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Abstract. High resolution photo-absorption spectra of acrylonitrile and acetonitrile have been recorded in
the wavelength range 115 to 320 nm (10.8 to 3.9 eV). Results are compared with previous photo-absorption
measurements and electron energy loss spectra and, in most cases, are found to be in close agreement.
The high resolution achieved in the present work has allowed some structures to be observed for the first
time and new assignments have been suggested accordingly. The role of the molecules in the terrestrial
atmosphere is discussed.

PACS. 32.30.Jc Visible and ultraviolet spectra

1 Introduction

Acrylonitrile, also known as vinyl cyanide and
2-propenitrile, does not occur naturally but is produced
in great quantities industrially [1]. World production in
2000 was estimated at 4.6 million metric tons [2]. The
compound is used primarily in the manufacture of acrylic
fibres and as a raw material in the fabrication of plastics,
nitrile rubbers and barrier resins. It also has applications
in microelectronics as electrochemically thin films of the
molecule can be deposited onto metallic substrates [3].
Acrylonitrile is released into the environment as gas and
in waste water during its production and use. Other
sources include auto-exhaust and release from fibres and
plastics [4]. Due to the carbon-carbon double bond, acry-
lonitrile is expected to show enhanced reactivity towards
atmospheric photo-oxidation by hydroxyl radicals and
other oxidants.

Acetonitrile, otherwise known as methyl cyanide and
ethanenitrile, is an important industrial gas. Though also
used to make pesticides, its major application lies in the
extraction of inorganic and organic chemicals, most impor-
tantly butadiene [5]. Acetonitrile also has the potential to
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be a tracer for biomass burning, considered the dominant
source of the compound in the atmosphere [6]. In 1999,
the global emission of acetonitrile from biomass burning
was estimated to be between 0.4 and 1.0 Tgy−1 [7], com-
pared to 0.02 Tgy−1 from fossil fuel burning reported in
2001 [8]. Chemically relatively inert, it has been observed
in the stratosphere at concentrations of 110 to 160 parts
per trillion by volume (pptv) [9].

The roles of acrylonitrile and acetonitrile in the at-
mosphere are not well understood. In particular, the resi-
dence times of the species in the stratosphere are subject
to large errors. The mechanisms for airborne destruction
of C2H3CN and CH3CN therefore need to be re-examined.
The VUV photo-absorption spectrum of acrylonitrile re-
ported in this paper represents the highest resolution data
yet published. Both results reveal new spectral detail and
should allow better estimation the molecules’ atmospheric
lifetimes by photolysis.

2 Summary of the structure and properties
of the molecules

The structure of acrylonitrile is derived from microwave
spectroscopy [10,11]. The molecule is planar in the elec-
tronic ground state and belongs to the CS symme-
try group. Following the accepted sequence, the single
C−H and C−C bonds are of σ character, while C=C
comprises one σ and one π bond. The nitrogen atom
is bound to a carbon atom (C−C≡N) by one σ and
two π interactions. The two nitrogen electrons which
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do not take part in any bonds form a lone pair di-
rected away from the molecule. The outermost valence
molecular orbitals in the ground state of C2H3CN may
be represented in the independent particle model as
(1a′′)2(11a′)2(12a′)2(2a′′)2: 1A′ [12]. Acrylonitrile has 15
normal vibrational modes, eleven of which are symmet-
ric (a′) with respect to the molecular plane of symme-
try and four anti-symmetric (a′′) [13]. The vibrational
modes considered to be excited in the present spectrum
are υ4 (a′, C≡N stretching), υ5 (a′, C=C stretching),
υ8 (a′, CH2 rocking), υ9 (a′′, CHR=C wagging), υ10

(a′′, CH2=C wagging), and υ12 (a′′, C=C torsion). In
the neutral ground state, these excitations are given by
Shimanouchi to occur at 0.278, 0.200, 0.136, 0.120, 0.118,
and 0.085 eV, respectively [14].

The ground state geometrical configuration of acetoni-
trile is based on the analysis of rotational constants and X-
ray diffraction spectra [15,16]. The molecule has C3v sym-
metry. The methyl carbon is sp3 hybridised, forming a σ
bond with each of the hydrogen atoms and with the nitro-
gen bonding carbon atom, hybridised sp [17]. The nitrogen
atom is similarly sp hybridised and forms one σ and two
mutually perpendicular π bonds (C−C≡N). The two re-
maining nitrogen electrons form a lone pair directed away
from the molecule. For the outermost valence molecular
orbitals, the ground state of CH3CN may be represented
as (4a1)2(5a1)2(6a1)2(1e)4(7a1)2(2e)4: 1A′ [18]. Within
the present analysis, features are assigned to five vibra-
tional modes of excitation; υ1 (C−H stretching), υ2 (C≡N
stretching), υ3 (CH3 deformation), υ4 (C−C stretching),
and υ8 (C−C≡N bending) [14]. Of these modes, all but υ8

are symmetric. Shimanouchi lists the neutral ground state
excitation energies of the modes as 0.368, 0.281, 0.172,
0.114, and 0.045 eV, respectively.

