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Formation of Frustrated Lewis Pairs in Pt,-Loaded Zeolite NaY
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In Hwa Cho, Hyun Wook Kang, Jung-Hye Seo, Cheolho Jeon, and Kyung Byung Yoon*

Abstract: The formation of a frustrated Lewis pair consisting
of sodium hydride (Na*H") and a framework-bound hydroxy
proton O(H") is reported upon H, treatment of zeolite NaY
loaded with Pt nanoparticles (Pt/NaY). Frustrated Lewis pair
formation was confirmed using in situ neutron diffraction and
spectroscopic measurements. The activity of the intrazeolite
NaH as a size-selective catalyst was verified by the efficient
esterification of acetaldehyde (a small aldehyde) to form the
corresponding ester ethyl acetate, whereas esterification of the
larger molecule benzaldehyde was unsuccessful. The frustrated
Lewis pair (consisting of Na"H™ and O(H")) generated within
zeolite NaY may be a useful catalyst for various catalytic
reactions which require both H- and H" ions, such as catalytic
hydrogenation or dehydrogenation of organic compounds and
activation of small molecules.

A frustrated Lewis pair is a chemical entity containing both
a Lewis acid and a Lewis base at sterically hindered positions,
which accordingly cannot undergo acid-base adduct forma-
tion.!? The utilization of frustrated Lewis pairs has become
an emerging field in catalysis.”! By the same analogy, the
spatially separated pair of H™ and H" ions is a frustrated
Lewis pair. If this pair exists, it can exhibit the dual functions
of hydride-catalyzed and proton-catalyzed reactions. Such
aH and H" ion frustrated Lewis pair is expected to promote
the hydrogenation of various compounds, such as unsaturated
hydrocarbons,** ketones,” imines,” and carbon dioxide.!
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Zeolites have been widely known to act as acid catalysts
when their charge-balancing cations are exchanged with
H* ions."'"! The NaY zeolites loaded with platinum nano-
particles (Pt,), denoted Pt,/NaY, have also been widely used
as catalysts for hydrocracking reactions in the petrochemical
industry."'""% In these reactions, the H™ abstraction from the
hydrocarbons giving rise to the formation of carbocations has
been regarded as a key step in the catalytic reactions. This
step certainly suggests the formation of H™ centers within Pt,/
NaY. Thus, the presence of the H™ and H"ion centers,
respectively, has been known for long time. However, the
existence of H™ and H” frustrated Lewis pairs within zeolites
has not been demonstrated.

In this work, we unambiguously demonstrate for the first
time the formation of a frustrated Lewis pair, a protic site
(O(H")) and a hydridic site (Na*H"), within Pt/NaY upon
treatment with H, at temperatures slightly higher than room
temperature. We also demonstrate that the hydridic site
(Na"H") can catalyze size selectively the esterification of
a small aldehyde but cannot catalyze the reaction of larger
sized aldehydes.

Platinum nanoparticles (Pt,) were loaded on zeolite NaY
using a Pt sputter (see the procedure described in the
Experimental Section of the Supporting Information). The
average size of the Pt, nanoparticles was about 2 nm (Sup-
porting Information, Figure S2). Conventional chemical
reduction methods transform uniformly dispersed platinum
ions (Pt*") into metallic states (Pt’) and those are aggregated
into nanoparticles. On the other hand, the sputter method
injects platinum atoms into the materials and makes them
aggregate into nanoparticles through a vacuum annealing
process. These nanoparticles exist mostly on the external
surfaces of NaY whereas those produced by the chemical
reduction method are well dispersed within the whole
zeolite NaY crystals. Accordingly, while the conventional
reduction method leads to an evenly distributed partial
blockage of nanopores'*™! our sputter method does not
disturb the chemical environment inside the crystals.

