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a b s t r a c t 

Infrared absorption spectra of isobutane (C 4 H 10 ) were recorded in the CH stretching spectral region 

(2500–3280 cm 
−1 ) by high resolution Fourier transform spectroscopy (Bruker IFS 125 HR). These spec- 

tra were taken at temperatures and pressures appropriate for the gas giant planets Jupiter and Saturn, 

as well as for Saturn’s moon Titan. Absorption cross sections were obtained for pure samples and with 

broadening gases relevant in those atmospheres, hydrogen and nitrogen, to further simulate the astro- 

nomical environments. Corrections to the cross sections were made using data from the Pacific Northwest 

National Laboratory (PNNL) infrared database. 

© 2019 Elsevier Ltd. All rights reserved. 
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1. Introduction 

The atmospheres of the Gas Giant planets, Jupiter and Saturn, as

well as the atmospheres of their moons, are of great interest. The

composition of Saturn’s moon Titan is believed to be similar to that

of pre-biotic Earth [1] . Properly identifying the molecules and sys-

tems present in these atmospheres will allow scientists to model

the climate and environment predicted for pre-biotic Earth, and di-

rect observation of a similar system will allow for better modeling

and more insight into the origins of life on Earth [2] . There is even

the possibility of life on Titan [3] . 

The first step to fully understanding these systems is hav-

ing accurate chemical compositions: knowing which chemicals are

present and in what concentrations is essential for reliable mod-

eling. Unfortunately full knowledge of the chemical compositions

of these atmospheres has yet to be achieved. A major hurdle is

the difficulty in obtaining the complex line-by-line spectroscopic

data commonly used to determine molecular abundances. A way

around this problem is to utilize absorption cross sections instead

of molecular line parameters. Absorption cross sections depend

only on the environment of the target molecule, such as tempera-

ture, pressure and composition. Absorption cross sections can also

be converted to absorption coefficients and then to k-distribution
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arameters for fast radiative transfer calculations [4] . The composi-

ion and physical properties of planetary atmospheres are encoded

n their spectra, but suitable laboratory spectra are required for

heir interpretation. This work continues to build the absorption

ross section catalog for molecules relevant for these atmospheres,

pecifically small hydrocarbons. 

Recording infrared absorption cross sections at relevant temper-

tures and pressures, as well as with appropriate broadening gases

hydrogen, nitrogen, and helium) to simulate the molecular envi-

onment is important to provide accurate data for analysis of as-

ronomical spectra. This study focuses on isobutane, a small hy-

rocarbon predicted to be present in the atmospheres of Titan and

aturn. Photochemical models of Titan [5,6] and Saturn [7] pre-

ict that C 4 H 10 is as abundant as other small hydrocarbons such

s propane (C 3 H 8 ), which has already been detected [8,9] . These

odels do not distinguish between the two C 4 H 10 structural iso-

ers, n -butane and isobutane. However, in the recent modeling

aper by Vuitton et al. [10] , the mechanism presented favors the

roduction of isobutane. Our isobutane data were recorded at low

emperatures, and with N 2 and H 2 broadening gases, in an effort

o replicate the atmospheres of the target systems. 

Titan’s atmosphere has a surface temperature of about 95 K at

ressure of 1.4 atm [11] made of 95% N 2 . Saturn’s atmosphere has

 temperature of about 140 K at an altitude where the pressure

s 1 atm and is 96% H 2 . Jupiter is similar to Saturn with a tem-

erature of about 160 K at a pressure of 1 atm and 86% H [12] .
2 

https://doi.org/10.1016/j.jqsrt.2019.02.008
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2019.02.008&domain=pdf
mailto:dhewett@odu.edu
https://doi.org/10.1016/j.jqsrt.2019.02.008


D.M. Hewett, P.F. Bernath and B.B. Billinghurst / Journal of Quantitative Spectroscopy & Radiative Transfer 227 (2019) 226–229 227 

Table 1 

Experimentally measured pressures and temperatures for each spectrum, with isobutane pressure (IB), broadening gas pressure 

(H 2 /N 2 ), and temperature (K), along with the correction factors for each spectrum (CF). 

