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ABSTRACT: Sulfur-based molecules producing self-assembled
monolayers on gold surfaces have long since become relevant
functional molecular materials with many applications in
biosensing, electronics, and nanotechnology. Among the various
sulfur-containing molecules, the possibility to anchor a chiral
sulfoxide to a metal surface has been scarcely investigated, despite
this class of molecules being of great importance as ligands and
catalysts. In this work, (R)-(+)-methyl p-tolyl sulfoxide was
deposited on Au(111) and investigated by means of photoelectron
spectroscopy and density functional theory calculations. The
interaction with Au(111) leads to a partial dissociation of the
adsorbate due to S−CH3 bond cleavage. The observed kinetics
support the hypotheses that (R)-(+)-methyl p-tolyl sulfoxide
adsorbs on Au(111) in two different adsorption arrangements endowed with different adsorption and reaction activation energies.
The kinetic parameters related to the adsorption/desorption and reaction of the molecule on the Au(111) surface have been
estimated.

1. INTRODUCTION
The ability to develop self-assembled monolayers (SAMs) of
organic molecules on solid surfaces and nanoparticles and the
understanding of their structure are relevant issues for the
design of molecular devices for future technological and
biomedical applications.1−5

A particularly attractive case is constituted by the self-
organization of chiral molecules, leading to a local or global
surface chirality, with potential functionality for molecular
recognition and selective chemical reactivity.6−8 From a
fundamental viewpoint, the description of the intermolecular
bonding9,10 and of the interactions with the substrate is a key
issue for understanding the geometrical arrangement of these
molecular aggregates as well as their electronic and chemical
properties.11−14

As a matter of fact, SAMs of organosulfur compounds on
gold surfaces are archetypal systems15,16 that have been
extensively studied and used to prepare structurally and
chemically complex organic surfaces with distinct microscopic
characteristics.17,18 In particular, the deposition of thiol
derivatives17−21 has become the most simple and efficient
way for the functionalization of gold substrates and nano-
particles,22−28 with many applications as electric devices,
biosensors, and catalysts.1−5,28,29 Other alternatives to thiols,
containing sulfur in the head group have been reported,
including sulfides, disulfides,15−17 thiosulfates,30 thiocya-

nates,31 sulfenyl chlorides,32 sulfonyl phthalimides,33 sulfo-
nates,34 and thiophene derivatives.35−38

At variance, monolayers of sulfoxides, compounds contain-
ing a substituted sulfinyl group (RR′S = O),39 have gained
much less attention despite the proven role of these molecules
in organic synthesis, catalysis, pharmaceutical, or material
chemistry.40−42 Only few studies have been reported on the
interaction of sulfoxides with gold43−48 and almost all43−47 are
related to the adsorption on gold of dimethyl sulfoxide
(CH3SOCH3), aimed at understanding how this widely used
polar, aprotic solvent interacts with the metal surface.
Chiral sulfinyl compounds49 are commonly used as chiral

ligands/catalysts and in biologically active compounds.41,42

The geometrical structure of a sulfoxide (RR′S = O, where R
and R′ are two organic substituents bound to the sulfur atom
of the SO sulfinyl group) is pyramidal. Hence, sulfoxides
possess a stereogenic sulfur atom with a free electron pair,
connected to an electronegative oxygen atom by a polar bond.
Stable sulfoxide enantiomers are possible if R≠R′ and the
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inversion barrier is sufficiently higher than thermal energy.
Because of the relevance that chirally modified metal
surfaces6,50−53 have in many applications, such as heteroge-
neously catalyzed processes or chemical sensors, we considered
it important to characterize the structure and electronic
properties of a chiral sulfinyl compound deposited on a gold
surface.
In this paper, we report a combined experimental and

theoretical study to elucidate the primary binding mechanism
of a small chiral aromatic sulfoxide, R-methyl p-tolyl sulfoxide
(Metoso, Figure 1) deposited on Au(111) at room temper-

ature (RT) in ultrahigh vacuum (UHV). With the
experimental conditions employed in this study the self-
assembled monolayers are not obtained, allowing low surface
coverages investigation of energetics and kinetics of isolated
Metoso molecules on the Au(111) surface. Photoelectron
spectroscopy (PES) investigation evidenced a partial dis-
sociative adsorption of Metoso on the Au(111) surface.
Density functional theory (DFT) calculations were performed
to investigate the adsorption and decomposition reaction of
Metoso on the Au(111) surface.

