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ABSTRACT
Current gas-phase models of dense cloud chemistry contain molecules through B10 atoms in size. We

have extended two current reaction networks to include unsaturated hydrocarbons and bare carbon
clusters up to 64 carbon atoms in size. The new molecules consist of linear, monocyclic, tricyclic, and
fullerene/ane species, but not polycyclic aromatic hydrocarbons (PAHs). In an earlier paper, which was
directed at a possible understanding of the di†use interstellar absorption band problem, we reported
results for dispersive clouds, which start as dense clouds but evolve into di†use material. In this paper,
we report calculated molecular abundances for homogeneous dense interstellar clouds. The chemistry of
linear unsaturated species, especially the radicals, is emphasized. As with their smaller organicC

n
H

counterparts, the newly included large molecules possess abundances that mainly peak at so-called early
times before declining to steady state values. Exceptions include the stable fullerene which rises to aC60,maximum abundance at steady state. The results for large molecules in dense clouds are highly depen-
dent on which model network is used.
Subject headings : ISM: abundances È ISM: clouds È ISM: molecules È molecular processes

1. INTRODUCTION

The largest gaseous molecule detected unambiguously in
dense interstellar clouds contains 11 atoms(HC9N) (Herbst

et al. Models of dense cloud chemistry1995 ; Travers 1996).
include a wide assortment of molecules up to approximately
this size (Herbst & Leung Lee, &1989, 1990 ; Bettens,
Herbst Bettens, & Herbst with abun-1995 ; Lee, 1996a),
dances in nonÈstar-forming regions most often calculated as
a function of time with nonvarying physical conditions.
These so-called ““ pseudoÈtime-dependent ÏÏ models are nor-
mally run for homogeneous conditions, although in recent
years inhomogeneities have begun to be incorporated by
the use of slabs et al. Allen, & Langer(Lee 1996b ; Xie, 1995 ;

Langer, & Goldsmith For the larger mol-Bergin, 1995).
ecules, the calculated abundances in homogeneous models
are very sensitive to both time and to what neutral-neutral
reactions are included with large rates at low temperature

et al. When the initial species are assumed to(Bettens 1995).
be neutral or singly charged atoms (with the exception of

the abundances of organic molecules typically rise untilH2),they peak at a so-called ““ early time ÏÏ of 103È105 yr, before
declining sharply to steady state values, which are reached
in 107È108 yr. It is the early-time values that are more often
used in comparison with observations. The inclusion of
large numbers of rapid neutral-neutral reactions et(Herbst
al. et al. based on a few laboratory1994 ; Bettens 1995),
experiments & Smith leads to strong(Sims 1995),
reductions in the peak early-time abundances, generally
worsening agreement between calculated values and
observed abundances. et al. have tabulatedLee (1996a)
large numbers of results for three model networksÈthe
““ new standard model,ÏÏ the ““ new neutral-neutral model,ÏÏ

1 Current address : Research School of Chemistry, Australian National
University, Canberra, ACT 0200, Australia.

and ““Model 4 ÏÏ et al. The Ðrst network con-(Bettens 1995).
tains a rather limited set of rapid neutral-neutral reactions,
the second contains a much larger set, while the third con-
tains most of the reactions included in the new neutral-
neutral model but omits rapid reactions between O and N
atoms with bare carbon clusters. In general, the early-time
results using Model 4 (hereafter M4) are rather similar to
those of the new standard model (NSM) in that they show
large abundances of organic molecules, although the NSM
results are still in better agreement with observations of
dense clouds. Some justiÐcation for omitting obviously
crucial reactions between O and carbon clusters has been
provided by ab initio calculations on &O ] C3 (Woon
Herbst 1996).

