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Abstract

We studied the rotational spectrum of oxirane in a sample of natural isotopic composition in selected regions
between 158 GHz and 1093 GHz. Investigations of the isotopologs with one 13C or one 18O were the primary focus
in order to facilitate searches for them in space. We also examined the main isotopic species mainly to look into the
performance of Watson’s A and S reductions both in an oblate and in a prolate representation. Even though oxirane is a
rather asymmetric oblate rotor, the A reduction in the IIIl representation did not yield a satisfactory fit, as was observed
frequently earlier for other molecules. The other three combinations yielded satisfactory fits of similar quality among
each other; the A reduction in the Ir representation required two parameters less than both S reduction fits.
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1. Introduction

Oxirane, c-C2H4O, also know as ethylene oxide, ox-
acyclopropane, epoxyethane, and dimethylene oxide,
is a molecule of astrochemical interest that was de-
tected first toward the prolific high-mass Galactic center
source Sagittarius (Sgr) B2(N) [1]. It was found subse-
quently in several other high-mass star-forming regions
[2, 3]. It was also observed in three rotationally cold, but
kinetically warm, Galactic center sources [4] and more
recently toward the prototypical low-mass protostellar
source IRAS 16293−2422 [5] and toward a prestellar
core [6].

Observations of molecules containing 13C are viewed
as important diagnostic tools because the 12C/13C ratio
in the interstellar medium (ISM) differs from the terres-
trial value of 89 [7]. It is around 20 to 25 in the Galactic
center region [8, 9, 10, 11, 12], increases to about 68 in
the Solar neighborhood and even further in the outskirts
of the Milky Way [8, 12, 13, 14]. Even lower 12C/13C ra-
tios were found in the envelopes of some late-type stars,
such as K4−47 [15, 16].

Numerous detections of isotopologs containing 13C
were reported in recent years [8, 11, 17, 18, 12, 19] and
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some even much earlier. Variations in the 12C/13C ra-
tios within one source, such as in IRAS 16293−2422
[18], may provide clues on the formation pathways of
these molecules. Some of these observations benefited
greatly from recent or concomitant laboratory investi-
gations of 13C containing isotopologs, such as ethanol
[20], acetaldehyde [21], or ethyl cyanide with two 13C
[17]. Other recently studied isotopologs await detec-
tion in space. These include methylamine [22], methyl
isocyanate [23], methyl mercaptan [24], and cyclo-
propenone [25].

The relative abundance of 18O is less favorable; the
terrestrial 16O/18O ratio is almost exactly 500 [7], and
the ratio in the Galactic center of ∼200 [11, 13, 26, 27]
is only slightly lower. Nevertheless, some complex
organic molecules containing 18O have been detected
in recent years, among them methyl formate [28] and
formamide [29]. Cyclopropenone is an example of a
molecule detected in the ISM whose 18O isotopolog was
studied recently, but was not yet detected [25].

The first studies of the rotational spectrum of oxirane
date back to the early days of microwave spectroscopy
and include the determination of structural parameters
and of its dipole moment through Stark effect measure-
ments [30]. Its dipole moment was determined even
earlier through investigations of its dielectric proper-
ties along with those of several other molecules [31].

Preprint submitted to Journal of Molecular Spectroscopy February 17, 2022

ar
X

iv
:2

20
1.

09
26

6v
2 

 [
ph

ys
ic

s.
ch

em
-p

h]
  1

6 
Fe

b 
20

22



More accurate transition frequencies of several isotopic
species were determined later in the microwave and
lower millimeter-wave regions [32, 33, 34]. Extensive
data pertaining to the main isotopolog were obtained
more recently between 260 and 360 GHz [35] and be-
tween 15 and 73 cm−1 [36]. Results of a millimeter-
wave and far-infrared study on c-C2H3DO were re-
ported very recently [37]. Unlabeled atoms in formulae
designate 12C and 16O here and in the following. We
also mention a high-resolution IR study [38] and inten-
sity measurements on c-C2H4O [39].

Our present work describes the investigations of
c-13CCH4O and c-C2H4

18O employing samples of oxi-
rane in natural isotopic composition to facilitate their
detection in space. We also measured transition fre-
quencies of the main isotopic species mainly to test the
performances of Watson’s S and A reductions of the ro-
tational Hamiltonian in combination with an oblate and
a prolate representation.

2. Experimental details

Our measurements were carried out at room tempera-
ture using two different spectrometers. Pyrex glass cells
with an inner diameter of 100 mm were employed. Both
spectrometer systems used VDI frequency multipliers
driven by Rohde & Schwarz SMF 100A microwave syn-
thesizers as sources. Schottky diode detectors were uti-
lized below 250 GHz, whereas a closed cycle liquid He-
cooled InSb bolometer (QMC Instruments Ltd) was ap-
plied above 340 GHz. Frequency modulation was used
throughout. The demodulation at 2 f causes an isolated
line to appear close to a second derivative of a Gaussian,
as can be seen in Fig. 1.

