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ABSTRACT

High resolution infrared absorption cross sections of isobutane, (CH3);CH, were measured in the 1050-
1900 cm™ spectral range by Fourier transform spectroscopy. Four sample temperatures (210, 234, 265
and 296 K) were used with three pressures (10, 30 and 100 Torr) of N, and H, broadening gas. Spectra of
pure isobutane samples were also recorded. These cross sections are useful for the interpretation of
infrared spectra of the Giant Planets and Titan. The isobutane cross sections give an upper limit of
3.91e-8 for its fractional abundance on Titan based on CIRS/Cassini infrared spectra. Using n-butane,
CH3(CH,),CHs, cross sections from the literature, we obtain an upper limit of 5.13e-7 for its abundance
on Titan. The combined upper limit for both isomers of butane, C4Hy,, on Titan of 5.52e-7 is consistent
with the lower limit of recent model predictions.

1. Introduction

The chemical composition of planetary atmospheres is of great interest. Titan, a large moon of Saturn,
has been studied extensively notably by the Cassini-Huygens mission (Coustenis et al., 2007; Flasar et al.,
2005; Nixon et al., 2009; Teanby et al., 2007; Vinatier et al., 2007; Vinatier et al., 2010). Titan is the focus
of such studies due to its organic-rich atmosphere, primarily small hydrocarbons, nitriles and aerosols
(“haze”) (Bezard, 2009; Bezard et al., 2014; Lebonnois et al., 2001; Rannou et al., 2003; Trainer et al.,
2004; Vinatier et al., 2012). This atmosphere is considered to be similar to that of pre-biotic Earth, and
therefore an important system for elucidation of the development of life on Earth (Raulin et al., 1986;
Raulin et al., 1984; Trainer et al., 2006).



Titan’s atmosphere is composed of mainly nitrogen and methane (Niemann et al., 2010). The surface
pressure is about 1125 Torr (1 Torr = 133.322 pascals) (Fulchignoni et al.,, 2005) and the methane
abundance near the surface is about 5% but decreases to about 1.4% in the stratosphere (70-300 km)
(Lellouch et al., 2014; Niemann et al., 2010). The production of organic molecules begins high in the
atmosphere by the dissociation and ionization of nitrogen and methane by UV radiation and energetic
particles to form species such as CHs;, N and N* (Vuitton et al., 2008). A wide variety of subsequent
reactions produce a complex mixture of species; for example, C,Hg is produced primarily by the reaction
of two CHj; radicals (Yung et al., 1984a). These radical-radical combination reactions, along with other
photochemical processes, allow for the formation of larger hydrocarbons; indeed, benzene has been
observed on Titan (Coustenis et al., 2007), and benzene can undergo further photochemistry to
generate large, complex aromatic species (Jennings et al., 2017; Vuitton et al., 2008).

Much of what is known about Titan’s atmosphere comes from the Cassini-Huygens mission, which lasted
for 13 years in orbit around Saturn. To date, in addition to CH4 and N,, 19 neutral molecules have been
detected on Titan (see Table 1 of (Horst, 2017)); of these, 15 have been measured with the Composite
Infrared Spectrometer, CIRS, on Cassini (Jennings et al., 2017). CIRS covers the 10-1500 cm™ spectral
range at a maximum spectral resolution of 0.5 cm™. In order to interpret the CIRS thermal emission
spectra of Titan (as well as those of Jupiter and Saturn) to obtain molecular abundances, laboratory
spectral data are required. For the smaller molecules such as CHy, suitable line parameters including
pressure broadening coefficients at low temperature are needed, while for larger molecules absorption
cross sections covering the range of planetary temperature, pressure and composition are necessary.
The Bernath group has recently published infrared absorption cross sections for propane broadened by
hydrogen and helium at low temperatures (Wong et al., 2018; Wong et al., 2017a; Wong et al., 2017b)
suitable for the Giant Planets. Sung et al. (2018) have reported infrared cross sections of propene
broadened by nitrogen to improve the detection of propene on Titan (Nixon et al., 2013; Lombardo et
al., 2019). Conducting these laboratory studies in atmospherically relevant conditions, such as
temperature and the presence of broadening gases (hydrogen, helium, and nitrogen), is essential to
provide accurate spectra for comparison with astronomical observations.

