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ABSTRACT

A non-LTE radiative transfer treatment of cis-methyl formate (HCOOCH3) rotational lines is presented for the first
time using a set of theoretical collisional rate coefficients. These coefficients have been computed in the temperature
range 5–30 K by combining coupled-channel scattering calculations with a high accuracy potential energy surface
for HCOOCH3–He. The results are compared to observations toward the Sagittarius B2(N) molecular cloud using
the publicly available PRIMOS survey from the Green Bank Telescope. A total of 49 low-lying transitions of
methyl formate, with upper levels below 25 K, are identified. These lines are found to probe a presumably cold
(∼30 K), moderately dense (∼104 cm−3), and extended region surrounding Sgr B2(N). The derived column density
of ∼4 × 1014 cm−2 is only a factor of ∼10 larger than the column density of the trans conformer in the same
source. Provided that the two conformers have the same spatial distribution, this result suggests that strongly
non-equilibrium processes must be involved in their synthesis. Finally, our calculations show that all detected
emission lines with a frequency below 30 GHz are (collisionally pumped) weak masers amplifying the continuum
of Sgr B2(N). This result demonstrates the importance and generality of non-LTE effects in the rotational spectra
of complex organic molecules at centimeter wavelengths.
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1. INTRODUCTION

Interstellar methyl formate (HCOOCH3) was discovered
almost 40 yr ago in its most stable cis-isomeric form in the
spectrum of the giant molecular cloud complex Sagittarius
B2 (Brown et al. 1975; Churchwell & Winnewisser 1975).
Since its discovery, it has been detected in a great variety
of galactic sources including hot molecular cores, comets,
and cold prestellar cores (Bottinelli et al. 2007; Favre et al.
2011; Bockelée-Morvan et al. 2000; Bacmann et al. 2012;
Cernicharo et al. 2012). Methyl formate is a prolate asymmetric
top molecule, isomeric with acetic acid and glycolaldehyde.
The latter two have also been identified in space (Mehringer
et al. 1997; Hollis et al. 2000) but they are much less ubiquitous
and abundant. This result strongly suggests that the synthesis
of methyl formate is controlled by kinetic factors, since acetic
acid is thermodynamically the most stable of the three isomers
(Dickens et al. 2001). However, the chemical origin of methyl
formate is a matter of debate.

Laboratory experiments have shown that methyl formate can
be formed in its solid state from the photolysis or radiolysis of
methanol-bearing ices (see Modica et al. 2012 and references
therein). Gas-grain chemical models have indicated that the sur-
face reaction between the (mobile) HCO and CH3O radicals
can provide an association pathway in warm (T ! 30 K) envi-
ronments (Garrod & Herbst 2006). Gas-phase routes involving
methanol have also been suggested but none of these were found
to produce enough methyl formate to explain its high abundance
in hot cores (∼10−9–10−8 relative to total hydrogen; Horn et al.
2004). Very recently, a new scenario of the formation of com-
plex organic molecules was proposed by Vasyunin & Herbst
(2013) to explain the abundances observed in cold prestellar
cores (10−11–10−10). In this scenario, gas-phase reactions are

driven by the reactive desorption of precursor species such as
methanol and formaldehyde. However, the predicted abundance
for methyl formate is lower than observations by two orders
of magnitude. Finally, the higher energy trans conformational
isomer of methyl formate was recently detected toward the Sgr
B2(N) molecular cloud, suggesting again a complex and non-
equilibrium chemistry (Neill et al. 2012).

In all previous observational studies of methyl formate at
millimeter wavelengths, the determination of the column density
was obtained by assuming that the relative distribution of
the population over all energy levels can be described by a
single Boltzmann temperature, referred to as the “excitation” or
“rotational” temperature. It is well known, however, that the low-
frequency line 110–111 at 1.61 GHz, first detected by Brown et al.
(1975), is weakly inverted toward Sgr B2. The population of the
110 and 111 states do therefore not attain thermal equilibrium
in this region. This was postulated by Brown et al. (1975) and
evidenced by Churchwell et al. (1980). In fact, soon after the
discovery of complex molecules at radio wavelengths in the
1970s, it was accepted that the many low frequency transitions
must be inverted (see Menten 2004 and references therein).
In their pioneering work, Brown et al. (1975) assumed a 1%
inversion of the 110 and 111 levels of methyl formate to derive
the column density. Such a weak inversion, by amplifying
the strong background continuum radiation, is sufficient to
produce the emission of the otherwise undetectable 1.61 GHz
line. The determination of the actual inversion percentage,
however, requires one to solve the equations of statistical
equilibrium, which in turn necessitates a good knowledge of
collisional cross sections. As a result, the accurate determination
of column densities from low frequency molecular transitions
cannot rely on thermal equilibrium analysis but requires a non-
local thermodynamical equilibrium (non-LTE) treatment. This
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Figure 4. Spectral features of A- and E-methyl formate toward Sgr B2(N) from
PRIMOS data. From top to bottom: the 110–111 emission lines at 1610.2 and
1610.9 MHz, the 312–313 emission lines at 9647.1 and 9653.4 MHz, the 212–111
absorption lines at 22827.7 and 22828.1 MHz and the 413–404 emission lines at
23550.8 and 23562.3 MHz.
(A color version of this figure is available in the online journal.)

Program8 started in 2007 to provide a complete spectral line sur-
vey in frequency ranging from ∼300 MHz to ∼50 GHz toward
the preeminent source of molecular emission in the Galaxy–Sgr
B2(N). Of the more than 180 interstellar molecules detected,
more than half have been detected first in the Sgr B2 star-
forming region. This region contains compact hot molecular
cores of arcsecond dimensions (Belloche et al. 2008, 2009;
Nummelin et al. 2000; Liu & Snyder 1999), molecular maser
emitting regions (see e.g., McGrath et al. 2004; Mehringer et al.
1994, 1997; Gaume & Claussen 1990; McGuire et al. 2012),
and ultracompact continuum sources surrounded by larger-scale
continuum features as well as molecular material extended on
the order of arcminutes (see e.g., Jones et al. 2011 and refer-
ences therein). In addition, small-scale and large-scale shock
phenomena characterize the complex. In particular, for the last
20 yr, the hot molecular core known as the “Large Molecule
Heimat” (LMH) has been the first source searched to detect
and identify new large interstellar molecules since many of
the large organic species have previously been confined to its
∼5′′ diameter (Miao & Snyder 1997). However, the recent GBT
detections of large organic molecules (Neill et al. 2012; Za-
leski et al. 2013; Loomis et al. 2013 and references therein),
have suggested that prebiotic molecules found toward the Sgr
B2(N) complex are extended, perhaps even on the order of a
2′ ×2′ field. Data were taken in the OFF–ON position switching
mode with two-minute scans toward the “ON” pointing position
(αJ2000 = 17h47m19.s8, δJ2000 = −28o22′17.′′0). Observations
continue to expand the frequency range of the PRIMOS survey.

8 Access to the entire PRIMOS data and specifics on observing strategies are
available at www.cv.nrao.edu/∼aremijan/PRIMOS/.
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Figure 5. Intensity (∆T ∗
a in K) of A-methyl formate rotational transitions in the

frequency range 0–50 GHz. PRIMOS data are plotted in the upper panel. Our
best fit non-LTE results are represented in the middle panel. All lines marked
with an asterisk are weak masers amplifying the continuum of Sgr B2(N). The
bottom panel gives LTE results. The shaded areas show the observing passbands
in the PRIMOS survey.
(A color version of this figure is available in the online journal.)
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Figure 6. Same as Figure 5 for E-methyl formate.
(A color version of this figure is available in the online journal.)

For more details on the PRIMOS survey observations see Neill
et al. (2012).

From 300 MHz to 50 GHz, a total of 49 methyl formate
transitions with upper levels below 25 K were firmly identified
(23 A-type and 26 E-type). We note that about 80% of the
detected lines have upper levels below 10 K. Examples of
spectral features are illustrated in Figure 4 for both emission
and absorption lines. An LSR source velocity of + 64 km s−1

was assumed. Typical line widths are ∼10 km s−1. The peak
intensities were measured at each observed transition and are
reported below in Figures 5 and 6. The authors encourage
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Program8 started in 2007 to provide a complete spectral line sur-
vey in frequency ranging from ∼300 MHz to ∼50 GHz toward
the preeminent source of molecular emission in the Galaxy–Sgr
B2(N). Of the more than 180 interstellar molecules detected,
more than half have been detected first in the Sgr B2 star-
forming region. This region contains compact hot molecular
cores of arcsecond dimensions (Belloche et al. 2008, 2009;
Nummelin et al. 2000; Liu & Snyder 1999), molecular maser
emitting regions (see e.g., McGrath et al. 2004; Mehringer et al.
1994, 1997; Gaume & Claussen 1990; McGuire et al. 2012),
and ultracompact continuum sources surrounded by larger-scale
continuum features as well as molecular material extended on
the order of arcminutes (see e.g., Jones et al. 2011 and refer-
ences therein). In addition, small-scale and large-scale shock
phenomena characterize the complex. In particular, for the last
20 yr, the hot molecular core known as the “Large Molecule
Heimat” (LMH) has been the first source searched to detect
and identify new large interstellar molecules since many of
the large organic species have previously been confined to its
∼5′′ diameter (Miao & Snyder 1997). However, the recent GBT
detections of large organic molecules (Neill et al. 2012; Za-
leski et al. 2013; Loomis et al. 2013 and references therein),
have suggested that prebiotic molecules found toward the Sgr
B2(N) complex are extended, perhaps even on the order of a
2′ ×2′ field. Data were taken in the OFF–ON position switching
mode with two-minute scans toward the “ON” pointing position
(αJ2000 = 17h47m19.s8, δJ2000 = −28o22′17.′′0). Observations
continue to expand the frequency range of the PRIMOS survey.

8 Access to the entire PRIMOS data and specifics on observing strategies are
available at www.cv.nrao.edu/∼aremijan/PRIMOS/.
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a in K) of A-methyl formate rotational transitions in the

frequency range 0–50 GHz. PRIMOS data are plotted in the upper panel. Our
best fit non-LTE results are represented in the middle panel. All lines marked
with an asterisk are weak masers amplifying the continuum of Sgr B2(N). The
bottom panel gives LTE results. The shaded areas show the observing passbands
in the PRIMOS survey.
(A color version of this figure is available in the online journal.)
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Figure 6. Same as Figure 5 for E-methyl formate.
(A color version of this figure is available in the online journal.)

For more details on the PRIMOS survey observations see Neill
et al. (2012).

From 300 MHz to 50 GHz, a total of 49 methyl formate
transitions with upper levels below 25 K were firmly identified
(23 A-type and 26 E-type). We note that about 80% of the
detected lines have upper levels below 10 K. Examples of
spectral features are illustrated in Figure 4 for both emission
and absorption lines. An LSR source velocity of + 64 km s−1

was assumed. Typical line widths are ∼10 km s−1. The peak
intensities were measured at each observed transition and are
reported below in Figures 5 and 6. The authors encourage
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time using a set of theoretical collisional rate coefficients. These coefficients have been computed in the temperature
range 5–30 K by combining coupled-channel scattering calculations with a high accuracy potential energy surface
for HCOOCH3–He. The results are compared to observations toward the Sagittarius B2(N) molecular cloud using
the publicly available PRIMOS survey from the Green Bank Telescope. A total of 49 low-lying transitions of
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(∼30 K), moderately dense (∼104 cm−3), and extended region surrounding Sgr B2(N). The derived column density
of ∼4 × 1014 cm−2 is only a factor of ∼10 larger than the column density of the trans conformer in the same
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1. INTRODUCTION

Interstellar methyl formate (HCOOCH3) was discovered
almost 40 yr ago in its most stable cis-isomeric form in the
spectrum of the giant molecular cloud complex Sagittarius
B2 (Brown et al. 1975; Churchwell & Winnewisser 1975).
Since its discovery, it has been detected in a great variety
of galactic sources including hot molecular cores, comets,
and cold prestellar cores (Bottinelli et al. 2007; Favre et al.
2011; Bockelée-Morvan et al. 2000; Bacmann et al. 2012;
Cernicharo et al. 2012). Methyl formate is a prolate asymmetric
top molecule, isomeric with acetic acid and glycolaldehyde.
The latter two have also been identified in space (Mehringer
et al. 1997; Hollis et al. 2000) but they are much less ubiquitous
and abundant. This result strongly suggests that the synthesis
of methyl formate is controlled by kinetic factors, since acetic
acid is thermodynamically the most stable of the three isomers
(Dickens et al. 2001). However, the chemical origin of methyl
formate is a matter of debate.

Laboratory experiments have shown that methyl formate can
be formed in its solid state from the photolysis or radiolysis of
methanol-bearing ices (see Modica et al. 2012 and references
therein). Gas-grain chemical models have indicated that the sur-
face reaction between the (mobile) HCO and CH3O radicals
can provide an association pathway in warm (T ! 30 K) envi-
ronments (Garrod & Herbst 2006). Gas-phase routes involving
methanol have also been suggested but none of these were found
to produce enough methyl formate to explain its high abundance
in hot cores (∼10−9–10−8 relative to total hydrogen; Horn et al.
2004). Very recently, a new scenario of the formation of com-
plex organic molecules was proposed by Vasyunin & Herbst
(2013) to explain the abundances observed in cold prestellar
cores (10−11–10−10). In this scenario, gas-phase reactions are

driven by the reactive desorption of precursor species such as
methanol and formaldehyde. However, the predicted abundance
for methyl formate is lower than observations by two orders
of magnitude. Finally, the higher energy trans conformational
isomer of methyl formate was recently detected toward the Sgr
B2(N) molecular cloud, suggesting again a complex and non-
equilibrium chemistry (Neill et al. 2012).

In all previous observational studies of methyl formate at
millimeter wavelengths, the determination of the column density
was obtained by assuming that the relative distribution of
the population over all energy levels can be described by a
single Boltzmann temperature, referred to as the “excitation” or
“rotational” temperature. It is well known, however, that the low-
frequency line 110–111 at 1.61 GHz, first detected by Brown et al.
(1975), is weakly inverted toward Sgr B2. The population of the
110 and 111 states do therefore not attain thermal equilibrium
in this region. This was postulated by Brown et al. (1975) and
evidenced by Churchwell et al. (1980). In fact, soon after the
discovery of complex molecules at radio wavelengths in the
1970s, it was accepted that the many low frequency transitions
must be inverted (see Menten 2004 and references therein).
In their pioneering work, Brown et al. (1975) assumed a 1%
inversion of the 110 and 111 levels of methyl formate to derive
the column density. Such a weak inversion, by amplifying
the strong background continuum radiation, is sufficient to
produce the emission of the otherwise undetectable 1.61 GHz
line. The determination of the actual inversion percentage,
however, requires one to solve the equations of statistical
equilibrium, which in turn necessitates a good knowledge of
collisional cross sections. As a result, the accurate determination
of column densities from low frequency molecular transitions
cannot rely on thermal equilibrium analysis but requires a non-
local thermodynamical equilibrium (non-LTE) treatment. This
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Program8 started in 2007 to provide a complete spectral line sur-
vey in frequency ranging from ∼300 MHz to ∼50 GHz toward
the preeminent source of molecular emission in the Galaxy–Sgr
B2(N). Of the more than 180 interstellar molecules detected,
more than half have been detected first in the Sgr B2 star-
forming region. This region contains compact hot molecular
cores of arcsecond dimensions (Belloche et al. 2008, 2009;
Nummelin et al. 2000; Liu & Snyder 1999), molecular maser
emitting regions (see e.g., McGrath et al. 2004; Mehringer et al.
1994, 1997; Gaume & Claussen 1990; McGuire et al. 2012),
and ultracompact continuum sources surrounded by larger-scale
continuum features as well as molecular material extended on
the order of arcminutes (see e.g., Jones et al. 2011 and refer-
ences therein). In addition, small-scale and large-scale shock
phenomena characterize the complex. In particular, for the last
20 yr, the hot molecular core known as the “Large Molecule
Heimat” (LMH) has been the first source searched to detect
and identify new large interstellar molecules since many of
the large organic species have previously been confined to its
∼5′′ diameter (Miao & Snyder 1997). However, the recent GBT
detections of large organic molecules (Neill et al. 2012; Za-
leski et al. 2013; Loomis et al. 2013 and references therein),
have suggested that prebiotic molecules found toward the Sgr
B2(N) complex are extended, perhaps even on the order of a
2′ ×2′ field. Data were taken in the OFF–ON position switching
mode with two-minute scans toward the “ON” pointing position
(αJ2000 = 17h47m19.s8, δJ2000 = −28o22′17.′′0). Observations
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For more details on the PRIMOS survey observations see Neill
et al. (2012).

From 300 MHz to 50 GHz, a total of 49 methyl formate
transitions with upper levels below 25 K were firmly identified
(23 A-type and 26 E-type). We note that about 80% of the
detected lines have upper levels below 10 K. Examples of
spectral features are illustrated in Figure 4 for both emission
and absorption lines. An LSR source velocity of + 64 km s−1

was assumed. Typical line widths are ∼10 km s−1. The peak
intensities were measured at each observed transition and are
reported below in Figures 5 and 6. The authors encourage
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Program8 started in 2007 to provide a complete spectral line sur-
vey in frequency ranging from ∼300 MHz to ∼50 GHz toward
the preeminent source of molecular emission in the Galaxy–Sgr
B2(N). Of the more than 180 interstellar molecules detected,
more than half have been detected first in the Sgr B2 star-
forming region. This region contains compact hot molecular
cores of arcsecond dimensions (Belloche et al. 2008, 2009;
Nummelin et al. 2000; Liu & Snyder 1999), molecular maser
emitting regions (see e.g., McGrath et al. 2004; Mehringer et al.
1994, 1997; Gaume & Claussen 1990; McGuire et al. 2012),
and ultracompact continuum sources surrounded by larger-scale
continuum features as well as molecular material extended on
the order of arcminutes (see e.g., Jones et al. 2011 and refer-
ences therein). In addition, small-scale and large-scale shock
phenomena characterize the complex. In particular, for the last
20 yr, the hot molecular core known as the “Large Molecule
Heimat” (LMH) has been the first source searched to detect
and identify new large interstellar molecules since many of
the large organic species have previously been confined to its
∼5′′ diameter (Miao & Snyder 1997). However, the recent GBT
detections of large organic molecules (Neill et al. 2012; Za-
leski et al. 2013; Loomis et al. 2013 and references therein),
have suggested that prebiotic molecules found toward the Sgr
B2(N) complex are extended, perhaps even on the order of a
2′ ×2′ field. Data were taken in the OFF–ON position switching
mode with two-minute scans toward the “ON” pointing position
(αJ2000 = 17h47m19.s8, δJ2000 = −28o22′17.′′0). Observations
continue to expand the frequency range of the PRIMOS survey.

8 Access to the entire PRIMOS data and specifics on observing strategies are
available at www.cv.nrao.edu/∼aremijan/PRIMOS/.
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For more details on the PRIMOS survey observations see Neill
et al. (2012).

From 300 MHz to 50 GHz, a total of 49 methyl formate
transitions with upper levels below 25 K were firmly identified
(23 A-type and 26 E-type). We note that about 80% of the
detected lines have upper levels below 10 K. Examples of
spectral features are illustrated in Figure 4 for both emission
and absorption lines. An LSR source velocity of + 64 km s−1

was assumed. Typical line widths are ∼10 km s−1. The peak
intensities were measured at each observed transition and are
reported below in Figures 5 and 6. The authors encourage
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Program8 started in 2007 to provide a complete spectral line sur-
vey in frequency ranging from ∼300 MHz to ∼50 GHz toward
the preeminent source of molecular emission in the Galaxy–Sgr
B2(N). Of the more than 180 interstellar molecules detected,
more than half have been detected first in the Sgr B2 star-
forming region. This region contains compact hot molecular
cores of arcsecond dimensions (Belloche et al. 2008, 2009;
Nummelin et al. 2000; Liu & Snyder 1999), molecular maser
emitting regions (see e.g., McGrath et al. 2004; Mehringer et al.
1994, 1997; Gaume & Claussen 1990; McGuire et al. 2012),
and ultracompact continuum sources surrounded by larger-scale
continuum features as well as molecular material extended on
the order of arcminutes (see e.g., Jones et al. 2011 and refer-
ences therein). In addition, small-scale and large-scale shock
phenomena characterize the complex. In particular, for the last
20 yr, the hot molecular core known as the “Large Molecule
Heimat” (LMH) has been the first source searched to detect
and identify new large interstellar molecules since many of
the large organic species have previously been confined to its
∼5′′ diameter (Miao & Snyder 1997). However, the recent GBT
detections of large organic molecules (Neill et al. 2012; Za-
leski et al. 2013; Loomis et al. 2013 and references therein),
have suggested that prebiotic molecules found toward the Sgr
B2(N) complex are extended, perhaps even on the order of a
2′ ×2′ field. Data were taken in the OFF–ON position switching
mode with two-minute scans toward the “ON” pointing position
(αJ2000 = 17h47m19.s8, δJ2000 = −28o22′17.′′0). Observations
continue to expand the frequency range of the PRIMOS survey.

8 Access to the entire PRIMOS data and specifics on observing strategies are
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For more details on the PRIMOS survey observations see Neill
et al. (2012).

From 300 MHz to 50 GHz, a total of 49 methyl formate
transitions with upper levels below 25 K were firmly identified
(23 A-type and 26 E-type). We note that about 80% of the
detected lines have upper levels below 10 K. Examples of
spectral features are illustrated in Figure 4 for both emission
and absorption lines. An LSR source velocity of + 64 km s−1

was assumed. Typical line widths are ∼10 km s−1. The peak
intensities were measured at each observed transition and are
reported below in Figures 5 and 6. The authors encourage
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Program8 started in 2007 to provide a complete spectral line sur-
vey in frequency ranging from ∼300 MHz to ∼50 GHz toward
the preeminent source of molecular emission in the Galaxy–Sgr
B2(N). Of the more than 180 interstellar molecules detected,
more than half have been detected first in the Sgr B2 star-
forming region. This region contains compact hot molecular
cores of arcsecond dimensions (Belloche et al. 2008, 2009;
Nummelin et al. 2000; Liu & Snyder 1999), molecular maser
emitting regions (see e.g., McGrath et al. 2004; Mehringer et al.
1994, 1997; Gaume & Claussen 1990; McGuire et al. 2012),
and ultracompact continuum sources surrounded by larger-scale
continuum features as well as molecular material extended on
the order of arcminutes (see e.g., Jones et al. 2011 and refer-
ences therein). In addition, small-scale and large-scale shock
phenomena characterize the complex. In particular, for the last
20 yr, the hot molecular core known as the “Large Molecule
Heimat” (LMH) has been the first source searched to detect
and identify new large interstellar molecules since many of
the large organic species have previously been confined to its
∼5′′ diameter (Miao & Snyder 1997). However, the recent GBT
detections of large organic molecules (Neill et al. 2012; Za-
leski et al. 2013; Loomis et al. 2013 and references therein),
have suggested that prebiotic molecules found toward the Sgr
B2(N) complex are extended, perhaps even on the order of a
2′ ×2′ field. Data were taken in the OFF–ON position switching
mode with two-minute scans toward the “ON” pointing position
(αJ2000 = 17h47m19.s8, δJ2000 = −28o22′17.′′0). Observations
continue to expand the frequency range of the PRIMOS survey.
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For more details on the PRIMOS survey observations see Neill
et al. (2012).

From 300 MHz to 50 GHz, a total of 49 methyl formate
transitions with upper levels below 25 K were firmly identified
(23 A-type and 26 E-type). We note that about 80% of the
detected lines have upper levels below 10 K. Examples of
spectral features are illustrated in Figure 4 for both emission
and absorption lines. An LSR source velocity of + 64 km s−1

was assumed. Typical line widths are ∼10 km s−1. The peak
intensities were measured at each observed transition and are
reported below in Figures 5 and 6. The authors encourage
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ABSTRACT

A non-LTE radiative transfer treatment of cis-methyl formate (HCOOCH3) rotational lines is presented for the first
time using a set of theoretical collisional rate coefficients. These coefficients have been computed in the temperature
range 5–30 K by combining coupled-channel scattering calculations with a high accuracy potential energy surface
for HCOOCH3–He. The results are compared to observations toward the Sagittarius B2(N) molecular cloud using
the publicly available PRIMOS survey from the Green Bank Telescope. A total of 49 low-lying transitions of
methyl formate, with upper levels below 25 K, are identified. These lines are found to probe a presumably cold
(∼30 K), moderately dense (∼104 cm−3), and extended region surrounding Sgr B2(N). The derived column density
of ∼4 × 1014 cm−2 is only a factor of ∼10 larger than the column density of the trans conformer in the same
source. Provided that the two conformers have the same spatial distribution, this result suggests that strongly
non-equilibrium processes must be involved in their synthesis. Finally, our calculations show that all detected
emission lines with a frequency below 30 GHz are (collisionally pumped) weak masers amplifying the continuum
of Sgr B2(N). This result demonstrates the importance and generality of non-LTE effects in the rotational spectra
of complex organic molecules at centimeter wavelengths.

Key words: astrochemistry – ISM: molecules – masers – molecular data – molecular processes

Online-only material: color figures

1. INTRODUCTION

Interstellar methyl formate (HCOOCH3) was discovered
almost 40 yr ago in its most stable cis-isomeric form in the
spectrum of the giant molecular cloud complex Sagittarius
B2 (Brown et al. 1975; Churchwell & Winnewisser 1975).
Since its discovery, it has been detected in a great variety
of galactic sources including hot molecular cores, comets,
and cold prestellar cores (Bottinelli et al. 2007; Favre et al.
2011; Bockelée-Morvan et al. 2000; Bacmann et al. 2012;
Cernicharo et al. 2012). Methyl formate is a prolate asymmetric
top molecule, isomeric with acetic acid and glycolaldehyde.
The latter two have also been identified in space (Mehringer
et al. 1997; Hollis et al. 2000) but they are much less ubiquitous
and abundant. This result strongly suggests that the synthesis
of methyl formate is controlled by kinetic factors, since acetic
acid is thermodynamically the most stable of the three isomers
(Dickens et al. 2001). However, the chemical origin of methyl
formate is a matter of debate.

Laboratory experiments have shown that methyl formate can
be formed in its solid state from the photolysis or radiolysis of
methanol-bearing ices (see Modica et al. 2012 and references
therein). Gas-grain chemical models have indicated that the sur-
face reaction between the (mobile) HCO and CH3O radicals
can provide an association pathway in warm (T ! 30 K) envi-
ronments (Garrod & Herbst 2006). Gas-phase routes involving
methanol have also been suggested but none of these were found
to produce enough methyl formate to explain its high abundance
in hot cores (∼10−9–10−8 relative to total hydrogen; Horn et al.
2004). Very recently, a new scenario of the formation of com-
plex organic molecules was proposed by Vasyunin & Herbst
(2013) to explain the abundances observed in cold prestellar
cores (10−11–10−10). In this scenario, gas-phase reactions are

driven by the reactive desorption of precursor species such as
methanol and formaldehyde. However, the predicted abundance
for methyl formate is lower than observations by two orders
of magnitude. Finally, the higher energy trans conformational
isomer of methyl formate was recently detected toward the Sgr
B2(N) molecular cloud, suggesting again a complex and non-
equilibrium chemistry (Neill et al. 2012).

In all previous observational studies of methyl formate at
millimeter wavelengths, the determination of the column density
was obtained by assuming that the relative distribution of
the population over all energy levels can be described by a
single Boltzmann temperature, referred to as the “excitation” or
“rotational” temperature. It is well known, however, that the low-
frequency line 110–111 at 1.61 GHz, first detected by Brown et al.
(1975), is weakly inverted toward Sgr B2. The population of the
110 and 111 states do therefore not attain thermal equilibrium
in this region. This was postulated by Brown et al. (1975) and
evidenced by Churchwell et al. (1980). In fact, soon after the
discovery of complex molecules at radio wavelengths in the
1970s, it was accepted that the many low frequency transitions
must be inverted (see Menten 2004 and references therein).
In their pioneering work, Brown et al. (1975) assumed a 1%
inversion of the 110 and 111 levels of methyl formate to derive
the column density. Such a weak inversion, by amplifying
the strong background continuum radiation, is sufficient to
produce the emission of the otherwise undetectable 1.61 GHz
line. The determination of the actual inversion percentage,
however, requires one to solve the equations of statistical
equilibrium, which in turn necessitates a good knowledge of
collisional cross sections. As a result, the accurate determination
of column densities from low frequency molecular transitions
cannot rely on thermal equilibrium analysis but requires a non-
local thermodynamical equilibrium (non-LTE) treatment. This
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Program8 started in 2007 to provide a complete spectral line sur-
vey in frequency ranging from ∼300 MHz to ∼50 GHz toward
the preeminent source of molecular emission in the Galaxy–Sgr
B2(N). Of the more than 180 interstellar molecules detected,
more than half have been detected first in the Sgr B2 star-
forming region. This region contains compact hot molecular
cores of arcsecond dimensions (Belloche et al. 2008, 2009;
Nummelin et al. 2000; Liu & Snyder 1999), molecular maser
emitting regions (see e.g., McGrath et al. 2004; Mehringer et al.
1994, 1997; Gaume & Claussen 1990; McGuire et al. 2012),
and ultracompact continuum sources surrounded by larger-scale
continuum features as well as molecular material extended on
the order of arcminutes (see e.g., Jones et al. 2011 and refer-
ences therein). In addition, small-scale and large-scale shock
phenomena characterize the complex. In particular, for the last
20 yr, the hot molecular core known as the “Large Molecule
Heimat” (LMH) has been the first source searched to detect
and identify new large interstellar molecules since many of
the large organic species have previously been confined to its
∼5′′ diameter (Miao & Snyder 1997). However, the recent GBT
detections of large organic molecules (Neill et al. 2012; Za-
leski et al. 2013; Loomis et al. 2013 and references therein),
have suggested that prebiotic molecules found toward the Sgr
B2(N) complex are extended, perhaps even on the order of a
2′ ×2′ field. Data were taken in the OFF–ON position switching
mode with two-minute scans toward the “ON” pointing position
(αJ2000 = 17h47m19.s8, δJ2000 = −28o22′17.′′0). Observations
continue to expand the frequency range of the PRIMOS survey.

8 Access to the entire PRIMOS data and specifics on observing strategies are
available at www.cv.nrao.edu/∼aremijan/PRIMOS/.
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best fit non-LTE results are represented in the middle panel. All lines marked
with an asterisk are weak masers amplifying the continuum of Sgr B2(N). The
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For more details on the PRIMOS survey observations see Neill
et al. (2012).

From 300 MHz to 50 GHz, a total of 49 methyl formate
transitions with upper levels below 25 K were firmly identified
(23 A-type and 26 E-type). We note that about 80% of the
detected lines have upper levels below 10 K. Examples of
spectral features are illustrated in Figure 4 for both emission
and absorption lines. An LSR source velocity of + 64 km s−1

was assumed. Typical line widths are ∼10 km s−1. The peak
intensities were measured at each observed transition and are
reported below in Figures 5 and 6. The authors encourage
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Program8 started in 2007 to provide a complete spectral line sur-
vey in frequency ranging from ∼300 MHz to ∼50 GHz toward
the preeminent source of molecular emission in the Galaxy–Sgr
B2(N). Of the more than 180 interstellar molecules detected,
more than half have been detected first in the Sgr B2 star-
forming region. This region contains compact hot molecular
cores of arcsecond dimensions (Belloche et al. 2008, 2009;
Nummelin et al. 2000; Liu & Snyder 1999), molecular maser
emitting regions (see e.g., McGrath et al. 2004; Mehringer et al.
1994, 1997; Gaume & Claussen 1990; McGuire et al. 2012),
and ultracompact continuum sources surrounded by larger-scale
continuum features as well as molecular material extended on
the order of arcminutes (see e.g., Jones et al. 2011 and refer-
ences therein). In addition, small-scale and large-scale shock
phenomena characterize the complex. In particular, for the last
20 yr, the hot molecular core known as the “Large Molecule
Heimat” (LMH) has been the first source searched to detect
and identify new large interstellar molecules since many of
the large organic species have previously been confined to its
∼5′′ diameter (Miao & Snyder 1997). However, the recent GBT
detections of large organic molecules (Neill et al. 2012; Za-
leski et al. 2013; Loomis et al. 2013 and references therein),
have suggested that prebiotic molecules found toward the Sgr
B2(N) complex are extended, perhaps even on the order of a
2′ ×2′ field. Data were taken in the OFF–ON position switching
mode with two-minute scans toward the “ON” pointing position
(αJ2000 = 17h47m19.s8, δJ2000 = −28o22′17.′′0). Observations
continue to expand the frequency range of the PRIMOS survey.

8 Access to the entire PRIMOS data and specifics on observing strategies are
available at www.cv.nrao.edu/∼aremijan/PRIMOS/.
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For more details on the PRIMOS survey observations see Neill
et al. (2012).

