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Abstract 

 This work evaluates the efficiency of silanization and phosphonation reactions for the grafting 

of alkyl chains on the surface of titanium treated by nanosecond laser. The light blue squama-like oxide 

layers with dominating anatase and rutile were obtained. The silanization using alkoxysilanes with C12 

and C18 alkyl chains was attempted in tetrahydrofuran, in pure liquid phase and in vapor phase. The 

phosphonation with octylphosphonic acid was performed in boiling water solutions. The obtained 

surfaces were characterized by Raman and  X-ray photoelectron spectrometry, scanning electron 

microscopy and energy dispersive X-ray spectroscopy. Their hydrophobicity was evaluated using static 

contact angle measurements. 

The modification in pure liquid silane and in vapor phase allowed obtaining high loadings (6 and 

10 at.% Si respectively) of grafted groups and the formation of polycondensed silane layers. The 

silanization in tetrahydrofuran resulted in partial monolayer coverage. The phosphonation in boiling 

water solutions allowed obtaining significant P loading (up to 7 at.%) and full monolayer coverage. Both 
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silanization and phosphonation increased the hydrophobicity of laser-treated surfaces.  However, the 

modification with octylphosphonic acid in water solutions is more appropriate since milder conditions 

of chemical functionalization and lower concentrations of the modifier are necessary to obtain similar 

organic loading and hydrophobicity. 

Keywords: laser surface treatment, titanium oxides, silanization, phosphonation  

 

1. Introduction 

The covalent grafting of organic molecules to the surface of titanium oxide films opens interesting 

perspectives for the creation of novel materials for electronics, solar cells, sensors, biomaterials, self-

cleaning surfaces, surface-tension-controlled microfluidic devices, implants with enhanced 

biocompatibility [1,2], photocatalytic supports [3] and so on. The existence of a stable native oxide film 

on the surface of titanium and its alloys allows the direct chemical functionalization of the metallic 

surface.  Dahany et al. [4] characterized the self-assembled monolayers (SAM) of various diphosphonic 

acids as a stable interface system for the immobilization of biological molecules on the surface of 

titanium. Adden et al. [5] described the multi-step binding of amine-containing molecules on titanium 

surfaces for enhanced biocompatibility. Viornery at al. [6] demonstrated the increase of calcium 

phosphate deposition on the surface of titanium functionalized with tri- and tetra- phosphonic acids, 

which improves adhesion between bone and titanium-based implants. For the prevention of implant-

associated infections, Vaithilingam et al. [7,8] performed bonding of drug molecules to phosphonic 

SAM layers formed on titanium parts fabricated by selective laser melting.   

As the bonding of organic molecules to the native oxide layer happens mainly through the 

interaction with Ti-OH groups, the formation of more developed oxide layer allows increasing the 

organic loading during the chemical functionalization. Micrometric oxide films can be created on the 

surface of titanium and its alloys by thermochemical or wet oxidation, electrochemical deposition, laser 

materials processing, physical vapor deposition etc. The nanosecond laser treatment of titanium surfaces 

allows creation of well-developed oxide layers having complex micrometric patterning [9,10,11,12] that 

cannot be obtained by common electrochemical and thermal oxidation methods. High precision energy 
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supply associated with flexibility of scanning paths, pulse frequency, beam energy etc. allows producing 

localized oxide layers of various nature, thickness and morphology [13,14, 15]. The controllable and 

reproducible roughness of such oxide surfaces can from one hand tune the wetting properties through 

the formation of air micro-pockets in the micrometric grooves, and from another hand promote polymer 

adhesion of due to the enhanced mechanical interlocking during the fusion joining processes [16,17]. 

The use of laser processing is also time-saving compared to the classical oxidation in the furnace and 

induces very local heating of the product.    

In case of maximum oxygen insertion, associated with high fluence of laser radiation, titanium 

oxide films have a stratified structure composed by superficial Ti(IV) and Ti(III) oxide nanoparticles 

and by compact layers, where stoichiometric Ti(IV) and Ti(III) oxides are progressively replaced by 

sub-stoichiometric oxides and oxynitrides [14, 18,19].  

The covalent immobilization of organic molecules on metallic and oxide surfaces is a flourishing 

field of modern surface chemistry. Two main groups of chemical modifiers were successfully applied 

for the functionalization of TiO2 powders and films: organosilanes and phosphonic derivatives. Both 

allow attaining the similar density of grafted groups (4-5 groups/nm² [2, 20]), however, phosphonic 

derivatives usually show higher affinity to titanium oxide compared to silanes [2] and form Ti-O-P 

bonds that are more stable to hydrolysis over a wide pH range compared to Si-O-Ti bonds [20]. Another 

important difference between these two groups of modifiers consists in the exclusive formation of 

heterocondensed (Ti-O-P) bonds leading to the creation of self-assembled monolayers for the 

phosphonic derivatives, whereas during the immobilization of silanes, the heterocondensation with the 

surface (Si-O-Ti) concurrences with homocondensation (Si-O-Si) associated with the formation of thick 

polycondensed layers, especially in presence of water [20]. Along with standard silanization procedures 

in organic solvents [1,2,21], the creation of silane layers can be also performed in vapor phase [22], 

whereas the phosphonation is usually performed in water solutions [3]. Both kinds of modifiers have a 

wide range of commercially available products with different functional groups.  

The organic layers covalently bonded to the laser-oxidized titanium surface can enhance the 

adhesion in titanium/polymer joints currently finding many novel applications in microelectronics [23], 

microfluidics [24], aerospace [25] and automotive lightweight design [26,27] and so on. As polymers 
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and metals have very different physical properties, their bonding is usually based on the mechanical 

interlocking, when a melted polymer solidifies in the micrometric pattern previously created on the 

metallic surface [16]. The nature of the chemical interaction between a melted polymer and titanium 

surface has little studied. Kondoh et al. have reported XPS analysis showing the formation of Ti-C and 

Ti-F bonds in laser assembly of poly(vinylidene fluoride) [23] and Teflon [24] with titanium for 

microelectromechanical systems, and a high-temperature assembly of polyamide66 with titanium where 

the presence of C=O bonds at the metal/polymer interface was related to improved bond strength [27]. 

Tan et al. [28] recently demonstrated the positive effect of a grafted aminosilane layer on the adhesion 

of  carbon fiber reinforced polyether-ether-ketone (PEEK) to the titanium surface oxidized by micro-

arc, due to the formation of hydrogen bonds between the aminogroups and the polymer chains. 

  The covalent chemical modification of the titanium surface oxidized and patterned by laser 

processing would create a resilient hybrid organic-inorganic interface, where the chemical affinity to 

the polymer can be controlled by the choice of tailored groups. To obtain the maximal effect on the 

polymer adherence, such hybrid interface should have uniform and maximal possible loading of grafted 

groups. Some recent studies [10,11] report the silanization of laser-processed titanium surfaces by 

dipping in diluted ( 1 mM) organic solutions followed by drying at high temperature. However, no 

studies on the phosphonation of laser-treated titanium surfaces are available.  

