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Abstract

Methyl cyanide, CH3CN, is present in diverse regions in space, in particular in the warm parts of star-forming regions where
it is a common molecule. Rotational transitions of *CH3CN and CH;'3CN in their v = 1 lowest excited vibrational states
™) (Eib ~ 520 K) are quite prominent in Sagittarius B2(N). In order to be able to search for transitions of the next higher vibrational
() state vg = 2, we recorded spectra of samples enriched in 13CH3CN and CH;3'3CN up to vg = 2 in the 35 to 1091 GHz region and
(Y) reinvestigated existing spectra of CH3CN in its natural isotopic composition between 1085 and 1200 GHz. Perturbations caused
by near-degeneracies in K = 4 of v3 = 2 and K = 2 of vg = 272 yielded accurate information on the energy spacing of 22.93

and 21.79 cm™! between the I-components of '3CH3;CN and CH3'*CN, respectively. Fermi-type interaction between K = 13 and

14 of vg = 17! and vg = 2*? probe the energy differences between the two states of both isotopomers. In addition, a AK + 2,

/Al ¥ 1 interaction between the ground vibrational state of '>*CH;CN and vg = 17! provides information on their energy spacing.
_C Furthermore, we obtained improved or extended ground state rotational transition frequencies of '>*CH;'*CN and extensive data for
©_13CH;C'5N and CH;'3*C!SN. Finally, we report the results of our search for transitions of '3CH;CN and CH3'3CN in their vg = 2
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é states toward Sagittarius B2(N).
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1. INTRODUCTION

Methyl cyanide, also known as acrylonitrile or
cyanomethane, is important in astrochemistry and in as-
trophysics. It was detected in Sagittarius (Sgr) A and B more
than 50 years ago as one of the first molecules observed by
radioastronomical means [1]] and the 17th molecule detected in
space [2]. Already this first report on CH3CN in space pointed
out its potential as a probe into the excitation temperature
in these sources because transitions with the same overall
rotational quantum number J but different K occur in fairly
narrow frequency ranges, but sample very different energies.
Methyl cyanide was not only found in high-mass star forming
regions, but also in the warm and dense parts of molecular
clouds surrounding low-mass protostars [3]], in cold, dark
molecular clouds [4], in the envelopes of carbon-rich late-type
stars [5], in external galaxies [6], in disks around young
protostars [7], and in translucent molecular clouds [8].

The molecule is also a trace constituent in Earth’s atmo-
sphere, predominantly caused by biomass burning [9,[10]. Con-
cerning the Solar system, it was also found in comets, such as
Kohoutek [[11]], and in the atmosphere of Titan [12].
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Methyl cyanide was not only identified in space in its ground
vibrational state, but was also detected in its vg = 1 (Eyjp, =
525 K) [13], vg = 2 [14]], v4 = 1 (Evp = 1324 K) [15], and
vy = vg = 1 [16] excited vibrational states, albeit in the last
state only tentatively.

Many minor isotopic species of CH3CN were detected in
space (here and in the following, unlabeled atoms refer to
'H, '2C, and '¥N), which are CH3'3*CN [17]], '*CH;CN [18],
CH,DCN [[19], CH3C"*N [20], and even '*CH;'3CN [21]] and
CHD,CN shortly thereafter [22]. In the case of 13CH;CN and
CH;'3CN, also transitions in vg = 1 were identified [15]], mak-
ing transitions in vg = 2 a next logical target.

Miiller et al. [23] provided a comprehensive account on the
ground state rotational spectra of CH3CN, all singly substituted
isotopologs, as well as '*CH;3'3CN in natural isotopic compo-
sition. In a later study of rotational and rovibrational spectra
of CH3CN up to vg = 2 [24], a resonance between v = 0 and
vg = 1 was analyzed in detail for the first time and revealed
Fermi-type interactions (AK = 0, Al = +3) between vg = 1
and 2 as well as between vg = 2 and 3 besides numerous other
resonances, of which several were not reported previously. A
more recent investigation included rotational and rovibrational
spectra of CH3CN in v4 = 1 into this analysis with additions or
improvements in parts of the lower state data and with the iden-
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tification of further resonances, some identified newly [16].

Miiller et al. [25] presented extensive analyses of I3CH,CN,
CH3'3CN, and CH;C'>N in their vg = 1 states using a sample
in natural isotopic composition. Even though the accessed K
levels did not reach high enough to cover the region of stronger
interactions between vg = 1 and 2, it was still necessary to ac-
count for these interactions by estimating vg = 2 parameters as
well as some interaction parameters based on those of the main
isotopic species. These reports are testament to methyl cyanide
also being of great interest for basic science, in particular spec-
troscopy, and as a test case for quantum chemistry.

As the vg = 1 lines of '*CH3CN and CH;'3CN in natu-
ral isotopic composition were already too weak prior to reach-
ing K level experiencing the strongest vg = 1/2 perturbations,
our present investigation is based on new spectral recordings
between 35 and 1091 GHz employing samples enriched in
3CH3CN and CH;'3CN, respectively. We did study these iso-
topomers not only in their vy = 2 states, but also in v = 0 and
vg = 1. As added boni, we extended the data set of *CH;'3CN
from the previous study [23]] and obtained extensive line lists
for *CH3CN and CH3'3C' N, for which only limited data up
to 72 GHz were available thus far [26].

The remainder of the paper is organized as follows. Infor-
mation on the measurements is given in [Section 2} [Section 3|
provides clues on the rotational and vibrational spectroscopy
of CH3CN isotopologs relevant to this study, and [Section 4] re-
veals how the rotational spectra were calculated and fit. The
results of our laboratory measurements are described in

discusses these results, presents the
astronomical results, and conclusions are given in[Section 8

2. EXPERIMENTAL DETAILS

Measurements at the Universitit zu Koln were carried out be-
tween 35 and 1091 GHz applying three slightly different spec-
trometer setups. All utilize glass cells of different lengths and
100 mm inner diameter kept at room temperature. All new mea-
surements were carried out employing methyl cyanide samples
enriched in '*CH3;CN or CH3'*CN (Sigma-Aldrich Chemie
GmbH) with 99% '3C at the respective position; there was no
indication of '3C enrichment at the other C atom. Sample pres-
sures were in the range of 0.5 to 1.0 Pa in most cases; pressures
of 0.1 Pa or less were applied for measurements of the low K
(< 12) transitions in the ground vibrational states, whereas pres-
sures of 2.5 Pa or slightly higher were chosen for very weak
lines. No unexpected or unusually high safety hazards were en-
countered in the course of our investigations. In order to mini-
mize any risk, it is strongly recommended to follow safety pre-
cautions listed in the safety data sheets and use small quantities,
about 1 g at most, preferably less, at a time.

An Agilent E8257D synthesizer at fundamental frequencies
was used for measurements between 35 and 56 GHz, while
this synthesizer together with a VDI frequency tripler was em-
ployed between 71 and 111 GHz. The measurements were
done in two connected 7 m long glass cells in a single path
arrangement. This setup is a modification of the one employed
in ref. 27,

N

Figure 1: Model of the methyl cyanide molecule with the vg displacement vec-
tors. The C atoms are shown in gray, the H atoms in light gray, and the N atom
in blue. The a-axis is along the CCN atoms and is also the symmetry axis. The
lengths of the vg displacement vectors are exaggerated.

Various active and passive frequency multipliers from the
VDI starter kit driven by Rohde & Schwarz SMF 100A or
Keysight E8257D synthesizers were used for higher frequen-
cies. A 5 m long double path cell served for measurements in
the 160 to 252 GHz region. The spectrometer was described
in detail earlier [28]]. The glass cells at these lower frequencies
were equipped with Teflon windows and Schottky-diode detec-
tors.

