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ABSTRACT: We studied the X-ray-induced fragmentation of
isothiocyanic acid, HNCS, following core ionization and excitation
at the N1s, Cls, and S2p edges by Auger electron—ion coincidence
spectroscopy. Mostly similar fragmentation products were identi-
fied at the different edges for normal and resonant Auger—Meitner
decay, respectively. Upon normal Auger—Meitner decay, the
dication was found to dissociate predominantly by C—S bond
cleavage into HNC" + S* and CN* + S ion pairs. The higher yield
of undissociated HNCS?* after S2p ionization is explained by a
propensity for the population of low-binding energy final states at
this edge. Following resonant core excitation into the 13a’ or 4a”
orbital, S* was found to be the main fragment, followed by HNC".
Fragments that require isomerization were observed with low yields
after both core ionization and excitation. A comparison to isocyanic acid, HNCO, revealed significant differences in the

fragmentation pattern of the two molecules.

B INTRODUCTION

Studying the X-ray-induced fragmentation of isolated mole-
cules is critical to understanding radiation damage in biological
systems or the fate of molecules in interstellar space. Soft X-ray
irradiation of molecules induces inner-shell ionization or
excitation. A core-ionized state of a second- or third-row
element deexcites in a normal Auger—Meitner process by
ejection of an Auger electron, resulting in a dicationic final
state, whereas a neutral core-excited state decays via a resonant
Auger—Meitner process that produces the Auger electron
alongside a singly charged ion." Both dications and cations are
generated in a multitude of (highly excited) electronic states
and can subsequently fragment.

In contrast to valence orbitals, inner-shell orbitals in
molecules remain localized on their respective atoms, with
well-separated ionization and excitation energies for different
elements. Consequently, tunable X-ray light sources, such as
synchrotrons and free-electron lasers, open up the possibility of
selectively creating core holes at different atoms in a molecule.

Here, we present the X-ray-induced dissociation of
isothiocyanic acid (HNCS), a tetraatomic molecule with
inequivalent atoms that allow for investigation of site-specific
fragmentation. Interest in HNCS arises from its detection in
different interstellar objects.”® Recent studies have focused on
the valence photoelectron spectrum® and the fragmentation
following single® and double® photoionization of HNCS. In
previous work, we reported the normal and resonant Auger
electron spectra at the Nls, Cls, and S2p edges and
computationally reproduced decay rates and energetic
positions of Auger final states.” The present investigation of
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HNCS by Auger electron-photoion-photoion coincidence
spectroscopy reveals additional information about the
subsequent fragmentation as well as the dependency of the
fragmentation pattern on the binding energy of the
corresponding Auger final states. The existence of X-ray
sources in space, such as young stars® and planetary nebula,”
motivates this study because fragmentation patterns could be
relevant for astrochemical modeling.

X-ray-induced fragmentation dynamics have already been
addressed for triatomic molecules related to HNCS, including
0CS,'*7"% €8,'" and CO,."*"* Furthermore, site-selective
fragmentation, i.e., the correlation between the core ioniza-
tion/excitation site and cleavage of distinct chemical bonds,
has been investigated. In an early study on acetone, Eberhardt
et al. observed the cleavage of chemical bonds around the core-
excited carbon atom and suggested using this effect for
selective fission of chemical bonds.'® Later on, site-selectivity
has been observed in small molecules like NZO,”’18 03,19
CO,,'* and OCS."" The impact of nuclear motion in the core-
excited/ionized state before the Auger—Meitner decay on the
fragmentation was observed, as well as the role of the character
of the orbital into which the core electron is excited in
resonant processes.'”'>'? A dependence of the fragmentation
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on the site of the core hole was also found in larger molecules,
e.g, in systems with peptide bonds’”*' and in halogenated
compounds.”>~>* In CH,BrCl, a comparison to direct valence
double ionization showed that the preferred C—Br bond
cleavage upon Br3d core ionization is an intrinsic dissociation
property of the populated dicationic state and is independent
of its generation via core hole decay or double photo-
ionization.”® The loss of selective fragmentation for dicationic
final states at high binding energies was explained by fast
internal conversion to lower electronic states in CH,BrCI**.*®
The significant role of the internal energy for the fragmentation
was pointed out by several studies”””® that attribute site-
dependent fragmentation patterns to different intensity
distributions in the Auger electron spectra, as they correspond
to different amounts of internal energy.””*’ In a combined
experimental and theoretical study on ethyl trifluoroacetate,
however, similar fragmentation patterns for Cls ionizations at
the different carbon atoms were found to result from similar
fragmentation properties of the dicationic Auger final states
rather than from a fast energy redistribution.”

This work extends studies on the reactive tetraatomic
molecules isocyanic acid (HNCO)*"** and fulminic acid
(HCNO).”** In the study on HNCO, several fragmentation
pathways were found with similarly high yields, and a
preferential N—H bond cleavage was found following Nls
ionization. The observation of a rearranged NO* product was
rationalized by calculations.”> The Auger electron spectra of
isothiocyanic acid and isocyanic acid were found to differ due
to the exchange of the chalcogen atom.” Here, we investigate
the influence of the chalcogen on the concomitant
fragmentation pattern.

