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Abstract

The catalytic chemistry ofjold has had a relatively belated development with

respect to other late transition metals, and this has been attributed to the preconception
that gold is expensive and unreactivEhe interst in gold has grown over the last

thirty years, becauseoth of these conceptions have been proven false, and successful

applications ofjold catalysis have emerged in chemical processing, pollution control,

fuel cells design, and many others fieldhie® evidences have sparked a veritable
figoldrusho in the field of catalysis, both ho

We investigated the role ofold in both homogeneous and heterogeneous

catalytic processes. In fact, the theoretical study of mechanistitsdeta reactions,

that involves andinderline thecharacteristics ofjold, have been the subjects of this

thesis. Density functional theory (DFT) is the method of choice in this kind of studies.
Regarding heterogeneous catalysis the synthesis of vatglz is the reaction on
which we have focused our attention. In particular, a bimetallic catalyst containing low

Pd coverage ormu surface (100 and 111) has been selected to outline the reaction

mechanism of VAM formation. We have studied in detail bmt#itchanisms proposed
in literature, in order to selected the more active surface and the more likely
mechanism.

The homogeneous catalytic process that has been selectedintoout the
catalytic activity ofgold is the hydration of 1;2liphenylacetyleneat yield benzyl
phenyl ketone, catalyzed by a complexfaf(l) with triphenylposphine. This cationic
complex coordinates to the alkyne in the first step of the catalytic cycle, thus rendering
it more susceptible for a nucleophilic attack. That reactiorrédatively new synthetic

strategy that have recently studied experimentally. Our aim is to elucidate the

mechanism of the whole reaction.
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Introduzione

L 6roé un metallo nobile che per lungaripo € stato considerato inerte gahto di vista
catalitico.al | a seconda met ™ del s e c ol oorobanmoper® o , al
evidenzi at o | opxdole particeledel metallb Buttavid,| icdoraanifdsta le sue
proprieta catalitiche solo in circostanze specifiche. Sono comunque ne@dssarirequisitj
quali la dimensione delle particelle, i materiali di supporto, la struttura neetodi di
preparaziongutteimpartanti proprieta per la creazione di un buon cataliare.

N o n o s t cignparagonhtd agli altri metalli del gnop del platino,abbia unprezzo
contenutoe soprattuttostabile, il suo utilizzo dal punto di vista industriale € ancora fortemente

limitato. Negli ultimi annil a p e r c eomé peranetevalneehté cambiata.

1.1 Svi | up eracont edtalizéatore

Durante tutto il XX secolo sono state cond
di unodattiperilthd. Neat @lriitmicanni del 6900 | e sc
campo furono essenzialmente due. La primal, 1906 fatta daBone e Wheeleri quali
osserveono | 6ossidazione del |odd Huccessimmente, el 19850 a g
Andrew; insieme corBong f u i | primo ad effettuare | 6o0ossi
cat al i zordaNehcorsoaded i6 anni 650 e 0660, i nvece, I

sul 6atti vi t “ororeletreazioiidiidrogenazioad. | 6

Una svolta importante in questo campo si ebbe con il lavoro di Wood e Wise, i quali
mostraronahe un film diAu risultava attivopr | 6i dr ogenazi o nhlutercke | Ci
se gli atomi di H dissociati venivano forniti da una leightipoPd-Ag.*

1 pri mo iAo gatessa essere dttieo catdliticaente se disperso in piccole
particelle si ebbeeng | i aBomdiandBerm®n® riportarono i risultati ottenuti iguardo la
deidrogenazione di alcheni e alchini a temperature inferiori a ARBKzandoAu/SiO, come
supporto. Paravano a collaboratdf® hanno, invece, riferito in merito a reazioni di
trasferimento di idrogeno e ossigeno catalizzati da supporti deAtiglgO e Au/Al0s. |
risultati ottenutihannocosi evidenziatoun éat t i vi t ~ cat al i tquestia s el
campioni, per | 6 ii bheao g basse zemperaradchic hal ckeen 6ef f

risultava essere inferiore a quella riscontrata con altri metadllir?*°
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Ametadiquegi anni 67 Qzn' siididrana iovede i fattori che potevano
influenzare il fi biossigdnio magecatamalleefarmadiene di complessi metallo

ossigeno. I ri sul tAa tome roetalloecangentironoudt sviluppare ann d o

modello per il meccanismodella reazione di ossidazione del CO catalizzata

eterogeneamenté®® L 6i mportanza di quest esubiicsicmosciuta.z i 0 n i

Solonellaseonda met "~  dHatchings: canfenrio la nBlibre attivita catalitica

svolta d& Aubnellareazionedi dr ocl ori nazi one dell 6acetil ene

Intorno al 198 M. Harutd® fu invece in grado didiost r are che | 60ssi

d

poteva essere realizzat a A dispersopwesuperficudi assida mbi e

Sulla base di tale evidenza, durante gli ultei nat nén i I 6i nt entidisrsagonin e i

catalizzate dd&u &€ aumentataotevdmente.

1.2 Gl i stat.i diAuossi dazione dell 6

I comuni st at i Ausono essenziaheemtdedln enentded’ |e|st@to
osservato solo in composti diocon fluoro. La coordinazione locale € in generale lineéye (
planare quadratall() e ottaedrica \(), rispettivamenteE stato osservatohe la maggiore
destabilizzazione relativistica ed espansione degli ortbthaldella terzariga di transiziong
dovrebbe dvorire stati di ossidazione piu alti, rispetto ai corrispondenti orbidalidella
seconda riga di transiziod®.ll ruolo della relativita nel cambio dello stato di ossidazione
d e Auldal alll** o dalll aV*" in complessi alogenuri & stato esplicitameribeodtrato da
Schwerdtfeger e collaboratoilel caso particolare dA(X,)", X = CI,Br, sia gli studi teorici
chegliesperi ment.i di spettr os oropud averedtie staiiads s a
ossidaziae (, Il, Il corrispondenti alla carica totatgdi -1, O e +1 rispettivamenté.

Sono noti composti paramagnetici closgell di Ad' per i quali lanatura del legame &
stata disussa dal gruppo di Hoffmatire confermata con studi teorici a livello ab inftfo

Sperimentalmente, & statmgtizzato da Yane collaboratofi un legame senza ponti P
Au'-Au'-P con una lunghezza di legamei-Au di 261pm. Successivamente, il gruppo di
Facklef? sintetizzo dei sistemi a doppio ponte con una distAnzaAu' pari a 247pm.

Puddephatt e Vittdthannginveceo s s er vat o uhéommesss then z a  d i

C

m



| 7

Esistono naturalmente esempi di sistemi conterfamtin stato di ossidazion@ non solo
in solidi o in cluster neutri, ma anche aftri composti, alcuni dei quali sembrano contenere
nascosthAa, | uni t”

Infine, per quanto rigude lo stato di ossidaziome-1, sono stati condotti numerosi studi a
livello ab initio suauridi solidi o molecolar?* In particolare per il CsAu liquido sorstate

effettuate anab simulazioni a livello di dinamica molecolafe?®

13 Lo ut i | iGarom @ataiseombgenea

I b e n e fAu ini catatise drmogeneasi sono manifestati solo negli ultimi dieci
anni?’?82%3931 | 3 maggiore virtl dei sali dirq in catalisi omogenea la singolare ilita degli
stessi di attivare legami multipli -C come acido di Lewis carbofilico, permettendo la
formazione di nuovi legami €, GO, GN e GS per attacco nucleofilico a questi substrati
atti vat i .orofselta esseie urpeccllentelcdiaizzor e per | dattivazi
H, comepe esempio di composti aromatici. Come conseguenza sj aprera unavolta, un
percorsodi reazionesenza precedenti per la formazione di un legame caroanimnio.
Occasionalmente, i sali dronegli statidi ossidazione piu stabilAu(l) e Au(lll), sono capaci
di catalizzare la stessa trasformazione, e molto spesso non € chiaro quale stato di ossidazione
rappresenteffettivamente la specie cataliticamente attilveoltre, i composti diorohanno il
vantgygio di essere akcilmente ridotti, ma difficili da ossidare, e non tendono a subire

eliminazionidi idrogeno in posizionb.

13.1  Effetti relativistici

La determinazione delleelazioneesistentera struttua e funzione € ormai diventata di
fondamentke importanza per la comprensiond geocessi chimici e biochimiciper cuj lo
studi o teorico del lAa codituiscel tintpuntceuciake pee stabilireoan i c a
priori il modo in cui essofunge da catalizzatore determinail percorso redivo piu

accessibilé?
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Gorin e Tosté® hanno ampiamentstudiatog | i ef f et t i Aurie tatalisi vi st i
omogenea raccogliendm mole didati sperimentali e computazionahe fanno luce $la
reattivita esulle potenziali applicazioni dei catalizzatori a bas@di

Le pi% important. car at t e rofosohoilacdmseguehzaldl a st

8B termine dAeffetti riasil femdmienoi st i ¢

forti effetti relativistici
risultante dalla necessita di considerare la velocita come significativa rispetto alla velocita della

l uce. Léespr essi mnseltadundiesseremassa corrett a

conmy, massa non relativisticavda velocita

| fenomeni di maggiore rilievo derivanti dagli effetti relativistié? sono essenzialmente
tre. Innanzitutto, lac ont r az i o n els thelale Gisultabsignifiadtiva solo per gli
elementi in cui gli orbital4f e 5d sono pielt tale contrazione si applica anche agli altri orbitali
s e agli orbitalip. La seconda manifestazione degli effetti relativisticogeuda al fatto che gli
elettroni che occupano gli orbitadi ed f sono maggiormente schermati dagli elettroni negli
orbitali contrattis e p, risenendo cosidi una minore attrazione nucleare. Il terzo effetto é
| 6accoppi-abit@nt o spin

Unbevidemizmend @l e spiegata dagl i eofaf et t i
Quest oultimo =~ dovut obddd livelleed: Feimf chezcorispoade adg | i e
un bandgapdi 2.38eV il quale risulta abbastanza piccela@ausa della contrazione rélatica
degli orbitali Ge e | 6espansi ondeapdegloic asgrebil tbaalsis 05 bi me
nella zona del visibileLa differenzaé per esempio evidentepetod | 6 Ag , per il gL
osservd 6 a s s o r lalcumeeadidzione dellaana delvisibile.

Tale contrazi one r6erisuta garticolarrnente avidetite hel légamib i t a

Au-L (dove L & il legantéf. Al di 14 della lunghezza di legam&u-L ossevata, che risulta

essere piu lunga del previsto,d6 ul t er i ore conferma speri ment a

struttura elettronica poaofilicignd, 4 nelfaitesdereral @oé n e |

delle interazioniAu-Au ad esserenergeticamentstabilizzatedello stessrdinedi grandezza
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dei legami a idrogeno, e anche wmelore delpotenziale di prima ionizzazione osservato per
| Au (9.22eVcontroi7.57eMper 1 6 Ag)

Undportante caduabhtetosdi thedehlzda dagli al
gruppo (generalmente complessi tricoordinati e tetracoordinati di Cu(l) e Ag(l)) e la
coordinazione |lineare in geometr iAal) ¥ Laocor di
conseguenza pratica del tipo di cooAUWl)enazi on

la necessa di estrarre un legante da un complesso neutro bicoordina&o(Bi in modo da
indurre la reattivita catalitica. Inoltre, i complessi orgawmati(l) non sono particolarmente
nucleofili rispetto ai corrispondenti complessi di rame. Questa evidenzata raotivata
attraverso studi teorici, i quali hanno evidenziato che gli elettbohid e Aul sbno piu
fortemente trattenutispetto agli elettron8d del Cu a causa della diminuzione della repulsione
elettroneelettrone negli orbitali diffusbd, risultanti in specie metalliche meno nucleofile che
non tendono a subire addizione ossidatiVatudi computazionali e sperimentali condotti su
complessi didu(lll) del tipo LRAu(I) **** hanno confermato la piti ampia reattivita osservata
per i complessi didu(l) e Au(lll), i quali non vengono coinvoltiacilmente nei cicliche

comportano una variazione dello stdtmssidazioné®

Le specie diAu(l) sono generalmente tolleranti e i ¢ o n fossigano, iper clielé | 6
reazioni catdl zzat e dall 6oro possono essere reali z:z
precauzi oni per | 6esclusione dell éarAud), | nol

a temperatura e pressione ambiente, consente lo sviluppo di nuovi modiididaen modo da
precludere i tradizionali cicli di addizione ossidativa/eliminazione riduttiva prevalenti nei

meccanismi di catalisi degli altri metalli di transizione.

1.3.2  Caratteristiche dei complessi diAu(l)

La pit comune stechiometria e stungt dei complessi diro(l) pud essere espressa dalla
formula L-Au-X. Tale schematizzazione indidananzituttq la presenza di un legante donatore
neutro L e di un legante anionico X, ed evidepg@, assednolecolare lineare che connette i
legantid | 6 at omo met al |l i co.

La forte aci dAul) catidnico, hceoppiata cath dllsuodpotenziale di
stabilizzare gli intermedi di reazione cationici, impartisce una reattivita unica a questi

catalizzatori, che & stata sfruttata per lo sviluppo di nwostodi di sintesi. Agli studi
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sperimentali che continuano ad evidenziare la reattivita dei complegsu(f)i, vengono

affiancati studi teorici che giustifichino e consolidino le osservazioni fatte sperimentalmente.

Gli effetti relativistici forniscono o quadro teorico per la razionalizzazione della reattivita
osservata (come visto nel paragrdf@.l) ; | 6 6srcdntrattaad @i orbitali5d espansi
costituiscono undéi mportante caratteristica d

Au(l). Cosi, integrando lo studio teorico con quello sperimentale si & riusciti ad ottenere una piu
profonda comprensione dau(l).e propriet”™ fondam
Le specie cationiche dhu(l) sono acidi di Lewis molto piu forti rispetto alle analoghe

speciedeg | i al tri metal | i del |l undicesi mo gruppo
accompagnata da wuna forte el Au trd dred gdttirwinteg.a
risultato della contrazione relativistica degli orbitali di valega6p;, i n quest o modo
degl i effetti relativistici non si i mita a
fornisce in realta un base teoria per capirlo.

Tra i complessi particolarmente attivi nei confronti di reazioni in fase emem vi

certamenteAud'G}. Sulla base di confronti fatti con il corrispondente complesso ¢fi*#g

tramite la natual bond orbital (NBO) population analysise stato possibile osservare,

innanzitutto, che il legam@u-fosfina ha piu carattere covalente del legamefdsiina.

Successivament e, con | 6aggiunta di un ssecond
degli orbitali6s e 55 la quale ha suggerito una reibridizzazione degli orbitali molecolari nel

complesso fosfinau(l) pergiungere Ha formazione diun legameipo a 3-centri e 4elettroni

che i nnal za enor mement es di @loicothitalp ehe ipatirebberod e | | 6
accettare elettroni, 6p, rimangono in gran parte inoccupati. Sebbene semplicistica, questa
considerazione, se generalizzata, pud essere in grado di razionalizzare la superiore acidita di

Lewi sAudep didbc h &@davribdreb ietssleed e responsabile delll
complesso fosfinAuL". Inoltre, poichéAu(l)+ & piuttosto grande, ci si potrebbe aspettare che

sia | 6orbitale, piuttosto che | e interazioni
legante.Pertanto il complesso fosfingu(l)* p u essere considerato un

B

che attiva preferenzialmente élettrofili &éso
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1.3.3 La t e ndeomoa lalAlaghiedfiliciia o

Molti degli studi condotti sullar¢éat i vi t °~ o@Hharmnb mostiato ana prapénkidne
dei complessi cationici diAu(l) e di Au(lll) ad attivare gli al chin
nucleofila®*® Gl i al chini costituiscono infatti unbo

studiati per laloro caratteristica reattivitd_e caratteristiche che li rendono particolarmente
interessanti dal punto di vista della reattivita sono essenzialmente due. Da un lato, hanno due
orbitali © ortogonali occupati alti in energia, ciascuno con due elettroni, i quali possono
facilmente reagire con composti elettrofili come alogeni, nel campa déltesi organica,

oppure con centri mAut el dampo idellaedatalisi tconarfetalli di ¢ o
transizion€™®® Nel | 6i nt er azi one ¢ sia gli wrhitali¢ eel piano dimet al
coordinazione con il met al | o c h#nognlgradoair bi t a
interagire con gli orbitald d e | metall o. Dall éaltro | ato, I 6
bassa energia e quindi reagisce con forti ndicied i come | dacetil ene, CoO

alcolati, nella sintesi di Reppe dei viniletéfi.
Sfortunatamente i nucleofili deboli non reagiscono direttamente con gli alchiestiq
ultimi possono perd essere attivati tramite coordinazione a complessi elettrofii Questa
coordinazione attrae |l a densit”™ elettronica
cos?® anche | 6attacco di nucl eofili debol i
Alcuni stud teorici condotti sui complesshu(l) -etilene eAu(l) -etino indicano che &
presente una retrodonazione, la quale =~ pari
legame rispetto agli analoghi complessi di®{i.P e r  Audl)i* non pud essere considerato
significativamente parteci pe -Bewhrbuncans@r’azi on e
poiché gli orbitali di antilegame sono apparentemente troppo alti in energia per verificarsi una
significativa retrodonazioneonsiderando che la bassa energia degli orlptdiinon legame

pud essere pil adatta per la sovrapposizione con gli orbitali piedi e Aul Questo puod
risultare rilevant Au(lperl a dmancdanz a dd Aulreemi rso dc

negi orbitali oodei |l egantii pu, rendere quest

facilitare | 6addi zi one nucl eofil a.
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14 |1 f enomAurdfilictde | | 6 i

Il termine aurofilicita e Al eayrafited sono or mai ampi ament
descrivere vari tipi di interaziorAu-Au con e tra composti ddroe le conseguenze di tali
interazioni sulle proprieta dei sistemi considerati.

Nel c a s o agrdilitié rseribra essete @perativa tra i centri metallici chatel
nello stato diossidazione formal@u*! (con una configurazione elettronica di valesz&’) e
nell o stato | inearmente bicoordinato. 1 mi
prerequisito, dal momento che minimizza le repulsioni steriche tra i leganti neglgatigre
Léattrazione ~ quindi raramente osservata pe
vi sono delle eccezioni.

Per mol ecol e mononucl ear. indi pendenti i o i
vertical mente al Irdggiungere una distaeza dilequitibbo-Auidircicca a
3 U Figura 1.1 ac). La conformazione degli aggregati pud essstaggered(crossed) o
eclipsed(parallel) Figura 1.1 df) in base alla carica (+1, 4,) delle unita considerate.

Un centro metallico dhu(l) puo instaurare uno o piu contadtirofilici . Gli arrangiamenti
pit comuni sono dimeri e polimeri chdike (lineare, zigzag o elicoidali), ma sono noti anche
oligomeri con una disposizione lineare e compaBmura 1.1 a,gj). Se pero i leganti
impongono delle restrizioni, allora la @ueetria pud essere anche differente. Cid é

particolarmente comune quando diversi atonAulisono radunati attorno ad un atomo centrale
comune Figura 1.1 kl). Per queste unita, gli angoli di legaa-E-Au (spesso <90°) sono
indicativi degli effetti diaurofilicita . Strutture alternative alla forma ciclichigura 1.1 9 ma
con la stessa stechiometria sono costituite da polifgni@l m o arrangiamenti macrociclici
piegati Figura 1.1 1.

Léener gi a as sauofiice & astataastimath sujjbase @i dati ottenuti con
metodi differenti, ma con i quali risultati si &€ giunti a conclusioni molto simili. Tali dati
i n g u a daurafilicith néllé@ categoria delle forze deboli, paragonabili a quelle del legame a
idrogeno e sicuramente piu forti dedtandard forze di Van der Walls. Il profilo energetico

del |l approcci o r eAuspmbmesseredrélativdnuerte piaton pemmiettendd

cosi una vasta gamma di distan2e8@ . 5 Uper cui | 6interazione di

considerataL 5 ener gi a di | e g aonoérigutai 1.1 @ non & mdltediffarenemo  d i
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da quel | a aoenlsurabadant aggregati chultinucleaftigura 1.1 gj). La geometria
delle unita individuali (EAu-X) mostra solo lievi scostamenti dalla linearggesente negli
aggregati, ma le lievi variazioni osservate sono tutte nella direzione che porta gli atami di

pitl vicini, indicando attrazione e non repulsione tra i centri. Questo tipo di descrizione esclude i

legami tra atomi diAu con configurazioni lettroniche di valenza parzialmente aperte, in
particolare il legame tra centri &iu2* con configurazion&d’, il quale pud essere descritto

come un regolare legame singolo metatietallo a due centri e due elettroni.

L
‘_X
5
g !lllll@
L
(a) (b (X
L, X L L
élmlllllll# (LT LT T
X L X X (g

Al éu i
\\I\:Illllilll N
(i)

@ mumm @ i

(k)

(m)

Figura 1.1:  strutture shemat i che p e nterazioaes tcar dentrie megallicerd molecole
mononucleari indipendenti o idAi
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Uno dei piu forti legami regolalu-Au é presente nella molecoku; in fa®e gassosa,
derivante dalle interazioni degli st&if'%s' d e AuP. &¥a inoltre sottolineato il fatto che la
maggior parte dei cluster diu conosciuti sino ad ora contengono atomiodd in stati di
ossidazione misti, con componefu® e Au*, il cui legane metallemetallo puo essere
descritto nell o stesso moodometdllico butkuli tutfi quebte s c r i |
casi il legameurofilico puo rendere alcuni contributi assai lievi rispetto al legame complessivo
del cluster che & generalmemholto piu forte.

Sono stati pubblicati numerosi studi teorici a diversi livelli di sofisticazipee sistemi
modello sempliciche forniscono dati in buon accordo con i risultati sperimentali, anche se per
il pr obl e maaursfiickacle grocedune ed risliltati@i chimica computazionale non
sono sempre molto chiari. Ma, nonostante non esista ancora alcuna immagine semplice
dell 6interazi mpe,isdpscr iVzaino nd sano cWiE aconmarque e al
utilizzate. A prescindere da questmno stati trovati sempre piu elementi di prova riguardo la
rilevanza degli effetti, e il concetto € stato, di conseguenza, rapidamente impiegato con
successo in molti settori della chimica det

Dalla dettagliata descrizione delle possibili intévak aurofiliche tra i centri metallici
riportata in Figura 1.1 risultano oltremodo evidenti i risultati ottenuti da stwdimbinati
(sperimentali e computazionpgin diversi tipi di aggregati.

Evidenze di interazionaurofiliche sono state infatti risedrate in un gran numero di
complessi polinucleari non ciclici con leganti polifunzionali flessibidbsi come in complessi
polinucleari ciclici. In questi due casi particolari digrdzioniintramo | ec ol ar i , | 6i de
di legamiaurofilici risulta ancora pit semplic&ali contattiintramolecolari non sono associati
ad una grave perdita di entropia, e in molti casi sono meno compromessi da effetti di

congestioni steriche periiehe. | casi pit comuni sono complessiodo(l) con un numero di
atomi dioropari al numero di atomi donatori dei legamtn catene flessibili a breve e media
lunghezzatra i centri donatori. Per ponti molto brevi, in particolare con un atomo clge fie
centro comune dei donatoriFigura 1.1 k), un clustering pud risultare praticamente

obbligatori o, r e n aumfilictd men® evitlenté. 'Menfrd, ka tpresenzadde | | 6

leganti a ponte piuttosto lunghi, a causa dei contributi eistrepd packing molecolare, pud

favorire i contattintermolecolari pit che gquelintramolecolari. Molti complessi dbro(l) con
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leganti bfunzionali formano dimeri con strutture cicliche mostrando interazaambfiliche
trans anulart?

Undaltra caratteristica parti coduaflicmélat e i n
sua influenza neseltassemblydi molecol@® e ionf®a | | 6i nt er nFguradlil g r i st al
Nello stato cristallino, composti dhu(l) del tipo L-Au-X, nella maggior parte dei casi
aggregano peiormare oligomeri e doneri. | piu comuni oligomeri sono dimerfFigura 1.1 d
i), trimeri (Figura 1.1 gj) e tetrameriFigura 1.1 hi), mentrele catenelD sono i piu comuni
polimeri (Figura 1.1 ). E stato ampiamente evidenziato come in questo tipo di sistemi vengano
preferii i contatti Au-Au rispetto a quelli del tipcAu-X o Au-L, ad eccezione di alcune
interazioniAu-S nei tiolati dioro(l), i gual.i riflettonoorapbriiar ame
solfuri >"%®

In generale, le componenti ioniche, siadettiche cheeterdettiche, di segno oppostsi
aggregano per formare cristalli ionici, ma per i complessird{l) il modo di aggregazione &
eccezionale. | leganti sono organizzati tutti in catene con contattiiamier, tra gli atomi di
Au, piu brevi. Taleselfassembly particolarmente comune per combinazioni di cui almeao un
specieionica ha forma allungata per i quali un approccio nei pressi degli atomeétallici non

i mpedito dal Esempndj guestortipo discongpledsicsaoperti recentemente

sono le strutture a catena di [(M®AU]'T A u ( C LT B di [(4-Me;NCsHsN),Au] [AUCI,]
60

15 ! r u ootoin cathlisileterégenea

Il potenzialecatalitico dei catalizzatord base dbroé stato ampiamente discusso per la

l oro azione i n numer os e reazioni i n fase
decomposizione ossidativa di composti alogeni, la combustione catalitica di idrocarburi,
| idrogenazione degli ossidi di carbonio, la riduzione degli ossidi di azoto con propano,
monossido di carbonio e idrogeffo.

Tuttavi a, I 6i dr ocl or ur a z el ononessidbalil chridomicccert i | e n

catalizzatori ddro sono gli esempi piu significativiEntrambe le reazioni sono state infatti

ampiamente rivist&°3%
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151 Il droclorinazione dell 6acetil ene
Ldbacetilene viene utilizzato per | adproduz

cloruro di merario sfruttando il carbonio come supporto (HgC). Il cloruro di mercurio

presenta perd come svantaggirégpida disattivazioneper sublimazione, nelle condizioni di

reaziore, del componente attive la tossicita. E, per questo motivo, risultaiafondanentale

importanzal 6i ndi vi duazi one di un <catalizzator e, a

sostituirla Sulla base dei risultati del studio dettagliato di Shinotfasi & ossrvato che un

certo numero di metaloloruri supportati da carboniampevano essere attivi per questo tipo di

reazione, in base alla correl azi®Dadalisteil | 6att

| oboé risultato esseré catalizzatorepiu attivg e in particolare lo stato di ossidazioAg3*

ri sulta esser eordR&spettomltameazioretcaniil eleruroddenhetcudio, quella

catalizzata darorisulta, oltretuttg anche piu stabil@oiché essoiene disattivato lentamente

con il tempo ed velocita di disattivazione & dipendente dalla temper&tura.riattivazione ¢

comunquefaciimente effettuatén situ mediante la contemporanea aggiuditdNO diluito nel

reattore delle materia prinié Questa éstata la prima dimostrazione della possibilita di

riattivare in situ i catalizzatori dioroedanche | a pri ma <oifocatonieo evi d

potesse essere efficientemente attivo in catalisi eterogenea.

152  Ossidazione del monossido di carbonio

Nei pri mi anni 6 80 hartha ricanbsaiutoecheanodridtali Hioo at or i
supportatida ossidrisultavanaattivi, a temperatue molto bassgper la reazione di ossiziane
del monossido di carbonio; in particolare, mperature minori dd °C.% Si tratta di un‘attivita
sorprendentemente elevata e ah@n e replicatada altri metalli. Questa attivita a bassa
temperatura ha fortemente stimolato l'iesse della ricerca e i c on forooehdampo del | &
della catalisi eterogenela reazione di ossidazione € infatti ormai utilizzata come reatéane
standard.

Il meccanismo della reazione &€ ancora poco conosciuto. Il percorso di reazione piu
probabilevede | 6i nterazione traotirlamCOecel bat omram og
| 6ossi do del met al |,@on dn legame npamoldcalare paradladorablae | 6
superficie, attivando il legame-O. Entrambe le molecole sono mobili e possauindi

muover si sul | i ntAeasbumendd md dareil e studbzit 0 redadi dld a |
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momento che questo tipo di meccanismo richiede un substrada dll 6 i nt er f acci a,
chiaro che particelle piccole, con unbarea s
I n |l etteratura sono present. numedehsled t eot
nei confrontidel 6 ossi dazi one. emplicemented dimengana deltpizcol® s
particelle diorg altre, i nvece, S i concentaroxonal sul |

supporto.Si & infatti, discusso molto sulla natura del sito attivo di questi catalizzatori, e,
all 6i ni zo decemn®, Bondl e Thorpdmanno proposto un modello in co@anno

individuatogli atomi diAu,al | 6i nt er f accifAa et I & cdmeiicepta attivii c e | |
pe r osdidazione, anche se rimane da chiarire sAigta oAul a f or ma oraTaki va d

modellodeve pero essere ancopesmentalmente verificato
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Introduzione
La chimica teorica € il campo in cui i metodi matematici sono combinati con le leggi
fondamentali della fisica per studiare i problemi chimici. La meccanica quantistica é la teoria
piu potente utilizzata per descrivere i sistefin@ci microscopici, in particolare il movimento
degl i el ettroni in una mol ecol a. I n meccani

Schroedinger dipendente dal tempo, dalla cui risoluzione € possibile, in linea di principio,

ottenere tutte le propi et del si st ema, speci al mente |06
fondamentale =~ sufficiente | O6utilizzo dell a
Schr°edinger. Purtroppo | dequazione di Schr©

di idrogeno e, con grandi sforzi, di altri sistemi molto semplici, si trasforma in un complicato
insieme di equazioni differenziali man mano che il sistema in esame aumenta le sue dimensioni
Per trattare i sistemi maené di dlcarle approssimazionc i =~ ne
Lédbapplicazione della chimica teorica nel c
la comprensione dei comportamenti chimici delle specie coinvolte nei processi cataditici.
catalisi, in particolare quella etgree n e a , " ampiamente utilizzat
produrre enor mi guantit?” di mi gliaia di pr c
tecnologica ed economica della catalisi eterogenea € enorme, in quanto fornisce gli strumenti
per la realizazione di importanti processi chimici. La complessita dei sistemi catalitici ha
portato all dapplicazione della procedura per
sviluppo di nuovi e piu efficienti catalizzatori. Sfortunatamente, questo dipapproccio,
bench® possa risultare fruttuoso per | 6indiv
di comprendere a fondo la vera natura dei processi chimici coinvolti. Nonostante lo sviluppo di
nuove tecniche sperimentali atte ad individuarcatalizzatori piu efficienti, & praticamente
impossibile, sulla base di soli dati sperimentali, comprendere il meccanismo molecolare che
governa un particolare processo catalitico. E a questo punto che la sinergia tra tecniche
sperimentali e calcoli tzici risulta di fondamentale importanza per la comprensione della

catalisi eterogenea a livello molecolare.

2.1 Metodi quantomeccanici
La prima approssimazione, applicata in ogni metodo teorico, €& certamente

| approssimazione di Bor@ppenheimet secondo la quale, considerata la differenza tra in
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peso tra nuclei ed elettroni, & possibile disaccoppiare il moto dei nuclei da quello degli elettroni

e considerare i nuclei fissi. Sudidlendo il sistema molecolare in due sottosistemi (elettronico

e nucleare), | 6espressione dell 6equazione d
possibile trascurare | denergia cinetica dei
nucleo.

La ricerca di met odi teorici atti a forni

Schroedinger ha dato vita ai metodi HF, pdst e DF T. LéaccuraHrezza c
garantiscono li rendono utili per la trattazione di sistemi semplici. iB&mg piu complessi,

quali sono quelli catalitici, si palesa la necessita di utilizzare la teoria del funzionale della
densita.

2.2 La teoria del funzionale della densita

La teoria del funzionale della densita ha trovato un suo solido fondamentooteoric
nell denunci azi oHolenbergkdoh. Hdherdergt eekmhn edimostrarono che la
densita dello stato fondamentale non degenere di un sistema di elettroni permette di determinare
univocamente tutte le proprietd dello stato fondamentale. Quindi agmidegza fisica
osservabile di stato fondamentale, come ad esempio I'energia totale dello stato fondamentale,
pud essere espressa come un funzionale della dek§ith, L 6 e n g ré gnfati unk [
funzionale della densita elettroni¢é&), la quale € a sua volta una funzione delle coordinate
spaziali (X, y, z). Inoltre per il funzionalg[s] vale un principio di minimizzazione che si
deduce direttamentamente dal pifsie di minima energia valido per il valore di aspettazione
dell'namiltoniano del sistema.

Il funzionale energia elettronica J§[viene generalmente suddiviso in diversi contributi
che tengano conto separatamehtelldéé¢hdrgicagpa
di interazione elettrorelettrone \{d1] e dell 6energia potautlea al e d
Vnel} ]- | primi due contributi sono indipendenti dalle posizioni nucleari e possono quindi essere

raggruppati insieme nélinzionaleuniversaledella densita[} ]:

El]=F[]+ Velt] 2.1

La determinazione esatta del funzion@g] non e di fatto possibile.
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Riconosciuta la limitazione di questa equazfokehn e Sham introdussero un set di

orbitaldi (anal ogo agl:. orbitaldi di HF) ut il
due parti, | 6s)edh enrsigtensa dicNi etettrdnii nerderaderiti (con la stessa

densita del sistema reale iragente) e una parte residug ({the € la parte mancante alla
descrizione accurata del sistema reale interagente)Anche | 6energi a di r
elettrone \d}] , pu, essere separata in due differ

Coulomb (J) ed una parte notassica contenente lo scambio e la correlazione. Viene cosi
introdotto nell dequazione dell 6enescgmbmet ot al
correlazione kc[}] , dove viene incluso il contributo

ed i termini di scambio e correlazione:

ELT=Tsl4] + 3BT+ Vael}] + Excly] 2.2

| primi tre termini possono essere calcolati esplicitameahtermine di scambio e correlazione

Exc[}]] raggruppa tutti i contributi alldenergia

2.2.1  Approssimazioni per il Funzionale di Scambio e Correlazione

Un approccio per cal col are | 6enerupdione di S
che la densita varia solo localmente e lentamente e puo, quindi, essere trattata come un gas
elettronico omogenebL. 6 ener gi a di scambi o di umemas di
essere calcolata esattament e, ed =~ su qQquesta

della Densita di Spin Locale (LSDA). Sono stati sviluppati differenti funzionali per calcolare
| 6energia di correl azi oneodd piu popolarigeacartantente ile | et t
funzionale di correlazione Voskwilk-Nusair (VWNY.

Mentre | 6assunzione della distribuzione on

per nolti sistemi di interesse chimico non € di particolare utilita, quelli, cioé, per i quali la

di stribuzione elettronit®a ~ ben lungi dal | 6e
Un importante miglioramentmi t a | senso si ha con |1 86intrc
densit”™ elettronica, nasce cos?® | 6Approssi ma

non tiene soltanto conto della densita in un dato punto, ma anche della sua d8azkeha

introdotto un funzionale corretto per "il gr

Tale funzionalecontiene un parametro sesminpirico, che e stato fittato sullo scambio di
HartreeFock dei sei atomi di gas nobili. Un popolare funzionale di correlazione corretto per il
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gradiente é stato sviluppato da Lee, Yang e Parr, dalle iniziali dei quali inigtaliceconiato il

nome di LYP? La combinazione dei due funzionali da vita ad un funzionale ampiamente
utilizzato come il BLYP? Successivamente Becke sostenne che poteva essere realizzato un
ulteriore sviluppo nello schema GGA se fosse stata inclusa nel funzionale una certa quantita
dello scambio di HartreEock esattd, portando cosi alla definizione di funzionali ibridi, trai

quali il pit popolare & certamente il B3LYP.