3 Experimental

Photo-absorption spectra were taken at the ASTRID facil-
ity, Aarhus University, Denmark [19]. Briefly, synchrotron
radiation is passed through a static gas sample. A photo-
multiplier is used to measure the transmitted light inten-
sity at 0.05 nm intervals and wavelength is selected using
a toroidal dispersion grating. Great care is taken to en-
sure there are no second-order light effects. The minimum
and maximum wavelengths between which scans are per-
formed, 115 to 320 nm (10.8 to 3.9 eV), are determined by
the transmission windows of the gas cell and varied to give
maximum absorption whilst avoiding saturation. The syn-
chrotron beam ring current is monitored throughout the
collection of each spectrum. Results are compared to a
background scan recorded with the cell evacuated. Abso-
lute photo-absorption cross-sections are generated using
the Beer-Lambert law:

It = I0 exp(−nσx) (1)

where It is the radiation intensity transmitted through the
gas sample, I0 is that through the evacuated cell, n the

molecular number density of the sample gas, σ the abso-
lute photo-absorption cross-section, and x the absorption
path length.

The apparatus is calibrated precisely before the cap-
ture of each spectrum. SO2 is used to verify the energy
scale as it shows bands with clearly defined sets of sharp
absorption peaks in the ranges 3.8 to 5.1 eV [20] and
5.15 to 7.25 eV [21]. The Schuman-Runge (6.9–9.5 eV)
absorption band of O2 is used to calibrate the absolute
cross-section because its broad nature minimises any er-
rors due to different energy resolutions used in different
experiments [22].

The experimental full width half maximum resolution
for the present results may be taken to be 0.075 nm, cor-
responding to 1.5 meV over the energy range studied.
This compares favourably with previous studies. Though
not given explicitly, an indication of the resolution of the
acrylonitrile spectrum of Mullen and Orloff [11] lies in
the fact that wavelength was selected using a grating of
590 lines per mm [23] compared to 2000 lines per mm at
the ASTRID facility [19]. For acetonitrile, the resolution
of the spectrum of Suto and Lee is given as 0.08 nm, over
the range 106 to 180 nm (11.7–6.9 eV) [24]. Nuth and
Glicker [25] report the absolute absorption cross-section
over the wavelength range 60 to 160 nm (20.7–7.7 eV) with
a resolution of 0.05 nm. However, despite resolution being
apparently no better, the present acetonitrile spectrum
shows more detailed structure than previously reported.
In particular, the peak at 10.501 eV is more clearly defined
in the present work than in that of Nuth and Glicker. The
spectrum of Suto and Lee shows no feature at 10.401 eV,
visible both in the present work and in that of Nuth and
Glicker.

The spectrum for acrylonitrile is compared to a previ-
ously unpublished photo-absorption result taken at the
Daresbury Laboratory Synchrotron Radiation Source.
The experimental set up is described in detail by Mason
et al. [26]. The maximum resolution is estimated to be
0.1 nm.

Results are also compared to electron energy loss
(EEL) spectra taken at the Université de Liège by Motte-
Tollet et al. [12] and Gochel-Dupuis et al. [27] for acry-
lonitrile and acetonitrile, respectively. The overall energy
resolution quoted in both works is around 30 meV.

C2H3CN and CH3CN samples were purchased from
Sigma Aldrich and have minimum purities of 99% and
99.5%, respectively. Gas was introduced to the cell follow-
ing a series of freeze-pump-thaw cycles.

4 Results and discussion

4.1 Photo-absorption by acrylonitrile

Figure 1 shows the spectrum for incident photon en-
ergies between 5.5 and 10.8 eV, corresponding to the
excitation of electrons belonging to the outer-most va-
lence shell orbitals. No absorption is observed below
5.8 eV. The energy positions of the major features are
in good agreement with the photo-absorption spectrum
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Fig. 1. High-resolution photo-absorption spectrum of
C2H3CN recorded at the ASTRID Synchrotron ring facility
compared with lower resolution result recorded at the Dares-
bury Laboratory Synchrotron Radiation Source.

reported by Mullen and Orloff [11] from 5.3 to 9.7 eV.
The generalised shape and a number of the peaks ob-
served are also consistent with the EELS results taken by
Motte-Tollet et al. [12] using incident electrons of 50 eV
and analysed at a scattering angle of 10◦ over an en-
ergy loss range of 5.5 to 11.5 eV. Under these condi-
tions, electron scattering can be considered to simulate
photon interactions [28]. The present photo-absorption
spectrum shows a broad feature with maximum ab-
sorption at 6.526 eV attributed to promotion to the
first excited electronic state, Ã1A′, corresponding to the
π2(C=C−C≡N) → π∗

1(C=C−C≡N) transition [12]. The
first peak for the second singlet excited electronic state
B̃1A′′, transition π2(C=C−C≡N) → π∗(C≡N), appears
at 7.183 eV and the maximum for the third excited elec-
tronic state C̃1A′, π2(C=C−C≡N) → π∗

2(C=C−C≡N), at
8.580 eV. The broad structure observed is attributed to
pre-dissociation combined with mutual overlap of the va-
lence bands. The peaks above 8.6 eV are associated with
Rydberg transitions. However, some mixing of valence and
Rydberg transitions is observed, complicating the assign-
ment of features.

