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Abstract: We provide the first observation and characteri-
zation of super-electrophilic metal cations on a solid support.
For Pd/SSZ-13 the results of our combined experimental
(FTIR, XPS, HAADF-STEM) and density functional theory
study reveal that Pd ions in zeolites, previously identified as
Pd*3 and Pd*4, are in fact present as super electrophilic Pd*?
species (charge-transfer complex/ion pair with the negatively
charged framework oxygens). In this contribution we re-as-
sign the spectroscopic signatures of these species, discuss
the unusual coordination environment of “naked” (ligand-
free) super-electrophilic Pd*?in SSZ-13, and their complexes
with CO and NO. With CO, non-classical, highly positive
[Pd(CO)2]?* ions are formed with the zeolite framework acting
as a weakly coordinating anion (ion pairs). Non-classical car-
bonyl complexes also form with Pt*? and Ag* in SSZ-13. The
Pd*?(CO)2 complex is remarkably stable in zeolite cages
even in the presence of water. Dicarbonyl and nitrosyl Pd*?
complexes, in turn, serve as precursors to the synthesis of
previously inaccessible Pd*2-carbonyl-olefin [Pd(CO)(C2Ha4)]
and -nitrosyl-olefin [Pd(NO)(CzH4)] complexes. Overall, we
show that zeolite framework can stabilize super electrophilic
metal (Pd) cations, and show the new chemistry of Pd/SSZ-
13 system with implications for adsorption and catalysis.

Introduction: Zeolite-supported transition metals repre-
sent an important class of catalysts utilized extensively in the
industry: from petroleum refining to emissions control.*¢ Ze-
olites are highly crystalline aluminosilicates with well-defined
binding sites inside microporous channels/cages of various
sizes.” We recently demonstrated the preparation of atomi-
cally dispersed Pd (and Pt) in a small-pore zeolite SSZ-13
(Si/Al ratio ~6) with loadings up to 2 wt% by a simple method
(modified incipient wetness impregnation)®. Previous studies
suggested that harsh hydrothermal aging is required to atom-
ically disperse Pd ions in SSZ-13 and other zeolites.>”%8 In
those studies, however, the as-prepared materials initially
contained a significant amount of PdO nanoparticles. Alt-
hough, aging was suggested to improve the metal dispersion,
it does not lead to complete dispersion of Pd because of sim-
ultaneous loss of Pd and zeolite dealumination under such
harsh conditions. We have also shown that Pd/SSZ-13 with
atomically dispersed Pd was capable of simultaneously ad-
sorbing NO and CO from vehicle exhaust streams with unri-
valed efficiency under practical conditions (i.e., in the pres-
ence of water in the stream) at low temperatures.®° The im-
portance of their adsorption capacity lies in the fact that the

current state-of-the-art selective catalytic reduction (SCR)
materials®! cannot effectively convert NOx to N2 under prac-
tical conditions at temperatures lower than 200 °C. To cir-
cumvent this problem, Pd/SSZ-13 can be used as a low tem-
perature passive NOx adsorber (PNA). In this process NOx
is adsorbed at low temperature during cold start/vehicle idle
and released at temperatures above 300 °C,® when down-
stream SCR catalyst composed primarily of Cu/SSZ-13 (pre-
viously characterized extensively using various spectro-
scopic and DFT methods)®'-63 becomes active. Their unique
performance for PNA applications, coupled with their excel-
lent hydrothermal stability puts Pd/SSZ-13 at the forefront for
low-temperature emission control applications. Furthermore,
the high loading of atomically dispersed Pd serves as a per-
fect example to investigate and understand the behavior of
transition metal ions in microporous materials. tThe high uni-
formity of atomically dispersed Pd ions in the micropores of
this zeolite allows us to investigate the fundamentals of NOx
uptake and release, and the oxidation state of the metal.
Moreover, the ability to synthesize M/SSZ-13 materials with
uniform, atomic metal dispersion opens a new avenue to in-
vestigate other transition metal ion exchanges zeolites, e.g.,
Pt and Ag.

The oxidation state of Pd in zeolites has been considered a
settled matter for the last three decades. For example, Bell
and co-workers! concluded that Pd/ZSM-5 with 0.44 wt%
loading could be prepared by ion-exchange of oxidized Pd.
The IR spectra of adsorbed CO on this sample displayed nu-
merous bands besides the C-O stretching features of PdC-
CO species: Pd*2-CO, Pd*!-CO and even bands attributed to
Pd*¥(CO)2 were observed. Subsequently, Hadjiivanov and
co-workers?!? concluded that adsorption of CO at 100 K pro-
duces Pd3*(CO)2 complexes (unselectively) as well as a
range of Pd*3(CO)x, Pd*1-CO and Pd®-CO complexes upon
warming from 100 to 298 K. These studies suggested that Pd
is initially present as either Pd** or Pd*3 ions that are reduced
to Pd® metal upon CO adsorption. However, as mentioned
earlier, strategies employed in most previous works to pro-
duce atomically monodisperse Pd species were not success-
ful and, as a result, both Pd ions and polynuclear PdO moie-
ties co-existed in the micropores accompanied by larger PdO
particles on the external surface. Surprisingly, only one den-
sity functional theory (DFT) study has been employed for
Pd/zeolite systems, reported by us earlier.® Prior to our stud-
ies on Pd(Pt)/SSZ-13, high loadings of atomically dispersed
metals at elevated levels (> 1%) had not been attained. For
example, Moliner et al. demonstrated a route to introduce
0.23 wt% atomically dispersed Pt in SSZ-13 with Si/Al ratio 7



to 9.13 Here we report the results of a combined spectros-
copy/microscopy/computation study on a 1 % Pd loaded
SSZ-13 zeolite in which the metal ions are present in atomic
dispersion. Here we identify super-electrophilic metal ions in
a solid support with the help of FTIR spectroscopy (coupled
with DFT calculations) and, quasi in-situ XPS spectroscopy.
This latter technique showed an unprecedented 2.3 eV shift
of the binding energy (BE) of Pd(Il) ion upon dehydration
compared to the atomically dispersed partially hydrated ion.
This unusually high shift allows us to quantify super-electro-
philicity quantitatively : shifts higher than 2 eV upon dehydra-
tion of a partially hydrated, atomically dispersed metal cation
in zeolite would mean it forms a super electrophilic M cation.
This finding can be extended to other metals in zeolites (vide
infra), and efforts are underway in our group to highlight the
unusual catalytic chemistry of such unique super electrophilic
as well as highly electrophilic metal fragments.5* For exam-
ple, such fragments were recently shown to be exceptionally
active for homolytic activation of the C-H bond of ethylene
(22 kJ/mole stronger than methane C-H bond at RT) under
ambient conditions.%*

We also highlight that zeolitic confined micropore architec-
ture is imperative for the formation of such super electrophilic
species. that do not form selectively (on regular solid, non-
microporous/non-zeolitic supports. For example, the high-ly-
ing IR bands for the complexes of CO with super electrophilic
transition metal ions (stable.g., Pd(l1)(CO)2 and Pt(11)(CO)2
complexes) form in zeolites with high yields, but not on any
other commonl solid supports like alumina, zirconia, silica
etc.

The interaction of these super-electrophilic Pd cations with
CO results in the formation of non-classical carbonyl com-
plexes. Similar complexes are also observed with Pt?* and
Ag*ions in SSZ-13.

Experimental: Na-SSz-13 with Si/Al = 6 and ion-ex-
changed twice with 2 M NH4sNO3s aqueous solution at 80 °C
for 3 hours yielding the ammonium forms of SSZ-13. NHg-
SSZ-13 was subsequently dried under ambient conditions
and then at 80 °C. Samples with 0.1 and 1 wt% Pd, 1 wt% Pt
and 3 wt% Ag loadings were prepared by modified ion ex-
change (for Pd and Pt) with 10 wt% Pd(NH3)4(NO3)2 solution
(Sigma-Aldrich 99.99%) with NH4-SSZ-13, and platinum(ll)
tetraamine nitrate solution, and regular ion exchange for
AgNOs (99.99%) solution with H-SSZ-13 (produced by de-
composition of NH4-SSZ-13 in air at 550 °C). More specifi-
cally, minimum amount of the Pd(ll) or Pt(ll) precursor solu-
tion was added to zeolite in the amount approximately equiv-
alent to the total pore volume of the zeolite. The thick paste
was mixed and stirred vigorously for 30 minutes, followed by
calcination in air at 650 °C for 5 h (ramping rate 2 °C/min) in
case of Pd and 350°C in case of Pt. H-forms of zeolites could
be used as well with identical results: in that case, Pd and Pt
tetramine salts were dissolved in the minimum amount of di-
lute ammonium hydroxide solution (pH=11.5), mixed with ze-
olite to form thick paste (mixed vigorously), followed by drying
and calcination in air at 650 °C for Pd and 350 °C for Pt. In
the case of Ag, 1 g of H-SSZ-13 was dispersed in water and
stirred with ~20 ml of 0.1 M silver nitrate solution for 3 hours;
then the sample was purified by 5 successive centrifugation-
redispersion cycles and dried at 80 °C overnight. To avoid
silver auto-reduction under high vacuum in the FTIR cell, the
sample was heated to 180 °C to remove residual water from
Ag/SSZ-13 as quickly as possible and then immediately
cooled down prior to IR measurements.

The in situ static transmission IR experiments were con-
ducted in a home-built cell housed in the sample compart-
ment of a Bruker Vertex 80 spectrometer, equipped with an
MCT detector and operated at 4 cm™* resolution. The powder
sample was pressed onto a tungsten mesh which, in turn,
was mounted onto a copper heating assembly attached to a
ceramic feedthrough. The sample could be resistively
heated, and the sample temperature was monitored by a
thermocouple spot welded onto the top center of the W grid.
The cold finger on the glass bulb containing CO was cooled
with liquid nitrogen to eliminate any contamination originating
from metal carbonyls, while NO was cleaned with multiple
freeze—pump—-thaw cycles. Prior to spectrum collection, a
background with the activated (annealed, reduced or oxi-
dized) sample in the IR beam was collected. Each spectrum
reported is obtained by averaging 256 scans.

HAADF-STEM was used to probe the dispersion of Pd
and Pt in prepared samples. The analysis was performed
with a FEI Titan 80-300 microscope operated at 300 kV. The
instrument is equipped with a CEOS GmbH double-hexapole
aberration corrector for the probe-forming lens, which allows
for imaging with 0.1 nm resolution in scanning transmission
electron microscopy mode (STEM). The images were ac-
quired with a high angle annular dark field (HAADF) detector
with inner collection angle set to 52 mrad.

Standard NOx adsorption tests were conducted in a
plug-flow reactor system with powder samples (120 mg, 60—
80 mesh) loaded in a quartz tube, using a synthetic gas mix-
ture that contained ~200 ppm of NOx or (200 ppm of NOX,
200 ppm CO, 3 vw% H20 and 14% Oz) balanced with Nz at
a flow rate of 310 sccm (corresponding to 330,000 h1).

All the gas lines were heated to over 100 °C. Concentra-
tions of reactants and products were measured by an online
MKS MultiGas 2030 FTIR gas analyzer with a gas cell main-
tained at 191 °C. Two four-way valves were used for gas
switching between the reactor and the bypass. Prior to stor-
age testing at 100 °C, the sample was pretreated in 14% Oz
balanced in N2 flow for 1 h at 550 °C and cooled to the target
temperature in the same feed. The gas mixture was then
switched from the reactor to the bypass, and 200 ppm of NOx
was added to the mixture. Upon stabilization, the gas mixture
was switched back from bypass to the reactor for storage
testing for 10 min. The sample was then heated to 600 °C at
a rate of 10 °C/min to record the desorption profiles of gases
in the effluent.