2.2.1.1 B3LYP
Il B3LYP e un funzionale ibrido che contiene i funzionali di scambio e correlazione B88,

LYP e VWN>"® insieme con il 20% dello scambio HF esatto:
ERP= 1 aESPA+ aEfF + bER®S + cEXP+ 1 c BN 2.3

| coefficientia= 0.20, b = 0.72 e c= 0.81 sono stati presi dal funzionale ibrido B3PW9J1.
loro valori sono stati ottimizzati per B3PW91 attraverso un fit lineare dei minimi quadrati per
116 energie determinate sperimentalmente (56 energie di atomizzazione, 42 poténziali d
ionizzazione, 8 affinita protoniche e 10 energie atomiche totali).
In questo lavoro di tesi, il funzionale B3LYP é stato scelto per lo studio della reazione di
i dr at az i diferdlacatilenle (ladgligle2verra discussa nel Capitolmdnoscritto 1) e
per val ut ar e dettagliatament e i protocol |
del |l approcci o cluster (i pubblicazere @ utiizzatoperlo di s cu

studio della reazione di formazione del vinilacetato.

2.2.1.2 BP86

Il funzionale BP86, invece, & un funzionale non ibrido che contiene il funzionale di
scambio corretto per il gradiente B8B,6 e s pr essi one del VWWWmpelaonal e
correzione del UE&e la correzione al gradiente di Perdew per VWN del 1886.

Come consagenza degli studi di convergenza sui cluster bimetallici di Pd e Au, il
funzionale BP86 é risultato essere il piu idoneo a riprodurre i dati sperimentali ed é stato,
quindi, selezionato per lo studio dettagliato della reazione di formazione del vinibaseliat
superfici PAAu(100) e PdAu(111pybblicazioni Il, Il manoscritto ).
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2.2.2  Set di funzioni di base e pseudopotenziali
In linea di principio il set di funzioni di base in cui sviluppare gli orbitali € completamente

N

arbitrario, purché sia fimit Il criterio variazionale stabilisce solo che pil esso € grande,

BN

maggiore € la flessibilita variazionale e migliori sono i risultati. Poiché per tempi
computazionali limitati il set di funzioni di base deve essere piuttosto piccolo, €, quindi,
importanteche le funzioni abbiano un senso fisico.

La formazione di legami chimici pud essere interpretata come una alterazione delle
distribuzioni elettroniche presenti negli atomi isolati. Pertanto, le nuove distribuzioni possono
essere rappresentate come corabioni lineari di orbitali atomici (LCAOlinear combination
of atomic orbital}, in modo che le funzioni di base rappresentino abbastanza fedelmente
or bitalid atomici . Loutilizzo di or bitald at
guanto sipuo costruire un insieme di base per qualsiasi molecola usando una quantita limitata
di set di base noti e classificati, corrispo

La minimizzazione del numero di funzioni di base (a parita di qualita deiatiyulon puo
essere | 6unico criterio guida, bi sogna consi
soprattutt o, a questodultima considerazione i
funzioni gaussiane (GTG@Gaussian Type Orhit).

In realta, le funzioni gaussiane non sono le funzioni ottimali per rappresentare gli orbitali
atomici che risulterebbero da calcoli HF esatti, in quanto la dipendenza esponenziale e
guadrati ca, per cui tali f uaumentare della distanzaele c o n 0
funzioni STO,Slater Type Orbitalsiproducono in modo migliore la dipendenza esponenziale
dalla distanza dai nuclei, simile a quello di semplici esponenziali idrogeno idi. Sono, inoltre,
funzi oni che con Idiéfenziomieassiclaane unad envergenzanrapida e
sono, pero, difficili da integrare. Il loro utilizzo si restringe quindi a sistemi atomici e biatomici.

Per sistemi poliatomici la scelta che si fa € di descrivere le funzioni STO come combinazioni
linearidelle GTO, in quanto vengono mantenuti i vantaggi di entrambe.

Per ridurre il numero di funzioni di base senza abbassare la qualita nella descrizione di
guelle funzioni atomiche meno modificate dalla formazione dei legami chimici (orbitali atomici
di core) ciascuna funzione e definita da una combinazione lineare di gaussiane. Le gaussiane
importanti per la descrizione di orbitali interni, vicini ai nuclei, contribuiscono trascurabilmente
alla descrizione di orbitali di valenza e viceversa. Inoltre, paidoeéfficienti di combinazione
degl i orbitaldi del sistema mol ecol are non s
coefficienti vengono normalmente determinati da calcoli sugli atomi isolati.
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| parametri che caratterizzano le funzioni di égasonché il loro ottimale numero
complessivo (nel senso di un compromesso fra praticabilita computazionale e qualitd dei
risultati), dipendono ovviamente in linea di principio dal particolare sistema fisico e potrebbero
essere trattati come ulteriori peratri variazionali insieme ai coefficienti di combinazione; per
ragioni di praticita si preferisce, pero, determinare il set di base a priori secondo criteri
consolidati.

Nei si st emi di grandi di mensioni, ricr@nt ene
approssimazi one agl i pseudobdenziati o potenziali effettivoducore | i z z
Léintroduzione di uno pseudopotenziale ha pr
il costo computazionale, in quanto corrisponde alla diniomezdel numero di elettroni che le
funzioni LCAO devono rappresentare. Tale metodologia di calcolo & supportata da una delle
assunzioni principali in chimica, la quale stabilisce che gli elettroni dei livelli energetici piu
interni (e di core) sianorelatv ament e i nerti e non perturbati
molte delle proprieta chimiche piu importanti degli atomi e delle molecole sono determinate
dalle interazioni dei loro elettroni di valenza con gli elettroni di valenza di altri atomi o
md ecol e. Léutilizzo di potenziali di core ef
la qualita della riproduzione delle proprieta molecolari, ma permette, come detto, di ridurre i
tempi e le risorse di calcolo.

Nel caso specifico in cui i siemi da trattare coinvolgano metalli pesanti, per i quali e
necessario tenere conto dell déinfluenza degl
potenziali effettivi di core relativistigRECBP. Le correzioni relativistiche tendono ovviamente
ad essere pi%¥% significative nella regione <c¢h
cinetica di questi elettroni € maggiore. Pertanto, & ragionevole assumere che gli elettroni piu
interni risentano in misura maggiore degli effetti della reit@tirispetto a quelli piu esterni che
hanno una probabilita molto piu bassa di trovarsi vicino al nucleo. Le interazioni degli elettroni
di valenza con i nuclei e con gli altri elettroni dovrebbero essere sufficientemente ben descritte
da un hamiltonianmon-relativistico. Anche se gli elettroni di valenza non risentono di effetti
relativistici diretti significativi, i cambiamenti degli elettroni di core hanno conseguenze dirette
sull o schermo nucleare e sul |l &ottronodicmeaoni t -
cambia in maniera significativa nel passaggi
met odo basat o EGPIchebincdrhona igle effetti reladivistici risentiti dagli

elettroni di core € di grande utilita pratica.
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2221 RECP di tipo StutOrogart/ Dresden per | 06

La scelta dello pseudopotenziale che meglio rappresentasse il comportamento dei 60

el ettroni di core dell 8Au =~ ricaduta sul pot
Stuttgart/Dresdel.
I vantaggi nel l dutilizzo di guesto tipo di

numerosi studi condotti su differenti composti di At ed & per questo motivo stato utilizzato
anche per reazioni catalizzate dal metHi9.

Nel caso specifico dello studio della reazione di formazione del Vghlilicazioni I, II,
[Il, manoscritto }, lo stesso pseudopotenziale € stato utilizzato per descrivere il comportamento
dei 28 elettroni di core del palladio.

2.3 Metodi quantomeccanici in catalisi eterogenea

Lo studio teorico dei fenomeni catalitici eterogenei necessita della messa a punto di
modelli atti a descrivere in dettaglio le caratteristiche di catalizzatocifigpg@er determinate
reazioni, in modo da riprodurre in maniera sufficientemente accurata le interazioni del
catalizzatore stesso con i reagenti coinvolti nella reazione considerata. La catalisi €, infatti,
controllata da unagisamenta &t omrgo adel asi Ha
reazione che circonda il sito stesso. In particolare per la catalisi eterogenea, le informazioni
circa i siti attivi su materiali di supporto possono essere ricavate per analogia degli stessi
fenomeni eterognei con quelli in fase omogenea. Le reazioni catalitiche eterogenee che si
svolgono su uno o due centri metallici somigliano agli analoghi sistemi omogenei e tendono ad
essere insensibild.i alla struttura. & pgrer qu
aumentare la selettivita del catalizzatore per uno specifico prodotto evitando cosi la formazione
di sottoprodotti, consente di che la reazione avvenga senza modificarne la reattivita.

La reattivita e la selettivita di un catalizzatore omogene® sontrollate dalle proprieta
del centro metallico congiunte a quelle della sfera dei leganti. Queste includono stato di
ossidazione, numero di coordinazione e geometria di coordinazione del metallo, cosi come le
interazioni steriche ed elettroniche trasfara dei leganti e i potenziali reagéefitPer progettare
un sistema omogeneo € necessario ottimizzare il sito attivo metallico con il suo ambiente di
reazione corrispondente allarsfedei leganti. Le differenze tra i sistemi omogenei ed eterogenei

molto spesso deriva dal livello di controllo pit accurato che si ha nel sistema omogeneo di
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manipolare la sua reattivita. Inoltre, la sostanziale differenza di composizione del catajzzator

un atomo metallico per il sistema omogeneo e un insieme di metalli organizzati in una
particolare configurazione geometrica per un sistema eterogeneo, gioca un ruolo di
fondamentale importanza, non solo sulle reattivita di uno specifico processo, ratusup

sulla selettivita nei confronti della formazione del prodotto desiderato. Analogamente ai
catalizzatori omogenei, l 6attivit?” e | a s e
dall dattivit?"® del | 6ambi ent eate diGinanzeedal mito @ttive. ¢ h e
Questo include non solo il metallo, ma anche il supporto sul quale si trova il sito attivo.

Dal |l a l etteratur a degl i anni 690 risulta
guantomeccanici capaci di studiare le proprietamattie e strutturali di una serie di
catalizzatori eterogenei costituiti da diversi materiali di suppdrtoLa ricerca degli ultimi
anni si & pero concentrata sullo sviluppo di metodi che, oltre a consentire lo studio dei dettagli
meccanicistici di uno specifico processo catalitico con costi computazionali non troppo elevati,
garantissero parallelamente un certo grado di accuratezza, risultato sempre piu necessario per la
migliore fusione delle metodologie teoriche con le tecnicheirapatali. Le dimensioni del
modello utilizzato per rappresentare la superficie del catalizzatore dovrebbero quindi essere
scelte in base al grado di accuratezza desiderato.

Dal punto di vista computazionale, i calcoli sui sistemi catalitici vengonadzzatl
sfruttando i metodi basati sulla teoria del funzionale della densita. La DFT garantisce infatti una
buona accuratezza nella riproduzione delle proprieta strutturali ed energetiche anche di sistemi
guantomeccani ci non s esarpiempidci & statb dbbandohaioper la d e i
scarsa precisione dei risultati ottenibili,
configurazione), i quali sono sicuramente molto pit accurati, risulta ancora troppo costosa dal
punto di vista computéanale.

2.4 Modelli catalitici

Nonostante molte reazioni di interesse industriale facciano ricorso a catalizzatori
eterogenei, in quanto possono essere separati dai prodotti e dai reagenti residui abbastanza
facil mente f avor en dcessilpduttivi, ilenmotivaziani detiagliate che i pt
spiegano la loro attivita in termini chimici, e piu specificatamente meccanicistici, non sono note

0 comungue non certe anche nei piu utilizzati processi di sintesi in cui essi sono coinvolti.
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E in questacampo che si & sviluppata la ricerca di modelli computazionali, parallelamente
a tecniche sperimentali in grado di indagare su scala microscopica, per rispondere alle esigenze
dei ricercatori di descrivere in maniera dettagliata i meccanismi di reaziahec@relare
specifiche caratteristiche strutturali (tipologia di supporto, specie metalliche, strategie di sintesi,
condizioni di reazione) alle prestazioni catalitiche.

Il successo dahodelingd i si st emi catalitici n metoda i pend
impiegato, ma anche da quanto i sistemi modello riproducono le caratteristiche del sistema
originale. Le tecniche utilizzate per modellare la struttura di un sito attivo sono essenzialmente

19.20.31 Er*23133 & metodiperiodici®*?®** Ciascun metodo

tre: metodicluster, embedded clust
presenta naturalmente vantaggi e svantaggi. Per ogni sistema catalitico deve essere valutata
| 6i donei t ™ di un metodo di model |l izzazione i

metallo e del proaso reattivo preso in considerazione.

2.4.1 1 modelli cluster ed embedded cluster
Nel | 6 a glpsteoviereicansiderato un numero finito di atomi per rappresentare la
regione contenete il sito attivo. edtvisas u n z i

sono fenomeni locali, quindi in linea di principio dipendenti dalla struttura della superficie nelle
immediate vicinanze del sito attivo.

I modelloembedded clustaron =~ altr o che undestensione
trattano i po b | e mi connessi alla brusca terminazi ol
cluster, per modellare la regione locale attorno al sito attivo si fa ricorso ad un metodo QM
rigoroso. Questo cluster primario viene quindi incluso in sistema piu grande in daodo
simulare | 6intorno elettronico esterno al c |
trattazione quantomeccanica piu semplice o un campo di forza empirico per simulare
| 6ambi ente esterno. Quest o miniamidezlasterl Ie | i mi
modello esterno pud successivamente essere incorporato in un terzo modello che € costituito da
cariche puntuali nelle posizioni definite dalla simmetria del bulk intorno alla porzione di solido
costituente il cluster, in modo da riprode esattamente il potenziale di Madelung. Questo
modeling avvicina il modello al sistema reale e mantiene la possibilita di trattare localmente il
sito catalitico in maniera rigorosa e sufficientemente accurata.

Sia con il modellaclusterche con quellembedded clustda trattazione dei modelli al
pari di sistemi molecolari presenta il vantaggio di descrivere localmente la struttura elettronica
dei solidi (delocalizzata in bande). Pertanto, il problema della struttura elettronica e della
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geometria molemare dei solidi viene ridotto alla determinazione della struttura elettronica e
della geometria di una molecola.

Dal punto di vista operativo, la costruzione del cluster viene realizzata tramite estrazione
(cutting) di una porzione della superficie delido contenente un numero discreto di atomi.
Tale operazione genera dei legami pendenti (dangling) per quegli atomi direttamente strappati
dal bul k e quindi anche | a produzione di S
condizioni in cui sono astretti gli atomi alla periferia del cluster determinano un
riarrangiamento della struttura elettronica. Per ripristinare opportunamente tale struttura diviene
spesso necessaria una procedura di embeditfihge tipologie di embedding si distinguono in
funzione del tipo di approssimazioneaqulel | 6i n

dipende dal tipo di solido costituente il sistema catalitico di supporto che si vuole simulare.

2.4.2 1 modelli periodici

Il metodo periodico si differenzia dai precedenti in quanto in esso viene realizzata
| 6applicazione di in gado diesfruttane denpropri|a propaiendi anh e
cristallo reale. Tale caratteristica del modello periodico ha consentito lo sviluppo di metodi CO

#4i quali consentono di eliminare 1|e

(crystal orbital,
legate alle dimensioni ridotte dei modelli finiti.

In questo modello viene definita una cella unitaria chengende un ensemble di
superficie abbastanza grande. Si utilizzano quindi le condizioni periodiche al contorno per
espandere la cella nelle tre dimensioni (x,y e/o z) in modo da simulare la condizione strutturale
reale del catalizzatore. La modellizzaziastremamente realistica ottenibile con questi metodi
non puod che essere caratterizzata da una trattazione quantomeccanica meno rigorosa del sito
attivo rispetto ai modelli molecolari. Questo comporta una perdita di informazioni accurate
nella regione immdiatamente vicina al sito attivo, ma anche un guadagno in termini di
conoscenza del contributo dell dintorno all ba

| risultati ottenibili con un approccio periodico sono, quindi, complementari a quelli
ottenibili con i metodi cluster, in quanto mentre il primo fornisce informazioni circa le
dimensioni reali del sistema, i secondi forniscono i dati necessari per una descrizione locale dei
fenomeni.

La scelta dei metodi teorici adatti a trattare i modelli di tipo perood@&ve contemplare la
necessit” per |l a funzione dbéonda di U7l siste

gual e viene applicato per r i daumomoelettroniche mayt me r o
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calcolare al numero di funzioni necessario alla descrizione quantomeccanica degli elettroni
present.i nella cella wunitaria del cristallo.
impiegati set di funzioni di base LCA®(combinazioni lineari degli orbitali atomici) oppure

onde piané**** Lo6utilizzo del set di funzioni LCAO,
localizzare le funzioni di base, limitando cosi il numero di funzioni necessarie per una corretta
descrizione detrystal orbital comporta uno sforzo computazale piuttosto elevato. Il set di

base di onde piane consente invece | O6utiliz
trattare sia dal punto di vista teorico ch
necessita di prendere in consideraziame gran numero di funzioni di base, in quanto
necessario per una <corretta descrizione del
guantomeccanici contenuti in una cella unitaria. Inconveniente che viene ovviato tramite

| dutilizzo didicepes® uglairansestona ¢osi diiutilizzare le onde piane
necessarie per la descrizione della localizzazione dei soli elettroni di valeglzaatomi che

sono contenuti nella cella unitaria.

Ldbapplicazione dei met odi periodici, nat i
stata estesa allo studio dei fenomeni di superficie e quindi alla caratterizzazione dei processi che
coinwlgono catalizzatori eterogenei. Il principale modello computazionale utilizzato per lo
studio dei fenomeni chimici nsabsupeecefidTalezzat o
modedlo prevede la costruzione di una cella unitaria contenente non solo una porzione di solido
costituita da un certo numero di atonsiat), ma anche uno spazio ben definito di vuoto
sovrastante la superficie del solido. Tale cella viene per questo mofivo desupeecelld e ,
analogamente alla cella unitaria convenzionale, viene replicata nello spazio tridimensionale.
Mentre nello spazio bidimensionale Il a replic
superficie reale, nella terza dimensionea&scuna <cell a =~ separata d:
spazio vuoto. Per poter riprodurre correttamente le proprieta di una superficie &€ necessario
scegliere un adeguato numero di strati di materiale sotto la superficie ed una porzione di vuoto
opportuna chegar anti sca | 6assenza di i nter aslabh oni f
sovrapposte. Inoltre, lo spazio di vuoto che separa le due repliche lungo la terza dimensione
deve essere scelto anche tenendo conto della presenza dei reagenti che verwdbitisaltts

superficie, i quali non dovranno in alcun modo interagire con la superficie sovrastante.
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Monomero del Vinil Acetato (VAM)
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Introduzione

Il vinil acetato (VAc o VA) é utilizzato su larga scala nella produzione di una gastana
di polimeri. E, per esempio, uno dei componenti fondamentali per la produzione di pitture,
adesivi, fibre e rivestimenti; oltre ad essere utilizzato per la sintesi di molte sostanze chimiche,
quali il vinil alcool.

Fino all a f i nnva pragtb indusirinimente tbadiGe urv peocesso in fase
eterogenea (processo Bayer), per acetossil a:
catalizzatore a base di palladio. Nonostante la procedura illustrata sia stata scelta come la piu
vantaggosa, in analogia agli altri processi di sintesi proposti presenta dei limiti non trascurabili,
quali le condizioni di reazione e la formazione di sottoprodotti, per il cui smaltimento e
necessaria una via alternativa.

Rimangono comunque da chiarire gistchiave della reazione e le specie cataliticamente
attive. In questa direzione si € mossa la ricerca degli ultimi dieci anni, grazie alla quale sono
stati messi a punto catalizzatori piu efficienti, costituiti da leghe metalliche a base di palladio in
grado di limitare la formazione di sottoprodotti e, quindi, aumentare la resa della reazione.

In nostro lavoro si € concentrato sulla messa a punto di un modello computazionale in
grado di riprodurre le evidenze sperimentali osservate per la reazionendzfone del VAM
su superfici bimetalliche di Pd e Au, nel tentativo di far luce su molti dettagli concernenti il
meccani smo di reazione, [ St di reazione e

di leghe.

3.1 Sintesi del vinilacetato

Il metodo di produzione del VAc dal punto di vista industriale si & lentamente evoluto nel
corso degli annt® Le principali vie di sintesi comunemienutilizzate sono essenzialmente due:

addi zi one di acido acetico all dacetilene (4.

C,H, +CH,COOH- CH,CHOOCCH a1

C,H, +CH3COOH+%OZ - CH,CHOOCCH +H,0 4.2
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Entrambe le procedure possono essere realizzate sia in fase ongdyertsrogenea. Ad oggi,
solo il processo eterogeneo viene utilizzato su scala industriale, sulla base delle maggiori rese
che lo caratterizzano in confronto a quello omogeéfieo.

Per i vari processi vengono coinvol ti di ve
generalmente utilizzato un catalizzatore a base di palladio (ioni di palladio nekgwoce
omogeneo, palladio metallico in quello eterogeneo). La riossidazione del palladio viene poi
realizzata per reazione dello stesso con ossigeno. In soluzione, tale reazione non awviene senza
l 6ausilio di un sal e aggi ado diriossidard icpalladioemie nt e
essere prontamente riossidato dall 6ossigeno.
di MoiseeV! comporta la significativa formazione di acelgide (a causa della presenza di
acqua nel solvente acido acetico). Il processo in fase gassosa, sviluppato da ¢Beglest
non presenta invece questo problema. Il principale soidogto € il monossido di carbonio, il
guale viene originato dalla combustione; si formano, pero, anche tracce di altri prodotti di

ossidazione.

3.1.1  Catalizzatori a base di Pd per la sintesi del VAc

| catalizzatori a base di palladio sono risultatseze i piu selettivi nei confronti della
reazione di formazione del VAM. Verranno discussi i due distinti processi, in fase omogenea
(liquida) ed eterogenea (gassosa), che hanno segnato un passo importante verso la produzione

del VAM su larga scala indugdie.

Al Il 6inizio degl:i anni 660 ~ stfantnmetods dii | upp
sintesi del VAc, in fase omogenea, molto simile al processo Wacker (ossiddzeohel 6 et i | e n
acetaldeide), nel quale é utilizzato il cloruro di palladio in acido acetico glaciale. La reazione
omogenea dell édetil ene con un acetato alchildi
del |l 6acgua come s othe onossad dalla miscela di r@aziopel wmamiee v i ¢
formazione di acetaldeide secondo il processo Wacker. La riossidazione del Pd viene realizzata
dal rame in un ciclo redox, il quale pud avvenire sia durante che nello step successivo alla
formazione del viniladato. Nel corso della reazione si verifica la formazione di un gran
numero di sottoprodotti, in funzione delle condizioni di reazione e delle specie presenti nella
mi scel a di reazione. 1 sottoprodotto in ma
formazione di guesto speci fico sottoprodot

concentrazione di acqua nella miscela di reazione; sicuramente non € tanto il processo Wacker
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che contribuisce significativameuwmttteosatld al &iod
del vinilacetato. Tale processo omogeneo non € pero particolarmente interessante dal punto di

vista industriale, principal mente a causa de

La produzione industriale del vinilacetato coinvolge,eite;, come anticipato, il processo
eterogeneo, il quale prevede il coupling di etilene e acido acetico. La miscela di reazione
contiene o0ssigeno, necessario per ri muovere
processo in fase gassosa & stataippiito da Hoechst e Bayema prima della loro scoperta
sono stati condotti numerosi studi con lo scopo di perfezionare il catalizzatore piti idoneo.
Tutti i catalizzatori i mpi egat. sono, comunq
cadmio, vengono aggiunti cemmaoderatori. La silice €, invece, generalmente utilizzata come
materiale di supporto.

In letteratura sono proposti essenzialmente due meccanismi, uno dei quali prevede che la
reazione avvenga sulla superfici elameatioad | i ca
del |l 6etilene con | a specie di pall adi o acet a

da Zaid? e da Samanos e collaboratbii, palladio viene ossidato a palladio acetato, il quale

reagi sce poi con | 6etilene in maniera molto
coinvolge |1 d86dinserzione -dcetatd, & esupptss essere il matel Il eg
determining step. Léaltro meccani smo propost

adsorbite sulla superficie secondo una reazione del tipo Langtimshelwood. Tale
meccani smo ~ stato pr opos tefontané Nakamfira @ ¥asdd e g | i
Questi ultimi suppongono che la formazione del palladio acetato sia sfavorita, ito quan
contribuisce alla disattivazione del catalizzatSrin questo meccanismo prima si formano le
specie attive di etilene e acido acetico, vinile e acetato, e poi si ha il coupliggese due

specie.

3.1.2 Meccanismi proposti per la reazione in fase eterogenea catalizzata da
Palladio
La | etteratura degl:i aispecchia 6l&® €mansa ficer@a ds u | | ¢
catalizzatori attivi e selettivi nei confronti della produzodel monomero del vinil acetato
(VAM). Per il metodo di sintesi di maggiore interesse dal punto di vista industriale, quello in
fase eterogenea su superfici metalliche di palladio, sono stati delineati due meccknismi.

primo, proposto da Moiseév Nakamura e Yasti{Figura3.19 , prevede | 6adsor
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successivatat i vazi one del | 6et i | eadsorbita reagisce rapidamenté 6 a c i
per formare | dacetato. Quest oul timo e il Vi
reagiscono per formare il vinilacetato che viene poi desorbito come prodotgecdhdo
meccanismo, proposto da Samdr(®gura 3.1 5 , prevede | a diretta in
legame PdD del | acetato adosorbiteipacef atHnar eh e
eliminazione porta alla formazione del prodotto. In addizione al percorso selettivo che porta alla
formazione del vinilacetato, vi sono una serie di percorsi non selettivi che comportano la
contemporanea formazione di sottoprodatpju importanti dei quali sono sicuramente CO e

CO..

CH,
(a) CH,4 CHs ., _H/OJ\\
H H/ 2C=C o
o o7 net T +
oy S S S Y A oSS S S
(b)
CHj _,<CH3 ¥<CH3
H,C=CH, o o—{ H
\\_/o)\o H,C—CH, \Q o H,c—&7 o :
| UL 1 THAR

|
Moy S S S S A S S S w9 S S S S S S

Figura 3.1:  (a) meccanismo di tipo Moiseev, (b) meccanismo di tipo Samanos

3.2 Catalizzatori bimetallici per la sintesi del VAM

I n general e, | 6i mpi ego didolare wilitagpér imglorare lar i bi
selettivita di una reazione verso la formazione di uno specifico prodotto precludendo la genesi
di percorsi alternativi che porterebbero alla formazione di sottoprodotti. Gli studi condotti su
guesto tipo di catalizzator hanno evidenziato <che l 6attiv
bimetalliche rispetto alla superficie monometallica, non varia apprezzabilmente con la
composi zione della superficie stessa. EO, o

catalizzatoreri modo da selezionare quello piu efficiente senza variarne la reattivita.
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a sintesi del \

aumenta significativamente la resa della reazione di formazione del vinild@dtatsuperfici

ni |

bimetalliche costituite da oro e palladio (silice come supporto) sono infatti ormai utilizzate a

livello industriale per la sintesi del VAN®2'® | a ricerca, perd, dei dettagli meccanicistici &

ancora aperta.

-
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Figura 3.2  velocita di formazione del VAM in funzione del coverage di Pd sulle superfici Au(100) e

Au(111)°

Goodman e collaboratdfihanno condotto uno studio sulla reazione di formazione del

VAM realizzata su superfici bimetalliche di Pd e Au, nel quale & stato osservato il ruolo

promozionale dell 8Au i n

b Bigura 3.2. | Gli o loannd i

sup

individuato come composizione superficiale critica una coppia di monomeri di Pd non contigui,

che avrebbe la funzione di inibire la formazione di sottoprodotti indesiderati. La velocita di

formazione, maggiore sulla superficie PdAu(100) rispatta superficie PdAu(111), é stata

giustificata sulla base di effetti dnsembleDovrebbe quindi essere la distanza tra gli atomi di

Pd a controllare la catalitica formazione del VAM. Gli effetti ldjand sono stati invece

considerati meno rilevantigpetto a quelli di ensemble.
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3.3 Approccio Cluster: modelli per le superfici PdAu(100) e
PdAu(111)

Il modello cluster & stato scelto come approccio computazionale per interpretare i risultati
sperimentali riguardanti la reazione di formazione del VAM & gud i giustificare
che fossero gli effetti d@nsemble determinare la maggiore attivita della superficie PdAu(100)
rispetto alla superficie PdAu(111).

Nel |l éapproccio cluster il sito di adsor bi
numero finito di atomi metallici, la cui disposizione viene scelta in modo da riprodurre
perfettamente i cont rsubsttato che soholgéneratitde cambiamenti e  a
locali della struttura elettronica del substrato. Il modello & statedgebstruito in modo che
potesse descrivere le caratteristiche fondamentali del chemisorbimento di molecole semplici e,
quindi, predire le proprieta locali, quali le geometrie di adsorbimento e le frequenze vibrazionali
per coverages molto bassi.

Permoé | | are | dintorno di una coppia di monor
PdAu(111), i cluster sono stati costruiti a partire da una coppia di atomi di Pd non contigui e
due atomi di Au legati ad entrambi i monomeri di Pd. Per costruire il §ito,atprimi vicini a
guesti quattro atomi sono stati aggiunti sia sul primo che sul secondo layer. | siti attivi sono
quindi costituiti dai cluster BAu;g and PdAu,,, denotati come Béu;o(12,9) e PeAu,o(14,8)
per indicare il numero di atomi che cosisce ciascun layer del cluster per le superfici Au(100)

e Au(111) rispettivamente. Inizialmente, le posizioni atomiche sono state assegnate come
nell 6oro bul k qui-Audd 2.885041 Le dimensiodiides ¢luster zcmo staie
aumentate per @giunta di un terzo layer, per ottenere i cluster,Ag;(12,9,4) e
PdAu,¢(14,8,8). Come indica la notazione tra parentesi, nel caso della superficie PdAu(100)

|l 6aggi unta di un terzo | ayer corrisponde al
occupae le posizioni corrispondenti ai quattro atomi centrali del primo layer, come definito
dal |l 6i mpaccamento di tipo ABAB dell a super fi
i mpaccament o ABCABC, | 6aggi unt a d&atomitirer z o I
corrispondenza delle posizioni atomiche definite dai siti di adsorbimento hfaltovA partire

da questi modelli sono stati poi costruiti i due clusters piu estesi considerati, completando cosi il
set di atomi vicini per tutti gli atomi perifiei del primo e del secondo layer. | cluster risultanti
PdAuUss(24,21,12) and BRAus(30,21,13), per i sistemi PdAu(100) e PdAu(111)
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ri spettivament e, dovrebbero garantire Il 6i mp
indiretta per i siti attivi coriderati.

PdAu(100) 0.10 - .
Pddu(111) 0.13 T e A o — ——¥ pd 5 57
Y

212

214 o Pd
06 $3 : O au
o @ Au, fissati
ggj i Au, fissati
(a) " Au, fissati
o - —
AN 4
AR AW
(b) g
Pd,Aue,(30,21,13) Pd,Auss(24,21,12)
Figura3.3 rappresentazione schematica dAUs26HAH)ett o d
PdAus( 30, 21, 13) . (a) Ril assamento dei | ayer

bulk. (b) | cambiamenti delle posizioni atomiche dovuti al rilassamento locale sono
indicati dalle frecce nere. Le celle unitarie sono delineate in rosso.

Per valutare e quindi analizzare gli effetti del rilassamento locale nelle vicinanze dei
monomeri di Pd sonstati utilizzati i cluster di maggiori dimensioni presi in considerazione per
il modello delle due superfici PdAAu(100) e PdAu(111), in modo da ottenere un modello il piu
realistico possibile per lo studio dei fenomeni di adsorbimento del sistema proledi dgi
reagenti. Le strutture rilassate localmente dei cluster bimetalligiuggde PdAus, sono state
confrontate con le strutture dei cluster costituiti da soli atomi di oros;(Au Aus,
ri spettivamente), anchoesse funziorlala slisssambio e ut i |
correlazione.

E stato cosi osservato un significativo riarrangiamento dei siti attivi come conseguenza
della sostituzione dei due atomi superficiali di Au non contigui con due monomeri di Pd. Gli

atomi di oro sulla superficie shuovono nella direzione dei monomeri di Heg(ra 3.3,
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mentre gli at omi di pall adi o si muovono | ur
| 6i nt er rRORO0 A) dispettcdal layer superficiald. risultato di questo rilassamento si

traduce inuna distanza di legame fdi nel sito attivo piu corta rispetto a quella-Au sulle

superfici di soli atomi di oro, indice di una forte interazioneA®d in accordo con i risultati

degli studi condotti Ycon | 6approccio slab su

3.3.1  Adsorbimento di una molecola probe ubblicazione )

Lo studio delle proprieta di adsorbimento di una molecola probe per la caratterizzazione
della composizione superficiale (che ha un ruolo @hiper la comprensione delle proprieta
catalitiche di sistemi bimetallici) ha avuto come scopo la costruzione dei modelli cluster,
appena descritti, che fossero in grado di simulare il processo catalitico preso in considerazione.

I monossido di carbonio éegontemporaneamente, sia un ideale sistema probe per la
caratterizzazione della superficie sia un sottoprodotto di degradazione nella sintesi del VAc.

Per studiare | 6influenza delle di mensioni
vibrazionalie sl | 6 energetica dell e mol ecole di CO «
palladio non contigui, sono stati utilizzati, per entrambe le superfici, i tre cluster risultati dal
processo di costruzione dei modelli. Gli atomi dei cluster sono pero stati mirfigsi nelle
loro posizioni ottimizzate nel processo di rilassamento, mentre le posizioni di C e O sono state
interamente ottimizzate per tuttd.i i siti di
energetiche, strutturali e vibrazionali sond at e, quindi , val ut ate si
sola molecola di CO on top ad uno dei due Pd che per due molecole di CO on top ai due
monomer i di Pd non contigui. I cal col i sono
BP86 come funziaae di scambio e correlazione, e le SVP come set di base. Per valutare gl
effetti del funzionale e dei set di base e stato successivamente effettuato il confronto con il
funzionale ibrido B3LYP e con | e basinaerzVvp.
utilizzando set di base piu grandi e un funzionale ibrido di scambio e correlazione, le proprieta
di chemisorbimento sono state valutate solo per i cluster minimalAuPgi12,9) e
PdAu,g(14,8,8), scelti in base ai risultati degli studi di convergedelle BE per entrambe le
superfici. Léanali si dei risultati, in buon
portato all éindividuazione del protocoll o ci

quale é stato utilizzato per tutti gliudi successivi sui modelli prima descritti.
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3.3.2  Adsorbimento dei reagenti pubblicazione )

Sulla base dei risultati ottenuti circa le proprieta del chemisorbimento del sistema probe, &
stato effettuato | 6adsor lbassodisintesi del ¥AM. Glistadg e n't |
sperimentali, condotti da Goodman e collabordfohianno dimostrato che la formazione dei
siti di Pd isolati influenza le proprietadeie agent i adsor bi ti . Loetil e
al monomer o di Pd tramite undinterazione men
contenente atomi di Pd contigfit® Sui siti di Pd contigui & stata osservata una coordinazione
del | 6e1% the rsiedecahipone comportant® formazione di carbonio, mentre sui

monomer i di Pd circondati da at omi di Au S
Pd di “ffLpoeaddi zi one di oro inibendo | a decomp

del catalizzatore. Lo stessoi po di effetto =~ stato di mostr af
acetico e tResllid bace® adlot remodo evidente il ru
il guale risulta necessario per | 06isolamento

del catalizzatore nei confronti della specifica reazione.

Sulla base dei due meccanismi prdp{$po Samanos e tipo Moiseev) per la medesima
reazione su catalizzatori eterogenei a base
due reagenti, etilene e acido acetico, ma anche delle loro specie attivate, quindi vinile e acetato
sui monaneri di Pd non contiguiRigura 3.4 . Per quanto rigetdeneda | 632
sono state valutate tutte le possibili orientazioni della molecola rispetto alla superficie. | nostri
studi hanno confermato il tipo di coordinazione osservata speritmamiz. In accordo con il
meccani smo di tipo Moi ssev | a formazi one (
(dei dr ogenazi ovnie) del et iel eprod a eagi see dir
adsorbito. Lo studio del chemisorbimento del vinildlesadlue superfici ha evidenziato una
coordinazione di tipo 0O on top al monomer o
superficie. Questa specifica coordinazione
risulta perd molto meno stabile.

lostesso tipo di studi o =~  satidoaceticoperiiguale t o p €
sono state valutate tutte le possibili coordinazionid@itate e mondentate) della molecola
rispetto alla superficie. La coordinazione risultata piu stabilergodentata on top al Pd tramite
| 6ossigeno car boni H pumtg versoelnsitor hellow della bupeggfisiene O
formando un legame a idrogeno molto debole con la superficie di atomi di Au che in qualche
modo stabilizza questo modo di coordinazidoe caratteristiche geometriche di questo stato di
adsorbi mento evidenziano | a facile estrazion
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speci e att iacaiataGdld bhaseadelle evidenze kp@rimentali, sono state valutate
anche cgatortuttd 16 possibili conformazioni della molecola rispetto la superficie. In
guesto caso € stata individuata come coordinazione piu stabile quella bidentata in cui i due
at omi di ossigeno sono coordinat:. adiacenta | mo r

sul sito attivo.

