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The method and equations previously developed for conformational analysis of linear alkanes are 
used to calculate the free energy differences between heavily coiled (four gauche bonds or more) 
and extended forms. Since a gauche bond is similar in its steric requirements to a methyl side 
chain, it follows that chain straightening is a required step (preequilibrium) for the reaction of linear 
alkanes inside the channels of small- and medium-pore zeolites. Any energy advantage from 
attractive van der Waals interactions with the walls of the channels can be gained only after the 
chain uncoils. For a 20-carbon chain the preequilibrium retards the reaction inside the pores 
relative to that on the external surface by at least four powers of ten. Two other factors acting in the 
same direction are a requirement for proper orientation to enter the channel (worth one order of 
magnitude for C20) and the retarding effect of constraining a molecule inside the channel on the 
cracking reaction itself. The observed selectivities require either that the intrinsic activity of sites 
within channels be many orders of magnitude higher than that of sites on the external surface, or 
that the normal alkanes reacting in the coiled form have an intrinsically higher reactivity toward 
cracking than the branched isomers, and the reactions occur predominantly on the external surface 
of the zeolite crystal for both types of chains. © 1990 Academic Press, Inc. 

I. INTRODUCTION 

Preferential cracking of linear alkanes in 
mixtures with their branched isomers has 
been reported on small-pore (1) and me- 
dium-pore zeolites (2). Such a substrate dis- 
crimination has been explained by the con- 
cept of shape selectivity (3), which 
considers that the locus of catalysis for the 
conversion of alkanes is the interior of the 
zeolite channels. According to this model 
the zeolite exhibits selectivity when the 
size of its channels matches the size of the 
normal chain (actually the van der Waals 
diameter of the latter) (3), or the size of the 
activated complex for the conversion of the 
straight chain (3c). It is generally consid- 
ered that a medium-pore zeolite like ZSM-5 
accepts and cracks within its channels a 
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normal or monomethyl-substituted alkane, 
but it excludes a dimethyl-substituted chain 
(3c). 

Discrimination by size is well understood 
for equilibrium processes; it is the basis of 
the molecular sieve effect of zeolites. 
Cracking on zeolites was introduced, how- 
ever, to achieve selective removal under ki- 
netic control of n-alkanes from a mixture 
(1), with the understanding that the selec- 
tivity is determined by the locus of reac- 
tion: on the exterior of the crystal for 
branched isomers, inside the channels for 
the linear ones. In the present paper we 
present theoretical arguments that indicate 
a very strong bias for linear chains toward 
reaction on the exterior surface of the zeo- 
lite crystal, rather than inside the channels. 
Three factors determining this preference 
are discussed, in the order of the impor- 
tance of their contribution to this prefer- 
ence: the conformational preequilibrium 
existing for the reaction inside the chan- 
nels, the orientation of the reactant mole- 



SHAPE SELECTIVITY IN CRACKING OF LONG-CHAIN ALKANES 35 

cule colliding with the solid surface, and the 
mechanism of the cracking reaction. 

II. T H E  C O N F O R M A T I O N A L  
P R E E Q U I L I B R I U M  

For the analysis of a kinetically con- 
trolled process it is not important whether a 
molecule from the fluid phase in equilib- 
rium with the zeolite prefers a certain loca- 
tion, but whether the overall rate for the 
reaction occurring at that location is greater 
than the rate of the reaction taking place in 
another region of the catalyst. In the con- 
sideration of reaction rates inside the zeo- 
lite channels, the conformation and the 
conformational changes of the reactant 
molecule at the reaction temperature are 
important. 

