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Abstract: Anchoring divalent metal ions in the same zeolite framework with similar Si/Al ratio selectively as zeolite-bound
M+*2 or [M*2-OH]*! cationic species enables critical comparison of the species’ intrinsic reactivity for industrially and
fundamentally relevant reactions. H-BEA zeolites with similar Si/Al ratios but differing framework Al siting were used
to anchored multiple divalent metal cations (Ni, Pd, Pt, Cr, Cu) in the zeolite micropores. State-of-the-art infrared (IR)
spectroscopy, electron paramagnetic resonance (EPR) measurements, including two-dimensional pulsed HYSCORE EPR,
extended X-ray absorption fine structure (EXAFS), and density functional theory (DFT) calculations together provide
unambiguous evidence for the selective formation of divalent metal cations as M*2/2Al species (for H-BEA prepared in
the conventional hydroxide media), and [MT2OH]*!/1Al species for H-BEA prepared in HF. Solid-state proton-decoupled
triple-quantum magic-angle spinning (3Q MAS) NMR measurements confirmed contrasting Al distributions in the two H-
BEA zeolites, which led to a contrasting divalent cation speciation. The reactivities of the two cationic species were explored
for catalytic and adsorptive applications in both organometallic homogeneous and heterogeneous catalysis. This work
demonstrates their divergent reactivity in ethylene dimerization, ethylene oxidation (Wacker process), selective catalytic
reduction (SCR) of NO, NO adsorption, and methane oxidation. Both M*2/2Al and [MT2OH]*!/1Al cations are both active
for ethylene dimerization, but [M*2OH]*!/1Al species show higher reaction rates for each Pd, Ni, Pt. [M*2OH]*!/1Al is
active for acetaldehyde formation in Wacker ethylene oxidation. A new active site for ethylene oligomerization is proposed
that possesses a terminal OH group (Cr-OH) in Phillips catalysts evident by a nearly inactive isolated Crt?/2Al species that
contrast an active Cr—OH motif. )

The Al distribution in zeolites is important for reactivity
and stability(!'1®] as it must impact the anchoring of such
metal species.['”] Methods to control the Al distribution,
and thus, cation speciation with organic structure directing
agents (SDAs) have been described,!!>41618-30] Jeading to

Introduction

Zeolite-supported transition metals are an important class
of materials for catalysis, adsorption and as model systems
for elucidation reaction mechanisms(!'-] This is due to the

highly crystalline nature of zeolites and well-defined binding
sites in their micropores. Metal cations such as Rh, Ir, Ni,
Pt, Pd, and Cu have been introduced in zeolites and proved
useful for various reactions: alkane activation, olefin di- and
oligomerization, NO reduction/storage among others.['-1°]

various Al site distributions. These distributions were probed
with ?’Al solid-state nuclear magnetic resonance as well as
by analysis of »Na and ’Li nuclei. The presence of Al
pairs (closely spaced Al framework atoms) is often assured
with Co™? jon titration, where Co ions are believed to be
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adsorbed exclusively as Co*? sites held by proximal Al
pairs, i.e., M™?/2Al. Recently, this simple assumption has
been challenged.’’! However, little is known about what the
exact state of catalytically relevant divalent metal cations
(such as Pd, Pt, Ni, Cu, Cr) is in zeolites with different
Al distributions (and whether it can be controlled) as the
spectroscopic and analytical tools to assess such distribution
are currently lacking. In general, divalent metal cations in
zeolites can occupy ion exchange sites in zeolites as M*2/2Al
(when Al pairs are present) and/or [M*?OH]*!/1Al species
(when isolated Al sites are present). To the best of our
knowledge, there are no examples of selectively preparing one
or the other type in the same zeolite with similar Si/Al ratio
but different Al distribution.

The goal of this study was to selectively anchor divalent
metal cations in the same zeolite with similar Si/Al ratio either
as M*2/2Al and [M*2OH]*'/1Al and develop spectroscopic
and theoretical framework to pinpoint their signatures.
We further aimed to elucidate the catalytic reactivity of
the resulting materials in fundamentally and industrially
important reactions, such as ethylene conversion to butenes
(dimerization) and acetaldehyde (Wacker oxidation), selec-
tive catalytic reduction (SCR), nitric oxide adsorption, and
methane oxidation, which has not been possible before.

Results and Discussion

Tunable Al Distribution Revealed by Nuclear Magnetic
Resonance

We employed H-BEA zeolite: a zeolite with large pore
opening (~7 Angstroms) and straight microporous channels
(HRTEM images of H-BEA crystals shown in Figure S1)
fully available to reacting molecules. We utilized BEA crystals
with similar Si/Al ratios (~13-15) synthesized in the regular
(hydroxide) and fluoride media (Surface areas summarized
in Table S1; infrared spectra for H-BEA samples is shown
in Figures S2 and $3).13%1 3QMAS NMR spectroscopy was
used to show the 2’ Al distribution in each sample (Figure 1).
The 3QOMAS NMR of each sample shows a highly symmetric
feature at 58 ppm and a less symmetric environment at
62 ppm, both relating to tetrahedral Al species. Single-pulse
27 Al NMR measurements revealed at least two distinct tetra-
hedral sites in each sample with differing distributions and
abundances. HBEA-OH peak intensities favoring resonance
near 53.6 ppm, which likely correspond to the less-symmetric
species while those of HBEA-F favor resonance at 57.3 ppm.
The less-symmetric species may reflect distortion imparted by
proximal defects, silanols, or event distortions from proximal
Al species. These results are consistent structure-directing
agents (fluoride versus OH) in the synthesis gel impacting
contrasting Al distribution.

