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It is through the comparison of experimental results and theoretical calculations that the mechanistic
details of several surface photoreactions initiated upon UV(A) illumination of adsorbed oxalic acid on
rutile and anatase can be proposed. The absorption of light is found to be rather localized at surface Ti
atoms and at the adsorbed species on both TiO2 polymorphs, respectively. Different surface complexes
exhibit different photoreactivities, and consequently, each of them may follow a different reaction mech-
anism. Experimental data can be explained involving reactions such as the interconversion of monoden-
tate into bidentate species which may further be oxidized to CO2 or may even produce �OH radicals, while
the reduction of monodentate species to the respective aldehyde results in combination with the
oxidation of a neighbouring adsorbed OH group into the formation of an adsorbed �OOH radical. On
the basis of the results presented herein, it is concluded that the direct action of the photocatalytically
produced electron–hole pairs on the adsorbed species is the primary step of the photocatalytic reaction,
while the intermediate formation of free radical species followed by their reaction with an oxalate mol-
ecule can be regarded as a secondary process. Within the system described in this work, �OH radicals only
appear to be produced following the direct interaction of a hole with the adsorbed organic compound, but
not with chemisorbed water molecules.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction but also as an essential tool for the investigation of their
Considerable efforts have been spent on the development of
TiO2-based photocatalysts during the last 40 years [3] with the
respective approaches ranging from fundamental research using
model compounds to the large-scale fully technologically oriented
development of environmental, disinfecting or energy applications.
In most of the modern applications, TiO2 is employed in the form of
nanoparticles, thus enabling the utilization of the largest possible
surface area. In these cases, particle size measurements should
be regarded as a necessary prerequisite for their characterization,
not only to compare the performance of different photocatalysts,
(photo)electronic properties [4–6]. In particular, when working
with nanoparticles, the detailed knowledge of the nature of the
exposed facets and of the atomic structure of the nanoparticles is
of utmost interest due to their key role in the photocatalytic reac-
tion mechanism [7,8]. Since, in particular, commercially produced
TiO2 nanocrystallites do not exhibit the equilibrium faces naturally
occurring in macroscopic single crystals [9], photocatalytic reac-
tion models assuming the well-known crystallographic facets
may be unrealistic. Different exposed surfaces will definitively lead
to different chemical interactions with a given adsorbate [1,2] due
to a different coordination of the surface atoms, thus likely trigger-
ing different reaction mechanisms. A thorough study of the adsorp-
tion of oxalic acid at supported rutile [1] and anatase [2]
nanoparticles showed the coexistence of different binding struc-
tures, resulting in different adsorption enthalpies. While at rutile
(110) [1], the most stable and abundant structure is a bidentate
complex, a monodentate structure is found to be the most favoured
adsorbed oxalate species at the (100) anatase surface [2].
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In the literature, there has been a general consensus concerning
a higher photocatalytic activity of anatase as compared to rutile
[10,11]. This picture was, however, likely biased by the technical
difficulties in producing both, nanoparticulate rutile and anatase
single crystals. Following tremendous advances in the respective
synthetic procedures, rutile nanoparticles can nowadays be rather
easily obtained in large quantities [12] thus enabling the explora-
tion of their photocatalytic properties and fair comparisons with
that of anatase [13]. The respective results yielded surprisingly
similar photocatalytic activities for both polymorphs of compara-
tive particle size [14]. And even though considerable efforts have
been undertaken to unravel the mechanisms governing the surface
reactions following the initial photocatalytic process, i.e. the elec-
tron–hole formation within the semiconductor nanoparticle [15],
a large number of unanswered questions still exists the answers
of which will most likely result in more accurate and reliable mod-
els. The description of the photocatalytic reaction pathways is usu-
ally simplified solely focusing on the chemical reactions of the
adsorbed species, i.e. the individual molecules, neglecting any dis-
tinct participation of surface atoms as ‘true species’. Furthermore,
atoms belonging to the photocatalyst surface are usually described
as a simple source of oxidizing (or reducing) entities, e.g. photo-
generated holes formed upon UV(A) illumination are transformed
at surficial oxygen atoms into surface bound hydroxyl radicals
[16,17]. In general, investigations concerning reaction mechanisms
involving the photocatalytic activity of TiO2 at which the reactants
are adsorbed are rather scarce [18–20].

Our respective studies have initially been focused on the role of
surface complexes for the photocatalytic activity of aqueous TiO2

systems [21] employing the widely used Evonik-Degussa Aerosil
TiO2 P-25 and oxalic acid as the model compound. For these stud-
ies, the structure of the adsorbed species was deduced from IR
measurements, and the intriguing result was that the photocata-
lytic activity substantially differed for each of the different surface
complexes [21]. Thus, it became apparent that a more precise
knowledge of the nature and the structure of these surface com-
plexes is required, resulting in a description of the system by
means of a combination of experimental results and theoretical
calculations [22]. Based upon these studies, a simplified and still
rather qualitative mechanism was suggested for the photocatalyt-
ically induced reactions of adsorbed oxalate occurring at the sur-
face of rutile (110) and anatase (100).

There are numerous theoretical studies concerning the adsorp-
tion of small and medium-sized molecules on low-index surfaces
of TiO2 (see, e.g. a review by Diebold [23] and further Refs. [24–
30]). Most of them have been performed resembling a surface-sci-
ence approach and are therefore suitable for a comparison with
experiments performed under ultrahigh vacuum (UHV) conditions,
but not for nanoparticles in solution. From the theoretical point of
view, photochemical properties are often discussed in terms of
Kohn–Sham orbital energies [31] instead of n-electron state ener-
gies explicitly including electron correlations. The importance of
the solvent molecules on the surface and of the bulk properties
of small TiO2 particles has been taken into account only in a few
studies [32,33].

