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Article 
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Abstract: XPS and ARXPS characterization of surface layers resulting from the functionalization of polymers 
such as PVC modified with MPTMS and APTES is challenging due to the signals overlap, deriving both from 
the substrate and the functionalized layers. In this work, a freshly cleaved, ideally flat gold surface was used 
as carbon-free model substrate functionalized with MPTMS and subsequently grafted with APTES. Avoiding 
the overlap of signals from carbon atoms present in the substrate, the signals in the C1s, O1s, Si2p, S2p and N1s 
high-resolution spectra could be assigned to the MPTMS / APTES functionalized layer only and the curve 
fitting parameters could be determined. Quantitative analysis was in very good agreement with the expected 
stoichiometry of the functionalized layer, confirming the adopted curve fitting procedure. In addition, it was 
found that one molecule of APTES grafted two MPTMS via silane groups. ARXPS allowed determining the 
thickness of the functionalized layers: MPTMS thickness was found to be 0.5 (0.2) nm, MPTMS + APTES 
thickness 1.0 (0.2) nm in good agreement with Avogadro model calculations. This approach can be considered 
a powerful tool for characterising functionalized surfaces of more complex systems by XPS. 

Keywords: freshly cleaved gold; surface chemistry; XPS and ARXPS; thickness calculation; MPTMS 
and APTES 

 

1. Introduction 

By modifying the surface of the material, it is possible to achieve tailor-made properties different 
from those in the bulk, thereby opening new perspectives for scientific and technological 
applications. One way to achieve surface functionalization is the formation of self-assembled 
monolayers (SAMs) that can be defined as the arrangement of molecules adsorbed onto a solid 
surface that can aggregate spontaneously from solution or gas phase [1] and [2]. SAMs are versatile 
systems that have been applied in the surface modification of a variety of materials such as metals 
and polymers. Due to this versatility SAMs can be exploited for different application ranging from 
UV-lithography [3] to the production of antimicrobial polymers [4]. Historically gold has been used 
as substrate for growing thin layer such as SAMs on its surface with organic thiols. In fact, 
organosulfur compounds such as thiols, disulfides and sulfides can react with a gold substrate by 
spontaneous adsorption either from liquid or from the vapor phase forming SAMs [5]. Among the 
organosulfur compounds, 3(mercaptopropyl)-trimethoxysilane (MPTMS) is widely used in the 
surface modification of gold surfaces due to the presence of thiol groups that can strongly bind to the 
gold surface [6,7]. The formation of SAMs by immersion of the substrate into a dilute ethanolic 
solution of thiols is time dependent and require 12-18 hours of immersion for obtaining a well-
organized SAMs [5]. Reduced immersion time may lead to the formation of a weak interaction 
between sulphur atoms of the thiols onto the gold surface, such as dithiolate [8–10]. Moreover, thiols 
in ambient conditions and in presence of water may react forming disulfides that can physiosorbed 
onto the sulphur substrate [11]. Another molecule that was used to functionalize silicon-based 
substrates is aminopropyltriethoxysilane (APTES) due to the presence of the Si-OEt group. An 
example of APTES monolayer on gold has been reported by Yang et alii [12]; in that work the surface 
of a gold electrode was firstly modified with potassium hydroxide (KOH) in order to have a hydroxyl 
activated gold surface thus allowing the subsequent anchoring of APTES monolayer through the 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 February 2024                   doi:10.20944/preprints202402.1193.v1

©  2024 by the author(s). Distributed under a Creative Commons CC BY license.



 2 

 

reaction of -OH groups at the surface of gold with Si-OEt groups. No characterization of the surface 
by XPS was reported. MPTMS and APTES can also be used together to form a multi-layered system 
through the reaction of the Si-O groups that are present in both the molecules. The reaction between 
MPTMS and APTES has been proposed for the functionalization of polymers [4,13] as intermediate 
stage for the surface functionalization of medical-grade PVC to confer antimicrobial property, but no 
examples of this functionalization are reported in the literature for gold that can be considered an 
excellent model system for validating the characterization approach based on surface analytical 
techniques. 

X-ray photoelectron spectroscopy (XPS) is a powerful analytical tool that is exploited for the 
characterization of thin layers since it is a surface sensitive method and allows obtaining in-depth 
compositional information on layers with a thickness ranging from 0.5 nm and 10 nm [14] depending 
on the kinetic energy of the photoemitted electrons and the photoelectron inelastic mean free path (l, 
IMFP) in [15,16], and on the material and on the emission angle. Angle-resolved XPS (ARXPS) can be 
successfully used for the characterization of thin layers such as SAMs [17] since it is possible the 
determination of the in-depth distribution and of the thickness of monolayers applying various 
approaches [18,19]. Many examples of gold surfaces functionalization with thiols are reported in the 
literature [1,20,21] for different applications; some examples of gold surfaces functionalized with 
MPTMS are reported even if XPS was not exploited in this investigation [22]. On the other hand, XPS 
results on MPTMS reacted with a glass surface were reported by Penna et alii [23]. Graf ed alii [24] 
applied XPS to APTES monolayers onto a silicon surface and proposed few possible arrangements of 
this molecule based on the XPS results. While the literature abounds with examples of surface 
modification involving MPTMS or APTES investigated by XPS, no papers report the use of XPS and 
ARXPS for a comprehensive characterization of the overlayer made of MPTMS on gold and further 
grafted with APTES. 

In this paper the overlayer formed by MPTMS on gold, subsequently grafted with APTES, are 
investigated by XPS and ARXPS to get an insight into the spatial arrangement, thickness, and 
composition of the functionalization layer on gold surfaces. Furthermore, XPS and ARXPS 
characterization of this model system allows the determination of the curve-fitting parameters for the 
C 1s signal but also for the other functional groups of the functionalization layer.  

