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ABSTRACT: Temperature-dependent gas phase ion trap experiments performed under
multicollision conditions reveal a strongly size-dependent reactivity of Pd," (x = 2—7) in the
reaction with molecular oxygen. Yet, a particular stability and resistance to further oxidation is
generally observed for reaction products with two oxygen molecules, Pd,O,". Complementary
first-principles density functional theory simulations elucidate the details of the size-dependent
bonding of oxygen to the small palladium clusters and are able to assign the pronounced b3
occurrence of Pd,0," complexes to a dissociatively chemisorbed bridging oxygen atomic L——p
structure which impedes the chemisorption of further oxygen molecules. The molecular
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physisorption of additional O, is only observed at cryogenic temperatures. Additional
experiments and simulations employing preoxidized clusters Pd,O* (x = 2—8) and Pd,0," (x = 4—7) confirm the formation

of the two different oxygen species.

I. INTRODUCTION

Palladium is one of the most often employed metals in
catalysis," particularly because of its use in three-way catalysts in
automotive exhaust systems,” and its potential in the catalytic
low temperature methane combustion.” The activity, selectivity,
and specificity of oxidation catalysts are often governed, in
addition to the particle size, morphology, and structure, by the
chemical nature of the catalyst’s surface, which may differ in the
presence of oxygen from its native (bare) state; for studies on
single crystal surfaces of transition metals see, e.g., citations 3—
20 in ref 4. The importance of intermediate surface oxide
phases has been recognized rather recently.’ Subsequent
investigations revealed different oxygen species on palladium
surfaces,® and that the type of palladium surface oxide may
control the catalyzed reaction pathway.”

Oxidation processes of palladium particles supported on
metal—oxide surfaces have been extensively studied for model
catalyst systems with size distributions of the investigated
supported particles being mostly in the several nanometer
range,4’8’9 but smaller ones have also been studied.’™** One of
the most interesting findings of these studies pertains to partial
oxidation of the supported palladium particles, which was found
to be limited to the interfacial region between the particle and
the underlying supporting surface (most often a metal—oxide,
e.g., magnesia, titania, alumina).

In the past decade a most challenging research direction has
been the study of reactions catalyzed by nanoclusters (in
particular, experiments and theories on size-selected clusters),
in the regime where scaling of the probed properties with
cluster size does not apply."® This nonscaling regime pertains to
clusters with sizes ranging between just several atoms and up to
a few dozen atoms, where the cluster properties (structural,
electronic, dynamical, and chemical) vary in a nonmonotonic
manner with the number of atoms. These findings, and in
particular the observations of a strongly particle-size-dependent
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formation of different oxygen species,

fundamental challenges.”

In an attempt to describe more closely the actual catalytic
environment, the majority of scientific investigations addressing
the above issues focused on surface-supported metal (e.g.,
palladium) particles. However, certain factors—particularly
those associated with modifications of structural and electronic
cluster properties induced by the interaction with the
supporting substrate—though of intrinsic interest in their
own right—complicate the analysis pertaining to the
fundamental steps of oxygen interaction with the nanoscale
metal clusters. Further insights into these complex issues may
be gained through experimental and theoretical explorations on
free palladium clusters.

Effective oxidation of gas phase palladium clusters without
significant size dependence has experimentally been found
previously for anionic®"** and neutral®® clusters. Ultraviolet
photoelectron spectroscopy on Pd,O,” demonstrated the
dissociative binding of a first oxygen molecule to the anionic
palladium atom yielding a linear O—Pd—O geometry in
agreement with previous studies;’* however, the structure of
the complexes Pd,0,” (x = 2—7) could not be clearly
assigned.”" The oxygen chemisorption pattern was suggested to
be dominated by the electronic properties of the clusters rather
than by specific adsorption sites. Detailed spin density
functional theory studies revealed dissociative adsorption of a
first oxygen molecule on Pd, (x = 2—4) with the oxygen atoms
sitting on Pd bridge sites whereas the palladium atom prefers
molecular O, adsorption. Furthermore, all ground state isomers
were found to remain in the same spin state as found for the
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bare palladium clusters with the exception of Pd,0,. In
agreement with this observation, Pd,0,”’* complexes
containing dissociated oxygen have been theoretically found
to be energetically more favorable than complexes containing
molecular oxygen.26

Recently, we reported for the first time on the oxidation of
free cationic palladium clusters Pd,* (x = 2—5)*7 as well as Pd,*
and Pd,"** performed in an ion trap under multicollision
conditions. In the present contribution we have extended these
investigations and compare the room temperature kinetics and
the temperature-dependent oxidation in the whole size range
between two and seven atoms. The investigation has further
been expanded to include the reactivity of initially partially
preoxidized palladium clusters Pd,O* (x = 2—8) and Pd,O," (x
= 4—7) toward molecular oxygen. Furthermore, we present a
full account of complementary first-principles density func-
tional theory (DFT) calculations. In particular, we address the
bonding and activation of oxygen on palladium nanocluster
cations, the size and temperature dependence of the cluster
oxidation process, its self-limiting nature, and the types of
adsorbed oxygen species, that is, activated O, adsorption,
dissociative chemisorption, and weak nonactivated molecular
physisorption.

Il. METHODS

A. Experimental Setup and Data Evaluation. The
experiments were performed in a radiofrequency (rf)-octopole
ion trap which is operated under multicollision conditions and
embedded into a low-energy ion beam quadrupole mass
spectrometer system as described in detail elsewhere.*”

Palladium cluster cations and their oxides were generated by
simultaneous sputtering of four metal targets with high
energetic Xe ions produced in a CORDIS (cold reflex discharge
ion source).’® The hot clusters were first thermalized and
collimated in a helium filled quadrupole ion guide before mass-
selection of a desired cluster size. Due to the broad natural
isotope distribution of palladium only reactions of clusters with
up to eight Pd atoms were investi§ated here to render the
product assignment unambiguous.’">*

The cluster ion beam containing only one specific cluster size
was then transferred into a home-built temperature variable
octopole ion trap. In this trap, ions are radially confined by a
two-dimensional rf-field whereas axial confinement is achieved
by two switchable electrodes placed in front and behind the rf-
octopole. The ion trap was prefilled with about 1 Pa helium
buffer gas and a small well-defined fraction of molecular oxygen
(typically 0.005—0.12 Pa). At this pressure multicollision
conditions are ensured in the ion trap. Temperature adjustment
in the range between 20 and 300 K is achieved by a
combination of a helium cryostat and a resistive heater.
Under the applied pressure conditions, thermal equilibration of
the clusters via collisions with the helium buffer gas is achieved
within a few milliseconds whereas typical storage times range
from 0.1 s up to several seconds.”