2. EXPERIMENTAL AND THEORETICAL METHODS
2.1. Experimental Methods. The experimental study was

performed at the Materials Science Beamline and Gas Phase
Photoemission beamline at the Synchrotron Light source
Elettra, Trieste, Italy. R-Methyl p-tolyl sulfoxide with 99%
purity was purchased from Sigma-Aldrich, transferred to a vial
under dry nitrogen, and purified by means of several freeze−
pump−thaw cycles. For gas-phase measurements, the sample
was evaporated at 40 °C and the photoelectron spectra were
acquired at a background pressure of 5 × 10−6 mbar. The gas-
phase core-level photoelectron spectra were measured at 392
eV (C 1s), 632 eV (O 1s), and 260 eV (S 2p) photon energy
with a total resolution (photon + analyzer) of 0.11, 0.35, and
0.06 eV respectively. The binding energy scale of the C 1s, O
1s, and S 2p photoelectron spectra were calibrated by using
CO2 (C 1s 297.7 eV,54 O 1s 541.08 eV55) and SF6 (S 2p3/2
180.21 eV − S 2p1/2 181.5 eV

56) molecules.
The deposited samples were prepared according to the

following procedure. The Au(111) crystal was cleaned by
repeated cycles of Ar+-ion sputtering and annealing at 470 °C
and checked by LEED and core-level photoelectron intensities.
Au(111) was exposed to Metoso by backfilling the preparation
chamber (P ∼5 × 10−8 mbar) through a leak valve connected
to a glass vial. During deposition, the glass vial, inlet system,
and leak valve were heated at 35 °C, while Au(111) was kept at
RT. Deposition times were 30 and 60 min in two independent
exposures. PES data were acquired in a normal electron
emission geometry by a Specs Phoibos 150 hemispherical
electron energy analyzer with ±8° acceptance angle and with
photon energies of 300 eV (S 2p), 410 eV (C 1s), and 650 eV
(O 1s) with 15 eV pass energy. The binding energy scale of the
photoelectron spectra was calibrated by the Fermi edge.

2.2. Computational Details. The quantum modeling has
been carried out with the QUANTUM ESPRESSO simulation
package57 within the Kohn−Sham version of density functional
theory (DFT). Perdew−Burke−Ernzerhof (PBE) exchange−
correlation functional ultrasoft pseudopotentials have been
used, and Kohn−Sham valence states were expanded in a
plane-wave basis set with a cutoff of 340 eV for the kinetic
energy. The energy threshold has been fixed at 10−5 eV and a
mixing factor for self-consistency of 0.7 were employed to
obtain the self-consistency of the electron density. For
Brillouin-zone integration in metals, a Gaussian spreading of
0.06 Ry has been used, as well as Marzari−Vanderbilt smearing
and the local-density-dependent Thomas−Fermi screening
have been used for the electron mixing mode. Integration in
the reciprocal space was performed using the γ point after
preliminary test calculations with a Monkhorst−Pack auto-
matically generated uniform grid of 16 k-points have been
tested on dimethyl sulfoxide on Au(111) showing an error less
than 0.05 eV for adsorption energy and less than 0.01 eV for
the O 1s core-level shift. The geometry optimization was
calculated within the conjugate gradients scheme, with a
threshold of 0.01 eV−1 on the Hellmann−Feynman forces on
atoms. The coordinates of the gold atoms of the third layer
below the surface have been fixed at their bulk values.
Calculations were performed using a primitive orthogonal

unit cell containing 90 Au atoms. We used a cell dimension a =
14.9538 Å, b = 14.3893 Å, and a height of 20 Å to minimize
the vertical surface interactions among replicated cells.
The shift of the binding energy of the core electron in the 1s

orbital of the oxygen atoms has been computed as the
difference of the total energy calculated using a pseudopoten-
tial generated in the corresponding core-level hole for the O
atom of Metoso adsorbed on Au(111) or in gas phase.
The interaction between organic molecules and metal

surfaces can be treated with good accuracy by employing
DFT with vdW corrections. Standard vdW corrections are
known often to overestimate the long-range interactions
occurring between organic molecules and metal surfaces.58 In
the present calculations, the S6 parameter of Grimme,59 which
controls the strength of the vdW interactions, has been fixed at
0.2 in order to correctly reproduce the experimental adsorption
energies of specific molecules on Au(111), which have the
functional groups of Metoso: benzene, CH3SH, CH3OH, and
SO2 (see Table 1).

