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Are disulfide bonds resilient to double ionization?
Insights from coincidence spectroscopy and ab
initio calculationsT
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Disulfide bonds (-S—-S-) are commonly present in biomolecules and have also been detected in
astrophysical environments. In this work, the stability of the disulfide bond towards double ionization is
investigated using quantum chemical calculations and photoelectron photoion photoion coincidence
(PEPIPICO) spectroscopy measurements on the prototype dimethyl disulfide (CH3SSCHs, DMDS)
molecule. The experiments were performed using high energy synchrotron radiation photons before
(2465.0 eV) and at (2470.9 eV) the first sigma resonance around the S 1s edge. We applied the
multivariate normal distribution analysis to identify the most plausible ionic fragmentation mechanisms
from the doubly ionized DMDS. By mapping the minimum energy structures on the dicationic CoHgS,2*

potential energy surface, we show that disulfide bonds are only present in high-lying isomers, in contrast
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Accepted 14th September 2020 to their analogous neutral systems. Our results also indicate that the number of fragment ions containing

a disulfide bond for both photon energies is negligible. Taken together, our results reveal that the
disulfide bond is severely damaged as a consequence of sulfur core—shell ionization processes, due to
the lowering of its thermodynamic stability in multiply-charged systems.
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1 Introduction

Sulfur is one of the most abundant chemical elements in the
universe. As a consequence, distinct classes of sulfur-bearing
molecules are detected in a variety of astrophysical environ-
ments - from protostellar outflows," protoplanetary disks,*
photodissociation regions® and infrared dark clouds® to inter-
stellar ice analogs,>® planetary atmospheres”® and meteorites.®
The element is also considered crucial for the emergence and
development of life on Earth. Organosulfur compounds and
amino acids, for example, are easily formed in experiments
simulating an H,S-containing prebiotic atmosphere, related to
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early planetary volcanism.'®" It is also the basis of the chemo-
autotrophic iron-sulfur world origin of life theory developed by
Wichtershduser,"* where the exoergic transformation of FeS
into pyrite (FeS,) in the presence of H,S is proposed as a key
energy-delivering source for early metabolism on primitive
Earth.*

Similarly to carbon, sulfur makes strong bonds with itself. It
is the element with the largest number of solid allotropes,
exhibiting a pronounced tendency for catenation.>'® A large
number of stable S, clusters have been described by computa-
tional'’~** and experimental®*~** tools, most of them containing
either rings or chains. The octamer Sg crown ring with D,q
symmetry is the most stable S, cluster,” and also the most
common species in sulfur melts below the polymerization
temperature.’®*® Additionally, iron-sulfur clusters® represent
another important class of sulfur-containing molecules, which
are present in a variety of metalloproteins with distinct
functionalities.®

The S, unit, the smallest motif containing a sulfur-sulfur
chemical bond, is known as the disulfide bond (-S-S-). The first
interstellar molecule containing such a feature, S,H, was only
recently observed by Fuente and co-workers® in the Horsehead
nebula, possibly resulting from the proton detachment of an
HSSH' intermediate.*® Moreover, the disulfide bond plays a very
important role in the stability, solubility and folding of proteins,
being present in around 10% of the proteins produced by
mammalian cells.*** In some cases, disulfide bonds are also
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directly involved in the enzyme activity, mediating thiol-
disulfide interchange reactions in subsequent oxidation/
reduction cycles.*® The allosteric disulfides** comprise a third
type of disulfide bond, controlling protein function by trig-
gering conformational changes in the three-dimensional
biomolecular structure. Finally, disulfide bonds may also have
played a role in non-enzymatic routes for the prebiotic forma-
tion of deoxynucleotides.?” Taken together, these results point
out that understanding the stability of the disulfide bond
towards external agents, such as radiation, is of crucial interest
for biochemical processes, astrochemistry and early Earth
studies.

In the past years, our group has been investigating the
absorption and ionic fragmentation of sulfur-containing
molecules after core electron excitations®® using synchrotron
radiation,*** high-energy electrons** and ions.*” The excitation
and ionization of core electrons may lead to breakage of
chemical bonds and dissociation of molecules. This is attrib-
uted to Auger-type processes, in which relaxation after the core-
hole formation leads to the ejection of one (or even more)
valence electron(s). As a consequence, a multiply-charged
species is formed, usually unstable and possessing dissocia-
tive character.

