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HIGHLIGHTS

Self-broadening coefficients have been measured in the v; and 2vs-v3 bands of CH3ClI.
The rotational dependencies of broadening coefficients were analyzed.

The data are modeled using a second-order empirical polynomial.

Broadening coefficients were predicted using the Robert and Bonamy formalism with
parabolic and exact trajectory models.

The RBE model is not necessary for calculations of self-broadening of-CH3Cl even at

low temperature.
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Abstract

High-resolution Fourier Transform spectra have been recorded at room temperature in the
frequency region around 13 pm using a high-resolution Fourier transform spectrometer
(Bruker IFS 125-HR).

Transitions of both *CH3*Cl and **CH3%'Cl isotopologues belonging to the P, Q and R
branches of the v3 and 2v3-v3 parallel bands have been analyzed to retrieve self-broadening
coefficients using a multispectrum fitting procedure that allowed to fit simultaneously the
whole set of the experimental spectra recorded at seven pressures of CHgCl ranging from 1.02
to 10.24 mbar. Line positions were also derived using a wavenumber-calibration performed by
the frequencies of OCS transitions.

About 2028 lines with 2 <J <59 and 2 < K < 13 have been studied. The rotational J and K
dependencies of the self-broadening coefficients have (been ¢learly observed and modeled
using a second-order empirical polynomial. The average aceuracy of the line parameters has
been estimated to be about 4 and 5 % for the v; and 2vs-v3 bands, respectively.

Using the Robert and Bonamy formalism with.parabolic and exact trajectory models, these
coefficients were calculated, showing the predeminance of the dipole-dipole interaction. The
J and K rotational dependencies are consistent with the measured data. The predicted values
confirm that the use of the exact trajectory model does not improve the predicted linewidths

for a molecule with a large dipole§moment such as CH3CI.



1. Introduction

Halogenated hydrocarbon molecules are important species in atmospheric chemistry.
A better understanding of this subject could be of highest importance for many environmental
problems and warming caused by ozone layer depletion and the greenhouse effect [1].
Among these molecules, methyl chloride is the only chlorinated compound present in the
atmosphere with a very predominantly natural origin [2]. This molecule is emitted by the
oceans where it is produced by algae [3], forest fires [4] and tropical plants [5]. It is a weekly
reactive molecule that can, through the troposphere, reach the stratosphere. Its lifespan in the
atmosphere is 1 to 3 years [6].
The release of chlorine radical can then participate in the destruction of ozone through the
catalytic of ClOx cycle [7]. The Montreal Protocol in October 1999 and its subsequent
amendments recommended a reduction of the production and=the use of CH3Cl gas as the
most abundant halocarbon present in the atmosphere.. This' molecule represents 30 % of
atmospheric chlorine. Otherwise, our knowledge'.of the_global change process in the Earth's
atmosphere is primarily based on observationssmade in situ or by remote-sensing techniques.
Measurements performed from the infrared Fourier Transform spectrometer on board the
Atmospheric Chemistry Experiment | (ACE) satellite allowed to determine the CH3Cl
distribution in both the troposphere and stratosphere [8].
In order to improve the accuracy of atmospheric concentration profile for this molecule, high-
resolution spectroscopyis, necessary for a regular improvement of atmospheric databases
[9,10]. Spectroscopic parameters of methyl chloride have been the subject of numerous
experimental and«theoretical works in various spectral regions concerning line positions,
intensities and breadening coefficients [11-27]. Blanquet et al. [11] have measured self-
broadening coefficients and line intensities in the v band of CH3*°Cl at low temperature using
a tunable diode-laser spectrometer and Voigt profile model. The same group has performed
measurements of broadening coefficients and intensities for four overlapped spectral lines of
the.°R(3,K) manifold in the same band [12]. The same spectrometer and the same fitting
model were used by Bouanich et al. [13] to perform measurements of self-broadening of 29
lines (with J up to 50 and K from 2 to 9) of the °P- and “R-branches in the spectral range 684-
767 cm™ of the v; parallel band of CH3**Cl. Line broadening parameters were also measured
in the vs band by Chackerian et al. using a Fourier Transform spectrometer [14]. The authors
have also determined rotational constants of the triad formed by the v,, vs and 2vs bands.

Nikitin et al. [15-18] have performed numerous experimental and theoretical works about



spectroscopic data of the ground state, and some bands of CH3Cl lying in a large region of
frequency (0-2600 cm™) using Fourier Transform spectroscopy and an ab initio potential
energy surface. In Ref. [19], the v1, v4 and 3vg bands of methyl chloride in the 3.4 um region
have been studied to retrieve a large set of line positions and intensities. Guinet et al. [20]
have performed experimental studies by terahertz techniques and semi-classical calculations
of N,-broadening coefficients of CH3Cl. Ref. [21] was dedicated to the measurements of line
positions, line intensities and self-broadening for several transitions of bath CH5**Cl and
CHs*'Cl isotopologues belonging to the vs band. Self-broadenings of CHsCl were measured
by Bray et al. at room temperature for 527 transitions of the v; band with a high-resolution
Fourier spectrometer [22]. In this work, pure rotational lines in‘the submillimeter-terahertz
region were also investigated using two complementary  teehniques of frequency-
multiplication and continuous-wave photomixing. In Ref. {23}, the/temperature dependence of
self- and Nj-broadening coefficients was retrieved using high resolution Fourier transform
spectra recorded at temperatures between 200 and 270 K. CH3CI-N, collisional broadening
coefficients of CH3;Cl were measured at room«temperature by the same group by means of the
same technique [24].