After a chosen reaction time, all charged cluster complexes,
intermediates and final products, were extracted from the ion
trap by applying a pulsed bias potential to the exit electrode of
the ion trap and the ion distribution was mass analyzed in a
second quadrupole mass spectrometer. To derive quantitative
data, kinetic measurements were performed by recording the
intensity of all charged species as a function of reaction time,
i.e., the storage time in the ion trap.
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The normalized kinetic traces were evaluated by fitting
integrated rate equations of proposed potential reaction
mechanisms to the experimental data using the software
package “Detmech”.> This leads to the determination of the
simplest reaction mechanism that best fits the data as well as to
the corresponding rate constants k.

The total pressure in the ion trap amounted to about 1 Pa,
which means that the experiment, although performed under
multicollision conditions, is operated in the kinetic low pressure
regime. Thus, each association reaction step, e.g,,

Pd* + 0, —» Pd O,* k 6))
can be described by the Lindemann energy transfer model for
association reactions,34 which includes the following elementary
reaction steps

Pd.* + 0, 2 (Pd,0,")*

ka’ kd (Za)

(Pd,0,")* + He — Pd,0," + He* Kk, (2b)
k, kg and k, denote the rate constants for the association
reaction (k,) of Pd," with O, yielding the energized complex
(Pd,0,")*, the decomposition rate constant (k4) for
unimolecular decomposition of this complex, and the
stabilization rate constant (k) resulting in the stabilization of
the energized complex via helium collision. Thus, the overall
reaction 1 depends on the oxygen [O,] as well as helium buffer
gas concentration [He] and the corresponding measured
pseudo-first-order rate constant k is given by*

k = k¥[He][0,] (3)
Because the rate constants k, and k, are well represented by
ion—molecule collision rate coefficients and are thus temper-
ature independent, any observed temperature dependence must
be contained in the unimolecular decomposition rate constant
ks>® The activation barrier of this unimolecular decomposition
results in a negative temperature dependence for the overall
reaction 1 and thus in an enhanced reactivity with decreasing
temperature.*® Furthermore, this also means that oxidation
products Pd,O," observed at room temperature must contain
strongly bound oxygen whereas products with low Pd,'—O,
binding energies are only observed at lower temperatures.

B. Theoretical Methods. The theoretical explorations of
the atomic arrangements and electronic structures of Pd."
clusters and their complexes with oxygen were performed
with the use of first-principles density functional theory (DFT)
calculations. In particular, we employed the Born—Oppen-
heimer (BO)—spin density functional (SDF)—molecular
dynamics (MD) method, BO-SDE-MD?” with norm-conserv-
ing soft (scalar relativistic for Pd) pseudopotentials® and the
generalized gradient approximation (GGA)*® for electronic
exchange and correlations. In these calculations we have used a
plane-wave basis with a kinetic energy cutoff E_ = 110 Ry, which
yields convergence. This corresponds to a real-space grid
spacing of 0.3a,; the real-space grid spacing for the density was
0.1a, corresponding to E. = 987 Ry. In the construction of the
Pd pseudopotentials the valence electrons, 4s? 4p°, and 4d",
were characterized by core radii r, = 0.85a;, 0.90a,, and 1.15a,
respectively, with the s orbital treated as local; a; is the Bohr
radius. The BO-SDF-MD method is particularly suitable for
investigations of charged systems because it does not employ a
supercell (ie, no periodic replication of the ionic system is
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used). Structural optimizations were performed using a
conjugate-gradient-like method.

For reference we compare the values obtained by us for a
couple of simple Pd-containing compounds with measured
results. For the dimer Pd, we obtain a binding energy E(Pd—
Pd) = 1.34 €V, and a bond-length d = 2.47 A, compared to
measured values** of 1.04 eV and 2.8 A. For PdO we obtained
E(Pd—0) = 3.19 eV and d = 1.79 A, compared to a measured
value of 2.9 eV.*!

lll. RESULTS AND DISCUSSION

A. Cluster-Size-Dependent Room Temperature Oxi-
dation of Pd,*. Figure 1 (left column) displays ion mass
distributions (representing steady-state equilibrium distribu-
tions, except for Pd,*) obtained after the reaction of bare
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Figure 1. Reaction of palladium cations Pd,* (x = 2—7) with

molecular oxygen at room temperature. Left column: cluster-size-
dependent steady-state equilibrium (except for Pd,*) product mass
spectra obtained after a reaction time of 0.1 s (p(He) = 1 Pa; Pd,*,
p(0,) = 0.12 Pa; Pdy ", p(O,) = 0.10 Pa; Pds*, p(O,) = 0.07 Pa).
Right column: reaction kinetic data obtained under kinetically
controlled low O, pressure conditions (p(He) = 1 Pa; Pd, ", p(O,)
= 0.008 Pa; Pd, ", p(O,) = 0.010 Pa; Pd,": p(O,) = 0.073 Pa). The
open symbols represent experimental data, whereas the solid lines are
obtained by fitting the integrated rate equations of the proposed
reaction mechanisms to the experimental data (see text for details).
The product labeled with an asterisk is due to water impurities present
in this particular experiment. Please note that due to the low reactivity
of Pd," the reaction always proceeds under kinetic control and does
not reach steady-state equilibrium conditions on the time scale of the
experiment. Furthermore, elevated pressure conditions are necessary
for kinetic measurements compared to all other cluster sizes. Finally,
Pd," reacts too fast for kinetic data to be obtainable in our experiment.
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palladium cations Pd," with 0.07—0.12 Pa of molecular oxygen
(depending on the cluster size) at room temperature.””*®
These mass spectra already indicate distinct cluster size specific
differences in the reactivity. For Pd," only a marginal signal
corresponding to Pd,O," is observed after a reaction time of 0.1
s. In contrast, Pd;* reacts fast with up to two O, molecules,
yielding Pd;O0," and Pd;O,". The larger clusters Pd,*—Pd,"
exhibit only a single adsorption product, which contains two
oxygen molecules, Pd,0," (x 4—6). Pd," is the only
investigated cluster size that does not form stable products with
molecular oxygen but completely fragments into Pd¢O," upon
reaction with O,.

