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A B S T R A C T   

In this work the covalent functionalization of polyvinyl chloride (PVC) with (3-mercaptopropyl)trimethoxysilane 
(MPTMS) by nucleophilic substitution was investigated by X-ray photoelectron spectroscopy (XPS). The surface 
of food-grade PVC was characterized before and after treatment with ethanol and with 5% and 10% MPTMS 
solutions in ethanol. Special attention was paid to the determination of the chemistry, composition and thickness 
of the functionalized polymer surface by angle-resolved XPS (ARXPS). XPS analysis in standard mode and ARXPS 
spectra showed the presence of sulphur, silicon and oxygen from the MPTMS molecule. The quantitative analysis 
was in good agreement with the stoichiometry of the molecule. A small amount of chlorine, detected also at 
grazing angles, supported the formation of a layer, which resulted to be 2.2(0.2) nm thick including the hy-
drocarbon contamination usually detected by XPS on samples in contact with solutions. It is here demonstrated 
that XPS and ARXPS allow monitoring the surface functionalization and tune the conditions for achieving a good 
reproducibility during the functionalization of food-grade PVC by MPTMS. This is the starting point for further 
functionalization to obtain active food packaging with antimicrobial properties.   

1. Introduction 

X-ray photoelectron spectroscopy is acknowledged to be a powerful 
technique for the characterization of different materials including 
metals, alloys and polymers [1]. It is a surface sensitive method since it 
is possible to obtain information in the order of few nanometres ranging 
from 0.5 nm to 10 nm, depending on the material and on the emission 
angle. It provides the chemical state and the composition of the outer-
most layers of a material allowing monitoring the changes due to surface 
reactions as oxidation, compounds precipitation or formation of thin 
layer coatings with important improvements in the performance of the 
material. It can also be exploited for the characterization of 
multi-layered films by angle - resolved XPS mode [2]. One of the ad-
vantages of this technique is that it is almost non-destructive and it is 
well suited for investigating polymers that might be susceptible of 

degradation under x-ray irradiation [3]. A disadvantage is related to the 
fact that polymers are usually insulators and charge compensation is 
necessary to obtain the photoelectron spectra. Very often XPS is also 
used in combination with time-of-flight secondary ion mass spectros-
copy (ToF-SIMS), which is more destructive than XPS but provides 
useful structural information complementary to those obtainable by 
XPS. 

In food packaging industry there is an increasing interest in devel-
oping innovative materials that can preserve the quality and prolong the 
shelf-life of food and food products [4]. Food corruption and spoilage 
due to food-borne pathogens and microorganisms are reasons of concern 
for the food industry, consumers, and society as well. Food-grade 
polyvinyl chloride (PVC) is one of the most used polymers and in 
order to develop an active food packaging with antimicrobial properties, 
an active antimicrobial agent might be either introduced into a polymer 
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matrix or immobilised onto the polymer surface [5,6]. To this purpose a 
surface modification is usually required that enables the immobilization 
of an active agent. Several examples in literature show how antimicro-
bial agents can be covalently bonded on the polymer surface, such as 
guanidine-based cationic polymers [7], quaternary ammonium salts [8, 
9] or vanillin derivates [10]. Thanks to the presence of a C–Cl bond, a 
nucleophilic substitution reaction allows the immobilization of mole-
cules containing specific functional groups, such as thiol groups, onto 
the polymer surface. The surface functionalization is affected not only 
by the composition of the substrate but also by many other parameters as 
the concentration of the functionalizing molecule, the solvent, the 
amount of water and the temperature. 

The thickness of the functionalized layer on polymer surfaces is of 
interest in the investigation of antimicrobial and more in general anti-
fouling layers. Parry and Shard proposed [11] a method based on ARXPS 
for the investigation of plasma treated surfaces. Also, the background 
shape analysis proposed by Tougaard [12] can be an interesting 
approach. Another method relies on the attenuation due to the overlayer 
(overlayer method = OM) [13]. 

The aim of this paper is to select the best analytical protocol based on 
X-ray photoelectron spectroscopy for determining and controlling the 
mechanism of surface functionalization of food-grade PVC with MPTMS. 
ARXPS was exploited for determining the thickness and the composi-
tional depth profile in a non-destructive way. Furthermore, aspects 
related to sample degradation under ultra-high vacuum (UHV) condi-
tions and under X-ray exposure are taken into account to provide evi-
dence that the results are not affected by artefacts due to sample 
alteration. Indeed, it is known that chlorinated polymers may undergo 
sample degradation under X-ray in UHV due to loss of volatile com-
pounds such as HCl [3,14]. Under the adopted conditions any ultra-high 
vacuum degradation was detected indicating that volatile compounds 
are not released by the polymer. Small variation on the Cl:CH–Cl atomic 
ratio was observed due to the exposure to the X-ray source. 

