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/Abstract: The TNU-9 zeolite (TUN framework) is one of the
most complex zeolites known. It represents a highly promis-
ing matrix for both acid and redox catalytic reactions. We
present here a newly developed approach involving the use
of #Si and “Al (3Q) MAS NMR spectroscopy, Co" as probes
monitored by UV/Vis and FTIR spectroscopy, and extensive
periodic DFT calculations, including molecular dynamics, to
investigating the aluminum distribution in the TUN frame-
work and the location of aluminum pairs and divalent cat-
ions in extra-framework cationic positions. Our study reveals

\

that 40 and 60% of aluminum atoms in the TNU-9 zeolite
are isolated single aluminum atoms and aluminum pairs, re-
spectively. The aluminum pairs are present in two types of
six-membered rings forming the corresponding o and f (15
and 85 %, respectively, of aluminum pairs) sites of bare diva-
lent cations. The a site is located on the TUN straight chan-
nel wall and it connects two channel intersections. The sug-
gested near-planar 3 site is present at the channel intersec-
tion.

/

Introduction

Zeolites are crystalline aluminosilicates with frameworks com-
posed of corner-sharing TO, tetrahedra (T=Si, Al"). The varia-
bility of arrangements of TO, tetrahedra results in more than
200 known zeolite topologies with different microporous chan-
nel and cavity systems."! Framework Al/Si substitutions intro-
duce a negative charge that is compensated by protons, metal
cations, and metal-oxo cations. These exchangeable, positively
charged extra-framework species can act as catalytic and sorp-
tion centers. The unique properties of the cationic species to-
gether with the variability of the zeolite channel systems are
responsible for the fact that zeolites represent a wide and very
important group of heterogeneous catalysts.”?

The organization of aluminum atoms in the framework of sil-
icon-rich zeolite catalysts is a key property.”’ The aluminum or-
ganization includes the aluminum siting (i.e., which different
distinguishable framework T sites are occupied by isolated
single aluminum atoms), aluminum distribution (i.e., the distri-
bution of framework aluminum atoms between Al-O-(Si-O),-Al
sequences in the rings forming cationic sites for divalent cat-
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ions and isolated single aluminum atoms),””’ and the location

of framework aluminum atoms in the channel system of the
zeolite, which can be in either the channels or at the channel
intersections.”! The positively charged active species balance
the negative charge of AlO,” tetrahedra, and therefore, the or-
ganization of aluminum atoms in the zeolite framework con-
trols the formation and properties of active sites in the zeo-
lite.#** The aluminum siting determines the location of the
active sites in the zeolite framework whereas the aluminum
distribution controls the concentration and stability of mono-
and divalent cations and metal-oxo species.**® In addition,
for monovalent cationic species, including protons, the alumi-
num distribution also controls the distance between the active
sites and thus a possibility of their cooperation.” Several cata-
lytic studies have shown that zeolites of the same chemical
composition but different aluminum organization could pos-
sess different catalytic properties.” Thus, the potential of a zeo-
lite for individual catalytic reactions cannot be evaluated with-
out the knowledge of the aluminum organization in the frame-
work.

The search for new zeolites is of continuous interest in zeo-
lite science. Significant effort is focused on the synthesis of
new zeolites to meet the spatial and topologic requirements
of individual catalytic reactions.® The TNU-9 zeolite (TUN™
framework), which is a pentasil zeolite, is one of the most com-
plex zeolites known, possessing 24 crystallographically distin-
guishable framework T sites equally populated in a monoclinic
unit cell.” The projection of TUN along the b axis is very simi-
lar to that of MFI (ZSM-5 zeolite), but the connectivity in the
third direction is more complex.”” The resulting 3D 10-ring
channel system resembles that of MFI, but it has some unique
features.” The main difference between the two topologies is

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0003-4862-857X
http://orcid.org/0000-0003-4862-857X
https://doi.org/10.1002/chem.201605685

.@2 ChemPubSoc
x Europe

the size of the channels (6.0x5.2 and 5.4x5.5 A in TUN versus
5.1x5.5 and 5.3%x5.6 A in MFI) together with the presence of
large cavities (7.2 A) at crossings of the TUN channels.

TNU-9 has been investigated as a catalyst for both acid and
redox reactions: Toluene®™ and ethylbenzene® disproportio-
nation, the methanol-to-hydrocarbons reaction (MTH),"" the al-
kylation of benzene and toluene with methanol, ethanol, and
isopropanol,l'? the isomerization and disproportionation of m-
xyleme,®™"¥ the alkylation of benzene with n-hexane," the hy-
droisomerization of n-hexane,” the alkylation of phenol with
propylene,'® and the disproportionation of n-propylbenzene”!
and isopropylbenzene™® are examples of acid-catalyzed reac-
tions that have been performed with the H-form of the TNU-9
zeolite. Redox-catalyzed reactions use transition-metal-ex-
changed TNU-9, for example, Co-TNU-9 and Cu-TNU-9, for the
selective catalytic reduction of NO,"™ and Cu-TNU-9 for the ox-
idation of propane.”” Studies have shown that the TNU-9 zeo-
lite represents a highly promising zeolite matrix for both acid-
and redox-catalyzed reactions. However, the potential of this
new zeolite cannot be fully evaluated without the knowledge
of the aluminum organization in the TUN framework, which is
not currently known.

Because there are 24 crystallographically distinguishable
framework T sites in the TUN framework, our ability to deter-
mine the aluminum siting is significantly limited, as shown in
our prior studies of ZSM-5 zeolites that have the MFI™ frame-
work also with 24 T sites.”” The TUN framework has the same
size (10-ring) channels as the MFI framework. Therefore, the lo-
cation of the framework aluminum atoms, and thus of the
active sites compensating them, which can be either in the
channels or at the channel intersections, is of great impor-
tance.”* The location of aluminum in the channel system con-
trols the void volume in which the active sites are located (less
confined volume in the case of the channel intersections and
more confined in the channels). The location of aluminum
pairs (controlling the positions of divalent species) in the chan-
nel system is another key feature of silicon-rich zeolites.

Diffraction methods are of limited use in determining the
structures of the cationic sites of divalent cations in the frame-
works of silicon-rich zeolites. The structures of sites binding di-
valent cations have been estimated by using X-ray diffraction
experiments only for the ferrierite®? (Si/Al ratio 8.5) and mor-
denite® (Si/Al <8.5) frameworks and not for the MFI frame-
work (ZSM-5 zeolite), which is a less complex analogue of the
TUN framework.® Furthermore, the TNU-9 zeolite has a low
number of aluminum atoms in the framework (Si/Al 14) and
a very large unit cell (five, four, and two times larger than the
ferrierite, mordenite, and MFI frameworks, respectively). In ad-
dition, the structures of the cationic positions obtained from
diffraction studies represent a superposition of different ar-
rangements of these sites with and without accommodated di-
valent cations. Some rings corresponding to the cationic sites
contain only one or no aluminum atom and are not able to ac-
commodate a bare divalent cation. Therefore, to overcome the
problems associated with diffraction methods, we have devel-
oped a new approach based on multiple spectroscopy and ex-
tensive periodic DFT computations that represents the only
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viable route for analyzing the siting of divalent cations in the
TNU-9 zeolite at the present time.

In this article, we describe the use of *Si and Al MAS NMR
spectroscopy, Co" as probes monitored by UV/Vis spectroscopy,
and FTIR spectroscopy in tandem with periodic DFT calcula-
tions for investigating the aluminum distribution in the TUN
framework and the location of aluminum pairs and divalent
cations in extra-framework cationic positions of the TUN frame-
work. The location of the a site in the TUN framework is pro-
posed and six distinct 6-rings are suggested as plausible
P sites.

