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Abstract

The primary reactions of the transition metal cations Mþ (M ¼ V, Nb and Ta) and their oxides with methanol are experimentally and

theoretically investigated. Combining with the experimental results, we propose the reaction pathways of those primary reactions. The

potential energy surfaces (PES) of these reactions are explored at B3LYP/Lanl2dz (for M) and 6-31g* (for C, H and O) level. The structures

and properties of the complexes involving in these reactions are also theoretically studied. The calculated results show that a crossing

between the high-spin and low-spin PES occurs just after TS1, which plays an important role in decreasing the barrier heights of these

transition states. The theoretical results are in excellent agreement with the experimental results.

q 2004 Elsevier B.V. All rights reserved.
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1. Introduction

As heterogeneous catalytic supports, the bare transition

metal and their oxides have been widely used in many

industrial processes, so the gas-phase reactions of ‘bare’

transition metal ions with small organic molecules have

aroused considerable attention [1–3]. Without any solvent,

ion-pair and other ‘bulk’ effects, the gas-phase reactions can

offer a unique possibility to probe the intrinsic properties of

reactive organometallic species, and the details of activate

C–H and C–C bonds in the initial steps are of fundamental

interest in catalysis [4–7].

The transition metal ions and their oxide ions are reactive

for many organic substrates because their valence electron

configurations lead the metal ions insert into organic bonds

[8]. There have been a lot of reports concerning the

reactions of metal and their oxides with organic molecules

[1–21], especially the group V transition metal ions V[þ ],

Nbþ, Taþ and their oxides for their industrial applications

[1,9–17]. Methanol is one of the important organic

molecules on clarifying the reaction activity of ions,

because it can not only react with the main group element

ions, alkaline earth metal ions, but also the transition metal

element ions and lanthanide cations in the gas [22–27]. On

the other hand, methanol has much effect of industry, for a

large variety of chemicals are now produced from methanol

as a starting material. It appears, therefore, that there is a

need for further work involving the reactions of Vþ , Nbþ,

Taþ and their oxides with methanol.

In this paper, the primary reactions of Mþ(M ¼ V, Nb

and Ta) and their monoxide with methanol are investigated

by both experiment and theory. Special attentions are

concentrated on the reaction mechanism and energetic. The

experimental results are in good consistent with high-level

ab initio theoretical studies.

2. Experimental results and reaction mechanism

The experiments are performed on a Bruker Fourier

transform ion-cyclotron resonance (FT-ICR) mass spec-

trometer equipped with an external ion source. Briefly, the

metal cations are generated via laser desorption/laser

ionization by focusing the beam of a Nd:YAG laser

(home-made, l ¼ 532 nm) onto a metal or metal oxide

target. All cations are transferred to the analyzer cell,

located within a 4.7-Tesla superconducting magnet. The

interested ions are selectively isolated by frequency sweep

excitation–ejection technique [28] in the analyzer cell,
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then react with pulsed-in methanol vapor gas at the pressure

ranging from 5 £ 1028 to 5 £ 102 [10] mbar.

The mass spectrum in Fig. 1 shows the primary reaction

products of Vþ, Nbþ and Taþ with methanol. Four reaction

channels have been found.

Mþ þ CH3OH ! MOþ þ CH4 Channel 1

Mþ þ CH3OH ! MOHþ þ CH3 Channel 2

Mþ þ CH3OH ! MOCHþ
2 þ H2 Channel 3

Mþ þ CH3OH ! MOCHþ
3 þ H Channel 4

The dominant products MOþ and MOHþ can been observed

in the reactions of these three metal cations generated by

Channel 1 and Channel 2. Channel 3 and Channel 4 are fit

for Nb and V, respectively. Small NbOCH2
þ is formed in the

reaction of Nbþ with methanol, and VOCH3
þ also can be

observed in the reaction of Vþ with methanol.

The products of VOþ with methanol are shown in Fig. 2.

