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Abstract. Hydrogenated carbon cluster growth in carbon-ricim the vicinity of the star, namely in a region located above
stellar atmospheres is simulated by a model which takes itb@ photosphere and over a distance not exceeding a few stellar
account the simultaneous formation of carbon compounds wittdii (Sedimayr 1990). Thus one of the major problems for the
carbon atoms under various states of hybridization. A grid aétrochemists relates to understanding better the chemical path-
computations shows that a mixture of different species camys towards microscopic structures (like carbonaceous grains
appear (small hydrogenated carbon clusters, carbon chainsanposed of thousands of atoms) starting from very small rad-
ring-shaped structures, aromatic-like entities, etc.) dependinglar clusters (such as,, Cs, CoH or C3H) [A very similar
on both carbon to hydrogen relative abundance and temperapn@blem can be seen in oxygen-rich stars but with formation of
of the star. Dehydrogenation rate and sp2/sp and sp3/sp rasidisate grains (Tielens 1990)]. A second important point is that
are estimated. the structure of the interstellar and circumstellar medium-sized
clusters is still largely unknown. Many candidates have been
Key words: molecular processes — stars: circumstellar mattepestulated such as polycyclic aromatic hydrocarbons (hereafter
ISM: general — ISM: molecules referred as PAHS) (Tielens 1993), fullerenesgtschmer 1993),
but also carbynes, i.e. long carbon chains and monocyclic rings
(Thaddeus 1994). PAHSs are thought to be quite abundant and
ubiquitous in the outer region of circumstellar envelopes and in
interstellar medium (Bger & Puget 1984). Allamandola et al.

The Chemistry and physics of carbon clusters have |ong bééﬁSg) concluded that interstellar PAHs should be Sing|9d ion-
recognized as being extremely important in such diverse é'@)ed and estimated their carbon atom numbers to be in the range
plied fields as heterogeneous catalysis and soot formation dRf10200. Asimilar conclusion thatinterstellar PAHs are ionized
ing combustion. More recently new technological areas have @& partially dehydrogenated due to the UV interstellar fields is
veloped which focus on fullerene chemistry (Kroto et al. 1985ade by Allain etal. (1996a,b). Various authors have shown that
Weltner & Van Zee 1989; Katschmer et al. 1990; Fye & JarroldPAHS can be produced directly in situ via a complex circumstel-
1997). Since carbon clusters have been identified in interstel@fror interstellar chemistry (Herbst 1991; Tielens 1993) or can
and circumstellar media by radiowave or infrared spectroscop{s© originate from carbon star atmospheres (Cherchneff et al.
this topic has also attracted considerable interest in astrophydi§2; Cadwell et al. 1994; Cherchneff 1995). In any case, the
(see Williams 1994 for a review). Among these carbon clustd?gysical conditions prevailing in the region where these clusters
many of them are found to be smallin size, possessing only thAsg formed have to play an important role and, possibly, other
or four atoms (Omont 1993). However medium-sized specig¥re exotic species such as carbynes and fullerenes may exist as
also exist appearing in the form of an archetypical cumulenic Well. We can see that spectra of true (fully hydrogenated) PAHs
acetylenic carbon chaifi},,, with one or two foreign atoms suchin both neutral and cationic forms have been clearly identified
asH or N attached to the extremities (Cherchneff et al. 1998y the experimentalists figer & Puget 1984; Salama & Alla-
Cherchneff 1995). In contrast to these nanoscopic structures fikghdola 1993). Besides, only a few experimental studies have
presence of microscopic entities such as carbonaceous gr@fn devoted to carbyne spectra (Freivogel etal. 1995). Accord-
has long been attested, in circumstellar envelopes surroundit@y: the assignment of the so-called diffuse interstellar bands
cool giant stars, by IR absorption and emission (Merrill 1977§DIBS) observed in circumstellar and interstellar media to either
Dust grains have been thus invoked in driven mass loss in thég@matic-like species (PAHs ionized or not, partially or strongly
stars during late stages of their evolution (Kwok 1975; Tieleff¢hydrogenated), carbon chains or monocycles still remains an
1983). Following a classical scenario, grains acquire momeen debate (Kerr et al. 1996). The matter is especially com-
tum from stellar radiation field and collisions with gas eventualffex given that the different forms of carbon enumerated above
eject mass at a higher rate in space (Knapp 1986). HoweveC#i, potentially, coexist in various proportions in space. In this
order that this mechanism be really efficient, grains must fof@Per, we are only concerned with aggregation and growth of

1. Introduction
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carbon clusters in a carbon-rich stellar atmosphere. We are Taiile 1. Fragments for each type of compounds
restricted to a special class of clusters such as PAHs or carbynes

but rather our aim is to simultaneously consider the three pogse fragments

sible types of hybridization for carbons, i.e. sp (alkynes), Spiane-ike @C¢ H CH CH, CHs

