of carbon stars in the main sequence ranges from
� 1:5 to � 4M� [26], but low-metallicity stars with a mass
of � 1M� can be carbon [27, 28]. Also, the relative number
of carbon stars increases at low metallicity, which is
evident from comparing the number of carbon planetary
nebulae (PNe) in our Galaxy and in Magellanic Clouds
(MCs) [29].

We note that at C=O < 1 all carbon is spent on the
formation of the CO molecule and `oxygen chemistry' takes
place. There are also stars where the products of `carbon and
oxygen chemistry' are present simultaneously [30]. The
reason for the formation of such stars has not been clearly
established; one of the possible reasons is the effective
`dredge-up' of matter from the carbon layers of a star at the
final stages of its life, when some amount of the `oxygen' dust
(silicate) has already been formed in the envelope [30]. After
this event, `carbon chemistry' takes over in the envelope, and
the reactions and mechanisms of formation of carbon
particles are most likely similar to those that operate in
carbon stars. In this paper, we therefore focus on `carbon
chemistry,' in which there are no dust particles characteristic
of `oxygen chemistry.'

The AGB stage of a star ends when the burning of helium
and hydrogen in the shells surrounding the core stellar ceases.
Then, the star transforms into a white dwarf, which is

attended by its heating, and the formation of a PN. In the
course of the transformation, the star is at the post-AGB
stage, and such objects are also called as protoplanetary
nebulae (PPNe) in the literature. In this paper, the term
PPN is used. The main difference between a PPN and a PN
is the value of the effective temperature (Teff) of the central
source: in a PPN, the central source is relatively cold and is
not capable to ionize gas, while the center of a PN contains a
hot source with Teff up to 200,000 K, which ionizes the
surrounding matter. The threshold value of Teff of the central
source, dividing the objects into PNe and PPNe, is between
20,000 and 30,000 K. Above this threshold, lines of ionized
hydrogen and oxygen start to arise [31]. In PPNe and PNe, a
`photodissociation' region (PDR) appears in the envelope
ejected by the star; this is the region penetrated by ultraviolet
(UV) photons with energies up to 13.6 eV. Such photons are
capable of dissociating molecules and particles formed at the
stage of AGB stars, as well as initiating many other chemical
reactions. Because the region of ionized hydrogen is not yet
present in the PPN, it can be assumed that the PDR occupies
the entire region from the central source to the depth of
photon penetration. In PNe, the PDR is located behind the
hydrogen ionization front. The region of ionized hydrogen
expands over time, and the PDR expands accordingly.

To date, the general picture has been constructed to
describe how carbon particles form in the envelopes of AGB
stars and then sequentially evolve through the PPN and PN
stages and, finally, in the ISM. This picture is based on
laboratory studies (in particular, combustion processes) and
theoretical models [2, 32, 33]. According to this picture,
particles are formed directly in the envelopes of stars and
their structure represents a mixture of aromatic rings
connected to each other by aliphatic bonds. There is no
ordered lattice in such particles; their nature is close to
amorphous carbon. Next, the formed particles are exposed
to the UV radiation field and shock waves. As a result, their
structure changes: they become ordered and aromatic. This
rearrangement is accompanied by partial destruction of dust
particles, and various hydrocarbon molecules, including
PAHs and fullerenes, can enter the gas phase [34]. Subse-
quently, freely flying PAHs and fullerenes coexist in the
diffuse ISM with particles of structured amorphous carbon,
which can contain a small amount of aliphatic bonds.

The formation of PAHs, fullerenes, and nanotubes has
been studied in physical and chemical laboratories due to
their widespread use in industry and modern technologies. In
addition, the problem of reducing the emission of PAHs and
soot as products of incomplete combustion is actively studied,
because they are considered hazardous to human health. To
control the number of these hazardous particles, the process
and mechanisms of their formation are studied in stages.
From the standpoint of astronomy, the process of formation
of carbon particles is also interesting, because its detailed
understanding would allow explaining observational data on
carbon particles in space and describing their characteristics
(structure, size, and properties). Despite different goals,
astronomers, physicists, and chemists are interested in study-
ing the process of formation, growth, and transformation of
carbon particles.

There are some unresolved questions in the theory of
evolution of interstellar carbon particles. One of these
questions is the sensitivity of carbon particle formation
processes to environmental conditions, in particular, to
parameters that depend on metallicity. Observations show1 Carbon dust can also be formed in the remnants of supernovae [24, 25].
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that, at lowmetallicity, the PAH abundance decreases [35, 36]
and the total dust content decreases [37], but the relative
abundance of fullerene molecules increases [38, 39]. The
correlation between the PAH abundance and metallicity is
often explained by the more efficient destruction of PAHs at
low metallicity [40, 41]. However, some studies, on the
contrary, argue for the low efficiency of the formation of
PAHs under such conditions [42].

In this review, we examine in detail the main aspects of the
formation and evolution of carbon particles (experiments,
conditions for the formation of carbon particles in the
envelopes of AGB stars, observations of carbon particles in
objects directly related to their formation, and the existing
hypotheses andmodels), analyze and compare available data,
and evaluate the existing models. Particular attention is paid
to fullerene molecules, which are indicators that dust
formation can occur along at least two different evolutionary
paths. Various factors that can influence the formation path
selected in certain objects are discussed.

2. Observational data on carbon particles
in asymptotic giant branch stars
and protoplanetary and planetary nebulae

Themain observational data on carbon particles are obtained
from IR spectra, which are very diverse in PPNe and PNe.
These spectra are a combination of the thermal continuum
with a peak at a wavelength of about 30±40 mm and a number
of emission bands, whose presence, position, and intensity
vary from object to object and within a specific object. The
spectra can be used to identify the common properties of
some objects and trace their evolutionary relations. Below,
the main features of the spectra are considered and informa-
tion on their nature and variability is given. Information
obtained from optical and IR color indices is provided in
addition.

2.1 Main observational features
2.1.1 Aromatic bands. Emission bands at wavelengths of 3.3,
6.2, 7.7, 8.6, 11.2, 12.7, and 16.4 mm and a number of other
less intense bands are observed in a large number of space
objects of various types [1, 43±46]. These bands correspond to
vibrational transitions in compounds containing aromatic
(benzene) rings. It is generally accepted that such compounds
are PAHs [47]. Each band is responsible for a certain type of
vibration (stretching and bending of CÿH, CÿC, and
CÿCÿC bonds in or outside the plane of the molecule) or
for their combination. The observed IR spectra of cosmic
objects do not correspond to the spectrum of any specific
PAHparticle, but can be described by the total spectrum of an
ensemble of several dozen PAHs [48, 49]. The interband ratios
of fluxes Il1=Il2 vary, depending on conditions: they reflect
changes in the composition and/or characteristics of the set of
PAHs responsible for the appearance of the bands [50±52]. In
particular, the flux ratio I3:3=I11:2 correlates with the average
size of the PAH ensemble, and the I6:2=I11:2 ratio correlates
with the ionization state of this ensemble [51, 52].

All the main PAH bands can be observed in the spectra of
PNe, but the exact position, width, and brightness of the
bands relative to each other change as the PNe evolve. The
`classical' IR spectrum observed in many ISM objects, with
bands at wavelengths of 3.3, 6.2, 7.7, 8.6, 11.2, 12.7, and
16.4 mm, appears in mature PNe, while the spectra of PPNe
and young PNe may look different. In [45], ISM objects were

divided into classesA, B, and C, depending on the position of
the bands in the wavelength range of 6±9 mm. Figure 1 (the
left part of the spectrum) shows representative IR spectra
of these classes. In the class A spectra (objects IRAS
01005�7910, IRAS F04540ÿ6721, and IRAS 05537ÿ7015),
a band at 6.22 mm, a doublet of bands at 7.7 mm with a
dominant component at 7.6 mm and a `shoulder' at 7.8±
7.9 mm, and, finally, a band at 8.6 mm are observed. In the
class B spectra (IRAS 05185ÿ6806), the 6.22 mm band is
shifted to � 6:24 mm, the 7.6 mm component in the 7.7 mm
doublet becomes a `shoulder' for the dominant 7.8 mm
component, and the 8.6 mm band is redshifted to 8.7 mm.
The C class spectra (IRAS 13416ÿ6243 in Fig. 1) show a band
at 6.3 mm instead of 6.22 mm in class A, and the 7.7 mm
doublet is not resolved into bands and is observed as a single
broad band peaking at� 8:2 mmwith a broad red wing down
to � 9:3 mm, where a small peak at 8.7 mm can be seen.

Class A can be observed in a wide range of objects: H II
regions, reflection nebulae, PNe, PPNe, and Herbig Ae=Be
stars; this is arguably the most common type of IR spectra.
Class B is common among PNe, PPNe, and Herbig Ae=Be
stars. But class C was initially found only for PPNe and later
extended to include AGB and Herbig Ae=Be stars [53±56].

Objects of class C have a relatively low effective tempera-
ture of the central source (several thousand kelvins), while in
objects of classesA and B, the radiation sources are hotter. It
is believed that the appearance of class C spectra is due to
particles that have not yet been exposed to UV radiation and
therefore contain aliphatic bonds with lower dissociation
energies compared with aromatic bonds [53, 57]. Thus, these
particles have a mixed aromatic±aliphatic structure similar
to that of hydrogenated amorphous carbon (HAC) with a
high relative content of hydrogen. During formation, such
particles are dominated by aliphatic bonds and have an
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Figure 1. IR spectral classes using the following PPNe as an example:

IRAS 01005�7910, IRAS 050185ÿ6806, IRAS 13416ÿ6243, IRAS

05110ÿ6616, IRAS 05537ÿ7015, and the H II region IRAS

F04540ÿ6721. Objects are divided into classes AÿD in range of 6±

9 mm, and into classes aÿd in range of 11±14 mm. Spectra of objects

were taken from archives of ISO (IRAS 13416ÿ6243) and Spitzer (other

objects) space telescopes; background subtraction procedure was applied

to them.
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irregular structure, but, under the influence of UV radiation
and/or shock waves, they are dehydrogenated and the
structure becomes more regular with a large fraction of
aromatic rings. As a result of this process, the aliphatic
emission bands fade, giving way to aromatic ones [2, 58].
According to [59], small (9 200 A

�
) dust particles can undergo

restructuring in the bulk, while large dust particles change
only within the surface layers. Given the evolutionary status
and characteristics of objects of classes AÿC, as well as
numerous experiments with HAC particles and other ana-
logues, an evolutionary scenario directed from class C objects
through class B to class A was proposed [60±62].

PAHs whose total spectrum can describe the spectra of
classA are mainly small, and those for classB are large [63]. It
was suggested in [63] that there is an evolutionary connection
between classes B andA: objects of class B can transform into
objects of class A under the influence of external factors
(radiation and shock waves) and the accompanying destruc-
tion of large PAHs. It was not possible to find a suitable set of
PAHs for class C spectra.

In [64], another class of spectra was introduced, D (object
IRAS 05110ÿ6616 in Fig. 1). In the spectra of this class, a
wider band at 6.24 mm and one wide band centered at
approximately 7.7 mm are observed. Additionally, in con-
trast to classes A, B, and C, there is a band at 6.9 mm and
sometimes a band at 7.3 mm, which are associated with
vibrations of aliphatic bonds (see below). The band at
6.9 mm is also observed in the class B spectra, but is shifted
closer to 6.8 mm there. It was shown in [65] that the class D
spectrum can be obtained by a linear combination of the
spectra of classes B and C, but only in the wavelength range of
7±9 mm, while the spectrum in the range of 11±14 mm cannot
be reproduced in this way. For the spectra of class D, as well
as of class C, it was not possible to select a set of PAHs.

As regards the spectra in the wavelength range of 11±
14 mm, it has been suggested to divide them into other classes.
In [64], a division into classes a, b, g, and dwas proposed. The
spectra of objects of these classes are presented in Fig. 1
(right side). In the spectrum of class a (H II region IRAS
F04540ÿ6721), bands at 11.3, 12.0, and 12.8 mm are clearly
visible, and the local continuum under these bands is small. In
b class spectra (IRAS 01005�7910 and IRAS 05185ÿ6806),
the band at 11.3 mm is broader, the bands at 12.0 and 12.7 mm
are either unclear or indistinguishable, and the local con-
tinuum is more noticeable. In g class spectra (IRAS
05110ÿ6616), the local continuum is even larger, and instead
of the band at 12.7 mm, bands at� 12:3±12.4 and 13.3 mm are
visible. And finally, the d class spectra (IRAS 05537ÿ7015)
have a large local continuum ranging from 10 to 12±13 mm
with a band at 11.3 mm and sometimes a band at � 10:5±
11 mm.

In [66], the spectra of objects in the range of 11±14 mm
were divided into classes D1, D2, and `big 11'. The spectra of
classes D1 andD2 are PAH-like: the local continuum extends
from � 10:5 to � 13±14 mm with a center near 12 mm, on
which the emission bands are located (objects IRAS
01005�7910, IRAS 05185ÿ6806, IRAS 05110ÿ6616, and
IRAS F04540ÿ6721 in Fig. 1). A comparison can be made
between classes D1±D2 and aÿd from [64]: class D1 includes
classes a and b, and class D2 is the g class. Objects with spectra
corresponding to the d class are not PAH-like: the local
continuum is located at wavelengths from � 10 to � 12±
13 mm with the center at 11.3 mm. Emission bands can be
superimposed on it, but their intensity is significantly lower

than the intensity of the continuum itself (IRAS 05537ÿ7015
in Fig. 1). Sloan et al. [66] assign such spectra to the `big 11'
group, which is discussed below.

It is impossible to directly compare the AÿD and aÿd
classes, because two objects of the same class in the 6±9 mm
range can belong to different classes in the 11±14 mm range, as
can be seen from Fig. 1. For example, the object IRAS
01005�7910 belongs to the A and b classes, and the object
IRAS 05537ÿ7015 also belongs to the A class in the 6±9 mm
range, but to the d class in the 11±14 mm range.

The d class spectra are observed predominantly near
PPNe, and b and g class objects also tend to have a relatively
cool central source, while a class objects are heated by a hot
source. It is impossible to say definitively whether the
particles responsible for the emergence of features in the
spectra of different objects have anything in common.
Perhaps, as in the case of the `evolutionary' sequence of
spectra from class C to class A, it is possible to trace the
change in hydrocarbonmaterial in the transition from the d to
a class. In contrast to the well-studiedwavelength ranges of 3±
4 and 6±9 mm, there are significantly fewer theoretical and
experimental data for the range of 11±14 mm, which does not
allow drawing more definitive conclusions about the source
of the bands in this range.

2.1.2 Aliphatic bands. The bands at wavelengths of 3.4, 6.9,
and 7.3 mmarise as a result of transitions caused by vibrations
of aliphatic bonds C±H in hydrocarbon particles [2, 8, 65]. It
has not yet been unambiguously established which specific
compounds are responsible for the appearance of these bands
in the ISM. Many variants have been proposed in the
literature: super-hydrogenated PAHs [67, 68], PAHs with
methyl and methylene functional groups [69, 70], HAC
particles [2, 71, 72], mixed aliphatic±aromatic organic
particles (MAON) [10], and coal [73].

