Volume 20

CrysttngComm '

rsc.li/crystengcomm

Number 6 | 7 February 2018 | Pages 691-852

y

ROYAL SOCIETY COMMUNICATION
OF CHEMISTRY Peng Guo, Peng Tian, Zhongmin Liu et al.

Exploring Brensted acids confined in the 10-ring channels of the zeolite
a ferrierite



Published on 14 December 2017. Downloaded by Dalian Institute of Chemical Physics, CAS on 06/02/2018 07:08:54.

CrystEngComm

COMMUNICATION

i '.) Check for updates ‘

Cite this: CrystEngComm, 2018, 20,
699

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal | View Issue

Exploring Brgnsted acids confined in the 10-ring
channels of the zeolite ferrieritey

Lei Wang, @2 Hongyi Xu, ©° Nana Yan,? Sascha Correll,® Shutao Xu,?

Received 12th November 2017,
Accepted 14th December 2017

DOI: 10.1039/c7ce01967]

rsc.li/crystengcomm

Locations of Brensted acids confined in the 10-ring channels of
ferrierite have been unravelled by refining structural models of as-
made and probe-molecule-adsorbed samples against powder
X-ray diffraction data, respectively. By analysing both refinement
results, it is suggested that Brgnsted acid sites can be tailored by
controlling the distribution of inorganic ions.

Zeolite, a class of crystalline microporous aluminosilicates, is
composed of corner-sharing TO, tetrahedra (T = Si, Al) as ba-
sic building units. Various arrangements of TO, tetrahedra
can result in different zeolite frameworks with well-defined
cavities or channels of molecular sizes. Until now, the Inter-
national Zeolite Association-Structure Committee has ap-
proved 235 zeolite structures and assigned three-letter codes
to them." Zeolites have been widely used in industrial applica-
tions such as ion exchange, gas separation, gas storage and
organic catalysis.””” The negative charge of the zeolite frame-
work are usually balanced by inorganic cations, organic cat-
ions, or both (called structure-directing agents, SDAs) in as-
made samples. After calcination, the Brensted acid, a hy-
droxyl group bridging AI’* and Si*', is generated in the
proton-form (H-form) sample. Bronsted acid sites (BASs) are
one of the most significant parameters influencing the final
catalytic performance of zeolites. Therefore, great efforts have
been devoted to determining the BASs, including spectro-
scopy (UV-wis, IR, NMR, and EXAFS)*'® probe
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reactions, modelling, etc. These approaches ei-
ther provide limited structural information such as the
atomic coordinates of probe molecules (PMs) with respect to
the BASs or are challenging to correlate with the specific syn-
thesis parameters (for instance, the silicon source, aluminum
sources, and the sequence of reactant mixing). Refinement
against X-ray diffraction data is an alternative approach to ex-
plore the BASs in specific zeolite structures. Unfortunately, in
most cases, zeolites are prone to crystallize in sub-microme-
ters, even down to nanometers, which is too small to be inves-
tigated by the conventional single crystal X-ray diffraction
(SCXRD) method. Therefore, Rietveld refinement against pow-
der X-ray diffraction (PXRD) data may be more appropriate
for locating the BASs in zeolite structures.

In principle, the BASs could be determined through locat-
ing the H or AI** in the H-form sample directly. However, it
is still challenging to determine them by PXRD due to 1) the
small scattering factor of H, 2) iso-electronic species AI**
and Si**, and 3) the disordered distribution of H" and AI** in
the framework. Alternatively, there are two indirect methods
to locate BASs using Rietveld refinement. The first one is to
refine the as-made sample in which the SDAs have been oc-
cluded in the zeolite. Since AI** will encircle positive SDAs,
probing the interaction between the framework (host) and
SDA (guest) might shed light on the BASs. For example, Pinar
et al. refined the as-made ferrierite (framework type code:
FER) templated by two kinds of organic SDAs (OSDAs). They
found that the interactions between the FER framework and
OSDAs could provide an indication of the distribution of AI**
in the as-made ferrierites.’® Another possible method for lo-
cating BASs is to refine the PM-adsorbed sample. Zeolites are
considered as solid acids, thus, they can interact with basic
PMs such as pyridine, generating the classical hydrogen
bonding Npy—H:**Oframework: Determining the locations of
PMs and exploring interactions between PMs and the frame-
work could indirectly provide evidence of H' sites at the
atomic level. Recently, the BASs of commercialized H-ZSM-5
(MFI) and the ultra-stable zeolite HY (USY, FAU topology)
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have been unravelled by adsorption of basic PMs and then re-
fining them against synchrotron PXRD to locate the PMs and
identify the host-guest interactions.>*" Until now, investiga-
tions to understand how SDAs influence the distribution of
BASs in specific zeolites by Rietveld refinements of both as-
made and PM-adsorbed zeolites are still rare.

