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Abstract

:

The adsorption of 4-mercaptobenzoic acid (4-MBA) on anatase (101) and rutile (110) TiO2 surfaces has been studied using synchrotron radiation photoelectron spectroscopy and near-edge X-ray absorption fine structure (NEXAFS) spectroscopy techniques. Photoelectron spectroscopy results suggest that the 4-MBA molecule bonds to both TiO2 surfaces through the carboxyl group, following deprotonation in a bidentate geometry. Carbon K-edge NEXAFS spectra show that the phenyl ring of the 4-MBA molecule is oriented at 70° ± 5° from the surface on both the rutile (110) and anatase (101) surfaces, although there are subtle differences in the electronic structure of the molecule following adsorption between the two surfaces.
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1. Introduction


Over the last few decades metal oxides have attracted interest from both scientific and technological fields due to their properties such as wide band gaps, reactive electronic transitions, and dielectric constants, coupled with good optical, electrical, magnetic and electrochemical characteristics, amongst others [1,2,3]. Based upon these properties, a variety of technological devices is now possible. Additionally, key functional and structural properties of these materials can be tuned by several means, increasing the range of applications.



TiO2 has become a model among metal oxides due its numerous applications, which range from everyday products such as a pigment in paints, plastics, cosmetics, and food, to advanced environmental and biomedical devices, thanks to its bandgap of 3–3.4 eV. TiO2 lends itself to applications in fields such as photocatalysis, photovoltaics, fuel cells, batteries, biosensing, drug delivery and biomedical implants [2,4,5,6]. In many of the more advanced applications of TiO2, the interaction of molecules is important and a number of studies of molecular interaction with TiO2 surfaces, from simple molecules such as water to dye molecules such as those used in dye-sensitised solar photovoltaic (PV) cells, have been performed. [5,7,8]



Small organic molecules have been studied as linker molecules to facilitate charge transfer between polymers [9,10] or quantum dots (QDs) [11] and metal oxide surfaces [8]. In the solar PV applications, their ability to retard or prevent surface degradation of quantum dots is also of significant interest. PbS quantum dots have shown some promise for solar harvesting and use in quantum dot sensitised solar cells (QDSSC). They have also been shown to exhibit multiple exciton generation, where two electrons are generated by the absorption of a single photon. However, they are susceptible to oxidation [12,13] and the ligands used to stabilise the dots tend to be rather insulating. The use of small aromatic molecules containing a carboxylic acid group, which is known to form a strong bond to titanium dioxide surfaces [8,14], may be a solution to this. In addition, the choice of a suitable functional group to bind to the QD is also important [15].



In this work we use X-ray photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine structure (NEXAFS) spectroscopy to study the adsorption of 4-mercaptobenzoic acid (4-MBA) on the surfaces of two different TiO2 polymorphs: rutile (110) and anatase (101). 4-MBA is a small aromatic molecule that contains two functional groups: a carboxylic acid and a thiol group (Figure 1), which together with other MBA isomers present potential advantages over their mercaptoalkanoic acid analogues for engineering surfaces of technological value [16]. It is anticipated that the carboxylic acid group will bind to the titania surface, leaving the thiol group free to interact with S-containing Q-dots, or with polymers such as poly 3-hexylthiophene, and in doing so improve the charge transfer between the light-harvesting moiety and the metal oxide, which may lead to an improvement in efficiency. Both titanium oxide polymorphs, anatase and rutile, are investigated due to their attractive applications. On one hand, rutile is the most common natural form of TiO2; the (110) surface is the most stable surface of rutile and has been studied extensively. Rutile is also the phase which tends to form naturally on titanium, and therefore its interaction with organic/biomolecules is of significant interest. On the other hand, anatase TiO2 (101) is the most stable anatase surface and is preferred for its optoelectronic applications and photocatalytic activity and is the usual form of TiO2 in solar cell applications due to the relatively low synthesis temperatures used in the fabrication of solar cells. In addition, the nature of O-vacancies in these two polymorphs is subtly different. In rutile TiO2 (110), the defects tend to occur in the so-called bridging oxygen rows [5]. O-vacancies in anatase TiO2 (101), however, tend to form a subsurface [17]. Therefore, a comparison of the behaviour of molecular adsorption on these surfaces is of some interest.




