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Entropy strikes again

Anyone who has experience in moving house [the Angewandte team has
just done this!] knows that those boxes filled with small books are the

heaviest, because these small objects pack so easily. The same 
entropy effect explains the catalytic selectivity towards the 

formation of branched hydrocarbons in zeolites. The 
pink tubes represent the zeolite pores at high 

loading in which effective size differences 
between linear and branched mole-

cules (top tube) determine the
selectivity (bottom tube).

For more information
see the following pages.
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Selectivity Revised**
Merijn Schenk, Sofia Calero, Theo L. M. Maesen,
Lucas L. van Benthem, Martijn G. Verbeek, and
Berend Smit*

The molecular aspect of shape selectivity in zeolites is one
of the key factors in zeolite science and technology of which a
better understanding is required. The prediction of even
qualitative aspects of a product distribution for a given
reaction in a particular zeolite would be a significant step
forward.[1] In this respect the work of Santilli et al. ,[2] which
introduced the concept of inverse shape selectivity, can be
seen as an important step. Inverse shape selectivity was used
to explain the high yield of dibranched alkanes in AFI-type of
zeolites. This concept is one of the first, apparently successful
attempts, to predict some aspects of a product distribution by
using molecular simulations. Traditional shape selectivity
states, for example, that molecules will not (trans-)form if
they are too bulky to fit inside a channel of a zeolite. There-
fore, selectivity can be obtained by selecting zeolites with
different channel sizes. Santilli et al. argued that the inverse
process could also result in shape selectivity: those molecules
form that have an optimal fit within the channels. For
example, a difference in combustion properties (octane value)
provides an economic incentive to prefer the formation of
branched paraffins to linear paraffins. The concept of inverse
shape selectivity tells us that this demand can be met by using
zeolites that afford a maximum difference in Gibbs free
energy between the branched and linear isomers. Using state-
of-the-art simulation techniques and force fields, Santilli et al.
demonstrated that their idea correlated perfectly with the
measured selectivity. More importantly, Santilli et al.×s con-
cept could be used to predict the optimal structure of a zeolite.

The initial motivation of our work was to redo and further
refine the calculations of Santilli et al. by using more
advanced simulation techniques and improved force fields.
Whereas the simulations of Santilli et al. were limited to the
energetic contributions, our approach, which uses the config-
urational-bias Monte Carlo (CBMC), allows computations of
the entropic contributions as well.[3] In addition, Santilli et al.

Figure 1. Experimental and simulated normalized DMB/n-C6 yield ratios
(y) for various zeolite structures at T� 577 K and P� 3000 kPa. The ratios
were normalized by setting the value for the FAU-type zeolite at one. The
experimental ratios (red) were determined from n-C16 hydroconversion
experiments,[2] the calculated ratios were taken from simulated adsorption
isotherms of 2,2-DMB/n-C6 (yellow) and 2,3-DMB/n-C6 (blue) or from
Henry coefficients (green). The numbers in parentheses are the average
pore sizes [ä]. DMB� dimethylbutane, n-C6�n-hexane.

used the CVFF force field. Macedonia and Maginn have since
shown that this force field is not particularly suited for
simulating branched paraffins,[4] for example, the CVFF force
field does not reproduce the step that is clearly visible in the
measured isotherms of isobutane adsorption by MFI-type
silica at approximately half the loading.[2] The force field we
used does describe the adsorption isotherms of linear and
branched alkanes in MFI quantitatively.

To our surprise, these ™improved∫ simulations predict that
the free energies of the linear and branched isomers in the
™optimal∫ zeolites are nearly identical (see Figure 1). This
result suggests that none of the ™optimal∫ zeolites would favor
the formation of branched alkanes. This prediction is in
marked disagreement with the significant differences in
selectivity observed experimentally. This situation suggests
that the initial success of the predictions of Santilli et al. may
have resulted from a fortuitous cancellation of errors. More
importantly, our results also question the molecular interpre-
tation of Santilli et al. , that an optimum match between a
branched molecule and the zeolite channel induces the
selectivity. Here, we will demonstrate that the molecular
basis of inverse shape selectivity is related to entropic effects
inside the zeolite pores under conditions where the zeolites
are (almost) fully saturated.

