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ABSTRACT: The electron induced damage in self-assembled monolayers (SAMs) of n-dodecanethiolate on Au(111) and Au(100) 
single-crystalline surfaces is investigated in situ by X-ray photoelectron spectroscopy. The same irradiation dose produced different 
adsorbed groups. The damage at the headgroup-substrate interface leads to find dialkyl sulfide (RS-R’) on Au(111), while dialkyl 
disulfide (RS-SR) and/or thiol (RSH) were produced on Au(100). With regards to C species, significant amounts of C=C are generated 
on Au(111) but not on Au(100), showing that the double bond formation is not triggered through the same pathways on these surfaces. 
A detailed analysis of a variety of mechanisms, which involved cationic (RS+), anionic (RS−) or thiyl radical (RS•) species, in 
combination with ab-initio DFT calculation leads to the conclusion that the radical pathways successfully explain the experimental 
results. Molecular dynamics simulations show that the n-dodecanethiolate-SAMs on both surfaces are equivalent with regard to the 
van der Waals interactions. The breakage of the S-Au bonds is studied by means of DFT calculations. The thiyl radical would form 
close to the Au(100) surface, making it likely to react with another thiyl radical or thiolate to form the RS-SR species. On the other 
hand, for Au(111) the thiyl radical would form farther from the surface, reacting with the alkyl chains of neighboring molecules to 
form RS-R’ species. The mechanistic framework here proposed is very useful to explain the behavior of related systems.

1. Introduction
Self-Assembled Monolayers (SAMs) are versatile systems to 

investigate surface science phenomena and to make progress in 
nanotechnology.1–3 Among many molecular adsorbates that 
form SAMs, thiols on metallic and semiconductor surfaces are 
considered model systems. Moreover, it has been observed a 
renewed interest in fundamental research about thiolate-SAMs. 
For instance, the molecular origin of the odd-even effects4 and 
whether a dipolar group modifies the electron-tunneling across 
SAMs5 have been recently studied. The interest has been mainly 
triggered due to the wide range of applications of thiolate-
SAMs in molecular electronic devices.6–8 The use of SAMs for 
surface pattering, microcontact printing and scanning probe 
lithography are examples of methods based in the transfer of the 
molecular components.3 However, the attainable resolution 
with these methodologies might be limited due to the diffusion 
of the thiols when delivered to the surface.9,10 On the other hand, 
preformed SAMs can be accurately patterned by its selective 
damaging with light (e.g. lasers, ultraviolet light, X-rays) or 
particles' beams (electrons, ions).11–16 Interestingly, the 
resolution of these lithographs is determined by the size of the 
beam applied to the SAM,3 being the implementation cost and 
the needing of the precise control of the damaging17 process the 
main factors that represent potential disadvantages. For this 
reason, the study of radiation damage (by electrons or X-rays) 
in SAMs are important to improve lithographic processes. 

The exposure of SAMs to ionizing radiation or low-energy 
electrons results in a series of complex and interrelated 
processes. These processes include: the loss of orientational and 
conformational order, partial dehydrogenation, formation of a 
cross-linking  network between the SAMs constituents, 
desorption of film fragments and individual molecules and 
damage of the headgroup–substrate interface.18–20 With regards 
to sulfur containing species produced upon irradiation of SAMs 
on Au(111), dialkyl sulfides (RS-R’) are proposed as the main 
product, but small amounts of atomic sulfur are formed in a 
process that strongly depend on the temperature.21 Not only the 
primary beam induced damage,17,22 also the secondary 
electrons23,24 are involved in the chemical transformations of 
SAMs. Following this idea, the damage is expected to occur 
when the radiation used to analyze the specimen generates low-
energy electrons, either when the beam is composed of 
electrons or photons. Therefore, the photon-irradiation damage 
can be closely related with that observed when electrons are 
used as probes. In some cases, the irradiation damage have been 
rationalized in the context of Desorption Induced by Electronic 
Transition (DIET),25 Electron Stimulated Desorption (ESD)26 
or Dissociative Electron Attachment (DEA).26 The few 
proposed reaction mechanisms were mainly centered in the 
organic backbone degradation.18,26–29 Apart from few examples, 
like the disulfide formation from neighboring thiyl radicals,30 
scarce contributions for the understanding of reaction 
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mechanisms were proposed to interpret the irradiation-derived 
species.

