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Abstract

Rotational spectroscopy at millimeter wavelengths is a powerful means of investigating the chemistry of dense
interstellar clouds. These regions can exhibit an interesting complement of gas phase molecules, including relatively
complex organics. Here we report the tentative first astronomical detection of aziridine (ethylenimine), the possible
detection of propenal (acrolein), and upper limits on the abundances of cyclopropenone, furan, hydroxyethanal
(glycolaldehyde), thiohydroxylamine (NH,SH), and ethenol (vinyl alcohol) in various interstellar clouds.
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1. Introduction

Over the last three decades astronomers have
discovered that the denser clouds in the interstel-
lar medium (ISM) have a complex chemistry in-
volving both particulate matter (interstellar

grains) and a gas phase in which more than 100
molecular species have been securely identified
[1-3]. The latter include molecules with up to at
least 13 atoms and molecular weights up to 147
(Table 1). In addition, there is strong evidence for
even heavier aromatic molecules, although specific
assignments have been difficult to achieve [4].
This interstellar chemistry is scientifically im-
portant, both in its own right as it pertains to the
largest objects in the universe whose composition



is subject to chemical bonding; and in its appli-
cation to astrophysical problems such as star
formation, where cooling of clouds by trace
molecular constituents and the coupling to mag-
netic fields through the abundance of ions are
critically important [5]. Moreover, the low tem-
peratures (often ~ 10 K) and densities (> 10*
molecules cm ™2 in ‘dense’ regions) make these
clouds interesting laboratories where the spectra
and structure of a number of molecular species
have been studied before this was possible in the
laboratory (e.g. [6—8]). Finally, since interstellar
organic molecules may well be incorporated into
comets and hence brought to the early Earth, it
is at least conceivable that such exogenous ma-

terial may have played some role in the origin
of life [15,53].

Although much is known about the chemistry
of dense interstellar clouds, much also remains
uncertain, as a result of the variety of heteroge-
neous processes which may be important, in-
cluding the effects of radiation fields and cosmic
rays. Absolute abundances are difficult to deter-
mine as a function of physical conditions; such
conditions vary significantly among and within
different environments; reaction rates and
branching ratios in the gas phase may not be
known at relevant temperatures; the nature of
grain surfaces and hence processes on and in
grains are poorly constrained (although spectra

Table 1

Gas phase interstellar and circumstellar molecules

2 Atoms 3 Atoms 4 Atoms 5 Atoms 6 Atoms 7 Atoms 8 Atoms 9 Atoms >10 Atoms
H, C,H C,H, C,H C,H,2 CH CH,COOH CH,CH CH,C,CN®
C, CH, I-C;H C,H, H,CCCC HC;N HCOOCH,; CH,;0CH; CH,COCH;
CH HCN c-C;H¢ H,CCC CH,OH CH,CHCN C,H* CH,CH,CN HCyN
CH* HNC NH, HCOCH CH;CN CH,C,H H.Cq CH,CH,O0H HCN
CN HCO HNCO CH,CO CH,;NC CH,CHO HC H" HC,N (C,H,),0P
CO HCO™* HOCO* HCN CH,SH CH,NH, CH,C5N CqH

CS HOCH HCNH™* CH,CN NH,CHO  ¢-CH,OCH,®

OH N,H* HNCS NH,CN HC;HO

NH NH, C,N CH,NH CH

NO H,O C,0 CH, HC,NH*

NS HCS™* H,CS SiH,* CsN

Sic? H,S C;8 C,Si* HC H*

Si0 OCS HCCN 52

Sis N,O H,0* HCCNC

SiN? SO, H,CN HNCCC

S0 SiC,” H,CO H,COH*

HCI C,S c-SiC5°¢

cp? C,0 CH,

SO+ C,

NacCl? MgNC*

AlCI* MgCN?

KC1» NaCN?

AIF* HNO

PN H

Ccor

SiH®

HF®

* Detected only in stellar envelopes.
® Tentative detection.
¢ C-, cyclic structure. For references, see [50,61,62].



Table 2

Source information®

Source «(1950.0) 6(1950.0) Visg [km s™iP N(H,) [em™?F° &, [arcsec]! Reference/comments
TMC-1(CP) 04h38™38.6°  +25°35'45.0” +5.8 2.0(22) 50 [23] from C!*0
Orion KL 05P32m47.0°  —05°24°23.0” +9.0 1.0023) 50 [28] from C'*0
Orion 3'N 05832m51.0°  —05°20°50.0” +9.0 5.0022) 50 [28] from C'#0O
G327.3~0.6 15849™15.6° —54°28°07.07 —45.0 3.0023) 45 [51] from C%0
LI34N(C) 157513268 —02°43°31.0” 2.5 1.5(22) 50 [24] from C'*0
IRS 16293 16729™20.9°  —24°22°13.0” +4.0 2.0(23) 20 [25] from CY"O
NGC 6334F 170173235 —35°44°02.5” -~7.0 2.0(23) 45 [21] from CYO
SgrB2 N 17744™10.15  —28°21°17.0” +68.0 3.0024) 23 [18] from C'O
G10.47+0.03  18°05™40.3° —19°52'21.07  +68.0 1.0(23) 45 [21] from C'70
W33A 18714m26.3°  —17°52°01.0” +32.0 6.2(23) 14 [52] from C'"O
G31.4140.31 18844m59.25  —01°16°07.0” +97.0 2.023) 45 [21] from C'7O
G34.34+0.2 18750™46.2°  4-01°11°13.0” +58.0 3.0023) 45 [21] from CY0O

2 Note: notation a(b) represents a x 10°.

b ¥, sr» 18 the radial velocity of the source with respect to the local standard of rest (see text).
¢ N(H,), is the column density of molecular hydrogen along the line of sight as estimated from the CO isotopomer indicated in

the last column.