This prompted us to evaluate the state of divalent metal
cations in these samples, with the expectation that different
Al site distributions may lead to different divalent metal
ionic sites. We loaded both samples with Pd (0.4-1 wt%).
Probing Pd distribution with CO probe molecule and infrared
spectroscopy reveals striking differences in Figure 2: Pd in
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Figure 1. Proton-decoupled, triple quantum magic angle spinning
(3QMAS) ZAl NMR spectra showing the variation in tetrahedral Al
speciation in the a) HBEA-F and b) HBEA-OH samples, as well as c)
single pulse direct excitation ¥ Al MAS NMR spectra.

zeolite H-BEA (OH) shows majority of Pd present as iso-
lated, zeolite-anchored palladium ions (Pd*2/2Al) with 2214
and 2193 cm~! symmetric and asymmetric stretches belonging
to Pd gem-dicarbonyl complexes Pd+?(CO), (Figure 2a).['"]
However, Pd ions in H-BEA (fluoride) shows majorly 1 band
with a center at 2127 cm~! (Figure 2b). We will show below
that this band belongs to [Pd*?(OH)(CO)]*!/1Al cationic
species.

Importantly, we observed similar differences for Ni
ions in zeolite H-BEA (Figure 2b,c). In the case of Ni,
Ni*? ions adsorb only 1 CO ligand,!**! unlike Pd*?> which
forms dicarbonyls. However, Ni*2/2Al can be distinguished
from [Ni*?2(OH)]*!/1Al through CO adsorption IR spectral
measurements. Ni in H-BEA (OH) shows one high-lying
band at 2211 cm™!, whereas Ni in H-BEA (F) shows 1
band, significantly downshifted, at ~2125 cm~!. Once again,
qualitatively these results are analogous both for Pd and Ni
cations in H-BEA zeolites: divalent M in B-BEA (F) shows
a downshifted signature, in contrast to typical signatures of
M*2/2Al cations in H-BEA (OH).

Compatrison of calculated and experimental C—O vibrational
frequencies of the carbonyl complexes of M(ll) and M(l1)(OH)
(M = Pd and Ni) cations located in the pores of BEA

We modeled different carbonyl complexes of Pd and Ni ions
in BEA and compared those with our experimental data:
Pd*?(CO),/2Al, [PdT2(OH)(CO)]* /1Al Nit?(CO)/2Al, and
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85U80 17 SUOLLLLIOD @A IER1D) B[qeatjdde auy Ag peuseA0b a1 31 WO ‘SN JO S9INI 104 ARIGIT BUIIUQ A3]IM UO (SUORIPUOD-PUE-SWULBIALIOD" B |1 AR 1 BU1UO//SANY) SUORIPUOD PUe SWLB L U 88S *[9202/T0/80] U0 ARIqIT8UIIUO ABIIM * UOSIAIQ SOMULION D1j10ed SIMIISU| BLOWSIN 3|RIeE - AB1UoILD N AQ 9809TSZ0Z @ 1UR/Z00T 0T/I0p/L0D" A8 | I AReJq U1 [UO// SNy LU0} popeojumMoq ‘TG ‘G202 ‘ELLETZST.



Angewandte

.
~_—_7 Research Article mtematispalEdiony) Chermie
a b) ]
) 2213 212 ~_ )
1 ————Pd(ll)(CO),
S

5 ©

s g

3 &

c Rel

-

2 7 a

[7]

<
S
T T T T T T T T T T T T
2250 2225 2200 2175 2150 2125 2250 2220 2190 2160 2130 2100
Wavenumbers, cm™ Wavenumbers, cm™
°) i d) 1 2132
2211 ]

5 T Ni(I1)(CO) 5 ] //

© : .

he S Ni(Il)(OH)(CO)

Qo [0}

g &
£ 3

o =

0 o
Q 172}
< <

- T T T T T T T h T T T T
2250 2220 2190 2160 2130 2100 2070 2250 2200 2150 2100

Wavenumbers, cm™

Wavenumbers, cm

Figure 2. Infrared spectra after 2 Torr CO adsorption on a) 1wt% Pd/H-BEA (OH), b) 1wt% Pd/H-BEA (F), c) 0.4 wt% Ni/H-BEA (OH), and d) 0.4

wt% Ni/H-BEA (F) at 298 K.
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Figure 3. Local structure of the modelled carbonyl complexes. Color
coding: Si—gray, O-red, Al-black, H—yellow, Pd-blue, and Ni—green.