Experimental Section
Sample preparation

TNU-9 with a Si/Al ratio of 14 was synthesized under hydrothermal
conditions by using 1,4-dibromobutane (1,4-DBB, 99% Aldrich) and
1-methylpyrrolidine (1-MP 99% Aldrich) as organic structure-direct-
ing agents (OSDA) with a gel composition of 4.5 1,4-DBB, 13.5 1-
MP, 11 Na,O, 0.5 Al,0,, 30 SiO,, and 1200 H,0.®® The zeolite was
synthesized by using gels prepared from NaOH (50% in water, Al-
drich), AI(NO,); (Aldrich), fumed silica (Aerosil 200, Degussa), and
deionized water. A small amount (2 wt% of the silica in the gel) of
seed crystals were added to the mixture. After 1 h of vigorous stir-
ring, the prepared gel was introduced into a stainless-steel reactor
and heated at 433 K with agitation under autogenous pressure for
14 days. The obtained product was washed repeatedly with deion-
ized water and dried at ambient temperature. The OSDA was re-
moved by calcination of the sample at 823 K for 3 h under nitro-
gen and then for 20 h in a flow of air until the sample was white.
The calcined sample was converted into the NH,” and Na* forms
by repeated (three times) equilibration of the zeolite with a 1.0m
solution (100 mLg™") of NaNO; and NH,NO;, respectively, for 24 h.
Both the powder XRD patterns (Bruker D8 diffractometer, Bruker
AXS, US.A) and SEM images (Jeol JSM-03 SEM microscope) evi-
denced a highly crystalline zeolite (see the Supporting Informa-
tion).

Five samples, Co",Na-TNU-9/a-e, with various degrees of Co" ex-
change, with the Co/Al ratio ranging from 0.02 to 0.30 (Table 1),
were prepared to characterize the aluminum distribution and the
siting of divalent cations.

The Na-TNU-9 zeolite was equilibrated with aqueous solutions of
Co(NO;), (Table 1) and then the samples were dried at ambient
temperature. In addition, another sample, Ca,Na-TNU-9, was pre-
pared for Al MQ MAS NMR experiments. Na-TNU-9 was ion-ex-
changed three times with an aqueous solution of 0.1 m Ca(NO,), to
obtain the CaNa-TNU-9 sample. The chemical compositions

Table 1. Chemical composition of the Co",Na-TNU-9/a-e samples.

Sample Si/Al Co/Al Co Bare Co"®
[mmolg~"] [mmolg™]

Co"Na-TNU-9/a 14.2 0.02 0.02 0.01

Co",Na-TNU-9/b 14.2 0.04 0.04 0.02

Co",Na-TNU-9/c 14.2 0.13 0.13 0.11

Co" Na-TNU-9/d 14.2 0.26 0.24 0.29

Co"Na-TNU-9/e 14.2 0.30 0.28 0.29

[a] From FTIR analysis of [Dslacetonitrile; [bare Co"l=[Co Lewis sites].
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(Table 1) of the cobalt-exchanged samples were determined by
using XRF spectroscopy.

Al (3Q) and *°Si MAS NMR spectroscopy

ZAl (3Q) and *°Si MAS NMR spectra of the fully hydrated samples
were measured on a Bruker Avance Il HD 500 WB/US (11.7 T) spec-
trometer using ZrO, rotors with a rotation speed of 12 kHz for Al
MAS NMR and 7 kHz for #Si MAS NMR. The *Si MAS NMR single
pulse spectrum, which is quantitative, of the Na-TNU-9 sample was
collected by using a /2 excitation pulse width of 4 pus and a relaxa-
tion delay of 30 s after 1536 scans. Cross-polarization (CP) pulse se-
quences with a 50% ramp CP pulse, 2000 us contact time, a relaxa-
tion delay of 5s, and 3072 scans were employed for collecting the
2Sj CP MAS NMR spectrum. The #°Si isotropic chemical shifts were
referenced to Q8M8. The #°Si MAS NMR spectrum was simulated
by using the dmfit software.?*

The framework aluminum content (Si/Al;;) was estimated by
using™ Equation (1):

Si/Aly = 1/0.251, (1

in which | denotes the total intensity of the **Si NMR signal in the
single pulse experiment and /; denotes the intensity of the NMR
line corresponding to the Si(3Si,1Al) atoms.

The Ca,Na form of TNU-9 was used for Al (3Q) MAS NMR experi-
ments to prevent the effect of a high local density of solvated
monovalent cations on the local geometry of AlO,” in Al-O-(Si-O),-
Al. Ca’" cations compensate for two aluminum atoms in Al-O-(Si-
0),-Al sequences, whereas Na® cations compensate for a single
isolated aluminum.”® The Al MAS NMR spectrum, which is quanti-
tative, was acquired by using a high-power decoupling pulse se-
quence with an excitation 7t/6 pulse width of 2 us and a relaxation
delay of 2's. The ¥Al 3Q MAS NMR experiment was performed by
using the z-filtered three-pulse sequence with excitation, conver-
sion, and selective pulse widths of 4.6, 1.6, and 20 ps, respectively,
and a relaxation delay of 0.5s. The ?Al isotropic chemical shifts
were referenced to the aqueous solution of Al(NO,);. Both the ¥Al
MAS NMR and the Al 3Q MAS NMR spectra were simultaneously
fitted with the dmfit software® by using the “Czjzek simple”
model to obtain the Al NMR parameters. The ¥Al 3Q MAS NMR
spectroscopic analysis of silicon-rich zeolites has been discussed by
van Bokhoven etal”” and Sarv etal.” and the 3Q MAS NMR
technique is explained in detail by Alemany.”

UV/Vis spectroscopy of the Co"-exchanged TNU-9 samples

The siting as well as the distribution of bare Co" in cationic sites in
the dehydrated Co"Na-TNU-9 samples were investigated by em-
ploying UV/Vis spectroscopy. The UV/Vis reflectance spectra of de-
hydrated samples were recorded on a PerkinElmer Lambda 950
UV/Vis-NIR spectrometer equipped with an integrating sphere for
diffuse-reflectance measurements covered by Spectralon”. Spectra-
lon” also served as a reference. Dehydrated samples were prepared
by heating grained (0.3-0.5 mm) Co-TNU-9 samples at 770 K under
a dynamic vacuum of 8x10 ?Pa in a silica flask connected to
a silica optical cell. Dehydration was carried out in two steps, at
370K for 30 min and at 770K for 3 h, with a heating ramp of
5Kmin~". After dehydration, the sample was cooled to ambient
temperature and transferred under vacuum to the 5 mm optical
cell and sealed. The reflectance was recalculated by using the
Schuster-Kubelka-Munk function F(R.)=(1—R.)2/2R,, in which
R, is the diffuse reflectance from a semi-infinite layer and F(R..) is
proportional to the absorption coefficient. After the baseline ab-
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straction, the spectra of the samples in the region of the Co" d-d
transitions were simulated by using Gaussian bands employing the
Origin 8.1 software (OriginLab, Northampton, MA).

Since Origin and OriginPro are well established commercial soft-
ware products, you will only need to cite OriginLab in the Materials
and Method section of your publication. The simplest form is to
reference the Origin software without version, like this: Origin (Ori-
ginLab, Northampton, MA).

FTIR spectroscopy

FTIR spectra were recorded at 298 K on a Nicolet 6700 spectrome-
ter operating at a resolution of 2 cm™' by collecting 128 scans for
a single spectrum. The samples were analyzed as self-supported
pellets with a thickness of 10 mgcm™. The samples were evacuat-
ed at 723 K for 3 h and subsequently the FTIR spectra were record-
ed to monitor antisymmetric T-O-T stretching lattice vibrations. Fol-
lowing that, [D;]lacetonitrile (1.3 kPa) was adsorbed on the samples
for 15 min at 298 K and subsequently the samples were evacuated
for 15min at 473 K. Then, FTIR spectra of the adsorbed
[D;lacetonitrile were recorded. The spectra intensities were normal-
ized by using the integral area of the zeolite skeletal bands in the
region between 1750 and 2100 cm ™. The positions and relative in-
tensities of the bands of the antisymmetric T-O-T stretching lattice
vibrations and of the adsorbed [D;lacetonitrile were analyzed by
using the Origin 7.5 software assuming Gaussian profiles.”

Analysis of the aluminum distribution

The distribution of aluminum atoms in the zeolite is described by
Equations (2)-(4):

[Aliotal] = [Algingie] + [Algair] (2a)
or
[Aligral] = [Algngie] 4 [Co,] + [Cog] + [Co,] (2b)
[Aljngie] = [Aliora] —2[COpa] (3a)
or
[Alingie] = [Alora] =2([Co, ] + [Cog] + [Co,]) (3b)
[Alai] = 2[Copewi] (4a)
or
[Aly] = 2([Co,] + [Cog] + [Co,]) (4b)

in which [Al,] represents the concentration of all the aluminum
atoms present in the sample, [Al;,q.] and [Al,,;] correspond to the
concentrations of the isolated single aluminum atoms and alumi-
num in the Al-O-(Si-O),-Al sequences, respectively, [Co,], [Cogl, and
[Co,] are the concentrations of Co" at the a, B, and 1 sites, respec-
tively, obtained from the FTIR spectra of shifted antisymmetric T-O-
T stretching lattice vibrations, [Co,,,J corresponds to the
[Co"(H,0)s** ion exchange capacity, and [COys] corresponds to
the concentration of Co" Lewis sites observed in the FTIR spectra
of adsorbed [D;lacetonitrile. Details regarding the analysis of the
aluminum distribution are discussed elsewhere.”

