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The oxidation of 2-propanol by titanium peroxo complexes is investigated in a combined synthetic,
spectroscopic, and computational study. We find in quantum chemical calculations for the thermal reaction
in protic solvents that the temporary protonation of the peroxo group activates the latter as electrophile. This
transient species is amenable to a concerted transfer of two electrons and a proton from the secondary C
atom of 2-propanol. Simultaneously, the carbonyl group is formed and the alcoholic proton is transferred to
the solvent. In line with the results of the calculations, we find experimentally that the activity of the titanium
peroxo complexes as oxidant depends on the pH value of the reaction medium.

1. Introduction

The oxidation of organic substrates in the presence of titanium
dioxide is currently an intensive research area.1-5 On a molecular
basis, however, little is known about the processes that take
place on the surface of solid titanium dioxide. In the case of
the thermal and photochemical oxidation of 2-propanol, several
products are reported.6-8

During both thermal and photochemical alcohol oxidation
processes, active species are generated at the TiO2 surface.
Molecular adsorbed oxygen and reduced oxygen species have
been observed by using temperature-programmed desorption
(TPD) and oxidation (TPO) methods.9,10 Once formed, these
active species either react back to reforming alcohol, or
dehydrogenate, or dehydrate to form products like propene,
acetone, mesityloxide, and carbon dioxide.11 In particular, the
thermal process forms propene in remarkable amounts.6,10 To
investigate the role of reduced oxygen in the thermal oxidation
of 2-propanol, we transform the situation from the catalyst
surface to a molecular level. By following a model catalyst
approach, we synthesized well-defined titanium-oxo complexes
modified by peroxo units and additional metal ions.

Peroxo-rich metal-oxo complexes are suitable substances to
achieve deeper insight in the mechanism of the oxidation
processes. Furia et al.12,13 investigated the thermal oxidation of
secondary alcohols in the presence of vanadium and molybde-
num peroxo complexes. On the basis of kinetic experiments, a
radical pathway was postulated where the oxidation of the
alcohol occurs coordinated to the metal center.

We have previously reported that different metal-containing
titanium peroxo complexes show high activity in the photo-

oxidation of 2-propanol, whereas similar complexes without any
peroxo units did not show any activity in the photochemical
oxidation.14-16 In this work, we present a combined experimental
and theoretical study on the thermal oxidation of 2-propanol
by well-defined peroxo-rich molecular TiO complexes. The
thermal oxidation of 2-propanol was monitored by in situ IR
measurements, and the reaction mechanism was studied by
quantum chemical calculations. As a suitable molecular model,
we used water-soluble peroxo titanium complexes, which are
accessible by hydrolysis of TiCl4 in the presence of H2O2, NH3,
and citric acid or nitrilotriacetic acid. The incorporation of metal
centers in these complexes can be achieved by treatment with
appropriate metal salts.

2. Experimental Section

2.1. Preparation of K2[Ti(O2)N(CH2COO)3]2O × 5 H2O.
Titanium(IV)chloride (2.2 mL, 20 mmol) was added dropwise
to 30 mL of distilled water cooled in an ice bath. During
hydrolysis, 20 mL (0.65 mol) of hydrogen peroxide (30%) and
3.8 g (20 mmol) nitrilotriacetic acid were added. Afterwards
the pH value was adjusted to 2 by addition of 6 M aqueous
solution of potassium hydroxide. The desired product crystallizes
at 4 °C after several days from a water/THF mixture in the form
of yellow-orange needles. The yield was 14.2 g (88.9%) for
K2[Ti(O2)N(CH2COO)3]2O × 5 H2O.

Li2(NH4)4[Ti2(O2)2(cit)(Hcit)]2 × 5 H2O and (NH4)2[Ti(O2)-
N(CH2COO)3]2O × 4 H2O were prepared using the literature
procedures.14,17

2.2. IR Spectroscopy. ATR spectra were recorded using a
heated HATR flow cell for ARK (Thermo) equipped with a
ZnSe internal reflection element (IRE, 80 × 10 × 5 mm). The
cell was mounted in a Nicolet Nexus FTIR spectrometer
equipped with a mercury-cadmium-telluride (MCT-A) detector.
Spectra were acquired at 4 cm-1 resolution accumulating 300
scans. The liquids were placed in a homemade glass reactor
and were continuously circulated through the cell with a gear
pump (ISMATEC Reglo-ZS). All flow rates used in the
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experiments were 5 mL/min. Reference spectra were recorded,
while the glass reactor was flushed with argon.