From 300 MHz to 50 GHz, a total of 49 methyl formate
transitions with upper levels below 25 K were firmly identified
(23 A-type and 26 E-type). We note that about 80% of the
detected lines have upper levels below 10 K. Examples of
spectral features are illustrated in Figure 4 for both emission
and absorption lines. An LSR source velocity of + 64 km s−1

was assumed. Typical line widths are ∼10 km s−1. The peak
intensities were measured at each observed transition and are
reported below in Figures 5 and 6. The authors encourage
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ABSTRACT

The rotational spectrum of the higher-energy trans-conformational isomer of methyl formate has been assigned
for the first time using several pulsed-jet Fourier transform microwave spectrometers in the 6–60 GHz frequency
range. This species has also been sought toward the Sagittarius B2(N) molecular cloud using the publicly available
PRIMOS survey from the Green Bank Telescope. We detect seven absorption features in the survey that coincide
with laboratory transitions of trans-methyl formate, from which we derive a column density of 3.1 ( + 2.6, −1.2) ×
1013 cm−2 and a rotational temperature of 7.6 ± 1.5 K. This excitation temperature is significantly lower than that
of the more stable cis conformer in the same source but is consistent with that of other complex molecular species
recently detected in Sgr B2(N). The difference in the rotational temperatures of the two conformers suggests that
they have different spatial distributions in this source. As the abundance of trans-methyl formate is far higher
than would be expected if the cis and trans conformers are in thermodynamic equilibrium, processes that could
preferentially form trans-methyl formate in this region are discussed. We also discuss measurements that could be
performed to make this detection more certain. This manuscript demonstrates how publicly available broadband
radio astronomical surveys of chemically rich molecular clouds can be used in conjunction with laboratory rotational
spectroscopy to search for new molecules in the interstellar medium.

Key words: astrochemistry – ISM: clouds – ISM: individual objects (Sagittarius B2(N)) – ISM: molecules
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1. INTRODUCTION

Methyl formate (HCOOCH3) is an abundant molecule in
interstellar clouds and has been detected, in its most stable (cis)
isomeric form, in a number of warm star-forming regions of
the interstellar medium (see, e.g., Millar et al. 1997; Nummelin
et al. 2000, and references therein). The abundance of methyl
formate compared to that of its structural isomers acetic acid
(CH3COOH) and glycolaldehyde (HOCH2CHO) is especially
surprising and has proven to be difficult to explain in models
of interstellar chemistry. Of the three isomers, methyl formate
is consistently found with the highest abundance across a large
variety of sources, despite the fact that acetic acid is the most
energetically stable of the three according to quantum-chemical
calculations (Dickens et al. 2001).

The chemical pathways by which methyl formate is synthe-
sized in the interstellar medium are the subject of considerable
debate. Proposed gas-phase production routes have primarily
involved ion–molecule reactions involving methanol (CH3OH)
or its protonated counterpart ([CH3OH2] + ). One reaction that
has received particular interest was that of protonated methanol
and formaldehyde,

[CH3OH2]+ + H2CO → [HC(OH)OCH3]+ + H2 (1)

followed by a dissociative recombination reaction,

[HC(OH)OCH3]+ + e− → HCOOCH3 + H (2)

to yield neutral methyl formate (Blake et al. 1987). However,
a computational study of this reaction (Horn et al. 2004) found

that reaction (1) has an activation barrier of 128 kJ mol−1

(15,500 K) and therefore is unfeasible at realistic molecular
cloud temperatures. Horn et al. also considered a number of
other gas-phase reactions that could produce methyl formate, but
they showed that a gas-phase-only chemical model fell far short
of reproducing the abundance of methyl formate typically found
in hot cores (∼10−8 to 10−10 n(H2)). Additionally, the efficiency
of dissociative recombination in forming complex molecules
such as methyl formate from their protonated counterparts has
been cast into doubt by studies using the heavy ion storage
ring CRYRING (Geppert et al. 2006; Hamberg et al. 2010;
Vigren et al. 2010). These studies have shown that for oxygen-
containing complex molecules such as methanol, dimethyl
ether, and formic acid, due to the large exothermicity of the
dissociative recombination process, molecular fragmentation is
a major product channel.

Motivated by the shortcomings of gas-phase processes in
explaining the abundances of complex organic molecules such
as methyl formate, models that include processes for complex
molecule synthesis on dust grains have been formulated (Sorrell
2001; Garrod & Herbst 2006; Garrod et al. 2008). In these
models, major ice components such as H2O, CH4, NH3, H2CO,
and CH3OH are converted into radical species by cosmic-ray-
induced photodissociation, which become mobile on the grain
surface as the ice warms and can engage in association reactions
to form larger molecules. Eventually complex molecules are
evaporated into the gas phase as the ices are warmed further or
by nonthermal processes such as shocks. Models including grain
chemistry have generally been more successful in explaining
the high abundances of complex molecules such as methyl
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formate that are observed in hot cores. Laboratory simulations
of interstellar ices have also shown that methyl formate can
be produced under realistic irradiation conditions (Bennett &
Kaiser 2007; Öberg et al. 2009; Modica & Palumbo 2010).
Additionally, recent detections of methyl formate and other
complex molecules in cold sources, where the likelihood of
extensive gas-phase processing is low, have suggested that
grain synthesis followed by non-thermal desorption is the likely
production route (Requena-Torres et al. 2006; Öberg et al. 2010).

With the next generation of interferometric radio astronom-
ical facilities, chemical spatial distribution maps are expected
to emerge as a way to test possible molecular production path-
ways. In a recent study, spatial images of methanol, methyl
formate, formic acid, and dimethyl ether in the Orion Com-
pact Ridge were presented, showing a significant depletion in
the abundance of formic acid in the region of greatest methyl
formate concentration and a high degree of similarity between
the distributions of methyl formate and dimethyl ether (Neill
et al. 2011). A recent modeling study simulating spatial distri-
butions in a hot core (Aikawa et al. 2008), however, calculated
that formic acid and methyl formate, if predominantly formed
within ices, would have similar spatial distributions, peaking
in the warmest regions. Therefore, two additional gas-phase
ion–molecule reactions that were not previously included in
gas-grain chemical kinetics models were proposed that could
explain the relative spatial distributions of formic acid, methyl
formate, and dimethyl ether in the Orion Compact Ridge (Neill
et al. 2011):

CH3OH + [HC(OH)2]+ → [HC(OH)OCH3]+ + H2O (3)

[CH3OH2]+ + HCOOH → [HC(OH)OCH3]+ + H2O. (4)

For both reactions there are two transition state geometries,
which yield different conformations in the protonated methyl
formate product (cis or trans in the C–O–C–O ester dihedral
angle). For reaction (3), the Fischer esterification mechanism,
both pathways have an activation barrier according to ab initio
calculations (17 kJ mol−1 to form cis, 21 kJ mol−1 to form trans).
While these barriers are far lower than that of reaction (1),
they are still high enough that its feasibility as an interstellar
reaction mechanism at typical hot core temperatures (∼100 K)
is doubtful. By reaction (4), the methyl cation transfer reaction,
which was previously proposed by Ehrenfreund & Charnley
(2000), the trans conformer can form without an activation
barrier, while the formation of the cis product has a barrier
of 10 kJ mol−1. Therefore, the primary product of this reaction
is expected to be trans-protonated methyl formate, which could
lead to an observable abundance of neutral trans-methyl formate
after dissociative recombination. An analogous methyl cation
transfer reaction between methanol and protonated methanol
can also produce protonated dimethyl ether in the gas phase
without a barrier (Bouchoux & Choret 1997); this reaction has
been proposed to be an important interstellar synthesis pathway
for dimethyl ether (Peeters et al. 2006).

Motivated by the prediction that trans-methyl formate could
be produced at an observable abundance by this gas-phase pro-
cess, we present the laboratory assignment of the rotational
spectrum of trans-methyl formate. Previous spectroscopic char-
acterizations of this species have been performed using infrared
spectroscopy of low-temperature argon matrices with nonther-
mal population distributions of the two conformers (Blom &
Günthard 1981; Müller et al. 1983). We also report a tentative
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Figure 1. Conformational potential energy surface of methyl formate, calculated
at an MP2/6–31 + + G(d,p) level of theory.
(A color version of this figure is available in the online journal.)

detection of trans-methyl formate in the Sagittarius B2(N) re-
gion using publicly available survey data from the NRAO Green
Bank Telescope. The trans conformer is less stable than cis by
25 kJ mol−1 (3000 K), so at typical temperatures of interstellar
clouds, the population ratio is very large at thermal equilib-
rium (e.g., ∼1013:1 cis:trans ratio at 100 K). However, a large
energy barrier must be crossed to interconvert between conform-
ers (Senent et al. 2005), as shown in Figure 1, so it is unlikely
that equilibrium will be established between the two conform-
ers in molecular clouds, and instead the relative abundances of
the two species should reflect conformer-specific chemical pro-
cesses. The trans isomer has a far lower rotational temperature
than cis in this source, suggesting that the two conformers may
have different spatial distributions and production mechanisms.

This manuscript also demonstrates a method by which new
molecules predicted to be present in the interstellar medium on
the basis of chemical models can be sought by the combination
of new laboratory measurements and publicly available survey
data. The newest generation of radio astronomical facilities is
beginning to produce a massive database of broad-bandwidth
surveys of chemically rich sources from the microwave to the
millimeter-wave/THz spectral regions. With this extensive data
archive available to the public, we anticipate that it will be-
come routine that publications describing laboratory rotational
spectroscopic studies of candidate interstellar molecules will
include searches for these molecules in relevant astronomical
sources. The research model we present here can improve the
efficiency with which the enormous amount of chemical infor-
mation present in these surveys can be extracted.

2. EXPERIMENT

The laboratory microwave spectrum of trans-methyl formate
was measured on several pulsed-jet Fourier transform mi-
crowave (FTMW) spectrometers: chirped-pulse Fourier trans-
form microwave (CP-FTMW) spectrometers operating from 7
to 18.5 GHz (Brown et al. 2008) and 25–40 GHz (Zaleski
et al. 2012), and two cavity FTMW spectrometers based on
the design of Balle & Flygare (1981), a miniature FTMW spec-
trometer based on an NIST design (Suenram et al. 1999) and a
cryogenically cooled FTMW spectrometer (Grabow et al. 2005).
A sample of 0.2% methyl formate (99%, purchased from Aldrich
and used without further purification) in an 80:20 neon:helium
(“first run neon”) expansion was used. Additionally, due to the
low population of trans-methyl formate at room-temperature

2



L E T ’ S  T A L K  S C I E N C E

The Astrophysical Journal, 755:153 (11pp), 2012 August 20 doi:10.1088/0004-637X/755/2/153
C⃝ 2012. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

LABORATORY AND TENTATIVE INTERSTELLAR DETECTION OF TRANS-METHYL FORMATE USING
THE PUBLICLY AVAILABLE GREEN BANK TELESCOPE PRIMOS SURVEY

Justin L. Neill1,2, Matt T. Muckle1, Daniel P. Zaleski1, Amanda L. Steber1, Brooks H. Pate1, Valerio Lattanzi3,4,
Silvia Spezzano3,4, Michael C. McCarthy3,4, and Anthony J. Remijan5

1 Department of Chemistry, University of Virginia, McCormick Road, P.O. Box 400319, Charlottesville, VA 22904, USA; brookspate@virginia.edu
2 Department of Astronomy, University of Michigan, 500 Church Street, Ann Arbor, MI 48109, USA; jneill@umich.edu

3 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, USA
4 School of Engineering and Applied Sciences, Harvard University, 29 Oxford Street, Cambridge, MA 02138, USA

5 National Radio Astronomy Observatory, 520 Edgemont Road, Charlottesville, VA 22903, USA; aremijan@nrao.edu
Received 2012 January 28; accepted 2012 June 25; published 2012 August 6

ABSTRACT

The rotational spectrum of the higher-energy trans-conformational isomer of methyl formate has been assigned
for the first time using several pulsed-jet Fourier transform microwave spectrometers in the 6–60 GHz frequency
range. This species has also been sought toward the Sagittarius B2(N) molecular cloud using the publicly available
PRIMOS survey from the Green Bank Telescope. We detect seven absorption features in the survey that coincide
with laboratory transitions of trans-methyl formate, from which we derive a column density of 3.1 ( + 2.6, −1.2) ×
1013 cm−2 and a rotational temperature of 7.6 ± 1.5 K. This excitation temperature is significantly lower than that
of the more stable cis conformer in the same source but is consistent with that of other complex molecular species
recently detected in Sgr B2(N). The difference in the rotational temperatures of the two conformers suggests that
they have different spatial distributions in this source. As the abundance of trans-methyl formate is far higher
than would be expected if the cis and trans conformers are in thermodynamic equilibrium, processes that could
preferentially form trans-methyl formate in this region are discussed. We also discuss measurements that could be
performed to make this detection more certain. This manuscript demonstrates how publicly available broadband
radio astronomical surveys of chemically rich molecular clouds can be used in conjunction with laboratory rotational
spectroscopy to search for new molecules in the interstellar medium.

Key words: astrochemistry – ISM: clouds – ISM: individual objects (Sagittarius B2(N)) – ISM: molecules

Online-only material: color figures

1. INTRODUCTION

Methyl formate (HCOOCH3) is an abundant molecule in
interstellar clouds and has been detected, in its most stable (cis)
isomeric form, in a number of warm star-forming regions of
the interstellar medium (see, e.g., Millar et al. 1997; Nummelin
et al. 2000, and references therein). The abundance of methyl
formate compared to that of its structural isomers acetic acid
(CH3COOH) and glycolaldehyde (HOCH2CHO) is especially
surprising and has proven to be difficult to explain in models
of interstellar chemistry. Of the three isomers, methyl formate
is consistently found with the highest abundance across a large
variety of sources, despite the fact that acetic acid is the most
energetically stable of the three according to quantum-chemical
calculations (Dickens et al. 2001).

The chemical pathways by which methyl formate is synthe-
sized in the interstellar medium are the subject of considerable
debate. Proposed gas-phase production routes have primarily
involved ion–molecule reactions involving methanol (CH3OH)
or its protonated counterpart ([CH3OH2] + ). One reaction that
has received particular interest was that of protonated methanol
and formaldehyde,

[CH3OH2]+ + H2CO → [HC(OH)OCH3]+ + H2 (1)

followed by a dissociative recombination reaction,

[HC(OH)OCH3]+ + e− → HCOOCH3 + H (2)

to yield neutral methyl formate (Blake et al. 1987). However,
a computational study of this reaction (Horn et al. 2004) found

that reaction (1) has an activation barrier of 128 kJ mol−1

(15,500 K) and therefore is unfeasible at realistic molecular
cloud temperatures. Horn et al. also considered a number of
other gas-phase reactions that could produce methyl formate, but
they showed that a gas-phase-only chemical model fell far short
of reproducing the abundance of methyl formate typically found
in hot cores (∼10−8 to 10−10 n(H2)). Additionally, the efficiency
of dissociative recombination in forming complex molecules
such as methyl formate from their protonated counterparts has
been cast into doubt by studies using the heavy ion storage
ring CRYRING (Geppert et al. 2006; Hamberg et al. 2010;
Vigren et al. 2010). These studies have shown that for oxygen-
containing complex molecules such as methanol, dimethyl
ether, and formic acid, due to the large exothermicity of the
dissociative recombination process, molecular fragmentation is
a major product channel.

Motivated by the shortcomings of gas-phase processes in
explaining the abundances of complex organic molecules such
as methyl formate, models that include processes for complex
molecule synthesis on dust grains have been formulated (Sorrell
2001; Garrod & Herbst 2006; Garrod et al. 2008). In these
models, major ice components such as H2O, CH4, NH3, H2CO,
and CH3OH are converted into radical species by cosmic-ray-
induced photodissociation, which become mobile on the grain
surface as the ice warms and can engage in association reactions
to form larger molecules. Eventually complex molecules are
evaporated into the gas phase as the ices are warmed further or
by nonthermal processes such as shocks. Models including grain
chemistry have generally been more successful in explaining
the high abundances of complex molecules such as methyl
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formate that are observed in hot cores. Laboratory simulations
of interstellar ices have also shown that methyl formate can
be produced under realistic irradiation conditions (Bennett &
Kaiser 2007; Öberg et al. 2009; Modica & Palumbo 2010).
Additionally, recent detections of methyl formate and other
complex molecules in cold sources, where the likelihood of
extensive gas-phase processing is low, have suggested that
grain synthesis followed by non-thermal desorption is the likely
production route (Requena-Torres et al. 2006; Öberg et al. 2010).

With the next generation of interferometric radio astronom-
ical facilities, chemical spatial distribution maps are expected
to emerge as a way to test possible molecular production path-
ways. In a recent study, spatial images of methanol, methyl
formate, formic acid, and dimethyl ether in the Orion Com-
pact Ridge were presented, showing a significant depletion in
the abundance of formic acid in the region of greatest methyl
formate concentration and a high degree of similarity between
the distributions of methyl formate and dimethyl ether (Neill
et al. 2011). A recent modeling study simulating spatial distri-
butions in a hot core (Aikawa et al. 2008), however, calculated
that formic acid and methyl formate, if predominantly formed
within ices, would have similar spatial distributions, peaking
in the warmest regions. Therefore, two additional gas-phase
ion–molecule reactions that were not previously included in
gas-grain chemical kinetics models were proposed that could
explain the relative spatial distributions of formic acid, methyl
formate, and dimethyl ether in the Orion Compact Ridge (Neill
et al. 2011):

CH3OH + [HC(OH)2]+ → [HC(OH)OCH3]+ + H2O (3)

[CH3OH2]+ + HCOOH → [HC(OH)OCH3]+ + H2O. (4)

For both reactions there are two transition state geometries,
which yield different conformations in the protonated methyl
formate product (cis or trans in the C–O–C–O ester dihedral
angle). For reaction (3), the Fischer esterification mechanism,
both pathways have an activation barrier according to ab initio
calculations (17 kJ mol−1 to form cis, 21 kJ mol−1 to form trans).
While these barriers are far lower than that of reaction (1),
they are still high enough that its feasibility as an interstellar
reaction mechanism at typical hot core temperatures (∼100 K)
is doubtful. By reaction (4), the methyl cation transfer reaction,
which was previously proposed by Ehrenfreund & Charnley
(2000), the trans conformer can form without an activation
barrier, while the formation of the cis product has a barrier
of 10 kJ mol−1. Therefore, the primary product of this reaction
is expected to be trans-protonated methyl formate, which could
lead to an observable abundance of neutral trans-methyl formate
after dissociative recombination. An analogous methyl cation
transfer reaction between methanol and protonated methanol
can also produce protonated dimethyl ether in the gas phase
without a barrier (Bouchoux & Choret 1997); this reaction has
been proposed to be an important interstellar synthesis pathway
for dimethyl ether (Peeters et al. 2006).

Motivated by the prediction that trans-methyl formate could
be produced at an observable abundance by this gas-phase pro-
cess, we present the laboratory assignment of the rotational
spectrum of trans-methyl formate. Previous spectroscopic char-
acterizations of this species have been performed using infrared
spectroscopy of low-temperature argon matrices with nonther-
mal population distributions of the two conformers (Blom &
Günthard 1981; Müller et al. 1983). We also report a tentative
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Figure 1. Conformational potential energy surface of methyl formate, calculated
at an MP2/6–31 + + G(d,p) level of theory.
(A color version of this figure is available in the online journal.)

detection of trans-methyl formate in the Sagittarius B2(N) re-
gion using publicly available survey data from the NRAO Green
Bank Telescope. The trans conformer is less stable than cis by
25 kJ mol−1 (3000 K), so at typical temperatures of interstellar
clouds, the population ratio is very large at thermal equilib-
rium (e.g., ∼1013:1 cis:trans ratio at 100 K). However, a large
energy barrier must be crossed to interconvert between conform-
ers (Senent et al. 2005), as shown in Figure 1, so it is unlikely
that equilibrium will be established between the two conform-
ers in molecular clouds, and instead the relative abundances of
the two species should reflect conformer-specific chemical pro-
cesses. The trans isomer has a far lower rotational temperature
than cis in this source, suggesting that the two conformers may
have different spatial distributions and production mechanisms.

This manuscript also demonstrates a method by which new
molecules predicted to be present in the interstellar medium on
the basis of chemical models can be sought by the combination
of new laboratory measurements and publicly available survey
data. The newest generation of radio astronomical facilities is
beginning to produce a massive database of broad-bandwidth
surveys of chemically rich sources from the microwave to the
millimeter-wave/THz spectral regions. With this extensive data
archive available to the public, we anticipate that it will be-
come routine that publications describing laboratory rotational
spectroscopic studies of candidate interstellar molecules will
include searches for these molecules in relevant astronomical
sources. The research model we present here can improve the
efficiency with which the enormous amount of chemical infor-
mation present in these surveys can be extracted.

2. EXPERIMENT

The laboratory microwave spectrum of trans-methyl formate
was measured on several pulsed-jet Fourier transform mi-
crowave (FTMW) spectrometers: chirped-pulse Fourier trans-
form microwave (CP-FTMW) spectrometers operating from 7
to 18.5 GHz (Brown et al. 2008) and 25–40 GHz (Zaleski
et al. 2012), and two cavity FTMW spectrometers based on
the design of Balle & Flygare (1981), a miniature FTMW spec-
trometer based on an NIST design (Suenram et al. 1999) and a
cryogenically cooled FTMW spectrometer (Grabow et al. 2005).
A sample of 0.2% methyl formate (99%, purchased from Aldrich
and used without further purification) in an 80:20 neon:helium
(“first run neon”) expansion was used. Additionally, due to the
low population of trans-methyl formate at room-temperature
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ABSTRACT

The rotational spectrum of the higher-energy trans-conformational isomer of methyl formate has been assigned
for the first time using several pulsed-jet Fourier transform microwave spectrometers in the 6–60 GHz frequency
range. This species has also been sought toward the Sagittarius B2(N) molecular cloud using the publicly available
PRIMOS survey from the Green Bank Telescope. We detect seven absorption features in the survey that coincide
with laboratory transitions of trans-methyl formate, from which we derive a column density of 3.1 ( + 2.6, −1.2) ×
1013 cm−2 and a rotational temperature of 7.6 ± 1.5 K. This excitation temperature is significantly lower than that
of the more stable cis conformer in the same source but is consistent with that of other complex molecular species
recently detected in Sgr B2(N). The difference in the rotational temperatures of the two conformers suggests that
they have different spatial distributions in this source. As the abundance of trans-methyl formate is far higher
than would be expected if the cis and trans conformers are in thermodynamic equilibrium, processes that could
preferentially form trans-methyl formate in this region are discussed. We also discuss measurements that could be
performed to make this detection more certain. This manuscript demonstrates how publicly available broadband
radio astronomical surveys of chemically rich molecular clouds can be used in conjunction with laboratory rotational
spectroscopy to search for new molecules in the interstellar medium.
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1. INTRODUCTION

Methyl formate (HCOOCH3) is an abundant molecule in
interstellar clouds and has been detected, in its most stable (cis)
isomeric form, in a number of warm star-forming regions of
the interstellar medium (see, e.g., Millar et al. 1997; Nummelin
et al. 2000, and references therein). The abundance of methyl
formate compared to that of its structural isomers acetic acid
(CH3COOH) and glycolaldehyde (HOCH2CHO) is especially
surprising and has proven to be difficult to explain in models
of interstellar chemistry. Of the three isomers, methyl formate
is consistently found with the highest abundance across a large
variety of sources, despite the fact that acetic acid is the most
energetically stable of the three according to quantum-chemical
calculations (Dickens et al. 2001).

The chemical pathways by which methyl formate is synthe-
sized in the interstellar medium are the subject of considerable
debate. Proposed gas-phase production routes have primarily
involved ion–molecule reactions involving methanol (CH3OH)
or its protonated counterpart ([CH3OH2] + ). One reaction that
has received particular interest was that of protonated methanol
and formaldehyde,

[CH3OH2]+ + H2CO → [HC(OH)OCH3]+ + H2 (1)

followed by a dissociative recombination reaction,

[HC(OH)OCH3]+ + e− → HCOOCH3 + H (2)

to yield neutral methyl formate (Blake et al. 1987). However,
a computational study of this reaction (Horn et al. 2004) found

that reaction (1) has an activation barrier of 128 kJ mol−1

(15,500 K) and therefore is unfeasible at realistic molecular
cloud temperatures. Horn et al. also considered a number of
other gas-phase reactions that could produce methyl formate, but
they showed that a gas-phase-only chemical model fell far short
of reproducing the abundance of methyl formate typically found
in hot cores (∼10−8 to 10−10 n(H2)). Additionally, the efficiency
of dissociative recombination in forming complex molecules
such as methyl formate from their protonated counterparts has
been cast into doubt by studies using the heavy ion storage
ring CRYRING (Geppert et al. 2006; Hamberg et al. 2010;
Vigren et al. 2010). These studies have shown that for oxygen-
containing complex molecules such as methanol, dimethyl
ether, and formic acid, due to the large exothermicity of the
dissociative recombination process, molecular fragmentation is
a major product channel.

Motivated by the shortcomings of gas-phase processes in
explaining the abundances of complex organic molecules such
as methyl formate, models that include processes for complex
molecule synthesis on dust grains have been formulated (Sorrell
2001; Garrod & Herbst 2006; Garrod et al. 2008). In these
models, major ice components such as H2O, CH4, NH3, H2CO,
and CH3OH are converted into radical species by cosmic-ray-
induced photodissociation, which become mobile on the grain
surface as the ice warms and can engage in association reactions
to form larger molecules. Eventually complex molecules are
evaporated into the gas phase as the ices are warmed further or
by nonthermal processes such as shocks. Models including grain
chemistry have generally been more successful in explaining
the high abundances of complex molecules such as methyl
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formate that are observed in hot cores. Laboratory simulations
of interstellar ices have also shown that methyl formate can
be produced under realistic irradiation conditions (Bennett &
Kaiser 2007; Öberg et al. 2009; Modica & Palumbo 2010).
Additionally, recent detections of methyl formate and other
complex molecules in cold sources, where the likelihood of
extensive gas-phase processing is low, have suggested that
grain synthesis followed by non-thermal desorption is the likely
production route (Requena-Torres et al. 2006; Öberg et al. 2010).

With the next generation of interferometric radio astronom-
ical facilities, chemical spatial distribution maps are expected
to emerge as a way to test possible molecular production path-
ways. In a recent study, spatial images of methanol, methyl
formate, formic acid, and dimethyl ether in the Orion Com-
pact Ridge were presented, showing a significant depletion in
the abundance of formic acid in the region of greatest methyl
formate concentration and a high degree of similarity between
the distributions of methyl formate and dimethyl ether (Neill
et al. 2011). A recent modeling study simulating spatial distri-
butions in a hot core (Aikawa et al. 2008), however, calculated
that formic acid and methyl formate, if predominantly formed
within ices, would have similar spatial distributions, peaking
in the warmest regions. Therefore, two additional gas-phase
ion–molecule reactions that were not previously included in
gas-grain chemical kinetics models were proposed that could
explain the relative spatial distributions of formic acid, methyl
formate, and dimethyl ether in the Orion Compact Ridge (Neill
et al. 2011):

CH3OH + [HC(OH)2]+ → [HC(OH)OCH3]+ + H2O (3)

[CH3OH2]+ + HCOOH → [HC(OH)OCH3]+ + H2O. (4)

For both reactions there are two transition state geometries,
which yield different conformations in the protonated methyl
formate product (cis or trans in the C–O–C–O ester dihedral
angle). For reaction (3), the Fischer esterification mechanism,
both pathways have an activation barrier according to ab initio
calculations (17 kJ mol−1 to form cis, 21 kJ mol−1 to form trans).
While these barriers are far lower than that of reaction (1),
they are still high enough that its feasibility as an interstellar
reaction mechanism at typical hot core temperatures (∼100 K)
is doubtful. By reaction (4), the methyl cation transfer reaction,
which was previously proposed by Ehrenfreund & Charnley
(2000), the trans conformer can form without an activation
barrier, while the formation of the cis product has a barrier
of 10 kJ mol−1. Therefore, the primary product of this reaction
is expected to be trans-protonated methyl formate, which could
lead to an observable abundance of neutral trans-methyl formate
after dissociative recombination. An analogous methyl cation
transfer reaction between methanol and protonated methanol
can also produce protonated dimethyl ether in the gas phase
without a barrier (Bouchoux & Choret 1997); this reaction has
been proposed to be an important interstellar synthesis pathway
for dimethyl ether (Peeters et al. 2006).

Motivated by the prediction that trans-methyl formate could
be produced at an observable abundance by this gas-phase pro-
cess, we present the laboratory assignment of the rotational
spectrum of trans-methyl formate. Previous spectroscopic char-
acterizations of this species have been performed using infrared
spectroscopy of low-temperature argon matrices with nonther-
mal population distributions of the two conformers (Blom &
Günthard 1981; Müller et al. 1983). We also report a tentative
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Figure 1. Conformational potential energy surface of methyl formate, calculated
at an MP2/6–31 + + G(d,p) level of theory.
(A color version of this figure is available in the online journal.)

detection of trans-methyl formate in the Sagittarius B2(N) re-
gion using publicly available survey data from the NRAO Green
Bank Telescope. The trans conformer is less stable than cis by
25 kJ mol−1 (3000 K), so at typical temperatures of interstellar
clouds, the population ratio is very large at thermal equilib-
rium (e.g., ∼1013:1 cis:trans ratio at 100 K). However, a large
energy barrier must be crossed to interconvert between conform-
ers (Senent et al. 2005), as shown in Figure 1, so it is unlikely
that equilibrium will be established between the two conform-
ers in molecular clouds, and instead the relative abundances of
the two species should reflect conformer-specific chemical pro-
cesses. The trans isomer has a far lower rotational temperature
than cis in this source, suggesting that the two conformers may
have different spatial distributions and production mechanisms.

This manuscript also demonstrates a method by which new
molecules predicted to be present in the interstellar medium on
the basis of chemical models can be sought by the combination
of new laboratory measurements and publicly available survey
data. The newest generation of radio astronomical facilities is
beginning to produce a massive database of broad-bandwidth
surveys of chemically rich sources from the microwave to the
millimeter-wave/THz spectral regions. With this extensive data
archive available to the public, we anticipate that it will be-
come routine that publications describing laboratory rotational
spectroscopic studies of candidate interstellar molecules will
include searches for these molecules in relevant astronomical
sources. The research model we present here can improve the
efficiency with which the enormous amount of chemical infor-
mation present in these surveys can be extracted.

2. EXPERIMENT

The laboratory microwave spectrum of trans-methyl formate
was measured on several pulsed-jet Fourier transform mi-
crowave (FTMW) spectrometers: chirped-pulse Fourier trans-
form microwave (CP-FTMW) spectrometers operating from 7
to 18.5 GHz (Brown et al. 2008) and 25–40 GHz (Zaleski
et al. 2012), and two cavity FTMW spectrometers based on
the design of Balle & Flygare (1981), a miniature FTMW spec-
trometer based on an NIST design (Suenram et al. 1999) and a
cryogenically cooled FTMW spectrometer (Grabow et al. 2005).
A sample of 0.2% methyl formate (99%, purchased from Aldrich
and used without further purification) in an 80:20 neon:helium
(“first run neon”) expansion was used. Additionally, due to the
low population of trans-methyl formate at room-temperature
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Table 4
Transitions of trans-Methyl Formate Sought toward Sgr B2(N)

A species

Transition Frequency Sµ2 El θHPBW Tc ηB
a VLSR ∆T ∗

a ∆V
(MHz) (D2) (K) (arcsec) (K) (km s−1) (mK) (km s−1)

101–000 9124.221 17.07 0 81 25.6 0.978 60.7(6) −11.8(7) 12.4(12)
212–111 17921.508 25.61 3.23 41 13.5 0.919 . . . . . .b . . .

202–101 18247.038 34.15 0.44 41 10.7 0.915 64.5(4) −20.9(12) 13.3(9)
211–110 18575.916 25.61 3.25 40 10.9 0.912 67.8(6) −11.7(7) 19.0(12)
313–212 26881.342 45.53 4.09 28 6.8 0.825 . . . . . .b . . .

303–202 27367.048 51.22 1.32 27 7.1 0.819 64.9(3) −21.2(16) 9.4(8)
505–404 45593.037 85.35 4.38 16 2.7 0.574 . . . . . .c . . .

E species

Transition Frequency Sµ2 El θHPBW Tc ηB
a VLSR ∆T ∗

a ∆V
(MHz) (D2) (K)d (arcsec) (K) (km s−1) (mK) (km s−1)

10–00 9207.427 18.03 2.07 81 25.6 0.978 64.0(7) −9.4(6) 18.1(14)
21–11 17820.962 23.66 0.00 42 13.6 0.919 . . . . . .b . . .

20–10 18367.848 35.65 2.51 40 10.7 0.914 62.9(12) −19.2(7) 7.6(12)
31–21 26750.960 42.15 0.86 28 6.8 0.826 . . . . . .b . . .

