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Abstract 

We presenta theoretical study of the structural and energetic properties of the chemical ac- 
tivation of ethane (C,HJ in gas phase. by direct interaction with metal oxides such a s  [MO]', (M = 
Ti, Cr, Fe, Ni, Zn) and [MO]', (M = V. Mn, Co, Cu, Ga). The calculations were performed with the 
B3LYP method and the 6-31+G(d,p) basis set. The geometries were fully optimized and the 
results show that the M-O bonding energies of the charged species are lower that those of the 
neutral ones. For each series of the metal oxides. the bonding energies increase with the atomic 
number of M. The interaction between C,H6 and the MO, restricted to Cs syrnmeúy, leads to the 
formation of different (C2H,-M01 molecular complexes structures. which can be associated to the 
d electronic configuration of M. The structure of these complexes gives information about the 
preferences for the chemical activation of C,H6 by effect of the MO, that can be surnrnarized as: a) 
Ti(11)(d2), V(II1) (d2) and ~e(11)(dG), produce [C,H6-M] adsorption complexes only; b) Cr(II)(d4). pro- 
duce the alkyl and the hydride groups coordinated to the metal by a bonds (CH,CH,-Cr(O)-H); c) 
M ~ ( I I I ) ( ~ ~ )  and co(111)(d6) activate the ethane towards the formation of ethanol adsorbed on the 
metal (CH,CH,OH-M); d) N~(II ) (~ ' )  and cu(111)(d8) activate ethane to the formation of aikyl and the 
hydroxyl groups coordinated by a bonds to the metal (CH,CH2-M-OH), e) ~n(~I)(d'a) and Ga(III)(d'") 
give the formation of ethene and water adsorbed to the metal (CH,CH,-M-H,O). The charged oxide 
species give higher reaction energies than the neutral ones. 

Key words: ab initio; dehydrogenation; density functional theory methods; ethane; 
transition metal oxides. 
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Estudio teórico de las propiedades estructurales 
y energéticas de la activación de etano mediante óxidos 

metálicos neutros y cargados 

Resumen 

El presente trabajo reporta una investigación teórica sobre las propiedades estructurales 
y energéticas de la activación química de etano [C,HJ en fase gaseosa. por interacción directa 
con una series de óxidos neutros [[MO]', M =Ti, Cr. Fe. Ni. Zn) y cargados [[MOI*, M =V. Mn. Co. 
Cu, Ga) de metales de transición y de no transición. Los cálculos fueron ejecutados utilizando el 
método B3LYP con el conjunto base 6-3 l+G[d.p). Las geometrias de los OM fueron optimizadas 
y los resultados indican que las energías de enlace de las especies cargadas son mucho me- 
nores que las de los óxidos neutros. Para cada serie MO. las energias de enlace se incrementan 
con elnúmero atómico M. La interacción de C,H,con los OM. restringidaa simetria Cs. conduce 
a la formacion de diferentes complejos moleculares IC,H,-MO]. las cuales se pueden asociara la 
configuración electrónica d de M. Las estructuras de estos complejos permite observar las pref- 
erencias de la activación química del C,H,por efecto del óxido metálico. Estos resultados pue- 
den resumirse de la forma siguiente: a) Ti[Il)[d2). V(II1) [d2) y Fe(ll)[d6). producen complejos de ad- 
sorción IC,H,-MI solamente: b) Cr(ll)[d4). produce que el grupo alquil y el ión hidmro estén coor- 
dinados al metal por enlaces tipo n [CH,CH&r(O)-H): c) Mn(III)[d~ y Co[Ill)[dB) activan el etano 
hacia la formación de etanol adsorbido sobre el metal (CH,CH,OH-M); d) Ni(II)(dB) y Cu(llI)[dR) 
activatn el etano hacia la formacion de grupos alquilos y de grupos hidroxilo coordinados por 
enlaces tipo o al metal [CH,CH,-M-OH). e) Zn[I1)(dLq and Ga(lll)(d'q conducen a la formación de 
eteno y agua adsorbidos al metal (CH,CH,-M-H,O). Las especies cargadas dan valores de en- 
ergías de reacción más altos que las especies neutras. 

Palabras cíave: ab initw, deshidrogenación: etano: óxidos de metales de transición: 
teona del funcional densidad. 

1. Introduction 

The chemical conversion of light alka- 
nes to important chemical products is an in- 
tense area of experimental (1 - 3) and theo- 
retical research (4 - 6). where the permanent 
industrial necessity for light olefms requires 
new catalytic processes with the participa- 
tion of new catalytic materials and not ex- 
pensive operative conditions. Despite of ma- 
jor importance in the study of these catalytic 
processes, there is still a great controversy 
about the details of the involved mecha- 
nisms of reaction. One fundamental aspect 
in catalysis is the design and development of 
new catalytic materials and to achieve this 
goal a deep knowledge about the interaction 

between reactants and catalytic surfaces is 
fundamental. which can be assessed by 
using either accurate experimental techni- 
ques or high leve1 theoretical procedures. 

