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A B S T R A C T

Understanding the mechanisms of degradation of self-assembled monolayers (SAM) is required for their
use in molecular devices and in general in long term applications. In this context, we investigated the
thermal and chemical stability of n-hexadecanethiolate (C16T) monolayers on Au(111) exposed to O2. The
degradation of the monolayers was followed by electrochemical (EC) techniques, surface enhancement
Raman spectroscopy (SERS) and high resolution photoemission spectra (HR-XPS). The C16T monolayers
were heated both under N2 and O2 flux up to 480 K for different times. The degradation of the SAM in the
presence of O2 is characterized by the appearance of oxidized sulfur species and sulfur atoms on the
surface. The formation time in the dipping solution also affects the thermal stability of the monolayer.
Molecular dynamics (MD) simulations and density functional theory (DFT) calculations were performed
to elucidate the possible degradation mechanisms. MD shows that O2 molecules easily penetrate the
monolayer reaching the Au surface. The DFT calculations identified two oxidation mechanisms which
involve the S atom and the alpha carbon of the alkylthiolate. Both mechanisms are very exothermic. The
oxidation of the sulfur atom produces a sulfinate which does not alter the monolayer structure. On the
contrary, the oxidation of the alpha carbon induces the breakage of the S��C bond, the adsorption of
atomic S and the desorption of the alkyl chain as an aldehyde.

ã 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The stability of self-assembled monolayers is a challenging
issue for applications where long-term use or high temperatures
are required [1]. The understanding of the mechanisms of SAM
degradation provides valuable information for the development of
two-dimensional devices such as the lab-on-a-chip or 3D nano
materials such as monolayer-protected nanoparticles. The interest
of using SAMs as platforms for biological studies has motivated
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several studies related to the oxidation of the sulfur headgroup
[2–4]. The gold–thiolate bond degrades when exposed to air
[1,4–7]. The presence of oxidized sulfur was confirmed in several
studies which found sulfinates and sulfonates for alkanethiols on
the gold surface [8,9] as well as on gold nanoparticles [10]. Several
reports have concluded that the oxidation of alkanethiols occurs
extremely rapidly through ozone exposure [5,11–13].

The thermal stability of SAMs has been mainly investigated
under vacuum conditions using thermal desorption spectroscopy
(TPD). The nature of the organic chain [14,15], the preparation
method [16] and the substrate morphology [17] influence the
thermal stability. Densely packed short chain alkanethiols
dimerize and desorb as disulfides with increasing temperature
[17]. The breakage of the S��C bond occurs at high temperatures
[18,19].
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A difficult task in thermal studies of SAMs is to quantify the
amount of sulfur atoms and alkanethiols left on the surface. The
sulfur in thiolate molecules is detected in TPD by the appearance of
the masses corresponding to the molecular thiol or thiolate ions at
around 450 K [17]. However, when the molecules decompose
during a TDS experiment, one important issue is to distinguish
between the cracking of the molecules in the quadrupole mass
spectrometer upon ionization and the decomposition of the
molecules on the surface. The appearance of sulfur atoms on the
surface, originating from the breakage of the S��C bond of the
alkanethiol, is evidenced indirectly by the desorption of H2S
molecules at high temperatures (around 650 K) [15]. The hydrogen
atoms of H2S originate from the partial dehydrogenation of the
alkyl chains at high temperatures. Electrochemistry provides a
valuable tool to quantify the sulfur content of the surface from
reductive desorption current peaks of sulfur and alkanethiolate
species as we have shown in previous works [20,21].

In the present work we investigate the thermal and chemical
stability of C16T monolayers on Au(111) exposed to different doses
of O2 in order to elucidate the mechanisms of oxidation. We
considered heating under a flux of N2 and O2 as well as under a low
pressure of O2. The monolayers were prepared by the dipping
method and we show that the dipping time in the presence of O2

has a profound effect on the monolayer thermal stability. EC
techniques, SERS and HR-XPS are used to identify and quantify the
surface products after the thermal treatment. The decomposition
of the monolayer is characterized by the appearance of oxidized
sulfur species as well as atomic sulfur on the surface. Molecular
dynamics simulations are performed to investigate the diffusion of
O2 within the monolayer whereas DFT calculations are used to
calculate the energetics of the initial stages of oxidation of the
alkanethiol.

2. Experimental

2.1. Gold substrates

We used three types of Au substrates. For all the electrochem-
ical measurements we used a crystal, 4 mm in diameter, oriented
better than 1 degree towards the (111)-face and polished down to
0.03 mm (MaTeck, Jülich, Germany). Before the assembly process,
the crystal was annealed in a hydrogen flame for two minutes,
cooled under constant N2 flux, and put in contact with water after
one minute. For the XPS measurements we used Au films
evaporated on borosilicate glass (250 nm thick, Arrandee). Before
the assembly process the Au films were immersed in a hot
piranha solution (H2SO4:H2O2, 70:30) during 30 seconds and then
copiously washed with Milli-Q water. Finally, they were annealed
in a butane flame for two minutes and then cooled down to room
temperature under constant N2 flux. For SERS measurements we
used films with roughened surfaces prepared by applying a
voltage step of 2.4 V during 10 min in 0.5 M H2SO4 solution and
then, a linear potential sweep at 0.02 Vs�1 from 2.4 to �0.6 V
[22,23].