Concerning the theoretical works ofwmethyl chloride, one can cite the works of Refs.
[20,22,24-28] where the authors have.performed theoretical calculations of self- [22,25,27],
N2-[20,24,26,28] and O,-[28}+broadening coefficients of the methyl chloride at various
temperatures. In Refs. [23,25-27], the temperature exponents of linewidths broadenings were
derived. In Ref. [27]+a"semi-empirical method suitable for molecular systems with strong
dipole—dipole interactions 'was used to compute self-broadening coefficients at various
temperatures .oftatmospheric interest. The dependences on the rotational quantum numbers
were discussed. )References [20,22,24] used the Robert and Bonamy formalism [29]
accounting faor’short-range interactions with an exponential form of the interruption function
and the exact trajectory model governed by the Lennard-Jones isotropic potential. Recently,
Buldyreva et al. [30] performed a review of this formalism using exact trajectory model with
an application to the prediction of line broadening and shift coefficients of atmospheric gases.
To our knowledge, the present work reports the first systematic measurements of self-
broadening coefficients for 2028 rovibrational transitions in the P, Q, and R branches of v;
and 2vs-vs bands for both CHs*Cl and CH5*'Cl isotopologues. These measurements have

been performed using Fourier Transform spectra recorded with natural CH3Cl sample. A



multispectrum fitting procedure was used to fit seven spectra recorded at various pressures of
CH3CI.

The remainder of this paper is organized as follows. The next sections are devoted to
describing the experimental conditions of the recorded spectra as well as the fitting
procedures. The derived line positions are presented in Section 4. The results are retrieved and
discussed as a function of J and K quantum numbers in Section 5. The set of measured values
of self-broadening coefficients are fitted with an empirical model in Section 6-Semi-classical
calculation of line broadening coefficients performed with parabolic and exacttrajectories is
presented in Section 7. Conclusions are addressed in Section 8. Finally,,we propose for the
databases a new set of self-broadening coefficients in the 13 pum region‘eorresponding to the
v and 2vs—v3 bands of CH;Cl.

2. Experimental conditions

Spectra of pure CHsCl in the spectral region from 650.t0'800 cm™ have been recorded at the
AILES beamline of the SOLEIL Synchrotron facility in Saint-Aubin (France), using a high-
resolution Fourier Transform Spectrometer, Bruker IFS 125-HR. This instrument has all the
equipment required to operate from the'Mid to Far Infrared region. It was equipped with a
silicon carbide Globar as a source of.the interferometer, a Ge/KBr beam-splitter, a cryogenic
filter with a band pass of 500 - 920 cm™, and an MCT photoconductive detector cooled with
liquid Helium down te” 4 K%[31]. Methyl chloride in natural abundance (74.894 % of
2CH5**Cl and 23.949 % of *CH;*'Cl) was provided by Air Liquide with a stated purity of
99.5 % used without any purification. The spectra were recorded at seven pressures ranging
from 1.02 to 10.24 mbar with an MOPD (Maximum Optical Path Difference) of 300 cm
which, aceording to the Bruker definition (R = 0.9/MOPD), corresponds to a resolution of
0.003 ‘em™. /The detailed experimental conditions are given in Table 1. A background
spectrum, recorded with the empty cell, was used as reference in order to limit the baseline
variations which may cause errors on the measured linewidths.

The average interferograms were Fourier transformed using the procedure included in the
Bruker software OPUS package [32] without apodization, using a Mertz-phase error
correction method [33] at 0.5 cm™ phase resolution, and a zero-filling factor of 4. For all
recorded spectra, the average signal-to-noise ratios are between 700 and 1500.

The whole optical path was under vacuum, the spectrometer was continuously evacuated

below a pressure of 2.3x10™ mbar by a dry pump to minimize the effect on linewidths due to



the atmospheric gases in the optical path. The aperture diameter (1.7 mm) of the spectrometer
was set to maximize the intensity of the incident beam on the detector without saturation or
loss of spectral resolution. Absorption cell, with a path length of 24.4 + 0.1 cm and equipped
with ZnSe anti-reflective coating windows, was used for all the measurements. The
temperature, T = 295 K, of the gas inside the cell was measured using platinum probes on the
cell with an accuracy estimated to be + 1 K. The pressure of the gas was measured using
Pfeiffer thermostatic gauge (with a 10.5 mbar full scale) characterized by a-stated reading
accuracy of 0.2 %. Taking into account the uncertainty arising from small variations of the
pressure during the recording, we estimated the measurement uncertainty-on the pressure to
be about 0.5 %.

Tablel: Experimental conditions adapted to the v; and 2v;-v3 bands of CH;Cl.

Experimental conditions Spectrum number and pressures
Resolution (cm™) 0.003 Spectrum CHsCl pressure
number (mbar)
MOPD (cm) 300 1 1.020 + 0.002
Optical cell length (cm) 24.4 2 2.100 + 0.004
Scan number 300-500 3 3.550 + 0.007
Useful spectral domain (cm™) 6504800 4 5.050 + 0.010
Beam-splitter Ge/KBr 5 6.580 + 0.012
Detector MCT 6 8.520 £ 0.016
Source Globar 7 10.240 + 0.020

The spectrum shown in Fig. 1uis/the result of the average of 300 interferometer scans in the
region between 650 afid 800 cm™ at the pressure of 5.05(1) mbar.

Fig. 2 shows the transmittance spectra of CHsCl around 686 cm™ illustrating some lines of the
v band at the pressures of 2.10, 6.58 and 10.24 mbar. The line assignments are taken from
HITRAN-database [9]. As shown in this figure, the spectra exhibit sinusoidal baseline
structure with a separation of 3.5 10° cm™ between two lobes corresponding to two
successiye zeros of the sinc function used below to fit the observed spectra. In this figure, one
can see that the lines with K = 3p (p integer), have intensity much greater than those with K =
0 and K # 3p. This is the case of the P(44,3) and °P(44,6) lines compared to the °P(44,4)
and 9P(44,5) lines with much smaller intensities. Note that the A,—A; and A;—A,
transitions with K = 3p are not resolved, thus the notation A (instead of A; or A) is used for
the symmetry of the levels.

