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ASTRONOMICAL DETECTION OF RHOMBOIDAL SiC3
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ABSTRACT

Seven rotational transitions of SiC3, a planar, highly polar ring molecule, have been detected in the millimeter-
wave band in the expanding envelope of the evolved carbon star IRC 110216. On the assumption that SiC3 has
the same 400 diameter shell as SiCC, the mean column density of SiC3 is cm . The rotational12 224.3 # 10
excitation of SiC3 is similar to that of SiCC, with a low rotational temperature within the K-stacks of 10–20 K
and a high rotational temperature across the K-stacks of roughly 50 K, which is probably close to the kinetic
temperature of the shell.

Subject headings: ISM: molecules — line: identification — molecular data — molecular processes —
radio lines: ISM

The most stable molecule with the elemental formula SiC3

has been calculated to be the rhomboidal isomer with a
transannular bond, as shown in Figure 1 (Alberts, Grev, &
Schaefer 1990; Gomei et al. 1997). It has recently been detected
for the first time in this laboratory, and its rotational spectrum
has been measured to high precision in both the centimeter-
and millimeter-wave bands (McCarthy, Apponi, & Thaddeus
1999; Apponi et al. 1999). Observing at the laboratory fre-
quencies, we have now detected, with the NRAO3 12 m tele-
scope on Kitt Peak, seven transitions of this unusual molecular
ring in the rich molecular envelope of the evolved carbon star
IRC 110216, which is a source where three silicon-carbon
molecules have already been detected: the diatomic radical SiC
(Cernicharo et al. 1989), the closed-shell ionic ring SiCC
(Thaddeus, Cummins, & Linke 1984), and the closed-shell lin-
ear chain SiC4 (Ohishi et al. 1989). Rhomboidal SiC3 is the
fifth and largest cyclic molecule so far identified in space (after
SiCC, c-C H , c-C H, and ethylene oxide c-C H O [Dickens et3 2 3 2 4

al. 1997], the only stable ring so far detected).
The observations are summarized in Table 1, and four of the

lines are shown in Figure 2. The uncertainties in our rest fre-
quencies are only 0.3 km s or less and, therefore, negligible21

relative to both the width of the lines in the molecular shell of
IRC 110216 (28 km s ) and the spectral resolution of our21

observations (3–4 km s ). Lines of nearly all molecules in21

this source lie at a radial velocity of 2 km s , which,2126 5 1
as Table 1 shows, to within the observational uncertainties, is
the velocity of all the lines attributed to SiC3. Because the
average interval between unidentified lines as strong as 5 mK
in this part of the spectrum of IRC 110216 is at least 30 MHz
in frequency, or 100 km s in velocity, the probability that21

any one of our seven lines is misidentified is a few percent at
most, and the joint probability that all are misidentified is ex-
tremely small. In spite of its fairly weak lines, rhomboidal SiC3
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is one of the more securely identified molecules in IRC
110216.

The observations were done with the 12 m NRAO telescope
on Kitt Peak during 1998 December when the sky was clear
and the zenith opacity of water vapor at 225 GHz was generally
0.2 or less. The dual polarization SIS receiver used for the
observations had a single-sideband system temperature of 200
K or less, atmospheric emission included. Pointing was checked
every few hours against Saturn or 3C 273 and was found to
be good to 100. Spectra were taken by beam switching with
the telescope’s nutating subreflector at 1.25 Hz, with an angular
throw of 49. Two filter banks, each of 256 channels, one with
channels 1 MHz wide and the other with channels 2 MHz wide,
were each divided between the two linear polarizations of the
telescope’s feed, and their outputs summed to enhance the
signal-to-noise ratio. Adequately flat spectra were generally
obtained by subtracting only linear baselines from the final
spectra.

Rhomboidal SiC3 is a planar molecule with a singlet elec-
tronic ground state and a large dipole moment: 4.2 D according
to the ab initio calculation of Alberts et al. (1990). Its rotational
transitions are those of a slightly asymmetric prolate top
( ) and are therefore nearly harmonic in fre-k 5 20.945
quency—a key factor in the laboratory detection. For the nor-
mal isotopic species, the Bose statistics of the two equivalent
off-axis carbon nuclei restrict the value of K, the (approximately
conserved) quantum number of the component of angular mo-
mentum along the molecular symmetry axis, to even integers.
As the rotational level diagram of Figure 1 shows, lines in IRC
110216 have been detected in the four lowest K stacks,

, 2, 4, and 6, and therefore sample a substantial rangeFKF 5 0
of energy.