In this communication, we located the BASs in the FER zeo-
lite (2D 10 x 8-ring channel system, Scheme S1t) by refining
both as-made and pyridine adsorbed structures against PXRD
data. The FER framework possesses two distinctive channel sys-
tems: the 10-ring channel system along the c-axis and the
ferrierite cage ([8°66"5%] cavity) with 8-ring pore openings
along the b-axis (Fig. 1a). The as-made-FER zeolite was synthe-
sized by using inorganic Na' ions and rigid pyridine molecules.
The pyridine-adsorbed sample, H-FER-Py, was prepared by the
calcination of the as-made-FER sample, ammonium exchange,
and the adsorption of pyridine molecules at 573 K for 4 hours.

Both field emission scanning electron microscopy
(FESEM, Fig. 1b) and PXRD results (Fig. 1c) confirm that the
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Fig. 1 (a) Framework of the FER zeolite (space group: Immm) and four
non-equivalent T atoms (blue: Al or Si atom, red: O atom). 10-Ring
channels and the ferrierite cage are highlighted in light blue and yel-
low, respectively. (b) A typical SEM image of the as-made-FER sample
showing a plate-like morphology. (c) Profile fitting of the as-made-FER
sample (Cu Koy radiation 1 = 1.5406 A) and d) FT-IR spectra of the as-
made-FER and H-FER-Py samples.
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as-made-FER is phase pure. The crystals have uniform plate-
like morphologies (2 pm x 1 pm x 0.2 um), as shown in
Fig. 1b. The unit cell chemical composition, deduced based
on combined results from X-ray fluorescence spectroscopy
(XRF) and thermogravimetric  analysis (TGA), is
|Nay 33(pyridine)s 36(H,0),.79|[Aly 35S134.6,072] (as demonstrated
in Table S1 and Fig. S1t). Prior to further investigations, the
solid-state **C NMR clearly indicates the intact structure of
occluded pyridine molecules in the as-made-FER (Fig. S27).
The equivalent amount of Na* and AI’" indicates that the pyr-
idine molecules are not protonated. In order to confirm this
result, Fourier transform infrared spectroscopy (FT-IR) of the
as-made-FER was carried out. It turns out that the crucial
band 1540 cm', indicating the adsorption of pyridinium
ions at Brensted acid sites (Fig. 1d), is missing.>> Bands at
1440, 1479, 1579, and 1595 cm ' are assigned to stretching vi-
brations of the pyridine ring. Although another important
band at 1450 cm ™, associated with pyridine coordination at
Lewis acid sites, is absent, bands at 1487 and 1624 cm™*
might be attributed to the weakly-coordinated pyridine.**
These results indicate that the rigid and unprotonated pyri-
dine plays a “space-filling” role during the synthesis of zeo-
lites. However, they do not provide sufficient structural infor-
mation such as the atomic coordinates of SDAs. Fortunately,
the good crystallinity of the as-made-FER and H-FER-Py sam-
ples with a relatively high silicon to aluminium ratio (as
shown in Fig. S3-S51) enables us to explore the locations of
Na" and pyridine through Rietveld refinement.

