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Sarrera Orokorra

"Erreakzio krmikoa loturen aldaketa da”
Derok HR. Barton/1]

"Lotura kimikoa balentziazko orbital elekfronikoen
elkarketarekin erlazionatuta dagoen atomoen arteko

elkarrekintza da”
Inaac B. Bersuler|Z]

Esperlentzla haundibko bl lkertzalle hawek ados dapde erveakelo kimiko eta
konposatu kimiko bherrion diseinuak duen garrantzelaz; haln zpzen ere, ashotan
orie onarl edo eta Ikertzallearen ariearl egotel baltzale erreakelio kimlho eta
konposatu kimike bereben aurkibuntza. Honl Injenberitza molekularea deriteo,
han da, konposatu berelen diselnatee eta sintetizazioa.

"Hogeitabalgarren mendean bonpogatn Boake berrd gefienak diseinn molelbn-
larraren bilariesz lortuke dive elo kusprandy prabiiko elo peikelogikelil prest egon
Dehar dugy desafio hond awrre egin whal izateke”

Zeharo ades nago beralen lkuspuntueking horrogatik, geure helburua lorieeko,
han da, zlentelan ehated gabeko paradigmen ulerpen sabonago bat lorteea, esky
artean ditugun teknika guetiak elkareekin lanean jartzeak duen garrantela azpl-
marratu nahl nuke.

rure asmoa paradigma horletako baten argitzo lanetan lagunteea lzan da:
lehenengo lerroko trantslzlozko metalen katlolek urarekin aurkezion duten bi-
cgoerako erpeakilbltates. Irakurleak, pmalteak era elkarin hatean eta maila
berdinean aurkiteean, wlerpen sakonagoe bat lortuko duclakoan.

Kapltulo bakolizaren hasleran, bertan awrkeetutako meial talde bakoltzar]
buruz dawden datuel burweko laburpen bat aurkl desakezpe, ota ondoren, ka-
pltule bakoltzean sehar crablilliiako metodoen deskribapen sehate hat ere bhal.
Beraz, oraln, hi-opoerako erreakilbliates ota gas-egoeran burutzen den kimikard
buruzko senbalt azalpen orokor egln nahl nkeklzoeke. Gure slstpmak kerieeko
crabll daltezkecn metodo teerikoen azalpen matematibos Ingelespebo sarrera
oeokoerean aurkl dezakesuo. Azkenean, jarraltutako lan eskemaren esteategia
alpatuko dut. hau da, wrarekln erreakelonateerakoan lehenengo lerroko Lrant-
glzboeko metalen katiolen hi-egoorako erreakilbitatea aeterteeko erabill dugun
lan anbolakets.



Bi-Egoerako Erreaktibitatea

Lehenengo lerroko trantakeioeko metalen katlolen ezaugarel garranteizkoenet ako
hat energlae oo gerty dauden egoera eseitatuak katea da. Exaugarr] hau koor-
dinatibokl ee-asetutako trantalzioeko metala duen konposatu ororenteat oroko-
rra dald]. Horrela, Se-tik Fet-ra spin altuko oinarrizko egoeren eta energlaz
gertu dauden spin baxuko egoera essltatuen aurrean auekiteen gara. Cot-tik
Cut-ra, aldle, spin baxuko olnacrleko egoerak eta gertuko splo altuko ego-
era eszltatuak ditugu. Homen ondorboz, metal bawen katiolen erreaktibitatean,
gutxienee, bl egoera desberdinek har dezakete parte, non olnacrekoenak ez
duen nahitanahies erreaktiboena lzan behar(5].

Erreakzio kimiko baten energin potentzdalaren goinazalali] (EPG), egltura
mealekularra zeln den energla potentzlalaren aldaketa eraten duen Tunizioa da.
Hau da, nuklen bakeitzak besteekiko dituen mugimendwen arabera slstemaren
energla potentzlalak jasaten duen aldaketa adierazten du. Hosrela, dimentsio
anltzeko EP(G molekular batean puntu bakar haten determinazios, nuklesen
arientazio erlatibo Ankatu batean estruktura elektronlkearen kalkule zabal hat
suppsatzen du. EPG batean N-atomoko molekola baten orlentazioa deskrib-
Itzeko 3N zenbakl behar diea, hiru dimentsioks espazloan atomo bakolizaren
posizica kontuan harturik. Balnan bakarrlk kontuan hartuko ditugu atomoen
posizicak bata bestearekiko; horeela, molekulen errotazio eta translazlo tota-
larl dagoekien sel askatasun graduak alde batera uizlz gero, molekula es-lineal
haten EPCia 3N-0 hrne askatasun graduko gainazala da.

Arpl dage EP'Garen topologla osoa bakarelk molekula txlklentzat mareaztiu
daltekela, balna asko ikas dalpeke molekuls baten jokacraz EPGaren puntu
guixl batewen exagupenarekin. Horrela, EPG hatean minimo bekalok olnarrizko
puntuak dira, molekula haten somero egonkoreak errepresentatzen baliliuzte,
Beralek determinatzen ditueten egitura molekular eta Inertzla momentuetatik
errotazioeko espekiroa estima dalteke. Dimentsbo aniteeko EPGaren kurbadu-
rak [pareien malda) minbmo lokalean molekularen hibrazio propletateak deges-
minatzen dity, modu normalak eta feegquentela bibrazional harmonikeak barne,

EP(zen luntseeko beste puntu bat energla guixiencho trandsziozko egoera
i, weinek bl minlmo lokal edo ballara kenekiatzen dituen. Teantskzioeko egoera
energla total haxweneko bidean minimoe hawek lotzen dituen punty aliuena da.
Bere propletate adierazgarcienetariko hat askatasun gradu bakar batekiko max-
Imea eta galnontzekoekiko minkmoa lzatean datea. Qwtopo dinamiko apros-
maty bat da, minimo lekal batetlk besterako eraldakuntzan bueliarik gabeko
puntua haite. Horrela, ereeakeio probabllicateak, edo ahiadurak, trantsizioeko
egoera honen altuerarekin zerikusl haundia lzango du.

Bl puniu hauek, bal minlmo lokalak eta hal trantsido egoprak, EPGarven
egpera geldikerrd dira; geometr] koordenaty bakoltzarekiko energlaven derlb-
atua, ela berae atomo balkoltzaren Indarra, zero da,

dE[‘h R P ERt q'ln]
iy

= {1 | guztienieat 1]



Sarrera Orokorra iii

Normalean, elementy arlpentzat orbital, splo ota momenty angeluar Lo-
talak ondo deflnituak dawde erreakzio bldean zehar, eta galners kontserbatu
egiten diralh], mekanika kuantikoaren baldintzak botear. Beralon ereeakeloak
gpin hakarroko EPGen bitartes gertatzen dira[d], eta nahikoa lzaten da hasen
teantslelozko eglturak, beralen entropla baldintzak, eta beralel lotutako har-
eera altuperak lortzea spin-bakarreko ereeaktibitatea ulertzoko, Balpan Irudi
hau korapilatsu eglien da bi-egeerako erreakiibltates azaltzen duen sistems
bat aztertu behar dugunean, kaso havetan bl potentzial galnazalen arteko gu-
rutzaketak ohlekoak baltlea, momentu angeluar totals balta nahl eta nahles
mantendy hehar don morsentu hakarra.

Lehenengo lerroko katiol metallkoak eta beren oxldoak hiru taldetan bana
daltezke, spin altuko ala haxuko egoera egonkorrak aurkezten ditusten arabera.
Horrela, lehenengo taldean spln altuko egoera egonkorrak ditusten metalen ka-
tiolak eta dagozklen spin haxuko egoera egonkorrak ditusten axdoak ditugu.
Hauen EP(: kualitatiboa a) geafikoan Irudikatuia dago. Bigarren taldea hurdl-
naz geatua dago bakarelk, bal bere katlolak eta balta ere bere oxido katlonlkoak
spln altukoe egoera egonkoreak baltliuzte. Tkus b) grafikoa. Eta aekenik, )
graflkoan irudikatutako hirugarren taldean azken hiru katiol metalikoak eta be-
ealen oxldoak ditugu, seintzuk beealen katlol metalikoetan spln hazuko egoera
egonkoerak aurkezien dituzten bitartean, heealen oxldoetan spin altuko egoera
egonkorrak aurkesten dituzte.

Drsdarik gabe, gure sistemek oso erreakzio bBlde hereziak anrkesten dituste,
eta balta ere jokaera berezlak lerroan zehar. lzaera "bereel” honek erroakelo
fakiore berrlen azterketa funtseskoa egiten du, lotura eskakizunak desherdinak
baltiea bl spln egoeretan; galnera, bl galnazalen arteko trantsizlo prohabill-
tateak ere kontuan edukl behar dituge.

1. Trudia. Trandsizicsko melalen lehenengo lerroke katioiak MY 4+ Ha()
— MO 4+ Ha erreakzioon aurkesten dituzden hira goinazal desbendinen earep-
reseridasie Bualifalila.



Metal Ioien Kimika Gas-Egoeran

Bi-egoerako erreaktibitates aurkezten duten slstemak lkertzeko, bal esperl-
mentalkl eta bal teorlkokl, dagoen lngurugivorlk aproposena gas-egocra da.

Cag-egoeran buruteen den kimlikar] esker trantsiziocko katlol metalikoen
proplotateak aeterteoho aukers ematen digu, bal ashe ota balta epe beste moloku
lol lotuta daudensan. Balta epe, ondo defloltutako haldintzenpean erepakelo
haslkoak ogateeko aukera pmaten digu, disoluglotan arrunt diren faktore oz
topatzallerik gabe[T), hau da, lolen parekatees, disolbatealle-metal elkarvek-
intza, ela prozezu lotea- eta nter-molekulareak.

Trantabzioeko metalen bldesko oxldazloen wlorpen sakona gas-egoeran -
Inbestekoa da oso arlo desherdinetan|8). Hala nola, (a) katallsl heterogeneoetan,
peraddoak, oxigenoa, edo eta alrea bezalako axidatealls ekonomikoak erabilliz,
hidrokarburoak hallogarrlagoak diren besto produktn bilheetzeko; (b)) antzoko
asmpekin katallsl homogencoetan, eta balta eskala txlkibo aplikazio sintetikos
tan: [d} entelmen erreaksio zentruetan teantsbelosko metalek parte hartsen
duten eraldakuntza hlokimikostan, Dalnan gas-egopratako Lherketak ee dira
garrantzlzkoak bakarrik disoluzio- eta galnazal-egoeretan burutzen diven la-
nen informasio iturrl soll gisa, berez ere garrantsl haundikoak baitira[8]. Gas-
egoeran, bal teorikokl ota bal esperimentalkl, Informaslo termodinamilo anite
lortu da sekenengo urte hawetan: erpeaktibltatean ematen diren propletato
periodikoak(L0, 11], zenbalt lgandoren efektoak metalen lolen kimikan (M L1)[T,
12], 1ol metaliko/ligandoen lotura energlen determinazioa DM ™ — L)[13, 14],
hanan-hanan genbalt lgando eranstearen eraginak (MLT)[15, 16], ota azke-
nengo denboraldil honetan, metal taldeen ("cluster™-ak) propietatoak A [17)
eta metal-karbohedrenoen herkota salonal18].