B EXPERIMENTAL METHODS

The experiments were conducted at the soft X-ray beamline
PLEIADES at the synchrotron SOLEIL (Saint-Aubin, France).
Isothiocyanic acid was prepared by the reaction of potassium
thiocyanate with phosphoric acid, as described previously.” The
purity of the sample was determined by X-ray absorption (NEXAFS)
spectroscopy. The corresponding spectra are included in Section S1 in
the SI. The sample was kept at —35 °C and the vapor was introduced
effusively into the experimental chamber. The linear, vertically
polarized synchrotron light is monochromated by a 600 lines/mm
grating before it enters the experimental chamber. The EPICEA setup
was used, which is specifically designed for Auger electron—ion
coincidence studies.”® Here, the effusive gas beam is crossed by the
photon beam, and the resulting Auger electrons and ions are detected
in coincidence in a double toroidal electron analyzer (DTA) that is
coupled to an ion time-of-flight (TOF) mass spectrometer. The
electrons that are emitted at an angle of 54.7 + 3°, relative to the light
polarization are retarded or accelerated to the pass energy Ep before
they are energy-dispersed and detected on a position-sensitive
detector (PSD). The width of the energy window of simultaneously
detected electrons amounts to 12% E,, while the resolution is ~1%
Ep.*® For normal Auger measurements at the Cls and N1s edges and
all resonant measurements, a pass energy of 250 eV was used, while
for normal Auger experiments at the S2p edge, the pass energy was
increased to 300 eV. Each combination of pass energy and
acceleration/retardation voltage was adjusted to project the relevant
part of the Auger electron spectrum onto the position-sensitive
electron detector. For the relation between the radial position r and
the kinetic energy E, of the electron, the empirical formula given in ref
37 was employed. It was calibrated by measuring the known Argon
2ps/, and 2p,, photolines with binding energies (Eg) of 248.60 and
250.73 ¢V.*® For normal Auger electron spectra (AES), the electron
kinetic energy was converted to binding energy by subtracting the
kinetic energy from the core ionization energy. For HNCS, we
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previously determined N1ls, Cls, and S2p,/, ionization energies of
405.7, 293.8, and 170.9 eV.” In resonant Auger electron spectra
(RAES), the binding energy was obtained by subtracting the kinetic
energy from the core excitation energy.

When an electron is detected, the coincident ions are extracted
from the interaction region with a pulsed electric field. They are
analyzed by an ion TOF mass spectrometer and recorded in
coincidence with the Auger electron that triggered the extraction
pulse. In order to correct for false coincidences, the ion extraction
field is additionally pulsed at random intervals. During the
measurements, the rate of the randomly triggered pulses was 100/s,
while the total number of pulses (including the ones triggered by
electron detection) was maintained between 200 and 250/s. The
contribution from false coincidences was determined and statistically
subtracted according to the procedure described previously’** and in
Section S2 in the SIL

B RESULTS

Normal Auger-Meitner Processes

Figure 1 shows the TOF mass spectra that were recorded after
N1s, Cls, and S2p ionization of HNCS. Because of the shape
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Figure 1. TOF mass spectrum following N1s, Cls, and S2p ionization
of HNCS. The HNCS?* signal (/2 29.5) in the S2p™! spectrum was
cut off in order to enhance the visibility of the other ions.

of the extraction pulse, H" cannot be detected in the mass
spectrometer. All three spectra show a pronounced mass signal
at m/z 29.5, which is assigned to the parent dication HNCS**
that is produced by the Auger—Meitner decay after core
ionization. The signal is most intense at the S2p edge and
decreases significantly for N1s ionization and even more for
Cls ionization. At m/z 30, the isotopologue HNBCS?* s
visible. A small signal at m/z 19.7 at the S2p edge indicates the
formation of HNCS* by double Auger decay. Here, two
valence electrons are ejected when the core hole decays,
resulting in a triply ionized final state. Usually, these triply
ionized states are dissociative; however, the observation of
HNCS* indicates that its ground state is metastable. This is
analogous to the isoelectronic OCS, where a metastable OCSs3*
is observed after S2p ionization.*>*' The doubly and triply
charged parent ions can dissociate and yield ionic fragments.
Compared to the narrow signal of the parent dication,
fragment mass signals are broader because of the high kinetic
energy release upon dissociation into two charged fragments.
The signal at m/z 58 is mainly observed at the N1s and S2p
edges and is attributed to an NCS* fragment that is produced
together with H*. The weak broad signals around m/z 46 and
44 are assigned to NS* and CS" based on the photoion—
photoion coincidence (PIPICO) map (Figure 2). An intense
S* signal of a similar magnitude is observed at all three edges.
Overlapping mass peaks between m/z25—28 indicate the
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Figure 2. PIPICO map after (a) N1s, (b) Cls, and (c) S2p ionization of HNCS. CH* + N* and C* + N* ion pairs at the nitrogen and carbon edge
result (mainly) from an HCN impurity, while N* + N* is formed at the nitrogen edge because of an N, impurity.

