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Coordination of Cu” ions adsorbed on the plausible sites of a silicalite-2 lattice has been investigated computationally via hybrid density
functional theory method at the B3LYP/6-311+G* and B3LYP/Def2-TZVP levels using molecular models of the active site. The

symmetrical coordination of Cu’ ions to almost five oxygen atoms of the all-silica framework in six-membered ring (6MR) sites of the

main channels was the most stable configuration of Cu-silicalite-2 clusters. On the contrary, the metal cation was found to be most weakly

bound to the sites at the intersections where the metal ion was twofold coordinated. Implications on the catalytic chemistry for adsorption

or activation of different molecules on the exchanged sites are discussed. The average binding energy was calculated to be ~46 kcal mol™

for Cu/silicalite-2. Although chemisorbed, the relatively weak bindings of Cu” supported some unusual reactivity of high-silica Cu-doped

ZSM-11 catalysts in previous studies and evinced that this adsorbent can offer substantial capacities with respect to the guest molecules;

e.g., in pollution abatement.
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INTRODUCTION

Silicates and zeolites containing transition-metal ions
(TMIs) offer high activity as heterogeneous catalysts for a
wide range of reactions such as pollutants abatement and
selective oxidation reactions [1-3]. Knowledge of the
location (and accessibility), coordination and -electronic
structure of the TMI centers
framework is of crucial importance for a fundamental

in the zeolite/silicate

understanding of the adsorptive/catalytic potential of these
materials [2] and also to enable more systematic exploration
of new sorbents or catalysts [4]. It is difficult, however, to
investigate the metal-support interactions by means of
surface science techniques because their nonconductive and
brittle nature brings about difficulties in sample charging
Theoretical studies,

and heating. in particular, if

*Corresponding author. E-mail: zahra.azizi@kiau.ac.ir

implemented with first-principle approaches, may be

considered as useful complements to  undrestand the
microscopic phenomena [5].

ZSM-5, ZSM-11 and their pure silica forms (silicalite-1
and silicalite-2) are two of the most widely used materials in
the zeolite family which triggered an immense research
attempt in research institutes and academia to synthesize
similar materials which eventually differed from the original
zeolites in their chemical composition, their sorption
capacity, or their catalytic activity, but not necessarily
belonging to different structure types [6]. The lattice
structures of both silicalite-1 and silicalite-2 are based on
pentasil building units joined to form chains or columns,
which are common to these frameworks [6-7]. Layers of
such columns (so-called pentasil layers) may be linked
across inversion centers as i-stacking or across mirror planes
as o-stacking to form the framework of ZSM-5 or ZSM-11,
respectively [6-8]. The most symmetrical pentasil
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observed is ZSM-11 with a tetragonal symmetry [6]. A low
temperature high efficiency approach has been suggested
for preparation of high quality ZSM-11 zeolites at 90 °C in
7-14 days employing non-pressurized equipment [9].
Hierarchical ZSM-11 or silicalite-2  crystals with
intracrystalline mesoporosity have been synthesized and
used in model isomerization, epoxidation, and cracking
reactions [10-14]. For example, synthesized mesoporous H-
ZSM-11 catalysts have shown extraordinary high activities
in cracking of n-hexadecane, even higher than conventional
microporous catalysts [10].

There exist a number of reports on experimental
identification as well as theoretical modeling of copper ions
[15-20,2,21-41,4,42-50]. Copper
catalysts have also been investigated for a wide range of

in porous materials
reactions and adsorption processes [22,51,23,52,20,53,24,
54,13,55,46,56-58,1,59-63,38]. For instance, the ability of
Cu" ions in zeolite framework to from an interesting o-type
adsorption complex with H, and C,Hs has been stressed
[38]. Also, the adsorption of small probe molecules such as
NO, CO, NO,, N,0, SO,, Ny, H,;O and O, on Cu" ions in
zeolites of an MFT structure has been addressed in several
studies [52,45,53,57,64,58,60,27,56,24,17,16,48,1,63,65,47,
28,19-20,42]. Copper-exchanged Y zeolite has further been
investigated computationally for adsorption of various
molecules [59]. As another example, quantum chemical
calculations have demonstrated, in full agreement with IR
measurements, that the NO molecule adsorbed on the Cu'
site is more freely activated than on the Cu*" centre as
evidenced by remarkably higher HOMO energies of the
former [17]. In addition, the Cu'-exchanged zeolites are very
promising sorbents for separation of olefins and
desulfurization of fossil fuels [4].

