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Abstract 

High-resolution Fourier-transform infrared spectra between 1235 and 1680 cm-1 and 

subterahertz spectra between 250 and 630 GHz of monoisotopic 13CH3 
35Cl have been recorded 

and analyzed simultaneously, with all Coriolis, α-resonance, and l-type interactions in the polyad 

of the v2 = 1, v5 = 1, and v3 = 2 levels taken into account. Several α-resonances 

( 1,2 m=Δ±=Δ lk ) generating perturbation-allowed transitions have been assigned in the 

rovibrational spectra. These resonances enabled us to determine accurately and independently 

the ground state rotational and centrifugal distortion parameters 0A  = 5.205 746 9 (55) cm-1 and 

0
KD = 8.440 4 (84) × 10-5 cm-1. Even 0

KH = 8.527 (39) × 10-9 cm-1, which is, however, correlated to 

higher-order α-resonance terms, was determined. With 51 upper state parameters varied, about 

5800 rovibrational wavenumbers and more than 550 rotational frequencies pertaining to the 

excited vibrational states were fitted within their experimental accuracy.  
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1. Introduction  

Because of its abundance and easy photodissociation, methyl chloride has been extensively 

studied by high-resolution spectroscopy as an important source of chlorine in the Earth’s 

atmosphere. In this context the desirable accurate determination of the equilibrium structure and 

of the molecular force field requires the knowledge of rotational constants in excited 

fundamental levels of several isotopic species as well as of the Coriolis ζ and centrifugal 

distortion constants. The present work that has been started recently using monoisotopic samples 

[1-2] is a contribution to a systematic reinvestigation of the less abundant species 13CH3 
35Cl and 

13CH3 
37Cl (abbreviated here as 1335 and 1337). Previously, only low-resolution studies (0.2 -

 0.3 cm-1) of the methyl chloride species with 13C and chlorine in natural abundance were 

available [3], in which only the isotopic shifts of the ν2 and ν3 bands were discerned. 

The studies of the 1335 and 1337 species were started by investigation of their vibrational 

ground states and the two lowest fundamental vibrational levels v3 = 1 and v6 = 1 by rotational 

spectroscopy in the terahertz and subterahertz wave range and by infrared Fourier-transform 

spectroscopy [1]. The ground state constants were determined from purely rotational frequencies 

merged with combination differences obtained from wavenumbers of the ν3 and ν6 bands. In 

addition to this, the axial constants A0 in both isotopic species were determined from 

perturbation-allowed (PA) transitions in the ν2 and ν5 bands assigned around a local crossing due 

to 1,2 m=Δ±=Δ lk  α-resonance. The accuracy of the determination of A0 still remained 

influenced by the uncertainty of 0
KD which was taken from the harmonic force field of Black and 

Law [4]. Very recently, ground state rotational spectra of the 1235 and 1335 species have been 

reinvestigated in the region 76 – 282 GHz with the emphasis on the detailed description of 

hyperfine splittings and accurate determination of purely rotational (hyperfine-free) frequencies 

[5]. 

Independent studies of the species 1235 and 1237 which are those most abundant in natural 

methyl chloride were recently performed but with a different approach [6,7].  High-resolution 

FTIR spectra of similar quality as available in the present study and also based on monoisotopic 

material were used. The analyses reported in [6,7] were done by considering simultaneously all 

lower polyads up to 1800 and 2600 cm-1, respectively, and employing the tensorial method to 

reproduce the observed spectra with experimental uncertainty. The emphasis of these global fits 

was above all put on the consistency of corresponding molecular parameters for the different 

excited states involved. The present study, however, stresses, in a line-by-line type exploration, 
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in particular weak although most informative interactions exceeding the major avoided crossings 

mentioned in Refs. [1,6,7]. 