Herein, we focus our attention on dimethyl disulfide (CH;-
SSCH3;, DMDS), which can be considered as a prototype for
systems containing covalent disulfide bonds. A brief review of
valence-shell photoionization of DMDS can be found in Bernini
et al.* Borkar et al.*® discuss the fragmentation, both theoreti-
cally and experimentally, at low photon energies (9.5 eV to 14.4
eV) using photoelectron-photoion coincidence (PEPICO)
measurements. Single dissociation pathways of DMDS at lower
energies were also studied by Butler et al.** and Chiang et al.** In
a previous work, we investigated the ion-ion coincidence
spectrum of DMDS obtained at an incident electron energy of
800 eV (valence-shell study due to the energy transferred after
the impact).*

In this work, we extend this analysis to high-energy photon
impact (~ 2400 eV). Photoelectron-photoion—-photoion coinci-
dence (PEPIPICO) experiments*”*® were employed in order to
investigate the most relevant mechanisms of ionic fragmenta-
tion after double ionization starting from excitation around the
S 1s edge. For analyzing the PEPIPICO data, we applied
a multivariate normal distribution methodology adapted by our
group to study coincidence techniques.*® Additionally, we apply
quantum chemical calculations in order to elucidate the
structure and relative stability of C,HS,>" isomers, aiming at
investigating the stability of the disulfide bond after production
of a doubly ionized dimethyl disulfide. Density functional
theory and coupled-cluster calculations were used for mapping
the minimum energy geometries of the dicationic C,HgS,>"
potential energy surface. A comparison between the most stable
doubly-charged species with the neutral ones gives insights on
the thermodynamic stability of the S-S linkage after double
ionization. Our results are discussed in the context of under-
standing the radiation damage of sulfur-containing proteins
and the survival of species bearing disulfide bonds in astro-
chemical and prebiotic scenarios.
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2 Methods

Initially, we obtained Near Edge X-ray Absorption Fine Struc-
ture (NEXAFS) spectra and performed PEPICO measurements
around the S 1s edge of DMDS using the Soft X-ray Spectros-
copy beamline (SXS) in the Laboratorio Nacional de Luz
Sincrotron (LNLS), Campinas, Brazil. These results were pub-
lished in early works of our group*®*® and will not be discussed
herein. Details of the experimental setup are also described
elsewhere.***

At high photon energy regimes, there is a large probability
of double (or multiple) ionization, whose molecular states are
usually highly dissociative. PEPIPICO experiments were
employed to characterize the main ionic fragments from such
events. The basic principle of the PEPIPICO technique
consists in the detection, following photon absorption, of two
positive ions resulting from a single Coulomb explosion
process. The start measurement of ions arrival times is
provided by the photoelectron.*® With such measurements it
is possible to obtain the component of the ion linear
momentum along the spectrometer axis. Depending on the
momentum balance, for a limited number of linear and
sequenced reactions,* it is possible to relate the ion coinci-
dence spectra with the molecular fragmentation mecha-
nism,***> whose dynamics could involve two-, three- and four-
body dissociations (for a description of such mechanisms see
Simon et al.*?).

In the present study we apply the multivariate normal
distribution analysis to identify viable ionic fragmentation
mechanisms. A complete description of the method can be
found elsewhere.*® Briefly, the ion-ion coincidence spectrum is
considered as a linear combination of Gaussian-type multivar-
iate functions. The full width at half maximum (FWHM) for
a Gaussian function is given by:*

FWHM = ¢v2 In 2 (1)

The Gaussian probability function only depends on two
parameters: the standard deviation (¢) and the expected time-
of-flight value (u) of the mass peaks. According to the
momentum balance, a given fragmentation reaction can be
described by a system of linear equations. The parameters of
this linear system are the FWHM of the mass peaks in the
PEPIPICO spectra, which are proportional to the kinetic energy
of the ion. Thus, the ratio between the standard deviations are
calculated and can be compared with the island slopes (see e.g.
Eland 1987 (ref. 48)).

The normal density function G; of each set of 7, j ion-ion
coincidence peak is expressed as a function of u and X:

G, - ﬁ cew{ - g -w]} @

where u = gtl) is the vector of the expected time values (¢, and
t, for the ivatiate case) of the projection plot; x = (¢4, )
describes the mutually independent time variables; and X is the
variance-covariance matrix between ¢; and t,:

This journal is © The Royal Society of Chemistry 2020
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with atlz and otzz being the variances of the time vector variables
and ¢ the angle between them. Considering that the probability
density function for each dissociation (Coulomb explosion) is
given by Gy, the total law of probability, G, considering all
dissociation processes, can be expressed as follows:

K
G:ZGUPU:G11P11+612P12+~-+Gkkpkk (4)

ij=i

the P; given by the following relation:

nge; njej;

Pi' — vty o _ YTy 5
T Yme; Ny G)