Herein, we present the results of an in situ study of UV(A) irra-
diated rutile and anatase in contact with aqueous oxalic acid. Par-
ticular attention has been focussed on the characteristic adsorption
structures at each crystalline phase as well as on the exploration of
their time evolution under UV(A) illumination. This work aimed to
identify the involved excited states aiming to suggest reaction
mechanisms occurring directly at the surface of the TiO2 nanopar-
ticles. Thus, we were able to show that TiO2 surface atoms play an
active role in the photocatalytic reactions. A combination of theo-
retical calculations at the configuration interaction (CI) level and
experimental results using attenuated total reflection Fourier-
transformed infrared (ATR-FTIR) spectroscopy was thus employed
to study the kinetics of the photocatalytic conversion of the
involved surface complexes. However, the present investigation
only represents a first step towards a sound understanding of the
photodegradation mechanism of oxalic acid at illuminated titania
surfaces. The suggested mechanisms are rather intended to provide
the basis for future discussions as well as for more advanced inves-
tigations to be carried out by us or by other groups working in this
field.
2. Experimental procedures

The same photocatalyst materials used previously for the
respective experiments carried out under dark conditions [1,2]
were employed in the present work. They consist of pure rutile
(R15 provided by Millennium Inorganic Chemicals, now CRISTAL
GLOBAL) and pure anatase (commercial product S230 from Kemir-
a) nanoparticles with respective surface areas of 65 and 230 m2 g�1

(BET adsorption) and average particle sizes of 15 nm (rutile) and 4–
7 nm (anatase), respectively. Detailed information concerning
these TiO2 materials can be found in Refs. [1,2].

All ATR-FTIR in situ spectra were recorded on a BOMEM MB 122
instrument which was equipped with a liquid N2-cooled MTC-A
detector and a Pike Technologies horizontal ATR unit with a ZnSe
crystal of 45� and 9 reflections in the upper face. Other reagents
used in this work were of analytical grade and used as received.
Deionized water from a SARTORIUS ARIUM 611 apparatus (con-
ductivity = 0.182 lS m�1) was employed for the preparation of
the solutions and suspensions.

The UV(A) illumination source consisted of two tubes (PHILIPS
CLEO 15 W), with a maximum emission at wavelengths between
300 and 400 nm placed directly above the ATR unit. The distance
to the lamp from the ATR crystal was adjusted to provide
0.6 mW cm�2 at its surface. Details of the construction of the illu-
mination set-up can be found in Ref. [22].

A TiO2 (rutile or anatase) layer was deposited on the ZnSe ATR
crystal (2.3 g m�2 and 1–3 lm thick) [1,2,22] by drying at room
temperature an aliquot of 200 ll of a 5.75 g l�1 TiO2 suspension
together with 200 ll of water (see Refs. [1,2]). Prior to the produc-
tion of the TiO2 thin layer, the ATR prism surface was cleaned by
polishing with 1 lm diamond paste (Metadi II, polishing grade)
and rinsed with methanol and deionised water. This cleaning pro-
cedure was carried out under an optical microscope and with
extreme care in order to ensure no damages to the ZnSe surface.
Thus, identical initial conditions for every experiment were always
restored since the formation of a precipitate on the ZnSe crystal
was detected after long UV(A) irradiation times. Several tests were
performed repeating two identical experiments and employing the
ZnSe crystal containing the precipitate in one of them. These tests
showed reproducible results evincing that the precipitate only
acted as an attenuation filter diminishing the output signal to the
detector, and was photochemically and chemically inert for the
system. The nature of the precipitate was presumed to be metallic
Se which could only be removed by the careful cleaning of the ZnSe
surface by means of a soft polishing with the diamond paste and
subsequently with a wet free-of-wood tissue. Other ATR studies
of the in situ irradiation of glyoxylic acid adsorbed on TiO2 carried
out with both, a diamond-coated ZnSe and a non-coated ZnSe
prism (2.7 eV band gap), suitably proved that no significantly dif-
ferent results are obtained concluding that most of the UV light
is indeed absorbed by the TiO2 film [34]. A more detailed discus-
sion concerning this point can be found in Ref. [21].

Sequential spectra of the TiO2 layer equilibrating with a circu-
lating oxalic acid-free aqueous solution were collected in the dark
and under UVA illumination (reference spectra). Each final spec-
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trum was the average of 250 scans. The spectra were recorded
sequentially without any delay time every 2.15 min and have a
spectral resolution of 4 cm�1. The level of noise was always lower
than 0.005 absorbance units, approximately 4–5% of the absor-
bance in the region of interest for this study.

Adsorption measurements in the dark were performed replac-
ing the circulating blank solution by a 2 � 10�3 mol l�1 oxalic acid
solution. The IR signal amplitudes were allowed to reach stable
values using the criteria of assuming equilibrium when there are
less than 4% changes (level of noise) in 13 min, the time necessary
to collect 6 spectra. This was a compromise between the number of
evaluated spectra and the time required for their acquisition, since
long equilibrium times can favour further slow processes, e.g. sur-
face reconstructions, responsible for an increase of the TiO2

adsorption capacity.
The photocatalytic measurements were carried out by illumi-

nating the systems immediately after the adsorption measure-
ments were performed. Sequential spectra were continuously
recorded during 5.6 h. The final spectra were always obtained by
subtracting the corresponding last reference spectrum (either in
the dark or under UV(A) illumination).

For all experiments, 30 ml of circulating solution were
employed at a flow rate of approximately 4 ml min�1. Any contri-
butions of dissolved oxalic acid to the FTIR spectra have been found
to be negligible at the generally employed concentration of
2 � 10�3 mol l�1. Thus, every detected signal was attributed to
adsorbed species at the surfaces of the nanoparticles. The pH of
the circulating solution was fixed and carefully kept constant at
3.70 ± 0.02 with a programmed dosing unit. The ionic strength
was adjusted to 0.01 mol l�1 with KCl and during the entire exper-
iment the solution was constantly purged with O2.
3. Theoretical procedures

As in our previous studies [1,2] the semiempirical method
(MSINDO) [35] modified symmetrically orthogonalized intermedi-
ate neglect of differential overlap was the quantum chemical
method of choice employed for the theoretical calculations in this
work. Surfaces were modelled with the cyclic cluster model (CCM)
which is based on a molecular cluster with periodic boundary con-
ditions [36,37]. Different from other solid-state methods currently
available, MSINDO-CCM allows excited-state calculations for peri-
odic systems at the configuration interaction (CI) level. Recently,
the CI with singles (CIS) method was implemented in MSINDO-
CCM [38]. Analytical gradients allow structure optimization of
adsorbed molecules on surfaces in the excited state [39]. Specific
interactions of the surface with the solvent are taken into account
by monolayer adsorption, vide infra. Long-range electrostatic sol-
vent effects have been considered by the conductor-like solvent
model (COSMO) including excited-state gradients [40]. All two-
dimensional cyclic cluster calculations (CCM-2D) were done by
relaxing the first surface layer of the cluster using analytical gradi-
ents and an updated Hessian procedure. The lattice parameters and
the atom positions in the bulk of the cluster were fixed to the val-
ues obtained from the previous three-dimensional calculation
(CCM-3D) [2]. The (100) and (110) planes for anatase and rutile,
respectively, were used as representative surfaces according to
respective high resolution transmission electron microscopy
(HRTEM) [9] investigations.