To further disprove the possibility of formation of Pd(IV)
species upon calcination in oxygen, we performed the follow-
ing experiment. In a quartz reactor equipped with valves at
both ends ~ 300 mg of 1 wt% Pd/SSZ-13 was heated in dry
oxygen at 600 °C for 3 hours. After cooling it down to room
temperature in dry air flow, the reactor was purged with dry
nitrogen. Then we moved the reactor to a moisture and oxy-
gen-free glove box without exposure to ambient air (there the
sample was also pre-vacuumed in the antechamber of the
glovebox under high vacuum 10°-106 Torr. )The pink pow-
der of Pd/SSZ-13 from the reactor was then transferred into
a 20 ml vial with a septum screw-cap. With a syringe a 1ml
gas-phase sample from that vial was injected it in the GC.
The analysis of the gas phase confirmed the absence of any
oxygen.

Then, through the septum, we introduced a small amount of
pure de-aerated H20 into the vial containing the dry dehy-
drated catalyst. The sample turned yellow, characteristic of
hydrated Pd(ll) ions. If during the interaction with water the
reduction of Pd(IV) to Pd(Il) were indeed to take place, then
the following red-ox reaction would occur: Pd(IV) + 2 e >



Pd(ll). If Pd accepts two electrons, water has to give elec-
trons which can only occur via: H20 — 2e &> 2H* + 1/20.. If
Pd(IV) were indeed reduced to Pd(ll), this process would pro-
duce 14 micromoles of O2. In the ~20 ml vial, this amount of
oxygen would be equivalent to ~0.3% of oxygen by volume
easily detectable with a GC. We injected 1 ml of the gas-
phase from the closed vial (after water exposure) and ob-
served no oxygen in the gas phase. Thus, no oxygen was
produced, and no Pd(IV) was formed during Pd/SSZ-13 heat-
ing in oxygen.

XAS spectra were collected at X-ray beamline 9-1 of the
Argonne National Laboratory. The storage ring electron en-
ergy was 7 GeV and the ring current was in the range of 495-
500 mA. Prior to these measurements, each powder sample
was loaded into a cell. The XAS data were collected in the
fluorescence mode. Samples were scanned at energies near
the Pd K absorption edge (24,350 eV). Standards (PdO, Pd
foil and Kz[PdCle] were scanned as well. PdO and K2[PdCle]
were mixed with BN prior to scanning). 1 wt% Pd/SSZ-13
sample in Fig. S1 was calcined in air in the XAS cell at 350
°C for 1 hour, then cooled down in the air flow and XANES
recorded at room temperature.

X-ray Photoelectron Spectroscopy (XPS) experiments
were performed using a Physical Electronics Quantera scan-
ning X-ray microprobe. This system uses a focused mono-
chromatic Al Ka X-ray (1486.7 eV) source for excitation and
a spherical section analyzer. The instrument has a 32 ele-
ment multichannel detection system. The 80 W X-ray beam
focused to 100 um diameter was rastered over a 1.1 x 0.1
mm rectangle on the sample. The X-ray beam was incident
normal to the sample and the photoelectron detector was at
45° off-normal. High-energy-resolution spectra were col-
lected using a pass-energy of 69.0 eV with a step size of
0.125 eV. Note that the samples experienced variable de-
grees of charging. Low-energy electrons at ~1 eV, 20 yA and
low-energy Ar* ions were used to minimize this charging.
First, the 0.1 and 1 wt% Pd samples were measured as is.
The samples then were heated in 10% O2/He for 1 h at 600
°C (ramping rate 10 °C/min), followed by cooling down in
O2/He to room temperature in a flow cell attached to the XPS
system. The pretreated samples were immediately trans-
ferred into the UHV chamber without exposure to the open
air for the first XPS analysis. Note that following the heating
treatment, adventitious carbon, ideal for binding energy (BE)
calibration, became absent. Therefore, all binding energies
were referenced to a Si 2p BE of SSZ-13 of 102.7 eV.
Results and Discussion: After calcination in Oz (at 400
°C) the K-edge EXAFS (XANES region) of our atomically dis-
persed 1% Pd in SSZ-13 showed that all Pd is in the +2 oxi-
dation state.® Comparison of the XANES region of Pd/SSz-
13 spectrum with those of PdO, [Pd(NH3)4](NOs)2, and stand-
ard [Pd(1V)Cls]?clearly shows the absence of Pd(IV) species
within the margin of EXAFS sensitivity (Fig. S1). The only
other stable compounds in which Pd*4 and Pd*3 are known to
exist are Zn2Pd(1V)O4 and LaPd(l11)Os produced by high-tem-
perature, high-pressure, solid-state synthesis. The XANES
region K-edge features of these compounds are caused by
the splitting of the d-levels of Pd** and Pd*2 in the octahedral
crystal field, dissimilar to Pd/SSZ-13 calcined in air.}* A se-
ries of FTIR spectra collected from our atomically dispersed
1wt% Pd/SSZ-13 sample upon dosing CO at 298 K is dis-
played in Fig. 1. (The cryo HAADF-STEM images for this
sample, confirming atomic dispersion of Pd, are provided in
Sl (Fig. S2).)
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Figure 1. FTIR spectra of adsorbed CO at 298 K on 1 wt%
Pd/SSZ-13 with Si/Al=6. (CO was introduced into the IR cell
in a stepwise fashion; P(CO)max~5 Torr); the lines between
the blue spectrum (first CO pulse) and the red spectrum (final
state) indicate sequential adsorption of approximately equal
aliquots of CO until the desired CO amount is dosed on the
sample (spectra are presented in similar fashion all through-
out the text). Please note that we chose 1 wt% Pd/SSZ-13
with Si/Al=6 as a model for our study due to the high uni-
formity of atomically dispersed Pd(ll) species that are stabi-
lized selectively as Pd(ll)/ 2Al by proximal Al sites. We have
also explored the effect of Si/Al ratio on the speciation and
FTIR during CO adsorption on Pd/SSZ-13 with the same Pd
loading (1 wt%) and varied Si/Al ratios of 12 and 30 (Figs
S33 and S34, the discussion regarding the effect of Si/Al ratio
on the Pd speciation and uniformity is in the captions for Figs
S33 and S34).

Upon CO adsorption at room temperature, well-defined ab-
sorption bands develop. The major doublet bands are cen-
tered at 2214 and 2193 cm. Minor features at 2148 and
2110 cm™ belong to CO on ionic Pd*? species (see Tables
S1,S2 for DFT confirmation). The bands at 2090 cm? and
below represent CO bound to metallic Pd. Aleksandrov,et
al.,1516 demonstrated for Pt clusters that the decrease in co-
ordination number (CN) by 1 corresponded to a downshift of
approx. ~7 cm™ in agreement with experimental studies.'”
The fact that the metallic ~1990 cm* band lies below that of
larger (>3 nm) Pd nanoparticles (~2090 cm™) means that
small Pds-Pds clusters are present and possibly formed dur-
ing CO adsorption. To further confirm this observation, part
of the Pd was reduced in situ with CO at 400 °C prior to CO
adsorption. The IR spectra showed an increase in the inten-
sity of the 1990 cm band. Upon vacuum-induced desorp-
tion, the center of this band red-shifted due to the elimination
of dipole-dipole coupling interactions present at higher cov-
erages (Fig. S3). As such, we ascribe the peak at ~1990 cm-
1 to CO adsorbed linearly on small Pd clusters, whereas
bands below 1900 cm™! represent doubly- and possibly triply-
bridged CO on such clusters that are formed in small
amounts (<0.5% of total Pd). Note that in agreement with
works by Stair and co-workers*? and Hadjiivanov and co-
workers3, the molar extinction coefficients of CO bands for
CO-containing species dramatically increases as the uco
goes down. For example, for metallic Pt-bound CO, it was
found that the 2090 cm™* band has >8 times higher molar ex-
tinction coefficient than the 2110 cm! belonging to ionic Pt.

The 2214 and 2193 cm* bands belong to vc.o vibrations pre-
viously assigned to Pd(IlI)(CO)2 complexes by the Bell
group! and later Hadjiivanov group!? on Pd/ZSM-5. Unlike
those systems in which CO adsorption produced a wealth of
species, in our 1 wt% Pd/SSZ-13 (Si/Al=6) these species are



formed selectively (>90%) at room temperature. These
Pd(CO)2 species are stable in the presence of CO, Oz or inert
atmosphere, and fully decompose only above 140 °C. This
means that the high uniformity of Pd in small-pore SSZ-13
enables the selective production of this species. Indeed, the
symmetric and asymmetric CO bands grow and, upon evac-
uation, disappear in concert (Fig.1, Fig. S3), suggesting they
belong to the same species. The assignment of these bands
to dicarbonyls of Pd is further confirmed by isotopic labeling
of the adsorbate (*3CO) (Fig. S4). In contrast, the stabilization
of the Pd*2 in zeolite would require at least 3 Al atoms in ei-
ther 6-membered or 8-membered rings of the SSZ-13 struc-
ture (which is highly unlikely) or Pd*3-OH fragment held by 2
proximal Al atoms. To explain the observed high wave-
numbers, we modeled unique Pd*(C0O)2(0) and
Pd3*(CO)2(OH) complexes (Tables 1 and S1). In the case of
Pd**(CO)2(0) spontaneous formation and desorption of car-
bon dioxide is observed. The calculated vibrational frequen-
cies of the other complex, Pd3*(CO)2(OH), were notably
lower than 2200 cm™: 2141 and 2114 cm™. The structure of
Pd(IV) was more stable with 0 unpaired electrons and for this
reason, we included it. In that case CO2 molecule leaves the
complex. These results do not agree with the experimental
data. Additionally, Pd*}(CO)2 complex (1 unpaired electron)
has calculated symmetric and asymmetric C-O stretching vi-
brations at 2103 and 2063 cm, significantly lower than the
observed values.

Structures BE BEL1 BEL2 v(L)? T
Pd* 1
Pd*(CO) -158 2075 1
Pd*(CO). -252 -94 2103;2063 1
Pd*(CO)s -273 -20 2098;2058;2055 1
Pd?* 0
Pd2*(CO) -87 2114 0
Pd?*(CO)2 -215 -128 2172;2138 0
Pd?*(CO)s
Pd?*(CO)azeo -271 2178;2133;2122;1845 0
Pd%(CO)4 desorbed 2119;2073;2068;2012
Pd2*(CO)(OH) -187 2121 0
Pd2*(CO)2(OH) -262 2165;2125 0
Pd2*(CO)(C2Ha) 209  -151 98 2140 0
Pd3*(CO)(OH) -117 2158 1
Pd3*(CO)2(OH) -160 2141;2114 1
Pd**(C0)2(0) 0
PdZ*(O)Pd2* 0
Pd2*(CO)(O)Pd?*(CO)  -321 2132/2116 0

Table 1. Binding energies of the neutral ligands (in kJ/mol),
vibrational frequencies of diatomic ligands (v (L) in cm™, and
number of the unpaired electrons in the systems, Nsfor the
select Pd carbonyl complexes (All considered structures are
summarized in Table S1, not shown in Tablel for brevity).