2. Experimental 

2.1. Materials 

The chemical formulae of food-grade poly(vinyl)chloride (PVC) and 
of (3-mercaptopropyl) trimethoxy-silane (MPTMS) are shown in 
Figure 1: 

Food-grade PVC samples were purchased from VWR (Italy) and cut 
in square pieces of 1 cm2; no detailed information about type and 
quantity of plasticizers and stabilizers were available. (3-mercapto-
propyl) trimethoxy-silane (MPTMS) and 96% ethanol were also from 
VWR (Italy). MPTMS is soluble in acetone and in ethanol while it is 
insoluble in water. 

2.2. MPTMS functionalization 

MPTMS modified PVC (M-PVC) samples were first obtained 
following the procedure reported by Villanueva et al. on medical grade 
PVC [14], which consists in the exposure of the PVC to a 5% v/v solution 
of MPTMS in acetone: water (75:25). That protocol has been modified in 
this work: ethanol was used to solubilize MPTMS instead of acetone: 
water (75:25), because acetone may lead to swelling and damage of the 
food-grade PVC. 

Food-grade PVC samples were exposed to solutions of MPTMS 5% v/ 
v and 10% v/v in ethanol for 1 h. The samples exposed to the solutions 
did not show physical changes visible to the naked eye. All the samples 
were washed in ethanol before the immersion in the MPTMS solutions 
and following 1 h of contact. The samples were left to dry at the open air, 
then they were mounted on a standard platen and transferred in the fast- 
entry air-lock of the spectrometer. These samples are named M-PVC 5% 
and M-PVC 10%, respectively. When PVC samples are exposed to a 
nucleophile such as thiol group, nucleophilic substitution reaction oc-
curs, resulting in a surface modified PVC [15] according to the reaction 
scheme showed in Fig. 2. 

2.3. X-ray photoelectron spectroscopy (XPS) and angle-resolved X-ray 
photoelectron spectroscopy (AR-XPS) 

The XPS measurements were carried out with a Theta Probe spec-
trometer (Thermo Fisher Scientific, East Grinstead, UK). The spectra 
were collected under computer control [Avantage Software version 
5.932 by Thermo Fischer] using a monochromatic AlKα1,2 source (hν =
1486.6 eV) selecting the nominal 400 μm spot size with a power of 100 
W. Charge compensation was carried out using low energy electrons and 
argon ions. The base pressure into the XPS analysis chamber was 2x10− 9 

mbar but since the charge neutralization system requires Argon gas to be 
ionized, the residual pressure during the analysis was at 2x10− 7 mbar. 
No changes in the residual pressure were observed during spectra 
acquisition. 

All spectra were acquired in the fixed analyser transmission (FAT) 
mode, and pass energy (PE) was set at 200 eV for the survey spectra and 
at 150 eV for the high-resolution ones. Periodic calibrations were per-
formed for verifying the linearity of the binding energy scale [ISO 
15472:2010] and for determining the intensity/energy response func-
tion (IERF) that might drift upon time. The high-resolution spectra were 
resolved into their components using CASAXPS software V. 2.3.25 after 
background subtraction using U3-Tougaard iterative. Quantitative 
analysis to calculate the surface composition started with the experi-
mental areas corrected for relative sensitivity factors that take into ac-
count the Scofield photoionization cross-section [16], the angular 
asymmetry factor of the photoemission from each atom [17], and the 
electron inelastic mean free path (IMFP, in nm) of the emitted electrons 
in the matrix M calculated according to Seah and Dench [18], using the 
following equation: 

Fig. 1. Chemical formulae of poly(vinil) chloride (PVC) on the left and (3- 
mercaptopropyl) trimethoxy-silane (MPTMS) on the right. 

Fig. 2. Reaction scheme between PVC and MPTMS.  
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XA =

IA
SA

∑n

i=1

In
Sn

(1)  

Where XA is the atomic fraction of the species A, IA the intensity (area) of 
the photoelectron signal and SA is the relative sensitivity factor. 

Fresh-cut polyethylene terephthalate (PET) samples were used to test 
the charge compensation settings in both standard and angle resolved 
lens mode. This test was carried out before the spectra acquisition on the 
functionalized samples. 