30–20 27440.992 52.56 3.39 27 7.1 0.818 70.3(5) −22.7(10) 24.3(14)

Notes.
a Assuming a surface error of 390 µm.
b Not conclusively detected (see Figure 7).
c Not detected (8 mK rms).
d Relative to the lowest-energy E species rotational level (11).

J = 1–0 transitions of the A and E species. Both of the observed
transitions in the laboratory correspond closely to absorption
features of equal intensity (−10 mK). These two transitions, as
can be seen from Figures 2 and 3, do not have equal intensities in
the laboratory spectrum, with the A species transition being more
intense; we attribute this to the E species population cooling
into the K = 1 ladder (which is lower in energy than the K = 0
ladder due to internal rotation interactions) in the cold (Trot ∼
2 K) supersonic jet. However, at higher temperatures than this,
we expect the A and E transitions to have equal intensity, as is
observed for the two candidate features in the Sgr B2(N) survey.

Absorption features are also observed at the frequencies
of the J = 2–1 and 3–2, Ka = 0 transitions, for both A
and E symmetry species. In Figure 4, we show the J =
1–0, 2–1, and 3–2 transition pairs. None of these transitions
are attributable to other known interstellar molecules. The
A–E splittings vary significantly between these three pairs of
transitions (83.21 MHz, 120.81 MHz, and 73.94 MHz for J =
1–0, 2–1, and 3–2, respectively), so the identification of each of
these transition pairs with equal intensities and LSR velocities
is suggestive that these features are due to trans-methyl formate.
As many of the lines in the PRIMOS survey are unassigned, a
full spectral line catalog of the PRIMOS survey between 18 and
26 GHz has been made to estimate statistically the likelihood
of coincidental assignments. In this 8 GHz range, a total of
330 transitions are observed (both absorption and emission,
including assigned and unassigned features) with an intensity
of 10 mK or greater; the typical noise level is ∼5–10 mK in this
frequency range. Recombination lines are excluded from this
count, as they are readily distinguished by their spectral line
shape. Of these transitions, a total of 191 of these transitions
are absorption features, of which 132 have intensities between
−10 and −30 mK (as the six transitions in Figure 4). We use
this spectral region as a proxy for the spectral line density in
the PRIMOS survey as a whole and note that there is not a
significant increase in spectral line density in the other frequency
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Figure 4. Plot of Ka = 0 transitions of trans-methyl formate sought in Sgr B2(N).
The strong emission features seen near the 201–101 (A), 303–202 (A), and 30–20
(E) transitions are due to vibrationally excited states of HC3N. The dashed line
indicates the + 64 km s−1 velocity characteristic of Sgr B2(N).

ranges (9 and 27 GHz) where we report trans-methyl formate
features.

Most molecular transitions in the PRIMOS survey have
FWHM linewidths of at most 25 km s−1, which corresponds
to 1.5 MHz at 18 GHz and 2.1 MHz at 26 GHz. We therefore
assess the probability of a transition lying within one FWHM of
a given frequency, which we approximate as a 4 MHz window
(±2 MHz). (Note that all of the detected lines presented in
Table 4 are significantly closer than this condition, within
7 km s−1 of the primary velocity of the Sgr B2(N) source,
64 km s−1.) Using the line count above, there is a probability of
0.152 that at least one transition of any intensity, absorption, or

6

9 GHz

18 GHz

27 GHz

9 GHz

18 GHz

27 GHz



L E T ’ S  T A L K  S C I E N C E

The Astrophysical Journal Letters, 758:L33 (6pp), 2012 October 20 doi:10.1088/2041-8205/758/2/L33
C⃝ 2012. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

INTERSTELLAR CARBODIIMIDE (HNCNH): A NEW ASTRONOMICAL DETECTION
FROM THE GBT PRIMOS SURVEY VIA MASER EMISSION FEATURES

Brett A. McGuire1, Ryan A. Loomis2, Cameron M. Charness3, Joanna F. Corby3, Geoffrey A. Blake4,
Jan M. Hollis5, Frank J. Lovas6, Philip R. Jewell7, and Anthony J. Remijan7

1 Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, CA 91125, USA
2 Department of Chemistry, University of Virginia, Charlottesville, VA 22904, USA
3 Department of Astronomy, University of Virginia, Charlottesville, VA 22904, USA

4 Division of Chemistry and Chemical Engineering and Division of Geological and Planetary Sciences,
California Institute of Technology, Pasadena, CA 91125, USA

5 NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA
6 National Institute of Standards and Technology, Gaithersburg, MD 20899, USA

7 National Radio Astronomy Observatory, Charlottesville, VA 22903, USA
Received 2012 August 9; accepted 2012 September 7; published 2012 October 1

ABSTRACT

In this work, we identify carbodiimide (HNCNH), which is an isomer of the well-known interstellar species
cyanamide (NH2CN), in weak maser emission, using data from the Green Bank Telescope PRIMOS survey toward
Sgr B2(N). All spectral lines observed are in emission and have energy levels in excess of 170 K, indicating that
the molecule likely resides in relatively hot gas that characterizes the denser regions of this star-forming region.
The anticipated abundance of this molecule from ice mantle experiments is ∼10% of the abundance of NH2CN,
which in Sgr B2(N) corresponds to ∼2 × 1013 cm−2. Such an abundance results in transition intensities well below
the detection limit of any current astronomical facility and, as such, HNCNH could only be detected by those
transitions which are amplified by masing.
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1. INTRODUCTION

Historically, searches for new astronomical molecules re-
sulted in the detection of favorable, high line strength transi-
tions based on a thermal approximation to the excitation of
these species in interstellar environments. At the temperatures
of hot molecular cores inside molecular clouds, these transitions
often reside at (sub)millimeter wavelengths. However, line con-
fusion near the Boltzmann peak can lead to ambiguous identifi-
cations, and the peak intensities of low abundance, large organic
molecules may never rise above the noise floor or the confusion
limit. The success of molecule searches at centimeter wave-
lengths has shown that unique excitation conditions can lead to
the unambiguous identification of very low abundance species
with high accuracy.

Carbodiimide (HNCNH) is the second most stable isomer
of cyanamide (NH2CN), with cyanamide being more stable by
∼4.0 kcal mol−1 (Duvernay et al. 2004; Tordini et al. 2003).
Since the detection of NH2CN by Turner et al. (1975) toward
the high-mass star-forming region Sgr B2(N), HNCNH has been
recognized as a candidate interstellar molecule. HNCNH is also
a tautomer of NH2CN and can be formed via an isomerization
reaction whereby an H atom can migrate along the molecular
backbone from the amine group. At room temperature, HNCNH
is in thermally induced equilibrium with NH2CN at a fraction
of ∼1%. Given typical abundances of NH2CN and temperatures
in many astrophysical environments of ≪300 K, gas-phase
tautomerization of NH2CN is unlikely to produce HNCNH in
appreciable abundance. Yet, HNCNH may exist in detectable
abundance out of thermal equilibrium with NH2CN as in the
case of interstellar hydrogen cyanide (HCN) and interstellar
hydrogen isocyanide (HNC)—in which HNC is in greater
abundance in some clouds (see Allen et al. 1980, and references
therein).

Although tautomerization is likely inefficient in the gas phase
under interstellar conditions, experimental studies have shown
that NH2CN → HNCNH conversion in water ices and matrices
is far more efficient (Duvernay et al. 2005, and references
therein). In the solid phase, the association of up to five water
molecules with NH2CN on an ice surface has been shown to
significantly lower the activation barrier to tautomerization and
promote the production of HNCNH (Duvernay et al. 2005). In
fact, HNCNH formation on a water–ice surface is shown to
occur at temperatures as low as 70 K. The relative abundance
of HNCNH formed from this process has been measured to
range from 4% of NH2CN at 80 K to as much as 13% at 140 K
(Duvernay et al. 2005). In the laboratory, HNCNH sublimation
occurs between 80 K and 170 K, with no additional desorption
observed above 170 K (Duvernay et al. 2004). In the interstellar
medium (ISM), non-thermal desorption via shocks is also a
likely liberation mechanism. Assuming that tautomerization of
NH2CN on dust grain ice mantles is the dominant formation
pathway for HNCNH, and that subsequent desorption occurs
for both species, the gas phase abundance of HNCNH may be
capped at ∼10% of NH2CN.

NH2CN has an estimated column density of ∼2 × 1014 cm−2

toward Sgr B2(N) (Nummelin et al. 2000); we therefore antic-
ipate an HNCNH column density on the order of ∼1013 cm−2.
If thermal emission at hot core temperatures dominates the
spectrum of HNCNH, the most favorable high line strength
transitions are at millimeter and submillimeter wavelengths.
Nevertheless, we have previously used the Robert C. Byrd Green
Bank Telescope (GBT) to detect new molecular species includ-
ing trans-methyl formate (Neill et al. 2012) and cyanoformalde-
hyde (Remijan et al. 2008) which only had measurable as-
tronomical line intensities detected at centimeter wavelengths.
Encouraged by these results, we searched for centimeter wave
transitions of HNCNH. All data were taken as part of the
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Figure 1. Carbodiimide (HNCNH) spectral passbands toward Sgr B2(N) recorded from the GBT PRIMOS Survey. Rotation–torsion doublet transition quantum
numbers are shown in each panel. The passband width displayed is 500 km s−1 in each case. The spectra are plotted as a function of frequency (MHz), corrected for
an LSR source velocity of +64 km s−1. The blue and red vertical lines indicate the location of the transition rest frequency (see Table 1) at an assumed LSR source
velocity of +64 km s−1 and +82 km s−1, respectively. Data in all panels were Hanning smoothed for display purposes.
(A color version of this figure is available in the online journal.)
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ABSTRACT

In this work, we identify carbodiimide (HNCNH), which is an isomer of the well-known interstellar species
cyanamide (NH2CN), in weak maser emission, using data from the Green Bank Telescope PRIMOS survey toward
Sgr B2(N). All spectral lines observed are in emission and have energy levels in excess of 170 K, indicating that
the molecule likely resides in relatively hot gas that characterizes the denser regions of this star-forming region.
The anticipated abundance of this molecule from ice mantle experiments is ∼10% of the abundance of NH2CN,
which in Sgr B2(N) corresponds to ∼2 × 1013 cm−2. Such an abundance results in transition intensities well below
the detection limit of any current astronomical facility and, as such, HNCNH could only be detected by those
transitions which are amplified by masing.
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1. INTRODUCTION

Historically, searches for new astronomical molecules re-
sulted in the detection of favorable, high line strength transi-
tions based on a thermal approximation to the excitation of
these species in interstellar environments. At the temperatures
of hot molecular cores inside molecular clouds, these transitions
often reside at (sub)millimeter wavelengths. However, line con-
fusion near the Boltzmann peak can lead to ambiguous identifi-
cations, and the peak intensities of low abundance, large organic
molecules may never rise above the noise floor or the confusion
limit. The success of molecule searches at centimeter wave-
lengths has shown that unique excitation conditions can lead to
the unambiguous identification of very low abundance species
with high accuracy.

Carbodiimide (HNCNH) is the second most stable isomer
of cyanamide (NH2CN), with cyanamide being more stable by
∼4.0 kcal mol−1 (Duvernay et al. 2004; Tordini et al. 2003).
Since the detection of NH2CN by Turner et al. (1975) toward
the high-mass star-forming region Sgr B2(N), HNCNH has been
recognized as a candidate interstellar molecule. HNCNH is also
a tautomer of NH2CN and can be formed via an isomerization
reaction whereby an H atom can migrate along the molecular
backbone from the amine group. At room temperature, HNCNH
is in thermally induced equilibrium with NH2CN at a fraction
of ∼1%. Given typical abundances of NH2CN and temperatures
in many astrophysical environments of ≪300 K, gas-phase
tautomerization of NH2CN is unlikely to produce HNCNH in
appreciable abundance. Yet, HNCNH may exist in detectable
abundance out of thermal equilibrium with NH2CN as in the
case of interstellar hydrogen cyanide (HCN) and interstellar
hydrogen isocyanide (HNC)—in which HNC is in greater
abundance in some clouds (see Allen et al. 1980, and references
therein).

Although tautomerization is likely inefficient in the gas phase
under interstellar conditions, experimental studies have shown
that NH2CN → HNCNH conversion in water ices and matrices
is far more efficient (Duvernay et al. 2005, and references
therein). In the solid phase, the association of up to five water
molecules with NH2CN on an ice surface has been shown to
significantly lower the activation barrier to tautomerization and
promote the production of HNCNH (Duvernay et al. 2005). In
fact, HNCNH formation on a water–ice surface is shown to
occur at temperatures as low as 70 K. The relative abundance
of HNCNH formed from this process has been measured to
range from 4% of NH2CN at 80 K to as much as 13% at 140 K
(Duvernay et al. 2005). In the laboratory, HNCNH sublimation
occurs between 80 K and 170 K, with no additional desorption
observed above 170 K (Duvernay et al. 2004). In the interstellar
medium (ISM), non-thermal desorption via shocks is also a
likely liberation mechanism. Assuming that tautomerization of
NH2CN on dust grain ice mantles is the dominant formation
pathway for HNCNH, and that subsequent desorption occurs
for both species, the gas phase abundance of HNCNH may be
capped at ∼10% of NH2CN.

NH2CN has an estimated column density of ∼2 × 1014 cm−2

toward Sgr B2(N) (Nummelin et al. 2000); we therefore antic-
ipate an HNCNH column density on the order of ∼1013 cm−2.
If thermal emission at hot core temperatures dominates the
spectrum of HNCNH, the most favorable high line strength
transitions are at millimeter and submillimeter wavelengths.
Nevertheless, we have previously used the Robert C. Byrd Green
Bank Telescope (GBT) to detect new molecular species includ-
ing trans-methyl formate (Neill et al. 2012) and cyanoformalde-
hyde (Remijan et al. 2008) which only had measurable as-
tronomical line intensities detected at centimeter wavelengths.
Encouraged by these results, we searched for centimeter wave
transitions of HNCNH. All data were taken as part of the
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Figure 1. Carbodiimide (HNCNH) spectral passbands toward Sgr B2(N) recorded from the GBT PRIMOS Survey. Rotation–torsion doublet transition quantum
numbers are shown in each panel. The passband width displayed is 500 km s−1 in each case. The spectra are plotted as a function of frequency (MHz), corrected for
an LSR source velocity of +64 km s−1. The blue and red vertical lines indicate the location of the transition rest frequency (see Table 1) at an assumed LSR source
velocity of +64 km s−1 and +82 km s−1, respectively. Data in all panels were Hanning smoothed for display purposes.
(A color version of this figure is available in the online journal.)
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ABSTRACT

In this work, we identify carbodiimide (HNCNH), which is an isomer of the well-known interstellar species
cyanamide (NH2CN), in weak maser emission, using data from the Green Bank Telescope PRIMOS survey toward
Sgr B2(N). All spectral lines observed are in emission and have energy levels in excess of 170 K, indicating that
the molecule likely resides in relatively hot gas that characterizes the denser regions of this star-forming region.
The anticipated abundance of this molecule from ice mantle experiments is ∼10% of the abundance of NH2CN,
which in Sgr B2(N) corresponds to ∼2 × 1013 cm−2. Such an abundance results in transition intensities well below
the detection limit of any current astronomical facility and, as such, HNCNH could only be detected by those
transitions which are amplified by masing.

Key words: astrochemistry – ISM: clouds – ISM: individual objects (Sagittarius B2(N)) – ISM: molecules

Online-only material: color figures

1. INTRODUCTION

Historically, searches for new astronomical molecules re-
sulted in the detection of favorable, high line strength transi-
tions based on a thermal approximation to the excitation of
these species in interstellar environments. At the temperatures
of hot molecular cores inside molecular clouds, these transitions
often reside at (sub)millimeter wavelengths. However, line con-
fusion near the Boltzmann peak can lead to ambiguous identifi-
cations, and the peak intensities of low abundance, large organic
molecules may never rise above the noise floor or the confusion
limit. The success of molecule searches at centimeter wave-
lengths has shown that unique excitation conditions can lead to
the unambiguous identification of very low abundance species
with high accuracy.

Carbodiimide (HNCNH) is the second most stable isomer
of cyanamide (NH2CN), with cyanamide being more stable by
∼4.0 kcal mol−1 (Duvernay et al. 2004; Tordini et al. 2003).
Since the detection of NH2CN by Turner et al. (1975) toward
the high-mass star-forming region Sgr B2(N), HNCNH has been
recognized as a candidate interstellar molecule. HNCNH is also
a tautomer of NH2CN and can be formed via an isomerization
reaction whereby an H atom can migrate along the molecular
backbone from the amine group. At room temperature, HNCNH
is in thermally induced equilibrium with NH2CN at a fraction
of ∼1%. Given typical abundances of NH2CN and temperatures
in many astrophysical environments of ≪300 K, gas-phase
tautomerization of NH2CN is unlikely to produce HNCNH in
appreciable abundance. Yet, HNCNH may exist in detectable
abundance out of thermal equilibrium with NH2CN as in the
case of interstellar hydrogen cyanide (HCN) and interstellar
hydrogen isocyanide (HNC)—in which HNC is in greater
abundance in some clouds (see Allen et al. 1980, and references
therein).

Although tautomerization is likely inefficient in the gas phase
under interstellar conditions, experimental studies have shown
that NH2CN → HNCNH conversion in water ices and matrices
is far more efficient (Duvernay et al. 2005, and references
therein). In the solid phase, the association of up to five water
molecules with NH2CN on an ice surface has been shown to
significantly lower the activation barrier to tautomerization and
promote the production of HNCNH (Duvernay et al. 2005). In
fact, HNCNH formation on a water–ice surface is shown to
occur at temperatures as low as 70 K. The relative abundance
of HNCNH formed from this process has been measured to
range from 4% of NH2CN at 80 K to as much as 13% at 140 K
(Duvernay et al. 2005). In the laboratory, HNCNH sublimation
occurs between 80 K and 170 K, with no additional desorption
observed above 170 K (Duvernay et al. 2004). In the interstellar
medium (ISM), non-thermal desorption via shocks is also a
likely liberation mechanism. Assuming that tautomerization of
NH2CN on dust grain ice mantles is the dominant formation
pathway for HNCNH, and that subsequent desorption occurs
for both species, the gas phase abundance of HNCNH may be
capped at ∼10% of NH2CN.

NH2CN has an estimated column density of ∼2 × 1014 cm−2

toward Sgr B2(N) (Nummelin et al. 2000); we therefore antic-
ipate an HNCNH column density on the order of ∼1013 cm−2.
If thermal emission at hot core temperatures dominates the
spectrum of HNCNH, the most favorable high line strength
transitions are at millimeter and submillimeter wavelengths.
Nevertheless, we have previously used the Robert C. Byrd Green
Bank Telescope (GBT) to detect new molecular species includ-
ing trans-methyl formate (Neill et al. 2012) and cyanoformalde-
hyde (Remijan et al. 2008) which only had measurable as-
tronomical line intensities detected at centimeter wavelengths.
Encouraged by these results, we searched for centimeter wave
transitions of HNCNH. All data were taken as part of the

1

The Astrophysical Journal Letters, 758:L33 (6pp), 2012 October 20 McGuire et al.

(a) (b)

(c) (d)

(e) (f)

(g)
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numbers are shown in each panel. The passband width displayed is 500 km s−1 in each case. The spectra are plotted as a function of frequency (MHz), corrected for
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ABSTRACT

In this work, we identify carbodiimide (HNCNH), which is an isomer of the well-known interstellar species
cyanamide (NH2CN), in weak maser emission, using data from the Green Bank Telescope PRIMOS survey toward
Sgr B2(N). All spectral lines observed are in emission and have energy levels in excess of 170 K, indicating that
the molecule likely resides in relatively hot gas that characterizes the denser regions of this star-forming region.
The anticipated abundance of this molecule from ice mantle experiments is ∼10% of the abundance of NH2CN,
which in Sgr B2(N) corresponds to ∼2 × 1013 cm−2. Such an abundance results in transition intensities well below
the detection limit of any current astronomical facility and, as such, HNCNH could only be detected by those
transitions which are amplified by masing.
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1. INTRODUCTION

Historically, searches for new astronomical molecules re-
sulted in the detection of favorable, high line strength transi-
tions based on a thermal approximation to the excitation of
these species in interstellar environments. At the temperatures
of hot molecular cores inside molecular clouds, these transitions
often reside at (sub)millimeter wavelengths. However, line con-
fusion near the Boltzmann peak can lead to ambiguous identifi-
cations, and the peak intensities of low abundance, large organic
molecules may never rise above the noise floor or the confusion
limit. The success of molecule searches at centimeter wave-
lengths has shown that unique excitation conditions can lead to
the unambiguous identification of very low abundance species
with high accuracy.

Carbodiimide (HNCNH) is the second most stable isomer
of cyanamide (NH2CN), with cyanamide being more stable by
∼4.0 kcal mol−1 (Duvernay et al. 2004; Tordini et al. 2003).
Since the detection of NH2CN by Turner et al. (1975) toward
the high-mass star-forming region Sgr B2(N), HNCNH has been
recognized as a candidate interstellar molecule. HNCNH is also
a tautomer of NH2CN and can be formed via an isomerization
reaction whereby an H atom can migrate along the molecular
backbone from the amine group. At room temperature, HNCNH
is in thermally induced equilibrium with NH2CN at a fraction
of ∼1%. Given typical abundances of NH2CN and temperatures
in many astrophysical environments of ≪300 K, gas-phase
tautomerization of NH2CN is unlikely to produce HNCNH in
appreciable abundance. Yet, HNCNH may exist in detectable
abundance out of thermal equilibrium with NH2CN as in the
case of interstellar hydrogen cyanide (HCN) and interstellar
hydrogen isocyanide (HNC)—in which HNC is in greater
abundance in some clouds (see Allen et al. 1980, and references
therein).

Although tautomerization is likely inefficient in the gas phase
under interstellar conditions, experimental studies have shown
that NH2CN → HNCNH conversion in water ices and matrices
is far more efficient (Duvernay et al. 2005, and references
therein). In the solid phase, the association of up to five water
molecules with NH2CN on an ice surface has been shown to
significantly lower the activation barrier to tautomerization and
promote the production of HNCNH (Duvernay et al. 2005). In
fact, HNCNH formation on a water–ice surface is shown to
occur at temperatures as low as 70 K. The relative abundance
of HNCNH formed from this process has been measured to
range from 4% of NH2CN at 80 K to as much as 13% at 140 K
(Duvernay et al. 2005). In the laboratory, HNCNH sublimation
occurs between 80 K and 170 K, with no additional desorption
observed above 170 K (Duvernay et al. 2004). In the interstellar
medium (ISM), non-thermal desorption via shocks is also a
likely liberation mechanism. Assuming that tautomerization of
NH2CN on dust grain ice mantles is the dominant formation
pathway for HNCNH, and that subsequent desorption occurs
for both species, the gas phase abundance of HNCNH may be
capped at ∼10% of NH2CN.

NH2CN has an estimated column density of ∼2 × 1014 cm−2

toward Sgr B2(N) (Nummelin et al. 2000); we therefore antic-
ipate an HNCNH column density on the order of ∼1013 cm−2.
If thermal emission at hot core temperatures dominates the
spectrum of HNCNH, the most favorable high line strength
transitions are at millimeter and submillimeter wavelengths.
Nevertheless, we have previously used the Robert C. Byrd Green
Bank Telescope (GBT) to detect new molecular species includ-
ing trans-methyl formate (Neill et al. 2012) and cyanoformalde-
hyde (Remijan et al. 2008) which only had measurable as-
tronomical line intensities detected at centimeter wavelengths.
Encouraged by these results, we searched for centimeter wave
transitions of HNCNH. All data were taken as part of the
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Figure 1. Carbodiimide (HNCNH) spectral passbands toward Sgr B2(N) recorded from the GBT PRIMOS Survey. Rotation–torsion doublet transition quantum
numbers are shown in each panel. The passband width displayed is 500 km s−1 in each case. The spectra are plotted as a function of frequency (MHz), corrected for
an LSR source velocity of +64 km s−1. The blue and red vertical lines indicate the location of the transition rest frequency (see Table 1) at an assumed LSR source
velocity of +64 km s−1 and +82 km s−1, respectively. Data in all panels were Hanning smoothed for display purposes.
(A color version of this figure is available in the online journal.)
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ABSTRACT

In this work, we identify carbodiimide (HNCNH), which is an isomer of the well-known interstellar species
cyanamide (NH2CN), in weak maser emission, using data from the Green Bank Telescope PRIMOS survey toward
Sgr B2(N). All spectral lines observed are in emission and have energy levels in excess of 170 K, indicating that
the molecule likely resides in relatively hot gas that characterizes the denser regions of this star-forming region.
The anticipated abundance of this molecule from ice mantle experiments is ∼10% of the abundance of NH2CN,
which in Sgr B2(N) corresponds to ∼2 × 1013 cm−2. Such an abundance results in transition intensities well below
the detection limit of any current astronomical facility and, as such, HNCNH could only be detected by those
transitions which are amplified by masing.
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1. INTRODUCTION

Historically, searches for new astronomical molecules re-
sulted in the detection of favorable, high line strength transi-
tions based on a thermal approximation to the excitation of
these species in interstellar environments. At the temperatures
of hot molecular cores inside molecular clouds, these transitions
often reside at (sub)millimeter wavelengths. However, line con-
fusion near the Boltzmann peak can lead to ambiguous identifi-
cations, and the peak intensities of low abundance, large organic
molecules may never rise above the noise floor or the confusion
limit. The success of molecule searches at centimeter wave-
lengths has shown that unique excitation conditions can lead to
the unambiguous identification of very low abundance species
with high accuracy.

Carbodiimide (HNCNH) is the second most stable isomer
of cyanamide (NH2CN), with cyanamide being more stable by
∼4.0 kcal mol−1 (Duvernay et al. 2004; Tordini et al. 2003).
Since the detection of NH2CN by Turner et al. (1975) toward
the high-mass star-forming region Sgr B2(N), HNCNH has been
recognized as a candidate interstellar molecule. HNCNH is also
a tautomer of NH2CN and can be formed via an isomerization
reaction whereby an H atom can migrate along the molecular
backbone from the amine group. At room temperature, HNCNH
is in thermally induced equilibrium with NH2CN at a fraction
of ∼1%. Given typical abundances of NH2CN and temperatures
in many astrophysical environments of ≪300 K, gas-phase
tautomerization of NH2CN is unlikely to produce HNCNH in
appreciable abundance. Yet, HNCNH may exist in detectable
abundance out of thermal equilibrium with NH2CN as in the
case of interstellar hydrogen cyanide (HCN) and interstellar
hydrogen isocyanide (HNC)—in which HNC is in greater
abundance in some clouds (see Allen et al. 1980, and references
therein).

Although tautomerization is likely inefficient in the gas phase
under interstellar conditions, experimental studies have shown
that NH2CN → HNCNH conversion in water ices and matrices
is far more efficient (Duvernay et al. 2005, and references
therein). In the solid phase, the association of up to five water
molecules with NH2CN on an ice surface has been shown to
significantly lower the activation barrier to tautomerization and
promote the production of HNCNH (Duvernay et al. 2005). In
fact, HNCNH formation on a water–ice surface is shown to
occur at temperatures as low as 70 K. The relative abundance
of HNCNH formed from this process has been measured to
range from 4% of NH2CN at 80 K to as much as 13% at 140 K
(Duvernay et al. 2005). In the laboratory, HNCNH sublimation
occurs between 80 K and 170 K, with no additional desorption
observed above 170 K (Duvernay et al. 2004). In the interstellar
medium (ISM), non-thermal desorption via shocks is also a
likely liberation mechanism. Assuming that tautomerization of
NH2CN on dust grain ice mantles is the dominant formation
pathway for HNCNH, and that subsequent desorption occurs
for both species, the gas phase abundance of HNCNH may be
capped at ∼10% of NH2CN.

NH2CN has an estimated column density of ∼2 × 1014 cm−2

toward Sgr B2(N) (Nummelin et al. 2000); we therefore antic-
ipate an HNCNH column density on the order of ∼1013 cm−2.
If thermal emission at hot core temperatures dominates the
spectrum of HNCNH, the most favorable high line strength
transitions are at millimeter and submillimeter wavelengths.
Nevertheless, we have previously used the Robert C. Byrd Green
Bank Telescope (GBT) to detect new molecular species includ-
ing trans-methyl formate (Neill et al. 2012) and cyanoformalde-
hyde (Remijan et al. 2008) which only had measurable as-
tronomical line intensities detected at centimeter wavelengths.
Encouraged by these results, we searched for centimeter wave
transitions of HNCNH. All data were taken as part of the

1

The Astrophysical Journal Letters, 758:L33 (6pp), 2012 October 20 McGuire et al.

(a) (b)

(c) (d)

(e) (f)

(g)

Figure 1. Carbodiimide (HNCNH) spectral passbands toward Sgr B2(N) recorded from the GBT PRIMOS Survey. Rotation–torsion doublet transition quantum
numbers are shown in each panel. The passband width displayed is 500 km s−1 in each case. The spectra are plotted as a function of frequency (MHz), corrected for
an LSR source velocity of +64 km s−1. The blue and red vertical lines indicate the location of the transition rest frequency (see Table 1) at an assumed LSR source
velocity of +64 km s−1 and +82 km s−1, respectively. Data in all panels were Hanning smoothed for display purposes.
(A color version of this figure is available in the online journal.)

3

The Astrophysical Journal Letters, 758:L33 (6pp), 2012 October 20 McGuire et al.

(a) (b)

(c) (d)

(e) (f)

(g)

Figure 1. Carbodiimide (HNCNH) spectral passbands toward Sgr B2(N) recorded from the GBT PRIMOS Survey. Rotation–torsion doublet transition quantum
numbers are shown in each panel. The passband width displayed is 500 km s−1 in each case. The spectra are plotted as a function of frequency (MHz), corrected for
an LSR source velocity of +64 km s−1. The blue and red vertical lines indicate the location of the transition rest frequency (see Table 1) at an assumed LSR source
velocity of +64 km s−1 and +82 km s−1, respectively. Data in all panels were Hanning smoothed for display purposes.
(A color version of this figure is available in the online journal.)

3

The Astrophysical Journal Letters, 758:L33 (6pp), 2012 October 20 McGuire et al.

(a) (b)

(c) (d)

(e) (f)

(g)

Figure 1. Carbodiimide (HNCNH) spectral passbands toward Sgr B2(N) recorded from the GBT PRIMOS Survey. Rotation–torsion doublet transition quantum
numbers are shown in each panel. The passband width displayed is 500 km s−1 in each case. The spectra are plotted as a function of frequency (MHz), corrected for
an LSR source velocity of +64 km s−1. The blue and red vertical lines indicate the location of the transition rest frequency (see Table 1) at an assumed LSR source
velocity of +64 km s−1 and +82 km s−1, respectively. Data in all panels were Hanning smoothed for display purposes.
(A color version of this figure is available in the online journal.)

3

(d)

(e) (f)

(e) (f)

The Astrophysical Journal Letters, 758:L33 (6pp), 2012 October 20 McGuire et al.

(a) (b)

(c) (d)

(e) (f)

(g)

Figure 1. Carbodiimide (HNCNH) spectral passbands toward Sgr B2(N) recorded from the GBT PRIMOS Survey. Rotation–torsion doublet transition quantum
numbers are shown in each panel. The passband width displayed is 500 km s−1 in each case. The spectra are plotted as a function of frequency (MHz), corrected for
an LSR source velocity of +64 km s−1. The blue and red vertical lines indicate the location of the transition rest frequency (see Table 1) at an assumed LSR source
velocity of +64 km s−1 and +82 km s−1, respectively. Data in all panels were Hanning smoothed for display purposes.
(A color version of this figure is available in the online journal.)

3log(Aij) = -9 log(Aij) = -7



L E T ’ S  T A L K  S C I E N C E

The Astrophysical Journal Letters, 758:L33 (6pp), 2012 October 20 doi:10.1088/2041-8205/758/2/L33
C⃝ 2012. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

INTERSTELLAR CARBODIIMIDE (HNCNH): A NEW ASTRONOMICAL DETECTION
FROM THE GBT PRIMOS SURVEY VIA MASER EMISSION FEATURES

Brett A. McGuire1, Ryan A. Loomis2, Cameron M. Charness3, Joanna F. Corby3, Geoffrey A. Blake4,
Jan M. Hollis5, Frank J. Lovas6, Philip R. Jewell7, and Anthony J. Remijan7

1 Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, CA 91125, USA
2 Department of Chemistry, University of Virginia, Charlottesville, VA 22904, USA
3 Department of Astronomy, University of Virginia, Charlottesville, VA 22904, USA

4 Division of Chemistry and Chemical Engineering and Division of Geological and Planetary Sciences,
California Institute of Technology, Pasadena, CA 91125, USA

5 NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA
6 National Institute of Standards and Technology, Gaithersburg, MD 20899, USA

7 National Radio Astronomy Observatory, Charlottesville, VA 22903, USA
Received 2012 August 9; accepted 2012 September 7; published 2012 October 1

ABSTRACT

In this work, we identify carbodiimide (HNCNH), which is an isomer of the well-known interstellar species
cyanamide (NH2CN), in weak maser emission, using data from the Green Bank Telescope PRIMOS survey toward
Sgr B2(N). All spectral lines observed are in emission and have energy levels in excess of 170 K, indicating that
the molecule likely resides in relatively hot gas that characterizes the denser regions of this star-forming region.
The anticipated abundance of this molecule from ice mantle experiments is ∼10% of the abundance of NH2CN,
which in Sgr B2(N) corresponds to ∼2 × 1013 cm−2. Such an abundance results in transition intensities well below
the detection limit of any current astronomical facility and, as such, HNCNH could only be detected by those
transitions which are amplified by masing.
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1. INTRODUCTION

Historically, searches for new astronomical molecules re-
sulted in the detection of favorable, high line strength transi-
tions based on a thermal approximation to the excitation of
these species in interstellar environments. At the temperatures
of hot molecular cores inside molecular clouds, these transitions
often reside at (sub)millimeter wavelengths. However, line con-
fusion near the Boltzmann peak can lead to ambiguous identifi-
cations, and the peak intensities of low abundance, large organic
molecules may never rise above the noise floor or the confusion
limit. The success of molecule searches at centimeter wave-
lengths has shown that unique excitation conditions can lead to
the unambiguous identification of very low abundance species
with high accuracy.

