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Abstract. A density-functional-based cluster modeling was imple-
mented on the Al-incorporated Cu-MEL zeolite catalyst (Cu-ZSM-11)
to probe the electronic, energetic and structural features of the active
sites of the catalyst at the B3LYP/6-311+G* and M06/Def2-TZVP lev-
els. The HOMO-LUMO energy gap fell into the range of 3.31-5.15
eV at TD-BH&HLYP/6-311+G* with the lowest magnitude for the I-
Cu and M1—Cu clusters. Population-averaged values for the exchange
enthalpy and binding energy were also calculated, being approximate-
ly 125 and 171 kecal/mol, respectively.

Keywords: Copper; MEL zeolite; DFT modeling; ZSM-11 catalysts;
QTAIM.

Resumen: El modelado de closters empleando métodos derivados de
la teoria de funcionales de la densidad fue aplicado al catalizador Cu-
MEL ceolita que incorpora aluminio (Cu-ZSM-11) para probar las ca-
racteristicas electronicas, energéticas y estructurales del sitio activo
del catalizador con los niveles de teoria B3LYP/6-311+G* y M06/
Def2-TZVP. La separacion energética entre los orbitales HOMO y
LUMO se encontr6 en el rango de 3.31 a 5.15 eV anivel BH&HLYP/6-
311+G, teniendo el menor valor para los closters I-Cu y M1-Cu. Tam-
bién se determinaron los valores promedio de la poblacion para la
entalpia de intercambio y la energia de unién, con valores de 125y 171
kcal/mol respectivamente.

Palabras clave: cobre; MEL ceolita; modelado empleando DFT; cata-
lizador ZSM-11; QTAIM.

Introduction

Transition-metal ions (TMIs) incorporated into zeolitic frame-
works are known as active heterogeneous catalysts for numer-
ous applications [1-3]. There has been fairly extensive research
into copper ions impregnated over different supports [1, 4-17],
which serve as efficient catalysts for a wide range of reactions,
such as, methanol synthesis, oxidation of hydrocarbons, carbo-
nylation of methanol, pollutant abatement, and hydrogenation
reactions [4-6, 18]. Among different metal exchanged zeolites,
e.g., Cu—ZSM-5 proved to be the most active catalyst for direct
decomposition of NO [8].

There exist several reports on the experimental identifica-
tion as well as theoretical modeling of copper ions in porous
materials [2, 4, 6-7, 17-38]. Meanwhile, the monovalent copper
ion has received substantial interest. The adsorption of various
probe molecules such as NO,, CO,, N,, O,, and H,O on the
Cu" ions exchanged into an MFI zeolite has been the subject
of several studies [1, 7-9, 13-14, 20, 22, 37, 39-51]. The
quantum chemical calculations have shown in accordance
with IR measurements that the NO molecule is more freely
activated on Cu" centers than on Cu®>" as evinced by the re-
markably higher HOMO level of the former [20]. Unusual
o-type adsorption complexes with both hydrogen molecule and

light alkanes have been indicated for the Cu* ion, compared to
other cations (e.g., Li" or Mg?") [17]. The Cu*-exchanged zeo-
lites are very promising adsorbents for the separation of olefins
and desulfurization of fossil fuels [18].

Zeolite ZSM-11 is the most symmetrical pentasil observed
so far [52]. The framework of ZSM-11 (MEL type) involves
pentasil layers joined enantiomerically through o-reflection,
forming a two-dimensional network of straight channels with
perpendicular intersections [52-54]. Experimental studies have
demonstrated that both Cu-ZSM-11 (with MEL structure type
with two-dimensional 10T-ring pores) and Cu-ZSM-12 (MTW
structure of one-dimensional 12T-ring pores) are about twice as
active as the most investigated zeolite Cu-ZSM-5 (MFTI struc-
ture with straight and zig-zag/sinusoidal channels) in direct de-
composition of NO [11, 27]. It was suggested that there must be
a preferential formation of active sites and/or better accessibil-
ity in the straight channels compared to the sinusoidal ones,
which explains the higher activity of ZSM-11 material [11].
Analogously, the Cu-ZSM-11 catalyst has been applied to di-
rect N,O decomposition where it was obviously more active
than Cu-ZSM-5 with the same Si/Al ratio [55]. Synthesized
mesoporous H-ZSM-11 catalysts have also shown extraordi-
nary high activities in conversion of n-hexadecane [56].
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It is believed that the coordination of the cation by the ze-
olite framework is vital for the catalytic properties of copper
ions as the counterpart gas-phase ions do not confer such an
activity [18]. DFT calculations have shown, e.g., that the
interactions of NO with the gas-phase isolated Cu" ions are es-
sentially different from those inside a zeolite structure. The for-
mer system showed interactions of the a’ singly occupied
orbital (SOMO) of NO with the unoccupied 4s and the occu-
pied 3d orbitals of Cu” which depopulated the antibonding
SOMO thus reinforcing the NO bond. In contrast, the Cu-zeo-
lite system showed increased Pauli repulsions due to electro-
static attractions which led to higher level (occupied) 3d orbitals
interacting with the a” LUMO of NO molecule; these interac-
tions populated the antibonding LUMO of NO and, hence,
weakened the NO bond [7].