This is crucial for the development of an analytical strategy and an important reference for 
whom might be involved in the XPS characterization of more complex system such as polymers 
functionalized with the same protocol, allowing the identification and the clear distinction of the 
components of C 1s signal that belong to the functionalization layer from those of the polymer 
substrate.  Additionally, the spatial distribution of the different functional groups and the thickness 
of the overlayer will be investigated by ARXPS [18,25]. This information might allow ascertaining the 
possible three-dimensional arrangements of the functionalization layer and the investigation of the 
formation of a three-dimensional cross linking of the silanes as proposed in [26] on the basis of FTIR 
investigation. Finally, another aim of the present investigation is to provide evidence of the formation 
of a single layer of APTES after its grafting to MPTMS.  

2. Experimental 

2.1. Materials 

(3-mercaptopropyl) trimethoxysilane (MPTMS) and 96% ethanol were purchased from VWR 
(Italy) and used without further purification; aminopropyltriethoxysilane (APTES) was purchased 
from Sigma-Aldrich (Germany). Both MPTMS and APTES are soluble in ethanol an insoluble in 
water. The chemical formulae of MPTMS and APTES are given in Figure 1. 

Gold samples were provided by C. Passiu depositing 80 nm-thick gold films on silicon wafers 
through electron-beam evaporation following the procedure described in [27]. Template stripping 
was performed immediately before functionalisation to minimize the presence of adsorbed carbon 
and oxygen species due to the contact with the atmosphere. The roughness (Ra) of the gold samples 
was measured by atomic force microscopy (AFM) and resulted to be equal to 0.3 (0.1) nm [28]. 
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Figure 1. (3-mercaptopropyl) trimethoxysilane (MPTMS) (a) and aminopropyltiethoxysilane (APTES) 
(b) molecular formulae. 

2.2. MPTMS Functionalization 

Fresh-cleaved gold samples were initially immersed in ethanol for one hour and then dipped 
into a 10% solution of MPTMS in ethanol for one hour to allow the reaction with MPTMS. This 
experimental condition is analogous to the one adopted for forming a MPTMS overlayer onto a food-
grade PVC surface [24] and allows limiting the multilayer formation. 

The samples were then immersed again in ethanol for one hour after the functionalization.  No 
visible change of the surface was observed. The gold samples functionalized with MPTMS are named 
M-Gold in the following and the reaction scheme is shown in Figure 2. 

 
Figure 2. Reaction scheme of fresh-cleaved gold surface with MPTMS forming a monolayer on gold 
(M-gold) performed at room temperature. The dashed bond indicate that the sulphur may be weakly 
bonded to the gold surface. 

2.3. APTES Functionalization 

The M-gold samples were immersed in a solution of 7.5 mM of APTES in a mixture of ethanol 
96% v/v and ammonia 20% v/v for 1h (70% ethanol 20% of ammonia). The outward-facing Si-O 
groups in MPTMS on the M-gold surface react with the Si-O groups present in APTES, allowing the 
grafting of APTES onto the M-Gold surface. The reaction scheme between M-Gold and APTES is 
reported in Figure 3. The final product was named A-gold. Following the functionalization, A-gold 
samples were immersed in ethanol for 1 h to remove the non-grafted APTES. The samples were dried 
with an argon flux and were immediately transferred to the x-ray spectrophotometer. 

 
Figure 3. Reaction scheme of M-Gold exposed to APTES 7.5 mM solution. The dashed bond indicate 
that the sulphur may be weakly bonded to the gold surface. 
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2.4. X-ray Photoelectron Spectroscopy (XPS) and Angle-Resolved X-ray Photoelectron Spectroscopy (AR-
XPS) 

The XPS measurements were carried out with a Theta Probe spectrometer (Thermo Fisher 
Scientific, East Grinstead, UK). The base pressure in the analysis chamber was 1x10-9 mbar or below, 
the pressure remained unchanged during the experiments thus suggesting a good stability of the 
samples under vacuum. Only one sample was introduced in the analysing chamber at a time to avoid 
sample cross contamination. No charge neutralization was required during the acquisition of the 
spectra. The spectra were collected using a monochromatic Al-Kα1,2 source (hν = 1486.6 eV) selecting 
a nominal 400 μm spot size with a power of 100 W. All spectra were acquired in the fixed analyser 
transmission (FAT) mode and the pass energy (PE) was set at 200 eV for the survey spectra and at 
150 eV for the high-resolution ones and a step size of 0.1 eV. 

Acquisition time for the survey spectra was 10 minutes and for the high-resolution spectra was 
in total equal to 30 minutes. These conditions allowed obtaining a good signal-to-noise ratio in a 
minimum time to limit sample damage induced by the X-ray beam.   

A periodic calibration following ISO 15472:2010 was performed to verify the linearity of the 
binding energy scale. The Au 4f7/2 was used as internal reference at 83.97 eV, and in these conditions 
the FWHM at the peak height was found to be 1.2 (0.1) eV. The energy resolution measured on the 
Ag3d5/2 signal at 368.20 eV was 1.27 eV in these conditions. The high-resolution spectra were resolved 
into their components after background subtraction using the iterative U3-Tougaard model [29].  

The apparent composition in at% was calculated using the peak areas (intensities) of the high 
resolution spectra following the curve-fitting procedure and corrected for relative sensitivity factors 
that take into account the Scofield’s photoionization cross section [30], the asymmetry factor [30], the 
intensity/energy response function [31] and the inelastic mean free path [32]; a table with the 
parameters is provided in the Supplementary Material (Table S1). 