Carbodiimide (HNCNH) is the second most stable isomer
of cyanamide (NH2CN), with cyanamide being more stable by
∼4.0 kcal mol−1 (Duvernay et al. 2004; Tordini et al. 2003).
Since the detection of NH2CN by Turner et al. (1975) toward
the high-mass star-forming region Sgr B2(N), HNCNH has been
recognized as a candidate interstellar molecule. HNCNH is also
a tautomer of NH2CN and can be formed via an isomerization
reaction whereby an H atom can migrate along the molecular
backbone from the amine group. At room temperature, HNCNH
is in thermally induced equilibrium with NH2CN at a fraction
of ∼1%. Given typical abundances of NH2CN and temperatures
in many astrophysical environments of ≪300 K, gas-phase
tautomerization of NH2CN is unlikely to produce HNCNH in
appreciable abundance. Yet, HNCNH may exist in detectable
abundance out of thermal equilibrium with NH2CN as in the
case of interstellar hydrogen cyanide (HCN) and interstellar
hydrogen isocyanide (HNC)—in which HNC is in greater
abundance in some clouds (see Allen et al. 1980, and references
therein).

Although tautomerization is likely inefficient in the gas phase
under interstellar conditions, experimental studies have shown
that NH2CN → HNCNH conversion in water ices and matrices
is far more efficient (Duvernay et al. 2005, and references
therein). In the solid phase, the association of up to five water
molecules with NH2CN on an ice surface has been shown to
significantly lower the activation barrier to tautomerization and
promote the production of HNCNH (Duvernay et al. 2005). In
fact, HNCNH formation on a water–ice surface is shown to
occur at temperatures as low as 70 K. The relative abundance
of HNCNH formed from this process has been measured to
range from 4% of NH2CN at 80 K to as much as 13% at 140 K
(Duvernay et al. 2005). In the laboratory, HNCNH sublimation
occurs between 80 K and 170 K, with no additional desorption
observed above 170 K (Duvernay et al. 2004). In the interstellar
medium (ISM), non-thermal desorption via shocks is also a
likely liberation mechanism. Assuming that tautomerization of
NH2CN on dust grain ice mantles is the dominant formation
pathway for HNCNH, and that subsequent desorption occurs
for both species, the gas phase abundance of HNCNH may be
capped at ∼10% of NH2CN.

NH2CN has an estimated column density of ∼2 × 1014 cm−2

toward Sgr B2(N) (Nummelin et al. 2000); we therefore antic-
ipate an HNCNH column density on the order of ∼1013 cm−2.
If thermal emission at hot core temperatures dominates the
spectrum of HNCNH, the most favorable high line strength
transitions are at millimeter and submillimeter wavelengths.
Nevertheless, we have previously used the Robert C. Byrd Green
Bank Telescope (GBT) to detect new molecular species includ-
ing trans-methyl formate (Neill et al. 2012) and cyanoformalde-
hyde (Remijan et al. 2008) which only had measurable as-
tronomical line intensities detected at centimeter wavelengths.
Encouraged by these results, we searched for centimeter wave
transitions of HNCNH. All data were taken as part of the
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Figure 1. Carbodiimide (HNCNH) spectral passbands toward Sgr B2(N) recorded from the GBT PRIMOS Survey. Rotation–torsion doublet transition quantum
numbers are shown in each panel. The passband width displayed is 500 km s−1 in each case. The spectra are plotted as a function of frequency (MHz), corrected for
an LSR source velocity of +64 km s−1. The blue and red vertical lines indicate the location of the transition rest frequency (see Table 1) at an assumed LSR source
velocity of +64 km s−1 and +82 km s−1, respectively. Data in all panels were Hanning smoothed for display purposes.
(A color version of this figure is available in the online journal.)
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ABSTRACT

In this work, we identify carbodiimide (HNCNH), which is an isomer of the well-known interstellar species
cyanamide (NH2CN), in weak maser emission, using data from the Green Bank Telescope PRIMOS survey toward
Sgr B2(N). All spectral lines observed are in emission and have energy levels in excess of 170 K, indicating that
the molecule likely resides in relatively hot gas that characterizes the denser regions of this star-forming region.
The anticipated abundance of this molecule from ice mantle experiments is ∼10% of the abundance of NH2CN,
which in Sgr B2(N) corresponds to ∼2 × 1013 cm−2. Such an abundance results in transition intensities well below
the detection limit of any current astronomical facility and, as such, HNCNH could only be detected by those
transitions which are amplified by masing.
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1. INTRODUCTION

Historically, searches for new astronomical molecules re-
sulted in the detection of favorable, high line strength transi-
tions based on a thermal approximation to the excitation of
these species in interstellar environments. At the temperatures
of hot molecular cores inside molecular clouds, these transitions
often reside at (sub)millimeter wavelengths. However, line con-
fusion near the Boltzmann peak can lead to ambiguous identifi-
cations, and the peak intensities of low abundance, large organic
molecules may never rise above the noise floor or the confusion
limit. The success of molecule searches at centimeter wave-
lengths has shown that unique excitation conditions can lead to
the unambiguous identification of very low abundance species
with high accuracy.

Carbodiimide (HNCNH) is the second most stable isomer
of cyanamide (NH2CN), with cyanamide being more stable by
∼4.0 kcal mol−1 (Duvernay et al. 2004; Tordini et al. 2003).
Since the detection of NH2CN by Turner et al. (1975) toward
the high-mass star-forming region Sgr B2(N), HNCNH has been
recognized as a candidate interstellar molecule. HNCNH is also
a tautomer of NH2CN and can be formed via an isomerization
reaction whereby an H atom can migrate along the molecular
backbone from the amine group. At room temperature, HNCNH
is in thermally induced equilibrium with NH2CN at a fraction
of ∼1%. Given typical abundances of NH2CN and temperatures
in many astrophysical environments of ≪300 K, gas-phase
tautomerization of NH2CN is unlikely to produce HNCNH in
appreciable abundance. Yet, HNCNH may exist in detectable
abundance out of thermal equilibrium with NH2CN as in the
case of interstellar hydrogen cyanide (HCN) and interstellar
hydrogen isocyanide (HNC)—in which HNC is in greater
abundance in some clouds (see Allen et al. 1980, and references
therein).

Although tautomerization is likely inefficient in the gas phase
under interstellar conditions, experimental studies have shown
that NH2CN → HNCNH conversion in water ices and matrices
is far more efficient (Duvernay et al. 2005, and references
therein). In the solid phase, the association of up to five water
molecules with NH2CN on an ice surface has been shown to
significantly lower the activation barrier to tautomerization and
promote the production of HNCNH (Duvernay et al. 2005). In
fact, HNCNH formation on a water–ice surface is shown to
occur at temperatures as low as 70 K. The relative abundance
of HNCNH formed from this process has been measured to
range from 4% of NH2CN at 80 K to as much as 13% at 140 K
(Duvernay et al. 2005). In the laboratory, HNCNH sublimation
occurs between 80 K and 170 K, with no additional desorption
observed above 170 K (Duvernay et al. 2004). In the interstellar
medium (ISM), non-thermal desorption via shocks is also a
likely liberation mechanism. Assuming that tautomerization of
NH2CN on dust grain ice mantles is the dominant formation
pathway for HNCNH, and that subsequent desorption occurs
for both species, the gas phase abundance of HNCNH may be
capped at ∼10% of NH2CN.

NH2CN has an estimated column density of ∼2 × 1014 cm−2

toward Sgr B2(N) (Nummelin et al. 2000); we therefore antic-
ipate an HNCNH column density on the order of ∼1013 cm−2.
If thermal emission at hot core temperatures dominates the
spectrum of HNCNH, the most favorable high line strength
transitions are at millimeter and submillimeter wavelengths.
Nevertheless, we have previously used the Robert C. Byrd Green
Bank Telescope (GBT) to detect new molecular species includ-
ing trans-methyl formate (Neill et al. 2012) and cyanoformalde-
hyde (Remijan et al. 2008) which only had measurable as-
tronomical line intensities detected at centimeter wavelengths.
Encouraged by these results, we searched for centimeter wave
transitions of HNCNH. All data were taken as part of the
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In this work, we identify carbodiimide (HNCNH), which is an isomer of the well-known interstellar species
cyanamide (NH2CN), in weak maser emission, using data from the Green Bank Telescope PRIMOS survey toward
Sgr B2(N). All spectral lines observed are in emission and have energy levels in excess of 170 K, indicating that
the molecule likely resides in relatively hot gas that characterizes the denser regions of this star-forming region.
The anticipated abundance of this molecule from ice mantle experiments is ∼10% of the abundance of NH2CN,
which in Sgr B2(N) corresponds to ∼2 × 1013 cm−2. Such an abundance results in transition intensities well below
the detection limit of any current astronomical facility and, as such, HNCNH could only be detected by those
transitions which are amplified by masing.
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1. INTRODUCTION

Historically, searches for new astronomical molecules re-
sulted in the detection of favorable, high line strength transi-
tions based on a thermal approximation to the excitation of
these species in interstellar environments. At the temperatures
of hot molecular cores inside molecular clouds, these transitions
often reside at (sub)millimeter wavelengths. However, line con-
fusion near the Boltzmann peak can lead to ambiguous identifi-
cations, and the peak intensities of low abundance, large organic
molecules may never rise above the noise floor or the confusion
limit. The success of molecule searches at centimeter wave-
lengths has shown that unique excitation conditions can lead to
the unambiguous identification of very low abundance species
with high accuracy.

Carbodiimide (HNCNH) is the second most stable isomer
of cyanamide (NH2CN), with cyanamide being more stable by
∼4.0 kcal mol−1 (Duvernay et al. 2004; Tordini et al. 2003).
Since the detection of NH2CN by Turner et al. (1975) toward
the high-mass star-forming region Sgr B2(N), HNCNH has been
recognized as a candidate interstellar molecule. HNCNH is also
a tautomer of NH2CN and can be formed via an isomerization
reaction whereby an H atom can migrate along the molecular
backbone from the amine group. At room temperature, HNCNH
is in thermally induced equilibrium with NH2CN at a fraction
of ∼1%. Given typical abundances of NH2CN and temperatures
in many astrophysical environments of ≪300 K, gas-phase
tautomerization of NH2CN is unlikely to produce HNCNH in
appreciable abundance. Yet, HNCNH may exist in detectable
abundance out of thermal equilibrium with NH2CN as in the
case of interstellar hydrogen cyanide (HCN) and interstellar
hydrogen isocyanide (HNC)—in which HNC is in greater
abundance in some clouds (see Allen et al. 1980, and references
therein).

Although tautomerization is likely inefficient in the gas phase
under interstellar conditions, experimental studies have shown
that NH2CN → HNCNH conversion in water ices and matrices
is far more efficient (Duvernay et al. 2005, and references
therein). In the solid phase, the association of up to five water
molecules with NH2CN on an ice surface has been shown to
significantly lower the activation barrier to tautomerization and
promote the production of HNCNH (Duvernay et al. 2005). In
fact, HNCNH formation on a water–ice surface is shown to
occur at temperatures as low as 70 K. The relative abundance
of HNCNH formed from this process has been measured to
range from 4% of NH2CN at 80 K to as much as 13% at 140 K
(Duvernay et al. 2005). In the laboratory, HNCNH sublimation
occurs between 80 K and 170 K, with no additional desorption
observed above 170 K (Duvernay et al. 2004). In the interstellar
medium (ISM), non-thermal desorption via shocks is also a
likely liberation mechanism. Assuming that tautomerization of
NH2CN on dust grain ice mantles is the dominant formation
pathway for HNCNH, and that subsequent desorption occurs
for both species, the gas phase abundance of HNCNH may be
capped at ∼10% of NH2CN.

NH2CN has an estimated column density of ∼2 × 1014 cm−2

toward Sgr B2(N) (Nummelin et al. 2000); we therefore antic-
ipate an HNCNH column density on the order of ∼1013 cm−2.
If thermal emission at hot core temperatures dominates the
spectrum of HNCNH, the most favorable high line strength
transitions are at millimeter and submillimeter wavelengths.
Nevertheless, we have previously used the Robert C. Byrd Green
Bank Telescope (GBT) to detect new molecular species includ-
ing trans-methyl formate (Neill et al. 2012) and cyanoformalde-
hyde (Remijan et al. 2008) which only had measurable as-
tronomical line intensities detected at centimeter wavelengths.
Encouraged by these results, we searched for centimeter wave
transitions of HNCNH. All data were taken as part of the
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ABSTRACT

In this work, we identify carbodiimide (HNCNH), which is an isomer of the well-known interstellar species
cyanamide (NH2CN), in weak maser emission, using data from the Green Bank Telescope PRIMOS survey toward
Sgr B2(N). All spectral lines observed are in emission and have energy levels in excess of 170 K, indicating that
the molecule likely resides in relatively hot gas that characterizes the denser regions of this star-forming region.
The anticipated abundance of this molecule from ice mantle experiments is ∼10% of the abundance of NH2CN,
which in Sgr B2(N) corresponds to ∼2 × 1013 cm−2. Such an abundance results in transition intensities well below
the detection limit of any current astronomical facility and, as such, HNCNH could only be detected by those
transitions which are amplified by masing.
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1. INTRODUCTION

Historically, searches for new astronomical molecules re-
sulted in the detection of favorable, high line strength transi-
tions based on a thermal approximation to the excitation of
these species in interstellar environments. At the temperatures
of hot molecular cores inside molecular clouds, these transitions
often reside at (sub)millimeter wavelengths. However, line con-
fusion near the Boltzmann peak can lead to ambiguous identifi-
cations, and the peak intensities of low abundance, large organic
molecules may never rise above the noise floor or the confusion
limit. The success of molecule searches at centimeter wave-
lengths has shown that unique excitation conditions can lead to
the unambiguous identification of very low abundance species
with high accuracy.

Carbodiimide (HNCNH) is the second most stable isomer
of cyanamide (NH2CN), with cyanamide being more stable by
∼4.0 kcal mol−1 (Duvernay et al. 2004; Tordini et al. 2003).
Since the detection of NH2CN by Turner et al. (1975) toward
the high-mass star-forming region Sgr B2(N), HNCNH has been
recognized as a candidate interstellar molecule. HNCNH is also
a tautomer of NH2CN and can be formed via an isomerization
reaction whereby an H atom can migrate along the molecular
backbone from the amine group. At room temperature, HNCNH
is in thermally induced equilibrium with NH2CN at a fraction
of ∼1%. Given typical abundances of NH2CN and temperatures
in many astrophysical environments of ≪300 K, gas-phase
tautomerization of NH2CN is unlikely to produce HNCNH in
appreciable abundance. Yet, HNCNH may exist in detectable
abundance out of thermal equilibrium with NH2CN as in the
case of interstellar hydrogen cyanide (HCN) and interstellar
hydrogen isocyanide (HNC)—in which HNC is in greater
abundance in some clouds (see Allen et al. 1980, and references
therein).

Although tautomerization is likely inefficient in the gas phase
under interstellar conditions, experimental studies have shown
that NH2CN → HNCNH conversion in water ices and matrices
is far more efficient (Duvernay et al. 2005, and references
therein). In the solid phase, the association of up to five water
molecules with NH2CN on an ice surface has been shown to
significantly lower the activation barrier to tautomerization and
promote the production of HNCNH (Duvernay et al. 2005). In
fact, HNCNH formation on a water–ice surface is shown to
occur at temperatures as low as 70 K. The relative abundance
of HNCNH formed from this process has been measured to
range from 4% of NH2CN at 80 K to as much as 13% at 140 K
(Duvernay et al. 2005). In the laboratory, HNCNH sublimation
occurs between 80 K and 170 K, with no additional desorption
observed above 170 K (Duvernay et al. 2004). In the interstellar
medium (ISM), non-thermal desorption via shocks is also a
likely liberation mechanism. Assuming that tautomerization of
NH2CN on dust grain ice mantles is the dominant formation
pathway for HNCNH, and that subsequent desorption occurs
for both species, the gas phase abundance of HNCNH may be
capped at ∼10% of NH2CN.

NH2CN has an estimated column density of ∼2 × 1014 cm−2

toward Sgr B2(N) (Nummelin et al. 2000); we therefore antic-
ipate an HNCNH column density on the order of ∼1013 cm−2.
If thermal emission at hot core temperatures dominates the
spectrum of HNCNH, the most favorable high line strength
transitions are at millimeter and submillimeter wavelengths.
Nevertheless, we have previously used the Robert C. Byrd Green
Bank Telescope (GBT) to detect new molecular species includ-
ing trans-methyl formate (Neill et al. 2012) and cyanoformalde-
hyde (Remijan et al. 2008) which only had measurable as-
tronomical line intensities detected at centimeter wavelengths.
Encouraged by these results, we searched for centimeter wave
transitions of HNCNH. All data were taken as part of the

1

NH2CN
HNCNH~4 kcal/mol
~10%



L E T ’ S  T A L K  S C I E N C E

The Astrophysical Journal Letters, 758:L33 (6pp), 2012 October 20 doi:10.1088/2041-8205/758/2/L33
C⃝ 2012. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

INTERSTELLAR CARBODIIMIDE (HNCNH): A NEW ASTRONOMICAL DETECTION
FROM THE GBT PRIMOS SURVEY VIA MASER EMISSION FEATURES

Brett A. McGuire1, Ryan A. Loomis2, Cameron M. Charness3, Joanna F. Corby3, Geoffrey A. Blake4,
Jan M. Hollis5, Frank J. Lovas6, Philip R. Jewell7, and Anthony J. Remijan7

1 Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, CA 91125, USA
2 Department of Chemistry, University of Virginia, Charlottesville, VA 22904, USA
3 Department of Astronomy, University of Virginia, Charlottesville, VA 22904, USA

4 Division of Chemistry and Chemical Engineering and Division of Geological and Planetary Sciences,
California Institute of Technology, Pasadena, CA 91125, USA

5 NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA
6 National Institute of Standards and Technology, Gaithersburg, MD 20899, USA

7 National Radio Astronomy Observatory, Charlottesville, VA 22903, USA
Received 2012 August 9; accepted 2012 September 7; published 2012 October 1

ABSTRACT

In this work, we identify carbodiimide (HNCNH), which is an isomer of the well-known interstellar species
cyanamide (NH2CN), in weak maser emission, using data from the Green Bank Telescope PRIMOS survey toward
Sgr B2(N). All spectral lines observed are in emission and have energy levels in excess of 170 K, indicating that
the molecule likely resides in relatively hot gas that characterizes the denser regions of this star-forming region.
The anticipated abundance of this molecule from ice mantle experiments is ∼10% of the abundance of NH2CN,
which in Sgr B2(N) corresponds to ∼2 × 1013 cm−2. Such an abundance results in transition intensities well below
the detection limit of any current astronomical facility and, as such, HNCNH could only be detected by those
transitions which are amplified by masing.
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1. INTRODUCTION

Historically, searches for new astronomical molecules re-
sulted in the detection of favorable, high line strength transi-
tions based on a thermal approximation to the excitation of
these species in interstellar environments. At the temperatures
of hot molecular cores inside molecular clouds, these transitions
often reside at (sub)millimeter wavelengths. However, line con-
fusion near the Boltzmann peak can lead to ambiguous identifi-
cations, and the peak intensities of low abundance, large organic
molecules may never rise above the noise floor or the confusion
limit. The success of molecule searches at centimeter wave-
lengths has shown that unique excitation conditions can lead to
the unambiguous identification of very low abundance species
with high accuracy.

Carbodiimide (HNCNH) is the second most stable isomer
of cyanamide (NH2CN), with cyanamide being more stable by
∼4.0 kcal mol−1 (Duvernay et al. 2004; Tordini et al. 2003).
Since the detection of NH2CN by Turner et al. (1975) toward
the high-mass star-forming region Sgr B2(N), HNCNH has been
recognized as a candidate interstellar molecule. HNCNH is also
a tautomer of NH2CN and can be formed via an isomerization
reaction whereby an H atom can migrate along the molecular
backbone from the amine group. At room temperature, HNCNH
is in thermally induced equilibrium with NH2CN at a fraction
of ∼1%. Given typical abundances of NH2CN and temperatures
in many astrophysical environments of ≪300 K, gas-phase
tautomerization of NH2CN is unlikely to produce HNCNH in
appreciable abundance. Yet, HNCNH may exist in detectable
abundance out of thermal equilibrium with NH2CN as in the
case of interstellar hydrogen cyanide (HCN) and interstellar
hydrogen isocyanide (HNC)—in which HNC is in greater
abundance in some clouds (see Allen et al. 1980, and references
therein).

Although tautomerization is likely inefficient in the gas phase
under interstellar conditions, experimental studies have shown
that NH2CN → HNCNH conversion in water ices and matrices
is far more efficient (Duvernay et al. 2005, and references
therein). In the solid phase, the association of up to five water
molecules with NH2CN on an ice surface has been shown to
significantly lower the activation barrier to tautomerization and
promote the production of HNCNH (Duvernay et al. 2005). In
fact, HNCNH formation on a water–ice surface is shown to
occur at temperatures as low as 70 K. The relative abundance
of HNCNH formed from this process has been measured to
range from 4% of NH2CN at 80 K to as much as 13% at 140 K
(Duvernay et al. 2005). In the laboratory, HNCNH sublimation
occurs between 80 K and 170 K, with no additional desorption
observed above 170 K (Duvernay et al. 2004). In the interstellar
medium (ISM), non-thermal desorption via shocks is also a
likely liberation mechanism. Assuming that tautomerization of
NH2CN on dust grain ice mantles is the dominant formation
pathway for HNCNH, and that subsequent desorption occurs
for both species, the gas phase abundance of HNCNH may be
capped at ∼10% of NH2CN.

NH2CN has an estimated column density of ∼2 × 1014 cm−2

toward Sgr B2(N) (Nummelin et al. 2000); we therefore antic-
ipate an HNCNH column density on the order of ∼1013 cm−2.
If thermal emission at hot core temperatures dominates the
spectrum of HNCNH, the most favorable high line strength
transitions are at millimeter and submillimeter wavelengths.
Nevertheless, we have previously used the Robert C. Byrd Green
Bank Telescope (GBT) to detect new molecular species includ-
ing trans-methyl formate (Neill et al. 2012) and cyanoformalde-
hyde (Remijan et al. 2008) which only had measurable as-
tronomical line intensities detected at centimeter wavelengths.
Encouraged by these results, we searched for centimeter wave
transitions of HNCNH. All data were taken as part of the
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ABSTRACT

The detection of E-cyanomethanimine (E-HNCHCN) toward Sagittarius B2(N) is made by comparing the publicly
available Green Bank Telescope (GBT) PRIMOS survey spectra to laboratory rotational spectra from a reaction
product screening experiment. The experiment uses broadband molecular rotational spectroscopy to monitor the
reaction products produced in an electric discharge source using a gas mixture of NH3 and CH3CN. Several transition
frequency coincidences between the reaction product screening spectra and previously unassigned interstellar
rotational transitions in the PRIMOS survey have been assigned to E-cyanomethanimine. A total of eight molecular
rotational transitions of this molecule between 9 and 50 GHz are observed with the GBT. E-cyanomethanimine,
often called the HCN dimer, is an important molecule in prebiotic chemistry because it is a chemical intermediate in
proposed synthetic routes of adenine, one of the two purine nucleobases found in DNA and RNA. New analyses of
the rotational spectra of both E-cyanomethanimine and Z-cyanomethanimine that incorporate previous millimeter-
wave measurements are also reported.

Key words: catalogs – ISM: abundances – ISM: individual objects (SgrB2N) – ISM: molecules –
methods: laboratory – surveys
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1. INTRODUCTION

One important goal of the field of astrobiology is the iden-
tification of chemical synthesis routes for the production of
molecules important in the development of life that are con-
sistent with the chemical inventory and physical conditions on
newly formed planets. One mechanism for seeding planets with
chemical precursors is delivery by outer solar system bodies,
like comets or meteorites (Chyba 1990). These objects can be
chemical reservoirs for the molecules produced in the inter-
stellar medium during star and planet formation. The chemical
inventory of these objects includes the molecules that are di-
rectly incorporated from the interstellar medium and molecules
subsequently formed by chemical processing of the interstel-
lar species (Chyba et al. 1990; Chyba & Sagan 1992; Oró
et al. 1992). This subsequent chemical processing can syn-
thesize larger, more complex molecules that are more directly
relevant to prebiotic chemistry from the simpler molecules
that can be formed in the interstellar medium. The identifi-
cation of molecules in the interstellar medium is a key step in
understanding the chemical evolution from simple molecular
species to molecules of biological relevance and radio astron-
omy has played the dominant role in identifying the chemical
inventory of the interstellar medium (Herbst & van Dishoeck
2009).

The star-forming region Sagittarius(Sgr) B2(N) is the
richest interstellar chemical environment currently known.

In particular, many of the detections of complex organic
molecules by radio astronomy have been made toward this
source (see, e.g., Belloche et al. 2008, 2009; Friedel et al. 2004;
Nummelin et al. 1998 and references therein). In fact, roughly
half of the 170 molecules that have been detected in space were
first detected toward the Sgr B2(N) region. One puzzling result
is that many of the large molecules identified in this source are
found to have cold rotational temperatures (∼10 K) despite the
fact that most models of complex molecule formation require
high-temperature (100–200 K) processing of interstellar ices.
The fact that many of the large interstellar organic molecules
in Sgr B2(N) are rotationally cold has made observations using
the Green Bank Telescope (GBT) at microwave frequencies,
which are a good match to the peak intensity distribution of the
rotational spectrum at low temperature, highly successful for
molecule identification in this rich source.

The detection of interstellar E-cyanomethanimine
(E-HNCHCN), with the molecular structure shown in Figure 1,
toward Sgr B2(N) in a publicly available GBT spectral survey
(Hollis et al. 2011) has been made using a reaction product
screening method. This method is similar in concept to the
well-known Urey–Miller spark-initiated chemistry experiments
(Miller 1953; Miller & Urey 1959). The idea is to identify
all chemical products in the reaction of high-abundance inter-
stellar molecules in an electric discharge. The reaction chem-
istry is performed in a pulsed electric discharge molecular beam
source (McCarthy et al. 2000). The rotational spectra of product
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Z-Cyanomethanimine E = 0 K

E-Cyanomethanimine E = 370 K

N-Cyanomethanimine E = 3970 K

Figure 1. Optimized structures of three isomers of cyanomethanimine. Energies
have been calculated at the MP2/6-31G(d, p) level of theory. Blue atoms are
nitrogen, gray are carbon, and white are hydrogen.
(A color version of this figure is available in the online journal.)

molecules are measured using broadband molecular rotational
spectroscopy in a chirped-pulse Fourier transform microwave
spectrometer. Direct comparison of the laboratory spectrum
from the complex mixture of reaction products to the interstellar
survey spectrum provides an efficient way to focus the molecu-
lar identification process on molecules of high interest because
their rotational transitions overlap with unassigned interstellar
transitions. Based on the predicted reaction chemistry, candi-
date product molecules can then be identified using available
catalogs (like www.splatalogue.net), or a combination of the
acquired spectroscopic data and quantum chemistry predictions
of the relevant spectral parameters.

2. OBSERVATIONS AND RESULTS

2.1. Astronomical Observations

E-cyanomethanimine transitions were initially identified in
the survey spectra from the National Radio Astronomy Obser-
vatory’s (NRAO) 100 m Robert C. Byrd Green Bank Telescope
(GBT) PRebiotic Interstellar MOlecule Survey (PRIMOS)
Legacy Project conducted from 2008 January through 2011
July. Additional observations targeted at E-cyanomethanimine
frequencies not covered in this survey were completed on 2012
October 11. These observations targeted the 313–212, 303–202,
and the 312–211 rotational transitions at 28158.894 MHz,
28709.707 MHz, and 29273.956 MHz, respectively. Obser-
vations were made in the OFF–ON position-switching mode,
with the OFF position 1◦; east in azimuth with respect to the
ON-source position, the Sgr B2(N) Large Molecule Heimat
(LMH) (αJ2000 = 17h47m19.s8, δJ2000 = −28◦22′17.′′0). Each
OFF–ON observing cycle consisted of two minutes in the
OFF-source position followed by two minutes in the ON-source
position. Automatically updated dynamic pointing and focusing
corrections were used based on real-time temperature measure-
ments of the structure input to a thermal model of the GBT;
zero points were typically adjusted every 2 hr or less using
the quasar 1733-130 for calibration (see, e.g., Remijan et al.
2008). Antenna temperatures were recorded on the Ta∗ scale
(Ulich & Haas 1976) with estimated absolute flux calibration
uncertainties of up to 20% in some observing bands. The data
reduction was completed using the GBTIDL reduction software,
with both polarizations (when available) averaged to improve
signal-to-noise in the final data reduction. All data were con-
tinuum subtracted to allow for Gaussian profile fitting of each
detected spectral feature.

2.2. Laboratory Measurements

Broadband molecular rotational spectra of the product
molecules produced in a pulsed supersonic expansion of ace-
tonitrile (CH3CN) and ammonia (NH3) through a high-voltage
(2 kV) DC discharge (McCarthy et al. 2000) were acquired us-
ing a chirped-pulse Fourier transform microwave (CP-FTMW)
spectrometer at the University of Virginia. The reaction prod-
uct screening measurement was performed in two different
frequency ranges, 6.5–18.5 GHz (Brown et al. 2008) and
25–40 GHz (Zaleski et al. 2012) with 2 × 105 and 3.5 × 105

signal averages, respectively.
Due to the presence of two nitrogen nuclei that produce

nuclear quadrupole hyperfine structure, it was necessary to
perform higher spectral resolution pulsed molecular beam mea-
surements using the coaxial-orientation cavity Fourier trans-
form microwave spectrometer at the Harvard-Smithsonian
Center for Astrophysics (Grabow et al. 2005). Measurements
of the rotational spectra of both E-cyanomethanimine and
Z-cyanomethanimine were performed. Additional laboratory
measurements of rotational transitions in the 40–50 GHz fre-
quency range were performed with a chirped-pulse Fourier
transform microwave spectrometer (Zaleski 2012). In total, the
frequency range between 9 and 50 GHz was covered. These
new laboratory measurements have been combined with pre-
vious microwave and millimeter-wave measurements (Takano
et al. 1990) in a global fit and the results from an analysis
using the Watson S reduction (Watson 1977) are presented
in Table 1. The transition frequencies used for the global
analysis, including the new measurements from this work,
are available online at www.splatalogue.net. Spectral analysis
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Figure 2. Observed transitions of E-cyanomethanimine towards Sgr B2(N) (black trace). Frequencies have been shifted for +64 km s−1. The blue drop lines indicate
the +64 km s−1 component, and the red drop lines indicate the +82 km s−1 component. The strong features near the 505–404 transition belong to acetaldehyde and
are likely obscuring the +82 km s−1 component of E-HNCHCN. The green trace shows the laboratory spectrum, and is only shown for the 101–000 transition since it
is the only transition with resolvable hyperfine structure in the GBT. The orange trace is an 8 K (rotational temperature) simulation showing the hyperfine structure.
Both features in the first panel represent the +64 km s−1 component.
(A color version of this figure is available in the online journal.)

Table 2
Observed Interstellar Transitions of E-Cyanomethanimine

Transition F ′–F ′′ I12
′–I12

′′ Frequencya El Eu Sijµ
2 Tc +64 km s−1 +82 km s−1

JKaKc
′–JKaKc

′′ (MHz) (K) (K) (D2) (K) ∆T b (mK) ∆V b (km s−1) ∆T b (mK) ∆V b (km s−1)

101–000 2–1 2–1 9571.312(5) 0 0.4590 12.0409 24.72 −22.6(1.1) 15.2(0.9) . . . . . .

101–000 3–2 2–2 9572.505(5) 0 0.4590 24.6016 24.72 −27.4(1.4) 22.1(1.3) . . . . . .