Despite the relative importance of the MEL-type materials,
really scant attention has been directed in theoretical studies
toward these catalysts [57-59]. The purpose of this paper is then
to investigate the coordination, local structure and properties of
Cu'" ions at different positions within a ZSM-11 lattice. Knowl-
edge of the properties of these cationic sites would be essential
for a better understanding of their catalytic behaviors which
facilitates their improvement and replacement with new zeo-
lite-based catalysts.

Results and discussion

The overview of possible exchange sites in the porous network
of an MEL-type zeolite is shown in Fig. 1, which illustrates an
intersection site I, ring sites of M1, M2, M3, and M4 located in
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the main channels with an increasing number of T atoms from
left to right, and cage-like positions C1 and C2 that resemble a
curved 6T-ring site inside the walls of ZSM-11 composed of
several fused ST-rings.

As also mentioned above, the quantum-chemical studies
of the deposition and binding of small metal particles on ox-
ide surfaces are very important for obtaining an accurate de-
scription of the catalyst interface [4]. A major challenge
concerning the structural characterization of metal-ion-ex-
changed zeolites, in general, is to find out where the cation
substitution takes place and how metal ions are coordinated
to the substituted sites [28]. As can be seen in Table 1 and
Fig. 1, total of 7 sites were considered for Cu" exchange in
ZSM-11, together with a representative A site from an MFI
structure for comparison. The exchange sites of C1 and C2
have the same local environment in the solid matrix, but
with Al incorporation at the T6 and T1 positions, respective-
ly. The C sites in ZSM-11 are the most similar to the A site
in ZSM-5, except that the C sites are not as readily accessi-
ble to guest molecules as the A site is. This subtle difference
and similar differences in the accessibility and local config-
urations can evidently cause discrepancies in the bulk cata-
lytic behavior of the two pentasil solids, even if the shape
and population of exchange sites were identical in both cas-
es. The other sites of the ZSM-11 catalyst are accessible to
the coming molecules almost identically, provided that the
pore diffusion effects in the similar cavities are the same.

At the first sight, one may think that few Al atoms have
been considered here with respect to the framework Si atoms.
Therefore, in reality, there must be some other Al atoms as
well that influence the local environment of the Cu ions and

Fig. 1. Different positions for the placement of the Cu” ions in the ZSM-11 zeolite framework viewed at the (010) layer. The 10T-rings represent

the main channels of the zeolite lattice.
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the considered intra-framework Al ones. However, we consid-
ered only one Al ion at each site. This is an assumption that is
made not only for the simplicity of the calculations, but rather
from a realistic point of view. In theory, the number of Al atoms
in a zeolitic material is only limited by the Loewenstein rule
(no adjacent Al tetrahedra) which requires Si/Al ratios larger
than 1. However, the MEL and MFI structures are normally
listed as high-silica materials with a lower practical limit of 10
or 11 for the Si/Al ratio [60-64]. Moreover, most of catalytic
applications require moderate Si/Al ratios to ascertain a bal-
ance between the number of acidic sites and the acid strength
and hence for an optimum performance [60, 62, 65-66]. The
local Si/Al ratios obtained from the atomic population in the
isolated clusters lie in the range of 3—8, which are quite smaller
than the observed lower limit above for an entire unit cell. Also
worth noting is that the simulated acidic sites have a number
of shared silicon atoms, making the average Si/Al ratio further
smaller. The possibilities for Al substitution and the subsequent
models simulated here are then realistic and comprehensive
enough, assuming a uniform substitution of the Al atoms. Ze-
olite samples with higher Si/Al ratios can be modeled system-
atically by reducing the Al substitution sites according to their
thermodynamic favorability. The same discussion holds for the
Cu atoms assuming a one-by-one stoichiometric substitution of
the exchangeable protons with the Cu” ions. In addition, our
preliminary studies [67-68] indicated the suitability of the cut-
out clusters in modeling of the Cu-ZSM-11 catalyst in terms
of thermodynamics, geometrical features, and HOMO-LUMO

gaps and in addressing the border and confinement effects
[69-74] normally contributing in microporous materials.

The optimized geometries of the Cu’ active sites are
shown in Fig. 2 for which Table 1 presents the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) energy levels and their corre-
sponding HOMO-LUMO gaps. The coordination states of
copper in the cluster models shown in Fig. 2 have been de-
termined from the electronic data reported in Table 3 (vide
infra). Overall, the coordination of the copper ion is twofold
in [-Cu, M1-Cu, and M4—Cu, threefold in C1-Cu, and four-
fold in M2—Cu, M3—Cu, C2—Cu, and A—Cu. As it is seen, the
incorporation of Al atom at the T1 position in the cage-like
C2 site provides a higher coordination number for the Cu”
ion than that encompassing the Al atom at the T6 position
(C1). Moreover, the corresponding site from ZSM-11 (C2)
that resembles the alpha-site of ZSM-5 (A) has the same co-
ordination number of four.

Table 1 may be used to draw some information about the
available sites of the Cu-ZSM-11 in terms of reactivity. It has
to be mentioned, however, that the exchange reactions and
the catalysis events over the formed active sites are all of a
transient nature where the reactants interact and their prop-
erties change continually upon approaching the active site.
These aspects are normally studied using molecular dynamics
simulations at the first-principles level [75-79]. For the com-
parisons made herein, it will be assumed that the distribution
of the Cu" ions at the exchange locations and the following

Table 1. Calculated HOMO and LUMO energy levels and HOMO-LUMO energy gaps (eV) at B3LYP/6-311+G*, M06/Def2-TZVP, TD-B3LY-
P/6-311+G*, and TD-BH&HLYP/6-311+G* for the Cu" active sites where the LUMO eigenvalue for the two latter was calculated by subtracting

the HOMO eigenvalue from the HOMO-LUMO gap.

