Astronomy & Astrophysics manuscript no. CD30D_07
July 18, 2023

Investigation of the rotational spectrum of CD;O0D and an
astronomical search toward IRAS 16293-2422*

V. V. Ilyushinl, H. S. P. Miiller?, J. K. J Q)rgensen3, S. Bauerecker?, C. Maul?, R. Porohovoil, E. A. Alekseev!, O.

Dorovskaya', F. Lewen?, S. Schlemmer?, and R. M. Lees’

Institute of Radio Astronomy of NASU, Mystetstv 4, 61002 Kharkiv, Ukraine

e-mail: ilyushin@rian.kharkov.ua

2 1. Physikalisches Institut, Universitit zu Kéln, Ziilpicher Str. 77, 50937 K6In, Germany

e-mail: hspm@phl.uni-koeln.de

Niels Bohr Institute, University of Copenhagen, @ster Voldgade 5—7, 1350 Copenhagen K, Denmark

Institut fiir Physikalische und Theoretische Chemie, Technische Universitdt Braunschweig, GauBstr. 17, 38106 Braunschweig,
Germany

3> Department of Physics, University of New Brunswick, Saint John, NB E2L 4L5, Canada

E

Received 06 Jun 2023 / Accepted 26 Jun 2023

ABSTRACT

Solar-type prestellar cores and protostars frequently display large amounts of deuterated organic molecules and, in particular, high
relative abundances of doubly and triply deuterated isotopologs. Recent findings on CHD,OH and CD;0H toward IRAS 16293-2422
suggest that even fully deuterated methanol, CD;OD, may be detectable as well. However, searches for CD;0D are hampered in par-
ticular by the lack of intensity information from a spectroscopic model. The objective of the present investigation is to develop a spec-
troscopic model of CD;0D in low-lying torsional states that is sufficiently accurate to facilitate searches for this isotopolog in space.
We carried out a new measurement campaign for CD;OD involving two spectroscopic laboratories that covers the 34 GHz—1.1 THz
range. A torsion-rotation Hamiltonian model based on the rho-axis method was employed for our analysis. Our resulting model de-
scribes the ground and first excited torsional states of CD;O0D well up to quantum numbers J < 51 and K, < 23. We derived a line
list for radio-astronomical observations from this model that is accurate up to at least 1.1 THz and should be sufficient for all types of
radio-astronomical searches for this methanol isotopolog. This line list was used to search for CD;OD in data from the Protostellar
Interferometric Line Survey of IRAS 16293-2422 obtained with the Atacama Large Millimeter/submillimeter Array. While we found
several emission features that can be attributed largely to CD; 0D, their number is still not sufficiently high enough to establish a clear
detection. Nevertheless, the estimate of 2x10'> cm™ derived for the CD;0D column density may be viewed as an upper limit that
can be compared to column densities of CD;OH, CH;0D, and CH3;0H. The comparison indicates that the CD;OD column density
toward IRAS 16293-2422 is in line with the enhanced D/H ratios observed for multiply deuterated complex organic molecules.
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O 1. Introduction

N~ Methanol, CH3OH, is among the most abundant polyatomic
molecules in the interstellar medium (ISM) as evidenced by its
early radio astronomical detection (Ball et al.|[1970). It is ob-
. served both in its solid state and gas phase toward star-forming
= regions (e.g.,[Herbst & van Dishoeck|2009) and is an important
_ product of the chemistry occurring on the icy surfaces of dust
grains (e.g., Tielens & Hagen|[1982} |Garrod & Herbst|2006). As

a slightly asymmetric rotor, whose excitation is strongly depen-
dent on kinetic temperature, methanol presents a useful diag-
nostic tool for evaluating the physical conditions prevailing in
star-forming regions (Leurini et al.|2004)). Due to its ubiquity in

the ISM, methanol is often taken as a reference for studies of the

:230

* Transition frequencies from this and earlier work are given as sup-
plementary material. We also provide quantum numbers, uncertain-
ties, and residuals between measured frequencies and those calculated
from the final set of spectroscopic parameters. The data are available
at Centre de Données astronomiques de Strasbourg (CDS) via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-
strasbg.fr/cgi-bin/qcat?J/A+A/

chemistry of more complex organic molecules (e.g., Jgrgensen
et al.|2020).

The ubiquity and high abundance of interstellar methanol
make this molecule suitable for studying the degree of deuter-
ation, which is considered as an indicator of the evolution of
low-mass star-forming regions (Crapsi et al. [2005; |Ceccarelli
et al.|2007} [Chantzos et al.|2018]). Not only has singly deuter-
ated methanol been detected in the ISM, but also doubly and
triply deuterated as well. The singly deuterated methanol iso-
topologs, CH3OD (Mauersberger et al.|[1988) and CH,DOH
(Jacq et al.||1993), were detected first. Some time later, [Parise
et al.| (2002) observed CHD,OH toward IRAS 16293-2422, fol-
lowed by [Parise et al.|(2004) detecting CD3;OH toward the same
object. In addition, CHD,OH was also found toward several
other low-mass protostars (Parise et al.|2006; [Taquet et al.[2019)
and, most recently, in a prestellar core (Lin et al.|2023).