To quantify the observed cluster-size-dependent oxygenation
of palladium cations, kinetic measurements were performed
under low O, pressure (kinetically controlled) conditions as
shown in Figure 1 (right column, open symbols). For Pd;*,
Pd;*, and Pds" the straightforward association reaction, eq 1,
represents the mechanism that best fits these kinetic data. This
indicates the formation of stable products Pd,O,", which exhibit
negligible back-reaction and potentially contain dissociated O,.

In contrast, the reaction of Pd," and Pd," can be best
described by an equilibrium reaction mechanism

Pd "+ 0, 2 Pd.O0," Kk, k_,

4)

with k; and k_, denoting the rate constants for the forward and
backward reaction steps, respectively. The observation of back-
reaction steps suggests (weak) molecular adsorption of the first
O, molecule and/or activation barriers for the formation of
more stable Pd,O," complexes with dissociated oxygen.

The solid lines in Figure 1 (right column) represent the
integrated rate equations of these mechanisms fitted to the
experimental data and the thus obtained corresponding
termolecular rate constants for the forward reaction step,
k,®, are shown in Figure 2 as a function of the cluster size.

;
v %
ij/

Pd} + 0, —~ Pd,0}

1 0-26 4

1 0-27 4

10728 4

Rate constant k¥ / cm®s!

2 3 4 5
Cluster size x Pdj,

Figure 2. Cluster-size-dependent termolecular rate constants k,® for
the adsorption of a first O, molecule on Pd," obtained from the
reaction kinetic data shown in Figure 1 (right column).

Please note that for Pd,", Pdy", and Pds" only the product
Pd,O," is observed and the intermediate Pd,O," is not
detected. This observation indicates that the adsorption of a
first oxygen molecule represents the rate-determining reaction
step whereas the adsorption of the second O, proceeds faster
than the time resolution of our experiment. Hence, the
measured rate constants correspond to the formation of Pd,O,"
and can be directly compared with the rate constants obtained
for Pd," and Pd;". Figure 2 clearly shows that the reactivity
toward a first adsorbed oxygen molecule follows the order Pd,"
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< Pd," < Pdy" < Pdg" < Pd;" with termolecular rate constants
k,*®) amounting to 0. 042 + 0.004 X 107% cm® 57! (Pd,"), 0.55
+ 029 X 1077 em® s7! (Pd,"), 2.1 + 0.6 X 107% cm® s~}
(Pds*), 7.0 + 3.9 X 10727 cm® s! (Pdg"), and 10 + 3 X 107
em® s (Pd,*). 272

B. Temperature-Dependent Formation of Different
Oxygen Species. To gain more insight into the above
indicated cluster size specific oxidation processes on small
palladium clusters, temperature-dependent reaction experi-
ments have been carried out for Pd,* (x = 2—7). Additionally,
the reactivities of partially preoxidized Pd,O" (x = 2—8) and
Pd,0," (x = 4—7) have been studied. Furthermore, detailed
quantum mechanical first-principles simulations have been
performed on these systems to elucidate the bonding and
activation of molecular oxygen on palladium clusters.

The maximum number of adsorbed oxygen atoms on Pd," as
well as on the singly oxidized Pd,O" as a function of the
reaction temperature obtained under equilibrium reaction
conditions is displayed in Figure 3. This plot illustrates that

Maximum number of oxygen atoms

250 200

Temperature / K

150 100

Figure 3. Maximum number y of adsorbed oxygen on Pd," (filled
symbols) and Pd,O" (open symbols) as a function of the reaction
temperature. The data are obtained from steady-state equilibrium ion
mass distributions (except for Pd,") obtained after a reaction time of
0.1 s (p(He) = 1 Pa; Pd,", p(O,) = 0.12 Pa; Pd;, ", p(O,) = 0.10 Pa;
Pds;*, p(O,) = 0.07 Pa). Please note that Pd," completely fragments
to yield Pd¢O,*. Pd4O," is also a major fragment of the reaction of
Pd,O" with oxygen and only the nonfragmented product Pd,O;" is
included in graph (f). In the case of Pd;* data could only be obtained
for Pd;O* (g).

the small clusters Pd,*, Pd,0%, and Pd;O" do not react with
oxygen at room temperature but sequentially adsorb multiple
O, with decreasing reaction temperature at the applied
conditions. In contrast, all other cluster sizes Pd,* (x = 3—6)
and Pd,O* (x = 4-7) preferably react with two oxygen
molecules, yielding Pd,O," and Pd,O;", respectively, at room
temperature whereas PdgO" reacts with three O, forming
PdgO,*. These complexes appear to be particularly stable and
inert toward further reaction with oxygen over a wide
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temperature range. Adsorption of additional oxygen molecules
is only observed at considerably lower temperatures.

These experimental findings indicate the formation of two
different types of adsorbed oxygen: (1) Room temperature
chemisorption of up to two oxygen molecules on Pd,* (x = 3—
6) and Pd,0* (x = 4—7) (up to three O, on Pd;O*) that
apparently self-limits (hinders) further oxygen adsorption in a
wide temperature range. (2) Sequential low temperature
physisorption of multiple oxygen molecules on Pd," (x = 2—
6) and Pd,O" (x = 2—7). The formation of these different types
of oxygen as well as its cluster size and temperature dependence
will be discussed in the following for each investigated cluster
size in conjunction with the results of our DFT calculations.