Figure 3 is a standard rotational temperature plot of the
observational data. Too few lines have been measured to de-
termine the rotational excitation of SiC3 with much refine-
ment—that will require observations at both higher and lower
frequencies—but it is already apparent that the excitation is
similar to that of SiCC, a molecule with the same C symmetry,2v

a similar pair of equivalent off-axis carbon nuclei, and a com-
parable dipole moment. Because radiative transitions are per-
mitted only within the K-stacks but collisional transitions occur
both within and across the stacks, the cross ladder rotational
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Fig. 1.—Lower rotational levels of SiC3, showing the seven transitions
detected in IRC 110216. The geometrical structure of the molecule is shown
in the insert. The bond lengths have been determined by the method of isotopic
substitution from measurements of the lower frequency lines of the normal
and five rare isotopic species.

TABLE 1
Lines of SiC3 in IRC 110216a

Transition

Rest
Frequency

(MHz)
TR

(mK)
vLSR

(km s )21
Dv

(arcsec) hB S
E/k
(K)

W(400)
(K km s )21

. . . . . .7 r 60, 7 0, 6 80662.33 4.8 5 1.0 222 5 3 77 0.92 7.0 15.6 0.50 5 0.04

. . . . . .8 r 70, 8 0, 7 91844.83 7.0 5 1.0 224 5 3 67 0.90 8.0 20.0 0.55 5 0.03

. . . . . .8 r 72, 7 2, 6 93125.61 5.2 5 1.0 228 5 3 66 0.90 7.5 26.3 0.40 5 0.03

. . . . . .8 r 76, 3 6, 2 93421.59
2.1 5 1.0 224 5 3 66 0.90 3.5 75.6 0.16 5 0.03. . . . . .8 r 76, 2 6, 1 93421.59

. . . . . .8 r 74, 5 4, 4 93484.07
3.5 5 1.0 226 5 3 66 0.90 6.0 44.8 0.28 5 0.03. . . . . .8 r 74, 4 4, 3 93484.94

. . . . . .8 r 72, 6 2, 5 94634.66 4.7 5 1.0 223 5 3 66 0.90 7.5 26.5 0.36 5 0.03

. . . . . .9 r 80, 9 0, 8 102916.13 6.0 5 1.0 223 5 3 62 0.88 9.0 24.9 0.40 5 0.03

Note.—TR is the line peak antenna temperature corrected for beam efficiency hB, is the full antennaDv
beamwidth at half intensity, S is the asymmetric rotor line strength, is the energy of the upper level ofE/k
the transition, and W(400) is the line-integrated intensity corrected for beamwidth on the assumption that the
source size is 400.

a a(1950) 5 09h45m14s.8, d(1950) 5 137309400.0.

temperature is locked to the kinetic temperature of the (largely
H2) gas and provides a valuable probe of the kinetic temper-
ature. Within the stacks, however, collisional excitation is slow
relative to radiative decay, and the excitation is markedly sub-
thermal, with . For SiCC, it was found thatT K T T 5rot kin rot

K and K (Thaddeus et al. 1984); here, as Figure10 T 5 140kin

3 shows, the corresponding temperatures are 13 and 46 K.

Given the substantial uncertainties, on the order of 30% or
more, it would not be surprising if, with better data, the cor-
responding temperatures of the two molecules turned out to be
about the same.

To calculate the column density of SiC3 in IRC 110216, we
have adopted the same procedure used to calculate that of SiCC.
The rotational partition function 1/2 3/2 1/2Z 5 p (k/h) T T /kin rot

, with GHz,1/2(2B A ) 5 207 A 5 37.9 B 5 (B 1 C)/2 5eff eff

GHz from the laboratory spectroscopy, and and5.83 T Tkin rot

from Figure 3. The column density averaged over a 400 antenna
beam is then cm , with an estimated uncer-12 22N 5 4.3 # 10
tainty of at least 30%.

A comparison of the abundance of SiC3 in IRC 110216 with
that of other silicon-carbon molecules requires care, because
the radio observations have been done with different beam-
widths, and there is evidence that the shells of the four known
species differ in size, with that of SiC the largest. The diameter
of the SiCC shell has been measured interferometrically by
three groups to be about 400 (Takano, Saito, & Tsuji 1992;
Gensheimer, Likkel, & Snyder 1995; Guélin, Lucas, & Neri
1996). For want of interferometric data, we will assume that
the shells of SiC3 and SiC4 also have a diameter of 400. Scaling
the published column densities to a beam of that size, we obtain
those listed in Table 2. It is clear from the extreme cusp-shaped
line profiles of SiC, and from a strip map done with the 30 m
telescope at a resolution of 170 at the time of the discovery of
this molecule (Cernicharo et al. 1989), that the shell of SiC is
somewhat larger than that of the other molecules in Table 2.
To estimate the SiC column density, we have assumed a shell
diameter of 600, and that only about 20% of the SiC was
actually observed by Cernicharo et al. owing to their small
beam size. On these assumptions, the last two columns of Table
2 give the total number of silicon-carbon molecules and the Si
mass in the envelope of IRC 110216, for a distance of 200
pc. Our conclusions are (i) that in IRC 110216, the total
amount of SiC is nearly equal to that of SiCC and (ii) that
SiC3 and SiC4 are roughly 200 times less abundant, with SiC3

being perhaps 50% more abundant than SiC4.
Circumstellar Si chemistry in IRC 110216 was first dis-
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Fig. 2.—Four of the lines of SiC3 in IRC 110216 observed with the NRAO
12 m telescope. The spectral resolution is 2 MHz. A typical integration time
per line was 7 hr. The blended transition at the lower left is also at8 r 7
about 226 km s when its radial velocity is calculated from its own rest21

frequency (Table 1).

