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a b s t r a c t
High resolution infrared spectra in the 3 μm region for propylene (C3 H6 ) were recorded at temperatures
up to 700 K. Measurements were taken using a Fourier transform infrared spectrometer at a resolution
of 0.005 cm−1 using a quartz cell inside a tube furnace. Calculated cross sections were calibrated against
composite spectra from the Paciﬁc Northwest National Laboratory. These cross sections are provided with
this work and will ﬁnd use in remote sensing and combustion monitoring.
© 2016 Elsevier B.V. All rights reserved.

Introduction
Propylene, also known as propene, is a small unsaturated hydrocarbon with the formula C3 H6 . It is the second most important compound in the petrochemical industry behind ethylene
(C2 H4 ) and is used in the production of many products, especially
polypropylene ((C3 H6 )n ). It is present in the Earth’s atmosphere
at a concentration of around 10 ppt (Helmig et al. 2014), and has
both natural and anthropogenic sources including biomass burning
(Blake et al. 1994), incomplete fossil fuel combustion (Guo et al.
2011), and hydrocarbon cracking (Rahimi & Karimzadeh 2011).
Propylene is also an important molecule in astrochemistry due
to its abundance in certain astronomical objects. Rotational line
transitions were ﬁrst observed in the dark cloud TMC-1 using the
IRAM 30 m radio telescope, and its abundance was comparable to
that of other hydrocarbons such as c-C3 H2. (Marcelino et al. 2007).
In response, several mechanisms for the formation of propylene
in interstellar space have been proposed. An early hypothesized
mechanism was from the dissociative recombination of C3 H7 + , itself formed from several ion-molecule reactions (Marcelino et al.
2007). However, recent ab initio calculations dispute whether this
mechanism is fast enough to produce observed abundances (Lin
et al. 2013) and that improved grain surface chemistry models are
needed (Agúndez et al. 2015). It has also been proposed propy∗
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lene forms in gas clouds created by rapid sublimation of ice mantles on dust grains (Rawlings et al. 2013). Given the relatively large
abundance C3 H6 , the chemical pathways are not fully understood
to produce such a large molecule with the observed abundances
and more work is needed.
Propylene has also been observed with the Composite Infrared
Spectrometer (CIRS) on Cassini in the atmosphere of Titan (Nixon
et al. 2013), a moon rich in hydrocarbon species (Cui et al. 2009).
Its discovery ﬁlled a gap in the list of C3 -hydrocarbons observed in
the atmosphere of Titan (Li et al. 2015). Its abundance is notable
for being lower than both propane (C3 H8 ) and propyne (C3 H4 ); like
other hydrocarbons in Titan, the alkene (propylene) is more susceptible to photolysis and chemical attack than the more abundant
alkyne (propyne).
Propylene is also an important species in some high temperature systems. It is a major component of liqueﬁed petroleum gas
and is an intermediate in the combustion of larger hydrocarbons
(Burke et al. 2014; Chrystie et al. 2015). Although it has not yet
been detected, propylene is expected to be present in the atmosphere of hot exoplanets, and atmospheric models of these bodies
have begun incorporating propylene (Venot et al. 2015). While its
abundance is not expected to be high, its inclusion is important as
it is present in the heavily congested 3 μm region.
Propylene has CS symmetry and 21 vibrational modes, all of
which are infrared active. The infrared and microwave spectrum
of propylene has been studied previously by several groups. One of
the earliest observations made assignments of all of the fundamental bands and many overtone and combination bands in the 400–
6200 cm−1 (Lord & Venkateswarlu 1953). The microwave spectrum

E.M. Buzan et al. / Molecular Astrophysics 3–4 (2016) 16–20

17

Table 1
Absorption bands in the 3 μm region.
Band

Band center (cm−1 )

Symmetry

Description

Source

ν1
ν2
ν3
ν 15
ν4
ν5
2ν 16
ν 10 + ν 16

3091.62
3012.8
2991.03
2954.30
2973.0
2931.46
2868.2
2736

a’
a’
a’
a
a’
a’
a’
a

CH2 asymmetric stretch
CH stretch
CH2 symmetric stretch
CH3 asymmetric stretch
CH3 asymmetric stretch
CH3 symmetric stretch
CH3 asymmetric in-plane bending