The aliphatic band at 6.9 mm is observed in objects of class
D. Can objects of this class be included in the evolutionary
scenario C ! B ! A presented above? On the one hand, the
presence of a band at 6.9 mm in the spectra of this class
indicates the largest number of aliphatic bonds compared to
other classes, i.e., class D is apparently the initial stage of
particle evolution, preceding objects of class C. On the other
hand, the D class spectra can be obtained by a linear
combination of the B and C class spectra, in which case the
D class is an intermediate link between B and C. However, the
6.9 mm band is not observed in the C class spectra, whereas it
should be present in `younger' material. Jensen et al. [65]
suggested that the C andD class objects are not evolutionarily
related and represent different branches in the grain forma-
tion process. Recall that, unlike theA and B classes, no set of
PAHs could be found for the C andD class spectra, and hence
the particles of these classes are different in nature from
isolated PAHs in the gas phase [63]. It is likely that particles of
classes C and D represent different types of `astrosoot' with
different structures and different hydrocarbon domains, and
their arrangement relative to each other differs, resulting in
different optical properties.

An important indicator of the `aliphaticity' degree of the
particles is the band at 3.4 mm, which should be brighter than
those at 6.9 and 7.3 mm [61]. Spitzer2 telescope spectrographs
did not cover this wavelength range, while most of the
conclusions were made based on the data from this tele-

2 https://www.spitzer.caltech.edu/.
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scope. Information about this range was obtained from other
telescopes, such as the ISO3 and Akari 4 space telescopes, as
well as from ground-based telescopes, for example, from the
UKIRT5 telescope. The band at 3.4 mm was found both in
absorption and in emission. In [7], observations of the PPN
CRL 618 were carried out, and absorption in this band was
recorded in the spectrum, which implies the presence of
carriers of this band in the matter ejected by the star at the
AGB stage. The same spectra show a band at 3.3 mm, but in
emission, which indicates different spatial positions of the
carriers of the bands at 3.3 and 3.4 mm.

Observations of the emission band at 3.4 mmare presented
in [74]. It is shown that the ratio of the intensity of the
aliphatic band at 3.4 mm, I3:4, to the intensity of the aromatic
band at 3.3 mm, I3:3, increases with increasing Teff to
� 50;000 K, and then stays at approximately the same level.
At the same time, I3:3 relative to the total IR intensity
decreases with increasing temperature to Teff � 50;000 K,
and then increases. The authors suggest that, at the first stage
up toTeff � 50;000K, the observations reflect the destruction
of PAHs responsible for the emission at 3.3 mm, whereas, as
the H II region expands, the radiation from the star reaches
more distant regions and excites a larger number of PAHs,
but the destruction no longer occurs at the same rate due to
the longer distance from the star and a larger volume of dust
with the same number of ionizing photons. Based on the fact
that I3:4=I3:3 increases, the authors conclude that PAHs in
regions distant from the star are more saturated with
hydrogen and attach groups with aliphatic bonds. It remains
unclear why the increase in I3:4=I3:3 terminates and why the
destruction of aliphatic bonds is not reflected in the behavior
of the band at 3.4 mm. The picture is complicated by
observations presented in [75], which show that the I3:4=I3:3
ratio decreases with distance from the star: as the PDR
expands and Teff increases, a decrease in I3:4=I3:3 should be
observed, and not an increase, as in [74]. To arrive at more
substantiated and consistent conclusions, simultaneous
observations of all the main aromatic and aliphatic bands
are required, together with theoretical calculations of how the
band ratios should change as the PDR expands and PAHs
and other carbon particles are destroyed.

2.1.3 Fullerene bands. Fullerene molecules (C60, C
�
60, and C70)

have several vibrational transitions, the principal ones being
at the wavelengths of 7.0, 8.5, 17.4, and 18.9 mm [9]. These
transitions (except the band at 18.9 mm) often overlap with
the PAH bands, which imposes a limitation on the assessment
of the intensities of the bands of both PAHs and fullerenes.

To date, fullerenes have been detected in 24 PNe [76],
which is only about a few percent of all carbon PNe. The
morphology of PNe containing fullerenes (C60-PNe here-
after) can be different. Their nonuniformmetallicity distribu-
tion is noticeable: their relative abundance increases with
decreasing metallicity, which was established by comparing
the abundance of C60-PNe in theGalaxy and in the Large and
Small Magellanic Clouds (LMC and SMC) [29]. Galactic
C60-PNe also have reduced metallicity [39]. The elemental
composition of C60-PNe corresponds to the initial mass of a
star in the range from � 1:5±2:5M�, while the reduced argon
abundance in them suggests that such stars belong to the old

population [39]. A comparison of PNe with and without C60

showed that their elemental compositions are similar, with the
possible exception of nitrogen [39, 76]. In [76], it was shown
that, in C60-PNe, iron is largely found in dust, and not in gas.
It is noteworthy that the two PNe with the strongest fullerene
bands, Tc 1 and Sast2-3, have lower carbon abundances in
their gas than another C60-PN, IC 418, which has weak
fullerene bands. The C=O ratio is lower in Tc 1 than in
IC 418. Otsuka et al. [77] note that the carbon abundances in
C60-PNe are lower than in C60-free PNe for a sample of PNe
in the SMC, but the sample is very limited. On the other hand,
the carbon abundances in the gas of Galactic C60-PNe and
C60-free PNe are comparable, whence Otsuka et al. [76]
conclude that the carbon abundance, relative to oxygen in
particular, does not affect the fullerene abundances and that
the formation of fullerenes is instead influenced by the
properties of the central star.

In addition to fullerenes being more common at lower
metallicity, they are observed only in PNe with a relatively
low Teff of the central star (� 30,000±50,000 K) and in PPNe,
i.e., in objects that are in a low-ionization state [38, 39, 76].
Indeed, fullerenes are observed only in relatively young PNe
and in PPNe. The reason why fullerenes are not observed in
mature PN is unclear. One explanation may be that the
fullerene bands become invisible against the background of
dust and PAH emission when irradiated by a powerful UV
source with Teff 0 50;000 K.

Cami et al. [78] studied the spatial distribution of dust,
ionized gas, and fullerene emission in the PN Tc 1. According
to this study, these three components are located at different
distances from the star. The closest to the star is coarse dust
and probably PAHs, next is ionized hydrogen H II, and
fullerenes are already at the boundary between the H II
region and the PDR. Thus, fullerenes are visible in the areas
where the radiation field is lower than where dust and PAHs
are observed.

In [39], the flux ratio I3:3=I11:2 between the 3.3 and 11.2 mm
bands in C60-PNe was compared with that in C60-free PNe
PAHs and was shown to be lower in C60-PNe. This may
indicate that the average size of PAHs in them is smaller than
C60-free PNe PAHs. The spectra of C60-PNe correspond to
the spectra of class A.

The discovery of fullerenes and the nonuniformity of their
distribution among PNe raise a number of questions about
the evolution of carbon particles. In particular, what exactly
are the fundamental differences among their formation
scenarios at different metallicities? Namely fullerenes can be
a kind of litmus test for determining the scenario according to
which carbon particles were formed in a particular object and
under particular conditions.

2.1.4 Local continuums at wavelengths of � 8, 12, and 17 lm.
The emission bands described above `sit' on some bumps or,
in other words, on small local continuums (often called
plateaus in the literature). These plateaus are wide (approxi-
mately several mm), and their centers fall at wavelengths of
� 8, 12, and 17 mm. Figure 2 shows the spectrum of the PPN
IRAS 1005+7910, where the global continuum from the
thermal emission of large dust grains is highlighted in blue
and three local continuums, extending from approximately 6
to 9 mm, from 10 to 14 mm, and from 15 to 18 mm, are
highlighted in red.

Plateaus are observed not only in PPNe and PNe but also
in other ISM objects, although their size and shape may vary

3 https://www.cosmos.esa.int/web/iso.
4 https://www.isas.jaxa.jp/en/missions/spacecraft/past/akari.html.
5 https://about.ifa.hawaii.edu/ukirt/about-us/.
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from object to object. Unlike emission bands, which can at
least be attributed to a certain type of oscillation, if not to a
specific molecule, plateaus can probably be explained by a
combination of different oscillations. The particles in which
the oscillations occur can be pronouncedly nonplanar: three-
dimensional PAH clusters, HAC particles, and MAONs [57,
79±81]. Joblin et al. [57] note that these plateaus correlate with
the presence of an aliphatic band at 6.9 mm, which confirms a
connection with some aliphatic structures. As PNe evolve, the
aliphatic bands gradually disappear, and the plateau size also
decreases [57, 75]. In contrast, aromatic bands become
dominant in the mid-IR spectra with the PNe age.

The plateaus at 8 and 12 mm are present in the spectra of
C60-PNe. For example, in the spectrum of the PPN IRAS
01005�7910 (see Fig. 2), a broad band is seen at 18.9 mm,
similar to those corresponding to the C60 band in C60-PNe,
indicating the presence of fullerenes. The simultaneous
presence of plateaus and bands of fullerenes gave reasons to
assume that fullerenes are the result of photodissociation of
HAC particles [38, 82]. However, plateaus are found among
PNemuchmore often than fullerene bands, and therefore, if a
connection between HACs and fullerenes exists, it is not
direct and there must be additional factors influencing the
process of fullerene formation from HACs.

2.1.5 Feature at a wavelength of 11.3 lm. A feature at a
wavelength of 11.3 mm is observed in the spectra of AGB
carbon stars, PPNe, and PNe [66, 83]. This band is strong and
narrow at the early stages of the evolution of an AGB star,
but, as it evolves and the opacity of the stellar envelope
increases, the band becomes wider and flatter [84]. The band
brightness is lower for low-metallicity stars [28]. For Galactic
objects, this feature disappears at the PPN stage and rarely
appears at the PN stage. However, it is widespread and quite
pronounced inMC PNe [64, 66, 83]. It can coexist with broad
aromatic bands, but its brightness decreases with increasing
radiation field hardness [83]. The brightness of the feature at
11.3 mm also anticorrelates with the brightness of the full-
erene bands [66].

In most studies, this feature is associated with silicon
carbide (SiC) particles [84, 85]. This explains the decrease in
the brightness of this feature in low-metallicity stars because

of their lower silicon abundance. For Galactic stars, the
brightness of the SiC feature correlates with the amount of
hot dust [86]. It is assumed that, in the envelopes of Galactic
stars, SiC particles are formed before carbon particles,
because SiC has a higher condensation temperature. When
the envelope cools after the formation of SiC particles,
condensation of carbon particles begins, which can settle on
the SiC particles and form a carbonmantle [87, 88]. By the end
of the AGB star and PPN stages, the SiC cores are already
coveredwith such amantle, which is why they do notmanifest
themselves in the emission spectra. The fading of the feature
at 11.3 mm is also associated with self-absorption [89]. In PNe,
under powerful UV radiation, part of the carbon mantle can
be desorbed, as a result of which the feature at 11.3 mm can
reappear.

A somewhat different pattern applies to AGB stars,
PPNe, and PNe in the MCs. The brightness of the 11.3 mm
feature of AGB stars in the MCs is not only lower than in the
Galaxy but also appears in stars that are `redder' in IR color
indices and at a lower dust temperature than those in the
Galaxy [86, 88]. In MC PPNe and PNe, this feature is wide
and pronounced [64, 66, 83]; it is also called the `big 11.' It is
believed to arise in MC PPNe and PNe as a result of the
combination of PAH and SiC emission [64, 66]. The presence
of a strong SiC feature in MC PPNe and PNe contradicts the
above-described particle condensation sequence SiC! C
and is also inconsistent with the presumed low intensity due
to the low silicon abundance. It was assumed in [66, 88] that,
at low metallicity, the condensation temperature of SiC is
lower than that of carbon particles due to the low concentra-
tion, and therefore carbon particles are formed first, after
which a SiC mantle settles on the carbon core, possibly
mixed with carbon particles, which also continue to be
formed. The effect of metallicity on the condensation
temperature of SiC and graphite was studied in [90], with
the conclusion that both condensation temperatures are
indeed lower at lower metallicity, but it was also estab-
lished numerically that SiC particles are still the first to be
formed, after which both carbon and SiC particles start
settling down on these seeds simultaneously.

The authors of [64, 82, 91] demonstrate that the shape of
the `big 11' feature must be analyzed in each PN individually,
because its shape can be indicative of its nature. We consider
examples of IR spectra of different objects in the vicinity of
the 11.3 mm feature shown in Fig. 3a. For each object, the
profile of the observed feature was fitted by a parabolic
function in order to demonstrate the overall shape without
noise and superimposed lines. Only the resultant parabolic
functions are shown in Fig. 3b.

The classical shape of the feature at 11.3 mm in the
spectrum of a star is shown using the example of the star
MSX SMC 159 (SMC). In the MC PPNe, this feature looks
similar, which is shown by the example of the PPNSMPLMC
058 (LMC) from the sample in [66]. If we ignore the band at
� 10:5 mmcorresponding to the [S IV] line, we can see that the
11.3 mm feature in this object is very close to that observed in
AGB stars: the parabolic functions fitted to SMP LMC 058
and MSX SMC 159 are virtually identical. The feature in
SMP LMC 058 has a small prominent peak at � 11:3 mm,
narrower than the main band. This wavelength is that of one
of the vibrational transitions of PAHs. Sloan et al. [66]
concluded that the contribution of SiC to this feature is
about 90%, with the remainder being due to PAHs, as
evidenced by the band at 11.3 mm.
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The spectra of Galactic PNe are represented by the
examples of objects IC 418 and Tc 1. They exhibit a broad
band in the wavelength range of 10±14 mm, but it is clear that
the feature is shifted toward longer wavelengths with a small
peak at � 11:3 mm. As a result of a detailed analysis of this
band in the spectra of Galactic PNe, including IC 418, Otsuka
et al. [39] suggested that the spectral feature in this range is
explained by thermal emission from dust and is related to
PAHs rather than SiC: the SiC material is densely covered by
the mantle and does not show up. Bernard-Salas et al. [82]
concluded that, in the case of Tc 1 and a number of other PNe,
this feature is not related to SiC either, but is rather caused by
the emission of HAC particles, whose spectra contain broad
features at these wavelengths [2, 92]. A similar standpoint is
shared by the authors of [10, 93], where MAONs, which are
generally similar in structure to HAC particles, are proposed
to explain the 11.3-mm band. In turn, Ohsawa et al. [94]
demonstrated the spectrum of the Galactic PNG095.2�00.7,
which contains a prominent `big 11' band but lacks a band at
3.4 mm, which would indicate the presence of any hydro-
genated particles. But, first, their spectra at 2.5±5 mm and at
5±14 mmwere obtained on different devices with significantly
different characteristics, including spatial resolution, and
hence there is no absolute certainty that we are seeing the
spectra of the same object (in terms of its spatial size). Second,
dehydrogenated HAC can create a plateau at 10±14 mm but
still not exhibit a band at 3.4 mm [2]. Thus, in Galactic PNe,
the feature at 11.3 mm is similar to the local continuum at
� 12 mm discussed above, and the particles responsible for its
occurrence are therefore similar.

