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The electronic structure of nitrosyl chloride (CINO) hagbénvestigated in the gas phase by X-ray photoelectron \>6R&
Near Edge X-ray absorption fine structure (NEXAFS) spectipg at the CI P, Cl 2s, N 1sand O kedges in a combined exper-
imental and theoretical study. The theoretical calcutetiat different levels of approximation predict ionizatjwstential values
in good agreement with the experimental data and allow tigiaske main features of the absorption spectra. An unegpect
failure of the density functional model is observed, howgfagr the calculation of the Cl€binding energy and related to a large
self-interaction error. Largely different photoabsoopticross section patterns are experimentally observedraecitations
from the investigated quantum shells=£ 1,2). This finding is confirmed by the oscillator strengthtdbutions calculated at
the different absorption edges; in the case ofrtke2 shell the bands below the threshold are extremely weakraosd of the
absorption intensity is due to excitations in the continuum

1 Introduction radicals when it reaches the Earth upper atmosphere and un-

dergoes photolysis.
Chlorine-bearing molecules are present in the terresatial

mosphere as side products of human activities and representcilNO_I_'E the glrlcgu.nd state |stber1t ahnd h?s .”%niym' Cl
severe air pollutants. In particular, they can efficientypho- metry. € equilibnum geometry 1S characterized by a LI-

tolyzed by ultraviolet (UV) radiation, releasing atomidah I}"O bond angle of 113'3and bond lengths ofcin=1.97

— A 3 H
rine radicals which are harmful for the ozone layer. The de—A and rno=1.14 A." The valence electronic siructure of

pletion of the latter can have drastic effects for life ontRar CINO was investigated in early studies by photoelectron

. : spectroscopy and molecular orbital (MO) calculatidn$.
Chlorine compounds can also occur naturally in the atmo- . : . : .
P y he CINO electronic configuration of the frontier MOs is

sphere. One such compound is CINO that can be produceE N2 A AIND (A 2 AINO A AN 7 :
in the marine areas from sea salts by ocean wind-generatecfl' (3a") (_12a)_ (133) (4a_) (14a)".....", where s_lngle and .
ouble prime identify orbitals that are symmetric and anti-

waves (seeg.g, Refs1?). Similarly to other chlorine-bearing L .
molecules, CINO becomes a potential source of chlorine fregymmetnc with regard to_the molecular plane, rgspecnvl@ly
was concluded that the first observed structure in the valenc
photoelectron spectrum, made of three overlapping bagnds, i
associated with the electron removal from the three highest
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occupied MOs (HOMOs): HOMO (%8), HOMO-1 (1)

and HOMO-2 (&"), of very similar energies and almost pure
Cl nonbonding character. Partially resolved vibronic stiize

also suggested that the HOMO has a weak CI-N bonding char-
acter, because of the (CI-N bond stretching) decrease upon
ionization?®

In more recent works the photolysis reactions of CINO have
extensively been investigated both theoretically and expe
mentally in the UV-visible spectral rande!* In particular, in
the photon energy range of 4-7 eV such investigations redeal
a strong broad absorption band consisting of three contribu
tions, the most intense of which has a maximum at 6.3 eV and

Jiis associated with formation of thé 4 excited staté:11:13
41N was assigned to electron excitation from the HOMO to
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the lowest unoccupied MO+1 (LUMO+1) (83.8° This latter ~ sured in the vicinity of the CI g, Cl 2s, N 1s, and O &

MO has a strong antibonding, character and corresponds edges as well as results of theoretical simulations to assig
in the isolated NO molecule to the degenerate in-plagert* the various spectral features. We also report the theailgtic
MO that is mixed with the Cl B atomic orbital (whereyis  predicted and experimentally measured @| Z1 2s, N 1s,

the NO bond axis). The mixing is such that the LUMO+1 hasand O & lonization Potentials (IPs) of CINO, which to our
also a nonbondingg, character. As for the other two contri- knowledge are hitherto unknown. The experimental IP values
butions to the broad band, the one corresponding to thesglkcit were obtained by X-ray Photoelectron Spectroscopy (XPS).
states 3A'8.9.11.13yas ascribed to electron excitation from the A number of theoretical methods have been, in fact, applied,
HOMO-1(12¢) to the LUMO+1 (14),%° whilst the assign- namely Hartree-Fock (HF), Density Functional Theory (DFT)
ment for the third component is controverstat}L13Absorp-  and Multi Configuration Self Consistent Field (MCSCF), and
tion features at lower energies (2-3.8 eV) are due to elactrotheir different capabilities are discussed by comparidahe>
excitations from the three Cl nonbonding MOsal,32a’ and  oretical and experimental results.