In our CIS approach, only singly excited configuration functions
were employed. Different from ab initio methods where at least
implicit doubles corrections (CIS(D)) are necessary, and it has been
shown by Zerner et al. [37] that CIS without doubles corrections
leads to reasonable excitation energies in semiempirical methods
where dynamic electron correlation is accounted for by the empir-
ical parameters. This is similar as for the widely applied TD-DFT
method which is technically comparable to CIS, but implicitly con-
tains dynamic correlation in the Kohn–Sham orbital energies. Since
the systems studied here are rather complex, the usage of sophis-
ticated methods is not possible. However, by means of our simplis-
tic approach, we succeed in reproducing experimental results on
the basis of a quantitative agreement between calculated (with
MSINDO-CCM-CIS) and experimentally determined excitation
energies for the present system. In fact, the calculated optical
band-gap energies of both the free molecules and the TiO2 surfaces
are more than 1 eV above the measured values (4.0 eV for oxalic
acid [41], and 3.2 eV for the band gap of anatase [42]). We there-
fore restrict the present discussion to qualitative aspects of the
electronic structure. The CIS method with selected configurations
was already applied in an early SINDO1 study of photogenerated
�OH radicals on anatase nanoparticles [43].

In the present study, it was assumed that although excitation
into higher states is possible, radiationless relaxation to the lowest
excited states is fast. The energetic distances between the low-
lying excited states are smaller by 1–2 orders of magnitude as
compared to those between the lowest excited state and the
ground state; therefore, transitions between the former are
assumed to be much faster. Hence, in order to simplify the discus-
sion, MSINDO-CCM-CIS calculations are presented only for the first
excited singlet state (S1) and the second excited singlet state (S2).
The corresponding bond-order differences between two atoms i
and j in the ground and in the excited state, DBij, for each system
were calculated according to Eq. (1):

DBij ¼ Bex
ij � Bgr

ij ð1Þ

A negative or a positive DBii value between the excited and
ground state of the same atom, represents a loss or a gain, respec-
tively, of electron density on this atom. The electron–hole pair for-
mation in the TiO2 upon band-gap irradiation (UV(A) illumination)
of the systems postulated from experiments is represented by the
charge shift of the atoms upon excitation from the ground state.
Thus, the involved atoms are assumed to trap the photogenerated
hole or electron in the corresponding calculated excited state. A
negative or a positive DBij value between two different atoms rep-
resents a weakening or a strengthening, respectively, of the corre-
sponding bond. Since Bij values of 1 represent a single bond
between atom i and j, and 2 a double bond, values of 0.5 indicate
a weakened bond which can be easily broken. For the present sys-
tems, DBij values above 0.1 are considered as significant and those
above 0.2 as strong. The bond-order changes were used as indica-
tion for chemical processes that can be expected in the excited
state. For selected cases, we performed explicit geometry optimi-
zations in the excited states with MSINDO-CCM-CIS using the
COSMO.
4. Results and discussion

4.1. ATR-FTIR spectra and bulk photocatalysis. Photocatalytic activity
of the materials

Fig. 1a and b shows the comparison of the ATR-FTIR spectra of
adsorbed oxalic acid from an aqueous solution on rutile R15 and
on anatase S230, respectively, after the first equilibrium in the dark
and after the UV(A) illumination period.

Fig. 1c and d shows the time evolution of the total integrated IR
spectral signals of adsorbed oxalic acid from an aqueous solution
on rutile R15 and on anatase S230, respectively. Fig. 1e and f shows
the time evolution of integrated spectral area of the five most
important bands belonging to adsorbed oxalic acid on rutile R15
[1] and anatase S230 [2], respectively.
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Fig. 1. (a) and (b) – ATR-FTIR spectra of the adsorbed oxalic acid from an aqueous solution on the rutile (R15) film and on the anatase (S230) film, respectively, after
equilibrium in the dark (solid line), after of UV(A) illumination (dotted line). (c) and (d) – Time evolution of the total integrated IR spectral signals for rutile and anatase,
respectively. (e) and (f) – Time evolution of the integrated spectral area of the most important bands belonging to adsorbed oxalic acid. As the bands are not completely
resolved and in some cases they overlap, the integration limits of the bands are both first minima on the right and the left of the maximum of the band: total area: 1800–
1200 cm�1; band I, 1800–1703 cm�1; band II, 1703–1648 cm�1; band III, 1648–1509 cm�1; band IV, 1509–1351 cm�1 and band V, 1351–1200 cm�1. (d) and (f) – Reprinted with
permission from Ref. [44]. Copyright 2007 Water Science Technology.
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It is obvious that an important increase of the total integrated
spectral area is observed in both cases, i.e., for rutile (Fig. 1c) as
well as for anatase (Fig. 1d), upon UV(A) illumination of the sys-
tems. This increase is the logical consequence of the fact that an
increase of all individual bands is observed (see Fig. 1e and f), with
the exception of band I for anatase and bands I and IV for rutile the
intensity of which decreases upon UV(A) illumination. There are,
on the other hand, only slight changes in the frequency band posi-
tions under UV(A) irradiation. The increase of the total integrated
spectral area observed in Fig. 1d has been discussed previously



Fig. 2. Experimental ATR-FTIR spectra of adsorbed oxalic acid on rutile R15 (left row) and on anatase S230 (right row) in comparison with the calculated vibration spectra of
the corresponding adsorption structures according to Refs. [1] (rutile) and [2] (anatase). Dashed (equilibrium in the dark) and solid black lines (after UV(A) illumination):
experimental spectra and grey lines: calculated spectra.
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[44] taking into account three different models, (i) the deaggrega-
tion of particle agglomerates induced by the action of the thermal
energy released upon the recombination of the photogenerated
electron–hole pairs [45], (ii) the photogeneration of surface OH
groups upon the dissociative water chemisorption on cleaved sur-
face Ti–O bonds [46,47], and (iii) the photodesorption of water
molecules coadsorbed at equilibrium conditions with oxalic acid.
While (i) and (ii) are suggestions found in the literature, (iii) was
a novel mechanism suggested in Ref. [44]. It is a common feature
of all three models that new surface sites are freshly exposed upon
the action of UV(A) illumination of the systems, hence increasing
their oxalic acid adsorption capacity.
Other chemical entities but oxalic acid have been discarded as
possibilities of producing the observed spectral changes [22].
Hence, as stated previously, all spectral changes can be attributed
to surface reactions/speciation changes of the adsorbed oxalic acid
structures.

