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Abstract: y

Due to its biocompatibility, TiO, is a relevant material for.the study of bio-interfaces. Its electronic
and chemical properties are influenced by defects, which mainly consist of oxygen vacancies or
adsorbed OH groups and which affect, consequently,also the interaction with biological molecules.
Here we report on an X-ray photoemission spectroscopy and Near Edge Adsorption Fine Structure
study of glutamic acid (Glu) adsorption on the rutile TiO,(110) surface, either clean or partially
hydroxylated. We show that Glu anchors to the surface through a carboxylate group and that the final
adsorption state is influenced. by the presence of hydroxyl groups on the surface prior to Glu
deposition. Indeed, molecules adsorb both in the anionic and in the zwitterionic form, the former

species being favored on the hydroxylated substrate.

Keywords:
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Introduction:

The organic-inorganic interfaces are most relevant when dealing with biocompatibility issues or
pharmacological and hygiene applications. Most often the inorganic surfaces are oxidized and/or
hydroxylated since, with the notable exception of gold, metal objects in ambient or biological
environment are covered by an oxide or hydroxide layer. Therefore, information is required about the

mteraction of amino acids with this class of materials, while most of the current studies at the atomic
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and molecular level refer to the interface between amino acids and the bare metal surface!~7. This is
due both to the increased complexity of oxide/hydroxide substrates and to their insulating nature,

which prevents the use of electron-based techniques for surface analysis.

TiO, represents a fortunate exception in this respect because it combines a semi-conducting nature,
precious to avoid charging problems®, to a high relevance as a biomaterial. It has therefore become
the reference oxide for fundamental studies on the interaction of oxide surfaces with biomolecules in
general and with amino acids (AA) in particular. Indeed, AA/Ti0,, especially for the monocrystalline
rutile TiO,(110), represents the best system for which the gap between model studies under controlled
ultra-high vacuum (UHV) conditions and samples produced in ambient/liguid environment has been
bridged. by

Adsorption has been studied on TiO, for several amino acids’*~!! andiinvestigated with an arsenal of
techniques ranging from LEED (Low Energy Electron Diffraction), HREELS (High Resolution
Electron Energy Loss Spectroscopy), XPS (X-ray Photoemission Spectroscopy), and TPD
(Temperature Programmed Desorption, applied to surfaces), to ATR-FTIR (Attenuated Total
Reflection-Fourier-Transform Infrared Spectroscopy) and others more convenient for dispersed
samples. To the best of our knowledge, only one STM (Scanning Tunnelling Microscope) study has
been reported, namely for the Gly/TiO,(110) 1x1 system!. It agrees with photoemission experiments®
and theoretical models'? in demonstrating that, at saturation of the first Gly monolayer, the molecules
adsorb in form of glycinate and bind to the surface in'a n2 bridge configuration. Indeed, deprotonation
of the carboxyl group and formation,of Ti-O-C-O=Ti cycles is the most common configuration for
the adsorption of carboxylic and bi-carboxylic acids'>'* and of several amino acids. Additional
anchoring points, as well as adsorpti\on as zwitterions, depend then on the molecular species and on
the presence of additional functional groups’.

While model studies tend\to consider.a perfect substrate, this is not always a good approximation for
reality: TiO, tends to be.defect richy the most common defects being oxygen vacancies and hydroxyl
groups®!3. Their presence at the surface may affect the adsorption configuration of the molecules and
cannot be neglected for a.complete understanding of the system. E.g., a significant role of surface
oxygen vacancies /was demonstrated for adsorption of arginine'® and proline!'’!7!3 on rutile
Ti0,(110)./For arginine, DFT calculations inferred that a deficiency of either in-plane oxygen or
bridging_oxygen weakened the arginine adsorption on the rutile surface. For proline, XPS
investigation showed that both a zwitterionic and a deprotonated (anionic) species co-exist. The
former 1s less strongly bound and gets dominant on the reduced surface, most likely because in

presence.of surface vacancies less oxygen is available at which the dissociated H atom can bind. To
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the best of our knowledge, however, much less work has been performed to investigate in a controlled
way the effect of the presence of hydroxyls on amino acids adsorption.

