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Monte Carlo integration methods employing a classic molecular mecharnics force field
were used to probe the impact of confinement on the selectivity of the n-hexane/3-meth-
ylpentane test reaction in 12 different zeolites. The simulations estimated relative crack-
ing rates and predicted the constraint index (CI) selectivity for both monomolecular and
bimolecular cracking mechanisms. By comparing with experimentally measured values
of the CI, information on the dominant mechanism responsible for the observed selec-
tivity was obtained. For small-pore zeolites, the monomolecular mechanism dominated,
with the measured CI attributed to reactant selectivity based on preferential adsorption.
For large-pore zeolites, the CI selectivity was attributed to confinement effects imposed
on the bimolecular transition states. For zeolite structures with intermediate-sized pores,
such as MTW and TON, the simulations indicated that both reaction mechanisms may
be operative. The experimentally observed reduction in the CI with temperature in ZSM-5
can be explained in terms of the relative importance of steric and entropic factors in the
stabilization of the bimolecular transition state. A change in mechanism from bimolecu-
lar to monomolecular, as postulated in the literature, is not necessary to explain the
experimentally observed temperature dependence of the CI.

Introduction

Zeolites are crystalline microporous aluminosilicates that
are used widely as absorbents and catalysts. The unique ad-
sorption and catalytic properties of zeolites are due in large
part to intimate interactions between guest molecules (re-
actants or sorbates) and the zeolite framework. Depending
on the zeolite architecture, molecules of a certain size and
shape may be excluded from entering the pores. This effect is
known as molecular sieving. Zeolites often are used in shape-
selective catalysis, which takes advantage of these molecular
sieving properties.

Over the years, various “test reactions” have been devel-
oped as a means of quantifying the shape selectivity of zeo-
lites and deducing the structure of new materials of unknown
pore size. One of the first test reactions to be used is based
upon the competitive cracking of n-hexane and 3-methylpen-
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tanc. Selectivity is measured in terms of the disappearance of
reactants via a “constraint index” (CI) (Frillette et al., 1981).
A related test reaction that measures the appearance of
products and yields a “refined” constraint index (CI*), is
based on the ratio of 2-methylnonane and S-methylnonane
appearing in the product stream during the isomerization of
n-decane (Martens et al,, 1984). It is imperative in any test
reaction that the difference in selectivity between zeolites be
due to the pore architecture and not to other factors, such as
the strength of active sites or the size of the zeolite crystals.
As a result, no single test reaction is effective in characteriz-
ing the full range of zeolite pore sizes and types. A summary
of many commonly used test reactions may be found in the
review by Weitkamp and Ernst (1994).

While test reactions are useful in helping categorize zeo-
lites according to pore size, it is difficult from these experi-
ments to identify the actual mechanism responsible for the
observed selectivity. Five main steps can be identified in a
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cracking reaction where the architecture of a zeolite pore
network leads to the enhanced selectivity of one species over
another. Step 1 involves the adsorption of reactants from the
gas phase into the pores of the zeolite crystal. Step 2 involves
the diffusion of the adsorbed reactants to the active sites of
the zeolite, where the reactions are presumed to take place.
Reactants that do not adsorb or diffuse to the active sites will
not react and should be detected in the reactor effluent. Se-
lectivity which arises from Steps 1 or 2 is known as reactant
shape selectivity. Step 3 involves the formation of the transi-
tion state and subsequent product formation at the active
sites. A zeolite may be spacious enough to allow for reactant
molecules to freely adsorb and diffuse, yet not spacious
enough to allow for transition-state formation. Selectivity,
which arises from Step 3, is called restricted transition-state
shape selectivity. Once products have formed, they must dif-
fuse away from the active site to the surface of the zeolite
crystal (Step 4) and then desorb into the gas phase (Step 5).
Products that cannot diffuse away from the active site and
desorb are reacted further, and thus will not appear in the
effluent stream. Selectivity that is derived from limitations
based on Steps 4 and 5 is known as product shape selectivity.
Any one or a combination of these factors can lead to the
observed shape selectivity for a zeolite. Deconvoluting these
factors from the results of a test reaction is difficult. For ex-
ample, it was long assumed that the selectivity observed in
the CI test reaction for ZSM-5 was due to the superior mo-
bility of n-hexane over 3-methylpentane, and thus was a clear
case of reactant shape selectivity. It was later proven by Haag
et al. (1982) that the CI of ZSM-5 was not due to transport
effects, but rather was the result of restricted transition-state
shape selectivity.

There have been a few theoretical attempts performed to
understand selectivity effects in zeolites. An early molecular
graphics study by Martens and coworkers (1988) investigated
the restricted transition-state shape selectivity effect for the
disproportionation of m-xylene in several zeolites. It was
found that isomers whose formation depended on favorable
fitting transition-state structures were the primary compo-
nents of the experimental product distribution. Santilli et al.
(1993) conducted a computational study that illustrated a link
between the preferential adsorption of branched hydrocar-
bons and their formation during the hydrocracking of hex-
adecane. This study, based on “docking energy” calculations,
concluded that product shape-selectivity effects were most
apparent in 10-ring zeolites and less prevalent in 12-ring sys-
tems (x-ring means that the pores of zeolite are formed by
rings containing x oxygen atoms; in zeolites, x is commonly
8, 10, or 12). A more recent computational study of product
shape selectivity was performed by Webb and Grest (1998).
Diffusion coefficients of various decane isomers were com-
puted by molecular dynamics and then used to obtain esti-
mates of CI*. It was found that the estimated values of CI*
matched experimental trends for many zeolites, indicating
that product shape selectivity plays some role in determining
the product distribution in n-decane isomerization. Com-
puted CI* values for zeolite structures such as EUO and
FER, however, did not match the experimental trends. This
indicates that other undetermined factors dictate the selectiv-
ity in these zeolites. There aiso has been a large number of
quantum chemical calculations performed on zeolite catalysts
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(Boronat et al., 1998; van Santen, 1997). Nicholas (1997) has
reviewed much of this literature. Although these studies have
provided a great deal of information about the nature of the
active sites in zeolites and the transition states, most of these
calculations have relied on the use of molecular clusters to
represent active sites in a zeolite. Thus, these methods can-
not be used to assess the impact of diffusion, adsorption, and
confinement on selectivity.

The goal of the present study is to examine the role pore
structure plays on the CI. Using a detailed atomistic repre-
sentation of the reactant species and transition-state com-
plexes within 12 distinct zeolite structures, Monte Carlo inte-
gration methods will be used to estimate relative constraint
indices for the different zeolites. Comparison with experi-
mentally measured ClIs will be made in an attempt to under-
stand the selectivity trends observed in the simulations and
pinpoint the sources of selectivity for the various zeolite
structures. In particular, we will assess when adsorption and
confinement are important factors in the experimentally
measured CI. Such a study is important for several reasons.
First, it has been demonstrated experimentally that adsorp-
tion, diffusion and confinement can impact cracking rates and
product distributions (Williams et al,, 1999). Second, stan-
dard quantum techniques are incapable of addressing these
effects due to limitations that require the use of cluster mod-
els. Finally, it has been shown that the CI test can be an
unreliable predictor for the structure of a zeolite, especially
when one considers new zeolite structure types (Zones and
Harris, 2000). Thus it would be useful if theory could provide
guidance to help interpret the CI test reaction results and
make predictions as to when adsorption and confinement ef-
fects should be important. We emphasize that the goal of the
current work is not to model all the reaction pathways pres-
ent in hydrocarbon cracking. Rather, our more modest goal is
to develop a framework in which relatively simple classic
molecular modeling methods can be used to assess the im-
pact of pore structure on selectivity in the standard CI test
reaction.