The positions of the IR features for the Pd?*(CO)2 complex
(2214 and 2193 cm?) lie at much higher values than gas
phase CO (by 61 and 50 cm™, correspondingly) suggesting
the identity of a non-classical Pd carbonyl [Pd(CO)2] with es-
sentially no back-donation from Pd to CO.1° For an otherwise

classical Pd(CO)2 complex with Pd back-donation, CO vibra-
tional frequencies are expected to be much lower. Indeed, for
a classical square-planar Rh(1)(CO)2 fragment in zeolite H-
FAU (isoelectronic and isostructural with square-planar
Pd*?(CO)2 with two framework oxygens as ligands), the CO
signatures lie at 2117 and 2053 cm?, below the gas-phase
CO value: in this complex, Rh is tightly bound to the frame-
work. DFT provides remarkable agreement between the cal-
culated and experimental frequencies for this complex.18:52.54

Non-classical metal carbonyls have received attention in the
organometallic literature. Due to pioneering efforts coming
from the Aubke group,'®23 for example, it was demonstrated
that non-classical transition metal carbonyls can be produced
from Pd or Pt compounds in toxic/corrosive magic acids
HSOsF/SbFs in the absence of moisture and under CO pres-
sures. (As noted by Olah and Klumpp** a variety of cationic
species from organo-cations to metal cations should be
called “superelectrophilic” due to the labile and weakly coor-
dinating nature of fluorosulfonate or similar weakly coordinat-
ing anions produced in the “magic”/superacid; moreover, with
the help of NMR spectroscopy the organic (carbocationic)
isolated super-electrophilic species have been identified in
magic acids on the basis of their very high shifts in the 13C
NMR region, meaning that extremely positive “super electro-
philic” carbocations form under such conditions; however, su-
per-electrophilicty of metal ions/fragments have not been
ever proved or quantified before — below, we show we can
now quantify it with XPS for the first time). For example,
Pd*2(CO)2(SOsF)2 was obtained, in which Pd*?(CO): frag-
ments were weakly interacting with the anion. On the basis
of single-crystal XRD data Pd*?(CO). fragments were pro-
posed to stabilize via secondary contacts of CO with basic
SOsF groups dispersed in the crystallographic structure.
These compounds were stable only in the complete absence
of moisture and decomposed immediately in the presence of
traces of water or above 130 °C. The frequencies of the usym
and uasymm Vibrational features were observed at 2220 and
2199 cm (in solution). Note, that the split between these two
bands is identical to that has been previously assigned to
Pd(Il1)(CO)2.1112 Thus, we may reassign the 2214 and 2193
cm? signatures to Pd*?(CO)2 non-classical dicarbonyl,
charge-balanced by 2 negative charges associated with Al
pairs and weakly interacting with the basic O ions of the ze-
olite, in principle similar to Pd*?(CO)2(SOsF)2. XPS data (vide
infra) (in addition to EXAFS data showing Pd*? in an oxygen
environment) confirm this result. The slight red shift from
2220 to 2214 cm! reflects either a higher basicity of zeolite
oxygens compared with SOsF anions or, alternatively the ef-
fect of confinement. The more correct annotation for this
sample would then be a charge-transfer/ion-pair complex be-
tween [Pd(CO)2]?* and two "O-Zeolite. Indeed, CO adsorption
on the pink-colored Pd?*("O-Zeo)2 produces a purple-colored
[Pd(CO)2]>*(‘O-Zeo)2 complex (Fig. S5) indicating significant
charge-transfer in the ~520 nm UV-Vis spectral region of
both species. We tried to model this complex with DFT cal-
culations (Table S1, Figs. S6-S9 for structures of various
modeled Pd complexes). The results from DFT calculations
show significant disagreement with respect to the observed
frequencies and in the split between the CO bands. The cal-
culated CO signatures are 2172 and 2138 cm™ with a 34 cnm
L split. However, among all Pd(CO)2 fragments this is the only
one that shows a C-O stretching vibrational feature above
that of gas-phase CO. We have also attempted to model the
non-classical complex with the known crystallographic struc-
ture (i.e., Pd*2(C0O)2(S0sF)2). The Pd(CO)2(SOsF): structure
was optimized and the calculated frequencies were 2199



and 2164 cm, once again lower than the experimental val-
ues of 2220 and 2199 cm. The calculated split was 35 cm-
1, larger than the experimentally measured split of 20 cm™
(the same as for modeled Pd*?(CO):2 in zeolite). Again, these
computational estimates give ~30-40 cm* lower frequencies
than the experiment. We suggest that the non-classical su-
perelecrophilic nature of such Pd complexes complicates
their modeling by DFT. However, based on the provided evi-
dence, this Pd/SSZ-13 system selectively forms non-classi-
cal Pd*?(CO). fragments and not Pd*3(CO): as previously
proposed in the literature.11122428 The non-classical nature
of this complex is further indirectly corroborated by the fact
that its infrared signature does not depend on zeolite type to
any significant extent and presents a Pd*?(CO). fragment
stabilized as ion pairs (with the Al-associated negative oxy-
gen atoms of zeolite acting as a negative part of the ion pair,
whereas Pd*? and Pd*?(CO): are the positive +2-charged
part of the ion pair) in a small (~0.85 nm) SSZ-13 cage (Fig.
S$10).11:1224 Zeolites with larger cavities do not seem to se-
lectively stabilize this fragment, yet it is observable.?* In con-
clusion, semi-free  non-classical, superelectrophilic,
Pd*?(CO)2 is formed in the micropores of SSZ-13, and is
probably stabilized by secondary interactions between its
CO ligands and the basic oxygens of zeolite framework. The
interactions of CO fragments with framework sites (stabiliza-
tion) withdraws it from Al and suggests that it may exist as a
semi-free [Pd(CO)2]?* ion weakly interacting with the frame-
work (the framework itself can thus be regarded as a weakly
coordinating macro-anion). All other non-classical carbonyl
complexes prepared in HSO3F/SbFs exist only in the com-
plete absence of moisture.'®23 Herein, we demonstrated that
a Pd*?(C0)2 non-classical carbonyl complex is insensitive to
the presence of H20. The IR spectra (Fig. 2, Fig. S11) rec-
orded after the exposure of the Pd*?(C0)2/SSZ-13 to mois-
ture, clearly substantiates the remarkable stability of this
complex.
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Figure 2. FTIR spectra collected on Pd*?(CQO)./SSZ-13 with
Si/Al=6 upon adsorption of H20 at 298 K. (H20 was intro-
duced into the IR cell in a stepwise fashion; PH20,max~6 Torr;
sample before H20 adsorption “dry” — red graph, final state
“wet” — blue graph).

The small-pore SSZ-13 structure with ~0.85 nm diameter
cages may not provide the typical “liquid” water environment
which lends unique stability to this complex (Fig. S10). Fur-
thermore, adsorption of NO pulses on this complex leads ex-
clusively to the formation of Pd*?(NO)(CO) which has been
previously characterized in our prior work and identified as
the species responsible for the excellent passive NOx ad-
sorber (PNA) performance under practical conditions (Fig
S12-14. (CO and NO uptake curves under practically rele-

vant conditions are displayed in Fig. S15 confirming the stoi-
chiometry of the complex in addition to FTIR data in Figs.
S12, S14.)8 Additional experimental evidence of the peculiar
chemistry taking place upon dosing only dry NO on
Pd(I1)/SSZ-13 is provided in Fig. S13 and the corresponding
discussion in the caption. As we have previously suggested,
based on DFT calculations and deduction from experimental
data,® the 1865 cm™ band belongs to Pd(ll)-NO complex
whereas 1806 cm band which forms upon NO adsorption is
due to reduction of Pd(ll) by a free radical NO resulting in the
formation of a Pd(I)-NO complex, analogous to what we have
shown for the Cu(l1)/SSZ-13 system.5®

The Aubke group has also reported the ability to form a non-
classical [Pd*?(CO)4] complex under higher CO pressures.*®
23 We have therefore modeled two tetracarbonyl complexes
of Pd?* cation and of Pd® in the CHA structure (Table S1).
Interestingly, in the Pd?*(CO)4zeo complex the carbon of one
of the CO molecules is bound to an oxygen center from the
zeolite with C-O distance of 141 pm. Despite the fact that we
were successfully able to model and construct these unusual
homoleptic structures, we find no evidence that they are
formed under our experimental conditions most likely due to
kinetic reasons, i.e. high pressures of CO and different tem-
peratures may be required to observe the formation of such
completely homoleptic structures.

We extended our work to 1 wt% Pt and 3 wt% Ag in SSZ-13
(Si/Al = 6) as well (Fig S16 for HAADF-STEM images of 1
Wt% Pt/SSZ-13). In Pt/SSZ-13, non-classical Pt*?(CO). with
CO frequencies 2186 and 2153 cm™ is formed in addition to
two classical Pt*2-CO monocarbonyls (Fig. 3). DFT modeling
of classical Pt*> monocarbonyl complexes allows us to un-
ambiguously assign the 2133 cm! band to Pt*2(CO) in the 8-
membered ring, whereas the ~2117 cm™ band belongs to
Pt*2(CO) in the 6-membered ring (Fig.S17, Tables 2 and S2).
These results clearly demonstrate the confinement of
isostructural Pt*2-CO which leads to the downshift of its IR
signature. These bands cannot belong to the dicarbonyl spe-
cies because they grow independently from each other. The
fact that 2186 and 2153 cm® bands change in concert upon
evacuation is a clear indication that they belong to the same
species, which, analogously with Pd*2CO)z, can be assigned
to Pt*2(CO)2. Surprisingly, DFT modeling found two energetic
minima for two isostructural and isoelectronic Pt2*(CO)2 com-
plexes in the 8-membered ring with very similar stabilities but
different frequencies (2156 and 2108, and 2179 and 2136
cm?, respectively). The likely reason for this is that in one of
the complexes CO molecules are close to the zeolite frame-
work with O-O distances of 240 pm. This unusual finding that
two essentially isoelectronic and isostructural M-CO com-
plexes could have significantly different C-O stretching fre-
guencies is notable.



Str.

BE

BE.. x(L)?

d(Pt-L)

d(Pt-Ozeo)

Ns

PtZ‘

206;206;212;212

assigned to Pt*3(CO): in previous works with split between
CO bands of 34-35 cm™ have to be re-assigned to Pt*?(CO).
The 2165 and 2150 cm™ assigned previously to Pt*?(CO)2,
thus, belong to some other Pt carbonyl complexes, and not
Pt*2(CO)a.

The comparison of calculated and experiments bands for var-
ious observed Pd and Pt complexes is summarized in Table

3.

PR*(CO)  -134 2108 185 208;211;211 0
P?*(CO),  -318 -184  2182;2136  189;189 209;209 0
Pt2*(OH) 190 202;210;211 1
Pt*(CO)(OH) -181 2146 188;194 209;209 1
Pt?* 8 MR 200;206;211 0

Pt**(CO)_a
-309 2138 186 202;211;212 0

8MR

Pt**(CO)_b
-309 2134 186 202;211;213 0

8MR

Pt2*(CO)._a
-481 -173  2156;2108  190;190 206;210 0

8MR

Pt2*(CO)2_b
BVR 479 <170 2179;2135  189;190 205;210 0

Table 2. Binding energies of all the neutral ligands (BE, in
kJ/mol) and of the second adsorbed ligand (BEL2, in kJ/mol),
vibrational frequencies of diatomic (C-O) ligands (x(L) in cm-
1), Pt-ligand distances (in pm) (Pt-L), distances between Pt
cation and zeolite O centers (Pt-Ozeo0) and number of the un-
paired electrons in the systems, Ns.

athe frequencies are shifted by +35 cm* since the calculated
C-0 vibrational frequency for a CO molecule in gas phase
2108 cm is lower by 35 cm with respect to the experi-
mental value 2143 cm-?.

