Downloaded via PACIFIC NORTHWEST NATL LABORATORY on June 25, 2020 at 22:47:34 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

PHYSICAL CHEMISTRY

& Cite This: J. Phys. Chem. C 2020, 124, 309-321 pubs.acs.org/JPCC

Stabilization of Super Electrophilic Pd*? Cations in Small-Pore SSZ-
13 Zeolite
Konstantin Khlvantsev,x’} 2 Nlcholas R_]aegers,I A® Iskra Z. Koleva,"” Hristiyan A. Aleksandrov,*’

Libor Kovarlk Mark Engelhard Feng Gao, “ Yong Wang, P Georgi N. Vayssﬂov,
and Janos Szanyi* !

Institute for Integrated Catalysis, Pacific Northwest National Laboratory, Richland, Washington 99352, United States

*Voiland School of Chemical Engineering and Bioengineering, Washington State University, Pullman, Washington 99163, United
States

SFaculty of Chemistry and Pharmacy, University of Sofia, 1126 Sofia, Bulgaria
© Supporting Information

ABSTRACT: We provide the first observation and characterization of 2+ 2

super electrophilic metal cations on a solid support. For Pd/SSZ-13, the G0 ] R (B8] A
results of our combined experimental (Fourier transform infrared |. 7~ %—2A > N
spectroscopy, X-ray photoelectron spectroscopy, high-angle annular 1 1 /‘ [T il 2103
dark-field scanning transmission electron microscopy) and density § 51\ ) \X\?

functional theory study reveal that Pd ions in zeolites, previously |

identified as Pd*® and Pd*™, are, in fact, present as super electrophilic N

Pd*? species (charge-transfer complex/ion pair with the negatively \9@

charged framework oxygens). In this contribution, we reassign the 000 = k
spectroscopic signatures of these species, discuss the unusual . .
coordination environment of “naked” (ligand-free) super electrophilic | =~ TR e

Pd* in SSZ-13, and their complexes with CO and NO. With CO,

nonclassical, highly positive [Pd(CO),]*" ions are formed with the zeolite framework acting as a weakly coordinating anion (ion
pairs). Nonclassical carbonyl complexes also form with Pt"* and Ag* in SSZ-13. The Pd**(CO), 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*?—carbonyl—olefin [Pd(CO)(C,H,)] and Pd**—nitrosyl—olefin [Pd(NO)(C,H,)] complexes.
Overall, we show that the zeolite framework can stabilize super electrophilic metal (Pd) cations and show the new chemistry of
the Pd/SSZ-13 system with implications for adsorption and catalysis.

B INTRODUCTION stream) at low temperatures.*” ' The importance 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 N, under practical conditions at
temperatures lower than 200 °C. To circumvent this problem,
inside the microporous channels/cages of various sizes.” We Pd/SSZ-13 can be usec.1 as a low-tempell‘ature passive NOx
recently demonstrated the preparation of atomically dispersed adsorber (PNA)j In this process, NOX is adsorbed at low
Pd (and Pt) in a small-pore zeolite SSZ-13 (Si/Al ratio of ~ 6) temperature during cold ftargt/vehlcle idle and released at
with loadings of up to 2 wt % by a simple method (modified temperatures above 30_0 C;’ when the downstream' SCR
incipient wetness impregnation).8 Previous studies suggested catalyst Acomposed .prlmarllly of Cu/ $8Z-13 (preYlously
that harsh hydrothermal aging is required to atomically characterized extensively using various spe%tlr_oéicoplc and
disperse Pd ions in SSZ-13 and other zeolites.””*" In those density functional theory (DFT) methods) becomes
studies, however, the as-prepared materials initially contained a active. Their unique performance for PNA applications,
significant amount of PdO nanoparticles. Although aging was coupled with their excellent hydrothermal stability, puts Pd/

Zeolite-supported transition metals represent an important
class of catalysts, utilized extensively in the industry: from
petroleum refining to emission control.'~® Zeolites are highly
crystalline aluminosilicates with well-defined binding sites

suggested to improve the metal dispersion, it does not lead to SSZ-13 at the forefront for low-temperature emission control
complete dispersion of Pd because of the simultaneous loss of applications. Furthermore, the high loading of atomically
Pd and zeolite dealumination under such harsh conditions.*’ dispersed Pd serves as a perfect example to investigate and
We have also shown that Pd/SSZ-13 with atomically dispersed
Pd was capable of simultaneously adsorbing NO and CO from Received: July 16, 2019
vehicle exhaust streams with unrivaled efficiency under Revised: ~ December 2, 2019
practical conditions (i.e., in the presence of water in the Published: December 4, 2019
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understand the behavior of transition-metal ions in micro-
porous materials. The high uniformity 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 a uniform, atomic metal dispersion opens a
new avenue to investigate other transition-metal ion exchange
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-S with a 0.44 wt %
loading could be prepared by the ion exchange of oxidized Pd.
The IR spectra of adsorbed CO on this sample displayed
numerous bands besides the C—O stretching features of Pd’—
CO species: Pd"*—CO, Pd*"'—CO, and even bands attributed
to Pd™(CO), were observed. Subsequently, Hadjiivanov and
co-workers'” concluded that the adsorption of CO at 100 K
produces Pd**(CO), complexes (unselectively) as well as a
range of Pd**(CO),, Pd"'—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" ions that are reduced to
Pd’ metal upon CO adsorption. However, as mentioned
earlier, strategies employed in most previous works to produce
atomically monodisperse Pd species were not successful and, as
a result, both Pd ions and polynuclear PdO moieties coexisted
in the micropores accompanied by larger PdO particles on the
external surface. Surprisingly, only one density functional
theory (DFT) study has been employed for Pd/zeolite
systems, reported by us earlier.” Prior to our studies 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 a Si/Al ratio of 7—9."
Here, we report the results of a combined spectroscopy/
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 X-ray photoelectron
spectroscopy (XPS). This latter technique showed an
unprecedented 2.3 eV shift of the binding energy (BE) of
Pd(II) ion upon dehydration compared to the atomically
dispersed partially hydrated ion. This unusually high shift
allows us to characterize super electrophilicity quantitatively:
shifts higher than 2 eV upon dehydration of a partially
hydrated, atomically dispersed metal cation in zeolite would
mean that 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.”* For example, such
fragments were recently shown to be exceptionally active for
the homolytic activation of the C—H bond of ethylene (22 kJ/
mol stronger than the methane C—H bond at room
temperature) under ambient conditions.**