The aim of the present work is to produce covalently grafted organic layers with maximum 

modifier loading on the surface of titanium treated by nanosecond laser, in view of future development 

of robust solutions enhancing the adhesion strength during bonding with polymers. The efficiency of 

silanization and phosphonation reactions was evaluated. The silanization using alkoxysilanes with C12 

and C18 alkyl chains was attempted in boiling tetrahydrofuran (THF) solution, in pure liquid phase and 

in vapor phase, whereas phosphonation with octylphosphonic acid was performed in boiling water 

solutions. The modified surfaces were characterized by Raman spectroscopy, X-ray photoelectron 

spectrometry (XPS) and scanning electron microscopy (SEM) coupled with energy dispersive X-ray 

spectroscopy (EDS). The hydrophobicity of the surfaces was evaluated using static contact angle 

measurements.   
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2. Materials and methods 

2.1. Materials and chemicals 

1 mm thick Grade 1 ASTM B265 titanium plates by GoodFellow cut into 1 cm x 1 cm squares 

were used as substrates. Technical grade dodecyltriethoxysilane (DDTES) and 

octadecyltrimethoxysilane (ODTMS) by Sigma Aldrich were used in the silanization experiments. A 

97% pure octylphosphonic acid (OPA) by Sigma Aldrich was used for phosphonation experiments. A 

99.8% pure tetrahydrofuran (THF) by Honeywell and distilled water were used as solvents. 

2.2. Surface laser treatment  

Titanium samples previously polished down to 600-grit with SiC paper were treated in ambient 

atmosphere using a double frequency pulsed neodymium-doped yttrium aluminum garnet (Nd:YAG) 

laser Kaluti System (=532 nm) with Gaussian energy distribution, spot diameter of 60 µm and pulse 

time of  5 ns. On the basis of previous work [29], the average beam power was fixed to 1.7 W, pulse 

frequency to 10 kHz and scanning speed to 12 mm/s. Linear scan lines applied in back-and-forth 

directions were spaced by 10 µm and formed a total surface of 1 cm². In the preliminary experiments, 

spacings of 20 and 50 µm were also tested, however, they demonstrated lower oxygen insertion and 

silane loading (using Si-V modification scheme, see section 2.3). 

Prior to chemical modification, in order to remove free or weakly-adhered oxide particles, the 

plates underwent 10 min ultrasound cleaning (US) in ethanol followed by 30 min drying at 90°C.  

2.3. Chemical functionalization  

The silanization was attempted through three different approaches: 

 samples Si-V were suspended above the pure boiling ODTMS (Tboil = 170°C) in a 50 ml single-neck 

flask equipped with a reflux condenser and contacted the silane vapors for 6 h; 

 samples Si-D were covered with a droplet of pure DDTES (Tboil = 234°C) and heated to 90° for 2.5 h 

in ambient atmosphere; 

 samples Si-S were immerged in a 5.6 mM solution of DDTES in THF (Tboil = 66°C) in a 50 ml 

single-neck flask equipped with a reflux condenser and boiled for 6 h. 
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The phosphonation with OPA was performed in a 50 ml single-neck flask equipped with a reflux 

condenser, in boiling water solutions with increasing OPA concentration for the duration of 6 h: 5.6 mM 

(sample P5.6), 10 mM (sample P10), 16.8 mM (sample P16.8), 50 mM (sample P50) and 100 mM 

(sample P100).  

After chemical functionalization, all samples were washed with ethanol and dried for 30 min in 

ambient atmosphere at 90°C. 

2.3. Characterization methods 

Topography observations and elemental analysis were performed using a scanning electronic 

microscope JSM-6610LA (Jeol), equipped with an EDS analyzer operating at 20 kV.  

XPS measurements with a K1 Al source (1486.7 eV) were performed with PHI 5000 

VersaProbe (ULVAC-PHI, Inc) at 10-7 Pa, a 200 µm wide analysis spot, a takeoff angle of 45° and pass 

energy of 187 eV/58.7 eV for survey spectra and high-resolution spectra respectively. XPS 

measurements with a novel hard X-ray source K1 Cr (5414.9 eV) suitable for the analysis of buried 

surfaces were performed with Phi Quantes Scanning Dual X-ray Photoelectron Microprobe (ULVAC-

PHI, Inc) at 10-7 Pa, a 100 µm wide analysis spot, a takeoff angle of 45° and pass energy of 280 eV/55 

eV for survey spectra and high-resolution spectra respectively. In both cases, the energy steps of 0.1 eV 

and 0.05 eV were used for survey spectra and high-resolution spectra respectively. The binding energies 

were referred to C-C & C-H position set at 285.0 eV. The processing of the spectra was performed with 

Multipak and Casa XPS software. The attribution of the components in high-resolution spectra was 

made using XPS database [30] and existing literature cited in the discussion.  

The samples were analyzed by microRaman spectroscopy at room temperature using a 

Renishaw in Via spectrometer in backscattering configuration. The spectra were recorded using a 532 

nm wavelength laser as excitation source, the laser power was below 3 mW to avoid heating the samples 

and laser spot about 2 µm in diameter.  

Contact angle measurements were repeated four times in static condition at ambient temperature 

using 6.32 µl droplet of deionized water deposited on the surface with a micro syringe. 

3. Results and discussion 
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3.1. Characterization of laser-treated titanium surfaces 

For the chosen operational parameters, a standalone line of laser pulses on titanium surface 

(Figure 1a) was composed by slightly elliptic melted zones having the length of 89 µm and width of 73 

µm, with the oxide particles expulsed at the borders of the crater. The used linear speed resulted in a 

61% overlap in the direction of the scan. During the surface treatment, the scan direction was inversed 

for each new line (red arrows on the right of Figure 1b), with the offset between the lines of 10 µm, 

resulting in a 86% overlap in the direction perpendicular to the scan line. The produced squama-like 

topography (Figure 1b) was composed by the elevations formed by oxide particles at the borders of the 

impacts and the depressions corresponding to the overlapped melted zones.  

The laser treatment conditions were chosen in order to create a structured surface well covered 

with TiO2 [29] rich in terminal Ti-OH groups that play a role of the grafting sites during the chemical 

modification, for both silanization [1] and phosphonation [3]. The average composition of the surface, 

according to EDS analysis, was 7 at.% C, 61 at.% O and 31 at.% Ti, which indicates the important level 

of surface oxidation and the presence of some organic pollution.  

 

 

Figure 1. SEM topography views (on the left) and overlap schemes (on the right) of a standalone 

scanning line (a) and the topography obtained with 10 µm offset between the scanning lines (b). 
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The laser-treated samples had a light blue shade and were covered with white oxide particles, 

mostly composed by rutile (see the results of XRD and Raman spectroscopy in the Supplementary 

material file). The SEM observation (Figure 2a) and EDS analysis of the surface showed: 

 clusters of spherical oxide particles with EDS composition of 8 at.% C, 72 at.% O and 21 at.% Ti; 

 thin granular microstructure in the overlapped melted zones containing 3 at.% C, 42 at.% O and 55 

at.% Ti.  

To remove these weakly adhered particles, the laser-treated samples underwent US cleaning that 

revealed a highly irregular granular surface (Figure 2b) composed in average by  7 at.% C, 64 at.%  O 

and 29 at.% Ti, which indicated the preservation of an oxide layer with the stoichiometry close to TiO2. 

For comparison, the native polished titanium surface contained 89 at.% Ti, 11 at.% O and minor 

pollution of Si. 

 

Figure 2. SEM topography view of the laser-treated surface before (a) and after (b) the US cleaning. 