Although RS-R’ species form when dodecanothiol-SAMs on 
Au(111) –or (111) textured thin films– are irradiated,31 the 
chemical nature of the products are not discussed in such 
deepness for other substrates. While the same X-ray 
photoelectron spectroscopy (XPS) signal assignment can be 
done for damage-related species for dodecanethiolate (DDT) on 
Ag32,33 and Cu,33 the binding energy of the S 2p3/2 signal 
associated with damaged species is compatible with thiol (RSH) 
or disulfide species (RS-SR) for DDT on Pt(111) single-
crystalline surface.34 Therefore, the nature of the substrate can 
play a relevant role in the determination of the degraded 
products. In this regard, the present paper compares the 
radiation damage for DDT-SAMs on Au(111) and Au(100) 
single-crystalline surfaces. SAMs on Au(100) have been 
scarcely studied in comparison with those grown on Au(111) 
preferred-oriented or single-crystalline substrates. According to 
electrochemical35,36 and thermal37 desorption studies, DFT 
calculations and simulations1,38–41 thiolate-SAMs on Au(100) 
seems to be thermodynamically more stable than on Au(111). 
However, it is not straightforward to hypothesize that SAMs on 
Au(100) are more resistant than on Au(111) against irradiation 
damage. On the contrary, the oriented-attachment of thiol-
protected gold-nanoparticle through Au(100) faces during 
transmission electron microscopy (TEM) session can be 
interpreted as a consequence of preferential desorption from the 
more open and reactive surfaces, like (100) instead of (111).42 
Therefore, it is essential to make a valid comparison on how the 
alkanethiolate SAMs degrade when they are on Au(100) or 
Au(111) surfaces.

We found that while sulfides were formed on the Au(111) 
crystal modified by dodecanethiol, disulfides were the main 
species on Au(100). To the best of our knowledge, there are no 
antecedents on radiation-induced degradation of 
alkanethiolatate-SAMs on Au(100). We performed our study by 
means of electron irradiation and XPS since: (a) electron-
related damage is present whatever was the nature of the 
primary beam; (b) we are interested in the chemical nature of 
the products that remain adsorbed along the irradiation process. 
The experimental evidence is further supported by means of 
Density Functional Theory (DFT) calculations and classical 
molecular dynamics (MD) simulations. Notably, this is the first 
damage study of the DDT-SAMs on Au(100), and also the first 
study on reaction mechanism to understand why each sulfur 
specie is formed. Finally, we propose a rational explanation for 
the thiol-SAMs degradation induced by electron irradiation. 
This new mechanistic framework will provide a support to 
interpret the behavior of SAMs of other adsorbates and different 
substrates under a wide variety of experimental conditions.

2. Experimental and Calculation Details
Two types of Au substrates were used. The Au(111) single 

crystal was a disk of 9 mm in diameter and 2.5 mm in thickness 
purchased in Princeton Scientific Corp. Its surface was cleaned 
by sputtering with Ar ions, and was annealed at 450 ºC in an 
UHV chamber. The Au(100) single crystal was a Clavilier-type 
bead crystal, oriented, cut, and polished as reported 
previously.43 Its surface was cleaned with Piranha solution and 
rinsed with MilliQ water, followed by flame annealing.44 SAMs 
on both single crystals were prepared by immersion overnight 
in 25 µM solution of dodecanethiol (≥ 98% Aldrich) in absolute 
ethanol (anhydrous for HPLC-Plus-Gradient Carlo Erba). After 
the self-assembly, the crystals were thoroughly rinsed with 

absolute ethanol in order to eliminate excess of thiol, blown 
dried with nitrogen, and quickly entered into the vacuum 
chamber for the experiments.

The irradiation procedure was performed with a SPECS EQ 
22/37 electron gun. It was set to generate 600 eV electrons and 
a current density ( ) of 1 µA/cm2 (  ~0.25 µA in an irradiated 𝑗 𝑖
area of 0.24 cm2) during constant time pulses. The accumulate 
irradiation doses were calculated by a multiplication between 
the current density and the irradiation time.