A 5 m long double pass cell equipped with Teflon
lenses was used for measurements between 158 and
250 GHz. The pressures were about 1 Pa. Further in-
formation on this spectrometer is available elsewhere
[40]. We achieved frequency accuracies of 5 kHz for
this spectrometer in a study of 2-cyanobutane [41], a
molecule that displays a much richer rotational spec-
trum. Measurements between 340 and 505 GHz and
between 758 and 1093 GHz were carried out employing
a 5 m long single pass cell at pressures of ∼2 Pa. A pres-
sure slightly below 1 Pa was chosen for measurements
of medium strong lines of the main isotopolog. Our
studies on isotopic formaldehyde [42] or thioformalde-
hyde [43] demonstrate that accuracies of 10 kHz can be
reached quite easily for very symmetric lines with good
signal-to-noise ratio up to 1.5 THz. We assigned uncer-
tainties of mostly 5 or 10 kHz for the best lines up to

Figure 1: Sections of the rotational spectrum of oxirane displaying
the presence of 3 : 5 para to ortho spin-statistics for c-C2H4O (a) and
c-C2H4

18O (c) as well as the absence in c-13CCH4O (b).
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50 kHz for less symmetric lines or lines fairly close to
other lines.

3. Results

3.1. Spectroscopic properties of oxirane

Oxirane is a very asymmetric rotor of the oblate type
with κ = (2B − A − C)/(A − C) equals 0.4093, 0.3557,
and 0.6389 for c-C2H4O, c-13CCH4O, and c-C2H4

18O,
respectively. The main isotopolog as well as the one
with 18O have C2v symmetry, and the four equivalent H
atoms lead to para and ortho spin-statistics with a 3 : 5
intensity ratio, see Fig. 1. The para and ortho levels are
described by Ka + Kc being odd and even, respectively.
These spin-statistics are absent in c-13CCH4O because
the molecule has only CS symmetry.

The dipole moment of 1.90 D of c-C2H4O is along
the b-axis [30]. This value includes a small increase
of 0.02 D caused by the difference of the OCS reference
value used in [30] compared to more modern values [44,
45]. The lower symmetry of c-13CCH4O is associated
with a small a-dipole moment component of ∼0.17 D.

The rotational spectrum of oxirane is sparse at the
level of the strongest lines because the rotational pa-
rameters are fairly large. However, the spectrum is
much richer at the level of the weakest transitions in
the line list which are about 4.5 orders of magnitude
weaker, leading to somewhat increased accidental over-
lap of lines.

3.2. Observed spectrum and determination of spectro-
scopic parameters of c-C2H4O

The initial calculation of the rotational spectrum
of c-C2H4O was based on the second version of the
Cologne Database for Molecular spectroscopy, CDMS,
[46, 47, 48] entry of the oxirane main isotopic species
from July 2012, which, in turn, is based on the FIR
study from that year [36]. This study employed Wat-
son’s A reduced Hamiltonian in the prolate Ir represen-
tation, as was done in the first version of the c-C2H4O
CDMS catalog entry of March 2000, on which the FIR
study built. The same combination of reduction and rep-
resentation was used in an IR study [38], whereas Pan et
al. employed Watson’s A reduction in the oblate IIIl rep-
resentation using 25 spectroscopic parameters in their
fit [35]. The initial CDMS fit, in contrast, used only 14
spectroscopic parameters, and the FIR study as well as
the second CDMS fit used only one additional spectro-
scopic parameter.

We scrutinized the existing line lists in order to ap-
proach the best possible spectroscopic parameters as

closely as possible. The FIR transition frequencies had
uncertainties of 0.00020 cm−1 assigned initially [36].
These uncertainties were judged rather conservatively
given their rms value was 0.00011 cm−1 in the fit of
the FIR study [36]. In addition, one pair of transi-
tions, J = 64 − 63, Kc = 62 − 61 at 61.468827 cm−1,
was omitted from our fit because of a large residual of
∼0.0012 cm−1 between measured and calculated fre-
quencies, and one pair of transitions, J = 61 − 60,
Kc = 61 − 60 supposedly at 57.435516 cm−1, was re-
assigned to a much stronger transition (3726,12 − 3625,11)
much closer to the calculated position. The FIR rms
was reduced to 0.00009 cm−1 after these two correc-
tions, and we assigned 0.00010 cm−1 as uncertainties
to the FIR transition frequencies. The assignments of
four more transition frequencies were extended even-
tually because more individual transitions contributed
substantially to each measured line than was indicated
in the initial line list [36]; further details are available
in our line list which is part of the Supplementary Ma-
terial. These corrections, however, had only very small
effects on the fit. It is important in this context to em-
phasize that in the case of two or more overlapping
transitions, our fitting program SPFIT only judges the
intensity-weighted average position of all overlapping
transitions.