2.2. Preparation of SAMs

N-hexadecanethiol was purchased from Sigma-Aldrich. Pure
ethanol (Baker) was used as solvent. Chemicals were used as
received without further purification. The samples were immersed
in 1.0 mM deoxygenated solutions at room temperature by
different periods of time. After the monolayers were formed the
substrates were rinsed copiously with ethanol and Milli-Q water
and blown dry with N2.
2.3. Thermal treatment

After the SAMs formation, substrates were heated during
30 minutes (or different heating times at 458 K) at a fixed
temperature in the range from 298 to 573 K (�5 K) under different
conditions: a) N2 atmosphere (where the partial pressure of O2 is
less than 4 �10�2mbar), b) in a low pressure chamber (with a
partial pressure of O2 less than 1 �10�2mbar), c) or in a O2-
saturated atmosphere. After thermal treatment the samples were
quickly transferred (under N2-rich atmosphere) to the electro-
chemical cell or to the vacuum chamber (for XPS measurements).
Thermal treatments were always performed for freshly prepared
monolayers after immersion times of 15 minutes or longer.
Irrespective of immersion times, we obtained reductive desorption
charges in the narrow range of 75–80 mC/cm2 at room tempera-
ture. The smooth plots showing the variation of different
monolayer properties with temperature indicate that the prepa-
ration procedure was very reproducible.

2.4. Cyclic voltamperometry and impedance spectroscopy

Cyclic Voltammograms (CV) and electrochemical impedance
spectroscopy measurements were performed with a Solartron
1260 electrochemical interface and a three electrode cell with
separate compartments for reference (Ag/AgCl (NaCl 3 M)) and a
counter electrode (Pt wire). The 0.1 M KOH electrolyte was
thoroughly deoxygenated by bubbling with N2 prior to each
experiment. Measurements were made at a sweep rate of 50 mV/s.
Electrochemical Impedance spectra were recorded in the frequen-
cy range 1 Hz–10 kHz using a peak to peak signal amplitude of
0.01 V. Electrochemical measurements were performed at room
temperature.

2.5. Photoelectron spectroscopy

The photoemission experiments were carried out at the D08A-
SGM beamline of the Brazilian Synchrotron Light Laboratory
(Campinas, Brazil). The pressure in the analyzer chamber was in
the low 10�9 Torr range. Electron energy spectra were collected
with a 150 mm hemispherical analyzer with its axis placed at
90 degrees from the light beam and in the plane of the light
polarization. The samples were mounted with the surface normal
lying in the plane of the photon beam and electron emission
directions, and at 45 degrees from each direction.

The sample cleanliness was checked with survey spectra
acquired with hn = 600 eV; only the characteristic peaks of Au, S
and C were observed. Detailed S2p core-level spectra were
measured at a photon energy of 300 eV. Before and after each
spectrum we measured Au4f core-level spectra for count
normalization and to calibrate the binding energies (BE) against
that of the Au4f7/2 core level at 84.0 eV. The S2p spectra were fitted
with a linear background and three elemental components, each
made of a pair of Voigt functions separated by 1.18 eV and fixed
intensity ratio 2:1. The intensities, positions and Gaussian widths
of the components were varied during the fittings; the Lorentzian
width was kept fixed at 0.15 eV.

2.6. Surface-enhanced Raman spectroscopy

SERS experiments were performed with a Horiba LabRAM HR.
The objective for laser illumination and signal collection was of a
long working distance objective (8 mm) with a numerical aperture
of 0.7 and a magnification of 100. The excitation line was from a
632.8 nm He-Ne laser, the power of the laser on the sample was
about 5 mW.
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3. Computational methods

3.1. Density Functional Theory calculations

Periodic Density Functional Theory (DFT) calculations were
performed with the PBE functional [24] and ultrasoft pseudopo-
tentials [25] using the Quantum Espresso code [26]. The one-
electron wave functions were expanded in a plane wave basis set
up to a kinetic energy cutoff of 30 Ry (180 Ry for the density).
Brillouin zone integration was performed using a (4 � 4 �1)
Monkorst-Pack mesh [27]. The periodic supercell approach was
employed to describe a 2

p
3 � 3 unit cell of the Au(111) surface

containing the adsorbate molecules. The surface was modelled
using a slab with four gold layers. We used an optimized lattice
constant a0 = 4.1768 Å for gold. The positions of all the adsorbate
atoms as well as those of three two topmost Au layers were fully
optimized up to a RMS force of 0.01 eV/Å. A vacuum thickness of
10 Å was introduced between the slabs. Due to the large alkyl chain
of C16T, the DFT modelling was performed using hexanethiol. Four
hexanethiolates were packed in the 2

p
3 � 3 unit cell correspond-

ing to a surface coverage of 0.33. The Climbing Image Nudged
Elastic Band (CI-NEB) method was used to calculate energy profiles
along reaction paths [28].

3.2. Reactive molecular dynamics calculations

The calculations were performed with the LAMMPS code [29]
using the ReaxFF force field developed by van Duin, Goddard and
co-workers [30,31]. This reactive force field provides an accurate
description of bond breaking and bond formation during the MD
simulations by employing a bond order/bond energy relationship.
The force field employed (code name Au/C/S/O/H) was developed
in previous works to describe the interaction between alkanethiols
and the gold surface [32] combined with the parametrization for
the interaction of O2 with alkanes and the gold surface [33,34].
Fig. 1. a) Cyclic Voltammograms showing the reductive desorption of the adsorbed spec
50 mV/s. Electrolyte: KOH 0.1 M. Reference electrode: Ag/AgCl (NaCl 3 M). Monolayers p
adsorbed b) C16T and c) S species after heating. The thermal treatment always perform
The Au(111) surface was represented by a slab with 4 layers
containing 48 Au atoms in each layer. The cell was packed with 16
C16T species yielding a surface coverage of 0.33. The xyz cell
dimensions were 20.0 Å � 17.3 Å � 10.0 Å. O2molecules were added
in the free space between the thiolated Au slabs to investigate the
O2 diffusion within the monolayer. The slabs were thermalized in
the canonical (NVT) ensemble at 300 K (Berendsen thermostat) for
1 ps using a time step of 0.1 fs with a temperature damping
constant of 100 fs. Then the MD simulations were performed
during 300 ps at 300 and 500 K.