formation of CN* (m/z 26) and HNC* or HCN* (m/z27). At
the S2p edge, the structure of the signal implies that more
HNC" is formed than at the other two edges. An HCN
impurity from the synthesis and its fragments potentially
contribute to the spectrum; however, it can be identified in the
PIPICO maps, as will be seen later. The atomic fragments s>,
N* and C* are present, and the latter two are preferentially
formed after Cl1s and N1s ionization. The broad N signal may
also cover NH* and CH" fragments. A sharp N;* peak on top
of the broad N signal is attributed to an N, contamination.
Figure 2 presents PIPICO maps after N1s, Cls, and S2p
ionization. Here, two correlated ionic fragments are detected in
coincidence with the same Auger electron. PIPICO maps are
used to disentangle overlapping mass signals and to identify
ion pairs produced together in the same ionization event.
Because of the ions’” momentum correlation, ion pairs appear
as stripes with a negative slope. Ion pairs resulting from a two-
body dissociation of HNCS?**, like HNC* + S* and NH' +
CS*, show a narrow feature with a slope of —1 in time-of-flight
units. An additional bond cleavage and the loss of a neutral
hydrogen can occur via a concerted or a sequential
mechanism.”” The slightly steeper slope for CN* + S* and
N* + CS* suggests a sequential mechanism by secondary
dissociation of the initially formed ion pairs. In sequential
dissociation, the slope can be deduced from the masses of the
neutral and charged fragments.”” The detection of C* + NS*
(slope —1) indicates a rearrangement of the dication because
an N—S bond needs to be formed prior to fragmentation. NH*
+ S" and N* + S* show steeper slopes that do not match a
single sequential reaction pathway. An interpretation is
impeded by the existence of several fragmentation pathways
leading to these ion pairs. The broad C* + S* feature has a
slope of around —2. For a sequential fragmentation via HNC*
+ S* a slope of —2.25 is predicted,” which is close enough to
the value of —2 to suggest this pathway. Furthermore, for the
isoelectronic OCS*" molecule, a similar mechanism via OC* +
S* was deduced from the C* + S* coincidence signal. Here,
deviations between predicted and observed slopes were found
to indicate that the secondary fragmentation takes place in the
Coulomb field of the first ionic fragment.”> The PIPICO maps
also reveal ion pairs with a total charge of +3: HNC" + S*,
CN* + $*" and -following S2p ionization-HNC>" + S*. They
result from double Auger decay, e.g,, from fragmentation of the
triply charged HNCS®" that is observed in the TOF mass
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spectrum. The fragments of a two-body breakup, HNC* + $**
and HNC?* + S*, are associated with a slope of —2 in time-of-
flight units, while CN* + S** shows a shallower slope, as
expected for a sequential loss of a neutral hydrogen atom.**

As in the mass spectrum, similar fragments are observed in
the PIPICO maps following N1s, Cls, and S2p ionization of
HNCS; however, with different relative intensities. The
PIPICO maps prove the presence of NS™ and CS* fragments,
as well as HNC* and CN" in the respective overlapping signals
in the mass spectra. Furthermore, an NH" fragment was
identified unambiguously. Note that fragment ions produced in
coincidence with H', for example, NCS", do not appear in our
PIPICO maps but solely in the mass spectra because H' is not
detected. Contamination by N, and HCN introduces the N* +
N* pair (nitrogen 1s edge) as well as CH* + N* and C* + N*
pairs (nitrogen and carbon 1s edge). Although the latter ion
pair could, in principle, also be related to an HNCS
fragmentation, it does not appear following S2p ionization
(where no Auger decay of HCN is initiated), suggesting that
C* + N™ is mostly produced from HCN and not from HNCS.

In their study of HNCS double photoionization at 40.81 and
90 eV, Wallner et al. observed additional H" + CS* and H* +
S* fragmentation channels® that cannot be detected by our
setup but are likely present. They further observed CS** and
recognized it to possibly include contributions from CO3". In
our experiments, the occurrence of a CS** fragment (m/z22)
can be excluded on the basis of the mass spectrum in Figure 1.
Moreover, a putative SH" + CN* ion pair, hidden by the more
intense HNC" + S* jon signal, can be ruled out by its absence
in our PIPICO maps.

To quantify the relative contributions of fragmentation
channels following site-selective ionization, we evaluated their
branching ratios. Further details on the determination of
branching ratios are included in Section S3 in the SI. Table 1
summarizes the branching ratios of single ions and ion pairs
obtained by integration from the mass spectra and PIPICO
maps, respectively. The latter also allows elimination of
contributions of N, and HCN.

The fragmentation of the C—S bond forming HNC" + S*
shows the highest intensity at all three edges, with a slight
preference after S2p ionization (38.5%) over Cls and Nls
ionization (~35%). For an additional cleavage of the N—H
bond, yielding CN* + S*, a branching ratio of more than 20% is
found at the N1s and Cls edges, while it is less abundant after
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Table 1. Branching Ratios After N1s, Cls, and S2p Electron
Ionization of HNCS (in %)

Ion (pair) Nitrogen 1s Carbon 1s Sulfur 2p
HNCS** 4.5 1.7 182
NCS* 12 <1 1.6
NCS** 1.4 1.7 1.4
HNCS** - - <1
NH* + CS* 1.8 1.9 1.8
N* + CS* 1.6 1.5 1.3
HNC* + §* 34.7 34.5 38.5
CN* + §* 22.7 22.0 14.9
HNC* + §* - - 12
HNC* + §* 1.7 1.5 2.7
CN* + §** 1.3 1.0 <1
C* + NS* 1.3 1.6 1.7
NH* + §* 1.8 2.7 1.4
N* + §* 8.3 9.3 3.9
C*+ 8" 17.7 19.8 10.4
Others 0.0 0.8 1.0

“Relative intensities were determined from PIPICO Maps (ion pairs)
and mass spectra (single ions). Integrals of overlapping masses were
derived from fitting with Gaussian functions. The branching ratios
were normalized so that all channels sum up to 100% and corrected
for isotopic patterns. Branching ratios <1% are not specified and are
summarized in “others”. Note that ion pairs including H" cannot be
deduced from this experiment’s PIPICO Maps and are therefore not
included in this table. The error of each branching ratio is estimated
to be around +15% of the respective branching ratio.

