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Abstract 

The ab initio quantumchemical investigation of the elementary steps of the catalytic isobutane 
cracking is presented. A reasonable agreement between experimental and theoretical activation 
energies is found. The obtained results demonstrate that the adsorbed carbenium and carbonium 
ions represent not the really existing reaction intermediates, but the high-energy transition states of 
the corresponding elementary reactions. This results in much higher activation energies than for 
the similar reactions in homogeneous super-acid solutions. 
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1. Introduction 

Catalytic cracking of paraffins on such solid acids as zeolites and amorphous 
silica-alumina catalysts is widely used by chemical industry for oil refining. It 
is generally accepted that this is a chain reaction, which involves adsorbed 
carbenium and carbonium ions as active intermediates [1]. The reaction mecha- 
nism is mainly supported by the study of kinetics and by the final reaction 
products. It usually includes the following main elementary steps: 

I. Chain initiation resulting in formation of adsorbed carbenium ions. This can 
occur according to any of the following elementary reactions:By protonation of 
olefins: 

H + ~ds + olefin ~ Ra+d~ (1) 

* Corresponding author. 
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By protolytic cracking of paraffins: 
+ 

Ha+as + RH --+ RIH + Rzads (2) 

By protolytic dehydrogenation of paraffins: 

Ha+ds + RH ---) H 2 + Ra+ds (3) 

II. Chain termination, which represents the reverse of the reaction (1): 

R a+ds ~ H a+ds "1- olefin (4) 

III. Chain propagation which can involve:Hydride transfer: 
+ + 

RH + Rlad~ --+ Rao s + R jH (5) 

Skeletal isomerisation of adsorbed carbenium ions: 

R+d~ --+ i _ R  + ads (6) 

Cracking of adsorbed carbenium ions: 

R+aa~ ~ R~-~as + olefin (7) 

The reverse reaction of carbenium ions with olefins resulting in oligomerisation: 

R~+d~ + olefin ~ R,H~+d~ (8) 

Considerable results in the understanding of some details of the above 
elementary steps have been recently achieved for cracking of light paraffins on 
zeolites. For these relatively simple molecules one can discriminate between 
different mechanisms of chain initiation from the distribution of the reaction 
products at conversions below 1%. Such experiments indicated that at high 
temperature and low pressure the chain initiation mainly proceeds through direct 
protonation of light paraffins according to reactions (2) and (3), which involve 
formation of adsorbed pentacoordinated carbonium ions as active intermediates 
[2]. 

For instance, for isobutane cracking on faujasites [3-10] at relatively low 
conversions the rates of reactions (2) and (3) are comparable, and the chain 
propagation mainly proceeds by hydride transfer according to reaction (5). This 
results in the chain length varying within 3 -5  depending on the reaction 
conditions [9]. The apparent activation energies of reactions (2) and (3) of 
protolytic cracking and dehydrogenation are practically equal to each other (39.6 
and 37.5 kca l /mol ,  respectively) [10]. In Refs. [11,12] a kinetic model of 
isobutane cracking was worked out, which includes 21 elementary steps. A good 
fitting of calculated reaction parameters with experimental data was obtained. 
The initial steps of n-butane and n-pentane cracking were also studied in Refs. 
[8,131. 

Kinetic regularities represent only one source of information concerning the 
mechanism of cracking. The other possibility consists in quantumchemical 
analysis of various elementary steps of the reaction. This was, however, done 
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only in a quite few published papers, which are mainly devoted to the study of 
adsorbed carbenium ions. For instance, it was concluded in Ref. [14] that these 
species represent the activated complexes, whereas the real surface intermediates 
resulting from ethene interaction with bridging hydroxyl groups of zeolites are 
the covalently bonded alkoxides. The latter species are formed from the surface 
w-complexes through the carbenium-ion-like transition state, which strongly 
resembles in geometry and charge distribution the classical ethyl carbenium ion. 
In Ref. [15] the similar conclusion was made for formation of surface sec-propyl 
and tert-butyl fragments. 

The adsorbed nonclassical carbonium ions were also a subject of quantum- 
chemical investigations. In Ref. [16] the conception of carbonium-ion-like 
transition states was applied to hetero-isotope exchange of CD 4 with protons of 
zeolites. An attempt to use the "ab initio" quantumchemical calculations for 
analysis of protolytic cracking and dehydrogenation of ethane according to 
reactions (2) and (3) was done in Refs. [17,18], and of dehydrogenation of 
methane in Refs. [18,19]. The corresponding activation energies were found to 
be very high. This looks, however, quite natural, since cracking and dehydro- 
genation of ethane are certainly very difficult reactions. Consequently, more 
realistic models involving higher hydrocarbons should be also discussed. Indeed, 
the possible pathways of n-butane cracking were speculated in Ref. [20] and 
analysed by means of semi-empirical calculations in Ref. [21]. 

The aim of this paper is the "ab initio" quantumchemical study of the nature 
of adsorbed carbenium and carbonium ions and of their role in the most of the 
above mentioned elementary steps. This was done for the isobutane cracking on 
zeolites, which involves the adsorbed tert-butyl carbenium and carbonium ions. 
Both of these species are most often considered as the active intermediates in 
acid-catalysed transformations of light paraffins. 