3. RESULTS
3.1. Core-Level Photoelectron Spectra of Metoso

Deposited on Au(111). Figure 2a,b shows a series of S 2p
core-level spectra taken at different times after exposure to
Metoso at RT for 30 min (Figure 2a) or 60 min (Figure 2b)
depositions. The spectra have been acquired in a sequence

Figure 1. Structure of R-methyl p-tolyl sulfoxide (Metoso).

Table 1. Effects on the Adsorption Energies (ΔE) due to the
Rescaling of the Dispersion Parameter S6a

ΔEcalc (eV) ΔEexp (eV)
benzene 0.69 0.6460

CH3SH 0.77 >0.5−0.661

CH3OH 0.44 0.4262

SO2 0.56 0.3463

aCalculated and experimental ΔE for molecules on Au(111) with
functional groups related to Metoso with S6 = 0.2.
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lasting 20 min soon after exposure (Figure 2a,b, 1−6 bottom
curves) and in the same way about 100 min later (Figure 2a,b,
7−12 top curves).
The spectra have been fitted with pseudo-Voigt functions

(see Figure S1) and present two doublets, with the 2p3/2
components at 165.9 and 163.5 eV, the principal and smaller,
respectively. We assign the higher BE component at 165.9 eV
to the intact adsorbed Metoso molecule, while the lower BE
one at 163.5 eV can be associated with a product of the
dissociation of Metoso.
In the Supporting Information, the gas-phase PES spectra of

Metoso in the S 2p, C 1s, and O 1s binding energy regions are
reported (Figure S2). In particular, Figure S2a shows the S 2p
photoelectron spectra taken at 260 eV photon energy, where
only one S 2p doublet (1.19 eV spin−orbit splitting and a 2:1
branching ratio) is present. For the gas-phase measurements,
the temperature of the Metoso inlet system was slightly higher
(40 °C) than the temperature (35 °C) employed during the
deposition of Metoso on Au(111). The presence of only one S
2p core-level doublet in the gas-phase Metoso spectrum
indicates that the molecules do not decompose during the

evaporation, yet dissociation results from the interaction with
Au(111).
Since in a previous study,47 minor features at about 163 eV

in the S 2p spectra of dimethyl sulfoxide deposited on Au(111)
were ascribed to radiation damage, we checked for this
possibility. As shown in Figure 2a,b, the signal at 163.5 eV is
already present at the beginning of the PES acquisitions on the
sample. We also systematically checked for damage at the end
of the sets of photoelectron measurements. Figure S3 reports
the S 2p spectra acquired after about 2 h in surface regions that
have been repeatedly irradiated and S 2p spectra acquired in
different nonirradiated areas. Almost no difference of the
intensity and energy position of the S 2p doublets has been
observed, indicating that we can rule out radiation damage.
Figure 2c reports the area of the S 2p signal for intact

(A165.8 eV) and fragmentated (A163.4 eV) Metoso as a function of
time for the two exposures to Metoso (30 min shown in black
and 60 min shown in red). For both depositions, it can be seen
that the area of the S 2p signal associated with the intact
Metoso molecule (black or red circles) is not dissimilar for the
two samples and decreases over time. The area of the signal at
163.5 eV is lower in the case of 30 min deposition (black

Figure 2. Photoelectron spectra of the S 2p region taken with 300 eV photon energy at different time delays after sample exposure. Each curve is
the average of five consecutive scans, lasting in total 210 s. The numbers on the right indicate acquisition order. The first series of spectra (1−6
bottom curves) have been acquired in succession soon after exposure and the second series (7−12 top curves) about 100 min later. Background has
been subtracted and spectra are vertically displaced. (a) Au(111) exposition to Metoso for 30 min; (b) Au(111) exposition to Metoso for 60 min;
(c) temporal evolution of the signals area of the two S 2p doublets, with 2p3/2 component at 165.9 eV (circles) and 163.5 eV (triangles) for 30 min
exposure to Metoso (black) and for 60 min exposure to Metoso (red). The blue dashed lines serve only to guide the eye.

