28 2 2007 2

Vol. 28 No. 2 Chinese Journal of Catalysis February 2007
: 0253-9837(2007) 02-0180-07 : 180 186
Mo/ MCM-22
1 1 1,2 2 2
H i) k) i)
(1 , 116029 ;
2 , 116023)
Mo/ MCM-22 )
: Mo(CHy) 2 ( A)  Mo(CH)CH;, ( B) ; MCM-22
T4 Bronsted- , 3T :
, Mo CH; , 0.18 0.19 nm, Mo CH , 0.17
nm. , . ,
HOMO LUMO , C-H Mo- C T * . C-H
, H" HC Mo- C Mo C . A 119. 97 kJ/ mol ; B
H CH CH , 91.37  79.07 kJ/ mol.
: MCM-22 ; ;
1 0643 A

Density Functional Theory Sudy on Structure of Molybdenum Car bide
L caded on MCM-22 Zeolite and Mechanism for Methane Activation

ZHU Hongyuan®, ZHANG Yuan', ZHOU Danhong’? ", GUAN Jing®, BAO Xinhe® "

(1 Institute of Chemistry for Functionalized Materials, College of Chemistry and Chemical Engineering, Liaoning Normal
University, Dalian 116029, Liaoning, China; 2 State Key L aboratory of Catalysis, Dalian Institute of
Chemical Physics, The Chinese Academy of Sciences, Dalian 116023, Liaoning, China)

Abstract : Densty functional theory was employed to study the geometric and electronic structure of molybde-
num carbide loaded on M CM-22 zeolite and predict the mechanism for CH, activation. Two modelsof active cenr
ter, Mo(CH,) > (Modd A) and Mo(CH) CH, (Modd B) , were designed; they were located on the T4 dte of
the supercage in MCM-22 zeolite. The geometry optimization and eectronic structure andyss of the modes
were performed based on 3T cluster model. The optimized geometry showed that the Mo connected with CH;
termina group by double bond (bond length 0. 18- 0. 19 nm) and with CH termina group by triple bond (bond
length 0. 17 nm) . The natura bond orhita caculation revealed that the Mo was bonded to framework oxygen
throughd bond. In termsof the compostion and the energy of the frontier orhitals, it was suggested that the
CH, activation on Mo carbide active center would hgppen between the HOMO of CH4 molecule and the LUMO
of Mo carbide. Namey, dectrons preferred to trander from theo-orbital of C- H bond to the Tt *-orhital of
Mo- C bond. After heterogenous splitting of C- H bond, the HsC~ group was bonded to Mo and the H* was
bonded to Cin Mo carbide ecies. The cdculated activation energy on Modd A was 119. 97 kJ/ mol. On Mode
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B, there were two possble pathways, in which the hydrogen in CH4 could attach to CH; and CH termina
groups. The corregponding activation energy was 91. 37 and 79. 07 kJ/ mol , regectively.
Key words: MCM-22 zeolite; molybdenum carbide; dendty functiona theory; methane; activation energy
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Table 1 Geometricd parametersof active center modds MoCHy +0.59 e
Modd A Modd B
Parameter ( )
B3PW9I1 B3L YP B3PW91 B3L YP
Ip(Mo-C1)/ nm 0.1876 0.1875 0.1727 0.1735 ) . ’ ’
I5(Mo-C2)/ nm 0.1879 0.1874 0.1898 0.1908 ,
I,(Mo-O1)/ nm 0.2151 0.2146 0.2090 0.2107 A B
I,(Mo-02) / nm 0.2126 0.2140 0.2225 0.2232
Ip(Mo-Al)/ nm 0.3052 0.3033 0.3039 0.3052 4
8,(Cl-Mo-C2)/° 108.95 110.97 97.45 97.76 , A Mo 4d,, a
6,(01-A-F02)/° 87.54 87.94 88.47 88.54 ’ d 4.67: B Mo
0,(01-Mo-02)/° 71.15 70.57 70.38 69.99
E/a. u. _ - 1273.4776 _ - 1272.8551 d 4.94. Mo +1
I, —Bondlength,8 ,~ Bond angle, E— Potentid energy of 3
the modds (1 a.u. =2625.51 kJ/ mol) . A HOMO Mo 4d,,
2.2 ) ;
NBO LUMO Mo=CH, T
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2
Table 2 Sahilization energy of second-order perturbation for active center modes
Modd Donor NBO Acceptor NBO A E/ (k) mol) Type of interaction
A BD(1) O2- Al LP *(2) Mo 97.94 O- Al -Mo G donation
a-in BD(1) O2- Al BD *(2) Mo-C1 15.79
BD(1) O2- Al BD *(2) Mo- C2 16.84
LP (3) O1 LP *(2) Mo 43.76 O -Mo 0 donation
BD(2) Mo- C1 BD *(2) Mo- C2 34.40 C=Mo =CTI-Tt conjugation
BD(2) Mo- C2 BD *(2) Mo-C1 34.40
A BD * (1) O2- Mo BD *(1) Mo-C1 101.43 O- Mo -Mo=C0 donation
B-sin BD * (1) O2- Mo BD * (1) Mo- C2 112.10
LP(3) O1 BD *(2) Mo-C1 38.39 O -Mo=C0 donation
LP(3) 01 BD *(2) Mo- C2 38.81
BD(2) Mo- C1 BD * (1) O2- Mo 11.59 Mo=C -O- Mo Tt back donation
BD(2) Mo- C2 BD * (1) O2- Mo 12.85
BD(2) Mo- C1 BD *(2) Mo- C2 76.90 C=Mo=CTI-Tl conjugation
B LP(2) 02 BD *(3) Mo-C1 55.44 O -Mo=CO0O donation
LP(2) 02 BD *(2) Mo- C2 42.08
LP(3) 02 BD *(3) Mo- C1 61.40
BD(1) O1- Mo BD *(2) Mo-C1 26.08 O- Mo -Mo=C0 donation
BD(1) O1- Mo BD *(2) Mo- C2 24.82
BD(2) Mo- C1 BD * (1) O1- Mo 198.95 Mo=C -0O- Mo Tt back donation
BD(2) Mo- C2 BD * (1) O1- Mo 212.81
BD(2) Mo- C2 BD *(2) Mo-C1 66.40 C=Mo=CTI-Tt conjugation
BD(2) Mo- C1 BD *(2) Mo-C2 76.90