3a’, to the LUMO (&), of antibondingrg, character and

perpendicular to the molecular plane, and to the LUMG-1. )

It is worth noting that the LUMO and LUMO+1 are computed 2 EXperimental procedure

to be rather low energy MOs af;, charactef® Excitations _

to virtual MOs ofay,, character are not observed in the exper-2-1  Sample preparation

imental energy range myestlgated, since MOs of this charac High purity CINO was prepared by direct combination of pure
should have energies higher than that of LUMO+1. NO and C gases according to the reaction scheme 2NO,+ Cl
Although UV-visible absorption and valence electron ion- —, 2CINO. Care was taken in the sample handling since CINO
ization processes of CINO are hitherto well studied, to thejs very toxic and chemically highly reactive, being extréyne
best of our knowledge, only a few investigations were per-corrosive, especially in the presence of water, like theteea
formed at higher photon energfeand no systematic studies gases NO and @l The reactants were admitted in the man-
involving core levels have been carried out. Near-EdgeyX-ra ifold vacuum line from the tanks by means of stainless nee-
Absorption Fine Structure (NEXAFS) spectroscopy is a pow-dle valves and pipes. The gas regulators and pressure gauges
erful tool to characterize the electronic structure of rmole  (MKS Baratron pressure transducer) used in the synthesis ar
lar systems containing light atoms, both as isolated spegie made of special corrosion-resistant alloys. The reactis: v
the gas phase or on surfaces, because 1) it Elemnent spe-  sels and the vacuum manifold, made of pyrex and equipped
cific spectroscopy as X-ray absorption edges of different elewith teflon stopcocks, were pumped down and heated for one
ments have different energies, and 2) it is also very seBasiti hour while pumpmg The whole apparatus was thorough|y
to thelocal chemical environmenrtf the absorbing ator®®  flushed with pure helium and then evacuated. This proce-
NEXAFS spectroscopy implies excitation of an inner-shelldure was repeated three times in order to remove all mois-
electron to an unoccupied (virtual) MO which is destabiize ture from internal surfaces. Stoichiometric quantitiesthef
by Auger electron emission occurring on the femtosecongeactant gases £khnd NO were accurately measured sepa-
timescale. The core-hole lifetime broadening is typlCHﬂy rate|y by means of two equa| pyrex bulbs (60 L Vo|ume), and
a few hundred meV; unresolved vibronic structures can a|SQ)y setting the desired gas pressures. The glass inner ssirfac
contribute significantly to the width of the absorption band of the two bulbs were pretreated (heating-pumping and pro-
Nowadays NEXAFS spectra can be investigated both theotonged exposure to the reactant gas) before filling them with
retically and experimentally, in the latter case at hightpho  CI, and NO. The whole apparatus was protected with Al foils
energy resolution. Experimentally, NEXAFS spectroscapy i from light exposure to prevent decomposition by photolysis
usually performed with synchrotron light sources which-pro of the CINO product. After mixing of the reactants, the reac-
vide monochromatic, tunable, and high-flux X-ray radiationtjon progress was monitored by the gas pressure drop. After
in a wide energy range. Thanks to its small size, variety of40 minutes reaction at room temperature, the gaseous mixtur
atomic species and sufficient structural complexity, CINS®a  was fully condensed at the liquid nitrogen temperature i@ on
provides a convenient polyatomic system for theoretical an of the two bulbs where it was left warming up at room tem-
experimental studies of inner shell electron excitatiaofr  perature and kept for about three hours. Finally, the CINO
different quantum shells, namefy=1 (O Isand N k) and  sample was transferred by liquid nitrogen trapping in a smal
n=2 (Cl 2sand Cl 2). Furthermore, the molecular small glass bulb equipped with a Teflon stopcock. The liquid CINO
size enables a variety of theoretical methods to be appiidd @ sample was stored under low temperature {€for several
by comparing with experimental data gaining some physicalveeks. Before the experiment the CINO sample was purified
insight into capabilities of different methods. and checked by the following procedure. The liquid CINO
In this work we present NEXAFS spectra of CINO mea- was kept at low temperature (-85) in an EtOH thermostatic
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bath. A Teflon membrane pump, with 6 torr input pressure energy), while for the Cl @ XPS the resolution was about 0.1
was used to pump over the liquid CINO for about 40 min-eV (5 eV pass energy).