S2p ionization (15%). A similar effect is observed for the much
less abundant ion pairs HNC* + $** and CN* + $**. The most
significant difference between the ionization sites is the
preferred formation of the parent dication HNCS*' at the
S2p edge, with a branching ratio of 18.2%, whereas its yield is
below 5% at the N1s edge and even lower at the Cls edge. All
these observations point toward a lower fragmentation
tendency at the S2p edge in comparison to the N1s and Cls
edges: at the S2p edge, bonds preferentially remain intact,
while they show stronger and more similar fragmentation at
the N1s and Cls edges. This trend is also reflected in the
enhanced formation of atomic ion pairs (C* + S*, N* + S*) at
the N1s and Cls edges compared to the S2p edge.

To investigate whether the fragmentation depends on the
final state of the dication, the mass- and ion pair-selected Auger
electron spectra were evaluated. They are shown in Figures 3
and 4 for the S2p and N1s edges, and Figure S4 in the SI for
the Cls edge. The upper traces present the total Auger
electron spectra measured in the present study in black. High-
resolution reference spectra’ obtained using a hemispherical
analyzer are shown in red. Despite the lower resolution of the
DTA, the absolute energies and relative intensities of the bands
agree well. The Auger electron spectra of HNCS were
discussed in ref 7, and therefore only a short summary is
given here. The AES following S2p ionization (Figure 3a) is a
superposition of the decay of the S2p, , and S2p;,, core holes.
At all three edges, the first region up to binding energies of 31
eV corresponds to 'A’ and 'A” Auger final states with two
holes in the HOMO (3a’’) and HOMO-1 (12a’). The lowest
dicationic triplet state *A” at 27.6 eV is only populated after
S2p ionization and cannot be resolved here. Final states with
the second hole in one of the deeper molecular orbitals (2a’
and 11a’) account for the second feature between 32—35 eV
on the N1s and Cls edges. In contrast, states with the second
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Figure 3. (a) The total Auger electron spectrum of HNCS at the S2p
edge, shown in black, is compared with a higher-resolution reference
spectrum in red. The latter was reproduced from ref 7 with permission
from the PCCP Owner Societies. (b) Normalized mass- and ion pair-
selected Auger electron spectra after S2p ionization of HNCS.

hole in the lower-lying 10a’ orbital (located at the sulfur atom)
dominate this region following S2p ionization because of the
small overlap of the 2a’’ and 11a" molecular orbitals with the
S2p orbital. The most intense band is found between 35—40
eV in the N1s and Cls AES. Its lower intensity in the S2p AES
is again due to the involvement of the molecular orbitals
mainly located at the carbon and nitrogen atoms. In the region
of a fourth band at the Nls edge (40—4S5 eV), the high-
resolution S2p~" spectrum shows a double peak that appears
only as a broader single feature in the present experiment. The
double peak is due to two-hole final states with at least one
hole in the sulfur-based 10a’ orbital.

Figures 3b and 4b present the mass- and ion pair-selected
AES at the S2p and N1s edges. The upper traces show that the
first band below 31 eV is nearly exclusively associated with
HNCS** formation at all edges. This first band shows a very
high intensity in the total AES at the S2p edge, while its
intensity is lower at the N1s edge and even lower at the Cls
edge (compare Figure S4). This results from a different overlap
of the respective core orbitals and valence orbitals involved in
the Auger—Meitner decay of this band (HOMO and HOMO—
1). Consequently, the yield of HNCS>* is significantly higher
after S2p~" ionization. The formation of NCS* (+H") sets in at
Ep =31 eV, coinciding with the second band in the S2p and
N1s AES. This band has only very low intensity at the Cls
edge; thus, nearly no NCS* is observed following Cls
ionization. The onset matches the previously determined
experimental value of 31.2 + 0.5 eV at hv=40.8 eV and the
calculated appearance energy (AE) of 30.90 eV.> NCS* is
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Figure 4. (a) The total Auger electron spectrum of HNCS at the N1s
edge, shown in black, is compared to a higher-resolution reference
spectrum in red. The latter was reproduced from ref 7 with permission
from the PCCP Owner Societies. (b) Normalized mass- and ion pair-
selected Auger electron spectra after N1s ionization of HNCS.

associated with Auger electrons of 34—40 eV binding energy
both at the S2p and Nls edges. The Nl1s™* Auger—Meitner
decay in this region involves holes in the 2a” and 11a’ orbitals

(mainly located at N, C), while the SZp;/l2 decay to

'A7(10a’7'32”7") and 'A’(10a’7'12a’7") states dominates at
the S2p edge. The onset of 34 eV matches the dissociation
limit of 34.3 eV for HNCS** — NCS** (*°*) + H calculated by
Wallner et al. and their experimental onset of 35.0 + 0.4 eV.°

