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MENU OF THE DAY

• Let’s get real: from rigid rotor approximation to centrifugal distortion.


• Other perturbations on molecular spectra.


• Some examples.


• Connecting dots: theory - lab - space.
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ROTATION-VIBRATION INTERACTION

• Real molecules are not rigid! 


• While rotating, molecules stretch —> larger moments of inertia —> shift of the 
rotational energies.


• Need to evaluate vibrational effects.


• Let’s start with the simplest case: Diatomic Molecule
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ROTATION-VIBRATION INTERACTION
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1. First approximation: HARMONIC OSCILLATOR 

• from quantum mechanical treatment we have discrete 
vib. levels identified by 
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ROTATION-VIBRATION INTERACTION

υ = 0
υ = 1

υ = 2
υ = 3

2. Harmonic oscillator is not realistic.


• Close nuclei higher potential (repel each other);


• Larger distance —> molecule dissociates.


3. Morse Potential (empirical function):





with  the depth of the potential well,  curvature 
parameter, and  equilibrium interatomic distance.





 being the fundamental harmonic frequency and  
the anharmonic correction.
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CENTRIFUGAL DISTORTION

• Due to energy/frequency considerations, “we” are usually interested in rotational transitions, eventually 
occurring in excited vibrational states (“ro-vibrational transitions”, ) but not to pure 
vibrational transition ( ).


• Taking into account the effect of the modified structure (due to the vibration) to the rotational energies, the 
rotational frequency for a vibrational level  will be:





with                                               


                            

Δυ = 0, J → J + 1
Δυ = ± 1

υ
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CENTRIFUGAL DISTORTION — DIATOMIC & LINEAR




                                                     


                                      


•  and  represent rotation-vibration interaction constants. 


•  represents the first-order centrifugal stretching term (“quartic centrifugal distortion parameter”), and the term 

 corrects for the effects of vibration on the centrifugal stretching constant. 


•  is the second-order centrifugal stretching term, the “sextic centrifugal distortion parameter”
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CENTRIFUGAL DISTORTION — SYMMETRIC TOP

• For symmetric rotors expression is similar to linear and diatomic molecules.


• For the ground state of a prolate symmetric top the rotational energies are:





• Now, taking into account the selection rule , and adding also the sextic corrections, the 
rotational frequencies are: 


EJ,K /h = B0J(J + 1) + (A0 − B0)K2 − DJJ2(J + 1)2 − DJKJ(J + 1)K2 + DKK4

J → J + 1,K → K

ν = 2B0(J + 1) − 4DJ(J + 1)3 − 2DJK(J + 1)K2 + HJ(J + 1)3[(J + 2)3 − J3] + 4HJK(J + 1)3K2 + 2HKJ(J + 1)K4 + . . .
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CENTRIFUGAL DISTORTION — ASYMMETRIC TOP

• Extending to any class of molecules things get a bit more complex…


• Effect can be treated as a series of perturbation terms: , where


                                        


                                        


with or . 


•  and  are the quartic and sextic centrifugal distortion constants.
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d + Ĥ6
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Ĥ6
d = ℏ6 ∑

αβγδϵη

υαβγδϵη
̂Jα

̂Jβ
̂Jγ

̂Jδ
̂Jϵ

̂Jη

α, β, γ, δ, ϵ, η = x, y, z

ταβγδ υαβγδϵη



MAX PLANCK INSTITUTE FOR EXTRATERRESTRIAL PHYSICS |  VALERIO LATTANZI	 MOLECULAR SPECTROSCOPY FOR ASTROCHEMISTRY - II  | 29/11/2022	 10

CENTRIFUGAL DISTORTION — ASYMMETRIC TOP

• For asymmetric rotors, these constants amounts to a total number of 81 quartic and 729 sextic coefficients!


• Nevertheless, the eigenvalues may depend on only certain linear combinations of these parameters.


• “Reduced” Hamiltonians are usually used to fit experimental data.


• Widely used are the Watson’s reduced Hamiltonians — Asymmetric (A) or Symmetric (S) Top Reduction.
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CENTRIFUGAL DISTORTION — ASYMMETRIC TOP

WATSON’S A REDUCTION: 







WATSON’S S REDUCTION: 
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ADDITIONAL PERTURBATIONS 

• So far we have seen the “simplest” cases.


• It can get waaaaay more messy in presence of other perturbations which can generate splitting of the rotational 
levels.


• In particular if we are in the presence of:


- electronic angular momentum (e.g. )


- internal specular symmetry (e.g. )


- large amplitude motions (e.g. )


- nuclear spin (e.g. )


- degenerate vibrational modes (l-type doubling) 


• Or if we have a combination of multiple effects!

CN
NH3

CH3OH
DCN
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LINEWIDTH OF ROTATIONAL LINES



MAX PLANCK INSTITUTE FOR EXTRATERRESTRIAL PHYSICS |  VALERIO LATTANZI	 MOLECULAR SPECTROSCOPY FOR ASTROCHEMISTRY - II  | 29/11/2022	 14

BROADENING EFFECTS — I

• Natural line width:


— From uncertainty principle      =>    


e.g.: if  and in ground vib. state, 


if excited vib. state 


=> USUALLY NEGLIGIBLE

ΔtΔE ≈ ℏ FWHM =
ΔE
h

≈
1

2π(Δt)
μ ≈ 1 D FWHM ≈ 10−5 Hz (@3mm) / 10−8 Hz (@3cm)

FWHM ≈ 10s Hz

• Doppler Broadening:


— Frequency of radiation absorbed by a molecule moving at v depends on the velocity of the molecule relative to 
that of the radiation. If  is the resonant absorption frequency at rest, the absorbed frequency then will be:


 


Assuming Maxwell-Boltzmann distribution of velocities: 


e.g. @300K:    =>  /   => 

ν0

ν = ν0(1 + v/c)

FWHMD = 7.15 × 10−7 T
M

ν0

NH3 @24 GHz FWHMD ∼ 72 kHz NH3 J = 0 → 1 @572 GHz FWHMD ∼ 1.7 MHz
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BROADENING EFFECTS — II

• Pressure Broadening: 

— Very complex: depends on intermolecular potential between colliding molecules.


— Collision break the “life” of the molecule in a rotational energy state.


— In general: , where P is the pressure and 


— 


 — Also PRESSURE SHIFT on , usually 

FWHMP ∼ bP b ∝ [σ, M, T]

b ≈ 10 MHz /Torr

ν ∼ 1 MHz /Torr

• Other minor contributions: 

— Power effects: Saturation -> Distortion -> Line broadening.


— Collision with cell walls: When pressure is so low that cell dimensions are comparable to the mean free path.
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FROM THEORY TO LAB
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TYPICAL LABORATORY WORKFLOW

• …


• Measure rotational transitions.


• Line profile fitting of the different experimental features.


• Build a collection of quantum number vs frequency line list.


• Statistical fit over molecular model (Hamiltonian).


• Derive Rotational and Distortion parameters of the molecule.


• Predict a global database based on the experimental fitted parameters.


