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ABSTRACT

Aims. The recent discovery of methyl isocyanate (CH3NCO) in Sgr B2(N) and Orion KL makes methyl cyanate (CH3OCN) a potential
molecule in the interstellar medium. The aim of this work is to fulfill the first requirement for its unequivocal identification in space,
i.e. the availability of transition frequencies with high accuracy.
Methods. The room-temperature rotational spectrum of methyl cyanate was recorded in the millimeter wave domain from 130 to
350 GHz. All rotational transitions revealed A-E splitting owing to methyl internal rotation and were globally analyzed using the
ERHAM program.
Results. The data set for the ground torsional state of methyl cyanate exceeds 700 transitions within J′′ = 10−35 and K′′a = 0−13
and newly derived spectroscopic constants reproduce the spectrum close to the experimental uncertainty. Spectral features of methyl
cyanate were then searched for in Orion KL, Sgr B2(N), B1-b, and TMC-1 molecular clouds. Upper limits to the column density of
methyl cyanate are provided.

Key words. astrochemistry – line: identification – techniques: spectroscopic – astronomical databases: miscellaneous –
molecular data

1. Introduction

Organic molecules containing abundant interstellar elements
H, C, N, and O are the prime target for both astrophysicists
and spectroscopists to intensively search for in the interstellar
medium (ISM). One of the simplest, the isocyanic acid (HNCO),
was detected with high abundances in a variety of Galactic
sources, as well as in the external galaxies (see Quan et al.
2010; Brünken et al. 2010, and references therein). Cyanic acid
(HOCN) and fulminic acid (HCNO), two energetically less sta-
ble isomers of isocyanic acid with predicted relative energies
of 24.7 and 70.7 kcal mol−1, respectively (see Schuurman et al.
2004), were also successfully observed in space (Brünken et al.
2010, 2009; Marcelino et al. 2010, 2009). The choice of new
molecules to be searched for is usually justified by analogy with
the detected molecules and plausible chemical reactions that
occur in the ISM. Methyl substituted derivatives of isocyanic
acid and its isomers could thus be suggested as logical candi-
dates. Among the members of the open-chain methyl deriva-
tives, methyl isocyanate (CH3NCO) is the lowest-energy isomer,
followed by methyl cyanate (CH3OCN), acetonitrile N-oxide
(CH3CNO), and methyl fulminate (CH3ONC). Very recently,
methyl isocyanate was detected on the surface of the comet
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http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/591/A75

Fig. 1. Methyl cyanate depicted in the principal axis system.

67P/Churyumov-Gerasimenko (Goesmann et al. 2015) as well
as in the molecular clouds Sgr B2 and Orion KL (Halfen et al.
2015; Cernicharo et al. 2016). Owing to relatively high abun-
dances of methyl isocyanate found by Cernicharo et al. (2016),
the search for methyl cyanate in space, which uses millime-
ter wave astronomy, looks promising. Methyl cyanate (Fig. 1)
is predicted to be higher in energy with respect to methyl iso-
cyanate by 25.1 kcal mol−1 (Pasinszki & Westwood 2001), i.e.
close to that of cyanic acid with respect to isocyanic acid. More-
over, sizable dipole moment components of |µa| = 4.07 (6) D
and |µb| = 1.24 (40) D (Sakaizumi et al. 1990) make the possible
detection of this metastable isomer relatively favourable.
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Fig. 2. Section of the methyl cyanate rotational spectrum with the assignment of the A-E doublets of the a-type R-branch transitions (∆J = +1,
∆Ka = 0, ∆Kc = +1) within the cluster for J′′ = 13. The quantum numbers of the lower energy levels, J′′K′′a K′′c

, are indicated. Transitions of the A
components for Ka ≥ 5 are doubly degenerate.

