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High resolution infrared absorption cross sections of acetonitrile have been determined

from spectra recorded in the 3 mm spectral region using a Bruker IFS 125 HR Fourier

transform spectrometer (FTS) and a multipass White cell. The eleven synthetic air-

broadened acetonitrile spectra were recorded at a resolution of 0.015 cm�1 (calculated

as 0.9/MOPD (Maximum Optical Path Difference), the Bruker definition of resolution)

over a range of different temperatures and pressures that are representative of

conditions in the Earth’s atmosphere (50–760 Torr and 207–296 K). Intensities were

calibrated using infrared spectra recorded at the Pacific Northwest National Laboratory

(PNNL). These new cross sections will enable satellite retrievals of acetonitrile in the

3 mm region from atmospheric spectra recorded by satellite instruments, such as the

ACE (Atmospheric Chemistry Experiment)-FTS.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Acetonitrile (CH3CN), which has multiple synonyms
that include methyl cyanide, cyanomethane and ethane-
nitrile, is a trace gas with a highly variable atmospheric
concentration [1,2]. Acetonitrile is known to be toxic and
emissions from industrial processes and vehicles are
carefully regulated. The predominant source of acetoni-
trile is through biomass burning emissions, which are
thought to contribute up to 90% of the total atmospheric
loading [3,4]. Thus acetonitrile is potentially an important
tracer gas for identifying biomass burning plumes.

It has been estimated that 4.7 Pg of carbon are emitted
from biomass burning sources within the equatorial
region each year leading to the creation of a host of
volatile organic compounds [3]. With 80% of biomass
burning occurring in the tropics [4] significant loss of
nitrogen nutrients could have a large impact on tropical
ecosystems and environments [5].
ll rights reserved.

).
The budget of acetonitrile is poorly understood and not
well constrained [6]. Early measurements had wildly
differing volume mixing ratios (VMRs) with background
concentrations up to 7 parts per billion (ppb) [7,8]. This is
partially due to high variability at low altitudes, a result of
local influences. There is also a lack of knowledge about
the main sink mechanisms making the lifetime difficult to
estimate. The reaction with hydroxyl radicals is slow; the
lifetime of acetonitrile is suggested to be in the order of
6–12 months [6,9]. In the stratosphere acetonitrile reacts
with hydroxyl radicals [1,10], acting as a sink and a
potential precursor to hydrogen cyanide [11], and is also
believed to react with atomic oxygen in the mesosphere
[12,13]. Below the tropopause mixing ratios of acetoni-
trile are significantly higher, between 150 and 200 ppt [8].
Uptake of acetonitrile by the ocean has been suggested as
an important sink in the troposphere, particularly in
regions of strong upwelling [14] and low sea temperature,
such as the southwest coast of Africa [1,15].

There is good evidence of an ocean sink including an
observed decline in acetonitrile concentrations in the
marine boundary layer relative to other trace gases that
do not have an ocean sink [15,16]. Nevertheless there is
still a significant debate as to the exact sink pathway; dry
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and wet deposition, as well as a bacterial degradation
process have been suggested [9,17]. Bange and Williams
[17] have suggested prehistoric atmospheres lacking
oxygen may have had bacterial enzymes that converted
nitriles into ammonia as a source of energy. Such enzymes
have been isolated in ocean beds and may still be globally
abundant.

Acetonitrile concentrations are greatest near the equa-
tor, where biomass burning activity is most prevalent. A
biomass burning source of approximately 0.5–1.5 Tg yr�1

[3,4,9] out of an estimated 1.6 Tg yr�1 total tropospheric
acetonitrile source [8] supports this theory. A strong
correlation between acetonitrile and carbon monoxide is
observed [3] as both species are produced in the cooler
smouldering phase of biomass burning [2], although the
relationship is also dependent upon the fuel type [14]. The
linear correlation breaks down in clean background
boundary layer air, where acetonitrile concentrations
decline [9].

A sizeable inter-hemispheric asymmetry is observed,
possibly as a result of continental outflow [6]. Heightened
acetonitrile concentrations have been detected in plumes
emitted from continental Africa and Asia in conjunction
with other biomass tracers [2,9]. The highest acetonitrile
mixing ratios are encountered in the tropical lower
stratosphere, where acetonitrile permeates the tropical
tropopause and enters from the free troposphere [12].
However, strong advection and convection effects, caused
by events such as thunderstorms, can lead to the uplift
and injection of pollution and acetonitrile enhanced air
masses into the stratosphere [18].