4. Results

4.1. Characterization of C16T SAMs after thermal treatment

Fig. 1a shows the CV profiles recorded after a heating time of
30 minutes at different temperatures under N2 flux. A freshly
prepared monolayer was used at each temperature. Fig. S1
contains the CV profiles obtained after heating the monolayers
at the highest temperatures. The reductive desorption (RD) current
peak of the sample maintained at room temperature (RT) is
characterized by a broad peak whose components A and B have
potentials at �1.15 and �1.19 V, respectively (if the CV scan is
performed at 10 mV/s, both components clearly resolve). When the
potential scan is reverted, two well-defined readsorption peaks, A0

(�0.88 V) and B0 (�0.94 V) are observed. This voltammetric profile
at room temperature is similar to that reported by Zhong et al. [35].
The RD profiles are almost unaltered up to 373 K. When the
annealing temperature increases from 403 K to 423 K, the RD
current peak decreases; indicating a decrease in the C16T coverage
which is also detected in the oxidative readsorption peaks A0 and
B0. In addition, the appearance of a new peak (C) at �0.94 V is
observed at 423 K.

A peak at around �0.9 V has been observed for different SAMs
[20,36,37] and has been attributed to the reductive desorption of
ies remaining after thermal treatment (30 minutes under N2 (4.8N) flux). Scan rate:
repared after an immersion of 15 min in the forming solution. Surface coverage of
ed for a freshly prepared monoayer (15 min. immersion time).



Fig. 2. a) Nyquist plots measured after heating freshly prepared monolayers (15 min. immersion time) during 30 minutes under N2 (4.8N) flux b) Monolayer capacitance as a
function of heating temperature. AC impedance measurements performed in KOH 0.1 M.
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small amounts of atomic S. Peak C is not observed in freshly
prepared C16T monolayers at RT indicating the absence of
adsorbed S atoms on the surface as it is confirmed in the HR-
XPS spectra. After heating at 443 K, a remarkable diminution of the
RD peaks is observed together with an important increase of peak C
(inset in Fig. 1a).

Fig. 1b and c shows the variation of surface coverage of
alkanethiolate and sulphur species as a function of temperature.
The reduction of alkanethiolates is a one-electron process [35]
whereas two electrons are involved in the reduction of adsorbed
sulphur atoms. A coverage of 1.0 corresponds to the reductive
desorption charge of the freshly prepared monolayer (around
80 mC cm�2) [38]. Fig. 1c shows that the appearance of sulphur on
the surface coincides with the partial desorption of the monolayer
(Fig. 1b). The amount of atomic sulphur at high temperatures was
�20% of the molecules in the freshly prepared monolayer. This
indicates that upon a heating time of 30 minutes, �80% of the C16T
monolayer desorbed and the remaining �20% decomposed via
cleavage of the S��C bond.

Fig. 2a shows Nyquist plots of thermally treated C16T
monolayers. At the lowest temperatures, the spectra were fitted
with a circuit having a constant phase element (CPE) in parallel
with the monolayer resistance Rm and with the solution resistance
Rs in series. At the highest temperature we used a circuit which is
usually employed for defective monolayers [20]. The general trend
Fig. 3. a) SERS spectra for C16T adsorbed onto black gold surfaces after thermal treatme
C��H stretching (centred at 2900 cm�1) regions are shown. For convenience, the intensiti
ratio of SERS signals as a function of temperature. The thermal treatment always perfo
shown in Fig. 2b indicates an increase of the monolayer
capacitance with the increase in the temperature. At 323, 348
and 373 K, the CV profiles in Fig. 1a show no major changes,
indicating that the monolayer integrity is preserved. However, at
these temperatures the monolayer capacitance steadily increases.
The increase in capacitance in this temperature range is
interpreted as decrease in the monolayer thickness according to
the parallel plate capacitor formula. The decrease in thickness has
been reported for alkyl monolayers on different substrates as a
consequence of the disordering of the monolayer by an increased
formation of gauche defects at high temperatures [39,40]. From
403 K, the monolayer decomposition is evident in the CV profiles
and the increase in capacitance is more pronounced as shown in
Fig. 2b. At these temperatures the changes in capacitance are
attributed to the partial desorption/decomposition of C16T
molecules with the remaining molecules probably in a lying-
down configuration [41] as a consequence of the decrease in
surface coverage.

Surface enhanced Raman scattering (SERS) has been extensive-
ly utilized as a major tool for unveiling the vibrational character-
istics of adsorbents on noble metal surfaces owing to its enormous
signal enhancement effect, even at very low concentration of
species. Fig. 3a shows the SERS spectra in the 125 to 300 cm�1 and
2750 to 3000 cm�1 regions for C16T adsorbed onto black gold
surfaces after 30 min of annealing at different temperatures under
nt (30 minutes under N2 (4.8N) flux). Only Au��S stretching (around 220 cm�1) and
es were normalized to the area of the Au��S signal obtained at 298 K. b) Au��S/C��H
rmed for freshly prepared monoayers (15 min. immersion time).



