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Abstract: Microporous H-ZSM-5 containing one Brgnsted
acid site per asymmetric unit is deliberately chosen to host
pyridine, methanol, and ammonia as guest molecules. By using
new-generation in situ synchrotron X-ray powder diffraction
combined with Rietveld refinement, the slight but significant
alteration in scattering parameters of framework atoms
modified by the guest molecules enables the user to elucidate
their adsorption geometries and interactions with the Brgnsted
acid sites in H-ZSM-5 in terms of atomic distances and angles
within experimental errors. The conclusion, although demon-
strated in the H-ZSM-5, is expected to be transferable to other
zeolites. This approach provides a stepping stone towards the
rational engineering of molecular interaction(s) with acid sites
in zeolitic catalysis.

P etrochemical products have played an inarguably key role
in the activity of mankind since the turn of the last century.
The conversions of fossil fuel such as crude gas and oil into
olefins and aromatics are very important catalytic reactions,
producing platform chemicals used in the syntheses of
numerous commodity chemicals and polymer materials.
Zeolites are one of the most commonly used catalysts for
these conversions."? The recently expanded uses of zeolites
in the conversion of biomass to petrochemical products and
environmental applications are also of great significance.’! As
a class of aluminosilicate compounds, zeolites doped with Al
generate charge imbalances within the microporous silica
framework. In typical behavior, a H" moves close to the
substituted Al atom to form a Brgnsted acid site; in principle
this H* can be populated on either one of the four oxygen
atoms bonded to each framework Al site, as demonstrated in
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the early work by Haag et al.! This protonic site can interact
with organic molecules and facilitate many acid-catalyzed
hydrocarbon reactions, such as isomerization, oligomeriza-
tion, alkylation, and cracking.”® Because of the combination
of the intrinsic shape and size selectivity of internal channels
and pore mouths” along with mass transport effects,®
zeolites can be used as versatile molecular sieves in selective
molecular sorption and catalysis reactions. Despite the
extensive applications of zeolites and the importance of
obtaining mechanistic information,>® the nature of the
interactions between organic adsorbates and Brgnsted acid
sites, and between adsorbates themselves, is in fact not well
understood. This is largely due to the fact that most
spectroscopic (IR, Raman, NMR) and thermal (TPD, TGA)
methods provide limited structural information about the
local atomic information of the molecular adsorbate with
respect to the zeolitic acid sites.>*'? While there have been
some significant progress in the modeling of zeolites using
DFT, QM/MM, and ONIOM!">~'7 to describe acid sites and
their adsorption of molecular species at the quantum
mechanical level, it is becoming clear that neither the Al
location nor distribution in the zeolite framework are random
or controlled by simple theoretical rules but instead depend
on the conditions of the zeolite synthesis.!"*!")

The rapidly increasing number of new zeolite structures
have potential uses as catalysts and environmentally benign
sorbents as well as storage materials for waste and energy.*"?!l
However, a reliable experimental method is needed to reveal
the atomic arrangement of adsorbates with respect to the acid
site in order to guide the rational design of these new zeolites.
Previous attempts were made to locate symmetric organic
adsorbed species in Y zeolites using neutron diffraction (ND)
in the early 90s.”2* However, while ND is sensitive to light
elements, the general applicability of this technique in zeolite
catalysis is limited. In general, ND shows poor resolution,
requires large sample sizes, has a low flux and small cross-
section. The complex instrumentation leads to limited avail-
ability and difficulties in carrying out in situ catalytic studies.
In contrast, the recent dramatic improvement of synchrotron
sources and the use of modern instrumentation have allowed
synchrotron X-ray powder diffraction (SXRD) to determine
the structure of various zeolites,™ " as well as the positions of
Na', K*, and Cs" ions in zeolite A and H-ZSM-5 with high
precision.®*! Most recently SXRD has been used to
establish the adsorbate structures of carbon dioxide and
sulfur dioxide in metal-organic frameworks (MOFs)."