O Pd @ ctilene o vinile

O Au @& acido acetico o acetato

PdAuU(111) PdAu(100)

Figura 3.4 rappresentazione schematica dei siti di adsorbimento dei reagenti e delle corrispondenti
specie attivate.

I n gener al e, | 6adsor bi mento del | e guattr
PdAu(111) é risultato essere meno forte rispetto a quello osservato sulle corrispondenti
superfici di ligduad dggluatomi. di oto&Bugdefiseet cheo monomeri di Pd non

contigui sulle superfici di Au comportino un abbassamento delle eneraitsaolibimento.

3.3.3  Step di coupling per i due meccanismigubblicazione IIl)
Gli studi condotti sino ad ora sulla reazione di formazione del VAM, non solo su superfici
di soli atomi di P& ma anche su superfici miste di Pd e Ainanno portato gli autori ad

911 ed a selezionare come

identificare lo step dicoupling con il rate-determining ste
processo favorito il meccanismo di tipo Samanos. Sulla base di tali osservazioni abbiamo
condbtto uno studio dettagliato di questo step chiave coinvolto in entrambi i meccanismi
proposti, con lo scopo di interpretare i risultati sperimentali riportati da Goodman e
collaboratorit® i quali hanno giustificato la maggiore velocita di formazione del VAM sulla
superficie PdAu(100) sulla base di effetti eisemble Dal confronto dei risultati ottenuti a
livello DFT con i cluster prima descritti, non emerge la maggidtieitd della superficie
PdAuU(100) rispetto alla superficie PdAu(111). Gli effetti di ensemble sembrano essere rilevanti
solo nel meccanismo di tipo Moiseeligura 4.13, il coupling di vinile e acetato e, infatti,

risultato pit sfavorito sulla superficiBdAu(111). Per quanto riguarda, invece, il coupling
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coinvolto nel meccanismo di tipo Samanbgy(ra 4.1, presenta barriere confrontabili per le
due superfici, la distanza ottimale tra i due monomeri di Pd non sembra influire su tale step

della reazione

334 Deidrogenazi omaeosaiitoll) | 6et i | ene (

| risultati sperimentali riguardo la reazione di formazione del VAM su superfici di soli
atomi di Pd?? non solo hano evidenziato la preferenza per il meccanismo di tipo Samanos
sulla superficie Pd(2111), hanno anche mostr
significativamente sulla cinetica della reaz
coadsorbito potrebbe giocare un ruolo importante nella sintesi del vinil acetato sulla superficie
PdAu(100Y** Per quanto il meccanismo di tipo Moiseev, il primo step del processo
(deidroge naz i one )astatd oggetto di ktednteorici da parte di Yuan e collaborgtori,
i gual.i hanno concluso che | a deivengogienazi o
superfici di PdAu. Sulla base di tali osservazioni, solo il meccanismo di tipo Samanos é stato
oggetto di recenti studi teorici®nquesti | avori, gli autoHi han

el iminazi one -dilacethtdin prasenzamieodsigeho d&l gruppo ossidrilicd

mostrando come | 6ossigeno coadsorbito promuc
formare i vinil acetato. Tuttavia non =~ st
intuitivament e |l 6ossigeno pu, svol ger e nel l o st ey
meccani smo di ti po Moi seev. Con | 6obieetivo
OHssul l a deidrogenazione dell 6etil elmstepdella st at

reazione su entrambe le superfici prese in considerazione sino ad ora, PdAu(100) e PdAu(111),
utilizzando i modelli cluster BAuss e PdAug, rispettivamente. Le barriere di attivazione
calcolate mostrano come la presenza delle spegie@M, influenzi in maniera significativa la
reazione di formazione del vinile su entrambe le superfici PdAu. Infatti, la facilita con cui si la
formazione del vinile suggerisce che lo step di deidrogenazione sia coinvolto nel processo

catalitico e che il coupig sia il ratedetermining step per il meccanismo di tipo Moiseev.
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L J orrcatalisi omogenea:

catalizzatore alternativo per la reazione di

idratazione degli alchini
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Introduzione

Léinteresse nei confront.i del | 6or otopeel carm
l ungo tempo. Sol o negl: ul ti mi anni , l 6abili
carboniecarbonio come acidi di Lewis soft & stata considerata di grande utilita pratica nei
processi di sintesi.

| sali di oro sono in particolareéirs ul t at i efficienti per | 68
confronti del |l 6attacco di un nucleofilo deb
idratazione degli alchini per dare i corrispondenti composti carbonilici rappresenta un modello
di reazione uttosto nuovo. Nonostante questa reazione sia conosciuta dal XIX secolo, il suo
potenziale non €& stato convenientemente sfruttato nei processi industriali, a causa delle
drastiche condizioni di reazione richieste dal tipo di catalizzatore utilizzattatizeatore a
base di sali di mercurio considerato essere il composto piu attivo per catalizzare questo tipo di

reazioni.

4.1 Léoro in catalisi omogenea
La caratteristica di maggiore rilievo dei complessi di Au(l) e Au(lll) € la loro capacita di
attivare legami €H e legami multipli GC consentendo la formazione di nuovi legamCCC

O, GN e GS come acido soft di Lewis tramite attacco nucleofilo di tali substrati attivati.

Grazie a questa peculiarit?” | 6 i stgtd aengiaomentee i S ¢
studiato. (rif) I n par t4Hdnosubsatrate quali laléhmit dlchemiaoz i 0 n ¢
areni, c h et odichetotd ¢ dleniipnosaaveninerad operddi sali di Au(l) e Au(lll).

Una delle reazioni piu interessanti @ell qual e | 6 Au mani festa | e su
nei confronti del | 6 atC é certfameante la pcazidrie dilidetgzioneidi mu |

alchini semplici.

La comprensione dell 6attivit”™ catfadltathi ca m
dal |l danali si computazionale degl:i o radiditdt a |l i d
Le propriet? di forti donatori G e di debol
complessior@a | chi ni |, f acaclciot achad op ecrotsé didatn nucl eo

metanolo.
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41.1 Natura del legame nel complesso Metal@lchino

Il primo step della trasformazione chimica catalitica di un alchino nel corrispondente
composto carbonilico =~ esédnbzabtatlitvraozi lome cadmpl e
LOéi nt er az-iegante in oue it leghnte @oinvolto € un alchino, pud, almeno in prima
istanza essere giustificata sulla base del modello De@laattDuncansoh?® (Figura 4.7), il
gual e considera il | e g a-weettoceotna eue framénénti tloseda z i o1
shell? Secondo il modello DCD, ilél g a me instaura in seguito alla sovrapposiziamel
sistema ~ del |l egante con un orbitale vuoto

i nvece r i-domakidnedellh denditaaelettranicarda un orbidgleeno del metallo

nelbor bitale di antilegame ~* dell dalchino.
Le principaldi component i che possono contr
con i centri metallicic o m@u(l), €ono essenzialmente quattfégura 4.1). Gli orbitali sul
pi apsonofesponsabitl e | | a desnamniednwrd cla MYL -donahbh®odel
simmetrica.
Metallo Alchino
*
Oy 8 g T M -—-> L
T
dyz S T M e L
* T4
dxz nﬂ M —> L
d O
22 o o) M --— |
Figura4.l: Di agramma qualitativo degl:i orbitali, esenmn

transizione e un alchino legarfte.

Gl i orbitaldi fuori dal pi ano, ortogonal i,
(unbéi mportante interazione nei compl essi COl
donatore di quattro ettroni), mentre la combinazione di un orbitdleccupato del metallo e di
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un orbitale;vuot o del |l 6al chino pu, tr adu-+«dmazionen un
MY L, guest 6ul  tchegeaeraisola usar debplé sovrapposizionesitmmetr ae U
comportaun piccolo contributo alla formazione del legame.

Questa schematizzazione qualitativa del legame si adatta bene ai complessi*ilato d

formazione del complesso altera necessariamente le strutture dei frammenti metallici e del

|l egant e. (! model |l o DCD prevede unobel ongazi
cambi amento netto della densit”™ degli el et t
antil egame. Si verifica ~cos?3 un aguenza defla al e

successiva reibridizzazione. Di conseguenza il grado di distorsione della geometria del legante
non coordinato puo essere utilizzato come indicazione osservabile del grado-donetzmne.

Gli studi teorici condotti per valutare la natwlal legame nei complessi di Au(l) con
alchini hanno portato alla conclusione che il metallo non partecipa in maigaificativa alla
formazione del legame del tipo DCD in quanto gli orbitali di antilegame sono troppo alti in
energia per realizzare usgnificativa retrodonazione. Questo tipo di interazione tra il metallo
e il legante nella formazione del primo complesso € stata studiata in dettaglio per il complesso
Audi fenilacetil ene. Léanali si comput aenteonal e

retrodonazione dal metallo al legante.

4.2 Idratazione degli alchini

Il processo di idratazione degli alchini semplici non € solo una delle vie piafilbientali
per trattare uno degl. i dr ocar buatdgiagi sirftesidi f f u
per la formazione di composti carbonilici.

L 6 a d deidzaicqoa adlchini ricchi di elettroni attivaticome gli alchinil eteri, alchinil
tioeteri o inammine, awiene piuttosto facilmente in presenza di un catalizzatore%talo.
reazione di al chini sempl i ci necessita, i nve
di mercurio(ll), per aumentarne la reattivitd.E noto che le reazioni di addizione ad alchini
catalizzate da un acido di Brgnsted richiedono condizioni di reazione piuttostchirassono
ostacolate da una serie di processi collaterali che coinvolgono il carbocatione intérmedio.
Sostituire il protone con il frammento isolobale*Hgostituisce appunto una cisa soluzione
alproblemd®l | carattere soft di questi cationi gr

maggiore per il substrato, che si traduce in condizioni di reazigfi pni t i e in unode
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del prodotto desiderato. | dati spettroscopici forniscono la prova evidente che il legante nel
complesso °~ =~ carente di el ettroni ed =~ quir
nel classico modo trafInoltre, le reazioni di addizione ad alchaiirealizzano con quantita
catalitiche di Hg(I1)!° ma rimanda chiara evidenza della tossicita di questi comp@atiesto

tipo di catalizzatori &€ statinfatti ampiamente utilizzato nei processi industriali fino alla
scoperta della tossicita dei sali di mercurio.

Per lungatempo si € tentato di individuare untcal i zzat ore alternati v
alchini. Sono stati studiati complessi di metalli di transizione quali il RtAT)Ru(lI),***®
Rh*2°Pt2¥2 Au(lll), 2**° e altri centri metallic?®?” ma nonostante nessuno di questi fosse in
grado di ri produrre | 6attivit”™ catalitica de
lentamente sviluppata la possibilita di utilizzare caespi di Au(l) per la sintesi di complessi
carbonilici a partire dagli alchini corrispondenti. Infatti il frammento LAuo mbi na | 6al
affinit?® del si st ema ’ del subst r-amétallo con
cineticamente labile che pud essapidamente scisso nelle condizioni di reazione, in modo da

garantire un turnover ef falpostedeltframmertodsolobale i z z o

H*, oltre all éanalogia nel comportamento <chi
sianoeqw al ent i , ma podsiedaig maggiore &ardttara carlofilico. Questi studi
iniziald hanno, infatti, spinto i ricercat

sviluppare una serie di reazioni collaterali in presenza di acqua o metanadosolventf?°
per | 6efficiente addizione di al cool ad al c|
come catalizzatore nella sintesi organica

Allafi ne degl i anni 690 Teles e collaboratori
alchini catalizzata da complessi di Au(l), del tipgPRU", con | 6 a-catalizzatord i un
acido (acido di Bransted o di Lewi®). Successivamente allo studio di Teles i complessi di

Au(l) sono infatti stati considerati la tipologia di complesso metallico ottimale per riprodurre

| 6efficienza catalitica dei Sal i di mer curi o
L6indaginei tsuldeal | daAma cdi catalizzare tr as/|
alogenuri di Au(lll), ha portato alla conclusione chen 6 a mpi a gamma di nuc

essere addizionata ad alchini sia in maniera-fittache intermolecolar€. | risultati ottenuti

da Tel es hanno c¢ ossdi omeen tdreil b upiottoe nazd au reb ecsattean i
del tipo RPAuX (X=triflato o altri controioni debolmente coordinanti), formati in situ per
estrazione di Glda RPAuUCI da parte di un alogenuro di Ag o per potonolisi fRARUCH; con

un acido rilas@ndo CH, sono mostrati essere ottimi catalizzatori per una serie di reazioni che
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portano alla formazione di legami-C, inclusereazioni di conizené>*® e idroarlazione®"°
nonché reazioni che portano alla formazione di legami cartmeioatomd®*? Il principio
comune di tutte queste reazioni T comCngque |
tramite coordinazione all 8AuU.

Un importante risultato del lavoro di Teles deriva da calcoli¢e i quali mostrano come
 6oro(1) direziona | dattacco dell 6al cool nuc
c 0s? un Gia @Qdesta doroporeamento e diverso dal solito attacco del nucleofilo che in
genere, per altri metalli elettrbfi avviene dal lad apposto al metallo coordinato (addizione
trans).

4.3 | dr at az i ofandacetilené(Mandscritto Il)

Come ampiamente discus$od i mport anza del processo di [
dacomplessi di Au(l) € basata sultapacita di questi ultimi di garantire condizioni di reazioni
blande, in quanto non necessitano di cocatalizzatori o di riscaldamento per far avvenire la
reazione.Coh 6 obi ettivo di razionalizzare i dati s
il meccanismo di reazione riportati da Leyva e C8fmbbiamo scelto di studiare in dettaglio il
processo di idratazione con acquauda  al ¢ hi n o sfenilacetiene, catadzgta dh 6 1, 2
un complesso di Au(lj] (PhxPAu(l).

Il meccanismo proposto (Schema 4.1) coinvolge la coordinazione del triplo legame al

complesso di Au(l), con la formazione del complekgku-"-alchino e il successivo attacco

del |l acqua. Lal (COoldd cothplassalzai vovniee nde di rett ament e
carbonio C1. 1 trasferimento del protone da
formazione diun intermedidl i n  c u i i protone si coordina a

da protonshuttle. L a reazione potrebbe a questo punt

catalizzator e, con ldae | fl dbitecnleoll énergetici nbgranb éomes o me r
| 6ausilio del catalizzatore anchuwmcoppontiunl 6 addi
notevole guadagno. La formazione del |l 6ei somer

attorno al doppio legame-C. La reazione procede con la formazione del compléssel
gual e |l a seconda mol ecol a swpfmalegdufarmazionesdelat a a
benzilfenilchetone pud o meno essere asaistitda una ter z ail snorlo®c ol a

sarebbegjuello di catturare un protone legato ad un atomo di O e contemporaneamente cederne



56 |

6altro atomboéusciQ,a fdacidueg amdbecwmlsé

uno all
formazione del prodotto. Questo ultimo step
ddbacqua aggiuntiva, anche se |l a barriera cal
>
.J
®, 3 o @
* 9 /ﬁk 9 & A
3 ¢ \.:“/
o—a:35 IV \gla 490 e’V
e ?
1.1
N SN
e, ?0:1 , @ J:‘
o 2% — o % b
1 " @
del di fenil aceti

Schema 't Meccanismo direazionepe | 6i dr at azi one
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Structural parameters, binding energies, and bonding mechamsm of CO molecules on PdAu(l11) and
PdAn{100) surface alloys have been investigated at the density functional lavel by smploying a cluster model
approach. Cluster models have been constructed to represent second-neighber Pd pairs on both the exposad
gold surfaces, given that special ensembles are able to confine reactants in a small region of bimetallic catalvsts.
Analvsis of the cluster size dependence of the chemisorption properties has been camed out together with
the study of the influence of exchange comelation functional and basis set quality. An acowrate deaseription of
the bonding mechamism of CO on top of Pd monomers surrounded by gold atoms has been achieved by an
atom-projacted deseription of the surface bond. The remarkable agreement of computed results with available
axperimental information and previeus pertedie supercell calenlations claarly indicates that the adepted cluster
models are suitabls for chemiserption studies on PdAn smface alloys.

1. Introduction

The selectivity and efficlency of catalviic processes can be
largely anhanced by use of bimetallie mstead of monometallic
catalystz 174 The concepts of “ensemble™ {or zeometric)®® and
“ligand” {or electromic)” effscts are commenly used to raticnalize
this superor activity of bimetallic systems in electrochenustry
and heterogenecus catalysis. The former concept refers to the
fact that the additen of a second metal may block certain sates,
reducing or eliminztmg the formation of an inlubiting species
or an important miermeadiate. Thus, specific groupings of snface
atoms are required to serve as active sites 15 The latter effect
refers to the formation of heteromuclear metal—metal bonds
binary alloys that mvolves a modification of the electromic
stmetme, leading fo a different (and, if 13 hoped, battar) overall
catalytic actrvity with respect to that of erther of the constiuent
matals. Orbital rehybridization of one or both of the metals and/
o1 charge transfer between the metals can substantially modify
the catalytic parformance by means of lizgand effect.h?

Among bimetallic systems, Pd—An has recerved particular
attention due to its use in a number of eatalytic reactions (e.g,
CO oadation, cyclotimenezation of acetylene, synthens of vmyl
acetate monomer, selective oxddation of aleohols to aldahydes)?!!
and applicattons {e.z., hydrozen fuel cells and polluhon control
systems) 1271 A deeper understanding of the nderlying phiysical
reazons that determime the catalytic performance of Pd—An
alleys can thus be very beneficial for rational meprovement of
thess catalysts.

The wtility of single-crystal studies for understandimg tha rols
played by ensemble and hzand effects m bimetallic catalysts
has been demoenstrated™ because they are simple enough for a
systematic study of the relatonship betwesn the mcroscopic
strueture of the catalyst and 1ts achwity. At the same time, a
broad variety of possible composifions and stmectwres of
mereasing complextty can be examned. Therefore, well-defined

* Comespondins awthor: e-mail siciliae@umical it

10.10215pT10515g CCC: 540,75

bimetallic Pd—Au swfaces have besn the subject of several
mvestigations 15 #

Goodman and co-workers.® in thelr mwestizations of the
promotionzl role of geld i a palladmm—gold alloy catalyst used
for the acateccylation of ethylene to yield vimyl acetate (VA],
have mwoked ensemble affscts to explan the zipmficant
enhancement of the VA fonmation rate. The ligand and
eventually stam effects have besn considersd mimmazl and a
pair of noncontiguous Pd monomer sites has been supposad to
be the crtical ensemble for the VA formation as mfsred from
the differsnce m the VA formation rates on Pd/Ax(l100) and
Pd'An(111) smfaces.

Swiface composition 15, therefere, the key to understanding
the catalytic properties of bimetallic surface allovs, especially
for the catalytic systems for wlich the efficiency and sslectrvity
are dommated by the ensemble effect. In fact, the swface
segregation in Pd—noble metal allovs 15 well-known by both
experimental evidence for Pd—Cu, ™ Pd— Az ?* and Pd— Au™*
and theeretical perodic caleulations ** Smce the morphology
of Pd— Au strongly depends on the experimental preparation m
terms of deposthion tecliigue and annealmg hstory, several Pd—
An smface compositions have been reported so far 3652628

The use of the m st STM technique developed by Behm
and co-workers® has allowed the determination of eritical
ensembles for adserption of small melecules. Application of
this techmigue has shown that the enbical ensemble for CO
adsorption o PdAn(l1l) swiace-alloy eslectrodes 13 a Pd
MenCImer.

The adsmption of small melecules, such as OO, 15 commenly
uzad to obtain infarmation conceming the properties of single-
metal and alloy surfaces, incleding compesition and slectronic
structure, by both expermmental and theorstical smdies.

The contnbution grven by first-prmeiples caleulations to better
microscoplc understanding of the catalytic activity of bunetalhe
systems has heen recently reviewed by Gross ** chowing how
theoretical calculations can supply additionzl information for
the rationz] design of robust bimetallic catalysts 3732
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Published on Web 03/ 2002008



6074 J FPhys. Chem. C, Vel 112, No. 15, 2008

PdAu(111)

Pd,Au,(30,21,13)

63

Mazzone et al.

FPeldu (100}

ord

Q) Au

. A, Froeen
@ Au, frozen
W Au_ frozen

Py Auss(24,21,12)

Figure 1. Schemaric represenmton of Pdedn, clusters vsed in this work to model the second-peighbor Pd pair ensemble oa PdAn(100) and
PdAn(111) surface allovs, From the top view, the posttions of the frozen An, stoms are not directly visible mn the foo{100) surface cluster model
due 1o its ABAB packing, but they comespond to the vnfrozen atoms in the frst layver. Changes in the atomic positions due o the local relazation
ara indicarad by amows. Unot cells of the An100) and Aufl11) pure surfaces are depicred in red.

In the framework of density functional (DF) caleulations, the
penodic supercell approach using plane-waves has alveady been
applied te PdAu swface alloys for the study of the surface
segregation phenomencn and of the atomic confizuration of Pd
atomss in PdAn{111) bimetallic surfaces 2% On the other hand,
the cluster model approach has provided mformation about
several catalyvhe systems?® and has proved to be a useful tool
for swface science studies. For the study of chemisoiphion
properfies of CO on low-index swnfaces, cluster modal caleula-
ticns can be compared with periodic caleulations™ and can be
used te focus on the chemical bonding between the swface
atoms and the adsorbed molecule *37 Nevertheless, few ex-
amples of the application of the cluster model approach m
bimetallic systems can be foumd m Iiterature, such as for PtRe 3
PdCu, " and PdSn, RhSn, and Eh7n® catalyzts.

A DF eluster modsl approach has been applied hete to the
study of the adsorption properties of OO on the PdAu(111) and
PdAx(100) smface alloys. In particular, cluster models have
been bult up to represzent the ensemble with a sscond-neighbor
Pd pair on both the exposed zold smfaces, grven that ensembles
with second-neighbor Pd appear to be seldom separated from
isolated meonomers #

The calenlated snargetic, slectronic, and vibrational properties
will be compared with the recent penodic calewlations for
PdAn(1117 and with the available experimental data.

2. Methodology and Computational Details

In the cluster approach the adsorption site 15 modeled by a
fimite mumber of metal atoms whese arangement 15 chosen to
properly reproduce those contmbutions to the adsorbate—
suhstrate interaction that ars dus to local changes in the mbshate
slectromic shructure. Thns, it 15 reazonabls to expect that cluster
models are able to captwe the essential feahwes of the
chemuzorpion bond and to predict local properties such as
adsorption geomehies and vibrational frequancies for very low
Coveragss.

In order to model the second-neighbor Pd pair ensemble on
PdAn(100) and PdAu(lll) swfaces, we have bult up the
chusters starting with 2 group of two noncontignows Pd atoms
and two An atoms bonded to both of them Then the first
neighbors of those four atoms have been added both m the first
and in the sescond layer. In this way, the actve sites are
reprasented by Pd,Ang and PdyAn,, cluster models, denoted
as PdpAws(12,9) and PdaAus(14.8) to indicate the number of

atoms m each chuster layer for Au(100) and Au(111) swfaces,
raspectively.

Imrtially, the atomie positions have been assigned as in bulk
zold, with the experimental lattice parametar of 408 A vialding
an An—Au (initially equal to Pd—Aw) distance of 2885 A

With these models a good desernption of the coordination of
the fwo noncentiznows Pd menomers mvolved m the chenu-
seiption sites for both low-index gold swfaces 13 obtamed.

In order to siody the influence of the cluster size on the
geometry and energetics of adsorbed CO, we have used the
strategies that will be ilhistrated below.

Fust, the size of the PdoAmo(12.9) model has been increased
by adding a third layer in such a way to obtain for the
PdAu(100) surface the PdyAuas(12.9.4) cluster, meliding in the
third layer four gold atoms that he m the positions corresponding
to those of the four central atoms m the first layer, because of
the ABAB packing of the foe{l00) surface. For the less open
fee(111) gold surface with ABCABC packing, eight atoms have
been added in the third laver to the Pdafuge(14.8) mods]l m
comrespondence to the atomic positions defiming the fec-hollow
adsorption sites, giving nise to the larger PdyAung(14,8,8) cluster.

Starting from these three-layer modsls, two meore extended
chusters have been constructed by completing the set of the fivst
neighbor atoms for all the penipheral atoms of the first and the
second layer. The resultmz PdaAugs(24,21,12) and PdpAug(20,-
21,13) large models for the Pd/Aw(100) and the Pd/Aw(111)
systems, respectively, would pravent amy mdirect insaturation
effect for the two noncentiguons Pd and the fwo Aun atoms of
the active sites. Moveover, these large medels have been used
to take into account local relaxation effects due to the substitu-
tion of bwo nonceontizuous swiace zold atoms with two Pd
monomers. The positions of the atom: defimnz the
Pdfng(12.%) and PdiAusg(14.5) medels have been fully
optimized; in fact, within the PdAues(24 21 12} and PdaAng:-
(30,21,13) clusters the postions of the remaimng atoms are
frozen (Figure 1). Fmally, the Pd A (12,9, Pd,Au,,(12.9 4)
and the PdyAuy (148}, Pd,Angg(14.2.8) modsls have been pullad
out from the corresponding partially optinized PdiAuss and Pds-
Angy clusters.

In summary, the relaxed Pd:Aws, Pdafux, and Pd:Aues
models for the Pd/Au(100) surface and Pd,Aus,, Pd.Angg, and
Pd;Ang modals for the Pd/An{111} surface have bean employved
to stody the chennsorption properties of CO.
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In order to explore the vanation of the electromic stucture
of gold smfaces due to the substitution of two nencontisnous
zold atoms by two Pd monomers on Aw111) and Aa{100) clean
surfaces, six Au,,s cluster models corresponding to the Pds-
An, models deseribed above have besn used. As for the
bimetallic clusters, the largest Aug+: cluster models have been
locally relaxed, starting from the bulk gold atomic positions,
and then the smaller Aue+: models have been pulled out from
them.

The calculations have been performed with the Twhomels
package (version 5.89** at the DF level, bv use of the BPEG
fimetional*44% wathin the resohobion of the identity appresumation
for computmg the electrome Coulomb mteraction (BI-T). This
approach expands the molseular slectron denmsity in 2 set of
atom-centered awdliary fimetions, improving the computational
efficiency of large-scale caleulations *5%7

The Stuttzart effective core potential*® have been used to
mods] the scalar relativistic effscts, replacmg the 28 and 60
core electrons of palladmm and gold atoms, respectively. The
valence electrons, 13 for Pd and 19 for Au, have been explicitly
considered m the standard Turbomels SVE basis et 4 For CO,
tha all-slectron SWVP basis set of Ahlrichs and co-workers,#
featming a split valence basis set with pelarization functions,
has besn employved. The standard Tuwbomels 5VP awaliary
basis zet has been used for all the atoms 7

Mo symmetry constramts have bean mmposed for the relaxation
of the positions of C and O atoms in the adsorption stedy of
one and two OO molacules on the Pd,Au, closter models.

For selected COPdAW(12.9) and COPd,Au,(14,88)
cluster modals, the mfluence of the exchange —comelation (xe)
fimectional and basis set effect on vibrational fequencies,
geometries, and bmding snargies of the adsorbate have also bean
mvestigated Becke's three-parameter hybnd fimetional™® com-
bined with the Lee, Yang, and Pam (LYF)" comelation
funetional, the standard Turbomole TZVP basis sat,® and the
comesponding awdliary basis s2t* for C and O atoms have bean
emploved for this purpose. From now on, for the sake of clanty,
the four levels of theory used m this woik will be indicated as
BPES/SVE and BPESTZVE for the pure (Le., nonhvbnd) xc
funetional and BILYP/SVP and BILYETZVE for the hybiid
B3LYF functional.

It should be emphasizad that the Pd;fn,(12.%) and PdoAnsg
(14,88) cluster models used to caleulate the chenuscaption
preperties of CO at the BILYP level have been obtamed by
partially optiomzmg the larger PdaAuss and PdaAng: modals at
the same level of theory, following the same stratezv described
shaove.

All the C—0 shetching frequencies reported in this work have
been comected by use of sealmg factors, caleulatad with respect
to the C—0 vibrational frequency for the selated OO0 molecule
m the zas phase obtained at the comesponding level of theory.
Sealmg factors applied to the C—0 frequencies in the chemm-
sorbed systems are 1.0084 (BPE&/SVE), 1.0197 (BPE&TZVE).
0.267% (BILYF/SVE), and 0.9792 (BILYP/TZVFE).

The tfotal energies calculated after gecimetry optimuzations
have been comected for basis-set superpesition ewver (BSSE)
by use of Boys—Bemardi counterpoise caleulations®® for all
adsorbate/cluster models. This comection 15 3.3 kcal'mel per
bond for zll the cluster modals if the SVP basiz set 15 used,
whereas 15 only 1.0 keal/mol when the triple- quality basis set
13 nsad.

Atomie-projected density of states (DH0S) has been calculated
(as mmplemented in Tuwbomels) by broadenmg the diserete

J Phys. Chem. C, Vol 112, No. 15, 2008 6075

energy levels of each cluster model with Gaussians having width
of 0.003 aun and superimposmg them

3. Resultz and Discussion

3.1, Claster Models and Local Relaxation Effects. The local
relaxation effects m the vicouty of the Pd monomers on PdAn-
(111} and PdAw({100} clean surfaces have been smdied by use
of surtably large clusters m order to obtam more 1ealistic models
for the chemisorption smdy of CO molaculss.

Locally relaxed stuchwes obtained for the pue gold Aug
and Amney cluster models and the bimetallic Pdafines and Pds-
Ang, large clusters were compared by use of the BPEA
functional, and sigmificant reamangements have been observed
m the active sites as a consequence of the substitution of two
noncontiguows surface gold atoms with two Pd monomers. In
the suface plane, the neizhbormz zold atoms move toward the
palladium menomer: (s2e Fizwe 1), whereas on the ams
perpendicular to the surface, the Pd atoms move mward (by
0.16—0.20 A} with respect to the surface zold layer.

Az a result of thess local relaxations, the Pd—Au distances
m the achve sites become shorter with raspect fo the An—An
distances m the pure gold swfaces. In particular, Pd—An
distances are aqual to 2.840 and 2 861 A for the Pdan(100)
and (111} swfaces, respectively. These values differ by 0.017—
0.026 A from the Au—An distances found with the locally
ralaxad pure gold clusters. That 15 an indication of 2 stronger
Pd—Au bond with respect to the Au—Au bond, which 15 m
agresment with the outcome of the study camed out on Pd
monomer formation on an An(111) surface by the slab supercell
approach.® Meweover, in line with the periodic caleulations,
weak hybridization betwesn palladivon and gold d-crbitals =
deducible by the atonme-projected density of states (DOS) plots.
In Fizure 2, atomic-projected DOS plots of the zold and
palladivm d-bands, ealeulated with the BP3S xe finetional, for
the largest PdpAusg(24.21,12) and Pd,Ang,(30,21,13) clusters
and the selected PdAws(12,9) and Pd>Ause(14.8,.8) models are
depictad.

When the projected density of d-states for the Pd atom and
the nearast gold neighbeor atoms is pletted, a wide d-band for
gold atoms and a nawow d-band well below the Famm laval
for the Pd atom are visible for all cluster caleulations.

The mam peak of the Pd 4d-band lying at 1 &V below the
Fernm level 15 vistble m Figme 2a, whereas in panel b the 5d-
band of gold 15 located between —6.5 and —1.0 V. These plots,
obtained by wse of the PdyAug (30,21 13) choster model, are
nicely vary closs to the results found when 2 slab supercell was
usad to reprezent Pd monomers swroundsd by Au atoms m the
PdAw(111) surface alloy. It should be noted that in both these
DFT calculahions a pure xc fimetional has been used.

When plots obtained for the largest ehister and for the smaller
PdaAugg(14.8.8) model are compared, both the Pd and Au
d-bands appear to be compressed toward the Fermu level m the
latter compared to the former. Tlos namowing of both the metal
d-bands, howsver, does not really affact the overall descrzption
of the hetevometallic bonds. In fact, for both meodels (Fizwe
2ab) a sharp peak is visible at ~1 0 oV below the Farmi lavel,
whose low dispersion can be attnbuted to the stong localization
of Pd dd-electrons, suggesting that the Pd monomer(s) sur-
rounded by gold atoms acqume such atommstic properties.
Moraover, the broad 5d-band related to the first-neighbor zold
atoms preserves almost the same shape in the two cases even 1f
1t shows a different wadth,

The gold 5d-bands of the Pd;Au.g(14.88) and the comme-
sponding Ans{14.8.8) cluster medels are dapieted in Figurs 2b.
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Figure 2. BPES atomic-projected density of d-states (TOE) of Pd monomers (2, o) and adjzcent Au atoms (b, d), caloulared for PAAn(111) {a, &)
and PdAn(100) (o, d) surface alloys. The largest Pdefan:(30,21,13) and PdyAn,(24.21.12) choster modals (bold black lines) are compared with
selected PdeAus(14.5,8) and PdaAn(12.9) smaller chisters (domed black lines). Aromic-projected DOS of gold d-states of the clean Auf111) snd
An(100) surfaces are caloulared for the exemplifiying cases of Ay (red dashed line in panel b) and Ans (red thin line in panel d) chaster models.

Zero enerzy is ar the Fenmi level.

The almost undisturbed An d-band m the PdAn{111) swface
alloy with respect to the pure gold swface (see red dotted line
and black dotted line m Figure 2b) and the small overlapping
of Pd and Au d-bands m the binetallic system suzzest that a
weak orbital hybridization iz mmvolved in the Pd—Auw bonds.

The projected density of d-states for palladinm and gold atoms
obtamed at the BPES level m the cass of the PdAn(100) surface
alloy are reported in Fizure 2¢ d). Mo evident differences exist
batween thesa plots and what 15 deseribed above for the PdAu-
(111} binary systemn.

The atomue-projected DOS of gold d-band for the PdAn{100)
swface allow (Figure 2d). remamns almost unaffected m com-
parison with the clean An{l00) swface, as m the (111} low-
index smfaces.

For simplicity, cnly the results for the pure gold Aues(24,
21,12) and Anse(14.8,8) clusters [medeling the Au(100) and Au-
(111} gold surfaces, respectivelv] are reportad m Figure 2, but
the same indications have been cbhtained for all remaining Au, o
cluster models.

Comparison between the pictures obtained with the largast
PdpAues(24.21.12) and the smallest Pdafuge(12.9) cluster models
of the PdAu(100) system (Figure 2d) shows a shonger narowing
of the d-bands with respect to the results achieved with the
PdAu(111) models (Figure 2b). This comes as no swprise since
the descriphon of the electronic properties of the metal suface
in the cluster approach is shongly dependent on the cluster size,
which 15 different in thase fwo cases.

3.2, Adsorption of CO Molecules, In crder to study the
mfluence of the cluster zize on the zeometry, wvibrational
frequencies, and ensrgetics of CO molscules adsorbed on the
Pd noncontizuous monomer pairs, a set of s chister models,
a5 described in the previous section, has been used. In these
models the cluster atoms have been kept fozen at thew
optimized positions, whereas the C and O pesitions have been
fully optimized for all the adscoption sites within the active site.
As expectad, most of the attempts to find local minima related
to the adsmption site: different fom those on top of Pd
monomers were wsuccessful. This 15 due to the difference
batween the chemisoiption properties of CO on Pd and An
surfaces, which can be simply explained by the d-band modal
of Hammer and MNerskov. ™ Indeed, the calculated chemi-

sorption energies for CO adsorption atop 2 metzl atom at the
Pd(111) and Au(111) metzl surfaces ave 30.0 and 0.9 keal'mol,
respectively,” and then the prefewred adsorption zite for an
enzemble constituted by a Pd monomer smrounded by zold
atoms 15 expectad to be the Pd on-top site.