utes to remove a small part of it. NO and,@lases, possibly The NEXAFS spectra were measured by scanning the soft
present as traces in the CINO sample, were thus prefelgntial X-ray energy and monitoring the total ion yield by a Multi-
removed as NO and ghave substantially higher vapor pres- Channel Plate (MCP, Hamamatsu) detector. The ion yield de-
sure than CINO aff = -55°C. At this temperature, in fact, tection mode was preferred over the total electron yieldenod
CINO and C} have 55 torr and 342 torr vapor presstifé/  since the experimental setup easily allows ion detectidreto
respectively, while NO is much more volatile as its critical performed over the whole solid angle of photoemission, sthil
temperature and pressure are>Qand 64.8 bat’ The CINO  this is not achievable for the electron detection. In order t
purity was checked by recording the Hel UV photoelectrontake into account the change in photon flux at different pho-
spectrum (UPS) using an angle-resolving photoelectroo-spe ton energies, which is related to the optical transmissfaheo
trometer specifically designed for synchrotron radiatives-  beam line, the photon flux was monitored simultaneously with
tigations of highly reactive and short-lived specisThe ob-  the total ion signal using a photodiode. The normalized NEX-
tained photoelectron spectrum did not show the charatiteris AFS spectra were finally obtained as the ratio of the MCP total
features of NO, G|, or Cl, and was in excellent agreement ion and photodiode signals. The NEXAFS spectra for nitro-
with the published CINO Hel UPS recorded previously in thesyl chloride were measured in the vicinity of thekNedge, O

gas phasé. K-edge and CL-edge; the CK-edge spectrum was not mea-
sured since the ionization energy of the Glgbes beyond the
spectral range of the beam lifeTo calibrate the photon en-
ergy of the recorded resonances, separate NEXAFS measure-

The XPS and NEXAFS spectra of CINO have been measuref1ents were also performed forNCQ,, and Ar which have
at the Gas Phase beam line of the Elettra synchrotron facilit NEXAFS spectrain similar energy raﬂééSZGaS the pre-edge
located in Trieste, Italy® The beamline is equipped with a N 1S O 1s, Cl 2sand Cl 2 resonances in CINO, respectively.
high-flux undulator and high-resolution soft X-ray monamhr
mator with resolving power better than 10000. The beam line3  Computational details
allows a continuous photon energy scan by varying the an-
gles of the monochromator grating and plane mirror, and suitThe molecular geometry of the CINO molecule was optimized
ably tuning the undulator gap. The vapor sample was admittediith GAMESS? by HF calculations with the TZ¥8 basis
through a hypodermic needle and rated by a needle valve, bodet. The geometry thus obtained, namely a CI-N-O bond angle
made of stainless steel. Traces of NO were always detected if 113.4 and bond lengths afen=1.97A andryo=1.14A,
the spectra due to the decomposition of CINO on the metails in excellent agreement with the experimental values men-
surfaces along the sample inlet system. tioned above® The IPs at the CL-edges, NK-edge, and O
The Cl 2p, Cl 2s, N 1s, and O 5 XPS spectra of CINO were K-edge have been computedtilF calculation using the pro-
measured using a 150 mm mid-radius hemispherical VG eleaggram DALTON (2013 version$? This approximation fully
tron analyzer mounted at the magic angle of 84vBih respect  includes the effect of the electronic relaxation aroundibie,
to the polarization plane of the radiation. The spectra werdut neglects the electron correlation. This latter qugnsit
energy calibrated admitting separately in the ionizatioama-  about one order of magnitude smaller than the relaxation for
ber a small amount of ) CO,, and CHC} gases simultane- aK-edge ionization, while in the case of theedges the elec-
ously with the sample, and referring the observed CINO featron correlation may, in principle, be equally importanbrF
tures to the calibration peak of knowni®:22The CINO com-  this reason we also consider®BFT calculations because the
ponents were easily distinguished from the calibratiorkpea DFT method is generally believed to include, at least piytia
by recording spectra at constant sample pressure andediffer electron correlation effects. Th&DFT IP values as well as
partial pressures of the calibration gas. The monochramatahe NEXAFS spectra of CINO at the different edges consid-
photon bandpass and the analyzer pass energy were chosemed were computed using DEMON (StoBe versidrih the
depending on the desired CINO signal level. The @] €l DFT transition state approximation. The IGLO-III orbita-b
2s, N 1s, and O 5 XPS spectra were measured at the photorsis set?! augmented by a large set of diffuse Gaussians cen-
energies of 255 eV, 350 eV, 495 eV, and 628 eV, respectivelytered on the excitation sit& was adopted for all three types
These energies were chosen as best compromise to have lagfeatoms. The calculations were performed with two kinds
photoionization cross section (close to threshold) andesbd of exchange-correlation functionals: BE88+PD86 (the GGA
band shape deformation caused by the post collisionakioter exchange functional of BeéR and correlation functional of
tion effect (far above threshold). The analyzer resolutims  Perdew?*) and PBE+PBE (the GGA exchange and correla-
setat~0.2 eV for the O §, N 1sand Cl Zspectra (10 eV pass tion functionals of Perdew/Burke/Ernzeridf. Core excited

2.2 XPS and NEXAFS measurements

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-10 |3
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Table 1 Theoretical and experimental vertical IPs (eV) of CINO.

