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Abstract DFT calculations on the coordination of Cu™ to
the framework oxygen atoms of Al-substituted ZSM-5
were performed by using combinations of different basis
sets in order to investigate the dependence of the results on
the adopted computational level. With low-end basis sets, a
large basis set superposition error (BSSE) favors the
coordination of Cu™ to three to four oxygen atoms of the
framework, only two of which belong to the AlO, tetra-
hedron corresponding to the investigated T-site. More
extended basis sets considerably lower the BSSE and favor
the coordination of Cu™ to only two oxygen atoms of the
AlOy tetrahedron. Upon interaction with NO, the Cu™ ion
is always coordinated by two oxygen atoms of the AlO,
tetrahedron, independently of the basis set adopted and of
the coordination number before NO adsorption. The shift
from three- to twofold coordination caused by the Cut-NO
interaction requires a deformation energy that lowers the
final adsorption energy. Such an effect is relevant with low-
end basis sets, whereas it is substantially absent with more
extended basis sets, which favor the twofold coordination
of Cu* even before NO adsorption. As a result, high-end
basis sets increase the NO interaction energy with respect
to that calculated by low-end basis sets, in agreement with
experiments and suggesting a possible re-interpretation of
the catalytic properties of the investigated sites. Provided
suitable scale factors are employed, the N-O stretching
frequencies of adsorbed nitrogen oxide calculated by suf-
ficiently extended basis sets turned out in fair agreement
with experimental findings.
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1 Introduction

Since its discovery by Iwamoto [1, 2], a huge number of
studies was published on Cu-ZSM-5 as a catalyst for NO
decomposition, due to its superior activity with respect to
other zeolites and supported metal catalysts [3—6]. None-
theless many points are still under discussion, mainly the
nature of active site [7-25] and the reaction mechanism
[26-33]. The major problem related to the structural char-
acterization of Cu-ZSM-5, and zeolites in general, is to
establish where the Si/Al substitution takes place and how
metal cations are coordinated to substituted sites [34, 35].
This point is particularly important since the geometrical
features of metal-framework coordination greatly influence
the reactivity of the catalyst. Many commonly adopted
experimental techniques can give useful information but
very seldom they provide unequivocal answers. Theoretical
calculations, when coupled to experiments, allow to
investigate and to discuss many details that cannot be
directly provided by experimental results. The main chal-
lenge related to the application of quantum mechanical
calculations is to find a compromise between accuracy and
computational costs, taking into account that zeolites are
complex solids with large unit cells. The most simple and
the most complex computational approaches are, respec-
tively, quantum mechanical calculations on small and non-
structure-specific cluster models [36—41], or the application
of quantum—mechanical methods (mostly based on plane-
waves DFT) to the full periodicity of the zeolite lattice
[42-50]. Apart from the above two extreme cases, the most
widely employed approaches are nowadays molecular
orbital calculations which treat only a portion of the
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structure (i.e., the active site for a given reaction) taking into
account in a variable way the geometrical constraints
imposed by the remaining part of the crystal [51, 52]. In this
field, the quantum mechanics/molecular mechanics
approach (QM/MM) is of particular interest and is com-
monly adopted either by treating the periodicity of the
structure, as in the so-called QM-Pot method [53, 54], or by
simply building large clusters that account for the main
geometrical features of the material, as in the ONIOM
[55-59] method implemented in widely available computer
codes. As far as Cu-ZSM-5 is concerned, Sauer and co-
workers by means of the above mentioned QM-Pot method
investigated the coordination of copper ions within the
twelve distinct crystallographic positions of ZSM-5 and
calculated the binding energy of Cu™ [60-62], Cu*" [62]
and Cu® pairs [63] in different sites and for different
coordination numbers. Nachtigall and co-workers, adopting
the same computational approach, investigated the adsorp-
tion of simple molecules such as CO [44, 64-66], NO [64,
67], NO, [64], H,O [64] and N, [64] by Cu-ZSM-5 and Cu-
Ferrierite, discussing the interacting ability of Cu™ ions as a
function of their coordination to the zeolite framework. In
general, it was shown that, when the Si/Al substitution
occurs at the edge of the straight and the sinusoidal channels
of ZSM-5, Cu™ is preferably coordinated by two O atoms of
the AlO, tetrahedron and points towards the open space at
the channels’ intersection [60-62]. Such di-coordinated
Cu' ions have the highest adsorption ability and are
expected to be involved in the catalytic activity of Cu-ZSM-
5 [68, 69]. However, in many cases, three- or fourfold
coordination also occur and compete with the twofold
coordination. In particular, it was shown [60, 61, 67] that,
when the Si/Al substitution occurs at the T1 position of
ZSM-5, the charge-balancing Cu™ ion can be either twofold
coordinated by two oxygen atoms of the AlO, tetrahedron
or threefold coordinated by two oxygens as in the previous
case and by a third oxygen atom located at the opposite side
of the ring. The calculated distance between Cu* and a
fourth oxygen atom at the opposite side of the ring turned
out slightly longer than 2.50 A (the threshold-distance
adopted by the authors for coordinative interactions), and
for this reason, the latter oxygen was not formally consid-
ered as coordinated to Cu™ [60, 61]. Within the QM-Pot
approach, the twofold coordination should be favored by
1.4 kcal mol™" with respect to the threefold one, whereas
the shell model potential of the QM-Pot method favors the
threefold coordination [60]. Similar calculations were
applied to the coordination of Cu™ to the Al-substituted T7
site of the M7 ring [67]. At difference with the T1 site, only
the threefold geometry was predicted for T7. Upon inter-
action with NO, Cu™ maintains its coordination to only two
oxygen atoms of the AlO, tetrahedron which, with the
nitrogen atom of NO, form a nearly planar trigonal
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arrangement around Cu™. The interaction energy of NO
with Cut coordinated at T7, 22.6 kcal mol ™! after zero-
point energy (ZPE) and basis set superposition error (BSSE)
corrections [67] was found to be lower with respect to that
calculated for other sites of ZSM-5 where Cu™ is twofold
coordinated even before NO adsorption. The difference,
about 7 kcal mol_l, was ascribed to the so-called defor-
mation energy, that is, the energy loss associated to the shift
from three- to twofold coordination of Cu* with the
framework oxygens caused by NO adsorption.