 

The cross section along the scan direction showed a wavy structure with a maximum difference 

between high and low points about 5-6 µm (Figure 3a). As no gas protection was used during the laser 

treatment, high local temperatures produced complete oxidation of the melted layer. The in-depth 

oxygen distribution (Figure 3b) allows roughly estimating the thickness of the titanium oxide layer to 

4 µm, which corresponds to an oxygen concentration higher than 33 at.% according to O-Ti phase 

diagram [31]). The XRD analysis of the laser-treated sample (given in Supplementary information file) 

20 µm 20 µm (a) (b) 

oxide particles 



9 

indicated the presence of -Ti below the oxide layers, which is in agreement with stabilizing effect of 

dissolved O on -Ti [31]. 

 
   (a)  

 
 

Figure 3. Cross section of a laser-treated substrate along the direction of the scan lines (a) and the 

distribution of O in depth according to EDS analysis (b).  

 

Raman analysis of the US-cleaned surface (Figure 4) indicated the presence of anatase (A) with 

traces of rutile (R). In some places, standalone white oxide particles remained on the surface. These 

particles were mostly composed by rutile, the most stable TiO2 form at high temperatures [32], and some 

addition of anatase. The identification of anatase and rutile peaks was done based on the reference values 

of vibrational frequencies provided in [33] and [34] respectively.  

Anatase is a metastable form of TiO2, and its dominant formation can be attributed to the rapid 

thermal gradients associated with nanosecond laser processing. On the other hand, rutile is 

thermodynamically stable and irreversibly forms from anatase at 600-700°C [35]. It is generally 

admitted that the initial TiO2 phase formed during the oxidation of titanium is anatase, and its 

transformation into rutile is associated with grain coarsening process to the detriment of surrounding 

anatase [35]. The formation of vertical lines composed by the clusters of spherical rutile particles (Figure 
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1b, Figure 2a) can be explained as follows. Along with a violent oxidation, the action of laser pulse on 

the metallic surface produces a melted layer that is radially expulsed to the periphery of the impact zone 

due to the action of recoil pressure. This convection movement gives rise to the crests observed on the 

sample surface and brings coarse rutile particles at the borders of the melt, while thinner anatase layer 

remains all over the impact zone. The vertical lines of rutile particles perpendicular to laser scan 

direction are created by the overlap of the melted zones of the neighboring scan lines. Moreover, during 

the laser pulse, numerous micrometric droplets are ejected from the melt. Due to the extremely hot 

ambient temperature above the impact zone, some of these particles may also be transformed into rutile 

and fall on the periphery of the impact zone, where they can partially plunge into the melt or just remain 

weakly adhered to the roughened surface.   

 

 

Figure 4. Raman analysis of the laser-treated surface after US cleaning. Legend of Raman vibrations: 

A - anatase, R – rutile. 

 

Prior to chemical functionalization, the nature of the obtained surface was characterized by XPS 

using two different X-ray sources. The conventional K1 Al source that covers the binding energies up 

to 1400 eV, allowed identifying the elements composing the first 2 nm of the surface thickness (Figure 
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5a): Ti (with visible LMM, 2s, 2p, 3s and 3p peaks), O (KLL, 1s and 2s peaks) and C (KLL and 1 s 

peaks). On the other hand, the novel hard X-ray source K1 Cr (rarely reported in literature) allowed 

exploring higher binding energies up to 5000 eV (Figure 5b), that make visible additional 1s, KLL and 

KLM peaks for Ti and KLL peak for O. Moreover, in case of using K1 Cr source, the thickness of the 

analyzed surface extends to 6 nm, which makes it easier to get the signal from TiO2 surface covered 

with a dense organic layers, as will be discussed in the sections 3.2 and 3.3. 

 

 
(a)  

 
(b)  

 

Figure 5. Survey XPS spectra of laser-treated US-cleaned surface obtained with (a) K1 Al and (b) 

K1 Cr sources. 
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Quantitative XPS analysis of the laser-treated surface using K1 Al (Table 1) showed that the 

US cleaning led to the complete removal of P and Si impurities and to the decrease of environmental 

organic pollution. The Ti:O ratio higher than 2 indicates the presence of some O-containing impurities. 

On the contrary to the existing literature [18,19,29,36], in given conditions of laser treatment, no N 

insertion was detected on the sample surfaces. This can be explained from one hand by the use of 532 

nm Nd:YAG laser radiation that minimizes N insertion compared to commonly used 1064 nm [29], and 

from other hand by the difficulty to obtain XPS signal from the N-rich zone situated several nm below 

the superficial oxide layer [36].  

Table 1. Elemental XPS analysis (at.%) of the laser-treated titanium before and after US cleaning. 

at.% Source C O Ti Si P 

Before US  K1 Al 31.7 54.2 13.1 0.5 0.5 

After US  K1 Al 28.1 52.3 19.6 - - 

After US K1 Cr 18.6 58.4 23.0 - - 

Comparison of the quantitative results obtained with K1 Al and K1 Cr sources on the US-

cleaned surface (Table 1) showed  a lower contribution of C in the case of K1 Cr, which is in agreement 

with the increased probe penetration. It is interesting to note that these quantitative results are very 

different from the EDS analysis, where the probe penetration is 2 µm (according to Castaing formula 

[37]). As the oxide layer extends to  4 µm (Figure 3b), both EDS and XPS probes do not reach the 

metallic substrate. Whereas EDS analysis approaches the stoichiometry of TiO2 and estimates the C 

pollution at 7 at.%, both XPS sources give much higher O and C concentrations (Table 1). This 

difference is due to the following reasons: 1) the shallow depth of the XPS analysis makes it more 

sensitive to the environmental organic pollution of the surface than the EDS analysis for which the probe 

depth can reach several microns; 2) the EDS detector was operating at rather high acceleration voltage 

(20 kV) that creates maximal probe penetration; 3) the accurate quantification of the light elements such 

as C and O by common EDS detectors is very difficult because of the inaccuracy of the absorption 

correction and large variations in background, whereas it is possible with XPS analysis.  

The detailed analysis of high-resolution XPS spectra of the identified elements provides 

important information on the nature of chemical bonds present on the laser-treated surface after US 
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cleaning. High-resolution XPS K1 Al spectrum of C 1s (Figure 6a) was composed by the following 

components: 78.5 % C-C and C-H (284.78 eV), 11.1% C-O (286.48 eV) and 10.4 % C=O (288.63 eV). 

High-resolution spectrum of O 1s (Figure 6b) contained 66.5 % TiO2 (529.80 eV) and 31.5 % Ti-OH 

(531.56 eV) components along with 2% of H2O and C=O pollutions (533.56 eV). High-resolution 

spectrum of Ti 2p3/2 (Figure 6c) was composed by 96 % of Ti(IV) of TiO2 (458.49 eV) and by 4 % of 

sub-stoichiometric oxides TiOx (456.82 eV).  

 

 
(a)   (b)  

 
(c)   

 

Figure 6. XPS K1 Al analysis of laser-treated substrate after US cleaning: high-resolution spectra of 

C 1s (a), O 1s (b) and Ti 2p1/2 and 2p3/2 (c) components.  