Below we will discuss the mechanism of chain initiation according to 
reactions (1), (2) and (3), of the chain termination according to reaction (4), and 
of the chain propagation via hydride transfer according to reaction (5). On the 
other hand, the skeletal isomerisation of tert-butyl fragment (6) is obviously of 
no interest. Therefore, among the above elementary steps only reactions (7) and 
(8) will remain outside the scope of this paper. 

2. Models and computational details 

The "ab initio" quantumchemical calculations were performed with the 
GAUSSIAN-92 program [22]. Due to the relatively large size of the hydrocar- 
bon fragments (up to 8 carbon atoms for hydride transfer), the BrCnsted acid 
sites of zeolites were modelled by the simplest H(OH)AI(OH) 3 cluster (dif- 
ferences in activation energies calculated with this smallest cluster and larger 
H 3Si(OH)A1H2OSiH3 cluster were estimated for small hydrocarbon fragments). 
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The geometries of the investigated structures were fully optimised at the SCF 
theory level using the standard 6-31G* basis set [23-25]. The gradient tech- 
nique [26] was applied for these optimisations. The transition state structures 
were found by minimising the gradient norm. Analytical frequency calculations 
were performed in order to verify the nature of the obtained stationary points. In 
addition, intrinsic reaction coordinate method (IRC) [27] was applied for passing 
from each transition state to the initial and the final products. 

Single point calculations were carried out for the optimised structures, in the 
frame of second-order M~ller-Plesset perturbation theory [28] with a 6-31 + + 
G * * basis set. Corrections for zero-point energy (ZPE) obtained from fre- 
quency calculations were included in final activation energies and enthalpies 
(unscaled frequencies were used). The potential-fitted atomic charges obtained 
according to the CHELPG scheme [29] at the HF/6-31 + + G* * / / 6 - 3 1 G *  
level, were applied for the analysis of the charge distribution in the calculated 
structures. 

Total energies of the investigated structures, zero-point energies and imagi- 
nary frequencies for transition states are collected in Table 1. 

Below for designation of particular atoms in the structures under discussion 
we shall use the line numbers (for example C2), whereas the underline numbers 
will be used for designation of the atomic groups (for example CH 3 is a methyl 
fragment). 

3. Results 

3.1. Chain initiation by protonation of isobutene 

The energy diagram of the isobutene interaction with the surface bridging 
hydroxyl groups of zeolites reconstructed from the results of our calculations is 
depicted in Fig. 1 a. The geometries of the reaction intermediates and that of the 
resulting alkoxide groups are presented in Fig. 2. The most important parameters 
of the corresponding structures are also collected in Table 2. 

In accordance with earlier calculations performed for ethene [14,31] and for 
propene and isobutene [15], the reaction starts with the formation of the 
w-complex. This elementary step does not require any activation energy and is 
exothermic at the MP2/6-31 + + G* * / / 6 - 3 1 G *  level (with ZPE corrections) 
by 7.4 kcal/mol.  This is slightly less than the values of 8.2-11 kcal /mol  
calculated in Ref. [15] with different basis sets. Only minor changes in both 
cluster and isobutene geometry take place when the w-complex is formed. The 
positive charging of adsorbed olefin is also quite small ( + 0.078e). It is mainly 
connected with electron density transfer to the proton of the bridging hydroxyl, 
since the positive charge of the latter decreases by 0.082e. 

Then the ~-complex is transformed into a covalently bonded tert-butyl 
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Fig. 1. Energy profile for protonation of isobutene. (a) Results of our calculations. (b) Estimations of 
Engelhardt and Hall. Reproduced with permission from Ref. [30], Copyright 1995 Academic Press, Inc. 

group. The conclusion about the covalent nature of the C-O bond in this most 
o 

stable final structure follows from the short C-O distance of 1.458 A, from the 
geometry of tert-butyl fragment with near-tetrahedral (close to 109 °) angles at 
the tertiary carbon atom, and from an only moderate positive charge of the alkyl 
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Fig. 2. Protonation of isobutcne. 

group of +0.441e. The reaction is exothermic by 13.4 kcal/mol.  This is close 
to the heat effects of 7.3-11.3 kca l /mol  obtained from quantumchemical 
calculations in Ref. [15]. 

The transformation of the w-complex into a covalently bonded surface 
tert-butyl fragment occurs through a transition state TS-I of Fig. 2 with an 
activation energy of 22.7 kcal/mol.  This is somewhat less than the value of 
30.1 kca l /mol  obtained from quantumchemical calculations in Ref. [15]. The 
difference is most likely accounted for different basis sets and cluster dimen- 
sions used in Ref. [15] and in our work. 