Skstema hauel buree posible den informazie guetla lorteeko, eta ondorlos,
abal den esagupen wsehatzena lortecko, zenbalt toknikaren clkarlana hehar-
rezkoa da.  Idealkl, pmaltes onenak teknika posible guetlak ecabilizen dive-
mean lortu behar Hratekel0], balnan [kuspuntu prakiiko batetik, bi edo hirg
metodoren arteko akordloa nahlkoa da emaltzak ontzat hartzeko.  Frelger
ek egan puen beeala, W omelodoren artean desadostasunak agerd direnean efa
hirugarren bal frogalu belar denean, orduon gozalzen dao sentziareking Kasu
hauetan, taldo desberdinen arteko elkarlanak beharveskoak diva, honen adibido
on bat [19] erreforentelan kus daltekeclarik. Lan horretan, hirg masa cspek-
troakopla teknlken bitartes lortutako emaltzak hateratzen dira desberdintasun
kuantitatiboak aealtzeko, ez ordes kualitatiboak. Bueding osddosren katlolak
uearekin eta metanolarekin ematen ditwen erreakeloen abladura-konstantes eta
adarkatze-proporteios kalkulateeko erabilitako hive teknikak “Foeurder tramns-
form don eyclotron resenance (TOR J[20], guidad ion beam (GIB) [21], ota selected-
ion flow tube (SIFT)[22] dira, honako ondorioak atera situztelarik: SIFT metodo
aren bitartes lortutako emaltzek eiruditen agokionak, ICR metodoaren bitares
lortutakoak handl samarrak eta GIB-aren hitartes lortiutakoak txiklak slven
hitartearn.

HKoaposaty tartekariok SIFT teknikan, jasandako ogonkortese termoniuklear-
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eak zirela eta, newrtutako adarkatze proportelocngan eraging rutela nabarlty
guten, ICRH eta GIR neurketon aurmean, (askon hapek talks-bakunetako hald-
Intzotan mwewrteen baltira). Sahlaketa havetan, bolen aktlbhazioa, heralen dis-
olazion eta produktoen nearkets elkae-hiltzen diea. Teln proeedura erabiltzen
dira lol hauwek aktibatzeko? Berrlz ore metodo desbherdinak erabil daitezke, be-
ealen helburu eta akatsekin, emaltzak konparatzea Interesgarsia suertateen de-
larik. Iofak aktibateeko metodo erabilienak: gas lnerte baten aurka aseleratioz,
(eollislon-induced dissociation, CIDY [23], azalera batean aecloratug eta talkatus
(surface-Indueed dissoclation, SID)[24], arglarekin irradiatue (photodissocis-
tion (PDS)[25] eta fotolndusltutako erreaktibitatos[36]), eta clektrobes bon-
bardeatue [electron-indueed dissoclation{EID))|[27).

Une: hometan, teoria oso erabilgaerls den tresna bihurtzen zalgy. Kontu han-
diz egindako kalkuluen bitartes, eglivea-geometria ota egoera elekironikoaron
buruzko datu zehatzak eman baltberazkipuke. Ondorloz, aztertutako erroakelo
bidearen buruzko Informazioa ere atera desakegularik, trantslelo egoerak harme.
Azken havetatlk, galnditu beharreko erreakeloaren energla langen Informazios
cakuratie.

Beraz, ol metalikoen kimika asaltzeko garalan, fkirg Sdelabs folde hau
os0 egokia dela dirudl, bau da, Insteumentaziea, lonizatze modua eta kalkwlu
teorikoak.

Lan honetan astertutako teansformakunizak xzinpleak badira eee, trant-
glzboeko metalen bitartes suertatutako hideokarbonoen erreakeioak ulerizeko
ezlnbestekoak dira/19]. Lan honetan geure kalkuluctan lortutake emaiteak or-
akusten ditugu eta dauden datu experimentalekin aldavaty. Guetl honekin be-
hatutako zenbalt esaugarel azalduko ditugy. Honekln, erreakzio havwetan argl
ez dauden zenbalt puntu argltesa ofa trantsiziozko katiol metalike ota metal
oxbdo kationiko hawen energla potenzlal galnazalaven ulertes orokor bat eman
nahl kzan dugu.

Trantsiziozko Metalei Buruzko Faktore Garrantz-
itsu Batzuk

Translzboeko metalak, orokoreean, teprikol] aztertzeko talde konplikatuak dira.
Hau nagusikl koreelazlo sein efokiu erlatiblstikoak zusenkl deskribatzeko da-
goen ealltagunarengatik gertateen da.

Bates ere 7. hamarkadan|28) buruturibo hainbat kalkuly zehatesen ondorbos
lortueiko eaperientelak korrelazlo cnergla sorrera flalko desbordineko Bl moult-
sotan banatzen du: degenerazio edo la-degenerazlo efekiuak barne harteen
dituena, eta elektrofen mugimenduen korrelazlo dinamibos kentuan harteen
disera.

Transleboeko metalen slstemak karaktoerkbeatzen dituzten aspekin beeczlotako
bat beren nahasketa konfigurazlonal sendos da2%. Hau arrasol desherdinak
dircla eta gertatzen da.  Alde batetlk sstema haoetan lotura klmlko ahu-
lak direla eta, antiloturazko orbitalen okupazio substantedala gertateen da.
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Beste aldetik, lehen alpaturibo eneegla malla atomikoen burbiltasuna dels ota
agertzen don la-degenerazioak transizloeko metalen atomoetan, ets askenik,
metal havek sortuko duten lotura KMmikeengan duten influentela. Beorae, er-
rore hay Hartree-Fock metodoaren mugapen baten ondorloes agerteen da: bl
elektrol kokatzen dira orbital espagial bakoltzean[30].

Blgarren ervorea partikula Independiontecn eredutik dator. Eredu honetan
elekiroiak beste elekirolek sorturiko batazhesteko potentzlaloan mugltzen dica,
errealitatean elekirolen mugimendua beate dekivol guztien posizlo sehatzaven
menpean dagoelarik[30].

Bl errore hauen bhanaketa ez da lan makala, bl efektn haven arteko muga
zehatzik ez baltago, heren deskribapena zallago egines.

Fakiore hauwen eragina transizloeko metalen lerro desberdinetan desberdina
da, kontuan harty behar dugularlk lebengo lerroko 3d eta 4s oebitalen arteko
tamalna diferentzla beste lerroctan balng bandiagoa dela, la-degenerazio efek-
tuwak emanez d loturak geriatzerakoan. Honen eragines, nahle etz lehengo
lermpko teansiziozko metalak arinenak lzan, tratateeko zallenak lzates dakar
[31]). Beste aldetik, efektn erlatibistikoak lehengo lerroko teansieioeko metabe-
tan txikiagoa da. Denas dela, gustatuko lizaldake komentabzea zenbait ele
meenitu astuncn kenposatuctan beron estrukiuea eta propletate elekironiboen
interpretateea tratamendy erlatiblstikorik gabe eein dela egin adierazten duten
obserbazio kimikoak badaudela/32).

Metodo Teoriko Erabilgarriak

Beraz, alde batetlk, guee slstema hawek gobernatzen ditueton korrelazio efekio
hauek zehazkl deskribateen ditueten prozedurs teorikoak hilaty behar ditogu;
hestetlk, aldiz, horrelako lan bolumena auwrvera ateratzeko eglngarria den prose-
dura hat zehaztu behar dugu.

Puntu honetan zenbalt irakorlerentzat Interesgarria lzan dalteke metodo
hauen garapen matematikos, balnan ekuaslo jarealpon bat bhesoerik ez denes
gero ela laburtasunarengatlk bitan gaues borbera ex jartee arren, Ingelescko
garrerara suzendiuko nitueke leakuele horlek.

Prozedura Teorikoaren Diseinua

Tit + Ha) erreakszioak pure arreta bereganatu zuen literaturan extabaida
Interesgarriak aurklteean, havek erakusten zutelarik teorikokl, obserbazio es-
perlmentalekin bat etorriz, asterteeko erreakzlo Intoresgarels zela.

Erreakzio mekanismo osea kalkulateen hasl aurrotik, erablliko zen teorla
malla sehasteko beharreekoak diren kalkulu batzuk aurretlk burotees peantsatu
genwen.  Gure erfeakeio mekanlsmoan bl energla puntu aukeratu genltuen:
Ti(QH 1% lol-molekularen disoelazlo energla alde hatetlk, eta titanio katbolen
AF pgoera elektronikoaren d®—'s and 47237 balentzlazko elekirol konfigu-
razlpen arteko Interkonfigurasio eneegla beatetik.
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Haslerako kalkuluak MCSCF metodos erabilliz burdty eiren, lehengo berrako
transizioeko metalon kasuan erablll behar zon metodoa elradielako. Elekivel os-
oko olnarrizko multeosk zoln core-potentzlal eloktiboak erabill glren (kusl 1.
kapituloa). Balna disgelazio energietan behestimasho nabarla lortu zen. Hau
coipled cluster metedoetan ere aurkiteen sen. Beeaz, DFT metodo berelek
gure arreta bereganatu zuten, Dirndlenes, MOCSCFEF zgein CC metodoak balno
askoe ere merkeagoak diva, eta lteraturan agerturiko emaltzak oso positiboak
giren. Crure taldeko lmork DFT eta transkzlo metalen kimikan esperienteiaelk
e zuenes, Proll R. Boyd-en taldean hiru hilabetesz lan egiteko parada lzan
ouwen, metods bonl bueoe [kasiz. Nabarla denes, hau aukera bikalng lzan
zien, gure slstemen lkerketan perspekiiba berelak Irekitzen zituelako. Loeturiko
emaltzak MCSCF edo CCSDNT) metodoak bakarslk erabiliz lorturikoak balno
askoe hobeagoak eleen, eta erreakelo mekanismo osoa azterteeko bide hat ekl
#2001 EUFG BUFTRAN.

Hala ere, gure sistemetan koreelaglo tratamendu desherdina egln hehar zels
uste genuen, behintzat puntu garcantzitsu hatepentzat, gure BALYP emalizen
kalitatea estlmatzen gal lzateko. Interesgarria Iruditu eltzalgun bal koeeelazio
dinaralkos seln ez-dinamikoa kontuan hartzen zuen metodo bat peobatzea.
Berriz, metodo haven ezagupena lortzeko Dr. Lell Eriksson-en taldean egon
nintzen. (Garal bartan Prol. Per Sleghahn-en taldean arltegen zen, transizboeko
metalen kimikan esperlentzia handla zuelarik. Hurbilketa desheedinak eralilli
giren, ota CASPT2 metodos erabilizeko Interesgarrla suertatu zen, gure sks-
temaren deskribapen egokivake egoeera eszltatuen estimazbo egoklia beharrezkoa
zelake, Halkulu hauek bigarren kapiiuloan zehar ematen dica.