• This will be the focus of the practical work.
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THE CURIOUS CASE OF B1377
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U-LINES IN IRC+10216
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U-LINES IN IRC+10216

19
95
PA
SJ
..
.4
7.
.8
53
K

19
95
PA
SJ
..
.4
7.
.8
53
K



MAX PLANCK INSTITUTE FOR EXTRATERRESTRIAL PHYSICS |  VALERIO LATTANZI	 MOLECULAR SPECTROSCOPY FOR ASTROCHEMISTRY - II  | 29/11/2022	 21

U-LINES IN IRC+10216
9 June 2000

Ž .Chemical Physics Letters 323 2000 55–58
www.elsevier.nlrlocatercplett

Candidates for U-lines at 1377 and 1394 MHz in IRCq10216:
ab initio molecular orbital study

Kozo Aoki)
503 Perle-Nagayama, 1-15-12 Mahikizawa, Tama, Tokyo 206-0023, Japan

Received 5 March 1999; in final form 13 April 2000

Abstract

The candidates for the U-lines at 1377 and 1394 MHz observed in IRCq10216 are surveyed by using the
Ž . Ž . y Ž2 q.RCCSD T raug-cc-pVTZ andror RCCSD T rcc-pVTZ methods. The C H anion and the C H S radical are6 6

proposed as the probable candidates, respectively. The scaling arguments used to improve the predictions of rotational
Ž .constants are reasonable and represent only a small within ca. 0.1% correction to the computed values. q 2000 Elsevier

Science B.V. All rights reserved.

1. Introduction

Towards the circumstellar envelope of the
Ž .carbon-rich star IRCq10216 , Kawaguchi et al.

detected the new rotational constants of the two
Ž .unidentified-lines U-lines, 1377 and 1394 MHz by

w xradio astronomical spectroscopy 1,2 . These U-lines
are not detected in the dark molecular cloud like the

Ž .taurus molecular cloud TMC-1 . The electronic state
Ž .at 1377 1376.86868 MHz is a singlet, and the

other at 1394 MHz is a doublet sigma state. Both
species have a linear shape and a similar weight as
the HC N molecule.5

Ž .The two U-lines 1377 and 1394 MHz are very
close to the experimentally observed lines, 1386

Ž2 . w x Ž2 q.MHz of C H P 3 and 1403 MHz of C N S6 5

) Present address: Special Department for the COE Project,
Photoreaction Mechanism Group, National Institute of Materials
and Chemical Research, Higashi, Tsukuba, Ibaraki 305-8565,
Japan. E-mail: k aoki@highway.ne.jp–

w x Ž2 .4 . If we take a simple approach from C H P or6
Ž2 q.C N S to the above two U-line’s electronic5

y Ž y.states, the C H or C N anion and the6 5
Ž2 q. w xC H S radical could be supposed 5 .6

In 1989, in order to investigate the structure of the
lowest two electronic states of C H, ab initio calcu-6

w xlations were performed by Pauzat and Ellinger 6 .
They reported that C H has a 2P ground state. The6
rotational constant of 1387.3 MHz is good agreement
with the experimental value, and the nearby 2Sq

state has a rotational constant of 1380.3 MHz. How-
ever, the experimental rotational constant of a 2Sq

state is unknown to date.
It is considered that a U-line mainly originates in

the spectrum of a neutral molecule, cation, or a metal
compound. Looking at the cations observed in IRC
q10216 no cation is found. No anions have been
positively identified in the interstellar space and
there is no plausible formation mechanism for them.
In 1998, an assignment of the carbon cluster

Ž y y y.anions C , C , and C to the diffuse interstellar7 8 9

0009-2614r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
Ž .PII: S0009-2614 00 00469-3
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DISCOVERY OF ANIONS IN SPACE

L141

The Astrophysical Journal, 652: L141–L144, 2006 December 1
! 2006. The American Astronomical Society. All rights reserved. Printed in U.S.A.

LABORATORY AND ASTRONOMICAL IDENTIFICATION OF THE NEGATIVE MOLECULAR ION C6H!

M. C. McCarthy,1 C. A. Gottlieb,1 H. Gupta,1,2 and P. Thaddeus1
Received 2006 September 28; accepted 2006 October 17; published 2006 November 20

ABSTRACT
The negative molecular ion C6H! has been detected in the radio band in the laboratory and has been identified

in the molecular envelope of IRC "10216 and in the dense molecular cloud TMC-1. The spectroscopic constants
derived from laboratory measurements of 17 rotational lines between 8 and 187 GHz are identical to those derived
from the astronomical data, establishing unambiguously that C6H! is the carrier of the series of lines with rotational
constant 1377 MHz first observed by K. Kawaguchi et al. in IRC "10216. The column density of C6H! toward
both sources is 1%–5% that of neutral C6H. These surprisingly high abundances for a negative ion imply that
if other molecular anions are similarly abundant with respect to their neutral counterparts, they may be detectable
both in the laboratory at high resolution and in interstellar molecular clouds.
Subject headings: ISM: molecules— line: identification—molecular data—molecular processes—

radio lines: ISM

The importance of negative ions (anions) in astronomy was
demonstrated nearly 70 years ago by Wildt (1939a, 1939b),
who showed that H! is the major source of optical opacity in
the solar atmosphere and therefore the material that one mainly
sees when looking at the Sun and similar stars. It is remarkable
that in the many years since, during which nearly 130 neutral
molecules and 14 positive molecular ions have been found in
astronomical sources, no molecular anion has been identified.
More than 1000 molecular anions have now been studied in
the laboratory at low resolution by photoelectron spectroscopy
(Rienstra-Kiracofe et al. 2002), but almost none have been
produced at sufficiently high density to study at the high spec-
tral resolution required for an astronomical search (Hirota 1992;
Owrutsky et al. 1987), and it is only for two, OH! (Liu & Oka
1986; Liu et al. 1987; Matsushima et al. 2006) and SH! (Civiš
et al. 1998), that rotational spectra have been obtained. The
purpose of this Letter is to report the laboratory detection in
the radio band of the large carbon chain anion C6H!, the mea-
surement of its rotational spectrum to high accuracy, and its
identification in two well-known astronomical sources: the mo-
lecular shell of the evolved carbon star IRC "10216 and the
rich molecular cloud TMC-1 in the Taurus complex of dark
nebulae. In IRC "10216, our identification solves the puzzle
of the unidentified harmonic sequence of lines discovered over
11 years ago by Kawaguchi et al. (1995) and designated B1377
because it is apparently from a closed-shell linear molecule
with a rotational constant B of 1377 MHz.
The rotational constant of the C6H radical, one of the most

abundant molecules in IRC "10216, is 1391 MHz (Pearson et
al. 1988), only 1% larger than that of B1377, but this open-
shell molecule with fine and hyperfine structure and lambda
doubling is clearly not the carrier of B1377. Attachment of an
electron to form the anion C6H!, however, suppresses this struc-
ture and yields the required closed-shell ground state (Fehér &
Maier 1994). Aoki (2000) has shown from a theoretical quan-
tum calculation that the rotational constant of this anion is also
within 1% of that observed—as might be expected because

1 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge,
MA 02138; and Division of Engineering andApplied Sciences, HarvardUniversity,
29 Oxford Street, Cambridge, MA 02138; mccarthy@cfa.harvard.edu,
cgottlieb@cfa.harvard.edu, hgupta@cfa.harvard.edu, pthaddeus@cfa.harvard.edu.