VOþ is selected for reacting with pulsed-in methanol vapor

gas. VCH4O2
þ, VCH2O2

þ and VO2
þ are the main products,

and the relative intensities of VCH4O2
þ and VCH2O2

þ are

much higher than that of VO2
þ. V(OCH3)2

þ and V(OH)2
þ are

the secondary reaction products of VOþ with methanol, and

will not be studied in this paper. Under the same condition,

TaHO2
þ is the only product in the primary reaction of TaOþ

with methanol. The relative intensity of NbOþ is too small

to be selected.

After analyzing the products of Mþ(M ¼ V, Nb and Ta)

and their oxides cations with methanol, the reasonable

reaction schemes have been speculated, and they are listed

in Schemes 1 and 2, respectively. The reaction schemes

in present studies are supported by previous reports

[18,29–32]. It is obvious that both the low-energy reaction

pathway and the high-energy reaction pathway [31] appear in

our experiments. Mþ is active towards C–O bond in the

channel 1 and the channel 2, and is active to the O–H bond in

the channel 3 and the channel 4, and all these products are

produced by the dissociating attachment reaction. MOþ is

formed via the low-energy reaction pathway: the metal ion

oxidatively inserts into the C–O bond of CH3OH, and

migrates the H atom of OH to CH3 group, then reductively

eliminates CH4. MOHþ are thought to arise from the high-

energy reaction pathway, in which oxidative insertion and

the simple bond cleavage are the dominant reaction

processes.

As to the formation of Nbþ–OCH2, Nbþ inserts into the

O–H bond, and then follows by a b-H shift and elimination

of H2. VOCH3
þ is generated by the high-energy reaction

pathway, in which Vþ inserts into the O–H bond firstly, and

then follows by a H-elimination process.

In the reactions of VOþ with methanol, the association

reaction is the first step. The association complex [VO

(CH3OH)]þ might generate TS3, and the reacting system

Fig. 1. Typical mass spectrum showing the reaction products of Vþ, Nbþ

and Taþ with methanol.

Fig. 2. Typical mass spectrum showing the reaction products of VOþ with

methanol. The inset mass spectrum is the enlarged parts.

Scheme 1. The reaction pathway for Vþ, Nbþ and Taþ with methanol.

Scheme 2. The reaction pathway for VOþ, NbOþ and TaOþ with methanol.
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passes it over to form the complex HO–Vþ–OCH3.

VO(CH3OH)þ will take other two reaction channels to

generate VCH2O2
þ and VO2

þ. In the first reaction channel,

VOþ will insert into the O–H bond firstly, and then

OVOCH2
þ will form by two times b-H transform and H2

eliminate. While eliminating CH4 group in the second

reaction channel can produce VO2
þ.

3. Calculation method

All the calculations are carried out using Gaussian 98

program suite [34]. The geometries of the species involved

in the reactions are fully optimized at the level of B3LYP

calculation, which stands for a density functional theory

(DFT) method using Becke’s three parameter semiempirical

exchange functional (B3) along with the Lee, Yang, and

Parr (LYP) correlation functional [35]. The spin-restricted

version of this methodology is used for the closed shell

species, while an unrestricted approach is employed for all

the open shell systems. Lanl2dz basis set is used for all

transitional elements M(M ¼ V, Nb, and Ta) and the 6-31g*

basis set is used for C, H and O atoms. To characterize the

nature of the stationary points, harmonic vibrational

frequencies are calculated with the method mentioned

above. All the stationary points are positively identified as

local minima or as the transition state. In order to confirm

that the transition state connected the designated complexes,

the intrinsic reaction coordinate (IRC) [32–33] calculations

also have been performed. For each species, the different

states are considered.