2. Materials and Methods


The experimental work was performed at the AU-MATLINE end station at the ASTRID2 Synchrotron facility at the Institute for Storage Ring Facilities (ISA) at Aarhus University. The beamline is equipped with a Scienta electron energy analyser and an SX-700 monochromator as well as instrumentation for Ar+ ion sputtering and thermal annealing for sample cleaning and preparation. The base pressure in the end-station was around 5 × 10−10 mbar throughout the measurements.



TiO2 anatase (101) and TiO2 rutile (110) single crystals (PI-KEM Ltd.,Tamworth, UK) were mounted on two separate stainless-steel sample plates and held in place by two strips of tantalum wire. A thermocouple was attached to the sample plate, allowing monitoring of the sample temperature during the experiments. The crystals were cleaned by repeated 1 keV Ar+ ion bombardment and annealing to 700 °C in a vacuum until a sharp (1 × 1) LEED pattern was obtained, and the X-ray photoelectron spectra (XPS) showed the surfaces to be free from contaminants.



4-mercaptobenzoic Acid (4-MBA, Sigma Aldrich, Darmstadt, Germany purity 99%) powder was carefully degassed prior to use by gently heating in a glass dosing tube. To evaporate the 4-MBA into the vacuum chamber, the dosing tube and the line to the preparation chamber were heated from around 80 to 100 °C, while the single crystal was held at room temperature. Crystals were exposed to the vapour for between 20 min and 2.5 h. Coverage was calculated as described in the supporting information (Figure S1) and was found to be roughly constant on both surfaces at around 0.6 ± 0.1 nm, for all exposure times investigated here [18,19,20].



Photoelectron spectra were recorded at normal emission. For acquisition of the Ti 2p region, a photon energy of 560 eV was used, while O 1s spectra were recorded at 630 eV, C 1s at 385 eV and S 2p at 265 eV, all with a pass energy of 20 eV. This meant all core levels were recorded such that the emitted photoelectrons had a kinetic energy of ~100 eV, which means that a similar sampling depth is probed for all elements. NEXAFS spectra were recorded at incident photon angles of 25° ≤ θ ≤ 90° relative to the surface. The NEXAFS spectra were recorded by detecting C K-edge Auger electrons at a kinetic energy of 270 eV in constant final state mode using the hemispherical analyser. During the recording of photoemission and NEXAFS spectra, the sample was held at room temperature.



All XPS data were analysed using Casa XPS software v2.3.24. Binding energies (BEs) were calibrated to the Fermi energy level from the Ta plate. A Shirley background was subtracted from the data, and Voigt curves (70:30% Gaussian/Lorentzian) were used to fit the core-level spectra [21]. All spectra are normalised to the most intense peak in the individual spectra. NEXAFS data analysis and peak fitting was performed using the IGOR Pro software v6.37 (WaveMetrics, Portland, OR, USA). Computer modelling was carried out using StoBe-deMon software v 3.3 [22] to perform density functional theory calculations of the excited C K-edge X-ray absorption spectra for the 4-mercaptobenzoic acid molecule.




3. Results and Discussion


3.1. X-ray Photoelectron Spectroscopy


Figure 2a shows the O 1s spectrum recorded from the clean TiO2 anatase (101) surface. Two peaks appear at binding energies of 530.1 eV, which is assigned to the oxide and a second peak at 531.2 eV from oxygen atoms that are close to oxygen vacancy sites, or surface Ti–OH [23]. After 20 min of 4-MBA deposition, the oxide peak remains at a BE of 530.1 eV, but a second, more intense peak appears with a shift of 1.6 eV to higher BE, which is consistent with the COO− moiety of the 4-MBA molecule. This suggests adsorption on the anatase surface occurs through both oxygen atoms in the carboxyl group following the loss of the proton from the carboxylic acid group, as previously reported for other carboxylic acids [21,24]. After 2.5 h of deposition, a third peak appears at a BE of 533.4 eV. This peak is assigned to the chemically shifted C–OH group [25]. This behaviour would be consistent with the formation of a second layer, where the molecule is unable to adsorb dissociatively as the surface is already saturated with MBA. However, we note that for both the 20 min and 2.5 h exposures, the coverage remains constant at around 0.6 ± 0.1 nm. A simple geometry-optimised model of MBA, using a universal force field approach, shows the length of the free MBA molecule to be around 0.66 nm measured from the carboxylate group to the sulphur which, considering the tilt angle determined below, would be consistent with the 0.6 ± 0.1 nm coverage being a saturation monolayer. This may suggest that, at these long exposure times, a small portion of the molecules becomes adsorbed in a monodentate geometry in order to accommodate more molecules. This would also support the adsorption in a bridging bidentate mode as shown in Figure 3a, i.e., bound to two 5-co-ordinated Ti atoms rather than a chelating mode (Figure 3b), since only the former would result in more “free” Ti sites at the surface.



