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2

ABSTRACT 

Self-assembled monolayers (SAMs) of ω-carboxylic acid thiols are very important in the 

surface modification of metals, especially on gold surfaces. Indeed, the 3-

mercaptopropanoic acid (MPA) and its ester or amide derivatives are widely used for 

SAMs-based sensor design. It was already shown that MPA does not suffer C-S bond 

scission when adsorbed on Au. On the other hand, in this work we demonstrate that its 

simplest derivative, methyl 3-mercapto propionate (Me-MPA), is prone to form significant 

amounts of atomic sulfur when adsorbs on Au. The MPA-derivatives are more sensible 

than MPA itself to alkaline solutions and its SAM-based sensors will rapidly degrade given 

atomic sulfur.

In this work, we study the simplest MPA-derivative Me-MPA SAMs on preferentially-

oriented Au(111) surfaces by XPS and electrochemical measurements. It was found that 

the desulfuration of Me-MPA depends on its preparation conditions (grown from ethanol 

or toluene solution) and on its post-treatment with alkaline solution. In order to explain the 

S-C bond scission on Me-MPA SAMs we discuss different reaction mechanism. We 

concluded that the reaction mechanism involves an E1cB elimination pathway (β-
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elimination). This reaction mechanism also explains the desulfuration behavior of other 

important related molecules like L-cysteine and glutathione.

Introduction

The self-assembled monolayers (SAMs) of molecules on metals are widely studied for 

their interest in sensors’ development, the construction of devices based on modified 

electrodes and molecular electronics.1,2 Thiols are probably the most popular substances 

to prepare SAMs since they allow to versatile modify metal or semiconductor surfaces. 

Moreover, the ω-modification of thiols is one of the keys to solve in the “SAMs 

engineering”. Particularly important is the modification of thiols with carboxylic groups, 

which are easily functionalized through the formation of amides or esters, even in 

aqueous medium. Thus, it is of paramount importance to comprehend the surface 

chemistry of esters or amides of ω-carboxylic thiols. Carbodiimide derivatization provides 

one of the most popular and versatile methods for the covalent attachment of proteins, 

nucleic acids, and small organic molecules to SAMs of ω-carboxylic acid thiols. This 

strategy has been widely applied for the bioconjugation of Au surfaces.3–7 The 3-
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4

mercaptopropionic acid (MPA) SAMs and its derivatives, or even the very popular and 

commercially available dithiobis(succinimidyl propionate) (DSP, also known as Lomant’s 

reagent) have been used as linkers to develop sensors based on bioelectrochemical 

electrodes,8–11 quartz crystal microbalance,12 surface-enhanced resonance Raman 

scattering13  and photoluminescence.14 The MPA derivatives were also used as building 

blocks for complex arrays of gold nanoparticles15–17. 

Atomic sulfur drastically modifies the electronic properties of coinable metals (e.g.: 

surface plasmon resonance and catalytic activity).18 Moreover, even a very small amount 

of atomic sulfur can severely attenuate –or bias- the electrochemical response of a sensor 

that works, for example, through an impedance signal. Indeed, the quality of close-packed 

organic layers is a key factor to develop impedimetric sensors. As a matter of fact, very 

recent fundamental investigations about the responses of impedimetric aptamer 

biosensors reported that a variety of phenomena, not related with biomolecular 

interactions, drastically modify the impedance response.19 The authors covalently 

immobilized streptavidin to MPA SAMs on Au, and subsequently attached bio-molecules 

to build-up a multilayer biosensor. In this regard, we found in the literature some evidence 
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5

of the drawbacks related to the use of MPA-ester derivatives to built-up SAMs on Au. 

Based on the impedance results, it was reported that the SAMs of MPA are more efficient 

to block the access of a redox couple than those of DSP.10 This is counterintuitive since 

the more voluminous and longer molecule should restrict more efficiently the access of 

the redox couple to the interface. Notably, this is not an isolated result, a similar behavior 

has been independently reported elsewhere.11 We advance that atomic sulfur can be 

present at considerable surface concentration in this kind of MPA-based architectures. 

