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Abstract 

 

A theoretical investigation using density functional theory (DFT) has been 

carried out in order to understand the molecular mechanism of dihydrogen activation by 

means of transition metal dioxides MO2 (M = Ti, Zr and Hf), according to the following 

reaction: MO2 + H2 → MO + H2O. B3LYP/6-311++G(2df,2pd)/SDD methodology was 

employed considering two possible reaction pathways. As first step the hydrogen 

activation by M=O bonds yields to metal-oxo hydride intermediates O=MH(OH). This 

process is spontaneous for all metal dioxides, and the stability of the O=MH(OH) 

species depends on the transition metal center. Subsequently, the reaction mechanism 

splits into two paths; the first one takes place passing through the M(OH)2 intermediates 

yielding to products whereas the second one corresponds to the direct formation of the 

product complex OM(H2O). A two state reactivity mechanism was found for TiO2 

system whereas for ZrO2 and HfO2 no spin-crossing processes were observed. This is 

confirmed by CASSCF/CASPT2 calculations for ZrO2 that lead to the correct ordering 

of electronic states not found by DFT. The results obtained in the present paper for MO2 

molecules are consistent with the observed reactivity on surfaces. 

 

 

Key words: metal oxides, TiO2, ZrO2, HfO2, hydrogenation reaction, DFT calculations, 

spin crossing. 

 

 



1. Introduction 

Transition metal oxides are important in chemistry due to their ability to catalyze 

numerous oxidation reactions as well as their use as support materials
1-4

 for different 

commercially relevant reactions.
5, 6

 Likewise, the utilization of simple metal oxides 

clusters has served as interesting models in understanding the nature of active species in 

catalysis at molecular level.
7
 In particular, the activation of H2 by metal centers is a 

fundamental step in nearly all metal catalytic hydrogenation reactions.
8-10

 The reactions 

of molecules involving transition metal oxides and H2 provide well-defined molecular 

models pertinent to mechanistic understandings of the dihydrogen in some catalytic and 

biochemical processes.
11

 Gas-phase and theoretical studies can be used as a helpful tool 

to gain complementary insights into the molecular mechanism and intrinsic reactivity, 

as well as to provide an ideal field for detailed experiments of the energetic and kinetics 

of any bond-making and bond-breaking process at molecular level.
12

 In this sense, the 

theoretical works can provide a deeper insight into the principles governing the 

reactions of transition metal oxides. 

Due to their enormous applications as catalytic materials, the group IV metal oxides 

have been widely studied both experimentally and theoretically.
13

 For example, TiO2 is 

one of the most technologically important oxide materials widely studied as a 

prototypical transition metal oxide because of its rather simple electronic structure.
14-16

 

Thanks to its photocatalytic properties, TiO2 has been utilized in the production of 

hydrogen gas by photoelectrolysis of water
17, 18

 and conversion of CO2 in aqueous 

medium to methanol.
19

 Although considered less important than TiO2 for catalysis, 

ZrO2, HfO2, and materials using these oxides are also known for their catalytic activities. 

For instance, ZrO2 is a well known solid acid-catalyst
20

 and as a result, the mixture of 

TiO2-ZrO2 oxides has excellent catalytic properties showing interesting acid-base 



surface properties, high surface area, great thermal stability and strong mechanical 

strength.
21

 Additionally, HfO2 has recently been used to replace the SiO2 gate dielectric 

due to its high dielectric constant in order to further miniaturize microelectronic 

components in metal oxides semiconductors.
22, 23

 TiO2, ZrO2, and HfO2 oxides have 

also been utilized to catalyze the aromatization of C6+ alkanes.
20

  

While chemical reactions of the bare transition metal oxide cations with H2 have 

received a significant interest,
24-37

 neutral metal oxides have gained much less 

attention.
38-50

 Recently Zhou et al.
51

 have reported a combined experimental and 

theoretical study on the hydrogenation reactions by group V metal dioxides using 

matrix isolation spectroscopy. These results show a thermodynamically favorable 

reaction for the dihydrogen cleavage process with small barrier for VO2, whereas NbO2 

and TaO2 dioxide molecules react with dihydrogen to give primarily NbO2(η
2
-H2)2 and 

TaO2(η
2
-H2)2 complexes and subsequently O=NbH(OH) and O=TaH(OH) molecules, 

respectively, via photoisomerization in combination with H2 elimination under UV-

visible light excitation. 