4.1.1 Valence excitation of acrylonitrile in the energy
range 5.5 to 8 eV

A detail of the spectrum in the energy region 5.5 to
8 eV is depicted in Figure 2. This region is dominated
by an intense broad band extending with a local maxi-
mum of 33.31 Mb at 6.526 eV. Superimposed onto the
extended structure are overlapping series of smaller peaks
and shoulders. The energy values found for the associ-
ated vibrational structure are listed in Table 1 and com-
pared with corresponding features observed by Mullen and
Orloff [11] and Motte-Tollet et al. [12]. The energy pre-
cision to which some assignments can be given is limited
by the diffuse nature of the features.

Table 1. Vibrational structure and assignments in the
5.5–7.1 eV absorption band of C2H3CN, for the low-
est energy excited electronic state Ã1A′, corresponding to
the π2(C=C−C≡N) → π∗(C=C−C≡N) transition (energies
in eV).

Peak Mullen and Motte-Tollet Vibrational
energy Orloff [11] et al. [12] analysis

5.88D 5.88 5.875 υ00

6.102 6.11 6.10 1υ4

6.147 6.15 - 1υ4 + 1υ12

6.310 6.31 6.31 2υ4

6.38D 6.38 - 2υ4 + 1υ12

6.427 6.43 - 2υ4 + 2υ12

6.526 6.53 6.525 3υ4

3υ4 + 1υ96.641 6.65 6.645 or 3υ4 + 1υ10

6.738 6.74 6.75 4υ4

4υ4 + 1υ96.87D 6.86 6.87 or 4υ4 + 1υ10

6.97D 6.97 7.00 5υ4

5υ4 + 1υ97.10D 7.08 - or 5υ4 + 1υ10

Vibrational assignments are suggested for the first time in the
present work. D Indicates that the feature is diffuse and thus
its energy position is subject to greater uncertainy.

Fig. 2. Photo-absorption spectrum in the 5.5–8.0 eV band of
C2H3CN.

Table 2. Vibrational structure and assignments in the
7.1–7.8 eV absorption band of C2H3CN, for the sec-
ond excited electronic state B̃1A′′, corresponding to the
π2(C=C−C≡N) → π∗(C≡N) transition (energies in eV).

Peak Mullen Motte-Tollet Vibrational

energy et al. [11] et al. [12] analysis

7.183 7.19 7.185 υ00

7.319 7.32 7.325 1υ8

7.451 7.46 7.455 1υ4

7.593 7.59 7.595 1υ4 + 1υ8

7.74D 7.74 7.74 2υ4

D Indicates that the feature is diffuse and thus its energy po-
sition is subject to greater uncertainty.
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Fig. 3. Photo-absorption spectrum in the 7.0–9.0 eV band of
C2H3CN.

Table 3. Vibrational structure and assignments in the
7.9–9.0 eV absorption band of C2H3CN, for the third
excited electronic state C̃1A′, corresponding to the
π2(C=C−C≡N) → π∗

2(C=C−C≡N) transition (energies
in eV).

Peak Mullen Motte-Tollet Vibrational

energy et al. [11] et al. [12] analysis

7.907 7.90 7.895 υ00
∗

8.08D 8.07 - 1υ5

8.21D 8.24 - 2υ5

8.39D 8.41 - 3υ5

8.580 - 8.595 4υ5
∗

8.65D 8.67 - 4υ5 + 1υ9 or 4υ5 + 1υ10

8.73D 8.74 - 5υ5

8.837 - 8.84 5υ5 + 1υ9 or 5υ5 + 1υ10

All the assignments given above are suggested for the first time
in this work. D Indicates that the feature is diffuse and thus its
energy position is subject to greater uncertainty. * Considered
to overlap with Rydberg exitations.

The lowest energy feature is located at 5.88 eV and has
been assigned in accordance with Motte-Tollet et al. [12]
to the electronic excitation occurring from the highest
occupied molecular orbital, π2(C=C−C≡N), to the lowest
singlet excited state, π∗

1(C=C−C≡N). The excited state is
recognised as being of A′ symmetry. Mullen and Orloff [11]
observe a feature close to this energy but leave it unas-
signed, preferring to offer the peak at 6.11 eV as cor-
responding to the valence excitation and attributing the
following structure to a υ4 series, C≡N stretching. We pro-
pose a υ4 series beginning at 5.88 eV with further features
assigned to combinations of υ4 with υ12 excitations and
of υ4 with either υ9 or υ10. The modes υ9, υ10, and υ12,
corresponding to CHR=C wagging, CH2=C wagging, and
C=C torsion, respectively, are anti-symmetric and thus
would be expected to show very weak cross-section as sin-
gle excitations [29]. However, double excitation or combi-
nation with another mode can increase the probability. As
the neutral ground state excitation energies for υ9 and υ10

are very similar, their symmetry equal and their motions
similar, we do not suggest one or other as more probable.