To determine the suitability of the method and the basis

sets for the systems studied here, some test calculations are

performed. The results suggest that the B3LYP method

coupled with Lanl2dz basis set for transitional elements and

6-31g* basis set for C, H and O should be suitable for present

study. As to the higher-level method MP2, the structures

optimized have little change while compared with the results

of B3LYP method, but it cost much longer time. In the case of

the higher-level basis set DZVP, the results are in good

agreement with experimental estimations [36] for V and Nb,

while there is no DZVP basis set for Ta. In order to keep the

results in the same accuracy, and the main concern is to

obtain the important potential energy surfaces (PES) along

the reactions but not the detailed geometry optimizations, so

the B3LYP mothod and Lanl2dz (for transitional elements),

6-31G* basis set (for C, H and O) have been used.

4. Theoretical results and discussions

4.1. The structures

It could be thought that many structural isomers might

coexist for the reactants, intermediates, products, transition

states, and other fragment species in the experimental

studies. To get the most possible structures, the calculations

at the B3LYP level are performed. The sketch maps of the

configurations involving in the reactants of Mþ with

CH3OH are shown in Fig. 3. The ground states of all

configurations of the complex in the reactions are quintet

states. For the same configuration, the detailed geometrical

parameters are approximate for different metals in the

calculations. The structures of [MOH]þ, [MOCH2]þ and

[MOCH3]þ most likely are the metal-hydroxide [MOH]þ,

metal–formaldehyde complex [MOCH2]þ and metal-meth-

oxide [MOCH3]þ, respectively.

In the reactants Mþ–CH3OH system, Mþ is connected

directly with the O atom of methanol. The C–O bond length

in single methanol molecule is 1.410 Å, while it is 1.470 Å

in Vþ–CH3OH, 1.460 Å in Nbþ–CH3OH and 1.480 Å in

Taþ–CH3OH. It changes by 0.05, 0.05 and 0.07 Å

respectively. The C–H and H–O bond lengths in Mþ–

CH3OH are nearly the same with pure methanol molecule,

and this is consistent with that the metal cations insert into

C–O bond to form HO–Mþ–CH3.

The transition states TS1 s are the three-member ring

structures. They are verified to be the first-order

saddle points on the PESs by their single imaginary

frequencies: 590.1i, 543.1i and 591.4i cm21 of the quintet

Fig. 3. Potential energy diagrams for the reaction of Mþ with CH3OH

(M ¼ V, Nb, and Ta) in the high-spin and low-spin states. Relative energies

are in kcal/mol.

Y. Cao et al. / Journal of Molecular Structure (Theochem) 683 (2004) 141–146 143



state, and 560.7i, 490.5i, 508.6i cm21 of the triple state for

Vþ, Nbþ and Taþ, respectively. The vibrational mode and the

IRC analysis can confirm the migration of CH3 from the O

atom to metal atoms in TS1 s. The transition states TS2 are the

four-member ring structures. They are characterized by single

imaginary frequencies of 1637.2, 1648.7, 1640.8 cm21 of V,

Nb and Ta in their triple ground states respectively. Both the

vibrational mode and the IRC analysis confirm that the TS2s

are associated with the cleavage of O–H bond, and the

migration of H from OH group to CH3 group.

The sketch maps of the configurations involving in the

reactants of MOþ with CH3OH are shown in Fig. 4. In the

reactants OMþ–CH3OH, Mþ is connected directly with

the O atom of methanol like in the reactants Mþ–CH3OH.

The M–O (M–O2) bond lengths are 2.020 Å, and 2.010 Å

for V, Nb and Ta in the ground states, respectively.

Comparing with Mþ–CH3OH system, the M–O(M–O2)

bond lengths change by 0.014 Å, 0.036 Å, and 0.06 Å for V,

Nb and Tam, respectively. The C–O bond distances in

OMþ– CH3OH are 1.470 Å, 1.470 Å, 1.510 Å, and

they change by 0.06 Å, 0.06 Å and 0.10 Å, respectively.

