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transform spectroscopy. The samples had temperatures of 294 K and 230 K for n-butane, 294 K and
218 K for n-pentane, 296 K and 235 K for cyclopentane, and 294 K and 222 K for cyclohexane. These
spectra are important for molecular identification in extraterrestrial environments such as Saturn’s moon
Titan, giant planets and exoplanets. All spectra are provided as data point files.
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1.1. Introduction

The oxidation of non-methane hydrocarbons plays an important
role in the production of tropospheric ozone and aerosols, with
these hydrocarbons largely coming from fugitive emissions of fossil
fuel production [1]. Simple hydrocarbons have also been observed
in the atmospheres of the giant planets [2] and Saturn’s moon Ti-
tan [3] which has an organic-rich atmosphere and is considered
to be like that of pre-biotic Earth [4,5]. Organic molecules are
produced on Titan by dissociation and ionization of nitrogen and
methane in the upper atmosphere. Reactions between two methyl
radicals produce ethane and other photochemical processes form
larger hydrocarbons. Organic photochemistry also produces an or-
ange aerosol haze on Titan [3,6]. The atmospheres of giant planets
are likely reservoirs of complex hydrocarbon species.

Numerous non-methane hydrocarbons (CyH;, CyHg, CyHg,
CH5C,H, C3Hg, C3Hg, C4H, and CgHg) [3] have been detected in
the stratosphere of Titan mainly using the CIRS (Composite In-
frared Spectrometer) Fourier transform instrument on the Cassini
spacecraft that was in orbit around Saturn. The most recent hydro-
carbons detected on Titan are allene (propadiene, CH,CCH,) from
TEXES (Texas Echelon-cross-Echelle Spectrograph) on the NASA IR
Telescope Facility by Lombardo et al. [7] and cyclopropenylidene (c-
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C3H,) found with ALMA (Atacama Large Millimeter/submillimeter
Array) by Nixon et al. [8]. Titan’s stratosphere has a temperature of
about 80 to 200 K at pressure of about 10 to 0.01 Torr of mainly ni-
trogen [3]. Hydrocarbon fractional abundances range from 0.2 ppb
for benzene (CgHg) to a few percent for methane (CH,4). None of
the hydrocarbons studied in this paper have been detected on Ti-
tan yet, although they are all potentially present.

The detection of hydrocarbon species in the Earth’s atmosphere
and the atmospheres of planets, moons and exoplanets relies on
reliable spectroscopic line lists and cross sections. Most existing
spectroscopic cross sections for hydrocarbon species were collected
at relatively low resolution and are often broadened by N,. Higher
resolution spectroscopic cross sections that can resolve sharper
spectroscopic features are necessary in order to identify and quan-
tify these species under conditions where pressure broadening is
small. Our present work includes absorption cross sections in the
3000 cm~! (CH stretching) region for n-butane, n-pentane, cy-
clopentane and cyclohexane along with 1460 cm~! (6.8 pm) cross
sections for cyclopentane.

1.2. n-butane

Butane has two isomers: isobutane and n-butane. Hydrocarbons
like ethane and propene have been observed in Titan [9] and gi-
ant planets [10,11] and the photochemical models of Titan [12] and
Saturn [13] predict butane to be as abundant as other small hydro-
carbons. Curtis et al. [14] suggest the possibility that some of the


https://doi.org/10.1016/j.jqsrt.2022.108284
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2022.108284&domain=pdf
mailto:jsorense@odu.edu
https://doi.org/10.1016/j.jqsrt.2022.108284

J.J. Sorensen, PE. Bernath, R.M. Johnson et al.

haze particles in Titan’s atmosphere may be coated with a layer
of butane at the tropopause and it may influence cloud forma-
tion mechanisms. Navarro-Gonzalez et al. [15] have experimentally
studied the corona discharge of a simulated Titan atmosphere and
have identified several hydrocarbons including ethane, propane, n-
butane, n-pentane, and cyclopropane. Hewett et al. [16] have esti-
mated upper limits for the abundance of n-butane and isobutane
on Titan.

