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N Abstract

a Rotational spectra of methyl cyanide were recorded newly and were analyzed together with existing spectra to extend the global
model of low-lying vibrational states and their interactions to v; = 1 at 920 cm™'. The rotational spectra cover large portions of
2 the 36—1439 GHz region and reach quantum numbers J and K of 79 and 16, respectively. Information on the K level structure of
CH;CN is obtained from IR spectra. A spectrum of 2vg around 717 cm™', analyzed in our previous study, covered also the v, band.
| The assignments in this band cover 880—952 cm™!, attaining quantum numbers J and K of 61 and 13, respectively.
The most important interaction of v4 = 1 appears to be with vg = 3, AK = 0, Al = +3, a previously characterized anharmonic
™ Tresonance. We report new analyses of interactions with AK = -2 and Al = +1, with AK = —4 and Al = -1, and with AK = -6
< and Al = -3; these four types of interactions connect all / substates of v3 = 3 in energy to v4 = 1. A known AK = -2, Al = +1
(D interaction with v; = 1 was also analyzed, and investigations of the AK = +1, Al = -2 and AK = +3, Al = 0 resonances with
c' vg = 2 were improved, as were interactions between successive states with vg < 3, mainly through new vg < 2 rotational data.
O _ A preliminary single state analysis of the vy = vg = 1 state was carried out based on rotational transition frequencies and on

(ID v4 + vg — vg hot band data. A considerable fraction of the K levels was reproduced within uncertainties in its entirety or in part,
«_ despite obvious widespread perturbations in vq = vg = 1.
‘% In addition to the interstellar detection of rotational transitions of methyl cyanide from within all vibrational states up to v4 = 1,
O we report the tentative detection of v4 = vg = 1 toward the main hot molecular core of the protocluster Sagittarius B2(N) employing
the Atacama Large Millimeter/submillimeter Array.
;' Keywords:
(O) rotational spectroscopy, infrared spectroscopy, vibration-rotation interaction, methyl cyanide, interstellar molecule
o0
<
- 1. Introduction o
(Y)' Methyl cyanide was detected in Sagittarius (Sgr) A and B 1
O almost 50 years ago as one of the first molecules observed %=4 b — %=1
=1 by radio-astronomical means [I]. Since then, the molecule manl ’
(:\! has been found in very diverse astronomical sources, a fairly 12007
= detailed overview was given in our previous work on vibra- %=23 T
'>2 tional states vg < 2 of CH3CN [2]. We point out that nu- T
merous rare isotopologs have been detected as well, which in- 800
E clude *CH;3"3CN [3] and CHD,CN [4]. More important for =2
the present study is the detection of excited state transitions of
CH3CNup to vy = 1 at 920 cm™' [3]]; see Fig. for an overview 1004
of the low-lying vibrational states of methyl cyanide and Ta- %=1
ble ] for a summary of the vibrational energies, including those
of the / substates. 0=0

The identification of gaseous methyl cyanide relies mostly on
laboratory spectroscopic information; in astronomical sources

Figure 1: Schematic representation of the energies of low-lying vibrational
states of CH3CN with origins of the / substates.

*Corresponding author.
Email address: hspm@phl.uni-koeln.de (Holger S.P. Miiller)

Preprint submitted to Journal of Molecular Spectroscopy March 15, 2021



Table 1: Energies (cm™") and symmetries Sym of low-lying vibrational states
of methyl cyanide.

State Sym. Energy Reference

v=0 A 0.0 per definitionem
vg =1 E 365.024  this work, Ref. [2]
vg =20 A 716.750  this work, Ref. [2]
vg =22 E 739.148  this work, Ref. [2]
Vg = A 920.290  this work, Ref. [5]
vy =1 E 1041.855  Ref. [3]

vg = 3! E 1077.79  this work, Ref. [3]
vg =33 A 1122.35  this work?

vy=vg =1 E 1290.05 this work

=1 A 1385.2 Ref. [6]

vy =vg =10 A 1401.7 Ref. [6]

vy =vg =12 E 1408.9 Ref. [6]

vg =49 A ~1426. Ref. [2]|

vg = 42 E 1447.9 Ref. [6]

ve =1 E 1449.7 Ref. [6]

vg =44 E ~1514. Ref. [2]°

@1122.15 cm™" in Ref. [3].

b Estimated value; see also section

this is almost exclusively done with rotational spectroscopy
from the microwave to the submillimeter region. The first study
of the rotational spectrum of CH3CN, and of its isomer CH3NC,
dates back to the early days of microwave spectroscopy [7]. A
detailed account on previous work involving vibrational states
up to vg = 2 was given in our investigation of these states [2]. A
Fermi resonance between vg = 17! and 2+? (Al = 3) was iden-
tified at K = 13 and 14 and analyzed by means of rotational
spectroscopy. Such resonances occur also between vg = 272
and 3*! at K = 12 and 13 and between vg = 2° and 3*3 at
K = 15. Transitions up to K = 11 and 13 have been accessed
for vg = 272 and 2°, respectively. This particular type of reso-
nance was reported, to the best of our knowledge, for the first
time in studies involving the corresponding bending states of
propyne [8, 9, [10]]. Rotational spectroscopy was instrumental in
untangling analogous resonances. A study of such resonances
was also reported for CH3NC in its vg < 2 states [11]. In the
case of CH3CN, additional resonances of the type Avs = =1,
AK = F2, Al = =1 were identified and analyzed in detail for
vg =1""and2° (K = 13 and 11) and vg = 1! and 2*2 (K = 15
and 13). Whereas these resonances caused pronounced pertur-
bations, an analogous resonance between v = 0 and vg = 1*!
at K = 14 and 12, respectively, displayed only small pertur-
bations. However, these were strong enough to cause observ-
able cross-ladder transitions between the states, thus connecting
strongly these two vibrational states in energy.

The analyses of the next three higher-energy states, v4 = 1
at 920 cm™', v; = 1 at 1042 cm™!, and vg = 3 at 1078 and
1122 cm™!, and their interactions took many years until a fairly
comprehensive and sufficiently accurate level was achieved. In-
teractions involving vs = 1 are shown schematically in Fig. 2]

Kondo and Person evaluated the strength of the Coriolis in-
teraction between v4 and v; through intensity perturbations of
v4 in a low-resolution (~1 cm™) IR spectrum [[12]. Bauer [13]]
studied the rotational spectra of CH;CN and CH3;C'>N up to
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Figure 2: Representation of the rovibrational interactions involving v4 = 1. The
[ substates of each vibrational state are ordered as they appear at intermediate
and higher K. Arrows indicate interacting / substates. AK and Al are given
with respect to v4 = 1. The first K refers to v4 = 1, the second to that of the
interacting [ substate. Distant resonances or resonances with no crossing in J
are colored black, resonances with crossing in J in bold and dark red. The most
perturbed J is also given.

vg = 1 (here and in the following, unlabeled atoms refer to 2c
and '*N). The vy = 1 data with 6 < J” <9 and K < 6, and with
frequencies up to 184 GHz, were published in a journal later
[14]. Duncan et al. carried out a comparative study of the IR
spectra of several methyl cyanide isotopologs along with a force
field calculation [[L5]. They proposed a strong Fermi interaction
between v4 and 21/2, a strong anharmonic resonance between vy
and 3v§, and a moderate anharmonic resonance between v; and
3vé. Rackley et al. performed a laser Stark investigation of v4
and v7 and determined in particular a v4/v; interaction parame-
ter, even though they point out that the resonance in v ! occurs
at K ~ 23 [16]. In addition, they examined the v} 1/31/;’1 anhar-
monic resonance, which is most strong at K = 7 and 8 [16].
Mori et al. [[17] carried out more extensive analyses of CH;CN
IR bands. In addition to the interactions analyzed earlier, they
proposed a Fermi resonance between 2v§2 and v YatK = 13
and 14. Mito et al. [L18] performed a laser Stark investigation
of the v4 band of CH3C!®N in order to analyze the resonance
with 31/;'3, which they found to be much weaker than proposed
by Duncan et al. [15]. They found a crossing between K = 7
and 8, with the latter farther apart at low J. Wallraff et al. [[19]
extended the K range of v4 for CH3CN and obtained essentially
the same results concerning the corresponding resonance. Boc-
quet et al. [20] recorded submillimeter transitions of methyl
cyanide, J” = 19 up to K = 12 in the case of v4 = 1. Cosleou et
al. [21] extended the J range of rotational transitions in v4 = 1
up to 24. They also analyzed the resonance between vy = 1
and vg = 3*3, located a AK = —2, Al = +1 interaction between
vs = land v; = 1*! at K = 6 and 4, respectively, and proposed
a AK = +3, Al = 0 interaction between vs = 1 and vg = 2° at
K = 5 and 8, respectively. The most comprehensive and accu-
rate analysis of the v4, v7, and 3vg band system of CH3CN was
presented by Tolonen et al. [S]. They included most of the res-
onances mentioned before, with the exceptions of the AK = 0
and 3, Al = 0 interactions between vs = 1 and vg = 2°. They



introduced a AK = +1, Al = -2 resonance between K = 5 and
6 of vy = 1 and vg = 272, respectively.

The next five vibrational states are v3 = 1, vg = 1, v4 =
vs = 1,07 = vg = 1, and vg = 4, see Fig. [I] and Table [}
Investigations of the interactions between these states began 50
years ago. Matsuura analyzed the Fermi resonance between vgl
and (v; + v3)™2 [22]]. Duncan et al. [23] and later Matsuura et
al. [24] included the Coriolis resonance between v¢ and v3 in
their analyses. Paso et al. [6] presented the latest, fairly com-
prehensive and quite accurate analysis of these bands. Their
assignments covered extensive parts of ve, a fair fraction of
(v7 + v3)™2, and some transitions in v3 (K = 5 and 6), which
gain intensity through the Coriolis resonance with vg. Informa-
tion on v4 + vg, (v7 + v8)*, and 4vE* were obtained through
various resonances; no information was presented for 4vg and
for 4v§4. A moderately weak anharmonic resonance between
(v4 + vg)"! and (v7 + vg)*?, mainly at K = 5, and a AK = -1,
Al = +2 interaction between (v4 + vg)~' and vgl, mainly at
K =10 and 9, respectively, were treated in their analysis. Mito
et al. [29] studied the v4 + vg — vg hot band of CH;C"’N and
analyzed an anharmonic resonance between vy = vg = 17! and
vg = 4** with largest effect at K = 8 and a lesser one at K = 9
and anharmonic resonances between vy, = vg = 17}, vg = 42,
and v; = vg = 1*! most strongly perturbed at K = 6 and less
so at K = 5. Judging from Fig. 6 of Paso et al. [6], the last
three resonances occur at the same K values in CH3CN, with a
possible difference in the resonance between vy = vg = 17! and
v; = vg = 1*!, which may be strongest in K = 5.

Approximately 15 years ago, we started our project de-
voted to recording and analyzing low-lying vibrational states
of methyl cyanide. The aims were providing predictions of ro-
tational and rovibrational spectra for radio-astronomical obser-
vations and for studies of the atmospheres of Earth and Titan,
among others. An additional, but also necessary aim were thor-
ough investigations of perturbations within and between these
vibrational states.

In the course of a line-broadening and -shifting study in the
v4 band region of CH3CN [26]], a preliminary analysis of vy = 1
and its interactions with other vibrational states was carried out.
In addition, assignments were made for the v4 +vg —vg hot band
and for rotational transitions in v4 = vg = 1. Subsequently, ex-
tended assignments for the ground state rotational spectra of
six methyl cyanide isotopologs were based on measurements
on a sample of natural isotopic composition [27]. Some time
later, we carried out a similar study of three minor isotopologs,
CH;'3CN, 3CH;CN, and CH;C!®N, in their vg = 1 excited vi-
brational states [28]]. The analysis of CH3CN vibrational states
up to vy = 1 was quite advanced about ten years ago [29]. At-
tempts to introduce v; = 1 data into the fit were quite success-
ful, but the inclusion of vg = 3 data proved to be more difficult.
Data for both states were omitted for the present fit because both
states are heavily interacting. Ultimately, our previous account
on rotational and rovibrational data of CH3CN [2] was limited
to states with vg < 2. The omission of v, = 1 data at that
time was based on large residuals in the AK = 3 ground state
loops from Ref. [30] and concomitant changes in the purely ax-
ial ground state parameters (A — B, Dk, Hg). In addition, there

were small, but systematic residuals in some K series of the
vs = 1 rotational data.

In our present study, we have reanalyzed carefully our vy = 1
data, recorded additional rotational transitions pertaining to
vs = 1 and to lower vibrational states as well as to vy = vg = 1.
We improved the analyses of all known resonances involving
vs = 1 and those involving states differing in one quantum of
vg. Three higher-AK resonances between vy = 1 and vg = 3
were also investigated. These findings improve the parame-
ters for vy = 1 considerably and for some of the lower states
to a lesser extent. We also report a preliminary analysis of
vy = vg = 1. We use the spectroscopic results obtained for
vy = 1 and v4 = vg = 1 in this study to investigate the vibra-
tionally excited methyl cyanide emission in the main hot molec-
ular core embedded in the high-mass star forming protocluster
Sagittarius B2(N) observed with the Atacama Large Millime-
ter/submillimeter Array (ALMA) in the frame of the ReMoCA
project [31]].

The remainder of this article is outlined as follows: exper-
imental details of the rotational and rovibrational spectra are
given in Section [2} Section [3| contains our results with details
on the spectroscopy and interactions in low-lying vibrational
states of CH3CN, descriptions of the analyses carried out in the
present study, a summary of the data obtained newly as well
as those from previous investigations, and the determination
of spectroscopic parameters. The astronomical results are de-
scribed in Section[d} a discussion of the spectroscopic findings
is presented in Section[5} Section[6]finally presents conclusions
and an outlook from our study.

