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Abstract

The electronic spectroscopy of the stratospheric compound chlorine nitrate (G)@E©been probed using photoabsorp
tion, photoelectron, and electron energy loss spectroscopy. Spectral assignments for the observed features are discussed.
J Mass Spectrom 205 (2001) 183-196) © 2001 Elsevier Science B.V.
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1. Introduction evidence to suggest that their atmospheric concentra-
tions are dropping, at least in the lower atmosphere
Stratospheric ozone depletion is a serious problem, [6,7]. Nevertheless, ozone depletion at the poles is
both globally [1] and, more dramatically, during the expected to continue and, indeed, get worse in coming
Antarctic [2] spring; ozone depletion during the Arc- years because the stratosphere is cooling, possibly
tic spring is also becoming increasingly common [3]. because of increased emissions of greenhouse gases,
There is convincing evidence that much ozone deple- which act as icehouse gases in the stratosphere [8].
tion occurs as a direct consequence of the anthropo-ow temperatures are a key ingredient in polar ozone
genic emission of chlorine-containing compounds depletion [9], allowing the formation of polar strato-
into the atmosphere [4]. As a result of the Montreal gspheric clouds (PSCs), which catalyze the conversion
Protocol [5], emissions of chlorofluorocarbons (CFCs) of reservoir compounds into photolabile species that
have been drastically reduced, and there is now yeagily release atomic chlorine. One such reaction is

o CIONO, + HCl — HNO; + CL,. (1)
* Corresponding author. E-mail: nigel. mason@ucl.ac.uk
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of his 60th birthday. particle, while C} is released to the gas phase, where
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it is rapidly photolyzed when the sun illuminates the anion dissociates, major product ions being ;NO
atmosphere in the polar spring. Chlorine nitrate, (~50%), NO (30%), and CIO (~20%) [18,19].
CIONG,, is, under normal circumstances, an effective In this article, we augment the earlier work by
reservoir for the active CIQand NQ species; it is  presenting electronic excitation spectra of chlorine
formed by the reaction nitrate obtained using both optical absorption (VUV)
and electron energy loss (EEL) techniques. Employ-
ing these methods, we have extended the spectral
and is subsequently photolyzed on a timescale of range to~80 nm (15 eV), allowing some spectral
several hours to produce a mixture of l}]@’]d C|Q< features to be observed for the first time. We have also
products [10]. Since the importance of chlorine nitrate recorded a photoelectron spectrum for comparison
in determining stratospheric ozone concentrations was With earlier data. Measurements using near-threshold
recognized, there have been a number of studies of its EEL Spectroscopy are also reported, providing infor-
structure, spectroscopy, and photochemistry. Row- mation on both low-lying triplet excited states (which
land et al. [11] measured its UV spectrum at room May be implicated in its photochemistry) and
temperature between 186 and 460 nm. The tempera-CIONGz anionic states. This work is part of an
ture dependence of the UV absorption cross sections©"90INg program on the spectroscopy of molecular
has been determined by Molina and Molina [12] and species pertinent to stratospheric ozone depletion
Burkholder et al. [13] with good agreement between (e.9., Q[20], CL,O [21], OCIO [22], and MO, [23]).

the two groups. Recent studies of the photochemistry

of chlorine nitrate are summarized in evaluation 12 of Experimental methods

the NASA Panel for Data Evaluation [10]. The
channel leading to C# NO; appears to dominate,
although the CIO+ NO, is significant at least at

