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A B S T R A C T

Tartaric acid (TA) is one of the most known chiral modiﬁer used in heterogeneous enantioselective catalysis and understanding how it interacts with oxide supports is
of signiﬁcant importance for the design of eﬃcient supported metal catalysts. This work presents a detailed surface science characterisation of (R,R)-TA adsorption
on a rutile TiO2(110) surface from a chemical and structural point of view. X-ray Photoelectron Spectroscopy (XPS), High Resolution Electron Energy Loss
Spectroscopy (HREELS), Low Energy Electron Diﬀraction (LEED) and Scanning Tunnelling Microscopy (STM) were used to decipher the adsorption mode and
geometrical arrangement of TA on TiO2(110). For XPS analysis, spectra were compared to references recorded on model metal surfaces, namely Au(111) and Cu
(110), on which a better understanding of the TA chemical nature is available. On TiO2, both XPS and HREELS converged to show the monotartrate chemical nature
(only one acidic group is deprotonated) of the adsorbed TA molecules, while STM and LEED evidenced a (2 × 1) 2D network arrangement. TA molecules are
anchored via both oxygen atoms of one carboxylate group binding directly to two adjacent Ti5c of the underlying oxide surface. No chiral ordered domains were
observed whatever the coverage, suggesting that surface chirality is induced at the molecular level.

1. Introduction
Heterogeneous enantioselective reactions, in which the synthesis of
one enantiomer of a chiral compound is favoured with respect to the
other, are essential for the production of ﬁne chemicals, agrochemicals
and pharmaceuticals [1]. One of the simplest and well-established approach for asymmetric hydrogenation reactions involves the adsorption
of an organic chiral modiﬁer onto a metal surface [2–5]. The eﬃciency
of these systems relies on the combination of the catalytic activity of the
metal and the asymmetric induction provided by the chiral modiﬁer. At
present, most fundamental studies have focused on model systems
based on single crystal metal surfaces [6–9], while little is known on the
role of the oxide support in supported metal catalysts and on the induction of chirality during the reaction. A detailed understanding of the
interaction at a molecular level between the chiral modiﬁer and the
oxide support is thus an essential requirement for the comprehension of
the entire catalytic system.
With the aim of exploring the fundamental interactions of chiral
molecules with oxide surfaces, we have modelled a catalytic system
with (R,R)-Tartaric Acid molecules (RR-TA the natural enantiomer) and
rutile TiO2(110) single crystals, selected as the prototypical chiral
modiﬁer and the oxide support, respectively. Tartaric acid (TA) is one