The initial atomic coordinates of the zeolite framework are
adopted from the idealized FER framework deposited in the
International Zeolite Association (IZA) - Structure Database.'
There are four T sites in the asymmetric unit of the FER frame-
work with the space group Immm (Fig. 1a). Aluminium is treated
as being evenly distributed at these four T sites. A thorough ex-
amination of the PXRD data of the as-made-FER did not reveal
any violations in the Immm space group. The blue and red
curves, as shown in Fig. S6,} are the experimental PXRD data of
the as-made-FER and the simulated PXRD data of the FER
framework, respectively. Since high angle data are not affected
by guest species in the channel or cavities significantly, the ap-
propriate scale factor between them is calculated using the 26
range from 40 to 120 degrees. The difference Fourier map is
then calculated by applying this scale factor to the whole PXRD
pattern (insert in Fig. S67). It is clear that a cloud of electron
density is in the 10-ring channel and the ferrierite cage, corre-
sponding to the positions of pyridines. Furthermore, the iso-
lated electron density highlighted in green (insert in Fig. S61) in-
dicates the location of Na*. To retrieve the positions of inorganic
Na" and organic pyridines accurately, the simulated annealing
algorithm, which was initially considered as a direct (real)-space
method for structure determination, is employed. Using this ap-
proach, Smeets et al. have successfully determined the OSDAs in
a series of borosilicates.>* Fixing the FER framework and consid-
ering pyridine as a rigid body, the initial positions of inorganic
and organic SDAs can be located after running a few cycles of
the simulated annealing algorithm. The final Rietveld
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refinement converged to R, = 4.261%, Ry, = 5.836%, Rpragy =
2.280%, and GOF = 3.256 (Table S21 and Fig. 2a). It is of interest
to note that unprotonated pyridines lie in the ferrierite cage par-
allel to the ab-plane (Fig. 2b), while in the 10-ring channel, they
are parallel to the be-plane (Fig. 2¢). Na* ions are only identified
in the 10-ring channel, compensating the negative charges from
the framework. The Na' ion coordinates with framework oxygen
atoms O1 and O2 with bond lengths of 2.91(5) A and 3.16(4) A,
as shown in Fig. 2d, respectively. Among these four T sites in
the asymmetric unit, Na® is located close to the T1 site,
suggesting that the T1 site is the AI**-rich position.

To confirm the AI** site and identify the specific oxygen
bound to the proton, H-FER-Py was prepared (details in the
ESIf). The unit cell chemical composition of H-FER-Py is also
deduced from the XRF and TG results as |(Hpyridine); o5(Hy-
0);.51|[Ho.28Al1 33S134.6,07,] (shown in Table S1f). It indicates
that 78.94% acid sites could be accessible to PM pyridines
based on the unit cell chemical formula. The band at 1543 cm™
in the FT-IR spectrum of the H-FER-Py sample, which is associ-
ated with the adsorption of pyridinium ions at the BASs, is
shown in Fig. 1d. The band at 1454 cm™" indicates that a small
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Fig. 2 (a) PXRD Rietveld refinement plots of the as-made-FER zeolite
(blue: Al or Si atom, red: O atom). The observed, calculated and
difference curves are in blue, red and grey, respectively. The vertical
bars indicate the positions of Bragg peaks (Cu Koy radiation, 1 = 1.5406
A). The inset intensities are scaled by a factor of fourteen. The
unprotonated pyridine molecules are occluded in the fer cage (b) and
in the 10-ring channel system (c), respectively. (d) The inorganic so-
dium cation is in the 10-ring channel.
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amount of pyridine molecules coordinates with the Lewis acid
in the framework. It is crucial to determine the positions of the
pyridinium ions, which will shed light on the BASs. Thus,
Rietveld refinement combined with the simulated annealing al-
gorithm is utilized again to probe the locations of PM
pyridinium ions and the host-guest interactions in the H-FER-
Py sample. The final Rietveld refinement converged to R, =
5.529%, Ryp = 8.258%, Ryragy = 2.529%, and GOF = 5.215 (Table
S2+ and Fig. 3a). It is worth noting that the pyridinium ions are
occluded in the 10-ring channels exclusively (Fig. 3b), while the
fer cage of the H-FER-Py sample is occupied by a guest water
molecule, as demonstrated in Fig. 3c. The nitrogen in the pyri-
dine ring was treated to be evenly distributed in the pyridine
ring since the nitrogen and carbon cannot be discerned using
X-rays directly. In this case, the hydrogen bonding was identi-
fied by assuming that the atom in the pyridine closest to a
framework oxygen atom is nitrogen.'*** After carefully checking
the distances between the atoms in pyridine and framework ox-
ygen atoms (Fig. S7t), the shortest distance (N6-H6:--02, 2.987
A) was identified, as illustrated in Fig. 3b. It indicates the classi-
cal hydrogen bonding between the protonated PM pyridine and
framework, which is consistent with the IR results. Moreover,
the protonated PM pyridine points to the framework oxygen 02,
which is associated with the Al**-rich position T1 as mentioned
before. The final Rietveld refinements of the as-made-FER and
H-FER-Py samples show that most of the BASs are i) confined in
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Fig. 3 (a) PXRD Rietveld refinement plots of H-FER-Py zeolite (blue: Al
or Si atom, red: O atom). The observed, calculated and difference
curves are in blue, red and grey, respectively. The vertical bars indicate
the positions of Bragg peaks (Cu Ka, radiation, 2 = 1.5406 A). The inset
intensities are scaled by a factor of fourteen. (b) Protonated pyridine
(pyridinium ions) is occluded in the 10-ring channel system and inter-
acts with framework oxygen through classical hydrogen bonding. (c)
The fer cage is occupied by a guest water molecule.
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the 10-ring channel of the FER framework and ii) closely related
to the distribution of inorganic Na" ions.