wavelengths<350 nm (3.75 eV). Nikolaisen et al. Chlorine nitrate was prepared by allowing a mix-
[14] have observed a strong pressure dependence ingre of CLO and NOs to warm up overnight from 195
the dissociative channel, particularly at wavelengths g g ~273 K [24]. The resultant product mixture
>330 nm. A single theoretical StUdy of the excited (mam]y C|2 and C|ONQ) was a strong, clear, ye||0W
electronic states of chlorine nitrate has been reported color. Purification by trap to trap distillation removed
[15], and we will refer to this in making spectral residual molecular chlorine to yield-90% of the
assignments here. chlorine nitrate in the form of a pale yellow/green
The photoelectron spectrum (PES) of CION@s liquid. N,Os was synthesized from the reaction of NO
also been published recently [16], and peaks were with ozone [23]. CJO was generated by passing
assigned using the results of ab initio calculations molecular chlorine over dry mercuric oxide [21]. The
[17]. The chlorine nitrate anion, CIONOhas been purity of the chlorine nitrate samples was monitored
prepared by charge transfer processes; from these, itby measuring the photoabsorption cross section at 240
has been deduced that the electron affinity (EA) lies nm using a standard laboratory spectrophotometer
between 2.1 and 3.1 eV. The calculated adiabatic EA (Kontron Uvikon 860). The derived cross section
is 2.9 eV 10%, while the vertical detachment (1.04x 10°*® cn¥) matches the recommended
energy is estimated at 4.49 eV [18,19]. Like the NASA value of 1.04x 10 % cn?.
neutral molecule, the anion is planar; extra electron
density is concentrated around the N atom, and the 2.2, Photoabsorption spectra
CI-O bond is elongated so that the species looks like
CI-NO;. The cross section for attachment of free Photoabsorption spectra were measured between
thermal electrons to CIONQIs very large, but the 300 and 140 nm (5-8.8 eV) using synchrotron radi-

ClO + NO, + M — CIONO, + M (2)

2.1. Production of samples of chlorine nitrate
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ation derived from the UK Daresbury facility. For 2.3. Electron energy-loss spectra
these experiments, an absorption cell was capped with
LiF windows and the sample was flowed continuously The high-energy electron energy-loss spectrometer
through the cell. Transmitted radiation was detected (EELS) employed an electron beam of energy 150 eV
using a sodium salicyclate quantum converter and crossing a molecular beam of the target gas with
photomultiplier tube. The absorption path length was energy analysis and collection of electrons scattered
16 cm, and spectra were recorded at step lengths ofthrough small angles centered around 0° [25]. Inelas-
0.1-0.5 nm. Pressures were measured using a Baratic electron-molecule scattering experiments per-
tron capacitance manometer. Radiation transmitted in formed using this kind of instrument may be used to
the presence of sampld ) was recorded at each determine photoabsorption cross sections as long as
wavelength along with sample pressure and decreas-certain conditions are fulfilled. At high-incident elec-
ing synchrotron ring current. The sample flow was tron energies, electron scattering may be described
then stopped and radiation intensity through the using the first Born approximation through which the
empty cell (,) measured along with ring current at generalized oscillator strength (GOS) was introduced
the same selected wavelengths. Digitized data were[26]. Specifically, the GOS connects the cross sec-
stored and radiation intensities normalized to a con- tions derived from optical studies with those obtained
stant ring current before analysis using the Beer- from electron scattering in the limit of zero-momen-
Lambert expression tum transfer [27]. The necessary conditions are met
experimentally when the kinetic energy of the inci-
dent electrons ) is sufficiently high, the energy
where ¢ is the absorption cross section,the gas transferred to the targetE] is moderate E/T <
number density, andthe path length. Further details on ~10%), and the scattering angle is small ¢ 0°).
the apparatus are given in earlier publications [20-23]. Then, raw data from an electron-scattering experi-
Additional experiments were carried out using a ment may be converted into relative differential os-
conventional UV-Vis spectrometer (Kontron Uvikon cillator strengths using the method of Huebner et al.
860) at the University of Reading and a Bruker IFS [27]; these relative values may be put on an absolute
120HR Fourier transform spectrometer modified for scale by normalizing to a known photoabsorption
use down to wavelengths as short as 260 nm. (This cross section at an energy at which the cross section
instrument is based at the Molecular Spectroscopy does not vary rapidly with energy.
Facility at the Rutherford Appleton Laboratory To ensure that the above conditions are met, it is
[RAL].) The details of these modifications are given common to use incident electron beams having 3 keV
elsewhere [23], but a brief description is given here. (or higher) incident energy and scattering angles
The optical configuration of the spectrometer was centered on 0° [28,29]. However, in practice it has
changed to reduce losses caused by reflections, and ameen found that electron energies an order of magni-
aluminium-coated quartz beam-splitter was put in tude smaller can be used [30]. Indeed, electron ener-
place. The light source was a quartz-tungsten-halogengies as low as 100 eV have been employed routinely
lamp (Philips type 7158), and a solar-blind UV to obtain reliable oscillator strengths for a range of
photodiode was used as the detector. The spectrome-molecules; for example, molecular oxygen [31], ace-
ter was operated at a resolution of 4 ¢h(~0.025 tone [27], naphthalene [32], and several monosubsti-
nm at the wavelengths used). Both the Reading andtuted benzene derivatives [33]. We have used the
RAL measurements were made using borosilicate analysis algorithm derived by Huebner et al. [27] to
glass cells with quartz windows. Absorption measure- convert EEL spectra obtained on the present instru-
ments were made with static samples in the cell, and ment (T = 150 eV, 6, ~ 0°) to oscillator strengths
background spectra were recorded with the cell evac- for a number of molecules, including ozone [34],
uated. chlorine dioxide [35], formamide [36], benzyl alcohol