⁎

of the most eﬃcient chiral modiﬁer [10], which presents at least three
distinct chemical forms upon adsorption on metallic surfaces: bi-acid,
monotartrate and bitartrate, in which none, one or both carboxylic acid
groups are deprotonated, respectively. The adsorption of its R enantiomer has been intensively investigated on single crystal metal
surfaces, such as Cu(110) [11–13] and on more eﬃcient hydrogenation
metal catalysts, like Ni(111) [14,15] and Ni(110) [16–18]. The other
enantiomer, SS-TA, has also been studied in order to decipher how 2D
chirality was conveyed to the metallic surfaces [7]. One major ﬁnding is
that diﬀerent molecular forms and orientations appear depending on
coverage, time and adsorption temperature, giving rise to complex
adsorption phase diagrams [7]. Moreover, diﬀerent chiral expressions
have been evidenced: on Cu(110) and Ni(111), lateral interactions between neighbouring molecules lead to the formation of highly ordered
chiral arrays, which grow along non-symmetric directions of the underlying surface, annihilating all the mirror planes and leading to the
formation of a 2D chiral network. Chirality is thus imparted on these
surfaces not only locally due to the TA inherent chirality but also at a
global 2D level. A diﬀerent situation was reported for Ni(110), where
no long-range organized structures are formed, but chirality is bestowed via a local chiral reconstruction of the underlying metal Ni
atoms.
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groups are imaged in STM as bright spots on the dark Obr rows, as
evidence in Fig. 1 (top). The two types of defects are distinguished
mainly by their contrast with respect to the lateral Ti5c rows: while Ovac
have the same contrast as Ti5c rows, OH groups appear instead brighter.
To date, the reactivity of rutile TiO2(110) with other non-chiral
carboxyl-containing molecules has been the focus of some attention,
driven by the existing and potential applications for solar cells, selfassembled monolayers, gas sensors and heterogeneous catalysis just to
name a few [20]. Studies have ranged from simple carboxylic acids,
such as formic [21–29] and acetic [28,30–32] acids, to larger and more
complex ones, containing multiple functional moieties and particularly
interesting in the development of functionalised surfaces [33–40]. All
these molecules have displayed a general common tendency to deprotonate one or more COOH groups, with the carboxylate O atoms
binding to an adjacent pair of Ti5c atoms along the [001] direction and
the parted H atoms possibly forming surface hydroxyls [20]. To our
knowledge only the adsorption of the chiral L-cysteine, a complex
amino acid, has been investigated in an experimental study on the rutile
TiO2(110) surface [41]. However, no references are available on the
adsorption of simple chiral carboxyl-containing molecules, showing the
novelty of the work about chirality induced at oxide TiO2 surfaces towards enantiospeciﬁc heterogeneous catalysis.
In this work, we used a combination of X-Ray Photoelectron
Spectroscopy (XPS), High-Resolution Electron Energy Loss
Spectroscopy (HREELS), Scanning Tunnelling Microscopy (STM) and
Low Energy Electron Diﬀraction (LEED) to investigate the interaction
between the rutile surface and RR-TA molecules, deposited by sublimation at room temperature under Ultra-High Vacuum (UHV) conditions. XPS spectra recorded on model metal surfaces, namely Au(111)
and Cu(110), were used as references and compared to those acquired
on rutile single crystals. Combined with HREELS, a powerful surface
science technique well suited for vibrational studies, these tools allowed to elucidate the molecular adsorption chemistry. Moreover, STM
and LEED provided information on the 2D layer structure and anchoring points of the molecules.
2. Experimental
Experiments have been carried out in four diﬀerent ultrahigh vacuum (UHV) systems, with base pressures of 10−10 mbar or better. All
chambers contain facilities for sample preparation and subsequent
characterisation techniques. More precisely, one chamber is equipped
with a HREELS spectrometer for vibrational analysis; a second one
houses facilities for XPS, LEED and Polarisation-Modulation Reﬂection
Absorption Infra-Red Spectroscopy (PM-RAIRS) experiments, while two
other UHV systems comprise LEED and STM one of which is also
combined with XPS. Although the four UHV chambers have diﬀerent
geometries, heating devices and sputter guns with speciﬁc operating
parameters, the cleaning and deposition conditions are adapted and
calibrated for each individual chamber to obtain the same TA adlayer
regardless of the UHV chamber used.
Rutile TiO2(110) single crystals were supplied by Mateck GmbH,
Germany, while Cu(110) and Au(111) were provided by Surface
Preparation Laboratory, The Netherlands, with a purity of 99.99% (4 N)
and alignment accuracy of 0.1°. The samples were mounted on metallic
(Ta or Mo) plates. In each chamber, the samples were prepared using a
standard UHV cleaning procedure, involving multiple cycles of Ar+
sputtering (energy 1 keV) followed by annealing at diﬀerent temperatures (1000 K for rutile, 850 K for copper and gold). Surface crystallinity
was checked by LEED, while the sample cleanliness was conﬁrmed by
either the absence of contaminations by XPS or the absence of CH vibrations by HREELS. The standard UHV cleaning preparation of
TiO2(110) single crystals is known to lead to an amount of O vacancies
(Ovac) between 5 and 10%, which therefore does not majorly aﬀect TA
dosing conditions. However, in the time required to slowly cool down,
transfer the sample and approach the evaporator for dosing molecules,

Fig. 1. Top: STM image of the clean rutile TiO2(110) surface (0.9 V, 100 pA).
Examples of Ovac and OH group are marked with a blue rectangle and a black
circle, respectively. Bottom: Ball model of the rutile TiO2(110) surface. Ti
atoms, in plane O, bridging O and hydrogen atoms are depicted in blue, red,
dark red and green, respectively. The black rectangle shows the (1 × 1) surface
unit cell.