The changes in the ATR-FTIR band intensities observed during
the periods of darkness have been discussed in Ref. [1] for rutile
and in Ref. [2] for anatase. In this work, we will therefore focus
on the UV(A) illumination data. Fig. 2 shows the comparison of
the experimental (dark and UV(A) illumination) and the calculated
FTIR spectra. However, it should be noticed that out of the in Refs.
[1,2] calculated set of favourable binding structures, the most sta-
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ble ones were selected and are denoted here as follows: Ru-A, Ru-B
and Ru-C are the corresponding identifications for the oxalate
complexes on rutile, while An-A, An-B, An-C and An-D are those
for the complexes on anatase.

The photocatalytic activities of both materials were investi-
gated previously (see Ref. [22] for details and Ref. [2] for the dis-
cussion of the adsorbed concentration at equilibrium in the dark
as well as for additional adsorption measurements on anatase
S230) by measuring the bulk concentration of oxalic acid before
and after UV(A) illumination of the systems. While the photocata-
lytic degradation of oxalate was experimentally verified with ana-
tase S230 being the photocatalyst, it was not possible to confirm
this in the case of the rutile R15 system.

Hence, the interpretation of the spectroscopic results, either in
the dark or under irradiation, is a delicate task aiming to reveal
the complex scenario induced upon the adsorption of oxalic acid
on anatase and on rutile surfaces, respectively. The present work
should therefore be regarded as a first step to clarify the funda-
mental mechanisms of the photodegradation and of the photoreac-
tions of these surface complexes. The mechanisms proposed in the
next sections are based on the simplified systems of complexes
shown in Fig. 2.

4.2. Kinetic behaviour of the adsorbed species upon UV(A)-
illumination

Due to the strong infrared absorption of the carbonyl functional
group, i.e., one of the most powerful structural probes in infrared
spectroscopy, and the fast convergence of the simulated spectral
peaks [1,2] in the region 1800–1500 cm�1, only bands I, II and III
will be used in the following to draw qualitative conclusions (see
Fig. 3).

As derived from Refs. [1,2], for the case of rutile and anatase,
respectively, the ATR-FTIR bands are assigned as follows. For rutile
(see left row of Fig. 2), band I contains contributions from species
Ru-C, band II from species Ru-A and band III from species Ru-B
and Ru-C; while for anatase (see right row of Fig. 2) band I contains
contributions from species An-C and An-D, band II mainly from
species An-A with a small contribution from An-C and band III
mainly from species An-B with a small contribution from An-A.

It should be noted here that the division into apparently sepa-
rate bands used from here on must be taken with care since it is
a simplistic attempt to analyse a group of spectra originating from
a mixture of adsorbed species at various facets of the nanoparti-
cles. Therefore, in order to make progress for future studies, we
simplify this complex scenario: based on our previous combined
(a) (Dark UV Dark

Fig. 3. Integrated spectral area from bands I, II and III as a function of time for the case of (
(from Fig. 1e and f).
experimental and theoretical studies, it is assumed that the com-
plexes shown in Fig. 2 suffice to represent the surface coverage
of oxalate on both, the anatase (100) and the rutile (110) facets.
This simplification does neither consider different facets of both
polymorphs nor the adsorption at corners or edges.

The close inspection of Fig. 3a demonstrates that after structure
Ru-C reaches its equilibrium in the dark, as indicated by the time
evolution of band I, its surface concentration slowly decreases
under UV(A) illumination. The most stable species Ru-A and Ru-
B, as indicated by bands II and III, increase their surface concentra-
tion until a maximum is reached. Then, a slight decrease of their
concentration is observed. It is also observed that immediately
after the lamps have been switched on, species Ru-A and Ru-B suf-
fer a small decrease in their surface concentration, followed by a
continuous increase. Hence, species Ru-A and Ru-B are very likely
involved in two competing reactions, one being their correspond-
ing photocatalytic degradation, as evinced by a slight decrease in
their surface concentration, i.e., during the last hour of UV(A) illu-
mination and also immediately after the illumination was started;
while the other is an adsorption reaction on additionally available
sites left empty following the photocatalytic degradation of species
Ru-C.

As a result, there is an overall increase in the surface concentra-
tion of species Ru-A and Ru-B, with the latter reaction being very
likely more important than their photocatalytic degradation. How-
ever, a possibility that cannot be excluded is the slow conversion of
species Ru-C into species Ru-A and/or Ru-B at the expense of the
energy brought to the TiO2 surface by the light. Otherwise, as sta-
ted above, it is photocatalytically degraded opening new surface
sites for the additional adsorption of species Ru-A and Ru-B. More-
over, species Ru-A and Ru-B can also adsorb at new active sites left
by, for example, the photodesorption of water molecules [44]. It
must be mentioned that although the surface rearrangement of
species Ru-C into species Ru-A and Ru-B is thermodynamically
favoured, it does not occur in the dark [1] while it indeed occurs
when additional energy is provided to the system through the
UV(A) irradiation. In a subsequent period of darkness, the surface
concentrations of all species remain constant, especially in the case
of species Ru-C, and in the case of species Ru-A and Ru-B after a
slight and fast initial decrease.

For anatase, as shown in Fig. 3b, the intensity of band I
decreases under UV(A) illumination while the corresponding
intensities of bands II and III increase. In particular, band I
decreases, first rapidly right after the lamps are switched on; and
later in a slower fashion; bands II and III increase until they reach
a plateau and decrease slowly at the end of the experiment.
b) Dark UV

a) rutile and (b) anatase. The points have been connected with lines for visual clarity
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Although the spectral changes are similar to those depicted in the
case of rutile (Fig. 3a), neither the time evolution of the FTIR bands
nor the nature of the adsorbed species involved are exactly the
same (see Fig. 2).