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Possible cationic sites in TNU-9

Three types of cationic sites for bare divalent metal cations, desig-
nated as a, B, and v, have been reported for pentasil zeolites.*3*"
The cationic sites are formed by Al-O-(Si-O),-Al sequences located
in 6-ring or more complex structures. The presence of two alumi-
num atoms in the site is necessary for the stabilization of bare di-
valent cations.?>¢"31 Al-0-Si-O-Al sequences are not present in sil-
icon-rich materials.®? Visual inspection of the TUN framework re-
vealed analogous structures for this zeolite as well. Based on this
analogy and analysis of the spectroscopic results (see the Discus-
sion), the rings investigated by periodic DFT calculations as possi-
ble cationic sites were proposed. The vy site was not calculated by
periodic DFT because the concentration of framework aluminum
atoms forming the vy site in the TNU-9 sample was very low (see
the Experimental Section). The locations of the a cationic site and
possible  cationic sites in the TUN framework are depicted in
Figure 1.
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Figure 1. Locations of the o cationic site ( top), the Prsrry; (@ top), Prorers

(© top), Prirrare (@ bottom), Brgrigrn (@ bottom), Brismam: (@ top), and
Brasriei7 (@ bottom) sites in the TUN framework. Views along the straight
(left) and sinusoidal (right) channels.

o cationic site: This site represents an elongated 6-ring (T22-T18-
T24-T10-T11-T4) composed of two 5-rings (Figure 2). There are two
possible aluminum sitings in the 6-rings: The two aluminum atoms
occupy either T4 and T24 or T10 and T22. The a sites of mordenite,
ferrierite, ZSM-5, and TNU-9 are very similar.

Possible f cationic sites: The {3 sites in ferrierite, ZSM-5, and the
[-zeolite correspond to various deformed 6-rings. Thus, based on

Figure 2. Structure of the a cationic site. T atoms (Si or Al) are in gray and
oxygen atoms in red.
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the TUN topology, we suggest six distinct 6-rings as plausible
P sites in the TUN framework.

Brsrara2 @and Prorsrs Sites: The deformed 6-rings formed by the T5-
T2-T22-T5-T2-T22 and T9-T6-T4-T9-T6-T4 atoms create the Prsraran
and Prorers Sites, respectively (Figure 3). The two aluminum atoms

Figure 3. Structures of the Prsm, (left) and Prorers (right) cationic sites. T
atoms (Si or Al) are in gray and oxygen atoms in red.

can occupy either T5 and T5 or T2 and T2 or T22 and T22 in the
former ring and either T9 and T9 or T6 and T6 or T4 and T4 in the
latter ring (Figure 3).

Bri17ate @nd Prgriory Sites: The two sites are formed by elongated
6-rings (T11-T4-T9-T9-T4-T11 and T8-T10-T11-T11-T10-T8; Figure 4).
The two aluminum atoms can be accommodated in either T11 and
T9 or T4 and T4 in the former ring and either T11 and T8 or T10
and T10 in the latter ring.

Figure 4. Structures of the By (Ieft) and Prgrior: (right) cationic sites. T
atoms (Si or Al) are in gray and oxygen atoms in red.

Briarizr21 Site: Two aluminum atoms located in either the T14 and
T21 or T12 and T12 positions of the 6-ring composed of the T14-
T12-T21-T21-T12-T14 atoms yield the Bry412m2; Site (Figure 5).

Figure 5. Structures of the By, (left) and Prosmgryy (right) cationic sites. T
atoms (Si or Al) are in gray and oxygen atoms in red.
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Brazriori7 Site: The 6-ring comprised of the T23-T19-T17-T21-T12-
T14 atoms creates the Prpsreri7 Site (Figure 5). There are three pos-
sible aluminum sitings in the 6-ring: The two aluminum atoms are
positioned in either T23 and T21 or T19 and T12 or T17 and T14
sites.

Computational models and methods

Computational models: Seventeen models (Table 2) possessing P1
symmetry were employed. They feature one unit cell of TUN with
two Al/Si substitutions forming the cationic sites accommodating
a Co'. The starting monoclinic structure was downloaded from the
zeolite structural database.™

Table 2. Computational models employed in the computational study.
Model Cationic site Al sitings in the 6-rings  Optimization
a(T4T24) a T4 and T24 yes
a(T10T22) a T10 and T22 yes
Brsrara(T5T5) Brsrar T5and T5 no
Brstar2(T2T2) Brstaraz T2 and T2 no
PBrsrar22(T22T22) Brsrar2z T22 and T22 no
PBrotera(TOT9) Brotera T9 and T9 no
PBrotera(TETE) Brotera T6 and T6 no
PBrotera(T4T4) Brotera T4 and T4 no
Brimare(T11T9) Briirato T11 and T9 yes
PBriiraro(T4T4) Briirato T4 and T4 no
Brariorn(T11T8) Brariorn T11 and T8 yes
Brarior(T10T10) Brariorn T10and T10 no
Briamiorn(T14T21)  Brogriomn T14 and T21 yes
Briamrn(T12T12)  Brogriomn T12 and T12 no
Brosmieri7(T23T21)  Brosriomy T23 and T21 yes
Brosmiori7(T19T12)  Brosrioms T19 and T12 yes
Brosmiori7(T17T14)  Brosrioms T17 and T14 yes

Electronic structure calculations: Periodic DFT calculations were
carried out by employing the VASP code.®® The high-spin electron
configuration cobalt d*"d? was employed for the Co" accommo-
dated in the zeolite. The Kohn-Sham equations were solved varia-
tionally in a plane-wave basis set using the projector-augmented
wave (PAW) method of Bléchl,®¥ as adapted by Kresse and Jou-
bert®> The exchange-correlation energy was described by the
PW91 generalized gradient approximation (GGA) functional.*® Bril-
louin zone sampling was restricted to the I' point. A plane-wave
cutoff of 400eV was utilized for geometry optimizations and
a smaller cutoff of 300 eV was used for the molecular dynamics
simulations.

Geometry optimizations: Only eight models (Table 2), selected on
the basis of our “Al 3Q MAS NMR experiments, were optimized
(see the Discussion). The atomic positions were optimized at con-
stant volume by employing a conjugate-gradient algorithm mini-
mization of energies and forces whereas the lattice parameters
were fixed at their experimental values.

Molecular dynamics: The molecular dynamics (MD) simulations
were carried out on all the 17 models. The MD computations used
the exact Hellmann-Feynman forces acting on atoms and applied
the statistics of canonical ensemble to the motion of the atomic
nuclei® by using the Verlet velocity algorithm®® to integrate New-
ton’s equations of motion. The time step for the integration of the
equations of motion was 1 fs. The simulations were run for 4000 fs
at 400 K. Visual inspection of the structures along the MD trajecto-
ries showed that the duration of the MD simulations was long
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enough, because it included both the rearrangements of the local
structures of the TUN framework for some cationic sites (up to ca.
1000 fs) as well as a long period (ca. 3000 fs) when the system
fluctuated around the equilibrium and “snapshots” were collected
and optimized. Similar time lengths were used for MD simulations
of cationic sites in ferrierite.**>"*! The structures of eight distinct
“snapshots” collected at 500, 1000, 1500, ... 4000 fs of the molecu-
lar dynamics simulations were optimized for the eight selected
models (Table 2).

Results
2Sj MAS NMR spectroscopy

The #°Si MAS NMR spectrum of the TNU-9 sample (Figure 6) is
similar to that already reported in the literature.® Our simula-
tion of the spectrum revealed six °Si NMR resonances at —117,

spectrum

e T

simulation

D TV, Ve

components

-60 -80 -100 -120 -140

Chemical shift (ppm)

Figure 6. ?°Si MAS NMR spectrum of the Na-TNU-9 sample along with the si-
mulated spectrum with Gaussian bands of individual resonances.