The formation of the ion pair HNC* + S*, which is the
dominant product channel at all three edges, sets in at the
high-energy side of the first band in the AES at around 29 eV.
This is consistent with a calculated appearance energy of 29.26
eV and an experimental onset at 29.1 + 0.2 eV.° Based on our
data, a rearrangement to HCN' cannot be excluded. The
channel CN* + S* appears at higher binding energies
compared to HNC* + S*, as it requires additional N—H
bond cleavage. It sets in at around 38 eV at all three edges. The
comparatively low population of final states with binding
energies >36 eV in the S2p~" AES results in a lower branching
ratio of CN™ + S after S2p ionization than after N1s and Cls
ionization. The ion pair-selected AES of C* + NS* shows a
maximum at 38 eV at all three edges. This could imply the
population of an Auger final state that selectively leads to a
rearrangement required for N—S bond formation. In particular,
the N1s and Cls edges reveal relatively sharp signals, while a
broader energy range is covered at the S2p edge. For the ion
pair NH" + CS*, which is similarly weak in the PIPICO map,
the signal-to-noise ratio in the ion pair-selected AES at the N1s
edge is very low. The spectrum at the S2p edge, however,
shows that this ion pair is formed after the decay to
'A’(10a’7?) and 'A’(9a’7'10a’"!) final states, which are
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responsible for the double peak structure around 41 eV visible
in the total AES (Figure 3a).

At all three edges, the fragments HNC* + S, CN* + S,
NCS* + H' and NCS*" appear at similar binding energies,
respectively, although different Auger final states are populated
at the different edges. This demonstrates that either different
electronic states show similar fragmentation dynamics, or
fragmentation is preceded by deactivation to a lower dicationic
state, essentially following an ergodic mechanism and governed
by the total amount of internal energy available for the
dissociation. The high branching ratio of HNC* + S* (~35%)
results from it being the lowest-energy fragmentation channel.
Furthermore, different relative populations of final states in the
total AES at the different edges can qualitatively explain the
differences in branching ratios. For example, the higher
branching ratio of HNCS*" following S2p~"' ionization is a
consequence of the higher contribution of low-binding energy
final states in the S2p~' AES. The stronger fragmentation
tendency observed at the Cl1s and N1s edges is rationalized by
the stronger contribution of high-binding energy final states to
the N1s™' and Cls™" AES. This results in a higher branching
ratio of strongly fragmented ion pairs like CN* + S* and atomic
fragments following N1s™' and C1s™" ionization.

Mass- and ion pair-selected spectra for triply charged species
were extracted at the S2p edge. Note that triple ionization
energies or onsets for dissociation cannot be deduced from
these spectra because the information on the kinetic energy of
the second Auger electron is lost by our single-start-multiple-
stop coincidence scheme. However, the spectra (see Figure
3b) reveal that HNCS®' is formed by Auger—Meitner
processes contributing to the 34—38 eV region of the AES,
while the breakup to HNC" + S** extends up to 43 eV.

Resonant Auger-Meitner Processes

In resonant Auger—Meitner processes, a neutral core-excited
state decays and ejects an Auger electron to yield a singly
ionized species. The Auger final state can be either a one-hole
(1h, participator decay) or a two-hole-one-particle (2hlp,
spectator decay) electronic configuration. The fragmentation
following core excitation and resonant Auger—Meitner decay
was also studied after excitation into the LUMO (13a’) and
LUMO+1 (4a”) at all three edges. The positions of the excited
states and the resonant Auger electron spectra were reported in
our previous study.”

Figure 5 depicts the TOF mass spectra after resonant
excitation of nitrogen and carbon 1s electrons into the LUMO
+1 (4a”). In addition, the spectrum after S2p excitation is
shown, which is a superposition of the excitations S2p;,,— 4a”
(LUMO+1) and S2p,,,— 13a’ (LUMO) with an approximate
relative intensity of 2:1.” The mass spectra following 13a’
(LUMO) excitation are shown in Figure SS in the SIL All
spectra were corrected for the contributions from direct
valence photoionization. Photoelectrons appear in the same
kinetic energy range as the Auger electrons, and ionic
fragments from these processes are therefore detected in our
mass spectra. Since the sulfur 2p edge (~165 €V) lies closest in
energy to the valence ionization region, the effect on the
spectrum is strongest following the excitation of sulfur 2p
electrons. As a correction, off-resonant spectra at photon
energies a few electronvolts below the first resonance were
recorded at all edges and subtracted from the respective mass
spectra. Their scaling factor was determined from the purely
off-resonant mass signal of water (m/z 18) in both the off-
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Figure 5. TOF mass spectrum after resonant excitation of N1s, Cls,
and S2p;, electrons into the 4a” orbital (LUMO+1) of HNCS. The
spectrum after S2p excitation is a superposition of S2p;/, — 4a” and
S2py;, — 13a’ excitation. Asterisks indicate ions that originate
(partially) from the resonant excitation of an HCN impurity.

resonant and resonant spectra. In Figure S6 in the SI, we show
an example of this correction at the S2p edge. In the mass
spectra in Figure 5, a narrow signal for the parent ion HNCS*
is visible at m/z 59, which shows the highest intensity after S2p
excitation. Fragment ions show broader features because of the
kinetic energy released in the dissociation. As expected, the
width of the signals is smaller than that for the dissociation of
dications. The products of an N—H and N—C bond cleavage,
NCS* and CS*, are found at m/z 58 and 44, respectively.
Smaller, however clearly discernible signals of NS* and SH" are
a sign of an isomerization in the cation, as we can rule out the
presence of other isomers based on the NEXAFS spectra. An
intense broad S signal is observed at all edges, while the
parent dication appears at m/z29.5. Further fragments are
HNC*/HCN*, CN*, NH, N* and C". Upon Nls excitation,
narrow signals at m/z27, 26, and 13 (HCN*, CN*, CH")
result from the excitation of an HCN impurity in the sample
that was absent at the other edges. HCN™ and CN* overlap
with fragment ions from HNCS. As the latter appear as
broader features surrounding the peak, the two components

were separated by fitting with two Gaussian functions. Table 2
gives the branching ratios (corrected for HCN impurities) after
resonant excitation of Nls, Cls, and S2p electrons into the
LUMO and LUMO+1.