The work reported below focuses on the 1050-1900 cm™ spectral region of isobutane. Isobutane
HC(CH3); has not yet been detected in Titan’s atmosphere, although formation of C4;Hiy has been
predicted with photochemical models generally without distinguishing between the n-butane
(CH3CH,CH,CH3) and isobutane isomers (Dobrijevic et al., 2016; Vuitton et al., 2019; Yung et al., 1984b).
Dobrijevic et al. (2016) predict that C4H;o is as abundant as propane, which has already been detected
(Nixon et al., 2009, Maguire et al., 1981). However, in an experimental simulation of the chemistry in
Titan’s atmosphere, n-butane production was favored over isobutane (Tran et al., 2005).

The primary pathway suggested by Vuitton et al. for generating butane on Titan involves radical-radical
recombination of a propyl radical and a methyl radical. There are two isomers of the propyl radical, the
primary radical and the secondary radical, where radical-radical recombination between a methyl radical
and a primary propyl radical would result in n-butane, whereas combination of the secondary propyl
radical and a methyl radical would generate isobutane. Since a secondary radical is more stable, it is
reasonable to assume that most of the propyl radicals would be secondary, suggesting that most of the
C4Hio generated in Titan’s atmosphere would be isobutane. This argument does not agree with the
results of Tran et al. (2005) but does agree with Coll et al., who find that isobutane should be present in
greater abundance (Coll et al., 1999).



The equilibrium structure of isobutane has Cs, symmetry (Lide, 1960), with 24 fundamental vibrational
frequencies (Manzanares et al., 1995), 8 with a; symmetry, 4 nominally forbidden a, modes (vy-v;,) and
12 doubly degenerate e modes (vi3-V.4). There are two weak low frequency torsional modes v;, (a,) at
225 cm™ and vy, (e) at 280 cm™ (Weiss et al., 1969). Infrared absorption cross sections of isobutane are
available from the Pacific Northwest National Laboratory (PNNL) recorded at 0.1 cm™ resolution from
600 to 6500 cm™ with 1 atm of N, at 5, 25, 50°C (Sharpe et al., 2004). Most of the PNNL infrared
absorption cross sections are now available in the HITRAN database (https://hitran.org/). Recently we
have recorded high resolution absorption cross sections in the 3 um region at low temperatures with H,
and N, as broadening gases (Hewett et al., 2019) and we now extend this work to longer wavelengths.

2. Experimental

This experimental setup used in this study has been described in detail elsewhere, and therefore only a
brief description will be given here (Hewett et al., 2019; Wong et al., 2017b). The isobutane data were
taken at the Canadian Light Source (CLS) far-infrared beamline using a 2-meter base path White-type
multipass cell coupled with a Bruker IFS 125 HR spectrometer fitted with a KBr beam splitter. The total
path length was 8.63+0.02 m. A Neslab ULT-80DD refrigerated re-circulating methanol bath was used to
cool the cell, and a liquid helium cooled Ge:Cu bolometer detector was used with either the internal
glowbar of the spectrometer or the synchrotron radiation. The cell temperature was monitored with
PT100 RTD sensors with an estimated accuracy of +2 K. The isobutane pressure was measured with a 10
Torr Baratron pressure gauge, and the total pressure including the broadening gas was measured with a
1000 Torr Baratron pressure gauge. Each spectrum is the average of a minimum of 400 interferograms,
with a boxcar apodization function and a zero-filling factor of 8.

The spectral resolutions (using the Bruker definition of 0.9/optical path difference) were 0.00096, 0.005,
0.01, 0.04 cm™ for the pure sample, 10 Torr, 30 Torr and 100 Torr experiments, respectively. The
pressures of butane were chosen to provide substantial signal without saturating any of the relevant
bands. The relative abundancies range from 1 in the pure spectra down to ~0.001 for the 100 Torr
broadening gas measurements (Table 1). To save time, the background spectra were all recorded at 0.04
cm™ resolution, except for the pure sample which had a 0.015 cm™ resolution background.