—115, =110, —107, —104, and —98 ppm. Because *Si NMR res-
onances with chemical shifts between —92 and —100 ppm re-
flect Si(3Si,10H) atoms,“” the measured #°Si NMR resonance at
—98 ppm was attributed to Si(3Si,10H) atoms. This was further
confirmed by its significant increase in the cross-polarization
experiment (not shown in the figures). Because **Si NMR reso-
nances between —97 and —107 ppm correspond to Si(3Si,1Al)
atoms,”“” and those between —108 and —115 are characteristic
of signals of Si(4Si,0Al) atoms,”*” the observed #°Si NMR reso-
nances at —117, —115, and —110 ppm and those at —107 and
—104 ppm were assigned to Si(4Si,0Al) and Si(3Si,1Al) atoms,
respectively. The Si/Al ratio of 14.2 obtained from the chemical
analysis using the X-ray fluorescence (XRF) method is in good
agreement with the Si/Ali ratio of 13.8 determined from the
#Si MAS NMR spectrum by employing Equation (1). This agree-
ment confirms the assignment of the **Si NMR resonances and
moreover reveals that Si(2Si,2Al), Si(1Si,3Al), and extra-frame-
work aluminum atoms are not present in the investigated zeo-
lite.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

ZAl (3Q) MAS NMR spectroscopy

The ¥Al MAS NMR single pulse spectrum of the hydrated zeo-
lite is shown in Figure 7. Only one Al NMR resonance cen-
tered at 55 ppm is observed, which reflects the exclusive pres-

spectrum

simulation

components

70 60 50 40 30 20 10 O -10
& 27Al (ppm)

Figure 7. Al MAS NMR spectrum of the Ca,Na-TNU-9 sample along with the
simulated spectrum with individual ?’ Al NMR resonances.

ence of tetrahedral framework aluminum atoms. Al NMR reso-
nances at around 0 ppm as well as between 15 and 30 ppm
corresponding to extra-framework octahedral and penta-coor-
dinated aluminum atoms, respectively, are not observed.

On-sight analysis of the Al 3Q MAS NMR spectrum depict-
ed in Figure 8 indicates the presence of at least two Al NMR
resonances in the spectrum of Ca,Na-TNU-9.
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Figure 8. 2D plot of the ?’Al 3Q MAS NMR spectrum of the Ca,Na-TNU-9
sample (black), F, and F, projections (red), and simulated spectrum (blue
and green).

Detailed analysis employing a simulation of the 2D spectrum
confirmed the presence of three 2’ Al NMR resonances with iso-
tropic chemical shifts at 53.5, 55.0, and 57.2 ppm. Table 3 pres-
ents the isotropic chemical shifts (), the corresponding nucle-
ar quadrupolar coupling products (Py), and the concentrations
of aluminum atoms corresponding to the Al NMR resonances
for the TNU-9 zeolite.

Values of the nuclear quadrupolar coupling product (Pg)
lower than 2.5 MHz correspond to typical tetrahedral alumi-
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Table 3. Isotropic chemical shifts (o) and the nuclear quadrupolar cou-
pling products (Py) of the Al NMR resonances of framework aluminum
atoms and the relative concentrations of aluminum atoms corresponding
to the individual resonances.

o [ppm] Po [MHz] o™ [ppm] P [MHZ] Al [%]
57.2 2.2 57.2 23 40
55.0 2.2 55.0 2.2 30
535 2.1 535 2.1 30

[a] From ZAl 3Q MAS NMR experiments. [b] From Al MAS NMR measure-
ments.

num atoms in the zeolite framework.®? P, values < 2.5 MHz in-
dicate negligible quadrupolar broadening of the 2’ Al NMR reso-
nances of aluminum occupying framework T sites and confirm
the reliability of the spectral simulation. Because the presence
of a second aluminum atom in a Al-O-(Si-O),-Al sequence can
significantly change the corresponding isotropic chemical shift
of the aluminum atom,?**"! the presence of three Al NMR res-
onances reveals the location of aluminum atoms in at least
(aluminum atoms accommodated in several framework T sites
can exhibit indistinguishable ?’Al isotropic chemical shifts) two
framework T sites (schematically, e.g., single Al(T,) and AI(T,)
atoms and aluminum atoms in Al(T)-O-(Si-0),-Al(Ty) sequen-
ces). The concentrations of aluminum atoms located in differ-
ent framework T sites are 30 and 40% (Table 3).

FTIR spectroscopy

Figure 9A shows the FTIR spectra of [D;]acetonitrile adsorbed
on the samples Co,Na-TNU-9/a-e. Five bands can be identified
in the spectra: 1) A very low-intensity band at 2330 cm™' corre-
sponding to framework aluminum Lewis acid sites, 2) a band
at 2305 cm reflecting Co" Lewis acid sites of bare Co", 3)a
band at 2280 cm™' corresponding to Na™ cations, 4) a band at
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Figure 9. A) FTIR spectra of [D;]acetonitrile adsorbed on the Co,Na-TNU-9/a—
e samples together with the simulated spectrum of Co,Na-TNU-9/a and

B) the effect of cobalt loading on the integrated intensity of the peak of
[Ds]acetonitrile adsorbed on cobalt Lewis sites.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

2264 cm™' related to terminal silanol groups (SiOH), and 5) a
band at 2248 cm™' for [D;]acetonitrile physisorbed on the sur-
face.*? The extinction coefficient of [Dslacetonitrile adsorbed
on Co", which is e=11(£0.5) cmmmolg~', was determined
based on the premise that the intensity of the band of
[D;lacetonitrile at 2305 cm™' increases linearly with the cobalt
loading in the whole cobalt concentration range (Figure 9B).
The concentrations of bare Co" corresponding to Co" Lewis
acid sites in the individual Co,Na-TNU-9/a-e samples are listed
in Table 1.

Figure 10 shows the FTIR spectra of the dehydrated Co,Na-
TNU-9/a-e samples in the region of the T-O-T vibrations of the
zeolite framework (960-880 cm™'). The broad band in the
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Figure 10. A) FTIR spectra of the Co,Na-TNU-9/a-e samples dehydrated at
723 K in the 960-880 cm™' region together with the simulated spectrum of
Co,Na-TNU-9/e to the Gaussian bands of Co" in the individual sites. B) The
effect of the cobalt loading on the integrated area of bands at 930 () and
910 cm™' (@).

range 960-880 cm ' confirms the presence of bare Co" in the
TUN framework. The band reflects the perturbation of the T-O-
T vibrations due to the coordination of bare Co" to the frame-
work oxygen atoms of the ring forming the cationic sites in de-
hydrated zeolites.*” Analysis of the spectra reveals two
maxima at 930 and 910 cm™', which evidences the location of
Co" in two cationic sites. The intensities of the two bands con-
currently increase with increasing cobalt loading revealing no
preferential formation of one of the cationic sites. The synchro-
nous increase in the intensities of the two bands rules out the
possibility of estimating the extinction coefficients of the indi-
vidual Co" species of the two bands.

UV/Vis spectroscopy

The UV/Vis spectra of the dehydrated Co,Na-TNU-9/a-e samples
with different cobalt loadings are shown in Figure 11. The ab-
sorption in the visible region between 12500 and 25000 cm™'
corresponds to the d-d transitions of bare Co" accommodated
in the cationic sites of the dehydrated zeolites. The bands in
the UV region above 38000 cm™' can be assigned to charge
transfer, typically 0—Co">*! None of the spectra show bands
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Figure 11. UV/Vis spectra of the Co",Na-TNU-9/a-e samples dehydrated at
723 K.
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Figure 12. A) Visible, and B) normalized visible spectra of the Co",Na-TNU-9/
a-e samples, and C) a simulation of the visible spectrum of Co",Na-TNU-9/
b showing bands corresponding to Co" in the a, f, and y cationic sites.

at around 33000 cm™' reflecting the formation of Co-oxo
bridging species.’* Figure 12 shows the visible spectra of Co"
in the dehydrated samples.