The first atmospheric studies of acetonitrile were
indirect and concentrations were inferred from strato-
spheric positive ion clusters, in which acetonitrile is a
ligand and displaces water [10,19–21]. Early studies
found acetonitrile to be a constituent of vehicle exhaust
emissions [1,7,8] and it was used as a fumigant [9], as
well as a solvent in industrial polymerisation processes
[1,14]. However, changes in practices and new regulations
have led more recent studies to suggest that anthropo-
genic emissions are insignificant relative to biomass
burning.

Where background concentrations of acetonitrile are
measured, a diurnal cycle in the boundary layer is
observed [22] and a strong seasonal variation. Whilst
strong enhancements of acetonitrile have been observed
in the stratosphere from forest fires [14,18], no significant
biogenic sources have been detected [6], and there are no
acetonitrile ‘point sources’ such as industrial sites or
power plants [14].

Livesey et al. [12] reported the first retrieval of
acetonitrile from space using thermal microwave limb
emission of the rotational lines. The first infrared remote
sensing measurements of acetonitrile were taken by the
MkIV balloon Fourier transform spectrometer (FTS) using
the solar occultation technique [11]. These balloon mea-
surements were taken over a number of years between
1993 and 2004 at several locations covering the altitudes
from 12 to 30 km. VMRs above the tropopause were found
to be between 100 and 150 ppt declining to 40 ppt at
22 km.
Acetonitrile is a molecule of some interest to astron-
omers and its presence has been detected in a number of
objects including molecular clouds and planetary atmo-
spheres [23,24]. Significant acetonitrile concentrations
have been measured in the atmosphere of Titan by radio
astronomy and it is also likely detectable by infrared
spectroscopy [25,26].

To enable the detection of acetonitrile for both atmo-
spheric and planetary applications, high quality spectro-
scopic data are required. A number of studies have
determined molecular parameters for acetonitrile
[26–29]. Rinsland et al. [30] recorded a set of quantitative
spectra at the PNNL (Pacific Northwest National Labora-
tory) at a resolution of 0.112 cm�1 and a pressure of one
atmosphere nitrogen at 276, 298 and 323 K. Nevertheless
there is a lack of high resolution spectra recorded over a
range of temperatures and pressures appropriate for use
in the Earth’s atmosphere. PNNL spectra are not suitable
for remote sensing of the atmosphere because they do not
cover the appropriate pressure range and the resolution is
insufficient. Aside from these PNNL measurements and a
set of line parameters for the n4 band, derived from high
resolution room-temperature spectra [31], there is scant
acetonitrile data available in the HITRAN database [32].
New high resolution infrared absorption cross sections are
necessary for atmospheric applications [30].

Acetonitrile is a symmetric top with C3v symmetry and
has moderately strong C–H stretching modes located in
the 3.3 mm region. There are many acetonitrile bands in
the 3 mm region including the n2þn8 band near
2620 cm�1, the weak 2n3 band observed between 2700
and 2780 cm�1, the 2n6 band at 2821 cm�1, the n1 band
centred at 2954 cm�1, the n5 band at 3009 cm�1 and the
n2þn4 band at 3179 cm�1 [30]. The cross sections deter-
mined in this work, recorded at higher resolution and
covering a wider range of temperatures and pressures
than previous measurements, can be used to retrieve
acetonitrile in the troposphere from atmospheric spectra
recorded by a number of instruments, in particular the
Atmospheric Chemistry Experiment (ACE)-FTS which cov-
ers the 750–4400 cm�1 region [33]. Due to this extended
spectral coverage, it is possible to carry out retrievals in
the strong 3.3 mm region, where hydrocarbons have
strong intensity modes (C–H stretch) and where there
are relatively few spectral interferers. The strongest
acetonitrile infrared absorption bands occur near 7 mm,
however, these are in close proximity to strong water
absorption features.