[Nit2(OH)(CO)]*'/1Al (Figure 3, Table 1). Our results
for the complexes of Pd and Ni divalent cations showed
that the calculated C—O vibrational frequencies are lower
by -58 to -94 cm~! than the experimental bands when
PBE + D2 was employed. Similar significant discrepancies
were found by us for the Pd*?(CO),/2Al in CHA zeolite

Angew. Chem. Int. Ed. 2025, 64, 202516086 (3 of 11)

using PW91 + D21 On the contrary, the calculated
frequencies with HSEO6 are much closer to the experimental
data, as the differences in the calculated and experimental
frequencies are 2 to -11 cm™!. The calculated frequencies
for the monocarbonyl complexes of [M*2-OH]*!/1Al species
with both functionals are in line with experimental bands,
as the differences are up to 13 and 19 cm™!, respec-
tively, for the calculations performed with PBE + D2 and
HSEO06.

Thus, in agreement with DFT calculations that predict
very significant CO downshift for Pd*? versus Pd*?>(OH) (in
which OH group is covalently bonded to Pd), we observe the
formation of Pd(II)(CO), versus Pd(II)(OH)(CO) complex
in zeolites. Loading similar Pd amounts in these two H-BEA
samples with similar Si/Al ratios thus yields selectively either
Pd*?/2Al or [Pd*2(OH)]*!/1Al species. This is obviously due
to different Al distribution in the same parent H-BEA: for
H-BEA prepared in the OH media, paired Al sites are
present in abundance to allow for the formation of isolated
M*2 jons; on the other hand, the F media favors isolation
of Al sites, leading to different divalent metal species that
have to have an OH group covalently bound to the divalent
metal cation to balance the charge. The same applies to Ni
ions: Nit?(CO)/2Al shows a band ~ 2210 cm™!, whereas
[Ni*2(OH)(CO)]*'/1Al adsorbs CO forming the Ni hydroxo
monocarbonyl complex with a significantly downshifted CO

IR signature at ~ 2132 cm™'.
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Table 1: Experimental and calculated C—O vibrational frequencies, v(C-0)®*P and v(C-O)

experimental v (C-O) frequencies (Av = p&€.P),
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clc in cm~! and difference between calculated and

Structure v(C-0)®® v(C-0)<ale
PBE + D2

Pd(11) (CO),/2Al 2192; 2213 219; 2155

Pd(I1) (OH) (CO) /1Al 2127 2131

Ni(l1) (CO) /2Al 2m m7

Ni(I1) (OH) (CO) /1Al 2132 mo9

Av v(C-0)<le Av
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Figure 4. HYSCORE spectra of dehydrated 1 wt% Cu/H-BEA collected at 5 K. a) Cu/H-BEA (OH) upper 3350 G, lower 3420 G. b) Cu/H-BEA (F) upper
3270 G, lower 3370 G. Cu/H-BEA(F) samples show strong coupling to nearby protons (~14.6 MHz on the diagonal). Echo Detected field swept

spectra with the HYSCORE positions marked are shown in Figure S4.

2D Hyscore Electron Paramagnetic Resonance Reveals the
Presence of OH Ligand on Cu lons in H-BEA (F) and Absence of
OH on Cu lons in H-BEA (OH)

Pd*? and Ni*? are diamagnetic, which precludes their evalu-
ation with EPR techniques. However, Cu*? is paramagnetic
and can be assessed with EPR: advanced 2D EPT techniques
allow to probe the presence of NMR-active nuclei around
Cu. We collected HYSCORE spectra of two dehydrated
(Figures S4 and S5) samples of BEA with a copper loading
of 1% (Figure 4). Pulsed electron paramagnetic resonance
(EPR) of Cu*? centers at 5 K can detect coupling to nearby
NMR-active nuclei such as 27Al and 1H. Previous studies
have identified both equatorial H2O!*!! and proximal and
distant hydroxyls.[*>*] Figure 3 shows that when dehydrated,
Cu*? in B-BEA (OH) regular sample shows no evidence
of strongly coupled protons near Cu (though distant proton
can be identified in ESEEM spectra, not shown. Conversely,
the spectra of the H-BEA (F) preparation show strong
proton coupling that can be identified as originating from
proximal hydroxyls in Figure 4. (The corresponding echo
detected field swept EPR spectra of dehydrated 1 wt%

Angew. Chem. Int. Ed. 2025, 64, €202516086 (4 of 11)

Cu in H-BEA samples as well as regular in situ CW-EPR
spectra of original samples and samples in-situ dehydrated
are shown in Figures S4 and S5; EXAFS data for the
Cu/BEA samples provide evidence for the mononuclear
nature of copper in Figure S6 and Table S2). Thus, EPR
provides the direct evidence of presence of the OH group
bound to copper ions. This generalizes the findings for other
divalent metal cations, such as Pd and Ni, and reveals
that divalent metal cations in H-BEA (F) are present as
[M+2(OH)]*!/1Al species, whereas those in H-BEA (OH) are
present are M*2/2Al complexes. The reason behind this is
the different framework Al siting in the H-BEA prepared
via these two different routes. In H-BEA (F) the Al sites
must be sufficiently isolated, whereas in H-BEA (OH) the
sufficiently high amount of Al paired sites is present, affording
M+*2/2Al. Thus, the markedly different Al distribution in
these H-BEA crystals with similar Si/Al ratios allowed us for
the first time to prepare either M2/2Al or [MT2OH]*!/1Al
species in the micropores of H-BEA with the similar Si/Al
ratio. See the discussion below regarding the DFT-calculated
stabilities of different M(II) and M(II)-OH complexes in
H-BEA.
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Table 2: Relative energies for each series of M(Il) (H,0) and M(ll) (OH) complexes (M=Cr, Ni, Cu, Pd, Pt), AE in k| mol~", binding energies of the
water molecule in the M(I1) (H,0) complexes, BE in k| mol~', selected distances in pm and number of unpaired electrons, Nis.