A detailed inspection of the normalized spectra with various
cobalt loadings reveals the presence of three spectroscopic
species. The first corresponds to the absorption at around
15000 cm™', the second appears in the central part of the
spectra, and the third, observable only at low cobalt loadings,
has absorptions above 20000 cm™'. The spectral simulations
and analyses of their second derivatives evidenced seven
bands in each spectrum. The effect of cobalt loading on the in-
tensities of individual bands allowed their assignment to three
spectroscopic species corresponding to Co" accommodated in
the o, B, and vy sites. Based on the results of our prior stud-
ies,*>>3% we can deduce that the band at 15050 cm™’, the
quartet at 16700, 18000, 19300, and 20900 cm ', and the
doublet at 22400 and 23000 cm™' correspond to Co" located
in the a, B, and vy sites, respectively (Table 4).
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Table 4. Wavenumbers and extinction coefficients of bare Co" accommodated in the a, B, and vy sites in the ZSM-5, ferrierite, mordenite, and TNU-9 zeo-
lites.
Zeolite Vo ke, v [em™] kg v, k,

[cm™1] [102 gmol™'em™] [102 gmol™'em™] [em™] [102gmol™'em™]
ZSM-5 15100 3.7+£1.1 16000 17150 18600 21200 27+0.7 20100 22000 09+0.6
ferrierite 15000 27+1.1 16000 17100 18700 20600 25+0.7 20300 22000 1.14+0.5
mordenite 14800 73+3.1 15900 17500 19200 21000 27+0.7 20150 22050 1.9+1.0
TNU-9 15050 - 16700 18000 19300 20900 - 22400 23000 -

The area of the doublet assigned to the vy site is only 0.1%
of the total Co" peak area for the sample with maximum Co"
loading, and, moreover, the doublet is only well developed in
the spectra with the lowest cobalt loading. Therefore, these
two bands have been omitted from further analysis.

The intensities of the bands corresponding to Co" located in
the a and P sites concurrently increase with increasing cobalt
loading and reveal no preferential formation for one of the cat-
ionic sites at low as well as at high cobalt loading. Thus, the
extinction coefficients corresponding to Co" accommodated in
the o and f3 sites cannot be calculated because there is no set
of at least two independent equations describing the depend-
ence of the spectral intensities on the cobalt loading. There-
fore, only the average extinction coefficient of the Co" absorp-
tion in the range between 14000 and 25000 cm™' can be esti-
mated (k=(6+£1)x107° gmol~'cm™).

Computational Results
Structures and stability of the . and possible [ cationic sites

Our MD calculations of the 17 computational models (Table 2)
revealed that the 6-ring forming the o cationic site as well as
the six 6-rings creating six possible [} cationic sites with all the
possible aluminum sitings in the 6-rings (Table 2) could accom-
modate bare Co". The MD results showed the proper binding
of Co" mainly to the oxygen atoms of the AlO,™ tetrahedra and
significant rearrangements of the local structures of the zeolite
framework at some cationic sites.

The subsequent optimizations of the two models of the
o site and the six selected models of the 3 sites (see the Dis-
cussion section) yielded the structures of Co" exchanged in the
corresponding cationic sites, the relative binding energies® of
Co" in these sites, and the stabilization energies®**" of the cat-
jonic sites accommodating Co" (Table 5).

Our MD simulations of the a(T10T22) and a(T4T24) models
of the a site as well as the Bryraro(T11T9) and Prysryarn(T14T21)
models of the f§ sites and subsequent optimizations of selected
MD snapshots led to energy stabilizations by 5, 5, 11, and
2 kcalmol™, respectively (Table 5), relative to the same models
that were not relaxed employing MD simulations but simply
optimized by using the structure downloaded from the zeolite
structural database.” These four sites noticeably rearranged
during the MD computations. Conversely, there is no rear-
rangement observed for the Brgrior(T11T8), Prasrer7(T23T21),
Brasr1er7(T19T12), and Brosrior7(T17T14) sites (Table 5). Similarly,
the B cationic sites of the B-zeolite do not rearrange either.>”!
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Table 5. Relative binding energies® of Co", stabilization energies,®*>"

the number of oxygen atoms in the AlO,” and SiO, tetrahedra to which
Co" is bound, and affirmation of near-planarity.

Model ABE.® AE, ., O[All O[Sil Near-planarity
[kcalmol™'1  [kcalmol™']
a(T10T22) 15.6 5.3 4 1 yes
a(T4T24) 121 53 4 1 yes
Bri17are(T11T9) 134 10.5 4 0 yes
Breriorn(T11T8) 17.5 0.0 3 1 yes
Briariorn(T14T21) 154 2.0 4 0 no
Brasrion7(T23T21) 194 0.0 2 2 no
Brosrion,(T19T12) 45 0.0 3 1 no
Brasriom7(T17T14) 0.0 0.0 4 0 yes

[a] The difference between the energies of the Co-TNU-9 featuring the
site of interest and the Co-TNU-9 with the most stable site (i.e.,
Brasmeri7(T17T14)). This energy gap is corrected by subtracting the differ-
ence between the energies of the TNU-9 with the empty site of interest
and the TNU-9 featuring the most stable site without the cation. The
empty sites have two aluminum atoms in the corresponding six-mem-
bered ring forming the cationic sites that are not compensated by any
cation. [b] The difference between the energies of the model relaxed by
MD simulations and subsequently optimized and the model that was not
relaxed by MD simulations but simply optimized using the starting struc-
ture downloaded from the zeolite structural database (see ref. [1]).

8864

The computational results (Table 5) also revealed the relative
binding energies of Co" in the calculated cationic sites. The
cation binds the most tightly in the Brsm0m7(T17T14) site, fol-
lowed by in the Brysri17(T19T12) site. The binding is the weak-
est in the Prasmon,(T23T21) site.

The optimized structures of the eight models (Table 5) are
shown in Figures 13-16. Whether the optimized structures are
near-planar or not is indicated in Table 5.

Figure 13. Optimized structures of the a(T4T24) (left) and a(T10T22) (right)
models. The distances are in A. Silicon atoms are in gray, oxygen atoms in
red, aluminum atoms in yellow, and the cobalt atom in blue.
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Figure 14. Optimized structures of the Bry17470(T11T9) (left) and
Breriori(T11T8) (right) models. The distances are in A. Silicon atoms are in
gray, oxygen atoms in red, aluminum atoms in yellow, and the cobalt atom
in blue.
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Figure 15. Optimized structures of the Brym2r2 (T14T21) (left) and
Brasrior7(T23T21) (right) models. The distances are in A. Silicon atoms are in
gray, oxygen atoms in red, aluminum atoms in yellow, and the cobalt atom
in blue.

Figure 16. Optimized structures of the Prysnon(T19T12) (left) and
Brasrior7(T17T14) (right) models. The distances are in A. Silicon atoms are in
gray, oxygen atoms in red, aluminum atoms in yellow, and the cobalt atom
in blue.

The Co—0, and Co—Og bond lengths (Figures 13-16) range
from 1.913 to 2.190 A and from 2.015 to 2.143 A, respectively.
The calculated Co—O bond lengths are in good agreement
with those obtained by EXAFS measurements, which revealed
two Co—O distances of 1.99 and 2.09 A for Co-ferrierite with
Co" located mainly in the B sites.”?

Discussion
Aluminum distribution in the framework

The ¥Al (3Q) MAS NMR spectra of the Ca,Na-TNU-9 sample
(Figures 7 and 8) show the presence of framework tetrahedral
aluminum atoms and the absence of any extra-framework alu-
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minum species. The °Si MAS NMR experiments clearly revealed
the absence of Si(2Si,2Al) and Si(1Si,3Al) atoms, thereby exclud-
ing the existence of Al-O-Si-O-Al sequences in the framework
of the TNU-9 sample. Therefore, the two aluminum atoms of
the aluminum pairs in the 6-rings forming cationic sites for di-
valent cations are separated by two silicon atoms (i.e., they
create Al-O-(Si-0),-Al sequences).