The C 1s spectrum recorded following the adsorption of 4-MBA on the TiO2 anatase (101) surface is shown in Figure 2b and can be fitted with three peaks at BEs of 284.8 eV, 285.5 eV, and 288.7 eV. These peaks are assigned to carbon atoms C2−6 (284.8 eV), C1 (285.5 eV), and C7 (288.7 eV) as numbered in Figure 1. The S 2p spectra of 4-MBA adsorbed on anatase in Figure 2c show a spin–orbit split into a doublet with a branching ratio of 2:1 and an energy separation of ~1.2 eV. The two peaks at 164.3 eV and 165.5 eV, S 2p3/2 and S 2p1/2 respectively, arise from the R–SH group, further confirming that the molecule is adsorbed via the carboxyl group. The BEs and peak assignments for the adsorption of 4-MBA are shown in Table 1.



Photoemission spectra of the clean rutile TiO2 (110) surface and following adsorption of 4-MBA are shown in Figure 2d–f. Similarities are found to the peaks obtained on the anatase surface. The O 1s spectrum recorded from the clean TiO2 rutile (110) surface is again fitted with two peaks at BEs of 530.1 eV and 531.4 eV, corresponding to the oxide and sites associated with oxygen vacancies and surface Ti–OH. After 30 min of 4-MBA deposition, a peak associated with the deprotonation of the carboxyl acid group from the 4-MBA molecule is observed at a BE of 531.7 eV. Similarly, after 2 h of deposition of 4-MBA, a third peak at BE = 533.4 eV appears due to the presence of C–OH. Again, we suggest that this is due to a fraction of molecules adsorbed in a monodentate geometry at this higher exposure, for the same reasons as for the anatase surface.



The C 1s spectrum after adsorption of 4-MBA on the TiO2 rutile (110) surface can be fitted with three peaks at binding energies of 284.8 eV (C–C), 285.4 eV (C–S), and 288.5 eV (C–O). The S 2p spectra recorded from the adsorbed 4-MBA, show spin–orbit split S 2p3/2 and S 2p1/2 peaks appearing at BEs of 164.3 eV and 165.5 eV, corresponding to the SH group. We note that a long deposition time does not lead to a shift in the position of the S 2p peak, which might be expected if a second layer or multilayers were formed. This would therefore be consistent with the discussion above, suggesting that in fact C–OH in the O 1s spectrum indicates a small fraction of monodentate-adsorbed MBA.



Table 2 summarises the peak positions, percentage contribution and assignment of the peaks recorded for the clean and 4-MBA dosed rutile TiO2 (110) surface.



Figure 4 shows the Ti 2p core levels recorded from the anatase (101) and rutile (110) TiO2 surfaces, both clean and following deposition of the 4-MBA molecule. For the clean anatase TiO2 (101) surface, Figure 4a, the Ti 2p spectra consist of two peaks due to spin−orbit splitting: a Ti 2p3/2 peak at a BE of 458.6 eV and the Ti 2p1/2 peak at 464.3 eV. There is also evidence of residual Ti3+ from oxygen vacancies at 456.9 eV [23,26]. After the 4-MBA deposition, the Ti 2p spectrum shows a reduction in the intensity. Similar behaviour has been observed after the adsorption of other molecules on TiO2 surfaces [21].



Ti 2p spectra for the clean rutile (110) in Figure 4b show the Ti 2p3/2 peak at a BE of 458.7 eV and the Ti 2p1/2 peak at 464.4 eV. Residual Ti3+ from surface oxygen vacancies was also present, giving rise to a peak at 457.5 eV. For both anatase and rutile surfaces, it was found that adsorption of the 4-MBA molecule had no effect on the concentration of Ti3+ at the surface as shown in Table 1 and Table 2, regardless of the deposition time.



