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Abstract 20 

The controlled modification of surface properties represents a pervasive requirement to be fulfilled when 

developing new technologies. In this paper, we propose an easy-to-implement protocol for the 

functionalization of glass with Self-Assembled Monolayers (SAMs). The adaptivity of the synthesis route was 

demonstrated by the controlled anchoring of thiol, amino, glycidyloxy, and methacrylate groups onto the glass 

surface. The optimization of the synthetic pathway was mirrored by extremely smooth SAMs (approx. 150 pm 25 

roughness), layer thickness comparable to the theoretical molecule length, absence of silane islands along the 

surface, quasi-unitary degree of packing, and tailored wettability and charge. The functionalization kinetics of 

two model silanes, 3-mercapto- and 3-amino-propyltrimethoxysilane, was determined by cross-comparing X-

Ray Photoelectron Spectroscopy (XPS) and Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 

data. Our SAMs with tailored physico-chemical attributes will be implemented as supports for the 30 

crystallization of pharmaceuticals and biomolecules in upcoming studies. Here, the application to a small 

molecule drug model, namely aspirin, was discussed as proof of concept. 

 

Keywords: self-assembled monolayer (SAM), functionalization, surface analysis, kinetics, crystallization 

 35 

Introduction 

Surface functionalization using Self-Assembled Monolayers (SAMs) has been applied to different substrates 

and constitutes one of the most robust methods to chemically modify surfaces. Self-assembly is an autonomous 

process where the components of a system organize themselves in an ordered manner. Such a phenomenon 

naturally occurs at all scales (from nano to macro) being the fundamental growth step of hierarchical structures 40 

[1,2].  

SAMs have been widely employed for bio-sensors [3,4], protein crystallization [5,6], engineering of 

organic thin films [7], and field-effect transistors [8,9] but also for designing smart surfaces [10], for improving 

tribological behavior of microelectromechanical systems [11], and for the functionalization of semiconductors 
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nanostructures [12]. As polymer brushes may be grown from SAMs, applications in optics, corrosion, 45 

adhesion, and material science have been reported [13,14]. Furthermore, graft polymerization on SAMs has 

been widely applied not only to flat substrates but also to nanoparticles or fibres [15]. 

Generally, SAMs synthesis involves a monomolecular surfactant film which spontaneously assembly 

on a surface because of the lowering of interfacial tension between two phases. Self-assembly and covalent 

bonding of molecules to a surface represent the result of a confinement strategy. More generally, 3-D 50 

confinement has allowed the synthesis of nanoparticles with different structures [16,17] or the tuning of a 

crystalline state of pharmaceutical products [18]. When confinement strategies are restricted to 2-D systems, 

the spontaneous assembly of selected building blocks leads to selective and ordered functionalization of pre-

determined areas. 

The two most popular methods for SAM synthesis involve the reaction between trialkoxy- or 55 

trichlorosilane and hydroxylated silicon, as well as between disulfide or thiol reactants and gold [19]. The 

chemistry of the surfactant and the intermolecular forces, instead, govern the degree of order of the layer [20]. 

Ranging from SAMs that resemble liquids because of their internal disorder to quasi-crystalline structures, one 

can play with a plethora of different surface chemistries and conformations. For example, in non-polar SAMs, 

the nanoscale structure of water interface molecules shows a correlation with the degree of order of the layer 60 

[21]. Also, it has been found that the ligand chain length, the nature and diameter of the core of gold 

nanoparticles can affect the SAM morphology [22]. 

In the literature, the protocols of SAM synthesis commonly involve either the vapor deposition [23,24] 

or the wet-chemistry route [25,26]. They substantially differ in the phase containing the monomer. In the 

former case, the monomer chemisorbs on a substrate from the vapor phase by increasing its partial pressure, 65 

while in the latter it directly comes from the solution. These latter techniques also include the drop-cast [27] 

and the direct heating of pristine silanes deposited onto the surface [28]. Many factors affect the quality of the 

functionalized surface, i.e., the functionalization density and reproducibility. These factors include the 

synthesis environment, the solvent, the chemistry of silanes, and the pretreatment/cleaning of the substrate. 

For example, the volume of water in the system strongly affects the monolayer formation and its ordering, 70 

both for shortage or excess conditions [29–32]. Furthermore, in the case of nanoparticles, several surface 

analysis studies have demonstrated that sample cleaning and purification may influence surface coverage, thus 
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affecting the reliability and reproducibility of the functionalization process [33,34]. Despite the large number 

of applications of this method of surface functionalization, the selection of appropriate conditions for the 

synthesis of a monolayer and controlled monomer anchoring is still under debate [35–39]. In this perspective, 75 

the comparison of results obtained through different protocols could be beneficial to the standardization of the 

SAM synthesis. 

SAMs are often used as linkers for the anchoring of biomolecules, e.g., proteins and antibodies, 

nanoparticles, and other constructs [36]. For these applications, it is crucial to control the thickness and 

uniformity of the monomer layer, and the density of active groups exposed on the surface. These properties 80 

may change with the synthesis protocol, and their accurate control is rather difficult. Furthermore, the macro-

characterization techniques, e.g., the contact angle measurement, cannot give a detailed description of the 

surface properties. The use of advanced micro-characterization techniques is, thus, required to assess the 

quality of the functionalization process. In this scenario, a wide variety of synthesis protocols for surface 

functionalization with alkoxysilanes is reported in literature, but studies are generally limited to just one or 85 

two functionalizing molecules [40–45]. Therefore, a generalized and robust protocol for the preparation of 

SAMs which could potentially be applied to any alkoxysilane is missing, along with the thorough physico-

chemical characterization of the prepared SAMs. 

This study presents a protocol for the synthesis of SAMs starting from trimethoxysilanes, which is 

fully compatible with the silane chemistry. The method ensures the precise control of surface functionalization 90 

with monolayers exposing thiol, amino, methacrylate, and glycidyloxy groups. To the best of our knowledge, 

this is the first work presenting and validating a single synthesis protocol to prepare SAMs from these four 

specific trimethoxysilanes. The proposed protocol could potentially be applied to any alkoxysilane since the 

selected head groups strongly differed for their polarity, hydrogen-bonding ability, and acid-base behavior. 