Since the use of adventitious carbon referencing has been pointed out 
as controversial in the literature [19], the binding energy scale was 
referred to the aliphatic C 1s peak assigned to the carbon of the 
long-chain of plasticizer/stabilizer present in the formulation of com-
mercial food-grade PVC. This peak was taken at 285.0 eV as suggested in 
the literature [20] for aliphatic carbon. Degradation was always checked 
repeating the acquisition of the C 1s spectrum at the end of the 
XP-experiment, using the same instrumental settings used at the 
beginning for the first C 1s spectrum. Visual comparison between the 
first and the last C 1s scan was done for ascertaining that no degradation 
occurred. 

To exclude PVC degradation due to the UHV conditions, the spectra 
of PVC samples immersed for 1 h in ethanol were analysed as soon as the 
samples were inserted into the analysis chamber and then after 72 h in 
UHV without being exposed to X-rays. Neither differences in the C 1s 
(Figure S1) and Cl 2p line-shapes nor in the Cl:CH–Cl (1:1) atomic ratio 
were observed. 

High-resolution spectra in AR-XPS lens mode were acquired in par-
allel mode using 16 emission angles, ranging from 24.9◦–81.1◦. Emis-
sion angle is defined as the angle formed by the direction of the photo- 
emitted electrons and the normal to the sample surface. Thickness 
calculation based on the ARXPS data was performed considering emis-
sion angles lower than 60◦ for limiting the elastic scattering influence 
[21–25] and for taking into account the surface roughness of the 
food-grade PVC. It is reported by Gunter et alii [24] that the influence of 
the sample roughness might be enhanced when measuring far from 45◦. 

3. Results 

Survey spectra of as received PVC, ethanol washed PVC and of PVC 
following the various steps of the surface modification are shown in 

Fig. 3a. 

3.1. Selection of the background model and XPS curve-fitting parameters 

The selection of an appropriate background routine is crucial to 
ensure accurate and reliable results, representing a fundamental step in 
data processing as reported in Ref. [26]. In this work the background 
model was selected after comparing the Cl:CH–Cl atomic ratios obtained 
considering two background models: Shirley [23] and U 3 Tougaard [12, 
27,28]. 

When Shirley background was adopted, the Cl:CH–Cl atomic ratio 
resulted to be 0.8 and it was not in agreement with the expected 1:1 
stoichiometry. Shirley algorithm assumes that the background intensity 
is proportional to the total intensity of the peak [29]. The 
three-parameters universal Tougaard-background (U 3 Tougaard in 
CASAXPS) relies on a quantitative description of the physical process 
that led to the background resulting more accurate for polymers and 
more in general for materials with narrow plasmons [12]. Using U 3 
Tougaard background for processing the spectra of as received PVC and 
of PVC immersed in ethanol, FWHM height values did not change, while 
the Cl:CH–Cl atomic ratio is in good agreement with the expected stoi-
chiometry as shown in Table 1 (columns 1 and 2). Among the line shapes 
available in CASA XPS, GL(30) has been chosen as also suggested in the 
literature for polymers [30]. 

The curve-fitting parameters and the constraints applied during the 
curve-fitting are reported in the supporting information (Table S1). The 
FWHM height of the C1s component ascribed to aliphatic C was allowed 
varying in the range 0.5–1.7 eV while the other components were linked 
so to have the same value of the first C1s signal. The FWHM height was 
usually found equal to 1.5 (0.1) eV as reported in Table S1. The FWHM 
height of O 1s components were linked and not constrained. As far as the 
Cl 2p signal, the Cl 2p3/2: Cl 2p1/2 area ratio was maintained equal to 2:1 
and the FWHM height of each peak of the doublet was constrained to be 
the same. 

In standard mode, the initial approach to resolving the C 1s high- 
resolution spectra primarily focused on considering only one aliphatic 
component related to the plasticizer at 285.0 eV. Lacking specific in-
formation about the formulation of PVC for food applications, it was 
assumed that the intensity of this component was 1.7 (0.1) times greater 
than that of C–Cl. Subsequently, all fits of the C1s in both standard mode 
and ARXPS were carried out by constraining the intensity of the C1s 

Fig. 3. (a): survey spectra of food-grade PVC “as received”, after immersion in ethanol and functionalized with 5% and 10% MPTMS (b): example of a C 1s high- 
resolution spectrum of as received food-grade PVC. 
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Table 1 
Quantitative results obtained from the spectra of as received PVC, food grade PVC after immersion in ethanol and M-PVC 10% The spectra were obtained in standard 
lens mode.    