In detail the large isotopic shift of the v3 = 2 vibrational level in the heavier 13C isotopologues 

displaces the vibrational energy pattern of the polyad v2 = 1, v5 = 1, and v3 = 2 with regard to the 

lighter 12C species. In correspondence the energies of the vibrational levels in the 13C species are 

altered such that several resonant crossings due to interactions with selection rules for 

nonvanishing Hamiltonian elements Δk = ±2, Δl = m1 (α-resonances) become observable. These 

interactions cause significant mixing of rovibrational wavefunctions and consequently induce 

series of perturbation-allowed transitions which span several ΔK = 3 intervals in the vibrational 

ground state. This enables one to determine accurately in additon to the rotational constant A0 

also the quartic and sextic centrifugal distortion terms DK
0 and HK

0. Here we present our results 

for 1335, while those obtained for the same polyad of 1337 were reported previously [2]. For this 

purpose we have analyzed simultaneously vibration-rotation wavenumbes of the three infrared 

bands ν2, ν5, and 2ν3, together with rotational data pertaining to the upper vibrational levels. 

 

2. Experimental details  

The synthesis of 1335, isotopic enrichment 99.4 % 13C and 99.32 % 35Cl, has been described 

previously [1]. Two different high-resolution Fourier transform spectra were recorded. The 

weaker one initially used is that denoted 35-4 in Ref. [1], obtained employing a cell of 28 cm 

pathlength and a pressure of 400 Pa. The resolution (1 / maximum optical path difference) was 

2.7 x 10-3 cm-1, precision about 5 x 10-5 cm-1, accuracy ca. 5 x 10-4 cm-1. The second spectrum 

measured using a White-type multipass cell adjusted to a path length of 9.6 m and a pressure of 

200 Pa was about 17 times more intense than the weaker spectrum and served to reach higher 

rotational states, to search weak PA transitions, and to evaluate the 2ν3 band. This spectrum had 

the same resolution of 2.7 x 10-3 cm-1. It was also obtained with a Bruker 120 HR interferometer 

equipped with a Globar source, a CaF2 beam splitter and a 4.2 µm low-pass filter. In total 960 

scans were coadded and the spectrum extending from 1235 – 1680 cm-1 was calibrated by 

comparing wavenumbers with those of the weaker spectrum already described in [1]. The 

wavenumber precision of isolated lines is about 2 x 10-4 cm-1. 

The subterahertz measurements performed in Lille were done with a backward-wave oscillator 

(BWO) spectrometer. We used Russian ISTOK backward-wave oscillators in the range 175-355 

GHz and 505-615 GHz phase-locked on a harmonic of a microwave synthesizer referenced to 

the GPS frequency standard. We developed a computer-controlled frequency-multiplication 

chain allowing broadband scan of the BWO frequency that guarantees rigorous phase lock 
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accuracy at each experimental point. Radiation from the microwave synthesizer (HP 83711A) 

was frequency-multiplied and amplified by a Millitech active frequency multiplier (AMC-10-

R000) covering the 75-110 GHz range with a power level greater than 4 dBm. The BWO 

radiation was focused with a parabolic mirror on a planar diode mixer (Virginia Diodes) and 

heterodyned with successive harmonics of the active frequency multiplier. The intermediate 

frequency signal at 320 MHz was filtered (with a bandwidth of 10 MHz) and amplified with a 

broadband low-noise amplifier, leading to a typical signal at more than 30 dB above noise 

recorded with a resolution bandwidth of 10 kHz. The comparison of the intermediate frequency 

signal with the 32nd harmonic of a radio frequency synthesizer (HP 3325B operating around 10 

MHz) provides an error signal that drives the BWO current supply for phase locking purpose. 

The bandwidth of the correction loop is a few MHz. The BWO frequency can be precisely 

stepped over the molecular lines of interest by successively incrementing the HP 3325B 

synthesizer in the range 9.75-10.25 MHz and further the HP 83711A synthesizer. A watchdog-

loop in the software guarantees the phase-lock status of the BWO at each step.  

We used a frequency modulation detection technique (frequency-modulation of HP 3325B 

at 5 kHz with a modulation depth of 400 kHz) associated to a 2-f demodulation with a lock-in 

amplifier. The detector is a Queen Mary College liquid-helium cooled InSb bolometer. We used 

a stainless-steel circular absorption cell with 1.1 m length and 6 cm diameter. The measurements 

were done at room temperature and at a typical pressure of 4 Pa. 