Theory
Mechanisms of cracking on zeolites

Catalytic cracking has been the subject of intense study for
many years. Although there are still unanswered questions
regarding the details, there are two generally accepted mech-
anisms for paraffin cracking in zeolites (Haag and Dessau,
1984; Pines, 1981). The first mechanism, known variously as
monomolecular or protolytic cracking, involves the direct pro-
tonation of an alkane by an acid site to form a high-energy
pentacoordinated carbonium ion:

CR,H, +H* - [CR,H,]". (D)

This carbonium ion can then collapse to form either molecu-
lar hydrogen and an adsorbed carbenium ion

[CR2H3]+_’[CR2H]++H27 (2)
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or a smaller alkane and a different carbenium ion
[CR,H,]" > RH+[CRH,]". (3)

The acid site is regenerated when the carbenium ion desorbs
to form an alkene. Alternatively, the carbenium ions may
serve as active sites themselves in a bimolecular mechanism
(described below). Ab initio calculations performed by
Kazansky et al. (1994, 1996) and Kazansky (1999) have sug-
gested that the pentacoordinated carbonium-ion transition-
states exist as highly excited short-lived species tightly bound
to the active sites of the zeolite.

A second mechanism of paraffin cracking, known as the
bimolecular mechanism, occurs via a chain reaction involving
carbenium ions (Pines, 1981; Haag et al., 1991). The first step
in the reaction involves a hydride transfer between the feed
paraffin and a smaller adsorbed carbenium ion (Williams et
al., 1999).

RH+[R,] =~[R,] +RH  (j<i). (4)
Following this initiation step, the adsorbed carbenium ion
cracks by B-scission (cleavage of the C—C bond located 8 to
the trivalent positively charged carbon atom) to form an
alkene and a new adsorbed carbenium ion that propagates
the reaction:

[Ri]+—>alkene+[Rj]+. (5)

Isomerization of the carbenium ion may take place between
these steps. The initial carbenium ion in Eq. 4 can arise from
protonation of olefinic feed impurities or direct protonation
of the paraffin feed molecules via the monomolecular mecha-
nism (Haag and Dessau, 1984). The reaction illustrated in
Eq. 5 occurs rapidly, and thus the hydride transfer of Eq. 4 is
the rate-determining step.

It has been found that the bimolecular mechanism pre-
dominates at lower temperatures, higher feed partial pres-
sures, and higher conversions. The monomolecular mecha-
nism has been found, conversely, to predominate at higher
temperatures, lower feed partial pressures, and lower conver-
sions. It was noted by Haag and Dessau (1984) that the struc-
ture of the zeolite catalyst also plays a major role in deter-
mining which mechanism dominates. The bimolecular mech-
anism seems to be more important in larger pore zeolites,
while the monomolecular mechanism is more important in
smaller pore zeolites. Presumably this is due to the lack of
space available in small pore zeolites for formation of the
bimolecular complexes that must be formed in Eq. 4.

Constraint index test reaction

The CI experiment is performed by passing a stream con-
taining equal mole fractions (0.1 at 1 atm) of n-hexane (nC6)
and 3-methylpentane (3mC5) over the zeolite catalyst at a
temperature that yields conversions of approximately 10%
(Frillette et al., 1981). The experimentally measured quantity
is computed by

_ lOg(] - XnCﬁ)

B log(1— X5,,¢5) ©)
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where X is the conversion of the species. Assuming first-order
kinetics, this is equivalent to the ratio of the reaction rates
for the reactant species (Weitkamp and Ernst, 1994)

rlz(fb ku(fﬁ[nC6] kn('h
Cl = (N

= r3m(?5 = k3n1C5[3mC5] = kSmCS ’

where k is an apparent first-order reaction rate constant,
while [rC6] and [3mC5] are the inlet gas-phase concentra-
tions, which are equal in this experiment. The CI measure-
ments have been used to classify zeolites into threc major
groups. CI values of less than 1 indicate large-pore (12-ring)
zeolites; values of between 1 and 10 indicate medium-pore
(10-ring) zeolites; and values greater than 10 indicate small-
pore (8-ring) crystals.

The variation of CI with pore size is due, in some capacity,
to the confinement and transport effects imposed on the re-
actants and transition states by the zeolite framework. It is
widely known that, on acidic catalysts, branched alkanes are
cracked at a faster rate than n-alkanes (Weitkamp and Ernst,
1994). Thus, it is not surprising that this is the case for large-
pore zeolites, where confinement effects are not important
and 3mC5 is cracked at a higher rate than nC6. This results
in values of the CI that are less than 1. For the 10-ring zeo-
lites, confinement effects become more important, as the
cracking of branched isomers is hindered with respect to that
of straight-chain isomers. The resulting CI values are greater
than 1, indicating enhanced selectivity for the cracking of n-
hexane. In small-pore (8-ring) zeolites, the cracking of 3mC;
is strongly hindered, resulting in very high values of the CI.

The temperature dependence of the CI is troublesome in
that it adds another variable to the reaction selectivity. In-
creasing the temperature of the reaction generally results in
a decrease in the selectivity of the reaction. For example,
Frillette et al. (1981) found that the CI of ZSM-5 was re-
duced from 11 to 1 by increasing the temperature of the reac-
tion by 220 K. The temperature dependence of the CI has
been rationalized in part by assuming a bimolecular cracking
mechanism at lower temperatures and a monomolecular
cracking mechanism at high temperatures (Haag et al., 1982,
1984). Presumably, the selectivity of these two reaction mech-
anisms is impacted by pore size.

Model reaction network for CI

Although the CI provides an experimental means for char-
acterizing a catalyst, it yields little insight into which of the
competing mechanisms are responsible for the observed se-
lectivity. Furthermore, the rate expressions in Eq. 7 are based
on gas-phase reactant concentrations, which may not reflect
the actual composition at the active sites. To shed light on
the sources of cracking selectivity, a reaction network based
on the five fundamental reaction steps (adsorption, diffusion
to an active site, transition-state formation, diffusion away
from the active site, and desorption) is developed below. The
formulation is general for two reactants 4 and B. For the CI
reactions, A represents n-hexane and B represents 3-meth-
ylpentane.
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Step 1: Adsorption of Reactants. The adsorbed reactants
are assumed to be in equilibrium with the gas phase, so that

KA

AL g (8)
KR

Be~—B*, (9)

where the species on the left side of the equations are in the
gas phase, (+) denotes a species adsorbed in the zeolite, and
K“ and K” are equilibrium constants for the adsorption
process, given by

. L4*]

K= (10)
s B*]

KP= "5 (11)

The zeolite active sites are assumed to be located uniformly
throughout the pores, so that [ A*] and [B*] represent the
reactant concentrations at the zeolite active sites. This is
clearly an oversimplification, but lacking information on the
exact location of active sites, it is a necessary approximation.

Step 2: Diffusion of Reactants. Diffusion of the reactants is
assumed to be fast, such that transport to the active sites is
not rate limiting. This assumption is valid for many zeolites
at the high reaction temperatures used to evaluate the CI. It
will not be valid for all systems, however, so that the present
analysis is expected to break down for diffusion-limited sys-
tems. Discrepancies with experiment can be used to identify
possible cases of diffusion limitation, as discussed more fully
in the Results and Discussion section.