Here, we will concentrate on the excitation into the 4a”
orbital (LUMO+1). S* shows the highest branching ratio at all
three edges, in particular, upon Cls excitation (50.8%
compared to 42.1% and 40.5% upon N1s and S2p excitation).
The second most abundant fragment, HNC, is significantly
less pronounced, with a branching ratio below 20%. CN™ is
formed with a yield of around 10% upon Nls and Cls
excitation, while it is less intense after S2p excitation, as can be
seen from the mass spectrum in Figure 5. On the other hand,
S2p excitation shows a propensity for the formation of HNCS,
NCS", and SH" compared to Cls and N1s excitation. Similar
trends are observed upon site-selective excitation into the 13a’
orbital.

To rationalize differences in the fragmentation pattern upon
resonant excitation at different atomic sites, mass-selected
resonant Auger electron spectra (ms-RAES) were evaluated.
Figure 6a shows the total RAES upon Cls—4a” excitation
recorded in the present work (black) with a higher-resolution
reference spectrum’ (red) for comparison. The ms-RAES were
obtained by selecting only Auger electrons detected in
coincidence with an ionic fragment, as depicted in Figure 6b.
Other ms-RAES recorded for 13a’ and 4a” excitation at the
N1s, Cls, and S2p edges are given in Section S6 in the SI. A
previous analysis of the Cls RAES in Figure 6a assigned the
features at around 10.0 eV, 13.5 eV, 15.2 eV, and 18.2 eV to
1 h participator final states with a hole in the 3a”/12a’, 2a’’/
11a’, 102’ and 9a’ orbitals. 2hlp spectator final states with
12a’7'3a”7'4a”" occupations were found to set in at around 16
ev.” Although the resolution is significantly lower, the main
features of the reference spectrum are reproduced sufficiently
well. In particular, the participator states at 13.5 eV are
resonantly enhanced upon Cls excitation, as is the decay to
final states with binding energies >18 eV.” The ms-RAES in
Figure 6b shows that the cationic ground state at 10.0 eV is

Table 2. Branching Ratios After Resonant Excitation of N1s, Cls, and S2p Electrons into 132’ (LUMO) and 4a” (LUMO+1)

Orbitals of HNCS (in %)“

13a’ (LUMO) excitation

4a” (LUMO+1) excitation

ion m/z Nitrogen 1s Carbon 1s
HNCS* 59 22 3.0
NCS* 58 62 49
NS* 46 2.3 LS
cs* 44 7.1 7.0
SH* 33 5.1 4.1
S* 32 435 473
HNC*? 27 19.0 14.1
CN*? 26 9.2 10.8
NH* 15 1.1 12
N* 14 1.0 12
c*e 12 3.0 4.0
HNCS** 29.5 0.3 0.9

Sulfur 2p;/, Nitrogen 1s Carbon 1s Sulfur 2p;,
10.7 4.2 2.2 8.1
9.0 6.8 S.1 9.3
1.2 1.9 2.1 1.5
5.2 6.6 7.4 52
7.0 33 3.6 7.1
41.3 42.1 50.8 40.5
15.8 19.7 14.4 18.1
4.7 9.2 9.1 5.6
1.0 1.3 1.3 0.9
0.7 1.1 0.5 0.5
2.0 34 2.2 1.9
1.4 0.4 1.3 1.3

“Relative intensities were determined from the mass spectra in Figures 5 and SS. Integrals of overlapping masses were derived from fitting with
Gaussian functions. The branching ratios were normalized so that all channels sum up to 100% and corrected for isotopic patterns. The absolute
error of each branching ratio is estimated to be around +0.5%. Note that the branching ratios following S2p;,, excitation into the 4a” orbital are a
superposition of the S2p;,,—4a” and S2p,,—13a’ excitation. bContributions originating from an HCN impurity were subtracted, and only the
fraction assigned to HNCS fragmentation is given. “Branching ratios of C* and N* are likely to be contaminated by HCN for the N1s—13a’/4a"

and Cls—13a’ excitation.
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Figure 6. (a) The total resonant Auger electron spectrum upon
Cls—4a” excitation of HNCS, shown in black, is compared to a
higher-resolution reference spectrum. The latter was reproduced from
ref 7 with permission from the PCCP Owner Societies. (b)
Normalized mass-selected resonant Auger electron spectra. The
asterisks mark signals that result from carbon 1s ionization by second-
harmonic light.