After the treatment of Pt/NaY with hydrogen at 350 K
under 10 bars for 2 h (Figure S3A), an in situ neutron powder
diffraction (NPD) experiment was conducted to probe the
structural changes of Pt,/NaY. All measurements were carried
out under vacuum to remove physisorbed H, molecules. The
increase of the NPD background signal showed that hydrogen
chemisorption takes place (Figure 1A and C). Since the
hydrogen nucleus (‘H) has a very large neutron incoherent
scattering (NIS) cross-section (80.26 barns) even a very small
amount of hydrogen within the sample can cause a significant
increase in the background signal.'® Figure 1A shows the
simultaneous rise of the Bragg peak intensity and the
background level after admission of H, and heat treatment.
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Figure 1. In situ NPD data and the analyzed results. A) NPD patterns
were measured at 298 K under vacuum before (black) and after (red)
the hydrogen treatment. The difference spectra (inset) show good
agreement between the experimental data (gray) and the calculated
data (blue solid). B) Atomic positions obtained by Rietveld refinement
(spheres) largely correspond to the suggested positions of positive
and negative neutron scatterers (blue and red clouds, respectively)
obtained by MEM analysis. C) The total neutron count obtained at
each measurement step changes according to the H, uptake and
release at the given temperature under vacuum.

The detected signal difference (Figure 1A inset; gray trace)
between the H,-treated sample (H,-Pt/NaY) and the
untreated sample (Pt/NaY) corresponds well with the
calculated trace (blue trace). The atomic positions obtained
from the Rietveld refinement (hard spheres; Figure 1B,
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Figure S5,S6, and Table S2) nicely coincide with the proba-
bility distribution of positive (blue clouds) and negative (red
clouds) neutron scattering length densities deduced from
a maximum entropy method (MEM) analysis.!"” Since hydro-
gen (‘H) is the only element which has a negative neutron
scattering length within the sample, the overlapping of
hydrogen occupation sites obtained from the Rietveld refine-
ment and the MEM analysis serves as unequivocal evidence
for the formation of Na*H . The Rietveld analysis showed
that circa 35 hydride (H™) ions are bound to the Na* ions at
site II (Na2 in Figure 1B) per unit cell. This suggests that
there should be the same number of protons (H') being
bound to the negatively charged framework oxygen. The
absence of their neutron diffraction peaks suggests that their
positions are irregular.

The total neutron count, the integrated intensity from
20=6.5° to 160° (Figure 1C), reflects the sorption and
desorption of hydrogen in the sample at each measurement
step. After the treatment of Pt/NaY with H,, the total
neutron count increased by circa 7% owing to the NIS from
the chemisorbed hydrogen. Above 550 K, it starts decreasing
rapidly and reaches the original level at 700 K because of
complete hydrogen desorption. At 750 K, the total neutron
count decreased even to a level of —3 % with respect to that of
the untreated sample as a result of the removal of hydrogen
from the intrinsic defect sites."! The gradual decrease of the
O-D stretching mode in the infrared spectra with increasing
temperature further supported our conclusion that dehydra-
tion of the defected framework takes place as the temperature
exceeds 700 K (Figure S9).

The in situ electron spin resonance (ESR) spectra were
obtained at various temperatures before and after hydrogen
loading (Figure S4). The absence of the hydrogen signal
attributable to atomic hydrogen (g~ 2.0, resonance magnetic
field at H=335mT) in H,-Pt/NaY further supports the
heterolytic dissociation of H, into H* and H™ because they are
ESR silent. It is thus deduced that H, molecules become
asymmetrically activated into H* and H™ ions upon treatment
of Pt,/NaY with H,.

