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Abstract. 
The adsorption of p-aminobenzoic acid (pABA) on the anatase TiO2 (101) 

surface has been investigated using synchrotron radiation photoelectron 

spectroscopy, Near Edge X-ray Absorption Fine Structure (NEXAFS) 

spectroscopy and Density Functional Theory (DFT). Photoelectron 

spectroscopy indicates that the molecule is adsorbed in a bidentate mode 

through the carboxyl group following deprotonation. NEXAFS spectroscopy 

and DFT calculations of the adsorption structures indicate ordering of a 

monolayer of the amino acid on the surface with the plane of the ring in an 

almost upright orientation. Adsorption of pABA on nanoparticulate TiO2 leads 

to a red shift of the optical absorption relative to bare TiO2 nanoparticles. DFT 

and valence band photoelectron spectroscopy suggest the shift is attributed to 

the presence of the highest occupied molecular orbitals in the TiO2 band gap 

region and the presence of new molecularly derived states near the foot of the 

TiO2 conduction band. 

 

1. Introduction. 
 
The adsorption of organic molecules for the functionalization of titania is of 

interest for a number of technological applications including photovoltaics1, 
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biosensors2 and targeted biomaterials3 to name but a few. The interaction of 

titania with amino acids in particular is interesting, since it is well established 

that carboxylic acids bond strongly to titania surfaces in a bidentate bridging 

fashion, following deprotonation of the acid group4-6. The adsorption of amino 

acids then has relevance in understanding surface interactions in novel 

biosensors based on TiO2 and also in the osseointegration of Ti biomaterials, 

where the active surface is thought to be the native oxide7. The adsorption of 

amino acids on TiO2 surfaces via the carboxyl group is thought to leave the 

amine group unbound8-10. The free amine group could then be used to graft 

polymers or biomolecules onto TiO2 for biosensing11, or novel biomaterial 

applications3,12.  In addition, the free amine group could be used to anchor 

light-harvesting quantum dots, such as CdSe or PbS, to the TiO2 surface13. 

The formation of a strong bond between the light-sensitizer and n-type 

material is thought to be important in allowing efficient charge transfer 

between the two materials in photovoltaics. Recently there have been a 

number of studies on CdSe and PbS quantum dots, which suggest they 

exhibit multiple exciton generation, i.e. the production of more than one 

exciton for each absorbed photon. It has also been shown that charge transfer 

does occur between these quantum dots and TiO2 single crystal surfaces14. 

Cysteine linker molecules have been shown to enhance the efficiency of 

charge transfer between CdSe quantum dots and nano-structured TiO2 

surfaces relative to mercaptopropionic acid and thioglycolic acid linkers13. 

One might expect that an aromatic amino acid such as p-aminobenzoic acid 

(pABA) (see figure 1) may further enhance this effect due to the delocalization 

in the phenyl ring. The aromatic ring offers resonance structures for electron 

or hole trapping. This trapping, it has been suggested, can lead to an increase 

in the rate and efficiency of charge transfer when using cysteine as a linker 

molecule for CdSe quantum dots on nanostructured TiO2 surfaces13.  

 

Furthermore, pABA, like pyrocatechol (benzene-1,2-diol) and other catechols, 

causes an optical absorption shift when adsorbed onto TiO2 nanoparticles 

resulting in a color change from white to yellow (see figure 1(a)) 15,16. As in the 

case of catechol on TiO2 this must be due to either a direct molecule to 

substrate e--transfer process17, or a change in the density of states of the 
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combined pABA-TiO2 system18,19, since the optical absorption onset for pABA 

is 360 nm (3.4 eV)20. The absorption onsets for anatase TiO2 (3.2 eV) and 

pABA have led to their use in sunscreens15 although pABA is less widely used 

now due to allergy issues. 

 

In this work, we study the adsorption mode and geometry of p-aminobenzoic 

acid on the anatase TiO2(101) surface. We also characterize the density of 

states of pABA adsorbed on single crystal anatase TiO2 (101) in the valence 

band region using high-resolution valence-band photoelectron spectroscopy 

in order to determine the nature of the change in the size of the optical gap 

seen in UV-visible absorption spectroscopy measurements. Finally, we utilize 

Near-Edge X-ray Absorption Fine Structure (NEXAFS) spectroscopy to study 

the orientation of the pABA molecule on the anatase TiO2(101) surface in 

order to verify that the amine group does not bond to the surface and is 

available for grafting of other molecules or indeed quantum dots. DFT 

calculations are also used to study the interaction between pABA and the 

anatase TiO2 (101) surface, both to support the geometry investigations and 

to elucidate the optical absorption shift through study of the density of 

occupied and unoccupied states. 
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Figure 1. a) Anatase TiO2 nanoparticles suspended in water (left) and 

following addition of p-aminobenzoic acid (right). b) The pABA molecule. The 

numbering of the carbon atoms is used for reference below. 

