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We investigate isothiocyanic acid, HNCS, by resonant and nonresonant Auger electron spectroscopy at
the K-edge of carbon and nitrogen, and the L,3-edge of sulfur, employing soft X-ray synchrotron
radiation. The Cls and N1s ionization energies as well as the S2s and S2p ionization energies are
determined and X-ray absorption spectra reveal the transitions from the core to the virtual orbitals. Final
states for all normal Auger electron spectra and the resonant ones recorded at the carbon and nitrogen
edge are assigned and rationalized with theoretical spectra obtained with a wave-function based
protocol. The latter is based on ab initio configuration—interaction representations of the bound part of
the electronic wave functions, the one-center approximation for Auger intensities, and a moment theory
for band shapes. The computed spectra are in very good agreement with the experimental data and
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most of the relevant signals are assigned. The double ionization energy is derived from the S2p;,
spectrum and in good agreement with a recently determined value. The Auger electron spectra are
DOI: 10.1039/d4cp03104k compared with those of the congener HNCO. A similar shape of the normal Auger electron spectra was
found for the low binding energy final states, while intensities differed. Similarities are less pronounced

rsc.li/pccp in the resonant Auger electron spectra.

HNCS was found to be a quasi-linear molecule®® with a trans
bent conformation and an HNC angle of 132°.” The photoioni-
zation of isothiocyanic acid was studied by He I photoelectron
spectroscopy® '® and photoionization mass spectrometry.'!

1 Introduction

Isothiocyanic acid, HNCS, is the simplest isothiocyanate and
the sulfur analog of isocyanic acid, HNCO. Although formally

a closed-shell molecule with 'A’ electronic ground state, the
molecule is unstable at room temperature and thus challenging
to study. Originally due to its unknown molecular structure and its
analogy to isocyanic acid, later due to its role in astrochemistry,
isothiocyanic acid was subjected to several spectroscopic studies.
The structure was investigated by experimentalists>* but only the
first microwave spectrum of the reaction product of potassium
thiocyanate with phosphorous acid showed that the vapor was
mainly composed of isothiocyanic acid, HNCS, rather than its
isomer thiocyanic acid, HSCN.*
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From the latter, approximate fragment appearance energies
were determined. Isothiocyanic acid and its isomers were also
the subject of several theoretical studies concerning their
structure, relative stability and isomerization reactions.'*™*
Isothiocyanic acid was found to be the most stable isomer
of the [C, H, N, S] tetrade followed by thiocyanic acid, HSCN.
This order of stability is analogous to the respective oxygen
congeners isocyanic acid and cyanic acid.”

Interest in HNCS arises from its observation in the inter-
stellar medium. In 1979 it was detected for the first time
towards the molecular cloud Sagittarius (Sgr) B2(OH) by its
rotational transitions."® The detection of HNCS in space is
intriguing, because it consists of four elements which are
essential for organic life. Its oxygen congener HNCO is a well-
known astrochemical molecule’” ™ and could be related to
the formation of biomolecules.’”*' As a sulfur-containing
molecule, HNCS is relevant to astrochemistry, because sulfur
chemistry in interstellar environments and planetary science
is not well understood.>” A proper understanding of the chem-
istry of interstellar molecules requires to investigate their
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interaction with high-energy radiation.”>** Several UV absorp-
tion spectra of HNCS have been reported,>>® before contam-
inations were identified and band assignment finally settled.?”
The dissociation from electronically excited states was investi-
gated by flash photolysis at >190 nm.*® Furthermore, Northrup
and Sears studied the photodissociation at 248 and 193 nm,
investigated several fragmentation channels by laser induced
fluorescence and compared them to the corresponding
alkyl(iso)thiocyanates.”>*° Very recently, Wallner et al. investi-
gated the double ionization of HNCS at 40.8 eV with a He
discharge lamp and at 90 eV by synchrotron radiation.*" The
double ionization energy and fragmentation patterns as well as
a computational study of low-lying doubly ionized states were
reported. Despite this work, which was carried out in parallel to
our efforts, spectroscopy of HNCS with soft X-ray radiation is
not well studied. The overall lack of X-ray data recently moti-
vated theoretical work on X-ray absorption spectra (XAS) of
sulfur-containing molecules, with the goal to provide reference
data for observations with X-ray telescopes.** Only few reactive
molecules have been explored in the X-ray regime. Previously,
we investigated HNCO by Auger electron spectroscopy and
compared its spectra as well as its fragmentation dynamics
with the isomer HCNO, fulminic acid.***® Only a few further
spectroscopic studies on reactive molecules have been reported,
including XAS of the radicals OH,*” methyl,*® allyl®® and tert-
butyl.*’

Here, we will explore the changes in the normal (AES) and
resonant (RAES) Auger electron spectra upon replacing the
oxygen atom in HNCO by a sulfur atom. An important pillar
of our program is the cooperation between experiment and
theory with the aim to compare experimental spectra with high
level computations. We demonstrate that this helps to rationalize
the observed transitions and to gain insight into the underlying
processes in the core hole and the final states. Recent computa-
tions on HCNO, using the same approach as in the present work
showed excellent agreement between computed and measured
Auger electron spectra and a large number of transitions was
assigned to the final states of the ion.*> We will show that the
method employed for second-row compounds like HNCO*® and
HCNO® can be extended to a molecule with a third-row heavy
atom with similar accuracy.

2 Methods

2.1 Experimental

The experiments were carried out at the high resolution soft
X-ray beamline PLEIADES*! at the French national synchrotron
facility SOLEIL. Isothiocyanic acid samples were prepared by
slowly treating a saturated solution of potassium thiocyanate
with an excess of phosphoric acid (85%). The solution was kept
at 0 °C and stirred while the evolving gas was condensed into a
liquid nitrogen cooling trap using the vacuum of a forepump.
Carbonyl sulfide (OCS), which was identified as side product
of this reaction was removed at —50 °C (ethanol/dry ice) by
vacuum due to its higher vapour pressure. As HNCS rapidly
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decomposes at temperatures above —20 °C the samples were
kept at —35 °C during the experiments. Soft X-ray radiation was
generated by a permanent magnet undulator that allows for
different beam polarizations. Linearly polarized light was dif-
fracted off a 600 lines per mm grating and passed through a
differentially pumped gas cell containing the sample aligned in
front of the acceptance of the electron analyzer. To measure the
kinetic energy of the electrons a high resolution (VG-SCIENTA
R4000) hemispherical electron analyzer was used that was mounted
perpendicular to the propagation direction of the light. Normal
Auger electron spectra were recorded with linear vertically
polarized light (0° between the light polarization and electron
detection axis). The pass energy of the electron analzyer was set
to 20 eV and the entrance slit width to 0.8 mm leading to a
kinetic energy resolution of 40 meV. Resonant Auger electron
spectra were recorded with linearly polarized light oriented at
the magic angle (54.7°) with respect to the electron detection
axis in order to avoid anisotropy effects of the electron emis-
sion. For resonant measurements a pass energy of 100 eV and
an entrance slit width of 0.3 mm (0.5 mm) on the N1s and S2p
(C1s) edge were applied corresponding to an electron kinetic
energy resolution of 75 meV (125 meV). The photon bandwidth
was 140 meV around the carbon 1s edge and 100 meV and
60 meV around the nitrogen 1s and sulfur 2p edge. To measure
near-edge X-ray absorption fine structure (NEXAFS) spectra the
total ion yield was recorded with a negatively biased channel-
tron detector at the downstream exit tube of the gas cell while
stepping the photon energy. The electron kinetic energy and
the photon energy were calibrated using reference spectra of
N,,*** €0,**** and Argon.*

2.2 Theoretical details

Theoretical Auger electron spectra were determined in a similar
fashion as described in ref. 33, 35 and 46-51. As shown in the
ESLf the geometrical structure, vibrational frequencies and
coordinates, which were obtained by density functional theory
(DFT) using the B3LYP’*™® functional and the def2-TZVP
(triple-zeta valence polarization) basis set’® are in reasonable agree-
ment with experimental data.

The intermediate and final state wave functions were obtained
with the configuration interaction (CI) method using Hartree-
Fock- and virtual valence®-orbitals as obtained with the correla-
tion consistent polarized valence triple zeta (cc-pVITZ)*” basis. The
shape of the valence and the lowest virtual valence orbitals are
shown in Fig. 1. Further information on the MOs are collected in
the ESL{ The intermediate states were represented with the CI
method using all configurations with up to three electrons in the
virtual valence orbitals and one hole in the 1s or any of the three
2p core orbitals. The respective final state configuration space
included all configurations with up to two electrons in the two
lowest excited orbitals 13a’ and 4a”. Please note, that the electro-
nic states resulting from these CI calculations are principally
mixtures of all configurations with the same symmetry and the
contribution of the leading configuration is in many cases less
than 50%. Nevertheless, the states are designated with their
leading configurations in the following as this frequently (but
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orbital energy

Fig. 1 Shape and energetic order of the molecular orbitals (MOs) of the
isothiocyanic acid molecule which were used for calculating the Auger
electron spectra. In this scheme the S-atom points to the left, the H-atom
to the right. See text for details of the determination of the orbitals.
The orbital energies are given in Table S3 (ESIt).

not always) allows to rationalize their properties such as the Auger
transition rates. As before,**”® the final state energies range was
empirically squeezed by multiplying the energies with a factor
of 0.85.