In this figure the close lines, ®P(44,0,A) and °P(44,1,E), form together a doublet not analyzed

in this work, since they can exhibit a non-negligible line mixing effect.
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Figure 1: Overview of the high-resolution spectrum of CH3Clin the spectral region 650-800 cm™ recorded at a
pressure of 5.05(1) mbar. This spectral region correspondsto the absorption of the v; and 2v;-v; bands.
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Figure 2: Transmittance spectra of CH3*°Cl around 686 cm™ showing some lines of the v; band at pressures of
2.10, 6.58 and 10.24 mbar. The line assignments are taken from HITRAN database [9].



3. Fitting procedures

A multispectrum fitting procedure was used to retrieve the line spectroscopic parameters of
the v3 and 2vs;-v; bands of CH3ClI by fitting seven spectra recorded at different pressures. This
procedure uses the WSpectra code previously employed in the works of Refs. [34,35]. This
code is designed to obtain line spectroscopic parameters with high precision. It is based on a
non-linear least squares method in which position, intensity and broadening coefficients were
determined by fitting an interval frequency at given pressure. The used code, developed in
Brussels [36,37], adjusts a synthetic spectrum to the observed Fourier Transform spectra,
using a Levenberg-Marquardt fitting procedure. Due to the lows, pressures of CH3Cl
considered in this work, the line mixing could be neglected and each line of the synthetic
spectra was computed using Voigt profile convoluted with an Jinstrumental line shape
function. This function models the contributions of the finite maximum optical path difference
of 300 cm and the finite source aperture diameter of the.interferometer, fixed here to 1.7 mm.
The background in each spectrum was representedwby a constant, which was fitted. To
compute the Voigt profiles, the Gaussian width was fixed to the value calculated from the

Doppler width 7, #1.32 x10°cm™ at T = 295 K:

The fitting procedure requires initial guess-values of the line parameters. The line positions
and intensities were determined through a peak finding procedure, carried out using the
WSpectra program. For each,spectrum at a given pressure, the code converged after numerous
(=100) iterations depending-on the initial guesses of the adjusted parameters. Note that, in the
vs band, doublets formed by rotational components with K = 0 and 1 with the same J but with
A or E symmetry, are disregarded since the gap frequency between these components is small
enough to induce overlapping and line mixing even at low pressure [38].

An example ofithe multispectrum fit using the Voigt profile model is presented in Fig. 3 for
the ®P(45,3/A), °P(45,2,E), °P(45,1,E), and °P(45,0,A;) lines of the vs band of CHsCI
recorded at the pressures of 1.02, 6.58, and 8.52 mbar. The lower panel displays the residual
plot of the differences between the observed and calculated spectra. This residual shows no
systematic deviation from the Voigt profile. One can try to reduce these residuals by
accounting for the Dicke collisional narrowing and speed-dependent effects. As mentioned in
some works [38,39], these effects are probably masked by the large self-broadenings of
CHsCl with a large dipole moment p = 1.8959 D [40]. These two phenomena could be small
enough to be hidden in the noise, then not easily observed with Fourier Transform

spectroscopy.
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Figure 3 : Fit of the °P(45,3,A), ®P(45,2,E), °P(45,1,E), and2P(45,0,A) lines of the v; band of CH;**Cl recorded
at different pressures. The lower panel is a residual plotishowing/the differences between the observed and
calculated spectra.

4. Line positions

To retrieve line positions, we have'calibrated the CH3;CIl wavenumbers using OCS transitions
of the v; band as etalons. The quantity € = (omiTrANn/OCS - Othis workiocs)/OHITRAN/IOCS WS
computed for around 100-ransitions of each spectrum leading to a mean value <& >=(3.9 +
0.7) x10”" which was used jto calibrate the seven recorded spectra. This enabled us to
determine absolute line,positions with a mean accuracy (Standard Deviation) estimated to be
5x107° cm .

Discrepancies’between line positions measured in this work and those from the HITRAN [9]
database are;plotted in Fig. 4. For the two bands, the average difference between our
méasurements and HITRAN data is equal to 1.35x10™* cm™ (3.2x10"> %) which shows a very
good-consistency of the present data. The average standard deviation for the v; band is
1,27x10* cm* (1.8x10°° %), and that for the 2vs-vs band is 1.9x10™* cm™ (2.7 10°° %). For
most transitions, the differences are very small except for only 63 lines (out of 2028)
generally with high J or K values corresponding to weak lines that have a discrepancy greater
than 5x10™ cm™. Finally, note that the vs and 2vs-vs line positions in the HITRAN database

are taken from the analysis of Nikitin et al. [15].

10



0.0030

-1

0.0015

0.0000

-0.0015

Discrepancies in cm

-0.0030

T T T T T T T T T T T T
660 680 700 720 740 760 780

-1
Wavenumber/cm

Figure 4: Comparison between line positions of the v; and 2vs-v; bands measured in this work and those from
HITRAN [9].

5. Results, analysis and comparison

In the following, results~of ‘self-broadening coefficients are presented and discussed as a
function of J and K retational'quantum numbers and of the branches. These parameters were
measured at room‘temperature T = 295 K for 2028 lines pertaining to three branches of each
of the vs and 2vs-vs parallel bands, 1279 and 749 lines for the CH5*>Cl and CH5*'Cl

isotopologuesrespectively.
5.1-Retrieval of self-broadening coefficients

As expected, the linewidth y varies linearly with the pressure P of CH3Cl. Thus self-
broadening coefficient yo in cm™.atm™ of a given line was determined as the slope of the

straight line deduced from a linear regression passing through the experimental points.