The general features of the w-complex transformation into alkoxide are in full 
agreement with earlier calculations [ 14,15,31 ]. Indeed, the geometry of the TS-I 
transition state of Fig. 2 resembles that of the classical tert-butyl carbenium ion. 
This follows from the much higher positive charge of the tert-butyl fragment of 
+ 0.821e than that of the covalently bonded alkoxide ( +  0.441e). In addition, 
the C4H 9 group becomes almost flat as it should be expected for a classical 
tert-butyl carbenium ion (the sum of angles C2-C1-C3,  C2-C1-C4,  and 
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Table 2 

Relevant H F / 6 - 3 1 G *  geometrical parameters and atomic charges for free cluster, isobutene, w-complex, 
transition state for isobutene protonation, and surface tert-butoxide 

Free cluster Isobutene w-complex TS-I Surface tert-butoxide 

d ( A I - O l )  1 .979 - 1 .958 1 .813 1 .722 

d ( A 1 - O 2 )  1 .720  - 1 .723 1.771 1 .946  

d ( O 1 - H l )  0 . 9 5 4  - 0 .961  1 .400 2 . 6 5 5  

d ( H l - C 1 )  - - 2 . 5 1 9  

d ( H l - C 2 )  - - 2 .311 1 .262  1 .082 

d ( O 2 - C  1) - 4 .091 2 . 5 7 5  1 .458 

d ( C 1 - C 2 )  - 1.321 1.328 1.401 1 .524  

~ A 1 - O 1 - H I  106 .4  - 115.3  109.5  

4 C 2 - C 1 - C 3  - 122.3  122.3  120 .2  111.9  

4 C 2  C 1 - C 4  - 122.3  122 .0  120.5  111 .6  

~ C 3 - C 1 - C 4  - 115 .4  115.7  118.7  112.3  

q ( O l )  - 0 . 7 3 5  - - 0 . 7 2 3  - 1.021 - 1 .019  

q ( O 2 )  - 1 .054 - 1 .039  - 1.021 - 0 . 6 6 4  

q ( H 1 )  + 0 . 4 6 0  - + 0 . 3 7 8  + 0 . 4 8 0  + 0 . 1 1 8  

q ( C l )  - + 0 . 2 4 5  + 0 . 3 3 0  + 0 . 7 4 9  + 0 . 7 0 9  

q ( C 2 )  - - 0 . 6 6 9  - 0 .641  - 0 . 7 0 7  - 0 . 3 2 9  

q(fragm. C 4 H  8) - 0 .0  + 0 . 0 7 8  - - 

q ( f r a g m .  C a l l  9)  - - - + 0 . 8 2 1  + 0 . 4 4 1  

Distances in A; angles in deg; potential-fitted (according to the CHELPG scheme at the H F / 6 - 3 1  + + 

G * * / / 6 - 3 1 G  * level) charges in units of electron charge. 

C 3 - C 1 - C 4  is almost equal to 360°). Finally, the C - O  bond in the transition 
state (2.575 A) is considerably longer than in the covalently bonded alkoxide 
(1.458 ,~). 

The cyclic structure of such a transition state indicates the bifunctional nature 
of the active site. Indeed, its Br0nsted acid part protonates the adsorbed olefin, 
whereas the interaction with the neighbouring basic oxygen converts the proto- 
nated hydrocarbon into the final surface alkoxide. This is assisted by the 
"switching" of the A1-O bonds of the cluster, which are almost equally long in 
the transition state, but considerably differ from each other in the initial and the 
final structures (in both cases the A1-O bond with three-coordinated oxygen is 
longer). 

The energy diagram of Fig. la very much resembles the one of Fig. lb which 
was recently discussed for the interaction of olefins with surface OH groups of 
zeolites by Engelhardt and Hall in Ref. [30]. Indeed, in both cases the reaction 
follows the same sequence of elementary steps with close values of heat effects 
or activation energies: olefin ~ w-complex (heat effects of 7.4 or 9 kcal /mol  
respectively); w-complex ~ surface alkoxide (heat effects of formation from 
olefin and the hydroxyl group are equal to 20.8 and 20 kcal /mol  with activation 
energies of 15.3 and 12 kcal /mol  respectively). 

On the other hand, both these schemes strongly differ in the interpretation of 
the nature of the adsorbed carbenium ions. According to our and other previous 
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quantumchemical calculations these species represent the transition states, 
whereas Engelhardt and Hall consider them as metastable reaction intermediates 
with a lifetime which is dependent on the acid strength of the OH groups from 
which these species were formed (the stronger are the OH groups the longer is 
the lifetime of such carbenium ions and the more chemically active they are). 

The former conception is certainly more realistic than the traditional interpre- 
tation of the adsorbed carbenium ions as really existing reaction intermediates, 
when the difference between these ionic species and the surface alkoxides is 
even not considered and the role of w-complexes in the formation of carbenium 
ions is even not discussed. On the other hand, the quantumchemical approach 
certainly makes the next step in the understanding of the real mechanism of the 
carbenium ion reactions, since it provides information on the geometry of 
carbenium-ion-like transition states and on the nature of their interaction with 
the surface. The results of calculations also present a reasonable estimation both 
of the heats and activation energies of the elementary steps with participation of 
these species. 