The H–O bond distances in OMþ–CH3OH are 0.975 Å,

0.974 Å 0.982 Å, and they have only little change by

0.006 Å, 0.005 Å and 0.013 Å, respectively when compar-

ing with that of Mþ–CH3OH.

The structures of the transition state TS3s are verified to

be first-order saddle points on the PESs by their single

imaginary frequencies, 792.8i, 823.6i and 748.5i cm21 of

the single state, and 668.4i, 801.7i, 732.2i cm21 of the triple

state for VOþ, NbOþ and TaOþ, respectively.

Two structures of MO2CH2
þ(I) and MO2CH2

þ(II) have

been considered for MO2CH2
þ ion. Both MO2CH2 (I) and

MO2CH2 (II) are the ground state structure, and MO2CH2 (I)

is a four-member ring configuration, and MO2CH2(II) is a

quasi-linear configuration. Considering the total energy and

the PES, MO2CH2(II) is more favor in the present studies,

but the possibility of MO2CH2 (I) cannot be excluded.

4.2. The potential energy surfaces (PES) for the reaction

of Mþ and MOþ with methanol

The reaction pathways between Mþ and the methanol

have been discussed above. The PES for the high-

spin(quintet) and low-spin state(triplet) reaction pathways

for Mþ with methanol is shown in Fig. 3. The general

profiles of these curves are downhill from the reactants to

products. The overall reaction exothermic energies for Vþ,

Nbþ and Taþ are 240.2, 267.1 and 2115.9 kcal/mol from

the Mþ/CH3OH systems to MOþ/CH4 systems, respect-

ively, and are 231.0, 248.6 and 278.56 kcal/mol to Mþ–

OCH2/H2 system. These processes are energetically favor-

able. Assuming only exothermic ion–molecule reactions

can occur, it is expected that these reactions should easily

take place. The calculation results are in good agreement

with the experimental observations.

Since the PESs are same for the three metal cations, the

Vþ as an example will be discussed here. The adsorption

process between Vþ and methanol is highly exothermic by

257.7 and 237.8 kcal/mol in quintet and triplet states,

respectively, which means the interaction between Vþ and

methanol is very strong. The activation energy from Vþ–

(CH3OH) to HO – Vþ– CH3 via TS1s is 38.7 and

28.4 kcal/mol on the quintet state and the triplet state.

The TS1 lies below the dissociation limit 219.0 kcal/mol

for the high spin ground states and 29.4 kcal/mol for the

low excited states.

It must note that there is a crossing between the high-spin

state and the low-spin state energy surfaces for Vþ with

methanol. The calculations strongly suggest a crossing just

after the TS1s. A nonadiabatic electronic process-spin

inversion is therefore expected to occur in the vicinity of the

crossing part of the two PES. For the low-spin states of HO–

Vþ–CH3, it is 18.9 kcal/mol lower than that for its high-

spin states, and the low-spin states would energetically be

more favorable. That is, the spin inversion would play an

important role in the process from TS1s to HO–Mþ–CH3.

The activation energy from HO–Vþ–CH3 to VOþ(CH4)

via TS2s is 30.4 kcal/mol on the low-spin ground state

Fig. 4. Potential energy diagrams for the reaction of MOþ with CH3OH

(M ¼ V, Nb, and Ta) in the high-spin and low-spin states. Relative energies

are in kcal/mol.
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potential surfaces and 34.9 kcal/mol on the low-spin excited

state potential surfaces, respectively. VOHþ/CH3 of the

ground state lies 38.6 kcal/mol above VOþ/CH4 of the

ground state, but it lies 13.2 kcal/mol below the dissociation

limit. Thus Vþ–OH species could be derived from the

intermediate complex HO–Mþ–CH3 as shown in schem1

by a high-energy reaction process35. The calculation results

have also shown that the overall energy is 231.0 kcal/mol

from Vþ/CH3OH to Vþ–OCH2/H2 system, therefore this

process is energetically favorable. And the overall energy

change is 248.5 kcal/mol from Nbþ/CH3OH to Nbþ–

OCH2/H2, and is 278.5 kcal/mol from Taþ/CH3OH to

Taþ–OCH2/H2. That is, these processes are energetically

favorable too.