The results obtained by QM/MM methods depend both
on the parametrization of the MM part of the code and on
the method and basis set adopted in the QM part. In this
respect, the above studies were generally performed by
DFT methods with similar basis sets, often double-zeta
plus polarization for H, Si, Al, Cu and triple-zeta plus
polarization for zeolite framework oxygens and adsorbed
molecules [60-64, 66, 67]. The aim of the present work is
to investigate the coordination of the Cu™ ion to the T1 and
T7 sites of ZSM-5, and its capability to adsorb nitrogen
oxide. The above sites are taken as a case study for their
possible involvement in the catalytic activity. It is shown
how the choice of different basis set combinations affects
the computational results, and how literature data could be,
in some cases, reconsidered.

2 Computational methods and cluster models

All calculations were performed by the Gaussian-03 code
[70]. The B3LYP [71, 72] and PBE1PBE [73-75] func-
tionals were employed, with several combinations of the
Ahlrichs’ def2-SVP, def2-TZVP and def2-QZVP basis sets
[76] for geometry optimization and vibrational analysis.
Each basis set, available for all elements from H to Rn with
the exclusion of Lanthanides, is consistently designed to
give similar errors all across the periodic table. The def2-
SVP and def2-TZVP basis sets were developed [76] from
the previous default (def- stands for “default”) bases of the
TURBOMOLE [77] program, which had previously been
derived by adding auxiliary functions [78, 79] to the ori-
ginal SVP [80] and TZVP [81] basis sets. The def2-QZVP
basis set was developed first for the elements from H to Kr
[82] and then for Rb to Rn [76] and, at the same time, it
was used to validate [76] the computational results
obtained for the less extended def2-SVP and def2-TZVP
bases.

The coordination of Cu™ to the Al-substituted T1 and T7
sites of the so-called M7 ring [60-62, 67] of Cu-ZSM-5
was, respectively, simulated by the Si;AlO,3H;4Cu and
SigAlO,9H;gCu clusters, shown in Figs. 1 and 2. The above
choice was adopted with the purpose to include in the
calculations all first-neighbor T-sites of All and Al7, the
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M7 ring itself, and at the same time to run geometry
optimizations and vibrational analysis at a reasonable cost
but with the capability to explore how computational
results are affected by the basis set choice. The clusters
above are large enough to account for all the interactions of
Cu™ with the zeolite framework as well as for the inter-
actions involved the adsorption of NO. In some cases, the
ONIOM [55-59] approach was adopted to check the results
obtained by the above cluster calculations.

Although Si7’ in the SigAlO9HsCu cluster (Fig. 2)
could be saturated, in principle, by three —~OH groups, O7’
and 022" were actually terminated by —Si(OH); residues
(Si8 and Sill’, respectively) to avoid the possible inter-
action between Cu™ and —OH groups located in the prox-
imity of Al7. The same problem did not occur for the
Si;AlO,3H4Cu cluster, where the saturating —OH groups
of Sil0 (Fig. 2) have not the right geometrical features to
interact with Cu* coordinated at the All site. Taking the
crystallographic structure of orthorhombic H-ZSM-5 [83]
as the starting point, the above clusters were obtained by
Si/Al substitution at the chosen T-sites and consequent Cu
addition. The total cluster charge was set to zero
throughout the calculations, so that a formal Cu™ ion cor-
responds to the AI’" ion of the zeolite framework. All
saturating H atoms were initially placed 1.0 A far from the
corresponding O, along the bond with the next Si atom not
included in the cluster. Geometry optimization was per-
formed in two steps: in the first one, a pre-optimization, all
interatomic distances and the Cu™ coordinates were opti-
mized keeping zeolite bond angles and dihederals frozen to
the corresponding crystallographic values. This was done
in order both to adapt the system to the Si/Al substitution
and to take into account that DFT calculations slightly
overestimate Si—O distances with respect to experimental

values [53]. In the second step, the specific ZSM-5
geometry constraints were maintained by freezing all sat-
urating —OH groups in the previously obtained positions.
Apart from this, all the remaining geometrical parameters
were optimized. The so obtained structures were vibra-
tionally characterized, checking for the absence of imagi-
nary frequencies in the minima. The BSSE was calculated
according to the Boys-Bernardi [84] counterpoise method
implemented in Gaussian-03. The graphical output of the
calculations was obtained by the molecular visualization
programs Mercury [85].

