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Catalytic cracking of several Cs and C10 isoalkanes over a zeolite-based catalyst at 250 and 350°C 
was studied and the distributions of primary cracked products (isomerized saturated hydrocarbons 
with the same carbon atom numbers as in the feed alkane) were analyzed. Comparison of relative 
yields of the primary products showed that not only the same products were formed in cracking of 
different isoalkanes but that their distributions did not depend on the structure of the feed molecules. 
The relative yields of different primary products were found to be generally proportional to the 
thermodynamic stabilities of corresponding isoalkanes. All isoalkane products with a methyl group 
in the second positions of alkyl chains represent an exception: their relative yields are uniformly 
2-2.5 times higher than those expected from thermodynamics due to the additional stabilizing effect 
of the second methyl group on the concentration of respective carbocations. © 1991 Academic Press, Inc. 

INTRODUCTION 

The studies of catalytic cracking reactions 
of individual hydrocarbons over solid acidic 
catalysts continue to attract interest after 
over 50 years (1, 2), with respect to both 
their intimate mechanism (3-5) and the re- 
action kinetics (6, 7). When the cracking 
reactions are carried at sufficiently high tem- 
peratures, i.e., over 400°C, they generate 
numerous products; sometimes many doz- 
ens of products can be formed with broadly 
comparable yields from a single hydrocar- 
bon. A need exists to classify the products 
into at least two groups, primary and sec- 
ondary, according to a qualitative definition: 

reactant molecule ~ primary products 
(stable and unstable) 

unstable primary products ~ secondary 
products (stable and unstable) 

Best and Wojchiechowski (8) developed a 
detailed kinetic technique for discriminating 
between these four categories of products. 
For example, in their study of cumene 
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cracking in the 350-450°C range, they de- 
fined benzene, propylene and ethylbenzene 
as stable primary products, ethyltoluene 
and diisopropylbenzenes as unstable pri- 
mary products, toluene as a stable second- 
ary product, and diethylbenzene as an 
unstable secondary product (8). Such a clas- 
sification is well suited for the description 
of vigorous cracking processes that involve 
numerous C-C-bond fission and formation 
steps. However, it is less convenient for 
a detailed mechanistic analysis of cracking 
reactions of aliphatic hydrocarbons under 
relatively mild conditions. 

It is well known that catalytic cracking of 
a saturated hydrocarbon Cnn2n+2 involves 
several distinct steps that can be separately 
studied by fine-tuning experimental condi- 
tions. The first reaction step includes the 
formation of a carbocation + C,H2,+I and its 
subsequent isomerization. This step does 
not involve any net fission of the C-C bonds 
and produces no changes in the carbon atom 
number of the reactant molecule, n. Despite 
the fact that no cracking as such (breaking 
of C-C bonds) occurs at this stage, isomer- 
ization of feed alkanes should not be re- 
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garded as merely a side reaction accompa- 
nying cracking processes, but rather as the 
first intrinsic step in the cracking reaction 
sequence. The products of this step, iso- 
merized saturated hydrocarbons iso- 
CnH2n + 2, can be named the primary reaction 
products. The second reaction step includes 
the fission of one C-C bond in isomerized 
carbocations. The products of this reaction, 
saturated and unsaturated hydrocarbons Cm 
with 1 < m < n, can be called the secondary 
products of cracking reactions. 

The present article discusses quantitative 
aspects of the formation of the primary 
cracking products. Numerous examples of 
hydrocarbon isomerization in catalytic 
cracking and hydroisomerization reactions 
under mild conditions were described in the 
literature (4, 11-14). This article can be 
viewed as a continuation of these studies. 
Its main difference from the previous publi- 
cations is in the scope of feed hydrocarbons. 
In total, 17 C8 and Cm alkanes as well as 
several normal and isoalkanes with higher 
carbon atom numbers were tested. Our abil- 
ity to examine cracking reactions of numer- 
ous hydrocarbons, mostly mono- and di- 
methyl-substituted, is based on the applica- 
tion of a special microreactor technique de- 
scribed in detail in the previous article (15). 
With this technique, very small quantities 
of feeds, of the order of 0.1/zl, are sufficient 
for the analysis of cracking products. 

THEORY 

The current theory of gas-phase catalytic 
cracking over solid acidic catalysts regards 
carbocations as the active species in hydro- 
carbon cracking reactions (9, 10, 16). Ac- 
cording to the theory, the carbocations are 
formed in the interactions between adsorbed 
hydrocarbon molecules and acidic sites on the 
catalyst surface. The detailed mechanism of 
the carbocation formation in these reactions 
remains a disputed subject (10, 16-18). De- 
pending on reaction conditions, both Lewis 
and BrCnsted sites can be apparently respon- 
sible for the formation of carbocations, with 
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FXG. 1. Type A skeleton isomerization reactions of 
carbocations. 

high temperatures favoring the BrCnsted-site 
mechanism (16-18). 

Regardless of the origin of the carbo- 
cations, once formed, they usually undergo a 
series of reactions including hydride transfer, 
chain skeleton isomerization, and breaking of 
C-C bonds (9, 10, 16). The theory of these 
carbocation reactions is based on numerous 
studies performed in solution at low tempera- 
tures (9, 10, 19). The experimental data pre- 
sented in this article describe only one type 
of the carbocation reactions, the hydrocarbon 
chain isomerization. According to the classi- 
fication of Poutsma (9), two different mecha- 
nisms are responsible for the skeletal isomer- 
ization of carbocations. 