as received PVC 
at% 

washed PVC 
at % 

M-PVC 10% at % Theoretical at % 

calculated for PVC immersed in EtOH for 1 h 

PVC (Bulk) C contamination 25 (3) 25(4) 5 (3) 5 
C 1s CH2 PVC 13 (2) 15 (1) 4 (1) 5 
C 1s CH–Cl PVC 13 (2) 15 (1) 4 (1) 5 
Cl 2p 13 (1) 17 (2) 5 (2) 5 
C 1s Carboxylate 4.1 (0.3) 4.1 (0.2) 2 (1) 1 
O 1s C=O 4.0 (0.2) 4 (1) 2 (1) 1 
O 1s C–O 4.0 (0.2) 4 (1) 2 (1) 1 
C 1s plasticizer 23 (3) 26 (1) 8 (2) 8 
Zn 2p 1 (0.2) – – –      

Overlayer composition at%* 
MPTMS (Overlayer) C 1s C–Si, C–C – – 15 (1) 15 

C 1s C–S – – 15 (1) 15 
C 1s Methoxide – – 4 (1) 7 
O 1s Si–O–Si – – 16 (2) 18 
S 2p – – 7 (1) 7 
S 2p non grafted   1.0 (0.4) – 
Si 2p – – 10 (1) 7 

*Overlayer composition was calculated assuming 30% contribution of not functionalized substrate; this accounts for the layer architecture. 

Fig. 4. High-resolution spectra of a) C 1s, b) O 1s, c) S 2p and d) Si 2p for M-PVC 10%.  
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from the plasticizer so to result 1.7 times more intense than that of the 
signal assigned to C–Cl. Any residual signals at that binding energy were 
attributed to contamination. 

3.2. X-ray photoelectron spectroscopy of food-grade PVC before surface 
modification 

In the as received samples, the signals of carbon (C 1s, C KLL) and 
chlorine (Cl 2p, Cl 2s) characteristic of PVC, are detected with those of 
the Zn 2p and Zn KLL and the O 1s ones due to the presence of zinc-based 
stabilizer/plasticizers. Following the immersion in ethanol, no zinc 
signals were revealed on the sample surface. The binding energy values 
of the elements are listed in Table S2. 

An example of the high-resolution C 1s signal of “as received” food- 
grade PVC after background subtraction and curve-fitting is shown in 
Fig. 3b, the Cl 2p, O 1s and Zn 2p signals are provided in the supple-
mentary materials (Fig. S2). Curve-fitting parameters for the Gaussian/ 
Lorentzian curves were derived from spectra of reference compounds 
such as PET, analysed using the same experimental settings. The 
component at 287.0 eV has been assigned to the C–Cl [31] of the PVC 
and it has been fitted using one single peak with a full width at the 
half-maximum height (FWHM) of 1.55 eV. The component at 285.9 eV 
has the same intensity of the C–Cl component (1:1 ratio) and was 
assigned to the C–H carbon of the polymer. The component at 289.2 eV 
was attributed to the COOH group of the plasticizer [32]. The compo-
sition of the “as received” food grade PVC and of the PVC following the 
immersion in ethanol for 1 h are similar (see Table 1), the concentration 
of carbon in CH2 groups, CH–Cl groups and chlorine are identical. It is 
worth to note that after immersion in ethanol for 1 h, the PVC did not 
show the zinc signal. 

3.3. X-ray photoelectron spectroscopy of food-grade PVC after surface 
functionalization 

XPS spectra were acquired following the immersion of the samples in 
the MPTMS solution for 1 h. Survey spectra of surface modified M-PVC 
5% and M-PVC 10% (Fig. 3a) showed the presence of silicon (Si 2p, Si 
2s) and sulphur (S 2p, S 2s) signals. The intensity of these signals from 
the MPTMS molecule is low in the case of sample M-PVC 5%. The signals 
of chlorine (Cl 2p, Cl 2s) from the PVC on the other side are still 
detected. Chlorine signals have a very low intensity in the sample 
following the immersion in the ethanol 10% MPTMS solution (named: 
M-PVC 10%) (Fig. 3a). 

The high-resolution spectra of C 1s, O 1s, Si 2p and S 2p of the 
functionalized polymer M-PVC 10% were acquired for investigating the 
chemical state of the elements and for the quantification (Fig. 4). The 
binding energy values of the most intense photoelectron lines are pro-
vided in Table S2. 

Following the functionalization with MPTMS the most intense 
components of the C1s signal (Fig. 4a), are C–C and C–Si (284.9 eV) and 
C–S (285.7 eV), both from the MPTMS molecule. The carbon signal at 
285.0 eV, due to the plasticizer, is overlapped with the contribution of 
the surface contamination. Small signals from the underlying PVC were 
also detected (see Table 1). 