 

3. General description of the IR spectra 

The general appearance of the studied infrared spectrum of 1335 in the region of the ν2, ν5, and 

2ν3 bands is very similar to that of the 1337 species (see Fig. 1). The two fundamental bands 

have their band origins within 0.5 cm-1 from those of the 1337 species and all their features 

concerning intensity patterns distorted by the Coriolis resonance between the v2 = 1 and v5 = 1 

levels are essentially the same. Differences can only be found in details corresponding to shifted 

positions of the level crossings with respect to the J rotational quantum number. These level 

crossings are due to the α-resonances and the weak Coriolis resonance between the v5 = 1 and 

v3 = 2 levels. The overtone band 2ν3, which is the only one with significantly changed band 

origin (from 1409.7 cm-1 in the 1337 species to 1421.3 cm-1 in the 1335 species), is too weak to 

be seen in the short path length spectrum 35-4 in Fig. 1. 

The prominent Q-branches of the ν5 band can be used as a straightforward starting point for 

assigning this perpendicular band. On the high-wavenumber ( 1+=ΔK ) side of the band the rQK-

branches can be followed up to K=12. The pQK-branches on the low-wavenumber side of the ν5 
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band can be easily followed only to K=6. For K= 7 and 8 the  pQK-branches become more 

extended over several tens of  cm-1 due to the approaching Coriolis resonance, as was in detail 

described in the previous analysis [2]. Because of this resonance, the pQK-branches with 9≥K  

have strongly depleted intensities.  

In several places of the spectrum, the regular patterns of the QK-branches have visible gaps, 

which indicate the presence of local resonances. Such effects can be clearly seen in the overview 

spectrum, for example in the pQ3 branch (Coriolis resonance with the v3 = 2 level). In the ν5 band 

we have assigned more than 3200 rovibrational transitions up to J/K = 70/15.  

The strongest interaction in the studied polyad, the first-order Coriolis resonance between the 

v2 = 1 and v5 = 1 levels, affects all branches of the ν2 band in a very illustrative way. That is why 

the Q-branch region of this parallel band (around 1449.5 cm-1) is not compact as appears in 

unperturbed parallel bands, but widely spread, as shown in Fig. 2. With growing K up to the 

crossing, the qQK branches become more and more degraded to lower wavenumbers. Starting 

from K=9, which is the first K value after the resonant crossing, the qQK branches become 

degraded towards higher wavenumbers. The intensities of these qQK-branches slowly decrease 

with K with and reveal a regular spin statistical pattern. This confirms the fact, that intensities of 
qQK-branches of a parallel band are not affected by the Coriolis resonance [8].   

At low values of the J quantum number the typical patterns of P- and R-branches of a parallel 

band can be easily followed (see also Fig. 2) and used as a reliable starting point of assignments. 

At higher values of J, however, this regular structure starts to be heavily perturbed by the 

Coriolis resonance as shown in Fig. 3. For assignments of these strongly perturbed transitions we 

took the great advantage of the interactive Loomis-Wood graphical program with lower state 

combination difference checking (LW-LSCD) [9], which provided reliable assignments of 

rotational quantum numbers. In the ν2 band we have assigned more than 1600 rovibrational 

transitions up to J/K = 66/14. 

The LW-LSCD program was also very helpful for the assignment of the weak 2ν3 overtone 

band. Starting with a reasonable prediction of the upper state constants, we obtained from the 

longer path length spectrum 35-5 clearly visible patterns in the Loomis-Wood diagrams. The 

correct assignments of the J/K quantum numbers were found to be unambiguous by lower state 

combination difference checking. The assignments in the overtone 2ν3 band were extended up to 

J/K = 52/9, yielding more than 880 transitions.  

With the preliminary assignment and the fit of molecular parameters we were able to 

calculate the rovibrational energies and estimate the positions of the resonant crossings due to 

the weaker Coriolis resonance between the v3 = 2 and v5 = 1 levels and the two α-resonances 
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between the v5 = 1 level and the two nondegenerate v2 = 1 and v3 = 2 levels. The resonances are 

clearly shown in the reduced energy diagram in Fig. 4. On its left hand side, the relative 

positions of the lowest K levels are shown with indication of the mentioned resonances. On the 

right hand side the J-progressions of all these levels are shown in order to illustrate the positions 

of local crossings in dependence of J. In the reduced energy plot the purely J-dependent part of 

the rotational energy (as calculated from the ground state constants) is subtracted from the total 

vibration-rotation energy Evr 

                ( ) ( ) ( )330220
0 111),,( +−+++−= JJHJJDJJBlkJEE JJvrred . 