Inttially, we started studying the adsoption of one molecula
of OO0 on the srx PdaAn, cluster modals reprazsntmg the PdAu-
(111) and PdAu(100) systems. Energetic, stmetural, and vibra-
tional properties caleulated at the BPSA/SVE level of theorv
for cne CO molecule adsorbed on top of cne of the twe Pd
monomers, as 2 hmetion of the cluster size, are reported m
Takle 1.

Both experimental data and theoretical results from periodic
supercell caleulations for adserption of C0 on PdAw(l11)
sirface alloy are available for compamson with our choster
modals. In a very recent work, Li et al ¥ using the Fadhead
equation (assuming a desorpiion pre-exponential factor of 1 x
10 5-1y, caleulated the descaption activation energy for the
Pd atop site on the AwPdA(111} alloy to be betweean 182 and
20.5 keal/mol. This result is m good agreement with the bindmg
energies obtamed with the Pd:Aus and the Pdofug cluster
models. The coaresponding infrared faature found m the RATRS
experiment hes between 2086 and 2089 cm~!, which is
comparzble to the vibiational frequencies obtained with tha Pds-
Aus and Pdilug cluster models (2068 and 2073 cm™!,
respectively). In contrast to the work of Li et al_ " whe depesited
a2 thn film of gold onto a PA{111} single crystal and heated it
to various temperatiwas, PdAu swface alloys have been gener-
ated by other strategias. ™ The calculated wvibrational and
energetic proparties obtamed with the converged three-layer
PdsAuze and PdaAng: eluster modals are also in good agresment
with the experimental results of Goodman and co-workers®2
reported m these two waorks.

The only avallable experimental value of the Fd—C0O
stretehing frequency for PdAn(111) is given by Glaich et al.,®
whe assizned the 371 and 2080 e~ vibrational peaks of the
HEEEL spactra to the Pd—C and C—0 stretching frequancias,
razpectvely, for CO adsorbed on Pd atoms adjacent to one or
more An smface atoms. As well as for the other caleulated
properties, thess experimental values of the Pd—C0 stetching
frequency are close to the caleulated values obfained by use of
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TAELE 1: BP34'SVP Results for Adsorption of One CO Moleculs on PdAn Cluster Models=

cluster model SE, keal'mol dPd—C), A w(Pd—C0), cor™! C—0), & ar={C—0), cur!
HE(L11)
PdhAun(14.3) 336 1.383 454 1135 2070
D Aus(14.3.8) 0.0 1.831 383 1153 2073
PraAne(30.21,13) 103 1.937 378 1154 2068
el 12.2-20.5 EL 20862080 F 2088~ 20504
theary 25.6-270 2043—2056
ik (100}
PryAua(12.9) 26.2 1.916 410 1133 2069
DAt (12.0.4) 24.4 1.024 307 1133 2068
Pohdms(24,.21,12) 25.5 1922 200 1154 2065

e

2000—-2104

* Binding energies (BE) are BS3E-comersd Scaled C—0O frequencies are indicared sz @™ © Reforence 28. ° Referance 5. ¢ Reference 57.

* Feference 30, f Peference 33

the Pd:Auzy and Pdafng; cluster models (378 and 383 cm™1,
respectrvely).

The DFT results obtained very recently by Yuan et al.%* usmg
the slab supercell approach reveal the favorable existence of
second-neighbor ensembles. For the adsorption of CO on top
of Pd moneomers and noncontizuons dimers and tromers, the
calculated O—0 stetching frequencies show a deviation of 40
cm” ! compared to the experimental vahie, which is twice the
deviation obtained with our cluster models. The corresponding
adscrption energies for CO adsorbed on the atop sites are 25.6—
27.0 keal/mol at the GGA-PW9] laval of theory, which differs
by ~7 keal'mol from expenmental data and our eluster modal
results, As suggested by the authors, the overestimation of the
adsorption enerzies at the GEA-FWY1 level can be comacted
by use of the EFBE finctional, which 15 predicted to reduce
the values by just 5—7 keal’ mel.

As already mentioned above, any attempt to reach local
mimma for bnd,ge or hpe and fee ]m]]cmr sites was umsuecessfal
m accerdance with the praferred site found for CO adsorbad
on Pd monomers and noncontiguous dimers and timers by
periodic calenlations, which is always a Pd atop site @

In view of the converged results reached with the PdaAus,
and Pd-Ang cluster models and the azreement with the available
experimentzl data and thecretical results from perodic supercell
calculations, one can conclude that the chemucal properties of
the C0 molecule chemisorbed on a Pd mencmer i the
Pd/An(111) smface alloy cannot be properly achisvad by using
tha bilayer Pdafna(14.8) cluster modal.

Omn the other hand, for the adsorption of 2 CO moleculs an
the more open PdAn{l00) zmface, we have foumd a mece
convergance of the bindmg energies using all the chister modsls
built up for this svstem (see Table 1).

o local minima have been found for CO adsorbed on bndze
Pd—An sites on the cluster models used to represent the PdAu-
(1007 system, whereas we have found a stable 00 chemusorption
state on the 4-fold hollow site, in contrast with what has been
found for the 3-fold hollow sites in the PdAw(111) smface alloy.
Thes 15 probably due to the fact that both the Pd monomers of
the second-neighbor Pd pair are mehided in the 4-fold hollow
site on the PdAw(100) swmface whereas on the PdAu(111)
surface the 3-fold hpe and fec hollow sites melude only one Pd
moneomer. However, the calculated binding enevgy for OO0
adserbed on the 4-fold hollow site on Pd,Auneg(24,21,12) eluster,
at BRR&/SVP level, 15 only 12.2 keal/mol and the perpendicular
distance batween the C atom and the suface plane 1= 1.150 A,
while the diPd—C) 15 2428 & The C—0O distance 15 1.182 4
and the comrespondmg stretching frequency (1788 cn ') is i
the classical region of CO adsorbed on a nmltifold adsorption
site.

As for the CO adscaption on top of 2 Pd monomer sife, all
the PdaAn, cluster models built up for the PdAw(1 007 system
give converged rasults for the OO chemisorption properfies on
the 4-fold hollow adsorption site. The chemizorption binding
energies of CO on the hellow site resultmg from all the PdAuw-
(100} chuster medels are always less than half the chenusoiption
energies caleulated for the atop adsoiption site.

Smee no multifold chemisorbed states have been found on
the PdAu{l11) cluster models and onlv one less-preferred (4-
fold) chemsorbed state has been found on the PdAu(100) cluster
models, we will focus for the rest of this paper on the adsaption
of CO on top of the Pd moncmers,

The results for the adscaption of two OO0 molecules on top
of two noncontizuons Pd menomers by use of owr six eluster
models are shown m Table 2.

Comparmg these results with the chemusoaption of one 0O
meolecule, we practically look at two situations with oo diffevent
CO coverages, and then a rough evaluation of the lateral
miterachon madiated by the surface can be achieved by calenlat-
mg the differences betwsen the binding energmes per bond m
the two cases.

As 3 fivst vasult, it 1z evident that the same considerations
mads for the ad_-.l:lrptm of one OO molscule regarding the
convergance properties of the wsed cluster models are still vahd
here and, in general, very small changes have been obsarved
for all the geometncal and wibrational parameters when geing
from the adsciption of one to twe CO molecules.

Smee the caleulated lateral mteractions are, m general, less
than 2 keal/mol per bond (see Table 2} and the effect cn the
vibrationzl and gecmetiical parameters 15 neglimble, all the
calenlated chemisorption propeities of CO on top of Pd
meneomer are almest unaffected by the presence of other CO
meolecules on top of a second-neighbor Pd monemer. Thase
rasults are in line with the expenmental shssrvation of very
small dipole—dipole couplng between OO molecules on the
PdAu swface alloys due to the relatively large mntermolecular
distance at low coverage regumes (<0.5 ML} and to the
mmprobable adsorption on Au atewms smrouwnding Pd monomers
at higher CO coverages.™

3.3, Analysis of the Chemisorption Bond. The Blvholder
modal® 15 the simplest and mest commenly accepted pichos
for understandmg the chamsorption mechanism of CO on metal
smfaces, In the spirit of the frontier crbital theory, in that only
the highest oceupied and lowest wnoceupied melecular orbitals
(HOMO and LUMO) of the adsorbed molsenls are mvolved m
the chemisorption bending, this model considers only the 5o
denation and the 27% back-donation conmbutions to the CO—
metal mteraction
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TAELE I: BP36/5VP Resuolts for the Ad:orption of Two €O MMolecules on PdAu Claster Aodels®
cluster  BE keal mol™ P C0, e Pd— Oy, = =
model (OO meleculey™! ABE  A4(Pd-C) A ! an™! AC—0), & (C— Oy, cox™® (C— Oy, com™?
hEi (111}
P, Ay, 4.6 L0 1.504 460 304 1.155 079 2045
PdyAmgg 1838 12 1938 354 364 1.153 2070 2060
P A 17.0 13 1.036 371 360 1.154 2067 2057
gt 182205 3714 2086—2089.F 2088 5+ 20504
theory’ 25.6-270 20432056
R (100)
P Ay 235 17 1.024 301 371 1.155 2063 2056
PdyAmgs 226 13 1927 383 373 1.155 2067 2055
Py Angs 239 14 1022 206 300 1.154 2068 2056
[ 2000-2104

= BSSE-corrected binding energies per bond are caloulated as BE = [E . pa—om) — "B — By, where # is the mouber of OO molecules.
With this defintion. BE wvahies are in kilocalories per mele per OO0 molernle. ABE is the difference from the BE walues i Table 1. (in ous)
In-phaze and out-of-phase medes of PAd—C0 (o) and scaled C— 0 (o) siretching feguencies. ® Raference 28, © Feference 5. 4 Reference 57.

* Referance 30 f Fefarence 33

1= (a)
" i

EEEETT T

Frrrgasa.

atomic-projected DOS (arb. units)

Energy eV}
Figure 3. Armic-projected DOS of Pd d-states (red thin bpes) and
C'0 (dotted black lmes) in the (a) COPd, Any(14.8,8) and (o) COPd,-
Anee(12.8) chaster madels, together with the stomic-projected density
of d-stares of Pd (bold black lines) in the comaspondme clean PdAn-
(111 and PdAn(100) surfaces. Zaro energy is at the Fenmd level

The atomuc-projected DOS for the CO0/Pdafngg(14,3,8) and
the COPdalns(12,9) cluster medels, at the BPREASVE level,
arz depieted in Figure 3. In both the COPAAR(111) and COV
Pdawn(100) systems we have foumd that Pd d-states are strongly
distwrbed by CO (see Figure 3 a,b). Basides, a relevant shift to
lower energies and deplation of the 5o along with a broadening
of the 2a* peak are clearly wisible, m accordance with the
common denation and back-denation picture. The plots in Figure
3a are mn Ime with the mechanizsm of CO—PdAui111) mteraction
proposed by penodie caleulations

But, as shown by several expermmental and thecretical
studies *63761,62 the Blyholder modsa] has some deficiencies and
lacks some Important subdletias that would be taken info accownt.

The resonant features at —9.4 and —6.8 V' and in the region
between —6.0 eV and the Ferm level in Figure 3 suggest that
not only the HOMO and LUMO are involved m the PA—C0

chemical bond and that other miner contributions are given by
the 4o and the lz ©0 meolecular orbitals alemz with the
formation of new orbital states below the Farnm level (d, and
dx bands).

Polarization of the C0—o svstem has been observad that can
be mierpreted as due to 2 Pauh repulsion between the CO—o
system and the Pd states as already suzgested for Wi and Cu
clean metal surfaces 3% hore datails on the atomue C and
O conhibutions to the adsorbed CO states are provided as
Supporting Informnation. On the other hand, the mteraction
between the CO—m system and the 4d Pd states 13 more
complicated and spans three diffarent enerzy ranges according
to the position of bonding, nosbending, and antibonding states.
A detaled desenption of these comtributions to the substate—
adsorbate bond can be found as Supperting Information.

For the Pd monomer ensemble mn the PdAu{l1l) and
PdAn(100) surface alloys, the same chemisorption mechamizm
has been singlad out as it 15 daducible from the companson of
COPdzAns(14 8 8) and COPd:Aus{12 %) systems m Fizwe
3. The different CO binding energies obtained for these two
cluster models (2000 and 26.2 keal'mel at the BPEG/SVE lavel,
razpectively) can be explamed by lockmg at the diffsrent
contizbutions of the Pd d-ovbitals to the 4o, 5o, and 17 bonding
orbitals, mdicating 2 more efficient chemizorption process for
the PdAn{100) system.

The same mfoomation on the chemiseaption bond, mainly
charactenized by orbital overlaps of o character and relatively
small & contributions, has besn obtained by amalysis on the
larzest cluster models used for both the PdAw(111) and Pdiu-
(100} swface alloys.

3.4. Exchange— Correlation Functional and Bazis-Set Ef-
fects. In order to set up swizble guantum-mechanical models
for the study of CO adsorption on Pdiu bimetallic swfaces,
we have studied the nfluence of the exchange—corelation
functional on the electrome properties of PdAn cluster modals
and the calenlated chemiszorption properties. For this puposs
we have smployed the hybnd B3LTP fimetionzl. In addition,
we have improved the deseription of the OO electrons by using
the TZWVP basis set for both BPB6 and BALYP computations.

When local relaxation effects are studied at the BILYT level,
almost the same results with respect to BPES caleulations ave
obtained, Indeed Pd—Au distances are equal to 2.832 and 2,854
A for the PAARC100) and (111} surfaces, respectively. Morsovar,
nearly the zame deseription of the Pd—Au bond 1z obtamed, as
showed in Figure 4, with the exception of a rigid downshift of
both Fd and Au d-bands of 0.7—0.3 &V compared to the BPE6

rasulis.
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PdAu(111) PudAu (100)
& f -4 -2 o] F
]
5
z
B
% (d)
5 s 4 2 [ 2 a8 Ja- ¥ 2 . 0 2

Energy (V)
Figure 4. B3ILYP atomic-projecred densiny of d-smates of Pd monomers (3, ¢} and adiacent An stomes (b, d), calouwlated for PdAn(111) (2, b) and
BdAn(100} (o, d) surface alloys. The largest Pd:An{30, 21 13) and PdsAuss(24,21,12) chister modals (bold black lines) are comparad with selacted
P Ans(14.8,3) and PdyAn (12,90 smosller chusters (dotted black lines). Zero energy is at the Fermu level.

TAELE 3: BP3G/'SVP, BPEGTZVE, BALYF/'SVFE, and BALYF/TZVF Re:ult: for Adserption of One €0 Molecule on

Pd,An (12 %) and Pd, A (148 8) Cluster Aodelz=

xc fupctional basisser BE kealmol o(Pd—C) A o@d- O, ad' &C-0) A

=T~ 0), e AC—0) A e{C—0)" cm’

P An(12.8)

BP36 WP 26.2 1916 410 L1155 20569 1.142 2152

BRE6 TIVE 4.7 1915 401 1151 2077 1.138 2123

BiLYP WP 17.6 1.944 373 1141 2069 1.130 2242

BiLYP TZVR 159 1056 355 1136 2079 1.127 116

expe 2080— 2104+ 1128 2170
P, Aus(14.5,5)

BPE6 WP 0.0 1.931 385 1153 2073

BPE6 TIVE 185 1.038 370 L1142 20B5

BiLYP WP 13.7 1.952 362 1139 2078

BiLYP TZVP 12.0 1.947 H 1135 2000

expes’ 18.2—20.5 3TV 2086— 2089, 20887 20807

theory® 15.6—270 20432056

= Breding energies (BE) are BSSE-comectad. © Valies for the free OO molecule m the gas phase. @ Raferapce 5. 4 Reference §5. * Raferance 25,

fPeference 37, ¢ Reference 33

Thes difference 13 exclusively due to the different evaluation
of the exchange in these two xe functionals and has no effect
on the deseription of the Pd—Au bonds i the surface alloys.
Furthermors, by use of both pure and hybnd xe functionals,
the electrome confimmations and natiral charges of the mvalved
atoms in the stedied cluster models suggest the same picture
for the heterometallic bond; that 15, a small amount (0.20—0.23
electron/atom) of Au-to-Pd charge transfer and a small gam of
d electrons for Pd atoms m line with other theovetical™ and
experimental™ works.

Due to the increased computational cest of using a larger
basis sat and a hybnd exchange—comelation fimefional| the study
of the chemmsorption properties has been performed only for
the mimimal relizble chusters chosen according fo the results of
the BE conveigence studies for both the low-mdex swface
alloys. Therefore, we have chozen the COPdAn5(12.9) and
COPdiAugg(14.8.8) cluster models for the PdAn(l111) and
PdAn(100) surface alloys, respectivaly. The results for this study
are collected m Table 3.

The cholcs of a tiple-{ quality basis set has an mfluence of
only 1.5 keal'mol on BP36 binding energres and shghtly affacts
the gecmetical parametsrs. Calenlated PFd—CO0 and C-0
stretching fequencies are properly shufted, becoming very close
to the expenimental available data.

Using the hybnd BALYP functional, we have found an overzll
underastimation of the bindmgz energies with respect to the
experimental data, whereas a small mmprevement of the caleu-
lated vibrational frequencies, with respact to tha BP3S results,
has baen found.

Tha differances between the bindmg enerzies of OO0 adsorbed
on top of 2 Pd monomer surounded by geld atoms, using thase
toro diffarent axchange— comelation functionals, are mainly due
to the diffarently caleulated HOMO and LUMO of the CO
molecule. In fact, the HOMO and LUMO gaps are smaller m
BP26 than in BILYP, and the HOMOD and LUMO are closer
to the Fermm energy (see Figure 5 ab). Hence, following the
Blyholder model, the use of the pure xe functional will faver
more donzation from the 5o orbutal to metal d-states and back-
donation from them to the 2x* orbital, since the mteraction
sirength between two states 1s mversely proportional to themr
energy separation.

The atomic-projected DOS for the COF—PdaAmgae(12,9)
noninteractmg system (where CO* mdicates that the CO
molecule is located at 4 A shove the substrate) (Figuwe 3 ab)
and the COPdzAum(12.5) adsoabate/cluster model (Figure 5
c.d) ave compared in Figure 5, for both BPE&'SVE and BILYFE/
SVP levels of theory.
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Energy (%)

Figure 5 Aromic-projected DO of Pd (bold lines) and OO (domed les) in the OO0+ PdAnd100) noninteractng svstem (2, b) and the COFdAn-
(100) chemizorbed svstem (¢, d). ©O* indicates the OO molecule locared 4 A sbove the Pd monomer in the PdAu(100) surface. Caloulations have
been perfonued with PdaAne(12,9) clnster models ar the BILYPSVP (3, ©) and the BRRSSVE (b, d) levels of theory. Zero ensrgy is ar the Famui

Level

In the nominteracting OO —PdaAws{12,9) system, the ensrgy
separation between the 4o, Jo, and 1x CO meolecular orbitals
and the mam peak of the Pd 4d-band 15 strongly dependent on
the xc fimetional employed as well as on the position of the
antibonding 2x* state above the Fermu lewvel

Although the overall chemmsorption mechanism obtained with
the pure xc functional is maintamed the addition of exact
exchange seems to lead to a less efficient chemisorption process
with a resultmz decvease of the Pd—C0 binding enerzies. A
possible explanation of this behavior 15 given as Supporting
Information

The mfluence of the basis sat on the theoretical results at
B3LYP level is, m general, sirmlar to what has been foumd with
the BPE6 fimetional. That 15, bmding snergies slightly decrease
for both swface alloy medels, and C—0 and Pd—C0 vibrational
frequencies come closer to the experimental values (Table 3).

In summeary, the wse of a move extended basis set is nacessary
only for an accurate caleulation of the vibeational frequencias
but 15 not stnetly required for the prediction of chemmsorption
binding energy trends if the BSSE corrections are meloded.
Moreover, both standard and extended basis sets grve the same
qualitative description of the chemmsorption mechanizm, what-
ever xc functional is used. The admuxture of the exact exchange
mto the xe Smetional does not have a remarkable influence on
the characterization of the heterometallic bond within Pdin
swfaca alloys. The chemisorption binding ansrgies, mstead, are
strongly dependent on the xc fimetionzal nsad, with the BPES
results better matching the experimental data.

4. Conclusions

In tlus work we have studied the adsorption proparties of
CO on the PdAu{111) and PdAw(100) swface alloys by the DF
cluster model approach. In particular, choster models have besn
bkt up to reprasent second-neighbor Pd pair ensembles on both
the exposed surfaces.

The local relaxation effects in the active sites have been
studied by use of suitably large clusters with sizes of around

60 metal atoms, in order to obtain the more realistic models
for the chenmzorption study of OO molecules.

Investgation of the chemucal properties of the heterometallic
bond in the PdAu smface allovs, using these very large clusters,
has shown that the Pd—Au bond 15 stronger than the An—~An
bond and has a slightly tonie character, i line with previous
ohservations,

The energetic and vibrational properties of the CO melacule
adsorbed on the PdAu(111) and PdAw(100) surface alloys have
been successfilly compared with the available theorstical and
experimental data. The convergence study of the chenusciption
bindmz energes has showed good reliability of the medels with
meadium cluster size for the caleulation of CO chemusorption
properties. That has allowed us to study the influence of the
exchanze—correlation fimetionzl and the basis-zet quality on
the theectretical results with a2 reasenzble computational cost.

The chenusorption mechamzm of CO on top of a Pd meonomer
smrounded by gold atoms has been analyzed by an atom-
projected description of the surface chemical bond providing
an accurate pichie.

The success of the adopted strategy demonstates that the
cluster model approach can be fruitfully emploved for the
chemisorption study of small molecules on relatively simple
crifical ensembles of bimetallic swfaces, such as second-
neighbor Pd pairs on palladimm—zold catalysts,
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Figure S1. Full orbital character of the Pd-CO orbitals.
Chemisorption mechanism of CO on PdAu(100) surface: CO-g and CO-n system.
Figure S2. Metal contribution to the Pd-CO orbitals as a function of the xe-functional.

Influence of the exact exchange on the Pd-CO interaction strength.
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atomic-projected DOS (arb. units)

Figure S1. The atomic-projected DOS of C atom (red line), O atom (black line) and Pd (dotted line) in
the CO/Pd>Aui0(12,9) cluster model caleulated at BP86/SVP level. The insets display the full orbital
character (contour factor 0.03) of the 4o, 50 and 1w and 2 peaks (top panel) and of the low intense dy

and dg bands (bottom panel). The zero of energy is at the Fermi level.

[ 3]
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Chemisorption mechanism of CO on PdAu(100) surface.

CO-o system: Looking at the molecular orbitals of the CO/PdyAu9(12,9) cluster model depicted in

Figure S1 one can observe that the 56 CO HOMO hybridizes with the d . states and remarkably shifts

to lower energies (-7.21 ¢V) even below the orbital states with 1w character. Due to the symmetry, this is
the major orbital interaction for a-top site adsorption of CO molecule on metals. Upon adsorption, the
5o orbital, which is strongly polarized to the carbon in the free molecule, moves towards the oxygen
atom showing an important redistribution. Similarly, but in the opposite direction, a remarkable
polarization of the 4o towards the carbon atom is present in the CO/PdyAuyg system although the

interaction of the d_,states with the 4o molecular orbital (at -9.37 V) is characterized by weaker

hybridization compared to the 5o case. Since almost fully occupied states interact., the polarization
between the CO-g system can be interpreted as due to a Pauli repulsion between the CO-o system and
the Pd states. Additional o-states with low intensity have been found between 5o and the Fermi level
that are strongly located on the metal and have only weak contributions on the adsorbate and are denoted
as dg band. In the orbital plots within the Figure S1 the full orbital character is depicted for a dy state
located at 1.17 eV below the Fermi level revealing the antibonding nature between the metal and carbon

atoms.

CO-m system: The interaction between CO-n system and the 44 Pd states is more complicated and
spans three different energy ranges. An almost perturbed 1m orbital is located at low energies (around -
6.8 eV) shifted down, by some tenths of eV, with respect to the free molecule by a weak hybridization
with the dy, and the dy; states. The polarization of 1m orbital towards the carbon atom (by 2
contribution) upon CO adsorption has not been observed but in the medium energy range, between -6.0
and the Fermi level, hybrid states of the unperturbed 17 and 21 orbitals exist. Since these states are
largely derived from the Pd d-band they are named d; band. This band is essentially constituted by
nonbonding oxygen lone pair orbitals as exemplified in Figure S1 in the orbital plot of the state located
at -3.00 eV. Since the partial occupation of the 27 orbital increases with the coordination and decreases
with d-band filling the intensity of the dy band is reasonably low in the examined case. Finally, in the

. . . * * . . ..
range of 2-4 eV above the Fermi level the antibonding 27 -dyz and 27 -dx; hybrid orbitals are visible.
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atomic-projected DOS (arb. units)

Energy (V)

Figure S2. The atomic-projected DOS of Pd atom in the CO/PdyAu9(12.9) cluster model calculated
at BPEG/SVP level (black line) and at B3ILYP/SVP level (red line). The contribution of the metal to the

newly formed Pd-4c, Pd-5c, Pd-1r and Pd-2n"orbitals is strongly dependent on the xe-functional.
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Influence of the exact exchange on the Pd-CO interaction strength.

Even if the general downshift of the CO molecular orbitals upon the adsorption is almost identical in
both BP86/SVP and B3LYP/SVP calculations. showing that the adsorbed CO molecule get similar
chemical properties, the chemisorption bond formation is much more favored at BP86 than at BILYP
level. Looking at the overlapping of the CO orbitals with the broadened 4d-band of the Pd atom in
Figures S2, it is evident how the contribution of the metal to the newly formed Pd-4o, Pd-5¢ and Pd-1n
orbitals halves when exact exchange is added. This is an indication of a weaker interaction strength
between the Pd monomer and the adsorbate which is further emphasized by a less efficient back-
donation process due to the position of the empty 2x° CO orbital. As expected, employing the hybrid
functional, the 27" orbital at B3LYP/SVP lics more than 1 ¢V above the calculated 21 at BP86/SVP
level in the non-interacting system. making the occupation of this empty orbital more difficult. This is
corroborated by the less intense broadening of the 27" states (below the Fermi level) and the less metal

contribution to the Pd-27"orbitals (above the Fermi level) in the interacting system (Figure S2).
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Abstract: The adsorption properties on PdAu surface alloys of ethylene and acetic acid
molecules along with their derived vinyl and acetate surface species have been investigated by
density functional theory calculations. Large clusters have been used to model second-neighbor
Pd monomer pair ensembles on PdAu(100) and PdAu(111) surface alloys. Ethylene and acetic
acid are weakly bonded to the Pd monomers, while vinyl and acetate are strongly bonded to
both Pd and Au atoms being very stable surface species. The ligand effect of the gold atoms
surrounding the Pd monomers has been shown to be stronger in the more dense PdAu(111)
surface alloy. Cluster model results are in good agreement with experimental evidence providing
important insight on the adsorption bonding modes, the assignment of the infrared features,

and the preferred adsorption sites.

1. Introduction

Bimetallic systems constitute a broad class of selective
catalysts that attempt to exploit and combine the different
chemical properties of various metals toward a given
chemical reaction.' ™ Among the several binary systems that
are often used in basic and applied research, PdAu provides
an example of a rather versatile catalytic system. Mixtures
of Pd and Au are frequently used as catalysts for a number
of reactions (e.g., CO oxidation, cyclotrimerization of
acetylene, synthesis of vinyl acetate monomer, selective
oxidation of alcohols to aldehydes)® ® and applications
including hydrogen fuel cells and pollution control.*'® It has
been shown that the addition of Au to Pd significantly
enhances the catalytic activity, selectivity, and stability of
Pd-bazed catalysts; therefore, Pd—Au surface alloys have
been the subject of many investigations.5 ™!~ 1¥

One of the major uses of gold/palladium catalysis is for
vinyl acetate monomer (VAM) production. Indeed, the
synthesis of vinyl acetate monomer from ethylene, acetic
acid, and oxygen is catalyzed by both supported palladium

*#To whom correspondence should be addressed. E-mail:
siciliae @unical.it.

and palladium—gold alloys, but alloying with gold leads to
a substantial increase in selectivity.' Although this process
is a mature industrial reaction, the nature of the key reaction
intermediates and mechanism as well as the promotional role
of Au are still unresolved questions. Two different surface
reaction mechanisms, both invoking coupling of acetate and
ethylenic species as the rate-limiting step, have been proposed
for VAM synthesis. The one proposed by Samanos et al.
involves the coupling of ethylene with adsorbed acetate to
form. as intermediate, ethyl acetate that undergoes F-hydride
elimination to form VAM (Samanos-type 1113(‘]1("111ism}.3D
Alternatively, as suggested by both Moiseev?!*? and Naka-
mura and Yasui,> ethylene could adsorb and subsequently
dehydrogenate to form a vinyl species that couples with the
coadsorbed acetate to give VAM directly (Moiseev-type
mechanism). Although support to the pathway proposed by
Samanos et al. comes from the experimental results by Tysoe
et al. on Pd(111) surface,” the reaction mechanism for VAM
synthesis remains essentially uncertain.

Goodman and co-workers? recently demonstrated that the
critical ensemble for ¥ AM formation on a PdAu(100) surface
alloy is a pair of noncontiguous, suitably spaced., Pd
monomers. They have also used ultra-high-vacuum (UHV)

10.1021/ct9000137 CCC: $40.75 @ 2009 American Chemical Society
Published on Web 04/20¢2009
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scanning tunnelling microscopy (STM) to image the Pd
monomer pairs on AuPd(100) bulk alloy surface and
presented a method for increasing the concentration of these
active sites.”

The formation of isolated Pd monomer sites influences
the properties of adsorbed reagents (ethylene, acetic acid,
and their derived surface species) as well. Indeed, temperature-
programmed desorption (TPD) experiments have shown that
ethylene binds significantly less strongly to a Pd monomer
compared to a site containing contiguous Pd atoms.?”* On
contiguous Pd sites a di-o-bonded ethylene species and an
ethylidyne species have been observed,”® which decompose
leading to the formation of carbon, while on Pd monomers
surrounded by gold atoms a m-ethylene surface species has
been observed. %2 The addition of Au inhibits the
decomposition of ethylene, consequently forming less carbon
and extending the activity of the catalyst.>® The same effect
of gold addition to Pd surfaces has been demonstrated for
the acetic acid and acetate decompositions.mjl High-
resolution electron energy loss spectroscopy (HREELS)
experiments™" have shown the presence of a bidentate
acetate species on isolated and contiguous Pd sites on
PdAu(111) surfaces at high temperatures (350 K). By use
of reflection—absorption infrared spectroscopy (RAIRS),™
intact acetic acid molecules that form catemers have been
detected for Au-rich PdAu(l11) surface, whereas both
bidentate and monodentate acetate species have been ob-
served on surface alloys containing small mole fractions of
gold. Recently, the effect on the adsorption of reactants (in
VAM synthesis) has been demonstrated to be an important
factor in determining the structure sensitivity of PdAu surface
alloys.™

Since accurate knowledge of the binding sites and of the
orientation of the molecules adsorbed on surfaces is an
important component of any effort to describe heteroge-
neously catalyzed reactions with mechanistic detail, here we
present the outcome of a density functional cluster model
study of the adsorption properties of ethylene, vinyl, acetic
acid, and acetate species on the PdAu(111) and PdAu(100)
surface alloys. Ethylene and acetic acid (along with molecular
oxygen) are the starting reagents in the VAM synthesis and
the species that deposit from the gas phase on the catalyst
surface. Their derived species, acetate and vinyl, are the most
relevant surface species if both Samanos-type and Moiseev-
type mechanizsms are considered viable on PdAu surfaces.

The focus of the present paper is on the local features of
the interaction between adsorbed molecules and PdAu surface
alloys. Consequently, we adopted for our investigation the
cluster model approach as more suitable, with respect to
alternative slab models, to capture the essential features of
the chemisorption bond and to predict local properties such
as adsorption geometries and vibrational frequencies at low
coverages. In particular, cluster models have been built up
to represent the second-neighbor Pd pair ensembles on both
surfaces given that these are the critical ensembles in the
synthesis of vinyl-acetate monomer catalyzed by PdAu alloys
and supposed to be crucial for the different catalytic activities
of PdAu(100) and PdAu(111) surfaces.

J. Chem. Theory Comput, Vol 5, Ne. 5, 2009 1351

Results have been compared with previous periodic slab
supercell calculations for the PAAu(001) surface™ and also
with helpful information concerning the adsorption properties
of acetic acid-derived species and ethylene on Au/Pd(111)
alloys as a function of temperature and alloy composition
comprised in a recent series of systematic experimental
studies carried out by Tysoe's g;roup,] 128,31

2. Methodology and Computational Details

In order to model the second-neighbor Pd pair ensembles
on PdAu(100) and PdAu(111) surfaces we have built up
cluster models of large size having 57 and 64 metal atoms,
respectively, in order to prevent any indirect insaturation
effect for the surface atoms directly involved in the
adsorbate—surface bonds. A schematic representation of the
PdzAu, clusters used in this work is reported in Figure 1.

Since these models have been successfully adopted for
the study of CO adsorption on the PdAu surface alloys, a
more detailed description of the PdyAuss(24,21,12) and
PdzAug(30,21,13) cluster models used here along with the
cluster size dependence of the chemisorption properties can
be found elsewhere.™ The employed clusters are three-layer
models centered in the active site that contains two noncon-
tignous Pd atoms and two Au atoms bonded to both of them.
The atomic positions of the clusters have been assigned,
initially, as in bulk gold, with the experimental lattice
parameter of 4.08 A. For the adsorption studies, the positions
of the molecules, adsorbed on these cluster models, have
been fully relaxed without symmetry constraints. Cluster
atoms involved in the adsorption bonds and their first
neighbors in the first and second layers have been also
relaxed. The calculations have been performed with the
Turbomole package™ at the DF level, by use of the BP86
functional®*® within the resolution of the identity ap-
proximation for computing the electronic Coulomb interac-
tion (RI-J).3*#° The Stuttgart effective core potential®! has
been used to model the scalar relativistic effects replacing
the 28 and 60 core electrons of palladium and gold atoms,
respectively. The valence electrons of metal atoms, 18 for
Pd and 19 for Au, and all electrons for C, O, and H atoms
have been explicitly considered by use of the Turbomole’s
TZVP basis set*? along with the corresponding TZVP
auxiliary basis set.*” The electronic ground states of bare
PdAu clusters and adsorbate/cluster models (including ionic
adsorbates) have been checked by studying different spin
multiplicities. The lowest energy states have always shown
the smallest multiplicity values (i.e., singlet or doublet states).
The total energies calculated after geometry optimization
have been corrected for basis set superposition error (BSSE)
by use of Boys—Bernardi counterpoise caleulations™ for all
adsorbate/cluster models. Thiz correction is less than 4.0 kcal/
mol per bond for the strong chemisorption of acetate radical
and vinyl species on the cluster models, whereas is around
1.0—1.3 keal/mol for the weak adsorption of ethylene and
acetic acid molecules. Az expected, for the absorption of
charged species, i.e., CHyCOO anion, the correction is larger
up to ~7—8 kcal/mol. All the vibrational frequencies reported
in this work have been corrected by use of the scaling factor
(1.004) suggested for the BP86 functional in combination



1352 1. Chem. Theory Comput., Vol. 5, No. 5, 2009
PdAu (100)

Pd,Au(24,21,12)
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Pddu(111)

Au frozen

Pd,Au,(30,21,13)

Figure 1. Schematic representation of the PdyAu, clusters used in this work to model the second-neighbor Pd pair ensemble
on the PdAu(100) and PdAu(111) surface alloys. Frozen Au atoms are shown as spots, while Pd and Au atoms in the first and
second layer that are allowed to relax are depicted as spheres. Four-fold and three-fold (hep) hollow sites associated with the
relaxed atoms in the first layer are evidenced by planes (in red). Unit cells of the Au(100) and Au(111) pure surfaces are depicted

inred.

with the TZVP basis set.™ The atom-projected density of
states (DOS) has been calculated (as implemented in Tur-
bomole) by broadening the discrete energy levels of each
cluster model with Gaussians having a width of 0.003 au
and superimposing them.