The presence of defects, in the form of O–vacancies is important in adsorption on, and the catalytic activity of, titania. In anatase, it is widely believed that O–vacancies rapidly migrate below the surface but affect the electronic structure of the topmost surface [17,23]. These subsurface defects are thought to be behind the higher photocatalytic activity of anatase relative to rutile TiO2 since adsorption on the surface does not lead to healing of the defect. For the rutile TiO2 (110), on the other hand, surface O–vacancies are thought to occur predominantly on bridging O-rows and these tend to be filled by reaction with water forming two bridging –OH species (OHbr) [27]. Here, this water reaction may explain the lower initial concentration of O–vacancies in the rutile sample compared to the anatase crystal, due to reaction with residual water vapour in the vacuum system. One would expect a corresponding increase in the Ti-OH region of the O 1s spectrum, but this is obscured by the presence of the COO− O 1s peak in this region. In both cases there is little change in the O-vacancy concentration upon adsorption. This is as expected, since organic acids are thought to predominantly bind to five-fold coordinated Ti at the surface [27]. The saturation coverage of MBA for both anatase (101) and rutile (110) seems to be constant at just over 1 monolayer (ML) even after >2 h exposure time, suggesting the defect density has little effect on the adsorption. It would be interesting to determine whether the initial adsorption rate is affected by defect density at the surface by using shorter exposure times and differing defect densities for the two phases.




3.2. UV Photoelectron Spectroscopy


Figure 5 shows partial and total density of states simulations for the 4-MBA molecule and Figure 6 shows a comparison with the valence band spectra for the clean anatase and rutile surfaces after the adsorption of the 4-MBA molecule.



The density of states (DOS) of the geometry-optimised 4-MBA molecule was calculated with the StoBe-deMon software (version 3.3) [28] using density functional theory (DFT). The molecular orbitals were calculated with the software ORCA (version 4.0) [29,30] and then visualised in Avogadro (version 1.2) [31]. The partial density of states simulations for carbon, oxygen, and sulphur (Figure 5b–d) show the contribution of the atoms in the 4-MBA total density simulation. As expected, carbon atoms have a major contribution to the total density of states simulation. The HOMO of the 4-MBA lies at approximately 6.67 eV with contributions from all atoms, but mainly carbon and oxygen.



Figure 6 displays a comparison of the 4-MBA DOS calculations (Figure 6i,ii(d)) with the difference spectrum (Figure 6i,ii(c) of the 4-MBA dosed surfaces (Figure 6i,ii(b)) and the clean TiO2 surface spectra (Figure 6i,ii(a)).



The clean valence band spectra recorded at 47 eV (Figure 6i,ii(a)) is in good agreement with previous reports on the TiO2 anatase (101) and rutile (110) surfaces with band gap states at around 1 eV, due to the presence of surface O-vacancies, and characteristic VB features at around 5 eV and 8 eV associated with the predominantly O 2p character of the valence band [32,33]. Changes on the spectrum following the adsorption of 4-MBA (Figure 6i,ii(b)) are more significant on the TiO2 rutile (110) surface than in the anatase (101), where the band gap state remains after 2.5 h deposition time. Figure 6i,ii(c) show the difference spectrum, obtained by subtracting the clean spectrum from the 4-MBA dosed surfaces. Features from adsorption of the 4-MBA molecule appear at 4.34, 6.34, 7.85, 9.95, 11.45, 14.15 and 17.65 eV in the TiO2 anatase (101) surface, and at 4.5, 6.4, 7.1, 9.6, 13.9 and 17.5 eV for the TiO2 rutile (110) surface. Differences between both TiO2 surfaces could be related to the availability of Ti and O atoms on the surface, including the oxygen vacancies of the anatase surface, and the amount of the 4-MBA molecule coverage. In addition, a shift to lower BEs of 1.65 eV and 1.9 eV can be observed for the anatase and rutile surfaces, respectively, when the StoBe-calculated spectrum was aligned to the experimental difference spectrum. In general, the experimental data show a fair agreement with the calculated DOS; however, the location of the molecular HOMO presents an additional shift to a lower energy of 0.68 eV for the anatase (101) and 0.27 eV for the rutile (110) surfaces, and there is a small difference in the intensity and width on the derived peaks. These differences can be related to the energy difference between the molecule in the gas phase (calculation) and upon adsorption on the TiO2 surfaces. The larger shift in the predominantly molecular O 2p-derived HOMO for MBA adsorbed on anatase is linked to a stronger interaction of the molecule with the surface upon adsorption. Similar behaviour has been observed on previous studies of different molecules adsorbed on TiO2 anatase (101) and rutile (110) surfaces [21,24,34].