Species An-C and An-D, as indicated by band I, decrease in their
surface concentration very fast initially and slower afterwards.
These species either interconvert to more stable species or are
photocatalytically degraded leaving their corresponding active
sites for the adsorption of additional oxalic acid molecules. Species
An-A and An-B populate the surface of anatase, as indicated by
bands II and III. In a manner analogous to the case of rutile, surface
rearrangements to more stable or iso-energetic structures are
observed under UV(A) irradiation with the surface concentration
of species An-A increasing instantaneously. This increase can be
linked to the fast decrease of species An-C and An-D. The mono-
dentate species An-A reaches saturation after approximately 4 h
of UV(A) illumination followed by a subsequent and slow decrease
of its surface concentration. As indicated by band III, species An-B
reaches saturation as well, however, later than species An-A sug-
gesting that species An-A can undergo direct photocatalytic degra-
dation or rearrange to the bidentate species An-B.

4.3. Configuration interaction calculations: excited-state properties
and surface reactions

The electronic properties of the lowest excited singlet states of
all systems were studied with MSINDO-CCM-CIS for the 3 surface
complexes in the case of rutile (Table 1) and for the 4 surface com-
plexes in the case of anatase (Table 2).

A significant increase of the electron density (photogenerated
electron trapping) on the C atoms (in the S1 state) and the Ti atom
where the oxalic acid is bound (S2) is observed for the most stable
species Ru-A (Table 1). The two O atoms belonging to the adsorbed
oxalic acid, Og and Od (see structure Ru-A in Table 1) become more
positive both in S1 and S2 states, indicating that there is a trapping
of the photogenerated hole in the adsorbed molecule in both cases.
Thus, the adsorption sites, including the adsorbed oxalic acid and
the surface, are apparently involved in the excitation. On the other
hand, the bond between the surface Ti site and oxalic acid is not
affected, whereas intramolecular bonds are weakened, Ce–Oc, Ce–
Oh in S1 and Cf–Og in S2. In particular, if the Ce–Oh bond cleaves,
an �OH radical is released to the bulk solution. As the C–C bond is
not affected in S1 or S2, no or very little photocatalytic degradation
of this species is expected to occur. Thus, these results can be taken
as a plausible explanation for the spectral changes shown in Fig. 3a
(band II), where the surface concentration of species Ru-A
increases until it reaches saturation under UV(A) illumination
and decreases only slightly upon further irradiation. For this struc-
ture, a geometry optimization in the S1 state was performed. As
predicted by the bond orders, the average Ti–O distance did not
change significantly (from 2.000 to 2.003 Å). But also the C–O dis-
tances only change slightly, from 1.280 to 1.286 Å (Ce–Oc), and
from 1.368 to 1.358 Å (Ce–Oh). The main effect is an elongation of
the C–C bond, from 1.554 to 1.618 Å. This indicates that (a)
bond-order differences do not always reliably predict the geomet-
ric changes in the excited states, and (b) photodegradation does
not occur within the first fs after light absorption as this is the
timescale of the calculated geometry relaxation.

In species Ru-B (Table 1), the increase of negative charge is on
both Ti atoms where the oxalic acid molecule is adsorbed, increas-
ing even more in S2. The four O atoms which belong to oxalic acid
become more positive in S1, while all the atoms of the adsorbed
molecule become more positive in S2. The photogenerated elec-
tron–hole pair is once again trapped at the adsorption sites, i.e.
adsorbed oxalate and the TiO2 surface, respectively, with the elec-
tron being mainly localized at a Ti atom and the hole at the
adsorbed oxalic acid molecule. Different from species Ru-A, in
the case of species Ru-B, the entire adsorbed molecule is oxidized.
While bonds between the adsorption Ti site and the oxalate are not
affected, the bond between the two surface Ti atoms is weakened,
as well as the C–C bond in the molecule in both excitation states.
This molecule very likely undergoes photocatalytic degradation
into smaller species via the cleavage of the C–C bond. The forma-
tion of two adsorbed CO2 molecules is therefore expected. Both
positively charged CO2 molecules can compensate charges with
their corresponding negatively charged Ti surface atoms leaving
the surface unchanged. Fig. 4 shows schematically the correspond-
ing reaction. Indeed, geometry optimization on the S1 energy
hypersurface results in even shorter Ti–O and O–C distances, while
the C–C bond length is increased from 1.523 to 1.581 Å consistent
with a weakening of the bond, thus favouring the dissociation into
two CO2 molecules. However, additional energy uptake from vibra-
tions or collisions with solvent molecules is necessary to actually
break the C–C bond which is in accordance with the observed
timescale.

The time evolution of band III in Fig. 3a suggests photocatalytic
degradation of species Ru-B after some hours of UV(A) illumina-
tion occurring in a more pronounced manner as compared to spe-
cies Ru-A. Such experimental observations can be linked to the fact
that the surface concentration of species Ru-A can be increased via
a surface reaction, i.e. the protonation of species Ru-B triggered by
the light absorption, and alternatively, according to the analysis of
the excited states, via the photocatalytic degradation of species Ru-
B leaving behind new active sites for the further adsorption of
additional oxalic acid molecules, e.g., as species Ru-A.

For species Ru-B, the surface Ti–Ti bond can be cleaved in both,
the S1 and the S2 states. A possible interpretation is that a surface
reconstruction mediated by an oxalic acid molecule follows the
UV(A) irradiation. Additional O atoms from the chemisorption of
dissociated water molecules can bind in between these Ti atoms
and new surface OH groups can be thus created. This is in good
agreement with experimental observations (obtained in the
absence of adsorbed oxalic acid) reported by Hashimoto and
coworkers [48] who used the model of photogenerated surface
OH groups to explain the superhydrophilic characteristics acquired
by TiO2 surfaces upon UV(A) illumination. In our case, oxalic acid
would mediate such a mechanism. Although, to the best of our
knowledge, it is still not known from where exactly the �OH radical
originates in a photocatalytic process, i.e. from an irradiated
adsorbed water molecule or from an excited adsorbed organic
ligand, the presence of �OH radicals on irradiated titania surfaces
has been proven experimentally [49].

The two similar structures Ru-C that (due to free rotations
around the C–C bond) were considered to be the same monoden-
tate species (Table 1), show an increase in the negative charge on
both C atoms in S1, while an increase of electron density in S2 is
observed also on the Ti atom to which the molecule is adsorbed.
One or two O atoms from the adsorbed molecule become more
positive in S1 and S2. The bond between the surface Ti adsorption
site and the molecule is not affected by these excitations. Many
intramolecular bonds in S1 between a C and an O atom are weak-
ened, while, on the other hand, the C–C bond is strengthened.
The S1 geometry optimization basically confirms the trends of
the bond orders. There are no significant changes in the Ti–O, O–
C and C–C bond lengths. The main effect is a change of the molec-
ular orientation and a slight elongation of the Cd–Of bond, from
1.389 to 1.396 Å.