Our interpretation may explain the lower coverage of ester-moieties since its adsorption 

would lead to adsorbed thiolate and atomic sulfur on Au. 

Commonly, some thiol-SAMs present atomic sulfur as a byproduct of the adsorption 

due to C-S bond scission. Contrary to the idea that atomic sulfur comes from 

contamination,20 it can be formed along with the SAM formation, or as a consequence of 

thiolate degradation.18,21 Indeed, the C-S bond breaking of alkanethiolates has been 

reported for many metals with distinguishing catalytic properties as Pd22, Ni21, Cu23, and 

Pt24. On the other hand, long-chained alkanethiols only lead to alkanethiolate species 

when are chemisorbed on Au. On the other hand, the C-S bond breaking to lead atomic 
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6

sulfur has been reported for a representative number of molecules containing a mercapto 

group and another chemical functionality.18,20,25,26 However, there is a lack of theoretical 

or empirical tools to predict whether a mercapto group in a molecule would lead to C-S 

bond scission. In a first sight, the metallic Au is not sufficiently reactive, in comparison 

with Pd or Pt, to promote the breakdown of the C-S bond.27 Looking closely to the SAMs’ 

degradation processes, there are several factors that influence the extension of a possible 

C-S bond-breaking. Among them, the composition and structure of the substrate, the 

temperature, the solvent and the chemical nature of the thiol.23,25,28,29 Then, to understand 

the SAMs’ degradation mechanism, many variables must be considered. More 

importantly, during and after C-S bond scission, the roles of the different chemical bonds 

in the whole thiol have to be considered. More specifically the suitable location of 

additional functional groups -besides the mercapto group- has to be considered to predict 

if a desulfuration process is expected to occur. 

Next, we discuss how the decomposition of thiomalic acid upon its adsorption on gold 

(both planar and nanoparticle surfaces) was rationalized in terms of reaction pathways.18 

It was claimed that the carboxylic group weakens the C-S bond in the alpha position with 
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7

respect to a carboxylic acid group. Therefore, in a heterolytic C-S scission the carbanion 

can be partially stabilized by resonance charge delocalization with a carboxylic group.18 

On the contrary, for MPA SAMs atomic sulfur is not formed on Au surfaces at room 

temperature.18,30 The difference in relation with the behavior of thiomalic acid can be 

explained considering that the C-S bond of MPA is not next to the carboxylic group, and 

the further carbanion could not be stabilized by charge delocalization.  Up to now, the 

reasoning is relatively simple, and the experimental evidence supports these ideas.18,30 

On the other hand, there are systems of huge importance in applications, which demands 

more attention and new ideas to explain why C-S bond scission happens.  Jiang et al. 

reported the presence of small amounts of atomic sulfur after derivatization of preformed 

MPA SAMs on Au surfaces.8 As already mentioned, the derivatization of carboxylic 

moieties is of great importance, and MPA is one of the most popular targets.19,31–34 For 

this reason, in this work we studied the atomic sulfur formation on SAMs of methyl 3-

mercapto propanoate (Me-MPA). This is the simplest choice to get the essence and the 

rationale of the C-S bond-breaking when SAMs derived from MPA –but not MPA itself- 

do form. We support our reasoning on experimental results taken by X-ray photoelectron 
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8

spectroscopy (XPS), electrochemical characterization of the SAMs and computational 

calculation. Based on the experimental data, we propose a mechanism based on the 

E1cB elimination reactions to explain the C-S scission for MPA-derivatives SAMs. Our 

reasoning not only describes the behavior of MPA and Me-MPA. It additionally provides 

a rational framework to describe the desulfuration of structurally related molecules –as 

cysteine and gluthatione-, which also lead to atomic sulfur when adsorbed on Au.