Table 1 shows that the maximum ion-exchange capacity of
the zeolite for the divalent Co" hexaaqua complex is 60% (Co/
Al 0.3). The isolated single aluminum atoms thus represent
40% of all the aluminum atoms [Equations (3a) and (3b)]. The
concentration of bare Co" in extra-framework positions reflect-
ed as acid Lewis sites that interact with [Ds]acetonitrile in the
dehydrated zeolite loaded with maximum Co" is 0.29 mmolg™’
(Table 1). This value agrees well with the cobalt concentration
in the zeolite, which is 0.28 mmolg™" (Table 1). This agreement
indicates that all the cobalt species in the dehydrated zeolite
are present as bare Co" balancing two aluminum atoms locat-
ed in one ring. It should be noted that Me" (Me" = divalent
metal cation) accommodated in the vicinity of two aluminum
framework atoms located in two different rings exhibit very
high energies." Therefore, the formation of some Co-oxo spe-
cies is expected for Co' in the proximity of such organized alu-
minum atoms in two different rings. Various charged bridging
Co-oxo species were suggested to exist in some Co-zeolites.””
The exact nature of these Co-oxo species is not clear but they
have to be balanced by aluminum atoms unable to accommo-
date bare Co". These aluminum atoms either form Al-O-(Si-O),-
,-Al sequences in large rings (more than 6-rings) or are located
in two different rings. These Co—oxo bridging species are re-
flected in the absorption band in the UV region at around
33000 cm "B The UV/Vis spectra of the dehydrated Co"Na-
TNU-9/a-e samples (Figure 11) show the absence of any band
at around 33000 cm™' and thus reveal that Co-oxo bridging
species are not formed. Besides the above-mentioned bridging
Co-oxo species, UV/Vis and FTIR “invisible” Co-oxo species
(not adsorbing [D;lacetonitrile) have been reported to repre-
sent a significant fraction of Co" in some samples of the -zeo-
lite.* Recently, these Co-oxo species were attributed to
[Co"0]" cations balancing one aluminum atom.”® Because ex-
clusively hexaaqua complexes of Co" are exchanged in the zeo-
lite, these [Co"O]™ cations also reflect the presence of close Al
atoms able to accommodate hexaaqua complexes of Co'", but
not bare Co". The bare Co" species are preferentially formed in
the lowest cobalt loading in dehydrated zeolites whereas Co-
oxo species are created only after saturation of the cationic
sites for divalent cations created by aluminum pairs (i.e., Al-O-
(Si-O),-Al sequences) in one ring. This behavior results in a pla-
teau in the dependence of the adsorbed [Ds]acetonitrile upon
cobalt loading. Co-oxo species, which do not adsorb
[Dslacetonitrile, are absent in the Co-TNU-9 sample, as evi-
denced by 1) the linear increase in the amount of adsorbed
CD;CN with cobalt loading and 2) the same concentration of
cobalt species exchanged in the zeolite and bare Co". There-
fore, only isolated single aluminum atoms and aluminum pairs
of Al-O-(Si-0),-Al sequences are present in the TNU-9 sample.
Their resulting concentrations are given in Table 6.
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Table 6. Aluminum distribution and the concentration of cationic sites in
the TNU-9 zeolite.

Al single Al pairs
[%] [%]

Al pair
in the a site [%]

Al pair
in the {3 site [%]

Al pair
in the vy site [%]

40 60
9 51 <1

Siting of divalent cations and aluminum pairs

Zeolite rings with aluminum pairs (i.e., Al-O-(Si-0),-Al sequen-
ces) that are able to accommodate bare Co" represent general
cationic sites for bare divalent cations. Therefore, the siting of
Al-O-(Si-0),-Al sequences and bare Co" in the zeolite rings will
be discussed together. Zeolite frameworks are relatively rigid
and allow only limited structural rearrangements of the local
structure of the cationic sites upon binding of Co"***! (or
other Me"®3") depending on the framework type and the
character of the cationic site. The visible spectrum of Co" re-
flects their coordination and represents a fingerprint of the cat-
ionic site accommodating this cation. This fingerprint, in com-
bination with a visual inspection of the structure of the zeolite
framework, can be employed to suggest cationic sites of bare
Co.

Visible spectroscopy of bare Co" as a probe was successfully
applied to analyze the cationic sites of Co" for ZSM-5,°9 the p-
zeolite,®* and ferrierite®™ for which the sites were later con-
firmed by synchrotron powder XRD.?? Analysis of the Co" d-d
transition in the visible region evidences the presence of three
spectroscopic species in the dehydrated Co,Na-TNU-9/a-e sam-
ples, reflecting three types of bare Co" located in three cationic
sites designated as the a, 3, and v sites and corresponding to
a single band, a quartet, and a doublet, respectively, in the
spectrum (Table 4). The wavenumbers of the d-d transitions of
Co" in the individual sites of the Co,Na-TNU-9/a—e samples
(Table 4) are compared with those already reported for Co" in
the MFI, FER, and MOR structures. The significant similarity be-
tween the spectra of Co" in the TNU-9 zeolite and in the other
pentasil zeolites allows the assignment of the bands to the cat-
ionic sites described in the section Possible cationic sites in
TNU-9. Conversely, spectroscopic species typical of aluminum-
rich zeolites (e.g., a doublet at around 25000 cm™' reflecting
planar-trigonal Co" in the LTA structure) are missing.””!

The concurrent occupation of both the o and f sites by Co"
in the Co,Na-TNU-9/a—e samples does not provide a reliable
set of linearly independent equations describing the relation
between the cobalt loading in the zeolite and the intensities
of the individual spectroscopic species. Therefore, the concen-
tration of Co" in the individual sites in the fully loaded Co-TNU-
9/e sample (i.e., the concentration of Al-O-(Si-O),-Al sequences
in the rings of the a, B, and vy sites) can be only roughly esti-
mated by using the ratio of the extinction coefficients of Co"
located in the a and f sites in the MFI, FER, and MOR struc-
tures. In this way, we estimated the concentrations of Co" in
the a, B, and v sites to be 15-30, 70-85, and < 1%, respective-

ly.
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Analysis of the positions and relative intensities of the bands
of the antisymmetric T-O-T stretching lattice vibrations of zeo-
lite rings accommodating bare Co" obtained from the FTIR
spectra of dehydrated zeolites is another completely independ-
ent method for the analysis of the Co" siting and the siting of
Al-O-(Si-0),-Al sequences.*™ The coordination of bare Co" to
skeletal oxygen atoms of one ring causes a perturbation of the
framework T-O-T vibrations resulting in the appearance of new
bands in the FTIR spectrum. Their wavenumbers are character-
istic of the individual cationic sites. Analysis of the FTIR spectra
of the dehydrated Co,Na-TNU-9/a-e samples reveals the pres-
ence of only two new bands corresponding to two different
rings accommodating Co". Their intensities increase linearly
with the cobalt loading in the zeolite in excellent agreement
with the results of visible spectroscopy. The concentration of
Co" in the v site is negligible and these Co" are not reflected in
the FTIR spectrum.

FTIR spectroscopy of antisymmetric T-O-T stretching lattice
vibrations, in contrast to the visible spectroscopy of Co" d-d
transitions, allows the estimation of the concentration of Co"
in the a and P sites. Previous results for ferrierite showed®®’
that the extinction coefficients of T-O-T stretching antisymmet-
ric vibration of the rings accommodating Co" in the a and
[ sites do not differ. Based on these results we estimate that
the Co" in the a and f sites represent 15 and 85 %, respective-
ly, of all the Co" in the fully exchanged Co,Na-TNU-9/e. By anal-
ogy, the results also mean that 9 and 51% (Table 6) of all the
aluminum atoms (i.e., Al,,) form the a and { cationic sites, re-
spectively. The {3 site represents the main extra-framework po-
sition for divalent cations in the TNU-9 zeolite. The aluminum
atoms of the AI-O-(Si-O),-Al sequences of the 6-ring forming
the B site correspond to the major fraction of the aluminum
atoms in the TUN framework.

There is only one structure of the a site in the TUN frame-
work with two possible aluminum sitings in the 6-ring that are
indistinguishable by FTIR and visible spectroscopy. The only
way to distinguish the aluminum sitings in the 6-ring is by de-
termination of the aluminum siting. However, this is beyond
the scope of this study due to the high number of framework
T sites and the possible effects of the presence of next-next-
nearest aluminum neighbors on the ZAl isotropic chemical
shifts of aluminum atoms in Al-O-(Si-O),-Al sequences. The
o site is located on the TUN straight channel wall (Figure 1)
and it connects two channel intersections. The cation at this
site is placed in the 6-ring plane and thus exhibits an open co-
ordination sphere and is easily accessible only from the
straight channel. Each of the two aluminum atoms of the Al-O-
(Si-0),-Al sequences forming the a site is located at the oppo-
site channel intersection for both the possible aluminum sit-
ings (T4 and T24 or T10 and T22). Most likely, the two corre-
sponding Brensted acid sites are placed in the same way. The
location and arrangement of the a site are very similar to
those in the ZSM-5 zeolite.