Spectra were recorded for 4 temperatures: nominally 210 K, 234 K, 265 K and 296 K. Although it is
desirable to go to lower temperatures to match stratospheric temperatures on Titan and the Giant
Planets more closely, the minimum temperature was limited by the Neslab chiller. At each temperature
3 pressures of the broadening gas (N, or H,) were used: nominally 10 Torr, 30 Torr and 100 Torr; in
addition, spectra of pure samples were also recorded. The temperature and pressure parameters used
during data collection are shown in Table 1. The pressure listed for the broadening gas (N, or H;) is in
fact the total pressure in the cell.



Table 1: Pressures and temperatures for each isobutane (IB) measurement.

210K
H, N, pure
IBP H, P IBP N, P IBP
(Torr) (Torr) T (K) (Torr) (Torr) T( K) (Torr) T (K)
0.101 9.9 209.35 0.093 9.98 210.05 0.050 208.85
0.099 30.1 210.15 0.093 30.1 210.25
0.121 100.5 210.35 0.119 99.8 210.25
234K
H, N, pure
IBP H,P IBP N, P IBP
(Torr) (Torr) T (K) (Torr) (Torr) T( K) (Torr) T (K)
0.103 10.2 234.15 0.114 10.1 234.25 0.089 234.25
0.160 30.4 234.15 0.135 29.7 234.25
0.226 99.8 234.25 0.221 99.8 234.25
265 K
H, N, pure
IBP H, P IBP N, P IBP
(Torr) (Torr) T (K) (Torr) (Torr) T( K) (Torr) T (K)
0.195 10.4 265.25 0.199 9.98 265.35 0.125 265.25
0.191 30 265.25 0.190 30.2 265.75
0.205 99.8 265.25 0.207 99.8 265.75
296 K
H, N, pure
IBP H,P IBP N, P IBP
(Torr) (Torr) T (K) (Torr) (Torr) T( K) (Torr) T (K)
0.244 10.4 295.55 0.219 10.2 295.75 0.250 294.55
0.300 30.2 295.65 0.301 30.0 295.65
0.360 99.8 295.75 0.400 99.8 295.75
Calibration

Due to potential inaccuracies of the pressure gauges, a calibration may be needed to obtain accurate
absorption cross sections. The Pacific Northwest National Laboratory (PNNL) database (Sharpe et al.,
2004) has over four hundred vapor-phase infrared spectra which can be used for comparison. The PNNL
spectra are reported at 3 sample temperatures (278, 298 and 323 K) with 1 atm of N, broadening gas.
The integrated area of the absorption cross sections of isolated bands are not highly dependent on

temperature (Ballard et al., 2000; Orlando et al., 1992) and can be used for calibration.

The CLS transmission spectra are converted to cross sections using the Beer-Lambert law as written with

a correction factor € in Harrison et al. (2010a):

ov,T) =—¢
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In which (v, T) is the transmittance at wavenumber v (cm™) and temperature T (K), P is the pressure of
the absorbing gas in pascals (Pa), lis the optical path length (m), and kg is the Boltzmann constant
(1.3806504*10 J/K). & is the correction (calibration) factor relative to the PNNL average value. The
PNNL integrated values, integrating over the bands from 1301.43 cm™ to 1572.23 cm™, are as follows:
7.518x107*® cm/molecule at 5° C, 7.43973x10™ cm/molecule at 25° C, and 7.32522x10™*® cm/molecule at
50° C, for an average value of 7.42765x10™*® cm/molecule.