In the case of the photocatalytic cleavage of the Cd–Of bond in S1

(Table 1), species Ru-C can interconvert to species Ru-B provided
that the neighbouring H atom from the OH group adsorbed to
the nearest surface Ti atom is taken by the leaving fragment Of–
Hi of the molecule, thus forming a water molecule. Species Ru-B



Table 1
Rutile – bond-order differences (DB) according to MSINDO-CCM-CIS calculations for the first (S1) and second (S2) excited singlet state of species R-A2, R-A4 and R-C03. Negative or positive values on the same atom (DBii) indicate the
location of the hole or the electron trapping, respectively. Negative or positive values on different atoms (DBij) indicate the weakening or the strengthening of the bond between those atoms, respectively. A scheme of the molecules is
also provided with white or black circles at the atoms which become more negative and more positive, respectively. The sizes of the circles are proportional to the increase or decrease of electron density. Bonds which are weakened due
to excitation are drawn as thick dashed grey bonds, while those which strengthened are represented as a thick solid black stripe.

DB R-A2 R-A4 R-C03
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S1 S2 S1 S2 S1 S2 S1 S2

DBii hole Og–Og �0.239 Od–Od �0.165 Og–Og �0.164 Og–Og �0.178 Ob–Ob �0.126 Oe–Oe �0.201 Oe–Oe �0.110 Oe–Oe �0.179
Od–Od �0.171 Og–Og �0.132 Oh–Oh �0.156 Oh–Oh �0.167 Oe–Oe �0.122 Og–Og �0.177 Og–Og �0.161

Oc–Oc �0.118 Od–Od �0.164
Od–Od �0.118 Oc–Oc �0.158

Ce–Ce �0.107
Cf–Cf �0.100

DBii electron Ce–Ce 0.404 Tib–Tib 0.135 Tia–Tia 0.211 Tia–Tia 0.321 Cd–Cd 0.150 Cc–Cc 0.135 Cd–Cd 0.180 Cc–Cc 0.159
Cf–Cf 0.296 Tib–Tib 0.247 Tib–Tib 0.414 Cc–Cc 0.184 Tia–Tia 0.248 Cc–Cc 0.182 Tia–Tia 0.223

DBij bond weakening Ce–Oc �0.228 Og–Cf �0.121 Tia–Tib �0.219 Tia–Tib �0.290 Of–Cd �0.137 Cd–Cc �0.255 Og–Cd �0.166 Cd–Cc �0.311
Oh–Ce �0.227 Ce–Cf �0.174 Od–Oc �0.124 Cd–Og �0.123 Cd–Of �0.144

Od–Oc �0.164 Ce–Cf �0.106 Oe–Cc �0.101

DBij bond strengthening Cd–Cc 0.153 Oe–Cc 0.106 Cd–Cc 0.190

DBij not direct bond Og–Od �0.230 Og–Od �0.157 Oh–Od �0.135 Oh–Od �0.170 Og–Cc �0.135 Og–Ob �0.170 Og–Cc �0.180 Og–Oe �0.260
Oc–Od �0.111 Oh–Og �0.139 Og–Oc �0.133 Og–Oc �0.165 Oe–Ob �0.122 Of–Ob �0.161 Cd–Oe �0.133 Of–Oe �0.173
Oh–Od �0.105 Oh–Od �0.127 Og–Od �0.117 Og–Ob �0.109 Oe–Ob �0.117 Of–Ob �0.145

Oh–Cf 0.144 Oh–Oc �0.116 Of–Ob �0.105 Of–Oe �0.102 Oe–Ob �0.108
Oc–Cf 0.128 Og–Oe 0.151 Hi–Tia �0.100 Cd–Oe 0.110
Od–Ce 0.136 Cd–Ob 0.170 Of–Cc 0.142

Of–Cc 0.183 Cd–Ob 0.173
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Table 2
Anatase – bond-order differences (DB) according to MSINDO-CCM-CIS calculations for the first (S1) and second (S2) excited singlet state of species A-C01, A-A3, A-C4 and A-B5. Ti⁄ represents neighbour Ti atoms in the TiO2 cluster.
Negative or positive values on the same atom (DBii) indicate the location of the hole or the electron trapping, respectively. Negative or positive values on different atoms (DBij) indicate the weakening or the strengthening of the bond
between those atoms, respectively. A scheme of the molecules is also provided with white or black circles at the atoms which become more negative and more positive, respectively. The sizes of the circles are proportional to the
increase or decrease of electron density. Bonds which are weakened due to excitation are drawn as thick dashed grey bonds, while those which strengthened are represented as a thick solid black stripe.

DB A-C01 A-A3 A-C4 A-B5
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Cc
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Oe
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Cc

Og

Ob
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Cf Ce
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Oc
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Oe
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Tia

Og
Cf
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OcOd
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TiaTib

S1 S2 S1 S2 S1 S2 S1 S2 S1 S2

DBii hole Oe–Oe �0.226 Oe–Oe �0.150 Oe–Oe �0.123 Oe–Oe �0.187 Oh–Oh �0.164 Oh–Oh �0.168 Og–Og �0.138 Cc–Cc �0.261 Oc–Oc �0.106 Od–Od �0.102
Of–Of �0.143 Ob–Ob �0.115 Of–Of �0.159 Og–Og �0.164 Og–Og �0.168 Of–Of �0.105 Of–Of �0.183
Ob–Ob �0.111 Oc–Oc �0.130 Od–Od �0.163 Og–Og �0.179

Od–Od �0.129 Oc–Oc �0.163 Oe–Oe �0.137
Ob–Ob �0.137

DBii electron Tia–Tia 0.195 Cc–Cc 0.140 Cc–Cc 0.168 Cc–Cc 0.165 Tia–Tia 0.280 Tia–Tia 0.373 Cd–Cd 0.146 Tia–Tia 0.734 Cf–Cf 0.166 Cf–Cf 0.158
Cd–Cd 0.221 Cd–Cd 0.147 Cd–Cd 0.193 Tia––Tia 0.221 Tib–Tib 0.285 Tib–Tib 0.374 Tia–Tia 0.239 Ce–Ce 0.170 Ce–Ce 0.191