Structure AE BE (H,0)
Cr(Il) (H,0) /2Al 0 -61
Cr(Il) (OH) /2Al_H 166
Ni(l1) (H20)/2Al 0 =77
Ni(I1) (OH)/2AI_H 123
Cu(II)(HZO)/ZAI 0 -56
Cu(ll) (OH)/2AI_H 121
Pd(I1) (H,0)/2Al 0 =27
Pd(I1) (OH)/2AI_H 148
Pt(Il) (H,0)/2Al 0 -18
Pt(I1) (OH)/2AI_H 153

d(M-O2e0) d(M-O(H,0/0H)) Ns
203; 204; 205; 207 233 4
206; 207 182 4
207; 202; 207; 209 203 2
205; 210; 214 178 2
198; 198; 204; 206 224 1
199; 200 178 1
205; 205; 208; 210 287 0
211; 215 191 0
205; 206; 208; 208 321 0
207; 209 188 0

DFT Comparison of Stability of M(ll)(H,O) and M(1l)(OH)
Complexes

M(II)(H,0) and M(II)(OH) (M=Cr, Ni, Cu, Pd, Pt) com-
plexes were modeled in a six-membered ring of the H-BEA
zeolite containing two Al centers. One of the Al centers
was compensated by a proton in the case of M(II)(OH).
The M(II)(H,O)/2Al species are more energetically favor-
able compared to the M(II)(OH)/2Al_H for all considered
cations by 121 to 166 kJ mol~! (Table 2, Figure S7). The
binding energy of the H,O varies from —18 kJ mol™!
for the Pt(I1)(H,O)/2Al complex to —77 kJ mol~! for the
Ni(II)(H,O)/2Al structure (Table 1). Hence, its exothermicity
is much lower than that of the M(H,O) formation via proton
migration from a basic zeolite O center to the O center of
the M(OH) species. These results imply that the M(IT)(OH)
species are unstable in the vicinity of zeolite protons and
will be easily converted first to M(IT)(H,O) and after water
desorption to M*2, Thus, M(I1)(OH) species can be stabilized
only at isolated Al centers or when M(ITI)(OH) species are
farther from zeolite Brgnsted acidic sites.

Reactivity of 1 wt% Cu/H—BEA Samples with Cu versus Cu—OH
Sites in Selective Catalytic Reduction (SCR) of NO

We can now directly compare the reactivity of
[Cut?(OH)]*'/1Al versus Cu*?/2Al complexes species in
the same zeolite with similar Si/Al ratio (Figure 5; Figure S8).
This is important because previously these two different
species for Cu ions were generated only in zeolites with
different Si/Al ratios, making direct comparison for selective
catalytic reduction of NO not straightforward, as Bronsted
acid sites concentrations that are the direct participants of
catalysis were different.[**] We compared them under the
typical industrially relevant SCR conditions.[*”] Note that
under these conditions, the “seagull” profile related to the
transition of the rate-determining step of SCR from binuclear
to mononuclear copper catalytic mechanism (typically
observed between 300 to 400 °C in the kinetic regime) is not
well resolved at industrially relevant GHSV.[’] Notably, we
found that [Cu™?(OH)]*!/1Al is more active for selective
catalytic reduction (SCR) of nitric oxide with ammonia
at the same Cu loading level of 1 wt%. Its reactivity is

Angew. Chem. Int. Ed. 2025, 64, 202516086 (5 of 11)

higher than that of Cu*?/2Al in the temperature range 150 —
400 °C. Even after subjecting this material to extremely harsh
hydrothermal aging at 850 °C at 3 h in air/10% H,O flow,
the [Cut?(OH)]*!'/1Al still maintains its activity, whereas the
Cu™?/2Al lost most of its low temperature activity (Figure 5).
Thus, we can confirm the difference in redox activity of
[Cu*?(OH)]*!/1Al versus Cu*?/2Al.

Furthermore, it is known that Cu/Zeolites are active for
aerobic methane oxidation in the presence of steam.[>04]
The active sites are hypothesized to be di and/or poly-
meric Cu oxo species. However, one recent computational
investigation suggested that [Cu™>(OH)]*'/1Al could serve
as a catalytically active site for methane conversion to
methanol.l*]

Our newly developed synthetic platform provides an
opportunity to investigate the catalytic reactivity of both
sites. [Cu*?(OH)]*!/1Al (Table S3) produced >3 times more
methanol than Cu*?/2Al, suggesting that it is indeed cat-
alytically active for selective methane oxidation to methanol
(Table S3), whereas Cu*?/2Al is inactive.