3 Results
3.1 Basis set effects on Cu™ coordination

As shown in Fig. 1, the so-called M7 [60-62, 67] rings of
ZSM-5 [83] are located on the walls of the linear channels
(which run along the b crystal axis) and are, at the same
time, at the intersection between linear and sinusoidal
channels (the latter ones running along the a crystal axis).
M7 rings can be considered as the fusion of two five-
membered rings of the zeolite framework, respectively,
involving the 1-2-8-7-4 and 1-5-11-7-4 T-sites with the
1-4-7 T-sites in common (Fig. 2). Alternatively, they can
be viewed as the single 1-2-8-7-11-5 six-membered ring,
with the T1 and T7 sites bridged by T4. The ring plane is
defined by the 2-8-11-5 T-sites, which are nearly coplanar.
Because of the symmetry operations of the Pnma space
group, the M7 rings are found in pairs along the linear
channels. The rings of a given pair are each the specular
image of the other one through a mirror plane containing
023 and perpendicular to the channel direction (b axis).
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Fig. 2 Investigated clusters representing the coordination of Cu* at
the Al-substituted T7 and T1 sites of ZSM-5: a twofold coordinated at
T7; b threefold coordinated at T7; ¢ twofold coordinated at T1;
d threefold coordinated at T1; e twofold coordinated at T1 in the
Si;sAlO04H>oCu cluster; f threefold coordinated at TI1 in the
Si;5A104,H0Cu cluster (the atoms represented by balls were treated

023 connects the T7 sites of each ring. Copies of each M7
ring pair are additionally found at the opposite sides of the
linear channels, so that the T1 and T7 sites are also at
opposite positions across the ten-membered rings that form
the walls of the channel itself. T1 sites are exactly at the
edge between linear and sinusoidal channels (Fig. 1),
whereas T7 sites are part of the common wall of both
channels and are also easily accessible.

In the present study, the coordination of Cu* to the
Al-substituted T7 site of ZSM-5 was investigated first,
employing a systematic combination of different basis sets.
The calculations were then extended to the T1 site, taking
only selected basis sets from those adopted for the T7 site.
The main computational results obtained for Cu™ coordi-
nation to the above T-sites are reported in Table 1. Starting
from the T7 site, it is shown that when the less extended
basis set (def2-SVP on all atoms, indicated as B1) is used
for geometry optimization, Cu™ is threefold coordinated to
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at the high-level in ONIOM calculations, the ones represented by
sticks at the low level). The crystallographic numbering of the most
relevant Si and O atoms according to [83] is also shown (notice that Si
and O atoms are independently numbered). Selected interatomic
distances (see Tables 1 and 2) are also indicated

07, 022 and 021. The Cut-01 distance (r; in Table 1 and
Fig. 2) turned out slightly longer than 2.50 A. In the latter
case, adopting the same convention of [60] and [67], Cu™
was not considered as formally coordinated to O1, but an
attractive interaction between the two atoms is anyway
likely. It should be mentioned that, when the B1 basis set
was employed, the threefold coordination already resulted
from the pre-optimization step, even when a twofold
coordination was assumed as the starting geometry. The B2
and B3 basis sets differ from B1 for the adoption of the
def2-TZVP basis for Cu. They differ from each other
because in B2, the simple def2-SV basis (def2-SVP but
without p-polarization functions) was adopted for H atoms,
whereas in B3, hydrogens were again described by the
def2-SVP basis. As expected, both bases gave very similar
results, with Cu™ in threefold coordination, and virtually
identical Cu*—O distances. The main difference from B1
calculations was that the pre-optimization gave in both
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structures for a given basis set (E/kcal molfl), basis set superpo-
sition error (BSSE/kcal mol™1), selected interatomic distances (ry, 72,
r3 and r4/1°%, see Fig. 2) for Cu-zeolite clusters optimized in the
present work at selected Al-substituted T-sites of ZSM-5

Table 1 Basis set employed for geometry optimization at investi-
gated T-sites (basis), number of framework oxygen atoms to which
Cu™ is coordinated (n), electronic energy (E/a.u.), zero-point energy
(ZPE/a.u.), relative energy of the three- and twofold coordinated

Basis® n E ZPE Erel BSSE i s r3 4
T7 site

Bl 3 —6679.999390 0.084168 13.95 2.19 2.09 2.75 2.48
B2 3 —6680.060617 0.084101 8.28 2.20 2.09 2.77 2.49
B3 3 —6680.238854 0.084130 8.59 2.21 2.09 2.77 2.49
B4 3 —6682.652070 0.083004 11.13 2.19 2.09 2.80 2.54
B5 3 —6682.883754 0.082988 0.00 2.51 2.18 2.08 2.87 2.62
B5 2 —6682.883401 0.083441 0.51 2.06 2.05 2.02 4.36 4.16
B6 3 —6684.083556 0.084469 0.00 1.73 2.19 2.09 2.82 2.56
B6 2 —6684.083020 0.084880 0.59 1.35 2.05 2.02 4.37 4.16
B7 3 —6684.127210 0.084470 0.00 1.59 2.17 2.07 2.85 2.60
B7 2 —6684.127429 0.084886 0.12 1.38 2.05 2.02 4.35 4.14
B7° 3 —7200.815037 0.089259 0.00 1.59 2.19 2.08 2.82 2.56
B7° 2 —7200.815150 0.089659 0.18 1.37 2.05 2.02 4.35 4.14
B7¢ 3 —6680.138954 0.085239 0.00 1.49 2.19 2.07 2.75 2.49
B7¢ 2 —6680.136190 0.085690 2.02 1.23 2.03 2.00 4.20 3.99
T1 site