Diethyl or n-butane (C4Hjp) has two main conformations: s-
trans and gauche which have C,, and C, symmetry, respec-
tively, with 36 fundamental vibrational frequencies. The s-trans
and gauche conformers have 11 and 21 allowed Raman modes
and 10 and 21 infrared active modes, respectively [17]. The low-
est energy s-trans conformer and the higher energy (by 234 cm™!)
gauche conformations are observed in the infrared spectra of this
molecule. In CH stretching region there are 10 vibrational modes.
Con symmetry includes vq-v3 (ag), V12-v13 (au), Vao-v21 (bg), and
Vy7-Vog (by), while C; symmetry has v{-v3, vqy, and v3 (a) and
V20, V21, V27-V29 (b) modes in the 3.3 pum region.

Absorption cross sections for isobutane have been studied ex-
tensively [16,18,19]. Grosch et al. [20] have measured absorption
cross sections of n-butane in the CH stretching region at temper-
atures of 298, 373, and 473 K with nitrogen as a broadening gas.
Cross sections of n-butane in the mid infrared region (7-15 pum)
with nitrogen as a broadening gas at temperatures of 180-298 K
were obtained by Sung et al. [21]. Jolly et al. [22] have recorded
absorption cross sections of n-butane at 150 K and 297 K focusing
on the bands centered at 733 cm~! and 966 cm~!.

This work provides the cross sections of pure n-butane in the
3000 cm~! region obtained at 296 K and 230.3 K without a broad-
ening gas.

1.3. n-Pentane

n-Pentane (CsHyy) is a straight chain alkane that is an exam-
ple of a volatile organic compound present in Earth’s atmosphere,
specifically from rapid increase in natural gas production in recent
decades. Studies from Swarthout et al. [23] have looked at the en-
vironmental impacts of these volatile organic compounds, includ-
ing n-pentane, at the Boulder Atmospheric Observatory.

n-Pentane has a number of trans and gauche conformations
that are observed in the infrared spectra with the trans, C,, con-
formation being the lowest in energy. It contains 45 fundamen-
tal vibrational frequencies, 35 being infrared active modes, and
all of them being Raman active. This C,, conformation includes
modes of a; (v — v3), 3 (Vig — va3), by (vag — v32), and by
(v33 — V45) symmetry. Vibrational spectra of n-pentane have been
studied by LaPlante et al. [24], and Raman spectra have also been
studied by Kuznetsov et al. [25].

This work provides cross sections of pure n-pentane in the 3000
cm~! region obtained at 218 K and 292 K.

1.4. Cyclopentane

Cyclopentane (CsHqg) is a fascinating molecule due to its un-
usual structure and vibrations. It has 10 equivalent bent confor-
mations of C; symmetry and another 10 equivalent twist confor-
mations of C; symmetry. These 20 conformations have such small
energy barriers between them that they can readily interconvert
in a process known as pseudorotation [26,27]. Additionally there
is also a D5, planar conformation that lies approximately 2100
cm~! above the bent and twist conformations [27]. It is difficult
to conduct a traditional analysis of the 39 vibrational modes for
cyclopentane as has been previously discussed for n-butane and
n-pentane in Sections 1.2 and 1.3 above because of the effects of
pseudorotation. We refer the reader to the work of Ocola et al. for
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a more traditional normal mode analysis [26]. We also would like
to note that a more complete vibrational analysis that includes the
coupling of the normal modes with the pseudorotation has just ap-
peared [28].

This present work includes high resolution cross sections of
pure cyclopentane in the CH stretching region at 3000 cm™! and
for the CH, scissors bend at 1460 cm~!.

1.5. Cyclohexane

Cyclohexane (CgH1y) is a ring of 6 carbon atoms with multiple
conformations. Of these, the “chair” is the minimum energy con-
formation with its 6 axial and 6 equatorial hydrogen atoms. Local
minima occur in the “twist boat” conformation, about 5.5 kcal/mol
higher than the “chair conformation.” [29,30] Cyclohexane is al-
most completely in the chair conformation at room temperature,
where less than 0.1% of the molecules are in the twist-boat con-
formation. Volatile organic compounds including cyclohexane are
found in the Earth’s atmosphere, produced by biogenic and anthro-
pogenic means [31]. Hydrocarbons such as cyclohexane may also
be found in the atmospheres of gas giant planets such as Saturn as
well as its moon Titan where it is formed by organic photochem-
istry and ion chemistry [13,32] .