(Es-sebbar et al. 2014)
(Lord & Venkateswarlu 1953)
(Es-sebbar et al. 2014)
(Es-sebbar et al. 2014)
(Silvi et al. 1973)
(Es-sebbar et al. 2014)
(Silvi et al. 1973)
(Lord & Venkateswarlu 1953)

of propylene and one isotopologue have been used to determine
the structure of the three carbon chain and energy barriers to internal rotation (Lide & Mann 1957). Later, microwave spectra of
ﬁve additional isotopologues were used to calculate a full structure
(Lide & Christensen 1961). Force constants for several modes have
been derived from spectra of the 400 and 20 0 0 cm−1 region (Silvi
et al. 1973). The far infrared spectrum of propylene (80–370 cm−1 )
has been observed at moderate resolution, resulting in the assignment of the methyl torsional fundamental at 189 cm−1 and two hot
bands (Durig et al. 1989). Jet spectra have been used to resolve
the rotational structure of the ν 18 (991 cm−1 ) and ν 19 (913 cm−1 )
bands (Lafferty et al. 2006).
In certain regions, the spectrum of propylene becomes heavily
congested due to the overlap of several bands as shown in Table 1,
making individual line assignments very diﬃcult. Instead, recent
high-resolution studies have reported cross sections. The database
of infrared spectra maintained by the Paciﬁc Northwest National
Laboratory (PNNL) includes absorption cross sections of propylene
at 278, 298 and 323 K. These spectra are a composite of measurements made at different pressures and are reported at a spectral
resolution of 0.112 cm−1 (Sharpe et al. 2004). More recently, spectra were measured of propylene in the range 40 0–650 0 cm−1 at a
resolution of 0.08 cm−1 at temperatures between 298 K and 460 K
to determine the cross sections of several regions (Es-sebbar et al.
2014).
However, no studies have been made at higher temperatures
or higher resolution than those of Es-sebbar et al. Higher temperatures are needed for the study of combustion chemistry and
reaction pathways as well as for hot exoplanets. At higher resolution spectral features are better resolved, improving the accuracy of cross section measurements. This paper reports highresolution infrared spectra and cross sections of propylene in the
region 2500 cm−1 to 3200 cm−1 from 296 K to 700 K. The cross
sections are then calibrated against those from the PNNL database
to correct for errors in the experimental pressure.
Material and methods
Several transmittance spectra of propylene (Airgas, 99.99%)
were acquired in the 3 μm region covering the bands listed in
Table 1 at a resolution of 0.005 cm−1 . The Bruker deﬁnition of resolution of 0.9 divided by the maximum optical path difference is
used. Measurements were made at 296 K (i.e., room temperature)
and from 400 K to 70 0 K at 10 0 K intervals. Several low-resolution
test measurements were made at different pressures at each temperature. One pressure was selected for each temperature for highresolution measurements; this pressure was chosen to give a good
absorption depth that was comparable for each temperature, but
not enough to saturate any lines. A ﬁgure showing the transmission at each temperature are given in the Supplementary Material.
At most temperatures, two spectra were measured: an absorption
spectrum of propylene (Aab ) and background (Aref ) from which the
transmission is calculated (i.e., T = Aab /Aref ). At 600 K and 700 K,

emission from propylene becomes signiﬁcant and has to be accounted for. Therefore two additional spectra, propylene emission
(Bem ) and background emission, (Bref ) are acquired. These spectra
are subtracted from the absorption spectrum as

τ=

Aab − Bem
.
Aref − Bref

(1)

Each spectrum is an average of 600 scans (at 296 K), 300 scans
(at 40 0–50 0 K), or 150 scans (at 60 0–70 0 K) to improve the signalto-noise ratio.
This method has previously been used to account for the emission component in high temperature methane (Hargreaves et al.
2015a), ethane (Hargreaves et al. 2015b), and propane (Beale et al.
2016) spectra.
The instrumental setup is similar to that used for studies of
other hydrocarbons (Hargreaves et al. 2015a,2015b; Harrison et al.
2012). The spectra were obtained using a Bruker IFS 125 HR Fourier
transform spectrometer with an InSb detector and a CaF2 beamsplitter. The sample was contained in a 0.5 m quartz cell placed
inside of a tube furnace. The cell is built such that the entire sample chamber is contained within the heated portion of the furnace.
For absorption measurements, a glowbar was used as a broadband
light source. The full experimental conditions are listed in Table 2.
Absorption cross sections as a function of wavenumber were
calculated using the equation