B4 3 —5649.510767 0.066596 0.00 11.56 2.40 2.15 2.71 2.31
B4 2 —5649.507485 0.067280 2.49 8.59 2.04 2.02 4.61 4.42
B7 3 —5650.739752 0.067748 1.52 1.63 2.38 2.15 2.63 2.37
B7 2 —5650.742786 0.068363 0.00 1.34 2.04 2.02 471 4.53
B7¢ 3 —5647.509261 0.068428 0.00 1.52 2.40 2.11 2.70 2.26
B7¢ 2 —5647.508167 0.069029 1.06 1.20 2.03 2.01 4.62 4.44
B7¢ 3 —9370.134798 0.161203 0.000 2.26 2.15 2.61 2.37
B7¢ 2 —9370.135406 0.161814 0.001 2.05 2.03 4.61 4.47
B7°¢ 3 —9389.508347 0.156569 0.75 2.25 2.15 2.63 2.37
B7°¢ 2 —9389.510174 0.157201 0.00 2.05 2.03 4.64 4.49

4 Basis set definitions: BI: H, O, Al, Si, Cu = def2-SVP; B2: H = def2-SV; O, Al, Si = def2-SVP; Cu = def2-TZVP; B3: H, O, Al, Si = def2-
SVP; Cu = def2-TZVP; B4: H, Al, Si, Cu = def2-SVP; O = def2-TZVP; B5: H, Al, Si = def2-SVP; Cu, O = def2-TZVP; B6: H = def2-TZV,
0, Al, Si, Cu = def2-TZVP; B7: H = def2-TZV; O, Al, Si = def2-TZVP; Cu = def2-QZVP

® B3LYP/B7 calculation on a Si;oAlO3,H,Cu cluster

¢ PBE1PBE/B7 calculation

4 ONIOM(B3LYP/B7:HF/3-21G) calculation on a Si; 5A104,H,oCu cluster
¢ ONIOM(B3LYP/B7:HF/6-311G) calculation on a Si;5Al04,H,¢Cu cluster

optimization step produced a twofold Cu® coordination
which shifted to a threefold one in the final optimization, in

cases a twofold Cu* coordination (to O7 and 022) even
when it was started from the threefold one. In the final

geometry optimization, the relaxing of bond angles and
dihedrals with respect to the crystallographic values
allowed Cu™ to move toward 021 and to reach the final
threefold coordination. Interestingly, during geometry
optimization, an energy plateau corresponding to the two-
fold coordination was observed about 4-5 kcal mol™'
above the final energy, but geometry only converged in the
threefold coordination. The B4 basis set is similar to that
adopted by other authors [60-62, 67], with the def2-SVP
basis for H, Al, Si, Cu and the def2-TZVP basis for O
atoms. As observed for the B2 and B3 basis sets, the pre-

agreement with literature data [67]. The B5 combination
consists of the def2-SVP basis for H, Al, Si and the def2-
TZVP basis on both O and Cu. At difference from the B1-
B4 basis sets, the latter combination allowed to locate two
minima, one corresponding to the already predicted
threefold coordination and one displaying a twofold coor-
dination of Cu™ to O7 and 022, observed before only in the
pre-optimization step. The threefold coordinated structure
did not show significant geometrical changes with respect
to the previous optimizations and was calculated to be
more stable than the twofold one by 0.51 kcal molfl,
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including the ZPE correction. As shown in Fig. 2 and
Table 1, the twofold coordinated structure displays
short Cu™=07 and Cu™—022 distances (r; = 2.05 and
r, = 2.02 A, respectively) and much longer Cu*t—O1 and
Cut-021 distances (r; = 4.36 and ry = 4.16 A, respec-
tively). Calculations were repeated employing the B6 and,
finally, the B7 basis sets, the former one consisting of the
full def2-TZVP basis set on all heavy atoms combined with
the def2-TZV basis on hydrogens, the latter one differing
from B6 for the adoption of the def2-QZVP basis for Cu.
The results were qualitatively similar to those obtained by
the B5 basis, with an energy gap between the threefold and
the twofold structures of 0.59 and 0.12 kcal mol ™" at the
B6 and at the B7 level, respectively. The calculations
performed with the B7 basis were repeated on the larger
Si1pAlO3,H,0Cu cluster, in which the —OH group saturat-
ing Si7" in SigAlO,9H;gCu (Fig. 2) was replaced by the
-Si(OH)3 group corresponding to the T4’ site. This was
done in order to check whether the increased mobility of
Si7’ could affect both the orientation of the AlO, tetrahe-
dron in T7 with respect to the plane of the M7 ring and the
relative energy of the two minima. Table 1 shows that,
with respect to the SigAlO,9H;gCu cluster, the energy
difference between the three- and the twofold geometry
increases only from 0.12 to 0.18 kcal mol™', indicating
that the substitution effect is negligible.

The BSSE was calculated for all optimized structures by
splitting the system into two subunits, namely the
Al-substituted zeolite anion and the Cu™ cation. As shown
in Table 1, a well-defined trend is associated to the just
described basis set improvement. For the simple B1 basis,
the BSSE is 13.9 kcal mol™!, which represents about 10%
of the total binding energy between Cu*t and the zeolite
framework [60]. The adoption of the def2-TZVP basis set
for only copper (B2 and B3 bases) reduced the BSSE to
about 8.5 kcal mol™'. When the def2-TZVP basis was
employed for only oxygen atoms (B4 basis), the BSSE rose
again to 11.1 kcal mol™'. The latter two observations
suggest the basis set assigned to Cu as the most important
in determining the BSSE of the present structures. As the
def2-TZVP basis set was assigned to both Cu and O (B5
basis), the BSSE was reduced to about 2.0-2.5 kcal mol L.
The BSSE was further reduced to about 1.3-1.7 kcal
mol~! when the def2-TZVP basis was assigned to all heavy
atoms (B6 basis). When the def2-QZVP basis set was
additionally assigned to copper (B7 basis), a modest BSSE
decrease (0.1 kcal molfl) resulted for the threefold struc-
ture only. Calculations performed by the B5, B6 and B7
basis sets also show that the BSSE is always larger for
threefold than for twofold coordinated Cu™, probably as
the result of the larger number of Cu™-O interactions. As a
consequence, when the B5-B7 basis sets are adopted, the
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three- and the twofold coordinated structures turn out vir-
tually isoenergetic after correction for the BSSE.