The chair form of cyclohexane has D34 symmetry, and the twist
boat form has D, symmetry. There are 48 normal modes and 32
fundamental vibration frequencies, listed here grouped by symme-
try and using numbering of the vibrational modes from the or-
der of irreducible representations in Herzberg's character tables:
[33] a1g (V1= ve), a1y (V7= Vo), azg (Vio- V11) au (V12- Vi) €g
(v17- vo4) and ey (Vo5- v33). Only the 3 a;, and 8 e, modes are
infrared active [34]. The a;4 and eg modes are Raman active. There
have been many previous efforts to make infrared and Raman mea-
surements of cyclohexane in its different phases with accompany-
ing calculations to assist with vibrational assignments [35-41]. This
work builds on the previous investigation into the high-resolution
infrared spectra of cyclohexane published by Bernath and Sibert
[42].

2.0. Method and results

All spectra were recorded with a Bruker IFS 120/125HR Fourier
transform spectrometer at a resolution of 0.04 cm~!. An internal
glowbar source, KBr beamsplitter and a liquid N, cooled InSb de-
tector were used in the setup (liquid N, cooled HgCdTe detec-
tor for the 1460 cm~! band of cyclopentane). Samples of each
molecular gas were prepared in a single pass 20 cm cell fitted
with wedged CaF, windows. For the low temperature spectra, the
cell was cooled with a liquid ethanol circulator. Table 1 displays
the number of sample and background scans averaged for each
molecule at the given temperature and pressure.

Figs. 1-4 show the CH stretch cross sections of pure n-butane,
n-pentane, cyclopentane and cyclohexane, respectively, between
2800 and 3050 cm~!, collected at two different temperatures as
indicated in Table 1. Fig. 5 shows the cross section of pure cy-
clopentane CH, scissors bending mode between 1440 and 1560
cm~! at 235.2 K and 294.2 K. In producing Fig. 5, strong lines as-
sociated with water were removed using the straight-line gener-
ation function of the OPUS program. Fig. 6 represents a zoomed
in view of n-butane CH, symmetric stretch centered around 2886
cm~! at 230.5 K where P, Q and R rotational structure is clearly
seen. Similarly, Fig. 7 shows sharp P, Q and R rotational struc-
ture for cyclohexane’s vq3 ay, mode at 2861.51 cm~! and the vy
ey mode at 2862.28 cm~! measured at 221.6 K. [42] All spec-
tra are included in the supplemental data section as data point
files.
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Table 1
Molecule specific experimental parameters.
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Molecule Number sample and background scans Pressure (Torr) Temperature (K) Frequency Correction Factor
n-butane 512 2.047 294.2 0.999995689(16)
512 2.560 230.5 0.999995727(14)
n-pentane 640 0.385 294.2 0.999999760(38)
640 2.191 217.6 0.999998534(23)
Cyclopentane (3000 cm~') 640 0.431 296.2 0.999995727(14)
640 0.198 235.2 0.999995684(24)
Cyclopentane (1460 cm™!) 640 27.89 294.2 0.999994088(87)
640 18.15 235.8 0.999994041(23)
Cyclohexane 640 1.06 294.2 0.999998539(25)
640 0.87 221.6 0.999996739(21)
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Fig. 1. Cross sections of pure n-butane in the CH stretching region. Blue is at

230.5 K and red is at 294.2 K.
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Fig. 2. Cross sections of pure n-pentane in the CH stretching region. Blue is at
217.6 K and red is at 294.2 K.

3.0. Discussion
3.1. Calibration

All spectra were wavenumber calibrated using CO, lines be-
tween 2323 and 2348 cm~! from the HITRAN database [43]. The
frequency correction factors are included in Table 1 along with
their standard deviations. These correction factors do not have as-
sociated intercepts and resulted in an average shift in frequency
in the 3.3 pm region of less than 0.01 cm~! and a shift of 0.005
cm~! in the 6.8 pm region for cyclopentane. As we had some diffi-
culty obtaining accurate pressure measurements, all cross sections
reported in this work had the area under their respective cross sec-
tion calibrated to match the area under similar, lower resolution,

Wavenumber (cm!)