Cl 2px Cl 2py Cl 2p; Cl2s N 1s O1s
AHF 206.48 206.56 206.48 276.31 412.42 542.84

ADFT? 205.76 206.46 205.90 263.52 412.17 543.49

ADFT® 205.47 206.26 205.70 263.27 411.57 542.84

AMCSCF 275.97
Exp. ¢ 206.94 205.4¢ 276.6 411.3 542.9
+0.1 +0.1 +0.3 +0.1 +0.2
Theory 216.0 215.9 215.9 298.1 432.6 566.6

2 using BE88+PD86 as exchange-correlation functional

b using PBE+PBE as exchange-correlation functional

¢ vertical IPs measured with an accuracy denoted as errors
d.Cl2p; ),

eCl 2p3/2

f from Ref8

states below the ionization threshold have a “quasi-boundand 2 ,), 2.15 eV for Cl 3, 0.42 eV for N 5, and 1.23 eV
character and the computed values, both for the excitation e for O 1s, whereas the estimated instrumental broadening for
ergy and the intensity, generally show a relatively weak dethe same peaks are 0.14 eV, 0.54 eV, 0.32 eV, and 0.40 eV, re-
pendence on good quality basis sets. However, this is not thgpectively. The other contributions to the observed widé a
case for excited states above threshold, where the analysis the core-hole lifetime and the unresolved vibrationalctite.
the intensity distribution should be performed more cdiyec Although the goal of the present XPS investigation is to mea-
by a procedure like Stieltjes Imagirt§:3”. sure the vertical IPs, rather than a fine analysis of the &niz
The DFT method in the transition moment approxima-tion peaks, it should be noticed that, taking into accouat th
tion was proven to provide accurate NEXAFS spectriat typical lifetime width of the O% (171-162 meV)34°N 1s
edges839but no experience, to our best knowledge, is avail-(130-102 meV$34647and CI 20 (100-81 meV}? core-holes,
able for thel.-edges. OUADFT calculations show, as will be the vibrational broadening is quite significant in the cane-i
discussed in the following, quite poor results for the €I  izations of the terminal atoms O and Cl, whilst it is relaktjve
In order to include electron correlation effects in a more re much less important for the central atom N. Consequenty, th
liable way more computational demanding higher level theo-equilibrium geometry change upon Nibnization should not
retical methods, such as MCSERMulti Configuration Self ~ be dramatic. This consideration is supported by DFT geome-
Consistent Field) and MRGH (Multi Reference Configura- try optimization calculations for the neutral ground stanel
tion Interaction), can be used. The better performanceef ththe N Is and O & core ionized states of CINO. Such calcu-
AMCSCF method in predicting the Cs2P was here checked lations show that the Nsland O & ionized state geometries
by us also for other Cl containing molecules {CH, and  involve an increase in both bond lengths and angle. The vari-
CICH3) . The deviation of theAMCSCF values from the ation is approximately 3% for the Nsionic state, while for
experimental oné¥ is, in the average, only-0.5 eV, while  the O kstate we find the same percent elongation of the N-Cl
the values predicted YDFT calculations are, as well as for bond, almost no variation of the angle, but a lengthening of
CINO, several eV off. as much as 5% for the N-O bond. The larger width of the O
1s XPS band may thus be attributed to a larger activation of
vibrational modes involving the N-O bond. The much larger

4 Results and discussion broadening observed for the C$ nization, 2.15 eV, is in-
stead due to the very short lifetime of this core-hole associ

4.1 XPS data and IP values ated with the rapid Coster-Kronig electronic decay proegss
Cl 2s+ 2p.

The experimental XPS spectra recorded at the photon esergie

of 255 eV, 350 eV, 495 eV and 628 eV are shown in figs. 1(a)- The XPS spectra exhibit the expected main photoelectron
1(d), respectively. The calibrated XPS spectra allowedus tbands as well as other weak peaks. Most of these weak peaks
determine the IP values of CINO as IP((Ql2;) = 205.40 eV,  are due to ionized residual gases desorbing from the inmer su
IP(ClI 2py ) = 206.94, IP(CI ) = 276.6 eV, IP(N §) = 411.3  faces of the chamber and the sample inlet system, or decom-
eV and IP(O %) = 542.9 eV. The observed widths of the XPS position and secondary reaction products of CINO molecules
peaks, as full width at half maximum, are 1.0 eV for Cp¢2 like the HCI" spin-orbit split doublet in fig. 1(a), theNand

