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a b s t r a c t 

Propene (C 3 H 6 ) has been measured in the planetary atmospheres of Earth and Titan, and may be detected 

in the giant planets by infrared spectroscopy. Propene infrared absorption cross sections have been de- 

termined in the 2680–3220 cm 

−1 and 450–1250 cm 

−1 regions by high-resolution Fourier transform spec- 

troscopy with H 2 and N 2 , respectively, as broadening gases. Samples of propene were held at 202, 232, 

265, 297 K. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

Propylene or propene (C 3 H 6 ) is an important small alkene that 

s found in the Earth’s atmosphere [1] . Hydrocarbon ion-molecule 

nd photochemistry starting from methane produces propene in 

he atmosphere of Titan, a moon of Saturn [2] . Infrared spec- 

roscopy with the Cassini Composite Infrared Spectrometer (CIRS) 

n the Cassini spacecraft has detected propene on Titan using the 

trong band at 912.5 cm 

−1 [3] . The atmosphere of Titan is about 

5% nitrogen and 5% methane near the surface where the pressure 

s about 1.5 atm [4] . Sung et al. [5] , therefore, have recorded high-

esolution propene cross sections (pure and mixtures with nitro- 

en) in the 6.5–15.4 μm (650–1534 cm 

−1 ) region in the 150–299 K 

emperature range. Hydrocarbons are found in Titan’s stratosphere 

here the pressure ranges from about 0.01 Torr to about 75 Torr 

4] , which sets the pressure range of interest. 

The giant planets have atmospheres that are composed mainly 

f hydrogen and helium with a small amount of methane. For ex- 

mple, based on CIRS data, Saturn has a He/H 2 abundance ratio 

f 0.08 (H 2 abundance of 93% and He abundance of 7%) and a CH 4 

bundance of about 0.5% [6] . Propane has been detected in Saturn’s 

tmosphere [7] and propene is expected to be formed by photo- 

hemistry [8] . For giant planet spectroscopy, hydrocarbon spectra 
∗ Corresponding author at: Department of Chemistry and Biochemistry, Old Do- 
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nd cross sections are needed with hydrogen and helium as broad- 

ning gases. 

In addition to the Sung et al. [5] cross sections, the Pacific 

orthwest National Laboratory (PNNL) infrared database has cross 

ections for propene with 1 atm (760 Torr) of nitrogen at 278, 298 

nd 323 K [9] that are now available in HITRAN [10] . Es-sebbar 

t al. [11] have published cross sections in the 40 0–650 0 cm 

−1 

ange. Very recently, we obtained high resolution propene cross 

ections [12] at 202, 232, 265, 295 K with helium and nitrogen 

roadening gas pressures of 10, 30, 100 Torr in the CH stretching 

egion (2680–3220 cm 

−1 ). We report here on the corresponding 

ata for propene broadened by hydrogen, and on propene broad- 

ned by nitrogen in the 500–650 cm 

−1 region, a spectral region 

ot covered by Sung et al. [5] . 

. Experimental method 

The experimental procedure used near 30 0 0 cm 

−1 is identical 

o our previous propene measurements in the same spectral region 

12] . Infrared absorption spectra of propene, pure and broadened 

y hydrogen were recorded at the Canadian Light Source (CLS) 

ar-infrared beamline. Propene samples were held in a White-type 

ultiple reflection cell at a path length of 8.63 m ( ± 0.02 m) and 

t four different tem peratures (nominally 202, 232, 266, 293 K) 

ith nominal broadening gas pressures of 10, 30, 100 Torr. Propene 

as added to the cell and hydrogen (or nitrogen, below) was 

dded until the desired total pressure was obtained. Pressures 

https://doi.org/10.1016/j.jqsrt.2022.108462
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
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Table 1 

Experimental conditions for each spectrum. 