The zero level of the baselines of the cross sections were corrected with the help of the PNNL data. The
correction factor & for each spectrum was calculated by taking the ratio between the integrated area of
the PNNL absorption spectra and the integrated area of all of the CLS absorption spectra from this study.
The average value for & was 1.276+0.016 (two sigma). As discussed below, this “correction factor, £” is
unreasonable and we used a value of 1 in our analysis. The resolution was set to fully resolve the
absorption features and the isobutane pressures were adjusted (Table 1) so that none of the features,
including the Q-branch at 1478 cm™ (Figure 1), were saturated.

Starting in 2010 (Harrison et al. 2010a,b), we have calibrated our high resolution cross sections with
PNNL data and our values typically differ by 5-10%. A difference of nearly 30% for isobutane is without
precedent, except for a similar large value for isobutane in the 3.3 um region (Hewett et al. 2019). We
have also not experienced any problems with the Baratron pressure gauges at the CLS. In addition, we
have recorded spectra of isobutane at Old Dominion University in the 3.3 um region and found a similar
but slightly larger discrepancy with PNNL cross sections. As a result, we think that there is likely a
problem with the intensity calibration of PNNL data for isobutane and have adopted the measured CLS
pressures for our analysis (i.e., £&=1 for all spectra). The final cross section files are available in the section
Appendix A. Supplementary Materials.
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Figure 1. An overview of the isobutane absorption cross sections at 210.05 K with 9.98 Torr of N,
broadening gas. Water impurity water lines are visible from 1500-1600 cm™.

An overview spectrum is presented (Figure 1) with isobutane at 210.05 K with 9.98 Torr of N,
broadening gas. Weak residual impurity water lines from the v, bending mode are present and some of
the spectra have small residual channeling from imperfect cancellation of interference fringes. The
mode assignments are taken from Bernath et al. (2019). Several of the bands have resolved rotational
structure that has been analyzed in a separate publication (Bernath et al. 2019). Figures 2 and 3 show
the pressure and temperature dependencies on the spectra, respectively.
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Figure 2. Pressure series of the v, band of isobutane at 209 K with N, as a broadening gas.

The accuracy of PNNL cross sections is estimated as +3.2% (2 standard deviations) based on typical
statistical noise and a comparison of independent measurements carried out at PNNL and NIST (Sharpe
et al., 2004). However, we find an average bias of 27.611.8% (2 sigma), i.e., the PNNL cross sections
need to be divided by 1.276 or multiplied by 0.783 to bring them into agreement with our
measurements. This means that our measurement precision for intensities is about 2% (2 sigma), based
on the 1.8% variability relative to PNNL. The continuum signal-to-noise ratios for the transmission
spectra range from 350 to 1150 except for the pure spectra for which they range from 100 to 160. The
errors are therefore dominated by a number of systematic effects discussed in more detail by Harrison



et al. (2010a). Systematic errors are very difficult to estimate, except by comparison with independent
measurements. Unfortunately, the only independent measurements we have at the moment are from
PNNL, which are not reliable for isobutane. The two sigma accuracy for similar measurements of ethane
cross sections was estimated to be 8% (Harrison et al. 2010a), which is a typical value for our cross
section measurements. Thus based on previous work (Harrison et al.,, 2010a) and our experience, we
estimate a total error of about 10% (two sigma) for the cross sections.

The calibration of the wavenumber scale was checked by comparing water lines in the spectra to the
values in the HITRAN database (Gordon et al., 2017). The line positions were within 0.0005 cm™ and
therefore no wavenumber calibration was performed.
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Figure 3. Temperature series of the v, band of isobutane at 10 Torr N, as a broadening gas.



3. Butane on Titan
CIRS Data

The Composite Infrared Spectrometer (CIRS) was a Fourier transform spectrometer on the Cassini
spacecraft that explored the Saturnian system from 2004 through 2017 (Jennings et al., 2017). During
the Cassini mission, the spacecraft performed 127 flybys of Titan, many of which included CIRS
observations. We employ data from Focal Plane 4 (FP4) of CIRS, sensitive to the region from 1100 cm™
to 1500 cm™. Data were acquired in a limb-viewing geometry and include spectra with tangent altitudes
between 200 and 250 km above Titan’s equatorial region from 30° S to 30° N between 2007 and 2017,
including a total of 1555 individual spectra. Limb observations were utilized in this search to make use
of long path length observations — by looking through atmosphere as opposed to staring at the surface,
we are able to isolate emission from higher altitudes where trace species are expected to exist in higher
concentrations, as well as collect more radiation emitted by these molecules. However, if we look too
high, the atmospheric pressure decreases to the point where molecular emission could not be detected
by these observations. The resolution of the data is 0.5 cm™: however, we make use of over-sampled
data at a resolution of 0.25 cm™ to better distinguish weak features in the spectrum.