We have evaluated the impact of various synthesis parameters on the SAM surface characteristics, combining 95 

micro- and macro-characterization techniques. For example, we have investigated the influence of various 

silane head groups on the kinetics of SAM formation through X-ray Photoelectron Spectroscopy (XPS) and 

Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS). Other process parameters that have been 

studied include the type of solvent, the concentration of the functionalizing agent, and the operating 

temperature. We used various techniques to estimate the thickness of the functionalized layer, which 100 
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reasonably agreed with the thickness of a SAM. The fine-tuning of surface properties makes our SAMs ideal 

candidates for the control of pharmaceutical and biopharmaceutical crystallization [5]. As proof of concept, 

we studied the crystallization behavior of a small molecule drug, i.e., aspirin, in the presence of untreated glass, 

thiol- and amino-SAMs. SAMs were found to exert promoting or inhibiting actions over aspirin crystallization. 

The presented SAMs can also provide an ideal interface for the control of crystallization of more complex 105 

biomolecules, such as proteins. 

 

Experimental methods 

Materials 

Borosilicate (D263M) glass coverslips were purchased from Neuvitro (Vancouver, USA). Hydrogen peroxide 110 

(30 wt% in water, ACS reagent), sulfuric acid (ACS reagent, assay 95.0 – 98.9%), acetone (ACS reagent, assay 

99.5%), anhydrous toluene (< 0.001% water, assay 99.8%), toluene (ACS reagent, assay ≥ 99.5%), ethanol 

(puriss. p.a., absolute, assay ≥ 99.8%), 3-aminopropyltrimethoxysilane (APTMS, assay 97%), 3-

glycidyloxypropyltrimethoxysilane (GPTMS, assay ≥ 98%), 3-mercaptopropyltrimethoxysilane (MPTMS, 

assay 95%), 3-(trimethoxysilyl)propylmethacrylate (TMSPM, assay 98%), water (HPLC grade), and aspirin 115 

(ASA, USP grade) were purchased from Sigma-Aldrich (Cesano Maderno -MI-, Italy). All the bottles of 

solvents used for the synthesis of SAMs were freshly opened. 

 

Synthesis of SAMs on glass 

Unless otherwise specified, all the operations concerning SAM synthesis were carried out at room temperature. 120 

Glass coverslips (diameter = 14 mm) were first sonicated twice in ethanol for 10 min (Bandelin, Sonorex, 

Germany) in order to remove coarse particles and contamination adsorbed on the surface. Then, coverslips 

were dried with nitrogen and incubated in a freshly prepared piranha solution (H2SO4:H2O2). 3:1 and 5:1 ratios 

were tested and immersion time was varied from 30 min to 2 h. Coverslips were then collected and thoroughly 

rinsed with deionized water. The pH of the rinsing water was monitored until the achievement of a neutral 125 
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value in order to remove any residue of the strongly oxidizing solution. The cleaned substrates were dried with 

nitrogen and then immediately dipped into the silane solutions. Various reaction media were tested, namely 

ethanol, acetone and anhydrous toluene. In the latter case, particular care was taken to carry out the withdrawal 

of solvent under nitrogen atmosphere to minimize water contamination. The silane concentration ranged from 

0.014 M to 0.135 M. SAMs synthesis was carried out avoiding the use of glass for containers and instruments 130 

for manipulation so as to prevent the anchoring of the functionalizing agent onto the glassware walls. 

Silanization time varied between 15 min and 24 h, according to the considered reaction chemistry. Coverslips 

were then extracted and carefully rinsed with toluene, toluene: ethanol (1:1) and ethanol in order to remove 

any residue of solvents and unreacted species. Finally, blow-drying with nitrogen was performed. Few trials 

were dedicated to the investigation of SAM formation in a heated system. Activation and final rinsing were 135 

unaltered, whereas silanization was carried out for 4 h at 40 °C in a 0.054 M MPTMS solution. All the 

operations concerning the activation and the functionalization were performed under a fume-hood. In order to 

test the reproducibility of sample preparation, all samples were synthesized in triplicate by running distinct 

batches. 

 140 

Physico-chemical characterization of SAMs 

Contact angle 

The effectiveness of piranha treatment and successive functionalization was assessed by static contact angle 

analyses (MSE DigiDrop, GBX, France). A 3 μL drop was produced thanks to a manual dispensing apparatus 

and placed on the treated surface. All the measurements were carried out using HPLC-grade water. 145 

Reproducibility was tested by analyzing three samples obtained from distinct batches prepared following the 

same synthesis protocol. For each sample, contact angle was measured on four different spots of the surface, 

so that the final contact angle value resulted from the average of 12 measurements.  

 

Fourier Transformed InfraRed (FT-IR)  150 

Fourier Transformed InfraRed in Attenuated Total Reflectance mode (FT-IR ATR, Nicolet iS50, Thermo 

Scientific, Waltham, MA, USA) was applied to prove the presence of -OH groups on piranha-treated glass. A 
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Smart ITX diamond was used for collecting FT-IR spectra between 600 and 4000 cm-1 with 4 cm-1 resolution. 

64 scans per sample were run to obtain the final spectrum. Analyses were performed in triplicate. 

 155 

Atomic Force Microscopy (AFM) 

The surface topography was assessed via AFM (Solver NANO, NT-MDT Spectrum Instruments, Russia) in 

tapping mode. Scanned area was 1 x 1 μm2 and each scan consisted of 256 lines. Cantilever frequency was 0.8 

Hz and SiN4 tips were used. Gwyddion software (ver. 2.51, Czech Metrology Institute) was used to process 

the images after the analyses and calculate the average roughness (Rq) and the selected area difference (SAD). 160 

The analyses were performed in triplicate, and at least 3 measurements for each surface were carried out. A 5-

order polynomial fit was applied to all the collected images. 