Multiply deuterated isotopic species frequently appear to
be overabundant in comparison to the D/H ratio inferred from
the singly and non-deuterated species (see e.g., results for dou-
bly deuterated isotopologs of methyl cyanide (CHD,CN; |Cal-
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cutt et al.|2018), methyl formate (CHD,OCHO; Manigand et al.
2019), and dimethyl ether (CHD,OCHj3; Richard et al.|[2021)
toward the low-mass protostellar system IRAS 16293-2422),
which may reflect their formation processes at low temperatures
(Taquet et al.|2014)). Recently revisited abundances of CHD,OH
and CD3;OH toward IRAS 16293-2422 employing the Proto-
stellar Interferometric Line Survey (PILS) data (Drozdovskaya
et al.|2022; Ilyushin et al.|2022) also demonstrate this overabun-
dance, suggesting that a search for fully deuterated isotopolog of
methanol, CD3OD, would be promising and timely.

The rotational spectrum of CD3;0D had already been ob-
served in the lab in the 1950s in the context of other methanol
isotopologs, in particular, to determine the molecular structure
(Venkateswarlu et al.|1955)). Lees|(1972) published an account of
the rotational spectrum of CD3OD in the microwave region. Ad-
ditional rotational transition frequencies in the millimeter and/or
submillimeter region and with infrared (Mukhopadhyay et al.
2004) or microwave accuracies were reported later (Baskakov &
Pashaev|1992; Mukhopadhyay et al.[1998;|Xu et al.|2004}; Miiller
et al.[[2000). Torsional transition frequencies were provided in
two studies very recently (Mukhopadhyay| 2021} 2022)); these
publications also contain some millimeter and submillimeter as-
signments. The rovibrational spectrum of CD3;0D beyond the
torsional manifold was also investigated in some studies, with
Lees & Billinghurst (2022) being the most recent one dealing
with the COD bending fundamental at 775 cm™.

The goal of our present investigation is to develop a spec-
troscopic model of the CD;OD isotopolog in low-lying tor-
sional states which is sufficiently accurate to provide reliable
calculations of line positions and linestrengths for astronomi-
cal searches for CD;OD in the ISM. New measurements were
carried out to extend the covered frequency range up to 1.1 THz.
The obtained new data were combined with previously published
far infrared measurements to form the final dataset involving the
rotational quantum numbers up to J = 51 and K = 23. A fit within
experimental error was obtained for the ground and first excited
torsional states of the CD3;0D molecule using the so-called rho-
axis-method.

We generated a line list that was based on our present results,
which we applied in a search for CD;OD in the Atacama Large
Millimeter/submillimeter Array (ALMA) data of the Protostellar
Interferometric Line Survey of the deeply embedded protostel-
lar system IRAS 16293-2422 (Jgrgensen et al.|2016). While we
did not detect CD30D confidently, a number of emission lines
that can be attributed to CD3;OD (or at least to a large part of
it) suggest that a detection is within the reach of ALMA, for
instance, by targeting IRAS 16293-2422 through deep observa-
tions at lower frequencies — where line confusion may be less
problematic.

The rest of the manuscript is organized as follows. Section 2]
provides details on our laboratory measurements. The theoretical
model, spectroscopic analysis, and fitting results are presented in
Sections Bland @l Section Bl describes our astronomical observa-
tions and the results of our search for CD;0D, while Section [6]
gives the conclusions of our investigation.

2. Experimental details
2.1. Rotational spectra at IRA NASU

The measurements of the CD3;OD spectrum at the Institute of
Radio Astronomy (IRA) of NASU were performed in the fre-
quency ranges of 34.5—184 GHz and 234—-420 GHz using an au-
tomated synthesizer based millimeter wave spectrometer (Alek-
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seev et al.|[2012). This instrument belongs to a class of absorp-
tion spectrometers and uses a set of backward wave oscillators
(BWO) to cover the frequency range from 34.5 to 184 GHz, al-
lowing for further extension to the 234—420 GHz range with the
help of a solid state tripler from Virginia Diodes, Inc. (VDI).
The frequency of the BWO probing signal is stabilized by a two-
step frequency multiplication of a reference synthesizer in two
phase-lock-loop stages. A commercial sample of CD;0OD was
used and all measurements were carried out at room temperature
with sample pressures providing linewidths close to the Doppler
limited resolution (about 2 Pa). Due to the high rate of D/H ex-
change at the OH group in CD3;OD, the recorded spectrum con-
tains numerous lines belonging to the CD3;OH isotopolog. These
lines do not pose any problem since they may be easily distin-
guished using the results of our recent study of the CD3;OH spec-
trum (Ilyushin et al.[2022)). Estimated uncertainties for measured
line frequencies were 10 kHz, 30 kHz, 50 kHz, and 100 kHz de-
pending on the observed signal-to-noise ratios (S/N).