2.3. Thin Film Preparation. A solution of the cluster was
prepared from about 5 mg cluster and 5 mL water. The solution
was dropped onto the ZnSe IRE. After evaporation of the solvent
in air, loose particles were removed by a nitrogen flow.

3. Computational Methods

The structures of educts, products, intermediates, and transi-
tion states of the studied reactions were determined by full
geometry optimizations using DFT with the B3-LYP functional18

and triple-� valence basis sets TZVP.19 For all stationary points,
it was checked that they are equilibrium or transition structures
by calculating the vibrational frequencies and the energy
differences reported in the following include the zero-point
vibrational corrections obtained at the DFT/B3-LYP/TZVP level.
To obtain a measure for the remaining correlation error of the
B3-LYP functional, we performed in addition at the B3-LYP/
TZVP geometries single point calculations with the recently
devised double hybrid functional B2-PLYP,20 which includes a
perturbative second-order correlation part. The B3-LYP and B2-
PLYP results are for all reaction and activation energies similar.
Typically the results obtained with the two functionals agree
within 10 kJ/mol. We report therefore in the following, if not
stated otherwise, only the B3-LYP results. The B2-PLYP
energies are available in the Supporting Information to this
article. All calculations were carried out with the TURBOMOLE
V5.10 program package.21

4. Results

Figure 1 shows the oxidation of 2-propanol (3,2 mol % in
hexadecane) over the cluster-coated IRE at 373 K. The bands
at 882 and 865 cm-1 in the dotted spectrum belong to the
ν(O-O) vibration of the peroxo group in the cluster. During
the reaction, a consecutive reduction of the intensity of these
bands is observed, which points to the consumption of the
peroxo group. The bands at 1378 and 1353 cm-1 can be assigned
to the δs(CH3) vibrations of 2-propanol and acetone respectively
and the broad interfering bands from 1302-1261 cm-1 to the
δ(OH) vibration of 2-propanol and the citrate group of the

cluster. They indicate a strong interaction of 2-propanol with
the cluster.22,23 The band at 1734 cm-1 originates from the ν(CO)
vibration of acetone.6,24,25 A very small broad band at 1666 cm-1

appears, which corresponds to the δ(OH) vibration of H2O.23

In Figure 2, the oxidation of pure 2-propanol on the coated IRE
is shown. Only at this high concentration of the educt small
additional new bands at 1599 and 1579 cm-1 are observed
(Figure 2), which indicate the presence of carbon double bonds
of mesityl oxide. The formation of carbon dioxide and propene
was not observed under the chosen reaction conditions.6

The Raman spectra of the remaining solid after the oxidation
show the total degradation of the peroxo units (not shown). To
study the reaction mechanism and selectivity of the oxidation
process, in situ GC-MS measurements were carried out. The
analyses of the spectra indicate acetone as main product and
mesityl oxide and propene as side products.

This observation corresponds to work of Xu6,7 who studied
the production of propene in the thermal oxidation of 2-propanol
on titania surfaces. In contrast to the thermal dehydration of
2-propanol, we have shown that the photochemical oxidation
of 2-propanol exclusively leads to the formation of acetone and
CO2.14

Comparable studies of the thermal oxidation of 2-propanol
in the liquid phase using peroxo nitrilotriacetic complexes
(NH4)2[Ti2(O2)2N(CH2COO)3O] and K2[Ti2(O2)2N(CH2COO)3O]
× 5 H2O show in contrast to the potassium complex an enhanced
activity in the case of the ammonium complex.