| = Iy exp(—noX), (3)
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[37], and several alkanes and alkenes [38,39]. In all vide incident 58.43 nm (21.2 eV) radiation. The
cases, the transformed data agreed well with mea- photoelectrons were energy analyzed in a hemispher-
sured optical spectra and also, for the hydrocarbons,ical electron monochromator fitted with channel
with EEL spectra recorded using 3 keV electrons. We plates and a resistive anode encoder at its exit aperture
have therefore used this method to relate high-energy [42]. The energy scale of the photoelectron spectrum
(T = 150 eV) data for chlorine nitrate to the optical was calibrated using the well-known photoelectron
absorption spectra. The high-energy EEL spectrum spectrum of molecular nitrogen.

was normalized to the VUV cross sections at 230 nm

(5.4 eV).
3. Results
2.4. The trapped electron spectrometer and anion
detection 3.1. Photoabsorption spectra

Low-energy electron impact data were obtained The VUV photoabsorption spectrum of CION@
using a trapped-electron spectrometer in which the the range 4.1-9.0 eV is presented in Fig. 1a. Below
energy of the incident electrons (moving under the 6.2 eV, the spectrum shows a broad featureless
influence of an axial magnetic field) is selected in a continuum centered around 5.77 eV with a minimum
trochoidal electron mono-chromator [40,41]. The at6.0 eV and a steady increase in cross section above
sample was flowed through the collision region mixed the minimum. These observations are in broad agree-
with helium. The electrode potentials in the collision ment with those reported by Burkholder et al. [13],
region are such that any inelastically scattered elec- who used a laboratory UV-Vis spectrometer (these
trons whose energy is between 0 and a preset WMue data form the basis of the NASA recommendation).
eV are trapped and collected on a surrounding cylin- The cross sections above 210 nm determined using
drical collector. The resulting spectrum is a near- the conventional spectrometer and the Fourier trans-
threshold electron energy-loss spectrum at a residualform spectrometer are compared with the synchrotron
electron energy ofW. In this mode, the electron data in Fig. 1b. There are some differences, which are
energy-loss axis was calibrated from the heliuP®2  considered in the Discussion. Apart from the work of
transition at 19.81 eV. As well as low-energy elec- Rowland et al., [11] who obtained data at energies up
trons, negative ions formed in resonant dissociative to 6.8 eV, the present investigation sees the photoab-
electron attachment are also trapped in the interaction sorption spectrum above 6.2 eV for the first time.
region; these can be identified independent of the Between 6.2 and 9.0 eV, there is a second broad band,
electrons because they persist at zero well depth, centered at 8.0 eV, with a shoulder on its rising side
when electrons are no longer trapped. Under thesearound 7.1 eV. After a minimum at+8.65 eV, the
conditions, the energy axis was calibrated by assum- cross section begins to rise again; this rise is con-
ing that the lowest DEA energy is at 0 eV [18,19]. firmed by the energy-loss spectra reported below. As
Signal arising from scattered electrons was obtained an additional check on the cross sections obtained
by subtraction of the negative ion signal from a from the Daresbury data, Ihf1,) (= nox, wheren is