Cluster Enomo Erumo AEpomo-Lumo Enomo Erumo AEpomo-Lumo
B3LYP/6-311+G* MO06/Def2-TZVP
I-Cu —6.77 -2.72 4.05 —7.41 —2.67 4.74
M1-Cu —6.95 -3.11 3.84 —7.23 -3.02 421
M2-Cu —6.50 -2.17 4.33 —7.06 -2.11 4.95
M3-Cu —5.45 -1.12 433 —6.08 —0.87 5.21
M4-Cu —6.92 -1.91 5.00 -7.20 -1.84 5.36
Cl1-Cu —6.53 -1.62 4.90 —6.95 -1.35 5.60
C2-Cu —6.72 -1.93 4.78 —6.97 —-1.75 5.21
A—Cu —6.31 -1.55 4.75 —6.90 -1.52 5.38
TD-B3LYP/6-311+G* TD-BH&HLYP/6-311+G*
I-Cu —6.77 —4.30 2.47 -8.77 —5.46 3.31
M1-Cu —6.95 -3.92 3.03 -8.70 —4.76 3.95
M2-Cu —-6.50 -3.72 2.78 -8.66 -4.95 3.71
M3-Cu —5.45 -2.31 3.14 =7.71 -3.56 4.16
M4-Cu —6.92 —2.56 435 -8.51 -3.36 5.15
Cl1-Cu —6.53 -2.55 3.98 —8.55 -3.64 491
C2-Cu —6.72 -2.90 3.82 -8.54 -3.75 4.79
A—Cu —6.31 -3.09 322 -8.54 —4.37 4.17
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Cl1-Cu C2—Cu A—Cu

Fig. 2. Optimized geometries of the main Cu-MEL models. The darker (in red) atoms refer to lattice oxygen, the plain bigger balls of the frame-
work (in yellow) represent silicon atoms, the copper ions are shown in brown, the aluminum substitutions are marked in violet, and the terminal
white balls indicate saturating hydrogen atoms (For the color version of this figure, please refer to the electronic version of this article). The cop-
per and aluminum atoms have also been labeled on each site for clarity.

reactivity-related consequences are determined by their ther- B3LYP and M06) generally predict accurate HOMO-LUMO
modynamic favorability rather than by any kinetic events as gaps in transition-metal exchanged zeolites [83-84], Zhang and
also adopted earlier [57, 80-82]. Supplementary comments will Musgrave [85] reported after careful analysis against exper-
be made on the accessibility of the active sites for the reac- imental lowest excitation energies of a number of molecules
tant molecules, however. Although hybrid functionals (such as that only time-dependent (TD) DFT methods accurately predict
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the HOMO-LUMO gaps. Therefore, we included also the TD-
B3LYP and TD-BH&HLYP [86-87] functionals in evaluating
the frontier orbital energy data. Moreover, the discussion made
here on the reactivity-driven electron transfer tendency of the
CuZ sites with respect to an adsorbate should not be confused
with the standard definitions of electrodonating and electroac-
cepting powers [88-91].

Wherever the Cu-MEL catalyst can play the role of an
electron donor with respect to an adsorbate species, a higher
HOMO energy level of the CuZ means a higher propensity
for electron donation to the LUMO of the guest molecule.
Here, the M3—Cu structure (with the HOMO levels of —6.08
eV at M06/Def2-TZVP and -7.71 at TD-BH&HLYP/6-
311+G*) presents the highest reactivity towards a stronger
electron-acceptor species/ligand. In contrast, the I-Cu and
M1—Cu sites were presented by different methods to be the
least reactive sites in terms of the HOMO level; the coordina-
tion number of copper in both of them is two while in M3—Cu
is four (Fig. 2), however. The findings are then generally
consistent with the trends reported in the literature [48-49]
stating that the electron-donation power of the active site cor-
relates well with the degree of coordination. The HOMO en-
ergy level of A—Cu differed from —8.54 eV to —6.31 eV which
was slightly lower than the previously reported magnitude of
—5.17 eV by Broclawik et al. [20] for Cu" exchanged into an
alpha-site of ZSM-5. Apart from a difference in the level of
the computations or the computational methods, the differ-
ences may be attributed to the fact that two Al atoms were
present at the T1 and T4 positions in that paper.

When CuZ clusters can accept electrons from a stronger
donor, such as ammonia [19], a lower LUMO energy level
translates into an easier reaction with the guest molecule. As
apparent from Table 1, a reverse trend compared to what ex-
plained for the HOMO level is true for the LUMO level, i.e.,
the I-Cu and M1—Cu sites are predicted to be the best elec-
tron acceptors from the HOMO of a guest molecule within
the framework of the frontier molecular orbital (FMO) theo-
ry [92]. On the contrary, the LUMO level of the M3—Cu site
stands higher than any other site according to most of the
methods, indicating its weakest electron-accepting property.
Comparing the HOMO and LUMO levels of the A—Cu site
with those of its equivalent in MEL structure (C2—Cu), one
may conclude that the resemblance of the geometries from
two similar pentasil materials in terms of the ring size will
not assure similarities between all of their properties. The
same issue holds true for the two cage-like structures with Al
replacement at T1 or T6 positions.