(alkenes and aromatic structures) and sp3 (alkanes, branchréhe-like C H CH CH,

or not). In addition to these standard species, dehydrogenaiksine-like C H CH CH CsH Co Cs
structures with dangling bonds (radicalar clusters) have bemomatic-ike C H CH CH, CqHs
considered. Estimates of sp2/sp and sp3/sp ratios are given, to-

gether with dehydrogenation rates for the various compounds. . . .
The limiting action on cluster growth due to both photodetacf‘ﬁ1e effective cross_-sgctlo(‘z;}, for addition of a carbon atom
ment of small radicalar entities or saturation of dangling bon&osa(N’ P) cluster s given by

by hydrogen is also analysed. o (o0) _ fooo ouF(v) dv "
(Ye] (Y6}
where
2. Methods ) )
. 4 v v dv
Between nanoscopic carbon clusters suchCas CoH, C3, F(v)dv = 77 oo exp | — | P (2)
etc. and microscopic carbonaceous grains different kinds of © © ©
medium—sizeq hydrocarbons may exist. In the present stugh the most probable relative velocity
we only consider
NP (2R 12 .
i/ aromatic molecules (2D structures) in which theatoms vo(N, P) = uc(N, P) 3
are sp2-hybridized. As a very typical example, we can cite the . )
PAH:S. In the latter expressiory,; designates the gas temperature and
ne(N, P) = %, the reduced carbon mass.
ii/standard alkanes, alkenes and alkynes. Similar relations are used for addition of a hydrogen atom to

all species or, more specificallyCa or aC, H radical to alkyne-

iii/ the preceding structures i/ and ii/ but in various states of dbke species. The aggregation process by addition Gfa H
hydrogenation. The different species are then labelled “speci@@m. 8C2 or C,H radical is limited by opposite mechanisms
like” (Fig. 1). For total dehydrogenation of chains with a numb&f chemical attack or photodestruction due to radiation field.
of carbon atoms larger than 10, pure carbon monocyclic rin;gg;gments produced by photodissociation are listed in Table 1.
are assumed to be the ground state geometry (Weltner & Van assume that the star radiates as a black body at temperature
1989) and fullerenes whem > 60 (Hunter et al. 1994) [note 7% . ] ) ) .

that for pure carbon clusters with heteroatoms belonging to the The mean field equation governing the change in density of
first and second rows of the periodic table, it has been foufY cluster(V, P), with time is

that the closure of the chain in a monocyclic ring is delayed gp\h P

values of n larger than 10 (Pascoli & Lavendy 1998a,b), but we——

do not cons'ider this case here]. In faqt, for each species, a large Ko(N — 1, P)[1,0][N — 1, P]

number of isomers can be present in a metastable state [For

instance the linear chains can coexist with monocycles when + Ku(N, P = 1[0, 1][N, P — 1]

10 < n < 60 and with fullerenes whei > 60, Fye & Jarrold + K¢, (N —2,P)[2,0][N — 2, P]

1997)]. Finally intermediary forms for the chains can also ex- 4 Kco,u(N —2,P —1)[2,1][N —2,P — 1]

ist, given their floppiness. The energetic separations between all i Ksmppmg(M P+ 1[0, 1[N, P +1]

these intermediary forms can be smaller than 1-2 eV and one H
form can pass to another one in the ambient radiation field. — Kc(N, P)[1,0][N, P]
The way all the different types of structures i/, ii/, iil are ~ — Kp (N, P)[0,1][N, P]

examined sventhough ihis point appears 1 be very tmportant i (NP0, JIN. P

to understand the nucleation process of growth of carbon clus- KC2(N"P)[2’ OI[N, P] = Ko, (N, P)[2, 1][N, P]
ters in diluted media (for instance, in carbon-rich stellar atmo- + Z KYS(N +i,P+4j— N,P)[N +1i, P+ j]
spheres). In the following,V, P) designates a cluster withN (i3}

carbons and® hydrogens. The corresponding abundances are diss . )

- — K N,P— N —1,P—j)|N,P 4
denoted NV, P]. For instance, when a clusteV, P) captures a Z (N, P = " DN, P] @
carbon atom, it becomes the clusté¥ + 1, P). The relative te.gy
velocity, v, between the carbon atom and the clusfér P)is When N < 4, however, the whole set of reactions tabulated
assumed to be determined by the Maxwell-Boltzmann statistiby. Baulch et al. (1992), involving small hydrogenated carbon
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standard alkyne alkyne-like

starting geometry : corresponding
standard alkyne with CH extracted

Ay e

standard alkene (1) alkene-like (1)

starting geometry : corresponding
standard alkene (1) with H extracted

aclE o

standard alkene (2) alkene-like (2)

starting geometry : corresponding
standard alkene (2) with CH, extracted

oy ¥

alkane-like
standard alkane starting geometry : corresponding
standard alkane with CH3 extracted

standard aromatic ) aromatic-like )
starting geometry : corresponding standard Fig. 1. A sample of hydrogenated car-
aromatic with 2 C;H, symmetrically extracted bon clusters considered in this study.