2.2. Rotational spectra at the Universitat zu Kéin

The measurements at the Universitdt zu Koln were carried out
at room temperature using a 5 m long single path Pyrex glass
cell of 100 mm inner diameter and equipped with high-density
polyethylene windows. The cell was filled with 1.5 Pa CD;0D
and refilled after several hours because of the pressure rise due to
minute leaks. We utilized three VDI frequency multipliers driven
by Rohde & Schwarz SMF 100A synthesizers as sources and
a closed cycle liquid He-cooled InSb bolometer (QMC Instru-
ments Ltd) as detector to cover frequencies between 370 and
1095 GHz almost entirely; a small gap near 750 GHz occurred
because of a strong water line. Other water lines or low power,
especially at the edges, limited the sensitivity in some frequency
regions. Frequency modulation was used throughout. The de-
modulation at 2f causes an isolated line to appear close to a
second derivative of a Gaussian. Additional information on this
spectrometer system is available in |Xu et al.| (2012). We were
able to achieve uncertainties of 5—10 kHz for very symmetric
lines with good S/N, as demonstrated in recent studies on ex-
cited vibrational lines of CH3;CN (Miiller et al.|2021) or on iso-
topic oxirane (Miiller et al.|2022}2023)). Uncertainties of 10 kHz,
30 kHz, 50 kHz, 100 kHz, and 200 kHz were assigned, depend-
ing on the observed S/N and on the frequency range.

3. Spectroscopic properties of CD3;0D and our
theoretical approach

Fully deuterated methanol, CD3;0D, is a nearly prolate top (k =
—0.959) with a rather high coupling between internal and over-
all rotations in the molecule (o ~ 0.82) and the torsional poten-
tial barrier V3 of about 362 cm™'. The torsional problem corre-
sponds to an intermediate barrier case (Lin & Swalen|1959) with
the reduced barrier s = 4V3/9F ~10.9, where F is the rotation
constant of the internal rotor. In comparison with the parent iso-
topolog, CD3;OD has significantly smaller rotational parameters:
A=~ 217cm™, B~ 0.630 cm™!, C ~ 0.598 cm™! in CD;0D
versus A ~ 425 cm™, B ~ 0.823 cm™, C ~ 0.792 cm™! in
CH3O0H (Xu et al.|2008). Thus, we expect that rotational levels
with higher J and K values will be accessible in a room temper-
ature experiment for CD3OD compared to CH3;OH.

As the theoretical approach in the present study, we em-
ploy the so-called rho-axis-method (RAM), which has proven to
be the most effective approach so far in treating torsional large
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amplitude motions in methanol-like molecules. The method is
based on the work of |[Kirtman| (1962), [Lees & Baker|(1968)), and
Herbst et al.|(1984)) and takes its name from the choice of its axis
system (Hougen et al.|[1994). In the rho-axis-method, the z axis
is coincident with the p vector, which expresses the coupling be-
tween the angular momentum of the internal rotation p, and that
of the global rotation J. We employed the RAM36 code (Ilyushin
et al[[2010, 2013) that was successfully used in the past for a
number of near prolate tops with rather high p and J values (see
e.g.,[Smirnov et al.[(2014), Motiyenko et al.|(2020), [Zakharenko
et al| (2019)) and, in particular, for the CD3;OH isotopolog of
methanol (Ilyushin et al.|2022)). The RAM36 code uses the two-
step diagonalization procedure of [Herbst et al.|(1984) and in the
current study, we keep 31 torsional basis functions at the first di-
agonalization step and 11 torsional basis functions at the second
diagonalization step.

The labeling scheme after the second diagonalization step is
based on an eigenfunction composition but, in contrast to our
CD3OH study (Ilyushin et al.[2022), is not limited to searching
for a dominant eigenvector component only. Since methanol is a
nearly symmetric prolate top (x ~ —0.98), in which the angle be-
tween the RAM a-axis and the principal-axis-method (PAM) a-
axis is only 0.07°, it is assumed that the RAM a-axis in methanol
is suitable for K quantization and that eigenvectors can be un-
ambiguously assigned using dominant components. And indeed,
searching for a dominant eigenvector component worked well
in the case of the CD3;OH isotopolog (Ilyushin et al.|[2022), for
which the angle between the RAM a-axis and the PAM a-axis is
only 0.14° and the asymmetry parameter (k ~ —0.977) is nearly
the same as in CH30H (x = —0.982). In CD3;0D, however, the
angle between the RAM g-axis and PAM a-axis is 0.68° and
k = —0.959, and it appeared that starting from J =~ 25, some
eigenvectors do not have a dominant eigenvector component that
would allow for unambiguous labeling. Therefore, we have em-
ployed a combined labeling scheme. First, we search for a dom-
inant eigenvector component (> 0.8) and if it exists, the level is
labeled according to this dominant component. If such compo-
nent is absent then we search for similarities in basis-set compo-
sition in torsion-rotation eigenvectors belonging to the previous
J value and assign the level according to the highest degree of
similarity found. The general idea assumes that for a given pair
of K,, v, values, the torsion—rotation eigenfunctions vary slowly
when J changes by one, and this slow change should appear as a
high degree of similarity in the eigenvector compositions of the
states corresponding to the same K,, v; , and adjacent J values.
This approach allows one to transfer a given K,-label from lower
J values, where it can be determined easily (either from eigen-
vector composition using dominant component or from energy-
ordering considerations), to higher J values, which are character-
ized by extensive basis-set mixing. The details of this approach
to K-labeling for torsion—rotation energy levels in low-barrier
molecules can be found in |Ilyushin| (2004).