Finally, we mention that amino acids with an acidic lateral chain (e.g., aspartic, or glutamic acid) or
a basic one (e.g., lysine) have been shown to have affinities with the TiO, surfaces’. Foridi-acidic
molecules, the interesting question is whether they bind through the a- or the lateral carboxylate
functionality, or via both of them. DFT calculations by Guo et al.!” suggest that the. most favourable
adsorption configuration for aspartic acid on dry rutile TiO,(110) in vacuum is the one with both the
o-COOH and the NH, groups interacting with the surface. The presence ofwater. is predicted to
hinder aspartic acid adsorption due to competition for adsorption sites. However, a systematic

experimental work confirming this trend is still lacking. ~

We present here a combined XPS and NEXAFS investigation of the Glu/TiO,(110) system performed
under controlled UHV conditions for the clean and forsthe hydroxylated surface. Besides
characterising the molecule-surface interaction at different temperatures, we demonstrate that the
adsorption state of the admolecules significantly depends onthe initial condition of the substrate. Due
to the presence of hydroxyls on the TiO, surface under reaT conditions, we believe that the
fundamental understanding of the effect of suchicontamination on the adsorption properties of a

biological molecule as glutamic acid is a key issue of practical interest.

Experimental:

The first set of X-ray photoemission (XPS) experiments was performed in Genova, in an apparatus
hosting a conventional, non-monochromatic X-ray source (DAR400, Omicron) and a hemispherical
analyzer (EA125, Omicron) for pho%emission spectroscopy; in addition, the apparatus is equipped
with a four degrees of freedom manipulator, a home-made evaporator suitable for organic molecules
and all other typical vacuum, facilities, including a quadrupole mass spectrometer for residual gas
analysis, an ion gun and leak=valves for gas inlet. The second set of XPS data and NEXAFS spectra
were recorded at the ALOISA beamline?® in Trieste (Elettra Synchrotron, Italy), which is equipped
with a preparation chamber hosting similar vacuum facilities.

In both casessthe sample‘'was cooled down by liquid N, flux and could be heated to T = 1000 K either
by irradiation or electron bombardment. While annealing samples covered by Glu, electron
bombatdment was avoided since it was proven to cause partial fragmentation of the admolecules.

In Genova, XPS spectra were recorded at normal emission and using a conventional, non-
monochromatic Mgy, excitation source (hv = 1256.6 eV). At ALOISA, they were acquired in

Transverse-Magnetic polarization and near normal emission with a homemade hemispherical
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analyzer (R = 66 mm, acceptance angle of 1.5%) equipped with a 2-dimensional delay-line detector
developed by Elettra. We used photon energies hv = 650 eV, 510 eV, and 140 eV (with overall
resolution of 280 meV, 160 meV and 120 meV, respectively) to measure the spectra [O 1s + Ti 2p +
N 1s+ C Is+Ti3p], [N 1s+ Cls + Ti 3p] and [Ti 3p + VB], respectively.

All the spectra are calibrated on the reference binding energy of Ti 2p;/, (E,=459.1 eV) and/or Ti 3p
(Ep=37.6 eV). The sets of XPS data recorded in Genova and at ALOISA are perfectly compatible
and, except for the valence band region, we show here the former investigation because.it is more
complete.