We also highlight that zeolitic confined micropore
architecture is imperative for the formation of such super
electrophilic species, which do not form selectively (on regular
solid, nonmicroporous/nonzeolitic supports). For example, the
high-lying IR bands for the complexes of CO with super
electrophilic transition-metal ions (stable, e.g, Pd(II)(CO),
and Pt(II)(CO), complexes) form in zeolites with high yields
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but not on many other common solid supports like alumina,
zirconia, silica, etc.

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

B EXPERIMENTAL SECTION

Na-SSZ-13 with Si/Al = 6 and ion-exchanged twice with a 2 M
NH,NO; aqueous solution at 80 °C for 3 h yielded the
ammonium forms of SSZ-13. NH,-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
a 10 wt % Pd(NH;),(NO,), solution (Sigma-Aldrich, 99.99%)
with NH,-SSZ-13 platinum(II) tetraamine nitrate solution,
and regular ion exchange for AgNO; (99.99%) solution with
H-SSZ-13 (produced by the decomposition of NH,-SSZ-13 in
air at 550 °C). More specifically, a minimum amount of the
Pd(II) or Pt(II) precursor solution was added to the zeolite in
the amount approximately equivalent to the total pore volume
of the zeolite. The thick paste was mixed and stirred vigorously
for 30 min, followed by calcination in air at 650 °C for S h
(ramping rate 2 °C/min) in the case of Pd and 350 °C in the
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 the zeolite to form
a 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 a 0.1 M silver nitrate solution for 3 h; then,
the sample was purified by five successive centrifugation—
redispersion cycles and dried at 80 °C overnight. To avoid
silver autoreduction under a 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 homebuilt cell housed in the sample
compartment of a Bruker Vertex 80 spectrometer, equipped
with an MCT detector and operated at a 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
oxidized) sample in the IR beam was collected. Each spectrum
reported is obtained by averaging 256 scans.

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) was used to probe the
dispersion of Pd and Pt in the prepared samples. The analysis
was performed with an 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 a 0.1 nm
resolution in scanning transmission electron microscopy mode
(STEM). The images were acquired with a high-angle annular
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dark-field (HAADF) detector with an 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 of CO, 3 vw% of H,0, and 14% of O,) balanced with N,
at a flow rate of 310 sccm (corresponding to 330 000 h™").

All of 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% of
O, balanced in a N, 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 the 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 the formation of
Pd(IV) species upon calcination in oxygen, we performed the
following 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 h. After cooling it down to room
temperature in dry airflow, the reactor was purged with dry
nitrogen. Then, we moved the reactor to a moisture- and
oxygen-free glovebox without exposure to ambient air (there,
the sample was also prevacuumed in the antechamber of the
glovebox under a high vacuum of 107°—107° Torr). The pink
powder of Pd/SSZ-13 from the reactor was then transferred
into a 20 mL vial with a septum screw cap. With a syringe, a 1
mL gas-phase sample from that vial was injected in the gas
chromatography (GC). The analysis of the gas phase
confirmed the absence of any oxygen.

Then, through the septum, we introduced a small amount of
pure deaerated H,O into the vial containing the dry
dehydrated catalyst. The sample turned yellow, characteristic
of hydrated Pd(II) ions. If during the interaction with water,
the reduction of Pd(IV) to Pd(II) were indeed to take place,
then the following redox reaction would occur: PA(IV) + 2e —
PA(II). If Pd accepts two electrons, water has to give electrons,
which can only occur via H,0O — 2e — 2H" + 1/20,. If Pd(IV)
were indeed reduced to Pd(II), this process would produce 14
micromoles of O,. 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 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.

X-ray absorption spectroscopy (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 fluorescence mode. Samples
were scanned at energies near the Pd K absorption edge
(24350 eV). Standards PdO, Pd foil, and K,[PdCl] were
scanned as well. PdO and K,[PdCls] were mixed with BN
prior to scanning. A 1 wt % Pd/SSZ-13 sample in Figure S1
was calcined in air in the XAS cell at 350 °C for 1 h, then

cooled down in the airflow, and X-ray absorption near-edge
structure (XANES) was 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 €V) source for excitation and a spherical
section analyzer. The instrument has a 32-element multi-
channel detection system. The 80 W X-ray beam focused on a
100 pm 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 A 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% of
0,/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 energies were referenced to a Si 2p BE of SSZ-13 of
102.7 eV.

DFT calculations were performed using the PW91
exchange—correlation functional with dispersion correction
(PW91-D2). Vienna ab initio simulation package (VASP) was
employed for these calculations. Ultrasoft pseudopotentials
were used as implemented in the VASP package. The large size
of the unit cell allowed us to sample the Brillouin zone using
the I' point only. 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; a = f = 90°,
y = 120°. More details are provided in the Supporting
Information (SI).