One set of MW transition frequencies [34] was re-
portedly accurate to 0.01 MHz, but several lines dis-
played larger residuals between calculated and mea-
sured frequencies. In fact, the rms of this data set was
very close to 0.02 MHz, and we attributed this value
to this set of transition frequencies. Uncertainties of
0.05 MHz and 0.15 MHz, respectively, were employed
for the remaining datasets [33, 35], as was done earlier
[36].

Spectroscopic parameters were determined for this as
well as various intermediate line lists using the A reduc-
tion in the Ir representation and employing the S reduc-
tion in the IIIl and Ir representations. The A reduction in
the IIIl representation was only used for the final line list
as this combination of reduction and representation ap-
peared to require many more spectroscopic parameters
than the other combinations. Pickett’s SPFIT program
[49] was applied for all fitting, and the SPCAT program
was utilized for calculations of all rotational spectra.

We recorded individual transitions or pairs thereof if
transitions happened to be close in frequency through-
out our study. Series in particular combinations of Ka

and Kc were followed in all instances. Asymmetry dou-
blets with significant, but not complete splitting were
avoided as their positions are usually determinable with
less accuracy compared to well collapsed or well re-
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Table 1: Spectroscopic parametersa (MHz) of the main isotopolog of oxirane employing Watson’s S and A reduction of the rotational Hamiltonian
both in the oblate representation IIIl and in the prolate representation Ir .

S reduction A reduction
Parameter IIIl Ir Ir IIIl Parameter
A 25483.88987 (11) 25483.88751 (10) 25483.86273 (9) 25483.88386 (10) A
B 22120.83638 (9) 22120.82714 (9) 22120.87303 (7) 22120.84394 (9) B
C 14097.83590 (11) 14097.85210 (11) 14097.82581 (8) 14097.83400 (16) C
DK × 103 26.07490 (13) 2.95932 (23) 27.58930 (22) 27.63421 (33) ∆K × 103

