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The rotational spectrum of dichloromethane (methylene chloride, CH,Cly) was measured with near-continuous
frequency coverage from 29 to 750 GHz with 50 kHz resolution, with additional transitions around 11 GHz with
20 kHz resolution. The rest frequencies of transitions for both the vibrational ground state and first fundamental
v4 are observed, measured, and least-squares fit. Transitions for both of these vibrational states are modeled with
partial octic, distorted rotor A- and S-reduced Hamiltonians in the I" representation with nuclear quadrupole

coupling. Computed spectroscopic constants at the B3LYP/6-311+G(2d,p) level are compared to their corre-
sponding experimental values. The partition function of dichloromethane is updated.

1. Introduction

Dichloromethane (methylene chloride, CH,Cly, Fig. 1) is a frequently
used organic solvent with a relatively low boiling point. Chloromethanes
are of interest in atmospheric chemistry because of their impact on
stratospheric ozone depletion and climate change. Although dichloro-
methane is not controlled under the Montreal Protocol, it has been
identified as a source of atmospheric chlorine [1]. Despite its prevalence
as a laboratory solvent, it is linked to serious acute and long-term health
issues [2].

In 1952, the first microwave study of CH»Cl, reported the spectra of
seven isotopologues (cH3®cl,, cH3*cl*’cl, cH3’Cl,, CDH3°Cl,,
CDH356137C1, CD%SCIZ, CD%SCI37CI) [3]. The molecular structure, dipole
moment (i = 1.62 D), and nuclear quadrupole coupling constants of
dichloromethane were determined. Subsequently, Harmony and col-
laborators observed the spectrum of 13CH2C12 for the first time and the
spectra of other isotopologues with higher precision, providing the first
substitution structure (r5) [4]. Later, the microwave spectrum of CHyCly
was measured from 14 to 75 GHz with rotational transitions up to J = 80
[5], allowing a partial determination of the sextic centrifugal distortion
constants using an A-reduced Hamiltonian in the I representation. Pure

rotational transitions were observed in the far-infrared spectrum of
CH,Cl, between 10 and 75 cm™! for the ground vibrational states of
CH3Cl, and cH3°c1*’Cl and Vg4 of CH3Cl,, providing A-reduced spec-
troscopic constants up to the octic level [6]. Kisiel et al. re-investigated
the nuclear quadrupole hyperfine structure in the microwave transi-
tions, providing precise and accurate nuclear quadrupole coupling
constants and nuclear spin-rotation constants for the chlorine nuclei [7].
Very recently, the rotational spectra were extended up to 1.1 THz [8],
providing well-determined spectroscopic and centrifugal distortion
constants through the octic level. Dichloromethane has two identical
chlorine nuclei (nuclear spin 3), which create readily observable split-
ting of the rotational transitions, as well as two identical hydrogen
nuclei (nuclear spin 1) whose smaller splittings have never been
resolved. The rotational levels are split up to 16 levels by the nuclear
spin of chlorine, but most of the rotational transitions split into three
measurable components with a strong central line. In the THz study [8],
however, the frequencies of the center were analyzed without consid-
ering hyperfine structure. Very recently, rotational spectra of the ground
state, v4 = 1, 2, 3, v3 = 1, and vg = 1 vibrationally excited states have
been reported by FT-MW [9].

The low-resolution infrared spectra below 6200 cm ™!

were studied,
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Fig. 1. Dichloromethane structure (Cs,, jip = 1.62 D [3]) with principal iner-
tial axes.

and an empirical harmonic force field was obtained by Duncan et al.
[10,11]. Tullini et al. studied high-resolution vibration-rotation spectra
of v, v7, vg, and vy + vg [12]. Snels and coworkers also extensively
studied the vg, 2vg, v + vg, V3, Vg, V4 + Vg, and 2v4 + vg — v4 (hot band)
[13-16]. The Raman spectroscopic study by Escribano et al. observed
the lowest vibrational excited state (v4, CCl; scissoring mode) at 281.5
em™! [17].