Step 3: Formation of Transition-States. The monomolecu-
lar transition-state formation mechanisms can be written as

ki

A* +HY —Zs[4-H' ) (12)
ko

B* +H* —5[B-H' T, (13)

where k;} and k2 are second-order reaction-rate constants,
H™ represents a zeolite acid site, and (1) represents an acti-
vated transition-state complex. The decomposition of the ac-
tivated complexes is fast, and thus not rate limiting. For the
bimolecular mechanism, we will assume that the adsorbed
carbenium ion is a bound propyl carbocation. The bimolecu-
lar transition-state formation reaction can thus be written as

kA

A* +C7 ——[a-Ct | (14)
kB

B* +Cf ——[B-C} T, (15)

where k;! and k[ represent the second-order rate constants
for the bimolecular mechanism, and C7 is the propyl carbe-
nium ion. As in the monomolecular case, the subsequent de-
composition of the transition states is assumed to be fast.
Note that the rate-limiting steps are written as second-order
reactions involving the concentration of adsorbed paraffin re-
actants and either the concentration of acidic protons (mono-
molecular) or carbenium ions (bimolecular). This formulation
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explicitly accounts for the fact that the concentration of these
active sites can depend on the material and operating condi-
tions, and that the concentration of reactants at the active
sites can be very different from the gas-phase composition.
This is in contrast to the usual way the CI is defined as a
first-order reaction using the gas-phase concentration of the
reactants (see Eq. 7). We believe the mechanisms given here
are more faithful to the actual reaction process and will en-
able different selectivity effects to be isolated.

Step 4: Diffusion of Products. In accordance with the as-
sumption that reactant diffusion is not limiting, the cracked
products are assumed to be highly mobile, so that this step is
not limiting. This assumption is likely to be a good one, since
the cracked products are smaller than the reactants.

Step 5: Desorption of Products. The product concentra-
tions in the gas phase are dilute, so that at equilibrium the
concentrations of products in the zeolite will also be small.
Thus desorption should be facile, and is assumed to have no
impact on selectivity.

Statistical mechanical formulation of the CI

Given the fundamental steps and assumptions made in the
previous section, a statistical mechanical formulation for
computing the CI from a molecular model can now be devel-
oped. If formation of the transition state is the rate-limiting
step in the cracking process, then the overall rate expressions
are given by

ro =kl A*)[H"] (16)
Fo = kol B*J[H] )
rit = kg A*][CT ] (18)
ry =kJ[B*][CT ], (19)

where the subscripts m and b designate monomolecular and
bimolecular reactions, respectively. Assuming that both
species are cracked via the monomolecular mechanism, Egs.
16 and 17 are substituted into Eq. 7 to yield a monomolecu-
lar constraint index:

o Tk A7) .
TR BT @0

where the concentration of the zeolite acid sites has can-
celed. If both species are cracked by the bimolecular mecha-
nism, an expression for the bimolecular constraint index is
obtained through substitution of Eqs. 18 and 19 into Eq. 7:

Cly=— =~ - 1)

where it is assumed that the concentration of the propyl car-
benium ions are equal in both reactions. Replacing the reac-
tant concentrations in Egs. 20 and 21 with Eqgs. 10 and 11,
and noting that the gas-phase compositions are equal in the
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CI experiment ([ A] =B gives

kA KA

i, = 5 KF (22)
ki KA

Cly = 25 %7 (23)

It is then postulated that the intrinsic rate constants that
appear in Eqs. 1619 are the product of two factors. The first
factor describes the inherent rate with which the reactant is
activated by an acid site, and the second factor accounts for
the impact molecular confinement has on the ability to form
the transition state. These two factors can be represented by
electronic and confinement rate constants in the following
manner

ko =k ko e (24)
kE=kE kL. (25)
kil = ki, kil (26)
kP=kE, KE.. (27)

It is known that the cracking reactivity of a branched species
is greater than that of a comparable linear species when there
are no confinement effects. This difference in reactivity can
be attributed to a higher electronic rate constant for the
branched species. On the other hand, different zeolites can
exhibit vastly difference selectivities for lincar over branched
species, even though quantum calculations (Sauer, 1994) and
experiments (Babitz et al., 1999) have shown that the nature
of the acid sites does not vary that much between different
zeolites. These large rate variations must be due to adsorp-
tion and confinement effects brought about by the differ-
ences in pore topography. These effects will be captured in
the confinement rate constant.

In principle, both the electronic and confinement terms in
Egs. 24-27 could be evaluated in a quantum mechanical cal-
culation. At the present time, however, limitations on the
number of atoms that can be simulated using high-level
methods prohibit the calculation of confinement effects for
almost all zeolites. Classic simulation methods within a tran-
sition-state theory framework will thus be used to estimate
the relative importance of confinement on the CI. Since the
nature of active sites is similar across different zeolites, the
electronic rate constants are assumed to be only a function of
the reaction mechanism, and not the specific zeolite. Although
this is clearly an oversimplification, it allows classic simula-
tions to be used to assess the relative importance of confine-
ment on selectivity, enabling a direct comparison to be made
between computed and experimental values of the CI with
limited computational expense.

Within a transition-state theory formalism, the confine-
ment rate constant for a given species is proportional to the
ratio of transition state and reactant partition functions (Lai-
dler, 1969). For the case of a zeolite, the confinement rate
constant for the monomolecular reaction of A is given by
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(June et al., 1990)

- (A4-H™H .
j exp (q ) dq(A—H*)*
e kgT
kA =, (A-H ).( ,4)' ( s
m,c ~rv q -rv q .
exp| ———=|dq** | exp| ———— |dq"
Jon| “p 2 ] | =

(28)

where S, is a constant specific to this reaction, V is the
potential energy that can be computed from a molecular
model, k; is the Boltzmann constant, T is the temperature,
and ¢ is the vector of generalized coordinates that describes
the positions of the reactant and transition-state species. A
similar expression for k2 can be written with a different
constant, S,. The integral in the numerator of Eq. 28 is over
the transition-state complex, which is localized at a dividing
surface separating reactants from products. Details on how
the transition-state structures are determined will be given
later. The integrals in the denominator are over the reactant
molecule A and the proton. Note that the reactants have one
more degree of freedom than the transition state. By virtue
of the assumption of uniformly dispersed active sites, and be-
cause the concentration of reactants is low under reaction
conditions, the integrals in Eq. 28 are carried out indepen-
dently for a single molecule of each species over the entire
zeolite pore volume. If the location of the active site is known,
the integration volume in Eq. 28 may be limited to those re-
gions.

For the bimolecular mechanism, the confinement rate con-
stant for the reaction of A is given by

% (gtA-C ‘
exp —-———————(q ) dg A= CH
(A-cyt kel
kil =S, — ' E
o V(9] V(@]
lexp T dq 6{, exp ——/:;ﬁ:—— dq :
(29

where the terms have the similar meaning to those in Eq. 28.
A similar expression can be obtained for &/, using a differ-
ent constant S,. These rate constants can be written in short-
hand notation:

(A-HH
Kie=S$ Ay (30)
(B~ HTF
B _ a
km.c_SZ ZBZH+ (31)
Z(A~(‘,3‘)i
kpe=Sy— e (32)
Zu#cﬁ
k£C=S4 ZBZ(-T » (33)
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where Z is a configurational integral, the superscript refers
to the species, and the subscript (a) reminds us that these
species arc in the adsorbed phase. Substituting Eqs. 24-27
and Egs. 30-33 into Eqgs. 22 and 23 gives for the Cls

‘kA S]z(A7H+)iszH+ KA
Clm:(krﬁe SZZ(B,H+)thZ:{+ (I_{F) (34)
kil | [ 828" ZPZE | (KA
(V[h = - +1 + B | (35)
ki, [\ s, zB-civgzazcs |\ K5

The three terms in Egs. 34 and 35 clearly demonstrate the
fact that, for systems that are not diffusion limited, selectivity
can arise from electronic, confinement, and/or adsorption ef-
fects. This result is in line with previous findings that the
intrinsic activation energy for reactions is frequently related
to the Henry’s law constant or the heat of adsorption (Haag
et al., 1981; van de Runstraat et al., 1997; Derouane, 1998;
Maeson et al., 1999).