Therefore, the slopes of the J-series correspond in the first approximation to the difference 

0BBB vv −=Δ . It is noted, that owing to the small value of ≈Δ 5B  0.32 × 10-3 cm-1 almost 

horizontal J-series appear in the reduced energy plot for those levels in the v5 = 1 state that are 

not perturbed by resonance interactions. There are, on the other hand, large differences among 

the B constants of the vibrational levels in the polyad  ( ≈− 52 BB  -1.88 × 10-3 cm-1 and 

≈− 533 BB  -7.62 × 10-3 cm-1). These differences bridge the energy gaps between interacting 

levels and repeatedly cause the occurrence of resonant crossings as shown in Fig. 4. These 

crossings due to the second-order Coriolis interaction ( 1,1 ±=Δ±=Δ lk ) can be located in the 

reduced energy plot in the succession of level pairs (v3 = 2, K) – (v5 = 1-1, K-1) with K = 3 – 6, 

occurring between J = 9/10, 36/37, 50/51, and 61/62, respectively. These crossings are also 

clearly visible in the survey spectrum in Fig. 1 as wide gaps in the patterns of the pQ3-, pQ4-, and 
pQ5-branches of the ν5 band.  

In addition to these Coriolis resonances, there are also local α-resonances 

( 1,2 m=Δ±=Δ lk ) between the v5 = 1 level and the two nondegenerate v2 = 1 and v3 = 2 levels. 

These resonances occur between the level pairs (v5 = 1+1, K)  –  (v2 = 1, K+2) with K = 5 and 6 

(at J = 21/22 and 50/51, respectively) and the level pair (v5 = 1+1, K) – (v3 = 2, K+2) with K = 1. 

Since the levels (v5 = 1+1, K=1) as well as (v3 = 2, K=3) are split into two resolvable A+ – A – 

components, the respective local resonances occur at different J values, in particular between J = 

26/27 and 30/31, for A+ and A –, respectively. Details of resonant crossings occurring between 

the levels with the lowest values of K are shown in Fig. 5. 
 

The above-mentioned α-resonances induce series of perturbation-allowed transitions with 

selection rules 1,2 +=Δ−=Δ lk  in the ν5 band and 0,3 =Δ+=Δ lk  in the ν2 and 2ν3 bands. A 

detail of the spectrum illustrating the rQ4-branch of the ν5 band, perturbed by the α-resonance 

crossing at J = 21/22, accompanied by the perturbation-allowed branch tQ4-branch (formally 
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belonging to the ν2 band) is shown in Fig. 6. As already stated, the wavenumbers of PA 

transitions combined with those of normally allowed transitions provide energy spacings 

between pairs of levels of the vibrational ground state differing in the K quantum number by 3 

(K = 0 – 3, 4 – 7, and 5 – 8). These differences allow the independent determination of the A0, 
0
KD , and in principle also 0

KH  constants. 

 

4. Description of the rotational spectra  

The rotational spectra recorded in the present study cover the ranges of J values 6-13 and 

19-24. In the lower frequency range we provide most important data around the Coriolis crossing 

between v3 = 2 and v5 = 1 at J = 9/10, in the higher frequency range around the α-resonance 

crossing between v2 = 1 and v5 = 1 at J = 21/22 and also approaching the other α-resonance 

crossing between v3 = 2 and v5 = 1 at J = 26/27. All these data contribute significantly to an 

accurate determination of the corresponding interaction terms as well as the ground state axial 

rotational and centrifugal distortion constants. We were able to record and assign rotational 

transitions with K up to 14 in all studied vibrational levels. Since the levels (v5 = 1, 

1,2 m=±= lk ) and (v3 = 2, 3±=k ) were split into A+-A- components by rovibrational 

interactions, we recorded resolvable splittings of the rotational transitions of the v5 = 1 state in 

the range of J = 19-22 and J = 19-24 in the v3 = 2 state. The A+-A- components of the rotational 

transitions in the v2 = 1 level were not resolved.  