NEXAFS spectra at the N and C K-edge were measured in partial electron yield by means of a
channeltron equipped with a grid, which is negatively polarized to filter out secondary electrons at
energy lower than the KLL Auger lines of N and C (-370 V and -250,V, respectively). The sample is
illuminated at constant grazing angle (4° and 6° for XPS and NEXAFS, respectively), while the
orientation with respect to linearly polarized electric field direction, is'changed from Transverse-
Magnetic (TM, or quasi p-polarization) to Transverse-Eleetric (TE, or s-polarization) by rotating the
sample around the photon beam axis, thanks to the coaxial manipulator. The photon energy resolution
was set to 75 and 90 meV for NEXAFS measurements at the C and N K-edge, respectively. A
posteriori, we performed an absolute energy calibration (20 meV) of the NEXAFS spectra by
recording simultaneously the drain current (iy) on the lastmirror?!'. For spectra normalization, we also
measured reference NEXAFS spectra on the cleansubstrate.

Two different TiO,(110) single crystal samplesy(10 mm % 5 mm, Mateck) were employed in the
different apparatuses. Since our analysis is focused on the role of sample defectivity, we took
particular care in selecting samples of similar color, since this is the signature of a similar amount of
F centers in the bulk. The rutile TiO\2(1 10) surfaces were prepared by cycles of Ar" sputtering (1.0
keV) followed by annealing to 920 K. The annealing process is known to restore surface order and to
heal the oxygen vacancies created by sputtering through segregation of oxygen atoms from the bulk®.
In some cases, a subsequent treatment consisting in annealing to 473 K in O, pressure (5107 mbar
for 5 minutes, corresponding to 100 L of exposure) was also performed. As shown in the valence
band spectra of Figure 1,theeffect of this additional treatment is to remove the OH contamination
on the surfage'prior.toGlu deposition. In the following we will refer to the surface as “pristine”
(T102(110),) or OH-contaminated (TiO5(110)pny4r,) depending on whether it was annealed in oxygen
to remove OH or'if traces of OH are still present in the VB spectra. Glu was eventually evaporated
by resistively heating the crucible to T.,=400 K while keeping the sample at the desired temperature
250 K < T <400 K. In both experimental chambers the base pressure was better than 1-10- mbar and

raised to a maximum of 5-10" mbar during Glu evaporation.
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Fig. 1. A) Valence band spectra of the pristine and OH-contaminated TiO,(110) surface before Glu
deposition. For the latter, the presence of hydroxyls is evident from the intensity at 11 eV and from
the additional feature around 7.0 eV due to the O 2p bands15=22.. B) and C) Enlargement of the VB
spectra showing the evolution of the OH signal around 11 eV with increasing Glu exposure. All
spectra of each series are normalized on the photocurrent. We observe that the OH signal in panel B
increases with the first Glu dose and reduces thereafter. This non-monotonic behavior derives from
the combination of two effects. Some additional water may adsorb on the surface during the very first
stages of Glu deposition, when most of the surfaceis still bare. With increasing Glu coverage the OH
signal reduces, possibly due to H, formation and desorption, as discussed later in the text.

Data analysis is performed using the\ KolXPD software for the fitting of the XPS spectra, and with
IgorPro software for data treatment and presentation. Photoemission spectra are fitted with Voigt
functions after backgroundssubtraction. Typical XPS data and the relative analysis are shown in Fig.
2. Panel A) shows the O.1s intensity recorded for the pristine and OH-contaminated surface prior to
Glu adsorption. Both spectra present a major component at E, = 530.4 eV, associated with the O ions
of the oxide lattice; and..a<smaller one at 531.9 eV, which can be related to the unresolved
contributions of surface oxygen-atoms and OH groups?®. The latter peak is larger for TiO»(110)nydro,
while the corresponding Ti 2p spectrum (not shown) presents a significant decrease of the Ti3*
component at 457 eV, related to defect sites (see the following). Therefore, the overall picture
supports the VB information that a larger amount of hydroxyl groups are present at the surface in this
case and that the oxygen treatment has the effect of removing OH and filling oxygen vacancies, hence

reducing the defectivity in the topmost layer of the crystal.
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After Glu deposition (panel B), the 530.4 eV peak remains unchanged while the high E, one grows
and shifts to 532.1 eV due to the contribution of O atoms of the amino acid layer’-**. However, it is
still significantly smaller with respect to the TiO, component, so that a quantitative analysis' would be
difficult and subject to large errors. For these reasons, we are not going to deal with O ls spectra.in
our further analysis.