Fig. 5a illustrates a plot of y versus the pressure P of CH3Cl for the °P(19,3), °P(19,5) and
°P(19,7) lines of the vs band. Fig. 5b shows the same plots for the °P(15,2), °P(20,2) and
QP(25,2) lines of the 2vs-vs band. In these figures the error bars were estimated using the

following equation accounting for all sources of errors:

11
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In this formula, SD is the standard deviation given by the linear fit of the collisional width of
each transition as a function of CH3ClI pressure. Al/l = 0.50 %, AP/P = 0.50 %, AL/L = 0.40

%, and AT/T = 0.34 %, are uncertainties associated with the sample purity, the pressure
measurement, the cell length, and the temperature respectively. Asys representsithe systematic
errors estimated to vary from 1 to 3 % of the broadening coefficients depending essentially
on the quality of the fits of the observed lines. Note that the systematic errors and the standard

deviation of the fit are the main sources of errors.
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Figure 5: (a) Pressure dépendenge’of the collisional width of the ®P(J = 19,K) for K = 3, 5, and 7 lines of the v;
band of CH;*Cl. (b) Pressure dependence of the collisional width of °P(J,K = 2) lines for J = 15, 20 and 25 of
the 2vs-v; band of CH3*CI. Error bars are estimated using Eq. (1).

This leads. tothe accuracy values in Table 2, listing a sample of results of self-broadening
coefficients yo for 51 lines of the ®P(J,2) manifold of the v; band. The whole set of the results
isigiven in a supplementary material Table. In these Tables, we have listed for each line the
rotational assignment, its transition frequency, its broadening coefficient and its estimated
uncertainty. The average values of these uncertainties are 3.9 and 4.9 % for the v; and 2vs-v3
bands respectively. The weak lines are more strongly influenced by baseline uncertainties and

results for very weak and/or blended lines with uncertainty greater than 25 % are disregarded.
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Table 2: Sample of results of self-broadening coefficients in the °P(J,2) branch of the v; band of CH,*Cl at
295K.

Iso* Position Band Upper state Lower state Ve (cmtatm?)  yre(cm™.atm?)
241 669.1423022 V3 GROUND 57 2 OE 58 2 OE 0.1112 +£0.0061 0.1005
241 670.4441960 V3 GROUND 56 2 OE 57 2 OE 0.1189+0.0104 0.1032
241 671.7391072 V3 GROUND 55 2 OE 56 2 OE 0.0848 £0.0020 0.1096
241 674.3082188 V3 GROUND 53 2 OE 54 2 OE 0.1031+0.0038 0.1134
241 675.5823260 V3 GROUND 52 2 OE 53 2 OE 0.1360 £ 0.0066 0.1176
241 676.8496232 V3 GROUND 51 2 OE 52 2 OE 0.1412 £0.0036 0.1274
241 679.3629949 V3 GROUND 49 2 OE 50 2 OE 0.1550 £ 0.0061 0.1332
241 680.6092383 V3 GROUND 48 2 OE 49 2 OE 0.1399 +0.0061 0.1396
241 6818484643 V3 GROUND 47 2 OE 48 2 OE 0.1330+0.0079 0.1466
241 6830806528 V3 GROUND 46 2 OE 47 2 OE 0.1668+0.0072 0.1544
241 684.3057028 V3 GROUND 45 2 OE 46 2 OE 0.1647 +0,0089 0.1630
241 685.5239461 V3 GROUND 44 2 OE 45 2 OE 0.1573 +0.0104 0.1725
241 686.7349917 V3 GROUND 43 2 OE 4 2 OE 0.1819.+0.0202 0.1828
241 6879389840 V3 GROUND 42 2 OE 43 2 OE 04848%0.0047 0.1941
241 689.1358750 V3 GROUND 41 2 OE 42 2 OE 0.1784+0.0044 0.2196
241 691.5083652 V3 GROUND 39 2 OE 40 2 OE| 0.2315+0.0142 0.2338
241 692.6838744 V3 GROUND 38 2 OE 39 2 ~0E 0.2203+0.0072 0.2491
241 693.8522940 V3 GROUND 37 2 OE 38 2 "WOE 0.2620 +£0.0071 0.2653
241 695.0135639 V3 GROUND 36 2 OE 37, 2\ OBy~ 0.2888 + 0.0057 0.2825
241 696.1675887 V3 GROUND 35 2 OE 36,2 0OE 0.2571+£0.0159 0.3006
241 697.3144685 V3 GROUND 34 2 OE 35 27 0E 0.3040 £ 0.0099 0.3196
241 698.4541897 V3 GROUND 33 2 OE 342 OE 0.3118 +0.0096 0.3393
241 699.5867184 V3 GROUND 32 2 OE 33 2 OE 0.3904 £0.0131 0.3596
241 700.7113540 V3 GROUND 31 2 0E 32 2 O0E 0.3805+0.0178 0.3804
241 701.8299047 V3 GROUND 30 2 OE 31 2 O0E 0.3471+£0.0085 0.4014
241 702.9406581 V3 GROUND 29 2 0E 30 2 OE 0.3521 £0.0362 0.4437
241 705.1404273 V3 GROUND 27 2 OE 28 2 OE 0.4672+0.0106 0.4643
241 706.2293478 V3 GROUND. 26 2 OE 27 2 O0E 0.4673+0.0137 0.4844
241 707.3109589 V3 GRQOUND " 25 2 OE 26 2 OE 0.4817 £0.0227 0.5035
241 708.3852601 V3 GROUND /24 2 OE 25 2 O0E 0.5143+£0.0177 0.5215
241 709.4522349 V3 A .GROUND 23 2 OE 24 2 O0OE 0.4953+0.0185 0.5379
241 7105118695 V3 GROUND 22 2 OE 23 2 OE 0.5620+£0.0183 0.5526
241 711.5641165 < V3. GROUND 21 2 OE 22 2 OE 0.5519+0.0170 0.5652
241 712.6090072 V3 JGROUND 20 2 OE 21 2 OE 0.5950 £ 0.0253 0.5752
241 713.6465110° V3 GROUND 19 2 OE 20 2 OE 0.5480+£0.0109 0.5826
241 7146766273, V3 GROUND 18 2 OE 19 2 O0E 0.6217 £0.0162 0.5869
241 715.6992948 V3 GROUND 17 2 OE 18 2 OE 0.6155+0.0139 0.5880
241 716.7145205 V3 GROUND 16 2 OE 17 2 O0OE 0.5862+0.0211 0.5856
241 717.7223180 V3 GROUND 15 2 OE 16 2 OE 0.6111+0.0297 0.5796
241 718.7226719 V3 GROUND 14 2 OE 15 2 O0E 0.5627 +0.0182 0.5701
241 719.7155511 V3 GROUND 13 2 OE 14 2 OE 0.5708 +0.0146 0.5571
241 720.7009270 V3 GROUND 12 2 OE 13 2 O0E 0.6159 +0.0222 0.5221
241 722.6491638 V3 GROUND 10 2 OE 11 2 OE 0.5183+0.0227 0.5015
241 723.6120006 V3 GROUND 9 2 OE 10 2 OE 0.4783+0.0208 0.4804
241 7245672843 V3 GROUND 8 2 OE 9 2 O0E 0.5175+0.0121 0.4604
241 7255149877 V3 GROUND 7 2 OE 8 2 O0E 0.5160 +0.0093 0.4437
241 726.4555115 V3 GROUND 6 2 OE 7 2 O0E 0.3825+0.0293 0.4322
241 7273877467 V3 GROUND 5 2 OE 6 2 OE 0.4245+0.0102 0.4270
241 7283126969 V3 GROUND 4 2 05 5 2 0fF 0.4451+0.0145 0.4229
241 729.2300757 V3 GROUND 3 2 OE 4 2 O0OE 0.4193+0.0182 0.3963
241 730.1397758 V3 GROUND 2 2 OE 3 2 O0E 0.3464 +0.0100 0.1005