 

2. Experimental and computational details. 

 

Synchrotron radiation photoelectron spectra of clean- and pABA-dosed TiO2 

were recorded on the undulator beamline, I4, and bending-magnet beamline, 

D1011, at MAX-Lab, Sweden, and the undulator beamline, Antares, at Soleil, 

France. The anatase TiO2 (101) single crystal (Pikem ltd.) was prepared by 

repeated 1 keV Ar+ ion sputter and 650 °C anneal cycles until sharp (1x1) low 

energy electron diffraction (LEED) patterns were obtained. A survey 

photoelectron spectrum showed the surface to be free of contaminants. Two 

dosing methods were used. In the first method pABA (99.9 %, Sigma Aldrich) 

was packed into a Ta envelope and thoroughly outgassed in an isolated 

chamber at 60 °C. The evaporator temperature was then reduced to 30 °C, 

the sample introduced into the dosing chamber and dosed for up to 30 

minutes. The base pressure of the dosing chamber was kept below 5 x 10-8 

mbar and the sample was kept under vacuum between dosing and data 

acquisition. This process led to roughly 1 monolayer (1 ML) coverage. The 

second method involved pABA being placed in a sealed, evacuated port at 

room temperature behind a leak valve. Dosing was performed by opening the 

valve, which for an exposure of 10 L (1 L = 1.33 x 10-6 mbar s) resulted in 

approximately 1 ML coverage. 

 

Photoelectron spectra were recorded at normal emission and are aligned on 

the binding energy scale referenced to a Fermi edge spectrum recorded from 

the Ta clips holding the sample in place, unless otherwise stated. NEXAFS 

spectra were recorded on beamline D1011 at MAX-Lab using a partial yield 

detector. The photon energy was scanned over the C K-edge monitoring all 

photoemitted electrons with a kinetic energy ≥ 250 eV. The sample was 

oriented such that the electric vector was aligned at 17° relative to the [010] 

azimuth. NEXAFS spectra were recorded at 10° polar angle intervals from 

normal incidence up to 70° from normal incidence. Spectra were divided by 
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the spectrum recorded from the clean surface to remove any substrate related 

features from the spectra. Spectra are aligned on the photon energy scale 

relative to the Ti L edge at 458.4 eV21. 

 

To compare the adsorption of pABA on TiO2 via the carboxylic group or via 

both the carboxylic and the amino group, several adsorption configurations of 

pABA on TiO2 anatase (101) slabs were modelled using density-functional 

theory (DFT) calculations. The calculations were performed using the 

CRYSTAL09 code22,23 and employed the all-electron representation with 

localized Gaussian basis sets (triple valence plus polarization for Ti and O, 

double valence plus polarization for N, C and H - all obtained from the 

CRYSTAL web site24) and the B3LYP hybrid density functional25,26. This setup 

was tested in an earlier publication27. Periodic TiO2 slabs were modelled using 

the 2D option in CRYSTAL and contained two Ti2O4 layers (12 atomic layers) 

and (3×3) extended surface unit cells. Atoms in the lower half of the slab were 

fixed at their bulk positions, while the upper half of the slab and the adsorbate 

were allowed to relax. These (3×3) extended cells were large enough to 

ensure no interaction between adsorbate molecules in periodically repeated 

image cells. Thus, these calculations represented isolated adsorbate 

molecules rather than a monolayer. Following literature studies of carboxylic 

acids, such as formic acid28,29, benzoic acid27 and other aromatic carboxylic 

acids4 on the anatase (101) surface, two modes of adsorption of the 

carboxylic group were considered: dissociative adsorption in the bridging 

bidentate configuration and non-dissociative (molecular) adsorption. 

Additionally, for each of these adsorption modes of the carboxylic group, 

adsorption configurations were constructed where the amino group was also 

interacting with the anatase (101) surface.  