2 Also at Institute for Theoretical Chemistry, Department of Chemistry and
Biochemistry, University of Texas at Austin, Austin, TX 78712.

electron attachment is a small perturbation on the geometrical
structure of the molecule, generally resulting in a slight de-
crease in the rotational constant.
In the laboratory, we have now observed rotational lines of

C6H! in both the centimeter-wave and millimeter-wave bands
at frequencies in precise agreement with those measured in
space. Those in the millimeter-wave band were observed first
in absorption with a free-space spectrometer (Gottlieb et al.
2003) used previously to detect seven carbon-chain radicals,
C2H through C8H, under conditions similar to those that pro-
duce strong lines of C6H: a DC discharge through a flowing
mixture of argon (15%) and acetylene (85%), a total pressure
of ≤10 mtorr when the cell walls were cooled to 150 K, but
with a somewhat lower discharge current (∼150 mA) than that
which produces the most intense lines of C6H (∼400 mA).
Under these conditions, lines of C6H! are about 20 times less
intense than those of C6H, but these were still observed with
a signal-to-noise ratio of 10 or more in 1 hr of integration,
allowing line frequencies to be measured to about 40 kHz or
better. The C6H! line frequencies are unaffected by ion drift
because the millimeter-wave radiation makes two passes in
opposite directions through the discharge cell. The concentra-
tion of C6H! in our discharge ( cm!3), corresponding57# 10
to a mole fraction of about 10!9, is about 200 times less than
that of C6H.
Rotational lines of C6H! have also been observed in the

centimeter band by Fourier transform microwave spectroscopy
of a supersonic molecular beam, using a spectrometer (Mc-
Carthy et al. 2000) in which the cavity mirrors and first-stage
amplifier are cooled to 77 K. The anion was produced by a
600 V low-current (∼20 mA) gas discharge synchronized with
a gas pulse 330 ms long (yielding a flow of 25 cm3 minute!1

at standard temperature and pressure), the gas sample consisting
of either acetylene or diacetylene (0.10%) heavily diluted with
Ne at a stagnation pressure of 2.5 ktorr behind the pulsed valve
of the nozzle. Diacetylene produces the stronger lines, but be-
cause DCCD was readily available, that was the precursor used
for C6D!. The optimum discharge voltage for both C6H! and
C6D! is considerably lower than that which produces the stron-
gest lines of the neutral (1000 V), and the polarity of the
discharge is reversed with respect to the neutral as well, but
these conditions are nearly identical to those used to measure
the photoelectron spectrum of C6H! using a similar discharge
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TABLE 1
Laboratory Rotational Frequencies of C6H

!

Transition
Frequency
(MHz)

O ! Ca

(kHz)

3–2 . . . . . . . . . . . . . 8261.174(2) 0
4–3 . . . . . . . . . . . . . 11014.896(2) 0
5–4 . . . . . . . . . . . . . 13768.612(2) !2
6–5 . . . . . . . . . . . . . 16522.329(2) 1
7–6 . . . . . . . . . . . . . 19276.038(2) 1
8–7 . . . . . . . . . . . . . 22029.740(2) !1
53–52 . . . . . . . . . . 145928.242(43) 30
54–53 . . . . . . . . . . 148680.850(43) 24
56–55 . . . . . . . . . . 154185.988(31) 59
57–56 . . . . . . . . . . 156938.411(28) !5
58–57 . . . . . . . . . . 159690.889(19) 30
59–58 . . . . . . . . . . 162443.214(39) !42
60–59 . . . . . . . . . . 165195.588(15) !20
61–60 . . . . . . . . . . 167947.947(25) 34
62–61 . . . . . . . . . . 170700.161(20) !9
64–63 . . . . . . . . . . 176204.535(18) !6
68–67 . . . . . . . . . . 187212.655(30) !23

Note.—Here and in the other tables, the 1 j uncertainties
(in parentheses) are in units of the last significant digit.

a Calculated from the spectroscopic constants in Table 2.

Fig. 1.—Two rotational transitions of C6H! in the laboratory and in TMC-1.
Frequencies are relative to the laboratory rest frequencies (Table 1), assuming
the standard mean radial velocity of 5.80 km s!1 for TMC-1. The geometrical
structure of C6H!, the hexatriyne anion, obtained by removing H" from triace-
tylene, is shown on top. According to the theoretical calculation of Aoki (2000),
the bonds are accurately represented as triple and single bonds as drawn; the
two dots on the terminal carbon denote the approximate location of the paired
electrons. The double-peaked laboratory line shape, obtained in 20 minutes of
integration, is instrumental in origin, the result of the Doppler shift of the fast-
moving supersonic molecular beam relative to the two traveling waves that
compose the confocal mode of the Fabry-Pérot cavity; the rest frequency of the
transition is the average of these two components. The TMC-1 spectra were
obtained by position-switching for 12 hr. Owing to the extremely low line density
in TMC-1, the probability that either line is due to a chance coincidence is ≤10!2;
the joint probability is !10!4, indicating that a misidentification is highly im-
probable. The astronomical lines agree in frequency with those measured in the
laboratory to 4 kHz, i.e., roughly one-half of the 6 kHz channel width used for
the TMC-1 observations.

TABLE 2
Spectroscopic Constants of C6H

! and C6D
! (in Units of MHz)

Constant

C6H! C6D!

Laboratory Astronomical Theoreticala Laboratory Predicted

B . . . . . . . . . . 1376.86298(7) 1376.86248(294) 1376.9 1314.47424(22) 1314.4b
106D . . . . . . 32.35(1) 33.35(993) 27 36.04(223) 29.5c

Note.—The laboratory constants for C6H! are derived from a least-squares fit to 17 rotational
transitions between 8 and 187 GHz (Table 1), for C6D! from five transitions between 10 and 22 GHz,
and the astronomical constants from seven lines in IRC"10216 between 30 and 50 GHz (Kawaguchi
et al. 1995), and two lines in TMC-1.

a from a CCSD(T)/cc-pVTZ calculation; the vibration-rotation correction (!1 MHz) and DBe
were calculated at the CCSD(T)/cc-pVDZ level of theory (H. Gupta & J. F. Stanton 2006, private
communication).

b Scaled by the ratio of the theoretical rotational constants for C6H! and C6D! to that measured
for C6H!.

c Scaled from D for C 6H! by the square of the ratio of the rotational constants.

nozzle (Taylor et al. 1998). Under favorable conditions, the
strongest lines of C6H! were observed with a signal-to-noise
ratio of 20 in 20 minutes of integration, about 15% the intensity
of the C6H lines observed under the same conditions. On the
basis of line intensities relative to those of the stable molecule
OCS at a known fractional abundance (i.e., 1% OCS in Ne),
we estimate ∼108 C6H! per gas pulse, a few percent that of
C6H.
A total of 17 lines of C6H! and five of C6D! have been

measured to an accuracy approaching 0.1 parts per million (see
Table 1); two are shown in Figure 1 to indicate the sensitivity
achieved in the laboratory in a few tens of minutes of inte-
gration, along with the same lines that we have now observed
in the astronomical source TMC-1 with the NRAO 100 m
Green Bank Telescope (GBT) on 2006 July 16 and 21. As
Table 2 shows, the spectroscopic constants derived from the
laboratory and astronomical data—seven lines in IRC"10216
and two in TMC-1—are identical, and there is no question that
the laboratory and astronomical molecules are the same.
The evidence that this new molecule is the hexatriyne anion

C6H! is extremely strong. A linear chain of six carbon atoms
terminated by a single H (Fig. 1), neutral or ionized, is the
only molecule that is consistent with the elemental composition
of the hydrocarbon precursors that yield B1377, the rotational
constant, and the isotopic shift observed on deuteration. The

lines of B1377 disappear when the precursor gas is deuterated,
ruling out a pure carbon molecule, and the rotational constant
requires a chain with six and only six carbon atoms—one more
or less yields a constant too low or high by more than 40%.
The large deuterium shift (4.53%) is nearly identical to that
found for neutral C6H (4.55%; Linnartz et al. 1999), thus re-
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TABLE 1
Laboratory Rotational Frequencies of C6H

!