Experimental and Calculation Details

Preferentially oriented Au(111) substrates were prepared by flame annealing of 

commercially purchased glass, coated with a gold film (Arrandee). SAMs were prepared 

by immersion of Au substrates in 50 µM thiol solutions overnight. After SAM preparation, 

the sample was carefully rinsed with fresh solvent (ethanol or toluene). Immediately 

before each experiment, the sample was quickly dried by N2 gas flow. The thiols were 

bought from commercial sources: 3-mercapto propionic acid (MPA) from Aldrich; and 

Methyl 3-mercaptopropanoate (Me-MPA) from Acros Organics (Scheme 1). The XPS 

measurements were carried out by means of a SPECS Phoibos 150 spectrometer, with 
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9

a monochromatized Al Kα (1486.6 eV) X-ray source. The characterizations were 

performed at room temperature at base pressure better than 5 x 10-10 mbar. The energy 

scale calibration was referenced to the Au 4f7/2 peak at 84 eV and the Fermi Edge at 0 

eV. Wide scan spectra, and Au 4f, S 2p, C 1s, and O 1s narrow scan spectra were 

measured with energy pass of 20 eV and energy step of 0.05 eV. The Au 4 f region was 

fitted with Doniach-Sunjic line shape where the Lorentzian width was fixed to 0.317 eV 

and the asymmetry parameter fixed to 0.052.35 The other signals were fitted with a Voigt 

profile, with a Lorentzian width of 0.2 eV. Each component of the S 2p region was 

described by one S 2p3/2 and S 2p1/2 doublet (spin-orbit splitting of 1.18 eV, fixed area 

ratio 0.5, Voigt peaks of same shape). The entire set of spectra was adjusted recursively 

to find the best fit. The S1 peak at 161 eV was fitted with a fixed Gaussian width of 0.6 

eV, giving for the Voigt peak a full-width at half maximum (FWHM) of 0.7 eV. On the other 

hand, the S3 at 163.3 eV was constrained to a maximum Gaussian width of 1 eV which 

corresponds to a FWHM of 1.1 eV for the Voigt peak. These fitting conditions are 

consistent with those reported elsewhere.18  Special care has been taken in order to avoid 

extensive radiation damage.
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10

The electrochemical measurements have been carried out by means of an operational 

amplifier potentiostat (TEQ-Argentina). A conventional three-electrode cell was used. The 

electrolyte, 0.1 M NaOH aqueous solution, was deaerated with pure nitrogen before the 

electrochemical measurements. A saturated calomel electrode (SCE) and a large-area 

platinum foil were used as reference and counter electrode, respectively. All potentials in 

the text are referred to the SCE scale. The real surface area of working electrodes was 

determined by measuring the charge needed to reduce a gold oxide monolayer, which is 

a two-electron process. This was done by integrating the main cathodic peak in the 

current-potential curves. The positive limit chosen in the cyclic voltammograms was the 

Burshtein minimum, as described by Hamelin et al.36

Density Functional Theory (DFT) calculations on molecular geometry optimization and 

vibrational frequency were performed with the hybrid-functional PBEh-3c37 using ORCA 

4.0.1 package.38
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11

Scheme 1: Chemical structures of the thiols used in this paper. 3-mercaptopropanoic acid 

(MPA) and methyl 3-mercaptopropanoate (Me-MPA).

Results and Discussion

First, we show XPS results which demonstrate the formation of significant amounts of 

atomic sulfur when the ester (Me-MPA) adsorbs on Au from an ethanolic solution. On the 

contrary, atomic sulfur is not formed when the acid (MPA) form SAMs on Au, nor when 

the ester is adsorbed from a toluene solution. It is well known that XPS is a powerful tool 

to interrogate the chemical nature of sulfur species by means of the S 2p region (binding 

energies, BEs, in the range 158 to 170 eV) analysis. The absolute value of the BE of the 

S 2p3/2 is employed to obtain information about the chemical bonding of the S to the Au 

surface. The S 2p3/2 core level peak for SAMs of thiols on Au can be decomposed into 

three different components, S1 and S2 near 161 eV and 162 eV, respectively, and S3 at 

163-164 eV.18,20,30,39 The S1 component is associated with atomically adsorbed sulfur 
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12

species.18,20 S2 component is related to S chemisorbed on the metal surface through a 

thiolate bond, while the S3 component has been assigned both to unbound thiol and 

disulfide species.18,30,39 We have also measured the C 1s, O 1s, and Au 4f regions for 

MPA and Me-MPA SAMs. Through the analysis of these data, we confirmed the presence 

of the carboxylic acid group in the case of MPA, and the ester function in the case of Me-

MPA. Finally, the Au 4f region for both MPA and MPA SAMs presents spectra that are 

typical of alkanethiol SAMs (see Supporting Information).