The Ti 2p region shows the typical Ti 2p doublet at 459.1 eV and 464.8 eV and smaller components
at 457.0 eV and 462.7 eV, corresponding to Ti** ions and indicating the presence of a small number
of O vacancies in the first few layers of the crystal.

Two components (N1 and N2) are necessary to reproduce the N 1s region, while three are employed

to fit the C 1s one (C1 to C3); their nature is discussed later in the text: ~

A) , . B)
Clean TiO,(110) | GIu/TiOx(110),

f Ofs 530'4{\ o1s | Tizp N'1s

10 ke.p.s.

459.1

2 ke.pss.

532.1

Intensity

400.6

TiO,(110), —
T T T T T 1

T T T T
535 530 535 530 465 460 455 404 402 400 398 396 290 285
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Fig. 2. A) Photoemission spectra of the Onls region for pristine and OH-contaminated TiO,(110)
surface prior to Glu deposition. B):Rhotoemission spectra of O Is, Ti 2p, N 1s, and Cls regions after
960 s of deposition of Glu on the TiOy(110), surface at T = 300 K (corresponding to saturation
coverage). Black dots areithe raw data after background subtraction, the continuous black line is the
best fit to the data andthecolored curves represent the different components. Binding energies are

determined with an accuracy of 0.1 eV.

Results:

Fig. 3 compares the.outcome of two Glu uptake experiments performed at room temperature (RT) on
the pristine (left panels) and OH-contaminated (right panels) TiO,(110) surface. In both cases, the
total intensity in the C 1s and N 1s regions increases with time, as indicated by the curves in Fig. 4
(left colummn):’A reduction in the adsorption rate is observed for exposure times t > 480 s and suggests

that thefirsst monolayer of Glu is almost saturated and that multilayers are not likely to form at RT.



Page 7 of 19 AUTHOR SUBMITTED MANUSCRIPT - JPCM-119869.R2

oNOYTULT D WN =

This behavior is in agreement with what was already observed for Glu on Ag surfaces*?° and for most
amino acids both on metals and oxide surfaces’-?.

Focusing the attention on the pristine surface, we notice that the Cls peak consists of three
components at 288.8 eV, 287.7 eV, and 285.9 eV (C1, C2, and C3 in the following- see table.1).
From comparison with published literature, we assign C3 to the unresolved photoemission signals of
C atoms bound to H and N, C2 to C atoms in carboxylate (COO") groups, and £1 to C atoms in
carboxylic (COOH) groups’. The presence of carboxylate suggests that adsorption occurs with the
deprotonated acidic group as the main anchoring point, similarly to what already teported for other
amino acid species’ (see sketch in Fig. 3B). Of course, alternative interpretations can be conjectured;
e.g. C1 could correspond to the unresolved contributions of the carboxylic and'carboxylate groups,
while C2 and C1 could be due to the a-C and aliphatic C atoms, respectively. We believe that this
hypothesis is much less plausible since the stochiometric ratio among the peaks should be 2:1:2,
contrary to experimental evidence. Furthermore, the a-C ismreported to be at E,<287 eV both for
amino acids on metal surfaces’ and for Phe and Pro on rutile TiO,(110)!!24,

The N 1s region initially shows a broad and rather flat intensity rfinging from ~398.5 eV to ~401 eV,
which evolves in a well resolved superposition of two'main components: N1 at E,~400.5 eV and N2
at 399.0 eV (see table 1 and Fig. 2B). Since each:Glu molecule has only one amino group, this is
indicative that the molecules adsorb in two different conformations on the surface, as discussed in the
following. The relative ratio between the N ls linesichanges with increasing exposure, the N1 species
becoming dominant at the largest doses.