2. Experimental details

2.1. Rotational spectra at the Universitdit zu Koln

All measurements at the Universitit zu Koln were recorded
at room temperature in static mode employing different Pyrex
glass cells having an inner diameter of 100 mm with pressures
in the range of 0.5—1.0 Pa below 368 GHz, around 1.0 Pa be-
tween 1130 and 1439 GHz, and mostly 2 Pa up to 4 Pa be-
tween 748 and 1086 GHz. The measurements covered tran-
sitions pertaining to one J of one or more vibrations in many
cases, sometimes smaller groups of lines, and in many cases
individual lines. The window material was Teflon at lower fre-
quencies, whereas high-density polyethylene was used at higher
frequencies. Frequency modulation was used throughout. The
demodulation at 2 f causes an isolated line to appear close to a
second derivative of a Gaussian.

The J = 4 — 3 transitions of v4 = 1 near 73 GHz were
recorded using a 3 m long single pass cell, a backward-wave os-
cillator (BWO) based 4 mm synthesizer AMC MSP1 (Analytik
& MeBtechnik GmbH, Chemnitz, Germany) as source, and a
Schottky-diode as detector. A small number of methyl cyanide
rotational transitions were investigated around 875 GHz and
around 892 GHz with the Cologne Terahertz Spectrometer [|32]]
using a BWO as source and a liquid helium cooled InSb hot-
electron bolometer (QMC) as detector.

Transitions of J/ = 2 —1 and 3 — 2 around 37 and 55 GHz, re-
spectively, were recorded with an Agilent E8257D microwave



synthesizer as source and a home-built Schottky diode detector.
A 7 m long double pass absorption cell was used for these mea-
surements. Transitions of / = 4 — 3 to 6 — 5 were measured in
two coupled 7 m long double pass absorption cells. Source fre-
quencies were generated using a Virginia Diodes, Inc. (VDI)
tripler driven initially by an Agilent E§257D microwave syn-
thesizer, later by a Rohde & Schwarz SMF 100A synthesizer,
and a Schottky diode detector was employed again. Additional
information on the spectrometer is available elsewhere [33].

Further transitions were covered in the 164—-368 GHz region
employing a 5 m long double pass absorption cell, VDI fre-
quency multipliers driven by a Rohde & Schwarz SMF 100A
synthesizer, and Schottky diode detectors. Ref. [34] contains
more information on this spectrometer. Uncertainties down
to 3 kHz were assigned for very symmetric lines with very
good signal-to-noise ratio recorded with these two frequency
multiplier based spectrometers. Almost as small uncertainties
(= 5 kHz) were assigned in a study of 2-cyanobutane [35],
which has a much richer rotational spectrum. Lines of average
quality were assigned 10—20 kHz uncertainties, up to 50 kHz
for weaker lines or lines close to stronger ones.

Measurements were also carried out in parts of the
1130—1439 GHz region employing a 3 m long single pass cell,
two VDI frequency multipliers driven by an Agilent E8257D
microwave synthesizer as source, and a liquid He-cooled InSb
bolometer (QMC) as detector. This spectrometer was described
in somewhat greater detail in the investigation of CH3SH [36]].
Our latest CH3CN study [2] or an investigation of isotopic thio-
formaldehyde [37] demonstrate that accuracies of 10 kHz can
be reached readily routinely for very symmetric lines with good
signal-to-noise ratios (S/N). Lines of average quality have un-
certainties of 30 to 80 kHz, weaker lines, less symmetric lines
or close to stronger lines were assigned uncertainties of 100 to
200 kHz, sometimes up to 300 kHz.

A similar setup with a 5 m long single pass cell, a VDI fre-
quency multiplier driven by a Rohde & Schwarz SMF 100A
microwave synthesizer as source, and a closed cycle liquid He-
cooled InSb bolometer (QMC) as detector was used to cover
transitions in the 748—1086 GHz region.

2.2. Rotational spectra at the Jet Propulsion Laboratory

The CH;3CN rotational spectra taken with the JPL cascaded
multiplier spectrometer [38]] are the same as employed for our
latest two studies [2, 28]]. Generally, the output of a multiplier
chain source is passed through a 1-2 meter pathlength flow cell
and is detected by a silicon bolometer cooled to near 1.7 K.
The cell is filled with a steady flow of reagent grade acetonitrile
at room temperature, and the pressure and modulation are op-
timized to enable good S/N with narrow lineshapes. The S/N
ratio was optimized for a higher-K transition (e.g. K = 12) be-
cause of the very strong ground state transitions of the main iso-
topolog with lower K, which frequently exhibit saturated line
profiles. This procedure enables better dynamic ranges for the
extraction of line positions for rare isotopologs and highly ex-
cited vibrational satellites. The frequency ranges covered were
440-540, 530-595, 619-631, 638—-648, 770-855, 780—835,
875-930, 967-1050, 1083-1093, 1100-1159, 1168-1198,

1576—1591, and 1614-1627 GHz. Most of the employed
multiplier sources were previously described [2, 38]]. In ad-
dition, recording conditions and sensitivities of detectors can
have strong influences on the quality of the spectra. Partic-
ularly good S/N were reached around 600, 800, 900 and at
1100-1200 GHz. The S/N changed considerably within each
scan and was usually lower towards the edges. The uncertain-
ties were judged exactly as the submillimter lines measured in
Cologne, however, the distribution of the uncertainties differed
somewhat with fewer lines having very small uncertainties and
more lines in the 50—100 kHz range.

2.3. Infrared spectrum

The lower wavenumber part of the infrared spectrum of
CH;CN, recorded between 600 and 989 cm™!, was already
used in our previous study [2]. It was recorded at the Pa-
cific Northwest National Laboratory (PNNL) with a Bruker
125 HR Fourier transform spectrometer at 0.0016 cm™' reso-
lution using an MCT detector. A multi-pass absorption cell, set
to an optical path length of 19.20 m, was filled to 0.226 Torr
(30.1 Pa) of CH3CN at 293.0 K. Small amounts of OCS (~3%)
and CO, (~0.4%) were added to the sample for frequency cal-
ibration. Comparison of 63 well-isolated lines of the v; fun-
damental of OCS at 860 cm™! [39] produced a calibration fac-
tor 1.000000868 (21) with an rms of 0.0000182 cm™'. Nearly
9000 line positions and relative intensities between 880 and
952 cm™! were retrieved using non-linear least-squares curve-
fitting [40]]. The accuracy in v4 was 0.0001 cm™', about a factor
five worse than the OCS calibration because of the congestion
of the CH3CN spectrum. Uncertainties in v4 + vg — vg were
mostly 0.0002 or 0.0004 cm™! because of the greater conges-
tion compared with v4.

3. Results

Pickett’s SPCAT and SPFIT programs [41] were used for
calculations of the CH3CN spectra and for fitting of the mea-
sured data. The programs were intended to be rather gen-
eral, thus being able to fit asymmetric top rotors with spin and
vibration-rotation interaction. They have evolved considerably
with time because many features were not available initially
[42,143], in particular special considerations for symmetric or
linear molecules or for higher symmetry cases. One of the
latest additions is the option to define /-doubled states having
/=0 mod 3.

We determined rotational, centrifugal, and hyperfine struc-
ture (HFS) parameters of the ground state as common for all
vibrational states. Some of the data were measured or reported
with partial or fully resolved HFS, but the majority of the data,
in particular the IR data, were not affected by HFS. Therefore,
all states were defined twice, with and without HFS. Vibrational
changes AX = X;—Xj to the ground vibrational state were fit for
excited vibrational states, where X represents a parameter and
X; and X, the parameter in an excited and ground vibrational
state, respectively. This is very similar to several previous stud-
ies on CH3CN, for example [5[6] and rather convenient because



vibrational corrections AX are usually small with respect to X,
especially for lower order parameters X. Moreover, this offers
the opportunity to constrain vibrational corrections to vg = 2 to
twice those of vg = 1 wherever appropriate, thus reducing the
amount of independent spectroscopic parameters further. New
parameters in the fit were chosen carefully by searching for the
parameter that reduces the rms error of the fit the most. We
tried to assess if the value of a new parameter is reasonable in
the context of related parameters and tried to omit or constrain
parameters whose values changed considerably in a fit or had
relatively large uncertainties. Care was also taken that a new
parameter is reasonable with respect to quantum numbers of
newly added transition frequencies or that it can account for
systematic residuals.

The spectroscopic parameters used in the present analyses
are standard symmetric rotor parameters defined and designated
in a systematic way. The designation of the interaction param-
eters in particular may differ considerably with respect to other
publications, and there may be small changes in the details of
their definitions. Therefore, we give a summary of the interac-
tion parameters in the following. Fermi and other anharmonic
interaction parameters are designated with a plain F and are
used in the same way irrespective of a Al = 0 or Al = 3 inter-
action because the SPFIT and SPCAT programs use only / = 0
and +1. The parameters G, and F,, are first and second or-
der Coriolis-type parameters, respectively, of b-symmetry, i.e.,
they are coefficients of iJ, and (J,J. + J.J,)/2, respectively.
The parameters G, and F. are defined equivalently. The inter-
acting states are given in parentheses separarated by a comma;
the degree of excitation of a fundamental and the / quantum
number are given as superscripts separated by a comma if nec-
essary. Rotational corrections to these three types of parameters
are designated with J and K subscripts, respectively, as is usu-
ally the case. There may also be AK = Al = 2 corrections
(.e. J?r + J2; where J. = J, £ iJ,) to these parameters; they
are indicated by a subscript 2. Higher order corrections with
AK = Al = 4 etc. are defined and indicated equivalently. Ad-
ditional aspects relevant to the spectroscopy of CH3;CN were
detailed earlier [2]. Further, and more general information on
SPFIT and SPCAT is available in Refs. [44] and [45] and in the
Fitting Spectra sectiorﬂ of the Cologne Database for Molecular
Spectroscopy, CDMS [46) 47]].

After a brief description of the spectroscopy of CH3;CN and
interactions in low-lying vibrational states, we summarize the
previous data situation for individual states, the new data, and
important aspects of the added spectroscopic parameters, start-
ing with v4 = 1 because it is the most extensive addition to our
global fit of low-lying CH3CN vibrational states. After presen-
tation of the global fit parameters, we summarize our findings
foruvy = vg = 1.

3.1. Overview of the spectroscopy and interactions in low-lying
vibrational states of CH;CN

The six atoms in methyl cyanide lead to 12 vibrational

degrees of freedom, four totally symmetric and four doubly

ISee https://cdms.astro.uni-koeln.de/classic/pickett

Figure 3: Model of the methyl cyanide molecule. The C atoms are shown in
gray, the H atoms in light gray, and the N atom is shown in blue. The a-axis is
along the CCN atoms and is also the symmetry axis.

degenerate fundamentals. The three lowest energy funda-
mentals are the doubly degenerate CCN bending mode vg at
365.024 cm™! [2], the totally symmetric CC stretching mode v,
at 920.290 cm™~! [5]], and the doubly degenerate CH; rocking
mode v7 at 1041.855 cm™! [[5]]. These bands are comparatively
weak with integrated room temperature cross sections in the
range 2 to 5 x 107 cm/molecule.

Methyl cyanide is a strongly prolate molecule (A > B) be-
cause the light H atoms are the only ones not on the symmetry
axis of CH3CN, as indicated in Fig. E} Rotational transitions
obey the AK = 0 selection rules. The large dipole moment
of 3.92197 (13) D [48]] causes the transitions to be particularly
strong. AK = 3 transitions only gain intensity through centrifu-
gal distortion effects and are usually too weak to be observed.
The purely axial parameters A (or A — B), D, etc. cannot be
determined by rotational spectroscopy, unless perturbations are
present. Rovibrational spectroscopy yields, strictly speaking,
the differences AA (or A(A — B)), ADg, etc. from single state
analyses. Thus, the ground state axial parameters cannot be de-
termined from such fits either. In the case of CH3CN, they were
determined through analyses of three IR bands involving two
doubly degenerate vibrational modes, vg, v;+vg, and v;+vg—vs
[30]] and improved through perturbations [2].

The value of A, ~5.27 cm™!, leads to a rapid increase in ro-
tational energy with K. The J = K = 9 level is at 429 cm™',
higher than the vibrational energy of vg = 1. The highest K
levels observed involve K = 21, and the J = K = 21 energy is
at 2313 cm™!.

Low-lying degenerate bending modes commonly display
strong Coriolis interaction between the / components. The
Coriolis parameter { in vg = 1 of CH3CN is 0.8775, close to
the limiting case of 1. The K levels with [ = +1 are pushed
down in energy, and those with / = —1 are pushed up with
the result that levels differing in K by +2 and in / by +2 are
close in energy. These levels have the same symmetry and can
thus repel each other through the ¢,, interaction, which causes
widespread effects in vg = 1 and its overtone states. The v = 0
K levels rise in energy faster than those of vg = 17! because of
the shift of those K levels to lower energies, see for example
Fig. 4 in Ref. [2]. The K = 14 levels of v = 0 and those of
K =12 of vg = 17! cross between J = 42 and 43. The effects
are small (< 25 MHz) and rather localized to ~12 transitions in
each vibrational state, of which several shifts are below 1 MHz.
Nevertheless, the observation of the most perturbed transitions



within each state and the much weaker transitions between the
vibrational states introduced a very accurate local constraint on
the CH3CN energy level structure.

There are three [ components in the case of vg = 2, [ = 0 with
Ei, = 716.750 cm™! and [ = +2 with E;, = 739.148 cm™' [2].
The effective strength of the Coriolis interaction between the [ =
+2 and [ = -2 levels is two times that betwen the / components
in vg = 1, causing not only levels with AK = +2 and Al = 2
to be close in energy, but also those with AK = +4 and Al =
+4. There is a g resonance between K = 2 of vg = 272 and
K = 4 of vg = 2°. Consequently, transitions of the nominally
forbidden 2v§2 band gain substantial intensity and are almost as
strong as 2vg for levels close to the resonance. This facilitated
an accurate determination of the origin of 2v8ﬁ. The shifts in
the K levels in vg = 1 and 2 produce a level crossing between
K = 13 and 14 for vg = 17! and vg = 2*2, a Fermi resonance
with Al = 3. Large effects of resonances such as this are fairly
localized in K, but usually widespread in J.