Type A rearrangement. This reaction in- 
+volves three consecutive stages, the first hy- 
dride shift, the aikyl-group shift, and the sec- 
ond hydride shift. These steps are illustrated 
in Fig. 1 using 4-methylnonane as an example. 

Type B rearrangement. This reaction pro- 
ceeds via a cyclic intermediate. It usually re- 
suits in the change in the degreeof  alkane 
branching. This rearrangement is illustrated 
in Fig. 2 using 2-methylnonane as an example. 

EXPERIMENTAL 

As described in Ref. (15), a gas chromato- 
graph (Hewlett-Packard 5880A) was used 
both as a cracking microreactor and as an 
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FIG. 2. Type B skeleton isomerization reactions of 
carbocations. 

analytical tool. A small quantity (usually from 
0.01 to 0.05 g) of a cracking catalyst was 
placed on the frit of the evaporator (a fritted 
glass tube in the injection assembly) and was 
overlaid with a small amount of an inert pow- 
der (10% OV-1 on SW/AW DMSC, ca. 0.03 
g). The catalyst was subsequently dried in a 
helium flow at 200°C for 24 h. 

To carry out a cracking reaction, the in- 
jection assembly was heated to a desired 
temperature, and 0.05 to 0.2/zl of a feed was 
injected with a microsyringe in the space 
above the catalyst layer. The feed vapor 
flowed with the helium stream and con- 
tacted the catalyst over a period of 1-2 s. 
The unreacted feed and reaction products 
immediately entered the chromatographic 
column and were analyzed. The column was 
50 m, 0.2-mm-i.d. fused silica capillary- 
coated with the 0.5-/xm film of cross-linked 
methyl silicone. Helium was used as a car- 
rier gas at a flow rate of 1 ml/min. The col- 
umn temperature was programmed to in- 
crease from 40 to 300°C at a rate of 5°C/rain. 
Peak area calculations were carried out with 
a Hewlett-Packard lab automation system. 
The calibration factors for all peak areas 
were assumed equal. 

Industrial catalyst FSS-1 (Filtrol), steam- 
equilibrated, was used for cracking of all 

hydrocarbons. Its active ingredient is the 
rare-earth-exchanged Y zeolite. The same 
load of the catalyst was usually used for 
cracking of several feed injections. All hy- 
drocarbons were suppled by Wiley Organics 
Co. The previous article (15) contains infor- 
mation on catalyst aging and on the relative 
reactivities of various alkanes in catalytic 
cracking reactions. 

EXPERIMENTAL RESULTS 

When the cracking reactions of isoalkanes 
are carried out under mild conditions, in the 
250-350°C range, the reaction products, in 
addition to an unreacted feed hydrocarbon, 
contain two types of products, isoalkanes 
with the same carbon atom number (primary 
products) and isoalkanes with lower carbon 
atom numbers (secondary products). The 
structures of the secondary products will be 
discussed in a separate report. An increase 
in temperature always results in the de- 
crease in the relative yields of the primary 
products. Figure 3 shows one example of 
primary products formed in the cracking of 
2,3-dimethyloctane at 250°C. They include 
various mono- and dimethyl-substituted C10 
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FXG. 3. Primary products formed in catalytic cracking 
of 2,3-dimethyl-octane at 250°C. 
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isoalkanes, n-decane, and several trimethyl- 
substituted heptanes (some of their peaks 
are seen to the left from the peaks of dimeth- 
yloctanes in Fig. 3). 

Tables 1 and 2 list relative yields of the 
principal primary products formed in the 
cracking of various C~0 isoalkanes at 250 
and 350°C. Two normalization procedures 
were used to calculate the relative yields. 
The first procedure uses 2-methylnonane 
as the reference compound, and the second 
procedure uses 2,6-dimethyloctane as the 
reference compound. Two reference com- 
pounds are required due to a strong overlap 
of the peaks of some products with the 
peaks of unreacted feeds (usually from 50 
to 80% of the feed remains unconverted 
in these experiments (15)). For example, 
cracking of monomethyl-substituted non- 
anes usually prevents the use of 2-meth- 
ylnonane as a reference compound. Simi- 
larly, when dimethyl-substituted isoalkanes 
are cracked, the peak of 2,6-dimethyloc- 
tane often overlaps with large feed peaks. 
Most feed isoalkanes contain, as impuri- 
ties, small quantities of other isoalkanes, 
which prevented the measurement of some 
product yields. 

In addition to the isodecanes listed in 
Tables 1 and 2, we studied several other 
C10 alkanes. N-decane has much lower 
reactivity in catalytic cracking under mild 
conditions than most C10 isoalkanes (15). It 
produces extremely low yields of primary 
cracking products. Other linear alkanes 
studied, n-C9H20, n-CI2H26, n-Cl4H30, n- 
C~6H34, and n-C17H36, also generate virtu- 
ally no primary products while yielding 
large quantities of secondary products. 2,3- 
Dimethyloctane produces very low yields 
of the primary products, the most abundant 
of which are 2,5- and 2,6-dimethyloctanes. 
3,4,5-Trimethylheptane at 250°C also pro- 
duces primary products with very low rela- 
tive yields compared to those of secondary 
products. They include, in approximately 
equal proportions, vaYious di- and tri- 
methyl-branched isoalkanes but very little 
monomethylnonane s. 

