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Abstract

The VUV absorption spectrum of acetonitrile between 7 and 20 eV was obtained at high resolution using monochromatised Kr lamp
radiation and synchrotron radiation as photon excitation sources. Absorption cross sections were measured over the spectral range stud-
ied. We have reinterpreted or assigned for the first time the bands of four valence transitions in the 7-12 eV region, aided by M.O. cal-
culations of transition energies and oscillator strengths. These assignments also required consideration of vibronic symmetry conditions
in electronic transitions not previously discussed in the context of the interpretation of acetonitrile VUV absorption spectra. Consider-
able revision of previously assigned Rydberg transitions converging to the ground 1°E and first excited 12A; states of the cation in the
8.9-13.2 eV region was also effected. The vibrational modes and frequencies in the valence and Rydberg states and their relation to bond-
ing characteristics of the molecular orbitals are discussed in detail. Absorption features in the 14.2-15.4 eV higher energy region, prob-

ably involve Rydberg transitions converging to the 2°E ion state at 15.133 eV.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Acetonitrile, CH;CN, is one of the possible building
blocks of biomolecules [1]. It has been observed by radioas-
tronomy in several sites of the interstellar medium [2-4], in
comets [5,6], (its release on the Deep Impact encounter with
comet 9P/Tempel 1, has been suggested by I.R. emission
spectroscopy [7]), and in the atmosphere of Titan [8,9].
Acetonitrile has also been detected in the Earth’s strato-
sphere [10] and troposphere [11]. The VUV spectroscopy
and photophysics of acetonitrile, which inform on the pos-
sibilities of photodestruction and photoionization pro-
cesses, are thus of direct interest for exobiology and for
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atmospheric studies of the Earth and other Solar system
objects as well as for localising radioastronomy or infrared
searches of CH;CN in protected astrophysical sites.

In the present work we have measured the absorption
spectrum of acetonitrile between 6 and 20 eV. The results
are compared with spectra reported earlier. Molecular
orbital calculations and a consideration of vibronic sym-
metry conditions in electronic transitions have led us to
revise previous valence transition assignments, to renew
assignments of Rydberg bands converging to the ground
and first excited state of the acetonitrile cation and to sug-
gest assignments of higher energy spectral features. The
spectral analysis is useful for interpretation of photophysi-
cal studies reported elsewhere on fluorescence and photo-
ionization quantum yield measurements on acetonitrile
over the photon excitation range 8-22 eV [12]. A brief pre-
liminary report on this work has been given previously [13].
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2. Experimental

Absorption spectra of acetonitrile were measured with
an experimental set-up whose essential components and
operational procedure have been described previously [14]
so that only a brief resume is given here. Monochromatised
synchrotron radiation was obtained from the Berlin elec-
tron storage ring BESSY I (multi-bunch mode) in associa-
tion with a M-225 McPherson monochromator modified to
have a focal length of 1.5m, and a gold coated spherical
diffraction grating having 1200 lines/mm. Spectral disper-
sion was 5.6 A/mm. The mean geometric slit width was
0.1 mm. The 30 cm long absorption cell is separated from
the monochromator vacuum by a 1 mm thick stainless steel
microchannel plate (MCP). Acetonitrile gas pressures were
in the range 20-30 pbar, measured with a Balzers capaci-
tance manometer. The small pressure gradient inside the
absorption cell, due to the gas leak through the MCP, does
not significantly affect the optical density measurements.
The use of the MCP enables us to know the precise optical
pathlength, the pressure drop being by a factor of the order
of 1000, which ensures linearity in the Beer—Lambert anal-
ysis of the optical density measurements. VUV light trans-
mission efficiency of the MCP is estimated to be about 10%
and the transmitted light was largely sufficient for absorp-
tion measurements. Transmitted radiation strikes a win-
dow covered with a layer of sodium salicylate whose
ensuing fluorescence was detected by a photomultiplier.
We remark that the use of a laminar-type grating results
in a very low (only few percent) contribution to second
order radiation in the 10-20 eV region. Second order effects
will be also very low below 10 eV because the gas column in
the absorption cell reduces high energy radiation transmis-
sion much more than the low energy part.

Two scans, one with and one without acetonitrile gas,
were carried out for determining the absorption spectrum.
During a scan, the VUV light intensity falls off slightly due
to continuous loss of electrons in the storage ring. The inci-
dent light intensity is furthermore a function of the energy-
dependent reflectance of the diffraction grating. These two
factors have been taken into account in normalisation of
the spectra, which were recorded with a bandwidth of
0.05nm. The precision of the energy scale is +5meV.
Commercial CH3;CN of highest available purity grade
was used, without further purification. The absorption
spectra were measured three times, once with an energy
interval of 5 meV, twice with an interval of 9 meV. The
results were perfectly reproducible, with a slightly better
resolution in the 5 meV step case.

After the 7-20 eV absorption study was made in 1999
with a synchrotron source, we carried out, in 2000, absorp-
tion measurements on CH;CN, between 125 and 165 nm
(7.5-10 eV), using a Kr microwave excited lamp to provide
background radiation. These measurements, on highest
purity acetonitrile, were made at three gas pressures, which
we denote as low, medium and high, whose estimated
values are 0.3, 3 and 15 torr, respectively. The wavelength

resolution was 0.05 nm. The monochromator was a 1-m
McPherson M225 with a 1200 lines/mm classically ruled
grating with Al-coating. The nominal dispersion of the
instrument was 8.33 A/mm yielding a resolution of
0.05 nm. The lamp was a commercial product from OPH-
THOS, USA, filled with medium pressure (50 torr) Kryp-
ton and sealed by a LiF window. Lamp excitation was by
an OPHTHOS microwave generator with 20 W typical
electrical power. The absorption cell, 3.5cm in length,
was closed with LiF windows. The monochromator drive
was continuous (no stepper motor) and perfect synchroni-
zation was guaranteed by synchronous motors in the
monochromator and the recorder. A typical scan needed
about 20 min each. Wavelength calibration was made with
a 254 nm emission Hg source as well as OI emission peaks
in the 130 nm region. The acetonitrile sample was freshly
purified material.

3. Quantum chemical calculations

Acetonitrile is a symmetric top, having threefold sym-
metry about the molecular axis. It thus belongs to the
Cs, symmetry group. Quantum chemical calculations were
carried out using GaussiaN 03, Revision C.02 [15]. An ini-
tial geometry optimization of acetonitrile was performed
using the hybrid density functional B3LYP and 6-
311++G(3DF,3PD) basis set. “Tight” convergence criteria
were used. Normal mode analysis confirmed that the final
optimized geometry was a true potential energy minimum.
The calculated structural parameters are in satisfactory
agreement with gas phase experimental substitution struc-
tures, in parentheses, determined by electron diffraction
and microwave spectroscopy [16]: bondlengths in nm,
angles in degrees: C-C 0.1455 (0.1458), C=N 0.11493
(0.11571), C-H 0.1089 (0.1036), ZHCC 110.175, 110.170,
110.172 (109.45). The energies and oscillator strengths of
transitions to the first 40 electronic excited states were cal-
culated using the time-dependent DFT method [17] with
the same hybrid density function and basis set. The unre-
stricted, spin-free, calculations provided triplet as well as
singlet state information. The calculations are not expected
to provide good values for transition energies beyond
about 9-10 ¢V in the case of acetonitrile, since the eigen-
values are critically dependent on M.O. energy differences
in time-dependent DFT calculations. However, these calcu-
lations differentiate well between strong and weak elec-
tronic transitions, thus facilitating the valence transition
assignments.

4. Results and discussion
4.1. Theoretical preliminaries

We begin with a short discussion of the structure and
electronic configurations of acetonitrile, and the nature

and characteristics of the expected valence and Rydberg
transitions, before presenting the experimental results.
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Table 1

Comparison of experimental vertical ionization energies and calculated molecular orbital energies (eV)

M.O. Expt.? Our calc. [28F 297 [20F ;3of R21F R1p
la 405.6 389.51 424.49 427.46 424.29

2a, 292.98 278.30 307.58 312.38 307.71

3a; 292.44 277.99 307.25 309.29 307.61

4a, 29.7 24.92 34.10 35.11 33.04 31.68 31.85 25.97
Sa; 24.9 21.39 28.38 28.94 28.08 26.89 25.90 23.16
6a, 17.4 17.24 18.89 19.74 18.84 17.48 17.08 16.88
le 15.7 15.84 17.13 17.78 17.02 16.16 15.85 15.30
Ta; 13.1 13.03 15.00 15.86 15.07 12.71 13.07 13.10
2e 12.20 11.85° 12.73 14.03 12.60 10.97 12.23 12.17

% Inner shell orbitals [27], valence orbitals [21].
® See text.

¢ SCF, Gaussian basis set.

4 LCAO-MO-SCF.

¢ SCF.

T Ab initio method.

& Green’s function method.

" HAM/3.