Adsorption energies Eads of optimized structures were calculated as: 

Eads = Eslab+ads - Eslab – EpABA,    Eq. 1 

where, Eslab is the energy of the TiO2 slab, EpABA is the energy of the isolated 

pABA molecule in the gas phase, and Eslab+ads is the energy of the surface-

adsorbate system. Negative values of adsorption energies correspond to 

favorable adsorption. Adsorption energies were corrected for the basis set 

superposition error (BSSE) using the counterpoise scheme30. 
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In order to calculate NEXAFS spectra of the gas phase pABA molecule 

GaussView and Gaussian 0331 were used to produce energy minimized 

geometry optimized structures in order to obtain the atomic co-ordinates. 

These calculations were carried out using DFT B3LYP theory and the 6-

31G(d,p) basis set. The co-ordinates obtained from Gaussian were then used 

to carry out further DFT calculations using the StoBe-deMon code32. StoBe 

was used to calculate the excited state X-ray absorption spectra for each C 

atom in the molecule individually. Summation of the individual energy 

calibrated spectra gives the theoretical angle-integrated NEXAFS spectrum 

for the molecule. 

 

3 Results and discussion. 

 

3.1 Photoelectron spectroscopy. 

 

Figure 2 shows the Ti 2p, O 1s, C 1s and N 1s photoelectron spectra 

recorded from clean anatase TiO2 (101) and anatase TiO2 (101) following 

adsorption of a monolayer (1 ML) of pABA at a photon energy 

(hν) of 1000 eV. These spectra were recorded on the bending magnet 

beamline D1011. We define 1 ML in this case, as saturation coverage where 

all available five-fold coordinated Ti sites at the surface are occupied. The 

coverage is monitored from the relative intensity of the molecule to substrate 

O 1s signal33. Figure 2a shows the Ti 2p spectra, which consist of two peaks 

due to spin-orbit splitting: the Ti 2p3/2 peak at a binding energy of 458.9 eV 

and the Ti 2p1/2 at 464.5 eV. The small peak at a binding energy of 457.4 eV 

is evidence of residual Ti3+, which for anatase TiO2 (101) is thought to arise 

from subsurface oxygen vacancies34. Following exposure to pABA, the Ti 2p 

spectrum shows no significant change apart from a rigid shift of 0.2 eV to 

lower binding energy, which is also observed in the O 1s spectra in figure 2b, 

and a small reduction in the intensity of the Ti3+ derived peak. The shift is due 

to an adsorbate induced downward band bending and has been observed 

following adsorption of other molecules on the TiO2 anatase surface18,35. The 

reduction in the intensity of the Ti3+ derived peak in the Ti 2p spectrum may 
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suggest some degree of reoxidation of surface Ti3+ upon adsorption of the 

amino acid as has been observed following adsorption of similar molecules4. 

However it is also possible that the reduction in the intensity of the Ti3+ peak 

in the Ti 2p spectrum relative to the Ti4+ peak is due to preferential adsorption 

of the molecule at O-vacancy sites, where Ti3+ is located36. 

 

 

Figure 2. Core level synchrotron radiation photoemission spectra of a clean 

anatase TiO2 (101) single crystal and the anatase TiO2 (101) single crystal 

following adsorption of ~1 ML pABA . a). Ti 2p, b) O 1s, c) N 1s and d) C 1s. 

 

Figure 2b shows the O 1s spectrum recorded from the clean TiO2 anatase 

(101) surface (hν = 1000 eV) fitted with two peaks at binding energies of 

530.2 eV and 531.5 eV, which are assigned to the oxide and surface oxygen 

close to O-vacancy sites37,38, respectively. Following adsorption of around 1 

ML of pABA onto the TiO2 surface, the shoulder on the high binding energy 

side of the “oxide peak” is seen to increase in intensity. The O 1s spectrum 

can be fitted with two peaks, at energies of 530.0 eV and 531.3 eV.  By 

comparison with the adsorption of similar molecules on TiO2 surfaces4,39,40, 

we assign the peak at 531.3 eV to the COO- moiety of the amino acid. 