An attempt to observe methyl cyanate unambiguously in the
ISM requires a previous good knowledge of its rotational spec-
trum in the laboratory. Until this work, only Stark-modulated
spectra were recorded up to 50 GHz (Sakaizumi et al. 1990,
1993, 1995). Seven A and seven E transitions, which resulted
from the methyl group internal rotation, were reported and ana-
lyzed for the ground torsional state and a barrier to internal ro-
tation of 399 cm−1 was derived (Sakaizumi et al. 1995). Lack
of accurate laboratory millimeter wave data thus initiated new
spectroscopic measurements over the frequency range from 130
to 350 GHz. A new set of spectroscopic constants could re-
produce the millimeter wave spectrum within the experimental
uncertainty, which could then be used to guide the search for
millimeter wave signatures of methyl cyanate towards various
interstellar sources. In this work, a search was conducted towards
the molecular clouds Orion KL, Sgr B2(N), B1-b and TMC-1,
and the results are discussed in Sect. 4.

2. Experimental details

Methyl cyanate was generated according to
Pasinszki & Westwood (1995) by gas-solid reaction of the
evaporated O-methyl thiocarbamate (CH3OC(S)NH2) with
yellow mercury oxide (HgO, Sigma Aldrich) packed into a
tube in half-section in a vacuum line (0.3 mbar pressure). A
sample of O-methyl thiocarbamate was prepared according to
the method given in Davies & Maclaren (1951). To remove
the water, which is a by-product, the reaction products were
passed through a short tube (15 cm) filled in half-section with
phosphorus pentoxide (P2O5, Sigma Aldrich). Dried products
were collected in the liquid nitrogen U-tube trap, which was
then connected to the sample cell of the spectrometer. Vapour
pressure of the trapped sample near −60 ◦C was enough to

fill the cell up to a total pressure of about 25 µbar. Undiluted
methyl cyanate has been described as an extremely unstable
compound (Jensen et al. 1965). Initial experiments were per-
formed in the flow mode. However, later it was found that the
measurements could be performed in the closed cell for several
hours. Isocyanic acid and methyl isocyanate were found to be
major impurities.

The rotational spectra were recorded at room temperature us-
ing the Valladolid millimeter wave spectrometer described in de-
tail elsewhere (Daly et al. 2014). The measured frequency region
from 130 to 350 GHz was reached by sequential multiplica-
tion of the basic synthesizer frequency (≤20 GHz) by amplifier-
multiplier chains (VDI, Inc.). The synthesizer output was fre-
quency modulated at f = 10.2 kHz with a modulation depth
of 30 kHz. The signal was detected by solid-state zero-bias de-
tectors (VDI, Inc.) and further processed by a lock-in amplifier
using 2 f detection. The resulting second derivative shape of the
lines was fitted to the Gaussian profile function and the uncer-
tainty of the isolated well-developed lines was estimated to be
better than 50 kHz.

3. Analysis of the spectra

Methyl cyanate is a near-prolate asymmetric top with Cs sym-
metry and its molecular geometry is shown in Fig. 1. Two char-
acteristic features can be found in the methyl cyanate rotational
spectra. Firstly, the dipole moment component along the a-axis is
much larger than the component along the b-axis, therefore, the
rotational spectrum is dominated by strong a-type R-branch tran-
sitions. These transitions usually occur in groups with the central
part situated approximately at (B+C)(J′′+1). Each group corre-
sponds to specific J′′+1← J′′ and is formed by transitions with
different Ka. Figure 2 illustrates an example of this type of group
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Fig. 3. Comparison of the predicted positions
of the ground torsional state a-type R-branch
transitions of methyl cyanate with the experi-
mentally observed spectrum. The blue model
shows predictions based on the previous work
of Sakaizumi et al. (1995) and ∆ν quantity pro-
vides the difference between the observed and
predicted frequencies. Predictions based on the
results of this work are represented by the red
model.

for J′′ = 13. Two transitions always appear for each Ka > 0 and
lower Ka pairs are more widely split than the higher Ka ones
(see Fig. 2). Secondly, methyl cyanate contains one C3v internal
rotor (methyl group), which can undergo a torsion motion with
respect to the rest of the molecule leading to the splitting of the
rotational levels into A and E sublevels. As a result, all tran-
sitions appear as the A-E doublets with separation from units
to tens of MHz (see Fig. 2), which leads to higher line density
of the spectrum and complicates its analysis. For completeness,
methyl cyanate moreover possess one nucleus with a nonzero
electric quadrupole moment (14N), however, no quadrupole hy-
perfine structure has been observed in the rotational spectra.