For comparison, Fig. 3 shows the spectrum of the
Orion Bar PDR as an example of an object with an IR
spectrum typical for emission nebulae. The spectrum
contains a broad feature in the wavelength range of 10±
14 mm, but it is much wider and flatter than those in the
spectra of AGB stars, PPNe, and PNe. Spectra with such a
local continuum can be explained by the total spectrum of
a set of PAHs [49], the emission of PAH clusters, the

above-mentioned HAC particles, or other carbon particles
[57, 95].

Today, in sum, the feature at 11.3 mm inAGB stars ismost
likely associated with SiC particles, but in the spectra of PNe
(especially Galactic ones), this feature can be associated with
carbon particles rather than SiC or with particles that include
both carbon material and SiC. For an accurate detailed
analysis and assessment of the contributions from each of
the materials, it is necessary to know the exact optical
constants of the materials of these particles. The optical
constants for the crystalline forms of SiC, a-SiC, and b-SiC
[96, 97] and the amorphous form of SiC [98] are available in
the literature. The model spectrum of b-SiC particles (taking
their shape and size distribution into account) is closest to
that observed in AGB stars, and, in addition, most of the SiC
material in meteorites is in this form [84, 97]. The optical
constants for the HAC particles and PAH clusters, which are
associated with the continuum centered at 12 mm, are also
presented in the literature [59, 81], but the model spectra of
the HAC particles do not describe this wavelength range
accurately (see Fig. 7 in [82]). Moreover, as noted above, as
an AGB star evolves, the SiC particles are covered by a
carbon mantle at high metallicity, whereas, at low
metallicity, SiC and carbon condense simultaneously. The
parameters and properties of such mixed particles (size,
shape, porosity, and optical constants) are not known, and
therefore an accurate analysis of observations and the
assessment of the contribution of each component are
currently difficult. A correct analysis of the spectra might
lead to alternative conclusions about the nature of the
11.3 mm feature in PPNe and PNe and its relation to other
features of the IR spectra.

2.1.6 Feature at 21 lm. The feature at 21 mm is observed quite
rarely and only at the PPN stage [91]. According to [99], it was
detected in 31 sources in the Galaxy and the MCs, and it is
weaker inMCobjects, indicating a dependence onmetallicity.
It is noteworthy that its position hardly varies at all from
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object to object. An example of a spectrum with the 21 mm
feature is shown in Fig. 4.

It was found in [66] that all objects exhibiting the 21 mm
feature belong to theD class in the range of 7±9 mm, andmost
of them belong to theD2 class in the range of 11±14 mm. Their
spectra clearly show plateaus at 8 and 12 mm, and the plateaus
dominate relative to the emission bands in Galactic objects,
but are lower in brightness than the bands in MC PPNe. The
spectra of objects with a feature at 21 mm contain aliphatic
bands at 6.9 and 7.3 mmand bands at 15.8 and 17.1 mm,which
presumably arise as a result of bond vibrations in alkynes
(hydrocarbons with a triple bond). We note that all class D
objects are relatively cold: their central sources have spectral
classes F or G. Probably, carriers of the feature at 21 mm can
exist or reveal themselves only under such irradiation
conditions [64].

Besides plateaus at 8 and 12 mm, spectra with the 21 mm
feature also contain a feature at 30 mm (see below) [66], but
not all objects with the 30 mm feature contain the 21 mm
feature.

There is currently no established opinion on the carrier of
the 21 mm feature. Volk et al. [99] compiled a list of options
proposed in the literature, which includes nanodiamonds
[100], titanium carbide particles [101], iron oxides [102], and
many others. However, based on the association of the
spectra with the 21 mm feature with particles possessing
aliphatic bonds, and given the evolutionary status of objects
with this feature, the most logical hypothesis is apparently
that some complex hydrocarbons, including aromatic and
aliphatic bonds with a partially amorphous and partially
aromatic structure, are responsible for its occurrence [99].
The appearance of a feature at 21 mm at the intermediate
and short stage of stellar evolution suggests that it reflects
some intermediate state of dust grains during the transition
from the amorphous to the aromatic state [66]. In [108], a
small feature at 21 mm was detected in the spectrum of
HAC particles, but additional measurements are required
to establish an unambiguous connection with HAC.
Theoretical calculations of the spectra of bulk particles
with a complex aromatic±aliphatic structure are also
necessary, which is a complex and somewhat ambiguous
problem.

2.1.7 Feature at a wavelength of 30 lm.A very broad feature is
observed at a wavelength of 30 mm, whose nature has not
been unambiguously established. It is shown in Fig. 4 in the
same spectrum as the feature at 21 mm. To make the 30 mm
feature more clearly visible, the continuum from the thermal
emission of dust fitted by the Planck function with a dust
temperature of 85 K is drawn in the figure, with the 30 mm
feature rising above it. This feature can appear both at the
stage of AGB stars and in PPNe and PNe. It is more common
than the 21 mm feature, but is not present in all objects.
Gladkowski et al. [103] noted that the shape of the feature
changes whenmoving fromAGB stars and PPNe to PNe. The
brightness of the 30 mm feature is higher for AGB stars in the
Galaxy and lower for MC stars, indicating a dependence on
metallicity [86], but this tendency disappears if we consider
PPNe and PNe [103]. In the stars of the Galaxy, the feature
appears at different stages of stellar evolution, includingwhen
the dust temperature has its maximum values (> 900 K),
whereas in the LMC and SMC, it appears only when the dust
temperature decreases, respectively, to 900 and 700 K [103].
The brightness increases as the dust cools to� 400 K, i.e., the
redder the object, the brighter the feature at 30 mm.As soon as
the dust temperature drops to � 400 K and the maximum
mass loss occurs, the brightness of this feature decreases
significantly or disappears completely, possibly due to self-
absorption. But at the PPN stage, the feature reappears, and
its brightness reaches high values.

The position of the peak of the feature at 30 mm varies
from object to object within the range from � 26 to � 33 mm
[103]. The average value of the peak wavelength is about
29 mm forAGB stars and PPNe and about 30±31 mm for PNe.
Hony et al. [104] suggested that such a shift is associated with
a change in the temperature or shape of the particles. In turn,
Gladkowski et al. [103] believe that the shift is a consequence
of a change in the structure and properties of the material
itself due to the action of the UV radiation field, but not a
change in temperature. The position of the peak has a longer
wavelength in the MC PNe, and hence these changes should
be more effective in the MCs.

It is believed that magnesium sulfide (MgS), possibly
together with iron and calcium sulfides, is responsible for
the formation of this feature [87, 105]. Zhukovska and Gail
[106] showed that the condensation and formation of
individual MgS particles is inefficient and that these particles
are more likely to condense on the surface of existing dust
grains, namely, SiC. This scenario can be supported by the
fact that the 30 mm feature is anticorrelated with the 11.3 mm
feature (SiC) described above: for AGB stars, its brightness
increases as the brightness of the SiC feature decreases [88,
106].

Although the MgS hypothesis is widely accepted among
researchers, other proposals have also been put forward. For
example, Otsuka et al. [39] showed that the continuum
emission and the strength of the 30 mm feature are correlated
and must therefore share the same carrier, namely, carbon
particles. In [39, 107], it is shown that the feature can be
described by graphite dust grains, and in [108], particles of
amorphous carbon are proposed. The main advantage of the
hypothesis about the carbon carrier is that it is consistent with
the absence of a correlation between the brightness of the
feature and the metallicity in PNe, but there is still no
unambiguous data on the resonance of carbon materials at
the corresponding wavelengths and its variation with tem-
perature.
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2.1.8 Continuum. It is generally accepted that particles of
amorphous carbon orHAC are responsible for the emergence
of the IR continuum in AGB stars, PPNe, and PNe [87, 109±
114], because amorphous carbon satisfies the observed
dependence of the emissivity on the wavelength, k / lÿ1, at
long wavelengths. Graphite particles have also been proposed
to describe the continuum, but such a dependence for them is
different: k / lÿ2 according to [115]. Men'shchikov et al. [87]
note that dust grains in PNe should be heterogeneous in
composition, be porous and loose, and also have a non-
spherical shape. From the standpoint of these authors, it is
impossible to explain the observations only by graphite
material, whereas conglomerates containing amorphous
carbon, silicon carbide, and magnesium sulfide can explain
the IR spectra, including the continuum and the features at
11.3 and 30 mm.

2.1.9 Fluxes in photometric bands and color indices. Photo-
metric color indices are widely used to study all stages of the
evolution of AGB stars Ð from late combustion stages to
PNe. Both optical color indices (e.g., in the UBV system) and
IR color indices are used, but the latter are more informative,
especially for late stages of AGB stars, because such objects
are too faint in the optical range due to the thick dust shell
surrounding them. Using color±luminosity diagrams com-
piled from the 2MASS catalog in the JHK photometric
system, we can, first, separate oxygen and carbon stars and,
second, establish at what stage of its evolution the star is as
regards dust production, because, with an increase in themass
loss of the star and dust production, the luminosity (for
example, in the K filter) decreases, while the color indices
(for example, J±K) increase. However, the assignment of a
particular characteristic to a star based on the JHK system is
often ambiguous. With the advent of the Spitzer telescope, a
new color system in the IR range was developed specifically
for the analysis of AGB stars and PPNe: the `Manchester'
system [116]. The system uses four bands with central
wavelengths at 6.4, 9.3, 16.5, and 21.5 mm. The fluxes in
these bands are measured from the spectra. The `Manchester'
color indices [6.4]±[9.3] and [16.5]±[21.5] are used to char-
acterize objects and classify them. The [6.4]±[9.3] color index
for stars indicates whether the stellar photosphere or dust
dominates in the spectrum, or, in other words, serves as a
measure of the optical thickness of the envelope and also a
measure of the rate of dust production [117]. The [16.5]±[21.5]
color index characterizes the dust temperature. An analysis
of the `Manchester' color indices of a large sample of AGB
stars revealed that the dust production rates are compar-
able for low- and high-metallicity stars, with the exception
of individual stars with extremely low metallicity
(�Fe=H� < ÿ1:0), for which the dust production rate is lower
[28, 117]. This contradicts the results of theoretical modeling,
according to which dust is produced less efficiently at low
metallicity than at high values [28].

Measurements in the standard photometric bands of the
Spitzer telescope at 3.6, 4.5, 5.8, 8.0, and 24 mm are also used
for the analysis. Based on the color [8]±[24] and [4.5]±[8]
indices, it is possible to clearly separate AGB stars and PPNe,
because the latter have already begun to remove the envelope
and cool, which leads to an increase in these color indices. At
the same time, near-IR color indices (e.g., J±K) decrease as
the central sources become less obscured by dust.

Sloan et al. [66] found that PNe containing C60 but not
PAHs have a narrow range of IR color indices ranging from

near-IR (Ksÿ[3.6]) to mid-IR ([8]±[24]), while C60-PNe and
PAHs have a wider range. This may indicate that the
conditions under which fullerenes are observed are different
from those under which PAHs are observed. It was also
shown in [66] that C60-PNe are `bluer' in the optical colors
([U±B] and [B±V]) than all other PNe and PPNe, although the
IR colors indicate a significant dust amount. The authors of
[66] concluded that dust and fullerenes are spatially separated
in such objects, i.e., there is little dust in the line of sight, where
fullerenes are observed. They hypothesized that the discre-
pancy between the optical and IR color indices may be due to
the presence of a disk in the PNe. A disk can appear in a PNe
when a binary star is located at the center [118]. If the disk is
visible to the observer face-on, then there is less absorption
along the line of sight, and the optical color indices are lower
than when the disk is seen edge-on. Also observed in the face-
on position are fullerenes that for some reason are spatially
located in the inner parts of this disk, while dust andPAHs are
located in the outer parts. However, the authors note that the
low spatial resolution of IR observations does not allow
separating different parts of the disk.

Otsuka et al. [77] have shown that the C60-PNLin 49 and a
number of other C60-PNe in fact exhibit an excess of
luminosity in the central region in the near-IR bands,
indicating the presence of a dense substructure around the
central star, the disk. In contrast to [66], where the possibility
of observing fullerenes is associated with the geometric
position of the disk, the authors of [77] believe that the
conditions in the disk (high density and temperature) are
favorable for the formation of fullerenes.

Objects with the 21 mm feature occupy a position opposite
to fullerenes on the [U±B]±[B±V] diagram and are `redder'
objects. The other PNe and PPNe are located between these
two types. The temperature of objects with the 21 mm feature
is very low, about 7000 K on average, and they are more
obscured by dust than other types of PPNe and PNe,
indicating their early evolutionary stage and hence the
earliest state of dust in them [66].

The bolometric values of C60-PNe overlap with those for
objects where the `big 11' feature and a set of other features,
including PAHs, are observed, while objects with features
similar to PAHs (but not classical PAH features) and 21 mm
(except class D2 PPNe) are brighter [66]. The division into
groups by brightness probably indicates a common nature
within each group.

2.2 Manifestations of evolutionary processes
In this section, we give additional information on the
behavior of IR features and their relations to each other,
and also present a summary of the available observations in
the form of a schematic illustration that allows drawing
conclusions about the evolution of dust from AGB stars to
PPNe (Fig. 5). Of greatest interest is probably the short
evolutionary stage of PPNe and young PNe, where a great
diversity of IR spectra is observed. In Fig. 5, we outline the
possible relations and evolutionary transitions between IR
features, although these relations are not always unambig-
uous, and in some cases are therefore shown with dashed
lines.

At the AGB star stage, the amount of dust estimated from
color indices is independent of metallicity [117, 119]. On the
other hand, the acetylene (C2H2) bands (the very first
precursor of PAHs and dust) at wavelengths of � 7:5 and
13.7 mm are more intense in MC objects than in Galactic

October 2024 Evolution of carbon particles from the stage of asymptotic giant branch stars to planetary nebulae 969



objects [28]. The bands associated with SiC (11.3 mm) and
MgS (30 mm), on the contrary, are weaker inMC stars. At the
subsequent stages of evolution, the feature at 30 mm is
independent of metallicity [103], and the SiC feature, in
contrast, is more pronounced in low-metallicity objects.
While an anticorrelation between the intensities of the SiC
and MgS bands is observed for AGB stars, this is not so for
PPNe and PNe, but the intensity of the SiC band decreases as
the radiation field hardness increases. Two scenarios have
been proposed to explain this tendency: (1) destruction of
carriers of this band [82] and (2) a decrease in the temperature
of the band carriers due to the expansion of the envelope and
increased separation from the central source [94]. We note
that the processes of cooling and destruction of the 11.3 mm
band carriers can occur simultaneously and exert a joint effect
on the observed behavior of this band; the scenarios are
therefore not mutually exclusive. The first scenario can be
additionally used to support the hypothesis of the formation
of fullerene molecules when SiC is exposed to UV radiation
[120], because the intensity of the fullerene bands anti-
correlates with the SiC band intensity [39]. The hypothesis
of a relation between SiC and fullerenes seems very promis-
ing, because both these components are manifested to a
greater extent in low-metallicity PPNe and PNe. More-
over, Otsuka et al. [39] showed that the average size of
PAHs in C60-PNe is smaller than in C60-free PNe, and the
spectra of C60-PNe correspond to the A class, while Sloan
et al. [66] note that most objects exhibiting the `big 11'
feature, i.e., presumably SiC particles, also belong to the A
class. In addition, Sandstrom et al. [121] studied the IR
characteristics of the MC ISM and came to the conclusion
that PAHs in the MCs are on average smaller in size than
in high-metallicity galaxies, which is related not to
destruction but to formation features. Thus, there is
circumstantial evidence that SiC and fullerenes may be
related, but it is impossible to make definite conclusions
about what kind of relation this is and at what stage of
evolution it forms.