202–101 4–3 2–2 19142.905(5) 0.4594 1.3788 38.0689 9.22 −38.0(0.9) 11.3(0.3) −22.9(1.0) 8.8(0.4)
211–110 4–3 2–2 19516.889(5) 3.2506 4.1873 28.5156 8.66 −9.1(0.9) 6.2(0.6) −6.0(1.1) 4.2(0.9)

313–212 5–4 2–2 28158.894(5) 4.1340 5.4850 44.2225 13.43 −39.7(2.2) 18.8(1.1) . . . . . .

303–202 5–4 2–2 28709.707(5) 1.3781 2.7565 49.8436 10.41 −100.7(2.4) 10.4(0.3) −34.1(2.4) 11.3(0.9)
312–211 5–4 2–2 29273.956(5) 4.1873 5.5917 44.2225 10.05 −33.3(2.9) 7.6(0.7) . . . . . .

404–303 6–5 2–2 38271.019(5) 2.7561 4.5935 60.9961 2.62 −42.7(1.3) 8.7(0.3) −22.2(1.1) 12.2(0.6)

505–404 7–6 2–2 47824.964(40) 4.5928 6.8878 72.0801 3.17 −25.7(2.8) 6.4(0.7) . . . . . .

Notes. Lists of the experimentally observed frequencies, intensities, and linewidths in the GBT PRIMOS survey. Because the linewidths of the PRIMOS survey
are unable to resolve the hyperfine structure resulting from two quadrupolar nuclei (other than the 101–000 where two components are reported), only the dominant
component is reported in the table above. The nitrogen spins are coupled to an intermediate spin I12, where I = I1 + I2. The intermediate spin is then coupled to the
rotational angular momentum, F = J + I12. The subscript 1 refers to the CN nitrogen, and the subscript 2 refers to the NH nitrogen. This is the same labeling convention
reported in Krause & Sutter (1992). The beamsize varies from 84′′ at 9 GHz to 16′′ at 46 GHz. More information on the calculation of the beamsize can be found in
Hollis et al. (2006).
a Uncertainties are Type B, coverage factor k = 1 (1σ ) (Taylor & Kuyatt 1994).
b Uncertainties are Type A, coverage factor k = 1 (1σ ) (Taylor & Kuyatt 1994).

3. DISCUSSION

The reaction product screening measurements using the
CH3CN and NH3 discharge chemistry produce two additional
isomers of E-cyanomethanimine, as shown in Figure 1. The
cis–trans isomer (about the C=N bond), Z-cyanomethanimine,
is produced in about equal abundance. This laboratory result
is expected based on the isomerization potential calculated
from quantum chemistry. The Z-form is calculated by ab
initio to be about 370 K more stable (in agreement with
the experimental energy difference of 309(72) K reported by
Takano et al. 1990). Furthermore, there is a high barrier to

isomerization (15.95 kK) between the E- and Z-isomers. The
production of cyanomethanimine in the laboratory is believed
to occur by the exothermic recombination of the primary radicals
generated from the two reagents (·CH2CN and ·NH2) followed
by dehydrogenation (shown in Figure 3). Prior to the supersonic
expansion, the reactants are generated in a high-temperature
environment where they acquire sufficient energy imparted by
the electric discharge to undergo chemical processes.

· NH2 + ·CH2CN → NH2CH2CN
(Ea = 0 K, ∆E = −39.29 kK) (2)
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ABSTRACT

The detection of E-cyanomethanimine (E-HNCHCN) toward Sagittarius B2(N) is made by comparing the publicly
available Green Bank Telescope (GBT) PRIMOS survey spectra to laboratory rotational spectra from a reaction
product screening experiment. The experiment uses broadband molecular rotational spectroscopy to monitor the
reaction products produced in an electric discharge source using a gas mixture of NH3 and CH3CN. Several transition
frequency coincidences between the reaction product screening spectra and previously unassigned interstellar
rotational transitions in the PRIMOS survey have been assigned to E-cyanomethanimine. A total of eight molecular
rotational transitions of this molecule between 9 and 50 GHz are observed with the GBT. E-cyanomethanimine,
often called the HCN dimer, is an important molecule in prebiotic chemistry because it is a chemical intermediate in
proposed synthetic routes of adenine, one of the two purine nucleobases found in DNA and RNA. New analyses of
the rotational spectra of both E-cyanomethanimine and Z-cyanomethanimine that incorporate previous millimeter-
wave measurements are also reported.

Key words: catalogs – ISM: abundances – ISM: individual objects (SgrB2N) – ISM: molecules –
methods: laboratory – surveys

Online-only material: color figures

1. INTRODUCTION

One important goal of the field of astrobiology is the iden-
tification of chemical synthesis routes for the production of
molecules important in the development of life that are con-
sistent with the chemical inventory and physical conditions on
newly formed planets. One mechanism for seeding planets with
chemical precursors is delivery by outer solar system bodies,
like comets or meteorites (Chyba 1990). These objects can be
chemical reservoirs for the molecules produced in the inter-
stellar medium during star and planet formation. The chemical
inventory of these objects includes the molecules that are di-
rectly incorporated from the interstellar medium and molecules
subsequently formed by chemical processing of the interstel-
lar species (Chyba et al. 1990; Chyba & Sagan 1992; Oró
et al. 1992). This subsequent chemical processing can syn-
thesize larger, more complex molecules that are more directly
relevant to prebiotic chemistry from the simpler molecules
that can be formed in the interstellar medium. The identifi-
cation of molecules in the interstellar medium is a key step in
understanding the chemical evolution from simple molecular
species to molecules of biological relevance and radio astron-
omy has played the dominant role in identifying the chemical
inventory of the interstellar medium (Herbst & van Dishoeck
2009).

The star-forming region Sagittarius(Sgr) B2(N) is the
richest interstellar chemical environment currently known.

In particular, many of the detections of complex organic
molecules by radio astronomy have been made toward this
source (see, e.g., Belloche et al. 2008, 2009; Friedel et al. 2004;
Nummelin et al. 1998 and references therein). In fact, roughly
half of the 170 molecules that have been detected in space were
first detected toward the Sgr B2(N) region. One puzzling result
is that many of the large molecules identified in this source are
found to have cold rotational temperatures (∼10 K) despite the
fact that most models of complex molecule formation require
high-temperature (100–200 K) processing of interstellar ices.
The fact that many of the large interstellar organic molecules
in Sgr B2(N) are rotationally cold has made observations using
the Green Bank Telescope (GBT) at microwave frequencies,
which are a good match to the peak intensity distribution of the
rotational spectrum at low temperature, highly successful for
molecule identification in this rich source.

The detection of interstellar E-cyanomethanimine
(E-HNCHCN), with the molecular structure shown in Figure 1,
toward Sgr B2(N) in a publicly available GBT spectral survey
(Hollis et al. 2011) has been made using a reaction product
screening method. This method is similar in concept to the
well-known Urey–Miller spark-initiated chemistry experiments
(Miller 1953; Miller & Urey 1959). The idea is to identify
all chemical products in the reaction of high-abundance inter-
stellar molecules in an electric discharge. The reaction chem-
istry is performed in a pulsed electric discharge molecular beam
source (McCarthy et al. 2000). The rotational spectra of product
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Z-Cyanomethanimine E = 0 K

E-Cyanomethanimine E = 370 K

N-Cyanomethanimine E = 3970 K

Figure 1. Optimized structures of three isomers of cyanomethanimine. Energies
have been calculated at the MP2/6-31G(d, p) level of theory. Blue atoms are
nitrogen, gray are carbon, and white are hydrogen.
(A color version of this figure is available in the online journal.)

molecules are measured using broadband molecular rotational
spectroscopy in a chirped-pulse Fourier transform microwave
spectrometer. Direct comparison of the laboratory spectrum
from the complex mixture of reaction products to the interstellar
survey spectrum provides an efficient way to focus the molecu-
lar identification process on molecules of high interest because
their rotational transitions overlap with unassigned interstellar
transitions. Based on the predicted reaction chemistry, candi-
date product molecules can then be identified using available
catalogs (like www.splatalogue.net), or a combination of the
acquired spectroscopic data and quantum chemistry predictions
of the relevant spectral parameters.

2. OBSERVATIONS AND RESULTS

2.1. Astronomical Observations

E-cyanomethanimine transitions were initially identified in
the survey spectra from the National Radio Astronomy Obser-
vatory’s (NRAO) 100 m Robert C. Byrd Green Bank Telescope
(GBT) PRebiotic Interstellar MOlecule Survey (PRIMOS)
Legacy Project conducted from 2008 January through 2011
July. Additional observations targeted at E-cyanomethanimine
frequencies not covered in this survey were completed on 2012
October 11. These observations targeted the 313–212, 303–202,
and the 312–211 rotational transitions at 28158.894 MHz,
28709.707 MHz, and 29273.956 MHz, respectively. Obser-
vations were made in the OFF–ON position-switching mode,
with the OFF position 1◦; east in azimuth with respect to the
ON-source position, the Sgr B2(N) Large Molecule Heimat
(LMH) (αJ2000 = 17h47m19.s8, δJ2000 = −28◦22′17.′′0). Each
OFF–ON observing cycle consisted of two minutes in the
OFF-source position followed by two minutes in the ON-source
position. Automatically updated dynamic pointing and focusing
corrections were used based on real-time temperature measure-
ments of the structure input to a thermal model of the GBT;
zero points were typically adjusted every 2 hr or less using
the quasar 1733-130 for calibration (see, e.g., Remijan et al.
2008). Antenna temperatures were recorded on the Ta∗ scale
(Ulich & Haas 1976) with estimated absolute flux calibration
uncertainties of up to 20% in some observing bands. The data
reduction was completed using the GBTIDL reduction software,
with both polarizations (when available) averaged to improve
signal-to-noise in the final data reduction. All data were con-
tinuum subtracted to allow for Gaussian profile fitting of each
detected spectral feature.

2.2. Laboratory Measurements

Broadband molecular rotational spectra of the product
molecules produced in a pulsed supersonic expansion of ace-
tonitrile (CH3CN) and ammonia (NH3) through a high-voltage
(2 kV) DC discharge (McCarthy et al. 2000) were acquired us-
ing a chirped-pulse Fourier transform microwave (CP-FTMW)
spectrometer at the University of Virginia. The reaction prod-
uct screening measurement was performed in two different
frequency ranges, 6.5–18.5 GHz (Brown et al. 2008) and
25–40 GHz (Zaleski et al. 2012) with 2 × 105 and 3.5 × 105

signal averages, respectively.
Due to the presence of two nitrogen nuclei that produce

nuclear quadrupole hyperfine structure, it was necessary to
perform higher spectral resolution pulsed molecular beam mea-
surements using the coaxial-orientation cavity Fourier trans-
form microwave spectrometer at the Harvard-Smithsonian
Center for Astrophysics (Grabow et al. 2005). Measurements
of the rotational spectra of both E-cyanomethanimine and
Z-cyanomethanimine were performed. Additional laboratory
measurements of rotational transitions in the 40–50 GHz fre-
quency range were performed with a chirped-pulse Fourier
transform microwave spectrometer (Zaleski 2012). In total, the
frequency range between 9 and 50 GHz was covered. These
new laboratory measurements have been combined with pre-
vious microwave and millimeter-wave measurements (Takano
et al. 1990) in a global fit and the results from an analysis
using the Watson S reduction (Watson 1977) are presented
in Table 1. The transition frequencies used for the global
analysis, including the new measurements from this work,
are available online at www.splatalogue.net. Spectral analysis
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Figure 2. Observed transitions of E-cyanomethanimine towards Sgr B2(N) (black trace). Frequencies have been shifted for +64 km s−1. The blue drop lines indicate
the +64 km s−1 component, and the red drop lines indicate the +82 km s−1 component. The strong features near the 505–404 transition belong to acetaldehyde and
are likely obscuring the +82 km s−1 component of E-HNCHCN. The green trace shows the laboratory spectrum, and is only shown for the 101–000 transition since it
is the only transition with resolvable hyperfine structure in the GBT. The orange trace is an 8 K (rotational temperature) simulation showing the hyperfine structure.
Both features in the first panel represent the +64 km s−1 component.
(A color version of this figure is available in the online journal.)

Table 2
Observed Interstellar Transitions of E-Cyanomethanimine

Transition F ′–F ′′ I12
′–I12

′′ Frequencya El Eu Sijµ
2 Tc +64 km s−1 +82 km s−1

JKaKc
′–JKaKc

′′ (MHz) (K) (K) (D2) (K) ∆T b (mK) ∆V b (km s−1) ∆T b (mK) ∆V b (km s−1)

101–000 2–1 2–1 9571.312(5) 0 0.4590 12.0409 24.72 −22.6(1.1) 15.2(0.9) . . . . . .

101–000 3–2 2–2 9572.505(5) 0 0.4590 24.6016 24.72 −27.4(1.4) 22.1(1.3) . . . . . .

202–101 4–3 2–2 19142.905(5) 0.4594 1.3788 38.0689 9.22 −38.0(0.9) 11.3(0.3) −22.9(1.0) 8.8(0.4)
211–110 4–3 2–2 19516.889(5) 3.2506 4.1873 28.5156 8.66 −9.1(0.9) 6.2(0.6) −6.0(1.1) 4.2(0.9)

313–212 5–4 2–2 28158.894(5) 4.1340 5.4850 44.2225 13.43 −39.7(2.2) 18.8(1.1) . . . . . .

303–202 5–4 2–2 28709.707(5) 1.3781 2.7565 49.8436 10.41 −100.7(2.4) 10.4(0.3) −34.1(2.4) 11.3(0.9)
312–211 5–4 2–2 29273.956(5) 4.1873 5.5917 44.2225 10.05 −33.3(2.9) 7.6(0.7) . . . . . .

404–303 6–5 2–2 38271.019(5) 2.7561 4.5935 60.9961 2.62 −42.7(1.3) 8.7(0.3) −22.2(1.1) 12.2(0.6)

505–404 7–6 2–2 47824.964(40) 4.5928 6.8878 72.0801 3.17 −25.7(2.8) 6.4(0.7) . . . . . .

Notes. Lists of the experimentally observed frequencies, intensities, and linewidths in the GBT PRIMOS survey. Because the linewidths of the PRIMOS survey
are unable to resolve the hyperfine structure resulting from two quadrupolar nuclei (other than the 101–000 where two components are reported), only the dominant
component is reported in the table above. The nitrogen spins are coupled to an intermediate spin I12, where I = I1 + I2. The intermediate spin is then coupled to the
rotational angular momentum, F = J + I12. The subscript 1 refers to the CN nitrogen, and the subscript 2 refers to the NH nitrogen. This is the same labeling convention
reported in Krause & Sutter (1992). The beamsize varies from 84′′ at 9 GHz to 16′′ at 46 GHz. More information on the calculation of the beamsize can be found in
Hollis et al. (2006).
a Uncertainties are Type B, coverage factor k = 1 (1σ ) (Taylor & Kuyatt 1994).
b Uncertainties are Type A, coverage factor k = 1 (1σ ) (Taylor & Kuyatt 1994).

3. DISCUSSION

The reaction product screening measurements using the
CH3CN and NH3 discharge chemistry produce two additional
isomers of E-cyanomethanimine, as shown in Figure 1. The
cis–trans isomer (about the C=N bond), Z-cyanomethanimine,
is produced in about equal abundance. This laboratory result
is expected based on the isomerization potential calculated
from quantum chemistry. The Z-form is calculated by ab
initio to be about 370 K more stable (in agreement with
the experimental energy difference of 309(72) K reported by
Takano et al. 1990). Furthermore, there is a high barrier to

isomerization (15.95 kK) between the E- and Z-isomers. The
production of cyanomethanimine in the laboratory is believed
to occur by the exothermic recombination of the primary radicals
generated from the two reagents (·CH2CN and ·NH2) followed
by dehydrogenation (shown in Figure 3). Prior to the supersonic
expansion, the reactants are generated in a high-temperature
environment where they acquire sufficient energy imparted by
the electric discharge to undergo chemical processes.

· NH2 + ·CH2CN → NH2CH2CN
(Ea = 0 K, ∆E = −39.29 kK) (2)
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E-Cyanomethanimine E = 370 K

N-Cyanomethanimine E = 3970 K

Figure 1. Optimized structures of three isomers of cyanomethanimine. Energies
have been calculated at the MP2/6-31G(d, p) level of theory. Blue atoms are
nitrogen, gray are carbon, and white are hydrogen.
(A color version of this figure is available in the online journal.)
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(LMH) (αJ2000 = 17h47m19.s8, δJ2000 = −28◦22′17.′′0). Each
OFF–ON observing cycle consisted of two minutes in the
OFF-source position followed by two minutes in the ON-source
position. Automatically updated dynamic pointing and focusing
corrections were used based on real-time temperature measure-
ments of the structure input to a thermal model of the GBT;
zero points were typically adjusted every 2 hr or less using
the quasar 1733-130 for calibration (see, e.g., Remijan et al.
2008). Antenna temperatures were recorded on the Ta∗ scale
(Ulich & Haas 1976) with estimated absolute flux calibration
uncertainties of up to 20% in some observing bands. The data
reduction was completed using the GBTIDL reduction software,
with both polarizations (when available) averaged to improve
signal-to-noise in the final data reduction. All data were con-
tinuum subtracted to allow for Gaussian profile fitting of each
detected spectral feature.

2.2. Laboratory Measurements

Broadband molecular rotational spectra of the product
molecules produced in a pulsed supersonic expansion of ace-
tonitrile (CH3CN) and ammonia (NH3) through a high-voltage
(2 kV) DC discharge (McCarthy et al. 2000) were acquired us-
ing a chirped-pulse Fourier transform microwave (CP-FTMW)
spectrometer at the University of Virginia. The reaction prod-
uct screening measurement was performed in two different
frequency ranges, 6.5–18.5 GHz (Brown et al. 2008) and
25–40 GHz (Zaleski et al. 2012) with 2 × 105 and 3.5 × 105

signal averages, respectively.
Due to the presence of two nitrogen nuclei that produce

nuclear quadrupole hyperfine structure, it was necessary to
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surements using the coaxial-orientation cavity Fourier trans-
form microwave spectrometer at the Harvard-Smithsonian
Center for Astrophysics (Grabow et al. 2005). Measurements
of the rotational spectra of both E-cyanomethanimine and
Z-cyanomethanimine were performed. Additional laboratory
measurements of rotational transitions in the 40–50 GHz fre-
quency range were performed with a chirped-pulse Fourier
transform microwave spectrometer (Zaleski 2012). In total, the
frequency range between 9 and 50 GHz was covered. These
new laboratory measurements have been combined with pre-
vious microwave and millimeter-wave measurements (Takano
et al. 1990) in a global fit and the results from an analysis
using the Watson S reduction (Watson 1977) are presented
in Table 1. The transition frequencies used for the global
analysis, including the new measurements from this work,
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ABSTRACT

Recently, Lattelais et al. have interpreted aggregated observations of molecular isomers to suggest that there
exists a “minimum energy principle,” such that molecular formation will favor more stable molecular isomers for
thermodynamic reasons. To test the predictive power of this principle, we have fully characterized the spectra
of the three isomers of C3H2O toward the well-known molecular region Sgr B2(N). Evidence for the detection
of the isomers cyclopropenone (c-C3H2O) and propynal (HCCCHO) is presented, along with evidence for the
non-detection of the lowest zero-point energy isomer, propadienone (CH2CCO). We interpret these observations as
evidence that chemical formation pathways, which may be under kinetic control, have a more pronounced effect
on final isomer abundances than thermodynamic effects such as the minimum energy principle.

Key words: astrochemistry – ISM: abundances – ISM: clouds – ISM: molecules – molecular processes

1. INTRODUCTION

A long-standing goal of astrochemistry is to understand the
physical and chemical evolution of interstellar sources through
molecular observations. The formation and destruction of com-
plex organic molecules are affected by the source conditions; ob-
served molecular abundance ratios preserve information about
the physical evolution of the region, acting as a chemical finger-
print. Extracting this information has proven to be exceedingly
difficult, however, for even the simplest sources. Due to complex
source structure, incomplete molecular inventories of sources,
vast networks of molecular interactions, and only a partial un-
derstanding of interstellar chemical formation pathways, it is
challenging to create models sufficiently accurate to predict ob-
servations (Quan & Herbst 2007).

Numerous efforts have sought to address these issues by
establishing complete molecular inventories for molecule-rich
sources and characterizing basic conditions and abundances
(e.g., Neill et al. 2014; Crockett et al. 2014), and creating
complete reaction networks with accurate reaction dynamics
(e.g., Garrod et al. 2008; Garrod 2013). Still, the low densities,
low temperatures, and long timescales of molecular processes
in the interstellar medium (ISM) present a significant challenge
to relating laboratory reaction dynamics and mechanisms to
those occurring in the ISM (Laas et al. 2013). Whether the
reactions governing the formation of complex molecules are
primarily under kinetic or thermodynamic control is of particular
interest, as this significantly affects molecular abundance ratios

8 R. A. Loomis was a summer student at the National Radio Astronomy
Observatory.
9 B. A. McGuire is a Jansky Fellow of the National Radio Astronomy
Observatory.
10 C. H. Johnson was a participant in the RET program at the National Radio
Astronomy Observatory.
11 A. Robertson was a summer student at the National Radio Astronomy
Observatory.

and the formation of prebiotically relevant molecules (Garrod
et al. 2008; Lovas et al. 2010).

Observations of molecular isomers provide a unique tool for
directly probing hypotheses about reaction mechanisms in the
ISM, as their formation and destruction routes directly influence
their abundance ratios (Hollis et al. 2006). While this is true for
all molecules, isomers are particularly useful as they present
a similar level of chemical complexity, and have the same
constituent atoms, simplifying the problem tremendously. This
approach has historically proven to be fruitful; hypotheses of
the formation chemistry of HCN led to the detection of its
isomer, HNC (Snyder & Buhl 1971), and comparisons between
the abundances and distributions of conformational isomers
of methyl formate, ethanol, and vinyl alcohol have yielded
important information about their formation pathways (Neill
et al. 2012; Pearson et al. 1997; Turner & Apponi 2001). Thus,
understanding the root causes of molecular abundance ratios
and accurately predicting which isomers are most likely to be
observed is a highly desirable goal. Comparing abundance ratios
with the conversion barriers and zero-point energy differences
between the different isomers can elucidate whether a thermal
process or a kinetically controlled formation mechanism is
primarily responsible in determining the ratio.

Recently, (Lattelais et al. 2009, 2010, 2011) investigated
the relative abundances of 32 detected molecular isomers and
suggested that there exists a “minimum energy principle”
(MEP), generally applicable across a number of astronomical
environments. According to this principle, the isomer with the
lowest zero-point bonding energy (i.e., the most energetically
stable isomer) should be the most abundant, and thus most easily
detected. Lattelais et al. (2009) include a wide variety of sources
in this analysis, including molecular clouds, hot cores/corinos,
photodissociation regions, and asymptotic giant branch stars,
and do not note any differences in trends between these sources.
Importantly, they make no mention of attempting to exclude
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Figure 1. Relative binding energies of the three C3H2O isomers.

sources where LTE assumptions would be unlikely to hold,
and instead assert that LTE effects may be general across all
sources used in their analysis. C4H3N and C2H4O2 are noted
as exceptions to the principle, but are dismissed by calling
the abundance measurements of the former into question and
proposing differential adsorption rates onto grains for the latter
(Lattelais et al. 2009, 2010). However, studies of other common
isomers (e.g., HCN/HNC) have shown that abundances and
emission strength are dependent on the local environment,
suggesting that there must be more to the picture than bonding
energy ratios (see, e.g., Sarrasin et al. 2010, and references
therein). We therefore assert that the chemical formation route
and physical conditions of these species, especially complex
organics, are more significant in establishing relative abundance
ratios than the zero-point bonding energies, and thus the MEP
is not generally applicable as proposed by Lattelais et al. (2009,
2010, 2011).

Toward this end, we have fully characterized the spectra of
the three isomers of C3H2O toward the well-studied molecular
region Sgr B2(N). The relative bonding energies of these isomers
are shown in Figure 1. Based on these bonding energies and
with no other prior knowledge, the MEP would predict the most
stable isomer, propadienone (CH2CCO), to be observed as the
most abundant of the three isomers (Karton & Talbi 2014).
However, propadienone has never been detected toward an
astronomical source, while both propynal and cyclopropenone
have been detected in molecular clouds (Irvine et al. 1988;
Hollis et al. 2006). We present evidence for the detection
of the two higher energy isomers cyclopropenone (c-C3H2O)
and propynal (HCCCHO), along with evidence of the non-
detection of propadienone toward Sgr B2(N). We interpret this
to show that chemical formation pathways, which may be under
kinetic control, have a more pronounced effect on final isomer
abundances than thermodynamic effects such as the MEP.

2. OBSERVATIONS

Sgr B2(N) is one of the preeminent sources for complex
molecule detections, and the majority of all molecules used in
the analysis of Lattelais et al. (2009) have been detected there,
thus it serves as a reasonable source to test the predictions of the
MEP. Sgr B2(N) has a heterogeneous temperature and density
structure, with both a hot-core and a colder, less dense envelope,

yielding multiple velocity components and a complex chemistry
(Belloche et al. 2013). For a full discussion of the effect of this
structure on molecular inventories of the respective regions, see
Neill et al. (2014). Significantly, many of the large complex
organic molecules observed toward Sgr B2(N) (including some
traditionally considered to be hot-core molecules) have been
seen to have sub-thermal emission, with significant non-LTE
effects (Neill et al. 2012; Loomis et al. 2013; Zaleski et al.
2013, and references therein). These molecules have very
low rotational temperatures, suggesting that they are extended
and belong to the envelope, but the non-LTE effects make
determinations of column density and temperature extremely
difficult without collisional cross-sections (Faure et al. 2014).
As all three of the molecules searched for in this study would
be expected to originate in colder environments, these non-LTE
effects are likely very relevant, and are discussed in Section 4.1.

All known strong (predicted to be above the measured noise
limit at a characteristic excitation temperature of 10–50 K)
rotational transitions of cyclopropenone, propynal, and propa-
dienone between 4 GHz and 50 GHz were searched for in pub-
licly available data from the PRIMOS survey of Sgr B2(N), a
NRAO key project on the Robert C. Byrd Green Bank Tele-
scope (GBT) from 2008 January through 2011 July.12 An LSR
source velocity of +64 km s−1 was assumed, and antenna tem-
peratures were recorded on the T ∗

A scale (Ulich & Haas 1976)
with estimated 20% uncertainties. Data were taken in position-
switching mode, with 2 minute scans toward the on position
(αJ2000 = 17h47m19.s8, δJ2000 = −28

◦
22′17.′′0) and toward the

off position, 1
◦

east in azimuth. Additional details of PRIMOS
survey observations can be found in Neill et al. (2012). Rest fre-
quencies for all transitions were obtained from the Splatalogue
database.13,14

3. RESULTS

3.1. Cyclopropenone

Nine low-energy, high line-strength transitions of cyclo-
propenone were identified in absorption in PRIMOS data. Of
these, six had been previously identified by Hollis et al. (2006)
at lower sensitivity and spectral resolution (see Table 1). All
observed transitions were a-type (µa = 4.39(06) D) (Benson
et al. 1973), with six R-branch transitions (∆J = −1) and three
Q-branch (∆J = 0). Three higher energy (J > 4) Q-branch tran-
sitions were not observed. This encompasses all strong transi-
tions within the PRIMOS frequency coverage, with the excep-
tion of the 212–111 transition where observational data were not
available.

All detected transitions were observed at a nominal rest ve-
locity of vLSR = +64 km s−1, with a second, weaker, vLSR =
+82 km s−1 component observed for all transitions other than
101–000; consistent with other molecular detections with the
GBT toward Sgr B2(N) (see, e.g., Hollis et al. 2004a; Remijan
et al. 2008, and references therein). Observations of all Q- and
R-branch transition rest frequencies within the PRIMOS cover-
age are presented in Figures 2 and 3, respectively.

12 Access to the entire PRIMOS data set and specifics on the observing
strategy including the overall frequency coverage, are available at
http://www.cv.nrao.edu/∼aremijan/PRIMOS/.
13 Original laboratory data for PRIMOS frequency ranges are from Benson
et al. (1973), Winnewisser (1973), and Brown et al. (1987). Cyclopropenone
and propadienone frequencies are cataloged through CDMS (Müller et al.
2001, 2005), and propynal through JPL (Pickett et al. 1998).
14 Available at www.splatalogue.net (Remijan et al. 2007).
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ABSTRACT

Recently, Lattelais et al. have interpreted aggregated observations of molecular isomers to suggest that there
exists a “minimum energy principle,” such that molecular formation will favor more stable molecular isomers for
thermodynamic reasons. To test the predictive power of this principle, we have fully characterized the spectra
of the three isomers of C3H2O toward the well-known molecular region Sgr B2(N). Evidence for the detection
of the isomers cyclopropenone (c-C3H2O) and propynal (HCCCHO) is presented, along with evidence for the
non-detection of the lowest zero-point energy isomer, propadienone (CH2CCO). We interpret these observations as
evidence that chemical formation pathways, which may be under kinetic control, have a more pronounced effect
on final isomer abundances than thermodynamic effects such as the minimum energy principle.

Key words: astrochemistry – ISM: abundances – ISM: clouds – ISM: molecules – molecular processes

1. INTRODUCTION

A long-standing goal of astrochemistry is to understand the
physical and chemical evolution of interstellar sources through
molecular observations. The formation and destruction of com-
plex organic molecules are affected by the source conditions; ob-
served molecular abundance ratios preserve information about
the physical evolution of the region, acting as a chemical finger-
print. Extracting this information has proven to be exceedingly
difficult, however, for even the simplest sources. Due to complex
source structure, incomplete molecular inventories of sources,
vast networks of molecular interactions, and only a partial un-
derstanding of interstellar chemical formation pathways, it is
challenging to create models sufficiently accurate to predict ob-
servations (Quan & Herbst 2007).

Numerous efforts have sought to address these issues by
establishing complete molecular inventories for molecule-rich
sources and characterizing basic conditions and abundances
(e.g., Neill et al. 2014; Crockett et al. 2014), and creating
complete reaction networks with accurate reaction dynamics
(e.g., Garrod et al. 2008; Garrod 2013). Still, the low densities,
low temperatures, and long timescales of molecular processes
in the interstellar medium (ISM) present a significant challenge
to relating laboratory reaction dynamics and mechanisms to
those occurring in the ISM (Laas et al. 2013). Whether the
reactions governing the formation of complex molecules are
primarily under kinetic or thermodynamic control is of particular
interest, as this significantly affects molecular abundance ratios

8 R. A. Loomis was a summer student at the National Radio Astronomy
Observatory.
9 B. A. McGuire is a Jansky Fellow of the National Radio Astronomy
Observatory.
10 C. H. Johnson was a participant in the RET program at the National Radio
Astronomy Observatory.
11 A. Robertson was a summer student at the National Radio Astronomy
Observatory.

and the formation of prebiotically relevant molecules (Garrod
et al. 2008; Lovas et al. 2010).

Observations of molecular isomers provide a unique tool for
directly probing hypotheses about reaction mechanisms in the
ISM, as their formation and destruction routes directly influence
their abundance ratios (Hollis et al. 2006). While this is true for
all molecules, isomers are particularly useful as they present
a similar level of chemical complexity, and have the same
constituent atoms, simplifying the problem tremendously. This
approach has historically proven to be fruitful; hypotheses of
the formation chemistry of HCN led to the detection of its
isomer, HNC (Snyder & Buhl 1971), and comparisons between
the abundances and distributions of conformational isomers
of methyl formate, ethanol, and vinyl alcohol have yielded
important information about their formation pathways (Neill
et al. 2012; Pearson et al. 1997; Turner & Apponi 2001). Thus,
understanding the root causes of molecular abundance ratios
and accurately predicting which isomers are most likely to be
observed is a highly desirable goal. Comparing abundance ratios
with the conversion barriers and zero-point energy differences
between the different isomers can elucidate whether a thermal
process or a kinetically controlled formation mechanism is
primarily responsible in determining the ratio.

Recently, (Lattelais et al. 2009, 2010, 2011) investigated
the relative abundances of 32 detected molecular isomers and
suggested that there exists a “minimum energy principle”
(MEP), generally applicable across a number of astronomical
environments. According to this principle, the isomer with the
lowest zero-point bonding energy (i.e., the most energetically
stable isomer) should be the most abundant, and thus most easily
detected. Lattelais et al. (2009) include a wide variety of sources
in this analysis, including molecular clouds, hot cores/corinos,
photodissociation regions, and asymptotic giant branch stars,
and do not note any differences in trends between these sources.
Importantly, they make no mention of attempting to exclude
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Table 1
Observed Transitions of Cyclopropenone

Transition Frequencya,b Eu Sijµ
2 64 km s−1 82 km s−1

J′
kk–J′′

kk (MHz) (K) (D2) ∆T ∗
A

c (mK) ∆V c (km s−1) ∆T ∗
A

c (mK) ∆V c (km s−1)

211–212 4632.79 3.34 48.19 −57.2(5.4) 14.8(0.9) −32.1(4.6) 15.1(1.2)
312–313

d 9263.49 5.48 33.76 −29.1(6.1) 15.9(0.5) −10.0(0.9) 12.4(1.1)
413–414

d 15427.90 8.33 26.12 −12.1(0.6) 11.6(0.6) −5.4(0.7) 12.0(0.8)
514–515 23105.58 11.88 21.41 <5.0 . . . <5.0 . . .