Calculations on the coordination of Cu® to the
Al-substituted T1 site of the M7 ring were performed by
using the Si;AlO,3H;4Cu cluster (Figs. 1 and 2). The B4 and
B7 basis sets were selected among those previously
employed for the T7 site, either for the sake of comparison
with literature data (B4) [60-62, 67] or, in the case of B7, in
order to adopt the highest computational level available in
the present study. The results are reported in Table 1. As far
as Cu™ coordination is concerned, the main difference with
respect to the results obtained for the T7 site is that, even at
the B4 level both the threefold and the twofold coordination
could be optimized, the former one being more stable by
2.49 kcal mol ™! after ZPE correction. The adoption of the
more extended B7 basis did not introduce significant geo-
metrical changes in the optimized structures but inverted the
relative stability of the two forms, with the twofold coordi-
nated being more stable by 1.52 kcal mol ™. According to
literature data [60], both structures could also be optimized
by the QM-Pot approach, with a basis set comparable to the
B4 one of the present study, the twofold coordinated
structure being more stable than the threefold one by
1.4 kcal mol™!. However, it is also reported [61] that, at the
same site and by the same computational approach, Cu™ can
be twofold coordinated only in the triplet state, being the
threefold coordination more stable in the singlet ground
state. Among the above hypothesis, the results of the present
work seem to be favorable to the former one.

The BSSE calculated at the B4 level for the structure
with threefold coordinated Cu™ (11.6 kcal mol™") is very
close to that calculated at the same computational level for
the corresponding structure at the T7 site, whereas the
BSSE calculated at the same level for the twofold coordi-
nated structure (8.6 kcal mol™") is appreciably lower. The
same trend is also observed at the B7 level but, as expected,
with lower BSSE values. It is worth mentioning that, if
BSSE corrections are applied, at the T1 site, the twofold
coordinated structure becomes the most stable (by about
0.5 kcal molfl) also at the B4 level.

It may be interesting to compare the computational
results obtained in the present study for Cu™ coordination
to Al-substituted T1 and T7 sites. It was shown that the
twofold coordination of Cu™ can be obtained at the T1 site
employing a less extended basis set (B4) than the basis set
(B5) needed to obtain the same coordination at the T7 site.
This can be explained by geometrical considerations. Fig-
ures 1 and 2 show that the A11-O15 bond at the T1 site is
much more bent out of the M7 ring plane than the A17-023
bond at the T7 site. This implies that the AlO, tetrahedra
associated to the just considered sites have different ori-
entations with respect to the M7 ring plane. In particular,
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the O1-Al1-O21 plane at the T1 site (Fig. 2) is almost
perpendicular to the ring plane, favoring the twofold
coordination of Cu™. At the T7 site, instead, the angle
between the O7-A17-022 plane and the ring plane is less
than 90° and, very likely, this favors the threefold coordi-
nation of Cu". Having recognized that the saturation of
Sil0 by three frozen —OH groups in the Si;AlO,3H;4Cu
clusters could restrain the mobility of SilO itself during
geometry optimization and, as a consequence, also the
orientation of the AlO, tetrahedron in T1 with respect to
the M7 ring, selected optimizations based on a larger
cluster were performed. In this case, owing to the need to
saturate the rings located in the nearby region of T1 in
ZSM-5, the simple replacement of three —OH groups by
—Si(OH); groups was not feasible and thus the larger
Si5A104,H;0Cu cluster (Fig. 2) had to be adopted. Owing
to the cluster size, B3LYP/B7 calculations were found
impractical and the ONIOM approach was therefore
employed. The Si;AlO,3H;Cu portion of the system cor-
responding, with seven saturating hydrogen atoms, to the
previous Si;AlO,3H4Cu cluster was treated at the B3LYP/
B7 level and the remaining part of the cluster at the HF/3-
21G and HF/6-311G levels. Geometry optimizations were
performed with the previously described two-step proce-
dure. As shown in Table 1, when the outer part of the
cluster is treated at the HF/6-311G level, the twofold
coordination of Cu™ is favored with respect to the threefold
one by 0.75 kcal mol_l, whereas the two forms are iso-
energetic when the HF/3-21G computational level is
adopted. On the whole, the inclusion of a larger portion of
the framework does not invert the relative stability of the
two forms at T1 but stabilizes the threefold with respect to
the twofold coordination of Cu™.

For the sake of comparison with other computational
studies [45-50, 86—88] where the PBE [73, 74] functional
was adopted, additional calculations were performed
employing the PBE1PBE [75] functional. Such a modified
version of the PBE functional includes a 25% of Hartree—
Fock exchange and was chosen in order to get results
comparable at the same time to those obtained by the pure
PBE and by the hybrid B3LYP functionals. Table 1 shows
that the PBE1PBE functional favors the threefold coordi-
nated structure both at the the T1 and at the T7 sites by 1.06
and 2.02 kcal mol ™', respectively. A comparison with the
corresponding results of B3LYP calculations suggests that
the relative stability of the two forms is shifted by about
2 kecal mol™! towards the threefold coordinated one.