Interestingly, the twin experiment performed on TiO»(110)yar, yields the same spectral components,
but with different relative weights. Now the C2 peak clearly emerges in the C 1s region and dominates
over Cl. Even more striking,/(the r?io between the N1 and N2 components in the N1s region is
reversed, the 399.0 eV peak being now almost twice as high as the 400.6 eV one for any dose longer
than t = 60 s. The different behavior of the two surfaces with respect to Glu uptake is evidenced by
the curves in Fig. 4 (right column), which report the intensity of the single C 1s (top panel) and N 1s

(bottom panel) components for the two series of spectra of Fig. 3.
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Component E; (eV) Assignment
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N 1s JA Y &)
N1 A7 14006401
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Fig. 3 XPS spectra of the C Is and N Is regionsirecorded after increasing Glu exposures with the
sample at T = 300 K on TiO»(110),and TiOx(110)nydro. Here and in the following figures the spectrum
corresponding to the clean TiO, surfaceis subtracted to remove the background.

A sketch of the anchoring geometry, with the carboxylate group forming a Ti-O-C-O-TI bridge, is

Table Su;mary of the C Is and N 1s components detected in the experiments.
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Fig. 4 Left: Total area of the C Is and Nils photoemission signals vs exposure time for the uptake
40 experiments reported in Fig. 3 on the pristine and OH-contaminated TiO,(110) surface, respectively.
42 The top axis indicates the approxim;e Glu coverage based on the Cls intensity and considering the
960 s dose close to the saturation_coverage of 1 ML. Right: Area of C Is and N s components vs
45 exposure time calculated forthe same spectra. The error on each point is ~10% of the corresponding

47 value for the smallest XPS signhals and reduces to ~5% for the more intense peaks.

To characterize Gluadsorptionnin better detail, we deposited Glu on the pristine substrate for 240 s,
52 a dose corrgsponding'to sub-monolayer coverage at RT, at temperatures ranging from 250 K up to
54 393 K. XPS spectra of C 1s and N 1s regions are shown in Fig. 5 and show that the signal intensity
decreases withsincreasing T. Since the dose is the same for all conditions, this means that at lower
7 temperature the residence time of the molecules on the surface increases so that diffusion of the
59 physisorbed precursor becomes favored over the competing desorption process; hence the probability

to reach the proper site for stable adsorption becomes larger. Experimentally, we observe that the
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sticking coefficient of Glu on TiO,(110) is temperature dependent and we deduce that a precursor
mediated adsorption mechanism is active, similarly to what previously reported for different Ag
surfaces®?’.

Both the C 1s and N 1s regions are best described by the C1-C3 and N1-N2 components discussed
above and summarized in Table 1. We note, however, that their relative intensity depends on the
deposition temperature. In particular, C1 is smaller or comparable to C2 for expesures at ot above
room temperature (RT) while it is larger at 250 K. The N 1s components present a more complex
behaviour. Starting from the preparation at 300 K, we have already noted (see Fig. 3) that the two
components have comparable intensity. Upon deposition at higher T, the N1 line faints, while the N2
one remains almost constant, suggesting that it is associated with a thérmally-mofte stable Glu form.
The N2 component represents indeed almost 80% of the total N Isintensity under such conditions.
At T =250 K, on the contrary, both lines get more intense due to the increased sticking probability.
Again, the N2 peak dominates, indicating that this species is mete populated, resembling the spectrum
recorded at RT on the hydroxylated surface. This behavior.is possibly:due to some OH contamination

occurring at low T during or immediately before the dose.

&
— 250K
C1s 285.8 > 300K N 1s
350K
— 393K
— 400.6
= 399.0
2
s
>
)
c
()
IS
| | | |
290 285 405 400

Binding Energy (eV)

Fig. 5 XPS spectra of the Cls-.and Nls regions after the adsorption of Glu on pristine TiO,(110) at

different T./The exposure time is 240 s in all cases.