BD(1) ,BD(2) , and BD(3) denote the single bond, double bond, and triple bond, respectivdy. LP(1) , LP(2) , and L P(3) denote the

firg , second, and third long pair , repectivey.

*" denotes the corregponding anti-bond.

3
Table 3 Naturd chargesof partid atomsin active center modds
Atom Ra Rs TS TS TS Pa Pa1 Ps2
o1 1.221 -1.191 -1.191 - 1.176 -1.178 - 1.226 - 1.137 -1.211
02 1.206 -1.251 - 1.230 - 1.237 - 1.225 - 1.158 - 1.254 - 1.149
Mo 1.111 0.881 0.876 0.580 0.641 1.188 0.923 0.989
Cc1 0.720 - 0.285 - 0.539 - 0.161 - 0.298 - 0.600 - 0.173 - 0.568
c2 0.710 - 0.598 - 0.667 - 0.552 - 0.520 - 0.933 - 0.926 - 0.576
C3 _ _ - 0.971 - 0.950 - 0.938 - 1.007 0.244 0.239
R, TS, and P denote the reactant , trangtion state, and product on active center mode's, regectively.
4 Mo
Table 4 Hectron corfiguration of the Mo atom in active center modd's
Sin Ra Rs TSa TS TS Pa Pa1 Pas
- 5s(0.24) 5s(0.22) 5s(0. 25) 5s(0.27) 5s(0. 26) 5s(0.28) 5s(0.30) 5s(0.28)
- 4d(4.67) 4d(4.94) 4d(4.89) 4d(5.18) 4d(5.13) 4d(4.55) 4d(4.81) 4d(4.76)
a 5s(0.14) - 5s(0.13) - - 5s(0.14) - -
4d(2.85) - 4d(2.96) - - 4d(2.82) - -
B 5s(0.10) - 5s(0.12) - - 5s(0.13) - -
4d(1.82) _ 4d(1.94) - - 4d(1.73) - -
Numbersin parentheses are orbita occupancy.
B HOMO Mo=CH, ™ B LUMO HOMO
, Lumo T * 0.279 0.355a.u.. :
HOMO LUMO A B
-0.388 +0.118 a. u. , A LUMO HOMO LUMO
HOMO 0.312 0.323a.u.;
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HOMO ~0.237 a.u. LUMO ~0.109 a.u, C-H » H
B Mo- C c .,
3 Mo . A Mo=C
Fig 3 Contoursfor frontier orhitdsof active center modes ; B Mo=C
and their corresponding energy Mo=C , . 5
2.3 : Pa  C-H
A Mo=C2 )
, ) 4 Mo CHs CH> ; Ps1
) A B C-H B Mo=C2 ,
+1.37 - 17.63 kJ/ mol. Mo CHs CH :
, P, C-H Mo=Cl Mo
, CHs CH; .
Ra (A ) Rs (B ). v Pay Psr Pa2 42, 66

Pa Py Py,
FHg5 Product structure of CH, disciation on active center mode's
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14 kJ/ mol. . A, Mo=C1
2.4 : Mo=C2
’ 0.187 4 nm, 0.1960 nm,
- Gaussan 03 QST3  (.2108 nm. B1, Mo=Cl
' ; Mo =C2
, 3 -1257.9,
1 0.1909 nm, 0.1955 nm,
-1251.4 -1197.0cm™ ~,
. (IRC) 0.212 2 nm. B2, Mo=C2
, 0.1735 nm, 0.176 2 nm,
6 0.186 7 nm.

6
Fg6 Sructureof trandtion statesfor CH,4on active center mode's

3 , Mo 119.97, 91. 37 79. 07 kJ/ mol.
, C . C-H , 3
, HsC” Mo H* C 17 kJ/ mol. ,
. Mo 0.04 0.07e, . )
C 0.04 e. , 4 Mo ) B
5s 0.02,
4d 0. 10. A
Mo d . ,
MO . H2
5 ) , CHz, CH:
s A B CoH4 . Mo
Pa, Ps1 Ps2 BSSE ,
5
Table 5 Energy parametersof CH,on active center mode's (kJ/ mol)
Modd A Modd B
Parameter
631G * * 631G+ + * * 631G * * 631G+ + * * 631G * * 631G+ + * *
A Egs 1.37 0.05 - 17.63 - 19.66 - -
A E g 6.17 1.61 - 17.79 - 10.86 - -
A E - 42.27 - 42.46 - 66.65 - 69.00 - 14.92 - 20.03
A Ey 110.14 127.01 80.38 93.06 71.03 87.68
AFE o 119.97 136. 26 91.37 95. 25 79.07 90. 19

ads— Adsorption, rea™ Reaction, act — Activation. A E gsandA E 4 are the energy ater bass set superpostion error (BSSE) correction.
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