According to [66], most objects with the 21 mm feature (the
coldest and youngest among the PPNe and PN) are divided
into two different groups: those whose spectrum in the
wavelength range of 11±14 mm corresponds to class D1, and
those whose spectrum corresponds to class D2. Class D2
objects with the 21 mm feature have the `bluest' colors, which
indicates greater transparency than with other objects. As
they evolve, PPNe branch into several types based on
different features. One of the characteristic signs of the
branching is the presence or absence of fullerenes. Recall
that objects containing fullerenes are also `bluer.' It is difficult
to saywhether objects with fullerenes and the feature at 21 mm
have an evolutionary connection, but this possibility must be
kept in mind. Objects with the feature at 21 mm correlate with
the presence of continuums at 8, 12, and 17 mm. Apparently,
the presence of such features reflects the `immature' state of
carbon particles, because these features appear only at the
initial stages of the evolution of PPNe and PNe. Subse-
quently, simultaneously with the emergence of PAH/full-
erene bands and an increase in their intensity, these features
disappear or become less noticeable [91].

Objects of classes C andD are predecessors of classA and
B ones, and, as the authors of [62] suggest, the particles
responsible for the emergence of C and D spectra are
something between small dust particles and freely flying
PAHs, while particles in class D objects probably have a
more pronounced aromatic structure, i.e., they represent a
complex of PAHs. Jensen et al. [65] suggest that the C and D
classes are different branches in the evolution of dust, while
Carpentier et al. [61], in turn, point to a branching of the
evolution of carbon particles into graphite-like (stacks of
planar PAHs) and fullerene-like.

In class B objects, a band at 6.9 mm is found, and hence
such objects most likely originate from class D objects.
Shannon et al. [63] believe that class A objects are the next
stage after class B, appearing under the effect of destructive
factors that make the average size of PAHs smaller. In any
case, at the final stage of evolution, i.e., in the late PN stages
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and in the ISM, the IR spectra correspond to classes A or B,
and the entire diversity of IR features observed at the early
evolution stages disappears.

3. Physical conditions in dust formation zones
and in evolution of dust

Let us consider the conditions in the envelopes of AGB stars,
at the late stages of which dust is formed, and the evolution of
these stars ending with the PN stage. At the AGB star stage,
helium and hydrogen are burning in the envelopes surround-
ing the stellar core. In Fig. 6, we schematically depict the
stellar envelope divided into different zones by physical
parameters and chemical composition. The figure shows the
average values of the density (ngas) and temperature (T ) of the
gas, depending on the distance from the star, expressed in
radii of the star (r?).

6

The layer closest to the star (within several radii) is the
molecule formation zone. Many molecules are formed there,
including H2, CO, C2, C2H2, CN, HCN, SiC2, SiS, and CS.
The next zone is the dust formation zone, where solid
macroparticles are formed: SiC, PAHs, amorphous carbon,
andMgS. High-resolution observations together with theore-
tical calculations indicate that the dust formation zone is
located at distances up to � 20r? [122]. According to various
estimates, the pressure in the stellar envelopes is in the range
of 10ÿ6ÿ10 atm, the density is 108ÿ1013 cmÿ3, and the
temperature is 500±2000 K [123±127]. Finally, the dust
formation zone is followed by a large zone of a gradual
transition to the ISM, where molecules and dust grains
carried by the stellar wind are exposed to the UV radiation
of the ISM, i.e., the PDR. This zone contains various carbon
(Cn), polyyne (HCnH), and cyanopolyyne chains (HCnN), as
well as SiCn, MgCN, and other molecules that are products of
photoreactions. The parent stars at the AGB stage are too
cold to emit UV radiation, and hence such molecules are not
formed in the layers closest to the star.

The dust formation zone is not uniform in its physical
characteristics spatially and in time. The density and

temperature decrease significantly when passing from the
inner to the outer boundaries, and periodic shock waves
caused by thermal pulsations of the star create unstable
conditions. According to [23], when a shock wave passes,
the temperature in the dust formation zone can reach
� 20;000 K and the density can be greater than 1014 cmÿ3

(which is indicated in Fig. 6 in brackets for this zone); after
that, cooling and adiabatic expansion occur. Shock waves can
significantly affect dust formation. Their influence is con-
firmed by both theoretical studies [124] and observations,
whence it follows that an increase in the duration and
amplitude of pulsations of the star result in a greater amount
of dust [117]. Although the dust (in particular, PAH
molecules) formed at the shock wave front can be destroyed,
it forms again during subsequent cooling. Shock waves and
the associated dynamical processes can lead to the formation
of clumps in the dust formation zone, which makes its
characteristics even more heterogeneous [128].

Dust grains formed in the circumstellar envelope are
exposed to radiation pressure from the star. The dust grains
effectively absorb and scatter radiation and are pushed by this
radiation into the outer layers. By transferring its momentum
to gas particles, the dust entrains them. As a result of such
processes, the stellar envelope is accelerated and mass is lost.
Thermal pulsations, together with the acceleration of the
envelope, lead to the detachment of the envelope from the
star. The relation between the mass loss rate and various
parameters of the star (mass, luminosity, temperature, excess
carbon, and metallicity) is ambiguous [129]. One of the
parameters influencing the mass loss rate is the effective
temperature of the star, a decrease in which results in an
increase in the mass loss rate [130, 131]. The defining
parameters also include the mass and luminosity of the star
[130]. Wachter et al. [130] suggest that the empirical
correlation between the mass loss rate and the pulsation
period arises from the period±luminosity coupling.

Wachter et al. [132] and Cummings et al. [133] concluded
that the mass loss rate is virtually independent of the stellar
metallicity. Moreover, Ventura et al. [134] concluded that the
production rate of carbon dust is also independent of
metallicity. At the same time, it was noted in [132] that, in
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contrast to comparable mass loss rates for solar metallicity,
the LMC and the SMC, the stellar wind velocities of these
objects of different metallicities are several times lower.
Additionally, Mattsson et al. [24] hypothesize a threshold
density for elements to condense into dust grains, below
which dust formation is inefficient. Such theoretical conclu-
sions are consistent with observational data. It has been noted
that Sloan et al. [117] found an empirical relation between the
mass loss rate and pulsation parameters, but not a relation to
metallicity, except for extremely low-metallicity stars [28].

It is assumed in some models that the wind velocity is
proportional to the relative carbon-to-oxygen excess and to
the dust-to-gas mass ratio [112, 129]; however, this relation is
not seen in observations. H�ofner [128] believes that the wide
range of parameters of observed stars, e.g., mass, age, and the
initial chemical composition, leads to a blurring of the
potential correlation, which may explain the absence of an
observed correlation. However, given that the amount of
formed dust is still smaller at low metallicity [135], the wind
acceleration should occur more slowly.

When the burning of hydrogen and helium in layer
sources ends, the star passes to the PPN stage. The layers in
which the burning occurred start rapidly compressing, and
Teff gradually increases, the luminosity remaining unchanged.
When a region of ionized hydrogen appears, the PPN passes
into a PN. Most PNe are characterized by a `two-shell'
structure. The shells are formed as a result of different
processes: ionization and stellar wind. Mellema [137] denotes
these shells with the letters I andW (for ionization and wind).
Figure 7 shows an image of the PN NGC 2022, where these
shells and other zones characteristic of PNe are indicated.
Most of the mass lost by the star during the AGB phase forms
a dense outer envelope, also called a halo. This envelope
moves away from the star at a velocity of � 10±15 km sÿ1

[138]. Intense radiation from the central source penetrates the
halo and ionizes the matter located there. At the boundary of
interaction of radiation with intact matter, conditions for a
shock wave and a corresponding shock front are created.
Behind the shock front, there is a PDRwhere photons with an
energy of less than 13.6 eV can penetrate, which can provoke
the restructuring of carbon particles and numerous photo-
reactions. The shock front, and the photoionization front
with it, move away from the star with time, expanding the
inner H II region and also making the halo matter near the
front denser and hotter. The interaction of radiation and halo
matter determines the structure of young PNe.

As the central source evolves and is heated, a fast
(> 1000 km sÿ1) but rarefied stellar wind begins to develop,
accelerating due to the absorption and scattering of radiation
by heavy elements [139]. A second shock wave is created that
propagates to the interior of the H II region. Behind the front
of this shock wave, as a result of thermalization of the energy
of the powerful reverse shock wave, a very high temperature
of � 106±107 K is reached, and the medium emits in the
X-ray range. The thermal pressure in the H II region, on the
one hand, pushes and accelerates matter to the outer regions,
and, on the other hand, slows it down in the inner regions,
which makes it denser at the shock wave front of the stellar
wind. The PN then acquires the classic `two-shell' structure.
The `two-shell' structure is relatively stable and disappears
only during the cooling phase of the central source and
recombination of PN matter or if the W-shell catches up
with the I-shell [140]. The expansion velocity of the I-shell first
increases rapidly, from � 10 to � 35 km sÿ1 at the PN stages

up to Teff � 50;000 K, and then more slowly, reaching 40±
45 km sÿ1 at Teff � 100;000 K [141]. The acceleration of the
shell is apparently associated with the density gradient of
matter in the halo, which implies that the matter ejection rate
increased towards the end of the main mass loss stage. The
expansion velocity of the W-shell, on the contrary, is almost
constant in the beginning and is at the level of < 10 km sÿ1,
and then starts increasing to 30±40 km sÿ1 due to the high
pressure inside the shell, and can exceed the velocity of the I-
shell [141]. In low-metallicity PNe, the expansion velocity of
the outer I-shell is higher than for solar-metallicity PNe due to
the higher electron density, while the expansion velocity of the
inner W-shell, conversely, is lower, because the wind velocity
is governed by the number of heavy elements [142].

4. Formation and evolution of carbon particles:
modern theoretical concepts and experiments

4.1 From C2H2 to dust
The theory of the formation of carbon particles in stellar
envelopes is in many respects borrowed from combustion
theories which are based on experiments conducted under
standard combustion conditions, although the conditions in
stellar envelopes differ from those attainable in laboratories.
In the gas of stellar envelopes, acetylene molecules predomi-
nate among small hydrocarbons, and hence these molecules
are believed to be the first precursors of dust. The sequence of
processes that leads to the formation of dust is approximately
as follows: acetylene ! benzene and polyynes ! PAHs,
nanobowls and fullerenes ! PAH clusters ! dust particles
(soot). The stages of this sequence are described below,
although alternative sequences of dust particle growth have
been proposed in the literature [143].

4.1.1 Benzene ring.Acetylene molecules participate in a chain
of chemical reactions leading to the formation of an aromatic
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Figure 7.An [O III] image of the PNNGC 2022, showing the main regions

characteristic of PNe. (Image taken with New Technology Telescope

(NTT, Chile) in [136] and provided by Romano Corradi.)
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ring, the benzenemolecule C6H6. Several pathways have been
proposed in the literature: recombination of propargyl
(C3H

�
3 ) [144], a sequence of hydrogen abstraction and

acetylene addition (HACA) reactions [145], and the reaction
between 1,3-butadienyl C4H6 and acetylene [146]. All three
reactions can occur simultaneously with varying efficiency
both in stellar envelopes and in laboratory reactors, which
leads to ambiguity in determining the main channel [147].
According to [124], the dominant one among these reactions
in the envelopes of stars is the recombination of propargyl,
but this mechanism, in contrast to HACA, almost has not
been studied experimentally. In addition, other mechanisms
of benzene formation have been proposed, for example, the
formation of benzene rings on the surface of silicon carbide
particles serving as a substrate and catalyst [148]. The PAH
molecules themselves can be a catalyst for the formation of
benzene. That is, having formed, a PAH molecule generates
similar ones, which is the basis of carbocatalysis [149]. The
formation of a benzene ring with the participation of catalysts
is widespread in industries, but the analysis of these reactions
in astrochemistry is a new direction, and the importance of
catalytic reactions for astrochemistry is still underestimated,
despite the high probability of their effective occurrence in the
envelopes of stars and other objects of the ISM.

Cernicharo et al. [150] believe that benzene is formed not
only in the stellar envelope at the AGB stage but also, and
subsequently, in a PPN, when UV radiation appears and
initiates many other chemical reactions. Among them is the
polymerization of polyynes (HCnH carbon chains), observed
in PPNe along with benzene. Krestinin et al. [151], based on
experiments with polyynes, believe that the combination of
polyynes leads rather not to the formation of benzene rings
but to the formation of PAHs and more complex macro-
molecules consisting of benzene/PAHs attached to each other

by aliphatic bonds, and soot. Cherchneff [124] believes that
such a mechanism can be effective for hydrogen-rich R CrB
stars. In turn, Woods [152] proposed a model for the PPNe
conditions, according to which benzene can appear as a result
of a chain of ion±molecular reactions, including the dissocia-
tion of HCO�, associative reactions of acetylene with C2H

�
3

and C4H
�
3 , and others. It is assumed hereafter that aromatic

molecules and dust are mainly formed at the AGB stage of a
star.

4.1.2 PAHs with two or more rings. As soon as benzene rings
appear in the medium, the processes of PAH growth and their
clustering begin. The term `growth' implies the formation of
chemical bonds between the peripheral carbon atoms in the
PAH molecule and other molecules (linear hydrocarbons or
aromatic ones), resulting in an increase of the molecule in the
plane. `Clustering' means the process of combining two or
more PAHs due to the formation of chemical or physical
bonds between them. The combining can take place at any
mutual arrangement of the PAHs, and this process therefore
gives rise to three-dimensional structures [153].

The growth of PAHs can occur due to the HACA
mechanism. There are variants of this mechanism, the
classical one of which is the following chain (Fig. 8a):
� dehydrogenation of benzene and formation of phenyl

(C6H
�
5 �;
� addition of acetylene;
� dehydrogenation;
� addition of acetylene;
� ring closure or, in other words, cyclization, accompa-

nied by another dehydrogenation.
The further sequential addition of acetylene molecules

should give rise to anthracene and phenanthrene molecules
(both C14H10), but experiments and quantum mechanical
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calculations show that the addition occurs as follows: a new
ring is built on top of naphthalene and connects both of its
rings, and the new ring is not six-membered, but five-
membered (Fig. 8b) [154, 155]. Such a molecule is called
acenaphthalene (C12H8). Five-membered rings subsequently
result in a curvature of the PAH plane, and therefore the
classical HACA scenario does not lead to the formation of
large planar PAHs.

