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The high-resolution Fourier transform infrared spectrum of CH,D3’Cl has been analyzed in the region of
the v4 and vg bands from 1170 to 1370 cm~'. The upper states of these fundamentals, separated by 0.6
cm~!, interact with each other by a-type as well as b-type Coriolis resonance, and a strong asymmetric
distribution of the intensity of the rotational structure in each band is observed. The spectral analysis
resulted in the assignment of 2774 and 1611 rovibrational transitions for v, and vg bands, respectively,
which have been simultaneously fitted using Watson’s A-reduction Hamiltonian in the I" representation
and the relevant perturbation operators. A set of spectroscopic constants for the two fundamentals as
well as seven coupling terms have been determined. From spectral simulations, the dipole moment ratio
|Apg/Apg| of vy has been determined to be 1.3 + 0.1 while the intensity ratio between v4 and vg has
been estimated to be 5.0 + 1.0.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

Chloromethane (methyl chloride, CH3Cl) is one of the most
abundant chlorinated organic compounds in the Earth’s atmo-
sphere, with an average concentration of around 550 to 560 pptv
observed in 2016 [1]. Its sources are either natural (plants, soils,
algae, and bacteria in oceans) or anthropogenic (chemical activi-
ties, combustion of coal and biomass) [2]. Recently, both CH33>Cl
and CH337Cl isotopologues have been also detected in the gas
surrounding the protostar IRAS 16,293-2422 and in the coma
of comet 67P/Churyumov-Gerasimenko (67P/C-G) [3]. It is im-
portant to report that in the same protostar many deuterated
molecules have been detected [4-9]|, thus pointing out that also
CH,DCI might be present. Indeed, despite the low cosmic abun-
dance of deuterium with respect to hydrogen (ca. 1.6 x 1073
part), deuterium atoms can be relatively abundant in interstellar
molecules. This phenomenon is known as deuterium enrichment
(or deuterium fractionation) and allowed the observation of many
multiply-deuterated species with column densities comparable to
those of the corresponding parent species [10].
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Rotational and rovibrational spectroscopies are among the most
widely applicable and accurate methods for remote sensing of
trace gases, but to profit from their sensitivity, accurate spectro-
scopic parameters are required. For the parent molecule CH3Cl nu-
merous spectroscopic studies have been carried out, whereas for
its deuterated forms only a few works are available in the lit-
erature. For this reason, we undertook the study of the mono-
deuterate isotopic species (CH,DCI). The low-resolution infrared
spectrum of CH,DCl has been analyzed by Riter and Egger in the
60 s [11], while only very recently a detailed study of the vi-
brational spectrum of this molecule has been performed up to
9000 cm~! by Fourier transform infrared (FTIR) spectroscopy in
conjunction with high-quality ab-initio calculations [12]. In the
last years, some high-resolution infrared studies of CH,D3>Cl [13-
15] and CH,D37Cl [16] have been performed and accurate molecu-
lar parameters, including interaction constants, for different vibra-
tional states have been obtained. The rotational spectra of mono-
deuterated methyl chloride in the millimeter-wave region have
been studied for the first time in 2020 [17] and subsequently, by
extending the measurements up to 520 GHz, the set of the spec-
troscopic parameters of the ground vibrational state have been im-
proved for CH,D3>Cl and CH,D37CI [12].

The present work deals with the analysis of the rovibrational
structure of the v, and vg fundamental bands of CH,D37Cl in the
region around 8 pm, in which the high-resolution FTIR spectrum is
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Table 1
Observed avoided crossings between v4 = 1 and vg = 1 states of CH,D3'Cl ¢,
J Ko (v4 = 1) Ko (vs = 1)
6-7 1- 1+
19 - 20 2 2+
29 - 30 3- 3+
36 - 37 47 4*
42 - 43 5T 5%

2 The + and — upper signs refer to even (K, + K. = J) and odd (K, + Kc =] + 1)
levels, respectively.

investigated for the first time. The obtained results, together with
the available data for the mono-deuterated chloromethane [12-17],
constitute a base to assist and guide the search of this molecule in
remote environments.

2. Experimental details

The CH,D?’Cl sample has been synthesized in our laboratory
by reacting CH,DOH (CDN Isotopes; 99.2% D-enriched) with Na37Cl
(Cambridge Isotope Laboratory; 95% 37Cl-enriched) and diluted sul-
phuric acid, following the procedure described for the 3°Cl isotopo-
logue in Ref. [13].