Interactions with Avg = =1, AK = ¥2, Al = +1, such as
that between vg = 0 and 1, occur also between vg = 1 and
2 and have been analyzed in our previous study [2l, as have
been Al = 3 Fermi resonances between vg = 2 and 3 through
rotational transitions in vg = 2. Additional information will be
given in Section[3.3.1]

Adding the K levels of v; = 1 and v; = 1 between vg = 2 and
3 to the picture creates many more opportunities for resonant or
near-resonant interactions as mentioned in the introduction and
to some extent in the following section. Moving up in energy
increases the number of vibrational states and potential reso-
nances rapidly.

3.2. The vy = 1 state

Around 2014, when our fit of low-lying vibrational states of
CH;CN was restricted to vg < 2, the vy = 1 data set contained
more than two thirds of the final v, lines; mostly lines with high
J or K and Q-branch lines were added later. The rotational data
at that time consisted of earlier published data with J” = 6
to 9 [14], J” = 19 [20], and J” = 18, 20, and 23 [21], of
which the J” = 6, 7, and 23 lines were retained in the final
line list. Transitions with J” = 24 to 64 between 455 GHz and
almost 1.2 THz were extracted from the spectra taken at JPL;
transitions with J”” = 86 at almost 1.6 THz were too noisy and
were omitted from the final line list. Spectra in the fit taken in
Cologne covered at that time J” = 3, high-K lines of J” = 47
and 48 and several transitions with J” = 61 to 78 at 1.11 to
1.44 THz to varying degrees. The lines were straightforward to
assign, except few very perturbed lines.

Fitting the lines was much more challenging, as a large num-
ber of distortion parameters appeared to be needed and some,
mostly small, but systematic residuals remained. Moreover, all
attempts fitting the v4 = 1 data led to large residuals in the
ground state AK = 3 loops and changes in the purely axial
ground state parameters well outside the uncertainties. In order
to see the effect and the quality of newly added vs = 1 data
or the influence of added parameters on the fit more easily, we
performed a refit of v4 = 1 initially constrained to only the ro-
tational data in this state. In order to account for the effects
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Figure 4: Section of the v4 = 1 rotational spectrum of CH3CN displaying part
of the J = 57 — 56 transitions. The K = 5 transition has been shifted higher in
frequency because of the resonance with K = 8 of vg = 20.

caused by interactions with other vibrational states, we took the
entire spectroscopic parameter set from our previous study [2]]
and kept all parameters fixed. Parameters were floated or new
parameters added only if this resulted in a substantial improve-
ment of the rms error as a measure of the quality of the fit. At
each step, care was taken to float or add only the parameter that
resulted in the greatest improvement of the rms error.

3.2.1. Rotational data and analysis

The refit was started with initial rotational data up to
440 GHz which encompassed the previously published data
[14} 20| 21]] and the J” = 3 lines from Cologne. Most of the
transition frequencies were calculated quite well by the initial
parameters with the exception of the K = 12 lines, which were
reported almost 1 MHz lower. The rms error before the fit of al-
most 2.0 was reduced to slightly below 1.0 with small to modest
changes in the v4 = 1 parameters.

Addition of J” =1, 2, 4, and 5 data caused minor changes.
Many of these and of the J”” = 3 transitions displayed partially
or fully resolved "*N hyperfine splitting. In addition, we ob-
served some of the weaker AF = 0 components. These data
established that the excitation of vy affects the hyperfine struc-
ture negligibly as we obtained AeQg = —1.0 + 4.1 kHz. This
parameter was tested later again with essentially the same result
and therefore not retained in the final fit.

The subsequent increase in J, J” = 24 to 27 were added next
to the line list, but more importantly the increase in K to 15 re-
quired octic distortion parameters to be included, in particular
ALy together with AL;gx. Addition of J” = 28 to 34 up to
640 GHz did not yet require further parameters, but perturba-
tions in the K = 7 lines could not be accounted by the initial
interaction parameters. However, the effects were small, less
than 0.36 MHz, and the lines were given reduced weights pre-
liminarily, effectively ignoring the perturbation at this stage of
the analysis.



The addition of series of transitions with higher J (> 42) did
not yield satisfactory results with one or two additional vs = 1
distortion parameters. This situation did not change by adding
newly recorded transitions in the 2 and 1 mm regions with 8 <
J” <19 and K up to 16.

In order to test if the difficulties fitting the higher-J vy = 1
data were caused by interactions with other vibrational states,
we combined the vs = 1 rotational data up to J”’ = 34 with the
v4 assignments existing at that time and the vg < 2 data from
Ref. [2] supplemented by data recorded at 2 and 1 mm in the
course of the present investigation as detailed in Sections|3.3.1
and [3.4.1] The spectroscopic parameters were essentially those
of the previous study, with the exception for v4 = 1, for which
we took the latest set of parameters. The change in parameter
values was small in most cases, and often within the present un-
certainties. Notable exceptions were A(A — B), ADg, and AHg,
which took values quite close to the now final ones, as well as
F,.(8%*2,41y and F,,.(8*°,4"), which describe the interactions
between vg = 2 and vy = 1. Even though the ground state
purely axial parameters changed little, they were kept fixed in
the fit for now.

The addition of K = 0 to 3 lines with J” < 79 caused a
pronounced change in AD; and a relatively larger one in AH,.
The parameter AL;;x was added to the fit later. In the course
of fitting these data, additional, limited measurements in the
748—-1077 GHz region were made for K = 3, 4, and 10 to 15,
and more extensive measurements were made for K = 5t0 9
in order to improve the analyses of the interactions between
v4 = 1 with other vibrational states. The impact of including
K = 4 lines up to high J in the fit was small. Subsequently,
lines with K = 5, 6, 7, 9, and 8 were added one after the other.

There is a crossing in energy between K = 5 and 6 of vy = 1

and K = 6 and 7 of vg = 272 on one hand and K = 8 and
9 of vg = 2° on the other hand, see Fig. |2 and also the K-
level diagram in Fig. 2 of Ref. [5]. Resonances occur in K =
50ofvy = 1atJ = 73 in the first case and at J = 57 and
K = 8 in the second case. The previous line list contained
the J” = 74 transition of vy = 272, K = 6 in the vicinity of
the first resonance. We added J” = 71 and 75-77 of vy =
1, K = 5 in the present study and, at the resonance, the two
slightly stronger J = 73 — 72 transitions between the states
and the weaker transition within v4 = 1. In the case of the
second resonance involving K = 8 of vg = 2° (AK = 3), our
previous line list already contained J” = 55 and 56. In the
course of the present investigation, we recorded the J” = 57
and 58 transitions as well as the weaker J = 57—-56 and 58 — 57
transitions between both vibrational states. The displacement
of the J/ = 57 — 56, K = 5 transition is shown in Fig.[d] The
transitions associated with these resonances in K = 5of vy = 1
affected not only the value of F 2qc(8%0, 41, but also the vg = 2*2
parameters; for example, 75 of vy = 2*2 was now essentially
equal to 17 of vg = 1 and ADg of vg = 2*? was nearly identical
to ADg of vg = 29, as one would expect.

A crossing in energy occurs also between K = 6 and 7 of
vy = land K = 4 and 5 of v; = 1*!. The energy difference at
J=60f K =6and4is6.2cm™!, increasing to 14.3 cm™! at
J =78, the highest value in our line list. In contrast, the energy
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Figure 5: Section of the v4 = 1 rotational spectrum of CH3CN displaying part
of the J = 63 — 62 transitions. The K = 8 transition has been shifted higher
in frequency because of the resonance with K = 8 of vg = 3*3. The largest
perturbation occurs for J = 66 — 65, see also Fig.[6]
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Figure 6: Section of the Fortrat diagram of the rotational spectrum of CH3CN
displaying the anharmonic resonance between K = 8 of vg4 = 1 (left) and
vg = 33 (right). Measured transitions in the final fit are shown in large tri-
angles (online red), calculated transitions in smaller ones (online blue). The

two transitions at J = 66 are nominally between the states and shown as dia-
monds; see also Fig. 5]



difference at / = 7 of K = 7 and 5 is 18.7 cm™!, decreasing
to 9.4 cm~! at J = 78. Even though a crossing is predicted to
occur at J well above 100, it appears as if the perturbation in
K = 6 of vy = 1 contributes more to the interaction parameter
than the perturbation in K = 7.

Particularly challenging was fitting the K = 7 and 8 tran-
sitions. First, there is a crossing between K = 7 and 8 of
vs = 1 with K = 7 and 8 of vs = 3*3. At low J, the ef-
fect is larger in K = 7, as the energy difference is 8.0 cm™!,
while it is 19.6 cm™! in K = 8. But the energy difference in
K = 7 increases to 35.7 cm™! at J = 78, the highest value in our
present data set, whereas there is a resonance at J = 65 and 66
in K = 8. The perturbations are pronounced already a few J be-
low the resonance, as can be seen in Fig. The Fortrat diagram
in Fig.[6|demonstrates the good coverage of transitions in the fit
on the v; = 1 side which include in particular the most strongly
perturbed J = 66 — 65 transitions nominally between the two
vibrational states. There are, however, additional resonances in
K =70fuvs = 1, first with K = 5 of vg = 3*! at J = 40 and 41,
second with K = 3 of vg = 37! at J = 56, and finally with K = 1
of vg = 373 at J = 42. In other words, vs = 3 is linked with all
of its I-components to v4 = 1 through rovibrational interactions.

The addition of high-J lines with K = 7 improved F(4, 8*+3)
considerably and F,(4,8%*!) even more so. The parameters
APk, and APk were added to the fit with the K = 9 lines.

The inclusion of high-J lines with K = 8 required in par-
ticular the adjustment of some vg = 3*3 parameters. The ori-
gin was floated first, followed by AB. Floating A also im-
proved the fit, but the minimum was much flatter than sug-
gested by its uncertainty. The value of 138720 MHz was quite
different from the initial 138527.8 MHz, but fairly close to
138656.0 and 138655.3 MHz determined in our present fits for
AZ of vg = 1 and 2, respectively. We estimated for vy = 3*3
a value of 138654.8 MHz and kept this value fixed. Subse-
quently, we also floated the origin of vz = 3*!. Additional
vy = ljvg = 3 interaction parameters included in late fits
are F;(4,8%%3), Fay(4,8%*1), Fy(4,8%%1), and Fy(4, 8>%) with
which almost all of the K = 7 transitions of v4 = 1 were calcu-
lated well. They cover for example J” = 43 to 62 with the ex-
ception of J” = 50 and 59. Unfortunately, it was difficult to fit
either of the two potential J = 43 — 42 transition frequencies at
785142.02 and 785181.83 MHz. The former line matches better
the expected intensity whereas the latter is slightly closer to the
presently calculated frequency of 785163.61 MHz. The line list
contains three potential J = 42 — 41 transition frequencies; two
also ~20 MHz to either side of the present calculation and one
with more than 50 MHz possibly too far away. The late obser-
vation of the J = 41 —40 transition was instrumental for solving
the puzzle. One line of correct intensity for this transition was
found only ~5 MHz higher than from a very late calculation.
This line was easily accomodated by the fit. The value of F;
was changed slightly, its uncertainty improved considerably. In
contrast, the values of F4 and F¢ changed relatively more, and
their uncertainties were less improved. The calculated transi-
tion frequencies of J” = 41 and 42 changed only by slightly
more than 1 MHz. The over- or underestimation of the strength
of the AK = —6, Al = —3 resonance between vs = 1 and vg = 3

most likely explains the presently poor fitting of the K = 7,
J” = 41 and 42 transitions. The authors of Ref. [5] define
AX with opposite sign than we do. Their experimentally deter-
mined AA of vg = 3% is 266 MHz, whereas their extrapolated
value is 376 MHz, a difference of 110 MHz. This large discrep-
ancy prompted us to try to increase our A(A—B) in magnitude in
order to fit these two transitions better. A value of —392.7 MHz
reproduced the J” = 42 candidate line with the correct intensity
and one of the J”” = 41 lines within uncertainties. Two v4 tran-
sitions with K = 7 and J’ = 42 and with the correct intensities,
however, were observed ~40 MHz lower than calculated, sug-
gesting two other candidate transitions to be the correct ones. In
contrast to expectations, A(A — B) had to be enlarged even fur-
ther in magnitude to —442.06 MHz, almost to the extrapolated
value [5]. Noting that several other v = 3 parameters differ
from what we would extrapolate from our vg = 1 and 2 param-
eters, we adjusted ADg of vg = 3 and A of vg = 3! in order to
test the effects on A(A — B) of vg = 3. The resulting changes on
A(A - B) of vg = 3 were ~0.5 MHz in magnitude, but canceled
due to their opposite signs. Changes to all other spectroscopic
parameters were very small and affected the weighted rms of
the fit very little, such that we refrained from adjusting further
vg = 3 parameters. Inspection of the energy levels of J = 42
revealed that K = 1 of vg = 373 has changed from 3335 MHz
or0.11 cm™ below K = 7 of vy = 1 before the fit to 1979 MHz
or 0.066 cm™! above K = 7 of vs = 1 after the fit. It is thus the
perturbation between these levels which accounts for the initial
deviations and for the subsequent constraining of A(A — B) of
vg = 3°. In this context it is remarkable that the AK = 6 term
Fs(4,8>73) could be omitted from the final fit. The proximity
of K =5ofvg =3*'to K = 1 of vg = 373, less than 0.6 cm™" for
J up to 45, may affect these results somewhat in later analyses
with extensive vg = 3 data.

Adding the high-J lines (J” < 64) with K = 10 and 11 did
not change parameter values much. Adding those with K = 12
to 15, the last one up to J” = 60 and the remaining high-K
transitions with low values of J afforded APk in the fit.