An alternative pathway for the formation of naphthalene
is the condensation of two phenyls and the formation of
biphenyl and subsequent dehydrogenation, the addition of
acetylene, and cyclization (Fig. 8c). In this case, the third ring
is six-membered, and the final molecule is phenanthrene.
Subsequent dehydrogenation and the addition of acetylene
lead to a four-ring molecule, pyrene (C16H10). This pathway
has been confirmed both by quantum mechanical calcula-
tions and by experiment [156, 157]. In essence, this mechan-
ism can be attributed to the HACA mechanism, because the
same sequence of reactions occurs.

A mechanism similar to HACA is the HAVA (hydrogen
abstractionÐvinylacetylene addition) mechanism, in which
a vinylacetylenemolecule (C4H4) is added to benzene after the
abstraction of a hydrogen atom [158]. Initially, these two
molecules form a van derWaals complex, which subsequently
undergoes isomerization, becomes stable, and forms a
naphthalene molecule (Fig. 8d). Because the formation of
the phenyl±vinylacetylene complex occurs without a barrier,
this mechanism operates even at low temperatures, typical of
molecular clouds [158]. Thus, HAVA is a more universal
mechanism than HACA. Moreover, unlike HACA, the
HAVA mechanism can lead to a further growth of PAHs
with six-membered rings, i.e., the formation of naphtha-
lene can be followed by the synthesis of anthracene,
phenanthrene, phenacene (C18H12), triphenylene (C18H12),
helicene (C18H12), and other PAHs [157, 159]. In Fig. 8d,
the pathways to phenacene and triphenylene are shown.
Experiments tracking the considered mechanism were
conducted in reactors at both high temperatures corre-
sponding to the envelopes of AGB stars [160] and
extremely low temperatures, around 10 K [158].

A mechanism competing with HACA and HAVA is PAC
(phenyl addition±dehydroCyclization), which includes suc-
cessive reactions of phenyl addition, dehydrogenation, and
aromatic ring closure [161, 162]. Phenyl can attach to two
carbon atoms of the biphenyl molecule, and, after several
dehydrogenation reactions, a new ring closes in the center
between the three original ones, and a triphenylene molecule
is formed (C18H12). If phenyl attaches to a naphthalene
molecule, the same sequence of reactions leads to the
formation of fluoranthene (C16H10), which has a five-
membered central ring (Fig. 8e). Both pathways have been
tracked in experiment [161, 163]. If the triphenylene molecule
is a precursor of planar PAHs, then the fluoranthene
molecule leads to the formation of volume molecules and
particles, including fullerene molecules, which is discussed
below. It should be noted that the factors determining which
of the mechanisms, HACA, HAVA, or PAC, dominates in
the dust formation zone are unknown.

The considered reactions promote the growth of PAHs
from smaller components (the so-called bottom-up mechan-
ism), whereas PAHs can be formed in the ISM by the
destruction or transformation of larger particles (the top-
down mechanism). Merino et al. [125] conducted an experi-
ment in which the surface of silicon carbide coated with a thin

layer of graphite was hit with a hydrogen beam under
conditions simulating the envelope of an AGB star. As a
result, benzene and PAH molecules were detected, whence it
was concluded that not only the benzene ring (as in [148]) but
also PAHs are formed on the SiC surface. Scott et al. [34]
detected PAHs among the dissociation products of HAC
particles. Thus, top-down mechanisms can be considered an
additional source of PAHs.

4.1.3 Fullerenes. Fullerene molecules are often present among
the combustion products of hydrocarbons along with PAHs
and soot. It was noted in [164, 165] that fullerenes are more
likely to form at low pressures. Several theories have been put
forward in the literature on how and under what conditions
these molecules are formed, but not all of them are applicable
to space conditions. As in the case of PAHs, the formation
mechanisms can be divided into two categories: bottom-up
and top-down.

We start with the bottom-up mechanisms. In industry,
fullerenes are obtained from carbon vapor at high tempera-
tures. Carbon vapor can be produced in different ways: by
heating and evaporation of graphite rods, by laser ablation of
graphite plates, by electric arc discharge between graphite
electrodes, or by combustion of hydrocarbons. In all these
methods, the fullerenes are assumed to be assembled from
small components, but how exactly the assembly process
occurs is not determined. Dunk et al. [166] proposed an
assembly mechanism called `closed network growth' (CNG).
According to this mechanism, the smallest fullerenes
(NC � 24; 28) appear first, and then these fullerenes grow by
adding atomic carbon and diatomic carbon molecules. In
essence, in other words, the fullerenes formed first catalyze
the growth of higher fullerenes. In subsequent studies, Dunk
et al. [167] showed that such a process should occur in the
conditions of stellar envelopes in the presence of hydrogen
and/or oxygen. Moreover, they showed that, in addition to
pure fullerenes, there is a high probability of metallofullerene
formation in stellar envelopes and in supernova remnants.

In [166, 167], only a general concept was proposed,
whereas a detailed elaboration of the chain of chemical
reactions occurring during the assembly of fullerenes is
needed. It has already been shown above that the PAC
mechanism can lead to the formation of a fluoranthene
molecule (C16H10). Fluoranthene can grow to coranulene
(C20H10) via the HACA mechanism, i.e., as a result of a
sequence of reactions of hydrogen abstraction and acetylene
addition (Fig. 8e). This chain of reactions has been studied
both theoretically and experimentally [168]. In [169], a
subsequent path from coranulene to the nanobowl C40H10

was demonstrated numerically. This nanobowl has a hemi-
spherical shape, is of the same structure and geometry as the
fullerene C60 molecule, and makes up 2=3 of C60. The authors
of [169] believe that the nanobowl is a fullerene precursor. The
mainmechanism ofC20H10 growth toC40H10 isHAVA. First,
a pentacoranulene molecule C40H20 forms due to five
successive reactions of vinylacetylene molecule addition,
accompanied by dehydrogenation, and then the pentacora-
nulene molecule undergoes several cycles of dehydrogenation
and cyclization, resulting in the formation of a nanobowl
C40H10. Thus, a step-by-step scenario of the bottom-up
mechanism of the formation of the fullerene C60 precursor
is presented in [169]; this scenario can be realized in
envelopes of carbon AGB stars, but its efficiency has yet
to be assessed.
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Homann [170] proposed a slightly different scenario of
fullerene formation for low-pressure flames. According to
this mechanism, first, two planar PAHs are cross-linked due
to the formation of one bond between two peripheral rings.
Next, a second bond is formed between these rings and a new
ring is closed, which becomes five-membered. Then, a
sequential chain of HACA and cyclodehydrogenation reac-
tions occurs, whereby new rings are formed, mainly five-
membered. An increase in the number of five-membered rings
leads to a stronger curvature of the molecule and its gradual
folding into a fullerene.

In astronomical studies, the idea of alternative, top-down,
mechanisms of fullerene formation has become very popular.
This is important for expanding the potential sources of
fullerenes and modeling the evolution of carbon particles in
stellar envelopes and beyond. Top-down mechanisms are
supported primarily by experiments in which fullerenes are
formed as a result of the destruction of larger particles. In
[171], a graphene monolayer exposed to irradiation from an
electron gun was used as such particles. This process was
monitored using an electron microscope. The images showed
changes in the structure of the graphene layer and its
transformation into fullerene in real time. In [172], PAH
molecules C66H26 and C78H26 irradiated with a UV laser were
used instead of graphene. The dissociation products were
detected using a mass spectrometer, and among the products
were fullerene molecules C60 and C70. In the experiment in
[34], HAC films were exposed to external influence (UV
radiation), and a mass spectrometer recorded many different
PAHs (naphthalene, C10H8, anthracene, C14H10, etc.) and
fullerenes C60 and C70 among the dissociation products.

Based on the results of these experiments, several
scenarios for the formation of fullerenes were put forward
and several models were developed: Micelotta et al. [173]
proposed a model for the formation of fullerenes from HAC;
models for the formation of fullerenes from PAHs were
developed in [174, 175]. However, it is likely that the
bottom-up and top-down mechanisms coexist in space
objects, with a varying contribution from each, depending
on the specific physical conditions.

4.1.4Macroparticles (dust).The next stage after the formation
and growth of PAHs and/or fullerenes is their clustering and
the formation of macroparticles. During the first stages of
combustion, the following particles can be observed under
various conditions: (1) polyynes, positively charged and
neutral (with the diameter d of the order of 1 nm); (2) PAHs
and graphenes in a wide range of sizes, also positively charged
and neutral (d � 1 nm); (3) fullerenes (d � 1 nm); (4) nanosize
soot seeds or PAH clusters (d � 1±6 nm), which lack a regular
structure; subsequently, these seeds become the nuclei of soot
particles and, probably, also interstellar dust; (5) partially
mature particles (d � 1±6 nm) that contain layered graphite-
like structures; and (6) primary nanoparticles with a mature,
most regular structure (d > 6 nm) [143]. By macroparticles,
we understand particles from item 4 and further. It should be
noted that the hydrogen-to-carbon ratio reaches high values
in the most immature particles (item 4) and is about 0.7, and
then this ratio decreases as the soot matures [143].

In the formation of soot, PAHs are preferable to aliphatic
hydrocarbons as precursors. This was found bymeasuring the
soot yield at different fuel compositions [176]. While the
identification of large PAHs was difficult, it was believed
that only PAHs consisting of just a few (2 to 5) aromatic rings

participate in soot formation [177], but, with the development
of technological capabilities, it became obvious that large
PAHs up to 80±100 carbon atoms are present in the
combustion process [178], and all of them can form clusters,
although clusters produced from larger PAHs may take more
time to be formed and are therefore more rare [179]. In
contrast to the formation of PAHs, modeling and experi-
mental monitoring of their clustering process are more
difficult, despite a large number of studies in this field [180±
182]. It remains unclear exactly how the PAH clusters, or, in
other words, primary soot seeds, are formed. Dimers and
clusters formed by physical (van der Waals) bonds alone are
unstable, and the rate of the reverse reaction exceeds the rate
of the forward reaction.

Curved PAHs are polarized, and hence compounds
involving them have higher binding energies than those with
planar PAHs. If curved PAHs are present or even prevalent in
the environment, the process of their clustering can be
dominant in dust growth [187]. However, even in that case,
the soot formation rate is too low to explain the amount of
soot formed.

Because the rates of physical clustering and soot growth
due to chemical reactions, for example, via the HACA
mechanism, do not reach the required values [143, 188], the
question of a combination of these processes began to be
investigated. It is assumed that, during the formation of a
physical PAH cluster, a chemical bridge forms between the
PAHs, which stabilizes this cluster.

Compact PAHs (e.g., coronene) formed during combus-
tion are not chemically active in the neutral form, but
reactions between their radicals can be very effective. PAHs
that have lost one hydrogen atom become highly reactive
according to quantum mechanical calculations [183]. These
PAHs can form dimers both with the same radicals and with
nonradical PAHs [184, 185] (Fig. 9a). PAHs with five-
membered rings are more active in forming dimers than
ordinary PAHs [186]. Frenklach and Mebel [182] proposed
an `E-bridge,' which is made of two bonds between two free
peripheral carbon atoms in a PAH; given such a bridge, the
presence of a peripheral five-membered ring is necessary.
Aliphatic bonds between aromatic molecules can act as a
bridge [189±191], which is considered the option closest to the
case of stellar envelopes. PAHs with alkyl groups and
aliphatic bridges have been detected experimentally both in
combustion reactors under atmospheric pressure [192] and in
astrochemical experiments, which revealed the presence of
both aromatic and aliphatic bonds in the formed particles
[193]. With this formation of PAH clusters, the resulting
particles are characterized by a high H=C ratio, which is
important for stellar envelopes because of their high hydro-
gen content. It is assumed that the leading role in the
formation of aliphatic bridges is played by methyl groups
attached to PAHs; the detachment of a hydrogen atom from
them leads to the formation of an active radical. PAH
molecules can also be linked via acetylene molecules and
polyacetylene chains [194, 195].We also note that the stability
of aliphatic PAHs increases if the PAHs have five-membered
rings [196].

According to [182], the `E-bridge' is kinetically stable,
unlike single aliphatic bridges and other types of compounds
(for example, zigzag ones); nevertheless, aliphatic bridges can
probably survive under the conditions of stellar envelopes. A
model of the formation and evolution of nanoscale arophatic
clusters, which can be considered as PAH clusters in which
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PAHs are connected by aliphatic bonds (Fig. 9b), was
presented in [173]. The authors hypothesize that such
particles serve as precursors for interstellar fullerenes,
because, when interacting with UV radiation, they lose the
weakest aliphatic bonds and gradually acquire a closed
fullerene-like shape. A more extensive model, based on the
same idea of the formation of primary soot particles from
PAHs by their connection with aliphatic bonds, was pre-
sented by Jones in a series of studies [59, 197, 198].

The resulting dust grains, according to the Jones and
Micelotta models [59, 173, 197, 198], have high H=C ratios
and an sp3=sp2 bond hybridization. These grains then evolve
under the influence of the UV radiation field in PPNe and
PNe. Their structure changes from a chaotic amorphous state
with a small number of aromatic islands to a more ordered
arrangement with predominantly aromatic bonds. This
transition is monitored by the ratio of the band intensities at
3.3 and 3.4 mm [58]. During this process, various fragments
can separate from the grains, including freely flying PAHs
and fullerenes [34]. Despite a common formation mechanism,
the building blocks of particles at low and solar metalli-
cities would most likely be different. The ratio between the
number of nonplanar (five-membered) PAHs and planar
(six-membered) PAHs is likely to be higher in the former
case, which mainly leads to the formation of fullerenes
possible.

After the formation of primary soot particles with a nearly
spherical shape, the process of aggregation and coagulation
of these particles begins, resulting in the formation of
nonspherical conglomerates. The efficiency of this process
depends largely on the particle collision rate, i.e., on their
concentration. Consequently, under the conditions of stellar
envelopes, it probably does not proceed as efficiently as in
combustion reactors, but, as noted in [87], dust particles must
be asymmetric to explain the observational characteristics in
PNe, and it is therefore possible that large dust particles are
asymmetric conglomerates of primary soot particles with a
high degree of fractality, similar to those observed in
laboratories (Fig. 9c).

4.2 Effect of oxygen on formation and evolution
of polycyclic aromatic hydrocarbons, fullerenes, and dust
Determining the factors that significantly affect the final
products obtained in experiments is important for establish-
ing the cause of the nonuniform distribution of fullerenes and
PAHs in PPNe and PNe with different characteristics, in

particular, metallicity. According to the results of experi-
ments, factors such as temperature, pressure, and the initial
gas composition affect both the number/amount of PAHs,
fullerenes, and dust, and the structure of dust (see Section 5
and [164, 165, 200]). As regards the combustion process, one
of the key elements in the gas composition is oxygen. In
experimental studies, a significant effect of oxygen on the
combustion process and the final products, including the
formation of fullerene molecules, has been repeatedly noted
[165, 201]. In chemical modeling of the envelopes of AGB
stars, it is generally assumed that all oxygen is locked in CO,
and therefore it does not participate in carbon chemistry
reactions [202].However, Cherchneff [23] believes that atomic
oxygen can appear in the gas due to collisional dissociation of
CO during the passage of periodic shock waves. In some
studies (see, e.g., [23, 203]), oxygen is included in the network
of chemical reactions of the envelope models of AGB stars,
which then allows explaining the formation of water
molecules observed under these conditions. It is possible
that, besides the water formation reactions, oxygen also
participates in carbon chemistry reactions that give rise to
PAHs, fullerenes, and dust. In the overwhelming majority of
astrochemical experiments, the influence of oxygen is not
discussed either, although its presence among the reactants is
possible. As an exception, we note the experiments in [60, 61]
(see Section 5), which indicate that oxygen is not included in
the final composition of soot. In this section, we discuss the
influence of oxygen on the formation of carbon particles in
more detail in order to emphasize its potentially significant
role in this process in the envelopes of AGB stars, whereas, in
Section 5, which is devoted to astrochemical experiments, the
role of oxygen is not considered.