The ever-increasing interest for its proven or/and promising applications in a wide range of ﬁelds and the versatility of its characterisation by surface science techniques has made rutile TiO2 one of the most
investigated oxide material [19,20]. Most studies have been devoted to
the (110) surface, the thermodynamically most stable one, which is
schematically represented in Fig. 1: O and Ti atoms with two diﬀerent
coordinations compose the surface. Along the [001] direction, rows of
ﬁve-fold coordinated Ti atoms (Ti5c) alternate with rows of three-fold O
atoms (O3c) and six-fold Ti atoms (Ti6c). Two-fold O atoms, also called
bridging-O (Obr), are bonded on top of the Ti6c atoms, protruding above
the surface layer. The (1 × 1) surface unit cell is rectangular, with unit
cell parameters of 6.49 Å and 2.96 Å along the [11̄0 ] and [001] directions, respectively (Fig. 1). The two most common defects, oxygen vacancies (Ovac) and hydroxyl (OH) groups, are also represented in the
ﬁgure. As shown in Fig. 1 (top), the clean TiO2(110) surface is imaged
in STM as alternate parallel brighter and darker rows running along the
[001] direction, which correspond to surface Ti5c and bridging O atoms,
respectively, in contrast to the surface topography [19,20]. Ovac and OH
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most Ovac are ﬁlled by hydroxyl groups from the dissociation of residual
water in the UHV chamber [20].
(R,R)-Tartaric acid powder, supplied by Acros Organics (Fisher
Scientiﬁc SASFrance), was deposited by thermal evaporation from a
glass crucible resistively heated by ﬂowing current in a metallic wire
wrapped around it. The evaporator, thoroughly degassed for several
hours, was pumped by a turbomolecular pump, isolated from the main
UHV chamber by a gate valve. After opening the gate valve, the evaporator was inserted in the chamber, in front of the crystal surface held
at room temperature; the base pressure during the TA dosing was
around 10−9 mbar. TA calibration is performed either by XPS or STM.
The molecular coverage is deﬁned a posteriori as the half of the exposed
Ti5c atoms, i.e. 2.6 × 1014 cm−2, knowing how the molecule binds to
the surface. The as-prepared surfaces are then characterised by XPS for
all interfaces and additionally by in-situ PM-RAIRS on Cu(110) and Au
(111), and STM, LEED and HREELS on TiO2.
XPS electron spectroscopy was performed using a monochromatized
aluminum Kα X-ray source (photon energy hν = 1486.6 eV) and a
hemispherical analyser (Phoibos 100 1D Delay Line Detector) from
SPECS. All spectra were recorded at normal emission in constant analyser energy (CAE) mode with pass energies of 100 eV (survey spectra)
and 20 eV (high-resolution spectra). The spectra were ﬁtted using the
Casa XPS Software and a Gaussian/Lorentzian ratio equal to 70/30
(ﬁtting parameters can be found in the supporting information).
STM images were obtained at room temperature in the constant
current mode using electrochemically etched tungsten tips which are
polarised, while the sample is held at ground potential. For TiO2 the
bias was always positive, meaning that empty states, mainly of Ti
character, were probed [19]. All images were analysed using the
Gwyddion 2.51 software. The main analysis involved plane and threepoint levelling, image cropping to optimise the contrast between different terraces and line proﬁle extraction to estimate the mean distance
between neighbouring molecules. LEED images were acquired using a
Specs Er-LEED 1000-A setup and a ﬁlament current of 2.2 A.
Infrared PM-RAIRS spectra were acquired using a Nicolet 5700
spectrometer in conjunction with a mercury cadmium telluride wideband detector cooled by liquid nitrogen. A ZnSe window was used as an
IR window between the spectrometer and the UHV chamber. The s- and
p- beam polarisations were generated with a ZnSe polariser and ZnSe
photoelastic modulator placed before the sample. In all experiments
reﬂection optics were optimised for an incident angle of 85°. Spectra
were averaged over 1024 scans and recorded with a resolution of
8 cm−1.
HREELS analysis was carried out with an electrostatic spectrometer
LK2000 from LK-Tech, possessing a dual stage cylindrical monochromator at 127° and a rotatable analyser. All experiments were performed in specular geometry, with an incident angle of 60° with respect
to the surface normal, at several beam energies (8.8 and 12.8 eV). The
typical resolution achieved for the clean TiO2 surface was around
9 meV and 5 × 105 counts/s as estimated from the full-width-at-halfmaximum (FWHM) and counting rate of the elastic peak, respectively.