clusters or radicals without heteroatoms, has also been incorpE-: [N,P|P = ngy

)
rated. N,P

The summations are over reactions which either creae
or destroy {) the specie$N, P). These equations are notinde- herenc andnH are the total number of carbon and hydrogen
pendent and are linked by the following conservation equatioﬁtgm.s' respeptlvely (the summations are performed on all the

species considered).
For a given(N, P), the second member of Eq. (4) includes
Z[N’ P|N = nc the sticking of a carbon or a hydrogen atom, represented re-
NP spectively by the first and second terms, the sticking 6fa
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Table 2a.Mean geometrical areas for alkane, alkene, alkyne-like afldble 2b. Relative probabilityu (N, P), of sticking of a hydrogen or
aromatic-like compoundsy represents the number of carbon atomsarbon atom or any other small radicals to the coumpdwdpP)

in the structure an@&x the number of closed rings

type (non-branched) u(N, P)

species o(N) a (A) alkyne-like
alkyne-like¢¢ o < N LN +7) 127 P<2 1-£
alkene-ike 2<N<5 P — alkene-like
alkane-ike 2<N<5 P — N<5:N+2>P>3 g
aromatic-like Nx >1 2a*Nx 1.40 alkane-like
diamond-like N > 6 a?N?¥/3 1.54 b.

= N<5*2N+2>P>N+3 1—WP+2

# reduced by a factor 10 fdrs + C — C3 andCH 4+ C — CsH

. whenN > 6, aromatic-like species are considered.
b deduced from reactions tabulated by Baulch et al. (1992) Z P

> whenN > 6, branched structures (diamond-like) are assumed.

or CoH radical to alkyne-like clusters (respectively third and
fourth terms). Chemical attack by hydrogen atoms of hydrby cyclotrimerization reactions of acetylene has been consid-
genated clusters, which can be important at higher tempeeaed, but as is well known, we found this reaction is not effi-
tures, is also taken into account for all species (fifth term) (egient — or rather, benzene formation by this pathway requires a
cept for alkyne-like species for which abstraction of H by thigme prohibitively longer than the dynamic time scale for stellar
process is much more difficult to realize). A mean activatiomind [In fact the catalytic action of Fe could possibly lower this
barrier of 0.7 eV has been adopted for stripping (see Kieferkmrrier, but this reaction is not easy to quantify, see Saér
al. 1985; Frenklach & Feigelson 1989). The photodissociatiebal. 1991]. A much more prominent — and low-energy — route
ofaC, H, CH, (n = 1 — 3) or CoHs group is represented byto obtain a benzene ring is to go from the lin€#y structure
the eleventh term. The kernel&-(N — 1, P), Ky (N, P — 1), (which forms abundantly from linear clustets -¢) to the cor-
Kc,(N —2,P) and Kc,u(N — 2, P — 1) represent respec-responding cyclic isomer (fully dehydrogenated benzenic ring).
tively the probabilities of aggregation 6f, H, C,, CoH; like- DFT calculations give a smaller value of 1.11 eV for the activa-
wise Kstipping (VP 4 1) denotes the probability of strippingtion barrier for conversion of th€ linear into the cyclic form.
andK%s5(N 4 i, P+ j — N, P) the probability of photodis- On the other hand subsequent contamination by hydrogen sta-
sociation relative to the reactiaod + i, P + j — N, P. bilizes the cycle with creation of sp2 sites. This important route
The kerneld{¢, Ky, K¢, and K¢,z can be written in the is also included in the present calculations [This pathway could

form also be envisaged for line@h, which easily isomerizes into a
K- 6 fully dehydrogenated naphtalene-like structures, the latter ones
=)V 6) being next stabilized by sticking of hydrogen atoms]. Starting

whereV is defined by expressions similar to (3) for addition ofom a benzenic ring, dual process with consecutive addition
H, C, andCoH. of C4H, andC, to PAHSs (activation barrier 1.85 eV) is also

The determination of the quantity ) is a rather difficult task relevant (Stein 1978). The latter reaction is efficient for pro-
for any type of molecule-molecule reaction. However, reactiof§iction of naphtalene from benzene due to the high abundance
between radicalar compounds are exothermic and therefore @loiacetylene found in all cases. Moreover, its relative ineffi-
very temperature dependent. We can thus assumedhas ciency for larger PAHs is due to the fact that fi@e (or CoH)

independent of” for each reagent cluster and can be written # rapidly locked in the carbon chains and photofragmentation
the form of this radical from these chains is not easy. Another possibil-

ity (not considered here) would be to add uniqu€lyH,, but
this route leads to a sequence of non compact structures, such
polyhelicene or polyacene components which are seemingly
sent from the interstellar infrared emission spectégér et