It has been inferred experimentally that high-silica
zeolites can attain higher activities for NO decomposition
[52,18]. An acceptable conversion rate was obtained, e.g.,
for the reaction with Si/Al ratios higher than 30.9 with an
ideal copper exchange of 150%, thus requiring partial
reduction of the loaded metal ions [52]. Experimental
studies have also demonstrated that both Cu/ZSM-11 (with
MEL structure type with two-dimensional 10MR pores) and
Cu/ZSM-12 (MTW structure of one-dimensional 12MR
pores) are about twice as active as the most investigated
zeolite Cu/ZSM-5 (MFI structure with straight and zig-

136

zag/sinusoidal channels) in direct decomposition of NO
[30,13]. Nevertheless, relatively scant attention has been
paid in computational studies to all-silica frameworks, in
general, and zeolite structures such as ZSM-11 (silicalite-2),
in particular, as an adsorbent or a catalyst support in the
realm of TMI applications. The present work is then aimed
to provide a preliminary study of a silicalite-2 framework to
investigate the binding power, the local structure and the
electronic properties of Cu’ ions at these sites in the
framework of density functional theory (DFT). It is also
discussed that how different environments of Cu’ ion can
affect the adsorption interactions of a guest molecule.

COMPUTATIONAL METHOD

Cluster modeling approach was used for the simulations.
As a commonly adopted technique to embed clusters of
covalent materials [40,22], all terminal broken bonds of the
cluster were saturated by H atoms placed along the bond
with the next oxygen or silicon atom excluded from the
cluster in directions obtained from a perfect crystal. The
crystallographic data for all-silica ZSM-11 structure was
obtained from the literature [66].

Figure 1 defines the main individual Cu" sites in the
ZSM-11
positions recognized here include intersection site I, ring
sites of M1, M2, M3 and M4 representing the so-called
4MR, 5MR, 6MR and 8MR structures in the main channel,
and another cage-like position designated as C. As shown in

structure. The important plausible adsorption

Fig. 2, the latter model may be viewed as a curved six-ring
site located inside the walls of silicalite-2 which is
composed of several fused five-rings. The coordination of
Cu’ to the above-mentioned sites of Cu-silicalite-2 was,
respectively, represented by the SisO4H,Cu, SigO,H;,Cu,
Sis015HeCu, SigO1gHi>Cu, Si;o0i6H1sCu and Si;O13H;oCu
for the

calculations. The cluster models are shown in Figs. 1 and 2.

clusters with the overall charge set to +1

Hence, the sizes of the inner part ranged from TS5 to T10
units. These cluster models are large enough to account for
all of the interactions of the Cu" ion with the oxide
framework. This kind of cluster modeling enables high-level
calculations that result in precise local pictures of the
adsorption sites in terms of geometry and spectroscopic

features [40,67-68]. As proven to be effective in the
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Fig. 1. Designation of important individual sites of Cu” and their positions in the silicalite-2 structure
viewed at the (010) layer. The 10-membered rings represent the main channels of the framework

where the ring-type M1, M2, M3 and M4 sites are located on the cavity walls. The I and C centers
are located at the intersection of the straight channels and the cage-like space in the walls,

respectively.

previous studies [5], the adsorbent cluster was kept fixed
during the geometrical optimizations to provide a simple
representation of the mechanical embedding of the solid
matrix.