For the peroxo titanium cluster with the nitrilotriacetate
(NTA) ligands (NH4)2[Ti2(O2)2(N(CH2COO)3)2O], we studied
the reaction mechanism of the thermal oxidation of 2-propanol
by means of quantum chemical calculations with the DFT
approach as described in section 3. Initially, the titanium peroxo
cluster and the alcohol form a hydrogen bonded complex with
the ammonium counterions. Because of the presence of several
carboxylate groups, ammonium cations and the alcohol OH
group this complex has a large flexibility to arrange in various
geometries conserving the strong O · · ·HO, O · · ·HN, and
N · · ·HO hydrogen bonds. It can in particular arrange to a
tautomeric form with a protonated peroxo group, where the

Figure 1. In situ ATR difference spectra of the oxidation of 3.2 mol
% 2-propanol in hexadecane at 373 K after A) 60 min, B) 120 min, C)
180 min, D) 240 min, E) 300 min, F) 360 min. The dotted line shows
an ATR spectrum of the cluster-coated IRE (reference: empty ATR
cell). The reference was recorded 30 min after addition of 2-propanol
to hexadecane at 373 K.

Figure 2. In situ ATR difference spectra of the oxidation of 2-propanol
A) at 353 K, B) at 373 K after 5 min, C) at 373 K after 10 min. The
dotted line shows an ATR spectrum of 2-propanol (reference: empty
ATR cell). The reference spectrum is 2-propanol at 353 K.
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resulting ammonia molecule is stabilized by a hydrogen bond
to the OH group of the alcohol (Figure 3). This transient species
is about 58 kJ/mol (calculated with B3-LYP/TZVP) higher in
energy than the energetically more favorable tautomer with four
ammonium cations. The protonation activates the peroxo group
and makes it amenable for the transfer of a hydride ion from
the alcohol, whereas ammonia acts as an acceptor for the proton
of the alcohol group. The dehydrogenation of 2-propanol can
thus take place in a concerted two-electron step, which leads
directly to acetone and [Ti2(OH)2(O2)(N(CH2COO)3)2O]3- or
[Ti2(OH2)(OH)(O2)(N(CH2COO)3)2O]2- (depending on the pre-
cise arrangement of the ammonium cations in the calculations).
Calculated with respect to the transient species with the
protonated peroxo group, we find an activation energy of 89
kJ/mol for the dehydrogenation (see Figure 4 for the transition
state and the involved orbitals). With B2-PLYP/TZVP we obtain
for the activation energy 79 kJ/mol, which gives an impression
of the remaining uncertainty of the DFT calculations. Relative
to the more favorable tautomer of the (NH4)2[Ti2(O2)2-
(N(CH2COO)3)2O] ·HOCH(CH3)2 complex, the total activation
energy is 148 kJ/mol. For the reaction energy from (NH4)2-
[Ti2(O2)2(N(CH2COO)3)2O] ·HOC(CH3)2 to (NH4)4Ti2(OH)2-
(O2)(N(CH2COO)3)2O] ·OC(CH3)2, we obtained -221 kJ/mol.
The initial reaction product [Ti2(OH)2(O2)(N(CH2COO)3)2O]2-

can in a subsequent step eliminate water to form a TidO group.
The B3-LYP/TZVP calculations predict the energy for this
elimination step in the gas phase to be close to 0 kJ/mol, whereas
the B2-PLYP/TZVP result of -13 kJ/mol indicates that the
reaction already in the gas phase is slightly exothermic. In the
liquid phase the evaporation enthalpy of water (44 kJ/mol at
298 K) has to be included in the theoretical results, which leads
to total reaction energies of approximately -44 kJ/mol, so that
[Ti2O(O2)(N(CH2COO)3)2O]2- would be the energetically fa-
vored species. To investigate in more detail the role of the protic
solvent in the activation of the peroxo group, we repeated the
calculations with the ammonium cations replaced by potassium,
which has a similar ionic radius but cannot act as proton donor.
For these computations, we used a smaller [Ti(O2)(N(CH2COO)3)-

OCH3]- cluster where one Ti(O2)(N(CH2COO)3) fragment is
replaced by a methyl group. For the smaller cluster model, we
also performed calculations with ammonium counterions to
compare the results directly.