The above equation is the relation among all the events in
the Coulomb ion-ion explosion spectra, given by Ny, whereas n;;
is the number of total counts of a particular ion-ion coinci-
dence (or island) and e; the detector efficiency of each event.
Detection efficiencies and high-order aborted coincidences
were taken into account during the data analysis by using
a protocol developed by the LNLS team for the TOF spectrom-
eter used in our experiments.**

As for the quantum chemical calculations, from thirty
different initial structures, geometry optimizations and
frequency calculations of the C,H,S, dication at the (U)M06-2X/
cc-pVTZ level for singlet and triplet multiplicities were per-
formed. The initial structures were built varying the presence of
rings (open-chain or cyclic), the type of chain (straight or
branched), the CS bonding arrangement (CCSS, CSCS, CSSC,
SCCS), and the position of the hydrogen atoms and formal
positive charges. Hessian calculations were only performed for
structures with electronic energy in the range of 0-30 kcal mol ™"
from the least energetic structure. Since this was not the case for
any of the triplet species, only singlet geometries were charac-
terized by the frequency analysis. Single-point calculations at
the CCSD(T)/aug-cc-pVTZ were performed at the optimized
structures. The isomers were organized by their relative
enthalpy values at 298 K (H?°®) in the ascending order (1 denotes
the most stable dication whereas 14 denotes the highest energy
isomer described herein). We also studied the thermochemistry
of selected dissociation pathways taking the minimum energy
structure (13) - which most closely resembles the neutral DMDS
molecule - as reference. Geometry optimizations and frequency
analyses of all fragments were obtained following the same
methodology as for C,HeS,>*. All calculations were performed
using the Gaussian 16 program package.>

3 Results and discussion
3.1 Structure and stability of C,H¢S,>* isomers

Fig. 1 shows the formal Lewis structure of the C,H¢S, dications
in the enthalpy ascending order. The relative enthalpy value of
each isomer is shown in parenthesis, in kcal mol™". Fig. 2, on
the other hand, shows the optimized C,HeS,>" molecular

This journal is © The Royal Society of Chemistry 2020
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Fig.1 The most stable C,HgS, dication (1a) and its low-lying isomers.
The H?°® values (kcal mol™) relative to 1a at the CCSD(T)/aug-cc-
pVTZ//M06-2X/cc-pVTZ level of theory are shown in parenthesis.

structures obtained in this work classified by the type of
carbon-sulfur skeleton.

The most stable isomers of C,HgS,>" are open-chain struc-
tures, featuring either SCCS or CSCS skeletons and formal
charges at the terminal atoms. 1a (0.0 kcal mol ") and 1b
(1.1 keal mol™") are two distinct rotamers of an out-of-plane
SCCS motif related to the 2-mercaptoethanethial molecule,
with protonation at both terminals. This energy difference is
close to the expected average errors of CCSD(T)/aug-cc-pVTZ for
isomerization energies of organic compounds.*® The low-lying
isomers 2a and 2b, on the other hand, lay 5.0 and
7.1 keal mol ! above 1a. While for the former species the bond
distances suggest the presence of a carbon-sulfur double bond
in one of the terminals and a single sp*>-sp*-like carbon-carbon
central bond (1a: C-C = 1.495 A; C=S = 1.624 A), for 2a and 2b
a central carbon-carbon double bond (2a: C=C = 1.320 A) and
terminal single C-S bonds (1.802 A) are observed. This set of
rotamers are related to the trans-ethylenedithiol molecule,
protonated at both SH terminal groups. The next low-lying
isomer (3, 8.5 kcal mol™") is also analogous to the ethyl-
enedithiol molecule, but in a cis-type configuration. Isomer 4
(8.6 kcal mol™") is the most stable one in which a primary
carbon is at the terminal of a straight chain. This structure is
related to the mercaptomethylthiomethylium ion, protonated at
the terminal SH. Other straight chain isomers containing one

RSC Adv, 2020, 10, 35039-35048 | 35041
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Fig.2 Optimized C,HgS,%" structures bearing open chain (a) SCCS, (b) CSCS, and (c) CSSC skeleton bonding motifs, and cyclic (d) three- and (e)
four-membered rings. The H??€ values (kcal mol™) relative to 1a at the CCSD(T)/aug-cc-pVTZ//M06-2X/cc-pVTZ level of theory are shown in

parenthesis.

terminal primary carbon atom are 7 (17.0 kcal mol™") and 8
(17.2 keal mol ™).

Isomer 5 is the most stable cyclic C,HgS, dication, lying
11.4 keal mol ' above 1a. It presents a thiirane ring protonated
at the S atom, and a SH;, substituent bonded to a carbon atom.
Other isomers containing a three-membered ring are 10
(20.0 keal mol ™), 12 (25.0 keal mol ), and 14 (32.6 kcal mol %).
Four-membered rings, related to the regioisomers 1,3- (6) and
1,2-dithiethane (11) protonated at both S atoms were also
found, with enthalpy values of 16.7 and 23.4 kcal mol~" above
the 1a structure, respectively.