O 1s signal (Fig. 4b) was fitted with three components: the compo-
nent at 532.4 eV was assigned to oxygen bonded to the Si atoms [33] and 
two small components at about 532.3 eV and 534.2 eV were attributed 
to organic functional groups present in the formulation of the com-
mercial food-grade PVC. 

Fig. 4c and d shows the S 2p and Si 2p spectra for M-PVC 10%. The S 
2p spectra (Fig. 4c) show two 2p3/2 – 2p1/2 doublets; for each doublet 
the energy separation was constrained to be 1.16 eV and the area ratio 
was constrained to be equal to 2:1. The binding energy of the most 
intense S 2p3/2 peak was found to be 163.7 eV and it is typical of thio-
ether [34]. The second small component of the S 2p3/2 signal at 167.1 eV 
was attributed to non-grafted thiol group of MPTMS after an oxidative 

reaction of the sulphur [35]. The Si 2p peaks (Fig. 4d) were fitted with a 
doublet due to the spin-orbit coupling with an energy separation be-
tween the 2p3/2 and 2p1/2 components of 0.6 eV and an area ratio of 2:1. 

The surface composition of the functionalized M-PVC 10% reflects 
both the functionalized MPTMS surface layer and the bulk PVC 
(Table 1). 

The calculated at% of the MPTMS components, especially Si and S at 
%, suggested that not all chlorine of PVC have reacted. About 12% for 
silicon and sulphur would be expected for a complete reaction. The 
composition shown in Table 1 has been calculated assuming that 30% of 
the polymer surface did not react. 

3.4. Angle-resolved X-ray photoelectron spectroscopy 

Angle-resolved experiments were carried out on “as received” PVC, 
on M-PVC 5% and on M-PVC 10% to investigate the surface function-
alization. On the as received PVC (Supplementary Material Figure S3), 
carbon, chlorine, oxygen, and zinc were detected at all emission angles. 
On the food-grade PVC samples immersed 1 h in ethanol the Zn signal 
was no more revealed (Supplementary Material Figure S4). 

The presence of a contamination layer on the surface of PVC samples, 
which gives rise to the C 1s component located at 285 eV and labelled as 
“contamination” in Fig. 3b–is substantiated by ARXPS. The comparison 
of the spectra recorded at 24◦ and 58◦ (Figure S5) emission angles, 
shows that the intensity of that component increases with the emission 
angle, thus indicating that an adventitious contamination layer is pre-
sent in the outermost part of the sample. 

The ARXPS spectra of the functionalized M-PVC 10% are shown in 
Fig. 5. Apparent concentration in atomic percentage versus emission 
angle are reported in Fig. 6a for M-PVC 10%. It can be noted that the 
apparent concentration of Si 2p and the corresponding carbon atoms 
belonging to C–Si are nearly independent on the emission angle, indi-
cating that these elements, that belong to the MPTMS molecule, are in 
the centre of the surface layer. The apparent concentration of sulphur S 
2p, at the interface with the PVC, and even more that of chlorine Cl 2p, 
which belongs to the bulk PVC, decreases at high emission angle; on the 
contrary, the concentration of oxygen and of the CH3O group increases. 
The relative depth plot (Fig. 6b), calculated by the Advantage software 
v. 5.932 (Thermo Fisher) based on the results of Fig. 6a, of the charac-
teristic signals of MPTMS clearly shows that oxygen and silicon are at 
the outermost part of the layer, sulphur is in-between and chlorine is 
present at the greatest depth. 

3.5. Determination of the thickness of the functionalized layer 

Determination of the thickness of the functionalized layer is not 
straight-forward. Several possibilities based on XPS or ARXPS are pro-
posed in literature [11,13,23]. Film thickness measurement of thin films 
on a substrate was proposed in 1970 by Hill et al. (Hill’s equation) [36]. 

IO = IS e− t
λ cos θ (2)  

In this equation t is the thickness of the overlayer, and θ is the photo-
electron emission angle. The overlayer is assumed to be homogeneous in 
thickness and composition and the effective attenuation length λ of the 
photoelectrons is considered the same for the bulk and the overlayer, as 
is the case for systems where an oxide layer is present on the metallic 
substrate, e.g. SiO2 on Si [37]. 