Measurements between 355 and 1091 GHz were carried out
in a 5 m long single path cell sealed with HDPE windows.
A closed-cycle liquid He cooled bolometer (QMC Instruments
Ltd) served as detector. Frequency modulation was applied
throughout; the demodulation at 2f causes the lines to appear
similar to a second derivative of a Gaussian. Further informa-
tion on this spectrometer system is available elsewhere [29].

Part of the spectral recordings were broader scans, frequently
covering about one vibrational state of one isotopolog with inte-
gration times adjusted to achieve very good signal-to-noise ra-
tios (S/N) for fairly weak lines. Very weak lines were recorded
individually with integration times adjusted to reach at a least
good S/N in each case. In addition, some of the stronger lines
were recorded in single line scans.

We also inspected broad frequency scans of CH3CN in nat-
ural isotopic composition covering 1083—1200 GHz and taken
much earlier [23]] with the JPL cascaded multiplier spectrome-
ter [30]. These scans have especially good S/N among the JPL
scans and are mostly higher in frequency than recordings taken
in Cologne. A multiplier chain source is passed through a one
to two-meter path length flow cell and is detected by a silicon
bolometer cooled to near 1.7 K for these recordings. The cell is
filled with a steady flow of reagent grade acetonitrile. Pressure
and modulation are optimized to yield good S/N with narrow
lineshapes. The S/N was optimized for a higher K ground state
transition (K = 12), such that the lower K transitions exhibit
saturated line profiles. This way, a better dynamic range was
obtained for lines of the rare isotopologs and for highly excited
vibrational satellites.
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Figure 2: J = K energy levels of methyl cyanide v = O on the left and the
doubly degenerate vg = 1 on the right; with the latter separated into their [ = +1
and [ = —1 substates. Levels with kK —/ = 0 mod 3 have A symmetry while all
others have E symmetry. A symmetry levels are shown with thicker lines. The
Coriolis interaction between the two [ = 1 substates of vg = 1 with the lowest
order parameter Al shifts / = +1 down in energy and / = —1 up in energy,
causing levels in vg = 1 having the same K — [ to be close in energy, facilitating
g2 interaction. Note the proximity of K = 12 of vg = 17! to K = 14 of v = 0.
The K =0, 1, and 2 levels of vg = 1*! are so close in energy that their lines in
the figure appear as one.

3. SPECTROSCOPIC PROPERTIES OF CH3;CN

Methyl cyanide is a C3, symmetric top molecule of the pro-
late type with A > B as the light H atoms are the only ones not
on the symmetry axis of CH3CN, see[Figure 1] The general se-
lection rules are Ak — Al = 0 mod 3, with k being the product of
K and the sign of / for [ # 0 and with an unsigned k indicating
an [ = 0 (sub-) state.

The CH3CN ground state dipole moment of 3.92197 (13) D
[31] leads to very strong transitions, which obey AK = 0 selec-
tion rules. The Boltzmann peak at 300 K is near 600 GHz at
J values slightly above 30, and the intensities near 1090 GHz
are only 15% of the peak intensities. AK = 3 transitions gain
intensity through centrifugal distortion effects, but are usually
too weak to be observed. Therefore, the purely axial parame-
ters A (or A — B), Dk, 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 determined from such
fits either. In the case of CH3CN, they were determined through
analyses of three IR bands involving two doubly degenerate vi-
brational modes, vg, v7 + vg, and v7 + vg — vg [32]], and were
improved through perturbations [24} [16]]. The large value of A,
~5.27 cm™', leads to a rapid increase in the ground state rota-
tional energy with K, as shown in[Figure 2|for the J = K lowest
rotational levels.

Substitution of an atom on the C3, symmetry axis does
not affect the equilibrium A rotational parameter in the Born-
Oppenheimer approximation. Therefore, it was assumed that

E/cm™! E/cm!
4 5— Y
g35 ° E 8 820
815 — - 800

e 6 . ——56
795 4———=—2 4——2 780
775 760
- 5 5
3 e | 33— . 1
755 740
4 e
735 2—— 0 2 S g 720
L pr— e 3——
T pe— 1 2 —
715- ?5 - 0 L 700
1=0 1=-2 1=+2 1=0 1=-2 1=+2

Figure 3: Low-K energy level structure of the triply degenerate vg = 2 of
13CH3CN on the left and of CH313CN on the right, separated into their / = 0,
[ = -2, and [ = +2 substates. Here, the hypothetical J = 0 level energies are
shown. The Coriolis interaction between the two [ = +2 substates of vg = 2
shifts the / = +2 levels down in energy and the / = -2 levels up in energy,
causing levels having the same K — [ to be close in energy, as indicated by ma-
genta lines, facilitating again g7 interaction, similer to vg = 1. Note that K = 4
of / = 0and K = 2 of [ = -2 are very close in energy with the former being
slightly lower than the latter in the case of '*CH3CN whereas it is opposite in
the case of CH3!3CN. Note also that for / = +2 K = 1, 2, and 3 are lower in
energy than K = 0.

the Ay ground state rotational parameters do not change upon
such substitution either. While this assumption probably does
not hold strictly, deviations are most likely small.

The lowest CH3CN vibration is the doubly degenerate vg at
365.024 cm™! [24) [16]. It is commonly described as the CCN
bending mode, but the displacement vectors in [Figure 1| sug-
gest that it is better described as a combination of the CCN
bending mode with additional CH; wagging character. The dis-
placement vectors are from a B3LYP [33| 34] quantum chemi-
cal calculation with the aug-cc-pVTZ basis set [35] employing
Gaussian 03 [36]. The displacement vectors were lengthend to
make the one of the methyl-C better visible. Strong Coriolis
interaction between the / components is frequently observed in
low-lying degenerate bending modes. The Coriolis parameter
{invg = 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 with
the same K —/ are close in energy (Figure 2). These levels have
the same symmetry and can thus repel each other through g,
(Ak = Al = £2) interaction.

There are three [ components in the case of vg = 2 with
! = 0 and / = £2 with origins at 716.750 and 739.148 cm™!,
respectively, for CH;CN (Figure 3). The effective strength of
the Coriolis interaction between the [ = +2 and [ = -2 levels
is two times that between the / = +1 components in vg = 1,
causing levels with the same K — [ for all three / components
to be close in energies to a different degree, as indicated by the
magenta lines in [Figure 3| for low-K values.

The three H atoms are equivalent in CH3CN as well as in
isotopologs with substitutions on the Cs, axis. This leads to
levels with k —/ = 0 mod 3 having A symmetry and all other
levels having E symmetry. A level transitions, except those with



K = 0 of (sub-) states with / = 0 mod 3, are twice as strong as
E levels with about the same energy. However, these A levels
may in theory be split further into A; and A, (or A, and A_)
levels. Such splitting was not resolved for CH3CN and its '*C
isotopologs in k = 3 of v = 0 and even much less so for higher k.
However, k = +1 of vg = 1 is widely split by the g, interaction
the two lines are often designated ask =/ =—-landk =1= +1,
respectively; the splitting of k = —2 of vg = 1 is usually not
resolved, and levels with higher K even less so. In the case
of vg3 = 2, the splitting in k = +2 by the ¢y, interaction is
frequently resolvable, as can be seen in close to the
upper frequency edge of each trace. The splitting in other k
levels is by far too small to be resolved.

4. CALCULATION AND FITTING OF THE SPECTRA

The calculation of the '*CH3CN and CH3'3CN rotational
spectra and the fitting of the data were carried out with Pickett’s
SPCAT and SPFIT programs [37]. The programs were written
as general purpose programs to be capable of treating asymmet-
ric top rotors with spins and with vibration-rotation interaction.
They have evolved considerably with time because of added
features, in particular special considerations for symmetric top
or linear molecules or for higher symmetry cases [38l 39} 40].