The partitioning coefficients for adsorption can be ex-
pressed in terms of a ratio of configurational integrals (Mag-
inn et al., 1995):

ZA
ZA

g

K4 =

(36)

ZB

B
Zg

K5 =

: (37)

where Z;' and Z? are gas-phase configurational integrals.
Assuming that the gas phase is ideal, Z;' and Z2 are evalu-
ated by integrating over the intramolecular portion of the po-
tential energy for single molecules of 4 and B. Substituting
Egs. 36 and 37 into Eqgs. 34 and 35 and canceling terms yields:

cI =(£ (——SIZ‘SA_HUfo) (38)
" ke [ S,z 7Rz

cr, = (k’f’e Stz ) (39)
T\ sz |

The computed constraint indices in Eqs. 38 and 39 are com-
posed of the product of an electronic and a confinement term.
Treatment of the electronic term will be explained later. The
confinement terms will be evaluated via Monte Carlo integra-
tion. Given that a classic force field with no electrostatics is
used (see below for explanation), it is safe to assume that the
transition-state complexes for the monomolecular mechanism
are sufficiently identical to the adsorbed feed molecules such
that

Zyot zg
ZER S ZB (40)
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Substitution of this expression into Eq. 38 yields the final form
of CI:

8,27z}
s,z8z;

kA
Cl, = ( e : (41)

"\ ke

To evaluate CI,,, Monte Carlo integration of single nC6 (A)
and 3mC5 (B) molecules is performed in the gas and ad-
sorbed phase.

The transition-states for the bimolecular reaction are much
different from the feed molecules (see Figure 1), so that Eq.
39 is the final form for CI,. Gas-phase Monte Carlo integra-
tion of nC6 (A) and 3mCS (B) as well as adsorbed phase
simulations of nC6I% [(4—C7)*] and 3mC5]S{(B ~-CT )]
are necessary to evaluate CI,,.

n-hexane (nC6)
b .
NSNS M‘.
P

3-methylpentane (3mCS5)

Sy 2

propyl cation (C3%)

RS &

nCo6 - C3* transition state (nCéES )

Figure 1. Molecules simulated in this work.

n-Hexane and 3-methylpentane molecules must be simu-
lated for both the monomolecular and bimolecular mecha-
nisms. The propyl cation and bimolecular transition states
need only be simulated for the bimolecular mechanism.
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Normalized CI for comparison with experiment

The electronic contribution of the CI cannot be computed
using classic simulation techniques. In addition, the constants
S, S., S5, and S, are difficult to evaluate for complex
molecules (June et al., 1990). These issues make a direct
comparison between computed values of CI,, and CI, and
experimental values of CI impossible. To circumvent this
problem, the computed and experimental CI values for each
zeolite (i) will be normalized by the CI for a reference zeolite
(REF). The computed, normalized monomolecular constraint
index is given by

_xer_ CL,(i)
™~ (I, (REF)
ki () \ [ $121() 2] (i)
(k,ﬁ.e(i) $,Z()Z] (i)
[k (REF)\ [ $,ZA(REF)ZE(REF) | (42)
( k5 .(REF) |\ $,Z5(REF)Z/(REF)

where (i) indicates a quantity computed in zeolite i (and at
temperature 7)), and (REF) indicates a quantity computed in
the reference zeolite at temperature Tggp. If the electronic
rate constants are only functions of the reaction mechanism
and are independent of the zeolite, they may be eliminated if
a reference zeolite is chosen that exhibits cracking based only
on the apgrgggiate mechanism. For example, if one wishes to
evaluate CI,, , one must choose a reference zeolite in which
the feed paraffins are cracked primarily by the monomolecu-
lar mechanism. Selection of an appropriate reference zeolite
leads to a cancellation of terms, yielding

—REF _ Zf(i)Zf(i)
"N ZE()ZA)

ZP(REF)Z'(REF)
Z}(REF)ZZ(REF) |’

(43)

where the gas-phase integrals cancel only if T; = Tggg, and
the constants (S, and S,) will cancel regardless of the tem-
peratures. As a first-order approximation, the ratio of elec-
tronic terms in Eq. 42 is assumed to be a weak function of
temperature relative to the confinement terms,_a}an(% so this
ratio does not appear in Eq. 43. The computed C/ is then

m

compared with an experimental reference CI, given by

—REF CI(i)

- 44
CI(REF) (44)

where CI{i) and CI(REF) are experimentally measured.
The computed bimolecular reference CI is given by the ra-

tio of values computed using Eq. 39

_wer_ CL(0)
® 7 CI,(REF)
kit(D) \ [ S22 (D) 28 ()
2.0 )\ 520 Sz
= pue » (45)
k{',(REF) \ [ $,2(4~C)*(REF)Z# (REF)
k{(REF) [ 5,z(8~ €)' (REF)Z{ (REF)
2510
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where the appropriate reference zeolite is now one in which
the feed paraffins are cracked mainly by the bimolecular
mechanism. Note that the reference zeolite for the E,}}E
must be different from the one used for -C_I:ZEP. Cancellation
of terms in Eq. 45 after selection of an appropriate reference
zeolite yields

—REF

ZA () ZB(
IR (HZ (D)

B-CiYydr;
Zé >)Zg(l)

z{#~CD'(REF)Z;(REF)
Z{4~ €D (REF)ZE (REF)
(46)

which would then be compared to Eq. 44 using the same ref-
erence zeolite. Selection of the reference zeolites for the
monomolecular and bimolecular mechanisms are discussed in
the Results and Discussion section.

Model and Simulation Details
Force field and transition-state structure

A fully atomistic representation of the reactants, products,
and zeolite are used for all calculations. The molecular me-
chanics force field used in this work is based primarily on the
consistent valence force field (CVFF) (Hagler et al., 1979).
The interactions between atoms of adsorbate molecules and
atoms of the zeolite are modeled by a 12-6 Lennard-Jones
potential. Bond lengths are fixed, bond angles are modeled
using a harmonic potential function, and dihedral angles are
treated using an appropriately parameterized cosine expan-
sion. All the parameters used in the current work are given in
Table 1. Additional details concerning the form of the force
field may be found elsewhere (Macedonia and Maginn, 1999).