In this paper, we report the rotational spectroscopy of CH3°Cl, in the
ground and v4 vibrational states. The relative intensity of v4 transitions is
predicted to be 26% compared to the ground state, assuming the
Boltzmann distribution at 300 K. The frequencies of transitions showing
hyperfine splitting are accurately measured and analyzed. Many addi-
tional transitions are visible in the spectrum from other vibrationally
excited states of CH3°Cl, and the ground and vibrationally excited states
of CH3>%Cl, and CH3’Cl,. The spectra of these species will be
addressed in a subsequent work.

2. Methods
2.1. Experimental

Our rotational spectra were collected with three different spec-
trometers, using a commercial sample of dichloromethane (Spec-
trochemical Analysis grade 99.9+% FUJIFILM Wako Chemicals in
Toyama and Sigma-Adrich in Wisconsin). The microwave spectra near
11.3 GHz were observed by using the chirped-pulse Fourier-transform
microwave spectrometer (CP-FTMW) at the University of Toyama. The
broadband spectra from 29 to 75 GHz were observed by using the
conventional source-modulation microwave spectrometer at the Uni-
versity of Toyama. Broadband spectra from 85 to 750 GHz were
collected at the University of Wisconsin-Madison.

The CP-FTMW spectrometer was built based on the design of
McJunkins and Brown [18], which is a less expensive spectrometer of
similar design to the one described by Shipman et al. [19]. The wave-
guide appropriate for the frequency region was used to measure the
room temperature spectra with sample pressures between 15-50 mTorr.
The chirp span was 100 MHz with 50,000 molecular signal acquisitions.
The sample pressure was about 5 mTorr and the linewidth was about
400 kHz with a nominal measurement uncertainty of 20 kHz. The 40 to
75 GHz spectral region was collected with a previously described
spectrometer from the University of Toyama [20,21] that has been
upgraded with a GPS frequency lock. The 26 to 40 GHz radiation was
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output from an Agilent E8257D signal generator with a frequency
doubler (Spacek Labs Ka-2). Instead of the InSb detector, we used
multiple broadband waveguide detectors (Hewlett-Packard R422C,
Spacek Labs DQ-2, Virginia Diodes WR15ZBD) in the 26 to 75 GHz re-
gion. Most of the spectra were obtained at room temperature but a
limited number of measurements were observed at dry ice temperature
to improve intensity of low J, K transitions. The spectra from 85 to 750
GHz were collected using a millimeter-wave spectrometer at the Uni-
versity of Wisconsin — Madison that has been previously described [22],
in a continuous flow at room temperature, with sample pressures of 3 to
8 mTorr. The complete spectrum from 85 to 750 GHz was obtained
automatically over approximately fourteen days using the following
experimental parameters: 0.6 MHz/sec sweep rate, 10 ms time constant,
and 50 kHz AM and 500 kHz FM modulation in a tone-burst design. A
uniform frequency measurement uncertainty of 0.050 MHz was assumed
for all measurements from 26 to 750 GHz.

2.2. Spectroscopic analysis

The separate segments of the rotational spectrum were combined
into a single broadband spectrum using Kisiel’s Assignment and Analysis
of Broadband Spectra (AABS) software [23,24], except CP-FTMW data.
Pickett’s SPFIT/SPCAT [25] were used for least-squares fitting and
spectral predictions, along with Kisiel’s PIFORM, PLANM, and AC pro-
grams for analysis [26]. The center frequencies of the data obtained by
CP-FTMW were determined separately and added to the above analysis.

2.3. Computational

Electronic structure calculations were carried out with Gaussian 16
[27] to obtain theoretical spectroscopic constants. The optimized ge-
ometry at the B3LYP/6-311+G(2d,p) level was obtained using “very-
tight” convergence criteria and an “ultrafine” integration grid, and
subsequent anharmonic vibrational frequency calculations were carried
out. Computational output files can be found in the Supplementary
Material.