associated purely with HNCS® formation. The resonant
Auger—Meitner decay to A*?A”(2a"'7') and B*?A’(11a'7")
final states at ~13.5 eV leads to S* fragments. A recent
investigation of dissociative photoionization found an AEqy of
13.22 + 0.02 eV for S* + HCN format1on, while §* + HNC is
formed at higher binding energies.” > Within the resolution of
the present experiment, the AE coincides with the onset in the
ms-RAES of S* in Figure 6b. S* is formed up to binding
energies >30 eV, presumably in coincidence with varying
neutral fragments. The formation of NCS* and SH' sets in
simultaneously at around 15 eV, where the *A’(10a’™") state
and low-energy spectator states are populated, also in
agreement with valence photoionization.” The second
maximum at ~18 eV in the ms-RAES of NCS* reveals that
this ion is also formed by the decay to the A’(9a’™") state.
The continuous signal of SH* (m/z33) at higher binding
energies is artificial and results from a broadening of the
neighboring S* band in the mass spectrum. The *A’(9a'™")
state around 18 eV also leads to HNC*/HCN™ formation. Its
ms-RAES confirms that the sample is free of an HCN impurity,
as no s1gnal is observed at the ionization energy of HCN
(13.60 eV*) and its onset matches the previously determined
one for HNCS—HNC*/HCN* + S (17.5 + 0.5 eV°). The
decaying HNC*/HCN" signal matches the rise of the CN*
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signal, suggesting that HNC*/HCN" is not stable at higher
binding energies and further N—H fragmentation yields CN*,
which sets in at around 22—23 eV, matching the calculated
dissociation limit of 22.11 eV. This is lower than the previously
determined experimental onset of 24.6 + 0.5 eV that might
suffer from a low signal in the corresponding spectrum.” NS*
and CS* formations set in simultaneously above 20 eV. The
latter ion seems to be more stable at higher binding energies.
Their maximum at around 23 eV coincides with the population
of spectator final states with at least one hole in the 2a” or 9a’
orbital.” Both CS* and NH* result from simple N—C bond
cleavage. Although these ions were (nearly) not observed in
the PEPICO experiments® (likely due to their low intensity),
they appear clearly in our mass spectrum and in the ms-RAES
above 20 eV. The dication HNCS*" shows a sharp rise at
around 28 eV in agreement with the double ionization energy
of 27.6 eV.

The ms-RAES upon 4a” excitation of the Nls and S2p
electrons (see FiguresS7 and S8 in the SI) show similar
fragmentation onsets to the Cls edge. Differences are found
only for the CN* fragment, which shows a lower onset due to
the fragmentation of an HCN contamination, and for the NS*
and CS* fragments, which rise more slowly and at lower
binding energies at the S2p edge.

Although the fragmentation onsets are similar, the intensities
in ms-RAES are distributed differently at the three edges
because the transition strengths into the Auger final states are
different. The population of the Auger final states is
determined by the overlap between the core orbital and the
valence orbitals involved in the Auger—Meitner decay. The
increased yield of S* at the Cls edge compared to the other
edges can be understood from its ms-RAES: S* is the only
ionic fragment that is formed from the A" 2A"(22"7) and
B*2A’(11a’™") final states. The corresponding band at 13.5 eV
in the RAES is resonantly enhanced after Cls excitation (for
4a” even more than for 13a’ excitation) because of the high
overlap between the Cls orbital and the 2a’’ or 11a’ valence
orbital, leading to a stronger S* formation following Cls
excitation. After Nls and S2p electron excitation, no
enhancement of the band at 13.5 eV is observed in the
RAES. Furthermore, Cls and Nls excitations lead to a
stronger enhancement of the spectator final states with binding
energies >20 eV compared to S2p excitation. Therefore, CN”,
which is formed in this binding energy region (>20 eV), shows
a much higher branching ratio after Cls and Nls excitation.
On the other hand, S2p excitation leads to high decay rates for
the participator states at ~10 and 15 eV, with 3a”7!/12a""!
and 10a’~! occupation, respectively. This is because these
orbitals show significant density at the sulfur atom. Since the
Auger—Meitner decay to the cationic ground state at 10.0 eV
solely induces HNCS* formation, the HNCS" yield upon S2p
excitation is higher compared to Cls and Nls excitation.
Similarly, the resonant enhancement of the *A’(10a’™") state at
~135 eV is responsible for the higher branching ratios of NCS*
and SH" fragments, which were found to be associated with
the population of this state.

B DISCUSSION

For both core ionization and excitation of HNCS, the
(fragment) branching ratios are found to moderately depend
on the initially ionized or excited atomic site. Here, we want to
compare the fragmentation of HNCS after normal Auger—
Meitner decay with the well-studied isovalent molecule
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isocyanic acid, HNCO. In doing so, we compare molecules of
similar connectivity but different nuclear charge, since the
terminal sulfur atom is substituted by an oxygen atom. A
previous comparison of the normal Auger electron spectra of
the two molecules revealed similar final state occupations.’
However, different energies of the oxygen 2p and sulfur 3p
valence orbitals were found to result in a higher population of
high-binding-energy final states in the Ols™' AES of HNCO
compared to the S2p~' AES of HNCS.” The fragmentation of
doubly charged HNCO was also studied by coincidence
spectroscopy after Auger—Meitner decay at the N1s and Ols
edges®” and after photoionization at 100 eV.*

