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ABSTRACT: We applied time-resolved sulfur-1s absorption
spectroscopy to a model aromatic thiol system as a promising
method for tracking chemical reactions in solution. Sulfur-1s
absorption spectroscopy allows tracking multiple sulfur species
with a time resolution of ∼70 ps at synchrotron radiation
facilities. Experimental transient spectra combined with high-
level electronic structure theory allow identification of a radical
and two thione isomers, which are generated upon illumination
with 267 nm radiation. Moreover, the regioselectivity of the
thione isomerization is explained by the resulting radical
frontier orbitals. This work demonstrates the usefulness and
potential of time-resolved sulfur-1s absorption spectroscopy for
tracking multiple chemical reaction pathways and transient
products of sulfur-containing molecules in solution.

■ INTRODUCTION

Understanding chemical reactions on levels of atoms and
electronic configurations is of major interest in most fields of
chemistry, ranging from biochemistry to material sciences in
order to mimic biological reactions, optimize existing chemical
processes on a lab or industrial scale, or access new synthetic
routes. Complex chemical reactions can be broken down into
basic reaction steps, most of which involve a functional group
containing one or more heteroatoms, e.g., oxygen, nitrogen, or
sulfur at the reacting functional group. Sulfur is of high
chemical importance as it is the tenth most abundant element
in the universe and in particular, the earth’s crust1,2 and can be
found in a variety of oxidation states, ranging from −2 to +6.2,3

Its electronic versatility makes it an important element in many
chemical compounds, ranging from polymers, nanoparticles,
and electrode materials in batteries to molecular electronics
devices. In the latter, sulfur is widely used as anchoring group
for “molecular wires”4 and in the form of thiophene-containing
π-systems in organic field-effect transistors (OFETs), organic
light-emitting diodes (OLEDs), and organic photovoltaics
(OPVs).5,6 Furthermore, sulfur plays an important role in

biochemistry: In both peptide chains and reaction centers of
proteins, sulfur is an important element, i.e., as one of the
amino acids methionine (thioether) or cysteine (thiol) and as
sulfide in metal−sulfur-complexes, respectively.7
The thiol group has a central function in many biologically

important reactions such as the formation of disulfide bridges
via several thiol−disulfide interchange reactions in proteins.8−10
Thiols are also active in radical repair by donating an H atom to
a radical thereby forming the more stable S-centered thiyl
radical.8,11 Thiols in general are known for their antioxidant and
radical scavenging properties. The thiyl radical as the product of
the repair reaction and the intermediate of thiol-including
reactions in biochemistry can undergo many different
secondary reactions of which some are potentially biologically
harmful.12−14 Increased protein folding and unfolding of
disulfide-containing proteins by addition of substituted
thiophenols in vitro has been observed as well.10,15 Accordingly,
the chemical behavior of aromatic thiols and corresponding
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thiyl radicals and thiolates are of major interest for biochemical
and biological applications.
Aromatic thiols show a higher nucleophilicity and reactivity

toward disulfides than aliphatic thiols.8 Photoexcitation of
thiophenol and its derivatives with ultraviolet light seems to
primarily result in the formation of the S-centered thiyl radicals
(thiophenoxy radicals) via homolytic bond cleavage of the S−H
bond.16−18 Riyad et al. investigated the reaction kinetics of the
thiophenoxy radical after photodissociation of several sub-
stituted thiophenols including 4-methylthiophenol (4-MTP, 1)
with laser flash photolysis.18 Theory predicts the photo-
dissociation to result from population of the repulsive πσ*-
state (S2). In solution, the formation of a conical intersection
between the S2 and the ground-state S0 would allow for direct
relaxation back to the ground state, but the dissociation
pathway which leads to radical formation dominates.19−22

Accordingly, the reported decay rates of the radical population
are consistent with diffusion-limited recombination. In addition,
a second product was ascribed to a hydrogen adduct (H-
adduct) resulting from the reaction of a hydrogen atom with
the aromatic ring of the parent thiophenol molecule. A third
product appearing within ∼15 μs was hypothesized to be the
disulfide dimer formed by the reaction of two thiophenoxy
radicals.
More recently, femtosecond ultraviolet absorption spectros-