3. Analysis and results
3.1. Vibrational ground state

Dichloromethane is a highly prolate, asymmetric top (Cy,, k¥ =
—0.982, Fig. 1) with a b-axis dipole, i = 1.62 D [3]. The presence of two
chlorine nuclei (I = 3) causes splitting of the rotational transitions due to
nuclear quadrupole and nuclear spin-rotation interactions. Similar to a
previous study [5], the measured rotational transitions were least-
squares fit to a partial octic, A-reduced Hamiltonian in the I" represen-
tation. Due to the highly prolate nature of dichloromethane, and the
known propensity for the A-reduced Hamiltonian to breakdown for
highly prolate molecules in the I" representation [28-30], we also pro-
vide a least-squares fit the rotational transitions to a partial octic, S-
reduced Hamiltonian in the I" representation. As in preceding studies
[6,7], our final data sets for both the ground state and v4 included many
hyperfine-resolved and many hyperfine-unresolved transitions.
Hyperfine-resolved transitions were assigned quantum numbers using
the following coupling scheme.

Ien + Ia2 = Liotal
J+ Itotal =F

The nuclear spin-rotation of chlorine nuclei (M,.) was included in the
Hamiltonian, similar to previous work [7].

Fig. 2 shows an example microwave transition (J' = 10919 < J' =
91,9) with resolvable nuclear-hyperfine coupling at 40.069 GHz recor-
ded at the University of Toyama. The simulation in the figure was
reproduced from our spectroscopic constants, assuming a second-
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J = 100’10 & J'= 91)9

Experiment
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Fig. 2. The hyperfine-resolved transition (J'= 109,19 < J' = 91 ) in the ground
state of CH3°Cl, observed at room temperature. The solid line and dotted line
represent the experimental spectrum and simulation, respectively. The simu-
lation was reproduced from the experimental spectroscopic constants, assuming
second derivative form of a Lorentzian profile with the linewidth of 0.7 MHz.

derivative Lorentzian line shape with a linewidth of 0.7 MHz. Table 1
provides the quantum number assignments, transition frequencies and
obs.—calc. values for these transitions. With repeated assignments using
AABS and analysis and prediction with SPFIT/SPCAT, the assignments
were mostly straightforward. While proceeding with the fitting, how-
ever, it was sometimes necessary to revise the assignment of hyperfine-
resolved transitions. This is probably due to local heavy mixing of
wavefunctions resulting in the unstable selection of quantum numbers in
the program and small changes in the nuclear quadrupole coupling
constants between least-squares fitting iterations.

A total of 3170 hyperfine-resolved and 2296 hyperfine-unresolved
transitions, including the FT-MW data by Kisiel et al. [7], were in
included in our final ground state data set, Fig. 3. As inferred from the
data distribution plot, all transitions with obs.—calc. values greater than
three times the nominal measurement uncertainty of 50 kHz were
excluded from the data set. There is no discernible systematic pattern in
the location of the larger symbols, which correspond to the relatively
high obs.—calc. transitions remaining in the data set. The hyperfine-
resolved transitions include J” quanta from 1 to 105 and K," from 0 to
16. The hyperfine-unresolved transitions span a larger range of J” and
K, quanta, from 10 to 119 for J” and from 0 to 21 for K.

The computed and experimental spectroscopic constants of ground

Table 1
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state dichloromethane are summarized in Table 2. The data set was
least-squares fit to partial octic, centrifugally distorted A- and S-reduced
Hamiltonians using the I" representation. These values were determined
from combined least-squares fits of the rotational transitions from the
ground and vy4 vibrational state. The combined least-squares fit allowed
overlapping transitions from each state to be included. In the A-reduc-
tion, the Iy constant could not be determined from the current data set
and was held constant at its previously reported value Ulenikov et al.
[8]. Floating Iy increases the error of Lk, suggesting strong correlation
between these parameters. In contrast to the fit presented in reference
[6], a complete set of diagonal octic constants was determined in this
study. We present the S-reduction spectroscopic constants of dichloro-
methane for the first time in this work. The parallel analysis of the S-
reduction least-squares fit indicates that the A-reduction least-squares fit
is treating the data set well, despite the aforementioned highly prolate
structure of dichloromethane. In either reduction, there are not any
systematic quantum number trends in the transitions with high obs.—
calc. values, and both least-squares fits have a og; value of 0.046 MHz,
indicating that both reductions model the data set equally well. In either
reduction, the computed quartic centrifugal distortion constants have
discrepancies with the experimental values of 3 to 12%, with the largest
discrepancy occurring for do, which has a much smaller absolute value
than the other constants. The computed sextic centrifugal distortion
constants have similar discrepancies ranging from 2 to 15%, with two
notable exceptions. The computed values of @k and Hyk differ by 27%
and 117%, respectively. These computed constants are likely impacted
by an error in their estimation described in a previous work [31].