The present study made use of the Gaussian 98 quantum
mechanical software package [69] for all of the calculations.
The geometry optimizations of all structures were
performed by using hybrid functional B3LYP method [70-
72]. This approach has been widely used for studying of
adsorption processes yielding reliable data both on oxides
and metal clusters [21-22,73]. The standard 6-31+G*
Pople’s basis set was applied on all of the atoms [74-77].
The improved energetic results were obtained by single-
point calculations at the higher level of theory of B3LYP/6-
311+G* based on B3LYP/6-31+G* geometries [78].
Another set of calculations were also carried out with the
larger Def2-TZVP basis set [79-80] for comparison. The
electronic charges were computed according to the natural
bond orbital (NBO) method. The NBO population [81]
analyses and those of the quantum theory of atoms in
molecules (QTAIM) [82-87] on the optimized structures
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were accomplished at the B3LYP/6-311+G* level of theory.
The graphical output of the calculations was obtained by the
molecular visualization program Mercury [88-91]. For all
cluster models, a similar calculation was implemented on
the bare clusters in the absence of metal ion to allow for an
estimation of the adhesion or binding energy (BE) of Cu" at
every site [25]:

BE=Ecs: - Ecu-Es

where Ec,, Es, and Ecu refer to the energies of Cu’,
silicalite-2 cluster model, and metal plus silicalite-2,
respectively. The absolute values of BE will be considered

for comparison.
RESULTS AND DISCUSSION

To probe a relatively less explained aspect of the field,
the interactions of Cu” ions with a silicalite-2 framework at
different sites explored for this material are compared here.
The situation addressed in this article represents a group of
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M1-Cu

M2-Cu

“'2

M4-Cu

C-Cu

Fig. 2. The optimized geometries of the main six metal-silicalite-2 clusters in Cu-doped silicalite-2 where the
darker atoms refer to lattice oxygen, the plain bigger balls of the framework represent silicon atoms and

the terminal white balls indicate saturating hydrogen atoms. The copper atoms have been labeled on
each site for clarity.
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sites containing either an anion species, such as a hydroxyl
group with a -1 charge, or a framework aluminum atom,
placed too distantly from the cation in a high-silica ZSM-11
The
monovalent ionic molecules of copper studied from a broad
the
examined here can be a representative for an instantaneous

or silicalite-2 lattice. sites can also represent

comparative point of view. Moreover, situation

intermediate step in a complex mechanism involving
anion/cation exchange during the chemical reactions.
Although temporary, the present study probes the likelihood
of such bindings, indicating quantitatively whether these
structures are stable and plausible. Regardless of the anion
attached to the cation or somewhere to the surface,
therefore, it appears interesting to obtain a deeper insight
into the cation-surface interactions for an oxide surface
unaddressed computationally so far.

It has been proven experimentally and theoretically that
the coordination of metal cations such as copper in zeolites
involves an electronic perturbation of the charge distribution
over the binding sites where an electron charge transfer
from the framework to the metal occurs. The extent of this
transfer is correlated well with the formal charge of the ion
and the bond distance parameters [49]. Table 1 displays the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energy levels of
different active sites and their respective HOMO-LUMO
gaps after and before the metal loading (with and without
Cu incorporation, respectively). In Fig. 2, the optimized
geometries of individual metal atoms interacting with the
oxide surface are depicted. Assuming an electron accepting
behavior from copper ions and electron donating property of
the oxide cluster, a higher HOMO level of the support
structure implies a higher reactivity of the oxide surface to
the metal. As such, the results of Table 1 indicate that the
6MR site M3 has the highest reactivity towards the Cu ions,
presenting the only HOMO level above -8 eV, followed by
the cage-like C site. This observation corresponds with the
coordination states illustrated in Fig. 2, which indicates a
fivefold coordination of Cu in M3 site and a fourfold one in
C position. In contrast, the I cluster presents lower electron
donation strength as predicted from its more stable HOMO
energy level.

In circumstances where Cu/silicalite-2 plays the role of
an electron donor, a higher HOMO level of Cu-surface is
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equivalent to a higher tendency for electron transfer to the
LUMO of the guest molecule. In the present case, the M4-
Cu structure shows the highest reactivity towards a stronger
electron acceptor ligand. On the other hand, the M2-Cu and
I-Cu sites are equally less reactive than the other sites
(Table 1). These observations are in agreement with the
analogous trend reported in the literature in which the
electron donation ability of the active site is correlated with
the degree of coordination. For example, the Cu centers
became stronger electron donors and weaker electron
acceptors upon increasing the coordination of metal to O
atoms. This in turn results in a greater charge transfer to CO
and NO thus leading to increased C-O and N-O bond
lengths and their lower stretching frequencies [65,47].