We evaluated rotational, centrifugal, and hyperfine structure
(HFS) parameters of the ground state as common for all vi-
brational states. Some of the data were measured or reported
with partial or fully resolved HFS, but the majority of the data
were not affected by HFS. Therefore, all states were defined
twice, with and without HFS. The HFS parameter eqQn, also
designated as eQq,, may require some explanation. It is the
nuclear quadrupole analog of the [-type doubling parameter g
[41L142]. It corresponds to an off-diagonal yp, — Y. in an asym-
metric top molecule and may be better known as eQg, from
the rotational spectroscopy of m radicals. Vibrational changes
AX = X; — Xy to the ground vibrational state were fit for ex-
cited vibrational states, where X represents a parameter and X;
and X, represent the parameter in excited and ground vibra-
tional states, respectively. This is very similar to several early
studies on CH3CN [43] [44], identical to our previous reports
24} 125 116]], and rather convenient because vibrational correc-
tions AX are usually small with respect to X, especially in the
case of low order parameters. Moreover, this procedure offers
the opportunity to constrain vibrational corrections, for exam-
ple the distortion parameters of vg = 2 to twice those of vg = 1,
thus reducing the amount of independent spectroscopic param-
eters 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 parame-
ter is reasonable in the context of related parameters and tried
to omit or constrain parameters whose values changed consid-
erably 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
(i.e. JE + J?; 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 [24} 25 [16]. Further, and more general infor-
mation on SPFIT and SPCAT is available in [45]] and in [46]
and in the Fitting Spectra section[47] of the Cologne Database
for Molecular Spectroscopy, CDMS [48] |49} |50]. It is worth-
while mentioning that there is only one K = 0 in states having
I = £1 or ] = £2, and the assignment to the respective / com-
ponent is arbitrary in theory. In SPCAT and SPFIT, K = 0 is
associated with / = —1 and with [ = +2.

Initial spectroscopic parameters for '*CH3CN and CH;'3CN
vg < 2 were evaluated by taking the respective parameters from
our vy = 1 study of isotopic methyl cyanide [25]. Estimated
parameters were added or adjusted based on our latest results
on CH;CN [[16]]. Parameters of 3CH;CN and CH;'3CN deter-
mined in the v = 0 investigation [23]] and in the vg = 1 study
[25] were then fit to the respective vg < 1 data.

5. LABORATORY SPECTROSCOPIC RESULTS

In the following, we describe our results obtained in the
course of the present investigation. Each part detailing obser-
vations starts with a brief description of the previous data avail-
able and those used in this study. deals with the
results for vg = 2 of 3CH;CN and CH;'3CN, the correspond-
ing results for vg = 1 are given in and the ones for

the ground vibrational states in[Section 5.3] Details on the com-
bined fits of these three vibrational states of both isotopomers

are presented in[Section 5.4] and[Section 5.5|contains the results
obtained for three doubly substituted CH3CN isotopologs.

5.1. vg =2 States 0fl3CH3CN and CH;"3CN

The only published vg = 2 transition frequencies of '*CH;CN
and CH3'3CN were reported, to the best of our knowledge, in
ref. |51l These comprise / =1 —-0to 3 —2 up to 55.5 GHz. Af-
ter fitting these data, J = 6 — 5 transition frequencies from ear-
lier recordings in natural isotopic composition [24} [25] around
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Figure 4: Section of the submillimeter spectrum of 3*CH3CN in the region
of the vg3 = 2 J = 44 — 43 transitions on the upper trace and of CH;3CN in
the region of vg = 2 J = 43 — 42 on the lower trace. The k values of the
different [ substates are indicated centered above or below the line, for I = 0
without a sign, and in different colors; see[Section 3|for the definition of k. The
patterns of both isotopomers are quite similar, in particular with the decrease
in frequency for increasing k in the case of / = +2 (red); two lines appear
for k = +2 because the respective levels are split by g2y interaction, see also
Note, however, that k = —2 (in green) occurs at the high frequency
edge on the upper trace, whereas it occurs near the low frequency part on the
lower trace. Similarly, k = 4 (in blue) is near the high frequency edge on the
lower trace, whereas it is slightly off the low frequency edge of the upper trace.
This is caused by the near-degeneracy of k = —2 and k = 4 together with the

g2 interaction, see also[Figure 3]
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Figure 5: Section of the J = K energy levels of 3CH3CN vg = 1 on the left
and vg = 2 on the right displaying the K levels around their interactions. Levels
having the same K — [ in vg = 1 are close in energy, and this occurs also within
vg = 2. Energy levels with K = 13 or 14 in vg = 17! and in vg = 2*2 are close
in energy, giving rise to Fermi-type interaction (AK = AJ = 0, Al = +3). In

addition, K = 13 of vg = 17" and K = 11 of vg = 2° get close in energy, as do
K =150fvg = 1*! and K = 13 of vg = 2*2; see also[Section 5.1|

107.8 GHz and around 110.9 GHz, respectively, could be as-
signed. These data were omitted later because of new and more
accurate measurements.

After fitting of these data, assignments above 788 and
774 GHz were made in spectral recordings of samples enriched
in '>CH3CN and CH;'*CN, respectively. Large fractions of two
low J transitions of these recordings, J = 44 — 43 for BCH;CN
and 43 — 42 for CH;'>CN, are shown in with the k
values indicated above or below each line. The patterns of both
isotopomers exhibit similarities that are most obvious for the
! = +2 components in red for which the frequencies decrease
with increasing k. The k = +2 lines only seem to be displaced
because of their splitting caused by the ¢,, interaction, the av-
erage positions are between k = +1 and +3. The / = 0 patterns
in blue are more irregular, but some resemblance to each other
is noticeable. However, there are pronounced differences also.
Whereas k = 4 of CH3'3CN in the lower trace occurs near the
high frequency edge, it is below the low frequency edge of the
upper trace in the case of '*CH3;CN. The k = -2 lines in green
mirror this appearance, as it is at the upper frequency edge in
the upper trace for >*CH3CN, whereas it is near the lower fre-
quency edge in the lower trace for CH3'*CN. As one can see
in[Figure 3] k = 4 and k = —2 are very close in energy. How-
ever, k = —2 is ~0.36 cm™! higher than k = 4 for low-J val-
ues of 3CH;CN, whereas it is ~0.41 cm™' lower in the case of
CH;'*>CN. The g¢», interaction and the proximity of these levels
cause them to repel each other, shifting the upper level up in
energy and the lower level down. This particular interaction,
and also the less pronounced ones for other, in particular low
k values of [ = 0 and [ = -2, cause irregularities in the k line
patterns in the spectrum and permit accurate evaluations of the
! = 0and [ = +2 energy differences.

After having established the energy differences between the
I components of vg = 2 for both '*C containing isotopomers,
assignments of transitions in broader frequency regions were
straightforward for most k up to fairly high values. These broad
scans covered many J up to near the upper frequency limit near
1090 GHz and reached J = 60 — 59 and 59 — 58 for *CH;CN
and CH;3'3CN, respectively.