Traditionally, adsorbates containing light elements such as
C, N, and O are much harder to locate by X-ray techniques.
However, such adsorbates can give rise to a slight but

Wiley Online Library

An dte

Chemie

608g


http://dx.doi.org/10.1002/anie.201600487
http://dx.doi.org/10.1002/ange.201600487
http://dx.doi.org/10.1002/anie.201600487

GDCh
~~

6086

significant alteration in the scattering parameters of the
framework atoms in close proximity. In this way basic
molecules such as pyridine, methanol, and ammonia
(CsHsN, CH;0H, and NH;) can act as chemical probes for
acid sites by forming acid-base adducts. In this work, such
probe molecules are used with Rietveld refinement of SXRD
data to reveal interactions at the Brgnsted acid sites of H-
ZSM-5 at an atomistic level.

In this work, by taking advantages of the molecular
specificity of pyridine, methanol, and ammonia as chemical
probes to the protonic acid sites of the H-ZSM-5 by forming
acid-base adducts, with the slight but significant alteration in
scattering parameters of the underneath adsorbent atoms in
close proximity by the modern SXRD, their interactions with
the Brgnsted acid sites in H-ZSM-5 at an atomistic level are
revealed. The Rietveld refinements of the high-resolution
in situ SXRD data clearly suggest the intrinsic acidity is not
the only parameter to reflect catalytic performance for acid-
catalyzed reactions, but the geometry for adsorption and
stabilization of the activated H*-guest complex with respect
to other adsorbate(s) in the particular zeolite structure should
also be considered."”! Like enzyme systems, the tertiary
structure with substrate molecule(s) will determine the spatial
conformation as well as the number of hydrogen bonds of the
“protonated complex” with the framework anion in order to
get stereospecificity.

A commercial H-ZSM-5 sample with the structural
formula Hy Al 45810 5,019, (as determined by ICP-AES)
was supplied by SRIFT-Sinopec, China. This material, con-
taining one Al (one acid site) per asymmetric unit (herein
referred to as “as-unit”), with the space group of Pnma was
deliberately chosen (see Figure S1 in the Supporting Infor-
mation) and was extensively characterized by NMR spec-
troscopy, SEM, TEM, and BET (Figures S1, S2, S7). Then
pyridine was adsorbed onto the H-ZSM-5 at 25°C and
characterized by TGA as well as by NMR and FTIR
spectroscopy. Similar TGA studies have also been performed
on the H-ZSM-5 pre-adsorbed with methanol and ammonia
(Figures S8, S10).

For the pyridine adsorbate, NMR, TGA, and FTIR
characterization suggest there are two pyridine molecules
with different adsorption strengths in the H-ZSM-5 frame-
work at 25°C (Figures S2, S8, S9-S11). Similarly, from the
TGA experiments, two different forms of methanol inter-
actions are identified (Figure S10). With ammonia as the
adsorbate, three equivalent ammonia molecules are evident,
one with stronger and two with weaker interactions (Fig-
ure S10). Such characterization however cannot reveal the
atomic positions of C, O, or N in these adsorbates with respect
to the Brgnsted acid site. Therefore, we use Rietveld refine-
ment of the corresponding high-resolution SXRD data to give
statistical average atomic positions of these adsorbates in H-
ZSM-5 (Figures S3-S5; Tables S2-S4).

The atomic positions of pyridine, methanol, and ammonia
within the confined channels of H-ZSM-5 at 25°C are shown
in Figure 1, alongside the refinement profiles (further details
can be found in Figures S3-S5, Tables S2-S4). Although the
uncertainty observed in the atomic positions of these
adsorbed molecules are higher than those of rigid structural
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Figure 1. Rietveld refinement profiles of H-ZSM-5 pre-adsorbed with
a) pyridine, c) methanol, and e) ammonia at 25°C. Their derived
atomic parameters of the SXRD data by Rietveld refinement method
are summarized in Tables S2-S4, and the corresponding crystal
models were constructed and displayed in b) pyridine, d) methanol,
and f) ammonia with the unit cell from [010] direction (straight
channel view). Ball-and-stick representation: blue =Si/Al, red=0,
green=N, black=C. No hydrogen atoms are plotted for clarity.

elements (O, Si) because of their intrinsic higher degrees of
freedom and higher isotropic temperature factors, B,
(Tables S2-S4) the generally low but acceptable R,, and y’
values with closely fitted diffraction patterns suggest a good
quality of refinement, reflecting the reliability of the atomic
positions and angles within experimental errors. Overall 4190
hkl reflections (more than 300 independent /kl) in each case
were used for the calculations, which allowed a great number
of structural variables (less than 160 in the refinements) to be
refined in a satisfactory manner.