composite spectrum. gas number densityy is the cross section, andthe
path length) was obtained as a function of gas
2.5. The photoelectron spectrometer pressure at three fixed wavelengths, and each cross

section was evaluated from the resulting linear plot.

Photoelectron spectra were recorded using an an-These cross sections (Fig. 1a) agree with the fixed

gle-resolving UV photoelectron spectrometer built pressure measurements, confirming that the latter

in-house at Daresbury Laboratory. A commercial were made at sufficiently low pressures to ensure the
(Vacuum Generators) helium lamp was used to pro- absence of saturation effects.
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Fig. 1. @ VUV photoabsorption spectra of chlorine nitrate between 240 and 120 nm recorded using synchrotron radiation at the UK Daresbury
facility. (b) UV photoabsorptoin spectra of chlorine nitrate obtained using a variety of techniques.

3.2. Electron energy-loss spectra

The differential oscillator strength (DOS) spectrum
derived from the high—incident energy EEL data is
shown in Fig. 2, and the cross sections are listed in
Table 1. The DOS spectrum was normalized at an
energy of 5.4 eV to the results of Burkholder et al.
[13]. The DOS and photoabsorption data (Fig. 3)
agree within the combined error limits (see below).
Above the high-energy cut-off of the photoabsorption
spectrum, the EEL spectrum shows a strong maxi-
mum at 9.26 eV, with other features at 9.38, 9.74,
10.66, 10.93, 11.47, and 12.98 eV.

3.3. Trapped electron spectra

The total negative ion signal following dissociative
electron attachment (DEA) to CIONGs shown in
Fig. 4a, and a scattered electron spectrum at an
residual electron energy 6f0.5 eV is shown in Fig.
4b. The present low-energy impact data confirm
earlier observations [18,19] that the cross section for
formation of negative ions is very large at energies
close to 0 eV; we assumed the energy of maximum
cross section to be zero. The cross section for DEA
has maxima at-0, 3.0, and 5.7 eV, respectively.
Cross sections for inelastic excitation have maxima of
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Fig. 1b. Differential oscillator strength spectrum for chlorine nitrate derived from electron energy-loss spectrum recorded using the UCL
EELS.

~3.2, 6.0, 7.0, and 8.0 eV. The first energy-loss bands 1-3 showed weak vibrational structure, which
process spans the two lowest absorption bands in theis not visible in the present data. These three bands
UV spectrum [13], with the maximum matching that have been ascribed to removal of electrons (in order
of the first optical band (3.2 eV). Otherwise, the of increasing ionization energy) from orbitals"Sar
electron impact behavior confirms the presence of type, localized on the NQend), 194(o, nCl), and 44

several electronic states betweeB and 9 eV. (m); together with 1840), the last two ionizations
were contained within band 3. Higher-lying bands are
3.4. Photoelectron spectra broad and structureless and so have been attributed to

ionization of strongly bonding electrons [16].

From previous work [16], the principal electron
configuration of CIONQ (a planar molecule of C
symmetry) 4. Discussion

