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Abstract Abounding potential technological applications
is one of the many reasons why adsorption of aliphatic
thiols on gold surface is a subject of intense research by
many research groups. Understanding and exploring the
nature of adsorbed species, the site of adsorption and the
nature of interaction between adsorbed species and the gold
surface using experimental and theoretical investigations is
an active area of pursuit. However, despite a large number
of investigations to understand the atomistic structures of
thiols on Au(111), some of the basic issues are still unad-
dressed. For instance, there is still no clear information
about the mechanism of adsorption of alkylthiol on gold
surface. Furthermore, the reactivity and mechanism of
adsorption of alkylthiol is likely to differ when gold ada-
toms and/or vacancies in the gold layers are considered. In
this work, we have tackled these issues by computing the
stationary states involved in the thiols adsorption in order
to shed light on the kinetics aspects of adsorption process.
In this respect, we have considered a variety of thiols into
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consideration such as methylthiol, dimethylsulfide, dim-
ethyldisulfide, thioacetates, and thiocyanates. We have also
considered the cleavage mechanism in the clean and the
reconstructed surface scenario and the structure, energetics
and spin densities have been computed using electronic
structure calculations. For all the studied cases, an homo-
lytic cleavage of CH3S-X (X = H, CH;, SCH3, CN, and
COCHj3;) bond has been found to occur upon adsorption on
the gold surface.

Keywords DFT - Thiols - Kinetics and the mechanism
of adsorption - Gold surface

1 Introduction

In recent years, tremendous efforts have been put forward to
develop the next generation electronic devices based on the
organic/inorganic moieties with high conductivity and
optical properties layered on gold surface as self-assembled
monolayers (SAMs) [1-9]. Adsorption of aliphatic thiols on
gold surface is a subject of interest pursuing their potential
applications in nanoproduction, spintronics, biological
sensoring, magnetic memory banks, etc. [10-15]. These
potential applications of SAMs of thiols on gold surface
motivate many researchers to explore the nature of adsorbed
species, site of adsorption and the nature of interaction
between adsorbed species and the gold surface using
experimental and theoretical investigations [36—54]. Earlier
experimental and theoretical report suggested that the
SAMs of methylthiol preferred to adopt a (/3 x /3)R30°
structure and may manifest c(2 x 4) superstructure upon
varying the chain length; the S head group seems to pre-
dominately attack the fcc (face-centered cubic) site of
Au(111) surface [16-21]. However, the adsorption site is
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still a matter of great controversy as many possibilities have
been lately suggested, including a surface reconstruction
and presence of defects on the Au(111) surface leading to
the presence of Au adatoms and/or vacancies in the surface
monolayers [23-32].

For a long time, a combined experimental and DFT
methods unequivocally suggested that adsorption on the
bridge site is on top of gold atoms slightly shifted to the fcc
hollow if defects are not taken into consideration [33-35].
However, in recent years this perception has changed as
surmounting experimental and theoretical evidences sug-
gest that a sandwich complex of two thiols and one gold
adatom is the most preferred structure for a low concen-
tration coverage as it is evident from the low temperature
STMs and DFT calculations [36, 37, 42, 43]. Undoubtedly,
among a large varieties of thiols reported, studies on methyl
thiols (MeSH) are the most common [22-54]. Despite a
large number of investigations to understand the atomistic
structures of thiols on Au(111), some of the basic issues are
still unaddressed. One of the outstanding issues in this
respect is the cleavage of S—-H bonds of methylthiol
(MeSH) upon adsorption. Based on electrochemical data,
Schlenoff et al. [55] reported that the adsorption of alkyl-
thiols on the gold surface occurs exothermically (reac-
tion energy is —5.5 kcal/mol) with evolution of H,. This
was further supported by XPS, Fourier transform infrared
(FTIR) spectroscopy, Fourier transform mass spectrometry,
electrochemistry, Raman spectroscopy, and theoretical
methods [55-68]. More conclusive evidences have been
emerged recently on the release of H, by the S-H bond
cleavage on various 4-nitrophenylthiols during adsorption
on gold surface [69]. A very recent DFT study evaluating
the thermodynamics of S—H cleavage reveals that the S—H
bond preferentially cleaves with formation of H, rather
than an Au-H species [70]. On the other hand, there are
reports contradicting the cleavage of S—H bond, especially
at low coverage regime. Such studies, in fact, reveal that
the S—H bond is intact on the clean gold surface [63, 71,
72]. Although theoretical studies in general support the
homolytic cleavage of S—H bond [73], the conclusion from
calculations was derived solely from thermodynamic sta-
bility data without addressing the kinetic barrier involved
in the S—H cleavage. Since a prohibitive barrier to reach the
transition state will naturally eliminate the possibility of the
S—H cleavage, the evaluation of the kinetic barrier height
for the S—H cleavage is mandatory to prove/disprove the
S-H cleavage in SAMs. Here, we aim to address this issue
through quantum chemical calculations on model com-
plexes of SAMs of thiols.