From the derived refinement data, all three primary
adsorbates (pyridine 1, methanol 1, and ammonia 1) are
found to locate in the sinusoidal-straight cross-channel
region of the H-ZSM-5. This agrees with the earlier postu-
lations from spectroscopic and modeling characterizations
that the Brgnsted acid sites are likely to be located in the
cross-channel region."”! As hydrogen atoms are not easily
identified by SXRD, a simple way to gauge the location of the
acid site is by examining the atomic distances and angles
between the lone pair electrons donated from the probe
molecules and the framework oxygen atoms carrying the
hydrogen. According to the locations of the lone pair donor in
the primary (most strongly adsorbed) probe molecule, that is
pyridine 1 (N), methanol 1 (O) or ammonia 1 (N), the Al site
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is clearly at the T6 of O5-T6-O18 position in the H-ZSM-5, as
the shortest comparable bond distances are between adsor-
bate—O5 and O18 distances in all the three cases (Table S5). It
is believed that the strongly acidic nature of the bridging OH
between Al and Si in O5-T6(Al)-O18 of H-ZSM-5 can easily
protonate the basic adsorbate molecules to form protonated
adduct cations (four equivalent oxygen atoms of T6, with O5
and O18 directed to the channel surface®). It is seen that the
closest adsorbate—Oy,pework DONd  distances in methanol
(Omethanoi—05/018) and ammonia (Nypnmenia—O5/018) are
virtually equivalent within experimental error (Table S5).
For each adsorbate, there is more than one adsorbed molecule
observed in the zeolite channels, showing weaker adsorption
strengths between the adsorbates as observed by lower
desorption temperatures in TGA (Figure S10). As seen in
the derived structure of H-ZSM-5 pre-adsorbed with ammo-
nia (Figure 1f), two additional ammonia molecules are
connected through a H-bonding network to the first NH,*
adduct, with ammonia 2 in the sinusoidal channel and
ammonia 3 in the straight channel. For methanol, one addi-
tional methanol (methanol 2) sits in the sinusoidal channel
and is linked to the protonated methanol 1 through H-
bonding (Figure 1d).

Thus, the common features seen in the locations of the
small molecule adsorbates in the H-ZSM-5 appear to
originate from protonation of the basic molecules by the
Brgnsted acid site. This strong interaction in the cross-channel
region of the zeolite followed by linking the adsorbed
protonated adduct with additional adsorbate(s) through
weaker H-bonding. However, while the second molecule
resides preferentially in the sinusoidal channel for the small,
polar molecules, methanol and ammonia,® the second
pyridine (pyridine 2) is located in the less sterically hindered
straight channel. Despite the anticipated equal charge density
of O5 and O18, due to steric crowding, Npyiginei—O5 is also
considerably longer than N.gnei—O18. The derived bond
dist%nces Of Nridgine1—O18 (3.50(4) A)and N yridine—O018 (3.27-
(4) A) correspond well with the general distance of electro-
static interaction between NH" (pyridine-H") and the neg-
atively charged O18 (framework). Thus, the atomic distance
of O18 with the pyridinium ion may not directly relate to the
proton affinity hence the acidity of the pyridine, the
anticipated steric repulsion of pyridine 1 within the more
hindered sinusoidal channel producing a longer distance than
that of pyridine 2 in the straight channel (see force-field
calculations below). The steric factor of the bulkier pyridine
molecules therefore clearly plays an important role in the
actual geometry of the adsorption. In addition, the mis-
matches in site occupation factors (SOF) at 25°C between
pyridine 1 (0.505) and pyridine 2 (0.239) and also at other
temperatures, suggest the co-existence of a dimer (both
pyridine sites occupied) and two monomer structures (pyri-
dine 1 monomer in the sinusoidal-straight cross-channel and
pyridine 2 monomer in the straight channel).

To differentiate the monomers from the dimer in the case
of adsorbed pyridine, we carried out refinement at a range of
temperatures using temperature programmed in situ SXRD
(Table 1, Figure 2). Despite the increase in thermal vibration
motion and clear fluctuations in the atomic positions at high
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Table 1: Table displaying H-ZSM-5 pre-adsorbed with pyridine at various
temperatures, SOF values, and N1-O18, N2-O18 and N1-N2 distances.