Anatase TiO2 (101)+ p-aminobenzoic acid.

a). Ti 2p b). O 1s c). N 1s d). C 1s
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Following adsorption of pABA on the TiO2 (101) surface there is only a single 

O 1s peak associated with the molecule, strongly suggesting adsorption 

through both oxygen atoms in the carboxyl group following loss of the proton 

from the carboxylic acid group40. The dissociation of the carboxyl group, in 

conjunction with studies of adsorption of other carboxylic acids on TiO2 

surfaces4 suggest the molecule adsorbs dissociatively on anatase TiO2 in a 

bidentate configuration, via the carboxylate group. From the data here it is not 

possible to determine unambiguously whether this is a chelating or bridge-

bonding mode. However, previous studies on adsorption of carboxylic acids 

on anatase and rutile TiO2 surfaces seem to show a preference for the 

bidentate bridging mode4,5. 

 

The N 1s spectrum following adsorption of 1 ML pABA on the TiO2 anatase 

surface is shown in figure 2c. The spectrum consists of a single peak at a 

binding energy of 399.9 eV consistent with the presence of NH2
18,41,42. This 

suggests that the molecule does not form the zwitterion upon adsorption, in 

agreement with the adsorption of glycine on the rutile TiO2 (011)42, and 

therefore it appears that the amine group is present as R-NH2. This may 

suggest that the proton lost from the carboxylate group is adsorbed on the 

surface to form a surface hydroxyl species as has been observed in other 

carboxylic acids upon adsorption on TiO2 surfaces.4,5 

 

The C 1s spectrum recorded following adsorption of pABA on the anatase 

TiO2 (101) surface is also shown in figure 2d indicating the presence of three 

peaks at energies of 284.9 eV, 286.2 eV and 288.4 eV. These are assigned to 

carbon atoms C1, C2, C3, C5 and C6 (284.9 eV), C4 (286.2 eV) and C7 

(288.4 eV), where C1-7 refer to the numbering in figure 1b.  The ratio of the C 

1s peak areas for the adsorbed pABA molecule is found to be 8.1:1.6:1.0. 

Deviations from the expected stoichiometry in similar adsorbed molecules 

such as this have been explained as being due to photoelectron diffraction 

effects43, where the ordering of the overlayer and the substrate means that 

atoms at particular positions lead to diffraction of the photoemitted electrons, 

and, in turn, a reduction in the intensity of signals from electrons of a 

particular kinetic energy. In fact, the ring carbon/C-NH2 ratio of 5.2:1 is in 
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reasonable agreement with the expected ratios for this molecule. A reduction 

in intensity of the carboxyl carbon derived peak is consistent with bonding to 

the surface via the carboxylate group, since emission from the carbon atom 

closest to the surface would be most susceptible to diffraction effects. 

Unfortunately the sample manipulator used on D1011 did not allow azimuthal 

rotation and energy scanned mode photoelectron diffraction measurements 

were not made so it is not possible to confirm that the effect is due to 

photoelectron diffraction. The discrepancy between the measured and 

expected peak ratios may of course arise from photon beam induced 

decomposition of the molecules with loss of CO or CO2 from the surface. 

However, no changes in the relative intensities of the C 1s peaks (or O 1s) 

were observed over timescales of several hours under the beam.  

 

3.2 Near Edge X-ray Absorption Fine Structure (NEXAFS). 

 

In order to probe the unoccupied molecular states we carried out NEXAFS of 

the pABA powder and for a 1 ML coverage of pABA on anatase TiO2 (101). 

The spectra recorded from the pABA powder, and from 1 ML of adsorbed 

pABA with the incident synchrotron beam at 45° and 40° off normal incidence, 

respectively, are shown in figure 3. The 1 ML spectrum is normalized by 

dividing by a spectrum recorded from the clean anatase TiO2(101) surface 

and that from the powder by dividing by the photon flux over the energy range 

of the spectrum. The large dips in both sets of experimental spectra at around 

290-295 eV arise from C contamination of the beamline optics resulting in 

absorption at these energies. It is also noted that the 1 ML pABA-TiO2 

spectrum was recorded using a partial yield detector with a kinetic energy cut 

off of 250 eV on the D1011 bending magnet beamline. The spectrum from the 

pABA powder was recorded in constant final state mode using the Scienta 

analyzer to detect C KLL Auger electrons at 260 eV on the insertion device 

beamline ANTARES at Soleil. The large dip at around 290 eV photon energy 

is an artifact of the beamline. The experimental NEXAFS spectra are in good 

agreement with those reported by Lopez et al. for adsorption of pABA on Na-

modified Si(100) 2 x 1 surfaces44. Figure 3 also shows the StoBe calculated 

NEXAFS spectrum for the pABA molecule. The X-ray absorption spectra at 
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the C K-edge are calculated for each atom individually, each spectrum is 