TABLE 2
Abundances of Silicon-Carbon Molecules in IRC 110216

Molecule
Shell Diametera

(arcsec)
N

(1012 cm22)
NAb

(#1046)
MSi

( )M%

SiC . . . . . . . . 60 300 775 0.060
SiCC . . . . . . 40 760 865 0.067
SiC3 . . . . . . . 40 4.3 5.0 0.0004
SiC4 . . . . . . . 40 2.7 3.0 0.0002

a Measured for SiC and SiCC, assumed for SiC3 and SiC4.
b Total number of molecules in each shell. The projected area A

has been calculated for an assumed distance to IRC 110216 of
200 pc.

Fig. 3.—Rotational temperature diagram of SiC3 in IRC 110216. The open
circles are observations within the ladder; the filled circles are thoseK 5 0
across the ladders.

cussed by Glassgold, Lucas, & Omont (1986) in an attempt to
produce SiCC by ion-molecule reactions initiated by Si . Howe1

& Millar (1990) subsequently suggested that SiC3 might be
formed in detectable amounts in IRC 110216 by the photo-
dissociation of SiC4, but they predicted an abundance that is
at least 5 times less than that of SiC4. Glassgold & Mamon
(1992) then calculated with a fairly simple photochemical
model the abundances of the silicon molecules in this source
and the sizes of the respective shells. Starting with a few tightly
bonded molecules such as H2, CO, C2H2, and SiS that are
observed or inferred to exist in chemical equilibrium near the
star in regions shielded by the surrounding dust shell from
interstellar UV photons, they follow the reactions in the outflow
beyond a radius of roughly 1016 cm (40) where photodissocia-
tion and ion-molecule reactions commence. They suppose that
all the observed silicon-carbon molecules can be formed from
SiS in chains of reactions such as SiS 1 C H SiC H 11 1r2 2 2

SH, SiC H 1 SiCC 1 H, and SiCC 1 SiC 1 C.1 2e r hn r2

Glassgold & Mamon’s relative abundances and shell di-
ameters are in quite good agreement with those observed. In
particular, they find that SiC is about as abundant as SiCC, but,
as a daughter product in the outflow, it peaks in a shell about
twice as large, and they find that SiC3 and SiC4, as in Table 2,
are 2 orders less abundant. They make no quantitative predic-
tions about SiC3, but they predict that some SiC3 will be pro-
duced by the photodissociation of SiC4, with the implication

that the total amount of SiC3 cannot exceed that of SiC4. This
prediction agrees fairly well with what we find; however, if
SiC3 is actually somewhat more abundant than SiC4, as the data
hints, other reactions to form SiC3 may be required. Cyclic
molecules are not readily formed from linear chains in the
absence of three-body collisions at low density, and it will be
interesting to see if the photodissociation of SiC4 can actually
produce rhomboidal SiC3.

The rotational excitation of SiC3 in IRC 110216 poses an
interesting problem in molecular collisions and statistical equi-
librium, one that is probably tractable because all the lines we
observe are undoubtedly optically thin. It should now be pos-
sible to calculate to fairly high precision the required inter-
molecular potential energy for collisions with H2 or He and
the inelastic cross sections derived from it. With these, one
should be able to achieve a fairly good understanding of the
details of the rotational excitation of SiC3, a better value for
its rotational partition function and column density than given
here, as well as a determination of the total particle density in
the SiC3 shell. A full treatment of the excitation must take into
account that the kinetic temperature of the outflowing gas de-
pends strongly on distance, probably varying from many hun-
dreds of kelvins in the inner envelope to only a few tens of
kelvins in the outer.

It is likely that other silicon-carbon molecules can be de-
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tected in IRC 110216 or in other sources once laboratory rest
frequencies are available. According to Alberts et al. (1990)
and Gomei et al. (1997), there are two polar isomers of SiC3

that lie within 0.45 eV of the present rhomboidal ring: a linear
chain with a triplet electronic ground state and a second singlet
ring with a transannular bond between the Si atom and the
opposite on-axis C. We have already detected the triplet chain
in this laboratory, and an astronomical search for it is underway.

The second ring has so far eluded laboratory detection, but we
have succeeded in finding a number of longer silicon-carbon
chains, including triplet SiC5 and SiC7 and singlet SiC6 and
SiC8. All of these have rotational lines well placed in frequency
for astronomical detection with existing telescopes.

We are indebted to A. E. Glassgold, M. B. Bell, and H. F.
Schaefer III for useful comments and advice.
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