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Abstract : Anattempt has been madeto anayzethe
effect of surfacesite onthe spin statefor theinterac-
tionof NOwith Pd,, Rh, and PdRh nanoparticlesthat
supported at regular and defective MgO (001) sur-
faces. The adsorption properties of NO on homo-
nuclear, Pd,, Rh,, and heteronuclear transition metal
dimers, PdRh, that deposited on MgO (001) surface
have been studied by means of hybrid density func-
tional theory cal culationsand embedded cluster modd.
The most stable NO chemisorption geometryisina
bridge position on Pd, and atop configuration of Rh,
and PdRhwith N-down oriented. NO prefersbinding
to Rh sitewhen both Rhand Pd atoms co-existinthe
PdRh. The natural bond orbital analysis (NBO) re-
ved sthat thed ectronic structure of theadsorbed metal
representsaqualitative change with respect to that of
thefreemetal. The adsorption propertiesof NO have
been andyzed withreferenceto theNBO, chargetrans-
fer, band gaps, pairwise and non-pairwise additivity.

EMX—NO

Thebinding of NO precursor isdominated by the (i)

pai rwise additive components and therole of the sup-
port was not restricted to supporting the metal. The
adsorbed dimers on the MgO surface lose most of
themetal-metal interaction due to the relatively strong
bond with the substrate.

Spin polarized calcul ationswere performed and there-
sultsconcernthesystemsintheir morestable spin Setes.
Spinguenching occursfor Rhatom, Pd,, Rh, and PdRh
complexesat the terrace and defective surfaces. The
adsorption energies of the low spin states of spin
guenched complexesareadwaysgreater than those of
thehigh spin states. Themetal—support and dimer—sup-
port interactions stabilize the low spin states of the
adsorbed metd swith respect to theisolated metalsand
dimers. Although theinteraction of Pd, Rh, Pd,, Rh,
and PdRh particleswith Fssitesismuch stronger than
theregular sites O%, theadsorption of NO isstronger
when the particular dimersare supported onananionic
sitethan on an Fssiteof theMgO (001). The encoun-
tered variationsin magnetic properties of the adsorbed
speciesat MgO (001) surface are correlated with the
energy gapsof thefrontier orbitals. Theresults show
that the spin state of adsorbed metal atomson oxide
supports and the role of precursor molecules on the
magnetic and binding properties of complexesneed to
beexplicitly takeninto account.
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INTRODUCTION

Fundamenta understanding of thee ectronic struc-
ture and activity of transition metal atoms and
nanoclusters supported on metal-oxide surfacesis of
gresat interest dueto their broad applicationsin cataly-
Sis, coating for thermal applications, corrosion protec-
tion, and other technologicaly important fid ds*4. Theo-
retica cdculationshaveproved very helpful togainin-
sght into the mechanismsof growth of nanoclusterson
oxidesurfaces®9. |t has been found that under typical
conditions, formation of dimersconditutesthefirst step
in the process of the growth of metal clusterson the
oxidesurfacd”. Eventhoughinthegasphasethereare
dimers, trimers, etc., the cluster growth on the surface
of the support isdominated by diffusion of adsorbed
atomsand not by direct deposition of aready existing
gas phase clusters. It is observed that, diffusion is
stopped at point defects, where the atoms are more
strongly bound and nucl eation takes place'®. In addi-
tion, the properties of the deposited nanoclustersde-
pend on the oxide substrate and in particular on the
presence of point defectswherethe cluster can besta-
bilized. In generd, there has been aconsensusthat de-
fectsnot only can act as catalytic centersfor chemi-
sorption of small speciesbut also asnuclegtion centers
for growing metd clustersand can modify thecatalytic
activity of these adsorbed metd particlesviathemetd-
support interaction at theinterface®.

Thestrength of interaction between metal and sub-
strateisdue to metal -substrate covalent bonding that
impliesapolarization of themeta orbitasor redistribu-
tion of theatomic orbital population. Themeta s-or-
bital combineswiththe oxygen p-orbita perpendicular
tothesurfaceof anoxidemateria resultinginabonding
(occupied) and antibonding (unoccupied) combinations.
Thisleadsto adecreasein the atomic s popul ation of
the metal atom(®*Y4. When the free metal atom elec-
tronic configurationisd's’, theresulting e ectronic con-
figuration of themetal and atom may be expressed as
dtst or even d™2. The strength of the metal-oxide
interaction varieswith theresulting d-population. This
changeintheé ectronic configuration of the adsorbed
metal may result in aconcomitant spin quenchingwith
respect to the ground state multiplicity of theisolated
metal atom.

Onthebasisof the performance of different den-
sity functionals, Markovits et a .2 reported that the
electronic state of Ni with the oxygen regular and de-
fectivesitesof MgO istheresult of abalance between
thetendency of Hund’s rule to preserve the atomic state
and chemical covaent termstendingtoform chemica
bonds and henceto quench the atomi c magnetic mo-
ment. Indeed, the stronger theinteraction, the smaller
thedifference between the high and low spin states; in
other words, thelarger theinteraction, the stronger the
pinquenching.

Sousaet d.¥ calculated thelow to high spintran-
sition energy of Ni adsorbed on regular and defective
sitesof MgO and magnetic properties of first row tran-
stionmetd oxides. Thepreviousinvestigationssuggest
that the final spin state of an adsorbed metal can be
different, whenit interactswith an oxidesupport. How-
ever, thecombined effect of oxidesupport and adsorbed
species, such as NO on the final spin state is over-
looked.

Bimetallic nanoparticlesmay createasynergistic
catal ytic effect that involvesthe changeinlocal elec-
tronic propertiesof puremetal nanoparticlesto modify
the strength of the surface adsorption for oxygen re-
duction reactiong*19, Although pure Pd and Rh clus-
terson MgO (001) and TiO, have been widely stud-
ied81 no reports are avail able on the geometrical
and eectronic structure of PdRh bimetallic that depos-
ited on MgO surface. Effortshave beenfocused onthe
possibility of associating Pd with another noble metal,
rhodium, to prepared bimetallic Pd-Rh/alumina cata-
lystsand compared to reference Pd/aluminaand Rh/
aumina solids®®. A. M. Ferrari*®, Shinkarenko et
al.”® Neyman and Illas?¥, Nasluzov et al.”?, and
Matveev et a3 haveexperimenta ly and theoretically
studied the adsorption properties of different metal at-
omsand metal clusters deposited onthe MgO (001)
surface. Palladium and rhodium clusters of small size
have been extensively studied at various semiempirica
and abinitiolevels of thetheory by G Berthier®1, As
thesmdllest dugter, homonud ear and heteronucl ear tran-
stion metd dimershavebeen studied both experimen-
tally and theoreticaly'®29. For asystematic theoretical
study, thehomonuclear dimersof 4d transition metals
were examined by use of diverse density functional
methods?. The structuresof AgPd clusters supported
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onMgO (001) areinvestigated viaacombination of
globd optimization searcheswithin an atom-atom po-
tentia model and density-functiond caculations®. The
reactions of H, with the heteronuclear dimers PdCu,
PdA g, PdAu have been studied by the hybrid density
functiond method B3LY P29, CO adsorption on mono-
metd lic and bimetadlic Au-Pd nanoparticlesdeposited
ontowell-ordered thinfilmsof Fe,O, (111), MgO (001),
and CeO, (111) were studied by!*.

Itisfrequently observed that atransition metad aom
doped in asmall cluster of other metal can strongly
changethe properties of thehost cluster-%2, Previous
theoretical cal culationshave been devoted to the study
of heteroatomic or impurity-doped as well as
homoatomic meta clusters, whichindicatethat theim-
purity stomscan strongly influencegeometric, dectronic,
and bonding properties of mixed clusters®. Thefirst
objective of thiswork isto generalize the possibility
that electron-rich MgO surface can be used to deter-
mine how the substrate could affect the structural, en-
ergeticand dectronic propertiesof smdl bimetalicRh-
Pd dimersthat bel onging to acompletdly different va
lence structure, i.e. Rh (4d® 5st) with unfilled d and Pd
(4d*°5s°) with completed shell. For this purpose, the
simplest bimetallic particle, PARh, isconsidered and
the results are compared with monometallic Pd, and
Rh, dimers. Second, to clarify theroles of defectsas
nucl eation centersfor theformation of dimersand rep-
resent how these defects can induce modificationsin
the d ectronic, geometric and chemica propertiesof the
supported dimers. Third, toidentify the bonding mecha-
nism of NOwith Pd,, Rh, and PdRh nanoparticlesthat
supported onregular and defective sitesof MgO (001).
Findly, toinducequdlitatively different changesinthe
electronic states of the supported particlesand onthe
transition energy required to switch fromlow spinto
highspindate.