Modeling

We model the spectrum using the Nonlinear Optimal Estimator for Multispectral Analysis (NEMESIS)
inverse radiative transfer algorithm (Irwin et al., 2008). NEMESIS has been used extensively to model
infrared spectra of outer Solar System bodies previously; the reader is directed to (Lombardo et al.,
2019a) and references therein for further discussion of the modeling method.

Our analysis proceeds by first determining the thermal structure of Titan’s stratosphere over the
duration of these observations. Stratospheric methane is well constrained in abundance, thus we can
model the v, band of methane from 1275 cm™ to 1325 cm™ by only varying the temperature and aerosol
abundance (contributing only to the continuum of the spectrum) to best fit the observations.

The strongest isobutane band in the CIRS range is v4(a;), which has a sharp Q-branch at 1478 cm™
(Figure 1). The strongest n-butane bands in the CIRS range are vs(by), vao(b.) and viu(a,) at 1462, 1466
and 1471 cm™, respectively, for the s-trans conformer of C,, symmetry (Durig et al., 1991; Sharpe et al.,
2004). However, due to the fact that beyond approximately 1400 cm™ CIRS spectra become affected by
aliasing from higher wavenumbers due to the FTS nature of the instrument, we model the region from
1440 — 1480 cm™. This spectral region has been successfully modeled previously by Lombardo et al.
(2019a,b).

Since we do not have spectral line lists for butane and isobutane, we make use of the same method
described in Nixon et al., 2013. We model as best we can the spectrum including spectral line lists for all
species known to emit in this region - ethane, propane, and aerosol haze. Spectral line data for methane
and ethane are from HITRAN 2016 (Gordon et al., 2017), spectral data for propane are from Sung et al.
(Sung et al., 2013) and the spectral characteristics of the aerosol haze are those defined in Vinatier et al.
(Vinatier et al., 2012). After we have successfully modeled the spectrum, we compare the residual — the
difference between the observations and the model — to the laboratory spectra for butane and



isobutane. If no significant emission is seen in the residual, we can proceed to calculate an upper-limit
for the species using the method described in the following section.

Modeling Results
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Figure 4: The top plot shows the synthetic spectrum (dashed red) compared to the observed spectrum
(solid black). Major molecule contributions are labeled, unlabeled lines are weaker emission from
ethane. The residual (middle plot) is the difference between the observed and modeled spectra —a
positive value indicates excess emission in the observation that is not being properly modeled. The blue
envelope is a 1-c estimate of the error on the spectrum, including instrumental and systematic error,
derived from the standard deviation of the spectrum. The bottom plot shows the laboratory spectra for
isobutane from this work (solid black) and n-butane from PNNL (red dashed), normalized over this
spectral window for clarity and convolved with a Hamming function of full width at half maximum of
0.475 cm™ to match the CIRS resolution. The PNNL n-butane cross sections are for 5°C and 1 atm of N,
and the isobutane data are for 210 K with 100 Torr of N,.

Results of the spectral fitting are shown in Figure 4. The region of the CIRS spectrum past ~1400 cm™ is
difficult to model due to many broad overlapping bands (notably from methane, ethane and propane),
contributions from potentially undetected species, and aliasing from higher wavenumbers.