Ground state acetonitrile has been determined by electron
diffraction and by microwave spectroscopy [16,18] to
belong to the C3, symmetry group. Based on photoelectron
spectroscopy [19-21], and on M.O. calculations [20-24]
the electron configuration has been established as
...6a1)%(1e)*(7a;)%(2¢)* and the ground state is 1'A;. The
3e orbital is the LUMO and the 8a; LUMO + 1 orbital
is estimated to lie 2.88 eV above it [25]. The calculated
energies of the occupied M.O.s are given in Table 1, where
they are compared with experimental vertical ionization
energies determined by Hel and Hell photoelectron spec-
troscopy for valence electrons as well as, for inner shell
ionizations, with the results of electron energy loss spec-
troscopy [26].

There is satisfactory agreement between our calculated
valence shell orbital energies and the experimental ioniza-
tion energies. A specific calculation of the total energy of
the ground state of the acetonitrile cation provided a value
of 11.85 eV for the ionization energy, in reasonable agree-
ment with the experimental 12.20 eV. The calculated 4a,
and 5a; orbital energies fall about 4 eV short of the respec-
tive experimental values 24.9 and 29.7 eV; these correspond
to broad PES bands in a region where satellite lines become
important [21], expressing extensive configuration interac-
tion. Table 1 also includes the results of molecular orbital
energy calculations by a variety of methods. The closest
results to experimental valence shell ionization energies
(the comparison being within the confines of Koopmans’
approximation) are those of Asbrink et al. using Green’s
function and the semiempirical HAM/3 (hydrogenic atoms
in molecules) methods [21]. The inner shell orbitals are
mainly 1s atomic orbitals and our calculated energies are
about 15¢V below the experimental values, the difference
being probably due to core hole effects. The SCF calcula-
tions of other authors [20,28,29] overestimate the inner
shell M.O. energies by 15-20 eV (Table 1). The difference
with our inner shell results probably reflects differences in

electron populations of the innermost atomic orbitals and
differences in the mixing between valence and core molecu-
lar orbitals.

The photoelectron spectra and associated molecular
orbital calculations [19-24] have led, in the past, to the fol-
lowing bonding characteristics of the following three occu-
pied valence M.O.s and the two initially unoccupied M.O.s
with which we will be concerned in this study:

2e: C=N,, bonding
antibonding

7a;: N lone pair (ocn)

le: pseudo-ncys;, C—C bonding, C-H antibonding [19].
The le M.O. must be a m orbital since it is not
observed by XPS [31,32].

(ten),  C-C bonding, C-H

The 3¢ LUMO is a n* orbital, C-N antibonding, and the
8a; LUMO + 1 is a ¢* orbital, antibonding C-C and/or
C-H [25].

The bonding characteristics of these molecular orbitals
will be considered in more detail when we discuss later
the vibrational frequencies observed in the excited elec-
tronic states of acetonitrile and in the electronic states of
the cation. This will be seen to lead to revision of the bond-
ing characteristics of some of these M.O.’s.

The singlet-singlet (and singlet-triplet in EELS experi-
ments) valence transitions discussed in the literature [33—
36] have been considered to involve principally 2e—3e
(t—>7") and 7a;—3e (ny—nw") orbital promotions. The
results of our calculations of optical transition energies
(Tables 2 and 3) make it judicious to consider some other
possible transitions, in particular m—o", involving
2e—8a; promotion, and n—c” (7a;—8a;) which have not
previously been discussed. From the lowest energy t—n*
transition energy, 5.5eV [36] and the n"-c" interval,
2.82 eV [26], we predict a 2e—8a;, n—c" transition to
occur at about 8.32eV. Edard et al. [25] estimate the
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Table 2
Calculated excited singlet state energies and transition oscillator strengths
State symmetry Energy  Oscillator Principal orbital Transition
and number (eV) strength /  transitions type
1'A, 77926 0.0 2e—3e -
(8.3)1‘
1'E 7.8255  0.0018 2e—8a; —o"
2'E 8.0374  0.0036 2e—3e nn"
(8.8)
214, 8.7542  0.0201 7a;—8a,; n-c"
31A, 9.0637  0.0918 2e—3e n"
(11.9)
3'E 9.1699 0.0026 2e—4e
2'A, 9.1893 0.0 2e—de
4'E 9.2545  0.19 Ta;—3e n-n"
(10.1)
2e—9a,
S'E 9.2864  0.016 7a;—3e
2e—9a,
6'E 10.1287 0.003 Ta|—4e
4'A, 101372 0.0957 7a,—9a,
7'E 10.3951 0.0262 2e—10a,
S'A, 10.4587  0.0586 2e—de
* In parentheses, HAM/3 calculated energies [33].
Table 3
Calculated excited triplet state energies
State symmetry and Energy Principal orbital Transition
number (eV) transitions type
1’A, 6.058 2e—3e "
(7.2y°
I’E 6.784 2e—3e =
(7.8)
2’E 7.7125 2e—8a "
1A, 7.7896 2e—3e -
(8.3)
3°E 7.8651 Ta;—3e n-n"
2A, 8.7019 7a;—8a, n-o"
2’A, 9.0524 2e—de
4’E 9.1076 2e—4e
33A, 9.1904 2e—de
S°E 9.2016 2e—9a,
#A, 10.0136  7a;—9a,
6°E 10.0469  7a;—de
7°E 102505  2e—10a,

* In parentheses, HAM/3 calculated energies [33].

n—c" interval to be 8.21 eV, whereas our M.O. calculations
give a value of 7.826 eV for the 1'E—1'A, electronic state
transition involving 2e—8a; promotion (Table 2). The
n—c” transition (7a;—8a,, 21A1<—11A]) is predicted to
be at 9.14 eV from the data of Edard et al. [25]. Our elec-
tronic state calculations give a value of 8.754 eV. All of
these transitions will be discussed below.

The symmetries of the electronic states that can occur
for the Cs, molecule acetonitrile are A;, A, and E. The
1'A; ground state is totally symmetric. An electric dipole
transition 'A,—'A, is forbidden in the Cs, symmetry
group but a transition could occur, via the Herzberg-Teller
vibronic coupling effect, if a nontotally symmetric vibration

of adequate symmetry was excited, especially if allowed
electronic states are nearby. Transitions 'A;—!'A, and
'E—'A, are dipole allowed.

We now consider which symmetry classes of vibration
can be associated with the various electronic transitions
mentioned above [37]. Acetonitrile has eight vibrational
modes, four of which are totally symmetric (a;) and four
doubly degenerate (¢). The electric dipole allowed transi-
tions can have associated single or multiple quanta of a;
modes. The 'A;—1'A, transitions can, in addition, have
excited even numbers of quanta of the doubly degenerate
e mode vibrations, giving rise to weak vibronic bands.
The doubly degenerate 'E state can be subject to Jahn—
Teller splitting of the vibronic levels in which e mode vibra-
tions are excited, including both even and odd quanta, i.e.
due to vibronic interactions within the 'E state itself. The
forbidden 'A,«1'A, transition can appear via excitation
of a single quantum of an e mode vibration (Herzberg—
Teller effect, i.e. vibronic interactions with another elec-
tronic state, of 'A; or 'E symmetry), accompanied by single
or multiple quanta of a; mode vibrations. Vibrations
excited in 'A;—1'A, transitions should have normal
anharmonic behaviour, but 'E—1'A; transitions subject
to Jahn-Teller splitting of the vibronic levels could exhibit
irregular vibrational intervals in the absorption spectrum.
The degree of irregularity will depend on the strength of
the Jahn-Teller vibronic coupling.

The C3, symmetry of acetonitrile allows, in principle, the
following six ns, np and nd Rydberg series: nsa;, npa, npe,
ndaj, nde(1), nde(2), i.e. in linear C,, symmetry, nsc, npoc,
npm, ndo, ndr, ndd, often used in discussions of acetonitrile
Rydberg states [33-36,38]. Rydberg states converging to
the ground and first excited electronic states of the cation
are expected to conserve C;, nuclear symmetry and thus
have A4, A, or E electronic state symmetry.

4.2. Absorption spectra: observations

Fig. 1 shows an overall absorption spectrum of aceto-
nitrile between 7 and 20 eV. The most structured part of
the spectrum is in the 9-13 eV region. In Fig. 2 we show
the absorption spectrum in the 125-165nm (9.92-
7.51 eV) region, observed at “low”, “medium” and “high”
pressures, using a microwave excited Kr lamp to provide
the background continuum. The peak wavelengths can eas-
ily be read off these recorder chart spectra, which include
the base line corresponding to log/(0). The “negative
peaks” seen in the low pressure and base line spectra in
the 130 nm region are due to OI resonance line emissions
present in the Kr source. They can be used to calibrate
the wavelength scale.