For any chain of four carbon atoms the 
central bond can exist in two types of con- 
formation: anti and gauche. As pointed out 
previously (4), a linear alkane is admitted in 
the channel in its extended, all-anti confor- 
mation (5). In terms of space requirements 
the existence of a gauche conformation 
along the chain is similar to the existence of 
a methyl branch (4). Presence of more 
gauche bonds has a greater effect than the 
presence of an equivalent number of methyl 
substituents, since the chain folds upon it- 
self. Therefore, the gauche conformations 
should uncoil before entering to react 
within the channels. Any energy advantage 
from attractive van der Waals interactions 
with the walls of the channels (5) can be 
gained only after the chain uncoils. The 
overall reaction within the channels is de- 
scribed by 

RH (coiled) ~ RH (all-anti) (1) 

RH (all-anti) -o RH (confined) (2) 

RH (confined) ~ products (3) 

in which the cracking itself is preceded by 
the conformational equilibrium and by the 
diffusion into the channel. The reaction on 
the external surface of the catalyst 

RH (coiled) ~ products (4) 

does not require any readjustment of con- 
formation (or diffusion into the crystal, for 
that matter). The coiled chain can interact 
sideways with the active centers. 

The equilibrium constant for Eq. (1), K = 
[all-anti]/[coiled], enters as a factor in the 
overall rate constant for the conversion of 
normal alkanes inside the zeolite channels: 

kint = ki'nt K. (5) 

By contrast, the rate for the reaction oc- 
curing on the outside surface 

kext = k~xt (6) 

is not affected. In Eqs. (5) and (6), k are the 
measured rate constants, k' are the intrinsic 
rate constants on the active sites, and the 
subscripts " int"  and "ex t "  refer to the in- 
terior (channel) surface and exterior sur- 
face, respectively. For a complete treat- 
ment, the effect (also retarding) of Eq. (2) 
upon kint may be introduced as well in Eq. 
(5). 

The value of K is obtained from the free 
energy differences between the conform- 
ers. As discussed previously (4) the steric 
energies obtained by molecular mechanics 
calculations (6-8) are a good measure of the 
enthalpy differences, whereas the entropy 
differences are determined statistically by 
the number of conformers that have the 
same steric energy. To deduce K it is neces- 
sary to count all the conformers and to 
evaluate their relative steric energy (differ- 
ences in strain). 

A detailed conformational analysis of 
straight chains was presented elsewhere 
(4). A summary of the results of that work 
is given in the Appendix. It is found, for 
instance, that the coiled forms of hexane 
are preferred by 2.9:1 at 400 K and by 
4.9 : 1 at 550 K. 4 This variation comes from 
the fact that the extended form is favored 
by enthalpy and coiled form by entropy, 
which becomes the dominant factor at 
higher temperature. 

4 The values obtained without  the symmetry  correc- 
tion of entropy [2.0:1 and 2.9: 1, respectively (4)] 
were too low. 
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For the evaluation of shape selectivity, 
the conformers with two or more gauche 
bonds (i > 2 as defined in the Appendix), 
equivalent to molecules with two methyl 
branches or more, should be considered. 
We chose, however, a more stringent case, 
and calculated the free energy differences 
between the all-anti conformer on one side 
and the forms with i = 4 and higher on the 
other side. We note that these coiled chains 
are equivalent in their steric requirements 
to heavily branched isomers: a hydrocar- 
bon with four methyl branches, 2,6,9,14- 
tetramethylpentadecane (pristane), is gen- 
erally considered a prototype of highly 
branched alkanes. 

The value of K for the preequilibrium 
[Eq. (1)] is temperature dependent. The in- 
terval indicated in publications dealing with 
processes for selective conversion of 
straight-chain alkanes is 450 to 950°F (1, 
2c). We chose for our evaluation a temper- 
ature at the lower end of that interval, 550 
K (530°F). The free energy differences be- 
tween the conformers with i > 4 and the all- 
anti conformers at that temperature are 
represented as a function of the size of the 
alkane in Fig. 1. The correlation starts with 
heptane, the shortest chain that can have 
four gauche bonds. 

From Fig. 1 it can be seen that already 
for undecane, the heavily coiled conform- 
ers are favored over the all-anti form by 4.4 
kcal/mol. For a 20-carbon chain this prefer- 
ence should be in excess of 10 kcal/mol, 
which translates into a rate factor of about 
10,000 retarding the reaction inside the 
channels (after uncoiling of the alkane 
chain) relative to the reaction of the coiled 
alkane on the external surface of the zeolite 
crystal, at 550 K. At higher temperature 
this preference is more pronounced. More- 
over, as indicated in the Appendix, the free 
energy preferences for coiled isomers 
shown in Fig. 1 are actually too low. 