 

On the other hand, high-resolution XPS K1 Cr probe provided the following results. Due to 

lower peak quality, a single C-C & C-H component at 284.79 eV was discernable for C 1s. For the same 

reason, only Ti(IV) TiO2 (458.64 eV) component was observed in Ti 2p3/2 spectrum. Additionally, a 

single component at 4968.54 eV was observed in Ti 1s spectrum, which also can be attributed to Ti(IV) 

TiO2. The components of O 1s were similar to those obtained with K1 Al: 76 % TiO2 (530.17 eV), 18 

C-C & C-H 

C-O 

C=O 

TiO2 

Ti-OH 

H2O & C=O 

Ti 2p1/2 

TiO2 

TiOX 

C 1s O 1s Ti 2p 
Ti 2p3/2 



14 

% Ti-OH (530.97 eV) and 6 % of H2O / C=O (532.10 eV). It can be concluded that the wavy TiO2 

surface bearing Ti-OH groups obtained after US cleaning is suitable for the covalent chemical 

functionalization. 

The measurement of static contact angle is useful for evaluating the effect of laser treatment and 

further chemical functionalization on the wetting properties of the surface. Several works report that 

nanosecond [12,38] and femtosecond [39,40] laser treatments of titanium alloys in ambient atmosphere 

produce oxide layers with contact angles that evolve in time. Right after the processing, the laser-treated 

surfaces show hydrophilic behavior with contact angles 20-80° determined by the nature of TiO2 layer 

covered with native -OH groups, while after several weeks the wetting angle reaches 120-160°, which 

is attributed to the progressive adsorption of airborne organic molecules containing hydrophobic alkyl 

chains. The presence of C-O, C=O and the intense C-C/C-H components in the C 1s XPS spectrum of 

the aged laser-treated sample (Figure 6a) indicates the pollution with O-containing compounds usually 

present in urban environments, such as alcohols, carbonyls, furans etc. [41, 42, 43]. The detection of C-

O bonds can also be attributed to the adsorption of ethanol molecules during the US cleaning of the 

sample (see section 2.2).  It can be supposed that the O-containing groups interact with initially 

hydrophilic TiO2 surface, while the organic chains are oriented externally and can eventually promote 

the secondary adsorption non-polar alkane, terpene or aromatic molecules that are the most frequent air 

pollutants across the world [42,44,45]. In the present work, the measurements of static contact angles 

were carried out several months after the laser processing and US cleaning in ethanol, which means that 

the final value of contact angle was already established, and for this reason the hydrophobic behavior 

was observed for laser-treated surfaces. In further work, the conservation time between the production 

of the laser-treated surfaces and their chemical modification should be reduced to diminish the 

adsorption of impurities, or the samples should be conserved in vacuum. 

The initial surface of polished titanium was found hydrophilic (62°, in agreement with 61.5°[40] 

and 67.8°[11] reported for untreated Ti-6Al-4V and 63.1° obtained on commercially pure titanium [10]), 

whereas the laser-treated surface showed the superhydrophobic behavior with contact angle of 162°. 

However, after ultrasound cleaning (which was not performed in the above-cited works) the contact 

angle of the laser-treated surface diminished down to 138°, which can be attributed to the reduction of 
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the surface roughness due to the removal of weakly adhered and free oxide particles (Figure 2), in 

agreement with Wenzel wetting model [46]. 

3.2. Silanization experiments 

Three tested approaches to grafting of silane molecules onto the oxidized titanium surface 

resulted in quite different organic loadings. The evaluation of grafting efficiency was made using XPS 

spectra obtained with XPS K1 Al (Table 2), where the presence of alkylsilanes on the sample surface 

is shown by the increase of C 1s peak and the appearance of Si 2s and Si 2p signals (Figure 7a). 

According to XPS K Al analysis, grafting in vapor phase at 170°C (sample Si-V) resulted in maximum 

Si loading of 10 at.%, whereas grafting in pure silane at 90°C (sample Si-D) resulted in smaller amount 

(5.9 at.% Si).  

Table 2. Elemental XPS analysis of the functionalized substrates after different silanization experiments. 

at.%  C O Ti Si Si:Ti C:Si Source 

Si-S 33.2 50.1 16.4 0.3 0.02 0.01 K1 Al 

Si-V 64.5 24.0 0.6 10.9 18.17 5.92 K1 Al 

Si-D 72.9 18.7 2.5 5.9 2.26 12.36 K1 Al  

Si-D 63.8 22.6 5.9 7.7 1.31 8.28 K1 Cr 

The chemical functionalization in THF solution at 66°C (sample Si-S) was inefficient, with very 

low amounts of Si and the C loading close to that of the initial carbon pollution (Table 2). For this 

reason, the sample Si-S was not characterized further. This result can be explained by the insufficient 

chemical affinity of alkoxysilanes to TiO2 and by the possible negative effect of accumulated airborne 

organic pollutants. The future attempts of synthesis in organic solvents should be made with freshly 

obtained oxide layers and using more reactive modifiers such as chlorosilanes [47].  

For both Si-V and Si-D samples, the stoichiometric proportions C:Si (12:1 and 18:1 for ODTMS 

and DDTES silanes) were not respected. The observed understoichiometric C:Si ratios of 6:1 and 12:1 

for Si-V and Si-D, respectively, reflect the attenuation of the signal of the Si-bearing anchor groups by 

long C12 and C18 carbon chains due to the limited inelastic mean free path of electrons crossing the 

organic layer [1]. This observation is in agreement with the low content of Ti obtained for the samples 

Si-V and Si-D compared to the sample Si-S. The titanium content is slightly higher for the sample Si-D 
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that has lower organic loading and shorter carbon chains (C12) compared to Si-V (C18). A Si:Ti ratio of 

18.2 for Si-V sample indicates the formation of well-developed homocondensed silane layer. The Si:Ti 

ratio of only 2.4 for Si-D sample also indicates the homocondensation of silanes, however, much less 

pronounced due to lower temperature and time of the functionalization. A Si:Ti ratio of only 0.02 for 

Si-S sample indicates an incomplete monolayer coverage of the surface. 

 

 
(a)  

 
(b)  

 

Figure 7. Survey XPS spectra of silanized samples obtained with (a) K1 Al and (b) K1 Cr sources. 
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The use of a K1 Cr probe for the analysis of the sample Si-D  allowed a better detection of Ti 

and Si atoms situated on the surface shielded by organic chains (Table 2). However, the C:Si ratio (8.3) 

did not reach its theoretical value and Si:Ti ratio (1.3) still indicates rather low level of 

homocondensation of silanes. It is remarkable that the Si 2p peak has much lower quality than in K1 

Al spectrum (Figure 7b) and is not suitable for the component analysis. On the other hand, an intense Si 

1s peak of 7 eV width was observed at 1841.50 eV. A weak peak of Si KLL was also observed.  

A high-resolution Si 2p spectrum of the sample Si-V obtained with K1 Al probe (Figure 8) 

showed the presence of very large (total width of 8 eV) peak centered at 102.75 eV corresponding to the 

presence of Si-containing groups with different chemical environments [1]. This observation supports 

the hypothesis about the well-developed polycondensed layer, where a part of Si-bearing anchoring 

groups reacted with Ti-OH surface groups to form Si-O-Ti bonds, whereas the part of them 

homocondensed and formed Si-O-Si bonds. The sample Si-D analyzed using K1 Al showed a slightly 

thinner peak (total width of 6eV) centered at 101.94 eV (Figure 8), which indicates lower diversity of 

Si environments. This is in agreement with the hypothesis of a less developed polycondensed layer, 

where a higher share of silane molecules reacted with Ti-OH surface groups (since Si-O-Ti bond 

corresponds to 102 eV [1]).  