Our spectra show considerable structure, more detailed
than in the spectrum reported by Nuth and Glicker [38],
who published the only other high resolution study of
acetonitrile absorption over the whole 7-20 eV spectral
region that we have studied; (a compressed absorption
spectrum over the range 8.3-41.3eV was published,
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Fig. 1. Overview of the absorption spectrum of acetonitrile between 8 and 20 eV. Vertical arrows indicate ionization energies.
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Fig. 2. Absorption spectrum of acetonitrile in the 125-165 nm (9.92-7.51 eV) region, observed at “low”, “medium” and “high” pressures (see text). I, IT
and III arrows indicate the 03 origin bands of the valence transitions I'E—1'A;, 2'E—1'A, and 2'A,—1'A,, respectively.

without quantitative absorption peak energy data, by
Kanda et al. [39]). The spectra which we obtained are also
consistent with the earlier photographic absorption spectra
of acetonitrile published by Herzberg and Scheibe [40] (up
to 8 eV) and by Cutler [41] (6.9-12.4 ¢V) as well as more
recent absorption studies, also over more limited spectral
ranges than ours, by Suto and Lee [42] (6.9-11.7 V) and
Eden et al. [35] (3.9-10.8 eV).

From the relative intensities of strong narrow absorp-
tion bands it is clear that our spectral resolution is higher
than that of Nuth and Glicker [38], who quoted a resolu-
tion of 0.05nm over the 7.75-20.66 ¢V range, measured
with data point intervals of 0.02 nm (2.5 meV at 100 nm).

In general, published absorption cross sections are given
to within an uncertainty of 10%. Our peak absorption cross
sections are similar to those of Nuth and Glicker [38] and
of Eden et al. [35] over the common spectral ranges but
are 20 4 5% higher than those of Suto and Lee [42] and
of Kanda et al. [39]. This difference is possibly related to
a lower spectral resolution, 0.08 nm [42], 0.10 nm [39] than
our 0.05 nm.

Since our initial measurements were made with a syn-
chrotron radiation source, and were the subject of a preli-
minary publication [13], an absorption spectrum of
acetonitrile over the 3.9-10.8 eV region has been reported
by Eden et al. [35], who also used synchrotron radiation
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as a photon source. Their resolution (FWHM) was
0.075 nm, corresponding to 1.5 meV over the energy range
studied. In the measurements we made at three different
pressures, we observe the same spectrum as Eden et al. over
the common energy range (Table 4). In particular, there is a
series of weak bands between 8 and 9.5 eV, observed at
medium pressure, but virtually absent at low pressure,
which appear to be slightly better resolved in our spectrum,
even if the peak amplitudes are smaller in our case. The
absorption cross sections of the bands between 8.1 and
9.4 eV are of the order of 0.2 mB above a continuous back-
ground whose cross section increases from 0.7 mB at 8 eV
to about 8§ mB at 9.4 eV. These bands were first published
by Eden et al. [35]. Their observation in our study, using a
different photon source, confirms their existence as features
of acetonitrile absorption.

4.3. Valence transitions

Our peak energies in the 8-9.5 eV region, measured in
the “medium pressure” spectrum, are compared with the
results of Eden et al. [35] in Table 4. This spectral region
contains the bulk of the valence transition bands. Table 4
also includes the energies of electron energy loss spectral
(EELS) features reported by Rianda et al. [36] and by
Gochel-Dupuis et al. [34] in this same energy region. Given
the diffuseness reported by Eden et al. for many bands,
indicated as (D) in Table 4, agreement between the two sets
of bands is quite satisfactory. All the bands observed by
Eden et al. in this spectral region were observed in our
spectrum, except for a band they report at 8.06 eV which
is possibly hidden in the red wing of the 8.093 eV band in
our spectrum (Fig. 2), and two diffuse bands, at 9.41 and
9.47 eV, at the high energy limit of the weak band system,
9.47 eV being at the very limit of our medium pressure
observations. On the other hand, we observed two bands,
at 8.869 and 8.939 ¢V, not reported by Eden et al, and
which could be components of unresolved features in their
spectra.

Eden et al. [35] assigned most of the observed bands in
the 8-8.9 eV region to vibrational components of two
valence transitions, which we indicate as I and II in Table
4, associated with the orbital promotion 2e—3e (r—n").
They did not specify the symmetries of the excited elec-
tronic states. The three bands reported as unassigned by
Eden et al. at 8.49, 8.71 and 8.756 ¢V, were observed in
our spectrum, at 8.49, 8.716 and 8.759 eV, in good agree-
ment with their observations, and are assigned in Table
4. Weak bands in the 8.9-9.5 eV region (Fig. 2), indicated
as transition III in Table 4, observed also by Eden et al.,
were assigned by the latter to vibrational components of
the '"E—1'A, transition associated with the orbital promo-
tion 7a;—3e (ny—1").

The peak at 8.093 eV in our spectrum is more prominent
than the 8.09 eV band reported by Eden et al. as a weak
diffuse structure. This peak is due partially to an acetone
impurity, introduced by the cell cleaning procedure.

Several weaker bands of acetone were observed in the high
pressure spectrum (Fig. 2), as indicated in Table 4.

4.3.1. Forbidden transitions

The “high pressure” spectrum (Fig. 2) also contains a
few very weak bands below 8.0 eV, at 7.963, 7.922, 7.872,
7.847, 7.798, 7.781, 7.756, 7.739 and 7.715eV. The
7.963 eV band may correspond to the 7.95e¢V band
observed in the EELS experiments of Gochel-Dupuis
et al. [34], which they assigned as the origin band Og of a
(2e—3e) n—n" transition, adopted also by Eden et al. [35].
For reasons discussed below we have re-assigned it as the
origin band of the n-c* 1'E«<1'A| transition (valence tran-
sition I, Table 4). This very weak band was not reported by
Eden et al., whose published spectra in the same spectral
region as our Fig. 2 are similar to our “medium pressure”
spectrum. These authors considered the n—n* transition ori-
gin band to be at 7.97 eV, on the basis of their vibrational
analysis, thus following the assignment of Gochel-Dupuis
et al. (Table 4).

The other eight bands between 7.715 and 7.922 eV
in our high pressure spectrum are possibly vibrational
structure components of the Herzberg-Teller induced
1'A,—1'A; n—n* forbidden transition which is calculated
to occur at 7.793 eV (Table 2) (see later). Another possibil-
ity is that they are components of singlet-triplet transi-
tion(s) reported to occur in this spectral region [34,36]. A
band at 8.1 eV in electron energy loss spectra of acetonitrile
observed by Rianda et al. [36] was assigned by them as a n—
n* singlet—triplet transition on the basis of the differential
cross section observations as a function of scattering angle
at an incident electron energy of 25 eV. Other, weaker, pos-
sible singlet—triplet transitions of acetonitrile, in the 5.2—
7.5eV region, are reported as broad bands by Rianda
et al. [36], as well as by Gochel-Dupuis et al. [34] at 5.8
and 6.8 eV. These lower energy bands would not have been
observable in our absorption spectra range. However, our
calculated electronic transition energies indicate the exis-
tence of a series of triplet«—singlet transitions starting at
6.06 ¢V (Table 3). The 2e—3e n—n" triplet«singlet transi-
tions are calculated to be at 6.06, 7.71 and 7.79 eV (Table
3). Five triplet-singlet transitions are calculated to occur
between 6.06 and 7.87 eV. Another group of five spin for-
bidden transitions are calculated to occur between 8.70
and 9.20 eV (Table 3). Still higher energy singlet-triplet
transitions are calculated to start at 10.01 eV. These would
be entirely masked by strong valence and Rydberg
transitions.

4.3.2. 2'E—1'4; n—n", transition 1I, and 3'4;—1'4; n-n",
transition IV

In Table 4 we have re-assigned many of the bands
assigned by Eden et al. as a result of the following discus-
sion of the electronic and vibrational symmetries relevant
to the optical transitions, aided also by our calculations
of transition energies and oscillator strengths. As
mentioned above, the symmetries of the excited singlet
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Absorption peak energies and valence transition assignments 7.9-9.5 eV
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Peak energy (eV)
Present study

Peak energy (eV)
Eden et al. [35]

Band assignments
Eden et al. [35]

Band assignments
Present study

7.963*

See text
8.093
8.133
8.165
8.182
8.225
8.239
8.28
8.33

8.37
8.42
8.45

8.46
8.49
8.50
8.53
8.56
8.577

8.601
8.622
8.646
8.676
8.688
8.716
8.730
8.759
8.778
8.803
8.821
8.847

8.869
8.894
8.907
8.926
8.939
8.968

8.997
9.037
9.070
9.106
9.130
9.164
9.205
9.235
9.280
9.315
9.336
9.379

9.432

7.97°

8.06 (D)
8.09 (D); 8.1¢
8.14 (D)

8.19 (D); 8.20°
8.23 (D)

8.277
8.321

8.366
8.411
8.44 (D); 8.44°

8.46 (D); 8.45¢
8.49

8.51 (D)

8.527

8.574

8.598

8.62 (D)