With Hydrogen 

202 K 232 K 

Temp (K) propene (mTorr) Total (Torr) Temp (K) propene (mTorr) Total (Torr) 

202.15 258.7 10.3 232.15 352.1 10.0 

202.05 249.4 30.4 232.15 314.1 30.3 

202.05 247.6 100.3 232.15 341.4 100.4 

265 K 297 K 

265.05 409.6 10.0 297.15 484.3 10.09 

265.05 448.5 30.8 297.25 594.5 30.0 

265.05 481.0 100.2 297.35 506.8 100.0 

Pure Sample 

Temp (K) propene (mTorr) Total (mTorr) 

202.15 260.0 260.0 

232.15 353.5 353.5 

265.15 411.8 411.8 

297.85 488.0 488.0 

With Nitrogen 

202 K 232 K 

Temp (K) propene (mTorr) Total (Torr) Temp (K) propene (mTorr) Total (Torr) 

201.75 59.5 9.939 232.05 75.3 10.3 

201.75 81.9 30.2 232.05 100.6 30.7 

201.75 105.2 100.4 232.05 139 100.1 

265 K 295 K 

265.25 96.8 10.2 294.35 103.7 10 

265.25 119.2 30.1 294.35 128.5 31.2 

265.25 148.6 100 294.35 153.9 100.2 
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(

/

s

ere measured with three recently-calibrated Baratron pressure 

auges (Model 127AA up to 1 Torr, Model 627B up to 10 Torr and

odel 626B up to 10 0 0 Torr). 

Absorption spectra in this CH stretching region of propene were 

btained using a high-resolution Fourier transform spectrometer 

Bruker IFS 125HR) with a CaF 2 beamsplitter, an InSb detector and 

 bandpass filter to cover the 2500–3280 cm 

−1 region. The spectral 

esolutions were varied for different total pressures: 0.003 cm 

−1 

or the pure sample, 0.003 cm 

−1 for 10 Torr, 0.01 cm 

−1 for 30 Torr 

nd 0.04 cm 

−1 for 100 Torr as needed to resolve the Doppler and 

ressure broadened lines. The propene sample pressures were se- 

ected so the Q branch at 2931.5 cm 

−1 was not saturated. 

Spectra for the band centered around 575 cm 

−1 were obtained 

sing a KBr beamsplitter, a Ge:Cu detector in a QMC Instruments 

ryostat at about 4 K. The 450–1250 cm 

−1 bandpass was set by 

he KBr beamsplitter and windows at the lower end, and by a 

andpass filter at the higher end. The nominal temperatures of the 

amples and pressures of N 2 broadening gas were the same as for 

he H 2 -broadened measurements. For different total pressures, the 

pectral resolution was varied: 0.0 0 096 cm 

−1 for the pure sample, 

.003 cm 

−1 for 10 Torr, 0.01 cm 

−1 for 30 Torr and 0.04 cm 

−1 for

00 Torr. Cross sections for pure samples are not reported in this 

egion because reliable cross sections could not be obtained be- 

ause of very strong channeling (see below). The detailed tempera- 

ures and pressures are provided in Table 1 . Note that the number 

f digits reported for the pressures in Table 1 correspond to the 

eadout values from the Baratron gauges and they were carried in 

ur calculations; the absolute accuracy of the pressure measure- 

ent is about 1%. 

The transmission spectra were converted to cross sections using 

13] : 

( ν, T ) = −10 

4 k B T 

P l 
ln τ ( ν, T ) 

here, τ ( ν , T ) is the transmittance at wavenumber ν (cm 

−1 ) and 

emperature T (K), P is the pressure of the absorbing gas in pascals 

Pa), l is the path length in meters (m) and k B (1.380649 × 10 −23 

 K 

−1 ) is the Boltzmann constant. 
2 
A wavenumber calibration was applied to the cross sections 

roadened by hydrogen in the CH stretching region. For the 

alibration, the pure spectrum at room temperature was com- 

ared to the corresponding calibrated spectrum recorded previ- 

usly [12] and a calibration factor of 0.999999380 (correspond- 

ng to a shift of about −0.0018 cm 

−1 ) was applied to all spectra. 

he calibrated wavenumber scale has an accuracy of about 0.0 0 02 

m 

−1 . No calibration was required for the spectra broadened by N 2 . 

The spectra recorded in the 450–1250 cm 

−1 region suffered 

rom considerable channeling (sinusoidal fringing). The fringes 

ere reduced using interactive software at the Canadian Light 

ource that first isolates the fringes in the interferogram. The 

ringes are then Fourier transformed to create a correction spec- 

rum which is divided into the observed spectrum to reduce the 

ringing. However, the spectra for a total pressure of 10 Torr of 

itrogen and propene (in particular) still have substantial residual 

ringing. This fringing behaves like “noise” and reduces the signal- 

o-noise ratio by a factor of about 5. The cross sections for pure 

amples were not satisfactory and are not reported. 