*: 24 is the Molecule ID while 1 and 2 refer to isotopologues CH5>Cl and CH3%'CI (HITRAN notations).
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5.2 Rotational dependencies of pressure broadening

Extensive measurements of self-broadening coefficients have been obtained for about 2028
lines with 2 <J <59 and 2 < K < 13 for the v3 band, as well as 3 <J <47 and 0 <K <9 for
the 2v3-v3 band. This large range of measurements allowed rigorous study of the J- and K-
rotational dependencies of the self-broadening coefficients.

For the vs band, these coefficients range from 0.0803 cm™.atm™ for the *P(58,8,E) line to
0.6753 cm™.atm™ for the °R(19,3,A) line. For the 2vs-vs band, they vary from 0.1270 cm’
! atm™ for the °R(45,3,A) to 0.6498 cm™.atm™ for the °R(22,6,A) of the 2vs-v; band. Note
that, within the experimental error, no significant discrepancy has:been-observed between the
results of CHs*Cl and CH3*'Cl. Assuming the effects of the collisions similar for these two
isotopologues, one can thus write [22]:

Yo seit =70 CHZ*CI-CH,*®ClI =70 CHZ’CI-CH;Cl =70 CH5®CI-CH,*'Cl =0 CHZ¥"CI-CH,*ClI (2)

Fig. 6 is a plot of the self-broadening c@efficients as a function of J in the °P- and “R-
branches of CH3**Cl and CH5*'Cl with'K =6 and K = 4 respectively. This figure shows that
for a given K, the self-broadening coefficients tend to increase until reaching a maximum for
Jmax = 17, and then started t0 decrease for higher J values. The position of the maximum
coefficients is correspondingsto/the maximum efficiency for collision dominated by the
electrostatic interactions..This maximum can be estimated from the resonance condition
[41,42]:

S

B
‘] ~ S 2‘JZp (3)

™ B
Jop is the most populated lower level of the perturber: for CH3Cl at room temperature Jp, = 15.
B; and B, are the rotational constants of the two partners (B; = B, for self-perturbed CH;3CI).
The spherical harmonic orders ¢, depend on the nature of the interaction. For the self-
broadening effect, dominated by the dipole-dipole interaction these orders are ¢, = /,= 1.

Thus the maximum of collision effectiveness is Jnax = 15. As seen by Fig. 6, this value is in

reasonable agreement with the experimental observations giving Jnax~ 17.
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Figure 6: Self-broadening coefficients of the v; band of CH;Cl versus the rotational quantum number J for K = 6
and K = 4 for the two branches °P and °R respectively. Values retrieved from-a=polynomial fitting of these
coefficients are also plotted (see section 6 below).

The same trends are illustrated by Fig. 7 for the broadening coefficients of the °R(J,K) branch
of the 2v3-v3 band for all K manifolds. In these figures, and-especially in Fig. 7, the dispersion
of the data points is induced essentially by the refatively.unresolved or weak lines.

The increase of j, for J < Jmax could be explained, in part, by the increase of level population
with J. While its decrease for J > Jnax could’be explained both by the decreasing of this
population with J, and by the increasing with J of the frequency interval between the CH;CI
levels. Then, collision transfers between these levels could occur with smaller probabilities
when J increases. On the other hand, as shown by the supplementary material Table and Fig.
8, the yo values exhibit.small decreases with K for a given J. This decrease can be related to
the increase of the‘rotational energy gap with K and the decrease of CH3Cl rotational
population with/this quantum number. Plots, not presented here, show the trends of the level
population and,the level frequency spacing with J and K quantum numbers.