Figure 3. PES spectra of Metoso deposited on clean Au for 30 min (black lines) and 60 min (red lines). (a) O 1s region for a 650 eV photon
energy with total fitted area (see text and the Supporting Information for details). (b) C 1s region for a 410 eV photon energy; left: absolute
intensities, right: intensities normalized from 0 to 1.
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triangles), with respect to 60 min deposition (red triangles). If
we compare the spectra acquired shortly after exposure, spectra
numbered 1 in Figure 2a (30 min exposure) and Figure 2b (60
min exposure), an area ratio A166.0 eV/A163.5 eV of 8.0 is obtained
for 30 min and of 3.7 in the case of 60 min deposition. In both
samples, a slight increase of the area intensity as a function of
time of the signals associated with the dissociation of the
molecules (black o red triangles in Figure 2c) is observed.
Figure 3a displays the photoelectron spectra in the O 1s

region, taken about 50 min after Metoso deposition. A broad
band centered around 532.0 eV of BE was observed for O 1s of
Metoso exposed for 30 min (Figure 3a, black line). The
lineshape of the O 1s exposed for 60 min (Figure 3a, red line)
is different, and it appears to have a higher contribution from a
lower-binding-energy component, which shifts the band
toward lower binding energy values. The bands have been
fitted as discussed in more detail in Section 4. The total fitted
area is shown in Figure 3a, while the individual gaussian
components are shown in Figure S4.
Figure 3b shows the spectra of the C 1s, taken about 30 min

after sample preparation. It can be observed that the intensity
of the C 1s signal is lower in the case of 30 min exposition
(Figure 3b, left, black line) with respect to 60 min exposition
(Figure 3b left, red line), and the lineshape of the latter is
slightly broadened in the lower BE side, as evident from the
spectra normalized from 0 to 1 reported in Figure 3b, right.
The Au 4f core-level spectra obtained for the clean Au(111)

surface and for the two different expositions to Metoso are
reported in Figure S5. The intensities of the Au 4f signal are
higher for the sample exposed to Metoso for 30 min with
respect to the sample exposed for 60 min. An estimation of the
surface coverage, in terms of the ratio between the density of S
atoms on the surface and that of Au at the outermost Au(111)
surface was attained from the total area ratio of the S 2p and
Au 4f PES signals, as described in ref 64 and reported in the
Supporting Information. For the sample exposed to Metoso for
60 min, the surface coverage resulted around 0.01, while for
the sample exposed to Metoso for 30 min, the coverage is
slightly lower, 0.008. Considering the number of molecules per

surface gold atom (from DFT calculation, on account of the
area occupied by a molecule, Figure 4) to be about 1:10, it is
possible to estimate that the data presented are referred to
0.08−0.1 ML (1 ML is defined as a saturated surface).
It should be pointed out that these values are attained from

the Au 4f and S 2p spectra, both of them available around 100
min after sample transfer. The low values obtained indicate a
submonolayer range for the deposition at RT. Moreover, an
eventual contribution of molecules forming multilayers would
have resulted in a shift of the peak maxima in the S 2p
spectra46,47 acquired at different deposition and/or acquisition
times, which we do not observe.

3.2. Adsorption and Dissociation of Metoso on
Au(111). From the photoemission data, we infer that
nondissociated Metoso is present on Au(111) together with
products originating from its dissociation due to interaction
with the gold surface. The most labile bond in the molecule is
the S−CH3 bond and homolytic dissociation of this bond
results in the formation of the p-tolyl sulfinyl (Metoso−CH3)
and methyl (CH3) radicals.
We have calculated the minimum energy path (B3LYP/6-

31++g**) for the dissociation of this bond in the gas phase,
which results to be endothermic by 1.61 eV and barrierless
along the reaction coordinate. The reaction energy on the
Au(111) surface can be estimated from the calculated
adsorption energies of reactant and products. At variance
with the gas phase, on the gold surface, an activation barrier for
the reaction is expected.
Figure 4 reports the most stable calculated structures of

