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R,R-tartaric acid (RR-TA) thermal stability and decomposition on the rutile TiO2(110) surface was
investigated by temperature programmed desorption. The authors show that a majority of RR-TA
molecules are desorbed intact from multilayers at around 340 K, while they decompose from the
first chemisorbed layer between 460 and 480 K. Complementary information on the chemical nature
of RR-TA in the multilayer regime was gained by x-ray photoelectron spectroscopy, which shows
that biacid molecules form the multilayer while they are monotartrate at the interface. Published by
the AVS. https://doi.org/10.1116/1.5100957

I. INTRODUCTION

Chiral molecules, which are nonsuperimposable to their
mirror image, are of prime importance for living organisms,
since many biomolecules appear in only one handedness.1

Biological activities of opposite enantiomers may, thus, lead
to drastic effects, which explain why gaining control of enan-
tioselectivity is a major challenge in many fields, including
pharmaceutical and agrochemical industries.2 Among several
developed strategies for the production of enantiomerically
pure compounds, asymmetric catalysis has been receiving
increasing attention.3,4 Chiral molecules deposited in ultra-
high vacuum (UHV) conditions either on plane metal surfaces
or on oxide-supported metal catalysts are used in surface
science as model systems to investigate at a microscopic level
the catalyst structure and understand the key steps of the cata-
lytic processes.2,3,5–7 While metal surfaces have been inten-
sively explored, fundamental questions remain on the role of
the oxide supports in oxide-supported metal catalysts.

In this context, we focus here on (R,R)-tartaric acid
[HOOC–CH(OH)–CH(OH)–COOH, hereafter named RR-TA]
and rutile TiO2(110) single crystal as a model system of the
interaction between a chiral molecule and an oxide substrate.
The adsorption of RR-TA, one of the most efficient chiral
modifier, has been investigated so far on several metal
surfaces.5,8–19 Biacidic, monotartrate, or bitartrate molecules
have been found upon adsorption, depending on how many
COOH groups undergo deprotonation.5 The RR-TA thermal
decomposition mechanism has been studied on Cu,10,17–19

Ni,11–15 and Pd (Ref. 16) surfaces and has been found to
strongly depend on the surface structure. On some surfaces,
such as Cu(110)19–22 and Ni(110),13 temperature programmed
desorption (TPD) experiments have evidenced an explosive

decomposition behavior for RR-TA by tracing the molecular
decomposition products H2, H2O, CO, and CO2. However,
the same desorption mechanism was not observed on other
metal surfaces such as Pd(111)16 and Ni(111).11 Different
surface structures, surface roughness, contaminations, and
experimental conditions (mainly the adsorption temperature)
have been proposed as possible explanations for the different
observed behaviors.17

The interaction of carboxylic acid molecules with the rutile
TiO2(110) surface has received considerable attention. Upon
adsorption, they present a common predisposition to deproto-
nate one or multiple COOH groups, with the carboxylate
O atoms bound to two five-fold coordinated surface titanium
Ti5c atoms.23 In a previous work, we investigated RR-TA sub-
monolayer and monolayer deposition on the rutile TiO2(110)
surface by combining several surface science techniques.24 We
have shown that RR-TA molecules adsorb on the oxide surface
in a monotartrate form, i.e., only one of the two COOH groups
deprotonates upon adsorption. The carboxylate oxygen atoms
are bound to two adjacent Ti5c atoms in the [001] direction and
the remaining COOH group protrudes out of the surface.
Moreover, at saturation of the first layer, low-energy electron
diffraction (LEED) and STM evidenced the formation of an
ordered (2 × 1) overlayer. Here, we extend the study to the
RR-TA thermal stability and decomposition on TiO2(110) as
well as its adsorption behavior in the multilayer regime. It has
already been observed experimentally that protruding carbox-
ylic groups favor the formation of physisorbed multilayers.25

Hence, the interface layer formed by monotartrate species on
TiO2(110) with a free carboxylic group available at the surface
should lead to a multilayer formation via H-bond interactions.

II. EXPERIMENT

All experiments have been carried out in an UHV chamber
at the Institut des Nanosciences de Paris laboratory, with a base
pressure of 10−10 mbar or better. The rutile TiO2(110) surface
has been intensively investigated in surface science thanks to
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the possibility of increasing the crystal conductivity by reduc-
ing the samples under UHV conditions, thus allowing its char-
acterization by electron spectroscopies and scanning tunneling
microscopy.23,26 The TiO2(110) single crystal (Mateck GmbH,
Germany) was cleaned by several cycles of Ar+ sputtering at 1
keV and subsequent annealing at 1000K. XPS and LEED
were used to verify the absence of contamination and the
surface crystallinity, respectively. After the last annealing, the
TiO2 sample was cooled down to room temperature, before
RR-TA deposition.