According to ISO 18115–1:2023, the effective attenuation length is 
defined as a “parameter which, when introduced in place of the inelastic 
mean free path into an expression derived for AES and XPS on the 
assumption that elastic scattering effects are negligible for a given 
quantitative application, corrects that expression for elastic scattering 
effects”. The inelastic mean free path, IMFP, is defined by ISO 
18115–1:2023 as the “average distance that an electron with a given 
energy travels between successive inelastic collisions”. In our 
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calculations IMFP values are considered instead of the attenuation 
length since in the case of materials with low density, such as polymers, 
the effect of elastic scattering can be neglected. Furthermore, this 
approximation can be made because the thickness of the overlayer is 
supposed to be smaller than the IMFP [13]. 

As the system PVC substrate/MPTMS overlayer is more complex and 
no element (except the multi-component carbon) is present both in the 
bulk and in the overlayer, eq. (2) could not be applied in this work. The 
thickness was determined exploiting the attenuation of the chlorine Cl 
2p signal, ICl, (a single signal, no need of curve-fitting) measured at two 
emission angles, grazing (58◦) and near perpendicular to the sample 
surface (24◦). The formula is: 

ln
(

ICl24◦

ICl58◦

)

= −
t

λCl

(
1

cos (58◦)
−

1
cos (24◦)

)

(3) 

The thickness t of the overlayer thus results to be: 

t=
ln

(
ICl24◦
ICl58◦

)

• λCl

cos(24◦) − cos(58◦)
(4) 

The same formula was applied using, instead of chlorine Cl 2p, the 
intensities of sulphur S 2p (inner part of the functionalized layer) and of 
silicon Si 2p (outer part of the layer) to calculate the respective thick-
ness. The IMFP, λ, for the different elements was calculated following 

Fig. 5. Angle-resolved high-resolution C 1s, Cl 2p, S 2p, Si 2p and O 1s spectra of M-PVC 10% acquired at different emission angles.  
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Seah and Dench approach [18]. The thickness values, calculated on 
three independent samples having measured on each of them three 
points, are given in Table 2. 

The total thickness based on the attenuation of chlorine is found to be 
2.2 (0.4) nm; this value is the sum of the MPTMS layer, the contami-
nation lc and the underlying PVC substrate. The thickness of the MPTMS 
layer t plus contamination lc is calculated based on the attenuation of the 
S 2p intensity and is found to be 1.6 (0.4) nm. Based on the attenuation 
of the Si 2p electrons the thickness of the outermost –OCH3 groups plus 
the contamination layer lc is 1.3 (0.4) nm (Fig. 7). The total thickness 
(calculated based on the intensities of chlorine) of the layer on top of the 
“as received” PVC was found to be 2.1 (0.8) nm and, for the PVC after 
immersion in ethanol, the total thickness of the layer was found to be 1.9 
(0.7) nm. 

4. Discussion 

Based on the results presented above, a model for the functionalized 
food grade PVC samples can be proposed (Fig. 7). It consists in three 

layers: hydrocarbon layer due to the contamination on top, the func-
tionalized layer containing the MPTMS molecule bonded via the sulphur 
atom to the PVC substrate, and the bulk PVC with plasticizer. Note that 
the interface between food-grade PVC and the functionalized layer 
might not be flat (as in the sketch Fig. 7) due to the fibrous structure of 
the polymer [38]. This might influence the calculated thickness values. 

4.1. Influence of the synthesis protocol 

It has been assessed in the literature [14] that PVC can be func-
tionalized by exposing the sample to a nucleophilic group such as thiol 
groups; in that work the PVC samples were treated with a solution of 
MPTMS 5% in acetone: water (75:25) [14]. The exposure to acetone 
causes the degradation of the polymer, since acetone is a good swelling 
agent for PVC and leads to changes in the physical properties of the 
polymer [39]. As the food-grade PVC samples examined in this work had 
a lower thickness with respect to Ref. [14], acetone had to be avoided 
and as solvent was chosen ethanol. PVC shows a good resistance to 
ethanol at room temperature [40]. Indeed, binding energies (Table S2) 
and composition (Table 1) of the ethanol washed food-grade PVC do not 
change compared to the as received PVC and are in agreement with 
literature [3]. 

Fig. 6. Angle-resolved results acquired on M-PVC10%. Mean and standard deviation values were calculated using three independent measurements(a), relative 
depth plot (b). 

Table 2 
Layer thickness calculated based on the attenuation of the electrons emitted by 
Cl, S and Si using eq. (4), λ is calculated following Seah and Dench approach 
[18].  

Element Cl S Si 

IMFP λ (nm) 3.12 3.16 3.24 
Thickness (nm) 2.2 (0.4) 1.6 (0.4) 1.3 (0.4)  

Fig. 7. Idealized model for the functionalized surface of food grade PVC 
with MPTMS. 