n2 2 2 "2 2 "2
(3e)"(17&l)"(18a)"(4)"(192)(54)" 4.1. Absolute photoexcitation cross sections
Our photoelectron spectrum (Fig. 5) is consistent with
the only other reported spectrum [16], but it is The data plotted in Fig. 1b show that, at long
marginally less well resolved. In the earlier work, wavelengths, the cross sections obtained at Daresbury
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Table 1a Table 1b
Photoabsorption cross sections for chlorine nitrate recorded using Photoabsorption cross sections for chlorine nitrate derived from
laboratory UV-Vis spectrometer at Reading University (210 synchrotron measurement
A < 260) and Fourier Transform spectrometer at Rutherford
Appleton Laboratory (265< A < 300) A/nm Energy/eV VUV xsn/Mb
Anm Energy/eV VUV xsn/Mb 140 8.85 18.43
145 8.55 17.27
210 5.90 3.18 150 8.26 23.11
215 5.76 3.42 155 8.00 25.66
220 5.63 3.28 160 7.75 23.93
225 5.51 271 165 7.51 20.65
230 5.39 2.04 170 7.29 17.82
235 5.27 1.49 175 7.08 15.40
240 5.17 1.03 180 6.89 12.53
245 5.06 0.75 185 6.70 8.46
250 4.96 0.56 190 6.52 5.10
255 4.86 0.43 195 6.36 3.11
260 4.77 0.35 200 6.20 2.48
265 4.68 0.26 205 6.05 2.37
270 4.59 0.21 210 5.90 2.81
275 451 0.16 215 5.76 3.09
280 4.43 0.11 220 5.63 3.32
285 4.35 0.08 225 5.51 2.94
290 4.27 0.06 230 5.39 2.28
295 4.20 0.04 235 5.27 1.66
300 4.13 0.03 240 5.16 1.22
245 5.06 0.96
250 4.96 0.81
are higher than the other measurements. However, 223 3'33 g'gg
error bars on these cross sections are large at lowgg 4.68 0.41
photon energies because of the very low absorbances270 4.59 0.33
measured; (these experiments were carried out pri- 27> i-f’é 8-2;
marily to get information at higher energies, where 5o 435 015
the cross sections are higher). Below 210 nm, there- 290 4.27 0.08
fore, our best cross sections are those obtained from?29> j-ig 8-8;

: . 300
the conventional and Fourier transform spectrometers.
The Fourier transform experiments were carried out at

relatively high resolution {£0.025 nm), and no fine .
y hg . . t ) . to 190 nm (6.52 eV), where they are higher than the
structure was evident in the spectra (for clarity, not all

04" -
points are shown in Fig. 1b). In Fig. 3, our preferred present values by-30%; however, the two cross

. o ... section curves show the same general trend with
cross sections are compared on a logarithmic plot with . o .
. . increasing excitation energy. Cross sections are tabu-
the NASA recommendation values for atmospheric ) .
. . : lated in Table 1; experimental DOSs over selected
modeling, and the cross sections obtained by Rowland enerav ranges are listed in Table 2
et al. [11]. The figure also shows the EEL data. gy rang '
Agreement between the data sets is mostly good, with
biggest discrepancies in the region around 6.1 eV, 4.2. Spectral assignments
where the cross section goes through a minimum.
Here, the EEL values and those of Rowland et al. [11] It is helpful to discuss the electronic excitation
are ~20% higher than the NASA recommendation, spectrum of CION@ in comparison with the spectra
while the synchrotron cross sections are lower by of simple aliphatic nitro-compounds, -RO,. In
20%. The cross sections of Rowland et al. [11] extend these, the electron density in a number of the frontier
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Table 1c
Photoabsorption cross sections for chlorine nitrate derived from
EEL measurement

Electron Cross
Anm Energy/eV Section/Mb
247.8 5.00 0.91
238.5 5.20 1.26
229.4 5.40 1.99
221.4 5.60 291
213.6 5.80 3.42
206.7 6.00 3.36
199.8 6.20 3.79
193.7 6.40 5.14
187.7 6.60 7.72
182.3 6.80 10.72
177.0 7.00 14.00
172.2 7.20 16.67
167.4 7.40 19.08
163.1 7.60 21.71
158.8 7.80 25.10
154.9 8.00 27.14
151.2 8.20 27.58
147.6 8.40 24,51
144.2 8.60 22.71
140.8 8.80 25.79
137.8 9.00 34.20
134.7 9.20 52.84
131.9 9.40 53.18
129.1 9.60 41.21
126.5 9.80 38.25
123.9 10.00 30.04
121.6 10.20 26.82
119.2 10.40 27.30
117.0 10.60 30.49
114.7 10.80 34.23
112.7 11.00 37.55
110.6 11.20 37.61
108.7 11.40 43.63
106.8 11.60 44.00
105.1 11.80 41.97
103.3 12.00 42.52
101.6 12.20 44.00
99.9 12.40 45.39
98.4 12.60 46.75
96.8 12.80 50.56
95.3 13.00 54.91
93.9 13.20 54.70
925 13.40 55.63
91.2 13.60 56.42
89.8 13.80 58.54
88.6 14.00 60.98