 

 

Figure 3. NEXAFS spectra recorded from pABA powder and 1 ML pABA 

adsorbed on an anatase TiO2 (101) single crystal at normal emission 

compared to the angle-integrated StoBe calculated NEXAFS spectrum. The 

panel on the right shows the individual contributions of the carbon atoms. The 

labels C1-C7 refer to the numbers in figure 1b. 
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energy calibrated and convoluted with a Gaussian distribution to give a similar 

peak width to the experimental data before summation to give the total 

spectrum for the molecule. The spectra for the individual C atoms are shown 

in the right hand panel of figure 3. The numbering C1-C7 refers to the 

schematic of the molecule in figure 1 and can be used to assign the origin of 

the peaks seen in the experimental spectra. 

 

The experimental and calculated spectra exhibit three clear shape 

resonances, at 284.5 eV, 285.9 eV and 287.8 eV in the powder and 284.5 eV, 

285.8 eV and 287.7 eV in the monolayer spectrum, and 284.5, 285.8 and 

287.4 eV for the calculated spectrum. These sharp features are associated 

with excitations from C 1s !ring π* orbitals in the molecule. Analysis of the 

calculated spectra for the individual atoms, shown in figure 3, indicate the 

three sharp resonances to be due to C 1sC-C π*1 (284.5 eV), C 1sC-N  π*1 

and C1sC-C π*3 (285.8 eV), and C 1sC=O  π*1 and C 1sC-N  π*3 (287.8 eV) 

transitions, respectively44. In addition, careful inspection of the lowest 

unoccupied molecular orbital (LUMO) peak shapes for C2 and C6 show some 

asymmetry. This is due to excitations from C1s to the LUMO+1 (π*2). The 

broad peaks above 290 eV photon energy are assigned to C 1s  σ* 

transitions. 

 

Figure 4 shows angle-resolved NEXAFS of the 1 ML pABA on anatase TiO2 

(101). The spectra are normalized to the absorption edge step45. The incident 

radiation is oriented with electric vector at 30° ± 5° to the 101 !azimuth. It can 

be seen that at normal incidence the spectra are dominated by the π* peaks 

but as we move to grazing incidence the σ* peaks become larger with a 

concomitant decrease in intensity of the π* peaks. The inset shows the 

intensity of the C 1sC-C,  π*1 transitions as a function of angle. The solid line 

is a fit based on the equations of Stöhr for a surface of 2-fold symmetry46. The 

fit is consistent with the molecule adsorbing with the plane of the ring tilted at 

30 °± 15 ° from the normal to the surface (60 °± 15 ° from the surface). The 
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azimuthal orientation of the ring is calculated to be at 24° ± 15° from the 

 

Figure 4. a) Angle resolved NEXAFS spectra recorded from the 1 ML pABA 

dosed anatase TiO2 (101) single crystal. θ is the angle of incident synchrotron 

radiation relative to the surface. The inset shows the intensity of the dominant 

π* peak as a function of angle. The line is a fit to the data using the equations 

of Stöhr46.  

 

direction of the electric vector. Since the synchrotron light was incident at 17° 

to the [010] azimuth we calculate the ring is aligned at an angle of 7°± 15° 

relative to the [010] azimuth. Due to the sample manipulator having no 

azimuthal control it was not possible to record NEXAFS spectra at differing 

azimuthal angles although it is clear that there is ordering of the adsorbed 

molecules.  
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3.3 DFT calculations 

Although the O 1s photoelectron spectroscopy data clearly point to a 

bidentate adsorption mode, which suggests deprotonation of the carboxyl 

group, and the NEXAFS spectroscopy suggesting a tilt from an upright 

adsorption geometry, a number of groups have proposed that amino acids 

bond to TiO2 surfaces through both the carboxylate and the amino groups 47-

49. Furthermore, the N 1s spectra tell us only that there is a single chemical 

environment for the amine nitrogen but do not exclude the possibility of the 

amine group interacting with the surface. To explore further whether the 

amino group is involved in adsorption of pABA on anatase (101), DFT 

calculations were carried out. Several types of adsorption configurations were 

explored (see supporting information). To obtain a comprehensive picture of 

adsorption of pABA via the amino group, different orientations of the molecule 

with respect to the surface crystallographic directions were tested; the amino 

group was adsorbed either intact or dissociatively (losing one hydrogen).  