For a MPA SAM (Figure 1a), the S 2p region is described by two species according to 

a previous report.30 The main component, S 2p3/2 peak at 162 eV is assigned to thiolate 

(S2), and the small amount of a second broad peak at ~163.3 eV (S3) is commonly 

assigned to non-bonded thiol molecules and disulfide species formed by radiation 

damage during x-ray exposition.18,30,39 The relatively high amount of S3, in comparison 

with SAMs of dodecanethiol (see supporting information), is attributed to the adsorption 

of MPA in a second layer; i.e. molecules bond through hydrogen bonds to the SAM. 

Moreover, the thiolate coverage, θthiolate, resulted 0.30 when only S2 was taken into 

account. This figure is slightly smaller than those found for alkanethiolate SAMs 
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13

(θthiolate0.33) with low defect density, but a reasonable value for a thiol with a short 

organic chain and a carboxylic acid moiety.40,41 These results are in good agreement with 

those reported by Gonella et.al.30 Briefly, no evidence of C-S bond scission has been 

found for MPA SAMs.

Page 13 of 52

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



14

Figure 1: S 2p XPS region of a) MPA and b) Me-MPA SAMs prepared from ethanolic 

solutions; c) Me-MPA SAM grown in toluene. 

The Me-MPA molecules adsorbed from the ethanolic solution lead to SAMs having 

some atomic sulfur. This is revealed by the component at 161 eV (S1) in the XP spectrum 

(Figure 1b). Additionally, the estimated total S coverage (θtotal-S ≈0.31) is comparable to 
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15

that found for MPA. The S1 component corresponds to ~8% of the whole S 2p region, 

which is a significant contribution. It is also interesting to note that the S3 contributions to 

the S2p spectra of Me-MPA SAMs (Figures 1b and 1c) are not significant in comparison 

to that of MPA (Figure 1a). In fact, the ester does not have the ability to bind molecules 

in the second layer through hydrogen bonds, as MPA already does. In addition, although 

the MPA and Me-MPA are very similar molecules, the XP spectra of their SAMs are 

qualitatively different with regards to the appearance of S1. Interestingly, this is not an 

isolated result. Indeed, the S 2p XP spectra of Me-MPA looks pretty similar to that 

reported by Jiang et al. for an MPA derivatized SAMs.8 In that work, the original MPA 

SAM had only the S component at 162 eV assigned to thiolate. The authors have shown 

that after N-hydroxysulfo-succinimidyl (NHSS) ester functionalization a shoulder at 161 

eV developed. In other words, the atomic sulfur appears after ester formation on the pre-

formed MPA SAM. 

The spectrum in Figure 1c shows XPS data of a Me-MPA SAM formed from toluene 

solution. The striking aspect is the absence of the S1 component. It is remarkable that 

just changing the solvent leads to a qualitatively different molecular over-layer. Then, we 
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16

found a way to build-up Me-MPA SAMs that are free from atomic sulfur. However, we will 

show that the Me-MPA SAMs grown in toluene are prone to form atomic sulfur.

There are a couple of further remarks with regards to the possible origin of atomic sulfur 

on Au surfaces. First, it is already known that thiolate SAMs are sensitive to X-ray 

irradiation, which can lead to the atomic sulfur formation.30,42 Under the current 

experimental conditions neither MPA nor Me-MPA SAMs suffered excessive radiation-

damage, as the 161 eV S2p component is absent in the SAMs of Figures 1a and 1c. 