Selective conversion of normal alkanes 
significantly larger than C20 is sought or 
claimed in some industrial processes (1, 
2c). For chains of such lengths the barrier 
which the conformational preequilibrium 
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FIG. 1. Free energy differences between coiled (n --- 
4) and all-anti forms of normal alkanes. 

places before conversion inside the chan- 
nels should be enormous. 

III. ORIENTATION OF THE REACTANT 
MOLECULE COLLIDING WITH THE 

SOLID SURFACE 

To react, a molecule from the gas phase 
has to collide with the catalyst surface. It 
has been discussed in the literature that the 
orientation of the reactant molecule relative 
to the pattern of distribution of active sites 
on the catalyst surface can determine the 
rates and selectivities of catalytic reactions; 
the term of landing area was proposed (9). 

Similar constraints exist in the case dis- 
cussed here. The alkane molecule can enter 
a pore if it arrives at the pore opening. If it 
comes into contact with the surface be- 
tween pores, it can react on an acid site 
present in a five- or six-membered ring on 
the surface of the crystal. The relative 
probability of the two events is determined 
by the structure and geometry of the cata- 
lyst particle. For a hexagonal distribution 
of pores (10), a pore diameter of 5.4 ,~ (11), 
and a distance between the centers of two 
adjacent pores of 8 /~, the ratio of pore 
opening area to the remainder of the exter- 
nal surface area (small rings) is 1 : 4. 
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On the other hand, even when a molecule 
of n-alkane "lands" on a pore opening, it 
can enter the channel only if the end of the 
chain faces the pore. Otherwise it has to sit 
on the landing spot until it reorients itself, 
or is converted by an acid site existing at or 
near the pore opening. The chain orienta- 
tion effect reduces the rate of reaction 
within the channels relative to the reaction 
on the exterior of the crystal by a factor 
which increases with the chain length. It 
can be approximated by the ratio between 
the number of methylene groups and the 
number of methyl groups in the chain, that 
is, 1/5 for dodecane (two methyl groups and 
l0 methylene groups), 1/9 for a 20-carbon 
chain (eicosane), and 1/19 for a 40-carbon 
chain. 

It is possible that there is a reservoir of 
adsorbed molecules on the surface and 
within the pores. 5 This pool being at steady 
state, however, the rate-determining step of 
the overall reaction is not changed. The en- 
tropy-governed preference for the coiled 
forms at high temperatures exists in the liq- 
uid phase as well as in the gas. Therefore, 
the retarding effect of both the conforma- 
tional preequilibrium and the orientation of 
the reactant molecule on the surface should 
still be manifested. 

Another possibility is that the interaction 
energy of the hydrocarbon with the crystal 
surface is stronger than the van der Waals 
interactions and this interaction with the 
surface could lead to uncoiling. 5 Such a 
stronger interaction, however, would be a 
polar interaction, and should lead to cata- 
lytic conversion on the surface. Even 

though some selectivity might be mani- 
fested by the pore opening area of the crys- 
tal (12) it is not of the type that discrimi- 
nates against branched or coiled chains. 

IV. MECHANISM OF THE 
CRACKING REACTIONS 

Two mechanisms, differing by the nature 
of the rate-determining step, were proposed 
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a few years ago for the cracking of alkanes 
on zeolites (13). (a) At lower temperatures 
(e.g., 623 K) the rate-determining step was 
said to be the hydride transfer between a 
carbocation and a hydrocarbon molecule, 
followed by cracking in a fast step. (b) At 
higher temperatures (723 K and above) the 
cracking step becomes rate determining, 
and is preceded by a fast preequilibrium in- 
volving only the catalyst and a molecule of 
substrate. 