B RESULTS AND DISCUSSION

After calcination in O, (at 400 °C), the K-edge extended X-ray
absorption fine structure (EXAFS) (XANES region) of our
atomically dispersed 1% Pd in SSZ-13 showed that all Pd is in
the +2 oxidation state.® A comparison of the XANES region of
the Pd/SSZ-13 spectrum with those of PdO, [Pd(NH;),]-
(NO,),, and standard [Pd(IV)Cl,]*~ clearly shows the absence
of PA(IV) species within the margin of EXAFS sensitivity
(Figure S1). The only other stable compounds in which Pd**
and Pd*? are known to exist are Zn,Pd(IV)O, and LaPd(III)-
O; produced by high-temperature, 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*® in the octahedral crystal field, dissimilar to Pd/SSZ-
13 calcined in air.'* A series of FTIR spectra collected from
our atomically dispersed 1 wt % Pd/SSZ-13 sample upon
dosing CO at 298 K are displayed in Figure 1. (The cryo-
HAADF-STEM images for this sample, confirming atomic
dispersion of Pd, are provided in the SI (Figure S2).)

Upon CO adsorption at room temperature, well-defined
absorption bands develop. The major doublet bands are
centered at 2214 and 2193 cm™'. Minor features at 2148 and
2110 cm ™" belong to CO on ionic Pd*? species (see Tables S1
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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),,.x ~5 Torr); the lines between the blue spectrum
(first CO pulse) and the red spectrum (final state) indicate the
sequential adsorption of approximately equal aliquots of CO until the
desired CO amount is dosed on the sample (spectra are presented in a
similar fashion throughout 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
uniformity of atomically dispersed Pd(II) species that are stabilized
selectively as Pd(II)/2Al by the proximal Al sites. We have also
explored the effect of the Si/Al ratio on the speciation and FTIR
during CO adsorption on Pd/SSZ-13 with the same Pd loading (1 wt
%) and varied the Si/Al ratios of 12 and 30 (Figures S33 and S34; the
discussion regarding the effect of the Si/Al ratio on the Pd speciation
and uniformity is in the captions of Figures S33 and S34).

and S2 for DFT confirmation). The bands at 2090 cm™ and
below represent CO bound to metallic Pd. Aleksandrov et
al.'">' demonstrated for Pt clusters that the decrease in
coordination number (CN) by 1 corresponded to a downshift
of approx. ~7 cm™' in agreement with the experimental
studies.'” The fact that the metallic ~1990 cm™ band lies
below that of larger (>3 nm) Pd nanoparticles (~2090 cm™")
means that small Pd,—Pdy clusters are present and possibly
formed during 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 intensity of the 1990 cm™" band. Upon vacuum-
induced desorption, the center of this band red-shifted due to
the elimination of dipole—dipole coupling interactions present
at higher coverages (Figure S3). As such, we ascribe the peak
at ~1990 cm™" 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-
workers,™ the molar extinction coefficients of CO bands for
CO-containing species dramatically increase as the vy goes
down. For example, for metallic Pt-bound CO, it was found
that the 2090 cm™ band has >8 times higher molar extinction
coefficient than the 2110 cm™ belonging to ionic Pt.

The 2214 and 2193 cm™' bands belong to v_q vibrations
previously assigned to Pd(III)(CO), complexes by the Bell
group' and later Hadjiivanov group'” on Pd/ZSM-5. Unlike
those systems in which the 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), species are stable in the presence of CO, O,, or inert
atmosphere and fully decompose only above 140 °C. This
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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
evacuation, disappear in concert (Figures 1 and S3), suggesting
that they belong to the same species. The assignment of these
bands to dicarbonyls of Pd is further confirmed by the isotopic
labeling of the adsorbate (**CO) (Figure S4). In contrast, the
stabilization of the Pd** in zeolite would require at least three
Al atoms in either 6-membered or 8-membered rings of the
SSZ-13 structure (which is highly unlikely) or Pd™—OH
fragment held by two proximal Al atoms. To explain the
observed high wavenumbers, we modeled unique
Pd*(C0O),(0) and Pd*(CO),(OH) complexes (Tables 1

Table 1. Binding Energies of the Neutral Ligands (in kJ/
mol), Vibrational Frequencies of Diatomic Ligands » (L) in
cm!, and Number of the Unpaired Electrons in the
Systems, N for the Select Pd Carbonyl Complexes”

structures BE BE;; BEp, v (L)* N,
Pd* 1
Pd*(CO) —158 2075 1
Pd*(CO), -252  —94 2103; 2063 1
Pd*(CO), -273 =20 2098; 2058; 2055 1
Pd* 0
Pd**(CO) —-87 2114 0
Pd**(CO), -215 -—128 2172; 2138 0
Pd**(CO),
Pd**(CO) 40 -271 2178; 2133; 2122; 0

1845
Pd°(CO) 4gesorbed 2119; 2073; 2068;
2012
Pd**(CO)(OH) —187 2121 0
Pd**(CO),(OH) —262 2165; 2125 0
Pd**(CO)(C,H,) —209 —151 —98 2140 0
Pd*(CO)(OH) -117 2158 1
Pd*(CO),(OH) —160 2141; 2114 1
Pd*(C0),(0) 0
pd*(0)rPd* 0
Pd**(CO)(0) -321 2132/2116 0
Pd**(CO)

“All considered structures are summarized in Table S1, not shown in
Table 1 for brevity.

and S1). In the case of Pd**(C0O),(0), the spontaneous
formation and desorption of carbon dioxide are observed. The
calculated vibrational frequencies of the other complex,
Pd*(CO),(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, CO, molecule leaves the complex. These results do not
agree with the experimental data. Additionally, Pd*'(CO),
complex (one unpaired electron) has calculated symmetric and
asymmetric C—O stretching vibrations at 2103 and 2063 cm™,
significantly lower than the observed values.