Fig. 8. Si 2p/Cl 2p atomic ratio of all measured points on M-PVC 10% (three 
samples - three analysis points each) indicating homogeneity of the function-
alized layer (exception of point 2 of sample A). 
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4.2. Degree of functionalization – homogeneity of the MPTMS layer 

Two different concentrations, 5% and 10%, of MPTMS in ethanol 
were used for the functionalization procedure. The XPS survey spectra 
(Fig. 3a) show that at 5% MPTMS the sulphur and silicon signals are less 
intense and the chlorine signals more intense than in case of samples 
treated in 10% MPTMS. This suggests that the functionalization reaction 
in 5% MPTMS might not be complete and the MPTMS only partially 
reacted with the PVC sample. The homogeneity of the surface was 
checked using the Si 2p to Cl 2p atomic ratio, where the signal of 
chlorine Cl 2p represents the bulk PVC and that of silicon Si 2p the 
MPTMS layer. For the M-PVC 5% samples, values of the Si 2p/Cl 2p ratio 
were in the range of 0.01–0.05 and a big scatter of the results obtained in 
the individual analysed areas (nominal diameter 400 μm) was found 
(Supplementary Material Figure S5), indicating low coverage and 50% 
of the areas with no or poor functionalization. For this reason, the 
procedure using 5% MPTMS solutions was considered not successful. 
The Si 2p to Cl 2p ratio for all analysed points on the three replicate 
samples of the sample M-PVC 10% as shown in Fig. 8 indicates that it is 
about 10 times higher and quite constant at 0.6 (0.1) than for the M −
PVC 5%. This finding suggests the complete and homogeneous func-
tionalization of the food grade PVC. Only one analysed point (P2 in 
sample 1) shows a high Si to Cl atomic ratio. 

The chlorine concentration of functionalized samples M-PVC 10% 
was much lower than in “as received” food grade PVC, but chlorine 
could be still revealed (Fig. 3a–Table 1). The presence of the Cl 2p signal 
following the surface functionalization might be associated to chlorine 
atoms of the bulk PVC that were not involved in the nucleophilic reac-
tion with sulphur (Fig. 1). Angle-resolved results shown in Fig. 5 confirm 
that chlorine is in the inner part of the M-PVC 10% samples, in fact, at 
high emission angles Cl atomic concentration decreases (Fig. 6a). The 
relative depth plot reported in Fig. 6b further confirms that Cl 2p signal 
is in the inner layers of the sample. The attenuation of the chlorine signal 
from the PVC due to an overlayer can be calculated considering different 
thicknesses of the surface layer d in standard conditions (emission angle 
is 53.6◦). An apparent concentration of chlorine of 5 (1) %, that is in 
agreement with the chlorine concentration reported in Table 1, can be 
expected if an overlayer thickness of 2.2 nm is considered. 

4.3. Thickness and composition of the functionalized layer 

The total thickness of the functionalized surface layer on M-PVC 10% 
calculated with equation (4) is 2.2 (0.4) nm (Table 2). According to the 
proposed layered model (Fig. 7), the chlorine signal from the bulk PVC is 
attenuated by the bulk, by the MPTMS functionalized layer and by the 
contamination layer, thus the calculated total thickness of 2.2 (0.4) nm 
is the sum of the contamination layer lc, of the MPTMS layer (here 
termed t) and includes the outer layer of PVC substrate. Applying 
equation (4) to the attenuation of sulphur (located at the interface be-
tween MPTMS layer and PVC) results in a thickness of 1.6 (0.4) nm that 
comprises the MPTMS layer t and the contamination layer lc (Fig. 7). 
Applying the same equation to silicon (outer part of the MPTMS layer) a 
thickness of 1.3 (0.4) nm was obtained. This value corresponds to the 
contamination layer lc plus few –OCH3 groups located at the outer part 
of the MPTMS layer. Thus lc can be estimated to be 1.1 nm, in agreement 
with the contamination layer thickness reported on PVC after steriliza-
tion (exposure to β-ray) [41]. 