Fig. 4. HR-XPS spectra showing the S2p region at RT and after thermal treatment
(30 min. heating under an O2 partial pressure less than 1 �10�2mbar). The thermal
treatment always performed for a freshly prepared monoayer (15 min. immersion
time).
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N2 flux. The signal at around 220 cm�1 corresponds to the Au��S
stretching meanwhile the other ones are associated to C��H
stretching of the ��CH2 and ��CH3 groups presents in the
alkanethiol chains [42–44]. For convenience, the intensities were
normalized to the Au-S signal area obtained at 298 K. The
occurrence of the signals around 220 cm�1 indicates that the
thiolate bond may be tilted to the gold surface. At room
temperature, both signals are present and decrease as the
Table 1
Peak deconvolution of S2p spectra measured after heating monolayers prepared by the i
fitting parameters are the peak binding energy (BE), Gaussian width (G. width) and the 

component contains a pair of Voigt functions separated by 1.18 eV and fixed intensity rat
during the fittings; the Lorentzian width was kept fixed at 0.15 eV.

a) 15 minutes

RT 373 K 

BE (eV) �162.1 �161.0 �162.0 �163.4 

G. width (eV) 0.56 0.41 0.58 1.00 

% 100.0 5.9 69.1 13.2 

b) 24 hours

RT 

BE (eV) �162.1 �163.4 �167.9 

G. width (eV) 0.58 0.63 0.84 

% 82.9 5.8 11.3 
temperature increases. At 423 K both signals decrease abruptly
and the signal corresponding to C��H almost disappears. Fig. 3b
shows the Au��S/C��H area ratio vs annealing temperature. At
room temperature the Au��S/C��H area ratio is 1.6, which remains
almost constant even when the sample is annealed at 373 K. At
higher temperatures, the C��H signals decrease significantly and
consequently the area ratio (accounting for the occurrence of S and
C atoms) increases to 40 and 80 at 423 K and 473 K, respectively
(Fig. 3b). This result shows strong evidence that a fraction of
molecules decompose at high temperatures leaving S atoms on the
surface.

HR-XPS was used to characterize the nature of adsorbed species
after the thermal treatment of freshly prepared monolayers. Fig. 4
shows the S2p spectra at RT, 373 and 458 K and Table 1a contains
the fitted parameters of the corresponding peaks (binding energy,
peak width and percentage of each component). The S2p spectrum
of the pristine SAM at RT is mainly composed of a single narrow
doublet (fwhm = 0.5 eV) with the 2p3/2 peak at 162.1 eV, which
corresponds to adsorbed thiolates [45,46]. The S2p spectrum of the
sample annealed at 373 K is similar to that measured at RT; the
main change is an overall decrease of the intensities reflecting a
partial desorption of the SAM, in good correspondence with the
result of the CV experiment. The small component (13.2%) at
around 163.5 eV is attributed to physisorbed species. However,
there are two minor changes that deserve special attention: one is
the growth of spectral intensity in the region around 168 eV where
the emission from oxidized S species is expected [47]; the other is
the appearance of a new feature, barely visible in this spectrum, at
around 161 eV, which is attributed to S atoms chemisorbed at the
hollow sites of the Au(111) surface [48] (see Table 1a).

The S2p spectrum of the sample annealed at the highest
temperature (458 K) exhibits one important change: the dominant
component is now the one at 161 eV (Table 1a). This change
indicates clearly that annealing at 458 K produced sulfur atoms and
an almost complete disappearance of the thiol layer, in full
agreement with the electrochemical (Fig. 1a) and SERS (Fig. 3a)
results. The component at around162 eV, previously assigned to
the chemisorbed thiolates must be reassigned. We ascribe it to S
atoms chemisorbed in other adsorption sites, following the
assignment of Rodríguez et al. [48] who found the feature at
162 eV even at low S coverages on Au(111). Another change to be
noted is the increase of the intensity in the region around 168 eV,
denoting a further increase of oxidized S species on the surface
[47].

In conclusion, the changes exhibited by the S2p spectra confirm
the picture that the annealing under low partial pressure of O2 (less
than 1 �10�2mbar) causes a) the desorption of thiolates, b) the
mmersion method during a) 15 minutes and b) 24 h in a 1 mM solution of C16T. The
percentage of each component. Four elemental components were considered. Each
io 2:1. The intensities, energies and Gaussian widths of the components were varied

458 K

�167.9 �161.2 �161.9 �163.3 �168.3
1.86 0.52 0.81 1.14 1.16
11.8 48.7 23.8 13.7 13.8

458 K

�161.2 �161.9 �163.4 �168.2
0.52 0.84 1.16 1.05
51.5 19.1 14.7 14.7



Fig. 5. a) Cyclic Voltammograms and b) photoemission spectra showing S2p region of a pristine C16T monolayer prepared during 24 h immersion. The subsequent thermal
treatment was performed under N2 (4.8N) flux during 30 minutes. CV profiles performed at 50 mV/s. Electrolyte: KOH 0.1 M. Reference electrode: Ag/AgCl (NaCl 3 M).
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cleavage of S��C bonds leaving atomic S on the surface and c) the
appearance of oxidized S species.

4.2. Influence of formation time on the stability of SAMs

The influence of the dipping time and the type of solvent of the
forming solution on the structure of SAMs has been investigated by
electrochemistry, STM, and XPS to determine the influence of these
parameters on the SAM structure [49,50]. However, the influence
of these parameters on the thermal stability of SAMs has been less
investigated. The influence of the ambient exposure on the thermal
stability of a mercaptoundecanoic acid SAM has been investigated
by TPD. For this aged SAM, only a small fraction of the molecules
desorbed intact, thus revealing important changes in the
monolayer structure [15].