Note that we are reluctant to assign transitions to υ13, υ14,
and υ15 as they are reported only by Raman spectroscopy
for the liquid phase [13,14].

At the high end of the energy range of Figure 2, fur-
ther vibrational structure is observed. The peaks are at-
tributed to the transition from the outermost occupied
orbital π2(C=C−C≡N) → π∗(C≡N), assigned in accor-
dance with Motte-Tollet et al. [12] as the second excited
state B̃1A′′. The vibrational analysis associated with this
transition leads to a short series of nυ4 and nυ4 +υ8, CH2

rocking, presented in Table 2.
The υ00 transition for this electronic band has been

assigned at 7.183 eV.

4.1.2 Valence excitation of acrylonitrile in the energy
range 7.8 to 9 eV

In this range, shown in detail in Figure 3, the spectrum
consists of a fairly sharp peak with cross-section 25.96 Mb
at 8.580 eV and a diffuse vibrational structure charac-
terised by the modes υ5 and υ9 or υ10. We suggest that
the series of peaks is related to the population of the third
valence excited state formed by the excitation of an elec-
tron from the outermost occupied orbital π2(C=C−C≡N)
→ π∗

2(C=C−C≡N), of A′ symmetry, in accordance with
Motte-Tollet et al. [12]. The assignments for the third ex-
cited electronic state, C̃1A′, are given in Table 3. Previ-
ously, the associated structure could not be analysed fully
due to nitrogen contamination. However, the peaks ob-
served at 7.907 and 8.580 eV are assigned by Motte-Tollet
et al. [12] to the Rydberg transitions 3sσ and 3pλ. It is
suggested here that these asymmetrical peaks represent
superpositions of valence and Rydberg interactions.

4.1.3 Acrylonitrile Rydberg series

The higher energy range of the absorption spectrum is
shown in detail in Figure 4. The peaks are attributed
to Rydberg series converging to the ionisation potentials;
10.924, 12.353 and 13.107 eV [18]. To assign Rydberg
states to series, the standard equation is used;

En = EI − (R/(n − δ)2) (2)

where En is the energy of the Rydberg state, EI the ion-
isation limit to which the series converges (this may be
the ionic ground state or an ionic excited state), R the
Rydberg constant (13.61 eV), n the principal quantum
number, and δ the relevant quantum defect.

The peak energies and Rydberg assignments converg-
ing to 10.924 eV, the ionic ground state X̃2A′′, are shown
in Table 4. Also shown in the table are the relevant quan-
tum defects and suggested combinations of Rydberg and
vibrational excitations to account for previously unas-
signed features. In agreement with previous work [12],
the lowest energy peak attributed to a Rydberg transi-
tion, at 7.907 eV, is assigned as 3sσ in a series converging
to 10.924 eV, the associated quantum defect being 0.88.
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Fig. 4. Assignment of the C2H3CN Rydberg series occurring
above 7.8 eV.

Table 4. Energy values, quantum defect and assignment of
the Rydberg series converging to the ionic electronic ground
state X̃2A′′ of C2H3CN (energies in eV).

Peak Motte-Tollet Quantum Assignment

energy et al. [12] defect

7.907 7.895 0.88 3sσ∗

8.580 8.595 0.59 3pλ∗

9.679 9.703 0.69 4pλ

10.192 10.203 0.69 5pλ

9.205 9.215 0.19 3dπ

9.386 - - 3dπ + 1υ5
•

9.465 - - 3dπ + 1υ4
•

9.429 9.415 0.02 3dδ

10.097 10.103 0.06 4dδ

10.30D 10.26 - 4dδ + 1υ5

10.380 - 0 5dδ•

10.54D - 0.03 6dδ•

• Accompanies assignments suggested for the first time in the
present work. D Indicates that the feature is diffuse and thus its
energy position is subject to greater uncertainty. * Considered
to overlap with valence excitations (Tab. 3).

The peak at 8.580 eV is assigned to an npλ progression
including n = 3, 4, and 5, converging to the first ionisation
limit. The peak at 9.205 eV is considered to match that
observed by Motte-Tollet et al. [12] at 9.215 eV, assigned
to the n = 3 term of an ndπ series with δ equal to 0.19.
Recognition of this feature leads us to suggest two fur-
ther assignments corresponding to the combination of vi-
brational excitation and the Rydberg transition 3dπ. The
photoelectron work of Delwiche et al. [18] reports vibra-
tional progressions of υ4 and υ5 for the 10.924 eV band
with energies 0.248 and 0.180 eV, respectively, matching
closely the energy differences observed between the 3dπ
transition and the assigned vibrational structure in the
present spectrum. The assignments to 3dδ and 4dδ tran-
sitions and to 4dδ + υ5 excitation are made in agreement
with Motte-Tollet et al. [12]. The peak at 10.380 eV and
the shoulder at 10.54 eV are tentatively added to the ndδ
series, converging to 10.924 eV.

Table 5. Energy values, quantum defect and assignment of the
Rydberg series converging to 12.353 eV, the ionisation limit
corresponding to ionic electronic first excited state Ã2A′ of
C2H3CN (energies in eV).