3.2. Chain termination 

The chain termination according to reaction (4) represents the decomposition 
of the tert-butoxide group into isobutene and bridging hydroxyl. This is the 
reverse of Eq. (l). The reaction coordinate mainly involves the stretching of the 
C - O  bond, which makes it more polar and the tert-butyl fragment more 
positively charged. Simultaneously the alkyl group declines toward the neigh- 
bouring oxygen of the cluster due to hydrogen bonding of one of the methyl 
groups with this basic site. On the top of the activation barrier the hydrogen 
bond is the strongest, whereas the positive charge of the tert-butyl fragment is 
the highest. This is the same "carbenium-ion-like" transition state as that one 
already discussed in the previous paragraph. The calculated activation energy of 
the tert-butyl alkoxide decomposition into isobutene and the bridging hydroxyl 
is equal to 36.1 kcal /mol .  This is in good agreement both with the value of 
36.84 kcal /mol ,  which was used for modelling of isobutane cracking in Refs. 
[10-12], and with that of 41.4 kcal /mol  obtained from the quantumchemical 
calculations in Ref. [15]. 

3.3. Protolytic cracking 

This reaction is found to be similar to protolytic cracking of ethane [17], since 
it starts with a proton attack at the C - C  bond of isobutane. The C4Hll fragment 
in the transition state TS-II of Fig. 3 (see also Table 3) is oriented almost 
perpendicularly to the O1-A1-O2 plane. By the high total positive charge of 
+ 0.909e and geometry it very much resembles a nonclassical C4H~- l carbonium 
ion, where the isopropyl and the methyl groups are connected with each other by 
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Fig. 3. Protolytic c racking  o f  isobutane.  

Table  3 

Relevant  H F / 6 - 3 1 G *  geometr ica l  parameters  and  a tomic charges  for  free cluster,  isobutane,  transit ion state 

for  isobutane cracking,  and  surface sec-propoxide 

Free cluster Isobutane TS-II  Surface sec-propoxide 

d ( O 1 - H 1 )  0 .954 - 1.705 - 

d ( O 2 - C l )  - - 3 .242 1.447 

d ( H 1 - C 1 )  - - 1.321 - 

d ( H l  - C 2 )  - - 1.256 - 

d(C 1 - C 2 )  - 1.531 1.859 - 

~ C  1 - H  1 - C 2  - - 92.3 - 

~ ( C  I - C 2 ) - ( O  1A102) - - 86.4 - 

q (H 1) + 0 .460 - + 0 .427 - 

q(C1)  - + 0 . 5 3 2  + 0 . 2 3 3  + 0 . 5 0 4  

q(C2)  - - 0 . 3 0 1  - 0 . 3 5 1  - 

q( f ragm.  C H  3) - 0 . 1 4 3  + 0 . 1 5 3  - 

q( f ragm.  C 3 H  7) - + 0 . 1 4 3  + 0 . 3 2 9  + 0 . 3 9 3  

q( f ragm.  C 4 H 11 ) - - + 0 .909 - 

Distances in ~,; angles  in deg; potential-f i t ted (accord ing  to the C H E L P G  scheme at the H F / 6 - 3 1  + + 

G * * / / 6 - 3 1 G  * level) charges  in units of  electron charge.  

Values  for  CH4:  d ( C - H ) =  1.084; q ( C ) =  - 0 . 3 4 0 ;  q ( H ) =  + 0 . 0 8 5 .  
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the hydrogen atom (the most important HF/6-31G * geometry parameters of the 
free carbonium ion are: d(C1-C2) = 3.546 A; d(C1-H1) = 3.234 A; d(C2-H1) 
= 1.086 ,~, L C 1 - H 1 - C 2  = 94.4°). One can also distinguish a strongly per- 
turbed positively choarged methane-like fragment (Q(CH 4) = + 0.580e) with the 
stretched by 0.172 A C2-H1 bond, that is formed in the reaction. 

On the other hand, due to the hydrogen bonding of the bridging H 1 atom with 
the O1 basic oxygen of the cluster ( d ( O 1 - H 1 ) =  1.705 ~,), the adsorbed 
carbocation has a high positive charge on this hydrogen atom of + 0.427e (the 
charge of the bridging hydrogen atom in the free carbocation (sec-C3Hv-H- 
CH~), calculated according to the CHELPG scheme at the HF/6-31 + + 
G * * / / 6 - 3 1 G  * level, is equal to + 0.056e). Relatively weaker hydrogen bonds 
with the surface oxygens are also formed by the three other hydrogens (H2, H3 
and H6 in Fig. 3). This results in polarisation of corresponding C - H  bonds. 
Therefore, the positive charge of the H3 hydrogen of the methyl group directed 
towards the surface of +0.211e is somewhat higher than those of the H4 
(+0.146e)  and H5 (+0.147e)  hydrogens directed from the surface. Similarly, 
the positive charge of the H6 hydrogen directed towards the surface ( + 0.102e) 
is higher than that of the H7 ( + 0.084e) and H8 ( + 0.065e) hydrogens. This also 
indicates the polarisation of the hydrocarbon fragment due to interaction with 
the surface. 

The decomposition of this transition state occurs by abstraction of methane 
and by the approach of the isopropyl fragment to the basic 02  oxygen of the 
cluster. This results in the surface sec-propyl alkoxide and similar to reactions 
(1) and (4) demonstrates the bifunctional BrCnsted acidic-Lewis basic nature of 
the active site. 