In a recent series of papers (Bettens & Herbst 1995, 1996),
we reported the extension of our two successful model
networksÈNSM and M4Èto include molecules far larger
than heretofore contained, and we presented calculations of
the abundances of these large molecules in the di†use inter-
stellar medium. The M4 model was also reÐned by reintro-
ducing the rapid reaction between O and which hadC2,been removed from the new neutral-neutral network along
with the reactions. The additional moleculesO] C

n;2range up to 64 carbon atoms in size and include bare
carbon clusters, as well as very unsaturated (hydrogen-
poor) hydrocarbons that contain up to two hydrogen atoms
for neutral species and three hydrogen atoms for ionic
species. In addition to neutral species and positive ions,
selected negative ions are included. Despite the existence of
two small ring molecules in interstellar clouds, the new
species are assumed for simplicity to be linear when the
number of carbon atoms is less than or equal to 23, at which
stage it is assumed that spontaneous conversion occurs to
form monocylic ring species. The particular size is chosen
because each C-C-C group needs to bend only about 15¡ for
cyclization to occur. The laboratory identiÐcation of the
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linear isomer shows that carbon clusters of this size areC13not yet large enough to spontaneously convert to rings
et al. The possibility that chemical reactions(Giesen 1994).

can interconvert linear and cyclic isomers has not been con-
sidered. Once formed, monocyclic rings then lead to tri-
cyclic rings and Ðnally fullerenes, especially PartiallyC60.hydrogenated neutral fullerenes (““ fulleranes ÏÏ) have not
been included in the model but may well exist, so that our
calculated abundances of neutral fullerenes should be con-
sidered to be the sum of fullerenes and fulleranes.

Details of the reaction networks, which contain about
1000 species and 10,000 reactions, are in our Ðrst paper

& Herbst In the networks, the growth of(Bettens 1995).
linear and monocyclic species occurs mainly through C and
C` insertion and association reactions ; in the latter, the
two reactants combine to form one larger product. In
general, association reactions become more important and
normal reactions less important as the size of the reactants
increases. Tricyclic species are formed through association
and condensation of monocyclic species, and fullerenes are
formed via conversion reactions between small ions and
tricyclic rings. Both sets of latter species grow by associ-
ation with C and C`. The synthesis of the large molecules is
based on analogous laboratory work Helden, Gotts, &(von
Bowers et al. leading to fullerene pro-1993 ; Hunter 1994)
duction. Many of the needed rate coefficients and product
branching fractions were estimated using a variation on the
Rice-Ramsberger-Kassel-Marcus (RRKM) statistical tech-
nique & Herbst(Bettens 1995 ; Herbst 1996).

In our earlier work on the di†use interstellar medium
& Herbst we found that large molecules(Bettens 1996),

could be produced efficiently in dispersive clouds. The work
was motivated in part by a more simpliÐed model of large
molecule growth in the di†use interstellar medium pro-
posed by Dispersive clouds start o† life asThaddeus (1994).
dense clouds, in which gas-phase chemistry can lead to size-
able abundances of hydrocarbons that are moderate in size,
known as ““ seeds.ÏÏ Once the cloud expands and the density
is reduced beyond a certain value, external photons lead to
the production of large abundances of atomic carbon,
which enhances the production of large molecules from the
seeds. Eventually, signiÐcant abundances of very large
moleculesÈmainly monocyclic rings and fullerenes stable
against photodissociation by the interstellar radiation
ÐeldÈare formed. The speciÐc results depend signiÐcantly
on which model is being extended ; the M4 results generally
show much higher abundances of complex species, although
photons enhance large molecule production signiÐcantly
and rapidly in the NSM model. Large abundances of linear
hydrocarbons and clusters under di†use conditions are not
possible in either model unless an additional steady supply
of seed molecules can be photodesorbed o† interstellar
grains to lead to their production. The various results indi-
cate that an assortment of large molecules can plausibly be
regarded as candidates for carriers of the di†use interstellar
bands (DIBs) (Herbig 1993).