In summary, the formation of MOþ and MOHþ are all

energetically favorable in the present calculation results,

and they have been observed in the present experiments. On

the other hand, the formation of MOCH2
þ is energetically

favorable for M ¼ V, Nb and Ta in the calculation, while

only NbOCH2
þ has been observed in the experiment. The

discrepancy may probably be from the other factors

involving in the reactions, since the reactions are not only

controlled by thermodynamics, the kinetic factor must be

taken into account [37]. The theoretical studies of VOCH2
þ

and TaOCH2
þ will be helpful in the experimental detection.

The computed PES for the reactions from MOþ/

methanol to MO2
þ/CH4, HO–Mþ/OCH3 and OMþ(OCH2)/

H2 in both low-spin and high-spin states are shown in Fig. 4.

Similar to the reactions of Mþ with methanol, the

general profiles for formations of HO–Mþ–OCH3 and

OMþ–OCH2 are downhill, and thus the corresponding

reactions are energetically favorable.

The ground state for VOþ is the triplet state, and the

singlet state is energetically calculated to be 25.1 kcal/mol

above. The association reaction of VOþ with methanol is

exothermic by 56.6 kcal/mol on the ground state. Then the

reacting system can pass over TS3 to form the intermediate

complex HO–Mþ–OCH3 using the high complexation

energy. On the PESs, TS3 lies below the dissociation limits

by 9.48 kcal/mol to VOþ with methanol, therefore, the H–O

bond should be easily cleaved. The formations of VO2
þ and

O–Vþ–OCH2 are energetically favorable by theoretical

analysis, though it is slightly exothermic for VO2
þ. VO2

þ and

O – Vþ– OCH2 are both observed in the present

experiments.

As to the reactions of NbOþ and TaOþ with methanol,

the formation of both ONbþ(OCH2)/H2 and OTaþ(OCH2)/

H2 are energetically favorable by the present theoretical

analysis. But there is no OTaþ(OCH2) observed in the

experiment. This divergence might be attributed to the

experimental conditions. The formation of NbO2
þ and TaO2

þ

are highly endothermic for NbOþ and TaOþ by 60.9 and

114.8 kcal/mol respectively, and there is no NbO2
þ and

TaO2
þ observed in the experiments. The calculation results

are consistent with the experimental results.

5. Conclusion

The reactions of the methanol with Mþ and

MOþ(M ¼ V, Nb, and Ta) have been studied experimen-

tally and theoretically The mass spectrum shows that for the

reaction of Mþ with CH3OH, the dominant products of the

primary reactions are MOþ and MOHþ, accompanying with

fewer Nb(OCH2)þ and VOCH3
þ. It is concluded that

the reaction pathway of methanol with Mþ is via

transition states TS1 and TS2: Mþ þ CH3OH ! Mþ(CH3-

(CH3OH) ! TS1 ! HO – Mþ– CH3 ! TS2 ! MOþ þ

þ þ CH4, and the reaction pathway of MOþ with CH3OH is

via a four-centered TS3. The calculation results also show

that the reaction of Mþ with methanol is energetically

favorable for all the three metal cations. Just after TS1, there

is a crossing between the high-spin and low-spin PES,

which plays a significant role in decreasing the barrier

heights of these transition states. The energetic profiles for

the reaction of MOþ with CH3OH have demonstrated that

the formation of metal-dioxide is highly endothermic for

NbOþ and TaOþ, but it is slightly exothermic for VOþ. Our

calculated results are in good agreement with the exper-

imental results.
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Fig. 3 (continued)

Fig. 4. Potential energy diagrams of the reaction MOC with CH3OH (MZV, Nb, and Ta) in the high-spin and low-spin states. Relative energies are in kcal/mol.
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