3.3. Near-Edge X-ray Absorption Spectroscopy


Figure 7a shows a carbon K-edge angle-integrated NEXAFS spectra of 4-mercaptobenzoic acid adsorbed on TiO2 anatase (101) and rutile (110), generated by summing spectra recorded at different incidence angles, compared to the StoBe generated NEXAFS spectrum. For the calculation, X-ray absorption spectra at the C K-edge are calculated for each atom individually (Figure 7b), and then summed to give the total spectrum. The labels, C1–C7, correspond to the numbered atoms in the ball-and-stick model. The experimental NEXAFS spectra are in good agreement with the calculated StoBe NEXAFS spectrum for the 4-MBA molecule.



The experimental spectra exhibit three clear shape resonances, at 284.8 eV, 285.2 eV and 288 eV which correspond to the C 1sC–C→ π*a (284.8 eV), C 1sC–S → π*a and C 1sC–C→ π*b (285.2 eV), and C 1s → π *a and C 1sC–S → π*b (288 eV) transitions [16,19], respectively, as shown in the energy level diagram in Figure 7c. Lee et.al. [16] attributed the difference of energy between the π* resonances from the aryl and carboxyl atoms to the effect of the oxygen atoms from the carboxyl group of the mercaptobenzoic acid (MBA) molecule, leading to an increase in binding energy of the C 1s initial state. Furthermore, a single peak from the carboxylate group is consistent with the molecule bonding in a bidentate mode to surface titanium atoms in agreement with the photoelectron spectra results [19]. Figure 7d shows the lowest unoccupied molecular orbital (LUMO) and LUMO + 1 calculated by ORCA (version 4.0) [29,30] and visualised in Avogadro (version 1.2) [31].



When the experimental data are compared with the calculation, we can observe that the first two peaks, πa and πb, are not as well-resolved in the calculated 4-MBA molecule spectrum. This may arise due to a slight shift in the positions of the two π* features contributing to the spectrum here, which can arise due to slight changes in the initial or final state energies of the energy levels involved [35]. This is likely to be due the interaction of the 4-MBA with the TiO2 surfaces, which is not considered in the calculation. We also observe differences in intensity of the peaks πa and πb when adsorbed on the anatase (101) and rutile (110) surfaces. We believe this to be linked to the strength of interaction of the molecule with the different surfaces. The valence band difference spectra in Figure 6 also show some minor differences in the valence band structure of the molecule for the two surfaces in the region around 6–7 eV binding energy, which the pDOS calculations show are predominantly linked to O-states in the molecule. It can be seen for the anatase (101) surface these molecular O 2p states have a larger splitting than for the calculated O-pDOS. Adsorption on the rutile surface, however, appears to have little effect on the splitting of these states. This indicates that there are subtle changes in the interaction of the molecule with the two TiO2 surfaces studied, which leads to a larger effect on the molecular O 2p states in the case of the anatase surface, perhaps suggesting a stronger interaction.



Figure 8 shows angle-resolved carbon K-edge NEXAFS spectra of the 4-MBA molecule on TiO2 anatase (101), Figure 8a, and rutile (110), Figure 8b, recorded for angles of incident radiation at 25–85° to the surface. The spectra are normalised by dividing the 4-MBA-dosed TiO2 C K-edge NEXAFS spectra by a clean gold C K-edge NEXAFS spectrum to remove photon flux features. Then, the step edge at the ionization potential on the resulted spectra is set equal to unity. The angle-resolved NEXAFS spectra allow us to determine the orientation of the 4-MBA molecule following adsorption onto the titania surfaces, by fitting Stöhr equations [35] to the data points. The solid line in Figure 8c displays the best fit for the anatase (101) data, giving an angle of the π* orbital of 20 ± 5° from the surface, with the plane of phenyl ring oriented at 70 ± 5° to the surface. Similar calculations for the rutile (110) give a tilt angle of the ring of 66 ± 5° from the surface. Unfortunately, the error is likely to be quite large since only one azimuthal angle could be measured [35].