We do not detect isobutane with the CIRS spectra but can compute an upper-limit for its abundance. As
described in Nixon et al. (2013), the spectral radiance of optically thin molecular emission lines is
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proportional to the molecular abundance (g), absorption cross section (k), and the temperature and
pressure at the source of emission (T and p). Due to the difference in temperature between Titan's
stratosphere (77, 150 K) and the laboratory environment at which the absorption cross sections were
calculated (T, 278 K for PNNL and 210 K for isobutane), we include a first order correction factor:

exp( — cv/Tr)/V(Tr)
exp( — cv/T)/V(TL,)

fwTr,Ty) =

where ¢, =hc/k = 1.4388 cm K, and V(T) is the vibrational partition function of the molecule. Note that
the PNNL cross section data used were recorded at 278 K but provided in units of ppm™ m™ at 296 K;
conversion to cm?/molecule units requires multiplication by 9.28697x10™° cm? mol™ ppm m. The
vibrational partition functions were calculated assuming the harmonic oscillator approximation with the
vibrational frequencies for n-butane taken from Durig et al. (1991) and those for isobutane from
Manzanares et al. (1995).

If we denote the Planck function at wavenumber v and temperature Tras B(v, T;), we can write that

I(v) < k() f(v) q p B, Tr),

where I(v) is the brightness of the molecular emission. To estimate the upper limit of isobutane, we
take the ratio of this equation between the brightest line of the isobutane spectrum and a prominent
line in the CIRS spectrum - in our case the 1468.50 cm™ ethane line - and rearrange to solve for g

_J kc,u, f(CoHe, Tr,Ty) spectral error
qC4.H10max Ac,He kC4H10 f(C4H10, Ty, TL) IC2H6

We use the same method to calculate an upper-limit for n-butane, using laboratory cross sections from
the PNNL. Values used in these calculations are given in Table 2.

Molecule f v,cm™ k, cm?/molecule I (nW) q

CaHe 0.00205 1468.50 7.5e-20 5.8 1.0e-5
Nn-C4H1o 0.00657 1466.25 1.0e-19 1.26* <5.13e-7
i-C4H10 0.0291 1478.25  3.0e-19 1.28* <3.91e-8
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Table 2: Values used in the butane and isobutane upper-limit calculations. Values marked with a single
asterisk (*) are the spectral error on the observations, multiplied by 3v/2 to account for oversampling of
the data and conversion from 1-c spectral error to 3-c upper-limit.

We calculate a 3-c upper limit of n-butane of 5.13e-7, and isobutane of 3.91e-8. The sum of these
values, 5.52e-7 is consistent with predicted abundance of both isomers presented in (Dobrijevic et al.,
2016), who predict a stratospheric abundance in the range (2—10)e-7.

4. Discussion and Conclusion

Isobutane spectra were collected over a wide range of temperatures and broadening gas pressures in
order to simulate the various conditions present in the atmospheres of Titan, Jupiter and Saturn. The
atmospheres of Jupiter and Saturn are primarily composed of hydrogen, while the primary component
of Titan’s atmosphere is nitrogen, making hydrogen and nitrogen the logical choices for broadening
gases.

The changes in the spectrum due to varying broadening gas pressure and temperature can be seen in
Figures 3 and 4, respectively. As the pressure of the broadening gas is increased, a decrease in the
resolution is observed due to pressure broadening. A similar trend is observed in the temperature
series, where the resolution decreases as the temperature increases from Doppler broadening and hot
bands.

Although butane is predicted by chemical models to be detectable in Titan’s atmosphere, we derive only
upper limits for isobutane (3.91e-8), n-butane (5.13e-7) and both isomers (5.52e-7). Our upper limits are
consistent with the lower limit of the abundance range of butane predicted by the detailed model of
Dobrijevic et al. (2016).

A series of isobutane spectra were recorded to provide astronomers a catalog with which to make
accurate simulations of astronomical spectra. These data were used to determine an upper abundance
limit for isobutane in Titan’s atmosphere with CIRS spectra. Upper limits were also determined for n-
butane using PNNL cross sections and the butane upper limits are consistent with the lower limit of
predictions of state-of-the-art chemical models of Titan’s atmosphere.
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