 

Field Emission Scanning Electron Microscopy (FE-SEM) 

Scanning electron microscopy (FE-SEM, Merlin, ZEISS, Germany) analyses were performed in triplicate in 165 

order to investigate the superficial morphology. The samples were metallized with a thin platinum layer to 

minimize the alteration of the substrates imaging due to the coating. The tip current was 100 pA, the operating 

voltage was set at 3 keV, and the working distance was 2.2 mm. An InLens detector was used. 

 

Ellipsometry 170 

Thin film thickness was evaluated by ellipsometry techniques (alpha-SE, J.A. Woollam Co., Lincoln, NE, 

USA). For all the measurements, 65°, 70° and 75° angles between incident light source and detector were used. 

Firstly, a model describing the intensity of light as a function of wavenumber has been developed for the 

untreated substrate using CompleteEASE software (ver. 4.63, J.A. Woollam Co.). Knowing the refractive 

index (1.523), the thickness (0.15 mm) and the roughness (0.128 nm) of coverslips, a Cauchy model [46] has 175 

been implemented, and parameters such as complex refractive indexes and angle offsets for untreated glass 

were calculated by fitting experimental spectra. Then, for functionalized samples, layer thickness was 

calculated by setting the defined model for bare glass and fitting the refractive index and thickness of the 

additional Cauchy over layer. In every case, Mean Square Error (MSE) was below 2.5. Measurements were 
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carried out in triplicate and on three different spots per sample, in order to test sample and intra-batch 180 

uniformity. 

 

Surface Zeta Potential (SZP) 

Surface zeta potential was measured with a Dynamic Light Scattering-based technique (DLS, Zetasizer NANO 

ZS90, Malvern, Worcestershire, UK). SAM-functionalized coverslips were cut in pieces of about 4 × 6 mm2 185 

and attached onto a dedicated sample holder equipped with Pd electrodes. The sample was inserted into a 

disposable polystyrene cuvette filled with 1 mL of a standard microsphere latex acting as tracer. Tracer 

mobility was analyzed at different positions from the surface: 125, 250, 375, 500 and 1000 µm (the latter 

leading to the measurement of the zeta potential of the tracer itself). Analyses were performed on triplicates, 

and at least five measurements per sample were carried out. 190 

 

X-Ray Photoelectron Spectroscopy (XPS) 

The effective chemical functionalization of glass was explored by XPS (AXIS ULTRA, DLD Kratos 

Analytical, UK) equipped with a monochromatic Al Kα source (hν = 1486.6 eV) operating at 150 W. Wide 

scan spectra were recorded from 1100 to 0 eV binding energy in hybrid mode, “slot” aperture (400 x 700 µm2 195 

analysis area) and at 160 eV pass energy, whereas core level spectra were recorded using pass energy of 20 

eV. The take-off angle (ToA), respect to the sample normal, was 0° for survey and high-resolution (HR) 

spectra, whilst angle-resolved XPS analyses (AR-XPS) were performed at ToA = 45° and 73°. Operating 

pressure was 6 × 10-7 Pa. Surface charging was compensated using low energy (~5 eV) electrons and adjusted 

using the charge balance plate on the instrument. Three different spots were analyzed for each sample. All the 200 

spectra were processed with CasaXPS (ver. 2.3.20). Spectra were calibrated setting hydrocarbon C1s at 285.0 

eV. The surface composition was evaluated from the survey spectra, after a Tougaard U3-type background 

subtraction [47,48], using the relative sensitivity factors provided by the manufacturer. Peak fitting was 

performed with no preliminary smoothing. Symmetric Gaussian–Lorentzian (70% Gaussian and 30% 

Lorentzian) product functions were used to approximate the line shapes of the fitting components. 205 
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Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 

ToF-SIMS (ToF IV, ION TOF GmbH, Germany) was also employed to characterize samples' chemistry. The 

accelerating voltage of the liquid metal ion gun (LMIG) was 25 keV, Bi3
+ was employed as source of primary 

ions rastering over an area of 100 x 100 μm2. The analyses were performed in static conditions keeping the ion 210 

dose below 1012 ions/cm2. Acquisition time was 45 s, with a beam current of 0.5 pA and primary ion beam in 

pulsed mode. Positive mass spectra were collected while using an electron flood gun to dissipate surface 

charging. Spectra were collected on seven different spots per sample. CH+, CH2
+, CH3

+, C2H3
+, CHO+, C3H4

+, 

C3H5
+, C4H7

+ and C5H9
+ peaks were used to calibrate the positive spectra and a peak-list was created using the 

SurfaceLab software (ver. 6, IONTOF GmbH). Given the large number of peaks and spectra, Multivariate 215 

Analysis (MVA) methods were used to aid in the interpretation of the data by reducing the size of large data 

sets with a minimal loss of information [49–51]. The normalized intensities of all the peaks selected were 

loaded into the SimsMVA software [52]. Non-negative Matrix Factorialization (NMF) and Principal 

Component Analyses (PCA) were performed, providing endmembers in the case of NMF and principal 

components in the case of PCA. Scores and loadings are the typical outcome of PCA and NMF analyses. The 220 

scores describe the relationship between samples for each principal component/endmember, whereas the 

loadings provide information regarding how the variables (peak intensities) relate to each principal 

component/endmember [53,54]. 

 

 225 

Crystallization of aspirin on SAMs 

Aspirin was dissolved in 38/62 (v/v) ethanol/water to achieve a supersaturation equal to 1.8 considering 15 °C 

as crystallization temperature. The crystallization experiments were carried out in multi-well plates. One 

surface was placed at the bottom of each well and then the 0.22 µm filtered ASA solution was pipetted on top. 