copy revealed the formation of a secondary photoproduct after
photodissociation of 4-MTP on a time scale of tens of
picoseconds with the same spectral footprint as the H-adduct
observed by Riyad et al.,18 which suggested the appearance of
this photoproduct to coincide with the initial decay of the
thiophenoxy radical.19−21 The structure of this species was
suggested to be a thione isomer, where the H atom is bound at
the ortho-, meta-, or para-position of the phenyl ring.21,22 Since
the meta-adduct is thermodynamically less stable than the other
products, the Bradforth group concluded that this recombina-
tion pathway is strongly disfavored.19 However, this inter-
pretation is tentative as the dynamical UV and vibrational
studies are based in part on theoretical predictions with only
qualitative agreement with experiment. A clear spectral
identification of the transient photoproducts is paramount for
a reliable understanding of the reaction mechanism. Unfortu-
nately, optical probes are generally very difficult to simulate
quantitatively, even with high-level electronic structure
calculations, due to strong electron−electron correlations and
the broad and often nondescript nature of valence-to-valence
transitions.
In this work we investigate the photochemistry of 4-MTP

(1) with time-resolved X-ray absorption spectroscopy
(TRXAS) at the sulfur K-edge, which is capable of following
reaction dynamics of sulfur-containing systems with elemental
specificity. The abundant body of literature on studies
employing static sulfur K-edge XAS to molecular systems
both experimentally and theoretically23−40 underscores the
usefulness and important information content of sulfur-1s
spectroscopy. Pairing the high chemical specificity of spectros-
copy in the soft,41−44 tender,45−48 and hard49−55 X-ray range
with time-resolved methods is becoming an established
spectroscopic tool for structural dynamics by tracking the
relevant atomic species during ultrafast chemical reactions.
TRXAS exploits the inherent element specificity of core-level
transitions, the initial state of which is highly localized and of
well-defined symmetry and spin. Moreover, distinct spectral
features of atomic species in different oxidation and spin states

permit the precise assignment of photoproducts, thereby
allowing TRXAS to follow dynamics of electronic and
molecular structure more precisely than valence spectroscopy
permits. The sensitivity of X-ray absorption spectra to bond
order, symmetry, and valence charge distribution around the
absorbing atomic species can be particularly useful in the
identification of different reaction intermediates and products
when multiple reaction pathways are present. In particular,
sulfur-1s absorption spectroscopy is known to exhibit large
spectral separations for different chemical environments of the
sulfur atom.56−61 It permits identifying the chemical state of
sulfur-containing functional groups very precisely and with
atomic resolution for spectrally distinct sulfur sites within a
molecule or among different photoproducts. In the following,
we present a time-resolved study at the sulfur K-edge with
sulfur 1s → 3p transitions as a probe of molecular dynamics of
4-MTP in cyclohexane solution.

■ METHODS
Experimental Setup. All experiments were conducted at beamline

6.0.1. of the Advanced Light Source in Berkeley, California, and the
experimental setup has been described previously.62,63 The exper-
imental setup is shown in Figure 1. The filling pattern of the storage

ring consists of 276 electron bunches, one of which is placed in a 100
ns gap for isolated detection. A 4-kHz heat-load chopper transmits 10-
μs long X-ray bunch trains. The X-ray beam is monochromatized with
a cryogenically cooled Si(111) double-crystal monochromator (ΔE/E
= 1/7000). The X-ray pulses are focused to 170 μm × 250 μm at the
sample position.

Pump pulses at 267 nm from a third harmonic generator (THG) of
the Ti:sapphire 800 nm pulses are focused with a CaF2 lens to 270 μm
× 300 μm with 60 μJ at the sample position, impinging on the liquid
jet at an angle of 15° with respect to the X-ray pulses. The laser
oscillator is locked to the subharmonic of the 500 MHz radio
frequency (RF) clock of the synchrotron storage ring while the
Pockels cells of the laser amplifier are triggered by the X-ray chopper.
Timing between X-rays and laser pulses is controlled by a phase shifter
between the laser oscillator and the RF clock.

Static absorption spectra were collected in total fluorescence yield
(TFY) using an integrating photodiode and a current amplifier.
Transient differential absorption spectra are recorded in transmission
at 4 kHz while the sample is intermittently excited at 2 kHz. The X-ray
probe pulses impinged on an avalanche photodiode (APD) which is
shielded from laser radiation with 200 nm of aluminum foil. The APD
signal is amplified and sent to a boxcar integrator. The sample is
delivered through a 100-μm wide sapphire nozzle by a gear pump at
flow rates of >0.5 mL/s. Prior to data collection, the sample chamber
was evacuated and filled with helium to 1 atm.