Table 3 lists the distribution of the princi- 
pal primary products formed in the cata- 
lytic cracking of several isooctanes at 
350°C. Again, the main primary cracking 
products are mono- and dimethyl-substi- 
tuted C8 isoalkanes. The yields of n-octane, 
2,2-, and 3,3-dimethylhexanes are very 
low. Similarly low are the yields of 2,3,4-, 
2,2,3-, 2,2,4-, and 2,3,3-trimethyl-substi- 
tuted pentanes (not reported in Table 3). 
Reactions carded out at 350 and 250°C 
gave generally similar results. For exam- 
ple, cracking of 2,4-dimethylhexane at 
250°C gave the following primary products 
(with the yields normalized to the yield 
of 2-methylheptane): n-octane, 0.016; 3- 
methylheptane, 0.87; 4-methylheptane, 
0.27; 2,3-dimethylhexane, 0.73; 3,4-dimeth- 
ylhexane, 0.16; 3,3-dimethylhexane, 0.02; 
and 2,2-dimethylhexane, ca. 0. 

Cracking of branched alkanes with higher 
carbon atom numbers also generates a vari- 
ety of primary products, most abundant 
among them being mono- and dimethyl- 
substituted alkanes. Figure 4 shows one ex- 
ample of the distribution of these products, 
formed in the cracking of 2-methylundecane 
at 250°C. 

QUANTITATIVE INTERPRETATION OF 
PRODUCT DISTRIBUTIONS 

Examination of Tables 1 and 2 shows 
not only that the same primary products 
are formed in the cracking of most exam- 
ined C~0 isoalkanes, but also that their 
relative yields do not depend on the struc- 
tures of the feed molecules. The same is 
true for the case of catalytic cracking of 
C8 isoalkanes (Table 3). These data indicate 
that isomerization reactions of parent car- 
bocations reach an equilibrium state under 
conditions employed, at least when the 
feed compounds are methyl-branched al- 
kanes. These results are discussed from 
two points of view: the factors that deter- 
mine the equilibrium and the reaction 
mechanisms that bring these isomerization 
reactions to equilibrium. 

We assume that the equilibrium distribu- 
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T A B L E  1 

Distr ibution o f  Pr imary Products  Fo rmed  in Catalytic Cracking of  Various  Ci0 Isoa lkanes  
at 250°C over  FSS-1 Cata lys t  

A. Internal  reference compound:  2-Methylnonane  
Feed: 2,3-Me2Cs 2,6-MezCs 2,7-Me2Cs 3,5-Me2Cs 3,6-Me2Cs Average  

Product  

n-C10 0.04 0.03 0.02 0.05 0.02 0.03( + 33%) 
2-MeC 9 1 1 1 1 1 1 
3-MeC9 0.64 0.69 0.72 0.63 0.71 0.68( + 5%) 
4-MeC 9 0.50 0.54 0.56 0.46 0.50 0.51 ( + 6%) 
5-MeC 9 0.28 0.27 0.29 0.27 0.28 0 .28(+ 4%) 
2,3-Me2C s ~ 0.70 0.80 0.71 0.72 0.73( + 4%) 
2,4-Me2C 8 + 1.05 0.96 1.15 0.95 0.95 1.01(+7%) 
2,2-Me2C8 b 
2,5-Me2C8 c 1.33 1.46 1.46 d 1.55 1.45(+ 4%) 
2,6-Me2C8 1.58 ~ d 2.15 2.28 2.00( + 14%) 
2,7-Me2C s 0.66 1.15 a a 0.92 0 .91(+ 19%) 
3,3-Me2Cs 0.01 d d 0 ~ ca. 0 
3,5-Me2Cs c 0.72 0.79 0.79 ~ 0.83 0 .78(+ 4%) 
3,6-Me2C8 0.82 1.06 1.10 1.22 ~ 1.05( + 10%) 
4,5-Me2Cs 0.05 - -  0.08 0.07 0.08 0.07( + 14%) 
3.EtCs d 0.08 0.08 0.07 0.08 0.08( + 7%) 

B. Internal reference compound:  2 ,6-Dimethyloctane 
Feed: 2-MeC9 5-MeC9 2,3-Me2C8 3,5-Me2C8 3,6-Me2C8 3-EtC8 Average  

Product  

n-Cl0 0.06 0.10 0.02 0.02 0.01 - -  ca. 0.04 
2-MeC9 a d 0.63 0.46 0.43 - -  0 .51(+ 16%) 
3.MeC9 d d 0.40 0.46 0.31 - -  0.39( + 16%) 
4_MeC9 d d 0.31 0.21 0.22 - -  0 .25(+25%) 
5-MeC9 d a 0.18 0.12 0.12 - -  0 .14(+ 19%) 
2,3-Me2C s - -  - -  ~ 0.33 0.32 - -  0.32( + 3%) 
2,4-Me2C 8 + 0.55 0.59 0.66 0.44 0.42 0.49 0 .52(+ 16%) 
2,2-Me2Cs b 
2,5-Me2C8 C 0.79 0.83 0.84 d 0.68 0.77 0.78( + 8%) 
2,6-Me2C s 1 1 1 1 1 - -  1 
2,7-Me2C 8 0.44 0.44 0.42 d 0.40 0.50 0.44( + 6%) 
3,3-Me2C8 0 0 0 0 d 0 ca. 0 
3,5-Me2C8 c 0.40 0.45 0.45 ~ 0.36 0.42 0.42( + 6%) 
3,6-Me2C8 0.56 0.54 0.42 0.57 ~ 0.37 0.49( + 16%) 
4,5-Me2C 8 0.04 - -  0.03 0.03 0.04 - -  0.04( + 14%) 
3.EtC8 d __ 0.08 0.03 0.04 ~ 0.05( + 48%) 