The plates were then sealed and placed inside an in-house incubator under a stereomicroscope (M125C, Leica 230 

Microsystems, Germany) for the continuous and automated monitoring of the samples. The temperature was 

set at 15 °C and 48 wells were monitored during each trial.  
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Results and discussion 

A typical SAM wet synthesis is composed of three steps: substrate activation, SAM formation and final rinsing. 235 

Each step is crucial for the achievement of high-quality layers in terms of functionalization density, uniformity 

and reproducibility. Here, the effect of different functionalizing agents chemistries and synthesis parameters 

on the outcome of monolayer formation was investigated. Results emerged from macro and micro-

characterization are presented. 

 Proper surface activation generates active sites on glass surface for the bonding of silane molecules. 240 

The coverage of the surface with hydroxyl groups enables the successive condensation reactions with silanes 

methoxy groups. Inhomogeneous or non-optimized surface activation would lead to localized deposits of silane 

molecules, resulting in non-uniform and incomplete layers. Surface hydroxylation was achieved by immersion 

in piranha solution. 3:1 and 5:1 ratios between sulfuric acid and hydrogen peroxide were tested. Immersion 

time ranged between 30 min and 2 h. The water contact angle of untreated glass was 62.9 (+/- 5.4)°. For all 245 

the tested conditions, the surface was found to be markedly more hydrophilic after exposure to piranha 

solution. More specifically, the increase in incubation time resulted to be beneficial for the decrease in the 

hydrophobicity of the glass. On one hand, 30 min were not enough for the effective removal of contaminants, 

especially for solutions containing less H2O2. On the other hand, longer incubation times favored the 

reproducibility of the surface treatment, as highlighted by lower standard deviations. 5:1 ratio and 1 h as 250 

incubation time was found to be the best combination for achieving extremely hydrophilic surfaces, i.e., contact 

angle < 2°, and unaltered topography, as reported in Tables 1 and S1, respectively. The more aggressive 

oxidizing solution allows the achievement of extremely hydrophilic surfaces in 1 h, minimizing the time 

devoted to preliminary activation treatments.  

  255 

Table 1. Static contact angle of glass and relative standard deviation (Std Dev) as measured with HPLC water 

as probing liquid for different piranha ratios and hydroxylation times. 

H2SO4 : H2O2 

ratio 

Time, h Contact 

angle, ° 

Std Dev, ° 
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3 : 1 0.5 9.6 1.8 

3 : 1 1 6.1 3.3 

3 : 1 2 7.2 1.7 

5 : 1 0.5 17.1 6.7 

5 : 1 1 < 2 

5 : 1 2 < 2 

  

  

 The effectiveness of the piranha treatment in removing superficial organic contamination was 260 

assessed by XPS surveys, as depicted in Figure 1. The characteristic spectrum of untreated borosilicate glass 

showed strong O1s and Si2p peaks. The C1s peak observed on untreated samples was related to superficial 

hydrocarbon contamination. After the incubation in piranha solution, the atomic percentage of carbon was 

more than halved, decreasing from 19% down to about 8% (Table S2). The structure and the chemical 

composition of the bulk glass was not altered by the treatment. As shown in Table 2, the O/Si ratio, before and 265 

after piranha, was unaltered. Moreover, we analyzed the C1s region of glass by HR-XPS. As can be seen in 

Figure S1 and Table S3, a strong decrease in the C-C component was observed, along with an increase of 

almost three times in K2p atomic composition. This result proved the reduction of the thickness of 

contaminants layer since potassium can only be found in the bulk glass. Other elements like zinc, aluminium 

and titanium had also been detected in XPS surveys, as they are present as oxides impurities in the glass. 270 

However, their overall at% was below 3% as illustrated in Table S2, where the atomic compositions of all the 

samples are reported. Moreover, the presence of hydroxyl groups on the surface was confirmed by ATR FT-

IR analyses, showing the typical broad shoulder of surface bonded -OH groups extending from 3200 cm-1 to 

3600 cm-1, as shown in Figure S2. The shoulder was detectable only in the piranha-treated samples, confirming 

that the signal was not only due to adsorbed water molecules from the atmosphere.   275 
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Figure 1. XPS surveys of (a) untreated and (b) piranha-cleaned glass recorded at ToA = 0 °. The peaks typical 

of bulk elements of borosilicate glass are highlighted. Atomic compositions are detailed in Table S2. 

 

 Once the effectiveness of the surface activation process has been demonstrated, the anchoring of 280 

various functionalizing agents onto the activated surfaces was studied. Firstly, 3-

mercaptopropyltrimethoxysilane was designated as model molecule in order to optimize the synthesis 

conditions. Particular attention was devoted to the selection of the solvent employed as reaction medium. 

Ethanol, acetone and anhydrous toluene were tested. For the experiments, the incubation time was 15 h and 

the concentration of silane was 0.054 M. The effectiveness of the synthesis of the functionalized surface was 285 

first tested upon its superficial composition by XPS investigation. The analyses pointed out major differences 

among the samples as illustrated in Table 2, reporting the characteristic element ratios. Among all the elements 

detected, only sulfur was peculiar to the organic layer, whereas silicon and oxygen may refer either to bulk 

glass or to unreacted methoxy groups of the silanes. As regards carbon, the main contribution was due to the 

introduction of the propylic chain, but superficial contamination could not have been excluded. For the piranha-290 

cleaned substrate, C/Si and O/Si were 0.32 and 2.57 respectively. Such ratios were found to decrease in all the 

samples undergoing a silanization treatment. However, the S/C ratio showed that the reaction medium plays a 

fundamental role on the synthesis outcome. Theoretically, the ideal S/C ratio is equal to 0.33, as one sulfur 

atom and three carbon atoms are present per MPMTS molecule. It can be seen that surfaces prepared using 

ethanol resulted in the farthest condition from the ideal ratio, followed by acetone. On the other hand, 295 

anhydrous toluene led to ratios closer to the desired ones, and the discrepancy between the ideal and the actual 
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S/C ratio was attributed to adventitious carbon contamination on the surface. These evidences were 

corroborated by contact angle measurements, showing a markedly less hydrophobic behavior for ethanol and 

acetone-based samples (water contact angle less than 40°). Conversely, the contact angle was 65.7° when 

anhydrous toluene was employed, confirming the anchoring of organic hydrophobic matter on the surface (see 300 

Table 2). Polar solvents were therefore found to be deleterious for getting high-quality thiol-terminated SAMs, 

as they may contain large amounts of water which, in turn, would favor intra-silanes polymerization at the 

expense of proper surface anchoring. Such an effect is emphasized when a polar protic solvent such as ethanol 

is employed: the number of -OH groups of the solvent by far exceeds that of the hydroxylated surface, masking 

the surface contribution to the condensation reaction. This may result in areas characterized by different 305 

amounts of anchored silanes or local deposits, as confirmed by the high standard deviation values of contact 

angle for these samples.  