In this paper, we concentrate on the chemistry of large
hydrocarbons and carbon clusters in dense interstellar
clouds, a subject we have tackled before in a much less
detailed fashion The extensions to our NSM(Herbst 1991).
and M4 model networks have been used to calculate the
pseudoÈtime-dependent chemistry in a cloud of gas density

cm~3 and temperaturenH \ n(H) ] 2n(H2) \ 2 ] 104
10 K. The elemental abundances, the cosmic ray ionization

FIG. 1.ÈPlot of the fractional abundances obtained with the NSM
network for the linear species and vs. the number ofl-C

n
, l-C

n
H, l-C

n
H2carbon atoms n at a time of 104.5 yr.

rate, and the initial nonzero concentrations are our stan-
dard values and have been discussed previously et al.(Lee

Since the elemental abundances used are the ““ low-1996a).
metal ÏÏ values, only one solutionÈthe low-ionization
phaseÈis known to exist Bourlot, Pineau des Foreü ts, &(Le
Roue† 1995).

2. RESULTS : LINEAR SPECIES

Figures and show for the extended NSM and M41 2
networks, respectively, the fractional abundances (with
respect to of the linear neutral species andH2) C

n
, C

n
H,

(n ¹ 23) as a function of the number of carbon atomsC
n
H2n at a speciÐc early time (104.5 yr). No distinction is made in

our model results between acetylene-type structures
which are nonpolar, and carbene structures(HC

n
H), (H2Cn

),
which are polar and therefore detectable by radio astrono-

FIG. 2.ÈPlot of the fractional abundances obtained with the M4
network for the linear species and vs. the number ofl-C

n
, l-C

n
H, l-C

n
H2carbon atoms n at a time of 104.5 yr.
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mical methods. In our kinetic calculations, however, the
more stable acetylene-type isomers were used. One can see
immediately that the diminution in abundance with increas-
ing n is far larger for the NSM network than for the M4
network, which is also more powerful synthetically in dis-
persive clouds & Herbst For the former(Bettens 1996).
network, the fractional abundance of for example, isC20H,
less than 10~16, whereas for the latter work it exceeds
10~13. In addition, there is little if any diminution in the
predicted abundances of the species with increasing nC

n
H2in the M4 predictions ; a rather constant fractional abun-

dance of B3 ] 10~10 for n º 10 is predicted. An actual
increase in abundance occurs with increasing n in the range
8È10 for both models because of a greater ease in hydro-
genation. gives the fractional abundances for theTable 1

radicals at the same early time as depicted in FiguresC
n
H 1

and in addition, fractional abundances for the negative2 ;
ions of these species are also listed. These negative ions,
which are formed for n º 10 by direct attachment of elec-
trons to neutral radicals and by direct attachment of elec-
trons to bare clusters followed by reactions with atomic
hydrogen & Herbst are among the most(Bettens 1996),
abundant negatively charged species in our models because
of the large estimated electron affinities of the neutral mol-
ecules.

In Figures we show three-dimensional plots of the3È8,
fractional abundances of the three types of linear neutral
species and versus both time and number(C

n
, C

n
H, C

n
H2)of carbon atoms n. Figures and refer to the NSM3, 4, 5

network, while Figures and refer to the M4 network.6, 7, 8
In these and subsequent three-dimensional Ðgures, the
abundance is shown on a gray scale, with darker shades of
gray referring to lower abundances. Note that Figures and1

TABLE 1

FRACTIONAL ABUNDANCES WITH RESPECT TO AT 104.5 YEARS FORH2LINEAR NEUTRAL RADICALS AND NEGATIVE IONS, USING NSMC
n
H

AND M4 NETWORKS

n C
n
H (NSM) C

n
H (M4) C

n
H~ (NSM) C

n
H~ (M4)

2 . . . . . . 1.3([7) 7.1([10) . . . . . .
3 . . . . . . 5.6([8) 1.5([9) . . . . . .
4 . . . . . . 1.5([7) 8.3([10) . . . . . .
5 . . . . . . 7.9([9) 5.0([10) . . . . . .
6 . . . . . . 4.2([9) 3.1([10) . . . . . .
7 . . . . . . 1.9([9) 2.2([10) . . . . . .
8 . . . . . . 2.5([9) 1.9([10) . . . . . .
9 . . . . . . 2.5([10) 4.1([11) . . . . . .