Theintriguing heterogeneous processes associated
with nitricoxide, NO, observed at transition meta and
metal -oxide surfaces, are a continuous topic for re-
search. Themolecule, whichisoneof thesmplest and
mogt stableradicals, isspontaneoudy formedin com-
bustion processes at elevated temperatures. Being a
maor environmentd hazard, itisof vital importanceto
remove NO from the exhaust gases. Thereduction of
NO by CO on palladium is of practical interest and

experimenta investigationsshow that nanosized pala
dium clustershave significant capacity to catalyzethe
CO + NO reaction at low temperatures®*!. Asone
of thekey factorsto understand the catal ytic mecha
nism, the adsorption behaviorsof NO on Pd clusters
have been extensively studied®*7, Vifies et al. per-
formed acombined experimentd and theoretica study
on the adsorption of NO on Pd nanoparticels, using
infrared refl ection adsorption spectroscopy (IRAS) and
calculations based on density functional theory
(DFT)E8,

COMPUTATIONAL DETAILSAND SURFACE
MODELS

Hybrid density functional theory and embedded
cluster modelshave been extensively employedinthe
description of theed ectronic and geometrical structures
of Pd,, Rh, and PdRh particles nucleated on regular
and defect siteson the M gO(001) surface>®%, These
models have demonstrated to be powerful in the de-
scription of the defective and non defective non polar
oxide surface®’. Sousa, et a.[*¥ used a cluster/peri-
odic comparison within the same computationa model
(either DFT or HF) for theionic systems (MnO, FeO,
CoO, NiO, and CuO) to establishthat embedded cluster
model s provide an adequate representation. They used
alattice parameter (421 pm) the same as was deter-
mined for thebulk, with no surfacerelaxation or rum-
pling in the defect-free system. Theembedded cluster
model consdersafinitecluster embedded intherest of
the host crystal, by assuming that the el ectronic struc-
tureinthisexterna region hasremained thesameasin
the defect free system. This approach isadequatein
principle, butiscomputationaly demanding and requires
anaccurateanalysisof theenergy terms. Itsflexibility is
moderate and can describe the charged defectg*Y.

To represent the substrate, the ionic clusters
Mg,O,, and Mg,O, Fshave been embedded in arrays
of point charges. Thiswasdone by following an em-
bedding procedure previously reported for alkaline
earthoxides*d. A finiteionic crystd of 292 point charges
wasfirst constructed. The Coulomb potentialsaong
theX andY axesof thiscrystal are zero by symmetry
asin the host crystal. The + 2 charges on the outer
shdlswerethen modified, by using afitting procedure;
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to makethe Coulomb potentia at thefour centra sites
closdly approximatesthe M add ung potentia of thehost
crystal, and to makethe Coulomb potentid at theeight
points with coordinates (0,£R,+R) and (+R,0,+R)
whereRishalf thelatticedistance, whichfor MgOis
2.105, equal to zero asit should beinthe host crystal.
With these charges, 0.818566 and 1.601818, the Cou-
lomb potentid intheregion occupied by thecentrd ions
isvery closetothat intheunit cell of thehost crystal.
The Coulomb potential was calculated to be (1.748) at
thefour centrd sites(compared with 1.746for asmple
cubicioniccrystal) and (0.0) at the previoudly defined
eight points(compared with 0.0 for the same crystal).
All charged centerswith cartesian coordinates (+X),
(£Y) and (Z>0) were then eliminated to generate the
(001) surfaceof MgO with 176 charged centers occu-
pying thethree dimensional space (+X), (+Y) and (Zd”
0). Thecdugtersof Figure 2 werethen embedded within
the central region of the crystal surface, and the elec-
trons of the embedded clusterswereincluded in the
Hamiltoniansof theab initio ca culations. Other crystd
Stesentered theHamiltonian either asfull or partid point
chargesasdemonstrated in*2.,

Thedengty functiond theory ca cul ationswere per-
formed by using Becke’s three parameter exchange func-
tional B3 with LY P correlation functional™®#4. The
B3LY Phybrid functional has been used sinceit pro-
videsarather accurate description of the metal/oxide
interaction“. Moreover, for the magnetic systemsit
providesareasonable abeit not perfect picturewhich
lies midway between the HF and pure GCA descrip-
tiong“l, Evenif theDFT haswell known problemswith
thedescription of magnetic properties, hybrid functionds
suchasB3LY Pprovidesafair indication of there aive
energies. B3LY Pcorrectly reproduce thethermochem-
istry of many compoundsincluding transition metal at-
omgs*” and seemsto be ableto properly describethe
band structure of insulators*3. B3LY Pensuresacor-
rect description of the electronic ground state of first
row transition metal atoms and areasonabl e descrip-
tion of the energy difference betweenlow lying el ec-
tronic stateswith different spin multiplicity. Finally,
B3LY Pisableto describe magnetic coupling in sys-
temswith | ocalized spins although the magnetic cou-
pling constant istoo large“.

The Stevens, Basch and Krauss Compact Effec-

tive Potential (CEP) basis setg*> wereemployedin
thecaculations. Inthe CEP basis sets, thedouble zeta
caculationsarereferred to as CEP-31G and similarly
triplezetaca culationsto as CEP-121G It may be noted
that thereisonly one CEP basi s set defined beyond the
second row, and thetwo basis setsare equivalent for
these atoms. These basi s setshave been used to calcu-
late the equilibrium structure and spectroscopi ¢ prop-
ertiesof severad moleculesand theresultsare compared
favorably with the corresponding al-electron calcula-
tiong®Y. Inthe present calculations, the effective core
potential of the cep-121g basis set was used for all
alomsintheclusters.

Thedefect free surfacesexhibit very small relax-
ationsonly andthereforethey havebeen kept fixed when
studying deposition of metal atoms. A minimal energy
search on adefect free surfacedoesnot usualy include
surfacerdaxation sincethisisexperimentdly very small,
lessthan 5%°2. Surfacerel axation effectscan besig-
nificant if discontinuities, likestepsor point defects, are
present’>, Sousaet d ™ focused inthe problemswhen
applying DFT methodsto open-shell syslemswith par-
ticular emphasi son the consequences on the descrip-
tion of magnetic properties. They found for ionic sys-
temswith unfilled d- shells, such asthe present Rhatom,
that theresulting open-shell eectronsarelocaized and
henceit ispossibleto model these systemshby meansof
embedded cluster models. All calculationsareof spin
unrestricted type and carried out by using Gaussian 09
system®, Thefigureswere generated by using the cor-
responding GaussView software.

Thebinding energy, E,, of the Pd,, Rh, and PdRh
dimersat varioussites of themetal oxide surface can
be ca culated asfollows:

Ea(M,)=-[E(M,/MgO_site-E(M )-E(MgO_site)] (1)
Positive valuesof the binding energies mean that
theformed dimersarestable.

Thehightolow spintranstion energieswereca cu-
lated fromtherelation

AE?o-rtplex = E'c-'omplex - Elc_omplex (2)
Where S isthetotd e ectronic energy of thecom-
plex.

Thenucleation energy (E,, ), dimer formation en-
ergy, isanimportant parameter to study the atom-by-

atom growth of aparticlefrom atomsinthegas phase.
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It isdefined asthe energy associated with theformation
of homonuclear dimers Rh,, Pd,, and heteronuclear
dimers, PdRh, when an atom of thegaseous phase, Rh
or Pd bondswith apre-adsorbed metallic particle, Rh/
MgO_siteor Pd/ MgO_site™, respectively:

E =" [E(M/MQO_site)-E(M)-E(M/MgO_stte)  (3)
whereMgO _siteindicatesthenuclegtion Site. Thesetwo
quantities, Ea(M.) andE_, , measurethebinding en-
ergy of gas phase Pd,, Rh,and PdRh to agiven MgO
Ste™l,

Thedimer binding energy, E,, measuresthe stabil -
ity of the adsorbed dimer with respect to Pd and Rh
adatoms, where one of which isbound on afive coor-
dinatedterraceanion, O, . E, issimply thedifference
between the adsorption energy of trangtionmeta, TM,
atom to the supported TM/MgO and the binding en-
ergy of theatom to the metal oxideterrace.
E,=-E(M,/MgO_site)-E(MgO_O, ) +

E(M /MgO_site)+E(M /(MgO_0O,)) 4

Thetrapping energy, E,, measurestheenergy gain
when Pd and Rh atoms movefrom aterracesitetoa
strongly binding site, anion vacancy. Thetrapping en-
ergy isthe difference in E, between aregular and a
defect site. E, can be quitelarge on some specific de-
fects, indicating their strong tendency to capture metal
atoms. Thus, metal atoms have ahigh probability to
find adefect inthediffusion processandto gick tothis
defect(el,

RESULTSAND DISCUSSION

Adsor ption of singlePd and Rh atoms

It waswell established that small metal particles
adsorb preferentialy on Steswhere negativecharge ac-
cumul ateg8357%8; more specificaly the O% ionic sites
for regular and the F_ centersfor defectivemetal oxide.
Experimentally, metal clustersare often formed ona
surface by exposing it to abeam of gas-phase atoms.
Theseatomsadsorb onto the surface and diffuseto the
sitesat O% or Fscenters. From these single adsorbed
atoms, clustersareformed by nucleation. For thisrea-
son, the adsorption of asingle Pd and Rh atoms on
both O*and Fsof MgOisinvestigated asafirst stepin
thisstudy. Theresultsprovideaclear indication that the
atomic Rh adsorbs more strongly on both sitesthan
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that of Pd. Theinteraction of Rhand Pd atomon F site
ischaracterized by stronger binding energy (E,_ = 3.263
eV, 3.186 V) with shorter equilibrium adsorption dis-
tance (1.62 A, 1.54 A) than on the surface O? site
(E=1301eV, 1.251 eV) with equilibrium distance

(2.06 A, 2.19 A), respectively. The presence of
trapped electrons at the defect site resultsin amore
efficient activation of the supported Pd and Rh atoms.
Theseresultsarein agreement with®>®%, |[ngenerd, a
good agreement is establi shed between the geometri-
cal parametersobtained in thiswork and thereported
theoretical valuesfor RYMgO (001) surface(2.09 AlY)
and for Pd/MgO (001) (2.15 Al%?) at the low coordi-
nated surface.