Additionally, we have also considered other variants of
thiols routinely used in experiments to probe the S—-X
(X = H, CH3, SCH;, CN, and COCHj3;) bond cleavage in
order to compare them with the S—-H case. In fact, among
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the presented cases above, the S—X bond cleavage is still
controversial in some cases (X = Me) [74-77] while it
has been unequivocally proved to be cleaved in others
(X = SCH3, COCH3; and CN) [78-92]. In the case of
dialkylsulfides (CH3;SCHj3), a combined spectroscopic data
suggest that there is no cleavage of S—C bond and sulfur
interacts with the metal surface through a dative bond
during the formation of SAM [74-77]. SAMs formed from
dialkylsulfides are in general found to be less stable than
those obtained from thiols and disulfides [93-104]. In
contrast to this, Porter et al. [103] reported that S—C bond
cleavage occurs in organosulfides, resulting the SAMs that
are exactly similar to those of disulfides and thiols. On the
other hand, Schlenoff et al. [55] reported that based on the
coverage measurements, S—C bond cleavage is minimal. At
the same time, both experimental and theoretical studies on
other alkyl thiols, such as dimethyldisulphide (DMDS),
reveal that the S-S bonds cleaves homolytically leaving a
MeS- radical to be adsorbed firmly on the surface. The
kinetics of such cleavage has been experimentally mea-
sured for DMDS indicating activation energy of 65 kJ/mol
[105, 106].

In order to overcome the oxidizing ability of alkylethiol
under the conditions of air, light, and moisture [86, 107—
110], alternative precursors based on the organic thiocya-
nates [78—84] and alkylthioacetates [85, 86, 88-90, 92, 93,
111, 112] of gold thiolate assemblies have been synthe-
sized. During the chemisorption of alkylthiocyanates on
gold surface, Au-S bond is formed through removal of
cyano group in the form of [Au(CN),]™ via surface-med-
iated reduction of the thiocyanate [80, 85]. In contrast to
the thiocyanates, chemisorption of the thioacetates on the
Au(111) surface is believed to be occurring through a polar
transition state associated with a markedly slower rate than
that observed for the alkylthiols [86, 90].

In this framework, we have recently explored [73] the
thermodynamic aspects of methyl and various substituted
thiol molecules using periodic mixed Gaussians-plane
waves DFT calculations [73-114]. Our calculations sug-
gest that homolytic cleavage is energetically more favor-
able and reconstructed Au(l111) surface models are
energetically favored over clean unreconstructed Au(111)
surfaces. Computations using TPSS functional [73, 113]
clearly indicate that an energetic gain of —42.7 kcal/mol is
obtained when chemisorption of CH3S" occurs on Au(111)
surface. Moreover, the dissociative mechanism occurs
with an energy of —7.2 kcal/mol when the formation of H,
molecule during the adsorption process is taken into
account. Despite the availability of many experimental and
theoretical reports on the thermodynamic aspects of vari-
ous alkylthiols on reconstructed and clean Au(111) surface,
there is no clear information about the mechanism of
adsorption of alkylthiol on gold surface. Furthermore, the
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reactivity and mechanism of adsorption of alkylthiol is
likely to differ when gold adatoms and/or vacancies in the
gold layers are considered. Here, we are planning to tackle
these issues by computing the transition states of the S—-X
bond cleavage to shed light on the kinetics aspects of
adsorption process. In this respect, we have considered a
variety of thiols into consideration such as methylthiol,
dimethylsulfide, DMDS, thioacetates, and thiocyanates.
We have considered the cleavage mechanism in both clean
and reconstructed surface scenario and discussed the
structure, energetics, and spin densities using electronic
structure calculations. In addition to kinetics, the formation
energies for the most stable radical species have also been
computed and discussed.