8.64 (D); 8.64¢
8.66 (D); 8.66°
8.682

8.71; 8.72¢
8.731

8.756

8.775

8.800

8.818

8.856

3.88 (D)
8.92 (D)
8.93 (D)

8.965; 8.96%; 8.96°

8.991
9.030

9.063

9.103; 9.119; 9.10°
9.123

9.164

9.205; 9.219; 9.20°
9.232

9.273

9.301; 9.30°

9.34 (D)

9.372

9.41 (D)

9.44 (D)

9.47 (D)

1(2e — 3e)n-n*0)

In-n*82
In-n*3,
In-n*8;

In-m*2)
In-n*3}

In-n*2482
In—m* 1(1)

In-n*2083
In-n*23
(2e — 3e)lIn-n* O

In-n*1} 3

In-n*2283
n—r* 8(2)

In-n*1933

In-n*238;
n-n* 8¢
In-n*2}
In-n*13
n-m2}

In-n"2383

n-n*2)83
In-n*133)
In-n"2383
In-n*2;

2183
In-n*1233
35600; n—n*22

(7a1 — 3e)nn-1*O)

In—m* 1(3)
ﬂN—TE* 86
anﬂ?*4(1)
I’IN—TE* 83
nn-n*dy 82
anTE*4%
nn-m* 4085
nn—n*45 82
anTC*48
nn-m 4585
nn-m*4y 82
anrc*4é
nn-m*4; 84
nn-m*dy 82
I’IN—TE*4(5)

I (2e—8a;)n-c"
I'E « 1'A,0)
In-c*4)
In-c*3,
In-c*43
Acetone impurity
In-6*2);
In-c*3}
Acetone impurity
In-c*234);
In-c* 1(1)
In-c*3;
In-c*2p43
In-c*2}

11 (2e—3e) n—n"
2'E — 1'A,0)
In-c*133)
In-c*3;
In-c*254)
In-n*4,
Acetone impurity
In-c*133}
-3}
In-c*2343
-4
In-c*2}
In-c*13;
-2}
3
In-c+234)
IIn-m*2)4]
-1}
In-c*133)
In-c*2345
In—c*Zg;
-3}

n-n* 1540
Mn-n*2)43
In-c*1333
-2}
In-m*2)3]

1 (731—)831) n-c"
21A; — 1'A,08
Ircfn*lg
Mn-*1)33
In-c*4)
12
n-c*3;
Mn-c*4;
n-c*2,
Mn-c*3545
ln-c*4;
n-c*1,
Mn-c*3,42
In-c*4;
Mn-c* 1544
In-c*2;
M- 13

# Observed in our “high pressure” spectra (see text).

® Not observed but derived by Eden et al. from their vibronic analysis [35].
¢ (D) = classed as a diffuse band in [35].

4 Rianda et al. [36].

¢ Gochel-Dupuis et al. [34].



154 S. Leach et al. | Chemical Physics 344 (2008) 147-163

electronic states that can arise from the orbital promotion
2e—3e are the two allowed states A; and E and the forbid-
den transition state A,. The results of the HAM/3 calcula-
tions of the energies of acetonitrile valence states by Fridh
[33] and those of our own M.O. calculations (Table 2) pre-
dict that the lowest singlet T—n* excited state is 'A, and is
followed by 'E and 'A,, in that energy order.

The Herzberg-Teller induced 1'A,—1'A, n—n" transi-
tion would only expected to borrow sufficient intensity to
be observed if strongly allowed states were close in energy
to the excited state. Our calculations indicate that Herz-
berg-Teller vibronic coupling is unlikely to be important,
so that either the induced transition is not observed or it
is indeed assignable to the extremely weak features below
8 eV observed in the high pressure spectrum, as discussed
above. The allowed n-—n* 2'E«<1'A, transition is predicted
to be relatively weak (f'= 0.0036) and to lic at higher ener-
gies (Table 2). We calculate it to occur at 8.037 eV (Table 2)
and assign its Og origin to the observed transition II band
at 8.45¢eV.

The third member of the 2e—3e m—n" transitions,
3'A;—1'A; is calculated to occur at 9.06 eV, with an oscil-
lator strength of 0.0918, i.e. 25 times as strong as the ©—n*
allowed 2'"E—1'A, transition. HAM/3 calculations [33]
predict 11.9 ¢V, so that it is reasonable to infer that it
occurs in the region of strong absorption above 9.5¢eV,
possibly overlapping with some of the Rydberg transitions.
The origin band of the 3'A;«—1'A| transition is assigned to
the strong 11.256 ¢V feature and this assignment is dis-
cussed in more detail later (Section 4.5.2). We will refer
to 3'A;«—1'A; as valence transition IV.

4.3.3. I'E—1'A; n—c", transition I

The 2e—8a;, (n—oc") 1'E—1'A, valence transition
which, as mentioned earlier, we predict to occur at about
7.83 eV, has a calculated oscillator strength (0.0018) com-
patible with the strength of the bands observed in the tran-
sition I region, whose origin band is at 7.963 eV, and which
was previously assigned by Gochel-Dupuis et al. [34] and
by Eden et al. [35] to a 2e—3e (t—n") transition (Table 4).

4.3.4. 2'A,—1'4; n—c*, transition II1

The 7a;—8a;, (n—c") 2'A;—1'A, transition origin is
calculated to be at 8.752 eV, with an oscillator strength
f=10.02. We assign it to the 8.968 eV band, origin of the
transition III. This f'value is 5.6 times greater than that cal-
culated for transition II (n-n* 2'"E—1'A;) and indeed the
transition III bands are more intense than those of transi-
tion II (see below). We note that the 8.968 eV band was
assigned by Gochel-Dupuis et al. [34] and Eden et al. [35]
as the origin band of the 4'E—1'A, transition associated
with the orbital promotion 7a;—3e (ny—7"). This transi-
tion is calculated to occur at 9.255 eV (HAM/3 calculations
give 10.1eV [33]) and to be over 50 times stronger
(f=0.19) (Table 2) than the m—n* 2'E—1'A, transition
(f = 0.0036). We consider that the 7a; —3e (ny—") transi-
tion contributes to the strong background absorption

above 9.5e¢V, along with 2e—3e, 3'A;—1'Ann"
transition, which is expected to occur at a higher energy,
as discussed above.

We remark that the bands from 8.968 eV to 9.5¢eV,
which we re-assign to the 7a;—8a;, (n—>c") 2'A;—1'A,;
valence transition, have FWHM ~100cm~' (13 meV).
They are both more intense and broader than those at
lower energies, whose FWHM are mainly of the order of
60cm~'. A comparison of the integrated peaks, above
the continuous background absorption, in the two spectral
regions is in agreement with the calculated relative intensi-
ties of the respective transitions. Furthermore, the FWHM
values indicate that the 1'E and 2'E states are less predis-
sociated than those of the 2'A, state. These FWHM corre-
spond to nonradiative relaxation rates of 1.1 x 10" and
1.9 x 10" s7! for the respective excited states. These rates
are such that fluorescence quantum yields of acetonitrile
from these states should be extremely low, of the order of
1%o or less, and indeed no fluorescence of the parent mol-
ecule has been reported. The electronic excited states under
discussion must be almost completely dissociative, with the
differences in the FWHM of the I, II and the III transition
bands indicating the existence of non-uniform dissociation
rates. We remark that Suto and Lee [42] consider the pho-
todissociation cross section of acetonitrile to be equal to its
photoabsorption cross section in the 6.89-11.7 eV region of
their study, i.e. below the ionization limit. They observed
that the fluorescence quantum yields of emitting fragments
(e.g. CN, [12]) are of the order of 1% or less in the 8.968—
9.5 eV spectral region [42].

4.3.5. Vibrational components of the valence transitions
Our re-assignments in Table 4 also include vibrational
components of the electronic transitions. In their spectral
analysis Eden et al. [35] considered, without discussion,
that the doubly degenerate vibration vg could be excited
only in even numbers of quanta in the I, II and III transi-
tions. They did not discuss the symmetry implications for
excitation of vibrational modes. The restriction on excita-
tion of the doubly degenerate mode 8§ vibration figures very
largely in their analysis of transitions I, IT and III. In their
assignments of bands in which mode 8 is excited in even
numbers of quanta (8] and 8;) in the electronic excited
states, the average values of vg are 45 meV (transition I),
46 meV (II) and 34 meV (III). The ground state frequency
is 45 meV, so that Franck—-Condon factors should render
these 8(2) and 83 transitions of negligible intensity, at least
in transitions I and II, and in any case they should be very
weak with respect to bands in which totally symmetric
vibrations are excited, in transition III. This is contrary
to the observed relative intensities of the bands in which
a; and e mode vibrations are separately excited. Further-
more there is no sign of vibrational interval irregularities
or odd numbers of mode 8 excitations as might be expected
for transitions to Jahn—Teller affected 'E states, yet two of
the transitions I, IT and III are expected to have 'E excited
states. We were thus led to propose revisions not only of
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the orbital and electronic symmetry assignments but also of
many of their vibrational assignments. In particular, the
bands of Eden et al. involving 8 and 8 excitations in tran-
sitions I and IT are re-assigned to mode 4 excitations 4, and
43, respectively. Our new assignments, given in the right-
hand column of Table 4, take fully into consideration the
symmetry properties of the vibronic transitions, as evoked
and discussed above.