Chemicals and Materials. 4-MTP and cyclohexane were
purchased from Sigma-Aldrich, and used without further purification.
Cyclohexane solutions of 4-MTP (200 mM) were prepared by

Figure 1. Schematic drawing of the experimental setup at beamline
6.0.1 of the Advanced Light Source.
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dissolving 12.4 g of 4-MTP in 500 mL of cyclohexane. Samples were
always replaced after 8 h of use.
Theoretical Calculations. The equilibrium geometries of all

molecular species were obtained by second order Møller−Plesset
perturbation theory64 (MP2) with the Dunning correlation consistent
basis set aug-cc-pvtz65 using the Gaussian 09 program package.66 In
order to simulate the X-ray absorption spectra, the first-principles
multireference restricted active space self-consistent field (RASSCF)
method was used with no symmetry imposed. The active space for
simulated XAS comprised 14 electrons distributed over 13 orbitals.
The aug-cc-pvtz basis is used for sulfur and the three adjacent carbon
atoms, while aug-cc-pvdz was used on all other atomic centers. The
energies of the computed states were further improved by applying
second order perturbation theory (RASPT2)67−69 to RASSCF wave
functions to account for dynamic correlation effects. In the RASSCF
calculations of core-excited states, the core orbital was kept in the
RAS3-subspace, thus restricting the possible configurations to those
with at least one electron missing from the core orbital and preventing
a variational collapse during the wave function optimization that would
refill the core-hole with a valence electron (this sorting of electrons
into active spaces is known as the core-RAS method).70 RASSCF/
RASSI calculations were performed with the Molcas 7.8 program
suite.71 All transition energies were rescaled by a constant factor
(equating to an energy shift of about −2.8 eV) such that the computed
4-MTP spectrum matches the experimental one.

■ RESULTS AND DISCUSSION

Figure 2A shows the static X-ray absorption spectrum of 4-
MTP in cyclohexane at the sulfur K-edge. Two prominent
transitions are observed at 2472.5 and 2473.6 eV, along with

additional less resolved transitions above 2475 eV which merge
into the actual continuum edge. The resulting differential
absorption spectrum upon ultraviolet excitation at 267 nm
(4.64 eV) at a pump−probe time delay of 100 ps is shown in
Figure 2B. The negative bleaching signal at 2472.5 eV signals a
loss of absorption and coincides with the two main absorption
peaks of the ground state. Three induced absorption features
emerge at energies of 2467.0, 2468.5, and 2470.3 eV,
respectively. The apparent area ratio of the energetically lowest
two peaks is about 1:3 while the small induced absorption is
hard to quantify and only appears at high excitation fluence
(see discussion below). Pump−probe transients at photon
energies of the strongest absorption changes fully emerge
within the time resolution of our experiment (∼70 ps) and stay
constant over the observed time frame of about 500 ps, as does
the ground-state bleaching signal. For details on the
experimental time traces and their modeling see the Supporting
Information.
In order to identify the spectra in Figure 2, we employed

RASSCF calculations to predict the sulfur-1s transitions of the
ground state of 4-MTP (1) and possible photoproducts in
order to recreate the experimental differential spectrum at 100
ps. Figure 2A shows three distinct transitions that match the
experimentally observed ground-state transitions around 2472
eV very well. We have not convolved the transition lines with a
Voigt profile for clarity. However, a monochromator resolution
of σ = 0.35 eV and a Lorentzian lifetime broadening of 0.8 eV
reproduce the main absorption features in Figure 2A (for
convolved data see Figure S2). We note that our high-level
electronic structure calculations neither describe the Rydberg
series nor the atomic continuum absorption edge. Other
theoretical approaches would be more appropriate for
describing multiple scattering and the EXAFS region. However,
RASSCF provides a very accurate approach to describing
electronic correlations, and the bound−bound transitions
relevant to this experimental study.
The initial chemical reaction step in 4-MTP upon excitation

with 267 nm pulses is the cleavage of the S−H bond. Oliver et
al. reasoned for homolytic bond dissociation with production of
a hydrogen atom, a 4-methylthiophenoxy radical, and an
additional adduct.19 The 4-methylthiophenoxy radical (II) as
shown in Figure 2C exhibits a theoretical S-1s spectrum that
matches the experimentally observed induced absorption peak
at 2467 eV, underscoring that indeed photoinduced homolytic
bond cleavage occurs. However, the methylthiophenoxy radical
alone does not reproduce our experimentally observed
differential absorption spectrum at 100 ps. Another induced
absorption peak at 2468.5 eV is clearly discernible.
In order to identify this feature, we have computed spectra

