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ABSTRACT: Ethene adsorption in transition-metal-exchanged clinoptilo-
lite with cations of the d elements (Fe—Cu) and also Pd was examined by
density functional theory with the B3LYP functional, using the embedded
cluster method in ONIOM. The preferred extraframework cation sites for
the divalent cations are those in the large channel A. The monovalent
cations Ni* and Cu" show little preference toward the available cation sites:
they approach a center of negative framework charge, forming shorter M—O
bonds as compared with the divalent cations. Periodic model calculations
were applied to validate the extraframework site preference of Cu" cations,
and they confirm the ONIOM results, though periodic calculations
systematically predict smaller energy gaps between the different cation
site occupancies. A dominant component in the formation of the metal

bond

activation

cation—adsorbate z-complexes is the electron charge transfer from the filled d orbitals of the transition metal cations to the
unoccupied 7* orbitals of ethene. Significant contribution of the framework oxygen atoms as electron donors to the cations was
revealed. This results in lengthening of the C=C bond and a red shift of the corresponding stretching vibration, which is most
pronounced in the adsorption complexes with monovalent cations, (Ni*, Cu*, Pd*). The hydrogen atoms in the ethene molecule
become nonequivalent upon adsorption. The C—H bond lengthening is more significant for the adsorption complexes in channel
B and on Ni" cations in channel A. The deformation density maps, derived from the B3LYP calculated densities provide insight
into the role of the framework in the charge transfer from the metal cations to the ethene molecule.
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B INTRODUCTION

Zeolites find a broad number of applications as a result of their
unique opened framework architecture and the presence of
regularly spaced cavities and channels, which are intrinsic
properties of the structure.' The framework of zeolites and
zeolite-like microporous materials (for example, galosilicates
and aluminophosphates) is built by corner-sharing tetrahedra
TO,, in which the tetrahedral atom is Si, Al, P, Ga, etc.; each
oxygen atom bridges adjacent tetrahedra, and this presumes a
ratio of O/T = 2. The windows that open to the pore system
have dimensions comparable to those of small molecules; thus,
zeolites are able to discriminate molecules on the basis of their
size and act as “molecular sieves”. The zeolite framework is
negatively charged because of Al — Si substitution at
tetrahedral sites, and this charge is compensated by either a
proton to form bridging hydroxyl groups, —Al-OH—Si—, or by
an extraframework cation. Many separation processes rely on
zeolites, and they are also employed as ion-exchangers,
adsorbents, and catalysts."””

Adsorption of the reactants is the key process for both
separation and catalysis, and this is the main topic of theoretical
and experimental studies that target the design of new zeolite
materials or modification of the available ones. Small
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molecules—CO, NO, NO,, ethene, ethyne—are usually used
as adsorbates to probe an active site, and the applied
experimental techniques involve XRD, temperature-pro-
grammed desorption, IR spectroscopy and microcalorime-
try.> "' Zeolites in H-form (with protons as charge counter-
part) act as solid acids and catalyze a number of reactions in
petrochemistry.

The indispensable role of transition metal cation exchanged
zeolites was revealed for redox catalytic reactions, for example,
the selective reduction of nitrogen oxides, NO,, with
hydrocarbons.®> The role of transition metal centers, their
preferred location, and the reaction mechanism became a
challenge for theoretical studies.''~'* Ag"- and Cu*-exchanged
zeolites were studied in relation to olefin—paraffin separation
by 7-complexation, and the first members of the series, ethene
and ethane, became useful also as probe molecules for testing
the electron-donor properties of different transition metal
cations.'"'? The activation of C=C, C=C, and C=0 bonds
in Cu'- and Ag'-exchanged ZSM-5 was examined by the
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embedded cluster approach, and the diversification of the two
cations by the zeolite environment was outlined."** Exper-
imental studies of a fully exchanged Ag"—X zeolite found that
ethene was reduced to form carbanions C,H,>”, and the role of
Ag’, together with the presence of lattice oxygen vacancies, was
revealed.*! Ni(Il)- and Pd(II)-exchanged zeolites, including
synthetic clinoptilolite, were examined in ethene dimeriza-
tion.">® The reduced Ni* cations formed the active site, but
the presence of alkali cations boosted the activity.

Natural zeolites, however, find applications as ion-exchangers
and adsorbents rather than catalysts.'” The clinoptilolite
mineral, for example, contains admixtures of mordenite, iron
oxides, and quartz;20 therefore, synthetic analogs with the same
topology (e.g. LZ-219, CIT-3) are preferred for reliable testing
as catalysts.''® Structural studies by X-ray diffraction on the
location of extraframework transition metal and heavy metal
cations in natural clinoptilolite were limited to the hydrated
forms; thus, for small cations, such as Cu’, linkages to
framework oxygen atoms were not reported, and they were
detected in the center of the large A channel of clinoptilolite,
coordinated by water molecules only."” The size of channel A
proved to be large enough to host the tetramonia complex
[Cu(NH,),]*, coordinated further to two water molecules.**
Ni* cations, obtained after reduction of Ni(II)-exchanged
clinoptilolite, were examined by electron spin resonance (ESR)
and electron spin echo modulation (ESEM), which revealed
two sites that these cations occupy.lsa’C The good performance
of Ni-clinoptilolite in ethane dimerization to n-butenes'®
challenged theoretical studies, as well, but the large size of
the unit cell limited the models to relatively small size."* The
divalent cations of the 3d elements preferred coordination to
five-member rings in ZSM-5, according to DFT studies using
cluster models,** whereas for the divalent cations of the noble
metals, the sites in six-member rings were found more
favorable. In clinoptilolite, the cations find positions in larger
rings, and they are more exposed to the inner part of the
channels; therefore, cluster models are not applicable.

