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Bis(bidentate) catecholamide ligands (Scheme 2) were synthesized accord-
ing to previously published procedures.?" Libraries were obtained follow-
ing a simple procedure: H,-L? (33.1 mg, 0.077 mmol), H,-L* (39.0 mg,
0.077 mmol), Et,NCI, (4.3 mg, 0.026 mmol), and [Ga(acac);] (acac =ace-
tylacetonate) (37.1 mg, 0.102 mmol) were suspended in methanol (20 mL).
A 0.5N NaOH solution (620 pL) in H,O was added slowly, and a clear
solution was obtained. After the mixture had been stirred for 2 h, the
solvent was reduced to 4 mL, and excess acetone was added to precipitate
the product, which was collected by ultracentrifugation, washed with
acetone and dried (quantitative yields). The same library was obtained by
mixing solutions of [Ga,L? D (Et,N)]"'~ and [Ga,L{ D (Et,N)]"'~ at pD 7.5
after heating for several hours at 60°C.
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Shape Selectivity in Hydrocarbon
Conversion**
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Molecular sieves with three-dimensional framework struc-
tures find many applications in catalysis." 2 A comprehensive
and fundamental understanding of the product selectivity
associated with these catalytic processes remains a formidable
challenge of considerable practical significance.’! Herein we
focus on conversion reactions of alkanes. We demonstrate that
molecular sieves favor the formation of reaction intermedi-
ates that have a shape commensurate with their pore shape.
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The ultimate fate of these intermediates depends on whether
diffusion, hydrocracking, or methyl shifts have the lowest
Gibbs free energy barrier. We obtain microscopic information
on the adsorbed molecules using configurational-bias Mon-
te Carlo simulations. This information on a molecular level
enables the explanation of peculiarities in known product
distributions.[*-]

The conversion of linear alkanes can be described as a
series of consecutive reactions each increasing the degree of
branching (monobranched, dibranched, etc.).”! Methyl shifts
can transfer these molecules into isomers with the same
number of branches. Together with this increasing degree of
branching, consecutive hydroisomerization reactions increas-
ingly compete with hydrocracking reactions that decompose
the molecule. The overall mechanism is therefore a very
complex scheme with many different reaction intermediates.®!
The products of the reaction are a mixture of the various
isomers and their hydrocracking products and can be seen as a
fingerprint of the molecular sieve.

To arrive at a general mechanism that can explain the
shape-selective conversion of alkanes we assume that the
Polanyi— Brgnsted principle holds. This principle implies that
equilibrium thermodynamics reflect the relative probability
of formation of a particular isomer, provided it is formed
through the same reaction mechanism as other, competing
isomers.” 1) Whether this isomer will appear in the product
distribution depends on the relative rates of diffusion and of
consecutive reactions (hydrocracking or hydroisomerization).
Since isomers with the branches
at the same carbon atom or at
carbon atoms one methylene
(CH,) group apart undergo hy-
drocracking three orders of
magnitude faster than the other
isomers,®l we assume that hy-
drocracking occurs only through
these isomers. B

Differences in the Gibbs free )
energy of formation determine 3 Al
the equilibrium concentration )
of the various reaction inter-
mediates. If we use the tabulat-
ed free energies of formation in 10
the gas phase,["'l we would pre-
dict that all routes contribute
comparably to the overall con-
version and that all branched
isomers will form. In fact, such a
product distribution is observed =R
in the FAU-type zeolite, which
indicates that this large-pore
zeolite does not modify the
thermodynamic product distri-
bution.” 81 However, by using
gas-phase thermodynamics, we
implicitly assume that the
change in Gibbs free energy
for the transfer of a molecule
from the gas phase into the sieve
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is similar for all reaction intermediates. For the large FAU-
type pores!’?l this is a reasonable assumption, but not for
zeolites with smaller pores. Since the contribution of the sieve
to the free energies of formation cannot always be obtained
from available experimental data, we use configurational-bias
Monte Carlo (CBMC) simulations['*! to compute the contri-
bution of the zeolites to the free energies of formation.

Figure 1 shows the contribution of several zeolites to the
Gibbs free energy of formation of the various reaction
intermediates involved in decane conversion. The differences
between the various isomers in the gas phase are relatively
small (5 kImol~' at most).['!l Similar differences are found in
the FAU-type zeolite. Large differences in the Gibbs free
energy between the various intermediates are observed in
MFI-, MEL-, and TON-type zeolites. For example, the Gibbs
free energy of formation of the tri-branched alkanes with
proximate methyl groups is very large. The formation of these
isomers will therefore be suppressed.’>!% In this way the
Gibbs free energy modifications afford an unambiguous
assessment of the possibility for shape selectivity of the
transition state. Experimentally, such an assessment has often
proved to be difficult.B!