T 25°C 100°C 200°C 300°C 400°C
SOF (Pyrl)  0.239(2) 0.230(2) 0.253(2) 0.187(4) 0.137(3)
SOF (Pyr2)  0.505(2) 0.320(2) 0.217(2) 0.084(4) 0.067(3)
N1-O18 [A] 3.50(4)  3.51(5)  3.47(4)  3.51(5)  3.71(5)
N2-O18 [A] 3.27(4)  3.22(3)  3.20(6)  3.83(6)  4.40(7)
N1-N2[A]  3.61(6) 3.41(6) 3.39(66) — -

R,p [%] 8.461 8.185 7.721 7.371 7.486
P 1.755 1.695 1.601 1.524 1.544

Figure 2. a,c,e) Refined crystal structures of H-ZSM-5 with pyridine
molecules from 25 to 200°C, and the calculated positions by the force-
field modeling of b) the pyridine dimer ([pyridine TH"---pyridine 2]);

d) pyridine 1 monomer in the cross-channel; f) pyridine 2 monomer in
the straight channel. There is no significant difference between the
N1-O18 distances, but slight variations in the bond angles and
molecular orientation. Ball-and-stick representation: blue=Si/Al,
red=0, green=N, black=C, and light yellow=H. The values in
brackets refer to SOF.

temperatures, the Njigin1—O18 and Niyiine,~O18 bond dis-
tances remain almost unchanged from 25 to 200°C within
experimental error (Table 1). Upon heating from 25 to 100°C,
pyridine 2 located in the straight channel in the dimer form
appears to be preferentially and rapidly desorbed (E, of
24.93 kJmol ', Figure S9), as seen from the in situ SXRD data
(Table 1, the SOF of pyridine 2 drops from 0.505 to 0.320) and
TGA measurements (Figure S8a). This would leave behind
only the two monomer forms before their final desorption at
higher temperatures (F,=239.85kJmol ™, Figure S9). Thus,
taking the entropy factor of the molecule in the adsorption
site into consideration, pyridine 2 located in the less hindered
straight channel is likely to be the kinetic intermediate site
before filling or emptying of other sites.
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The pyridine positions were also modeled using the
corresponding force-field atomic potential energies and
compared to the derived Rietveld structures (Figure 2). As
shown in Figure 2a and Table S2, our SXRD-refined crystal
structure measured with pre-adsorbed pyridine at 25°C
suggests: N1-O18 of 3.50(4) A with xX1-N1-O18 of 102.2-
(16)°; N2-O18 of 3.27(4) A with xX2-N2-O18 of 136.4(16)°
(where X1 and X2 refer to the center of the pyridine). The
best-fit calculations were based on the protonation of either
one of the pyridine molecules by the Brgnsted acid site, giving
a pyridinium ion, which links to the other pyridine molecule
through a H-bonding interaction (Figure 2b). The calculated
N1-018 of 3.33 A with X X1-N1-O18 of 113.6° and N2-O18
of 3.08 A with X X2-N2-O18 of 143.0° are in good agreement
with the Rietveld refinement data, although this simple
calculation could be improved by more rigorous modeling
calculations at the quantum mechanical level (using for
example, DFT, QM/MM, ONIOM). The small discrepancies
(ca. 10% longer bond distances of the Rietveld data at 25°C)
could be accounted for by the difference in the thermal
vibration factors between experimental and theoretical
approaches. The values for the calculated N1-O18 distances
of pyridine 1 monomer presented in Figure 2d and the N2-
018 of pyridine2 monomer (Figure?2f) remain almost
unchanged as in the dimer model. This suggests the weak
H-bonding in the dimer model only seems to affect the bond
angle (Figure S12) and orientation slightly but has marginal
effects on the N—O bond distances.

In summary, using high-quality SXRD data from
a modern synchrotron source and a large number of resolved
observables in Rietveld refinement, the atomic positions and
angles of the small C-, O-, N-containing molecules, namely,
pyridine, methanol, and ammonia, adsorbed on the H-ZSM-5
have been determined with high atomic precision within
experimental errors. As a result, supported by theoretical
calculations, high-resolution insitu synchrotron X-ray
powder diffraction combined with Rietveld refinement can
now offer a unique and reliable way to determine adsorbate
structures and their interaction(s) with the interior acid sites
for further exploration of zeolite chemistry.
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