Finally, only two isomers containing a disulfide bridge
within a straight chain have been found. The most stable one (9,
19.0 kcal mol ) is related to the methyldisulfanylmethylium
ion, protonated at the CH;-S sulfur. Isomer 13, on the other
hand, is the trans-dimethylsulfene dication, analogous to the
neutral dimethyldisulfide (DMDS) molecule. It lies
13.3 keal mol " higher in enthalpy than its regioisomer 9, and
30.5 kecal mol " above 1a. Contrary to the neutral DMDS mole-
cule, the skeleton atoms of 13 are in the same plane, in a trans-
form configuration. Moreover, the S-S bond distance at the
MO06-2X/cc-pVTZ level of theory is 1.909 A, smaller than a typical
single S-S bond (2.022 A).”” These results suggest that the sulfur
atoms of the trans-dimethylsulfene dication are connected by
a double bond.

From these results, a qualitative analysis on the resiliency
of the disulfide bridge to double ionization processes in an
RSSR molecule can be made. The removal of two electrons
from the S, moiety dramatically changes the molecular

35042 | RSC Adv, 2020, 10, 35039-35048

structure towards the disulfide bridge, and the RSSR dihedral
angle increases from ~90° to ~180°. A similar torsional
change is observed in the CH;SSCH;" cation, as early shown by
Butler.*® Moreover, the S-S bond length becomes shorter, and
a double bond between two atoms with formal positive charges
is achieved. However, while the twisted CH;SSCH; and CHj;-
CH,SSH (ethyl hydrodisulfide) isomers are among the most
stable neutral structures due to the presence of the strong
disulfide bond, their respective doubly-charged planar struc-
tures with ¢rans configuration are energetically higher than
several other open chain and cyclic C,HgS, isomers. Therefore,
a molecular reorganization of the undissociated dication is
expected in order to transform the doubly-charged RSSR
moiety into a more stable minimum, in which the disulfide
bond is broken. Ultimately, this suggests that a substantial
loss of molecular integrity should occur in the parent dication
after the double ionization of DMDS, evidencing the high
vulnerability of the disulfide bond with respect to oxidation.
Given the importance of disulfide bonds to the three-
dimensional structure of biomolecules, it seems reasonable
to expect that a double ionization process could promote the
breakage of the S-S bond, which will open distinct dissocia-
tion channels but also might lead to a considerable structural
change in the undissociated systems. This picture is in line
with previous findings by Chiang®* and Butler,”® which
revealed that isomerization pathways preceding bond cleavage
are common processes related to dissociative photoionization
of DMDS in the low photon energy domain.

This journal is © The Royal Society of Chemistry 2020
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3.2 Ion-ion coincidences and fragmentation mechanisms

After analyzing the minimum energy structures of the C,HgS,
dication, we focus our attention on the ion-ion coincidences
and possible fragmentation mechanisms of DMDS that follow
ionization from the K-shell and Auger electron release. As
shown by Ankerhold et al.*> for the CS, and OCS molecules, the
ion-ion coincidence spectra contour plots do not depend on the
incident energy around the sulfur K edge. We obtain similar
results for the present molecule, as the i-variances of each m/z
peak in the multivariate normal distribution analysis do not
vary with the incidence energy. If the incident energy changes,
differences among the PEPIPICO spectra would affect the
probability of occurrence (intensity counts), but not their shape
(neither the variance) within the S K-shell range. As a conse-
quence, the same channels of ion dissociation are achieved,
with variations only in their intensities.

Table 1 shows the parameters for the Coulomb explosion
and the probability associated with the fragmentation of the
DMDS molecule at 2465.0 eV and 2470.9 eV, following eqn (1)-
(5). The mechanisms that involve the release of an H' ion at the
beginning of the reaction were not taken into account because
its low mass would not affect the overall mass balance statisti-
cally. The probability function that we pursued is related to the
C and S atoms, aiming at understanding the disulfide stability.
Additionally, we also performed quantum chemical calculations
on selected fragmentation pathways, which were classified by
their distinct overall ion coincidences. By obtaining the exoer-
gicity of each reaction channel after calculating their AH>%®
values and combining these results with the statistical param-
eters following the work of Varas et al. 2015, we could
discriminate which are the most probable DMDS fragmentation
mechanisms after the dication formation from core shell ioni-
zation. A similar approach was used by Ruhl et al.® to investi-
gate the charge separation following double ionization of
organic methyl compounds. The AH>*® values are shown in
Table 2. The ion-ion coincidence mass spectra of the DMDS