DBij bond
weakening

Cd–Of �0.146 Cc–Cd �0.206 Of–Cd �0.166 Cc–Cd �0.271 Tia–Tib �0.223 Tia–Tib �0.282 Oh–Cf �0.132 Oh–Cf �0.126
Cd–Og �0.136 Cd–Og �0.139 Cd–Og �0.150 Oc–Od �0.164 Oc–Od �0.133 Og–Cf �0.100

Ce–Cf �0.150

DBij bond
strengthening

Cc–Og 0.243 Cc–Cd 0.182 Cc–Oe 0.108

DBij not direct
bond

Ob–Oe �0.162 Oe–Og �0.209 Cc–Of �0.170 Ob–Of �0.172 Od–Oh �0.147 Od–Oh �0.167 Ob–Og �0.174 Of–Og �0.181 Oh–Od �0.167 Oh–Oc �0.158
Ob–Og �0.143 Ob–Og �0.145 Oe–Cd �0.118 Ob–Og �0.160 Oc–Og �0.147 Oc–Og �0.167 Of–Ob �0.149 Ob–Og �0.132 Od–Oc �0.123 Od–Oc �0.123
Ob–Of �0.135 Ob–Oe �0.118 Ob–Oe �0.105 Ob–Oe �0.118 Oc–Cf 0.132 Of–Og �0.116 Ti⁄–Tia �0.129 Oh–Oc �0.121 Oh–Od �0.120
Ob–Cd 0.181 Ob–Cd 0.108 Of–Oe 0.184 Tia–Hi �0.112 Od–Ce 0.133 Ob–Cd 0.165 Tia–Ti⁄ �0.124 Oh–Ce 0.141 Oh–Ce 0.132

Oe–Cd 0.103 Of–Ob �0.114
Ob–Cd 0.192 Tia–Ti⁄ �0.110
Cc–Og 0.198 Ti⁄–Tia �0.104

Of

Cc

Og

Ob

Hi

Og

Tia

Hi

Of

Og

Tia

Hi

Cd

Og

Ob

Hi

Cf Ce Cf Ce

Cc

Ob

Oe
Hi

Cd

Hi

Og Oh

Od

Hi

TiaTib

Og Oh

Oc

Hi

TiaTib

68
C.B.M

endive
et

al./Journal
of

Catalysis
322

(2015)
60–

72



Fig. 4. Possible photocatalytic degradation of species Ru-B.
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Fig. 5. Possible surface rearrangement of species Ru-C into Ru-B.

C.B. Mendive et al. / Journal of Catalysis 322 (2015) 60–72 69
is built when atom Cd binds to the remaining O atom directly
bound to the nearest surface Ti atom which had lost its H atom
due to the formation of the water molecule. In this case, through
the reduction of the C atom, there is an oxidation of the OH group
at the same molecule. This reaction can occur via a homolytic
cleavage of the C–O bond or via a scission in separated charges.
Both possibilities are schematically shown in Fig. 5.

As commented in the previous section, a photocatalytic surface
rearrangement of species Ru-C into structures Ru-B or Ru-A sug-
gested from the time evolution of bands I, II and III in Fig. 3a, can
be explained as an interconversion to species Ru-A indirectly via
species Ru-B. An adsorbed peroxide and an aldehyde molecule,
accounting for the oxidation of the OH group and for the reduction
of the carboxylic group, respectively, may also be formed in the
rearrangement reaction, although neither of both species have
been detected experimentally.

According to the DBCC value for both Ru-C structures, the C–C
bond breaks in S2. In this case, the formation of CO2 is expected
in S2, as also supported by the strengthening of the molecular
Oe–Cc bond. One or two CO2 molecules are the result of the photo-
catalytic fragmentation of species Ru-C irrespective of the bond
scission (homolytic or into separated charges, see Fig. 6). In addi-
tion, adsorbed formic acid is expected to be formed in either of
both mechanisms. Since the presence of adsorbed formic acid
was not confirmed experimentally [22], degradation via the forma-
tion of CO2 seems to be the most plausible reaction. However, for-
mation of adsorbed formic acid cannot be completely ruled out. In
this case, it must be formed in negligible amounts below the detec-
tion limit of the analytical method.

The most stable species formed at the anatase (100) surface, i.e.
An-A, was calculated in its two configurations A-C1 and A-C2 (see
Ref. [2]) that will be indistinguishable at room temperature due to
the free rotation around the C–C bond. In this case, the increase in
the negative charge is observed either on only one C atom, Cd, and
on the surface Ti atom in S1; or on both C atoms in S2 (see Table 2).
Hence, the photogenerated electron will be trapped there. One, two
or three O atoms of the adsorbed molecule become more positive
in S1 and S2, with these atoms being the traps for the photogener-
ated hole in both excitations. As for the case of rutile, the adsorp-
tion sites in anatase which include the surface and the oxalic acid
molecule appear to concentrate the photogenerated charge carriers
upon UV(A) excitation. Two intramolecular bonds in S1 are weak-
ened, i.e. Cd–Of and Cd–Og, while the C–C bond is partially strength-
ened. The S1 geometry optimization results in no significant bond
length changes. Only the molecular orientation is changed. In a
similar manner as for the monodentate species Ru-C on rutile, by
means of the cleavage of the Cd–Og bond, species An-A may
undergo surface interconversion to the non-protonated bidentate
species An-B analogous to species Ru-B on rutile (see Fig. 5 for
the mechanism). Although this reaction is not thermodynamically
favoured in the dark (An-A enthalpy is lower than that of An-B) [2],
it can be possible at higher energetic states of the system formed,
i.e., under UV(A) illumination. The present MSINDO-CCM-CIS cal-
culations thus provide a possible explanation to interpret the
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experimental results shown in Fig. 3b in which the intensity of the
spectral band II associated to species An-A decreases after 5 h of
UV(A) irradiation, while at the same time, the intensity of spectral
band III associated to species An-B increases and reaches satura-
tion. An additional reason for a decrease in the surface concentra-
tion of species An-A is its direct photocatalytic degradation as
mentioned in the previous section. The analysis of the S2 excitation
of species An-A supports this hypothesis yielding the following
mechanism. The C–C bond cleavage occurs together with the
strengthening of the Cc–Oe and the Cc–Og bond, resulting in the for-
mation of adsorbed bi-carbonate and a CO molecule. Fig. 7 shows
this reaction schematically.