In the present study, transition-cation-exchanged clinoptilo-
lite with Fe?*, Co?*, Ni**, Ni*, Cu?*', Cu’, Pd**, and Pd* at
extraframework cation sites is described by density functional
theory by applying the embedded cluster method in ONIOM
and using the B3LYP functional. The elements from the second
half of the first transition row were selected because their
divalent cations possess partly filled d orbitals, d®—d° and the
m-coordination to ethene is expected to be strengthened by a
strong metal-to-ligand charge transfer component. Pd was
selected among the noble metals because in the divalent state, a
4d® configuration is formally adopted, and it would be
interesting to trace the differences to Ni(II) 3d®. The preferred
locations of cations among the different extraframework cation
sites in the dehydrated zeolite are evaluated on the basis of the
relative energies of the optimized embedded cluster models in
ONIOM. The binding energies of ethene, adsorbed at different
cations, are calculated, and the IR and Raman frequencies and
frequency shifts upon adsorption are estimated. Periodic
boundary conditions (PBC) were applied to Cu*-exchanged
clinoptilolite, and the structural changes have been compared
with alkali and alkaline-earth-cation-containing clinoptilolite,
for which detailed experimental data are available.

B STRUCTURE AND METHODS

Clinoptilolite is the subject of numerous studies because it is
available as a natural zeolite in large deposits worldwide. It has
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the same topology as the mineral Heulandite and, thus, belongs
to the same structural group, denoted as HEU.** The structure
is a very open one and possesses a 2D net of intersecting
channels in the [010] plane, with three main channels: A,
accessible via 10-member rings of size 3.1 X 7.5 A; B, accessible
via symmetric 8-member rings of size 3.6 X 4.6 A; and C,
accessible via 8-member-rings of size 2.8 X 4.7 A, the latter
belonging to the side-wall between channels A and B. Channels
A and B run in the direction to the c-axis, whereas channel C
intersects both channels A and B and is parallel to the a-axis
(see Figure 1). The framework density of clinoptilolite is quite
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Figure 1. The clinoptilolite structure viewed along the ¢ vector with
the main channels A and B and the available extraframework cation
sites. Al, A2, and A3 lie in channel A; B sites are positioned in channel
B; C sites lie in channel C and are located inside the 8-member rings,
which open into the A and B channels. The notation of cation sites of
ref 19 is used; Al, B, and C correspond to M1, M2, and M3 in the
notation of Koyama and Takéuchi, ref 24.

low, 17.7 T/1000 A3, and is comparable to that of pentasil
zeolites with MFI topology. The extraframework cation sites
have been determined in early crystallographic studies of
mineral samples and were summarized by Alberti>> and
Koyama et al.”* for alkali and alkaline-earth cations. Additional
sites in the A channels were reported for heavy-metal cations
such as Cd** and Pb*"."”

Following the notation of Godelitsas et al,,'? three distinct
cation sites are available in channel A to transition metal
cations: Al, A2, and A3 (see Figure 2). In channel B, there is
one site, located in proximity to the T2—O-T2 bridges,
denoted as B site. In channel C, which is an intersecting
channel, we find the C site, located inside the eight-member
rings, displayed in Figure 1. The site A3 in the center of channel
A was found to be occupied by water-molecule-coordinated
small-size cations, such as Mg>*, Cu**, which had no contacts
with the framework oxygen atoms.'® It is unlikely that this site
could be occupied by extraframework cations in dehydrated
clinoptilolite because it does not provide optimal coordination
by framework oxygen atoms, but at elevated temperatures of
300 °C, part of the Na* cations migrated to site A3.>’ Sites in
the channel center, when available to extraframework cations in
zeolites, cannot be expected to form a stable adsorption site.”!

The periodic calculations were performed with Gaussian 09
using the PBE density functional; the Brillouin-zone sampling
was restricted to the I' point.>”*® The unit cell consists of 108
framework atoms, and ratios of Si/Al in the range 6.0—9.0 were
examined. All electrons, including core ones, were explicitly
included in the periodic DFT calculations. In studies of
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Figure 2. The clinoptilolite structure viewed along the x-axis with the
main channels A and B and the extraframework cation sites, occupied
by transition metal cations in the dehydrated zeolite. Oxygen atoms
are blue, Si are light brown, and extraframework cations are light green.
Tetrahedral atom numbers according to ref 24 are indicated.

polysiloxanes, the importance of applying polarization functions
for T-atoms (Si, Al), rather than for oxygen, has been
stressed;?® therefore, we have used the standard 3-21G* basis
set for the framework atoms with added polarization functions
for the second row elements (Si, Al). The 6-31G(d) basis was
used for Na*, K, and Ca®*, and the 6-311G(d) basis set was
used for the copper cations.