In this work, we present a theoretical study on the reaction mechanism for the 

dihydrogen activation by neutral group IV metal dioxides (MO2, M = Ti, Zr, and Hf) 

according to the following reaction: 

MO2  + H2 → MO + H2O                                                    (1) 

The first step is the favorable formation of MO2(H2) adduct. Then, a cleavage process of 

H2 takes place involving M=O bonds to yield a metal-oxo hydride intermediate 

O=MH(OH). Subsequently, two possibilities have been explored: i) a two-step 

mechanism passing through M(OH)2 intermediates, and then a proton migration 

yielding the final complex MO(H2O) (Path 1) or ii) direct formation of products by 

means of proton transfer from metal atom toward the hydroxyl group to render the 



product complex MO(H2O) (Path 2; see scheme 1). The whole process involves the 

reduction of the transition metal from a formal oxidation state of M from (IV) to (II), 

and, depending on the metal center, a spin-crossing process along the reaction pathway 

might control the chemical reactivity. The effects of the transition metal size as well as 

their specific reactivities are analyzed.  

 

 

 

 

 

 

 

 

 

Scheme 1 

The paper is structured in four sections: First, the computational methods are described. 

Next, the results are presented in two subsections, focusing primarily on the validation 

of computing method and on the chemical reactivity (activation of dihydrogen and 

competition between the alternative mechanisms). The next section is devoted to the 

discussion of the results. Finally, the conclusions of the work are given. 

 

 

 

 

 



2. Computational Methods 

Density functional theory (DFT) calculations have been performed using the 

Gaussian03 code.
52

 The geometries of the reactants, products, intermediates, and 

transition states have been optimized using the hybrid DFT, using Becke’s three-

parameter nonlocal exchange functional with the nonlocal correlation functional of Lee–

Yang–Parr (B3LYP).
53, 54

 A frequency analysis has been carried out to determine the 

nature of the optimized structures as minima or transition states. Connections of the 

transition states (TSs) between two local minima have been confirmed by intrinsic 

reaction coordinate calculations.
55

 The 6-311++G(2df,2pd) basis set has been used for 

the H and O atoms, whereas for transition metal atoms (M = Ti, Zr, and Hf) the 

Stuttgart pseudopotential
56

 (labelled as SDD in Gaussian 03) has been utilized.  

In order to compare with more accurate ab initio calculations multiconfigurational 

second-order perturbation theory (CASSCF/CASPT2)
57

 energy computations have been 

carried out for Zr mechanisms to describe the correct ordering of the singlet and triplet 

states. The triple-basis set of all-electron atomic natural orbital (ANO-RCC)
58

 type 

with the primitive set Zr(21s18p13d6f4g2h)/O(14s9p4d3f2g)/H(8s4p3d1f) contracted to 

Zr[7s6p4d2f1g]/O[4s3p2d1f]/H[3s2p1d] was used throughout. The active space 

comprises the 4d and 5s shells of Zr, the 2p shell of O, and the 1s shell of H. It 

represents a total of 14 electrons distributed among 14 molecular orbitals. One root was 

used in the CASSCF/CASPT2 computations of the singlet and triplet states with no 

symmetry constraints. The ionization potential electron affinity (IPEA)-corrected 

zeroth-order Hamiltonian with the default value of 0.25 au was employed.
59

 The 4s and 

4p orbitals of Zr and the 2s orbital of O are also correlated dynamically in the CASPT2 

computations. In order to minimize weakly interacting intruder states, the imaginary 

level-shift technique with a parameter of 0.2 au was employed.
60

 All the 



CASSCF/CASPT2 calculations were performed by the MOLCAS-7 package of 

software.
61

  

On the other hand, from a fundamental point of view, the chemical reactivity of 

transition metal oxides is strongly influenced by the availability of multiple low-lying 

electronic states in these species.
31, 62, 63

 This means that the reactions involve several 

electronic states that may also have different spins, namely, it should involve spin-

conserving and spin-inversion processes. 