After eliminating the lines that correspond to the isocyanic
acid and methyl isocyanate, the assignment was started with
the search for the strongest low-Ka transitions using predictions
based on the results of Sakaizumi et al. (1995). An example of
the predictions of the rotational transitions in the millimeter
wave domain is shown in the upper part of Fig. 3. If compared
with the experimental spectrum in the middle part of Fig. 3,
large discrepancies occur between the observed and predicted
frequencies. This is a typical problem of the extrapolation out-
side the experimentally known data set that makes the confident
search in the millimeter wave line surveys impossible. Loomis-
Wood-type plots from AABS package (Kisiel et al. 2005) were
very useful for reaching conclusive assignments.

The first set of rotational and centrifugal distortion constants
was obtained from the separate fit of the A transitions with stan-
dard Watson’s A-reduced semirigid rotor Hamiltonian (Watson
1977). Next, the E transitions were searched for and added
step-by-step, starting at low J and Ka and moving up progres-
sively. Both A and E transitions were finally assigned within
J′′ = 10−35 and K′′a = 0−13 and analyzed simultaneously using
the ERHAM program (Groner 1997, 2012). The structural model
from Sakaizumi et al. (1993) was adopted to derive initial values
of the internal motion parameters ρ and β, which represent the
magnitude of the ρ-vector and the angle between this vector and
the principal a-axis, respectively. The rotational line sequences
of a-type R-branch transitions for J′′ ≤ 25 and K′′a ≤ 8 were ana-
lyzed using the set of the rotational constants, centrifugal distor-
tion constants up to the sixth order, ρ and β parameters, first two
energy tunneling parameters εq (q = 1, 2), and two tunneling pa-
rameters with q = 1, which were associated with the rotational
constants (see Groner 1997, 2012, for definitions and nomencla-
ture of these parameters). Larger discrepancies were found be-
tween observed and calculated frequencies for J′′ > 25 and for
even lower K′′a , which could not be rectified with the addition

of the tunneling components of the quartic centrifugal distortion
constants. These deviations could be partly removed using the
tunneling components of the rotational constants with q = 2.
The tunneling parameters associated with the Coriolis operators
Ja, JaJ2, or (J2

+ + J2
−)Ja were also applied to decrease those de-

viations but the ρ and β values were significantly changed lead-
ing to the unusual value of the moment of inertia of the methyl
group. Therefore, these parameters were finally excluded from
the fit. The left and middle part of Table 1 present the 25 spec-
troscopic parameters determined from the nonlinear least-square
fit of 390 A transitions (290 distinct frequency lines owing to the
line blending) and 341 E transitions, which lead to the root mean
square deviations of 77 kHz and 83 kHz for the sets of A and E
transitions, respectively. The moment of inertia of the methyl
top, together with other derived internal rotation parameters, are
presented on the right side of Table 1. The experimental frequen-
cies can be found in Table 3, along with the assignments to the
rotational quantum numbers J, Ka, Kc and νobs − νcalc quantities,
where νobs and νcalc are the observed and calculated frequencies,
respectively. The spectroscopic parameters from Table 1 were
used to predict the transition frequencies and line strengths mul-
tiplied by the square of the corresponding dipole moment com-
ponent, which are indispensable for a correct molecular identifi-
cation. These predictions are gathered in Table 4 along with the
estimated uncertainties of the predicted frequencies and energies
of the lower and upper state energy levels.