The energy levels are labeled in our fits and predictions by
the free rotor quantum number, m, the overall rotational angu-
lar momentum quantum number, J, and a signed value of K,,
which is the axial a-component of the overall rotational angular
momentum, J. In the case of the A symmetry species, the +/—
sign corresponds to the so-called "parity" designation, which is
related to the A1/A2 symmetry species in the group G¢ (Hougen
et al.|[1994). The signed value of K, for the E symmetry species
reflects the fact that the Coriolis-type interaction between the in-
ternal rotation and the global rotation causes the |K,| > 0 levels
to split into a K, > 0 level and a K, < 0 level. We also provide
K. values for convenience, but they are simply recalculated from

the J and K, values, K. = J—|K,|for K, > 0and K. = J—|K,|+1
for K, < 0. The m values 0, -3, 3/ 1, -2, 4 correspond to A/E
transitions of the v, = 0, 1, and 2 torsional states, respectively.

4. Spectroscopic results

We started our analysis from the results of Miiller et al.| (2006),
where the dataset, consisting of 488 v, = 0 and 182 v; = 1 mi-
crowave transitions, ranging up to Jya.x = 25 and K. = 14, was
fit with 56 parameters of the RAM Hamiltonian, and a weighted
standard deviation of 3.13 was achieved. Since the BELGI code
(Kleiner [2010) was used in the previous study (Miiller et al.
2000), we refit the available dataset with the RAM36 program
(Ilyushin et al.[2010, 2013)) as the first step. The resulting fit was
the starting point of our present analysis.

New data were assigned starting with the Kharkiv measure-
ments. First, the search for the v, = 2 rotational transitions was
performed with success, and further assignments were made in
parallel for the three torsional states of CD;OD v, = 0, 1, and
2. Submillimeter wave and THz measurements from Cologne
were assigned subsequently, based on our new results. When-
ever it was possible, we replaced the old measurements from
Miiller et al. (2006) and references therein with the more accu-
rate new ones. At the same time, we decided to keep in the fits
two measured values for the same transition from the Kharkiv
and Cologne spectral recordings in that part of the frequency
range where the measurements from the two laboratories overlap
(370—420 GHz). A rather good agreement within the experimen-
tal uncertainties was observed for this limited set of duplicate
new measurements. Finally, at an advanced stage of our analy-
sis, the FIR data from Mukhopadhyay| (2021) were added to the
fit.

The assignment process was performed in a usual bootstrap
manner, with numerous cycles of refinement of the parameter set
while the new data were gradually added. In parallel, a search of
the optimal set of RAM torsion—rotation parameters was carried
out, and it finally became evident that the v; = 2 torsional state
poses some problems with fitting. The strong influence of inter-
vibrational interactions arising from low lying small amplitude
vibrations in CD3OD, which then propagate down through nu-
merous intertorsional interactions, is a possible explanation for
these problems. We encountered similar problems with CD;OH
(Ilyushin et al.|2022). There we decided to limit our fitting at-
tempts mainly to the ground and first excited torsional states.
Taking into account that one of our goals was to provide reliable
predictions for astrophysical searches of interstellar CD;0D, we
adopted an analogous decision in the current case of the CD;0D
investigation. Thus, at the final stage of model refinement, we
limited our fitting attempts mainly to the ground and first excited
torsional states of CD3OD. Only the lowest three K series for the
A and E species in vy, = 2 were retained in the fits in order to
get a better constraint of the torsional parameters in the Hamil-
tonian model. These v; = 2 K levels should be affected least
by the intervibrational interactions arising from low lying small
amplitude vibrations. In the case of CD3;OD, this corresponds to
K = -1,2,3 for the E species in vy = 2 and to K = —4,0,4 for
the A species.

It should be noted that at the final stage of preparation of
this manuscript, the new study of Mukhopadhyay| (2022)) ap-
peared. This study emphasized the transitions involving the sec-
ond excited torsional state levels. Taking into account that our
efforts are essentially concentrated on the ground and first ex-
cited torsional states of CD3;0D, we decided not to include any
data from Mukhopadhyay| (2022) in the present analysis even

Article number, page 3 of 10



A&A proofs: manuscript no. CD30D_07

those involving the lowest three K series of levels for the A and
E species in v, = 2, which were retained in the fits otherwise.
Submillimeter wave transitions appeared from Mukhopadhyay
(2022)) were also not included in our present fits since they are
within the range of our current measurements, with our measure-
ments being more precise. We intend to include the data from
Mukhopadhyay| (2022) at the next stage of our investigation of
CD;OD, when we will try to fit transition higher in v; and try
to model the intervibrational interactions arising from low lying
small amplitude vibrations in CD3;0D. With this aim in mind,
new measurements of the CD3;OD IR spectrum between 500 and
1200 cm™! were carried out at the Technische Universitit Braun-
schweig, which we plan to consider in our future analyses of the
CD3OD spectrum.

Our final CD3;OD dataset for the purposes of this paper in-
volves 4337 FIR and 10001 microwave line frequencies that cor-
respond, due to blending, to 16259 transitions with Jy.x = 51.
Due to the duplication in measurements mentioned above, the
number of unique transitions incorporated in the fit is somewhat
lower at 15135. A Hamiltonian model consisting of 117 param-
eters provided a fit with a weighted root mean square (RMS)
deviation of 0.71 which was selected as our "best fit" for this pa-
per. The 117 molecular parameters from our final fit are given in
Table[A.T|(Appendix A). The numbers of the terms in the model
distributed between the orders no, = 2, 4, 6, 8, 10, 12 are 7,
22, 45, 34, 8, and 1 respectively, which is consistent with the
limits of determinable parameters of 7, 22, 50, 95, 161, and 252
for these orders, as calculated from the differences between the
total number of symmetry-allowed Hamiltonian terms of order
nep and the number of symmetry-allowed contact transforma-
tion terms of order no, — 1, when applying the ordering scheme
of Nakagawa et al.| (1987)). The final set of the parameters con-
verged perfectly in all three senses: (i) the relative change in the
weighted RMS deviation of the fit at the last iteration was about
~1077 ; (ii) the corrections to the parameter values generated at
the last iteration are less than ~10~3 of the calculated parameter
confidence intervals; and (iii) the changes generated at the last
iteration in the calculated frequencies are less than 1 kHz even
for the FIR data.