To classify these reactions which involve participation of more than a single spin 

surface, the two-state reactivity (TSR) paradigm has been considered.
64, 65

 In particular, 

the rate of chemical rearrangements that involves a change in the spin state can be 

limited by the transition state (TS) of the process or by the crossing efficiency between 

the potential energy surfaces (PES). Therefore, it is necessary not only to locate and to 

characterize the stationary points on each PES (minima and TSs) but also to identify the 

regions where the relevant spin states lie close in energy (minimum energy crossing 

point, MECP). Thus, TSR involving transition metals has been acknowledged to play a 

key role in many reactions ranging from heme enzymes and polyoxometalates
64

 to 

hydrocarbons with vanadium oxides.
66

 Minimum energy crossing points MECPs have 

been localized and characterized by means of the mathematical algorithm developed by 

Harvey and coworkers.
67

  

 

 

 

 

 

 



3. Results  

a) Validation of the computational method 

In order to check the validity of the computing method, geometries and vibrational 

frequencies have been calculated for MO2 and MO molecules. The results have been 

analyzed and compared with previous experimental data. At the ground electronic states 

(
1
A1), the most stable structures of TiO2, ZrO2, and HfO2 are closed shell with C2v 

symmetry. The calculated bond lengths M-O, bond angles <OMO and harmonic 

vibration frequencies for MO2 molecules are listed in Table 1, which have been found in 

good agreement with the experimentally observed values.  

 

Table 1. Calculated (at B3LYP/6-311++G(2df,2pd)/SDD level) and observed M-O 

distances (Å), <OMO angles (deg), and vibrational frequencies (cm
-1

) for transition 

metal dioxides MO2 C2v(
1
A1)

a 

molecule M-O <OMO 
1v  2v  3v  M-O

obs
, 

<OMO
obs 

vib freq from matrix 

IR(cm
-1

)
b
  

TiO2 1.639 111.5 1.003 347 985 111-115
b 

946.9( 1v ), 917.1( 3v ) 

ZrO2 1.787 107.4 918 304 860 1.7710
c
, 

108.11
c
 

884.3( 1v ), 818.0( 3v ) 

HfO2 1.799 107.4 889 292 820 1.7764
d
, 

107.51
d 

883.4( 1v ), 814.0( 3v ) 

a
1v  symmetric stretching, 2v  bending and 3v  asymmetrical stretching 

b
Observed values corresponding to TiO2, ZrO2 and HfO2 molecules: Ref. 68 

c
Ref. 70 

d
Ref 69 

 

It is well known that density functional based calculations overestimate the values of 

vibrational frequencies, especially for stretching modes, however no additional scaling 

factors have been applied to the calculated frequencies. In particular, for TiO2 and ZrO2 

molecules the calculated harmonic B3LYP/6-311++G(2df,2pd)/SDD frequencies for 

symmetric stretching 1v  and asymmetric stretching 3v  bands were overestimated in the 

range of 56-33 cm
-1

 and 67-42 cm
-1

, respectively
68

 (see Table 1). However, HfO2 

molecule shows the stretching bands in the region of 889 cm
-1 

(symmetric) and 820 cm
-1

 

(asymmetric) which are in excellent agreement with the experimental values of 883 cm
-1

 



and 814 cm
-1

, respectively, reported by Lesarri et al.
69

 In addition, the calculated 

frequency for the bending mode of ZrO2 of 304 cm
-1

 agrees well with the 290 cm
-1

 

value determined from the inertial defect.
70

 

The most stable structures for the MO molecules (TiO(
3
∆), ZrO(

1
Σ

+
), and HfO (

1
Σ

+
)) 

have been localized in their respective ground electronic states. The calculated bond 

lengths, and harmonic vibration frequencies for the MO molecules are listed in Table 2. 

The Ti-O bond length was predicted to be 0.008 Å shorter than its experimental value, 

whereas the Zr-O and Hf-O distances were calculated longer by an amount of 0.023 and 

0.027 Å, respectively. The calculated frequencies for the MO molecules have been 

overestimated in 37.8 and 18 cm
-1 

for TiO and ZrO, respectively,
71-73

 while the 

calculated frequency for HfO was predicted to be red shifted in 20 cm
-1

 (see Table 2). 

Thus, both calculated M-O distances and vibrational frequencies were found in good 

agreement with experimental values.  

Table 2. Calculated (at B3LYP/6-311++G(2df,2pd)/SDD level) and observed M-O 

distances (Å), and vibrational frequency (cm
-1

) for transition metal monoxides MO. 

molecule state M-O v  M-O
obs

 v
obs

(cm
-1

) 

TiO 
3
∆ 1.612 1047 1.620

a 
1009.18

b 

ZrO 
1
Σ

+ 
1.735 988 1.712

c
 970

c
 

HfO 
1
Σ

+ 
1.750 954 1.7231

d 
974.09

d 

a
Ref 71, 

b
Ref 73, 

c
Ref 70, 

d
Ref 69 

 

Previous theoretical works describing the electronic structure of group IV MO2 

molecules have been reported including advanced ab initio methodologies and DFT 

calculations 
7, 15, 41, 46-48, 50, 74-82

. Besides the accurate prediction of advanced ab initio 

calculations, DFT has been able to give good results for geometric parameters and 

vibrational analysis. Therefore, the calculated values obtained by using the present DFT 

methodology are consistent with previous experimental and theoretical reported data. 