We found that the dipping time in non-deoxygenated forming
solutions has a profound influence on the thermal stability of the
C16T monolayer. Fig. 5 shows the CV profiles and XPS spectra of
C16T prepared by immersing the gold substrate in ethanolic
solution during 24 hours. Table 1b contains the corresponding
peak deconvolution parameters. We compare the thermal re-
sponse after keeping the sample during 30 minutes under N2 flux
at RT and 458 K.

The reductive desorption profile at room temperature (Fig. 5a)
does not show any major differences with that of Fig. 1a
corresponding to a dipping time of 15 min. The CV profile in
Fig. 5a has a peak potential at �1.16 � 0.03 V and a reductive
desorption charge of �80 mC/cm2 (blue area). However, remark-
able differences are observed in the CV profile after heating at
458 K: the amount of S atoms increases up to 60-70% of the total
coverage (red area) and only a small amount of C16T species
remain on the surface (blue area).

The S2p spectrum at RT (Fig. 5b) is dominated by the thiolate
component at 162.1 eV (82.9%). Besides the broad component at
around 163.4 eV due to physisorbed species (5.8%) we also
observed a signal at a higher BE of 167.9 eV that denotes the
presence of some oxidized S species even for this fresh sample. This
was not observed with a dipping time of 15 min. (Fig. 4). After
annealing at 458 K, the dominant feature is the component at
161.2 eV (51.5%) assigned to S atoms adsorbed on hollow sites. The
component at high BE assigned to oxidized S species grows in
intensity and shifts to larger BEs (Table 1b), indicating an increase
of oxidation states at 458 K

Oxidative readsorption peaks are very helpful to discriminate
whether a previous reductive desorption peak corresponds to
sulfur or to alkanethiolates. When the reduction peak corresponds
to long chain alkanethiolates, the corresponding oxidative read-
sorption peak is observed in the reverse scan due to the low
diffusion coefficient of the alkanethiolates. On the contrary, when
adsorbed sulphur is reductively desorbed, it rapidly diffuses into
the electrolyte and virtually no readsorption peak is detected when
the potential scan is reversed. This is observed in Fig. 5a where a
clearly defined double peak is observed during the oxidative
readsorption at RT and only a small and diffuse peak is observed at
458 K. This confirms that the reductive desorption after heating at
458 K corresponds to S species on the surface. In conclusion, the
thermal behavior of a C16T monolayer formed by longer dipping
times is characterized by the appearance of adsorbed S atoms as
well as minor amounts of oxidized sulfur species.

Monolayers prepared in a 1 mM C16T solution using immersion
times of 15 minutes and 24 hours were subsequently heated at
458 K for different times under a N2 flow. After the heating
procedure CV profiles were obtained as shown in Fig. 6a and b. The
relative surface coverage of sulfur and thiolate species was
calculated by integrating the corresponding reductive desorption
current peaks as shown in Fig. 6c. The decrease of the thiolate
surface coverage is more pronounced for the longest immersion
times. After a heating time of 60 minutes, virtually no thiolates are
observed for the monolayers formed by 24 hours dipping, whereas
for the monolayer formed by 15 min. dipping, the thiolate surface
coverage is around 30%. The disappearance of thiolates correlates
with the appearance of sulfur atoms. For monolayers formed by
24 hours of dipping, the sulfur surface coverage is 70% of the sulfur
originally present as thiolate after a heating time of 60 minutes.
This indicates that 70% of the thiolate molecules decomposed
whereas the remaining 30% desorbed from the surface. The



Fig. 6. Cyclic Voltammograms a-b) and relative surface coverage c) of thiolate and
sulfur species as a function of heating time at 458 K for C16T monolayers prepared
by dipping times of 15 min and 24 hours. Thermal treatment under N2 (4.8N) flux.
Solid lines for C16T and dashed lines for S atoms. Forming solutions were not
deoxygenated. Scan rate: 50 mV/s. Electrolyte: KOH 0.1 M. Reference electrode: Ag/
AgCl (NaCl 3 M).
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reversed trend is observed at the shortest dipping time of
15 minutes where only 30% of the molecules decomposed.

4.3. Thermal stability in O2-rich conditions

In the previous experiments, the thermal treatments were
performed under the small amounts of O2 in the N2 flux. In this
section, we investigate the thermal stability of samples prepared
after 15 minutes immersion in C16T solutions and then heated
under a flux of pure O2. The freshly prepared monolayers were
exposed to O2 at RT, 313 K and 373 K during 30 minutes and then
the CV profiles were recorded. Fig. 7a shows that heating at 313 K
during 30 minutes leads to the appearance of a well-defined peak
at �0.91 V (indicating the presence of S atoms on the surface) and
to a decrease of the characteristic reductive desorption peak of
C16T. The relative area of the peaks after heating at 373 K indicate
that S atoms cover almost the entire surface and that only a small
amount of pristine C16T molecules remain on the surface. Fig. 7b
shows the variation of the reductive desorption charge for thiolate
and sulfur species as a function of temperature. Up to 373 K the
decrease of the thiolate charge correlates with the increase in the
reduction charge of atomic sulfur. Considering that the reductive
desorption involves one electron per thiolate and two electrons per
sulfur atom, we find that the total sulfur content of the surface
(thiolates + sulfur) remains constant up to 373. At the highest
temperature both C16T and S atoms desorb from the surface
(Fig. 7b).

