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Abstract

A multispectrum nonlinear least-squares fitting technique was applied to measure accurate zero-pressure line center
positions, Lorentz self- and nitrogen (N,)-broadened half-width coefficients, and self- and N,-pressure-induced shift
coefficients for over 700 transitions in the parallel v, band of CH;CN near 920 cm ™. Fifteen high-resolution (0.0016 cm ™)
laboratory absorption spectra of pure and N,-broadened CH;3;CN recorded at room temperature using the Bruker IFS
125HR Fourier transform spectrometer located at the Pacific Northwest National Laboratory (PNNL) in Richland,
Washington, USA, were analyzed simultaneously assuming standard Voigt line shapes. Short spectral intervals containing
manifolds of transitions from the same value of J were fitted together. In all, high-precision line parameters were obtained
for P(44)-P(3) and R(0)-R(46) manifolds. As part of the analysis, quantum assignments were extended, and the total
internal partition function sum was calculated for four isotopologs: 2CHI’CN, BCHI?CN, ">CH3CN, and *CHL’CN.
Measurements of N, broadening, self-broadening, N»-shift, and self-shift coefficients for transitions with J up to 48 and K
up to 12 were measured for the first time in the mid-infrared. Self-broadened half-width coefficients were found to be very
large (up to ~2cm~'atm™! at 296 K). Ratios of self-broadened half-width coefficients to Ny-broadened half-width
coefficients show a compact distribution with rotational quantum number in both the P and R branches that range from
~4.5 to 14 with maxima near |m| = 24, where m = —J", J”, and J” + 1 for P, Q, and R lines, respectively. Pressure-induced
shifts for N, are small (few exceed +0.006cm™" atm™" at 294 K) and are both positive and negative. In contrast, self-shift
coefficients are large (maxima of about +0.08cm™'atm™' at 294K) and are both positive and negative as a function of
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rotational quantum numbers. The present measured half-widths and pressure shifts in v, were compared with
corresponding measurements of rotational transitions.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Methyl cyanide (acetonitrile, ethanenitrile, CH3CN) is a molecule of atmospheric and astronomical
importance. It has been measured by remote sensing in the Earth’s atmosphere [1-3], in comets [4], and in
interstellar molecular clouds [5]. It is also a constituent in the atmosphere of Titan, Saturn’s largest moon [6,7],
which has the densest nitrogen (N,)-dominated atmosphere in the solar system. Photochemistry in the upper
atmosphere of Titan leads to the production of hydrocarbons, and dissociation of N, leads to the production
of nitriles. Methyl cyanide is the simplest organic nitrile with detection in the stratosphere reported from
heterodyne ground-based microwave measurements [8,9].

Fourier transform spectrometer (FTS) measurements of Titan’s complex and rich organic atmosphere
containing hydrocarbons and nitriles are now being recorded at medium (2.54cm™') and high spectral
resolution (0.53cm™") from 10 to 600 and 600 to 1400cm ™' by the Cassini/composite infrared spectrometer
(CIRS) in nadir mode during flybys [6,7]. As CH3CN has spectral bands in both regions, room-temperature
laboratory spectra of pure and N,-broadened CH;CN samples have been recorded at a high resolution of
0.0016cm ™" (corresponds to the Bruker instrument resolution of 0.0029 cm™") using the Bruker IFS 125HR
FTS located at the Pacific Northwest National Laboratory (PNNL) in Richland, Washington, USA. The
920cm ™" v4 band occurs in an open region of weak emission in CIRS spectra, and hence it is potentially a
band useful for quantifying CH3;CN atmospheric profiles or determining upper limits from those
measurements. An initial analysis of a series of laboratory spectra of that band provides measured line
positions, absolute intensities, and the first N,- and self-broadened half-widths and pressure-induced line
shift coefficients in the infrared. A multispectrum nonlinear least-squares analysis technique [10] has
been applied in order to maximize the accuracy of the retrieved parameters. Previously absorption cross
sections of methyl cyanide at temperatures of 273, 298, and 323 K were recorded at 0.112cm™" resolution covering
6006500 cm ™' using a Fourier tranform spectrometer and a custom flowing sample delivery system [11].

2. Measurements

Laboratory spectra of pure and N,-broadened CH;CN samples were recorded at room temperature with a
Bruker IFS 125 HR Fourier transform spectrometer. The acetonitrile sample was obtained from Sigma-
Aldrich: anhydrous acetonitrile, 99.8% purity, with water content less than 0.005%. Approximately 10 ml of
acetonitrile was transferred from the stock bottle to a cold finger containing dried calcium sulfate pellets
(Drierite). The cold finger was attached to a metal vacuum manifold where the contents of the cold finger were
degassed three times at liquid N, temperature. The acetonitrile was then transferred to a 50 cm? stainless steel
cylinder with a welded bellows valve. The acetonitrile sample pressure was checked from time to time during
the course of the experiment to make certain that no air had leaked into the sample cylinder. Ultra-high-purity
N, (Oxarc) was used for the pressure-broadening studies. The N, was passed through a copper coil immersed
in liquid N, to remove residual water and carbon dioxide before it was mixed with the acetonitrile. The
carbonyl sulfide (OCS) used for calibration was from Matheson and was not further purified.