As it is well-known [93-97], a relatively small gap be-
tween the HOMO and LUMO energy levels reflects a high
polarizability, less significant hardness, and higher reactivi-
ty. Whereas most of the methods predicted M4—Cu as the
most stable site, the I-Cu and M 1—-Cu clusters were estimat-
ed as the most reactive. Despite the general trends observed,
no significant correlation could be established between the
HOMO-LUMO gaps by methods of different category. We
note, however, that some linear correlations exist between the

frontier orbital energy levels predicted by the two methods
within each category (see Supporting Information, Fig. S1).

The bond critical point properties determined for the
CuZ clusters are shown in Table 2 which indicates low elec-
tron densities with a local depletion of the internuclear den-
sities for all of the investigated sites. This agrees with the
general expectation that metal-oxygen interactions are nor-
mally characterized through positive values of V?p at the
BCP [13]. According to the quantum theory of atoms in mol-
ecules (QTAIM) [98-99], the existence of a (3, —1) critical
point in the electron density distribution along the path be-
tween a pair of atoms indicates that the electron density is
localized in the binding region between the nuclei, thus be-
ing an indicator of the presence of a chemical bond. More-
over, the electron density at BCP may be regarded as a direct
indicator of the bond order. Based on the QTAIM calcula-
tions, the nature of the chemical bonds may be described in
terms of electron density p(r) and the corresponding Lapla-
cian V?p(r) at the bond critical point (BCP). According to
this theory, V?p(r) provides information about the electronic
charge and the degree of local depletion or concentration
of the interatomic densities [13, 99]. The positive values of
V2p(r) point to closed-shell electrostatic interactions, partic-
ularly because the |1,|/4; ratio is much smaller than 1. How-
ever, the intrinsic nature of the electron density distributions
in the interatomic region of the interactions entail that the
positive eigenvalue of the Hessian matrix at the BCP de-
creases with increasing the Cu—O bond distances, thus ren-
dering systematic reductions in V2p(r) (vide infra). The
QTAIM calculations led to no BCP data for the copper—sili-
con or copper—aluminum interactions.

Table 3 reports the NBO charges of Cu, Al, and O atoms in
the CuZ clusters where a partial charge transfer from the zeolite
substrate to the orbitals of the metal is clear. Earlier studies
have also shown that the positive charge of the Cu ion shrinks
upon adsorption on a zeolite surface owing to remarkable
charge transfers from the siloxy groups of the surface to the
metal ion [33, 100-101]. An opening (hybridization) of the
d-shell on the Cu" is a requisite for this electron transfer [7].
The most positive charge on Cu” is observed for the I-Cu clus-
ter (0.898 e) while the highest deviation from the formal cation-
ic charge of +1 is found on C1-Cu and C2-Cu with
interestingly similar charges (0.672 ¢). As a result, the highest
charge transfer from the surface to the cation occurs at the cage-
like positions as comprehended from a shrinkage of the positive
charge of Cu cation with respect to its formal charge. This
charge transfer varied from 0.10 e to 0.33 e; these values were
in agreement with the lower limit (0.33 e) reported for the Cu,O
clusters [102] and very similar to the values obtained for other
complexes of Cu(I) [103-104]. At the same time, no one-to-one
relationship could be established between the amount of charge
transfer and coordination number of Cu ion.

Table 4 contains the bond lengths for all of the Cu-
ZSM-11 cluster models. The three smallest Cu—O bond
lengths (1.925,1.939,and 1.946 A) belong to the M4—Cu, C1—
Cu, and C2—Cu sites, respectively. The minimum 7(Cu—Al)
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Table 2. Topological properties of the Cu—O bonds at the bond critical point for the investigated Cu/ZSM-11 catalysts at the B3LY-

P/6-311+G* level.
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Cu-Ol1 Cu-02
Cluster
p 4 A A Vp p A 4 4 Vp
I-Cu 0.069 —-0.084 —0.083 0.528 0.362 0.072 —0.089 —0.088 0.561 0.384
MI-Cu — — — — — 0.043 —0.043 —0.040 0.242 0.159
M2-Cu 0.055 —0.061 -0.056 0.361 0.245 0.065 -0.077 -0.074 0.477 0.326
M3—-Cu 0.062 —-0.074 -0.070 0.450 0.306 — — — — —
M4—Cu 0.090 —0.125 —0.123 0.772 0.523 — — — — —
Cl1-Cu — — — — — 0.080 -0.104 -0.104 0.681 0.473
C2—Cu — — — — — 0.085 —0.115 —0.114 0.735 0.505
A—Cu 0.049 —0.052 —0.047 0.306 0.207 — — — — —
Cu-03 Cu-04
p A A A Vp p A Ay 4 Vp
I-Cu — — — — — — — — — —
M1-Cu — — — — — 0.077 —0.098 —0.095 0.600 0.408
M2—Cu — — — — — 0.014 —0.011 —0.008 0.064 0.045
M3—Cu 0.034 -0.035 -0.032 0.196 0.129 0.029 —-0.028 —0.025 0.155 0.102
M4-Cu — — — — — — — — — —
Cl1-Cu — — — — — — — — — —
C2—Cu — — — — — 0.019 —-0.015 -0.007 0.084 0.062
A—Cu 0.013 —0.010 —0.005 0.059 0.044 0.032 —0.032 —0.030 0.178 0.116
Cu-05 Cu-06
p A A A Vp p A 4 4 Vp
I-Cu — — — — — — — — — —
M1-Cu — — — — — — — — — —
M2-Cu 0.019 -0.016 —0.008 0.088 0.064 — — — — —
M3-Cu — — — — — 0.059 —0.067 —0.064 0.410 0.279
M4—Cu 0.068 —0.083 —0.083 0.544 0.377 — — — — —
Cl1-Cu 0.088 —0.118 —0.118 0.743 0.506 0.046 —0.046 —0.042 0.269 0.181
C2—Cu 0.050 —0.052 —0.047 0.316 0.217 0.072 —0.086 —0.084 0.539 0.369
A—Cu — — — — — 0.060 —0.069 —0.064 0.418 0.285