2 Computational details

All the calculations were performed using Jaguar suit of
packages [115] with a hybrid B3LYP functional [116, 117]
with a LACVP basis set [118-120]. LACVP basis set
comprises the LANL2DZ [121-123] basis set for gold and
6-31G basis for other atoms. Considering computational
cost in mind in calculating transition states, a single gold
layer model of appropriate size varying from 16 to 20 gold
atoms was chosen to mimic the monolayer arrangements.
Two optimization procedures were attempted: at the
first approximation, we have relaxed all the atoms (full
optimization acronym as Fopt) and the corresponding
transition states have single imaginary frequency that
corresponds to a desired reaction coordinate on the
potential energy surface. A slight distortion of Au(111)
surface is detected in this procedure, and this is much
probably due to the lack of more layers on our model
systems. Therefore, we have decided to freeze the first
layer of gold atoms as expected in SAM arrangement
(partial optimization acronym as Popt). The transition state
computed using this procedure, however, had multiple
imaginary frequencies due to frozen atoms in the coordi-
nates. The transition states in these cases were character-
ized by first largest negative frequency, and their nature
was graphically verified by using Molden software [124].
Additionally, to mimic the surface scenario, we have
decided to add point charges to the explicit gold atoms in
order to have a three-layer model with total 192 gold atoms
(in total, 192 gold point charges have been added to the
existing 16 gold atom models). For the computation of the
point charges, a periodic calculation using CP2K program
[125] was performed. CP2K is a hybrid basis set formalism
known as Gaussian and Plane Wave Method (GPW where
the Kohn—Sham orbitals are expanded in terms of con-
tracted Gaussian type orbitals (GTO), while an auxiliary
plane wave basis set is used to expand the electronic charge

density. A double-{ GTH basis set and their relativistic
norm-conserving pseudo potentials (Goedecker, Teter, and
Hutter) [126-128] were used in addition to a plane wave
basis set with an energy cutoff of 350 Ry. The Mulliken
charges computed by this procedure were then taken to
pursue computation of transition states with Jaguar suite of
programs. Free energy corrections were computed at
298.15 K.

In order to have another and more reliable check of the
reliability of the energetics computed using one-layer
model, we have compared the reaction energies of the
archetypal species MeSH and MeSMe in clean and
reconstructed scenario computed using periodic DFT cal-
culations performed with a unit cell containing three layers
of gold atoms [75]. The compared results are reported in
Table S1. More computational details about these calcu-
lations are discussed in Ref. [75]. The computed reaction
energies with both approaches give a consistent trend and a
pretty constant deviation providing confidence on our
computed energetics using the single-layer model.

3 Results and discussion
3.1 Studies on methylthiol

The chemisorption of methylthiol on gold surface has been
modeled by a single layer of Au(111) with 16 gold atoms.
Table 1 lists the activation energy of S-H cleavage and
reaction energy of the adsorption of methylthiol on gold
surface obtained using various theoretical approach listed
above. The energy values (barrier height, AG*, and reaction
energy, AG,) were computed using the following equations
unless otherwise mentioned,

AG" = G*(RS---X — {Auy}Au(111))
— G(RSX — {Auy}Au(111))

AG, = |G(RS — {Auy}Au(111)) + G(;Xzﬂ
— G(RSX — {Auy}Au(111))

where {Au,q} indicates the presence of one gold adatom
and X = H, CH3;, SCH3, CN, and COCHs;.