2. Experimental

The new acetonitrile spectra were recorded at the
Molecular Spectroscopy Facility (MSF), Rutherford Apple-
ton Laboratory (RAL) located near Didcot in Oxfordshire,
United Kingdom. Using a Bruker IFS 125 HR high resolu-
tion FTS, eleven air-broadened acetonitrile absorption
spectra were recorded at a resolution of 0.015 cm�1

(using the Bruker definition of resolution 0.9/MOPD, the
Maximum Optical Path Difference) at temperatures
between 207 and 296 K. The spectrometer was equipped
with a calcium fluoride (CaF2) beam splitter and an
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indium antimonide (InSb) detector. Using a mid-infrared
globar radiation source, in conjunction with an optical
filter, F754, the spectral region was restricted to through-
put between 2400 and 3500 cm�1 to reduce photon shot
noise. The diameter of the aperture was set to 2.5 mm.
Each recorded interferogram was weakly apodised
(Norton–Beer weak) and phase corrected (Mertz). Whilst
measurements were recorded the spectrometer was evac-
uated (below 0.2 Pa) by a set of turbo pumps, minimising
the introduction of impurities from trace gases into the
optical path. Transfer optics directed the radiation into
the sample cell.

The Short Path Absorption Cell (SPAC) [34], a multipass
White cell with a base path of 40 cm, is external to the
spectrometer and can be operated at temperatures ran-
ging from 77 to 450 K. The mirrors at each end of the SPAC
are held in the stainless steel inner pressure vessel and
are externally adjustable, hence the path length can easily
be altered. The path length of the cell can be set between
1.7 and 19.3 m. The path length is increased for samples
at lower temperatures, where the vapour pressure is less,
to increase the acetonitrile absorption.

The inner vessel of the cell can be cooled by a
surrounding helium-filled cavity and an outer jacket with
continuously flowing liquid nitrogen gas, which is con-
trolled by a solenoid valve located on the entrance pipe.
To prevent temperature drift an overall vacuum jacket
provides insulation and prevents the introduction of
impurities into the optical path. Small temperature-
controlled electric heaters and six platinum resistance
thermometers (PRTs) attached to the cell allow the
temperature to be carefully controlled and monitored.
For further details about the FTS set-up see Table 1.

UV spectroscopy grade acetonitrile, with a purity
Z99.8%, was purchased from Fluka. The acetonitrile was
placed in a small Pyrex tube where it was repeatedly
freeze-pump-thawed to remove dissolved air and impu-
rities. Cold acetonitrile was then introduced slowly into
the SPAC through a gas line and dry synthetic air was
added to create a suitable mixture. The synthetic air, Air
Zero Plus, was purchased from Air Products and consists
principally of O2 (20.9%70.2%) and N2. The overall purity
is extremely high at 99.99990% (H2Or0.5, CH4r0.05,
and COþCO2r0.1 ppm).
Table 1
FTS settings and SPAC configuration.

Source Globar (mid-infrared)

Detector Indium antimonide (InSb)

Beam splitter Calcium fluoride (CaF2)

Resolution 0.015 cm�1

Aperture size 2.5 mm

Optical filter F754 (Northumbria Optical Coatings Ltd.)

Apodisation Norton–Beer weak

Phase correction Mertz

Cell windows Barium fluoride (BaF2)

Transfer optics Potassium bromide (KBr)

Mirror coatings Gold

Pressure gauges 3 MKS-690 A Baratrons (1, 10 and 1000 Torr)

Thermometers 6 Labfacility IEC 751 Class A PRTs
The sample mixture pressures were monitored at
all times using three Baratron capacitance manometers
(1, 10 and 1000 Torr gauges) which were calibrated by the
manufacturer.

Each measurement consisted of a set of air-broadened
acetonitrile scans sandwiched between background scans.
Background scans were run while the SPAC was evacu-
ated by turbo pumps. The total number of background
scan blocks taken (half taken before and half taken after)
was the same as the number of sample scan blocks to
ensure a good signal-to-noise ratio in the resulting trans-
mission spectra. This also minimised the effects caused by
baseline drift over the course of the measurements.