 

The structures studied in the DFT calculations are shown in figure 5 and the 

adsorption energies are collected in Table 1. 18 starting structures were 

considered, but only 13 optimized structures were obtained (see supporting 

information). The energies in Table 1 show that the structures adsorbed via 

only the carboxylic group are always more stable (typical adsorption energies 

of -1.0 to -0.8 eV) than those where the amino group is also adsorbed 

(adsorption energies of -0.5 eV and weaker). The exception is the zwitterion, 

which is very unfavorable in terms of the adsorption energy.  

 

Among the structures that contain an adsorbed amino group, the structures 

with the non-dissociated NH2 group are relatively more stable, while the 

structures involving a dissociated NH group have positive adsorption energies 

– implying that these structures are less favorable than even a desorbed 

pABA molecule (but desorption does not take place in the calculation because 

of the high energy barrier required to break these Ti-N bonds). Nevertheless, 

even the most stable configurations containing an adsorbed amino group are 

still considerably less stable than the structures that are adsorbed only via the 
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carboxylic group, and are therefore unlikely to exist. This adsorption via the 

carboxylic group but not via the amino group agrees very well with the 

NEXAFS and photoelectron spectroscopy results. 

 

 

Label Adsorption mode of carboxylic 

group 

Adsorption mode of 

amino group 

Adsorption energy, 

eV 

a dissoc. - -0.80 

b dissoc. - -0.24 

c dissoc. (zwitter-ion) - 0.53 

d non-dissoc. - -0.96 

e non-dissoc. - -0.93 

f dissoc. non-dissoc. 0.19 

f' dissoc. dissoc. 1.75 

g non-dissoc. non-dissoc. -0.42 

g' non-dissoc. dissoc. 0.70 

h non-dissoc. dissoc. 1.00 

i non-dissoc. dissoc. 0.82 

j non-dissoc. non-dissoc. -0.47 

j' non-dissoc. dissoc. 0.88 

 

Table 1. Adsorption energies of pABA on anatase (101). 
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Figure 5 Adsorption configurations of pABA on anatase (101) obtained from DFT 

calculations: (a), (b) dissociative adsorption of the carboxylic group, (c) dissociative 

adsorption of the carboxylic group of the zwitterion, (d), (e) non-dissociative adsorption of the 

carboxylic group (the carboxylic group is either above the surface trough or above the surface 

Ti-O bond), (f) dissociative adsorption of the carboxylic group and non-dissociative adsorption 

of the amino group, (g) – (j) non-dissociative adsorption of the carboxylic group and 

adsorption of the amino group. Structures (f), (g), (j) can have the amino group adsorbed non-

dissociatively (as shown in the figure) or dissociatively; these latter structures have higher 

energies (see Table 1) and are not shown in the figure. 
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Among the structures adsorbed only via the carboxylic group, non-

dissociatively adsorbed structures have slightly larger (by ~0.1 eV) adsorption 

energies than dissociatively adsorbed structures. This is in agreement with 

earlier theoretical studies of carboxylic acid adsorption on anatase (101)27-29, 

which show that molecular adsorption is energetically favored. However, 

these results are in contradiction with the photoelectron spectra, which clearly 

show that the pABA molecule is adsorbed dissociatively – both oxygens of the 

molecule have the same environment. This contradiction can be explained if 

we consider the possibility of the full monolayer coverage of the surface by 

the adsorbate. If the pABA molecule is adsorbed dissociatively, at full 

monolayer coverage the shortest distance between atoms in neighboring 

molecules is approximately 3.6 Å, i.e. there is no steric clash (see figure 6(a)). 

On the other hand, if the molecules in the non-dissociative configuration 

(optimized geometries d and e in figure 5) are placed on this surface to 

achieve full coverage, the shortest intermolecular distance can be as short as 

0.6 Å (figure 6(b)) – this clearly leads to a very strained structure. This steric 

clash can be avoided if the adsorbate covers every other row of 5-coordinated 

Ti atoms in the [010] direction, rather than every row – but this arrangement 

would leave under-coordinated Ti atoms free to react with other pABA 

molecules which can adsorb in the dissociative configuration. Therefore, even 

if dissociative adsorption is slightly less energetically favorable for single 

adsorbed molecules, it is preferable because it allows full coverage of the 

anatase (101) surface with the pABA adsorbate. 
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Figure 6. Models of adsorption geometries of pABA on anatase (101) at full 

coverage: (a) dissociative adsorption (two side views), (b) non-dissociative 

adsorption (side and top view). 