 

 



b) Activation of dihydrogen  

The reaction profiles are shown in Figure 1. The reaction proceeds via the MO2(
1
A1) + 

H2(
1
Σg

+
) channel with the initial formation of MO2(H2) adducts without any barrier. 

These species are thermodynamically favorable for all MO2 molecules. The formation 

of MO2(H2) adducts are predicted to be 10.1, 7.5, and 10.2 kcal/mol more stable 

regarding the MO2(
1
A1) + H2(

1
Σg

+
) asymptote for Ti, Zr, and Hf dioxides, respectively. 

In agreement with previous results, the reactants form side-on MO2(H2) complexes
38, 51

 

with C1 symmetry. The selected geometric parameters are depicted in Figure 2. From 

the MO2(H2) adducts, a proton transfer process towards one oxygen atom of the metal-

oxo bonds takes place to yield O=MH(OH) intermediates via TS0. This can be 

associated with a heterolytic cleavage process of the hydrogen molecule. The energy 

barriers are calculated to be 6.8, 5.7, and 2.2 kcal/mol for Ti, Zr, and Hf dioxides, 

respectively. The TS0 transition states correspond to the typical four-center structure 

and were predicted to be more stable than their respective ground state reactants, in 

contrast to the group V metal dioxides where in some cases their corresponding 

transition states require activation energy.
38, 51

 Besides, the O=MH(OH) species were 

predicted to be exothermic by 39.4, 42.8, and 54.0 kcal/mol for Ti, Zr, and Hf dioxides, 

respectively. Thus, the exothermicity of this reaction step increases in reverse order as 

the activation barriers of the dihydrogen cleavage.
38

 In this sense, the lower activation 

energy and the higher stability for the formation of the O=HfH(OH) species implies that 

the overall HfO2 + H2 → O=HfH(OH) process is strongly favorable in comparison to 

the related mechanism in the other metals.  

 

 

 



 

Figure 1. Potential energy profiles for the MO2 (
1
A1) + H2 → O=MH(OH) step 

calculated at the B3LYP/6-311++G(2df,2dp)/SDD level of theory.  

 

In a recent study, a spontaneous reaction between H2 and group V metal dioxides has 

been observed to form O=MH(OH) species.
51

 Also, the activation of H2 by tantalum 

oxides in different oxidation states at cryogenic temperatures has been studied.
38

 Their 

results indicate that the reactivity of tantalum oxides depends on the oxidation state and 

it increases as follows: Ta
V
O4>Ta

IV
O2>Ta

II
O. Our results for group IV metal dioxides 

show that the activation of H2 and the stability of O=MH(OH) species depends on the 

metal center, although none experimental evidences have been previously reported in 

order to support our predictions. In particular, the studied reaction mechanisms 

concerning the H2 cleavage were found to be exothermic processes yielding to the 

formation of O=MH(OH) intermediates.  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Optimized geometric parameters calculated at the B3LYP/6-

311++G(2df,2pd)/SDD level of the involved species in the MO2(
1
A1) + H2 → 

O=MH(OH) step. Distances in angstroms and angles in degrees. 

 

c) Competition between Path1 and Path2 mechanisms 

The formation of products has been considered via two reaction pathways: Path 1 and 

Path 2. The triplet electronic state has been considered for Ti and Zr dioxides 

mechanisms while the mechanisms involving Hf only proceed in the singlet electronic 

state since triplet electronic state has been found considerably higher in energy and 

therefore it is not considered. In this sense, along the Path1 the formation of products 

passing through the M(OH)2 species to lead the final product complex O=M(H2O) is 

studied, whereas Path 2 corresponds to the direct formation of the O=M(H2O) products 

from the O=MH(OH) species. The energy profiles of all studied mechanisms are 



depicted in Figure 3. The obtained reaction pathways for each metal oxide are explained 

as follows: 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Energy profiles for the O=MH(OH) → MO + H2O step calculated at the 

B3LYP/6-311++G(2df,2dp)/SDD and CASSCF/CASPT2 level, for Path1 and Path2. 