Fig. 3. Cross-section of pure cyclopentane CH, symmetric stretch (vg) at 2879 cm™!
and CH, antisymmetric stretch (vq5) at 2966 cm~'. Blue trace was collected at
235.2 K and red trace collected at 296.2 K.
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Fig. 4. Cross-section of pure cyclohexane C-H stretching region blue plot is 221.6 K;
the red plot is at 294.2 K.

spectra obtained by Pacific Northwest National Laboratory (PNNL).
[44] Table 2 shows the integrated areas of the PNNL data (at 296 K)
along with the integration bounds used for each case. This correc-
tion assumes that the area under each cross section curve is in-
dependent of temperature as we have done in the past [43]. In
addition, Grosch et al. [20] found that integrated cross sections of
gaseous hydrocarbons do not change significantly with tempera-
ture. It is also worth noting that Grosch et al.’s cross section for
n-butane also matched that of PNNL very closely [20].

The issue of reporting error in our cross sections is difficult and
somewhat subjective. For the wavenumber calibration, the shift is
on the order of 0.005-0.01 cm~! as stated above, but after calibra-
tion the accuracy is 0.005 cm~! or better based on the standard
deviation of the calibration factor. The error in our cross sections
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Table 2
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Limits of integration along with the area under the curve for cross sections obtained from PNNL. The PNNL data used was collected at 296 K.

Molecule Integration limits (cm~') Area (x 10~'8 cm/molecule)
n-butane 2776.298 - 3042.959 49.900
n-pentane 2778.116 - 3050.899 60.318
Cyclopentane (2966 cm~') 2768.910 - 3062.819 57.843

Cyclopentane (1460 cm~1)
Cyclohexane

1350.561 - 1610.255 1.897
2833.759 - 2977.299

75.434
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Fig. 5. Cross-section of pure cyclopentane CH, scissors bend (vg) centered around
1460 cm~'. Blue trace was collected at 235.2 K and red trace collected at 294.2 K.
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Fig. 6. A zoomed in look at the P, Q, and R branches of n-butane CH, symmetric
stretch (v,) centered around 2886 cm~! at 230.5 K.
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Fig. 7. Illustrates the P, Q, and R branches of cyclohexane centered around 2862

cm~!; prominently visible are the vq3 ay, mode at 2861.51 cm~' and the vy ey
mode at 2862.28 cm~! at 221.6 K.

comes from several sources including the PNNL data with an es-
timated error of < 3%. [44] Our error cannot be lower than this.
Based on previous experience [43], we estimate an error of about
5% for our cross sections.

3.2. Comments on spectra

Fig. 5 depicts the cross section of cyclopentane’s CH, scissors
bend (vg) centered around 1460 cm~!. Clearly seen in these spec-
tra are sharp transitions spaced approximately 5 cm~! apart as-
sociated with the pseudorotation between the low-lying Cs and
C, conformations. [26,27] We have recently published an analysis
of this observed structure that couples the normal modes to this
pseudorotation [28].

Fig. 6 is an expanded view of the n-butane CH stretch centered
at 2886 where clear rotational structure is observed including P, Q
and R branches. Similarly, Fig. 7 depicts a zoomed in look at cy-
clohexane’s vq3 ay, mode centered at 2861.51 cm~! and its v,g €y
mode centered at 2862.28 cm~!. Again, P, Q and R branches are
clearly observed. Both of these spectra illustrate the importance of
high resolution spectral cross sections that include sharp spectral
features to molecular identification and quantitative uses.