Ethane is a light aikane that can suffer 
different catalytic reactions. such  a s  
dehydrogenation for the ethylene formation, 
oxidation to give ethanol and other more 
complicated reactions. For the case of etha- 
ne. it has been shown that a great variety of 
metal oxides. such as  MgO. &O,. SiO,. CaO. 
TiO,. V,O,. Cr,O,. Mn,O,. Fe,O,. ZnO. G+O,, 
Y,O,. 210,. Nb,O,, MoO,. IqO,. SnO,. &O,. 
Ceo,. T%O, and %O,. are able to catalyze the 
dehydrogenation of C,H, (7 - 11). The 
dehydrogenation of light -es, such as 
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ethane, also can be occurs as  a reaction of 
oxidative dehydrogenation over oxide ca- 
talysts using the oxygen molecule as  oxidant 
compound. In fact. the direct conversion of 
ethane to ethylene is not commercially feasi- 
ble due to the severe required conditions of 
high temperatures. side reactions. coke for- 
mation and catalyst deactivation. For the 
case of large alkanes, cracking also occur 
(12). For these class of reactions. the equili- 
brium conversion increases at  higher tempe- 
ratures. For this reason it is irnportant the 
search of new catalytic systems that be able 
to reduce the operation temperatures that 
could help to minimize the side reactions. 

Industrially. the Cromia/alumina is 
the catalytic system employed for the purpo- 
se of the dehydrogenation of alkanes with 
the formation of alkenes (13). However, the- 
re is no definitive conclusion on the origin of 
the catalytic activity of this complex catalyst 
system. In particular, the dehydrogenation 
activity of chromia catalyst is attributed to 
the which 1s an unsaturated coordinati- 
vely and is the most abundant species at  low 
chromium contents. Also. the oxygen ions 
participate also in the reaction. In fact, the 
first step of the dehydrogenation process 
might involve the alkane adsorption with the 
participation of the oxygen ions bonded to 
the hydrogen atoms of the organic molecule 
(14). where the active site of the catalysts 
can be described a s  a Cr-O pair. 

The present work is dedicated to the 
theoretical study of the direct ethane activa- 
tion through single metal oxides M-O in gas 
phase. 

2. Computational details 
We have employed two kind of single 

metal oxides for the present study. the neu- 
tral IM0I0. where the metal M corresponds to 
M = Ti. Cr. Fe, Ni and Zn. and the charged 
ones IMO]'. where the M corresponds to V. 
Mn. Co, Cu and Ga. The geometries of these 
isolated metal oxides were optimized at  the 
Cm, symmetry. These oxides where forced to 

perform direct interaction with ethane C,H, 
until the formation of products. where both 
reactants started the interaction a t  the dis- 
tance of 1.8 A. The calculations were perfor- 
med with the Gaussian 98 (15) computatio- 
nal package by using the Hartree-Fock HF 
and B3LYP (16) hybrid method of the den- 
sity functional theory DFT. In parücular, the 
optimizations of the M 0  oxides were canied 
out with the STO-3G (A). 3-21G** (B) and 
6-31+G(d,p) (C) basis sets (17). whereas the 
optimized structure of the chemical interac- 
tion between the M0 oxides and the ethane 
molecule was s tudied  a t  t h e  
B3LYP/6-31+G(d.p) level of theory only. It is 
very important to note that these basis sets 
account for the total number of electrons in 
the metal oxide system. 

To characterize the nature of the ato- 
mic interactions a t  the critical bonds of the 
metal oxides and those ofthe final products 
of the interaction between #e metal oxides 
and ethane. calculations on the electronic 
density p(r) of these systems were perfor- 
med in the context of the theory of atoms in 
molecules of Bader et al (18) by using the 
AlMPAC package (19). With this program 
we were  ab le  t o  eva lua te  a t  t h e  
HF/6-3 l+G(d) aria B3LYP/6-31+G(d) le- 
vels of theory the topologic properties a t  the 
critical points of the p(r). such a s  the elec- 
tronic densityp(r,) and the Laplacian of the 

density VZ p(r,). The electronic density 

p(r,) of the M0 oxides and the interaction 

structures employed for the AlMPAC calcu- 
lations were constructed with the molecu- 
lar orbitals calculated with the Gaussian 
software a t  the different levels of theory. 