An important assumption in the calculations of Santilli
et al. is that at reaction conditions the loading is sufficiently
low, such that alkane ± alkane interactions can be ignored. To
test this assumption, we have computed adsorption isotherms
for various C16 isomers, which is the reactant of the reaction of
interest. Figure 2 shows a binary isotherm (577 K) of equal
amounts of 2,5,8,11-tetramethyldodecane (a teM-C12) and
n-C16 in AFI-type pores. At low pressures there is little
difference between the loading of the isomers, which is
consistent with our observation that the free energies of these
isomers at low loading are similar. However, if we consider
the loading under reaction conditions (3� 103 kPa), the
adsorption isotherm shows that these pores are fully saturated
with reactants. In addition, the AFI-type pores strongly prefer
the adsorption of the shortest, most compact molecule, teM-
C12, to that of the longer molecule, n-C16. Similar simulations
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Figure 2. Simulated adsorption isotherms of equal amounts of teM-C12

(black) and n-C16 (red) in AFI- (�) and DON-type (�) pores at T� 577 K.
The total loading is given in purple. The grand canonical Monte Carlo
simulations have been performed using the CBMC technique as described
in Vlugt et al.[9] A united atom force field has been used to describe the
alkane ± alkane interactions and the zeolite ± alkane interactions. The
parameters can be found in ref. [9]. AFI and DON have 1D linear pores
with average channel diameters of 7.3 and 8.2 ä, respectively.

of different pore structures show that also the other systems
are fully saturated with reactant under reaction conditions.
These results clearly indicate that a key assumption under-
lying the mechanism of inverse shape selectivity does not
hold. An alternative mechanism is therefore needed.

Since teM-C12 is the most likely source for dimethylbutane
(DMB), and dimethyltetradecane (dM-C14) the most likely
source for n-hexane (n-C6),[5, 6] it would be tempting to
conclude that the DMB/n-C6 ratio in the hydrocracking
products is related to the differences in free energy of
formation of these highly branched C16 isomers. However,
Figure 2 also shows that similar
differences in free energy are
observed for the DON struc-
ture, which has a much larger
pore diameter but does not
yield a high DMB/n-C6 ratio.[7]

These results demonstrate that
at reaction conditions the zeo-
lites are saturated with bulky
C16 isomers, which have a very
low diffusion coefficient, hence
the exchange between gas
phase and adsorbed phase will
be extremely slow. Therefore
we cannot assume that the ad-
sorbed phase is in thermody-
namic equilibrium with the gas
phase. However, this does im-
ply that the adsorbed phase will
exhibit an intracrystalline ther-
modynamic equilibrium, that is,
the zeolite will preferentially
form those isomers that have
the lowest free energy of for-
mation at the conditions of
interest. In other words, the
product molecules are trapped
sufficiently long in the zeolite

that they will hydroisomerize towards their intracrystalline
thermodynamic equilibrium distribution. If this assumption
holds, the product distribution is determined by the relative
intracrystalline Gibbs free energies of formation at reaction
conditions. Since we do not know the composition of the
various isomers at these conditions, we cannot compute these
free energies exactly. The free energies can be approximated
if we assume that the dominant factor is that the zeolite is
completely saturated with hydrocarbons, and that the exact
composition of the hydrocarbons is of secondary importance.
In the structures of interest the molecules align nose to tail,
and since the molecules only see the tail and nose of there
neighbors it is of secondary importance whether the rest of the
molecule is big or small.