Metoso and Metoso−CH3 interacting with the Au(111) surface.
The optimization of the structure of a Metoso molecule on
Au(111) gives two different adsorption arrangements depend-
ing on the position of the aromatic ring with respect to the
surface Au atoms. The aromatic ring can have its center on a
top (indicated below as T conformation) or hollow (indicated
below as H conformation) site on Au(111). H conformation
has lower adsorption energy (ΔE = 0.94 eV) with respect to
the T conformation (ΔE = 1.05 eV), as shown in Figure 4. The
sulfur atom is in both cases on top of a gold atom, and the S−

Figure 4. Structure and energetics of Metoso and Metoso−CH3 monomers adsorbed on Au(111). Gray: Au atoms, yellow: S atom, red: O atom, dark
brown: C atoms, green: hydrogen atoms. ΔE refers to the adsorption energy and δPES(O 1s) to the shift of the O 1s core-level binding energy with
respect to that of the free molecule in the gas phase.
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Au distance is 2.51 Å for the H conformation and is almost the
same for the T conformation (2.50 Å). The aromatic ring is
quasi-coplanar for the T conformation, while it is tilted for the
less stable H conformation. The tilt of the aromatic ring in the
less stable geometry is due to a higher interaction of the
oxygen atom with the gold surface: the distance of the oxygen
atom from the surface along the normal to the plane is 2.40 Å
for the H conformation, while in the T, the same quantity is
3.10 Å. In the H conformation, the oxygen atom is in a
position between a top and a bridge arrangement, while for the
T conformation, the oxygen atom is in an almost perfect bridge
position with respect to the Au surface atoms (Au−O distance
∼3.4 Å). However, in H conformation, the smaller distance of
the O atoms from the surface is not able to compensate for the
lower interaction between the aromatic ring in H and the
surface. This is the main reason for the 0.11 eV lower
adsorption energy of the H with respect to the T
conformation.
With respect to Metoso in the gas phase, it is calculated

(δPES(O 1s) in Figure 4) that Au(111) induces a shift of the
binding energy of the core electron in the 1s orbital of the
oxygen atom toward higher values (positive shift) for both the
H and T conformations with a slightly greater shift (δPES(O 1s) =
+0.60 eV) for the H conformation since the O atom is about
0.5 Å nearer to the surface than the O atom of the T
conformation (δPES(O 1s) = +0.40 eV).
In Figure 4, the most stable structures of the Metoso−CH3

radical adsorbed on Au(111) are also shown. We denoted
these structures H−CH3 and T−CH3. In T−CH3, the center of the
aromatic ring is on top of an Au atom, while H−CH3 has the
center of the aromatic ring on top of a hollow site. Both
conformations have an adsorption energy ΔE = 0.97 eV, which
is a value in between the adsorption energies of the two H and
T conformations of Metoso.
The binding energy of the O 1s in T−CH3 and H−CH3 are

shifted toward negative values with respect to the gas-phase
Metoso (δPES(O 1s) = −0.25 eV for T−CH3 and δPES(O 1s) = −0.29
eV for H−CH3). This can be analyzed in terms of the
polarization of the O−S bond. In fact, the Mulliken charges
of Metoso and Metoso−CH3 in the gas phase indicate that the
O−S bond is much more polarized in the molecule (qO =
−0.73, qS = +0.91) than, for instance, the T−CH3 fragment (qO
= −0.49, qS = +0.54), hence in the fragment there is less
electron density on the O atom and less screening of the O
nuclei which lowers the binding energy of its 1s electron.
When Metoso is adsorbed on the Au(111) surface, the

calculated energy for the dissociation of the S−CH3 bond,
considering the reaction products (Metoso−CH3 and CH3
radicals) both chemisorbed on Au(111), is −0.2 eV (−4.61
kcal/mol) for conformer T and −0.31 eV (−7.14 kcal/mol)
for conformer H, as shown in Figure 5. Hence, at variance with
the gas phase, on the Au(111) surface, the reaction is
exothermic; it is yet more exothermic in the case of the less
stable conformer H.