 

 

 

Figure 8. High-resolution Si 2p spectra of the silanized samples obtained using K1 Al.  

Si-V Si-D Si 2p 
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(a)   

 
(b)  

 

Figure 9. High-resolution O 1s spectra of the samples Si-V (a) and Si-D (b) obtained using K1 Al.  

 

A high-resolution Ti 2p spectrum of the sample  Si-V obtained using K1 Al was composed by 

91 % of TiO2 (459.61 eV) and by 9 % of sub-stoichiometric TiOx (457.82 eV) components, while the 

sample Si-D showed 94 % TiO2 (458.77 eV) and 5 % of sub-stoichiometric TiOx  (457.4 eV),  similar 

to the initial laser-treated substrate.  The spectrum obtained with K1 Cr had very low intensity and 

showed only one TiO2 (458.67 eV) component. Moreover, a single peak at 4968.54 eV was observed 

for Ti 1s, similarly to the oxide layer before silanization (see section 3.1), however the peak width 

slightly increased, possibly due to the establishment of Ti-O-Si bonds.   

A high-resolution O 1s spectrum of the sample Si-V obtained with K1 Al (Figure 9a) contained 

two components, where that at 532.5 eV (73%) can be assigned to Si-O bonds (according to [48]) and 

that at 530.17 eV (21%) is attributed to Ti-O bond in TiO2 [6]. Such proportion reflects the presence of 

a developed polycondensed silane layer. The sample Si-D showed the same components, but forming 

two distinct peaks (Figure 9b) : 55% Si-O and 45% Ti-O [6]. These components were also observed in 

the spectrum of Si-D obtained using K1 Cr probe, however, their intensity was inversed: 34.8 % for  

Si-O bonds (531.92 eV) and 61.7% for Ti-O bonds (530.15 eV) along with 3.5% H2O pollution (533.17 

eV). This change is in agreement with the higher penetration of the K1 Cr probe that increased the 

intensity of TiO2 component situated under the grafted silane layer.  
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A high-resolution C 1s spectrum of the sample Si-V obtained using K1 Al contained 63 % C-

C (284.80 eV) and 37% C-H (283.95 eV) components, which reflects the presence of C18 alkyl chain. 

No C-O contribution from unreacted –OCH3 groups was observed, possibly because of signal 

attenuation by alkyl chains. A high-resolution C 1s spectrum of the sample Si-D obtained using K1 Al 

contained 84% C-C (284.80 eV), 11.4 % C-H (283.81 eV) and 4.6% C-O (285.91 eV) components. A 

weak but present C-O component can be attributed to the lower thickness of grafted organic layer, when 

unreacted –OEt groups situated next to the surface become visible. The use of K1 Cr probe resulted in 

low intensity peak for C1s where only one component at 284.76 eV corresponding to C-H bonds could 

be identified.  

Raman analysis of the sample Si-D prepared with silane droplet at 90°C (Figure 10a) showed in 

the region of 50-1000 cm-1 similar phases to the original laser-treated surfaces (Figure 4), with a majority 

of anatase and some rutile, in both high and low points of the surface. On the other hand, the sample Si-

V treated with silane vapors at 170°C showed a partial loss of laser-induced oxide layer (Figure 10c). 

The spectrum showed the most intense peak of anatase at 146 cm-1 and a double hump in the region of 

50-800 cm-1 indicating the presence of a mixture of sub-stoichiometric oxides [49]. This smoothening 

effect is also observable on the SEM images (Figure 11a). According to the O-Ti phase diagram [31], 

titanium dioxide does not exhibit any phase transition below 460°C, and the high temperature oxidation 

of titanium is observed above 600°C [50]. Thus, it can be concluded that no phase transformations could 

occur during the synthesis at 170°C. The partial loss of oxide layer can be due to the violent evaporation 

of the adsorbed species that are volatile at 170°C, such as residual ethanol used for US cleaning and 

various environmental pollutants. 

The presence of low intensity peaks at 1300 cm-1 and 1437 cm-1 (Figure 10b) in the spectrum of 

silanized samples can be attributed to the twisting and bending vibrations of CH2 groups [51]. In the 

2000-3500 cm-1 region, Figure 10d shows the presence of CH2 and CH3 stretching signals [51] centered 

at 2903 cm-1 and having the similar intensity for high and low points of the samples. No other peaks 

specific to the grafted silane molecules were detected.  
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Figure 10.  Raman spectra of  (a) Si-D in 0 - 1000 cm-1 region; (b) 1200 - 1600 cm-1 region before and 

after silanization ; (c)  sample Si-V in 0 - 1000 cm-1 region; (d) 2200-34000 cm-1 region before and 

after silanization. Legend of Raman vibrations: A - anatase, R – rutile,  - stretching,  - bending, tw – 

twisting. 

 

The SEM observation of the sample Si-V (Figure 11a) confirmed the pronounced smoothening 

of the surface due to the partial loss of oxide layer indicated by Raman spectroscopy. The ratio between 

the average O and Ti contents issued from EDS and XPS analysis cannot be used for the appreciation 

of the oxide loss, since the additional oxygen atoms can be present on the surface in form of unreacted 

anchor groups of silane (-OCH3). The variations of O and Si intensities along the direction of laser 
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displacement (Figure 11b) show the same tendencies as the signal of Ti, which signifies a simple 

topography effect on local intensity and not the preferential insertion of silane molecules at the low or 

at the high points of the substrate. The sample Si-D showed also a uniform Si insertion, however, the 

morphology of the surface was close to the state before chemical functionalization such as shown on 

Figure 2b. 

 
(a) 

 
(b) 

 

Figure 11. Topography SEM observation of the sample Si-V after chemical functionalization (a) and 

the distribution of K line intensities of Ti, Si and O along the laser scan direction (b). 
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US-cleaned laser-treated substrate (138°). The high organic load observed and the significant increase 
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polymers to titanium surfaces. Lower contact angle for the sample Si-V compared to Si-D, despite its 

higher organic load, can be attributed to the visible smoothening of the surface (Figure 11a) induced by 

severe conditions of chemical functionalization, in agreement with Wenzel model [46]. These results 

are comparable to the values reported in the recent publication of Guo et al. [11], where laser-treated Ti-

6Al-4V surface was functionalized with trichloro(1H,1H,2H,2H-perfluorooctyl)silane by dipping in 1 

mM solution and drying in the oven at 150°C for 1h. The authors reported that the maximum contact 

angle was observed for most rough surfaces (150°), lower value (145°) for the medium roughness and 

minimal value (104°) for the flat surface.  

3.3. Phosphonation experiments 

The XPS analysis using K1 Al source allowed detecting the presence of P atoms on the surface: 

P 2s and P 2p peaks were visible for the highest (P100) as well as for the lowest (P5.6) concentration of 

OPA (Figure 12a). Moreover, the intense peaks P 1s and P KLL were observed in survey spectrum of 

P100 obtained with K1 Cr (Figure 12b), whereas the P 2p peak was of poor quality. 