The reaction of protolytic cracking of isobutane is practically thermoneutral 
with an activation energy of 57.5 kcal/mol.  This is much lower than the earlier 
reported [17] value for cracking of ethane of 93.4 kcal /mol  obtained with the 
3-21G basis set and with only partial geometry optimisation. Therefore, we 
reproduced our previous calculations for ethane at the MP2/6-31 + + 
G* * / / H F / 6 - 3 1 G *  level with full geometry optimisation. In this case the 
activation energy for ethane cracking was found equal to 80.3 kcal/mol.  This is 
still much higher than for isobutane cracking, and should be explained by the 
more difficult formation of the adsorbed methylcarbenium-ion-like fragment in 
comparison with the sec-C3H 7 carbocation. 

3.4. Dehydrogenation 

The reaction path for protolytic dehydrogenation is depicted in Fig. 4 (see 
also Table 4). The geometry of the TS-III transition state for this reaction is 
quite different from the previous ones. It rather indicates a protolytic attack at 
the H2 hydrogen atom of the isobutane than at the C1-H2 bond. The resulting 
activated complex resembles a polarised hydrogen molecule placed between the 
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Fig. 4. Protolytic dehydrogenation of isobutane. 

Table 4 
Relevant HF/6-31G* geometrical parameters and atomic charges for free cluster, isobutane, transition state 
for isobutane dehydrogenation, and surface tert-butoxide 

Free cluster Isobutane TS-III Surface tert-butoxide 

d(OI-H 1) 0.954 - 1.667 - 
d(Ol-C1) - 3.432 1.458 
d(H1-H2) - 0.783 - 
d(C l -H2) 1.089 1.817 - 
d(C1-H1) 2.216 - 

(C 1-H1)-(OIAIO2) - - 70.9 - 
q(H1) + 0.460 - + 0.231 - 
q(H2) - - 0.109 - 0.187 - 
q(C 1) - + 0.532 + 0.759 + 0.709 
q ( f r a g m .  C 4 H 9 )  - + 0.109 + 0.872 + 0.441 
q(fragm. C4HI1) - - +0.914 - 

Distances in A; angles in deg; potential-fitted (according to the CHELPG scheme at the HF/6-31 + + 
G * * / /6 -31G * level) charges in units of electron charge. 
Value for H2: d(H-H) = 0.730. 
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tert-butyl carbenium ion and the negatively charged cluster. Indeed, the H1 atom 
has a positive charge +0.231e, whereas the H2 atom is charged negatively 
(Q(H2) = -0.189e).  This results only in a small total charging of the abstract- 
ing H 2 fragment ( + 0.042e), and in an only slightly longer (by 0.053 ,~) H1-H2 
distance with respect to the free hydrogen molecule. At the same time, the 
tert-butyl group in such a transition state has a very high positive charge of 
+ 0.872e. The protolytic dehydrogenation is endothermic by 6.9 kcal/mol.  

The intrinsic reaction coordinate analysis [27] shows that after abstraction of 
the hydrogen molecule, the tert-butyl group moves to the O1 oxygen atom, i.e. 
to the same oxygen which was connected in the initial cluster with the acidic 
proton. Consequently, protolytic dehydrogenation could not be considered as a 
concerted reaction. On the other hand, the hydrogen bonds of a hydrocarbon 
fragment with basic O2 and 03 oxygen atoms of the cluster (d(O2-H6) = 2.109 
,~; d(O3-H3) = 2.163 ,~) are quite important for the geometry of this transition 
state. Therefore, as in the case of transition state for protolytic cracking, the 
hydrogen atoms directed towards the surface have somewhat higher positive 
charges than other hydrogens. For example, the H3 hydrogen has a charge of 
+ 0.266e, whereas that of the connected to the same C2 carbon H4 and H5 
hydrogens are only + 0.127 and + 0.123e, respectively. 

One can rationalise the difference between the transition states of dehydro- 
genation and cracking in the following way. In case of dehydrogenation the 
proton attack results in polarisation of the C1-H2 bond with a displacement of 
electronic density from the carbon towards the hydrogen atom. This is in 
contradiction with electronegativities of these atoms. In addition, in the transi- 
tion state of dehydrogenation the positively charged central carbon atom of the 
tert-butyl fragment is rather far from the negatively charged active site due to 
the steric repulsion of three methyl groups, whereas the sec-propyl fragment in 
the transition state for cracking is closer to the cluster. The two latter factors are 
unfavourable for dehydrogenation with respect to cracking. As a consequence 
we obtained an activation energy for dehydrogenation of 66.8 kcal/mol,  which 
is considerably higher than that obtained for cracking of 57.5 kcal/mol.  

On the other hand, the comparison of these figures with the published 
experimental values indicates, however, some discrepancy since in Ref. [10] the 
activation energies for cracking and dehydrogenation were found almost equal. 
Therefore, we performed a search of alternative pathways for the dehydrogena- 
tion reaction. 

At first, we have found a transition state, which is similar to TS-III, but with 
two hydrogen bonds with the same oxygen atom 02. The corresponding 
activation energy was, however, only by 0.7 kcal /mol  higher than for the 
pathway discussed above. This difference is practically insignificant. Therefore, 
we shall not specially discuss this pathway. 