As expected, deviations from the calculations were some-
what larger at higher K in the [ = +2 substate, mainly because
of a Fermi-type resonance with vg = 17" at K = 13 and 14, as
can be seen in The energy levels of *CH;CN and
CH;CN are very similar mainly because of the very small iso-
topic vg shift of ~0.25 cm™!, whereas the shift is nearly 8 cm™!
for CH3'>CN. This resonance had to be considered already in
our investigation of vg = 1 of '>*CH3CN and CH3'3CN in natu-
ral isotopic composition [25] even though k values only reached
—11 and —10, respectively. The energies of K = 13 in low J of
vg = 17V are ~15 cm™! lower than K = 13 in vg = 2*2 in the case
of 13CH;CN, and the energy differences increase for higher J.
The energies of K = 14 in low J of vg = 17! are ~13 cm™!
lower than K = 14 in vg = 2*2, but the energy differences de-
crease to higher J, but are still ~7 cm™! at J = 70. The situation
is qualitatively similar for CH3'3CN, but the energy difference
is only ~5 cm™" at low J for K = 13, increasing to ~11 cm™!
at J = 70, whereas it is nearly ~24 cm~! at low J for K = 14,
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Figure 6: Section of the submillimeter spectrum of CH3'>CN in the region of
vg =2 J =22 - 21 displaying the effect of the Al = +3 Fermi-type resonance.
Transitions with k£ = +11, 9, and —7 occur at successively lower frequencies,
as do k = +12, 10, and —8 lower still. However, k = +13 is shifted down in
frequency by more than 150 MHz, whereas k = +14 is shifted up to a frequency
slightly higher than k = +13. Two clipped lines labeled with k = +2 and +1
belong to vg = 1 of CH3'3CN.

decreasing to still ~17 cm™" at J = 70. The effect of this res-
onance can be seen in Lines with the same values of
K — I occur at similar frequencies at these higher K values with
the / = +2 line being higher than the / = 0 line, which in turn is
higher than the / = -2 line. This holds for kK = +11, 9, and -7
as well as for k = +12, 10, and —8. However, k = +13 is shifted
down well below k£ = -9, and k = +14 is shifted up to slightly
above k = +13.

As indicated in[Figure 5] there are two additional resonances
between vg = 2 and vg = 1; one is between k = 11 and k = —13,
with an avoided crossing between J = 68 and 69 for '*CH;CN,
slightly too high in J to be covered in the present investigation,
and the other is between k = +13 and k = +15 with an avoided
crossing between J = 59 and 60 for the same isotopolog. Tran-
sitions involving these J values as well as many lower ones and
up to J = 61 are in our data set for one or both k. The pertur-
bations exceed 100 MHz for the most affected transitions and
are still larger than 10 MHz in transitions with J”” > 54 in our
data set. Both avoided crossings also occur for the main iso-
topolog, but at slightly lower J, at J = 60 instead of 68/69 in
the first case and at J = 52/53 instead of 59/60 in the second
case [24]]. No avoided crossing occurs in the J range covered
for CH3'>CN as the energy differences still exceed 6 cm™" at
J =70 for both resonances. The perturbed lines are shifted by
less than 1 MHz for this isotopolog.

Low-K lines, in particular those exhibiting the strongest g2
perturbations, as well as high-K lines of the [ = +2 substate
were recorded individually for the transitions above 770 GHz
that were not covered by broad scans. At lower frequencies,
J = 2-1to 6 -5 were recorded, which exhibit HFS split
transitions almost throughout. In addition, transitions of some
J were recorded between ~160 and ~630 GHz.

After having completed the analyses of the present spectral
recordings, we inspected spectral recordings of methyl cyanide
in natural isotopic composition covering most of the 1083 to
1200 GHz region that were taken at JPL much earlier. We ex-
pected at least some lines to have sufficiently good S/N because
we had made 3CH;'3CN assignments in that region [23[]. The
strongest lines of vg = 2 of both isotopomers exhibited quite
good S/N between 1085 and 1148 GHz; the lines were too weak
at still higher frequencies.

Assigned transitions extend to k = +15 for both *CH;CN
and CH313CN , fitting reasonably well for most of the former,
and less so for the latter isotopomer. Poorly fitting lines ap-
pearing not to be blended where kept in the fit, but with suffi-
cient MHz values added to the uncertainties, essentially weight-
ing out these lines. Lines turning out to be perturbed, may be
weighted in if the perturbation will have been resolved. Very
small numbers of assignments of k = +16 and +17 exist for
both isotopomers, but none of them fit well at present.

In the case of the [ = O substate, assigned transitions reach
K = 12 plus two K = 13 lines in the case of '*CH3CN, with
lines fitting well for the most part up to K = 7 for both iso-
topomers. All but one transitions with K = 9 fit well for
CH;'*CN. The deviations for K > 10 are probably caused for
the most part by a Fermi-type resonance with vg = 3*3 which
were calculated to be strongest at K = 15 for the main iso-
topolog [24]]. Transitions with K = 8 may be perturbed by
K =5 of vy = 1, for which an avoided crossing occurs at J = 57
for CH3CN [16]. The small and regular deviations in K = 9
of *CH;CN are not easily explained at present. Untangling of
these perturbations is beyond the scope of the present investiga-
tion, as it would probably not suffice to estimate spectroscopic
parameters for vy = 1, v; = 1, and vg = 3 from values of the
main isotopolog [16]. Instead, it is probably necessary to in-
clude v; = 1 and vg = 3 data of the main isotopic species and
redetermine its parameters prior to a meaningful estimation of
parameters of the singly substituted '3C isotopomers. In addi-
tion, we may have to include at least some experimental data for
the three higher vibrational states of the *C isotopomers to ad-
just B and possibly some additional low order parameters along
with some of the multitude of interaction parameters. We point
out that vibrational energies of v4 = 1 and v; = 1 of methyl
cyanide isotopologs are fairly well known from low-resolution
IR measurements [52]].

We assigned up to K = 10 in the [ = -2 substate plus one
K = 11 line for >CH;CN. The lines fit well upto K = 5;
K = 6 interacts with K = 5 of v4 = 1, this may also apply to
the next higher K. Effects of a Fermi-type resonance between
vg = 272 and vg = 3*!, that is strongest at K = 12 and 13,
may already affect K = 7 of vg = 272, almost certainly K =
8 and higher. The line lists of both isotopomers are available
as Supporting Information and have also been deposited in the
CDMS as detailed in the Data Availability Statement.

5.2. vg =1 States of13CH3CN and CH;"3CN

The previous vg = 1 transition frequencies of '*CH3;CN and
CH3'3CN were taken from Ref[23 and originated entirely from
that work. Earlier limited low frequency data [S1]] were already
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Figure 7: Perturbation plot of '3CH;3CN. Differences Av between the J' — J”/
transition frequencies calculated from the final spectroscopic parameters and
those calculated with the interaction parameter F5(0, 8=1) set to zero are shown
forv = 0 K = 14 (blue squares) and vg = 1*! K = 12 (red diamonds). Larger
symbols indicate transitions in the final fit. The very weak cross ladder transi-
tions (magenta) were not observed.

omitted in that work because then new J = 3 — 2 data were
obtained with much higher accuracies. The transition frequen-
cies with HFS splitting involve J = 3 — 2 and 6 — 5 for both
isotopomers and 5 — 4 for CH3'3CN.

The new measurements cover many k of several J values as
well as recordings of individual lines in particular at higher k
values, similar to the vg = 2 recordings. The k values reached
+16, +17, —15, and —16 in several cases and the next two pairs
of k only in O to 2 cases. Emphasis was put on measuring tran-
sitions with k involved in vg = 2 interactions.

While the proximity of k = 14inv = O and kK = +12 in
vg = 1 was known, see [Figure 2| it appeared initially that the
energy differences would be too large for both '3C isotopomers
to access a level crossing. However, some regularly increasing
deviations appeared in k = +12 starting at J = 44 — 43 near
785 GHz in the case of '3CH3CN. Inspection of the energy file
revealed a level crossing to occur at J = 51. The deviations in
k = 14 of v = 0 mirrored these deviations; the largest ones were
20 MHz for the J = 51 — 50 transitions, as can be seen in
displays part of the reduced energy plot involv-
ing these two k values, demonstrating that they only get very
close in energy near J of 51. The level crossing is at J = 42/43
for CH3CN [24]], whereas it is calculated to be at J = 91/92 for
CH;'3CN, well outside the covered J range and probably much
too weak to be observable, as the Boltzmann peak at 300 K is
atJ =32-31.