Trial fits with G,(4,7) increased changed the vy = 1 distor-
tion parameters little and did not improve the quality of the fit.
This also applied to trial fits with various values of F(4, 8>°) in
order to test the effect of a purported strong Fermi resonance
between vg = 2° and v4 = 1 [[15].

3.2.2. The v4 band

No line lists were provided with the earlier combined anal-
ysis of v4, v7, and 3vg [S)]. Therefore, we relied entirely on
our new spectrum which is shown in Fig. A pronounced
Herman-Wallis effect causes the P-branch to be substantially
stronger than the R-branch. Assignments in P- and R-branches
of the v4 cold band were straightforward based on the earlier
analysis. Nevertheless, ground state combination differences
were used in the initial round to establish the assignments. The
assignments were extended to J of 56 and 61 in the P- and R-
branches, respectively, and up to K = 13 in the final rounds,
taking relative intensities strongly into account. While many
transitions with K = 12 had good or very good S/N, almost all
of the K = 13 lines were near or below the detection limit.



Table 2: Maximum J value and K values and number of rotational and IR lines in vibrational substates of methyl cyanide used in the present / previous study“, with
numbers retained in the present fit from previous data in parentheses and rms error for subsets of data.

v=0 vg = 171 vg = 17T vg = 20 vg = 22 vg =272 vy =1
Jimax (T0t) 89/89 88/88 88/88 88/88 88/88 88/88 79/24
Kinax (rot) 21/21 20/20° 1717 13/13¢ 19/19¢ 11/11 16/12
no. of rot lines? 316/316 605/596 549/527 488/424 607/546 351/299 705/86
rms? / kHz 21.9/22.2 43.3/43.7 40.6/39.9 52.6/60.9 54.5/58.1 53.9/78.2 51.2/—
rms error’ 0.862/0.859  0.803/0.807  0.797/0.796  0.965/0.982  0.906/0.915  0.971/0.957 1.021/—
Jmax(IR) —-f 71/71 74/74 67/66 57/53 66/66 61/73
Kmax(IR) 77 11/11 11/11 13/12 2/2 5/7 13/12
no. of IR lines? 5/5f 836/836 861/861 963/935 57/40 195/197 1290/1173
rms /10~ cm™! 0.07/0.04 0.22/0.22 0.19/0.19 0.17/0.19 0.26/0.38 0.20/0.24 0.09/0.13
rms error’ 1.328/0.716  0.847/0.826  0.797/0.797  0.634/0.771  0.836/849  0.703/0.727  0.920/—

@ Previous data from Ref. [2] and references therein for the vg < 2 data. Previous v4 data from Ref. [5].

b Initially incorrectly given as 19 [2] because one line with K = 20 was overlooked.

¢ These numbers were initially [2] interchanged.

4 Each blend of lines counted as one line. Hyperfine splitting in present and previous data was considered in the present fit. Transitions with K = 0 of /-doubled
states associated with vg = 17! and vg = 22, respectively, in present data set. Lines, which were weighted out, are not counted. Transitions between vibrational
states counted for higher vibrational state.

¢ No rms error was given in Refs. [5]]; we assume parameter uncertainties are based on standard errors, i.e. the rms error is 1.0 by definition. No rms value was
given in that work for the rotational data.

f No individual AK = 3 loops were given in Ref. [30]. We used the five AK = 3 splittings from Table II in that work with the reported uncertainties.

Table 3: Transition dipole moments y (D), Herman-Wallis correction ugw*
(D), and integrated intensities I? (10712 cm/molecule) of IR bands of CH3CN
calculated using the present Hamiltonian model together with the extrapolated
and experitentally measured total integrated intensities from previous studies.

Integrated intensity

band )z HEW Iy 491 (501 510 [52]
Va© 0.023  -0.0022 2028 195 193 230 206
2vg?  0.030 2580 263 250 343

vgd 0.043 2.285 177  1.81 279

=

@ First-order Herman-Wallis correction; coefficient of i({¢., Jp} — {¢p, Jc})/2.
b Estimated from the cold bands, v4 = 1 -0,v3 =2 —-0and 1 - 0, by multi-
plication with the vibrational partition factor 1.5006 at 296 K. An increase of

o
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o
©

©
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2.677 % from other isotopic species was considered.
¢ i, uaw, and Iy from this work.
d p and Iy from Ref. [2]; upw was not needed. Please note that the transition
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o
o

dipole moments in Ref. [2] were given correctly in the text, but were a factor of 05
10 too large in Table 10. 0.4

0.3

0.2 ‘ ‘ ‘ ‘ ‘ ‘
Nevertheless, two P-branch transitions were assigned unam- 890 900 910 920 930 940 950

biguously that had sufficient intensities and appeared to be not Wavenumber (cm™)
blended with other lines. Fig.[8|shows the P(8) transitions of v4

together with P(15) transitions of v4 + vg — vg. The assignments

in v4 cover the entire range of the line list which was truncated
at the high end because of the weakness of the v4 lines and the
onset of v; and at the low end by the overlap with the v; band
of OCS. Even though the Q-branch was rather compact, many
lines up to J = 42 and K = 13 were isolated or occured as
sufficiently narrow groups of lines to permit inclusion in the
fit. Uniform uncertainties of 0.0001 cm™~! were attributed to the
lines, even though this may be somewhat conservative for parts

of the stronger lines. Statistics to this data set can be found in
Table[2]

Figure 7: Overview of the v4 band of CH3CN. The strong v3 band of OCS
becomes prominent at lower wavenumbers. A small amount of OCS was added
for calibration purpose, see section[2.3]
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Figure 8: Section of the v4 band of CH3CN showing the J = 7 —8§ transitions of
v4 and J = 14— 15 transitions of v4 +vg —vg. The K quantum numbers are given
centered below each line for v4; k = K X [ is given in the case of v4 + vg — 3.
Question marks indicate tentative assignments for k = +9 and +10; for K = 8,
it indicates that the K value is quite certain, but not if it is / = +1 or, more
likely, I = —1. Please note that J = 13 — 14 for the tentative k = +10 transition.
Unassigned transitions are probably due to v4 + 2vg — 2vsg.

The amount of CH3CN in the ground vibrational state can
be evaluated from the partial pressure of methyl cyanide by
subtracting off the contributions of other isotopic species and
taking into account the vibrational factor of CH;3CN at 291 K.
However, a Herman-Wallis correction had to be evaluated also
because the P-branch is considerably stronger than the R-
branch. A transition dipole moment of 0.023 D combined with
—0.0022 D as the coefficient of i({¢., Jp} — {Pp, J.})/2 as first-
order Herman-Wallis correction reproduced the band shape suf-
ficiently well. These values and the resulting integrated band
strength determined in this study is given in Table 3| together
with our earlier values for vg and 2vg [2] and band strength
data from previous studies. The line intensities are modeled
very well around the P- and R-branch maxima. The intensi-
ties are slightly small at low J in the R-branch and at high J
in the P-branch, whereas they are slightly high at low J in the
P-branch and at high J in the R-branch, or, in other words, the
present Herman-Wallis correction is slightly too small at low J
and slightly too large at high J. There is no appropriate correc-
tion available in SPCAT to the best of our knowledge to reduce
these small, albeit systematic deviations. The v, intensities did
not show any significant intensity deviations with K. We point
out that the same dipole parameters reproduce the v4 + vg — vg
intensities well, as is usually the case.

3.3. The vg = 2 state

3.3.1. Rotational data and analysis

The vg = 2 rotational data in the present study were taken to
a large extent from our previous investigation [2]. These data
comprise parts of earlier data, J” = 0, 4, and 5 from Ref. [53]]
and J” = 19 from Ref. [20].
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In the course of recording transitions pertaining to v4 = 1 at
2 and 1 mm, we also covered vg = 2 transitions in this region to
test the impact in the fit. This was partially based on the fact that
the presently calculated uncertainties of transitions of vg = 272,
K = 2 and of vy = 2°, K = 4 had larger uncertainties than
those of most other transitions in vg = 2, and these uncertain-
ties were large enough to warrant measurement. These larger
uncertainties were caused by the g, interaction between these
two K levels with a crossing at J = 40. Interestingly, transitions
connecting these two different K ladders had sufficient intensi-
ties between J” = 8 and 12 that they could be recorded with
fairly good S/N. These cross-ladder transitions were compara-
tively strong far away from the resonance because the mixing
coefficients for these J levels change much more than for two
successive J levels closer to the resonance, where the mixing
coeflicients are almost constantly close to 0.5. These transition
frequencies together with the remaining lines recorded in the
2 and 1 mm regions accounted for a considerable part of the
improved vg = 2 parameters, in particular those of lower order.

Further measurements in the 770-1086 GHz region were
mostly carried out to improve the coverage of interactions with
vs = 1 and 3 and with vy = 1 through new or more accurate
measurements. The interactions with vy = 1 were already de-
scribed in Section[3.2.11

There is a Fermi resonance between vg = 17! and vg = 2*2
with the largest perturbations in K = 14 and a crossing between
J = 91 and 92. Perturbations from this resonance are smaller
at K = 13 and even smaller at other K. We added several new
or remeasured transitions with 41 < J” < 58 and K = 13 to 15
in both vibrational substates. The highest J” value for these K
was 64 from our previous study [2].

There are, however, additional resonances, which perturb the
K = 13 levels of both vibrational substates, and which are de-
scribed by Avg = +1, AK = ¥2, Al = 1. K = 13 of vg = 17!
interacts with K = 11 of vg = 2° with a crossing near J = 60.
All four strong transitions were observed earlier [2]]; the transi-
tions with J” = 59 are between the two vibrational states. Sev-
eral further K = 11 lines of vg = 2° were recorded in addition.
K = 13 of vg = 2*? interacts with K = 15 of vg = 1*!; acrossing
occurs between J = 52 and 53. Of the 8 relatively strong tran-
sitions perturbed most, the transition with J”” = 51 to 53 within
each vibrational substate and the fairly strong cross-ladder tran-
sitions with J” = 52, only the J” = 51 with K = 15 of vg = 1*!
is not in our line list. Three transitions were recorded newly
and two were remeasured.

Further resonances exist between vg = 2 on one hand and
vg = 3 or v7 = 1 on the other hand. There is a Fermi resonance
between vg = 2° and vg = 3*3 at K = 14 and, more pronounced,
at K = 15 with a crossing currently calculated between J = 73
and 74. The previous lines in vg = 20 extended to K = 13, and
only one line each was added to K = 12 and 13. Additional
Fermi resonances are found between vs = 272 and vg = 3*! at
K =12 and 13 and between vs = 22 and v; = 1" at K = 13
and 14. Transitions in vy = 272 extend to K = 11, and four lines
were added to this K among others. Several AK = ¥2, Al = +1
interactions were noticed, but their effects were not yet strong
enough to warrant treatment in the fit.



The change in vg 2 parameter values in the course of
the present investigation and in particular caused by the lines
around the vg = 2/us = 1 resonances resulted in additional
parameter constraints and unconstraining another pair of pa-
rameters. Since ADg of vs = 2° and vg = 2% were the same
within three times the comparatively large uncertainty of the
latter, the two parameters were constrained to be the same, es-
sentially without deterioration of the quality of the fit. The re-
sulting ADg(vg = 2) was identical to two times ADg(vg = 1)
well within the larger uncertainty of the latter. Therefore, the ra-
tio of 2 : 1 was constrained. Subsequently, the values of g and
gk of vg = 2 were contrained to be identical to the respective
vg = 1 values with only a marginal deterioration of the fit. A
slight improvement was achieved by decoupling 7;x of vg = 1
and 2. The mutually constrained parameters F, ;(8*!, 82?) and
F,.;(8*1,8%*2) were introduced to the fit as a result of the im-
proved data situation.

In the course of these analyses, two very weak 2vg lines,
°Ry(38) and °Ry(43), were found to deviate from their cal-
culated positions by ~11 times the attributed uncertainties of
0.0003 cm™! and were omitted. Also omitted was the °R;(41)
line with a residual slightly more than three times the uncer-
tainty. Two high-K rotational lines were omitted which were
already weighted out because of their large residuals, J” = 23,
K =130fvg = 2%and J” = 55, K = 15 of vg = 2*2. Two
more lines, J” = 55, K = 14 and J” = 53, K = 15 of vg = 22,
with somewhat large residuals were omitted after inspection of
their intensities and their line shapes. Statistics to the vg = 2
rotational data sets are given in Table 2] Please note that the
maximum K values of v3 = 2° and vy = 2*? were exchanged
erroneously in our previous study [2].

3.3.2. The 2vg band

The 2vg data were initially taken from our previous study
[2]], but with three lines omitted as described in Section [3.3.1
We scrutinized the 2vg line positions and corrected about half
of the 2vg position because these were from the initial calibra-
tion and assignments and were on average ~0.0002 cm™~! lower
compared to the final calibration. A small number of transition
frequencies with large residuals were corrected or were omitted
because of blending with unknown transitions. The uncertain-
ties of parts of the 21/2 Q-branch and 21/§2 lines were reeval-
uated and additional assignments were made which, most no-
tably, included 5 21/2 Q-branch transitions with K = 13. These
changes affected the parameter values and uncertainties fairly
little, but reduced the rms and rms errors of the 2vg data sets.
Isolated lines with sufficiently good S/N were given uncertain-
ties of 0.0002 cm™! as previously. Noisier lines or lines in more
crowded regions, such as in the Q-branch, were often given
larger uncertainties of 0.0003 cm™! to 0.0010 cm™!. The J and
K ranges and other information on this data set are given in Ta-
ble[2] The quality of the data in our present fit is better than that
in our previous fit, but still slightly worse than in the original
study, in which 0.12, 0.18, and 0.18 x 1073 cm™! were reported
for 29, 2vi?, and 2v;?, respectively from the IR + MW fit [54].
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3.4. The vg = 1 state

3.4.1. Rotational data and analysis

The vg = 1 rotational data in the present study were taken for
the most part from our previous investigation [2]]. These data
comprise parts of earlier data, J”” = 3 to 7 from Ref. [55] and
k x I = +1 direct-/-type transitions from Refs. [56] and [57].