1. Pd,0,". Pd," and Pd,O" hardly adsorb molecular oxygen
at room temperature and a measurable formation of oxygen
products is only observed at elevated O, pressure as well as at
reaction times longer than 1 s (Figure 1). At typical pressure
conditions applied in the ion trap experiments, sequential
oxygen adsorption only occurs below 200 K, indicating weak
oxygen physisorption (cf. Figure 3).

According to our theoretical simulations the first two oxygen
molecules are molecularly bound to Pd,* in the ground state
configuration each bridging the two palladium atoms as
displayed in Figure 4a. The adsorption energy of the first O,

(a) Pd,0,* (b) Pd,0y.*
Eaq(2)=2.31
Eaq (4 3.38
=1.07 E.(O)=4.41
Eaq(2)=0.99
Ea(2)=1.72 Ead(zlli) =1.98
oE =0.99
y=2 4 y=10 2 4

Figure 4. (a) Ground state atomic structures of (a) Pd,0,", y = 2, 4,
and (b) Pd;_Oy+1 , ¥y =0, 2, 4 For Pd,0," we show in addition an
optimized isomeric structure with dissociated O,. The Pd and O atoms
are represented by blue and red spheres, respectively. Next to each
structure we give the total adsorption energy, E,4(y), relative to the
bare cluster and free (y/2) 02 molecules, E4(y) = E[Pd,'] + (y/ 2)
E[O,] — E[Pd,0,"] for Pd,0," and E,4(y) = E[Pd,0"] + (y/2)E[O
E[Pd, 0,1 *] for Pd L0, respectlvely Below it we give the adsorptlon
energy of the last-added oxygen molecule E = E 4(y) — E,q(y—2).

E,4(O) denotes the binding energy of the single oxygen atom in
Pd,O". Energies are given in units of electronvolts.

is rather high (E,4(2) = 2.31 eV) whereas the second O, is
bound less strongly (E = 1.07 eV), resulting in a total
adsorption energy of both O, molecules of E,4(4) = 3.38 eV.
Figure 4a also shows an isomeric structure of Pd,0,"
comprising dissociated atomically adsorbed oxygen which,
however, results in a smaller total adsorption energy (E4(2) =
1.72 eV) of the two oxygen atoms.

The ground state structure of Pd,O" is represented by a Pd—
O—Pd linear chain with the oxygen atom bound by E4(O) =
441 eV (cf. Figure 4b). In contrast to Pd,", the first two O,
molecules are bound molecularly in an “end-bonded”
configuration to Pd,O" with equal binding energies of 0.99
eV each.

The experimentally observed weak reactivity of Pd," seems
to be apparently in contrast to the theoretically predicted high
binding energy of the first O, molecule to Pd," (cf. Figure 4).
Yet, the seemingly low reactivity of Pd,” in the experiment
(manifested by the small room temperature termolecular rate
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constant of 0.042 + 0.004 X 1077 cm®s™") can be attributed to
the limited size of the cluster. According to the Lindemann
energy transfer model for association reactions (cf. section IIA)
an energized complex (Pd,0,")* is formed upon reaction of
Pd," with O,. This complex has only a comparably small
number of degrees of freedom available for energy redis-
tribution. If, therefore, a large binding energy is liberated in the
process of the formation of the energized complex (Pd,0,%)*,
this excess energy cannot be efficiently redistributed before the
stabilizing collision with a He atom (eq 2b), the complex has a
very short lifetime, and the unimolecular decomposition (back-
reaction, kg in eq 2a) prevails under the experimental low
pressure conditions.

2. Pd;0,". Pd;* adsorbs up to two oxygen molecules yielding
Pd;0," and Pd;0," at room temperature. Pd;O," represents
the only product over a wide temperature range whereas at low
temperatures Pd;O4" and Pd;O4" are detected as shown in
Figure Sa. In contrast, Pd;O" does not react with O, at room

|
Pds0 Pd307;
I
1
|
1
"
! Pd;07
1
()] j\
A Nanaa ADAA WA A
r T T T T T
300 350 400 450 500 550
Mass / amu

Figure S. Mass spectra obtained after the reaction of (a) Pd;" and (b)
Pd,O" with 0.10 and 0.05 Pa O,, respectively, at 100 K (reaction time:
0.1s).

temperature but stable products are observed at temperatures
below 230 K (Figures 3b and Sb). Interestingly, only products
of the stoichiometry Pd;O,.," with y = 2, 6, 12 are observed
over the whole investigated temperature range whereas
products with y = 4, 8, 10 have not been detected. This
indicates the particular stability of Pd;O0;*, Pd;O,%, and
Pd;0,5".

The theoretically predicted ground state structures of Pd;"
and Pd;O" as well as those of the experimentally observed
oxidation products Pd,0,," and Pd,0;,,;" are displayed in
Figure 6ab, respectively. The minimum energy structure of
Pd;* is found to be a triangle in agreement with previous
studies.*”*> On this triangle up to three oxygen molecules can
bind molecularly with each O, bridging two neighboring Pd
atoms and thus one edge of the triangle yielding planar
structures of Pd;0,, Pd;0,", and Pd;O4" with O, adsorption
energies amounting to 1.45, 1.58, and 2.37 eV, respectively. On
the basis of these O, binding energies, Pd;O," should represent
the dominant oxidation product over a wide temperature range
in the experimental mass spectra which, however, is clearly not
the case.