 Due to the large value of the quadrupole moment of the chlorine nucleus and its interaction 

with the gradient of the electric field in its vicinity, significant quadrupole hyperfine splittings 

have been observed. In order to merge rotational data into a simultaneous fit with rovibrational 

wavenumbers, we first calculated purely rotational (hyperfine-free) frequencies from the 

resolved hyperfine structures. With the spin of the chlorine nucleus 2
3=I , the total angular 

momentum F acquires the values 

                                2
3

2
1

2
1

2
3 ,,,,, ++−−=+−= JJJJIJIJF K  

and therefore all levels with 2≥J are split into four hyperfine components. For a symmetric top 

molecule with the quadrupolar nucleus on the symmetry axis the energies of the components can 

be calculated as diagonal elements of the electric-quadrupole Hamiltonian  

         ( ) ( ) ( )
( ) ( ) ( ) ⎥

⎦

⎤
⎢
⎣

⎡
+−−
++−+

⎥
⎦

⎤
⎢
⎣

⎡
−

+
=

3212122
1111

)1(
3,,,, 4

32

JJII
JJIICC

JJ
KeQqFKJHFKJ hfs  

where ( ) ( ) ( )111 +−+−+= IIJJFFC  is the Casimir function and the electric-quadrupole 

coupling constant eQq is the product of the proton charge e, the nuclear quadrupole Q, and q 
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which is the expectation value of the space-fixed zz-component of the electric field gradient 

tensor averaged over the rotational motion.  

The splittings of the strongest 1+=ΔF  hyperfine components of rotational transitions into 

quadruplets were resolved for J up to 10 and for K ≥ 4. For lower values of K the quadruplets 

collapse first into doublets and then further into a single line with unresolved hyperfine structure.  

The typical situation for transitions J = 8 ← 7 in the v3 = 2 vibrational state is shown in Fig. 7. 

For values of J above 10 only doublets, collapsing into single lines for low K, were observed. 

From hyperfine multiplets with resolved splittings the purely rotation frequencies were 

calculated using a value of eQq = -74.8 MHz taken from a previous microwave study [10]. We 

have estimated the accuracy of the frequency determination of individual resolved lines, after 

subtracting the baseline signal and fitting a profile function to each spectral peak, to be better 

than 25 kHz. This is also assumed to be the accuracy of purely rotational frequencies calculated 

from the resolved quadruplets. When the hyperfine quadruplets had collapsed into doublets and 

single lines, the positions of individual hyperfine components within the line envelope were 

calculated from the maximum of the peak, assuming that it appeared at the frequency of an 

intensity-weighted average of the overlapped lines. The accuracy of the purely rotational 

frequencies calculated from partially resolved or unresolved hyperfine structures was estimated 

to be slightly poorer, but better than 30 kHz. 

 

5. Results and discussion  

The effective vibration-rotation Hamiltonian used in the present analysis is essentially the same 

as in the previous study of the 1337 species [2]. The matrix elements employed in the present 

work are summarized in the Appendix B. In the weighted least squares fit the experimental data 

were given weights proportional to the inverse square of their estimated experimental 

uncertainty. We have refined together 51 upper state parameters and all vibrational ground state 

constants up to the sextic centrifugal distortion terms. The fitted parameters of the effective 

vibration-rotation Hamiltonian are listed in Tables 1 and 2. 

Our strategy of fitting the axial ground state constants together with the upper state 

parameters improved reproduction of all data in the excited vibrational states considerably and 

allowed even the determination of the 0
KH  constant with apparently excellent precision. The 

statistical error of the A0 constant was improved by a factor of more than 40 with respect to the 

previous work [1] and the errors of the centrifugal distortion constants, determined here 

experimentally for the first time, are of the order of 0.1 and 0.5 percent of the values of 0
KD  and 

0
KH , respectively. 
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Fitting of the ground state rotational frequencies together with the upper state data proves 

the consistency of the whole analysis. The standard deviation of reproduction of the ground state 

data thereby increases only to 7.4 kHz from that of 6.3 kHz, when the ground state rotational 

frequencies were fitted alone. Also the values of the non-axial constants of the ground 

vibrational state stay within their 3-σ error intervals with respect to those determined from the fit 

of only the ground state data. The values form the joint fit are also in excellent agreement with 

those of the previous study [1]. 

The ranges of assigned rotational quantum numbers in the ground and the excited states in 

individual IR bands and for the MMW measurements used in the fit, estimated accuracies of 

strong unsaturated and isolated lines, and standard deviations of reproduction are summarized in 

Table 3. In the analysis we practically achieved a quantitative reproduction of all IR and MMW 

data with respect to the estimated experimental accuracies.  