New transition frequencies involving the vg = 1 and 2 inter-
action were mentioned in Section The impact of transi-
tion frequencies with J” = 9 and K < 5 was marginal in spite
of uncertainties of mostly 3 or 5 kHz. We also determined new
transition frequencies involving the vg = 0 and 1 interaction.
These were remeasurements of the J”” = 42 and 43 transitions
ofvg =0, K = 14and vg = 1*!, K = 12, measurement of one
of the two J”” = 42 cross-ladder transitions and remeasurement
of one of the two J” = 43 cross-ladder transitions. Statistics to
the vg = 1 rotational data sets are given in Table 2] Please note
that the maximum K value of vg = 1*! was increased from 19
to 20 with respect to our previous study [2] because we over-
looked the previously recorded J”” = 60 transition in the course
of analyzing the fit statistics.

3.4.2. The vg band

Transition frequencies of vg were taken from Ref. [58] with-
out any change with respect to our previous study [2]. Briefly,
almost all fully weighted lines were assigned uncertainties of
0.0002 cm~!, 0.0004 cm™! for a small number of weak lines
and 0.0006 cm™! for lines with weight 0.1. The J and K ranges
and other information on this data set are given in Table[2] The
quality of the data in our present and previous fits are about
the same and only slightly worse than in the original study in
which 0.17 and 0.16 x 103 cm™! were reported for vgl and vs‘l,
respectively from the IR + MW fit.

3.5. The v = 0 state

The v = 0 data are identical to those of our previous inves-
tigation [2]] with the exception of the new transition frequen-
cies involving the vg = 0 and 1 interaction mentioned in Sec-
tion The previous data consist of Lamb-dip measure-
ments covering parts of J” = 4 to 42 from 91 to 780 GHz [59],
terahertz data with 59 < J” < 81 between 1.09 and 1.51 THz
[2]] and with J”” = 86 to 88 near 1.6 THz [27]. Also included
were perturbed K = 14 transitions mostly from Ref. [2]] and
from Ref. [60] as well as hyperfine split transitions with J” = 0
[61]], J = 1[62], and J”” = 2 and 7 [63]]. Direct information on
the axial parameters come from five ground state combination
loops with K = 3 -0 to 7 — 4 which were averaged over several
different J [30]. Trial fits with these parameters floated showed
that the they still differed somewhat from our previous values
[2]. But these differences were deemed to be small enough to
keep these parameters floated, even more so, as their uncer-
tainties improved substantially with respect to those in [2]]. Fit
statistics are again provided in Table

3.6. The global fit up to vy = 1

Our global fit of low-lying vibrational states of methyl
cyanide up to vg = 2 was extended to include v4 = 1, as de-



Table 4: Present spectroscopic parameters or differences A thereof * (cm™!, MHz) of methyl cyanide within vibrational states v = 0 and v4 = 1 in comparison to

previous values.

v=0 vy =1
Parameter X Present Ref. [2] Present Ref. [3]
Evip© 0.0 0.0 920.290464 (5) 920.290284 (13)
(A (A -B) 148900.011 (38) 148900.103 (66) —165.941 (14) —166.205 (33)
(A B 9198.899163 (10) 9198.899167 (11) —46.14784 (5) —46.14822 (66)
(A Dg x 103 2827.9 (6) 2830.6 (18) -25.13 (26) —-31.63 (63)
(A Dyg x 10° 177.40780 (25) 177.40787 (25) 7.130 (5) 7.165 (17)
(A Dy x 10° 3807.572 (7) 3807.576 (8) —-5.510 (24) —5.702 (99)
(A Hg x 100 156.2 (20) 164.6 (66) 15.5 (12) —22.2(28)
(A Hyy x 10° 6.0618 (14) 6.0620 (14) —11.705 (95) —13.895 (105)
(A Hyg x 10° 1025.62 (14) 1025.69 (15) 244.7 (13) 315.7 (33)
(A Hj x 1012 —238.7 (20) —-237.4 (21) 150.3 (29)
(A Lggy x 10° —0.4441 (25) —0.4443 (25) —23.85 (69)
(A Lyk x 1012 —-52.65 (51) —-52.75 (51) 78.7 (15)
(A Ly x 1012 -7.876 (31) -7.901 (32) -3.51 (16)
(A Ly x 101 —3.00 (16) -3.10 (17)
(A Pk x 1012 —-24.3 (16)
(A Pgy x 1012 2.482 (43)
(A Pyg x 101 0.507 (67) 0.552 (68) -50.1 (14)
(A Pyjg x 108 53.9 (21) 55.3(22)
(A eQq —4.22297 (103) —4.22308 (107)
(A Cpp x 10 1.840 (89) 1.845 (90)
(A (Caa — Cpp) x 103 —1.17 (30) -1.15 (1)

¢ Numbers in parentheses are one standard deviation in units of the least significant figures. Empty entries indicate parameters not applicable or not used in the fit.

See Ref. [2] for sign and value considerations.

b Parameter X given for v = 0; AX = X; — Xo, with i representing an excited vibrational state.

¢ All parameters given in units of megahertz, except for E;,, which is given in units of inverse centimeters.

scribed in Section[3.2] supplemented by additional data pertain-
ing to lower vibrational states and minor omissions as detailed
in Sections and As in our previous work [2]], our
fit takes into account states up to vg = 3. This truncation will
have some effect on the parameter values of vg = 2 and v4 = 1;
vg = 0 and 1 should be affected to a much lesser extent. Tran-
sition frequencies with large residuals were retained in the fit if
they may be caused by insufficiently accounted perturbations,
but were usually weighted out. The rms error of the global fit
is 0.853, slightly below 1.0. Details on separate data sets along
with additional fit statistics are given in Table[2] We also state
the rms values, which are often given as only information on
the quality of the fit. These values are useful if all or most of
the uncertainties are the same and the spread of the uncertain-
ties is not more than a factor of a few. This applies to most of
the separate IR data sets, but not to the rotational data sets as
in these cases the uncertainties differ by around a factor of 100.
The rms is then dominated by transitions with relatively large
residuals.

Similar to our previous work, we provide the spectroscopic
parameters of our global fit in several tables. In all instances,
these are compared to previous values. These were taken from
Ref. [2] for vg < 2 and Ref. [5] for vy = 1. Parameters for
v; = 1 and vg = 3 were taken from the latter work as well,;
the small number of vg = 3 parameters determined or adjusted
in the present study are given in separate rows. Previous inter-
action parameters were taken from one of the two references.
The ground state and v4 = 1 parameters are listed in Table [4]
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v; = 1 and vg = 3 parameters in Table [5| interaction param-
eters in Table [6] and vg 1 and 2 parameters are given in
Table [/l The line, parameter, and fit files are available as sup-
plementary material. They will also be provided in the Cologne
Spectroscopy Data section of the CDMﬂ Calculations of the
rotational (v4 1) and rovibrational (v4) spectra will be de-
posited in the catalog section of the CDMﬂ

3.7. Single state analysis of vy = vg = 1

The v4 IR spectrum contained numerous unassigned features
which displayed fairly regular patterns for which the assign-
ment to the v4 + vg — vg hot band suggested itself. Transitions
originating in vg = 1 are exactly a factor of 6 weaker than cor-
responding transitions in v = 0 at 293 K. Combining the v4 = 1
vibrational changes with the complete set of vg = 1 parame-
ters, which are the v 0 parameters, the vg = 1 vibrational
changes and intravibrational Coriolis- and g;-derived param-
eters, and all appropriate hyperfine parameters, yielded good
estimates of the vy = vg = 1 parameters. From these, numerous
transitions could be assigned tentatively or with certainty in the
v4 + vg — vg hot band. Uncertainties of 0.0002 or 0.0004 cm™"
were assigned to most hot band transitions for isolated lines
with good S/N and other lines, respectively, compared to the
smaller 0.0001 cm™! in the v4 cold band, because of many per-
turbations, in particular at higher K, and because lines are fre-
quently close to other lines, as can be seen in Fig.[8] Transition

2https://cdms.astro.uni-koeln.de/classic/predictions/daten/CH3CN/CH3CN/
3https://cdms.astro.uni—koeln.de/



Table 5: Spectroscopic parameters or differences A thereof “* (cm~!, MHz)¢ of
methyl cyanide within vibrational states v7 = 1 and vg = 3 mostly taken from

Ref. [3].

Parameter X vy =1 vg = 31 vg =33
Evip® 1041.85471 1077.7863 1122.15
Eyip®d 1077.7919 (2) 1122.3489 (1)
A(A - B) 889.440 -302.030 —347.76
AA - B! —442.16 (6)
AB -5.73413 80.29485 81.289
AB? 80.6130 (13)
ADg x 103 149.333 -22.8¢ -22.8¢
ADg x 1034 -30.6¢ -30.6¢
ADjg x 103 0.9731 3.5046° 3.5046¢
ADj x 100 14.001 462.¢ 462.°
AHjg x10°  —148.1

Al 66663.668 138665.87 138527.8

AZ¢ 138656.0 138654.7

nx 7.2248 11.013¢ 11.013¢
n 0.078153 0.40154¢ 0.40154¢
nkk x 100 64.8

nk x 100 -50.34

ny7 % 10° 2.385 7.285¢ 7.285¢

q 4.7634 17.683%f 17.683%f
qy % 10° -10.85 -75.79¢f -75.795f

¢ Empty entries indicate parameters not applicable or not used in the fit. Signs
of ¢ and g altered, see Ref. [2].

b Parameter difference A(X) = X; — Xo, given for rotational and distortion pa-
rameters (i represents an excited vibrational state).

¢ All parameters given in units of megahertz, except for Eyip, which is given in
units of inverse centimeters.

4 Value determined or estimated in the present work, see also Section

¢ Ratio kept fixed in the fit for parameter X or AX.

I/ The parameter ¢ and its distortion corrections connect levels with AK = Al =
2, see subsection [3.1]and Ref. [2].
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Table 6: Present and previous interaction parameters® (MHz) between low-

lying vibrational states of methyl cyanide.

Parameter Present Ref. [2]
F»(0,8") x 10° —70.9033 (44) —70.897 (27)
F(8*',827%2) 53137.8 (19) 53157.7 (33)
F]((Sil, 82,12) —6.["( —6.[7‘0
F(8%1,82%2) x 103 -370.42 (30)” —-369.89 (44)®
F7(8*1,8%%2) x 10° 1.389 (63)° 1.681 (87)"
F>(8*!,8%0) x 103 —62.32 31)¢ —-65.491 (24)¢
F»(8%!,8%%2) % 103 —124.64 (63)¢ -130.982 (48)¢
Fa. (8%, 820y x 10° —-1.11 (10)°

Fa 7(8%1,8%2%2) x 10° 221 (21)°

Fae(8%%2,41) [2wagg] 8.76557 (13) 8.7362 (21)
Fe(8%9,41) x 100 —-6.941 (9) —7.98 (16)
F(8%%2 771y [Wrgs] 45170.8" 45170.8"
F(8%*2 g371) 75985. (66) 77208. (93)
F(8%0,8%3) 90876. (47) 91509. (131)
Gp(4,7) [2Wa7] 909.f 909. (2)/¢
Fpe(4,7) [2wa7] -1.9325 (22) —-1.84 ()8
F(4,8%%3) [Wagss] 11381.1 (16) 11430. (6)/¢
F(4,8%%3) x 103 56.85 (38)

Fr(4,83%1) x 103 116.8 (16)

Fry(4,8%%1) x 100 -7.50 (91)

F4(4,8%%1) x 10° —-2.53(13)

F(7%1, 831 [Woggs] 50129.2 50129.21
Go(75,83=h) 2WA 1 —2239.17 -2239.11

¢ Alternative designations from Ref. [S] given in brackets. Numbers in paren-
theses after the interaction parameter designate the vibrational states separated
by a comma, see also Ref. [2]]. Numbers in parentheses after the values are one
standard deviation in units of the least significant figures.

b J and K distortion corrections to F(8>*2, 8>%1) and F (820, 833) kept fixed to
V2 and \/§, respectively, times the corresponding F (8*1 ) 82'12) value; see, e.g.,
Ref. [9].

¢ Estimated assuming Fg/F; ~ A/B, see Ref. [2].

4¢ Ratios constrained, see Ref. [2].

! Kept fixed to values from Ref. [5].