DJK × 103 −68.65174 (30) 50.46597 (26) 20.91041 (21) −70.50171 (68) ∆JK × 103

DJ × 103 50.83976 (24) 15.75678 (24) 20.68240 (14) 51.14486 (26) ∆J × 106

d1 × 103 9.02067 (5) −6.21001 (6) 18.10824 (9) 3.39130 (43) δK × 103

d2 × 103 −0.15233 (2) −2.46284 (1) 6.21005 (2) −9.01957 (5) δJ × 103

HK × 109 −191.41 (11) 2712.32 (23) 2.2415 (2) −10.8512 (10) ΦK × 106

HKJ × 109 373.61 (21) −3535.95 (28) −2.6387 (3) 16.0605 (16) ΦKJ × 106

HJK × 109 −198.52 (24) 1096.22 (23) 624.58 (18) −5321.27 (97) ΦJK × 109

HJ × 109 17.92 (19) −46.58 (18) −1.797 (69) 110.91 (22) ΦJ × 109

h1 × 109 −8.211 (44) 5.268 (45) −0.3278 (1) −18.0197 (18) φK × 106

h2 × 109 46.364 (24) 22.470 (14) 277.30 (10) 1546.63 (67) φJK × 109

h3 × 109 −49.529 (4) −6.868 (3) −1.730 (7) −57.773 (50) φJ × 109

LK × 1012 −3.325 (25) −14.450 (79) −0.62 (9) −132.5 (38) LK × 1012

LKKJ × 1012 8.202 (86) 26.454 (117) −6.79 (14) 177.5 (61) LKKJ × 1012

LJK × 1012 −8.000 (98) −13.601 (102) 8.18 (11) −33.5 (23) LJK × 1012

LJJK × 1012 4.200 (57) −1.218 (58) −3.00 (5) −9.36 (40) LJJK × 1012

LJ × 1012 −1.083 (49) 0.469 (44) −1.31 (6) LJ × 1012

l1 × 1015 479.6 (119) 117.3 (99) −13.00 (4) −207.8 (48) lK × 1012

l2 × 1015 −72.7 (81) −297.1 (36) 8.07 (5) −110.5 (14) lKJ × 1012

l3 × 1015 87.5 (25) −147.8 (15) −2.42 (3) 4.43 (26) lJK × 1012

l4 × 1015 −11.9 (4) 31.7 (2) 0.561 (14) lJ × 1012

−187.5 (9) PK × 1015

361.2 (30) PKKJ × 1015

−204.5 (33) PKJ × 1015

30.7 (10) PJK × 1015

−33.9 (9) pK × 1015

90.7 (23) pKKJ × 1015

−12.7 (3) pJK × 1015

# trans.b,c 2942 2942 2942 2942 # trans.b,c

# new tr.b,c 1091 1091 1091 1091 # new tr.b,c

Jmax
b,c 63 63 63 63 Jmax

b,c

Ka,max
b,c 43 43 43 43 Ka,max

b,c

Kc,max
b,c 61 61 61 61 Kc,max

b,c

wrmsb,c 0.940 0.957 0.946 1.162 wrmsb,d

aNumbers in parentheses are one standard deviation in units of the least significant figures.
bDimensionless.
cSee Section 3.2 for additional details on the numbers of transitions and the maximum quantum numbers.
dWeighted standard deviation of the fit.
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solved asymmetry doublets. The strongest transitions
of the main isotopolog were avoided because their un-
certainties were already small such that their impact in
the fit would be small. Moreover, these transitions are
affected by opacity issues.

The 340−506 GHz region was studied extensively
with 842 transitions in the final line list. Additional
measurements were made between 160−250 GHz and
764−1046 GHz, where 61 and 188 further transitions,
respectively, were recorded and retained in the final line
list. The number of different frequencies is 727; 728
transitions represent unresolved asymmetry doublets.
The maximum quantum numbers J, Ka, and Kc of our
new transition frequencies are 55, 43, and 52, respec-
tively.

The newly recorded transition frequencies deviated
by modest amounts from the calculations based on
the previous FIR study [36], the largest deviation was
4.32 MHz. The deviations were largest for transi-
tions with high values of J and with Kc = J. The
rms of the new lines fit with the old parameters was
580 kHz, which corresponded to 38 times the experi-
mental uncertainties on average. The signed deviation
was 15 kHz, which means that deviations to higher fre-
quencies were only marginally more important than de-
viations to lower frequencies.

We test the need for additional spectroscopic parame-
ters usually by adding one parameter at a time and eval-
uating which of the new parameters improves the fit the
most. This procedure ensures that the parameter set is
about as small as possible and that it is fairly unique.
The procedure works usually very well for prolate ro-
tors, though correlation may in some cases require sets
of two parameters to be tested. Fitting oblate type ro-
tors was often less straightforward. In all combinations
of reductions and representations we tested sets of two
parameters to fit the c-C2H4O transition frequencies; we
even tested sets of three and four parameters in the case
of the A reduction in the IIIl representation.

The previous FIR study [36] employed 15 parame-
ters using the A reduction in the Ir representation; these
were a nearly complete set of parameters up to sixth
order, except ΦJ , plus lK . Our corresponding new fit
consists of seven more parameters and is described as a
nearly complete set of parameters up to eighth order, ex-
cept LJ and lJ , as summarized in Table 1. The weighted
rms (or rms error) of the fit is 0.946 with modest scat-
ter for the individual data sets: 1.087 and 1.057 for 19
[34] and 40 microwave lines [33], respectively; 1.000
for 607 millimeter and submillimeter transitions [35];
0.872 for 1185 FIR transitions [36]; and 0.957 for our
1091 transitions with an rms of 20.3 kHz.

The quality of the fits utilizing the S reduction in the
IIIl or the Ir representation were similar, but required
two parameters more in most fits; the difference was in
some intermediate fits larger, in few smaller. The fi-
nal spectroscopic parameters are also listed in Table 1.
We tested the predictive power of the three parameter
sets occasionally and found that there was no persistent
preference for either set.

Obtaining a somewhat satisfactory fit applying the A
reduction in the IIIl representation with the final line list
was challenging. A complete set of parameters up to
the eighth order plus several decic parameters yielded a
fit that had an rms error more than 20% worse than any
of the other fits; the parameters of this fit are also given
in Table 1. We tested all reasonable parameters indi-
vidually, all or nearly all combinations of two of these
along with several combinations of three and even some
four parameter combinations. These improved the rms
error only marginally, ∼1.12 was the best we were able
to achieve. This modest refinement was discarded as
it came at the expense of many more spectroscopic pa-
rameters.