High-resolution ARXPS spectra were acquired in angle resolved lens mode: this mode allows 
the parallel collection of angle-resolved data without tilting the sample with respect to the lens axis 
thanks to a 2D detector. In this work the photoelectrons were detected from 16 different angles 
ranging from 24.9° - 81.1° to the normal. Thanks to this combination of radians lens and 2D-detector, 
the analysed area does not change during the analysis. Emission angle is defined as the angle formed 
by the direction of the photo-emitted electrons and the normal to the sample surface. In this work, 
only spectra acquired at angles below 60° were considered in order to mitigate the potential effects 
of elastic scattering that may occur at angles greater than 60° [26]. This could affect the accuracy of 
thickness estimation, apparent concentration, and relative depth plot calculations [33,34]. The pass 
energy was set at 150 eV, the energy resolution was 1.27 eV (FWHM height of Ag3d5/2) the angular 
signature was collected at 150 eV pass energy and an example is provided in the supplementary 
(Figure S1). The total acquisition time was 35 minutes. The conditions here selected allowed the 
achievement of good reproducibility of the results. The spectra were processed either by CasaXPS 
software (version 2.3.24PR1.0 Casa Software Ltd, Teignmouth, UK) [35] or by Avantage 
(v4.88,Thermo Fisher Scientific, East Grinstead, UK) software) . The spectra were obtained on three 
different samples. On each sample three analysis points were selected. The binding energy values, 
and the atomic composition are provided as mean values. The standard deviation is given in 
parentheses. 

3. Results 

3.1. X-ray Photoelectron Spectroscopy of Freshly Cleaved Gold before Functionalization 

XPS was used for characterising the freshly cleaved gold surface before and after 
functionalization with MPTMS (M-Gold). M-Gold grafted with APTES is named A-Gold. XPS allows 
the identification of the elements, of their chemical state and the determination of the surface 
composition. The survey spectrum of freshly cleaved gold before the functionalization is reported in 
Figure 4a. The spectrum shows the presence of a barely visible C 1s signal due to a short-time 
exposure to the ambient, together with peaks ascribed to gold; no O 1s signal was detectable.  
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Figure 4. Survey spectra of (a) fresh-cleaved gold, (b) gold after functionalization with MPTMS (M-
Gold), (c) M-Gold after grafting with APTES (A-gold). 

Figure 5 shows the curve-fitted high-resolution Au 4f signal after background subtraction with 
U 3 Tougaard model. Au 4f peaks were fitted with a doublet due to the spin-orbit coupling being the 
energy separation between the 4f7/2 and 4f5/2 taken equal to 3.7 eV and the area ratio equal to 4:3. The 
full width at half-maximum height (FWHM) was 1.2 eV for both the components. The details on the 
line-shape of the signals and on the constraints adopted for the curve fitting are reported in Table 1 
and are in agreement with the literature [28,36]. 

 

Figure 5. Example of high-resolution spectrum of Au 4f signal acquired on freshly cleaved gold 
sample. 
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3.2. X-ray Photoelectron Spectroscopy after Functionalization with MPTMS 

XPS spectra were acquired after the immersion of the freshly cleaved gold samples in the 10% 
MPTMS solution for one hour and subsequent immersion in ethanol. The survey spectrum of the 
MPTMS functionalized samples (Figure 4b) showed the presence of silicon (Si 2p, Si 2s), sulphur (S 
2p, S 2s), oxygen (O1s) and carbon (C 1s) signals attributed to the presence of a MPTMS surface layer. 
The Au 4f signals are still revealed but compared to the freshly cleaved sample (Figure 4a) their 
intensity is attenuated by the organic overlayer. The presence of the overlayer is also responsible for 
the change in the background shape after the immersion of the freshly cleaved gold in the MPTMS 
solution.  

Table 1. Curve-fitting parameters used for processing the most intense signals of freshly cleaved gold, 
M-Gold and A-Gold. 

 
FWHM 

(eV) 
Backgroun

d Line shape Constrains 

Au 4f 1.2 (0.1) 

U 3 
Tougaard  

GL(50) T(5.5) 

Area Au 4f5/2 = Area Au 4f7/2 x 0.75 

FWHM Au 4f5/2 = FWHM Au 4f7/2 x 
1 

C 1s 
contamination 1.6 (0.1) GL(30) 

FWHM C 1s Contamination = 
FWHM C 1s C-Si, C-C x 1 

C 1s C-Si, C-C 1.6 (0.1) GL(30)  

C 1s C-S 1.6 (0.1) GL(30) 

FWHM C 1s C-S = FWHM C 1s C-
Si, C-C x 1 

Area C 1s C-S=Area C-Si, C-C x 0.5 

C 1s methoxide 1.6 (0.1) GL(30) 
FWHM C 1s methoxide = FWHM C 

1s C-Si, C-C x 1 

C 1s of the 
NH(C*O)O 

group 
1.6 (0.1) GL(30) 

FWHM C 1s of the NH(C*O)O 
group = FWHM C 1s of C-Si, and of 

C-C x 1 

O 1s Si-O-Si 1.8 (0.1) GL(30)  

O 1s of the 
NH(CO)O* 

carbamate group  
1.8 (0.1) GL(30) 

FWHM O 1s NH(CO)O* = FWHM 
O 1s Si-O-Si x 1 

O 1s of the 
NH(CO*)O 

carbamate group  
1.8 (0.1) GL(30) 

Area O 1s NH(CO*)O = Area O 1s 
NH(CO)O* x 1 

FWHM O 1s NH(CO)O* = FWHM 
O1s Si-O-Si x 1 

S 2p 1.6 (0.1) GL(30) 

Area S 2p1/2 = Area S 2p3/2 x 0.5 

FWHM S 2p1/2 = FWHM S 2p3/2 x 1 

BE 2p1/2 = BE 2p3/2 + 1.16 
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Si 2p 1.5 (0.1) GL(30) 

Area Si 2p1/2 = Area Si 2p3/2 x 0.5 

FWHM Si 2p1/2 = FWHM Si 2p3/2 x 1 

BE 2p1/2 = BE 2p3/2 + 0.6 

N 1s -NH2 1.6 (0.1) GL(30)  

N 1s -NH3+ 1.6 (0.1) GL(30) 
FWHM N 1s -NH3+  = FWHM N 1s 

-NH2 x 1 

N 1s -N*H(CO)O 1.6 (0.1) GL(30) FWHM -N*H(CO)O = FWHM N 1s 
-NH2  x 1 

Representative high-resolution C 1s, S 2p, Si 2p, O 1s and Au 4f spectra are shown in Figure 6. 
The spectra were acquired for investigating the chemical state of the elements and for the 
quantification. The binding energies of the different components of C 1s, O 1s, S 2p and Si 2p signals 
revealed on the M-gold samples are listed in Table 2 where also the apparent atomic concentration 
(at%) of each component of the elements present in the MPTMS layer is reported. The apparent 
composition was calculated assuming the in depth-homogeneity of the layer. 