View Article Online
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sulfur S 1s sigma resonance. These functions are related to the
[SI'/[CH,]" (P; = 0.704), [CH,]'/[HCS]" (P; = 0.121), [S]"/[HCS]"
(P; = 0.098) and [CH,,]'/[SS]" (P;; = 0.067) coincidence channels.
At the resonance (2470.9 eV), the probability of the doubly
charged DMDS system to dissociate through the [S]"/[CH,]"
channel increases substantially (P; = 0.917), while all other
channels are depleted. The probability of the [S]'/[HCS]
channel drops down to 5.1%, while [CH,]"/[HCS]" channel is
merely 3.0%. All other channels contribute to less than 1% for
the Coulomb explosion processes at the first sigma resonance. A
detailed description of each one of the probability density
functions is shown in the next sections.

3.2.1 The [CH,]"/[S]" ion coincidences. The [CH,]"/[S]'
probability density function is dominant in both energies,
accounting for around 70% (P; = 0.704) of the PEPIPICO
spectra at 2465.0 eV and more than 90% (P; = 0.918) at
2470.9 eV. The fragmentation enhancement observed as one
moves from a photon energy (2465.0 eV, below resonance) at
which only direct photoionization processes are allowed, to
a photon energy (2470.9 eV) at which a resonant process is
induced, demonstrates the importance of resonant Auger
processes towards the fragmentation of the molecule.**
Furthermore, rearrangement processes observed herein are the
result of extremely fast (femtosecond or attosecond regime)
chemical reactions.®* The [CH,]"/[S]" coincidences appear as
well-defined and hydrogen-resolved islands, each one with two
maximum regions, as shown in Fig. 3(a) and (d). The most
intense contribution comes from the [C]*/[S]" coincidence, fol-
lowed by [CH]"/[S]", [CH,]"/[S]" and [CH;]"/[S]'. The relation of
the variances for this coincidence group is 0.47 £ 0.1 (see Table
1; for details of the method, see Varas et al.*®). A distinct number
of mechanisms could explain the formation of such ions in
coincidence. For [C]'/[S]", the most plausible mechanism from
the variance analysis is the four-body secondary decay after
a deferred charge separation, as depicted in eqn (6a)-(6c).

. , C>HeS,*" (13) - CH3;CHS* + H,S 6a
molecule are presented in Table 1 and Fig. 3. 2HeS>™ (13) } ? (6a)
B}f inspect.ing Table .1, w? could distinguish four probability CH,CHS?" — [S]" + CH;CH" (6b)

density functions contributions that taken together account for

more than 99% of the Coulomb explosion processes before the CH;CH* — CH, + [C]* (6c)