3. Results and Discussion

3.1. Adsorption of Ethylene. Experimental studies by
both Goodman's*>* and Tysoe's®™® groups have demon-
strated that on gold—palladium alloys at low palladium
coverages only m-bonded adsorbed ethylene on isolated Pd
atoms, completely surrounded by gold, is present as surface
species.

In accordance with this experimental evidence, the DF
cluster model calculations performed in this study have
shown that there are no stable adsorption states for a di-o-
bonded ethylene on second-neighbor Pd monomer pairs.
Indeed. despite the numerous attempts to find on both
PdAu(100) and PdAu(111) surface alloys a stable adsorption
geometry having Pd—C and Au—C o bonds, the ethylene
molecule always moves to an atop configuration (7-bonded-
type) on a Pd atom completely surrounded by gold.

The energetic, structural, and vibrational properties cal-
culated for the m-bonded ethylene molecule adsorbed on top
of Pd monomer are reported in Table 1 for both PdAu(100)
and PdAu(111) palladinm—gold surface alloys.

For the PdAu(100) surface, the calculated binding energy
(BE) of ethylene is 13.0 keal/mol, in geod agreement with
the values obtained by use of a plane-wave-based method®
for isolated Pd monomers (12.9 kcal/mol) and second-
neighbor Pd monomer pairs (15.2 kcal/mol). The geometry

Table 1. BSSE-Corrected Binding Energies (BE, in
kealfmol), Equilibrium Bond Distances (d, in Angstroms),
Angles (in degrees), and Scaled Vibrational Frequencies
(in em™) of the x-Bonded Ethylene Molecule on the
Pd:Auss(24,21,12) and PdzAug:(30,21,13) Cluster Models®

Pdaui100) PdAu(i11)
BE 13.0 55
dC—C) 1.383 1.374
dPd-C) 2,299 2,383
#(CCH) 1206 121.1
i 84 X
W(C—H) 3184 (w) 3178 (w)
3158 (w) 3152 (w)
3083 (w) 3083 (w)
3080 (w) 3076 (w)
W(C—C) + 8(CHy) 1530 (w) 1607 (w)
1422 (w) 1430 (w)
1276 (w) 1336 (w)
1203 (w) 1206 (w)
@(CHa) 958 (w) 1005 (w)
922 (s) 938 fvs)
800 (s) 925 (s)
818 (w) 811 (W)
v(Pd—C) 175 (w) 158 (w)

= The &y angle indicates the tilting angle between the ethylene
molecular plane and the surface plane. » stretching; & in-plane
bending, scissoring and rocking; o out of plane bending, twisting
and wagging. (ve) very strong; (g) strong; (w) weak.

of the adsorbed ethylene molecule with the C—C bond along
the [011] axis of the PdAu(100) surface is energetically
preferred by only 0.7 kcal/mol with respect to that along
the [010] axis, analogously to what has been obtained with
the periodic slab supercell approach.™

Since the experimental BE of the 7-bonded ethylene on
the Pdi100) clean surface is ~19 keal/mol*® and this value
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1] 2 4

Energy (eV)

Figure 2. Atom-projected DOS of ethylene melecule (black lines) and Pd d states (dotted black lines) in the C:Hy/PdaAuss (a)
and CzHy/PdzAug: (b) systems. The insets display the full orbital character (contour factor 0.03) of the o3, oy, and o5 peaks (left)
and 7, =%, and d.-—=" bands (right) of the CoHy/PdaAug: cluster model. The zero of energy indicates the highest occupied

malecular orbital.

significantly decreases by gold addition due to the ligand
effect, the interaction of the 7-bonded ethylene with Pd
monomers finally is in the energy regime of the chemizorp-
tion/physisorption limit.

Unsurprisingly, this effect has been also observed for the
adsorption of C,H, on the PdAu(111) surface. The BE value
for this adsorption, calculated with the cluster model used
in this study, is 5.5 keal/'mol and is just a little lower than
the calculated BEs for the Pdi111) surface, which are in the
range of 6.4—7.2 keal/mol.**™*" These results are in line with
the obszervations made in the TPD experiments on PdAu(111)
surface alloy,”® which indicated that the heat of adsorption
of ethylene decreases monotonically as the gold coverage
increases. On the other hand, a desorption activation energy
of 13.6—14.8 kcal/mol has been estimated experimentally™®
for the ethylene adsorption on PdAu(111) with medium—high
gold coverage (between ~0.5 and ~0.7). The computed BE
is, therefore, underestimated by about 7—9 kcal/mol with
respect to the experimental value. However, it is worth
underlining that this discrepancy, beside the DFT limits in
the description of such long-range interactions, can be due
to the uncertainty associated with the experimental estimation
of the heat of adsorption. Indeed, peak broadness, in the TPD
spectra, is observed for the ethylene adsorption on PdAu(111)
surface at gold coverage higher than 0.73 ML. Furthermore,
the stronger interaction between ethylene and the PdAu(100)
surface with respect to the PdAu(111) surface is in line with
the behavior observed for the adsorption of other organic
molecules (such as CO*3*® and other adsorbed species
studied here) on these two surfaces alloys.

The different adsorption orientations for the m-bonded
ethylene onthe PdAu(111) surface (i.e., with the carbon—carbon
axis along the 010, 101, and 21 1directions) explored in this

study have practically shown the same energetics, proving
to be adsorption degenerate states.

The main infrared features of r-bonded ethylene have been
detected in the range between 900 and 960 cm™ by both
RAIRS™ and HREELS®>* experiments and assigned to the
CH; wagging modes. In the same spectral region we found
the most intense infrared vibrations that just correspond to
the in-phase wagging vibrational mode, where in phase
indicates the simultaneous wagging of the two CHy groups
out of the molecular plane. In particular, in the case of the
PdAu(111) surface alloys the main infrared feature (with the
highest peak intensity, see Table 1) is calculated to lie at
938 cm™!. This value is in excellent agreement with the main
experimental feature detected at 931 cm™ by RAIRS? for
the -bonded ethylene adsorbed on a PdAu(111) surface with
a 0.73 ML gold coverage and annealed to 120 K {to prevent
the interference of ethylene molecules adsorbed on Au
atoms).

Further remarks regarding the analysis of the s-bonded
ethylene vibrational spectra will be given in the next
paragraph for a comparison with the calculated vibrational
properties of the surface vinyl species.

The fundamental features of ethylene m-bonded adsorption
on the Pd noncontiguous pairs can be described in the
framework of the classic Dewar— Chatt—Duncanson model
of orbital interactions. ™™ The filled bonding 7 orbital of
ethylene transfers charge to the empty metal d states at the
surface, while the occupied metal d band back-donates
electron density into the ethylene antibonding m* orbital. This
model is confirmed by our calculations, in agreement with
the periodic slab supercell-projected DOS,* as shown by
the atom-projected DOS for the CaHy/PdzAuss and the CiHy/
Pd;Aug, cluster models depicted in Figure 2a and 2b.
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In the noninteracting system (where the ethylene molecule
is located 4 A above the substrate) the highest occupied
molecular orbital (HOMO) of ethylene and the lowest
unoccupied molecular orbital (LUMO) lie at —1.2 and 3.9
eV, respectively. In the equilibrium structure of adsorbed
ethylene on PdAu clusters, a relevant depletion of the
m-orbital peak of ethylene (HOMO) can be observed at —4.0
eV along with a broadening of the * peak (LUMO) into a
wide energy range. in accordance with the common donation
and back-donation picture (see Figure 2). In general, small
bonding and antibonding overlaps between Pd d bands and
o and i states of ethylene have been detected. in line with
a Dewar—Chatt— Duncanson description of a weak chemical
interaction. The main contribution to the adsorption bond
comes from the coupling of the HOMO of ethylene with
the empty dz orbital of the Pd monomer.

As confirmed by the orbital plot at —=2.0 eV (dz—m*),
some orbital states with * character appear to be occupied,
but the feeble overlapping with the metal d states indicates
a back-donation mechanizm with a limited charge transfer.

According to this description of the Pd—ethylene interac-
tion, a very small elongation of the C—C bond by 0.05 and
0.04 A with respect to the gas-phase ethylene (1.333 A) has
been observed (see Table 1) on the PdAu(100) and PdAu(111)
surfaces, respectively. The calculated Pd—C distances {about
23-24 A) and the planar and tilt angles (8 and ¢,
respectively), whose values confirm a negligible distortion
of the sp® hybridization of the C atoms, confirm the weak
chemical interaction between ethylene and Pd atoms in the
gold-rich PdAu surface alloys.

3.2, Adsorption of Vinyl. According to the Moiseev-type
mechanism?' ™ the vinyl acetate formation involves a
surface vinyl species that couples with the coadsorbed
acetate. This radical species is a surface intermediate of the
dehydrogenation reaction of an adsorbed ethylene molecule.
However, it has been generally observed that ethylene
decomposition leads to the formation of the stable surface
intermediate ethylidyne on the close-packed fec (111) and
hep (0001) metal surfaces,”"? while adsorbed vinylic (vinyl
or vinylidene) species seem to be more favorable intermedi-
ates only on the more open fece (100) surfaces.®' ™ On the
other hand, the density functional study of the ethylene
dehydrogenation pathways over Pd(111)°° has strongly
suggested that the surface vinyl species is even formed on
this closed packed surface, but it is unlikely to be detected
spectroscopically because it quickly reacts along other surface
reaction paths {e.g., rehydrogenation of ethylene or ethyli-
dyne formation™®). These theoretical results are corroborated
by low-energy electron diffraction (LEED) analysis of
ethylene decomposition over PA(111) at low temperature,ﬂ
which suggests the presence of ~15% of tilted species in
the surface layer having the same geometry of a di-a (y'5%)
vinyl surface species.

The surface vinyl species formation from adsorbed eth-
ylene, instead, seems to be inhibited over PdAu(001) surface
alloys due to the high activation barrier of this elementary
step, as recently suggested by slab supercell calculations.*
It is worthwhile underlining that surface oxygen and hydroxyl
groups should be present in the reaction conditions of VAM
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synthesis>” leading to water formation. Since surface oxygen
atoms promote the [-hydrogen elimination from ethyl
acetate-like species (in the Samancs-type mechanizm),
lowering the activation barrier,™ these surface species should
also facilitate the formation of surface vinyl species by
hydrogen abstraction from ethylene (in the Moiseev-type
mechanism). Therefore, the theoretical predictions on the
adsorption properties of vinyl radical on PdAu surface alloys
are not meaningless and have been carefully carried out in
this study in order to be possibly compared with future
experimental studies.

On the clean Pd(111) surface the vinyl species prefers to
adsorb with an »'y*(C.C) fashion, showing an approximate
sp” hybridization at each C atom with a BE of 56—61 kcal/
mol, whereas the p'-atop adsorption mode (sp’) is less
favorable by about 10 kcal/mol, as indicated by both periodic
slab and cluster model calculations.™ All attempts to find
local minima related to the n's? adsorption mode of vinyl
on the cluster models of PdAu(100) and PdAu(111) surfaces
have been unsuccessful, indicating that the absence of
contiguous Pd monomers determines the destabilization of
such an p'y? (C,C) adsorption.

The most stable adsorption mode of vinyl on second-
neighbor Pd monomer pairs is the o-bonded '-vinyl on top
of Pd monomer (denoted as #'-Pd) with the vinyl molecule
vertically adsorbed. The full geometry optimizations starting
from the #%'-bridge and #'-hollow adsorption modes relax to
the #'-atop one. Besides, a stable 5'-vinyl species adsorbed
on top of the Au atom (denoted as #'-Au) has been obtained
on both the PdAu(100) and PdAu(111) surfaces having an
adsorption energy 10—11 keal/mol lower than the '-Pd vinyl
species.

The vinyl radical adsorption properties on the Pd mono-
mers and the Au atoms of both PdyAuss and PdsAug cluster
models in the stable 1'-atop configurations are listed in Table
2.

For the 5'-atop adsorption mode, all the orientations of
the C—C axis with respect to the surface directions have
shown the same adsorption energy. The BEs for the »'-Pd
vinyl on PdAu(100) and PdAu(111) surfaces alloys are 44.1
and 41.4 kecal/mol, respectively. These values are slightly
lower than the calculated value of 49.5 kcal/mol for the same
adsorption mode on the Pd(111) clean surface.™ Therefore,
even if the ligand effect of gold weakens the interaction
between the Pd atom and the adsorbed vinyl, this radical
species remains strongly bonded to the surface alloys. The
C—C bond distance in the adzorbed vinyl species is, in fact,
elongated with respect to the gas-phase vinyl molecule (1.309
A), becoming similar to that of the gas-phase ethylene (1.333
A). The sp? hybridization of both the C atoms in the surface
vinyl species is also revealed by the #{PdCC) angle, whose
values (around 1277) are close to the 1207 of ethylene. The
small values of the tilting angle ¢y, (between 2% and 77)
confirm the planarity of the Pd—vinyl system, which always
is perpendicular to the surface plane.

Due to the loss of symmetry by the presence of the Pd—C
bond instead of the H—C bond and to the different adsorption
modes of the ethylene and vinyl surface species, the
calculated vibrational spectra for the y'-vinyl adsorbed
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Table 2. BSSE-Corrected Binding Energies (BE, in
keal/mal), Equilibrium Bond Distances (d, in Angstroms),
Angles (8 and ¢, in degrees), and Scaled Vibrational
Frequencies (in crm™") of the #'-Pd and #"-Au Vinyl Surface
Species on the PdaAuss(24.21.12) and PdaAue(30.21,13)
Cluster Models®

Pdau(100) Pdau(111)
n-Pd n'-AU n'-Pd n'-AU
BE 441 34.6 41.4 30.3
diC—C) 1.336 1.331 1.333 1.338
di(S-C) 2.007 2.0M 2.016 2113
B(SCC) 127.7 1267 1275 1255
iy 6.9 2.3 1.6 7.8

WCHoasymm + viCH)  3126(w)  3149(w) 2124(w) 3128(w)
WCHzsymm + v(CH);,  5099(w) 3119(w) 2090(w) 3114(w)
v(CHa)symm + v(CHlex 5026(w) 3040(w) 2027(w) 3030(w)

WEC) 1661(s) 1580(s) 1580(s) 1551(s)
(CHa) sciss 1356(m) 1366(m) 1352(m) 1361(m)
CHCH rock;, 1154(vs) 1174{vs) 1145(vs) 1177(vs)
CHaCH rocke 020(w) O48(w) 000(w) OG4(w)
CH,CH wag, 905(m)  938(m)  901(m)  952(m)
CH2CH WAl B42(w)  BTT(w)  841(w)  895(w)
1(5-C) 4430w)  ATS(w)  449(w)  437(w)

“The @ angle indicates the tilting angle between the winyl
molecular plane and the plane normal to the surface. S indicates
the surface atom involved in the adsorption bond (Pd for »'-Pd
and Au for i'-Au). »: stretching. Subscript in and out indicate the
in-phase and out-of-phase motions of the CHz and CH groups.
(vs) very strong; (s) strong; (m) medium; (w) weak.

molecule are, obviously, different with respect to those
calculated for the m-bonded adsorbed ethylene (compare
Table 1 with Table 2). In particular, the main infrared feature
for the '-Pd vinyl is calculated at 1154 and 1145 cm™ on
PdAu(100) and PdAu(111), respectively, and is associated
with the in-phase rocking vibration of CH; and CH groups,
whereas, as already discussed, the main peak of the m-bonded
ethylene on the two surface alloys corresponds to the in-
phase wagging of CH, groups and lies at 922 and 938 cm™",
respectively.

For both PdAu surface alloys, a significant red shift of
the vinyl vibration features with respect to the ethylene-
adsorbed case has been observed in all regions of the
calculated spectra. The C—C stretching and in-plane CH,
bending modes are largely coupled in a wide-frequency range
(1203— 1607 em™) for the 7 ethylene, whereas they are red
shifted in the range 929—1561 cm™! and become less coupled
in the vibrational spectra of the adsorbed vinyl. Furthermore,
the C—C stretching mode at about 1560 cm™ appears to be
particularly intense in the calculated vibrational spectra of
surface vinyl species and should be clearly visible experi-
mentally. The stretching modes of C—H bonds and the out-
of-plane bending modes are generally red shifted by 50—100
em™ L The former modes move from 3080—3184 cm ™! in
the m-bonded ethylene to 3026—3126 em™! in the »'-Pd
vinyl, whereas the latter ones move from 841—905 to
811—1005 cm™. The most consistent red shift has been
observed for the Pd—C stretching and moves from 158—175
cm™! for the weak 7 interaction of ethylene with Pd
monomer to 443—449 cm™! for the strong & bend involved
in the Pd—vinyl interaction.

Very similar adsorption geometries have been obtained
for the #'-vinyl adsorbed on Au atoms, as it is shown in
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Table 2. The main difference in the calculated vibrational
spectra concerns a blue shift by 20— 30 em™*, which should
be experimentally detectable in the case of the most intense
vibrational frequency.

3.3. Adsorption of Acetic Acid. Experimental studies
have shown that acetic acid adsorbs molecularly on Pd(111)
surfaces and forms y’-acetate species on heating, even if the
formation of yp'-acetate species has not been excluded.™ In
this section we focus on the adsorption of acetic acid
molecules on PdAu surface alloys by comparing theoretical
results and experimental data.

Indications on the adsorption features of intact acetic acid
molecules on PdAu(l11) come from RAIRS experiments
combined with TPD data.*' One of the main conclusions of
the combined TPD and RAIRS experiments, carried out as
a function of gold content, is that acetic acid adsorbs
molecularly and desorbs intact for gold mole fractions greater
than ~0.5. TPD spectra collected as a function of gold
coverage show that the presence of gold does not change
significantly the desorption activation energy (at about 200
K) of the acetic acid intact molecules. Indeed, the acetic acid
desorption from the monolayer on Pd-rich PdAu(111)
surface™ and clean Pd(111 )58 and Pd{ 1007 surfaces occurs
at about 200 K corresponding to a desorption activation
energy of about 12 kcal/mol.

The BE for a di-o-(0,0)-bonded acetic acid molecule on
bridge sites of Pd(111) surface, calculated by use of both
cluster and periodic slab supercell models, is in the range of
4.8—6.0 keal/mol®® and underestimated with respect to the
experimental desorption activation energy.™ On both Pd and
PdAu the predominant form of surface acetic acid species
is surface catemers, and the nature of the catemer is gold
coverage dependent.*'® Since in the theoretical models, both
here and in previous studies on Pd surfaces,” only the
monomeric acetic acid species have been considered, a
perfect agreement between the theoretical and experimental
results iz unlikely.

The acetic acid molecule can adsorb on Pd surfaces in
both monodentate and bidentate ways, but periodic slab
model calculations® have indicated that the bidentate #°-
(0.0) surface species is more stable with respect to the
monaodentate 5*-(Oc) one (where Oc indicates the carbonyl
oxygen atom involved in the Pd—0O bond) on the Pd(111)
surface.

In our study all possible adsorption geometries of acetic
acid on second-neighbor Pd monomer pairs have been
considered (see Figure 3). In particular, both the rf-—[0,0)
atop (Pd-chelating) and the jt,-17%-(0.0) bridge (Pd— Au. not
chelating ) bidentate adsorption modes have been examined.
All attempts to find stable adsorption states having these
geometries have been unsuccessful, indicating that bidentate
adsorption of acetic acid monomer on isolated Pd sites is
really improbable. Moreover, the possibility to find a ga-1°-
(0,0-CH:COOH bonded to both second-neighbor Pd mono-
mers can be excluded due to the too long Pd—Pd distance
in these ensembles (at least 4.08 A) with respect to the O—0
distance in the acetic acid molecule (2,270 A). All the #*-
CH;COOH adsorption modes force the adsorbate to obtain
its high-energy isomeric configuration (the cis conformer).
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Figure 3. Adsorption geometries of acetic acid on second-neighbor Pd monomer pairs considered in this study. The stability
trend on the PdAu surface alloys has been indicated. Oy and Og specify the oxygen atom involved in the Pd—0 bond in the
monodentate adsorption, hydroxyl exygen atom, and the carbonyl oxygen, respectively. The label cis indicates the less stable

acetic acid conformer; trans is omitted.

Table 3. BSSE-Corrected Binding Energies (BE, in keal/mal), Equilibrium Bond Distances (d, in Angstroms), Angles (8, in
degrees), and Scaled Vibrational Frequencies (in cm™) of the 5" Adsorption Modes of Acetic Acid on the PdzAugs(24,21,12)

and PdaAug,(30,21,13) Cluster Models®

Pdau(100) Pdau(111)
gas-phase
CH:COOH exp® 7' -(Oc)eos 7' (0 - {0kt 7'-100)car 7-(Oc)eal 7= (Okdesi

BE ~12.0 9.0 51 29 56 3.0 24
diPd—0g) 2.330 2374 2451 2475
diPd—0y) 2.549 2,806
diO—H) 0.980 1.011 0.991 0.988 1.010 0.990 0.990
diH-3) 1.930 2510 2.090 2.691
diC—C) 1.513 1.508 1.501 1.504 1.510 1.504 1.509
diC—0g) 1.215 1.239 1.2a2 1.210 1.233 1.229 1.213
diC—0y) 1.385 1.332 1.348 1.388 1.338 1.350 1.376
A(COH) 1056 100.6 106.9 108.7 1094 108.8 107.6
wO—H) 3622(m) 3243(vs) 3e07(m) 3812(m) 3260(vs) 3E11(m) 3E07(m)
wC=0) 1820(s) 1720 (8) 167T(vs) 1714{vs) 1829(s) 1697 (ve) 172T(ve) 1817(s)
Oa(CHa) 1422(m), 1426 (br) 1420(w), 1435(m), 1412(m), 1422(w), 1431(my}, 1422(m),

1415(m) 1410(m) 1415(m) 1402{m) 1411(m) 1413(m) 1414(m)
1C-0) 1371(m), 1204 {br) 1380(s), 1350(s), 1356(m), 1377(s), 1359(s), 1361(m),

1309(m) 1327(w) 1328(m) 1287{m) 1322(w) 1321(m) 1278(m)
J(OH) 1184(s) 023058 (s)  1201(m) 1190(s) 1151(s) 1199(m) 1107(s) 1148(s)
PICH3) 10:35(m) 1052 (m) 1031 (w) 1032(w) 1027 (w) 10300w) 1031(w) 1032(w)

@ Geometrical parameters and vibrational frequencies for the free acetic acid molecule and available experimental data on Pdau(i11) are
reported for comparison. ¢ Reference 31. v, stretching; &, deformation; y, bending; e rocking modes. For detailed assignments, see ref 81.

(vs) very strong: (s) strong; (m) medium; (w) weak: (br) broad.

On the other hand, three monodentate adsorption modes are
local minima having different stability on second-neighbor Pd
monomer pairs. The adsorption properties of these monodentate
acetic acid molecules are listed in Table 3.

Other explored adsorption geometries, such as those with
the acetic acid molecular plane parallel to the surface or the
methyl group forming a surface bond, are very unstable on
the surface alloys studied here (Figure 3).

The monodentate CH3;COOH can bond to the Pd mono-
mers through the hydroxyl oxygen atom (Oy) or the carbonyl
oxygen (Oc). On both PdAu(100) and PdAu(111), the #'-
(O¢)-CHCOOH geometry is more stable than the r;l-(OH)-
CH3;COOH (zee Figure 3).

In particular, the r;l—(Oc)—CHﬁOOH having the C—C axis
perpendicular to the surface plane (denoted as r;l-(Dc]m_) is
the most stable adsorption state and shows BE values of 5.6
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and 9.0 kcal/mol on the PdAu(111) and (100) surfaces,
respectively.

In this adsorption geometry the O—H bond points to the
hollow site of the surface, forming a very weak hydrogen
bond with the gold surface that to some extent stabilizes this
adsorption state. The O—H bond is, in fact, slightly elongated
to 1.010 A with respect to the 0.980 A of the free acetic
acid molecule.

The hydrogen—surface distances are about 2.0 A on both
surface alloys, indicating that this adsorption state should
also facilitate hydrogen abstraction from acetic acid, leading
to the formation of surface acetate species.

The contributions to the adsorbate—surface bonds in the
1;1-(0c]m| and r;l-(OH)Lm surface species are the weak
interactions between the Pd surface atom and the sp® and
sp® oxygen lone pairs of carbonyl and hydroxyl oxygen
atoms, respectively. Indeed. on both PdAu surface alloys the
binding energies of L{(Oc) g and n (Ot adsorption states
are 2—3 kecal/mol lower than the BEs of ijl—[Oc)m 1, sug-
gesting that the hydrogen—surface bond in the latter geom-
elry has this strength. The 5'-(0y),.,.-CH,COOH is not stable
on the surface alloys because in this adsorption geometry
the acetic acid molecule is forced in its cis isomeric
configuration.

Let us compare now the calculated vibrational spectra of
the stable '-CH;COOH adsorption states with the RAIRS
spectra collected from the adsorption of acetic acid on the
Au-rich PdAu(111) surface alloys*' and with the gas-phase
free molecule vibrations, see Tahle 3.

First, in the experimental RAIRS spectra® two main
features appear at 1720 and 923 cm™! corresponding to the
carbonyl C—0O stretching, denoted as »(C=0), and the
hydroxyl group bending motions, denoted as y(OH), respec-
tively. The calculated +(C=0) frequencies for both the 5-
{O¢)een and the r;l—{OH)Lu adsorption states show strong
intensities at 1607—1727 em™!, in accordance with the
observed experimental features. On the contrary, for ?jl—[OH}—
CH;COOH the carbonyl C—0O stretching is almost 100 cm™!
blue shifted (1817 em™'), becoming very similar to the
p(C=0) in the free acetic acid molecule (1820 cm™!).

On the other hand, the calculated »(OH) bending frequen-
cies of all the stable 5'-CH;COOH adsorption states are close
to those of gas-phase acetic acid (at 1184 cm!) and therefore
far away from the experimentally observed features between
923 and 958 cm™L. This result comes as no surprise since
the RAIRS peaks in this spectral region are exclusively due
to the presence of catemeric and dimeric acetic acid species
that form on PdAu(111) surface alloy at the considered acetic
acid coverage (i.e., 1.2 L). Although it is not the aim of the
present paper to follow the wvariation of the vibrational
frequencies of acetic acid due to formation of dimeric or
catemeric species, we carried out a test calculation on the
acetic acid dimer on the PdAu(111) surface. The calculated
1({OH) bending frequency for one of the possible acetic acid
dimer configurations is 942 cm™!, which falls in the range
of the experimental values.

Moreover, the C—Oy stretching and the symmetric de-
formation of the CHs group, denoted as v (C—0O) and
6,(CH,), respectively, appear as broad RAIRS peaks at 1204
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and 1426 cm™', and this is in good agreement with the
calculated spectra. For all the adsorption states, in fact, these
two vibrational medes have medium infensities and are
strongly coupled in a wide frequency range between 1267
and 1435 cm™.

Finally, the stretching mode of the hydroxyl group,
wO—H), has not been observed in the RAIRS spectra
collected for the PdAu(111) surface alloy, while in the
HREELS spectra of acetic acid adsorbed on Pd(111) sur-
face® a broad peak at 2525 cm™! has been assigned to this
stretching mode. The large frequency shift of this mode with
respect to the gas-phase acetic acid molecule (calculated at
3622 cm™") has been suggested to be indicative of the
formation of catemers on the clean Pd surface. In the
calculated vibrational spectra, as expected, this large fre-
quency shift is not observed. The v(O—H) vibrations lie at
about 3610 cm™* for the n L {(O¢)eqr and the 1;1—[0H Jeet SUrTace
species. For the n'-(Oy)e1-CH;COO0H, where a weak
hydrogen bond is involved, a significant red shift has been
observed in the 3243—3250 cm™! range.

The theoretical cluster model results, therefore, confirm
the RAIRS assignments of the »C=0), »(C—0), and
8,(CH1) modes and support the indication of acetic acid
catemers formation on PdAu surface alloys because surface
acetic acid menomers do not show essential features at
920—960 and ca. 2525 cm™! corresponding to the hydroxyl
(OH) and »(O—H) vibrational modes, respectively.

3.4. Adsorption of Acetate. The surface chemistry of
acetic acid has been studied on a number of single-crystal
surfaces including Pd(11 ]),58 Pd(l ]0],63 and clean and
oxygen-covered PA(1007*° and Pd— Au alloys.>%3! These
experiments have indicated that acetate surface species are
casily formed, even at room temperature, after acetic acid
adsorption on the Pd and PdAu surfaces. Both mono- and
bi-dentate spectroscopically detected acetate surface species
can decompose to form CO and COy or rehydrogenate to
give acetic acid again. The role of Au addition to Pd surfaces
is to stabilize the adsorbed acetic acid and acetate surface
species by decreasing their decomposition tendency.

Theoretical studies combined with LEED measurements
have shown that the preferred adsorption mode of acetate
on Pd(111) surface is the bidentate species di-o-bonded to
two Pd atoms on a bridge site having the C—C axis
perpendicular to the surface.** Binding energies of 50.7 and
52.6 kcal/mol have been calculated by use of cluster and
slab supercell models, respectively.®

Periodic slab supercell calculations performed on second-
neighbor Pd monomer pairs of PAAu(0017* surface alloy
have shown that the preferred adsorption mode of the acetate
is the di-g-bonded on the PdAu bridge site, denoted as #*-
(0,0}, having a BE equal to 47.5 kcal/mol. The mw-bonded
geometry, with both oxygen atoms bonded to Pd monomer
in a bidentate chelating fashion, is less stable by about 13
keal/mol.

According to these slab supercell calculations, metastable
states with chelating geometry that lie approximately 11—12
keal/mol higher in energy than the corresponding bridge
adsorptions have been found on both PdAu(11l) and
PdAu(100) surfaces by use of cluster models. However, they
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Table 4. BSSE-Corrected Binding Energies (BE, in keal/mol), Equilibrium Bend Distances (d, in Angstroms), and Scaled
Vibrational Frequencies (in cm™") of the »'- and »*-Acetate on the PdaAuss(24,21,12) and PdaAug:(30,21,13) Cluster Models®

adsorption mode BE diPd—0y) d(AU—0y) d(C—C) d(C—0y) HC—03)
Pdau(100) 7*-(0,0) 46.4 2135 227 1.523 1.273 127
:f‘-[O) 305 2114 1.514 1.321 1.234
slab supercell® 7*-(0,0) 47,5 2.134 2.243
Pdau(i11) 1°-(0,0) 344 2.145 2.356 1.525 1.281 1.265
'-(0) 168 2128 1512 1.314 1.238
adsomption mode 1, OCO) 1, (OCO) ,(CH3)
PdAu(100) 7-(0,0) 1482 (m) +24)] 1327 (s) [-5] 14171437 (m) [+4]
y-(Q) 1613 () 1210 (w) 1403—1425(m)
Pdau(111) rga-[O:O] 1480 (w) [+23] 1315(s) [-2] 1421-1439 (w) [+4]
7-(0) 1597 (s) 1232 (w) 14101434 (m)
PdAu(111) RAIRS® 7-(0,0) ~1402(s)
§-(0) ~1863 (8) 1426 (s)
PdAu(111) HREELS? 7-(0,0) 1420(br)

= Differences between negatively charged (g = —1) and neutral acetate/cluster systems are reported in brackets. (s) strong; {m) medium;
(w) weak; (br) broad. v, asymmetric stretching; v, symmetric stretching; & deformation; y bending; o rocking modes. ® Reference 34.

“ Reference 31. ¥ References 25 and 29.

do not result as stable local minima because they easily relax
to the more stable PdAu-bridge site geometries.

Since the #x'-acetate, which can be spectroscopically
distinguished from the bidentate n’-species, has heen ex-
perimentally observed to be a stable surface species, the
monodentate adsorption mode, denoted as ?;1-(01, has also
been considered in this study. The adsorption properties,
including binding energies, geometrical parameters, and
vibrational frequencies, of both bidentate and monodentate
maodes are listed in Table 4.

It is necessary to underline that the acetate molecule has
two stable rotamers having one of the HCC planes perpen-
dicular (staggered) or parallel {eclipsed) to the OCO plane.
As already shown for the adsorption of acetate on An™ and
Ag" surfaces, the internal rotation of methyl group has a
marginal influence on the calculated vibrational spectra.
Therefore, only the more stable staggered isomer has been
considered in this study.

17-(0,0) is strongly bonded to the palladium—gold surface
alloys with binding energies of 46.4 and 34.1 keal/mol for
PdAu(100) and PdAu{111), respectively. The former BE
value is in very good agreement with the previous calculated
BE on PdAu(100) by the slab supercell approach, while
the lower BE value for the more dense PdAu(111) surface
is in line with the results obtained for the other adsorbates
studied here. According to the decrease of the binding energy.
the Pd—0 and Au—0 distances increase from 2.135 to 2.145
A and 2271 to 2356 A for the PdAu(100) and the
PdAu(111) surfaces, respectively.

The BE differences between the #°-(0,0) bridge and the
r,rl—(O) on top adsorptions are around 16—18 keal/mol,
indicating that monodentate acetate is significantly less stable
than the bidentate one on PdAu surface alloys. The only
stable monodentate adsorption state has the C—C axis parallel
to the surface plane.

Despite this trend in BE, shorter Pd—O bond lengths have
been observed in the 1'-(0)-acetate (2.114 and 2.128 A for
the PdAu(100) and PdAu(111), respectively) with respect
to the 132-(O,O]-acetate (2.135 and 2.145 ,i, respectively).

These results suggest that the Au—O bond provides an
important contribution to the chemisorption bond of the
bidentate surface species. This argument is important since
the bidentate adsorbed acetate is a key surface species in
the VAM synthesis on PdAu surfaces.*” The presence of the
Au—0 bond in the adsorbed surface acetate can offer further
{or different) explanations for the promotional role of gold
in these Pd-based catalysts and for the different reactivity
observed on PdAu(100) and PdAui111) surfaces. Indeed, the
breaking of the Au—0O bond instead of the Pd—O bond in
the ethylene—acetate coupling reaction on PdAu(001) has
been indicated as the primary motivation of the higher
reactivity of second-neighbor Pd pairs with respect to
contiguous Pd ensembles.*

Let us consider now the calculated vibrational spectra of
the bidentate and monodentate acetate surface species that
can be compared with previous RAIRS? and HREELS?**®
experiments. The major infrared features for the surface
acetate species that generally allow distinguishing between
bidentate and monodentate species are the symmetric and
asymmelric stretching frequencies of the carboxylic group.
namely, ¥,(OCO) and v,(0CO), and the asymmetric defor-
mations of the CH; group, i.e., d(CHa).

In the RAIRS experiments the bidentate acetate has been
recognized following the v OCO) symmetric stretching
feature at about 1400 cm_l, whereas in the HREELS spectra
a broader peak centered at 1420 cm™!, assigned to the
coupled (OCQO) stretching frequencies and CH3 deformation
modes, has been observed. This difference can be ascribed
to the compositions of the surface alloys in these experiments,
namely, Pd-rich surfaces in RAIRS (the n*-acetate is detected
only at a Au mole fraction < 0,33)31 and isolated Pd sites
in HREELS ***

The calculated »,(OCO) stretching frequencies on PdAu
surfaces are shifted to lower frequencies, at 1315—1327
cm™!, with respect to the experimental features for bidentate
acetate, at about 1400 ¢cm™. On both clean Pd surfaces™
and Pd-rich PdAu alloys>' as well as on clean Au surfaces®
the observed and calculated v,(OCO) stretching frequencies
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lie at about 1400 cm™!. The difference between the asym-
metric di-z bonds on the Pd— Au bridge site (see Pd—0O and
Au—0 distances in Table 4) and the symmetrical di-o bonds
on the homonuclear Pd—Pd and Au—Au bridge sites can
explain this discrepancy. In fact, the calculated v,(OCO) at
1315—1327 cm™, the d,(CHa) in the 1417—1439 cm™!
frequency range, and the v,(OCO) at about 1480 em”? (see
Table 4) are in good agreement with the broad HREELS
band of the “» (OCO) 4+ d(CHs)" modes, centered at 1420
cm™!, observed for the Pd isolated sites.”>°

The formation of monodentate acetate on PdAu(111) has
been recognized by RAIRS experiments®! by means of two
features at 1653 and 1426 cm™ assigned to the asymmetric
Va5 OCO) stretching and the asymmetric methyl deformation
0,5 CH3), respectively.

