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GAS-PHASE REACTIONS OF V+ AND VO+ WITH METHANOL
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The reactions of VT and VOT with methanol have been investigated experimentally
by FT-ICR mass spectrometer and theoretically by ab initio calculation. Both V1t and
VOT exhibit impressive reactivity with methanol. The products distribution of different
reaction time indicate that in whole reaction processes methanol is adsorbed one by
one, and no more than four methanol molecules can be solved in the first shell of central
ion V1. The reaction mechanisms have been proposed, and the possible geometrical
structures of products are also analyzed by DF'T calculations.
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1. Introduction

Gas-phase reactions of “bare” transition metal ions with small organic molecules
have attracted considerable attentions!?, because the gas-phase offers a unique pos-
sibility to probe the intrinsic properties of reactive organ metallic species®, and the
studies of reactions of cluster ions with small organic molecules may aid researchers
in uncovering the mechanism governing certain catalytic processes, allowing for the
development of more selective and efficient catalysts?.

The transition metal vanadium cluster cation Vfand their oxides have been
widely applied in many industrial processes as heterogeneous catalytic supports®.
Mang reports concerning the reactions of V. and their oxides ions with small
molecules® 391011 "hyt all these reports are mainly focus on the primary reac-
tions, and do not relate to the reactions of primary products.

Methanol often be used to clarify the reaction activity of ions?1%:14

, and it also
has potential to be a possible alternative fuel source'®. In fact, although vanadium
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cluster cation, vanadium oxide cluster cations and methanol have been widely ap-
plied and studied, there is a lack of fundamental understanding of the complicated
processes. Therefore, the researches of the reactions of V1 and VOt with methanol
are needed required. The primary reactions of the methanol with V* and VOT
have been studied experimentally and theoretically'®. In this paper, our interest
is to investigate the reactions of VT and VOTwith methanol after the primary
reactions.

2. Experimental Procedure

The experiments are performed on a Bruker Fourier transform ion-cyclotron reso-
nance (FT-ICR) mass spectrometer equipped with an external ion source. Briefly,
the metal cations are generated by focusing the beam of a Nd:YAG laser (home
made, A=532 nm) onto a metal or metal oxide target. All of the cations are trans-
ferred to the analyzer cell. The ions in the analyzer cell are firstly thermalized by
nonreactive collisions with pulsed-in argon buffer gas, and then react with methanol.
Some CID experiments are performed to speculate the structure of some ions.

3. Experimental Results and Discussion

The reactions of VT and VOtwith methanol at different reaction time are per-
formed, and the detailed experimental results are list in table 1. The following
properties can be gotten from the data in table 1: First, VT and VOT exhibit
an impressive reactivity towards methanol, and some products located between
[VO2HJ Jand [VO3C3H{;]. Second, with the reaction time prolongs, the products of
large mass will produce and the products of light mass will decrease or disappear.
Third, the largest mass product observed in the reaction of VOTwith CH;0H is
[VO4C4HJ;], while the largest mass product of Vtwith CH;OH is [VO4C4HS;).
Fourth, it should be noted that the relative intensity of [VO3C3H{;] is much higher
than other products with longer reaction time. Considering the products of differ-
ent reaction time, it can be deduced that no more than four methanol molecules
can be solved in the first shell of the central ion V*, although [VO,C4H};] is not
observed in the reaction of VOtwith CH3OH at present.

In order to deeply study the dominant products, some CID experiments are
performed. The main loss fragments of [VOgCgHILO] are H, CH;, CH30OH and
CH30CH;3. Comparing the CID experimental results between [Vogchg Jand
[VO3C3H]y], it can be seen that [VO3C3H{ |is devoid of the first dehydrogenated
step from [VO3C3H]y]to [VO3C3H{ . The first dissociation product of [VO4C3H;]
is [VO 303Hf0], then the following dissociation products are the same with that of
[VO3C3H]y]. So it can be induced that the larger mass product [VO4C3H;] comes
from the reaction of [VO3C3H{y] with methanol.

The mechanism for reactions between VOt with methanol is listed in figure 1, in
which the ligand OCHj3 of the methanol is expected to attack VO ion. [CH30-M*-
OH] and [CH30-M-OCHZ] are the important intermediate products. The simple
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adsorption reactions, the dehydration and dehydrogen reactions play an essential
role in whole processes. In current experiment condition, [VO 303HIL0] is the main
product in all the reactions, and this is similar to the reactions of Set, YT and
Lutwith methanol!”. So it could be conclude that all these reactions are the con-
tinuous adsorption processes of single methanol.

