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a b s t r a c t

The present paper deals with the theoretical characterization of the dioxo Cr species exchanged into the
silicalite-2 structure via hybrid density functional theory with cluster models to represent the active site.
The molecular models range from a simple mono silicon atom ring to more complex Cr–siloxane rings of
7T atoms. The common B3LYP and M06 density functionals were used for the calculations. The results
indicate that the chemical hardness increases from a complex ring to a simple geminate type. Overall,
the QTAIM calculations point to intermediate ionic–covalent nature of the Cr–oxygen bonds. An excellent
correlation is found between the positive eigenvalue of the Hessian at the bond critical point with the
CrAO bond distance. Whereas the enthalpy change on the exchange reaction alters from �20.3 to
56.1 kcal/mol at the M06/6-311+G⁄ level, the binding energy lies in a shorter range of 907.5–926.6 kcal/-
mol. As concluded from the Gibbs free energy changes on the exchange reaction with both of the meth-
ods, only the clusters of 4T size or larger would be formed spontaneously. However, M06 predicts �13%
stronger bindings for the Cr ion. Overall, the electronic properties depend upon both the SiAOACrAOASi
aperture size and the local configuration of the matrix. Furthermore, a fivefold coordination of Cr is
accompanied with a lower ionization potential, a longer CrAO distance, and a less negative charge on
the terminal O atoms.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

The well-known CrOx/SiO2 Phillips catalyst has been estimated
to produce over one-third of high-density polyethylene (HDPE) [1],
amounting to �12 million tons of annual HDPE production world-
wide [2]. Chromium oxide catalysts are also employed commer-
cially for production of light olefins from alkanes. Although the
alumina support has been used in most of industrial dehydrogena-
tion technologies [3–6], CrOx catalysts on different silica materials
have attracted much interest in the open literature for dehydro-
genation of ethane [7–9], propane [10], and isobutene [11], oxida-
tive dehydrogenation of ethane in the presence of carbon dioxide
[9,12–15], oxidative dehydrogenation of propane with oxygen

[16], conversion of styrene to benzaldehyde [17], liquid-phase oxi-
dation of cyclohexane [18], oxidation of primary amines to corre-
sponding nitro compounds [19], epoxidation of alkenes [20],
acetylene cyclotrimerization [21], and oxidation of phenol with
hydrogen peroxide [22].

Although much interest and research have been expended into
Cr/SiO2 systems experimentally for the last five decades [23], only
a few serious relevant theoretical studies have appeared quite
recently. Therefore, the structures of the surface Cr species in dif-
ferent environments are still to be determined unambiguously,
and computational chemistry can provide us with complementary
data not accessible through experiments [24]. A number of theo-
retical works [23–29], e.g., have addressed monomeric Cr(VI) spe-
cies on silica. In addition, Cr(II)Ox/SiO2 Phillips catalysts have been
modeled theoretically [21,30,31]. Redox chromia Cr(III) sites on sil-
ica have also been investigated as the main/original active sites in
alkane dehydrogenation [32–34].

The framework of ZSM-11 (MEL type) and its all-silica variant
silicalite-2 consists of pentasil layers joined in such a way that
the adjacent layers are enantiomeric and are stacked by a
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r-reflection. The framework atoms shape a two-dimensional net-
work of straight pores with perpendicular intersections. If the
neighboring pentasil layers are adjoined instead by an inversion,
but again enantiomerically, an MFI-type (ZSM-5 or silicalite-1)
structure is obtained [35–37]. Thus, silicalite-2 has a three-
dimensional pore structure composed of straight channels of about
5.30–5.40 Å with a free diameter of about 8.90 Å at the intersec-
tions [38].

As an effective silica-based transition metal catalyst, Cr/
silicalite-2 has also been the subject of interest in several experi-
mental works [13,15,19,20,22,39–42]. However, the silicalite-2
structure has been employed as a catalyst support for metals other
than Cr as well [43]. To the best of our knowledge, however, no
theoretical study has been reported that explores different struc-
tures of Cr within an ordered silicalite framework. In this contribu-
tion, the plausible structures and properties of monomeric Cr(VI)
oxide species on the silicalite-2 surface under dehydrated condi-
tions are then investigated theoretically with the viable cluster
models of the Cr/silicalite-2 system.