In order to maintain a good reproduction of low-K transitions in both v5 = 1 and v3 = 2 

states, we had to refine the q12 term, despite its rather high correlation with the leading term 
BB
25α of the α-resonance between v5 = 1 and v2 = 1. Only with inclusion of q12 we were able to 

avoid rapidly increasing errors of reproduction in the rQ0-branch of the ν5 band and the low-K 

rotational transitions in the v5 = 1 vibrational state. For the same reason, we also had to include 

one of the higher order terms of the Coriolis ( )2(
335ζB ) or the α-resonance ( K

335α ) between the 

v5 = 1 and v3 = 2 states. Fitting of K
335α  led only to a slightly better overall reproduction of data, 

but at the price of considerably increased correlations among many of the interaction parameters.  

On the other hand, refining )2(
335ζB  instead, slightly worsened the data reproduction but removed 

the correlations and therefore we gave preference to the latter interaction model in the final data 

fit. The necessity to include such higher-order interaction terms in order to correctly fit the data 

associated with the low-K states indicates that at the achieved level of data accuracy, effects due 

to additional perturbations by levels belonging to other polyads may be of importance. Attempts 

to replace these interaction terms by the Kτ  constant led to undetermined and highly correlated 

values and thus Kτ  was constrained to zero in the fit.  

All these reasons may also be responsible for the surprisingly large value of the 0
KH  

constant (cf. Table 1), which is more than twice the value determined in the analysis of the same 

polyad of the 1337 [2] species and also the ab inito value [Ref. 11].  Therefore the present 0
KH  

parameter has to be considered as rather effective and still depending on the fit of the various α-

resonance crossings. The reason for the difference between the two isotopic species of methyl 
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chloride, the previous case of 1337 [2] and the present one of 1335 is supposedly the following: 

here the α-resonance between the v3 = 2 and v5 = 1 levels occurs for low-K levels split into A+-

A- (A1/A2) symmetry components. For these the neglected Coriolis couplings with levels outside 

the currently studied polyad may play an important role because only one of these levels is 

influenced by that interaction. This may lead to effective rather than true values of some 

parameters. Such an influence was also demonstrated in a related study of the methyl fluoride 

isotopic species [12,13]. There only inclusion also of Coriolis couplings linking the v2 = 1 / 

v5 = 1 dyad with the v3 = 1 and v6 = 1 fundamental levels allowed a quantitative fitting of the 

low-K levels. We furthermore point out that in the 1337 species of methyl chloride the α-

resonance affected only levels with E rotational symmetry [2].  

Additional differences between observed and calculated wavenumbers occur for some high-

K values. These can be attributed to higher order resonances with levels not belonging to the 

studied v2 = 1 / v5 = 1 / v3 = 2 vibrational states, namely the v6 = 1 level and the next higher 

combination v3 = v6 = 1 vibrational state, which is estimated to lie around 1720 cm-1. The shifted 

levels and their interacting counterparts are the following 

(v2 = 1, K =12 ) – (v3 = v6 = 1, l6 = -1, K = 8) / 1,4 ±=Δ±=Δ lk  interaction 

(v5 = 1, l5 = -1, K =11 ) – (v6 = 1, l6 = -1, K = 14) / 0)(,3 =ΔΣ±=Δ lk  interaction 

(v5 = 1, l5 = -1, K =13 ) – (v3 = v6 = 1, l6 = -1, K = 10) / 0)(,3 =ΔΣ±=Δ lk  interaction. 

Data whose deviations of reproduction due to these resonances exceeded the assumed 

experimental uncertainty were given zero weights in the fits. An extension of the present 

analysis, however, was not intended in the present study, which was focused on describing the 

interactions within this polyad and the use of PA transitions for an accurate determination of 

axial ground state constants. 

Moreover, one of the 1,4 ±=Δ±=Δ lk  resonances, connecting the pair of levels (v5 = 1, 

l5 = -1, K =1) – (v2 = 1, K = 5), with a level crossing occurring between J=54/55 (see Fig. 4) was 

found within the studied polyad. Transitions assigned in both states and on both sides of the 

crossing, made it possible to determine the interaction constant of the coupling matrix element 

given in the Appendix (B9). 