molecular orbitals is concentrated at the N@goup.
Electronic transitions involving these orbitals are,
therefore, frequently discussed in thg, ©f the NG,

N.J. Mason et al./International Journal of Mass Spectrometry 205 (2001) 183-196

group. The localized occupied MOs in these com-
pounds are of typer (&, in C,,, & in CJ), o (&, &),
ando (b,, &); of these, the p(o) orbital is generally
described as#(oxygen nonbonding). There is also a
low-lying unoccupied orbital, which ig* (b4, &). In
an early theoretical study of the electronic states of a
series of nitro compounds, Harris [43] deduced that a
typical spectrum will contain an intense transition to a
state of typeww* around 6.5 eV, a low-intensity
transition to a state w* around 4.5 eV, and last, a
weak transition to a state of typer* below 6.5 eV,
whose excitation energy increases with increasing
electronegativity of the substituent R group. These
expectations are realized in the spectrum of, for
example, nitromethane (GNO,), where the three
types of transitions have been assigned to bands at
(Ennax Values) 6.25, 4.25, and 4.5 eV, respectively [44].

A better comparison for CIONQs with nitric acid
HONO,, from which chlorine nitrate is derived by
replacement of H by Cl. The spectrum of nitric acid
HONO, has a relatively strong band at 6.7 eV,
assignedrm* [45]. This grows out of a weak absorp-
tion, E,.x ~ 4.6 eV, which from its shape, contains at
least two transitions expected to be of typesr* and
om*, respectively (see above). Theoretical studies
support these conclusions. Thus, Bai and Segal [46]
calculated vertical excitation energies (their descrip-
tions) of 4.59 (=*), 5.59 (nh=*), and 6.88 eV
(77*), respectively; more recently, Grana et al. [15]
have obtained 4.7&¢*), 5.98 (n7*), and 7.49 eV
(7). Although the two lower-lying states are de-
noted asn7™*, electron-density pictures provided by
Grana et al. [15] show that while this is a good
description of the lowest state, the electron-density
redistribution associated with the middle one identi-
fies it as thesw* state of the NQ group. That is, for
nitric acid, the long-wavelength end of the spectrum
can be simply interpreted in terms of single-electron
transitions between the Nfocalized MOs [44] and
associated computations [16,17].

The highest occupied molecular orbital (HOMO)
of CIONG, (see above), orbital 34IE = 11.56eV),
is the NG, ™ orbital, while orbital 184(IE = 12.94
eV) is ng [16]. It follows that, compared with
HONO,, the long-wavelength end of the CIONO
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Fig. 2. Comparison of photoabsorption cross sections of chlorine nitrate recorded using synchrotron radiation and EEL spectroscopy. Tt
previous data of Burkholder et al. [13] are also shown.