On the contrary, when Cu-surface clusters accept
electrons from a strong donor, a lower level of LUMO
translates into a faster reaction with the adsorbed molecule.
An example of such a strong donor ligand is the ammonia
molecule which transfers about 0.3 electrons to the Cu’
cation, accommodated in the 4s, 4p orbitals, with the 3d
subshell being already full [15]. As evident from Table 1,
the I-Cu cluster has the lowest LUMO level with Eyypvo =
-8.00 eV indicating that the I-Cu site reflects better electron
accepting properties on the basis of the frontier molecular
orbital (FMO) theory [92] compared to the other sites. In
contrast, the M3-Cu center shows less considerable acceptor
ability than any other site.

The larger the energy gap between the HOMO and
LUMO levels, the harder and more stable or less reactive
the molecule [93-96]. A small gap, on the contrary, means
high polarizability and global chemical reactivity [97-103].
It is understood from Table 1 that the HOMO-LUMO gap at
the DFT level on all-silica ZSM-11 falls into the range of
7.23-7.84 eV which is almost close to the estimated
magnitude of 8.3 eV for silica taking (HO);Si-O-Si(OH),
cluster as a model of the surface [5]. The HOMO-LUMO
gap can also be compared against the experimental values of
8.6-8.8 eV on silica samples [5]. The lower magnitudes
obtained here for the HOMO-LUMO gaps of silicalite-2 can
indicate [26] the lower stability or the higher reactivity of
this silicalite material with respect to the amorphous silica.
Moreover, the comparisons of HOMO-LUMO gaps in the
absence and the presence of Cu” ion can indicate that the
incorporation of copper ion has enhanced the reactivity of
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Table 1. Calculated HOMO and LUMO Levels and HOMO-LUMO Energy Gaps (AEnomo-Lumo)
for the Investigated Sites at B3LYP/6-311+G* where the -Cu Suffix Implies after

Copper Adsorption
Cluster Enomo Erumo AEyomo-Lumo
(eV) (eV) (eV)
I-Cu -11.81 -8.00 3.80
M1-Cu -11.67 -7.59 4.07
M2-Cu -11.82 -6.52 5.30
M3-Cu -11.01 -5.72 5.30
M4-Cu -10.96 -6.20 4.76
C-Cu -11.45 -5.85 5.59
I -8.61 -0.77 7.84
M1 -849 -0.71 7.77
M2 -8.19 -0.56 7.63
M3 -7.82 -0.59 7.23
M4 -8.05 -0.91 7.15
C -8.11 -0.87 7.24

the silicalite-2 structure. More strictly, the most stable
clusters (I and M1) turned into the most reactive sites after
copper adsorption. In other words, the addition of Cu” ions
to the oxide surface is found to reduce the framework
stability. To the best of our knowledge, this role of metal
incorporation has not received much attention for the Cu-
surface systems in the earlier studies. A reverse argument is
meanwhile true for the individual HOMO and LUMO
which stability ~ with
incorporation of metal. It is also noteworthy that the extent

energies experienced  higher
of stabilization is much larger for the LUMO energy levels.
The calculated bond lengths for all Cu-silicalite-2
structures are listed in Table 2. As can be seen, the
minimum 7(Cu-O) value (2.071 A) belongs to Cu-O, in the
C—Cu structure followed by the bond lengths of 2.181 and
2.207 A, respectively, for the #(Cu-O,) and #(Cu-O,) in the
I-Cu site. Despite the minimum length observed for one of
the Cu-O bonds in C-Cu site, the other bonds of this site are
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quite longer. In contrast, the second and third shortest bonds
in I-Cu point to the strongest Cu-O binding observed among
the CuS2 clusters. It is also found from the data listed in
Table 2 that identical lengths are expected for the Cu-O; and
Cu-O; bond pair and also for the Cu-O, and Cu-O, pair in
M1-Cu, creating a symmetrical geometry for the CuS2
cluster at the 4MR site. The data give also the same lengths
for the (Cu-O,)<r(Cu-03) and (Cu-O,)«>r(Cu-Og) pairs
in M3-Cu site as well as for the #(Cu-0,)«<r(Cu-Oy), (Cu-
0,)r(Cu-0g), and 7(Cu-O,)r(Cu-Og) in M4-Cu site
again referring to a geometrical symmetry around the
longitudinal axis on the 6MR and 8MR planes. The same
symmetry can be identified for the Cu-Si distances in the
abovementioned clusters (Table 2). A similar tendency of
the Cu ion for symmetrical binding has earlier been noticed
in previous reports on Cu®" adsorbed into an aluminum-
containing MFI structure [36].
Table 3 shows the electronic charges of different atoms
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Table 2. Copper-framework Atom Bond Lengths Obtained for Different Optimized Cu-silicalite-2