The sign of the f42 term responsible for the splitting of the 1,2 m=±= lk  levels in v5 = 1 was 

determined in the same way as in the 1337 species. While the reproduction of data was more or 

less the same for both relative positions possible for the A+-A- levels, the statistical error of the 

f42 term and its correlation with other interaction parameters (especially with q22) were 



   
   

 11   

significantly smaller when A- laid above A+. Also the value of f42 of 1335 was found to be in 

good agreement with that of the 1337 species.  

 

6. Conclusion 

The present analysis of FTIR and subterahertz spectra pertaining to the v2 = 1, v5 = 1, and 

v3 = 2 levels of 13CH3 
35Cl has provided a consistent and accurate description of this polyad. By 

inclusion of PA transitions induced by the α-resonance between the v2 = 1 and v5 = 1 vibrational 

states, of local upper state effects provoked by the α-resonance between the v3 = 2 and v5 = 1 

vibrational states, and of ground state rotational frequencies, we were able to determine 

accurately the axial ground state constants 0A  and 0
KD , and with due reservation 0

KH . 

Refinement of these ground state parameters in the fit improved considerably the description of 

all resonances within the studied system. 
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Appendix A.  Supplementary data  

 

Supplementary data for this article are available in the online version at doi: 
 
 

Appendix B. 

 

The Hamiltonian employed in the calculations of vibration-rotation levels had the following 

form. The diagonal matrix elements up to sixth order were taken as 

          ( ) ( ) ( ) ( ) +−+−+−−+++= 422220 11)1(,, kDkJJDJJDkBAJJBElkJE v
K

v
JK

v
Jvvvvvr      

                    ( ) ( ) ( ) ++++++++ 6422233 111 kHkJJHkJJHJJH v
K

v
KJ

v
JK

v
J          

[ ]klkkJJJJkJJA v
K

v
JK

v
J

v
K

v
Jv

42222 )1()1()1(2 τττηηζ ++++++++−+ .                   (B1) 

 

Obviously, the third line of equation (A1) is valid only for the degenerate vibrational level v5 = 1 

with 1±=l . Within this vibrational level the following l-type operators were taken into account  

( ) ( ) ( )kJFkqkJvhckJv l
t

l
t ,1221,;/,; 112

2
2422

±±=±+ mHH                           (B2) 

                 

                              ( ) =±+ ± 2,;/,; 2
2422 kJvhckJv l

t
l
t HH  

( ) ( )[ ]{ } ( )kJFkkqJJqq KJ ,212 2
22

222222
±±++++=                                  (B3) 

 

( )kJFfkJvhckJv l
t

l
t ,24,;/,; 442

2
24

±=±mH                             (B4) 

 

The Coriolis interaction between v2 = 1 and v5 = 1 was accounted for by the matrix elements 

(with the k-dependent terms omitted)  

                           ( ) =±==++== ± 1,;1,0/,;0,1 1
52252321

0
52 kJvvhckJvv HHH  

( ) ( ){ } ( )kJFJJJJB JJJy ,112 1
22

25252525
±++++Ω±= ζζζ                          (B5) 

 

The matrix element of the Coriolis interaction between v3 = 2 and v5 = 1, which is a higher-order 

analogue of that in equation (A5), was supplemented by an additional k-dependent term 

                     ( ) =±==++== ± 1,;1,0/,;0,2 1
53353331

0
53 kJvvhckJvv HHH  

( )[ ] ( ){ } ( )kJFkBJJB Jy ,1212 1
)2(

335335335
±±+++±= ζζζ                           (B6) 
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The matrix element of the α-resonance between v2 = 1 and v5 = 1 had the form  

                         ( ) =±==+== 2,;1,0/,;0,1 1
522422

0
52 kJvvhckJvv mHH  

( ) ( ) ( )[ ]{ } ( )kJFkkJJ KBBJBBBB ,2122/1 2
22,

25
,

2525
±±++++= ααα                        (B7) 

 

and the α-resonance between v3 = 2 and v5 = 1 had analogous higher-order matrix elements 

                    ( ) =±==+== ± 1,;1,0/,;0,2 1
533432

0
53 kJvvhckJvv HH  

( ) ( ) ( )[ ]{ } ( )kJFkkJJ KBBJBBBB ,2122/1 2
22,

335
,

335335
±±++++= ααα                              (B8) 