Dena dela, hobekuntes nabareleik ez zen lorty, emaltea esanguratsuak loreeko
beharreekoa zen eslortzy lzugarriaren aurrean. Argl segoen burbilketa on bat
BALYP /DZEVE teorla malla, encrgla potentzial azalera osorako, erabillz lor glte-
kewla, puntu klabestan BI3LYP/TZVP+G(3dL2p) teoria malla erabiliz. Hala
eta guztiz ere, ab inddio ballo pury batzuk ere eman behar zirola erabakl genoen.
Horrela, litecaturan agerturiko emalizekin eta guee sistemetan lorturiko espe-
rienteia guetia kontuan hartus, CCSINT) fTEVP G340 2p) / /BALYP/ TEVE
03[ 3, 2p) kalkuluak ere hurutzes erabaki genuen (3., 4. eta 5. kapliuloak].

Hemendik aurrern lan guslio ingeleser aurkitubo dusuwe, hori izan ita lan
Yo garatzeko emaldli den hisbuntza, ela denlziorena oroborrean, Gainera, orri-
alde hariek irakurtzeko “aousardia” duena nenlzia munduon sariulaks bal zango
dela peritsadne dul, ingeleses frakurizebs mongo arazorik zango er dusna alega.
Haina sarrera-laburpen orokor hau drakurle sobalago el susendua epn nahi
nuern, omin arle epimdaboaren sergalioren ideda bof beregunalu zezalen,

Heonerwine irilsf zorelens... ZORIONAKY



(General Introduction

A Chemacal Reaction 12 a Change in Bonding”
Derok HR. Barton/1]

"Chemical Bonding s an Interaction between Aloms
Associated with a Collectinzation of the Valence

Eleetronie Orbitals”
Inaac B. Bersuler|Z]

Both of thoese experleneed authors agree In the lmportance of helng able
Lo deslgn what has bheen often attelbuted to the good luck of the art of the
redcarchers: new chemieal reactlons and chembeal compounds. This 8 known
ag molecular englneering, that Ia, the design and synthesis of new comnpounds.

"It the twenty-firel cenlury the mafority of new chemdead compounds wll be
ablaitued baged on maleculor desgn, and we should be pregaread, from both the
fractical and pepchological poinds of view, o meet this challenge ™

I fully agees with thelr peespective and belleve In the Gaet that it 18 nee-
cagary to put together all the technlques in use for peach our goal: a hetber
understanding of the paradigms uneesolved in selemee.

In this work we have tried wo belp In the dadfleatlon of ene of thoem: the
twieatabe reactivity of flest row transitlon metal catbons with water, with the
hope that peesenting the results In an unified way and on the same level, a
betier understanding will be reached by the readers.

In the Introduction of each chapter a eeview of pelated existing dats for
cach of the metal groups studbed s glven. Also a detalled desceiption of the
methods wsed theough the chaptor will be poloted out. So, now, T wouwld
like to ntroduce some geneeal [acts about two-state reactivity and gas-phase
chemistey. A quick review of ithe avallable theoretical methods for the study
of the systems of Interest will comee next. Finally the lollowesd ™pathway™ to
obtaln a thepretleal steategy o explain theoretically the maln facts that Involve
the twi-state reactivity of iest pow transitlon metal catlons with water will he
palnted out.



Two-State Reactivity

O of the characteristic aspects of flrst mow trapsltlon metal cations 5 the pres-
ence of close lying excited states[3). This is a common fact for coordinatively
unsaturated transition-metal compounds in general[d]. Set wo Fet cations
possess high-spin ground states and nearby low-spln exclted states, while Cot
to Cut catbons posses low-splo ground states and close lying high-spin exclbed
states. Due to this, the reactivity of these metal catlons can Involve at least
two states In which the ground state may not pecessaclly be the most reactive
ome5].

The potential energy surfaceld] of a reaction s the function that deseribes
how the potential energy changes as the nuclel move relative to one ancther.
Determining a single polnt on a many-dimensional molecular PES Implies an
extenglve electeonie structuee caleulatlon at a Axed relative oebentation of the
muclel. To describe the orlentation of an N-atom molecule on & PES requires
AN numbers, the pesitbons In the theee-dimesbonal space of each of the atoms.
But we care only about the positbons of the atoms relative to one ancther,
s discarding slx degrees of freedom for overall rotatbon and teanslation of the
mealecubes leaves, lor a nonlinesar molecule, the PES Is a surface of 3N-0 internal
degrees ol eedom.

Clearly mapping out the full PES is teactable only for small molecules, but
a great deal about a molecule and s behaviowr can e learned bom knowledge
af a lew selected polnts of the PES. Dol misndma on the PES are lundamental
podnts slnce they represent stable somers of a molecule. They determine the
maplecular steucture and the moments of Inertla by which the rotational specira
can be estimated. The ¢urvature of the many-dimensional PFES about the local
minkma, the steppness of the walls, determines the vibratlonal properibes of the
maplecube Including the normal modes and harmonle vibratlonal freguencies,

Apother lundamental point on the PES §8 the lowest-cnergy saddle poind
connecting two logal valleys or minima. The saddle peint ls the highoest polnt
on a lowest wotal energy pathway connecting these minbma. It has the property
that it Is a maximum with respect to one degree of Ioeedom and 18 a minkmom
with respect 1o all other degrees of veedom. The significance of the saddlo
podnt I8 that Lt is an approximate dypamic hottleneck, & point of no returmn, for
a transformation from the vicinity of one local mindmum or valley to another.
The probahility [or rate) of reactbon 1s very steongly Influenced by the helght
In energy of this saddle polnt.

Both the minima and the saddle peilnts are salionary peinls on the PES;
the derivatlve of the cnergy with respect to each of the geometry coordinates,
and thus the foree on each of the atoms = =ero,

AE[ g2y oes roa)

i = 0 foralli i2)
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Usuwally for light elemeonts the orbital, spln and total angular momenta ave
well defined and conserved along the reactlon path(5], as it & required by
quantum mechanics. Thelr reactlons proceed on & slogle spln potential en-
ergy surface(d], and It Is sufficient to determine the transition steuctures, thele
entrople pegqulrements, and the associated haceler heights to obtaln an under-
standing of the single-state reactivity. Butl this pleture beoomes more compll-
cate In the systems that exhibit two-state reactivity In which It B eommon to
observe & crssing between the two potential energy surfaces. This 18 hecause
only the total angular momenta must be rgorously eopserved when heavies
clempents are involved.

Throughout the Orat row metal cations and thelr corpespondlng oeddes thres
geoups can be made hased on thele relative ground states. In the Bt geowp
e have high-spln ground state metal eations with the corresponding low-spln
ground state oodde cation; qualitative potential eneegy suefaces for these metals
are shown In Flguee La. Iron forms the second group, as 1is metal and oxdde
cation has a high-spln geound state.  COne could think that spin should he
conservedd through the reaction, but the potential energy surface shows at least
twi splo-crossing &5 bt 1s shown in Figure 1h. Finally, the last group & forooed
by thees late metal cations and the corresponding oxbdes, where low-spln ground
states metal catlons and high-spln ground state oxbde catlons are encountersd,
wlith the characteristle potential enengy surface shown In Flguee Lo,

Undoubiedly we have to deal with systems that show very Interesting me-
action pathways and singular behaviours along the row. This "speclal”™ nature
makes for the necessity of stwdying new reactivity factors due to the differ-
ent booding requirenents ln both states, and to the transition probahilitbes
between the surfaces.

Figure 1. Cualitaliie representalions of the three different potential energi
sirfaces shoten by the firef-row fransition metals in the M+ + H 0 — MO+
+ Hy remetion.



Gas-Phase Metal Ion Chemistry

(zas-Phase lon chemistey 18 the best environment to stwdy this teo-state reac
tivity systems both experlmentally and theoretleally.

(2as-Phase Chemistey glwes us the opportunity to study the dalrsnsie prop-
ertles of bare or lgated teansitbon metal catlons and to probe elementary roac-
tions under well-defined conditions without the disturbing Tactors common in
solution, that k&, asseciations by lon palring, solvent-shell Interactions, Intra-
and Intermolecular processes] 7).

A pood understanding of transithon metal medlated oxidations In the gas
phase Ia vital in very different arcss(8), such as () heterogeneous catalysis for
the ponversion of hydrocarbons Into more valuable products by wse of eoopom-
leal poddants such as perosides, oy gen, or evon ale; (b)) homogeneous catalyals
for similar purposes s well as for amall-scale synthetic applications: (¢) hlo-
chembeal transformations that Involve one or several transitbon metals in the
engymes’ reaction centers.

Siudies In the gas-phase are not only Important a2 a method of information
supply to solutbon and surface phase studies. They are also of great Interest
in themselves[8). Through experimental and theoretical studies in gas-phase
an arsenal of thermochemical Information has been obtained over these last
years. Perlodie properties on reactivity|10, 11], the offect of various ligands
on metal on chemistry(MLT)([7, 12], the determination of metal lon-ligand
bond strengths D{ M+ — L)[13, 14], the effect of the attachrment of subsequent
ligands (M EL+)[15, 16], and lately the properties of metal clusters M[17] and
metallo-carbohedrenes[ 18] have boen studbed extensivaly.

Ty obtaln a8 much as Information and to reach a deep understanding of
these svatems & cockiall of twechnlgues should be used. Ideally. the best resulis
are obtained when all available techniques are used|®], but from a practical
point of view, good agreement between a couple or more methods should be
sufficient to take spme data as reliable. As noted by Frolser[9) “some of the fun
occurs when there & disagreement between fuwe methods and ancther method
ig dried Lo gelue the discrepancy™ In theso cases, collaborations bhetween if-
ferent groups are necessary and & very good example of this can be seen in
ref. [19), where results from throe different mass spectrometrie technlgues are
put together to cxplain the guantitative differences found in the determination
ol rate constants and branching ratles for the iron oxbde catlon reaction with
water and methano, These experimental technigues are Fourler transform lon
cyelotron resonance (ICR) (3], guided lon beam (GIB)21), and selocted-ion
flow tube (SIFT)[22] mass spectromediry. They conclude that the rate con-
stants obtalned with the SIFT method appear to be the most accurate ones,
while those ohtalped by ICR are slightly too large, and the ones obtalned by
GIE arve lower than the SIFT pesults. They also eonclude that thermonuclear
stabilization of the Intermediates In the SIFT tocholgue causes the difforenco
In the branching ratios with reapect to ICR and GIB messurements, which aro
obtalned wnder alngle-collision conditions.
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These cxperimental methods Invelve the activation of the lon, its dissoci-
atlon and the collection of the products[8]. Which experimental procedures
are used 1o activate the lons? Agaln, several methods can be used, with thele
particular goals and fallures, and it I8 desivable vo compare pesults. Tons can
be activated by acselerating them agalnst an Inert gas (collision-lnduced dis-
soclation, CIDY[23], accelerating and colliding them Into & surface [surfacoe-
indueed dissociation, SID)[24), Irradiating them with light (photodissociation
(PDS)[25] and photolnduecsd seactivity|26]), and bombarding them with elec-
trons (electron-induced dissoclation{EID))[27].