A two-layer model was adopted for the ONIOM calculations,
QM/MM, as implemented in Gaussian 09.>~*” The high layer
was assessed by the B3LYP hybrid density functional®*>* using
the 6-31G(d,p) basis set for framework atoms, carbon, and
hydrogen; the 6-311G(d) basis set was applied to transition
metal cations of the 3d elements.”> For the Pd*" and Pd*
cations, the split-valence QZVP basis set and the corresgonding
pseudopotential for the core electrons were applied.>*** The
universal force field (UFF) was used for describing the low
layer, and no atoms were constrained except the most outer
ones, which terminate the whole system; they were pinned at
the crystallogra;)hic positions to avoid optimization to non-
zeolitic species.”**® The electrostatic interactions between the
“high” and “low” layers were not considered, that is, the
calculations were performed using “mechanical embedding” but
not “electronic embedding.” The periodic model calculations
for the coordination of Cu' cations in the A and B channels
agree very well with the ONIOM results. Previous ONIOM
studies on zeolites,>*>*° have proved that calculating energy
differences between similar framework configurations, such as
proton (extraframework cation) site preference or a reaction
barrier, cancels the effect of long-range slowly varying
interactions and leaves reaction energies controlled only by
local electronic interactions.

UFF is a generic nonreactive force field that contains
parameters for all elements of the periodic table and is thus
applicable for the elements included in the present study,
although the parametrization for silicates lacks partial charges.
The low level thus includes minimal electronic effects and is
close to a ball-and-spring model, which allows us to take into
account the framework constraint only, ignoring long-range
forces. This is justified for our system with high Si/Al ratio and
small number of extraframework atoms per unit cell: 4—7
extraframework cations per 108 framework atoms in the unit
cell with general formula (M™),,Siz_,ALO;,. Moreover, the
Dempsey’s rule implies maximum separation between the
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framework negative charges and the cations also follows this
rule, as they form ion pairs with the nearest framework Al — Si
substitution. The “high” layers are sufficiently large and
represent the interactions of the adsorption centers, the
adsorbed ethene molecules with the framework oxygen atoms
at the QM level of theory.

Geometry optimizations were performed using the “quad-
ratic macro coupling” method,?® which couples forces between
the QM and MM layers in a numerically stable manner to
produce more accurate steps in optimization. Si/Al ratios in the
range 4.5—9.0 were examined, and ONIOM models of different
sizes were tested. The largest one consisted of 16T/100T
atoms, and they were used to calculate the cation site
preferences. The high layer in these models consisted of the
neighboring 8-member ring of channels B and C and the 10-
member ring of channel A, as shown in Figure 3a. Al — Si
substitution in the low layer was also applied to maintain the
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Figure 3. Structural models used in optimization. (a) The 16T/100T
ONIOM models with the main cation sites. The low layer, described
by molecular mechanics (MM) is shown as wireframe. (b) The unit
cell of clinoptilolite, replicated along the c vector. The main cell is
represented by sticks and balls; the atoms of the replicated cell are
shown as disks. The replication along “c” gives an idea of the close
appearance of cations in periodic studies of unit cells with a small value

of the ¢ parameter.

dx.doi.org/10.1021/cs4005997 | ACS Catal. 2013, 3, 2759-2767



ACS Catalysis

Research Article

Si/Al ratio, and the Al positioning at T-sites obeyed
Lowenstein’s rule for avoidance of Al—O-—Al linkages and
Dempsey’s rule for maximum separation of negative framework
charges. Smaller sized 10T/76T models proved sufficient to
describe cation sites Al and A2 and the adsorption of ethene in
channel A.

Frequency calculations were performed for the finite models
to justify the optimized configurations as points of energy
minima; ethene vibrations were evaluated, and corrections for
anharmonicity were applied.>” The total electron density and
the electrostatic potential (ESP) of the clusters were calculated
from the B3LYP density. Molecular electrostatic potential
(MEP) and deformation density maps in which the effects of
metal-to-ligand charge transfer can be detected and areas of
enhanced reactivity in the zeolite structure can be discerned
were derived.