Compatrison of NO Adsorption Performance of Pd in H-BEA
Adsorbents

Pd/Zeolites are employed as passive NOx adsorbers (PNAs)
under industrially relevant conditions of vehicle exhaust to
trap NOx during cold start. The key aspect of comparison
of [Pd*2(OH)]*'/1Al versus Pd*?/2Al. NO adsorption perfor-
mance of these adsorbents has been missing. Now, we can
clarify it by directly comparing the PNA performance of these
two samples with different speciation of Pd. We indeed find
that NO adsorption for [Pd*2(OH)]*'/1Al versus Pd*?/2Al
reveals profound differences: NO release peak temperature
is different (Figure 6a). [Pd*2(OH)(NO)]*!/1Al complexes
release NO at higher temperature than Pd*?(NO)/2Al
complexes, thereby providing an opportunity to tune the
NO release temperature by changing the Pd speciation.
These new results provide the missing understanding for
an important class of industrially relevant NO adsorbent
Pd/Zeolite materials, highlighting the differences between
the adsorption/desorption performance of two different Pd
species.

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U80 17 SUOLLLLIOD @A IER1D) B[qeatjdde auy Ag peuseA0b a1 31 WO ‘SN JO S9INI 104 ARIGIT BUIIUQ A3]IM UO (SUORIPUOD-PUE-SWULBIALIOD" B |1 AR 1 BU1UO//SANY) SUORIPUOD PUe SWLB L U 88S *[9202/T0/80] U0 ARIqIT8UIIUO ABIIM * UOSIAIQ SOMULION D1j10ed SIMIISU| BLOWSIN 3|RIeE - AB1UoILD N AQ 9809TSZ0Z @ 1UR/Z00T 0T/I0p/L0D" A8 | I AReJq U1 [UO// SNy LU0} popeojumMoq ‘TG ‘G202 ‘ELLETZST.



GDCh

Research Article

Angewandte
intematianalEdition’y Chemie

a) b) c)
100 100 A -1
—e— Cu/BEA(F) - O -Cu/BEA(F)-HTA
—e—CU/BEA(OH)  —<>-Cu/BEA(OH)-HTA
~ 80 A  ~ J
2 s 80
c c 9 4
o o
= 60 = y =
2 @ % %
g g =
c 2 £
O 40 4 S 40 =
o - o £ -3
ted ol )
o = - T o~
Z 2 - T Z2 o
o° 0--%7" 00 Pl
ecsese B 935000°%
0¥ T T T S O S . -4 = = .
100 200 300 400 500 100 200 300 400 500 2 2.2 2.4 2.6

Temperature (°C)

Temperature (°C)

1000/T (1/K)

Figure 5. a) SCR activity, b) ammonia conversion, and c) the corresponding Arrhenius plots (at conversion below 20%) for 1 wt% Cu/H-BEA samples
(F) and (OH), respectively. Conditions: 365 ppm NO, 365 ppm NH3, 10% O, 3% H,0, 150 000/h SV, 100 mg catalyst. Hydrothermal aging
conditions (severe hydrothermal aging): 850 °C, 3 h, 10% H,O/Air at 150 000/h SV.
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Figure 6. a) NO adsorption at 100 °C for 10 min (after 10 min bypass) followed with TPD (10 °C min~") for 1 wt% Pd supported on two H-BEA
samples. The feed gas mixture contains ~200 ppm of NO, 14% O3, 200 ppm CO, 3.0% H,O balanced in nitrogen. GHSV ~ 150 L/g*hr b)
Acetaldehyde evolution profile during adsorption at 100 °C for 10 min (after 10 min bypass) followed with TPD (10 °C min~") for 1 wt% Pd supported
on H-BEA (F). The feed gas mixture contained ~ 100 ppm CyHa, ~100 ppm of NO, 14% O, 3.0% H,O balanced in nitrogen. GHSV ~ 150 L/g*hr.

Ethene Dimerization and Wacker Oxidation on [M*2(OH)]*" /1Al
and M+2/2Al Species

Mononuclear [M*2(OH)]*!/1Al complexes are fundamen-
tally important materials in catalysis. It is expected that the
OH ligands possess unusual reactivity when coordinated to
late transition metals because there are no suitable empty
orbitals to accept w-electron density from very basic electron
pairs on oxygen. This provides a unique opportunity to com-
pare ethylene dimerization activity in these materials. Ethene
oligomerization is of importance for catalysis but detailed
mechanism insights on heterogeneous catalysts remained
obscure until recently.l*’] Well-resolved molecular snapshots
of the ethylene dimerization demonstrated reactivity on
isolated d® Ir(I) cations in FAU zeolite.[*”] Coordinative
unsaturation of metal (super-electrophilic nature of M*2/2Al
metal cations in zeolite was recently described in our prior
studies)!'! leads to high affinity for the electron density of the
C—H bonds, leading to oxidative addition of ethylene with the
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formation of metal vinyl hydride; this leads to the increase of
the oxidation state of the metal by two due to presence of two
anionic ligands (hydride and vinyl).[*]

We note that prior reports failed to provide unambiguous
mechanistic evidence for this reaction. For example, it was
suggested that grafted [Ni*?(OH)]*!/1Al sites in Al MCM-
41 are active for ethylene dimerization.[*”] However, the
CO adsorption for the Ni/MCM-41 catalyst produced a CO
complex of Ni(II) with a stretching frequency of ~2200 cm™!
as a major carbonyl band. As demonstrated in the present
study, the presence of OH ligand on Ni or Pd downshifts the
CO band of [Ni*2(OH)(CO)]*'/1Al complex below that of
the gas-phase CO (~2143 cm™!). Thus, the ~2200 cm~! band
previously observed after CO adsorption on Ni(II)/MCM-41
zeolite is inconsistent with the conclusion that the material
was prepared with the major [Nit?2(OH)J*!/1Al species
and are indicative of the ~2200 cm~' Ni-CO feature of
a Ni*t?(CO)/2Al complex.*"] Therefore, the competence of
[Ni*2(OH)]*!/1Al sites in ethene dimerization is primarily
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Table 3: Comparison of initial C4 TOF for Metal/H-BEA. 30 mg catalyst,
ethylene flow rate 10 sccm at 1 atm at 100 °C.