Based on the difference between the thickness values of 1.6 nm (from 
sulphur atoms outwards) and the contamination lc estimated to 1.1 nm, 
the measured thickness of the MPTMS layer t can be estimated to be 
equal to about 0.5 nm. The chain length of the MPTMS molecule (Fig. 2, 
Fig. 7) has been calculated with Avogadro software considering the 
distance between sulphur and oxygen of the monolayer and was found to 
be 0.8 nm; other work reported 0.9 nm estimated from bond length [42]. 
The lower thickness of the MPTMS layer measured by XPS in this work 
might indicate that the MPTMS molecules of the functionalized layer are 

not perpendicular to the substrate but they form an angle of about 25◦

with the normal to the PVC surface. Note that, according to eq. (3), the 
absolute values of t and lc (Table 2) are relative to the IMFP λ – a higher 
value of λ would result (see eq. (4)) in higher absolute values. Further-
more, the difference in the t values calculated from ARXPS data and 
from Avogadro software, might be also influenced by the surface 
roughness of PVC samples (Figure S7). The effect of sample roughness 
for island type growth was discussed by Ref. [43]. Near to the so-called 
magic angle introduced by Gunter et al. who suggested a value of 45◦, 
the surface roughness might cause minimal effects (estimated accuracy 
±10%). The same functionalization reaction was conducted on 
fresh-cleaved polycrystalline gold having a roughness of 0.3 (0.1) nm 
measured by atomic force microscopy [44]. The estimated thickness of 
MPTMS on fresh-cleaved gold surface resulted to be 0.5 (0.1) nm in a 
very good agreement with the value obtained for the MPTMS on PVC 
(data to be published). 

The composition of the functionalized food-grade PVC MPTMS sur-
face layer (Table 1) comprises both the PVC and the functionalized 
MPTMS surface layer. Regarding the functionalized MPTMS surface 
layer, the composition is close to the stoichiometry; it can be noted that 
the concentration of the O–CH3 groups (see Figs. 2 and 7) is much lower 
than the expected value based on the two-dimensional drawing of the 
MPTMS molecule (Fig. 1) where the silicon atoms are linked with only 
two bridging oxygen atoms. Taking into account three dimensional 
cross-linking as reported in Refs. [45–47], more Si–O bonds and less 
O–CH3 groups would be present as is shown by the experiments 
(Table 1). The slight difference in the concentration (Table 1) between 
sulphur (7%) and silicon atoms (10%) might be explained by the 
stronger attenuation of sulphur located in the inner part of the MPTMS 
layer. Considering the ARXPS data and the relative depth plot (Fig. 6), 
the at% of oxygen slightly increases at higher emission angles, while 
silicon concentration remains nearly constant at all the emission angles 
and it is close to the concentration of 10% in standard mode (Table 1), 
substantiating its presence in the centre of the surface layer. Further-
more, sulphur concentration and more strongly chlorine concentration 
decrease at higher emission angles (Fig. 6), indicating that sulphur is 
located at the interface to PVC and chlorine is in the bulk of the polymer. 

The exposure to the X-ray beam may lead to chlorine loss from the 
PVC during the experiment and this may affect the thickness calculation. 
Experiments were conducted on PVC samples after immersion in ethanol 
for 1 h to evaluate the loss of chlorine. The spectra are reported in 
Figure S6. The concentration (at%) of the component ascribed to the 
degradation, shown in Fig. S1, is about 2 at% after 50 min of exposure to 
X-ray. The degradation led to the decrease of the Cl:CH–Cl atomic ratio 
from 0.99 to 0.96 at the end of the experiment: such variation de-
termines a small influence in the thickness estimation. The thickness of 
the MPTMS monolayer in this work was estimated to be 0.5 (0.1) nm and 
it is in agreement with the thickness determined with the same approach 
for a MPTMS monolayer on a freshly cleaved gold sample (roughness of 
0.3 (0.1) nm [44]) as reported above. 

5. Conclusions 

In this work an analytical strategy based on XPS and ARXPS analysis 
for the in-depth characterization of the surface layer on food-grade PVC 
samples functionalized by MPTMS is proposed. The following conclu-
sions can be drawn:  

1. Detailed analysis of the XPS high-resolution spectra of M-PVC 10% 
suggests that functionalization of the polymer surface with MPTMS 
was successful and homogeneous. The composition of the MPTMS 
layer was close to the theoretical one but suggested a three- 
dimensional cross-linking of the Si–O–Si bonds. 

2. Angle-resolved measurements confirmed the relative in-depth posi-
tion of the functional groups of the monolayer. Based on these results 
a model of the functionalized surface was proposed. On the PVC bulk 
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a MPTMS monolayer of about 0.5 nm thickness is attached by 
nucleophilic substitution with the sulphur atoms, the MPTMS chains 
are oriented at an average value of about 25◦. On top a hydrocarbon 
contamination layer of 1.1 nm is present.  

3. Ethanol is an ideal solvent for carrying out surface functionalization 
of food-grade PVC, as the polymer is not damaged. A concentration 
of 10% v/v MPTMS in ethanol has been found to allow the 
achievement of a homogeneous functionalization of the polymer. 
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