Table 1: Relative intensity in % of products at different reaction time, and the
relative intensity at each reaction time is normalized.

Products V++CH3;0H VOT+CH;0H
0.2s 1.0s 20s 5.0s 10.0s 0.2s 1.0s 2.0s 5.0s 10.0s
v+ 88.0 492 308
VO 3.6 144 195 80.5 50.2 39.3 29.0
VOH* 6.0 254 24.9
VO3 1.2 2.0
VOCH} 24 93 146 1.2
VO,CHy 76 96 84 59
VO, H 0.7
VO,CH} 1.7 49 93 312 341 274 1.8
VO, CoHY 1.6 32 07 50 112 11.8 32
VO,CoHY 37 52 53 1.2 1.7 238
VO3CoH 120 14 08 30 38 36
VO3CoHY 51 22 05 12 59 1.0
VO3C3HY 1.2 4.8
VO3C3Hg 14.6  16.0 02 1.0 1.7 182
VO3C3H{; 46.9  60.2 1.3 1.8 84 458
VO3C3H]; 3.1 2.4
VO,C3H, 4.7 117 10.8
VO,C4HT, 6.8 5.6
VO4C4HT; 1.6

4. Calculation Method and Results

The geometries of the reaction products are fully optimized at the level of
B3LYP/DZVP. To characterize the nature of the stationary points, harmonic vi-
brational frequencies are also calculated with the method mentioned above. Some
test calculations are performed, and our calculation results are in good agreement
with experimental estimations'® and which suggests that the B3LYP method cou-
pled with DZVP basis set are suitable for the purpose of the present study. All the
calculations are carried out with Gaussian 98 program suite.

The optimized geometries of the reaction intermediates are shown in figure 2. All
these points are local minima on the potential energy surface except [VOgCng’O]
C. Configuration [VOgCng’O] C has one image frequence, but it is small.
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Fig. 1. The mechanism for reactions VOt with methanol

[VOHT] Concerning the structure of the VOHT ions, it is clear that the metal
hydroxide isomer VT-OH is more stable than the hydride-oxide O-V*t-H species
since the O-H bond is much stronger than V-H bond.

[VOQH;_] The symmetrical dihydroxide-metal structure HO-V1-OH is prefer-
able to the water- vanadium oxide HyO-VOT isomer.

[VO,CH]] The structures A, B and C listed in figure 2 may coexist in an
equilibrium mixture of [VO;CHJ|. Considered from electronic, thermodynamic and
mechanistic arguments, structure B is more suitable for [VOoCHJ | product. First,
in isomer A, the dative interactions exist between the metal ion and ligands, and
the bond length of V-O is 2.07A, so this interaction is very weak. Secondly, it is
well known that for early transition metal ions, s and d orbitals with maximum
charge density may exist at 90 angle. This hybridization is ideal while forming two
covalent bonds as in structure B. Thirdly, previous work has demonstrated that the
reaction mechanism of Hy or alkyl-H with VOT involves initial oxidative addition
of Hsy or alkyl-H to the metal center, then followes by H or alkyl group migration
to the oxygen'®?°. We believe that structure B is more favorable in experiments,
although our calculation results shown isomer A is more stable. Isomer A is the
possible primary product and it will change to isomer B by migrating H to another
oxygen under the single- as well as multiple-collision conditions.

[VO,C,HY| Two possible structures A and B listed in figure 2 are al-
lowed for [VOgCgHér ]. According to the energetic arguments discussed above for
[CH3OVOHT], [VO5CoHZ | may prefer isomer A [CH;0-V-OCHZ{] to isomer B.
Qur calculation results show structure A is more stable than complex B by 30.4
kcal/mol, and the V-O bond length of V and O(in methanol group of [CH,0O-V-
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OHCH3+]) is 2.07A, which suggests that only the weak dative interaction exists
between the metal ion and ligands.
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Fig. 2. Optimized structures for the intermediates and products. Bond distances and angles
(indicated in italic) are in units of A and degree, respectively.

[VO3C3H{;] Many possible isomers of [VO3C3H],] might exist, and three are
considered in this paper. The most stable one is the configuration A [V(OCH3)sH™],
where three OCH3zgroups reside around the metal cation VTin different sides, and
H atom bonds to V*tdirectly. This configuration is Cz symmetry, and the four
coelectrons of central VT have bond fully, that is, three are bonded to O and the
last one is bonded to H. Configuration B is C; symmetry, and is 8.03 kcal/mol
higher in total energy than configuration A. Configuration C is Cg symmetry, and
is 24.0 keal/mol higher in total energy than configuration A. So structure A is more
favorable in experiments. Isomer B is the primary product and it will change to
isomer A by migrating H to VT.