Cluster mMels (A) at B3LYP/6-31+G*

Cluster I-Cu MI1-Cu M2-Cu M3-Cu M4-Cu C-Cu
Cu-0O, 2.181 2.392 2.569 2314 2.157 3.032
Cu-0, 2.207 2913 2.301 2.847 3.044 2.071
Cu-0; - 2.392 2.612 2314 4.006 2977
Cu-Oy4 - 2913 2.528 2.571 3.265 2.602
Cu-Os - - 2.553 3.278 2.162 2.220
Cu-Og - - - 2.571 3.265 2.616
Cu-04 - - - - 4.006 -

Cu-Og - - - - 3.044 -

Cu-Si; 2.730 2910 3.080 2.828 2.944 3.223
Cu-Si, - 2911 2.836 3.133 2.944 2.942
Cu-Si; - 2910 3.024 3.133 4.154 2.840
Cu-Siy - 2910 2931 2.828 4272 3.045
Cu-Sis - - 2.832 3.385 2.908 2.780
Cu-Sig - - - 3.385 2.908 2.827
Cu-Si; - - - - 4272 -

Cu-Sig - - - - 4.154 -

in each CuS2 cluster. In all of the cases, a partial electron
transfer from the support to the metal atom was evident. The
occurring charge transfer was more pronounced than that
expected for alkali metals which have a closed p® shell and
hence their electron affinity is small. A transition metal
cation in this system should indeed react differently from
alkaline ions because the framework anion is to transfer
some electronic charge to the metal empty d orbitals [15]. It
must be noted that as the 3d orbitals are fully occupied in
Cu’ an opening of the d-shell on Cu” (a 3d-4s hybridization)
is inevitable for any charge transfer [20]. Moreover, the
calculated partial charges on Cu' ions given in the first row
correspond to a moderate degree of covalent bonding with
the framework and hence pointing to a reduced status of the
so-called Cu’ site [17]. These changes are in general
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accordance with the experimental observations referring to
the changeable oxidation states in CuS2 clusters [60].

As evident from Table 3, the partial positive charge
residing on the Cu ion followed the sequence C-Cu < M4-
Cu < M3-Cu < M2-Cu < M1-Cu < I-Cu meaning higher
oxidation states of copper in the mentioned order. Whereas
the net charge of metal atom attached to the silicalite model
in I-Cu site was very close to the formal +1 to acquire a
stable  d" the
corresponding value of the charge state was significantly

orbital  closed-shell  configuration,
lower than one electron on Cu ion in the C-Cu cluster. This
implied that the cationic nature of the exchanged ion has
increased upon decreasing the number of interacting
framework oxygens. It is also clear that the addition of

copper ion to the cluster changes the partial charges on the
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Table 3. NBO Partial Charge of Adsorbed Copper and the Lattice Oxygen Atoms in

Different Cu-silicalite-2 Clusters

at B3LYP/6-311+G*

Atom I-Cu MI1-Cu M2-Cu M3-Cu M4-Cu C-Cu
Cu +0.95 +0.83 +0.77 +0.76 +0.74 +0.64
(o -1.31 -1.27 -1.26 -1.30 -1.31 -1.25
0, -1.31 -1.23 -1.31 -1.26 -1.27 -1.32
0O; - -1.27 -1.25 -1.30 -1.28 -1.23
O, - -1.23 -1.28 -1.27 -1.25 -1.26
Os - - -1.27 -1.25 -1.30 -1.29
Og - - - -1.27 -1.25 -1.28
(oF - - - - -1.28 -