At this podat theory becomes pelevant because through carelul caleulations
detalled electronie and geomeirie structural Informatlon can be obtalned as
well as detalled pletures of the possible pathways of the reactlons of lnterest.
In addition a detalled descriptlon of the transitlon states on the surfaoes is
garnersd and thercby a hetter understanding of the barslers that should he
owereome in the peactlons.

Thus, a hres member team seems to be eruclal for a proper deserlptlon
of metal bon chemistey: Instrumentation, lonkzation sourees amd theoretieal
caleulations.

Because the reaction mechanisms of (ransformations as slmple as the ones
e have deseelbed throughout our work are lundamental for the understanding
of transitbon-metal mediated resctions with hydrocarbons In general [16], we
eeport here the results from owr caleulations and the comparison with exlsting
experimental data. This will be used to explaln some of the ohserved patterns.
Wi hope to shed some light onto soeme unclear aspects of these reactions and
enhance the general understanding of transithon metal catlon and metal oxide
potentlal enengy surfaces.

Some Important Factors to Consider about Tran-
sition Metals

Transltion metals In general represent & complicated group to he treated the-
oretically. This I due principally to the difficulty arlsing fvom the correct
description of correlation and relativistic efects.

The expericnce obiained from a large amount of accurate caleulatlons car-
rled out mainly In the 70°s[28] leads to & description of the correlatlon energy
divided into two parts with diflerent physical orlglog: one that takes Into ac-
coiant the different degoneracy or near-degenceacy effects, and the dvnamleal
corfelation of the motion of the eleetrons.

One of the particular aspecis that characterkze the transitlon metal sys-
tems ks thelr strong configurational mixing[29). This arises from elther the
weak chemical honds o these systems, and thes substantial oecupation of the
antibonding orbitals, andf/or the related near-degeneeacies n the transltlon
metal atoms due to the closely spaced atomle energy levels, and thelr Influenos
In the chemical bonds that will he formed by thesse metals,



The Hartree-Fock method has peoblems to deseribe this confgueational
mixing, since it places two electrons n the sarme spatial arbital[30). The second
problomn with the Hartree-Fock method comes feom the Independont particlo
mdel where the electrons are moving in the average feld of the other electmomns,
while, In reality the motion of the clectrons depends on the Instantameous
positiens of all the other electrons[3F. The separation of these two errors Is
nmot a telvial woek, as there s not a clear line separating these two effects, which
makes thele deseription more Inteleatesd.

The Influenee of these factors on the different transitlon metal rows 1s JiE
ferent, and we must take Into account that for the st row transition metals
the difference In slee betweon the 3d and 4s orbitals s larger than o the other
rows, leading to near-degenerary efflects when the d bonds are loemed. This
makes that although the first pow transition metals ave the lghtest of the tean-
sithon metals they have been claimed to be the most difficult to teat[31). On
the other hand, relatlvistile effects begome smaller for the Arest row transition
metals. It should be noted that for heayvy atom compounds there exist a number
af chemlcal observatlons which show that the Interpretation of thele eloctronie
structure and properties cannot be achleved without relativistic troatment[33).

Available Theoretical Methods

O goal 1s to obtaln a procedure that descelbes correctly the coreelatlon effecis
that govern our systems of Interest, and at the same tlme that ks easible fo
perform the amount of calculations needed for the study of the trends through
the serbes of the first pow transitlon metals. At this polnt [t s necoessary fo
Introsduee the methods wsed In subsequent chapters. Tt s heyond the seope of
this septhon bo devolop a full deseription of quantum mechanies and quantum
cherkstry, soowe have omitted many mathematleal demonstrations, refering the
Intereated peader to the lterature devoted to these topies (soe for example vl
[33] and [34]).

The maln goeal of quantum chemistry s 1o solve the time-independent
Schrbdinger equation for molegules, Lec, g collection of nuelel and electmons,
and obtaln from the resultant ¥ Informatbon about the sysvem. The hamilio-
nlan A for a molecule aside from relativistie terms and LS coupling has the
form,

H = T +Tw+V  +V_w+Va_w i3
v 1 v Za 1 EqZn
= _l?: 3 _EEHA_EA_EEH'FE;'FE Rap U
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where 1 and | run over electrons and A and B over nuclel. T, and Ty are the
kinetie operators for electrons and nuclel, respoctively, and the reralning theeo
terms eorredpond Lo the Interactlons between particles, thus, electron-electron



=1

Creneral Inirodoction

pepulalon (1:'._.]: clectron-nwelel atractlon ['l-’.,_;..-]: and nuwelpus-nuclews repal-
gl [f":v__!..']. Unfortunately, the exact pesolution of such eguation 18 only pos-
glble for syatems contalning just one electron. OF eourse, the majoeity of chem-
leal species lbe outalde this peduced set, and the time-lndependeont Sehebdinges
expuatbon has to be solved under certaln approscdimations.

The most hasie one & that called the Born-Oppenhelimer approximati-
on[35], and results in the separation of the movements of the nuelel and elec-
teang.  The hasle reasoning argues that aloce noclel are much heavier than
clectrons, they move slower, and hence, one can eonsider the electrons in a
mdegule as moving in the fleld of feed oweled. Within this approsimation | the
term correspondlng to the kinetle energy of the nuclel can be neglected and the
eepulslon hetwesn the nuclel can be taken as a constant. The remalning terms
comprise the electronke Hamilbonlan,

ﬁ.ﬂ — I-: + 1'}!:—!: + .I:::—I"ll [-rj:l
The solution to the Schrisdinger equatbon set up by this Hamiltonlan, namely,
HW¥, = EW, (&)

Is the electronle wave function ®({ri}:{Ra}), which desceibes the motion of
the electrons and depends explicitly on the clectronle coordinates and para-
metrically on the nuclear coordinates, as does the electronie cnorgy Eo({Ral).

On the other hand, to solve the problem of the motlon of the noelal, we
can reasonably replace the electronke eoordinates in H by thelr average values,
namely, B, ({Ra}), sinee the electrons move much faster than the nuclel. Henee

Hy = Tw+E[Ra})+Vunn (7)
The solution of the corresponding nuclear Scheddinger eqguation
Hv¥y = E¥y (#)

deseribps the vibeation, rotation and translatbon of a molecule, and E I8 the
total energy of the system. It §s worth noting that the sum of E ({R4]}) and
Vi _n, namely B, ({F4}), provides a potential for the nuclear motion. This
function constitutes a potential energy surface.

Thus, the nuclel n the Boerp-Oppenheimer approsimation move on a8 po-
tential energy surface set up by the electronle energy | obtalned by solving the
clectronie problom, and the Intermuelear repulslon. The concept of potential
cnprgy surface (PES) Is lundamental In guantum chemistey, its topalogy de-
termiines the stability and peactivity of any cheraleal system and s detalled
knowdledge glves an understanding of the reaction mechanisms for & given
chemical process. The caleulatlon of the PES pequires solvatlon of the elee-
teanie problem.



Conventional Quantum Chemical Methods

The eentral approkimation to pesolve the electmonke problem has been histor-
cally the Hartree-Fock{HF') method, clecteons oceupylog erblitals, the start-
Ing polnt for more ascurate descriptions.

The Hartree-Fock (HF) method = & vardationsl method that approsimates
¥ &g an antisymmetrbeed product of N orthonormal spln oebitals yi (£ [ome
eloctron funetlons, also called molecular orbitals (MO)), each a8 product of
a gpatial orbltal ¢e () and a spin functlon #(2) = oflg) o 3z), the Slaler
determitnand,

|TH!'-} = |K||I1|---1Ki1xj'1---=ln:=‘ ‘g]

A vardational methed36] allows one to obtaln an approximation to the

ground-state cnergy of & systemn without solving the Schridinger eqguation. The
theorar says:
"(Eiven a gyatem whose Hamiltonlan operatos H s time Indepondent and whoas
lowest-eneegy clgenvalue s By I § 1s any noemalkzed, well-behaved Tunetbon of
the poordinates of the system’s partleles that satlsfes the boundary eonditions
al the problem, then

f d"Hodr > E,, ¢ normalized {10

The varlation theorem allows us to calculate an upper bound for the system’s
ground state energy.

The Hartree-Fock approximation[37, 38] & the method where-by the oo
thonormal orbitals yilF) ave found that minlmize the expectatbon value for
this determinantal form of .

The normalization integeal < ¥Fur|¥er = B ogual w 1, and the energy
expectation value s found to be given by the loemola,

n N
Epp =< Bur|H|Tur > = Zl'lii + Z (Jiy — Kij) (11)
fml

=1

where

ho=< x> = [xiEi-59 -3 Rpean o2)

Jy =< x> = f A () (s (19)

Ky =< x| K Nx(l) > = fx-'f*—'*-.]xj{ﬂ}ile.’fz]xq[fﬂdfuiﬁ {14

Ji; and and K; are called the Coulomb and the exchange infegrals, respectively.
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If we further consider that the spatial orbitals set {d } are the same for hoth
spin states o and 3, thus, {$ff{7A} = {nﬁ{’[F‘]}: we speak about the restricled
Huartrae- Fock method (RHF), and the expression of the energy for closed-ghell
gystems can be wrltion,

N2 Nz
Epur = 23 ha+ ¥ (205 — Ki) (15)
i=1 i =1

where now the 1 and j indexes runs over the spatial orbitals {g;}
Minimization of {13} subject to the orthonsrmalization conditions < dyldy ==
i now gives the Hartree-Fock differential equationg,

N2
Filf) =Y eijdy(7) (16)

j=l
where F Is called the Fock eperalor amd It s defined as,
Fil)

k(1) +™¥(1) (17)
i3
viF ) = Z[ﬂj.'[l:l — K;(1])

where ©M¥F (1) can be viewed as an average potential create by the elecirons.

The matrix ¢ consists of Lagrange multipliors assoclated with the orthonoe-
mallty constraints. Muliiplying by &7 and Integrating, one gbialns the formuala
for eriital energies

Ay

G=ew =< @lFlh > = hi+ 3 (20— Ky) (18)
i =l

Summing over 1 and comparing with {(14), we fnd that

e
Egppr = EEH — Via (19}
im1

where V5 stand for the total electron-electron repulsion energy.

An Important property of the HF wave unctions = that the occupled or-
bitals ¢ can be mixed among themselves without changing the expectation
value Epp. The operator F s also Invarlant to such a translormation. This
leads o a certain freedom in the cholee {¢} and sinee the matrix € Is hermi-
tlan, one may choose a set of orbitals that diagonalkze it The corresponding
orbitals are called the canenicad Harlree-Fock orbitals and satisly the sanonice!
Huartres- Fock equations,

Fiy(F) = eyl F) |20
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This equation I8 comslderably moee convenlent Tor caleulation than (14). The
canonbeal orbitals will generally be delocalized and form a hasis for an e
ducible representation of the pelnt group of the moleeule, Lethey will have
certaln aymmetry properties characteristhe of the symmetry of the molecule.
COnee the canonlbeal orbitals have been obialned it would be possible 1o ob-
taln an Infinite number of equivalent sets by a unitary transformation of the
cangnleal set. In partleular, theee ame various celteela or choosing & unltary
transformatlon so that the teansiormed set of orhitals I8 In some sense loeallsed,
meore In lne with our intultive feeling for chemical hybeld hoads.