In accordance with Tysoe et al.’! we found that in the
monodentate adsorption mode the C—C axis is parallel to
the surface plane. Indeed, the asymmetric CH; deformation
modes lie at 1403—1434 cm™ (about 1426 cm™ in the
RAIRS experiments), whereas the symmetric d,CHi) de-
formations are very weak and lie at about 1350 cm™!.

The 1,{0CO) siretching frequencies in the #'-acetate
become strong in intensity and blue shifted to 1597—1613
em™" with respect to those of the bidentate acetate.

For the most stable :;2—(0,0) adsorption states on PdAu( 100)
and PdAu(111) surfaces, both the radical and anionic acetate
species have been considered in order to evaluate the effect
of surface acetate species discharge on the vibrational
properties. As already obtained for acetate adsorption on
gold® and silver™ surfaces the frequency shifts due to the
cluster charge variation are small for the v,(OCO) stretching
frequencies (~20 em™ !y and negligible for the &,(CHs)
modes (2—5 cm ™).

4, Conclusions

In this work we studied the adsorption properties of ethylene,
vinyl, acetic acid, and acetate species on the PdAu(111) and
PdAu(100) surface alloys by the density functional cluster
model approach. In particular, cluster models have been built
up to represent second-neighbor Pd pairs on both surfaces
since these are the critical Pd ensembles in the vinyl acetate
monomer synthesis, which involves the surface species under
study.

In accordance with experimental evidence and previous slab
supercell calculations, our cluster model study has shown that
ethylene is ;7 bonded on Pd monomers, whereas acetate adsorbs
in a bidentate fashion on a palladium—gold bridge site.

The presence of a gold—oxygen bond in the adsorbed
surface acetate is confirmed by our cluster model results and
should stimulate further rationalizations of the promotional
role of gold in the PdAu-catalyzed VAM synthesis.

The calculated binding energies for ethylene and acetate
are in very good agreement with preceding slab supercell
calculations on the PdAu(100) surface, and the calculated
vibrational spectra confirm the experimental frequency
assignments, giving more details regarding all the involved
vibrational modes.

Even if the surface vinyl species has not been detected on
PdAw surface alloys, theoretical predictions on the adsorption
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properties of the vinyl radical on second-neighbor Pd pairs
have been reported in order to be possibly compared with
future experimental studies. The surface vinyl species has
shown, in fact, strong interactions with Pd monomers and
also with Au surface atoms. The calculated vibrational
spectra are quite different from those of the adsorbed ethylene
molecules.

Density functional cluster model results on the adsorption
of acetic acid monomers have confirmed the experimental
assignments of the major vibrational modes in the infrared
spectra, supporting the indication that acetic acid catemers
form on PdAu surface alloys. However, at very low acetic
acid coverages, monomeric species should be present on
PdAu surfaces, and our results suggest that it adsorbs in a
monodentate fashion, forming a weak hydrogen bond with
the surface.

In general, the adsorption of all molecules on the bimetallic
PdAu surfaces is a less efficient process with respect to the
clean Pd surfaces. The ligand effect of the gold atoms
surrounding the Pd monomers lowers the adsorption energies.
This effect is more pronounced for the more dense PdAu(111)
surface alloy.

Finally, the adopted cluster models have been demon-
strated to be sufficiently reliable by giving accurate results
on the adsorption properties, including binding energies,
preferred adsorption sites, stable bonding modes, geometrical
parameters, and vibrational frequencies, in full agreement
with available slab supercell calculations and the experi-
mental evidence.
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First-principles caleulations support the hypothesis that the appro-
priate spacing between Pd monomers controls the catal ytic activity
of Pd{Au catalysts in the vl
surface species i involved in the rate-determining step of the
reaction, opening new questions on these relevant catalytic systems.

| acetate formation only i a v

Since gold catalysis manifests itself only under quite specific
circumstances,'” the interest in the gold catalytic power has
dramatically grown only in the last twenty years. For example,
gold has demonstrated industrial potential with its use in the
production of vinyl acetate monomer (VAM) as a component
of bimetallic catalysts due to the ability of Pd-Au catalyst to
significantly improve the reactivity in comparison to pure Pd
catalysts.™ Although acetoxylation of ethylene on Pd-Au
bimetallic silica-supported catalysts promoted with potassium
acetate (KOAc) 15 a mature commercial process for VAM
synthesis,* 'Y many details concerning the reaction mechanism
and the surface reaction site, as well as the promotional role
played by gold have not yet been elucidated.

Theoretical investigations are essential towards providing a
better microscopic understanding of the catalytic activity of
bimetallic systems and, moreover, to supply additional infor-
mation for the rational design of robust bimetallic catalysts.

Two reaction mechanisms are proposed for VAM synthesis.
The first proposed by Samanos ef al. involves the coupling of
ethylene with adsorbed acetate to form, as an intermediate,
ethyl-acetate that undergoes f-H elimination to form VAM.®
Alternatively, as suggested by both Moiseev'™' and
Nakamura and Yasui’ ethylene could adsorb and sub-
sequently dehydrogenate to form a vinyl species, which then
couples with the co-adsorbed acetate to give VAM directly.
Both mechanisms, the former designated as the Samanos-type
and the latter as the Moiseev-type, assume that the coupling of
a surface ethylenic and acetate species is the rate determining
step for VAM formation. Although support for the Samanos-
type mechanism comes from a recent experimental study by
Tysoe ef al.' on the VAM synthesis on Pd(111) clean surface,
many details of the reaction mechanism remain uncertain.

Goodman and co-workers'! have investigated the promo-
tional effect of gold in palladium Pd-Au alloy catalysts and
invoked ensemble effects to explain the significant enhance-
ment of the VAM formation rate on Pd/Au(100) compared
with Pd/Au(111). They have demonstrated that the critical
ensemble for VAM formation ona Pd/Au(100) surface alloy is

Dipartimento di Chimica, Universitd della Calabria, 57036 Arcavacara di
Rende (C8), Naly. E-mail: nrussoi@unicalit. E-mail: siciliageiunical it
7 Electronic supplementary information (ESI) available: Computa-
tional details. See DOT: 10.1039/bR23207e

a pair of non-contiguous, suitably spaced, Pd monomers. It
should be, indeed, the distance between Pd atoms that controls
the catalytic formation of VAM by PdAu catalysts lowering
the barrier of the rate determining step. The pair of isolated Pd
sites has also been proposed to suppress the undesirable
formation of reaction by-products, such as CO, CO, and
surface carbon, thus improving the overall selectivity.

In an attempt to interpret the experimental results outlined
above and to provide further insight into the elementary steps
of the VAM formation mechanism, we report here the
outcome of a theoretical density functional (DF) cluster
model study of VAM synthesis. Specifically, the key step
involving coupling of the surface reacting species for both
Samanos- and Moiseev-type mechanisms on both Pd/Au(111)
and Pd/Au(100) surface alloys has been exammed in detail.

A cluster model approach has been chosen to properly
reproduce those contributions to the adsorbate—substrate
interaction, which are due to local changes in the substrate
electronic structure. Computational details, along with the
strategy used to select the size of the clusters and the
computational protocol,' are presented in the ESLT

In the framework of DF calculations, the periodic supercell
approach using plane-waves has already been applied to PdAu
surface alloys for the study, on the Pd/Au(100) surface, of
both the ethylene dehydrogenation'® and of the three separate
steps of the Samanos mechanism: coupling of ethylene and
acetate, B-H elimination, and VAM desorption."”

As a result of such calculations, the conclusion the authors
come tois that the Samanos-type mechanism is the most probable
one. Indeed, on Pd/Au(100), it appears that dehydrogenation of
ethylene does not occur and becomes the rate-determining step of
the Moiseev mechanism. On the contrary, the energy barriers are
low for both ethylene and acetate coupling and B-H elimination
steps. In the latter case, the barrer further lowers in presence of
oxygen, according to experimental detections.' Very recently
a new paper has appeared in the literature concerning the same
topic.'® Assuming the Samanos-type mechanism as the preferred
one, the authors have theoretically investigated, by using a plane-
waves slab supercell approach, the steps of the reaction mecha-
nism on both (100} and (111) surfaces. Work comparing potential
energy surfaces for both mechanisms on both surfaces at the same
level of theory has not been carried out until now.

We have started our investigation comparing on both the
(100) and (111) exposed gold surfaces the rate-determining step
of the Samanos mechanism, which involves the coupling of
ethylene directly with chemisorbed acetate, on the critical
ensemble represented by a pair of non-contignous Pd monomers.

A plot of the potential energy surface for the coupling step
on both Pd/Auw(100) and Pd/Au(111) is shown in Fig. 1.

1852 | Chem. Commun,, 2009, 1852-1854
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Selected geometrical parameters of optimized structures for
co-adsorbed ethylene and acetate, transition states and ethyl-
acetate like intermediates are reported in Table 1. At a first
glance, it clearly appears from the data in Table 1 that the
geometrical parameters that we can consider critical for the
transition state formation show similar changes on both
Pd/Au(100) and Pd/Au(111). Initially, ethylene is only weakly
n-honded to the Pd monomer and its C—C bond is only slightly
longer than gas-phase value (1.333 Ai.). Acetate adsorbs m a di-o
configuration with the two oxyzen atoms bound separately on
one Pd and one Auatom of the substrate. In the transition state,
owing to the forthcoming insertion of ethylene into the adsorbed
acetate, the bond of the closest ethylene carbon (C, in Scheme 1)
with the palladium monomer 15 broken and the carbon hybri-
dization is switching from sp” to sp’. On the other hand, the
bonds of acetate oxygen atoms with gold and palladium atoms
weaken only shightly while the molecule turns around the
Pd—0, bond of few degrees approaching the adjacent ethylene
molecule. The C—0; distance shortens and the bond begins to
form. The caleulated energy barriers that it is necessary to
overcome in order to obtain the ethyl-acetate product are 21.5
and 19.2 keal mol™" on Pd/Au(100) and Pd/Au(111) surface
alloys, respectively. All the pending changes in the transition
state become definitive in the ethylacetate product as shown in
Table 1.1t is worth underlining that the value of 21.5 keal mol™
caleulated for the activation energy on Pd/Au(100) is close
enough to the theoretical value (26.9 keal mol™') found by
Yuan et al."” The results outlined above are inconsistent with the
proposed speculation that the optimum distance between the Pd
monomers, which promotes the coupling of reacting species on
the exposed gold surfaces, could be responsible for the enhanced
VAM  formation rate on  Pd/Auw(100) compared with
Pd/Au({111). Indeed, the height of the barners is comparable
as well as the values of the critical geometrical parameters of the
transition state structures show very similar changes. We have
carried out an analogous exploration, on both Pd/Au(100) and
Pd/Au{111) surface alloys, of the coupling step for the Moiseev-
type mechanism, which involves a vinyl species interacting with
an adsorbed acetate species to form VAM.

A plot of the energy changes, along the Langmuir-
Hinshelwood-type pathway that leads from the co-adsorbed
vinyl and acetate moieties to the formation of vinyl acetate, is
shown in Fig. 2 for both Pd/Au(100) and Pd/Au{111) surface

AE (kcalfmal)

-3
I

Fig. 1

reaction coordinaia

Table 1 Selected peometrical parameters (bond lengths (A) and
angles (")) of reactants (R, R"), TS and product (P, P') for the coupling
step between ethyl and acetate (Samanos-type mechamism) and vinyl
and acetate (Moiseev-type mechamism) on both Pd/Aw(100) (left) and
Pd/Au(111) surface alloys.

Pd/Au(100) Pd/Au(111)
Samanos-type
R TS P R TS P
d(C-Ca) 1377 1415 1508 1360 1415 1506
d(Pd-Cy) 2.3 32355 3180 2631 3451 3224
d(Pdy-Cs) 2,707 2283 2147 2612 2386 2.167
L(CCH) 119.8 116.1 109.6 1202 1182 107.0
d(Pdy-0y) 2,158 2224 2454 2192 2.300 3883
d(An-0s) 2,330 2467 3179 2369 2613 2817
dlCrOn) 3.175 1.904 14635 3213 1917 1.450
Moiseev-type
R' TS P! R TS P!
dCCa) 133 1362 1329 1.335 1.350 1330
d(Pdy-Cy) 2,029 2080 4344 2055 2204 4732
LP4C.Cy 1302 W0RT 718 1296 1147 1109
LT H) 119.2 118.7 1214 125.3 118.3 121.5
d(Pdy-0y) 2162 2263 2372 2182 2626 2539
dlAu-0s) 2314 2454 3434 2384 2337 3aA17
d(Cy-0n) 3.238 1957 1398 326 1996 1.397
H CH,
H H c! !
H = c
:‘\:f-: (\E_.-H &N
" \/ H D |
rd, Pd, Au Pd
Scheme 1

alloys. The most significant geometrical parameters of reactants,
transition states and products are reported in the same Table 1.

The vinyl species, in the beginning, is strongly bonded to the
surface Pd monomer and is anchored at the surface by means
of the carbon atom involved in the coupling Co-adsorbed
acetate is in the same configuration described above for the
mechanism proposed by Samanos. In the transition state vinyl
and acetate species approach one another to couple. As a
consequence, the Pdy—Cy and Au-0Os: bonds begin to break,
whereas the C,—0, distance significantly shortens.

The normal mode associated to the transition state structure
imaginary frequency involves also the streiching of the Pd,—0,
bond to facilitate the coupling. Among the structural changes

Potential energy surface for the coupling step between ethylene and acetate of Samanos-type mechanism on both Pd/Au(100) (left) and

Pd/Au(111) (right) critical ensembles of two non-contiguous Pd monomers,

This journal is @ The Royal Society of Chemistry 2009
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Fig. 2 Potential energy surface for the coupling step between vinyl and acetate of Moisezv-type mechanism on both Pd/Au(100) (left) and
Pd/Au(111) (right) critical ensembles of two non-contiguous Pd monomers.

involved by the formation of the transition state structures it is
worthwhile focusing on the most significant ones, that is the
elongation of the Pd,—0;, bond and the shortening of the
-0 distance. In going from the co-adsorbed molecules to
the transition state the Pd,—O; bond changes from 2.162 to
2263 A and from 2182 to 2.626 A on Pd/Au(100) and
Pd/Au(111), respectively. The length of the forming C,—0,
bond goes from 3238 to 1957 A on Pd/Au(100) and from
3.242 to 1.996 A on Pd/Au(111). The transition states collapse
into vinyl acetate product by the definitive formation of the
bond between €, and O, atoms. Formation of the product
takes place by overcoming an energy barrier of 21.1 and
30.7 keal mol™" on Pd/Au(100) and Pd/Au(111), respectively,
which means that the process on the Pd/Au(100) surface occurs
with a much higher rate compared with Pd/Au(111). The
different spacing between the two neighbouring Pd monomers,
in this case, can be the reason for the more favourable coupling
conditions between the reacting species on the Au(100) critical
ensemble, whereas on Au(111) the Pd monomers distance,
much larger than the ideal one, causes the described bond
stretching which is responsible for the high energy barrier.

When comparing the results of our computational analysis,
no clear explanation of the significantly higher VAM formation
rate at Pd monomer sites on Aul( 100) emerges.

The height of the barrier for the Motseev-type mechanism on
Pd/Au(100) is significantly lower than that on Pd/Au(111), but
is comparable to both the energy barriers that is necessary o
overcome (o yield the Samanos-type ethyl-acetate product on
Pd/Au(100) and Pd/Au(l111). Moreover, the suitability of the
distance between the two non-contiguous Pd monomers in the
critical ensemble seems to influence the course of the reaction
only once the Moiseev-type mechanism is taken into account.
On the other hand, on the basis of the outcome of ther first-
principles caleulations carried out to investigate the dehydro-
genation step of ethylene on Pd/Auw(100) bimetallic surfaces,
Yuan ef ol have already proven the inability of the Pd second
neighbour ensemble to promote ethylene dehydrogenation that
becomes the rate-determining step of the Moiseev mechanism.
However, itis of great importance to recall that the experimental
data clearly show how the presence of oxygen atoms strongly
influences' and promotes' the VAM synthesis process. For
that reason the B-H elimination step has been examined'” under
coexistence of O showing how the oxygen atoms presence
drastically promotes dehydrogenation lowering the energy

barrier. Intuitively, it cannot be excluded a priori that oxygen
atoms play the same promotional role in lowering the energy
barrier of the ethylene dehydrogenation step of the Moiseev-
type mechanism. According to this hypothesis both mechanisms
have to be deeply investigated avoiding to focus to one of them
only, with the aim to identify the reaction step which is strongly
influenced by the fact that the reaction is carried out on
Pd/Au(100) surface alloys rather than on Pd/Au(111).

In conclusion, the speculation that the different spacing of
Pd monomers in the critical reaction site could be responsible
for the experimentally detected enhancement of the VAM
formation rate on Pd/Au(100) compared to Pd/Au(lll)
cannot be supported by the results of our computational
analysis. The data reported here, however, will help open
questions concerning the role of gold in this catalytic process
to be properly addressed.
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Methodology and computational details

In order to model the second neighbor Pd pair ensemble on PdAu(100) and PdAu(111) surfaces we
have built-up the clusters starting with a group of two non-contiguous Pd atoms and two Au atoms
bonded to both of them. Then, the first neighbors of those four atoms have been added both in the first
and in the second layer. In this way, the active sites are represented by PdyAuie and PdrAuyg cluster
models, or PdyAuie(12,9) and PdiAuzg(14.8) to indicate the number of atoms in each cluster layer, for
Au(100) and Au(111) surfaces, respectively.

Initially, the atomic positions have been assigned as in bulk gold, with the experimental lattice
parameter of 4.08 A, yielding an Au-Au (initially equal to Pd-Au) distance of 2.885 A,

With these models a good deseription of the coordination of the two non-contignous Pd monomers
involved in the chemisorption sites for both low-index gold surfaces is obtained.

First, the size of the PdyAujo(12,9) model has been inereased by adding a third layer in such a way as to
obtain for the PdAu(100) surface the Pd2Au3(12,9.4) cluster including in the third layer four gold atoms
which lie in the positions corresponding to that of the four central atoms in the first layer, because of the
ABAB packing of the fee(100) surface. For the less open fee(111) gold surface with the ABCABC
packing, eight atoms have been added in the third layer to the PdyAug(14.8) model in correspondence to
the atomic positions defining the fec-hollow adsorption sites, giving rise to the larger PdyAug(14,8.8)
cluster.

Starting from these three-layer models, other two more extended clusters have been constructed
completing the set of the first neighbor atoms for all the peripheral atoms of the first and the second layer.
The resulting PdyAuss(24,21,12) and PdrAue(30,21,13) large models for the Pd/Au(100) and the
Pd/Au(111) systems, respectively, would prevent any indirect insaturation effect for the two non-
contiguous Pd and the two Au atoms of the active sites. Moreover, these large models have been used to
take into account local relaxation effects due to the substitution of two non-contiguous surface gold atoms
with two Pd monomers. The positions of the atoms defining the PdyAuo(12,9) and PdyAu(14.8) models
have been fully optimized, in fact, within the PdyAuss(24,21,12) and PdaAug(30,21,13) clusters freezing
the positions of the remaining atoms (see Figure S1).

Due to relaxation effects in the surface plane the neighboring gold atoms move towards the palladium
monomers (see Figure S1 (a)) whereas, on the axis perpendicular to the surface, the Pd atoms move
inward (of 0.16-0.20 A) with respect to the surface gold layer (see Figure S1 (b)). As a result of these
local relaxations, the Pd-Au distances in the active sites become shorter with respect to the Au-Au

distances in the pure gold surfaces. In particular, Pd-Au distances are equal to 2.840 and 2.861 A for the
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PdAu(100) and (111) surfaces. respectively. These values differ by 0.017-0.026 A from the Au-Au

distances found with the locally relaxed pure gold clusters.

The calculations have been performed with the Turbomole package (version 5.9)! at the DF level, using
the BP86 functional’ within the resolution of the identity approximation for computing the electronic
Coulomb interaction (RI-J). This approach expands the molecular electron density in a set of atom-
centered auxiliary functions improving the computational efficiency of large-scale calculations.**

The Stuttgart effective core pcrto:utialj has been used to model the scalar relativistic effects replacing the
28 and 60 core electrons of palladium and gold atoms, respectively. The valence electrons of metal atoms.
18 for Pd and 19 for Au, and all electrons for C, O and H atoms have been explicitly considered by use of

the Turbomole’s TZVP basis set® along with the corresponding TZVP auxiliary basis set.”
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Figure S1. Schematic representation of the PdyAu, clusters used to model the critical ensemble of two
non-contiguous Pd monomers on the PdAu(100) and PdAu(111) surface alloys. Top view (a) shows unit
cells of the Au(100) and Au(111) pure surfaces in red and changes in the atomic positions due to the local
relaxation by arrows. Side view (b) indicates surface layers relaxation with respect to bulk gold interlayer

distances.
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Cartesian Coordinates of all minima and transition states

Samanos-tvpe mechanism
PdAu(100) — PdyAuss cluster model
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PdAu(111) — Pd,Aug, cluster model
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Moiseev -type mechanism
PdAu(100) — Pd:Auss cluster model
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PdAu(111) — PdrAus, cluster model
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The influence of surface oxygen and hydroxyl group on the
dehydrogenation of ethylene on PdAu surface alloys\ theoretical cluster
model study

Ivan Rivalta? Gloria Mazzoné Nino Russo*and Emilia Sicilia®

The outcomes of a density functional cluster model study of the dehydrogenation of
ethylene on Pd secondeighbor ensembles of both PdAu(100and PdAu(111) surface
alloys in presence of oxygen and hydroxyl groups corroborates the hypothesis that
ethylene dehydrogenation can easily occur during VAM synthesis on PdAu surface alloys
and the formed vinyl can couple with acetate following a LangmuiHinshelwood-type
mechanism.

Vinyl acetate monomer (VAM) is an important chemical intermediate, which is essential
the manufacture of emulsidrmased paints, wallpaper paste and wood glue.
Currently approximately 3000 metric tonnes of VAM are produced anntrally the

coupling of acet acid and ethylene in oxygen ambient, according to the following reaction:
CH;COOH + GH,;+0,5QY CE00CHCH + H,0

The VAM synthesis is catalyzed by both supported palladium and pallagbidralloys,
but alloying with gold leads to a substantial increase in selectivity

Acetoxylation of ethylene on PAu bimetallic catalysts is a mature commataioute for
the industrial production of VAM® However, the nature of key reaction intermediates, the
mechanism by which the reaction occurs and the role played by gold are still matter of debate.
The comprehension of the mechanism and the role of Ahesurface of the catalyst can lead
to further improvements of such an industrial production process.

Two alternativereaction pathways were proposed for VAM synthesis. Coupling of adsorbed
ethylene with adsorbed acetate to form an etlogtatdike intermediate that then undergaes
H elimination to form VAM is one mechanism proposed by Samanos %efta¢. second
mechanism, suggested by both MoiddéV and Nakamura and Yastf, involves,
dehydrogenation of adsorbed ethylene to form a vinyl specieshwthien couples with the
coadsorbed acetate to give VAM directly. Mopping up of hydrogen atoms by oxygen completes

the reaction. Both mechanisms, designated as Saryg®and Moiseetype, respectively
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assume that the rate determining step of the wiroleess is the coupling of a surface ethylenic
and acetate species.

The experimental results of a study by Tysoe &tai.the VAM synthesis on Pd(111) clean
surface provide clear evidence that the reaction proceeds by the Sdypenosechanism.
Furthemore, in the same paper it is shown how the presence of coadsorbed oxygen does not
affect significantly the reaction kinetic&n the contrary, Tyose and collaborators suggested
that surface oxygen plays a crucial role in the vinyl acetate synthesismearctPd(100) clean
surface’’ Nevertheless, an analogous clear indication on the preferred mechanism on Pd(100)
clean surfaces does not exist in literature.

In their investigation of the promotional effect of gold in palladiumARdalloy catalysts
Goadman and coworketinvoked ensemble effects explain the significant enhancement of
the VAM formation rate on Pd/Au(100) compared with Pd/Au(1drid demonstrated that the
critical ensemble for VAM formation on a Pd/Au(100) surface alloy is a paioetontiguous,
suitably spaced, Pd monomers. Indeed, the role of Au should be to isolate single Pd atoms,
being the distance between them the key factor, to facilitate coupling of the reactants and to
suppress the undesirable formation of reactioproygicts.

Based on the conclusion of the first principle theoretical investigation of Yuan et al. that the
dehydrogenation of ethylene is unlikely to occur on PdAu surficesly one of the two
reaction mechanisms proposed for this reaction (Sartgpeswagaken into consideration by
theoretical investigations on this subfé¢t In that studies thé-H elimination from theethy-
acetatdike intermediatewas examined under coexistence of surface oxyg@n hydroxyl
groups’) showing how the O atoms drastically promotes dehydrogenation lowering the energy
barrier. Nevertheless, the analogous rolat tintuitively could be played by surface oxygen
species in the ethylene dehydrogenation step involved in Mefgpevmechanism was not
investigated so far.

Very recently,in an attempt to interpret the experimental results outlined &howe
examinedn detail the key step involving coupling of the surface reacting speciesdering
both Samanesand Moiseexype mechanisms’ The main conclusion of our work is that the
suitability of the distance between Pd monomers in the critical ensemble tzndef the
course of the reaction only once it is assumed that the reaction occurs following the Moiseev
type mechanism. Indeed, the barriers that is necessary to overcome in order to form-+he ethyl
acetatdike intermediate along the Samartgpe pathwayare calculated to b21.5 and 19.2

kcal mol* on Pd/Au(100) and Pd/Au(111) surface alloys, respectively. On the contrary, the
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height of the barrier for the coupling step between coadsorbed vinyl and acetate, in the
Moiseevtype mechanism, is significaptlower on Pd/Au(100) (21.1 kcal mYlthan that on
Pd/Au(111) (30.7 kcal md).

In this work, adding another piece to the intricate puzzle, we present the outcomes of a
theoretical density functional cluster model study of the dehydrogenation of ethghefd
seconeneighbor ensembles of both PdAu(1@@d PdAu(111) surface alloys and thuence
of oxygen and hydroxyl groups surface species (is@n@ OH) on this process

To this aim we used large cluster models (containing up to 64 atoms, see Ejgo
represent secondeighbor Pd ensembles given that they are the active sites for VAM
synthesi®’ and the most stable ensembié&?'on PdAu surfacesComputational details, along
with the strategy used to select the size of the cldétars pesented in the Supporting
Information.

As a first step, we studied the adsorption properties of reactant surface species involved in the
ethylene dehydrogenation reaction (i.dn gtl e n e , o, and OHYonde&Eanh y | en
top of Pd monomers on clean PdAu surface affdysvhereas Q@atoms and OHgroups are
strongly bonded to the bimetallic surfaces preferring multifold PdAu sites. In particular, on
clean PdAu(111) Gatams are sited on the thréald (both fcc and hep) hollows (with a BE of
~60 kcal/mol) while on clean PdAu(100) they site preferentially on thefébdihollows (BE is
68.0 kcal/mol). Qatoms adsorbed on bridge PdAu sites show BEs close to those cdlamate
hollow sites, being 58.1 and 67.3 kcal/mol on PdAu(111) and (100), respectively. Instead, the
preferred adsorption sites for Qgtoups on clean surface alloys are the bridge PdAu sites with
the O atom forming a covalent bond with the Pd monomers.cléan PdAu(111) and
PdAu(100) surfaces cluster model calculations indicate values of BEs equal to 45.7 and 40.0
kcal/mol, respectively (see Supporting Information for further details).

In the initial state (I1S) of the dehydrogenation reaction, ethyleaddsrbed, or coadsorbed
with O or OH; species, on the PdAu surfaces (see Figure 1). In the active site of the (111)
bimetallic surface there are two th#iedd hollow sites and one of them can be occupied by an
Os atom even if an ethylene molecule is ceatbed. Conversely, in the (100) surface there is
only one hollow in the active site and that forces arat®Om to site on a bridge PdAu site.
Whenan OHlgr oup i s ads or b ebdnddd ethykenetinglre active sith, it stih e
occupies the PdAbridge site, on both surface alloys.

The potential energy surfaces (PESs) for the activation of tHeb@nd of ethylene and the

transition state (TS) structures on clean and covered PdAu surfaces are depicted in Figure 2.
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By use of the GNEB method-® for the GH bond breaking TS structure showing both H and
vinyl on PdAu bridge sites, an high energy barrier of 41.9 kcaf' mvak previously calculated
on clean PdAu(100) surface, indicating tettylene molecules are unlikely to be decomposed
in such a isuation.

In our work, we have intercepted an energetically more stable TS structure that corresponds
to a typical TS complex for the-B activation on a metal surfecén which the C atom sits on
top of a single metal center (see FigureT?e GH bondis elongated with respect to the
adsorbed ethylene molecule by ~&7up to 1.8441.882 A, whereas a Pd bond is formed
having bond distances in the range 1:10714 A. Both vinyl molecule and H atom lie in their
preferred adsorption sites (vinyl on tapd H on PdAu bridge) in these TS structures. The
corresponding activation barriers for the (100) and (111) surfaces calculated to be 33.2 and 34.9
kcal mol*, respectively are by about 9 kcal mdbwer than the barrier calculated by-SEB
method. Evenif these results clearly show that theabstraction on Pd secom@ighbor
ensembles can be more accessible than thought, the calculated barriers, if compared with the
coupling step barriers, are high enough to still consider the ethylene dehydrogeasatim
ratedetermining step (in the Moised¢ype mechanism) for VAM synthesis on clean PdAu
surfaces. The heights of the barriers feHGctivation on clean PdAu surfaces appear to be
more affected by the ligand effect than by the ensemble effect, simikar barrier are
observed for (100) and (111) bimetallic surfaces being significantly lower than that calculated
on Pd(100) clean surfac.

When the ethylene €l bond is activated by coadsorbed gdoups, the corresponding TS
structures and activatiobarriers are significantly altered with respect to clean surfemss
Figure 2 and 3)

A surface oxygen atom, strongly bonded on the PdAu bridge site, acts as attraction center for
the H atom of adsorbgatethylene. This leads to a TS structure with aatbéin almost equally
shared by C and &atoms (GH and OH distances are 1.33B388 A and 1.2791.296 A,
respectively). Due to different surface geometries, thegiformed) vinyl molecule sits on
different positions depending on the exposed surfacdigaiing that the ensemble effect is
more pronounced on-Covered than on clean surfaces.

The activation barriers for the-&ssisted €H activationare almost halved with respect to the
reaction on clean surfacdseing 19.1 and 15.Rcal mol* on PdAu(11) and (100) surfaces
respectively.
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The abstraction of H atoms from ethylene®MWs group leads to the formation of adsorbed
water molecules. Since water molecules are sited preferentially on top of Pd monomers, the TS
structures of the Otdssisted procesmwlds vinyl molecules in the PdAu bridge sites, no matter
what is the exposed surfaces. The activation barriers corresponding to these transition states are
even lower than in the @ssisted case, being 13.1 and Kcal mol® for the PdAu(111) and
(100) surfacesrespectively.

The calculated activation barriers and reaction energies (see Table 1) ridardye that
presence oDsand OH species drastically influences the vinyl formation reaction on PdAu
surface alloys. Sinc®sand OH groups are msent in the experimental conditions of VAM
synthesis, our study strongly suggests that vinyl is formed during the catalytic process. As a
consequence, ethylene dehydrogenation cannot be considered -theteat@ning step in the
Moiseevtype mechanismirsce coupling step shows higher barriers.

In conclusion, the ease with which ethylene can form vinyl in the presence of surface oxygen
and hydroxyl groups supports the hypothesis that ethylene dehydrogenation can occur during
VAM synthesis on PdAu surfa@loys and the formed vinyl can couple with acetate following
a Moiseewtype reaction mechanism. In light of the results presented here, further theoretical
investigation on this catalytic system should be performed covering all the possible elementary
steps and comparing the two reaction mechanisms. The possibility that different mechanisms
operate on different surface alloys should be also taken into consideration. Additional
information coming from experimental studies on the characterization of thtelifhoeaction
intermediates, such as the highly reactive vinyl or efitgtate surface species, should be
welcome to unequivocally determine the microscopic behavior of the surface reaction and the

promotional role of gold.
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Table 1.Activation (E, kcal mol*) and reaction energiegi, kcal mol') calculated as
Ea=Ersi Es andqE= Esi Egs.

(111 (100)
Ea DE Ea DE
PdAu 34.9 26.5 33.2 28.6
O/PdAu | 19.1 -11.8 15.0 -12.2
OH/PdAu | 13.1 -10.5 11.0 -2.4
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- Computational tool (including building strategy for cluster models)S1-
- Adsorption properties (O,0H, H and®) -S2-

- Geometricparameters for stationary points (IS, TS and FS) -S3

and imaginary vibrational frequencies for TS structures
- Cartesian Coordinates (including coordinates of the adsorption st&dly)

- References -S5
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-S1-
Computational tool (including building strategy for cluster models)

The calculations have been performed with the Turbomole packagee DF level, using
the BP86 functiondlwithin the resolution of the identity approximation for computing the
electronic Coulomb intergion (RI-J)3*

The Stuttgart effective core potentislas been used to model the scalar relativistic effects
replacing the 28 and 60 core electrons of palladium and gold atoms, respectively. The valence
electrons of metal atoms, 18 for Pd and 19 for agd all electrons for C, O and H atoms have
been explicitly considered by Suatoeg withf thet he T
corresponding TZVP auxiliary basis Set.

Initially, the atomic positions have been assigned as in bulk gold, with the expelimen
lattice parameter of 4.08 A, yielding an 4w (initially equal to PeAu) distance of 2.885 A.

We have buikup the clusters starting with a group of two raamtiguous Pd atoms and two
Au atoms bonded to both of them since they represent the adégef@i VAM synthesis on
both PdAu(100) and PdAu(111) surface alloys. The first neighbors of those four atoms have
been added both in the first and in the second layer. In this way, the active sites are represented
by the PdAu;¢12,9) and PgAu,y(14,8) clster models, for Au(100) and Au(111) surfaces,
respectively. The size of the f2di;o(12,9) and the PAu,3(12,9,4) has been increased by
adding a third layer in such a way as to obtain the largekuR¢{12,9,4) and Pd\u,g(14,8,8)
cluster models.

Finally, starting from these thrdayer models, the largest clusters,Mas(24,21,12) and
PdAuUs2(30,21,13) have been constructed completing the set of the first neighbor atoms for all
the peripheral atoms of the first and the second layer of PdAu(100) and1RdA surfaces,
respectively. Within these two large model the position of the inner atoms (corresponding to the
atoms included in the RAu;4(12,9) and Pshu,(14,8) models) have been optimized.

In these models any indirect unsaturation effect for thertancontiguous Pd and the two

Au atoms of the active sites is prevented, as showed by previous convergencé3tudies.
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Adsorption properties (O, OH, H and H,0)

The BE of O, OH, H and #0 on PdAu(100) and PdAu(111) have been calculated fia@relift
adsorption sites according to the equation:

BE = (Ea+ E) T Eas 1)

where B and K are the total energies of the isolated adsorbate species and cluster model,
respectively, and ks is the total energy of the interacting system for a givésotion
configuration.

Due to the high computational cost of the calculations, the trends in BE for all the adsorption
sites have been obtained by use of the SVP basi$'Sétowever, for the preferred adsorption
sites the TZVP basis set has beenduge calculate the BEs and the corresponding BSSE
corrections? The atomic position of the adsorbates have been optimized without geometric
constrains allowing adsorbates to move from unstable initial adsorption positions to the
preferred adsorption sites

PdAU(100) PdAu(111
adsorption site BE (kcal mol™) | adsorption site BE (kcal mol™)
H
Hollow 58.3 fcc Hollow 50.5
Bridge PdAu 61.5 hcp Hollow 49.9
TopPd Bri dge - Bridge PAAu Yf cc  H( -
Top AuY Br - Top PdYfcc Ho -
- TopAuYfcc Hol -
(0]
Hollow 68.0 fcc Hollow 60.2
Bridge PdAu 67.3 hcp Hollow 58.1
Top Pd 56.5 Bridge PAAu Yf cc  H( -
Top PdYfcc Ho -
OH
Hollow 35.2 fcc Holl owYBr -
Bridge PdAu 40.2 hcp Holl owYBr -
Top Pd 33.6 Bridge PdAu 45.7
Top Pd 44.6
H20
Hol Il owY To - fcc HollowY T -
Bridge PdAu 13.8 hcp HollowYTo -
Top Pd 17.2 Bridge PdAu 131
Top Pd 14.9

Table. Calculated BEs (SVP basis set) for different adsorption sitas i( t i apositibr). BEs| for the preferred
adsorption sites are reported in bold.
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Geometric parameters for stationary points (IS,TS and FS) and imaginary
vibrational frequencies for TS structures.