for two 4-methylthiophenoxy ions, as these are most closely
related to the 4-methylthiophenoxy radical (II): the formally
hydride-abstracted cation (Ia) and the thiolate anion (III),
both of which could be produced through heterolytic S−H
bond dissociation. However, the computed sulfur-1s transitions
of the cations (Ia and Ib) and the thiolate anion (III) deviate
notably from the experimentally observed spectral feature at
2468.5 eV (see Figure S3). Moreover, the ejection of a hydride
anion seems very unlikely since sulfur is the more electro-
negative atom in the S−H bond, polarizing the bond toward
the sulfur atom. Two-photon ionization of 4-MTP toward the
cation (Ib) at 9.3 eV seems possible72 albeit the first ionization
energy of elementary sulfur is at 10.36 eV.73

Figure 2. (A) Static sulfur-1s absorption spectrum of 4-MTP in
cyclohexane solution and calculated lowest S-1s transitions (yellow).
(B) Differential absorption spectrum at 100 ps after 267 nm excitation
(50 mJ/cm2), and calculated S-1s transitions for ground-state bleach
and observed photoproducts: 4-MTP (yellow), radical (orange), and
thione isomers (red). (C) Structures of 4-MTP (1), 4-methylthio-
phenoxy radical (II), and ortho- (2a) and para- (2b) thiones.
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Instead, we consider the three possible thione isomers to
explain the observed emergence of this new spectral feature.
These species can emerge when the photolytically cleaved
hydrogen atom attaches to the aromatic ring of the parent 4-
MTP radical residue, either in the ortho- (2a), para- (2b), or
meta- (2c) position (see also Scheme S1), thereby disrupting
the π-conjugation of the ring. The corresponding calculated
lowest sulfur-1s transitions for 2a and 2b, namely, 4-
methylcyclohexa-2,4-diene-1-thione (2a) and 4-methylcyclo-
hexa-2,5-diene-1-thione (2b), henceforth denoted as ortho-
(2a) and para- (2b) thione, respectively, both match the
second observed induced absorption peak at 2468.5 eV very
well. The dominant transition of the ortho-thione is predicted
0.15 eV lower in spectral position and with 20% higher
amplitude than the para-thione. A distinction between the two
isomers with sulfur-1s absorption spectroscopy is difficult due
to the inherent lifetime broadening of ∼0.8 eV. The ortho-
thione assignment matches slightly better with the experimental
data.
The nearly identical transition energies of both thione

isomers point to the fact that the S-1s transitions are strongly
influenced by the bonding order and oxidation state of the
sulfur atom. For both thione isomers, the dominating feature is
the CS double bond. The position of the newly formed sp3-
hybridized carbon does not influence the electronic structure of
the sulfur atom substantially because the sulfur atom and the
newly formed CH2 (2a) or CHCH3 (2b) group are separated
by either two (2a) or four (2b) chemical bonds, respectively.
The meta-adduct 2c cannot be described as a stable thione
product in the conventional Lewis formalism but has to be
conceived as a delocalized biradical which manifests itself as an
energetically highly disfavored species19 with sulfur-1s tran-
sitions appearing at much higher energy than the induced
absorption peak at 2468.5 eV in Figure 2B (see also Scheme
S1). Recently, Reva et al. found clear evidence for the formation
of the thione isomers 2a and 2b upon photoexcitation. Steady-
state infrared spectroscopy was used in cryogenic argon
matrices in which these isomers form extremely long-lived
metastable states.74 Moreover, no evidence for the formation of
the meta-adduct 2c was found while photoexcitation with 267
nm light resulted in the formation of 2a and 2b. These results
are in excellent agreement with our findings. However, our
method observes the photochemistry of 4-MTP under ambient
conditions in real time, i.e., in the liquid phase at room
temperature, with a site-specific electronic- and structural-
probe.
Our theoretical calculations provide detailed information on