3.3. Observed spectrum and determination of spectro-
scopic parameters of c-13CCH4O and c-C2H4

18O
Only 11 and 15 transitions were reported by Creswell

and Schwendeman for c-13CCH4O and c-C2H4
18O, re-

spectively. The uncertainties were reportedly 10 kHz,
a value that was used in early fits, but later increased to
20 kHz because of the rms of these data, as in the case of
the main isotopolog, see section 3.2. Data reported by
Hirose [32] were not considered initially even though
slightly more transition frequencies were reported ex-
tending to slightly higher quantum numbers. The rea-
sons were the larger uncertainties and in part large resid-
uals between measured and calculated frequencies al-
ready in the publication, especially for c-C2H4

18O.
The number of transition frequencies was small for

both isotopologs. Therefore, the spectroscopic param-
eters of the main isotopic species in the A reduction
and Ir representation from the previous FIR study [36]
were taken as starting values for both isotopic species.
The rotational parameters were adjusted in a first step.
Through several trial fits, δK and δJ were determined
as the parameters which improved the rms error of the
c-13CCH4O fit the most. The corresponding parame-
ters for c-C2H4

18O were also δK and δJ and additionally
∆JK . Minor adjustments of some further parameters,
as frequently done [25, 42, 43], improved the fit only
slightly.

We started our investigations of the two minor iso-
topic species in the 340−505 GHz region followed by

5



158−250 GHz and 758−1092 GHz, as for the main iso-
topic species. There was no caution required to avoid
strong transitions of these isotopologs as their abun-
dances in natural isotopic composition are lower than
those of the main species by factors of ∼45 (there are
two structural identical C atoms in the molecule) and
∼500, respectively. The quality of the extrapolations to
submillimeter wavelengths was unclear because of the
limited data set. Moreover, only one R-branch transi-
tion frequency was reported for either isotopolog, and
this was the J = 1 − 0 transition. Since patterns of two
transitions are easier to recognize than individual tran-
sitions, we searched for transitions with small, but re-
solved asymmetry splitting. In the case of c-13CCH4O,
these were transitions with Ka = J and J′′ = 9, 8,
and 7 as well as transitions having Kc = J − 4 and
J′′ = 14, 13, and 12. Both types of transitions were also
searched for in the case of c-C2H4

18O, but with slightly
different values of J′′ because of the very different κ
value, see section 3.1, namely 10 to 7 for the nearly pro-
late paired transitions and 11 to 9 for the nearly oblate
paired transitions plus the oblated paired J′′ = 14 in
this series. After almost all of these transitions were
found to be unblended, the spectroscopic parameters
of both isotopologs were updated, and more transitions
with similar combinations of quantum numbers were
recorded. Subsequently, further series were sought, in-
cluding large series of Q-branch transitions until there
were no more transitions that had enough intensity to be
recorded and a calculated uncertainty at least of order of
the achievable measurement accuracy.

The final line lists consisted of 553 and 274 transi-
tions between 340−505 GHz, 211 and 186 transitions
between 158−250 GHz, and 341 and 207 transitions
between 758−1092 GHz for the isotopologs contain-
ing one 13C and one 18O, respectively. 680 of the 1111
and 468 of the 667 transitions correspond to unresolved
asymmetry doublets for c-13CCH4O and c-C2H4

18O, re-
spectively, resulting in 771 and 433 different transition
frequencies. The maximum quantum numbers J, Ka,
and Kc of our new transition frequencies are 45, 34, and
39 for c-13CCH4O and 38, 30, and 38 for c-C2H4

18O.
As the A reduction in the Ir representation required

the least number of spectroscopic parameters to fit the
transition frequencies of the main isotopic species, we
only tried this combination of reduction and represen-
tation. Additional parameters for the main isotopolog
were subsequently transferred as fixed parameters to the
fits of the minor isotopologs. Higher order distortion pa-
rameters of these, which were kept fixed in the fit, were
adjusted if lower order parameters differed markedly
from those of the main isotopic species. The changes

Table 2: Spectroscopic parametersa (MHz) of the oxirane isotopologs
containing one 13C or one 18O.

Parameter c-13CCH4O c-C2H4
18O

A 25291.99778 (17) 23992.43450 (20)
B 21597.97459 (13) 22121.17197 (14)
C 13825.77925 (14) 13628.24006 (9)
∆K × 103 27.62104 (47) 24.65010 (70)
∆JK × 103 20.47198 (31) 17.45625 (69)
∆J × 106 20.03716 (31) 20.48033 (8)
δK × 103 18.29406 (30) 16.34518 (30)
δJ × 103 6.05179 (5) 6.31363 (4)
ΦK × 106 1.9510 (4) 2.0748 (8)
ΦKJ × 106 −2.2614 (6) −2.4735 (9)
ΦJK × 106 0.5141 (2) 0.5999 (6)
ΦJ × 109 4.97 (30) −1.9
φK × 106 −0.2208 (6) −0.3603 (3)
φJK × 106 0.2292 (5) 0.2704 (3)
φJ × 109 −0.251 (29) −1.6
LK × 1012 −0.51 −0.56
LKKJ × 1012 −7.42 (37) −6.56
LJK × 1012 7.00 7.40
LJJK × 1012 −2.40 −2.48
LJ × 1012 −1.158 (97)
lK × 1012 −12.66 (35) −10.1
lKJ × 1012 9.45 (45) 7.0
lJK × 1012 −3.12 (21) −2.5
lJ × 1012