Accurate estimates of the vertical energy differences of the
ground state, the intermediate states and the lowest final states
have been obtained with the averaged coupled-pair functio-
nal (ACPF)*® and multi-configuration coupled electron pair
approximation (MCCEPA)*® approaches which have been proven
to allow for realistic estimates of such energies with typical errors
in the order of a few tenths of an electron volt.**?*>*7*%3%% I the
present work we determined these states with the correlation
consistent polarized weighted core-valence quadruple zeta (cc-
pwCVQZ)*" basis set and restricted open-shell Hartree-Fock
(ROHF) reference wave functions that were optimized for the
respective state (see ESI,{ where further details on a new
iterative procedure for core hole states are provided). Excita-
tions from all orbitals were included from these single configu-
ration reference wave functions. For the highly excited core
hole states, excitations which increase the number of electrons
in the core hole shell were excluded as in previous works.**°
The calculated HF, ACPF and MCCEPA excitation energies are
collected in Table 1. For the normal Auger electron spectra,
the vertical double ionization energy of the lowest singlet state
[a'A’(32"7?)] was set to the respective MCCEPA values in
Table 1. The same was done for the resonant Auger electron
spectra with the lowest doublet state [X*A"(3a” )]

27974 | Phys. Chem. Chem. Phys., 2024, 26, 27972-27987
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Table 1 Calculated energies of the lowest dicationic final states and the
different core ionized states (top) and the lowest cationic final state and
the different core excited states (bottom) as evaluated in this work. The
Hartree Fock (HF), averaged coupled pair functional (ACPF) and multi-
configuration coupled electron pair functional approximation (MCCEPA)
energies are vertical energies relative to the neutral ground state. Experi-
mental values as deduced from the maxima of the AES, XPS (Fig. S1-S3,
ESI) and NEXAFS spectra (Fig. 4). All energies in eV

State HF ACPF MCCEPA Expt.
X3A"(12a' 132" 1) 26.38 27.87 27.75 27.6°
a'A'(3a"?) 27.40 28.63 28.75

Nis™* 405.55 405.64 405.65 405.7
C1s™* 295.12 293.91 294.18 293.8
S2pss2 169.30 169.78 169.83 169.7
S2py1s” 170.50 170.98 171.03 170.9

P/

X*A"(3a" 1) 9.14 9.81 9.76 10.0
N1s '13a’ 399.78 399.53 399.49 399.4
N1s '4a” 400.43 401.29 400.24 400.1
C1s '13a’ 287.89 287.31 287.30 286.7
C1s '4a” 288.88 288.24 288.24 287.8
S2ps, '13a’ 163.56 163.68 163.66 163.4
S2py, '13a’ 164.76 164.88 164.86 164.6
S2p;,, 4a” 164.71 164.77 164.78 164.6
S2py, '4a” 165.91 165.97 165.98 165.7

¢ From S2p,, AES.

Transition rates between the intermediate and final states
are obtained with the one-center approximation?®?3>47:48:63-66
as implemented for KVV,***”*° L, ;vv,*® and M, ;VV®” Auger
electron spectra in the local program package (wavels)*®**"* of
one of the authors. Here we followed the approach described
before for the 1s core hole states.’*3**®*” The S2p core
hole states are split by about 1.2 eV due to spin-orbit
Coupling.48’49’62‘72
the molecular field splitting of the 2p;, component is small
(~0.14 eV) compared to the vibrational broadening, it is
neglected in the following. Thus, the theoretical S2p Auger
electron spectra are obtained as the average of the calculated

into 2p;, and 2p;z, components. Since

spectra of the three nonrelativistic core hole states which are
multiplied by two (one) and shifted by 0.4 eV (—0.8 eV) in binding
energy for the S2ps/, (S2p1/2) component. The same concept was
used before in ref. 73.

Apart from the energetic positions of the initial and final
states and the transition rates between them, the appearance
of Auger electron spectra is furthermore affected by the line
shapes of the electronic transitions. Here, the moment method
of Cederbaum et al.”*”7® was used where the bands are repre-
sented by Gaussian distributions whose centers and widths
are determined®”’® from the lifetime energy width of the
intermediate state, the gradients of the intermediate and final
states with respect to the normal coordinates of the ground
state, and the ground state vibrational frequencies. An impor-
tant result of the moment method is that narrow bands
are obtained if the intermediate state gradients are small or
similar to those of the final state. Furthermore, bands are
shifted to lower binding energies if the gradient of the inter-
mediate state is more negative or more positive than that of

This journal is © the Owner Societies 2024
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the final state and to higher binding energies in the
opposite cases.

3 Results

3.1 Normal Auger spectroscopy

Fig. 2 shows the normal Auger electron spectra of HNCS at the
sulfur 2p, carbon 1s and nitrogen 1s edge recorded at photon
energies of 240, 375 and 485 eV, respectively. Experimentally,
the Auger electron yield is measured as a function of the kinetic
energy of the Auger electrons. To compare Auger-Meitner
processes that lead to the same dicationic final states after
the decay of core holes on different atomic sites, the kinetic
energy of the Auger electrons can be converted into the binding
energy Eg. Ep is given by the difference of the respective core
orbital ionization energy IE(core) and the kinetic energy of the
Auger electron Ey;,,

Eg = IE(core) — Eyin. (1)

The IE(core) were determined by X-ray photoelectron spectro-
scopy (XPS, see Fig. S1-S3 for the corresponding spectra, ESIt)
and values of 293.8 eV and 405.7 eV were found at the carbon 1s
and nitrogen 1s edge. For the spin-orbit split sulfur 2p level
ionization energies of 169.7 eV (S2ps,,) and 170.9 eV (S2py/»)
were determined. The latter was used to calculate the binding
energy in the S2p AES to find the correct low-energy onset of the
spectrum.

The Auger electron spectra at the different edges (Fig. 2) are
remarkably different: while the spectra after carbon and nitro-
gen 1s ionization show comparably broad features, the spec-
trum after sulfur 2p ionizing shows a number of narrow bands.

binding energy /eV

20 25 30 35 40 45 50 55 60 65 70 75 80
LR BN RN IS IS LS AN IS I I I L
a) SZp’lAES

theory

S W

-
Cls' AES

6 theory

auger electron yield

20 25 30 35 40 45 50 55 60 65 70 75 80
binding energy /eV

Fig. 2 Normal Auger electron spectra of HNCS at the (a) sulfur 2p,
(b) carbon 1s and (c) nitrogen 1s edge, shown in black. The blue stick
spectra show the calculated energies and intensities of the individual
transitions while the blue lines provide the resulting calculated spectra.
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Due to the ionization from the S2p,,, and S2p;/, orbital with
different IEs, the S2p AES is a superposition of processes with
different core holes. For isothiocyanic acid we observe pro-
cesses involving two weakly bound outer valence shell electrons
as distinct bands up to a binding energy of 45 eV. At higher
binding energies where the spectra become featureless and less
intense, processes with one weakly and one strongly bound
electron appear. Final states with two inner-valence shell
vacancies are shifted to even higher binding energies and are
difficult to identify.”” The theoretical Auger electron spectra of
HNCS are shown in Fig. 2 as blue curves and stick spectra,
while the energy position, intensity, line width and orbital
occupation of the final states are summarized in Table 2. The
simulated spectrum of the S2p edge is separately shown in Fig. 3
for the S2p,,, and S2p;,, component. As the calculated final states
show multiconfigurational character the orbital occupations given
in Table 2 refer to the most dominant occupation found for the
respective final state. More than two thousand final states were
calculated, so only final states with significant contribution to the
AES are listed in Table 2. For comparison, the computed energies
for the lowest dicationic final states that were calculated
by Wallner et al. are also given.*' A very good agreement is
evident. The ground state configuration of HNCS is: (core)
7a'’8a’?9a’>10a’*11a’?2a"%*12a'?3a”%, where core includes Sis,
N1s, Cl1s, S2s and three S2p orbitals. 7a’ and 8a’ are inner-
valence shell orbitals constructed mainly of s-orbitals (compare
MO coefficients in Table S3, ESIY).

In the Auger electron spectra of isothiocyanic acid the
feature at the lowest binding energy (up to 31 eV) can be
assigned to a decay into triplet and singlet final states with
two holes in the highest occupied molecular orbitals, 12a’ and
3a", corresponding to *A”(12a’ '3a”" 1), 'A’(32" 2 and 122’ ?)
and 'A"(12a’ '3a” ") final states (see Table 2). On the sulfur
edge this feature is split into several bands, see top trace of
Fig. 2. The first one is experimentally found at 27.6 eV and
corresponds to the S2p;;, ' — *A”(12a’ 32" ') decay that is
calculated to occur at an average binding energy of 27.7 eV
(feature 1 in Fig. 3). These values of the double ionization
energy (DIE) of HNCS warrant comparison to the recent DIE
values of Wallner et al*' From the onset of the HNCS>" signal in
their experiments they derived an adiabatic DIE of 27.1 & 0.1 eV,
which agrees well with their computed value of 27.2 eV. Their
computed vertical DIE of 27.77 eV is on the other hand in
excellent agreement with our value. This confirms the agreement
between the two computational and experimental approaches.