the electronic structure of the different sulfur species. In the
following, we discuss the character of the spectral lines in terms
of highest occupied and lowest unoccupied molecular orbitals
(HOMOs and LUMOs, respectively), as well as the singly
occupied molecular orbital (SOMO) for the 4-MTP radical. In
the ground state of 4-MTP, we observe three major transitions
as observed in Figure 2A. The lowest sulfur-1s transition is
predominantly (>90%) described by the population of the
LUMO + 2 orbital as shown in Figure 3. The two higher-lying
transitions in Figure 2A are well-described by linear
combinations of LUMO + 3 ± LUMO + 5 with less than
10% from other states. For the 4-MTP radical (II) and the
thione isomers 2a and 2b, only one major transition in each
species is found. These transitions are dominated by a single
configuration, populating the LUMO (thione) and the SOMO
(radical), respectively (Figure 3). Additional transitions are

smaller by at least 2 orders of magnitude compared to the
respective major transitions depicted in Figure 2. From the
orbital scheme in Figure 3, the relative shift of the lowest
absorptive sulfur-1s transitions in Figure 2B can be inferred
qualitatively for each species: The HOMO−LUMO gap follows
a clear trend that reflects the relative energetic stability of the
three sulfur species. The relative energy difference between the
sulfur-1s orbital and the dominating orbital of the sulfur-1s
excitations decreases in the same order from 4-MTP (1s →
LUMO + 2) via the thione (1s → LUMO + 0) to the radical
(1s → β-SOMO). In the radical, the energy level scheme
exhibits additional complexity because the unpaired electron
divides the transitions into α- and β-densities, owing to the fact
that transition energies of spin-up and spin-down excitations
interact differently with the unpaired electron of the SOMO.
The calculations are also able to explain the regioselectivity of
the observed thione isomerization: In the 4-MTP radical (II),
the HOMO is a SOMO, which governs the radical’s chemistry.
As can be seen from the isosurface for the SOMO in Figure 3,
even though the radical is mainly sulfur-centered, there is also
electron density at the ortho- and para-carbon atoms and none
at the meta-carbon atoms. This is a manifestation of the
regioselectivity of the observed thione isomerization reaction
which strongly disfavors the meta-form.
It is also instructive to consider the trend of the sulfur-1s

orbital energies for 1, II, and 2a: Recent publications provide
evidence that the 1s-orbital energies in transition-metal
complexes are strongly correlated with the amount of effective
valence charge on a bound nitrogen atom.44,75,76 The N-1s
spectra were found to be similarly correlated because they
depended mainly on the N-1s orbital energy in these
compounds. We performed a natural population analysis to
check for a similar correlation between valence charge and S-1s
orbital energy. The results are given in Table 1 along with the
calculated sulfur−carbon bond distance. There is a significant

Figure 3. Molecular orbitals and corresponding isosurfaces relevant to
the lowest sulfur-1s transitions in the three main species (4-MTP (1),
ortho-thione (2a), 4-MTP radical (II)).

Table 1. Bond Distance and Natural Populations

4-MTP thione radical

d(C−S)/Å 1.77 1.64 1.73
nat pop 0.042 −0.043 0.056a

aNatural populations of α and β spin densities were added.
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bond contraction (>10 pm) between the sulfur and carbon
atom upon transition from the ground-state 4-MTP molecule
to the thione isomers 2a or 2b as expected for a double bond
formation. This change is accompanied by a significant
reduction in the natural population of the sulfur atom, leading
to a lower S-1s orbital energy and signaling a reduced valence
charge density on the sulfur atom. The sulfur radical does not
reveal significant differences from the 4-MTP parent com-
pound. We interpret this finding as a manifestation of the
relative inertness and stability of sulfur radicals compared to the
very reactive oxygen radicals. X-ray photoemission spectrosco-
py is sensitive to these binding energies while transition
energies of X-ray absorption spectra depend not only on the
binding energy of the core-level electrons but also on the dipole
selection rules dictated by the symmetries of the respective
LUMO states. This fact can lead to a seeming lack of systematic
ordering of transitions while the basic concept of core−electron
screening by an atom’s valence charge density still holds.
The differential spectrum in Figure 2B exhibits a third