The high-resolution (0.004 cm~! unapodized) infrared absorp-
tion spectrum of CH,D37Cl has been recorded at room tempera-
ture in the spectral region between 450 and 1600 cm~! using a
Bomem DA3.002 FTIR spectrometer [18,19] located at the Univer-
sity of Bologna (Italy). The sample has been kept at a pressure of
53 Pa in a multipass absorption cell with a total optical path length
of 6 m. Eight hundred scans have been co-added to improve the
signal-to-noise ratio of the spectrum and the line positions have
been measured using the WSpectra software [20]. The absolute
wavenumber scale of the spectrum has been calibrated against ab-
sorption lines of H,O and CO, reported in the HITRAN database
[21]. In the investigated range, the accuracy of the line positions is
estimated 0.001 cm~! for unblended lines and the measured full
width at half maximum (FWHM) is about 0.0035 cm~!.

3. Overview and description of the spectrum

CH,D37Cl is a tetrahedral molecule belonging to the Cs sym-
metry point group; the symmetry plane contains the a- and b-
axes, while the c-axis is perpendicular to it. This molecule is a
nearly-prolate asymmetric-top rotor with Ray’s asymmetry param-
eter k = —0.994. The vibrational modes, all infrared active, are six
of A’ (v1 - vg) and three of A" (v; - vg) symmetry species; the for-
mer give rise to a-/b-hybrid bands, while the latter produce c-type
absorptions. The vy (1268.20 cm~') and vg (1267.62 cm~!) vibra-
tions are ascribed to the CH, wagging and C-D | CH, out-of-plane
bending, respectively. The upper states of these fundamentals in-
teract with each other by a-type as well as b-type Coriolis reso-
nances. Since the interacting states are very close in energy, sev-
eral avoided crossings due to a-type Coriolis resonance have been
observed. The list of these crossings, shown in Table 1, coincides
with that observed for CH,D3>Cl [15].

The intensity of the p-type (AK, = — 1) and r-type
(AK; = + 1) sub-bands of v, are depleted and enhanced, respec-
tively, while for vg the converse intensity perturbation is observed.
This asymmetric distribution of the intensity of the rotational band
structure, called negative perturbation [22], is due, in this case, to
the negative sign of the a-type Coriolis {-constant. The comparison
between the PP3(]) and "R;(J) lines strength of v4 and vg is shown
in Fig. 1; the intensity values have been calculated by the SPCAT
program [23] with the constants obtained in the present work. In
case of levels with avoided crossings, the intensity of the p- and
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r-type sub-bands is overturned at the crossing. As an example, in
the b1 and b2 panels of Fig. 1 is shown the intensity of transitions
with K; = 2~ and 27 of v, and vg, respectively, where the avoided
crossing is observed at ’ = 19 - 20. This effect arises from the
different mixing between wavefunctions of the unperturbed rovi-
brational states v4 = 1 and vg = 1 before and after the crossing
points.

Although the strong Coriolis interaction alters the intensity of
the absorptions and significantly shifts the lines near the avoided
crossings, the a-type component structure of v, is similar to that
of a parallel band in prolate symmetric rotors. As an example, a
portion of the P branch showing the displacement of the K, fea-
tures in the 9P(7) and 9Py(8) clusters is depicted in Fig. 2. The
effect of the a-type Coriolis coupling is evident in the significantly
lower wavenumber shift for K, = 1~ of the 9P,(8) group. A sec-
tion of the Q branch of the v, fundamental in the range 1268 -
1270 cm~! is shown in Fig. 3. The Q branch is formed by a series
of 9Qg(J) clusters degrading towards higher wavenumbers for in-
creasing Kg; within each multiplet, characterized by the first line
with | = Kg, the ] numbering increases towards lower wavenum-
bers, and the sequence is covered by the lines of the previous clus-
ter. The b-type component of the v, band extends over a wider
spectral region than the a-type one and, as reported above, the r-
type (AKy = + 1) transitions appear more intense than the p-type
(AKg = — 1) ones. The | structure of the "Q;(J) cluster is illus-
trated in Fig. 4, where the different degradation due to the asym-
metry splitting is clearly visible; the spectral section also exhibits
several transitions belonging to the stronger a-type component.