3.2. Vibrationally excited state v4

The spectroscopic constants obtained for v4 are summarized in
Table 3, which includes a determination of its nuclear-coupling con-
stants for the first time. The data set of v4 contains 2025 hyperfine-
resolved transitions, where J is from 1 to 92, and K from 0 to 15, and
1584 hyperfine-unresolved transitions of J from 7 to 114, and K, from
0 to 20. Similar to the ground state, these data were fit to partial octic,
centrifugally distorted A- and S-reduced Hamiltonians in the I" repre-
sentation. The rotational and centrifugal distortion constants (up to the
sextic level) of v4 display the expected small deviations from their cor-
responding ground state values. The quartic centrifugal distortion con-
stants change by 0.2% to9 % in both reductions, with the greatest
deviations occurring for §¢ and do. The sextic centrifugal distortion
constants show slightly larger changes compared to their corresponding
ground state values of 3 to 18%. The A-reduction octic constant Lk
changes by 186% compared to its ground-state value. This suggests that
the value of Lk of v4 is simply a fitting constant in the least-squares fit (i.
e. an ‘effective’ constant) rather than a physically meaningful centrifu-
gal distortion constant. The inability to determine the constants L; and

Nuclear-hyperfine-resolved components of the ground state rotational transition, J' = 10,10 < J” = 91,9 of dichloromethane (CH3°Cly).

J’ Ka’ Kc’ r F J« Ka“ Kc* I« F« Frequency (MHz) obs. —calc. (MHz) obs. —averaged calc.(MHz)
10 0 10 3 7 9 1 9 3 6 40065.410 —0.069

10 0 10 1 10 9 1 9 1 9 40066.389 0.115 0.115
10 0 10 2 10 9 1 9 0 9 0.114

10 0 10 3 13 9 1 9 3 12 40066.952 0.022

10 0 10 3 8 9 1 9 3 7 40068.208 0.070

10 0 10 3 9 9 1 9 3 8 40069.733 0.200 0.046
10 0 10 1 11 9 1 9 1 10 0.070

10 0 10 2 11 9 1 9 2 10 —0.065

10 0 10 2 12 9 1 9 2 11 —0.059

10 0 10 2 9 9 1 9 2 8 —0.080

10 0 10 2 8 9 1 9 2 7 —0.082

10 0 10 3 12 9 1 9 3 11 40071.200 0.111

10 0 10 1 9 9 1 9 1 8 40072.841 0.271 0.067
10 0 10 1 9 9 1 9 1 8 -0.121

10 0 10 3 11 9 1 9 3 10 40074.051 0.136
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Fig. 3. Data distribution plot for the least-squares fit of spectroscopic data for the vibrational ground state of dichloromethane (CH3°Cl,). Black circles are used for R-
and Q-branch transitions. Blue crosses are used for P-branch transitions. The size of the symbol is proportional to the value of |(fops. — feac)/3f |, where of is the

frequency measurement uncertainty, and all quotient values are smaller than 3.

Table 2
Spectroscopic constants of dichloromethane (CH3>Cly) in its ground vibrational state using A- and S-reduced Hamiltonians, I” representation.