The main target was the relatively weak band at 576 cm 

−1 so a 

igher sample pressure was used to improve the spectra. As a re- 

ult, a few of the spectra of the stronger band near 912 cm 

−1 were

aturated and the cross sections are not reliable. All of the spec- 

ra (except at 202 K) for 100 Torr total pressure of nitrogen and 

ropene had saturated Q-branches near 912 cm 

−1 . In addition, two 

ther spectra, 10 Torr at 232 K and 265 K, were saturated in the 

ame region, and the 10 Torr 265 K spectrum was also saturated 

ear 893.94 cm 

−1 . The saturated cross section points have been 

eplaced by 0 values. The saturated regions are small ( < 1 cm 

−1 )

nd good data are available in this region from Sung et al. [5] . 

. Results and discussion 

The 28 cross section files are available from the MoLLIST 

Molecular Line Lists. Intensities and SpecTra) [14] website http: 

/bernath.uwaterloo.ca/molecularlists.php . The cross section values 

hould be multiplied by 10 −18 and the units are cm 

2 /molecule. 

http://bernath.uwaterloo.ca/molecularlists.php


P.F. Bernath, R. Dodangodage, J. Zhao et al. Journal of Quantitative Spectroscopy & Radiative Transfer 296 (2023) 108462 

Fig. 1. Overview of the propene cross sections at low wavenumbers with 105 mTorr 

of propene and a pressure of 100 Torr of N 2 at 202 K. 

Table 2 

Comparison of integrated areas in the region 800–

1100 cm 

−1 . 

Source 

Integrated area 

(x 10 −18 cm/molecule) 

JPL a at 298 K 8.79 ± 0.47 

Es-sebbar et al. b at 296 K 9.14 

PNNL c at 278, 298, 323 K 9.41 ± 0.01 

This work at 294.35 K 9.13 ± 0.09 d 

JPL a at 270 K 8.93 ± 0.47 

This work at 265.25 K 8.89 

JPL a at 230 K 9.21 ± 0.49 

This work at 232.05 K 9.30 

This work at 201.75 K 9.38 ± 0.21 e 

a JPL value based on summing pseudolines, Ref. [5] . 
b Ref. [11] . 
c Ref. [9] . 
d Average integrated area of two total pressures. 
e Average integrated area of three total pressures. 
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Fig. 2. Absorption cross sections of propene broadened by hydrogen at different 

total pressures at 297 K. (Black = 10 Torr, Blue = 30 Torr, Red = 100 Torr). 

Fig. 3. Absorption cross sections of propene broadened by nitrogen at different to- 

tal pressures at 202 K. (Green = 10 Torr, Blue = 30 Torr, Red = 100 Torr). 
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The integrated areas of strong fundamental bands in the ab- 

orption cross sections are approximately constant independent of 

emperature, e.g. [ 15 , 16 ]. Our cross sections in the CH stretching

egion were integrated in the 2675–3210 cm 

−1 wavenumber re- 

ion and compared with the corresponding integrated areas of 

he PNNL cross sections [9] . Our cross-section areas range from 

6.49 × 10 −18 to 16.94 × 10 −18 cm/molecule with an average 

alue of 16.76 × 10 −18 cm/molecule and a standard deviation of 

.12 × 10 −18 cm/molecule. The PNNL database provides composite 

pectra at temperatures 278, 298, and 323 K [14] with areas that 

ange from 16.80 × 10 −18 to 16.82 × 10 −18 cm/molecule with an 

verage value of 16.82 × 10 −18 cm/molecule. The PNNL integrated 

rea average differs by 0.36% from our work. 

Although the cross sections broadened by nitrogen are focused 

n the band centered around 575 cm 

−1 , the spectra include the 

ntire 450–1250 cm 

−1 range ( Fig. 1 ) and cover the 80 0–110 0 cm 

−1 

egion. Integrated areas in the 80 0–110 0 cm 

−1 region were com- 

ared with Sung et al. [5] , Es-sebbar et al. [11] and PNNL [9] , and

re given in Table 2 . One standard deviation on the mean area is

rovided, wherever possible. For our data, the cross sections with 

aturated points were not included in the averages. The areas and 

tandard deviations for the JPL cross sections are based on pseu- 

olines as reported by Sung et al. [5] . 