The difference between the solid-state magic-angle-spin-
ning *Na nuclear magnetic resonance (MAS NMR) spectra
of Pt,/NaY before and after H, treatment (Figure 2 A) clearly
showed that the H™ ion is indeed coupled with the Na* ion.
Thus, as a result of the high nuclear spin value of *Na (/=
3/2>1), the nuclear quadruple interaction, which is repre-
sented by the electric field gradient around the nucleus,
should be involved in the spin Hamiltonian.'”! The local
symmetries around the two Na” sites in the untreated sample
are highly anisotropic, where one side faces framework
oxygen ions and the opposite side is empty. Thus the spectrum
looks like an overlap of several broad signals. After hydrogen
treatment, the spectrum became sharper and symmetric.*”!
This phenomenon is attributed to the reduction of the electric
field gradient anisotropy around the sodium nuclei because of
the hydride ions bonded to them. *Na NMR spectra obtained
from NaY show no significant change and those from Pt,/NaX
show small changes after H, treatment (middle and bottom
spectra in Figure 2 A, respectively). This result implies that
Pt, loading is a necessary condition for the formation of
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Figure 2. Spectroscopic evidence for the formation of hydridic (NaH)
and protic (OH) sites, respectively. A) ?Na MAS-NMR spectra of
untreated (black) and hydrogen-treated (red) samples of H,-Pt,/NaY
(top), Hy-Pt,/NaX (middle), and NaY (bottom). B) [(D,-Pt,/NaY)—(Pt,/
NaY)] (top) and [(H,-Pt,/NaY)—(Pt,/NaY)] (bottom) difference FTIR
spectra measured at RT under vacuum (0.05 mTorr). C) XPS core-level
spectra of Na 1s obtained from H,-Pt,/NaY (top) and Pt,/NaY
(bottom).

hydridic (NaH) and protic (OH) sites, and that the Y-type
zeolite with sparse sodium ions is more appropriate than the
X-type zeolite having packed sodium ions in the supercage.
The 'H MAS NMR result (Figure S8) shows that oxygen ions
become protonated after H, treatment, a result which is
further confirmed by means of an in situ FTIR experiment.

For the in situ FTIR experiment, deuterium gas (D,) and
hydrogen gas (H,) were introduced to discriminate OD
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signals from intrinsic hydroxy (OH) defects and possible
contamination of the sample with moisture (H-O—H). The
samples were dried at 423 K for 24 h under high vacuum prior
to every measurement. The difference spectra, (H,-Pt,/
NaY)—(Pt/NaY) and (D,-Pt/NaY)—(Pt/NaY), measured
at room temperature under vacuum are displayed in Fig-
ure 2B to emphasize the spectral change after hydrogen
treatment. After H,treatment, the stretching modes of
various hydroxy ions (v; = terminal silanol stretching mode;
v,, v, = bridging hydroxy groups directed toward the super-
cage and sodalite cage, respectively; v; = stretching mode for
strongly acidic hydroxy ions interacting with extra framework
aluminum;??? v, v, = unidentified hydroxy defects and dis-
turbed hydroxy defects circa 3000-3700 cm ') and a bending
mode of bridging hydroxy ions (doy) were increased, which
implies that oxygen ions are the protic sites. After
D, treatment, the corresponding OD stretching modes (v,—
v, in addition to a broad band at circa 2200-2700 cm ') were
detected. Additionally, the intensities of some of the bands for
OH residues decreased because of a partial H-D exchange at
high temperature, as evidenced by negative signals in the
difference spectra (Figure 2B). After D, treatment at 400 K
under 10 bars for 6 h (Supporting Information Figure S9),
strong yet broad OD signals around 2694 and 2593 cm™
decrease in intensity upon heating under vacuum. This
decomposition of hydroxy residues upon heating coincides
with the result of the in situ neutron diffraction experiment
(Figure 1 C). The signal attributable to the Na—D stretching
mode could not be detected because its expected position
(circa 850 cm™; circa 1170 cm™! for Na—H),™ is beyond the
spectral range of the ZnSe window (1000-4000 cm™") of the
sample chamber.

To investigate how the chemical structure has evolved
after hydrogen treatment, the X-ray photoelectron spectros-
copy (XPS) core-level spectra of Pt/NaY and H,-Pt/NaY
were compared (Figure 2 C). The large decrease in binding
energy of the Na 1s core electron on going from Pt,/NaY to
H,-Pt/NaY implies that charge transfer has taken place from
an electron-rich ion (H™) to the Na*ion.”*! Charge transfer
was also confirmed by a blue shift of the same magnitude for
the Na KLL Auger peak in the O 1s spectra (0.3 eV; Fig-
ure S10, blue component). This result further supports the
formation of the frustrated Lewis pair combining Na"H™ and
O(H").