A-reduced B3LYP Current Study Ulenikov et al. [8] Kisiel et al. [7] S-reduced B3LYP Current Study
Ao/MHz 31,785 32002.29301 (25) 32002.28977 (11) [32002.2900]" Ao/MHz 31,785 32002.29310 (25)
Bo/MHz 3198 3320.281838 (41) 3320.281213 (16) 3320.28126 (6) Bo/MHz 3198 3320.271022 (41)
Co/MHz 2959 3065.229690 (42) 3065.229086 (16) [3065.22985]" Co/MHz 2959 3065.240469 (42)

A;/kHz 1.330 1.394961 (13) 1.3948703 (37) [1.396724]" D;/kHz 1.319 1.383031 (13)

Ayx/kHz —25.10 —26.11408 (15) —26.113701 (86) [-26.0789]" Dyx/kHz —25.03 —26.04278 (15)

Ag/kHz 491.8 472.9214 (18) 472.92776 (74) [472.959]" Dk/kHz 491.8 472.8633 (18)
8;/kHz 0.1621 0.17703496 (82) 0.17703853 (88) [0.177219]" dy/kHz —0.1621 —0.17703318 (84)

Sx/kHz 5.169 5.40321 (20) 5.40343 (28) [5.2985]" do/kHz —0.005272 —0.00596361 (22)
&;/Hz 0.0008619 0.0008952 (16) 0.00088445 (31) H,/Hz 0.0008166 0.0008439 (16)

Px/Hz 0.008774 0.012088 (36) 0.011708 (62) Hjk/Hz —0.0002537" 0.001486 (28)

P /Hz —1.782 —1.74131 (39) —1.73888 (33) Hg,/Hz —-1.751 —1.70628 (38)
dx/Hz 24.79 23.0578 (70) 23.0810 (26) Hyg/Hz 24.77 23.0393 (70)
¢y/Hz 0.0002656 0.000284111 (72) 0.00028436 (14) hy/Hz 0.0002632 0.000281498 (71)

¢x/Hz 0.003505 0.003702 (28) 0.003940 (78) hy/Hz 0.00002261 0.000025123 (30)
¢x/Hz 1.469 1.5711 (34) 1.5069 (89) hs/Hz 0.000002371 0.0000028214 (60)

L;/mHz —0.000000481 (62) L;/mHz —0.000000401 (62)

Ljjx/mHz —0.0000593 (14) —0.0000615 (14) Ljjx/mHz —0.0000174 (14)
L;k/mHz 0.002989 (33) 0.0307 (71) Lx/mHz —0.002404 (34)
Lyiy/mHz 0.11214 (69) 0.1086 (22) Lyky/mHz 0.12609 (69)
Lg/mHz —1.546 (10) —1.5528 (37) Lx/mHz —1.555 (10)
lx/mHz [0.582]¢ 0.582 (69)
gxm/MHz —60.7 —62.6105 (21) —62.6127 (17) glaa/MHZ —60.7 —62.6105 (21)

% (ror—red)/MHz -9.4 —9.53329 (75) —9.53528 (55) %(J(bb_)(cc)/MHZ -9.4 —9.53330 (75)
Xap/MHz 51.7 51.50 (29) 50.93 (23) Xa/MHz 51.7 51.50 (29)
M../MHz [0.00188]" 0.00188 (15) M../MHz [0.00188]"
o5t/ MHz 0.046° 0.019 0.00128 ot/ MHz 0.046°

Jmax 119 107 3 Jmax 119
Kmax 21 20 1 Kmax 21
Niines 5447 4502 47 Niines 5447

2 Held at the value from reference [6].

b Value miscalculated as described in reference [29].
¢ Held constant at the value from reference [8].

4 Held constant at the value from reference [7].

¢ This rms was obtained by the combined fit of the ground state and vs4.
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Table 3

Spectroscopic constants of dichloromethane (CH3°Cl,) in its v, vibrational state using A- and S-reduced Hamiltonians, I” representation.
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A-reduced Current Study Tullini et al. [6] S-reduced Current Study
A,/MHz 32197.34012 (36) 32197.2192 (207) A,/MHz 32197.33990 (34)
B,/MHz 3317.700106 (40) 3317.68271 (249) B,/MHz 3317.688270 (40)
C,/MHz 3060.928776 (39) 3060.91481 (246) C,/MHz 3060.940580 (39)