The bimolecular transition states consist of a carbenium
ion, represented by an adsorbed propyl carbocation, and an
adsorbed paraffin. A hydrogen atom is transferred between
the paraffin and carbenium ion. Structures for the bimolecu-
lar transition states were determined from semiempirical

Table 1. Force Field Parameters Used in This Work

A B
Nonbond [kJ- A mol~ '] [kI-Af-moi™ ']
C 7,490,785.5892 2,211.1683
H 29,741.8217 137.531
HS 29,741.8217 137.531
(@] 1,141,791.7788 2.087.3089
Si 0 0
ky 9,
Bond Angle [kJ-rad~*-mol™ '} [deg]
Cc-C-C 194.974 110.50
H-C-H 165.268 106.40
C-C-H 185.770 110.00
C-H*-C 19.497 175.00
kg n—d,
Torsion [kJ-mol™ '] [deg]
#=C-C-x 5.9517 3-0
x—C—HTS—x 0 3-0

Note: Geometric combining rules arc applied to nonbond parameters: 4,

=y/A,4; and B;;=,/B;B;. A () denotes that an atom of any

identity can occupy the end positions in a dihedral angle.
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quantum calculations using MOPAC6 with the MNDO ap-
proximation (Dewar and Theil, 1977). The optimization to
the transition-state was done in the gas phase. It was as-
sumed that these structures give a reasonable description of
the shape of the transition-states in each of the different zeo-
lites. A more sophisticated approach would be to optimize a
different transition-state within each zeolite using higher level
quantum calculations. As was pointed out earlier, however,
computational limitations as well as uncertainty regarding the
location of active sites in the zeolites prohibits this. The
transferred hydrogen (H'™) was located midway between the
paraffin and propyl group carbon atoms, with a fixed C-HTS
bond length of 1.359 A. The C-H”S—C bond angle was found
to be 175 degrees. To facilitate subsequent calculations, a
weak force constant for this bond angle was developed to
match the angle distribution that arose from an independent
Metropolis Monte Carlo simulation of the transition-state
molecule. This force constant was then used in the biasing
algorithm for generating transition-state conformations. The
efficiency of the simulations was increased by avoiding con-
formations of the transition-state in which there is significant
steric overlap (Macedonia and Maginn, 1999). The torsional
force constant was set to O for angles that rotate about the
C-H"* bonds so that the transition-states would have maxi-
mum flexibility.

Electrostatic interactions were neglected in these calcula-
tions for two reasons. First, this study mainly concerns steric
confinement effects, which are adequately treated using a 12-6
potential. The fact that ratios of configurational integrals of
similarly charged species are computed serves to moderate
the impact of charges on the current results. The second rea-
son for neglecting electrostatics is that there is uncertainty
regarding the location and chemical nature of acid sites in
many of the zeolites under study. Including protons in these
systems would necessarily involve some arbitrary guesswork,
which could cloud some of the issues being investigated. Ob-
viously, the use of a more detailed model would be preferred,
but in this first attempt it was deemed sufficient to focus on
systems without electrostatics.

Additional details

The simulations of reactant and transition-state molecules
were carried out using the configurational-bias Monte Carlo
integration (CB-MCI) technique for all-atom models. Com-
plete details on the calculation of Z can be found in a previ-
ous work (Macedonia and Maginn, 1999). The zeolite lattice
was assumed to be fixed in space for the duration of the sim-
ulations. Prior to the start of a simulation, 12-6 interactions
between adsorbate atoms and atoms in the zeolite lattice were
tabulated on a three-dimensional (3-D) grid for later interpo-
lation (June et al,, 1990). The 3-D grid used in this work was
improved from the original formulation to allow the simula-
tion of nonorthorhombic systems.

The size of the simulation box ranged from 2 X2 X2 zeolite
unit cells (for large unit-cell systems like FAU and BEA) to
3% 3x 7 unit cells (for small unit-cell systems like TON). In
each case, the box was large enough so that the minimum
image convention was obeyed with a cutoff of 13.8 A. An MC
integration step consists of constructing the molecule from
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scratch using configurational-bias techniques and then com-
puting its potential energy. The configurational integral is
then updated with each progressive step until the value of
the integral has converged. The reactant molecules (e.g., nC6,
3m(C5, and C3*) converged within 1 million integration steps,
while the transition-state molecules took on the order of 10
million steps to converge. These calculations were performed
on a cluster of Sun ULTRA-Sparc workstations at the Uni-
versity of Notre Dame. Simulations took less than 10 h each
for the reactant molecules and up to 3 days for the transition
state. The longer convergence times for the transition-state
results from the difficulty of finding low-energy conforma-
tions of these very bulky (see Figure 1) molecules in the con-
fined pores of zeolites. The use of biasing methods is essen-
tial to the calculation of configurational integrals for these
molecules. Such calculations are intractable by standard MC
methods.

Results and Discussion

To gauge the confinement effects on the CI reaction, 12
different zeolite structures representing several types of cages
and pores were investigated. Structural details regarding each
of the zeolites are summarized in Table 2. All zeolite struc-
tures used in the calculations were taken from the library of
structures included in Cerius? from Molecular Simulations
Inc. (MSI), San Diego, CA USA.

The analysis of a constraint index based on a bimolecular
reaction mechanism CI, may not be appropriate for some
small-pore zeolites. Therefore, zeolites in which the forma-
tion of a bimolecular transition state is prevented by confine-
ment effects must first be identified. To do this, the quanti-
ties ¥ and y® are defined, which relate the bimolecular
formation rates of a species (A4 or B) in a given zeolite to the
formation rate in a reference zeolite that exhibits minimal
confinement effects. Quantity y4 is defined as

k(D[4 1t 17
k,ﬁc(REF){A* ](REF)[C;- ](REF) ’

A

(47)

=<
i

where quantities denoted by (i) are evaluated in zeolite i at
temperature 7;, and quantities denoted by (REF) are evalu-
ated in the reference zeolite at temperature Tpgp. Substitu-
tion of Eq. 32 for the confinement rate constants, Eq. 36 for
[4*], and canceling terms gives

Z 5
ZHOrAD

Z& (REF)Z;(REF)
Z{A-CD'(REF)

A=

. (48)

where it has been assumed that the concentrations of carbe-
nium ions will not dominate the behavior of vy and thus
cancel. An analogous expression can be written for y%. No-
tice that the calculation of Z&% is necessary to evaluate y*
and y%. The structure of C3 is shown in Figure 1. The zeo-
lite chosen as the reference zeolite is FAU, which comprises
a spacious network of cages (see Table 2). For zeolites in
which there are minimal confinement effects for bimolecular
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Table 2. Zeolite Structural Information

IZA Code (Name)
UC Dimensions Pore Information Comment
FAU (X,Y) Cages Small sodalite cages from a spa-
Orthorhombic 74%74 A ( 12-ring) cious network of supercages.

25.0%x25.0x25.0
MOR (mordenite)
Orthorhombic
18.1X20.5%175
BEA (beta)
Orthorhombic
12.7xX12.7x26.4
MWW (MCM-22)
Hexagonal
14.1x14.1 X249

EUO (ZSM-50)

[001] 6.5X 7.0 A (12-ring)
[010] 2.6 5.7 A (8-ring)

[001] 7.6X6.4 A (12-ring)
[100] 5.5x5.5 A (12-ring)

Supercages (12-ring)
71x71 A

L [001] sinusoidal (10-ring)
[100] 4.1 x5.7 A (10-ring)

12-ring channel is flanked by 8-ring
side pockets. For the purposes of
this study, MOR is a 1-D system.
Spacious network of intersecting
12-ring channels.

Two independent pore systems. Su-
percage network and sinusoidal 10-
ring channels.

1-D with very spacious side pockets

Orthorhombic
13.7X22.3%20.2
MTW (ZSM-12)
Monoclinic
24.9X5.0x243
OFF (offretite)
Hexagonal
13.3%13.3%x7.6
FER (ZSM-35)
Orthorhombic
19.2x14.1X7.5
TON (ZSM-22)
Orthorhombic
13.8%17.4%5.0
MFI (ZSM-5)
Orthorhombic
20.1x199x13.4
MTT (ZSM-23)
Orthorhombic
5.0x21.5%11.1
ERI (erionite)
Orthorhombic
13.3X13.3x14.8

[010] 5.5x5.9 A (12-ring)

[001] 6.7x6.7 A (12-ring)
1 [001] 3.6x4.9 A (8-ring)

[001] 42X5.4 A (10-ring)
[010] 3.5x 4.8 A (8-ring)

[001] 4.4%5.5 A (10-ring)
[010] 5.3%5.6 A (10-ring)
[100] 5.1x5.5 A (10-ring)

[001] 4.5%5.2 A (10-ring)

[001] 3.6%5.1 A (8-ring)

bordering the 10-ring channel.