All spectra were recorded at room temperature using a “White-type’ cell (Bruker model A134) to contain
the gas samples. Wedged Csl windows were used with the White cell to reduce channeling in the spectra. The
path lengths through the cell for the experiments described here are either 965 (1) or 2885 (1) cm. The room
temperature was monitored with a platinum resistance thermometer placed near the White cell and was found
to be typically 294.24+0.5K over the duration of one spectral measurement (10 h) and from day to day. The
vacuum manifold was plumbed directly to the White cell, and the acetonitrile and N, were introduced from
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the manifold to the White cell. The manifold was also used to evacuate the White cell. Three high-accuracy
capacitance manometers (MKS instruments type 690A Baratrons) with 1, 10, and 1000 torr full-scale were
connected to the vacuum manifold. The accuracy of the 1 and 10 torr manometers is +0.05% of the pressure
reading, while the accuracy of the 1000 torr manometer as stated by the manufacturer is +0.5% of the
pressure reading. Acetonitrile sample pressures were allowed to stabilize for approximately 30 min before the
final pressure was recorded. The leak-up rate of the White cell when it is clean and well pumped is
2 x 107 torrmin~".

A KBr beam splitter, Globar source, optical filter with 600-1000 cm ™" band pass, 5 kHz low-pass electronic
filter, and HgCdTe detector were employed for these experiments. The optical path of the spectrometer was
continuously evacuated to below 0.06 hPa for the duration of all spectral measurements. Spectra were
recorded with an aperture diameter of 2mm, 60kHz scanner velocity, and instrument resolution of
0.0029 cm™~'. Bruker defines the maximum optical path difference (MOPD) as 0.9 resolution™', so in this case
MOPD = 0.9/0.0029 cm™' = 310.345cm. For each background, sample, and calibration spectrum recorded,
512 single-sided interferograms were co-added. For FT conversion, a Mertz-phase correction, 1 cm™' phase
resolution, zero-filling factor of 1, and boxcar apodization were applied to the averaged interferograms. The
nonlinearity correction for the HgCdTe detector was not used. For boxcar apodization, Bruker gives the
instrument line width as 0.61/MOPD = 0.0020cm™~" FWHM. The signal-to-noise ratios for the recorded
spectra are on the order of ~800:1.

Since it was not possible to keep two cells in tandem with the experimental setup used, the wavenumber
calibration spectra were taken separately from the spectra of the target gas. The data collection procedure was
as follows: first a background spectrum was recorded while the White cell was being continuously evacuated.
Next a calibration spectrum was recorded using carbonyl sulfide. The White cell was then evacuated, flushed
several times with dry N», and then evacuated until the base pressure of the cell was achieved (<1 x 107> torr).
The acetonitrile spectra were then recorded starting with the lowest CH3CN sample pressure and working to
the highest sample pressure. The evacuation and flushing procedure described above was repeated between
each sample spectrum. Then another background spectrum and calibration spectrum were recorded. All
spectra with the White cell path length set at 965 cm were recorded first, followed by the spectra recorded with
the 2885 cm path length.

Wedged Csl windows were used with the White cell to reduce channel spectrum. Even then some channel
spectra arising from the optical system were observed in the data. These channel spectra were properly
accounted for during the analysis using the multispectrum fittings. Using the background spectrum and the
sample spectrum, the transmission spectrum was obtained for each scan. During the initial analysis, we tried
using both the sample spectrum as well as the transmission spectrum. In the final analysis, except for one low-
pressure pure CH3CN spectrum all other spectra were transmission spectra.

As an example, a normalized transmission spectrum of pure CH3CN covering the entire band is illustrated
in Fig. 1. Strong apodization was applied in the process of converting the measured interferograms to spectra
for display and then analysis. The band exhibits a prominent Q branch at 920 cm ™" in addition to well-defined
P and R branch structures with maxima near 909 (P branch) and 933 cm™' (R branch). A short spectral region
(930-932cm™ ") of the same spectrum with transitions from the v, fundamental identified is shown in Fig. 2.
The strongest line in each manifold is for K = 3. As indicated, lines of the v4+ vg—vg hot band also produce
prominent absorption features in this region, as well as in other regions of the spectra.

In Table 1 is shown a summary of the experimental conditions for the 15 spectra used in the analysis. All
spectra were obtained at the same resolution of 0.0016 cm™" (1/2 L, where L = MOPD). A total of nine spectra
were recorded with pure CH3CN, and those were used for measurement of intensities, self-broadened half-
width, and self-shift coefficients. All were obtained with a cell path length of 965 cm. Six spectra recorded with
mixtures of N> and CH;CN at pressures of 30.28-80.09 torr were used for the analysis of N,-broadened half-
width and N,-pressure-induced shift coefficients. All of those spectra were recorded with a cell path length of
2885 cm. The measurement temperatures of all but one spectrum were near 294 K.

The first step in using the multispectrum fitting technique is to perform the wavenumber calibration of all
the data to be fit simultaneously. For the spectral band pass used in this analysis, the OCS line positions of the
v, band available from the National Institute of Standards and Technology (NIST) reference data produced
by Maki and Wells were assumed [12]. The calibration correction factors in several spectra obtained within the
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Fig. 1. Sample normalized spectrum of pure CH;CN showing the entire v4 band (870-953cm™" region). Pressure, temperature, and

absorption path length are indicated.
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Fig. 2. Expanded plot of a short region of the spectrum of Fig. 1. The R(16)-R(19) sequences of the v4 band are identified. The locations of
stronger features of the v4+ vg—vg hot band are indicated.

period of a week were found to be within their mutual statistical uncertainties, 1.5 x 10"®cm™"'. The precisions
and absolute accuracies of the CH;CN positions are somewhat worse, however, due to the complexity of the
spectrum.