# trans.b,c 1137 701
# new tr.b,c 1111 667
Jmax

b,c 45 38
Ka,max

b,c 34 30
Kc,max

b,c 39 38
wrmsb,d 0.907 0.906

aWatson’s A reduction was used in the Ir representation.
Numbers in parentheses are one standard deviation in
units of the least significant figures. Spectroscopic pa-
rameters without uncertainties were evaluated from the
main isotopic species and kept fixed in the fits, see sec-
tion 3.3.
bDimensionless.
cSee Section 3.3 for additional details on the numbers
of transitions and the maximum quantum numbers.
dWeighted standard deviation of the fit.
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were applied by evaluating trends in related parameters,
such as ∆K , ΦK , and LK .

Our new transition frequencies of the two minor iso-
topic species deviated much more from the initial cal-
culations than in the case of the main isotopolog be-
cause of the much smaller initial line lists for both mi-
nor isotopologs which resulted in substantially less reli-
able spectroscopic parameters. The rms of the new lines
fit with the initial parameters is 29.9 MHz, the average
shift is 17.3 MHz, and the rms corresponds to more than
2500 times the experimental uncertainties on average
for c-13CCH4O. In the case of c-C2H4

18O, that rms is
63.4 MHz, the average shift is −14.5 MHz, and the rms
corresponds to almost 3450 times the experimental un-
certainties on average.

Spectroscopic parameters derived from the main iso-
topolog or new spectroscopic parameters were tested as
was done for the main isotopic species. That is, we
searched for the parameter whose floating or inclusion
improved the fit the most in each fitting round. An ad-
ditional prerequisite to keep a new parameter in the fit
or to keep a previously fixed parameter floated was that
the parameter was determined sufficiently well, mean-
ing that its uncertainty should be less than one fifth of
its magnitude.

In the final fitting round, we tested the transition fre-
quencies reported by Hirose [32]; 15 and 18 lines were
included with uncertainties of 0.05 MHz for c-13CCH4O
and c-C2H4

18O, respectively, and three respectively four
lines were omitted because of large residuals. The final
sets of spectroscopic parameters are given in Table 2.

The weighted rms (or rms errors) of the fits are 0.907
and 0.906 for the isotopologs containing one 13C and
one 18O, respectively. The rms errors for 11 lines from
Creswell and Schwendemann [34], 15 lines from Hi-
rose [32], and 1111 lines from our present study are
0.898, 0.805, and 0.909, respectively for c-13CCH4O;
the rms of our lines is 22.1 kHz. The corresponding
values for 16 lines from Creswell and Schwendemann
[34], 18 lines from Hirose [32], and 667 lines from our
present study are 1.056, 0.978, and 0.897, respectively;
the rms of our lines is 24.4 kHz.

4. Discussion

The main interest for our study of the oxirane main
isotopolog was the test of various combinations of re-
duction and representation. We point out that we did
not have any program at our disposal to try out the IIr or
IIl representation, but these are very rarely used in pub-
lished fits anyhow. A rather large set of spectroscopic

parameters was needed to obtain a somewhat satisfac-
tory fit in the IIIl representation using the A reduction,
similar to results from a millimeter and submillimeter
study [35]. This combination of reduction and represen-
tation would be considered by many spectroscopists to
be the natural choice as they commonly use the A reduc-
tion for traditional reasons and as oxirane is an asym-
metric top of the oblate type that is with κ = 0.4093
quite far from the symmetric limit.

Considerably fewer parameters, however, are re-
quired in the IIIl representation using the S reduction,
as can be seen in Table 1, emphasizing again the greater
versatility of the S reduction compared to the A reduc-
tion if the representation is used that fits to the asymme-
try type of the molecule. We may, of course, also use a
different representation. The S reduction in the Ir repre-
sentation yields a fit of similar quality and with the same
number of parameters as the S reduction in the IIIl repre-
sentation. It is interesting to note that the A reduction in
the Ir representation requires two parameters fewer still
to produce a fit of about the same quality. Thus, while
the S reduction is the prime choice if one only considers
the IIIl representation, the A reduction in the Ir repre-
sentation is preferable if all these four combinations are
considered.

The poor performance of the A reduction in an oblate
representation (IIIl and IIIr differ only in some signs of
off-diagonal distortion parameters) is not unique to oxi-
rane, but is at least somewhat more widespread. Ya-
mada and Klee [50] carried out an FIR study on H2S and
fit their data together with rotational data of microwave
accuracy, employing full parameter sets of eighth or-
der and diagonal decic parameters. Although H2S is an
asymmetric rotor of the oblate type (κ = 0.5234), they
encountered convergence problems using the A reduc-
tion in the IIIr representation. A satisfactory fit resulted
from a fit in which the S reduction in the same repre-
sentation was applied. The authors also tried fits in the
Ir representation. In this case, the A reduction gave a
fit that was noticeably worse than the S and IIIr combi-
nation, whereas the S reduction (in Ir) yielded the best
fit.