Otherwise, for..some molecules, observed or predicted broadening coefficients of lines
pertaining to'the P, Q and R-branches of the same K and m (m = -J, J and J+1 for the P, Q
and R branches respectively) can be compared. At first sight, the supplementary material
Table exhibits a small branch effect but without any systematic trends. The mean value of
differences in percent between the transitions, with same K and m, of the R and P branches of
the v3 band does not exceed 7 %. About two third (325 out of 478) of the lines have values of

difference smaller than 5 %, thus showing no branch effect.
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Figure 7: Self-broadening coefficients of CH;Cl versus the rotatiopal-quantum number J for all K values of the
9R(J,K) branch of the 2vs-v; band. Values retrieved from calculationstusing the polynomial fitting of these

coefficients are also plotted (see below).
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Figure 8: Plots of self-broadening coefficients of the v; band displayed versus rotational quantum number K for
J =18, 30, 36, and 42. The Solid circles represent the measured broadening coefficients from this work and the
dashed lines plus open symbols present the values retrieved from calculations using the polynomial fitting of

these coefficients (see section 6 below).
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Fig. 9 shows the plot of measured self-broadening coefficients versus the quantum number m.
The curves are symmetric with respect to the origin, showing no variation of the broadening
coefficients with the type of branch.

For the ?Q branch the number of measured lines is very small compared to that of °P and °R
branches. As observed in this figure, the small difference between the °Q sub-branch and the
other two sub-branches could be attributed to line mixing which is generally more pronounced
in Q branches. Because of this small number of studied lines, we cannoet confirm this

interpretation with high confidence.
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Figure 9: Self-broadening coefficients of CH3Cl versus the rotational quantum number m for K = 4 for the sub-
branches °P(J;K=4), ®R(J,K=4) and °Q(J,K=4) of the v; band. Those from the polynomial fitting are also
displayed (see'section 6 below).

5.3*Comparison with previous measurements

Many authors have discussed the vibrational effect on the pressure broadening process. In
most cases the comparison of the results of different bands exhibits small vibrational
dependence. This dependence can arise from the variation of the intermolecular potential with
the vibrational mode implying the changes of the rovibrational wave-function, energy gaps
and from the transition collisional probability with vibrational excitations.

The present results of self-broadening coefficients can be compared with the results of Refs.

[9,13,21,22]. The present work reproduces the systematic J and K quantum numbers
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dependencies observed in these references, namely, an increase with J, followed by a
maximum then a decrease. The comparison with [9, 13, 22] is illustrated by Fig. 10 plotting
the variation of yo versus J for the °P(J,K=5) manifold of the v band and those from the
above references for parallel bands and for the same manifolds. Note that the broadening
coefficients of HITRAN database [9] are from computation using the semi-empirical
prediction of Ref. [27].

The mean values of the differences between the present results and those of Ref. [9] are about
8 % and 10 % for the vz and 2vs-vs bands respectively. For the v; band the difference
becomes about 7 % when the comparison is performed with the measuredwalues of Ref. [13].
Within the uncertainties of various measurements (which are around 5 %.for each band), our
results of the v; band are in satisfactory agreement with the data of these references. Despite a
relatively larger difference for the 2vs-v3 band (10 %), we-can.conclude an overall agreement
with the data of Ref. [9] since this band exhibits weak-.line intensities compared to that of v3
band.

0.7

® This work v,

O HITRAN [9]
Ref [13] v,

0.6

Ref [22] v
0.5 1

This work 2v3—v3

0.4

0.3
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0.2
i -
6.1 %80 o

0.0

Figure 10: Comparison of the present data of self-broadening coefficients of CH;Cl in the v; band with those of
2vs-vs band and of Refs. [9,13,22]. The data are plotted as a function of the rotational quantum number J for K =
5 in the sub-branch °P(J,5).

Let’s see if we can detect a vibrational effect on the pressure broadening phenomena. The

values of the v3 band are relatively greater than those of the 2vs-v; band with a mean value of
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difference of about 13 % exhibiting a quite small vibrational effect. Indeed, for 162 lines
studied in common in the two bands, 125 lines of v3 have y values greater than that of the
2v3-v3 band.

On the other hand, the absolute values of the differences between the present results for the v
band and those for v; [22] and for vs [21] are about 7 % and 8 %, respectively. Since the signs
of these differences are not systematic, and are within the experimental uncertainties of the

measured data sets, we cannot clearly judge about this effect.

6. Polynomial fit of self-broadening coefficients

In order to fit the rotational dependence of pressure broadening and to” provide empirical
interpolation and extrapolation models for all rovibrational linesyof a given band, some
authors used empirical polynomial equations. For halogenated.hydrocarbon molecules, Refs.
[22,43,44] proposed an empirical power law to fit the J and K dependencies of their pressure
broadening linewidths. Nevertheless, some polynomial, formulas fail to fit the observed
broadening coefficients of lines with low “ar~high values of J and K. Other fits were
satisfactory for nonpolar buffer gases, but*fit. poorly the self-broadening at low J quantum
number. The measured broadening coefficients of the six branches of the vs and 2vs-v3 bands

considered in this work were fitted using.the following equation:

7,(3,K) = A +AJ + A4 AK?+AJ° 4)

The parameters Ag, Ai, Az, As and A, are in unit of cm™.atm™. These parameters were
determined using/ a nonlinear least-square method that adjusts this equation to the
experimental values of broadening coefficients listed in the supplementary material Table.
The fits were, performed simultaneously for all lines of each band, namely 1762 and 266 data
paints for the vs and 2vs-v3 bands, respectively.