As discussed later in Section 3, limitations of the line parameters in developing a line list for the databases
due to the effects of various resonances described above are a major consideration in the intensity analysis of
the CH;CN spectra. To evaluate the possible need for incorporating line mixing or speed dependence [13] into
the model for the analysis of the spectra [10], we first fit the full set of PNNL spectra for sample spectral
intervals assuming a Voigt line shape [14] based on a line list derived from line positions obtained by peak
finding. An example of a multispectrum fit in the P(9,K) manifold is shown in Fig. 3. As illustrated in this
figure, the standard Voigt model [14] proved sufficiently accurate to fit the measurement set to the noise level
without Dicke narrowing, line mixing, and/or speed dependence. Tick marks shown at the top of panel (b)
correspond to the positions of lines included in the multispectrum fitting. Similarly, we show in Fig. 4 a
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Table 1
Summary of the experimental conditions of the spectra

Temperature (K) Broadening gas Volume-mixing ratio Optical path length (cm)* Total sample pressure (torr)
293.7 CH;CN 1.00 965 0.110
293.7 CH;CN 1.00 965 0.250
293.7 CH;CN 1.00 965 0.500
293.7 CH;CN 1.00 965 0.382
293.7 CH;CN 1.00 965 0.588
293.7 CH;CN 1.00 965 0.804
293.7 CH;CN 1.00 965 1.043
293.7 CH;CN 1.00 965 1.521
293.7 CH;CN 1.00 965 2.127
294.3 N, 0.0457 2885 30.28
296.0° N, 0.0383 2885 30.87
293.7 N> 0.0145 2885 41.78
294.3 N, 0.0266 2885 63.75
293.7 N, 0.0164 2885 70.17
294.3 N, 0.0503 2885 80.09

760 Torr = 1atm = 1013.25hPa.

See text for uncertainties associated with sample temperature and pressure measurements.
#The uncertainty in path length is +1cm.
®The sample temperature for this spectrum was slightly higher than other data.
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Fig. 3. P(9, K) manifold fit obtained from nine pure and six N,-broadened spectra assuming a standard Voigt line shape. All 15 observed
spectra are shown in the lower panel with locations of the lines included in the multispectrum analysis shown by vertical tick marks in the
lower panel. The 100% absorption line is shown by the dotted line at the bottom panel. The upper panel shows the fit residuals on an
expanded vertical scale.
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Fig. 4. R(39, K) manifold fit obtained from a simultaneous fit to the full set of 15 spectra assuming a standard Voigt line shape. The tick
marks shown at the top of the lower panel correspond to positions of lines included in the fit. The lower panel shows the 15 observed
spectra with the assignments of strong features of v, indicated. The upper plot illustrates the fit residuals on an expanded vertical scale.

multispectrum fit for the R(39,K) manifold that includes nine pure CH3CN and six N»-broadened spectra.
Analysis of the spectra near band center was limited by the complexity of the spectra and the high density of
the lines. A Voigt line shape was also assumed in the analysis of millimeter heterodyne measurements of
CH;CN in Titan’s upper atmosphere with satisfactory fits reported [9].

In the end, the zero-pressure line center positions (vo) in cm ™', intensities in cm molecule™" at 296 K, self-
and N,-broadened half-width coefficients, bY(self) and 5Y(N,) in ecm 'atm™' at 296K, and self- and
N,-induced pressure-shift coefficients 6°(self) and 0°(N») in cm™'atm™" at the sample temperature (Table 1)
were determined for over 700 lines in the P and R branch manifolds of v4. The list of retrieved parameters with
tentative quantum assignments is on deposit with the journal as a supplementary file (see Supplementary List).
A sampling of these measurements is shown in Table 2 for features that appear near the R(39,K) manifold. The
other transitions include the high K transitions from R(40,K) and hot bands like v4+ vg—vg. The measurements
of blended lines tend to have greater uncertainties (e.g. R(39,7)). The values of half-width coefficients that were
not adjusted in the least-squares fit were fixed to default values (in cm™'atm™" at 296 K) of 0.13 (N, widths)
and 1.5 (self-widths). In some instances where these values did not quite fit as judged from the fit residuals,
their values were adjusted by trial and error until a good fit was obtained. The values for the pressure-shift
coefficients that were not determined were fixed to zero during the least-squares analysis.