To analyze the effect of electron radiation, XPS 
measurements were performed with a SPECS Phoibos 150 
analyzer using a monocromatized Al Kα (1486.6 eV) X-ray 
source. The characterizations were performed at room 
temperature at base pressure lower than 5×10−10 mbar. XP 
spectra were obtained for pristine SAMs and after each electron 
irradiation step. Special cares were taken to minimize the X-
ray-induced damage. XP spectra were acquired at 20 eV energy 
pass, 0.05 eV energy step and a 0.1 s dwell time. The acquisition 
order was S 2p, Au 4f, C 1s and valence band (VB) regions. 
Double check for energy scale was performed by fitting the 
Fermi Edge in the VB region and Au 4f spectra. The Au 4f 
spectra were fitted with a doublet of Doniach-Sunjic functions 
and a Shirley-type background, fixing the lorentzian width to 
0.317 eV and the asymmetry parameter to 0.052.45 Each 
component of the S 2p region was described by one S 2p3/2 and 
S 2p1/2 doublet. These components were fitted with a doublet of 
symmetric Voigt functions with the same Gaussian width, 
fixing the lorentzian width at 0.2 eV. The spin-orbital splitting 
of both peaks was fixed to 1.18 eV and the area ratio between 
both peaks was fixed at 0.5 (S 2p1/2/S 2p3/2). The spectra were 
fitted using two components. The component characteristic of 
the thiolate (S2) was fixed with a binding energy and gaussian 
width such as that obtained in the pristine SAM fit. Then, a 
second component (S3) was added to take into account the 
irradiation-induced sulfur species. The binding energy and 
gaussian width of this component was fixed such as that 
obtained in the fit of the last acquired spectrum. The C 1s 
spectra were fitted by a single symmetric Voigt function fixing 
the lorentzian width at 0.2 eV. The whole data set was fitted 
self-consistently.

Ab-initio calculations were performed within the Density 
Functional Theory (DFT) approach46 using the Quantum-
Espresso Package47,48 with ultrasoft pseudopotentials.49 The 
exchange and correlation terms were described through the 
generalized gradient approximation (GGA) in the Perdew–
Burke–Ernzerhof (PBE)50 implementation. The gold surfaces 
were simulated with a 3×3 supercell composed of 4 Au layers 
at its DFT predicted equilibrium lattice parameter. 15 Å of 
vacuum in the perpendicular direction to the surface plane were 
used to avoid spurious interaction between periodic images. 
The first Brillouin zone was sampled with a 6×6×1 grid 
centered at the  point. Geometry optimizations were done 𝛤
freezing the bottom-most Au layer in its bulk position and 
relaxing the remaining atoms until the individual forces and the 
energy difference between consecutive optimization steps were 
smaller than 0.01 eV/Å and 0.001 eV, respectively. van der 
Waals (vdW) interactions were implemented with the Grimme-
D3 method.51

To obtain vdW interactions of compact monolayers on gold, 
classical canonical molecular dynamics (MD) simulations were 
done. A bond-order Morse-like potential41 was used to represent 
the atomic interaction of the complex S-Au interface, whereas 
the second order approximation of the thigh binding (SMTB) 
theory was employed to model the Au-Au interactions,52 and 
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the Universal Force Field (UFF) was used to represent the inter 
and intra-molecular interactions of the alkanethiol molecules 
using the same potential parameters as reported in ref 41. These 
interactions include bond stretching, bond bending, torsional 
and dispersion forces. For the last ones, a cut-off of 1 nm was 
used. For the MD simulations, a home-made code was used, 
where the Ermak algorithm was implemented to obtain the 
trajectories following the Langevin equations of motion. The 
temperature was kept at 300 K. The dynamic is allowed to 
proceed until we reach a stationary stage. At this point, the vdW 
contribution to the total energy (due to intermolecular 
interactions) was extracted and divided by the number of 
adsorbed molecules.

3. Results and Discussion
The irradiation-induced damage of SAMs on metals53,54 and 

semiconductors55 has been studied extensively. Scanning 
Tunneling Microscopy (STM), Scanning Electron Microscopy 
(SEM), and infrared reflection-absorption spectroscopy (IRAS) 
are useful to monitor the structural changes. Whereas chemical 
degradation has been probed mainly via XPS,17,23,31,53,54 near 
edge X-ray absorption fine structure (NEXAFS),23,32,53 
temperature programmed desorption (TPD),56 mass 
spectrometry (MS),57 and infrared spectroscopy (IR).58 Very 
often, the measurements are not sufficient to discern which 
processes are involved in SAMs’ degradation, since they are 
sensitive to the species that remain in the film or, alternatively, 
to the desorbed side products. XPS is a valuable and versatile 
tool to investigate the chemical nature of the adsorbed species. 
In particular, recent studies on the radiation-induced damage of 
thiolate-SAMs was based on XPS measurements.16,17,56