For mechanism a, it has been established 
(14) that hydride transfer is sterically de- 
manding and requires proper orientation of 
the species that exchange the hydride. 
Transfer between two secondary positions 
would require distortions of the donor and 
acceptor chains that the narrow pores can 
hardly accommodate. In case b, the crack- 
ing step, which has a positive activation en- 
tropy and activation volume, should be 
slower in the strictly confined state of the 
chain in the channel than on the external 
surface. Besides, mechanism b prevails at 
temperatures at which the effect of the con- 
formational preequilibrium (K above) is ex- 
ceedingly high. 

We do not think that the proposed depar- 
tures (13) from the normal mechanism of 
catalytic cracking have been satisfactorily 
demonstrated. 6 The general mechanism of 
cracking on catalysts that promote carbo- 
cationic reactions consists of a rate-deter- 
mining reaction between the catalyst and 
substrate, followed by a reaction chain of 
cracking and hydride transfer steps (15). 
Even for the general mechanism, however, 
the retarding effects of confinement inside 
the channels on hydride transfer and crack- 
ing steps should reduce the overall rate by 
shortening the reaction chain. The diffusion 
limitations [Eq. (2)] also represent a serious 
impediment to a chain reaction within the 
channels. No such adverse effects exist for 
the reaction on the outside surface. 

6 Reactivity differences at temperatures as high as 
811 K were reported in Ref. (3c) and assigned to steric 
constraints on the "bulky bimolecular transition 
state." 



38 Ft~d*.CA$IU, HUTCHISON, AND LI 

In any case, the effect of the cracking 
reaction mechanism on selectivity should 
be the least important factor, since the con- 
formational preequilibrium and, to a far 
lesser extent, the orientation requirement 
for penetration into the pores should essen- 
tially determine the preference for reaction 
of n-alkanes on the exterior surface. 

V, CONCLUSION 

The importance of conformational effects 
in catalysis was long understood qualita- 
tively. A quantitative evaluation of these 
effects in reactions of n-alkanes was made 
possible by the development of the method 
and equations for counting of conformers 
(4). We found that conformational energies 
become overwhelming for long chains. 

As mentioned in the Introduction, molec- 
ular sieve effects in equilibrium processes 
on small- and medium-pore zeolites are still 
expected at the temperatures discussed 
here (550 K). At higher temperatures, the 
entropy effects should control the entire 
process, and equilibrium molecular sieve 
effects should vanish. Thus, from a method 
based on equilibration of a zeolite with a 
flow of hydrocarbons diluted with He, it 
was found that at steady state the ratio of n- 
hexane to 3-methylpentane in the pores of 
ZSM-5, in equilibrium with a 1 : 1 mixture 
of the two in the gas flow is 28 at 293 K, but 
only 4 at 403 K. The variation is due mostly 
to the decrease in the amount of the linear 
isomer in the pores (16). This is understand- 
able, because the branched isomer has 
fewer conformations available and its con- 
formational energy is, therefore, less tem- 
perature dependent (4). From the published 
results (16) one can predict that at higher 
temperatures, the amount of linear isomer 
in the pores should be zero. 

Cracking on zeolites was introduced to 
achieve selective removal of n-alkanes un- 
der kinetic control (1). Our analysis argues 
strongly against the existence of a kinetic 
molecular sieving effect at any temperature 
substantially higher than room tempera- 
ture. There is no question, however, that 

ZSM-5 does crack n-alkanes preferentially, 
whereas H-Y, for example, does not show 
such a selectivity. Therefore, other possi- 
ble causes of the observed selectivity for 
conversion of straight-chain alkanes over 
their branched isomers should be seriously 
considered: 

1. Selectioity is determined by the ratio o f  
internal to external surface o f  the zeolite. 
Despite the bias of n-alkanes toward reac- 
tion on the external surface of the crystal, 
their cracking could take place predomi- 
nantly inside the channels if the internal 
(channel) surface area were larger than the 
external crystal surface by a factor signifi- 
cantly greater than the numbers that can be 
derived from Sections I I - IV (at least 105 for 
C20). The relative contribution of active 
sites on the external and internal surface of 
zeolites has been discussed in the literature 
(17, 18)7; the internal to external surface 
area ratio required to produce the selectivi- 
ties reported for alkane cracking (1-3) 
would be achieved for 3- to 5-ram individual 
crystals (18). It turns out, however, that in 
the applications that concern us here, the 
opposite tendency has been manifested. 
Zeolites with crystal sizes of 100 ,~ or less 
are made and employed industrially (19). 
Thus, the selectivity cannot originate in the 
ratio of internal to external areas. 