σ (ν ) = −ξ

104 kB T
ln τ (ν )
Pl

(2)

where kB is the Boltzmann constant, T is the temperature (K),
P is the pressure (Pa), l is the path length (m), τ is the transmittance at a given wavenumber, and ξ is an empirical normalization factor calculated by comparison to the spectra from
the PNNL database. These composite spectra were selected to
perform the correction because of their high quality due to
the use of several pressure/path lengths. Initially, ξ = 1, and the
cross sections are integrated over the range 2650–3300 cm−1
to give an integrated cross section in units of cm molecule−1 .
The three PNNL spectra, measured at 278, 298 and 323 K, are
also integrated in this manner to give values of 1.6975 × 10−17 ,
1.6987 × 10−17 , and 1.6961 × 10−17 cm/molecule, respectively. The
mean value, 1.6975 × 10−17 cm/molecule was used for calibration.
The value of ξ in Eq. (1) is adjusted to set our integrated cross
section equal to that of the mean PNNL integrated cross section.
Results and discussion
The propylene absorption cross sections are displayed in Fig. 1.
At lower temperatures, individual lines for several bands are visible including ν 1 (3091 cm−1 ), ν 15 (2954 cm−1 ), ν 5 (2932 cm−1 ),
2ν 16 (2868 cm−1 ), and ν 10 + ν 16 (2737 cm−1 ). As the temperature
increases, the peak absorption of each band decreases as the lines
broaden. The sharp features clearly visible at low temperatures can
still be seen but become less pronounced. Fig. 2 demonstrate this
effect on the entire 2ν 16 band and individual lines in its P branch;
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Table 2
Summary of experimental conditions.
Parameter

Value

Temperature
Spectral range
Resolution
IR source
Detector
Beam splitter
Windows
Filter
Apodization
Scans per spectrum

296, 400, 500, 600, 700 K
180 0–560 0 cm−1
0.005 cm−1
Glowbar
InSb
CaF2
CaF2 (lens, spectrometer) Quartz (cell)
Germanium
Norton-Beer weak
296 K: 600 scans 400–500 K : 300 scans 600–700 K: 150 scans

Fig. 1. Propylene cross sections for the 3 μm region at a resolution of 0.005 cm−1 . Each temperature is offset by 2.5 × 10−20 cm2 mol−1 .
Table 3
Uncalibrated integrated cross sections and normalization factors .
Temperature (K)

Integrated cross section (cm mol−1 )

Normalization factor ξ

Effective pressure (Torr)

296
400
500
600
700

1.640 × 10−17
1.687 × 10−17
1.663 × 10−17
1.685 × 10−17
1.620 × 10−17

1.035
1.006
1.020
1.007
1.048

4.86
6.56
7.99
9.53
10.54

the detailed structure is reduced to a nearly smooth slope. The
integrated region was chosen to cover an isolated set of bands.
Several previous studies have shown that integrated cross sections
over an isolated region are temperature independent (Es-sebbar
et al. 2014; Hargreaves et al. 2015b). This behavior was also seen
with propylene and is shown in Table 3.
The calibrated absorption cross sections are provided in the
Supplementary Material.
Several sources of systematic error are present in the absorption
cross sections. Error in temperature is estimated at 1%. The pressure error is estimated to be 2% due to ﬂuctuations of the measured pressure at this magnitude from the beginning to the end