We also considered a direct isobutane dehydrogenation resulting in isobutene 
and free surface hydroxyl instead of surface tert-butoxide. The corresponding 
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Fig. 5. Protolytic dehydrogenation of isobutane with direct formation of isobutene. 

Table 5 
Relevant H F / 6 - 3 1 G  * geometrical parameters and atomic charges for free cluster, isobutane, transition state 
for isobutane dehydrogenation with direct formation of isobutene, and isobutene 

Free cluster Isobutane TS-IV Isobutene 

d ( O 1 - H  1) 0.954 - 1.643 - 
d (H1-H2)  - - 0.785 - 
d ( H 2 - C  1 ) - 1.089 1.180 - 
d ( C I - C 2 )  - 1.531 1.468 1.321 
d (C2-H3)  - 1.087 1.112 - 
d (O2-H3)  - - 1.831 - 
q(H 1) + 0.460 - + 0.359 - 
q(H2) - - 0.109 - 0.335 - 
q(C 1 ) - + 0.531 + 0.710 + 0.245 
q(C2) - - 0.301 - 0.437 - 0.669 
q(H3) - +0 .054  +0 .318  
q(fragm. C 4 H l J ) - - + 0.897 

Distances in ,~; angles in deg; potential-fitted (according to the CHELPG scheme at the HF/6 -31  + + 
G * * / / 6 - 3 1 G  * level) charges in units of  electron charge. 
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TS-IV is depicted in Fig. 5 (see also Table 5). It represents a concerted reaction. 
Indeed, the acidic HI hydrogen of the cluster abstracts the H2 hydrogen atom 
from the isobutane molecule as a "hydride ion" (the charge on this atom in the 
transition state is -0.335).  Simultaneously the H3 hydrogen atom moves as a 
"proton"  towards the 02  oxygen. The zeolite surface does not change during 
this elementary reaction and only acts as a "conductor" of the proton. 

One should, however, note that unlike the other transition states, the TS-IV 
was found with some geometry restrictions. Namely, two carbon atoms C 1 and 
C2 were kept in the O1-A1-O2 plane. This resulted in 3 imaginary frequencies 
instead of one for other transition states. An attempt to release all degrees of 
freedom resulted in rearrangement of this transition state into the discussed 
above TS-III. 

The activation energy of direct dehydrogenation is equal to 74.7 kcal /mol ,  
being by 7.9 kca l /mol  higher than for the above discussed pathway resulting in 
the surface tert-butoxide. Consequently, the latter pathway appears to be the 
optimum among the above investigated protolytic dehydrogenation reactions. 

Such a pathway of isobutane dehydrogenation is similar to the one previously 
discussed for dehydrogenation of ethane and methane in Refs. [18,19]. On the 
other hand, the activation energy of 66.8 kcal /mol  for isobutane dehydrogena- 
tion is much lower than that of 94.8 kcal /mol  previously obtained in Ref. [18] 
with the 3-21G basis set and only partial geometry optimisation. Therefore, we 
reproduced the previous calculations for ethane dehydrogenation at the MP2/6-  
31 + + G *  * / / H F / 6 - 3 1 G *  level with full geometry optimisation. The ob- 
tained value of 83.8 kcal /mol  makes the difference in activation energies for 
ethane and isobutane dehydrogenation more reasonable. 

3.5. Hydride transfer 

Unlike protolytic cracking or dehydrogenation, hydride transfer is a sec- 
ondary reaction. Therefore, the experimental study of this elementary step is 
more difficult and direct data concerning the activation energy of the hydride 
transfer with participation of surface tert-butoxides are absent. The only avail- 
able estimation of this value of about 30 kcal /mol  was made in the papers on 
modelling of isobutane cracking [11,12]. There are also some indications that the 
activation barrier of the hydride transfer should be somewhat lower than for 
dehydrogenation or cracking, i.e. less than 40 kca l /mol  [10]. 

Below the hydride transfer was studied for the degenerated reaction between 
surface tert-butoxide and isobutane: 

+ + (5a) t-C4H9sur f + i -CaHlo ~ i-C4Hlo + t-C4H9sur f 

The reaction starts with the isobutane attack at the C - O  bond of the 
covalently bonded tert-butyl alkoxide. This results in a considerable increase of 
the C - O  distance and in the change of the tert-butyl group orientation relative 
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Fig. 6. Hydride transfer from isobutane to surface tert-butoxide. 

Table 6 

Relevant HF/6-31G* geometrical parameters and atomic charges for surface tert-butoxide, isobutane, and 
transition state for hydride transfer 

Surface tert-butoxide Isobutane TS-V 

d(O2-C 1 ) 1.458 3.809 
d(CI-H1) = d(C5-HI)  - 1.089 1.292 
&CI-H1-C5 - - 179.8 
~(C 1-C5)-(O 1A102) - - 68.8 

q(H1) -0.109 -0.146 
q(C1) = q(C5) + 0.709 + 0.532 + 0.646 
q(fragm. C4H9) +0.411 +0.109 +0.572 
q(fragm. CsHI9) - - +0.998 

Distances in A; angles in deg; potential-fitted (according to the CHELPG scheme at the HF/6-31 + + 
G * * / / 6 - 3 1 G  * level) charges in units of electron charge. 