To investigate the mobility of a reaction intermediate we
have computed the Gibbs free energy of this molecule as a
function of its position in the sieve.l'l If this Gibbs free energy
profile shows barriers that are much larger than the thermal
energy (> 1kgT), diffusion will be slowed down by the zeolite.
In MEL- and MFI-type zeolites, mono-methyl alkanes have a
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Figure 1. The Gibbs free energy of formation of hydrocarbons relative to decane in FAU-, TON-, MFI-, and
MEL-type sieves as obtained from CBMC simulations.'**! The interaction parameters used in this study can
reproduce the experimental adsorption isotherms of linear and branched alkanes in various zeolites
accurately.'®] The changes in the Gibbs free energy were calculated using one molecule at infinite dilution
at T=415 K. At this temperature the Gibbs free energy of formation of all C,,isomers in the gas phase is (149 +
2) kI mol~". Only the isomers with the greatest influence on the product distribution are shown. Details on the
technique and the model can be found in Vlugt et al.['3
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barrier of 12-14k,zT, while in TON-type zeolites it is only
6kgT. These values indicate that diffusion rates of mono-
methyl alkanes are lower in MEL- or MFI-type zeolites than
in TON-type zeolites. Quantitatively similar results were
obtained from molecular dynamics simulations.'> %) The
Gibbs free energy profiles of some di-branched isomers in
MEL and MFI are compared in Figure 2. These results
indicate that the dimethylalkanes have a barrier of 15— 60k37,
which results in diffusion coefficients ranging from 107'° to
10732 m?s~L. These diffusion coefficients are too low to be
calculated by molecular dynamics simulations.!'> €]

24-dmio-MEL
q.dmo-MEL
" 14 ~chrrac- WP

- B

Figure 2. Gibbs free energy (in units of k3 T) as a function of the position of
the n,m-dimethyloctane (dmo) isomers in MEL- and MFI-type zeolites. We
have limited the calculation to the straight channel for MFI-type zeolites;
similar results are obtained for a zigzag channel. Instead of calculating the
average Gibbs free energy of a molecule in a zeolite (as is done in Figure 1),
we compute the Gibbs free energy as a function of the position of the
molecule along a channel. The parameter ¢ is the fractional coordinate with
respect to the unit cell of the 3-position of the chain in the case of 2,4-dmo
and the 4-position in case of 4,4-dmo. The middle of the intersections in a
MEL-type zeolite have reduced coordinates of ¢ =0.25 and ¢ =0.75 and in
an MFI-type zeolite of g=0, ¢=0.5, and g=1. The reported diffusion
coefficients have been calculated using these Gibbs free energy profiles
assuming that transition-state theory holds.

An explanation for the high hydrocracking selectivity of
MEL- and MFI-type zeolites relative to TON- or FAU-type
zeolites is that the former selectively reduce the Gibbs free
energy of formation of those dimethylalkanes that hydrocrack
most easily. Dimethylalkanes with methyl groups attached to
the same carbon atom or separated by one methylene (CH,)
group hydrocrack more quickly than other dimethylalkanes
because they form both secondary and tertiary carbocation
transition states instead of only secondary carbocation
transition states.””l The formation of these isomers is
enhanced, because their shape is commensurate with that of
the pore intersection: 4,4-dimethyloctane fits snugly when it
has its octane backbone in the straight MFI-type channel and
the two methyl groups in the zigzag channel; 2,4-dimethyloc-
tane on the other hand has a perfect fit in the large MEL-type
intersection because the distance between the two branches
matches the distance between the two intersecting channels.
Those intermediates that are commensurate with the zeolite
structure are preferentially formed but cannot diffuse out of
the zeolite without being hydrocracked. Since hydrocracking
of 2,4-dimethyloctane yields isobutane, while hydrocracking
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of 4,4-dimethyloctane yields n-butane,l’! we now understand
why the conversion of n-decane using MEL-type zeolites
yields about twice as much isobutane as that using MFI-type
zeolites.*>! In this case the thermodynamic and diffusion
properties can only by calculated: the dimethyloctanes
studied diffuse too slowly to be amenable to traditional
adsorption experiments.