3.2 Basis set effects on NO adsorption
The numerical results of NO adsorption on extra-frame-

work Cut are summarized in Table 2. When NO is
adsorbed on extra-framework Cu™ ions in Cu-ZSM-3,

mononitrosyl complexes are formed in which Cu* is
coordinated to the nitrogen atom of NO and to two
framework oxygen atoms of the AlO, tetrahedron corre-
sponding to the T1 or T7 site (Fig. 3). Such a general
geometrical feature of the Cu™—NO complex is indepen-
dent of the basis set adopted and of the geometry of Cu™
before interacting with NO, that is, it is obtained starting
the geometry optimization from the originally two- or
threefold coordinated Cu™ sites. In the latter case, the
interaction with NO breaks the coordination between Cu™
and the framework oxygen atoms which do not belong to
the AlO, tetrahedra (01/021 and O7/022 for Cu™ coor-
dinated to the All or Al7 site, respectively). This is in
agreement with literature data [67]. In addition, two dis-
tinct geometries could be optimized for adsorbed NO at a
given Cu* site (Fig. 3). In one of them indicated as “in”,
the NO molecule is slightly bent toward the inner part of
the M7 ring, in the second one, indicated as “out”, NO is
bent right in the opposite direction. The just described
geometrical feature was also found to be independent of the
basis set employed for geometry optimization. The inter-
atomic distances between Cu™ and the oxygen atoms of the
coordinating AlO, tetrahedron are short (2.0-2.05 A, see 7
and r; in Fig. 2 and Table 2) and nearly independent of the
basis set employed. The distances between Cu* and O1/
021 or O7/022 are instead longer (from 3.65 to 4.63 A,
see r3 and r4 in Fig. 2 and Table 2) and tend to increase at
increasing basis set extension (i.e., from B1 to B7). For a
given basis set, the r; distance is always longer than r, and
r3 is always longer than r4. Finally, for a given basis set,
Cu™ coordination to All results in longer r3 and r, dis-
tances than Cu™ coordination to Al7. The latter feature can
be ascribed to the already discussed orientation of the
respective AlO, tetrahedra with respect to plane of the M7
ring. The adsorption energies of NO on coordinated Cu™
showed a peculiar dependence on the basis set applied. As
a foreword, the basis set dependence of the BSSE should be
analyzed. When the B1 basis set is applied, the BSSE is
large, about 5.7-6.0 kcal molfl, which is more than 20%
of the final interaction energy. With the B2 and B3 basis
sets (where the def2-TZVP basis set was adopted for Cu™
and adsorbed NO), the BSSE was found to decrease to
about 2.1 kcal mol~'. Changing the basis from B3 to B3’
(where adsorbed NO was again described by the def2-SVP
basis), the BSSE rose to 3.8 kcal mol™'. By means of the
B4 basis, where the TZVP basis was only assigned to N
and all O atoms, a BSSE of 4.5 kcal mol ™! turned out. The
latter findings show that, to achieve a small BSSE, a
TZVP-level basis is required for both Cu and adsorbed NO,
but the role played by the basis set assigned to Cu is
somewhat more important, as it was already shown for the
coordination of Cu™ to the zeolite framework. The adop-
tion of the def2-TZVP basis for N, O and Cu (B5) resulted
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Table 2 Basis set employed for geometry optimization at the
investigated T-sites (basis), orientation of adsorbed NO molecule
(or. see text and Fig. 3), electronic energy (E/a.u.), zero-point energy
(ZPE/a.u.), basis set superposition error (BSSE/kcal mol™!), defor-

kcal molfl), selected interatomic distances (ry, r», r3 and r4//°\, see
Fig. 2), Cu*—N distance (rc,n/A), N-O distance (ry_o/A), N-O
stretching frequency (vN,o/cm71) calculated for NO adsorbed on the
Cu-zeolite clusters optimized in the present work at selected

mation energy (Eg.¢/kcal mol~!, see text), NO adsorption energy Al-substituted T-sites of ZSM-5

(Eq¢/kcal mol™"), BSSE-corrected NO adsorption energy (E,qspssg/

Basis® Or. E ZPE BSSE Edcf Eads EadS,BSSE r r r3 rg YCu-N 'N-O VN-O
17 site

Bl In —6809.833590  0.091455  6.06 477  —=26.60 —20.54 2.03 200 387 365 1815 1158 1826°
B1 Out  —6809.833158 0.091434 5.74 496 —2634 —20.61 2.03 200 394 373 1815 1159 1823¢
B2 In —6810.049127  0.091145  2.13 314  -2431 -=22.17 204 200 4.09 387 1799 1.156 1818°
B2 Out  —6810.048952 0.091132  2.03 315 —2421 2218 203 200 414 392 1799 1.157 1813°
B3 In —6810.227231  0.091176  2.17 325 2422 -22.05 2.04 200 409 387 1799 1156 1818°
B3 Out  —6810.227050  0.091161  2.07 326 2412 -22.05 204 200 413 391 1.800 1.157 1814°
B3 In —6810.072363  0.091334  3.81 323 2622 2241 204 200 406 384 1.805 1.159 1814¢
B3 Out  —6810.072182  0.091326  3.79 325 -=26.11 —22.32 2.03 200 414 392 1804 1.160 1810°
B4 In —6812.642118  0.089966  4.53 3.04 2533 -20.79 204 201 418 396 1.809 1.154 1832°
B4 Out  —6812.642081  0.089976  4.52 3.07 -2530 —20.78 204 201 421 400 1.808 1.155 1829°
BS In —6812.873696  0.089969 1.02 058 —2525 2422 205 201 428 406 1.805 1.155 1822°
B5 Out —6812.873617 0.089965 1.01 058 —2520 —24.19 204 201 429 408 1.805 1.155 1818°
B6 In —6814.073224  0.091394  0.86 070 —=25.11 —24.25 205 201 427 405 1.805 1.155 1820°
B6 Out  —6814.073171  0.091392  0.86 069 —25.08 —24.22 204 201 429 408 1.805 1.156 1816°
B7 In —6814.118361  0.091420  0.65 022 —-26.03 —25.38 204 200 429 407 1803 1.156 1814°
B7 Out —6814.118366  0.091425  0.64 022 —-26.03 —25.39 204 200 430 4.08 1.803 1.156 1812°
B7° In —6809.987758  0.092434  0.60 2.10 —24.89 —24.28 202 199 410 388 1788 1.149 1824
B7° Out  —6809.987671  0.092429  0.60 2,12 —2484 2423 202 199 413 392 1787 1150 1822°
T1 site