 

Table 2. Water contact angle (standard deviation in brackets) and characteristic element ratios (S/Si, C/Si, 

O/Si and S/C) as evaluated from XPS surveys (ToA = 0°). Data refer to untreated and piranha-cleaned glass 310 

and thiol-functionalized surfaces obtained with different sets of synthesis conditions. Solvent study involved 

ethanol, acetone and anhydrous toluene. Silane concentration study involved anhydrous toluene as reaction 

medium and concentration range from 0.054 to 0.135 M. 

Solvent Concentration, M Contact angle, ° S/Si C/Si O/Si S/C 

Untreated glass 62.9 (5.4) - 0.87 2.54 - 

Piranha-cleaned glass < 2 - 0.32 2.57 - 

Ethanol 0.054 38.9 (4.9) 0.03 0.59 2.72 0.04 

Acetone 0.054 33.4 (2.2) 0.06 0.58 2.80 0.10 

Toluene (an.) 0.054 65.7 (1.7) 0.14 0.82 2.60 0.17 
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Toluene (an.) 0.027 63.2 (1.5) 0.15 1.47 2.37 0.10 

Toluene (an.) 0.135 70.5 (2.1) 0.34 2.18 2.20 0.16 

Toluene (an.) 

T = 40 °C 

t = 4 h 

0.054 73.7 (3.5) 0.02 0.64 3.01 0.03 

 

The presence of characteristic elements, i.e., sulfur and carbon, on the surface and their chemical state 315 

were investigated by XPS for the toluene-based sample. Successful functionalization was firstly confirmed by 

XPS survey scans, as reported in Figure 2 (a). The comparison with the survey spectrum of piranha-cleaned 

glass evidenced the presence of sulfur related peaks, S2s (~230 eV) and S2p (~ 164 eV), and the increase of 

C1s concentration, because of the addition of the propylic chain on the surface. The expected stoichiometry of 

unbound and bound silane molecules is reported in Table S4. The ideal composition of bound MPTMS and 320 

the actual composition of the sample, reported in Table S2, were first compared. The presence of a strong 

excess in silicon and oxygen denoted a significative contribution of glass elements to the overall signal. Such 

a finding corroborated the hypothesis of functionalization occurring in an extremely thin layer; further details 

will be provided later on. Also, taking into account carbon deriving from surface contamination, the residual 

carbon was related to the propylic chains of SAM. HR-XPS of C1s, reported in Figure 2 (b), evidenced two 325 

components: a major one at 285.0 eV related to the SAM hydrocarbon chain and a minor one at 286.5 eV 

attributable to C-O bonds [55]. The latter has been related to the presence of some residual unreacted methoxy 

groups of silanes. During progressive surface coating and consequent decay of  hydroxylation, it is increasingly 

difficult for such groups to act as exit groups and participate to the condensation reaction. Nevertheless, the 

ideal anchoring of silanes to the glass surface by means of three covalent bonds is not feasible because of 330 

energetical issues. Bond strain limit the actual number of bonds to just one or two, and MPTMS cross-

polymerization was supposed to contribute to the layer stability [56]. Also, the incomplete conversion of 

MPTMS could be ascribed to the presence of adsorbed or embedded silane molecules in the organic overlayer 

after the rinsing step. Moreover, C1s region shows two other minor peaks attributed to the K2p doublet. 

Additional AR-HR-XPS analyses were carried out in order to confirm the confinement of MPTMS to the very 335 

superficial layers of glass. As potassium is present exclusively in the glass substrate, it can be used as reference 

to assess the confinement of functionalization to the upper layers of the sample. As can be seen in Figure 2 (c), 
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increasing ToA led to an increase in C1s relative at% and a correspondent decrease in K2p at%. At 73°, K2p 

signal was barely detected since, in this configuration, the quantity of collected photoelectrons coming from 

the bulk of the sample is strongly reduced, favoring those coming from the surface of the sample. As regards 340 

sulfur, HR-XPS in Figure 2 (d) revealed the typical main peak splitting of metal ions at 162.8 and 164.1 eV, 

with the minor one being half of the major one. The S2pox component at 168.4 eV was 13.8%, indicating a 

partial oxidation of the SAMs head groups [55].  

XPS analyses represent a useful tool to demonstrate the confinement of functionalization within very 

few layers on the surface [57–61]. In order to estimate the number of layers of silane molecules attached onto 345 

the surface, the organic film thickness was calculated starting from XPS data. Two models based on the 

Electronic Attenuation Length (EAL) and the thickogram approaches were considered [62,63]. As regards the 

first model, the thickness resulted to be 0.75 (+/- 0.01) nm. EAL was set at 0.48 nm for Si in the adlayer, as 

calculated from the NIST database [64]. 18 valence electrons were considered for the adlayer, the 

photoionization asymmetry parameter β was set at 1.03, and band gap was 2.5 eV. On the other hand, the 350 

thickogram graphical model resulted in SAM thickness equal to 0.80 nm (precision  ̴ 1%). S2s and Si2p peaks 

were identified as peculiar of the overlayer and the substrate zones, and data referring to ToA = 0° were 

considered. Relative sensitivity factors were 1.41 and 1.18 for sulfur and silicon, and the respective kinetic 

energies were 1258.6 and 1383.6 eV. Both thickness values obtained with EAL and thickogram models were 

slightly smaller than the theoretical length of MPTMS molecules, i.e., 0.9 nm [65], since the bonding of silane 355 

molecules to the surface required the loss of methoxy groups. Thus, the proposed synthesis protocol can 

precisely control the functionalization of the glass and confine it to a densely packed monolayer. 
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Figure 2. XPS survey of (a) thiol-functionalized glass at ToA = 0 °; (b) HR-XPS (ToA = 0°) of C1s peak and 

components fitting; (c) AR-HR-XPS of C1s normalized peaks at ToA = 0° (black), 45° (red) and 73° (blue); 360 

(d) HR-XPS (ToA = 0 °) of S2p peaks. All the HR-XPS fittings were performed with GL30 functions after U3 

Tougaard background subtraction. 