Crystalline powder of (R,R)-tartaric acid was provided by
Acros Organics (Fisher Scientific SAS France) and deposited
from a glass crucible resistively heated by a metallic wire
wrapped around it, after having been degassed for several
hours (for details see Ref. 24). The typical cell temperature
is between 370 and 395 K.8,16 During RR-TA evaporation,
the pressure in the UHV chamber rose reproducibly between
2 and 3 × 10−9 mbar. Since the crucible is not equipped with
a thermocouple, an accurate calibration is first performed by
XPS. RR-TA coverage was estimated from the Ti2p/C1s
XPS intensity ratio, assuming a homogeneous molecular film
as detailed in Ref. 24. Knowing that in the submonolayer
regime RR-TA binds to the TiO2(110) surface in a monotar-
trate form (one RR-TA molecule every two surface Ti5c
atoms), the monolayer saturation coverage is defined as half of
Ti5c density of the exposed surface (5.2 × 1014 cm−2),27 which
corresponds to an equivalent film thickness of about 6–7 Å.

XPS was performed using a nonmonochromatic dual anode
Al/Mg Kα x-ray source (hν = 1486.6 eV) and a hemispherical
analyzer (Omicron EA 125). Multilayer TA molecules may
desorb in UHV conditions during XPS analysis as observed
in our previous study24 leading to a monolayer regime. In
the present case, rapid XPS scans (less than a minute) were
recorded in order to avoid multilayer TA desorption and to
analyze the chemical state of RR-TA molecules in the multi-
layer regime. Spectra were taken at normal emission using a
pass energy of 50 eV. The spectra were normalized to the back-
ground level on the low binding energy (Eb) side of the peak.
The XPS analysis was carried out with CASAXPS software,
applying for the fit a Gaussian/Lorentzian ratio equal to 70/30.

TPD was carried out using a quadrupole mass spectrometer
(QMG 220 from PFEIFFER) placed in a quartz tube differen-
tially pumped by an ionic pump (for details see Ref. 28). The
tube ends with a small cap pointing to the sample, the aperture
of which is smaller than the sample surface. During TPD
experiments, the tube is placed at about 1 mm from the TiO2

surface to drastically limit the detection of species desorbing
from the surroundings. A linear heating rate α = 0.5 K s−1 was
applied to the sample up to a temperature of 800 K, which
was measured by a calibrated thermocouple spot-welded on
the manipulator.

III. RESULTS AND DISCUSSION

A. Thermal stability of RR-TA on rutile TiO2(110)

TPD experiments were carried out to gain information on
RR-TA thermal stability and decomposition behavior on

TiO2(110). Based on the mass spectrum of RR-TA from the
NIST database,29 the main ion fragments observed corre-
spond to the mass to charge ratios (m/e) of 58 and 76 with
relative intensities of 40 and 100, respectively. Hence, these
fragments of the molecule have been tracked in the present
TPD experiments. Moreover, m/e = 2 (H2

+), 18 (H2O
+),

28 (CO+), and 44 (CO2
+) were also monitored.

TPD spectra were recorded for the clean TiO2(110)
surface as a blank and following increasing doses of RR-TA
at room temperature. The results obtained are summarized in
Fig. 1 for m/e = 58 (HOC—COH+) and 76 (C2O3H4

+) corre-
sponding to the main two fragments ascribed to the molecu-
lar form and in Fig. 2 for m/e = 2 (H2

+), 18 (H2O
+),

28 (CO+), and 44 (CO2
+). A particular attention has to be

paid when considering H2
+, H2O

+, CO+, and CO2
+ fragments

since they usually are the dominant residual gases in UHV
chambers and their presence is inevitable when heating in
UHV. To be sure that H2

+, H2O
+, CO+, and CO2

+ contribu-
tions truly arise from RR-TA molecular desorption, TPD

FIG. 1. TPD spectra of relative mass/charge (a) 58 and (b) 76 for increasing
doses of RR-TA on TiO2(110) at room temperature. The recorded spectra
are vertically shifted for the sake of clarity. Scale factors are specified near
the corresponding spectra.
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spectra at increasing RR-TA coverage are compared to those
recorded on the clean TiO2 surface.