was observed for the M2—Cu site. However, the 7(Cu—Al) in
C2—Cu was the maximum 7(Cu—Al) observed and the other
r(Cu—0) values in C2—Cu were large. The results of Table
4 can also show that no perfect symmetrical configurations
(with identical Cu—O bond lengths) as observed in the case
of Zn cation interactions with an all-silica MEL structure
[57] are found here for the CuZ clusters because of the pres-
ence of an Al atom in the ring sites. Table 4 also signifies a
correspondence between the values of #(Cu—O) and »(Cu—
Si), which is anticipated.

As expressed by Sponer et al. [38], the coordination of
metal cations such as Cu” in zeolites involves an electronic per-
turbation of the charge distribution over the binding sites where
the extent of charge transfer should correlate with the formal
charge of the ion and the bond length parameters. Such a

correlation was reported previously for the interactions of Zn**
adsorbed on a silicalite-2 structure [57]. Comparing the data
reported in Tables 3 and 4 along with an account of the coordi-
nation numbers in Fig. 2, however, no well-developed correla-
tions could be obtained here between the bond length parameters
and the NBO charge data including ¢(Cu—O). Instead, some
excellent correlations are displayed between some of the bond
critical point properties and the corresponding bond lengths
(Fig. 3). All of the Cu—O bonds recognized by the QTAIM ap-
proach were used to assert these correlations. The exchange and
binding energies and the reported HOMO, LUMO, and
HOMO-LUMO gap were independent of the bond length or
the bond critical point data. The third (positive) eigenvalue of
the Hessian matrix of the electron distribution at the BCP de-
scribes the local depletion of the electron density in the binding
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Table 3. Partial charge of the Cu ion, Al atom and lattice O atoms in the investigated cluster models of Cu/ZSM-11 at the B3LYP/6-311+G* level.

Cluster Cu Al O1 02 03 04 05 06 o7 08 02’ o4’ 06’ o8’
I-Cu 0.898  2.109 -1.367 -1.376 -1.135 -1.139 — — — — — — — —
M1-Cu 0.835 2.047 -1272 -1275 -1.243 -1.351 — — — — — — — —
M2-Cu 0.816 2.017 -1.320 -1.380 -1.267 -1.276 -1.269 — — — — — — —
M3-Cu 0.781 2.069 -1.359 -1273 -1279 -1269 -1.269 -1.347 — — — — — —
M4-Cu 0.731 2077 -1328 -1.322 -1.281 -1275 -1.294 -1272 -1280 -1.260 -1.332 -1.267 -1.262 -1.283
Cl-Cu  0.672 2.055 -1.270 -1.307 -1.246 -1.282 -1.360 -1.347 — — — — — —
C2-Cu  0.672 2078 -1.269 -1316 -1.248 -1.269 -1.299 -1.367 — — — — — —
A—Cu 0.792  2.069 -1341 -1.287 -1.265 -1.279 -1.281 -1.345 — — — — — —

Table 4. Copper—framework atom bond lengths obtained for the optimized Cu/ZSM-11 cluster models (A) at the B3LYP/6-31+G* level.
Cluster I-Cu M1-Cu M2—Cu M3—Cu M4—Cu Cl1-Cu C2—Cu A—Cu
Cu-O1 2.038 2.956 2.161 2.091 1.925 2.975 3.167 2.207
Cu-02 2.022 2.289 2.072 3.007 3.150 1.970 1.946 3.341
Cu-03 3.450 3.163 3.007 2.365 3.880 3.264 3.214 2.888
Cu-04 3.191 2.002 2.877 2.457 2.973 2.889 2.744 2.398
Cu-05 — — 2.704 3.202 2.036 1.939 2.200 3.168
Cu-06 — — — 2.117 3.152 2.256 2.039 2.113
Cu-07 — — — — 4.102 — — —
Cu-08 — — — — 3.321 — — —
Cu-02’ — — — — 2.932 — — —
Cu-O#4’ — — — — 3.289 — — —
Cu-06¢’ — — — — 3.427 — — —
Cu-08’ — — — — 3.074 — — —
Cu-Al 2.743 2.783 2.617 2.764 2.837 2.696 3.058 2.653
Cu-Sil 3.396 — 3.049 — 2.959 3.201 — —
Cu-Si2 3.354 2.889 — 3.247 — 2.856 2.832 3.368
Cu-Si3 — 3.090 3.276 3.338 4.143 3.005 3.005 3.632
Cu-Si4 — 3.011 3.415 2.999 4.052 3.376 3.293 3.194
Cu-Si5 — — 3.138 3.342 2.933 2.937 2.926 3.246
Cu-Si6 — — — 3.253 3.051 — 2.680 3.180
Cu-Si7 — — — — 4258 — — —
Cu-Si8 — — — — 4.347 — — —