(0) = u(N, P)o(N) ()

whereos (N) is the mean geometrical area of the clusters Wiﬁ’i

a skeleton composed of carbons (Table 2a). The coefficient$ .
u(N, P) indicate if addition of a hydrogen, a carbon atom o?l' 1989) [Conversely, an excessf radicals could lead from

any other radicals is possible by testing the number of dangliﬁ eed of naphtalene to acenaphthylene with a five-membered

. o .~ 1fig and subsequently to a sequence of curved structures].
bonds present in the structure (Table 2b). Similar relationst : ;
P ( ) The photodestruction rat& ss(N + i, P + j — N, P)

(6) and (7) for stripping reactions are used but i/ the coefficients . ; ) i L
(N, P) are taken from Table 3 (in order this time to ensure th'é{)rrespondlng to the reacti¢tV’ +i, P +j — N, P) is given
no stripping can occur for fully dehydrogenated species, ii/ t d

expression (7) is multiplied by an activation factor written, aRdiSS(N +i,P+j = N,P)

usual, in the formexp — (££) with AE =0.7 eV (see above). ’ ’
In addition to radicalar reactions listed above, some important
reactions, but which proceed with an activation barrier, have

been also included for aromatic species. Formation of benzene

oo

o,(N+i,P+j— N,P)

Epi, (N, P)
R

®,(N+i,P+j— N,P)dv (8)
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Table 3. Relative probabilityu; ; (IV, P), of photodetachment of a functional gro(p;) from the compoundN, P).

type (non-branched) i, ] wi,; (N, P)
alkyne-like 1,0;2,0;3,0 1-£
P<2 0,1;1,1;2,1;3,1 £
alkene-like 1,0 -5 P<N+1
N+2>P>3; 11 o (1- w)
N < 5* 0,1;1,2 3
alkane-like 1,0 1- 5% P<2N
2N+2>P>N+3;, 1,1 2;@’11 1fﬁ;P§2N+1
N <5P 1,2 Ss E1 - 2]@2;

0,1;1,3 ey

*WhenN > 6 and P > 3, aromatic-like species are favored over alkene-like structures. For aromatic-like entities the coeffi@ents
determined separately in each individual case and no analytic expression is given.

> WhenN > 6 andP > N + 3, alkanes are assumed to exist in compact form. As for aromatic-like species, the coefficieatseparately
determined in each individual case.

whereo, is the absorption cross section (®nand ®,, is the Table 4. Dissociation energiesi (eV), for a few typical reactions
emittance of photons at frequeney(cm~2s'Hz~!). Quan- calculated with DFT/B3LYP method (Frisch et al. 1995)
tum efficiency is taken equal to the unity. The limit of integra-

tion, w represents the threshold frequency, directly ex- Ep (eV)
pressed as a function of the dissociation endtigy ; (N, P). alkyne-like
The latter quantity is the minimal energy required to dissoai,H, — C;H + H 4.35
ate the cluste(N + i, P + j) into the cluster N, P) and a CsH, — CoH + CsH 6.31
fragment(s, j). At r = r., the photon distribution law is given C-H — C4H + Cs 5.71
by the Planck function (Allen 1963, = %W alkene-like
The amount of radiation which is absorbed and re-emittédiz — CH + H 4.38
at IR wavelengths as due to the photodissociation reactignis — CsHs +H 2.15
N +1i,P+j — N, P can be expressed as follows CsHs — CoHs + CHy 5.93
CsHs — C3Hs + H 2.80
4, = 0,8, [N +i, P+ jle (9) Cillo = Calls 1 >12
dt alkane-like
Absorption of UV radiation by elements having a low ionizatio@.Hes — 2CHjs 4.19
potential and a relatively high fractional abundance, namely NaHes — C2Hs + H 4.68
(I.P. = 5.14eV), Mg (I.P. = 7.64eV), Al (I.P. = 5.98eV), CaCsHr — C2Hs + CHa 4.68
(I.P. = 6.11eV) and Fe (7.90eV) has also been taken into &4¢tls = CsHr +H 4.71

count. Photoabsorption cross-sections for these elements in‘tals — C2Hs + CHs 4.03

energy range 5-7 eV are adapted from calculations perfornfggmatic-like

by Reilman & Manson (1979). CeHe — CeHs + H 5.03
Eventually, a extra factor is included for geometrical dilu€i0Hs — CsHg + C2H2 7.65

tion of radiation at distances larger than In the mean field C2aHiz — CooHs +2C,Hy  7.97

approximation, we can write

K%Y = o(N); (N, P)®(Eugiss, T (10) GAUSSIAN94 (Frisch at al. 1995). Density functional theory

Th ficient N P t the relati babili with B3LYP functional has been chosen. For each species, i.e.
e coefficienty.; ;(N, P) represent the re1ative probabllilies, 5 qp, coupléN, P), anumber of structures have been optimized
of photodetachment of a functional grotp;) from the com-