After RR-TA doses, two main features are identified at
about 335–340 K and 430–480 K. The low temperature peak
at 335–340 K appears very intense at high RR-TA doses for
m/e = 58 and 76 (Fig. 1), which are specific to RR-TA mole-
cules, and does not saturate as the molecular dose increases.
In analogy to previous findings for RR-TA on Cu(531)17 and
on Pd(111),16 the peak at 335–340 K is, thus, attributed to
multilayer desorption. Desorption of the second molecular
layer was found to occur around 330K on Pd(111), in reason-
able agreement with the present work. This peak is also far
weaker for the molecular decomposition fragments H2

+, H2O
+,

CO+, and CO2
+, again suggesting molecular desorption.

For higher temperatures, the desorption feature between
430 and 480K is consequently expected to arise from mono-
layer desorption. This contribution appears much more intense
in the H2

+, H2O
+, CO+, and CO2

+ spectra and far less for the m/e
specific to the desorption of the intact RR-TA molecule. The
intensity of this feature does not completely saturate and

continues to slightly increase even for the higher doses; this
fact may be explained by the formation of multilayers before
the complete saturation of the first chemisorbed layer, as pre-
viously observed in the case of RR-TA on Cu(531)17 or from
an incomplete multilayer desorption at 340K. Moreover, a
shift to lower temperature is observed at increasing molecular
doses. The intensity of the desorption features observed in H2

+,
H2O

+, CO+, and CO2
+ spectra increases for increasing RR-TA

doses, thus ruling out the attribution of their origin only to
desorption of vacuum residuals. Moreover, in the correspond-
ing m/e = 58 and 76 spectra, no desorption features are
observed between 430 and 480K for the lowest molecular
coverages, confirming that the desorption peak comes from
molecular desorption for the highest coverages.

Overall in the multilayer regime, large fragments of
RR-TA molecules are detected suggesting desorption of
intact molecular RR-TA, while RR-TA decomposes into
smaller fragments when desorbed from a monolayer cover-
age. This observation is indicative of a strong interaction
between the molecule and the oxide surface, stronger than

FIG. 2. TPD spectra of relative mass/charge (a) 2 (H2
+), (b) 18 (H2O

+), (c) 28 (CO+), and (d) 44 (CO2
+) for increasing doses of RR-TA on TiO2(110) at room

temperature. The recorded spectra are vertically shifted for the sake of clarity. Scale factors are specified near the corresponding spectra.
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the intramolecular bonds. A rough estimate of the desorption
temperature can be given by the Readhead formula. To break
a C—C bond (90 kcal/mol), the expected temperature is
enormous ∼1300 K. The process of decomposition is proba-
bly a two-step process with an adsorbed intermediate. As
previously reported, decomposition of RR-TA from the
chemisorbed layer has been evidenced on other surfaces,
such as Cu(110), Cu(531), Ni(110), and Pd(111), with the
main decomposition products being hydrogen, carbon
dioxide, and water as observed herein and where different
decomposition pathways have been proposed.7,11,16,17 In the
case of Cu(110), the following decomposition reaction was
suggested:22

OOC�HCOH�HCOH�COOH ! 2CO2

þ 2H2Oþ 2Cþ 1=2H2:

However, the presence of CO from the TPD cannot be
ascribed to CO2 decomposition in the mass spectrometer.
Indeed the relative ion currents for CO2 are 100 and 13 for
m/e = 44 and 28, respectively, at an impact energy of 90 eV.
The m/e = 28 signal is stronger in our case and cannot come
from CO2 ionization only. This might be explained by
another decomposition pathway, supported by the presence
of C (285 eV) at the end of TPD experiments, as described
later by XPS experiments (Fig. 4).

In the multilayer regime, RR-TA molecules are expected
to form H bonds. The activation energy and order of desorp-
tion in the multilayer regime can be estimated using the
leading edge analysis.28,30,31 The method is based on the
ansatz of desorption rate of Polanyi and Wigner,28,31

rd ¼ �dθ

dt
¼ υ(θ)θn(θ)e

�Ea (θ)
kBT , (1)

where υ is a the pre-exponential factor, θ is the adsorbate
coverage, n is the desorption order, and Ea is the activation
energy. At the desorption threshold, the adsorption coverage
has not changed significantly yet so that υ, n, and Ea can be
considered as constants. If the sample is linearly heated and
with an efficient differential pumping, the ion current
detected id(T), proportional to the partial pressure, is consid-
ered to be proportional to �dθ

dt . Equation (1) can be, thus,
rearranged as

id(T)/
ð1

T

id(T
0)dT 0

0
@

1
A

n

� e
�Ea
kBT : (2)

Taking the logarithm of Eq. (2), defined as Id(n,T), the
previous equation can be linearized as

Id(n, T)¼ ln[id(T)]�nln
ð1

T

id(T
0)dT 0

2
4

3
5¼K� Ea

kBT
: (3)