5.3. v =0 States 0f13CH3CN and CH;"3CN

The previous v = 0 transition frequencies of '*CH3;CN and
CH;'3CN were taken from ref. 23| with then new data between
312 and 1193 GHz. The line lists contained earlier data from
ref. |53| with frequencies for the hyperfine split J = 1 — 0 tran-
sitions along with unsplit transition frequencies between 294
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Figure 8: Reduced energy plot of '>CH3CN in the region of v = 0 K = 14
(blue squares) and vg = 1*! K = 12 (red diamonds) displaying the resonant
interaction at J = 51. Larger symbols indicate levels that have been accessed
by experimental transitions in the final fit. This interaction probes the vg = 1
vibrational energy as 364.77 cm™!.

and 608 GHz. Almost all of these data were retained, except
a few transition frequencies of CH3'*CN near 440 GHz. Also
included were some millimeter data [54] which were eventu-
ally omitted in the present work because of newly recorded,
much more accurate data at similar frequencies. Finally, ac-
curate transition frequencies of the J = 2 — 1 transition of
CH;'3CN [55]] were also included previously and are retained
in the present work.

The new measurements from this study cover transitions with
HEFS splitting between 35 and 111 GHz (J = 2—1 to 6 -5) with
data of the J = 4 — 3 transition of '*CH;CN near 71.46 GHz
taken from earlier recordings of a sample in natural isotopic
composition because of its better quality. Transitions without
HFS splitting were recorded between 355 and 1087 GHz, reach-
ing J = 61-60 and 59—-58 for '3*CH3CN and CH3'3CN, respec-
tively, covering a fair fraction of J in this region, in particular
at higher frequencies. The K range was covered as completely
as possible, reaching K = 21 two times in the case of CH3'*CN
and K = 19 two times for >*CH;CN, in both cases for two J val-
ues with frequencies slightly above 600 GHz. Transitions with
K = 14 were recorded later for '>CH;CN between J = 54 — 53
to 61 — 60 because of the resonance of v = 0 and vg = 1 as

mentioned in the previous [Section 5.

5.4. Fitting of the "*CH;CN and CH3'3CN Data

The vg < 2 data of each singly '*C substituted isotopomer
were fit together employing Pickett’s SPFIT program [37], as
done in earlier reports on the main isotopic species [24} [16].
The equilibrium A value does not change upon substituting one
of the atoms on the Cs, axis; therefore, we assumed that A in
v = 0 and the AA values of excited vibrational (sub-) states
do not change either for such substitutions. This is the same
procedure as in our vg = 1 study of singly substitued methyl



cyanide isotopologs [25] for v = 0, but slightly different for the
excited states, as we assumed earlier A(A — B) to be the same
for a given vibrational (sub-) state upon subsitution on the Cj,
axis. Either assumption is probably reasonable, but unlikely to
hold strictly; deviations of order of 1 or a few MHz are deemed
to be possible. The isotopic ratios of higher order spectroscopic
parameters were estimated to scale with appropriate powers of
B, as in an ealier study [25]]; for example, D scales with the ratio
of B. In order to improve the initial higher order parameter
estimates, isotopic ratios of the low-order parameters A, ¢, and
F were also applied to the respective higher order parameters;
thus g, scales with the ratios of ¢ and B. Initially, we assumed
rotational corrections of A and g to be the same in vg = 1 and
2; this holds rather often to first order. We point out that there
are vibrational factors of these parameters which are different
between vg = 1 and 2 in SPFIT. Vibrational changes AX of
distortion parameters in vg = 2 were initially constrained to be
two times those in vg = 1, which is frequently fulfilled to first
order if /-dependent changes (of degenerate vibrational states)
can be neglected.

We searched in each fitting round for a parameter whose
floating in the fit improved the rms error of the fit the most. The
only parameter tried out here that was not used in the fits of
CH;CN was fy4, which connects levels differing in Ak = Al =
+4. Tt was retained in some '*CH;CN fits, but was omitted later
because of its relatively large uncertainty. In the case of vg = 1
and 2 parameters, usually a parameter was floated with keeping
the vg = 1 and 2 constraint before the effect of lifting this con-
straint was tested. Sometimes either procedure led to reinstating
a constraint for a different parameter because of changes caused
by correlation deemed to be too large. It appeared to be diffi-
cult, however, to avoid entirely much larger vibrational changes
than suggested by the constraints. This applied in particular to
AHg;, AH i, and AH;. Attempts to impose constraints led to
substantial increases in the rms errors that could not be com-
pensated by other parameters.

Interestingly, it was possible to float one of the two A(A — B)
values of vg = 2. Noting that A(A — B) of vg = 2% of 3CH;CN
is slightly more than 2 MHz larger in magnitude than the one
derived under the assumption of AA to be the same as the value
of CH3CN, we tried to impose this value. The rms error of the
fit increased by ~10% and some parameters took less favorable
values. Keeping this constraint and floating A(A — B) of vg = 2°
instead, reduced the rms error to about the previous value and
caused this A(A — B) value to decrease in magnitude by ~2 MHz
with the remaining parameters fairly similar to those with A(A—
B) of vg = 22 floated. Attempts to float both A(A — B) of vg = 2
decreased both in magnitude by ~8.5 MHz with uncertainties of
about 5.5 MHz in the case of 3CH3CN, whereas both increased
by ~25 MHz with uncertainties of about 10 MHz in the case of
CH3'3CN. These findings suggest that the difference in A — B
between the two [ substates of vg = 2 is well constrained, but
the value of each is not quite yet. Therefore, we reverted to
fitting only A(A — B) of vg = 22 and kept the one of / = 0 fixed
at the estimated value.

The largest shifts by far caused by the HFS parameter eQqn
occur in the AF = 0 HFS components of the k = / = +1 and

k = | = —1 transitions of vg = 1 and also in their F = 1 -0
components of the respective J = 2 — 1 transitions. The shifts
are essentially equal in magnitude and opposite in sign among
the corresponding k = [ = +1 and k = [ = —1 HFS components.

The resulting spectroscopic parameters are listed in
[Table 2] and [Table 3| for vg = 2, 1, and for v = 0, respectively.
The line, parameter, and fit files of both isotopomers are avail-
able as Supporting Information and have also been deposited in
the CDMS as detailed in the Data Availability Statement.

5.5. Ground Vibrational States of '*CH3'3CN, '*CH;C"N, and
C H3 13 ClS N

The high enrichment of the '*CH3CN and CH3'3*CN samples
means that '*CH;'3CN is enriched in both samples to about
1.1% because of the natural '>C/'?C ratio at the C atom that was
not enriched. Moreover, '*CH;C"”N and CH;'>C"®N are en-
riched to about 0.38% in the 3CH3CN and CH3'3CN samples,
respectively, because of the natural ISN/'N ratio. Therefore,
our recordings covered some J of the respective isotopologs.