3. Results and Discussions 

3.1. ~ tructun.  eiectronic popi;lation 
and energetlc of the isolated metal 
oxides 

The optimized M-O bond lengths in 
Angstroms (A). the Mulliken atomic popula- 
tions expressed as  electronic chages of the 
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Metal Q(M) and the oxygen q(0) atoms. and 
the total energy of the IMOIo (M = Ti. Cr. Fe, 
Ni and Zn) are displayed in Table l. The co- 
rresponding results for the 1~01" (M = V. 
Mn. Co, Cu and Ga) metal oxides. are repor- 
ted in Table 11. All these properties were cal- 
culated wíth the HF and the B3LYP methods 
and the STO-3G (A), 3-21G* (B) and 
6-31+G(d) (C) basis sets. 

The analysis of Table 1 results show 
that no systematic trends were found for the 
optimized M-O [M0Io bond lengths in terms 
of the nature of the basis sets. However. the- 
se  effects are important for Cr. Fe. Ni and Zn 
metallic oxides and a t  HF/6-31+G(d.p) level 
it is observed that the M-O bond lengths in- 
crease drastically from Ti0 to ZnO. where 
the extension of the atomic basis function 
gives a larger spatial response to the increa- 
sing electrons in the metal oxide. I h e  B3LYP 
method induces small changes in these op- 
timized bond lengths. In this sense. we ex- 
pect that the most reasonable geometry re- 
s u l t s  a r e  obtained with t h e  
B3LYP/6-31+G(d.p) approach. Similar 
analysis can be done for the results of the 
optimized bond distances of the  metal 
oxides shown in Table 2. 1t is important to 
emphasize that for this system. the 3-21G' 
basis set give bond distances that are simi- 
lar to those calculated wíth the extended 
6-31+G(d.p) basis set. In this set of oxides, 
the M 0  bond distance decreases from to VO 
to Mn. to increase to the CuO. and after de- 
creases for the GaO. The behavior of the 
bond distances in terms of the atomic num- 
ber can be observed in Figure 1 and Figure 2 
for the IM0l0 and [Mor' oxides. respectively. 
The results show that the values of the opti- 
mized M-O bond lengths of both, the neutral 
and charged oxides. lies in the same scale of 
distance, which is from 1.5 Ato 1.75 A. 

The studied single oxides can be elec- 
tronically characterized by their Mulliken 
atomic population and their energy. which 
are also displayed in Table 1 and Table 2 for 
the lMOlo and [Mor oxides, respectively. 
The effects of the basis sets are reflected in 

these properties. Howwer. for our analysis 
will be t aken  in accoun t  the  
B3LYP/6-31+G(d,p) property results. For 
the neutral oxides. the Q(M) charges are al- 
most constants and positive. For the char- 
ged ones. these charges are also positive and 
greater than 1.0. how is expected for the 
charge of the overall oxide. Additionally. the 
energy values are in order of the expectation 
for this klnd of system and the different va- 
lues are the response of the electronic spe- 
cies. were both systems lies in the same sca- 
le of energy. 

For the studied oxides. it is important 
to account the oxygen bonding energy. 
which has been calculated by using the total 
energies of the species involved in the reac- 
tions: 

The zero point energy correction was 
used for the evaluation of these M-O bon- 
ding energies. This property can be conside- 
red as an energetic index for accounting the 
strength of the oxygen atom in the oxide 
moiety, parameter that can be used to inter- 
pret the tendencies in the interaction of the 
oxides with different organic substrates. 
The corresponding HF/6-31+G(d.p) and 
B3LW/6-31+G(d.p) results for the [MOI" 
and IMOI" oxides are reported in Table 3. In 
Figures 3 and 4 are displayed the rela- 
tionships between the bonding energy in 
Kcal/mol at B3LW/6-31+G(d.p) level and 
the atomic numbers for the [M0I0 and the 
[MO]" metal oxides. Table 3 also reports the 
d" configuration for each metal employed in 
the M0 oxides. and the ratio behveen the 
bonding energy and the number of electrons 
(n) in the d orbital. This property, referred a s  
the (E&) ratio. is a measure of the energy 
by electron that is necessary to supply to the 
metal oxide to donate the oxygen atom in a 
chemical interaction. From these results. 
the GaO an ZnO*' species are the metal ofi- 
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Table 1 
Optimized geometric parameters (bond length in A), Mulliken atomic population (electronic charges 

Q(M) and q(0) in e) and total energies (Hartrees) of the neutral metal oxides [MO]" 
(M =Ti, Cr, Fe, Ni and Zn). 