Based on these considerations, Id(n,T) should have a
linear dependence on 1/T with a slope Ea. Id(n,T) vs 1/T is
then drawn for different values of n [Fig. 3(a)] to establish
the best value that linearizes the signal at the onset of desorp-
tion. This analysis is applied in this work for the highest
doses (40 and 54 Å) and for the desorption peaks m/e = 58
and 76 at 335 K. An order n = 0 (Fig. 3) is found to linearize
at best the signal leading to an activation energy in the range
37–39 kcal/mol. The zero order is typical for autocatalytic
desorption as in the case of water ice and agrees with a peak
shift to higher temperatures with increasing doses (Fig. 1).
Assuming that layers of RR-TA are hydrogen bonded through
carboxylic dimer rings, a value of 18.5–19.5 kcal/mol is

FIG. 3. (a) Id(n,T) linearized spectra plotted for different values of the desorp-
tion order n for m/e = 58 and 54Å of TA. (b) Zoom on Id(n = 0,T). The linear
fit of Id(n,T) at the edge of the desorption is represented by a black line.
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found per hydrogen bond, an order of magnitude in agree-
ment with previous findings (14–15 kcal/mol).32

B. Chemical nature of RR-TA adlayers on rutile
TiO2(110)

The chemical state of RR-TA molecules in the multilayer
regime was investigated by XPS. The O1s and C1s spectra
recorded for the clean TiO2(110) surface and for increasing
doses of RR-TA in the multilayer regime are presented in
Fig. 4, and the corresponding fit parameters are summarized
in Tables I and II. The fit performed is based on the previous
considerations for RR-TA adsorption on rutile in the mono-
layer regime, where monotartrate molecules are observed.
The O1s region of the clean rutile surface displays two con-
tributions A and B at 530.4 and 531.7 eV, attributed to the
TiO2 O lattice atoms and the surface hydroxyl groups,
respectively. Based on our previous work,24 following

RR-TA deposition, three molecular contributions are identi-
fied, C, D, and E. Component C is related to the carboxylate
functionality COO−, D to a superposition of the CvO
oxygen atoms and the OH alcohol groups (C—OHalc), while
E to the acidic OH groups (OHacid). To substantiate this
decomposition, the fit of the spectra is first performed on the
highest coverage spectrum (54 Å), where the molecular con-
tributions prevail over the TiO2 substrate ones. The full-
width at half-maximum (FWHM) and the peak binding ener-
gies determined are then kept fixed to fit the lower RR-TA
dose spectra, where the presence of RR-TA results only in
O1s peak shouldering at high binding energies. Some con-
straints on the peak areas are also used; for a 7 Å layer, close
to the monolayer saturation, the analysis is consistent with a
majority presence of monotartrate species. As the RR-TA
dose increases, the intensities of peaks D and E, predomi-
nantly associated with the presence of protonated COOH
groups, largely increases, suggesting the presence of fully

FIG. 4. Evolution of O1s (a) and C1s (b) peaks for RR-TA increasing doses on the rutile TiO2(110) surface and after a TPD experiment; (c) same as (b) where
the COO− and COOH contributions are represented by the green (dark grey) the yellow (light grey) peaks, respectively. Spectra are vertically shifted for sake
of clarity and normalized to the peak height. Raw data and fitted component sums are represented by grey dots and a red (solid) line, respectively. The peak
fitting attribution is detailed in the text.
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protonated RR-TA molecules in the stacking of multilayers.
Finally, following TPD, the O1s spectrum recovers its initial
line shape.

For the C1s region, two contributions were identified at
∼287 and ∼289 eV.24 The low binding energy peak (herein
named F) was attributed to the central C—OH carbon atoms
[C(2),C(3)], while the one at higher Eb (herein named G) to
a superposition of COO− and COOH groups. As a matter of
fact, unlike what is observed for RR-TA molecules and other
carboxylic acids adsorbed on Cu(110),24,33–36 components of
carboxylate and carboxylic C atoms are not resolved on
TiO2(110), as previously observed for terephthalic acid
adsorption on the same rutile surface.37 Despite the superpo-
sition of COO− and COOH contributions on TiO2(110),
information on the evolution of RR-TA chemical form may
still be gained by considering the energy splitting between
peaks F and G and the relative variation of their FWHM.
Some constraints are used for the fit, namely, the intensity
ratio F/G = 1, according to the molecular stoichiometry, and
the FWHM of peak F, since no variation is expected for this
peak which is related to the central C—OH carbon atoms.
The fit is first performed for the highest coverage (54 Å),
where the two peaks F and G are clearly discerned, to esti-
mate the width of peak F and to use it for the fit of the lower
coverage spectra. In the multilayer regime, upon increasing
RR-TA doses, the energy splitting increases progressively
from 2.1 to 2.4 eV. For the highest RR-TA dose, peak G is