4 @ b, is the antenna main beam size (full width half power).

show that the grains contain both silicates and
poorly characterized organic material [5,74]);
and the interchange of material between solid
and gas phases is not well understood [9,10].
Thus, the additional constraints on models sup-
plied by the identification of new molecular spe-
cies and the determination of their abundance
remains very important.

The increased sensitivity of infrared detectors
and the necessity of such measurements for non-
polar species and for solid state features are in-
creasing the importance of infrared observations
of vibrational spectra for interstellar chemistry
(e.g. [11,12]). Nonetheless, the great bulk of the
relevant data come from heterodyne observa-
tions of rotational spectra at millimeter and sub-
millimeter wavelengths. Rotational spectroscopy
is thus critical to this field, and key data are
often lacking, particularly for ‘unstable’ species
such as radicals and positive ions, or even for
well known molecules in high rotational levels,
in low-lying vibrational states, and for rarer iso-
topomers (cf. the recent important work on spe-
cies such as methanol and methyl formate
(methyl methanate; e.g. [13,14]).

Here we report on searches for several previ-
ously undetected molecules in a number of in-
terstellar sources. These particular searches were

motivated by the identification of related species
in interstellar clouds or, in one case, in a comet
(the chemistry of cometary comae is remarkably
similar to that in the ISM, either because of the
presence of preserved interstellar material or be-
cause of similar conditions in the ISM to those
in the region of cometary formation in the solar
nebula [15]). We have taken advantage of the
relatively large body of data which we accumu-
lated in several searches targeted for certain
molecules, to seek for other species with transi-
tions in the frequency ranges encompassed by
the data. Our observed frequency bands fall
within the general ranges 18-23, 85-115, 130~
170, and 210-260 GHz (wavelengths of about
17-13,3.5-2.6,2.3-1.8, and 1.4-1.2 mm, re-
spectively).

Observations were made at the 15 m diameter
Swedish-ESO Submillimeter Telescope (SEST) in
Chile, the US National Radio Astronomy Ob-
servatory’s 12 m telescope in Arizona, and the
NASA DSN 70 m telescope. Our observed
sources (Table 2) are primarily examples of the
regions called hot cores, which are present
around very young, massive stars or protostars
(e.g. [2,16,18]). These hot cores include Orion
KL (the closest such region to the Sun, and



consequently known to have a complex physical
and chemical structure; cf. [19]), G327.3—-0.6
[20,21], NGC 6334F [21], SgrB2 N (in the
Galactic Center region [18]), G10.47 4 0.03 [22],
G31.4140.31 [21,22] and G34.34+0.2 [17,21]. In
addition, we observed on some occasions the
cold, dark clouds TMC-1(CP) and L134N(C),
regions where solar type stars may cventually
form [23,24]; IRS 16293, a cloud where a solar
type star(s) has indeed formed [25,26]; the line
of sight toward a very deeply embedded massive
star in a giant molecular cloud, W33A (e.g.
[27]); and the quiescent gas near a region of
massive star formation, Orion 3'N [28]. Because
of the heterodyne techniques available at these
frequencies, very high spectral resolution was
obtained, typically > 100 000 and often >
500 000. We note that comparing the observed
spectrum to one obtained in the laboratory re-
quires a Doppler correction for the relative mo-
tion of the source region relative to the
telescope. This velocity is conveniently separated
into two parts, the motion of the observer with
respect to the Local Standard of Rest (LSR; the

coordinate system defined by a hypothetical star
at the location of the Sun, but moving in a
closed orbit in the plane of our Milky Way
Galaxy [64]), and the velocity of the source
(VLSR) with respect to this coordinate system.
The latter is determined from the source’s spec-
trum, since the pattern of expected strong lines
is easily recognized. The detailed observing tech-
niques are described elsewhere [21,29].

A sample spectrum of the hot core G327.3 —
0.6 is given in Fig. 1. As is typical of hot core
regions, emission lines from a variety of organic
species arc seen, with typical linewidths (from
Doppler broadening by mass motions within the
cloud) of order 5 km s~!, or 2.5 MHz at 150
GHz. In addition, there are a number of unas-
signed features. Although some of the latter
may ultimately be assigned to new interstellar
molecules, our experience suggests that many (if
not most) of them may arise from as yet uncat-
aloged transitions of known interstellar species,
including high-J lines, transitions within low-ly-
ing vibrational states, and transitions of rarer
isotopomers (cf. [30]).
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Fig. 1. A sample spectrum in the 2 mm wavelength region for the southern hemisphere hot core source G327.3-0.6, Intensity given
as antenna temperature 7% (see text). Emission lines are rotational transitions of the molecular species indicated. Unlabeled lines are
either unassigned (see text) or have more than one possible assignment.



2. Molecular species sought

We give our results consecutively for each
molecular species. Table 3 lists the frequencies,
energies above the ground state, and Einstein
A-coefficients for the transitions observed for
each species except aziridine, for which the transi-
tions are given in Table 4. Because traditionally
radio astronomers worked at frequencies v for
which the Rayleigh—Jeans approximation was
valid (hv < kT), it is usual to express intensity (1)
in terms of temperature units via

I(v) = Qhv3cHexp(hv [kT) — 117 = 2k v?T/c?,

where the ‘brightness temperature’ T is the tem-
perature of a hypothetical blackbody filling the
beam of a perfect antenna and producing the
measured monochromatic flux. Since a real an-
tenna is not perfect and various calibration
schemes are used, the observed signal defines an
‘antenna temperature’ 7% (e.g. Fig. 1) which is
related to the brightness temperature by an effi-
ciency factor. A particular choice of efficiency
factor defines the ‘main beam antenna tempera-
ture’ T, (Tables 4-6, Figs. 2-5) [9,31]. ;

Table 4 and Table 5 list for aziridine and
propenal, respectively, the detected emission lines
or the upper limits in each observed source region
in units of milliKelvin. Table 6 lists for thiohy-
droxylamine the upper limits only on signal
strength in each observed source region. The up-
per limits on line intensity for the other species
which we have sought are comparable to those for
thiohydroxylamine and are not tabulated; instead
we give below limits on the derived column densi-
ties and abundances. Of particular interest, we
report the tentative first astronomical detection of
aziridine and a possible first astronomical detec-
tion of propenal.