conﬁguration. Moreover, ns and na are the atomic concentrations of the
elements; λss, λaa and λsa are the inelastic mean free paths of a substrate
photoelectron in the substrate, of an adsorbate photoelectron in the
adsorbate layer and of a substrate photoelectron in the adsorbate layer,
respectively. They were estimated using the program QUASES-IMFPTPP2M [42]. Ts and Ta are the transmission functions at the corresponding photoelectron kinetic energies, while σs and σa are the Scoﬁeld photoemission cross sections. A saturated monolayer coverage is
obtained after approximately 30 min of dose, with an equivalent
thickness of about 5 Å.
To decipher the TA molecular chemical state on TiO2, several tests
were made by means of PM-RAIRS and conventional RAIRS. However,
unlike what was reported in literature [40,43,44], no workable signal
could be detected during TA deposition. Compared to metal surfaces,
performing IR spectroscopy on oxide surfaces is much more challenging. This is mainly due to their inherent optical properties, which result in signal to noise (S/N) ratios one to two order of magnitude lower
with respect to metal substrates. Nevertheless, impressive progress has
been recently achieved and IR spectra on metal oxide surfaces have
been successfully recorded by means of dedicated UHV IR spectroscopy
set-ups [43,44]. This has allowed to probe the interactions of a number
of adsorbates, including CO, CO2, H2O and some carboxylic acids, with
both oxide single crystals and powders, such as ZnO, TiO2 and CeO2
[43,44]. In the successful experiments reported in literature, the spectrometer was placed under vacuum, which results in (S/N) in absorbance of the order of 10−6. In our work, (S/N) is approximately one
order of magnitude lower, explaining the weaker sensitivity during the
acquisition. As an alternative approach, the chemical nature of TA was
investigated by means of XPS by focusing on the C1s region since on
TiO2 the O1s molecular signal overlaps with the bulk oxide atoms and
surface hydroxyl contributions.
In order to strengthen the analysis of the diﬀerent XPS contributions
of adsorbed TA on rutile, reference spectra were ﬁrst obtained on two
model metal surfaces, on which the chemical adsorption form of TA is
well known [11–13]. More precisely, Au(111) and Cu(110) surfaces
have been selected, on which neutral bi-acid molecules and monotartrate species are expected at room temperature, respectively.
In this respect, in-situ PM-RAIRS (see Supporting Information) and
XPS were employed to conﬁrm the TA chemical state on the model
metal surfaces selected.
Following the PM-RAIRS conﬁrmation (Supporting Information:
neutral bi-acid TA molecules on Au(111) and monotartrate TA species
on Cu(110)), reference XPS spectra of C1s and O1s core levels were
obtained after TA deposition on Au(111) (2.5 Å ∼ 0.4 ML) and Cu(110)
(3.5 Å ∼ 0.7 ML) surfaces and Fig. 2 reports the corresponding background-removed XPS spectra. For the gold surface, two distinct peaks
are identiﬁed in the O1s region, a dominant contribution at 532.5 eV,
attributed to the superposition of peaks arising from the OH alcohol
groups and the C]O oxygen atoms from the carboxylic group and a
smaller feature at 533.5 eV ascribed to the OH acid groups. The peak
attribution is in line with the work of Rieger et al. for RR-TA on Cu(111)
[45]. Rieger et al. reported binding energies of 532.3 eV and 532.7 eV
for C-OH and the C]O, respectively. In view of the small BE diﬀerence
between these two contributions, a unique peak at 532.5 eV was considered in our analysis. The area ratio of the two O contributions is
~2:1, as one would expect from the stoichiometry of the molecule.
Consistently, the C 1s peak displays two molecular contributions at
binding energies of 286.7 eV and 289.3 eV, assigned to the central C-OH
atoms and the carboxylic C atoms, respectively. For them, the peak area
ratio is ~ 1:1, in line with the expected stoichiometry.
For the Cu(110) surface, the O1s spectrum presents an extra peak at
531.5 eV compared to the gold surface, assigned to the O atoms in the
carboxylate group. Consistently, in the C 1s region one additional
contribution is observed at 288.1 eV, associated to the carboxylate C
atoms. The COO−/COOH and COO−/COOH area ratios are about 3:1
and 1.5:1, respectively, whereas one would expect 2:1 and 1:1 for