While the lowest *A”(12a’'~"32" ") final state gives rise to an
intense signal in the S2p AES the corresponding transition is
basically invisible in the N1s and C1s spectra. This can be
explained with symmetry arguments. For the neon atom, the
Auger-Meitner decay of the 1s hole state to the *P(2p~?) final
state is parity forbidden in LS coupling.””””® Thus, for low Z
elements KLL Auger transitions of atoms are extremely weak
if they generate two triplet coupled holes in orbitals with 2p
character. The one-center approximation assumes that molecular
Auger transition rates are essentially determined by contributions
of atomic orbitals (AOs) of the involved MOs.*****%¢ Accordingly,
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Table 2 Terms and their dominant occupations as well as the vertical binding energies E¢(0) of the final states as obtained from the theoretical
simulation of the normal Auger electron spectra of HNCS. For the lowest states, vertical binding energies from ref. 31 are given for comparison. Note, that
only final states with significant contribution to the Auger electron spectra are listed. For the N1s, Cls and S2p;/, core hole decay the transition rates, / in
(1 a.u.), the binding energies of the band centers (E), the widths of the signals, W, and the assignments to the features (f) indicated in Fig. 2 and 3 are
given. The S2psz,, features are two times more intense than those of the S2p;,, ones and appear at 1.2 eV higher binding energy with the same width as

the latter signals. All energies in eV

E¢(0) Nis™* C1s™! S2py, "

Ref. 31  Thiswork I (Ep) W f I (Ey) wof I (Ey) w o f
SA"(12a’ 32" 1) 27.77 28.04 4 2832 119 0 2853 1.62 313 2772 0.85 1
'A’(32"7?) 28.57 28.75 187 2896 0.84 1 26 2914 119 1 166 28.74 020 2
TA"(12a’ 32" 28.70 28.87 178 2912 110 1 28 2934 154 1 161 28.60 0.77 2
'A’/(12a'7?) 29.57 29.44 103 2972 128 1 15 2997 1.80 1 169 29.00 1.23 2
*A"(2a" 1227 31.63 31.48 4 3167 1.03 0 3214 1.88 58 31.51 0.78
TA'(2a""32"7Y) 32.47 32.31 232 3259 121 2 60 3299 1.92 2 55 32.37 0.60
TA"(2a" 122’ 7) 32.63 32.42 226 3272 130 2 8 33.16 211 2 49 3231 077
*A"(102’ 32" 1) 33.14 32.74 0 3297 0.89 0 33.10 1.13 178 32.69 0.15 3
3A’(10a" 122’7 33.44 33.00 0 3327 1.20 2 33.46 1.58 168 32.63 096 3
'A/(11a’ 1227 33.70 33.12 127 3348 150 2 102 33.89 228 2 54 3291 0.86 3
'A"(10a' '3 1) 34.06 33.89 29  34.01 0.54 13 3422 0.93 83 3416 0.65 4
'A’/(10a2' 122’ h) 34.37 34.06 26 34.19 0.68 16 34.44 1.8 75 34.09 0.55 4
'A’(2a"'12a' 7 '3a" '132’) 36.17 35.70 82 3579 1.20 51 3637 1.97 1 3635 165
3A'(102’ 112" 36.63 35.77 1 3590 0.71 15  36.24 1.33 26 36.08 0.79
'A"(112’ 32" %4a"") 36.31 35.81 144 3588 116 3 87 36.38 1.80 3 4 3643 1.61
3A"(102’ 22" ") 35.87 1 36.00 0.78 13 36.39 147 27 3620 0.88 5
'A’(112'7?) 36.82 36.11 104 3633 114 3 134 3655 149 3 22 3655 1.26 5
'A"(92' 732" 1) 36.92 36.15 37 3643 1.30 66 3659 1.54 3 10 36.66 1.51
TA’(2a"'12a' 132" '132’") 37.17 36.47 90 3661 118 3 127 3714 197 3 10 36.95 1.35
TA/(112’7"12a' 713" 142" 36.54 21 36.73  1.29 34 37.35 228 3 36.82 1.16
TA"(2a" 32" *13a"") 37.26 36.56 120 3666 1.21 3 96 3719 192 3 3 3720 1.64
'A"(2a" 32" *13a"") 36.99 33 37.22 1.27 23 37.68 1.99 7 3747 1.32
TA"(9a'"3a"7") 37.17 84 3748 124 3 53 3756 1.41 3 42 37.40 0.93 5
'A’(102' 1127 Y) 37.34 113 3760 120 3 71 37.83 1.64 3 27 37.47 0.79
TA'(9a''12a' ) 37.44 109 37.68 123 3 40 37.97 1.72 10 37.81 1.16
TA'(12a''3a" *132"") 37.65 104 3776 117 3 35 3832 1.98 1 3817 1.43
TA"(12a' 32" *42"") 37.87 63 38.08 1.19 1 3861 2.09 1 3808 0.94
'A’(12a' 32" '4a"") 38.42 61 38.62 1.29 2 3925 238 0 3838 1.26
'A’(102'7?) 39.79 10 40.09 1.31 104 40.03 120 4 64 40.16 135 6
TA"(9a’ 122’ *3a" '13a’") 40.95 87 41.09 166 4 16 4134 1.88 2 42.06 2.84
TA'(12a’?3a"?13a"?) 41.12 76  41.18 1.24 4 17 41.65 1.78 2 41.90 1.92
'A”(22"?32"'13a"") 41.26 80 4136 1.81 4 11 41.80 2.22 0 4235 2.80
TA'(9a’ 122’ *13a'") 41.31 121 4146 156 4 14 41.64 1.72 4 4224 247
TA'(9a’ M10a' ! 41.50 16 4179 1.32 42 4173 121 4 43 4198 159 6
TA’(10a" '2a” 32" '13a’") 41.56 26 41.76  1.28 15 42.01 1.61 4 14 4224 1.82
TA'(9a' 122’ '3a" '4a"") 41.65 30 41.81 157 4 4229 219 2 4232 1.92
TA”(9a’ '12a’ 32" '13a’") 41.69 124 41.89 1.81 4 18 4199 1.89 4 0 4276 2.94
TA'(9a' 122’ '3a" '42"") 42.16 44 4234 149 5  42.86 2.23 1 4272 1.67
TA”(8a' 122" 44.77 2 45.04 1.46 54 4547 214 5 2 4528 1.50
TA'(10a' '2a” 122’ '4a") 44.84 2 4498 138 21 4551 2.09 5 1 4549 175
TA’(9a’ 102’ '12a’ '13a’") 46.99 20 47.30 1.86 32 4736 195 5 1 47.87 2.67
'A’(92'?) 48.49 139 4881 281 5 12 4845 2.62 0 49.92 4.52
'A’(8a’ 1102’ ) 49.21 47 4950 159 5 43 49.80 2.06 6 9 49.78 1.76
TA'(9a’ 102’ '3a" '4a"") 50.36 82 50.60 2.06 5 10 50.62 2.09 2 5139 3.06
TA’(9a'7'10a’ 1122”132’ 4a"") 52.04 12 5229 1.92 25 52.64 2.37 0 52.86 2.42
TA'(7a’ 102" ) 52.35 2 5259 147 21 5293  1.96 9 5297 1.77
TA"(8a’ M1a’ M12a’ '4a") 55.73 26 5596 2.16 6 56.41 2.67 0 5678 2.93
TA/(9a’ '10a’ M1a’""2a" '13a/"4a"") 61.64 44  61.94 2.49 4 6222 2.84 0 6275 3.32
TA'(7a' '9a’ ) 61.93 44 6217 255 2 6255 297 0 63.09 3.41
TA’(9a’ 102’ 112’ '2a” '13a''4a"") 62.09 66  62.36 2.57 3 62.64 291 0 63.16 3.31

KLL transition rates are predicted to be small if a triplet final state
is reached which has two holes in MOs with large 2p character at
the core hole atom. This applies to the atomic orbital coefficients
of the 12a’ and 3a” MOs of HNCS (see Table S3, ESIt) as for MOs
with higher energy in general which avoid contributions of the
low energy 2s AOs. The weak intensity of the triplet ground state
in the experimental KLL AES of HNCS and of many low binding
energy triplet states in molecules®***%*”° is well established and
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fully in line with the predictions of the one-center approximation.
On the contrary, low lying triplet states give rise to strong signals
in the S2p AES of HNCS and other L, ;MM transitions of atoms
and molecules®®*®! as they are here symmetry allowed.