The vg fundamental is a c-type band, and its intensity is com-
parable to the b-type component of v4. Due to negative pertur-
bation, the p-type sub-bands are stronger than the r-type ones. A
typical PQg(J) multiplet is illustrated in Fig. 5, the degradation to
lower wavenumber as ] increases is clearly visible. Due to the a-
type Coriolis interaction with vy, an additional pseudo a-type com-
ponent of vg with selection rules AJ = 0, +£1, AK; = 0, +2, ... and
AK: = 0, £2, ... has been identified. As an example, two consec-
utive 9Q(J) multiplets of this weak special component are shown
in Fig. 6.

4. Results and discussion

The analysis of the experimental data began with calculating
the v4 and vg rovibrational transitions; this has been done using
Watson’s A-reduced Hamiltonian up to the sixth order in the I
representation [24] and the perturbation operators for the a- and
b-type Coriolis resonances. For the ground state, the constants re-
ported in Ref. [12] have been employed, while for the upper states,
preliminary values of the vibrational energy, rotational constants,
and Coriolis ¢-terms obtained from ab-initio calculation have been
used [12]. The predictions of transitions and data fitting have been
carried out using the Visual SPCAT and Visual SPFIT programs
[25], respectively, which are based on Pickett’s CALPGM program
suite [23]. The assignment of the spectral transitions has been per-
formed with the support of the Loomis-Wood type diagram as im-
plemented in the Visual Loomis-Wood software [25].

The assignment began from the strongest 9Px(J) and 9Rk(]) lines
of vy with K; < 3 and J' < 25 far from the avoided crossings, and
some K’; = 0 lines of vg. The identified transitions have been used
to refine upper state constants together with the band origins and
Coriolis interaction parameters. The analysis proceeded iteratively
with the identification of new lines of both bands with higher
quantum numbers and the revision of constants. Already for K’g
> 3 transitions, the inclusion of the a- and b-type Coriolis terms
depending on J and K (59, &¢, g2, £74) has been necessary to
reduce the fit standard deviation to an acceptable value, and to ob-
tain parameters of the excited states that did not differ too much
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Fig. 1. Comparison between PP3(J) and "R;(J) lines strength of the v, and vg band calculated by the constants of Table 3. Even and odd refer to (K," + K." = J") and
(Kq" + K" = J" + 1) transitions, respectively. In the b1 and b2 panels, the vertical dash line indicates the J' position of the avoided crossing between the K, = 2 odd and
Kq = 2 even levels of v4 = 1 and vg = 1, respectively.
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Fig. 2. Details of the K, structure of two consecutive 9Py(J) multiplets of the v, a-type component; the + and — - signs refer to even (K," + K." = J") and odd
(Ka" + K" = J" + 1) levels, respectively, while the + sign refers to the unsplitted ones. It is worth noting the strong shift of the 9Px_;-(8) line due to a-type Coriolis
coupling. Upper trace: simulated spectrum, lower trace: experimental spectrum.
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Fig. 3. Spectral portion of the a-type Q-branch of the v4 band of CH,D3Cl where
some lines of the 9Qs(J) manifold are indicated. Upper trace: simulated spectrum,
lower trace: experimental spectrum.
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Fig. 4. Details of the fine structure of the "Q;(J) cluster of the v4 b-type component
of CH,D37Cl showing the asymmetry splitting in the even (K," + K." = J") and odd
(Kq" + K" = J" + 1) transitions. Features marked by asterisk belong to CH,D3>Cl.
Upper trace: simulated spectrum, lower trace: experimental spectrum.
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Fig. 5. Spectral portion of the P-branch of vg fundamental of CH,D3’Cl. Upper
trace: simulated spectrum. Lower trace: experimental spectrum showing the J struc-
ture of the PQgz(J) manifold; the additional observed features are 9P(J) and PPy(J)
lines belonging to v4 and vg, respectively.
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Fig. 6. Portion of the CH,D3'Cl spectrum showing the J structure of the 9Qs(J) and
9Qg(J) manifolds of the pseudo-a-type component of the vg band. The strongest
unlabeled lines are due to v4 9Pg(J) transitions. Upper trace: simulated spectrum,
lower trace: experimental spectrum.

from the ground-state counterparts. Once a substantial number of
lines of v4 and vg have been assigned, further improvement of the
fit has been obtained by considering the high-order b-type Coriolis
resonance coefficient 9}1’,8. The matrix elements of the perturbation
operators employed in the present analysis are reported in Table 2.