 

  Topographies of bare and MPTMS functionalized glass were obtained from AFM and turned out to 

be essentially unaltered, as shown in Figure 3 (a) and (b). The average roughness was around 130 pm in both 365 

cases, pointing out that the surface modification occurred in a uniform fashion, without localized clusters of 

polymerized silane molecules or incomplete surface coverage by the organic layer. Furthermore, FE-SEM 

analyses of the metallized samples did not highlight any surface discontinuity. These results confirmed the 

suitability of the proposed synthesis protocol in leading to uniform superficial functionalization.  
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 370 

Figure 3. AFM topographies of (a) untreated and (b) thiol-functionalized glass. FE-SEM micrograph (c) of 

thiol-functionalized glass. Scale bar is 200 nm. 

 

 Once the optimal reaction medium was selected, the influence of two other process parameters on the 

synthesis outcome was investigated, namely the concentration of silane and the reaction temperature. As 375 

reported in Table 2, halving MPTMS amount in solution had a marginal impact on the contact angle and 

element ratios, whilst doubling the concentration led to higher contact angles and higher C/Si and S/Si ratios. 

The functionalization effectively occurred, as confirmed by the hydrophobic behavior of the surface, but C1s 

at% increased. This result likely related to the presence of surface islands of polymerized silanes, resulting 

from the excessive number of MPTMS molecules in solution. Thus, 0.054 M MPMTS was selected as the 380 

optimum since it led to the smaller standard deviations in at%, pointing out more uniform surface composition. 

A reservoir of silanes in solution is beneficial since the interaction with the surface is enhanced and bonding 

can be promoted before the decay of labile superficial hydroxylation. Lastly, higher contact angle values were 

obtained for the samples prepared heating the system at 40 °C for 4 h. The atomic composition showed major 

variations, S/C ratio being dramatically smaller. Moreover, HR-XPS of S2p region pointed out that 70% of the 385 

sulfur introduced on the surface was in the oxidized state, as reported in Figure S3. Reaction kinetics is 

enhanced by temperature but heating the system was found to be detrimental to the achievement of controlled 

synthesis conditions. The creation of disulfide bridges or other side reactions may have occurred between the 

sensitive thiol groups.  

 Successively, we used XPS to follow the reaction kinetics of MPTMS and APTMS. The relative 390 

concentrations of silicon, carbon and characteristic element of the adlayer (sulfur or nitrogen) as a function of 
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reaction time are reported in Figure 4. In both cases, the element characterizing the bulk of the sample, i.e., 

silicon, progressively decreases with time, whereas the elements peculiar to the adlayer, i.e., carbon and 

sulfur/nitrogen, showed an opposite trend. This was the result of the ongoing surface modification of the 

substrate by propane-thiol and propane-amino chains. However, despite the common general trend, a 395 

remarkable difference in the reaction kinetics of the two agents has been noticed. The coverage of glass surface 

by propane-thiol chains appeared to be slow and proceed smoothly, whereas propane-amino chains started to 

extensively bind to the surface in a shorter time, as proved by the sharp variation of chemical species in less 

than 1 h. The kinetics of assembly is known to be a 2-step process: diffusion-controlled adsorption and slow 

crystallization [1]. For thiol-SAM, the process turned out to be governed by the initial diffusion and anchoring 400 

of silanes to the active solid-liquid interface. The SAM formation was completed after 15 h, as all the 

concentrations reached a plateau. Conversely, amino-SAM formation was more difficult to control. Taking as 

reference the plateau values of Si2p, C1s and S2s concentrations of the previous case, the amino-SAM 

formation was achieved in less than 30 min. This reference could only be made as the two functionalizing 

molecules displayed exactly the same chemistry, except for one atom. Unlike thiol-SAMs, longer reaction 405 

times led to multilayering of the amino-silane over glass and thus were deleterious for the controlled 

functionalization of the surface. Finally, a plateau was reached, but the relative amount of carbon was more 

than three times higher than thiol-SAM. This result was corroborated by AFM analyses of excessively amino-

functionalized glass, embedded in Figure 4 (b). The topography was found to be extremely irregular, with local 

deposits higher than 100 nm resulting from the uncontrolled polymerization of APTMS. These findings agreed 410 

with the ToF-SIMS analyses performed on the same samples. Spectra of the positive fragments were collected 

and then processed with NMF. Two endmembers were identified, one relative to the untreated glass and one 

representative of the last point of the kinetic curves. The scores showed the relationship of the endmembers 

with each sample and followed the same trend of XPS analyses, reported in Figure 4 (a) and (b). 
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 415 

Figure 4. Kinetics of self-assembly of (a) thiol and (b) amino-terminated SAMs on pre-activated glass as 

evaluated from XPS survey scans. The relative concentrations of silicon, carbon, and sulfur or nitrogen are 

reported as a function of time. Embedded in panel (b) is the topography of an amino-functionalized glass 

prepared with a reaction time of 15 h, as measured with AFM. NMF analysis of ToF-SIMS spectra for (c) thiol 

and (d) amino-terminated SAMs synthesized with different reaction times. 420 

 

 The adjustment of the APTMS amount in solution for achieving control over the APTMS self-

assembling process was also tested. All the samples were prepared keeping the reaction time at 15 h, while the 

concentration of silane was progressively reduced from 0.054 to 0.014 M. The samples were analyzed by XPS, 

see Table S5. As can be evinced, the manipulation of APTMS concentration was not efficient for gaining 425 
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control over the assembly process. The high C/Si ratio denoted an excess of carbon which was attributed to 

the presence of polymerized silane over the surface. Therefore, the reaction time turned out to be the key 

parameter for forcing the surface functionalization into a monolayer. More specifically, the optimal conditions 

were 0.054 M APTMS and 30 min as reaction time. 