A;/kHz 1.3875268 (84) 1.35785 (93) D,/kHz 1.3744784 (85)
Ax/kHz —26.17136 (26) —26.1278 (147) D,x/kHz —26.09364 (17)
Ag/kHz 488.3307 (31) 487.9932 (340) Dy/kHz 488.2661 (31)
5,/kHz 0.1767497 (12) 0.17678 (14) dy/kHz —0.1767479 (12)
Sx/kHz 5.91363 (32) 5.6601 (809) dy/kHz —0.00652604 (36)
&;/Hz 0.00086476 (49) 0.0010193 (899) H,/Hz 0.00081204 (51)
Di/Hz 0.014598 (86) —0.02182 (279) Hjx/Hz 0.001713 (23)
by ;/Hz —1.80551 (93) —1.5784 (102) Hyy/Hz —1.76175 (89)
&y/Hz 24.724 (14) 24.048 (25) Hy/Hz 24.693 (14)
$s/Hz 0.00028045 (12) [0.0002938] hy/Hz 0.00027716 (12)
$x/Hz 0.003051 (55) [0.0] hy/Hz 0.000026508 (60)
¢x/Hz 1.8902 (88) [—4.29]° hs/Hz 0.000003425 (15)
L;/mHz [—0.0000063136]" L;/mHz
Lyjx/mHz —0.0000605 (45) [0.0] Lyjx/mHz
Lyx/mHz —0.003493 (98) [0.0] Lx/mHz —0.002726(98)
Lyx,/mHz 0.1438 (22) [0.0582]° Lyx,/mHz 0.1398(22)
Ly/mHz -1.817 (27) [-1.3421]° Lg/mHz —1.814(27)
%){m MHz —63.033 (71) %{ /MHz —63.035 (71)

3 Govzed/MH2 ~oA804 (0 & U/ Mz 94808 (40
Yab/MHz [50.93]° Yar/MHz [50.93]°
M,./MHz [0.00188]" M_,./MHz [0.00188]"
o5t/ MHz 0.046° 0.72 65t/MHz 0.046°

Jimax 114 67 Jmax 114
Kumax 20 31 Kumax 20
Niines 3609 1260 Niines 3609

@ Held at the ground state value from reference [6].
b Held constant at the value from reference [7].
¢ This rms was obtained by the combined fit of the ground state and vy4.

Lg likely precludes the ability to determine Ljk. All other octic centrif-
ugal distortion terms are likely to have some physical meaning since the
deviations between v4 and the ground state are modest (10 to 22%). The
previously reported value of @y is clearly an effective constant as it
differs by 250% from the value determined in this work and from the
corresponding ground-state value by 280%. The nuclear-coupling cross
term yqp could not be determined for vy, thus its value was held at its
ground-state value. As expected, the remaining v4 nuclear-coupling
constants were in close agreement with their ground state counter-
parts, differing by less than 1%.

4. Discussion

The determination of rotational constants for both the ground state
and v4 provides the vibration-rotation interaction constants of v4 sum-
marized in Table 4. The B3LYP computed values are in good agreement
and vary by at most 1.6%. This is consistent with other studies of
vibrationally excited states that do not display Coriolis-coupling with
near-energy vibrational states [32-34].

We performed fittings with nuclear-hyperfine constants held at the
values obtained in the study of the ground state by Kisiel [7] et al.
(Supplementary Material) or with those constants allowed to vary
(Table 2). When the hyperfine constants were allowed to vary for both
states, it was not possible to obtain a converged least-squares fit with M.,

Table 4
Vibration-Rotation Interaction Constants of v4 of dichloromethane (CH3°Cl,).
Experimental * B3LYP " obs. -B3LYP.
Ap - A4 (MHz) —195.04711 (44) —193.4 -1.6
By — B4 (MHz) 2.581732 (57) 2.28 0.30
Co - C4 (MHz) 4.300914 (57) 4.00 0.30

@ Determined from the A-reduction rotational constants.
b Evaluated with the 6-311+G(2d,p) basis set.