4.0. Conclusion

Included in this work are high resolution spectra of pure n-
butane, n-pentane, cyclopentane and cyclohexane collected at two
different temperatures in the 3000 cm~! CH stretching region for
each molecule. Additionally, CH scissors bending region centered
at 1460 cm~! for cyclopentane is also reported. These spectra rep-
resent significant improvements in resolution to existing spectra.
This improvement in resolution makes these spectra useful for
molecular identification and quantitative studies in low pressure
environments such as Saturn’s moon Titan and other planetary sys-
tems. Spectra of lower temperature samples are desirable to more
closely match conditions on Titan and the outer planets, but our
measurements serve as a useful starting point. All of these spec-
tra are provided as data point files in the supplementary section
of the paper.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper

CRediT authorship contribution statement

Jason J. Sorensen: Investigation, Writing - original draft, Su-
pervision, Formal analysis. Peter F. Bernath: Conceptualization, Re-
sources, Funding acquisition, Writing - review & editing. Ryan M.
Johnson: Investigation, Formal analysis, Writing - original draft.
Randika Dodangodage: Investigation, Formal analysis, Writing -
original draft. W. Doug Cameron: Investigation, Formal analysis,
Writing - original draft. Keith LaBelle: Investigation, Formal anal-
ysis, Writing - original draft.



J.J. Sorensen, PE. Bernath, R.M. Johnson et al.
Acknowledgments

The NASA Outer Planets Research and Planetary Data Archiv-
ing and Restoration Tools program (PDART) provided funding
(80ONSSC19K0417).

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jqsrt.2022.108284.

References

[1] Helmig D, Rossabi S, Hueber ], Tans P, Montzka SA, Masarie K, et al. Reversal
of global atmospheric ethane and propane trends largely due to US oil and
natural gas production. Nat Geosci 2016;9:490-5. doi:10.1038/nge02721.

[2] Guerlet S, Fouchet T, Bezard B, Simon-Miller AA, Flasar FM. Vertical and merid-
ional distribution of ethane, acetylene and propane in Saturn’s stratosphere
from CIRS/Cassini limb observations. Icarus 2009;203:214-32.

[3] Horst SM. Titan’s atmosphere and climate. ] Geophys Res Planets
2017;122:432-82. doi:10.1002/2016JE005240.

[4] Trainer MG, Pavlov AA, DeWitt HL, Jimenez JL, McKay CP, Toon OB,
et al. Organic haze on Titan and the early Earth. Proc Natl Acad Sci
2006;103:18035-42.

[5] Raulin F, Cerceau F, Hakdaoui M, Vargas A. Prebiotic chemical evolution in Ti-
tan’s ocean. Orig Life Evol Biosph 1986;16:401.

[6] MacKenzie SM, Birch SPD, Horst S, Sotin C, Barth E, Lora JM, et al. Titan: earth-
like on the outside, ocean world on the inside. Planet Sci J 2021;2:112. doi:10.
3847/PS]/abf7c9.

[7] Lombardo NA, Nixon CA, Greathouse TK, Bézard B, Jolly A, Vinatier S, et al.
Detection of Propadiene on Titan. Astrophys ] 2019;881:L33. doi:10.3847/
2041-8213/ab3860.

[8] Nixon CA, Thelen AE, Cordiner MA, Kisiel Z, Charnley SB, Molter EM, et al.
Detection of Cyclopropenylidene on Titan with ALMA. Astron ] 2020;160:205.
doi:10.3847/1538-3881/abb679.

[9] Cours T, Cordier D, Seignovert B, Maltagliati L, Biennier L. The 3.4 pm absorp-
tion in Titan's stratosphere: contribution of ethane, propane, butane and com-
plex hydrogenated organics. Icarus 2020;339:113571.

[10] Melin H, Fletcher L, Donnelly P, Greathouse T, Lacy ], Orton G, et al. Assessing
the long-term variability of acetylene and ethane in the stratosphere of Jupiter.
Icarus 2018;305:301-13.

[11] Greathouse TK, Richter M], Lacy ], Moses ], Orton G, Encrenaz T, et al. A spa-
tially resolved high spectral resolution study of Neptune’s stratosphere. Icarus
2011;214:606-21.

[12] Yung YL, Allen M, Pinto JP. Photochemistry of the atmosphere of Ti-
tan: comparison between model and observations. Astrophys ] Suppl Ser
1984;55:465-506.

[13] Moses ]I, Bezard B, Lellouch E, Gladstone GR, Feuchtgruber H, Allen M. Photo-
chemistry of Saturn’s atmosphere: I. Hydrocarbon chemistry and comparisons
with ISO observations. Icarus 2000;143:244-98.