a Feed isoalkane.  
b Peaks  o f  these  i somers  overlap,  the  total a rea  is measured .  
¢ The  peak of  2 ,5-dimethyloctane overlaps  the  peak o f  one of  the  s tereoisomers  o f  3 ,6-dimethyloctanes .  The  

separat ion o f  the products  is carried out  under  assumpt ion  that  both 3,6-dimethyloctane s te reo isomers  are p resen t  
in equal  amounts .  

d Overlap with the feed peak prevents  est imation.  
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TABLE 2 

Distribution of Primary Products Formed in Catalytic Cracking of Various Ci0 Isoalkanes 
at 350°C over FSS-1 Catalyst 

Feed: 
Product 

A. Internal reference compound: 2-Methylnonane 
2,3-MeCs 2,6-Me2Cs 2,7-Me2C8 3,6-Me2C8 Average 

n-C10 0.02 ca. 0.10 0.04 ca. 0.10 
2-MeC9 1 1 1 1 
3-MeC9 0.72 0,59 0.75 0.73 
4-MeC 9 0.50 0.60 0.59 0.58 
5.MeC9 a 0.27 0.38 0.32 
2,3.Me2C s b 0.61 0.77 0.70 
2,4-Me2C s + 0.86 0.70 - -  0.65 
2,2-Me2Cs c 
2,5-Me2Cs a 0.98 o ~ 1.13 
2,6-Me2C s 1.58 ~ - -  1.61 
2,7-Me2C s 0.52 - -  a 0.57 
3,3-Me2Cs ca. 0 a a ca. 0 
3,5-Me2Cs d 0.53 ~ a 0.52 
3,6-Me2Cs 0.58 - -  - -  b 
4,5-Me2C s 0.04 - -  - -  o 
3-EtC8 a 0.08 ca. 0.20 ca. 0.05 

ca. 0.06 
1 
0.70( + 8%) 
0.57(+ 3%) 
0.32(+ 11%) 
0.69( + 8%) 
0.74( + 11%) 

1.05( + 7%) 
1.60( + 1%) 
0.55(+4%) 
ca. 0 
0.52(+ 1%) 
0.58 
0.04 
ca. 0.11 

Feed: 2-MeC9 
Product 

B. Internal reference compound: 2,6-Dimethyloctane 
3-MeC 9 4-MeC 9 5-MeC 9 2,3-Me2C 8 3,6-Me2Cs Average 

n-C10 0.21 - -  - -  0.10 - -  
2,3-Me2C 8 1.10 1.00 - -  - -  b 
2,4-Me2C 8 + 0.63 0.60 0.57 0.55 0.68 
2,2-Me2C 8 
2,5-Me2C8 d 0.69 0.81 0.72 0.74 0.83 
2,6-Me2C 8 1 1 1 1 1 
2,7-Me2Cs 0.42 0.43 0.47 0.49 0.44 
3,3-Me2Cs 1 1 1 1 1 
3,5-Me2Cs d 0.37 0.43 0.39 0.40 0.44 
3,6-Me2Cs 0.47 0.55 0.44 0.49 0.49 
4,5-Me2C 8 0.18 0.21 0.17 0.26 - -  
3-EtC s 0.29 - -  - -  0.23 - -  
4-EtCs 0.16 0.12 a o __ 

ca. 0.05 

0.40 

0.70 
1 
0.35 
1 
0.33 

b 

ca. 0.12 
1.05( + 5%) 
0.61(+6%) 

0.78( + 7%) 
1 
0.45(+ 5%) 
ca. 0 
0.39( + 8%) 
0.49( + 5%) 
0.20( + 15%) 
0.26( + 11%) 
0.14( + 14%) 

a Overlap with the feed peak prevents estimation. 
b Feed isoalkane. 
c Peaks of these isomers overlap, the total area is measured. 
d See footnote c of Table 1. 

t i o n s  o f  t h e  p r i m a r y  i s o a l k a n e  p r o d u c t s  a r e  

d e t e r m i n e d  b y  t h e r m o d y n a m i c  s t a b i l i t i e s  

( f o r m a t i o n  e n e r g i e s )  o f  c o r r e s p o n d i n g  a d -  

s o r b e d  c a r b o c a t i o n s .  W h i l e  t h e s e  p a r a m e -  

t e r s  f o r  h i g h  m o l e c u l a r  w e i g h t  c a t i o n s  a d -  

s o r b e d  o n  t h e  c a t a l y s t  s u r f a c e  a r e  n o t  

k n o w n ,  w e  a s s u m e  t h a t ,  i n  t h e  f i r s t  a p p r o x -  

i m a t i o n ,  t h e  f o r m a t i o n  e n e r g i e s  o f  t h e  i o n s  

a r e  p r o p o r t i o n a l  t o  t h e  f o r m a t i o n  e n e r g i e s  

o f  c o r r e s p o n d i n g  i s o a l k a n e s .  S u c h  p r o p o r -  

t i o n a l i t y  a p p e a r s  t o  b e  e s p e c i a l l y  j u s t i f i e d  

w h e n  t h e  c h a r g e  p o s i t i o n s  i n  t h e  c a t i o n s  

u n d e r  c o n s i d e r a t i o n  a r e  s i m i l a r .  F o r  e x a m -  

p l e ,  i t  s e e m s  r e a s o n a b l e  t o  a s s u m e  t h a t  
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TABLE 3 