Initial C4 TOF (min~" per

Sample metal atom) at 100 °C
1wt% Pd(I1)/BEA 0.67

1wt% Pd(l1) (OH)/BEA (F) 1.55

0.4 wt% Ni(1l)/BEA 0.53

0.4 wt9% Ni(ll) (OH)/BEA(F) 1.33

0.75% wt% Pt(11)/BEA 0.20

0.75 wt9% Pt(ll)/BEA (F) 0.31

0.3 wt% Cr(ll)/BEA 0

0.3 wt% Cr(11)/BEA (F) 0.15

supported by theory since Ni*?/2Al is likely the species
responsible for the observed reactivity in that sample.[*”]

The present catalytic materials formed dimers (butenes)
for both 1Al- and 2Al-supported metal cations at 100 °C
(Table 3). Notably, [Pd*2(OH)]*!/1Al species was ~2.5 times
more active for C, species formation. This suggests that both
sites are active for ethylene dimerization and experimentally
proves that [Pd*?(OH)]*!/1Al serves as an active site for
C4H;g formation from C,H, with even higher reactivity than
Pd*?/2Al. Similar results were obtained for Ni (Table 1):
[Nit2(OH)]*!/1Al sites are also more active for C4 product
formation than Ni*?/2Al. (Table 3).

Different Pd speciation likely indicates different mecha-
nism for C, formation on each material; recently, the full
mechanistic details of ethylene oligomerization on a heteroge-
neous catalyst with bare metal ions have been shown,[*] i.e.,
isolated Ir(T) d® ions were shown to start oligomerization cycle
through oxidative addition of C—H bond of ethylene to Ir(T)
center, with the formation of Ir(IIT) vinyl hydride, followed
by ethylene addition step with the formation of Ir(III) vinyl
ethyl complex. Ir(IIT) vinyl ethyl complex eliminates butenes
via reductive elimination.

We can now suggest the following mechanism for ethylene
dimerization on [M*2(OH)]*!/1Al sites (distinctly different
than the mechanism on M*2/2Al):

M(II) — OH + 2C2H4 <> C2H4—M - OH—C2H4 <>
[C2H4—M(II) - O - C2H5] <>

[M(II) — O — C4H,] — M(II) — OH + C,Hj 1)

In this case, the divalent metal does not undergo oxidation
change. This agrees with the recent theoretical work that
assessed this mechanism for [M*2(OH)]*!/1Al sites in BEA
zeolite with DFT calculations.[>!

We note that our study represents the first example
where isolated [M*™2(OH)]*!/1Al and M*%/2Al sites were
constructed on an identical support and directly compared.
We reveal that both sites are catalytically active, with the
higher activity of [M*2(OH)]*!/1Al for ethylene dimerization.

Furthermore, we also prepared Pt/H-BEA. To the best of
our knowledge, Pt/zeolites were not evaluated or shown to
have activity in olefin di- and oligomerization (Table 3). We
find that both Pt sites in H-BEA are catalytically active for
ethylene dimerization. Interestingly, similarly to Pd and Ni,
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[Pt*2(OH)(CO)]*/1Al shows higher activity than Pt*?/2Al.
Thus, our findings are consistent across a range of d® metal
cations in zeolites.

This now allows us to further provide a new mechanistic
insight into one of the most important organic reactions,
which is Wacker oxidation of ethylene to acetaldehyde.[>!]
This deceitfully simple reaction proved extremely elu-
sive to draw a mechanism because Pd(II) complexes in
water/solution that catalyze it are notoriously inhomogeneous
and hard to characterize.’'*?] Different mechanistic sugges-
tions culminated in two different mechanistic proposals: in
one, the direct presence of OH group on Pd(II) is required
(the inner sphere mechanism). In the other one, Pd(II) does
not require presence of OH group as the external/outer-
sphere attack comes from hydroxide in water. Importantly,
our system allows us to test this prediction. Experiments
(Figure 6b) were performed in the presence of NO; as we
recently demonstrated, the role of NO in Pd(II)/Zeolites is
to prevent its reduction by simple reductants (such as CO,
olefins).>*] The Cu,Pd in zeolite systems rely on sacrificial
Cu(Il) to re-oxidize Pd(0) to Pd(II),>*?] similar to our
system in which gas phase NO preserves cationic Pd.[3>4]
Without NO, Pd is easily reduced in zeolite in the presence
of moisture and reductant.’3* [Pd*2(OH)]*!/1Al sample
produced significant amount of acetaldehyde during ethylene
oxidation (Figure 6b). In contrast, Pd*2/2Al rich sample
did not lead to formation of acetaldehyde above 10 ppm.
Therefore, we reveal the aspects of Wacker chemistry that
were not possible to obtain using homogeneous complexes;
this result suggests that the OH group on Pd*? is beneficial to
observe Wacker oxidation (Figure 5b).