Peak Motte-Tollet Quantum Assignment

energy et al. [12] defect

9.017 9.055 0.98 3sσ

9.967 9.963 0.61 3pλ

10.217 - - 3pλ + 1υ4

10.516 10.527 0.28 3dσ

10.64D - - 3dσ + 1υ7 or 3dσ + 1υ8

10.624 10.643 0.20 3dπ

10.744 - - 3dπ + 1υ7 or 3dπ + 1υ8

10.772 10.783 0.07 3dδ

Vibrational assignments are suggested for the first time in the
present work. D Indicates that the feature is diffuse and thus
its energy position is subject to greater uncertainty.

Table 6. Energy values, quantum defect and assignment of
the Rydberg series converging to 13.017 eV, the ionisation limit
corresponding to the ionic electronic second excited state B̃2A′

of C2H3CN (energies in eV).

Peak Motte-Tollet Quantum Assignment

energy et al. [12] defect

9.530 9.547 1.03 3sσ

10.354 10.379 0.74 3pλ

10.675 10.695 0.59 3pλ

The peaks considered to be related to Rydberg series
converging on the ionic electronic first excited state, Ã2A′
are listed in Table 5. The ionisation potential associated
with this state is 12.353 eV and the series are located
above 9 eV. Within our spectral range only the lowest en-
ergy, n = 3 terms amongst the previously assigned nsσ,
npλ, ndσ, ndπ and ndδ series [12] are observed. Delwiche
et al. [18] report a υ4 series with excitation energy 0.248 eV
for this state and a further vibrational series with energy
difference 0.148 eV, suggested to be consistent either with
the υ7 or υ8 vibrational modes, CH rocking and CH2 rock-
ing, respectively. The present vibrational assignments are
made accordingly.

Three series in the energy range of this spectrum
are suggested to converge on the ionisation potential
13.017 eV, associated with the ionic electronic second
excited state, B̃2A′. The recommended assignments are
given in Table 6. Peaks at 9.530, 10.354 and 10.675 eV
are assigned in accordance with Motte-Tollet et al. [12]
to transitions 3sσ, 3pλ and 3pλ. Shoulders at 9.22 and
9.73 eV and peaks at 10.039, 10.684, 10.064 and 10.247 eV
are observed but remain unassigned.

4.2 Photo-absorption by acetonitrile

Figure 5 shows the spectrum from incident photon en-
ergy 7 to 10.8 eV and includes details of the energy



206 The European Physical Journal D

Fig. 5. High-resolution photo-absorption spectrum of CH3CN
recorded at the ASTRID Synchrotron ring facility.

 

Fig. 6. Photo-absorption spectrum in the 7.8–9.0 eV band of
CH3CN.

region 8.00 to 8.75 eV to demonstrate the presence of vi-
brational structure. The shape of the spectrum and en-
ergy positions of the major features are in good agree-
ment with the photo-absorption spectrum taken by Suto
and Lee [24], Nuth and Glicker [25], and with the EELS
results of Gochel-Dupuis et al. [27]. From around 6.8 eV
there rises a broad feature with a maximum cross-section
of 9.180 Mb occurring at 9.350 eV before a series of
strongly absorbing sharp peaks dominate the spectrum
over the remaining range. The sharp peaks are assigned to
Rydberg transitions [24,25,27,30]. However, as with acry-
lonitrile, analysis is complicated by some mixing of va-
lence and Rydberg series. The low energy feature is as-
sociated with the valence transitions 2e → 3e(π → π∗)
and 7a1 → 3e(nN → π∗) superimposed on a background
caused by pre-dissociation [27]. Although no absorption
is observed in the present work below 7 eV, it should be
noted that Gochel-Dupuis et al. [27] report features at low
energies, associated with optically forbidden states.

4.2.1 Valence excitation of acetonitrile in the range 7.8
to 9 eV

The absorption cross-section in this energy range is shown
in detail in Figure 6. The structure is considered to be
caused by the transition 2e → 3e(π → π∗). Analysis of

Table 7. Vibrational structure and assignments in the 7.9–
9 eV absorption band of CH3CN, corresponding to the 2e →
3e(π → π∗) transition (energies in eV).

Peak energy Gochel-Dupuis Vibrational

et al. [27] analysis

7.97* 7.95 υ00

8.09D - υ3

8.23D - 2υ3

8.321 - υ1

8.46D - υ1 + υ3

8.574 - υ1 + 2υ3

8.66D - 2υ1

8.800 - 2υ1 + υ3

8.92D - 2υ1 + 2υ3

8.991 - 3υ1

8.06D - 2υ8

8.14D - 4υ8

8.19D - υ2

8.277 - υ2 + 2υ8

8.366 - υ2 + 4υ8

8.411 - 2υ2

8.51D - 2υ2 + 2υ8

8.598 - 2υ2 + 4υ8

8.64D - 3υ2

8.731 - 3υ2 + 2υ8

8.818 - 3υ2 + 4υ8

8.856 - 4υ2

8.44D 8.44 υ00

8.527 - 2υ8

8.62D - 4υ8

8.682 - υ2

8.775 - υ2 + 2υ8

8.88D - υ2 + 4υ8

All the assignments for vibrational excitations listed above are
suggested for the first time in the present work. D Indicates that
the feature is diffuse and thus its energy position is subject to
greater uncertainty. * This energy was chosen purely on the
basis of the following vibrational structure as described in the
text.

the peaks suggests the presence of υ1, υ2 and υ3 series be-
ginning around 7.95 eV, the energy loss at which Gochel-
Dupuis et al. [27] observe a small peak using incident elec-
trons of 25 eV and a scattering angle of 30◦, attributable to
an optically forbidden excitation [29]. Therefore, the tran-
sition is tentatively assigned at 7.97 eV, the energy that
appears to match best the pattern of vibrational structure
observed in the present work.