Au 4f signal (Figure 6a) was resolved in the spin-orbit components applying the same 
parameters adopted for the freshly cleaved gold sample.  

The curve fitting of the C 1s signal after the reaction (Figure 6b) resulted in four components: a 
peak at 284.9 eV attributed to carbon in C-Si and CH2 of the MPTMS, two more peaks assigned to the 
C-S and CH3O at 285.9 eV and 287.0 eV respectively, and a peak at 285 eV that was attributed to the 
aliphatic component of the contamination layer (represented by the dotted curve in Figure 6b).  The 
area of the component ascribed to C-Si and CH2 and of the C-S component was constrained to be 2:1 
as expected from the stoichiometry of MPTMS (Figures 1 and 2) assuming the formation of a 
monolayer of MPTMS; the areas of the other components were not constrained. (Table 1). 

S 2p peaks were curve-fitted with a doublet due to spin-orbit coupling (Figure 6c). The area ratio 
between S 2p3/2 and S 2p1/2 was constrained to be equal to 2:1 and the energy separation was 1.16 eV. 
The binding energy value of the S 2p3/2 component was found to be 163.7 (0.1) eV (Table 2). The O 1s 
signal (Figure 6d) was fitted with a single component having the peak maximum at 532.6 eV ascribed 
to the -O-Si component of the MPTMS following [37]. 

The Si 2p high-resolution spectrum (Figure 6e) consists of a doublet due to the spin-orbit 
coupling with an energy separation between the 2p3/2 and 2p1/2 components of 0.6 eV and an area ratio 
equal to 2:1. (Table 1) The binding energy of Si 2p3/2 component was found to be 102.3 eV (Table 2) 
and it is in agreement with the value reported in [38] for silicon involved in CH2-Si-O bonds in 
MPTMS. 

The results of the quantitative analysis of the MPTMS functionalized layer (excluding the signal 
of gold from the substrate) are shown in Table 2. The S : Si ratio of 1 : 1 confirms the expected 
stoichiometry of the MPTMS layer. It is worth noting that only 4% methoxide is detected instead of 
12%, this might be due to the hydrolysis of Si−OCH3 bonds to yield silanols, the majority of which 
couple to form siloxanes forming a three-dimensional cross-linking of the Si-O-Si bond. A 
comparison with the expected composition of the functionalized layer is discussed in section 4.3.2.  
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Figure 6. High-resolution spectra of Au 4f (a), C 1s (b), S 2p (c), O 1s (d), and Si 2p (e) signals of the 
fresh-cleaved gold after functionalization with MPTMS. 

Table 2. Binding energies values (eV) and composition (at%) for M-Gold samples. Mean values over 
three independent measurements are reported; the standard deviations are given in parentheses. 

 
Binding energy 

(eV) 

M-Gold 10% 

at % 

C 1s C-Si, C-C 284.9 (0.1) 27 (2) 

C 1s C-S 285.9 (0.2) 13 (1) 
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C 1s Methoxide 
(-OCH3) 

287.0 (0.1) 4 (1) 

O 1s Si-O-Si 532.6 (0.1) 29 (3) 

S 2p 163.7 (0.1) 13 (2) 

Si 2p 102.3 (0.2) 13 (2) 

3.3. X-ray Photoelectron Spectroscopy of MPTMS Functionalized Gold after Grafting with APTES 

The samples functionalized with MPTMS (M-Gold samples) were dipped into an APTES 
solution 7.5 mM in ethanol and ammonia for 1h. A representative survey spectrum following the 
immersion in APTES solution is shown in figure 4c; in addition to the signals of carbon, oxygen, 
sulphur and silicon, the nitrogen, N 1s, signal is detected supporting the presence of APTES grafted 
to MPTMS on the gold surface sample. Gold signals are still detected but at lower intensity than in 
M-gold samples (Fig. 4b). 

The magnified version of Figure 4a, 4b and 4c is provided in the supplementary material file 
(Figures S2, S3 and S4). 

The high-resolution spectra of Au 4f, C 1s, N1s, O 1s, S 2p and Si 2p are shown in Figure 7. The 
same curve-fitting parameters and constraints used for M-Gold spectra (Table 1) were applied in this 
case. The binding energy values of the different components of the most intense photoelectron lines 
and the results of the quantitative analysis are provided in Table 3.  

No difference in the line shape of Au 4f signal was observed after the functionalization of gold 
with MPTMS and APTES (Figure 7a). The C 1s high-resolution spectrum (Figure 7b) was fitted with 
five components, four of these are ascribed to the MPTMS-APTES overlayer and one is assigned to 
aliphatic carbon (contamination). The red curve was attributed to the C-Si, CH2 at 285.3 eV of the 
MPTMS-APTES chain and it was constrained to be in a 2:1 ratio with the component at 286.0 eV that 
is ascribed to CH2-S and CH2-NH2 component as expected from the stoichiometry considering the 
model shown in Figure 3. The C-Si, CH2 signal following the reaction with APTES was shifted by +0.4 
eV compared to the same signal observed in M-Gold (Table 2) being the binding energy of the former 
and the latter 284.9 eV and 285.3 eV respectively. Carbon atoms bonded to sulphur and nitrogen 
atoms are found at 286 eV in agreement with the literature [23,24].  