Another example is the lowest energy conformer of
2-cyanobutane, which is a very asymmetric rotor of the
oblate type κ = 0.1404 [41]. The combination of A re-
duction and IIIl representation required the most param-
eters; the best result was achieved with the S reduction
in the IIIl representation while both reductions in the Ir

representation required an intermediate number of pa-
rameters.

In a study of SO2 isotopologs containing one and two
18O, asymmetric top molecules somewhat close to the

7



prolate limit, Margulès et al. [51] reemphasized Wat-
son’s recommendation to favor the S reduction over the
A reduction because of the smaller correlation coeffi-
cients [52]. The authors added that the S reduction may
be a better choice even in cases in which more spec-
troscopic parameters are needed because of the more
favorable condition numbers [51]. The condition num-
ber is the ratio of the largest singular value of the Jaco-
bian matrix over the smallest and indicates the degree
of ill-conditioning; a large value may indicate that the
determined spectroscopic parameters are not reliable.
Among the condition numbers of the fits of the main
isotopolog, the value is very large, almost 15000, only
in the case of the IIIl representation and the A reduction;
the values are much smaller and fairly similar, 150, 91,
and 92, for the combinations IIIl & S, Ir & A, and Ir &
S, respectively. Therefore, our preference of Ir & A is
supported from the viewpoint of the condition number.

Substitution of one 12C with 13C or of one 16O
with 18O reduces the rotational parameters by mod-
est amount, except for B of the c-C2H4

18O isotopolog.
Substitution of an atom on the symmetry axis does
not affect the equilibrium rotational parameter in the
Born-Oppenheimer approximation. The corresponding
ground state rotational parameter of a heavy-atom sub-
stitution is frequently slightly larger because of effects
of anharmonicity, as is observed in the case of oxirane.
The quartic distortion parameters of both minor isotopic
species are quite close to those of the main species,
those of the 13C species more so than those of the 18O,
which is commensurate with the changes in rotational
parameters. The situation is more complex among the
higher order parameters, in part possibly because fewer
parameters were varied as a consequence of the smaller
data sets extended to lower quantum numbers. Some
parameters of c-13CCH4O display large changes com-
pared to the main isotopolog, possibly as a consequence
of the different symmetry. The ΦJ value of the main
species appears to be accidentally very small in mag-
nitude compared with almost all of the remaining sex-
tic distortion parameters. The ΦJ value of c-13CCH4O
is larger in magnitude and has an opposite sign; it was
even necessary to fit the related LJ for this isotopolog.
On the other hand, φJ is much smaller in magnitude than
that of the main species. The values of some of the oc-
tic distortion parameters will depend on the values of
parameters that were kept fixed in the fit.

We were interested if c-13CCH4O, as the more
promising of the two minor isotopologs, could be found
in existing astronomical data. The 12C/13C ratio is par-
ticularly favorable in the Galactic center. Among its
sources, Sagittarius (Sgr) B2 is among the most promi-

nent sources in the whole Galaxy. A search toward
Sgr B2(N1S) and Sgr B2(N2) in the ReMoCA data, a
molecular line survey at 3 mm with the Atacama Large
Millimeter Array [29], was unsuccessful. Assuming a
12C/13C ratio of 20 [9, 10, 11], all lines of c-13CCH4O
were heavily blended with other, stronger lines or did
not exceed the 3σ average noise level of the survey (A.
Belloche, private communication, 2021).

5. Conclusion

We have obtained greatly improved spectroscopic pa-
rameters for the c-13CCH4O and c-C2H4

18O isotopologs
which should be sufficiently accurate for all radio as-
tronomical observations. The investigations into the
performance of various combinations of representations
and reductions in fitting an extended data set of the oxi-
rane main isotopolog revealed once more the poor per-
formance of the A reduction in an oblate representation,
suggesting that these combinations should be avoided.
In the more general case of oblate- as well as prolate-
type asymmetric rotors we conclude that the S reduction
should be preferred for fits employing a natural choice
of representation. Other choices are only recommended
if all common combinations of representation and re-
duction were tested.

Concerning c-13CCH4O in space, it appears as if ded-
icated searches are required to detect this isotopolog in
the interstellar medium.

Note added in proof

After acceptance of our manuscript, we became
aware of an interesting article on dimethylsulfoxide [53]
that also discusses reductions and representations. The
findings are in agreement with the findings in publica-
tions discussed in our article.
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(1928) 490–510. doi:10.1007/BF01327841.