Fig. 6/shows the thermal evolution of the 250 K layer of Fig. 5. The decrease in the intensity of the
C Is and N, Ls'spectra after annealing to 300 K, 325 K and 350 K indicates a progressive desorption
of the:molecules, which is more evident when heating from 250 K to RT. Both the C 1s and the N 1s

spectra present the same components observed in the previous experiments, though the binding
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stability of the N1 component with respect to N2 is confirmed.
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Fig. 6. XPS spectra of the Cls and Nls regions after the adsorption of Glu on the pristine TiO»(110)
L

29 substrate at T=250 K (exposure time of 240 s) and subsequent annealing to higher temperature.
33 The XPS data of Fig. 3 are complemented by recording NEXAFS spectra in s- and p-polarization of

the C and N K-edge on both TiO,(110),, and T105(1:10)sy4ro samples. The spectra corresponding to

36 saturation coverage are reported in.Fig. 7.
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59 Figh 7. NEXAFS spectra of the C and N K-edge recorded at saturation coverage of Glu on pristine
(bottom spectra) and OH-contaminated (top spectra) rutile TiO,(110) surfaces at 300 K. Spectra
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taken with either the Magnetic field (TM) or the Electric field (TE) transverse to the scattering plane,
corresponding to quasi p-polarization and exactly s-polarization, respectively (see Experimental

section for details).

The C region presents at least three C 1s = 7* resonances in the energy range between287.1 eV and
288.6 ¢V and a broad C 1s = o* resonance around 291 eV. The N region shows'three N'1s. > 7*
resonances between 399.0 eV and 401.3 eV and two broad 6* resonances around 405.8 eViand 411.8
eV. The shape and intensity of these features depend on polarization, thus indicating at least a partial
orientation of the molecular bonds. In addition, spectra recorded with the same polarization for the
pristine and OH-contaminated samples present some differences, suggesting adsorption in different
molecular conformations. Focusing on the C K-edge region, we first.observe the modification of the
transition at 288.6 eV, which is sharp and intense in s-polarization, broaderand slightly downshifted
in p-polarization. This behavior suggests that it consists indeed of two unresolved contributions
showing opposite dichroism. The 288.6 eV peak emerges in s-polarization and can be safely assigned
to the C 1s = m* transition of the C atoms involved in the carboz(ylate functionality by comparison
with other amino acid and bi-carboxylic acid systems. Indeed, such transition has been found at 288.6
eV for Ala/Cu(412)?8, for Cys/Au(110)*® and for Cys/Cu(531)?%, around 288.5 eV for L-
Tyr/Ag(111)%° and at 288.8 eV for malonic acid on rutile’' TiO,(110)'4. The dependence of this peak
on surface polarization indicates that the final state‘orbital is oriented at a small angle with respect to
the surface plane, which is coherént with the adsorption of the molecule through the carboxylate
group, possibly in a bridge configuration. The unresolved component at lower energy, on the contrary,
is almost negligible in s-polarization. This is indicative of a preferential C bond orientation nearly
parallel to the surface, to be associagd to the radical tail of the amino acid. The non-dichroic feature
around 291 eV is most probably due to the contributions to the C 1s 2 o* resonance of both the C-
C and C-N single bonds?’, which,are expected to be at a lower energy compared to C-O double
bonds*’. Finally, an additional peak at 287.6 eV is present only in s-polarization and only for the bare
sample.

Moving to the N K-edge region; the broad peaks around 405.8 eV and 411.8 eV, more defined in s-
polarization; are identified with the transition of the 1s electrons of the N atoms to o*(C-N)
resonances’!) Three features are visible in the energy region typical of N 1s = r* resonances at 399.0
eV, 400.2 eV and 401.3 eV: the peaks at 399.0 eV and 400.2 eV are much more intense in s- than in
p-polarization; vice versa, the one around 401 eV is more intense in p-polarization. This behavior
suggests.a preferential orientation of the amino group which may be different for the two nitrogen

species detected by XPS.