Energies (in kcal/mol units) are given relative to the singlet reactants. The plane lines 

correspond to Path1, whereas the dashed lines correspond to Path2. Red lines 

correspond to the triplet state, respectively. 

 

Ti. The optimized geometric parameters and geometries are depicted in Figure 4. 

According to Path1, the singlet O=TiH(OH) intermediate transfers one proton from the 

metal center toward the oxygen atom of the Ti=O bond to yield the Ti(OH)2 

intermediate via TS1. The calculated barrier heights of this process are 39.8 and 0.2 

kcal/mol for singlet and triplet, respectively. In spite of the high activation barrier found 

for singlet TS1, it is predicted only 0.4 kcal/mol above the reactants asymptote, whereas 

the proton migration in triplet is achieved quite easily. An inversion in the relative 

stability of the singlet and triplet species is predicted in the step between the reactants 
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and the Ti(OH)2 intermediate. Thus, the most stable triplet structure presents a linear 

geometry and 
3
∆g ground state, whereas singlet structure is predicted to have a 

1
A1 state 

with planar C2v symmetry. The triplet and singlet species are calculated to be 

exothermic by about 27.0 and 10.3 kcal/mol regarding singlet reactants, respectively 

(see Figure 3). The spin crossing takes place in the vicinity of the singlet Ti(OH)2 

intermediate and a minimum energy crossing point, MECP1 (see Figure 5), has been 

characterized and localized by about 7.5 kcal/mol above the singlet structure of Ti(OH)2. 

Subsequently, the formation of the product complex O=Ti(H2O) intermediate occurs by 

a proton migration from one OH group towards the adjacent OH group in the Ti(OH)2 

intermediate, via TS2. The activation barriers are predicted to be 36.3 and 34.7 kcal/mol 

on the triplet and singlet surfaces, respectively. However both transition states are 

localized above the reactants asymptote by 9.3 and 24.4 kcal/mol, being the most stable 

the triplet TS2 with an energy difference of 15.1 kcal/mol with respect to the singlet. 

Likewise, the triplet product complex O=Ti(H2O) is calculated to be 3.1 kcal/mol below 

the singlet reactants, whereas the singlet structure is found 8.0 kcal/mol higher than the 

triplet one. Finally, the water elimination is found to be an endothermic process of 16.5 

kcal/mol. In this sense, Shao et al.
41

 have studied the reaction of titanium oxides with 

water molecules, in particular the reaction: 
3
TiO + H2O → 

3
Ti(OH)2. DFT calculations 

and experiments showed that the TiO is not able to react with H2O to led to Ti(OH)2 

intermediates indicating that the formation of the products 
3
TiO + H2O is not a 

reversible process. 

On the other hand, the direct formation of the product complex O=Ti(H2O) from 

O=TiH(OH) takes place by means of Path2, via TS3. The singlet TS3 has an activation 

barrier of 55.1 kcal/mol and lies 15.7 kcal/mol above the reference, whereas triplet TS3 

is predicted to be higher by about 42.1 kcal/mol. However, after singlet TS3 is reached, 



a spin-crossing takes places in order to connect singlet and triplet PESs to yield the most 

stable triplet O=Ti(H2O) intermediate. Thus, a new minimum energy crossing point, 

MECP2 (see Figure 5), was localized in the vicinity of singlet TS3 by about 14.2 

kcal/mol above the reactants asymptote. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Optimized geometric parameters calculated at the B3LYP/6-

311++G(2df,2pd)/SDD level of the involved species in the O=TiH(OH) → TiO + H2O 

step. Distances in angstroms and angles in degrees. 

 

Finally, the reaction TiO2(
1
A1) + H2 → TiO (

3
∆) + H2O is predicted to be an 

endothermic process, 13.4 kcal/mol. The energy singlet TiO(
1
∆) is calculated to be 5.4 

kcal/mol above the triplet ground state being underestimated regarding the experimental 

values of 9.85 ± 0.03 kcal/mol.
83

 

 



 

 

 

 

Figure 5. Structures of minimum energy crossing points, MECP1 and MECP2 found at 

the B3LYP/6-311++G(2df,2pd)/SDD for titanium oxide mechanisms. Distances in 

angstroms and angles in degrees. 