The results above suggest the adsorption geometry of 4-mercaptobenzoic acid is similar on the rutile and anatase surfaces, although there appears to be a difference in the strength of interaction. The orientation of the molecule, with bonding through the carboxyl group in a bidentate geometry, leaves the thiol free, which may be useful in attaching other molecules, or indeed nanoparticles, such as Au, to the surface for catalytic applications. The valence band and NEXAFS spectra suggest there are small differences in the electronic structure of the molecule adsorbed on the two surfaces, which is likely to be linked to the degree of interaction with the surface. Further work is required to study this in more detail. In particular, it would be useful to study the charge transfer rate between the molecule and the two surfaces, as this may give an indication of the degree of hybridisation between the molecule and oxide surface. It would also indicate whether this stronger hybridisation between the molecular state and the oxide enhances charge transport at the interface, which would be beneficial for dye-sensitised or hybrid solar cells. This is because rapid charge transport at the interface reduces the possibility of recombination of the photoexcited electron and hole.





4. Conclusions


Photoemission results show that the 4-mercaptobenzoic acid (4-MBA) molecule adsorbs on TiO2 anatase (101) and rutile (110) surfaces in a bidentate mode, following the deprotonation of the carboxyl group, and that the geometry in terms of the tilt angle of the molecule is similar for the two surfaces. The data also suggest that the molecule is more strongly bonded to the anatase surface, since the molecular O-derived valence states are seen to shift to higher energy. Carbon K-edge NEXAFS spectra indicate the plane of the phenyl ring of the molecule to be tilted 70 ± 5° away from the TiO2 anatase (101) surface and 66 ± 5° from the TiO2 rutile (110) surface, suggesting very little difference, within error. The thiol group appears to remain intact and oriented away from the surface, available to interact with other molecules or light-harvesting materials.
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Figure 1. 4-mercaptobenzoic acid molecule representation. The grey spheres represent carbon atoms, the yellow sphere the sulphur atom and the red spheres the oxygen atoms. Numbering of carbon atoms is used for reference. 
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Figure 2. O 1s, C 1s and S 2p core-level synchrotron radiation photoemission spectra of (a–c) TiO2 anatase (101) and (d–f) TiO2 rutile (110) clean single crystals and following the deposition of 4-MBA. Spectra are normalised to the most intense peak. The doublets observed in the S 2p spectra are due to spin orbit splitting of the 2p state. 
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Figure 3. Schematic diagram showing (a) bidentate bridging, (b) bidentate chelating and (c) monodentate adsorption modes of an organic acid on a surface containing Ti. Red circles indicate carboxyl O atoms, black circles are C. 
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Figure 4. Ti 2p core-level synchrotron radiation photoemission spectra of (a) clean anatase TiO2 (101) and (b) clean rutile (110) single crystals and following the deposition of 4-MBA. 
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Figure 5. StoBe-calculated total density of states (DOS) and partial contributions of carbon (grey), oxygen (red), and sulphur (yellow) atoms in the 4-MBA free molecule. The HOMO molecular orbital of the 4-MBA molecule is displayed on the top left. 
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Figure 6. Valence band spectra recorded at 47eV from the (i) clean anatase, and (ii) clean rutile TiO2 surfaces following the adsorption of the 4-MBA molecule. 
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Figure 7. (a) Carbon K-edge NEXAFS spectra of 4-mercaptobenzoic acid adsorbed on anatase TiO2 (101) and rutile (110) surface and a StoBe-generated NEXAFS spectrum. The panel on the right (b) shows the individual contributions of each carbon atom to the NEXAFS spectrum. Labels C1–C7 refer to the numbers in the molecular diagram shown as the inset in (a). (c) Energy level diagram showing the key electronic transitions for the NEXAFS process in the C 1s → π* region. (d) Molecular orbitals. 
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Figure 8. Carbon K-edge NEXAFS spectra recorded from (a) 20 min of 4-MBA deposit on anatase (101) and (b) 30 min 4-MBA deposit on rutile (110) surface. Intensity of the πa * peaks (normalised to 1) vs the angle of the incident photon beam with respect to the surface. The solid line is a best fit to the data using Stöhr equations [35] from (c) anatase (101) and (d) rutile (110) surfaces. 
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Table 1. Assignments of peaks fitted to the core spectra of clean TiO2 anatase (101), 20 min of 4-MBA and 2.5 h 4-MBA deposit, their respective binding energies, and the relative abundances as a percentage of total areas. Percentage concentrations are quoted ±1%. * This peak arises from a combination of sites near surface O–vacancies/TiOH. For the dosed sample we have assumed that each molecule creates a single Ti–OH species. ** Positions for Ti 2p and S 2p doublets refer to the 3/2 peak.