NaH is a well-known catalyst for the coupling of two
aldehyde molecules to form the corresponding ester molecule
(Tishchenko reaction).” To demonstrate the formation of
NaH by using its catalytic activity, we also added H,-Pt,/NaY
into a toluene solution of acetaldehyde (AA) at room
temperature for 12 h and analyzed the solution using gas
chromatography. It was indeed found that the ester product
ethyl acetate (EA) had formed in the reaction mixture
(Figure 3A). The addition of the reagent NaH as a powder
instead of H,-Pt/NaY also gave a similar result (Fig-
ure S11C), whereas the addition of untreated Pt,/NaY instead
of H,-Pt,/NaY led to no formation of EA (Figure 3B). This
result also confirms that NaH is indeed produced within the
H,-Pt/NaY system. Interestingly, when a larger aldehyde
(benzaldehyde, BA) was introduced into the heterogeneous
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Figure 3. Gas chromatograms of the reaction mixtures obtained from
the reaction of A) acetaldehyde with H,-Pt,/NaY, and the reaction of
benzaldehyde with B) Pt,/NaY and C) H,-Pt,/NaY. The spectra show
that only the smaller molecule acetaldehyde (AA) undergoes the
Tishchenko reaction to form ethyl acetate (EA) whereas the larger
benzaldehyde (BA) does not.

toluene solution of H,-Pt/NaY instead of the smaller
aldehyde (AA), the corresponding ester (benzyl benzoate,
BB) was not detected in the reaction mixture even after
a much longer reaction time (24 h; Figure 3C). In contrast,
addition of the pure NaH powder readily produced BB
(Figure S11F). This result shows that only small aldehydes
which can access the interior cavities of zeolite NaY can be
converted into the corresponding esters, a reaction catalyzed
by the intrazeolite NaH moieties in H,-Pt,/NaY.

The above results confirm that a frustrated Lewis pair,
composed of a NaH moiety and a hydroxy ion, is produced
within Pt/NaY upon treatment with H,. The suggested
mechanism is shown in Figure 4. Thus, H, molecules first
disintegrate into hydrogen ions (H™ and H") mediated by Pt,
nanoparticles and become coupled to the Na* ions and the
framework oxygen atoms, respectively. Hydrogen ions (H™

Ail-OH

Figure 4. Schematic representation of the heterolysis of H, in Pt,/NaY.
Some of framework and extra-framework oxygen atoms become
protonated while the Na™ ions (site Il) become coupled with H™ ions
after hydrogen treatment.
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and H") participate in hydrogenation reactions. In one sense,
Pt/NaY can also be regarded as a hydrogen storehouse,
where sodium and framework oxygen ions act as storage
shelves for H™ and H™, respectively.

In conclusion, zeolite NaY was loaded with Pt nano-
particles using a physical method combining sputtering and
vacuum annealing. Treatment of this material with H, at
400 K led to the formation of a unique frustrated Lewis pair
H™ and H*, or more specifically Na"H~ and O(H"). It is
shown that the intrazeolite NaH acts as a size-selective
catalyst which can catalyze the coupling of two small aldehyde
molecules to form the corresponding ester (Tishchenko
reaction). The unambiguous demonstration of the formation
of NaH and hydroxy (OH) groups within Pt,/NaY strongly
supports a hydride abstraction mechanism for the hydro-
cracking and hydroisomerization of hydrocarbons.”®! The
removal of a hydride ion from a hydrocarbon transforms it
into a carbocation, which is readily converted into the next
intermediate species of the reaction. If appropriate hydride-
ion mediators are near the reactants, rates of reactions
involving hydride migration (abstraction or addition) will be
enhanced significantly. The H,-Pt,/NaY can be utilized for the
catalytic hydrogenation of organic compounds or for the
activation of small molecules which have lone electron
pair(s). Previous reports have focused on organic compounds
containing frustrated Lewis pairs (FLPs).'™® To our knowl-
edge, our finding on the formation of an FLP in zeolite NaY is
the first reported inorganic FLP compound which has size and
shape selectivity. Zeolites are resistant to various chemicals
including water and can easily be recycled by thermal
treatment. This discovery may be important for the develop-
ment of size- and shape-selective catalytic ionic hydrogena-
tions involving H™ and H* frustrated Lewis pairs.
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