In summary, the thermal stability of the C16T monolayer greatly
decreases in the presence of O2 which induces the formation of
sulfur atoms and oxidized sulfur species on the surface. This
implies that oxygen molecules may diffuse through the monolayer
reaching the sulfur atoms of alkylthiolates at the Au/SAM interface.
In order to gain a deeper insight into the processes that may
contribute to the decomposition of the monolayer, we performed
MD simulations to investigate the diffusion of O2 and DFT
calculations to characterize the energetics of the possible reactions
leading to the formation of both S atoms and oxidized sulfur
species on the surface.

4.4. Molecular dynamics simulations

Fig. 8 shows different snapshots illustrating the main features
of the monolayer structure at 500 K. The top view in Fig. 8a shows
that the position of the S atoms deviate from the average
separation of 5 Å in the (

p
3 �p

3)R30� structure. The S atoms
have an appreciable surface mobility and they may be observed on
hollow, bridge and ontop surface sites. The red circle in Fig. 8a
shows the formation of a disulfide bond between the S atoms of
adjacent thiolates (with an interatomic separation of 2.15 Å) in
agreement with the dialkyldisulfide desorption mechanism
observed experimentally [17]. The large amount of gauche
conformational disorder in the alkyl chains can be observed in
the side views of Fig. 8b and c. Gauche defects are observed in all
positions of the alkyl chain and produce a decrease in the thickness
of the monolayer. This is consistent with the increase in the
monolayer capacity observed experimentally before the desorp-
tion process begins as discussed above in relation to Fig. 2. Fig. 8b
shows an example of an alkyl chain with the first C atoms in an all-
trans configuration with gauche defects at the end of the molecule,
whereas Fig. 8c shows a molecule with several gauche defects
along the alkyl chain and having the terminal methyl group
pointing towards the surface. At 300 K the amount of gauche
defects is lower than at 500 K as it can be seen in Fig. S2.

We next introduced 5 oxygen molecules in the vacuum region
above the SAM and as soon as they became in contact with the
monolayer they penetrated and were never released during the
simulation time as shown in Fig. 9. Oxygen molecules occupy the
void volumes generated by the disorder of the alkyl chains (Fig. 9a).
The diffusion of O2 through the monolayer towards the gold
surface takes over 110 ps of simulation time. Fig. 9b shows a
snapshot in which one O2 molecule has reached the gold surface.

These results show the ability of the monolayer to dissolve
oxygen and are in agreement with MD simulations of O2 within
lipid bilayers which show a high solubility for oxygen (up to mM
concentrations) dictated by the effect of hydrophobicity and
accessible free volume [51,52]. Dissolved O2 induces the formation
of gauche defects in the alkyl chains. This is clearly observed when
comparing the monolayer structure with and without O2, as shown
in Fig. S3 in the Supporting Information. In conclusion, oxygen
molecules get trapped within the monolayer which increases the
probability of further reactions at the Au/SAM interface



Fig. 7. a) Cyclic Voltammograms and b) reductive desorption charges measured after heating freshly prepared monolayers (15 min. immersion time) during 30 minutes under
a flux of pure O2 (4.8N). Scan rate: 50 mV/s. Electrolyte: KOH 0.1 M. Reference electrode: Ag/AgCl (NaCl 3 M).
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4.5. DFT calculations

The energetics of the oxidation reactions at the SAM/Au
interface were investigated by DFT starting with the equilibrium
structure of an O2 molecule within a C6T monolayer, as shown in
Fig. 10a and b. The energy of this structure is taken as the reference.
We next considered the initial stages of oxidation of the S and
alpha C atoms of the hexanethiolate species within the monolayer
using a 2

p
3 � 3 unit cell with four molecules.

The first step in the oxidation of the S atom produces a RSOO
species (Fig. 10c) in an endothermic reaction with DE = 6.6 kcal/
mol. This intermediate is bound to the surface by the S atom (S��Au
bond distance of 2.51 Å) and the terminal O atom (O��Au bond
distance of 2.29 Å), which lie approximately on top of gold atoms
(Fig. 10c). In the next step the O atoms rearrange producing a
sulfinate (Fig. 10d) which is bicoordinated to the surface via both O
atoms (average O��Au bond distance of 2.41 Å). The formation of
the sulfinate from the peroxo intermediate (Fig. 10c) is very
exothermic with DE = �69.4 kcal/mol, indicating that the former is
a very stable species on the surface. The overall reaction, taking as a
reference the O2 molecule within the monolayer (Fig. 10a), has
DE = �62.8 kcal/mol.