The positions of the IR features for the Pd**(CO), complex
(2214 and 2193 cm™') lie at much higher values than gas-
phase CO (by 61 and S0 cm™, correspondingly), suggesting
the identity of a nonclassical Pd carbonyl [Pd(CO),] with
essentially no back-donation from Pd to CO." For an
otherwise classical Pd(CO), complex with Pd back-donation,
CO vibrational frequencies are expected to be much lower.
Indeed, for a classical square-planar Rh(I)(CO), fragment in
zeolite H-FAU (isoelectronic and isostructural with square-
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planar Pd**(CO), 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
framework. DFT provides a remarkable agreement between
the fg[«:zlls{iited and experimental frequencies for this com-

lex. >~

Nonclassical metal carbonyls have received attention in the
organometallic literature. Due to pioneering efforts coming
from the Aubke group,'”™>* for example, it was demonstrated
that nonclassical transition-metal carbonyls can be produced
from Pd or Pt compounds in toxic/corrosive magic acids
HSO,F/SbF; in the absence of moisture and under CO
pressures. (As noted by Olah and Klumpp,™ a variety of
cationic species from organocations to metal cations should be
called “super electrophilic” due to the labile and weakly
coordinating nature of fluorosulfonate or similar weakly
coordinating 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 >*C NMR region, meaning that extremely positive “super
electrophilic” carbocations form under such conditions;
however, the super electrophilicity of metal ions/fragments
has not been ever proved or quantified before—below, we
show that we can now quantify it with XPS for the first time.)
For example, Pd**(CO),(SO;F), was obtained, in which
Pd™(CO), fragments were weakly interacting with the anion.
On the basis of single-crystal XRD data, Pd**(CO), fragments
were proposed to stabilize via secondary contacts of CO with
basic SO;F 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 v,
and v,g,,,, vibrational features were observed at 2220 and 2199
cm™ & solution). Note that the split between these two
bands is identical to that previously assigned to Pd(III)-
(CO),.'""* Thus, we may reassign the 2214 and 2193 cm™
signatures to Pd**(CO), nonclassical dicarbonyl, charge-
balanced by two negative charges associated with Al pairs
and weakly interacting with the basic O ions of the zeolite, in
principle, similar to Pd**(CO),(SO5F),. 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 that of SO;F anions or alternatively
the effect of confinement. The more correct annotation for this
sample would then be a charge-transfer/ion-pair complex
between [Pd(CO),]** and two ~O-zeolite. Indeed, the CO
adsorption on the pink-colored Pd**("O-Zeo), produces a
purple-colored [Pd(CO),]**("0-Zeo), complex (Figure SS),
indicating significant charge transfer in the ~520 nm UV—vis
spectral region of both species. We tried to model this complex
with DFT calculations (Table S1 and Figures S6—S9 for the
structures of various modeled Pd complexes). The results from
DEFT calculations show significant disagreement with respect to
the observed frequencies and in the split between the CO
bands. The calculated CO signatures are 2172 and 2138 cm™"
with a 34 cm™ split. However, among all Pd(CO), 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 nonclassical complex with the known crystallo-
graphic structure (i.e, Pd"*(CO),(SO5F),). The Pd-
(CO),(SO;F), structure was optimized, and the calculated
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frequencies were 2199 and 2164 cm™', once again lower than
the experimental values of 2220 and 2199 cm™". The calculated
split was 35 cm™', larger than the experimentally measured
split of 20 cm™' (the same as for modeled Pd**(CO), in
zeolite). Again, these computational estimates give ~30—40
cm™! lower frequencies than the experiment. We suggest that
the nonclassical super electrophilic nature of such Pd
complexes complicates their modeling by DFT. However,
based on the provided evidence, this Pd/SSZ-13 system
selectively forms nonclassical Pd**(CO), fragments and not
Pd*3(CO), as previously proposed in the literature,""'>****
The nonclassical nature of this complex is further indirectly
corroborated by the fact that its infrared signature does not
depend on the zeolite type to any significant extent and
presents a Pd"2(CO), fragment stabilized as ion pairs (with the
Al-associated negative oxygen 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 (Figure S10).""'*** Zeolites with larger
cavities do not seem to selectively stabilize this fragment, yet it
is observable.”* In conclusion, semifree nonclassical, super
electrophilic, Pd**(CO), is formed in the micropores of SSZ-
13 and is probably stabilized by the secondary interactions
between its CO ligands and the basic oxygens of the zeolite
framework. The interactions of CO fragments with framework
sites (stabilization) withdraw it from Al and suggests that it
may exist as a semifree [Pd(CO),]*" ion weakly interacting
with the framework (the framework itself can thus be regarded
as a weakly coordinating macroanion). All other nonclassical
carbonyl complexes prepared in HSO;F/SbF; exist only in the
complete absence of moisture.'”~>> Herein, we demonstrated
that a Pd**(CO), nonclassical carbonyl complex is insensitive
to the presence of H,O. The IR spectra (Figures 2 and S11)
recorded after the exposure of the Pd**(CO),/SSZ-13 to
moisture clearly substantiate the remarkable stability of this
complex.