region. As evident, this eigenvalue which is a measure of the
curvatures parallel to the bond path has a descending power-law
relationship with the corresponding Cu—O bond length. This
inverse interconnection reflects [105] an increase in the force
constant of the bond that makes the shorter Cu—O bonds more
resistant to the changes due to compactions. Both of the elec-
tron density and its Laplacian show similar power-type correla-
tions with the Cu—O bond length in the metal—zeolite system at
hand, indicating that the electronic features of the Cu—O bonds
in this system can be adequately determined from the bond dis-
tances (Fig. 3). The calculated bond lengths evidently correlate
with |4, ,| as well, which is not shown here for the sake of

brevity. Similar trends have been reported for the Si—O bonds in
silica polymorph materials [105-106], hydrogen bonds in cyclic
dimers [107], O-H interactions between interactions between
N-butylpyridinium nitrate and thiophenic compounds [108],
and Ni—Ni and Ni—S bonds [109].

Table 5 lists some important bond angles for the investi-
gated sites. As evident from this table, the O—Cu—O bond
angles vary from the largest to the smallest in the following
order: C2—Cu, C1-Cu, M4—Cu, M3-Cu, M2-Cu, M1-Cu,
and [-Cu. As also evidenced from the O—O—Cu bond angles
in C2—Cu through M2—Cu, the Cu” ion prefers an arrange-
ment as more flattened as possible in the available ring sites.
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Fig. 3. Significant correlations observed between the electronic features and structural properties of the molecular models of the Cu-MEL
zeolite catalyst. The fitting curves obeyed power-law functions with the exponents of 6.3, —6.2, and —4.6 for the correlations of 43, py»

and Vzpbcp, respectively.

No exact connection could be established between the ar-
rangement of the Cu ion and the degree of coordination or
the reactivity of the CuZ cluster in terms of the HOMO—
LUMO gaps.

Table 6 reports the enthalpy and Gibbs free energy change
for the exchange reaction, Eq. (2), and the energy for the metal
ion binding as in Eq. (1). As evident, the enthalpy of Cu graft-
ing for the investigated clusters ranged from 108.93 kcal/mol
(M3—Cu) to 141.14 kcal/mol (M1-Cu). This indicates that the
ion exchange on all of the acidic sites of ZSM-11 would be
endothermic. Overall, the sequence of the thermodynamic priv-
ilege for the ion exchange is M3 > C1 >1>A>C2> M2 > M4
> M1 as found from the Gibbs free energies of the exchange
reaction. The most thermodynamically favored cluster to be
formed is therefore the M3—Cu site followed by C1-Cu and I-
Cu which cover coordination numbers of 2—4. This means that
the thermodynamic favorability of the exchange reaction is not
determined by the final coordination of the cation. Moreover,
the data show that the ion exchange reaction is non-sponta-
neous at 298 K and 1 atm. Comparing the alpha site with C2 as
its counterpart from ZSM-11 in terms of geometry, one can in-
terestingly notice their close favorability for a copper/proton

Table 5. Selected bond angles for the Cu/ZSM-11 clusters (in de-
grees) at the B3LYP/6-31+G* level.

Cluster Angle (°) Angle (°)
I-Cu 01-Cu-02 77.97 — —
Ml-Cu  02-Cu-O4 100.48 — —
M2-Cu  02-Cu-0O5 110.88 02-04-Cu 55.82
M3-Cu  O1-Cu-O4 147.53 01-02-Cu 43.61
M4-Cu  Ol-Cu-O5 153.05 01-02—-Cu 37.61
Cl-Cu  02-Cu-0O5 158.26 01-04-Cu 29.78
C2-Cu  02-Cu-0O5 166.10 01-04-Cu 29.11
A—Cu 03-Cu-06 145.06 03- 06-Cu 20.26
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exchange (Table 6). The results presented here also show that
the cage-like locations with the Al atom at the T1 position are
less prepared for a copper exchange than those with Al atom at
the T6 position. As far as the most accessible sites for a coming
molecule are concerned, however, both I and M3 positions are
readily exchanged.

Table 6. The exchange and binding energies of the Cu” ions in the
active sites of ZSM-11 at the B3LYP/6-311+G* level [Please see re-
actions (1) and (2) in the text, respectively, for the calculation of the
binding and exchange energies].

Population AE, AH, AG,,
Cluster (%) (kcal/mol) (kcal/mol)  (kcal/mol)
I-Cu 48.1 174.01 121.11 128.73
MI1-Cu 11.1 146.99 141.14 149.01
M2-Cu 14.8 173.04 129.29 138.73
M3—Cu 7.4 195.45 108.93 114.47
M4—Cu 7.4 161.24 132.41 144.08
Cl1-Cu 56° 174.99 120.47 127.11
C2—Cu 56 158.08 128.11 137.82
Overall ® 100 170.68 124.84 132.96
A—Cu — 179.71 126.17 133.32

* The population of the C positions was equally distributed between
the C1-Cu and C2—Clu sites.

® The overall values were obtained assuming a uniform monolayer
coverage on all sites considering the population of each site as its
weight factor.