The function of oxygen in combustion of hydrocarbons
has not been established unambiguously. The diverse data on
its influence available in the literature are evidence of the
complexity of this influence. First, oxygen affects the
formation of PAHs. In [182], it was concluded that, when
combustion reactors are pumped with oxygen, PAHs are
oxidized and their sizes decrease. In [204], it was emphasized
that taking oxygen chemistry into account is necessary to
correctly describe the results of experiments with its addition.
In the absence of oxygen, PAH growth occurs due to the
addition of acetylene (the HACA mechanism), but, in the
presence of oxygen, the addition of acetylene competes with
the addition of oxygen. The addition of oxygen leads to the
formation of heterogeneous (oxygen-containing) five-mem-

a b c
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Figure 9. (a) Simulated image of a PAH cluster formed by an aliphatic bridge. (Reprinted with permission from [191]. Copyright American Chemical

Society, 2020.) (b) Simulated image of an arophatic particle. (Illustration taken from [173] with permission from theAAS.) (c)Microscopic image of a soot

particle. (Taken from [199] with permission from the AGU.)
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bered rings in PAHs, which can participate in chemical
reactions differently from homogeneous PAHs. The authors
of [204] suggest that curved PAHs (with five-membered rings)
are more likely to form dimers than their flat counterparts.
According to the authors, the structure and shape of PAHs
are more important factors for dimerization and further
clustering than their size. Liu et al. [205], on the contrary,
argue that oxygen-containing PAHs can significantly affect
the chemistry of PAHs, but not the process of initiation of
clustering and soot formation. Frenklach et al. [188] share the
same opinion and believe that oxygen cannot be a key element
for the PAH clustering process.

Oxygen may not be key for the initiation of the PAH
clustering process, but it has a significant effect on the amount
and structure of the formed soot. In [206], it was shown
experimentally that the addition of oxygen to fuel inmoderate
quantities results in soot formation starting at lower tempera-
tures (9 2000 K) compared to pyrolysis, whereas, at higher
temperatures, the addition of oxygen suppresses soot forma-
tion. The effect of oxygen was especially strong in acetylene
gas. An increase in the amount of soot and its faster formation
with the addition of oxygen to the fuel were also observed
in [207].

In the experiment conducted in [208], smaller particles and
a smaller amount of soot were formed with the addition of
oxygen, although the number of precursors of aromatic
molecules (e.g., acetylene) and small aromatic PAHs was
greater. Thus, a larger amount of acetylene and higher
number of small PAHs does not guarantee a greater number
of large particles.

Furthermore, it was shown experimentally in [209] that
adding oxygen up to a certain level leads to an increase in the
amount of soot, but then, on the contrary, suppresses soot
formation. In [210], the nonmonotonicity of the dependence
of the soot yield on the amount of added oxygen was also
tracked; first, an increase is observed, which is followed by a
decline. The authors believe that the addition of oxygen
disrupts the balance between the PAH growth and soot
formation processes, and unexpected reverse effects can
occur in these processes at certain oxygen concentrations.
We also noted that the addition of oxygen to the fuel leads to a
richer composition of its decay products, i.e., various soot
precursors, which increases the versatility of soot formation
pathways [210].

Let us consider how oxygen can affect the synthesis of
fullerenes. Baum et al. [164] demonstrated that the number of
synthesized fullerenes depends on the amount of oxygen: at
C=O � 1, the maximum number of C60 fullerenes is reached,
and with a change in C/O in one direction or another, the
number of fullerenes decreases. Small PAHs with NC 9 30
carbon atoms behave similarly, while the number of larger
PAHs, on the contrary, increases. A similar anticorrelation
between the number of PAHs and fullerene/curved structures
was observed in the experiments in [165], where the structure
of carbon particles changed, depending on the flame height:
initially, curved molecules and fullerene-like soot were
formed, but after reaching a peak in the number of full-
erenes, planar molecules began to form instead of curved
ones. The authors of [165] believe that, with a higher amount
of oxygen, oxidation of fullerenes occurs, which negatively
affects their number but favors the growth of PAHs due to
oxidation and the release of peripheral bonds for the addition
of acetylene. In addition, they established experimentally that
fullerenes are formed more efficiently at lower pressures, and

their absolute number, like the amount of soot, can decrease,
but their number relative to soot increases.

Finally, oxygen can have different effects on combustion
products, depending on whether it is present in atomic or
molecular form. According to [201], an increase in the level of
atomic oxygen in the initial gas leads to the formation of
planar structures, while, in the presence of molecular oxygen,
the number of fullerenes and amount of fullerene-like soot
increase. At minimum amounts of atomic and molecular
oxygen, curved structures are observed; with an increase in
the amount of atomic oxygen, until a certain level is reached,
planar PAHs dominate, and these PAHs are large. But, with a
further increase in the amount of atomic oxygen, the size of
the resulting PAHs decreases.

Summarizing the results of the experiments, we can
conclude that (1) the oxygen abundance affects the size,
shape, and number of the resulting PAHs; (2) the oxygen
abundance determines the appearance of curved molecules
and fullerenes; (3) the dependence of the number of formed
soot particles is nonmonotonic: on the one hand, small
quantities of oxygen favor the formation of soot, but, on the
other hand, when a certain level is reached, the formation of
soot is suppressed. The results of the described experiments
cannot be directly adapted to the conditions of the dust
formation zone, but they allow arguing that oxygen plays an
important role in the formation of carbon particles in it, as it
does in the laboratory. Therefore, theoretical and experi-
mental studies of the formation of carbon particles are
needed, in view of the function of oxygen as one of the
factors influencing the final products observed in AGB
stars, PPNe, and PNe, as well as later in the ISM.

In this section, the role of oxygen was considered, but
other chemical elements can also affect the formation of
PAHs, fullerenes, and dust. Metal catalysts, widely used in
industry, are present in the envelopes of AGB stars, but their
function is not considered in astrochemistry, whereas, for
example, nickel promotes the twisting of planar PAHs into
fullerenes according to [211]. Considering the moderate
relative number of heavy elements, it is doubtful that they
can play a significant role in the chemical evolution of carbon
particles and other molecules. However, even single atoms
inside carbon particles can be important, as shown by studies
of single-atom catalysis [212, 213], and therefore the assess-
ment of the influence of catalysts on the formation and
growth of carbon particles requires no less attention than
the assessment of the influence of oxygen.

5. Astrochemical experimental studies
of interstellar dust analogues

5.1 Laboratory synthesis of interstellar dust analogues
The conditions in stellar envelopes can be compared with
combustion reactors, the difference being that the main
chemical element in the envelopes is hydrogen, and the
density and pressure are lower than normal and than those
usually maintained in laboratory reactors. Namely these
factorsÐ the chemical composition and pressure of the
gasÐ are critically important for the structure of the
particles formed. For example, it was noted in [214] that an
increase in the hydrogen abundance leads to an increase in
PAHs among the products, while the fraction of fullerenes
decreases, and hence hydrogen-rich envelopes do not favor
the formation of fullerenes. The defining role in the formation
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of a particular structure is played by pressure: at its elevated
values, a regular graphite structure is formed, and at
extremely high values, a diamond-like structure is formed
[215±217]. Pressure also affects the size of the particles
formed. For example, when the pressure was reduced from
10 to 3 atm, the diameter of the primary soot particles formed
decreased from 47 to 17 nm [218]. Temperature is an equally
important parameter [219].

As already mentioned above, the pressure in stellar
envelopes is 10ÿ6ÿ10 atm, the density is 108ÿ1013 cmÿ3,
and the temperature is 500±2000 K [123±127]. To obtain
astrochemically relevant results, specialized experiments
are conducted in which conditions are created that are as
close to the those of stellar envelopes as possible and are
aimed at producing interstellar dust analogues (IDAs). To
date, many different techniques have been used, which are
listed in [61] and in the supplementary material to [220].
This list includes laser ablation, combustion, pyrolysis,
dusty plasma, and gas condensation. Below, we discuss
the results of astrochemical experiments using various
techniques.

Kova�cevi�c et al. [221] conducted an experiment to study
the formation of dust in a reactor during the occurrence of a
radio-frequency discharge in a gas of acetylene, argon,
nitrogen, or oxygen. The pressure in the reactor was set at
10ÿ4 atm; the temperature was at the room value (about 290±
300 K). Particles were formed in the resulting plasma, in the
IR spectra of which aliphatic bands were present at 3.4, 6.9,
and 7.3 mm. It is assumed that the growth of particles
occurred due to the polymerization of low-atomic hydro-
carbons (C2nHm), including benzene rings.

In [222], experiments were conducted with laser ablation
and laser pyrolysis of carbon materials at different pressure
and temperature values. These experiments can be divided
into two categories: high-temperature ones with T > 3500 K
and a pressure of 10ÿ3ÿ10ÿ2 atm, and low-temperature ones
with T � 1000±1700 K and a pressure of� 0:7 atm. Graphite
electrodes (for ablation) and hydrocarbons (C2H2, C2H4, and
C6H6) were used as precursors. The products of laser ablation
and laser pyrolysis were deposited on a substrate and
analyzed using electron and mass spectroscopy, chromato-
graphic methods, and a spectrometer. In the high-tempera-
ture regime, small (several-nanometer) particles of fullerene-
like soot were obtained, whose structure is based on spherical
molecules linked by aliphatic or van der Waals bonds. In the
low-temperature regime, larger particles of graphite-like soot
(several tens of nanometers) were obtained, along with a
number of different PAHs. The authors assume that the first
regime corresponds to the remnants of supernovae or Wolf±
Rayet stars, and the low-temperature mode, to the envelopes
of AGB stars. Indeed, in the dust condensation zone around
AGB stars, the temperature does not exceed 2000 K on
average, but, as was shown in [23], it can reach 20,000 K
during the passage of shock waves, and hence it is possible for
fullerenes and fullerene-like soot to be formed precisely at the
moments of shock wave passage, and for PAHs and graphite-
like soot to be formed at other times.

Biennier et al. [223] conducted an experiment on the
pyrolysis of acetylene gas. The pressure and temperature in
the chamber were maintained at 10ÿ5 atm and 1800 K. The
obtained particles were complexes of aromatic rings linked by
aliphatic bonds. Despite the predominantly amorphous
structure, graphite inclusions consisting of several graphene
layers were found in the particles. Both aromatic and

aliphatic bands were observed in the IR spectra of these
particles. The authors suggest that the obtained particles are
an intermediate stage in the evolution of dust on the way to
aromatization.

An example of experiments on hydrocarbon combustion
under astrophysical conditions is provided by the one in [60].
The temperature was about 2000 K and the pressure from
2� 10ÿ2 to 10ÿ1 atm. Unsaturated hydrocarbons (C2H2,
C2H4, and C3H6) were used as precursors; they were mixed
with oxygen in such a proportion that the C/O ratio ranged
from 0.5 to 2. After the combustion reactor, the gas entered
the precipitation chamber with a pressure about 10ÿ3 atm and
room temperature. The combustion products were deposited
on a substrate, and IR spectroscopy of the resulting IDA
(more than 50 different samples) was applied. The main
results in [60] are as follows: (1) acetylene is the most suitable
precursor for dust formation, and (2) the ratio between the
intensities of the bands at 3.3 and 3.4 mm, i.e., between the
number of aromatic and aliphatic bonds, definitely correlates
with the position of the band at 6.2 mm. The central
wavelength of the band at 6.2 mm was observed at � 6:3 mm
for the least aromatic samples and was shifted to 6.2 mm for
the most aromatic ones. Although no structural analysis of
the samples was performed in [60], the IR spectra indicate that
the particles obtained are a mixture of aromatic molecules
linked by aliphatic bonds. This experiment is consistent
with the assumption that class C objects contain mainly
dust particles with a large fraction of aliphatic bonds, while
class A and B objects, on the contrary, contain dust particles
with predominantly aromatic bonds. The authors note that
the presence of oxygen in the initial gas mixture did not affect
the final spectra, i.e., bands corresponding to bonds between
carbon and oxygen were hardly observed.

Carpentier et al. [61] performed a similar experiment on
the same setup as in [60], varying the initial mixture composi-
tion (C2H4=C3H6), carbon-to-oxygen ratio (C=O � 1:1, 1.4,
and 1:6), and pressure (from � 10ÿ2 to � 8� 10ÿ2 atm).
Three samples of IDAwere obtained, which can be compared
to three different types/stages of objects. According to high-
resolution images (Fig. 10), these samples are as follows.
(1) Sample 1 is a material with the least number of curved and
tortuous substructures and the largest number of planar
aromatic molecules, poorly connected to each other; the
ratio sp3=sp2 � 0:1 is low. (2) Sample 3 is a material with the
largest number of nonplanar, tortuous, and curved aromatic
substructures, well connected to each other by aliphatic
bridges; the substructures have a predominantly curved or
quasi-spherical shape and there are many defects in the form
of non-six-membered rings in the aromatic molecules that
make up the substructure or on the periphery of these
molecules, where they are connected by aliphatic bridges;
and the ratio sp3=sp2 � 9 is high. (3) Sample 2 is a material
with intermediate characteristics between Sample 1 and
Sample 3. We note that Sample 1 particles were obtained at
the maximum C=O value equal to 1.6, and Sample 3, at the
minimum value equal to 1.1. It is noted in [61] that, in the
process of dust formation, the evolutionary path apparently
branches into the paths leading to PAHs and to fullerenes.
The `fullerene' path can then eventually lead to the formation
of not only fullerenes but also particles with spectral proper-
ties of classes A and B as a result of transformations and the
formation/growth of planar PAHs on the surface. In [222],
such branching occurred, depending on the temperature, but
it was shown in [61] that branching can occur when the gas
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composition and pressure vary. The difference between the
samples lies in the tortuosity and curvature of the molecules
and in their connections to each other. We have noted that
dimers and clusters of curved molecules are more stable, and
the bonds in these clusters have different characteristics. Such
a material can probably be more resistant to external effects.
The structure of the formed particles is irregular, but not
purely amorphous, because it consists of aromatic molecules.
The authors of [61] note that, during the formation of dust, a
separate branch with particles of amorphous carbon must
also exist.