615–616 32255.63 16.14 18.27 <10.7 . . . <10.7 . . .

716–717 42808.10 21.08 16.10 <7.3 . . . <7.3 . . .

101–000
d 14105.74 0.68 19.27 −6.7(0.7) 7.2(0.9) <2.2 . . .

212–111 26667.02 3.12 86.73 . . . . . . . . . . . .

202–101 28139.89 2.03 38.52 −133.6(4.2) 8.6(0.3) −48.9(4.5) 6.4(0.5)
211–110 29755.51 3.34 86.73 −83.2(8.8) 8.2(0.5) −22.9(7.3) 14.2(2.4)
313–212

d 39956.70 5.04 154.15 −66.5(3.1) 6.0(0.3) −32.9(3.0) 5.9(0.6)
303–202

d 42031.94 4.04 57.71 −74.5(1.9) 15.3(0.4) −40.3(2.2) 9.4(0.5)
312–211

d 44587.40 5.48 154.1 −46.9(2.1) 11.7(0.6) −34.4(1.8) 12.5(0.9)

Notes.
a Beam sizes, efficiencies, and continuum temperatures for each respective frequency can be found in Hollis et al. (2007).
b Rest frequencies are all taken from Splatalogue; see Section 2 for complete references.
c The uncertainties for the intensities and line widths are type B, k = 1 (1σ ) (Taylor & Kuyatt 1994).
d Previously detected with the GBT with lower sensitivity and spectral resolution (Hollis et al. 2006).

Figure 2. Observed cyclopropenone Q-branch transitions in PRIMOS data
toward Sgr B2(N). Dashed vertical lines indicate the primary +64 km s−1

component (blue) and the secondary +82 km s−1 component (red).

As seen in Figure 3, the 211–110 transition is blended with
a hydrogen recombination line (H(94)δ) at 29575.189 MHz.
Additionally, the vLSR = +64 km s−1 component of the 313–212
transition is partially blended with the 202–101, v = 1 transition
of NH2CN in emission. Best-fit Gaussian line widths and peak
intensities, or respective upper limits, are reported in Table 1.

The 211–110 transition was simultaneously fit in absorption
against a modeled Gaussian emission profile for the H(94)δ
recombination line.

3.2. Propynal

Six uncontaminated, low-energy, high line-strength transi-
tions of propynal were identified in absorption. One of these
had been previously been detected by Hollis et al. (2004b) with
lower sensitivity and spectral resolution (see Table 2). Three of
the identified transitions were ka = 0 a-type (µa = 2.359(18) D),
and three were b-type (µb = 1.48(22) D) (Brown & Godfrey
1984). Of the remaining twelve low-energy, high line-strength
transitions predicted to be possibly observable, six were not ob-
served above the noise level, five were contaminated by blends
with other molecule emission features (see Figure 4), and fre-
quency coverage was not available for one transition. Notably,
although multiple ka = 0 a-type transitions were observed with
strong absorption, no ka = 1 a-type transitions were detected.

Irvine et al. (1988) suggested that the ka = 1 transitions of
propynal may be weaker than predicted by a thermal model
due to b-type transitions transferring ka = 1 population into the
ka = 0 state; this behavior has also been observed in HNCO
(Hocking et al. 1974). Irvine et al. used a collisional model
to predict corrected ka = 1 intensities for their detection in
TMC-1, and determined an approximate intensity in agreement
with their tentative 2σ–3σ detection of the 211–110 transition
using the NRAO 140 ft. If this model is correct, a rough scaling
to our observations would explain the lack of ka = 1 detections,
with all predicted intensities below the observed noise level.

All detected transitions were observed at a nominal rest
velocity of vLSR = +64 km s−1, with an additional, weaker,
vLSR = +82 km s−1 component observed for all transitions other
than 404–303, where the noise level is comparable to the expected
intensity of the vLSR = +82 km s−1 component. Observations of
all a-type and b-type transition rest frequencies within PRIMOS
coverage are presented in Figures 4 and 5, respectively. Best-fit
Gaussian line widths and peak intensities, or respective upper
limits, are reported in Table 2. All features were observed with
line widths of ∼4–10 km s−1 with the exception of the 515–606
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Figure 3. Observed cyclopropenone R-branch transitions in PRIMOS data toward Sgr B2(N). Dashed vertical lines indicate the primary +64 km s−1 component (blue)
and the secondary +82 km s−1 component (red).

Table 2
Observed Transitions of Propynal

Transition Frequencya,b Eu Sijµ
2 64 km s−1 82 km s−1

J ′
kk–J ′′

kk (MHz) (K) (D2) ∆T ∗
A

c (mK) ∆V c (km s−1) ∆T ∗
A

c (mK) ∆V c (km s−1)

515–606 5044.66 9.64 5.58 −36.4(2.2) 20.3(1.8)d −26.1(2.3) 20.3(1.8)d

414–505
e 15146.04 7.44 4.43 −20.3(1.2) 9.9(0.6) −14.5(1.3) 10.3(0.9)

313–404 25100.65 5.68 3.30 −20.4(1.5) 10.1(0.8) −16.6(1.6) 8.3(0.9)
212–303 34903.64 4.36 2.18 <8.7 . . . <8.7 . . .

111–202 44550.03 3.48 1.09 <8.6 . . . <8.6 . . .

101–000 9325.81 0.45 5.56 <3.8 . . . <3.8 . . .

212–111 18325.56 4.36 8.35 Blend . . . Blend . . .

202–101 18650.31 1.34 11.13 −16.8(1.6) 7.2(0.7) −14.1(1.5) 4.9(0.6)
211–110 18978.79 4.41 8.35 <3.6 . . . <3.6 . . .

313–212 27487.45 5.68 14.84 Blend . . . <8.3 . . .

303–202 27972.13 2.68 16.69 Blend . . . Blend . . .

312–211 28467.15 5.77 14.84 . . . . . . . . . . . .

414–313 36648.20 7.44 20.87 <11.2 . . . <11.2 . . .

404–303 37290.10 4.47 22.26 −52.7(-4.1) 5.8(0.5) <16.4 . . .

413–312 37954.95 7.60 20.87 Blend . . . Blend . . .

515–414 45807.70 9.64 26.71 <9.5 . . . <9.5 . . .

505–404 46602.80 6.71 27.82 −28.8(2.1) 5.6(0.3) −23.4(1.7) 4.0(0.4)
514–413 47440.40 9.87 26.71 Blend . . . <9.2 . . .

Notes.
a Beam sizes, efficiencies, and continuum temperatures for each respective frequency can be found in Hollis et al. (2007).
b Rest frequencies are all taken from Splatalogue; see Section 2 for complete references.
c The uncertainties for the intensities and line widths are Type B, k = 1 (1σ ) (Taylor & Kuyatt 1994).
d Due to blended velocity components, line widths were shared during fitting.
e Previously detected with the GBT with lower sensitivity and spectral resolution (Hollis et al. 2004b).

transition, where the velocity components were blended due to
low signal-to-noise ratio and line widths were therefore fixed
together during fitting, possibly artificially broadening the fit
width.

3.3. Propadienone

No transitions of propadienone were identified in PRIMOS
data. Of the known transitions between 4 GHz and 50 GHz,

only a-type transitions (µa = 2.156 D, µb = 0.7914 D) (Brown
et al. 1981) are predicted to be strong enough to be observed
in PRIMOS data. It is important to note that the slight bend of
the C3O chain in propadienone causes a small barrier, creating
two tunneling states separated by a small (0.1198 cm−1) energy
difference. a-type transitions occur within each substate while
b-type transitions occur between the two tunneling states
(Brown et al. 1987). b-type transitions within PRIMOS

4



L E T ’ S  T A L K  S C I E N C E

The Astrophysical Journal, 799:34 (8pp), 2015 January 20 doi:10.1088/0004-637X/799/1/34
C⃝ 2015. The American Astronomical Society. All rights reserved.

INVESTIGATING THE MINIMUM ENERGY PRINCIPLE IN SEARCHES FOR NEW
MOLECULAR SPECIES—THE CASE OF H2C3O ISOMERS

Ryan A. Loomis1,8, Brett A. McGuire2,3,9, Christopher Shingledecker4, Chelen H. Johnson5,10,
Samantha Blair6, Amy Robertson7,11, and Anthony J. Remijan2

1 Department of Astronomy, Harvard University, Cambridge, MA 02138, USA; rloomis@cfa.harvard.edu
2 National Radio Astronomy Observatory, Charlottesville, VA 22904, USA

3 Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, CA 91125, USA
4 Department of Astronomy, University of Virginia, Charlottesville, VA 22904, USA

5 Breck School, Golden Valley, MN 55422, USA
6 Department of Natural Sciences, Dalton State, Dalton, GA 30720, USA

7 Department of Astronomy, University of Arizona, Tucson, AZ 85721, USA
Received 2014 August 22; accepted 2014 October 30; published 2015 January 14

ABSTRACT

Recently, Lattelais et al. have interpreted aggregated observations of molecular isomers to suggest that there
exists a “minimum energy principle,” such that molecular formation will favor more stable molecular isomers for
thermodynamic reasons. To test the predictive power of this principle, we have fully characterized the spectra
of the three isomers of C3H2O toward the well-known molecular region Sgr B2(N). Evidence for the detection
of the isomers cyclopropenone (c-C3H2O) and propynal (HCCCHO) is presented, along with evidence for the
non-detection of the lowest zero-point energy isomer, propadienone (CH2CCO). We interpret these observations as
evidence that chemical formation pathways, which may be under kinetic control, have a more pronounced effect
on final isomer abundances than thermodynamic effects such as the minimum energy principle.
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1. INTRODUCTION

A long-standing goal of astrochemistry is to understand the
physical and chemical evolution of interstellar sources through
molecular observations. The formation and destruction of com-
plex organic molecules are affected by the source conditions; ob-
served molecular abundance ratios preserve information about
the physical evolution of the region, acting as a chemical finger-
print. Extracting this information has proven to be exceedingly
difficult, however, for even the simplest sources. Due to complex
source structure, incomplete molecular inventories of sources,
vast networks of molecular interactions, and only a partial un-
derstanding of interstellar chemical formation pathways, it is
challenging to create models sufficiently accurate to predict ob-
servations (Quan & Herbst 2007).

Numerous efforts have sought to address these issues by
establishing complete molecular inventories for molecule-rich
sources and characterizing basic conditions and abundances
(e.g., Neill et al. 2014; Crockett et al. 2014), and creating
complete reaction networks with accurate reaction dynamics
(e.g., Garrod et al. 2008; Garrod 2013). Still, the low densities,
low temperatures, and long timescales of molecular processes
in the interstellar medium (ISM) present a significant challenge
to relating laboratory reaction dynamics and mechanisms to
those occurring in the ISM (Laas et al. 2013). Whether the
reactions governing the formation of complex molecules are
primarily under kinetic or thermodynamic control is of particular
interest, as this significantly affects molecular abundance ratios

8 R. A. Loomis was a summer student at the National Radio Astronomy
Observatory.
9 B. A. McGuire is a Jansky Fellow of the National Radio Astronomy
Observatory.
10 C. H. Johnson was a participant in the RET program at the National Radio
Astronomy Observatory.
11 A. Robertson was a summer student at the National Radio Astronomy
Observatory.

and the formation of prebiotically relevant molecules (Garrod
et al. 2008; Lovas et al. 2010).

Observations of molecular isomers provide a unique tool for
directly probing hypotheses about reaction mechanisms in the
ISM, as their formation and destruction routes directly influence
their abundance ratios (Hollis et al. 2006). While this is true for
all molecules, isomers are particularly useful as they present
a similar level of chemical complexity, and have the same
constituent atoms, simplifying the problem tremendously. This
approach has historically proven to be fruitful; hypotheses of
the formation chemistry of HCN led to the detection of its
isomer, HNC (Snyder & Buhl 1971), and comparisons between
the abundances and distributions of conformational isomers
of methyl formate, ethanol, and vinyl alcohol have yielded
important information about their formation pathways (Neill
et al. 2012; Pearson et al. 1997; Turner & Apponi 2001). Thus,
understanding the root causes of molecular abundance ratios
and accurately predicting which isomers are most likely to be
observed is a highly desirable goal. Comparing abundance ratios
with the conversion barriers and zero-point energy differences
between the different isomers can elucidate whether a thermal
process or a kinetically controlled formation mechanism is
primarily responsible in determining the ratio.

Recently, (Lattelais et al. 2009, 2010, 2011) investigated
the relative abundances of 32 detected molecular isomers and
suggested that there exists a “minimum energy principle”
(MEP), generally applicable across a number of astronomical
environments. According to this principle, the isomer with the
lowest zero-point bonding energy (i.e., the most energetically
stable isomer) should be the most abundant, and thus most easily
detected. Lattelais et al. (2009) include a wide variety of sources
in this analysis, including molecular clouds, hot cores/corinos,
photodissociation regions, and asymptotic giant branch stars,
and do not note any differences in trends between these sources.
Importantly, they make no mention of attempting to exclude
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Figure 1. Relative binding energies of the three C3H2O isomers.

sources where LTE assumptions would be unlikely to hold,
and instead assert that LTE effects may be general across all
sources used in their analysis. C4H3N and C2H4O2 are noted
as exceptions to the principle, but are dismissed by calling
the abundance measurements of the former into question and
proposing differential adsorption rates onto grains for the latter
(Lattelais et al. 2009, 2010). However, studies of other common
isomers (e.g., HCN/HNC) have shown that abundances and
emission strength are dependent on the local environment,
suggesting that there must be more to the picture than bonding
energy ratios (see, e.g., Sarrasin et al. 2010, and references
therein). We therefore assert that the chemical formation route
and physical conditions of these species, especially complex
organics, are more significant in establishing relative abundance
ratios than the zero-point bonding energies, and thus the MEP
is not generally applicable as proposed by Lattelais et al. (2009,
2010, 2011).

Toward this end, we have fully characterized the spectra of
the three isomers of C3H2O toward the well-studied molecular
region Sgr B2(N). The relative bonding energies of these isomers
are shown in Figure 1. Based on these bonding energies and
with no other prior knowledge, the MEP would predict the most
stable isomer, propadienone (CH2CCO), to be observed as the
most abundant of the three isomers (Karton & Talbi 2014).
However, propadienone has never been detected toward an
astronomical source, while both propynal and cyclopropenone
have been detected in molecular clouds (Irvine et al. 1988;
Hollis et al. 2006). We present evidence for the detection
of the two higher energy isomers cyclopropenone (c-C3H2O)
and propynal (HCCCHO), along with evidence of the non-
detection of propadienone toward Sgr B2(N). We interpret this
to show that chemical formation pathways, which may be under
kinetic control, have a more pronounced effect on final isomer
abundances than thermodynamic effects such as the MEP.

2. OBSERVATIONS

Sgr B2(N) is one of the preeminent sources for complex
molecule detections, and the majority of all molecules used in
the analysis of Lattelais et al. (2009) have been detected there,
thus it serves as a reasonable source to test the predictions of the
MEP. Sgr B2(N) has a heterogeneous temperature and density
structure, with both a hot-core and a colder, less dense envelope,

yielding multiple velocity components and a complex chemistry
(Belloche et al. 2013). For a full discussion of the effect of this
structure on molecular inventories of the respective regions, see
Neill et al. (2014). Significantly, many of the large complex
organic molecules observed toward Sgr B2(N) (including some
traditionally considered to be hot-core molecules) have been
seen to have sub-thermal emission, with significant non-LTE
effects (Neill et al. 2012; Loomis et al. 2013; Zaleski et al.
2013, and references therein). These molecules have very
low rotational temperatures, suggesting that they are extended
and belong to the envelope, but the non-LTE effects make
determinations of column density and temperature extremely
difficult without collisional cross-sections (Faure et al. 2014).
As all three of the molecules searched for in this study would
be expected to originate in colder environments, these non-LTE
effects are likely very relevant, and are discussed in Section 4.1.

All known strong (predicted to be above the measured noise
limit at a characteristic excitation temperature of 10–50 K)
rotational transitions of cyclopropenone, propynal, and propa-
dienone between 4 GHz and 50 GHz were searched for in pub-
licly available data from the PRIMOS survey of Sgr B2(N), a
NRAO key project on the Robert C. Byrd Green Bank Tele-
scope (GBT) from 2008 January through 2011 July.12 An LSR
source velocity of +64 km s−1 was assumed, and antenna tem-
peratures were recorded on the T ∗

A scale (Ulich & Haas 1976)
with estimated 20% uncertainties. Data were taken in position-
switching mode, with 2 minute scans toward the on position
(αJ2000 = 17h47m19.s8, δJ2000 = −28

◦
22′17.′′0) and toward the

off position, 1
◦

east in azimuth. Additional details of PRIMOS
survey observations can be found in Neill et al. (2012). Rest fre-
quencies for all transitions were obtained from the Splatalogue
database.13,14

3. RESULTS

3.1. Cyclopropenone

Nine low-energy, high line-strength transitions of cyclo-
propenone were identified in absorption in PRIMOS data. Of
these, six had been previously identified by Hollis et al. (2006)
at lower sensitivity and spectral resolution (see Table 1). All
observed transitions were a-type (µa = 4.39(06) D) (Benson
et al. 1973), with six R-branch transitions (∆J = −1) and three
Q-branch (∆J = 0). Three higher energy (J > 4) Q-branch tran-
sitions were not observed. This encompasses all strong transi-
tions within the PRIMOS frequency coverage, with the excep-
tion of the 212–111 transition where observational data were not
available.

All detected transitions were observed at a nominal rest ve-
locity of vLSR = +64 km s−1, with a second, weaker, vLSR =
+82 km s−1 component observed for all transitions other than
101–000; consistent with other molecular detections with the
GBT toward Sgr B2(N) (see, e.g., Hollis et al. 2004a; Remijan
et al. 2008, and references therein). Observations of all Q- and
R-branch transition rest frequencies within the PRIMOS cover-
age are presented in Figures 2 and 3, respectively.

12 Access to the entire PRIMOS data set and specifics on the observing
strategy including the overall frequency coverage, are available at
http://www.cv.nrao.edu/∼aremijan/PRIMOS/.
13 Original laboratory data for PRIMOS frequency ranges are from Benson
et al. (1973), Winnewisser (1973), and Brown et al. (1987). Cyclopropenone
and propadienone frequencies are cataloged through CDMS (Müller et al.
2001, 2005), and propynal through JPL (Pickett et al. 1998).
14 Available at www.splatalogue.net (Remijan et al. 2007).

2



L E T ’ S  T A L K  S C I E N C E

The Astrophysical Journal, 799:34 (8pp), 2015 January 20 doi:10.1088/0004-637X/799/1/34
C⃝ 2015. The American Astronomical Society. All rights reserved.

INVESTIGATING THE MINIMUM ENERGY PRINCIPLE IN SEARCHES FOR NEW
MOLECULAR SPECIES—THE CASE OF H2C3O ISOMERS

Ryan A. Loomis1,8, Brett A. McGuire2,3,9, Christopher Shingledecker4, Chelen H. Johnson5,10,
Samantha Blair6, Amy Robertson7,11, and Anthony J. Remijan2

1 Department of Astronomy, Harvard University, Cambridge, MA 02138, USA; rloomis@cfa.harvard.edu
2 National Radio Astronomy Observatory, Charlottesville, VA 22904, USA

3 Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, CA 91125, USA
4 Department of Astronomy, University of Virginia, Charlottesville, VA 22904, USA

5 Breck School, Golden Valley, MN 55422, USA
6 Department of Natural Sciences, Dalton State, Dalton, GA 30720, USA

7 Department of Astronomy, University of Arizona, Tucson, AZ 85721, USA
Received 2014 August 22; accepted 2014 October 30; published 2015 January 14

ABSTRACT

Recently, Lattelais et al. have interpreted aggregated observations of molecular isomers to suggest that there
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thermodynamic reasons. To test the predictive power of this principle, we have fully characterized the spectra
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of the isomers cyclopropenone (c-C3H2O) and propynal (HCCCHO) is presented, along with evidence for the
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1. INTRODUCTION

A long-standing goal of astrochemistry is to understand the
physical and chemical evolution of interstellar sources through
molecular observations. The formation and destruction of com-
plex organic molecules are affected by the source conditions; ob-
served molecular abundance ratios preserve information about
the physical evolution of the region, acting as a chemical finger-
print. Extracting this information has proven to be exceedingly
difficult, however, for even the simplest sources. Due to complex
source structure, incomplete molecular inventories of sources,
vast networks of molecular interactions, and only a partial un-
derstanding of interstellar chemical formation pathways, it is
challenging to create models sufficiently accurate to predict ob-
servations (Quan & Herbst 2007).

Numerous efforts have sought to address these issues by
establishing complete molecular inventories for molecule-rich
sources and characterizing basic conditions and abundances
(e.g., Neill et al. 2014; Crockett et al. 2014), and creating
complete reaction networks with accurate reaction dynamics
(e.g., Garrod et al. 2008; Garrod 2013). Still, the low densities,
low temperatures, and long timescales of molecular processes
in the interstellar medium (ISM) present a significant challenge
to relating laboratory reaction dynamics and mechanisms to
those occurring in the ISM (Laas et al. 2013). Whether the
reactions governing the formation of complex molecules are
primarily under kinetic or thermodynamic control is of particular
interest, as this significantly affects molecular abundance ratios

8 R. A. Loomis was a summer student at the National Radio Astronomy
Observatory.
9 B. A. McGuire is a Jansky Fellow of the National Radio Astronomy
Observatory.
10 C. H. Johnson was a participant in the RET program at the National Radio
Astronomy Observatory.
11 A. Robertson was a summer student at the National Radio Astronomy
Observatory.

and the formation of prebiotically relevant molecules (Garrod
et al. 2008; Lovas et al. 2010).

Observations of molecular isomers provide a unique tool for
directly probing hypotheses about reaction mechanisms in the
ISM, as their formation and destruction routes directly influence
their abundance ratios (Hollis et al. 2006). While this is true for
all molecules, isomers are particularly useful as they present
a similar level of chemical complexity, and have the same
constituent atoms, simplifying the problem tremendously. This
approach has historically proven to be fruitful; hypotheses of
the formation chemistry of HCN led to the detection of its
isomer, HNC (Snyder & Buhl 1971), and comparisons between
the abundances and distributions of conformational isomers
of methyl formate, ethanol, and vinyl alcohol have yielded
important information about their formation pathways (Neill
et al. 2012; Pearson et al. 1997; Turner & Apponi 2001). Thus,
understanding the root causes of molecular abundance ratios
and accurately predicting which isomers are most likely to be
observed is a highly desirable goal. Comparing abundance ratios
with the conversion barriers and zero-point energy differences
between the different isomers can elucidate whether a thermal
process or a kinetically controlled formation mechanism is
primarily responsible in determining the ratio.

Recently, (Lattelais et al. 2009, 2010, 2011) investigated
the relative abundances of 32 detected molecular isomers and
suggested that there exists a “minimum energy principle”
(MEP), generally applicable across a number of astronomical
environments. According to this principle, the isomer with the
lowest zero-point bonding energy (i.e., the most energetically
stable isomer) should be the most abundant, and thus most easily
detected. Lattelais et al. (2009) include a wide variety of sources
in this analysis, including molecular clouds, hot cores/corinos,
photodissociation regions, and asymptotic giant branch stars,
and do not note any differences in trends between these sources.
Importantly, they make no mention of attempting to exclude
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Figure 4. Observed propynal a-type transitions in PRIMOS data toward Sgr B2(N). Dashed vertical lines indicate the primary +64 km s−1 component (blue) and the
secondary +82 km s−1 component (red).

frequency coverage are predicted to be significantly weaker
due to a lower dipole moment and high upper state energies.
Observations of all a-type transition rest frequencies within the
PRIMOS coverage are presented in Figure 6 and upper limits
on all a-type transition intensities are given in Table 3.

4. DISCUSSION

Although our observational results support a detection of
cyclopropenone and propynal and a non-detection of propa-
dienone, it is important to additionally examine their abundance
ratios. It may be possible for a given isomer to be more abun-
dant, yet not detected, due to inherent line strengths or excita-
tion issues. Using the formulation in Hollis et al. (2004a), and
assuming a temperature of 15 K, similar to other cold large
organics detected with the PRIMOS survey, we calculate col-
umn densities of ∼1012 cm−2 for cyclopropenone, ∼1013 cm−2

for propynal, and an upper limit of <1011 cm−2 for propa-
dienone. Thus, if propadienone was actually equal in abundance
to cyclopropenone or propynal, we would expect to see fea-
tures 10–100 times the noise level, yet no such features are ob-
served. These calculations assume continuum temperatures for
Sgr B2(N) from Hollis et al. (2007), as well as LTE conditions.
We wish to stress that our observations are not fit particularly
well with these assumptions, suggesting that a large number of
the observed lines are sub-thermally excited. If these features

arise from non-LTE conditions, this may call into question our
derived column densities, but would also invalidate the assump-
tions necessary for the MEP, strengthening our assertion that
thermodynamically driven processes do not control the bulk of
interstellar abundance ratios.

These results answer calls for further observational tests of the
MEP from theoretical studies investigating the relative energies
of multiple isomer families (Lovas et al. 2010; Karton & Talbi
2014). In particular, Karton & Talbi (2014) explicitly note
that within the C3H2O isomer family, propadienone should be
detected based on the predictions of the MEP and suggest further
observational searches for the molecule. Its non-detection now
leaves us with the question as to which synthesis routes result
in the formation of cyclopropenone and propynal but not
propadienone.

4.1. Formation Chemistry on Grain Surfaces

In the ISM, dust grains serve as catalysts for much of
the rich organic chemistry that is observed (Herbst & van
Dishoeck 2009). Zhou et al. (2008) studied the non-equilibrium
grain-ice chemistry in cold (∼10 K) regions of the ISM, finding
that cyclopropenone is formed on grain surfaces via reactions
between triplet CO and C2H2, i.e.,

CO + C2H2 → c − C3H2O, (1)
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Figure 4. Observed propynal a-type transitions in PRIMOS data toward Sgr B2(N). Dashed vertical lines indicate the primary +64 km s−1 component (blue) and the
secondary +82 km s−1 component (red).
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well with these assumptions, suggesting that a large number of
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derived column densities, but would also invalidate the assump-
tions necessary for the MEP, strengthening our assertion that
thermodynamically driven processes do not control the bulk of
interstellar abundance ratios.

These results answer calls for further observational tests of the
MEP from theoretical studies investigating the relative energies
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leaves us with the question as to which synthesis routes result
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In the ISM, dust grains serve as catalysts for much of
the rich organic chemistry that is observed (Herbst & van
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Figure 4. Observed propynal a-type transitions in PRIMOS data toward Sgr B2(N). Dashed vertical lines indicate the primary +64 km s−1 component (blue) and the
secondary +82 km s−1 component (red).
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PRIMOS coverage are presented in Figure 6 and upper limits
on all a-type transition intensities are given in Table 3.
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Although our observational results support a detection of
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dienone, it is important to additionally examine their abundance
ratios. It may be possible for a given isomer to be more abun-
dant, yet not detected, due to inherent line strengths or excita-
tion issues. Using the formulation in Hollis et al. (2004a), and
assuming a temperature of 15 K, similar to other cold large
organics detected with the PRIMOS survey, we calculate col-
umn densities of ∼1012 cm−2 for cyclopropenone, ∼1013 cm−2

for propynal, and an upper limit of <1011 cm−2 for propa-
dienone. Thus, if propadienone was actually equal in abundance
to cyclopropenone or propynal, we would expect to see fea-
tures 10–100 times the noise level, yet no such features are ob-
served. These calculations assume continuum temperatures for
Sgr B2(N) from Hollis et al. (2007), as well as LTE conditions.
We wish to stress that our observations are not fit particularly
well with these assumptions, suggesting that a large number of
the observed lines are sub-thermally excited. If these features

arise from non-LTE conditions, this may call into question our
derived column densities, but would also invalidate the assump-
tions necessary for the MEP, strengthening our assertion that
thermodynamically driven processes do not control the bulk of
interstellar abundance ratios.

These results answer calls for further observational tests of the
MEP from theoretical studies investigating the relative energies
of multiple isomer families (Lovas et al. 2010; Karton & Talbi
2014). In particular, Karton & Talbi (2014) explicitly note
that within the C3H2O isomer family, propadienone should be
detected based on the predictions of the MEP and suggest further
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Figure 4. Observed propynal a-type transitions in PRIMOS data toward Sgr B2(N). Dashed vertical lines indicate the primary +64 km s−1 component (blue) and the
secondary +82 km s−1 component (red).
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on all a-type transition intensities are given in Table 3.
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dienone, it is important to additionally examine their abundance
ratios. It may be possible for a given isomer to be more abun-
dant, yet not detected, due to inherent line strengths or excita-
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tures 10–100 times the noise level, yet no such features are ob-
served. These calculations assume continuum temperatures for
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We wish to stress that our observations are not fit particularly
well with these assumptions, suggesting that a large number of
the observed lines are sub-thermally excited. If these features

arise from non-LTE conditions, this may call into question our
derived column densities, but would also invalidate the assump-
tions necessary for the MEP, strengthening our assertion that
thermodynamically driven processes do not control the bulk of
interstellar abundance ratios.

These results answer calls for further observational tests of the
MEP from theoretical studies investigating the relative energies
of multiple isomer families (Lovas et al. 2010; Karton & Talbi
2014). In particular, Karton & Talbi (2014) explicitly note
that within the C3H2O isomer family, propadienone should be
detected based on the predictions of the MEP and suggest further
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leaves us with the question as to which synthesis routes result
in the formation of cyclopropenone and propynal but not
propadienone.
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In the ISM, dust grains serve as catalysts for much of
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Figure 6. Observed propadienone transitions in PRIMOS data toward Sgr B2(N). Dashed vertical lines indicate the primary +64 km s−1 component (blue) and the
secondary +82 km s−1 component (red).

than for propadienone, despite the fact that it is thermodynam-
ically more stable. Additionally, Lovas et al. (2010) suggest
that in grain–surface reactions, the surrounding ice matrix may
quench excess energy, preventing rearrangement to more ther-
modynamically favorable species such as propadienone. These
results are not limited to our current work, however; previ-
ous studies of other isomer systems such as HNC/HCN have
also suggested the importance of kinetic control in determining
abundance ratios.

The ground state energy of the metastable HNC is 7240 K
above HCN (Bowman et al. 1993). Thus, if Lattelais et al. (2009)
were correct in stating that relative isomeric abundances can be
explained in terms of ground state energies, one would expect
HCN to be much more abundant than HNC. However, observa-
tions by Schilke et al. (1992) of OMC-1 showed an HNC/HCN
ratio of almost unity. Further observations (Padovani et al. 2011;
Hébrard et al. 2012; Aalto et al. 2012) demonstrate that as tem-
peratures decrease, the HNC/HCN ratio increases. Studies by
Herbst et al. (2000) and Graninger et al. (2014) indicate that the
relative abundances of HCN and HNC can best be understood
in terms of kinetic control, specifically that certain destruction
pathways for HNC involving neutral–neutral reactions with H
do not occur at low temperatures due to energy barriers.

We therefore conclude that the MEP does not have substantial
predictive power for determining the most likely isomer to
be observed in a given isomer family, especially in blind
application with no prior knowledge. This suggests that as
next generation capabilities become available, specific emphasis
should be placed on investigating molecules and molecular
reactions under kinetic control, especially when investigating
regions where LTE assumptions are unlikely to hold. With
a better understanding of chemical environments, formation

and destruction mechanisms, and excitation conditions, it may
be possible to apply a modified version of the MEP for
certain isomer families in specific environments, but further
observational and laboratory work is necessary for rigorous
predictions.
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ABSTRACT

Recently, Lattelais et al. have interpreted aggregated observations of molecular isomers to suggest that there
exists a “minimum energy principle,” such that molecular formation will favor more stable molecular isomers for
thermodynamic reasons. To test the predictive power of this principle, we have fully characterized the spectra
of the three isomers of C3H2O toward the well-known molecular region Sgr B2(N). Evidence for the detection
of the isomers cyclopropenone (c-C3H2O) and propynal (HCCCHO) is presented, along with evidence for the
non-detection of the lowest zero-point energy isomer, propadienone (CH2CCO). We interpret these observations as
evidence that chemical formation pathways, which may be under kinetic control, have a more pronounced effect
on final isomer abundances than thermodynamic effects such as the minimum energy principle.