The S2p,,, transitions into the singlet states (feature 2 in
Fig. 3) are shifted to higher binding energies compared to the
triplet ground state and overlap with the *A”(12a’ '3a” )
transition of the S2pz, component that shows the same

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp03104k

Open Access Article. Published on 17 October 2024. Downloaded on 1/21/2026 11:12:42 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
=0 S2p™' AES theory]
=r sum .
§ = —S2p,, ]
2 —S2p;),
[
o]
an
=]
<
Il 1 Il
25 30 35 40 45
binding energy /eV

Fig. 3 Calculated S2p Auger electron spectra of isothiocyanic acid in
black. The contributions of the individual components, S2p;/, and S2ps,2,
are shown in red and blue. Only transitions from the S2p,,, are labelled,
transitions from the S2psz,, component appear shifted by +1.2 eV to higher
binding energies.

transitions shifted by +1.2 eV. The simulation describes the
narrow shape of the bands on the sulfur edge but does not
reproduce the fourth band of the first multiplet that is found at
30.6 eV. A comparison of our vertical binding energies for the
states contributing to feature 2 and the signal at about 30 eV in
the theoretical S2p AES (Fig. 3) with the values of Wallner
et al®" indicates that we underestimate the relative energy
of the 'A’(12a’?) final state by about 0.3 eV as compared to
the other states involved. This provides confidence to assign the
signal in the experimental AES at 30.6 eV to the S2p;,-'A’(12a’ )
decay. On the carbon and nitrogen edge only a single feature
(labelled 1) is found in the region below 31 eV.

On the carbon edge we observe a much lower intensity for
low binding energy features than on the sulfur and nitrogen
edge. As the holes of the final states occur in the HOMO (3a")
and/or HOMO-1 (12a’) which both have a nodal plane near the
carbon atom (compare Fig. 1), the absolute value of the MO
coefficient of the C2p atomic orbital is much smaller than for
the S2p and N2p atomic orbitals (compare Table S3, ESIt). The
decay rate depends on the MO coefficients of the core ionized
atom to the involved molecular orbitals,*® so the decay rate for
the Auger-Meitner process involving HOMO and HOMO—1 is
much lower on the carbon edge compared to the sulfur and
nitrogen edge. The second band on the nitrogen and carbon
edge between 32 and 35 eV (feature 2) corresponds to transitions
into "A’(2a" 32" "), 'A”(2a" 122’ ") and "A’(11a’ 122’ ) final
states. Again, one observes a lower intensity on the carbon edge
due to final states with one hole in the HOMO or HOMO—1.
On the nitrogen edge a shoulder appears at 34.7 €V as the
'A’(112’"'122’7") final state is shifted to higher energies. As a
result of the narrower peak width on the nitrogen edge compared
to the carbon edge, this feature can only be resolved on the
nitrogen edge. On the sulfur edge these final states have low
intensity due to the small absolute values of the 2a” and 11a’
MO coefficients of sulfur. Instead the two triplet states
3A"(10a’ 32" ") and *A’(10a’ '12a’ ") dominate in this energy
region. The experimental feature at 32.9 eV originates from the
decay of the S2p,,, hole (feature 3 in Fig. 3) while the most
intense signal at 34.1 eV is caused by the decay of the S2p;,
hole. For the latter signal we also find a weaker contribution of
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S2p4, transitions to the corresponding singlet states (feature 4
in Fig. 3). In the region 35-40 eV we observe the highest
intensity in the AES on the carbon and nitrogen edge which
is in accordance with the prediction from the calculation.
Transitions in this region show dominant final state occupa-
tions with holes in the nearly degenerate 2a” and 11a’ orbitals
including excited (shake-up) configurations where electrons are
excited from the highest occupied to the lowest unoccupied
MOs. On the carbon edge we find a particularly high intensity
for a 'A’(11a’"?) final state. As both 2a” and 11a’ are mainly
located on the carbon and nitrogen atom we observe a much
lower intensity in the S2p AES in this region (feature 5 in Fig. 3).
In the higher binding energy region from 40-45 eV a doublet is
observed on the sulfur edge. Our calculations assign these
features at 40.4 and 41.6 eV mainly to the S2p,,, and S2p;,
decay to the 'A’(10a’ %) and 'A’(9a’ '10a’" ") final states. The
same final states contribute to feature 4 in the carbon AES that
also exhibits a double peak structure.

At binding energies >45 eV the Auger electron spectra show
less pronounced features. Transitions to final states that exhi-
bit one hole in inner-valence orbitals (8a’, 7a’) become more
important in this energy region. For all edges an increase in the
width of the final state signals at high binding energies is
predicted (compare Table 2). Together with an increased density of
final states at higher binding energies, this results in broad, over-
lapping features and explains the loss of structure in the AES.
In this binding energy region final states with a hole in the 8a’
orbital, 'A”(8a’ '2a""") and 'A’(8a’ '10a’""), contribute to
feature 5 and 6 on the carbon edge. On the nitrogen edge
feature 5 corresponds mainly to a 'A’(9a’?) final state. Its high
intensity is due to high MO coefficients of the 9a’ orbital at the
nitrogen atom.

The assignments of the normal AES of isothiocyanic acid are
confirmed by a comparison to the isosteric molecule carbonyl
sulfide, OCS, whose Auger electron spectra are well studied.”*5"%>
While the linear OCS molecule has two sets of doubly degenerate
n-orbitals, their degeneracy is lifted when going from the linear
geometry in OCS to the bent geometry in HNCS. A full comparison
of the Auger electron spectra of the two compounds can be found
in Section S4 of the ESL

It should be noted, that the measurement of the S2s Auger
electron spectrum was not possible in this experiment. This is
due to the short decay time of the sulfur 2s core hole that
results from a fast L;L,;V Coster-Kronig transition, where
an electron from a 2p shell fills the 2s hole. From the sulfur
2s X-ray photoelectron spectrum (see Fig. S4, ESIt) an IE(core)
of 234.3 eV was determined. Furthermore it is possible to
extract the lifetime of the S2s ionized state from the Lorentzian
part of the experimental photoelectron line. To do so the
curve was fitted to a Voigt function with a Gaussian width of
0.13 eV which corresponds to the superposition of the photon
bandwidth (120 meV), the Doppler broadening®® (25 meV) and
the resolution of the electron spectrometer (40 meV).%*
A Lorentzian width of 1.72 eV was determined from which a
2s core hole lifetime of 0.4 fs is extracted using the uncertainty
principle. For sulfur 2s core holes in other molecules such as
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CS, or H,S lifetime widths of 1.85 or 1.8 eV were extracted,
respectively.5>%¢

3.2 NEXAFS/XAS spectra

In order to investigate transitions from core orbitals into
unoccupied orbitals we measured X-ray absorption (XAS or
NEXAFS) spectra of HNCS which are shown in Fig. 4. On the
nitrogen edge the signals indicated by an asterisk result from a
N, contamination. In order to measure a spectrum free of N,
the partial electron yield was recorded and is shown as grey
dashed curve in Fig. 4(c). Contaminations from residual N, in
the experimental chamber are only visible in the total ion yield
spectrum as the channeltron that was used to monitor the total
ion yield is located further away from the molecular beam
compared to the electron analyzer. The partial electron yield
only represents the low photon energy part of the NEXAFS
spectrum well, because only low binding energy electrons
(9-18 eV) were recorded. Vertical transition energies into dif-
ferent core excited states were also evaluated at different levels
of theory and are given in Table 1.

On the sulfur 2p edge (Fig. 4a) we observe several bands
between 163 and 170 eV. They result from transitions of the
S2ps,» and S2py,, level, whereby the latter appear shifted by
1.2 eV to higher photon energies. The first band at 163.4 eV
belongs to the S2ps;, — 13a’(LUMO) transition and is in good
agreement with the calculated value of 163.66 eV for this
transition on the MCCEPA level of theory. The second band
at 164.6 eV is a superposition of the corresponding transition of
the S2p,,, component (S2p,,, — 13a’) and the S2p;,, transition
into 4a”(LUMO+1) which is calculated to lie 1.1 eV higher than

the transition into the LUMO. The next bands indicate
LA R B L B L R L R R B
a) sulfur 2p
1 1 1 1 Il
160 162 164 166 168 170 172
L VL — T T L B
2 |b 0.14 eV carbon 1s
=
=1
.2
s
2
PR B PR PR PR PR
286 288 290 292 294
L T T LI B B
c) * nitrogen 1s
partial electron yield
1 1 —I~~——_-_——_l-_-_—____‘l _________

398 400 406

photon energy /eV

Fig. 4 NEXAFS spectra of HNCS at the (a) sulfur 2p, (b) carbon 1s and
(c) nitrogen 1s edge in black and partial electron yield spectrum at the (c)
nitrogen 1s edge in grey. Blue crosses indicate photon energies where
(off-) resonant Auger electron spectra were measured. Asterisks mark
signals from a N, contamination.
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transitions into higher core excited states. By comparison with
the photoabsorption spectrum of OCS®*”%® we tentatively assign
these bands to the transition into the 14a’ and into s- and d-
Rydberg series. While the energy separation of the low-lying
core excited states is close to the value of the spin-orbit
splitting, broader bands at higher photon energies result from
a different energy separation of high-energy core-excited states.
In the NEXAFS spectrum below the sulfur 2s edge (not shown)
we observed only a single broad signal at 227.8 eV.

At the carbon edge (Fig. 4b) the two intense bands at 286.7
and 287.8 eV are assigned to the C1s — 13a’ and Cls — 4a”
transition, respectively. The first band shows a progression
with a spacing of 0.14 eV. In contrast to the sulfur 2p spectrum
the energies for these transitions are less well reproduced by
our calculations. A possible explanation for this disagreement
is that the potential energy surfaces for these core-excited states
have a maximum at the ground state structure with respect to
the N-C-S bending motion. In the OCS congener it is well
established that the corresponding C1s '4n states show a
Renner-Teller effect with this behavior.®® At higher photon
energies a third small signal is observed at 290.7 eV, coinciding
with the position of the broad Cls — m,* transition of CO,.”°
However, as we see no signs of CO, when we compare our
resonant Auger electron spectrum at this photon energy with
the one of pure CO,, we tentatively assign this band to a C1s
transition in HNCS.