The molecular constants obtained from the best fit are col-
lected in Table 3, which also includes the ground state constants
and some details on the lines fitted. For the latter, it is interest-
ing to note that because of the negative perturbation, the assigned
lines of vy with AK; = + 1 are many more than those with
AKqs = — 1 (1125 vs 124), and the opposite happens for the vg
band (72 vs 896). Furthermore, it should be noted that the 643
transitions of vg with AK; = 0 all belong to the pseudo-parallel
component. The standard deviation of the fit is 0.631 x 10~3 cm!,
which means well within the estimated accuracy of the mea-
surements, and all fitted transitions shows deviations (in absolute
value) lower than 0.003 cm~!. The refined parameters appear well
statistically determined. The rotational constants are close to those
of the ground state, the differences being within 0.8% except for
the A constant of vg = 1 for which the percentage rises to 1.5%.
However, the value of this parameter, as well as the other rota-
tional constants of the upper states, are very similar to those ob-
tained through ab-initio calculations [12] as it can been seen in
Table 4, where the experimental vs calculated Coriolis parameters
are also reported. Concerning the centrifugal distortion constants,
the larger deviations with respect to the ground state occurs for
the Ay (35%) and Ay (34%) parameters of v4 = 1, and vg = 1, re-
spectively. As it can be seen, the differences are of similar magni-
tude but opposite sign, so the average value of Ay of the two up-
per states approaches to the value of the ground state. This is com-
monly observed when strong interactions are present [26], and, in
this case, it is due to the stron% correlation between this constant
and some interactions terms ( 4;{3, éj’:g, 9‘{’,8).

The values of the §k distortion term, the sextic centrifugal dis-
tortion coefficients of the upper states, and the §; parameter of
vg = 1 have been constrained to that of the ground state because,
if these parameters are allowed to vary in the fit, indeterminate
values or values markedly different from those of the ground state
are obtained. This can be explained by the fact that the values of
these parameters are very small and transitions with higher J and
K, quantum numbers are necessary for their satisfactory determi-
nation.
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Table 2
Matrix elements of the perturbation operators considered in the analysis.

a-type Coriolis: (v =1,J. K|H|vs = 1,].K) = [£{,4 +$f"{,,](]+ 1) +EM5K2 K

b-type Coriolis: (v4 = 1, K|H?|vg = 1, K £ 1) = (i/2)[&0 + EMJ( + 1) + EXKK2|F (. K)
b-type Coriolis: (v4 =1, K|H|vs =1, K +3) = (i/8)62¢ F(.K)F(.K £ 1)F(. K £2)
FULK)=JJ+1)—KK=£1)

%‘:g = Ae{ig (w4 + wS)/m

EDy = Bell (s + w3)/ J/atig

Table 3
Spectroscopic parameters (cm~') of the v4 = 1 and vg = 1 states of CH,D3"Cl °.

Ground State ? vy =1 vg =1
E 1268.199070(90) 1267.619301(123)
A 3.99726227 4.015209(35) 3.936406(35)
B 0.4095536976 0.40922829(67) 0.40884453(52)
C 0.3997920842 0.39660712(74) 0.40008061(65)
Ay x 106 0.48641 0.44588(26) 0.51203(35)
Ak x 10 0.5070745 0.68305(105) 0.33173(127)
Ag x 104 0.55202 0.61685(84) 0.43844(110)
8y x 107 0.116744 0.1162(21) 0. 116,744 ¢
8k x 108 0.7825 0.7825 © 0. 7825 ¢

P x 102 = —0.142, D x 10'° = 0.101, Dy x 10° = 0.11819, g x 108 = 0.256
¢; x 1013 = 0.102, ¢y x 10'2 = 0.394, ¢ x 10° = 0.357 ¢
&8, = —0.301522(35), £% x 10° = —0.5980(82), £X x 10% = 0.7116(47),
by = 0.2223658(137), €24 x 105 = —0.597(20), £2X x 102 = —0.2275(20),
02 x 105 = —0.20821(143)

No. of lines 2774 1611
o x 103 (cm™) 0.631
Range of J’ 0-48 1-40
Range of K], 0-13 0-10
No. of lines with AK, = —1 124 896
No. of lines with AK, = 0 1525 643
No. of lines with AK, = +1 1125 72

2 Quoted uncertainties are one standard deviation in units of the last significant digits.
b From Ref. [12].

¢ Fixed to the ground state value.