Figure 6a also shows that the molecularly bound O, in
Pd;0," can dissociate, which results in a structure with the two
O atoms each bridging two neighboring Pd atoms and thus
bridging two edges of the triangle. The total adsorption energy
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(a) Pd;0,* E

Eaq(2)= 1 45 ad(4) 303 Ead )=

E(2)=311  En(4)=4.98
«(2) iy

(b) Pd;Oyu*

—_ —_ —_

E.a(0)=4.57 E,q(2)=1.42 E,4(6)=4.02 E.a(12)=5.55
ad( ) ad( ) adf(SE)= 130 ad( ng 050

y=0 2 6 12

Figure 6. (a) Ground state and optimized isomeric structures of
Pd;0,%, y=0,2, 4, 6, and (b) ground state structures of Pd,0,,% y =
0, 2, 6, 12. All energies are in electronvolts. For the description of their
derivation and the color code, please refer to Figure 4.

of these two atoms is E4(2) = 3.11 eV, which consequently
yields a structure energetically considerably more stable than
the one comprising molecular oxygen. A second oxygen
molecule is then bound molecularly (5E = 1.87 eV), bridging
the remaining edge of the triangle, which results in an activated
O,. This structure is also substantially lower in energy than the
one containing only molecularly adsorbed oxygen, which is in
perfect agreement with the experimentally observed particular
stability of Pd;O," over a wide temperature range. Further-
more, the dissociative oxygen adsorption also is in favorable
agreement with the room temperature kinetic data, which are
best described by a straightforward association reaction 1,
which indicates a strongly and potentially dissociatively bound
first oxygen molecule (cf. section IIIA).

Our theoretical simulations predict a tetrahedral structure for
Pd;O" with the oxygen atom forming one of the vertices bound
by E,4(O) = 4.57 eV. The adsorption of a first oxygen molecule
results in a structural rearrangement of the tetrahedron to form
a structure with the oxygen atom and the O, molecule each
bridging one edge of a palladium triangle (E,4(2) = 1.42 eV). In
contrast, the adsorption of three O, yields a more symmetric
geometry consisting of a palladium triangle, capped with the
single oxygen atom and each of the three edges of the triangle is
bridged by one oxygen molecule (6E = 1.42 eV for the first O,
and SE = 1.30 eV for each of the additional two O,). On each
of the three Pd atoms one additional O, can be terminally
bound with about 6E = 0.50 €V yielding Pd;O,;". Thus, the
particular symmetry of Pd;O," and Pd;O,;* might explain the
observation of these products in the experimental mass spectra
whereas the less symmetric Pd;O4g,," are not observed.
Furthermore, the binding energies of these O, molecules
amounting to 1.42, 1.30, and 0.50 eV, respectively, are rather
small compared to 3.11 and 1.87 eV on Pd;0," and Pd;0,%,
which explains the lack of any oxidation products for Pd;O" at
room temperature.

3. Pd,0,". Reaction of Pd,* and Pd,O" with Molecular
Oxygen. The room temperature reaction of the palladium
tetramer Pd,” and the singly oxidized Pd,O" with molecular
oxygen results in the adsorption of two oxygen molecules
yielding Pd,O," and Pd,O;", respectively, as shown in Figures
3c and 7ab. In contrast, the preoxidized Pd,O," already
containing two oxygen atoms only adsorbs one further oxygen
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300 K
{ Pd;

100 K

Pd,0;

400 450 500 550 600 650
Mass / amu

400 450 500 550 600 650
Mass / amu

Figure 7. Mass spectra obtained after the reaction of (a, d) Pd,"
(p(0,) = 0.10 Pa), (b, e) Pd,0" (p(0O,) = 0.07 Pa), and (c) Pd,0,"
(p(0,) = 0.09 Pa) with O, at 300 K (left column) and 100 K (right
column) (reaction time: 0.1 s). The minor products labeled with an
asterisk are due to water impurities present in these particular
experiments.

molecule to form Pd,0,, similar to the case of the bare cluster
(cf. Figure 7c).

Cooling the ion trap to temperatures below 250 K leads to
the adsorption of additional O, molecules finally yielding
Pd,0," (y = 8, 10, 12) and Pd,0,,,* (y = 8, 10) at 100 K, as
displayed in Figure 7d,e. These product distributions provide
first indications that only a maximum number of five oxygen
atoms can bind strongly to the Pd," cluster whereas adsorption
of further more weakly bound O, molecules is only possible at
lower reaction temperatures.

The measured temperature-dependent reaction profile of the
palladium cation tetramer cluster is a most challenging one, but
the corresponding reaction scheme of Pd," with multiple O,
molecules, shown in Figure 8a, elucidates the experimental
findings. The minimum energy structure of Pd," is a
tetrahedron in agreement with a theoretlcal study by Kalita et

al.¥® whereas Efremenko and Sheintuch** predicted a planar
rectangular geometry. Starting with this bare tetrahedral cluster
(y = 0 at the top left in Figure 8a), a single O, molecule adsorbs
nondissociatively with a rather low adsorption energy E,4(2) =
0.64 eV. Nondissociative adsorption of further molecules may
occur as exemplified for Pd,0," (6E = 1.08 €V) in Figure 8a
which, however, cannot satisfactorily explain the experimental
observation of Pd,O," as the sole oxidation product and its
particular stability at T > 250 K.

On the other hand, activated dissociation of the first
adsorbed molecule (with a transition state activation energy
AE = 0.70 eV), results in a lower energy Pd,0," cluster (E4(2)
= 1.69 eV). Furthermore, this dissociative adsorption route may
serve as a doorway to a sequence of (nondissociative) O,
adsorption processes, culminating with Pd,O,"; see middle
row in Figure 8a. Most interestingly, for Pd,O," the binding
energy of the second, nondissociatively adsorbed but activated
O, molecule is predicted to be particularly high, 6E = 2.12 eV
whereas Pd4Oy+ clusters with y = 6, 8, 10 are predicted to have
low OE values, ie., 6E = 0.68, 0.74, and 0.18 eV, respectively.
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(a) Pd,0,*

E.a(2 ) 0.64 E,q(4)=1.72
0E =1.08

AE =0.70
‘ k
Ewi?)=169 Euld)=381 Eug (6)=448 En®)=8.22 PE(10)= 540
=0.67 SE=0.18
}
ﬁAE=21O
)
Ead(tlt:)=426
dSE =2.57
y=0 2 4 6

(b) Pd4Oy.*

vR

=,
5

E.g(0)=3.33 E.4(2)=0.82 E.q4)=359  Eaq8)=4.43
OF = 1.92 OF = 0.42
E.g(0)=3.40 E.q(2)=1.67 E.q(8)=3.97
SE=0.19

y=0 2 4 8

Figure 8. Ground state and optimized isomeric structures of (a)
Pd,0,%, y= 0,2, 4, 6,8, 10, and (b) Pd,0,,,*, y = 0, 2, 4, 8. For the
definition of the energies and the color code, please refer to Figure 4.
In the case of structural changes (dissociation or dimensionality
transformation) the transition state and the corresponding energy
barrier AE are displayed.