[14] Curtis DB, Glandorf DL, Toon OB, Tolbert MA, McKay CP, Khare BN. Laboratory
studies of butane nucleation on organic haze particles: application to Titan's
clouds. ] Phys Chem A 2005;109:1382-90.

[15] Navarro-Gonzalez R, Ramirez SI, Matrajt G, Basiuk V, Basiuk E. Corona Chem-
istry in Titan. Biol Sci Sp 1988;12:81-91.

[16] Hewett DM , Bernath PF , Wang A , Billinghurst BB , Zhao ] , Lombardo NA ,
et al. N, and H, broadened isobutane infrared absorption cross sections and
butane upper limits on Titan. Icarus 2020;344:113460.

[17] Herrebout WA, Van Der Veken BJ, Wang A, Durig JR. Enthalpy difference be-
tween conformers of n-butane and the potential function governing conforma-
tional interchange. ] Phys Chem 1995;99:578-85. doi:10.1021/j100002a020.

[18] Hewett DM, Bernath PF, Billinghurst BB. Infrared absorption cross sections of
isobutane with hydrogen and nitrogen as broadening gases. ] Quant Spectrosc
Radiat Transf 2019;227:226-9.

[19] Bernath PF, Fernando AM. Infrared absorption cross sections for hot isobutane
in the CH stretching region. J Quant Spectrosc Radiat Transf 2021;269:107644.

[20] Grosch A, Beushausen V, Wackerbarth H, Thiele O, Berg T. Temperature- and
pressure-dependent midinfrared absorption cross sections of gaseous hydro-
carbons. Appl Opt 2010;49:196-203. doi:10.1364/A0.49.000196.

Journal of Quantitative Spectroscopy & Radiative Transfer 290 (2022) 108284

[21] Sung K, Steffens B, Toon GC, Nemchick DJ, Smith MAH. Pseudoline pa-
rameters to represent n-butane (n-C4Hjp) cross-sections measured in the
7-15 pm region for the Titan atmosphere. ] Quant Spectrosc Radiat Transf
2020;251:107011.

[22] Jolly A, Benilan Y, Manceron L. Search for evidence of Butane on Titan with
new spectroscopic data. Eur. Planet. Sci. Congr. 2017.

[23] Swarthout RF, Russo RS, Zhou Y, Hart AH, Sive BC. Volatile organic compound
distributions during the NACHTT campaign at the Boulder Atmospheric Ob-
servatory: influence of urban and natural gas sources. ] Geophys Res Planets
2013;118:10614-37.

[24] LaPlante AJ], Stidham HD, Gurigis GA , Dukes HW . Vibrational spectra, ab ini-
tio calculations, and assignments of the fundamentals of the C,, coformer of
n-pentane. J Mol Struct 2012:170-5.

[25] Kuznetsov SM, Novikov VS, Sagitova EA, Ustynyuk LY, Glikin AA, Prokhorov KA,
et al. Raman spectra of n-pentane, n-hexane, and n-octadecane: experimental
and density functional theory (DFT) study. Laser Phys 2019;29:085701. doi:10.
1088/1555-6611/ab2908.

[26] Ocola EJ, Bauman LE, Laane ]J. Vibrational Spectra and Structure of Cyclopen-
tane and its Isotopomers. ] Phys Chem A 2011;115:6531-42.

[27] Kowalewski P, Frey H-M, Infanger D, Leutwyler S. Probing the Structure, Pseu-
dorotation, and Radial Vibrations of Cyclopentane by Femtosecond Rotational
Raman Coherence Spectroscopy. ] Phys Chem A 2015;119:11215-25.

[28] Sibert III EL, Bernath PF. A local mode study of ring puckering effects in the
infrared spectra of cyclopentane. ] Chem Phys 2022;156:214305. doi:10.1063/
5.0095010.

[29] Squillacote M, Sheridan RS, Chapman OL, Anet FAL. Spectroscopic detection
of the twist-boat conformation of cyclohexane. Direct measurement of the
free energy difference between the chair and the twist-boat. ] Am Chem Soc
1975;97:3244-6.

[30] Kang YK, Park HS. Puckering transitions in cyclohexane: revisited. Chem Phys
Lett 2018;702:82-9.