8 Uncertainties reported in Ref. [5].



Table 7: Spectroscopic parameters or differences A thereof “ (cm™!, MHz) of methyl cyanide in its vg = 1 and 2 states in comparison to previous values.

vg =1 vg =20 vg = 22
Parameter X Present Ref. [2] Present Ref. [2] Present Ref. [2]
Eqip® 365.024349 (7) 365.024365 (9) 716749852 (49)  716.75042 (13) 739.147650 (34)  739.148225 (56)
A(A - B) —115.871 (10) —115.930 (26) —187.539 (16) —187.404 (18) -260.109 (26) -259.956 (122)
AB 27.53032 (4) 27.53028 (5) 54.05757 (6) 54.05732 (11) 54.50276 (4) 54.50273 (7)
ADg x 103 -10.21 (9)¢ —11.46 (48) -20.42 (174 -20.2 (3) —-20.42 (17)¢ -7.5(16)
ADjg x 103 0.9892 (5) 0.9875 (6) 1.6657 (11) 1.6755 (25) 1.8036 (10) 1.8088 (15)
AD; x 100 95.999 (13) 95.599 (17) 216.372 (27) 216.319 (37) 189.151 (22) 189.162 (31)
AHg x 10° 20.8 (5) 14.9 (22)
AHg; x 10° 43.1 (19)¢ 34.(2) 86.2 (37)¢ 150. (24) 86.2 (37)¢ 25.(6)
AH g % 10° 2.58 (6) 2.59 (6) 14.09 (18) 17.71 (34) 1.93 (12) -0.37 (21)
AH; x 1012 317.8 (25) 315.3 (30) 208.1 (51) 200.7 (63) 631.3 (48) 627.8 (59)
ALy x 1013 -2.82 (17)¢ —2.64 (20)¢ —5.64 (35)¢ —5.28 (40)¢ —5.64 (35)¢ —5.28 (40)¢
AeQq)? -0.0391 (19)¢ -0.0387 (19)¢ -0.0782 (38)¢ -0.0774 (38)¢ -0.0782 (38)¢ -0.0774 (38)¢
eQqn 0.1519(113) 0.1519(113)
AL x 1073 138.65600 (5) 138.65620 (7) 138.65535 (6) 138.65604 (10)
nK 10.311 3)¢ 10.333 (7) 10.311 3)¢ 10.405 (10)
ny 0.390457 (5) 0.390469 (7) 0.394523 (4) 0.394512 (6)
nxx X 100 —-677. (18)¢ —834. (41)¢ —-677. (18)¢ —834. (41)¢
nx X 10° -33.91 (6) —34.06 (6)? —34.66 (6) —34.06 (6)?
777 % 10° —-2.3668 (12)¢ -2.3595 (24)¢ —-2.3668 (12)¢ -2.3595 (24)¢
nykg x 10° 2.20 (17)4 2.59 (17)¢ 220 (17)¢ 2.59 (17)¢
nysx X 10° 0.511 (5)¢ 0.509 (6)¢ 0.511 (5)¢ 0.509 (6)¢
q 17.798485 (24) 17.798438 (23) e ¢ 17.73001 (8)¢ 17.72986 (14)¢
qx x 103 —2.6290 (50)¢ —-2.6645 (111) e e —2.6290 (50)%¢ —-2.6153 (89)¢
qy % 10° —63.861 (14) —63.842 (14) e e -68.719 (22)° —68.668 (31)°
qrx % 10° 93.35 (45)¢ 93.19 (53)¢ e e 93.35 (45)%¢ 93.19 (53)%¢
gy x 1012 309.9 (14) 311.5 (15) e e 197.1 (21)¢ 191.9 (26)¢

¢ Numbers in parentheses are one standard deviation in units of the least significant figures. Empty entries indicate parameters not applicable or not used in the fit.

See Ref. [2] for sign and value considerations.

b Parameter difference A(X) = X; — X, given for rotational and distortion parameters (i represents an excited vibrational state).

¢ All parameters given in units of megahertz, except for Ey;,, which is given in units of inverse centimeters.
4 Ratio kept fixed in the fit for respective X or AX.

¢ The parameter ¢ and its distortion corrections connect levels with AK = Al = 2, see subsection@and Ref. [2].
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frequencies with large residuals and tentative assignments were
weighted out. Ultimately, assignments in the R- and P-branch
extended to J’ = 43 and 49, respectively. A small number of as-
signments were also made in the Q-branch, notably transitions
withk = K xI=+7and J =7 to 10.

Transitions with K < 4 and k = +5 appear to be largely
unperturbed and could be fit within the currently assigned un-
certainties. However, some R-branch transitions with k = -2,
-3, —4, and +4 had small, but systematic deviations for a few
J. They were weighted out if the deviations were consider-
ably larger than the uncertainties. All other k values appear to
be perturbed by different degrees. An additional feature of the
v4 + vg — vg hot band is, that transitions having the same K and
opposite / occur frequently close to each other; in the P-branch,
e.g., K = 2,3, and 4, see Fig.[§ The k = -5 lines are all nearly
constantly about 0.015 cm™! lower than calculated, whereas the
k = —6 lines are shifted in the opposite direction by around
0.03 cm™!. These perturbations are caused, at least in part, by
anharmonic resonances with v; = vg = 1*? and vg = 4*2, as was
observed for CH;C'>N [23]. The latter resonances corresponds
to the vy = 1/vg = 3 resonance discussed in Section (3.2.1]
but was not considered in the analysis in Ref. 6], most likely
caused by the lack of data in vy = vg = 1 and in vg = 42 The
resonance with v; = vg = 1*2, however, was included in their
model. A pronounced change in the k = —6 residuals may be
caused in addition by an interaction with the higher lying K = 4
levels of v; = vg = 19. The origin of the residuals in k = -7
are less clear. They may still be caused by the two anharmonic
resonances affecting k = —5 and —6. They may also be caused
by AK = -1, Al = +2 interaction with vs = 1, which was in-
cluded in the analysis of Ref. [6], for which the K levels are
closest at K = 10 and 9, respectively. The k = —7 lines appear
to be blended in the P-branch with the stronger k = +7 lines
around J” = 35 and are shifted increasingly up with decreas-
ing J noticeably starting at J”” = 32. The shift is 0.011 cm™!
at J” = 15 in Fig. |8, The transitions with k = +6 and +7
are shifted down by about 0.0015 and 0.008 cm™!, respectively,
with essentially no change in J, almost certainly caused by an
anharmonic resonance with vg = 4+* as observed for CH;C°N
[25] and again equivalent to the v4 = 1/vg = 3 resonance dis-
cussed in Section [3.2.1} This resonance should push up levels
with k = +8, as in the case of CH;C"’N. We identified tran-
sitions with the correct intensity for k = +8 or k = —8; these
transitions should have the same intensity. They are, however,
lower in frequency than calculated, thus possibly favoring the
assignment to k = —8. At any rate, one series of K = 8§ transi-
tions appears to be shifted by amounts which make it difficult to
identify these transitions at present. Some very tentative assign-
ments were made for k = +9 and +10. Even transitions having
k = —11 and possibly —9 and —10 may be assignable eventually.
It is not only the presumably large perturbations in these levels
which make assignments difficult so far, but also the amount of
unassigned transitions with similar or even higher intensities,
as can be noted in Fig.[8] These transitions belong most likely
to the v4 + 2vg — 2vg hot band, which is a factor of 36 weaker
than v4 and a factor of six weaker than v4 + vg — vg. Transitions
of 2v4 — v4 or of the v4 bands of the two methyl cyanide iso-
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topologs with one '3C could complicate the situation further as
these are less than a factor of 100 weaker than v4 of the main
isotopolog.

From these IR transition frequencies, some small corrections
AAX = X483 — AX4 — AXg could be determined; AXy := 0 if
the parameter X is not defined for v, = 0 and 1. Rotational
transitions above 440 GHz could be assigned subsequently up
to 1.2 THz. Lower frequency transitions were measured later.
Fig.[9|displays a large part of the J = 14—13 transitions. The as-
signments were straightforward and are considered to be secure
for K series that appeared to be unperturbed or only slightly per-
turbed. More strongly perturbed transitions could be assigned
with confidence quite often taking into account relative intensi-
ties and trends in the deviations, however it may be that blend-
ing of some lines escaped notice. Caution is advised if the de-
viations display complex patterns, in particular if they are quite
different for a small number of transitions. We mention in the
following only interactions that did not show up in the IR data
because of their small effects or because of the absence of data.

Transitions in vy = vg = 1*! appear to be not or only slightly
perturbed, less than ~0.3 MHz for 1 < K < 5, and the coverage
is good with ~30 transitions up to mostly J”” = 64. The cover-
age is also good for K = 6 to 8. K = 6 is only slightly perturbed,
less than 1 MHz up to J” = 53 and slightly more than 3 MHz
for J” = 64. Transitions with K = 7 are shifted slightly down
at low J, then up for J”” = 18 to 44 or 55, then decreasing again
for still higher J. An assignment of a line 67 MHz higher than
calculated for J” = 53 is uncertain. Transitions with K = 8
are shifted decreasingly up for J” < 16 and then down by up to
~130 MHz for J” = 49. The assignment of J” = 60 to a line
close to the prediction is very tentative and appears to require
that the J” = 61 and 63 lines are blended with the respective
lines of vy = vg = 17! with K = 3 and 2, respectively, or shifted
so much that they could not be assigned with confidence. The
perturbations in K = 6 to 8 are caused at least in part by an an-
harmonic resonance with vgs = 4+*, as mentioned further up in
this section. Additional perturbations in K = 7 may be caused
by K = 8 of vg = 37!, which is only ~0.7 cm™! higher at low
J,and by K = 6 of vg = 373, which crosses K = 7 between
J = 20 and 21 according to current calculations. These reso-
nances are analogous to vy = 1/vg = 2! interactions mentioned
in Section Further perturbations in K = 8 may originate
in an interaction with K = 6 of vg = 4*2 directly or through
g2, interaction with K = 6 of vy = vg = 17! as judged from the
energy level diagram in Ref. [6]. The residuals in K = 9 are
below 1 MHz for J”” = 9 and 13-18; assignments for J” = 60
and 61 are tentative; the magnitudes of the residuals are slightly
larger for these two transitions. Assignments for K = 10 cover
J” =13 to 18 and 60 and 61. The measured frequencies are be-
tween 18 and 26 MHz lower than the calculated ones. A likely
explanation is a perturbation with K = 11 of v; = 17!, which
is ~1 cm™! higher at low J, increasing at higher J. The assign-
ment of J” = 61 in K = 11 to a line close to the calculated
position is very tentative.

Transitions in v4 = vg = 17! extend to K = 8, and the cover-
age is good up to K = 5. There appear to be no perturbations in
K = 0, and residuals in K = 1 to 3 are below 1.5 MHz. K =4
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Figure 9: Detail of the millimeter spectrum of CH3CN in the region of the
J = 1413 transition of v4 = vg = 1. The k = K X/ quantum numbers are given
for this state. The lower frequency transition with kK = +1 is marked with an
asterisk; the higher frequency transition is more than 200 MHz higher than the
k = +2line. Assigned, sufficiently strong transitions are marked by a pound and
plus signs below the zero level for v = 0 and v7 = 1 of CH3CN, respectively,
asterisks below the zero level indicate transitions of v = 0 of CH3'3CN.

Table 8: Spectroscopic parameters X or differences AAX thereof “* (cm™!,
MHz)¢ of methyl cyanide in its v4 = vg = 1 state.

Parameter X Value
Eyin© 1290.052130 (12)
AAA - B) —26.44 (4)
AAB -0.13917 (11)
AADg x 10 2.582 (16)
AAD; x 10° -25.69 (6)
AAHg; % 10° 29.8 (7)
AAHjx x10°  -97.0(14)
AAH; x 1012 86.6 (98)
AAAL -21.93 (6)
AAR; x 103 25.58 (9)
AAngg x 105 ~106. (5)

AAg -0.23155 (20)
AAgy x 100 —-14.98 (16)
AAgyy x 1012 —348.(27)

¢ Numbers in parentheses are one standard deviation in units of the least signif-
icant figures. See Ref. [2] for sign and value considerations.

b Parameter difference AAX = X — AXy — AXg; AXy := 0 if X4 is not defined.
¢ All parameters given in units of megahertz, except for Eyip, which is given in

units of inverse centimeters.
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is also only slightly perturbed for J” < 33, less than 1.3 MHz.
However, five transitions with 43 < J” < 63 display rapidly
increasing residuals from more than 6 MHz to ~162 MHz. An
interaction with K = 2 of v3 1 is a probable explanation.
This interaction is in the model of Ref. [5]. The anharmonic
resonances with v; = vg = 1*2 and vg = 4*? mentioned ear-
lier in this section may cause the small deviations in K = 5
and slightly larger ones in K = 6 of vy = vg = 17!, Transi-
tions with J” = 9 and 13-18 were assigned quite confidently
for K = 6. The assignment of a somewhat more perturbed line
to J” = 61 is tentative. Residuals in K = 7 increase in mag-
nitude from —8.5 MHz to —15.9 MHz at J” = 9 and 13-18
and decrease somewhat for J” = 60 and 61. The residuals in
K = 8 are larger, increasing in magnitude from —16.9 MHz to
—34.4 MHz at J” = 9 and 13—18. The model in Ref. [6] in-
cludes a AK = —1, Al = +2 interaction with vs = 1*!, which
may be responsible for the perturbations.

Perturbed rotational transitions were weighted out by adding
sufficiently large megahertz values to the uncertainties that they
do not contribute adversely to the rms error. The resulting
vibrational energy and the spectroscopic parameters AAX are
given in Table There are 267 rotational transitions with
256 different frequencies not weighted out with an rms error of
0.984 and an rms of 58.4 kHz. As usual in line lists with greatly
varying uncertainties, the rms is dominated by the data with
relatively large residuals. The 626 IR transitions (562 differ-
ent frequencies) with 0.0002 cm™! uncertainty and the 120 IR
transitions (111 different frequencies) with mostly 0.0004 cm™!
uncertainty display rms values of 0.00016 and 0.00034 cm™',
respectively, possibly judged somewhat conservatively consid-
ering that deperturbations may improve the rms values. The
line, parameter, and fit files are available as supplementary ma-
terial. Additional files will also provided in the CDMS, as in
the case of the global fit up to vs = 1.

4. Astronomical results

We use the spectroscopic results obtained in Sect. [3]to inves-
tigate the methyl cyanide emission toward the main hot molec-
ular core of the Sgr B2(N) star-forming region. We employ
data acquired in the course of the imaging spectral line sur-
vey ReMoCA carried out toward Sgr B2(N) with ALMA in
the 3 mm atmospheric window. A detailed description of the
observations and data analysis was reported in [31]. In short,
the survey was performed with five different frequency tunings,
which we call Setups 1 to 5 (S1-S5), covering the full fre-
quency range from 84.1 to 114.4 GHz with a spectral resolution
of 488 kHz that corresponds to a velocity resolution of 1.7 to
1.3km s~!. The phase center of the interferometric observations
was set at (a, 8)jao00= (17"47™19.87%, —28°22’16.0”). This po-
sition is located half-way between the hot cores Sgr B2(N1)
and Sgr B2(N2) which are separated by 4.9” or ~0.2 pc at
the distance of Sgr B2 (~8.2 kpc, [64]]). Following the same
strategy as in [31], we analyzed the spectrum at the offset po-
sition Sgr B2(N1S) at which the optical depth of the contin-
uum emission is lower than toward the peak of Sgr B2(N1),
where it is partially optically thick, obscuring the molecular line



emission arising from compact regions. This offset position is
located at (a, 8)j2000= (17"47™19.870°, —28°22"19.48"), about
1”7 to the south of Sgr B2(N1). Depending on the Setup, the
angular resolution (HPBW) varies between ~0.3” and ~0.8",
with a median value of 0.6”. The rms sensitivity ranges from
0.35 mJy beam™ to 1.1 mJy beam™!, with a median value of
0.8 mJy beam~!. The continuum and line contributions were
separated as described in [31]], with an improvement performed
later as reported in [63]].