Transition
Frequency
(MHz)

O ! Ca

(kHz)

3–2 . . . . . . . . . . . . . 8261.174(2) 0
4–3 . . . . . . . . . . . . . 11014.896(2) 0
5–4 . . . . . . . . . . . . . 13768.612(2) !2
6–5 . . . . . . . . . . . . . 16522.329(2) 1
7–6 . . . . . . . . . . . . . 19276.038(2) 1
8–7 . . . . . . . . . . . . . 22029.740(2) !1
53–52 . . . . . . . . . . 145928.242(43) 30
54–53 . . . . . . . . . . 148680.850(43) 24
56–55 . . . . . . . . . . 154185.988(31) 59
57–56 . . . . . . . . . . 156938.411(28) !5
58–57 . . . . . . . . . . 159690.889(19) 30
59–58 . . . . . . . . . . 162443.214(39) !42
60–59 . . . . . . . . . . 165195.588(15) !20
61–60 . . . . . . . . . . 167947.947(25) 34
62–61 . . . . . . . . . . 170700.161(20) !9
64–63 . . . . . . . . . . 176204.535(18) !6
68–67 . . . . . . . . . . 187212.655(30) !23

Note.—Here and in the other tables, the 1 j uncertainties
(in parentheses) are in units of the last significant digit.

a Calculated from the spectroscopic constants in Table 2.

Fig. 1.—Two rotational transitions of C6H! in the laboratory and in TMC-1.
Frequencies are relative to the laboratory rest frequencies (Table 1), assuming
the standard mean radial velocity of 5.80 km s!1 for TMC-1. The geometrical
structure of C6H!, the hexatriyne anion, obtained by removing H" from triace-
tylene, is shown on top. According to the theoretical calculation of Aoki (2000),
the bonds are accurately represented as triple and single bonds as drawn; the
two dots on the terminal carbon denote the approximate location of the paired
electrons. The double-peaked laboratory line shape, obtained in 20 minutes of
integration, is instrumental in origin, the result of the Doppler shift of the fast-
moving supersonic molecular beam relative to the two traveling waves that
compose the confocal mode of the Fabry-Pérot cavity; the rest frequency of the
transition is the average of these two components. The TMC-1 spectra were
obtained by position-switching for 12 hr. Owing to the extremely low line density
in TMC-1, the probability that either line is due to a chance coincidence is ≤10!2;
the joint probability is !10!4, indicating that a misidentification is highly im-
probable. The astronomical lines agree in frequency with those measured in the
laboratory to 4 kHz, i.e., roughly one-half of the 6 kHz channel width used for
the TMC-1 observations.

TABLE 2
Spectroscopic Constants of C6H

! and C6D
! (in Units of MHz)

Constant

C6H! C6D!

Laboratory Astronomical Theoreticala Laboratory Predicted

B . . . . . . . . . . 1376.86298(7) 1376.86248(294) 1376.9 1314.47424(22) 1314.4b
106D . . . . . . 32.35(1) 33.35(993) 27 36.04(223) 29.5c

Note.—The laboratory constants for C6H! are derived from a least-squares fit to 17 rotational
transitions between 8 and 187 GHz (Table 1), for C6D! from five transitions between 10 and 22 GHz,
and the astronomical constants from seven lines in IRC"10216 between 30 and 50 GHz (Kawaguchi
et al. 1995), and two lines in TMC-1.

a from a CCSD(T)/cc-pVTZ calculation; the vibration-rotation correction (!1 MHz) and DBe
were calculated at the CCSD(T)/cc-pVDZ level of theory (H. Gupta & J. F. Stanton 2006, private
communication).

b Scaled by the ratio of the theoretical rotational constants for C6H! and C6D! to that measured
for C6H!.

c Scaled from D for C 6H! by the square of the ratio of the rotational constants.

nozzle (Taylor et al. 1998). Under favorable conditions, the
strongest lines of C6H! were observed with a signal-to-noise
ratio of 20 in 20 minutes of integration, about 15% the intensity
of the C6H lines observed under the same conditions. On the
basis of line intensities relative to those of the stable molecule
OCS at a known fractional abundance (i.e., 1% OCS in Ne),
we estimate ∼108 C6H! per gas pulse, a few percent that of
C6H.
A total of 17 lines of C6H! and five of C6D! have been

measured to an accuracy approaching 0.1 parts per million (see
Table 1); two are shown in Figure 1 to indicate the sensitivity
achieved in the laboratory in a few tens of minutes of inte-
gration, along with the same lines that we have now observed
in the astronomical source TMC-1 with the NRAO 100 m
Green Bank Telescope (GBT) on 2006 July 16 and 21. As
Table 2 shows, the spectroscopic constants derived from the
laboratory and astronomical data—seven lines in IRC"10216
and two in TMC-1—are identical, and there is no question that
the laboratory and astronomical molecules are the same.
The evidence that this new molecule is the hexatriyne anion

C6H! is extremely strong. A linear chain of six carbon atoms
terminated by a single H (Fig. 1), neutral or ionized, is the
only molecule that is consistent with the elemental composition
of the hydrocarbon precursors that yield B1377, the rotational
constant, and the isotopic shift observed on deuteration. The

lines of B1377 disappear when the precursor gas is deuterated,
ruling out a pure carbon molecule, and the rotational constant
requires a chain with six and only six carbon atoms—one more
or less yields a constant too low or high by more than 40%.
The large deuterium shift (4.53%) is nearly identical to that
found for neutral C6H (4.55%; Linnartz et al. 1999), thus re-
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Fig. 1.—Two rotational transitions of C6H! in the laboratory and in TMC-1.
Frequencies are relative to the laboratory rest frequencies (Table 1), assuming
the standard mean radial velocity of 5.80 km s!1 for TMC-1. The geometrical
structure of C6H!, the hexatriyne anion, obtained by removing H" from triace-
tylene, is shown on top. According to the theoretical calculation of Aoki (2000),
the bonds are accurately represented as triple and single bonds as drawn; the
two dots on the terminal carbon denote the approximate location of the paired
electrons. The double-peaked laboratory line shape, obtained in 20 minutes of
integration, is instrumental in origin, the result of the Doppler shift of the fast-
moving supersonic molecular beam relative to the two traveling waves that
compose the confocal mode of the Fabry-Pérot cavity; the rest frequency of the
transition is the average of these two components. The TMC-1 spectra were
obtained by position-switching for 12 hr. Owing to the extremely low line density
in TMC-1, the probability that either line is due to a chance coincidence is ≤10!2;
the joint probability is !10!4, indicating that a misidentification is highly im-
probable. The astronomical lines agree in frequency with those measured in the
laboratory to 4 kHz, i.e., roughly one-half of the 6 kHz channel width used for
the TMC-1 observations.
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Note.—The laboratory constants for C6H! are derived from a least-squares fit to 17 rotational
transitions between 8 and 187 GHz (Table 1), for C6D! from five transitions between 10 and 22 GHz,
and the astronomical constants from seven lines in IRC"10216 between 30 and 50 GHz (Kawaguchi
et al. 1995), and two lines in TMC-1.