2.1. Aziridine (ethylenimine, ¢-C,H ,NH)

Cyclic molecules play a fundamental role in
biochemistry. In the diffuse interstellar medium
there is strong evidence for the presence of poly-
cyclic aromatic hydrocarbons (PAHSs), but specific
molecular species have not been identified [4]. In
dense interstellar clouds, cyclic species have been

hard to find; until recently only the 3-carbon rings
C;H and C;H, had been identified, although two
small silicon-containing rings are known in the
envelopes of evolved, carbon-rich stars (Table 1).
The recent identification of oxirane (ethylene ox-
ide, ¢-C,H,O) in the ISM [21,29] made it natural
to investigate the possible presence of the related
species aziridine, in which the oxygen is replaced
by an NH group. Fortunately, the rotational
spectrum at relevant wavelengths has recently
been measured [33,63]. Although a targeted search
for aziridine was not carried out, a number of its
transition frequencies were covered in our
searches for other molecular species. The pre-
dicted relative intensity of these lines of course
depends on the assumed rotational temperature.
One of the lines which we would expect to be
among the strongest at temperatures in the range
30-100 K, which is typically what we would
expect in hot molecular cloud cores, is the 9y,—
8,4/910— 85 doublet at 249 419.6 MHz. This line is
unfortunately not observable, being less than 0.4
MHz from the 15(3)-15(2) A-+ line of
methanol, which is a very prominent emission
feature in all hot cores.

In our data there are two features that may be
attributed to aziridine (Table 4). The first is the
Ss0—44, line at 226 233.4 MHz, where, to the best
of our knowledge, no other known interstellar
species have transitions. There 1s a clear emission
line here in the spectra of the hot cores G327.3,
G10.47, and Sgr B2(N), and a weak line in G34.3
(Fig. 2). The second feature is the 2,,—1,; transi-
tion at 86 312.7 MHz, where a line is detected in
(327.3, G10.47, and possibly in G31.41 (Fig. 3).
The significance of these detections will be dis-
cussed below.

2.2. Propenal (acrolein, CH,CHCHO)

The presence in a variety of interstellar clouds
of both CH,CHCN and CH;CHO (e.g. [21,30])
suggests that propenal might also be present.
Note that ethene (H,CCH,) has been detected in
stellar envelopes through its vibrational spectrum
in absorption [61], but its non-polar nature pre-
cludes detection of rotational lines in cold inter-
stellar clouds. The frans-form of propenal is more



Table 3
Molecular transition data

Rest frequency [MHz] Transition [Je_, x41] E, [K]* Ay Telescope
CH,CHOH:ethenol [10—3 s
77726.6 494305 9 0.092 NRAO
84401.7 81 7805 37 0.167 SEST
86557.6 2, 1o, 5 0.074 NRAO
101449.2 5,41 17 0.201 SEST
222996.9 4531, 19 1.758 NRAO
238774.0 12, 110, 72 3.620 NRAO
240593.6 12,111 01 78 2.925 SEST
240786.7 13,1512, 15 84 2.948 SEST
249262.5 Py 27 1.497 SEST
249560.1 4y rdy 5 31 2112 SEST
249773.7 514524 36 2.433 SEST
250143.9 63465 5 41 2.632 SEST
¢-C;H,0:cyclopropenone [10—% s
23105.6 514515 12 0.009 DSN
74052.8 51y s 12 3.971 NRAO
822832 60 S0 5 14 5.727 NRAO
103069.9 7,661 5 21 10.199 NRAO
105476.5 8, 571+ 24 12.170 NRAO
107805.0 80570 24 13.101 SEST
¢-C,H,0:furan [10—¢s71]
23402.5 4y 8 0.012 DSN
23453.1 202101 2 0.023 DSN
70074.7 615514 13 0.697 NRAO
88748.7 90580 5 2 1786 SEST
107431.0 1.01-10 10 3 3.232 SEST
210175.6 22025210 21 118 25.31 NRAO
CH,OHCHO:hydroxyethanal [10-7 s71
17981.1 312305 4 2132 DSN
22142.9 4, 4y, 6 3.453 DSN
222528 9, 845 30 0.436 DSN
23415.7 1, =05 1 3.712 DSN
23415.9 305212 2 2.080 DSN
CH,CHCHO:propenal [10—3 s~ 1]
88523.3 10016909 23 2.753 SEST
88540.6 3255733450 277 0.022 SEST
89043.5 106 59 5 98 1.794 SEST
89082.2 10,49, ) 2.554 SEST
89093.2 105795 ¢ 0 2.555 SEST
94414.6 2021 102 0.016 NRAO
97263.1 11y11-100 16 28 3.669 NRAO
107404.2 21502101 102 0.119 SEST
107528.8 12, 151150 42 4845 SEST
NH2SH:thiohydroxylamine [10—¢s—1]
84243.6 315215 14 2.349 SEST

* E, is the energy of the upper level above the ground state for the transition.
® 4, is the rate of spontaneous emission from the upper to lower level, also called the Einstein A -coefficient.



stable than the cis-form, which lies about 700
cm ' higher in energy. The rotational spectrum
of trans-propenal is known from laboratory mea-
surements [32].