Metal oxide Method Basis set 

CrO 

ZnO 

ZnO 

ZnO 

Bond l e n e  
(M-01- 
1.590 

Charge QIM) Charge q(0) Total 
Enera- 

0.287 -0.287 -913.5983 

Ccienhfic Joiirnal from rhe Fxperimental Faculty of Cuences, 
at la Cnivcnidad del Zulla Volume 14 Spccial Number, 2006 



48 Theoretical slrrdy of the striictural and energetic properfh 
~ 

Table 2 
Optimized geometric parameters (bond length in A), Mulliken atomic population (electronic charges 

Q(M) and q(0) in e) and total energies (Hartreec) of the charged metal oxides [MO]" 
(M = V, Mn, Co, Cu and Ga). 

- ~p p~ . .. ~ -~ 
Metal oxide Method Basis set  Bond length Charge Charge Total Energy 

'M-0) Q(M) q(0) 
VO HF A 1.463 1.071 -0.071 -1006.6971 

B3LYP 

1.503 0.977 +0.023 -1008.0296 

MnO 1.441 1.398 -0.398 -1210.9635 

1.412 1 .O77 -0.077 -1212.5462 

CoO 1.514 1.249 -0.249 -1439.7049 

1.408 1.172 -0.172 -1441.2817 

CuO 1.440 1.284 -0.284 -1693.8109 

1.393 1.203 -0.203 -1695.4531 

GaO 1.358 1.312 -0.312 -1974.4681 

1.376 1.210 -0.210 -1976.1542 

VO HF B 1.522 1.508 -0.508 -1012.4418 
B3LYP 

MnO 

c o o  

c u o  

GaO 

vo 

MnO 

c o o  

cuo 

GaO 
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22 24 26 28 30 22 24 26 28 30 

Atomic Number Atomic Number 
Figure l. Relationship between the M-O Figure 3, Relationship between 

(B3LYPl6-31+G(d,p)) bond distances energy in Kcal/mol at 
and the atomic numbers of the [MOIo B3LYPI6-31+G(d,p) level and the ato- 
(M = Ti, Cr, Fe, Ni, Zn) metal oxides. mic numbers of the [Mojo (M =Ti, Cr, 

Fe, Ni, Zn) metal oxides 

22 24 26 28 30 32 
Atomic Number 

Figure2. Relationship between the M-O 
(B3LYPl6-31+G(d,p)) bond distances 
and theatomicnumbers of the [MOp 
(M=V, Mn, Co, Cu, Ga) metal oxides. 

des that  are  able to donate the  O atom easier 
than  the rest of studied compounds. 

3.2. Topologic analysis of the electronic 
density XX of the isolated metal oxides 

The charge density of the series of the 
isolated [MOIo and the [MO]" metal oxides 
has been studied by using the atoms in mole- 

-1 4 
22 24 26 28 m 32 

Alomic Number 

Figure 4. Relationship between the bonding 
energy in Kcallmol at 
B3LYP/&31+G(d,p) level and the ato- 
mic numben of the [MOI*' (M = V, 
Mn, Co, Cu, Ga) metal oxides. 

cules AIM theory through the andysis of the 
topology of the electronic density p(r). In this 
sense. the critica1 point ofthe M-O bond BCP 
has  been characterized by the evaluation at 
the position of the criticai point of both, the 
charge densityp(r,) and the Laplacian of the 
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Table 3 
M-O Bonding energy (Kcal/rnol) of the metal oxides [MO], calculated at the HF/&31+G(d,p) 

and B3LYP/6-31+G(d,p) levels of theory 

charge density V Z p ( r , ) .  The p(r , )  is a pro- 

perty that is a measure of the degree of the 
charge concentration of the bond and is an 
indication of the order of such bond. The 
VZ p(r,)  is a property that reflect if the bond 

at  the critical point is dominated by either io- 
nic or covalent interactions. These properties 
were calculated a t  the HF and B3LW with 
the 6-31+G(d,p) basis set and the correspon- 
ding results are reported inTable 4. These re- 
sults show that for the studied oxides. [M0I0 
and [MOI*' compounds. the density of charge 
p(r,)  decreases from the oxides with low 

number of d electrons to those oxides were 
the metal has high number of d electrons. In 
particular. those elements such as  Zn and Ga 
give single oxides were the charge density at  
the critical point of the M-O bond is lower 
than their corresponding homologue oxides. 
These results indicate that the ZnO and 
GaO" have the lower bond order in both se- 
ries of metal oxides. 

On the other hand. the Laplacian 
V2  p(rC) of the studied oxides have positive 

values for al1 the studied oxides indicating. 