a from a CCSD(T)/cc-pVTZ calculation; the vibration-rotation correction (!1 MHz) and DBe
were calculated at the CCSD(T)/cc-pVDZ level of theory (H. Gupta & J. F. Stanton 2006, private
communication).
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nozzle (Taylor et al. 1998). Under favorable conditions, the
strongest lines of C6H! were observed with a signal-to-noise
ratio of 20 in 20 minutes of integration, about 15% the intensity
of the C6H lines observed under the same conditions. On the
basis of line intensities relative to those of the stable molecule
OCS at a known fractional abundance (i.e., 1% OCS in Ne),
we estimate ∼108 C6H! per gas pulse, a few percent that of
C6H.
A total of 17 lines of C6H! and five of C6D! have been

measured to an accuracy approaching 0.1 parts per million (see
Table 1); two are shown in Figure 1 to indicate the sensitivity
achieved in the laboratory in a few tens of minutes of inte-
gration, along with the same lines that we have now observed
in the astronomical source TMC-1 with the NRAO 100 m
Green Bank Telescope (GBT) on 2006 July 16 and 21. As
Table 2 shows, the spectroscopic constants derived from the
laboratory and astronomical data—seven lines in IRC"10216
and two in TMC-1—are identical, and there is no question that
the laboratory and astronomical molecules are the same.
The evidence that this new molecule is the hexatriyne anion

C6H! is extremely strong. A linear chain of six carbon atoms
terminated by a single H (Fig. 1), neutral or ionized, is the
only molecule that is consistent with the elemental composition
of the hydrocarbon precursors that yield B1377, the rotational
constant, and the isotopic shift observed on deuteration. The

lines of B1377 disappear when the precursor gas is deuterated,
ruling out a pure carbon molecule, and the rotational constant
requires a chain with six and only six carbon atoms—one more
or less yields a constant too low or high by more than 40%.
The large deuterium shift (4.53%) is nearly identical to that
found for neutral C6H (4.55%; Linnartz et al. 1999), thus re-
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ANIONS IN SPACE

•  first anion detected in space.


• Five more detected since:  and   (+  detected in ices, via IR).


•  assigned w/o laboratory data! 


• Electron radiative attachment  ( ) most likely formation pathway in space.


•  however suggests other formation mechanism, such as the reaction  (see Agúndez+ 2010; 

Cordiner & Millar 2009).

C6H−

C4H−, C8H−, C3N−, CN−, C5N− OCN−

C5N−

X + e− → X− + hν

CN− C−
n + N
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CONFORMATIONAL ISOMERISMS
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METHYL FORMATE — HCOOCH3

• The cis isomer is one of the most abundant iCOM (i.e. interstellar complex molecule) in space.


• Its abundance compared to that of its structural isomers acetic acid ( , most energetically stable) 
and glycolaldehyde ( ) is especially surprising.


• Most likely formation involves grain chemistry, like many other iCOMs.


• Non-thermal desorption of iced methanol might also start a series of gas-phase reactions leading to formation 
of methoxy ( ), dimethyl ether ( ) and methyl formate (see Balucani+ 2015).


• High angular resolution observations help to disentangle the chemistry of different species.

CH3COOH
HOCH2CHO

CH3O CH3OCH3
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METHYL FORMATE — HCOOCH3

• Trans isomer less stable by 25 kJ/mol (~3000K).


• @ 100K cis/trans ~ 1013 : 1 !!


• If trans detected non-thermal distribution.


• Relative abundances will reflect conformer-specific 
processes.


• Different spatial distribution (= high-angular 
resolution) and production mechanisms.
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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
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Figure 2. CP-FTMW spectra of methyl formate. (a) Spectrum with no discharge (31,000 signal averages, 90 minutes data collection time) showing the relative
abundances of cis- and trans-methyl formate. (b) Comparison of spectra with and without a discharge nozzle.

equilibrium, a pulsed discharge nozzle of the type previously
described by McCarthy et al. (2000), operated with a voltage
of approximately 800 V, was used to increase the population of
trans-methyl formate in the supersonic jet by a factor of approx-
imately 30. Laboratory spectra using CP-FTMW spectrometers
are shown in Figure 2.

Due to the strong internal rotor effects present in the spec-
trum of trans-methyl formate, FTMW-MW double resonance
measurements played a crucial role in confirming the spectral
assignments reported here and in locating new transitions. The
use of an FTMW cavity spectrometer for double resonance mea-
surements has been previously described (Nakajima et al. 2002;
Suma et al. 2004; Douglass et al. 2006). In this experiment,
the FTMW cavity is tuned to a rotational transition. Immedi-
ately after the FTMW polarizing pulse, a second microwave
pulse, typically with duration 3 µs, is applied. If the double
resonance microwave pulse is resonant with a transition that
shares a quantum state with the FTMW-monitored transition,
the prepared coherence is destroyed, reducing the intensity of
the measured signal typically by more than 80%. Double reso-
nance sources with at least 100 mW of power from 6 to 60 GHz
were employed. The double resonance frequency source could
be programmed either to test for connectivity against a list of
observed transitions or to scan through a frequency range.

3. OBSERVATIONS

Observations of the cis and trans conformers of methyl
formate were conducted as part of the NRAO 100 m Robert
C. Byrd Green Bank Telescope (GBT) PRebiotic Interstellar
MOlecule Survey (PRIMOS) Legacy Project. This NRAO key
project started in 2008 January and concluded in 2011 July.
The PRIMOS project recorded a nearly frequency continuous
astronomical spectrum from the Sgr B2(N) molecular cloud
(J2000 pointing position of α = 17h47m19.s8, δ = −28◦22′17′′)
between 1 and 50 GHz. The source was observed above
10◦ elevation from source rise to source set, when possible.
An LSR source velocity of + 64 km s−1 was assumed. The
GBT spectrometer was configured in its eight intermediate-
frequency (IF), 200 MHz three-level mode, which enabled
the observation of four 200 MHz frequency bands at a time
in two polarizations through the use of offset oscillators in
the IF. Antenna temperatures were recorded on the T ∗

a scale
(Ulich & Haas 1976) with estimated 20% uncertainties. Data

were taken in the OFF–ON position-switching mode, with the
OFF position 60′ east in azimuth with respect to the ON-
source position. A single scan consisted of 2 minutes in the
OFF-source position followed by 2 minutes in the ON-source
position. Automatically updated dynamic pointing and focusing
corrections were employed based on real-time temperature
measurements 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.

The processes and procedures for the data reduction we
followed to reduce and analyze the data using the GBTIDL
package can be found online.6 Before any profile fitting was
performed, the continuum level was subtracted from each
spectrum, using up to a third-order polynomial fit to the baseline.
This removed any instrumental slopes in the bandpass so that
baselines would be flat enough for a profile analysis, but
the shape of the original line would be preserved. The two
polarization outputs from the spectrometer were averaged in
the final data reduction process to improve the signal-to-noise
ratio, except for in the Ka band (26–40 GHz), where the receiver
was limited to one polarization for these observations. 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/.