Although we did not specifically target
propenal in any of our searches, six unassigned
emission lines which we observed corresponded
very well in frequency to transitions of trans-
propenal (Table 5 and Figs. 4 and 5). The signifi-
cance of these results is discussed in Section 3
below.

2.3. Cyclopropenone (c-C;H,0)

Cyclopropenylidene (¢c-C;H,) is ubiquitous and
relatively abundant in a variety of interstellar and
circumstellar environments, and possibly in
comets as well [37-39]. The linear carbon chains
C;0 and C,0 are less common, but are found
[40,41]. It is therefore natural to search for inter-
stellar cyclopropenone (c-C;H,0), in which the
unbonded electrons of ¢-C;H, are shared with an
oxygen atom. We used the transition frequencies
measured by Guillemin et al. [42]. Several transi-
tions in the range from 23 to 108 GHz were
sought (Table 3), but only upper limits were ob-
tained. The procedure for obtaining upper limits
on the column density toward each observed
source (Table 7) is described in Section 3.3
below.

Table 4
Aziridine Observations

2.4. Ethenol (vinyl alcohol, CH,CHOH)

Ethenol is an isomer of two known interstellar
molecules, oxirane (¢-C,H,0) and ethanal (acetal-
dehyde, CH;CHO). It has a heat of formation
intermediate between those two species and hence
might be thought to be intermediate in stability.
Although other structural isomers are found in
the ISM (e.gz HCN/HNC, CH,;CN/CH;NC,
cyclic-C;H,/linear-H,C;, CH,CH,0OH/(CH;),0),
the detection of ethenol would provide the first
triplet of such isomers. Laboratory data obtained
by Saito [43] have been augmented by his more
recent, higher frequency measurements for the
present study. A number of transitions in the 3
mm and 1 mm bands were sought in several
sources, but no lines were detected. The corre-
sponding upper limits on column density are
given in Table 7.

2.5. Furan (C,H,O)

As noted above, the only cyclic species unam-
biguously identified to date in interstellar clouds
are the 3-membered rings C;H,, C;H, and c-
C,H,0. As there is substantial evidence for poly-
cyclic aromatic species from infrared spectral
features that can be assigned to functional groups,
however, it is natural to seek larger ring molecules
in dense clouds. Searches for, e.g. furan, pyrrole

Transition Frequency E, Ay G3273 NGC633 G10.47 G31.41 G343 SgrB2
MHz)  (K)* (107° 579 % TppmK)P®  TppymK)* Ty mK)*  Tppy mK)* Ty mK)* T, (mK)?

21-1o 86312.7 6 0.413 51 <10 32 17

315202 88964.3 9 0.269 <4 <4

305212 88739.7 9 0.269 <4 <4

83585 93472.9 65 0.147 <9

845816 93494.1 65 0.147 <9

505414 142374.3 21 1.28 b b b

Si5-40s 142375.6 21 1.28 o b b

550441 2262334 32 3.99 90 <22 79 <20 27 290

* E, is energy of the upper level of the transition above the ground state; 4, is the Einstein A-coefficient; the last 6 columns give
the observed main beam antenna temperatures (see text, [31]) or lo upper limits toward the 6 indicated sources (see Table 2).
" Possible blending with the 1211 transition of OC*S makes aziridine upper limit uncertain.



Table 5
Propenal possible detections and upper limits*

Source T pu(mK)
325427'“334.30 106.4_9643 103.8-“93.7 103.7‘93‘6 21 1‘20‘“2I 1,21 21 1.20'210.21 100&0_90.9 1 IOJ lVIOOJO 12110
-11,4
G327.3-0.6 15.0 9.0 13.0 23.0 30.0 18.0 <34 <6.4 <50
NGC 6334F <3.6 <36 <3.6 <3.6 <7.0 <50 <3.6 <6.0 <4.5
SgrB2ZN <9.0 44.0 51.0 99.0 59.0 <6.5 <6.0
G10.47+0.03 <7.0 <6.5
G31.414+0.31 13.0 <6.5

* Note: Entries with < are lo rms upper limits.

and imidazole [44—-46] had been carried out some
years ago, but instrumental sensitivity has im-
proved substantially since that time. Furan has a
special significance for prebiotic chemistry, since
this ring forms the basis of the simple sugars ribose
and deoxyribose, the backbone molecules of RNA
and DNA. Molecular constants accurate enough to
predict furan transition. frequencies for J < 30 to
better than 60 kHz have been measured by Wlodar-
czak et al. [47]. We sought transitions over a wide
range of frequencies and energies above ground
(Table 3) in several astronomical sources. Only
upper limits were obtained, from which the column
density limits in Table 7 were derived.

2.6. Hydroxyethanal (glycolaldehyde,
HOCH,CHO)

Hydroxyethanal is an isomer of both methyl
formate (methyl methanate, HCOOCH,) and ace-
tic acid (ethanoic acid, CH;COOH). Methyl for-
mate is widespread among regions of massive star
formation, with a very large number of detected
transitions at millimeter wavelengths (e.g.
[54,17,18]). Acetic acid, in contrast, has probably
been detected in only a single source [55]. Ab initio
calculations were carried out for the preferred
conformers of acetic acid [67], methyl formate [68]
and hydroxyethanal [49] using the correlation-con-
sistent polarized triple-zeta basis set with diffuse
functions [69] (AUG-cc-pVTZ) in the Moller—Ples-
set (MP) second-order perturbation procedure [70]
with full geometry optimization. The Gaussian 98
program [71] was employed in these computations.