Og - - - -1.27 -

Table 4. Bond Angles in Different Cu-silicalite-2 Clusters (in Degrees) at B3LYP/6-31+G*

Cluster

Angle

(deg)

Angle

(deg)

I-Cu
MI1-Cu
M2-Cu
M3-Cu
M4-Cu
C-Cu

0,-Cu-0,
0,-Cu-03
0,-Cu-03
0,-Cu-0O4
0,-Cu-Os
0,-Cu-0O4

71.55
97.14
119.88
147.62
150.00
130.21

Oz-Cu-O 5
O 3-C11-O(,

Oz-Cu-O 5

112.74
147.62

173.58

accordingly.
The observed resemblance in a number of bond lengths
in M1-Cu, M3-Cu and M4-Cu structures is interestingly true
when electronic charge is concerned. In other words, the

adjacent O atoms of the silicate portion of the cluster

identical bond lengths have an equal charge difference of
Ag(Cu-0), not shown in Table 3, which is simply calculated
as the net charge of copper ion minus the charge of the
related oxygen. It is further observed in this table that the

active sites. The ion stabilization is due partly to the fact
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rising and falling trends of Ag(Cu-O) coincide in all sites
except M4-Cu with those in Table 2 for the bond lengths.
This indicated that the electronic charge of Cu-O bonds in
this system has often been inversely proportional to their
bond length. Stronger electrostatic interactions of the
positively charged metal ion with the negatively charged
surface are indeed expected to reduce the Cu-O distance
thus leading to more strongly stabilized metal ions in such
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that the 3d-4s promotions diminish the Pauli repulsion
between Cu and O atoms and also the electron-electron
repulsions in the 3d orbital [58]. In general, the results
obtained here were in good agreement with the previously
reported data stating that copper
surroundings, the more covalent bonding, and the lower

the more planar

partial charge obtained for copper [40]. Earlier studies have
also revealed that the positive charge of a copper ion shrinks
upon adsorption on a zeolite or silica surface due to
substantial charge transfers from silanol and siloxy groups
to the metal atom [40,32,31].

Table 4 lists a number of important bond angles in the
investigated sites. As evident from this table, the O-Cu-O
bond angles in the M3-Cu and C-Cu sites are relatively
large, indicating that more flattened configurations of the
Cu ion is formed at these sites in comparison with the
others. Moreover, the angle sizes for O;-Cu-O,4 and O3-Cu-
Og bridges in the M3-Cu site are identical (both equal to
147.6°), which indicate more symmetrical arrangement of
the Cu ion in this site. This observation leads to the early
conclusion that the most favorable siting for the copper
atom in this oxide framework would be the M3-Cu position.
Also, noteworthy about the Cu sites with a coordination
number of 2 is that the O-Cu-O bridge angle in the M4-Cu
site is larger than that in the I-Cu cluster (Table 4). This
explains why the relatively stable I cluster has undergone a
larger change in stability with incorporation of copper
(Table 1).

According to the quantum theory of atoms in molecules
(QTAIM) [86-87], the chemical bonds and molecular
reactivity can be interpreted in terms of electron density p(r)
and its corresponding Laplacian V*p(r) at the bond critical
point (BCP). According to this theory, V’p(r) provides
information about the electronic charge in such a way that a
positive Laplacian implies local depletion of the interatomic
densities and V2p(r) < 0 points to locally concentrated ones.
As such, classical covalent bonds (with shared interactions)
show negative values of V’pgep < 0 with relatively high pgcp
(above 0.2 a.u.) and classical ionic bonds (involving closed-
shell interactions) present positive values of V*pgcp > 0 with
magnitudes of pgcp below 0.10 a.u. [58,87]. The topological
properties of the investigated clusters at the BCP have been
reported in Table 5 which indicates low electron densities
along with positive V2pgcp values. This suggests that the
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interactions of Cu with oxygen atoms of the framework
would be classified as closed-shell electrostatic interactions,
which agrees well with the common statement that metal-
oxygen interactions are characterized by positive values of
V?p at the BCP [58]. The QTAIM calculations implemented
here gave no BCP for the Cu-Si interactions. It is also
interesting to note from these data that the trends of the
electronic densities and the corresponding Laplacian values
were in full agreement with those well-defined of bond
length in Table 2. Figure 3 depicts the relationships between
the electron density, Laplacian and Cu-O bond Ilength
according to Tables 5 and 2. Excellent correlations have
been obtained. Similar trends were observed for adsorption
of Zn*" in the silicalite-2 structure [104]. As such, any
shortened Cu-O distance in every cluster is accompanied
with an increase in both electron density and its Laplacian at
the BCP. More specifically, the similar lengths observed in
Table 2 for some pairs of the Cu-O bonds in M1-Cu and
M3-Cu which gave also identical charges have shown the
same ppcp and VZppcep values, indicating that the Cu-O
interactions have been of the same nature in all sites of the
silicalite-2 structure.