The density of the gas probed in emission with ReMoCA
toward Sgr B2(N)’s hot cores is higher than 107 cm™ ([66])
which allows us to assume local thermodynamic equilibrium
(LTE) to produce synthetic spectra of complex organic species
such as methyl cyanide. For this, we used the Weeds soft-
ware ([67]]). We modeled each identified species with a set of
five parameters: size of the emitting region (6s), column den-
sity (N), temperature (T;o), linewidth (AV), and velocity off-
set (Vo) with respect to the assumed systemic velocity of the
source (Vsys = 62 km s™1). We derived a best-fit model for each
species and added the contributions of all identified species to-
gether.

We followed this strategy to model the rotational emission of
methyl cyanide, its singly-substituted '3C and >N isotopologs,
and its doubly-substituted '3C isotopolog toward Sgr B2(N18S).
Apart from the predictions obtained in this work for CH;CN
U4 1 and vy = vg = 1, we used the spectroscopic predic-
tions available in the Cologne Database for Molecular Spec-
troscopy (CDMS, [46]), more precisely version 2 of the entry
with hyperfine structure 41505 for CH3CN v = 0, version 1 of
the entries with hyperfine structure 41509 for CH3;CN vg = 1,
41510 for CH;CN vg = 2, 42508 for '*CH;CN v = 0, 42513
for 3CH3CN vg = 1, 42509 for CH3'*CN v = 0, 42514 for
CH;'3CN g = 1, 43513 for *CH;'3CN v = 0, and version 1 of
the entries 42510 for CH;CYN v = 0 and 42515 for CH;CPN
vg = 1. The CH3CN entries with vg < 2 are based on Ref. [2]
with considerable ground state contributions, also in the range
of our study, from Ref. [S9]]. The isotopic ground state entries
are based on [27] with data from that study and in part from pre-
vious reports; CH3'*CN and '*CH;CN transitions in the range
of our study were taken from Ref. [68]]; transitions of CH;CBN
from Ref. [69]. The isotopic entries involving vg = 1 are based
on [28]]; the lower frequency data of CH;C'"N, encompassing
the range of our survey, are from Ref. [53].

The best-fit spectra obtained for the various vibrational states
of methyl cyanide and its isotopologs are shown in Figs. [10]
and [B.12HB.21] These spectra were obtained in the follow-
ing way. On the basis of our complete model that includes all
molecules identified in the spectrum of Sgr B2(N1S) so far, we
selected the transitions of methyl cyanide and its isotopologs
that are not significantly contaminated by the emission of other
species. We produced integrated intensity maps of these tran-
sitions to measure the size of the methyl cyanide emission.
These maps are shown in Figs.[B.22HB.24] and the sizes derived
from two-dimensional Gaussian fits to these maps are plotted
in Figs.[B.25HB.27] We see a clear dependence of the emission
size with the upper-level energy of the transitions, varying from
~2.5" at low energy to ~1.5” at high energy, which is still at
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Table 9: Rotational temperatures derived from population diagrams toward
Sgr B2(N1S).
Molecule States® Ti°
X)
CH3CN vg = 1, vg = 2, Vg4 = 1, Vg = Vg = 1 296 (14)
BCH;CN 0v=0,05 = 1 341 (70)
CH;3CN 0v=0,05=1 350 (36)

4 Vibrational states that were taken into account to fit the population diagram.
Y The standard deviation of the fit is given in parentheses. As explained in
Sect. 4.4 of [31], this uncertainty is purely statistical and should be viewed with
caution. It may be underestimated.

least a factor two larger than the angular resolution of the Re-
MoCA survey. A similar behavior is also seen for methanol in
the same data set (see Fig. 4 of [[70]). To produce the synthetic
spectra of methyl cyanide and its isotopologs, we assumed an
emission size of 1.6”, close to the emission size of the high-
energy transitions.

We selected the transitions of methyl cyanide and its iso-
topologs that are not too much contaminated by emission from
other species and that have a peak optical depth lower than 2.5
to produce population diagrams. Following the strategy of [3],
we corrected these diagrams for the line optical depths and con-
tamination from other species. These population diagrams are
shown in Figs. A fit to these diagrams yields an
estimate of the rotational temperature. The fit results are listed
in Table 0] We obtain rotational temperatures on the order of
300 K. However, as explained in [3] and [31]], these estimates
are affected by several systematic uncertainties such as the vary-
ing level of continuum emission and, more importantly, the
residual contamination of still unidentified species. In addition,
our simple Weeds modeling procedure, that assumes a uniform
emission, cannot account for density and temperature gradients
along the line of sight. Optically thick lines trace more exter-
nal layers of the hot core which have lower gas temperatures,
hence they saturate at lower intensities compared to the syn-
thetic spectra. This is particularly obvious for the highly opti-
cally thick v = 0 lines of CH3CN shown in Fig.[B.12] but it also
affects the lower-energy lines of vg = 1 and vg = 2 of CH3CN as
well as v = 0 of the singly-substituted '3C isotopologs. These
optically thick lines at low energy, tracing colder material and
thus being weaker, bias the fits of the population diagrams to-
ward higher temperatures. To produce the synthetic spectra,
we decided to use a lower temperature of 260 K. The LTE pa-
rameters of the best-fit models are listed in Table Another
constraint that we took into account to obtain the best-fit model
is the '2C/!3C isotopic ratio that is known to be in the range 20—
25 for a number of complex organic molecules in Sgr B2(N)
(see, e.g., [711, [31, [72]).

On the basis of the best-fit synthetic spectra obtained above,
we get a clear detection of methyl cyanide transitions from
within vy = 1 toward Sgr B2(N1S) (Fig. @]) Because of blends
with other species, the detection of vy = vg = 1 is more ten-
tative, but the excellent agreement we obtain between the syn-
thetic and observed spectra at 91784 MHz gives us confidence



Table 10: Parameters of our best-fit LTE model of methyl cyanide toward Sgr B2(N1S).

Molecule Status®  Nge® 6 Tl N¢ Fuin! AVS Vo™ %i
) (K (cm™) (kms™) (kms™)

CH;CN, v = 0* d 9 1.6 260 2.8 (18) 1.00 6.0 -0.2 1
vg =1 d 22 1.6 260 2.8 (18) 1.00 6.0 -0.2 1

vg =2 d 16 1.6 260 2.8 (18) 1.00 6.0 -0.2 1

vg =1 d 4 1.6 260 2.8 (18) 1.00 6.0 -0.2 1

vy =vg =1 t 1 1.6 260 2.8 (18) 1.00 6.0 -0.2 1
BCH3CN, v =0 d 9 1.6 260 1.4 (17) 1.35 6.0 -0.2 21
vg =1 d 4 1.6 260 1.4 (17) 1.35 6.0 -0.2 21
CH;®CN,v=0 d 6 1.6 260 1.4 (17) 1.35 6.0 -0.2 21
vg =1 d 10 1.6 260 1.4 (17) 1.35 6.0 -0.2 21
BCH33CN,v=0 t 1 1.6 260 6.8 (15) 1.35 6.0 -0.2 415
CH;CPN,v=0 n 0 1.6 260 <14(6) 1.35 6.0 -0.2 > 207
vg = 1 n 0 1.6 260 <14(6) 1.35 6.0 -0.2 > 207

2 d: detection, t: tentative detection, n: nondetection. ® Number of detected lines (conservative estimate, see Sect. 3 of [3]). One line of a given species may mean a

group of transitions of that species that are blended together. ¢ Source diameter (FWHM). ¢ Rotational temperature. ¢ Total column density of the molecule. x (y)

means x X 10°. An identical value for all listed vibrational states of a molecule means that LTE is an adequate description of the vibrational excitation.  Correction

factor that was applied to the column density to account for the contribution of vibrationally excited states, in the cases where this contribution was not included

in the partition function of the spectroscopic predictions. & Linewidth (FWHM). ! Velocity offset with respect to the assumed systemic velocity of Sgr B2(N18S),

Vsys = 62 km s~1. T Column density ratio, with Nyt the column density of the previous reference species marked with a .

in the identification of this state in the ReMoCA data (Fig. [T1).

The doubly-substituted '*C isotopolog of methyl cyanide
is only tentatively detected, on the basis of one line at
107106 MHz which is partly contaminated by emission from
CH3;COOH v, = 1 (Fig. [B.I9). The synthetic spectra that we
obtained for CH;C"”N v = 0 and vg = 1 are consistent with
the observed spectra, but there are too many blends with other
species to claim a detection. The column density listed in Ta-
ble (10| for this isotopolog should rather be seen as an upper
limit.

5. Discussion of spectroscopic results

Our model of low-lying vibrational states of CH;CN up to
vg = 2 [2] was extended to include v4s = 1. Additional or im-
proved data were obtained in particular for vg = 2. The ground
state spectroscopic parameter values and uncertainties in Ta-
ble 4] were largely unaffected, at least with respect to the un-
certainties. Notable exceptions are the purely axial parameters
A — B, Dk, and Hg, whose uncertainties were lowered mostly
by the v4 = 1 resonances with vg = 2 and 3. Their values, how-
ever, appear to change too much as the rms error of the AK = 3
ground state combination loops roughly doubles to about 1.3,
see Table 2] a value that is somewhat too high for a fully sat-
isfactory fit. Possible explanations may be unaccounted pertur-
bations in the present data set or a too optimistic judgment of
the AK = 3 ground state combination loops [30]. Unsurpris-
ingly, the rms and the rms error hardly changed for the v = 0
and vg = 1 rotational data and the vg data with respect to our
previous study [2]. Small to moderate changes occured for the
vg = 2 rotational and rovibrational data. The present v, data fit
to 0.00009 cm™!, compared with 0.00013 cm™! previously [3].
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Part of the somewhat large rms error of the vy = 1 rotational
data is caused by residuals from transitions involving J = 56
and K = 7, pointing at the need to improve the treatment of the
interaction with vg = 31,

The vy 1 parameters from the present investigation and
those from the previous study [5] are in a complex relation-
ship, as can be seen in Table El} First, the extensive amount
of rotational data in the present analysis required many more
spectroscopic parameters, up to tenth order. Eyp, AB, AD g,
and ADj are quite similar. The values of A(A — B), ADg, and
in particular AHk differ considerably with respect to the uncer-
tainties. The value previously employed for Hg in the ground
vibrational state, ~156 Hz [5]], is identical to our present value,
therefore not suited to explain the difference. One explanation
may be that our IR data extend to K = 13, whereas those in
Ref. [5] extend only to K = 12. While this is not a large dif-
ference, it may be enough to explain the differences in AHkg,
especially taking into account the relatively large uncertainties,
and the concomitant changes in A(A — B) and ADg. Another
explanation may be associated with the differences in observed
and treated perturbations.

The magnitudes of AX compared to those of the ground
state X are noteworthy for the parameters of sixth order and
higher in our present parameter set. The magnitudes of AX are
much larger in particular for the highly K dependent parameters
AHgj, ALkky, and APkgy, and all these vibrational changes are
negative. This could be an indication of a perturbation. How-
ever, there is no indication of a correspondence in the vg = 2°
parameters caused by a purported strong Fermi resonance [[15].
In addition, trial fits with various values of F(4,8%%) did not
affect more than one or two of the AX substantially. Literature
values do not provide evidence that these peculiar parameter
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Figure 10: Transitions of CH3CN, vs = 1 covered by our ALMA survey. The best-fit LTE synthetic spectrum of CH3CN, v4 = 1 is displayed in red and overlaid
on the observed spectrum of Sgr B2(N1S) shown in black. The blue synthetic spectrum contains the contributions of all molecules identified in our survey so far,
including the species shown in red. The central frequency and width (in parenthesis) are indicated in MHz below each panel. The angular resolution (HPBW) is
also indicated. The y-axis is labeled in brightness temperature units (K). The dotted line indicates the 30~ noise level.
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Figure 11: Same as Fig.mbut for CH3CN, vq = vg = 1.
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values may be caused by Coriolis interaction with v; = 1 or
ve = 1. The AHg; value in Ref. [5] is similar in value to ours,
and their IR and rotational data extend to K = 12. In contrast,
their data in v7 and the vg data in Ref. [6] extend to K = 15,
and AHg; was constrained to zero for either vibrational state.
Trial fits with G(4,7) increased pointed in the same direction.
It may thus be that these vibrational changes are intrinsic to this
vibrational mode which is the stretching mode of a long and
fairly weak C—C single bond.

Our integrated band strength of v, agrees well with previ-
ously reported values from low- or medium-resolution spec-
troscopic studies, as summarized in Table [3} the agreement is
slightly worse for 2vg and more so for vg, possibly reflecting
the challenges of far-IR measurements.