Inaddition, itisnot atrivid task to concludeapriory
which one of the “F (4d®s') and 2D (d°) states of Rh
determinesthe ground state energy of theunit cell of
MgO (001) surface with theadsorbed Rh atom. There-
fore, theeffect of the substrate on the el ectronic states
of theadsorbate and the energy required to switch from
high-spintolow-spin stateare analyzed. By using the
B3LY Pcalculation, high- to low-spin trangition ener-

gies of Rh atomsfree, AE"", and supported on O*
and Fssitesof MgO (001), AE, .., aresummarizedin

TABLE 1. Since AE.,,.. isnegative value, the spin-
polarized structure with one unpaired e ectronisthe
mogt stabl e state, in agreement with!®?. Consequently,
theinteraction of Rhat MgO (001) surfaceinducesa
guenching of the magnetic moment, whichresultsina
doublet ground state, separated by 0.267 €V from the
lowest quartet. Wheress, uponinteraction with O* and
Fssurface sites, thehighto low spintrangtion energies

AEg . Of Pdatomispositiveindicating that the spin
states are preserved and the low spin states are fa-
vored. Hence, the number of unpaired el ectronsinthe
Pd adatom tends to be the same as in the gas phase
and the ground state of Pd-MgO is spin singlet. The
interaction of Rhand Pd atomswith the F_ center mer-

itsaseparate discussion sinceresultsshow that in al-

most all cases AE,,,. exhibits the largest increase.
Hence, itis clear that, the low-spin stateis more fa-
vored because of the formation of adirect bond be-
tween the adsorbed species and the electronic levels
corresponding to the oxygen vacancy e ectrons.
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TABLE 1: Transition energy, AE_,. .., required to exciteadsor bed monomer, Pd and Rh fromthehigh- to low-spin state. A

positivesign indicatesthat theground stateisprovided by thelow-spin coupling. Ad"™ arethechangein theequilibrium
distancesof Pd and Rh atomsthat supported totheregular (O%) and oxygen vacancy (Fs) siteat M gO (001) going from high-
tolow-spin state. A positivevalueindicatesthat d islar ger inthehigh-spin state. Ener giesar eexpressed in €V, the corresponding
equilibrium distances(d) in (A), and charges in electron units H: High spin. L : Low spin. Ne: number of unpaired eectrons.

ChemXpress 3(4), 2014

Pd/MgO (O?) site

Pd/MgO (Fs) site

Rh/MgO (O%)site  Rh/MgO (Fs) ste

AEH-L 0.904 -0.034

Ell.(M) 0.919 1.933 1.034 1.812
d*(M-9) 2.39 1.82 2.54 2.06

AEg e 1.234 2.156 0.232 1.417
Ad"t 0.2 0.28 0.48 0.44
Electronic 0.28 4 19741, 0.01~,-0.02 0.79 4 49.86=,-0.14;= 40.01~-0.02 55 %% 44 8° 5p 008 55 %% 4d 8'815p 083
configuration 5s*4d> "5p~""6p 5s™4d>*5p~"5d™"6p 5l 001 g 001 5 002 gy 002
Ne 10.05 10.82 9.05 9.81

Nevertheless, theimportant point hereisthetrend
of the adsorbed atoms from one siteto another. The
analysisof theseresults clearly show that, thereisa
changeinthetransition energy required to switchfrom
high spintolow spin, AE},.,.,, whichisinduced by the
MgO (001) surface. It isobserved that the transition
energy fromthehigh-spinto thelow-spin Sateincreases
whenthe oxidesupport ispresent. Thisisaclear indi-
cation that the metal -support interaction tendsto stabi-
lizethelow-spin statewith respect to theisolated atom.
Thedifferencein theequilibrium distance perpendicu-
lar to the surface was cal culated. Notice that, as ex-
pected, thereisan inverse correlation between adsorp-
tion energy and equilibrium distance, the larger the
former theshorter thelater, TABLE 1.

Therearesomedifferencesintheadsorption heights
between thelowest spin state and the highest spin state
of the adsorbed Rh and Pd atoms on boththe O, and
oxygen vacancy sites. In particul ar, for the perfect sur-
face, the adsorption height of 2.54 A and 2.39 A for
the quartet Rh and triplet Pd that islarger by 0.48 A
and 0.2 A than for the douplet Rh and singlet Pd, re-
gpectively. Thesimilar phenomenafor thevacancy sur-
facearea so observed. Thisobservation may result from
thelarger overlaps between the highest occupied mo-
lecular orbital, HOMO, of MgO cluster and thelowest
unoccupied molecular orbital, LUMO, of theadsorbed
metal atomsin thedouplet and singlet statethan those
inthequartet and triplet states of the adsorbed Rhand
Pd atomsthat have anti-bonding character as shown
fromFigure 1. Therefore, ashort bond distanceand a

strong interaction between the O* and Fssitesand the
Rh and Pd atoms at the lowest spin state have been
observed (TABLE 1).

Theincreaseinthe adsorption heightsof supported
Pd and Rh can contributeto the Pauli repulsion of the
valencesorbita of the Pd and Rh that isalmost empty
withthoseinthep orbitasof thesurface oxygen atoms.
Aswedll as, the HOM O for the oxygen vacancy hasa
large s-like character, which would alsolead to repul -
siveinteraction withthe metal sorbital; thisorbital is
occupied by ~-0.8 e due to the charge transfer. The
adsorption heightsof supported Pd and Rh increased
at oxygen anion and oxygen vacancy sitesalsotheen-
ergy gain of 1.90 eV and 2.0 eV dueto the electron
occupying thisbonding orbital of the Pd and Rh atom,
wherethebinding energy iscalculated tobe 3.192 eV
and 3.263 eV for the adsorption complexes Pd/
Mg,O, ,Fsand RiVMg,0,,Fs, respectively.

Itisinteresting to exploretheelectronic configura-
tion for theinteraction of Pd and Rh atomswith the
regular site at MgO (001) surface. The only appre-
ciable changewith respect to thefree atomisthe hy-
bridization between 5sand 4d orbitalswith negligible
contribution of the 5p subshell, 5s>24d°745p%016p002
and 5s %43 4d &6 5p 093 5( 901 gp 01 for the supported
Pd and Rh atomsand no appreciablechargetransfer, -
0.054eand-0.07e, respectively, Theseresultsare con-
sistent with!®3, Theincreased adsorption energy of Pd
and Rh atomswith F centersis accompanied by no-
table changes in the electronic configuration of the
adsorbed metal, whichisprogressively changed by a
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Rh(2)/MgO(O%) site

PA(1)/MgO(0O>) site

Rh(2)/MgO(Fs) site
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PAd(3)/MgO(O%) site Pd(3)/MgO(Fs) site

(b)

Rh(4YMgO(O%) site Rh(4)/MgO(Fs) site

(b)

Figurel: Schematicrepresentation of thehighest occupied molecular orbitals(HOM Os) of Pd and Rh atomswith (a) low spin
stateand (b) high spin statedeposited on M gO(0?%) and M gO(Fs) stesusingtheembedded cluster model.

chargetransfer, -0.799e and -0.807e, with anincreas-
ing participation of the 5p orbitas, for the supported
Pd and Rh atoms, 58°7°4d°#5p°14 and 55 %8 4d 8815p
013 respectively, TABLE 1.

Asit hasbeen shown later, theinteraction of NO
with supported Pd and Rh depends strongly on the
metal—oxide interaction and it is essential to dispose of
an adequate substrate model for the subsequent NO
adsorption(®+%1, Hence, asafirst stepin our approach,
Rh,/MgO (001), Pd/MgO (001) and PdRW/MgO
(001) systemswere studied using the above detailed
cluster moddls.

Rh,, Pd, and PdRh particles deposited on MgO
(001)

Tounderscorethemost stableconfiguration of Rh,,
Pd, and Pd—Rh dimer on the MgO (001) surface, two
configurations, parallel and perpendicular to the sur-
face plane have been considered. The best optimized
geometriesof Rh,, Pd, and PdRh supported particles
anchored on terrace sitesof MgO (001) arewith the
molecular axisalmost paralel to the surface and the
supported two atomsof the dimer nearly on thetop of
two O, anions, Figure 2. The results are agreement
W| th[19,56,66] .