[Mor' BonKng energy (Kcal/mol) --- -- 

HF/ B3LW/ 
6-31 +G(d.p) 6-3 l+G(d.p) 

h'ol*' -1020.7 -1165.1 
(d21 (-582.51 

that these M-O bonds are dominated by ionic 
interactions how was expected. No systema- 
tic variations was found for the p(r,) and the 

V 2  P ( rc )  with the previous studied properties 

of the oxides. However. a linear correlation 
with high correlation coefficient was found 
between the binding energy by electron and 
the p(r,) a t  HF/6-31+G(d,p) for the [M0I0se- 

ries. A similar relations hip with lower corre- 
lation coemcient was found for the cationic 
metal oxides. These results indicate that in 
some complicated way the binding e n e a  by 
electron and the degree of charge concentra- 
tion are related in the metal oxides. 

It is important to mention that the 
associated properties to p(r,) are affected by 

the electron correlation how can be seen 
from results reported in Table 4. 

3.3. Interaction between the single 
metal oxides and ethane 

In this section are presented the re- 
sults of the direct interaction between the 
metal oxides and the ethane (C,HJ molecu- 
le, thatwere detennined by the geometry op- 
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Table 4 
Topologic properties at the critica1 points of the metal oxides [MO] (total density P ( ~ )  

and Laplacian of the charge density vZp(<)) calculated at the HF/6-31+G(d,p) 
and B3LYP/6-31+G(d,p) levels of theory. 

p(rc) v2p(r,) 

IMOll" HF B3LYP HF B3LYP 

Ti0 0.337 0.295 0.64 0.81 

CrO 0.292 0.300 1.08 1.23 

Fe0 0.23 1 0.277 1.43 1.61 

N i 0  0.209 0.211 1.35 1.33 

ZnO O. 144 0.154 0.52 0.52 

IMOll'' HF B3LYP HF B3LYP 

VO 0.362 0.332 1.64 0.83 

MnO 0.414 0.365 0.67 1.10 

CoO 0.284 0.258 2.43 2.01 

CuO 0.042 0.159 0.21 1 .O0 

GaO 0.094 0.139 0.36 0.77 

timizationat the B3LYP/6-31+G(d.p) level of 
theory and the corresponding optimized 
geometric parameters (bond lengths in 
Angstroms. bond angles and bond dihedral 
angles in degrees) are reported in Table 5. 
The labels of these pararneters correspond 
to those shown in scheme 1 for the neutral 
oxides and in scheme 11 for the cationic ones. 
were the optimized structures of the final 
products of the M-O - C,H, interaction are 
displayed. 

The detailed analysis of the optimized 
parameters of the final structures of the 
M-O - C,H, interaction is not worth since 
the geometrlc point of view. However it is 
important to analyze the kind of final pro- 
duct of these interactions. In fact, these 
pictures show the way how the ethane mo- 
lecule can be activated by a direct chemical 
(or physical) interaction of a wide variety of 
single transition metal oxides. including 
Zn and Ga. A simple inspection to these 
stmctures shows that there is a close ana- 
lo@ in the kind of interaction with respect 

to the d configuration of the metal involved 
either in the neutral or cationic oxides. For 
example. Ti(ll) and V(II1) belong to the dZ 
configuration and these metals are able to 
form similar adsorbed complexes between 
the oxide and ethane. Forthe cases of Cr(ll) 
and Mn(II1) that  belong to the d' configura- 
tion. there is not similarity between the 
products. were the CrO-C,H, interaction 
activates the C-H bond with formation of 
the CH,CH,alkyl group in a complex of the 
type  H-CrO-CH,CH,. I n s t e a d .  t h e  
MnO-C,H,interaction activates the organic 
substratewith the formation of ion Mn ad- 
sorbed i n  t h e  s t r u c t u r e  of e thano l  
(Mn-C,H,OH). 

The Fe(l1) and Co(lI1) have dBconfigura- 
tion and their behaviors are is also different. 
For exarnple. the Fe0 is able to adsorb the 
ethane only without any chemical perturba- 
tion. while the CoO*' oxide activate the etha- 
ne with the subsequent formation of ion Co 
adsorbed on ethanol (Co-C,H,OHI. This inte- 
raction is similar to that of MnO". 

' 
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Table 5 
Bond lengthc (A) and bond angles (O) of the optimized final products of the interaction between the 
metal oxides [M-Ola'*' and ethane, calculated at the B3LYP/6-31+G(d,p). The labels of the geometric 

parameters correspond to those from scherne 1 for [M.O]' and scherne il for [M-O]*'. 