" / : in order to determine
pound(N + i, P+ j). These quantities are listed in Table 3 for

alkane-like, alkene-like and alkyne-like species. The geomeifithe ground state geometry for givéhand P.

cal cross sections,(N), are defined above. At= r,, we have .. . L . .
2 ii/ the dissociation energy of any functional group belonging to

__ [%c 27 v R . )
O (Eaiss; Te) = [ Egie 2 (oo (£ )-1) dv. the series listed in Table 1.

The energetics of the various photodestruction reactions These operations were carried out for a number of species
is determined by the dissociation energi€s; ; (N, P) (Ta- and fits have been derived for the other neighbouring con-

ble 4). These parameters were computed employing the packgegeers (Figs. 2, 3). In fact, many isomers exist for each species
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Fig. 2. Dissociation energies plotted as functionsMf(number of carbon atoms) for the reactidn€ + i, P + j) — (N, P) + (4,7) in
alkyne-like structures.

(N, P) and very often the energetic separations between theomers is possible in the gas. For instance, the cyclic geom-
are smaller than 1-2 eV. In particular, the carbon chains appety is favored forC,, but this form can coexist with other
very floppy and can easily pass from a perfect linear form teomeric configurations such as the linear geometry, the fully
a strongly bent or a (mono- or poly-) cyclic structure (Weltdehydrogenated naphtalene, the fully dehydrogenated azulene,
ner & Van Zee 1989). The coexistence of many (metastab#g}., under various proportions following the energetics of these
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the formation of chains witlh > 4. Benzene is formed at an
insignificant rate and consequently aromatic-like species are ab-
sent.

Ep(eV)

~

[TrrrrorT
\

Al T, = 2000-3000 K
For higher carbon to hydrogen ratio, the situation is quite dif-
ferent and much more interesting. However in the following,
in order to convey the discussion more directly, we essen-
tially discuss the model witf:¢ = 1. Other modeling re-
sults are given but by way of comparison. For stellar tem-
peratureT, = 2000K and ¢ = 1, the [8—2] ratio is very
g o b b b b N pigh, ~ 103, due to the fact that iCs s fully hydrogenated
1 2 3 4 5 6 7 in CoH, ([9222] ~ 10° whereag ©g12] ~ 1), ii/ C; is more
Fig. 3. Dissociation energies plotted as functionsho (number of €@asily photofragmented from the carbon chains tianCy-
aromatic cycles) for the reactioid” + i, P + j) — (N, P) + (i,j) clopropenylidene({3H>) and diacetylene({,;H>) are among
in aromatic-like structures. the most important specigi€’sHy] ~ 1072, [C4Hg] ~ 1072 —
10—3. The chainsC,,H andC,,H, are indeed abundant up to

- n = 30 (Fig. 8), [SgH] ~ 1072 (resp.~ 4 107" for 22 = (.1
species; even though_the presence of hydrogen preferer_1t|%lrl136N 310~ for mc — 10), [CH2] ~ 5103 (resp.~ 10
stabilizes the polycyclic forms. Nevertheless, here, the disso- ne nu 3 Cs ne
ciation energies are computed for species in the ground stfé’[reﬁ . 0.1 z_;md ~ 8107 for nu 10). Howeyer very
configuration. For aromatic-like compounds, a similar proc@rge chams W'tm EC 6% are alsia present, _though |rlgsmaller
dure was carried out even though the situation is more complBXoPortions (Fig. 8)[=¢.=] ~ 10~ (respectively~ 10~ for
Computations show that, for givevi and P, compact forms are 2% = 0.1 and~ 310~* for 22 = 10), [€H2] ~ 107° (re-
preferred. In the case of complete aromatic clusters compospeéctively~ 10~2 for w2 =0land~7 10~° for no = 10).
of closed rings (PAHs), we have selected two possiblities:Fbr pure carbon monocyclic structures & 10), we obtain
photodetachment of a hydrogen atom ii/ photoframentation [(%%] ~ 51073 (respectively~ 10~ 7 for Z—S =0.1and~ 102
aCyH, group (acetylene). For incomplete clusters, three posfir :LTSI = 10) and [%] ~ 1073 (respectively~ 10~ for
bilities are envisaged: i/ photodetachment of a hydrogen atom; — (1 and~ 10-2 for 2c — 10). As described by Hunter et
a CH or CH, radical, i/ photodetachment of a carbon atom|’ (1994), carbon chains with > 60 are very floppy and can
when the latter one is in a free position, i.e. when a carbon ateientyally lead to rigid polyhedral structures, such as fullerenes
is attached to the main structure by only one bond. Finally, 8¢ stryctural rearrangement (note in particular the Fig. 7 dis-
set of Egs. (4) and (9) has been solved for a stellar wind Wﬁlgayed in their paper). With reference to fullerenes, we sug-
standard mass loss rate] ~ 107" solar mass by year. Con-gest another route leading to curved or spheroidal structures
stant expansion velocity, ~ 10km/s, and spherical symmetrypy girect association and reprocessing’af rings (Goeres &
with adiabatic cooling for the gas ejection, are likewise assumg@qimayr 1991), the latter species being indeed found abun-
for simplification (Habing 1996); even thqugh in the \_/ici_nity OHantIy in the present model{;o] ~ 10~4). Total abundance of
the stellar surface turbulence and, possibly magnetic field, qgfpar clusters with a number of carbon atom, larger than