Then, we can rule out the radiation damage as the source of atomic sulfur in the Me-MPA 

SAM grown in ethanol. Second, the 161eV component in Figure 1b does not come from 

contaminants in the Me-MPA reagent, since otherwise this contamination would also lead 

to atomic sulfur for the SAMs grown in toluene.   

It has been extensively reported that the chemical nature of the sulfur species and the 

adsorption states of the thiols can be characterized from peak potentials, Ep, in 

electrochemical reductive desorption runs. In the following, we present and discuss the 

reductive desorption of MPA and Me-MPA SAMs grown from ethanolic solutions, and of 

Me-MPA SAMs prepared in toluene (Figure 2). Each sample has been carefully rinsed 

Page 16 of 52

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17

with the corresponding organic solvent and dried under a nitrogen stream. Then, the 

samples were immersed in 0.1 M NaOH aqueous solution to perform electrochemical 

analysis. The reductive desorption curve of a MPA SAM on preferentially oriented 

Au(111) shows a peak at -0.78 V (Figure 2, curve a)). This Ep is consistent with a thiolate 

SAM of this short-chained carboxylic acid,41 but not with sulfur moieties (neither atomic 

sulfur nor Sn species).43 The charge density (Qdesor=73Ccm-2) associated with this peak 

–calculated after the consideration of the contribution from double-layer charging– is 

compatible with a dense SAM of thiolate species.44 In some of the previous studies on 

the electrochemical desorption of MPA from preferred oriented Au(111) a more negative 

wave (Ep=-1.07 V) has been reported, which was attributed to desorption from stepped 

sites.45 This might be the reason why this peak is not ever-present in careful studies by 

Kakiuchi et al. In fact, while is clearly distinguished in a desorption curve recorded using 

KOH 0.5 M,46 it is not present when NaOH was used as the electrolyte.41 Briefly, we found 

that the electrochemical behavior of MPA on preferentially oriented Au(111) agrees with 

previous reports, and shows that only thiolate species desorbs from this surface. Figure 

2, curve b), shows a representative electrodesorption curve of a Me-MPA SAM grown 
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from an ethanolic solution. Note that there are some similarities in the voltammetric 

characteristics of the desorption curves described so far. As already reported, the peak 

potential associated with the thiolate desorption is slightly higher (Ep= -0.77 V) for Me-

MPA than for MPA;34 and the charge density of this peak is just minor (Qdesor= 72 Ccm-

2) than that found for MPA. Up to now, we can state that the thiolate coverage is 

comparable to that expected for a regular SAM. Besides this apparent likeness, the Me-

MPA desorption curve is qualitatively different with regards to the appearance of a signal 

(Ep=-0.95V) associated with atomic sulfur. Then, the presence of atomic sulfur, which was 

previously associated with the S 2p3/2 at 161eV, in the Me-MPA-SAMs is confirmed. The 

last signal in the curve that deserves attention is a hump (Ep= -1.07 V) that is associated 

with thiolate47 and/or atomic sulfur48 at/from step edges. Then, as in previous reports,18,49 

the usefulness of reductive desorption in combination with XPS data to assert the 

chemical nature of the sulfur species is confirmed. In few words, the Me-MPA is mainly 

composed of thiolate moieties, but significant amounts of atomic sulfur have been 

observed both by XPS and electrochemical measurements. 
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Our results are relevant to analyze previous reports on SAMs of MPA-derivatives. The 

appearance of negative current contribution in the potential range -1 V<E<-0.87 V vs. 