1-D puckered 12-ring system. Di-
mensions are really more like a typ-
ical 10-ring zeolite.

Parallel [001] stacks of gmelinite
cages (12-ring) and cancrinite cages
(8-ring). This is a 2-D system.

2-D intersecting pore system. Both
pores are puckered; not very spa-
cious.

1-D puckered pore system.

Intersecting straight [010] and sinu-
soidal channels [100]. Intersections
are quite spacious.

1-D pore system with puckered
pores. Very constricted pore, simi-
lar to 8-ring character.

2-D pore system. Network of large
pockets connected by thin 8-ring
windows.

transition-state formation, y will have a value near 1. When
severe confinement effects are present, y will be nearly zero,
indicating that the bimolecular mechanism is prohibited.

Quantities y"“® and y>"¢® were computed for each of the
zeolites listed in Table 2, with results summarized in Table 3.
The most striking feature of these results is that some small-
pore zeolites have very small ( <107°) values of y"“® and
373 Thus, in MTT and FER, the formation of a bimolecu-
lar transition state for either reactant is assumed to be highly
unlikely. In TON, the formation of 3mC5]5 is strongly hin-
dered, but the formation of nC6%5 is possible. This is also
the case in MTW where, although the value of y*"¢* is on
the same order as MFI, there were highly constrained and
unrealistic geometries of 3mC5]S generated during the cal-
culation. In other words, there was no suitable position in
MTW for the transition state to reside. The conclusion is that
a purely bimolecular mechanism is not possible in MTT, FER,
TON, and MTW, so the evaluation of CI, is inappropriate
for these structures.

In presenting the results of this work, it is most useful to
classify the different zeolite structures into groups, based on
the predominant selectivity effect seen in each. These selec-
tivity effects can be inferred from the agreement between
computed and measured relative CI values. The mechanism
for CI,, assumes that cracking is monomolecular and that the
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observed CI arises from the adsorption selectivity of reac-
tants. The mechanism for CI, assumes that cracking is bi-
molecular and that observed CI values are based upon tran-
sition-state selectivity. It is not expected that all zeolites

Table 3. Index (y) for All Zeolites

Zeolite ,yrlfh ,yﬁmCS
FAU 1 1

MOR 1.21434 0.15579
BEA 1.73782 .08433
MWW 0.66962 0.45583
EUO 0.09298 0.00439
MTW 0.35474 0.00048
OFF 0.48875 0.15886
FER ~{ =0
TON 0.00553 =0
MF1 (.14798 .00096
MTT =0 =0
ERI 0.96772 0.15526

Note: Values are normalized by the spacious zeolite FAU. Values near |
indicate minimal confinement cffects on bimolecular transition-
state formation. Very small values indicate great confinement bar-
riers to transition-state formation. Values indicated by ( = 0) were
less than 10~ °. Bimolecular transition-state formation is not possi-
ble in these zeolites. We also conclude that the formation of
3mC5%% is not possible in MTW due to the highly constrained and
unrcalistic geometries generated during the calculations.
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will fall cleanly into one of these two categories. The agree-
ment/disagreement of CI,, and CI, with experiment can be
used, however, to identify the predominant selectivity effect
in each zeolite. Five groups of zeolites can be identified, each
of which exhibits a different selectivity effect.

Group 1. The zeolite pores are so small that the forma-
tion of the bimolecular transition state is impossible for ei-
ther reactant. That is, y>"¢> and y”C® are essentially zero,
and Cl, cannot be computed. The cracking mechanism is
consistent with the monomolecular formulation, and the ob-
served selectivity is due to preferential adsorption of the re-
actants.

Group 11.  The zeolite pores are large enough to accom-
modate the bimolecular transition state, but small enough
such that there are some confinement effects for the bi-
molecular transition states. For this group, a bimolecular re-
action is predominant and the selectivity of the reaction is
based on restricted transition-state selectivity.

Group III.  The zeolite pores/cages are so large that there
are no confinement or adsorption selectivity effects whatso-
ever. Selectivity will be due mainly to electronic effects, and
the present analysis cannot be used to predict selectivity or
shed light on the cracking mechanism.

Group IV. The zeolite pores/cages are large enough to
accommodate the bimolecular n-hexane transition state, but
not the bimolecular 3-methylpentane transition state. That is,
vy = 0, while "< is finite, making the calculation of CI,
impossible. In addition, the pores are not small enough to
yield significant adsorption selectivity effects. In this situa-
tion, it is possible that n-hexane is cracked by both
monomolecular and bimolecular mechanisms, while 3-meth-
ylpentane is cracked only via the monomolecular mechanism.
Diffusional effects can also play a role in determining selec-
tivity. As in the case of Group III, the current analysis cannot
be applied to predict the selectivity of Group IV zeolites.

Group V. The zeolite contains cavities that are large
enough to accommodate both transition-state and reactant
molecules without confinement effects, yet passage between
these cavities is restricted. The selectivity of the reaction
comes from differences in the diffusivities of the reactants.
Since diffusional effects are not captured in the current
model, the selectivity in Group V zeolites cannot be pre-
dicted.

From the preceding classification, it is clear that the cur-
rent computational formalism is only effective in probing se-
lectivity for small- and medium-pore zeolites (Groups I and
1), where either transition state confinement or preferential
adsorption leads to enhanced selectivity of one species over
another. The source of selectivity in Groups III-V cannot be
predicted directly. The calculations do give information on
the siting of reactants and transition states within Groups
III-V zeolites, however, which can give insight into likely
sources of selectivity.

As discussed previously, it is necessary to select an appro-
priate reference zeolite so that computed results can be com-
pared directly with experiments. For the monomolecular
mechanism, MTT was chosen as the reference zeolite. It is a
Group I zeolite, where the calculation of y clearly indicates
that neither bimolecular transition state can form in the con-
stricted pore network. Thus comparisons will be made be-
tween the experimental CI™"" and the computed CI MTT MFI
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was chosen as the reference zeolite for the bimolecular
mechanism. Haag et al. (1982) have demonstrated that the
bimolecular mechanism is responsible for the selectivity ob-
served with MFIL. The present calculations agree with this
conclusion. The formation of both bimolecular transition
states is possible in MFI (see Table 3) and transition-state
confinement effects lead to the observed selectivity of n-
hexane over 3-methylpentane. MFI is therefore classified as
a Group 1II zeolite. Thus, bimolecular results will be normal-
ized by MFI and the experlmental ™ will be compared
with the computed CI . Experimental and computed refer-
ence CI values are hsted in Table 4. All experimental data,
except for MCM-22, are taken from the Mobil patent by
Morrison (1987). The MCM-22 data are taken from a study
by Ravishankar and coworkers (1994). A conclusive match
between experiment and simulation that indicates classifica-
tion as Group I or Group 11 is indicated by the appearance of
the numerical values in bold faced type. What follows are
some brief comments and interpretation of the results sum-
marized in Table 4.