This finding clearly demonstrates an enhanced stability of
Pd,O,", which agrees perfectly with the experimental
observation of Pd,O," as the sole product in the temperature
range of 300 K < T < 250 K as well as the adsorption of
multiple more weakly bound O, molecules only at lower
temperatures.

Additionally, the small binding energy of the first oxygen
molecule amounting to 0.64 eV and the activation barrier of 0.7
eV for oxygen dissociation is in favorable agreement with the
experimental kinetic data, which yield a non-negligible rate
constant k_; for the back-reaction in eq 4. This already
indicated a weak molecular adsorption of a first O, and/or
activation barriers for dissociation and formation of more stable
Pd,O,". A rough RRKM estimation based on the determined k;
value also yields a binding energy of a first O, to Pd," of ~0.7
eV.

A further alternative pathway is depicted in the bottom row
of Figure 8a showing a dimensionality-reducing activated
dissociation of the second adsorbed O, molecule. Although
this results in a planar Pd,O," structure with even lower total
energy, the activation barrier for the structural rearrangement is
rather high, AE = 2.10 eV, which is difficult to overcome in
particular at low temperatures. Further O, molecules are then
weakly bound (SE = 0.50 eV) on this cluster as exemplified for
Pd,Oq4".

The results of our theoretical simulations for the oxidation
products of Pd,O" are displayed in Figure 8b. Two isomeric
structures for Pd,O" have been found with the oxygen atom in
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a pi,-bridging (binding energy of the oxygen atom E4(O) =
3.33 eV) and a ps-bridging position (E4(O) = 340 eV),
respectively. Adsorption of a first oxygen molecule can occur
molecularly on both structures with E,4(2) = 0.82 eV and
E,4(2) = 1.67 €V. In the case of the adsorption of a second
oxygen molecules, however, dissociation of one of the adsorbed
oxygen molecules is predicted to occur, leading to the most
stable structure of Pd,Os" (E,4(4) = 3.59 eV). Further oxygen
molecules are then bound terminally with considerably lower
adsorption energies of 042 and 0.19 eV depending on the
binding site as exemplified for Pd,O," in Figure, 8b. These
adsorption energies correlate well with the experimental
observations pertaining to the particular stability of Pd,O" at
temperatures between 300 and 250 K and the adsorption of
further weakly bound O, at lower temperatures.

Bonding Mechanism of O, to Palladium Clusters. To gain
insight into the nature of interaction between palladium clusters
and oxygen, the electronic density of states (DOS) has been
investigated theoretically using the example of Pd,". Figure 9

gas-phase O, Pd40x*

spin=1/2

Pds*
spin=3/2

Figure 9. Electronic structure, represented by the density of states
(DOS) and isosurfaces (encompassing 90% of the electron density) of
selected orbitals (with positive and negative values depicted in blue
and pink, respectively) for a gas phase O, molecule (left), an isolated
Pd," cluster (right), and a Pd,O," complex (middle). The DOS is
shown separately for up and down electrons and the occupied states
(ie., states with energy below ¢g) are shown as filled features on the
energy axis. The Fermi level, €, is denoted by a dashed line, and
features on the energy axis denoting a double-degeneracy of the spin—
orbital (leading to a maximum double occupancy of that degenerate
eigenvalue) are twice as long as those corresponding to nondegenerate
spin orbitals (single occupancy). The overlap of the antibonding 27*
orbitals with the cluster wave function W(¢) given by X, «(27*I¥(¢))*
(scaled by a factor of 7.5 for visualization) is shown for the Pd,0,"
complex by red filled peaks superimposed on the DOS. The
tetrahedral structure of the palladium tetramer cation is shown at
the bottom right, and the viewpoint of the cluster used for displaying
the orbitals of the bare cluster and the complex is indicated by the
rotated coordinate system shown at the bottom of the DOS on the
right. More details are given in the text.

displays the DOS for an isolated Pd,* cluster (right), a free O,
molecule (left), and a Pd,0," complex (middle). The DOS of
gas phase O,, together with isosurfaces of the corresponding
molecular orbitals, show that the spin-down antibonding 27*
orbital is occupied, while the spin-up 27* is empty. Because
there are (two) degenerate, 27,* and 27,*, orbitals, the total
occupation of the spin down 2z* is f(27%;|) = 2. The ground-
state molecule is paramagnetic, with an O—O bond-length
d(0-0) = 125 A

8578

On the right side of Figure 9 the DOS with —6.5 eV > E >
—14.5 eV of the energy optimized free tetrahedral Pd," are
shown along with some of the highest occupied orbitals (lying
below the Fermi level ¢;). These states exhibit mostly d-like
character whereas p and s states are at energies of =58 eV > E
> —60 eV and —92 eV, respectively (not shown in the figure).
The DOS of Pd,* show some (small) differences in the DOS of
up and down spins reflecting a nonzero spin magnetization of
the cluster cation.

The DOS and selected isosurfaces of the cluster orbitals,
displayed in the middle of Figure 9, illustrate modifications to
the electronic structure of the interaction partners (O, and
Pd,") caused by the formation of the bonded complex Pd,0,*,
with the & of the latter lying close to that of the isolated
palladium tetramer cation and below that of the free O,
molecule. Orbitals at the bottom of the DOS spectrum
resemble closely those of the free O, molecule. On the other
hand, starting with the So orbital (and for higher-energy levels)
the orbitals of the O, molecule are mixed with those of the Pd,*
cluster.