to the active site in such a way that two of its methyl groups form hydrogen 
bonds with O1 and 0 2  oxygen atoms of the cluster (Fig. 6, Table 6). Such a 
perturbation is much stronger than in the course of tert-butyl alkoxide formation 
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or decomposition according to reactions (1) and (4), since the total positive 
charge of the hydrocarbon fragment is very high ( + 0.998e). In other words, the 
tert-butyl group becomes even more "carbenium-ion-like" than in the transition 
state of the surface alkoxide formation or decomposition. On the other hand, due 
to the different orientation relative to the cluster, the resulting unstable carbe- 
nium ion instead of being adsorbed by the neighbouring basic oxygen abstracts 
the hydride ion from the attacking isobutane molecule. This results in a 
symmetric (symmetry C 2) transition state TS-V depicted in Fig. 6. 

The geometry and charge distribution in the hydrocarbon fragment of such an 
activated complex also very much resemble those of the nonclassical carbonium 
ion resulting from protonation of the central C-C  bond in hexamethylethane. 
The positive charge is equally distributed between both tert-butyl fragments, 
whereas the charge of the hydrogen atom which links these groups is slightly 
negative (-0.146e) .  The hydride nature of this bridging hydrogen is also 
evident from the longer C -H  bond of 1.292 A in comparison with the normal 
C-H bond length of 1.089 A. 

Four hydrogen atoms in such transition state (H2, H5, H11 and H14) form 
weak hydrogen bonds with surface O1 and 02 oxygens (d (O1-H2)=  d(O2- 
H11) = 2.162 A; d(O1-H5) = d(O2-H14) = 2.297 A). This interaction deter- 
mines the geometry of the transition state and results in higher positive charges 
of hydrogen atoms involved in the hydrogen bonds. For example, q(H2)= 
+0.170e, while q(H3)= +0.091e and q(H4)= +0.068e. 

Thus, despite the TS-V transition state for the hydride transfer similar to the 
TS-II transition state for the isobutane cracking arises from the protonation of 
the C-C bond of an alkane and also has a very high positive charge on the 
hydrocarbon fragment, both hydrocarbon fragments quite differently interact 
with the zeolite surface. Indeed, in TS-II the H1 hydrogen atom has a high 
positive charge and strongly interacts with an oxygen atom of the surface. On 
the contrary, in TS-V the H1 hydrogen atom has a negative charge and, 
therefore, practically does not interact with the surface. This results in different 
pathways of decomposition of these activated complexes: the first one involves a 
proton transfer between the cluster and the hydrocarbon, whereas the second one 
the intermolecular transfer of a hydride-like hydrogen atom. 

The calculated activation energy of hydride transfer is equal to 48.4 kcal/mol.  
This is considerably higher than the value of about 30 kcal /mol  used for 
modelling of isobutane cracking in Ref. [11]. One has, however, to bear in mind 
that the latter model implied some very rough assumptions. 

4. Discussion 

The comparison of our results with available literature data is given in Table 
7. The main disagreement consists in the somewhat higher values of the 
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calculated activation energies of protolytic cracking (2), dehydrogenation (3) 
and hydride transfer (5) in comparison with those experimentally measured in 
Ref. [10] or obtained from modelling of kinetics in Ref. [11]. However, one has 
to bear in mind, that for protolytic cracking and dehydrogenation the experimen- 
tally measured values are the apparent activation energies. Therefore, they 
should be increased for the heat of isobutane adsorption of about 12-14 
kcal /mol  [32,33]. In addition, the smallest H(OH)AI(OH) 3 cluster used in our 
calculations has the lower acidity than the real zeolite. Therefore, we tested the 
influence of the increase of the cluster dimensions on the activation energies of 
the above three reactions. This was done for the simplest model cases of ethane 
protolytic cracking, ethane protolytic dehydrogenation and for hydride transfer 
from methane to surface methoxide (see Table 8). The data of this table show 
that at the MP2/6-31 + + G* * / / H F / 6 - 3 1 G *  level the activation energies 
calculated with the larger H3Si(OH)A1HzOSiH 3 cluster are by 4-5  kcal /mol  
lower than with the smallest H(OH)AI(OH) 3 cluster. At the HF/6 -  
31G * / / H F / 6 - 3 1 G *  level this difference is even larger (6-9 kcal/mol).  It is 
clear that one can expect a similar decrease of activation energies for transfor- 
mations of isobutane as well. 

The account of both these corrections makes the discrepancy between calcu- 
lated and experimental values quite small. Thus, the "ab initio" cluster quan- 
tumchemical calculations reasonably describe the activation energies and heat 
effects of the main elementary steps of isobutane cracking. 

However, it is even more significant that our results provide a much better 
understanding of the real nature of adsorbed carbenium and carbonium ions and 
of their role in some elementary steps of cracking than the classical approach. 
This circumstance is particularly important, since even in the very recent 
publications the carbenium ions are still considered as really existing relatively 
stable intermediates. For instance, when modelling the kinetics of isobutane 
cracking in Ref. [11], they were not even discriminated from the covalently 
bonded surface alkoxides. Therefore, the steady state coverage of active sites by 
adsorbed tert-butyl carbenium ions was estimated as high as 30%! 