Combustion reactions of alkanes are initiated with a hydrogen
abstraction by O2 generating an alkyl radical and the OOH species
[53]. As the degrees of freedom are restrained within the SAM, the
OOH radical may recombine with the radical left on the C atom to
yield an intermediate with a peroxide group. In a previous work
dealing with the mechanism of oxidation of alkanes grafted on Si
(111) [54] we found that the first intermediate produced after the
hydrogen abstraction reaction has the form ��C��(OH)��O
whereas the H atom originally bound to C is transferred to the
approaching O atom of the O2 molecule. From this intermediate
two reaction paths may follow: the H atom can bind to the terminal
O atom giving rise to a ��C��O��OH species (this step has a low
energy barrier of 6.3 kcal/mol on the Si surface [54]) as shown in
Fig. 10e or the O��O bond may break giving rise to a ��COH species
and an O atom adsorbed on the Au(111) surface (Fig. 10f).
The equilibrium structure of the ��COOH moiety shown in
Fig. 10e has the OH group pointing towards the negatively charged
S atom of the adjacent thiolate and the hydrogen bond has a length
of 1.94 Å. The formation of the peroxo group is exothermic with
DE = �30.0 kcal/mol. The O-O bond in peroxides is a relatively
weak bond and it may undergo cleavage to generate an alkoxy
radical which decomposes to an aldehyde. We enlarged the O��O
bond in the structure of Fig. 10e by 1.0 Å and then performed the
geometry optimization. The system evolved to the equilibrium
structure shown in Fig. 10g where significant atomic rearrange-
ment has occurred: the breakage of the O��O bond led to the
formation of an aldehyde group and the breakage of the S��C bond.
The aldehyde molecule desorbs from the surface whereas the
adsorbed products are the S atom and the hydroxyl radical, both
located on hollow sites on the the Au(111) surface (Fig. 10g). The
formation of the aldehyde from the peroxo intermediate is
exothermic with DE = �31.3 kcal/mol and the whole reaction has
DE = �61.3 kcal/mol, taking as a reference the O2 molecule within
the SAM (Fig. 10a).

The reaction leading to the formation of the alcohol group
(Fig. 10f) is exothermic with DE = �45.2 kcal/mol. Fig. 10f shows
that there is a short hydrogen bond of 1.47 Å between the OH group
and the adsorbed O atom (negatively charged). We enlarged this
OH bond by 1.0 Å and then performed the geometry optimization.
We obtained the same structure as in Fig. 10g where the formation
of the aldehyde takes place together with the breakage of the S��C
bond. This reaction has DE = �16.1 kcal/mol and it is expected to
have a low activation energy barrier. In a previous work [37] we
obtained an energy barrier of 5.6 kcal/mol for the equivalent
reaction SCH2OH + O ! SCH2O + OH in a study of methanethiol
decomposition.

In summary, the sulfur atom and the alpha carbon atom may be
oxidized by O2 in reactions that are very exothermic and have
comparable DE values of �62.8 and �61.3 kcal/mol, respectively.
The oxidation of the sulfur atom produces an alkanesulfinate
species bicoordinated to the surface by both O atoms. As shown in
Fig. 10d, the exchange of the sulfur head group by the sulfinate



Fig. 8. Snapshots of MD simulations of a full coverage C16T monolayer at 500 K. a)
Top view emphasizing the positions of S atoms. A disulfide species is enclosed in the
red oval b) Side view showing the carbon chains in a wireframe representation for
clarity, only one alkyl chain is shown explicitly. c) Side view showing explicitly an
alkyl chain with an U-shaped conformation.
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headgroup does not affect the integrity of the monolayer. However,
the oxidation of the alpha carbon leads to desorption of the alkyl
chain and leaves sulfur and OH species on the surface as a
consequence of the breakage of the S��C bond.

5. Discussion

Under the conditions investigated in this work, the HR-XPS
measurements showed that the formation of sulfur atoms
prevailed over the oxidation of the thiolates to sulfinates,
indicating that the oxidation of the alpha C atom of the alkyl
chains is the most likely mechanism. For the oxidation reactions
shown in Fig. 10 we did not compute the energy barriers of the
different processes as it is very time consuming. However we can
have an estimation from a previous work on the oxidation of
carbon chains on Si(111), where we found energy barriers of
around 40 kcal/mol for the formation of the ��COOH moiety in a
terminal methyl group [54] (the rate limiting step). The formation
of the ��COOH moiety in Fig. 10e may have a lower energy barrier
as a consequence of the stabilization of the hydrogen abstraction
reaction by the proximity of the metal surface and the hydrogen
bonding with the S atom of neighboring thiolates. Therefore, the
value of 40 kcal/mol can be taken as an upper limit.

In order to complete the picture of the energetics of the
reactions that may take place at high temperatures we need to
consider the direct desorption of alkanethiolates, the breakage of
the S��C bond (in the absence of O2) and the associative desorption
of thiolates as disulfide molecules. The main contribution to the
energy barrier for the direct desorption of an alkanethiolate radical
originates from the breakage of the S��Au bond which has an
energy of 44.3 kcal/mol in the case of a methanethiol monolayer
[55]. The breakage of the S��C bond of a methanethiolate species
within a full coverage monolayer has a barrier of 41.4 kcal/mol as
can be seen in the energy profile as a function of the reaction path
in Fig. S4 (we considered this short chain monolayer as the CI-NEB
calculation is very time-consuming in the 2

p
3 � 3 unit cell). For

the desorption of a dimethyldisulfide molecule from a full coverage
methanethiolate monolayer we obtained an energy barrier of
21.5 kcal/mol (Fig. S5). These values are to be compared with the
barrier for the formation of the ��COOH moiety, estimated to be
lower than 40 kcal/mol.

This energetic picture implies that under moderate temper-
atures and high coverage conditions the disulfide formation
mechanism, with a much lower energy barrier, will prevail over the
direct desorption as it is observed experimentally [17]. For the
other reactions, kinetic factors have to be considered to evaluate
the reaction rate. The rate of direct desorption and the rate of S�C
bond cleavage depend on the thiolate surface coverage whereas
the rate of oxidation of the alpha carbon depends on the thiolate
coverage as well as on the oxygen concentration. Therefore, high
doses of O2 may increase the rate of the latter reaction over the
former reactions. This picture is consistent with our experimental
observations. The fact that a large amount of atomic sulfur appears
in the CV profiles recorded after heating the SAM under O2 flux
(Fig. 7) or after long immersion times (Fig. 6) implies that the
decomposition of the monolayer occurs as a consequence of the
oxidation of the alpha C atom (Fig. 10e).