spectrum is expected to contain extra bands originat- lowest excited triplet state®*ioo*, *A”, whereo* is
ing in orbitals 194(n¢,, IE = 12.14 eV) and 4&(, CI-O antibonding) is estimated at 3.4 eV [15]. This
IE = 12.94 eV). This is confirmed in the work of  state has no equivalent in HONOComputed ener
Grana et al. [15], who carried out a parallel theoretical gies for other low-lying triplet states are 4.3, 4.56, and
study on the electronic states of CIOpl&nd HONQ. 4.71 eV [15], all of which are within the first band of
We make use of their results in assigning the spectra the near-threshold EEL spectra.
(see Table 2 for a summary). There is a very weak shoulder4.6 eV in the
The first optical band is a low-intensity absorption optical spectrum where one of the M@roup excita
at 3.2 eV. No excited singlet state is computed to lie tions, namely,'ngm* (*A,, 'A”, see above) is pre
around this energy. Further, the optical maximum is dicted. The calculated energy is 4.93 eV [15] (4.6 eV
close to that observed in low-energy EEL (Fig. 4b) measured [11]). Another singlet statago* *A”
and that arises from a state whose excitation cross (which corresponds with the lowest-lying triplet) is
section is very high close to threshold. Accordingly, computed at 4.36 eV [15]. As this has the higher
the first weak band is assigned to excitation of a triplet calculated oscillator strength, we expect it also to
state. This fits with the computations in which the contribute to the optical spectrum along with another
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Fig. 3. (@) Total negative ion signal as a function of incident electron enet\EEL spectrum recorded at a residual electron energy®b
eV. The signal arbitrary units are the same in each spectrum.

state of symmetryA’ calculated to lie at 5.21 eV. The ite band between 6 and 9 eV. Our assignment is to the
5.77 eV maximum lies close to the energy computed 7.1 eV feature (6.62 eV computed [15]). The 8 eV
for the ‘om* (*B,, *A”) NO,-group excitation (5.85  peak has no equivalent structure in the spectrum of
eV) and to that of a delocalized state of symmétky HONO,. The shape and intensity point to an intrava
(6.47 eV) [15], both of which may contribute to the lence transition in which electron density is delocal-
absorption band. The presence of more than oneized; its assignment must await further study. The
transition in this energy region is confirmed by the 9.25 eV band has an analogue in HONG-9 eV,
low-energy EEL data whose energy-loss maximum, 6 cross section~30 Mb), as yet unassigned.
eV, is above the optical value. Of course, in the EEL The lowest-lying Rydberg state of this molecule,
case, spin-forbidden transitions may also contribute. resulting from promotion of an electron from the
We then look for theww* transition expected highest occupied, 5d) orbital IE ~ 11.56 eV)
around 6.5 eV and detected at 6.7 eV in HON@b]. into a 3s orbital is expected around 8 eV. Also, i, C
If the 5.8 eV absorption has been correctly identified, symmetry, the transition would be electric-dipole
then therr#* transition lies within the broad compos-  forbidden, and this will be reflected in a low intensity
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in the lower (Q) point group. Consequently, it is 4.3. Dissociative electron attachment

probably obscured by the 8.1 eV peak. Excitations

from the HOMO into the 3p Rydberg orbitals happen The observation of a very large cross section for
above the upper limit of the present optical spectrum electron attachment close to zero electron energy is in
and in the region of the feature around 9.3 eV in EEL. accord with the results of a flow-drift tube experiment

The weak features visible at high energy losses in the [18,19]. Future work on elucidation of the anionic
EEL spectrum of Fig. 2 may relate to excitation of
Rydberg states.

Table 3
Valence states in CIONO
Table 2 Experiment Theory [15]
Differential oscillator strengths for chlorine nitrate -
Optical EEL
Integrated Oscillator Strengths Present
Energy Range/eV EELS Photoabsorption Article [11] Fig.2  Fig. 4b State
4.13-6.17 0.033 0.028 ~3.2 3.2 3.43  3ngo*, A"
6.17-8.64 0.399 0.372 ~4.6 436 ngo*, A"
8.64-9.67 0.377 493  Ingm*, A"
9.67-10.15 0.145 521 Ingo*, A’
10.15-10.45 0.075 5.8 5.8 585 ‘lom, A"
10.45-10.75 0.084 6.0 6.47 A’
10.75-11.13 0.124 ~7.1 ~7.1 6.8-7.1 6.62 ‘laa*, A
11.13-11.72 0.229 7.10 A7
11.72-12.57 0.336 7.43 A7
12.57-13.12 0.257 7.75-7.85
13.12-14.24 0.587

8.0 8.1
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