A summary detailing the number of scans in each
measurement, along with the pressure, temperature and
SPAC path lengths are included in Table 2. At each
temperature pure nitrous oxide (N2O) scans were
recorded to calibrate the wavenumber scale of the acet-
onitrile measurements. The pressure and temperature, as
measured by the Baratrons and PRTs throughout each
experiment, were logged by computer every few seconds.
An average temperature and pressure was determined for
each measurement set and variations in these values with
time allowed an assessment of their experimental uncer-
tainties. It was found that the pressure fluctuated by less
than 0.5% suggesting a highly stable system. Unfortu-
nately the temperature data recorded for measurements
warmer than 207 K were lost, as a result of a network
error. Nevertheless, at the beginning of each measure-
ment the temperature was recorded manually and in
conjunction with the pressure stability, we calculate that
the temperature did not fluctuate by more than a degree.
This problem was rectified prior to the recording of the
lowest temperature measurements, where the partial
pressure of the acetonitrile added was the least certain.

Sample conditions at lower temperatures are subject
to greater uncertainties in the absorption cross sections.
For example, when the SPAC is cooled down the optics
and mirrors within the cell shift position as they contract.
Therefore whilst the error in the SPAC optical path length
is estimated to be 70.2% at room temperature, this will
Summary of experimental conditions for the acetonitrile measurements.

Acetonitrile

pressure

(Torr)

Total pressure

(Torr)

Temperature

(K)

Path length

(m)a

Number

of scansb

0.034 50.570.1 207.670.3 19.31 260

0.034 101.570.2 207.670.2 19.31 240

0.130 50.070.1 21771.0 17.71 310

0.128 99.470.2 21771.0 17.71 150

0.130 248.570.4 21771.0 17.71 300

1.702 201.070.2 25071.0 3.31 300

1.707 401.170.4 24971.0 3.31 300

1.701 601.970.5 24971.0 3.31 300

1.984 370.870.6 27371.0 3.31 300

1.945 599.970.6 27371.0 3.31 300

3.057 760.370.7 29671.0 3.31 270

a The optical path length error is estimated to be 70.2% at room

temperature.
b An equal number of background scans were also recorded.
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likely increase once the cell is cooled down to low
temperature. Likewise, the acetonitrile partial pressure
at 207 K is difficult to determine. This is because the
partial pressure had to be recorded prior to the addition of
synthetic air, which led to a small rise in the temperature,
which thus in turn increased the partial pressure of the
acetonitrile. Measurements of acetonitrile were attempted
at both 195 and 200 K; however the partial pressure was
not high enough to obtain suitable absorption spectra at
the longest SPAC path length. These uncertainties make it
necessary to normalise our acetonitrile measurements
against a well calibrated intensity standard. The PNNL
acetonitrile spectra recorded by Rinsland et al. [30] have
been chosen as a reference as discussed in the following
section.

Uncertainties in the sample temperature and total
pressure range from 0.1% to 0.5% and 0.1% to 0.2%,
respectively. As stated previously, the path length error
is at least 0.2%. We estimate the photometric uncertainty
to be 2%. The PNNL spectra used for calibration have a
stated experimental accuracy of 3.5% (1s). The new
acetonitrile spectrum recorded at 296 K and 760.3 Torr
was scaled by a factor of 1.006 over the appropriate
wavenumber range to bring it into line with the PNNL
spectrum at 298 K and 760 Torr. We are confident that the
experimental uncertainties are similar for both data sets,
and estimate an overall uncertainty in the new acetoni-
trile cross sections of 4% (1s).

3. Results and discussion

The following paragraphs detail the generation of acet-
onitrile absorption cross sections from the initial single
channel sample measurements. Firstly, appropriate averages
of the acetonitrile single channel sample scans were taken
and divided by appropriate averages of the single channel
background scans to obtain transmission spectra. The aver-
age background scans comprised of an equal number that
were taken before and after the sample scans, and this total
was equal to the number of sample scans.

Sinusoidal features in the spectral domain, known as
channel fringes, were observed in all single channel scans
as a consequence of the reflectance of radiation by cell
windows and transfer optics leading to the introduction
of weak ‘echo’ centrebursts in the interferogram. Fortu-
nately as these channelling effects were observed in both
the single channel background and sample scans they
usually cancelled. However, occasionally the channelling
oscillations shifted slightly in frequency during the mea-
surements and did not cancel exactly. This problem was
encountered for a few of the acetonitrile measurements.
For these interferograms the responsible ‘echo’ centre-
bursts were carefully removed prior to Fourier transfor-
mation into spectra. Care was taken to check that the
removal of these ‘echo’ centrebursts did not introduce
errors into the transformed spectra.