Table 6 illustrates the Cu” binding energy for different
CuS2 clusters. As evident from this table, the binding
energy varies from 36.2 to 69.7 kcal mol" where the highest
and the lowest values could be assigned to the M3-Cu and
M1-Cu sites, respectively. This indicates that the Cu" ions
are most strongly bound in 6T rings of the silica surface, in
agreement with our previous finding that the 6MR M3 site
is the most reactive position to the Cu cation. This finding
also resembles the previously published data for the Cu®*
ions which were found to bind preferably to 6MR sites in
Al-containing ZSM-5 structure [36]. Similar findings were
also reported for exchanged Cu' ions in Al-incorporated
faujasite [4]. In contrast, the 4MR and the intersection sites
provide looser bindings for the impregnating copper ions.

The Cu binding energies obtained here are close to the
exchange energies of 43.0-102.2 kcal mol™ for Cu*" ions in
ZSM-5 [36], but quite smaller than other values reported
earlier for copper-exchanged aluminosilicates [16,25,33,37,
59,34,61]. The higher magnitudes reported previously for
the copper binding energy can in part be explained by the
fact that the binding energy of Cu ions should increase with
incorporation of Al atoms [4]. The effect of framework type
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Table 5. Topological Properties of the Cu-O Bonds in Different Cu-silicalite-2 Clusters at
B3LYP/6-311+G*

Cluster I-Cu MI1-Cu M2-Cu M3-Cu M4-Cu C-Cu
PBCP
Cu-0O, 0.052 0.036 0.025 0.040 0.054 -
Cu-0O, 0.049 - 0.041 0.015 - 0.065
Cu-O3 - 0.036 0.023 0.040 - -
Cu-Oy4 - - 0.028 0.025 - 0.025
Cu-Os - - 0.026 - 0.053 0.048
Cu-Oq - - - 0.025 - 0.024
Vzchp
Cu-0O, 0.225 0.116 0.081 0.148 0.244 -
Cu-0O, 0.208 - 0.155 0.050 - 0.327
Cu-Os3 - 0.116 0.074 0.148 - -
Cu-Oy4 - - 0.087 0.078 - 0.078
Cu-Os - - 0.082 - 0.240 0.198
Cu-Os - - - 0.078 - 0.075

Table 6. Copper Ion Binding Energies (BE) Calculated for Cu-silicalite-2
at B3LYP/6-311+G* (B3LYP/Def2-TZVP) in kcal mol’

Cluster Population BE
(%)

I-Cu 48 -39.05 (-37.00)
M1-Cu 11 -36.19 (-36 47)
M2-Cu 15 -52.76 (-54.10)
M3-Cu 7 -69.73 (-70.64)
M4-Cu 7 -54.95 (-53.75)
C-Cu 11 -55.79 (-59.66)
Overall® 100 -46.07 (-45.72)

?Assuming a uniform monolayer coverage.
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Fig. 3. Correlations observed between the topological and structural properties of the Cu/silicalite-2

cluster models.

and cluster size is probably another source of difference. In
previous reports, e.g., the Cu’ binding energy proved to be
dependent upon both the QM cluster size and the Madelung
potential [61]. The aliasing effect of the computational
method employed is worth attention as well. For example,
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while gradient-corrected functionals of BPW91 and BP86
led to larger binding energies in metal/oxide systems, the
dependence of the results on the basis set in B3LYP method
was not so critical such that a variation of nearly 0.08 eV in
binding energy was observed when a triple-zeta basis was
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replaced for a double-zeta one [21].