4.4. Vibrational frequencies in the valence states

The frequencies of the vibrational modes observed in the
three valence transitions assigned in the 7.7-9.5 eV energy
region, as well as the 3'A;—1'A, valence transition in
the 11.256-11.975 ¢V region (see later) are given in Table
5, where they are compared with the neutral ground state
frequencies and the those of the ground and two excited
electronic states of the acetonitrile cation. This leads to
revision of some previously accepted bonding characteris-
tics of the various molecular orbitals.

4.4.1. Mode 1

Mode 1 is a C-H stretching vibration whose neutral
ground state frequency is 366 meV. It is little reduced on
promoting a 2e electron to the 8a, orbital, but decreases
by about 10% in the 2e—3e excited 2'E and 3'A; valence
states. The 2e orbital has previously been considered to
be not only C=N and C-C bonding but also as having
some C-H antibonding character [19]. From the frequency
behaviour it thus appears that the 2e M.O. is mildly C-H
bonding, or that 3e is more C-H antibonding than 2e.
We prefer the first interpretation, especially since v, the
frequency of the CH; symmetric deformation mode is con-
siderably reduced in the m—n* transition excited states 2'E
and 3'A, the lowered deformation frequency being asso-
ciable with the lengthening of the C—H bond.

In this connection we re-examine the high resolution
photoelectron spectrum of acetonitrile measured by
Gochel-Dupuis et al. [43], arguing that a C-H bonding 2¢
orbital should lead to excitation of v; in the first PES band,
where the 1°E ground state of the ion is formed by ejection
of a 2e M.O. electron. Such an excitation was not reported

Table 5
Vibrational frequencies in meV of acetonitrile valence and ion states
Mode
1 2 3 4 5 6 7 8
State 1'A, 366 281 172 114 373 180 129 45
1'E(M® 353 224 126 90
2'E(1I) 328 239 133 90
21A(ITT) 264 101 69
31A,(1V) 334 245 126 98
1?E(ion) 341 246 101 171% 50
12A,(ion) 162 100" 180 50
2%E(ion) 345 259 182 103

# Ton state frequencies from [43] and see text.
® Valence transitions: I = 1'E-1'A;, 2¢-8a;, n—c™; Il = 2'E-1'A}, 2e-3e,
r' I =2'A-1'A,, 7a,-8a;, n-c™; IV = 3'A-1'A,, 2e-3e, nn".

in PES studies [19,23,43]. However, the 12.542 and
12.887 eV peaks in the Hel PES, which were assigned by
Gochel-Dupuis et al. [43] as 3(2) (or 63, see later) and 2(2)
43, respectively, can be re-assigned as 1(1) and lé, respec-
tively, giving a value v; = 341 meV in the ion ground state.
Another possible PES assignment involving mode 1 is the
12.780 eV peak, assigned to 2(2)83 by Gochel-Dupuis et al.
[43], which can be re-assigned as 1(1) 2(1). The bands that
we have reinterpreted were insufficiently resolved in PES
spectra earlier than the high resolution study of Gochel-
Dupuis et al. [43]. The value v; =341 meV is in between
those of the mode 1 frequency in the 2e—3e (328 meV)
and the 2e—8a; (353 meV) valence transition excited states,
from which we can conclude that the 3e (and 8a,) orbitals
are fairly neutral with respect to C-H bonding, thus con-
firming the interpretation preferred above. We remark that
in the 2°E state of the ion, formed by removal of a le elec-
tron, the drop to v =345 meV is similar to that in 1°E,
being only 6%, which indicates that le, too, is CH bonding,
to about the same extent as 2e, and not antibonding as pre-
viously proposed [19].

4.4.2. Mode 2

The C=N stretching mode 2 decreases in frequency by
15% in the two 2e—3e excitation transitions, 20% when
2e is promoted to 8a;, and 15% in 7a;—8a;. This indicates
that 2e and 7a; are CN bonding and that 7a;, which is clas-
sified as a o orbital, is less CN bonding than 2e. In the
ground state of the acetonitrile ion, formed by removing
one 2¢ electron, v, =246 meV, a comparable decrease to
that in the 2e—3e excitation. We note also that in the
2°E state of the ion the 6% decrease in v, suggests that le
is also CN bonding, but less so than 2e.

4.4.3. Mode 3

In He photoelectron spectra, the vibration of frequency
171 meV in the ion ground state has been assigned as being
either the CH; sym-deformation mode 3 or as the CHj
antisymmetric deformation mode 6 [43], which have similar
frequencies in the neutral ground state. However, mode 3
drops by about 25% in the 1'E, 3'A; and 2'E states, which
is consistent with 2e being CH bonding, as discussed above.
We are thus led to propose that the 171 meV frequency be
assigned to mode 6 in the 1°E state of the ion. Loss of a 7a,
electron does not affect very much the CH; deformation
modes 3 and 6 in the 1?A; ion state (Table 5). The fre-
quency of 182 meV in the 2°E ion state was assigned by
Gochel-Dupuis et al. [43] to mode 3, which would represent
an increase of about 6% in the le~' 2°E state. Since its fre-
quency is close to that of mode 6 in the neutral ground
state, 180 meV, we suggest that it could very well also be
assigned to mode 6 in the 2°E state of the ion, or to both,
unresolved, modes 3 and 6.

4.4.4. Mode 4
Mode 4 is the carbon—carbon stretching mode. It has a
frequency of 101 meV in the 2¢~' 1°E ion state, a decrease
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of 14% from the neutral ground state, showing that the 2e
M.O. is C-C bonding. We have discussed above our rea-
sons for re-assigning as 4, the bands that Eden et al. [35]
assigned to 8 transitions. Mode 4 is excited in the 2e—3e
valence transitions II and IV and also in the 2e—8a, tran-
sition I, with a frequency of 90 meV in both 1'E and 2'E
states, a decrease of 21% with respect to the 1'A, state,
and with a frequency of 96 meV in the 3'A; state and
101 meV in the 7a;—8a; 2'A; state. We conclude that
the 3e and 8a; M.O.s are C-C antibonding and that the
7a; orbital is less C—C bonding than 2e. The vibrational
frequencies in the first excited state 1?A; of the ion,
observed by high resolution photoelectron spectroscopy
were given tentative assignments involving vg [43]. It is pos-
sible to reinterpret the spectrum to extract a value for the
mode 4 frequency, v4= 100 meV, close to the value in
valence state 2'A, where a 7a; electron has been promoted
(Table 5). The le~! 2%E ion state has v4 = 103 meV, which
suggests that le is C-C bonding to about the same extent as
2e.

4.5. Rydberg transitions

Fig. 3 shows our absorption spectrum in the 9-13.5eV
range. It is better resolved than that of Nuth and Glicker
[38] in the same energy region, as well as the electron
energy loss spectrum of Gochel-Dupuis et al. [34]. It is also
better resolved than the spectrum of Eden et al. [35], and
slightly better than that of Suto and Lee [42], in the respec-
tive common energy regions. Our measured peak energies
(Table 6) are generally in good agreement (to within less
than 10 meV) with those reported by Nuth and Glicker
[38] (absorption 9.595-13.099 eV) and by Gochel-Dupuis
et al. [34] (EELS 9.589-11.947 e¢V), and to within 5 meV
with those of Eden et al. [35] (absorption 8.93-10.772 eV).
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Our measurements include a few previously unresolved
peaks as new data. In cases where we have observed fea-
tures previously unreported in the publications of
Gochel-Dupuis et al. [34] and of Eden et al. [35] we have
measured their published spectra to see if these features
are also present (Table 6). The detailed vibronic analyses
of Nuth and Glicker (optical absorption) and of Gochel-
Dupuis et al. (EELS) of Rydberg series converging to the
ion ground state 17E and first excited state 1?A; have been
added to, in part, by Eden et al. (absorption). Their assign-
ments are given in Table 6. Assignments of Rydberg tran-
sitions converging to the first excited electronic state 1°A;
of the ion are distinguished from those leading to the 1°E
ground state by being in italics. We have significantly
revised previous Rydberg series assignments, especially of
the Rydberg bands converging to the first excited state of
the ion, essentially as a result of observing a very clear
set of bands in particular above 12.2 eV which converge
to the 1?A; state of the ion, with a quantum defect 0 ~ 1
(see below).