Selected structural parameters of the optimized struc-
tures reported in Fig. 1 are presented in Table 2. The
barrier height, AG*, for homolytic cleavage of methylthiol
on gold surface is found to be 45.5 kcal/mol, and the free
energy of the reaction, AG,, is found to be endothermic by
14.7 kcal/mol. Since all atoms are relaxed, the layer is no
longer rigid resulting in a slight deviation from the planar
Au(111) surface expected otherwise.

This implicates the shortcoming of the model employed.
Being unable to increase the thickness of the gold slab and
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Table 1 Activation and reaction energies of the dissociation of
MeSH on the clean and reconstructed surface

Clean surface Reconstructed
surface
Fopt Popt Popt-dimeric Popt
AG* 455 72.6 20.7 55.4
AG, 14.7 10.1 —14.9 0.2

* Upon partial charge, the barrier reduces to 42.4 kcal/mol. Fopt Full
optimization, Popt partial optimization, Popt-dimeric partial optimi-
zation used for the dimeric case
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Fig. 1 Computed transition states of MeSH on clean and recon-
structed surface (S = pink, H = white, C = gray, Au = yellow)

not expecting a sever surface modification due to strong
Au-Au bond, in order to avoid any artificial surface
deformation, further calculations were performed by freez-
ing the layered gold atoms.

@ Springer

In this partial optimization of gold surface case, the
activation barrier has increased from 45.5 to 72.6 kcal/mol
and the reaction energy is computed to be endothermic
by 10.1 kcal/mol. The reactant MeSH is adsorbed on the
surface with rather a weak Au-S interaction as the sulfur-
gold bond lengths are in the range of ~3.5 A. The sulfur
atom sits almost in the middle of an Au triangle in the layer
(See Fig. 1) (FCC or HCP hole in SAMs) with all three
Au-S bond lengths almost equal in magnitude with a tilt
angle ¢ of 103.7°. In the transition state, as the S—H bond
elongates in a homolytic fashion, sulfur gains significant
spin density leading to a stronger Au-S interaction (Fig. 2).
This is evident from the shorter Au-S bond lengths
detected in the transition state structure with 2.74, 2.87, and
3.08 A as the nearest Au-S interaction. The tilt angle with
respect to the methyl group is found to 121.1°, which is
larger than that observed in the reactant. It is important to
note here that the tilt angle { can be seen as an index of the
electron delocalization of the adsorbate on the Au(111)
[129]. The S—H bond then cleaves leading to the generation
of MeS’, which adsorbed firmly on the surface with a much
shorter Au—S bond length.

The sulfur atom as product moves rather to a bridge
position with the two Au-S bond lengths of 2.815 and
2.900 A. The homolytic cleavage of the S-H bond is also
evident from the abundant spin density of opposite sign
detected in the transition state for the sulfur and hydrogen
atoms (Fig. 2). Further, calculations performed using the
point charges model reduces the barrier to 42.4 kcal/mol
compared with 72.6 kcal/mol obtained without the addition
of the point charges. The reduction in barrier height is
therefore expected as this introduces an electrostatic sta-
bilization of the transition state. Such a large reduction in
the barrier height by the addition of point charges reveals
that a more realistic model employing several layers of
gold atoms or point charges is expected to reduce the
barrier height significantly and yield more realistic barrier
heights for the reaction to occur at normal conditions. The
point charge calculations have been performed only on one
model complex, but we believe the relative reduction in the
barrier heights to remain approximately the same among
different thiols computed here (see below) as also sug-
gested by comparing the reaction energies with more
complex models (see Table S1). The S—H bond length is
found to be 1.38 A in the reactant while it elongates in the
transition state up to 3.75 A.