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 (Figure S10).
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Figure 2. FTIR spectra collected on Pd**(CO),/SSZ-13 with Si/Al =
6 upon the adsorption of H,O at 298 K (H,O was introduced into the
IR cell in a stepwise fashion; Py mex ~6 Torr; sample before H,O

adsorption “dry”—red graph, final state “wet”—blue graph).
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Furthermore, the adsorption of NO pulses on this complex
leads exclusively 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 adsorber (PNA) performance under practical conditions
(Figures S12—S14). (CO and NO uptake curves under
practically relevant conditions are displayed in Figure SIS,
confirming the stoichiometry of the complex in addition to
FTIR data in Figures S12 and S14.)° Additional experimental
evidence of the peculiar chemistry taking place upon dosing
only dry NO on Pd(II)/SSZ-13 is provided in Figure 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 the Pd(II)—NO complex, whereas 1806 cm™" band,
which forms upon NO adsorption is due to the reduction of
Pd(II) by a free radical NO resulting in the formation of a
Pd(I)—NO complex, analogous to what we have shown for the
Cu(I1)/SSZ-13 system.®

The Aubke group has also reported the ability to form a
nonclassical [Pd**(CO),] complex under higher CO pres-
sures."” "> We have therefore modeled two tetracarbonyl
complexes of Pd** cation and of Pd’ in the CHA structure
(Table S1). Interestingly, in the Pd**(CO),,., complex, the
carbon of one of the CO molecules is bound to an oxygen
center from the zeolite with a 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 temperatures 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 (Figure S16 for the HAADF-STEM
images of 1 wt % Pt/SSZ-13). In Pt/SSZ-13, nonclassical
Pt"*(CO), with CO frequencies 2186 and 2153 cm™ is
formed in addition to two classical Pt">~CO monocarbonyls
(Figure 3). DFT modeling of classical Pt™ monocarbonyl
complexes allows us to unambiguously assign the 2133 cm™
band to Pt"*(CO) in the 8-membered ring, whereas the ~2117
cm™! band belongs to Pt**(CO) in the 6-membered ring
(Figure S17 and Tables 2 and S2). These results clearly
demonstrate the confinement of isostructural Pt*>—CO, which
leads to the downshift of its IR signature. These bands cannot
belong to the dicarbonyl species 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*2(C0O),, can be assigned to Pt2(CO),.
Surprisingly, DFT modeling found two energetic minima for
two isostructural and isoelectronic Pt**(CO), complexes 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 framework
with O—O distances of 240 pm. This unusual finding that two
essentially isoelectronic and isostructural M—CO complexes
could have significantly different C—O stretching frequencies is
notable.

DFT calculations for Pt**(CO),, both in the 6- and 8-
membered rings, show a better agreement with respect to the
symmetric C—O stretch with the experiment (~2180 cm™
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Figure 3. FTIR spectra collected on 1 wt % Pt(II)/SSZ-13 (Si/Al =
6) at Pco = S Torr CO pressure (a) and after evacuation (b) at 298 K.

Table 2. Binding Energies of all of the Neutral Ligands (BE,
in kJ/mol) and of the Second Adsorbed Ligand (BE_,, in
kJ/mol), Vibrational Frequencies of Diatomic (C—O)
Ligands (x (L) in cm™"), Pt—Ligand Distances (in pm) (Pt—
L), Distances between Pt Cation and Zeolite O Centers
(Pt—0,,,), and Number of the Unpaired Electrons in the

Systems, N
d (Pt—
Structures BE BE, «(L)* L) d (Pt—=0,,) N,
Pt** 206; 206; 212; O
212
Pt**(CO) —134 2108 185 208; 211; 211 0
Pt**(CO), —318 —184 2182; 189; 209; 209 0
2136 189
P**(OH) 190 202; 210; 211 1
Pt**(CO)(OH) -181 2146 188; 209; 209 1
194
Pt** 8-MR 200; 206; 211 0
Pt**(CO) a8 —309 2138 186 202; 211; 212 0
MR
P*(CO) b 8- —309 2134 186 202; 211; 213 0
MR
Pt**(CO), a 8- —481 —173 2156; 190; 206; 210 0
MR 2108 190
Pt*(CO), b8 —479 —170 2179; 189; 205; 210 0
MR 2135 190

“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 of 2143

cm™L
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both), although the asymmetric C—O stretch at 2135/2136
cm™! is much lower than that of the observed 2153 cm™.
Moreover, the observed experimental frequencies for
Pt"2(CO), are below those of Pd**(CO),, which is in perfect
agreement with the observation by Aubke group, with the split
between the band for Pt*(CO), (34 cm™) larger than for
Pd2(CO), (21 em™)."”7* Thus, the formation of the
nonclassical Pt"*(CO), fragment is confirmed. Although the
intensities of the bands belonging to classical Pt mono-
carbonyls are higher than for the Pt"*(CO), species, due to the
aforementioned significantly higher molar extinction coefhi-
cients of CO complexes with downshifted vibrational
frequencies, the Pt">—CO complexes may not be present as
the major species.42’43’53 Moreover, it is important to note that
this is the first observation of the Pt"*(CO), fragment on a
solid support. Nonzeolitic solid support does not seem to
provide any evidence for its existence. However, in some
previous literature, the Pt**(CO), was claimed to exist in the
ZSM-S zeolite (noteworthy, unlike in our case, metal
nanoparticles were always present in those systems alongside
cationic Pt sites): in one report by Hadjiivanov and co-
workers, the 2165 and 2150 cm™ bands with the split between
them equal to 15 cm™ were assigned to Pt'*(CO),>’
interestingly, 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** ions would be present in ZSM-S or Y with a
Si/Al ratio of 10—15 due to the fact that this would require
three Al sites to be in very close proximity either in the same
ring or in the 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 the Pt**(CO), fragment confined in SSZ-13. Thus, the
signatures assigned to Pt"*(CO), in previous works with a split
between CO bands of 34—35 cm™" have to be reassigned to
Pt"?(CO),. The 2165 and 2150 cm™" assigned previously to
Pt"(CO),, thus, belong to some other Pt carbonyl complexes
and not Pt*2(CO),.

A comparison of calculated and experiment bands for
various observed Pd and Pt complexes is summarized in Table
3.