 

Zr. From Path1, the singlet TS1 species present an activation barrier of 43.4 kcal/mol 

and it is calculated to be only 0.6 kcal/mol above the reactants. When the system 

reaches the stationary point of the Zr(OH)2 structures an inverse order of stability is 

observed as previously seen along the titanium mechanism. Thus, our DFT calculations 

predict the triplet Zr(OH)2 intermediate more stable in 5.5 kcal/mol (see Figure 3) than 

singlet one. These results are in good agreement with the CCSD(T)/cc-pVTZ-DK 

calculations reported by Syzgantseva et al. which predict the triplet Zr(OH)2 more stable 

6.0 kcal/mol than singlet one.
84

 The Zr(OH)2 molecules are calculated to have C2v 

symmetry, 
1
A1 for singlet and and 

3
B1 for triplet. A spin-crossing process takes place in 

the vicinity of the stationary point of the Zr(OH)2 structures and a MECP3 has been 

localized. The MECP3 is calculated to be only 0.2 kcal/mol above singlet-Zr(OH)2 

while its structure is predicted to have a quasi-planar geometry with a OZrO angle of 

118.2º, an intermediate value between the singlet and triplet Zr(OH)2 species. In spite of 

MECP3 and singlet- Zr(OH)2 were found very close in energy, both species present 

differences in their geometries (see Figure 6 and 7). Once the triplet Zr(OH)2 

intermediates is reached, the most stable transition state for TS2 is also found in triplet 

and its respective energy barrier is calculated to be 50.3 kcal/mol whereas the respective 

singlet TS2 is predicted to be only 3.3 kcal/mol higher than triplet one (see Figure 3). 

When the system reaches the stationary point of the O=Zr(H2O), triplet is still the most 



stable electronic state. However, triplet O=Zr(H2O) lies only 0.3 kcal/mol below than 

the singlet and this gap is enhanced to 3.0 kcal/mol in separated products. On the 

contrary, the ground state of the ZrO molecule is experimentally found to be 
1
Ʃ

+
 as 

mentioned above, therefore DFT calculations might be not able to predict the correct 

order of the relative energy. The reason for this is the DFT bias toward 4d
1
5s

1
 

configurations over 4d
0
5s

2
.
27

 This effect has been discussed by Bauschlicher and 

Langhoff,
85, 86

 rendering that high levels of theory are required to describe correctly the 

electronic states of ZrO molecules due to the mixed bonding occurring among the d
n
s

2
, 

d
n+1

s
1
, d

n+2
 Zr configurations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Optimized geometric parameters calculated at the B3LYP/6-

311++G(2df,2pd)/SDD level of the involved species in the O=ZrH(OH) → ZrO + H2O 

step. Distances in angstroms and angles in degrees. 

 



CASSCF/CASPT2 calculations revealed that both Path1 and Path2 seem to proceed 

through a single state reactivity (SSR) mechanism
65

, namely, the reaction takes place 

only in singlet electronic state, although the singlet-triplet separation in some parts of 

the mechanism are too small to predict a conclusive answer. Singlet TS1, TS2, TS3, 

Zr(OH)2 and O=Zr(H2O) were found more stable than their respective triplet species 

and therefore no spin-crossing process may be involved. While the singlet O=ZrH(OH) 

species is calculated to be 36.5 kcal/mol below the reactants asymptote, the singlet TS1 

and TS2 were calculated with activation barriers of 43.7 and 45.2 kcal/mol, respectively, 

in good agreement with our previous DFT calculations. The singlet Zr(OH)2 

intermediate was computed more stable than the triplet, although at an energy almost 

degenerated with the triplet state (only 0.6 kcal/mol of difference; see Figure 3). The 

O=Zr(H2O) intermediate was predicted to be more stable in the singlet state, however 

the calculated CASSCF/CASPT2 singlet-triplet gap was 7.4 kcal/mol versus the 0.3 

kcal/mol value predicted by the DFT method. In addition, the 
1
Σ

+
-
3
∆ separation of ZrO 

molecules was calculated to be 4.5 kcal/mol in excellent agreement with experimental 

value of 4.3 kcal/mol.
84

  

 

 

 

 

 

 

Figure 7. Structure of minimum energy crossing point, MECP3 found at the B3LYP/6-

311++G(2df,2pd)/SDD for zirconium oxide mechanisms. Distances in angstroms and 

angles in degrees. 

 

 



Concerning Path2, the direct formation of the O=Zr(H2O) complex is achieved from 

O=ZrH(OH) intermediate via TS3. Both DFT and CASSCF/CASPT2 calculations have 

estimated an energy barrier of 59.2 kcal/mol in singlet electronic state. Finally the 

elimination of water complexes is calculated to be an endothermic process of 15.2 and 

18.0 kcal/mol for DFT and CASSCF/CASPT2 calculations, respectively. 