203 K 

H 2 N 2 Pure 

IB P (Torr) P (Torr) T (K) CF IB P (Torr) N 2 P (Torr) T(K) CF IB P (Torr) T (K) CF 

0.02 10 202.55 1.342 0.021 10.3 202.75 1.394 0.017 202.45 1.369 

0.027 30.1 202.65 1.406 0.031 30.1 202.65 1.419 

0.029 100.1 202.75 1.509 0.028 100 202.75 1.377 

233 K 

0.035 10 232.55 1.405 0.034 10.4 232.65 1.381 0.03 232.65 1.369 

0.039 30.3 232.65 1.382 0.04 29.9 232.65 1.423 

0.04 100.5 232.65 1.381 0.044 100.4 232.65 1.4 

264 K 

0.04 10 263.45 1.414 0.044 10.1 263.45 1.406 0.039 263.65 1.264 

0.042 30.3 263.45 1.439 0.042 30.1 263.45 1.432 

0.05 100.3 263.45 1.43 0.057 100.6 263.45 1.391 

295 K 

0.045 10.3 294.65 1.47 0.042 10.1 294.55 1.4 0.041 294.55 1.41 

0.055 30.3 294.55 1.399 0.054 30 294.55 1.377 

0.063 100.1 294.35 1.406 0.068 100.1 294.35 1.491 
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i  
ence, the temperature (about 20 0–30 0 K) and pressure range of

ur experiment (less than 1 atm for the stratosphere) and the use

f N 2 and H 2 broadeners. On Titan hydrocarbons are typically de-

ected [13] in the stratosphere and lower mesosphere (10 0–50 0 km

ltitude, 10–0.001 mbar pressure); Saturn and Jupiter are similar.

ample temperatures below 200 K are desirable, but we are limited

y the chiller used to cool the cell. Spectra of lower temperature

amples are planned with N 2 vapor cooled by liquid N 2 . 

Spectroscopic studies of isobutane began in the 1950s [14,15] ,

ith Raman spectra of liquid isobutane and infrared spectra of

aseous samples. Lide [16] proved that isobutane has C 3v sym-

etry by microwave spectroscopy of the monodeuterated com-

ound. Having 14 atoms, isobutane has 36 fundamental modes

3N-6) and 24 fundamental vibrational frequencies: 8 a 1 , 4 a 2 
nd 12 e symmetry modes (the a 2 modes are dipole forbidden).

n 1969 Weiss and Leroi [17] took infrared spectra of gaseous

sobutane in the 20 0–80 0 cm 
−1 region under high pressure condi-

ions and determined torsional vibrational frequencies of 225 cm 
−1 

a 2 ) and 280 cm 
−1 (e). Overtone spectra of cryogenic isobutane

ere recorded in 1994 by Manzanares et al. [18] , as well as gas

hase spectra at room temperature, from the CH stretching region

hrough 12,0 0 0 cm 
-1 . Manzanares et al. also carried out Hartree-

ock calculations and used a C–H local mode model to interpret

heir observations. Theoretical calculations of the infrared spec-

rum of matrix-isolated isobutane were made in 1984 [19] , and

ore recent calculations are available from Mirkin and Krimm [20] .

ilderbrandt and Wieser [21] determined the molecular structure

y combining electron diffraction and microwave data; more ex-

ensive microwave and submillimeter wave spectra were recorded

y Priem et al. [22] . 

. Experimental 

High resolution infrared spectra of isobutane, pure and broad-

ned by hydrogen or nitrogen, were recorded at the Canadian

ight Source (CLS) Far Infrared Beamline, similar to work on

ropane [23,24] . Isobutane (99.5%), nitrogen (99.998%) and hydro-

en (99.999%) were purchased from Praxair (Canada) and used

ithout further purification. The samples were held in a 2-m

hite-type multipass cell set to a path length of 8 m at 4 tem-

eratures and 4 broadening gas pressures (H 2 or N 2 ), at 203, 233,

66 and 295 K, and 0, 10, 30 and 100 Torr (total pressures). The

amples were prepared by adding a small amount of isobutane
o the cell, then adding the broadening gas and recording the to-

al pressure. The sample absorption was always less than 90% to

revent saturation and the resolution (see below) was chosen to

ully resolve the sharp features. The pressures were measured with

wo Baratron pressure gauges (627B up to 10 Torr and 626B up to

0 0 0 Torr). The cell was cooled with a NESLAB ULT-80DD refriger-

ted re-circulating methanol bath. The cell temperature was moni-

ored with 4 wire PT100 RTD (platinum resistance temperature de-

ector) sensors with an estimated accuracy of ±2 K. 

The spectrometer was a Bruker IFS 125 HR Fourier trans-

orm spectrometer fitted with a CaF 2 beamsplitter, internal globar

ource, a 2500–3280 cm 
−1 bandpass filter and a liquid N 2 -cooled

nSb detector. The spectral resolution (Bruker definition of 0.9/op-

ical path difference) was varied depending on the total pres-

ure: 0.003 cm 
−1 (pure sample), 0.005 cm 

−1 (10 Torr), 0.01 cm 
−1 

30 Torr), and 0.04 cm 
−1 (100 Torr), and the background empty cell

pectra were all recorded at 0.04 cm 
−1 resolution. The background

pectra recorded at 0.04 cm 
−1 were Fourier interpolated to match

he higher resolution spectra. The full set of parameters used for

ecording spectra is shown in Table 1 . For each spectrum a mini-

um of 400 interferograms (200 forward and 200 backward) were

o-added, boxcar apodization was used and a zero-filling factor of

 was applied. 