The results of an experiment at the COSmIC facility,7

designed specifically to simulate the processes of formation
and growth of IDAs, are presented in [224]. In the experiment,
a pulsed gas discharge was created in a prepared gas mixture
with argon as a carrier gas, resulting in the generation of a
supersonic plasma jet with parameters close to the astro-
physical ones. Various carbon molecules and particles were
formed in this jet. The formed particles were registered and
identified using a high-resolution spectrometer and time-of-
flight mass spectroscopy. Various mixtures were used as
initial ones, including mixtures of alkanes, alkynes, alkenes,
monocyclic aromatic molecules (e.g., benzene), PAHs, and
combinations of such mixtures. As a result, it turns out that,
first, the final products differ greatly if the precursors are
different, and second, particle growth is observed only in the
case of mixtures of unsaturated hydrocarbons and mono-
cyclic aromatic rings, while, when using mixtures of PAHs
(e.g., naphthalene), molecular growth of particles did not
occur. Thus, it was demonstrated experimentally that
particles grow due to chain elongation, the formation of

aromatics, and the interaction of the smallest aromatic
molecules and unsaturated hydrocarbons. Small hydrocar-
bons initiate reactions of carbon particle growth, while PAHs
can serve as building blocks for clustering but do not initiate
their growth.

Recently, the Stardust facility [220] was built, where, in
contrast to combustion or gas discharge experiments, astro-
physical conditions of the dust condensation zone are directly
produced. This facility consists of several modules aimed at
studying different conditions. The module for studying the
envelopes of AGB stars contains four chambers connected in
series, simulating the path of atoms/molecules from the inner
to the outer regions of the envelope: (1) a chamber where the
initial gas mixture is injected and where the aggregation and
growth of molecules and particles begin; (2) a diagnostic
chamber, whose contents are measured; (3) a furnace
chamber, where temperatures comparable to that in the dust
formation zone are attained; (4) an acceleration chamber,
where the formed particles are accelerated similarly to how
this occurs in the envelopes of AGB stars. The chemical
composition in each chamber can be controlled and the
required ratios between the elements can be created. To
date, the Stardust setup is undoubtedly the closest to
astrophysical conditions, and the results obtained there are
of particular interest.

In [220], the results of an experiment at the Stardust
facility are presented, where conditions corresponding to
circumstellar envelopes were created: low pressure and a
hydrogen-rich environment. The gas concentration in differ-
ent chambers was set from� 108 to 1012 cmÿ3. The initial gas
mixture included hydrogen (H2) and carbon, and the ratio
between the hydrogen and carbon concentrations was � 102,
which is lower than the observational estimate of this ratio in
stellar envelopes (� 103ÿ104 [122, 225]) but close to it. The
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Figure 10.High-resolution electron microscope images of IDA samples. (Figure taken from [61] with permission from A&A.)

7 https://www.nasa.gov/ames/spacescience-and-astrobiology/cosmic-fa-

cility.
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temperature in the chambers did not exceed 1000 K. Accord-
ing to the experimental results, amorphous carbon particles
and aliphatic carbon chains formed in such an environment,
while the formation of aromatic molecules and fullerenes was
inefficient. At the same facility, Santoro et al. [193] conducted
an experiment complementing the preceding one. The initial
composition of the gas was changed to include acetylene in
addition to hydrogen and carbon. The products contained
polyynes, aromatic molecules (benzene, toluene, naphtha-
lene, etc.), hydrogenated and nonhydrogenated carbon
clusters, and, finally, nanoscale particles. The last of these
were a complex structure consisting of small aromatic islands
connected by aliphatic and olefinic bonds. Thus, adding
acetylene to the initial gas composition significantly affected
the results.

An interesting method for obtaining IDAs was recently
proposed in [62]. In that experiment, molecular hydrogen and
various carbon particles were mixed, including graphite,
fullerenes, and nanotubes. The mixture was then subjected
to a process similar to milling. As a result, particles were
obtained whose spectra are similar to those of previously
obtained IDAs and the spectra of classes C and D. The
authors emphasize that such a process definitely does not
occur in the ISM, but this technique can be used for the
relatively simple production of IDAs for their further analysis
and study, for example, as regards their interaction with UV
radiation.

Summarizing the results of the experiments on the
synthesis of IDAs, it can be concluded that, under the
conditions of AGB star envelopes, particles with a predomi-
nantly amorphous structure are formed, which include
aromatic islands, both planar and nonplanar, linked to each
other by aliphatic or olefinic bonds. Depending on the
formation conditions (temperature, pressure, and chemical
composition of the initial gas), the particles can differ from
each other in the ratio among the numbers of sp, sp2, and sp3

bonds, the proportion of hydrogen relative to carbon, size,
structure, and other characteristics.

All the above experiments pertain to carbon particles,
but SiC particles and probably MgS also form in the
envelopes of AGB stars. As noted above, it is assumed
that, due to different condensation temperatures, dust
grains are not uniform in composition: at solar metalli-
city, SiC condenses first, and these particles become the
cores of dust grains; next, carbon and carbon molecules
condense, creating a carbon mantle with an amorphous
structure; and finally, the dust grains are covered with a
mantle of MgS. At reduced metallicity, SiC particles
condense simultaneously with carbon. To the author's
knowledge, no experiments simulating the condensation
of SiC, carbon, and MgS in stellar envelopes have been
conducted, but astrochemical experiments with SiC parti-
cles have, as noted above. Merino et al. [125] used prepared
silicon carbide particles covered with a graphene layer and
bombarded them with hydrogen atoms. The authors
believe that this process imitates the possible evolution of
dust particles in the outer layers of the envelope, where
hydrogen molecules are dissociated by the external UV
radiation field. In [125], it was shown experimentally that
such bombardment of the surface of silicon carbide results
in percolation of the graphene layer and the formation of
individual PAH molecules. These PAHs can then desorb
into the gas phase under the influence of the UV radiation
field.

Another experiment with SiC particles was conducted by
Bernal et al. [120]: silicon carbide was heated to � 1300 K
under a pressure of � 10ÿ11 atm and irradiated with xenon
ions with an energy of 150 keV. This effect was assumed to be
similar to the effect of shock waves in a circumstellar
envelope. Heating and bombardment led to significant
changes in the crystalline structure of the particles. Graphene
plates, as well as hemispherical and quasispherical structures
with five- and seven-membered rings, were formed in the
surface layers. The sizes of nonplanar structures were about
0.7 nm, which is very close to the size of the C60 molecule. It
follows from this experiment that, under the influence of
shock waves or radiation, the structure of SiC particles
transforms into a graphene or fullerene-like structure. It can
be assumed that, the intensity of the feature at 11.3 mm should
decrease with the age of the PPNe and PNe if SiC is present on
the dust surface and its structure is destroyed. This correla-
tion has yet to be revealed in observations, while the one
between I11:3 and the UV radiation hardness, as mentioned
above, has already been found.

5.2 Optical properties of interstellar dust analogues
The optical properties of IDAs consisting of amorphous
carbon have been deduced both experimentally and theoreti-
cally [59, 60, 108, 110, 111, 197, 198, 221, 226±228]. As
discussed above, IDAs can differ from each other in the
ratio among the number of sp, sp2, and sp3 bonds, the fraction
of hydrogen relative to carbon, and the size, the shape, and
other characteristics, depending on the formation conditions
(temperature, pressure, and the chemical composition of the
gas during formation). The optical properties of most of the
IDA variants proposed in the literature can be used to
describe the continuum and the spectral features in the mid-
IR range. Overall, the IDA spectra demonstrate good
agreement with each other and with observations. However,
additional features may arise in the IDA spectra that have not
been reliably identified in the spectra of cosmic objects to
date. For example, the spectra of the particles studied in [108],
along with the features at 21, 27, and 33 mm, which can be
identified in PPN and PN spectra, demonstrate a number of
features at wavelengths longer than 40 mm which are not
observed. Therefore, the search for IDAs with the spectra as
close to the PPN and PN spectra as possible continues.

In modern calculations of synthetic spectra of AGB stars,
PPNe, and PNe, different versions of the optical properties of
carbon particles, in particular, amorphous carbon, are used.
For example, in [89], the properties proposed in [230] were
used; in [231], those from [110]; and in [113], those from [111].
It is not possible to define a standard for the optical
properties, because they all vary with changes in some
parameters. In Fig. 11 several versions of the optical proper-
ties presented in the literature for IDAs and PAHs in the form
of the absorption efficiency factor Qabs are shown. The
wavelength range of 3±15 mm, including the main IR bands
for particles with a radius of 5 A

�
(Fig. 11a), and the range of

20±100 mm, reflecting the properties of the continuum for
particles with a radius of 100 A

�
(Fig. 11b), are considered

separately.
In a series of studies [2, 59, 197, 198], the optical properties

of HAC particles with different hydrogenation degrees (in
other words, aromatization or the sp3=sp2 ratio) were
presented for different particle sizes in a wide range of
wavelengths. The sp3=sp2 ratio affects both the intensity and
position of the IR bands and the color indices. It is evident
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from Fig. 11a that theQabs function for HAC particles with a
lowH=C ratio (and sp3=sp2) is similar to theQabs function for
PAHs: characteristic aromatic bands are present at 3.3, 6.2,
7.7, 11.2, and 12.6 mm. HAC particles with a high H=C ratio
(and sp3=sp2) have a different Qabs function: the main bands
are the aliphatic ones at 3.4, 6.9, and 7.3 mm. The Qabs

function for HAC particles from [2] lacks a broad feature
near 8 mm observed in C andD class objects. The spectrum of
Sample 1 particles shows the presence of aromatic bands at
3.3, 6.2, and 8.6 mm and aliphatic bands at 6.9 and 7.3 mm. In
the spectrum of Sample 2 particles, the bands at 3.3, 8.6, 6.9,
and 7.3 mm become less intense, and the band at 6.2 mm shifts
to 6.3 mm, but bands at 3.4 and 8 mm appear. In the spectrum
of Sample 3 particles, the band at 3.3 mmdisappears, while the
band at 3.4 mm becomes intense, the bands at 6.3 and 8.6 mm
become even weaker, and the broad feature at 8 mm becomes
stronger. The bands at 6.9 and 7.3 mm are present, but they
are weaker than in the spectrum of Sample 1 particles.
Additional bands appear at � 5:8 and 6.8 mm, possibly
having some relation to the nonplanar nature of the material
domains. Interestingly, the bands at 11±12 mm are signifi-
cantlymore intense in Sample 1 particles, i.e., in particles with
a large number of planar aromatic particles inside, while, in
the spectra of Sample 2 and Sample 3 particles, the continuum
dominates in this range, and the bands appear weaker.

The material of the Sample 3 particles in [61] contains
many curved aromatic molecules, and the sp3=sp2 ratio and
hence the number of aliphatic bonds are high. It is not
possible to unambiguously decide about the characteristics
of fullerenes from the presented Sample 3 spectra, because
there are no data at wavelengths of 17±20 mm, wherein their
specific bands at 17.4 and 18.9 mm fall, and a weaker band at
7.0 mm,which usually appears in fullerene-containing objects,
is not visible. Duley et al. [71, 232] studied spectra of
amorphous carbon particles obtained by laser ablation of
graphite and found bands corresponding to IR transitions in
fullerenes, close to those observed in the PN Tc 1 [9], whereas
the fullerenes were not recorded in and of themselves as
individual molecules. The authors believe that the particles
they obtained contain `protofullerenes,' i.e., nonplanar full-
erene-like structures from which fullerenes can be formed
when a sample is exposed to external influences (e.g., UV

radiation). Thus, amorphous carbon particles with a full-
erene-like structure can be responsible for the formation of
fullerene bands, while the fullerene molecules themselves are
absent. In the experiment in [71], the deposition of amor-
phous carbon particles formed during graphite ablation was
carried out inH2,He, C2H2, andC2H4 gases and in a vacuum.
The spectra of the deposited particles differ from each other in
the intensity and position of the bands. The authors believe
that the difference in the position and intensity of the bands in
the spectra of laboratory particles and space objects can arise
due to the obvious differences among the conditions of
formation of amorphous carbon particles.

A similar conclusion about the significant influence of the
gas composition was made by the authors of [233], who
obtained amorphous carbon particles by laser ablation of
graphite in H2=N2, H2=O2, H2=CO, and NH3 gases. The
addition of oxygen leads to the suppression of the band at
3.4 mm, a significant decrease in the number of aromatic
domains, and an increase in the number of sp3 bonds. It is
important that the band at 3.4 mm is suppressed in the
presence of oxygen at a temperature of 300 �C, but appears
with the same gas composition at a temperature of 500 �C.
Therefore, temperature strongly affects the spectrum of
samples, as does the chemical composition of the gas, which
must be taken into account when modeling synthetic spectra
of dust in space objects. In the spectra of particles obtained in
gases containing oxygen and nitrogen, additional bands may
appear corresponding to CÿN and CÿO transitions, which
can, in turn, be detected in the IR spectra of space objects.

In Fig. 11b the absorption efficiency factors for larger
particles in the long-wavelength part of the spectrum (20±
300 mm) are presented. The Qabs function for amCBEx
particles is shown, originally calculated in [111] and extra-
polated to larger sizes in [229]. The amCBEx particles are
HAC particles with a high sp3=sp2 ratio, obtained in the
laboratory by burning benzene in air under standard
conditions. The amCBEx Qabs function is almost featureless,
except for a small jump near 8±10 mm. The Qabs function for
dehydrogenated HAC in [2] looks similar to the amCBEx
function. The Qabs function for AC 1 was calculated in [110]
for particles formed in an arc discharge between two
amorphous-carbon electrodes [234]. The values of this

3.3 6.2 6.9
7.3

7.7 11.2 12.63.4

H-rich HAC, Jones 013 Sample 3, Carpentier012

Sample 2, Carpentier012

Sample 1, Carpentier012

H-poor HAC, Jones 013

PAH0, Draine&Li 007

Q
a
b
s,
ar
b
.u

n
it
s

4 6 8 10 12 14
Wavelength, mm

a

Q
a
b
s

Wavelength, mm
101 102

10ÿ1

10ÿ3

10ÿ5

10ÿ7

graphite, Draine&Li 007
AC1, Rouleau&Martin091

amCBEx, Compiegne 011

H-poor HAC, Jones 013

H-rich HAC, Jones 013

b

Figure 11. Dependence of absorption efficiency factor of different carbon particles on wavelength. (a) Qabs for hydrogenated (blue line) and

dehydrogenated (orange line) HAC particles from [59], PAH from [1] (green line), Sample 3, Sample 2, and Sample 1 particles [61] (red, brown, and

purple lines). Efficiency factors are given in arbitrary units and are shifted relative to each other. (b)Qabs for amorphous carbon (amCBEx) from [111, 229]

(blue line), hydrogenated (green line), and dehydrogenated (orange line) HAC particles from [59], graphite particles from [1], and amorphous carbon

particles from [110]. Particle radii are (a) 5 A
�
and (b) 100 A

�
.

October 2024 Evolution of carbon particles from the stage of asymptotic giant branch stars to planetary nebulae 981



function deviate slightly from those of the previous Qabs

functions, and the jump in Qabs at � 8±10 mm is more
noticeable than for amCBEx. The Qabs function for graphite
particles calculated in [115] is generally consistent with the
functions for the particles already considered, but graphites
are characterized by a � 30 mm feature, which should
manifest itself in the observed spectra. As mentioned above,
Otsuka et al. [39] hypothesized that the feature at 30 mm in
PPNe and PNe may be associated with graphites, because
the intensity of this feature correlates with the continuum,
but this hypothesis requires verification. It is possible that
graphite particles can be present as part of the HAC particles,
similar to how they are present in soot, but additional
calculations are required for such particles.