4|  Journal Name, 2010, [vol] 1-10 This journal is © The Royal Society of Chemistry [year]
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NO* (XM, M) ionization peaks in fig. 1(c), andJ @t and  to the Koopman's theorem (KT) a frozen orbital approxima-
NO* (11, 3N) features in fig. 1(d). Other observed large andtion to the IPs. This approximation is afflicted, in the DFT
weak bands, in fig. 1(b) at 283.9 eV, in fig. 1(c) at 412.3 eV,framework, by the additional, in comparison to HF, so-ahlle
and in 1(d) at 545.0 eV, remain unassigned. Although the feaself-interaction erroP! In the HF calculation the deviation of
ture in fig. 1(b) might be a satellite structure (shake-up, t the KT IPs from the experimental IPs has, for both @lahd
other bands in fig. 1(c) and fig. 1(d) seem to be too close in en€l 2s, approximately the same value (+10 eV) and is largely
ergy to the main ionization line to be shake-up satellites, a remedied by an opposite correction, again similar in vatue f
are not compatible with IP values of small molecules contain both the ionic states, due to the electronic relaxatioruihed
ing N and O atoms like pO or NO,. Further experimental in theAHF method. Also in the DFT framework the electronic
and theoretical work is needed to conclusively assign theseelaxation contribution is, as it could be expected, sinfiba
low intensity bands. the two IPs. However, while the deviation of the KT IP sup-
The theoretical IP values are presented in table 1 togethdtied by the Kohn-Sham (KS) orbital eigenvalue is for Qi 2
with the experimental values and a previous theoreticalipre  @bout -9 eV, in the case of Cls2s as large as -19 eV. The
tion,® based on a ground state HF calculation relying on thesignificant deviation of thADFT Cl 2s IP then finally derives
Koopmans' theorem approximation, that neglects both elecfrom the unsatisfactory KS eigenvalue of the Glizbital that
tron correlation and relaxation effects. In general, theeex could be more sensitive to the self-interaction error.
imental and theoretical IP values agree reasonably wekk Th The presently observed misbehavior of thieFT method
differences among the IP values obtained with A and  deserves a thorough and extensive investigation that, \reasye
the ADFT methods are, in general, smaller than about 1 eVjs outside the scope of the present work. Here we only re-
with the exception of the CIIP where the disagreement is port the observation of an anomalous behavior of ARE&T
quite significant. Such a result could, in principle, be it ~ method for the CI & IP and show that this occurs for several
to electron correlation effects that can easily lead tollifae ~ density functionals and different codes so that it can digtua
and violate the single-hole description of the ionization-p  be considered a limit of the method, at least when appliekl wit
cess for an inner-valence shé&#9 The rather pooADFT re-  the usually employed density functionals.
sults reported in table 1 for the C§2P have been confirmed It should be noted that the theoretical IPs of the Gk2ige
by similar calculations performed by using DALTON and have been obtained in the non-relativistic approximaties,
different density functionals (B3LYP, LB94, CAMB3LYP) glecting the spin-orbit coupling which gives rise to an egyer
both for CINO and the other two test molecules@H, and  splitting that, from the experimental spectrum, can be- esti
CICH3z.The computed value was in all cases more than 10nated to be 1.54 eV. The calculated Gi PPs take into ac-
eV below the experimental value. To improve the theoreti-count, instead, the splitting of the “atomic-likepZhell lev-
cal description of the Clionization, the calculations were els by the molecular field. Such energy splitting, which is-pr
also performed with the higher levAMCSCF method. The dicted to lie in the range of 0.1 e\AGCF) to 0.5 eVADFT),
AMCSCEF IP value is in excellent agreement with the exper-s, of course, a further contribution to the broadening ef@h
iment (considering that relativistic effects are negldytend  2p bands.
significantly differs from theADFT results. Furthermore, it is
surprisingly close to thé&HF value, which indicates a simi-
lar contribution of the electron correlation energy bothhe
ground state and to this specific ionized state. The experimental NEXAFS spectra of CINO measured at the
The significant error 10 eV) in the value of the CI®2  four edges, Cl B, Cl 2s, N 1s, and O &, are shown as solid
IP provided by theADFT method is a bit surprising because lines in figs. 2(a)-2(d), respectively. In the same figures,
this method has been successfully applied (deviationsthem the bar diagrams present the theoretically predicted NEXAF
experimental values around 1 eV), both by us (V.C.) and byspectra and vertical dashed lines pointing to the photorggne
several other research groups, for the calculation of d@se | axis show the experimental and theoretical IP values (TBble
of atoms such as C, N, O, F in a wide variety of molecules.Table 2 summarizes the theoretical excitation energiesraf ¢
To the best of our knowledge, the present calculations a&re thelectrons to the LUMO and LUMO+1 obtained by the DFT
first documented application of thlEDFT approach to th@  transition state approximation. As it is expected, the coeq
= 2 shell of a second-row atom. A nab initio method as spectra have a small dependence on the chosen density func-
DFT may present unexpected problems in calculating proptional; essentially only a small energy shift clearly rethto
erties for which the density functional has not been particu the different predicted values of the ionization threshgleke
larly optimized®® An insight into the origin of the problem Table 1). It should be mentioned that the GNEEXAFS spec-
is gained by a comparison of the Cb2nd Cl Z orbital en-  trum was more difficult to measure than the other spectra be-
ergies in the molecular ground state; they provide, acogrdi cause of the rather small relative contribution of GleXci-