B CATION SITE PREFERENCE OF DIVALENT CATIONS
OF THE D ELEMENTS (FE—CU); MONOVALENT
CU(I) AND NI(l), AND PD(ll) IN CLINOPTILOLITE

The periodic model calculations with Ca**-, Na*-, K*-, and Cu*-
exchanged clinoptilolite indicate that the transition metal cation
causes only local deformation at the site, where it resides,
evidenced by singular lengthened Si—O and Al-O bonds,
whereas the presence of Ca’* cations causes broadening of the
T1—-O-T2 angles (see Table 1 and Figure 2). The unit cell
parameters calculated for Ca- and Na-containing clinoptilolite
agree with experimental data; Cu’ exchange leads to minor
shrinking of the cell along the [100] and [010] directions,

Table 1. Unit Cell Parameters, Bond Lengths (A), and Bond
Angles (£TOT, deg) in Cation-Exchanged Clinoptilolite, As
Calculated by Periodic Models Using the PBE Density
Functional

Na*
cation, site Ca’* (Al) (A1) K' (C) Cu' (A1) Cu' (B)
M-0,* 2351, 2.380,  2.233, 2.767, 1.937, 1.889,
2.384, 2423 2.794 1.966, 1.946
2.398 2.391
Si(T2)—0 1.672 1.675 1.621 1.639 1.645
Al(T2)-O0 1769 1.763 1.757 1.770 1.783
Si(T3)-0 1.663 1.653 1.673 1.629 1.623
A(T3)-O  1.789 1.772 1.769 1.783 1.765
Si(T1)-0 1.669 1.656 1.667 1.644 1.632
Al(T1)-O 1791 1.773 1.771 1.790 1.754
T2—0-T2  148.1 147.2 152.1 147.4 152.3
T2—-0-T3 1452 140.5 147.3 156.2 159.7
T2—-0-T1 1619 135.2 1312 133.9 145.3
unit cell a=17612A,b=17837 A, c = 7416 A, a = 88.1°,
B =113.5° y = 90.5° (Ca**)
a=17.674 A, b =17961 A, c = 7417 A, a = 87.9°,
B =113.9° y = 89.7° (Na*)
a=17781 A, b=18154 A, c = 7430 A, a = 89.7°,
B =114.3% y = 90.0° (K*)
a=17.632 A b=17959 A ¢ = 7471 A, a = 90.1°,
B =114.3° y = 90.5° (Cu*)
exptl” a=17.660 A, b=17.963 A, c=7.400 A, ¢ = 90°, B = 116.47°,

7 = 90.0° (Ca")
a = 17.4030(10) A, b = 18.0120(10) A, ¢ = 7.4350(10) A,
a =90.0° B = 113.812(2)°, y = 90.0° (Na*)

a=17.688(16) A, b =17.902(9) A, ¢ = 7.409(7) A, a = 90°,
B =116.50(7)°, y = 90.0° (K*)

“Cation to nearest framework oxygen atom internuclear distances.
YExperimental unit cell parameters are from refs 24, 39, and 41.
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compared with Na*-exchanged clinoptilolite. The ¢ parameter,
however, is slightly increased, indicating distortion of the C
rings. Both Na* and Cu" prefer positions in the vicinity of T2—
O—T2 linkages, either in channel A or in channel B. The Cu*
cations form shorter bonds to the framework oxygen atoms
than the Na® cations, and both the Al and B sites are
coordinated to oxygen atoms from the side C rings, which
interconnect channels A and B. Similar results about nonuni-
form local deformations are obtained by ONIOM, and they are
not larger compared with other frameworks, such as FAU and
CHA, for which cluster, periodic, and ONIOM calculations
were performed,®®* ™ as well as for alkali- and alkaline-earth-
cation-exchanged clinoptilolite.>*

ONIOM and PBC calculations predict correctly the
coordination of cations to framework oxygen atoms, and the
calculated internuclear distances do not differ significantly.
However, the relative energies for the different cation sites are
smaller at the PBC level. The Cu® cations interact more
strongly with the framework than the alkali cations K™ and Na*,
although the coordination number of the monovalent cations to
the oxygen atoms is, in most cases, equal to 2. Cu’ is able to
reach coordination by three framework oxygen atoms at sites
Al, forming two shorter and one longer Cu—O bonds (see
Table 1). ONIOM predicts the Al site as more stable than the
A2 and B sites for Cu® cations by 26.2 and 35.1 kJ mol ™,
respectively (see Table 2), whereas PBC predicts much smaller
energy gaps of 16.7 and 21.1 kJ mol ™.

Table 2. Relative Energies (kJ mol™")? of Configurations
with Cations at Different Extraframework Cation Sites in the
Main Channels of Clinoptilolite,” Calculated by ONIOM

channel channel channel

A, site A, site A, site channel channel C, 8-
cation  state Al Ala A2 B, site B member rings
Fe?* SA 10.5 0.0 30.3 165.4
Co* A 124 0.0 40.6 1454
Ni?* A 9.7 0.0 75.5 1312
Ni* A 16.0 0.0 24.4 137.2
Cu** A 0.0 68.1 90.4
Cu* A 0.0 26.2 35.1 59.0
Pd* A 0.0 46.6 79.8
pd* A 0.0 69.7

“The relative energies are calculated as differences from the ONIOM
energy of the ground state configurations for the exchanged
extraframework cations. ®The coordination of cations in channels A
and B is shown in the Supporting Information.