Table 1 Parameters of the multivariate normal distribution function

Gy Py

Coincidence “w X 2465.0 eV 2470.9 eV 2465.0 eV 2470.9 eV

[S]"/[CH,]" 441 20.5 62 234 12 917 950 0.704 0.918
660 20 5 43.9

[CH,]"/[HCS] 456 21.5 202 10 717 417 210 0.121 0.030
771 20.2 19.43

[CH,]'/[ss]" 456 327 348 5968 18 558 0.067 0.001
931 34.8 39.7

[CH;]'/[CH,SS]" 456 178 173 744 2568 0.008 >0.001
1031 173 17.0

[s]'/[HCS]" 660 18.1 29.8 8703 713 342 0.098 0.051
777 29.8  50.0

This journal is © The Royal Society of Chemistry 2020
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Table 2 Heats of reactions for selected fragmentation pathways obtained at the CCSD(T)/aug-cc-pVTZ//(U)M06-2X/cc-pVTZ level
AH?® (Ikcal
Reaction pathway Coincidence mol ™) AH® (eV)
C2H682 (13) - CZHGSZ2+ (1a) — —-30.5 -1.32
C,HeS,>" (13) — S (*s) + C* (°P) + CH, + H,S [sT/[cT” 183.1 7.94
C,HeS,> (13) —» s*(*s)+ C* ( P) + CH,;SH + H, [s]7/[cT 200.7 8.70
C,H¢S,>" (13) — S (*S) + CH" + CH, + SH [S]'/[cH] 179.2 7.77
C,HeS,>" (13) — S (*S)" CH' + CH,;S + H, [ST"/[CH] 192.3 8.34
C2H5522 (13) —» S ("s) + CH" + CH; + H,S [S]'/[cH] 193.2 8.38
C,HeS,>" (13) — S™ (*S) + CH" + CH;SH + H (*S) [s]"/[cH] 210.5 9.13
C,HgS,”" (13) — S* (*S) + CH," + CH,3SH [S]'/[CH,]" 105.4 4.57
C,HeS,>" (13) — S™ (*S) + CH," + H,CS + H, [S]"/[CH,]" 139.9 6.07
C,HeS,>" (13) — S* (*S) + CH," + CH, + S (°P) [ST'/[CH,]" 156.1 6.77
C2H6822 (13) — s ("S) + CH," + CH; + SH [ST/[CH,]" 177.5 7.70
C,HgS,”" (13) — S* (*S) + CH," + CH, + H,S [S]'/[CH,]" 197.1 8.55
C,HeS,>" (13) — S (*S) + CH,;" + CH;,S [S]"/[CH;]" 69.0 2.99
C,HeS,>" (13) — S* (*S) + CH;' + H,CS + H (%S) [ST'/[CH;]" 121.6 5.27
C,HeS,>" (13) — S*(*S) + CH;" + CH; + S [S]"/[CH,]" 138.2 5.99
CZH6522+ (13) = S ("s) + CH;" + CH, + SH [ST*/[CH,]" 165.1 7.16
C,HeS,>" (13) — S*(*S) + CH,;" + CH + H,S [S]"/[CH;]" 175.1 7.59
C,HeS,>" (13) — S (*S) + HCS" + H (*S) + CH, [S]"/[HCS]" 58.9 2.55
C,HeS,>" (13) — S (*S) + HCS™ + H, + CH; [s]"/[HCS]" 59.2 2.57
C,HeS,>" (13) — CHj3 + HCS' + SH + H, [CH,]"/[HCS]" 90.2 3.91
C,HeS,>" (13) = CH," + HCS™ + H,S + H (*S) [CH,]"/[HCS] 103.8 4.50
C,HeS,>" (13) — CH;" + HCS™ + H,S [CH;]"/[HCS]" -17.5 —-0.76
C,HeS,>" (13) —» CH;" + HCS™ + H, + S (°P) [cH,]*/[HCS] 50.8 2.20
C2H682 (13) > CH;" + HCS" + H (’S) + SH [CH5]"/[HCS]" 71.9 3.12
C,HeS,>" (13) — CH;" +8S," + CH, [CH,]"/[S,]" 26.1 1.13
C,HS,”" (13) — CH;" +S," + CH + H, [CH5]'/[S.]" 131.4 5.70
C2H5SZZ+ (13) - CH;' +S," +CH, + H [CH,]'/[S,]" 135.1 5.86
CZH682 (13) —» CH;' + CH,S," [CH;]'/[CHSS,]" —37.9 —-1.64
C,HS,>" (13) — 2SCH," [SCH,]"/[SCH,]" 0.8 0.03
C,HgS,> (13) — S (") + ™ (*S) + C,H, [ST7/[S]* 58.4 2.53
In the first step, there is a release of neutral H,S, and the CH;CH;* — CHj; + [CH;3]" (9¢)

remaining doubly-charged [CH3CHS]** species is then dissoci-
ated into [S]" and [CH;CH]'. The latter ion finally decomposes
into CH, and [C]". This mechanism is also supported by our
thermochemistry calculations, which revealed that the forma-
tion of neutral CH, and H,S as a consequence of dissociation
from DMDS*" is the least endoergic pathway (7.94 eV) associ-
ated to the [C]"/[S]" coincidence. Similar mechanisms could be
proposed for the other CH,," ions, as shown in eqn (7)-(9):

C,HS,*" (13) —» CH5;CHS?" + H,S (7a)
CH;CHS*" — [S]" + CH;CH" (7b)
CH;CH" — CH; + [CH]" (7¢)
C,H¢S,>" (13) — CH;CH,S*" + SH (8a)
CH;CH,S*" — [S]* + CH;CH," (8b)
CH;CH," — CHj; + [CH,]" (8¢)
C,H¢S,>* (13) — CH;CHL,SH>" + S (92)
CH;CH,SH?" — [S]" + CH;CH;" (9b)

35044 | RSC Adv, 2020, 10, 35039-35048

To the best of our knowledge, H,S or SH dissociation from
a doubly-charged DMDS molecule has not been studied
computationally up to date. Different fragmentation routes for
neutral SH loss from the monocationic DMDS species, however,
have been described by Borkar and coworkers.* From their
results, the least endergonic pathway involves initial methyl
migration to form an SS(CHj3)," intermediate, followed by C-H
activation of one of the hydrogen atoms of the methyl group by
the terminal S atom. The S-S bond of the HSS(CH,)(CH;)"
intermediate is then cleaved, leading to neutral SH and
CH,SCH,". As none of these intermediates were found for the
dication, our results suggest that this particular route is not
allowed for the doubly-charged DMDS molecule. On the other
hand, both the global minimum 1a and most of the low-lying
isomers possess terminal H,S groups, indicating that these
are all suitable structures for further fragmentation through
H,S loss.

