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Abstract Structure and physisorption energy of alkanes
in ZSM-22 are investigated using periodic density func-
tional theory employing the new BEEF-vdW functional.
Good agreement with experimental data is obtained,
illustrating successful modeling of the van der Waals for-
ces responsible for the adsorption. All calculations were
performed on a single level of theory, and the method
therefore provides an attractive possibility for an accurate
theoretical description of the confinement effects observed
in zeolite catalysis.
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1 Introduction

Zeolite acids are extensively used as heterogeneous cata-
lysts in a wide variety of industrial processes [1, 2]. The
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success of zeolite catalysts is largely due to their size- and
shape-selectivity [3], a property that originates from a
porous structure of channels and cages inside the materials.
Much like solvent effects prevalent in solution phase
chemistry, stabilization of molecular species by van der
Waals (vdW) interactions inside these nano spaces can
influence selectivity and reactivity of catalytic reactions in
zeolites [4]. Thus, when aiming for a greater understanding
of zeolite acid chemistry through theoretical modeling, it is
crucial that the model correctly describes the vdW inter-
actions giving rise to the confinement effects. For systems
of the size and complexity of zeolites, the method of choice
in the vast majority of computational works is density
functional theory (DFT). While commonly used density
functionals can account well for the zeolite structure, they
are inadequate in describing the long-range vdW interac-
tions [5-7]. Different approaches to remedy this inade-
quacy have been taken [8-21]. In the DFT-D method of
Grimme et al. [12-15], a dispersion energy calculated from
damped atomic pair potentials is added to the DFT energy.
This pragmatic approach has been applied in a number of
computational studies of zeolite chemistry employing
finite-size clusters [22-25] as well as periodic structures
[26-29]. In studies of hydrocarbon reactivity in zeolites
results of near chemical accuracy have been obtained using
a hybrid MP2:DFT method [17, 19, 30]. However, high
demands of computational resources somewhat limits the
applicability of the latter method.

Recently, the BEEF-vdW functional was developed to
simultaneously describe vdW interactions and chemical
bond formation correctly [31]. That was achieved by bas-
ing the nonlocal correlation term of BEEF-vdW on the
work of Lundqvist, Langreth and coworkers (vdW-DF2)
[10, 32]. Using the algorithm of Roman-Peréz and Soler
[33] it is implemented for use in DFT calculations
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employing periodic boundary conditions (pbc) [31]. The
latter property is valuable, since it has been shown by
Tuma and Sauer [30] that methods employing pbc in
general are preferable to the finite size cluster models of
zeolites. Furthermore, a pbc DFT calculation not employ-
ing any parametrization to the zeolite system represents a
conceptual simplification over multilevel methods where a
finite cluster is embedded in a larger periodic structure.
This work presents results from pbc DFT calculations on
a zeolite system using the BEEF-vdW functional to
account for vdW interactions not only in energies, but also
in relaxation of atomic positions. As a prime example of a
case where vdW interactions dominate the physisorption of
n-alkanes in ZSM-22 has been chosen. Experimental data
are available for direct comparison [34, 35]. Adsorption of
alkanes in zeolites has been the subject of a number of
computational studies in recent years [36—44]. The few of
these that employ pbc DFT indeed find that physisorption
energies are poorly reproduced due to the inadequate
description of the vdW interaction [36, 43, 44].

2 Computational Details

The self-consistent pbc DFT calculations employing the
BEEF-vdW functional are performed using GPAW [45,
46], a real-space grid implementation of the projector
augmented-wave method [47], interfaced with the ASE
package [48]. Periodic boundary conditions were applied in
all calculations, except for molecules in vacuum. Based on
convergence tests, all calculations except the unit cell
optimization employed a real-space grid spacing of 0.2 A.

The lattice constants of the silicalite of ZSM-22 were
determined by minimizing the energy of fully relaxed atomic
structures with respect to the three parameters defining the
ortho-thombic unit cell. This optimization used a force
threshold of 0.03 eV/A and areal-space grid spacing of 0.16 A.
Based on convergence tests of the total energy, a 1 x 1x 4
Monkhorst—Pack [49] k-space grid was used to sample the
Brillouin zone and a 0.1 eV Fermi smearing was applied.

Energy and geometry optimizations of molecules in
vacuum employed super cells with 5.0 A vacuum to the
cell wall in all directions, implying convergence of inter-
actions energies at the meV level. A force threshold of
0.01 eV/A was used in the geometry optimizations.

Based on convergence tests of adsorption energies, the
calculations that employed the super cell shown in Fig. 1
(right) only sampled the I" point of the Brillouin zone. A
force threshold of 0.03 eV/A was used in geometry opti-
mizations in which the positions of all atoms in the super
cell were relaxed. The position of the Al/Si substitution and
the proton in the H-ZSM-22 super cell was chosen
according to previous work [50].
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3 Results and Discussion

Table 1 shows the lattice constants calculated with the
BEEF-vdW functional compared to the corresponding
experimental values [51]. The values obtained using the
RPBE functional [50] are shown for comparison.

The results show that BEEF-vdW performs significantly
better than RPBE, but more importantly that BEEF-vdW
does not suffer from the problem of predicting much too
soft lattices as the vdW-DF and vdW-DF2 functionals do
[52, 53].

In the calculations presented in the following a primitive
cell was used. This cell has a well-defined relation to the
unit cell (Fig. 1, left), which reduces the number of atoms
included in the calculation without influencing computed
adsorption energies [50].