Two other silanes were considered to validate the synthesis protocol, namely 3-430 

glycidyloxypropyltrimethoxysilane (GPTMS) and 3-(trimethoxysilyl)propylmethacrylate (TMSPM). 

Optimized synthesis involved concentration equal to 0.054 M and 15 h as reaction time for both silanes. 

Representative HR-XPS spectra of C1s regions are reported in Figure 5 to prove the effectiveness in anchoring 

the desired silanes. Details of relative at% of each component are reported in Table S6. In general, the C1s 

peak was fitted with the two components already discussed for MPTMS. However, significative differences 435 

linked to specific silane chemistry were highlighted. For APTMS SAMs, additional components relative to 

C=O and COO-H/R bonds at 288.0 eV and 288.9 eV were detected, indicating high sensitivity of the surface 

to external contamination. This aspect will be further discussed thanks to contact angle analyses. TMSPM 

SAMs displayed an intense COO-H/R component (about 9% of the C1s peak) attributed to the presence of 

methacrylate terminal groups. Finally, for GPTMS SAMs, the ratio between C-C (285.0 eV) and C-O (286.7 440 

eV) components was around 0.6 because of the larger number of ether bonds coming from glycidyloxy terminal 

groups. Moreover, C-O and COO-H/R components were characterized by a slight binding energy shift 

compared to the previous samples (+0.1 eV and +0.2 eV respectively). In every case, K2p doublet was 

detected, suggesting that the functionalization occurred in thin layers. 

 445 
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Figure 5. HR-XPS of C1s region of (a) amino, (b) methacrylate and (c) glycidyloxy-terminated SAMs 

recorded at ToA = 0°. Peak components are detailed in Table S6. 

 

To confirm the hypothesis of a thin functionalized layer, the ellipsometry technique was selected. The 450 

results concerning the calculated SAMs thicknesses and refractive indexes (nSAM) are collected in Table 3. The 

height of organic layer turned out to be congruent with the theoretical molecule length, being around 1 nm for 

all the silanes. As regards MPTMS SAM, the thickness values obtained by ellipsometry (0.75 nm) were in 

good agreement with those obtained by XPS (0.80 nm). Such an evidence further corroborated the effective 

monolayer formation.  455 

 

Table 3. Refractive indexes of silanes and adlayer, SAM thickness and packing factors as calculated from 

ellipsometry.  

Sample Thickness, nm nSAM, - nmol, - fmol, % 

MPTMS 0.75 1.443 1.444 99.8 

APTMS 0.76 1.429 1.424 100 

TMSPM 0.83 1.350 1.431 81.2 

GPTMS 0.90 1.423 1.429 98.6 

 

The refractive index of the adlayer, nSAM, was evaluated in order to calculate the packing factor of the organic 460 

layer, fmol: 

𝑓𝑚𝑜𝑙 =
𝑛𝑆𝐴𝑀−𝑛𝑎𝑖𝑟

𝑛𝑚𝑜𝑙−𝑛𝑎𝑖𝑟
                                                                          (1) 

Knowing the refractive indexes of air, nair = 1.00027, and silane molecules, nmol as declared by the chemicals’ 

manufacturer, one can estimate and compare the packing behavior of different functionalizing agents. The 

silanes having terminal groups with limited steric hindrance displayed the highest degree of packing, equal to 465 
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99.8 and 100% for thiol and amino groups, respectively. fmol slightly decreased for GPTMS SAM, whereas it 

dropped for TMSPM ones. This result was attributed to the conformation of the silane molecules, ranging from 

"slim" thiol and amino groups, to bolder epoxy and methacrylate substituents. Lastly, fmol was also calculated 

for selected samples of the MPMTS kinetics of assembly study. The packing factor progressively increased 

when approaching the plateau conditions: at t = 1 h, fmol was equal to 67%, whereas it reached almost 100% 470 

after 15 h of silanization time.  

Table 4 illustrates the results obtained from static contact angle and surface zeta potential 

measurements of the reference samples for each surface chemistry considered in this study. The contact angle 

values reported in literature are quite polydisperse as regards silane-based SAMs [66,67]. As a general trend, 

the introduction of a propylic chain bearing some terminal groups increased the hydrophobicity of the surface, 475 

the contact angle being higher than 60° for most of the samples. A different behavior was noticed for the 

amino-SAM, whose contact angle was significantly smaller, i.e., around 34°. This was attributed to the 

tendency to protonation of the amino exposed groups in presence of water [68]. However, it has to be 

underlined that this result was observed only when performing the measurement immediately after the 

synthesis. The contact angle would increase already after 10 hours, reaching values higher than 80° after a 480 

week. The electrostatic forces acting on the SAM were believed to be responsible for this behavior. In fact, 

among all the analyzed samples, only amino-SAMs had a positive surface zeta potential (Table 4). As a 

consequence of the positive charges on the surface, the adsorption of impurity particles from the atmosphere, 

which are usually negatively charged, would be enhanced. This may result in the alteration of the SAM 

chemistry and morphology, leading to an out-of-specs surface. All the other SAMs displayed a negative or 485 

neutral surface zeta potential and a stable contact angle value over time. 

 

Table 4. Water contact angle, surface zeta potential and relative standard deviations of untreated glass and 

SAMs carrying different head groups. 