FAU (XY). FAU has a structure made up of a network
of small sodalite cages that form spacious supercages. The
sodalite cages are too small for the adsorption of hydrocar-
bons, leaving only the supercages. Results in Table 3 indicate
that both transition states may be readily formed, but the
supercages are so large that there is no discernible selectivity
from confinement effects, hence the very small computed
CI of 0.01 vs. 0.05 for the experiment. Similar agreement
is seen for CI . The cracking mechanism in FAU can be
either monomolecular or bimolecular; the present analysis is
unable to discern which is more likely. FAU is a Group III
zeolite.

MOR (mordenite). MOR is a 1-D 12-ring pore system
flanked by 8-ring side pockets. The side pockets are too small
for the adsorption of the hydrocarbons in this study. Both

Table 4. CI Data from Experiments and Simulations

Monomolecular  Bimolecular
CI I

__MTT __MTT __MFI __MFI
Zeolite — CIEXF (I Cl, Cl Cl, Group
FAU 0.4 0.04 001 005 001 am
MOR 0.5 005 002 006 0.05 (I
BEA 0.6 007 002 007 014 an
MWW 1.0 011 001 012 001 %)
EUO 2.1 023 002 025 016 (I
MTW 2.3 025 004 028 NA av)
OFF 3.7 041 001 045 002 (V)
FER 45 049 032 054 NA D
TON 73 080 014 08 NA av)
MFI 8.3 091 0.03 1.0 an
MTT 9.1 1.0 .10 NA )]
ERI 38 418 001 458 004 \%)

Note: All experimental data are from Morrison (1987), except MWW.
[The experimental CI value of 1.0 for MCM-22 was obtained from
Ravishankar et al. (1994); it should be noted that this group ob-
tained a CI value 1.2 for MOR, which is somewhat different than
Morrison (1987)]. Monomolecular results are scaled using the zeo-
lite MTT as a reference. Bimolecular results are scaled using the
zeolite MFI (ZSM-5) as a reference. N/A for CI,, M indicates that
formation of one or both bimolecular transition states was deter-
mined to be forbidden by free-energy calculations. Reasonable
agreement between experiment and simulation that identifies
Group I or Group II is denoted with bold faced type.
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transition-state molecules can be formed in MOR. The pore
sizes are on the same order as the sizes of the transition-state
molecules, leadm%/l to restricted transition-state selectivity.
The computed C/,;  of 0.05 is in good agreement with the
0.06 seen in the experlments Conversely, the CI " values
are a factor of 5 lower than CI''' (0.01 vs. 005) Thus,
cracking in MOR appears to proceed via a bimolecular
mechanism in which the selectivity is controlled by the bi-
molecular transition-state formation. MOR is a Group II ze-
olite.

BEA (beta). BEA is 2-D system of intersecting 12-ring
channels. Similar to MOR, the pores and transition-state
molecules are of comparable sizes, again leading to restricted
transition-state shape selectivity. Agreement between smula-
tion and experiment is reasonable (0.14 vs. 0.07) for CI
and less so (0.02 vs. 0.07) for CI M The CI in BEA appedrs
to be governed by blmolecular transition-state selectivity.
BEA is a Group [I zeolite.

MWW (MCM-22). MWW has a unique pore architecture
consisting of two completely independent 2-D pore systems.
One of these is a sinusoidal 10-ring channel network, and the
other is a network of large supercages connected by 10-ring
windows (Leonowicz et al., 1994). Experimentally, MWW has
a CI of about 1, indicating that both n-hexane and 3-methyl-
pentane are cracked at equal rates. Since branched species
crack at higher rates in the absence of confinement and dif-
fusional effects, the structure of MWW appears to either in-
hibit the cracking of 3-methylpentane or enhance the crack-
ing of n-hexane. The calculations do not capture this effect;
the reactants and transition states are all easily accommo-
dated in the supercage, leading to computed reference CI
values below those measured experimentally. No firm conclu-
sion can be reached regarding the mechanism, but it is possi-
ble that diffusional effects governing the access to the su-
percages are causing the observed selectivity or that the ac-
tive sites of this zeolite are not in the supercages at all, mean-
ing that the reactions are occurring in the more constricted
10-ring channels. Either one of these factors could account
for the observed selectivity. MWW is a Group V zeolite.

EUO (ZSM-50). EUOQO consists of a 1-D channel system
with spacious side pockets The fact that CI,M ! agrees well
with the experimental I (0.16 vs. 0.25) and CI,.' ' does
not match experiment (0.02 vs. 0.23) suggests that selectivity
in EUO results from confinement of the bimolecular transi-
tion states in the side pockets. EUO is a Group II zeolite.

MTW (ZSM-12). MTW has a 1-D, strongly puckered, 12-
ring pore system. The pores are puckered so strongly that the
ClI reaction classifies MTW as a 10-ring zeolite. Calculations
of vy indicated that the 3-methylpentane bimolecular transi-
tion-state does not form, but that the n-hexane bimolecular
transition-state could form. Thus a purely bimolecular mech-
anism for both reactants must be ruled out. However, the
agreement with experiment for —C—fxﬂ is poor (0.04 vs. 0.25).
It is likely that the selectivity comes about because both
mechanisms are at work in MTW. n-Hexane can be cracked
via either mechanism, while 3-methylpentane is cracked by
the monomolecular mechanism exclusively. MTW is a Group
IV zeolite.

OFF (offretite). OFF comprises parallel stacks of large
gmelinite cages and smaller cancrinite cages. The large cages
are very spacious with 12-ring windows between them. Pas-
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sage into the smaller cages from the large cages is through
small 8-ring windows. The calculations predict no significant
selectivity based on confinement effects for either mecha-
nism. Experimentally, n-hexane is found to be preferentially
cracked. The lack of selectivity predicted by the calculations
arises because both reactants can freely adsorb in the large
cages, and both bimolecular transition-states can form there
as well. However, it has been reported that the active site in
OFF is likely located at the center of the smaller cage
(Campana et al., 1997). The experimentally observed selectiv-
ity for n-hexane cracking is thus likely due to the difference
in reactant mobility through 8-ring windows of the small cages.
OFF is a Group V zeolite.

FER (ZSM-35). FER is a 2-D intersecting pore system
with 8 rings and 10 rings. Evaluation of vy indicated that nei-
ther bimolecular transition-state could be formed in the small
pores of FER, so the bimolecular mechanism is ruled out.
The calculated, CI ™is in good agreement with experiment
(0.32 vs. 0.49), mdlcatmg that the monomolecular mechanism
is proceeding with reactant adsorption controlling selectivity.
FER is a Group I zeolite.

TON (ZSM-22). TON is a 1-D puckered system of 10-ring
pores. Computed values of y indicate that the formation of
the bimolecular 3-methylpentane transition-state is not possi-
ble in TON, but that the bimolecular n-hexane transition-
state could form. The results for TON can be explained in
the same way in which those for MTW were explained. TON
is a Group IV zeolite.

MFI (ZSM-5). MFI is 2-D intersecting 10-ring pore sys-
tem. This zeolite is used as the standard for bimolecular tran-
sition-state selectivity. The transition-states are formed in the
mtersectlons of the zeolite and fit rather tightly. Calculations
of CI predlct only slight selectivity, in disagreement with
experlment (0.03 vs. 0.91). This result helps confirm that
cracking in MFTI is bimolecular, and that selectivity is based
on transition-state formation. MFI is the defining member of
Group II.