The “parameters derived from these fits are given in Table 3 along with their uncertainties
estimated as the fit standard deviations. These uncertainties do not explicitly reveal the errors
from the physical parameters intervening in the experiment, but implicitly reflect the accuracy
of linewidth measurements. As it can be seen by this Table, all parameters are well
determined. For the two bands, the two sets of parameters have the same signs. This is
expected, since the two bands have the same variation according to J and K. The A, and A3

values are negative and all the other parameters are positive. For the two bands, the A; values
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corresponding to the quadratic K-dependence of j, are large (<10°) compared to the A,
values, with a negative sign for the two bands and accuracies of about 6 % and 20 % for the
vz and 2vsz-v3 bands, respectively. The values of A; are in the same order of magnitude than
the values of the A, parameter expressing the J-quadratic dependence. These two parameters
demonstrate the strong variation of % with J* and K?, as observed previously in Refs. [21, 22,
43, 44] where the measured values of broadening coefficients exhibit a clear linear trend with
K2. The A4 values of the two bands are positive and about two orders of magnitude smaller
than the values of Az showing a small variation of linewidth with J°.

Using the values of the parameters listed in this Table and Eq. (4),«we have calculated the
broadening coefficients of the studied lines of the supplementary material Table. We
reproduce the rotational dependencies of the experimental line broeadening with an average
difference of about 9 % and 10 % for the v3 and 2vs-ys-bands, respectively. However, for
some branches of the two bands, the lines with high-or low J values have less success to be
fitted by Eq. (4) and the parameters of Table 3. Figs. 6, 7, 8 and 9 show the comparison
between the values retrieved by the polynomial=fit.and the measured values of some sub-
branches of the two bands, illustrating an exeellent’agreement between the two sets of values.

Table 3: Best-fit coefficients A; in cm™atm™ of Eq. (4) used to reproduce the measured self-broadening
coefficients of the vz and the 2vs-v3 bands.

Parameters vz band 2vs-v3 band
Ao 0.1645 + 0.0079 0.1508 =+ 0.0229
A 0.0473 + 0.0010 0.0497 + 0.0037
A,x10° -1.833 £ 0.038 -2.030 £ 0.175
Asx10° -0.511 + 0.032 -0.615 + 0.102
Asx10° 1.752 + 0.041 2.089 + 0.245

7.. Theoretical calculations

7.1 Introduction

Semi-classical calculations accounting for the short-range intermolecular interactions employ
traditionally parabolic trajectory curved by the isotropic part of the interaction potential [29].
In these calculations, the second order interruption function is written as a function of the
distance of the closest approach, r.. However, for many collisional systems, the use of the
exact trajectory model can lead to an improvement of theoretical linewidths [45-48], at the

cost of CPU time for the numerical integration of the interaction potential along the
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trajectories. Among these references only the reference [48] uses the bi-resonance functions
of Starikov [49]. At room temperature the two trajectory models (noted in the following RBP
and RBE for the parabolic and exact trajectories respectively) lead to very close values of

broadening coefficients.

At low temperature, the usual hypothesis of the RBP model is supposed to progressively lose
its validity, and the RBE approach should derive more efficient predictions to reproduce the
measured linewidths [46]. The present results will thus be used as a comparative test of the

model performance, in the limit case of a strongly polar symmetric top molecule.

7.2 Computations of pressure broadening coefficients

In order to insure the most precise prediction of CH3Cl self-broadening coefficients, for the
studied collisional system, we perform computations<of these coefficients with the RBP and
RBE models. Both models assume that the trajectory is governed by the isotropic part of the
intermolecular potential in the Robert and Bonamy-framework [29].

Within this framework, the pressure broadeningyhalf-width of an optical transition i —f is
given by:

" " o\ 2
D Pk, I vF (v)dvj 27, [V J {1—exp[—(iReS§y“ite’ + RS + ReSy )}} dr,, (5

np c
y=s— -
27C J2Ky 0 oo v
where n, is the number density of perturbing molecules, p,  is the relative population of the
rotational level0f the ‘ground vibrational state of the perturber, v is the relative velocity
between the absorber and the perturber, F(v) is the Maxwell velocity distribution, v, is the
equivalent straight trajectory velocity and r, is the value of the position r; for the distance of
the closest approach. S;¢*, S;4* and S)™" are the second-order terms of the interruption

function derived from the anisotropic part of the potential [29,50].
Since the electrostatic interactions dominate the broadening of CH3Cl with a large dipole

moment, p = 1.8959 D [40], this potential can be written as:

Vaniso =V,U1#2 +V#1Q2 +VQ1#2 +VQ1Q2 (6)
The subscripts 1 and 2 refer to the absorbing and the perturbing molecules, and Q is the

quadrupole moment of CH3Cl. In the computation, we have considered the AK = 0 transitions
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induced by collision, associated with the selection rules 4J = 0, + 1 for the dipolar transitions
and 4J = 0, £ 1, = 2 for the quadrupolar transitions. We used the RBP and RBE trajectory
models both calculated using the 12-6 Lennard-Jones potential.

Self-broadening coefficients » in cm™.atm™ were computed for two temperatures T = 295 and
200 K. The intermolecular distance of closest approach r was computed to be 3.47 and 3.50
A for T = 295 and 200 K, respectively. However, because of the strong electrostatic
interactions, the calculations overestimate the measured values. Thus, the upper-limit of r. was
set to remax = 25 AL It is the appropriate value of remax that allowed us to achieve results in good
agreement with the measured values.

The computation included the rotational states of the perturber in‘the ground state with K,
values varying from 0 to 17, that are weighted by the Boltzmann and,nuclear spin factors. The
values of the rotational partition function Q. are taken. from _Ref. [25]: Qrot(T=200K) =
1916.32, Qrot(T=296 K) = 3447.68.

The rotational constants used in the computations,are given in Table 4. The quadrupole
moment Q, and the Lennard-Jones parameterste-and. £ of CH3Cl are, respectively, Q = 1.23
DA [51], o= 3.584 A [28] and (&) = 368.4'K.[28]:

Table 4. Molecular parameters used in the computation of self-broadening coefficients of CH;Cl [16].