Because of the spin polarization, the correspond-
ing valuesof binding, nucleation, trapping and charges
transfer for the deposition of the Rh,, Pd, and PdRh
particleson theregular oxygen Steand Fscenter have
been summarizedin TABLE 2 by using B3LY P/CEP-
121G at various spin statesin order to find the most

stable spin statefor each dimer. Itisinteresting to note
that, theground state of Rh,, Pd, issinglet, at variance
with gas-phase of Pd, and Rh,which has a triplet
32:[67'681 and quintet 52: 69 ground state, respectively,
but in agreement with previous studies®¥. Thus, the
interaction with the substrate inducesachangein the
electronic structureof Pd, and Rh, dimers. The adsorp-
tionenergiesof Rh,, Pd, and PdRhinthelow spin states
arestronger than thosein the high spin states. Hence,
the dimer—support interactions stabilize the low spin
states of the adsorbed Rh,, Pd, and PdRh dimers.
From theseresults, it isobserved that theinterac-
tion of Rh,, Pd, and PdRh on Fssiteis characterized
by stronger binding energy with shorter equilibriumad-
sorption distancethan on the surface O* site. Although
the binding energy is noticeably affected by the sup-
port, the nucleation energy isweskly affected; for both
sitesthevaluesof E_ arelesssignificantly changed
(0.001- 0.246 eV). Thiscan mean that (a) theregular
meta oxidesurfaceisawaysan appropriated placeto
formRh,, Pd, and Pd—Rh (b) the dimers formation is
independent of the adsorption site (regular or diamag-
netic Fssite). However thedimer formationwill befa
vored on the Fs center dueto thetrapping energy, con-

sigtently with®.,
On aterracedite, the addition of second TM atom
leads to anucleation energy E_ , =1.716 eV, 2.465

eV, and 2.354 eV that are 0.466 eV, 1.165 eV and
1.053 eV higher than the adsorption energies of the
TM atom on aterrace site. Consequently, the dimer
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TABLE 2: Geometrical parameters, binding, nucleation, tr apping ener giesand atomic char gesfor theadsor ption of Pd,, Rh,
and PdRh dimer swith various spin multiplicitiesat regular (O?) siteand defect center (Fs) siteof theM gO (001) surface.
Energiesareexpressed in eV, thecorresponding equilibrium distances(d) in (A), and charges in electron units.

MgO (O?) site

MgO (Fs) site

Pd>

Rh>

PdRh Pd> Rh2 PdRh

M=l M=3 M=5 M=1

M=3 M=5

M=2

M=4 M=6 M=1 M=3 M=5 M=1 M=3 M=5 M=2 M=4 M=6

3.681 2.828 2.252 3.116
1.716 1.412 -0.894 2.465
0.466 0.161 -2.145 1.165

Ea (M2)
Enud
Ep
Etrap. - - - -

g(M1) -0.069 0.03 -0.006 -0.064

q(M2) -0.029 0.069 0.233 -0.097

q(M) -0.098 0.099 0.227 -0.161

dMxS) 223 228 241 206

2.647 1.767
2.653 2.502
1.352 1.201
-0.05 0.081
0.087 0.112
0.037 0.193

21 212

3.038
2.354
1.053
-0.01
0.001

-0.009
d(M-S) 214 226 236 202 214 226 219 219 225

2.1

2.164 1.894
2.139 4.647
1.071 2.119

5.616
1.717
0.466
2.489
0.022 0.028

4.155
0.804
-0.447
1.328

3.644 4.875
-1.438 2.263
-2.688 0.962
1.392 3.116
0.173 0.008
-0.78 -0.727 -0.674 -0.999
-0.758 -0.699 -0.501 -0.991
218 224 234 198
219 223 154 162 176 158

4.399
2.443
1.142
2.647
0.261
-1.005
-0.744
2.02
1.62

2.795
1.567
0.267
1.767
0.053
-0.751
-0.698
2.18
1.62

4.728
2.108
0.807
3.038
-0.001
-0.803
-0.804
21
157

3.688
1.694
0.659
2.164
-0.782

3.585
4.403
-1.183
1.894
-0.842
0.09 0.312
-0.692 -0.530
224 224
159 167

0.008 -0.082
0.107 0.334
0.115 0.252

g(M1), g(M2): atomic charges at each metal of the dimer and d(M ,-S), d(M-S): optimal distances between adsorbed metals of the

dimer and surface site of MgO

formation of Rh,, Pd, and PdRh are preferred with re-
spect to two isolated atoms adsorbed on O% anions
(TABLE 2), indicating that dimerization should be pos-
sible even on the MgO (001) terraces and the dimer
nucleation isathermodynamic favored processat O*
anions. Althoughthisresultisin contrast with theresults
reported by Bogicevic and Jennison™ who reported
amost no differencein stability betweenthedimer and
two isolated atoms on the MgO (001) terraces, it is
agreement withi>%9,

The elongation of the Pd-Pd, Rh-Rh and Pd-Rh
distanceswith respect to the gas-phaseisexplaned by
thefact that the dimer isoriented towardstwo nearest
neighbor O% anions on the surface to maximize the
bonding with the O% anions. The Pd-Pd bond length
becomescloseto 2.98 A, is only 0.22 A longer than in
thefreemolecul e, in agreement with™,

Concerning thebimetallic PdRh particle, theground
state geometry of thebimetalicissgnificantly modified
after deposition. Theeectronic density of statesanaly-
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sisreved sthat after deposition, Pd-Rh favors doublet
spinmultiplicity asthelowest energy configuration,
TABLE 2. In consequence, the binding, nucleation and
dimer binding energiesfor Rh-Rh and Pd—Rh are very
close. Sothat, such acomparisonisof interest asmany
recent experimental studieson the supported palladium
mode catal ytic systemd® addressthe question whether
the palladium can be used asan alternativeto the ex-
pensiverhodiumin thereaction of reduction of NO™2,

Inthis section, thestability trends of the Pd,, Rh,
and PdRh dimersfor ground state structures are ana-
lyzedintermsof the energy gapsbetween HOMO and
LUMO. A large HOMO-LUMO gap has been con-
sSidered asan important requisitefor the chemical sta-
bility of transition metal clusters®l. The calculated
HOMO-LUMO gaps for the ground states of Pd,, Rh,
and PdRhdimersare presented in TABLE 2. It canbe
seenfromthistablethat, theca culated HOMO-LUMO
gapsof Pd,, Rh, and PdRh dimersfollow thetrend Pd,
<Rh, <PdRh. Sincealarge energy gap corresponds

«* O
@®N

NO/Pd/MgO(0O%) site
-

Pd,/MgO(O%) site

e 99

Rhy/MgO(O%) site

Pd ‘

R 4

NO/Pd/MgO(Fs) site

K"\

Pd>/MgO(Fs) site

Rh>/MgO(Fs) site

PdRh/MgO(O”) site PdRh/MgO(Fs) site

Rh

to higher stability therefore, the PARh dimersthat de-
posited onthe MgO (0?) and MgO (Fs) siteshavethe
highest chemical gabilities

Indeed, themolecular orbital, MO, interactionis
controlled by thelevel of thefrontier orbitals. There-
fore, therel ationsbetween spin quenching of supported
Rh, Pd, Pd,, Rh, and PdRh dimers at MgO surface
and energy gaps between frontier orbitals are estab-
lished. In Figure 3, the HOM Os and LUMOs of the
supported metalsand dimersat the defect free surface
of MgO are presented. While spin preservation occurs
for Pd complex, spin quenching occursfor Rh, Rh,,
Pd, and RhPd complexes; this is agreement with
TABLES 1-3. Thisisclearly correlated with frontier
orbital energieswheretheHOM O energy levelsof Rh,
Rh,, Pd, and Pd- Rh low spin complexes are lower
thantheir high spin counterparts. Thisextrastability a-
lowsfor stronger interaction with the surface hence, the
interaction inthiscaseis strong enough to quench the

spin.

O ® O
N ® N

g’vi“ W
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Figure3: Schematicrepresentation of theHOM O’s of Pd /M gO, Rh./M gO, PdARh/M gO, NO/Pd/M gO, NO/Rh/MgO, NO/
Pd,/M gO, NO/Rh,/M gO and NO/PdRh/M gO deposited on MgO(0?) and M gO(Fs) sitesusing theembedded cluster model.
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TABLE 3: Transition ener gy, required to excitethe supported dimers, Pd, Rh, and PdRh, from the high- tolow-spin

dates. A positivesign indicatesthat theground stateisprovided by thelow-spin coupling. Ad[* and Ad!_arethechangein
theequilibrium distance of each TM tothesurface; Aq;;",,, isthechangein chargesat the dimersthat supported tothe
regular (O%) siteand oxygen vacancy (Fs) steat M gO (001) going from high- tolow-spin state. A positivevalueindicatesthat
dand qarelarger inthehigh-spin state. Ener giesareexpressed in eV, the corresponding equilibrium distances(d) in (A), and
chargesin electron unitsH: High spin. L: Low spin.

Pd, Rh, PdRh

Pd/MgO0 _ PdJ/MgO  Rh,/MgO _ Rh,/MgO PdRh /M gO PdRh /MgO

(0%) site (Fs) site (0%) site (Fs) site (0%) site (Fs) site
(AE%: ) 2,611 3.155 -0.036 0.695 2.223 2222
(AEZE ) 2.306 2.242 0.151 0.875 2,009 1.842
(Ad" )2 0.22 0.16 0.24 0.2 0.06 0.14
(Ad™ )P 0.1 0.1 0.12 0.16 0.00 0.00
(Ad™E ) 0.18 0.22 0.06 0.04 0.13 0.1
(AdE )P 0.13 0.14 0.02 0.00 0.04 0.08
(Aq, ) 0.325 0.257 0.354 0.293 0.261 0.274
(A" )P 0.13 0.19 0.156 0.046 0.137 0.162

*a: High spin multiplicity is (5) for Pd, Rh, and (6) for PdRh; *b: High spin multiplicity is (3) for Pd, Rh, and (4) for PdRh and

Where low spin stateis (1) for Pd, Rh, and (2) for PdRh

TABLE 4: Adsor ption propertiesof NO interactingwith regular (O%) siteand oxygen vacancy (Fs) siteof theM gO (001)
surfacesupported Pd and Rh atomsat thelow and high spin state.