SCE for the electrochemical desorption of DSP (an MPA derivative) was attributed to 

surface heterogeneity.6 On the contrary, we consider that it could have been assigned to 

atomic sulfur. Moreover, in recent studies about DSP adsorption on Au,  the S2p XPS 

region has been fitted with just one doublet at 162 eV.6,7 However, the shape of the 

spectra is compatible with an additional doublet at 161 eV.
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Figure 2: Electro-desorption curves of a) MPA SAM grew in ethanol, b) Me-MPA SAM 

grew in ethanol and c) Me-MPA SAM grew in toluene. The arrow emphasizes that the 

potential is scanned in the negative direction. Electrolyte: 0.1 M NaOH aqueous solution; 

scan rate, v=0.010 Vs-1

In the case of the Me-MPA SAMs grown from a toluene solution (Figure 2, c)) we 

detected a positive potential shift of the thiolate peak (Ep=-0.76 V), a small hump in the 
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region ascribed to atomic sulfur reduction (-0.95 V), and a marked peak for thiolate and/or 

sulfur desorption from step edges (Ep=-1.07 V). The presence of atomic sulfur in this 

sample is apparently contradictory with the XPS results, where the corresponding signal 

was not found (no S 2p3/2 component at 161 eV). However, we speculate that this small 

amount of atomic sulfur is formed when the already formed SAM was in contact with the 

electrolyte. We will go back to this point below. 

We observed some variability in the electrochemical response of the Me-MPA 

monolayers, which we attribute to a few different aspects. First, in order to get better 

resolution in the reductive desorption processes we used a low scan rate (v=0.010 Vs-1). 

This can allow resolving features that otherwise would be hardly discriminated.50,51  

Second, there are subtle differences in the microstructure of the gold surface, and the 

impact of such differences on the nucleation and growth of the adlayers can lead to 

significant differences in the electrodesorption curves. Lastly, and more importantly, the 

basic electrolyte can induce further C-S bond scission in the SAMs prepared in ethanol, 

and can also lead to small amounts of atomic S in the Me-MPA monolayers grown in a 

toluene solution.
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It is interesting to further discuss the characterization results from XPS and 

electrochemistry of the Me-MPA SAMs grown in toluene. The electrodesorption curve in 

Figure 2 c) shows a small hump at -0.95 V, which suggests the desorption of atomic 

sulfur. Also, the increase of the signal at Ep=-1.07 V could be associated with a greater 

amount of atomic sulfur and/or thiolate at step-edges. However, the atomic sulfur is 

absent in the as-prepared SAMs according the XPS data (Figure 1 c). We consider that 

when this SAM was in contact with the NaOH 0.1 M aqueous solution the Me-MPA 

suffered a considerable change, i.e. C-S bond cleavage was induced. To test this, we 

performed XPS measurements for SAMs of Me-MPA grown in toluene, which after being 

rinsed with pure toluene and dried under a nitrogen stream, were treated with NaOH 0.1 

M. Figure 3 shows the S 2p region XP spectra of SAMs immersed in aqueous NaOH for 

30 minutes and 4 hours. For both samples it is clear the presence of the peak at 161 eV. 

Noticeably, the component assigned to atomic sulfur increases drastically with the 

exposure time (~7 % after 30 minutes of NaOH treatment, and ~30 % after 4 hours). The 

electrochemical data of the SAMs treated with NaOH also showed a remarkable increase 

in the amount of atomic sulfur (see Supporting Information Figure S4). Indeed, SAM 
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degradation can also explain the positive Ep shift for thiolate desorption observed in figure 

2 c).

Figure 3: S 2p region XPS of Me-MPA SAMs prepared from toluene solution, after their 

treatment with 0.1 M NaOH aqueous solution for a) 30 minutes and b) 4 hours.

To get insight into the mechanism/s involved in atomic sulfur formation we first discuss 

the homolytic and the heterolytic scission of the C-S bond. The formation of radicals (by 
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homolytic pathway) should be equally likely for both of the studied thiols, MPA and Me-

MPA. Since the SAMs of MPA does not form atomic sulfur, neither those of Me-MPA 

should experience the breaking of the C-S bond in this way. Indeed, for both molecules, 

carbon radicals in C3 are unlikely to be stabilized. Then, we consider that the heterolytic 