Some vg = 3 parameters in Table 5] differ with respect to the
entirely fixed values used in our previous study. The value of
AZ in vg = 3 is expected to be closer to the value presently
assumed than the one from Ref. [5], as can be seen by compar-
ison with the vg = 1 and 2 values in Table {7} Our 3v§ origin
of 1122.35 cm™! is only slightly different from 1122.15 cm™!
in Ref. [5)] and in very good agreement with the extrapolated
value of 1122.34 cm™! in Ref. [5]. In addition, our vy = 3
A(A — B) value of —442.06 + 0.06 MHz agrees quite well with
the extrapolated —459.6 + 4.5 MHz derived from Ref. [3]]. This
demonstrates that the rotational transitions in v4 = 1 contain
information on the band origins of vg = 3% and 3! through per-
turbations between vg = 3 and v4 = 1, notably the proximity of
J=420f K=7inv; = 1and K = 1 in vg = 37>. An improved
treatment of the vg = 3 interactions with vg = 2 and vy = 1
requires vg = 3 and v; = 1 data to be added to the line list. The
v7 = 1 data are necessary because of the widespread interaction
between v; = 1 and vg = 3. The vg = 3 and v; = 1 data need
to be added with caution because both states are perturbed by
higher lying states such as v4 = vg = 1 or vy = 4. A more firm
determination of the purely axial vg = 3 parameters may ne-
cessitate assignments in 3v; — 2vg because 3v; — vy is forbidden
to first order and acquires intensity only through ¢, interaction
with the strongly allowed 31/; - vé hot band.

Several of the interaction parameters in Table [6] have now
smaller uncertainties; F» of the vg = 1 and 2 interaction is
an exception because of F,; in the present fit. The vg = 2
and 3 Fermi parameters not only have smaller uncertainties, but
F(8%*2,8%%1) ~ 75967 MHz is much closer to the theoretical
V2 x F(8*', 82%2) = 75148 MHz than ~77208 MHz from our
previous work [2]. The value 90876 MHz of F (8%9,83%), on
the other hand, differs slightly more from V3 x F(8*!,8>%2)
or 92037 MHz, see also, e.g., Ref. [9]. Such deviations are
common if a resonance is approached only from one side and
for one of the interacting (sub-) states. Since the final interac-
tion parameter values should be closer to the ideal values, we
tried a fit constraining these parameters to the ideal ratios with
F(8*!,8%72). The rms error of the fit deteriorated moderately
from 0.853 to 0.914, but the largest part of this was caused by a
deterioration of the vg = 2° rotational data from 0.965 to 1.403,
which is not surprising, given that the current F(8>?, 833) value
deviated much more from the ideal ratio than F(8>*2,83%!).
All attempts to improve the quality of the fit were unsatisfac-
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tory, and we discarded this fit. Possible explanations for the
deterioration may be, for example, unfavorable vg = 3 parame-
ters or the truncation of the Hamiltonian at vg = 3. The values
describing the resonances between v4 = 1 and vg = 3 look quite
reasonable, but the number and choice of parameters as well as
their values may change when extensive vg = 3 data will have
been added to the line list or when truncation of the Hamilto-
nian, in particular in vg, is less of an issue.

The vg = 1 and 2 parameters in Table[7|display some changes
in values and uncertainties which are caused in complex and
different ways by introducing several constraints, additional
transition frequencies for these states, and further energy con-
straints through the interactions of v4 = 1 with vg = 2 and 3.
The changes are most pronounced in E.;,, A(A — B), ADk, and
in the one AHg used for vg = 1. Trial fits with the two vg = 2
AHp values constrained to two times the vg = 1 value increased
the rms error of the entire fit and of the AK = 3 ground state
combination loops somewhat more, therefore, these constraints
were omitted for now.

A set of spectroscopic parameters of vy = vg = 1 was deter-
mined. The vibrational changes are often not particularly small,
but this may be caused, at least in part, by not treating any of
the perturbations. One of the important states in this regard
is vy = 4, whose estimation of spectroscopic parameters will
likely benefit from improved vg = 3 parameters. It will be very
important that these estimates are very good in order to be able
to account properly for the perturbations in the vy = vy = 1
rotational data because of the strong AK = +2, Al = +2 inter-
actions and possibly AK = +4, Al = +4 interactions. We point
out that interacrtions up to AK = +8, Al = +8 are allowed in
vg = 4.

Quantum-chemical calculations may be useful to disentangle
the plethora of perturbations in low-lying vibrational states of
CH;CN. To the best of our knowledge, there are no published
results available on, e.g., interaction parameters. However, nu-
merous calculations are available on calculations of the anhar-
monic vibrations of CH3CN, e.g. Refs. [73.[74,[75]. A very sen-
sitive probe into the quality of such calculations is the energy
splitting of the / components of vg = n. Presently available ex-
perimental numbers are summarized in Table[I1] The splitting
is determined to first order by g;/*; a value of g; = 5.6 cm™!
accounts well for the experimental CH3CN values in Table

Even though the vg = 4 values were estimated, there is little
doubt on the origin of vg = 4*; its value can be evaluated from
various information available for CH;CN and CH;C"N. Com-
bining the origin of 4v§—vg of CH;C'°N, 1140.626+0.032 cm™"
[25], with the estimate of the vg band origin, 362.41 cm™!
[28L [15]], yields 1503.04 cm~! as estimate of the 4v§ band ori-
gin. This value may be scaled with the '*N/!N ratios of the vg
28], 3V§ [18L 5], and 4V§ band origins [25| 28] |6] to arrive at
an estimate for the 4v‘§ band origin of CH3CN. The respective
values are 1513.9, 1514.6, and 1514.3 cm™', in excellent agree-
ment with our estimate of ~1514 cm™" [2], see also Table

Experimental values of the related molecules propyne and
methyl isocyanide in Table [IT] are in line with those of methyl
cyanide as far as they are available. In contrast, quantum-
chemically derived values of CH3CN agree poorly with the



Table 11: Experimental vibrational energy E.;, of v = 1 of CH3CN (cm™)
and splitting A, j1—p2 (cm ™) of the I components of vg = n in comparison to ex-
perimental values of related molecules and in comparison to quantum-chemical
calculations.

Experiment Quantum-chemistry
CH;CN?  CH3CCH? CH;3NC® CH;CN?  CH3CN¢

Evip 365.0 3309 267.3 364 360.991
Aopg 22.397 20.416 20.662 6 —0.646
A33-1 44.56 40.872 7 -1.222
AV 22 —0.576
Asas 66 -1.726

@ Ref. [2] and this work.

b Refs. [§] and [9]; except v, = 3 data from Ref. [10].
¢ Ref. [11].

4 Ref. [73].

¢ Ref. [74].

experimental ones. The authors of Ref. [[73]] did not discuss
their poor value for vy = 2 and alleged that the experimental
vg = 3 value must be incorrect because the band centers were
only “estimated experimental transitions”. The vg = 3! origin,
however, was determined directly through assignments in the
perturbation allowed 31/;g band and through the fully allowed
3vg — vg band [5]. The vs = 3° origin was derived through
perturbations, but its value is quite close to the extrapolated
one of 1122.339 cm™'; our origin is actually still closer to this
value. Assignments in the 31/3 - 2v§ hot band would yield this
origin directly, along with a value for A(A — B) (or AA). Our
vg = 3! origin is quite precise, however, it depends somewhat
on the A(A — B) value used in the fit which is marginally smaller
in magnitude than the extrapolated value derived from AA in
Ref [5]. The data in Ref. [74] are somewhat better represented
by one g; value of about —0.6 cm™!, but additional correction
would be needed for quantitative agreement. In addition, the
values disagree in sign and in magnitude and disagree more
with the experimental values than those from Ref. [74]. There
is only one value for Ay ,_o = 0.925 cm™! in Ref. [74]. In order
to be helpful for disentangling the perturbations in low-lying
states of methyl cyanide, it is necessary that future quantum-
chemical calculations reduce these deviations substantially.

6. Conclusions and outlook

Data of v4 = 1 have been added to our model of low-lying
vibrational states of CH3CN up to vg = 2 [2]. The analysis
revealed new rovibrational interactions and improved several
interactions treated already earlier. One important outcome is
that now all four /-components of vg = 3 are linked in energy
to vy = 1. The analysis of interacting states of methyl cyanide
up to vy = 1 has probably been developed to the extent that
is possible without inclusion of extensive v; landvg = 3
data. Earlier, perturbations in v4 = 1 that were not treated likely
caused the problems we encountered in adding this state to our
global model. Adding v; = 1 and vg = 3 data needs to be done

21

with caution because these two states are not only perturbed
by each other and the lower lying states vy, = 1 and vg = 2,
but also by higher lying states such as vy = vg = 1 or vg =
4, among others. Our earlier problems with including v; = 1
and vg = 3 probably arose from underestimating the amount
of perturbations in these states. Recently, spectra in the region
of vg of CH3CN were recorded at the Canadian Light Source.
These may be very beneficial for the analyses of vg = 3 and
possibly even vg = 4. Not only transitions of the vg cold band
were easily identified, but also some of the 2vg — vg hot band.
The 3vg — 2vg hot band should also be identifiable, potentially
even 4vg—3vg. Rotational transitions up to vg = 4 have sufficient
intensity at room temperature to study them quite extensively.
Investigations of states up to vg = 5 should be possible, but this
may be challenging.

Assignments in v4 + vg — vg and in vy = vg = 1 were made,
and a simple model was developed to account for a fair fraction
of these data. This model should be useful for the upcoming
reanalysis of v; = 1 and vg = 3 data even if the vy = vg = 1
data and their perturbations will be left untouched because of
the plethora of interactions with higher lying states.

Rotational transitions of methyl cyanide from within all vi-
brational states up to v4 = 1 were detected with ALMA in the
hot molecular core of Sgr B2(N1). The tentative detection of
vy = vg = 1 bodes well for the future detection of the slightly
lower-energy vibrational states v7 = 1 and vg = 3.
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Appendix A. Supplementary Material

The following are the Supplementary data to this article: The
parameter, line, and fit files of the global fit (16u4.x) and of the
isolated fit (4plus8QN.x) along with a readme file are provided.

Appendix B. Additional Figures

Figures[B.12HB.2T|show spectra of the transitions of CH;CN
v = 0,05 = 1, 05 = 2, BCHCN v = 0, vg = 1,
CH3]3CN vV = 0, Ug 1, 13CH313CN v = 0, and CH3C15N
v = 0, vg = 1, respectively, covered by the ReMoCA sur-
vey of Sgr B2(N1S) performed with ALMA. Figures
show integrated intensity maps of uncontaminated tran-
sitions of CH;CN, '3CH;3CN, and CH;'3CN, respectively. Fig-
ures show the emission sizes of CH3CN, '3CH;CN,
and CH;'3CN, respectively, as derived from two-dimensional
Gaussian fits to these maps. Figures [B.28HB.30| show popu-
lation diagrams of CH3CN, 13CH;CN, and CH;'’CN, respec-
tively.
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Figure B.12: Transitions of CH3CN, v = 0 covered by our ALMA survey. The best-fit LTE synthetic spectrum of CH3CN, v = 0 is displayed in red and overlaid
on the observed spectrum of Sgr B2(N1S) shown in black. The blue synthetic spectrum contains the contributions of all molecules identified in our survey so far,
including the species shown in red. The central frequency and width (in parenthesis) are indicated in MHz below each panel. The angular resolution (HPBW) is
also indicated. The y-axis is labeled in brightness temperature units (K). The dotted line indicates the 30~ noise level.
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Figure B.13: Same as Fig.[B-12]but for CH3CN, vg = 1.
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Figure B.14: Same as Fig.[B-T2|but for CH3CN, vg = 2.
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Figure B.15: Same as Fig. [B.12]but for '*CH3CN, v = 0.
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Figure B.16: Same as Fig.[B.12|but for 3*CH3CN, vg = 1.
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Figure B.17: Same as Fig.but for CH3'3CN, v = 0.
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Figure B.18: Same as Fig. but for CH3'3CN, vg = 1.
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Figure B.19: Same as Fig. but for *CH3!3CN, v = 0.
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Figure B.20: Same as Fig.but for CH;C®N, v = 0.
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Figure B.21: Same as Fig. but for CH3CN, vg = 1.
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Figure B.22: Integrated intensity maps of transitions or groups of transitions of CH3CN that are relatively free of contamination from emission of other molecules.
From top left to bottom right, the first ten panels show lines from within vg = 1, the next seven panels lines from within vg = 2, and the last two panels lines from
within v4 = 1. In each panel, the line frequency in MHz is written in the top left corner, the energy of the upper level in K is given in the top right corner, the rms
noise level o in mJy beam™! km s~! is written in the bottom right corner, and the beam (HPBW) is shown in the bottom left corner as a red filled ellipse. The black
contour levels start at 60 and then increase geometrically by a factor of two at each step. The blue, dashed contours show the —60- level. The bottom and top blue
crosses indicate the positions of the hot molecular cores Sgr B2(N1) and Sgr B2(N2), respectively. The green cross marks the position Sgr B2(N1S). Because of the
variation in systemic velocity across the field, the assignment of the detected emission to each line is valid only for the region around Sgr B2(N1), highlighted with
the red box.
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Figure B.24: Same as Fig. but for CH3'*CN v = 0 (top row) and vg = 1 (bottom row).

28



e s e ]
Pt ] [ & s3]
o Fo&r 1T o ]
~ 25 | i F + sS4 A
R [ + 12 RfF ]
o] : : X r + 7
o r 1 [ . i
8 R ++ . ‘g* r *. i
© L 4 .= = —
= [ e 1 g 1.5 I h + 7
[ a H * ] [ b + ]
Wr o T N I B
500 1000 1500 500 1000 1500
E,/k g (K) Ey/kp (K)

Figure B.25: Deconvolved emission size of uncontaminated CH3CN transitions
as a function of upper-level energy. The major and minor axes (FWHM) are
shown in panels a and b, respectively. The observational spectral setups with
which the transitions were measured are color-coded as indicated in panel b.
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Figure B.27: Same as Fig. but for CH3'3CN.
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Figure B.28: Population diagram of CH3CN toward Sgr B2(N1S). The ob-
served datapoints are shown in various colors (but not red) as indicated in the
upper right corner of panel a while the synthetic populations are shown in red.
No correction is applied in panel a. In panel b, the optical depth correction has
been applied to both the observed and synthetic populations and the contamina-
tion by all other species included in the full model has been removed from the
observed datapoints. The purple line is a linear fit to the observed populations
(in linear-logarithmic space).
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Figure B.30: Same as Fig.but for CH3'3CN.
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