Due to their similar connectivity, one could expect similar
fragmentation patterns for isothiocyanic acid and isocyanic
acid. Indeed, we observe mostly similar (fragment) ions
following Auger—Meitner decay. For example, in both cases,
the parent dication is stable, and NCS**/NCO?*" is detected,
which is not the case for the HNCO isomer, fulminic acid,
HCNO.” However, the branching ratios of the (fragment)
ions exhibit significant differences between HNCS and
HNCO. Upon the ionization of HNCO by O1 s™' and N1
s~" all ion pairs from a two-body fragmentation - H" + NCO",
NH" + CO*, and HNC" + O™ - as well as the products of an
additional N—H bond fission, N* + CO* and CN* + O, were
found to be produced in high abundance. While the branching
ratio of H* + NCO" is similar at both edges (~16%), O1 s™*
ionization enhances NH* + CO* and HNC* + O" compared to
N1 s™! ionization, which leads preferentially to the formation
of N* + CO" and CN* + O*.*

These results are in contrast to the present observations for
HNCS, where the C—S bond dissociation to HNC" + S* is by
far the strongest ion pair dissociation channel at all edges
(~35%). The ion pairs resulting from an N—H and N—C bond
cleavage (H* + NCS*, NH* + CS*) are observed with
branching ratios <2%, much lower than for HNCO. The
parent dication, which is formed with a yield of 18.2% at the
sulfur edge in HNCS, is less abundant in HNCO (<3%).”

The higher yield of H* + NCO" compared to H" + NCS*
results from it being the only open fragmentation channel in
HNCO?" until the barriers for N—C and C—O bond
dissociation are passed. Compared with HNCO?', the N—H
bond fragmentation in HNCS*" (to H* + NCS") is associated
with a higher barrier. Instead, HNCS** — HNC' + S*
represents the lowest fragmentation channel, resulting in a
lower branching ratio for H* + NCS", while HNC" + S* is the
major fragmentation pathway following Auger—Meitner decay
of HNCS. The lower HNCO?" ion yield does not result from a
lower dissociation barrier in the dication, as the lowest
fragmentation channel in HNCO and HNCS was found to
open at around 1.5 eV above their respective double ionization
energy.é’32 We therefore assume a slower dissociation of
HNCS** to HNC' + S' slightly above the dissociation
threshold.

Interestingly, we detect the metastable HNCS®" trication
after S2p~' ionization, whereas HNCO®" was not ob-
served.’”***” While HNCO®* was found to fragment mostly
into three singly charged ions,"’ we clearly observe the
fragmentation of HNCS®* into ion pairs (one singly and one
doubly charged cation) at all edges after the Auger—Meitner
decay (see Figure 2).

For both HNCS and HNCO, fragments were found that
result from an isomerization of the ion. Upon normal Auger—
Meitner decay of HNCO, an isomerization on the cationic
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surface was found to yield H* + NO* + C. The newly formed
N—-O bond was explained by dissociation into H* + NCO*
followed by an N-migration in NCO" via a three-membered
ring transition state and subsequent fragmentation.*” Similar to
NO¥, we detect NS™ upon core ionization of HNCS. Here,
NS™ appears in coincidence with C* rather than H'. Therefore,
we can rule out a pathway similar to the one in HNCO that
would occur via a rearrangement of NCS*.

B CONCLUSION

The fragmentation of isothiocyanic acid following core
ionization and excitation was investigated by Auger elec-
tron—ion coincidence spectroscopy at the N1s, Cls, and S2p
edges.

After core ionization, the majority of dications fragment by a
C—S bond cleavage with initial charge separation, yielding
HNC* + S" and CN* + S*. Nevertheless, fragmentation
patterns were found to differ depending on the initially core-
ionized atom: while N1s™' and Cls™' ionizations exhibit an
enhanced and more similar fragmentation tendency, S2p~*
ionization favors the intact parent dication HNCS**. The
trication HNCS*, that is produced by double Auger decay,
was observed only at the S2p edge, while ion pairs from its
dissociation appeared at all edges. The ion pair C* + NS*
results from a rearrangement and was found with a yield <2%.

Resonant core excitation predominantly yields S* and HNC”
fragments. As in previous experiments’® on singly ionized
HNCS, we observed the rearranged fragments SH* and NS*.
When comparing the fragmentation following excitation into
132’ (LUMO) and 4a” (LUMO+1), mostly similar trends
were observed. S2p electron excitation was found to enhance
HNCS*, NCS* and SH* formation, whereas N1s and Cls
electron excitations prefer CN* formation.

Mass- and ion pair-selective (resonant) Auger electron
spectra revealed only minor differences in the fragmentation
onsets at the Nl1s, Cls, and S2p edges. These onsets agree
mostly with appearance energies from recent valence-shell
ionization studies.”® We were able to explain the main
differences in the fragmentation of core-excited/ionized HNCS
by the different population of Auger final states at the Nls,
Cls, and S2p edges. As the Auger decay rate depends on the
overlap between the respective core hole and valence orbitals,
the relative population of the final states in the Auger electron
spectra is site-specific, resulting in different fragmentation
patterns. This is in agreement with findings from previous
studies.”*”” Furthermore, HNCS was compared with its
oxygen congener, isocyanic acid, HNCO, and differences in
the fragmentation following core ionization were rationalized
by the different energetic ordering of the fragmentation onsets.

This study extends the knowledge of the fragmentation of
the astrochemical molecule isothiocyanic acid into the soft X-
ray region. Given the presence of X-ray emitters in space, this
information could be useful for astrochemical models.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge at
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See Supporting Information for time-of-flight mass and
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