Table 7 lists the energies of the features observed be-
tween 7.9 and 9 eV. Gochel-Dupuis et al. [27] propose the
presence of υ2 progressions starting at 7.95 and 8.44 eV.
Structure observed for the first time in this work leads
us to suggest further sets of assignments. From 7.97 eV
there appears to be two overlapping series of vibrational
excitations. The first is associated with υ1, corresponding
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Fig. 7. Photo-absorption spectrum in the 8.5–9.5 eV band of
CH3CN.

Table 8. Vibrational structure and assignments in the 8.9–
9.5 eV absorption band of CH3CN, corresponding to the 7a1 →
3e(nN → π∗) transition (energies in eV).

Peak Gochel-Dupuis Vibrational

energy et al. [27] analysis

8.965 8.96 υ00

9.030 - υ00 + 2υ8

9.103 - υ00 + 4υ8

9.063 9.07 υ4

9.123 - υ4 + 2υ8

9.205 - υ4 + 4υ8

9.164 9.18 2υ4

9.232 - 2υ4 + 2υ8

9.301 - 2υ4 + 4υ8

9.273 9.29 3υ4

9.34D - 3υ4 + 2υ8

9.41D - 3υ4 + 4υ8

9.372 - 4υ4

9.44D - 4υ4 + 2υ8

9.47D - 5υ4

All the assignments for vibrational excitations listed above are
suggested for the first time in the present work. D Indicates that
the feature is diffuse and thus its energy position is subject to
greater uncertainty.

to C−H stretching, with a limited υ3 series beginning at
each υ1 peak. The mode υ3 is symmetric and characterised
by CH3 deformation. The second series is attributed to
vibrational excitation consistent with C≡N bending, the
υ2 mode. We propose that double excitations of the anti-
symmetric υ8 mode, corresponding to C−C≡N bending,
combine with the υ2 progression to give further small
peaks. In agreement with Gochel-Dupuis et al. [27], a υ2

excitation beginning at 8.44 eV is identified. The diffuse
feature observed at 8.93 eV and attributed to a Rydberg
transition may include a 2υ2 contribution from this series.
As with the previous series, combinations of double υ8 ex-
citations are suggested to account for further peaks and
shoulders. Features observed at 8.49, 8.71 and 8.756 eV
remain unassigned.
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Fig. 8. Assignment of the CH3CN Rydberg series occurring
above 9.5 eV.

4.2.2 Valence excitation of acetonitrile in the range 8.9
to 9.5 eV

The valence transition 7a1 → 3e(nN → π∗) to the sin-
glet state 1E is considered to be responsible for the series
of peaks beginning at 8.965 eV. The absorption spectrum
for this energy range is shown in Figure 7. Gochel-Dupuis
et al. [27] report three quanta of vibration with 0.110 eV
mean spacing which they attribute to excitation of the υ7

mode, CH3 rocking. However, according to structure ob-
served for the first time in the present work, we propose
a υ4 series, corresponding to C−C stretching, combined
with double excitations of the mode υ8. The observed
peaks and their suggested assignments are listed in Ta-
ble 8.

4.2.3 Acetonitrile Rydberg series

Figure 8 shows the absorption observed between 9.5 and
10.9 eV; the part of energy range scanned in the present
work within which Rydberg transitions are known to oc-
cur. The suggested series converge to 12.21 and 13.14 eV,
corresponding to the ionic electronic ground state and the
ionic first excited state of CH3CN, respectively [31].

The peak energies assigned to series converging to
12.21 eV are given in Table 9. The low energy, low in-
tensity peak at 8.93 eV (shown in Fig. 7) is assigned to
the Rydberg transition 3sσ as suggested by Nuth and
Glicker [25]. The three peaks at 9.589, 9.747 and 10.289 eV
are attributed to the n = 3 transition of the npπ, npσ
and ndσ series converging to the ionic electronic ground
state [25,27]. In agreement with Gochel-Dupuis et al. [27],
we suggest vibrational progressions beginning at Rydberg
peaks as responsible for further structure. The vibrational
modes suggested are υ2 and υ4, related to C≡N stretch-
ing, and C−C stretching, respectively. This is consistent
with the photoelectron work of Turner et al. [31] which
shows the energy required for the excitation of υ2 and υ4

in the first ionic state to be 0.249 eV and 0.100 eV, very
close to the energy differences observed.