A summary of the quality of this fit is given in Table[I] The
overall weighted RMS deviation of 0.71 and the additional fact
that all data groups are fit within experimental uncertainties (see
the left part of Table [I] where the data are grouped by measure-
ment uncertainty) seems satisfactory to us. If we consider the
weighted RMS deviations for the data grouped by torsional state
we will see a rather good agreement between our model and the
experiment for all three torsional states as well as for the tor-
sional fundamental band. Further illustration of our current un-
derstanding of the microwave spectrum of CD3OD may be found
at Figs.[l|and [2| It is seen that our current model reproduces the
observed microwave spectrum quite well both with respect to
line positions and line intensities.

Using the parameters of our final fit we calculated a list
of CD;OD transitions in the ground and first excited torsional
states for astronomical observations. The dipole moment func-
tion of Mekhtiev et al.| (1999) was employed in our calcula-
tions where the values for the permanent dipole moment compo-
nents of CH3;OH were replaced by appropriate ones for CD;OD
Hs = 0.867 D and u, = 1.430 D taken from Mukhopadhyay
et al.| (1998). The permanent dipole moment components were
rotated from the principal axis system to the rho axis system of
our Hamiltonian model. As in the case of CD3OH (Ilyushin et al.
2022)), the list of CD3OD transitions includes information on
transition quantum numbers, transition frequencies, calculated
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Fig. 1. Portion of the CD;0D microwave spectrum dominated by J =
7 < 6 R-branch of transitions in the 257.03-257.93 GHz range. The
observed spectrum is shown in the lower panel and the calculated one
in the upper one. The K quantum numbers for the m = 0, 1 (v, = 0) and
m=-2,-3 (v, = 1) J =7 « 6 transitions are given at the top. It is seen
that the experimental frequencies and the intensity pattern are rather
well reproduced by our model for the spectral features dominating this
frequency range.
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Fig. 2. Portion of the CD;0D THz spectrum dominated by m = 1
K = —12 « —11 Q-branch and J = 28 « 27 R-branch transitions
in the 1.029-1.030 THz range. The observed spectrum is shown in the
lower panel and the calculated one in the upper one. The J quantum
numbers for the m = 1 K = —12 « —11 Q-branch and the K and m
quantum numbers (K™) for the J = 28 « 27 R-branch are given at the
top. It is seen that the experimental frequencies and the intensity pattern
are rather well reproduced by our model for the spectral features domi-
nating this frequency range.

uncertainties, lower state energies, and transition strengths. To
avoid unreliable extrapolations far beyond the quantum number
coverage of the available experimental dataset, we limited our
predictions by v, < 1, J < 55 and |K,| < 25. As already men-
tioned earlier, we label torsion-rotation levels by the free rotor
quantum number, m, the overall rotational angular momentum
quantum number, J, a signed value of K,, and K.. The calcu-
lations were done up to 1.33 THz. Additionally, we limit our
calculations to transitions for which calculated uncertainties are
less than 0.1 MHz. The lower state energies are given referenced
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to the K, = 0 A-type v, = 0 level. We provide additionally the
torsion-rotation part of the partition function Qy(T) of CD;0D
calculated from first principles, that is, via direct summation over
the torsion-rotational states. The maximum J value is 90 and
n, = 11 torsional states were taken into account. The calcula-
tions, as well as the experimental line list from the present work,
can be found in the online Supplementary material with this arti-
cle and will also be available in the Cologne Database for Molec-
ular Spectroscopy, (CDMS, [Endres et al.|2016).

5. Astronomical search for CD;0D

The new spectroscopic calculations were used to search for
CD3;0OD in data from the Protostellar Interferometric Line
Survey (PILS; [Jgrgensen et al.| |2016). PILS represents an
unbiased spectral survey of the Class 0 protostellar sys-
tem IRAS 16293-2422 using the Atacama Large Millime-
ter/submillimeter Array covering the frequency range from 329
to 363 GHz. The data cover the region of IRAS 16293-2422 in-
cluding its two primary components “A” and “B” that show abun-
dant lines of complex organic molecules at an angular resolution
of ~0.5” and a spectral resolution of ~0.2 km s~!. Toward a po-
sition slightly offset from the “B” component of the system, the
lines are intrinsically narrow, making it an ideal hunting ground
for new species and several complex organic molecules and their
isotopologs have been identified there, including other deuter-
ated isotopologs of CH30OH such as CH,DOH and CH30D (Jgr-
gensen et al.[2018), CHD,OH (Drozdovskaya et al.[2022)), and
CD;3OH (llyushin et al.|2022).