We can apply this procedure to determine general trends in
a product distribution for other hydrocarbon conversion
processes. The aim of dewaxing is to transfer long-chain
hydrocarbons (waxes) into branched isomers. Hydrocracking
is an undesirable side reaction that we would like to suppress
as much as possible. Figure 1 shows that the dimethylalkanes
that most easily hydrocrack (alkanes with proximate methyl
groups) have a relatively high Gibbs free energy of formation
in TON-type zeolites. Figure 3 shows that TON-type zeolites

21

Figure 3. Gibbs free energy as a function of the position of the 2,m-dmpd
isomers in TON-type zeolites (see also the caption to Figure 2).

instead favor the formation of di-branched alkanes with the
methyl group separated by two or more methylene groups.
2,6- and 2,10-dimethylpentadecane (dmpd) have the lowest
Gibbs free energy of formation. The shape of these two
isomers is commensurate with the periodicity of the cavities in
the TON-type zeolite channel (Figure 4). There is no such
perfect match between the spacing of the methyl groups and
that of the undulations in the TON-type channels for the other
isomers. Figure 3 shows that commensurate 2,6- and 2,10-
dmpd have a barrier of 15kz7, which gives a diffusion
coefficient of 2 x 107 m2s~!, and shows that the diffusion of
the incommensurate 2,7- or 2,9-dmpd is virtually unham-
pered. From this Figure we can deduce the Gibbs free energy
of formation of the various 2,/ isomers. The incommensurate
isomers have similar Gibbs free energies while the commen-
surate 2,6-dmpd has a Gibbs free energy of formation 5kgzT
lower. The barrier for all methyl shifts is only 1.5kz7'in the gas
phase or in a wide-pore zeolite.¥! The Polanyi-Brgnsted
principle suggests that TON-type zeolites raise this barrier (by
some 5kpT) for the methyl shift of a commensurate isomer
(2,6-dmpd) into an incommensurate one (2,5- or 2,7-dmpd),
but leave the methyl shifts among incommensurate isomers
unaffected. The reason for the relatively high barriers to
diffusion of the commensurate intermediates is that the
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A)

B)

Figure 4. Sketch of a commensurate (A) and an incommensurate (B)
molecule in a TON-type zeolite. If there are three carbon atoms separating
the two methyl groups the molecule is commensurate with the zeolite
structure. If we displace, for example, a 2,6-dimethylpentadecane (dmpd)
isomer both methyl groups have to leave their optimal position. If we
displace an incommensurate molecule, for example, the 2,5-dmpd isomer,
part of the molecule always remains in an unfavorable configuration. As a
consequence, the Gibbs free energy barriers of the incommensurate
molecules are much smaller and hence these molecules diffuse faster.

diffusion of a commensurate isomer requires that both methyl
groups leave their thermodynamically favorable sites, while
the diffusion of an incommensurate molecule always involves
one methyl group at an unfavorable position. Therefore a
displacement of a commensurate molecule changes the Gibbs
free energy more than that of an incommensurate molecule. A
similar effect has been observed for clusters of molecules.['”!

These simulation results lead to the following hydrocarbon
conversion mechanism: The commensurate 2,6- and 2,10-
dmpd will form preferentially but their barrier for diffusion is
higher than their barrier for a methyl shift. Once a methyl
shift has taken place, an incommensurate structure has
formed which can leave the zeolite. However, 2,5-dmpd can
easily undergo a methyl shift into 2,4-dmpd, which will
hydrocrack before it leaves the zeolite. This suggests that in
the product slate we may find some 2,5-, very little 2,6-, but a
significant amount of 2,7-, 2,8-, and 2,9-dmpd isomers.
Aspects of such a product distribution have been observed
experimentally. Interestingly, these effects were explained in
terms of catalysis at the exterior zeolite surfacel® (“pore
mouth” and “key lock” catalysis). Our interpretation implies
catalysis inside the zeolitic pores. A similar conclusion has
been obtained from molecular dynamics simulations.!> 16 18]
We have also calculated the Gibbs free energy profiles of the
3,m-dmpd isomers. For these isomers we find that 3,7-dmpd is
the commensurate molecule. The Gibbs free energy of these
3,m isomers is 1-2kgT higher than that of the 2,m isomers.
We therefore expect that the product distribution also
contains 3,8-, 3,9-, and 3,10-dmpd isomers in slightly smaller
quantities.

It is instructive to compare our approach and the traditional
concepts in shape-selective catalysis (reactant, transition
state, and product shape selectivityl® 1 2), When a reactant
is excluded from a zeolite (reactant selectivity), this is
reflected by a very high Gibbs free energy of adsorption in
our simulations.'! When the formation of a product or
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intermediate is impeded or favored (transition statel’) or
inversel?!l shape selectivity) the Gibbs free energy of such a
molecule increases or decreases, respectively. When the
diffusion rate of one product is slow relative to that of
another (product shape selectivity?®”) this shows up in the
Gibbs free energy profile. Thus, CBMC calculations give a
complete picture of shape selectivity, something that is very
difficult experimentally.

An important concept in this work is whether a molecule is
commensurate with the zeolite structure. The diffusion and
thermodynamic characteristics of molecules whose shape is
commensurate with that of the zeolite pore is very different
from that of the incommensurate ones. These subtle differ-
ences have remarkably large influence on the product
distribution.
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