Conversely, there are six distinct 6-rings attributable to the
topology of the f cationic site. These are schematically depict-
ed in Figures 3-5. The high number of 6-rings that can poten-
tially form the P cationic site represents a high uncertainty in

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

the analysis of the siting of bare divalent cations and Al-O-(Si-
0),-Al sequences creating the [ cationic site. Therefore, a new
approach involving the use of not only visible spectroscopy of
Co" d-d transitions and FTIR spectroscopy of antisymmetric T-
O-T stretching lattice vibrations, but also extensive periodic
DFT calculations, including molecular dynamics, and Al 3Q
MAS NMR spectroscopy has been developed and presented.
Analysis of the Al 3Q MAS NMR spectra (Table 3) showed that
the maximum concentration of one of the aluminum coordina-
tions (T site) is 40% of all the aluminum atoms (i.e., Alg);
85% of aluminum pairs, that is, 51% of all the aluminum
atoms (Table 6), create the {3 cationic sites. Therefore, these alu-
minum pairs cannot contain two aluminum atoms with the
same YAl isotropic chemical shift (i.e., the two aluminum
atoms of the Al cannot be located in the same crystallo-
graphically distinguishable framework T site). This finding per-
mits the exclusion of the Brsrar, and Prorers Sites with all the
possible aluminum sitings in the T5-T2-T22-T5-T2-T22 and T9-
T6-T4-T9-T6-T4 rings, respectively, forming these sites (Table 2).
The AI-O-(Si-O),-Al sequences located in these two 6-rings
must have both the aluminum atoms accommodated in the
same crystallographically distinguishable framework T site.
Conversely, the Al-O-(Si-0),-Al sequences present in the other
three 6-rings forming possible {3 sites (T11-T4-T9-T9-T4-T11, T8-
T10-T11-T11-T10-T8, and T14-T12-T21-T21-T12-T14) have both
the aluminum atoms in either different or the same crystallo-
graphically distinguishable framework T sites. Only the latter
are excluded. Therefore, the Briirre, Brerioris and Prisriora sites
with the aluminum sitings of both the aluminum atoms in T4,
T10, and T12, respectively, are ruled out (Table 2). The Brysriom7
site formed by the T23-T19-T17-T21-T12-T14 ring has three
possible aluminum sitings of both the aluminum atoms locat-
ed in different crystallographically distinguishable framework T
sites. Therefore, subsequent optimizations of the two models
of the a site and only the six models of the {3 sites (Tables 2
and 5) were carried out.

Although in general the relative binding energies of Co" in
various possible cationic sites cannot be employed to suggest
the siting of Co', comparison of the relative binding energies
with the experimental data regarding the preference in the oc-
cupation of the o and 3 cationic sites can provide useful infor-
mation concerning the cobalt siting in the TNU-9 zeolite.
Therefore, the relative binding energies of Co" calculated for
the eight computational models (Table 5) can serve to select
the probable 6-rings forming the 8 cationic site. Both the visi-
ble and FTIR experiments revealed that there is no preference
in the occupation of the a and f§ cationic sites because the in-
tensities of Co" located in the o and B sites concurrently in-
crease with increasing cobalt loading. This finding indicates
that the relative binding energies of Co" should be similar for
both the o and P cationic sites. The relative binding energy of
Co" in the a site is 12-16 kcalmol™' (Table 5) and only three
computational models of the  cationic site yield similar
values: Brmre(T11T9) 13 kcalmol™, Brisriom: (T14T21) 15 keal
mol™', and PBrgrior:(T11T8) 18 kcalmol™' (Table 5). Because the
DFT-calculated coordination of Me" in the B cation sites of zeo-
lites with the FERF*3" and *BEAP® structures is near-planar

Chem. Eur. J. 2017, 23, 8857 - 8870 www.chemeurj.org

8867

CHEMISTRY

A European Journal

Full Paper

(Figure 17), we suggest based on the results of visible spec-
troscopy of the Co" d-d transitions (Table 4) that the near-
planar Bryrare site (Table 5 and Figures 14 and 17) located at
the channel intersection (Figure 1) with the two aluminum
atoms accommodated in T11 and T9 is the best candidate for
the observed f cationic site.

Figure 17. Optimized structures of the CoO, moiety of A) the $-2 model of
Co-ferrierite,*” B) the Br1741o(T11T9) model of Co-TNU-9, C) the
Brarorn(T11T8) model of Co-TNU-9, and D) the Bryr1212:(T14T21) model of
Co-TNU-9 (D). Cobalt atoms are in blue and oxygen atoms in red.

The near-planar Brgrioryy site (Table 5 and Figures 14 and 17)
present also at the channel intersection (Figure 1) with the two
aluminum atoms placed in T11 and T8 is another less likely
candidate. The site has one elongated Co—Og bond (O of SiO,;
Table 5 and Figure 14). Conversely, the Briamom; Site (Table 5
and Figures 15 and 17) with the two aluminum atoms in T14
and T21 can be ruled out because the site possesses a Co" co-
ordination that is deformed tetrahedral rather than near-planar
(Figure 17). It should be noted that a change in the symmetry
of the cation is reflected in a significant change in the d-d
spectrum.”® The divalent cations accommodated in the Bryraro
and Prgrern Sites as well as the corresponding aluminum
atoms forming these cationic sites (and most likely also the
corresponding Brgnsted acid sites) are present at the channel
intersection. The location of the Briir4r0 @and Prgriorr Sites in the
TUN framework is therefore very similar to that of the f3 site in
the MFI framework.

The above-demonstrated newly developed approach to de-
termining the siting of bare divalent cations significantly re-
duced the number of 6-rings as possible candidates forming
cationic sites. Furthermore, Al 3Q MAS NMR spectroscopy fur-
ther lowered the number of 6-rings with various aluminum sit-
ings from 15 to 6 (3 cationic site), and moreover, the DFT cal-
culations further limited the number of 6-ring candidates to
one best structure (31470 Site with the two aluminum atoms
accommodated in T11 and T9) and one less likely structure.
The selection of a highly probable 6-ring candidate creating
the cationic site from a high number of 6-rings together with
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the estimation of the aluminum siting in the corresponding 6-
ring candidate represent significant progress in the analysis of
cation siting in silicon-rich zeolites compared with the ap-
proach based on an empirical interpretation of the visible
spectra.l>30d

The bands at 22400 and 23000 cm™' (Table 4) reflect Co"
with pseudo-octahedral coordination. This coordination was
suggested for Co" siting in the hexagonal prism of the so-
called “boat-shape” site in MOR, FER, and MFI structures. How-
ever, hexagonal prisms are not present in the TUN framework.
Therefore, the vy site is suggested to reflect Co" located in
“boat-shape” sites (e.g., formed by the T13-T20-T16-T1-T23-
T21-T7-T15 and T2-T22-T18 atoms). The exact aluminum siting
of the two aluminum atoms in the v site is not known. Howev-
er, the Co" concentration in the y site of the maximum Co'-
loaded Co,Na-TNU-9/e sample is negligible (< 1% of Co") and
thus also the concentration of the corresponding aluminum
pairs. Moreover, Me" species in this site with pseudo-octahedral
coordination exhibit a fully occupied coordination sphere and
thus their possible activity as catalytic and sorption centers is
very limited.

Siting of aluminum atoms in framework T sites

Because there are 24 crystallographically distinguishable frame-
work T sites in the TUN framework, our ability to determine
the aluminum siting is significantly limited. Nevertheless, some
conclusions regarding the aluminum siting in the individual T
sites of the TUN framework can be drawn from the results of
this study. Thus, 51% of all the aluminum atoms (Table 6) form
the B cationic site and the aluminum atoms of the correspond-
ing Al-O-(Si-0),-Al sequence creating this site occupy most
likely the T9 and T11 framework sites (ca. 26 % each). In addi-
tion, isolated single aluminum atoms are likely also located in
these T sites, because the relative concentrations of the alumi-
num atoms corresponding to the individual resonances are
30-40%. However, there is another possibility that isolated
single aluminum atoms accommodated in other crystallo-
graphically distinguishable framework T sites (i.e., neither T9
nor T11) exhibit indistinguishable #’Al isotropic chemical shifts.

The aluminum atoms of aluminum pairs creating the a cat-
ionic site are located at either the T4 and T24 or T10 and T22
sites. They form a minor fraction (5% each) of all the aluminum
atoms. The « site either corresponds to two Al NMR resonan-
ces (5%) or, due to a random degeneracy of Al NMR parame-
ters, it is reflected only in one Al NMR resonance (10 %).