4.2 NEXAFS data

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-10 |5
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Table 2 Main theoretical core excitation energies from DFT calculations in the transtaie approximation using different density
functionals.

Cl 2px Cl 2py Cl 2p, Cl 2&¢ N 1s O1s
LUMO 196.84 | 197.22 | 196.9% | 266.96¢ | 402.22 | 533.82
196.6% | 197.28 | 196.7% | 267.3P [ 401.7® | 533.27
198.34 | 198.8% | 198.52 | 268.54 | 404.07 | 535.96
LUMO+1 | 198.2# | 198.7% | 198.2P | 268.3% | 403.5P | 535.3P
2 using BE88+PD86 as exchange-correlation functional

b using PBE+PBE as exchange-correlation functional

¢ the values were shifted by 12.5 eV (see text for explanation)

Cl2p,, (@) Cl2s (b)

to assign the lowest two bands for the N andK@dges to

“ 1s — 1o and ks — o\ T§p excitation transitions, respec-

% tively. The excited molecular orbitals associated withsthe
transitions, which are depicted in the figures, imply that th
LUMO m* orbital is orthogonal to the molecular plane and
localized on the N and O atoms, while the LUMO+1 anti-
25 bonding orbital is located in the molecular plane and is rep-
resented by bothw, and gg, characters. This is similar to
the assignment of the excitations in the UV-visible absorpt

N @ * o @ spectrum®? It is worth noting that core-valence excitations in
NEXAFS spectra, at variance with electron excitations & th
UV-visible absorption spectroscopy, can directly probéhwi
atomic selectivity delocalization properties of empty MOs

the present case, for instance, a large difference is obdémv

2 s the LUMO/LUMO+1 intensity ratio of the two lowest lying
resonances on going from the N1s spectrum to thes Gng.
This ratio is close to one for the Nstore-hole and approxi-
mately two for the O & This clearly points out the substantial
Fig. 1The measured XPS spectra for CINO at the photon energies gecrease in MO density at the oxygen atom of LUMO+1 with
of 255 eV (a), 350 eV (b), 495 eV (c), and 628 eV (d). respect to LUMO, whilst this change is not observed at the ni-
trogen atom. This can be seen by comparing the MO inserts

tati to the total photoab i - and the theoretical intensities of fig. 2(c) to those of fig)2(d
afion processes fo fhe total pnotoabsorption cross sertio for the two transitions involved. Just below the ionizathdn

the energy range investigated. At 280 eV photon energy, foﬁs*l threshold the theory predicts weak excitations of Ryd-

Instance, the contrlbu_tlon of Cb:tomozatlon can be approxi- berg character that are also in good agreement with the-exper
mqtely Qenved_ fr_om fig. 2(b) as 8 % of the total 'on S'gnal'.iment (fig. 2(c)). The weak features observed in the 407-410
This estimate is in reasonably good agreement with the raU%V range are therefore assigned to Rydberg excitations: Ryd
between the Cl2and the total ionization cross sections theo—berg series below the G512 threshold are instead very weak
retically calculated at 280 eV for the Cl atom of 11%. being barely visible in the experimental spectrum. This-find

4.2.1 Nitrogen and oxygerk-edge NEXAFS.The ex- ingisalsoin agreemgnt with the results of the c':alqulated;oll
perimental NEXAFS spectra at the nitrogen and oxygen NEXAFS speptrum (f|g. 2(d)). Thefaqt that excnatlc_ms ofthi
edges (figs. 2(c)-2(d)) show two distinct sharp features and/P€ are less intense in the @dbsorption spectrum is gener-
a broad band located above the ionization thresholds, the s@!Y attributable to the shorter extension of the &otbital in
called shape-resonand® The two bands in the Nslspec- cqmpansonto thg Nslorbital, and hence to a reduced overlap
trum, observed at 401.03 eV and 402.73 eV, are followed byVith Rydberg orbitals.