Key words: astrochemistry – ISM: abundances – ISM: clouds – ISM: molecules – molecular processes

1. INTRODUCTION

A long-standing goal of astrochemistry is to understand the
physical and chemical evolution of interstellar sources through
molecular observations. The formation and destruction of com-
plex organic molecules are affected by the source conditions; ob-
served molecular abundance ratios preserve information about
the physical evolution of the region, acting as a chemical finger-
print. Extracting this information has proven to be exceedingly
difficult, however, for even the simplest sources. Due to complex
source structure, incomplete molecular inventories of sources,
vast networks of molecular interactions, and only a partial un-
derstanding of interstellar chemical formation pathways, it is
challenging to create models sufficiently accurate to predict ob-
servations (Quan & Herbst 2007).

Numerous efforts have sought to address these issues by
establishing complete molecular inventories for molecule-rich
sources and characterizing basic conditions and abundances
(e.g., Neill et al. 2014; Crockett et al. 2014), and creating
complete reaction networks with accurate reaction dynamics
(e.g., Garrod et al. 2008; Garrod 2013). Still, the low densities,
low temperatures, and long timescales of molecular processes
in the interstellar medium (ISM) present a significant challenge
to relating laboratory reaction dynamics and mechanisms to
those occurring in the ISM (Laas et al. 2013). Whether the
reactions governing the formation of complex molecules are
primarily under kinetic or thermodynamic control is of particular
interest, as this significantly affects molecular abundance ratios

8 R. A. Loomis was a summer student at the National Radio Astronomy
Observatory.
9 B. A. McGuire is a Jansky Fellow of the National Radio Astronomy
Observatory.
10 C. H. Johnson was a participant in the RET program at the National Radio
Astronomy Observatory.
11 A. Robertson was a summer student at the National Radio Astronomy
Observatory.

and the formation of prebiotically relevant molecules (Garrod
et al. 2008; Lovas et al. 2010).

Observations of molecular isomers provide a unique tool for
directly probing hypotheses about reaction mechanisms in the
ISM, as their formation and destruction routes directly influence
their abundance ratios (Hollis et al. 2006). While this is true for
all molecules, isomers are particularly useful as they present
a similar level of chemical complexity, and have the same
constituent atoms, simplifying the problem tremendously. This
approach has historically proven to be fruitful; hypotheses of
the formation chemistry of HCN led to the detection of its
isomer, HNC (Snyder & Buhl 1971), and comparisons between
the abundances and distributions of conformational isomers
of methyl formate, ethanol, and vinyl alcohol have yielded
important information about their formation pathways (Neill
et al. 2012; Pearson et al. 1997; Turner & Apponi 2001). Thus,
understanding the root causes of molecular abundance ratios
and accurately predicting which isomers are most likely to be
observed is a highly desirable goal. Comparing abundance ratios
with the conversion barriers and zero-point energy differences
between the different isomers can elucidate whether a thermal
process or a kinetically controlled formation mechanism is
primarily responsible in determining the ratio.

Recently, (Lattelais et al. 2009, 2010, 2011) investigated
the relative abundances of 32 detected molecular isomers and
suggested that there exists a “minimum energy principle”
(MEP), generally applicable across a number of astronomical
environments. According to this principle, the isomer with the
lowest zero-point bonding energy (i.e., the most energetically
stable isomer) should be the most abundant, and thus most easily
detected. Lattelais et al. (2009) include a wide variety of sources
in this analysis, including molecular clouds, hot cores/corinos,
photodissociation regions, and asymptotic giant branch stars,
and do not note any differences in trends between these sources.
Importantly, they make no mention of attempting to exclude
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Figure 1. Relative binding energies of the three C3H2O isomers.

sources where LTE assumptions would be unlikely to hold,
and instead assert that LTE effects may be general across all
sources used in their analysis. C4H3N and C2H4O2 are noted
as exceptions to the principle, but are dismissed by calling
the abundance measurements of the former into question and
proposing differential adsorption rates onto grains for the latter
(Lattelais et al. 2009, 2010). However, studies of other common
isomers (e.g., HCN/HNC) have shown that abundances and
emission strength are dependent on the local environment,
suggesting that there must be more to the picture than bonding
energy ratios (see, e.g., Sarrasin et al. 2010, and references
therein). We therefore assert that the chemical formation route
and physical conditions of these species, especially complex
organics, are more significant in establishing relative abundance
ratios than the zero-point bonding energies, and thus the MEP
is not generally applicable as proposed by Lattelais et al. (2009,
2010, 2011).

Toward this end, we have fully characterized the spectra of
the three isomers of C3H2O toward the well-studied molecular
region Sgr B2(N). The relative bonding energies of these isomers
are shown in Figure 1. Based on these bonding energies and
with no other prior knowledge, the MEP would predict the most
stable isomer, propadienone (CH2CCO), to be observed as the
most abundant of the three isomers (Karton & Talbi 2014).
However, propadienone has never been detected toward an
astronomical source, while both propynal and cyclopropenone
have been detected in molecular clouds (Irvine et al. 1988;
Hollis et al. 2006). We present evidence for the detection
of the two higher energy isomers cyclopropenone (c-C3H2O)
and propynal (HCCCHO), along with evidence of the non-
detection of propadienone toward Sgr B2(N). We interpret this
to show that chemical formation pathways, which may be under
kinetic control, have a more pronounced effect on final isomer
abundances than thermodynamic effects such as the MEP.

2. OBSERVATIONS

Sgr B2(N) is one of the preeminent sources for complex
molecule detections, and the majority of all molecules used in
the analysis of Lattelais et al. (2009) have been detected there,
thus it serves as a reasonable source to test the predictions of the
MEP. Sgr B2(N) has a heterogeneous temperature and density
structure, with both a hot-core and a colder, less dense envelope,

yielding multiple velocity components and a complex chemistry
(Belloche et al. 2013). For a full discussion of the effect of this
structure on molecular inventories of the respective regions, see
Neill et al. (2014). Significantly, many of the large complex
organic molecules observed toward Sgr B2(N) (including some
traditionally considered to be hot-core molecules) have been
seen to have sub-thermal emission, with significant non-LTE
effects (Neill et al. 2012; Loomis et al. 2013; Zaleski et al.
2013, and references therein). These molecules have very
low rotational temperatures, suggesting that they are extended
and belong to the envelope, but the non-LTE effects make
determinations of column density and temperature extremely
difficult without collisional cross-sections (Faure et al. 2014).
As all three of the molecules searched for in this study would
be expected to originate in colder environments, these non-LTE
effects are likely very relevant, and are discussed in Section 4.1.

All known strong (predicted to be above the measured noise
limit at a characteristic excitation temperature of 10–50 K)
rotational transitions of cyclopropenone, propynal, and propa-
dienone between 4 GHz and 50 GHz were searched for in pub-
licly available data from the PRIMOS survey of Sgr B2(N), a
NRAO key project on the Robert C. Byrd Green Bank Tele-
scope (GBT) from 2008 January through 2011 July.12 An LSR
source velocity of +64 km s−1 was assumed, and antenna tem-
peratures were recorded on the T ∗

A scale (Ulich & Haas 1976)
with estimated 20% uncertainties. Data were taken in position-
switching mode, with 2 minute scans toward the on position
(αJ2000 = 17h47m19.s8, δJ2000 = −28

◦
22′17.′′0) and toward the

off position, 1
◦

east in azimuth. Additional details of PRIMOS
survey observations can be found in Neill et al. (2012). Rest fre-
quencies for all transitions were obtained from the Splatalogue
database.13,14

3. RESULTS

3.1. Cyclopropenone

Nine low-energy, high line-strength transitions of cyclo-
propenone were identified in absorption in PRIMOS data. Of
these, six had been previously identified by Hollis et al. (2006)
at lower sensitivity and spectral resolution (see Table 1). All
observed transitions were a-type (µa = 4.39(06) D) (Benson
et al. 1973), with six R-branch transitions (∆J = −1) and three
Q-branch (∆J = 0). Three higher energy (J > 4) Q-branch tran-
sitions were not observed. This encompasses all strong transi-
tions within the PRIMOS frequency coverage, with the excep-
tion of the 212–111 transition where observational data were not
available.

All detected transitions were observed at a nominal rest ve-
locity of vLSR = +64 km s−1, with a second, weaker, vLSR =
+82 km s−1 component observed for all transitions other than
101–000; consistent with other molecular detections with the
GBT toward Sgr B2(N) (see, e.g., Hollis et al. 2004a; Remijan
et al. 2008, and references therein). Observations of all Q- and
R-branch transition rest frequencies within the PRIMOS cover-
age are presented in Figures 2 and 3, respectively.

12 Access to the entire PRIMOS data set and specifics on the observing
strategy including the overall frequency coverage, are available at
http://www.cv.nrao.edu/∼aremijan/PRIMOS/.
13 Original laboratory data for PRIMOS frequency ranges are from Benson
et al. (1973), Winnewisser (1973), and Brown et al. (1987). Cyclopropenone
and propadienone frequencies are cataloged through CDMS (Müller et al.
2001, 2005), and propynal through JPL (Pickett et al. 1998).
14 Available at www.splatalogue.net (Remijan et al. 2007).
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Table 3
Observed Transitions of Propadienone

Transition Frequencya,b Eu Sijµ
2 64 km s−1 82 km s−1

J ′
kk–J ′′

kk (MHz) (K) (D2) ∆T ∗
A (mK) ∆V (km s−1) ∆T ∗

A (mK) ∆V (km s−1)

101–000 8645.16 0.41 4.65 <3.4 . . . <3.4 . . .

212–111 17164.49 8.39 20.92 No data . . . No data . . .

202–101 17290.18 1.24 9.30 No data . . . No data . . .

211–110 17422.33 8.41 20.92 No data . . . No data . . .

313–212 25746.59 9.63 37.19 <3.4 . . . <3.4 . . .

303–202 25934.97 2.49 13.95 <3.6 . . . <3.6 . . .

312–211 26133.34 9.66 37.19 <5.4 . . . <5.4 . . .

414–313 34328.55 11.27 52.29 <3.3 . . . <3.3 . . .

404–303 34579.38 4.15 18.60 <8.0 . . . <8.0 . . .

413–312 34844.16 11.34 52.29 <9.2 . . . <9.2 . . .

515–414 42910.28 13.33 66.93 <6.9 . . . <6.9 . . .

505–404 43223.30 6.22 23.24 <8.6 . . . <8.6 . . .

514–413 43554.72 13.43 66.94 <7.6 . . . <7.6 . . .

Notes.
a Beam sizes, efficiencies, and continuum temperatures for each respective frequency can be found in Hollis et al. (2007).
b Rest frequencies are all taken from Splatalogue; see Section 2 for complete references.

Figure 5. Observed propynal b-type transitions in PRIMOS data toward
Sgr B2(N). Dashed vertical lines indicate the primary +64 km s−1 component
(blue) and the secondary +82 km s−1 component (red).

and that propynal is formed in the bulk by carbon monoxide and
acetylene through a radical pair reaction, i.e.,

CO + C2H2 → [HCO − CCH]∗ → HCCCHO. (2)

Zhou et al. (2008) found that cosmic ray protons (∼10 MeV)
are likely the source of energy that drives these reactions, in-
ducing a C–H cleavage in collisions with acetylene that initiates

reactions (1) and (2). Experimental results from ultra-high vac-
uum irradiation of ice samples showed that the two metastable
isomers of C3H2O were produced, with only a tentative detec-
tion of propadienone. The molecules formed in this way can then
enrich the gas-phase abundance through sublimation, a particu-
larly likely scenario in star-forming regions such as Sgr B2(N).

4.2. Gas-phase Formation Chemistry

In addition to formation pathways involving grain chemistry,
there are several gas-phase reactions that are thought to produce
cyclopropenone and propynal, but no feasible reactions have
been proposed for propadienone production (Kwon et al. 2006;
Petrie 1995; Irvine et al. 1988). A study by Quan & Herbst
(2007) attempted, in part, to reproduce the observed abundance
of c-C3H2O in Sgr B2(N). Their network included the gas-phase
formation pathway:

C3H+ + H2 → c − C3H+
3 + hν (3)

c − C3H+
3 + e− → c − C3H2 + H (4)

c − C3H2 + O(3P ) → c − C3H2O. (5)

Recently, the reactant C3H+ in reaction (3) was detected
in Sgr B2(N), suggesting the validity of this gas-phase for-
mation route as a possible source of C3H2 (McGuire et al.
2013). The abundance of the cyclic form of C3H2 has been
estimated to be 50–150 times greater than the linear form
of C3H2 toward Sgr B2(N) (Cernicharo et al. 1999), sug-
gesting that it has the potential to be a parent molecule of
c-C3H2O (Matthews & Irvine 1985). The model of Quan &
Herbst (2007) was unable to reproduce the observed abundance
of c-C3H2O in Sgr B2(N), but this is not too surprising, given
that they did not include grain–surface reactions for the forma-
tion of cyclopropenone in their network.

4.3. Interpretation of This Case Study and Conclusions

From this collection of reactions, a picture emerges in
Sgr B2(N) that there are simply more non-equilibrium forma-
tion pathways for propynal and cyclopropenone (gas and grain)
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ABSTRACT

Recently, Lattelais et al. have interpreted aggregated observations of molecular isomers to suggest that there
exists a “minimum energy principle,” such that molecular formation will favor more stable molecular isomers for
thermodynamic reasons. To test the predictive power of this principle, we have fully characterized the spectra
of the three isomers of C3H2O toward the well-known molecular region Sgr B2(N). Evidence for the detection
of the isomers cyclopropenone (c-C3H2O) and propynal (HCCCHO) is presented, along with evidence for the
non-detection of the lowest zero-point energy isomer, propadienone (CH2CCO). We interpret these observations as
evidence that chemical formation pathways, which may be under kinetic control, have a more pronounced effect
on final isomer abundances than thermodynamic effects such as the minimum energy principle.
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1. INTRODUCTION

A long-standing goal of astrochemistry is to understand the
physical and chemical evolution of interstellar sources through
molecular observations. The formation and destruction of com-
plex organic molecules are affected by the source conditions; ob-
served molecular abundance ratios preserve information about
the physical evolution of the region, acting as a chemical finger-
print. Extracting this information has proven to be exceedingly
difficult, however, for even the simplest sources. Due to complex
source structure, incomplete molecular inventories of sources,
vast networks of molecular interactions, and only a partial un-
derstanding of interstellar chemical formation pathways, it is
challenging to create models sufficiently accurate to predict ob-
servations (Quan & Herbst 2007).

Numerous efforts have sought to address these issues by
establishing complete molecular inventories for molecule-rich
sources and characterizing basic conditions and abundances
(e.g., Neill et al. 2014; Crockett et al. 2014), and creating
complete reaction networks with accurate reaction dynamics
(e.g., Garrod et al. 2008; Garrod 2013). Still, the low densities,
low temperatures, and long timescales of molecular processes
in the interstellar medium (ISM) present a significant challenge
to relating laboratory reaction dynamics and mechanisms to
those occurring in the ISM (Laas et al. 2013). Whether the
reactions governing the formation of complex molecules are
primarily under kinetic or thermodynamic control is of particular
interest, as this significantly affects molecular abundance ratios

8 R. A. Loomis was a summer student at the National Radio Astronomy
Observatory.
9 B. A. McGuire is a Jansky Fellow of the National Radio Astronomy
Observatory.
10 C. H. Johnson was a participant in the RET program at the National Radio
Astronomy Observatory.
11 A. Robertson was a summer student at the National Radio Astronomy
Observatory.

and the formation of prebiotically relevant molecules (Garrod
et al. 2008; Lovas et al. 2010).

Observations of molecular isomers provide a unique tool for
directly probing hypotheses about reaction mechanisms in the
ISM, as their formation and destruction routes directly influence
their abundance ratios (Hollis et al. 2006). While this is true for
all molecules, isomers are particularly useful as they present
a similar level of chemical complexity, and have the same
constituent atoms, simplifying the problem tremendously. This
approach has historically proven to be fruitful; hypotheses of
the formation chemistry of HCN led to the detection of its
isomer, HNC (Snyder & Buhl 1971), and comparisons between
the abundances and distributions of conformational isomers
of methyl formate, ethanol, and vinyl alcohol have yielded
important information about their formation pathways (Neill
et al. 2012; Pearson et al. 1997; Turner & Apponi 2001). Thus,
understanding the root causes of molecular abundance ratios
and accurately predicting which isomers are most likely to be
observed is a highly desirable goal. Comparing abundance ratios
with the conversion barriers and zero-point energy differences
between the different isomers can elucidate whether a thermal
process or a kinetically controlled formation mechanism is
primarily responsible in determining the ratio.

Recently, (Lattelais et al. 2009, 2010, 2011) investigated
the relative abundances of 32 detected molecular isomers and
suggested that there exists a “minimum energy principle”
(MEP), generally applicable across a number of astronomical
environments. According to this principle, the isomer with the
lowest zero-point bonding energy (i.e., the most energetically
stable isomer) should be the most abundant, and thus most easily
detected. Lattelais et al. (2009) include a wide variety of sources
in this analysis, including molecular clouds, hot cores/corinos,
photodissociation regions, and asymptotic giant branch stars,
and do not note any differences in trends between these sources.
Importantly, they make no mention of attempting to exclude
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Figure 6. Observed propadienone transitions in PRIMOS data toward Sgr B2(N). Dashed vertical lines indicate the primary +64 km s−1 component (blue) and the
secondary +82 km s−1 component (red).

than for propadienone, despite the fact that it is thermodynam-
ically more stable. Additionally, Lovas et al. (2010) suggest
that in grain–surface reactions, the surrounding ice matrix may
quench excess energy, preventing rearrangement to more ther-
modynamically favorable species such as propadienone. These
results are not limited to our current work, however; previ-
ous studies of other isomer systems such as HNC/HCN have
also suggested the importance of kinetic control in determining
abundance ratios.

The ground state energy of the metastable HNC is 7240 K
above HCN (Bowman et al. 1993). Thus, if Lattelais et al. (2009)
were correct in stating that relative isomeric abundances can be
explained in terms of ground state energies, one would expect
HCN to be much more abundant than HNC. However, observa-
tions by Schilke et al. (1992) of OMC-1 showed an HNC/HCN
ratio of almost unity. Further observations (Padovani et al. 2011;
Hébrard et al. 2012; Aalto et al. 2012) demonstrate that as tem-
peratures decrease, the HNC/HCN ratio increases. Studies by
Herbst et al. (2000) and Graninger et al. (2014) indicate that the
relative abundances of HCN and HNC can best be understood
in terms of kinetic control, specifically that certain destruction
pathways for HNC involving neutral–neutral reactions with H
do not occur at low temperatures due to energy barriers.

We therefore conclude that the MEP does not have substantial
predictive power for determining the most likely isomer to
be observed in a given isomer family, especially in blind
application with no prior knowledge. This suggests that as
next generation capabilities become available, specific emphasis
should be placed on investigating molecules and molecular
reactions under kinetic control, especially when investigating
regions where LTE assumptions are unlikely to hold. With
a better understanding of chemical environments, formation

and destruction mechanisms, and excitation conditions, it may
be possible to apply a modified version of the MEP for
certain isomer families in specific environments, but further
observational and laboratory work is necessary for rigorous
predictions.
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ABSTRACT

Recently, Lattelais et al. have interpreted aggregated observations of molecular isomers to suggest that there
exists a “minimum energy principle,” such that molecular formation will favor more stable molecular isomers for
thermodynamic reasons. To test the predictive power of this principle, we have fully characterized the spectra
of the three isomers of C3H2O toward the well-known molecular region Sgr B2(N). Evidence for the detection
of the isomers cyclopropenone (c-C3H2O) and propynal (HCCCHO) is presented, along with evidence for the
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on final isomer abundances than thermodynamic effects such as the minimum energy principle.
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1. INTRODUCTION

A long-standing goal of astrochemistry is to understand the
physical and chemical evolution of interstellar sources through
molecular observations. The formation and destruction of com-
plex organic molecules are affected by the source conditions; ob-
served molecular abundance ratios preserve information about
the physical evolution of the region, acting as a chemical finger-
print. Extracting this information has proven to be exceedingly
difficult, however, for even the simplest sources. Due to complex
source structure, incomplete molecular inventories of sources,
vast networks of molecular interactions, and only a partial un-
derstanding of interstellar chemical formation pathways, it is
challenging to create models sufficiently accurate to predict ob-
servations (Quan & Herbst 2007).

Numerous efforts have sought to address these issues by
establishing complete molecular inventories for molecule-rich
sources and characterizing basic conditions and abundances
(e.g., Neill et al. 2014; Crockett et al. 2014), and creating
complete reaction networks with accurate reaction dynamics
(e.g., Garrod et al. 2008; Garrod 2013). Still, the low densities,
low temperatures, and long timescales of molecular processes
in the interstellar medium (ISM) present a significant challenge
to relating laboratory reaction dynamics and mechanisms to
those occurring in the ISM (Laas et al. 2013). Whether the
reactions governing the formation of complex molecules are
primarily under kinetic or thermodynamic control is of particular
interest, as this significantly affects molecular abundance ratios
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and the formation of prebiotically relevant molecules (Garrod
et al. 2008; Lovas et al. 2010).

Observations of molecular isomers provide a unique tool for
directly probing hypotheses about reaction mechanisms in the
ISM, as their formation and destruction routes directly influence
their abundance ratios (Hollis et al. 2006). While this is true for
all molecules, isomers are particularly useful as they present
a similar level of chemical complexity, and have the same
constituent atoms, simplifying the problem tremendously. This
approach has historically proven to be fruitful; hypotheses of
the formation chemistry of HCN led to the detection of its
isomer, HNC (Snyder & Buhl 1971), and comparisons between
the abundances and distributions of conformational isomers
of methyl formate, ethanol, and vinyl alcohol have yielded
important information about their formation pathways (Neill
et al. 2012; Pearson et al. 1997; Turner & Apponi 2001). Thus,
understanding the root causes of molecular abundance ratios
and accurately predicting which isomers are most likely to be
observed is a highly desirable goal. Comparing abundance ratios
with the conversion barriers and zero-point energy differences
between the different isomers can elucidate whether a thermal
process or a kinetically controlled formation mechanism is
primarily responsible in determining the ratio.

Recently, (Lattelais et al. 2009, 2010, 2011) investigated
the relative abundances of 32 detected molecular isomers and
suggested that there exists a “minimum energy principle”
(MEP), generally applicable across a number of astronomical
environments. According to this principle, the isomer with the
lowest zero-point bonding energy (i.e., the most energetically
stable isomer) should be the most abundant, and thus most easily
detected. Lattelais et al. (2009) include a wide variety of sources
in this analysis, including molecular clouds, hot cores/corinos,
photodissociation regions, and asymptotic giant branch stars,
and do not note any differences in trends between these sources.
Importantly, they make no mention of attempting to exclude
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Figure 1. Relative binding energies of the three C3H2O isomers.

sources where LTE assumptions would be unlikely to hold,
and instead assert that LTE effects may be general across all
sources used in their analysis. C4H3N and C2H4O2 are noted
as exceptions to the principle, but are dismissed by calling
the abundance measurements of the former into question and
proposing differential adsorption rates onto grains for the latter
(Lattelais et al. 2009, 2010). However, studies of other common
isomers (e.g., HCN/HNC) have shown that abundances and
emission strength are dependent on the local environment,
suggesting that there must be more to the picture than bonding
energy ratios (see, e.g., Sarrasin et al. 2010, and references
therein). We therefore assert that the chemical formation route
and physical conditions of these species, especially complex
organics, are more significant in establishing relative abundance
ratios than the zero-point bonding energies, and thus the MEP
is not generally applicable as proposed by Lattelais et al. (2009,
2010, 2011).

Toward this end, we have fully characterized the spectra of
the three isomers of C3H2O toward the well-studied molecular
region Sgr B2(N). The relative bonding energies of these isomers
are shown in Figure 1. Based on these bonding energies and
with no other prior knowledge, the MEP would predict the most
stable isomer, propadienone (CH2CCO), to be observed as the
most abundant of the three isomers (Karton & Talbi 2014).
However, propadienone has never been detected toward an
astronomical source, while both propynal and cyclopropenone
have been detected in molecular clouds (Irvine et al. 1988;
Hollis et al. 2006). We present evidence for the detection
of the two higher energy isomers cyclopropenone (c-C3H2O)
and propynal (HCCCHO), along with evidence of the non-
detection of propadienone toward Sgr B2(N). We interpret this
to show that chemical formation pathways, which may be under
kinetic control, have a more pronounced effect on final isomer
abundances than thermodynamic effects such as the MEP.

2. OBSERVATIONS

Sgr B2(N) is one of the preeminent sources for complex
molecule detections, and the majority of all molecules used in
the analysis of Lattelais et al. (2009) have been detected there,
thus it serves as a reasonable source to test the predictions of the
MEP. Sgr B2(N) has a heterogeneous temperature and density
structure, with both a hot-core and a colder, less dense envelope,

yielding multiple velocity components and a complex chemistry
(Belloche et al. 2013). For a full discussion of the effect of this
structure on molecular inventories of the respective regions, see
Neill et al. (2014). Significantly, many of the large complex
organic molecules observed toward Sgr B2(N) (including some
traditionally considered to be hot-core molecules) have been
seen to have sub-thermal emission, with significant non-LTE
effects (Neill et al. 2012; Loomis et al. 2013; Zaleski et al.
2013, and references therein). These molecules have very
low rotational temperatures, suggesting that they are extended
and belong to the envelope, but the non-LTE effects make
determinations of column density and temperature extremely
difficult without collisional cross-sections (Faure et al. 2014).
As all three of the molecules searched for in this study would
be expected to originate in colder environments, these non-LTE
effects are likely very relevant, and are discussed in Section 4.1.

All known strong (predicted to be above the measured noise
limit at a characteristic excitation temperature of 10–50 K)
rotational transitions of cyclopropenone, propynal, and propa-
dienone between 4 GHz and 50 GHz were searched for in pub-
licly available data from the PRIMOS survey of Sgr B2(N), a
NRAO key project on the Robert C. Byrd Green Bank Tele-
scope (GBT) from 2008 January through 2011 July.12 An LSR
source velocity of +64 km s−1 was assumed, and antenna tem-
peratures were recorded on the T ∗

A scale (Ulich & Haas 1976)
with estimated 20% uncertainties. Data were taken in position-
switching mode, with 2 minute scans toward the on position
(αJ2000 = 17h47m19.s8, δJ2000 = −28

◦
22′17.′′0) and toward the

off position, 1
◦

east in azimuth. Additional details of PRIMOS
survey observations can be found in Neill et al. (2012). Rest fre-
quencies for all transitions were obtained from the Splatalogue
database.13,14

3. RESULTS

3.1. Cyclopropenone

Nine low-energy, high line-strength transitions of cyclo-
propenone were identified in absorption in PRIMOS data. Of
these, six had been previously identified by Hollis et al. (2006)
at lower sensitivity and spectral resolution (see Table 1). All
observed transitions were a-type (µa = 4.39(06) D) (Benson
et al. 1973), with six R-branch transitions (∆J = −1) and three
Q-branch (∆J = 0). Three higher energy (J > 4) Q-branch tran-
sitions were not observed. This encompasses all strong transi-
tions within the PRIMOS frequency coverage, with the excep-
tion of the 212–111 transition where observational data were not
available.

All detected transitions were observed at a nominal rest ve-
locity of vLSR = +64 km s−1, with a second, weaker, vLSR =
+82 km s−1 component observed for all transitions other than
101–000; consistent with other molecular detections with the
GBT toward Sgr B2(N) (see, e.g., Hollis et al. 2004a; Remijan
et al. 2008, and references therein). Observations of all Q- and
R-branch transition rest frequencies within the PRIMOS cover-
age are presented in Figures 2 and 3, respectively.

12 Access to the entire PRIMOS data set and specifics on the observing
strategy including the overall frequency coverage, are available at
http://www.cv.nrao.edu/∼aremijan/PRIMOS/.
13 Original laboratory data for PRIMOS frequency ranges are from Benson
et al. (1973), Winnewisser (1973), and Brown et al. (1987). Cyclopropenone
and propadienone frequencies are cataloged through CDMS (Müller et al.
2001, 2005), and propynal through JPL (Pickett et al. 1998).
14 Available at www.splatalogue.net (Remijan et al. 2007).
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Table 4

Unidentified features in the Sgr B2(N), W49, and Orion KL data.

Frequency
(MHz) Sgr B2(N) W49 Orion KL VY CMa NGC 2023 IRC+10216 GGD 27

7724.8 E · · · · · · · · · · · · · · · · · ·
7761.7 A · · · · · · · · · · · · · · · · · ·
7762.1 A · · · · · · · · · · · · · · · · · ·
7820.1 A · · · · · · · · · · · · · · · · · ·
7925.6 A · · · · · · · · · · · · · · · · · ·
7949.1 A · · · · · · · · · · · · · · · · · ·
8009.0 - E · · · - - - -
8136.1 A E⇤ · · · - - - -
8189.7 A - · · · - - - -
8237.4 - E · · · - - - -
8523.0 - E⇤ E - - - -
8601.1 A - - - - - -
8635.2 - E⇤ E - - - -
8752.5 E E⇤ · · · - - - -
8975.3 - E · · · - - - -
9029.7 - E E - - - -
9050.7 A - - - - - -
9110.0 A - - - - - -
9133.7 - E E - - - -
9153.3 E - - - - - -
9181.8 E E E - - - -
9207.5 A - · · · - - - -
9381.5 - - - A - - -
9383.1 - - - A - - -
9383.8 - - - A - - -
9423.4 A - · · · - - - -
9516.8 A - · · · - - - -
9578.7 A - · · · - - - -
9611.1 A E⇤ · · · - - - -
9630.2 - E · · · - - - -
9697.1 E E · · · - - - -
9754.9 E - · · · - - - -
9852.0 A - · · · - - - -
9907.7 A - E⇤ - - - -
9910.9 - E E - - - -
9997.0 - E⇤ E - - - -
9999.1 E - - - - - -
10082.0 A · · · · · · · · · · · · · · · · · ·
10278.2 E · · · · · · · · · · · · · · · · · ·
10339.4 E · · · · · · · · · · · · · · · · · ·
10462.3 A · · · · · · · · · · · · · · · · · ·
10688.0 A · · · · · · · · · · · · · · · · · ·

⇤Tentative detection.

7



W H A T ’ S  A H E A D ?

Table 4

Unidentified features in the Sgr B2(N), W49, and Orion KL data.

Frequency
(MHz) Sgr B2(N) W49 Orion KL VY CMa NGC 2023 IRC+10216 GGD 27

7724.8 E · · · · · · · · · · · · · · · · · ·
7761.7 A · · · · · · · · · · · · · · · · · ·
7762.1 A · · · · · · · · · · · · · · · · · ·
7820.1 A · · · · · · · · · · · · · · · · · ·
7925.6 A · · · · · · · · · · · · · · · · · ·
7949.1 A · · · · · · · · · · · · · · · · · ·
8009.0 - E · · · - - - -
8136.1 A E⇤ · · · - - - -
8189.7 A - · · · - - - -
8237.4 - E · · · - - - -
8523.0 - E⇤ E - - - -
8601.1 A - - - - - -
8635.2 - E⇤ E - - - -
8752.5 E E⇤ · · · - - - -
8975.3 - E · · · - - - -
9029.7 - E E - - - -
9050.7 A - - - - - -
9110.0 A - - - - - -
9133.7 - E E - - - -
9153.3 E - - - - - -
9181.8 E E E - - - -
9207.5 A - · · · - - - -
9381.5 - - - A - - -
9383.1 - - - A - - -
9383.8 - - - A - - -
9423.4 A - · · · - - - -
9516.8 A - · · · - - - -
9578.7 A - · · · - - - -
9611.1 A E⇤ · · · - - - -
9630.2 - E · · · - - - -
9697.1 E E · · · - - - -
9754.9 E - · · · - - - -
9852.0 A - · · · - - - -
9907.7 A - E⇤ - - - -
9910.9 - E E - - - -
9997.0 - E⇤ E - - - -
9999.1 E - - - - - -
10082.0 A · · · · · · · · · · · · · · · · · ·
10278.2 E · · · · · · · · · · · · · · · · · ·
10339.4 E · · · · · · · · · · · · · · · · · ·
10462.3 A · · · · · · · · · · · · · · · · · ·
10688.0 A · · · · · · · · · · · · · · · · · ·

⇤Tentative detection.
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ABSTRACT

We have performed reaction product screening measurements using broadband rotational spectroscopy to identify
rotational transition matches between laboratory spectra and the Green Bank Telescope PRIMOS radio astronomy
survey spectra in Sagittarius B2 North (Sgr B2(N)). The broadband rotational spectrum of molecules created in an
electrical discharge of CH3CN and H2S contained several frequency matches to unidentified features in the PRIMOS
survey that did not have molecular assignments based on standard radio astronomy spectral catalogs. Several of
these transitions are assigned to the E- and Z-isomers of ethanimine. Global fits of the rotational spectra of these
isomers in the range of 8–130 GHz have been performed for both isomers using previously published mm-wave
spectroscopy measurements and the microwave measurements of the current study. Possible interstellar chemistry
formation routes for E-ethanimine and Z-ethanimine are discussed. The detection of ethanimine is significant
because of its possible role in the formation of alanine—one of the twenty amino acids in the genetic code.