Interestingly, these very high level MP2/AUG-cc-
pVTZ calculations predict acetic acid (total energy:
— 600 511.17 kJ mol ~ ') to be about 72 kJ mol ~!
more stable than methyl formate, showing that the
formation of methyl formate is controlled by ki-
netic factors and not by thermodynamics (as is
expected under typical conditions in interstellar
clouds). Hydroxyethanal is the highest energy iso-
mer of the 3, being about 118 kJ mol ~! less stable
than acetic acid. Although, as noted in Section 2.4,
other structural isomeric pairs are found in the
ISM, no triplets have been identified. Because of the
likelihood of related pathways for production and
destruction of such isomers, determination of their
relative abundance should place significant con-
straints on chemical models. Hydroxyethanal is
also important as a potential intermediary in the
prebiotic syntheses of sugars and sugar phosphates
(e.g. [48)).

Our search was carried out exclusively at the
NASA DSN 70 m telescope, at frequencies in the
18-23 GHz range (Table 3), using the transition
frequencies given by Marstokk and Meallendal [49],
supplemented by more recent laboratory data by
one of us (HM). No emission features were detected
which corresponded to transitions of hydrox-
yethanal. The relationship of our limits to a recent
reported detection of hydroxyethanal [73] is dis-
cussed in Section 4 below.

2.7. Thiohydroxylamine (NH,SH)

The first cometary molecule containing both
nitrogen and sulfur, the NS radical, was recently



identified in the coma (atmosphere) of comet Hale—
Bopp [34]. It is unclear whether such a radical could
be stored in the nuclear ices over the lifetime of the
solar system. It seems more likely that it is either
the photodissociation product of some larger pre-
cursor, or the product of chemistry in the coma [35].
In the former case a logical precursor might be
NH,SH, since such simpler species as H,S and NH,
are relatively abundant in comets [15] as well as in
the ISM. The microwave spectrum of NH,SH was
measured by Lovas et al. [36] and was refit by one
of us (SS). We did not search specifically for
NH,SH. However, a transition expected to be
strong at the temperatures of interstellar clouds was
covered in our observations targeted toward other
molecules. This enables us to place upper limits on
the abundance of NH,SH in several sources (Table
6).

3. Results

From the intensities of the emission lines which
we have detected, or the corresponding upper
limits, we now wish to determine the column
density or its limit for each molecular species
toward each source for which we have data.

3.1. Aziridine (ethylenimine, ¢-C,H,NH)

As discussed in Section 2.1, we have detected two
lines in several sources which may be assignable to
aziridine. Assuming a rotational temperature of
30-50 K and optically thin (unsaturated) emission,
the standard relationship between observed line
intensity and the corresponding column density

Table 6
Thiohydroxylamine upper limits®

(e.g. [57]) shows that both of these lines are
consistent with aziridine column densities of order
10" cm—?2 for the two hot cores, G327.3 and
(G10.47. However, there arc other lines that at first
glance should have been detected but are not seen,
most notably the 5p5—4,4/5,5—4¢, doublet at
142 375 MHz, but also, e.g. the.3;—2, and 3;3—2,
lines at 88 964.3 and 88 739.7 MHz, respectively
(Table 4). The lack of emission features at these
frequencies might imply an aziridine abundance
2-5 times lower than the one inferred from the two
detected lines, although part of the absence of the
142 GHz feature may be due to blending with the
nearby 12—11 line of OC*S. The remaining dis-
crepancy may be explained in terms of our fre-
quency-dependent angular resolution (beam
dilution). So far we have assumed that the emission
from aziridine has an angular extent on the sky that
completely fills the antenna beam pattern at all our
observing frequencies. Since hot cores are intrinsi-
cally compact objects, this may well not be true.
Thus, in a recent study of G327, Gibb et al
conclude that the emission from several of the more
complex organics is confined to a region much
smaller than the beam sizes listed in Table 2 [20].
A similar situation clearly holds for other similar
source regions (e.g. [18]). If the region responsible
for our putative aziridine emission is much smaller
than the antenna main-beam, the telescope angular
resolution (gain) is a factor of 2.5 lower at 142 GHz
than at 233 GHz, and a factor of 6.5 lower at 89
GHz than at 233 GHz. Hence, this effect could
indeed explain the lack of emission at these lower
frequencies. But this also implies that the detected
line at 86 312 MHz may be enhanced by blending
with emission from an unidentified species.

Source Top (mK: 1o rms) 3, 3-2,, Linewidth [km s!] T.. [K] N(NH,SH) [x 10'* cm~?]
G327.3-0.6 6.0 5.0 20-50 2.3-4.5
NGC 6334F 11.0 5.0 20-50 4.5-8.2
G10.47+0.03 12.0 5.0 20-50 4.9-8.7
G31.41+0.31 11.0 5.0 20-50 4.5-8.2
G343+0.2 11.0 5.0 20-50 4.5-8.2

* Note: upper limits to the intensity of the indicated transition given in column 2. Upper limits on column density in column 5
are calculated for the estimated line width in column 3 and the range of temperatures in column 4.
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In summary, the observations are consistent
with the assignment of the emission line at
226 233.4 MHz in several sources to the 555—44
line of aziridine, but further observations are
needed to confirm the identification of this
molecule in the interstellar medium.