Periodic boundary conditions can be applied to reliably
describe the framework properties, but the extraframework
cation sites, which have partial occupancies, as well as the active
sites for adsorption and catalysis, do not follow the periodicity
of the unit cell (see Figure 3b). For zeolites with small unit
cells, it is applicable to include more than one cell explicitly in
the calculations to describe in a more realistic way the
randomly occupied cation sites. The unit cell of clinoptilolite is
a relatively large one, but the “c” unit cell parameter is about
half the size of the “a” and “b” parameters and compares with
the size of the windows. Similarly, for mordenite, ¢/a and ¢/b
ratios are even smaller.”” Cation sites, studied with periodic
models, would appear in artificial ordering and at close
distances along the [001] direction in mordenite and
heulandite/clinoptilolite frameworks. Cluster models, and

dx.doi.org/10.1021/cs4005997 | ACS Catal. 2013, 3, 2759-2767
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embedded cluster models are thus able to provide a more
accurate representation of the framework and the extraframe-
work cations for which different locations can be examined
without artificial repetition in space.”'*'*2°*3® The computa-
tional time required for ONIOM calculations is also more
reasonable and allows the use of hybrid density functionals
(B3LYP), which provides accurate results for the band gaps in
insulator materials, such as aluminosilicates, their ordering by
stability of different cation sites in zeolites, the activation
energies, and the vibrational frequencies of adsorbed
species. ¥26¢

Among the three distinct extraframework cation positions
available in channel A and one in channel B, transition metal
cations occupy those that are close to the framework oxygen
atoms; thus, no occupancy of the A3 site was found. The sites
in channel A are preferred to those in channel B, and the sites
C, in the eight-member rings of the C channel, are the least
favorable (see Table 2). Sites C are unlikely to be occupied by
divalent cations because the energy required to accommodate
them in the rings is significant, and deformation of the rings
occurs so as to provide optimal coordination. A trend of
decrease by energy for the divalent cations from Fe to Ni is
found for positions B and C, which indicates that the larger
cations, Fe?* and Co*", would prefer to reside in the large
channel. For the smaller cations, Ni**, Cu®', and Pd**, higher
occupancies of site B can be expected, although the A channel
sites would still be preferred.

Fe* is in quintet ground state, and the calculated energy
required for excitation to the triplet state is 1.0 eV at the B3LYP
level of theory, compared with 0.73 eV by applying the PBE
density functional. Co®" is in the quartet ground state, which is
0.69 eV below the doublet state, as calculated by B3LYP; the
PBE calculated value is 0.54 eV. For the cation of the next d
element, Ni**, the energy between the triplet ground state and
the singlet state is higher, 1.1 eV, according to the B3LYP
calculations, and 0.79 eV indicated by PBE. Although PBE
predicts systematically smaller energy differences, there is no
discrepancy between the ground states of the cations, and the
energy separations between the spin states remained unchanged
(within 0.04 V) in the adsorption complexes.

Strong electrostatic potential is induced in the main channels
of clinoptilolite by the oxygen atoms that belong to the large
rings (8- and 10-member rings), and divalent cations at sites B
do not quench the nucleophilic properties. Broad nucleophilic
areas, which indicate several maxima, develop in both channels
A and B (see Figure 4). This allows splitting of the A1 site into
two closely spaced sites, Al and Ala, which was found for Fe?*,
Co®", and Ni*". Site Ala approaches the center of the 10-
member ring, and site Al provides more favorable coordination
to the side-wall atoms. Al — Si substitution at the tetrahedral
site T1 favors the Ala site; however, the energy gaps are rather
small, within 9.7—12.4 kJ mol™, so an averaged structure can
be predicted at elevated temperature. The monovalent cations
Ni" and Cu" are coordinated by only two framework oxygen
atoms at sites A2 and B (see Table 3). The same applies to
monovalent Pd" cations, but the larger cation size in this case
implies longer Pd"—O bonds and a preference toward the Ala
site in the large channel. Copper cations, either divalent or
monovalent, do not find optimal coordination in the
clinoptilolite framework and they show little preference
between sites B and C. Neither does the A2 site provide
favorable coordination to Cu®, whereas it is preferred by Ni, a
result that indicates the selectivity of extraframework cation
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Figure 4. The molecular electrostatic potential (MEP) map inside
channels A and B of clinoptilolite with Ca** at site B. Channels A and
B are denoted (red). Areas of positive EP (electrophilic) are yellow;
the negative EP (nucleophilic) are displayed in blue.

sites in clinoptilolite toward small-size cations. It can be
expected that upon reduction of Ni** cations to Ni*, they would
easily migrate from the Ala sites to the A2 sites.

B ETHENE ADSORPTION AT TRANSITION METAL
CATION CENTERS IN CLINOPTILOLITE

The IR spectrum of ethene in the gas phase contains bands
originating from the C—H vibrations in the high-frequency
region (see Table 4). The C=C stretching vibration at 1623
cm™" is sensitive to the formation of z-complexes with
transition metal cations, and it is only Raman-active. The
B3LYP calculated anharmonic vibrational frequencies of ethene
match the experimental data with the exception of the C=C
vibration, which is overestimated by 60 cm™. Ethene always
binds symmetrically to transition metal cations and forms
metal—carbon bonds with both carbon atoms. The cations of
the elements from the second half of the row and also the
cations of Pd have a nearly filled outer d-electron shell (or
completely filled in the case of Cu"), and the electron charge
transfer from the metal cation to the unfilled 7* orbitals of
ethene is a dominant component in the formation of the
adsorption complex. To what extent this occurs can be
estimated by the lengthening of the C=C bond and the red
shift of the C=C stretching vibration in the spectra.