Also listed in Table 6 are the overall values of the ener-
getic data which were obtained through averaging of the indi-
vidual values of the available sites according to their population
contributions in the zeolite matrix. The populations were found
by counting the number of each site in a doubled unit cell.
Table 6 also reports the Cu* binding energy for the studied
CuZ clusters. As evident, the binding energy ranged from
146.99 to 195.45 kcal/mol where the highest and the lowest
values were assigned to the M3—Cu and M1—Cu sites, re-
spectively. This strongest binding is followed by the A—Cu,
C1—Cu and I-Cu sites, with the Cu—Z dissociation energies
of 179.71, 174.79, and 174.01 kcal/mol, respectively, such
that the overall sequence becomes M1 <C2 <M4 <M2 <1
< C1 <A <M3. Indeed, the Cu" ion is most strongly bound
in the 6T rings of the zeolite network. As mentioned previ-
ously, the 6T ring of the ZSM-11 structure (M3) is also the
most reactive position to the Cu cation and a relatively small
reaction heat is required for an exchange at this location.
These findings partially resemble the data reported previ-
ously by Nachtigallova et al. [31] for the Cu®>" ion which
was observed to bind more strongly to the 6T-rings of an
Al-containing MFT structure. Similar findings have been re-
ported by Rejmak et al. [18] for the exchanged Cu" ions in an

Al-incorporated faujasite. As far as we know, however, the
relatively similar preference of the copper ion for the intersec-
tion sites of ZSM-11 is a new finding. The relatively strong
bindings offered by the intersection sites to the impregnat-
ing copper ion finds more importance when taking into
consideration that this site constitutes a large portion of
the available positions of the zeolite structure (Table 6). The
di-coordinated Cu" ions at the intersection sites have a high
accessibility and are expected to be involved in the catalytic
activity of the copper-exchanged zeolite [28]. However, the
overall behavior of the solid matrix as estimated from a pop-
ulation average of the energetic data lies between the values
obtained for M3—Cu and [-Cu when the exchange enthalpies
are compared and would be closest to the corresponding val-
ues of M2—Cu, [-Cu, and C1-Cu in terms of the binding
energy. Therefore, the mentioned sites might be chosen as a
representative of the whole material in possible required
simplifications depending upon which energetic property
has to be assessed.

All but one of the sites available in the ZSM-11 struc-
ture (M3) provide a weaker binding for Cu” than the alpha
site (A). However, both the Cu*/H" exchange enthalpies of
the A—Cu site (126.17 kcal/mol) and that of a typical ZSM-
11 matrix (124.84 kcal/mol) are interestingly higher than the
exchange energies of 43.0-102.2 kcal/mol calculated for
Cu?" ions exchanged to H-ZSM-5 [31] but closer to other
values reported earlier such as a 96.3—124.6 kcal/mol for
Cu" in ZSM-5 by Blint [46]. The observed differences can be
only partially attributed to the oxidation state of the copper
in the work by Nachtigallova et al. [31] which replaces two
protons with a strongly bound Cu?" ion as a [Z—O]-Cu—[O—
Z] complex and, therefore, reduces the exchange energy
with respect to that of a Cu" ion. The aliasing effect of the
computational method employed is worth attention as well
which calls for further theoretical research in this respect.
However, the main source of difference might be the effect
of framework type assuming that the effects of method and
the cluster size are negligible.

The binding energies reported in Table 6 can also be
compared against similar magnitudes from the literature in-
cluding 482—715 kcal/mol for the optimized Cu?" coordina-
tion in ZSM-5 [24], about 139 kcal/mol for Cu' ions in
ZSM-5 [28], 109.6-136.9 kcal/mol for Cu’ ions in ZSM-5
[110], 169.5 kecal/mol for Cu-Y [14], 106.1-146.7 kcal/mol
for Cu" binding in FER [29], and a 163.9 kcal/mol binding
energy for Cu’ in ZSM-5 [15]. As can be seen, all of the
previously reported data for the binding energy of Cu” ion
particularly the last report are very close to the range ob-
tained here for the various sites of ZSM-11. The correspond-
ing magnitudes reported by Groothaert et al. [24] for Cu®"
ions bound to the oxide surface of ZSM-11 with two Al at-
oms incorporated have been significantly larger than those
of Cu’ ion. Rejmak et al. [18] have also found that the
strength of cation binding should increase with the number
of Al atoms present in the 6T rings of a faujasite. These
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confirm our discussion just presented above to explain the
source of differences in the energetic data.

Also worth noting is that the average of the energetic
data for a Cu-ZSM-11 catalyst is slightly smaller than that of
the alpha site from a Cu-ZSM-5 catalyst. It might be con-
cluded with some caution that the chemical or geometrical
nature of the available sites in ZSM-11 would only partially
account for the experimentally observed higher sorption
power and reactivity of the MEL structure in the decomposi-
tion of NO and N,O molecules with respect to those of
Al-containing MFI zeolites (if can be compared on a sound
basis). Then, it appears up to now that the main factor which
plays the role in this privilege is the better accessibility of
the reactant/template molecules to the available sites. How-
ever, the superior activity of Cu-ZSM-11 relative to Cu-ZSM-5
in direct N,O decomposition has been attributed to both a high-
er accessibility and a better reducibility of Cu" species, imply-
ing that the framework topologies of the zeolites would
influence the reducibility of Cu” species present on the cop-
per-ion-exchanged zeolites [55]. A more precise evaluation of
the two catalysts requires, at least, a similar systematic study
of the MFI zeolite to be implemented with the energy of
binding or the exchange energy averaged over the available
sites as it was conducted for MEL, however. Further works
in the same line are then required to gain a more detailed and
deeper insight into the mechanistic role of the active site for
the design and development of selective catalysts.