3.2. Propenal (acrolein, CH,CHCHQ)

In its simplest form a rotation diagram analysis
plots observed line intensities versus energy of the
upper level of each transition, with the intensities
normalized by intrinsic line strength in such a way
that the plot will be linear if the population
distribution is Boltzmann [e.g. [18,58]]. The slope
of this line gives the rotational (Boltzmann) tem-
perature, while the intercept is related to the
column density. Using such an analysis for the 6
emission lines which coincide with transitions of
propenal (Fig. 6), we obtain a reasonable fit to a
rotation temperature of 78 + 20 K in G327.3-0.6
and 96 +28 K in SgrB2N, with corresponding
column densities of 1.5(10)!* and 8.7(10)"* cm 2,
respectively, in the two sources. Using this infor-
mation, we calculated the expected line strengths
for other propenal transitions within our observed
spectral regions. These values for 7, and column
density predict intensities of the propenal transi-
tions at 88.523,97.263, and 107.529 GHz (see
Table 3 and Table 5) up to an order of magnitude
stronger than the 6 lines mentioned above, so that
these undetected lines should have been easily
observable in our spectra. Although very non-
equilibrium intensities arc sometimes observed in
hot core sources (c.g. stronger than expected emis-
sion from weak, b-type transitions, perhaps ex-
cited by infrared radiation [18,56]), our failure to
detect the propenal transitions with larger A-co-
efficients leads us to claim only a possible identifi-
cation of propenal in our sources. We therefore
present our results as upper limits to the column
density of propenal in Table 7.

Fig. 2. Spectra at 226.2 GHz for several hot core sources
(labeled in upper left of each panel), showing the tentative
detection of the 555—4,, transition of aziridine. Intensity scale
is given as main beam antenna temperature in Kelvin (see
text). Other transitions in the band may be assigned to SO,
CH,CHCN, CN, and possibly ¢-C;HD and ethanol [59,60].



This example of propenal illustrates the impor-
tance of observing multiple transitions of a new
molecular species, and obtaining a consistent pic-
ture of line intensities as a function of expected
excitation, before claiming the detection of a new
interstellar species. The case of propenal is partic-
ularly difficult, because of the large number of
transition frequencies which fall into our observed
bands.

3.3. Other molecular species

For cyclopropenone, furan, hydroxyethanal,
and ethenol we wish to determine an upper limit
on the column density along a given line of sight,
using the upper limits on the intensity of several
transitions. For this purpose we assumed a rather
large column density for that species and a uni-
form excitation temperature (the same for all
transitions), and then calculated the correspond-
ing antenna temperatures. Initially such antenna
temperatures were higher than our observed lim-
its. We then lowered the column density until the
strongest calculated transition had an antenna
temperature three times the observed rms noise in
the spectrum, at which point all the other transi-
tions had predicted antenna temperatures well
below their corresponding noise level (note that
this noise level typically differed somewhat among
the observed transitions, which may have been
observed with different receivers at different
times). The procedure was then repeated for an-
other choice of excitation temperature, as indi-
cated in Table 7; the range of excitation
temperatures was chosen to match a reasonable
range of values for the particular source, as deter-
mined from the corresponding excitation of
known molecular constituents of that source (see
references in Section 1 above). The same proce-
dure, but for only the single observed transition,
was followed for NH,SH (Table 6).

4. Discussion
In comparing the present results with those of

previous investigations or with chemical models,
it is desirable to estimate the relative abundance,
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Fig. 3. Spectra at 86.3 GHz for the hot core sources labeled in
upper left of each panel, showing the tentative detection of the
2,1—1¢¢ transition of aziridine (c-C,H,NH). Intensity scale is
antenna temperature in Kelvin (see text). The J = 1-0 transi-
tion of H'CN is in the band.

or limit on the relative abundance, of each species
with respect to H,, which is by far the most
abundant constituent of dense interstellar clouds.
As discussed in detail elsewhere [9,18], this is not
a simple task. Normally the fractional abundance
of species X, symbolized by [X], is approximated
by the average along the line of sight given by the
ratio of column densities [X] = N(X)/N(H,). Since
the non-polar H, is not easily detectable, N(H,) is



usually estimated by assuming an abundance for
the principal tracer of cloud material, CO; mea-
suring the column density of one of its rarer
isotopomers such as C'*O or C'70, whose transi-
tions are assumed to be optically thin (unsatu-
rated); and assuming a local isotopic ratio for
180/160 or 170/160_

The values of N(H,) reported in Table 2 are

94400 94420 94440 94460
0,50 ¥ EH T i 3 T T T ! ¥ T T H l T T T T ' T

3 G327.3-0.6 7
0.40 — -

0.30 |-
15CH,OH -

0.20
CH,CHCHO

0.10
0.00 (-

0.20 G31.41+0.31

[CH2CHCHO

0.00 — =

£
L B I B

{CH2CHCHO

0.20 - G10.47+0.03

0.00 “M

- NGC6334F '

0.20 | .
[CHZCHCHO

0.10 -

Tow LK]

0.00 |~ —

v b by M b e

94400 94420 94440 94460
frequency [MHz]

Fig. 4. Spectra at 944 GHz for several hot core sources
(labeled in upper right of each panel), with the frequency of
the 21, 50—21 5, transition of trans-propenal (C,H;CHO) indi-
cated. Intensity scale is given as antenna temperature in
Kelvin. Frequency of several symmetry components of the 2—1
transition of 13-carbon methanol are indicated in the top
panel.
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‘beam averages’; that is, they are averages over
the angular region defined by the resolution of the
telescope at the observed frequency. They have
been derived from observations of the CO isoto-
pomer listed in column 7 of Table 2. Some of our
observed clouds contain compact, hot, dense
cores from which the emission of complex
molecules may be enhanced. If such cores are
smaller than our angular resolution, we may un-
derestimate the abundance of molecular species



that are present only in such compact regions (cf.
[18,20]). Likewise, our beam-averaged upper lim-
its for such species will be lower than the limits
which might actually apply to the core itself.
Since we do not have measurements of the CO
column densities at the high angular resolutions
(of order a few arcsec) which would correspond to
such hot core sizes, the abundance upper limits
which we shall compute will be beam averages
(but see the discussion for aziridine below). Divid-
ing the column density upper limits N(X) from
Table 6 and Table 7 by the values of N(H,) for
each source region from Table 2, we may obtain
upper limits for the beam-averaged fractional
abundance [X] of each molecular species in each
source. These are given in Table 8. Note that we
have included propenal in Table &, because of the
uncertainties involving the possible propenal de-
tections described in Section 3.2. In most cases the
principal source of uncertainty in the resulting
abundances arises from uncertainties in N(H,),

Table 7
Column density upper limits®

which can be as much as an order of magnitude.
For comparison with the values in Table §, we
may note that such organic molecules as ethanol
(CH;CH,OH) or methyl formate (CH;OCHO)
have abundances in hot core sources in the range
1077-10"8 (e.g. [20]).