N 1s signal (Figure 7c) was multi-component and processed considering three components at 
399.8 eV, 400.8 eV and 402.2 eV attributed to the -NH2, NHCOO carbamate, and NH3+, respectively, 
as the presence of the three functional groups is commonly observed in similar systems [24]. The -
NH2 component can be attributed to the free amine groups of the APTES layer, while the NH3+ 
contribution may be due to weak hydrogen bond interaction between amine groups of two or more 
APTES chains. Finally, the component at 400.8 eV is attributed to NHCOO carbamate due to the 
reaction between the CO2 and amine groups of the APTES; this is substantiated also by the presence 
of the COO signal at 289 eV in the C 1s spectra [24,39], according to the reaction presented in [40].  

The O 1s signal shape (Figure 7d) suggests the presence of two additional small components 
aside the main O-Si contribution observed also in M-Gold. These two new components at 534.2 eV 
and 531.1 eV can be assigned to the C-O and C=O of the carbamate, their ratios were constrained to 
be 1:1. 

S 2p and Si 2p signals (figure 7e and 7f) have been resolved applying the same curve-fitting 
model used for the M-Gold spectra. The Si 2p and S 2p peak showed a shift of 0.4 eV towards higher 
binding energy values compared to the binding energy observed for the M-Gold sample (Table 2). 
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Figure 7. High-resolution spectra of Au 4f (a), C 1s (b), N 1s (c), O 1s (d), S 2p (e) and Si 2p (f) recorded 
on A-Gold sample. 

Table 3. Binding energies and quantitative analysis results for A-Gold samples. Mean values over 
three independent measurements are reported; the standard deviation is given in parentheses. 

 Binding energy 
(eV) 

A-Gold 
at % 

C 1s C-Si, C-C 285.3 (0.1) 27 (1) 
C 1s C-S 286.0 (0.2) 13 (1) 

C 1s Methoxide 287.0 (0.2) 4 (1) 
C 1s O-C=O 
carbamate 

289.2 (0.2) 1.2 (0.2) 

O 1s C=O* 
carbamate 

531.1 (0.2) 1.3 (0.5) 

O 1s Si-O-Si 532.7 (0.1) 23 (2) 
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O 1s O*-C 
carbamate 

534.2 (0.1) 1.3 (0.5) 

S 2p 164.1 (0.1) 10 (2) 
Si 2p 102.7 (0.1) 15 (1) 

N 1s -NH2 399.8 (0.3) 3 (1) 
N 1s NHCOO 400.8 (0.3) 1.2 (0.4) 

N 1s -NH3+ 402.2 (0.3) 0.6 (0.1) 

The quantitative analysis of the XPS measurements on the A-gold surface (functionalized with 
MPTMS and grafted with APTES) shows that the atomic ratio between Si 2p and S 2p signals is 1.5:1 
(Table 3); this might suggest that two molecules of MPTMS on the M-gold samples react with one 
molecule of APTES. Moreover, the total concentration of N 1s signal is about 5 at%, thus resulting in 
a S to N ratio equal to 2:1 supporting a reaction between MPTMS and APTES, which is not in a 1 to 1 
ratio. A comparison with the expected composition of the functionalized layer is given in the 
discussion section (section 4.3.2).  

3.4. Angle-Resolved X-ray Photoelectron Spectroscopy on MPTMS Functionalized Gold M-Gold 

High-resolution spectra (Figure S5) of C 1s, O 1s, Si 2p, Au 4f and S 2p were acquired on the 
MPTMS functionalized gold samples at different emission angles; with increasing emission angle the 
sampling depth decreases. The surface sensitivity is higher at high emission angles. Signals of all the 
elements were revealed at all emission angles, the intensity of Au 4f signals is the highest at 24.9 
degree, that of Si 2p is highest at 58.6 degree. The apparent concentrations in atomic percentage 
(obtained from the quantitative analysis at each emission angle) plotted versus the emission angle 
are shown in Figure 8a for M-Gold samples. It can be noted that the apparent concentration of carbon 
C-Si and of O-Si are the highest and they increase with the emission angle, while the concentration 
of gold (Au 4f) decreases (Figure S6). The apparent concentrations of sulphur and silicon do not vary 
(within the standard deviation) with the emission angle.  

 
Figure 8. Apparent concentration (%) versus emission angle calculated for Au, Si, S, C-Si, O-Si, CH3O 
and C-S (a) and relative depth plot (b) for M-gold. 

The relative depth plot (calculated by the Avantage software v. 5.932 by Thermo Fisher) that 
indicates the in-depth distribution of the different elements and functional groups (Figure 8b) is 
obtained by calculating the logarithm of the area ratio of the peak at near grazing angles (58.6 degrees) 
to that at near normal emission angle (24.8 degrees). The expected behaviour according to the scheme 
proposed in Figure 2 is confirmed, suggesting that the MPTMS molecules might be adsorbed on the 
gold surface via sulphur atoms and the Si-O functional groups are facing the outer part of the layer.  

3.5. Angle-Resolved X-ray Photoelectron Spectroscopy of A-Gold 

The high-resolution spectra of the ARXPS experiments conducted on A-Gold samples are 
reported in Figure S7. The A-Gold ARXPS spectra showed the presence of N 1s signal as also revealed 
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in standard lens mode (section 3.3), and its presence is detected at emission angles greater than 28.6 
degrees. This suggests that nitrogen is part of the outermost surface as might be expected from the 
scheme depicted in Figure 3. Moreover, Figure 9 shows that the apparent concentration of the S 2p 
signal decreases at high emission angles, indicating its presence in the inner part of the overlayer. 
(see section 3.4).  