The ethene molecule has a free diameter of 4.2 A, and it can
diffuse along all clinoptilolite channels, but channel A would
provide the best path, as the presence of cations on one side of
the 10-member ring window would not block the entrances.
Upon adsorption at transition metal cation centers, the ethene
molecule loses its D, symmetry. The change in geometry of
adsorbed ethene involves not only the C=C bond, the
hydrogen atoms also experience the effect of metal-to-ligand
charge transfer and the strong electrostatic field in the zeolite
cavity. The C—H bonds undergo minor lengthening/short-
ening, which varies among the bonds. As a result, all vibrational
modes of ethene become IR-active, and splitting of the C—H
vibrations is also observed.

IR spectroscopy has been extensively used for studying olefin
adsorption in zeolites.””~® The divalent cations are coordinated
to three framework oxygen atoms prior to adsorption, and this
applies to both Al and B sites (see Table 3 and Supporting
Information). At B sites, the three M—O bonds have more
uniform bond lengths, and for the small-sized divalent cations
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Table 3. Internuclear Distances between Extraframework Cations and Nearest Zeolite Framework Oxygen Atoms (O,) before
Adsorption, Ry_g(,); and with an Adsorbed Ethylene Molecule, Ry_¢;) .055 Carbon—Carbon Bond Length, Rc—c; Carbon—
Hydrogen Bond Length, R_y; Cation—Carbon Internuclear Distances, Ry;_c; Adsorption Energies; and IR active Vibrational

Frequencies, v, of the C,H, Molecule Adsorbed

cations/ Re—g, A/
site RM—O(Z)I A RM—O(z) ) A ARC=C,a A
Channel A
Fe?* 1961, 1.995, 2215 1954, 1.964, 2.745  1.366/0.036
(Ala)
Co?* 1939, 1.960, 2320 1920, 1.922, 2.814  1.360/0.030
(Ala)
N2t 1922, 1.953, 2281 1928, 1.929, 2.154  1.356/0.026
(Ala)
Nit (A1) 1931, 2.035, 2155  2.008, 2.365, 2.391 1.385/0.055
Ni* (A2) 1.930, 1.957 2.009, 2.017 1.399/0.069
Cu?* (A1) 1903, 1.907, 2.676 1919, 1.927, 2.167  1.364/0.034
Cu* (Al) 1913, 1997, 2429 1977, 2.021 1.391/0.061
Cu' (A2) 1950, 1.972 1.995, 2.037 1.391/0.061
Pd* 2.031, 2.042, 2.271 2.133, 2.147, 2.232 1.385/0.055
(Ala)
Pd* (Ala)  2.157, 2.242 2.164, 2273 1.379/0.049
Channel B, Site B
Fe?* 1.948, 2.056, 2.163  1.905, 1.953 1.370/0.040
Co* 1.922, 2.032, 2.109 1911, 1.933 1.363/0.033
N2t 1931, 1.979, 2060 1920, 1.920 1.362/0.032
Nit 1.927, 1.958 1.989, 2.109 1.397/0.067
Cu** 1.891, 2.009, 2.084 1.995, 2.107 1.384/0.054
Cu* 1.924, 1.950 1.991, 2.095 1.389/0.059
Pd* 1.973, 2.131, 2.229 1.968, 2.215 1.374/0.044
Pd* 2.186, 2.240 2.098, 2.522 1.382/0.052

Eadsl
Rey, A Ry_¢, A kJ mol™ v, cm™!
1.085—1.086 2235, 2.277 79.5 1400, 1543, 3007, 3113, 3137
1.088—1.090 2222, 2.250 82.9 1444, 1592, 2993, 3177, 3198
1.086—1.088 2.259, 2.296 69.9 1401, 1589, 2999, 3103, 3131
1.083—1.086 2.021, 2.0583 140.1 1400, 1528, 3005, 3102, 3135
1.085—-1.091 1.970, 1.971 196.4 1448, 1535, 2969, 3005, 3048, 3097
1.084—1.086 2243, 2.276 90.9 1400, 1551, 3041, 3122, 3158
1.087—1.089 1.959, 1.965 223.2 1443, 1544, 2987, 3071, 3092
1.087—1.089 1.962, 1.965 2412 1444, 1546, 2986, 3069, 3093
1.083—1.087 2.164, 2.178 136.9 1431, 1544, 3024, 3121, 3140
1.085—1.088 2.194, 2.200 129.0 1428, 1551, 2998, 3032, 3096, 3130
1.089—-1.091  2.110, 2217 116.6 1438, 1576, 2984, 3060, 3086
1.089—-1.092 2.148, 2.231 125.3 1451, 1590, 2963, 3056, 3076
1.089-1.092  2.159, 2.204 118.6 1462, 1599, 2977, 3063, 3085
1.087—-1.091 1.987, 1.976 175.4 1454, 1538, 2972, 2997, 3051, 3089
1.086—1.088 1.988, 1.996 101.2 1445, 1556, 2984, 3006, 3120, 3149
1.085—1.088 1.966, 1.978 229.8 1443, 1548, 2987, 3013, 3123, 3150
1.083—-1.091 2.208, 2.222 122.3 1458, 1572, 3005, 3103, 3123
1.084—1.089 2.14S5, 2.195 99.8 1449, 1555, 2996, 3033, 3083, 3132

“ARc—c: lengthening of the C=C bond upon adsorption, compared with free ethene molecule.