NO/ Pd NO/ Rh

MgO (0?) site MgO (Fs) site MgO (0?%) site MgO (Fs) site
Spin multiplicity 2 4 2 4 1 3 1 3
Spin state L H L H L H L H
E. (NO) 1.499 1.038 0.702 1.261 3.048 2.115 1.449 1.026
E, (MNO) 1516 1.327 2.655 2.563 1.771 1.582 2.134 2.455
AERE 1.695 1.508 0.934 0.423
gMNO -0.137 -0.126 -0.816 -0.936 -0.182 -0.063 -0.819 -0.742
d(M-S) 2.13 2.21 1.60 1.56 1.98 2.18 1.76 1.80
d(N—M) 1.90 1.96 2.06 2.02 1.74 1.82 1.78 1.96
d(N-O) 1.228 1.288 1.208 1.248 1.207 1.207 1.207 1.207

g(M): atomic charges at the adatom; q(NO): molecular charge at NO molecule; d(M-S): optimal distances between adatom and
surface site of MgO; d (N-O): Equilibrium N-O distances and d(N—M): optimal distances between adatom and nitrogen atom.

I nteraction of NO with supported Pd, Rh, Rh,, Pd,
and PdRh on MgO (001)

Thebinding energy for theinteraction of NO mol-
eculeon different spin states of Pd, Rh, Rh,, Pd, and
PdRh that supported on MgO can be calculated as
E,(NO)=-[E(NO/M /MgO_site) - E(M /MgO_site)
—E(NO)] where x=1 or 2%, In all cases, the positive
values correspond to exothermic processes. It isob-
served that NO adsorbs much more strongly at the Pd
withlow spin stateand Rhwith different spin statethat
deposited onthe M gO (O?) sitethan ontheMgO (Fs),

TABLE 4. Thereason of thisbehavior will bediscussed
later.

INTABLES5-7, the adsorption energies, optimal
distancesand chargetransfer for theinteraction of NO
moleculeon different spin statesof Rh,, Pd, and PdRh
that supported at MgO (O*) and MgO (Fs) throughits
N atom at various spin states have been cal culated.
Again, the NO mol ecule adsorbs much more strongly
athePd,, withlow spinstate, Rh, and PdRhwith differ-
ent two spin statethat deposited ontheMgO (O?) site
thanontheMgO (Fs), TABLE 5. Aswell as, theNO



ChemXpress 3(4), 2014 159

ORIGINAL ARTICLE

TABLE 5: Adsor ption propertiesof NO interactingwith regular (O%) siteand oxygen vacancy (Fs) siteof theM gO (001)
surfacesupported Pd, dimer at thelow-and high spin state.

MgO (O?) site MgO (Fs) site
Spin multiplicity 2 4 2 4
Spin state L H L H

E. (NO) 1.808 1.052 1.231 1.342
Ea (Pd.NO) 1.887 2.352 3.245 3.969
Total o(Pd,) 0.415 0.525 -0.493 -0.049
q(N) -0.248 -0.473 -0.071 -0.460
q(0) -0.27 -0.225 -0.199 -0.247
q(NO) -0.518 -0.697 -0.27 -0.707
q(Pd,NO) -0.103 -0.172 -0.763 -0.756

Red spheres: O%; yellow spheres. Mg?; light blue spheres: Pd atom; dark blue sphere: N atom.

TABLE 6: Adsor ption propertiesof NO inter actingwith regular (O?) siteand oxygen vacancy (Fs) site of theM gO (001)
surfacesupported Rh, dimer at thelow-and high spin state.

Spin multiplicity 2 4 2 4
Spin state L H L H
MgO (O%) site MgO (Fs) site

E. (NO) 2.909 2.506 2.971 2.097
Ea (Rh,NO) 1.786 2.542 3.607 3.885
q(Rhy) -0.164 0.01 -0.912 -0.639
q(N) 0.22 0.093 0.219 0.070
q(0) -0.185 -0.222 -0.188 -0.231
q(NO) 0.035 -0.129 0.031 -0.161
g(Rh,NO) -0.129 -0.119 -0.881 -0.799

Red spheres: O?; yellow spheres: Mg#; blue spheres: Rh atom; dark blue sphere: N atom.
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TABLE 7: Adsor ption propertiesof NO interactingwith regular (O%) siteand oxygen vacancy (Fs) siteof theM gO (001)

surfacesupported PdRh dimer at thelow-and high spin state.

Spin multiplicity 1 3

Spin state L H

MgO (O?) site

MgO (Fs) site

2.666

143.5

111.21
1?0_3“'5

[L74

E. (NO) 1.315
Ea (PARANO) 2.057 2.319
Q(PdRh) -0.201 0.539
Q(N) 0.22 -0.413
Q(0) -0.204 -0.248
Q(NO) 0.016 -0.661
Q(PARhNO) -0.184 -0.122

2.872 1.329
3.953 3.856
-0.901 -0.109
0.206 -0.359
-0.205 -0.236
0.001 -0.595
-0.901 -0.704

Red spheres: O%; yellow spheres. Mg?; light blue spheres: Pd atom; blue spheres: Rh atom; dark blue sphere: N atom.

has been adsorbed at the center of the Pd-Pd bond in
abridgepogtion, whichisenergeticaly themost stable
in agreement with previousworkg® %7, The Pd-Pd
distance is about 2.98 A-3.05 A, depending on the
siteconsidered, TABLE 5. Thelarge Pd-Pd bond dis-
tance of adsorbed Pd, isin close agreement with the
STM measurements?. Globally, the binding energy
calculated for the adsorption of NO on the palladium
dimers, 1.808 eV, isin therange of the experimental
vauethat measured inthermal desorption by Ramsier
etal.l™d,

At the high spin statesadramatic changeisfound
when the NO which bind to the supported Pd and Pd,
wherethereisanincreaseinthebinding energiesat the
MgO (Fs) sitethan on the MgO (O?%). The different
behavior of Pd and Pd, with high spin states that
adsorbed on Fscenterstowards NO can be explained
asfollows. At thelow spin states of supported Pd and
Pd, the delocalization of thetrapped €l ectronsinto the
5slevel leadsto anincreased Pauli repulsion with the
NO moleculeandin astrong weakening of the bond.
On contrary, at the supported Pd and Pd, with high

spin statesthiseffect issmaller because of the presence
of anincompleted shell. Figure 3 confirmed theresults
inTABLES4-5 and the adsorption propertiesthat dis-
cussed above.

Sincethehigh occupied molecular orbita of NOis
7* anti-bonding orbital with anunpaired dectronthere-
fore, thechargetransferred from Pd,/MgO, Rh,/MgO
and PARh/MgO to the NO will occupy thez* orbital
and weak the NO bond strength. The NO bond length
iselongated after the adsorption of NO on the particu-
lar dimers, thisis consistent with the electron transfer
direction®®, TABLES5-7. The higher electron trans-
fer from Pd/MgO, Rh,/MgO and PARW/MgOto NO
can explainthelarger stretching of theNO interatomic
distance onthe oxygen anion and oxygen vacanciessites.

Theadsorptionenergy of NOonRh/MgQislarger
thanon Pd,/MgO (2.909vs. 1.808 eV), possibly due
the decrease of the d electrons on the Rh which can
lead to a decrease of the 6-6 repulsion. The metal-
nitrogen bond isshorter for Rhthan Pd (1.74 vs. 2.01
A), which also indicates a strong bonding between NO
and Rh /MgO. Thelarger M-N-O anglefor Rh, than
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Pd, (180° vs. 132.2°) indicatesthat the 5c orbital is
much moreinvolved inthe adsorption at Rh than Pd.
Theseresultsarein agreement with®?. Although, the
charge of Rh,NO and Pd,NO supported on the (O*
) and (Fs) siteis practically the samethan that of the
supported Rh, and Pd, at the same sites, the MgO
(Fs) siteacquiresamuch more significant negative
charge, TABLES5-7. Theseresultsare confirmed by
Figure3.

Indeed, the different behavior of rhodium and pal-
ladium supported at MgO (001) towards NO can be
explained asfollows. On paladium thedel ocalization
of the trapped electronsinto the 5slevel leadsto an
increased Pauli repulsonwiththeNO moleculeandin
astrong weakening of thebond, whereason Rh this
effect issmaller because of the presence of anincom-
pleted shell and the eas er mixing of the 5swith the4d
orbitalstoform new hybrid orbital§%2. Thehigh reac-
tivity of Rhrelativeto Pdwasalso found by aperiodic
DFT calculation for NO adsorbed on (001) surfaces
of Rh and Pd®. Therefore, Rh appears to be more
efficient than Pd for NO adsorption at Pd-Rh bimetal-
licand may justify itsuseasacatayst in TWC. These
observations agreewd | with previoustheoretical cal-
culationd™. Therefore, it seemsthat NO prefersbind-
ing to Rh when both Rh and Pd sites co-exist in the
bimetallic Pd-Rh. These results are confirmed by
TABLE 7and Figure 3.