The reactivity and adsorption phenomena is expected to
differ when Au adatoms and/or vacancies are present in the
top layer of the Au(111). It is evidenced from the reported
theoretical and experimental results that the presence of
surface gold adatom leads to stabilization of different
species in SAMs compared to what is known from the
unreconstructed surface scenario. A large number of recent
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Table 2 Selected stru.ctural Spin densities Structural parameters
parameters of adsorption and
dissociation of methyl thiol on S H S-H Au-S Au-S-C
clean and reconstructed surface
along with spin densities and Popt
Mulliken charges (parenthesis) R 0.0 (0.13) 0.0 (0.07) 1.37 3.54 103.7
S and H at
oft > and 1 atoms TS 0.26 (0.29) ~0.97 (0.02) 334 274 121.1
Poptdimeric
R 0.0 0.0 1.37 3.34 99.3 (107.3)*
TS 0.0 (0.16) 0.0 (—0.07) 143 3.74 87.5 (77.6)*
Poptadq
R 0.003 (0.21) 0.0 (0.14) 1.38 2.51 99.9
* Au-S,-C bond angle, TS —0.23 (0.23) 0.95 (0.03) 3.28 2.38 102.7
Fopt Full optimization, Poptpartial charge
Popt partial optimization, Popt- R 0.0 (0.16) 0.0 (0.09) 1.38 3.20 118.6
dimeric partial optimization TS —0.01 (0.40) 0.0 (0.21) 3.75 251 98.8

used for dimeric case

Fig. 2 DFT computed spin density plot of adatom transition state of
methyl thiol species on reconstructed surface (S = pink, H = white,
C = gray, Au = yellow)

literature supports a reconstructed surface as the most
likely model for the SAMs. Therefore, presence of Au
adatoms has been taken into consideration for the S-H
cleavage. Since we are interested in kinetics of various
alkanethiol chemisorption on gold surface, the formation of
adatom/vacancies has not been taken into account as this
requires much larger models for the computation. The
formation of add atom/vacancies has been computed using
more realistic three-layer model using periodic DFT
methods, and the results are summarized elsewhere [75]
(e.g., adatom formation is found to be exothermic by
3.3 kcal/mol). The optimized geometry of the transition
states of the methyl thiols on the reconstructed surface is
shown in Fig. 1b. Computation yields a barrier height of
55.4 kcal/mol for the S—-H cleavage, and the reaction is
thermo neutral. Presence of Au adatom substantially lowers

the barrier by 17.2 kcal/mol, and the excessive endo-
thermicity observed is brought down to thermonetural
conditions. The MeSH in the reconstructed surface prefers
a quasi-atop configuration with a tilt angle of 99.9° with
Au-S bond length of 2.52 A. However, the Au-S bond
strengthens in the transition state as it gets reduced to
2.39 A with a tilt angle of 102.8°. The S—H bond elongates
to 3.28 A compared to 1.38 A observed at the reactant,
instead. Moreover, the sulfur prefers a perfect atop con-
figuration. A lower energy barrier in the presence of Au
adatom reveals that the defects present in the surface likely
to speed up the cleavage process and aid firm chemisorp-
tion and ordered SAMs. It has to be noted here that the
barrier height might get reduced further upon the addition
of point charges as in the unreconstructed scenario dis-
cussed earlier.

Although the reactions computed so far are endother-
mic, it is worth to mention that AG, values have been
computed from the adsorbed methyl thiol species. Since the
adsorption of thiols on Au(111) is found to be exothermic
in nature, the reaction energy from the Au(111) and free
reactant is likely to be exothermic. To check this argument,
we have computed the adsorption energy of MeSH on the
more likely experimental scenario, that is, the recon-
structed case. The reaction is found to be exothermic by
—9.8 kcal/mol. and this brings down the total reaction
energy into exothermic region by —9.6 kcal/mol (see Fig. 3;
note here that the adatom formation that was estimated to be
exothermic by —3.3 kcal/mol from our periodic DFT study
[73] has not been taken into account in this energetics
equation).