Bi-carbonate has not been detected experimentally as a major
intermediate [22] indicating that as in the case of formic acid only
very small amounts below the detection limit of the employed ana-
lytical methods may be formed. An alternative possibility is that
bi-carbonate is released very rapidly to the bulk solution and
leaves the system as CO2 due to the low bulk pH. Formation of
CO cannot be completely ruled out since it was observed in other
studies during the thermal decomposition of aqueous solutions
of oxalic acid [50,51] and as a product in the photolysis of gaseous
oxalic acid [52]. In our case, CO formation only originates from one
particular surface species, An-A, and the total amount formed in
the system is expected to be low.
In both excitations of species An-A, S1 and S2, the formation of
free �OH radicals is also predicted via the cleavage of the Cd–Og

bond (Table 2).
The bidentate species An-B (Table 2) appears to yield the same

results as the analogous structure on rutile, Ru-B. S1 and S2 excita-
tions show very similar results. The increase of the negative charge
occurs on both Ti atoms where the oxalic acid molecule is
adsorbed, while the four O atoms of the molecule become more
positive. For this species, the photogenerated electron is trapped
in the TiO2 surface while the counterpart (the hole) is localized
within the oxalic acid molecule. Bonds between the adsorption Ti
site and the oxalic acid are not affected, whereas the C–C bond in
the molecule is weakened. This species can undergo photocatalytic
degradation yielding two adsorbed CO2 molecules in a similar reac-
tion as for Ru-B on rutile (Fig. 4). This is also indicated by the cal-
culated C–C bond length change in the S1 state, i.e. +0.03 Å.

In the S1 excitation of species An-C (Table 2), there is an
increase in the negative charge on one C atom, Cd, and in the bind-
ing Ti surface atom, while in the S2 excitation, the increase in the
negative charge is extreme and only on the Ti atom. In S1, two O
atoms become more positive indicating that there is a hole trap
on these atoms. In S2, almost all atoms in the adsorbed molecule
with the exception of one C atom become more positive. For spe-
cies An-C, the calculations suggest that the hole trapping occurs
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entirely on the molecule, suggesting that this species acts as an
efficient electron and hole trap. Consequently, this structure
should be a good recombination centre.

As neither intramolecular nor the surface Ti-oxalic-acid bonds
are weakened, species An-C is not expected to undergo photocata-
lytic degradation in both, the S1 and the S2 excitation. The decrease
of the spectral band I associated to species An-C (see Fig. 3b) indi-
cates that this species decreases its surface concentration upon
UV(A) -illumination. A possible explanation can be that the energy
provided by the light increases the instability of species An-C that
can thus desorb and be readsorbed as another more stable species

In species An-D (Table 2), an increase in the negative charge in
both C atoms of the adsorbed molecule is observed in S1 and S2,

thus assuming that the photogenerated electron will be trapped
there. On the contrary, both in S1 and S2, there is a hole trapping
on the molecule, indicated by the O atom near the TiO2 surface
which becomes more positive. One or two intramolecular bonds
are weakened in the excitation, i.e. Cf–Oh and Cf–Og. Species An-D
can undergo photocatalytic degradation in the S1 and in the S2

excitation, but the C–C bond very probably may be cleaved in
higher excitation states (not calculated). The decrease of the spec-
tral band I associated to species An-D (Fig. 3b) indicates that this
species decreases its surface concentration under UV(A) illumina-
tion. In this case, as assumed for species An-C, the energy provided
by the light very likely increases its instability and a mechanism of
desorption–readsorption into other more stable species can be
initiated.
5. Conclusions

Reaction mechanisms of adsorbed oxalic acid occurring under
UV(A) illumination and involving the surfaces of TiO2 as an active
reactant have been suggested on the basis of experimental evi-
dence and quantum chemical calculations. The three most stable
surface complexes on rutile (110): Ru-A, Ru-B (two bidentate
structures) and Ru-C (one monodentate structure) and the four
most stable ones on anatase (100): An-A, An-C (two monodentate
structures), An-B and An-D (two bidentate structures) that have
been identified previously (Refs. [1,2]) to be representative of the
surface speciation under dark equilibrium conditions were found
to participate in different chemical reactions, showing different
photoreactivities towards UV(A) light excitation.
Under UV(A) illumination, the concentration of the species Ru-C
decreases, while those of species Ru-A and Ru-B increase. Species
Ru-A undergoes photocatalytic degradation releasing an �OH radi-
cal, while species Ru-B converts into two CO2 molecules. The pho-
toreactions of species Ru-C are found to be: (i) interconversion to
the bidentate species Ru-A with the elimination of a water mole-
cule and (ii) reduction to an aldehyde form with the oxidation of
a neighbouring adsorbed OH group into an adsorbed �OOH radical
and (iii) the direct conversion into one or two CO2 molecules.
Adsorbed formic acid may also be produced during the last
reaction.

For the case of anatase under UV(A) illumination, the surface
concentrations of An-C and An-D decrease while those of An-A
and An-B increase. We found that species An-A can (i) be con-
verted to species An-B releasing an �OH radical or a water mole-
cule, (ii) be reduced to an aldehyde form with the oxidation of
the nearby surface OH to adsorbed �OOH, (iii) undergo photocata-
lytic degradation releasing one or two CO2 molecules and eventu-
ally adsorbed formic acid, or (iv) convert to adsorbed bicarbonate
with the elimination of CO. Species An-C is not found to undergo
photocatalytic degradation, but it appears to act as a very efficient
electron–hole trap and thus a recombination centre. Species An-B
is found to undergo easily photocatalytic degradation yielding
two CO2 molecules. Species An-D undergoes direct photocatalytic
degradation releasing �OH radicals and as it is the only species
forming a five-membered ring, it is assumed to be highly preferred
for further radical attack.

Direct oxidation/reduction of oxalic acid at the TiO2 surface is
possible by the hole–electron pairs formed upon UV(A) light
absorption and is suggested to occur as the main photocatalytic
reaction accounting for its photocatalytic degradation. Radical
attack cannot be ruled out, however, on the basis of our results,
it is assumed to occur only as a secondary process. In this case,
the �OH radicals involved in the reactions only arise from the
cleavage of chemical bonds of the adsorbed oxalic acid mole-
cules and not from the water molecules chemisorbed at the
TiO2 surface.

Thus, the adsorption sites involved in the excitation only
include the Ti atoms from the surface and the adsorbate molecule.
These results may be a key for the understanding of the different
photoreactivities found so far for different organic adsorbates at
the TiO2 surface. In particular, those molecules that are involved
in the harvesting of the absorbed energy and/or have the possibil-
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ity of producing �OH radicals can be expected to degrade preferen-
tially by the action of this surface photocatalysis.
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