3. Results and discussion
RR-TA gas-phase deposition on TiO2 has been studied by XPS for
diﬀerent dosing times, to be able to follow all stages of growth, from
single molecules to a complete monolayer. Assuming a homogeneous
molecular ﬁlm, the layer thickness, t, was estimated from the XPS intensity ratio Is/Ia using the Ti2p (the substrate is denoted “s”) and C1s
(referenced as the adsorbate, denoted “a”) core levels and Eq. (1):

Is
n T σ λ
e−t / λsa
= s s s ss
Ia
na Ta σa λaa 1 − e−t / λaa

(1)

where the take-oﬀ angle of the emitted photoelectrons, is implicitly
assumed equal to 90°, the analysis being in a normal emission
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Fig. 2. C1s and O1s spectra recorded following TA deposition (medium coverage) on Au(111) (upper panels) and Cu(110) (bottom panels). The coloured peaks are
the ﬁt components. The red line and black dots represent the sum of the ﬁtted components and the raw data, respectively.

monotartrate species. This would suggest that some molecules are
completely deprotonated. However, the stoichiometric ratios are globally in line with the expected combined values ([COO– + COOH]:[COH + C-OH] = 1:1). The energy splitting values are in very good
agreement with the work of Rieger et al. for RR-TA on Cu(111) [45]. A
degree of deprotonation higher than expected was already reported for
RR-TA and SS-TA on Cu(531) [46] and for meso RS-tartaric acid, RRtartaric acid, and the racemic mixture of RR-TA and SS-TA on Cu(111),
but no explanation was proposed [45]. Syres et al. also observed a
discrepancy from the expected stoichiometry for the adsorption of
malic acid (HOOC-CH2-HCOH-COOH) on Cu(110) [39].
In the following discussion, the energy splitting indicated in red and
blue in Fig. 2 between C1s contributions will be used as ﬁngerprints for
the neutral carboxyl groups (2.8–2.6 eV) and the deprotonated carboxylates (1.3 eV).
Using the chemical information obtained from the model metal
surfaces, we then tried to decipher the chemical form of TA molecules
adsorbed on rutile. Fig. 3 displays the evolution of the C1s spectra recorded at increasing exposures of RR-TA on TiO2(110). At all coverages
two peaks with almost equal intensity are identiﬁed. One at 287.1 eV,
assigned to central C-OH carbon atoms, and one at 289.3 eV. A detailed
analysis of the energy splitting between the main C1s components was
carried out. For TA adsorption on Au(111) and Cu(110) the carboxylic
groups are located 2.6 eV and 2.8 eV away from the central C-OH
carbon atoms, respectively (Fig. 2). Moreover, on Cu(110) the energy
splitting found between the carboxylate functionality and the central COH carbon atoms is 1.3 eV. On TiO2 the energy separation between the
two contributions remains constant at about 2.2 eV for the diﬀerent TA
layer thicknesses, suggesting that TA molecules do not undergo important chemical modiﬁcations with increasing doses. This energy
splitting value of the C1s peaks is located in between those attributed
on the model metal surfaces to the carboxylate functionalities (1.3 eV)
and those attributed to the carboxylic acid groups (2.6–2.8 eV). Energy
splitting values between the central carbon atom and the COO– peak
were found to range between 1.0 and 1.3 eV for chiral malic acid on Cu
(110) depending on the surface coverage [47]. In addition to this,
splitting values between 1.4 and 1.6 eV are also found in literature for
chiral and racemic monotartrate and bitartrate TA molecules on Cu
(110) and Cu(111) [45,48]. Conversely, as for the C-OH/COOH splitting, values of 2.4 and 3.1 eV were found for chiral and/or racemic TA
on Cu(110) and Cu(111), respectively [45,48]. Hence the intermediate
energy splitting of 2.2 eV on TiO2 could be explained by the