Table 4. Experimental” and Calculated Vibrational
Frequencies of Ethene” in the Gas Phase

harmonic anharmonic  symmetry/ exptl exptl
frequencies  frequencies activity mode® IR Raman

v 3161 3024 A, (R)  CH,s 3026
str

vy 1717 1682 A, (R)  CCstr 1623

v, 1389 1365 A, (R)  CH, 1342
scis

vy 1069 1047 A, CH,
twist

vs 3220 3074 By, (R) CH,a- 3103
str

Ve 1241 1221 B, (R) CH, 1236
rock

vy 977 964 By, (IR) CH, 949
wag

Vg 962 948 B, (R) CH, 943
wag

123 3246 3097 B,, (IR) CH, a- 3106
str

Vo 832 830 B,, (IR) CH, 826
rock

vy 3145 2993 B, IR) CH,s- 2989
str

vy 1484 1449 B,, (IR) CH, 1444

scis
“Experimental data from ref 40. *B3LYP optimized bond lengths in
ethene: C=C 1.330 A; C-H 1.087 A. s, symmetric; a,
asymmetric; str, stretching.

Ni** and Cu*, they are nearly equivalent. The monovalent
cations Ni* and Cu" are coordinated to two framework atoms
at both A2 and B sites; in their adsorption complexes, these
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bonds are lengthened. The Fe** and Co’* cations from the Ala
sites shift their position toward the adsorbate, and their
coordination to the framework oxygen atoms undergoes
change: two M—O bonds are slightly shortened and one is
considerably lengthened. Divalent Ni** and Cu®, in contrast,
undergo minor lengthening of the two shorter M—O bonds and
considerable shortening of the third M—O bond. The divalent
cations located in channel A form M—C bonds of lengths
within 2.2—2.3 A; only Pd** forms shorter M—C bonds. Pd" at
site Ala undergoes minor change in its coordination to the
framework oxygen atoms upon adsorption. At B sites, all
divalent cations lose coordination to one lattice oxygen atom
when forming the adsorption complex, and the adsorption
energies are higher than those for the A channel cations. It is
worth noting that Ni* cations at A2 sites and B sites have
almost identical coordination to framework atoms and form
adsorption complexes with similar geometry, and the vibra-
tional frequencies appear very close. Thus, only diffraction
methods would be able to distinguish Ni* at these two sites.
Experimental data from microcalorimetry indicated adsorp-
tion energies of 80—100 kJ mol™' for ethene adsorption in
Cu(I)FAU and 55—65 kJ mol™" for Cu(II)FAU," but copper
cations in FAU have their highest occupancy factors for sites SII
inside the six-member rings, at which sites they form three
shorter and three longer bonds to lattice oxygen atoms. It can
be expected that adsorption energies for cation-exchanged
clinoptilolite should be higher than those for FAU because
clinoptilolite lacks six-member rings in which cations could be
strongly confined and also because the adsorption energies of
small hydrocarbons are known to increase with decreasing pore
size.¥” Accordingly, the adsorption energies at cation sites in

dx.doi.org/10.1021/cs4005997 | ACS Catal. 2013, 3, 2759-2767
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Figure S. Deformation density contour plots describing the interactions between the zeolite framework and the adsorption complexes: (a) Zeo™—
Ni(I)C,H, for Ni(I) at site A2, contour edges at +0.001 au; (b) Zeo™—Ni(I)C,H, for Ni(I) at site Al, contour edges at +0.001 au; (c) Zeo* —
Ni(II)C,H,, with Ni(II) at site Ala, contour edges at +0.002 au; (d) Zeo®> —Pd(II)C,H,, with Pd(II) at site Ala, contour edges at +0.002 au. The
dark blue lines indicate regions with increased electron density; the light blue lines indicate depletion of electron density.

channel B are higher compared with those in channel A, with
the exception of Ni* and Cu" cations at sites A2 and Pd cations
(Pd**, Pd"). DFT calculations of ethene adsorption complexes
in Cu(I)MFI zeolites also indicated much higher adsorption
energies of 175—194 kJ mol™.'* The ethene molecule
undergoes lengthening of the C=C bond upon adsorption,
and this effect is very strong in the complexes formed in
channel A with the monovalent cations Cu* and Ni* and with
divalent Pd*".