DFT calculations for Pt*?(CO)2 both in 6 and 8-membered
rings show better agreement with respect to the symmetric
C-O stretch with the experiment (~2180 cm! both), although
the asymmetric C-O stretch at 2135/2136 cm is much lower
than the observed 2153 cm™. Moreover, the observed exper-
imental frequencies for Pt?(CO). are below those of
Pd*?(CO)2 (which is in perfect agreement with the observa-
tion by Aubke group, with the split between band for
Pt*2(CO)2 (34 cm™?) larger than for Pd*?(CO)2 (21 cm™).19-23
Thus, the formation of non-classical Pt*?(CO). fragment is
confirmed. Although the intensities of the bands belonging to
classical Pt monocarbonyls are higher than for the Pt*2(CO):
species, due to the aforementioned significantly higher molar
extinction coefficients of CO complexes with downshifted vi-
brational frequencies, the Pt*2-CO complexes may not be
present as the major species.*?4353 Moreover, it is important
to note that this is the first observation of Pt*2(CO)2 fragment
on a solid support. Non-zeolitic solid support do not seem to
provide any evidence for its existence. However, in some
previous literature, the Pt*2(CO)2 was claimed to exist in
ZSM-5 zeolite (noteworthy, unlike in our case, metal nano-
particles were always present in those systems alongside
cationic Pt sites): in one report by Hadjiivanov and co-work-
ers, the 2165 and 2150 cm™' bands with the split between
them equal to 15 cm?, were assigned to Pt*3(C0).%®; inter-
estingly, the bands at 2204 and 2168 cm™" in Y-zeolite%® (in
another report by the same group at 2211 and 2175 cm in
ZSM-5%, correspondingly) were assigned to Pt*3(CO)2.
Based on our new understanding of the system, it is highly
unlikely that Pt*3 ions would be present in ZSM-5 or Y with
Si/Al ratio 10-15 due to the fact that this would require 3 Al
sites to be in very close proximity either in the same ring or
in nearby rings (although it is possible, statistically, their
amount would be very low). In those works the observed split
~34-35 cm™ corresponds exactly to the split we observe for
Pt*2(CO)2 fragment confined in SSZ-13. Thus, the signatures

Structures Ucaic(L)? Uexp
Pd*(NO) 1804 1805
Pd*(CO) 2114 2110
Pd*(CO). 2172;2138 2214; 2193
Pd**(NO) 1843 1865
Pd**(CO)(NO) 2146/1830 2150/1800
Pd**(CO)(OH)® 2121 2133-2147
Pd**(CO)(CzHa) 2140 2140
Pd?*(NO)(CzHa) 1807 1774
Pt**(CO) (in 6-MR) 2108 2118
P2*(CO)_a (in 8-MR) 2138 2133
Pt2*(CO)_b (in 8-MR) 2134 2133

Pt2"(CO),_a (in 8-MR) 21862153

Pt?*(CO)2_b (in 8-MR)

2156;2108

2179;2135 2186;2153

Table 3. Comparison between calculated (Ucacc) and experi-
mental (Uexp) CO and NO Frequencies (in cm™) in the com-
plexes of Pd*, Pd?* and Pt?* cations located in the zeolite.

a the C-O vibrational frequencies are shifted by +35 cm
since the calculated C-O vibrational frequency for a CO mol-
ecule in gas phase 2108 cm is lower by 35 cm™ with respect
to the experimental value, 2143 cm-?,

In the case of Ag/SSZ-13, non-classical silver [Ag(CO)]** with
a C-O stretch at 2186 cm™, and, at higher CO pressures(>1
Torr), non-classical [Ag(CO)z]*! species with a C-O stretch
at 2177 cm? is also formed in SSZ-13 at room temperature
(Fig. 4).252645 This is in excellent agreement with the work by
the Strauss group?>2645_ Indeed, they found that the Ag*! salt
of the weekly coordinating anion [Nb(OTeFs)s]- can form
Ag(CO)* and Ag(CO)2" with CO signatures of 2208 and 2198
cm, respectively, in good agreement with CO split between
mono- and dicarbonyl Ag complexes in SSZ-13. Only under
pressures above 13 atmospheres could the authors observe
the formation of [Ag(CO)s3]**. Similarly to Pt and Pd, the CO
stretches with Ag in the confined microvoids of SSZ-13 are
downshifted.

These complexes do not decompose in the presence of sig-
nificant amounts of water signifying a general trend for SSZ-
13 to stabilize such complexes selectively with remarkable
stability in the presence of water (Fig. 5).
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Figure 3. FTIR spectra collected on 1wt% Pt(l1)/SSZ-13
(Si/Al=6) at Pco=5 Torr CO pressure (a) and after evacuation
(b) at 298 K
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Figure 4. FTIR spectra recorded from 3 wt% Ag/SSZ-13
(Si/Al=6) during step-wise CO adsorption (Pco, max.=10 Torr).
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Figure 5. A series of FTIR spectra recorded during the step-
wise H20 exposure (P20, max. =~8 Torr) of Ag-CO/SSZ-13
(Si/Al=6) sample: Ag(CO) and Ag(CO): are stable in the pres-
ence of water (while the typical ABC structure of water in ze-
olite appears upon water adsorption) at 298 K.5°

The non-classical nature of the Pd*?(CO)2 cation also ex-
plains why its vibrational frequencies are similar for a range
of zeolites. The unique 0.85 nm in diameter cavity in SSZ-13
seems to be a great stabilizer for such species. Its additional
charge transfer character is also evident based on the in-
tense pink-purple color of the complex upon CO adsorption
(Fig S5). Previous studies claimed the formation of Pd(IV)
cation on various solid supports and zeolites based on (1) the
indirect evidence from stoichiometry from XRD refinement?’
(2) DFT-modeling*® and (3) the presence of the high binding
energy feature (relative to PdO with BE of Pd 3ds2 at 336.5-
337.0 eV) in the Pd 3d XPS spectra?42829.47.48 |nterestingly,
in some works a feature at 337.7-338.0 eV on ceria supports,
for example,*®5051 was attributed to Pd(lV) ions or PdO: .
Therefore, in order to clarify this issue and provide comple-
mentary evidence to the FTIR-based conclusions, we per-
formed quasi in-situ XPS (Figs. S18-S26) and high-resolution
XPS measurements (Figs. S25, S26) on the samples with 0.1
and 1 wt % Pd on SSZ-13 (Si/Al = 6). It is very important to
note that for both 0.1 wt% and 1 wt% Pd/SSZ-13 Si/Al~6
samples the two lower-lying BE (binding energy) peaks of
Pd 3ds2 and 3dsr2, belonging to one species, selectively dis-
appear after dehydration and form only two high-lying BE Pd
3dsz and 3ds2 bands belonging to the other species (Figs.
S25 and S26). For both Pd loadings, the Pd 3ds.2 feature was
shifted by about 2.7 eV compared to typical PdO and over
2.3 eV for Pd*2 XPS features observed for typical Pd hydrated
or tetramine compounds. At first glance, this seems to indi-
cate a significantly different oxidation state of Pd compared
to typical Pd*2. Thus, we decided to explore XPS of 0.1 wt%
and 1 wt% Pd/SSZ-13 (Si/Al=6) in greater details (Tables
S3,54, Figs. S16-S24). Both feature atomically dispersed Pd
as evidenced by previous HAADF-STEM, EXAFS, XRD,
FTIR and DFT data.?1? We also note that upon dehydration
either in He or Oz, the color of the sample changes from light
yellow to light pink (Fig. S3). This is due to Pd interaction
with water vapor. (Itis known that water can interact with Pd
ions in zeolite (analogous to Cu/SSZ-13) and it actually de-
creases its propensity to interact with NO molecules. This is
why, for example, water can inhibit the performance of such
materials in PNA applications in the presence of just NO.%)
These visual changes for Pd/SSZ-13 happen at the same



temperature (~220°C) both in dry He or Oz. Upon cooling, the
pink color is preserved in the absence of moisture — as soon
as air/moisture contact takes place, the yellowish color re-
sumes. High-resolution XPS shows two resolved Pd 3ds2
peaks both for 1 and 0.1 wt% Pd samples (in the presence of
moisture in the air). Their corresponding binding energies are
337.3 and 339.6 eV. The low-lying peak is near where Pd*?
hydrated cations typically show up and higher than highly-
dispersed PdO.?° The high-lying peak (2.3 eV higher) could
potentially be attributed to Pd in a higher oxidation state. The
peaks demonstrate reproducible behavior upon heating:
more specifically, the low energy peak disappears and com-
pletely transforms into the high-energy peak for both 0.1 and
1 wt% Pd.

This could indicate two things: the transformation of Pd*? into
Pd ions with a higher oxidation state, or the removal of water
coordinated to some of the Pd cations and subsequent trans-
formation to Pd*? sites with unusually high binding energy
(BE). In the case of Rh prepared from Rh(CO)2(Acac) and
anchored as Rh(CO):2 classical fragments strongly bound to
the HY framework, a single Rh(1)(CO): is upshifted by 1 eV
compared to the parent Rh(CO)2 and about ~25 cm in the
FTIR spectra — a notably high value.3%3! The zeolite, thus,
indeed may act as a macroligand in whose cages/microchan-
nels the complex sits. However, the 2.3 eV shift is exception-
ally high. The possibility where Pd*? is oxidized to Pd(IV) can
only be envisioned via the formation of (Ozeolite)2-Pd(IV)=0
(Table S1) with an unprecedented Pd=0O bond (since it is
impossible to have 4 Al atoms in the realistic vicinity of Pd(IV)
or 3 Al atoms near Pd(IV)-OH). The formation of a compound
with Pd(1V)=0 bond is definitely a possibility, and in this case
this would be the first case of a Pd complex with a Pd=0 oxo
bond: indeed, despite many attempts to prepare oxo Pd com-
pounds all of them have failed so far. However, our previ-
ously published XANES data® for samples calcined in O2 di-
rectly shows that the overwhelming majority of Pd remains in
the +2 oxidation state due to the absence of typical features
for Pd(IV).1* Furthermore, in the case of 1 wt.% Pd, one could
argue that some PdO may be visible but for 0.1 wt% Pd/SSZ-
13, all Pd should be 100% atomically dispersed. Thus, the
lower binding energy (BE) XPS feature belongs to either fully
or, more likely, partially hydrated Pd cations in zeolite: such
cations have the typical yellow color characteristic of mono-
nuclear [Pd*?(H20)a4] or [Pd*2(NHs)4] cations. However, we do
not believe they are fully hydrated Pd ions, but likely Pd*?
cations with 1 or potentially 2 H2O molecules adsorbed onto
them (or inserted between the framework and Pd*?, which
breaks up the Pd*?/ 2 "Ozediite ion pair). Indeed, our DFT cal-
culations demonstrate that H20 binding to Pd cations is fa-
vorable (Table S1). Upon heating, we observe water removal
from Pd*2 and formation of a light pink Pd-zeolite system with
isolated superelectrophilic Pd*? cations: their superelectro-
philic nature is evident based on the extremely high shift of
the binding energy of Pd*? feature by 2.3 eV to 339.6 eV com-
pared to isolated (partially) hydrated Pd(ll) ions in zeolite mi-
cropore. This process is reversible, as evidenced by the res-
toration of the yellow color in the presence of water vapor.

In order to understand whether unprecedented Pd(IV)=0
species could indeed form upon oxidation, and whether oxi-
dation of Pd(Il) was responsible for the color change from
yellow to pink the following experiment was conducted. We
produced the pink sample (~ 300 mg, 1 wt% Pd/SSZ-13),
purged it with helium and reacted it in the oxygen-free glove
box with a minimum, amount of de-aerated H20 in a closed
vial with a septum. The sample turned yellow. To explain res-

toration of the yellow Pd(I1)/SSZ-13 upon interaction with wa-
ter, reduction of Pd(IV) to Pd(ll) in the presence of water
ought to take place via the following red-ox reaction: Pd(IV)
+ 2 e 2 Pd(Il). As Pd accepts two electrons, water has to
give electrons which can only occur by oxidizing H20: H20 —
2e > 2H* + 1/20:. If Pd(IV) was reduced to Pd(ll), it would
produce 14 micromoles of O2. However, no Oz was pro-
duced, therefore no reduction took place. Furthermore, if ox-
idation of Pd(IV) were to take place by heating in the pres-
ence of oxygen, then during the sample heating in inert gas,
the yellow sample containing hydrated Pd(ll) ions would not
turn pink (which happens in Oz as well). Instead this transfor-
mation happens both in inert gas and in oxygen, confirming
that no Pd(IV) is produced. Thus, Pd remains in +2 oxidation
state and changes in the electrophilicity of Pd(ll) ions upon
water adsorption/desorption are responsible for the observed
color variation. Therefore, we are able to quantify super elec-
trophilicity quantitatively with XPS, revealing selective for-
mation of super electrophilic isolated Pd(ll) cations from iso-
lated hydrated Pd(ll) cations in SSZ-13 micropore. Because
of the uniformity of 0.1-1 wt% Pd(ll) complexes in SSZ-13
with Si/Al~6 and selective transformation of hydrated Pd(ll)
species into one type of super-electrophilic dehydrated Pd(ll)
species, we were able to fully unravel the unique state of the
as-formed Pd(ll) species and directly measure its super-elec-
trophilicity which manifests itself by a very high (>2 eV) shift
of the binding energy of the metal cation in the first-shell ox-
ygen ligand environment. This measurement can be ex-
tended to other metals in zeolites in order to understand
whether such exceptionally electrophilic species form in other
cases, provided only 1 type of species can be selectively sta-
bilized in a specific zeolite and metal does not change its ox-
idation state to a significant extent upon dehydration. How-
ever, we also showed that the spectroscopic infrared signa-
ture of superelectrophilic metal ions on solid supports (at
least for Pd and Pt) is the formation of unusually stable non-
classical carbonyl complexes with CO bands in the ~2,200
cm* region.