Ao (cm™) Bo (cm) D; (107cm™) Dy (10°cm™) Dk (10°cm™)
5.2053361 0.44340278 6.0381 6.358 8.2965

7.3 Results and discussions

The calculations were performed for the experimental transitions of the vs band for CH;*ClI
isotopologue/and are compared to the experimental values in Table 2 and in Fig. 11. We
reproduce the rotational J- and K-dependencies of the measured values of the v3 band. Note
that the contribution to the values of broadening coefficients derived from the strong dipole-

dipole interaction is about 95 % of that retrieved from the total electrostatic interactions.

At room temperature (T = 295 K), within the various uncertainties both in the experiments
and in the calculations, the agreement between measured and predicted values using RBP and

RBE models is satisfactory. Indeed, for almost all lines of the v3 band, the differences in
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percent between measured and calculated values of self-broadening coefficients do not exceed

21 %, with a mean value of 7 %.

In Ref. [22] the authors used the same method with exact trajectory model; the comparison
with these values gives a difference of 4.6 %. This difference shows that our results are in good
agreement with this reference. We have also computed the broadening coefficient using the
Anderson-theory formalism with a straight-line trajectory. The results are in satisfactory
agreement with those obtained with parabolic and exact trajectory with a mean difference of
about 4.3 %.

1.0 4 ®  Exp. (295K)
Cal’ RBP (295K)
Cal. RBE (295K)
e/ Exp. (200K) [11]
with [23]

0.9
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Figure 11 s Comiputed values of broadening coefficients for the °P(J,2) sub-branch of the v; band using the RBP
and RBE trajectory models compared to the measured data at two temperatures T = 200 and 295 K. m and e are
values deduced from those at room temperature using Refs. [52] and [23] respectively. The measured dataat T =
200K of Ref#[11] are also plotted for comparison.

Fig..11 compares the predicted values by the RBP and the RBE models with the experimental
values of the v3 band at 200 and 295 K. Those at 200 K have been determined by scaling our

measured values at T = 295 K by the well-known empirical power law:

75(T) =yo(ro>G—°j @
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In this equation, y«(To) is the broadening coefficient at the reference temperature To = 200 K
and « Is the temperature exponent.
Two methods were used to determine y/(T=200 K). As a first stage, we have estimated the

+1

given by Birnbaum [52]. For the dominant

: n
value of o from the usual expression, o = 5

dipole—dipole interaction, such as CH3;CI-CH3Cl, with the exponent of the intermolecular
potential n = 3, we obtain « = 1 for all lines of a given molecule. The retrieved values of
7(T=200K) using Eq. (7) are plotted with green color in Fig. 11 illustrating.a quite equidistant
separation from the curve plotting y(T=295K) for J > Jmax With greater. values for T = 200 K.
In a second step, the temperature exponents are taken from the second order J-polynomial
equation of the precise work of Ref. [23], which illustrates a rotational dependence of this
exponent. Although independent of the K quantum number, this polynomial equation permits
to calculate a broadening coefficients exhibiting the same J-evolution than that of Fig. 1 of
Ref. [23]. When this dependence is plotted in Fig. 11 a curve crossing at about J = 25 is
occurring, leading for J > 25 to values of ,(T=200K) smaller than y,(T=295 K) reversing the
sign of temperature exponents and validating its negative sign. This sign reversal is rarely
observed experimentally, but usually predicted by theoretical calculations [25-27].

When comparing the values at 200 K, determined using the relation in Ref. [52], with the
measured values of Blanquet et al. [11] measured for J <27, the difference is about 15%. This
difference is greatly reduced to 6.5 % when the comparison is performed with the values
determined using the method of Ref. [23]. As shown by Fig. 11, the values of 4,(T=200 K)
retrieved from the computation with either the RBP or RBE trajectory models is quite
different (about 28 %) from the values deduced using the Birnbaum formula [52], inciting
research communities to perform measurements of pressure broadening and pressure shifting
parameters as a function of temperature aiming determination of reliable values of

temperature exponents.

Comparing the predictions made using the RBP and RBE trajectory models with the y,(T=200
K) values determined using the data of Ref.[23], a much better agreement is found. The
differences are 8 and 7 % for T = 200 and 295 K, respectively with either RBE or RBP
models. Nearly the same precision is achieved with the two trajectory models. The differences

between the two predictions are 4 % and 2 % for T = 200 and 295 K, respectively.
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As a consequence, these calculations predict more precisely the measured values of the CH;Cl

self-perturbed as stated by Ref.[30] for collisions with strong electrostatic interaction.

8. Conclusion

Using high-resolution Fourier Transform spectra at room temperature and a multispectrum
fitting technique, line positions and self-broadening coefficients have been retrieved for about
2028 transitions belonging to the v; and 2vs-v; bands of methyl chloride in the 13 pm region.
The accuracy has been estimated to be about 4-5 %, depending on the transitions. The J- and
K-rotational dependencies of self-broadening coefficients have beenanalyzed and modeled
showing a good consistency with previous measurements of the literature, with no evidence of
systematic differences between the vibrational bands or between the two isotopologues. For
all lines and pressures considered in this work, the VVoigt absorption profile is adequate to fit
the observed line profiles.

Calculations were carried out using two trajectory medels at 200 K and 295 K temperatures
showed an excellent consistency with the experimental data, indicating that the use of the
RBE model for the prediction of measured broadening coefficients is not necessary in the case
of CHsClI self-perturbed. The RBP model and even the straight-line trajectory can provide
reliable prediction for the long range'strong interactions considered in the present work.
Finally, since the large discrepancy between the broadening coefficients deduced from the
exponent coefficient of Birnbaum [52] and those from precise measurements of Ref. [23], we
invite research communities-to perform measurements of pressure broadening and pressure
shifting parameters as a-function of temperature for reliable determination of temperature

exponents.
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