The mechanisms depicted in eqn (6) and (7) are also in
agreement with the previous work by Butler,*® which observed
that the release of neutral S species competes with the direct
H;3;CS-SCH; bond cleavage. The enthalpies of these fragmenta-
tion pathways are 7.77 eV, 6.77 €V and 5.99 eV, respectively. For
the [CH]"/[S]" coincidence the depicted pathway is also the least

This journal is © The Royal Society of Chemistry 2020
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endoergic one, as revealed by the thermochemistry calculations.
However, this is not the case for the [CH,]'/[S]" coincidences
related to the [CH,]" and [CH;]" ions, where the most stable
pathways are three-body dissociations that involve the forma-
tion of only one neutral species. The relation of the variances
suggests that three-body secondary decay processes could also
occur for the [CH,]'/[S]’, leading to the following set of
equations:

C,HeS,*" (13) — [CH5]" + CH;SS™ (10a)
CH;SS* — [S]" + CH;S (10b)
C>HeS>** (13) — [CH,]"+CH;SSH* (11a)
CH;SSH* — [S]" + CH;SH (11b)

The homolytic charge dissociation of the doubly-charged
DMDS molecule leading to [CH;]" and [CH,SS]" is the most
stable fragmentation pathway as revealed by our calculations,
being exoergic by —37.9 kecal mol ™' (—1.64 eV). This comes from
the fact that the C-S bond is weaker than the S-S bond in
DMDS,* and also could explain the high yields of the [CH;SS]"

This journal is © The Royal Society of Chemistry 2020

t, (ns), [SI*

(0) [CHAI*/ICHLSI™; () [CHAIT/ISSI; (g) [SI/ICH,SIT) and at 2470.9 eV

ion in mass spectra of valence ionization processes.** Taken
together, our results suggest that the main fragmentation
mechanism leading to [C]" and [CH]" are processes related to
four-body secondary decay after a deferred charge separation,
while [CH,]" and [CH;]" are formed mainly through a three-
body secondary decay.

3.2.2 The [CH,]'/[HCS]" ion coincidence. The [CH,]"/
[HCS]" probability density function accounts for around 12% of
the PEPIPICO spectra at 2465.0 eV and merely 3% at 2470.9 eV.
As in the previous case, these coincidences are observed as well-
defined and hydrogen-resolved islands, each one also present-
ing two maximum regions, as shown in Fig. 3(b) and (e). The
most intense contribution comes from the [CH,]"/[S]" and
[CH;]'/[S]" coincidences, and the relation of the variances for
the group is 0.94 £ 0.1 (see Table 1). This value, in combination
to the thermochemistry calculations, suggests the mechanisms
depicted in eqn (12) and (13), which are also related to a four-
body secondary decay after a deferred charge separation:

C,HS,** (13) —» CH3SCH,>" + SH (12a)

3 I EN M b3 12
CH;SCH,*" — CH,S* + [CH,]" b

RSC Adv, 2020, 10, 35039-35048 | 35045
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CH;S* — [HCS]* + H, (12¢)
C,H¢S,*" (13) —» CH5SCHA>" + S (13a)
CH;SCH3>* — CH,S™ + [CH4]" (13b)

CH5S* — [HCS]* + H, (13¢)

The enthalpy value for the first mechanism is 3.91 eV, while
for the latter is 2.20 eV. A three-body dissociation into [CH;]",
[HCS]" and H,S is exoergic by —17.5 kcal mol™' (—0.76 eV),
suggesting that it could also be a relevant dissociation pathway.

3.2.3 The [S]*/[HCS]" ion coincidence. The [S]'/[HCS]"
probability density function is the third most important
contribution for the PEPIPICO spectra at 2465.0 €V, accounting
for around 10% of the overall coincidences. At the first sigma
resonance, its contribution lowers to 5%, being then the second
most relevant coincidence at 2470.9 eV. The coincidence islands
at both energies are shown in Fig. 3(g) and (h). The relation of
the variances is 0.60 + 0.1, which leads to the following
mechanism:

C,HeS,*" (13) — CH3SSCH,** + H (14a)
CH;SSCH,** — [HCS]* + CH;SH™ (14b)
CH;SH" — [S]" + CH,4 (14¢)

Or, analogously:
C,HgS,?" (13) — CH5SSCH?" + H, (15a)
CH;SSCH** — [HCS]" + CH,5S* (15b)
CH;S™ — [S]" + CH; (15¢)

The enthalpy values for the dissociation pathways are
58.9 kcal mol™' (2.55 eV) and 59.2 kcal mol™' (2.57 eV),
respectively. Therefore, the calculations suggest that both
mechanisms seem plausible for accounting to the [S]"/[HCS]"
coincidence.