3. Analysis and results

A preliminary analysis of positions provided tentative quantum assignments for many P and R branch
transitions of v4. The v4+vg—vg hot band, which could not be modeled satisfactorily beyond K =5,
overlapped the Q branch of v, so extensively that these measurements are not being reported at this time. In
addition, the sample temperatures spanned over 2 K, requiring better knowledge of the total partition function
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Table 2

A sample set of measurements in the R(39,K) region of CH;CN

v (em™h Int® You  MMND®  %u  BsH® Y%u  ON)° 3(sh)° J K J K
941.87927(2) 14.53 1.0 0.1250 1.0 0.905 2.1 40 8 39 8
941.88622(20) 3.16 5.4

941.89133(3) 14.23 1.4 0.1365 1.0 1.406 2.1

941.91050(15) 6.47 1.5

941.92850(3) 11.65 1.5 0.1219 1.5 1.465 2.3

941.94442(2) 1.90 6.3

941.95314(7) 39.69 7.3 0.1200 1.9 0.813 10.2 —0.0021(15) +0.002(32) 40 7 39 7
941.95467(15) 13.64 20.4

941.96752(7) 7.61 2.7 0.1280 3.5 2.007 3.9

941.98003(3) 13.76 1.4 0.1219 1.4 1.406 22

941.98871(11) 4.12 2.9

941.99849(19) 6.24 10.5

942.00151(6) 19.59 3.6 0.1353 1.3 1.543 1.7

942.01644(1) 32.61 0.6 0.1320 0.7 1.478 1.0

942.02611(2) 25.12 0.8 0.1430 1.1 1.507 1.3

942.03801(4) 38.06 2.3 0.1484 1.9 1.498 1.4

942.04125(6) 56.67 3.2 0.1172 0.9 0.910 1.7 —0.0055(8) —0.008(15) 40 6 39 6
942.04352(13) 21.82 9.6

942.06537(24) 3.41 10.5

942.06910(4) 20.00 2.1 0.1299 1.0 1.463 1.7

942.08043(4) 12.12 1.6 0.1345 1.7 1.632 2.4

942.09191(16) 2.95 44

942.09858(7) 6.57 3.5 0.1365 3.2 1.363 5.0

942.10414(25) 2.94 5.1

942.11366(2) 35.99 0.4 0.1247 0.4 0.874 0.9 +0.0013(7) —0.017(9) 40 5 39 5
942.12298(5) 5.13 2.9 0.1315 3.6 0.847 5.7

942.14104(13) 2.97 3.7

942.15700(20) 1.75 5.7

942.17118(1) 45.55 0.3 0.1222 0.4 0.916 0.7 +0.0002(4) —0.031(8) 40 4 39 4
942.18803(9) 4.71 3.8 0.1332 4.5 1.551 6.0

942.21285(16) 11.98 7.7

942.21603(2) 112.14 0.7 0.1227 0.3 0.915 0.7 +0.0013(3) —0.037(8) 40 3 39 3
942.21945(26) 7.18 10.8

942.23275(6) 12.19 2.4 0.1394 33 1.924 2.9

942.23834(4) 16.86 1.8 0.1335 2.5 1.537 2.5

942.24552(9) 18.49 7.0 0.1591 5.3 0.944 4.5 41 9 40 9
942.24805(3) 60.94 2.1 0.1159 1.2 0.926 0.9 —0.0059(9) —0.037(12) 40 2 39 2
942.26721(10) 67.57 0.3 0.1255 0.6 0.908 0.6 —0.0029(7) —0.039(7) 40 1 39 1
942.27361(10) 67.67 0.3 0.1224 0.5 0.893 0.6 —0.0016(7) —0.020(6) 40 0 39 0
942.28350(15) 2.18 5.5

942.28930(20) 1.73 6.3

942.31736(15) 2.94 4.7 0.678 11.2

Notes: % u values are the uncertainties of the adjacent coefficients in percent.

Assigned lines belong to the v, band. The majority of the unassigned lines are higher J or K v, lines or from hot bands such as v4+ vg—vg.
ntensities are in 107>*cmmol ! at 296 K.
®The N, and self- (sf) half-width coefficients (b)) are in cm™'atm™' at 296 K.
°Pressure-shift coefficients (6°) are in cm™'atm™! at 294 K (temperature of the sample).

and the lower state transition energies in order to adjust the line intensities properly while retrieving the
positions and broadening coefficients.

3.1. Total internal partition function

As mentioned in Ref. [3], the HITRAN 2004 [15] and GEISA 2003 [16] databases do not include a
calculation for the total internal partition sum (TIPS) for CH3CN. The total internal partition function plays a
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critical role in determining the temperature dependence of line intensities, and an incorrect partition function
may lead to a systematic error in vertical profile retrievals from line-by-line data [17]. In this study, the total
internal partition sum was calculated for four isotopologs: 'CH}*CN, '*CHI’CN, 'CHI’CN, and
3CHI}>CN. The calculations employed the product approximation for the TIPS:

AT) = Quin(T) Qror(T), (1)

where Q,;, and Q.. are the vibrational and rotational partition sums. The calculation of Q.;, was made using
the harmonic approximation [18]

1
Quin(T) = Hm 2

where v; are the fundamental vibrational frequencies of CH;CN and k is the Boltzmann constant. The values
of the fundamental vibrational frequencies for the different isotopologs listed in Table 3 are from Duncan
et al. [19] unless otherwise noted where the Duncan et al. values [19] were replaced by more accurate values
[20-22]. For the "*CH*CN isotopolog the fundamental vibrational frequencies were estimated from the values
from the other isotopologs.

The rotational partition sums were calculated using McDowell’s [23] analytical formula for symmetric tops.
The rotational constants for '*CH3*CN were taken from Simeckova et al. [24], those for '*CH}*CN and
2CHI3*CN were from Boucher et al. [25], and those for *CH}*CN were estimated from the values from the
other isotopologs. These constants are presented in Table 4. The spin statistics for CH3CN are for K divisible
by 3 including zero g, = 4 and K not divisible by 3 g, = 2. Lamda doubling gives the symmetry factor in
McDowell’s [23] formula

_ A+ 17 8
w=117"5—"=5

Hyperfine structure was not considered; thus, the state independent degeneracy factors (I1(21;+ 1) are 3, 6,
6, and 12 for "*CH}’CN, PCHI’CN, "2CH}’CN, and *CH’CN, respectively.