B4 in —5779.501692  0.073698  4.69 247 =2579 -21.10 204 202 459 440 1.806 1.155 1830°
B4 out  —5779.501625 0.073699  4.67 248 2575 —21.08 204 202 461 443 1806 1.155 1829°
B7 in —5780.733172  0.074871  0.60 039 2582 2522 204 201 463 444 1803 1.156 1812°
B7 out  —5780.733163  0.074880  0.58 039 -—-2581 —25.23 204 201 464 445 1804 1.157 1811°
B7° in —5777.359106  0.075723  0.56 1.11  —2548 —24.92 202 199 451 432 1787 1150 1822°
B7° out  —5777.359057 0.075724  0.55 .11 —=2545 —2490 202 199 453 434 1787 1150 1820°
B7° in —9500.125125  0.168320 005 —2540 204 202 453 437 1.808 1.155 1819°
B7° out  —9500.125082  0.168326 0.05 —25.37 204 202 454 438 1.808 1.155 1819°

% Basis set definitions: BI: H, N, O, Al, Si, Cu, = def2-SVP; B2: H = def2-SV; O, Al, Si = def2-SVP; Cu, NO,4, = def2-TZVP; B3: H, O, Al,
Si = def2-SVP; Cu, NO,q4s = def2-TZVP; B3': H, N, O, Al, Si = def2-SVP; Cu = def2-TZVP; B4: H, Al, Si, Cu = def2-SVP; N, O = def2-
TZVP; B5: H, Al, Si = def2-SVP; N, O, Cu = def2-TZVP; B6: H = def2-TZV; N, O, Al, Si, Cu = def2-TZVP; B7: H = def2-TZV; N, O, Al,
Si = def2-TZVP; Cu = def2-QZVP

° The PBEIPBE functional was employed

¢ ONIOM(B3LYP/B7:HF/3-21G) calculation on a Si;sAlO4,H,,Cu cluster
9 The v(exp)/v(calc) 1904/2042 = 0.9324 scaling factor was applied

¢ The v(exp)/v(calc) 1904/1977 = 0.9631 scaling factor was applied

f The v(exp)/v(calc) 1904/2031 = 0.9375 scaling factor was applied

in a BSSE of 1.0 kcal mol~'. The assignment of the full
def2-TZVP basis to all heavy atoms (B6) and the further
addition of the def2-QZVP basis to Cu (B7) resulted in a
BSSE decrease to about 0.85 and 0.65 kcal molfl,
respectively. At difference from the BSSE, the adsorption
energy uncorrected for the BSSE (from about 24 to
26 kcal mol™") is characterized by little changes from one

@ Springer

basis set to another, with the highest values obtained for
B1, B3’ and B7, respectively. Such a behavior should not
be surprising because it arises from a compromise between
two opposite factors, namely the BSSE and the so-called
deformation energy. The latter parameter is assumed as the
difference between the electronic energy of each cluster,
obtained from a single-point calculation after NO removal,
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Fig. 3 Investigated clusters
representing the adsorption of
NO by Cu™ coordinated at the
T7 site of Al-substituted ZSM-
5. The “in” (a) and “out”

(b) orientations of the adsorbed
NO molecule with respect to the
M7 ring (see Text and Table 2)
are indicated. The geometrical
features of NO adsorption on
Cu™ coordinated at the T1 site
are equivalent

and that of the most stable conformation of the corre-
sponding cluster optimized before NO adsorption. The
computed values, reported in Table 2, show a trend which
resembles that of the BSSE. This implies that (1) when
low-end basis sets (from B1 to B4) were employed, before
NO adsorption only the threefold coordinated structure
could be optimized for Cu" at the T7 site. After NO
adsorption, the deformation energy associated to the shift
of Cu* from three- to twofold coordination to the frame-
work oxygens was compensated by the BSSE associated to
the Cu™—NO interaction. (2) When high-end basis sets (B5-
B7) were adopted, the two- and the threefold coordination
of Cu™ to the zeolite framework turned out nearly isoen-
ergetic before NO adsorption at the T7 site, and the twofold
coordination was shown to be the preferred one at the T1
site. As a consequence, a low deformation energy was
involved in the interaction with NO. At the same time,
extended basis sets allowed the computation of the inter-
action energy with a small BSSE, giving similar values as
those calculated by low-end basis sets.

The true basis set dependence of the Cut-NO interac-
tion energy could finally be appreciated once corrections
for the BSSE were applied. When the less extended basis
sets were employed, the large BSSE calculated (up to
6 kcal mol™!) decreased the corresponding adsorption
energies even to 20-21 kcal mol~'. The small BSSE val-
ues calculated instead by means of larger basis sets (B6 and
B7) decreased the corresponding interaction energies by no
more than 0.6-0.8 kcal mol ™', resulting in final adsorption
energies close to 25.5 kcal mol ™', in good agreement with

the experimental value of about 24 kcal mol ! [89]. Neg-
ligible differences (0.3-0.4 kcal mol_l, Table 2) in the
adsorption energy of NO were observed when PBE1PBE
calculations were performed at the T1 and T7 sites, and
when larger clusters (ONIOM B3LYP/B7:HF/3-21G cal-
culations) were employed to simulate NO adsorption at the
T1 site.