4. Radioastronomical observations

The new set of the spectroscopic constants of methyl
cyanate allow us to attempt a rigorous search for this
species in space. The high abundance of molecules contain-
ing methoxy (CH3O−) and cyano (−CN) groups in Orion KL
(Tercero et al. 2015; López et al. 2014) and the recent detec-
tion of CH3NCO as one of the most abundant CH3−X
species towards the source (Cernicharo et al. 2016) could sug-
gest the presence of methyl cyanate (CH3OCN) in Orion KL.
Cernicharo et al. (2016) report an upper limit to its column den-
sity of 1× 1014 cm−2 in Orion KL, according to the IRAM 30 m
data (Tercero et al. 2010). We obtained similar results search-
ing for CH3OCN in different positions of the ALMA Science
Verification (SV) data of this source. Using the MADEX code
(Cernicharo 2012), we derived an upper limit of 2× 1014 cm−2

in the two emission peaks of CH3NCO (see Cernicharo et al.
2016). These positions correspond approximately to the mid-
dle of the hot core clumpy structure (see e.g. Favre et al. 2011)
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Fig. 4. ALMA SV data of three different positions towards Orion KL at selected frequencies, together with the synthetic spectra obtained using
the column densities given in Sect. 4 as upper limits. A vLSR of +9.0 km s−1 is assumed.

Table 1. Spectroscopic parameters of methyl cyanate in its ground torsional state.

Parametera Unit Value Parameterb Unit Value Derived parameterc Unit Value

A MHz 38 989.07 (20)d ρ Unitless 0.186763 (67) Iα uÅ 3.1962 (44)
B MHz 5322.2520 (15) β ◦ 6.822 (19) Ir uÅ 2.7037 (40)
C MHz 4821.3091 (13) ε1 MHz −286.44 (43) F cm−1 6.2349 (92)
∆J kHz 3.40965 (66) ε2 MHz −1.32 (12) ∆EE−A MHz 863.3 (15)
∆JK kHz −81.406 (10) [A − (B + C)/2]1 kHz 1127 (29) ∠(i, a) ◦ 41.232 (83)
∆K kHz 1727 (23) [A − (B + C)/2]2 kHz −126 (16) ∠(i, b) ◦ 48.768 (83)
δJ kHz 0.79149 (89) [(B + C)/2]1 kHz −4.76 (89) ∠(i, c) ◦ 90.0e

δK kHz 1.72 (11) [(B + C)/2]2 kHz −2.08 (14)
ΦJ Hz 0.01009 (28) [(B −C)/4]1 kHz 4.33 (27)
ΦJK Hz −0.2671 (36) [(B −C)/4]2 kHz 0.62 (13)
ΦKJ Hz −8.249 (66) −[∆J]1 Hz 1.06 (21)
φJ Hz 0.00457 (39) −[∆JK]1 Hz −35.8 (17)

−[δK]1 Hz −186.2 (95)
σrms kHz 95

Notes. (a) Rotational constants A, B, C, quartic centrifugal distortion constants ∆J , ∆JK , ∆K , δJ , δK , and sextic centrifugal distortion constants ΦJ ,
ΦJK , ΦKJ , φJ are given in the notation of Watson’s A-reduction scheme in Ir-representation (Watson 1977). (b) The value ρ is the magnitude of
the ρ-vector, β represents the angle between the ρ-vector and the principal a-axis, ε1 and ε2 are the first and second energy tunneling parameters,
respectively. Tunneling parameters associated with the rotational and centrifugal distortion constants are given in the notation [X]q, where X is
a linear combination of the rotational constants or centrifugal distortion constants and the subscript q designates the tunneling component (see
Groner 1997, 2012, for details). (c) Iα is the moment of inertia of the methyl top, Ir is the reduced moment of inertia, F is the reduced rotational
constant, ∆EE−A is the torsional energy difference, and ∠(i, a), ∠(i, b), ∠(i, c) are the angles between the internal rotation axis i and the principal
axis a, b, c. (d) Numbers in parenthesis represent the 1σ uncertainty (67% confidence level) in units of the last decimal digit. (e) Fixed value.