In the case of Ag/SSZ-13, nonclassical silver [Ag(CO)]*!
with a C—O stretch at 2186 cm™" and, at higher CO pressures
(>1 Torr), nonclassical [Ag(CO),]™" species with a C—O
stretch at 2177 cm™" are also formed in SSZ-13 at room
temperature (Figure 4).”>***> This is in excellent agreement
with the work by the Strauss group.”***** Indeed, they found
that the Ag'' salt of the weakly coordinating anion [Nb-
(OTeFs)¢]” can form Ag(CO)* and Ag(CO)," with CO
signatures of 2208 and 2198 cm™}, respectively, in good
agreement with the 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),]*". 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
significant amounts of water, signifying a general trend for SSZ-
13 to stabilize such complexes selectively with remarkable
stability in the presence of water (Figure S).

The nonclassical nature of the Pd**(CO), cation also
explains why its vibrational frequencies are similar for a range
of zeolites. The unique 0.85 nm in diameter cavity in SSZ-13
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Table 3. Comparison between Calculated (v.,.) and
Experimental (v,,,) CO and NO Frequencies (in cm™) in
the Complexes of Pd*, Pd**, and Pt** Cations Located in the
Zeolite

structures Ve (L) Vep
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)(C,H,) 2140 2140
Pd*(NO)(C,H,) 1807 1774
Pt**(CO) (in 6-MR) 2108 2118
Pt**(CO) _a (in 8-MR) 2138 2133
Pt**(CO) b (in 8-MR) 2134 2133
Pt**(CO),_a (in 8-MR) 2156; 2108 2186; 2153
Pt**(CO),_b (in 8-MR) 2179; 2135 2186; 2153

“The C—O vibrational 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 ™.
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Figure 4. FTIR spectra recorded from 3 wt % Ag/SSZ-13 (Si/Al = 6)
during stepwise CO adsorption (Pco, ey, = 10 Torr).

seems to be a great stabilizer for such species. Its additional
charge-transfer character is also evident based on the intense
pink-purple color of the complex upon CO adsorption (Figure
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,46 and (3) the presence of the high binding energy
feature (relative to PdO with BE of Pd 3ds), at 336.5—337.0
eV) in the Pd 3d XPS spectra.”*****7* Interestingly, in some
works, a feature at 337.7—338.0 eV on ceria supports, for
example,” ™' was attributed to Pd(IV) ions or PdO,.
Therefore, to clarify this issue and provide complementary
evidence to the FTIR-based conclusions, we performed quasi
in situ XPS (Figures S18—S26) and high-resolution XPS
measurements (Figures S25 and 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
3d;,, and 3dy,,, belonging to one species, selectively disappear
after dehydration and form only two high-lying BE Pd 3d;,,
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Figure S. Series of FTIR spectra recorded during the stepwise H,O
exposure (Py,o ma. = ~8 Torr) of Ag—CO/SSZ-13 (Si/Al = 6)
sample: Ag(CO) and Ag(CO), are stable in the presence of water
(while the typical ABC structure of water in the zeolite appears upon
water adsorption) at 298 K.*

and 3d;,, bands belonging to the other species (Figures S25
and $26). For both Pd loadings, the Pd 3d;/, feature was
shifted by about 2.7 eV compared to typical PdO and over 2.3
eV for Pd** XPS features observed for typical Pd hydrated or
tetramine compounds. At first glance, this seems to indicate a
significantly different oxidation state of Pd compared to that of
typical Pd**. Thus, we decided to explore the XPS of 0.1 and 1
wt % Pd/SSZ-13 (Si/Al = 6) in greater detail (Tables S3 and
S4, Figures S16—524). Both feature atomically dispersed Pd as
evidenced by the previous HAADF-STEM, EXAFS, XRD,
FTIR, and DFT data.””"" We also note that upon dehydration
either in He or O,, the color of the sample changes from light
yellow to light pink (Figure S3). This is due to the Pd
interaction with water vapor. (It is known that water can
interact with the Pd ions in the zeolite (analogous to Cu/SSZ-
13) and it actually decreases its propensity to interact with the
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
0,. Upon cooling, the pink color is preserved in the absence of
moisture—as soon as air/moisture contact takes place, the
yellowish color resumes. High-resolution XPS shows two
resolved Pd 3d;, 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 the 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 completely transforms into the high-energy
peak for both 0.1 and 1 wt % Pd.

This could indicate two things: the transformation of Pd**
into the Pd ions with a higher oxidation state or the removal of
water coordinated to some of the Pd cations and subsequent
transformation to the Pd** sites with unusually high binding
energy (BE). In the case of Rh prepared from Rh(CO),(Acac)
and anchored as Rh(CO), classical fragments strongly bound
to the HY framework, a single Rh(I)(CO), is upshifted by 1
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eV compared to the parent Rh(CO), and about ~25 cm™ in
the FTIR spectra, a notably high value.*>*' The zeolite, thus,
indeed may act as a macroligand in whose cages/micro-
channels the complex sits. However, the 2.3 eV shift is
exceptionally high. The possibility where Pd** is oxidized to
Pd(IV) can only be envisioned via the formation of (O,qjie)2—
Pd(IV)=0 (Table S1) with an unprecedented Pd=O bond
(since it is impossible to have four Al atoms in the realistic
vicinity of Pd(IV) or three Al atoms near Pd(IV)—OH). The
formation of a compound with Pd(IV)=0 bond is definitely a
possibility, and in this case, this would be the first case of a Pd
complex with a Pd=O oxo bond: indeed, despite many
attempts to prepare oxo Pd compounds, all of them have failed
so far. However, our previously published XANES data® for
samples calcined in O, directly shows that the overwhelming
majority of Pd remains in the +2 oxidation state due to the
absence of typical features for Pd(IV)."* 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 mononuclear [Pd**(H,0),] or
[Pd*2(NH,;),] cations. However, we do not believe that they
are fully hydrated Pd ions, but likely Pd** cations with one or
potentially two H,O molecules adsorbed onto them (or
inserted between the framework and Pd*?, which breaks up the
Pd?/2 O, ion pair). Indeed, our DFT calculations
demonstrate that the H,O binding to the Pd cations is
favorable (Table S1). Upon heating, we observe water removal
from Pd*? and the formation of a light pink Pd—zeolite system
with isolated super electrophilic Pd** cations: their super
electrophilic nature is evident based on the extremely high shift
of the binding energy of the Pd** feature by 2.3—339.6 eV
compared to the isolated (partially) hydrated Pd(II) ions in
the zeolite micropore. This process is reversible, as evidenced
by the restoration of the yellow color in the presence of water
vapor.