2. Chain uncoiling and channel pentra- 
tion are concerted. A molecule that satis- 
fies the orientation requirement (cf. Section 
III) can be visualized as slowly penetrating 
the channels as it unwinds. In this case, (a) 
most of the reactions should occur on the 
sites outside and around the pore openings, 
or in a layer 5-7 • thick; (b) the catalyst 
should not be more selective for long 
straight-chain molecules than for branched 
chains with linear ends or side chains of five 
or six carbon atoms. As an example, no- 
nane, which can penetrate with both ends 
into the channels, could be no more than 

7 This possibility was discussed for the discrimina- 
tion between n-alkanes and dimethyl-substituted al- 
kanes in Ref. (3c). 
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twice as reactive as 2,2-dimethylheptane, 
which can penetrate only with one end of 
the chain. This prediction is at variance 
with the experiment (3c). 

3. The intrinsic activity o f  a site inside the 
channel is higher than that o f  a site on the 
exterior surface by many orders o f  magni- 
tude. At this time, however, there is no ex- 
perimentally established structural feature 
of zeolites that substantiates such a behav- 
ior. One should note that the nature of ac- 
tive sites does not differ in the interior from 
the exterior of crystals. Any crystal grows 
by the deposition of material from solution 
on a surface (20). In the case discussed 
here, the template cations are deposited on 
the surface and the cages or channels grow 
around them. 

4. The reactions o f  both branched and 
linear long-chain alkanes occur largely on 
the external surface. The selectivity should 
then originate in a higher intrinsic reactivity 
of the linear chains (reacting in the coiled 
form) on the zeolite surface. Observed dif- 
ferences in selectivity between medium- 
and large-pore zeolites should then be pro- 
duced not by the size of the channels, but 
by other factors. There is no need to em- 
phasize that differences in pore size be- 
tween different types of zeolites always 
come together with other chemical and 
structural differences, such as number, 
nature, and strength of acid sites and 
intervention of one-electron transfer 
mechanisms. This aspect of the structure- 
reactivity relationship for zeolite catalysts 
certainly warrants more extensive investi- 
gation. 

Of the alternatives considered, the first is 
the least probable. Whatever our prefer- 
ence may be among the other possibilities, 
a clear-cut choice cannot be made by theo- 
retical modeling alone. Some experiments 
could test our hypothesesS: 

--Maintain A1 content and distribution con- 
stant and vary the crystal size. 
--Maintain the crystal size constant and 
vary the AI content. 

--Modify the AI concentration gradient of 
crystals of equal size by enriching and by 
depleting the crystal surface of aluminum. 

Other experimental approaches can be con- 
ceived as well, and we are currently investi- 
gating some of the possibilities. Other re- 
searchers, perhaps better equipped than us, 
might find the pursuit of these questions in- 
teresting. 

A P P E N D I X  

The number of conformational isomers 
(rotamers) of an alkane was calculated (4) 
as a function of the chain length expressed 
by the parameter n (number of relevant 
bonds, equal to the number of carbon atoms 
of the chain minus 3): 

For even n (n = 2m), 
N = 3'~(3 m + 1)/2. (7) 

For o d d n ( n = 2 m  + 1), 
N = 3m+1(3 m + 1)/2. (8) 

Thus, butane (n = 1) has 3 conformers 
(rotamers), dodecane (n = 9) has 9963, 
hexadecane (n = 13) has 798,255, eico- 
sane (n = 17) has over 64.5 million, etc. 