4.5.1. Rydberg series converging to the ion ground state I’E

We first discuss Rydberg bands converging to the
ground state of the ion. Gochel-Dupuis et al. [34] did not
report any members of the nsc series. Only one member
of this series, the 3sc Og band at 8.926 ¢V (our measure-
ment value), was assigned by Eden et al. [35] and by Nuth
and Glicker [38]. However, Nuth and Glicker assigned also
the n =4-9 members. We carefully examined the EELS
spectra of Gochel-Dupuis et al. to see if n > 3 Rydbergs
were present but not reported. Features that we found were
present are indicated in parentheses in Table 6, or as P if
precise energy measurement was not possible because of
band shape or weakness. These include the n = 4-6 mem-
bers that Nuth and Glicker [38] reported at 10.744,
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Fig. 3. Absorption spectrum of acetonitrile in the range 9-13.5 eV. IV indicates the Og origin band of the valence transition 3'A;—1'A,.
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Acetonitrile absorption peak energies (eV): Rydberg series™
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Present study

Nuth and Glicker [38]

Gochel-Dupuis et al. [34]°

Eden et al. [36]°

8.926 3s60))
9.588 3pnO)

9.689 3pmnd

9.711 3560; 3pn3}
9.744 3pc0)

9.781 3pnd?

9.811 3pn3y4s

9.837 3pn2); 3pn3;
9.866 3po3,

9.912 3pn3)43

9.931 3pn2p4y; 3pnl,
9.961 3pn3;

9.982 3po2

10.034 3pnl}dl
10.058 3pn23; 3pmlf3)
10.171 3pn2;44
10.234 3po2}

10.262 3pnl;

10.289 3dcO)

10.400 3do4)

10.494 3pcO))

10.527 3do2}

10.596 3pnly; 3pad)
10.632 3dol}

10.687 3pa2)

10.742 4560}

10.771 3pr0Y; 3do2?
10.906 4prO})
10.940 3pn3)

10.984 4502,

11.020 4pcO)
11.089 4s52)4)
11.122 4pod)

11.165 4pn2)

11.218 4dsO)
11.239 4prnl}

11.256 4pc2y;

3'A; « 1'A,0)
11.269 3dc0)

11.292 4pn2}3,
11.351 5560); 3dod);

3'A; —1'A4)

11382 3'A; — 1'A,3}
11.418 3da3)
11.452 5pn0Y; 3dod?;

3'A; — 1'A,42
11.500 3dn0Y; 4pc23;

3'A; —1'A,2)
11.520 5pcO)
11.567 5pnd; 3da3]
11.590 5dcOY;

3'A; — 1'A41]
11.604 3d50)
11.644 4560}
11.664 65600
11.682 5dod;
11.700 6pnO}

8.930 3560
9.595 3pc0)
9.678 3pnO)
9.695 3po4)
9.716 3pa0)

9.842 3po2)

9.935 3pc204)
9.983 3pn2}
10.056 3pc2?
10.181 3pc234)
10.292 3dcO)

10.501 3do2}

10.744 4sc0))
10.778 3pr0))
10.918 4pcO)
10.941 3pn3)

11.007 4pn0O))
11.027 4po4)

11.177 4pc2}
11.221 4dcO}

11.266 4pc2)4,

11.307 4pn2}
11.345 5560

11.361 3dsO)
11.374 4pc2?
11.416 4dc2]
11.465 5pc0)

11.491 4ps234}

11.512 5pn0}
11.578 5pod4)
11.590 5dcO)

11.607 4pa0))
11.666 6560

11.701 5pc2}

9.589 3pnO)

9.694 3pnd}
(9.720)
9.745 3pcO)
P

(9.811)
9.838 3pn2}

9.929 3pn2)4)
P

9.973 3pc2}
(10.031)
10.060 3pn23
10.182 3pn234)
(10.222)
(10.263)
10.286 3dcO)
10.415 3do4)
(10.484)
10.520 3pcO))
10.531 3do2)
(10.600)
(10.628)
(10.686)
(10.743)
10.780 3p20)
10.916 4pn0O
10.937 3pA3}
(11.0)

11.029 4pcO)

(11.175)
11.220 4dcO)

11.268 3da0))
(11.328)
(11.344)

(11.363)

11.422 3da3)
11.467 5pn0Oy

11.503 3dn0)

11.516 5pc0)

11.587 5dc0)

11.602 3d50Y

11.662 3dn3}
(11.683)
11.704 6pn0y

8.93 3560
9.589 3pn0)

9.694 3pn4)
9.709 unassigned
9.747 3pc0)
9.786 unassigned
(9.810)

9.840 3pn2)
(9.861)

9.935 3pn204)
(9.959)

9.983 3po2;
(10.024)
10.064 3pn2?
10.171 3pn2;4)
10.250 3pc2?
(10.264)
10.289 3dcO)
10.401 3do4)
10.489 3pc0O))

10.53 3do2)
10.59 3pod,
10.64 3dc2)4}
10.70 3pa2;
10.74 3dc2)
10.772 3p20)

(continued on next page)
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Table 6 (continued)
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Nuth and Glicker [38]

Gochel-Dupuis et al. [34]

11.745 6pcO));

3'A; — 1'A2]
11.769 3do3}
11.792 6dcO}
11.799 Sprl}

11.805 6pndy
11.820 6pndy; 6503}
11.837 7560}
11.854 7pn0}; 4paOf
11.885 7psOy)

11.932 85600
11.938 4pn0f)
11.956 8pcOy); 4pad)
11.975 7s03)

11.994 9560);
A —1'A23

12.016 4po3)
12.035 8scdy; 4pmd)

12.054 8pndy; 4pod?
12.091 4pn3)

12.114 4po3)4}
12.121 4ds0)

12.132 6dcl}; Tpn2); 8so

43; 4pndd

12.156 4pod}
12.173 4po3}
12.186 8pn2}

12.240 4dn0Y); 4pa334)
12.262 4d50y; 4pod,
12.282 5560))

12.335 4dod)
12.355 4do4)
12.379 5pa0)); 5so4)
12.411 4dn3}
12.426 5pn0}

12.450 5503}

12.482 55047

12.511 5da0)

12.528 5pnd}

12.580 6s60))

12.600 5450))

12.623 Spnd?

12.640 6pa0))

12.670 6pr0})

12.684 6504

12.708 6450}

12.740 7s60Y; 6s03y;
6pad)

12.756 6d50Y; 5d53)
12.788 65042

12.807 7pr0})

11.717 6psO)
11.745 6pnO}

11.765 4pa3)
11.786 6dcO)
11.797 5dc2)
11.801 Spo2)4,
11.808 Spn2)
11.819 6pcd)
11.828 75O}
11.849 7psO))
11.876 7prO}
11.903 7dsO)
11.926 5po2;
11.935 8560}
11.940 4pr0)
11.952 6pc2); 8psO)
11.975 7pod)
11.992 6dc2)
11.997 9560}

12.011 9pcOf
12.015 9prO}
12.032 6pn2)
12.036 5pc234)
12.064 6pc2)4,
12.107 4pn3)
12.111 7po2)
12.119 7dc2}

12.169 7pn2}
12.176 4dc0})
12.190 6pc2;
12.204 Tpc24y

12.296 5ps0)
12.304 6pc2p4s
12.333 7pc2;

12.440 5pr0)
12.447 Tpo234y
12.462 5pa3)

12.526 5da 0}
12.598 6ps0)

12.621 5pn3)
12.667 6prO)
12.701 6da 0}
12.756 7ps0)

12.761 6pa3)
12.806 7pr0)

P

11.759 3d63}
(11.774)
(11.796)
(11.804)

11.849 4ps0))

(11.929)

11.947 4p.0}

Eden et al. [36]°
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Table 6 (continued)

Present study Nuth and Glicker [38]

Gochel-Dupuis et al. [34]° Eden et al. [36]°

12.820 7daO)

12.838 8500); Tpod) 12.838 7dcO)
12.846 6pn3}
12.856 8pcO))
12.883 8pn0)
12.904 8450
12.912 9ps0))
12.923 7po3}
12.938 9pn0)
12.954 9da O}
12.962 7pn3}

12.854 7d50)
12.885 8pn0})
12.903 9560); Tpnd)
12.914 8da 0}

12.945 9pn 0}

12.976 Tpn3}
12.999 9so4)
13.010 7d93,
13.034
13.048 8pn3); 9pnd)
13.061 9503}
13.081 8do3}
13.097 9pn3)
13.116
14.212°
14.298
14.390
14.490
14.537
14.695
14.813
14.878
14.994
15.110
15.163
15.181
15.332

13.020 8pa3,
13.050 8pn3,

13.081 9po3)
13.099 9pn3;

% Note that nso = nsa;, npc = npa,, npt = npe, ndo = nda,, ndr = nde(1), ndd = nde(2) in going from axial model (pseudo-diatomic) to Cs,.

® 31A 1'A, valence transition bands in bold.

¢ Gochel-Dupuis et al. [34]: in parentheses non-reported weak features that we have measured from their Figs. 3 and 4. P = non-reported weak feature
present in their Figs. 3 or 4 at about our corresponding peak energies but precise measurement not possible because of band shape or weakness.
9 Eden et al. [36], in parentheses non-reported weak features that we have measured from their Fig. 8.