T i 0  VO*' CrO MnO*' F e 0  CoOA' N i 0  CuO*' ZnO GaO*' 

Bond l e n g t h s l ~  

R(1-2) 1.649 1.547 1.546 1.996 1.602 1.881 1.740 1.722 1.790 2.144 

R(1-3) 2.908 2.631 3.123 2.618 3.989 2.626 2.135 2.193 3.297 4.562 

0.968 3.597 0.989 

1.543 1.541 1.537 

1.092 1.093 1.091 

1.092 1.093 1.091 

1.128 1.093 1.128 

1.093 1.092 1.092 

1.093 1.092 1.092 

2.049 1.111 2.073 

Bond angles/" 

81.6 45.2 79.3 

61.4 159.8 62.0 

107.3 114.3 106.6 

A(5.3.6) 107.4 108.3 107.2 108.5 107.7 109.4 110.9 113.3 116.4 117.0 

A(7.4.8) 107.3 108.6 105.0 109.5 108.3 110.1 112.8 115.7 116.6 116.8 

A(9,3,5) 104.8 103.1 107.0 102.8 107.3 104.0 101.9 101.1 78.8 100.8 

A(9,3.6) 104.8 103.1 107.0 102.8 107.3 104.0 101.9 101.1 78.8 100.8 

A(10.4.7) 105.3 102.2 83.7 94.6 105.7 94.4 89.6 81.5 78.9 89.4 

A(10.4.8) 105.3 102.2 83.7 94.6 105.7 94.4 89.6 81.5 78.9 89.4 

.- -- Dihedral andes /"  -- - 

D(1.2.4.3) 0.0 0.0 180.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

D(1.3.4.7) -120.8 -120.0 -121.2 -118.8 -118.2 -117.9 -111.0 -104.1 -90.5 -92.0 

Dl1.3.4.8) 120.8 120.0 121.2 118.8 118.2 117.9 111.0 104.1 90.5 92.0 

D(1,3,4,10) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

D(2.4.3,5) 120.0 120.0 120.1 119.2 120.0 118.7 114.8 114.8 90.5 92.3 

D(2.4.3.6) -120.0 -120.0 -120.1 -119.2 -120.0 -118.7 -114.8 -114.8 -90.5 -92.3 

D(2,4,3,91 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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On the other hand. the Ni and Cu with 
formal (11) and 111 charges. respectively, have 
de coníiguration. The corresponding oxides 
of these metals interact with ethane in the 
same way giving the formation of the OH 
group bonded to the metal and the forma- 
tion of the CH,CH, alkyl group. Here it is 
worth to mention that the coordination of 
this alkyl group to the metal occurs through 
a o bond. 

For the cases of Zn and Ga that belong 
to the dko configuration. the corresponding 
oxides activate the ethane compound to the 
dehydrogenation a reaction with the forma- 
tion of ethane. In particular. the %no  activa- 
tes ethane to ethene with the formation of 
the OH group bonded to the Zn-H species. 
However, the GaO" activates the ethane 
with the formation ethene and water adsor- 
bed on the Ga ion. 

The energetic of the final products can 
be expressed from the values of the interac- 

neutral oxides. no systematic variation was 
observed between the interaction energies 
and previous studied properties. However. 
for the charged ones. the energy of interac- 
tion increases with the atomic number of the 
metal. 

3.4. Topologic analysis of the electmnic 
density p(r) of the interaction between 
the metal oxides and ethane 

From Table 7 to Table 12 are reported 
the results of the to ology of the charge den- 
slty @(r,) and VZ p&)) calculated at the po- 
sition of the critica1 point of the bond paths 
of the stnictures of the final products of 
scheme I and 11. These results show the elec- 
tronic features of the dominant atomic inte- 
ractions in the final products of the activa- 
tion of ethane from metal oxides. 

The analyses the results of Table 7 
show that for the Ti0 and VO" metal oxide 
complexes, the values of the p(r.) and . . ., 

tion energies, which values are reported in VZ p(r,) a t  the BCP of the M-O bond path are 
Table 6. This property has been evaluated at 
by using the equation not strongly aífected by the ethane interac- 

tion. This is expected due to the nature of 

Interaction energy = &(final productos) the final product that corresponds to the 

- EJmetai oxide) - E,(ethane) ethane molecule adsorbed on the metal oxi- 13' 
de. Forthe CrO-ethane (Table 8). the proper- 

where the  corresponds to  the  ties of the M-O bond remain almost constant 
B ~ L Y P / G - ~ ~ + G ( ~ , ~ )  total energy ofthe spe. after the interaction. Dueto the strong inte- 
cies. The results ofTable 6 indicate that the raction between the MnO and CoO cationic 
interaction energies are lower for the neutral SPecies with ethane, where the bond 

oledes than for the charged onrs. F~~ the broken with the formation of ethanol. the co- 

Table 6 
hteraction energy E, O<cal/mol) of the ethane molecule with the metal oxides, calculated at the 

B3LW/6-31+G(d,p) level of theory. 