Key words: catalogs – ISM: abundances – ISM: individual objects (SgrB2N) – ISM: molecules – methods:
laboratory – surveys

Online-only material: color figures

1. INTRODUCTION

The availability of broadband radio astronomy spectral line
surveys with high sensitivity and high spectral resolution has
greatly aided the identification of new molecular species in as-
tronomical environments and helped advance the understand-
ing of interstellar reaction processes (Belloche et al. 2008,
2009; Herbst & van Dishoeck 2009; Neill et al. 2012b). Recent
technological advances in radio astronomy, in both receiver
technology and high-speed digital electronics, have significantly
increased observational data throughput. New technologies at
facilities such as the Robert C. Byrd Green Bank Telescope
(GBT), the Karl G. Jansky Very Large Array (VLA), and the
Atacama Large Millimeter/Submillimeter Array (ALMA) al-
low for high sensitivity to be reached over a wide bandwidth
on short timescales (e.g., ∼5 mK rms over 3.2 GHz bandwidth
at Ku band in 15 minutes using the GBT). As a result, the
availability of high-quality radio astronomy survey spectra is
expected to dramatically increase in the next few years. These
data sets permit the analysis of column densities of both high-
and low-abundance molecules and the ability to characterize
the physical and chemical conditions in astronomical sources
on a variety of spatial scales (see, e.g., Fortman 2011; Fortman
et al. 2012; Neill et al. 2012a). The rapid increase in the volume
of observational data presents challenges to the astrochemistry
community to develop data and laboratory analysis techniques
that are compatible with the new data rates of radio astronomy.

Some of the key technology advances in radio astronomy,
especially in the area of high-speed digital signal processing,
have also enabled a new generation of laboratory rotational

spectroscopy techniques that offer a similar increase in
data throughput. Chirped-Pulse Fourier Transform Microwave
(CP-FTMW) spectroscopy (Gordon et al. 2008) is a broadband
molecular rotational spectroscopy technique that allows deep
averaging over large spectral bandwidths (>10 GHz) to yield
an experimental “survey spectrum” with high dynamic range
(Marshall et al. 2012; Park et al. 2011; Steber et al. 2011).
This technology allows laboratory spectroscopy to move be-
yond the traditional “targeted search” model where the focus is
on the production and spectroscopic characterization of a single
chemical species of possible astrochemical interest. Instead, it
is feasible to perform “reaction product screening” experiments
where high-abundance interstellar molecules are subjected to re-
active conditions and the complex mixture of product molecules
is simultaneously characterized by rotational spectroscopy. The
combination of broadband spectral surveys from radio astron-
omy and the laboratory provide a new way to mine these data
sets and identify new interstellar molecules through rapid iden-
tification of spectral overlaps in the laboratory with the numer-
ous unassigned spectral features in the radio astronomy spectra
(Remijan 2009).

The GBT PRebiotic Interstellar MOlecule Survey (PRIMOS)
Legacy Project was undertaken in 2008 to provide complete
spectral line data between 300 MHz and 50 GHz toward the Sgr
B2(N) pointing position—the preeminent region in the Galaxy
for molecular line studies (see, e.g., Nummelin et al. 1998;
Turner 1991; Cummins et al. 1986 and references therein).8

8 Access to the entire PRIMOS data set and specifics on the observing
strategy, including the overall frequency coverage, is available at
http://www.cv.nrao.edu/∼aremijan/PRIMOS/
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Figure 1. Interstellar spectra from the GBT PRIMOS survey for E-ethanimine transitions. Relative intensity markers are shown where hyperfine splitting is expected,
with the A torsional state in blue and the E torsional state in red.
(A color version of this figure is available in the online journal.)
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with the A torsional state in blue and the E torsional state in red. In panel (e), the + 64 km s−1 velocity component in absorption is blended with 404–303 E transition
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(A color version of this figure is available in the online journal.)

unambiguously establish the presence of both the E- and
Z- isomers of ethanimine toward SgrB2(N).

4. DISCUSSION

4.1. Temperature and Column Density Determination

The excitation temperature and total beam-averaged column
density for E- and Z-ethanimine were determined using the for-
malism described in Remijan et al. (2005) for all measured
absorption line features, assuming optically thin emission and a
beam filling factor of unity. Using the spectral line parameters
given in Table 1, a best-fit temperature of 6(2) K and column
density of 2.3(5) × 1013 cm−2 were determined for Z-ethanimine

by a linear least-squares method. This cold rotational temper-
ature is typical of other nitriles and nitrile derivatives in Sgr
B2(N) (Zaleski et al. 2013; Remijan et al. 2005) and possibly
indicates sub-thermal behavior, where the rotational tempera-
ture observed is lower than the kinetic temperature.

Although Z-ethanimine was best fit with this model, no sin-
gle temperature was able to fit all features of E-ethanimine. This
behavior may be partially explained by a failure of the assump-
tions of beam filling and a local continuum temperature equal
to that measured by the GBT.11 However, these explanations

11 Measured continuum temperatures for the Sgr B2(N) region as measured by
the GBT from the PRIMOS data can be found in Hollis et al. (2007).
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do not account for the presence of some E-ethanimine transi-
tions in emission while others are in absorption. The 303–212
and 404–313 transitions of E-ethanimine observed in emission
are the only b-type transitions with Ka = 0 in the excited state,
while all other b-type transitions have Ka = 1 in the excited
state, suggesting higher excitation temperatures for the ∆Ka =
+ 1 transitions, or a possible population inversion. If a pump-
ing mechanism (either collisional or radiative) is responsible
for a population inversion, or the excitation temperatures differ,
a local thermal equilibrium (LTE) model such as the one used
would not fit the data.

Using a fixed temperature of 6 K for E-ethanimine, a column
density of ∼7 × 1013 cm−2 was determined for the transitions
in absorption, which is similar to the Z-ethanimine column den-
sity. The observation of both isomers is consistent with forma-
tion chemistry under kinetic control. Ab initio calculations at
MP2/6–311++G(d,p) level of theory (using Gaussian09W;
Frisch et al. 2009) give E-ethanimine as the lower energy con-
former by 4.24 kJ mol−1 (510 K) with a barrier to isomerization
to the less stable Z-ethanimine of 134 kJ mol−1. Once formed,
it would be unlikely that Z-ethanimine could isomerize to the
more stable form under interstellar conditions.

4.2. Formation Mechanism

There is strong experimental evidence that ethanimine can
be produced on ices from its parent nitrile, CH3CN. The
reaction mechanism, which converts a parent nitrile (R-CN)
to its corresponding primary aldimine (R-CH=NH), involves
sequential hydrogen atom addition to the nitrile, and has
previously been proposed as a possible formation route for
methanimine (CH2NH) (Dickens et al. 1997; Woon 2002). The
first hydrogen atom addition in this reaction has a barrier, which

has been calculated for the formation of methanimine to be
7.3 kJ mol−1 (873 K) (Woon 2002). The second hydrogen
atom addition is a radical–radical reaction which is expected
to proceed with essentially no barrier.

A number of studies have provided experimental evidence
for such a mechanism. A previous study of hydrogen atom ad-
ditions to CH3CN in ices at 77 K identified the production
of the radical intermediate, CH3CH=N• (Svejda & Volman
1970). In this experiment, hydrogen atoms were created within
the ice by photodissociating co-deposited HI with UV exci-
tation, and electron paramagnetic resonance spectroscopy was
employed, which exclusively detects the presence of the radi-
cal. Other recent studies with a focus on interstellar ice chem-
istry have shown that sequential hydrogen atom additions occur
for both HCN and CH3CN (Theule et al. 2011; Hudson et al.
2008), with only the final fully hydrogenated products observed
(R-CH2-NH2, with R = H for HCN and R = CH3 for CH3CN as
the parent nitriles). These results show that the hydrogen atom
addition reactions that convert nitriles to primary aldimines are
feasible, but also that the final distribution of products will be
significantly affected by the amount of atomic hydrogen present.

4.3. Implications for Prebiotic Chemistry

The identification of synthetic methods to produce amino
acids from simple chemical precursors is an active area of
astrobiology. Experiments using UV radiation of simple ices
composed of high-abundance interstellar molecules have shown
that amino acids can be formed and that there are likely several
responsible mechanisms (Bernstein et al. 2002; Munoz Caro
et al. 2002). Many studies have tested the feasibility of a
synthetic route in interstellar ices based on the well-known
Strecker synthesis of amino acids from aldehydes and ketones in
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surveys with high sensitivity and high spectral resolution has
greatly aided the identification of new molecular species in as-
tronomical environments and helped advance the understand-
ing of interstellar reaction processes (Belloche et al. 2008,
2009; Herbst & van Dishoeck 2009; Neill et al. 2012b). Recent
technological advances in radio astronomy, in both receiver
technology and high-speed digital electronics, have significantly
increased observational data throughput. New technologies at
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at Ku band in 15 minutes using the GBT). As a result, the
availability of high-quality radio astronomy survey spectra is
expected to dramatically increase in the next few years. These
data sets permit the analysis of column densities of both high-
and low-abundance molecules and the ability to characterize
the physical and chemical conditions in astronomical sources
on a variety of spatial scales (see, e.g., Fortman 2011; Fortman
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community to develop data and laboratory analysis techniques
that are compatible with the new data rates of radio astronomy.

Some of the key technology advances in radio astronomy,
especially in the area of high-speed digital signal processing,
have also enabled a new generation of laboratory rotational

spectroscopy techniques that offer a similar increase in
data throughput. Chirped-Pulse Fourier Transform Microwave
(CP-FTMW) spectroscopy (Gordon et al. 2008) is a broadband
molecular rotational spectroscopy technique that allows deep
averaging over large spectral bandwidths (>10 GHz) to yield
an experimental “survey spectrum” with high dynamic range
(Marshall et al. 2012; Park et al. 2011; Steber et al. 2011).
This technology allows laboratory spectroscopy to move be-
yond the traditional “targeted search” model where the focus is
on the production and spectroscopic characterization of a single
chemical species of possible astrochemical interest. Instead, it
is feasible to perform “reaction product screening” experiments
where high-abundance interstellar molecules are subjected to re-
active conditions and the complex mixture of product molecules
is simultaneously characterized by rotational spectroscopy. The
combination of broadband spectral surveys from radio astron-
omy and the laboratory provide a new way to mine these data
sets and identify new interstellar molecules through rapid iden-
tification of spectral overlaps in the laboratory with the numer-
ous unassigned spectral features in the radio astronomy spectra
(Remijan 2009).

The GBT PRebiotic Interstellar MOlecule Survey (PRIMOS)
Legacy Project was undertaken in 2008 to provide complete
spectral line data between 300 MHz and 50 GHz toward the Sgr
B2(N) pointing position—the preeminent region in the Galaxy
for molecular line studies (see, e.g., Nummelin et al. 1998;
Turner 1991; Cummins et al. 1986 and references therein).8

8 Access to the entire PRIMOS data set and specifics on the observing
strategy, including the overall frequency coverage, is available at
http://www.cv.nrao.edu/∼aremijan/PRIMOS/

1

The Astrophysical Journal Letters, 765:L9 (7pp), 2013 March 1 Loomis et al.

CH3OH + H2O

NH3

COOH

HCN

UV HydrolysisUV

,

UV UV

2H

Hydrolysis

UV

2H

UV

H

UV

UV

COOH

R-CH H2N-CH-CN H2N-CH-COOH
O

R-CH2OH
R R

R-CN H2N-CH-COOHR-CHNH R-CH2NH2

R

NC-CH-NH2 HOOC-CH-NH2R-CN R-CHNH
RR

HCN

Bernstein Strecker:

Woon Radical-Radical:

Elsila Modified Nitrile:

Figure 4. Possible formation routes of amino acids, showing isotopically labeled
atoms from Elsila et al. (2007) in bold red.
(A color version of this figure is available in the online journal.)

the presence of ammonia, HCN, and water (Elsila et al. 2007 and
references therein). Amino acids have been detected following
hydrolysis of UV-irradiated model interstellar ices containing
the precursors necessary for a Strecker-like synthesis, with
methanol converted to an aldehyde as the first step of the route,
as shown in the top panel of Figure 4 (Bernstein et al. 1995).

It has been shown, however, that the presence of alcohols in
ices is not necessary for amino acid production (Elsila et al.
2007). Additional measurements in this study using isotopic
labeling showed that the major final product is inconsistent
with the Strecker synthesis, with the amino nitrogen of the
major product not derived from NH3 as required in the Strecker
synthesis. Woon (2002) presented a proposal for amino acid
synthesis using sequential hydrogen atom addition to the nitrile
to form an aldimine, with a further second hydrogen atom
addition step to form an amine radical. A final radical–radical
reaction with COOH (from formic acid—a known interstellar
species) would create the amino acid, as shown in the middle
panel of Figure 4. Elsila et al. (2007), however, point out that the
second step of the Woon proposal is also inconsistent with their
isotopic data, suggesting instead that if the primary aldimine
produced in the Woon mechanism undergoes HCN addition to
create the amino-nitrile, then the resultant amino acid has an
isotopic labeling pattern consistent with experiment, shown in
the bottom panel of Figure 4.

In this mechanism for amino acid formation, the key step is
the formation of a primary aldimine that can be co-deposited
in the interstellar ice with HCN to permit subsequent formation
of the aminonitrile precursor. As the amino acids in the experi-
mental work are not observed directly in the ices but rather only
after the subsequent hydrolysis step, the aminonitriles may serve
as a reservoir species. This mechanism for amino acid forma-
tion has the advantage that the aminonitrile is more photostable
than the corresponding amino acid, increasing the chances that it
would be delivered to a newly formed planet for subsequent con-
version to the amino acid by hydrolysis (Chyba & Sagan 1992;
Bernstein et al. 2004). For the formation of the simplest amino
acid, glycine, interstellar production of the two key species
(methanimine and aminoacetonitrile) has been confirmed by
radio astronomy detection (Godfrey et al. 1973; Belloche et al.
2008). The present detection of ethanimine has identified the
first reaction intermediate required for the formation of alanine.

5. CONCLUSIONS

The spectroscopic evidence supporting the interstellar detec-
tion of E- and Z-ethanimine in the GBT PRIMOS observations
of Sgr B2(N) from laboratory reaction product screening mea-
surements has been presented. A column density on the order of
1013 cm−2 has been determined for both species, and a rotational
temperature of 6 K has been fit for Z-ethanimine. E-ethanimine
shows clear non-LTE behavior, and collisional cross-sections
are necessary to more accurately determine the abundance and
excitation of this species via radiative transfer models in future
studies. The interstellar formation chemistry of ethanimine may
involve sequential hydrogen atom addition to the parent nitrile
(CH3CN) in interstellar ices—a mechanism that has strong sup-
port in studies of ice chemistry. The formation of R-CH=NH
species in interstellar ices containing nitriles has also been pro-
posed as an intermediate step in forming stable precursors to
amino acids that can be formed by subsequent hydrolysis reac-
tions in a warm environment. The detection of ethanimine estab-
lishes an interstellar precursor to the formation of alanine—the
second most common amino acid in the primary sequence of
proteins (Doolittle 1989).
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ABSTRACT

Pety et al. have reported the detection of eight transitions of a closed-shell, linear molecule (B11244) in observations
toward the Horsehead photodissociation region (PDR), which they attribute to the l–C3H+ cation. Recent high-level
ab initio calculations have called this assignment into question; the anionic C3H− molecule has been suggested as a
more likely candidate. Here, we examine observations of the Horsehead PDR, Sgr B2(N), TMC-1, and IRC+10216
in the context of both l–C3H+ and C3H−. We find no observational evidence of Ka = 1 lines, which should be
present were the carrier indeed C3H−. Additionally, we find a strong anticorrelation between the presence of known
molecular anions and B11244 in these regions. Finally, we discuss the formation and destruction chemistry of C3H−

in the context of the physical conditions in the regions. Based on these results, we conclude there is little evidence
to support the claim that the carrier is C3H−.

Key words: astrochemistry – ISM: clouds – ISM: individual objects (Sagittarius B2(N), TMC-1, Horsehead PDR,
IRC+10216) – ISM: molecules

Online-only material: color figure, machine-readable table

1. INTRODUCTION

Pety et al. (2012) have reported the detection of eight
transitions of a closed-shell, linear molecule in observations
toward the Horsehead photodissociation region (PDR). They
performed a spectroscopic analysis and fit to these transition
frequencies and, based on comparison with theoretical work (see
Ikuta 1997, and references therein), attribute these transitions
to the l–C3H+ cation. Later, McGuire et al. (2013) identified
the J = 1–0 and J = 2–1 transitions predicted by Pety
et al. (2012) in absorption toward the Sgr B2(N) molecular
cloud.

The cation l–C3H+ is important in the chemistry of hydro-
carbons because reactions with it are thought to be the most
important gas-phase channels to form other small hydrocarbons
(Turner et al. 2000; Wakelam et al. 2010), like C3H and C3H2,
which are widely observed in different environments. However,
the observed abundances of C3H and C3H2 in PDRs are much
higher than what pure gas-phase models predict. One possible
explanation is that polycyclic aromatic hydrocarbons (PAHs)
are fragmented into these small hydrocarbons in PDRs due to
the strong UV fields (see e.g., Fuente et al. 2003; Teyssier et al.
2004; Pety et al. 2005). The discovery of l–C3H+ thus brings
further constraints to the formation pathways of the small hy-
drocarbons in these environments.

The attribution of these signals to the l–C3H+ cation, however,
has since been disputed by Huang et al. (2013) and Fortenberry
et al. (2013), with the latter suggesting the anion C3H− as a more
probable carrier based on high-level theoretical work. Because
of the open question of identity, McGuire et al. (2013) used the
convention of referring to the carrier as B11244, which we adopt
here.

In this paper, we re-examine the observations of Pety et al.
(2012) toward the Horsehead PDR, as well as PRebiotic Inter-
stellar MOlecular Survey (PRIMOS) observations of Sgr B2(N),
the Kaifu et al. (2004) survey of TMC-1, and the Barry E.
Turner Legacy survey of IRC+10216 in the context of dis-
cussing: “What if B11244 is actually C3H−?” In Section 2,
we discuss the spectroscopy of C3H− using the properties de-
rived by Fortenberry et al. (2013) and present simulated spectra.
In Section 3, we briefly outline the observations used and in
Section 4 discuss the analysis of these observations. Finally, in
Section 5 we present the results of our findings and discuss them
in the context of determining the identity of B11244.

2. SPECTROSCOPIC ANALYSIS

Table 1 provides the rotational constants and dipole moments
used in this work to describe B11244, assuming it is either
l–C3H+ or C3H−. The spectroscopic constants and fit for
l–C3H+ are provided in Pety et al. (2012), and their predictive
power is confirmed in McGuire et al. (2013). Fortenberry et al.
(2013) provide a high-accuracy equilibrium structure for C3H−,
rotational constants, and dipole moments. These moments are
not in the principal axis (PA) system but can readily be converted
to the PA system with a simple coordinate rotation resulting
in µx → µa = 1.63 debye and µy → µb = 1.41 debye.
Indeed, the magnitude of this rotation is small, such the values of
these dipole moments remain essentially unchanged. Assuming
B11244 is C3H−, the observed transitions in Pety et al. (2012)
and McGuire et al. (2013) are a-type, Ka = 0 transitions,
and thus (B + C) and DJ can be well determined from these
lines. To obtain these constants, the observed transitions from
Pety et al. (2012) and McGuire et al. (2013) were fit using the
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attachment rate for C3H orders of magnitude lower than for
C4H, C6H, and C8H. Despite this, if B11244 is indeed C3H−, it
would be the highest anion/neutral ratio detected in the ISM.11

As described by Fortenberry et al. (2013), C3H− possesses
both dipole-bound and valence-excited states of the same
multiplicity, which provide the necessary states to allow for
an RA mechanism to form the anion (Güthe et al. 2001; Carelli
et al. 2013). Because the other detected anions possess only a
dipole-bound state, Fortenberry et al. (2013) proposed that the
presence of the valence excited state may cause an enhancement
in the production of C3H. The extent of this enhancement is
difficult to quantify, and thus we cannot say whether this can
offset the lower RA rate predicted by Herbst & Osamura (2008).

5.2. Detection in Sgr B2(N)

To our knowledge, no molecular anions have been detected
in Sgr B2(N). An examination of both the PRIMOS centimeter-
wave data and the 2 mm Turner Survey shows no indication of
the presence of any of the known molecular anions. Of note, no
such anions have been detected in the Horsehead PDR either
(Agúndez et al. 2008).

However, a re-examination of the PRIMOS data originally
presented in McGuire et al. (2013) finds some evidence for
B11244 absorption in lower-velocity (VLSR ∼ +0–10 km s−1

and VLSR ∼ +18 km s−1) diffuse clouds along the line of sight
to Sgr B2(N). For illustration, the J = 1–0 and J = 2–1
transitions of B11244 are shown in Figure 3 in comparison to the
known CH absorption spectra toward SgrB2(N).12 The strongest
observed transition of l–C3H is also shown and displays low-
velocity absorption as well, although the ∼0 km s−1 component
is blended with the +64 km s−1 main component of the l–C3H,
J = 3/2 − 1/2, f-parity, F = 1–0 transition.

While numerous cationic species have been detected in these
diffuse clouds (see e.g., Gerin et al. 2010 & Godard et al. 2010),
the possibility of anion chemistry in these regions is not well
understood. Indeed, no anions have previously been seen in these
line-of-sight clouds. The indication of B11244 in these regions,
presented here, will hopefully be a motivating factor that will
drive future studies. Investigations of this diffuse gas, which
displays chemistry distinct from regions such as IRC+10216
and Sgr B2(N), will certainly prove invaluable in furthering our
understanding of gas-phase ion chemistry.

5.3. Nondetection in IRC+10216

IRC+10216 has been the preeminent source for the detection
of anionic species. The carbon-chain anions C4H−, C6H−, and
C8H− have all been detected in this source (Gupta et al. 2007;
Cernicharo et al. 2007; McCarthy et al. 2006; Remijan et al.
2007) as well as the cyano-anions CN−, C3N−, and C5N−

(Agúndez et al. 2010; Thaddeus et al. 2008; Cernicharo et al.
2008). As shown in Table 3, however, we see no signal from
B11244 toward this source at an rms of ∼5–7 mK. Given the
known abundance of the neutral C3H, we can determine upper
limits to the anion fraction. We assume a rotational temperature
of 32 K—similar to that of C6H− and C8H− in this source and
slightly higher than that of C4H−. This results in an upper limit
abundance fraction for C3H−/C3H of only ∼7% (see Table 4),

11 Cernicharo et al. 2008 found an abundance ratio of C5N−/C5N in
IRC+10216 of 57%, but suggested it may in fact be as low as 12.5%.
12 The CH spectra shown are from the HEXOS survey of Sgr B2(N). Full
observation, reduction, and analysis details are available in Neill et al. (2012b)
and Neill et al. (2014).

Figure 3. Observed transitions of B11244 and l–C3H toward Sgr B2(N) from
PRIMOS and CH toward Sgr B2(N) from HEXOS. The blue vertical lines are
provided to guide the eye to the diffuse cloud velocity components. The velocity
axis is referenced to the rest frequency of each transition.
(A color version of this figure is available in the online journal.)

which is about twice that of C6H− and less than half of the lower
edge of our error bars in Sgr B2(N).

5.4. Anion Destruction via Photodetachment

Kumar et al. (2013) have recently shown that UV photode-
tachment may be the dominant destruction mechanism of inter-
stellar anions in IRC+10216. Their models assume the standard
interstellar UV radiation field (cf. Draine 1978) and find UV
photodetachment is significant at these values. In the Horse-
head PDR, however, the UV field is ∼60 times the standard UV
value (Habart et al. 2005). It is therefore contradictory that de-
spite a far higher (destructive) UV field, C3H− would be present
in the Horsehead PDR with an anion–neutral ratio eight times
higher than the upper limit for IRC+10216.

5.5. Non-detection of Ka = 1 Transitions

The lack of detection of any signal that could reasonably
be attributed to emission from Ka = 1 transitions strongly
disfavors the assignment of B11244 to C3H−. In the Horsehead
PDR, the Ka = 0 transitions of B11244 are well modeled
by LTE assumptions, and thus we do expect the intensity of
the Ka = 1 transitions to be reasonably well predicted. It
should be noted, however, that a single molecule can display
distinctly different excitation temperatures and column densities
between two K ladders. Indeed, previous observations of HNCO
toward OMC-1 show distinct differences between LTE column
density and temperature measurements in high-K and low-K
ladders (Blake et al. 1987). The authors attribute this to radiative
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1. INTRODUCTION

Pety et al. (2012) have reported the detection of eight
transitions of a closed-shell, linear molecule in observations
toward the Horsehead photodissociation region (PDR). They
performed a spectroscopic analysis and fit to these transition
frequencies and, based on comparison with theoretical work (see
Ikuta 1997, and references therein), attribute these transitions
to the l–C3H+ cation. Later, McGuire et al. (2013) identified
the J = 1–0 and J = 2–1 transitions predicted by Pety
et al. (2012) in absorption toward the Sgr B2(N) molecular
cloud.

The cation l–C3H+ is important in the chemistry of hydro-
carbons because reactions with it are thought to be the most
important gas-phase channels to form other small hydrocarbons
(Turner et al. 2000; Wakelam et al. 2010), like C3H and C3H2,
which are widely observed in different environments. However,
the observed abundances of C3H and C3H2 in PDRs are much
higher than what pure gas-phase models predict. One possible
explanation is that polycyclic aromatic hydrocarbons (PAHs)
are fragmented into these small hydrocarbons in PDRs due to
the strong UV fields (see e.g., Fuente et al. 2003; Teyssier et al.
2004; Pety et al. 2005). The discovery of l–C3H+ thus brings
further constraints to the formation pathways of the small hy-
drocarbons in these environments.

The attribution of these signals to the l–C3H+ cation, however,
has since been disputed by Huang et al. (2013) and Fortenberry
et al. (2013), with the latter suggesting the anion C3H− as a more
probable carrier based on high-level theoretical work. Because
of the open question of identity, McGuire et al. (2013) used the
convention of referring to the carrier as B11244, which we adopt
here.

In this paper, we re-examine the observations of Pety et al.
(2012) toward the Horsehead PDR, as well as PRebiotic Inter-
stellar MOlecular Survey (PRIMOS) observations of Sgr B2(N),
the Kaifu et al. (2004) survey of TMC-1, and the Barry E.
Turner Legacy survey of IRC+10216 in the context of dis-
cussing: “What if B11244 is actually C3H−?” In Section 2,
we discuss the spectroscopy of C3H− using the properties de-
rived by Fortenberry et al. (2013) and present simulated spectra.
In Section 3, we briefly outline the observations used and in
Section 4 discuss the analysis of these observations. Finally, in
Section 5 we present the results of our findings and discuss them
in the context of determining the identity of B11244.

2. SPECTROSCOPIC ANALYSIS

Table 1 provides the rotational constants and dipole moments
used in this work to describe B11244, assuming it is either
l–C3H+ or C3H−. The spectroscopic constants and fit for
l–C3H+ are provided in Pety et al. (2012), and their predictive
power is confirmed in McGuire et al. (2013). Fortenberry et al.
(2013) provide a high-accuracy equilibrium structure for C3H−,
rotational constants, and dipole moments. These moments are
not in the principal axis (PA) system but can readily be converted
to the PA system with a simple coordinate rotation resulting
in µx → µa = 1.63 debye and µy → µb = 1.41 debye.
Indeed, the magnitude of this rotation is small, such the values of
these dipole moments remain essentially unchanged. Assuming
B11244 is C3H−, the observed transitions in Pety et al. (2012)
and McGuire et al. (2013) are a-type, Ka = 0 transitions,
and thus (B + C) and DJ can be well determined from these
lines. To obtain these constants, the observed transitions from
Pety et al. (2012) and McGuire et al. (2013) were fit using the
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attachment rate for C3H orders of magnitude lower than for
C4H, C6H, and C8H. Despite this, if B11244 is indeed C3H−, it
would be the highest anion/neutral ratio detected in the ISM.11

As described by Fortenberry et al. (2013), C3H− possesses
both dipole-bound and valence-excited states of the same
multiplicity, which provide the necessary states to allow for
an RA mechanism to form the anion (Güthe et al. 2001; Carelli
et al. 2013). Because the other detected anions possess only a
dipole-bound state, Fortenberry et al. (2013) proposed that the
presence of the valence excited state may cause an enhancement
in the production of C3H. The extent of this enhancement is
difficult to quantify, and thus we cannot say whether this can
offset the lower RA rate predicted by Herbst & Osamura (2008).

5.2. Detection in Sgr B2(N)

To our knowledge, no molecular anions have been detected
in Sgr B2(N). An examination of both the PRIMOS centimeter-
wave data and the 2 mm Turner Survey shows no indication of
the presence of any of the known molecular anions. Of note, no
such anions have been detected in the Horsehead PDR either
(Agúndez et al. 2008).

However, a re-examination of the PRIMOS data originally
presented in McGuire et al. (2013) finds some evidence for
B11244 absorption in lower-velocity (VLSR ∼ +0–10 km s−1

and VLSR ∼ +18 km s−1) diffuse clouds along the line of sight
to Sgr B2(N). For illustration, the J = 1–0 and J = 2–1
transitions of B11244 are shown in Figure 3 in comparison to the
known CH absorption spectra toward SgrB2(N).12 The strongest
observed transition of l–C3H is also shown and displays low-
velocity absorption as well, although the ∼0 km s−1 component
is blended with the +64 km s−1 main component of the l–C3H,
J = 3/2 − 1/2, f-parity, F = 1–0 transition.

While numerous cationic species have been detected in these
diffuse clouds (see e.g., Gerin et al. 2010 & Godard et al. 2010),
the possibility of anion chemistry in these regions is not well
understood. Indeed, no anions have previously been seen in these
line-of-sight clouds. The indication of B11244 in these regions,
presented here, will hopefully be a motivating factor that will
drive future studies. Investigations of this diffuse gas, which
displays chemistry distinct from regions such as IRC+10216
and Sgr B2(N), will certainly prove invaluable in furthering our
understanding of gas-phase ion chemistry.

5.3. Nondetection in IRC+10216

IRC+10216 has been the preeminent source for the detection
of anionic species. The carbon-chain anions C4H−, C6H−, and
C8H− have all been detected in this source (Gupta et al. 2007;
Cernicharo et al. 2007; McCarthy et al. 2006; Remijan et al.
2007) as well as the cyano-anions CN−, C3N−, and C5N−

(Agúndez et al. 2010; Thaddeus et al. 2008; Cernicharo et al.
2008). As shown in Table 3, however, we see no signal from
B11244 toward this source at an rms of ∼5–7 mK. Given the
known abundance of the neutral C3H, we can determine upper
limits to the anion fraction. We assume a rotational temperature
of 32 K—similar to that of C6H− and C8H− in this source and
slightly higher than that of C4H−. This results in an upper limit
abundance fraction for C3H−/C3H of only ∼7% (see Table 4),

11 Cernicharo et al. 2008 found an abundance ratio of C5N−/C5N in
IRC+10216 of 57%, but suggested it may in fact be as low as 12.5%.
12 The CH spectra shown are from the HEXOS survey of Sgr B2(N). Full
observation, reduction, and analysis details are available in Neill et al. (2012b)
and Neill et al. (2014).

Figure 3. Observed transitions of B11244 and l–C3H toward Sgr B2(N) from
PRIMOS and CH toward Sgr B2(N) from HEXOS. The blue vertical lines are
provided to guide the eye to the diffuse cloud velocity components. The velocity
axis is referenced to the rest frequency of each transition.
(A color version of this figure is available in the online journal.)

which is about twice that of C6H− and less than half of the lower
edge of our error bars in Sgr B2(N).

5.4. Anion Destruction via Photodetachment

Kumar et al. (2013) have recently shown that UV photode-
tachment may be the dominant destruction mechanism of inter-
stellar anions in IRC+10216. Their models assume the standard
interstellar UV radiation field (cf. Draine 1978) and find UV
photodetachment is significant at these values. In the Horse-
head PDR, however, the UV field is ∼60 times the standard UV
value (Habart et al. 2005). It is therefore contradictory that de-
spite a far higher (destructive) UV field, C3H− would be present
in the Horsehead PDR with an anion–neutral ratio eight times
higher than the upper limit for IRC+10216.

5.5. Non-detection of Ka = 1 Transitions

The lack of detection of any signal that could reasonably
be attributed to emission from Ka = 1 transitions strongly
disfavors the assignment of B11244 to C3H−. In the Horsehead
PDR, the Ka = 0 transitions of B11244 are well modeled
by LTE assumptions, and thus we do expect the intensity of
the Ka = 1 transitions to be reasonably well predicted. It
should be noted, however, that a single molecule can display
distinctly different excitation temperatures and column densities
between two K ladders. Indeed, previous observations of HNCO
toward OMC-1 show distinct differences between LTE column
density and temperature measurements in high-K and low-K
ladders (Blake et al. 1987). The authors attribute this to radiative
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