[31] de Gouw JA, Middlebrook AM, Warneke C, Goldan PD, Kuster WC, Roberts JM,
et al. Budget of organic carbon in a polluted atmosphere: results from the New
England Air Quality Study in 2002. ] Geophys Res D Atmos 2005;110:1-22.
doi:10.1029/2004JD005623.

[32] Dobrijevic M, Loison ]JC, Hickson KM, Gronoff G. 1D-coupled photochemi-
cal model of neutrals, cations and anions in the atmosphere of Titan. Icarus
2016;268:313-39.

[33] Herzberg G. Infrared and Raman Spectra of Polyatomic Molecules. D. Van Nos-
trand Company; 1945.

[34] Wilberg KB, Shrake A. A vibrational study of cyclohexane and some of
its isotopic derivatives—I: Raman and infrared spectra and assignments of
cyclohexane and cyclohexane-d12. Spectrochim Acta Part A Mol Spectrosc
1971;27:1139-51.

[35] Dows DA. Normal vibrations of cyclohexane. Infrared spectrum of the crystal.
] Mol Spectrosc 1965;16:302-8.

[36] Takahashi H, Shimonouchi T, Kukushima K, Miyazawa T. Infrared spectrum and
normal vibrations of cyclohexane. ] Mol Spectrosc 1964;13:43-56.

[37] Wilberg KB, Walters VA, Dailey WP. Infrared intensities: cyclohexane. A
molecular force field and dipole moment derivatives. ] Am Chem Soc
1985;107:4860-7.

[38] Matrai E, Csaszar P, Fogarasi G, Gal M. Scaled quantum mechanical (SQM) force
field and vibrational assignment for cyclohexane. Spectrochim Acta Part A Mol
Spectrosc 1985;41:425-33.

[39] Matrai E, Gal M, Keresztury G. Interpretation of the CH stretching region of
the vibrational spectra of cyclohexane. Spectrochim Acta Part A Mol Spectrosc
1990;46:29-32.

[40] Durig JR, Zheng C, El Defrawy AM , Ward RM , Gounev TK , Ravindranath K ,
et al. On the relative intensities of the Raman active fundamentals, ry struc-
tural parameters, and pathway of chair-boat interconversion of cyclohexane
and cyclohexane-d12. ] Raman Spectrosc 2009;40:197-204. doi:10.1002/jrs.
2107.

[41] Chun H]J, Ocola EJ, Laane ]. Vapor-phase Raman spectra and the barrier to pla-
narity of cyclohexane. J Phys Chem A 2016;120:7677-80.

[42] Bernath PF, Sibert III EL. Cyclohexane Vibrations: High-Resolution Spectra and
Anharmonic Local Mode Calculations. ] Phys Chem A 2020;124:9991-10000.

[43] Gordon IE, Rothman LS, Hargreaves R], Hashemi R, Karlovets EV, Skinner FM,
et al. The HITRAN2020 molecular spectroscopic database. ] Quant Spectrosc
Radiat Transf 2022;277:107949. doi:10.1016/j.jqsrt.2021.107949.

[44] 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.


https://doi.org/10.1016/j.jqsrt.2022.108284
https://doi.org/10.1038/ngeo2721
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0002
https://doi.org/10.1002/2016JE005240
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0004
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0005
https://doi.org/10.3847/PSJ/abf7c9
https://doi.org/10.3847/2041-8213/ab3860
https://doi.org/10.3847/1538-3881/abb679
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0009
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0010
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0011
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0012
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0013
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0014
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0015
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0016
https://doi.org/10.1021/j100002a020
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0018
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0019
https://doi.org/10.1364/AO.49.000196
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0021
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0022
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0023
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0024
https://doi.org/10.1088/1555-6611/ab2908
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0026
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0027
https://doi.org/10.1063/5.0095010
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0029
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0030
https://doi.org/10.1029/2004JD005623
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0032
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0034
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0035
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0036
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0037
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0038
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0039
https://doi.org/10.1002/jrs.2107
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0041
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0042
https://doi.org/10.1016/j.jqsrt.2021.107949
http://refhub.elsevier.com/S0022-4073(22)00219-9/sbref0044

	Absorption cross sections of n-butane, n-pentane, cyclopentane and cyclohexane