The transition state modeling performed so far releases
hydrogen atom, which upon recombination with hydro-
gen produces H, molecule as it is also evident from
the experiments. In an ordered (/3 x /3)R30° SAM
arrangement, since the two methylthiols are close to each
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TS
He....MeSe-Au,-Au(111)

Au_4-Au(111)
. -9.9 -9.6

MeSH-Au,,-Au(111) MeSe-Au,4-Au(111)
(adsorbed) +%H,

Fig. 3 Computed PES for the reaction of MeSH on Au(111)

other, it is likely that the cleavage of the two methylthiols
S—H bonds and formation of H, can occur simultaneously
through a concerted transition state. This is especially true
for high-coverage regime where the methylthiols arrange
with one another with a short intermolecular distance. An
attempt to compute such transition state was successful and
yields a very low barrier height of 20.7 kcal/mol. Conse-
quently, now the reaction energy falls in the exothermic
regime by —14.9 kcal/mol. The optimized structure of the
transition state is shown in Fig. lc. At the transition state,
two MeSH groups are in trans configuration [130] with a
S-S distance of 4.05 A. The S—H bonds are elongated to
1.43 A while the H--H interaction is at 1.20 A. Although
this co-operative transition state is likely to be the realistic
model for the S—H cleavage, since a very close sulfur—
sulfur interaction is mandatory for this transition state to
occur, it is very likely that this happens in high-coverage
regime. On the other hand, in low coverage regime, the
single molecule TS presented before could be the most
likely.

These results clearly illustrate that the dissociation of the
S—H bond is homolytic in nature without a prohibitive kinetic
barrier and is also likely to be aided by the defects on the
surface. A co-operative mechanism is instead expected when
short intermolecular interactions, that is, high coverage, are
present.

3.2 Dimethylsulfide (DMS)

As a natural extension to methylthiols, we have considered
dimethylsulfide adsorption on Au(111). There are several
experimental reports on the dimethylsulfide adsorption on
Au(111) [100-104]. In this case, a homolytic S—C cleavage
is expected as the resulting radical species is likely to
adsorb firmly on the surface. This assumption is supported
by experimental bond dissociation energy (BDE) of the
S—C bond in DMS, which is much lower than the S—H bond
in the methylthiols. Additionally, there is also convincing
spectroscopic evidence where S—C cleavage has been
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observed for some alkylthiols on Ag surface [131-137].
Considering these facts, the CH3S-CHj cleavage transition
state has been modeled and computed. The activation and
reaction energies are given in Table 3, while selected
structural parameters of the optimized structure are given
in Table 4. The optimized geometry of adsorption of DMS
on clean and reconstructed surface is presented in Fig. 4.
The barrier for S—C bond cleavage after the adsorption of
DMS on Au(111) is found to be 69.6 kcal/mol on clean
surface, and the reaction is found to be endothermic by
3.9 kcal/mol. The S—C bond length is found to 1.89 Ain
the reactant while it elongates in the transition state up to
355 A (Fig. 4a). A very long S—C bond in transition state
indicates a product-like transition state. Spin densities of
—0.22 on the sulfur atom and —1.12 and 0.01 on the two
carbon atoms are observed. Such scenario clearly shows
that the dissociation of S—C bond occurs homolytically.

In the presence of gold adatoms, the barrier gets reduced
from 69.6 to 55.6 kcal/mol while the reaction becomes
exothermic with a reaction energy of —3.6 kcal/mol. As in
the methyl thiols, the cleavage is aided in the presence of
Au adatom. In the reconstructed surface, the S—-C bond
elongates from 1.90 to 4.49 A and the computed spin
densities is almost similar to that of S—C bond cleavage
occurs in the clean surface. A lower BDE for the dimeth-
ylsulfide compared to methylthiols indicates that the S—C
cleavage is perhaps more facile than S—H bond cleavage,
and this is reflected in the computed barrier heights (72.6
vs. 55.6 kcal/mol) [55, 103].

3.3 Dimethyldisulfide (DMDS)

A few thiolated species has been chosen to model the
kinetics where the cleavage has been clearly envisaged
with both experimental and theoretical studies. On this
account, dimethyldisulfide takes the prime place as there
are numerous experimental and theoretical studies on its
adsorption on Au(111). The transition state geometry of
dissociation of DMDS on clean and reconstructed surface
is presented in Fig. 5. Activation and reaction energies and

Table 3 Activation and reaction energies of the dissociation of
various alkylthiol and their alternatives on clean and reconstructed
surface