In this paragraph, we mainly summarize the locations of
Bronsted acids in the FER zeolite determined by diffraction
methods reported previously as well as in this work (see Table
S3,f some studies investigated by IR spectroscopy are also
listed). These results are helpful for researchers focusing on
the catalysis field. The results provide opportunities for them
to choose specific ferrierite zeolites with tailored acid sites.
Martucci et al. utilized neutron diffraction to locate deuterium
atom sites at framework oxygen atoms O3 and O7 in the
H-form ferrierite, which was synthesized using pure inorganic
cations (Na" and K') as SDAs. They found that O7 is located to-
wards the fer cage while O3 is located in the 8-ring pore open-
ing (Fig. S8at).”® Pinar et al refined two as-made samples
(named FER-PYRR-TMA and FER-PYRR) against PXRD data, as
mentioned in the introduction. It turned out that it is highly
possible for protons are to bind to the framework oxygen atoms
associated with T1 and T3 in the FER-PYRR-TMA and the FER-
PYRR samples, respectively (Fig. S8b and ct)." In their previ-
ous work, they also confirmed that the FER-PYRR-TMA sample
has more BASs in the 10-ring channel system (18% acid sites),
becoming more accessible to PM pyridines than FER-PYRR
(10%)."” This is mainly due to the fact that protons, bound to
framework oxygen atoms associated with T1 in the FER-PYRR-
TMA sample, could be accessed by the PM pyridines. Protons
bound to framework oxygen atoms associated with T3 in the
FER-PYRR zeolite are embedded in the fer cage so that they are
inaccessible to PM pyridines."” It is worth pointing out that the
two samples reported by Pinar et al. were synthesized using
OSDAs in fluoride medium, while our sample was obtained
using the inorganic SDA Na" and “space-filling” pyridine mole-
cules in an alkaline medium."® The BASs in Pinar's work are
controlled by protonated OSDAs, and the ones in our sample
are exclusively tailored by inorganic Na*.

In conclusion, the BASs confined in the 10-ring channel
system of the zeolite ferrierite, synthesized using inorganic
SDA Na' and electrically neutral pyridine molecules, have
been determined by refining the as-made-FER and H-FER-Py
structures against PXRD data. This approach, which we pro-
posed in this communication, can be used for probing the
acid sites in zeolites as a general method. It can also be ex-
tended to other crystalline porous materials such as metal or-
ganic frameworks (MOFs) and covalent organic frameworks
(COFs). The approach may also provide insights into the tai-
loring of BASs through the control of SDAs at the atomic
level, in turn fulfilling specific catalysis requirements.
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