Fig. 3. Evolution of C1s peaks for increasing doses of TA on the rutile TiO2(110)
surface. To allow a direct comparison, the spectra have been normalised to the
Ti2p3/2 peak maximum. The peak ﬁtting attribution is explained in the text.

simultaneous presence of COO– and COOH groups on the oxide surface,
which would possibly suggest that monotartrate species are adsorbed
on TiO2. In this case, it would mean that, unlike the metallic case, the
COO– and COOH groups are not resolved on TiO2, as previously reported in the work of Zhang [38], resulting therefore in a broader
contribution at 289.3 eV in our work. The presence of a unique peak
could possibly be explained by a diﬀerent charge transfer between TA
and metal surfaces compared to TA and TiO2, leading to a diﬀerent
1137
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Fig. 5. (a) Fourier deconvoluted HREEL spectrum for the clean TiO2(110)
surface recorded at an impact energy of 8.8 eV. (b) Fourier deconvoluted
HREEL spectra for the clean TiO2(110) surface (red) and after a TA dose of
5 min (black) at 12.8 eV. (c) Zoom of Fourier deconvoluted HREEL spectra for
the clean TiO2(110) surface (red) and after a TA dose of 10 min (black) at a
beam energy of 8.8 eV.

been developed to completely or at least partially eliminate the multiple phonon contribution. In this work, a procedure proposed by Cox
and co-workers based on a Fourier log deconvolution technique has
been applied [51]. The eﬀectiveness of the method is shown in Fig. 5(a)
for the clean TiO2(110) surface, where most of the multiple loss features
have been suppressed, with the exception of a residual peak at about
1500 cm−1 which partially hinders the less intense molecular contributions in this region [22].
Fig. 5 also shows the Fourier deconvoluted spectra recorded for the
clean surface (in red) and after a TA dose (in black) of 5 min (b) and
10 min (c), respectively. Based on previous calibrations, 10 min of dose
corresponds to one saturated monolayer. It has to be mentioned that the
counting rate was high on the clean surface but it reduced drastically
after TA dose as already evidenced in previous works [22]. Spectra
presented in Fig. 5 have been normalised to the residual peak at
1500 cm−1, but only to visually allow a direct comparison in the energy
region of interest where molecular peaks are expected. Some molecular
contributions are clearly detected. Losses observed at 1380 and
1460 cm−1 are assigned to the deformation of the alcohol OH group
(δalc(OH)) and the symmetric stretching of the carboxylate functionality
(νsym(OCO)), respectively. This latter is in perfect agreement with what
was found by Ashima et al. for acetic acid deposition on a TiO2(110)
surface [32]. The corresponding asymmetric vibration of the OCO
group, which should appear at about 1600 cm−1, is not observed,
possibly because the peak is covered by the intense residual contribution at 1500 cm−1 as proposed for acetic acid adsorption [32]. The peak
observed at 1740 cm−1 for 5 min of dose is attributed to the ν(C=O)
mode of the carboxylic group and seems to shift to 1680 cm−1 at higher
dosing times. The large downshift in frequency was already observed by
infrared spectroscopy for TA adsorption on the Cu(110) [11] and Ni
(110) [16] surfaces and ascribed to the formation of H-bonding interactions between the intact carboxylic acid groups of neighbouring
molecules. The peak observed at about 2920–2930 cm−1 is assigned to
CeH vibration (ν(CH)). Moreover, information on the presence of surface hydroxyls species in the case of the dissociative adsorption behaviour of carboxylic acid groups could in principle be obtained by considering the corresponding hydroxyls vibrational modes in the HREELS
spectra. In this respect, in a recent study the surface chemistry of methanol on ZnO single-crystal surfaces was elucidated by monitoring the
formation of diﬀerent OH groups by HREELS [52]. In the present work
a weak loss is observed at about 3690 cm−1 both on the clean surface
and after TA deposition, which can be attributed to the stretching

Fig. 4. O 1s spectra recorded for the clean TiO2(110) surface (in black) and the
TA-dosed (30 min dosing) TiO2(110) surface (in red).