The apparent concentration of carbon bound to silicon, nitrogen, gold, sulphur, silicon, and 
oxygen bound to silicon for A-Gold at the different emission angle is shown in Figure 9a. Au 4f 
apparent concentration decreases at higher emission angles as observed in the case of M-Gold 
samples. In this case also sulphur concentration decreases at higher emission angles, while the 
apparent concentrations of C-Si and N increase. Oxygen and silicon apparent atomic concentrations 
are nearly independent on the angle. The relative depth plot for A-Gold samples based on the ARXPS 
results (Figure 9b) shows that nitrogen should be located at the outermost surface, while sulphur and 
gold are in the most internal layer as expected from the reaction scheme of A-gold (Figure 3). 

 

Figure 9. Apparent concentration vs emission angles calculated for Au, Si, S, C-Si, O-Si and N of the 
A-Gold samples (a) and relative depth plot calculated considering the elements: N, Si, O, S and Au of 
MPTMS and APTES for A-Gold samples (b). 

3.6. Calculation of the Layer Thickness 

The determination of the thickness of the functionalized layer is challenging, and various 
methodologies employing XPS or ARXPS have been proposed in the literature [16,18,25]. In 1970 Hill 
et alii introduced a method for measuring film thickness of thin films on a substrate, known as Hill's 
equation [41]. Hill’s equation, denoted as equation 1, can be expressed as follows:  𝐼ை = 𝐼ௌ 𝑒ି ೟ഊ೎೚ೞഇ    1) 

In this equation ‘t’ represents the overlayer thickness, and ‘q‘ is the emission angle. It is assumed 
that the overlayer is homogeneous and has a uniform thickness, and the attenuation length l of the 
photoelectrons is considered the same for both the bulk and the overlayer [42]. 

Since in this work only angles lower than 60 degrees are considered for the thickness estimation 
by ARXPS data, the elastic scattering effect can be considered negligible and IMFP has been used 
instead of the attenuation length. Furthermore, this approximation can be made because the thickness 
of the overlayer is supposed to be lower than the IMFP. 

In the case of the system gold/MPTMS/APTES there are no elements in common between the 
substrate and the functionalization layer, hence eq. 1 cannot be applied. The thickness has been 
calculated based on ARXPS data considering the attenuation of the intensity IAu of the Au 4f signal 
measured at two different emission angles, grazing (58.6 degrees) and near vertical (24.8 degrees). 
The following equation has been used for the thickness calculation: 𝑙𝑛 ቀூಲೠమర°ூಲೠఱఴ°ቁ = − ௧ఒಲೠ ቀ ଵ௖௢௦ (ହ଼) − ଵ௖௢௦ (ଶସ)ቁ      2) 
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𝑡 = ௟௡ ൬಺ಲೠమర°಺ಲೠఱఴ°൰∙ఒಲೠ௖௢௦(ଶସ)ି௖௢௦(ହ଼)        3) 

The same formula was applied using instead of the gold Au 4f signal, the intensity of the sulphur 
S 2p and of the silicon 2p for M-Gold, and for N 1s for A-Gold to calculate the respective thicknesses. 
The inelastic mean free path (IMFP) of the elements was calculated according to Seah and Dench [32]. 
The thickness values calculated on three different analysed areas of three independent samples are 
shown in Table 4. 

Table 4. Total thickness of the overlayers calculated on M-gold and A-gold based on the attenuation 
of the elements Au, S, Si and N according to equation 3. 

Element Au S Si N 
IMFP l (nm) 2.02 3.16 3.24 3.06 
Thickness M-Gold (nm) 1.9 (0.3) 1.4 (0.3) 1.1 (0.2) - 
Thickness A-Gold (nm) 1.8 (0.3) 1.2 (0.4) 0.6 (0.2) 0.3 (0.1) 

Regarding M-Gold, the total thickness was calculated using the attenuation of the gold signal 
and it is found to be 1.9 (0.3) nm; this value includes the thickness of the MPTMS layer, that of the 
contamination layer lc, and the gold substrate. Considering the attenuation of the Si 2p electrons the 
thickness determined is the sum of the contamination layer lc and of O-CH3 groups and its value is 
1.1 (0.2) nm.  

The same considerations applied to A-Gold samples, the total thickness is calculated to be 1.8 
(0.3) nm, and the layer thickness calculated by considering the attenuation of the N 1s electrons was 
estimated to be 0.3 (0.1) nm. This might suggest that the thickness of the contamination layer, lc, is 
much lower than on M-Gold samples with the MPTMS layer (see discussion section 4.3.1). 

4. Discussion 

4.1. Understanding APTES Functionalization Mechanisms 

In literature, the reaction between MPTMS and APTES is reported [4] and, according to the 
expected stoichiometry, the sulphur to nitrogen ratio should be 1:1. However, the results of the 
quantitative analysis (Table 3) showed a sulphur to nitrogen ratio equal to 2:1, suggesting a different 
reaction mechanism. Indeed, in literature numerous examples of SiO2 substrates functionalized with 
APTES are reported, proposing different potential behaviour of this molecule during the 
functionalization process [22,43–45]. Figure 10 (a-d) is a schematic representation of the various 
possible arrangements that APTES molecules might adopt for obtaining A-Gold samples and in 
correspondence different reaction pathways can be suggested.  

Figure 10a shows the expected result according to [4], but on the basis of the results obtained in 
this work (Table 3) is not in agreement with this stoichiometry. Also, the reaction schemes shown in 
Figure 10 b and in Figure 10 c, between three molecules of MPTMS with one of APTES and a ratio of 
3:1, can be ruled out on the basis of the experimental results, which lead to a 2 to 1 sulphur to nitrogen 
ratio. The most probable arrangement of the APTES in A-gold samples is shown in Figure 10d where 
the ratio of sulphur to nitrogen is 2:1 in agreement with the experimental results (Table 3). 
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Figure 10. Possible arrangement of APTES onto MPTMS functionalized gold surface (M-Gold). 

4.2. Models for the Functionalized M-Gold and A-Gold Surfaces 

Based on the reaction scheme and the results from ARXPS measurements (relative depth plot in 
Figure 8b and Figure 9b), the models for the functionalized M-gold (Figure 11a) and A-gold (Figure 
11b) are proposed. The model of M-gold consists of three layers: the gold substrate on which the 
MPTMS is bounded via sulphur and a hydrocarbon contamination layer. 