Also the number of rotamers with a given 
count of gauche bonds, i, in a straight chain 
with n relevant bonds was obtained as 

• l r i  p~,=½17] x 2 i + ~ ,  (9) 

in which [~], "n chooses i" ,  indicates in 
how many ways i gauche bonds can be 
placed in n "slots"  (relevant bonds). It can 
be expanded as n!/i!(n - i)! 

The correction term, r~, is zero for a 
combination of n even and i odd. In all 
other cases it is given by 

i lint{n/2}] 2int{(i+ 1)/2} 
r n = i_int{il2} J X ( 1 0 )  

where i n t { . . . }  means the integer part of 
the fraction. 

From these equations we found, for in- 
stance, that decane (maximum number of 
gauche bonds possible i = n = 7) has 146 
conformers with i = 3,286 conformers with 
i = 4, 348 conformers with i = 5,228 con- 
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TABLE 1 

Steric Energy Increments per gauche Bond (kcal/mol) 

Alkane n 0g --* lg lg ~ 2g 2g --~ 3g 3g ~ 4g 4g ~ 5g 5g ~ 6g 6g ~ 7g 7g ~ 8g 

Pentane 2 0.90 0.72 
Hexane 3 0.91 0.76 0.64 
Heptane 4 0.90 0.78 0.63 0.68 
Octane 5 0.90 0.81 0.65 0.59 
Nonane 6 0.89 0.82 0.70 0,59 
Decane 7 0,90 0.83 0.72 0.60 
Undecane 8 0.90 0.83 - -  - -  

0.74 
0.58 0.77 
0,56 0,59 0.82 
- -  - -  0.67 0.83 

formers with i = 6, and 72 conformers with 
i = 7. For the not much longer chain of 
tridecane (n = 10), there are 480, 1700, 
4032, 6760, 7680, 5800, 2560, and 528 con- 
formers with 3, 4, 5, 6, 7, 8, 9, and 10 
gauche bonds, respectively (4). 

The actual list of rotamers of each normal 
chain can be generated by a simple proce- 
dure, which can be adapted for the com- 
puter. 

The determination of steric energies (SE) 
and heats of formation (AH~f) by molecular 
mechanics is well established (6, 7). In par- 
ticular for alkanes the results are quite ac- 
curate. We established that the steric en- 
ergy differences between the all-anti and 
coiled forms of alkanes can be described in 
terms of a few characteristic elements of 
conformation present as alterations from 
the all-anti chain. The energy increments 
for those elements of conformation were 
obtained by calculating (6, 8) the steric en- 
ergies for 552 individual conformers. We 
have since checked and refined the incre- 
ments by calculating likewise the steric en- 
ergies for more than 1000 additional con- 
formers, thus covering all the conformers 
of the group from pentane to decane. In 
addition, 177 selected conformers of unde- 
cane were calculated. The steric energy in- 
crements for the four basic elements of con- 
formation of alkanes obtained from these 
calculations are listed in Tables 1-4. As ob- 
served previously (4), the increments tend 
to decrease with the increase in chain 

length, in some cases tending toward some 
limiting values. The increments listed can 
be used to obtain the steric energies and 
heats of formation of the conformers of al- 
kanes with much longer chains. 

The other component of free energy, en- 
tropy, is determined (4) for each group of 
coiled rotamers as R ln(qi)se, where (qi~)se 
is the number of rotamers that have the 
same values for n, i, and SE. The groups 
are determined by the elements of confor- 
mation for which steric energy increments 
were calculated as discussed above. The 
entropy for each conformer has then to be 
corrected on the account of symmetry 
(21). 8 It is seen immediately that the ex- 
tended (all-anti) form and those coiled 
forms that have their gauche bonds distrib- 
uted symmetrically relative to the central 
atom or bond possess a twofold symmetry 
axis, passing through the central carbon 
(n = 2m) or through the central bond (n = 
2m + 1). The correction is most conve- 
niently made by counting all other rotamers 
twice. The numbers used to generate Fig. 1 
of this paper are symmetry corrected. 