[32] C. Hirose, Microwave spectra and r0, rs, and rm structures of
ethylene oxide, Bull. Chem. Soc. Japan 47 (6) (1974) 1311–
1318. doi:10.1246/bcsj.47.1311.

[33] C. Hirose, Laboratory Microwave Spectrum of Ethylene Oxide,

Astrophys. J. Lett. 189 (1974) L145. doi:10.1086/181487.
[34] R. A. Creswell, R. H. Schwendeman, Centrifugal distortion and

oxygen-17 quadrupole coupling in ethylene oxide, Chem. Phys.
Lett. 27 (1974) 521–524. doi:10.1016/0009-2614(74)

80295-2.
[35] J. Pan, S. Albert, K. V. L. N. Sastry, E. Herbst, F. C. De Lucia,

The Millimeter- and Submillimeter-Wave Spectrum of Ethylene
Oxide (c-C2H4O), Astrophys. J. 499 (1998) 517–519. doi:10.
1086/305638.

[36] C. Medcraft, C. D. Thompson, E. G. Robertson, D. R. T. Ap-
padoo, D. McNaughton, The Far-infrared Rotational Spectrum
of Ethylene Oxide, Astrophys. J. 753 (2012) 18. doi:10.1088/
0004-637X/753/1/18.

[37] S. Albert, Z. Chen, K. Keppler, P. Lerch, M. Quack,
V. Schurig, O. Trapp, The Gigahertz and Terahertz spectrum of
monodeutero-oxirane (c-C2H3DO), Phys. Chem. Chem. Phys.
21 (2019) 3669–3675. doi:10.1039/C8CP05311A.

[38] J. M. Flaud, W. J. Lafferty, F. Kwabia Tchana, A. Perrin,
X. Landsheere, First high-resolution analysis of the ν15, ν12, ν5,
ν10 and ν2 bands of oxirane, J. Mol. Spectrosc. 271 (1) (2012)
38–43. doi:10.1016/j.jms.2011.11.005.

[39] F. Kwabia Tchana, J. M. Flaud, W. J. Lafferty, M. Ngom, Ab-
solute line intensities for oxirane in the 11.4 µm spectral re-
gion, Mol. Phys. 112 (12) (2014) 1633–1638. doi:10.1080/

00268976.2013.851811.
[40] M. A. Martin-Drumel, J. van Wijngaarden, O. Zingsheim,

F. Lewen, M. E. Harding, S. Schlemmer, S. Thorwirth,
Millimeter- and submillimeter-wave spectroscopy of disulfur
dioxide, OSSO, J. Mol. Spectrosc. 307 (2015) 33–39. doi:

10.1016/j.jms.2014.11.007.
[41] H. S. P. Müller, O. Zingsheim, N. Wehres, J.-U. Grabow,

F. Lewen, S. Schlemmer, Rotational Spectroscopy of the Low-
est Energy Conformer of 2-Cyanobutane, J. Phys. Chem.
A 121 (38) (2017) 7121–7129. doi:10.1021/acs.jpca.

7b06072.
[42] H. S. P. Müller, F. Lewen, Submillimeter spectroscopy of

H2C17O and a revisit of the rotational spectra of H2C18O and
H2C16O, J. Mol. Spectrosc. 331 (2017) 28–33. arXiv:1610.

02174, doi:10.1016/j.jms.2016.10.004.
[43] H. S. P. Müller, A. Maeda, S. Thorwirth, F. Lewen, S. Schlem-

mer, I. R. Medvedev, M. Winnewisser, F. C. De Lucia, E. Herbst,
Laboratory spectroscopic study of isotopic thioformaldehyde,
H2CS, and determination of its equilibrium structure, Astron.
Astrophys. 621 (2019) A143. arXiv:1812.01554, doi:10.
1051/0004-6361/201834517.

[44] K. Tanaka, T. Tanaka, I. Suzuki, Dipole moment function of
carbonyl sulfide from analysis of precise dipole moments and
infrared intensities, J. Chem. Phys. 82 (7) (1985) 2835–2844.
doi:10.1063/1.448285.

[45] J. G. Lahaye, R. Vandenhaute, A. Fayt, CO2 laser saturation
Stark spectra and global Stark analysis of carbonyl sulfide,
J. Mol. Spectrosc. 119 (2) (1986) 267–279. doi:10.1016/

0022-2852(86)90023-8.
[46] H. S. P. Müller, S. Thorwirth, D. A. Roth, G. Winnewisser, The

Cologne Database for Molecular Spectroscopy, CDMS, Astron.
Astrophys. 370 (2001) L49–L52. doi:10.1051/0004-6361:
20010367.
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