For aziridine the situation is more complex.
Assuming that any aziridine emission would be
extended relative to our angular resolution at all
observed frequencies (i.e. no beam dilution, con-
sistent with our treatment of the other molecular
species described above) and that the energy level
populations obeyed a Boltzmann distribution, our
failure to detect lines at the frequencies of several
aziridine transitions would imply that the lines at
226.2 and 86.3 GHz must be assigned to an
unknown carrier(s). The intensity upper limits in
Table 4 would then allow us to deduce the column
density upper limits given in the second column of
Table 9. On the other hand, the 226.2 GHz line
can be assigned to the 55,—4,, transition of

Source N(CH,CHOH N(c-C;H,0) N(c-C,H,0) N(CH,OHCHO) N(CH,CHCHO)
[10** ¢cm ™2 [10'2 cm™? [10' cm—7 [10'2 em—2] [10'2 cm™—2

TMC-1(CP)~¢ 0.31-0.2! 1.77-0.87 0.11-0.21 0.915- 0.81°

Orion KL% 1.9%-2.3% 2.7°-4.7° 29115914 14.015-41.13

Orion 3'N f 0.6'-1.3! 3.685-5.18 0.811-3.01 4.915-13.0%°

(G327.3-0.6%¢ 1.5%-1.2° 1.3102 110 1.012-1.413 5.316_6.91¢

LI34N(C)y** 0.2'-0.1* 1.9%-0.78 0.111-0.2" 0.6'°-0.6'°

IRS 16293%% 1.32-1.5% 8.75-19.0% 85.014-7.114

NGC 6334F=# 1.1-1.8° 1.310-2.110 1.012-1 413 54167216

SgrB2 N 5.8%-6.7* 2.710-4 210 2.0122.943 19.016-22.0%¢

G10.47+0.03%¢ 1.9%-2.3° 11.017-12.0"7

W33A°¢ 1.0%-1.22 1.6°-2.6° 99.14-9.014

G31.414-0.31%2 1.9°2.1° 11.017-12.0Y7

G34.3+0.20¢ 1.9%-2.1°

* Assuming linewidth of 0.5 km s~
b Assuming linewidth of 3.0 km s~
¢ Assuming linewidth of 5.0 km s~ 1.
9 Assuming linewidth of 10.0 km s~'.

¢ Assuming excitation temperature range 5 K (first entry) to 10 K (s).

f Assuming excitation temperature range 10 K (first entry) to 30 K (s).

£ Assuming excitation temperature range 20 K (first entry) to 50 K (s).

b Note: All values are 3¢ upper limits, although propenol (CH,CHCHO) may possibly have been detected (see Section 3.2). (1)
from transition 2; ,~15 ;5 (2) from transition 4, ;-3, »; (3) from transition 5, ;~4, ;; (4) from transition 6; 46, s; (5) from transition
8, 780,5; (6) from transition 12, 1,11, 15: (7) from transition 5, 44, 5; (8) from transition 6, 5, 5; (9) from transition 7, -6, 5; (10)
from transition 8,47, (11) from transition 2,,-1,; (12) from transition 9,8, (13) from transition 11, ,,~10,¢; (14) from
transition 22, ,,—2145;; (15) from transition 4, 34,4 4; (16) from transition 10, ,,-9; (17) from transition 114 ,~10g 0.
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aziridine in a consistent manner, if the aziridine
emission at 86 GHz is significantly beam-diluted,
as would be expected for a hot core. In column
three of Table 9 we calculate column densities on
the assumption that the aziridine emission comes
from a region of the same angular size as our 226
GHZ beam size (about 20 arcsec), using 7., = 50
K. The corresponding abundances are listed in
column 4. Aziridine abundances in the range 1 —
5 x 107 ' with respect to H, are deduced. This is
about the same as the values found for the abun-
dance of the related species oxirane (¢-C,H,O) in
several hot cores [21].

It must be noted that the aziridine column
densities in the innermost part of compact hot
cores could be considerably higher than the values
in Table 9, although the corresponding column
densities for H, would also be higher. For exam-
ple, if the emission in the case of the source G327

were confined to a core of angular size about 2
arcsec, as suggested by results for some other
large organic species [20], the column density of
aziridine would be of order 10'° cm~2, and the
abundance relative to H, of order 107 (the val-
ues do not simply scale with the beam area, since
the aziridine line becomes saturated). The scaling
with rotational temperature goes basically as the
partition function, and is thus not a large factor
given the other uncertainties.

The case for the tentative detection of interstel-
lar aziridine is stronger that that for propenal for
the following reasons. We detect emission lines in
several sources at the frequencies of what are
expected to be the two strongest aziridine transi-
tions in our observed frequency bands. The failure
to detect other aziridine transitions can reason-
ably be the result of our frequency-dependent
angular resolution (beam dilution) towards small,



hot core sources. In contrast, although we detect
emission features that might be assignable to six
different propenal transitions, we do not see tran-
sitions that would reasonably be expected to be
considerably stronger. Since all the propenal tran-
sitions in question are in the same general fre-
quency range, beam dilution can not explain the
discrepancies.