Solution of (18) must proceed iteratively, sinee the set of orbitals {d;} that
solve the problem appear In the operator F. Consequently, the Hartree-Fock
method 5 a s&lf consigtent field (SCF) method. In actual lmplementations of
the Hartpee-Fock theory, one psually employs some set of Oxed one-electron
basls functions (bosis sel], In terms of which the {¢;} are expanded

d = 3 Cuive {21)

Quite often, the @, are hpdrogenie-like functlons centered In one atom | atomde
orbitals) , and then, we say that the molecular orbitals {¢q} (MO) are expanded
as a linear combination of atomic orbitals (LEACY), Le., the MO-LC A appros-
Imation. In this context solving the variatlonal peoblom means to dod the set
of the MO-LCAQ expansion coefficients { )} for which (18) ks satlsfed. This
problem can he teansform lnbo & matrix eigenvalue problem, ln which the ma-
irix elements arve caleulated oo arvays of Intograls evaluated for the basis
funetions. This can be done by expanding {¢;} In equation [18), multiplying
by oy and Integrating,

Zm,-fdrw;[l:fum,[n = a,-’z-:r..-fdrw;[l]uﬁum (22)

Diefining now the AHS Integral a8 an element S, of the overlap maleiz 8 and
the Integral on the LHS as Fj,, an ¢lement of the Fock malriz F, we obiain
the following matele oguation | the Beothan malrir equalion),

FC = 5Cs {23)

The elements Fu. amd 5, are sometimes all computed from fist principles,
hence one says that one has an ab inilio method Sometlooes these are deter-
mlned by some pecourse to experimental data, In which case one has a semiem-
pirtcal method

If apatial parts of spin orbitals with a spin are allowed to be different from
spatial parts of spln orbitals with & spin,

[e(m} # {4{17) {24)

wie speak about the wnrestricted Hartree-Foek [UHF) approdimation. This ks
the method of cholee I we are deallng with open-ghell gystems, and can yleld
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the proper horaolitle dissoclation products In contrast with the BHF method.
In UHF we will have a two sets of equatlons | matriees and Integrala, one for
the - and one for the J-spin cases, and they have to be solved In a SCF way.
The hasls setq are the same or o- and @- spln orbltals, what differs is that
slnee they are teeated separately, we will found diflerent expansbons coefficlents
for the two set of orbitals,

Howewer, the exact wave luncilon for a system of many interaciing electoons
s neier a sngle determinanl. We can define:
The vorrelation energy for a specific sale of o system i defined ag e difference
E. = E— Eyr between the ezae! sigenvalue E and the Horfree-Foek energy
Egpyp of the same Homillondan for the state snder consideration[39].
In other words, we can say also that the total energy of an atomie or molecular
gyatemn = divided In the SCF energy which & obtainable feom a wave fune-
thon onskEting of a slngle conflguration and the other part = the coreelatbon
enorgy|28].

Which methods evaluate the correlation enengy? The methods for evalwa-
thon of the correlation energy are hased In two appeoximations: the variational
and perturbatlonal theosies.

Suppose now that we have a system with time-lndependent Hamilionian H
which Schrddinger equation we are not able to solve, H ¥, = E,T,, lor the
eigenfunctions and eigenvalues of the bound statlonary states. Suppose also
that we are able o solve another system which Hamilionian H" 1s only slightly
different from the Hamiltonian H. The difesence of this two Hamiltonlans s
deffined a8 the perturbation H*[40),

H = H-H" (25)

Phlyslcist and chomlsts have developed varlous perturbation-theory methods
[41, 42 to deal with systems of many Interacting particles, and these methods
conmabitute many-body perturbation theary (MBPT). In 1934, Moller and Pleased
proposed & perturhatbon teeatment of atoms and molecules In which the wn-
perturbed wave function 8 the HF funetion, and this form of MBPT 15 called
Mollep-Plesset (M) perturbation theorg.

The hasle variatlonal method for obtalning the coreelation energy Is haged
on the ldea of representing the exact wave lunctlons a8 a Hnear combinatbon of
Neplectron trlal funetlons and use linear variational mothod: the configura-
tlon interaction[43] (CI) . We deflne the full CT wavefunction as & mixture
of all the posaible different. conflguratbons,

|¥cy »= Cylly > + 3 Csl5 > +0p|D > +C4|T > +.. (26)
5

where |5 =, |D =, |T >, and so on, stands for all the single (|¥7 =), dou-
Ble [|Trf =], triple [|TC5 =), and so on, excitations, respectively, which are

abe
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adapted to & given aplo state. The full CT matelx cthat has to be calealated ks,

| [tdrg = |5 = = [T = [€F =
< | | = o H|dg > il < o H| D = 7} 0
= 5 il < SHS> <SHD> < 5HT:= 0
<I¥ | «DHV:> <DHS> <DHAD> <DAHT:
< T 0 <THS> <THD:=
= 0} i i

Notlee that the terms < ¥,|H |5 > are zero (see Brillouin's theorem in reference
[44]}), and any element melating Slater determinants which differ by more than
2 spin orbitals also vanishes (see Slater rules In reference [44]). Due to the fact
that the single excitations do oot mix divectly with ¥y =, they can be expected
to have a very amall effect on the ground state energy. Thelr effect I8 not zero
because thoay do mix Indleectly; that §s, they Interact with the doubles which in
turn interact with [T =, Besldes, because it I8 the double excltations that mix
divectly with | =, it I8 expected that these exeltations play an lmportant rolo
In determining the correlation energy. Deaplte the negligible effect of the sioglo
excltations on the coreelation energy, thelr Inclusion turng oot to be essential
for a satlsfactory description of the charge density and, hence, for properties
which are sensitlve to this guanticy.

T splve the problen, we can apply the Hnear varlation method, thos, welte,

H| Wy =5V = (27)
ar equlvalently, substeacting Ey from the above equation,
(H — )Wy == (& — By)|¥or 2= Epprr| ¥y = (28]

Then, suecessively multiply this equation by < Wy, < ®Z]. < ¥, ete. For
instance, multiplying by < %] and considering an intermediate normalization
< Pg|Tpor =1 we obialn,

Feorr = 3. €5 < Uo|H| > {29)
adkrsr

and we can soe how the cormelation eneegy 8 determined solely by the oped-
ficlents of the double excliations In the Intermediate normalized CI funciion.
This dees not mean that only double exeitatlons need to be Included for an
exact CI description of the ground state; as mentioned, these coeflicients aro
allected by the presence of the other excltatlons. Multiplying equation (27
by the rest of configurations we would end up with & bhierarchy of equations
that musst be solved glmultaneously to obtaln the correlation energy. This set
al coupled equations s extremely large I all possible cxcitations are ineluded,
and one has to truncate the gerle (25) In somewhero.

Ome of the most common teincations & to et the serles at double exelta-
tions, this i8 gquite reasonably sinee &g wo have seen they seem Lo be the maln
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contributors to the coreelation energy. The so truncated wave lunetion s called
the SDCT wave functlon,

[®socr == Co|lo >+ 3 Cs|S > +0p|D > (30}
=

and one solves the lnear varlation problem Ior this reduced number of config-
urations. The obtalned result will he an upper hound to the trwe eneegy.

Crne of the problems of the truncation of a ll-CI wave lunctbon s that
the property called size-consisfence(45] Is lost. A skee-consistent quantum-
mechanlieal method Is one for which the energy and bhence the epergy error
in the calculatlon Increases peoportionally to the siese of the molecule. Size
condlstency 8 lmportant whenever calculations on moleculbes of substantially
different slees are 1o be compared. Full CI wave functions are skee conslstent,
howewer truncated CI wave functions are not, amd I has been shown that
the correlation energy recovered by truncated O expansions per particle goes
o zerg as the number of particles goes to Infinity. Nevertheless, 1t has been
observed that for small molecules[45) (up to 50 electrons) CI-SDTQ) comes
reasonably close to the Tull CI and hence will be approcimately slse conslstent.
Howewver, these caleulatbons ave falely expensive.

An alternative §s to use an approximate formula due to Davidson/46) to
estimate the energy contributlon of the guadruple excltations, namely,

AFEg = (1 — ay)(Esper — Bser) (31}

where go B the coofflclent of the HF wawe function o the normalized CI ex-
pansbon. When this correctlon s added to Eaper the result 18 peasonable close
to the SDTCHCT result and thus, eonsiderably reduces the slse-consistency ermor,

One of the more advanced multl-determinant coreelation methods s the
Coupled Cluster Approximation[47]. This coupled-paie theory 1s related
to the perturbatlonal methods in the respect that it s non-variational; e there
& oo lowes bound to the correlation enengy. The lormalism is | howeyver, very
slmilar to that of the CI methods, and In particalar to DOL The maln difference
from the DT pesult s that OC-caleulations are slee-conslstent, whereas DOT
are oot Dhoe to products of coefliclents of the doubly excited configurations (as
will be shown belew) It I8, lurthermoee, non-linear, and the correlatlon energy
can thus not be obtalned by a slople matrix diagonalization, as I8 the case In
L

The lundamental equation in the OO theory is:

Fre = F:f'i'n {32)

where ¥ 15 the ecact non-relativistic ground-state moleeular electeonie wave
function, I, 18 the normalized ground-state Harteee-Fock wave Tunctlon, the
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QparaLor €7 s deflned by the Taylor-serbes cepansbon

T = I+T+TT+¥+---
= Ei— i33)
k=
and the cluster operator T' Is
T = Tv+Ta+---Th ()

where i s the number of electrons n the moleeule
Inclusion of only T gives the approximate CC approach called the coupled-
cluster doubles (CFD] mncthod. The next step in lmpmn.-]ng the CCD method

is the inclusion of the T} aperator, so taking T =Ty +Tsin e’ , resulting in the
singles and doubles (COSD) method. And Onally, including altlu T5 we obtain
the aceurate CC singles, doubles, and triples (CCSD(T)) method[48].

Actually, MOs for the CI caleulation can be chosen feeely. Any set of Mk,
and In partleular the SCF MO8, bulle with the basis set functions will pro-
duce the same final wave lunctlon provided & full-CI ealeulation ls caerled out.
Moreover, propecly chosen MOk will converge [astor to the true wave lunetion
than SCF MO\, therehy allowing for fewer configurations to be Ineluded in a
truncated wave lunetlon, One method that uses this ldea 5 the multleonfig-
uration self~consistent-feld (MCSCF) method that we will comment on
next.