Table 1. Assignments of peaks fitted to the core spectra of clean TiO2 anatase (101), 20 min of 4-MBA and 2.5 h 4-MBA deposit, their respective binding energies, and the relative abundances as a percentage of total areas. Percentage concentrations are quoted ±1%. * This peak arises from a combination of sites near surface O–vacancies/TiOH. For the dosed sample we have assumed that each molecule creates a single Ti–OH species. ** Positions for Ti 2p and S 2p doublets refer to the 3/2 peak.





	
Species

	
Assignment

	
Clean Anatase

	
20 min 4-MBA Deposit

	
2.5 h 4-MBA Deposit




	
BE (eV) ± 0.1

	
%

	
BE (eV) ± 0.1

	
%

	
BE (eV) ± 0.1

	
%






	
Ti 2p **

	
Ti 3+

	
456.9

	
8.1

	
457.2

	
7.6

	
457.1

	
7.8




	
Ti 4+

	
458.6

	
91.9

	
458.7

	
92.4

	
458.9

	
92.2




	
O 1s

	
O Oxide

	
530.1

	
93.8

	
530.0

	
72.1

	
530.2

	
68.9




	
TiOH *

	
531.2

	
6.2

	
531.1

	
9.31

	
531.1

	
8.6




	
COO−

	

	

	
531.8

	
18.6

	
531.8

	
17.5




	
C–OH

	
-

	
-

	
-

	
-

	
533.4

	
5.0




	
C 1s

	
C2–6 (C–C, C–H)

	
-

	
-

	
284.8

	
77.1

	
284.7

	
77.7




	
C1 (C–S)

	
-

	
-

	
285.5

	
15.9

	
285.4

	
16.0




	
C7 (C–O)

	
-

	
-

	
288.7

	
7.0

	
288.7

	
6.3




	
S 2p **

	
R–SH

	
-

	
-

	
164.3

	
100

	
164.1

	
100
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Table 2. Assignments of peaks fitted to the core spectra of clean TiO2 rutile (110), 30 min of 4-MBA and 2 h 4-MBA deposit, their respective binding energies, and the relative abundances as a percentage of total areas. Percentage concentrations are quoted ±1%. * This peak arises from a combination of sites near surface O–vacancies/TiOH. For the dosed surfaces we have assumed that each molecule creates a single Ti–OH species. ** Positions for Ti 2p and S 2p doublets refer to the 3/2 peak.






Table 2. Assignments of peaks fitted to the core spectra of clean TiO2 rutile (110), 30 min of 4-MBA and 2 h 4-MBA deposit, their respective binding energies, and the relative abundances as a percentage of total areas. Percentage concentrations are quoted ±1%. * This peak arises from a combination of sites near surface O–vacancies/TiOH. For the dosed surfaces we have assumed that each molecule creates a single Ti–OH species. ** Positions for Ti 2p and S 2p doublets refer to the 3/2 peak.





	
Species

	
Assignment

	
Clean Rutile

	
30 min MBA Deposit

	
2 h MBA Deposit




	
BE (eV) ± 0.1

	
%

	
BE (eV) ± 0.1

	
%

	
BE (eV) ± 0.1

	
%






	
Ti 2p **

	
Ti 3+

	
457.5

	
4.6

	
457.3

	
5.0

	
457.0

	
4.9




	
Ti 4+

	
458.7

	
95.4

	
458.5

	
95.0

	
458.6

	
95.1




	
O 1s

	
O Oxide

	
530.1

	
97.8

	
530.0

	
72.98

	
530.0

	
66.09




	
TiOH *

	
531.4

	
2.2

	
531.1

	
7.58

	
531.1

	
8.01




	
COO−

	

	

	
531.8

	
19.44

	
531.8

	
20.54




	
C–OH

	
-

	
-

	
-

	
-

	
533.5

	
5.37




	
C 1s

	
C2–6 (C–C, C–H)

	
-

	
-

	
284.8

	
76.6

	
284.8

	
77.9




	
C1 (C–S)

	
-

	
-

	
285.4

	
15.9

	
285.4

	
16.1




	
C7 (C–O)

	
-

	
-

	
288.5

	
7.5

	
288.6

	
6.1




	
S 2p **

	
R–SH

	
-

	
-

	
164.3

	
96.9

	
164.2

	
98.0
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