MTT (ZSM-23). MTT is a 1-D puckered 10-ring system.
It is used as the standard for monomolecular reactant ad-
sorption selectivity. Values of vy indicate that formation of
both bimolecular transition states are forbidden. Cracking
proceeds via a monomolecular mechanism with reactant se-
lectivity, MTT is the defining member of Group L

ERI (erionite). ERlis a 2-D pore system consisting of large
cavities connected by 8-ring windows. ERI has the highest
experimental CI of any of the zeolites examined, yet the cal-
culations predict almost no selectivity for either mechanism.
ERI illustrates a case where diffusional limitations of the re-
actants are likely dominant. The superior mobility of »-
hexane over 3-methylpentane through the 8-ring windows
gives rise to the high selectivity. Cracking is governed by re-
actant selectivity, but the mechanism is not limited to
monomolecular. The cavities of ERI are large enough to eas-
ily accommodate both the bimolecular transition states. ERI
is a member of Group V.

Good agreement between experimental and computed val-
ues for Em and ﬁb is only to be expected for Group I and
Group II zeolites, respectively. Even for zeolites that exhibit
similar experimental values of CI, the current work shows
that the dominant cracking selectivity effects can be quite dif-
ferent. This is clearly illustrated in Figures 2 and 3. Figure 2
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Figure 2. Calculated ﬁ,","," vs. experimental ™™ val-
ues for the monomolecular mechanism.

The reference zeolite is MTT. Group classification is also
indicated. Group I zeolites correlate well with experiments,
while all others are underpredicted.

compares the computed monomolecular reference CI (6,“,? ™
vs. the experimental reference CI (€™, The resulting zeo-
lite group classification is indicated as well. Figure 3 com-
—3MF1 . .
pares _(:L)Mmguted values of CI, N w1.th experimentally mea-
sured CI" . Zeolite group classifications are also shown. No-
tice that there are no Group I or Group IV zeolites on Fig-
ure 3 because the calculation of C/, was not appropriate for
these groups. As _e_)ig)%cted, o_rg%T(‘}Troup I zeolites show a good
match between CI,, and CI e while « ?AnFlly Group II zeo-
lites show a match between CI,  and CI " .
Even when the computed and measured reference CI val-
ues disagree, the result is useful. For instance, in the case of
Group V zeolites, transport effects were identified as the
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Figure 3. Calculated Ei,"," " vs. experimental CI'"' val-

ues for the bimolecular mechanism.

The reference zeolite is MFI for this case. Group classifica-
tion is also indicated. Group II zeolites correlate well with
experiments, while all others are underpredicted.
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Figure 4. In Group (V) zeolites ERI and OFF, 8-ring bot-
tienecks in the pores present limitations to re-
actant diffusion.

Molecules must pass through the 8-rings of ERI to diffuse
at all. Molecules must pass through the 8-rings of OFF to
reach the active site at the center of the cancrinite cage.

source of selectivity from an analysis of the reactant and
transition state conformations inside the cavities. Two such
zeolites are ERI and OFF, shown in Figure 4 with the unit-cell
pore volumes illuminated by considering a carbon atom probe
at an energy of 8 kJ/mol. In both of these cases, formation of
the bimolecular transition states is possible, yet diffusional
limitations are also important. ERI suffers from diffusional
limitations because all molecules must pass through the 8-ring
pores in order to pass from one cavity to the next. The situa-
tion in OFF is different in that molecules can diffuse freely
in the large 12-ring pore, but must pass through the small
8-ring window and into the small cage to reach the active
site. The disagreement between the computed 'C?,’,“” and
le: with the corresponding experimental values lends sup-
port to these conclusions.

The temperature dependence of the CI in the zeolite MFI
has previously been attributed to a change in mechanism from
bimolecular at low temperature to monomolecular at high
temperature (_Haalg et al., 1984, 1991). The temperature de-
pendence of CI:"F for MFI was also investigated and is com-
pared with the experimental observations of Frillette et al.
(1981) in Figure 5. The reference temperature for CI, ! was
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Figure 5. Temperature dependence of c™' for zsm-5
as measured by Frillette and coworkers (1981)
vs. simulations of CI,

The reference temperature is 589 K. A reduction in the CI
with increasing T is seen in both simulations and experi-
ments. A change in mechanism from bimolecular to
monomolecular has been used previously to rationalize the
reduction of Cl with T (Haag and Dessau, 1984; Haag et al.,
1991). The reduction is seen in the simulation that assumed
a bimolecular mechanism throughout.
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589 K. The calculations follow the experimental trend of de-
creasing CI with increasing temperature without switching to
a monomolecular mechanism. In fact, the temperature de-
pendence of the monomolecular mechanism was also investi-
gated by computmg CI as a function of temperature. In-
terestingly, CI decrease% only about 10% over the entire
temperature range. On the other hand, CI ™ shows a de-
crease of almost 90%, which is in fairly good agreement with
the experiments. Thus, one can conclude that it is not neces-
sary to invoke a change in mechanism to explain the reduc-
tion of CI for MFI that occurs with increasing temperature.
The present calculations show that the impact of confine-
ment on the bimolecular transition state decreases with in-
creasing temperature, which leads to a reduction in the CI.
This is caused by a competition between energetic confine-
ment effects that dominate at lower temperatures and en-
tropic effects that become dominate at high temperature. Of
course, the present analysis completely ignores the electronic
portion of the rate constant, which would also tend to reduce
the CI at high temperatures, given that the activation energy
for the monomolecular mechanism is thought to be much
higher than the barrier for the bimolecular mechanism. The
present work does point out, however, that one must also
consider the free energy of adsorption for the activated com-
plexes when computing relative reaction rates. Simple energy
minimization procedures or cluster models will not capture
these effects.

Conclusions

A method has been developed that can help to gauge the
impact that adsorption and restricted transition-state selectiv-
ity have on the n-hexane and 3-methylpentane cracking reac-
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tions of the “constraint index” test. This method, which
is based on a classic molecular mechanics model in a transi-
tion-state theory framework, has proven to be predictive for
small- to medium-pore zeolites. The cracking selectivity of
Group I zeolites, which include MTT and FER, arises from
the adsorption selectivity of reactants. The cracking selectiv-
ity of Group II zeolites, which include MFI, MOR, BEA, and
EUOQ, arises because of restricted transition-state selectivity
associated with the formation of transition-state complexes in
the classic bimolecular cracking mechanism. In other zeo-
lites, where adsorption and restricted transition-state selec-
tivity are not the dominant effects, the results of this study
can be used to identify the most probable effects leading to
observed reaction selectivity. These effects include transport
limitations, as well as simultaneous monomolecular and bi-
molecular cracking mechanisms. It has also been shown that
this simulation method can be used to investigate the tem-
perature dependence of reaction selectivity. It was found that
reaction selectivity can drastically decrease with increasing
temperature (due to entropic effects), while still proceeding
by the same mechanism. This is contrary to the traditional
reasoning for this effect, which assumed a change in mecha-
nism (Haag et al., 1982, 1991).

Since this study has focused only on adsorption and re-
stricted transition-state selectivity, further progress may be
made by examining other effects with additional computa-
tional methods. For instance, reactant transport effects could
be examined by molecular dynamics or by transition-state
transport theory for diffusing species (June et al., 1991). The
area of hybrid quantum mechanics/molecular mechanics sim-
ulations shows great promise for the investigation of acid cat-
alyzed reactions in zeolites (Sierka and Sauer, 1998). These
methods can be used to treat the transition-state complexes
more effectively by generating their conformations around the
actual active site locations while also providing an avenue for
direct evaluation of the electronic contributions to reaction-
rate constants. Confinement effects can be captured by the
molecular mechanics portion of the technique. A combina-
tion of many simulation methods will be necessary to gain a
complete understanding of this very complex problem.
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