2698 Y. L. Cao et al.

5. Conclusion

Employing FT-ICR mass spectrometer and DFT calculation, we have studied the
reactions of VT and VO™ with methanol. The main results can be summarized as
follow: VT and VOT are much more reactive toward methanol. [VO4C4H];] and
[VO4C4HI’2] are the largest mass product of in the reaction of Vt with CH;OH
and VOTwith CH3OH respectively. The important product [VO3C3HJ] could be
assigned to [V(OCHj3)3H]™. No more than four methanol molecules can be solved
in the first shell of the central ion V*. The mechanism for reactions from VOt
to [VO4C4HT,] and [VO4C4H];] are proposed, in which methanol is adsorbed one
by one. DFT studies show the ground state configurations of the products in the
reactions. The CID experiment results confirm the speculation.

Acknowledgments

The authors gratefully acknowledged the support of the National Science Founda-
tion of China under Grant No. 20073054 and the National Science Foundation of
China under Grant No. 20302020.

References

1. A. Luna, B. Amekrag, J. P. Morizur, J. Mo. O. Tortajada, M. Yanez, J. Phys. Chem.
A 104, 3132 (2000).

2. C. A. Schalley, R. Wesendrup, D. Schroeder, T. Weiske, H. Schwarz, J. Am. Chem.

Soc. 117, 7711 (1995).

X. Lai, D. W. Goodman, J. Mol. Catal. A: Chem. 162, 1647 (2000).

K. A. Zemski, D. R. Justes, A. W. Castleman Jr, J. Phys. Chem. B 106, 6136 (2002).

K. Mori, A. Miyamoto, Y. Murakami, J. Phys. Chem. 89, 4265 (1985).

Asgeir Bjarnason, D. P. Ridge, Organometallics. 17, 1889 (1998).

R. C. Bell, K. A. Zemski, K. P. Kerns, H. T. Deng, A. W. Castleman Jr, J. Phys.

Chem. A 102, 1733 (1998).

R. C. Bell, K. A. Zemski, A. W. Castleman Jr, J. Phys. Chem. A 103, 1585 (1999).

J. N. Harvey, M. Diefenbach, D. Schro”der, H. Schwarz, Int. J.Mass Spectrom.

182/183, 85 (1999).

10. G. S. Wong, D. D. Kragten, J. M. Vohs, J. Phys. Chem. B 105, 1366 (2001).

11. D. R. Justes, N. A. Moore, A. W. Castleman Jr, J. Phys. Chem. B 108, 3855 (2004).

12. J. L. Martinho Simoes, J. A. Beauchamp, Chem. Rev. 90, 629 (1990).

13. D. Vukomanovic, J. A. Stone, Int. J. Mass Spectrom. 202, 251 (2000).

14. Wenyun Lu, Shihe Yang, J. Phys. Chem. A 102, 825 (1998).

15. K. Carrizosa, G. Munuera, S. J. Castanar, Topics in Catal. 49, 265 (1977).

16. Yali Cao, Xiang Zhao, Bin Xin, Shaoxiang Xiong, Zichao Tang, J. Mole.
Struc. (Theochem). 683, 141(2004).

17. D. A. Weil, C. L. Wilkins, J. Am. Chem. Soc. 107, 7316 (1985).

18. D. E. Clemmer, J. L. Elkind, N. Aristov, P. B. Armentrout, ibid. 95, 3387 (1991).

19. H. Kang, J. L. Beauchamp, J. Am. Chem. Soc. 108, 7502 (1986).

20. D. E. Clemmer, N. Aristov, P. B. Armentrout, J. Phys. Chem. 97, 544 (1993).

N oo W

©



Copyright of International Journal of Modern Physics B: Condensed Matter Physics is
the property of World Scientific Publishing Company. The copyright in an individual
article may be maintained by the author in certain cases. Content may not be copied or
emailed to multiple sites or posted to a listserv without the copyright holder's express
written permission. However, users may print, download, or email articles for individual

Luse.



Copyright of International Journal of Modern Physics B: Condensed Matter Physics;
Statistical Physics; Applied Physics is the property of World Scientific Publishing
Company. The copyright in an individual article may be maintained by the author in
certain cases. Content may not be copied or emailed to multiple sites or posted to a
listserv without the copyright holder's express written permission. However, users may
print, download, or email articles for individual use.