It is of interest to note that although the intersection sites
are able to provide favorable bindings for adsorbed
the 6MR M3
thermodynamically for adsorption of the Cu" ions and, then,

molecules, sites are more preferred
influence the overall adsorption capacity to higher extents.
This difference is more pronounced at low-to-moderate
loadings of metal as well explained in the literature [1,4]. At
low TMI loadings, e.g., the metal ions were found to opt for
exchange sites in six-membered oxygen rings (6MR).
Increased TMI loadings diversified the TMI sites, which
involve different dimeric and oligomeric species requiring
extralattice O atoms (as water, hydroxo and oxo ligands).
Removal of these ligands in high-temperature pretreatments
leads to an autoreduction property for the TMI, as
confirmed by XANES and UV-Vis studies [1]. At moderate
loadings of Cu' ions where the available sites are uniformly
covered as a monolayer adsorption, one may define an
overall population-averaged binding energy for the system
at hand. The overall value for the Cu-silicalite-2 was found
to be -46.07 kcal mol”" at the B3LYP/6-311+G* level (Table
6), which is an indication of a chemisorptions process. As
found from the data tabulated, the use of a larger basis set
(Def2-TZVP) brings about minor changes in the energy
values and no change in the overall trend, with an average
binding energy of -45.72 kcal mol™. It is also notable that
the C-Cu clusters are not as easily accessible to the guest
molecules as the other sites. This means that although
relatively stable, the C-Cu sites are practically less
important than other high coordination possibilities such as
M3 position.

As a complementary note, the lower binding energies
obtained here with respect to those on Al-containing MFI
zeolites (if can be compared on a sound basis) would in part
justify the superior performance of some all-silica zeolites
pointed out previously and also the experimentally observed
higher sorption power and reactivity of MEL structures in
the decomposition of NO molecule. Further works along
this line are required to gain more knowledge of the active
site  behavior for obtaining more detailed mechanistic
insights required for design and development of selective
catalysts.
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CONCLUSIONS

This paper addressed the coordination and localization
of 6 cluster models of Cu" in silicalite-2 structure by means
of a density functional theory based method in order to
analyze the electronic and geometrical properties of metal
ion in terms of adsorption/activation properties. The Cu ions
were found to predominantly occupy the six-membered ring
M3-Cu sites on the walls of the main channels to
preferentially form planar symmetry sites with four nearest-
neighbor oxygen atoms of the oxide surface. In contrast, the
Cu ion is found to be coordinated to only two oxygen atoms
at the intersection sites of I-Cu type. As a consequence of
strong Cu-O interactions, a charge transfer from the oxide to
the adsorbed metal was observed with the following
sequence I-Cu < M1-Cu < M2-Cu < M3-Cu < M4-Cu < C-
Cu in all-silicate ZSM-11. The Cu-O interactions for the
adhesion process were also analyzed from an energetic point
of view. As a conclusion, the bond strength of the metal-
oxide interactions followed the order M1-Cu < I-Cu < M2-
Cu < M4-Cu < C-Cu < M3-Cu as comprehended from the
values of binding energy. An opposite relationship was
obtained for the trends of data from the electronic charge or
the BCP calculations with the metal-oxygen bond lengths.
While leading to more stable LUMO and HOMO levels, the
incorporation of Cu" into the oxide surface intensified the
reactivity of the silicalite-2 structure as understood from the
HOMO-LUMO gaps. In summary, the results obtained in
this investigation were in accordance with most of the
previous findings and general trends on similar systems.
More specifically, the present findings could explain some
interesting data reported previously form kinetic
experiments on Cu-silicalite-2 catalysts. A population-
averaged value for the binding energy was estimated to be
~46 kcal mol”, which indicates a moderate chemisorption of
Cu'" ions in a Cu/silicalite-2 system.
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