Finally, Fig. 11b shows the Qabs function for the
hydrogen-rich HAC in [2]. The values of this function differ
significantly (being several orders of magnitude smaller) from
the values of all other functions; in addition, there are broad
bands at wavelengths of � 3 and � 8 mm in this case. It was
noted in [2] that hydrogenated particles, i.e., `immature' dust,
are characterized by low emissivity, as a result of which the
dust, first, is less bright in the long wavelength IR region of
the spectrum, and second, is hotter, and therefore the
emission peak is shifted to a region of shorter wavelengths.
The authors also note that, along with a decrease in emissivity
with an increase in sp3=sp2, the excess color E(B±V) decreases,
i.e., `immature' dust becomes more transparent in the optical
range. At the same time, extinction in the UV range increases.
The extinction in the IR range is practically insensitive to
sp3=sp2. In [2], synthetic spectra of dust are shown for
different sp3=sp2 ratios. It is noteworthy that `immature'
dust has an emission peak at about 20±30 mm due to the
high temperatures of such dust grains. Of course, it is
impossible to draw conclusions based on a comparison of
these synthetic spectra and the PPN/PN spectra, but the
presence of observational features at 21 mm and 30 mm and
the theoretical prediction of features at approximately the
same wavelengths for `immature' dust grains arguably means
that the coincidence is not accidental. A test would require
conducting a detailed modeling of the dust spectra under
PPN/PN conditions with the optical properties proposed
in [2, 59, 197, 198].

6. Discussion and conclusions

In this section, we summarize the above material and describe
possible evolutionary scenarios and processes for carbon
particles at different metallicities. In the foregoing, we have
discussed (1) observational data on carbon particles in AGB
stars, PPNe, and PNe; (2) conditions for dust formation in the
envelopes of AGB stars and the evolution of these objects to
PNe; (3) mechanisms of the formation of aromatic molecules
and large carbon particles; (4) laboratory studies on the
formation of IDAs; and (5) optical properties of IDAs.
From an observational standpoint, dust evolution proceeds
differently, depending on metallicity: at low metallicity, less
dust is formed, the relative fraction of PAHs is lower, but the
relative fraction of fullerenes is higher. Additionally, there is
indirect evidence that the average size of PAHs is smaller at
lowmetallicity and in the presence of fullerenes. The presence
of fullerenes in a limited number of objects, together with
other observations, indicates that dust formation can branch
and follow at least two scenarios, depending on conditions. It
is important to find out what factors influence which path
evolution will follow. In particular, the answer to the question
of why the abundance of PAHs and fullerenes depends on
metallicity is of interest. What exactly occurs differently in
these objects: formation or destruction?

It has been argued inmany papers that dust and PAHs are
formed in the same way at low and high metallicities and that
the reduced abundance of PAHs at low metallicities is due to
destruction. Destruction, namely top-down mechanisms, is
also proposed as a source of fullerenes. But the operation of
these mechanisms alone cannot explain the fact that full-
erenes are distributed nonuniformly over objects with
different metallicities, because these mechanisms do not
assume a metallicity dependence. At the same time, the
process of formation of carbon particles and their final
structure depend significantly on many parameters related
to metallicity. The combined action of metallicity-dependent
dust formation mechanisms and top-down mechanisms can
lead to the observed pattern of the PAH and fullerene
distribution at different metallicities.

Figure 12 shows a general scheme of the branching of the
evolutionary paths of dust particles at different metallicities.
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Figure 12.General scheme of the branching of dust evolution scenarios at different metallicities.
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Of course, there are no clear boundaries between the media:
most likely, both branches of the evolution can occur
simultaneously and in the same object, but the probability
of evolution along the `lower' branch (with fullerenes) is
higher at a low metallicity, and, accordingly, molecules/
particles of this branch should dominate, whereas the
probability of the `upper' branch with larger and planar
PAHs is higher at a high metallicity.

The scheme in Fig. 12 is based partly on the results in [61],
where it was concluded that differences in the formation
conditions lead to differences in the structure of the particle
material and the elements of this structure. Under certain
conditions, reactions occur that give rise to six-membered
rings and hence planar PAHs. In this case, according to [61],
the sp3=sp2 ratio is the smallest compared to all other
particles. Initially, the structure may be irregular, but, under
the influence of UV radiation, photodissociation of bonds
occurs, the particle structure becomes ordered, and graphite-
like inclusions appear in it. Simultaneously with the rearran-
gement, various fragments in the form of small hydrocarbons
and individual PAHs can enter the gas phase from the particle
surface. Under other conditions, reactions occur that give rise
to five-membered rings and curved PAHs, and a fullerene-like
structure of the particle material is formed (Sample 3 particles
in [61]). The sp3=sp2 ratio and the number of defects in the
structure are high. When particles with such a structure are
exposed to UV radiation, curved PAHs and fullerenes should
presumably be ejected and enter the gas phase. The structure
of Sample 2 particles is something between that of Sample 1
and Sample 3: it contains both planar and nonplanar
structures. We emphasize that the material of all these
particles consists of aromatic molecules linked by aliphatic
bonds; the differences are in the size and shape of such
molecules and in the number/length of bonds between them.

Based on a comparison of the IR spectra of these particles
and of space objects, the authors of [61] conclude that the
spectrum of Sample 1 particles corresponds to the transition
stage from class B to class A; the spectrum of Sample 2
particles, to the transition stage from class C to class B; and
the spectrum of Sample 3 particles, to class C. We tend to
believe that the spectrum of Sample 1 particles can be
attributed to class D (and D1 at 11±14 mm), which had not
yet been introduced at the date of publication of [61].
Subsequently, individual PAHs of a relatively large size can
be released from Sample 1 particles; the spectrum of Sample 1
(D) particles thus evolves into the spectrum of class B and,
upon subsequent destruction, into the spectrum of class A.
The spectrum of Sample 3 particles, as suggested in [61], is
close to the class C spectra, which are quite rare. The spectrum
of Sample 2 particles is a superposition of the spectra of
Sample 1 and Sample 3 particles, but these particles are not an
evolutionary stage of the transition from Sample 3 to Sample
1 particles. It is possible that objects containing particles
similar in structure to Sample 3 and Sample 2 particles (i.e.,
those containing curved PAHs) can be observed both as
class D objects and as objects that do not fall under the
classification, because their structure can be highly inhomo-
geneous and parts from Sample 1 (with planar PAHs) can be
present there.

For Sample 1 through Sample 3, there are no IR spectra at
wavelengths of 20±40 mm, and it is therefore impossible to
conclude whether features at 21 and 30 mmcan appear in their
spectra. Grishko et al. [108] could record bands in the spectra
of HAC particles near the above wavelengths, and hence they

can probably also appear in the Sample 1 through Sample 3
spectra. The unexpected appearance of the feature at 21 mm,
as well as the short period of time when it can be observed,
indicate that the state of the particle material must be special,
unstable, and sensitive to UV radiation. Because the most
hydrogenated particles are the most sensitive to UV radia-
tion, it can be assumed that these particles were formed in
accordance with the scenario involving planar PAHs with a
high H=C ratio. Regarding the feature at 30 mm, in
addition to the graphite hypothesis, it is worth testing the
hypothesis that this feature is created by particles with a
high fraction of hydrogen, which have a lower IR activity
than those with a mature structure and are therefore
hotter. Their thermal radiation can be superimposed on
the radiation of more mature particles from which they are
spatially separated.

The authors of [78] put forward a hypothesis that
fullerenes are observed at the moment of intersection of the
fast and slowwinds from a star at the stage of the transition of
an AGB star to a PN. According to the authors, during the
period of dust condensation, fullerene-like dust and, possibly,
some number of fullerenes themselves were formed. The
slowly moving dust shell then spreads away from the star,
without revealing fullerene radiation, but when the fast wind
from the star, which develops later, catches up with this shell,
it leads to the destruction of dust (which explains why it is not
observed there) and the formation of fullerenes. Otsuka et al.
[39] note that all C60-PNe show signatures of powerful winds,
and it is therefore possible that wind plays an important role
in the formation of fullerenes. In addition to wind, ionizing
UV radiation, whose front propagates inside the ejected
stellar envelope, can serve as a destructive factor. But
whatever the destructive factor, the effective formation of
fullerenes during the destruction of dust requires this dust to
be `appropriate,' i.e., fullerene-like.

We summarize the possible factors that can influence the
formation of carbon particles.

Silicon carbide abundance. One of the conspicuous
observational differences between objects of different metalli-
cities is expressed in the intensity of the SiC band, which is
brighter for Galactic objects at the AGB star stage, and for
MC objects at the PPN and PN stages. Additionally, the
intensity of the SiC band anticorrelates with the intensity of
the fullerene bands. Leisenring et al. [90] showed numerically
that the condensation temperatures of both SiC and C
decrease at low metallicity, which is why SiC and C can
condense and settle on the surface simultaneously. It is
possible that such a condensation process affects the
structure of the carbon material and the size of PAHs. At a
low metallicity, the dust grains are covered not by a carbon
shell but by a mixed shell of SiC and carbon, and hence, when
exposed to UV radiation, the elements of this shell, including
small PAHs, curved PAHs, or fullerenes, are desorbed.

The surface of SiC particles can serve as a catalyst for the
formation and growth of PAHs [148]. At the solar and higher
metallicities, where SiC condenses before the onset of the
condensation of carbon particles, SiC particles can serve as a
substrate for the accelerated formation and growth of PAHs.
At low metallicity values, first, the silicon abundance is lower
in absolute quantity, and second, the condensation of SiC
occurs with a delay and partially overlaps with the condensa-
tion of carbon and carbon particles. Thus, the formation and
growth of carbon molecules occurs with a smaller accessible
surface area of SiC. As a result, the overall number of PAHs
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and amount of dust formed may be lower than at solar
metallicity. The importance of heterogeneous reactions
occurring both on the SiC surface and on the surface of the
hydrocarbon material has not yet been studied in detail, but
their importance for the formation of aromatic molecules is
discussed in the literature [235], and this issue requires further
study.

Wind velocity. If we assume that the wind is slower in low-
metallicity stars, then the forming PAHmolecules stay longer
in the dust formation zone than in the case of high-metallicity
stars. The reaction chain leading to the formation of the
C40H10 molecule (nanobowl) from pentacoranulene includes
several cycles of dehydrogenation and cyclization reactions
[169], which require energy (see Section 4.1.3). On the one
hand, this energy can be available if the molecule is in the dust
formation zone. It can be assumed that such a chain of cycles
can occur due to the longer stay of the molecules in the high-
temperature zone in low-metallicity stars than in high-
metallicity stars. On the other hand, dehydrogenation and
cyclization of pentacoranulene do not necessarily occur in the
dust formation zone. These reactions can occur under the
influence of UV radiation already at the PPN or even PN
stage, when the central source begins to heat up and generate
UV photons. In this case, the presence of a fullerene precursor
near the star would also increase the probability of the
required chain of dehydrogenation and cyclization, and
slower winds in low-metallicity stars can again become a key
factor for the formation of fullerenes. In addition, an external
radiation field can be the source of UV radiation. It is then
important that this radiation penetrate deep enough to reach
the formed molecules. In this case, a less dense envelope or an
envelope more transparent to UV radiation would contribute
to more effective penetration. To satisfy these conditions, a
smaller amount of dust must be formed at a lower metallicity,
or the dust should have a lower absorption efficiency in the
UV range (see below). Both these conditions can be satisfied
at low metallicity, and hence the enhanced radiation field in
the zone of fullerene precursors can explain their more
frequent occurrence at low metallicity. Moreover, the same
UV radiation can also initiate a faster dissociation of the
formed dust, i.e., top-down mechanisms.

Low absorption efficiency of particles with a fullerene-like
structure in UV range. It follows from observations that
objects containing fullerenes are bluer in optical color indices
[66], while their IR colors do not differ from other objects.
Jones et al. [2] presented optical properties for HAC dust
grains with different hydrogenation levels. According to that
study, HAC particles with a high sp3=sp2 ratio and a low
aromatization degree give rise to a smaller excess of color in
the optical range, E(B±V), than do those with a low sp3=sp2

ratio. Sample 3 particles obtained in [61] have a high sp3=sp2

ratio and a large number of defects that are characteristic of
HAC with a high sp3=sp2 ratio in [2]. Although the particles
proposed in [2] are not an analogue of particles with a
fullerene-like structure, a number of studies [38, 82, 173] put
forward a hypothesis that it is precisely such particles that
generate fullerenes in PNe. It is likely that a material with a
fullerene-like structure can be more transparent in the optical
range, just like the most disordered material in [2]. Labora-
tory measurements and theoretical calculations of the optical
properties of materials with a fullerene-like structure are
needed to test this hypothesis.

Pressure and C=O ratio. Pressure and the abundance of
carbon relative to oxygen have a signiécant effect on the size,

shape, and amount of combustion products from an experi-
mental standpoint. The number of fullerenes and small PAHs
relative to the volume of soot increases with decreasing
pressure, while the absolute amount of soot decreases.
Fullerenes are formed in a certain range of C=O values,
above or below which they are not formed. Small (NC 9 30)
PAHs behave similarly, while large PAHs, on the contrary,
grow as the proportion of oxygen increases. Both these
experimental results are consistent with observations of
fullerenes and PAHs in cosmic objects. First, fullerenes
are more likely to be formed at low metallicities, at which
the pressure and concentration in the stellar envelopes are
lower. Second, the carbon abundance (relative to hydrogen
and oxygen) in C60-PNe is lower than in PNe without C60,
and the carbon abundance in PNe with the most intense
C60 bands is lower than in the other C60-PNe. Moreover,
for low-metallicity environments, most IR spectra can be
assigned to the A class, i.e., the PAHs in them are on
average smaller in size than in high-metallicity environ-
ments.

Catalysts. As mentioned above, oxygen influences the
formation of carbon molecules and soot. In addition to
oxygen, other elements such as iron or nickel can also play
an important role. Given that most of the iron is inside the
dust [76], catalytic reactions with its participation or with the
participation of other heavy elements can possibly occur. The
difference in the abundance of heavy elements at different
metallicities may lead to a difference in the efficiency of these
catalytic reactions. However, to date, catalytic reactions in
astrochemistry have been little studied, and the effect of
catalysts remains an open question.

To find what factors influence the path of formation of
carbon molecules and dust, and to what extent, further
experimental and theoretical studies are needed, including
modeling of the chemical±dynamical evolution of a star,
consistent with the theory of dust formation at different
stellar parameters and taking radiation transfer into
account. We reiterate that the key parameters may be the
oxygen abundance, the abundance of heavy elements and
nucleation seeds, including SiC, the rate of the envelope
detachment, the corresponding residence time of aromatic
molecules and dust seeds in the dust formation zone, the
presence of high-velocity winds, etc.
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