The optimized geometry of admolecule NO with
the N-end to the Rh atom of bimetallic PdRh and the
molecular axisof NO normal to the surface planeis
presented in Figure 2c. The N-O distance elongates
fromitsvalueof 1.158 (1 for thefree NO moleculeto
1.207 [t for Rh, and PdRh at O* and Fs, respectively.
Therefore, theresults show that the adsorption ener-
giesof NO at Rh—Rh and Pd—Rh, with low spin state,
that deposited at O%>and Fs of MgO are very close,
(2.909 vs. 2.666 €V) at oxygen anion and (2.971 vs.
2.872¢eV) at Fscenters, TABLES 6-7. Figure 3 con-
firmed theresultsin TABLES 2-7 with the adsorption
propertiesdiscussed above.

Interestingly, theinteractionisassumed to mainly
beaHOMO-LUMO typel™. The differencesin the
adsorption energiesreported for theinteraction of NO
on supported PdRh at the O* and Fps center can be
dueto thedifferencesin energy betweentheHOMO

ORIGINAL ARTICLE

of thesurfaceand the LUM O of theNO molecule. The
results show that, the formation of avacancy onthe
MgO surface decreases the difference between the
HOMO of PdRh supported at MgO (001) surface and
LUMO of NOmoleculeby 0.367 eV. Thisresultisin
agreement with thegreater strength of NO chemisorp-
tion on supported PARW/MgO(Fs) in comparison with
supported PARh/MgO(0%), HOMO-LUMO=2.174
eV and 2.541 eV, respectively. Astheinteraction of
NO with PdRh occursthrough achargetransfer from
theHOM O of the surfaceto the LUM O of the adsorbed
NO molecule, the smaller the value of the HOMO-—
LUMO gaptheeas er the chargetransfer and conse-
quently, thelarger the adsorption energy, thisisagree-
ment with(",

Recently, severa authorswereinterested in study-
ing the CO-induced modification of the metal-MgO
interaction(”® in the form of atoms and layers. For
instance, it wasreported that CO enhancesthe bond-
ing between Pt or Pd atoms and the oxide, but for Au
thiseffectisnegligible™. Todlow asimilar anaysson
NO, the adsorption of the MNO and M_,NO com-
plexeson MgO (001) wascons dered. The correspond-
ing binding energy can bedefinedinasimilar way as
that for M, on MgO, E(M NO) = - [E(NO/ M /
MgO_site) - E(MgO_site) - E(M,NO)] wherex=1or
2. Onterrace O__sitesthe O, Rh,-NO and O, PdRh-
NO bondsare definitely stronger thanthe O, -Rh,NO
and O, ~PdRhNO. This means that an increase in tem-
perature can lead to diffusion of the Rh,NO and
PARhNO complexes before NO desorption occurs.
Whereas on neutral F centers, the bonding of the
Pd,NO, Rh,NO and PdRhNO unit to thesurfaceis so
strong that no diffusion of thisspeciesoccursoncethe
complex istrapped at an oxygen vacancy. Anincrease
intemperaturewill resultinthelossof NOand TM
atomsfilling thevacancy. Animportant result isthat, on
Fssites, the Fs-Pd,NO, Fs-Rh,NO and Fs-PdRhNO
bonding isstronger than that of the FsPd,—NO FsRh,-
NO and FsPdRh-NO, TABLES 5-7.

The spin transition energies, AE,., Of
ON.Pd,.MgO, ON.Rh,.MgO and ON.RhPd.MgO
complexes have been considered, TABLE 8. Thetrend
emerging fromthepresent model cal culationsindicates
that themeta -support interaction tendsto stabilizethe
low-spin state with respect to theisolated atom thus,
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TABLE 8: Trandtionenergy, AE"
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required toexciteON.Pd,.M gO, ON.Rh,.M gO and ON.PdRh.M gO complexesfromthe
high- tolow-spin states. A positive sign indicatesthat the ground stateis provided by thelow-spin coupling. Ad;~ isthe
changein optimal distancesbetween TM and nitrogen atom. Ad;~; isthechangein optimal distancesbetween N and O atom

of NO molecule. Aq,,;,, isthechangein chargesat the M NO dimer that supported to theregular (O?) siteand oxygen

vacancy (Fs) siteat M gO (001) going from high- tolow-spin state. A positivevalueindicatesthat d islar ger in thehigh-spin
dtate. Energiesareexpressed in eV, the cor responding equilibrium distances(d) in (), and charges in electron units H: High

spin.L: Low spin.

NO/Pd,/MgO NO/ Pdy/ MgO NO/Rh,/MgO NO/Rh,/ MgO NO/PdRh/MgO NO/PdRh /MgO

(0%) site (Fs) site (0%) site (Fs) site (0%) site (Fs) site
(AESL . (NO)) 1.061 0.801 0.216 0.694 1.565 1.923
(Ad) 0.14 0.27 0.06 0.04 0.427 0.35
(Ad™) 0.021 0.041 0 0.02 0.06 0.02
(Adyno) -0.069 0.007 0.01 0.082 0.063 0.197

Where low spin multiplicity is (2) for NOPd,, NORh, and (1) for NOPdRh high spin multiplicity is (4) for NOPd,, NORh, and (3)

for NOPdRh

thelow-spin state becoming the ground state at regu-
lar and F_sites. Although, the combined effects of
NO adsorbate and Pd,, Rh, and RhPd supported at
MgO were strong enough to quench the spin of Pd,,
Rh,and RhPd dimers (changesthe sign of the spin
transition energy), thelow-spin states are preserved.
Although, theinteraction of ON.Rh,.MgO (Fs) and
ON.RhPd.MgO (Fs) showsthat the transition en-
ergy exhibitsthelargest increase, theinteraction of
ON.Pd,.MgO (Fs) exhibitsthe largest decrease. No-
ticethat, as expected, thereisan inverse correlation
between adsorption energy and equilibrium distance,
thelarger theformer the shorter thelater, TABLES
5-8. Inthese cases, it isclear that the low-spin state
ismore favored because of the formation of adirect
bond between the adsorbed transition metal dimer
and the electronic level s corresponding to the oxy-
gen vacancy electrons. The results show that the
magneti c-spin states of transition metals atomsand
clusterssupported at metal oxide surfaceand therole
of aprecursor molecule on the considered magnetic
and binding properties need to be explicitly taken
into account.

Pairwiseand non-pairwiseadditivity

The concept of pai rwise and non-pai rwise additiv-
ity hasbeen studied for alom dustersand insul atorg®#2,
In studying asupported-metd catdyst system, itisvery
important to quantify the extent to which the support
MgO (S) withregular and defective surface affectsthe
interaction of theNO admoleculewiththePd, Rh, Pd,,

ES—M x=NO

Rh, and PdRh particles. Theinteractionenergy =)

among three subsystems; the support (S), (M ) where
x= 1 for Pd, Rh atom and x=2 for Pd,, Rh,, PdRh
dimer, and the adsorbate (NO) molecule can be de-
finedas

E 0= E
whereevery energy term on theright-hand side of Eq.
(5) iscaculated using geometrical parameterscorre-
sponding totheequilibrium geometry of SM_-NO sys-
tems. Theleft-hand side representstheenergy required
to separate the three subsystemswithout atering any
changeintheir geometrical parameters. Such energy
can bedivided into contributionsfrom three-pairwise
componentsand anon-additiveterm, €™, asfollows:
"0 =F0 +Fo +f0
where ™ js ameasure of cooperative interactions
among thethreesubsystemd 81, Thefour energy terms
on theright-hand side of Eq. (6) are calculated from
therdations:

—ES— EMX_ENO (5)

+ gnadd (6)

By = ET R @
Zi-;‘o = ESNO_ ES_ENO )
By =B E e ©

ES-Mx-No ESMx ES-No EMx-No

&= () @ =0 -0 (10)
Thetotd interaction energies, the pairwise energy
components to the S-M -NO systems, and the non-
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TABLE9: Inter action energiesof ON.Pd.MgO, ON.Rh.MgO, ON.Pd,.MgO, ON.Rh..M gO, ON.PdRh.M gO complexeswith
themost stable spin statesat O and Fssites, pair wisecomponentsand non additivity terms. All energiesaregivenin eVv.

SM y=NO SMy S-NO M x=NO
Complex =) X0 =) 50 ¢
o” F o* F o* F o* F o” F
ON.Pd.MgO -2749 -3.888 -1.238 -3.188 -0.061 -0.092 -1.229 -1.128 -0.221 0.519
ON.Rh.MgO -4.892 -4.713 -1.294 -2938 -0.086 -0.080 -2570 -2537 -0942 0842
ON.Pd,.MgO -5.489 -6.847 -3.624 -5614 0.035 -0.068 -3.529 -2.659 1.629 1.494
ON.Rh,.MgO -5.989 -7.846 -3.058 -4.870 -0.063 -0.120 -2528 -2528 -0.341 -0.328
ON.PdRh.MgO -5.704 -7600 -3.039 -4727 -0062 -0.117 -2638 -2.619 0035 -0.136

additiveenergy term, €™, are presented in TABLE 9.
Asshowninthistable, thetota interaction energiesof
ON.Pd.Mg,0,,0*, ON.Pd.Mg,O_Fs, ON.Rh.-
Mg,0,,0*, ON.Rh.Mg,O_Fs, ON.Pd, Mg,0,.0?,
ON.Pd,.Mg,0,.Fs, ON.Rh,.Mg,0,,0?, ON.Rh, -
Mg,0, ,Fs, ON.PdRh.Mg,0,,0* and ON.PdRh.
Mg,0,,Fscomplexes aredominated by the pairwise

additive components EZ)M and E ", respectively. On
the other hand, the small values of Ej)” pairwise
component that represent the interaction energy be-
tween support (S) and admolecule (NO) inthe S-M -
NO system may be attributed to the large separation
between (S) and the NO admolecule. Thisresult means

that thebinding of NOismainly dominated by the E(j5 ™

and Ezf)'m pai rwise additive contributions of the con-

Sidered complexes.