of a measurement. The pressure reported is that at the beginning
of the measurement and the pressure increased very slowly with
time because of a very small air leak. Photometric error was estimated at 2% and can be attributed to drifts in the light source
brightness, detector and electronics response. The pathlength error
is at 0.2% and was determined by direct measurement. We estimate the overall uncertainty to be approximately 4%. The continuum signal-to-noise ratios in the ﬁnal transmission spectra ranged
from 1167 at 296 K to 655 at 700 K, so that the systematic error is
the dominant source of error in the cross sections.
The normalization factors given in Table 3 correct for systematic error in the spectra under the assumption that pressure is the
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Fig. 2. The 2v16 band of propylene. The effect of temperature on the structure of the band is visible. The inset ﬁgure shows a section of the P branch.
Table 4
Comparison of room temperature integrated cross sections for the region 250 0–320 0 cm−1 . %difference = (S - Sthis work )/Sthis work .
Source
This work
(Es-sebbar et al. 2014)
PNNL (Sharpe et al. 2004)
(NIST Mass Spec Data Center 2016)

Resolution (cm−1 )
0.005
0.08
0.11
2

Integrated Cross Section (cm mol−1 )
−17

1.639 × 10
1.658 × 10−17
1.698 × 10−17
1.717 × 10−17

only source of this error, though this is obviously not true. Combing the normalization factor with the measured pressure gives an
effective pressure that allows the integrated cross section of the
PNNL spectra to be replicated by this work. The smallest corrections were applied to the 40 0, 50 0 and 600 K measurements with
an error of no more than 2%. Nonetheless, all integrated cross sections in this work agree with PNNL to less than 5% and so have
similar normalization factors.
To independently verify our absorption cross sections, we compare them to those measured by Es-sebbar et al. (2014). Although
these spectra were measured at different temperatures and at a
higher resolution, 0.005 cm−1 versus 0.08 cm−1 , neither of these
should have a large effect on the cross sections integrated over
the same wavenumber region. At 296 K, Es-sebbar et al. reports
an integrated cross section of 1.658 × 10−17 cm mol−1 in the region
250 0–320 0 cm1 .This is only a 1.2% difference from the 296 K measurement of 1.639 × 10−17 cm mol−1 in this work. Other measurements were not taken at the same temperatures, but all integrated
cross sections from both data sets agree to within 5%. This comparison is summarized in Table 4 along with a comparison to PNNL
and a spectrum from the National Institute of Standards and Technology (NIST) database (NIST Mass Spec Data Center 2016).
Fig. 3 shows the beneﬁts of making cross-section measurements
at high resolution. In previous work, such as that of Es-sebbar
et al., individual lines are not resolved, while in this work, the
structure of these lines is clearly visible.
Beyond the spectra reported here, measurements were made at
800 K. Thermal decomposition of propylene was observed from a
decreasing signal and the appearance of strong absorption features

% difference from this work
–
1.2%
3.4%
4.8%

attributed to methane. Accurate absorption cross sections of propylene could therefore not be provided at 800 K.
The spectra and cross sections presented here are expected to
assist with the detection of propylene and similar hydrocarbons in
astronomical objects such as hot Jupiters and in combustion environments. As a low temperature example, recent observations of
propylene in Titan’s atmosphere (Nixon et al. 2013) were achieved
by observing the residual spectrum from CIRS after removing other
hydrocarbons such as propane using high-resolution cross sections.
Recent high-resolution spectra of propane (Sung et al. 2013) were
crucial for this detection. Improved proﬁles of propane over Titan were also obtained by subtracting several hydrocarbon species
(Nixon et al. 2009). In this study, propylene was not used, but
adding the propylene cross section would help to improve propane
measurements by reducing the residuals. In addition, combustion
environments such as those in automotive engines contain a variety of hydrocarbon species that can exhibit non-linear behavior
between absorption and hydrocarbon density (Grosch et al. 2011).
High quality spectra at high temperature of the gases at high temperature are crucial for properly quantifying their concentration.
Conclusion
This paper presents spectra of the 250 0–320 0 cm−1 region of
propylene measured at both higher resolution and higher temperatures than previous measurements. These spectra produce improved cross section of the 3 μm region of propylene (including
the ν 1 , ν 15 , ν 5 , 2ν 16, and ν 10 + ν 16 bands) and conﬁrm the temperature independence of the integrated cross section in this region.
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Fig. 3. Comparison of this work and that of Es-sebbar et al. for the 2ν 16 Q branch.

These data are expected to help with the detection of propylene in
astronomical objects and aid experiments in combustion chemistry.
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