Table 10 gives the energies of the peaks assigned to
Rydberg series converging to the second ionisation poten-
tial, 13.14 eV. In accordance with Gochel-Dupuis et al. [27]
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Table 9. Energy values, quantum defect and assignment of the Rydberg series converging to 12.21 eV, the ionisation limit
corresponding to the ionic electronic ground state of CH3CN, (energies in eV).

Peak energy Nuth and Glicker [25] Gochel-Dupuis et al. [27] Quantum defect Assignment

8.93D 8.930 - 0.96 3sσ

9.589 9.595 9.589 0.72 3pπ

9.694 9.695 9.694 - 3pπ + υ4

9.840 9.842 9.838 - 3pπ + υ2

9.935 9.935 9.929 - 3pπ + υ2 + υ4

10.064 10.056 10.060 - 3pπ + 2υ2

10.171 10.181 10.182 - 3pπ + 2υ2 + υ4

9.747 9.678 9.745 0.65 3pσ

9.983 9.983 9.973 - 3pσ + υ2

10.25D - - - 3pσ + 2υ2
•

10.289 10.292 10.286 0.34 3dσ

10.401 - 10.415 - 3dσ + υ4

10.53D 10.501 10.531 - 3dσ + υ2

10.64D - - - 3dσ + υ2 + υ4
•

10.74D 10.744 - - 3dσ + 2υ2
•

• Accompanies assignments suggested for the first time in the present work. These assignments are subject to greater uncertainty.
D Indicates that the feature is diffuse and thus its energy position is subject to greater uncertainty.

Table 10. Energy values, quantum defect and assignment of the Rydberg series converging to 13.14 eV, the ionisation limit
corresponding to the ionic electronic first excited state of CH3CN, (energies in eV).

Peak energy Nuth and Glicker [25] Gochel-Dupuis et al. [27] Quantum defect Assignment

10.489 10.501 10.520 0.74 3pσ

10.59D - - - 3pσ + υ4

10.70D - - - 3pσ + υ2

10.772 10.777 10.780 0.60 3pλ

Vibrational assignments are suggested for the first time in the present work. These assignments are subject to greater uncertainty.
D Indicates that the feature is diffuse and thus its energy position is subject to greater uncertainty.

the peaks at 10.489 and 10.772 eV are both attributed to
the n = 3 transitions in the 3pσ and npλ serie, respec-
tively. Previously unassigned features at 10.59 eV and
10.70 eV are attributed to vibrational excitations along
the modes υ4 and υ2 combined with the Rydberg transi-
tion at 10.489 eV, noted as having symmetry a1. The fea-
tures observed at 9.709 and 9.786 eV remain unassigned.

4.3 Absolute absorption cross-sections
and atmospheric photolysis rates for acrylonitrile
and acetonitrile

The cross-sectional values of acrylonitrile corresponding to
energies between 6 and 9.5 eV are compared to the data
of Mullen and Orloff [11] at steps of 0.5 eV. The peak val-
ues at 6.526 and 8.580 eV are also compared. The present
measured cross-section is around 400% higher than that
of Mullen and Orloff. To our knowledge, no other acry-
lonitrile photo-absorption data has been published over
the range of the present spectrum. We are confident that
our measured absolute cross-section is reliable due to the
thorough calibration procedure described in Section 3. In
addition, as shown in Figure 1, the present result is in

good agreement with the lower resolution result recorded
at the Synchrotron Radiation Facility, Daresbury, UK.
The cross-sections measured at the two facilities match
to within 10%, with the exception of a difference of 35%
observed at 9.429 eV for the sharp Rydberg peak posi-
tioned in the high energy extreme of the spectral range
available at Daresbury. Erroneous low cross-section val-
ues may result from a fall in optical transmission close to
the experimental cut off frequency. The estimated error
in absolute photo-absorption cross-section for a previous
result taken using the Daresbury apparatus is given as
± 20% [32].

The atmospheric photolysis lifetime of acrylonitrile has
been modelled using a program developed at University
College London. The program considers a simplified sys-
tem and evaluates the photolysis rate as a product of
the solar actinic flux and the molecular photo-absorption
cross-section at different wavelengths and altitudes [33].
The residence time is calculated for a molecule at a fixed
altitude in a sunlit, clear atmosphere. The rate of pho-
tolysis of acrylonitrile is found this way to be of the or-
der 10−4 s−1 in the stratosphere and 10−6 s−1 at lower
altitudes. These rates give stratospheric residence times
by photolysis in the order of hours. In the troposphere,
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the calculated residence time rises from around 10 days
at higher altitudes to over one year below 15 km. Thus,
at altitudes below around 20 km, our result is consis-
tent with previous understanding that degradation occurs
dominantly by reactions with photochemically produced
hydroxyl radicals [4]. The half life of acrylonitrile by these
processes is estimated to be between 1 and 3.5 sunlit days,
depending on conditions.