The SAMs are carefully characterized taking special care to 
minimize the radiation damage caused by the XPS 
measurement itself. The damage observed during an XPS 
experiment is mainly due to the secondary electrons (slow 
electrons, <50 eV) generated by the inelastic scattering of the 
fast core-level photoelectrons and Auger electrons during their 
travel through the inner to the sample surface (see Supporting 
Information), and not by the incident X-rays themselfes.54,59 
Therefore, the measurements was carried out to get good 
signal/noise ratios and an acceptable level of damage. The 
secondary electrons dose due to the X-rays after each cycle of 
XPS measurements -S 2p, C 1s, and Au 4f regions- is equivalent 
to only 0.02 s of irradiation with electrons (for details see 
Supporting Information). In other words, the damage during 
XPS measurement can be neglected. The XPS data show full 
alkanethiolate layers grown on both single-crystals. This is in 
good agreement with previous reports.23,35,37

The overall changes in Au 4f, C 1s, and S 2p using electron 
irradiation were widely reported in the literature.23,32,53,54 The 
Au 4f signal increases, while the C 1s decreases due to the loss 
of material as the irradiation progress (see representative 
spectra in the Supporting Information). The changes in S 2p are 
a bit more complex because, although it also decreases due to 
material loss, the DDT moieties in the pristine SAM are 
transformed into other sulfur species. Indeed, some unrevealed 
aspects can be distinguished comparing the effects of radiation-
induced damage in SAMs on different crystalline Au surfaces. 

Figure 1: Panels (a) and (c) show the S 2p XP regions for pristine 
SAMs on Au(111) and Au(100), respectively, while the spectra on 
(b) and (d) show the S 2p region after exposure to 600 eV electrons. 
The electron doses on (b) and (d) are 0.84 and 0.88 mC cm−2, 
respectively.

Figure 1 shows the S 2p XPS region of different single-
crystalline Au surfaces covered by DDT. The spectra on panels 
a and c correspond to pristine SAMs that are irradiated with the 
minimum dose of X-rays necessary to get good quality data. 
These spectra are fitted with one S 2p doublet at BE ~162 eV 
(S2), and a minor contribution at higher BE ~163-164 eV 
(S3).60–62 The S2 component is related to chemisorbed thiolate 
on the metal surface through a covalent bond (RS-Au), while 
the S3 component is assigned to unbound thiol (RSH), RS-R’ 
and/or RS-SR species.31,60 Note that no S1 component (BE 
161eV), which is usually associated with dilute atomically 
adsorbed sulfur,19,21,62–65 has been found in our spectra.

In good agreement with previous reports, the S2 has a BE of 
162.05 eV for DDT on Au(111),63 while it is 161.85 eV for 
Au(100).35,37,66 According to Arisnabarreta et.al. this BE shift is 
associated with a larger electronic charge transfer from the Au 
to the S in the case of the (100) surface.66 The irradiation with 
600 eV electrons produced a huge damage, which is revealed 
by a decrease of the S2 signal and a concomitant increment of 
S3 (Figure 1, b and d). The results for the (111) surface are in 
complete agreement with previous reports.24,63 Indeed, the 
spectrum in Figure 1b is accurately fitted with one S2 
component located at 162.05 eV, while the BE of the S3 
component resulted in 163.1 eV. Among the many assignments 
for the sulfur species on damaged SAMs (see for instance the 
excellent reviews by Duwez54 and Zharnikov67 the most reliable 
interpretation is provided by Heister et al.31 The authors found 
that the BE of the damaged sulfur (S 2p3/2 at 163.14 eV)31 for 
SAMs on preferentially oriented Au(111) is consistent with the 
predominance of RS-R’ moieties. On the other hand, the S3 BE 
is 163.4 eV for the DDT SAMs on Au(100) (Figure 1d). In 
addition, for extensively damaged SAMs, the full width at half-
maximum (FWHM) of S3 for DDT-SAMs on Au(111) is higher 
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than on Au(100), 1.16 and 0.99 eV, respectively. However, the 
S2 component has a very similar FWHM for both surfaces: 0.75 
eV for (111) and 0.74 eV for (100). Previous studies on pristine 
alkanethiolate-SAMs on Au(100) and Au(111) have omitted the 
difference in the BE of S3 since its relative contribution was 
very low.35 Indeed, high uncertainty in the BE and FWHM 
values would be expected for any low-intensity peak. On the 
contrary, the extensively damaged SAMs have great 
contributions of S3 which allowed reliable fits. The remarkable 
difference in S3 BEs is attributed to initial state effects 
(chemical shifts), since damaged species can remain throughout 
the entire film.31 In addition, the Sn aggregates -S 2p3/2 at about 
163 to 164 eV68,69- are dismissed since damaged SAMs have not 
shown sulfur excess. The C/S atomic ratios are above 12 for all 
the SAMs along their irradiation. Moreover, the absence of S1 
is in agreement with no elemental sulfur formation. Then, we 
associated the S3 on Au(100) to RS-SR and/or thiol (RSH) 
damage products, but not to RS-R’ as proposed for Au(111).31 