2. Computational method

The cluster modeling approach was employed for the simula-
tions. Fig. 1 shows the unit cell of silicalite-2 structure. A careful
slicing and exploring within a unit cell provided all types of the
defect sites available in silicalite-2. As a common practice
[44,45], all of the dangling bonds were saturated by H atoms fixed
along the direction of the bond with the next oxygen or silicon
eliminated from the cluster model in compliance with the crystal-
lographic data [46]. The Cr ion with the immediate neighbors
including the O atoms from two defect hydroxyl groups were
allowed to relax during the geometry optimizations. As also con-
firmed earlier [47], the rest of the silicalite cluster was kept frozen
to abide by the mechanical restrictions of the solid matrix.

The structural optimizations were performed using hybrid
functionals B3LYP [48–50] and M06 [51] along with the standard
6-31+G⁄ basis set [52–55], which are known to be reliable on both
oxides and metal clusters [45,56–58]. Improved energetic results
were also obtained through single-point calculations at a higher
level with a 6-311+G⁄ basis set [59] based on the B3LYP/6-31+G⁄

and M06/6-31+G⁄ geometries. The natural bond orbital (NBO) pop-
ulation [60] and the QTAIM [61–66] analyses on the optimized
structures were carried out at the B3LYP/6-311+G⁄ level.

The ion exchange or stabilization energies (DEex) for the cluster
models were estimated according to the following reaction [23]:

½SiO�AðOHÞ2 þH2CrO4 ! ½SiO�AO2CrO2 þ 2H2O ð1Þ
The binding energies (DEb) of Cr ions at the defect sites of

silicalite-2 were also calculated for the reaction given below:

½SiO�AO2CrO2 ! ½SiO�AO2�
2 þ CrO2þ

2 ð2Þ
The calculations were implemented using NWChem 6.5 [67]

and Multiwfn 3.3.8 [68]. Finally, the graphical outputs were drawn
by the molecular visualization program Mercury 3.3 [69–72].

3. Results and discussion

As a reasonable approach to commence, the available defect
sites of a silicate-2 material for attachment of dioxo chromium
species would be classified in terms of the interatomic length
between the next-nearest-neighbor (NNN) Si atoms to the Cr ion.
Table 1 shows such a classification for silicalite-2 based on the
crystallographic data. As can be seen in this table, different oxide
rings can be present ranging from a simple 2T mono silicon atom
(T refers to the Si and Cr atoms) to di, tri, tetra, penta, and hexa
ones, with an estimate of their individual varieties according to
the SiOACrAOSi (or shortly TCrT) aperture size. No TCrT aperture
length is reported for the first model, which is obtained from the
interaction of a dioxo Cr ion with two geminal OH groups
(HOASiAOH) on the same silicon atom.

Fig. 2 displays the optimized geometries of all of the obtained
cluster models. The B1–B5 series of models relate to those dioxo
Cr species chemisorbed on two vicinal silanol groups located at
the two ends of a siloxane bridge (HOASiAOASiAOH). Differently
from the rest of the series, the Cr ion in B4 and B5 is in close prox-
imity to both Si and O atoms of the siloxane group. The remaining
models in Table 1 represent more complex interactions of the
dioxo Cr ion with adjacent nonvicinal SiAOH groups (not directly
connected) at two defect sites of the surface linked by two or more
consecutive siloxane bridges (Fig. 2). In general, the TCrT aperture
distance varied from 3.03 to 5.15 Å for B1 to D4 clusters, respec-
tively. No stable sites were found for the dioxo digrafted chromates
at larger TCrT aperture lengths. Moreover, no higher-membered
rings were taken into account as every position for accommodation
of the dioxo species in such larger rings were found to reduce to
one of a smaller size already considered. For the coming compar-
isons of the different cluster models, as also adopted earlier [24],
it will be assumed that the distribution of dioxo Cr species at the
defect sites of silicalite-2 is controlled by their thermodynamic sta-
bility and not by the kinetics of the preparation method.

Fig. 1. The silicalite-2 matrix viewed at the (010) layer.

148 M. Ghambarian et al. / Computational Materials Science 118 (2016) 147–154



Download English Version:

https://daneshyari.com/en/article/7958805

Download Persian Version:

https://daneshyari.com/article/7958805

Daneshyari.com

https://daneshyari.com/en/article/7958805
https://daneshyari.com/article/7958805
https://daneshyari.com