The MCSCF wave function[49] Is & woncated CT expansion,

[ Pucscr > = ¥ Ci|Ur > (35)

in which the expansion cpefliclents of both the configuratlons |¥; > [thus,
) and of the orthonormal orbitals ased to set up the conflgurations, aro
optlmbzed. Thus, the MOSCEF orbitals for each configuration will differ from
the corresponding SCF andfor CLorbitals. In addition, the energy will be lower,
glnee the orbitals are optimal for the MOSCF wave lunetion, rather than belng
aptimal for the HE wave function. The genoral equatbons, which must be solved
to gbtaln the MCOSCF wave-functions are conslderably more complicated than
those corresponding to HF method, and s derlvation i heyond the seope of
this section.

A pommaonly used kind of MOSCF method 18 the comglete active spoce SCEF
(CABSCF] mothod. In this method, one dofines three st of oebitala: fnaetine,
acting and erternal orbltals (wooecupled orbitals). The nactive orbitals aro
kept doubly occupled In all configurations, and one wrlites the MCSCF wavo
Tunction as a linear comblnation of all conflgurations that ¢an be Dormed by
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disteibuting the remalning clectrons | astive electrons] among the active orhbitals
ln all posalble ways and that have the same spin and symmetey elgenvalues a-
the state to be treated. One then does an MOSCF calculation to find the
optimum orbitals and eoeflicionts of the expansion.

The cholee of the actlve space s eritical In CASSCF studices, and leads to
the possibility of a lack of ebjectivity in CASSCF computations. From the
outset, it must be recognized that in CASSCE theory, one s not attempting to
compute the true dynamie eloctron eorrelatlon energy: rather, gne 18 soeking a
wavefunction that will yleld & balaneed representation of the potential energy
gurface In the reglon of prodects, reactants and tansitbon states. For those po-
tential energy surfaces whore degeneracies or near-degeneracles oecur hetween
different electronke configurations, HF theory hreaks down, but CASSCF wawe-
functions, with properly choson active spaces, can yield a balanced deseriptlon
of all the stationary points. To be able to deseribe all the degeneraches, one ob-
vious option would be to Include all the valenes orblitals inte the active space. In
caleulations on larger sysvems this will, of course, not be possible. It is also not
necessary. Studies of an energy surface, Le, for a chemical reaction, will nore-
mally be concenteated n roglons whese only one of two of the chemleal boods
are broken of lormed. The calculation can then be performed by choosing as
active orbitals only those taking part in the bood-breaking or bond-formation
[IOCess,

There exlsts a strong Interplay between near-degencracy effects and dynam-
leal ¢oreelatbon. Strong near-degencracy effects lead wo effective soparation of
the plegtron palr, and thus, to & reduction n the dynamleal correlation affects.
A method which oaly takes Into agcount near-degeneracy affocts will ln general
not glve & halaneed deseeiptbon of the total corredation effects over an energy
gurface, for example along a dissoclation chanpel. This 8 the reason why Tull
valepce MCSCF ealeulations, n general, glve hinding cnergies which are too
low. It I8 sometimes possible to counter-halanee thls effect by adding a fow
more aetive orbitals. The prineiple behind this 1s that the active space showld
contain ane eorrelating orbital for each strongly oceupled orbital. When this
k= ot possible (large syatems ). ane can do CARSCEF caleulations but assuming
that only seml-quantitative resuls can be expectod rom them, and to Impeove
the results additional dynamical correlation effects have to be Included via con-
flguration Interaction or perturbational calculations,

Sq, In the conventlonal CI method one starts with a SCF wavelunction &4y
(the peforenco functbon), and moves electrons out of eceupbed orbitals of 9y
Into virtual SCF orbitals to peoduce CSFs $a, $s,., and one writes the wave
function as ¥ = 3, a;¥;; one then varles the a;’s to minimize the variational
Integral.

The conventional CI method and the MOCSCF methods can be comblned
obtaining a multireference CT (MRCT) method[50). Here, one frst does an
MOCSCF caleulatlon to produce a wave lunction that conslsts of seveeal CSF'y
&y, By B, with optimieed orbitals and that has the proper behavior for all



L

nuclear configurations. (One then takes this MOCSCFE Tunctlon and mowes eloe-
trons out of eceupled orbitals of the C5F's 8, B, $, [called the relepenoo
CHFs) Into virtual orbitals to produse Tuether C5F's e, oo B One weltes
¥ =737, 0;%; and does a CI calculation to find the optimum a;'s. Typleally,
the reference C5F's will contaln singly and deubly exclted C5F's, and as in
the final wave lunctlon, one will sonskder single and double excltations from
the reference CSFs, the final MBCT wave lunctbon will Include some telple and
guadruple exeitatlons.

So. in this scheme, noar-degeneracy correlation effects are treated affectiv-
elly uslng the multleonfigurational SCF mothod; and dynamical correlation =
Ineluded theough subsequent multiveference MBCI ealewlations. But, this ap-
proach has gevere lmitations as regards of the skzo of the system that can be
treated, both with pespect to the number of electeons and the basks set di-
mension. Lately, anothor approach has belng developed o obtaln a corpect
deseription of the dynambeal corvelation based on a multiconfigurational wave
Tunetion, with the goal of belng able to applicace it vo all the systems that can
be teeated by the MOSCEF method, this can be done cxtending low-oeder paes-
turbation schemes to the case with & multimonflgurational reference function: a
guasidegenerate perturbation theoey, a second-order perturbation theory
with a complete active space self-consistent fleld reference function
(CASPT2)[51, 52

Diensity Functional Theory Methods

In ihis sectlon, we will introduce & different approach to the electronic problem,
We will consider the electron density pfF), a lunctbon of only 3 varlables, a5 the
deseriptor of an electronie state and caleulate the energy and all the properties
ol our system In terms of this p(F). This foemaliam i called densily funclional
theory (DFT)(53, 54).

In 1964, Hohenberg and Kohn proved that the ground-stace molecular en-
ergy, wave flunctlon, and all pther molecular electeonic properties are uniguely
determined by @7, Henee, the ground-state energy By 18 a luncilonal of g7,
and therelore, Il we konow the ground-state electron densiey it ls possible to cal-
culate all the ground-seate properties om g In a second theorem, Hohenherg
and Kohn stablished an eneegy varlational principle foe this lunetbonal, that s,
for a trial density §{F) such that §(7) > 0 and [ S(Fdf = N, It Is satisfied that,

E, < E[pif)] (36)

This 8 analegous o the varlational principle [23) for wave lunctions. Oneo
wi know the exact form of the Efp] functional, the varlational principle glves
8 a way Lo search for the ground state density (&8 it s the case for the wavo
Tunetion). However, the Hohenberg and Kohn theosens do not tell us hos to
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caleulate By from g slnee the exact form of the Tunetlonal I8 not known.

Kohn and Sham nvented an indivect approach to this lunctional, the Kahs-
Sham method, and thereby turned DFT oo a practleal tool for clgoneus cal-
culations. They showed that the exact ground-state purely electronle energy
Ey of an N-eleetron moleeule with ground-state electron probahbilicy density p
L= El.'ﬂ!'ﬂ |!'|-_l,'I

- —-E-.:wv [ilt) > + [ virpivs; (37)
1 Lhal2) e o
L1 f J,r A1) e 1 1
2 T2
where wir) = —El___r—- s the external potential due to the nuelel, o are the

Kohn-Sham orbitals, and the E_.[p| s the exchonge-corvelation energy.

In the Kohn and Sham proeedure, the exact ground state p can be found
from the Kohn-Sham orblials according to,

.
>l (38)
i=1

The Kohn-Sham orbitals are found by solving the ome-electmon eguations

Frea{ls(1) = £5(1) (39}

where the Kohn-5ham operator Fis la

Fys = _-v’!+u¢1]+E L) 4 Vaell) (40)
=

where J Is the Coulomb operator, and Ve = called the erchange-correlation
polential Fis Is like the Fock operator In HF equations, except that the ex-
change operators are replaced by V. which handles the effects of hoth the
exchange and eleciron correlation. The physical slgnifleanee of the Kohn-Sham
orbitals s stlll under debate. Some authors clalm that they do nod have any
glgnificance other than in allowing the exact p to be caleulated from (A7), Like-
wize, the Kohn-5ham orbital eneegles should not be confused with molecular
orbital energles. However, based on the fact that the Kohn-Sham oebital en-
crgy for the HOMCOY = just the negative of lonkzatbon potential, and due to the
fact that the set of Koho-Sham equations romind uws, as in the HF case of,
the independent partlele model, others assoclate to the Kobn-Sham orbitals a
glmilar plysical signifleance and logitimaey a2 to the HE canonleal orbitals.
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Ay In HF, these equatbons have to be solved lteratively., Thus one proposes
a guess density, which 18 uged to hulld 1he ﬁ'x_-,-: then one solve the set of egua-
tlons (38) and obtaln a new density . which In turn s used to bulld & seoond
ﬁh—_-,-: and o on, untll sell-eonsistency.

There is oaly one problem o using the the Khon-Sham equations to ind p
and E. No one knows what the exact functional E, (o] I8 for molecules, how-
ever, apprisimate lunctionals have been proposad.

If p warles very slowly with positlon, one ean show that E_.(p) & glven by

EPMp) = [ olfleslolar (41]

where =, (g} B the exchange plus correlation eneegy per elocieon In a homo-
geneous electron gas with electron denslty g0 An accurate expresion lor £ (0]
s been found by Vosko, Wilk and Nusalr|55). Application of this expresion
to study @ In & molecule leads 1o the leeald densily approgtmation (LDAY, or
bl sprin densily approzimation (LSDA)|5G), If one uses different orbitals and
densities p* and o for electrons with different. spins. O course, In the case of
mealeciubes these are only approximations to the true lunetlonals, sinee g s [ar
Trom belng homegeneous. To yield securate chemlbeal deseriptions, one uswally
has to add coreectlons by means of terms lnvelving the gradient of g These
corrections are called non-local gradisnt eorrections, and they are added to both
exchange amnd correlation terms. For the exchange term In this thesls e have
wsed the corrections proposed by Becke/57] (B), and for the correlation part
those Introduced for Lee, Yang and Pare[58] (LYT ), and so, woe will speak about
the BLYP method. Also, it has been olserved one can get better resulis using
hybrld functionals of the type,

[l —'ILIJ:I.Ei'H”d-l-ﬂDEfF +11,E__{"33+::,-_E:‘FF +|:1 _ ﬂ.-_:IE:.w"‘. :‘12]

helng the values of the parameters =020, a.=0.72 and a.=0L81. This lune-
thonal Is known as the Becke's 3 parameter functlonal, BALYP([549).

Because density-Tunetional ealeulations do mot use the exact Bop they am
not, strictly apeaking, ab-lnitlp calewlatlons. However, they do not use pa-
rameters ftted to experimental data, and so are closer In splelt to ab-Initio
caleulations than to semiermpirical ones. Ooe of the maln advantages of theso
meihodds k= that with a stoollar computational cost to HF methods, they Inelude
some kind of electron correlation, belng the major drawback that the corrola-
tion effects eannot be sorted out exactly. They are already mbeed (rom the
heglnning with the uneorrelated solutbon. Besides, there 18 not & systematic
way Lo lmprove the caleulations by applylng more and moee sophistication, so
the peaults must be accepted as they stand. Tn aplte of these faces, DFT havo
heen found wo yleld good results for ground state propertles of various chemieal
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gystems, with a quality comparable to MP2 results/G0], or even better in some
casces,  De to thele relative low computationsl cost, DFT i8 the method of
chiglee for large gystems, for which the Inelusion of electron corvelatbon by MM
of CI methods is prohiladtive.