¢ See text for possible assignments of features >14.212¢V.

11.345 and 11.666 eV. In the spectra of Eden et al. [35],
whose upper limit is 10.8 eV, there is a band at 10.74 eV,
assigned by them as 3d02ﬁ. In our analysis the latter occurs
at 10.771 eV, giving a correct value for the mode 2 vibra-
tional frequency (see later). Within the 12 eV upper limit
of the EELS spectra of Gochel-Dupuis et al. there is no
sign, at their resolution, of features that could be attributed
to the n =7 and 8 members of the nsc series. Our assign-
ments for this series are the same as those of Nuth and
Glicker. One small difference with Gochel-Dupuis et al.
concerns the 6scO) band, which we observe at 11.664 eV
(given as 11.666 eV by Nuth and Glicker) but the band
reported by Gochel et al. at 11.662 eV is assigned by them
to 3d7233(]). Although the scale of the published spectrum
(Fig. 4 of Nuth and Glicker [38]) is insufficient for its exact
measurement, we suggest that 11.668/2 eV corresponds to
an unresolved pair of bands in their spectra but resolved
in ours and which we report at 11.644eV (4sc0)
and 11.682 eV (5dc4;). The average quantum defect for
the O) bands of the nsc series is 6 = 0.93. Vibrational

components of the various Rydberg series are discussed
later (Section 4.5.2).

The intense band at 9.588 ¢V has been assigned as
3pc0) by Nuth and Glicker [38] and 3pnO)) by Gochel-
Dupuis et al. [34] and by Eden et al. [35]. This raises the
question concerning the relative order of the mpe and
npa; Rydberg levels. Fridh [33] considers that npc levels
(here npa; in C;, symmetry) lie below the npm (npe in
C3,), in accordance with an expectation that the quantum
defect of a npo level should be greater that of the corre-
sponding npn level, following an electrostatic approach
and with the reasoning of Lindholm [44]. However, on
the basis of the existence of a slight minimum in the 20
and 70 eV elastic scattering differential cross sections for
the 3po state feature at 9.589 eV, Gochel-Dupuis et al.
[34] argue in favour of excitation of a 2e—3pe Rydberg
transition, thus suggesting that the 3pa; (3po) level lies
above the 3pe (3pm) level. This Rydberg level order was
adopted by Gochel-Dupuis et al. and, without discussion,
by Eden et al. The question of the relative order of the
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Fig. 4. Comparison between acetonitrile absorption features in the 14.1-15.5 eV region and, as vertical bars, the energies, diminished by 0.92 eV, of the
vibronic features of the third photoelectron band in the Hel photoelectron spectrum [19], between 15.1 and 16 eV.

3pa; and 3prm levels also arises in the interpretation of
fluorescence excitation spectra of acetonitrile [12].

If the npo levels lie above the npn it follows that the
quantum defects of the pr states will then be bigger than
those of corresponding pc states. Such level order and
associated quantum defect behaviour exists for open shell
molecules such as O, and NO but relatively rarely for
closed shell molecules [44], and is not expected, in particu-
lar, for linear systems [45]. Indeed, calculations predict npc
levels to lie below npn in a large number of molecules,
including both planar and nonplanar species [45]. Aceto-
nitrile is a closed shell molecule, isoelectronic with CO,
and N,O, both of which have the npc levels below the
npm, so it is reasonable to expect the same Rydberg level
order behaviour in the latter. Nevertheless, in our own
assignments in Table 6 we have provisionally adopted the
orbital order nprm as lying below npc. However, as stated
above, this order assignment of Gochel-Dupuis et al. [34]
is based on the observation of a slight minimum in the elas-
tic scattering differential cross sections, but this minimum is
due to a single point in their measurements. Their conclu-
sion needs to be firmly established so that measurements of
elastic scattering differential cross sections at smaller angle
intervals are necessary to clarify these observations and
interpretations.

Our assignments of the npn series (n = 3-7) is identical
to that of Gochel-Dupuis et al. [34]. The average quantum
defect for the O bands of the npr series is 6 = 0.75. The
npo assignments for n =3-5 are also the same as those
of Gochel-Dupuis et al. and we extend this series to n =7
and 8. The 08 band quantum defect average for this series
is 6 =0.55.

In addition to npc and npr transitions, we have also
assigned ndo Rydbergs (n = 3-6), confirming the previous

assignments of Nuth and Glicker [38] and of Gochel-Dupuis
et al. [34] (Table 6). The average quantum defect for the
O} bands of the ndc series is 6 =0.28. For these three
series of Rydberg transitions converging to the ion ground
state, the reported quantum defects [34,35,38] determined
on the basis of the various assignments are all reasonable,
even though some differences exist concerning the bands that
are assigned to higher members of the npo, npn and ndc
transitions in the analyses of Nuth and Glicker [38] and of
Gochel-Dupuis et al. [34](Table 6). The assignments of Eden
et al. [35] are mostly identical with those of Gochel-Dupuis
et al. Our average quantum defects for the Og bands of
Rydberg transitions converging to the ground and first
excited state of the ion are given in Table 7. In this table
they are compared with the values which we have calculated
from the published peak energies of Gochel-Dupuis et al.
[34], Rianda et al. [36] and Fridh [33], using 12.201 eV and
13.131 eV as the values of the ionization energies of the
ground and first excited state of the acetonitrile ion. Note
that our peak energy resolution is certainly better than in
the EELS measurements [33,34,36] especially in those of
Rianda et al. [36].

4.25.2. Rydberg series converging to the ion first excited state
I°A;

The assignments of Nuth and Glicker [38] of transitions
converging to the first excited state 1°A; of the ion include
nsa, npo, npn and ndo Rydbergs. These authors assign 3so
to lie below 3pm, as they did for the corresponding Rydberg
levels converging to the 1°E ground state. Gochel-Dupuis
et al. [34] consider that their differential cross section data
as being compatible with bands being either npo or npn and
they apparently remain neutral on this question by label-
ling bands as npA although there is some ambiguity on this
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Table 7

Quantum defects: average values for Of) bands

Rydberg series Present study Gochel-Dupuis et al. [34] Rianda et al. [36] Fridh [33]

nsc 0.93 (n=13-9) 0.98 (n=13)* 0.96 (n=3,4)
npm 0.75 (n=3-7) 0.73 (n = 3-6) 0.72 (n=3,4)° 0.74 (n=3,4)°
npc 0.55 (n =3-8) 0.59 (n=3-5) 0.60 (n=4)°
ndo 0.28 (n =3-6) 0.30 (n=3-5) 0.28 (n=3,4) 0.31 (n=3,4)
1°E ion state limit 12.201 eV

nso 1.02 (n=3-7)¢ 0.98 (n =4-9)°
npm 0.59 (n=3-9) 0.60 (n=3,4) 0.61 (n=3) 0.59 (n =3-5)
npa 0.74 (n = 3-6) 0.73 (n=3,4) 0.67 (n=13,4)

nda 0.31 (n=3-8) 0.30 (n=13) 0.30 (n=3,4) 0.26 (n =3-5)
ndn 0.10 (n=3,4) 0.11 (n=13) 0.08 (n=13-7)

ndo 0.02 (n=3-7) 0.02 (n=13)

1%A, ion state limit 13.131 eV

% Eden et al. data [36].

® Assigned as npo [33,36].
¢ Assigned as npm [33].

4 Assigned n = 3-9.

¢ Assigned as npa [33].

" See text.

matter since, in the same paper, they make a definite
assignment of 3po and 4pc at 10.520 and 11.849 eV, respec-
tively, in agreement with Rianda et al. [36]. This implies
that the bands at 10.780 and 11.940 eV, assigned as 3p/
and 4p/, are 3pn and 4pn. The npA nomenclature and the
3po, 4po assignments are followed by Eden et al. [35] for
Rydbergs converging to the 1°A; state of the ion.

Gochel-Dupuis et al. [34], following Nuth and Glicker
[38], did not assign any members of the nso series. Our
observations of strong features beyond 12eV, forming
obvious Rydberg series with a quantum defect close to
unity enabled us to assign the n = 3-10 members of the
nso series (Fig. 3). A set of bands at similar or close-lying
peak energies were observed and assigned by Nuth and
Glicker, as well as by Fridh [33], to the npo series, although
Fridh considers that an alternative assignment to nse can
also be envisaged, depending on whether the analogous
transitions can be found in HCN. Indeed, the more recent
high resolution absorption spectral observation and assign-
ment of both nso and npo series in HCN [38], whose respec-
tive quantum defects are 6 = 0.99 and 6 = 0.66, supports
our assignment of the nso series in acetonitrile.