The intensity of the C 1s signal steadily decreases with the 
increment of the damaging processes (see Supporting 
Information). This is attributed both to the loss of material due 
to the degradation of SAMs and also to the desorption of 
adventitious carbon. As the contributions from the adventitious 
carbon are low -smaller than 10%-, and their behavior might be 
the same for both Au faces, the difference in C 1s shape 
evolution should be due to intrinsic changes in the SAMs. 
Figure 2, panels a and b, shows how the shape of the normalized 
C 1s signals changes with the increment of irradiation dose. The 
evolution of C 1s for DDT on Au(111) follows the already 
reported behavior.31,32,53 The monotonically shift to lower BEs 
(Figure 2a, see Supporting Information for the whole series of 
peaks) and an increment in the normalized intensity between 
284 to 284.5 eV are associated with C=C bonds, which are 
produced due to radiation-induced H-loss.23,31,32,53 Additionally, 
a vibrational contribution at higher BEs70–72 can be noticed. The 
broadening and the shift to lower BE of C 1s was also observed 
for alkaneselenolates on Au(111).73 On the other hand, the most 
important change in the C 1s signal for DDT on Au(100) is the 
increment of vibrational contributions at higher BEs due to 
electron irradiation. It is expected that the H loss and the 
consequent formation of C=C by direct interaction of the 
electrons with the alkyl chains should be equivalent for both 
SAMs. However, it is clear that a larger amount of C=C is 
present in irradiated DDT-SAMs on Au(111) than on Au(100). 
Then, the C=C increment in Au(111) cannot be solely 
associated to H-loss by simple interaction between alkyl chains 
and electrons. Notably, the C 1s evolution on Au(100) resemble 
the behavior of the monolayers derived from cyclic alkanethiols 
on Au(111)58 and other adsorbates -silanes29 or carboxylic 
acids74- on various substrates, i.e. an increment in FWHM 
(Figure 2c) and a shift to higher BEs due to their irradiation. 
Another important footprint of the changes in the conformation 
of alkyl chains and the formation of new carbon species is the 
increment of the FWHM.17,75 The C 1s peaks are slightly wider 
for irradiated SAMs on (111) than on (100) surface, as can be 
seen from the FWHM vs. dose representation (Figure 2c). 
Therefore, it is reasonable to propose that the predominant 
formation of C=C groups, typical of alkanethiolates on 
Au(111), is not expected for all kinds of SAMs. However, the 
loss of alkyl chain organization could be considered a more 
general process, which is evident for the DDT degradation on 
Au(100). Consequently, it is necessary to provide a mechanistic 
approach that considers the differences between SAMs.

Figure 2: (a) and (b) show normalized C 1s spectra of DDT-SAMs 
on Au(111) and Au(100), respectively, for different electron 
irradiation doses. (c) C 1s FWHM vs. Doses from the complete data 
set.

Considering that different sulfur and carbon species are 
formed on each surface, we analyze different reaction 
mechanisms. Moreover, we support our reasoning with 
molecular dynamics simulations and DFT calculations. These 
mechanisms must explain the predominant formation of RS-R’ 
and C=C species for irradiated DDT-SAMs on Au(111), and 
also the generation of RS-SR and/or RSH products on Au(100) 
without a great amount of C=C groups.