Distribution of Primary Products Formed in Catalytic Cracking of Various C 8 Isoalkanes 
at 350°C over FSS-I Catalyst 
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Feed: 2-MeC 7 3-MeC 7 2,4-Me2C 6 2,5-Me2C 6 Average 
Product 

n-C a - -  ~ - -  0.04 0.04 
2-MeC7 + 
3-EtC6 a ~ 1 1 1 
3-MeC7 - -  ~ 0.96 0.89 0.92 
4-MeC7 - -  - -  0.30 0.28 0.29 
2,2-Me2C 6 ca. 0 ca. 0 - -  ca. 0 ca. 0 
2,3-Me2C6 - -  - -  0.53 0.49 0.51 
2,4.Me2C 6 0.74 b 0.92 b a - -  0.83 
2,5-Me2C 6 0.88 b 1.00 b c o 0.94 
3,3-Me2C 6 - -  - -  - -  0.06 0.06 
3,4-Me2C 6 - -  - -  0.19 0.12 0.16 

Note. Internal reference compound: 2-methylheptane. 
a Feed isoalkane. 
b Indirect estimations, from the [2,i-Me2C6] : [2,3-Me2C6] ratios and the [2,3-Me2C6]: [2-MeCT] ratio in the 

products of 2,4-Me2C6 cracking. 
Overlap with the feed peak prevents estimation. 

the  f o r m a t i o n  ene rg ies  o f  t w o  ca rboca -  

t ions ,  

+ 

CH3--C - -CH2--CH2--CH2--CH2--CH2--CH2--CH 3 and 
I 

CH3 

+ 

CH3--C--CH2--CH2--CH2--CH2--CH--CH3 

L I 
CH3 CH3 

paral le l  the  f o r m a t i o n  ene rg ies  o f  r e s p e c t i v e  

i soa lkanes  

CH3--CH--CH2--CH2--CH2--CH2--CH2--CH2--CH3 and 

CH 3 

CH3--CH--CH2--CH2--CH2--CH 2 -  CH--CH 3 

L I 
CH 3 CH3 

b e c a u s e  b o t h  ions  are  te r t ia ry  and  the  alkyl  

g roups  a t t a ched  to the i r  cha rge -ca r ry ing  

a t o m s  h a v e  s imilar  subs t i tu t ion  a r range-  

men t s .  

Tab l e  4 l ists  G ibbs  f o r m a t i o n  ene rg ies  for  

va r ious  C10 i soa lkanes .  T h e  A G  s va lues  for  

250 and 350°C w e r e  l inear ly  e x t r a p o l a t e d  

f r o m  the da ta  at  500, 600, and 700 K tabu-  
la ted  in Ref .  (20). T h e  AAGf va lues  (with 

r e s p e c t  to  AGy for  pa r t i cu la r  me thy l - subs t i -  

tu ted  nonanes )  w e r e  used  to ca l cu la t e  ther-  

m o d y n a m i c  equ i l ib r ium d is t r ibu t ions  o f  var-  

ious  C~0 a lkanes  at b o t h  t e m p e r a t u r e s ,  as 

exp(AAGy) va lues .  T h e  equ i l ib r ium dis t r ibu-  

jN 
+ 

d, &~ .A - 

t~ J r~. on oo 

Fro. 4. Primary products formed in catalytic cracking 
of 2-methylundecane at 250°C. 
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TABLE 4 

Gibbs Formation Energies (20) and Equilibrium Distributions of C~0 Alkanes 

Alkane 250°C 350°C 

AGf AAG/ exp(AAG s) hGf AAG/ 
(kJ/mol) (k J/tool) normalized (k J/tool) (kJ/mol) 

exp(AAGf) 
normalized 

n-Ct0 256.61 2.93 0.51 360.06 2.01 
2-MeC 9 253.67 0 1 358.05 0 
3-MeC 9 252.74 - 0.93 1.24 356.36 - 1.70 
4-MeC 9 253.38 - 0.29 1.07 357.17 - 0.88 
5-MeC 9 256.24 2.59 0.55 360.64 3.47 
2,2-Me2C s 257.05 5.18 0.46 363.74 5.69 
2,3-Me2Cs 257.14 3.47 0.45 362.05 4.00 
2,4-Me2C8 254.98 1.31 0.74 360.03 1.98 
2,5-Me2C s 252.34 - 1.33 1.36 357.65 - 0.40 
2,6-Me2C s 251.74 - 1.93 1.56 356.56 - 1.49 
2,7-Me2Cs 255.56 1.89 0.65 361.24 3.29 
3,3-Me2C ~ 258.31 4.64 0.34 364.24 6.18 
3,4-Me2C s 257.51 3.84 0.41 362.19 4.14 
3,5-Me2Cs 254.07 0.40 0.91 358.63 0.58 
3,6-Me2Cs 253.68 0.19 0.96 358.69 0.64 
4,5-Me2C s 261.53 7.86 0.16 367.72 9.66 
3-EtC8 258.74 5.07 0.31 363.14 5.08 
4-EtCs 256.40 2.73 0.54 360.55 2.59 