We may suggest the following reaction scheme:

[PdT?(OH)]*' /1Al + CH, — [Pd™2(OH)(C,H,)] ™! /1Al —

[Pd*?*(CH,CH,OH)]*' /1Al — [Pd*?H]*!/1Al + CH;CHO
2

Evaluation of Mechanistic Proposals for Ethene Dimerization
Catalysis by DFT

The formation of 1-butene on [M*2(OH)]*!/1Al species was
modeled via two reaction mechanisms starting with the
adsorption of two ethene molecules, which is a strongly
exothermic step by 111 + 161 kJ mol~' on Cr(II), Cu(Il),
and Ni(II) sites and more than 240 kJ mol~! on Pd(II) and
Pt(II) sites. This indicates that C,H, binds approximately
twice as strongly to palladium and platinum metal cations
than to the other metal cations considered. The next step
in the first reaction scheme is the formation of an ethoxy
group, which is energetically favorable by 46-64 kJ mol™!
(Table 4, Figure 6, reaction scheme 1). The interaction of
the ethoxy group with the second ethene molecule leads
to the formation of a butoxy group and is exothermic by
22, 47, and 67 kJ mol™' on the Ni(II), Cr(II), and Cu(II),
respectively and endothermic by 73 and 125 kJ mol™!' on
Pd(II) and Pt(II), respectively. The desorption of the butene
molecule is strongly unfavorable by around 100 kJ mol~!. The
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Table 4: Reaction energies in k] mol™' of the modelled mechanisms—Scheme 1:
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M(I)(OH) + 2CHs — M(II)(OH)(C2Ha) (CoaHg) —

M(I1) (OC2Hs) (C2Ha) — M(I1)(OC4Hg) — M(I1) (OH) + C4Hsg; Scheme 2: M(I1) (OH) + 2C,Hg — M(11) (OH) (C2Ha) (CoHa) — M (11) (OH) (C4Hg) —
M (I1) (OH) + C4Hg; Scheme 3: M(I1) /2Al ++ 2C; Hy — M(11) (C2Ha)2/2A1 — M (11) (CH,CH, CH, CHo) /2A1 — M(IV) (H) (C4H7) /2A1 — M(11) /2Al + C4Hg.

Reaction?

Scheme 1
M(I1) (OH) /1Al + 2CoHg — M(I1) (OH) (C2Ha) (C2Ha) /TAID)
M (1) (OH) (C2Ha) (C2Ha) /TAIP — M(I1) (OC,Hs) (C2Ha) 1Al
M(I1) (OC2Hs) (C2Ha4) /1Al = M(11) (OC4Hg) /1Al
M (1) (OC4Ho) /1Al = M(I1) (OH) /1Al + C4Hs
Scheme 2
M (I1) (OH) /1Al 4 2C2H4 — M(I1) (OH) (C2H4) (C2H4)/'IAI")
M(I1) (OH) (C2H4) (C2Ha4) /TAID — M(11) (OH) (C4H3) /1Al
M (I1) (OH) (C4Hsg) /1Al — M(I1) (OH) /1Al + C4Hsg
Scheme 3

M(I1)/2Al 4+ 2C3Hg — M(11) (C2H4)2/2Al

M (11) (C2Ha)2/2A1 — M(IV) (CH,CH,CH,CHy) /2Al

M (IV) (CH2CH,CH,CH3) /2A1 — M(1V) (H) (C4Hy) /2Al

M(IV) (H) (C4H7) /2A1 — M(I1)/2Al + C4H3

cr(lly Ni(I1) cu(l) Pd(Il) Pt(ll)
—135 —161 —m —244 -293
—46 —59 —50 —61 —64
—47 -22 —67 73 125
99 12 98 103 102
—135 —161 -m —244 —293
—115 —19 —126 -0 —122
121 150 108 225 285
—75 ~116 -73 -199 —266
22 28 14 78 122
84 27 44 22 -26
—16 —69 —114 -31 4

3) The overall reaction energy (2C;Hq — C4Hsg) is -129 k) mol~".

b) The second C,H4 molecule is not coordinated to the metal cation, but is weakly

bound to the OH group. The structures in which it is bound to the M(ll) cation are less stable by 20 to 60 k] mol~'depending on the metal cation.
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Figure 7. Representation of the reaction mechanisms of Schemes 1and 2. For visual clarity, the local structure of the complexes located in BEA zeolite

is shown. Color coding: Si-gray, O-red, Al-black, H-yellow, and Cr—purple.

second step in the other reaction scheme considered involves
a simultaneous transfer of the proton from the OH group
to a CH, group from one of the C,H; molecules forming
a methyl group and a transfer of H from the CH, group
from the other C;H4 molecule, which leads to the formation
of CH,=CH— moiety and the restoration of the OH group
(Table 4, Figure 7, reaction scheme 2). The process is
strongly exothermic by more than 110 kJ mol~! on all metal
cations and is followed by the desorption of butene. It is
endothermic by 108 — 285 kJ mol~! but could be overcome
by the adsorption of another two ethene molecules—see
the reactions energies of the [M™2(OH)]*!/1Al + 2C,H,; —
[M+2(OH)(C2H4)(C2H4)]+1/1A1 step.