To understand whether unprecedented Pd(IV)=0 species
could indeed form upon oxidation, and whether the oxidation
of Pd(II) 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 glovebox with a
minimum amount of deaerated H,O in a closed vial with a
septum. The sample turned yellow. To explain the restoration
of the yellow Pd(II)/SSZ-13 upon interaction with water, the
reduction of Pd(IV) to Pd(II) in the presence of water ought
to take place via the following redox reaction: Pd(IV) + 2e —
Pd(1I). As Pd accepts two electrons, water has to give
electrons, which can only occur by oxidizing H,O: H,O — 2e
— 2H* + 1/20,. If Pd(IV) was reduced to Pd(II), it would
produce 14 micromoles of O,. However, no O, was produced;
therefore, no reduction took place. Furthermore, if the
oxidation of Pd(II) were to take place by heating in the
presence of oxygen, then during the sample heating in inert
gas, the yellow sample containing hydrated Pd(II) ions would
not turn pink (which happens in O, as well). Instead, this
transformation happens both in inert gas and in oxygen,
confirming that no Pd(IV) is produced. Thus, Pd remains in
the +2 oxidation state, and changes in the electrophilicity of
Pd(II) ions upon water adsorption/desorption are responsible
for the observed color variation. Therefore, we are able to
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quantify super electrophilicity quantitatively with XPS,
revealing the selective formation of super electrophilic isolated
Pd(II) cations from isolated hydrated Pd(II) cations in the
SSZ-13 micropore. Because of the uniformity of 0.1—1 wt %
Pd(II) complexes in SSZ-13 with Si/Al ~ 6 and the selective
transformation of hydrated Pd(II) species into one type of
super electrophilic dehydrated Pd(II) species, we were able to
fully unravel the unique state of the as-formed Pd(II) species
and directly measure its super electrophilicity, which manifests
itself by a very high (>2 eV) shift of the binding energy of the
metal cation in the first-shell oxygen ligand environment. This
measurement can be extended to other metals in zeolites to
understand whether such exceptionally electrophilic species
form in other cases, provided only one type of species can be
selectively stabilized in a specific zeolite and metal does not
change its oxidation state to a significant extent upon
dehydration. However, we also showed that the spectroscopic
infrared signature of super electrophilic metal ions on solid
supports (at least for Pd and Pt) is the formation of unusually
stable nonclassical carbonyl complexes with CO bands in the
~2200 cm™* region.

We also investigated the interaction of the nonclassical
Pd**(CO), 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. Therefore,
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) are 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**(CO),/
SSZ-13 system was exposed to C,H, at ambient temperature, it
completely lost its pink color, suggesting the formation of a
new complex (Figure SS). 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 cm™) and the concomitant development of a
new, intense feature centered at 2143 cm™' (Figure 6).

These results suggest the selective formation of a Pd**(CO)-
(C,H,) 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 finding,
suggesting that a classical Pd(CO)(C,H,) (CO stretch below
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0.20 4
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Figure 6. FTIR spectra collected during sequential ethylene
adsorption on 1 wt % Pd(II)(CO),/SSZ-13 (Si/Al = 6) (Pc 1, max.
= 1.5 Torr).
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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 the first pulses of
ethylene (Figure SS).

The CH stretching region shows very weak bands above
3000 cm ™! wavenumbers, similar to Zeise’s salt C—H stretches,
confirming the presence of a Pd—C,H, moiety (Figure 7).
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Figure 7. FTIR spectra obtained from Pd(II)(CO),/SSZ-13 (1 wt %
Pd and Si/Al = 6) during sequential ethylene adsorption at 298 K
(PC2H4, max = 2 Torr).

Very similar bands are observed in Rh complexes with pi-
ethylene, as well as Pt">~C,H, and Cu—C,H, pi-complexes
(Figure $27).°>** This complex is stable at room temperature
and does not decompose under a high vacuum (Figures S28
and S29).

The classical nature of this complex is fully supported by the
results of DFT calculations showing an excellent agreement of
the calculated C—O stretching frequencies with the exper-
imental 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**—CO is
energetically favorable by 87 kJ/mol, whereas CO binding
energy on Pd(CO)(C,H,) increases to 151 kJ/mol (almost
two times). Comparing the binding energy of ethylene in the
Pd(C,H,) fragment without CO (58 kJ/mol) to that in the
Pd(CO)(C,H,) (98 kJ/mol) clearly explains the stability of
this fragment. It is of great importance in the context of the 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 exhaust),
which makes ethylene binding more favorable. Furthermore,
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 coadsorbate.

Attempts to restore the original Pd**(CO), were un-
successful (Figure 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 nonclassical [Pd**(CO),]. However, one may
argue that energetics could potentially be responsible for this
effect: comparing energies from DFT calculations (Table S1),
the adsorption of two CO ligands on Pd** is exothermic in 215
kJ/mol in electronic energies, whereas the adsorption of CO
and C,H, simultaneously is 209 kJ/mol favorable. Although, as
we demonstrated earlier, DFT predictions for nonclassical
[Pd*?(CO),] differ from the real observations, even if we
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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)(C,H,) entity bound to the framework strongly
prevents its conversion back to nonclassical [Pd**(CO),].