peak displacement on TiO2 compared to Au and Cu. The hypothesis of
partial deprotonation may also be suggested also by the ﬁt of the C1s
peaks (Fig. 3) and more precisely by the broadened width of the peak at
289.3 eV, with respect to the one at 287.1 eV (fwhm = 1.5 eV vs 1.35 eV
for 30 min of dose, i.e. saturation coverage), suggesting that two types
of C atoms would contribute to the high BE peak, the carboxylic and
carboxylate C atoms. However, the broadening observed, despite being
comparable to that found in literature for terephthalic acid (TPA) molecules on the same rutile (110) surface [38], remains moderate and
prevents an unambiguous assignment of TA chemical nature only by
means of XPS. For this reason, additional HREELS experiments were
carried out to further elucidate TA adsorption on TiO2.
Fig. 4 shows the O1s spectra recorded i) for the clean TiO2 surface
and ii) after a saturation dose of RR-TA (30 min). Upon TA adsorption, a
shoulder develops on the high BE energy side of the peak. Performing
the same analysis as for the C1s spectra is more complicated since two
intrinsic contributions originating from the lattice O atoms and from
surface hydroxyl species are already present on the clean surface and
partially cover the molecular peaks. A plausible ﬁt for the O1s region
supporting the C1s assignment is proposed (see Supporting Information), but it could not have been done without the above complementary information provided by the C1s analysis. Since, the intensity of TA contributions is far weaker than the intrinsic TiO2
components, the ﬁt was possible and realistic only by ﬁxing all the ﬁt
parameters. Nevertheless, by applying these speciﬁc ﬁts, one can decipher the presence of both C]O and COO– together on the O1s region,
therefore supporting the ﬁrst hypothesis deduced from the C1s analysis.
HREELS measurements were carried out to conﬁrm the chemical
nature of adsorbed species as well as the adsorption mechanism tentatively suggested by XPS experiments. Generally speaking, HREEL
spectra of oxide surfaces are dominated by strong surface optical phonons followed by their multiple losses and combination excitations at
higher energy losses [49,50]. For the TiO2(110) surface, three optical
phonons appear at 365, 445 and 755 cm−1. These intense intrinsic
features hamper the observation of molecular contributions, which are
usually of much lower oscillator strengths. Diﬀerent methods have thus
1138
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Fig. 6. Left: STM image of the rutile TiO2(110) surface after a TA deposition of 5 min (1.9 V, 130 pA). Right: Same STM image with Ti5c rows marked with red lines
and TA molecules with blue circles.

adjacent surface Ti5c atoms and the intact carboxylic acid group extending out of the surface layer. The distance between adjacent Ti5c
atoms is consistent with the proposed model of bidentate bonding of the
carboxylate group, as determined for formic acid deposition on the
same rutile (110) surface by means of quantitative low energy electron
diﬀraction [27] and photoelectron diﬀraction [26]. If each molecule is
schematically represented by a black segment and placed on the
TiO2(110) surface as shown in Fig. 7(b), the observation of the (2 × 1)
overlayer is easily explained. No molecular pairing due to interactions
between neighbouring molecules is observed, in contrast to what was
reported for Terephtalic Acid (TPA) molecules [36].
As mentioned in the introduction, adsorbed molecules sometimes
assemble into 2D chiral structures, which develop along non-symmetric
directions of the substrate surface. This is the case of RR-TA on Cu(110)
and Ni(111), where both local point and global organisational chirality
are observed, since molecules assemble into islands oriented along nonsymmetric direction of the substrate surface [7]. In this work STM
images reveal a diﬀerent behaviour for TA adsorption on TiO2(110),
with no formation of organized chiral arrays and thus a chiral expression limited to a local level as previously observed on Ni(110) [16] for
instance.