The agreement with the room temperature cross sections of 

s-sebbar et al. [11] ( Table 2 ) is very good (0.1%). The PNNL data
3

hows essentially no temperature dependence, while our data and 

hat of JPL are more variable. Based on the standard deviation of 

ur data at 202 K, our precision is about 2%; however, based on 

he range of our values in Table 2 our accuracy is about 5% and

ased on comparison with other measurements our accuracy is 

bout 7%. Note that it is possible to carry out a detailed error anal- 

sis considering the errors in temperature, pressure, path length, 

as composition and so forth as done by Harrison et al. [13] , who

btained a value of about 4%, which is typical. However, more re- 

listic error estimates (accuracy) are obtained by comparison with 

ndependent measurements, i.e., 7% is a reasonable estimate of the 

ccuracy. These error estimates are all one standard deviation. 

Fig. 2 shows the expected pressure broadening of propene lines 

y hydrogen near 2850 cm 

−1 . Fig. 3 is a similar figure for broad-

ning by N 2 near 600 cm 

−1 . In the propene spectrum at 10 Torr, 

he vibration-rotation lines are still nearly fully resolved and only 

lightly broadened. At 100 Torr total pressure, the rotational struc- 

ure is completely washed out by pressure broadening. The added 

as induces a significant Lorentzian component to the low pressure 

oppler lineshape [17] . Notice also that there is a baseline offset in 

oth spectra due to a quasi-continuum of unresolved lines mainly 

rom torsional hot bands from the methyl rotor. 
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The estimated accuracy of the PNNL cross sections is 3.2% (two 

tandard deviations) based on a detailed error analysis and com- 

arison with independent measurements [9] . We estimate there- 

ore that our cross sections in the CH stretching region have sim- 

lar errors of about 4% by comparison with PNNL. The cross sec- 

ions, however, for the band at 576 cm 

−1 are less accurate. Based 

n Table 2 , the accuracy is a little better than about 10%. 

. Conclusion 

High resolution absorption cross sections of propene in the 

680–3220 cm 

−1 region using hydrogen as a broadening gas and 

n the 450–1250 cm 

−1 region using nitrogen as a broadening gas 

ave been determined. Sample temperatures ranged from 202 K 

o 297 K. These low temperature cross sections are expected to 

e useful in the detection of propene in the atmospheres of giant 

lanets and Titan. 

eclaration of Competing Interest 

The authors declare that they have no known competing finan- 

ial interests or personal relationships that could have appeared to 

nfluence the work reported in this paper. 

RediT authorship contribution statement 

Peter F. Bernath: Writing – original draft, Supervision. Randika 

odangodage: Writing – review & editing, Formal analysis, Visual- 

zation. Jianbao Zhao: Data curation. Brant Billinghurst: Data cu- 

ation. 

ata Availability 

The data are available from the MoLLIST web site. 

cknowledgments 

The NASA Outer Planets Research and Planetary Data Archiv- 

ng and Restoration Tools program (PDART) provided funding 

 80NSSC19K0417 ). This research was performed at the Canadian 

ight Source, which is supported by the Canada Foundation for 

nnovation, Natural Sciences and Engineering Research Council 
4

f Canada, the University of Saskatchewan, the government of 

askatchewan, Western Economic Diversification Canada, the Na- 

ional Research Council Canada, and the Canadian of Health Re- 

earch. 

eferences 

[1] Blake DR, Chen TY, Smith TW, Wang CJL, Wingenter OW, Blake NJ, Rowland FS. 

Three-dimensional distribution of nonmenthane hydrocarbons and halocar- 
bons over the northwestern pacific during the 1991 pacific exploratory mission 

(PEM-West A). J Geophys Res 1996;101:1763–8 . 
[2] Hébrard E, Dobrijevic M, Loison JC, Bergeat A, Hickson KM, Caralp F. Photo- 

chemistry of C 3 H p hydrocarbons in Titan’s stratosphere revisited. Astron As- 

trophys 2013;552:A132 . 
[3] Nixon CA, Jennings DE, Bézard B, Vinatier S, Teanby NA, Sung K, et al. Detection

of propene in Titan’s stratosphere. Astrophys J 2013;776:L14 . 
[4] Hörst SM. Titan’s atmosphere and climate. J Geophys Res Planets 

2017;122:432–82 . 
[5] Sung K, Toon GC, Drouin BJ, Mantz AW, Smith MAH. FT-IR measurements of 

cold propene (C 3 H 6 ) cross-sections at temperatures between 150 and 299 K. J 

Quant Spectrosc Radiat Transf 2018;213:119–32 . 
[6] Dougherty MK, Esposito LW, Krimigis SM editors. Saturn from Cassini-Huygen. 