Finally, we should comment on the recent re-
ported detection of hydroxyethanal [73] in the
Galatic center cloud SgrB2(N). Since we did not
search for hydroxyethanal in this source, no direct
comparison is possible. We note, however, that
our upper limits in Table 8 for the sources which
we did observe are at approximately the same
level (a few parts in 10'°, using the H, column
density from Table 2) as the claimed detection in
SgrB2(N).

5. Conclusion

We have surveyed a number of interstellar
clouds, including both ‘hot core’ sources where
massive stars are forming and quiescent cloud
regions, for rotational transitions from a number
of previously undetected molecular species. We

Table 8
Abundance upper limits relative to H,*

report the detection of several emission lines that
correspond in frequency to transitions of propenal
(CH,CHCHO) and aziridine (¢c-C,H,NH). In the
case of aziridine, for reasonable source tempera-
tures the 2 detected lines are expected to be the 2
strongest in our observed frequency bands, and
we therefore claim the first, tentative, astronomi-
cal identification of aziridine. The evidence is
strongest in the hot cores G327.3 0.6 and
G10.47 +0.03. Further observations of other
aziridine transitions are needed to confirm this
result, which implies abundances of the same or-
der as have been reported for oxirane in similar
sources (by number of molecules, a few parts in
10" relative to molecular hydrogen [21]).

For propenal we have only a possible identifica-
tion. Although some 6 emission features in our
spectra of G327.3 and 4 in SgrB2(N) coincide
with propenal transitions, other such transitions
are not observed. If propenal is indeed responsible
for the detected lines, unusual and not understood
excitation conditions are present. Observations of
intrinsically stronger transitions, at higher fre-
quencies than our present 3 mm data, would be
helpful in determining whether propenal is indeed
present in interstellar clouds.

Source CH,CHOH c-C5H,0 ¢-C,H,0 CH,OHCHO CH,CHCHO NH,SH
(x10'% (x 1019 (% 10'% (x 10'% (x 1019 (x 10"

TMC-1 10 0.8 10 0.5

Orion KL 20 0.5 60 4

Orion 3'N 30 1 60 3

G327.3 5 0.07 5 0.2 2

L134N(C) 9 0.9 10 0.3

IRS16293 8 1 400

NGC6334 9 0.1 7 0.4 4

SgrB2 N 2 0.01 1 0.07

G10.47 20 1 9

W33A 2 0.03 200

G31.41 10 0.6 4

G34.3 7 3

* Note: values are 30 upper limits to the fractional abundance by number, as defined for species X by the ratio of column densities,
N(X)/N(H,); see, however, Section 3.1, regarding the possible detection of CH,CHCHO. All values are multiplied by 10,
Molecules of similar complexity such as ethanol (CH;CH,OH) or methyl formate (CH,;OCHO) have abundances in hot core sources

in the range 107°-10~% (e.g. [20]).



Table 9
Abundance of aziridine relative to H,*

Source N(c-C,H,NH) (beam-ave) (10'3 cm~?) N(c-C,H,NH) (small source) (10!> cm~2) Abundance (x 10'%)
G327.3 <3-6 15 5
NGC6334 <3-6 <3
SgrB2N <30-60 1?
G10.47 <6-9 5 5
G31.41 <3-6 <3
G34.3 <3-6 1?

# Note: Column 2 lists 30 upper limit on beam averaged column density, for rotational temperatures of 30 K (left) or 50 K (right).
Column 3 lists column density assuming 55,4, line may be assigned to aziridine, implying a source size <20, Column 4 gives the
abundance, N(¢c-C,H,NH)/N(H,), multiplied by 10'°, based on column 3 if value given, otherwise on column 2.

To our knowledge, there are no published
chemical models which include calculations of the
expected abundance of aziridine or propenal in
interstellar clouds, probably because these species
have not hitherto been discussed as potential
cloud constituents. Nonetheless, it seems likely
that they would be produced by a combination of
gas phase reactions and processes in icy grain
mantles, such as those discussed in connection
with hot cores by Tielens and Charnley [72]. Their
calculated abundances, and those of the species
for which we obtained only upper limits, would
depend, however, on reaction rates and branching
ratios for which data is limited or absent, particu-
larly at the temperatures relevant to the interstel-
lar medium. Given simply the relative cosmic
abundance of nitrogen to oxygen (about 1:8) and
the uncertainties in the measured astronomical
abundance of oxirane, the presence of aziridine in
hot cores at about our estimated abundance is
reasonable.

We also obtained upper limits on the abun-
dance of furan (c-C,H,0), cyclopropenone (c-
C;H,0), hydroxyethanal (CH,OHCHO),
thiohydroxylamine  (NH,SH), and ethenol
(CH,CHOH) in several regions. Our upper limits
for hydroxyethanal are at about the same level as
a recently claimed detection of this molecule [73].
All these values will help to constrain the chemi-
cal processes that are important in dense interstel-
lar clouds. Future attempts to detect these species,
or to improve the present abundance limits,
should strive for higher angular resolution toward
the small hot core regions. Both the Large Mil-

limeter Telescope, presently being constructed by
the University of Massachusetts and the Mexican
Instituto Nacional de Astrofisica, Optica v Elec-
tronica [65], and millimeter and submillimeter ar-
rays such as CARMA and ALMA [66] will be
important in this context. Observations at submil-
limeter wavelengths would benefit from larger in-
trinsic line strengths, at least where system
sensitivities comparable to those presently avail-
able at 1 <1 mm can be achieved.
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