induced absorption peak at 2470.3 eV which appears only at
high pump fluence of 50 mJ/cm2 while it is absent at half the
fluence (Figure S4). We have considered several possible
species (Scheme S1) for this induced absorption peak of which
the calculated 4-MTP anion (III) absorption best matches the
observed spectral position (Figure S3). We cannot exclude that
the anion species could emerge from highly excited states upon
multiphoton absorption. However, it is known that cyclic
aliphatic hydrocarbons undergo multiphoton absorption in
strong femtosecond laser fields, producing fast decaying
hydrocarbocations and free solvated electrons.77 Such electrons
constitute a highly reactive species and could react via a single
electron transfer (SET) process with a 4-MTP radical (II) to
yield the 4-MTP anion (III) within our time resolution. A
second species with nearby sulfur-1s transitions is the 4-MTP
dimer, the generation of which can result from two 4-MTP
radicals (II). This diffusion-limited process cannot occur in the
measured time frame (<1 ns) although Riyad et al. observed a
product formation on microsecond time scales which they
interpreted as dimerization. Only the formation of prearranged
dimers, trimers, and tetramers of aromatic thiols would allow
for dimerization to occur rapidly enough. Oligomers of
aromatic thiols have been reported in solution, where the
thiol group of one molecule coordinates to the π-system of
another molecule. It is possible that such dimer formation
occurs under our experimental conditions of 200 mM 4-MTP
concentration. However, the 4-MTP dimer has its lowest
absorption peak above 2471 eV. We therefore exclude

dimerization and attribute the fluence-dependent induced
absorption to anion formation.
We end the discussion with a few considerations of the

temporal evolution of the 4-MTP photochemistry. The
observed initial photofragmentation of 4-MTP into 4-MTP
radicals (II) and hydrogen atoms occurs on an ultrafast time
scale which eludes our time resolution of ∼70 ps, and for the
initial reaction dynamics, we refer to Zhang et al.20 Upon UV
excitation the 4-MTP molecule is photodissociated to generate
a radical pair IV in Scheme 1. The excess excitation energy is
converted to kinetic energy and carried largely by the hydrogen
atom, which is ejected into the solvent shell with an average
ejection length of 9 Å or about two to three solvent spheres.20

Suppression of fast geminate S−H recombination at such large
ejection lengths is characteristic of weak solute−solvent
interaction as found in cyclohexane solution. The initial radical
concentration was observed to partially decay to a constant
value within less than 50 ps.20 The H-adduct, which we identify
as the thione isomers 2a and 2b, emerges at the same rate.20 No
change in the relative populations occurs in the observed
subnanosecond time frame, in agreement with the time
evolution of the signal (Figure S1).
The reaction pathways are depicted in Scheme 1: Upon

photoexcitation, 4-MTP (1) is promoted to a dissociative state,
and the hydrogen atom is ejected into the surrounding solvent
cage (IV in Scheme 1). The H atom will either escape the
solvation shell, producing the long-lived 4-methylthiophenoxy
radical (II), or attach to the aromatic ring of the parent 4-MTP
molecule yielding the thione isomers 2a and 2b. If the 4-MTP
radical (II) survives, it will only be consumed upon diffusion-
limited recombination with a hydrogen atom or another 4-
MTP radical (II). Solvent hydrogen abstraction seems less
likely given the long radical lifetime extracted from flash-
photolysis studies.18 Matrix isolation studies74 have demon-
strated optical switching between the thione isomers 2a and 2b,
but it is unclear whether these two isomers will form both or
interconvert at room temperature in solution. Time-resolved
vibrational exchange spectroscopy could provide an answer
because the isomers have discernible infrared spectral finger-
prints.74 Lastly, we note that in the same matrix isolation
studies UV excitation of thione adducts has resulted in
reformation of the 4-MTP ground state. This observation
explains the low quantum yield of radical formation in
nanosecond flash-photolysis studies: Thione formation occurs
within a few picoseconds, and a nanosecond UV excitation
pulse will therefore partly consume the thione isomers and
generate the 4-MTP parent species again.

Scheme 1. Reaction Pathways of 4-MTP upon 267 nm Excitation
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■ CONCLUSIONS AND OUTLOOK

We have successfully followed a chemical reaction in the liquid
phase using sulfur-1s absorption spectroscopy to reveal the
different reaction pathways of an aromatic thiol model system
(4-MTP) following irradiation with 267 nm light, namely
radical generation, thione isomerization, and anion formation.
High-level theoretical calculations permit assigning the two
prominent spectral signatures to the 4-MTP radical and the
thione isomers. The regioselectivity of the isomerization
reaction is governed by the radical SOMO which only has
high electron density on the sulfur and the ortho- and para-
carbon atoms, favoring S−H recombination or isomerization to
the observed ortho- and para-thiones.
Time-resolved sulfur-1s spectroscopy provides new insight