a broad band with maximum at 415.5 eV. The corresponding Above the N 31 and O ! ionization thresholds the the-
sharp features in the Gsspectrum are detected at 532.37 eV oretical intensity distribution may show a dependence en th
and 534.62 eV, while the shape resonance structure is cewhosen basis set and, as mentioned before, should be ahalyze
tered approximately at 547 eV. Comparing the experimentaby a moment theory® However, at least from a qualitative
data and theoretical predictions (figs. 2(c)-2(d)) enahisd point of view, we can observe a group of strong excitations in
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the energy region where the experiment shows a broad intengbe value of the transition moment and also reduces the “at-
band (shape-resonance). For the fspectrum an analysis tractive power” of the more diffuse hole charge. A close
of the excited orbitals involved in this broad band shows thainspection at low energies of the experimental spectrungof fi
the most intense transition is associated with an antitmondi 2(a) points out the weak and broad absorption of the lowest ly
o* orbital along the N-O bond. Higher in energy we find ex- ing resonances. These unresolved transitions exhibitine s
citations to a sort o), orbital that, however, has a very orbit split and the relative intensities of the two compasen
small contribution on the N site and therefore it is extrgmel observed in the CI@ XPS spectrum (fig. 1(a)). The most in-
weak. In the O & spectrum the broad shape resonance aptense component of the doublet is located at 198.20 eV. These
pears around 547 eV and, similar to the case of the-étige, features are ascribed to the group of excitations to the LUMO
is assigned t@y, excitations. (1), which are split by the molecular field and the spin-orbit
The assignment given for the two strong core-valence resohteraction. This finding is in excellent agreement with the
nances below threshold in tikeedge N 5and O Bspectrais theoretical results, where the spin-orbit effect is noetakto
supported by results of our experimental, still unpublishie-  account.
vestigation by 3D multiple ion momentum spectroscopy ofthe The experimental CI2NEXAFS spectrum of CINO ex-
CIT/IN*/Ot fragmentation channel recorded at the two reso-hibits a rather weak, broad and asymmetric peak centered at
nant energies in both NEXAFS spectra. A remarkably differ-268.5 eV. This is assigned to transitions to the LUMO and
ent molecular alignment is observed depending on the natureUMO+1, with rather different intensities, embedded in a
of the excitation involved, this being connected to thegran Strong continuous contribution, originating from the @ 2
tion moment vector which either lies on the molecular planeionization processes, which is reported in fig. 2(b) as admok
or is perpendicular to it. line. According to the previous discussion on the IP calcula
tions, the best prediction for the Ck2onization is 276 eV,
4.2.2 ChlorineL-edge NEXAFS.The NEXAFS spectra as obtained by thAMQSCF model._This theoretical value is
for the chlorineL-edge of nitrosyl chloride are shown in figs. N 900d agreement with the experimental value of 276.6 eV.
2(a)-2(b). Although the N and @-edge spectra of CINO ex- 1€ Cl ZNEXAFS spectrum was calculated with tAOFT
hibit a typical intensity distribution for a core NEXAFS spe  Method which does not accurately predict the Siohization
trum, the spectra at the Credge are more complicated be- threshold. The difference in the C$ PP obtained by'the ltwo
cause of the more diffuse character of the holes and more ref?€thods AMCSCF andADFT, is 12.5 eV; we applied it as
evant electron correlation effects. In the case ofithgedge 2" €nergy shift to th@DFT CI 2s NEXAFS spectrum. This
(fig. 2(a)) the calculations have been performed for the 3-comProcedure enables us to assign the experimentally measured
ponents of the @ shell,i.e, including the molecular field split-  NEXAFS peak to closely lying LUMO and LUMO+1 exci-
ting but neglecting the spin-orbit coupling effect. Thedats tations that could not. bg experlmentglly resolved. due to. the
particularly important for the energy region below the i Ia_rge Cl & cc_Jre-hoIe lifetime broac_ier_ung and the !nteractlon
tion threshold, where, relatively narrow bands may be foundW'th the continuum background. Similar to the assignments a
and is sometimes included empirically by using known val-the other three edges, the LUMO and LUMO+1 at the £1 2
ues of spin-orbit energy splitting. This splitting, as mened ~ €dge have the out-of-plango and in-planeog,y i charac-
before, has been mesured in the present XPS investigation 4 respectively.
1.54 eV. In the continuum, however, inclusion of such em-
pirical splitting would, of course, be meaninglessconsidg 5 Conclusions
that a NEXAFS spectrum generally shows only very broad
unresolved bands above the threshold. In the present caseWite reported experimental CINO XPS spectra from which we
does not appear necessary to apply any correction because tixtracted the CI g, Cl 2s, N 1s, and O kbinding energies, as
main characteristics of the spectral distribution arezalyede-  well as CINO NEXAFS spectra recorded in the vicinity of the
scribed by the presently adopted approximations. The lealcu same edges. We also performed theoretical calculatiors wit
tions performed for théy z3-edge (fig. 2(a)) predict very weak different levels of accuracy to predict the IP values andsto a
excitations below the ionization threshold, which is in doo sign the NEXAFS features in the experimental spectra. Most
agreement with the experimental data. Most of the €eR-  of the binding energy calculations were performed it
cited states that significantly contribute to the spectraveh and ADFT methods while the absorption spectra have been
a continuum character (scattering states), they are located calculated by the DFT method in the transition state approxi
above the threshold, while the ones with a “quasi-boundt-cha mation.
acter and located below the threshold are only slightly popu The theoretical results enabled us to assign most of the fea-
lated by the photon absorption. This can be ascribed to thares observed in the experimental absorption spectralaBim
more diffusel hole in comparison to & hole, which affects intensity patterns are observed for thkeedge NEXAFS spec-