 

Hf. Concerning the reactivity of the HfO2, as previously mentioned, the O=HfH(OH) is 

found to be the most stable of the hydride intermediates among the studied cases. 

Herein, the reactivity of the process takes place only in singlet electronic state since 

triplet was predicted to be considerably higher in energy in contrast to Ti and Zr 

mechanisms. Concerning Path1, the activation barrier associated with TS1 is calculated 

to be 36.6 kcal/mol and corresponds to the lowest activation barrier in comparison with 

Ti and Zr mechanisms. Additionally, TS1 is calculated to be 17.7 kcal/mol below the 

reactants asymptote and therefore the formation of the intermediate Hf(OH)2 should be 

expected to be a spontaneous process. Likewise, Hf(OH)2 is found 1.3 kcal/mol above 

the O=Hf(OH) intermediate with C2v symmetry. The proton migration process between 

both OH groups, via TS2, leads to the water complex with an energy barrier of 52.8 

kcal/mol. Despite the high value of the activation barrier, TS2 only lies 0.1 kcal/mol 

above the reactants asymptote. In contrast, the water complex is obtained with C1 

symmetry and is calculated to be 11.5 kcal/mol below the reactants, nevertheless the Cs 

water complex presents an imaginary frequency value associated with the rotation of 

water and therefore is not considered in the reactive process. On the other hand, 

concerning Path2 the direct formation of the O=Hf(H2O) complex from the hydride 

intermediate takes place via TS3 which has associated an energy barrier of 56.0 

kcal/mol. This barrier is calculated to be 1.9 kcal/mol higher than the barrier associated 



with TS2. Finally, the water complex formed can dissociate easily to final products due 

to overall exothermicity of the reaction. Thus, the water elimination step is calculated to 

be 10.5 kcal/mol and the whole process is found to be an exothermic process of ∆E= -

1.0 kcal/mol. 

 

 

 

 

 

 

 

 

 

Figure 8 Optimized geometric parameters calculated at the B3LYP/6-

311++G(2df,2pd)/SDD level of the species involved in the O=HfH(OH) → HfO + H2O 

step. Distances in angstroms and angles in degrees. 

 

4. Discussion Concerning the Differences among MO2 reaction mechanisms 

The global view of the hydrogenation process shows that the dihydrogen cleavage step 

is feasible in all MO2 cases yielding to large exothermic O=MH(OH) intermediates. 

Nevertheless, the reactivity of the processes along the explored reaction pathways was 

found to have a strong dependence of the metal centre. Thus, while TiO2 dioxide 

presents significant differences of geometry and vibrational frequencies in comparison 

to ZrO2 and HfO2 (see Table 1), both ZrO2 and HfO2 display very similar molecular 

geometries in conjunction with the lack of a measurable difference in their vibrational 

frequencies. This similarity is commonly attributed to the lanthanide contraction of Hf 

that is responsible for the similar atomic and ionic radii of Zr and Hf as well as their 



similar ionization potentials. However, important differences are found their respective 

electroaffinity.
7
 In particular the electron affinities of TiO2 and ZrO2 dioxides are rather 

similar, whereas the electron affinities of HfO2 and ZrO2 differ substantially
7
. This fact 

demonstrates the nonnegligible role of f-electrons and relativistic effects in the 

chemistry of hafnium compounds. Therefore, it seems to indicate electronic structure 

rather than size or bonding effects as the primary basis for reactivity differences among 

TiO2, ZrO2 and HfO2 mechanisms.
7
 

While the parallelism between structural properties of bulk phases and molecular 

systems is limited, it is possible to correlate a number of properties. For example it is 

well known that for both molecular systems and bulks materials TiO2, ZrO2 and HfO2 

are highly polar.
7, 75

 Thus, the experimental measure of dipole moments
69, 87

 of TiO2, 

ZrO2 and HfO2, 6.7 of 7.80 and 7.92 D, respectively, confirms the difference in ionicity. 

The availability of ns and (n-1)d orbitals on the metal atom, discarding the np orbitals 

which are higher in energy, makes the charge distribution of an excess electron different 

than in anions of polar molecules that do not contain a transition metal atom. Hence, an 

excess electron bound by a polar molecule is described by a fully symmetric sd-type 

hybrid orbital with a1 symmetry and therefore it might explain the large stability of the 

O=MH(OH) intermediates as well as the decreasing of the energy barrier associated 

with the dihydrogen cleavage as the metal center increases. Therefore it is expected that 

as the metal center size increases the respective hydride O=MH(OH) species should be 

less reactive for catalytic processes. 