found at 289.7 eV, in agreement with what was found for the
carboxylic contribution of monotartrate RR-TA molecules on
Cu(110).24 At the same time, the width of the high binding
energy peak reduces by 0.2 eV. These considerations overall
suggest the prevalence of one species (COO−/COOH) over
the other, and more precisely, the dominant contribution
of carboxylic acid groups, as expected in the formation of
multilayers of fully protonated RR-TA molecules. This con-
clusion matches what is observed for other carboxyl-
containing molecules on the same rutile surface37 and on
other metallic surfaces.38,39 Moreover, for RR-TA adsorption
on Cu(110), energy splitting values of 2.4 (Ref. 33) and
2.8 eV (Ref. 24) have been reported between the central
C—OH and the COOH peaks. Splittings of 3.1 and 2.6 eV
have also been measured on Cu(111)18 and Au(111).24 The
first value of 2.4 eV is in agreement with the present work
for the highest RR-TA dose, again confirming the dominant
contribution of COOH species in the multilayer regime. An
energy splitting of 2.6 eV was also reported between the
central COH and the COOH contribution for multilayer dep-
osition of R malic acid on Cu(110).36 To evidence the
increasing contribution of the carboxylic component over the
carboxylate one, two components are discerned in peak G,
light and dark green (grey) peaks in Fig. 4(c). In the decom-
position proposed the area ratio between COO− and COOH
peaks is fixed to the one obtained from the O1s analysis. It is
clear how at coverages near the first layer saturation, the
COO− and COOH components are almost equivalent, while
at increasing doses, the COOH prevails, as expected in
nondeprotonated RR-TA multilayers. At last, a graphitic like
C1s component at −285 eV remains at the surface after the
thermal decomposition of the molecule.

IV. SUMMARY AND CONCLUSIONS

The desorption and decomposition behavior of RR-TA
molecules on TiO2(110) was investigated by TPD. While
molecules desorb more or less intact from the multilayer,
they decompose in the monolayer regime, which indicates a
strong interaction with the substrate. Information on the evo-
lution of the RR-TA chemical state in the multilayer regime
is gained by XPS and overall from the analysis of the O1s
and C1s core levels; a majority presence of intact biacid
molecules is observed in the multilayer regime.

TABLE I. O1s peak parameters [binding energy (Eb) and relative area (RA)] used for the fit presented in Fig. 4. For components A and B, the FWHM is
1.7 eV, while for peaks C, D, and E, the FWHM is 2.0 eV. Error bars on Eb are of the order of 0.1 eV.

Coverage

A—Olat B—ObH C—COO− D—CvO, C—OHalc E—COOH

Eb

(eV)
RA
(%)

Eb

(eV)
RA
(%)

Eb

(eV)
RA
(%)

Eb

(eV)
RA
(%)

Eb

(eV)
RA
(%)

Clean 530.4 94.9 ± 0.2 531.7 5.1 ± 0.2
7 Å 530.4 89.0 ± 0.6 531.7 6.3 ± 0.1 532.3 1.1 ± 0.1 532.9 2.7 ± 0.4 533.9 0.9 ± 0.2
20 Å 530.4 73.1 ± 3.5 531.7 5.1 ± 0.3 532.2 1.8 ± 0.3 532.9 12.5 ± 1.9 534.1 7.5 ± 2.5
54 Å 530.4 33.6 ± 1.8 531.7 2.4 ± 1.9 532.3 3.4 ± 2.4 533.1 40.6 ± 3.4 533.9 20.0 ± 2.9
After TPD 530.4 94.4 ± 2.1 531.7 5.6 ± 2.1

TABLE II. C1s peak parameters [binding energy (Eb), FWHM, and relative
area (RA)] used for the spectra presented in Fig. 4. The binding energy
difference between peaks B and A, Δ(B –A) (eV), is also reported. Error
bars on Eb are of the order of 0.1 eV.

Coverage

F—C(2),C(3) G—COO−,COOH Δ(G – F)
[COO−,
COOH
—C(2),
C(3)]

Eb

(eV)
FWHM
(eV)

RA
(%)

Eb

(eV)
FWHM
(eV)

RA
(%)

Clean 0 0 0
7 Å 287.1 1.8 50 ± 9 289.2 2.1 50 ± 9 2.1
20 Å 287.4 1.8 50 ± 7 289.6 2.1 50 ± 7 2.2
54 Å 287.3 1.8 50 ± 7 289.7 1.8 50 ± 7 2.4
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