.1. Calibration 

Due to potential inaccuracies of the pressure gauges, a calibra-

ion is required to obtain accurate absorption cross sections. The

acific Northwest National Laboratory (PNNL) database [25] has

ver four hundred vapor-phase infrared spectra which can be

sed to calibrate our data. The PNNL spectra are reported at 3

ample temperatures (278, 298 and 323 K) with 1 atm of N 2 

roadening gas. As discussed in more detail by Harrison et al.

26] , the integrated area of the absorption cross sections of iso-

ated bands are independent of temperature and can be used for

alibration. For isobutane the integrated areas from 2691.63 to

085.26 cm 
−1 are 0.05286, 0.052853, and 0.053146 for 278, 298

nd 323 K, respectively, for an average of 0.052953. The PNNL

-axis values are in units of ppm m, and conversion to the stan-

ard units of cm 
2 /molecule requires multiplication by the constant

.28697 × 10 −16 . 

The integrated area from the PNNL spectra is compared to the

ntegrated signal from the CLS spectra, and the CLS spectra are
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Fig. 1. Temperature series of isobutane absorption cross sections in the 3 μm region of the infrared spectrum with 100 Torr of H 2 as the broadening gas. From top to bottom: 

202.55, 232.65, 363.45, and 294.65 K. 
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scaled accordingly to match the PNNL values. The CLS transmis-

sion spectra are converted to cross sections using Harrison et al.

[26] : 

σ ( ν, T ) = −ξ
10 4 k B T 

P l 
ln τ ( ν, T ) 

in which τ ( ν , T ) is the transmittance at wavenumber ν (cm 
−1 ) and

temperature T (K), P is the pressure of the absorbing gas in pas-

cals (Pa), l is the optical path length (m), and k B is the Boltzmann

constant (1.3806504 ×10 −23 J/K). ξ is the correction factor used to

scale each spectrum to the PNNL average value. The baselines of

the cross sections were corrected with the help of the PNNL data.

The correction factor ξ for each spectrum was calculated by tak-

ing the ratio between the integrated area of the PNNL absorption

spectra and the integrated area of all of the CLS absorption spec-

tra from this study, and is shown in Table 1 . It should be noted

that the pure spectra have a substantially lower signal to noise ra-

tio, which affects the integration and normalization. There are also

two noise spikes present in some of the spectra, the first around

2848 cm 
−1 and the second around 3013 cm 

−1 ; these are artifacts

of the experiment and not signal from isobutane. The final cross

section files are available in the section Appendix A. Supplemen-

tary Materials. 

The accuracy of PNNL cross sections is estimated as ±3.2% (2

standard deviations) based on a comparison of independent mea-

surements carried out at PNNL and NIST [25] . Based on a previous

work [27] , we estimate an error of about 5% (one sigma) for the

cross sections, which agrees approximately with the standard de-

viation of the individual calibration factors. 

2.2. Effects of varying temperature and pressure 

The temperature dependence of the infrared spectra of isobu-

tane is shown in Fig. 1 , where an overall broadening and loss of

resolution is observed as the temperature is increased from 203 K

to 295 K. This trend is similar to that observed when comparing

spectra from various broadening gas pressures at a constant tem-

perature, where an increase in the broadening gas pressure re-
ults in a decrease in overall peak intensity and resolution and

n increase in the width of the spectral features. These trends are

ess notable in the pressure series than the temperature series be-

ause the features in the spectra are each composed of many rovi-

rational lines and are much wider than the pressure-broadened

idths. 

. Conclusions 

High resolution infrared transmission spectra of isobutane, pure

nd with N 2 and H 2 broadening gases, were recorded at the Cana-

ian Light Source synchrotron facility. These spectra were recorded

n the 3 μm region of the infrared spectrum, ranged in tempera-

ure from 203 K to 295 K, and varied in broadening gas pressure

rom 0 Torr to 100 Torr. These ranges are necessary to replicate the

onditions found in the astronomic atmospheres of interest: the

tmospheres of the Giant Planets and their moons. These trans-

ission spectra were then converted into absorption cross sections

hich can be used to interpret astronomical spectra. Based on pre-

ious work, the error in these cross sections is about 5%. The next

rojects in this series include publication of high resolution cross

ections based on isobutane CLS spectra already recorded in the

050–1900 cm 
−1 region, spectra of hot isobutane in the 3 μm re-

ion and an improved vibrational analysis. 
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