The search for CD3;OD was conducted following the ap-
proach applied in other papers from PILS: synthetic spectra
are calculated assuming that the excitation of the molecule is
characterized by local thermodynamical equilibrium, which is
reasonable at the densities on the scales probed by PILS (Jgr-
gensen et al.2016). The source velocity offset relative to the
local standard of rest is assumed to be 2.6 km s~! and the line
full width at half maximum (FWHM) is taken as 1 km s~!. With
these assumptions the kinetic temperature and column density
of the species are left as the two free parameters. For the search
we assume a temperature of 225 K similar to that of CD;OH
(Llyushin et al|2022). Figure [3] shows the 16 lines predicted to
be strongest for this temperature: the column density is taken to
be the maximum possible without overproducing lines compared
to the RMS noise level of the data with a value of 2x10'> cm™2.
As we can see, three to four lines match the observed spectral
features at or slightly above the 30 level in the data. One line at
348.988 GHz is predicted at the 30~ level but does not show any
observed emission. However, that one is overlapping with the
absorption part of a nearby, stronger, transition so that may not
be significant. The quoted column density would correspond to
an CD3;0D abundance of 0.02% relative to the main isotopolog
CH;3O0H (the column density of that constrained by observations
of optically thin transitions of CH;gOH). If all D/H substitutions
would be considered equally probable, this in turn would im-
ply a D/H ratio of about 12% — similar to what is measured for
other multiple deuterated species and enhanced relative to the
ratios measured from the singly deuterated variants (CH,DOH
and CH;0D). While this makes the assignments of the three to
four transitions plausible it is not possible to claim a solid detec-
tion based on so few lines. However, the analysis demonstrates
that the detection of CD3OD is within the reach of ALMA, for
instance, by targeting IRAS 16293-2422 through deep obser-
vations at lower frequencies where line confusion may be less
problematic.
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Fig. 3. Sixteen lines predicted to be the strongest toward the position
offset by 1 beam (0.5”) from IRAS16293B: the observations are shown
in the black, the synthetic spectrum for CD;OD in red, and other species
identified as part of PILS in blue. The dashed line indicates the 300 RMS
level of the data per 1 km s~ (1 km s~! is the typical FWHM line width
of the lines toward this position).

6. Conclusion

In this work, we performed a new study of the torsion-rotation
spectrum of the CD3;0D isotopolog using a torsion-rotation
RAM Hamiltonian. The new microwave measurements carried
out in the broad frequency range from 34.5 GHz to 1.1 THz and
transitions with J up to 51 and K, up to 23 involving the v = 0,
1, 2 torsional states were assigned and analyzed. After revealing
perturbations in the second excited torsional state of CD;OD,
presumably caused by the intervibrational interactions arising
from low-lying small-amplitude vibrations in this molecule, we
concentrated our efforts on refining the theoretical model for the
ground and first excited torsional states only. A fit within the
experimental uncertainties (weighted RMS deviation 0.71) was
achieved for the dataset consisting of 4337 FIR and 10001 mi-
crowave line frequencies.

Based on our results, calculations of the ground and first ex-
cited torsional states were carried out and used in a search for
CD;OD spectral features in data from the ALMA PILS survey of
the deeply embedded protostar IRAS 16293-2422. While three
to four CD;OD transitions match observed spectral features at or
slightly above the 30 level in the data, it is not possible to claim
a solid detection based on so few lines. Nevertheless, our anal-
ysis demonstrates that the detection of CD3OD in IRAS 16293-
2422 using ALMA is quite probable through deep observations
at lower frequencies where line confusion may be less prob-
lematic. The upper column density limit of 2x10'5 cm™ for
CD;OD was derived based on the assumption of an excitation
temperature of 225 K (taken similar to that of CD;OH (Ilyushin
et al.[2022))). Comparison with the CH;OH main isotopolog (for
which the column density is deduced from optically thin lines
of CH§80H) yields a CD3;OD/CH;OH ratio as high as ~0.02%,
thus implying that the fully deuterated methanol is in line with
the enhanced D/H ratios observed for multiply deuterated com-
plex organic molecules.
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Table 1. Overview of the dataset and the fit quality

By measurement uncertainty By torsional state
Unc./ # RMS* vl #  WRMS®

0.010 MHz 3734 0.0088 MHz =00 8I38 0.69
0.020 MHz 116 0.0110 MHz =11 5832 084
0.030 MHz 4335 0.0223 MHz v=2¢2 165 0.81
0.040 MHz 6 0.0177 MHz un=1«<0 2124 0.36
0.050 MHz 588 0.0461 MHz

0.100 MHz 1109 0.0779 MHz

0.200 MHz 113 0.1662 MHz

5x10%em™ 4337 2.0x10* cm™!