Comparison is made between the photo-absorption
cross-section of acetonitrile reported in the present paper
with that of Suto and Lee [24]. The two sets of data are
found to be in agreement to within the limits of the error
in reading the absorption plot of Suto and Lee. However,
analysis of the three highest peaks, at 9.589, 9.840 and
10.772 eV, shows the present data to be 10 to 20% higher.
This may be due to higher energy resolution for our spec-
trum. The major peaks appear sharper in the present work
and, importantly, absorption at 9.589 eV is greater than
at 10.772 eV whereas Suto and Lee observe the opposite.
The only other photo-absorption data for acetonitrile pub-
lished for photon energies coinciding with our range is the
work of Nuth and Glicker [25]. Suto and Lee consider their
result to agree with that of Nuth and Glicker to within
the experimental uncertainties [24]. However, in agree-
ment with our data, Nuth and Glicker clearly show the
cross-section at 9.589 eV to be greater than at 10.772 eV.
Thus, it can be concluded that the present spectrum is
broadly consistent with previous photo-absorption results
although it reveals stronger absorption for narrow fea-
tures, suggesting higher energy resolution.

Suto and Lee estimate the photolysis rate of acetoni-
trile to be very slow in the troposphere and less than
10−11 s−1 in the stratosphere [24]. Thus, low altitude de-
struction of acrylonitrile is dominated by reactions with
atmospheric species. In particular, the stratospheric reac-
tion rate of CH3CN + OH is estimated to be 10−7 s−1 us-
ing the data of Kurylo and Knable [34] and Heicklen [35].
No meaningful result could be achieved using our model
as the absorption of acetonitrile is extremely weak below
7 eV. Minimal solar radiation above 7 eV is observed in
the stratosphere and troposphere [36]. The Lyman α peak
for solar radiation, considered the key region for photoly-
sis of acetonitrile in the upper atmosphere, is very close to
the absorption peak at 9.840 eV, observed to be around
20% stronger in the present spectrum than in that of Suto
and Lee. Thus we would predict a slightly higher photol-
ysis rate at high altitudes than that estimated previously
whilst expecting that the overall atmospheric destruction
of acetonitrile occurs dominantly through chemical reac-
tions.

4.4 Comparison of acrylonitrile with acetonitrile

The photo-absorption spectra for C2H3CN and CH3CN
in the valence bands are dominated by transitions from π
to π∗ C≡N orbitals. For both molecules, these transitions
feature C≡N bonds. In the case of acrylonitrile, the va-
lence excitations observed are assigned to π2(C=C−C≡N)
→ π∗

1(C=C−C≡N), π2(C=C−C≡N) → π∗(C≡N), and

π2(C=C−C≡N) → π∗
2(C=C−C≡N). For acetonitrile, the

lowest observed valence band is assigned to π(C−C≡N)
→ π∗(C−C≡N). For both molecules, C−H excitation is
limited because of the very stiff nature of the bonds. This
is evident in the observed vibrational excitations. For acry-
lonitrile, by far the most commonly assigned modes are υ4

and υ5, corresponding to C≡N and C=C stretching, re-
spectively. Similarly, the dominant symmetric modes for
vibrational excitation of acetonitrile are considered to be
C≡N and C−C stretching, υ2 and υ4. The C−C≡N bend-
ing mode for acetonitrile, υ8, also seems to be very readily
excited.

A significant difference, however, is observed when we
compare nitrogen lone pair excitations for each molecule.
Excitation from the nitrogen lone pair electrons of acry-
lonitrile is not visible in the present range. However, the
transition nN → π∗(C−C≡N) makes a significant con-
tribution to the spectrum of acetonitrile. The lone pair
for acrylonitrile lies in an orbital separated from the low-
est unoccupied orbital by the (12a′)2 and (2a′′)2 orbitals,
whereas that for acetonitrile is only separated by the oc-
cupied (2e)4 orbital. Therefore, we would expect excita-
tion from the lone orbital of CH3CN to require markedly
lower energy than that of C2H3CN and thus appear in the
photo-absorption spectrum.

Comparison of Figures 1 and 5 shows that photo-
absorption by acrylonitrile is greater at low energies than
by acetonitrile. Thus, in the lower atmosphere, the pho-
tolysis rate of acrylonitrile is significant whereas we would
not expect it to make a noticeable contribution to the de-
struction of acetonitrile. Both molecules absorb strongly
at short wavelengths. However, no significant similarity in
the Rydberg structures of acrylonitrile and acetonitrile is
apparent within the energy range of this work.

5 Conclusion

Photo-absorption spectra of acrylonitrile and acetonitrile
have been recorded in the wavelength range 115 to 320 nm
(10.8 to 3.9 eV). High resolution has allowed several fea-
tures to be observed for the first time and new assignments
have been suggested accordingly. Results are compared to
previous photo-absorption measurements and electron en-
ergy loss spectra and are found to be in close agreement
in terms of the energy positions at which features are ob-
served. More significant variation is evident when com-
paring the absolute cross-sections of bands. In the case of
acrylonitrile, significantly higher absorption is observed
in the present work than previously reported. This sug-
gests the molecule has a shorter residence time in the
stratosphere than expected. It would be instructive to in-
corporate the present results into a detailed atmospheric
model to reevaluate quantitatively the residence times and
the environmental effects of acrylonitrile and acetonitrile.
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