10 . . . . . . 1.3([11) 6.2([11) 3.2([13) 2.3([12)
11 . . . . . . 7.1([12) 3.8([11) 1.8([13) 1.4([12)
12 . . . . . . 2.1([12) 2.5([11) 5.1([14) 9.2([13)
13 . . . . . . 6.5([13) 1.5([11) 1.6([14) 5.4([13)
14 . . . . . . 1.8([13) 8.4([12) 4.4([15) 3.1([13)
15 . . . . . . 5.1([14) 4.9([12) 1.3([15) 1.8([13)
16 . . . . . . 1.4([14) 2.8([12) 3.3([16) 1.0([13)
17 . . . . . . 3.9([15) 1.7([12) 9.6([17) 6.1([14)
18 . . . . . . 1.0([15) 9.7([13) 2.5([17) 3.6([14)
19 . . . . . . 3.0([16) 6.0([13) 7.3([18) 2.2([14)
20 . . . . . . 7.8([17) 3.7([13) 1.9([18) 1.4([14)
21 . . . . . . 2.3([17) 2.4([13) 5.7([19) 9.0([15)
22 . . . . . . 6.2([18) 1.3([13) 1.5([19) 4.8([15)
23 . . . . . . 1.9([18) 7.5([14) 4.6([20) 2.8([15)

represent cuts of the three-dimensional Ðgures at a Ðxed2
early time. The three-dimensional Ðgures indicate, however,
that the general features of Figures and are reproduced1 2
at a wide variety of early times. The most striking feature
about the three-dimensional curves, which are rather
complex, is that they show the linear neutral species to
reach maximum abundances very quickly compared with

FIG. 3.ÈThree-dimensional plot of the fractional abundance of the linear species vs. n and time obtained with the NSM network. The gray scale isl-C
nused in conjunction with the ordinate to indicate fractional abundance.



FIG. 4.ÈThree-dimensional plot of the fractional abundance of the linear species vs. n and time obtained with the NSM network. The gray scale isl-C
n
H

used in conjunction with the ordinate to indicate fractional abundance.

FIG. 5.ÈThree-dimensional plot of the fractional abundance of the linear species vs. n and time obtained with the NSM network. The gray scale isl-C
n
H2used in conjunction with the ordinate to indicate fractional abundance.
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FIG. 6.ÈThree-dimensional plot of the fractional abundance of the linear species vs. n and time obtained with the M4 network. The gray scale is usedl-C
nin conjunction with the ordinate to indicate fractional abundance.

FIG. 7.ÈThree-dimensional plot of the fractional abundance of the linear species vs. n and time obtained with the M4 network. The gray scale isl-C
n
H

used in conjunction with the ordinate to indicate fractional abundance.
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FIG. 8.ÈThree-dimensional plot of the fractional abundance of the linear species vs. n and time obtained with the M4 network. The gray scale isl-C
n
H2used in conjunction with the ordinate to indicate fractional abundance.

most other organic species. Moreover, the times at which
maximum abundances are attained do not signiÐcantly
increase with increasing molecular size.

Interestingly, the method of synthesis of the linear carbon
species di†ers between the two models. In the NSM
network, synthesis of the smaller species occurs mainly by
ion-molecule insertion reactions involving carbon ions and
neutral hydrocarbons, or carbon atoms and positively
charged hydrocarbon ions :

C` ] C
n
H

m
] C

n`1Hm~1` ] H , (1)

C] C
n
H

m
` ]C

n`1Hm~1` ] H; (2)

whereas in the M4 network, neutral insertion reactions
between C and hydrocarbons, e.g.,

C] C
n
H

m
] C

n`1Hm~1 ] H , (3)

play a signiÐcant role. In both models, radiative association
reactions become increasingly signiÐcant with increasing
reactant size.