in either state or yq, for v4. Therefore, those constants are held at the
values obtained by the FT-MW study [7]. About 0.4% of the measured
lines were excluded from the fit, and most transitions are thought to be
excluded by the overlap with the 3°C13’Cl and 3"CI1%Cl isotopologues
and their vibrationally excited states. Floating additional centrifugal
distortion or nuclear-hyperfine constants did not improve the number of
lines included in the fit and only slightly improved og;. As shown in
Tables 2 and 3, our spectroscopic constants are generally in good
agreement with the previous studies [3,5-7], considering the accuracy
and frequency regions. The spectroscopic constants of Ulenikov et al.
[8], however, disagree with those found in this study within the 2¢
statistical uncertainties of each set of values. This is likely due to the
greater frequency range covered in that work (up to 1.1 THz) and the
inclusion of the nuclear-hyperfine constants in this work. Given the
precision of the hyperfine-resolved FT-MW data and their inclusion in
the data set of this work, it is expected that the values determined by
Kisiel et al. [7] and our work would be in close agreement. Indeed, %Xaa
and yqp agree within the 1o statistical uncertainties of each value while %
(xpb — Xco) agrees within 2o statistical uncertainties and differs by only
0.021%. The B3LYP computed values of 2yaq, 20tsp — Xco), and yqp are all
within 3% of their experimental values (Table 2).

Dichloromethane (CHCly) is a potential candidate for detection as
an interstellar molecule, because the closely related species chloro-
methane (CH3Cl) was detected in the low-mass protostellar source in
IRAS 16293B as a result of the increased sensitivity of ALMA [35]
relative to previous telescopes. Additionally, both CH3Cl and CHyCl,
were detected from Martian soil samples [36], supporting the potential
for detection of CH,Cl, in interstellar space. For astronomical applica-
tions, it is essential to have appropriate line parameters and partition
functions. The list of the transitions will be deposited in the Toyama
Microwave Atlas. The partition function for the ground state of
dichloromethane (CH,Cly) at 300 K is provided in the Jet-Propulsion Lab
(JPL) catalog [37], and is 13,929,632, which is 9 times larger than the
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value numerically calculated from our spectroscopic constants,
1,557,822. The calculation is explained in the appendix. The difference
from the JPL value is unclear, and the resultant smaller partition func-
tion indicates the higher possibility of astronomical observations.

5. Conclusion

We provide transition frequencies for dichloromethane (CH3Cly)
across the frequency range of modern radio telescopes. This work is a
significant extension of the hyperfine-resolved transitions to the higher
frequency range up to 750 GHz. Additionally, the spectroscopic con-
stants provided in this work, including the nuclear quadrupole coupling
constants, provide the ability to predict transition frequencies accurately
at lower frequencies and slightly higher frequencies. The comparison of
the computed spectroscopic constants to the experimental values reveals
an error in the determination of the computed values of @ x and Hyg.
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In the Supplementary table, we list the partition function (Q) from the approximate relation calculated by using the following equation [38], and
that from numerical calculation using our hyperfine-resolved molecular constants, considering up to F =129.

1/2
64 ﬂ(kT)3) 1
Q = QJ1uc.Qrot.Qvib. = —
o < ABC 1:[1 _ efhca),-/kT

In the nuclear spin partition function (Quy), there are 64 nuclear spin states, only half of which are allowed for this C3, molecule as explained in the
previous paragraph leading to a symmetry number (o) of 2. In the rotational and vibrational partition functions (Q, and Qyp), k, T, and w; are the
Boltzmann constant, temperature, and the i™ harmonic vibrational frequency which runs over all the normal modes. In the case of dichloromethane,
the only vibrational frequency below 500 cm™ is important, as a result the populations of other vibrational modes are negligible. The results with and
without including the v4 vibration differ above 37.5 K, when the v,4 vibrational state begins to be populated. In the interstellar medium, the inclusion of
the vibrational partition function may or may not be relevant given the low temperatures and lack of thermal equilibrium, i.e., the rotational and
vibrational temperature are not the same. Thus, the ground state only partition functions are also included.
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Supplementary data for this article are available on Science Direct (www.sciencedirect.com) and as part of the Ohio State University Molecular
Spectroscopy Archives (http://msa.lib.ohio-state.edu/jmsa_hp.htm). Supplementary data to this article can be found online at https://doi.org/10.101
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