The first step that the mechanism should involve is the 
interaction of a slow electron with an absorbed thiolate. 
According to DIET and ESD concepts, this adsorbate-electron 
interaction could result in: electron impact ionization (forming 
a cationic entity, RS+), electron attachment (forming an anionic 
entity, RS−), or electron impact excitation (which can form a 
thiyl radical, RS•).59 These new entities act as reactants to 
initiate different chemical reactions. The energy of the charged 
species can be formally related to that of the thiyl radical by 
considering the following processes:

RS-Au → RS• + Au(surf) [1]

RS• + e− → RS− [2]

RS• → RS+ + e− [3]
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The first reaction corresponds to the formation of a thiyl 
radical and an Au site. The second and third reactions involve, 
respectively, the gain or loss of an electron by the thiyl radical. 
We calculated the energy required to form the anion RS− ( ) 𝐸𝑅𝑆
from RS• and an electron on Au (equations [1] and [2]):

[4]𝐸𝑅𝑆 = 𝑊𝐹 + 𝐸𝐴

where  is the work function of the Au(hkl) surface, and  𝑊𝐹 𝐸𝐴
is the electronic affinity of the radical in vacuum, calculated as 

 (−2.71 eV). Lastly, the cation formation, draining 𝐸𝑅𝑆 ― ―𝐸𝑅𝑆 ∙

the electron in the Au surface, results in energy change of 
(equations [1] and [3]):

 [5]𝐸𝑅𝑆 = 𝐼𝐸–𝑊𝐹

where  (8.41 eV) is the ionization energy of the 𝐼𝐸 = 𝐸𝑅𝑆 + ― 𝐸𝑅𝑆 ∙

radical in vacuum.
Thus, we were able to calculate the formation energy of the 

two charged species near both single-crystal surfaces, taking 
into account that the  of clean surfaces differs from 𝑊𝐹
functionalized ones (see for example ref. 76 and references 
therein). As can be seen in Table 1, in all cases the creation of 
the ions is an endergonic process.

Table 1: Energies (in eV) involved in the creation of ions 
near the gold surfaces for both low and high coverage cases.

Low coverage High coverageSurface
WF 𝐸𝑅𝑆 𝐸𝑅𝑆 WF 𝐸𝑅𝑆 𝐸𝑅𝑆

Au(111) 5.2
3

2.52 3.18 3.74 1.03 4.67

Au(100) 5.0
8

2.37 3.33 3.64 0.93 4.77

The above results clearly show that both charged species, RS− 
and RS+, are more energetic than the thiyl radical. Then, the 
most probable reactant to be formed is RS•. To further support 
the plausibility of this radical as an intermediate, we have 
calculated the magnetization of a system consisting of a 
Au(111) surface and a RS• desorbed from it. We found that the 
most stable state is the one with a total magnetization of 1 (i.e., 
one unpaired spin). The density of states projected on the sulfur 
orbitals shows an unoccupied p orbital, with spin down. Finally, 
the spatial localization of the spin was found to be on the sulfur 
atom. These results are shown in Figure S5, and support the 
mechanism through a thiyl radical RS•.

Anyway, to elucidate an adequate reaction mechanism, we 
need to evaluate all reasonable alternatives, even taking into 
account the energetically less favorable species. We must also 
consider that the desorption of alkyl chains is restricted by mass 
transport limitations due to their efficient packing within the 
SAMs.77 The pathways initiated by RS- and RS+ are discarded 
because they cannot even qualitatively explain the XPS results.  
Those mechanisms are described in detail in the Supporting 
Information.

Scheme 1: Reaction mechanisms initiated by thiyl radical, 
RS•.

In Scheme 1 we represent a reaction mechanism that 
successfully explains our experimental results. (1) After the 
thiyl radical is formed by the secondary electrons, this radical 
can react with a neighboring alkyl chain leading to a C=C and 
a H•. (2) Indeed, the formation of C=C is a common feature in 
free radical chain mechanism involving a rapid H• transfer 
through the surface overcoming the classical diffusion 
limitations as like as in the bulk solution.18,77,78 (3) Next, the 
thiol-ene reaction to form RS-R’ moieties is also promoted.79 
The termination reactions involve (4) the union of two thiyl 
radicals or (5) one thiyl radical with a neighboring thiolate, 
which in this case form RS-SR, and do not form C=C. 
Therefore, the radical route looks the better mechanism to 
explain the formation of the different chemical species (RS-R’, 
RSH, RS-SR and C=C) which are formed on both surfaces. 
However, this mechanism cannot explain by itself why different 
products are preferably formed on each studied surface. Then, 
it is proper to consider how the molecular packing can influence 
the reaction mechanism. 