\\\/\\\
//

/
\\\\\‘\\\\‘\\\\‘\\\\‘\\\\

TT T T[T T T T[T TVT

produce very intricate gas motions (Pascoli 1997). 60 relatively to total abundance of linear and ring-shaped clus-
ters withn < 60, that is%, is of the order ofl0~2,
3. Results and discussion which indicates that production of fullerenes can be apprecia-

. .. ble, even though linear chains and rings are clearly dominant.
Condensation and growth of about one thousand dlfferq%te of benzene is found to be h@gsgﬁ] ~ 210-2. and rela-
5Ho !

species have been simulated. Various regimes of temperaje o ndance of naphtalene with respect to benzene is equally
T, = 2000, 3000, 5000 and 7000K have been considered f%h [Calls] - (.2, These aromatic species are slightly de-
three carbon to hydrogen abundance raffes= 10~ (nn = hvdro (é;lztedgcﬁﬁs] ~ 1073, [Sellz] 0,02, Thus small
102ecm™3), 1 (ng = 10'em™3) and 10 g = 10'tcm™3). ycrog Cells . L CaoHs L T

' . . - AHs are only partially stripped of their hydrogens. On the
Results of these calculations are displayed in Figs. 4-10. Ot Ber hand aromatic-like compounds with functional groups

cases with relative abundance ratios smaller than (or equalé %\Ched to them appear fairly abunddggHs—CHg] ~ 04
102 have been also considered, but are not presented herjejﬁ%_CH_CHz " CoHe o

fact, for weak values of this ratio, only very small clusters al W} ~ 0.2. Besides, for the coronene, we have

created. For instance, & = 2000K and for < = 1072, hy- [S42] ~ 1079 (Fig. 9a). In fact, the latter species appears
drogen is essentially in its molecular form and carbon is lockém a highly dehydrogenated stath%] ~ 10* (Fig.9b)

in CoHs. The longest carbon chain {S4H, with a relative [except when the carbon to hydrogen ratio is smaller than
abundance of0~7. A comparison with relative abundance ofinity, for Z—; = 0.1 we find [%} ~ 1072]. As a gen-

C4 (10~ 1), clearly indicates that hydrogenationf prohibits eral rule, larger PAHs are fully dehydrogenated, i.e. appear in
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Fig.5. Logarithmic abundances of some typical clusters Wﬁgn: 1 vs. distance- (r. ~ 10*3cm) for T, = 2000K ............... ; 3000K
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Fig. 6. Logarithmic abundances of some typical clusters wh&n= 10 vs. distance" (r. ~ 10'* cm) for T\ = 2000K ............... ; 3000 K
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oo —-e9. Chains O Rings &3]
®® 0000 Chains(3<N<10) &
- <N<60 pyjlerenes
NG N =60

/ }:I:{{ Small PAHSs ( fully hydrogenated)
Medium-sized PAHs
/ (regular and strongly dehydrogenated )

*=1013 cm

T« =5000K

Fig. 7. Sketch of the carbon cluster distri-
bution simulated in the outer atmosphere of
a carbon-rich star at temperatures of 2000
and 5000K for a carbon to hydrogen ratio
of 1. The relative proportions of the various
compounds are given in the text.

the form of a small piece of graphite. On the other hand, reff~ig. 9b). Summing up the abundances of true PAHs (regular and
ular PAHs are more abundant than irregular congeners; for ren-regular), of the corresponding species but dehydrogenated
stance the coronene appears more abundant than its neighbeunt pf the intermediary forms gives the sp2 rate (Table 5a). Esti-
[%} ~ 0.02. Likewise the abundance of medium-sizedhation of the sp2/sp ratie{ 3 10~2 for Z—; = 1) shows that the
PAHs with a functional group attached to them is relativelgromatic-like compounds are not dominant compared to other
low, [C%Hl+CH] ~ 0.1. The abundance of true PAHSs is giverforms of carbon, for instance the linear chaidgsH andC,,H.

in Fig. 9a, together with that of the dehydrogenated congeners
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CO=0-0=00 Fig. 9a and b. Logarithmic abundances of PAHs with respedtids
plotted as functions oNx (number of cycles) fofl, = 2000K and
various carbon to hydrogen ratlo’iﬁ = 0.1, 1 and 10afully hydro-

genatedb dehydrogenated to 50%

-4
c O 1
-6 EI?B ] periphery of any medium-sized carbon cluster, it is necessary to
] break two or thre€ C bonds against one bond in sp-hybridized
g bl e L L L open structures. This statement strongly contrasts with the pop-
8 16 24 32 40 48 56 ulation of clusters which very likely exists in the outer regions