The '3CH;3'3CN isotopolog was already studied quite ex-
tensively [23], albeit in natural isotopic composition. These
measurements permitted transitions of several J to be identi-
fied between 249 and 1139 GHz with K = 9 in one transition.
The present measurements accessed several J between 53 and
927 GHz and reached K = 16. The previous parameter set
[23]] was employed to fit the new data; calculations of the ini-
tial spectrum were taken from the CDMS. It was sufficient to fit
Hj in addition to the parameters fit previously to achieve a sat-
isfactory fit. The new spectroscopic parameters of '3CH;3'3CN
together with the earlier ones [23] and the resulting '*CH;C'>N
and CH;'>C"*N are presented in[Table 4]

Spectroscopic parameters of *CH3;C’N and CH;3'3CN
were evaluated by assuming A, to be the same for isotopic
species with substitutions of C or N atoms and by apply-
ing the CH3C'>N/CH;3CN parameter ratios and those involving
3CH3CN or CH3'3CN to the CH3CN parameters for all oth-
ers. Subsequently, B of each of these doubly substituted species
was fit to the data from ref. 26, which covered J = 1 — 0 to
4 — 3. These earlier data were omitted in the final fits because
of more accurate data at similar quantum numbers obtained in
the course of the present study.

The frequency ranges covered for these isotopomers here are
very similar to the ones for '*CH3'3CN, even more so, as its
B value is similar to the CH313C15 N one, leading to occasional
blending of the lines. The highest K value in both line lists is 15.
The parameters fit for these two doubly substituted isotopomers
were the same as the ones fit presently for '*CH;3'*CN. The pa-
rameter values and their uncertainties, as far as the parameters
were fit, are also given in The line, parameter, and
fit files of all three doubly substituted isotopologs are available
as Supporting Information and have also been deposited in the
CDMS as detailed in the Data Availability Statement.

6. DISCUSSION OF THE LABORATORY RESULTS

Perhaps the most interesting results of the present study
from the standpoint of molecular physics are the precise en-



Table 1: Spectroscopic Parameters or Vibrational Changes (A) with Respect to the Ground Vibrational States® of I3CH3CN and CH3!3CN in vg = 2 from a
Combined Fit of vg < 2 Data and Comparison with Previous Data®.

BCH;CN CH;"PCN
Parameter This work Previous? This work Previous?
AERY — 87 22.928605 (33) 22.37 21.792148 (16) 21.91
A(A - B) -185.58 -1874 -187.74 -1874
AB 52.100413 (32) 52.4115 52.219257 (44) 51.856
ADg x 10° -20.4¢ -20.4¢
AD ;g x 103 1.36866 (292) 1.45386 (225)
AD; x 10° 211.432 (7) 202.613 (25)
AHg; x 10° 0.970 (62) 2.487 (25)
AH g x 10° 13.10 (46) 12.76 (4)
E(8%) 738.65472 (76) 738.19 723.1949 (65) 723.01
A(A - B) —-260.705 (120) -260.0 —255.946 (79) —-260.0
AB 52.849506 (25) 52.84335 52.263148 (32) 52.2833
ADg x 10° -20.4¢ —-20.4¢
AD ;g x 10 1.70985 (96) 1.52119 (107)
AD; x 10° 178.371 (15) 182.257 (22)
AHg; x 10° -0.1013 (43) -0.1991 (55)
AH g x 10° -2.252 (113) —-4.829 (159)
AH; x 10'2 521.4 (20) 536.7 (26)
AeQq —-0.0798 (30)° —-0.0888 (33)°
Al 138847.16 (17) 138858. 139827.80 (8) 139829.5
Nk 10.0455 (62)¢ 10.3882 (285)¢
ny 0.375339 (3) 0.392547 (3)
nxx X 10° -678.4 —-683.4
nsk X 10° —-31.939 (22)¢ -33.259 (27)¢
1777 % 10° —-2.2659 (23)¢ —-2.2689 (42)¢
nikg X 109 220d 222d
nyx X 10° 0.5475 (56)¢ 0.6462 (70)¢
q 16.70353 (18) 16.7382 18.17787 (9) 18.1412
qx x 103 —-2.089 (12)¢ —-2.698¢
qy % 10° —-64.550 (35) —68.183 (34)
gk X 10° 90.06 (94)¢ 79.11 (94)¢
g X 1012 161.2 (43) 259.4 (46)
F(8%!,8>%2) 52777.6 (27) 51647. (1303) 50584.5 (51) 54567. (744)
Fg(8*!,8%%2) -6. —6. —6. —6.
F;(8%!, 8%%2) —0.35815 (43) -0.359 —-0.35460 (41) -0.370
F;(8%",8%2%2) x 10° 1.700 (74) 1.58 1.783 (115) 1.70
F>(8%1,8%29) x 10° —-52.58 (5)¢ -55.37 (102)¢
F>(8%1,82%2) x 103 —-105.16 (10)° —-110.74 (204)¢
Fo (8%, 8%0) x 10° —-0.88¢ —-0.98¢
Fo (8%, 8%%2) x 10° —-1.76¢ -1.96¢
rms error 0.877 0.766 0.891 0.808

4 All parameters in MHz units except E (822 - 820) and E (822) in cm™!'; the rms errors of the fits are unitless. Vibrational changes
AX are defined as X; — X,. Numbers in parentheses are one standard deviation in units of the least significant figures. Parameters
without quoted uncertainties were estimated and kept fixed in the analyses. ” Reference 25l ¢ The corresponding vg = 2 and vg = 1
parameters of each isotopomer were constrained to a 2 : 1 ratio; see also 4 The corresponding vy = 2 and vg = 1
parameters of each isotopomer were constrained to a 1 : 1 ratio; see also ¢ A 1:2ratio was constrained for F,(8*', 820)
and F»(8*', 8%*2) and also for their distortion corrections F’ 2.7, as done earlier for CH3CN[ 16, [24].



Table 2: Spectroscopic Parameters or Vibrational Changes (A) Thereof® of '3CH3CN and CH3'3CN in vg = 1 from a Combined Fit of vg < 2 Data and Comparison

with Previous Data®.

3CH;CN CH;’CN
Parameter This work Previous? This work Previous?
E(8h 364.76782 (35) 364.56 357.19 357.19
A(A - B) -115.03 -115.930 -114.75 -115.930
AB 26.687766 (32) 26.688102 (131) 26.405025 (35) 26.404860 (112)
ADg x 103 —-10.2¢ -11.46 -10.2¢ -11.46
AD g x 103 0.95016 (39) 0.9453 (26) 0.86956 (45) 0.8811 (24)
AD; x 10° 90.447 (12) 90.693 (41) 92.400 (14) 92.585 (52)
AHg x 100 20.8 15. 20.8 15.
AHg; % 10° 0.0331 (16) 0.033 0.0202 (17) 0.034
AH g % 10° 1.844 (63) 2.44 1.647 (81) 2.54
AH; x 10'2 252.7 (17) 278.6 (56) 270.7 (18) 307.3 (74)
AL; x 10 -2.35 -2.54
AeQq -0.0399 (15)° -0.0387 —-0.0444 (17)° -0.0387
eQqn 0.1647 (39) 0.1519 0.1562 (54) 0.1519
Al 138859.445 (37) 138857.97 (53) 139838.800 (37) 139839.99 (39)
Nk 10.0455 (62)¢ 10.347 10.3882 (285)¢ 10.420
1 0.371752 (4) 0.371764 (23) 0.389217 (4) 0.389261 (24)
nkx X 10° -678.¢ -835. —-683.4 —840.
nyk % 100 —-31.939 (22)4 —32.87 (40) —-33.259 (27)4 —-32.42 (44)
177 % 10° —2.2659 (23)¢ —-2.1471 (49) —2.2689 (42)4 —-2.2750 (52)
nkk X 10° 2.204 2.5 2.224 2.6
N7k X 10° 0.5475 (56)¢ 0.425 (70) 0.6462 (70)4 0.542 (69)
q 16.80179 (10) 16.80442 (35) 18.21027 (10) 18.21258 (33)
gk % 10° —-2.089 (12)¢ -2.516 —-2.698¢ -2.726
gy % 10° —-58.697 (40) —58.745 (164) —64.596 (36) —-64.581 (175)
qsx X 10° 90.06 (94)¢ 85.4 79.11 (94)¢ 95.2
qs7 % 1012 295.3 (54) 301.0 (218) 319.8 (47) 304.8 (252)
F»(0,8*") x 103 —-56.298 (15)

@ All parameters in MHz units except E(8') in cm™!. Vibrational changes AX are defined as X; — X,. Numbers in parentheses are
one standard deviation in units of the least significant figures. Parameters without quoted uncertainties were estimated and kept
fixed in the analyses. ? Reference[25] ¢ The corresponding vs = 2 and vg = 1 parameters of each isotopomer were constrained to a
2 : 1 ratio; see also 4 The corresponding vg = 2 and vg = 1 parameters of each isotopomer were constrained to a 1 : 1
ratio; see also[Section 5.4}
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Table 3: Ground-State Spectroscopic Parameters® (MHz) of 13CH3CN and CH3!3CN from a Combined Fit of vg < 2 Data and Comparison with Previous Data?.