In the following, we analyze whether vdW interactions 
and/or the differences among the molecular arrangements of the 
adsorbates on the Au(111) and Au(100) influence the observed 
preferred products on each facet. We performed a classical 
molecular dynamics simulations with a semiempirical force 
field.41 In the case of the (111) face, the  structure 3 × 3𝑅30°
was simulated, and for the (100) face we studied the c(2×2) 
lattice. After molecular relaxation, the tilt angle with respect to 
the surface normal results ~33° for DDT-Au(111) and ~10° for 
DDT-Au(100), which are in good agreement with the reported 
experimental results (30° and 14°, respectively).80 Since the 
forces in this classical approximation are additive, it is possible 
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to isolate the energy corresponding to vdW intermolecular 
interactions. We averaged five runs of 1 ns for each surface, and 
finally divided the total vdW energy by the number of adsorbed 
DDT molecules. For both cases, we found that the contribution 
to the energy coming from non-covalent dispersion forces is 
−0.81 eV/molecule. The result that the vdW energy is equal for 
(111) and (100) facets is supported by the fact that the molecular 
density on both surfaces is very similar.81 This indicates that, 
considering the vdW intermolecular forces, we should not 
expect differences in desorption behavior when the (111) and 
(100) surfaces are fully covered. However, the vdW forces 
restrict the displacement of the thiyl radical within the SAM. 
Thus, these interactions promote or hinder some of the reactions 
described above (Scheme 1) and even the readsorption process. 

Since the molecules in confined spaces can react differently 
than in bulk,77,78,82,83 it is necessary to consider how structural 
differences in the SAMs can modify the reaction mechanism. 
Therefore, we considered the desorption of thiol-adsorbates 
through the analysis of Energy vs. distance plots for 
pentanethiol moieties obtained by means of ab-intio 
calculations. We compare the molecular desorption of 
pentanethiolate, as radical from Au(111) and Au(100) at high 
coverage condition. The energy is recorded as we pull out a 
molecule from the surface, by increasing the distance 0.2 Å in 
each step, while keeping the height of its S atom fixed and 
relaxing the rest of the system. The energy profiles with some 
representative snapshots are shown in Figure 3. 

Figure 3: Left panel: Energy vs vertical distance between the S atom and the gold surface for both, (111) and (100) facets, at high coverage. 
The origin of the abscissa corresponds to the equilibrium Au-S distance. Right panel: snapshots of the local atomic configuration before and 
after the break of Au-S bonds for the pulled molecules on each Au surface. (I) and (III) correspond to the Au-S distance just before the bond 
break for the (111) and (100) surfaces, respectively. The gold ad-atom pulled is highlighted in orange. In (II) the detachment of a RS• is 
highlighted by the sulfur atom in green, while in (IV) the S-S bridge is remarked. 

A close inspection of the atomic configuration during 
desorption shows that in both surfaces a gold ad-atom is pulled 
attached to the RS at the initial stages of the process (Figure 3, 
I and III, orange-highlighted). However, we observe two main 
differences. On one hand, for the case of Au(111), there exists 
an evident energetic stabilization when the ad-atom is displaced 
together with RS, which appears as a jump in the energy profile 
when it comes back to the surface. The Au-S bonds breaks when 
S is at 2.1-2.2 Å from the surface. In this configuration, the 
distance between the RS and the nearest S atom is 4.3 Å, while 
it is 2.7 Å to the nearest H-C neighbor (Figure 3, II). On the 
other hand, for the Au(100) case there is not a clear stabilization 
associated with this process. However, it can be noted that when 
the S is pulled 1.6 Å (i.e. going form III to IV in Figure 3) the 
Au ad-atom returns to the surface. In this configuration, the 
distance between the RS and the nearest S is 2.3 Å, while it is 
3.1 Å to the nearest H-C neighbor (Figure 3, IV). It is very 
important to note that the typical S-S bond length is 2.05 Å. 
Then, the distance of 2.3 Å can be associated with a new S-S 
bond between the RS and a neighboring tiolate (green-
highlighted in Figure 3, IV). These results support the 
mechanisms proposed for thiol desorption on both surfaces. In 
the case of Au(111), the thiyl radical would be formed far from 

the surface, and it is able to react with the alkyl chains of 
neighboring molecules, forming the RS-R’ species. On the 
other hand, on Au(100) the thiyl radical would be formed much 
closer to the gold surface, and it could react with another thiyl 
radical or adsorbed thiolate to form the RS-SR species. 