Fig. 8. Logarithmic abundances 6f,, C,,H andC,, Hs linear species of circumstellar envelopes and in the interstellar medium, esti-
with respect toC; plotted as functions of for 7. = 2000K and Mated to be essentially composed of sp2-hybridized structures
no _ q, (PAHSs) (Allain et al. 1996a,b). But a simple scenario can still
s be envisaged in order to increase the sp2/sp ratio. As a matter of
fact, clusters produced in the inner regions of circumstellar en-
The third type of carbon, sp3-hybridized, is stocked eithgelopes are very likely reprocessed by interstellar UV radiation
in the form of linear (non-branched) alkanes whén< 5 orin  field when driven in the outermost regions. As already noted
the form of compact (diamond-like) compounds whér> 6. above, the carbon chains are very floppy and can easily lead
The sp3/sp ratio is of the order of 20 f8¢ = 0.1 (Table 5b), to small piece of graphite by structural rearrangement [Besides,
indicating that sp3 could possibly compete with sp in the ithe inverse process, leading from graphite to chain, is extremely
ner region of circumstellar envelopes. In fact, the sp-hybridizdifficult to realize].
(acetylenic or cumulenic) structures are energetically the most However, more likely, small graphitic entities bound to-
stable ones, but tetrahedral (sp3) structures are in a sense giglther by mono and di-acetylenic segments can also appear via
ally less fragile [To dissociate a sp3-hybridized carbon at titais type of process, ultimately leading by gradual sticking to
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1 ] B/ T = 5000 — 7000 K
0 7 E For moderately high temperatures,5000-7000 K, typically

N ] corresponding to R Coronae Borealis stars (®tterner, 1989),
-1 S -— _ _ 1 E the scenario drastically changes. In the vicinity of the star, hy-
2 F T T T === = drogen and carbon largely remain in a atomic state. For instance,
3 3 E atT. = 5000K and 22 = 1, [&] ~ 1075, [&] ~ 1077,

c 10 ] [%—?2] ~ 0.1. A very noticeable fact, however, is that as soon
4 - el E as self-shielding due to these clusters becomes efficient, forma-
5 [ [(PAHSO .. ) E tion and growth of medium-sized species appear very rapidly

g WD e 1 (Fig. 4-6) [As is well known, R CrB stars show deep min-
6 = 66 Ll 0.1 .. ima in the light curves usually explained by formation of dust
7 B ! ! ! \ 1N which blocks the photospheric flux very efficiently (Waters et al.

2 4 6 8 10 12 X 1990)]. Nevertheless, the compounds which are formed differ in

a qualitative manner from those obtained at lower temperatures

Fig. 10. Logarithmic abundances of fully hydrogenated PAHs Witl@ZOOO K). The linear chains are now very shd@t{H,] ~ 105
respect toCsHg plotted as functions ofVx (number of cycles) for but [C1oHa] ~ 10-15) even though monocyclic rings are stil

T, = K i h igs: =0.1,1 _ _
5000 K and various carbon to hydrogen ratlé}@ﬁ 0 and present|Cyo] ~ 10-6 —10~5. Larger values of, are not repre-

10. : .
sented for the monocycles. Besides, benzene produced by iso-
merization of lineaiCy and subsequent hydrogenation is very

81)2 1 i ngc — —
;gggf 52367 ;{’)Ogitlo estimated for,, = 011,10 at T. = abundant[CHg] ~ 10~3 (even though gradually transformed
into naphtalene by addition 6f,H-). Then benzene and naphta-
T. (K) 2000 5000 7000 lene act as nucleation points and promote formation of big PAHs
01 0.1 02 01 by pumping of atomic carbori@24Hia] ~ 1077 =1075). In
1 26102 06 0.6 clear contrast with the situation encountered in the low temper-
10 910* 06 06 ature regime (Fig. 10):

5 il PAHs are produced here at a very high ré€(H,2] ~ 10~°
Table 5b. < ratio estimated for7e = 0.1,1,10 at T. = againstl0~!0 at 2000 K).

s

2000, 5000, 7000 K
i/ these PAHs are generated in both regular and irregular — but

T.(K) 2000 5000 7000 compact — forms[22{2] ~ 1 against 0.02 at 2000 K).

0.1 22.0 39.1 8.2

1 910~ 0.3 03 iiif dehydrogenated PAHSs are totally absent whereas at 2000 K

10 510° 410°% 0.6 dehydrogenated PAHs are dominant over fully hydrogenated
species.