In this smaller model with ammonium counterions, the results
for the formation of the intermediate with the protonated peroxo
group are similar to the ones in the larger model, although the
activation barrier is found to be by 40 kJ/mol lower than for
the larger system. Concerning the transition state structure, both
models are very similar and it has to be taken into account that
the interaction of the cluster with the mobile counterions has a
large influence on the energy of the calculated structures. In
solution, all free coordination sites would be saturated, which
is not possible in our gas-phase model.

When we replace the ammonium counterions in this model
by the similar-sized potassium cations, we find a significantly
higher activation energy: It increases by almost 60 to 157 kJ/
mol. The ammonium ions thus play an important role as proton
donors and acceptors in the reaction mechanism.

5. Discussion

Raman spectra of similar complexes, which reacted under
photochemical conditions,15 show the significant degradation of
the peroxo units in the reaction of 2-propanol with Li2(NH4)4-
[Ti2(O2)2(cit)(Hcit)]2 × 5 H2O and the in situ IR experiments
give information about the oxidation process of the secondary
alcohol. The analyses of the IR spectra indicate the formation
of adsorbed 2-propanol as potential intermediate of the oxidation
process. Interestingly, besides the formation of the bands of the
main product acetone, there are weak bands that indicate the
formation of mesityl oxide as additionally formed side product.
It is well-known that the oxidation process depends on several
parameters and dehydrogenation contributes more for primary
alcohols in comparison to secondary alcohols.26,27 This is in

Figure 3. Structure of the transient tautomer that is formed before the
transition state is reached. The protonation of the peroxo group
facilitates the approach of the H-C group.

Figure 4. Interaction between the O-O antibonding orbital of the
peroxo group with the HOMO of 2-propanol at the transition state
structure. The HOMO of 2-propanol is at this structure an antibonding
combination of the H-C σ bond and the lone pair of the O atom in
the alcohol. Transfer of the respective electron pair to the peroxo group
thus leads to a simultaneous breaking of the H-C and O-O bonds
together with the formation of the OH and CdO bonds.
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agreement with the additional DFT calculations on the reactivity
of the peroxo unit and the formation of the main product
acetone.

The mechanism for the thermal oxidation of 2-propanol to
acetone by the peroxo titanium complex through a concerted
transfer of a hydride ion and a proton resembles the mechanism
for the oxidation with chromic acid and other transition metal
oxidants28 in the sense that it also involves a two-electron
transfer. Unlike as in the oxidation with chromate, we do not
find an initial coordination of the alcohol to the central metal
atom but only coordination through hydrogen bridges to the
ligands and the solvent shell of the peroxo titanium cluster. This
coordination and a protonation of the peroxo group in an acidic
solution facilitates the formation of an activated complex, where
the H-C σ bond of the secondary alcohol can readily interact
with the antibonding orbital of the peroxo group. This permits
a simultaneous transfer of H- to the peroxo group and the H+

of the alcohol group to a solvent molecule. The important role
of a protic solvent for an initial activation of the peroxo group
is clearly shown by the large increase of the activation energy
in the DFT calculations when the ammonium counterions are
replaced by K+. The results are comparable with the DFT
calculations of Schneider,29 who investigated the oxidation of
thioether in the presence of peroxo-rich vanadium complexes.
The protonation at the side-on peroxo unit is energetically
favored and is necessary for the following oxidation step. This
is in line with the experimental observation that the activity of
peroxo titanium complexes in 2-propanol oxidation increases,
when the potassium cation is replaced by the ammonium cation.

6. Conclusions

The combined in situ IR and theoretical investigation of the
thermal oxidation of 2-propanol in the presence of peroxo-rich
titanium complexes as molecular model of a TiO2 surface with
adsorbed reduced oxygen species provides deeper insight into
the oxidation phenomena on the TiO2 surface during the thermal
oxidation process of 2-propanol. The calculations show that the
first step of the oxidation process of the secondary alcohol is a
protonation of the peroxo unit followed by a transfer of hydride
ion from the C-2 atom of the alcohol to the peroxo group. The
oxidation process was monitored by in situ IR measurements,
which indicate the degradation of the peroxo units and the
formation of the oxidation products.
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