The calculations of physisorption of C;—C;q n-alkanes
employed a super cell constructed from four repetitions of
the primitive cell along the unidirectional channel of the
zeolite (Fig. 1, right), making sure that interaction between
neighboring alkanes in the periodical model was avoided.
Physisorption energies of n-alkanes on both H-ZSM-22 and
the corresponding silicalite were calculated. The silicalite
calculations employed the aforementioned super cell, while
in the case of H-ZSM-22 a single Si atom in the super cell
was substituted by an Al atom and a proton added to a
neighboring oxygen atom to maintain neutrality.

Table 1 Calculated and experimentally determined lattice constants
of ZSM-22

a b c
RPBE 14.33 18.15 5.330
BEEF-vdW 14.27 17.47 5.066
Expm. [51] 13.86 17.42 5.038

Values are in A

a

Fig. 1 (left) The definition of the primitive cell from the unit cell.
(righty The H-ZSM-22 supercell, constructed by repeating the
primitive cell four times along the ¢ axis, containing a physisorbed
decane molecule
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The positions of all atoms of the isolated molecules, the
zeolite/silicalite and the physisorption adducts in the super
cells were relaxed to obtain minimized electronic energies
from which the physisorption energies

AEphys = Lzeolite—alkane — Lzeolite — Lalkane (1)

were calculated. In a computational study on the physi-
sorption of alkanes on a series of acidic zeolites DeMoor
et al. [37] found the difference between the adsorption
energies and enthalpies to be within 5 kJ/mol in the
temperature range 100-800 K. Since the experimental data
used to benchmark our calculations fall within that
temperature range [34, 35], the approximation

Athys ~ AEphys (2)

is employed. The alkane physisorption enthalpies calcu-
lated this way are displayed in Fig. 2 together with corre-
sponding experimentally determined values from the work
of Denayer et al. [34]. The values obtained by Ocakoglu
et al. [35] are virtually identical.

Also shown in the figure are the lines obtained by fitting
the physisorption enthalpies to a linear dependence on the
number of carbon atoms N

Athys = oN + ﬁ (3)

The parameters obtained this way are shown in Table 2
together with the corresponding parameters derived from
the data of Ocakoglu et al. Firstly, we note that the linear
dependence of the adsorption enthalpy found experimen-
tally is reproduced by the calculations. More importantly,
the slope of this linear dependence is reproduced exceed-
ingly well, as it within the uncertainty limits is identical to
the ones derived from the experiments. The slope is
determined by the interaction between the alkanes and the
channel walls of the catalyst, why it is the same for both the
zeolite and the silicalite. This interaction depends on a
subtle interplay between the relative shape and size of the
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Fig. 2 Calculated and experimentally determined enthalpies of
physisorption of n-alkanes in H-ZSM-22 and the corresponding
silicalite

Table 2 Parameters o and f§ obtained from fitting the experimental
and calculated adsorption enthalpies (in kJ/mol) to the expression in
Eq. 3, standard deviation (in parentheses) and correlation coefficient
(R

o p R?
Expm. H-ZSM-22 [34] —12.3(£0.28) —1.66(£1.9) 0.9985
Expm. H-ZSM-22 [35] —12.2(£0.27) —=3.25(£1.9) 0.9985
BEEF-vdW H-ZSM-22 —12.2(£0.26) —17.4(£1.6) 0.9963
BEEF-vdW ZSM-22 silicalite  —11.9(£0.33) —13.8(£2.0) 0.9940

adsorbate and the channel, in which a balance of repulsive
and vdW forces determines the magnitude of the interac-
tion [54]. The fact that the correct slope is obtained from
the calculated values means that the BEEF-vdW functional
describes this balance very well.

As reflected by the f parameter, the calculations predict
too strong adsorption of the alkanes in H-ZSM-22 by about
15 kJ/mol. However, assuming the temperature depen-
dence (including the contribution from zero point vibra-
tional energy) of the enthalpy to be, on average, the 5 kJ/
mol mentioned above, the discrepancy between the calcu-
lated and experimentally determined enthalpies is reduced
appreciably. The interaction with the Brgndsted acid active
site in H-ZSM-22 (one site per super cell, Si/Al=95) can be
estimated by comparing the f§ parameters obtained from the
zeolite and silicate calculations, respectively. Their dif-
ference is 4 kJ/mol, which compares very well to the =2
and 3 kJ/mol, respectively, derived from the experimental
values (Si/Al=30, the authors assumed that the adsorbate
interacted with a single acid site [34, 35]), although the
uncertainties on these parameters prevent a definite
conclusion.

4 Conclusion

The BEEF-vdW calculations presented in this letter rep-
resent the first pbc DFT calculations accurately modeling
the complex interplay between repulsion and vdW inter-
actions determining the physisorption of n-alkanes in por-
ous zeolites. It is stressed that this result is obtained by first
principles in the sense that no parametrization to the par-
ticular system or even zeolites in general has been
employed. Furthermore, optimization of lattice constants,
geometries of molecules, zeolites and physisorption com-
plexes as well as calculations of energies are all performed
using the same method, requiring reasonable computational
resources. This universality and conceptual simplicity
provides high expectations for the general applicability of
the method in modeling and understanding the confinement
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effects of reactions in zeolite catalysis that have been
observed experimentally.
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