Designing the Theoretical Procedure

The Ti™ 4+ Hol) reaction galned owr attention Ot as interesting discusslons
wpre found In the literatuee showling that it was a good case lor studying theo-
petically and in accordanee with sxperlmental olservations. Before starting to
caleulate the full seaction mechanism we st thought it would be convenlent
Lo earey out varlous caleulations to determine what levels of theory were neces-
sary. We choose two point energles In our reactlon mechanism: the TH(0H 1=
bon-menbecule dissociation eneegy and the Interconfigueational energy oedering
of the two valence electronle configurations d@—1g and d"—*5* of the titanium
cation's 1F electeonie siate.

The very Arat calenlations were cartbed out using the MCSCF method as it
goermed that it was the method to wse with Orat row teansitbon metals. Both full
clectron hasks sets and effective core potentialy were wsed (see chapuer 1), But
a clear underestlmatlon was obtalned in the dissoclation energles. This was
algn the case for the coupled cluster methods, Thues, the now DEFT methods
galned our sttention. They are much cheaper to wse than MOSCEF o CC
methods, and the results In the lterature were very cncouraging. As nobody
from our group had experlence In DFT and transition metal chemistey, T had
the opportunity to work In Peof. R, Boyd’s group for thees months and learn
about this new method. This proved to be a good cholee a5 8 now perspectine
for the studying of our systems was galned. The results obtalned were hetber
than the only MOSCF op CCSINT) methods, and a way for studylng the full
reaction mechanksm was opensd in front of us.

Wi gtlll had the feeling that a different teeatment of correlation should he
used In owr systems, at least for some lmportant polnts, n order 1o be able to
catimate the rellabllity of our B3LYTP results. We found It Intoresting to tey
some methods that ndude both dynamical and non-dynamlical eorrelatbon. 1
had the opportunity to get Insight Intoe these methods under the divection of Dr.
Leif Eriksson. He was at that time In Prol. Per Sleghahn’s group, which las
geeat experience with transition metal chemlbstry. Different approaches wore
used and CASPT?2 seemed to be an Interesting method to apply, as a8 goodd
catimation of excitatlon energles was desleable for the coreect description of
our sysbem. These ealeulations ave shown theough chapter 2.

I the end, not much Improvemsent was obtalned compared 1o the conabder-
able effort needed Lo obtaln peliable peaults. It was clear that & good appreoxina-
tion could be obtalned just using B3LYPDEVE level of thepry for the [ull po-
tentlal energy surlaces, and some BALYT /TEVP4+G(34E2p) level caleulations
for the oy data. Howewer, we decided that some puee af tadtio value shoald also



b glven. Thos, collecting all the sxperbence galned in owe work and the results
In the literature, we declded that also CCSD(T)/TEVP G420 [ BILY P
JTEVP G 2p) caleulations showld be carried out (chapiers 3, 4 and 5).



Chapter 1

Preliminary Calculations

The dissoclation energy of the T 0H, ) lon-malecule complex has been caleu-
Lated by the Multbconfgurational Sell-Conslstent-Fleld Theory, Cowpled Clus-
ter Theory and two Density Functlonal Theory based methods, using baoth all
cleciron basls sets and Efective Core Potentials. The calculations show that
approximate Density Functional Theory glves pesulis in betber agresment with
experiment than both the Multlconfigurational Sell-Conslstent-Fleld Theory
and the Coupled Cluster Theorey, with both all electron hasls sets and Effective
Core Potentials. Nevertheless, optlmized geometries and harmonie vibratlon
feequencles ave very similar, Irrespective of the level of theory wsed. The in-
tereonfigurational energy ordering of the two walence electronic conflguratlbons
d* ‘s and d"~?s* of the titanium catlon’s *F electronic state, have been also
calculated and discussed.

21
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1.1 Introduction

Solvation of the first transition-eow metal lons by water has been the subject
aof much recent research work, Both expeclosental amnd theoretbcal methods
have heen used to galn Insight nto the bhoading energles of water molecules
to transition metal positlve ons. In partleular, the TE(0Hy )+ cluster has
been gtudbed earlior, by both experdmentalistis and theoreticlans, The bond
dissoclation energy of the T 0OH; j+ complex was Orat seported by Magnera ef
al., obtalmed by the wse of colllslon-induced dissoclation In & telple-guadrupole
mass specirometer|1]. They gave a value of 38.0+3 keal fmol. Later, Dalleska
ef al[(2], reported the bond dissociation energies for the M — 0 bond of the bon-
mealecube complex as determined by colllslon-induced dissocatbon Ina gulded
lon beam mass spectrometer. The theeshold energy for the colllsion-lnduced
reaciions is equivalent to the 0K bond dissoclation energy[63). Therefore, their
value for the dissociation energy of the Ti(0H: )Y lon molecule complex at 0K ks
6.9+ 1.4 keal /mol{see Table 3 in ref. [62). Simultaneously, ab initio molecular
orbital theory was also used to estimate the dissociation of Ti((Hz)*. Rossl
and Bauschlicher/G4] reported on caleulations with the modified coupled palr
Tenetional (MOPF) method and a faldy large basks set. They obtaloed a value
of 37.0 keal/mol, using lor the ZPVE correction, the corresponding energy
correction of the Cu((rHa )™ system. Then, Magnusson and Morlarty [65 used
both Meller Plesset (MP) perturbatbon thesey and truncated Configuration
Interactlon (CI) methods, with a varbety of basls sets. Thele results show, as
indesd Rossl and Bauschlichers” doy, that in every case the dissoclation energy
ol the THOH )T 18 gverestimated, with respect 10 the experimental value of
Dialleska &t al.

Diuring the last years, however, there has heen an increasing Inberest In the
use of gradient corrected approximate density functionals[57, 66). In particular,
there s a growing evidence that approximate luncilonals yleld accurate hond-
Ing energles for both, the frst[67, 68] and second-row [69] transition metal com-
plexes. Thus, In this work we consider the bonding eneegy of the T, )+,
Our goal = to determine the sellability of the approximate density functionals
BLYP and BALYT uwsed In conjuction with effective core potentials and valeneo
hiasks sets of double and triple seta guality, Comparlson of experimetal avalaliblo
data, with respect to both BIYT and BILYP and multiconflguratlonal-sell-
conslstent-fleld (MCSCF) and Coupled Cluster (QCSD{T)) caleulations with
all-electron double zeta and triple seta hasls sets and effective core poventials,
will be made. Incluslon of corrections due to the sero-point-vibratlonal en-
ergy and to the hasls set superpesitbon energy, estimated with the counterpolse
method 70 will also be explicity conslderad.
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1.2 Methods

All ealewlatbons reported in this chapter have been carried out with tle (GAUSS]T
AN /DFT(71] and the GAMESS[T2] sultes of programs.

1.2.1 Level of Theory

Both ab indtio molecular orbical MOCSCFEF and OCSDIT) methods and BEYT
and BALYT approximate Densliy Functlonal Theory (DET ) methods have heen
used in the present study. For the MOSCF caleulatbons, Inicially a full opil-
mization at the Hartree-Fock level of theory was carried out 0o select the active
space window properly. In partbeular, we have chosen sl grblials, eorrespond-
Ing to the flve 3d and the one 4de valenee orbltals of titanium, to allocate three
elecirons. This actlve space will be denoted, as wsual, [3/6). Boih Ti+ and
TiOH 1+ have heen Tully optimized at this level of theary, while for HaOF anly
the Hartreo-Fock levol was used. These structures weee conflrmed {0 be true
minima by Inspection of the force constants matrls, evaluated at the oorre-
sponding level of theory.

The singles and doubles, with a noninterative estimate for the telples, Cou-
pled Cluster, COSDT), caleulations were careled out at the QCD optimized
structures. Also, at this level of theery the zero-polnt vibrational energy cor-
rections, [AZPTE), were taken rom a Dequency caleulation at the COD lowel
of theory.

The approximate DFT methods that have been used are assoclated with the
well known Becke|57] and Lee, Yang and Parr[G6] (BLYP) approximate func-
tionals, and the three parameter hybrid approximate functional of Becke|59]
and the gradient-corrected correlation functional of Lee, Yang and Pare[66]
(BILYT). The cholee of these two approximate DFT methods §s largely motl-
vated by thelr satisfactory performance reported recently (68, T3] for transition
metal contalning gystems,

1.2.2 DBasis Sets
All Eleciron Basis Seis

As Indlcated by Hay ef ol [74], good uncontracted basks sets are normally too
large for application to molecules, so they should be appropriately contracted.
In the present chapter three different contracted basis sets|T5], two of double
zota plus polarization guallty, namely the DEVEP and DZVP2 glven by Salahub
et ol [T8, 77), and one of triple zeta plus polarization quality have been used for
the ealeulations. The triple seta quality basks sct, TEIVE, uged In the present
chapter Ig, for the titanium, that glven by Schifer, Hubert and Ahlrichs|78],
supplemented by the two 4p polarization funetion optimized by Wachters|79 for
the esccited states and augroented with a diffuse & lunetlon (with an exponent
030 thrnes. that of the most diTuse & Tunetlon on the original set) and one diffuse
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d function (optimized by Hay)[80]. For hoth the aopgen and hydrogen we have
taken the standard 6-3114++G(d,p) basis set of Pople ef al [81).

Effective Core Potentials (ECP)

The use of atomic effective core potentlals (ECP) and model potentials [(MP) o
eliminate chemically Inactive atomic core electrons om quantuo mechanleal
calculations has become routine during the past decade(82]. Because of thelr
eopnoimic advantages assoclated with reduced skzes of the basis sets that can be
achieved with the ECP method and corresponding nodeless psewdo-orbicals, the
SKBJ's Relativistle Compact Effective Potentlals[32 have been used. These
conslder the fiest ton electrons of the ttanium and the fest tao electrons of the
oy Een o be part of the core, and the rest are desceibed by the SEKEBIC valence
hasls 2. Theee different sets have beon hullt from the standard SKBIC s set.
The smallest one has one extea heavy atom polarization flunctbon on the oxygen
(SKBJC{d)); the Intermedlate omne has one extra d polarization lunction on
the cxygen and p type polarkeation functlon on the hydoegens (SKBIC(d.p) )
finally the largest one has a d polatization lunction on the cxygen plus tao p
polarkzation lunctbons on the hydeogens (SEHBJC{d,2p) ). The contractlons [or
tlese throe sets are:

® SKBJIC(d)—dspidd/2spld)2s]

» SKBJIC(d,p)—+[4sp3d) 2spld) 2s1p)]
o SKBIC(d,2p)—+[4spdd, Zapld 2s2p]

Sinee the Importance of the relativistic effects deceeases steadily [oom the
third row transition metal series to the first one, it 5 customarily [64, G65] as-
sumed that they are small enough for tltanium, henee they have beon mot
consldered explicitly In the all electron basls sets. Therelope, the dissoclation
energhes, peported o this chapter foe all electron hasls sets, weee caleulated as
the difference between the energy of the Bolated monomers and the complex,
without consldering relativistic effects, but ncluding both B5SE and ZPVE
corrections. All the structures shown in thls chapter have been opnficmed to
be true minkosa by a freguency caleulation at the corresponding computational
level. Further, these calculatlons have provide us with the sero polnt vibra-
tional energy [ZPVE] correctlons.