Alternatively, we modeled the formation of butene on
M*2/2Al1 species with no participation of an OH group
(Table 4, reaction scheme 3 and Figure 8). The adsorption
of two ethene molecules to the M*?/2Al sites is exothermic
by 73 + 266 kJ mol~'. The two molecules interact with each

Angew. Chem. Int. Ed. 2025, 64, 202516086 (8 of 11)

other thus forming a CH,CH,CH,CH, cyclic moiety bound
to the metal cation via the two terminal CH, groups as the
process is energetically favorable by 22 kJ mol~! only in the
case of Cr and endothermic by 14-122 kJ mol~! on the other
metal cations. Next, an H species is transferred to the metal
site thus obtaining M(IV)(H)(CsH;) complex, which is also
not energetically favorable by 22 + 84 kJ mol~! for Cr, Ni,
Cu, and Pd cations and slightly exothermic by 26 for Pt(II).
The formation and desorption of butene is exothermic by
31 + 116 kJ mol™" except for Pt(II) cation on which it is
energetically unfavorable by 41 kJ mol ™.

From the first two modeled reaction schemes, the sec-
ond one seems to be more plausible for Pd(IT)(OH) and
Pt(II)(OH) since only the desorption of butene is endother-
mic but becomes energetically favorable when is accompanied
by the adsorption of new ethene molecules from the gas
phase.
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Table 5: Reaction energies, AE.. in k| mol~Tof the modelled
mechanism Pd(ll)(OH)/1Al + CyHs —  Pd(l1)(OH)(C2H4) /1Al—
Pd(I1) (CH,CH,OH) /1Al — Pd(ll)-H/1Al + CH3CHO (Scheme 4 in
Figure 8).

Reaction AEreac
Pd(I1) (OH) /1Al + CoHy — Pd(11) (OH) (C2Hz) /1A —204
Pd(I1) (OH) (C2H4) /1Al — Pd(I1) (CH,CH,OH) /1Al -6
Pd(11) (CH,CH,OH) /1Al — Pd(11)-H/1Al + CH3;CHO 182

Overall reaction energy —28

Additionally, we considered the formation of acetaldehyde
from ethene on a [Pd*?(OH)]*!/1Al site starting from
strongly exothermic adsorption of one C,H; molecule by
204 kJ mol~!, followed by the formation of CH,CH,OH
species with a slight energy gain of 6 kJ mol~! and formation
and desorption of CH3;CHO, which require 182 kJ mol™!
(Table 5, Figure 8). However, the overall reaction energy
is exothermic by 28 kJ mol™!'. In addition, the strong
endothermicity of the last reaction step can be compensated
by the adsorption of another ethene molecule.

Evaluation of Ethylene Dimerization Reactivity of Cr Zeolite
Catalysts with Cr*2/2Al and [Cr*? (OH)]*' /1Al Sites

The Phillips catalytic process utilizes grafted Cr ions on
silica as active sites for ethylene oligomerization. The specific
mechanism is unknown due to the heterogeneity of Cr species
present on the surface. Only a fraction of the Cr sites is
catalytically active, as recently shown.[>>*°l We previously
suggested, based on analogies between M ions in zeolites,
that ethylene oligomerization may start with the homolytic
activation of C—H bonds on highly electrophilic bare Cr sites
with the initial formation of Cr vinyl hydride, followed by Cr
hydride reaction with ethylene to form ethyl.[*']

Notably, the potential for active Cr-OH sites in olefin
activation has not been demonstrated before.

To assess this, 0.3 wt% Cr in H-BEA was formed as each
Cr*2/2Al or [Crt?(OH)]*!/1Al sites. Cr*?/2Al was inactive
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in ethylene di-/oligomerization (Table 3). In contrast, Cr-OH
species had measurable activity in ethene dimerization at
100 °C (Table 3). This suggests that Cr-OH sites grafted on
surfaces are active for ethylene oligomerization:

(Osupport)x — Cr— OH + 2C2H4 - (Osupport)x - Cr(C2H4)
(OH_C2H4) - (Osupport)x - CI(C2H4)(OC2H5) - [(Osuppon)x

- Cr(O - C4H9)] — (Osupport)x — Cr — OH + C4Hg (3)

This chemistry has not been considered in the Philips
oligomerization catalysis literature before, and this new
evidence suggests it may be important.

Conclusions

In summary, we provide a synthetic route to intentionally
form either M*2/2Al or [M*2(OH)]*!/1Al cations in the same
zeolite topology with similar Si/Al ratio. A spectroscopic and
theoretical framework was used to assess divalent metal spe-
ciation in these materials. Their successful synthesis allowed
for the elucidation of new mechanistic aspects of industrially
and fundamentally important hydrocarbon -catalysis, NO
adsorption, and SCR. These findings enable a pathway to tune
divalent metal ion distributions in zeolites and manipulate
activities for adsorption and catalytic reactions.
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