 

The calculated adsorption geometry can be compared with the information on 

the molecular orientation given by angle resolved NEXAFS measurements. 

The plane of the aromatic ring in the dissociated adsorption configuration 

(structure (a) in figure 5) is tilted by 65.1° with respect to the surface (or 24.9° 

with respect to the surface normal). The plane of the ring is also twisted by 

12.7° with respect to the [010] direction. These parameters are in excellent 

agreement with the angle resolved NEXAFS results (tilt 60°± 15° from the 

surface and twist angle of 7°± 15° relative to the [010] azimuth). Structure (b) 

in figure 5 also is compatible with experimental measurements (the calculated 

tilt angle is 52.7° and twist angle 13.9°), while the orientations of the 

molecularly adsorbed structures (d) and (e), where the molecule is 

approximately along the 101  direction, are not compatible with the NEXAFS 

results. The adsorption geometry  of the zwitterion (tilt angle 5.6°, twist angle 

1.1°, figure 5(c)) is very different from the adsorption geometry of the 

dissociated molecule and also very different from the experimentally 
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determined parameters: these results confirm that the adsorbed zwitterion is 

not formed in experiment. 

 

3.4 Occupied and Unoccupied Density of States Calculations and 

Valence Band Photoemission Spectroscopy 

 

The density of states (DOS) has been calculated for the dissociated 

(deprotonated) configuration to obtain additional information on the 

composition of the valence and conduction band. Figure 7 shows that the 

calculated TiO2 band gap is approximately 3.6 eV (slightly overestimated due 

to the use of the B3LYP functional); the HOMO of pABA lies approximately 

1.3 eV above the top of the TiO2 valence band and has the same energy both 

in the adsorbed and unbound pABA molecule. States near the bottom of the 

conduction band have a noticeable contribution of pABA orbitals (mainly from 

the oxygens and the carboxylate carbon, C7): these mixed states have no 

equivalent in the isolated pABA molecule whose LUMO can be seen as a 

sharp peak ~2.5 eV above the conduction band minimum. Therefore, in the 

surface-adsorbate system, the lowest-energy excitation (and optical 

absorption) is likely to go from the pABA HOMO to the states at the bottom of 

the conduction band, which have a mixed TiO2-pABA character. The energy 

difference between these states and therefore the energy of this transition is 

approximately 2.3 eV according to the computational results. Bearing in mind 

that the TiO2 band gap was overestimated by ~0.4 eV in the calculations, this 

energy of 2.3 eV is also likely to be overestimated, and the energy of this 

transition is likely to be of the order of 1.9 eV – similar to the experimental UV-

Vis absorption of pABA UV vis spectroscopy of a pABA-TiO2 nanoparticle 

complex (see Supporting Information fig S1). 
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Figure 7. Total DOS (tDOS) and the contribution from individual pABA atoms 

(pDOS). Upper panel: total DOS for the substrate and adsorbate (scaled by 

the number of Ti atoms – 36 Ti atoms in the cell), and the DOS of an unbound 

pABA molecule; Middle panel: the contribution of the adsorbed pABA to the 

total DOS ; Lower panel: individual atom contributions to the asorbed pABA 

DOS. The HOMO and LUMO of the isolated pABA molecule and the 

conduction band minimum (CBM) of the TiO2-adsorbate system are labeled. 

The vacuum level is set as the zero of energy. 
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The partial density of states in figure 7 show that the carboxylate carbon 

atom, C7, contributes to the state resulting from adsorption in the unoccupied 

DOS at around – 2 eV with respect to the vacuum level. The two oxygen 

atoms also have a small contribution to this region of the unoccupied DOS. 

The presence of C7 states in this region may appear at odds with the StoBe 

calculated NEXAFS spectra. However, it should be remembered that the 

NEXAFS calculations are for the excited state and account for the chemically 

shifted carboxylate C 1s from which the electron is excited as well as the 

unoccupied state into which it is excited. 