The adsorption of the O, molecule on the palladium
tetramer cation shifts and broadens the unoccupied 27z* (spin-
up component) downward, so that part of it is pulled to values
lying below the Fermi level, leading to its partial occupation.
This reduces the magnetic moment of the adsorbed O,
molecule (compared to the paramagnetic free molecule); a
similar mechanism has been described for the bonding and
activation of O, and CO molecules on magnesia-supported
gold clusters*** (see also Figure 1.78 in ref 15).

The quantification of this activation mechanism entails the
evaluation of the squared value of the overlap integral of the
27* orbitals of the oxygen molecule with the cluster wave
functions ¥(e) according to Y,,+(27*¥(¢))?, which is shown
by the red areas in the DOS below & (Figure 9, middle). When
this squared overlap is integrated over the energy, de
f&) Y, (2n%1¥(£))?, a value of 2.6 is obtained compared to
a value of 2.0 calculated for the free O, molecule. This indicates
increased occupancy of the antibonding component of ¥ due
to transfer of electronic charge in the amount of 0.6e from the
palladium cluster to the adsorbed oxygen molecule. This results
in a larger d(O—0) distance (1.33 A) in the superoxo activated
adsorbed molecule.

4. PdsO,"/PdsO,". The five and six atom palladium clusters
and their oxides show quite similar reaction behaviors. Pd;* and
Pd;O" strongly adsorb two oxygen molecules at room
temperature (cf. Figure 3d), forming Pd;O," and PdO;",
respectively, whereas the preoxidized Pd;O," only adsorbs one
O, to form Pd;O,* (not shown here). These complexes appear
to be particularly stable and inert toward further oxidation with
O, over a wide temperature range and only adsorb additional
oxygen at temperatures as low as 130 K resulting in Pd;O," (y =
6,8, 10, 12) and P&O,,,* (y = 10, 12, 14).

Similarly, Pds* and Pd;O" react with two oxygen molecules
at room temperature (cf. Figure 3e) yielding Pd,O," and
PdO;*, respectively, whereas PdsO," forms PdsO," (Figure
10a—c). Further oxygen adsorption is only observed at
temperatures below about 140 K leading to the formation of
PdeO," (y = 6, 8, 10, 12) and PdO,.,," (y = 6, 8, 10, 12, 14), as
can be seen from Figure 10d,e. These experimental
observations are comparable to the findings for Pd," in the
sense that they indicate the strong adsorption of a maximum of
at most five oxygen atoms on the palladium cluster cations and
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Figure 10. Mass spectra obtained after the reaction of (a, d) Pds"
(p(0,) = 0.10 Pa), (b, e) Pds0" (p(0O,) = 0.07 Pa), and (c) Pds0,"
(p(0,) = 0.09 Pa) with O, at 300 K (left column) and 100 K (right
column).

a second, weakly bound oxygen species occurring at cryogenic
temperatures.

Pdg" is found to have an octahedral geometry as displayed in
Figure 1la in agreement with previous DFT calculations,”

é

(a) PdgO,*

@ﬁi

ad(e) 6 59
(b) PdgOy.1*
E.4(0)=3.38 E.q(4) =5.09
y=0 4 6

Figure 11. Ground state atomic structures of (a) P40,y =0, 4, 6,
and (b) Pd¢O,,,", y = 0, 4. All energies are in electronvolts. For the
description of their derivation and the color code, please refer to
Figure 4.

whereas a planar structure had been predicted on the basis of
the extended Hiickel method.** Our theoretical simulations
reveal facile dissociation of two oxygen molecules resulting in
an oxidized cluster with each oxygen bonded to three
neighboring Pd atoms in Pd4O," and a total adsorption energy
of E,4(4) = 6.26 eV. A third oxygen molecule binds molecularly
with an adsorption energy of 6E = 0.33 eV, which is
significantly lower than the binding of the first (6E = 1.63
eV) and second (SE = 4.63 eV) dissociatively adsorbed
molecule in Pd¢O,". These adsorption energies agree well with
the experimentally observed preferred formation of the tetra-
oxide cluster and its resistance to further oxidation in a wide
temperature range. Furthermore, the dissociation of the first
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oxygen molecule correlates well with the kinetic data, which are
best fit by an association reaction 1, indicating strong and
potentially dissociative adsorption of a first O, molecule (cf.
section IIIA).

Figure 11b displays the ground state structure of the singly
oxidized Pd4O", showing the coordination of the oxygen atom
to three palladium atoms with a binding energy of 3.38 eV.
Adsorption of two oxygen atoms results in facile dissociation of
both molecules leading to a structure comprising five strongly
adsorbed (E4(4) = 5.09 eV) oxygen atoms each bonded to
three neighboring Pd atoms.

5. Pd;O,". Figure 12 displays room temperature ion mass
distributions obtained after reaction of Pd," (trace a) as well as

(b) \/\

PdgO}

(c)

2l AQna Al\nr\n-'\ AL AAA/'\AI\AP
700 750 800 850
Mass / amu

Figure 12. Mass spectra obtained after the reaction of (a) Pd,* (p(0,)
= 0.07 Pa), (b) Pd,0" (p(O,) = 0.08 Pa), and (c) Pd,0," (p(0O,) =
0.08 Pa) with O, at room temperature illustrating the complete
fragmentation of Pd," and Pd,O," into the stable product PdsO,"
whereas Pd;O" only partially fragments to yield PdsO;".

the preoxidized clusters Pd,O* (trace b) and Pd,0," (trace c)
with molecular oxygen. Most interestingly, Pd," and Pd,0,"
completely fragment into the stable product PdsO," whereas
for Pd,O" both a fragmentation product Pd4Os* and an
adsorption product Pd,O;* are detected. The preferred
fragmentation of the palladium septamer and its oxides
supports the particular stability of the Pd,O,* and PdOq",
respectively, as discussed above.