According to XPS analysis using K1 Al probe, the use of solutions with increasing OPA 

concentration led to the progressive increase of P content followed by  the saturation at 7 at.%, starting 

from acid concentration of 50 mM (Figure 12n Table 3). It is remarkable that the double increase of 

OPA concentration from 50 to 100 mM did not bring a significant rise of P loading (+0.2 at.% P), which 

indicates the full coverage of the sample surface (since phosphonic acids undergo exclusively 

heterocondensation with formation of Ti-O-P bond [20]).  

At the same time, the C loading on the surface showed a slow increase with OPA concentration 

(Figure 12, Table 3), except the sample P5.6 that obviously contains a significant ambient pollution. The 

C:P ratio of 9-12 was obtained for different samples (Figure 12, Table 3), which is higher than the 

theoretical ratio of 8 expected for OPA. This can be attributed, from one hand, to the presence of organic 

pollution, and from another hand, to the pronounced attenuation of P signal by the C8 chain, since P 

atoms are exclusively located on the surface, unlike the polycondensed silanes considered in section 3.2. 

The hypothesis about the attenuation effect is also supported by rather weak signals of Ti and O obtained 

with K1 Al probe compared to the original laser-treated sample (Table 1).  
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(a)  

 
(b)  

 

 

Figure 12. Survey XPS spectra of phosphonated samples (a) P5.6 and P100 obtained with K1 Al 

source and (b) P100 obtained with K1 Cr source. 
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Table 3. Elemental composition of the functionalized surfaces after phosphonation experiments in OPA 

solutions with different concentrations, according to XPS analysis.  

Sample COPA 

(mM) 

at.% 
P:Ti C:P 

Source 

C O Ti P 

P5.6 5.6 60.2 31.1 3.8 4.9 1.29 12.38 K1 Al 

P10 10 57.8 31.6 4.5 6.1 1.36 9.48 K1 Al 

P16.8 16.8 60.7 29.6 3.5 6.2 1.77 9.79 K1 Al 

P50 50 62.9 27.2 3 6.9 2.30 9.11 K1 Al 

P100 

P100 

100 63.8 

59.8 

26.5 

28.7 

2.6 

5.8 

7.1 

5.7 

2.73 

0.98 

8.98 

10.37 
K1 Al 

K1 Cr 

 

The proportion between P and Ti progressively increased from 1.3 to 2.7 with OPA 

concentration. However, these values reflect the progressive monolayer coverage of the surface 

associated with increased shielding of Ti atoms by octylphosphonic molecules. This hypothesis is 

supported by the observed decrease of P:Ti ratio when using more penetrating K1 Cr probe (sample 

P100, Figure 12, Table 3). Thus, the obtained P:Ti values do not allow to draw a conclusion about the 

nature of dentation that would correspond to a proportion between Ti and P varying from 1 to 3. 

   
 

Figure 13. High-resolution P 2p 3/2 spectra of pure OPA and phosphonated samples obtained with K1 

Al probe.  
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(b) 

 

(a)  (c)                                                 (d) 
 

 

Figure 14. High-resolution Ti 2p3/2 spectra obtained with K1 Al probe for phosphonated samples (a) 

and the correlation between the abundance of Ti-O-P bonds (from Ti 2p3/2) in function of P content on 

the surface (b); the high-resolution Ti 1s spectra obtained using K1 Cr probe for the laser-treated 

sample before phosphonation (c) and for the sample P100 (d). 
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signal in free and bonded octadecylphosphonic acid were reported for the grafting on the surface of TiO2 

(-0.2 eV [52]), Ta2O5 (-0.5 eV [53] and Ni-W (-0.8 eV [54]).  

The high-resolution spectra of Ti 2p3/2 obtained with K1 Al probe were composed by two 

components with binding energies of 458.8 and 460.2 eV and equal FWHM of 1.4 eV (Figure 14a). 

The intensity of the second component strongly correlates with the concentration of P on the surface 

(Figure 14b) with p-value <<0.05. The first component corresponds to Ti(IV) in TiO2, whereas the 

second component can be attributed to the formation of superficial Ti-O-P bonds. This explanation is 

also in agreement with the decrease of the Ti-O-P component (459.89 eV) for the sample P100 from 

35.4 % when using the K1 Al probe to 28.9 % when using the K1 Cr probe, as the deeper layer of 

TiO2 is analyzed.  

Moreover, the comparison of Ti 1s spectra of the laser-treated substrate before and after 

phosphonation (sample P100, Figure 14c-d) also indicates the creation of a new chemical environment: 

a new component centered at 4969.79 eV and having relative intensity of 32.4% appears after the 

phosphonation reaction, whereas the Ti 1s component of TiO2 is situated at 4968.35 eV.  

The high-resolution spectra of O1s obtained with K1 Al probe were composed by three 

components (Figure 15a): 529.90-530.10 eV, 531.22-531.47 eV and 532.80-533.20 eV. The same 

components were described in many studies on titanium alloys and titanium oxides functionalized with 

alkylphosphonic acids [5, 55,56, 57,58,59] that assign the 529.90-530.25 eV component to TiO2, that of 

531.2-531.6 eV to Ti-O-P bond and that of 532.6-533 eV to the protonated P-OH or P-O(H)-Ti groups.  

The O 1s spectra of the unbonded alkylphosphonic acids are composed, according to the 

literature [55,57], of 531.7-531.9 eV component corresponding to P=O group and 533.0-533.2 eV 

corresponding to P-OH. The proportion between these components in the unreacted acid (P=O/P-OH = 

1:2) reflects the structure of OPA. In agreement with these results, the octylphosphonic acid used in this 

study produced the O1s peak composed by 531.77 eV component corresponding to P=O group (33 %at.) 

and 533.3 eV component corresponding to two P-OH groups (66 % at.). It can be noticed that the binding 

energies of Ti-O-P and P=O are very close, as well as P-OH and P-O(H)-Ti. 
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(a)  

 
 

Figure 15. High-resolution O 1s spectra obtained with K1 Al probe for the phosphonated samples (a) 

and the correlation between the abundance of the components 460 eV Ti 2p3/2 and 531 eV O 1s 

attributed to the formation of Ti-O-P bonds (b). 
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The less energetic component at 529.9-530.1 eV attributed to TiO2 progressively decreased from 

41 to 21 %at. as the organic loading increased (Table 4). On the contrary, the second component (531.22-

531.47 eV) attributed to Ti-O-P bonds (undifferentiated from P=O) increased with the concentration of 

OPA solutions up to 70% for the sample P50, but remained almost unchanged for P100 (Table 4). This 

indicates the formation of a complete self-assembled monolayer starting from an OPA concentration of 

50 mM. Moreover, the integrated intensity of this component perfectly correlates (p-value <<0.05) with 

that of the 460 eV component of Ti 2p3/2 peak that is attributed to Ti signal from Ti-O-P bonds (Figure 

15b). The third component at 532.8-533.2 corresponds to P-OH, but also to C=O bonds from the organic 

impurities and H2O. For this reason, its relative intensity cannot be a direct indication of the quantity of 

unreacted P-OH groups. The samples P50 and P100 having complete SAM show the lowest intensities 

of this component (only 6-7%), which is possibly due to the replacement of the adsorbed impurities by 

grafted OPA molecules. For these samples, the ratio between Ti-O-P and P-OH&H2O&C=O 

components neared 12:1, which indicates that at least 92% of P-OH groups were deprotonated as they 

reacted with TiO2. The results obtained with K1 Cr for the sample P100 showed the same three 

components (Table 4). The increase of TiO2 component compared to K1 Al reflected the higher 

analyzed depth in the oxide layer. A slight increase of P-OH&H2O&C=O component with probe depth 

allows supposing that the residual P-OH groups and remaining impurities, comprising H2O, are located 

near the TiO2 surface and do not correspond to some unreacted OPA molecules retained in the organic 

layer by Van der Waals forces.  