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-10 |7
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tra of the N and O light atoms. This is the generally observedReferences

pattern in spectra of molecules containing first-row atoAts.
variance with the case of thé-shell, absorption spectra of ex- ¢
citations from thelL-shells of the second-row Cl atom (C$ 2

and CI 2o) exhibit distinctively different patterns. In the case 2
of Cl 2p, almost all the oscillator strength is observed in the 3
ionization continua (inner shell excitations above thezan
tion thresholds), and the “quasi-discrete” core-valenaita-
tions display very small relative intensities. In the cakthe 5
Cl 2s NEXAFS, the intensity pattern is dominated by the un-
derlying manifold of Cl 2 ionization continua, and the Ck2 6
excitations are weak and characterized by a very large core-
hole lifetime broadening due to the fast Koster-Cronig geca
processes. 8
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Apart from the CI 3, the theoretical IP values agree reason-
ably well with the experimental ones. To improve the agree-
ment also for the CI2IP we have adopted a higher level of 10
theory, namely th&@MCSFC method, that predicts an IP that
is very close to the the experimental value. The comparison!!
of the Cl Z and Cl 2 IP values calculated by thHF and
ADFT methods in CINO points out an anomalous behavior
of the DFT approach for the CIsaP. The significant devi- 13
ation of theADFT IP value derives from the unsatisfactory 14
KS eigenvalue of the Cl<orbital that could be more sensi-
tive to the self-interaction error. Although this obseivatde-
serves an extensive investigation for a deeper undersigndi
the anomalous behavior occurs for several density function 16
als and different codes. It seems therefore to be a limitef th 17
method, at least when it is applied with the usually employed 18

density functionals. 19

The theoretical assignment of the NEXAFS features sug-
gest that the LUMO and LUMO+1 orbitals in the NEX-
AFS spectra at the four edges are similar to the LUMO and ,,
LUMO+1 of the ground statd,e., they have the out-of-plane
Ty and in-planeog o character, respectively. Our cal-
culations also reveal a clear localization of the LUMO abit
along the N-O bond (fig. 2), suggesting that by a selective ex-
citation of this resonance, the cleavage of this bond coald b
preferentially activated.
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Fig. 2The ClI 2p, Cl 2s, N 1s, and O 5 NEXAFS spectra of nitrosyl chloride are presented in (a)-(d) subplespectively. The experimental
data are shown as solid black lines. The theoretical absorption spetaimenbby the DFT transition state approximation with PBE+PBE as
exchange-correlation functional are presented with bars. The dokerécal dashed lines point to the computed ionization thresholds and the
black dashed lines show the experimental IP values. In subplot (ajakiegd black dashed lines represent the experimental IP valuek for C
2p3/, and Cl 2, /5 levels, respectively. The molecular excited orbitals associated with theaeses are shown as inserts in the figure. In the
inserts, bonds associated with Cl, N, and O are depicted in green, btueedmrespectively. For the Cs2dge shown in subplot (b) the
theoretical predictions are shifted by 12.5 eV, which is the differentedsn theADFT IP value and the more accurd®CSCF one. In the
same subplot the dashed blue line roughly approximates the monotomiibatian from the Cl 2 ionization continua.
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