Partial optimization

Clean surface Constructed surface

AG* AG, AG* AG,
CH;-S-CH; 69.6 3.9 55.6 -3.6
CH;-S-S-CHj; 17.47 —42 23.7 —24
CH;-S-OAc - - 13.9 7.2
CH;-S-CN 46.7 - 6.4 -
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Table 4 Selected structural parameters of adsorption and dissocia-
tion of DMS, thioacetate, thiocyanate on clean and reconstructed
Au(111) surface along with spin densities on S and H atoms

Spin densities Structural parameters

S C S-C Au-S  Au-S-C
DMS
Popt
R 0.33 —0.66 1.89 3.17 107.4
TS -0.22 1.12 3.55 2.71 127.7
Poptada
R 0.39 —0.63 1.90 2.50 100.2
TS -0.22 1.13 4.49 2.39 71.1
Thioacetate
Poptaaa
R 0.39 —0.63 1.99 2.77 96.9
TS 0.0 0.0 2.13 2.78 91.1
Thiocyanate
Popt
R 0.0 0.0 1.75 3.52 91.9
TS —044 0.22 243 2.84 115.9
Poptada

R 0.0 (0.58)
TS 0.44 (0.59)

0.0 (=0.07) 176 256 99.5
0.0 (=0.02) 4.42A 242 1040

structural parameters of adsorption of DMDS on clean and
reconstructed gold surface are given in Tables 3 and 5. The
barrier for dissociation of DMDS on the Au(111) after
the adsorption is found to 17.5 kcal/mol, and the reaction
is exothermic by —4.2 kcal/mol. Combined low-energy
electron diffraction, Auger electron spectroscopy, X-ray
photoelectron spectroscopy, and line of sight mass spec-
trometry have been used to study the adsorption and
desorption of DMDS on Au(l11). According to these
works, the S-S bond clearly cleaves on the surface and the
estimated barrier height is to be in the range of 14.6-15.3
kcal/mol [105].

In the dissociation transition state, S—S bond length is
4.28 A while during adsorption S-S bond length is 2.27 A
(Fig. 3b). In the dissociation transition state, DMDS

Fig. 4 Dissociation transition

of DMS on clean and (a)

reconstructed surface

(S = pink, H = white,

C = gray, Au = yellow) “
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molecule shows significant spin densities on the two S
atoms ensuring that dissociation of DMDS occur homo-
Iytically. The computed structure and barrier heights are in
good agreement with earlier experimental and theoretical
observations [105].

3.4 Thiocyanates

Experimental studies reveal that thiocyanates chemisorb on
gold surface after the cleavage of S—-CN bond and, more-
over, high-quality SAM is formed after the occurrence of
surface-mediated reduction of thiocyanates on Au(l11)
surface [82]. In order to find out the kind of cleavage and
whether surface-mediated reduction or homolytic cleavage
occurs during the dissociation of S—C bond of thioacetate,
we have modeled the transition state for dissociation of S—
C(CN) bond of thioacetates on the clean and reconstructed
Au(111) surface (see Tables 3, 4; Fig. 6). The energy
barrier for dissociation of thiocyanates on the clean surface
is 46.7 kcal/mol. In the dissociation transition state, Au—S
and S—C bond distance is found to be 2.84 and 4.32 A.
During adsorption, Au-S and S—C bond distance is found
to be 3.52 and 1.75 A. In the dissociation transition state,
thiocyanates has —0.44 and 0.22 on the sulfur and carbon
atoms. This clearly shows the homolytic cleavage occurs
during the dissociation of thiocyanates on the clean Au(111)
surface. The barrier for the dissociation of thiocyanate on the
reconstructed surface is very low with just 6.4 kcal/mol and
reveals that thiocyanates among other studies have the
lowest kinetic requirement for the cleavage to occur and this
explains more regular ordered SAMs formed in general with
thiocyanates [82—84].