Thenon additivity term, €™, isameasure of coop-
erativeinteraction anongthesubsystems, decresseswith
surface defect-formation at ON.Pd.MgO, ON.Rh.MgO,
ON.Pd,.MgO and ON.Rh2.MgO. Except at
ON.PdRh.MgO complex, ™ increaseswith surface
defect-formation, TABLE 9. Thissuggeststhat theinter-
actionof NOwith Pd, Rh, Pd,, Rh, and PdRh dimer is
essentidly affected by defect formation. Thisconfirmed
the adsorption properties of NO at supported Pd, Rh,
Pd,, Rh, and PdRh particlesthat discussed above. Fi-
naly, theroleof metd oxideisnot restricted only to sup-
porting themetal, but influencestheinteraction of NO
moleculewiththePd, Rh, Pd,, Rh, and PdRh dimers.

CONCLUSION

An attempt hasbeen madeto understand the effect

of surface site on the spin state for theinteraction of
NO with Pd,, Rh, and PdRh nanoparticles that sup-
ported at regular and defective MgO (001) Surfaces.
A spin-polarized treatment is considered to properly
describethe ground-state € ectroni ¢ structure, adsorp-
tion energiesand thelow- to high-spin energy transi-
tion. Thecal culated results are compared with experi-
mental dataand previoustheoretical studiesas pos-
sble. Thegeometrica optimizationshave been consid-
ered to represent the most stable structuresfor thead-
sorption of NO at the supported Pd,, Rh, and PdRh
and to investigate the changesinduced by the oxide
substrate in the chemisorption properties of the
adsorbed particles.

Uponinteractionwith O* and Fssurfacesites, the
hightolow spintransition energiesof Pd atomispos-
tiveindicating that the spin states are preserved, and
thelow spin states arefavored. Hence, the number of
unpaired e ectronsinthe adatom tendsto bethe same
asinthe gas phase and the ground state of Pd-MgO is
spinsnglet. However, themain contributionsto the Rh
atom, Pd,, Rh, and PdRh at MgO arethe polarization
of themetal electronsinduced by theionic substrate
and thesmall mixing betweenthesand d orbita sof the
trangition metal with the 2p orbitals of the surface oxy-
gen. Consequently, theinteraction of Rhatom, Pd,, Rh,
and PdRh dimers at MgO (001) surface induces a
guenching of the magnetic moment, whichresultsina
doubl et ground statefor Rhatom and PdRh aswell as
asinglet ground state for Pd, and Rh, at MgO (001)
surface. Asaconsequence, theformation of the dimer
initssinglet state, Rh,and Pd,, and doupl et state, Pd—
Rh deposited at MgO (001), isfavored with respect to
the presence of two isolated atoms on the surface.
Noticethat, as expected, thereisan inversecorrela-
tion between adsorption energy and equilibrium dis-
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tance, thelarger theformer the shorter thelater. Inany
case, theextent of metal-metal bonding in supported
dimer hasbeen increaced compared withthe gas-phase
unit. Thisleadsto a considerable elongation of the
metal-metal bond to maximize the metal-O interac-
tion. Noticethat the dimer asaunit adsorbsmuch more
strongly onthe MgO (Fs) sitethan onthe MgO (O?)
ste. Moreover, thelarge enhancement inthe activity of
supported dimersisdue mainly to the e ectron transfer
from the cavity to the supported dimers. Theoretical
cd culationsindicatethat theformation of Rh,, Pd, and
PdRh dimer onan Fscenter isfavored by 0.466, 0.962,
and 0.807 eV respectively withrespecttoaTM atom
bound at the Fs center and other TM atom on ater-
race site. The dimers deposited interact relatively
strongly with thesubstrate oxide forming predominantly
cova ent bondswith the adsorbed sites. Theinterac-
tionisnot accompanied by asignificant chargetransfer
a the interface. The PdRh bimetalic have larger
HOMO-LUMO gap and are relatively more chemi-
cally stablethan the Pd, and Rh, monometallic that
deposited on the MgO (O?%). Thetransition energy,

AE; .., for theinteraction of Pd-Rh with the oxygen
anionand F_ center exhibitsthelargest increase, 2.223
eV and 2.222 eV respectively. Inthese cases, itisclear
that thelow-spin stateismorefavored because of the
formation of adirect bond between the adsorbed bi-
metallic and the e ectroniclevels corresponding to the
oxygen anion and oxygen vacancy electrons. A mo-
lecular-scd e understanding of the energetic and mecha:
nismsfor formation of such meta dimersoninert oxide
surfaces can open new avenuesto thedesign of cata
lystswith specificfunctions.

In summary, it seems that NO prefers to bound
with Rhatomswhen both Rhand Pd siteco-exist inthe
Pd- Rh bimetallic. The electronic structures and N-O
bond lengths of the chemisorbed systemsaresimilar
for NO.Rh, MgO and NO.PdRh.MgO with thetop ge-
ometriesbut show significant differencesfrom bridge
geometries, NO/Pd,/MgO. Bridge-site adsorption
causes the N-O bond to lengthen and soften due es-
sentialy toincreasean e ectrogtatic repul sion between
both N and O aoms. In addition, theNO adsorbsmuch
more strongly at the PdRh that is deposited on the
MgO(Fs) than onthe MgO(0O?) site.

Thetransfer of electron chargedensity fromsucha

defect to adimer reinforces the metal—metal bonds.
Therefore, color centers at the MgO surface not only
reducethediffusionof metd alomsand dimers, but so
act asstabilizing agentsfor thewhole structure. This
point could be particularly important in the context of
identifying methodsto stabilizethe support particleson
an oxide substrate under chemical reaction conditions.
To summarize, thelarger interaction of NO at bimetd -
lic PdRh at oxygen anions and oxygen vacanciesin-
ducesan enhancement of theenergy required to switch
from high spin to low spin 1.565 eV and 1.923 eV
respectively. Theseresults show that the spin state of
adsorbed PdRh dimer on oxide supportstendsto pre-
servethe number of unpaired eectronsasfoundinthe
caseof theregular terracesites.

ACKNOWLEDGEMENTS

Theauthor isgrateful to Deanship of Scientific Re-
search, Qassium University to support thiswork. My
gratitudeand deep thanksto Prof. Dr. A.S. Shalabi for
hisinterest, and useful discussions.

REFERENCES
[1]
[2]
[3]
[4]
[5]
[6]
[7]

L.Piccolo, C.R.Henry; Appl.Surf.Sci., 670, 162

(2000).

C.Xu, W.S.Oh, GLiu, D.Y.Kim, D.W.Goodman;

J.Vac.Sci. Technol A, 15, 1261 (1997).

E.Florez, FMondragon, T.N.Truong, P.Fuentealba;

Surf.Sci., 601, 656 (2007).

Y.Wang, E.Florez, FMondragén, T.N.Truong;

Surf.Sci., 600, 1703 (2006).

L.Giordano, C.Di.Valentin, G.Pacchioni,

J.Goniakowski; J.Chem.Phys., 309, 41 (2005).

C.Inntam, L.A.Moskaleva, K.M.Neyman,

V.A.Nasluzov; Appl.Phys.A, 82, 181 (2006).

H.Brune; Surf.Sci.Rep., 31, 125 (1998).

[8] F.Cinquini, C.Di.Vaentin, E.Finazzi, L.Giordano,
G.Pacchioni; Theor.Chem.Acc., 117, 827 (2007).

[9] S.Fernandez, A.Markovits, C.Minot; Chem.Phys.
Lett., 463, 106 (2008).

[10] A.Markovits, J.C.Paniagua, N.Lopez, C.Minot,
F.Illas; Phys.Rev.B, 67, 115417 (2003).

[11] K.M.Neyman, C.Innatam, V.A.Naduzov, R Kosarev,
N.Rosch; Appl.Phys.A, 78, 823 (2004).

[12] A.Markovits, M.K.Skalli, C.Minot, G.Pacchioni,

N.Lopez, Flllas; J.Chem.Phys., 115, 8172 (2001).



ChemXpress 3(4), 2014

165

[13] C.Sousa, C.de Graaf, N.Lopez, N.M.Harrison,
F.lllas; J.Phys.: Condens.Matter., 16, S2557
(2004).

[14] U.A.Paulus, U.Endruschat, G.J.Feldmeyer,
T.J.Schimidt, H.Bonnemann, R.J.Behm; J.Catal .,
195, 383 (2000).

[15] S.Jalili,A.Z.Isfahani, R.Habibpour; Computational
and Theoretical Chemistry, 989, 18 (2012).

[16] S.Sicolo, GPacchioni; Surf.Sci., 602, 2801 (2008).