and the MM4 source shown in Wu et al. (2014). Accord-
ing to the CH3NCO column densities, we derived the ratio
N(CH3NCO)/N(CH3OCN)≥ 35 and 20 in the hot core and
MM4, respectively. Owing to the richness of the compact ridge
in molecules containing the methoxy group (Tercero et al. 2015),
we also looked for methyl cyanate in this component, but we did

not find this species above the detection limit of the data. Adopt-
ing the physical parameters of the compact ridge for trans-ethyl
methyl ether derived by Tercero et al. (2015), we found an upper
limit to the CH3OCN column density of 1× 1014 cm−2. Figure 4
shows the ALMA SV data of these three positions at selected fre-
quencies, together with the synthetic spectra obtained using the
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Table 2. Physical parameters of the considered cloud cores.

Source vLSR ∆vFWHM dsou Trot N(CH3OCN) Qrot
(km s−1) (km s−1) (′′) (K) ×1014 (cm−2) A state E state

Orion KL 8.0 3.0 3.0 150 ≤(1.0 ± 0.3) 8823 8825(ALMA SV) 6.0 8.0 3.0 150 ≤(1.0 ± 0.3) 8823 8825Hot core
Orion KL

7.5 2.0 3.0 100 ≤(1.0 ± 0.3) 5183 5185(ALMA SV)
Compact ridge
Orion KL 8.0 3.0 3.0 150 ≤(1.0 ± 0.3) 8823 8825(ALMA SV) 5.0 3.0 3.0 150 ≤(1.0 ± 0.3) 8823 8825MM4
Sgr B2(N) 63.0 7.0 2.4 200 ≤(100 ± 35) 12300 12303(IRAM 30 m) 73.0 7.0 1.9 200 ≤(50 ± 20) 12300 12303Hot gas
Sgr B2(N) 64.0 9.0 60.0 14 ≤(0.20 ± 0.06) 281 281(IRAM 30 m) 75.0 12.0 60.0 14 ≤(0.20 ± 0.06) 281 281Cold gas
B1-b 6.7 0.7 60.0 12 ≤(0.0020 ± 0.0006) 223 223(IRAM 30 m)
TMC-1 6.0 0.7 60.0 10 ≤(0.0020 ± 0.0006) 170 170(IRAM 30 m)

column densities given above as upper limits. Above the limit es-
tablished by these models, it becames clear that lines were miss-
ing or mismatched.

As CH3NCO has also been detected in Sgr B2(N)
(Halfen et al. 2015; Cernicharo et al. 2016), we modelled the
emission of CH3OCN according to the physical parameters for
CH3NCO in Sgr B2(N) (Cernicharo et al. 2016) to search for
this species in the public IRAM 30 m spectrum at 3 mm of
this source (Belloche et al. 2013). Nevertheless, similar to the
Orion case, only upper limits to its column density were de-
rived: 1× 1016 cm−2 and 5× 1015 cm−2 for the 63 km s−1 compo-
nent and for the second component at 73 km s−1, respectively,
i.e. a factor ∼50 below that of the column density values of
CH3NCO (Cernicharo et al. 2016). However, HOCN, an isomer
of HNCO, which contains the −OCN group, has been detected in
this source (Brünken et al. 2010) so we also expected the pres-
ence of methyl cyanate in the cold gas. To explore this possi-
bility, we searched for CH3OCN in the previous data, consider-
ing the two extended components at 14 K that were derived by
Brünken et al. (2010) for HOCN in Sgr B2(N). Once again, only
an upper limit to the column density of 2× 1013 cm−2 was de-
rived for each component. We also did not find evidence of the
presence of this species in the public PRIMOS survey of this
source (Neill et al. 2012).

Finally, we concluded this attempt to detect CH3OCN in
space by searching for this species in dark clouds. We found an
upper limit to its column density of 2× 1011 cm−2 in B1-b and
TMC-1 using the data of Cernicharo et al. (2012). Table 2 shows
the physical parameters for each cloud adopted for these calcu-
lations, as well as the rotational partition function used to derive
the upper limits to the CH3OCN column density.
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