At the nitrogen edge (Fig. 4c) the most intense signal is
observed at 400.1 eV and features a shoulder at lower photon
energies (399.4 eV). Again, we attribute these features to the
transitions into the 4a”(13a’) orbital, which is calculated to
have a vertical excitation energy of 400.24 eV (399.49 eV) at the
MCCEPA level. Transitions to higher core excited states are
observed at 401.8, 403.0 and 404.5 eV which are presumably
Rydberg states. The band at 403.0 eV exhibits a progression of
approximately 190 meV.

We investigated the resonant Auger electron spectra after
excitation at the photon energies indicated with blue crosses in
the NEXAFS spectra in Fig. 4. These spectra will be discussed in
the following section.

3.3 Resonant Auger spectroscopy

Fig. 5-7 show the resonant Auger electron spectra of HNCS for
the excitation into the two lowest unoccupied orbitals, 13a’ and
4a”; at the C1s, N1s and S2p edge. For resonant processes
binding energies are determined as difference of the excitation
energy and the measured kinetic energy of the Auger electrons.
In order to investigate which processes are resonantly
enhanced, off-resonant spectra were measured below the first
resonance at each edge and are shown in the top trace of the
respective figure. A complete discussion of all RAES indicated
in Fig. 4 can be found in Section S5 of the ESI.{ Calculations of
the RAES were carried out for the carbon and nitrogen edge and
computed spectra are shown in the respective figures in blue.
Corresponding calculated data is given in Table 3.

In the resonant Auger electron spectra, participator states
occur at the position of the valence photoelectron lines in the
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Fig. 5 Off-resonant spectrum at 285.49 eV (a) and resonant Auger
electron spectra of HNCS at 286.71 eV (b) and at 287.81 eV (c) at the
carbon edge in black. The asterisk at 12.62 eV indicates a signal from water.
The band marked by a triangle is due to carbon 1s ionization by second
harmonic light. The computed spectra and individual final states are shown
in blue and red.

off-resonant spectrum. The off-resonant spectrum of HNCS
(Fig. 5a) shows intense signals at 10.0, 13.5 and 15.2 eV which
agrees with the transitions found at 10.05 + 0.1, 13.33 £ 0.03
and 15.2 eV in the He I photoelectron spectrum.® For the C1s —
13a’(LUMO) excitation of HNCS a resonant enhancement of the
bands at binding energies of 13.5 and 15.2 eV (features 2 and 3
in Fig. 5b) is found. Furthermore, the bands at binding energies
>18 eV are enhanced by resonant Auger-Meitner decay.
Together with the experimental RAES the corresponding calcu-
lated spectrum is shown in red. The agreement between the two
spectra is not satisfactory, because the calculation overesti-
mates the widths of the bands significantly. The same effect
was observed before for the RAES of the corresponding state in
the HNCO molecule.*® As some of the virtual valence orbitals
have very strongly antibonding (c*-type) character, the gradi-
ents of the C1s™'13a’ intermediate state along the vibrational
modes are overestimated by the CI approach. A much better
agreement was found when employing the gradients from the
C1s™'4a” final state calculations for the RAES of the C1s™'13a’
core excited state (blue spectrum in Fig. 5b). Actually the
gradients of the two core excited states can be expected to
be rather similar but for the C1s '4a” state they are better
predicted by our CI approach as the excited electron resides
here in a 4a” orbital which is antisymmetric with respect to
the molecular plane and thus cannot admix symmetric c*-type
character.

The spectrum depicted in blue in Fig. 5(b) allows for an
assignment based on the calculation. The feature at lowest
binding energies, 1, is assigned to single hole (1h) final states
with a vacancy in one of the nearly degenerate orbitals
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3a”’(HOMO) or 12a’(HOMO—1). The latter one is slightly shifted
to higher energies and appears as a shoulder. The assignment
of the states agrees again with the photoelectron spectrum.®
These bands show only small resonant enhancement, similar to
the low intensity of the first band in the Cls AES, as the
involved molecular orbitals have a nodal plane near the carbon
atom and therefore only small contributions of carbon AOs.
Compared to the off-resonant spectrum the high-energy
shoulder of feature 1 is displaced to higher binding energy
and broadened, probably due to a vibrational sequence with
a shifted vertical ionization potential. Feature 2 at 13.5 eV
corresponds to 1h states with 2a”' and 11a’~' occupation,
which is again in line with the previous assignment.® The
participator decay to these final states is strongly enhanced
due to the significant contribution of carbon AOs to the nearly
degenerate 2a” and 11a’ orbitals and the simulation is able to
reproduce the high intensity and sharpness of this peak.
Feature 3 at 15.2 eV is dominated by the participator decay to
a %A’ final state with 10a’~* occupation and experiences a lower
enhancement compared to feature 2 as the electron density at
the carbon atom is lower for the 10a’ orbital. In addition, the
lowest spectator final states which are described by an occupa-
tion with two holes in the HOMO and HOMO-1 and a
spectating electron in the 13a’ orbital are calculated to add
intensity to feature 3 in the RAES. Their lower contribution to
feature 3 compared to the *A’(10a’~") participator state is once
more connected to the nodal plane of the HOMO and HOMO—1
at the carbon atom. Below 20 eV feature 4 with a slightly lower
intensity is also attributed to a participator decay (92’ " occu-
pation) and several spectator transitions to states with an
occupation with holes in the 12a’ and 2a”/11a’ orbitals and a
spectating electron in the LUMO. At binding energies above
20 eV mainly spectator states contribute to the RAES as well as
states with shake-up configurations. Feature 5 includes final
states described by an orbital occupation with one vacancy in
the lower-lying 10a’ orbital and one vacancy in the 12a’/3a”
orbital. A strong enhancement in the region of spectator final
states is found for feature 6 and the corresponding final state
occupations exhibit at least one hole in one of the nearly
degenerate orbitals 11a’, 2a” or in the 9a’ orbital, which all
show significant density at the carbon atom. Features 7 and 8
are described by final state occupations that mainly have holes
in 9a’ and 10a’ orbitals and a spectating electron in the LUMO.

Measurements via the different members of the vibrational
progression of the C1s — 13a’(LUMO) excitation show changes
in the participator region of the RAES (compare Fig. S6, ESIf).
Features 1 and 3 split into multiple bands, while a broadening
is observed for the most intense band (feature 2). This implies
transitions between different vibrational levels of the core
excited and final state.”*

The RAES of the C1s — 4a”(LUMO+1) excitation is shown in
Fig. 5(c) together with the calculated spectrum. As mentioned
above, the simulation describes the band shapes for the decay
of the C1s™"'4a”" state much better than for the 13a’ excitation.
The experimental spectrum is largely similar to the RAES of the
Cls — 13a’(LUMO) excitation as expected from the small
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Table 3 Terms and their dominant occupations as well as the vertical binding energies of the final states E¢(0) as obtained from the theoretical
simulation of the resonant Auger electron spectra of HNCS. Note, that only final states with significant contribution to the Auger electron spectra are
listed. For the core hole decay of the N1s~* 13a’%, N1s™*4a”?, C1s7'13a"* and the Cls~*4a"! core excited state the transition rates, / in (1 a.u.), the binding
energies of the band centers (E;), the widths of the signals, W, and the assignments to the features (f) indicated in Fig. 6 and 5 are given. For the C1s *13a"*

state the gradients of the C1s™'4a"* state were used. All energies in eV

N1s '13a" Nis '4a”" C1s '13a"" C1s '4a""