[17] A.Kukovecz, G.Potari, A.Oszko, Z.Konya,
A .Erdéhelyi, J.Kiss; Surf.Sci., 605, 1048 (2011).

[18] M.Rassoul, F.Gaillard, E.Garbowski, M.Primet;
J.Catalysis, 203, 232 (2001).

[19] A.M.Ferrari; Phys.Chem.Chem.Phys., 1, 4655
(1999).

[20] V.G Shinkarenko, V.F.Anufrienko, GK.Boreskov,
K.Glone, T.M.Yureva, Dokl.Akad.Nauk SSSR,
223, 410 (1975).

[21] K.M.Neyman, F.lllas; Catal.Today, 105, 2 (2005).

[22] V.A.Nasluzov, V.V.Rivanenkov, A.B.Gordienko,
K.M.Neyman, U.Birkenheuer, N.R6sch; J.Chem.
Phys., 115, 8157 (2001).

[23] A.V.Matveev, K.M.Neyman, |.V.Yudanov,
N.Ro"sch; Surf.Sci., 426, 123 (1999).

[24] GBerthier; Internationa Journa of Quantum Chem-
istry, 82(1), 26 (2001).

[25] J.R.Lombardi, B.Davis; Chem.Rev., 102, 2431
(2002).

[26] Z.J.Wu; Chemical PhysicsLetters, 406, 24 (2005).

[27] Z.JWu; Chem.Phys.Lett., 383, 251 (2004).

[28] F.R.Negreiros, G.Barcaro, Z.Kuntova, G.Rossi,
R.Ferrando, A.Fortunelli; Surf.Sci., 605, 483
(2011).

[29] M.Y.Wang, X.J.Liu, JMeng, Z.JWu; Journal of
Molecular Structure: THEOCHEM, 804, 47
(2007).

[30] T.Go'mez, E.Florez, J.A.Rodriguez, F.1llas; J.Phys.
Chem.C, 114, 1622 (2010).

[31] D.Die, X.Y.Kuang, J.J.Guo, B.X.Zheng; JMal.
Struct.(Theochem.), 902, 54 (2009).

[32] Y.H.Chin,D.L.King, H.S.Roh, Y.Wang, S.M.Heald;
J.Catal., 244, 53 (2006).

[33] F.L.Liu, Y.F.Zhao, X.Y.Li, F.Y.Hao; J.Mol.
Struct.(Theochem.), 809, 189 (2007).

[34] S.M.Vesecky, D.R.Rainer, D.W.Goodman; J.Vac.
Sci.Technol A, 14, 1457 (1996).

[35] D.R.Rainer, S.M.Vesecky, M.Koranne, W.S.Oh,
D.W.Goodman; J.Catdl., 167, 241 (1997).

[36] F.Vifies, A.Desikusumastuti, T.Staudt, A.Gorling,
J.Libuda, K.N.Neyman; J.Phys.Chem.C, 112,

ORIGINAL ARTICLE

16539 (2008).

[37] R.Grybos, L.Benco, T.Bucko, J.Hafner; J.Comput.
Chem., 30, 1910 (2009).

[38] S.Abbet, E.Riedo, H.Brune, U.Heiz, A.-M.Ferrari,
L.Giordano, G.Pacchioni; JAm.Chem.Soc., 123,
6172 (2001).

[39] T.Mineva, V.Alexiev, C.Lacaze-Dufaure, E.Sicilia,
C.Mijoule, N.Russo; J.Molecular Structure:
THEOCHEM, 903, 59 (2009).

[40] N.Lopez, F.lllas; J.Chem.Phys.B, 102, 1430
(1998).

[41] A.D’Ercole, E.Giamello, C.Pisani, L.Ojamae;
J.Phys.Chem., 103, 3872 (1999).

[42] W.S.Abdel Halim, S, Abdel Aal, A.S.Shalabi; Thin
Solid Films, 516, 4360 (2008).

[43] A.D.Becke; J.Chem.Phys., 98, 5648 (1993).

[44] C.Lee, W.Yang, R.GParr; Phys.Rev.B, 37, 785
(1988).

[45] N.Lopez, Flllas, N.Rosch, G.Pacchioni; J.Chem.
Phys., 110, 4873 (1999).

[46] |.PR.Moreira Flllas, R.L.Martin; Phys.Rev.B, 65,
1551021 (2002).

[47] PE.Siegbahn, R.H.Crabtree; J. Am.Chem.Soc.,
119, 3103 (1997).

[48] Elllas, .PR.Moreira, C.Graaf, V.Barone; Theor.
Chem.Acc, 104, 265 (2000).

[49] W.Stevens, M.Krauss, H.Basch, P.GJasien; Can.J.
Chem., 70, 612 (1992).

[50] T.R.Cundari, W.J.Stevens; J.Chem.Phys., 98, 5555
(1993).

[51] GLarsen; Can.J.Chem., 78, 206 (2000).

[52] V.E.Henrich, PA.Cox; The Surface Science of
Metal Oxides, Cambridge University Press, Cam-
bridge, (1994).

[53] R.W.Grimes, C.R.A.Catlow, A.M.Stoneham;
J.Chem.Soc., Faraday Trans. 11, 85, 485 (1989).

[54] M.J.Frischet. al.; Gaussian 09, Gaussian Inc, Pitts-
burgh, PA, (2009).

[55] S.A.Fuente, R.M.Ferullo, N.F.Domancich,
N.J.Castellani; Surf.Sci., 605, 81 (2011).

[56] L.Giordano, G.Pacchioni; Surf.Sci., 575, 197
(2005).

[57] A.Silvia, GPatricia, M.Ferullo, J.Castellani;
Surf.Sci., 602, 1669 (2008).

[58] M.Yulikov, M.Sterrer, M.Heyde, H.-PRugt, T.Risse,
H.-J.Freund, G.Pacchioni, A.Scagnelli; Phys.Rev.
Lett., 96, 146804 (2006).

[59] M.Moseler et al.; Phys.Rev.Lett., 89, 176103
(2002).



166

ChemXpress 3(4), 2014

ORIGINAL ARTICLE

[60] L.Xua, GHenkelman, C.T.Campbell, H.Jonsson;
Surf.Sci., 600, 1351 (2006).

[61] A.Stirling, 1.Gunji, A.Endow, Y.Oumi, M.Kubo,
A.Miyamoto; J.Chem.Soc.Faraday Trans., 93, 1175
(1995).

[62] L.Giordano, A.D.Vitto, GPacchioni, A.M.Ferrari;
Surf.Sci., 540, 63 (2003).

[63] A.Reed, R.B.Weinstock, FWeindhold; J.Chem.
Phys., 83, 735 (1985).

[64] S.Zhao, Y.Ren, Y.Ren, JWang, W.Yin; Comp.
Theor.Chem., 964, 298 (2011).

[65] C.Dufaurea, J.Roques, C.Mijoule, E.Sicilia,
N.Russo, V.Alexiev, T.Mineva, J.Mole.Cata .A:
Chemical, 341, 28 (2011).

[66] L.Giordano, C.Di.Valentin, J.Goniakowski,
GPacchioni; Phys.Rev.Lett., 92, 096105 (2004).

[67] W.Zhang, Q.Ge, L.Wang; J.Chem.Phys., 118, 5793
(2003).

[68] V.Kumar, Y.Kawazoe; Phys.Rev.B, 66, 144413
(2002).

[69] J.X.Yang, FW.Cheng, J.J.Guo; Physica B, 405,
4892 (2010).

[70] A.Bogicevic, D.R.Jennison; Surf.Sci., 515, L481
(2002).

[71] |.Efremenko; J.Mol.Catal. A Chem., 173, 19
(2001).

[72] L.Piccolo, C.R.Henry; JMol.Catal.A Chem., 167,
181 (2001).

[73] C.Dufaurea, J.Roques, C.Mijoule, E.Sicilia,
N.Russo, V.Alexiev, T.Mineva; J.Mole.Catal.A:
Chemical, 341, 28 (2011).

[74] R.D.Ramsier, H.N.Q.Gao, K.W.Lee, O.W.Nogji,
L.Lefferts, J.T.Yates; Surf.Sci., 320, 209 (1994).

[75] M.H.Tsai, K.C.Hass; Phys.Rev.B, 51, 14616
(1995).

[76] G.Pacchioni; Surf.Sci., 281, 207 (1993).

[77] E.Florez, PFuentealba, FMondragon; Catal. Today,
133, 216 (2008).

[78] M.Sterrer, M.Yulikov, T.Risse, H.J.Freund,
J.Carrasco, F.lllas, C.D.Vaentin, L.Giordano,
GPacchioni, T.Risse, H.J.Freund; Angew.Chem.
Int.Ed., 45, 2633 (2006).

[79] H.Gronbeck, P.Brogvist; J.Phys.Chem.B, 107,
12239 (2003).

[80] S.Abbeta, U.Heizb, A.M.Ferraric, L.Giordanod,
C.Di.Vaentin, GPacchioni; Thin Solid Films, 400,
37 (2001).

[81] W.S.Abdel Halim, M.M.Assem, A.S.Shalabi,
K.A.Soliman; Appl.Surf.Sci., 255(17), 7547
(2009).

[82] A.S.Shalabi, E.M.Nour, W.S.Abdel Halim; Int.J.
Quantum Chemistry, 76(1), 10 (2000).