Distances are in A, angles in degrees and vibrat frequencies in cth
The labels listed in the tables are assigned according to the following scheme:

H H H
C C
H™ \C/H H/C\ ~H H \C,/H
e ?\ (|)
Az(0)
Az(H)
d, - I e Pl G A—— P, Pd,
PdAu(100)
| C-C* CH* Pd-C* Pd-H* @z (F Pd-H*  C*-Pdy-H* n
IS | 1375 1.091 2376 - - - - -
Ts | 1337 1844 2102 1707  1.140 - 50.7 i360.1
Fs | 1.336 - 2.042 - - 1.694 - -
O/PdAu(100)
C-C*  CH* Pd-C* PdO z(C OH* Pd-C C*Pd-H*  Pd-O-H* n
IS | 1.373 1003 238 1984 1478 - - - - -
TS | 1365 1.333 2200 2.093 - 1.296  2.886 311 126.1 13962
Fs | 1.340 - 2035 2151 - 0.981 - - 108.0 -
OH/PdAu(100)
| C-C* C-H* Pd-C* PdO O-H* OH Pd-C H-OH*  Pd-O-H* n
Is | 1370 1002 2351 2147 - 0.975 - - 106.8 -
TS | 1399 1409 2663 2199 1231 0975 2260  112.8 1050 12152

FS 1.345 - 2.047 2.438 - 0.986 - 104.5 103.2 -
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PdAu(111)
C-C* CH* Pd-C* Pd-H* @z (| Pd-H*  C*-Pd-H* n
IS | 1375 1.091 2.376 - - - - -
Ts | 1.337 1844 2102 1707  1.140 - 50.7 i557.9
Fs | 1336 - 2.042 - - 1.695 - -
O/PdAu(111)
| C-C* CH* Pd-C* Pd-O z(C OH'  Pd-C C*Pd-H* Pdr-O-H* n
Is | 1373 1002 2385 1983 1477 - - - - -
Ts | 1.365 1332 2200 2092 - 1296  2.886 31.1 1261 i1527.7
Fs | 1.339 2035 2151 - 0.981 - - 108.0 -
OH/PdAu(111)
| C-C* CH* Pd-C* PdO OH* OH Pd-C H-OH* Pd-O-H* n
IS | 1370 1.092 2351 2147 - 0.975 - - 106.8 -
Ts | 1299 1408 2663 2199 1230 0974 2260 1127 1050 13183
Fs | 1345 - 2046 2438 - 0.986 - 1045 103.2 -
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Cartesian Coordinates (including adsorption study), in A

Ethylene dehydrogenation on PdAu(111)

IS TS FS
X y z X y z X y z
Au | 7,2125 | 7,4954 | 0,0000| 7,2125 | 7,4954 | 0,0000| 7,2125 | 7,4954 | 0,0000
Au | 8,6550 | 9,9939 | 0,0000| 8,6550 | 9,9939 | 0,0000| 8,6550 | 9,9939 | 0,0000
Au | 10,0975| 12,4924 | 0,0000 | 10,0975| 12,4924 | 0,0000 | 10,0975 | 12,4924| 0,0000
Au | 11,5400| 14,9909 | 0,0000 | 11,5400| 14,9909 | 0,0000 | 11,5400 | 14,9909| 0,0000
Au | 10,0975| 7,4954 | 0,0000| 10,0975| 7,4954 | 0,0000| 10,0975| 7,4954 | 0,0000
Au | 11,5400| 9,9939 | 0,0000| 11,5400| 9,9939 | 0,0000| 11,5400 | 9,9939 | 0,0000
Au | 12,9825| 12,4924 | 0,0000 | 12,9825| 12,4924 | 0,0000 | 12,9825 | 12,4924| 0,0000
Au | 14,4250 | 14,999 | 0,0000 | 14,4250| 14,9909 | 0,0000 | 14,4250 | 14,9909| 0,0000
Au | 12,9825| 7,4954 | 0,0000| 12,9825| 7,4954 | 0,0000 | 12,9825| 7,4954 | 0,0000
Au | 14,4250| 9,9939 | 0,0000 | 14,4250| 9,9939 | 0,0000 | 14,4250 | 9,9939 | 0,0000
Au | 15,8675| 12,492 | 0,0000| 15,8675| 12,492 | 0,0000| 15,8675| 12,492 | 0,0000
Au | 15,8675 7,4954 | 0,0000] 15,8675| 7,4954 | 0,0000| 15,8675| 7,4954 | 0,0000
Au | 17,3100| 9,9939 | 0,0000| 17,3100| 9,9939 | 0,0000| 17,3100 | 9,9939 | 0,0000
Au | 57700 | 8,3283 | 2,3556| 5,7700 | 8,3283 | 2,3556| 5,7700 | 8,3283 | 2,3556
Au 7,2125 | 10,8268| 2,3556| 7,2125 | 10,82@ | 2,3556| 7,2125 | 10,8268 | 2,3556
Au | 8,6550 | 13,3252| 2,3556 | 8,6550 | 13,3252| 2,3556 | 8,6550 | 13,3252| 2,3556
Au | 10,0975| 15,8237| 2,3556 | 10,0975| 15,8237 | 2,3556 | 10,0975 | 15,8237| 2,3556
Au | 7,2125 | 5,8298 | 2,3556 | 7,2125 | 5,8298 | 2,3556| 7,2125 | 5,8298 | 2,3556
Au | 8,6470 | 8,325 | 2,5240| 8,6470 | 8,3235 | 2,5240| 8,6470 | 8,3235 | 2,5240
Au | 10,0773| 10,8180| 2,5362 | 10,0773 | 10,8180| 2,5362 | 10,0773 | 10,8180| 2,5362
Au | 11,5300| 13,3021 | 2,5347 | 11,5300| 13,3021 | 2,5347 | 11,5300 | 13,3021| 2,5347
Au | 12,9825 15,8237 | 2,3556 | 12,9825| 15,8237 | 2,3556 | 12,9825 | 15,8237 | 2,3556
Au | 10,0975| 5,8298 | 2,3556 | 10,0975| 5,8298 | 2,3556 | 10,0975| 5,8298 | 2,3556
Au | 11,5223| 8,3153 | 2,5359 ] 11,5223 8,3153 | 2,5359 | 11,5223 | 8,3153 | 2,5359
Au | 12,9630 10,8161| 2,5315] 12,9630 10,8161 | 2,5315| 12,9630 | 10,8161| 2,5315
Au | 14,4360 13,3114| 2,5370] 14,4360 | 13,3114| 2,5370| 14,4360 | 13,3114| 2,5370
Au | 15,8675 15,8237 | 2,3556 | 15,8675 15,8237 | 2,3556 | 15,8675 | 15,8237 | 2,3556
Au | 12,9825| 5,8297 | 2,3556 | 12,9825| 5,8297 | 2,3556 | 12,9825 | 5,8297 | 2,3556
Au | 14,4000| 8,3317 | 2,5355| 14,4000| 8,3317 | 2,5355| 14,4000 | 8,3317 | 2,53%
Au | 15,8602| 10,8439 2,5366 | 15,8602 | 10,8439| 2,5366 | 15,8602 | 10,8439| 2,5366
Au | 17,3100| 13,3252 2,3556| 17,3100| 13,3252| 2,3556 | 17,3100 | 13,3252| 2,3556
Au | 15,8675| 5,8298 | 2,3556 | 15,8675| 5,8298 | 2,3556 | 15,8675| 5,8298 | 2,3556
Au | 17,3100| 8,3283 | 2,3556| 17,3100| 8,383 | 2,3556| 17,3100 | 8,3283 | 2,3556
Au | 18,7525| 10,8268 | 2,3556 | 18,7525| 10,8268 | 2,3556 | 18,7525 | 10,8268| 2,3556
Au | 4,3275 | 9,1611 | 4,7112| 4,3275 | 9,1611 | 4,7112| 4,3275 | 9,1611 | 4,7112
Au 5,7700 | 11,6596 4,7112| 5,7700 | 11,6596| 4,7112| 5,7700 | 11,6596| 4,7112
Au 7,2125 | 141581 | 4,7112| 7,2125 | 14,1581 | 4,7112| 7,2125 | 14,1581 4,7112
Au 8,6550 | 16,6565 4,7112| 8,6550 | 16,6565| 4,7112| 8,6550 | 16,6565| 4,7112
Au 5,7700 | 6,6626 | 4,7112| 5,7700 | 6,6626 | 4,7112| 5,7700 | 6,6626 | 4,7112
Au 7,2418 | 9,1521 | 5,1036| 7,2418 | 9,1521 | 5,1036| 7,2418 | 9,1521 | 5,1036
Au 8,6544 | 11,6193 5,0736| 8,6544 | 11,6193| 5,0736 | 8,6544 | 11,6193| 5,0736
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Au | 10,0008 14,1188] 5,0136 | 10,0998| 14,1188] 5,0136 | 10,0998 | 14,1188 5,0136
Au | 11,5400| 16,6565 4,7112| 11,5400 16,6565| 4,7112 | 11,5400 | 16,6565 | 4,7112
Au | 72125 | 41641 | 47112 7,2125 | 41641 | 47112 7,2125 | 4,1641 | 4,7112
Au | 86623 | 6,6923 | 51047 | 8,6623 | 6,6923 | 51047 | 8,6623 | 6,6923 | 5,1047
Pd | 10,1032 9,1645 | 4,9167] 10,1032| 9,1645 | 4,9167 | 10,1032 | 9,1645 | 4,9167
Au | 11,5442| 11,6202 5,1198| 11,5442| 11,6202 5,1198 | 11,5442 | 11,6202 5,1198
Au | 13,0014| 141110 | 5,0369 | 13,0014 14,1110| 5,0369 | 13,0014 | 14,1110 5,0369
Au | 14,4250| 16,6565| 4,7112| 14,4250| 16,6565 4,7112 | 14,4250 | 16,6565| 4,7112
Au | 10,0075| 4,1641 | 4,7112] 10,0975| 4,1641 | 4,7112] 10,0975 | 4,1641 | 4,7112
Au | 11,5045| 6,6819 | 5,0731| 11,5045| 6,6819 | 5,0731 | 11,5045 | 6,6819 | 5,0731
Au | 12,9509| 9,1839 | 5,1197| 12,9509| 9,1839 | 5,1197 | 12,9509 | 9,1839 | 5,1197
Pd | 14,4040 11,6472| 4,9093 | 14,4040 11,6472| 4,9093 | 14,4040 | 11,6472| 4,9093
Au | 15,8672| 14,1271| 5,0513| 15,8672 14,1271 5,0513| 15,8672 | 14,1271| 5,0513
Au | 17,3100 16,6565| 4,712 | 17,3100 16,6565| 4,7112| 17,3100 | 16,6565| 4,7112
Au | 12,9825| 4,1641 | 4,7112| 12,9825| 4,1641 | 4,7112| 12,9825 | 4,1641 | 4,7112
Au | 14,3912 6,6835 | 5,0142| 14,3912| 6,6835 | 50142 | 14,3912 | 6,6835 | 5,0142
Au | 15,8357| 9,1997 | 5,0366 | 15,8357 9,1997 | 5,0366 | 15,8357 | 9,1997 | 5,036
Au | 17,2831 11,6733| 5,0509 | 17,2831 | 11,6733| 5,0509 | 17,2831 | 11,6733| 5,0509
Au | 18,7525| 14,1581 | 4,7112| 18,7525 14,1581 | 4,7112| 18,7525 | 14,1581 | 4,7112
Au | 15,8675| 4,1641 | 4,7112| 15,8675| 4,1641 | 4,7112| 15,8675 | 4,1641 | 4,7112
Au | 17,3100| 6,6626 | 4,7112| 17,3100| 6,626 | 4,7112| 17,3100| 6,6626 | 4,7112
Au | 18,7525| 9,1611 | 4,7112| 18,7525| 9,1611 | 4,7112| 18,7525| 9,1611 | 4,7112
Au | 20,1950 11,6596 4,7112| 20,1950 11,6596 | 4,7112 | 20,1950 | 11,6596 | 4,7112
C | 10,5659| 8,5897 | 7,8944 | 10,2968 9,0324 | 7,0273 | 10,1964 | 9,1902 | 6,9646
Cc | 9,8890 | 9,7505 | 7,8824| 9,3347 | 8,7862 | 7,9195| 10,1588 10,2079| 7,8305
H | 87983 | 9,7760 | 7,8772| 11,3349 9,1457 | 7,3445| 10,2638 | 8,1647 | 7,3342
H | 10,4017| 10,7129 7,9262| 9,6097 | 8,64178| 8,9714 | 10,2069 | 9,9898 | 8,9053
H | 11,6555| 8,5634 | 7,9452| 8,2754 | 8,7103 | 7,6708 | 10,0778 | 11,2610| 7,5559
H | 10,0510| 7,6273 | 7,8957| 9,8609 | 10,5007 | 5,9829 | 13,2209 | 10,9740| 5,9284
Ethylene dehydrogenation on O/PdAu(111)
IS TS FS
X y z X Yy 4 X Yy 4
Au | 7,2125 | 7,4954 | 0,0000| 7,2125 | 7,4954 | 0,0000]| 7,2125 | 7,4954 | 0,0000
Au | 8,6550 | 9,9939 | 0,0000] 8,6550 | 9,9939 | 0,0000| 8,6550 | 9,9939 | 0,0000
Au | 10,0975] 12,4924 0,0000] 10,0975 12,4924| 0,0000 | 10,0975] 12,4924| 0,0000
Au | 11,5400] 14,9909 0,0000 | 11,5400 14,9909] 0,0000 | 11,5400] 14,9909] 0,0000
Au | 10,0975] 7,4954 | 0,0000] 10,0975] 7,4954 | 0,0000 | 10,0975] 7,4954 | 0,0000
Au | 11,5400] 9,9939 | 0,0000] 11,5400 9,9939 | 0,0000 | 11,5400 9,9939 | 0,0000
Au | 12,9825] 12,4924 0,0000]| 12,9825 12,4924] 0,0000 | 12,9825] 12,4924] 0,0000
Au | 14,4250] 14,9909 0,0000| 14,4250 14,9909| 0,0000 | 14,4250] 14,9909] 0,0000
Au | 12,9825] 7,4954 | 0,0000]| 12,9825] 7,4954 | 0,000 | 12,9825] 7,4954 | 0,0000
Au | 14,4250 9,9939 [ 0,0000] 14,4250] 9,9939 | 0,0000 | 14,4250 9,9939 | 0,0000
Au | 15,8675 12,492 | 0,0000] 15,8675| 12,492 | 0,0000 | 15,8675| 12,492 | 0,0000
Au | 15,8675| 7,4954 | 0,0000] 15,8675| 7,4954 | 0,0000| 15,8675| 7,4954 | 0,0000
Au | 17,3100] 9,9939 | 00000 | 17,3100 9,9939 | 0,0000| 17,3100] 9,9939 | 0,0000
Au | 5,7700 | 8,3283 | 2,3556| 5,7700 | 8,3283 | 2,3556 | 5,7700 | 8,3283 | 2,3556
Au | 7,2125 | 10,8268] 2,3556| 7,2125 | 10,8268| 2,3556 | 7,2125 | 10,8268] 2,3556
Au | 8,6550 | 13,3252 2,3556| 8,6550 | 13,3252| 2,3556 | 8,6550 | 13,3252 2,3556
Au | 10,0975| 15,8237] 2,3556| 10,0975 15,8237| 2,3556 | 10,0975| 15,8237| 2,3556
Au | 7,2125 | 5,8298 | 2,3556| 7,2125 | 5,8298 | 2,3556 | 7,2125 | 5,8298 | 2,3556
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Au | 8,6470 | 8,3235 | 2,5240| 8,6470 | 8,3235 | 2,5240]| 8,6470 | 8,3235 | 2,5240
Au | 10,0773] 10,8180| 2,5362| 10,0773| 10,8180| 2,5362| 10,0773| 10,8180| 2,5362
Au | 11,5300| 13,3021| 2,5347| 11,5300| 13,3021| 2,5347| 11,5300| 13,3021| 2,5347
Au | 12,9825| 15,8237| 2,3556| 12,9825| 15,8237 2,3556| 12,9825| 15,8237| 2,3556
Au | 10,0975| 5,8298 | 2,3556| 10,0975| 5,8298 | 2,3556| 10,0975| 5,8298 | 2,3556
Au | 11,5223| 8,3153 | 2,5359| 11,5223 | 8,3153 | 2,5359| 11,5223| 8,3153 | 2,5359
Au | 12,9630| 10,8161 | 2,5315] 12,9630| 10,8161 | 2,5315] 12,9630| 10,8161| 2,5315
Au | 14,4360| 13,3114| 2,5370| 14,4360 | 13,3114| 2,5370| 14,4360| 13,3114| 2,5370
Au | 15,8675| 15,8237 | 2,3556| 15,8675| 15,8237 | 2,3556| 15,865 | 15,8237| 2,3556
Au | 12,9825| 5,8297 | 2,3556| 12,9825| 5,8297 | 2,3556| 12,9825| 5,8297 | 2,3556
Au | 14,4000| 8,3317 | 2,5355] 14,4000| 8,3317 | 2,5355] 14,4000| 8,3317 | 2,5355
Au | 15,8602| 10,8439 | 2,5366| 15,8602 | 10,8439| 2,5366| 15,8602| 10,8439| 2,5366
Au | 17,3100| 13,3252| 2,3556] 17,3100 13,3252| 2,3556] 17,3100| 13,3252| 2,3556
Au | 15,8675| 5,8298 | 2,3556] 15,8675| 5,8298 | 2,3556] 15,8675| 5,8298 | 2,3556
Au | 17,3100| 8,3283 | 2,3556] 17,3100| 8,3283 | 2,3556] 17,3100| 8,3283 | 2,3556
Au | 18,7525| 10,8268 | 2,3556] 18,7525| 10,8268 | 2,3556] 18,7525| 10,8268 | 2,3556
Au | 4,3275| 9,1611 | 4,7112) 4,3275 | 9,1611 | 4,7112] 4,3275 | 9,1611 | 4,7112
Au | 5,7700 | 11,6596 | 4,7112] 5,7700 | 11,6596 4,7112] 5,7700 | 11,6596| 4,7112
Au | 7,2125 | 14,1581 | 4,7112) 7,2125 | 14,1581| 4,7112] 7,2125 | 14,1581 | 4,7112
Au | 8,6550 | 16,6565| 4,7112] 8,6550 | 16,6565| 4,7112 | 8,6550 | 16,6565| 4,7112
Au | 5,7700 | 6,6626 | 4,7112] 5,7700 | 6,6626 | 4,7112] 57700 | 6,6626 | 4,7112
Au | 7,2418 | 9,1521 | 51036 7,2418 | 9,1521 | 5,1036] 7,2418 | 9,1521 | 5,1036
Au | 8,6544 | 11,6193| 50736 8,6544 | 11,6193| 5,0736] 8,6544 | 11,6193| 5,0736
Au | 10,0998| 14,1188 5,0136] 10,0998 | 14,1188 5,0136] 10,0998 | 14,1188| 5,0136
Au | 11,5400| 16,6565| 4,7112] 11,5400 | 16,6565| 4,7112] 11,5400| 16,6565| 4,7112
Au | 7,2125| 4,1641 | 47112 7,2125 | 4,1641 | 4,7112] 7,2125 | 4,1641 | 4,7112
Au | 8,6623 | 6,6923 | 51047 8,6623 | 6,6923 | 51047 8,6623 | 6,6923 | 51047
Pd ] 10,1032| 9,1645 | 4,9167] 10,1032| 9,1645 | 4,9167] 10,1032| 9,1645 | 4,9167
Au | 11,5442| 11,6202| 51198 11,5442 | 11,6202| 5,1198] 11,5442| 11,6202| 5,1198
Au | 13,0014| 14,1110 5,0369] 13,0014 | 14,1110| 5,0369] 13,0014 | 14,1110| 5,0369
Au | 14,4250| 16,6565| 4,7112] 14,4250 | 16,6565| 4,7112] 14,4250| 16,6565| 4,7112
Au | 10,0975| 4,1641 | 4,7112] 10,0975| 4,1641 | 4,7112] 10,0975| 4,1641 | 4,7112
Au | 11,5045| 6,6819 | 50731 11,5045| 6,6819 | 5,0731] 11,5045| 6,6819 | 5,0731
Au | 12,9509| 9,1839 | 5,1197] 12,9509 | 9,1839 | 5,1197] 12,9509| 9,1839 | 5,1197
Pd | 14,4040| 11,6472 | 4,9093| 14,4040| 11,6472| 4,9093| 14,4040| 11,6472 4,9093
Au | 15,8672| 14,1271 5,0513] 15,8672 | 14,1271| 5,0513] 15,8672 | 14,1271| 5,0513
Au | 17,3100| 16,6565 4,7112] 17,3100 16,6565| 4,7112] 17,3100| 16,6565| 4,7112
Au | 12,9825| 4,1641 | 4,7112] 12,9825| 4,1641 | 4,7112] 12,985 | 4,1641 | 4,7112
Au | 14,3912| 6,6835 | 5,0142] 14,3912| 6,6835 | 5,0142] 14,3912| 6,6835 | 5,0142
Au | 15,8357 9,1997 | 5,0366] 15,8357 | 9,1997 | 5,0366] 15,8357 | 9,1997 | 5,0366
Au | 17,2831| 11,6733 5,0509] 17,2831 11,6733| 5,0509] 17,2831 | 11,6733| 5,0509
Au | 18,7525| 14,1581 | 4,7112] 18,7525| 14,1581 | 4,7112] 18,7525| 14,1581 | 4,7112
Au | 15,8675| 4,1641 | 4,7112] 15,8675| 4,1641 | 4,7112] 15,8675| 4,1641 | 4,7112
Au | 17,3100| 6,6626 | 4,7112| 17,3100| 6,6626 | 4,7112] 17,3100| 6,6626 | 4,7112
Au | 18,7525| 9,1611 | 4,7112| 18,7525| 9,1611 | 4,7112] 18,7525| 9,1611 | 4,7112
Au | 20,1950| 11,6596 4,7112| 20,1950| 11,6596| 4,7112] 20,1950| 11,6596| 4,7112
C | 10,5407| 8,5989 | 7,4493] 12,0075| 9,2897 | 7,1639] 10,1593| 9,1781 | 6,9669
C 9,8896 | 9,7935 | 7,4479] 10,6127 9,4392 | 7,2048] 9,9678 | 10,1828| 7,8270
H 8,8044 | 9,8466 | 7,5401] 9,9927 | 8,7042 | 7,7298] 10,0310| 9,9755 | 8,9032
H | 10,4464| 10,7267| 7,5332) 10,1767 | 10,4433| 7,1386] 9,7378 | 11,2113| 7,5451
H | 11,6268 8,5601 | 7,5314] 12,3825| 8,3619 | 7,6153] 10,3733| 8,1737 | 7,3378
H 9,9994 | 7,6561 | 7,5401] 12,7306| 10,4704| 7,0564] 13,5865| 11,2316| 7,2684
O ] 13,1798| 10,9391| 6,44% | 13,1474| 11,6075| 6,6449] 14,4396| 11,5896| 6,9531

Ethylene dehydrogenation on OH/PdAu(111)




IS TS FS
X y z X y z X y z
Au | 7,2125 | 7,4954 | 0,0000| 7,2125 | 7,4954 | 0,0000] 7,2125 | 7,4954 | 0,0000
Au | 8,6550 | 9,9939 | 0,0000| 8,6550 | 9,9939 | 0,0000| 8,6550 | 9,9939 | 0,000
Au | 10,0975| 12,4924| 0,0000| 10,0975| 12,4924 | 0,0000] 10,0975| 12,4924 | 0,0000
Au | 11,5400| 14,9909| 0,0000| 11,5400| 14,9909| 0,0000] 11,5400| 14,9909 | 0,0000
Au | 10,0975| 7,4954 | 0,0000| 10,0975| 7,4954 | 0,0000] 10,0975| 7,4954 | 0,0000
Au | 11,5400| 9,9939 | 0,0000| 11,5400| 9,939 | 0,0000] 11,5400| 9,9939 | 0,0000
Au | 12,9825| 12,4924| 0,0000| 12,9825| 12,4924 | 0,0000] 12,9825| 12,4924 | 0,0000
Au | 14,4250| 14,9909| 0,0000| 14,4250| 14,9909 | 0,0000| 14,4250 | 14,9909 0,0000
Au | 12,9825| 7,4954 | 0,0000| 12,9825| 7,4954 | 0,0000| 12,9825| 7,4954 | 0,0000
Au | 144250 | 9,9939 | 0,0000| 14,4250 9,9939 | 0,0000| 14,4250 9,9939 | 0,0000
Au | 15,8675| 12,492 | 0,0000| 15,8675| 12,492 | 0,0000| 15,8675| 12,492 | 0,0000
Au | 15,8675| 7,4954 | 0,0000] 15,8675| 7,4954 | 0,0000| 15,8675| 7,4954 | 0,0000
Au | 17,3100| 9,9939 | 0,0000| 17,3100| 9,9939 | 0,0000| 17,3100 | 9,9939 | 0,0000
Au | 5,7700 | 8,3283 | 2,3556] 5,7700 | 8,3283 | 2,3556| 5,7700 | 8,3283 | 2,3556
Au | 7,2125 | 10,8268| 2,3556] 7,2125 | 10,8268 | 2,3556| 7,2125 | 10,8268 | 2,3556
Au | 8,6550 | 13,3252| 2,3556| 8,6550 | 13,3252 | 2,3556| 8,6550 | 13,3252| 2,3556
Au | 10,0975| 15,8237 2,3556| 10,0975 | 15,8237 | 2,3556| 10,0975 15,8237 | 2,3556
Au | 7,2125 | 5,8298 | 2,3556| 7,2125 | 5,8298 | 2,3556| 7,2125 | 5,8298 | 2,3556
Au | 8,6470 | 8,3235 | 2,5240] 8,6470 | 8,3235 | 2,5240| 8,6470 | 8,3235 | 2,5240
Au | 10,0773| 10,8180| 2,5362| 10,0773 | 10,8180 2,5362| 10,0773 | 10,8180| 2,5362
Au | 11,5300 | 13,3021 | 2,5347] 11,5300| 13,3021 | 2,5347| 11,5300 13,3021| 2,5347
Au | 12,9825| 15,8237 2,3556| 12,9825| 15,8237 | 2,3556| 12,9825 15,8237 | 2,3556
Au | 10,0975| 5,8298 | 2,3556| 10,0975| 5,8298 | 2,3556| 10,0975| 5,8298 | 2,3556
Au | 11,5223| 8,3153 | 2,5359| 11,5223 | 8,3153 | 2,5359| 11,5223 | 8,3153 | 2,5359
Au | 12,9630| 10,8161| 2,5315] 12,9630| 10,8161 | 2,5315| 12,9630 | 10,8161| 2,5315
Au | 14,4360| 13,3114| 2,5370] 14,4360| 13,3114 | 2,5370| 14,4360| 13,3114 | 2,5370
Au | 15,8675| 15,8237 | 2,3556] 15,8675| 15,8237 | 2,3556| 15,8675| 15,8237 | 2,3556
Au | 12,9825| 5,8297 | 2,3556] 12,9825| 5,8297 | 2,3556| 12,9825| 5,8297 | 2,3556
Au | 14,4000| 8,3317 | 2,5355] 14,4000| 8,3317 | 2,5355| 14,4000| 8,3317 | 2,5355
Au | 15,8602 | 10,8439| 2,5366| 15,8602| 10,8439 2,5366| 15,8602 | 10,8439 | 2,5366
Au | 17,3100 13,3252| 2,3556] 17,3100| 13,3252 | 2,3556| 17,3100| 13,3252 | 2,3556
Au | 15,8675| 5,8298 | 2,3556] 15,8675| 5,8298 | 2,3556| 15,8675| 5,8298 | 2,3556
Au | 17,3100| 8,3283 | 2,3556| 17,3100| 8,3283 | 2,3556] 17,3100| 8,3283 | 2,3556
Au | 18,7525| 10,8268| 2,3556| 18,7525| 10,8268 | 2,3556| 18,7525| 10,8268 | 2,3556
Au | 4,3275 | 9,1611 | 4,7112] 4,3275 | 9,1611 | 4,7112| 4,3275 | 9,1611 | 4,7112
Au | 5,7700 | 11,6596| 4,7112| 5,7700 | 11,6596 4,7112| 5,7700 | 11,6596 | 4,7112
Au | 7,2125 | 14,1581| 4,7112| 7,2125 | 14,1581 | 4,7112| 7,2125 | 14,1581 | 4,7112
Au | 8,6550 | 16,6565| 4,7112| 8,6550 | 16,6565 4,7112| 8,6550 | 16,6565 4,7112
Au | 5,7/00 | 6,6626 | 4,7112]| 5,7700 | 6,6626 | 4,7112] 5,7700 | 6,6626 | 4,7112
Au | 7,2418 | 9,1521 | 5,1036| 7,2418 | 9,1521 | 5,1036| 7,2418 | 9,1521 | 5,1036
Au | 8,6544 | 11,6193| 5,0736| 8,6544 | 11,6193| 5,0736] 8,6544 | 11,6193 | 5,0736
Au | 10,0998 | 14,1188| 5,0136| 10,0998 | 14,1188| 5,0136] 10,0998 | 14,1188 | 5,0136
Au | 11,5400 16,6565| 4,7112| 11,5400| 16,6565| 4,7112] 11,5400| 16,6565| 4,7112
Au | 7,2125 | 4,1641 | 4,7112| 7,2125 | 4,1641 | 4,7112] 7,2125 | 4,1641 | 4,7112
Au | 8,6623 | 6,6923 | 5,1047| 8,6623 | 6,6923 | 5,1047| 8,6623 | 6,6923 | 5,1047