On the other hand, when the reaction mechanisms are compared some important 

differences arise. For example, the difference in energy between singlet TS1 and TS3 of 

15.3 kcal/mol clearly favors Path1 instead of Path2 for TiO2 mechanisms, and therefore 

the process may take place through Ti(OH)2 intermediates. In contrast, no experimental 



evidence has been found for the reaction of hydrolysis of titanium monoxide, 
3
TiO + 

H2O, yielding to Ti(OH)2 intermediate
41

 indicating that the reaction is not reversible. 

Thus, the whole reaction mechanism proceeds in three steps by means of a spin crossing 

singlet-triplet process where MECP1 is localized in the vicinity of Ti(OH)2 

intermediates. 

In the case of ZrO2 mechanisms the process is also controlled by the reactivity of Path1. 

The direct formation of O=Zr(H2O) from O=ZrH(OH) requires a higher activation 

energy of 59.2 kcal/mol versus 43.7 kcal/mol of TS1 in Path1. Likewise, spin-crossing 

effects have been discarded since CASSCF/CASPT2 calculations displays that the 

process takes place only in singlet electronic state. However, DFT calculations are in 

good agreement with multiconfigurational methods with the exception of the relative 

stability order of Zr(OH)2, O=Zr(H2O) and ZrO species.  

The dihydrogen activation by HfO2 is predicted to be the most favorable process with 

the lowest activation barrier and the largest exothermicity of its hydride intermediate 

O=HfH(OH), being the most plausible mechanism Path 1 as previously found for both 

TiO2 and ZrO2 systems. Likewise O=HfH(OH) and Hf(OH)2 intermediates were found 

quite close in energy, but the strong stability of these species makes the HfO2 reactivity 

less interesting for catalytic proposes. 

In addition, spin-crossings might not be expected on systems involving zirconium nor 

hafnium because of the spin-orbit coupling is large for heavy atoms. TSR is expected 

for 3d transition metals, and perhaps also for the 4d block. For 4f, 5d, and 5f elements, 

the maximum probability of spin inversion (pSI)  is assumed , i.e pSI = 1, and  therefore 

the spin-crossings are completely avoided.
65

 All the quantum-chemical calculations 

predict Path 1 as the most feasible reaction pathway; for titanium it is clearly favored.  



The results obtained in the present paper for MO2 molecules are consistent with the 

observed reactivity on surfaces. Rutile TiO2 (110) monocrystal is known to be inactive 

towards H2 dissociation, and no Ti-H groups are found to be stabilized.
88

 However, the 

hydrogenated surfaces exist but they originate from the dissociation of water on oxygen 

vacancies.
16

 Monoclinic ZrO2 surfaces dissociate more easily H2 (barriers around 8 

kcal/mol) and Zr-H groups are stable and detected by IR spectroscopy.
89

 For HfO2 no 

data have been found in the literature concerning hydrogenation mechanisms, and we 

predict the easy dissociation of dihydrogen, and the stability of Hf-H groups. 

 

5. Conclusions  

 We have presented a detailed computational study on the key steps for the 

reaction mechanism of H2 oxidation by MO2 molecules: MO2 + H2 → MO + H2O (M = 

Ti, Zr, and Hf). Optimized geometrical parameters and vibrational analysis of MO2 and 

MO molecules agree with experimental data allowing to validate the B3LYP/6-

311++G(2df,2pd)/SDD methodology employed in the present study. Important 

mechanistic insights can be obtained from the calculation of geometries and energies of 

the species involved along the corresponding reaction pathways. The hydrogen 

activation by means of MO2 molecules has a strong dependence of metal center 

indicating that the electronic structure rather than size or bonding effects are the primary 

basis for reactivity differences among TiO2, ZrO2 and HfO2 mechanisms. Thus, the 

results show that the exothermicity of the O=MH(OH) species increases in reverse order 

as the activation barriers of the dihydrogen cleavage.  

 The formation of products MO + H2O is predicted to be favorable through Path1 

in all the studied cases and therefore the presence of M(OH)2 species along the reaction 

pathway is expected. In particular, only titanium reaction pathways take place by means 



of TSR mechanism. While Hf dioxide is expected to be the most favorable process 

because of its exothermicity, however the high stability of the O=HfH(OH) and 

Hf(OH)2 makes the reactivity of HfO2 less interesting for catalytic purposes.   
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