The proposed reaction mechanism constitutes a mechanistic 
framework, which can be useful to interpret the behavior of 
other systems. For example, it can also explain why irradiated 
SAMs of cyclic aliphatic thiols on preferentially oriented 
Au(111) present a S3 component at 163.4 eV, C 1s shifts to 
higher binding energies upon their irradiation, and C=C was not 
observed by near-edge X-ray absorption fine structure 
(NEXAFS).58 According to Waske et al. the organic moieties 
stay in place under electron irradiation and cross-link to one 
another preventing irradiation-induced desorption.58 Within our 
mechanistic framework, the closeness of the headgroup to the 
Au substrate is what determines the kinds of products found on 
that article. Moreover, the authors stated that the irradiation 
effects in the S-Au interface are smaller for these thiols than for 
linear alkanethiols. The same concepts are useful to explain the 
atomic sulfur formation when DDT-SAMs were irradiated at 
low temperature (60 K).19,25 The molecular mobility is 
drastically diminished and the readsorption process is highly 
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favorable under these conditions. Therefore, the formation of 
atomic sulfur due to the irreversible C-S bond scission, which 
is in competition with the reversible Au-S bond break, becomes 
significant in cryogenic conditions. As final remarks, we would 
like to stress that alkanethiolate-SAMs on Ag and Cu lead to S3 
contributions compatible with dialkyl sulfide moieties (S3 
163.2 eV).33 On the other hand, a radiation damage study of 
DDT on a Pt(111) single-crystal showed that BE for S3 resulted 
163.54 eV,34 which can be associated with thiol and/or disulfide 
formation. Nevertheless, the relevant difference in the S3 BE is 
overlooked until now. We believe that the phenomena 
responsible for the differences in the chemical behavior of the 
discussed systems have common elements. Thus, we expect that 
this paper will encourage further studies that would provide a 
deeper understanding of the detailed processes responsible for 
the electron-induced radiation damage of SAMs. Moreover, this 
novel viewpoint can be useful to choose the best options among 
the variety of surfaces and molecules for electron lithography 
engineering, according to the specific application.

5. Conclusions
We have studied the radiation-induced damage of 

dodecanethiolate-SAMs on Au(111) and Au(100) singly-
crystalline surfaces by means of XPS. In addition to the loss of 
organic material, the irradiation with low-energy electrons leads 
to different S and C species. While RS-R’ was found for 
irradiated dodecanethiolate -SAMs on Au(111), RS-SR was 
produced on Au(100). With regards to C species, significant 
amounts of C=C were generated on Au(111), but the most 
evident process on Au(100) is the loss of alkyl-chain 
organization. We considered a variety of phenomena to explain 
the experimental results, which allows the built-up of a useful 
mechanistic framework. First, since molecular desorption might 
be governed by van der Waals interactions, we carried 
molecular dynamics simulations which have shown that the 
dodecanethiolate-SAMs on both surfaces are equivalent on this 
regard. Second, three sulfur species were accounted as reaction 
initiators, thiyl radical, cationic and anionic species. However, 
only the radical-based mechanism explains the experimental 
data set. Moreover, our calculations show that the reaction 
pathways that involve the radical would have lower energies 
than those with charged species. The thiyl radical can react whit 
a hydrocarbon chain to form a C=C moiety, which then reacts 
with another thiyl radical leading to RS-R’. Within the same 
framework, two thiyl radicals or one radical and one adsorbed 
thiolate can form RS-SR species. Lastly, since the reacting 
species are confined within the SAMs, we have studied in detail 
the energetics behind the S-Au rupture by means of DFT 
calculations. We found that the thiyl radical would be formed 
far from the Au(111) surface, and it is able to react with the 
alkyl chains of neighboring molecules, forming the RS-R’ 
species. On the other hand, on Au(100) the thiyl radical would 
be formed much closer to the gold surface, and it could react 
with another thiyl radical or an adsorbed thiolate to form the 
RS-SR species.

As final remarks, we would like to stress that SAMs of thiols 
on Au(111) surfaces have been considered a model system for 
a long time. Although comparisons of many two-dimensional 
molecular layers with them have been very useful, our study 
represents an example of how this approach is usually 
overestimated. It has been shown that the surface chemistry of 
thiols on many metals is different than that found on Au(111). 

For instance, with regards to the tendency to produce atomic 
sulfur, which was confirmed for many metals,84–87 but for 
Au(111). Moreover, slight changes in the organic backbone can 
induce the breaking of S-Au bond,65 which highlights that also 
the chemical nature of the thiol matters. Altogether, the 
proposed mechanism provides a rational framework to 
understand the behavior of other thiol-metal interfaces along 
irradiation experiments, and wideness the perspective of SAMs’ 
surface chemistry.
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