Concerning the siting of isolated single aluminum atoms, we
can only estimate the number of T sites occupied by aluminum
atoms. Analysis of the Al 3Q MAS NMR spectra of the TNU-9
sample reveals the presence of three ¥AINMR resonances
(Table 3). Because the aluminum relative concentrations are
30-40% (Table 3), there are at least two isolated single alumi-
num atoms. Based on the calculated pattern of the Al iso-
tropic chemical shifts of the 24 T sites in ZSM-5, there should
be no more than around five isolated single aluminum atoms
in the TNU-9 sample.”"
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The location of the framework aluminum atoms and thus of
the positively charged active species (mainly protons) compen-
sating them is of great importance. The aluminum in zeolites
with similar size channels as TNU-9 and ZSM-5 can be located
in either the channels (with a limited reaction volume) or at
the channel intersections (with a large reaction volume). Our
analysis of the siting of Al-O-(Si-O),-Al sequences in the TNU-9
sample revealed that at least 60% of all the aluminum atoms
are located at the channel intersections. This result is very simi-
lar to those obtained for the ZSM-5 zeolites synthesized by
using the tetrapropylammonum cation as the structure direct-
ing agent.”

Co" siting and aluminum organization in TNU-9 and other
pentasil zeolites and their relevance for catalysis

The siting of bare Co" and thus of other divalent cations and
the siting of aluminum pairs in the TNU-9 zeolite are similar to
those already reported for pentasil zeolites with high concen-
trations of aluminum pairs (more than 50% of all the alumi-
num atoms). The a site of two 5-rings composing one 6-ring is
highly similar to those of zeolites with the MOR, FER, MFI, and
*BEA topologies. The [ site representing the near-planar 6-ring
is similar to those of zeolites with the FER, MFI, and *BEA struc-
tures, whereas the f site in the MOR framework created by
a twisted 8-ring can be regarded as the exception in pentasil
zeolites. The boat-shape v site exhibits a topology highly simi-
lar to those of the MOR and FER structures. There is also a sig-
nificant similarity between the TNU-9 and pentasil zeolites con-
cerning the population of aluminum pairs and the cationic
sites. The [} site is dominant in the TNU-9 zeolite and repre-
sents 85% of aluminum pairs and thus the sites for divalent
cations. The concentration of the a site (15% of aluminum
pairs) fits well with the values well known for other pentasil
zeolites (12-30% of aluminum pairs). The only difference be-
tween the TNU-9 and pentasil zeolites is the negligible concen-
tration (< 19% of aluminum pairs) of the v site. This site repre-
sents 5-10% of aluminum pairs in the zeolites with MOR, FER,
MFI, and *BEA structures.

Access to the B site is controlled by 8-rings in the MOR and
FER topologies and only the a site exhibits unrestricted access
in these matrices because it is located in the straight channel.
The [ site in the *BEA structure is analogously located at the
intersection of the *BEA channels, whereas the a site in the
*BEA structure is inaccessible because it is placed inside the
[ cage. Access to the cation accommodated in the latter site is
restricted by a 6-ring. Therefore, the sitings of aluminum pairs
and divalent cations in the TNU-9 zeolite resemble the most
those of the ZSM-5 zeolite. The TNU-9 zeolite can be thus re-
garded as an analogue of the ZSM-5 zeolite.

Concerning the concentration of aluminum pairs, the ion-ex-
change capacity for divalent complexes, and the ability to ac-
commodate bare divalent cations, the TNU-9 zeolite (60% of
aluminum pairs, Si/Al 14) can be regarded as an analogue of
commercial ZSM-5, mordenite, and ferrierite, which exhibit 60—
70% of aluminum pairs (Si/Al: ZSM-5 14-30, mordenite and
ferrierite 8.5-10). The aluminum distribution in ZSM-5 zeolites
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is well known to significantly vary with the synthesis condi-
tions. ZSM-5 zeolites with either more than 85% of aluminum
atoms in aluminum pairs or with 90% of isolated single alumi-
num atoms have already been reported for a wide ratio of Si/
Al (12-40)." Conversely, the concentrations of isolated single
aluminum atoms and aluminum pairs in Al-O-(Si-O),-Al sequen-
ces in the TNU-9 zeolite reach average values guaranteeing the
catalytic activity of TNU-9-based materials for both reactions
requiring the presence of isolated single aluminum atoms as
well as those demanding aluminum pairs. It should be stressed
that tuning the aluminum distribution in the TUN framework
opens a window of possibilities for improving catalysts based
on TNU-9 by optimizing the concentrations of isolated single
aluminum atoms and aluminum pairs for individual reactions.

Conclusions

The aluminum distribution in the TUN framework of the TNU-9
zeolite has been determined and the locations of the alumi-
num pairs forming the corresponding o and [} cationic sites for
bare divalent cations have been suggested. Because the TNU-9
matrix is one of the most complex zeolites known, possessing
24 crystallographically distinguishable framework T sites and
a highly complicated channel structure, the standard approach
based on the application of bare Co" monitored by FTIR and
visible spectroscopy was insufficient. Therefore, we have devel-
oped a new significantly improved procedure that includes in
addition to the standard methods also Al 3Q MAS NMR spec-
troscopy and extensive periodic DFT calculations, including
molecular dynamics. This multi-spectroscopic and theoretical
approach was shown to be a very powerful tool for analyzing
the siting of aluminum pairs and divalent cations in the TNU-9
zeolite.

Our results reveal that 40 and 60% of aluminum atoms in
the TUN framework are isolated single aluminum atoms and
aluminum pairs (i.e., Al-O-(Si-O),-Al sequences in one 6-ring
forming cationic sites for divalent cations), respectively. More-
over, there are no Al-O-Si-O-Al sequences in the TUN frame-
work. Both types of aluminum arrangements, that is, isolated
single aluminum atoms and aluminum pairs, are important for
the catalytic properties of the prepared materials. The isolated
single aluminum atoms are able to accommodate exclusively
monovalent cationic species whereas aluminum pairs can sta-
bilize divalent cations and divalent species. In addition, alumi-
num pairs can create two close and co-operating monovalent
centers. The concentrations of isolated single aluminum atoms
and aluminum pairs are similar to those of commercial ZSM-5
zeolites with a Si/Al ratio of 12-30 and commercial ferrierites
and mordenites with a Si/Al ratio of around 9. The concentra-
tions are far from the extreme values obtained for some ZSM-5
zeolites (either >85% of aluminum pairs or 90% of isolated
single aluminum atoms). This result indicates that TNU-9-based
catalysts should be active in both reactions requiring isolated
single aluminum atoms as well as those demanding the pres-
ence of aluminum pairs and that there is enough room for im-
provement by tuning the aluminum distribution to reach opti-
mum values for specific reactions.

Chem. Eur. J. 2017, 23, 8857 - 8870 www.chemeurj.org

8869

CHEMISTRY

A European Journal

Full Paper

Our study shows that Al-O-(Si-O),-Al sequences are predomi-
nantly present in two types of six-membered rings forming the
corresponding a and {3 cationic sites for bare divalent cations.
The « site represents the 6-ring formed from two 5-rings and
is located on the TUN straight channel wall and connects two
channel intersections. The two aluminum atoms are placed in
positions diagonally across the 6-ring occupying either T4 and
T24 or T10 and T22. The Co" is placed in the plane of the 6-
ring and is coordinated to four oxygens of two AlO, tetrahe-
dra and one oxygen of a SiO, tetrahedron. The Co" exhibits an
open coordination sphere and is easily accessible only from
the straight channel; 9% of aluminum atoms (15% of alumi-
num pairs) are present in this site.

The f3 site is the main site for divalent cations and it accom-
modates at least 51% of aluminum atoms (85% of aluminum
pairs). The near-planar (3,147 Site located at the channel inter-
section with the two aluminum atoms accommodated in T11
and T9 is the best candidate for the observed f§ cationic site.
The Co" is placed in the plane of this ring and is coordinated
to four oxygen atoms of two AlO,” tetrahedra. The Co" accom-
modated in the f3 site are present at the channel intersections.

Based on the siting of Al-O-(Si-0),-Al sequences in the TNU-9
sample, our study has revealed that at least 60% of all the alu-
minum atoms (and most likely also the corresponding Brgnst-
ed acid sites) are located at the channel intersections. The loca-
tion of aluminum pairs and thus of bare divalent cations in the
TUN framework is very similar to that in MFI.
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