Calculations of Q.;, and Q.. were made for each isotopolog at temperatures ranging from 60 to 3010 K in 1
K steps. The total internal partition sums were determined from Q,;, and Q... The TIPS data were then taken
at 25K intervals and a code was written to recalculate the TIPS using a 4-point Lagrange interpolation
scheme, thus providing rapid and accurate recall of the TIPS in the temperature range 70-3000 K. This code is
available from one of the authors (R.R.G.). Table 5 gives the TIPS for the isotopologs considered at a number
of temperatures in the range 150-350 K.

We can obtain an estimate of our value by comparing with the classical value using the formula given
by Herzberg [18]. Removing the symmetry factor from our value (3 x 8/3) gives the value of 7588, which can
be compared with the classical value of 7574.6. Thus, we have excellent agreement with the classical value.

Table 3
Fundamental vibrational frequencies (in cm™") for the isotopologs of CH3CN used in the calculation of the vibrational partition sums
Fundamental Degeneracy 2CH’CN BCH’CN 2CHPCN BCHPCN®
vy 1 2953.92 2949.63 2953.65 2949.6
V2 1 2266.45 2259.55 2216.13 2215.0
v3 1 1385.171° 1380.0 1390.0 1380.0
V4 1 920.290284° 903.22 915.72 900.0
Vs 2 3009.16 2999.1 3009.05 2999.0
Ve 2 1448.03 1446.95 1448.03 1447.0
vy 2 1041.854706° 1032.49 1036.37 1030.0
Vg 2 365.015965¢ 364.25 356.88 357.0
“Estimated from Refs. [20-22].
PRef. [20].
‘Ref. [21].

dRef. [22].
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Table 4
Constants (in cm™") used in the calculation of the rotational partition sums

Constant 2CH}>CN® BCHI?CN® 2CH}*CN® BCHI*CNe
A 5.27361573 5.247 5.247 5.247

B 0.306842247 0.29798328 0.30669047 0.297

D, 1.27003028 x 10~ 1.2268 x 1077 1.273 x 1077 1.23x 1077
Dk 5.91758716 x 107¢ 5.59220 x 10~° 5.87560 x 107° 5.558 x 107°
Dy 9.43986 x 107 9.507 x 107> 9.473 x 1073 9.505 x 1073
H, —8.806 x 1071° 0.0 0.0 0.0

Hx 3.41036 x 107! 0.0 0.0 0.0

Hy, 2.02103 x 1071° 0.0 0.0 0.0

Hy 4.403x107° 0.0 0.0 0.0

Sym factor 3.0 x 8/3 6.0 x 8/3 6.0 x 8/3 12.0 x 8/3

“From Ref. [20].
®From Ref. [21].
“Estimated from Refs. [24,25].

Table 5
CH;CN partition function values at different temperatures
T (K) 12CH§2C14N 12CH§3C14N

Qrot Qvib Qrot Qvib
150 2.1458 x 10* 1.0635 4.3046 x 10* 1.0688
175 2.7040 x 10* 1.1085 5.4244 x 10* 1.1166
200 3.3037 x 10* 1.1652 6.6275 x 10* 1.1763
225 3.9423 x 10* 1.2332 7.9086 x 10* 1.2477
250 4.6176 x 10* 1.3126 9.2632 x 10* 1.3301
275 5.3276 x 10* 1.4039 1.0688 x 10° 1.4260
296 5.9498 x 10* 1.4903 1.1936 x 10° 1.5161
300 6.0709 x 10* 1.5079 1.2179 x 10° 1.5343
325 6.8460 x 10* 1.6256 1.3734 x 10° 1.6569
350 7.6516 x 10* 1.7583 1.5350 x 10° 1.7951

ISCHéZCMN 13CH;3C14N

Qrot Qvib Qrot Qvib
150 4.4303 x 10* 1.0640 8.8899 x 10* 1.0688
175 5.5828 x 10* 1.1094 1.1203 x 10° 1.1166
200 6.8210 x 10* 1.1665 1.3687 x 10° 1.1764
225 8.1396 x 10* 1.2351 1.6333 x 10° 1.2480
250 9.5338 x 10° 1.3153 1.9131 x 10° 1.3314
275 1.1000 x 10° 1.4076 2.2073 x 10° 1.4272
296 1.2285 x 10° 1.4950 2.4650 x 10° 1.5179
300 1.2535x 10° 1.5128 2.5152 x 10° 1.5362
325 1.4135 x 10° 1.6320 2.8363 x 10° 1.6597
350 1.5798 x 10° 1.7666 3.1701 x 10° 1.7990

We also compared our rotational partition sum to that listed in the Jet Propulsion Laboratory (JPL) catalog
[26] for "2CHA’CN. At 300K Q.o (JPL) = 41,079.2740 and Q.. (this work) = 60,709.144. In fact, the JPL
value is based just on the levels of the ground state and the lowest fundamental. Retrievals of CH;CN
atmospheric profiles from balloon-borne tropospheric and stratospheric solar spectra [3] assumed a partition
function calculation based on the locations and degeneracies of the fundamental bands of '*CHL’CN
following a procedure used for analysis of solar spectra recorded by the Atmospheric Trace MOlecule
Spectroscopy experiment [27].
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3.2. Positions, assignments, and lower state energies