Page 13 0of 19 AUTHOR SUBMITTED MANUSCRIPT - JPCM-119869.R2

oNOYTULT D WN =

If we compare the NEXAFS spectra obtained on the two samples, we note that the energies of the
resonance peaks are similar, but their relative intensities may differ significantly, thus confirming the

different relative population of the adsorption sites already observed by XPS.

Discussion

Our data compare the adsorption of glutamic acid on rutile TiO,(110) in presencesor in absence of a
limited hydroxylation of the substrate, which forms spontaneously due to the interactionswith water
molecules present in the residual atmosphere of the UHV chamber. We mention that the evidence of
surface hydroxylation comes from a careful inspection of the valence band, which is possible only
for the data recorded at the ALOISA beamline. For this reason we could nots¢omplement our data
with additional experiments in which the surface is deliberately hydroxylated by controlled H,O
exposure.

Though a precise quantification of the OH coverage is net, straightforward, there is a general
experimental agreement that water dissociation occurs on T10,(110)at RT only at oxygen vacancies
at the bridging oxygen rows®!3. It has also been demonstrated:that population of such defect by an
OH group does not affect the intensity of the defect state observec? at 0.9 eV, coherently with our data
of Fig. 11332, Therefore, based on the intensity of the Ti*"2p'signal (component at 457 eV in Fig. 2),
which provides information on the density of defective sites averaged over the first layers of the
sample, and on comparison with other studies??33,we estimate an OH coverage lower than 10%.
Due to the presence of hydroxyls on the TiO, surface under real conditions, the understanding of the
effect of such contamination on the adserption properties of biological molecules, such as glutamic
acid, becomes of high practical interest.

By comparing the uptake curve$ of Figidswe first note that, at the largest doses, the total intensity in
the C Is and N 1s regions is ~10% higher for the pristine sample, indicating a larger availability of
adsorption sites in absence 0f OH.

As mentioned in the introduction, the favorite adsorption configuration for amino acids at TiO,(110)
is the p2 one’, in which the two oxygen atoms of the carboxylate group bind to adjacent Ti atoms
forming a Ti-O+C-O-<T1i bridge (see sketch in Fig. 3B). Though additional anchoring points may be
present depending on.the nature of the molecule, this configuration holds not only for amino acids
but for organic acids in general!3 !4, In case of bi-carboxylic acids, the open question is whether they
anchor to the surface through one or both carboxyl groups. Looking at the relative intensity of the C
Is components, we can draw some conclusions on this point for Glu/TiO,(110). First, we note that
the 3:2 ratio expected between (aliphatic + o) C atoms (C3 component) and C atoms in carboxylic or