 

Figure 8 shows valence band spectra recorded from clean anatase TiO2 (101) 

(hν=40 eV), and anatase TiO2 (101) following adsorption of 1 ML pABA 

(hν=40 eV). The spectrum recorded from the clean anatase TiO2 (101) 

surface is in good agreement with published valence band spectra recorded 

from this surface and at this photon energy21,50.  The most obvious effect of 

adsorbing pABA onto the TiO2 is the location of the molecular HOMO density 

of states extending from the low binding energy side of the TiO2 valence band 

to around 1.8 eV binding energy. Molecule-derived states in the band gap 

region have also been observed following catechol adsorption on this 

surface51. Other features due to the adsorption of the molecule are also 

apparent in the loss of structure in the valence band and in the appearance of 

new peaks at 9.4, 13.3 and 17.2 eV. The inset in figure 8 shows a difference 

spectrum (obtained by normalizing the clean and dosed spectra to the 

background and then subtracting the clean spectrum from the dosed one) 

compared to the occupied DOS of the adsorbed pABA molecule. The DOS 

calculation was placed on the binding energy scale by aligning the peaks at 

5.8 and 6.9 eV in the calculation to the broad peak between 0 and 2 eV in the 

experimental valence band spectrum.  We chose this as the normalization 

point since we expect the highest occupied molecular orbitals (HOMOs) to be 

associated mainly with the ring π-system and are therefore less likely to be 

perturbed by bonding to the surface. The large dip in the difference spectrum 

at 4.6 eV is an artifact of the subtraction process. The agreement between the 

calculated DOS and experimental data is rather good, although the molecular 
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HOMO derived peaks are much narrower than the experimentally derived 

peaks. 

 

Figure 8. Valence band spectra recorded at a photon energy of 40 eV from 

the clean anatase TiO2 surface, and the same surface following adsorption of 

1 ML pABA. The inset shows a portion of the difference spectrum obtained by 

subtracting the clean surface spectrum from that of the dosed one, compared 

to the occupied density of states of the adsorbed pABA molecule. 
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In summary the valence band spectra and DOS calculations suggest that it is 

the position of the HOMO (ring π-bonding) derived states coupled with the 

presence of new molecular states in the adsorbed molecule that lead to the 

reduction in the optical band-gap observed in the UV-vis spectrum. The 

highest occupied molecular orbital to lowest unoccupied molecular orbital 

(HOMO-LUMO) excitation energy in the free pABA molecule is 3.4 eV. For 

catechol and dopamine on TiO2 it was suggested that adsorption of the 

molecule onto TiO2 leads to the presence of new molecule-substrate-derived 

states close to the bottom of the conduction band of the TiO2
18,35. This leads 

to the observed change in the optical absorption onset in catechol-TiO2 

nanoparticle complexes. The DOS calculations for the adsorbed molecule 

support a similar process leading to the formation of the yellow pABA-TiO2 

nanoparticle “complex”. This yellow-colored complex was also observed in the 

work of Rahal et al15. It is well known that the p-aminobenzoate ion is also 

yellow, which strongly suggests the color change on adsorption is linked to 

electronic structure changes upon ionization of the molecule. We propose it is 

these changes and formation of new molecule-substrate-derived states that 

lead to the change in optical absorption of the pABA-TiO2 nanoparticle? 

complex rather than a direct molecule to TiO2 conduction band transfer 

process.  

 

 

 

Conclusions. 

 

p-Aminobenzoic acid was found to adsorb on the TiO2 (101) anatase surface 

in a bidentate mode, most likely to be bridging between neighboring five-fold 

coordinated Ti atoms in the [010] direction. Core level spectra suggest the 

molecule adsorbs following deprotonation of the carboxyl group and the 

zwitterion is not formed upon adsorption. This is supported by the DFT 

calculations of adsorption energies, which find zwitterion formation to be 

particularly unstable. The amine group appears to remain intact, and oriented 

away from the surface at monolayer coverage and could therefore be 
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available for the grafting of biomolecules or light-harvesting quantum dots. 

Angle-resolved NEXAFS spectra and DFT-derived adsorption structures 

indicate the ring of the molecule to be tilted at 30 ± 5 ° to the surface normal 

and twisted relative to the [010] azimuth. The observed shift in the optical 

absorption spectrum of the pABA functionalized TiO2 is attributed to 

excitations between the molecular HOMO and the presence of new molecular 

states, resulting from deprotonation of the adsorbed carboxyl group, close to 

the foot of the TiO2 conduction band. 
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