There are numerous interactions between v4 = 1 and adjacent states. Starting at low K, these are K = 5 with
K = 8 of vg = 2° (very weak); K = 5 and 6 with K = 6 and 7 of vg = 2 % (weak with larger local effects); K = 6
and 7 with K =4 and 5 of v; = 1 ! (weak with larger local effects); and K = 7 with K = 5 of vg = 3" (weak
with larger local effects); rather pronounced perturbations of the positions occur because of a Fermi-type
interaction with vs = 372 especially around K = 7 and 8. At even higher K, further interactions may play a
role, but their effect on the intensities likely will be very local, with the possible exception of the weak Coriolis
interaction between vy, = 1 and v; = 1. Most of these interactions have been outlined already by Tolonen et al.
[21]. Past studies were used to generate an initial prediction of energy levels based on measurements and
assignments from the v = 0 (pure rotation) region [28—30], the vg band region by Miiller et al. [31] and Bocquet
et al. [32], 2vg, and vy, v7, and 3vg bands by Tolonen et al. [21] combined with new extended assignments for the
fundamentals. We note the resonances similar to those for CH3CN have also been studied and modeled in the
both the vg and 2vg bands of CD;CN [33].

Initially, line positions of the v4 band were fit based on the work of Tolonen et al. [21] and Koivusaari et al.
[22] using the Cj3, point group analysis program of Tarrago et al. [34]. New assignments were extended to
higher J and K transitions. Further improvements will require a global fit of line positions and intensities of vy4
transitions with those from the v; and 2vg bands. The process of assigning high J and K transitions is a work in
progress. The present study of positions and intensities of the v4 CH3;CN lines is the most comprehensive study
thus far and involves transitions from other (v; and 2vg) bands. As a result, a separate publication resulting
from such a study is well under way and will be reported. This section is intended to give the reader an
overview of that separate effort to deal with the analysis of a difficult polyad. The widths, shifts, and other
coefficients of the transitions that have been measured and reported in this study (Sections 3.3 and 3.4) are
unaffected by such interactions.

3.3. N,- and self-broadened Lorentz half-width coefficients

The pressure-broadening and pressure-shift coefficients were determined using the following expres-
sions [35]:

nl n2
bulp T) = | BN, T = )| 52 b8 et T 7 ] ®
v = v 4 p[0"(N2)(1 — z) + 8°(self)y], 4)
8UT) = 0%(To) + &(T — To). (5)

In the above equations, for Tp = 296K and py = 1atm, b and &° represent pressure-broadening and
pressure-shift coefficients (in cm ™' atm ™" at 296 K), respectively. by (p, T) is the Lorentz half-width (in cm™")
of the spectral line at pressure p and temperature T, b{ (gas)(po. Tp) is the Lorentz half-width coefficient of the
line at the reference pressure p, and temperature 7, of the broadening gas (either N, or CH3CN), and y is
the ratio of the partial pressure of CH3CN to the total sample pressure in the cell. In the analysis, for the
temperature dependences of N»- and self-broadened half-width coefficients, we assumed values of #; and n, to
be equal to 0.75, a value usually assumed as the temperature-dependence exponent for gases such as CO,
and CHy.

In Fig. 5, the N»- and the self-broadened half-width coefficients are plotted vs. m for the v4 P and R
branches, where m is —J” for P-branch lines and J” +1 for R-branch lines. Vertical lines indicate the one
standard deviation statistical uncertainty of the measurements. We note that outlying points may be caused by
an incorrect quantum assignment. Self-broadened half-width coefficients show a wide range of values with a
different pattern for distribution. Self-broadened half-width coefficients as high as ~2.0cm™'atm™" were
measured for transitions with |m| near 24 (Fig. 5(b)). The self-broadened half-width coefficients for low values
of m (0-6) in the R branch initially decrease from ~1.8cm™'atm ™' at 296 K to about 1.0cm™'atm™" at 296 K,
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Fig. 5. Measured N,- and self-broadened half-width coefficients (in cm~' atm ™' at 296 K) plotted as a function of 2 are shown in panels
(a) and (b), respectively. Self-broadened half-width coefficients are almost an order of magnitude larger than the corresponding
N,-broadened half-width coefficients. The ratios of self- to N,-broadening coefficients vs. m are plotted in (c). Where no error bars are
visible the uncertainties are smaller than the size of the symbol used.

then increase to a maximum value of ~1.9cm™'atm™"' at 296 K near m = 24, and then slowly fall off to
~0.5cm ™' atm™' at 296 K with m = 46. In the P branch we see a similar pattern except that for low values of
m a smaller decrease is observed than in the R branch. In Fig. 5(c), the ratios of self- to N,-broadened half-
width coefficients are plotted vs. m. These ratios vary from ~4.5 at high m (m = ~46) to ~14 near m = 24.