We also investigated the interaction of the non-classical
Pd*2(CO)2 complex in the SSZ-13 zeolite with ethylene. In
many catalytic applications (e.g., automotive exhaust abate-
ment) the active centers can bind a number of adsorbates
from the complex gas mixture they are exposed to. There-
fore, identifying and characterizing the adsorbed species that
can form in Pd/SSZ-13 in a gas mixture containing both CO
and a hydrocarbon (e.g., ethylene) is of great interest. The
possible formation of olefin complexes, similar to the cation
of the Zeise salt, is also of fundamental interest. When the
Pd*2(C0)2/SSZ-13 system was exposed to C2Ha4 at ambient
temperature it completely lost it pink colour, suggesting the
formation of a new complex. (Fig S5). The series of FTIR
spectra collected in situ during the exposure of Pd*?(CO). to
ethylene show the gradual decrease in intensity of the two
dicarbonyl bands (2193 and 2214 cmt), and the concomitant
development of a new, intense feature centered at 2143 cm-
1 (Fig. 6).
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Figure 6. FTIR spectra collected during sequential ethylene
adsorption on 1 wt% Pd(I1)(CO)2/SSZ-13 (Si/Al=6) (Pc2Ha,
max.=1.5 Torr).

These results suggest the selective formation of a
Pd*?(CO)(C2H4) complex. In fact, this is the first Pd carbonyl
olefin complex observed despite prior attempts to isolate
one.®? Our DFT data are in excellent agreement with this find-
ing, suggesting that a classical Pd(CO)(C2Has) (CO stretch
below gas phase CO) complex formed which is anchored to
the framework (Table S1). This is further corroborated by the
color change from purple to white upon first pulses of eth-
ylene (Fig S5).

The CH-stretching region shows very weak bands above
3000 cml wavenumbers, similar to Zeise’'s salt C-H
stretches, confirming the presence of a Pd-C:Hs moiety

(Fig.7).
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Figure 7. FTIR spectra obtained from Pd(l1)(CO)2/SSZ-13 (1
wt% Pd and Si/Al=6) during sequential ethylene adsorption
at 298 K. (Pczh4, max=2 Torr)

Very similar bands are observed in Rh complexes with pi-
ethylene as well as Pt*2-C2Hs and Cu-CzHs pi-complexes
(Fig. S27) 3334, This complex is stable at room temperature
and does not decompose under high vacuum (Figs. S28,
S29).

The classical nature of this complex is fully supported by the
results of DFT calculations showing excellent agreement of
the calculated C-O stretching frequencies with the experi-
mental ones. The minor shoulder at lower C-O frequencies
(2110-2120 cm™) can be attributed to the Pd*?(CO) species.
DFT calculations reveal that CO binding on Pd*2-CO is ener-
getically favorable by 87 kJ/mol, whereas CO binding energy
on Pd(CO)(C2Ha4) increases to 151 kJ/mol (almost two times).
Comparing the binding energy of ethylene in the Pd(C2Ha)
fragment without CO, (58 kJ/mole), to that in the
Pd(CO)(CzH4) (98 kd/mole), clearly explains the stability of
this fragment. It is of great importance in the context of so-
called passive hydrocarbon traps: the new concept aimed at
alleviating hydrocarbon emissions during vehicle cold start.
Ethylene binding to naked Pd cations is much weaker than

that in the presence of CO (CO is always present in the ex-
haust), which makes ethylene binding more favorable. Fur-
thermore, ethylene desorption temperature shifts to a higher
value, which is beneficial for passive HC trap materials.
These results illustrate how the adsorption strength of one
adsorbate can be controlled by the presence of a co-adsorb-
ate.

Attempts to restore the original Pd*?(CO)2 were unsuccessful
(Fig. S28) even under elevated CO pressure: we speculate
that when the complex is locked in its specific framework-
tethered position it is not possible for it to move back to the
non-classical [Pd*?(CO)2]. However, one may argue that en-
ergetics could potentially be responsible for this effect: com-
paring energies from DFT calculations (Table S1), adsorption
of two CO ligands on Pd*? is exothermic in 215 kJ/mol in elec-
tronic energies, whereas adsorption of CO and C2Hs simul-
taneously is 209 kJ/mol favorable. Although, as we demon-
strated earlier, DFT predictions for non-classical [Pd*3(CO)2]
differ from the real observations, even if we assume weaker
binding of CO, there should at least be some reversibility of
this exchange, which is not observed. Therefore, it is indeed
probable that the formation of the locked-in Pd(CO)(C2Ha)
entity bound to the framework strongly prevents its conver-
sion back to non-classical [Pd*2(CO)2].

Motivated by the discovery of this mixed carbonyl/ethylene
complex of Pd*?in SSZ-13, we set out to investigate the pos-
sibility of the formation of other mixed-ligand ethylene com-
plexes. To this end, we exposed a Pd*?>-NO complex formed
via Pd*?/SSZ-13 interaction with NO to ethylene and ob-
served similar changes in the N-O stretching vibrational re-
gion as we have shown above for the carbonyl complex (Fig.
8)_35
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Figure 8. FTIR spectra recorded from Pd-NO/SSZ-13 (1 wt%
Pd and Si/Al=6) during sequential ethylene adsorption at 298
K. (PCZHA, max=2 TOI’I’)

The band belonging to Pd*2-NO (1865 cm™) decreased in in-
tensity, while a new N-O stretching vibrational feature devel-
oped at 1774 cm?, indicating the transformation of Pd*2(NO)
to Pd*2(NO)(C2Ha) in the presence of ethylene. This is the
first palladium*? nitrosyl/olefin complex observed. The as-
signment of the new IR band was supported by the results of
DFT calculations that predicted a shift of the NO stretching
vibrational frequency in the Pd*2-NO complex to lower wave-
numbers upon its interaction with ethylene. This resulted in
the formation of the Pd(NO)(C2H4) complex.

The exposure of the Pd(NO)(CzH4) to CO results in the for-
mation of detectable Pd(CO)(C2H4) complex, while evacua-
tion restores the Pd(NO) complex (Fig. S35 and S30) via eth-



ylene desorption. These results are consistent with the pre-
diction of DFT calculations, i.e., weaker binding of C2H4 in the
Pd(NO)(C2H4) complex compared with Pd(CO)(CzH4): C2Ha
binding energy on nitrosyl complex is 79 kJ/mol, while it is 98
kJ/mol for the carbonyl complex (Table S1). Moreover, Fig.
S35-S36 provide experimental evidence in addition to Figs.
S28-S30 for the relative stabilities of the mixed NO-CO-
Ethylene complexes of Pd(ll) in SSZ-13 in agreement with
DFT predictions (see detailed discussion in the captions of
Figs. S35 and S36).

The changes in the CH-stretching region are also very inter-
esting (Fig. 9). The low intensity of the C-H stretching band
for pi-coordinated ethylene in Pd(CO)(CzHa) is as expected
since the bands in that region have very low molar extinction
coefficients. However, for Pd(NO)(CzH4), the C-H stretching
region has a higher intensity with bands very different than
the ones observed for Pd*?(CO)(C2H4) (normalized for both
sample preparations).
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Figure 9. FTIR spectra (in the C-H stretching region) of
Pd(I1)(NO)/SSZ-13 (1 wt% Pd and Si/Al=6) during sequential
ethylene adsorption (top) and comparison of the same region
for Pd(I1)(CO)2 exposed to ethylene under identical condi-
tions. (Pc2H4, max=2 Torr).

These differences seem to indicate the catalytic formation of
compounds (with specific C-H stretching vibrations) during
the exposure of Pd*2NO to ethylene. In contrast, we did not
see the development of these features on Pd(CO)(C2Ha4), in-
dicating that the zeolite itself is not responsible for the for-
mation (Figs 7, S31) of this compound. The developing
bands during the exposure of the Pd*2NO complex to eth-
ylene did not match the characteristic features of either poly-
ethylene or butenes. However, when a 5% butadiene/He gas
mixture was introduced onto the SSZ-13, bands matching the

ones observed after ethylene exposure of the Pd*2NO com-
plex were detected (Fig. S32) (These IR features also agree
well with bands reported for butadiene adsorption on various
supports.®6-41)The fact that this reaction can proceed on the
Pd(NO)(C2H4) but not on the Pd(CO)(CzH4) complex indi-
cates a pronounced ligand-directing effect in this catalytic
transformation of ethylene to butadiene.

Conclusions: We synthesized high loadings (1 wt%) of uni-
form atomically dispersed Pd(ll) cations in a small-pore zeo-
lite SSZ-13. Because of the uniformity and selective for-
mation of the Pd(Il)/2Al species for this material, we were
able to unravel their unique chemistry. Previously, their spec-
troscopic signatures have been assigned to unselectively
formed Pd(lll) and Pd(IV) species; however, we here we
show that in fact only [Pd(ll) //2 Al] ions form selectively. We
clearly prove that these Pd(ll) ions are super electrophilic and
quantified super electrophilicity of a metal fragment (ion) for
the first time directly with the aid of high-resolution quasi in-
situ XPS studies (combined with FTIR spectroscopy and DFT
calculations). Because in the as-synthesized material in the
presence of moisture water inserts itself between Pd(ll) and
basic framework oxygens (associated with framework Al T-
sites), isolated hydrated Pd(Il) cations form with a specific
XPS signature; they dehydrate selectively forming super
electrophilic Pd(Il) cations (in the first-shell oxygen ligand en-
vironment, as in the case with hydrated Pd(ll) cations) whose
binding energy (BE) in 3d Pd XPS spectra shifts to higher BE
by exceptional 2.3 eV; thus, this shift is a direct measure of
super electrophilicity of a metal fragment. This XPS finding
can be potentially extended to other metals in zeolites to
probe whether they form super electrophilic species upon de-
hydration. The highly electrophilic and super electrophilic
species formed in zeolites may have great importance for
chemical transformation of organic molecules. The IR signa-
tures upon CO adsorption on super electrophilic metal cati-
ons indicate formation of unusually stable non-classical car-
bonyl complexes with CO stretching frequencies in the 2,200
cm region (2,214 and 2,193 cm in the Pd(I)(CO)2 case).

Thus, such Pd*? ions in SSZ-13 selectively form non-classi-
cal [Pd*?(C0O)z] complexes and Pd(I/ll)-NO complexes upon
CO and NO adsorption, respectively. In the presence of both
CO and NO, a mixed carbonyl nitrosyl Pd*?(CO)(NO) com-
plex is formed which has been reported by us previously and
which is responsible for the unique performance of Pd ions in
SSZ-13 as passive NOx adsorbers. Both Pd*?(CO). and
Pd*2(NO) can interact with ethylene to form classical palla-
dium carbonyl-olefin [Pd(CO)(C2H4)] and nitrosyl-olefin
[PA(NO)(C2H4)] complexes, respectively. We also show the
first example of comprehensive modeling of a Pd/zeolite (and
additionally Pt/zeolite) system including its interactions/acti-
vations of small molecules CO, NO, CzH4 — these interactions
are of great importance for adsorption (e.g., passive NOx ad-
sorbers) and catalysis.