It has been suggested in previous works that the metal
substrate may play a role in the oxidation of the thiol molecules
[1]. This becomes clear from Fig. 10. An important contribution to
the high exothermicity of the oxidation reactions arises from the
high affinities of the reaction products for the Au substrate: the S,
OH and sulfinate species have high binding energies on the Au(111)
surface.

The thermal stability of the C16T monolayer not only decreased
upon exposure to O2 but also when the dipping time in the forming



Fig. 9. Top a) and b) side views of snapshots of MD simulations of a full coverage
C16T monolayer at 500 K containing 5 O2molecules. Carbon atoms of alkyl chains in
wireframe representation except for one molecule which is shown explicitly.
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solution was increased up to 24 hours. The molecular dynamics
simulations provide some insights on this behavior. Fig. 9 shows
that even at 500 K the O2 molecules remain trapped within the
monolayer as a consequence of hydrophobic interactions. There-
fore, the longer the exposure of the monolayer to an environment
containing O2, the higher the amount of O2 that may concentrate
until saturation is reached. The oxygen-rich monolayer is expected
to decompose according to the mechanisms shown in Fig. 10. This
outlines the importance of keeping SAMs in inert atmospheres in
applications which require a long term use. Another conclusion is
that the amount of O2 trapped within a monolayer is expected to be
dependent on the nature of the carbon chain. Monolayers with
long alkyl chains will have a high capacity to store O2 molecules
with the corresponding destabilizing effect. On the contrary,
monolayer structures with a less dense molecular packing are
expected to avoid the trapping of O2. As an example of a molecular
packing which prevents the penetration of O2 we can mention the
styrene-terminated Si(100)–2 � 1 surface: Si��CH2��CH2��phenyl.
A molecular dynamics investigation showed that the phenyl ring
rotates around the C��C bonds producing the repulsion of the
impinging O2 molecules [56].

6. Conclusion

The thermal and chemical stability of C16T monolayers on Au
(111) were investigated under different preparation methods and
thermal treatment conditions in the presence of O2. The
monolayers were heated under a low O2 content in a N2 flux as
well as under an O2 flux. The effect of the dipping time in the
forming solution on the thermal stability was also investigated.
The degradation of the monolayers was monitored using
electrochemical, SERS and HR-XPS techniques. The photoelectron
spectra revealed the presence of both sulfur atoms and oxidized
sulfur species on the surface. The amount of electroactive sulfur
and thiolate species was quantified from the charge of the
corresponding reduction current peaks in the CV profiles
performed after the heating procedure. Upon exposure to a flux
of O2, we observed a correlation between the disappearance of
thiolates and the appearance of sulfur atoms on the surface up to a
temperature of 373 K (Fig. 7).

The dipping time in non-deoxygenated solutions also had a
profound effect on the thermal stability of monolayers heated
during 30 min under a N2 flux at 458 K. The electrochemical
measurements revealed the disappearance of thiolates and the
appearance of sulfur on the surface.

Molecular dynamics simulations were performed to investigate
the structure of the monolayer at high temperatures and the
interaction of O2 with the alkyl chains. Oxygen molecules produce
a disordering of the alky chains characterized by a large amount of
gauche defects. Even at 500 K the O2 molecules remain trapped
within the SAM and can reach the gold surface. The destabilizing
effect of long dipping times in the thermal stability of the C16T
monolayer was attributed to a higher O2 loading within the SAM.
These results suggest that the nature of the carbon chain and
consequently the type of packing of the molecules in the SAM are
expected to influence the solubility of O2 and therefore the
chemical stability of the thiolates.

Density functional theory calculations were performed to
unveil the possible mechanisms producing both sulfur atoms
and oxidized sulfur species on the surface. The oxidation of the S
atom of the thiolate produces a sulfinate in a very exothermic
reaction with DE = �62.8 kcal/mol (Fig. 10). The oxidation of the
alpha carbon atom is responsible for the appearance of sulfur on
the surface. It leads to the breakage of the S��C bond and
desorption of the alkyl chain as an aldehyde. This reaction is also
very exothermic with DE = �61.3 kcal/mol. The high stability of the
reaction products adsorbed on the Au surface is responsible for the
exothermicity of these reactions showing that the substrate is
effectively involved in the reactions leading to the degradation of
the monolayer.

An energetic picture was presented including the energy
barriers of the main reactions involved in the degradation of a
monolayer: direct thiolate desorption, associative desorption as
disulfides, S��C bond breakage and oxidation of alpha C atom.
From purely energetic considerations, the most favored reaction is
desorption as disulfides. However, in the presence of O2 its
concentration is a determinant factor in the rate of oxidation. The
large amount of atomic sulfur observed after heating the SAM
under O2 flux or after long immersion times implies that the
decomposition of the monolayer occurs predominantly via the
oxidation of the alpha C atom.



Fig. 10. Equilibrium structures of DFT calculations for a full coverage hexanethiolate monolayer in a 2
p
3 � 3 unit cell. Side a) and top b) views of an O2 molecule within the

monolayer. The numbers indicate relative energies in kcal/mol taking this structure as the reference. c) ��S��O��O�� intermediate leading to the formation of d) sulfonite
species. e) ��C��O��OH intermediate, f) ��C��OH + Oads intermediate, g) desorbed aldehyde + Oads + OHads.
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