4 Ground state sextic centrifugal distortion constants [12], fixed for the upper levels.

Table 4 and the band intensity ratio between v, and vg, many simulations
Experimental and calculated values (cm~1) of the rotational constants and Coriolis of different spectral portions have been performed A Lorentzian
terms of the v4 = 1 and vg = 1 states of CH,D*’Cl . . :

¢ s z line profile with a FWHM of 0.0035 cm~! at the temperature of

Vibrational state Parameter Obs. Calc.” Diff.%¢ 298 K has been adopted in such spectral simulations. The best
Ve =1 A 4.015209 4010005 0.13 match to the observed intensities in the v, band has been obtained
B 0.4092283 0.4090460 0.04 for |Apg/App| = 1.3 £+ 0.1 while the intensity ratio between v4 and
. g g-gggigél g-;igiggg 8-22 vg has been estimated to be 5.0 & 1.0, which is in good agreement
Vg = . A . . s
B 0.4088445 04090426 0.05 with t.he gb-mltlo computed .value of 4.9 [12]. The spec3t7ra calcu-
C 0.4000806 0.4001374 0.01 lated in different spec.tral regions O.f V4 and Vg for CH,D Cl ShOI\N
(39 0.30152 0.31550 4.64 a good agreement with the experimental spectrum as shown in
I3 0.22237 0.23026 3.55 the upper trace of Figs. 2-6 and in Fig. 7 where the overview of
a present work. the spectrum in the 1200 - 1340 cm~! region and the simulation
b From Ref. 12. of the vy [ vg band system is shown.
¢ Diff.% is the percentage of the difference between Observed and Calculated val- We have also considered the possible interactions of v4 = 1

ues. and vg = 1 states with the next closer v; = 1 (1435 cm™!) and

Vg = 2 (1410 cm™!') levels. From symmetry consideration, a- and
b-type Coriolis resonance can occur between vg = 1/v3 = 1 and
vg = 1Jvg = 2, while c-type Coriolis interaction as well as an-
harmonic resonance may take place between v4 = 1/v3 = 1 and
v4 = 1/vg = 2. Calculations of the rovibrational energy levels pre-
dict some avoided crossings for K, > 6 levels of the v4 = 1 and
vg = 1 states due to high-order Coriolis and anharmonic reso-
nances, but no irregularities have been observed in the spectrum.
Furthermore, several fits have been performed including the inter-
actions with the v3 = 1 and vg = 2 states but no improvement.
Therefore, it can be assumed that the fitted transitions are not sig-
nificantly perturbed by the v3 = 1 and vg = 2 states.

A complete list of all fitted transitions is deposited as supple-
mentary material.

The comparison of the present results with those of the corre-
sponding analysis for the CH,D35Cl [15] point out that the asym-
metric distribution of the rotational structure intensity for v4 and
that for vg are similar, and the observed position of the avoided
crossings is the same. Furthermore, the data set, the fitted rovi-
brational and interaction parameters are similar; the main discrep-
ancy is in the opposite sign of the a-type Coriolis term. In the
present work we have considered both signs for the Coriolis terms:
the agreement between the observed and calculated spectra is ob-
tained only when Sf,s and Sf,s have negative and positive signs,
respectively.

To test the reliability of the obtained parameters, to calculate
the transition dipole moment ratio along the a and b axes in vy,
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Fig. 7. Survey FTIR spectrum of the v4 and vg bands of CH,D*’Cl. Traces (a) and (b)
refer to the simulation of the v, and vg bands, respectively; trace (c) is their sum,
and trace (d) is the observed spectrum.

5. Conclusions

A detailed rovibrational study of the nearly degenerate v, and
vg bands of CH,D37Cl in the 1170 - 1370 cm~! region has been
performed for the first time. The upper states of these fundamen-
tals interact via a- and b-type Coriolis resonances; several avoided
crossings have been observed and a pseudo-a-type component of
the vg has been identified.

The spectral analysis resulted in the identification of 2774 and
1611 rovibrational transitions for the v, and vg, respectively, and
in the determination of accurate coupling constants and spectro-
scopic parameters in the A-reduction scheme. The reliability of the
results achieved is confirmed by the good agreement between cal-
culated and observed spectra. Moreover, the spectral simulations
led to the determination of the intensity ratio of the v4 and vg
bands, and the transition dipole moment ratio for the a- and b-
type components of v4. For both bands, the analysis of the asym-
metric distribution of the rotational structure intensity due to the
perturbations allowed us to determine the negative sign of the a-
type Coriolis {-constant.

The possible interactions of the v4 = 1 and vg = 1 states with
the next closer v3 = 1 and vg = 2 levels have also been considered,
but no evidence has been observed for the assigned transitions.

The results of this investigation can be useful for supporting
and guiding the detection of CH,D37Cl in astronomical spectra and
for the refinement of the potential function of chloromethane.
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