Notes. ¢ Estimated measurement uncertainties for each data group. > Number of lines (left part) or transitions (right part) of each category in
the least-squares fit. Note that due to blending 14338 measured line frequencies correspond to 16259 transitions in the fit, which in turn due to
presence of duplicate measurements represent 15135 unique transitions in the fit. ¢ Root-mean-square (RMS) deviation of corresponding data
group. ¢ Upper and lower state torsional quantum number v;. ¢ Weighted root-mean-square (WRMS) deviation of corresponding data group.
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Appendix A: Parameters of the RAM Hamiltonian for the CD3;O0D molecule

Table A.1. Fitted parameters of the RAM Hamiltonian for the CD;O0D molecule

n,*  Operator” Par.c Value®e

250 (1 —cos3a) (1/2)V; 181.1021642(55)
20 P F 14.75939375(90)
20, P2 A 2.1693625(90)

200 P2 B 0.63055239(26)
202 P? c 0.59843413(22)
200 (1/2){Pa,Pp} 2D 0.03656819(19)
440 (1 - cos6a) (1/2)Vs ~1.076539(13)
449 Py F,, —0.2905843(26) x 1072
431 P.p} P ~0.11365193(86) x 107!
4y, PX(1—cos3a) Vs, ~0.1682007(47) x 1072
42, P21 -cos3a) Vsk 0.66900(17) x 102
45 (P2—P2)(1 —cos3a) V3pe 0.6739(49) x 1075
4, (1 /2){Pa,Pb}(1 — cos 3a) Vsab 0.12557689(93) x 10!
4, Pp? Fy ~0.5466106(39) x 10~
4y, P2p? Fx —0.1678373(11) x 107!
4y (P2-PHp? Fpe ~0.106428(57) x 1073
4y, (1 /2){Pa,P } sin 3a Dige 0.1808855(27) x 107!
4y5 (1 /2){P,,P.} sin 3a Dspe ~0.8227(13) x 1073
415 P*Pup, 0y ~0.8252990(66) x 10~
415 Plpe 0K ~0.11023649(58) x 107!
413 (1/2){Pa(P} = P)}pa Obe -0.151933(58) x 1073
415 (1/2){P%Py}pa Pab —0.22531(72) x 1075
494 P —Ay —0.8557802(47) x 10°
404  P2P2 -Ajx —0.3430628(28) x 10~
o4 4 —~Ax —0.2715830(13) x 1072
4os  PUPE-PD) -26; —0.954346(64) x 1077
dog  (1/2){P%(P; - PD)} 26k —0.497826(92) x 107
doa  (1/2)P*{P,,Py) Dy —0.48978(15) x 107
660 pS Fom 0.21266(57) x 1075
651  Pu.p) Oomm 0.13678(28) x 10~
642  P*(1 - cos6a) Vs —0.835(18) x 1073
642  PX(1 - cos6a) Ve ~0.1930(66) x 10~
642 (P2 PY)(1 — cos 6a) Vese ~0.31339(65) x 107*
6, Ppt Fpy 0.12987(36) x 1077
612 P2pl F ok 0.36055(57) x 10~
642 (1/2){Pa,Py}p;, Fonap 0.3193(70) x 1078
650 (1/2){Pa,P.} sin 6 Déue 0.3022(82) x 104
650 (1/2){Py,P.) sm 60 Depe 0.1206(12) x 104
642 (1/2{Py.Pe.p2, sin3a) Diem ~0.3795(11) x 10~
635  P*P,p) Oy 0.4567(12) x 1077
6:5 Pip) Ok 0.50072(62) x 10~
635 (1/D{P2.P)p) Pomab 0.2957(67) x 1078
655 (1 J2)(PoPy.Prspa. sin 30} D3he —0.26327(58) x 107*
6,4  P*(1 —cos3a) Vass 0.96440(90) x 1078
6,4  P2P(1 - cos3a) Visk —0.38783(13) x 1076
6,4 Pl —cos3a) Vsk 0.43582(61) x 107
624  PA(P}- PZ)(1 - cos 3) Vabes 0.33135(49) x 1078
6,4 (1 /2){ 2.(P2 — PY))(1 - cos 3a) Vabek 0.12328(30) x 105
6,4 (1/2)P* {Pa,Pb N1 = cos 3a) Vaabs 0.786(13) x 1078
624 (1/2)(P3,P,}(1 — cos 3a) Vaabk ~0.29046(69) x 1075
624 (1/2)({Pu,P3} {P,,Py,P?}) cos 3a Viabbe 0.21065(20) x 1076
624  P'p2 Fy, 0.9587(98) x 107°
624 P2P2pa Fx 0.6039(15) x 1077
624  Pipl Fxx 0.38758(38) x 10~
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Table A.1. continued.

n,t Operator Par.¢ Value??