 

Figure 11. Idealized model for MPTMS functionalization (M-gold, a) and MPTMS + ATPES 
functionalization (A-gold, b). 

The proposed model for A-gold consists of four layers: the gold substrate, a first functionalized 
layer of MPTMS and second layer of APTES grafted to the MPTMS surface through the 
polymerization of the Si-O functional groups, with a thin hydrocarbon contamination layer on top 
(Figure 11b). 
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4.3. Thickness and Composition of the Functionalized Layers 

4.3.1. Layer Thickness  

Based on the ARXPS results the total thickness layer calculated on M-Gold samples with 
equation (3) is 1.9 ± 0.3 nm (Table 4). The total thickness is the result of the sum of the contamination 
layer (lc), and the functionalization layer of MPTMS (t) as depicted in Figure 11. Exploiting equation 
(3) considering the attenuation of sulphur signal (Table 4), the total thickness results of 1.4 ± 0.3 nm, 
thus comprises the MPTMS layer and the contamination layer. Using the same equation and 
considering silicon, a thickness of 1.1 ± 0.2 nm has been calculated. This value consists of lc summed 
to the -OCH3 groups located at the outer part of the MPTMS layer. Avogadro software calculation 
estimate the bond length of -OCH3 groups to be 0.2 nm, thus the lc contamination layer thickness can 
be estimated to be 0.9 nm. As shown in Table 5, the thickness calculated of MPTMS layer t can be 
estimated to be equal to 0.5 nm (thickness calculated from the attenuation of the sulphur (1.4 nm) 
minus the lc estimated to be 0.9 nm). The chain length of the MPTMS molecule has been calculated 
by means of Avogadro software, and the distance between sulphur and silicon has been found to be 
0.47 nm. The results are summarized in Table 5 and are in good agreement with the experimental 
data [46]. 

Table 5. Summary of the thickness of the functionalized layer and the contamination layer on gold 
and on PVC (accuracy ± 0.2 nm). 

Layer Freshly 
cleaved gold 

MPTMS on PVC 
[46] 

MPTMS on gold MPTMS + 
APTES on gold 

Contamination lc 0.4 nm 1.1 nm 0.9 nm 0.3 nm 
Layer thickness t - 0.5 nm 0.5 nm 1.0 nm 
Avogadro 
calculation 

- 0.7 nm 0.47 nm 1.0 nm 

Based on the results found on M-gold samples, the same considerations have been made for A-
Gold samples (Figure 11). Calculating the attenuation of sulphur signal with equation (3) a layer 
thickness of 1.2 ± 0.4 nm was estimated (Table 4), including the MPTMS+APTES functionalization 
layer and the contamination layer. Based on the attenuation of nitrogen photoelectrons (emitted from 
the outer part of the functionalization layer), a layer thickness of 0.3 ± 0.1 nm was calculated. Thus, 
the contamination layer thickness lc can be estimated for A-Gold to be about of 0.3 nm. Subtracting 
the contamination layer lc from the total thickness calculated with sulphur of 1.2 nm (Table 4), an 
overlayer thickness t of about 0.9 - 1 nm can be estimated (Table 5). The Avogadro simulation 
estimates a distance between sulphur of the MPTMS layer and the nitrogen of the APTES layer of 1 
nm. The results are summarized in Table 5 and are in good agreement with the experimental data. In 
both cases of functionalized gold surface and of MPTMS on PVC [46] the experimental results agree 
with the Avogadro simulations.  

We note here a much lower thickness of the contamination layer lc on A-gold (Table 5). This 
result might be attributed to the nitrogen atoms at the outermost surface of the functionalized A-gold 
(Figure 11b) that can partially react with the atmospheric CO2, resulting in the formation of NHCOO 
carbamate as revealed by a small signal in the nitrogen N 1s spectrum (Figure 7c, Table 3) and in C 
1s signal (Figure 7b, Table 3). The polar group of carbamate hinders the formation of a thick 
contamination layer, as has been found for APTES monolayer on silicon substrate [24], where the 
thickness of the contamination layer is reported to range between 0.1 and 0.5 nm. 

The thickness calculated with Au, S and Si for A-gold samples are lower than the one calculated 
on M-gold samples, these results can be explained considering the Avogadro calculation. In fact, the 
distance between silicon and nitrogen after the formation of the second layer with APTES measured 
by Avogadro is 0.44 nm, the attenuation of the N 1s electrons was estimated to be 0.3 nm thus 
suggesting that assuming the formation of a second layer with no tilt angle the total thickness of the 
APTES layer (APTES + lc) is around 0.74 nm, while on M-Gold was found a contamination layer of 
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0.9 nm. Moreover, the distance between sulphur atoms and silicon atoms measured on Avogadro 
after the addition of the APTES layer slightly decreases and it is estimated by the software to be 0.41 
nm and not 0.47 nm as estimated in the simulation of the MPTMS samples on gold. 

4.3.2. Composition of the Functionalized Layers 

Based on the models proposed for the functionalized surfaces M-gold and A-gold (Figure 11) 
the expected composition of the functionalized MPTMS and MPTMS+APTES surfaces can be 
calculated and compared with the data determined by XPS (Table 5). A very good agreement between 
the expected and the experimental values is found, thus substantiating the models proposed in Figure 
11.  

Table 5. Experimental (mean value and standard deviation calculated over results obtained on three 
different areas of three independent samples) and calculated composition of the functionalized layer 
M-gold and A-gold. 