4. LABORATORY SPECTRUM OF
TRANS-METHYL FORMATE

Like that of cis-methyl formate, the rotational spectrum of
trans-methyl formate is complicated by internal methyl rotation.
A total of 33 transitions of the dominant (H12C16O16O12CH3)
isotopologue of trans-methyl formate were detected in the
laboratory in this study, 24 of the A symmetry (nondegenerate)
species and 9 of the E symmetry (degenerate) species, with
a- and b-type selection rules. In addition, transitions of each of
the two singly substituted 13C isotopologues were observed in
natural abundance. All transitions up to 40 GHz with appreciable
intensity at pulsed-jet temperatures (Trot ∼ 1–2 K) have been
measured. The standard asymmetric top quantum numbers JKaKc
are used to designate energy levels for the A symmetry species,

6 http://gbtidl.nrao.edu;
http://www.gb.nrao.edu/GBT/DA/gbtidl/users_guide.2pt8.pdf;
http://www.gb.nrao.edu/GBT/DA/gbtidl/gbtidl_calibration.pdf

3

Neill+ 2012

trans-METHYL FORMATE — Lab
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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
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FORMIC ACID — HCOOH

• Few years later Cuadrado+ (2016) were able to detect cis-  towards the Orion Bar photodissociation 
region.


•  is the simplest organic acid.


• The most stable, trans, conformer was the first acid detected in the ISM (Zuckerman+ 1971) and since it has 
been detected in a variety of IS sources, including ices (Keane+ 2001) and chondritic meteorites (Briscoe & 
Moore 1993).


• cis-  is ~2000K higher than the trans conformer, with an internal rotation barrier of ~ 7000K.

HCOOH

HCOOH

HCOOH
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FORMIC ACID — HCOOH

S0
    0

1000

2000

3000

4000

180o 360o

En
er

gy
 (c

m
-1

)

φ1, OH torsion angle

v=0

v=1
v=2

w=0
v=3

w=1

w=2 v=4

CIS TRANS

S1
37500

38500

                       

En
er

gy
 (c

m
-1

)

                               

v=0

v=1

v=2

Cuadrado+ 2016



MAX PLANCK INSTITUTE FOR EXTRATERRESTRIAL PHYSICS |  VALERIO LATTANZI	 MOLECULAR SPECTROSCOPY FOR ASTROCHEMISTRY - II  | 29/11/2022	 32

FORMIC ACID — HCOOH
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• Photoswitching in action:


—a given conformer absorbs a stellar photon;


— molecule is radiatively excited to high electronic state, above the 
interconversion barrier;


— subsequent fluorescent decay leaves may leave the molecules in a 
different conformer form.

• New mechanism in space.


• May be important in UV irradiated environments.


• Other approaches to explain non-equilibrium ratio of different conformers 
in different IS environments are competitive chemical routes and quantum 
tunneling (García de la Concepción+ 2021).
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ISOTOPIC FRACTIONATION 
some recent results
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DEUTERIUM FRACTIONATION

• The number of D-species detected in the ISM is incredibly high if considering the local ISM 
.


• Including doubly (e.g. , Richard+ 2021) and triply-deuterated (e.g. , Parise+2002).


• Deuterium fractionation can be used a clock to trace molecules to the time and environment of their formation.


•  ratios observed are higher than  => multiple deuteration is more favourable, as confirmed by lab.


• From  and  column density ratios in 67P/Churyumov–Gerasimenko, singly deuterated methanol 
( ) is constrained to happen via the  substitution of the main isotopologue, while,  is 
deduced to form from the hydrogenation of doubly deuterated formaldehyde ( ) (Drozdovskaya et al. 2021). 

D/H = (2.0 ± 0.1) × 10−5

CH3OCHD2 CD3OH

D2/D D/H

D/H D2/D
CH2DOH H − D CHD2OH

D2CO
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DEUTERATED ACETALDEHYDE — CHD2CHO

• Acetaldehyde one of the most abundant iCOMs in ISM.


• Singly-deuterated, both in the methyl ( ) and aldehyde group ( ), both detected in ISM.


• Doubly-deuterated never detected in ISM and only one low frequency (8-40 GHz) lab study.

CH2DCHO CH3CDO

• New spectroscopy in 82-450 GHz in our labs, combining different techniques.


• More than 700 new rotational lines detected, both for the In and Out symmetries.


• Data analysis complex and specific Hamiltonian used to fit lab data.

Judit Ferrer PhD Student
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Fig. 3. The two energetically equivalent Out configurations and the
higher energy In configuration are identified by their configuration num-
ber n = 1, 2, and 3. The two deuterium atoms are labeled 2 and 3. ↵(n)

eq
is the equilibrium value of the torsional angle ↵ = \HCCO. Configura-
tion 3, displaying a symmetry plane and therefore having Cs symme-
try, is approximately 14.487 cm�1 above Configurations 1 and 2 having
C1 symmetry.

(2003) and determined later with a higher accuracy by Coudert
et al. (2019), is 15.558 66(4) cm�1, we obtain Ed = 14.487 cm�1.

The theoretical results in Sections 3.2 and 3.3 of Margulès
et al. (2009) can be used in the case of CHD2CHO provided a
few changes, due to the definition of Ed in this work, are made.
Equation (8) of these authors should be changed into:

h 3|Ht | 3i = h 1|Ht | 1i + Ed = h 2|Ht | 2i + Ed (3)

and Ed should be ignored in their Eq. (21) and in their Table 2;
in their Table 1, it should only appear for diagonal matrix el-
ements involing two wavefunctions corresponding to Configu-
ration 3. Table 1 of the present paper lists computed values for
the rotational constants and dipole moment components of the
In and Out configurations as retrieved from the structure of Kilb
et al. (1957) and the dipole moment components reported in Ta-
ble 16 of Turner & Cox (1978) for CH3CHO. Equations (12) and
(13) of Margulès et al. (2009) should be used with no change to
obtain the tunneling matrix element HJK�1;JK0�02 of the 1 ! 2
tunneling path connecting the isoenergetic Configurations 1 and
2. Similarly, Eqs. (14) and (15) should be used for tunneling ma-
trix element HJK�1;JK0�03 of the 1! 3 tunneling path connecting
Configurations 1 and 3. The rotational dependence of these tun-
neling matrix elements is parameterised by two sets of Eulerian-
type angles, ✓2, �2 and �3, ✓3, �3, which were numerically evalu-
ated using the structure of Kilb et al. (1957) and which are also
given in Table 1. In Eqs. (12)–(15) of Margulès et al. (2009), h2
and h3 are the magnitude of the tunneling splittings. These pa-
rameters, the Eulerian-type angles ✓2, �2, �3, ✓3, �3, the rotational
constants of the In and Out configurations, and the energy di↵er-
ence Ed allows us to compute to zeroth-order the rotation-torsion
energy of the three first torsional states of CHD2CHO.

When tunneling e↵ects are small, the In configuration dis-
plays asymmetric-top rotational energies shifted by +Ed. For the
+ and � sublevels arising from the Out configurations, Eq. (21)
of Margulès et al. (2009) shows that ±h2 should be added to the
asymmetric-top rotational energies, where the upper (lower) sign
is for the + (�) sublevel. As h2 is negative (Hougen 1985; Coud-
ert & Hougen 1988), the + sublevel is below the � sublevel. The

Fig. 4. The J = 0 tunneling pattern of CH2DCHO and CHD2CHO as
retrieved with Margulès et al. (2009). The tunneling parameter h2 and
the energy di↵erences Ed and E

0
d

are defined in Section 2.2. The tun-
neling sublevels for CHD2CHO are also labeled with the quantum
number � such that � = 0 and 1 correspond respectively to the +
and - tunneling sublevels and � = 2 to the In conformation level.