4. DISCUSSION
As reported in the previous paragraph, the S 2p PES spectra
indicate the presence of two kinds of sulfur-containing species
adsorbed on the Au(111) surface that can be assigned to the
Metoso molecule and to the Metoso−CH3 radical resulting from
the loss of a methyl group.
As shown in Figure 2c, the intensity of the S 2p core-level

signal associated with the Metoso−CH3 radical (triangles in

Figure 2c) increases with exposition, and, for both samples,
continues to increase after the end of exposure. The increase of
fragmentation with longer gas exposition can be also
recognized taking into consideration the O 1s and C 1s signals.
The O 1s signal is broad and complex, due to the presence

of various contributions from the intact molecules and
fragments. The O 1s spectra have been fitted with four
gaussian components (shown in Figure S4). Two components
at 532.1 and 531.8 eV can be attributed to Metoso H and
Metoso T and the component at 531.3 eV, shifted at lower BE
values by −0.5 and −0.8 eV, can be attributed to the
Metoso−CH3 fragment. In fact, the calculated O 1s shift between
a single adsorbed Metoso molecule and a Metoso−CH3 radical
(Figure 4) ranges between −0.65 and −0.89 eV, depending on
the adsorption conformations of Metoso (H or T) and
fragment (H−CH3 or T−CH3). A low peak area component, at
higher BE values (533.2 eV) is attributed to impurities. The
peak area of the component at 531.3 eV, attributed to the
Metoso−CH3 fragment, results increased for the sample exposed
for 60 min with respect to 30 min deposition. This effect can
be associated, in accordance with the S 2p spectra, with the
existence of additional Metoso−CH3 radicals present on the
surface exposed to Metoso for a longer time.
The observed increase of the C 1s signal with time exposure

(Figure 3b) is the signature of an increased amount of the total
molecular species present on the surface. It can also be
deduced that the methyl radical probably does not desorb from
Au(111) in the time frame of the experiment since the increase
of the C 1s signal at lower binding energy can be attributed to
methyl radicals adsorbed on Au.65 Indeed, the calculated
adsorption energy of the methyl radical on the Au(111) surface
is 1.89 eV (Figure 5), almost twice the adsorption energy of
Metoso.
The curves reported in Figure 2c shows that the fraction of

intact Metoso molecules present on the surface diminishes (τ
≈ 35 min) in vacuum, although after 2 h about 50% of the
Metoso molecules remain on the surface, giving rise to a
residual, almost constant signal for t >100 min. This
experimental observation can be explained by considering
that the total intensity of the Metoso signal is due to different
adsorption conformations, showing different disappearance
rates. Indeed, the Metoso molecules can adsorb on Au(111) in

Figure 5. Born−Haber cycle resulting from the DFT-calculated
energies for Metoso and fragments in gas phase and adsorbed on
Au(111).
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different arrangements: the less stable conformation H or
conformation T (see Figure 4). The ratio between the
desorption rate constant of Metoso in the H (k−H) and in
the T (k−T) conformations at room temperature can be
estimated from the corresponding Arrhenius expressions,
resulting in k−H/k−T = e(ΔE(T) − ΔE(H)/KBT) = 77, where ΔE(T) −
ΔE(H) is the adsorption energy difference between and T and
H (Figure 4), KB is the Boltzmann constant, and the
preexponential factor in the Arrhenius expression is considered
the same for T and H. This means that the more stable
conformation T, at room temperature desorbs with a time rate
that is about a factor of 77 slower than the rate of the H
conformation. Another possible channel for the decrease in
time of the total Metoso signal is the conversion into the
Metoso−CH3 radical since the signal attributed to this radical
slowly increases with time.
On the basis of the available experimental and theoretical

data, we propose a simplified model, in which the
fragmentation on the surface involving Metoso in the H and
T conformations are considered independent of each other, as
shown in Figure 6. In the model, we neglect the influence of
aggregation between molecules adsorbed on the surface,
though a similar model could also be extended to dimers or
larger aggregates.