Furthermore, the very high sp2/sp ratio, of the order of 0.6
é‘&able 5a), shows that sp2 hybridized clusters (aromatic-like
species) now compete with sp-hybridized species (linear chains
5acpd monocycles). Eventually nanodiamond-like structures are

conjecture that these ones can be more and more dehyaltw—_lr_);esenttast notic_:eslhby tthe relativgllé/ hig?hsp3/sp r(zja_tio (0'.3)' d
genated and graphitized when arriving in the outermost regions € nextstage Is then to proceed rom these medium-size

(r > 100r,) of the circumstellar envelope by interstellar UVspecies, which are formed in the vicinity of the star over a fairly
radiation short distance< r,, to microscopic grains~ 0.01 — 0.1um in

For T, = 3000 K, we found[c—;] ~ 10 and[CQ—Ij‘z} ~ 100, size). Very crude calculations show'that medium-sized entities
both resulting from the fact thats is fully hydrogenated in such as fully hydrogengted PAH.S Wlth.20—50 atO"?S can cluster
C,H, (but [Céilj“] ~ 210—4). On the other hand[,%*—f} _ together to generate_ microscopic grains over a distance of the

1 1SaH2] 0.3 indicating thatC. weakly hvdroaenated order of10r, [assuming an attractive potential of the order_ of_
Ql’ [ Cs ] ) 0.3 Indica ng 3 y hydrog ' several tenths of an eV, for coronene the calculated potential is
Isa free rad'f?" But again d, C, is fully hydrogenated, o 5_q 3 6\/]. Following a very simple scenario, we obtain a hier-
[cyir;] ~ 5107 Carbon chain€’,, HandC,, Hy are very short, oo,y of clgsters which gradually coagulate in order to produce
forinstance Sel] ~ 1072 and[<$12] ~ 105, Temperatures very fluffy aggregates in which hydrogenated graphitic islands
~ 3000K are thus sufficient to impede the formation of lineagre |oosely connected together by Van der Waals forces. These
C, HandC, H, species possessing a number of carbon atomsgphins are surrounded by arelatively inert atmosphere composed
the order of —or larger than — 10. Likewise monocyclic rings atff the most abundant species, thatigl,. Itis also likely that a
not observed|{2] ~ 10~%). Besides, benzene and naphtalengw diacetylenic molecules and individual PAH units are loosely

a very intricate and strongly dehydrogenated network of mix
sp2 and sp hybridized carbons.
With regard to the diamond-like structures, we can al

are abundant £55is] ~ 0.1, [F475] ~ 1, but coronene is not coupled to the carbonaceous particles in an exohedral position.

present. On the other hand, both laboratory experiments and theoretical
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arguments suggest that grains composed of more or less iffaéivogel P., Fulara J., Jakobi M., Forney D., Maier J.P., 1995, J.Chem.
vidualized structural units, the latter ones possessing relatively Phys. 103, 54
large optical gaps¥ 2.3 eV for coronene), are transparentin th&renklach M., Feigelson E.D., 1989, ApJ 341, 372
visible. BesidES, |arger PAHSs have Comparative|y smaller Opﬁ[iSCh M.J., TI’L!CkS G.M,, Schlegel H.B., et al., Gaussian 94, Revision
cal gaps making use of the relationstyF,,, = \/% (ev), C.3, Inc., Pittsburgh P.A. (1995)

. . . Fye J.L., Jarrold M.F., 1997, J.Phys. Chem. A101,1836
whereM is the number of rings in the structure (see Roberts eres A., Sedimayr E., 1991, Chem. Phys. Lett. 184, 310
1991). At larger d|§tance§ from the stgr, say whe‘g 1007, Habing H.J., 1996, A&A Rev 7, 97
the grains (formed in the innermost regions of the circumstellggrpst £, 1991, ApJ 366,133
envelope according to the present scenario) are UV-procesg@flter J.M., Fye J.L., Jarrold M.F., Roskamp E.J., 1994, In: Nenner
by the interstellar radiation. Consequently they become opaquel: (ed.) Molecules and Grains in Space, p571 (IAP Conference
in the visible by reduction of the optical gap due to dehydro- proceedings 312, New York)
genation and subsequent graphitization (i.e. enlargement of ke T.H., Hibbins R.E., Miles J.R., et al., 1996, MNRAS 283, L105

PAH structural units). Kiefer J.H., Mizerka L.J., Patel M.R., Wei H.C., 1985, J.Phys. Chem.
89, 2013
Knapp G.R. 1986, ApJ 311, 731
4. Conclusion Kratschmer W., Lamb L.D., Fostiropoulos K., Huffman D.R., 1990,

We have developed a multicomponent model of carbon clusﬁggiaﬁifx’sggs 3. Chem. Soc. Faraday Trans. 89, 2285

growth using reaction rate constants, deduced from combusgg,, 1 ., Heath J.R., O'Brien S.C., Curl R.F., Smalley R.E, 1985,
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gscoll G., 1997, ApJ 489, 946
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