BCH;CN CH;°CN
Parameter This work Previous” This work Previous?
(A-B) 149165.60 149165.69 148904.56 148904.65
B 8933.309448 (16) 8933.309429 (28) 9194.350055 (17) 9194.349998 (27)
Dg x 10° 2827.9 2831. 2827.9 2831.
Dk x 10° 168.24018 (47) 168.23971 (130) 176.67618 (48) 176.67395 (132)
Dj X 10° 3625.018 (13) 3624.947 (32) 3809.866 (14) 3809.737 (37)
Hy x 10° 156. 165. 156. 165.
Hy;y % 10° 5.7894 (30) 5.8030 (141) 6.0018 (28) 6.0045 (131)
Hgx x 10° 927.18 (13) 927.19 (86) 1018.47 (15) 1017.45 (86)
H; x 10'2 -230.7 (44) -273.3 (49) —206.5 (52) —258.4 (61)
Lk % 1012 —400.0 (65) —-431]. —416.1 (55) —444.
Lk x 10'? —47.35 (34) —49.66 (266) —52.38 (33) —49.75 (236)
Lk x 102 ~6.896 (16) ~6.887 (128) 7.764 (20) _7.214 (141)
L;x 105 —8.17 (50) -2.76 -9.20 (61) -3.10
Pyg x 101 0.46 0.51 0.51 0.55
Pk x 10'8 48. 49. 54. 55.
eQq —4.21804 (152) —4.21830 (197) —4.21860 (145) —4.21828 (176)
Cpp X 103 1.79 1.792 1.84 1.844
(CM—C;,;,)XIO3 -1.12 -1.10 -1.17 -1.15

¢ Numbers in parentheses are one standard deviation in units of the least significant figures. Parameters without quoted uncertainties
have been estimated from the main isotopic species and were kept fixed in the fits. ” Reference 23} adjusted in that work to account
for slight changes in the parameters of the main isotopolog from that work compared to those in ref. 24l

ergy difference determinations between vg = 1 and 2 of both
I3CH;CN and CH;'3CN, the difference between vg = 0 and 1
for "> CH;CN, and the differences between vg = 2,/ = 0 and +2
for both isotopomers. The last type of determination is more
generally possible in theory for a degenerate overtone state, but
the precision with which this may be achieved depends obvi-
ously on how close energies get that have Ak = Al = +2 and
what the magnitude of gy, is.

As can be seen in [Table 1} the AE(822 - 820) values agree
quite well with the initial estimates, slightly less so in the

3CH3CN case. And both values are quite close to the value
of the main isotopic species, which are compared with other
low-order parameters in[Table 5] As mentioned in our previous
study on CH3;CN [[16], this type of energy difference appears to
be challenging for quantum chemical calculations. Therefore,
the present values are additional reference values besides the
ones given in ref. [16/ and other values presumably available in
the literature. Overall, isotopic changes in the low-order param-
eters in[Table 5] are small, and these differences display diverse
trends. It is gratifying to see that A and g are very similar in
vg = 1 and 2 for each of the '3C isotopomers, even though the
values differ somewhat from those of the main isotopic species.
also demonstrates that the HFS parameters eQq, AeQq,
and eQg, of both isotopomers agree well with the respective
values —4.223, —0.039, and 0.152 MHz of the main isotopic
species [16]. These values may also be compared with —4.710,
—0.102, and 0.393 MHz of the lighter HCN molecule [56].
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Interactions between a degenerate bending state and its over-
tone or the ground vibrational state have been reported compar-
atively rarely to the best of our knowledge. Examples besides
CH;CN are the isoelectronic molecules CH3;CCH [57, |58, |59]
and CH3;NC [60]. In the case of '*CH;CN, our E(8') value
of 364.77 cm™! is 0.21 cm™" higher than the value from low-
resolution IR measurements [52]], a very good agreement con-
sidering that there is no sharp Q-branch in a perpendicular b-
type IR band. Our E(8%') value of 715.73 cm™! is 0.09 cm™
lower than the low-resolution IR value [52]. The present E (822)
value of 738.65 cm™! is about 0.46 cm™' higher than our pre-
vious estimate (Table 1). Inspection of the CH3'3CN values
reveals that E(8%) is nearly 0.2 cm™' higher than our previ-
ous estimate, and the derived E(820) value of 741.40 cm™! is
0.30 cm™! higher than the value from low-resolution IR mea-
surements [52]]. Since, however, E (822) was determined with re-
spect to a fixed E(8') value, this may mean the true E(8') value
is somewhat lower. On the other hand, we need to keep in mind
that the energy determinations here depend on several parame-
ters that needed to be kept fixed. Besides E(8') of CH3'3CN,
these are foremost A(A — B) of vs = 1 and vg = 2° for both
isotopomers and possibly also A — B in the ground vibrational
state. While the last values are challenging to be determined,
the A(A — B) values can be obtained from high-resolution IR
measurements of vg and 2vg or the 2vg — vg hot band. Further-
more, effects on the spectroscopic parameters may be caused
by the neglect of perturbation in vg = 2 by higher vibrational



Table 4: Spectroscopic Parameters® (MHz) of Methyl Cyanide Doubly Substituted Species and Dimensionless Weighted Standard Deviation wrms.

13CH313CN 13CH3C15N CH313c15N
Parameter This work Previous”
(A-B)x 107 149.171692 149.171692 149.434530 149.181347
B 8927.281134 (45) 8927.281294 (155) 8659.892784 (38) 8919.231179 (43)
Dg 2.8257 2.8257 2.8257 2.8257
Dk x 103 167.4232 (12) 167.4204 (177) 160.0445 (12) 168.4062 (11)
D; x 10° 3.627251 (32) 3.627152 (61) 3.380957 (37) 3.556858 (42)
Hy x 10° 51. 51. 51. 51.
Hyjy x 100 5.7497 (61) 5.50 (42) 5.4037 (77) 5.6355 (76)
Hg x 10° 0.91905 (25) 0.9159 (35) 0.85813 (36) 0.94615 (29)
H; x 10'2 ~292.0 (65) ~298. ~227.3 (76) ~156.7 (95)
Lk % 1012 —427. —427. —412. —419.
Lk x 10'2 -47.3 -47.3 —45.3 -45.3
Lk x 1012 —6.7 -6.7 ~6.122 ~6.916
L;x10' —1.800 —1.800 ~1.007 ~1.007
Pk x 10" 450. 450. 477. 526.
Pk x 108 48.0 48.0 40.1 50.0
eQq —4.2218 (53) -4.21319
Cpp % 103 1.73 1.73
(Caa — Cpp) X 10° -1.24 -1.24
wrms 0.810 0.635 0.848 0.805

¢ Numbers in parentheses are one standard deviation in units of the least significant figures. Parameters without quoted uncertainties
have been estimated and were kept fixed in the fits; see|Section 5.5 b Reference 23]
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Table 5: Comparison of Low Order Spectroscopic Parameters® of CH3CN,

13CH;CN, and CH3!3CN.