Motivated by the discovery of this mixed carbonyl/ethylene
complex of Pd** in SSZ-13, we set out to investigate the
possibility of the formation of other mixed-ligand ethylene
complexes. To this end, we exposed a Pd"*~NO complex
formed via Pd*2/SSZ-13 interaction with NO to ethylene and
observed similar changes in the N—O stretching vibrational
region as we have shown above for the carbonyl complex
(Figure 8).35

1774

0.20

0.15

0.10

Absorbance/a.u.

0.05

0.00 {

T T T
1900 1800 1700

Wavenumbers/ cm™!

Figure 8. FTIR spectra recorded from Pd—NO/SSZ-13 (1 wt % Pd
and Si/Al = 6) during sequential ethylene adsorption at 298 K
(PCsz max = 2 Torr).

The band belonging to Pd”>—~NO (1865 cm™") decreased in
intensity, while a new N—O stretching vibrational feature
developed at 1774 cm™, indicating the transformation of
Pd*2(NO) to Pd**(NO)(C,H,) in the presence of ethylene.
This is the first palladium** nitrosyl/olefin complex observed.
The assignment 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”~NO complex to
lower wavenumbers upon its interaction with ethylene. This
resulted in the formation of the Pd(NO)(C,H,) complex.

The exposure of the PA(NO)(C,H,) to CO results in the
formation of detectable Pd(CO)(C,H,) complex, while
evacuation restores the Pd(NO) complex (Figures S30 and
S35) via ethylene desorption. These results are consistent with
the prediction of DFT calculations, i.e., weaker binding of
C,H, in the Pd(NO)(C,H,) complex compared with Pd-
(CO)(C,H,): C,H, binding energy on nitrosyl complex is 79
kJ/mol, while it is 98 kJ/mol for the carbonyl complex (Table
S1). Moreover, Figures S35—S36 provide experimental
evidence in addition to Figures S28—S30 for the relative
stabilities of the mixed NO—CO-—ethylene complexes of
Pd(II) in SSZ-13 in agreement with DFT predictions (see
the detailed discussion in the captions of Figures S35 and $36).

The changes in the CH stretching region are also very
interesting (Figure 9). The low intensity of the C—H
stretching band for pi-coordinated ethylene in Pd(CO)(C,H,)
is as expected since the bands in that region have very low
molar extinction coefficients. However, for Pd(NO)(C,H,),
the C—H stretching region has a higher intensity with bands
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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), exposed to ethylene under identical conditions
(Pc,m, max = 2 Torr).

very different from the ones observed for Pd**(CO)(C,H,)
(normalized for both sample preparations).

These differences seem to indicate the catalytic formation of
compounds (with specific C—H stretching vibrations) during
the exposure of PA**NO to ethylene. In contrast, we did not
see the development of these features on Pd(CO)(C,H,),
indicating that the zeolite itself is not responsible for the
formation (Figures 7 and S31) of this compound. The
developing bands during the exposure of the Pd"*NO complex
to ethylene did not match the characteristic features of either
polyethylene 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™NO
complex were detected (Figure S32). (These IR features also
agree well with the bands reported for butadiene adsorption on
various supports.”®~*') The fact that this reaction can proceed
on the Pd(NO)(C,H,) but not on the Pd(CO)(C,H,)
complex indicates a pronounced ligand-directing effect in this
catalytic transformation of ethylene to butadiene.

B CONCLUSIONS

We synthesized high loadings (1 wt %) of uniform atomically
dispersed Pd(II) cations in a small-pore zeolite SSZ-13.
Because of the uniformity and selective formation of the
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Pd(11)/2Al species for this material, we were able to unravel
their unique chemistry. Previously, their spectroscopic
signatures have been assigned to unselectively formed Pd(III)
and Pd(IV) species; however, we here show that, in fact, only
[Pd(11)//2Al] ions form selectively. We clearly prove that
these Pd(II) 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 the Pd(II)
and basic framework oxygens (associated with the framework
Al T-sites), isolated hydrated Pd(II) cations form with a
specific XPS signature; they dehydrate selectively forming
super electrophilic Pd(II) cations (in the first-shell oxygen
ligand environment, as in the case with hydrated Pd(II)
cations) whose binding energy (BE) in the 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 dehydration. The highly electrophilic and super
electrophilic species formed in zeolites may have great
importance for the chemical transformation of organic
molecules. The IR signatures upon CO adsorption on super
electrophilic metal cations indicate the formation of unusually
stable nonclassical carbonyl complexes with CO stretching
frequencies in the 2200 cm™ region (2214 and 2193 cm™ in
the Pd(II)(CO), case).

Thus, such Pd*? ions in SSZ-13 selectively form nonclassical
[Pd™2(CO),] complexes and Pd(I/I[)—~NO complexes upon
CO and NO adsorptions, respectively. In the presence of both
CO and NO, a mixed carbonyl nitrosyl Pd**(CO)(NO)
complex 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**(NO) can interact with ethylene to form classical
palladium carbonyl—olefin [Pd(CO)(C,H,)] and nitrosyl—
olefin [PA(NO)(C,H,)] complexes, respectively. We also
show the first example of comprehensive modeling of a Pd/
zeolite (and additionally Pt/zeolite) system including its
interactions/activations of small molecules CO, NO, and
C,H,—these interactions are of great importance for
adsorption (e.g., passive NOx adsorbers) and catalysis.

We additionally emphasize the importance of confined
nanospace (micropores) of zeolites for the formation of
atomically dispersed metal ions with unusually high electro-
philicity and, as a consequence, unique physicochemical
properties. Out of them, SSZ-13 stands out due to its high
hydrothermal stability and thus has great industrial potential,
for example, for low-temperature passive NOx adsorption
(PNA) applications on the basis of the Pd/SSZ-13 system.
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