C-S bond-breaking would be more probable. Next, we consider that neither carbocations 

nor carbanion in C3 could be stabilized because a net charge in C3 leads to highly 

energetic and unlikely intermediates. Therefore, we do not propose a direct mechanism 

in which the first step involves the C-S scission to form charged species, as it would 

happen in an E1 reaction.52,53 Moreover, the results from XPS and electrochemistry show 

that a base is necessary to promote the C-S scission. In this regard, the E2 elimination 

reaction mechanism52,53 was also ruled-out for two reasons. First, the requisite of a strong 

base needed to abstract the H is not fulfilled by ethanol, which can be considered just as 

a weak Lewis base. Second, the geometrical condition for an E2 elimination (H and S in 

adjacent carbons, C2 and C3, in anti-periplanar confirmation) would not be achieved for 

standing-up molecules in a dense SAM. Therefore, after having considered different 

reaction mechanisms, we propose an E1cB elimination.52 The requirement of relatively 
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acidic hydrogen is satisfied by the H neighbors to the C=O moieties (H in C2), which is 

slightly more acidic than other H in the adsorbed Me-MPA. In the first step a base 

withdraws the H in C2, forming a carbanion (Scheme 2). Note that, as the negative charge 

of the carbanion is in  -position with respect to the ester group, the carbanion stability is 

significantly enhanced.52 Also, after the proton transfer, a significant redistribution of 

electron density in the adsorbed molecule occurs. While the C2 atom has a tetrahedral 

(sp3) configuration in the Me-MPA, it is flat (sp2) in the carbanion because it is stabilized 

by electron delocalization.52 It is important to note that this mechanism, which involves a 

negatively charged intermediate, occurs with greater probability in polar media (ethanol 

or aqueous solution) than in a non-polar one (toluene solution).53

Scheme 2: E1cB reaction mechanism for C-S cleavage on Au surface.
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The intermediate can lead to atomic sulfur on gold and a methyl acrylate molecule after 

electron rearrangement (β-elimination). The electronic reorganization can be described 

considering that the negative charge relays in an orbital perpendicular to the sp2 plane, 

which overlaps with the σ*CS molecular orbital, promoting the C-S bond scission. 

Moreover, the S bond to Au is a better leaving group than S itself, because the Au surface 

can act as an efficient electron drain (eventually, as an electron source). When the 

adsorbates are in their standing-up configuration the anti-bonding (empty) molecular 

orbital σ*CS is expected to be oriented towards the gold surface, interacting with their 

electrons. Moreover, additional experiments described below and DFT calculations of Me-

MPA molecules and its derived carbanion show that the C-S bond scission is not plausible 

for non-adsorbed species.

We performed DFT calculation on molecular geometry optimization and vibrational 

frequency analysis for the neutral free molecule Me-MPA and the derived carbanion in 

C2. The first interesting result to highlight is that the vibrational frequency associated with 

the C-S bond stretching for the carbanion in C2 (456.4 cm-1) is lower than that for the 

neutral molecule (725.46 cm-1) in vacuum. This result is consistent with a weaker C-S 
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bond for the carbanion than the neutral molecule. In other words, when the H in C2 is 

taken away, leading to a carbanion, the C-S bond is weakened. However, the energies 

associated with the excitation of the C-S stretching mode are higher than the thermal 

energy. This supports the idea that no homolytic rupture would occur in alkaline solution. 

Furthermore, it is expected that both species would be stable in the homogeneous phases 

(i.e. the ethanolic and toluene solutions).

To support the idea that a base does not induce the C-S scission in solution, but it does 

when Me-MPA is adsorbed, we carried out additional experiments. We alkalinized the 

ethanolic solution of this thiol with NaOH before the SAM preparation. We assay two 

different concentrations of NaOH with molar ratios of 10× and 1000× with respect to Me-

MPA (i.e. 500μM in NaOH for 10× and 50 mM for 1000×, which is close to saturation). It 

is important to stress that for these samples, the NaOH is present along with the SAM 

formation. With 10× of NaOH the amount of atomic sulfur found in the XPS spectrum is 

quite similar to that one found for the ethanolic solution (~7 % of total S 2p XPS signal), 

and with 1000× of NaOH the atomic sulfur rises to ~11 %. It is important to note that the 

total sulfur surface coverage for the 1000× of NaOH sample is θ≈0.34. From these results, 

Page 27 of 52

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



28

we can rule out the extensive decomposition of the Me-MPA molecule in solution. Indeed, 

the amount of atomic sulfur found using the alkalinized thiol solution is comparable to the 

figure for preformed SAMs after NaOH treatment. These results confirm that C-S scission 

promoted by a base only occurs when Me-MPA molecules are adsorbed on Au, but it 

does not happen in the whole solution.