vibrational mode (ν(OH)) of surface hydroxyls. However its weak intensity makes it barely distinguishable due to the weak transition dipole
of the OeH vibration, also reported in previous studies on carboxylic
acids on TiO2 [22,32]. For this reason, no reliable conclusions on ν(OH)
intensity variations can be drawn in the present work. Finally, the observation of peaks associated both to the carboxylate functionality and
to carboxylic acid groups are a signature of the presence of monotartrate species on the rutile (110) surface, in agreement with what was
tentatively suggested from the XPS results.
Information on the 2D organisation and anchoring sites of RR-TA is
provided by STM experiments. Fig. 6 shows a typical STM image for a
RR-TA submonolayer deposition (5 min dosing). It has to be noted that,
diﬀerently from the clean TiO2 surface in Fig. 1, where the bright Ti5c
and the dark Obr rows are easily imaged, molecule imaging on oxide
surfaces is a more challenging experiment since images are taken at
room temperature, on non-metallic surfaces covered with organic adsorbates. The STM image has been calibrated using the Ti5c interspacing
distance set to 6.49 Å. At low coverages, molecules appear as disordered
bright spots all over the surface and do not tend to organise into islands,
in contrast to what is observed for TA on Cu(110) [11] or Ni(111)
[14,15]. By marking with red lines the positions of the visible underlying Ti5c rows and TA molecules with blue circles, we are able to
identify the anchoring points of the molecules. More precisely, all
molecules appear to be bound directly on top of Ti5c rows, while no
species in between two rows are detected.
By considering an image taken for a complete saturated monolayer
(15 min dosing, Fig. 7(a)), where molecules are close to each other, the
intermolecular distance can be estimated. The analysis performed
shows that TA distances are on average 6.3 ± 0.7 Å in the [001] direction and 6.8 ± 0.8 Å in the [11̄0 ] direction, which correspond to
about 2 and 1 TiO2 surface unit cell parameters (2.96 Å × 6.49 Å), respectively. The deviation observed is due to the slight drift, which is not
compensated for in this speciﬁc image. The intermolecular spacing
measured thus corresponds to a (2 × 1) molecular adlayer. The occurrence of a (2 × 1) molecular adlayer is further conﬁrmed by LEED.
In this respect, Fig. 7(c) shows the LEED pattern after a TA dose of
about 1 ML (saturated coverage). As evidenced in Fig. 7(c), in addition
to the sharp (1 × 1) pattern attributed to the underlying TiO2 surface, a
(2 × 1) pattern clearly appears upon molecular deposition, supporting
the STM results.
Using the chemical and vibrational analysis obtained from XPS and
HREELS and combining them with the structural information from STM
and LEED, we are able to propose a model for TA adsorption on the
rutile (110) surface (Fig. 7(b)). In this model, TA adsorption takes place
in an upright position, with both carboxylate O atoms bound to two

4. Conclusions
Understanding the interaction between a chiral modiﬁer and an
oxide support is of central concern for the design of oxide-supported
enantioselective metal catalysts. By using several surface science techniques, we investigated the (R,R)-tartaric acid chemical form and layer
structure on rutile TiO2(110), selected as model chiral modiﬁer and
oxide support, respectively. TA molecules are found to absorb in a
monotartrate form, with both carboxylate O atoms bound to two adjacent Ti5c atoms. The remaining carboxylic acid group is intact and
protrudes above the surface layer. At saturation coverage, molecules
are arranged in a (2 × 1) overlayer. The lack of extended chiral domains suggests that TA behaviour on TiO2(110) substantially diﬀers
from what is observed on Cu(110) or Ni(111), revealing instead an
adsorption geometry closer to that of TA on Ni(110). Chirality is thus
not induced at a global level, but only locally due to the inherent TA
chiral behaviour, which is at the same time at the heart of the most
successful real enantioselective catalysts. More generally, the conﬁrmation that TA adsorption takes place on the oxide surface already
suggests that enantioselective induction is not limited to metallic surfaces but might also be driven by the oxide support.
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Fig. 7. (a) STM image of the rutile TiO2(110) surface after a TA deposition of 15 min (1.7 V, 150 pA). (b) Schematic model proposed for TA adsorption on the rutile
TiO2(110) surface. Ti atoms, in plane O and bridging O atoms are depicted in blue, red and dark red, respectively. The monotartrate molecule is represented by a
black segment corresponding to the carboxylate plane. The yellow rectangle displays the (2 × 1) overlayer formed by TA molecules. (c) LEED pattern observed after a
TA deposition of 1 ML on the rutile TiO2(110). An electron beam energy of 45 eV was used. The (1 × 1) and the (2 × 1) unit cells are indicated in blue and yellow,
respectively.
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