3.3 NO stretching frequency

The stretching frequency of the N—O bond after adsorption
by the zeolite-coordinated Cu™ ion can be computed and
compared with easily available experimental data. The
present computational results are shown in Table 2. As a
starting point, the calculated N-O stretching frequencies of
gas-phase nitrogen oxide turned out to be 2042 and
1977 cm™"' at the B3LYP/def2-SVP and B3LYP/def2-
TZVP computational level, respectively. A comparison
with the experimental frequency of 1904 cm™' [90],
allowed to calculate the corresponding v(exp)/v(calc) scale
factors equal to 0.9324 and 0.9631, respectively. As
reported in Table 2, the application of such scale factors to
the calculated frequencies of adsorbed NO resulted in
scaled frequencies in good agreement with the experi-
mental value of 1,810-1,812 cm™! [13, 91], whenever the
def2-TZVP basis is assigned to Cu (i.e., with the excep-
tions of the B1 and B4 bases). For the B7 basis, in par-
ticular, the scaled frequencies are virtually coincident with
the experimental ones, at both the T1 and T7 sites, pro-
viding in this way a valuable tool for the interpretation of
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many spectroscopic data available in the literature. As also
shown in Table 2, PBE1PBE/B7 calculations resulted in
slightly larger values of the nitrogen oxide stretching fre-
quency, both in the gas-phase (2,031 cm™') and after
adsorption (about 1,820 cm™', with application of the
corresponding 0.9375 scale factor). A value of about
1,820 cm ™! was also calculated when the ONIOM scheme
was applied to simulate the adsorption of NO at the T1 site.

4 Discussion and conclusions

The present calculations showed that the computationally
predicted coordination of Cu" to the framework of
Al-substituted T1 and T7 sites of Cu-ZSM-5 depends on
the geometrical features of the considered sites and also on
the computational level adopted, being particularly sensi-
tive to the basis set employed. The observed trend among
different basis sets of increasing complexity could be
rationalized by admitting that, when a valence double-zeta
basis set (def2-SVP) is employed for geometry optimiza-
tion, large BSSE effects push Cu™ towards higher coordi-
nation to framework oxygens, in particular towards a
threefold geometry where one of the coordinating oxygens
is located at the opposite side of the M7 ring with respect to
the AlO, tetrahedron. In such a way, the Cu™ ion and the
coordinating oxygen atoms of the zeolite framework, being
at a short distance, display an increased ability to lower the
system energy by sharing the respective basis functions.
When a more extended basis set is adopted, at least triple-
zeta plus polarization functions (def2-TZVP) for both
copper and oxygen, the tendency of Cu* to higher coor-
dination decreases as a consequence of a lower BSSE. As a
result, for Cut exchanged at the T7 site, a twofold coor-
dinated structure could additionally be optimized with
respect to literature data [67], turning out isoenergetic as
the already characterized threefold one. In a similar way,
for Cu™ at the T1 site, the corresponding twofold structure,
also predicted by means of less extended basis sets [60]
gained relative stability with respect to the threefold one,
resulting as the most stable minimum.

The coordination of Cu™ to the zeolite framework was
also shown to affect the energetics of NO adsorption. A
calculated interaction energy of 22.6 kcal mol™' was pre-
viously reported [67] for the Cut—NO interaction at the Al-
substituted T7 site of Cu-ZSM-5. On this basis, it was
suggested that this and similar sites (such as T1) could be
less reactive than other sites (T3, T6, T9 and T12) located
at the edge between linear and sinusoidal channels, for
which an interaction energy up to 29 kcal mol™' was
instead calculated [67]. The different behavior of the
considered sites was ascribed to the coordination of Cu™
before NO adsorption (threefold for T7, both two and
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threefold for T1, and twofold for T3, T6, T9 and T12) and
to the deformation energy required by threefold coordi-
nated Cu™ ions to lose one Cu*-O coordination bond and
to form the Cu™-NO complex. The present calculations
showed instead that, once a triple-zeta plus polarization
basis set is employed and by virtue of the just described
geometries and energetics of Cu* coordination at the T1
and T7 sites, no deformation energy is required for the
Cu™-NO interaction to take place. After BSSE correction,
a NO adsorption energy of about 25.5 kcal mol™' was
finally calculated at the considered sites. To afford a fully
consistent comparison between the nitrogen oxide adsorp-
tion capability of Al-substituted T1 and T7 sites with that
of other T-sites in which Cu™ is twofold coordinated (T3,
T6, T9 and T12), the computational approach of the present
work should obviously be extended to the latter sites. As a
final remark, it appears that the PBE1PBE functional tends
to favor the stability of threefold coordinated structures
with respect to the twofold ones (which could anyway be
optimized in the present work) for Cu™t in ZSM-5. Such a
tendency is also reported in the literature [86-88] for the
pure PBE functional.

As a conclusion, the present analysis shows that the
computational level and the basis set adopted in the calcu-
lations may have a crucial importance in the prediction of the
structural and catalytic properties of Cu-ZSM-5, not only in
terms of the final numerical results of computed observables,
but also in terms of a physical description of the phenomena
as the sum of different and variable contributions.
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