We additionally emphasize the importance of confined nano-
space (micropores) of zeolites for the formation of atomically
dispersed metal ions with unusually high elecrophilicity and,
as a consequence, unique physico-chemical properties. Out
of them, SSZ-13 stands out due to its high hydrothermal sta-
bility and thus has a great industrial potential, for example,
for low-temperature passive NOx adsorption (PNA) applica-
tions on the basis on Pd/SSZ-13 system.
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METHODS

Na-SSZ-13 with Si/Al = 6 and ion-exchanged twice with 2 M NH4NO3z aqueous solution at 80 °C for
3 hours yielding the ammonium forms of SSZ-13. NH4-SSZ-13 was subsequently dried under ambient
conditions and then at 80 °C. Samples with 0.1 and 1 wt% Pd, 1 wt% Pt and 3 wt% Ag loadings were
prepared by modified ion exchange (for Pd and Pt) with 10 wt% Pd(NH3)4(NO3z)2 solution (Sigma-Aldrich
99.99%) with NH4-SSZ-13, and platinum(Il) tetraamine nitrate solution, and regular ion exchange for
AgNO3 (99.99%) solution with H-SSZ-13 (produced by decomposition of NH4-SSZ-13 in air at 550 °C).
More specifically, minimum amount of the Pd(I1) or Pt(ll) precursor solution was added to zeolite in the
amount approximately equivalent to the total pore volume of the zeolite. The thick paste was mixed and
stirred vigorously for 30 minutes, followed by calcination in air at 650 °C for 5 h (ramping rate 2 °C/min)
in case of Pd and 350°C in case of Pt. H-forms of zeolites could be used as well with identical results: in
that case, Pd and Pt tetramine salts were dissolved in the minimum amount of dilute ammonium hydroxide
solution (pH=11.5), mixed with zeolite to form thick paste (mixed vigorously), followed by drying and
calcination in air at 650 °C for Pd and 350 °C for Pt. In the case of Ag, 1 g of H-SSZ-13 was dispersed in
water and stirred with ~20 ml of 0.1 M silver nitrate solution for 3 hours; then the sample was purified by
5 successive centrifugation-redispersion cycles and dried at 80 °C overnight. To avoid silver auto-reduc-
tion under high vacuum in the FTIR cell, the sample was heated to 180 °C to remove residual water from

Ag/SSZ-13 as quickly as possible and then immediately cooled down prior to IR measurements.

The in situ static transmission IR experiments were conducted in a home-built cell housed in the sam-
ple compartment of a Bruker Vertex 80 spectrometer, equipped with an MCT detector and operated at 4
cm resolution. The powder sample was pressed onto a tungsten mesh which, in turn, was mounted onto

a copper heating assembly attached to a ceramic feedthrough. The sample could be resistively heated, and
14



the sample temperature was monitored by a thermocouple spot welded onto the top center of the W grid.
The cold finger on the glass bulb containing CO was cooled with liquid nitrogen to eliminate any con-
tamination originating from metal carbonyls, while NO was cleaned with multiple freeze—pump-thaw
cycles. Prior to spectrum collection, a background with the activated (annealed, reduced or oxidized)

sample in the IR beam was collected. Each spectrum reported is obtained by averaging 256 scans.

HAADF-STEM was used to probe the dispersion of Pd and Pt in prepared samples. The analysis was
performed with a FEI Titan 80-300 microscope operated at 300 kV. The instrument is equipped with a
CEOS GmbH double-hexapole aberration corrector for the probe-forming lens, which allows for imaging
with 0.1 nm resolution in scanning transmission electron microscopy mode (STEM). The images were
acquired with a high angle annular dark field (HAADF) detector with inner collection angle set to 52

mrad.

Standard NOx adsorption tests were conducted in a plug-flow reactor system with powder samples
(120 mg, 60-80 mesh) loaded in a quartz tube, using a synthetic gas mixture that contained ~200 ppm of
NOx or (200 ppm of NOx, 200 ppm CO, 3 vw% H20 and 14% O) balanced with N> at a flow rate of 310
sccm (corresponding to 330,000 h™2).

All the gas lines were heated to over 100 °C. Concentrations of reactants and products were measured
by an online MKS MultiGas 2030 FTIR gas analyzer with a gas cell maintained at 191 °C. Two four-way
valves were used for gas switching between the reactor and the bypass. Prior to storage testing at 100 °C,
the sample was pretreated in 14% O balanced in N2 flow for 1 h at 550 °C and cooled to the target
temperature in the same feed. The gas mixture was then switched from the reactor to the bypass, and 200
ppm of NOx was added to the mixture. Upon stabilization, the gas mixture was switched back from bypass
to the reactor for storage testing for 10 min. The sample was then heated to 600 °C at a rate of 10 °C/min

to record the desorption profiles of gases in the effluent.

To further disprove the possibility of formation of Pd(IV) species upon calcination in oxygen, we
performed the following experiment. We heated ~ 300 mg of 1 wt% Pd/SSZ-13 in dry oxygen in the
quartz reactor [the reactor has valves that allow to isolate it from ambient atmosphere upon installation/re-
moval] at 600 °C for 3 hours, cooled it down to room temperature in dry air flow, purged the reactor with
dry nitrogen. Then we moved the reactor to the moisture and oxygen-free glove box without exposure to
ambient air, collected the pink powder of Pd/SSZ-13 from the reactor in a 20 ml vial with a screw-cap
with a septum. We took a gas-phase sample (1ml) from that vial with a GC syringe, injected it in the GC

and analyzed the gas phase to confirm absence of oxygen.
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Then through the septum, we introduced a minimum amount of pure de-aerated H20. The sample turned
yellow, characteristic of Pd(Il) hydrated ions. If during the interaction with water the reduction of Pd(IV)
to Pd(II) were indeed to take place, then the following red-ox reaction would occur: Pd(IV) + 2 e =
Pd(11). If Pd accepts two electrons, water has to give electrons which can only occur via: H,0 — 2e - 2H*
+ 1/20,. If Pd(IV) were indeed reduced to Pd(Il), it would produce 14 micromoles of Oz during this red-
ox process. Inthe ~20 ml vial, this amount of oxygen would be equivalent to ~0.3% of oxygen by volume.
This amount (and even much smaller oxygen amount) would be easily detectable with a GC. We injected
1 ml of the gas-phase from the closed vial with a GC syringe and observed no oxygen in the gas phase.
Thus, no oxygen was produced, and no Pd(IV) was formed during Pd/SSZ-13 heating in oxygen.

XAS spectra were collected at X-ray beamline 9-1 of the Argonne National Laboratory. The storage
ring electron energy was 7 GeV and the ring current was in the range of 495-500 mA. Prior to these
measurements, each powder sample was loaded into a cell. The XAS data were collected in the fluores-
cence mode. Samples were scanned at energies near the Pd K absorption edge (24,350 eV). Standards
(PdO, Pd foil and K2[PdCle] were scanned as well. PdO and Kz[PdCls] were mixed with BN prior to
scanning). 1 wt% Pd/SSZ-13 sample in Fig. S1 was calcined in air in the XAS cell at 350 °C for 1 hour,
then cooled down in the air flow and XANES recorded at room temperature.

X-ray Photoelectron Spectroscopy (XPS) experiments were performed using a Physical Electronics
Quantera scanning X-ray microprobe. This system uses a focused monochromatic Al Ka X-ray (1486.7
eV) source for excitation and a spherical section analyzer. The instrument has a 32 element multichannel
detection system. The 80 W X-ray beam focused to 100 pum diameter was rastered over a 1.1 x 0.1 mm
rectangle on the sample. The X-ray beam was incident normal to the sample and the photoelectron detector
was at 45° off-normal. High-energy-resolution spectra were collected using a pass-energy of 69.0 eV with
a step size of 0.125 eV. Note that the samples experienced variable degrees of charging. Low-energy
electrons at ~1 eV, 20 pA and low-energy Ar* ions were used to minimize this charging. First, the 0.1
and 1 wt% Pd samples were measured as is. The samples then were heated in 10% O/He for 1 h at 600
°C (ramping rate 10 °C/min), followed by cooling down in O./He to room temperature in a flow cell
attached to the XPS system. The pretreated samples were immediately transferred into the UHV chamber
without exposure to the open air for the first XPS analysis. Note that following the heating treatment,
adventitious carbon, ideal for binding energy (BE) calibration, became absent. Therefore, all binding en-
ergies were referenced to a Si 2p BE of SSZ-13 of 102.7 eV.

Computational Details and Models
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We performed periodic DFT calculations using the PW91 exchange-correlation functional with dispersion
correction (PW91-D2).[1,2] Vienna ab initio simulation package (VASP) [3,4] was employed for these
calculations. Ultrasoft pseudopotentials [5,6] were used as implemented in the VASP package. The large
size of the unit cell (see below) allowed us to sample the Brillouin zone using the I" point only [7]. A

plane-wave basis was used with a cutoff energy of 400 eV.

The monoclinic unit cell of the CHA framework consists of 36 T atoms. It was optimized for the
pure silicate structure with dimensions: a=b=13.675 A, ¢ = 14.767 A; o= p = 90°, y = 120° [8]. Two Si
atoms in the unit cell located in one six-member ring were replaced with Al. The negative charges around
the Al sites were compensated by the M?* ion or M* (M = Pd or Pt) and H* cations or their complexes.
All atoms were allowed to relax until the force on each atom was less than 5x10-2 eV/A during the ge-

ometry optimization.
The total binding energy BE of all neutral ligands (CO, NO, H20, and CzHa4) is calculated as follows:
BE = E[ZEO/M(L1)n(L2)m] — E[ZEO/M] — nxE(L1) — mxE(L2)

where ZEO/M(L1)n(L2)m (n =1, 2 or 3) is the energy of the optimized zeolite system together with the
metal (M = Pd or Pt) cation and the adsorbed molecule(s); E[ZEO/M] are the energies of the pristine
zeolite system, where the framework negative charges are compansated by various cationic species con-

sidered, while E(L1) and E(L2) are the energies of the adsorbate molecule(s) in the gas phase.

The adsorption energies of certain ligand (L1 or L2) in the M (M = Pd or Pt) complexes M(L1)n(L2)m,
(n=1-3, m =0 - 2) located in the pores of CHA zeolite are calculated as follows:

BEL1 = E[ZEO/M(L1)n(L2)m] - E[ZEO/M(L1)n1(L2)m] - E(L1)
BEL> = E[ZEO/M(L1)n(L2)m] = E[ZEO/M(L1)n(L2)m-1] - E(L2)

in the cases where there are two types of adsorbed ligands, L1 and L> corresponds to the order of the
ligands in the notation of the structure. For example in Pd?*(CO)(C2H.) structure CO is first ligand (L1)
and CzHjs is the second one (L>).

Consistent with these definitions, negative values of BE imply a favorable interaction.

The vibrational frequencies were calculated using a normal mode analysis where the elements of the Hes-
sian were approximated as finite differences of gradients, displacing each atomic center by 1.5x102 A
either way along each Cartesian direction. All calculated C-O vibrational frequencies were shifted by the
difference of the calculated harmonic frequency of the free CO obtained with the same computational
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approach and the experimentally measured (anharmonic) frequency of CO in the gas phase (i.e., 2143 cm’
1):

H(C'O)Calc = Healculated — Healculated(CO-gas) + 2143.

In this case, the calculated vco frequencies are corrected for both the anharmonicity (which is 35 cm™ for
gas phase CO) and the systematic error of the computational method, as reported earlier [9]. Such correc-
tion cannot be applied for the N-O vibrational frequencies due to the change in the oxidation state, when
NO ligands are adsorbed to the metal species.
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Figure S1. XANES region at the Pd K-edge of standards PdO, [Pd(NH3)s](NO3)2, Kz[PdCls] and
comparison with air calcined 1 wt% Pd/SSZ-13.