In the kinetic scheme, kH and kT are the kinetic constants for
the adsorption of Metoso in conformation H and T,
respectively, while k−H and k−T are the kinetic constants for
desorption. In this kinetic model, the reactions leading to
Metoso−CH3 involve both H and T conformations, with kRH
and kRT rate constants, respectively. k−F is the rate constant for
the desorption of Metoso−CH3 fragment, which, on the basis of
calculated adsorption energies (Figure 4), is the same for
H−CH3 and T−CH3. The model is based on the following
assumptions: (i) recombination between the fragment and the
methyl group is negligible in the timeframe of the experiment,
that is, nonreversibility of the fragmentation reaction of
Metoso; (ii) the desorption of the methyl radical is neglected
since the calculated adsorption energy (1.89 eV) is high in
comparison with Metoso and Metoso−CH3 (∼1 eV); (iii) on
the basis of the calculated DFT adsorption energies of H, T,
H−CH3, and T−CH3 (Figure 4) 77k

k
H

T
and 3.3k

k
H

F
; (iv) the

assumption that the fragmentation on the surface involving H
and T conformations are considered independent of each other
implies that a possible conversion of conformer H into the
most stable conformer T on the surface is neglected, although
some comments on this point are reported in the Supporting
Information.
In vacuum, (kH = 0, kT = 0), the solution of the system of

rate equations of scheme 1 (see the Supporting Information)
can be related to the area, normalized to the value at t = 0, of
the S 2p signal ascribed to the molecules (AMetoso(t)/AMetoso(t
= 0)) as a function of time, where t = 0 corresponds to the end
of the adsorption process. The biexponential fit (see Figure

S5) provides three independent parameters: the total rate
constants for the depletion of H (kTH = k−H + kRH) and T (kTT
= k−T + kRT) conformations of Metoso from the Au(111)
surface which are, in average, kTH = (26 ± 7) 10−3 min−1 and
kTT < (25 ± 1) 10−5 min−1, and the fractional coverage (ρ) of
H conformation, that is, the ratio between H and the total H +
T conformations at time t = 0, ρ = 0.49 for 30 min deposition
and ρ = 0.44 for 60 min deposition.
The low value of the kTT constant is consistent with the fact

that the desorption rate of T (k−T) and the fragmentation of T
(kRT) are both much slower than the time frame of the
experiment.
The peak area of the signal ascribed to the fragment as a

function of time, normalized to the value at t = 0, (AMetoso−
CH3(t)/AMetoso− CH3(t = 0)), have been employed to have a
rough estimation of the rate constants for reaction and
desorption of the H conformation, namely, in average kRH =
0.01 ± 0.005 min−1 and k−H = 0.016 ± 0.005 min−1,
respectively. Use of the Arrhenius expression for k−H at the
temperature of the experiment with a DFT-calculated
desorption energy of 0.94 eV results in a value of 4 × 1012
Hz for the surface bond vibration frequency.
The adsorption rate constant kH can be estimated from the

solution of the rate equations during exposure66 as shown in
the Supporting Information. In the quasi-steady-state approx-
imation, we obtain kH = (6.6 ± 4) 10−2 min−1.

5. CONCLUSIONS
The results described in this paper provide the first insight into
the energetics and kinetics of an aromatic chiral sulfinyl
compound deposited on Au(111) at room temperature. The
Metoso molecule can adsorb on Au(111) in two different
geometries depending on the position of the tolyl ring with
respect to the surface atoms. At room temperature, the
interaction with the Au(111) surface leads to a partial
dissociation of the adsorbate with the formation of the p-
tolyl sulfinyl radical. By means of combined experimental and
theoretical approaches, we were able to estimate kinetic
parameters related to the adsorption/desorption and reaction
of the molecule on Au(111). The rate constants for desorption
and reaction of the most stable adsorbed species were
estimated to be smaller than the time frame of the experiment.
An important parameter achieved from this study is the kRH
kinetic constant for the predominant reaction from the less
stable conformer on the surface, leading to the p-tolyl sulfinyl
radical, which results to be 0.010 ± 0.005 min−1 at room
temperature. Further investigations are planned in order to
compare the present data with depositions at lower temper-
atures to obtain higher molecular coverages and to provide
information for the kinetic analysis. We also plan to investigate
racemic mixtures deposition of methyl p-tolyl sulfoxide on
Au(111).
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Figure 6. Proposed kinetic model.
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