Table 1. Calculated molecular parameters

Parameter Value Parameter Value
�2 241.9 �3 241.3
✓2 4.7 ✓3 3.7
�2 61.9 �3 68.9
A

In ⇥ 10�3 47.937 A
Out ⇥ 10�3 45.149

B
In ⇥ 10�3 8.784 B

Out ⇥ 10�3 9.174
C

In ⇥ 10�3 8.154 C
Out ⇥ 10�3 8.184

µIn
x

1.043 µOut
x

1.136
µIn

y
- µOut

y
0.111

µIn
z

2.544 µOut
z

2.502

Notes. Eulerian-type angles, in degrees, involved in the rotational de-
pendence of the tunneling matrix elements, the rotational constants, in
MHz, and the dipole moments components, in Debye, are listed for the
In and Out configurations. For symmetry reason, the relation �2 = �2+⇡
is fulfilled and µIn

y
is zero. Superscripted In and Out labels identify the

rotational constants and dipole moment components.

resulting tunneling pattern for J = 0 is drawn in Fig. 4 where it
is compared to that of the monodeuterated species CH2DCHO.
In agreement with the energy level diagram for CHD2CHO
in this figure, the vibrational quantum number �, with 0  �
 2, is introduced. � = 0 and 1 refer to rotational levels aris-
ing from the + and – tunneling sublevels, respectively, and �
= 2 those arising from the In configuration. The results pre-
sented for CH2DCHO by Coudert et al. (2019) concerning se-
lection rules, distortion terms to the tunneling matrix elements,
and the assignment of the levels arising from numerical diago-
nalisation of the Hamiltonian matrix also apply for CHD2CHO
and the reader are referred to that paper for further information.

2.3. Line assignment and line analysis

Starting from the results of Turner & Cox (1976), parallel a-type
and perpendicular b-type transitions within the In configuration
were assigned up to J = 20 and Ka = 5. This first set of transi-
tions was fitted with a Watson-type Hamiltonian. Parallel a-type
and perpendicular b- and c-type transitions within and between
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Fig. 3. The two energetically equivalent Out configurations and the
higher energy In configuration are identified by their configuration num-
ber n = 1, 2, and 3. The two deuterium atoms are labeled 2 and 3. ↵(n)

eq
is the equilibrium value of the torsional angle ↵ = \HCCO. Configura-
tion 3, displaying a symmetry plane and therefore having Cs symme-
try, is approximately 14.487 cm�1 above Configurations 1 and 2 having
C1 symmetry.

(2003) and determined later with a higher accuracy by Coudert
et al. (2019), is 15.558 66(4) cm�1, we obtain Ed = 14.487 cm�1.

The theoretical results in Sections 3.2 and 3.3 of Margulès
et al. (2009) can be used in the case of CHD2CHO provided a
few changes, due to the definition of Ed in this work, are made.
Equation (8) of these authors should be changed into:

h 3|Ht | 3i = h 1|Ht | 1i + Ed = h 2|Ht | 2i + Ed (3)

and Ed should be ignored in their Eq. (21) and in their Table 2;
in their Table 1, it should only appear for diagonal matrix el-
ements involing two wavefunctions corresponding to Configu-
ration 3. Table 1 of the present paper lists computed values for
the rotational constants and dipole moment components of the
In and Out configurations as retrieved from the structure of Kilb
et al. (1957) and the dipole moment components reported in Ta-
ble 16 of Turner & Cox (1978) for CH3CHO. Equations (12) and
(13) of Margulès et al. (2009) should be used with no change to
obtain the tunneling matrix element HJK�1;JK0�02 of the 1 ! 2
tunneling path connecting the isoenergetic Configurations 1 and
2. Similarly, Eqs. (14) and (15) should be used for tunneling ma-
trix element HJK�1;JK0�03 of the 1! 3 tunneling path connecting
Configurations 1 and 3. The rotational dependence of these tun-
neling matrix elements is parameterised by two sets of Eulerian-
type angles, ✓2, �2 and �3, ✓3, �3, which were numerically evalu-
ated using the structure of Kilb et al. (1957) and which are also
given in Table 1. In Eqs. (12)–(15) of Margulès et al. (2009), h2
and h3 are the magnitude of the tunneling splittings. These pa-
rameters, the Eulerian-type angles ✓2, �2, �3, ✓3, �3, the rotational
constants of the In and Out configurations, and the energy di↵er-
ence Ed allows us to compute to zeroth-order the rotation-torsion
energy of the three first torsional states of CHD2CHO.

When tunneling e↵ects are small, the In configuration dis-
plays asymmetric-top rotational energies shifted by +Ed. For the
+ and � sublevels arising from the Out configurations, Eq. (21)
of Margulès et al. (2009) shows that ±h2 should be added to the
asymmetric-top rotational energies, where the upper (lower) sign
is for the + (�) sublevel. As h2 is negative (Hougen 1985; Coud-
ert & Hougen 1988), the + sublevel is below the � sublevel. The

Fig. 4. The J = 0 tunneling pattern of CH2DCHO and CHD2CHO as
retrieved with Margulès et al. (2009). The tunneling parameter h2 and
the energy di↵erences Ed and E
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are defined in Section 2.2. The tun-
neling sublevels for CHD2CHO are also labeled with the quantum
number � such that � = 0 and 1 correspond respectively to the +
and - tunneling sublevels and � = 2 to the In conformation level.

Table 1. Calculated molecular parameters

Parameter Value Parameter Value
�2 241.9 �3 241.3
✓2 4.7 ✓3 3.7
�2 61.9 �3 68.9
A

In ⇥ 10�3 47.937 A
Out ⇥ 10�3 45.149

B
In ⇥ 10�3 8.784 B

Out ⇥ 10�3 9.174
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Notes. Eulerian-type angles, in degrees, involved in the rotational de-
pendence of the tunneling matrix elements, the rotational constants, in
MHz, and the dipole moments components, in Debye, are listed for the
In and Out configurations. For symmetry reason, the relation �2 = �2+⇡
is fulfilled and µIn

y
is zero. Superscripted In and Out labels identify the

rotational constants and dipole moment components.

resulting tunneling pattern for J = 0 is drawn in Fig. 4 where it
is compared to that of the monodeuterated species CH2DCHO.
In agreement with the energy level diagram for CHD2CHO
in this figure, the vibrational quantum number �, with 0  �
 2, is introduced. � = 0 and 1 refer to rotational levels aris-
ing from the + and – tunneling sublevels, respectively, and �
= 2 those arising from the In configuration. The results pre-
sented for CH2DCHO by Coudert et al. (2019) concerning se-
lection rules, distortion terms to the tunneling matrix elements,
and the assignment of the levels arising from numerical diago-
nalisation of the Hamiltonian matrix also apply for CHD2CHO
and the reader are referred to that paper for further information.