Figure S2. Cryo-HAADF-STEM images of of 1 wt% Pd/SSZ13 with Si/Al ratio 6 showing very high
dispersion of Pd (no agglomeration).
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Figure S3. FTIR spectra under vacuum (from 5 Torr CO adsorbed to 0.001 Torr) on 1 wt% Pd/SSZ-
13 with Si/Al=6 pre-reduced in the presence of CO (10 Torr) at 400 °C for 1 hr in the infra-red cell.
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Figure S4. FTIR spectra during 5 Torr 33CO adsorption on 1 wt% Pd/SSZ-13 with Si/Al=6 exposed
to 5 Torr 2CO prior to that.

\ j .

Figure S5. Visual changes to 1 wt% Pd/SSZ-13 with Si/Al ratio 6 single-atom material: a). in the
presence of moisture b). dehydrated under helium or oxygen (note that these changes are reversible;
when the pink sample is stored in the glove box in the absence of moisture it retains its colour; as
soon as water is added in the glovebox or the sample is taken out of the glovebox, the colour changes
to yellowish) c¢). Pd/SSZ-13 exposed to CO d). Pd(I1)(CO)2/SSZ-13 exposed to a single pulse of eth-
ylene with the formation of classical colourless (in the VIS region) Pd(11)(CO)(CzHa4) complex.

21



Figure S6. Optimized structures of selected Pd™ complexes located in a six-membered ring of CHA: (a)
Pd*(CO); b) Pd*(CO)y, c) Pt*(CO)s, d) Pd*(NO), e) Pd*(NO), and f) Pd*(NO)s. For visual clarity only
local structure around the complex is shown and in some cases different views of the complexes are pre-
sented. Color coding: Si — gray; O —red; Al — green; H — white; C — yellow; N — purple; Pd — cyan.
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Figure S7. Optimized structures of selected Pd?* complexes located in a six-membered ring of CHA: (a)
Pd?*(CO); b) Pd?*(CO),, c) Pd**(CO)4 zeo, d) desorbed Pd®(CO)4 unit; e) Pd?*(NO), f) Pd**(NO), and g)
Pd?*(NO)s; mixed complexes: h) Pd**(C0)2(NO), i) Pd?*(CO)(NO).. For visual clarity only local structure
around the complex is shown and in some cases different views of the complexes are presented. Color
coding: Si —gray; O —red; Al — green; H — white; C — yellow; N — purple; Pd — cyan.
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Figure S8. Optimized structures of selected Pd** complexes located in a six-membered ring of CHA: a)
Pd2*(CO)(OH), b) Pd?*(CO)2(OH), c) Pd*(NO)(OH), d) Pd*(CO)(H:0), e) Pd**(NO)(H.0), f)
Pd?*(CO)(Cz2H4), g) Pd?"(NO)(CzHa4), h) Pd?*(NO)(CzHa), and i) Pd*(NO)(CsHs). Models with
Pd?*(O)Pd?* dimer: j) pristine dimer, k) Pd?*(CO)(0O)Pd?*(CO), I) Pd?*(CO),(0)Pd?**(CO). (one CO; is
desorbed). Color coding: Si — gray; O — red; Al — green; H — white; C — yellow; N — purple; Pd — cyan.
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Figure S9. Optimized structures of selected Pd®" and Pd** complexes located in a six-membered ring of

CHA: a) Pd®*(CO)(OH), b) Pd3*(CO)(OH),
Pd**(NO)(C4Hs)(O). Color coding: Si

— cyan.

i
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Figure S10. Crystallographic structure of SSZ-13 (chabazite) material. The diameter of the cavity
is ~0.85 nm.

Absorbance/a.u.

0.10 A

0.08

0.06

0.04

0.02 A

>2214

0.00 A

o
Te]
—
N

?d(ll)(CO)2

0.10

Pd(I1)(CO)(NO)

0.08

0.06

0.04

Absorbance

0.02

0.00

T
3000

2700

T
2400 2100 1800

Wavenumbers/ cm™?

T
2000

Wavenumbers, cm™

Figure S11. FTIR of sequential 6 Torr H.O adsorption on Pd(I1)(CO). and Pd(NO)(CO) in SSZ-13 (1
wit% Pd, Si/Al=6). Both complexes are stable in the presence of water (6 Torr added). ABC structure is

the typical triplet feature developed upon water adsorption on zeolites in IR spectra (see, for example,

Nature of "A,B,C"-type infrared spectra of strongly hydrogen-bonded systems; pseudo-maxima in vibra-
tional spectra Claydon, M. F.; Sheppard, N., Journal of the Chemical Society [Section] D: Chemical Com-

munications (1969).
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Figure S12. NO adsorption (0.2 Torr) on Pd(CO)2/SSZ-13 with Si/Al=6.
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NO pulse: wait  Pd(ID-NO:+ NO--> Pd(1)-NO + NO

Initial spectrum: blue
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Figure S13. A) Upper figure: NO adsorption on 1 wt% Pd/SSZ-13 with Si/Al=6. B). More detailed look
at NO adsorption on Pd/SSZ-13 with Si/Al=6: more specifically, after a single NO pulse the spectrum is
immediately taken after pressure stabilization, and then the next spectrum is taken 30 seconds after the
NO pulse. We provide the first direct experimental evidence of Pd(Il) reduction by NO. NO is a free
radical and addition of its unpaired electron to Pd(I1) can reduce Pd(Il) to Pd(l): this is exactly what we
observe while looking at NO stretching frequencies; more specifically, the band pf Pd(I11)-NO goes
down at the expense of Pd(1)-NO that gets formed. We have previously assigned the 1,805 cm™ to
Pd(I)-NO on the basis of DFT calculations and common sense. Now, however, we have been able to
capture this transformation in detail. The reduction of Pd(I1) to Pd(l) also frees up 1 Al-O site and form
nitrosyl (or alternatively nitrosonium) ion NO+ which occupies the newly available cationic position
(the IR signature of this NO+ in proximity to the reduced Pd center is at about ~2,170 cm™) :

Pd(11) + NO = Pd(1)-NO + NO*

This finding is the first direct extension and confirmation of our previous findings for Cu(I1)/SSZ-13
system during its interaction with NO that we have reported earlier: Kwak, J. H., Lee, J. H., Burton, S.
D., Lipton, A. S., Peden, C. H. and Szanyi, J. (2013), A Common Intermediate for N» Formation in En-
zymes and Zeolites: Side-On Cu—Nitrosyl Complexes. Angew. Chem. Int. Ed., 52: 9985-9989.
doi:10.1002/anie.201303498
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Figure S14. FTIR spectra collected during step-wise addition of 0.5 Torr CO adsorption on an NO satu-
rated 1wt% Pd/H-SSZ-13 sample.
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Figure S15. NOx and CO abatement performance of 1 wt% Pd SSZ-13 with Si/Al = 6. NOx adsorp-
tion at 100 °C for 10 min (after 10 min bypass) followed with TPD (10 °C/min). The feed gas mixture
contains 200 ppm of NOx, 14% Oz, 3 % H20 with with 200 ppm CO.
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Figure S16. HAADF-STEM images of 1 wt% Pt/SSZ13 with Si/Al ratio 6.

Table S1. Binding energies of the neutral ligands (in kJ/mol), vibrational frequencies of diatomic ligands
(v(L) in cm?), elongation of the bond length(s) in the ligands with respect to isolated molecule in gas
phase, Pd-ligand and Pd-Og, distances (Ad(A-B), d(Pd-L), d(Pd-Ozy), respectively, in pm), and number
of the unpaired electrons in the systems, Ns.

Structures BE BEu BEw v(L)? Ad(A-B)® d(Pd-L) d(Pd-Ogeo) Ns
Pd* 220;222;225 1
Pd*Hzeo 85°¢ 149 215;217;224;227 1
Pd*(NO) -226 1804 0.3 181 220;231 0
Pd*(NO); -306 -80 1816;1739 0.1;0.8 197,223 223;235 1
Pd*(NO); -403  -97 1817;1740;1717 0.0;0.3;0.9 201;203;206 236,242 0
Pd*(CO) -158 2075 11 188 214,246;258 1
Pd*(CO) -252 94 2103;2063 0.5;0.7 195;197 224,235 1
Pd*(CO)s -273  -20 2098;2058;2055 0.6;0.7;0.7 196;201;213 230,248 1
Pd?* 206;206;214;214 0O
Pd?*(CO) -87 2114 0.4 188 206;213;214 0
Pd?*(CO), -215  -128 2172;2138 -0.2;-0.2 192;192 210;210 0
Pd?*(CO); one CO ligand desorbs
Pd?*(CO)4ze0 -271 2178;2133;2122;1845 -0.6;-0.1;0.0;4.4° 203;204,;206;206 234 0
Pd°(CO)4 desorbed 2119;2073;2068;2012  0.6;0.6;0.7;1.5 199;201;202;202
Pd**(NO) -122 1843 -1.1 193 218;219;232;233 1
Pd?*(NO); -243  -121 1879;1823 0.1;0.8 197;201 223;235 0
Pd**(NO)s -348 -104 1868;1817;1797 -1.1;-1.1;-0.8 205;207;213 229;231;254 1
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Pd2*(CO)2(0)Pd?*(CO),

Spontaneous formation and desorption of CO;

Pd?*(CO)(NO) -200 -78  -113 2146/1830 -0.1/-1.1 193/199 213;217 1
Pd?*(C0)2(NO) -252  -130 -37 2132;2111/1822 0.0;0.0/-1.0 198;198/232 219;220 1
Pd?*(CO)(NO) -319 50 -232 2148/1852;1808 -0.3/-1.2;-1.1 199/215;215 232;238;238 0
Pd?*(CO)(OH)® -187 2121 0.4/-0.1¢ 187/198 213;219 0
Pd?*(CO),(OH) -262 2165;2125 -0.1;0.0/-0.79 189;197/198 215 0
Pd*(NO)(OH) f -177 1796 -0.1/0.1 9 189;198 219;225 1
Pd?*(H.0)" -50 0.5;7.2 206 203;215;217 0
Pd?*(CO)(H:0)' -209 -159 -122 2148 -0.1/0.7;8.0 188/209 209;210 0
Pd?*(NO)(H.0)} -203 -153  -80 1828 -1.1/0.7;6.2 191/214 212;215 1
Pd?*(CyH4) -58 4.7 229;229 221;221;234;235 0
Pd?*(C4Hs) -162¢
Pd?*(CO)(CzHa) -209 -151  -98 2140 0.1/6.3 188/223;224 206;221 0
Pd?*(NO)(C2Ha) -201  -144  -79 1807 -0.7/5.8 192/224;224 216;235;254 1
Pd?*(NO)(CzH4), -258 -136 1817 -1.0/3.4;3.9 203/231;237;243;250 237,237 1
Pd?*(NO)(C4Hs) -301% -139 1822 -1 200/214;218 227;232;251 1
Pd3*(CO)(OH) -117 2158 -0.3 192/195 210;211 1
Pd3*(CO),(OH) -160 2141;2114 0.0;0.1 194;194/217 213;213 1
Pd**(NO)(OH) -149 1897 -2.3 203/195 212;224 0
Pd**(C0),(0) Spontaneous formation and desorption of CO; 0
Pd**(C4Hs)(O) -141% 211;213 225;226;227 0
Pd**(NO)(C4Hs)(0) -254%  -113 1836 -0.8 199 237;237 3
Pd?*(O)Pd?* 214;219/214;219 0
Pd?*(CO)(0)Pd?*(CO) -321 2132/2116 0.3/0.3 188/188 214;219/214;219 0

ashifted by +35 cm since the calculated CO in gas phase 2108 cm™ is lower by 35 cm® with respect to the experimental value,
2143 cm'Y’; the calculated frequencies of NO are not shifted. Part of the data have been reported as Supporting information in

ref. [9] and here they are reported for comparison with the new data.
belongation with respect to the isolated ligand
¢ relative energy with respect to Pd* structure

delongation of the bound CO molecule to one O from the zeolite

9 elongation of OH with respect to Pd?*(OH)/zeo complex

Hydrogen bond between the H from OH and O from the zeolite: ¢ 204 pm; F203 pm.