Table 4. The relative abundances of three components in high-resolution O 1s spectra of phosphonated 

samples: TiO2 (529.90-530.10 eV), Ti-O-P (531.22-531.47 eV) and P-OH & H2O & C=O (532.80-

533.10 eV). 

Sample COPA 

(mM) 

% components  Source 

TiO2 Ti-O-P  P-OH & H2O & C=O 

P5.6 5.6 41 41 18 K1 Al 

P10 10.0 35 59 6 K1 Al 

P16.8 16.8 30 60 10 K1 Al 

P50 50.0 24 70 6 K1 Al 

P100 

P100 

100.0 

100.0 

21 

25 

72 

66 

7 

9 
K1 Al 

K1 Cr 
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Figure 16. Raman analysis of the phosphonated samples: (a) comparison of OPA and sample P100 in 

50-1800 cm-1 region; (b) various phosphonated samples in 900-1200 cm-1 region; (c) OPA and 

phosphonated samples in 2200-3400 cm-1 region. Legend of Raman vibrations: A - anatase, R – rutile, 

 - stretching,  - bending,  - rocking, end – vibrations of terminal groups, sym – symmetric, as - 

asymmetric. 

The high-resolution spectra of C 1s obtained with K1 Al probe contained in all cases a major 

(93-95%) C-C & C-H component (284.81-284.81 eV) along with a minor C-P [6] & C-O (286.46-286.79 

eV) component. In case of K1 Cr probe, only C-C & C-H component at 284.70 eV was identified 

because of low peak quality. 
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Raman spectrum of the phosphonated sample with the highest loading of phosphonic groups 

(P100) was compared to the spectrum of native crystalline octylphosphonic acid (Figure 16a). In the 

low frequency range (<1000 cm-1), the spectrum of the sample P100 was similar to that of the laser-

treated samples (Figure 4), with the presence of the anatase and rutile vibrations. The assignment of 

vibrational frequencies of OPA and phosphonated samples was made on the basis of the literature 

describing the spectroscopic behavior of phosphonic groups (see Supplementary material file) and alkyl 

chains [60]. The unbonded phosphonic group -PO3H2 in OPA is characterized by the presence of a 

rocking vibration (O-P-OH) = 244 cm-1 that is absent in the spectrum of P100. This is the first indication 

of the very low amount of unreacted phosphonic groups on the surface. Four weak bending vibrations 

(O-P-OH) were observed at 374, 423, 466 and 525 cm-1 in the spectrum of OPA, whereas the spectrum 

of P100 contained stronger vibrations at different positions (302, 376 and 421 cm-1), which can be 

attributed to the formation of P-O-Ti bonds.  

For higher frequencies, the pronounced peak at 789 cm-1 in the spectrum of OPA can be assigned 

to the symmetrical stretching vibration sym(P-OH), while the closest peak in the spectrum of P100 

situated at 809 cm-1 is shifted and very weak. It can be possibly assigned to asym.(P-O-Ti) vibration. 

Asymmetrical stretching vibrations as(P-OH) can be found at 953 and 1052 cm-1, while in the spectrum 

of P100 they are replaced by an intense peak at 998 cm-1 with a shoulder at 1012 cm-1 that belong to the 

symmetric stretching vibrations of P-O-Ti bonds (sym(P-O-Ti)). These vibrations were also detected in 

the samples P10 and P50 (Figure 16b). Vega et al. [61] observed similar strong peak with a weaker 

shoulder (1108 and 1080 cm-1 respectively) after the modification of SiO2 with octadecylphosphonic 

acid (ODPA) and assigned it to the stretching vibrations of Si-O-P bidentate bonds. On the other hand, 

Hotchkiss et al. [62] attribute the similar broad peak at 1016 cm-1  with a shoulder to the stretching mode 

of PO3
2- group of ODPA bonded to the surface of ZnO in tridentate mode. The absence of P-OH 

vibrations in the spectra of phosphonated samples discards the hypothesis about monodentate bonding 

of OPA and is in agreement with very weak P-OH component identified in O 1s XPS spectra (Figure 

15, Table 4).  At 1297 cm-1, the stretching vibration of P=O group ((P=O)) can be observed in both 

OPA and P100, which allows dismissing the possibility of predominant tridentate bonding. Thus, it can 
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be concluded that the bidentate bonding mode prevails. Some other vibrations also did not change their 

position, but only lost in intensity compared to the original OPA. In the region 850-1150 cm-1 these were 

stretching C-C vibrations of the terminal methyl group (end(C-C) = 889 cm-1) as well as asymmetric 

(as(C-C) =1061 cm-1) and symmetric (sym(C-C) =1116 cm-1) stretching vibrations of C-C chains 

(Figure 16a-b). In the region of 1400-1460 cm-1, several bending C-H vibrations ( (C-H)) were present 

both in OPA and in P100 spectrum. Unattributed low intensity peaks were observed around 2724 cm-1 

in both OPA and P100 (Figure 16c). Such weak peaks were also found in Ni-W samples modified with 

octadecylphosphonic acid [54], but with no interpretation. The intense peaks of symmetric (sym(C-H) 

= 2843 and 2880 cm-1) and asymmetric (as(C-H) = 2907 and 2931 cm-1) stretching C-H vibrations [61] 

were similar in OPA and in phosphonated samples (Figure 16c).  

 
   (a)  

 
Figure 17. Topography SEM observation of the sample P100 after chemical functionalization (a) and 

the distribution of K line intensities of Ti, Si and O along the laser scan direction (b). 
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The EDS analysis of phosphonated surfaces showed uniform P distribution, which is in 

agreement with the formation of full phosphonic monolayers. The synthesis conditions did not seem to 

affect the initial roughness of the surface (Figure 17a), which is in agreement with the conservation of 

TiO2 layer according to Raman spectroscopy (Figure 16a). The variations of O and P intensities along 

the direction of laser displacement show the same tendencies as the signal of Ti, which signifies a simple 

topography effect on local intensity and not on the local density of grafted groups (Figure 17b).  

Static contact angle measurements showed the increase in hydrophobicity of the surface 

compared to the US-cleaned laser-treated sample (138°): from 144° for P5.6 (Figure D in Supplementary 

information) to 152° for P100, which is comparable to the hydrophobicity of the silanized samples 

discussed in the paragraph 3.2. The literature analysis of metals and metal oxides modification by 

phosphonic acids generally reports lower values: 103° for decylphosphonic acid on aluminum [63], 120° 

of octadecylphosphonic acid (ODPA) on alumina [64], 120° and 130° for ODPA on stainless and carbon 

steel [65], 101° for ODPA on Co-Cr alloy [66], 100° for hexadecylphosphonic acid on Ti45Nb alloy 

[67] and 110° for ODPA on titania [68]. However, these were obtained on unstructured surfaces and 

with lower (typically 1 mM) concentrations of the modifier.  