Sample Contact angle, ° Std dev, ° SZP, mV Std dev, mV 
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Untreated glass 62.9 5.4 -14.6 3.9 

MPTMS 65.7 1.7 - 42.3 2.1 

APTMS 33.8 2.6 + 14.9 4.9 

TMSPM 65.4 1.7 - 21.3 2.5 

GPTMS 62.8 1.5 -24.7 3.9 

 490 

Finally, ToF-SIMS analyses of untreated and MPMTS, APTMS and TMSPM functionalized glass 

were performed. For this part of the study, all the samples were prepared with 0.054 M silane in anhydrous 

toluene at room temperature for 15 h. Representative spectra of positive fragments are reported in Figure S4, 

whereas the results emerged from NMF and PCA analyses of ToF-SIMS data are shown in Figure 6. Because 

of the NMF processing, spectra relative to the same sample were successfully grouped and separated. The 495 

alteration of surface chemistry in an identifiable manner was demonstrated as surface chemistries were 

successfully isolated in the endmember space by NMF. Moreover, by performing PCA on the samples’ spectra, 

the components responsible for the larger differences between samples were isolated. As can be seen in Figure 

6 (b), the characteristic fragments were those involving mainly carbon, sulfur and nitrogen. The characteristic 

elements were present in fragments involving carbon since cationization had extracted them as bound to a 500 

hydrocarbon tail. As a general trend, the most intense peaks of untreated glass were related to short 

hydrocarbon chains (C ≤ 6), attributable to surface contamination. For MPMTS, APTMS and TMSPM, shorter 

hydrocarbon fragments were the most significant ones, with a predominance of light hydrocarbon fragments, 

as expected considering the presence of propylic chains on the surface.  
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 505 

Figure 6. (a) NMF and (b) PCA analyses of ToF-SIMS positive spectra of untreated glass, MPTMS, APTMS, 

and TMSPM functionalized glass. All the samples were prepared with 0.054 M silane in anhydrous toluene 

and reaction time = 15 h. 

 

 Our SAMs were designed to tackle the crystallization of biomolecules and drugs and, in particular, 510 

their nucleation step. As proof of concept, the crystallization of a small molecule drug, namely aspirin (ASA), 

is here presented. The cumulative probability of observing nucleation events on untreated glass, thiol, and 

amino SAMs is sketched in Figure 7. The presence of surfaces carrying different functionalizations strongly 

affected the time needed to observe the first crystals. Compared to untreated glass, which was taken as a blank, 

amino SAMs had a strong promotion effect over ASA crystallization. Conversely, thiol SAMs were found to 515 

act as nucleation inhibitors. Both SAMs halved the time elapsed between the setting of the experiment and the 
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onset of nucleation, compared to the blank. However, amino SAMs boosted nucleation and led to 100% 

probability of finding crystals in each crystallizer. Thiol SAMs, on the contrary, strongly inhibited the 

nucleation step, decreasing the cumulative probability to 30%. Therefore, the ability of the presented SAMs in 

affecting the nucleation of pharmaceuticals was demonstrated. 520 

 

Figure 7. The cumulative probability of finding ASA crystals on untreated glass, APTMS and MPTMS SAMs 

as a function of time. 

 

 525 

Conclusion  

In this paper, the development and optimization of a single protocol for the synthesis of four high-quality 

SAMs was presented. The control of the functionalization step of pre-activated glass was achieved by tuning 

synthesis parameters such as reaction medium, silane concentration, reaction time, and temperature. The 

optimal set of process conditions was found to be dependent on the silane terminal group, with reaction time 530 

being the most affected parameter. In this scenario, the kinetics of self-assembly of thiol and amino-terminated 

silanes was deeply investigated. XPS and ToF-SIMS pointed out the same temporal evolution of surface 

chemistry modification. The monolayer conditions were achieved in 15 h and 30 min for thiol and amino-

terminated silanes, respectively. Moreover, High Resolution and Angle-Resolved XPS confirmed the expected 

chemical state of the elements and the extremely thin layer introduced by the surface modification. For 535 
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example, the thickness of the MPMTS SAM was 0.8 nm, as calculated by XPS and confirmed by ellipsometry. 

The surface functionalization involved a single layer of silane molecules. The proposed synthesis protocol 

enabled the creation of SAMs exposing different functional groups on glass, thus tailoring its wettability and 

electrostatic properties without altering its topography. Since the superficially exposed chemistry is the only 

variable among the samples, our SAMs represent an ideal platform for probing the molecular interactions 540 

between surfaces and molecules in solution during a crystallization process. SAMs could effectively control 

the nucleation kinetics of aspirin, acting as promoters or inhibitors. As a step further, the controlled 

crystallization of proteins on SAMs will be presented in an upcoming study. 

 

Abbreviations 545 

AFM, Atomic Force Microscopy; APTMS, 3-aminopropyltrimethoxysilane; AR, Angle-Resolved; ASA, 

aspirin; ATR, Attenuated Total Reflectance; DLS, Dynamic Light Scattering; EAL, Electronic Attenuation 

Length; FE-SEM, Field Emission Scanning Electron Microscopy; FT-IR, Fourier Transformed InfraRed; 

GPTMS, 3-glycidyloxypropyltrimethoxysilane; HR, High Resolution; LMIG, Liquid Metal Ion Gun; 

MPTMS, 3-mercaptopropyltrimethoxysilane; MSE, Mean Square Error; MVA, Multi Variate Analysis; NMF, 550 

Non-negative Matrix Factorialization; PCA, Principal Component Analysis; SAD, Selected Area Difference; 

SAM, Self-Assembled Monolayer; Std Dev, Standard Deviation; SZP, Surface Zeta Potential; ToA, Take-off 

Angle; ToF SIMS, Time-of-Flight Secondary Ion Mass Spectrometry; TMSPM, 3-

(trimethoxysilyl)propylmethacrylate; XPS, X-Ray Photoelectron Spectroscopy;  

 555 

Nomenclature 

fmol, packing factor; nair, air refractive index; nmol, molecule refractive index; nSAM, SAM refractive index; Rq, 

surface roughness. 
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