E0) I (B W f I (B W f I By w £ T By W f
2A"(3a" 1) 9.76 8 1022 158 1 136 10.36 1.52 1 1 10.03 078 1 1 10.03 0.78 1
2A'(12a’ 1) 10.06 71 10.69 2.28 1 68 1078 193 1 63 1049 129 1 23 10.06 1.28 1
2A"(122" 1) 12.95 36 13.03 071 2 76 13.05 0.53 2 208 12.82 0.44 2 369 12.82 0.44 2
2A'(112’ 7Y 12.98 40 13.16 097 2 48 13.16 0.60 2 281 1293 0.39 2 214 1293 0.38 2
2A’(102" 1) 1467 10 1519 1.80 3 11 1533 172 3 120 1500 0.96 3 113 15.00 0.96 3
2A"(12a’*3a’*13a’!) 1521 73 1532 056 3 24 1542 067 3 51 1513 033 3 22 1513 033 3
2A”(32"*13a") 15.47 204 1548 0.41 3 1 15.61 0.69 66 1530 0.57 3 0 1530 0.57
2A"(12a’ 3" '13a’") 15.82 86 1590 0.65 3 108 1595 0.59 3 27 1570 044 3 36 1570 0.44 3
>A'(12a’ 32" 42" 1590 54 1610 1.10 3 48 16.08 067 3 44 1587 051 3 35 1587 051 3
2A’(12a'7'3a" 142" 16.31 34 16.50 1.10 131 1647 067 3 17 1627 0.55 48 16.27 055 3
2A"(12a'%4a") 16.97 3 1732 1.86 114 1719 1.02 3 0 17.06 1.02 62 17.05 1.02
2A'(92" ") 18.54 91 18.60 2.07 4 98 19.07 243 4 47 1823 1.97 4 57 1824 196 4
2A"(12a" 1122’ M132'") 1892 60 19.07 0.73 4 61 19.26 110 4 40 1894 071 4 22 1894 0.71
2A’(11a’ 122’ M13a’") 19.37 98 19.49 0.66 4 5 19.62 0.89 46 19.34 0.60 4 0 1935 0.60
2A'(12a’ 32" 42" 19.68 24 20.04 1.39 65 20.15 132 5 7 19.88 0.88 23 19.88 0.88
’A'(2a"'32"'13a"") 19.97 52 20.14 075 4 13 20.25 0.88 8 19.98 0.53 1 19.98 0.53
2A"(2a"'3a" 42" 20.00 57 2019 093 4 32 2023 0.76 20 19.99 050 5 7 1999 0.50
2A’'(10a’ 122’ '132’") 20.41 31 2054 0.70 38 20.66 0.86 37 2039 057 5 13 2039 0.57
A"(10a’ '3a" '13a’") 20.57 22 2051 0.61 4 2069 0.89 24 2034 082 5 3 2034 0.81
2A"(112’ M12a’ '4a"") 20.89 4 2110 1.26 58 21.05 0.74 5 1 20.88 0.70 29 20.87 0.69
2A'(10a'"'3a" '4a"") 21.09 1 2112 0.69 26 2115 0.67 22090 0.62 60 20.90 0.62 5
2A”(10a’ 122’ '4a"") 21.09 3 2135 1.30 26 21.34 0.90 3 2115 0.76 48 2115 076 5
2A"(112’'2a" '13a"") 21.81 85 21.54 1.26 6 10 21.52 1.42 57 2130 1.37 44 2130 137 5
2A'(112’*132"") 21.95 42 21.92 0.82 3 22.05 1.08 70 2172 092 6 17 21.72 0.92
’A"(2a"'12a’'32" '13a"'42”")  21.98 43 21.85 0.95 58 21.87 1.08 0 21.65 1.07 1 2165 1.07
2A’'(10a’ 112’ '132"") 22.33 119 2226 092 6 8 2225 1.02 77 22.04 1.00 6 15 22.04 1.00
2A"(2a" 122’ '32” M13a'"42"")  22.56 20 22.33 1.21 97 2234 136 6 13 2212 1.34 14 2212 1.34
A’(11a' "22" '42"") 22.56 15 22.56 1.02 118 2247 117 6 13 2223 1.11 20 2224 111
A'(2a"*132"") 22.70 108 22.59 1.04 6 48 22.67 1.24 43 2237 114 6 49 2237 114 6
2A”(2a""12a' "132') 22,71 145 22.63 092 6 16 22.65 1.05 10 2241 1.01 14 2241 1.01
A’'(9a' '12a’ '13a’") 22.75 50 22.86 0.96 3 23.09 1.39 67 22.64 093 6 7 22.65 0.93
2A'(9a' 32" 42! 22.97 26 22.93 1.03 56 2311 1.32 16 22.70 1.09 49 2271 1.09 6
A"(10a’ '2a" '13a’") 23.05 20 2295 1.01 98 23.04 121 6 25 2273 1.11 26 2273 111
>A"(9a' '12a’ 42" 23.27 3 2336 1.12 66 23.58 1.51 1 2311 1.07 91 2312 1.07 6
’A’(11a’ '12a’7"32" "13a’'42”")  23.58 102 23.43 125 6 31 23.35 1.39 27 2317 1.34 13 23.17 1.34
>A"(112’ M12a’ ?13a''4a"") 24.73 2 2470 1.38 89 2454 1.28 6 2 2443 130 23 2443 1.29
>A’'(10a’*132"") 26.02 12 2597 1.64 1 2641 1.89 98 2579 1.58 7 8 25.80 1.57
2A"(10a’*4a"") 26.90 1 2693 1.11 16 2715 1.47 0 2668 1.10 104 2668 1.10 7
A"(9a’ 22" "13a"") 27.64 191 27.18 2.82 7 0 27.51 2.65 49 26.90 2.57 8 0 2691 2.56
2A'(9a’ 22" '4a") 27.76 13 27.51 1.59 82 2760 1.78 7 10 27.25 1.65 7 2726 1.64
2A'(92'M11a’ 132" 2813 91 27.89 1.60 7 13 28.08 1.72 21 27.67 1.61 9 27.67 1.60
A’'(9a''10a’'13a’") 28.37 17 2840 1.29 33 2872 1.68 49 28.16 1.28 8 1 2816 1.28
2A"(9a' '11a’ 42" 28.44 3 2824 141 85 2823 1.62 7 2 27.98 1.50 35 27.99 1.50 8
>A’(9a'"'10a’"132"") 28.46 62 2828 2.09 7 20 2863 221 3 2799 197 10 28.00 1.96
>A"(9a' '10a’ 42" 29.24 5 29.42 1.08 33 29.60 1.41 1 29.15 0.88 42 29.15 0.88 8
2A”(8a' 32" '13a’") 29.98 49 29.83 132 7 6 29.98 1.53 15 29.62 1.37 1 2962 1.36
2A’'(10a’ 112’ '13a"") 3011 53 30.01 118 7 9 30.07 1.41 6 2974 1.25 10 29.75 1.25
2A'(9a''2a"'4a"") 30.54 3 3040 147 63 3052 171 7 4 3010 1.52 33 30.11 1.52
2A"(10a’ 112’ 32" '4a"?) 30.72 1 3071 1.19 64 30.73 1.36 7 0 3045 1.17 4 3045 117
2A’(92'*13a"") 36.88 56 36.57 2.18 8 2 3679 2.27 17 36.30 2.08 1 3632 2.07
’A'(9a’ '10a’ '3a” '132"4a"")  37.47 40 37.16 260 8 11 37.53 2.58 11  36.88 2.37 0 36.90 2.36
2A"(7a''10a’42"") 37.66 0 3748 2.01 78 37.68 224 8 0 37.13 1.98 51 37.14 1.97
A"(9a' '10a’ '12a’ '132"'42"")  38.10 0 3779 2.68 80 3812 273 8 0 37.47 246 5 37.48 2.46
2A'(8a’ '11a’ 32" '13a''42"")  38.18 45 3798 178 8 11 3819 1.96 15 37.74 1.74 2 3775 1.73
*A’(7a''32"7*13a"'42"") 40.91 48 40.60 1.84 9 1 40.65 2.02 8 40.38 1.85 1 4039 1.85
2A'(7a’ '12a’"'32" '13a"'42"")  41.49 48 4125 1.89 9 20 41.38 2.10 5 4097 1.87 3 4098 1.87
2A"(7a' 112’ 42" 41.93 1 4178 1.86 135 4179 217 9 0 41.43 1.89 17 4143 1.89

energy difference of the 13a’ and 4a” virtual orbitals. However,
an even stronger enhancement of feature 2 is observed and a
smaller linewidth indicates smaller changes in the geometry
between the Cls '4a”" core excited and the ionic final state

27980 | Phys. Chem. Chem. Phys., 2024, 26, 27972-27987

compared to the 13a’ excitation. Most prominently we observe a
splitting of feature 3 that is also predicted by the simulation.
For the excitation into the 4a” orbital, participator states are
observed at the same binding energy as for 13a’ excitation
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Fig. 6 Off-resonant spectrum at 398.12 eV (a) and resonant Auger
electron spectra of HNCS at 399.42 eV (b) and 400.12 eV (c) at the
nitrogen edge. The asterisk at 12.62 eV indicates a signal from water.
The computed spectra and individual final states are shown in blue.
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Fig. 7 Off-resonant spectrum at 161.00 eV (a) and resonant Auger elec-
tron spectra of HNCS at 163.40 eV (b) and 164.56 eV (c) at the sulfur edge.
Spectra b and ¢ were corrected for the contribution from direct photo-
emission. The asterisk at 12.62 eV indicates a signal from water.

(although different gradients can lead to small variations in
their binding energy and shape) whereas spectator states shift
to higher binding energies since the spectating electron occu-
pies a higher virtual orbital. This decay to spectator states with
higher binding energy leads to the observed splitting of feature
3 as the energy difference between participator and spectator
states increases. Similarly, we observe changes in the shape and
energetic position of features 4-8 resulting from the spectator

This journal is © the Owner Societies 2024
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decay to final states with higher binding energy. Measurements
of resonant Auger electron spectra at the high and low-energy
side of this feature as indicated in the NEXAFS spectrum
(Fig. 4b) reveal only minor changes of the spectral features
and are shown in Fig. S6 (ESIt). The strong enhancement of
feature 2 that is found upon resonant C1s excitation into the
13a’ and 4a” orbitals is in accordance with a stronger enhance-
ment of the A*TI(2rn~ ") state in OCS upon Cls — 4n(LUMO)
excitation compared to other participator transitions.”?