Beyond the effect on the hydrophobicity of metallic titanium surfaces, a nanosecond laser 

treatment followed by chemical functionalization with long organic chains would be a way to develop 

efficient inorganic-organic interfaces when joining or coating titanium alloys with polymers. To this 

end, the relative importance of two different effects has to be studied: 1) the effect of the laser-induced 

surface patterning on the metal-polymer mechanical interlocking and, 2) the chemical affinity of the 

grafted surface layer towards a specific polymer, which can be tuned by the choice of the grafted 

functional groups according to the specific structure of the polymer [28]. For example, the effect of 

nonpolar groups such as C18 chains on the bonding with non-polar polymers such as polyethylene will 

be investigated, while polar groups such as alkyl-amines will be used for the bonding of polymers such 

as polyether-ether-ketone or polyamide66. 

4. Conclusions 
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The nanosecond laser patterning of titanium surface in ambient atmosphere followed by 

covalent grafting of alkyl groups through silanization and phosphonation reactions was performed in 

order to obtain dense and uniform aliphatic layers susceptible to enhance the chemical affinity of the 

titanium surface to nonpolar polymers.  The main obtained conclusions are:  

1. The light blue squama-like oxide layers composed by rutile and anatase were obtained on titanium 

surface by nanosecond laser treatment. The application of ultrasound cleaning allowed removing 

weakly-adhered rutile particles, but preserved the wavy oxide layer mostly composed by anatase. 

The matured samples showed hydrophobic behavior with static contact angle of 138° due to the 

accumulation of airborne organic impurities.  

2. Amongst three tested silanization methods, the highest loading of modifier molecule (10 at.% Si) 

associated with formation of well-developed polycondensed siloxane layer was obtained by the 

functionalization of laser-treated surface in vapor phase of ODTMS. However, severe reaction 

conditions induced some damage to the superficial oxide layer. The silanization in pure liquid phase 

(DDTES) resulted in lower loading of the modifier (6 at.% Si), however, the oxide layers were 

undamaged. Finally, the modification in boiling THF solution of ODTMS was inefficient due to the 

insufficient chemical affinity of alkoxysilanes to TiO2. 

3. The functionalization in boiling water solutions of OPA allowed attaining full monolayer coverage 

of the surface (7 at.% P) for concentrations of 50 mM or higher. The results of XPS and Raman 

analysis indicate the dominating bidentate bonding of OPA. 

4. For both silanization and phosphonation, the uniform distribution of modifier on the laser-treated 

surface was observed. The measurements of static contact angle indicated the similar increase in 

hydrophobicity (150°) for the samples with maximum organic loading. 

5. The functionalization with phosphonic acid is preferable because it can be performed with lower 

concentrations and temperatures compared to alkoxysilanes. 

6. Future work will aim to optimize the combined effect of laser-induced surface patterning and 

chemical functionalization to develop effective inorganic-organic interfaces when joining or coating 

titanium alloys with polymers.   
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Additional characterization of laser-treated surface before US cleaning 

XRD analysis of the laser-treated surface was made with PANalytical X’Pert PRO, using a Co target, 

with a scan step of 0.017°, a scanning range of 20-120° and a counting time of 600 s per step. XRD 

analysis of the laser-treated substrate showed the peaks of stoichiometric oxides TiO2, both rutile and 

anatase along with Ti2O3 and sub-stoichiometric oxide Ti3O (Figure A). A high peak of native -Ti 

indicates that the penetration of X-rays was superior to the total depth of oxide layer and the diffraction 

occurred in all oxide phases existing in the sample. The light-blue color of such surfaces and the presence 

of TiO2 and Ti2O3 phases were previously described by Antończak et al. [a] as the most oxidized 

substrates obtainable by nanosecond laser processing.   

 

Figure A. XRD spectrum of laser-treated substrate before US cleaning. 

Raman analysis of the surface before US cleaning (Figure B) indicated that the numerous white particles 

were mostly composed by rutile. On the rest of the surface, anatase was the dominating oxide, with some 

addition of rutile. The ultrasound cleaning of the sample induced the massive loss of weakly adhered 

rutile-based particles.   

aA. J. Antończak, Ł. Skowroński, M. Trzcinski, V. V. Kinzhybalo, Ł. K. Łazarek, K. M. Abramski, Laser-induced 

oxidation of titanium substrate: Analysis of the physicochemical structure of the surface and sub-surface layers, 

Appl. Surf. Sci. 325 (2015) 217-226. https://doi.org/10.1016/j.apsusc.2014.11.062 
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Figure B. Raman analysis of the laser-treated surface before US cleaning. 

 

Imaging of contact angles measurements in chemically functionalized samples 

 

 

 

 

 

 

Figure C. Static contact angle on the surface of Si-D. 

 

 

 

 

 

Figure D. Static contact angle on the surface of P5.6. 
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Assignment of vibrational frequencies of free and bonded phosphonic acid 

Table A. Literature data on vibrational frequencies (cm-1) of free and bonded phosphonic groups.  

Products Method Bonding v(P-OH) v(P-O) v(P=O) v(C-P) (C-P) (O-P-OH) ( O-P-OH) Ref. 

ODPA 

ODPA-ITO 

FTIR 

PM-IRRAS 

Unbonded 

Mono + bidentate 

955, 1000 

933 

- 1230 

1230 

- - - - [b] 

ODPA-ZnO IRRAS Tridentate - 1016 with shoulder - - - - - [c] 

ODPA 

ODPA-ITO 

FTIR 

PM-IRRAS 

Unbonded 

Mono +bidentate 

955,930,1000 

933 

- 

970-1124 as.,1000-1070 s. 

1230 

1230 

- - - - [d] 

ODPA 

ODPA-SiO2 

FTIR 

FTIR 

Unbonded  

Bidentate 

956 

- 

- 

1108, 1080 (shoulder) 

1227 

1227 

- - - - [e] 

ODPA 

ODPA-ZnO 

FTIR 

FTIR 

Unbonded 

Bi- or tridentate 

957, 948, 932 

- 

1077, 1003 

1116,1050,980,951 

1225, 1215 

1170 

- - - - [f] 

ODPA 

ODPA-nitinol 

ATR-IR 

ATR-IR 

Unbonded 

Monodent. 

957, 948, 933 

957, 948, 932 

1076, 1005 

1060, 1005 

1227, 1217 

1227, 1217 

- - - - [g] 

ODPA 

ODPA-NiW 

Raman 

Raman 

Unbonded 

Not discussed 

950 

- 

1000-1150 

1000-1150 

- 

- 

- - - -  [h] 

PPA 

PPA-TiO2(A) 

Calc. DFT 

Calc. DFT 

Calc. DFT 

Calc. DFT 

Unbonded  

Monodent. 

Bidentate 

Tridentate  

870 as., 821 s. 

1046 as., 934 s. 

- 

- 

- 

1061 

1033, 1001, 945, 928, 902 

971, 955, 915 

1264 

- 

1101 

- 

1123 

1124 

1117, 1136 

1100 

- -  [i] 

2-oxo-2(thiophen-2-yl)ethyl PA Raman Unbonded 797, 848 - 1297 710 174, 177 471, 456, 428, 422 252 [j] 

(hydroxypyridin-3-yl-methyl) PA FT-Raman 

FTIR 

Unbonded -PO3H2 

Unbonded -PO3H
- 

Unbonded -PO3
2- 

- 

- 

- 

1040, 1012 

1054, 1034 

1053, 875 

1225 

1272 

1168 

- - - - [k] 
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