We estimate the Gibbs free energy of formation of the
hexane isomers by a binary mixture of 2,2- or 2,3-dimethyl-
butane (2,2-DMB or 2,3-DMB) and n-hexane (n-C6) at
reaction conditions and compute the relative free energies
of these two components. In Figure 1 these DMB:n-C6 ratios
are plotted for various zeolite structures. For small-pore
zeolites the branched products are too bulky to form, giving
selectivity towards the linear isomers. For the large-pore
zeolites the linear and branched molecules are equally likely
to form. An optimal selectivity is obtained for zeolites with
pore size of approximately 7 ä. This observation is exactly
what is found experimentally.[2]

A molecular explanation of our observation is shown in
Figure 3. Talbot[8] has shown that if we pack molecules in a 1D
pore, at high pressures the smallest molecule will expel the
bigger molecule. This is a purely entropic effect. A real zeolite
is not a pure 1D system, therefore it is important to introduce

Figure 3. Adsorption of linear and branched hexane isomers in AFI (left) and AET (right). The ™snapshots∫
show some typical conformations of the linear and branched isomers. In the smaller tube (AFI) the linear isomers
are stretched while in the wider tube (AET) coiled conformations are also observed. Top: the projected end-to-
end distance distribution of n-hexane (red) and 2,2-DMB (black), the arrows indicate the effective size of the
molecules.
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Crystal engineering is the planning of the properties and
functions of crystalline materials by using preorganized
molecules.[1] This process involves the control of crystal

the effective size of a molecule, which is defined as the end-to-
end distance projected on the center line of the channel.
Figure 3 shows the distribution of this distance for a large
(AET) and optimal pore size (AFI). In the large-pore
structure we observe for the linear isomer a very broad
distribution, reflecting all possible conformations (curled and
stretched) of this isomer. Hence, the effective size of the linear
and branched isomer is nearly identical. If we reduce the size
of the channel, this distribution is dominated by the stretched
conformations, which increases the effective size of the linear
isomers. Because the effective size of the linear isomer is
large, these molecules are expelled at high pressure.

An important difference between the concept of inverse
shape selectivity and our entropic explanation is the role of
the zeolite. Inverse shape selectivity indicates that one should
look at those zeolites, which have an optimal ™match∫ for the
branched isomer. In our mechanism the role of the zeolite is to
provide an environment in which the length differences
between the linear and branched isomers are maximum,
which translates into an optimal pore diameter. For a given
pressure, the maximum selectivity is determined by the
relative effective sizes of the alkane molecules. The details
of the channel structure are in this mechanism of secondary
importance. This situation suggests that we can ™optimize∫
any zeolite structure by tuning its diameter. In Figure 4 we
have performed this optimization for several known zeolite
structures by changing the pore diameters by a simple scaling
factor. Of course, such an optimization cannot be performed
in practice, but does illustrate our point that irrespective of
the details of the zeolite a similar optimal selectivity is
obtained for nearly identical channel dimensions. At lower
temperatures or higher pressures the entropy effect is more
pronounced and a better selectivity could be expected. The
results shown in Figure 4 are at lower temperatures than those
in Figure 1 (403 K versus 577 K). The data at these lower
temperatures give significantly higher selectivities. A similar
effect can be expected from an increase of the pressure.

Two conclusions of practical importance can be drawn from
our work. We have shown that there is a thermodynamic limit
to the maximum selectivity that can be obtained for these
types of reactions. This limit implies that any novel zeolite

Figure 4. Normalized 2,2-DMB/n-C6 yield ratios (with respect to the FAU
selectivity) for some ™optimized∫ pore structures at T� 403 K and P�
1000 kPa. The size of MOR- (black, pore too small), AFI- (red, optimal),
AET- (green, too wide), and DON-type (blue, too wide) channels was
adjusted by scaling the coordinates. The open symbols represent the zeolite
structures before resizing. MOR was first made circular before the scaling
was applied.

structures will have a selectivity towards branched paraffins
which is at best similar to the selectivity of MAZ and AFI. A
more successful approach to increase the selectivity would be
to operate at higher pressure or lower temperatures, since the
entropy effect is more pronounced at these conditions.
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