Only quite recently it was demonstrated that the real stable intermediates in 
the heterogeneous acid-catalysed transformations of hydrocarbons on zeolites 
are the covalently bonded alkoxides or surface esters (see Refs. [34,35] and 
references therein). These species are the precursors of adsorbed carbenium 
ions, which are formed by partial dissociation or stretching of C - O  bonds in the 
surface esters. Similar to the above discussed mechanism of the chain termina- 
tion according to reaction (4) this results in separation of charges and in 
formation of transition states with "carbenium-ion-like" alkyl fragments. 

Initially this conclusion was based on the IR study of proton transfer from 
surface BrCnsted acid sites to adsorbed hydrocarbons [34]. Later it was also 
confirmed by quantumchemical calculations [14,15,31] and more recently by the 
13C MAS NMR measurements [36,37]. The above results provide further 
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convincing evidences supporting these idea. The quantumchemical calculations 
also confirm that even in the case of the tert-butyl carbenium ion the ion pair 
represents not the short lived metastable complex as was postulated in Ref. [30], 
but the real transition state [34,38]. Therefore, the different reactivity of ad- 
sorbed species depends not on their lifetime on the surface, but on the height of 
the activation barrier connected with formation of corresponding transition 
states. 

Together with previous publications [17-19], the present paper gives also a 
much better understanding of the real nature of adsorbed nonclassical carbonium 
ions. These species also are high-energy transition states resulting from the 
proton attack at C - C  or C - H  bonds of paraffins according to reactions (2) and 
(3) or arising from interaction of paraffins with perturbed surface alkoxides as in 
the case of hydride transfer (5). The geometry and charge distribution in such 
"carbonium-ion-like" transition states even in more extent resemble those of 
the corresponding free ions and their formation requires even higher activation 
energies than for the "carbenium-ion-like" transition states resulting from 
protonation of alkenes. 

It is very important that, neither the adsorbed carbenium ions, nor the 
adsorbed carbonium ions could be considered as free species, since they are 
strongly electrostatically bonded with the surface. For instance, according to our 
estimation, the abstraction of the tert-butyl carbenium ion from the top of the 
activation barrier in reaction (4) requires an additional energy of about 4 eV. 
Close electrostatic interaction energies were estimated for adsorbed carbonium 
ions involved in the transition states of the reactions (2), (3) and (5). 

Such a strong Coulomb interaction substantially modifies the geometry and 
the reactivity of adsorbed species. For instance, it explains the perpendicular 
orientation of the positively charged hydrocarbon fragments towards the O1-  
A1-O2 plane of the cluster in transition states TS-II of cracking or in TS-V of 
the hydride transfer as due to diminishing of steric hindrances and to the more 
efficient interaction of positive and negative charges. At the same time, both 
these transition states arising from protonation of the C-C  bond, strongly differ 
from each other due to different type of interaction of the hydrocarbon fragment 
with the surface. Indeed, in TS-II the H1 hydrogen atom interacts with surface 
oxygen and the reaction coordinate corresponds to the proton transfer from the 
surface hydroxyl group to the hydrocarbon. Unlike this, in TS-V the hydrogen 
atom H1 does not interact with the surface and is transferred from the approach- 
ing hydrocarbon molecule moves as a "hydride ion" to the surface hydrocarbon 
fragment. 

It is also very important that both the above calculated activation energies and 
those experimentally measured for the high temperature transformations of 
paraffins on zeolites are considerably higher than those obtained for the similar 
reactions in super-acid solutions [39]. Indeed, the activation energies for pro- 
tolytic cracking of neopentane with formation of methane and tert-butyl cation 
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in an HF-SbF 5 solution is equal to 21 kcal/mol [40] and only to 14 kcal/mol in 
an HSO3F-SbF 5 solution [41]. The activation energy of protolytic dehydrogena- 
tion of isobutane in the HF-SbFs system reported in Ref. [42] is equal to 18.3 
kcal/mol, whereas for hydride transfer from isobutane to the tert-butyl cation in 
a S O 2 - C H z C l z - A s F  5 solution only to 3.6 kcal/mol [43]. All these figures are 
much lower than for the high temperature reactions on zeolites. 

This difference should be accounted for the strong Coulomb interaction of 
adsorbed species with the surface resulting in considerably higher activation 
energies in heterogeneous catalytic reactions than in liquid super-acids. Thus, 
the commonly used mechanism, when the reactions of adsorbed carbenium and 
carbonium ions are considered in a similar way as those for free carbocations is 
certainly a very crude simplification. 

5. Conclusions 

The "ab initio" quantumchemical calculations performed for cracking of 
isobutane resulted in reasonable values of heat effects and activation energies of 
the main elementary steps of this reaction. The calculations also demonstrated 
that both the adsorbed tert-butyl carbenium ions and isobutyl carbonium ions 
represent not the reaction intermediates, but the transition states of correspond- 
ing elementary reactions. Although the geometry and charge distribution in such 
activated complexes very much resemble those of free carbocations, the ad- 
sorbed species are strongly held at the active sites by Coulomb interactions. This 
results in different structures of the transition states for different elementary 
reactions and modifies the reactivity of the adsorbed species in comparison with 
free carbocations. 
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