In our interpretation, the npo series has four members
(n=3-6), with an average 6 =0.74 (Table 7). The first
member of this series was assigned by Gochel-Dupuis
et al. [34] to a band at 10.520 eV, mentioned previously,
which was not observed by us or by other authors
[33,35,38]. Our assigned 3pc band at 10.494 eV was
observed at 10.489 eV and assigned as 3po by Eden et al,
and this undoubtedly corresponds to the band at
10.484 ¢V in the spectrum of Gochel-Dupuis et al. [34], at
10.496 eV in the EELS of Fridh [33], and at 10.501 eV in
the absorption spectrum of Nuth and Glicker [38] (Table 6).

The npn series has seven members (n = 3-9), with aver-
age 0 = 0.59, the first two of which were also observed and
assigned by Eden et al. and by Gochel-Dupuis et al. [34].

Nuth and Glicker [38] assign the same seven members of
this series (n = 3-9) (Table 6).

The six members of the ndo series (n = 3-8) have an
average quantum defect 6 = 0.31. A value of this order of
magnitude for the ndo series is reasonable for a polyatomic
molecule such as acetonitrile [44]. Bands of this series were
assigned by Nuth and Glicker [38], mainly to features other
than those we assigned to ndo. In our analysis of the
absorption spectrum, the first member of this series, at
11.269 eV is close to the most intense band in the spectrum
which is at 11.256 eV (Fig. 3). We recall that our calcula-
tions predict several high energy allowed valence transi-
tions (Table 2) and that HAM/3 calculations [33] predict
a 2e—3e transition to the 3'A; state at 11.9 eV, (calculated
by us to have f=0.1), and a le—3e transition to an
allowed 'A, state at 12.4 eV. Indeed, Fridh assigned the
11.256 eV band to the 3'A;<1'A; valence transition [33].
We follow this assignment and propose that this band as
the O feature and that vibrational components of the
3'A;—1'A, transition involving excitation of modes 1-4
(Table 5) overlap with some of the Rydberg bands (Table
6).

Two other nd series were observed, the ndr, with its two
members n =3 and 4, average 6 =0.10, and the more
extensive ndd, for which we observed the five members
n =3-7, whose average ¢ = 0.02. The n =3 members of
both series were observed by Gochel-Dupuis et al. [34].
Rianda et al. [36] reported the same five members of the
ndr series (n=3-7), at EELS peak energies compatible
with our better resolved absorption spectrum.

We note that vibronic absorption peaks between 12.28
and 13 eV, and which correspond to Rydberg series con-
verging to the first excited electronic state of the cation,
are also observed in the parent ion yield curve [46]. These
features also occur in the CN(A-X) and CN(B-X) fluores-
cence excitation spectra, as discussed elsewhere [12].
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Table 6 contains a number of our re-assignments
of previously observed bands. In particular we assign
Rydberg bands in which vibrational modes 1 and 3 are
excited. The vibrational frequencies derived from previous
Rydberg band analyses [33-35,38] and from our re-assign-
ments are consistent with the values derived for the ion
states from photoelectron spectroscopy (PES) studies
[43], including our suggested re-assignments of the PES
discussed above. The Rydberg levels which converge to
the ion ground state 1°E have as associated vibrational
frequencies v; =343 meV (ion 341 meV, see above),
v, =249 and 238 (ion 246) meV, v4 = 101 (ion 101) meV.
Rydberg bands which converge to the first excited state
of the ion, 1A, have vibrational components whose fre-
quencies are v3 =162, 156 and 157 (ion 162) meV, vy =
101 (ion 101) meV.

The very large number of absorption peaks at small
energy intervals, in particular in the regions close to ioniza-
tion limits, makes possible a variety of vibronic assign-
ments without having conclusive checks on these
assignments. After exhaustive examination of our absorp-
tion spectra, and comparison with relevant previous publi-
cations, we consider that validation of the extant analyses
of both Rydberg and valence transitions calls for further
studies with deuterated acetonitrile isotopologues, which
we hope eventually to carry out.

4.6. Higher energy absorption region

In the region above 13 eV we observe clearly a set of
absorption bands between 13.9 and 15.5eV (Fig. 1) and
some weak features, barely above the noise level, overlying
a broad continuum between 15.13 and 20 eV. These bands
were not reported by Nuth and Glicker [38] but can be seen
as barely resolved weak features in the part of their Fig. 4
which gives the absorption spectrum between 60 and
100 nm. We interpret them as being Rydberg features
which belong to series converging to the second excited
state of the ion, 2°E, whose vibrationless level is at
15.133 +£0.002 eV [43]. The broad feature mentioned
above initiates at this energy. This is confirmed by the good
match between these absorption features and the most
intense of the vibronic features of the third photoelectron
band in the Hel photoelectron spectrum [19,43], between
15.1 and 16 eV, corresponding to the formation of the ori-
gin level of the second excited electronic state of the aceto-
nitrile ion at 15.133 +0.002eV and to its vibrational
components (Fig. 4). The absorption features lie about
0.92 eV below the corresponding PES features. However,
unless the energy calibration of the absorption spectrum
is incorrect, this leads the 14.212 ¢V band to correspond
to absorption to a 4d Rydberg level, with a quantum defect
of 0.16 or a 5s level with 6 = 1.16. It is possible that the 4d
levels are less predissociated than the corresponding 5s and
5p levels since the Rydberg electrons of the latter would
penetrate towards the nucleus much more than 4d.
Although there are possibly some weak CN 383 nm bands

in the fluorescence excitation (FEX) spectrum in the region
14.7-15 eV, changes in predissociation rates do not show
up clearly in the FEX spectrum [12]. It is possible that com-
petitive predissociation might involve formation of ground
state rather than electronically excited fluorescing
products.

We remark that bands at 14.534eV, 14.7¢e¢V and
14.811 eV could conceivably correspond to higher mem-
bers of these Rydberg series, but the weakness and rela-
tively poor resolution of the features in the 14-15.3 eV
region make it difficult to propose definite transition
assignments, including vibrational components, for these
features. However, the good match (Fig. 4) between the
absorption spectrum features in the 14.212 —15.8 eV region
and the vibronic features of the third band of the photo-
electron spectra, (after subtraction of 0.92eV from the
PES band energies), suggests, from vibronic analysis of
the PES [19,43], that modes 3 and 4 are the most promi-
nently excited vibrations, as components of the 4d or 5s
Rydberg state in this part of the absorption spectrum.
Their frequencies are v3; ~ 180 meV and v4 ~ 100 meV as
determined from the PES. The problem of band assign-
ment in this energy region also arises in comparison of
absorption and ion yield spectra [12].

Starting at the energy corresponding to the formation of
the 2°E electronic state of the ion (15.133 eV) there is a rise
in the absorption cross section to maxima of 81.5 mB at 16
and 16.6 eV, and 79.5 mB at 17.1 eV, with slight shallow
dips at 16.3 and 16.8 eV, followed by a slow decrease in
cross section to a value of 63 mB at 20 eV. The absorption
spectra of Nuth and Glicker [38], less well resolved than
ours, has a small minimum at 16.5 eV, a slight maximum
at 17.5eV and a cross section of 54 mB at 20 eV (values
estimated by us from their Fig. 4).

5. Conclusion

VUYV absorption spectra and electron energy loss spec-
tra of acetonitrile have previously been studied by several
authors [33-42] but previous assignments of valence and
Rydberg transitions have suffered from an over reliance
on vibronic data obtained from relatively low resolved
photoelectron spectra, an insufficient appreciation of vib-
ronic symmetry rules in the valence transitions and a lack
of pertinent molecular orbital calculations of valence tran-
sitions and oscillator strengths. Our study was carried out
at high resolution using monochromatised Kr lamp radia-
tion (7.5-9.9 eV) and synchrotron radiation (7-20eV) as
photon excitation sources. We have reinterpreted, or
assigned for the first time the bands of four valence transi-
tions in the 7.9-12 eV region, (n-c* 1'E-1'A,), (=—n* 2'E~
1'A)), (n-6" 2'A-1'A)), (1" 3'A|-1'A), aided by M.O.
calculations of transition energies and oscillator strengths.
These assignments also required consideration of vibronic
symmetry conditions in electronic transitions not previ-
ously discussed in the context of the interpretation of ace-
tonitrile VUV absorption spectra. Considerable revision of
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previously assigned Rydberg transitions converging to the
ground and first excited states of the cation in the 8.9-
13.2 region was also effected. The vibrational modes and
frequencies in the valence and Rydberg states have been
determined and their correlation with the bonding charac-
teristics of the valence shell molecular orbitals have been
discussed in detail. Features are also observed in the
14.2-15.4 ¢V higher energy region which probably corre-
spond to Rydberg series converging to the second excited
state 2°E of the ion at 15.133 eV. The spectral and the
absorption cross sections which we have measured over
the spectral range studied are potentially of use in under-
standing specific photodissociation and photoionization
processes in acetonitrile, including those involving the solar
flux or interstellar radiation, as discussed in a publication
on the VUV photophysics of acetonitrile [12].
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