119
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Pd | 10,1032| 9,1645 | 4,9167| 10,1032 9,1645 | 4,9167| 10,1032| 9,1645 | 4,9167
Au | 11,5442| 11,6202 5,1198| 11,5442 11,6202 5,1198| 11,5442 11,6202 5,1198
Au | 13,0014| 14,1110 5,0369| 13,0014 | 14,1110| 5,0369| 13,0014 14,1110| 5,0369
Au | 14,4250| 16,6565 4,7112| 14,4250| 16,6565 | 4,7112| 14,4250| 16,6565 | 4,7112
Au | 10,0075 4,1641 | 4,7112| 10,0975| 4,1641 | 4,7112| 10,0975| 4,1641 | 4,7112
Au | 11,5045| 6,6819 | 5,0731| 11,5045| 6,6819 | 5,0731| 11,5045| 6,6819 | 5,0731
Au | 12,9509| 9,1839 | 5,1197| 12,9509| 9,1839 | 5,1197| 12,9509 | 9,1839 | 5,1197
Pd | 14,4040| 11,6472| 4,9093| 14,4040 11,6472| 4,908 | 14,4040 11,6472| 4,9093
Au | 15,8672| 14,1271| 5,0513| 15,8672| 14,1271 5,0513| 15,8672| 14,1271| 5,0513
Au | 17,3100| 16,6565 4,7112| 17,3100| 16,6565 | 4,7112| 17,3100 | 16,6565 4,7112
Au | 12,9825| 4,1641 | 4,7112| 12,9825| 4,1641 | 4,7112] 12,9825| 4,1641 | 4,7112
Au | 14,3912| 6,6835 | 5,0142| 14,3912 6,6835 | 5,0142| 14,3912 6,6835 | 5,0142
Au | 15,8357| 9,1997 | 5,0366| 15,8357 9,1997 | 5,0366| 15,8357 | 9,1997 | 5,0366
Au | 17,2831 11,6733| 5,0509| 17,2831 11,6733| 5,0509| 17,2831 | 11,6733 5,0509
Au | 18,7525| 14,1581| 4,7112| 18,7525| 14,1581 | 4,7112] 18,7525| 14,1581 | 4,7112
Au | 15,8675| 4,1641 | 4,7112| 15,8675| 4,1641 | 4,7112] 15,8675| 4,1641 | 4,7112
Au | 17,3100| 6,6626 | 4,7112| 17,3100| 6,6626 | 4,7112] 17,3100| 6,6626 | 4,7112
Au | 18,7525| 9,1611 | 4,7112| 18,7525| 9,1611 | 4,7112] 18,7525| 9,1611 | 4,7112
Au | 20,1950| 11,6596 4,7112| 20,1950 | 11,6596 | 4,7112] 20,1950| 11,6596 | 4,7112
C | 10,3566 85871 | 7,5547| 12,1914| 9,2237 | 7,2216| 10,1650| 9,1696 | 6,9790
C | 9,8403 | 9,8393 | 7,5583| 10,8175| 9,4365 | 7,3253] 9,9112 | 10,1684 | 7,8382
H | 8,7637 | 10,0063| 7,6105| 10,1754| 8,7135 | 7,8412| 10,0365| 9,9876 | 8,9069
H | 10,487 | 10,7193| 7,6282| 10,3924| 10,4391 7,2158| 9,5708 | 11,1658 | 7,5464
H | 11,4313 8,4153 | 7,6235| 12,5360| 8,2572 | 7,6125| 10,4818| 8,1858 | 7,3333
H | 9,7158 | 7,7062 | 7,6088| 14,4790| 11,5024 | 7,7137| 14,0417 | 10,7430| 7,6125
O | 13,3250 11,7247 6,8093| 13,7869| 11,3199 7,0498| 14,483 | 11,5629 7,3142
H | 13,4579 10,8518| 7,2309| 13,0830| 10,3158 | 7,2463| 14,0175| 12,2725| 7,7752
Ethylene dehydrogenation on PdAu(100)
IS TS FS
X y z X y z X y z
Au | 4,0800 | -2,0400 | -2,4695 | 4,0800 | -2,0400 | -2,4695| 4,0800 | -2,0400 | -2,4695
Au | 2,0400 | -4,0800 | -2,4695 | 2,0400 | -4,0800 | -2,4695| 2,0400 | -4,0800 | -2,4695
Au | 4,0800 | 2,0400 | -2,4695| 4,0800 | 2,0400 | -2,4695| 4,0800 | 2,0400 | -2,4695
Au | 2,0400 [ 0,0000 | -2,4695 | 2,0400 | 0,0000 | -2,4695| 2,0400 | 0,0000 | -2,4695
Au | 0,0000 | -2,0400] -2,4695| 0,0000 | -2,0400 | -2,4695| 0,0000 | -2,0400 | -2,4695
Au | -2,0400 [ -4,0800] -2,4695| -2,0400 | -4,0800 | -2,4695] -2,0400 | -4,0800 | -2,4695
Au | 2,0400 | 4,0800 | 2,4695| 2,0400 | 4,0800 | -2,4695| 2,0400 | 4,0800 | -2,4695
Au | 0,0000 | 2,0400 | 2,4695| 0,0000 | 2,0400 | -2,4695] 0,0000 | 2,0400 | -2,4695
Au | -2,0400 ] 0,0000 | -2,4695| -2,0400 | 0,0000 | -2,4695| -2,0400 | 0,0000 | -2,4695
Au | -4,0800 | -2,0400 ] -2,4695| -4,0800 | -2,0400 | -2,4695| -4,0800 | -2,0400 | -2,4695
Au | -2,0400] 4,0800 | -2,4695| -2,0400 | 4,0800 | -2,4695] -2,0400 | 4,0800 | -2,4695
Au | -4,0800 | 2,0400 | -2,4695 | -4,0800 | 2,0400 | -2,4695| -4,0800 | 2,0400 | -2,4695
Au | 6,1200 | -2,0400 | -0,4295| 6,1200 | -2,0400 | -0,4295] 6,1200 | -2,0400 | -0,4295
Au | 4,0800 | -4,0800 | -0,4295| 4,0800 | -4,0800 | -0,4295| 4,0800 | -4,0800 | -0,4295
Au | 2,0400 | -6,1200 | -0,4295| 2,0400 | -6,1200 | -0,4295| 2,0400 | -6,1200 | -0,4295
Au | 6,1200 [ 2,0400 | -0,4295| 6,1200 | 2,0400 | -0,4295| 6,1200 | 2,0400 | -0,4295
Au | 4,1303 [ 0,0000 | -0,4335| 4,1303 | 0,0000 | -0,4335] 4,1303 | 0,0000 | -0,4335
Au | 2,0104 | -2,0092 | -0,2598 | 2,0104 | -2,0092 | -0,2598| 2,0104 | -2,0092 | -0,2598
Au | -0.0005 | -4,1513 | -0,4582 | -0.0005 | -4,1513 | -0,4582| -0.0005 | -4,1513 | -0,4582
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Au | -2,0400] -6,1200] -0,4295] -2,0400 | -6,1200 | -0,4295] -2,0400| -6,1200] -0,4295
Au | 4,0800 | 4,0800 | -0,4295| 4,0800 | 4,0800 | -0,4295] 4,0800 | 4,0800 | -0,4295
Au | 2,0105 | 2,0093 | -0,2596 | 2,0105 | 2,0093 | -0,2596] 2,0105 | 2,0093 | -0,2596
Au | -0.0001 | 0,0000 | -0,2763| -0.0001 | 0,0000 | -0,2763] -0.0001| 0,0000 | -0,2763
Au | -2,0115] -2,0087 | -0,2588 | -2,0115 | -2,0087 | -0,2588] -2,0115| -2,0087 | -0,2588
Au | -4,0800 | -4,0800] -0,4295| -4,0800 | -4,0800 | -0,4295| -4,0800 | -4,0800 | -0,4295
Au | 2,0400 | 6,1200 | -0,4295| 2,0400 | 6,200 | -0,4295| 2,0400 | 6,1200 | -0,4205
Au | -0.0005 | 4,1509 | -0,458 | -0.0005 | 4,1509 | -0,458 | -0.0005| 4,1509 | -0,458
Au | -2,0116 | 2,0087 | -0,2587| -2,0116 | 2,0087 | -0,2587] -2,0116 | 2,0087 | -0,2587
Au | -4,1298 | 0,0000 | -0,4334| -4,1298 | 0,0000 | -0,4334] -4,1298 | 0,0000 | -0,4334
Au | -6,1200 | -2,0400] -0,4295| -6,1200 | -2,0400 | -0,4295] -6,1200 | -2,0400| -0,4295
Au | -2,0400 | 6,1200 | -0,4295| -2,0400 | 6,1200 | -0,4295| -2,0400 | 6,1200 | -0,4295
Au | -4,0800 | 4,0800 | -0,4295| -4,0800 | 4,0800 | -0,4295| -4,0800 | 4,0800 | -0,4295
Au | -6,1200 [ 2,0400 | -0,4295| -6,1200 | 2,0400 | -0,4295| -6,1200 | 2,0400 | -0,42%
Au | 6,1200 | -4,0800| 1,6105| 6,1200 | -4,0800 | 1,6105| 6,1200 | -4,0800 | 1,6105
Au | 4,0800 | -6,1200| 1,6105 | 4,0800 | -6,2200 | 1,6105| 4,0800 | -6,1200| 1,6105
Au | 6,1200 [ 0,0000 | 1,6105 | 6,1200 | 0,0000 | 1,6105| 6,1200 | 0,0000 | 1,6105
Au | 4,0420 [ -2,0081 | 1,8525 | 4,0420 | -2,0081 | 1,8525| 4,0420 | -2,0081 | 1,8525
Au | 2,0068 | -4,0368| 1,8579 | 2,0068 | -4,0368 | 1,8579| 2,0068 | -4,0368 | 1,8579
Au | 0,0000 | -6,2200| 1,6105| 0,0000 | -6,2200 | 1,6105| 0,0000 | -6,1200| 1,6105
Au | 6,1200 | 4,0800 | 1,6105| 6,1200 | 4,0800 | 1,6105| 6,1200 | 4,0800 | 1,6105
Au | 40419 | 2,0082 | 1,8523 | 4,0419 | 2,0082 | 1,8523| 4,0419 | 2,0082 | 1,8523
Pd | 2,0426 | 0,0000 | 1,7918 | 2,0426 | 0,0000 | 1,7918 | 2,0426 | 0,0000 | 1,7918
Au | 0,0000 | -1,9640| 1,9533 | 0,0000 | -1,9640 | 1,9533 | 0,0000 | -1,9640 | 1,9533
Au | -2,0073] -4,0364 | 1,8578 | -2,0073 | -4,0364 | 1,8578 | -2,0073| -4,0364 | 1,8578
Au | -4,0800 | -6,1200 | 1,6105 | -4,0800 | -6,1200 | 1,6105 | -4,0800| -6,1200 | 1,6105
Au | 4,0800 [ 6,1200 | 1,6105 | 4,0800 | 6,200 | 1,6105]| 4,0800 | 6,1200 | 1,6105
Au | 2,0068 | 4,0367 | 1,8576 | 2,0068 | 4,0367 | 1,8576 | 2,0068 | 4,0367 | 1,8576
Au | 0.0001 [ 1,9640 | 1,953 | 0.0001 | 1,9640 | 1,953 | 0.0001 | 1,940 | 1,953
Pd | -2,0432] 0,000 | 1,7922 | -2,0432 | 0,000 [ 1,7922| -2,0432] 0,000 | 1,7922
Au | -4,0427 | -2,0083 | 1,8524 | -4,0427 | -2,0083 | 1,8524 | -4,0427 | -2,0083 | 1,8524
Au | -6,1200 | -4,0800| 1,6105 | -6,1200 | -4,0800 | 1,6105 | -6,1200| -4,0800 | 1,6105
Au | 0,0000 [ 6,2200 | 1,6105 | 0,0000 | 6,1200 | 1,6105] 0,0000 | 6,1200 | 1,6105
Au | -2,0073 | 4,0363 | 1,8574 | -2,0073 | 4,0363 | 1,8574 | -2,0073| 4,0363 | 1,8574
Au | -4,0426 | 2,0084 | 1,8521 | -4,0426 | 2,0084 | 1,8521 | -4,0426 2,0084 | 1,8521
Au | -6,1200| 0,000 | 1,6105| -6,1200 [ 0,000 | 1,6105] -6,1200| 0,000 | 1,6105
Au | -4,0800 | 6,1200 | 1,6105 | -4,0800 | 6,1200 | 1,6105 | -4,0800| 6,1200 | 1,6105
Au | -6,1200 | 4,0800 | 1,6105 | -6,1200 | 4,0800 | 1,6105 | -6,1200 4,0800 | 1,6105
C | 2,6851] -0,5606 | 4,09978] -2,2322 | -0,2577 | 3,8703 | -2,1823] -0,1431| 3,8246
C | -1,6200] 0,3091 | 4,11036] -3,0403 | 0,3770 [ 4,7250 | -2,3128| 08574 | 4,7002
H | 25256 | -1,6317 | 4,22962] -1,6123 | -1,0897 [ 4,2116 | -2,1068 [ -1,1779| 4,1691
H | 3,7065] -0,1958| 4,2105 | -3,1359 | 0,0103 | 5,7542 | 1,0885 | 0,8767 | 2,8836
H | -1,7813| 1,3797 | 4,24369] -3,6377 | 1,2512 | 4,4581 | 2,3871| 1,9099 | 4,4253
H | -0,6044 | -0,0564 | 4,26218] -1,120 | 0,9059 | 2,9321| -2,3422| 0,6312 | 57745

Ethylene dehydrogenation on O/PdAu(100)

IS TS FS
X y z X y z X y z
Au | 4,0800 | -2,0400 | -2,4695 | 4,0800 | -2,0400 | -2,4695 | 4,0800 | -2,0400 | -2,4695
Au | 2,0400 | -4,0800 | -2,4695 | 2,0400 | -4,0800 [ -2,4695 | 2,0400 | -4,0800 | -2,4695
Au | 4,0800 | 2,0400 | -2,4695 | 4,0800 | 2,0400 | -2,4695 | 4,0800 | 2,0400 | -2,4695
Au | 2,0400 | 0,0000 | -2,4695 | 2,0400 | 0,0000 | -2,4695 | 2,0400 | 0,0000 | -2,4695
Au | 0,0000 | -2,0400 | -2,4695 | 0,0000 | -2,0400 | -2,4695 | 0,0000 | -2,0400 | -2,4695
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Au | -2,0400| -4,0800| -2,4695 | -2,0400 | -4,0800 | -2,4695 | -2,0400 | -4,0800 | -2,4695
Au | 2,0400 | 4,0800 | -2,4695 | 2,0400 | 4,0800 | -2,4695 | 2,0400 | 4,0800 | -2,4695
Au | 0,0000 | 2,0400 | -2,4695 ] 0,0000 | 2,0400 | -2,4695 ] 0,0000 | 2,0400 | -2,4695
Au | -2,0400| 0,0000 | -2,4695 | -2,0400 | 0,0000 | -2,4695 | -2,0400 | 0,0000 | -2,4695
Au | -4,0800 | -2,0400 | -2,4695 ] -4,0800 | -2,0400 | -2,4695 | -4,0800 | -2,0400 | -2,4695
Au | -2,0400 | 4,0800 | -2,4695 ] -2,0400 | 4,0800 | -2,4695 | -2,0400 | 4,0800 | -2,4695
Au | -4,0800 | 2,0400 | -2,4695 ] -4,0800 | 2,0400 | -2,4695 | -4,0800 | 2,0400 | -2,4695
Au | 6,1200 | -2,0400 | -0,4295] 6,1200 | -2,0400 | -0,4295 | 6,1200 | -2,0400 | -0,4295
Au | 4,0800 | -4,0800 | -0,4295 ] 4,0800 | -4,0800 | -0,4295 | 4,0800 | -4,0800 | -0,4295
Au | 2,0400 | -6,1200 | -0,4295 ] 2,0400 | -6,1200 | -0,4295 | 2,0400 | -6,1200 | -0,4295
Au | 6,1200 | 2,0400 | -0,4295 ] 6,1200 | 2,0400 | -0,4295 | 6,1200 | 2,0400 | -0,4295
Au | 4,1303 | 0,0000 | -0,4335 ] 4,1303 | 0,0000 | -0,4335 | 4,1303 | 0,0000 | -0,4335
Au | 2,0104 | -2,0092 | -0,2598 | 2,0104 | -2,0092 | -0,2598 | 2,0104 | -2,0092 | -0,2598
Au | -0.0005| -4,1513| -0,4582 | -0.0005 | -4,1513 | -0,4582 | -0.0005 | -4,1513 | -0,4582
Au | -2,0400| -6,1200| -0,4295 | -2,0400 | -6,1200 | -0,4295 | -2,0400 | -6,1200 | -0,4295
Au | 4,0800 | 4,0800 | -0,4295 | 4,0800 | 4,0800 | -0,4295 ] 4,0800 | 4,0800 | -0,4295
Au | 2,0105| 2,0093 | -0,2596 | 2,0105 | 2,0093 | -0,2596 | 2,0105 | 2,0093 | -0,2596
Au | -0.0001 | 0,0000 | -0,2763 | -0.0001 | 0,0000 | -0,2763 | -0.0001 | 0,0000 | -0,2763
Au | -2,0115 | -2,0087 | -0,2588 | -2,0115 | -2,0087 | -0,2588 | -2,0115 | -2,0087 | -0,2588
Au | -4,0800| -4,0800| -0,4295 | -4,0800 | -4,0800 | -0,4295 ] -4,0800 | -4,0800 | -0,4295
Au | 2,0400 | 6,1200 | -0,4295 | 2,0400 | 6,1200 | -0,4295 | 2,0400 | 6,1200 | -0,4295
Au | -0.0005| 4,1509 -0,458 -0.0005 | 4,1509 | -0,458 -0.0005 | 4,1509 | -0,458
Au | -2,0116 | 2,0087 | -0,2587 | -2,0116 | 2,0087 | -0,2587 | -2,0116 | 2,0087 | -0,2587
Au | -4,1298 | 0,0000 | -0,4334 | -4,1298 | 0,0000 | -0,4334 | -4,1298 | 0,0000 | -0,4334
Au | -6,1200| -2,0400| -0,4295 | -6,1200 | -2,0400 | -0,4295 ] -6,1200 | -2,0400 | -0,4295
Au | -2,0400 | 6,1200 | -0,4295 | -2,0400 | 6,1200 | -0,4295 | -2,0400 | 6,1200 | -0,4295
Au | -4,0800| 4,0800 | -0,4295 | -4,0800 | 4,0800 | -0,4295 ] -4,0800 | 4,0800 | -0,4295
Au | -6,1200| 2,0400 | -0,4295 | -6,1200 | 2,0400 | -0,4295 | -6,1200 | 2,0400 | -0,4295
Au | 6,1200 | -4,0800| 1,6105 6,1200 | -4,0800 | 1,6105 6,1200 | -4,0800 | 1,6105
Au | 4,0800 | -6,1200| 1,6105 4,0800 | -6,1200 | 1,6105 4,0800 | -6,1200 | 1,6105
Au | 6,1200 | 0,0000 | 1,6105 6,1200 | 0,0000 | 1,6105 6,1200 | 0,0000 | 1,6105
Au | 4,0420 | -2,0081 | 1,8525 4,0420 | -2,0081 | 1,8525 4,0420 | -2,0081 | 1,8525
Au | 2,0068 | -4,0368 | 1,879 2,0068 | -4,0368 | 1,8579 2,0068 | -4,0368 | 1,8579
Au | 0,0000 | -6,1200| 1,6105 0,0000 | -6,1200 | 1,6105 0,0000 | -6,1200 | 1,6105
Au | 6,1200 | 4,0800 | 1,6105 6,1200 | 4,0800 | 1,6105 6,1200 | 4,0800 | 1,6105
Au | 4,0419 | 2,0082 | 1,8523 4,0419 | 2,0082 | 1,8523 4,0419 | 2,0082 | 1,8523
Pd | 2,0426 | 0,0000 | 1,7918 2,0426 | 0,0000 | 1,7918 2,0426 | 0,0000 | 1,7918
Au | 0,0000 | -1,9640 | 1,9533 0,0000 | -1,9640 | 1,9533 0,0000 | -1,9640 | 1,9533
Au | -2,0073| -4,0364| 1,8578 | -2,0073 | -4,0364 | 1,8578 | -2,0073 | -4,0364 | 1,8578
Au | -4,0800| -6,1200| 1,6105 | -4,0800 | -6,1200 | 1,6105 | -4,0800 | -6,1200 | 1,6105
Au | 4,0800 | 6,1200 | 1,6105 4,0800 | 6,1200 | 1,6105 4,0800 | 6,1200 | 1,6105
Au | 2,0068 | 4,0367 | 1,8576 2,0068 | 4,0367 | 1,8576 2,0068 | 4,0367 | 1,8576
Au | 0.0001 | 1,9640 1,953 0.0001 | 1,9640 1,953 0.0001 | 1,9640 1,953
Pd | -2,0432 | 0,000 1,7922 | -2,0432 | 0,000 1,7922 | -2,0432 | 0,000 1,7922
Au | -4,0427| -2,0083 | 1,8524 | -4,0427 | -2,0083 | 1,8524 | -4,0427 | -2,0083 | 1,8524
Au | -6,1200| -4,0800| 1,6105 | -6,1200 | -4,0800 | 1,6105 | -6,1200 | -4,0800 | 1,6105
Au | 0,0000 | 6,1200 | 1,6105 0,0000 | 6,1200 | 1,6105 0,0000 | 6,1200 | 1,6105
Au | -2,0073| 4,0363 | 1,8574 | -2,0073 | 4,0363 | 1,8574 | -2,0073 | 4,0363 | 1,8574
Au | -4,0426 | 2,0084 | 1,8521 | -4,0426 | 2,0084 | 1,8521 | -4,0426 | 2,0084 | 1,8521
Au | -6,1200 | 0,000 1,6105 | -6,1200 | 0,000 1,6105 | -6,1200 | 0,000 1,6105
Au | -4,0800| 6,1200 | 1,6105 | -4,0800 | 6,1200 | 1,6105 | -4,0800 | 6,100 | 1,6105
Au | -6,1200| 4,0800 | 1,6105 | -6,1200 | 4,0800 | 1,6105 | -6,1200 | 4,0800 | 1,6105
C | -2,4996 | -0,5916 | 4,1135 | -1,6295 | 0,0541 | 3,9531 | -2,0378 | -0,1184 | 3,8238
C |-16011| 0,4469 | 4,0936 | -2,2485 | -1,0445| 4,4759 | -1,8736 | 0,8852 | 4,6962
H | -2,1592 | -1,6202 | 4,2381 | -1,9743 | 1,0327 | 4,3072 | -2,2134 | -1,1362 | 4,1819
H | -3,5670 | -0,4067 | 4,2409 | -1,9265 | -2,0626 | 4,2488 | -1,7161 | 1,9250 | 4,4070
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H | -1,9451] 1,4747 [ 4,2200 | -3,0535 | -0,9487 [ 5,2150 | -1,9120 | 0,6793 [ 5,7743
H | 05275| 02758 | 4,2015 | 0,8571 | 0,5755 | 3,4175 | 1,2847 | 0,9917 | 3,5438
O | 15202 | 12150 | 3,2699 | -0,3210 | 0,1172 | 3,7042 | 0,6330 | 0,3960 | 3,9712
Ethylene dehydrogenation on OH/PdAu(100)
R TS P
X y z X y z X y z

Au | 4,0800 | -2,0400 | -2,4695| 4,0800 | -2,0400 | -2,4695| 4,0800 | -2,0400 | -2,4695
Au | 2,0400 | -4,0800 | -2,4695| 2,0400 | -4,0800 | -2,4695 | 2,0400 | -4,0800 | -2,4695
Au | 4,0800 | 2,0400 | -2,4695] 4,0800 | 2,0400 | -2,4695| 4,0800 | 2,0400 | -2,4695
Au | 2,0400 | 0,0000 | -2,4695] 2,0400 | 0,0000 | -2,4695| 2,0400 | 0,0000 | -2,4695
Au | 0,0000 | -2,0400 | -2,4695] 0,0000 | -2,0400 | -2,4695| 0,0000 | -2,0400 | -2,4695
Au | -2,0400 | -4,0800 | -2,4695 | -2,0400 | -4,0800 | -2,4695 | -2,0400 | -4,0800 | -2,4695
Au | 2,0400 | 4,0800 | -2,4695| 2,0400 | 4,0800 | -2,4695| 2,0400 | 4,0800 | -2,4695
Au | 0,0000 | 2,0400 | -2,4695] 0,0000 [ 2,0400 | -2,4695| 0,0000 | 2,0400 | -2,4695
Au | -2,0400| 0,0000 | -2,4695 | -2,0400 | 0,0000 | -2,4695| -2,04® | 0,0000 | -2,4695
Au | -4,0800 | -2,0400 | -2,4695 | -4,0800 | -2,0400 | -2,4695 | -4,0800 | -2,0400 | -2,4695
Au | -2,0400| 4,0800 | -2,4695| -2,0400 [ 4,0800 | -2,4695| -2,0400 | 4,0800 | -2,4695
Au | -4,0800| 2,0400 | -2,4695| -4,0800 | 2,0400 | -2,4695| -4,0800 | 2,0400 | -2,4695
Au | 6,1200 | -2,04® | -0,4295] 6,1200 | -2,0400 | -0,4295| 6,1200 | -2,0400 | -0,4295
Au | 4,0800 | -4,0800 | -0,4295| 4,0800 | -4,0800 | -0,4295| 4,0800 | -4,0800 | -0,4295
Au | 2,0400 | -6,1200 | -0,4295] 2,0400 | -6,1200 | -0,4295| 2,0400 | -6,1200 | -0,4295
Au | 6,1200 | 2,0400 | -0,4295] 6,1200 | 2,0400 | -0,4295| 6,1200 | 2,0400 | -0,4295
Au | 4,1303 | 0,0000 | -0,4335] 4,2303 | 0,0000 | -0,4335| 4,1303 | 0,0000 | -0,4335
Au | 2,0104 | -2,0092 | -0,2598 | 2,0104 | -2,0092 | -0,2598 | 2,0104 | -2,0092 | -0,2598
Au | -0.0005| -4,1513] -0,4582| -0.0005| -4,1513 | -0,4582| -0.0005 | -4,1513 | -0,4582
Au | -2,0400] -6,1200 ] -0,4295| -2,0400 | -6,1200 | -0,4295| -2,0400 | -6,1200 | -0,4295
Au | 4,0800 | 4,0800 | -0,4295| 4,0800 | 4,0800 | -0,4295| 4,0800 | 4,0800 | -0,4295
Au | 2,0105 | 2,0093 | -0,2596 | 2,0105 | 2,0093 | -0,2596 | 2,0105 | 2,0093 | -0,2596
Au | -0.0001] 0,0000 | -0,2763] -0.0001 | 0,0000 | -0,2763] -0.0001 | 0,0000 | -0,2763
Au | -2,0115] -2,0087 | -0,2588 | -2,0115| -2,0087 | -0,2588 | -2,0115 | -2,0087 | -0,2588
Au | -4,0800] -4,0800 | -0,4295 | -4,0800 | -4,0800 | -0,4295| -4,0800 | -4,0800 | -0,4295
Au | 2,0400 | 6,1200 | -0,4295]| 2,0400 | 6,1200 | -0,4295] 2,0400 | 6,1200 | -0,4295
Au | -0.0005]| 4,1509 [ -0458 | -0.0005| 4,1509 | -0,458 | -0.0005 | 4,1509 | -0,458

Au | -2,0116| 2,0087 | -0,2587 | -2,0116 | 2,0087 | -0,2587| -2,0116 | 2,0087 | -0,2587
Au | -4,1298 | 0,0000 | -0,4334 | -4,1298 | 0,0000 | -0,4334| -4,1298 | 0,0000 | -0,4334
Au | -6,1200| -2,0400 | -0,4295 | -6,1200 | -2,0400 | -0,4295| -6,1200 | -2,0400 | -0,4295
Au | -2,0400| 6,1200 | -0,4295| -2,0400 | 6,1200 | -0,4295| -2,0400 | 6,1200 | -0,4295
Au | -4,0800| 4,0800 | -0,4295| -4,0800 | 4,0800 | -0,4295] -4,0800 | 4,0800 | -0,4295
Au | -6,1200 [ 2,0400 | -0,4295| -6,1200 [ 2,0400 | -0,4295| -6,1200 | 2,0400 | -0,4295
Au | 6,1200 | -4,0800| 1,6105 | 6,1200 | -4,0800 | 1,6105 | 6,1200 | -4,0800 | 1,6105
Au | 4,0800 | -6,2200| 1,6105 | 4,0800 | -6,1200 | 1,6105 | 4,0800 | -6,1200 | 1,6105
Au | 6,1200 | 0,0000 | 1,6105 | 6,2200 [ 0,0000 | 1,6105 ] 6,1200 | 0,0000 | 1,6105
Au | 4,0420 | -2,0081 | 1,8525 | 4,0420 | -2,0081 | 1,8525 | 4,0420 | -2,0081 | 1,8525
Au | 2,0068 | -4,0368 | 1,8579 | 2,0068 | -4,0368 | 1,8579 | 2,0068 | -4,0368 | 1,8579
Au | 0,0000 | -6,1200| 1,6105 | 0,0000 | -6,1200 | 1,6105 | 0,0000 | -6,1200 | 1,6105
Au | 6,1200 | 4,0800 | 1,6105 | 6,1200 | 4,0800 | 1,6105 | 6,1200 | 4,0800 | 1,6105
Au | 40419 | 2,0082 | 1,8523 | 4,0419 | 2,0082 | 1,8523 | 4,049 | 2,0082 | 1,8523
Pd | 2,0426 | 0,0000 | 1,7918 | 2,0426 | 0,0000 | 1,7918 | 2,0426 | 0,0000 | 1,7918
Au | 0,0000 | -1,9640 | 1,9533 | 0,0000 | -1,9640 | 1,9533 | 0,0000 | -1,9640 | 1,9533
Au | -2,0073| -4,0364 | 1,8578 | -2,0073| -4,0364 | 1,8578 | -2,0073 | -4,0364 | 1,8578
Au | -4,0800]| 6,1200[ 1,6105 | -4,0800 | -6,1200 | 1,6105 | -4,0800 | -6,1200 [ 1,6105
Au | 40800 | 6,1200 [ 1,6105 | 4,0800 | 6,1200 | 1,6105 | 4,0800 | 6,1200 [ 1,6105
Au | 2,0068 | 4,0367 | 1,8576 | 2,0068 | 4,0367 | 1,8576 | 2,0068 | 4,0367 | 1,8576
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Au | 0.0001 | 1,9640 | 1,953 | 0.0001 | 1,9640 | 1,953 | 0.0001 | 1,9640 | 1,953
Pd | -2,0432| 0,000 | 1,7922 | -2,0432| 0,000 | 1,7922 | -2,0432 | 0,000 | 1,7922
Au | -4,0427 | -2,0083 | 1,8524 | -4,0427 | -2,0083 | 1,8524 | -4,0427 | -2,0083 | 1,8524
Au | -6,1200 | -4,0800 | 1,6105 | -6,1200 | -4,0800 | 1,6105 | -6,1200 | -4,0800 | 1,6105
Au | 0,0000 | 6,1200 | 1,6105 | 0,0000 | 6,1200 | 1,6105 | 0,0000 | 6,12® | 1,6105
Au | -2,0073 | 4,0363 | 1,8574 | 2,0073 | 4,0363 | 1,8574 | -2,0073 | 4,0363 | 1,8574
Au | 40426 | 2,0084 | 1,8521 | -4,0426 | 2,0084 | 1,8521 | -4,0426 | 2,0084 | 1,8521
Au | -6,1200 | 0,000 | 1,6105 | -6,1200 | 0,000 | 1,6105 | -6,1200 | 0,000 | 1,6105
Au | -4,0800 | 6,1200 | 1,6105 | -4,0800 | 6,1200 | 1,6105 | -4,0800 | 6,1200 | 1,6105
Au | -6,1200 | 4,0800 | 1,6105 | -6,1200 | 4,0800 | 1,6105 | -6,1200 | 4,0800 | 1,6105
C | 2,9763] -0,5998 | 4,1628 | 0,8471| 1,1088 | 3,8983 | -1,8536 | -0,1879 | 3,8215
C -1,7697 | 0,0488 | 4,1277 | -1,6418 | -0,0374 | 4,0161 | -1,6103 | 0,7558 | 4,7491
H | -3,0234| -1,6797 | 4,3213 | -1,3318 | 2,0171 | 42793 | -2,0576 | -1,2070 | 4,1623
H | -3,9130] -0,0464 | 4,2263 | 2,6040 | -0,0019 | 45388 | -1,4248 | 1,8059 | 45161
H | -1,7110] 1,1316 | 4,2386 | -1,1719 | -1,0318 | 4,0050 | -1,6667 | 0,4941 | 538147
H | 0,8563| -0,5262 | 4,2973 | 0,5093 | 0,7419 | 3,9954 | 0,6884 | 0,148 | 4,2755
O | 1,42487| 1,0680 | 35485 | 1,6640 | 0,3201 | 3,9344 | 1,6717 | 0,1359 | 4,1978
H | 09061 [ 0,4439 | 4,0893 | 1,7991 | -0,4871 | 44642 | 1,9401 | 10447 | 44327
Cartesian coordinates of the preferred adsorption sites for O, OH, H a@doH

PdAu(100) and (111).

O adsorption on PdAu(100) : Fotold Hollow site

X y
Au 4,0800 22,0400 2,4695
Au 2,0400 -4,0800 2,4695
Au 4,0800 2,0400 2,4695
Au 2,0400 0,0000 2,4695
Au 0,0000 22,0400 2,4695
Au -2,0400 -4,0800 2,4695
Au 2,0400 4,0800 2,4695
Au 0,0000 2,0400 2,4695
Au -2,0400 0,0000 2,4695
Au -4,0800 22,0400 2,4695
Au -2,0400 4,0800 2,4695
Au -4,0800 2,0400 2,4695
Au 6,1200 -2,0400 -0,4295
Au 4,0800 -4,0800 -0,4295
Au 2,0400 -6,1200 -0,4295
Au 6,1200 2,0400 -0,4295
Au 4,1303 0,0000 -0,4335
Au 2,0104 22,0092 -0,2598
Au -0.0005 -4,1513 -0,4582
Au 22,0400 -6,1200 -0,4295
Au 4,0800 4,0800 -0,4295
Au 2,0105 2,0093 -0,2596
Au -0.0001 0,0000 -0,2763
Au 2,0115 22,0087 -0,2588
Au -4,0800 -4,0800 -0,4295
Au 2,0400 6,1200 -0,4295
Au -0.0005 4,1509 -0,458




Au -2,0116 2,0087 -0,2587
Au -4,1298 0,0000 -0,4334
Au -6,1200 -2,0400 -0,4295
Au -2,0400 6,1200 -0,4295
Au -4,0800 4,0800 -0,4295
Au -6,1200 2,0400 -0,4295
Au 6,1200 -4,0800 1,6105
Au 4,0800 -6,1200 1,6105
Au 6,1200 0,0000 1,6105
Au 4,0420 -2,0081 1,8525
Au 2,0068 -4,0368 1,8579
Au 0,0000 -6,1200 1,6105
Au 6,1200 4,0800 1,6105
Au 4,0419 2,0082 1,8523
Pd 2,0426 0,0000 1,7918
Au 0,0000 -1,9640 1,9533
Au -2,0073 -4,0364 1,8578
Au -4,0800 -6,1200 1,6105
Au 4,0800 6,1200 1,6105
Au 2,0068 4,0367 1,8576
Au 0.0001 1,9640 1,953
Pd -2,0432 0,000 1,7922
Au -4,0427 -2,0083 1,8524
Au -6,1200 -4,0800 1,6105
Au 0,0000 6,1200 1,6105
Au -2,0073 4,0363 1,8574
Au -4,0426 2,0084 1,8521
Au -6,1200 0,000 1,6105
Au -4,0800 6,1200 1,6105
Au -6,1200 4,0800 1,6105
0 -0.0193 -0.0001 2.9940

OH adsorption on PdAu(111) : PdAu Bridge site

X y z
Au 4,0800 -2,0400 -2,4695
Au 2,0400 -4,0800 -2,4695
Au 4,0800 2,0400 -2,4695
Au 2,0400 0,0000 -2,4695
Au 0,0000 -2,0400 -2,4695
Au -2,0400 -4,0800 -2,4695
Au 2,0400 4,0800 -2,4695
Au 0,0000 2,0400 -2,4695
Au -2,0400 0,0000 -2,4695
Au -4,0800 -2,0400 -2,4695
Au -2,0400 4,0800 -2,4695
Au -4,0800 2,0400 -2,4695
Au 6,1200 -2,0400 -0,4295
Au 4,0800 -4,0800 -0,4295
Au 2,0400 -6,1200 -0,4295
Au 6,1200 2,0400 -0,4295
Au 4,1303 0,0000 -0,4335
Au 2,0104 -2,0092 -0,2598
Au -0.0005 -4,1513 -0,4582
Au -2,0400 -6,1200 -0,4295
Au 4,0800 4,0800 -0,4295
Au 2,0105 2,0093 -0,2596
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Au -0.0001 0,0000 -0,2763
Au -2,0115 -2,0087 -0,2588
Au -4,0800 -4,0800 -0,4295
Au 2,0400 6,1200 -0,4295
Au -0.0005 4,1509 -0,458
Au -2,0116 2,0087 -0,2587
Au -4,1298 0,0000 -0,4334
Au -6,1200 -2,0400 -0,4295
Au -2,0400 6,1200 -0,4295
Au -4,0800 4,0800 -0,4295
Au -6,1200 2,0400 -0,4295
Au 6,1200 -4,0800 1,6105
Au 4,0800 -6,1200 1,6105
Au 6,1200 0,0000 1,6105
Au 4,0420 -2,0081 1,8525
Au 2,0068 -4,0368 1,8579
Au 0,0000 -6,1200 1,6105
Au 6,1200 4,0800 1,6105
Au 4,0419 2,0082 1,8523
Pd 2,0426 0,0000 1,7918
Au 0,0000 -1,9640 1,9533
Au -2,0073 -4,0364 1,8578
Au -4,0800 -6,1200 1,6105
Au 4,0800 6,1200 1,6105
Au 2,0068 4,0367 1,8576
Au 0.0001 1,9640 1,953
Pd -2,0432 0,000 1,7922
Au -4,0427 -2,0083 1,8524
Au -6,1200 -4,0800 1,6105
Au 0,0000 6,1200 1,6105
Au -2,0073 4,0363 1,8574
Au -4,0426 2,0084 1,852
Au -6,1200 0,000 1,6105
Au -4,0800 6,1200 1,6105
Au -6,1200 4,0800 1,6105
0 1,2659 0,9795 3,5498
H 0,6902 0,3327 4,0035

H adsorption on PdAu(100) : PdAu Bridge site

X y z
Au 4,0800 -2,0400 -2,4695
Au 2,0400 -4,0800 -2,4695
Au 4,0800 2,0400 -2,4695
Au 2,0400 0,0000 -2,4695
Au 0,0000 -2,0400 -2,4695
Au -2,0400 -4,0800 -2,4695
Au 2,0400 4,0800 -2,4695
Au 0,0000 2,0400 -2,4695
Au -2,0400 0,0000 -2,4695
Au -4,0800 -2,0400 -2,4695
Au -2,0400 4,0800 -2,4695
Au -4,0800 2,0400 -2,4695
Au 6,1200 -2,0400 -0,4295
Au 4,0800 -4,0800 -0,4295
Au 2,0400 -6,1200 -0,4295




Au 6,1200 2,0400 -0,4295
Au 4,1303 0,0000 -0,4335
Au 2,0104 -2,0092 -0,2598
Au -0.0005 -4,1513 -0,4582
Au -2,0400 -6,1200 -0,4295
Au 4,0800 4,0800 -0,4295
Au 2,0105 2,0093 -0,2596
Au -0.0001 0,0000 -0,2763
Au -2,0115 -2,0087 -0,2588
Au -4,0800 -4,0800 -0,4295
Au 2,0400 6,1200 -0,4295
Au -0.0005 4,1509 -0,458
Au -2,0116 2,0087 -0,2587
Au -4,1298 0,0000 -0,4334
Au -6,1200 -2,0400 -0,4295
Au -2,0400 6,1200 -0,4295
Au -4,0800 4,0800 -0,4295
Au -6,1200 2,0400 -0,4295
Au 6,1200 -4,0800 1,6105
Au 4,0800 -6,1200 1,6105
Au 6,1200 0,0000 1,6105
Au 4,0420 -2,0081 1,8525
Au 2,0068 -4,0368 1,8579
Au 0,0000 -6,1200 1,6105
Au 6,1200 4,0800 1,6105
Au 4,0419 2,0082 1,8523
Pd 2,0426 0,0000 1,7918
Au 0,0000 -1,9640 1,9533
Au -2,0073 -4,0364 1,8578
Au -4,0800 -6,1200 1,6105
Au 4,0800 6,1200 1,6105
Au 2,0068 4,0367 1,8576
Au 0.0001 1,9640 1,953
Pd -2,0432 0,000 1,7922
Au -4,0427 -2,0083 1,8524
Au -6,1200 -4,0800 1,6105
Au 0,0000 6,1200 1,6105
Au -2,0073 4,0363 1,8574
Au -4,0426 2,0084 1,8521
Au -6,1200 0,000 1,6105
Au -4,0800 6,1200 1,6105
Au -6,1200 4,0800 1,6105
H 0,9660 0,7896 2,8745

H,O adsorption on PdAu(100) : Pd Top site

X y z
Au 4,0800 -2,0400 -2,4695
Au 2,0400 -4,0800 -2,4695
Au 4,0800 2,0400 -2,4695
Au 2,0400 0,0000 -2,4695
Au 0,0000 -2,0400 -2,4695
Au -2,0400 -4,0800 -2,4695
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