This particular stability of the highly symmetric PdsO," is
additionally supported by the fragmentation mechanism of Pd,*
shown in Figure 13a. Similar to Pd4" the first two oxygen atoms

(a) Pd;0,*

&

E.q4(6)=7.31
(b) Pd,0,.,* 3E=1.63
5.10
—
ad(O 3.47 ad(4) 5.10
y= 6

Figure 13. Ground state atomic structures of (a) Pd;0,", y =0, 4, 6,
and (b) Pd;0,,,", y = 0, 4. The structure in curly brackets depicts a
(nonobservable) transient intermediate. For the energy calculations
and the color code, please refer to Figure 4.
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can easily dissociate on the seven-atom cluster yielding Pd,O,"
with each oxygen atom coordinated to three palladium atoms
and a total adsorption energy of E 4(4) = S. 68 V. The third
0, is adsorbed molecularly (with 6E = 1.63 eV), resulting in
formation of a transient (nonobservable) intermediate Pd,O¢"
(cf. configuration in curly brackets in Figure 13a). A PdO,
molecule then evaporates from the Pd,O4" intermediate
yielding the stable Pd,O,".

In contrast, the singly oxidized Pd,O" only partially
fragments into Pd;O;" besides formation of Pd,Os", indicating
a partial stabilization of the palladium septamer by a single
oxygen atom. The calculated structure of Pd,O* (E,4(O) = 3.47
eV) is displayed in Figure 13b. Two oxygen atoms are
dissociatively adsorbed on Pd,O* with E,(4) = 5.10 eV.
Adsorption of an O, molecule on Pd,O;" to form a
fragmentation-intermediate (similar to the one for Pd,O4"
Figure 13a) is hindered by the extra adsorbed oxygen atom,
thus partially closing the fragmentation channel.

6. PdgO,". Finally, for the case of clusters with eight
palladium atoms, the reaction with oxygen could only be
measured for PdgO". The result is displayed in Figure 3g. In
accordance with the data obtained for the smaller cluster sizes,
the oxidation is self-limiting. In this case PdgO* reacts
immediately with three O, molecules and the resulting complex
PdgO," does not adsorb further oxygen over the whole
investigated temperature range.

Figure 14 shows that the Pdg" cluster is an octahedron with
adjacent faces capped (lower left structure in Figure 14). The

Pds0,..* dp.o=1.35A
E.q(O)=3.65 E.q(4)=6.50 Ead(%) =8.07
OE =157
Pdg* Ead(%) =713
oE = 0.63
y= 0 4 6

Figure 14. Ground state structures of Pd;O,,,", y = 0, 4, 6. For Pd;O;"
a higher energy isomeric structure containing only dissociated oxygen
is depicted as well. At the lower left the optimal structure of the bare
Pdg" cluster is shown. All energies are in electronvolts. For the
description of their derivation and the color code, please refer to

Figure 4.

first O atom binds to a face of the cluster with a binding energy
of 3.65 eV. All face sites are about equivalent. Two further O,
molecules bind dissociatively to other nonadjacent faces finally,
leaving no more open faces that do not have an adjacent O
atom. The third O, molecule molecularly binds in a bridge
position. The most favorable is likely the one shown in the
upper row of Figure 14. It has the most acute angle between the
adjacent faces and one of the Pd atoms has one (rather than
two) O neighbors. This molecularly bound O, is “activated”
with a bond length of 135 A. If this third O, molecule
dissociates, the atoms must go to faces which have adjacent O
atoms already. However, the binding energy is considerably less
than in the molecularly adsorbed case (cf. lower rightmost
structure in Figure 14).
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IV. SUMMARY AND CONCLUSIONS

The temperature-dependent reactions of small palladium
clusters Pd,* (x = 2—7) and its oxides Pd,O* (x = 2—8) and
Pd,0," (x = 4—7) with molecular oxygen reveal the formation
of two different oxygen species. The fast adsorption of up to
two oxygen molecules (three O, for Pd;O*) yielding Pd,O,"
(for Pd,}, x = 2—7), Pd,Os* (for Pd,0*, x = 2, 4—7), and
PdgO,*, respectively, and the resistance of these complexes
(self-limiting oxidation) to further oxidation in a large
temperature range indicates strongly bound chemisorption of
the first two O, molecules. Further, O, molecules are found to
be only adsorbed at low temperatures pointing toward
molecularly physisorbed oxygen.

Dissociative chemisorption of oxygen was also found on
supported palladium nanoparticles at temperatures below 450
K* in line with the observations reported here for the free
palladium clusters. Furthermore, although the initial sticking
probability of oxygen on the supported Pd particles is high, it
was observed to decrease to a very low value as the
chemisorbed oxygen layer approached saturation, which also
resembles the self-limiting oxidation described here for the very
small free clusters.

Complementary theoretical first-principles simulations of the
experimentally observed products provide molecular level
insights into the interaction between palladium clusters and
molecular oxygen and the quantum-chemical principles under-
lying the bonding and dissociation of oxygen molecules on
palladium clusters. The self-limiting behavior illustrated above
may be summarized as follows: Small palladium clusters adsorb
strongly only a limited (maximal) number (N ,.,) of oxygen
molecules in an activated molecular configuration where each
O, molecule bridges between two neighboring Pd atoms.
Dissociation of these activated molecules leads to formation of
oxidized clusters with each oxygen bonded to several (two or
three) neighboring Pd atoms. Pd,O," and Pd,O,,," complexes
comprising such strongly adsorbed and activated molecules
and/or atoms are the ones detected at higher temperatures, e.g.,
room temperature.

Further interaction of oxygen molecules with the self-limiting
oxidized cluster (i.e, Pd,O," and Pd,O,,;", y = N e = 4 for x
=2-7,and y = 6 for x = 8) results in weak molecularly
adsorbed states. These molecules contribute to the low
temperature mass spectrometric signals.

Thus, the self-limiting nature appears to originate from the
inability of Pd atoms of the cluster to bind strongly to more
than two oxygen atoms. That is, binding of O, to an already
double-oxygen-coordinated Pd atom results in a weakly
adsorbed molecular state. Additionally, dissociation of adsorbed
molecules above the self-limiting number is inhibited due to site
blocking by the already-adsorbed oxygen atoms.
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