3.2.4 The [CH,]'/[SS]" ion coincidence. The [CH,]"/[SS]"
probability density function has the smallest contribution
among the ones described herein. It accounts for less than 1%
in both energies. At 2465.0 eV (Fig. 3(c)), only contributions
coming from the [CH;]"/[SS]" are observed, while Iess
pronounced coincidence islands from [CH,]"/[SS]", [CH]"/[SS]"
and [C]"/[SS]" are also obtained at 2470.9 eV (Fig. 3(f)). The
following mechanism is proposed for the [CH;]"/[SS]"
coincidence:

C,H¢S,** (13) — CH,SS*" + CH; (16a)

CH,SS>" — [CHa]" + [SS]" (16b)

With the electron gun at 800 eV,* the most probable disso-
ciation channel involves the formation of the CH;SS" ion, which
contains a disulfide bond. The main differences between the
low-energy fragmentation studies and those presented herein

35046 | RSC Adv, 2020, 10, 35039-35048

View Article Online

Paper

are related to the nature of the inelastic collisions (electrons
losing energy and producing valence ionization instead of
inner-shell processes) as well as the energy absorbed by the
molecule after the ionization. As a consequence, it is expected
that these processes will give rise to distinct molecular frag-
mentation channels, and also to distinct fragment branching
ratios. For valence ionization, the most probable double coin-
cidence channels for DMDS are related to the [CH;SS]"/[CH;]"
and [CH;]"/[SS]", whereas for inner-shell ionization the yields of
fragments containing the S, moiety are negligible.

Chemical bonding is usually thought as being solely related
to valence electrons, with core electrons playing only a minor
role. Conversely, a vast body of literature has demonstrated that
the excitation and ionization of core electrons may lead to an
extensive breakage of chemical bonds, and consequently to
molecular dissociation.®**” However, the effectiveness of bond
breaking after inner-shell excitation depends not only on the
impact energies and the nature of the atom that is being
ionized, but also on the chemical bond itself. By comparing the
yields of the fragmentation products of DMDS after ionization
using photon energies around the sulfur K-shell resonance
obtained herein, it is possible to see that the S-S bond is
significantly more affected than the C-S bond, as S,-bearing
fragments are negligible. This trend is the opposite than what is
expected from the corresponding bond strengths, as the S-S
bond in DMDS is stronger than C-S.* Additionally, our calcu-
lations reveal that the global minimum and the low-lying
isomers of the doubly-charged parent ion with C,HgS, stoichi-
ometry do not present disulfide bonding, indicating that their
stabilizing effect is severely weakened after double ionization.
Taken together, these results evidence that the S-S bond is not
stable enough to compensate for a double ionization event, and
that any parent DMDS dication that may avoid fragmentation
should undergo a severe isomerization process and loss of
structural integrity during the time-of-flight.

4 Conclusions

In summary, we studied the resilience of the disulfide bond in
the dimethyl disulfide (DMDS) molecule subjected to doubly
ionization process combining coincidence spectroscopy and
quantum chemical calculations. Initially, we mapped the
minimum energy structures of the C,HS,>" dication, and
showed that, in contrast to their analogous neutral systems,
disulfide bonds are only present in high-lying isomers. The
global minimum (1) at the CCSD(T)/aug-cc-pVTZ//M06-2X/cc-
PVTZ level of theory is the protonated dimercaptoethanylium
system, which contains terminal H,S" and HS' groups. In
opposition to neutral DMDS, the doubly-charged CH;SSCH;>*
system (13) presents a planar backbone and a short S-S bond of
merely 1.909 A, and the resulting structure is 30.5 kcal mol ™
less stable than 1. By using a multivariate normal distribution
protocol, we were able to discriminate the most plausible frag-
mentation mechanisms that contribute to the two-dimensional
photoelectron-photoion-photoion  coincidence (PEPIPICO)
spectra of DMDS following photon impact with energies around
the S 1s resonance. Furthermore, we showed that the branching

This journal is © The Royal Society of Chemistry 2020
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ratios of DMDS fragmentation with high energy photons are
dependent on whether the hole is created in resonance or not.
Our results revealed that the disulfide bond is severely damaged
as a consequence of sulfur core-shell ionization processes, and
this is related to the low thermodynamic stability of such
a bonding in multiply-charged systems. Further double frag-
mentation experiments are being conducted for the dimethyl
sulfide (DMS) and methyl propyl disulfide (MPDS) molecules.
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