0.68 
1 
1.39 
1.19 
0.61 
0.33 
0.46 
0.68 
1.08 
1.33 
0.53 
0.30 
0.45 
0.89 
0.88 
0.15 
0.37 
0.62 

°aAr: = AC:- aCAZ-MeC,). 

tions for C8 isoalkanes were calculated using 
the same approach. 

Tables 5 and 6 compare the experimental 
data on the distributions of C10 and C8 
primary cracking products (averaged val- 
ues from Tables 1-3) and their thermody- 
namic equilibrium distributions. Each table 
consists of two sections. In Section A, 2- 
methyl-substituted isoalkanes are used as 
the reference compounds, whereas in sec- 
tion B monomethyl-substituted isoalkanes 
with the methyl group in the central posi- 
tion in the chain, 5-methylnonane, and 4- 
methylheptane respectively, are used as 
the reference compounds. 

The data in Tables 5 and 6 can be 
rationalized in the following way. All 
branched primary cracking products can 
be subdivided into two groups with respect 
to their relative abundance. The first group 
includes isoalkanes with a methyl group in 
the second position of the chain, i.e., 2- 
methyl-substituted isoalkanes and 2,x-di- 

methyl-substituted isoalkanes. The second 
group includes mono- and dimethyl-substi- 
tuted isoalkanes with methyl groups in all 
positions in the chains other than the sec- 
ond one. 

As follows from the Section B in Tables 
5 and 6, the experimentally determined dis- 
tributions of the isoalkanes belonging to the 
second group approximately reflect their 
thermodynamic stabilities. For example, the 
experimentally measured ratios between the 
yields of 3-methylheptane, 4-methylnonane, 
and 3,4-dimethylhexane at 350°C are 
3.2:1.0:0.6, as compared to the calculated 
ratios 3.4 : 1.0: 0.6 (Table 6B). Similarly, 
the experimentally measured ratios between 
the yields of 3-methylnonane, 4-methylno- 
nane, 5-methylnonane, 3,5-dimethyloctane, 
3,6-dimethyloctane, and 4,5-dimethyloc- 
tane at 350°C are 2.2:1.8:1.0:1.6:  
1.8:0.1, and the calculated ratios are 
2.3 : 2.0 : 1.0 : 1.5 : 1.4 : 0.2 (Table 5B). These 
data, at least on a semiquantitative level, 
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TABLE 5 

Comparison of Experimental Data on Distribution of Primary Products in Catalytic Cracking of Ci0 Isoalkanes 
(Average Values) and Thermodynamic Equilibrium Data for Cj0 Alkanes 

250°C 350°C 

Cat. cracking exp(AAGf) Cat. cracking exp(AAGf) 

A. Reference compound: 2-Methylnonane 
n-C10 0.03 0.51 ca. 0.06 0.68 
2-MeC 9 1 1 1 1 
3-MeC 9 0.68 1.24 0.70 1.39 
4-MeC 9 0.51 1.07 0.57 1.19 
5-MeC 9 0.28 0.55 0.32 0.61 
2,3-Me2C s 0.73 0.45 0.69 0.46 
2,4-Me2C 8 1.01 0.75 a 0.92 0.68 a 
2,5-Me2C 8 1.45 1.36 1.05 1.08 
2,6-Me2C 8 2.00 1.56 1.60 1.33 
2,7-Me2C8 0.91 0.65 0.55 0.53 
3,3-Me2C 8 ca. 0 0.34 ca. 0 0.30 
3,5-Me2C8 0.78 0.91 0.52 0.89 
3,6-Me2C8 1.05 0.96 0.58 0.88 
4,5-Me2C 8 0.07 0.16 0.04 0.15 
3-EtC8 0.08 0.31 0.11 0.37 
4-EtC8 0.22 0.62 

B. Reference compound: 5-Methylnonane 
n-C10 0.11 0.93 0.19 1.11 
2-MeC 9 3.57 1.82 3.12 1.64 
3-MeC 9 2.43 2.25 2.19 2.28 
4-MeC 9 1.82 1.94 1.78 1.95 
5-MeC 9 1 1 1 1 
2,3-Me2C 8 2.61 0.82 2.16 0.75 
2,4-Me2C 8 3.61 1.35 a 2.88 1.11 ° 
2,5-Me2C 8 5.18 2.47 3.28 1.77 
2,6-Me2C8 7.14 2.84 5.00 2.18 
2,7-Me2C 8 3.25 1.18 1.72 0.87 
3,3-Me2C8 ca. 0 0.62 ca. 0 0.49 
3,5-Me2C 8 2.78 1.65 1.62 1.46 
3,6-Me2C 8 3.75 1.74 1.81 1.44 
4,5-Me2C 8 0.25 0.29 0.12 0.24 
3-EtCs 0.29 0.56 0.34 0.61 
4-EtC 8 0.68 1,02 

a Peaks of 2,2- and 2,4-dimethyloctanes overlap. The equilibrium data for 2,4-dimethyloctane are used because, 
judging by the data for 3,3-dimethyl-octane and C8 alkanes in Table 6, all geminally substituted isoalkanes are 
present in the primary cracking products in very low concentrations. 

agree with the above stated assumption that 
the formation energies of different tertiary 
carbocations parallel the formation energies 
of respective isoalkanes. 