Parameter CH;CN? B3CH5CN CH;'3CN
(A - B) 148900.0 149165.6 148904.6
By 9198.899 8933309  9194.350
eQq —4.223 -4218 -4219
F»(0,8%1) x 103 -70.9 -56.3

E@®) 365.024 364.77 357.19¢
A(A - B)(8Y) -115.9 ~115.0¢ -114.8¢
AB(8") 27.530 26.688 26.405
AZ(8Y 138656.0 138859.4 139838.8
q(8") 17.798 16.80 18.21
AeQq -0.039 ~0.040 —0.044
eQqn 0.152 0.165 0.156
F(8*!,82%2) 53138. 52778. 50585.
AE(8Y - 8%) 22.398 22.929 21.792
A(A — B)(8%") -1875 ~185.6¢ -187.7¢
AB(8%") 54.058 52.100 52.219
E(8%) 739.148 738.65 723.2
A(A - B)(8%) -260.1 -260.7 -255.9
AB(8%) 54.503 52.850 52.263
AA(8Y) -205.61 -207.9 -203.7
ALY 138655.4 138847. 139828.
¢(8?) 17.730 16.70 18.18

¢ All parameters in units of MHz, except energies E in units
of cm™!. Parameters from present fits unless indicated other-
wise. ? Reference 16l ¢ From low-resolution IR measurements
[52]. ¢ Derived assuming the isotopic AA values agree with the
corresponding CH3CN values.
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states, which may still be non-negligible even though substan-
tial amounts of higher-k data of / = 0 and -2 were weighted
out.

The vg = 2% AA values of both isotopomers deviate by
~2 MHz from the value -205.61 MHz of CH;CN [16],
with the 'CH;CN value being slightly larger in magni-
tude (=207.9 MHz) and the CH3'3CN being slightly smaller
(-203.7 MHz), see also[Table 5| The corresponding AB values
agree very well with the previous estimates [25], as can be seen
in whereas the vg = 2° AB values deviate by slightly
more than 0.3 MHz, potentially indicating unaccounted pertur-
bations in the vs = 2° data included in the fit. The AD,x and
ADj values point in a similar direction as those of vg = 22 are
much closer to being two times the vg = 1 values than those
of vg = 2°. Deviations are more pronounced in the AH values,
but still show the vg = 22 data to be closer to two times the
vgs = 1 values than those of vs = 2°. Most of the rotational
corrections to AJ and g were constrained to being the same
in v3 = 1 and vy = 2; unconstrained parameters display vari-
ous degrees of deviations. However, we should keep in mind
that even in the latest account on the main isotopic species [[16]
some parameters remain which do not exhibit the usual vg = 1
to vg = 2 ratios. The F(8*!,8%%2) values are now quite well
determined, showing some deviations from the previous val-
ues. The *CH;3CN value is now only slightly smaller than the
53.14 GHz of CH;CN [16], whereas the CH3'>CN value was
previously somewhat larger than the CH3CN value and now
considerably smaller. However, these values may change some-
what upon better accounting of the higher-K data of the [ = 0
and —2 substates.

Little needs to be mentioned concerning the present vg = 1
and v = 0 values in comparison to previous data. The uncertain-
ties improved, in some cases around a factor of 10, because of
the increased data sets even though additional parameters were
floated in the fits. Changes in the lower order parameters are
small, as it should be, while changes in some higher order pa-
rameters are not so small, which is not so unusual either. The in-
teraction parameter F,(0, 8*!) of '*CH;CN is —56.3 kHz com-
pared to —70.9 kHz for CH3CN. The value of the '3C species
may well be affected by the chosen values of A(A — B) and other
fixed parameters. We also obtained greatly improved spectro-
scopic parameters for 'CH;3'3CN along with extensive param-
eter sets for 3CH;C!°N and CH;'3CN.

7. ASTRONOMICAL RESULTS

We used the spectroscopic results obtained in to
search for rotational emission from within the vg = 2 vibrational
state of the *C isotopomers of methyl cyanide toward the main
hot molecular core of the Sgr B2(N) star-forming region. We
employed the imaging spectral line survey ReMoCA carried out
with ALMA between 84 and 114 GHz. Details about the ob-
servations and method of analysis of the survey can be found in
Belloche et al. [61]. The spectra were analyzed under the as-
sumption of local thermodynamic equilibrium with the Weeds
software [62].
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Figure 9: Transitions of 3 CH3CN vg = 2 covered by the ReMoCA survey. The LTE synthetic spectrum of 3CH3CN vg = 2 is displayed in red and overlaid on
the spectrum observed toward Sgr B2(N1S) shown in black. The blue synthetic spectrum contains the contributions of all molecules identified in our survey so
far, including ">CH3CN vg = 2. The values written below each panel correspond from left to right to the half-power beam width, the central frequency in MHz,
the width in MHz of each panel in parentheses, and the continuum level in K of the baseline-subtracted spectra in brackets. The y-axis is labeled in brightness

temperature units (K). The dotted line indicates the 30~ noise level.
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Figure 10: Same as but for CH3'3CN vg = 2.

Miiller et al. [16] presented a detailed analysis of the emis-
sion of methyl cyanide in its vibrational ground state and sev-
eral of its vibrationally excited states as well as its *C iso-
topologs in their vibrational ground state and in vg = 1, to-
ward the position called Sgr B2(N1S), which is located within
the main hot molecular core of Sgr B2(N). Using the same
LTE parameters as in ref. 16, that is a column density of
1.4 x 10'7 cm™2, a temperature of 260 K, a line width of
6 km s7!, and a systemic velocity of 61.8 km s~!, we com-
puted synthetic spectra for the 1>C isotopologs in vg = 2. This
column density corresponds to a '2C/!*C ratio of 21, which is
typical for the Galactic center region[63} 21} 64, 65! 166l

The synthetic spectra of 3CH3CN vg = 2 and CH3'*CN
vg = 2 are displayed in red and compared to the ReMoCA
spectra shown in black in [Figure 9| and [Figure 10} respec-
tively. The contributions of all molecules identified so far to-
ward Sgr B2(N18S), including '*CH3CN vg = 2 and CH3'*CN
vg = 2, is overlaid in blue. The synthetic spectra are consistent
with the observed spectra with several lines above the 30 noise
limit, but no line of *CH;CN vg = 2 and CH33CN vg = 2 is
sufficiently free of contamination from other species to allow us
to claim a robust identification of these states.

8. CONCLUSION

We employed methyl cyanide samples enriched in '*CH;CN
and CH3'3CN to study their vg = 2 excited states extensively
and to extend vg = 1 and O data sets. Perturbations sampled
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the energy differences of the / = 0 and [ = +2 substates of
vg = 2, the energy of vy = 2, and in the case of BCH;CN
the energy of vg 1, thus improving our knowledge on the
molecular properties of methyl cyanide.

A search for lines pertaining to vy = 2 of '*CH3;CN and
CH3'3CN toward Sgr B2(N1S) suggests that some of these lines
are above the 30" limit, but contamination by other species pre-
vents a secure identification. Nevertheless, the results indicate
that transitions of such high vibrational states and in isotopic
species may well be identifiable in warm and dense parts of
star-forming regions.

We also improved the '*CH;3'>CN data set and ob-
tained extensive spectroscopic parameters of '*CH3;C'’N and
CH;'*CSN that are accurate enough to search for these rare
isotopomers in space, even though the chances of finding them
may be quite small.
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