carboxylate groups (C1 and C2) is well respected for both samples; this reinforces our assignment of
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the three components. Secondly, the C1/C2 ratio is ~1.8 and ~0.7 for the pristine and OH-
contaminated samples, respectively, meaning that full deprotonation of the carboxylic groups does
not occur and that the fraction of deprotonated groups is larger for the OH-contaminated surface.
Therefore, our data suggest that the molecules anchor to the surface with only one carboxylate group;
for analogy with other amino acid species, most probably it is the one connected to the o-C, which
binds in a bridge configuration’-**33. This hypothesis is coherent with the NEXAFES,information that
the carboxylate group associated to the 288.6 eV resonance is oriented nearly normal to the surface.
Another interesting and correlated issue is the different population of the N L.and N2:species in the N
Is spectrum which depends on the surface condition. There is a general agreement in scientific
literature that binding energies in the range of 399 eV - 400 eV correspond te the'amino group in the
neutral form while the zwitterion is characterized by E, > 400.5 eVZ%!"34 By analogy with previous
results, we therefore assign the N1 peak to the NH;* species and the N2 'one to NH,. The assignment
is reinforced by the observed thermal behavior of the Gludayer, since other amino acids in the
zwitterionic form are reported to be less stable that the correspondingianionic species'®. This leads to
the conclusion that Glutamic acid adsorbs on rutile TiO>(110) at RT both in the anionic and in the
zwitterionic form. From the area of the different N 1s components’we estimate that, close to saturation
coverage, approximately 2/3 of the molecules adsorb as zwitterions on the pristine surface while this
fraction reduces to 1/3 on TiO,(110)nyaro. Dissociation of the molecule is thus favored by OH pre-
coverage. This behavior is unexpected singe, foranionic adsorption of amino acids at TiO»(110), the
dissociated H atom is likely to bind to a bridging.oxygen of the surface®®, so that dissociation should
be favored if more bridging oxygens are available. E.g., in the case of Proline!” adsorption in the
zwitterionic form is privileged in presence of'O-vacancies while the anionic species prevails on the
stochiometric surface. Y
The opposite behavior observed here suggests that the presence of OH groups at the surface makes
dissociation energetically favorable with respect to zwitterionic adsorption. Though we do not have
a quantitative explanation for this behavior, we can observe that OH groups are polar, so that their
interaction with a neutral NH, group or with a charged NH;3" is probably quite different. Moreover,
the formation of possiblehydrogen bonds between the amino groups and the nearby bridging oxygen
atoms is inhibited. This ' may affect both the molecular conformation and chemical state. Indeed,
NEXAFS spectra recorded at RT for saturation coverage of Glu are different on the two surfaces.
Furthefmore, the"C/N ratio determined from XPS spectra at saturation coverage is (2.8+0.5) for
TiO5(110), and (4.5+0.5) for TiO»(110)pydro- The latter value is compatible with the stochiometric
ratio of 5. The former, on the contrary, indicates a lack of carbon which can be justified in term of

partial screening of the molecular backbone by an upstanding amino group and/or by photoelectron
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diffraction effects. In both cases, this result points at a change in the adsorption conformation of the
Glu units.

Finally, we can speculate about the destiny of the dissociated H atoms. It is reasonable that they bind
to a bridging oxygen as in the case of glycine3®. The alternative possibility that they adsorbrat the,5+
fold coordinated Ti atoms is improbable, since this site was demonstrated to be significantly less
stable for adsorption of atomic hydrogen’’. Recombinative desorption as a watergmolecule'is ruled
out since it is reported only above 500 K '35; moreover, it would imply the formation of bridging
oxygen vacancies and the consequent increase of the Defect State intensitysin the,gap at ~0.9 eV,
contrary to experimental evidence (see Fig. 1B-C). Conversely, recombination as Hj is controversial
since some authors observed it already at 240 K while others did mot repertrit to occur!s. This
mechanism is however the most likely because the VB measurements as a function coverage indicate
that the OH concentration at the TiO»(110)yyqr, surface (peak at ~11 eV binding energy in Fig. 1B)
decreases gradually above a critical Glu exposure and vanishes. at the completion of the monolayer.
Thus, we suggest that the presence of a surface hydroxyl nearby a Glu molecule favors the hydrogen
release from the carboxylic termination to the adjacentOy; rOWS; possibly suggesting an OH pairing.

4
As the Glu coverage increases, the hydroxyls recombine to H, leaving the surface.

Conclusions:

We have reported here on a XPS and NEXAFS study on the adsorption of Glu on pristine and OH-
contaminated rutile TiO,(110). Glumolecules adsorb at RT both in the zwitterionic and in the anionic
form, anchoring to the surface through a carboxylate group, which is oriented at a small angle with
respect to the surface normal. The presence of pre-adsorbed OH affects the adsorption state of the
molecules, the zwitterionic fofm being-more abundant in absence of OH and the anionic one
dominating on the partially hydroxylated surface.

Considering the relevant tole,of T10,-based materials as the inorganic part of bio-interfaces and their
typical applications in'humid.environment, we believe that a deeper insight in the way the presence
of contaminants in general, and of OH in particular, affects the adsorption of biomolecules is essential

for their full exploitation.
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