Sections B of Tables 5 and 6 show also 
that the experimentally measured fractions 
of the methyl-branched isoalkanes belong- 

ing to the first group (those with a methyl 
group in the second position of alkyl 
chains) are always higher than their respec- 
tive thermodynamic stabilities by a factor 
of 2-2.5. A possible explanation for these 
increased yields is the hyperconjugation 
effect of methyl groups in carbocations 
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TABLE 6 

Comparison of Experimental Data on Distribution of Primary Products in Catalytic Cracking of C8 Isoalkanes 
(Average Values) and Thermodynamic Equilibrium Data for C s Alkanes 

250°C 350°C 

Cat. cracking exp(AAGf) Cat. cracking exp(AAGf) 

A. Reference compound: 2-Methylheptane 
n-C8 ca. 0.02 0.53 ca. 0.04 0.68 
2-MeC 7 1 1 1 I 
3-MeC7 0.84 1.28 0.92 1.32 
+ 3-EtC6 
4-MeC7 0.27 0.36 0.29 0.40 
2,2-Me2C 6 ca. 0 0.34 ca. 0 0.26 
2,3-Me2C 6 0.73 0.27 0.50 0.26 
2,4-Me2C 6 1.50 0.64 0.83 0.59 
2,5-Me2C 6 2.13 0.63 0.94 0.44 
3,3-Me2C 6 0.02 0.24 0.06 0.21 
3,4-Me2C 6 0.16 0.20 0.16 0.22 

B. Reference compound: 4-Methylheptane 
n-C 8 ca. 0.07 1.47 ca. 0.14 1.70 
2-MeC7 3.70 2.78 3.45 2.50 
3-MeC7 3.11 3.55 3.17 3.40 
+ 3-EtC6 
4-MeC7 1 1 1 1 
2,2-Me2C6 ca. 0 0.94 ca. 0 0.65 
2,3-Me2C6 2.70 0.75 1.72 0.65 
2,4-Me2C 6 5.55 1.78 2.86 1.48 
2,5-Me2C6 7.89 1.75 3.14 1.10 
3,3-Me2C6 0.07 0.67 0.21 0.52 
3,4-Me2C6 0.59 0.56 0.55 0.55 

(19, 21), which increases relative stabilities 
of methyl-substituted carbocations com- 
pared to those of other alkyl-branched car- 
bocations. This effect, for example, ex- 
plains high stability of the (CH3)3C + 
carbocation (10, 19). In the present case, 
we assume that all 2-methyl-branched al- 
kanes are formed with relatively higher 
yields because two methyl groups are adja- 
cent to the charged carbon atom in the 
respective carbocations, whereas all other 
methyl-branched carbocations have only 
one methyl group, i.e., 

+ 

CH3- -C- -CH2- -CH2- -R  vs 
I 

CH3 

+ 

C H 3 - - C H 2 - - C H 2 - - C - - C H 2 - - C F I 2 - - C H 2 - - R .  
I 

CH3 

On the other hand, when the distributions 
of  the 2-methyl-substituted isoalkanes are 
compared separately (Sections A in Tables 
5 and 6), they again confirm the rule that the 
distributions of the primary cracking prod- 
ucts reflect their relative thermodynamic 
stabilities. For example, the experimen- 
tally measured ratios between the yields 
of  2-methylnonane, 2,3-, 2,4-, 2,5-, 2,6-, 
and 2,7-dimethyloctanes at 350°C are 
1 .0 :0 .7 :0 .9 :1 .0 :1 .6 :0 .6 ,  and the calcu- 
lated ratios are 1.0 : 0.5 : 0.7 : I. I : 1.3 : 0.5 
(Table 5A). This uniform enhancement in 
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the relative yields of isoalkanes with a 
methyl group in the second position of alkyl 
chains may also explain why such isoal- 
kanes are the principal primary products in 
the cracking of saturated hydrocarbons with 
higher carbon atom numbers (Fig. 4). 

The situation is complicated by the fact 

that tertiary carbocations, in addition to 
skeleton-isomerization reactions shown in 
Figs. 1 and 2, also participate in two other 
reactions, irreversible formation of second- 
ary cracking products (C-C bond fission) 
and reversible hydride abstraction reac- 
tions: 

Secondary cracking products 
+ /~ 

CH3--C--CH2--CH2--R 
I 

CH3 
(R--H) ~I 
CH3--CH--CHE--CH2--R 

I 
CH3 

K, + 

R'--CH2--C--CH2--R" 
I 

CH3 
(R--H) lr 

R ' - -CH2--CH--CH2--R" 
I 

CH3 

In principle, the preferential formation of 2- 
methyl-branched primary products can be 
also attributed either to slower cracking 
rates of respective carbocations or to their 
higher hydride abstraction rates. However, 
such possible differences in reactivities 
cannot be readily attributed to any struc- 
tural features of the carbocations, and 
hyperconjugation appears to be a more 
probable cause of the present experimental 
finding. 