Hydrogen bond between the H from H,O and O from the zeolite: "147.8 pm; 1 149.0 pm; 1 154.5 pm.

K'With respect to two molecules ethylene
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i

g) side view h) side view

Figure S17. Optimized structures of selected Pt?* complexes located in a six-membered ring of CHA: (a)
Pt2*; b) Pt?*(CO); c) Pt**(CO). and d) Pt?>*(CO)(OH), as well as located in eight membered ring of CHA:
e) Pt?*; f) Pt**(CO)_a; g) Pt**(CO)2_a; h) Pt**(CO)._b. For visual clarity only local structure around the
complex is shown and in some cases different views of the complexes are presented. Color coding: Si —
gray; O —red; Al — green; H — white; C — yellow; Pt — blue.
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Table S2. Binding energies of all the neutral ligands (BE, in kJ/mol) and of the second adsorbed ligand
(BEL», in kd/mol), vibrational frequencies of diatomic (C-O) ligands (x(L) in cm™), elongation of the C-
O bond length(s) in the ligands with respect to the isolated CO molecule in gas phase, Pt-ligand distances
(in pm) (Pt-L), distances between Pt cation and zeolite O centers (Pt-Ozo) and number of the unpaired

electrons in the systems, Ni.

Str. BE BE.  x(L) Ad(A-BP  d(PtL) d(Pt-Ozeo) Ns

Pt 206;206;212;212 0

Pt?*(CO) -134 2108 0.8 185 208;211;211 0
Pt?*(CO) -318 -184  2182;2136 -0.1;0.0 189;189 209;209 0
P{2*(OH) 190 202:210:211 1
Pt?*(CO)(OH) -181 2146 0.1 188:194 209:209 1

Pt?* 8 mem. ring 200;206:211 0
Pt?*(CO)_a 8 mem. ring -309 2138 0.5 186 202;211;212 0
Pt>*(CO)_b 8 mem. ring  -309 2134 0.4 186 202;211;213 0
Pt?*(CO),_a 8 mem.ring -481 -173  2156;2108 0.2;0.5 190;190 206;210 0
Pt>*(CO),_b 8 mem.ring -479 -170 2179;2135 0.0;0.1 189;190 205;210 0

2 the frequencies are shifted by +35 cm™ since the calculated C-O vibrational frequency for a CO molecule

in gas phase 2108 cm™ is lower by 35 cm™ with respect to the experimental value, 2143 cm™.

b elongation with respect to the isolated ligand in gas phase
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Table S3. XPS data acquisition parameters.

XPS wide scan data acquisition parameters:

No Transition Start (eV) End (eV) Inc (eV) Time/DataPt (s) Pass Energy (eV)
1 Suls 1350.00 0.00 -0.50 0.287 140.00

XPS narrow (high energy resolution) scan data files:

No Transition Start (eV) End (eV) Inc (eV) Time/DataPt (s) Pass Energy (eV)
6 Ols 541.00 52300 -0.13 0.862 69.00

Cls 29400 276.00 -0.13 1.293 69.00

Pd3d 354.00 328.00 -0.13 6.467

69.00

Al2p 83.00 65.00 -013 0.862 69.00
Si2p 111.00 93.00 -0.13 0.862 69.00

5
4
3 N1ls 408.00 390.00 -0.20 2.874 112.00
2
1

Table S4. Calculated weight % of each element for 1 and 0.1 wt% Pd/SSZ-13 with Si/Al=6 “as is” and

after various treatments.

Area Comment

1wt% Pd/SS7-13 Si/A1=6 (batch 1) As is
1wt% Pd/55Z-13 Si/Al=6 (batch 1) 600C 02
1wt% Pd/55Z-13 Si/Al1=6 (batch 1) 600C 02
1wt% Pd/Ssz-13 si/Aal=6 (batch 1) NO RT

0.1wt% Pd/s55Z-13 Si/Al=6 As is
0.1wt% Pd/55Z-13 5i/A1=6 600C 02
0.1wt% Pd/SSZ-13 Si/Al=6 600C NO RT

Cls

oo ooDoo

.87
.04
.00
.05

.69
211
.05

0ls

57.
56.
55.
56.

57.
56.
57.

49
57
92
27

79
60
31

Al2p

.32
.90
.95
.75

.44
.84
.64

S S S S S N

Si2p

36.
37.
38.
38.

36.
38.
37.

80
95
60
32

99
34
97

pd3d

oo o000

34

51

.54

52

.61

.09
212
.04
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Figure S18. Wide-line XPS scan of 1 wt% Pd/SSZ-13 with Si/Al=6 as is.
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Figure S19. Wide-line XPS scan of 1 wt% Pd/SSZ-13 with Si/Al=6 calcined at 600 °C (taken at the first
sample area).
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Figure S20. Wide-line XPS scan of 1 wt% Pd/SSZ-13 with Si/Al=6 calcined at 600 °C (taken at the 2"
sample area, different than the first one).
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Figure S21. Wide-line XPS scan of 0.1 wt% Pd/SSZ-13 with Si/Al=6 calcined at 600 °C.
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High energy resolution photoemission spectra
1wt% Pd/S5Z-13 SifAl = 6 (batch 1)
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Figure S22. High-resolution XPS scan of Si2p region for 1 wt% Pd/SSZ-13 with Si/Al=6 as is and treated

under various conditions (sample was calcined at 600 °C in oxygen).
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High energy resolution photoemission spectra
1wt% Pd/SS5Z-13 Sif/Al = 6 (batch 1)
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Figure S23. High-resolution XPS scan of Al2p region for 1 wt% Pd/SSZ-13 with Si/Al=6 as is and treated
under various conditions (sample was calcined at 600 °C in oxygen). Importantly, we report for the first
time the shift of Al BE to the left (by ~0.4 eV to higher binding energy, meaning that Al site becomes
more positive) due to water leaving zeolite micropores: this confirms that water occluded in zeolite mi-
cropores under ambient conditions interacts predominantly with Al-O sites (and not O-Si sites, hence no
shift in the Si BE during dehydration in Fig. S22)); thus, interaction of Al-O-H (where Al is the framework
T site) with water modulates the properties of T-sites to an extent (makes them more basic) which has
significant importance for chemical (organics) conversion in zeolites in the presence and absence of water.
This finding complements, for example, the following data for water intraction with the zeolite obtained
with state-of-the-art solid-state MAS NMR techniques: Genesis and Stability of Hydronium lons in Zeo-
lite Channels, Meng Wang, Nicholas R. Jaegers, Mal-Soon Lee, Chuan Wan, Jian Zhi Hu, Hui Shi, Don-
ghai Mei, Sarah D. Burton, Donald M. Camaioni, Oliver Y. Gutiérrez, Vassiliki-Alexandra Glezakou,
Roger Rousseau, Yong Wang, Johannes A. Lercher, J. Am. Chem. Soc.2019, 141, 8, 3444-3455.
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High energy resolution photoemission spectra
1wt% Pd/55Z-13 SifAl = 6 (batch 1)
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Figure S24. High-resolution XPS scan of C1s region for 1 wt% Pd/SSZ-13 with Si/Al=6 as is and treated
under various conditions(sample was calcined at 600 °C in oxygen).
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Figure S25. High-resolution XPS spectra for 0.1 wt% Pd/SSZ-13 with Si/Al ratio 6 before (red) and af-
ter heating in oxygen at 600°C (experiments performed quasi in-situ).
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Figure S26. High-resolution XPS spectra for 1 wt% Pd/SSZ-13 with Si/Al ratio 6 before (red) and after
heating in oxygen at 600°C (experiments performed quasi in-situ).
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Figure S27. C-H stretching regions of Rh(C:Ha4)2 on zeolite (blue line), alumina (red line) and

Rh(CO)(C2Ha4)(Acac) (green line).
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Figure S28. FTIR spectra of the CO adsorption (10 Torr) on the Pd(I1)(CO)(C2H4)/SSZ-13 with
Si/Al ratio 6.
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Figure S29. FTIR spectra of the high vacuum (10°-10" Torr) on the Pd(11)(CO)(C2H4)/SSZ-13 with Si/Al

ratio 6.
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Figure S30. FTIR spectra of applying high vacuum on the Pd(11)(NO)(C2H4)/SSZ-13 with Si/Al ratio 6.
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Figure S31. FTIR spectra of the comparison between Pd(11)(CO)(Cz2H4) (black spectrum) and
Pd(NO)(C2H4)/SSZ-13 (blue spectrum) with Si/Al ratio 6 after C2H4 adsorption on Pd carbonyl and
nitrosyl complexes: CO/NO stretching and C=C vibrations regions are shown in addition to C-H

stretching region in the main text.
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Figure S32. C-H stretching region of 5% butadiene adsorption on zeolite (blue line before adsorption, red

line after butadiene-1,3 adsorption).
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Figure S33. FTIR spectra during 5 Torr CO adsorption on 1 wt% Pd/SSZ-13 with Si/Al=30. Consistent
with our previous work, Pd(I1)(CO)2 are not stabilized selectively because at this Si/Al ratio with between
1 to 2 Al atoms per unit cell the fraction of paired Al T-sites in the vicinity is small. The major species is
Pd(I1)(CO)(OH) and a significant fraction of linear CO adsorbed on metal Pd(0) clusters and particles can
be seen, consistent with findings in our Angew. Chem. Paper (ref. 8 main text) where HADDF-STEM
and PNA performance testing show that for 1 wt% Pd/SSZ-13 sample with Si/Al~30 the amount of atom-

ically dispersed Pd is ~30%, the rest is PdO nanoparticles and clusters.
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Figure S34. FTIR spectra during 5 Torr CO adsorption on 1 wt% Pd/SSZ-13 with Si/Al=12. Pd(11)(CO)2
are formed with relatively high selectivity in addition to various Pd(I1)(CO)(OH) species highlighting the
abundance on nearby Al pairs in SSZ-13 with Si/Al ~12 (approx 3-4 Al T-sites per unit cell). Note how-
ever that for 1 wt% Pd/SSZ-13 with Si/Al 6 Pd(11)(CO): is formed completely selectively (>95%) whereas
for this sample with lower Al content a significant fraction of Pd(I11)(CO)(OH) (2147-2133 cm™ bands)
and a minor fraction of CO adsorbed linearly on metallic Pd clusters can be seen as well. Thus, in our 1
wit% Pd/SSZ-13 Si/Al Pd selectively goes to Pd(I1)/2Al sites.
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Figure S35. FTIR spectra during 0.5 Torr CO adsorption on Pd(NO)(C2H4) complex. CO is theoretically
able to react with PA(NO)(C2Ha4) the following pathways:

Pd(NO)(C2Ha) + CO > Pd(CO)(CzHs) + NO pathway 1
Pd(NO)(C2Ha) + CO > Pd(CO)(NO) + CzHs pathway 2

These data provide important information on ligand binding to Pd(Il) in various mixed CO, NO and Eth-
ylene containing Pd(I1) complexes in zeolite. It is clear that pathway 2 is operative in excellent with bind-
ing energies of neutral ligands obtained in our DFT calculations (Table S1), showing higher stability of
Pd(11)(CO)(NO) compared with Pd(I1)(NO)(Cz2Ha4).
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Figure S36. FTIR spectra during 0.5 Torr NO adsorption on Pd(CO)(C2H4) complex. NO is theoretically
able to react with Pd(CO)(C2H4) the following pathways:

Pd(CO)(C2Ha) + NO > PA(NO)(CoH4) +CO  pathway 1
Pd(CO)(C2Hs) + NO > Pd(CO)(NO) + CzHs pathway 2

It is clear that Pd(I1)(CO)(C2Hs.) is more stable than Pd(11)(NO)(C2Ha) and Pd(11)(CO)(NO), therefore no
ligand exchange takes place in agreement with our DFT calculations (Table S1). Thus, the row of mixed
ligand binding can be constructed in terms of stability of produced complexes: Pd(CO)(CzHs) >
Pd(CO)(NO) > Pd(NO)(C2Ha4).
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