6,4 (1/2){PLPHpE Froe —0.4737(77) x 1078
604 (1 /2)P2{Pa,P,} sin 3 Diges -0.32666(10) x 107°
624  (1/2){P3,P.}sin3a Dsgek 0.24680(74) x 1074
624  (1/2)P*{Py,P.}sin3a Dipes -0.7458(16) x 1078
624 (1/2){P2,P,,P.}sin3a Dipek —-0.20601(44) x 10~
624  (1/2)({Pu,P3} = {P,,P2,P.})sin3a Digepe 0.26239(17) x 10°°
624 (1/2){P}.Pc} — {Py.P2}) sin3a Dipepe -0.345(22) x 1078
61’5 P4Papa/ PIJ 09957(92) X 10_9
615 P’Plp, DPIK 0.36124(82) x 1077
615  Plpe PKK 0.15889(13) x 1074
615  (1/2PH{P.(P; — P2)}p, Pbel 0.3819(75) x 107
615 (1 /24P 4,P2,P2}p, P2 —-0.4311(73) x 1078
606 P° O, 0.4568(18) x 10712
605 P'P? Dk 0.13849(13) x 107
60’6 P2P4 Dy, 0.8455(18) x 108
606  PS Dy 0.26994(18) x 107>
60.6 P4(P2 ) 2¢; 0.43864(71) x 10712
606 (1 /2)P2{ 2(P2 - P%)) 26k 0.3821(72) x 107°
606 (1 /2)P4{Pa,Pb} Danyy 0.901(12) x 10712
8s0 P Fomm 0.4599(43) x 10~°
8.1 P.p! Dmm 0.1264(12) x 1078
82  P*(1 —cos9a) Voy 0.1612(37) x 10~*
82  PX(1-cosYa) Vok 0.293(14) x 1073
862  (P;—P2)(1—cos9a) Vobe 0.4795(74) x 107>
862  P2pS Fomk 0.9527(87) x 10~°
862  (1/2){P,.P.}sin9% Doy -0.764(24) x 10~*
862  (1/2){P4,P.,p2,sin6a} Degem 0.478(13) x 107°
844  P*(1 - cos6a) Vess 0.6631(69) x 10~°
844 Pl —cosb6a) Vekk -0.382(10) x 1077
844  P2(P2 - PH(1 - cos6a) Vibes 0.11622(71) x 107#
844  (1/2){P3,Py}(1 — cos 6) Veabk -0.432(11) x 1077
835  (1/2){P3,Py,P.,p,,sin3a} DP3bek 0.1901(18) x 1073
86  P°(1 —cos3a) Vayss —-0.1652(40) x 10~'2
86  P*PX(1-cos3a) Vasik 0.7750(28) x 1071
82,6 P6(1 — COS 30() VSKKK 0829(47) X 10_10
826 P“(P2 Pz)(l — cos 3a) Vipess —-0.2301(17) x 1072
86 (1 /2)P2{ (P = P))(1 - cos 3a) Vabesk 0.1481(89) x 10~
86 (1 /2)102{132 P2} cos 3 Vagoeas —-0.756(32) x 10712
86  (1/2)(P}, P2} {P2,P%}) cos 3a Vapacobe -0.22643(76) x 1071
86 (1 /2)P2({Pa,P = {Pa,P;,,Pf Deos3a  Viappes -0.682(47) x 10712
82‘6 P6p(2l Fyyy 0.5680(96) x 1071
86 Pop2 Fxxx —0.5406(46) x 10~
82,6 P4(Pi - Pz)pi Fpeps —-0.950(50) x 10715
826  (1/2({PL.P2} —{P}.P)p] Frocave 0.1125(40) x 1073
86  (1/2)PYP,.P.}sin3a Diucsy 0.4398(52) x 107!
86  (1/2)PX{P3,P.}sin3a Digerx 0.1247(30) x 10710
86  (1/2)P*{P,,P.}sin3a Dipesy 0.10470(39) x 1071
86  (1/2){P*P,,P.}sin3a Dipekk 0.1406(14) x 1073
86 (1 /2)P2({Pa,P3} (P.,P2PNsin3e  Digepes —0.5366(44) x 10!
86  (1/2)P>({P},P.} — {P}.P3})sin 3a Dipebes 0.3186(95) x 10712
86 (1 /2){P2,P§)} sin 3 D3 -0.4538(18) x 10~
81,7 Papa PKKK —0.5405(45) x 10~
8os PP Ly —0.1484(12) x 10~
105, (1 /2){Pa,PC,pa, sin 9a} Dogem -0.662(23) x 10°°
1064  (1/2){P%,(P} — PHK(1 - cos9a) Vopek -0.4026(56) x 1077
1046 PS(1 —cos 6a) Vekkk —0.885(51) x 10710
1046 (1/2)P*{P,,P.}sin6a Deacyy —0.1390(70) x 107!

Article number, page 9 of 10



A&A proofs: manuscript no. CD30D_07

Table A.1. continued.

n,t Operatorb Par.¢ Value??

1046 (1/2)P*{P2,P,,P.}sin6a Depesx —0.1579(29) x 10710
1046 (1/2)P2({Pa,P}} = {Po,P,P N sin6a  Degcpes 0.595(13) x 107!
1028 Pﬁ(l —cos 3a) Vakkkk —0.217(15) x 10712
102,8 (1/2)({P2,P%} + {Pi,PS}) COS 3a' V3b6c2b2c6 0304(18) X 10716
1248 Pg(l — cos 6a) Vekkkk 0.222(17) x 10712

Notes. ¢ n=t+r, where n is the total order of the operator, ¢ is the order of the torsional part and r is the order of the rotational part, respectively. The
ordering scheme of Nakagawa et al.|(1987) is used. Y{A,B,C,D,E} = ABCDE+EDCBA.{A,B,C,D} = ABCD+DCBA.{A, B,C} = ABC + CBA.
{A, B} = AB + BA. The product of the operator in the second column of a given row and the parameter in the third column of that row gives the
term actually used in the torsion-rotation Hamiltonian of the program, except for F, p and Agam, Which occur in the Hamiltonian in the form
F(py+ pP,)* + AramP2. ¢ The parameter nomenclature is based on the subscript procedure of Xu et al.| (2008). ¢ Values of the parameters in units
of cm™!, except for p, which is unitless. ¢ Statistical uncertainties are given in parentheses as one standard uncertainty in units of the last digits.
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