 

The matrix element of the 1,4 ±=Δ±=Δ lk  interaction has a general form [13] 

),(24,;/,; 4
25
42224

1
5 kJFqkJvhckJv ±=±Hm .                                         (B9) 

 

The notation for the rotational part of the matrix elements was taken conventionally as 

( ) ( ) ( )( )[ ] 2/1

1
11, ∏=

± ±±−+=
n

in ikikJJkJF m  .                                       (B10) 
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Table Captions 

 

Table 1  

Vibrational energies, rotational and centrifugal distortion constants (in units of cm–1) of the 

vibrational ground state and the v3 = 2, v2 = 1, and v5 = 1, upper states of 13CH3 
35Cl. Numbers in 

parentheses are standard deviations in units of the last digit quoted. 
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Table 2   
Coriolis and l-type parameters within the v5 = 1 level and parameters of Coriolis and α-

resonances of the v5 = 1 state with the v2 = 1 and v3 = 2 levels of 13CH3 
35Cl (in units of cm–1). 

Numbers in parentheses are standard deviations in units of the last digit quoted. 
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Table 3   

Summary of experimental data of 13CH3 
35Cl used in the analysis with their ranges of 

rotational quantum numbers, accuracy, and standard deviations of reproduction. 
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Figure Captions 
 
Fig. 1.  Survey spectrum 35-4 of the region of the ν2, ν5, and 2ν3 bands with the band origins and 

the QK-branches of the ν5 band indicated. The 2ν3 overtone band is too weak to be discernible in 

this spectrum. 
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Fig. 2.  Detail of the Q-branch region of the ν2 band. The effect of the Coriolis resonance is 

demonstrated by the opposite direction of development of the Q-branches below ( 8≤K ) and 

above ( 9≥K ) the crossing. Also the some low-J K-clusters in the P and R branches of the ν2 

band are clearly visible.  
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Fig. 3.  Top trace: Details of the R-branch of the ν2 band in the region of the assigned pQ8-

branch. The effect of the Coriolis resonance on the K structure of the qRK(10)-branch, 

discontinued between K = 8 and 9, is shown. The qRK(J) labels given on top represent the starting 

points of the respective J clusters for J ≥ 9 with the value of K indicating the point of reversal of 

the K structure.  

Bottom trace: Similar situation as in top trace for the pQ7/qRK(20) region. Note that the pQ7- and, 

more pronouncedly, pQ8-branches show an increase of their J spacing due to the effective growth 

of ΔB5 with increasing K in correspondence to the Coriolis resonance. 
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Fig. 4.  Energy level diagram of the v2 = 1, v5 = 1, and v3 = 2 levels with indication of major 
perturbations shown in the left part of the figure (Coriolis marked with full lines and α-
resonance with dashed lines). The J-dependences in the form of reduced energies are developed 
on the right side of the figure, indicating the positions of crossings (v2 = 1 / v5 = 1 resonances in 
circles or ellipses and v3 = 2 / v5 = 1 resonances in rectangles and thinner lines). Selected 
rovibrational energies (enclosed in the dotted frame), relevant for the interaction between the 
v3 = 2 and v5 = 1 levels, are shown further in detail in Fig. 5.  
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Fig. 5. A detail of the reduced energy level diagram (corresponding to the frame in Fig. 4.) 

showing resonant crossings between the levels with the lowest values of the K rotational 

quantum numbers. 
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Fig. 6.  Detail of the FT spectrum illustrating the effect of the α-resonance in the rQ4-branch of 

the ν5 band (upper assignment comb with values of J) and the corresponding sequence of 

perturbation-allowed transitions tQ4 (lower assignment comb), formally belonging to the ν2 band.  
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Fig. 7. Section of the rotational spectrum with transitions J = 8 ← 7 in the v3 = 2 state showing 

details of their hyperfine splittings. The hyperfine components ( 1+=Δ F ) are denoted with the 

lower state quantum numbers F. The K = 3 and 4 transitions are shifted to considerably higher 

frequencies by the Coriolis resonance with the v5 = 1 vibrational state. Experimental conditions: 

sample pressure 4 Pa, accumulation time 0.6 s/point, BWO frequency modulation at 5 kHz with 

a depth of 400 kHz.  

 