Conclusion

This paper investigated the geometrical, electronic, and ener-
getic properties of Cu” monoatomic centers in Cu-ZSM-11 cat-
alysts using the cluster modeling approach through density
functional theory. Total of 7 sites for Cu” exchange to H-ZSM-
11 were considered and compared with an alpha-site from an
MFT structure. The coordination numbers differed from two to
four, with the former observed at the intersections, the 4T-rings,
and the basket-like positions of ZSM-11 and the latter in the
other ring sites and cage-like locations. The HOMO-LUMO
energy gaps of the copper-exchanged clusters fell into the
range of 3.31-5.15 eV at the TD-BH&HLYP/6-311+G* lev-
el. Overall, the [-Cu and M1-Cu clusters were the highest
polarizable sites and M4—Cu was found to be the most stable
site as indicated from the HOMO-LUMO gaps. In total, the
QTAIM results manifested closed-shell electrostatic interac-
tions for all of the sites. The charge transfer varied from 0.10
e to 0.33 e with the highest value belonging to the cage-like
positions which provided weakly bounded tri- and tetra-co-
ordinated planar configurations with the nearest-neighbor ox-
ygen atoms of the surface. Excellent power-type correlations
were observed between the electronic properties and the
bond distances. The exchange enthalpy ranged from 108.93
to 141.14 kcal/mol. The 6T-ring was the most readily ex-
changeable site while the 4T-ring site was the least favorable
thermodynamically. As far as the most accessible sites for a
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coming molecule are concerned, both M3 and I positions are
adequately readily exchanged, however. The binding energy
was found to alter in the range of 146.99-195.45 kcal/mol.
As revealed from the energetic data, the Cu” ion most strong-
ly bound in the 6T rings followed by the cages and the inter-
sections of the zeolite matrix.

Computational method

The cluster modeling method was employed for the molecular
simulations. As a common approach to mimic the influence and
rigidity of the surrounding framework [4, 15, 20, 24, 31, 33,
110-120], all of the dangling bonds at the boundaries of every
cluster were terminated by link hydrogen atoms placed in the
same bond direction as would be found in a perfect crystal for
the next oxygen or silicon atom removed from the cluster. The
boundary H atoms were placed at 0.960 and 1.550 A from
the oxygen and silicon atoms, respectively, with the values
determined from preliminary optimizations. In total, the size of
the clusters ranged from a T5 to a T10 unit. Here, every cluster
model incorporates an aluminum atom that requires a compen-
sating ion on one of the adjacent oxygen atoms. The crystallo-
graphic data for the frameworks of ZSM-11 and ZSM-5 can be
found elsewhere [121-122]. In addition to the exchange posi-
tions introduced in Fig. 1, a separate fragment from an MFI
structure was also modeled for comparison. This cluster was
taken from an alpha position —an effective 6T-ring on the wall
of straight channel, formed by two interconnecting 5T-rings,
and readily available to reagents— which appears to be of spe-
cial interest with respect to catalytic actions [17, 20, 24, 119-
120, 123-125]. The exchanged/compensating ion was taken
here to be a Cu” or an H" ion as the key element of the active
site. These cluster models are adequate to explain the interac-
tions of the metal ion with the oxide surface within a precise
local picture of the active site [33, 126-127]. A two-step opti-
mization procedure was used. At the first stage, all of the
atoms in the cluster except the Cu ion, proton, and Al atom
were fixed during the geometrical optimizations to simply
represent the mechanical embedding of the solid matrix. At
the second step, the nearest interacting oxygen atoms were
also relaxed to include possible alterations in the skeletal
vibrations due to the Al substitution or the Cu exchange.
The molecular geometries of the structures were opti-
mized using the functional B3LYP method [86-87, 128]
which has been reported to yield reliable data on both oxides
and metal clusters [4, 23, 129]. The Pople’s standard 6-31+G*
basis set [130-133] was employed for all of the atoms. The
single-point calculations were implemented with a larger ba-
sis set at B3LYP/6-311+G* [134] for improved energetic
data. Calculations were also made with the M06/Def2—
TZVP method. The atomic charges for the optimized struc-
tures were obtained through the natural bond orbital (NBO)
calculations. The energetic calculations were performed on
the zeolite surface (Z") excluding the metal ion (Cu™) to al-
low for an estimation of the binding energy (AE,) of Cu" at
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every site [24], which was defined as the energy of the fol-
lowing reaction with a negative sign [18, 29, 110]:

CuZ—Cu +Z7Z (1)
The Cu'/H" exchange enthalpy (AH,,) was defined as the en-
thalpy change of the reaction [31]:

H-Z+Cu" — Cu-Z+H" (2)
where symbols Cu—Z and H-Z refer to the copper-exchanged
cluster and the acidic surface of the zeolite, respectively.

The NBO population [135] and the QTAIM [98-99,
136-139] assessments were done at the B3LYP/6-311+G*
level of theory. The calculations were implemented using
NWChem 6.5 [140] and Multiwfn 3.3.8 [141]. The graphi-
cal outputs were drawn by the molecular visualization pro-
gram Mercury 3.3 [142-145].
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