New York: Springer; 2009 . 
[7] Greathouse TK, Lacy JH, Bézard B, Moses JI, Matthew J, Richter MJ, Knez C. The

first detection of propane on Saturn. Icarus 2006;181:266–71 . 
[8] Moses JI, Bézard B, Lellouch E, Gladstone GR, Feuchtgruber H, Allen M. Photo- 

chemistry of Saturn’s atmosphere I. Hydrocarbon chemistry and comparisons 

with ISO observations. Icarus 20 0 0;143:244–98 . 
[9] Sharpe SW, Johnson TJ, Sams RL, Chu PM, Rhoderick GC, Johnson PA. 

Gas-phase databases for quantitative infrared spectroscopy. Appl Spectrosc 
2004;58:1452–61 . 

10] Gordon IE, Rothman LS, Hill C, Kochanov RV, Tan Y, Bernath PF, et al. The HI-
TRAN 2016 molecular spectroscopic database. J Quant Spectrosc Radiat Transf 

2017;203:3–69 . 

11] Es-sebbar E, Alrefae M, Farooq A. Infrared cross-sections and integrated band 
intensities of propylene: temperature-dependent studies. J Quant Spectrosc Ra- 

diat Transf 2014;133:559–69 . 
12] Dodangodage R, Bernath PF, Zhao J, Billinghurst B. Absorption cross sections 

in the CH stretching region for propene broadened by helium and nitrogen. J 
Quant Spectrosc Radiat Transf 2021:107738 . 

13] Harrison JJ, Allen NDC, Bernath PF. Infrared absorption cross sections 

for ethane (C 2 H 6 ) in the 3 μm region. J Quant Spectrosc Radiat Transf
2010;111:357–63 . 

14] Bernath PF. MoLLIST: molecular line lists, intensities and spectra. J Quant Spec- 
trosc Radiat Transf 2010;240:106687 . 

15] Mills IM, Whiffen DH. Integration theorems on vibrational intensities. J Chem 

Phys 1959;30:1619–20 . 

16] Yao SJ, Overend J. Vibrational intensities: effect of anharmonicity on tempera- 
ture-dependence of integrated intensities. Spectrochim Acta 1976;32:1059–65 . 

17] Bernath PF. Spectra of atoms and molecules. 4th ed. New York, NY: Oxford 

University Press; 2020 . 

http://refhub.elsevier.com/S0022-4073(22)00397-1/sbref0001
http://refhub.elsevier.com/S0022-4073(22)00397-1/sbref0002
http://refhub.elsevier.com/S0022-4073(22)00397-1/sbref0003
http://refhub.elsevier.com/S0022-4073(22)00397-1/sbref0004
http://refhub.elsevier.com/S0022-4073(22)00397-1/sbref0005
http://refhub.elsevier.com/S0022-4073(22)00397-1/sbref0006
http://refhub.elsevier.com/S0022-4073(22)00397-1/sbref0007
http://refhub.elsevier.com/S0022-4073(22)00397-1/sbref0008
http://refhub.elsevier.com/S0022-4073(22)00397-1/sbref0009
http://refhub.elsevier.com/S0022-4073(22)00397-1/sbref0010
http://refhub.elsevier.com/S0022-4073(22)00397-1/sbref0011
http://refhub.elsevier.com/S0022-4073(22)00397-1/sbref0012
http://refhub.elsevier.com/S0022-4073(22)00397-1/sbref0013
http://refhub.elsevier.com/S0022-4073(22)00397-1/sbref0014
http://refhub.elsevier.com/S0022-4073(22)00397-1/sbref0015
http://refhub.elsevier.com/S0022-4073(22)00397-1/sbref0016
http://refhub.elsevier.com/S0022-4073(22)00397-1/sbref0017

	Infrared absorption cross sections for propene broadened by N2 (450-1250 cm−1) and by H2 (2680-3220 cm−1)
	1 Introduction
	2 Experimental method
	3 Results and discussion
	4 Conclusion
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgments
	References