3. RESULTS : RINGS AND FULLERENES

When linear species spontaneously convert into mono-
cyclic rings as the number of carbon atoms reaches 24, the
abundances tend to increase, since ring species are assumed
to be less reactive than their linear counterparts. This e†ect
can be seen in the three-dimensional Figures and in9 10,
which the fractional abundances of both linear (n \ 24) and
monocyclic (24¹ n ¹ 63) bare carbon clusters are plotted
versus time and the number of carbon atoms n for the NSM
and M4 networks, respectively. In the NSM network, the
jump between n \ 23 and n \ 24 is a rather small one, but
in the M4 network, the jump is quite large, such that the

abundance of the monocyclic cluster is approximatelyC24equal to that of the linear cluster at early times. As nC9increases further, the abundances of the bare monocyclic
species decrease monotonically up to n \ 63 (the special
case of n \ 64 is discussed below). The time dependence of
the monocyclic species through n \ 63 is not di†erent from
that of the linear species ; abundances tend to decrease from
early-time values as steady state conditions are reached. In
the M4 results, it can be seen that the peak abundances of
the largest monocyclic bare carbon species are achieved at
signiÐcantly later times than the peak abundances of the
linear and smaller monocyclic species.

The abundances of all tricyclic species are very low
because they are produced slowly by association and con-
densation reactions of ionic with neutral monocyclic
species, and because they are destroyed rapidly by a variety
of ion-molecule reactions to form fullerenes &(Bettens
Herbst & Herbst1995 ; Bettens 1996).

As time progresses, two groups of ““ sink ÏÏ species can
become especially abundant, as also occurs in dispersive
clouds. Sink species belong to groups that do not contain
destruction reactions, except among members of the group.
The time dependence of such species and/or groups does
not show a peak at early time, but shows a continuous
increase with time until a quasi steady state is achieved, at
which time formation and depletion reactions only occur
within the groups. Still, the early-time results are of impor-
tance because it is difficult to see how steady state condi-
tions can be reached in realistic models of interstellar clouds
given the long time necessary to reach them. One major
group of sink species is composed of molecules containing
64 carbon atoms. These species, the largest in the model,
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FIG. 9.ÈThree-dimensional plot of the fractional abundances of the linear and monocyclic bare carbon cluster species, (n \ 24) andl-C
n

m-C
n(24 ¹ n \ 64), vs. n and time obtained with the NSM network. The gray scale is used in conjunction with the ordinate to indicate fractional abundance.

consist mainly of neutral bare and weakly hydrogenated
monocyclic hydrocarbons as well as the bare neutral ful-
lerene. Since synthesis past this size is not considered, the 64
carbon atom species e†ectively represent species with 64 or

more carbon atoms. Another group of sink species consists
of the bare (and particularly stable) neutral fullerene C60along with the much less abundant positive fullerene/ane
ions C60Hm

`.

FIG. 10.ÈThree-dimensional plot of the fractional abundances of the linear and monocyclic bare carbon cluster species, (n \ 24) andl-C
n

m-C
n(24 ¹ n \ 64), vs. n and time obtained with the M4 network. The gray scale is used in conjunction with the ordinate to indicate fractional abundance.
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FIG. 11.ÈPlot of the fractional abundances of the group of 64 carbon
atom species and of the fullerene vs. time for the NSM network.C60

Figures and show the total fractional abundance of11 12
64 carbon atom species and the fractional abundance of the
fullerene versus time for the NSM and M4 calculations,C60respectively. In the NSM calculations, the abundances of
the two groups of sink species are very low, whereas in the
M4 calculations they are found to be considerable. In par-
ticular, even at a time of 105 yr, both the fullerene andC60the group of 64 carbon atom species have calculated frac-
tional abundances of nearly 10~8. The abundance of ful-
lerene stands for the group abundance of both bare andC60partially hydrogenated fulleranes since the latter(C60Hm

),
are not considered in the model because of space limi-
tations. It is indeed likely that some hydrogenation occurs,
so that the large calculated abundance must be divided
among several species. Likewise, the large abundance of the
group of 64 carbon atom species does not necessarily imply
an observable abundance for any one species. In fact, the
M4 model is so powerful synthetically that the calculated
abundances may represent small dust particles with far
more than 64 carbon atoms.