Thus, the basic rule describing quantita- 
tively the distributions of the primary prod- 
ucts formed in the catalytic cracking of 
isoalkanes can be formulated in the follow- 
ing way: 
(a) the relative yields of different isoalkanes 
are proportional to their thermodynamic 
stabilities, 
(b) the relative yields of all isoalkanes with 
a methyl group in the second position in 
the alkyl chain are, uniformly, 2-2.5 times 
higher than those expected on the basis of 
their thermodynamic stabilities alone. We 
attribute this yield enhancement to the addi- 
tional stabilization effect of the second 
methyl group on the concentrations of re- 
spective carbocations. 

Three types of alkanes represent excep- 
tions from this rule (see Tables 5 and 6): 

1. Judging by the data for 2,2- and 3,3- 
dimethylhexanes (Table 6) and for 3,3-di- 
methyloctane (Table 5), geminally substi- 
tuted isoalkanes are formed with very low 
yields, well below the levels expected from 
their thermodynamic stabilities, 

2. Normal alkanes are also formed with 
yields much lower than those expected from 
their thermodynamic stabilities (Tables 5B 
and 6B, Figs. 3 and 4). 

3. Ethyl-substituted isoalkanes are 
formed with yields ca. 2 times lower than 
those expected from their thermodynamic 
stabilities (Table 5B). 

Analysis of possible reasons for these ex- 
ceptions provides an additional insight into 
the cracking mechanism. 

DISCUSSION 

The results of the present study are, in 
general, consistent with the mechanism of 
carbocation reactions, which includes type 
A and type B skeleton rearrangements of 
carbocations shown in Figs. 1 and 2. The 
data in Tables 1-3, 5, and 6 provide 
several quantitative details of these re- 
arrangements. 

Judging by the primary product distribu- 
tion data in Table 1, all tertiary C m carbo- 
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cations undergo complete randomization 
even at 250°C in a period of time not ex- 
ceeding 1-2 s, the estimated contact time 
(15). The fact that the same equilibrium mix- 
tures of mono- and polysubstituted isoal- 
kanes are produced independently of the 
branching degree of feed isoalkanes (Tables 
1-3) indicates that both the type A and type 
B rearrangements are fully operative under 
these conditions. 

It is known that the skeleton isomeriza- 
tions of carbocations are accompanied by 
very rapid 1-2 hydride shift reactions (19, 
22, 23): 

+ 

CH3--C--CH2~CHz--R ~----~ 
I 

CH3 

+ 

CH3--CH--CH--CHE--R .---~ 

CH3 

+ 
CHa--CH--CH2--CH--R 

CH3 

The conclusion that the equilibrium distri- 
butions of the methyl-branched primary 
cracking products reflect their thermody- 
namic stabilities (with additional effects 
due to the hyperconjugation effects of 
methyl groups) supports the notion that the 
positive charge, although it rapidly mi- 
grates along the chain, has different 
"residence times" at different carbon atoms 
and most frequently resides at tertiary car- 

bon atoms. 
Most dimethyl-substituted isoalkanes 

readily produce mixtures of monomethyl- 
substituted isoalkanes (Tables 1 and 2). This 
fact indicates that a particular B-type re- 
arrangement reaction, which reduces the 
degree of alkane branching, proceeds quite 
readily, e.g., 

+ 

R--CH--CH--CH2--R 

I 
CH3 

H ÷ 

R--CH--CH--CH2~R ~ 
\ ' /  

CH2 

+ 
R--CH2--CH2--CH--CHz--R 

However, these reactions fail to produce 
n-alkanes with yields commensurable with 
their thermodynamic stabilities. A possible 
explanation of this anomaly can be pro- 
posed if one describes relative stabili- 
ties of different carbocations in kinetic 
terms: 

Alkane Carbocation ~ Isomerized 
< carbocation 

~ Isomerized alkane 
Cracking products 

Release of an isomerized alkane from the 
catalyst surface proceeds in parallel with 
cracking of a respective carbocation and re- 
quires the H-shift from the active center. 
One can propose that secondary carbo- 
cations, precursors of n-alkanes, are very 
unstable and undergo C-C fission reactions 
much more readily than tertiary carbo- 
cations. This assumption is partially sup- 
ported by the fact that the relative yields 
of primary cracking products (isomerized 
alkanes of the same molecular weight) in 
relation to the yields of secondary cracking 
products are always substantially lower in 
n-alkane cracking compared to isoalkane 
cracking. 

The same explanation can be applied to 
account for low yields of geminally substi- 
tuted isoalkanes. Although the B-type isom- 
erization apparently can produce carbo- 
cations with such skeletons 
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+ 

C H 3 ~ C - - C H 2 ~ C H 2 - - C H 2 - - R  
I 

CH 3 
+H CH--CH2- -R 

" / . \  
C H 3 - - C - - C H  2 

I 
CH 3 

CH 3 

f + 
C H a - - C - - C H - - C H 2 - - R  

I 
CH3 

the resulting carbocations are secondary 
and hence may undergo C-C fission reac- 
tions more easily. 

Finally, the decreased relative yields of 
ethyl-substituted isoalkanes can be attrib- 
uted to the absence of the additional stabiliz- 
ing effect exerted by a methyl group 
attached to the charge-bearing carbon atom. 
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