The variation with K is shown in Fig. 6(a and b) where the N,-broadened half-width coefficients and self-
broadened half-width coefficients in the P and R manifolds are plotted vs. K+0.010 (|m|—K), and |m| = J” for
P-branch transitions and |m| = J”+1 for R-branch transitions. The term 0.010 (|m|—K) offsets the plotting
symbols to reveal the trend in broadening coefficients with |m| for each value of K. N,-broadened half-width
coefficients show decreasing widths for increasing K and |m|. The characteristic pattern observed for self-
broadened half-width coefficients vs. |m| seen in Fig. 5(b) is clearly seen in Fig. 6(b). The values of half-width
coefficients for K+0.010 (|m|—K)<11 are shown in Fig. 6(a and b); values obtained for higher K are not
reported at this time.

The N»- and self-broadened half-width coefficients plotted vs. |m| are displayed in Fig. 7 for selected values
of K. The patterns of the distributions are compact and significantly different. Half-width coefficients for N,
broadening for all K peak at low |m| with progressively lower maximum widths at higher K. Peaks of
self-broadened half-width coefficients show a more complex distribution with |m|. For both N,- and
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Fig. 6. N, half-width (upper panel) and self-half-width coefficients (lower panel) (cm™ ' atm ™" at 296 K) in the P and R manifolds of the v,
band plotted vs. K+ 0.010 (|m|—K), where |m| = J” for P-branch transitions and |m| = J” + 1 for R-branch transitions. The quantity 0.010
(Jm|—K) is used to offset the symbols for trend recognition. Where no error bars are visible, the uncertainties are smaller than the size of
the symbol used.

self-broadened half-width coefficients the values for a pair of lines with the same |m| and K from the P and R
branches are close to the same value (open vs. filled symbols).

3.4. N,- and self-pressure-induced shift coefficients

As seen in Fig. 8(a and b), the observed N,- and self-pressure-induced shift coefficients are both negative
and positive. The N, shift coefficients are small and vary from ~0.012 to +0.012cm ™' atm™" at ~294 K; few
exceed +0.006cm ™" atm ™' at 294K, with no obvious dependence in the pressure-shift coefficient with m. In
contrast, self-shift coefficients are large, ranging from ~—0.08 to +0.10cm™'atm™" at ~294 K (maxima of
about +0.08 cm™! atm”) with compact and well-defined distributions as a function of m.

The patterns are further investigated in Fig. 9 by showing the measured N, and self-shift coefficients vs. |m|
for specific values of K (e.g., K=0,1,3,6). Again, the patterns for N,-shift coefficients (left column) are
quite different from those for self-shift coefficients (right column). Apart from the magnitude of the two types
(N, and self) of shift coefficients, N,-shift coefficients are similar (open vs. filled symbols) for P- and R-type
transitions (left panels), but self-shift coefficients are anti-correlated (right panels). In other words, the self-
shift coefficients in P and R lines vary opposite with |m/|, but cross each other around |m| = ~22. Another view
of this behavior is seen in Fig. 10 where N,- and self-shift coefficients are plotted vs. K for select |m| for P- and
R-branch transitions to emphasize the variation of the two broadening gases by quantum numbers. There are
some small differences in the N,-shift coefficients for P and R lines in a given |m| (e.g., |m| = 5]); for self-
broadening, the shift coefficients are nearly equal in magnitude but have opposite signs for pairs of P and R
lines of the same |m| and K. The horizontal dashed line in each panel represents a shift coefficient of zero.
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Fig. 7. N,- and self-broadened half-width coefficients (cm™'atm™' at 296 K) plotted vs. |m| for select values of K. Open symbols
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for transitions of the same |m| and K. In most cases, the uncertainties in the measured broadening coefficients are smaller than the size of
the symbol used and are not visible in the plots. For brevity, broadening coefficients are written as widths in labeling the y-axes.

In Fig. 11 are displayed Lorentz half-width coefficients vs. pressure-shift coefficients for N, (Fig. 11a) and
self-broadening (Fig. 11b) in order to investigate any correlations between the shifts and widths coefficients. In
both cases, we see that the shift coefficients become more positive with increasing broadening coefficients.
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band. Dashed horizontal line indicates a shift coefficient of zero.

The absolute accuracy in the line position measurements is dependent upon the accuracy of the calibration
standards. The accuracy of positions of the strong unblended v, band OCS lines used for wavenumber
calibration is of the order of 1-3 x 10~®cm™'[12]. Because of overlap and high density of spectral lines in the
CH;CN vy band, the accuracy in measured line positions is an order of magnitude worse compared with the
accuracy of the standards used. The positions of the majority of strong, unblended lines (see Supplementary
List) are measured to an accuracy of 1-3 x 10> cm™'. Positions of most of the other measured lines are
accurate to a few times 10~*cm™'. The line intensities and pressure-broadened half-width coefficients for
strong, unblended lines are determined to a few tenths of 1%. Considering the (unknown) systematic
uncertainties in sample pressures and temperatures, absorption path length, and volume-mixing ratio
determinations of CH3CN in the N,-broadened data, the absolute accuracies in intensities and half-width
coefficients are limited to 1% and 2%, respectively. In many cases, especially for N, broadening, the measured
pressure-induced shift coefficients provide only upper limits since their uncertainties are comparable to the
measured values.