IMOll" Interaction e n e a  E, IMOI" lnteraction energy E, 
~- - ( K ~ a l / ~ = i ) ~  ~~ - . .-e - (KHf m04 
[TiOIo 5 . 9 6  [Vol+' -22.86 
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Table 7 
Topologic properties at the critical points of the complexes between [Tiojo and [Vol*' and ethane 

(total densityp(?) and Laplacian of the charge density vZp(r,)) calculated at the B3LYP/6-31+G(d,p) 
level of theory. See scheme 1 and ií for labels. 

Bond path Total density Laplacian of t h m e  density 
TiO]" .I 

- ri01: . 2 9 1 " -  --¡ - IvOl--- 
111-2) 0.24 1 0.316 t0.75 t0.87 

r(1-9) 0.183 0.300 t0.71 +O. 10 

r(1-10) 0.021 0.039 +O. 15 +0.23 

r(3-4) 0.232 0.226 -0.51 -0.48 

r(3-5) 0.279 0.283 -0.97 - 1 .O3 

r(3-6) 0.279 0.283 -0.97 -1.03 

r(3-9) 0.262 0.253 -0.82 -0.75 

r(4-7) 0.279 0.284 -0.97 - 1 .O3 

r(4-8) 0.279 0.284 -0.97 -1.03 

r(4- 10) 0.268- 0 2 5 0  -0.88 - -0.73 

Table 8 
Topologic properties at the critica1 points of the complex between [CrO]" and ethane (total density 

p(c) and Laplacian of the charge density ~ ' p ( ~ ) )  calculated at the B3LYP/6-31+G(d,p) level of 
theory. See scheme 1 and 11 for labels. 

Bond path Total density Laplacian of the charge density 

d.,) v2p(rc) 

rresponding results of thep(r,) and V2 P(rc) and CuO*' interactions with ethane. the re- 

properties a t  the BCP ofthe M.O bond path Sult.5 0f toPOlo!&Y for the s~ecific M-O bond 

change strongly by effects of the interaction. path s'owl~. ma in l~  for the case 0f 

These results can be seen in Table 9. The to- NiO. which results are reported in Table 11. 

pology results for Feo-ethane interaction It is important to note at this POint that the 

are shown in Table 10. For the cases of N i 0  corresponding results of the topology for the 
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Table 9 
Topologic properties at the critical points of the complex behveen [MnO]"and [CoOI'land ethane 

(total density p($) and Laplacian of the charge density vlp(<)) calculated at the B3LYP/6-31+G(d,p) 
level of theory. See scheme 1 and 11 for labels. 

Bond path Total density Laplacian of the charge density 
v2p(rc) 

+ I  . I  
I M n o l  _ [CoOl I M ~ o ~ "  CoO]+! 

r(1-2) 0.806 0.086 +O45 +0.65 

r(1-9) 0.034 0.049 +0.30 +O. 13  

Table 10 
Topologic properties at the critical points of the complex between Fe0 and ethane (total den8sity 
P ( ~ )  and Laplacian of the charge density vlp(<)) calculated at the B3LYP/6-31+G(d,p) level of 

iheory. See scheme I and 11 for labels. 
- -- - -- - . - 

Bond path Total density* Laplacian of the charge 

- - - P(rC) - - -  density p-  v 2 d r , )  

C-C and C-H bonds of the ethane moiety are shown in Table 12. where important chan- 
similar to those of the  isolated ethane. The ges are observed for the  properties of the 
topology results for the complex of activa- bond path of these oxides. Significant effects 
tion of ethane with ZnO and GaO*' are are observed in the topology of the GaO*' 
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Table 11 
Topologic properties at the critical points of the complexes between [NiOIoand [CuO]" and ethane 

(total density p(rC) and Laplacian of the charge density) calculated at the B3LYP/6-31+G(d,p) level of 
theory. %e scheme 1 and 11 for labels. 

Bond path Total density Laplacian of the charge densi@ 
~ ( r , )  v2p(r,) 

Table 12 
Topologic properties at the critical points of the complexes behveen [ZnOIoand [GaO]" and ethane 

(total densityp(<) and Laplacian of the charge density vZp(rc)) calculated at the B3LYi'/6;31+G(d,p) 
level of theory. See scheme 1 and 11 for labels. 

-~ - ~ - 

Bond path Total density 
~ ( r .  ) 

Laplacian of the charge density 
v2o(r.) 
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Scheme 1 

Scheme ii 
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Figure 5. Relationship between the Eb/n ratio at 
B3LYPl6-31+G(d,p) and the atomic 
number of the [MOJO (M = Ti, Cr, Fe, 
Ni, Zn) metal oxides. 