beyond the corresponding optical spectroscopy techniques: It is
element specific and well-described by theory. The high
spectral sensitivity to different oxidation states and chemical
surroundings of the sulfur atom renders this technique a
valuable tool to study chemical reactions involving sulfur
functional groups. Sulfur-1s spectroscopy can be applied to
various systems, both in solution and in solids, and could be
especially useful in the field of battery research and X-ray
radiation damage of proteins (in operando, in crystallo). In
combination with free-electron lasers or laser-plasma sources,
sulfur-1s spectroscopy can follow chemical reactions of sulfur
functional groups on atomic and possibly electronic time scales
due to ultrashort and bright femtosecond X-ray pulses. This
would allow for the observation of initial reaction steps and
help disentangle the emergence of different photoproducts and
their potential conversion of one initially formed photoproduct
into another. In summary, our study underscores the potentially
broad applicability of time-resolved sulfur-1s spectroscopy to
follow the evolution of sulfur atoms in a variety of different
bonding situations and oxidation states making it a valuable
tool to study chemical reactions of sulfur-containing functional
groups and materials.
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Neḿeth, Z.; Hartsock, R.; Liang, W.; Zhang, J.; Alonso-Mori, R.;
Chollet, M.; Glownia, J. M.; Nelson, S.; Sokaras, D.; Assefa, T. A.;
Britz, A.; Galler, A.; Gawelda, W.; Bressler, C.; Gaffney, K. J.; Lemke,
H. T.; Møller, K. B.; Nielsen, M. M.; Sundström, V.; Vanko,́ G.;
War̈nmark, K.; Canton, S. E.; Haldrup, K. Phys. Rev. Lett. 2016, 117,
013002.
(55) Zhang, W.; Kjaer, K. S.; Alonso-Mori, R.; Bergmann, U.;
Chollet, M.; Fredin, L. A.; Hadt, R. G.; Hartsock, R. W.; Harlang, T.;
Kroll, T.; Kubicek, K.; Lemke, H. T.; Liang, H. W.; Liu, Y.; Nielsen, M.
M.; Persson, P.; Robinson, J. S.; Solomon, E. I.; Sun, Z.; Sokaras, D.;
van Driel, T. B.; Weng, T.-C.; Zhu, D.; Warnmark, K.; Sundstrom, V.;
Gaffney, K. J. Chem. Sci. 2017, 8, 515−523.
(56) Haase, J. J. Phys.: Condens. Matter 1997, 9 (18), 3647−3670.
(57) Myneni, S. C. B. Rev. Mineral. Geochem. 2000, 40, 113−172.
(58) Solomon, E. I.; Hedman, B.; Hodgson, K. O.; Dey, A.; Szilagyi,
R. K. Coord. Chem. Rev. 2005, 249 (1−2), 97−129.
(59) Mori, R. A.; Paris, E.; Giuli, G.; Eeckhout, S. G.; Kavcic, M.;
Zitnik, M.; Bucar, K.; Pettersson, L. G. M.; Glatzel, P. Anal. Chem.
2009, 81 (15), 6516−6525.
(60) Sproules, S.; Wieghardt, K. Coord. Chem. Rev. 2011, 255 (7−8),
837−860.
(61) Queen, M. S.; Towey, B. D.; Murray, K. A.; Veldkamp, B. S.;
Byker, H. J.; Szilagyi, R. K. Coord. Chem. Rev. 2013, 257 (2), 564−578.
(62) Cho, H.; Hong, K.; Strader, M. L.; Lee, J. H.; Schoenlein, R. W.;
Huse, N.; Kim, T. K. Inorg. Chem. 2016, 55 (12), 5895−5903.
(63) Khalil, M.; Marcus, M. A.; Smeigh, A. L.; McCusker, J. K.;
Chong, H. H. W.; Schoenlein, R. W. J. Phys. Chem. A 2006, 110 (1),
38−44.
(64) Head-Gordon, M.; Pople, J. A.; Frisch, M. J. Chem. Phys. Lett.
1988, 153 (6), 503−506.
(65) Dunning, T. H. J. Chem. Phys. 1989, 90 (2), 1007−1023.
(66) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H.
P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A., Jr.;
Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin,
K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.;
Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega,

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b12992
J. Am. Chem. Soc. 2017, 139, 4797−4804

4803

http://dx.doi.org/10.1021/jacs.6b12992


N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.;
Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.;
Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, Ö.;
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