The calculated frequency shift of the C=C vibrational mode
is, on average, larger for adsorption in the A channel, 30—90
cm™}, with a marked difference for monovalent cations and also
Fe?* and Pd*". The C—H bonds undergo significant changes in
the adsorption complexes with Ni* and Pd**, and the largest
difference between the unequal C—H bonds is reached with
Pd** at site B (0.008 A), followed by Ni* at sites A2 (0.006 A).
These results reveal activation of hydrogen atoms in the
adsorbed ethene molecule, which depends not only on the
cation type, but also on its location inside the zeolite. The CH,
symmetric stretching vibrations undergo splitting, which is
within 30 cm™" for most adsorption complexes and larger only
for Ni* at the A2 sites (50 cm™). Lengthening of C—H bonds
has been reported by theoretical studies of the reduction of
light alkanes in transition-metal -exchanged ZSM-S, but not for
alkenes.*’ The frequency shift of the C=C stretching vibration
is not directly proportional to the C=C bond length change
because the C—H bonds also experience the effect of #*
backdonation and the electrostatic potential within the
clinoptilolite channels. Nevertheless, the frequency shift of
the C=C vibration and the splitting of the corresponding band

2765

in the IR spectrum were considered as a possible way to discern
olefin adsorption at different cation sites in FAU and ZSM-§,
but the observed splitting for ethene was small, 10—12 cm™?

The frequency shifts of the in-plane ring-stretching mode of
benzene adsorbed in Cu(I)FAU and Cu(II)FAU were even
smaller than those of ethene, and the benzene vibrational
modes were not found to be related to the distinct cation sites
in FAU.* According to our calculations, the frequency shifts
cannot distinguish unambiguously the cations at B sites from
those in channel A because they have similar coordination to
framework oxygen atoms: asymmetric coordination to two or
three oxygen atoms from the side rings. The adsorption
complexes with Ni* cations at sites Al and A2 present more
significant splitting of the C—H vibrations, which are detectable
experimentally, but these effects cannot provide a simple rule to
distinguish the different locations of the active sites.

The deformation density maps indicate the redistribution of
electron density upon adsorption. The cations with largely filled
d shells are able to donate electrons to the ethene molecule
upon formation of the z-complex. The zeolite framework also
plays a significant role, and the metal cations are “supplied” by
electrons from the negatively charged framework. The number
of framework oxygen atoms that donate electrons to the
adsorption complex significantly exceeds the coordination
number of the cations, and this applies to both the divalent
and monovalent cations, as shown in Figure 5. Such an effect
was not observed in studies of cation-exchanged MFI or FAU."*
In channel A of clinoptilolite, the ethene molecule is exposed
close to the center of the 10-member ring, and its orientation
depends on the cation position. Thus, with Pd** cations at sites
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Ala, the adsorption complex approaches the center of channel
A, but when Ni" resides at Al sites, it remains closer to the
channel wall. With divalent cations, the electron redistribution
covers a broader area, and all oxygen atoms in the vicinity of the
adsorption complex act as electron donors. The deformation
density contour map patterns of Ni** and Pd** complexes have
similar features, but monovalent Ni* at site Al shows a pattern
that is different from Ni" at site A2. The Ni* cations prefer site
A2 among all available extraframework sites, which provides
favorable disposition of the adsorption complex so that a larger
number of framework oxygen atoms may contribute to the
charge transfer. Ni" at site Al, being more confined to the
narrow side of the 10-member rings, is able to attract electrons
predominantly from the nearest coordinated oxygen atoms.

B CONCLUSIONS

The adsorption of ethene at the divalent extraframework
cations of the d elements (Fe?*, Co**, Ni**, Cu?*, Pd**) and at
the monovalent cations Cu*, Ni*, and Pd" results in activation
of both the C=C and C—H bonds. The C=C bond is
lengthened most significantly upon adsorption at monovalent
cations (Ni*, Cu*, Pd"), whereas the C—H bonds are strongly
activated in the adsorption complexes of Ni* and Pd**. The C—
H bonds are affected in nonuniform way as they experience the
electrostatic field in the channel. The activation of the C—H
bonds results in splitting and shifting of the CH, symmetric
stretching vibrations of ethene adsorbed in clinoptilolite, which
are detectable experimentally (splitting and shifting of the 3024
cm™" frequency band), but these effects are smaller than the
frequency shift related to the weakening of the C=C bond.
The frequency shift of the C=C vibration differs by 25—35
cm™ for the adsorption complexes in A and B channel with
Fe?* and Pd?** cations, but for the other cations, the differences
are smaller. The analysis of deformation density indicates a
charge-transfer component from the metal cations to ethene,
and the framework oxygen atoms also contribute by donating
electrons to the cations. The clinoptilolite 10-member rings of
channel A provide a second coordination sphere to the
adsorption complex because more than the nearest to the
cations oxygen atoms participate in electron donation. On the
basis of the site preference of the divalent cations to the large
channel A in dehydrated clinoptilolite, it can be suggested that
ethene adsorption complexes would form primarily in this
channel. The calculated adsorption energies of ethene in
clinoptilolite are high because the cations are only side-on-
coordinated to the framework oxygen atoms and exposed as
nearly bare adsorption centers.
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