Theorelicnl stiidy of the siri~ctiiral and mergelic properiies 
-- 

These results show that the topologic 
analysis of the electronic density of the com- 
plexes of interaction is able to interpret the 
nature of the interaction in processes of me- 
tal oxide - organic molecules activation. 

After the consideration of the interac- 
tion metal oxide - ethane for al1 the studied 
cases. we can rationalize the corresponding 
results in terms of both. the d configuration 
of the metal -with some exceptions- and the 
oxygen bonding energy by electron. which is 
closely associated to the charge density at  
the position of the M-O bond of the isolated 
metal oxides. For the cases of transitionme- 
tal oxides, the species with low d electrons 
interacts (high oxygen binding energy by 
electron) with ethane weakly. giving ad- 
sorption complexes only such a s  Ti and V 
oxides. Intermediate d configuration. such 
a s  da and de interact with ethane giving 
either alky group of ethanol formation. As 
are the cases of Cr(l1) for the first cases and 
Mn(II1) and Co (111) for the second one. The 
species have intermediate oxygen binding 
energy values. Metal oxides with high d con- 
figuration interact with ethane with the for- 
mation of n bonds to the hydroxyl and alkyl 
groups. which are the cases of Ni(l1) and 
Cu(l1l). For the elements that are not transi- 
tion metals, such a s  the Zn and Ga ones, the 
corresponding oxide compounds have very 
low oxygen binding energy values that also 
show the lower charge densities at  the M-O 

Atomic Number bond and a t  the s ime  time the metals 

Figure 6. Relationship between the Ebinratio at posses the higher formal d configuration 
(d'"). These oxides interact with ethane 

B3LYP'6-31X;(d'p) and the atomi' towards the formation of ethene molecuie. 
number of the [MO]" (M =V, Mn, Co, 
Cu, Ga) metal oxides. 

that are greater than the corresponding to 
ZnO-ethane complex. It is important to note 
that in these complexes the topology of the 
C-C bond path behaves a s  the correspon- 
dingfor the C=C double bond. indicating the 
formation of the ethane molecule in the inte- 
raction. 

4. Conclusions 

The structural and energetic properties 
of the complexes formed from the chemical 
activation of ethane (C,H$ with a series of 
neutral (lMOlo, M = Ti. Cr. Fe, Ni. Zn) and 
charged (IMOI*. M =V. Mn. Co. Cu. Ga) sin- 
gle metal oxides have been investigated by 
theoretical methods. using the B3LYP 
hybrid method of the density functional 
theory DFT i n  conjunct ion with the 
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6-31+G(d.p) basis set. The geometnes of 
these oxides and those of the interaction 
complexes were fully optimized. The results 
show that the M-O bonding energies of the 
charged species are much lower that the co- 
rrespondingneutral ones. For each series of 
the studied transition metal oxides, the bon- 
dingenergies increase with the atomic num- 
ber of M. The interaction between the C,H, 
molecule and the metal oxides that was res- 
tricted to Cs symmetry leads to the forma- 
tlon of different [C,H,-M01 molecular com- 
plexes which structural features can be 
associated, in some cases. to the d electronic 
configuration of the metal M. The analysis of 
the topology of the electronic density of the 
structure of these complexes is able to ex- 
plain the chemical activation of tlie C,H,mo- 
lecule by effect of the metallic oxide, giving 
important information about the atomic in- 
teractions that dominate this activation. 
These results can be summarized as  follows: 
a) Ti(II)(d2), V(II1) Id2) and Fe(lI)(de). @ve 
[C,H,-MI adsorption complexes: b) Cr(l1)(d4), 
produce the a l b l  and the hydride groups 
coordinated to the metal by 0 bonds 
(CH,CH,-Cr(0)-H); c) Mn(III)(d4) and  
Co(lII)(d6) activate the ethane towards the 
formation of ethanol adsorbed on the metal 
(CH,CH,OH-M): d) Ni(II)(dB) and Cu(lll)(ds) 
activate ethane to the formation ofalkyl and 
the hydroxyl groups coordinated by n bonds 
to the metal (CH,CH2M-OH), e) Zn(I1)[d1q 
and Ga(lII)(d'q give the formation of ethene 
a n d  water  adsorbed to the  metal 
(CH,CH,-M-H,O). The tendencies in the - - 

ethane activation can be also rationalized in 
terms of the oxygen binding energy by elec- 
tron (E,/n). property that is closely associa- 
ted to *e charge density a t  the position of 
the M-O ionic bond. Finally. the charged o>O- 
de species @ve higher reaction energies than 
the neutral ones. 
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