The resonant Auger electron spectra of HNCS for the N1s
excitation to the 13a’ and 4a” orbitals are shown in Fig. 6. The
shape of the spectra is similar to the C1s edge and shows an
enhancement of feature 3 and of the bands at binding energies
>18 eV. In contrast to the Cls excitation we observe no
enhancement of the second feature as predicted by the calcula-
tion which also anticipates a larger bandwidth. Feature 3
appears as a single band for the N1s — 13a’ excitation. While
this band is dominated by the *A’(10a’"") final state on the
carbon edge, the lower contribution of nitrogen AOs to the 10a’
orbital leads to a reduced intensity of this participator decay.
Instead spectator decays with two holes in the HOMO and
HOMO-1 have a larger contribution to this band since these
orbitals show a higher density at the nitrogen than on the
carbon atom. For the N1s — 4a” excitation the lower band of
feature 3 at 15.2 eV likely belongs to the *A’(10a’~") participator
final state, which is not reproduced in the calculation probably
as the line shape is not correctly represented. The band at
15.6 eV is attributed to a decay to higher energy spectator final
states with the same vacancies as for 13a’ excitation but the
spectating electron occupying the 4a” instead of the 13a’ virtual
orbital, leading to the observed splitting of the feature. For
feature 4 we observe a larger partial decay rate to the *A’(9a’ )
participator final state than on the carbon edge. This is readily
explained by the localisation of the 9a’ orbital at the nitrogen
atom. For 13a’ excitation several spectator states characterized
by occupations with vacancies in each set of the nearly degen-
erate orbitals 11a’/2a” and 12a’/3a” and a spectating electron in
the 13a’ orbital contribute to feature 4. For the 4a” excitation,
spectator decays to final states characterised by a spectating
electron in the 4a” orbital become more important (feature 5).

Scanning the photon energy over the high energy part of the
N1s — 4a” resonance leads to a stronger splitting of feature 3 in
the RAES and significant changes on the high energy side of
feature 1 indicating the excitation of different vibrational levels
in the core excited state. Interestingly, excitation of the core
excited state observed at 401.8 eV leads not only to an enhance-
ment of feature 2 but also shows very sharp, intense features in
the region of spectator final states (compare Fig. S7, ESIT).

Fig. 7 shows the RAES obtained upon resonant excitation of
HNCS at the sulfur 2p edge. Here the spectra are strongly
affected by the contribution from direct valence ionization.
This contribution decreases with photon energy and is subse-
quently negligible on the carbon and nitrogen 1s edges. There-
fore, only the resonant spectra at the sulfur edge were corrected
for the contribution from direct photoemission by subtraction
of a scaled off-resonant spectrum. The scaling factor was
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determined from the direct photoemission background in the
sulfur 2p NEXAFS spectrum (Fig. 4a). The RAES recorded at
163.40 eV (Fig. 7b) corresponds to the S2p;, — 13a’(LUMO)
excitation whereas the one at 164.56 eV (Fig. 7c) is the super-
position of the S2ps;, — 4a”’(LUMO+1) and S2pi, —
13a’(LUMO) excitation. From the comparison to the off-
resonant spectrum an enhancement of feature 3 at 15.2 eV
and of features at higher binding energies is observed after
excitation into 13a’ and 4a”. As no calculations of the RAES
on the sulfur edge were performed, we assign feature 1-3 by
the comparison to the carbon and nitrogen RAES and the
off-resonant spectrum to the following participator decays:
2A"(3a”7") and *A'(12a’"') (feature 1), *A”(2a”"") and
2A'(11a’ ") (feature 2) and *A’(10a’"") (feature 3) final states.
As the 10a’ orbital is mainly located at the sulfur atom, a strong
enhancement of the corresponding participator decay is
expected and the sharp feature at 15.2 eV which is only slightly
broadened compared to the valence photo line is likely to be the
signal of this decay. Its small vibrational broadening suggests a
similar geometry of the core excited states and this participator
final state. The broad underlying feature 3 in the S2p3, — 13a’
RAES likely belongs to the low binding energy spectator states
that were also observed at the carbon and nitrogen edge.
Interestingly, we find an additional signal at 14.6 eV. The lowest
spectator state observed at the other two edges appears at
higher binding energies. In the S2p;, — 4n RAES of OCS a
transition to a low binding energy, spin forbidden quartet state,
“T1(3n24n"), is found as a result of spin-orbit interaction in the
S2p core excited states.®® A similar transition to a low-lying
quartet state might explain the observed feature at 14.6 eV. In
contrast to the spectra on the carbon and nitrogen edge,
distinguishable bands also appear in the binding energy region
>18 eV, the most intense ones are found at 19.2 and 20.7 eV
in the RAES recorded at 163.40 eV. These bands cannot be
assigned without calculations and appear as broader features
in the RAES at 164.56 eV due to the superposition of two
different resonant excitations. For the S2p excitation into
higher virtual orbitals (compare Fig. S8, ESIT) mainly changes
in the region of spectator final states occur and distinct sharp
signals can be observed. Additionally, scanning the photon
energy over the most intense band in the S2p NEXAFS reveals
a small signal that is assigned to the Auger-Meitner decay of a
core-excited atomic sulfur fragment which is likely to be produced
by ultrafast dissociation of HNCS (see Section S5, ESIT).

4 Discussion

A very good agreement with the simulation is found for both
the normal and resonant Auger electron spectra allowing
various features to be assigned. Although core ionization and
core excitation result in different final states after the Auger-
Meitner decay, the 2h final states populated by normal Auger-
Meitner decay are expected to have a counterpart spectator
(2h1p) final state in the resonant spectrum. From the kinetic
energy difference of the 2h and 2h1p final states with similar
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double valence holes we can estimate the screening effect of the
spectating electron. From the AES and RAES on the nitrogen
edge of HNCS (see Fig. S9, ESIt), we deduce a screening energy
of 7.7 eV for the two lowest core excited states (excitation into
13a’ and 4a”). The screening effect is reduced dramatically for
the excitation into higher unoccupied orbitals as the spectating
electron is located in orbitals further away from the nucleus
(compare Section S6, ESIt). On the binding energy scale, the
shift between the normal AES and the RAES of the LUMO+1
(4a”) excitation is determined to be 13.3 eV. Fig. 8 shows the
corresponding comparison, where the RAES are shifted by this
value. Especially on the nitrogen edge a high similarity between
the normal AES and the spectator states in the RAES is
observed, implying a relatively low influence of the spectating
electron. Additional RAES-features at 28.5 and 31.5-32.0 eV are
shown to belong to participator decays, namely to the final
states with 10a’~" and 9a’~"' occupation. This confirms our
assignment of the splitting of feature 3 and 4 in the RAES (Fig. 5
and 6) to a separation into participator and spectator
states when going from 13a’ excitation to 4a” excitation. While
spectator transitions dominate the N1s~'4a” RAES, their con-
tribution is lower upon C1s excitation. In the carbon RAES we
find sharper signals compared to the normal AES for the two
lowest bands of the AES. This agrees with the smaller calculated
bandwidths for the carbon RAES (compare Tables 2 and 3). The
shift in the spectral position of the RAES feature at 34 eV is
attributed to a decay to spectator final states with one hole in
the 10a’ orbital that show nearly no intensity in the normal
AES. For the C1s excitation into the 13a’ orbital no such shift is
observed as similar valence holes are generated. The separation
of the parent Auger lines that is observed at a binding energy of
35 eV in the C- and N-AES becomes blurred in the
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Fig. 8 Comparison of the normal (black) and resonant (red) Auger electron
spectra of isothiocyanic acid for S2p (a), Cls (b) and N1s (c) decay. The

resonant spectra belong to the resonant 4a”(LUMO+1) excitation and were
each shifted by 13.3 eV to higher binding energy.
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corresponding region of the RAES spectra. This could be a
result of the spectating electron coupling to the double valence
hole which leads to a splitting into several states and results in
broader spectral features. Generally, the similarity between
RAES and AES found on the carbon and nitrogen edge is less
obvious at the sulfur edge. Nevertheless, we observe similar
features in the spectator region compared to the normal AES
and the spectrum is also dominated by participator decays. The
RAES feature that was tentatively attributed to a transition to a
quartet state (at 27.9 eV on this scale) coincides with the
position of the triplet ground state of the AES.

Next, we compare isothiocyanic acid to its oxygen congener
isocyanic acid, HNCO. A comparison of the XPS data of the two
molecules shows a chemical shift of 2.1 eV for the C1s IE when
going from HNCO (295.9 eV)** to HNCS (293.8 eV). This is in
line with the lower electronegativity of sulfur relative to oxygen.
The latter thus draws electron density away from the carbon
atom, which leads to a higher C1s IE, while in HNCS a higher
electron density remains at the carbon atom. Consequently,
the IE is lower. In contrast to the C1s values, a similar N1s IE
(405.7 eV) is found for HNCO** and HNCS. This confirms the
stronger influence of the oxygen/sulfur substitution on the
neighbouring carbon atom compared to the nitrogen atom as
is expected from chemical intuition.