FIG. 12.ÈPlot of the fractional abundances of the group of 64 carbon
atom species and of the fullerene vs. time for the M4 network.C60

It is interesting to compare our dense cloud results for 64
carbon atom species and for the fullerene with ourC60corresponding dispersive cloud results & Herbst(Bettens

With the M4 network, there is very little di†erence in1996).
either the calculated fractional abundances or their time
dependence. With the NSM network, however, the forma-
tion of these large molecules is enhanced dramatically
under dispersive cloud conditions.

4. DISCUSSION

Calculated abundances in dense interstellar clouds for all
molecules in the extended NSM and M4 networks are
available from the authors. The calculated abundances for
clusters and hydrocarbons with more than 10 carbon
atoms, however, are highly dependent on which model
network is utilized ; and the Ðgures show that detec-Table 1
tion of these large molecules is far more feasible if the M4
network pertains. Is there any manner in which we can
currently decide which network (if either) is more likely to
be correct? The two networks can be compared in two
ways : (1) with observations for smaller hydrocarbons and
other types of smaller molecules, and (2) with the current
state of knowledge of reaction rates involving neutral
species.

For the well-studied cloud TMC-1, the NSM network
does a better job at early time than does the M4 network

et al. et al. In a comparison(Bettens 1995 ; Lee 1996a).
involving radicals, the latter network underpredicts theC

n
H

abundances of the and radicals even at theirC2H C4Hpeak, but shows a smaller diminution in peak abundance
with increasing molecular size. In the well-studied cyano-
polyyne family the M4 and NSM results show(HC2n`1N),
a similar contrasting pattern, although here the NSM
network leads to too large a value for the smallest member
of the family if the peak calculated value is used. If(HC3N)
one wishes to have a less severe time constraint on the
calculated abundances for the smaller species, the NSM
results are certainly superior in that they can produce suffi-
cient abundances over larger periods of time. Of course, the
comparison with observation is complicated by the prob-
able need to account for heterogeneous physical conditions.

Although the NSM network results in better early-time
agreement with observation in TMC-1, it runs more seri-
ously afoul of recent low-temperature experimental results
on neutral-neutral reactions. The M4 network takes these
into account with the assumption that a wide variety of
atom-neutral and radical-neutral reactions are rapid.
However, this network speciÐcally excludes the class of
reactions between O and N atoms and bare carbon clusters.
Although there is some theoretical evidence that O atoms
do not react with small linear carbon clusters containing an
odd number of carbon atoms & Herbst it is(Woon 1996),
far more likely that O atoms will react with linear carbon
clusters containing an even number of carbon atoms, since
these clusters possess ground electronic states of triplet
multiplicity. If reactions are assumed to be rapid forOÈC2mm[ 1, the synthetic power of the resulting network is
reduced et al. Research is continuing to(Bettens 1995).
determine how this synthetic power can be restored so that
the abundances of the larger interstellar molecules currently
detected can be accounted for. One possibility is that the
small species possess nonreactive ringed isomers forC2mm[ 1 of signiÐcant interstellar abundance. Another possi-
bility is that hydrogenation (““ HAAR ÏÏ) reactions between
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carbon clusters or radicals and can occur at lowC
n
H H2temperatures via tunneling, leading to increased synthetic

power et al. These possibilities have not yet(Bettens 1995).
been explored fully by theoretical and experimental studies.
As such studies are undertaken, better reaction networks
involving small molecules can be constructed, and exten-
sions of these networks to large molecules will lead to a
greater degree of certainty than the current results.

The best observational constraints on the predictions of
the current extended networks lie perhaps in studies of
larger members of the and families,C

n
H HC2n`1Nalthough the latter species have yet to be included for n [ 4.

Radio searches for these large molecules in dense inter-
stellar clouds may well be feasible, especially given the
recent rapid progress in their laboratory spectroscopy

(McCarthy et al. et al. Large1996a, 1996b ; Travers 1996).
molecules in cold sources have peak emissions at rather low
frequencies that we have previously estimated (Herbst

For example, the optimum emission frequency for a1985).
19 carbon atom linear chain species in a 10 K source is
approximately 6 GHz, corresponding to the J \ 70 ] 69
transition. The emission spectra of nonlinear species peak at
larger frequencies. Detection via absorption is also a possi-
bility.
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