Several of the transmission spectra required small
baseline corrections, a slight shift in the y-axis, of no
more than 0.5%, so that the transmission corresponded to
100% for regions at which there was no absorption. The
transmission spectra were then converted into absorption
spectra. The x-axis wavenumber scale was calibrated
using the pure N2O spectra recorded intermittently at
each temperature during the experimental run. The fre-
quencies of the selected N2O lines in these pure spectra
were compared with the frequencies in the HITRAN 2008
database [32]. According to the HITRAN 2008 database
the N2O lines used for calibration have a wavenumber
accuracy of between 0.001 and 0.0001 cm�1. For each
temperature, a small correction factor was determined
and then applied to the appropriate acetonitrile spectra.

Due to the inherent difficulties in recording acetoni-
trile spectra at cold temperatures, because of the lower
vapour pressure, the measurements were calibrated
against acetonitrile absorption spectra recorded by Rins-
land et al. [30]. The PNNL composite spectra were
recorded by FTS at 276, 298 and 323 K with a White cell
at a pressure of 760 Torr of nitrogen. The integrated
intensities of the corresponding 3 mm bands at these
three temperatures show no temperature dependence.
The assumption that this holds true for all of our mea-
surements is a good one for an isolated band comprising
primarily of fundamentals.

The y-axis calibration was performed after converting
transmission spectra to the HITRAN cross section units of
cm2 molecule�1, achieved using the method, as detailed
previously in the work of Harrison et al. [35], by the
following equation:

sðu,Pair ,TÞ ¼�x
104kBT

Pl
lntðu,Pair ,TÞ ð1Þ

where t (u, Pair, T) is the transmittance at wavenumber u
(cm�1), T is the temperature (K), Pair is the synthetic air
pressure (Pa), P is the partial pressure of the acetonitrile
absorber gas (Pa), l the path length (m), kB the Boltzmann
constant (1.3806504�10�23 J K�1) and x is the normal-
ising factor which is determined by the equation,

Z 3260 cm�1

2700 cm�1

sðu,Pair ,TÞ ¼ 1:103� 10�18 cm molecule�1
ð70:7%Þ

ð2Þ

The value for the integral in Eq. (2) was determined by
integrating the three composite PNNL spectra (276, 298
and 323 K) over the wavenumber range 3260–2700 cm�1,
taking the average and converting to HITRAN units using
the factor kB�296� ln 10�104/0.101325. The uncer-
tainty in parentheses represents the spread from the
mean of the three PNNL integrated band intensities.

Figs. 1 and 2 display some of the acetonitrile infrared
absorption cross sections detailed in Table 2. In Fig. 1 the
3 mm spectral region is shown for the acetonitrile cross
section recorded at 207.6 K, with a total pressure of
50.5 Torr. The strongest features are Q branches from
the n5 band. Future retrievals will require the inclusion
of these features in the microwindows. In Fig. 2 a small
part (a Q branch centred at �2985.4 cm�1) of the three
absorption cross sections recorded at 217 K are shown
depicting the effects of pressure broadening with total
pressures of 50.0, 99.4 and 248.5 Torr. It can be observed
that the addition of synthetic air leads to significant
broadening and a reduction in the sharpness of the
lines. Additionally, the acetonitrile absorption features



Fig. 1. Air-broadened acetonitrile absorption cross sections showing the spectral range recorded at 207.6 K, with a total pressure of 50.5 Torr. The strong

absorption features can be attributed to the Q branches of the n5 band.

Fig. 2. Three acetonitrile infrared absorption cross sections recorded at 217 K with total pressures of 50.0, 99.4 and 248.5 Torr after the addition of

synthetic air (see Table 2 for experimental conditions).
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generally become slightly narrower and sharper with
decreasing temperature. The spectral absorption cross
sections summarised in Table 2 are available electroni-
cally upon request from the authors.

4. Conclusions

Eleven air-broadened high resolution acetonitrile spec-
tra, covering the 3 mm region, have been recorded at five
different temperatures and various pressures that are
representative of conditions in the Earth’s atmosphere.
The spectra were recorded using the multipass SPAC at
RAL. These spectra were used to determine new infrared
absorption cross sections, which were calibrated against
PNNL integrated band intensities. The cross sections will
enable retrievals of acetonitrile from atmospheric spectra
recorded by remote sensing instruments on board satel-
lites, such as the ACE-FTS.
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