3.5. Comparison with prior broadening studies
Except for [36], previous measurements of self- and N,-broadening for CH;CN have been reported mainly

for microwave and far-infrared transitions of the main isotopolog [36—45] and often involved just a handful of
transitions at low J. In 1989, Buffa et al. [38] reported that widths and shifts calculated with semi-classical
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Fig. 9. Ny-shift (left side panels) and self-shift (right side panels) coefficients in cm ™ atm™! at ~294K plotted as a function of |m| for
several select values of K. The horizontal dashed line represents a pressure-induced shift coefficient of zero. Where no error bars are visible,
the uncertainties in the measurements are smaller than the size of the symbols used. See text for details.

models [46] were higher than available observed low J measurements. In 1992, Buffa et al. [42] measured self-
broadening at low J and presented a prediction that resembled the patterns observed in the present v4 data (see
Fig. 4 of that paper); they also noted that their results and those of Fabian et al. [43] were lower than the
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predicted values. Schwaab et al. [44] later measured self-broadened widths and shifts for the R42, R43, R55,
and R67 manifolds and demonstrated that the calculated values were even higher than observed (by 35-50%).
The most recent study by Colmont et al. [45] included broadening measurements by foreign gas (N,) for a
dozen rotational transitions in the R11 manifold for K = 0— 11. These authors also reported a value of the
temperature-dependence coefficient for one transition for N,-widths of 0.71, which is similar to those of
Derozier et al. [41] and very close to the value of 0.75 assumed in this study. As seen in Table 6, the present and
Colmont et al. [45]-observed N,-broadened half-width coefficients are in excellent agreement, although present
values are slightly higher. In Table 6, a comparison of the predicted values presented by Colmont et al. [45]
using the formulation of Robert and Bonamy [47] is made. The mean difference % (calc—obs)/obs for 10 lines
is 1.34+2.7%, suggesting that the current models can predict the N,-broadened widths for the v, band of
CH;CN with accuracies sufficient for studies involving Titan.
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Table 6
Comparison of N,-broadened CH3CN widths®

J K J’ K’ gs—9gs widths v4 widths % dif obs—obs % dif g, calc—vy
12 0 11 0 0.164 0.166 —-1.2 3.7
12 1 11 1 0.164 0.168 -24 1.8
12 2 11 2 0.163 0.164 -0.6 3.7
12 3 11 3 0.160 0.163 -1.9 34
12 4 11 4 0.158 0.162 =25 2.4
12 5 11 5 0.159 0.159 -0.0 2.7
12 6 11 6 0.153 0.157 -2.6 0.7
12 7 11 7 0.146 0.154 —4.8 —-1.0
12 8 11 8 0.144 0.148 -2.1 —-1.7
12 9 11 9 0.134 0.145 —-7.4 —-4.7

Note: (g—g,) are half-width coefficients of rotational transitions at 303 K taken from Table 3 of Colmont et al. [45] and corrected to
corresponding half-width coefficients at 296 K using n = 0.71. Their calculation of gsg, half-width coefficients (g5 calc) utilized the
Robert-Bonamy formulation [47]. The v4 values are from the present study.

aThe half-width coefficients (widths) are in cm™'atm™"! at 296 K.
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Fig. 12. Comparison of self-width coefficients reported previously in the rotational [38,41,43], millimeter [39] and far-infrared transitions
[42,44] with present measurements.

In contrast, some pressure-induced line shift coefficients were previously reported for a few rotational transitions
(see [37,38,40,41,43] and the references therein) but with accuracies worse than those obtained for strong, well-
separated transitions in the present study of v4; subsequently, the agreement with the present study is poor.

In Fig. 12, we compare the self-broadened half-width coefficients reported in the rotational and far-infrared
regions discussed above with present measurements. Good agreement is seen in most cases; the ratios of 39
self-broadened half-width coefficients from the prior studies to present values give a mean and standard
deviation of 1.00+0.10. Because of the smaller number (17) of self-shift coefficients that are available
compared with the self-broadened half-width coefficients, and also due to the larger relative uncertainties
associated with the shift coefficients, the mean and standard deviations in the ratios of self-shift coefficients
from prior studies to present measurements are found to be 1.3+ 1.4.

4. Summary and conclusions

Room-temperature values of line positions, intensities, nitrogen (N,)- and self-broadened half-width
coefficients and pressure-induced line shift coefficients have been derived for over 700 individual transitions
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from the analysis of 0.0016 cm™" resolution laboratory absorption spectra of the parallel v4 band of CH;CN
located near 920cm ™. Although the ratio of self- to N,-broadened widths shows compact, well-defined, and
similar distributions in the P and R branches, the distributions are different as a function of K. Shifts vs. |m|
for |m|<~45 have been derived for both self- and N»-broadening. Self-shift coefficients are large and both
negative and positive. A calculation of the total internal partition function has also been performed, and the
results have been made available to databases for atmospheric and planetary science investigations [15,16].
The present results have been obtained from spectra recorded near room temperature and are directly
applicable to measurements of the Earth’s atmosphere. Additional measurements of widths and shifts at lower
temperatures are needed, for example, to aid in interpreting the stratospheric measurements of Titan’s
atmosphere obtained by the CIRS Fourier transform spectrometer [6,7] and for measurements of comets [4]
and the interstellar medium. A global analysis of line positions and intensities is in progress.

A list of spectral line parameters including positions, intensities, and assignments for the pure rotational and
rovibrational transitions will eventually become available in the Cologne Database for Molecular
Spectroscopy (CDMYS) [48,49].
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