2.3. Line assignment and line analysis

Starting from the results of Turner & Cox (1976), parallel a-type
and perpendicular b-type transitions within the In configuration
were assigned up to J = 20 and Ka = 5. This first set of transi-
tions was fitted with a Watson-type Hamiltonian. Parallel a-type
and perpendicular b- and c-type transitions within and between
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J. Ferrer Asensio et al.: Millimeter and sub-millimeter spectroscopy of doubly deuterated acetaldehyde (CHD2CHO)

the + and � sublevels of the Out configurations were afterwards
assigned up to J = 27 and Ka = 16, using the results of Turner
et al. (1981). Fitting of this second set of transitions yielded rota-
tional constants for the Out configurations, the magnitude of the
tunneling splitting h2, and the Eulerian-type angles ✓2 and �2. No
unaccountably large residuals, which could have been attributed
to couplings between the In and Out configurations, were found.
As a result, unlike in the monodeuterated species CH2DCHO,
the value of Ed and of the parameters describing the 1 ! 3 tun-
neling parameter could not be retrieved. Both sets of transitions
were then fitted and new transitions were predicted and searched
for. For the In configuration, it was possible to assign a- and b-
type transitions up to J = 26 and Ka = 17. For the Out configu-
rations, a-, b-, and c-type transitions were assigned up to J = 27
and Ka = 14. Table 2 lists the number of assigned transitions for
each configuration counting forbidden even �Ka and �Kc tran-
sitions (Turner et al. 1981) of the Out configurations as a-type
transitions.

Table 2. Assigned transitions

In Out
References a-type b-type a-type b-type c-type All
1 17 30 - - - 47
2 - - 24 28 12 64
This work 176 36 445 75 2 742
All 193 66 469 103 14 853

References. (1) Turner & Cox (1976); (2) Turner et al. (1981)
Notes. The number of assigned a-, b-, and c-type transitions for each
configuration in the two previous investigations (Turner & Cox 1976;
Turner et al. 1981) and in this work. c-type transitions within the In
configuration are not allowed. No transitions were assigned between
the In and Out configurations.

In the final analysis, experimental frequencies were intro-
duced in a least-squares fit procedure where they were given
a weight equal to the inverse of their experimental uncertainty
squared. Unresolved K-type doublets were treated as in Mar-
gulès et al. (2009). The rotational Watson-type Hamiltonians
used for the In and Out configurations were written using Wat-
son’s A-set of distortion parameters (Watson 1967, 1968a,b).
The root mean square value of the observed minus calculated
frequency is 81 kHz for transitions within the In configuration,
88 kHz for transitions within the Out configurations, and 83 kHz
for all transitions. The unitless standard deviation of this final
analysis is 1.7. For the whole dataset, assignments, observed
and calculated frequencies, and residuals are listed in Table 3,
available at the Centre de Données astronomiques de Strasbourg
(CDS)1. This table displays 13 columns: Columns 1 to 4 (5 to
8) give the assignment of the upper (lower) level in terms of
J,Ka,Kc rotational quantum numbers and the vibrational
state number �; column 9 is the observed frequency in MHz;
column 10 its uncertainty in kHz; column 11 is the observed mi-
nus calculated residual in kHz; column 12 is blank for a single
line and d for a line belonging to an unresolved K-type doublet;
and column 13 gives the reference from which the transition was
taken. Table 4 lists the parameters determined in the analysis.
This table displays 2 columns. Column 1 gives the parameter
name; column 2 its value and uncertainty. For the rotational con-
stants, the calculated values in Table 1 are within 300 MHz from
the experimental values in Table 4. For the Eulerian-type angles
describing the rotational dependence of the tunneling matrix el-

1 https://cdsweb.u-strasbg.fr/index-fr.gml

ements, the discrepancies are 0.2 and 1� for, respectively, ✓2 and
�2.

Table 4. Spectroscopic parameters

Parametera Value Parametera Value

✓2 4.864(12) HKKJ ⇥104 �0.514(21)
�2 60.828 7(36) HJKK ⇥105 �0.112(81)
✓2 j ⇥103 0.293(34) HJ ⇥108 0.26(25)
�2 j ⇥103 0.187(40) hK ⇥103 �0.434(63)
h2 �91.824(22) hKJ ⇥105 �0.396(39)
h2k �0.116 7(23) hJ ⇥109 0.7(13)
h2 j ⇥102 0.949(81)
f2 ⇥10 0.180 7(72) A

Out ⇥10�3 45.141 639 0(39)
s2xz ⇥10 �0.194(11) B

Out ⇥10�3 9.176 200 44(90)
h2kk ⇥103 �0.298(20) C

Out ⇥10�3 8.187 146 15(81)
h2k j ⇥103 0.130 7(81) �K 0.353 84(15)
h2 j j ⇥105 �0.277(81) �KJ ⇥10 0.168 73(14)

�J ⇥102 0.666 13(20)
A

In ⇥10�3 47.940 411 5(57) �K ⇥10 �0.902 4(17)
B

In ⇥10�3 8.778 690 6(14) �J ⇥103 0.853 2(12)
C

In ⇥10�3 8.175 064 5(13) HKKJ ⇥104 �0.238 0(90)
�K 0.292 10(24) HJKK ⇥106 �0.31(29)
�KJ ⇥10 0.778 46(42) HJ ⇥108 0.70(22)
�J ⇥102 0.517 80(26) hK ⇥105 �0.3 174(13)
�K �0.353 56(51) hKJ ⇥105 �0.113 (21)
�J ⇥103 0.592 2(14) hJ ⇥108 0.16(12)
a Parameters are in MHz except for the angles ✓2, �2 and their distortion

constants which are in degrees. Uncertainties are given in parentheses in
the same units as the last quoted digit.

Table 5. Partition functions Qrot of CHD2CHO

T/K Qrot T/K Qrot
2.725 27.3 75 5186.2
5.000 66.9 150 15262.5
9.375 177.5 225 28438.5

18.75 550.6 300 44014.5
37.50 1714.4

Notes. The partition functions are given for each temperature T in
Kelvin.

2.4. Spectroscopic catalogue

The spectroscopic catalogue was built using the results of the
previous sections. The energy di↵erence Ed was set to the value
computed in Section 2.2. Transitions were calculated up to J =
28 and their line strength and line intensity were computed using
the dipole moment components in Table 1. The partition func-
tions Qrot, listed in Table 5, were computed for several temper-
atures using degeneracy factors equal to (2J + 1). A zero energy
was taken for the Out configurations 000,+ level. Lines were se-
lected using an intensity cuto↵ depending on the line frequency
(as commonly done in the JPL database catalogue line files;
Pickett et al. 1998). Its value in nm2 ·MHz units at 300 K is

10LOGSTR0 + (F/300 000)2 ⇥ 10LOGSTR1, (4)

where F is the frequency in MHz, and LOGSTR0 and LOGSTR1
are two dimensionless constants both set to �8. The linelist,
given in Table 6, is available at the CDS and is formatted in the
same way as the catalogue line files of the JPL database (Pick-
ett et al. 1998). Columns 1 to 3 contain, respectively, the line
frequency (FREQ) in MHz, the error (ERR) in MHz, and the
base 10 logarithm of the line intensity (LGINT) in nm2 · MHz
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DEUTERATED ACETALDEHYDE — ASTRO

• New catalogue with ~50 kHz uncertainty at 1mm (~ 300 
GHz).


• 48 transitions identified in the IRAS16293-2422 
protostellar system.


•  ~ 0.2 


• Similar to methyl formate, diethyl ether, and methanol.


• Common formation environment with enhanced 
deuterium fractionation.

D2/D

A&A proofs: manuscript no. output

Fig. A.3. Same as Figure A.1. Fig. A.4. Same as Figure A.1.
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TAKE HOME MESSAGES — II

• Higher spectral resolution and frequency coverage make spectroscopy more complex.


• Theory — Laboratory — Observations is key for our understanding of ISM.


• How to build your catalogue from laboratory data? Tutorial this afternoon.


• Some experimental examples on sulphur species on Thursday.