Functional group M-gold (at%) A-gold (at %) 
 Experimental Calculated Experimental Calculated 
C-Si, C-C 27 (2) 24 27 (1) 30 
C-S 13 (1) 12 13 (1) 15 
C Methoxide 4 (1) 12 4 (1) - 
O-C=O carbamate - - 1.3 (0.2) - 
Si-O-Si 29 (2) 29 23 (2) 23 
S 13 (2) 12 10 (2) 10 
Si 13 (2) 12 15 (1) 15 
-NH2 - - 3 (1) 5 
NHCOO - - 1.3 (0.4) - 
-NH3+ - - 0.5 (0.1) - 

In M-gold sample the binding energy of the S 2p3/2 component was found to be 163.7 (0.1) eV 
(Table 2). In the literature, Au-S bond for long chain thiolate is reported to range between 162-163 eV 
[47]; the discrepancy between the literature and the experimental results may be related to the 
functionalization conditions adopted in this work and especially to the short immersion time of the 
gold substrate in the MPTMS solutions to mimic the conditions adopted in the case of food-grade 
PVC.  

In the literature the S 2p3/2 component at binding energy higher than the one ascribed to alkyl 
thiolate has been assigned to unbound thiolates [47] and/or to disulphides [48]. Some papers defined 
those compounds as physisorbed molecules [48,49]. According to these authors, the high binding 
energy component should not be present in the S 2p spectra of “good quality SAM” and the 
physisorbed molecules should be located at the SAM-ambient interface [49,50]. In this work, the 
presence of the component at 162 eV was not detected, but angle-resolved XPS data (Figures 8 and 9) 
clearly indicate that the in-depth distribution of the functional groups follows the expected reaction 
schemes shown in Figures 1 and 2.   Recently it was demonstrated that, in SAM obtained by solution 
deposition, the gold-sulfur bond has not a chemisorbed character and that hydrogen in -SH is 
retained[51]. On the other hand the presence of the electronegative O-Si-O functional group of 
MPTMS can also play a role in the observed chemical shift; in fact, similar binding energy (163.8 eV) 
have been reported for gold nanoparticles modified with MPTMS [52]. 

Tri-dimensional networking should also be taking into account because of the presence of water. 
Changes in the molecular structure (Fig. 11) might induce also changes in the binding energy of 

the different elements. After the grafting of APTES on M-gold surface, the binding energy of the C-
Si, CH2 as well as the Si 2p and S 2p signal slightly increased by 0.4 eV (Table 3, A-gold) compared to 
M-gold samples (Table 2). This chemical shift can be explained considering the cross-linking between 
the Si-O groups of MPTMS and APTES; in fact similar chemical shift for the silicon have been 
observed in the case of APTES monolayer on silicon oxide surface [53]. As mentioned in section 4.3.1 
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Avogadro simulation suggest that after the formation of the APTES layer, the distance between 
sulphur atoms and the Si-O-Si groups decreases from 0.47 nm to 0.41 nm, thus can also justify the 
chemical shift of the S 2p signal, in fact its BE can be affected by the proximity of the oxygen atoms 
of the Si-O-Si groups. 

4.4. Parameter Identification for Developing a Transferable Analytical Strategy in Polymeric Systems 

XPS and ARXPS characterization of functionalized surface layers on realistic substrates such as 
polymers or carbon-based materials modified with MPTMS and APTES is challenging due to the 
simultaneous presence of signals both from the substrate and the functionalized layers. The use of a 
freshly cleaved gold as carbon-free model substrate with an ideally flat surface is pivotal for the 
determination of the curve-fitting parameters, especially for the C 1s spectrum. Avoiding the 
interference of signals from carbon atoms present in the substrate (such as e.g. PVC), the signals in 
the C1s spectrum can be assigned to the MPTMS / APTES functionalized layer only.  

Processing XPS and ARXPS high-resolution spectra starts with background subtraction. In this 
work, U 3 Tougaard background was selected to better simulate the required conditions for the 
polymer surface characterization [29]. Parameters for the subsequent curve fitting procedure, 
especially signal shape (G/L ratio), FWHM and area ratios, were determined for all signals in the C 
1s, O 1s, Si 2p, S 2p and N 1s high-resolution spectra. This allowed the identification of the 
components that can be assigned to the functionalization layer. The mechanism when grafting 
MPTMS with APTES was found to be a 2 MPTMS : 1 APTES reaction as confirmed by the quantitative 
analysis.  This analytical strategy has been successfully employed in characterizing an MPTMS 
monolayer on a food-grade PVC surface as described in a recent work [46]; more generally, it can be 
a powerful tool for characterizing the functionalized surface of more complex systems.   

5. Conclusions 

Based on these findings the following conclusions can be drawn: 
1. The detailed analysis of the XPS high-resolution spectra allowed understanding the overlayer 

formation of MPTMS first, and MPTMS+APTES onto freshly cleaved gold surfaces. The 
quantitative analysis suggests the functionalization of the gold surface with MPTMS was 
successful and homogeneous. The at% of the CH3O was found to be 4% instead of 12% expected 
from the stoichiometry suggesting a three-dimensional cross-linking of the Si-O-Si bond. After 
the grafting of APTES onto the M-gold surface, quantitative analysis was in good agreement 
with the stoichiometry considering a ratio MPTMS:APTES of 2:1.  

2. Angle-resolved XPS allowed understanding the in-depth distribution of the overlayer functional 
groups after the two functionalization steps. Based on these results a model of the functionalized 
surface was proposed and consists of a first layer of MPTMS (after the first step) with the Si-O 
groups facing the outer part of the surface. Following the grafting of the APTES onto the M-gold 
surface ARXPS results indicate that APTES react with MPTMS through Si-O groups facing the 
amino groups in the outer part of the functionalization layer. Furthermore, through the ARXPS 
results have been possible to a 1 nm layer of MPTMS+APTES. 

3. The analytical strategy presented in this work based on XPS and ARXPS by using gold as a 
carbon-free substrate represents a useful tool for a proper curve fitting of C 1s signal and layer 
thickness estimation to be adopted for similar systems with carbon-based substrate such as 
polymer. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. 
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