Another correction to be considered ac- 
counts for the existence of two energy min- 
ima for the chains with two consecutive 
gauche bonds with torsional angles of op- 
posite sign, g+g- [helix inversion (4)]. We 

8 This correction was discussed in Ref. (4), but for 
the sake of expediency, it was omitted from the num- 
bers used to generate Figs. 1 and 2 therein. 
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TABLE 2 

Steric Energy per Helix Inversion (g+g- element) (kcal/mol) 

41 

Alkane n i First inversion Second inversion Third inversion 

Pentane 2 2 1.61 
Hexane 3 2 1.55 

3 1.64 
Heptane 4 2 1.51 

3 1.65 
4 1.71 

Octane 5 2 1.45 
3 1.55 
4 1.66 
5 1.75 

Nonane 6 2 1.44 
3 1.51 
4 1.57 
5 1.69 
6 1.80 

Decane 7 2 1.41 
3 1.47 
4 1.52 
5 1.60 
6 1.73 
7 1.82 

Undecane 8 2 1.39 

8 
1.83 

1.09 

1.30 
1.27 

1.42 
1.35 

1.36 1.44 

1.37 
1.39 

1.42 1.54 
1.43 1.24 

TABLE3 

SteficEne~ylncrementsperg÷g-g+Sequence(kc~/mol) 

Alkane n i First occurence Added to g+g- Second occurence 

Hexane 3 3 
Heptane 4 3 

4 
Octane 5 3 

4 
5 

Nonane 6 3 
4 
5 
6 

Decane 7 3 
4 
5 
6 
7 

Undecane 8 8 

3.28 
3.13 

3.55 
2.94 

3.37 
3.81 2.61 

2.80 
3.16 

3.63 2.96 
3.87 2.94 

2.63 
2.98 

3.39 2.94 
3.82 2.96 

4.03 3.19 a 
4.02 

2.05 

2.40 
2.50 

a Added to two g+g- groups: 2.59. 
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TABLE 4 

Steric Energy Increments per g+ag- group (kcal/mol) a 

n i No g+g- present One g+g- present Two g+g- present b 

First g+ag-  Second g+ag- First g+ag- Second g+ag- First g+ag- Second g+ag- 

3 2 0.23 
4 2 0.25 

3 0.29 
5 2 0.23 

3 0.29 
4 0.34 

6 2 0.23 
3 0.29 
4 0.31 
5 0.36 

7 2 0.21 
3 0.28 
4 0.32 
5 0.36 
6 0.41 

8 2 0.21 

6 0.36 
7 0.41 

0.18 

0.20 
0.21 0.48 

0.28 0.17 
0.30 0.26 0.28 0.45 

0.26 0.37 

0.27 0.16 
0.32 0.28 0.29 0.38 

0.30 0.29 0.28 0.39 0.28 
0.32 0.32 

An average value of 0.3 kcal/mol in all cases was used for this interaction in Ref. (4). 
b No extra strain is introduced by the g*ag- sequence in the presence of a g+g-g+ group or of three g*g- 

groups. 

have established by calculations on the cor- 
responding conformer of pentane that the 
two forms (torsional angles +94 ° , -62 ° and 
+62 °, -94 °) interconvert over an energy 
barrier (saddle point) by bond rotation 9 and, 
therefore, should be counted separately. 
For more complex sequences of gauche 
bonds, however, one would have to calcu- 
late steric energies and, occasionally, 
check the energy barriers extensively, so 
we gave up on this correction; taking it into 
account increases the thermodynamic pref- 
erence of the coiled conformers over the 
extended ones, and makes the case for the 
external surface of the zeolite crystal as the 
preferred site for the cracking of normal al- 
kanes stronger than indicated by Fig. 1. 

Summation over all the coiled forms, 
from i = l to i = n, gives the extent of their 

9 Calculations done by R. E. Ferro. 

preference over the all-anti form. As dis- 
cussed in the text, the free energy values in 
Fig. 1 were obtained by summation over the 
forms with i from 4 to n. 
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