3.5 Thioacetates

Thioacetates are routinely used in the preparation of SAMs
as they serve as best protecting groups from unwarranted
reactions to occur. Moreover, it has been shown that
experimentally the thioacetates undergo spontaneous depro-
tection upon adsorption, leading to radical thiols to be
adsorbed on the surface [91, 92]. This approach has been

(b)

UM N
N NN AL N
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Fig. 5 Dissociation transition of DMDS on clean and reconstructed surface (S = pink, H = white, C = gray, Au = yellow)

Table 5 Activation and reaction energies of the dissociation of DMDS on clean and reconstructed Au(111) surface

Spin densities Structural parameters

S S S-S Au-S Au-S;-S, Au-S,-S; Au-S,-C Au-S,-C
Popt
R 0.0 0.0 2.25 3.34 103.0 70.7 153.9 104.5
TS 0.02 0.15 4.32 2.73 85.9 92.1 83.3 101.9
Poptaad
R 0.0 0.0 2.27 2.50 104.5 99.5
TS 0.49 0.20 4.28 2.39 84.7 101.4 99.4 90.9

successively used for the synthesis of SAMs of different
nature [92]. An earlier experimental study clearly suggests
that dissociation of long chain alkylethioactetates after the
adsorption occurs through a polar transition states, and the
long chain alkylthioacetates adsorb slower than the corre-
sponding thiols. In order to find out which mode of
cleavage occurs during the dissociation of S—C bond of
thioacetate, we have modeled the transition state for dis-
sociation of S—C bond of thioacetates on the most likely
reconstructed surface (Fig. 7). The barrier for dissociation
of S—C bond of thioacetate on Au(111) is found to be
13.9 kcal/mol, and the reaction is found to be endothermic
by 7.2 kcal/mol. Very small spin densities on the sulfur
and carbon atoms in the transition state have been found.
On the other hand, significant Mulliken charges on these
atoms reveal that the transition state is polar in nature.

@ Springer
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Fig. 7 Dissociation transition of thioacetate on reconstructed surface
(S = pink, H = white, C = gray, Au = yellow, Red = Oxygen)

On the other hand, the stabilized products are homolytically
cleaved.

Our computed dissociation transitions state and ener-
getic are in good agreement with earlier experimental
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observations [88, 91, 92]. Our calculations seem therefore
to suggest a homolytic cleavage assisted by a polarized
transition state.

4 Conclusions

The present study aims to probe the kinetic and thermo-
dynamic aspects of the S-X (X = Me, S, Acetyl, CN)
cleavage of various alkylthiols during the adsorption
on clean and reconstructed Au(l111) surface using DFT
methods. The transition state for each species has been
modeled on a single layer of gold atoms, and the barrier
height and the reaction energies were then computed. The
following points emerge from our calculations, and some
of these conclusion are also supported by independent
experiments,:

1. The cleavage of S-H bond in MeSH occurs homolyt-
ically on clean and reconstructed Au surface. The
homolytic cleavage of S—H bond is found to have
lower barrier height on reconstructed surface, that is, in
the presence of gold adatoms. This result reveals that
the adatom is supposed to aid the cleavage of S-H
bonds resulting in stable and ordered SAMs. Addi-
tionally, our calculations show that the cleaved
hydrogen atoms can recombine and leave as H,, as
also experimentally detected.

2. In this framework, we have shown the intermolecular
distances play an important role in the S—-H cleavage
kinetics. Short inter-thiols distances favor a concerted
transition state with a lower activation energy than the
one found for an isolated thiol molecule on gold. This
leads us to conclude that, at least in high-coverage
regime, a cooperative cleavage of the S—H bond with a
spontaneous release of the H, is expected.

3. Our calculations suggest that the S—C bond in the DMS
is also likely to cleave homolytically. Such suggestion
is supported by a lower activation energy than the one
found for the S-H cleavage of the methylthiol.

4. The computed activation free energy for the S—S bond
cleavage of the DMDS is found to be in agreement with
the experimentally reported values. The computed
barrier height reveals that the S-S cleavage rates are
likely to be faster than the S—H and S—C cleavage of the
MeSH and DMS, respectively.

5. Among the various substituted alkylthiols, the follow-
ing order is found for the cleavage kinetics: CH3;—S—
CN > CH3-S-OAc > CH3-S-S-CH; > CH;-S—-CH; >
CH3-S-H. This clearly illustrates the role of electroneg-
ativity on the homolytic cleavage of alkylthiols on
reconstructed gold surface.
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