We compare the normal Auger electron spectra of isothio-
cyanic acid and isocyanic acid,* in Fig. 9. Note that the S2p AES
of HNCS is compared to the Ol1s AES of HNCO. The AES of
HNCO were shifted to lower binding energies by 5.5 eV to
account for the higher electronegativity of oxygen compared to
sulfur. Like HNCS, HNCO is a bent molecule (Cs symmetry)
without degenerate orbitals. The most prominent difference
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Fig. 9 Comparison of the normal Auger electron spectra of isothiocyanic
acid (black) and isocyianic acid (red) for S2p/O1s (a), Cls (b) and N1s (c)
decay. The spectra of isocyanic acid were each shifted by 5.5 eV to lower
binding energy. HNCO data reproduced from ref. 33 with permission of
AIP.
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between the spectra of the two molecules is the broader
features on the oxygen edge compared to the sulfur edge.
This implies stronger changes in the geometry leading to
different gradients in the core excited and final state after
O1s ionization. The lowest binding energy signals in the Auger
electron spectra are shifted by up to 2 eV and we do not observe
a separate signal of a low-lying triplet state on the oxygen edge
that is found for the sulfur edge. As for isothiocyanic acid, the
first band in the AES of HNCO corresponds to final states
described by orbital occupations with holes in the HOMO (2a”)
and HOMO-1 (92’) and has only a very low intensity on the
carbon edge due to a nodal plane of the involved MOs at the
carbon atom.*® This confirms a high similarity of the electronic
structure of the two molecules. However, in HNCO this first
band shows a high-energy shoulder at all three edges that is
assigned to the final state occupation 9a’ 2. This implies a
larger energy separation of the HOMO and HOMO—1 in HNCO
compared to HNCS. Also for the second band at 32-35 eV
similar final state occupations are found for HNCS and HNCO.
On the carbon edge these are mainly states with one hole in
the HOMO/HOMO-1 and the other hole in the HOMO-2/
HOMO-3. The higher intensity found for this band on the
carbon edge in HNCO therefore suggests a higher density of the
HOMO-2/HOMO-3 orbitals on the carbon atom than in
HNCS. At higher binding energies the differences in energy
positions and intensities increase. Especially in the AES on the
oxygen edge we find a much higher intensity compared to the
sulfur edge. This can be explained as follows: in this energy
region final states with occupations with at least one hole in
HOMO-2 and/or HOMO—3 occur. While these nearly degen-
erate orbitals have only very small MO coefficients at the sulfur
atom in HNCS, the MO coefficients at the oxygen atom in
HNCO are much higher. This is a result of the oxygen 2p
valence orbitals lying lower in energy than the sulfur 3p valence
orbitals which leads to a larger contribution of O2p orbitals
to low-lying molecular orbitals. This shows that intensity dif-
ferences between Auger electron spectra of second-row and
third-row elements in molecules are a consequence of different
MO coefficients arising from the elements’ different orbital
energies.

In addition, the resonant Auger electron spectra of the core
excitation into the LUMO (13a’ or 10a’) of HNCS and HNCO are
shown in Fig. 10. Here, the HNCO spectra®? were shifted by the
difference in IE (1.6 eV) to lower binding energies. The compar-
ison shows a similar participator region of the two isovalence
electronic molecules: the first feature at 10 eV is assigned to the
1h final state with an occupation with the hole in the HOMO or
HOMO-1 in both molecules. Below 15 eV the participator line
for final states described by orbital occupations with a hole
in one of the nearly degenerate orbitals 8a’ and 1a”(HNCO) or
11a’ and 2a”(HNCS) are found. At higher binding energies,
a similar band in both spectra indicates the participator decay
to a 2A’(10a’"") final state for HNCS which corresponds to
2A’(7a’~") in HNCO. The shift of two of the participator bands
to higher binding energies compared to the HNCS RAES
shows a comparatively larger energy separation between
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Fig. 10 Comparison of the resonant Auger electron spectra of isothio-
cyanic acid (black) and isocyianic acid (red) for the excitation into the
LUMO (13a” in HNCS, 10a’ in HNCO) for S2p/O1s (a), Cls (b) and N1s (c)
decay. The spectra of isocyanic acid were shifted by the difference in
ionization energy (1.6 eV) to lower binding energy. HNCO data reproduced
from ref. 33 with permission of AlP.

the 2a”’(HOMO) and the 8a’(HOMO-2), 1a”"(HOMO-3),
7a'(HOMO—4) orbitals for isocyanic acid. On the carbon edge
of HNCO we observe a similar resonant enhancement of the
second and third participator feature as for HNCS. A stronger
enhancement of the band at 14.4 eV compared to the spectator
region is found for HNCO which might support the assumption
that the nearly degenerate HOMO—2 and HOMO-—3 orbitals in
HNCO have a higher density on the carbon atom. While we
observe enhancements of the same features on the carbon
edge, the O1s and S2p RAES of HNCO and HNCS differ to a
higher extend. In the S2p RAES of HNCS we assigned the most
intense feature to a resonantly enhanced participator decay to
a state with 10a’~"' occupation, while in the oxygen RAES of
HNCO no such enhancement of the corresponding *A’(7a’ ")
final state is observed.*® Furthermore, the spectator region
shows a much higher intensity than in the S2p RAES of HNCS.
This is similar to the differences in the normal AES of the two
molecules on the sulfur and oxygen edges (Fig. 9a) and can also
be explained by a preferred decay to final states with holes in
the HOMO—2 and HOMO-3 orbitals at the oxygen edge of
HNCO whereas these final states show only low intensity at the
sulfur edge of HNCS (vide supra). On the nitrogen edge both
molecules show a dominant decay to spectator final states.
In the low Eg region, the N1s RAES are very similar in shape and
intensity, because the nitrogen atom is least influenced by the
O/S substitution. However, in the region 15-21 eV differences
are observed. Neither in HNCO nor in HNCS enhancement of
the participator line at around 15 eV is found, which is in line
with the low contribution of nitrogen atomic orbitals to the 7a’
orbital of HNCO and the corresponding 10a’ orbital of HNCS.
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For HNCS, the enhancement of the band is instead attributed
to the population of low binding energy spectator final states in
this energy region. In HNCO no such enhancement of the band
is observed as the lowest spectator final states are shifted by
around 2 eV to higher binding energies. These spectator decays
are enhanced by the high density of the HOMO and HOMO—1
at the nitrogen atom in both molecules and in HNCO their shift
to higher binding energies leads to an increased intensity at
binding energies >17 eV in the N-RAES of HNCO. A similar
shift of the lowest spectator final states to higher binding
energies is also observed on the carbon and oxygen edge of
HNCO.*® The smaller energy difference between the onset of
participator and spectator states in HNCS indicates a smaller
HOMO-LUMO gap compared to HNCO as the energy difference
between the lowest participator and the lowest spectator final
state can be seen as a rough approximation of the HOMO-
LUMO gap.

5 Conclusions

Isothiocyanic acid was investigated in the soft X-ray regime by
XPS, NEXAFS, normal and resonant Auger electron spectro-
scopy at the carbon and nitrogen 1s edge and the sulfur 2p
edge. Core ionization energies of 405.7 eV (N1s), 293.8 eV (C1s),
234.3 eV (S2s), 170.9 eV (S2p;/,) and 169.7 eV (S2ps/,) were
obtained. From the data, a spin-orbit splitting of 1.2 eV is
deduced for the S2p levels, similar to related systems. In the
normal Auger electron spectra (AES) the carbon and nitrogen
KLL and sulfur L, ;MM Auger electron spectra show profound
differences. In particular, narrower bands are found in the
S2p AES as observed before for the isosteric molecule OCS.
All bands are assigned by a comparison with ab initio calcula-
tions that show a very good agreement with the experiment and
are able to reproduce the narrow features on the sulfur 2p edge.
These bands result from final states with two holes in the non-
bonding or weakly bonding 10-12a’ and 2-3a” orbitals. Thus,
the resulting states have small gradients at the ground state
structure causing small bandwidths.

From the signal at the lowest binding energy in the S2p;/,
AES which corresponds to the dicationic ground state of HNCS,
X*A”, the double ionization energy of HNCS is determined to be
27.6 eV. On the carbon and nitrogen edge, no transition to the
triplet ground state is observed. This is explained to be due to
the almost atomic symmetry of the Auger-Meitner decay of a 1s
core hole state which is parity forbidden if it leads to a final
state with two triplet coupled p-orbitals. The transition to the
lowest dicationic singlet final states shows very low intensity in
the carbon AES, which is a result of a nodal plane of the HOMO
and HOMO-1 at the carbon atom. In the electronically iso-
valent molecule isocyanic acid a similar effect was observed.

In the X-ray absorption spectra, the lowest resonant excita-
tions of the core electrons were assigned to the transition into
the 13a’(LUMO) and 4a”(LUMO+1) orbitals at all three edges.
The resonant enhancement of the Auger-Meitner decay to
different final states at the different edges was rationalized in
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terms of the localisation of the involved molecular orbitals at
the respective atomic site. As expected, the spectator decays
show a close resemblance to the normal AES. Differences
between the RAES of the 13a’ and 4a” excitation are mainly
attributed to the occupation of higher energy spectator final
states after 4a” excitation. The comparison to isocyanic acid
shows differences in the relative energies of the molecular
orbitals and a lower energy separation between participator
and spectator final states in HNCS. For both resonant and
normal Auger electron spectra intensity differences in the O1s
and S2p spectra of the two molecules result from different
energies of the atomic orbitals that consequently show differ-
ent contributions to the molecular orbitals involved in the
Auger-Meitner decay.
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