The proposed mechanisms also explain the absence of atomic sulfur on MPA SAMs. 

The carboxylic H is more acidic than the H in C2. Then, for MPA the interaction between 

H in C2 with ethanol or water molecules (bases) is negligible in comparison to that of H 

of the carboxylic acid group. With regards to the reactivity of molecules structurally related 

to those studied in this paper, it is remarkable that the tendency to enolization of a 

carboxylic acid group is likely to be very small compared to that of a carboxylic ester 

group. However, if instead of the carboxylic acid, an ester or amide function is considered, 

there is an increase in the tendency toward enol formation with the hydrogen of the -

carbon atom. In other words, the difference in reactivity between MPA and Me-MPA is 

well justified according to their tendency to adopt their enolic forms. Additionally, the 

qualitatively different behavior in the polar and nonpolar solvents is consistent with the 
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likeliness of the E1cB elimination to occur in polar solvents. Then, we provide successful 

explanation for the phenomena described in this work. Furthermore, the proposed 

mechanism is probably useful to explain the decomposition of MPA when was esterified,8 

and also to rationalize the presence of atomic sulfur in L-cysteine SAMs on Au.20 More 

importantly, the scheme reaction would explain the fact that glutathione desulfuration only 

progress when it is chemisorbed on the Au surface, and it is enhanced by an alkaline 

media.49

Conclusions

We have studied the desulfuration of the simplest derivative of 3-mercaptopropionic 

acid (MPA) -methyl 3-mercaptopropanoate (Me-MPA)- when its adsorbed on Au(111) 

from ethanolic or toluene solutions. X-ray photoelectron spectroscopy and 

electrochemical desorption experiments showed that small amounts of atomic sulfur were 

formed for Me-MPA SAMs grown in ethanol. Meanwhile, those Me-MPA SAMs built-up in 

toluene are composed just by thiolate species. Additionally, we have demonstrated that 

the alkaline media induces the C-S bond scission in Me-MPA SAMs. Although toluene 
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has been an appropriate solvent to carry-out the self-assembly process, the Me-MPA 

SAMs are prone to suffer desulfuration to a significant extent. This represents a serious 

objection to the use of MPA as linker in some of the already spread applications and 

fundamental studies.

Looking forward into the detailed description of the C-S bond cleavage, we rationalize 

the experimental results into the frame of a β-elimination reaction. Indeed, we found three 

experimental features which strongly favor the E1cB mechanism. First, a relatively weak 

base (ethanol) is strong enough to enhance the Me-MPA desulfuration. Second, the E1cB 

mechanism does not require special geometrical configurations to progress. Then, the 

reaction can really progress in a dense SAM, where the Me-MPA should have partially 

lost some of their intramolecular degrees of freedom. Lastly, the C-S bond scission was 

benefited by a polar-protic solvent, ethanol, and suppressed by toluene. Briefly, all these 

experimental facts are consistent with an E1cB. Accordingly, the E1cB is a plausible 

mechanism that describes our experimental results

It is remarkable that we could only discern the true chemical nature of the adsorbates 

through a critical analysis of XPS and electrochemical characterization. Even more, it was 
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the combination of two independent techniques that allowed us to decide which of the 

mechanisms is the most likely.

Finally, we would like to point out that our approach could be useful to understand the 

desulfuration of structurally related molecules when they form SAMs on Au. Indeed, the 

E1cB mechanism satisfactory explains the reported behavior for glutathione and cysteine, 

which also lead to atomic sulfur as co-adsorbate.20,49
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Supporting Information. S2p region XP spectrum of a dodecanethiol-SAM on 
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