1.3 Results

Diseussion here i3 directed at Aoding out which of the methods used can be
solectod a8 & computational strategy that 18 economile and, &t the same time,
rellable. Multleonflgurational methods ave adecuate to describe propecly the
diflerent eonflgurations that arkse from the noon-equivalence of J orbitals in
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d" 4 "' and d states [83. On the other hand DFT, a monoeonilg-
urational method that neludes corpelation and that secms o work properly
for this kind of systems|G7, G8, 68, 73], I8 computationally a less demanding
method than the corpelated ab initio MOSCE and CCSINT] mothods.

1.3.1 Tt

It has been pointed out earller[84] that the corroet prediction of the Intercon-
Hgurational eneegy ordering of the two valence electronle confgurations, 4 s
and d**#*, of transition metal atoms k8 crucial for the accurate deseriptlon
of the disseciation energies of the clusters. In particalar, the ground state of
the Tit catlon is the 1F state, which corresponds to the 3624 electronlc
conflguration, and the frst excited state, the YF(3d%), lies 0.10 eV above[B5].
However, 1t has been demonstrated[86) that substraction of the relatvistic cor-
pections fom the epergies of both states switches the stabllity order, rendering
a 4 F[3d%) ground state with the 4 F [ 374" ) being the first eccived state, (.07eV
alowe.

Table 1.1. Tolal{E), in a.u., and relalive energy fAgg), in eV, and expec-
tation value of the 5% sperator for the ad® and & electrande confipurations of
Ti+[*F) calewlated unth the BILYP and vardous bods sels and ECPe.

Flectromic
Configuration E < B Ay
SRBIC{) ad” AT.EEA0 3.75 -0.06
d? 5T.GRIDE 175
LKEVT adl® B4R DR 5.75 .54
a* -RAR.OHORA 3.75
L¥EVEF2 adl® -R4R.ORAR] 3.75 .38
d* -R49.0070 375
TEVE ad” -R49.11515 3.75 119
d? R4S 12214 575

Inspection of tahle 1.1 reveals that the BALYP method describes correctly
the above mentloned energy orderlng. Thus, for the all-eleciron basis funetion
sets wsed In the present research, of which nelthoer aecounts for the relativistic
effects |, the F({3d%) state should be found to be the ground state, as i ks the
case, and the *F[34%°4s' ) the fiest exclted state. But, for the SKBJ(d) effective
core potentlal, which does sccount Tor the relativistic effects, the ' F[%*42")
ks predicted to be geound state. Nevertheless, it ls partbealarly worth noting
that for the all-clectron basis Tunetbons, the relative energy differenca 8 ovee-
catimated with respect to the experimental eneegy corrected lor the relativistic
cffects. The best ralative eneegy 18 obtained at the BALYPTEVE level of the-
oey, A, = (L19 eV, which I8 1o be compared with the relativistle cormected
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experimental eneegy of (LOTel . However, for the ECPs the relative enorgy Jif
ferenen 8 only slightly underestimated. Indeed we predict a difference of (.06
eV, while the experlmental valwe s 0.1 eV, This ral=es again the questlon of the

legitimacy of emploving effective core potentlals deelved from atomic HF cal-
culatbons in approximate DFT methods. A questbon which has been addressed
recently, and given an emplirical Justification[69, 87].

Table 1.2. Tolal(E] in a.u., and relabive energy (&g, in eV, for the d”
and d&° electronie configurations of TiT('F) caleulated at MOSCF(3/6) level
with various basis sets and ECPs.

Elesctromic

Configuration E L

SEBIC(d) s -5T.25419 .24
! <5T.24540

DEVE wud? ~RAR (2545 .33
" SRR 01714

DEVE? e B4R {200 N3
! B4R {1 EOT

TEVEP g B4R 18782 N4
! SRAR 1TNAT

Table 1.3. Tolal/E) .an aw. and relative energy (A, ). in eV, for the sd®
and 7 electronic configuralions of TiHVF) caleulaled af OUSDYT) level with
varions ass sefs and ECPs

Elesctromic

ﬂmﬁﬁ'ﬂrutilm E L

SKBIC ) P =37.44871 .72
! <5T.47974

DEVE wud? ~RAR (2267 1%
" B4R IETT

DEVE? e ~B4R.{2TE0 .26
il -B48.{}1E3]

TEVEP wuf® -H48. 19397 .21
il -H48. 18645

Besults obtained with the MCSCF and QCSDIT) methods, collected in
Tables 1.2 and 1.3 respoctlvely, deserve alao a gshort comment. It i3 obaereed
that both, leeeapective of whether effective core potentials or all-electron basls
sots are used, predict & F[34%4:') ground state, with the YF[34%) state lying
more than (L2 eV above. While this energy orderlng s qualitatively corpect
for the ECTs, It should be regarded as Incorrect for the all-electron hasls, lor
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which the 1 F{34%) should be the lowest energy state, as stated above. Notlee,
algn, that the gualitatively correct enecgy level ordering prediction obialned
with the ECPs, Is wnsatisfactory from a gquantitatlve point of view, sinee the
cxperimental energy difforence I8 0.1 oV while the MOSCF theory predicts (024
eV oamd the COSD(T) theory .72 eV,

Table 1.4. MOSCF{3/6) optimized relevant geometrie data for the 15,
state of the TE(OHL Y fon-molecule compler with varions basis sels. Dislances
are i Angslroms and angles in degreacs,

Basis st WT-0)  o0-H) <TioH
SREICd) 1900 0068 1500
SKBIC(d,p) 2,184 0963 1268
SKBJIC(42p) 2196 0962 1264

FA 217E 0.951 136.4
L& 12 1185 0,554 13.6
TEVE 2196 0.951 134.8

Table 1.5. BSLYFP and BLYP apirogimale densily funclional thesry op-
timized gesmetries for the corresponding ' By and By states of the Ti(0H)®
irn-molecale compler with rariens basis sefs. Distances in A and engles in

degrees.

BLYT BILYP

Basis sct RiTi-0) f(-H) <hGOH  RTi0)  f(-H)] <Ti0H
SKBJ{d) 2107 0998 1270 2,108 0088 1270
SKBJ(d,p) 2104 0995 1269 2107 0985 1269
SKBJ(d2p) 2097 0986 1268 2.108 0985 12740
DEVE 2107 0984 1264 2103 0973 1266
DEVE2 2105 0985 1264 2008 0974 1266
TEVE 2115 0971 1264 2006 0082 1262

1.3.2  Ti(DH,)*

Tables 1.4, L5 and 1.6 show the optimized geometry of the T8(0H )™ lon-
molecule complex at varlous levels of theory. Data Is glven only for the 1By
gtate, however It Is worth of notlng that & *B, state, nearly degenerate In
canprgy, amnd with a noarly colneldent optimum geometey, has also been fownd
Lo every case. Ingpection of the data of Tables 1.4, 1.5 and 1.6 reveals that Both,
the approsimate density Tunctionals BLYP and the hybeld peocedure BALYT
vield a shorter T4 — O bond length than the MCSCEF{306) method, for the basis
sl Investigated. This & a tendency reported recontly for hvdeogen bonded
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complexes[88) and for charge-transfer complexes(80). However, for our bon-
mlecube complex the discrepancies hetwoen the approcimate density functional
and molecular orbital theerles ave not a8 severe as those found for the above
mentioned svatems. Ohn the other hand, the Coupler Clisster [CCDY) theory
T — 01 and O} — H optlmkzed distances le o between MOSCF and DET values,
as shown In Table 1.6, The largest discrepancy with the ECPs ia found for the
SEBRJC(d), for which the B3LYF method rendors a 75— 0O bond lengih 000014
shorter, with respect to the MOSCF(3/6) method. Nevertheless, i should be
pointed out that the & — H bond I8 predicted 1o be ~40.085.4 larger by both of
the DFT basced methods used in the peesent chapter. The agreement found for
the THOH bond angle for all the methods, 5 also remarkable, see column 4 of
Tables 1.4 and 1.6 and eolumns 4 and 7 of Table 1.5,

Table 1.8. OCD oplimized relevand geomelric dala for the B, slate of
the TH(OH, )T drn-molecule compler with various basis sels. Dhsfances are in
Angetrome and angles in degreea,

Basis sct R(Ti-0} (O-H) <TiOH
SRBICd) 2149 neas 1273
SKBJIC[d,p) 2143 0884 1272
SKBJC[d2p) 2150 0082 1274

LV 2173 .570 127.0
LY P2 2ITT .57 127.2
TEVE 2.168 .68 135.6

In summary the MOSCF(3/6) method predicts a bond length close to 224
fior the TH{H) lon-molecule complex, the CCD theory prediction lies in the
range between 218 4 and 2.15 A, depending on the basls set used, and both
of the DFT based methods used, predict it to be around 2,14, irrespective of
whether an all-electeon basls lunctbon set o an effective core potentlal ls wsed.

1.3.3 Dissociation Energies

Table 1.7 shows the clecironle energies, sero polnt vibratlonal energy correc-
tions, hasls sed superposition ervor energy corrections and the dissoclation ener-
gles of the Ti((0Hs )", caleulated at various levels of theory. In every case, the
diszoclatlon energy has heen caleulated s the energy difference between the
1By state of the Ti[(0H:)* and the most stable elecironic configuration of the
1F state of the Tit plus the energy of one water moleeule. In additlon, both
the zoro polnt yibratlonal encegy corvection and the basls set superposition
erpor cnergy cofrectbon have been taken lnto aseount.

Inspection of Table 1.7 meveals that hoth approximate density functional
hased methods, BLEYT and BALY P, overestimate slightly the dissoclation energy
of the 18, state of Ti((0H;)*, with respect to the best experimental value
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of 36.9 kealfmol. The best value obtained uslng DFT with ECP's has been
achleved at the BALYP /SKBJC{d,2p] level of theosry, Le: 379 keal fmol, only
I kealfmol higher than experiment. However, 1t should be mentloned that
provision of the hasks set superposltion energy ermor must be taken Into scoount,
In order to arelve at such good estimate, Tor it can as large as 2.3 keal fmol.
When all-electron hasis sets are used with our approximate DFT methods, the
BS5S5E ereor appears bo be smaller than for ECP's, and the dissoclation energles
get even closer to the experimental value. Remarkably, at the BI3LYP/TEZVP
level of theoey we obialn 0, = 36.7 keal/maol, only (1.2 kealfmol helow the
experimental result. Notlee that for the all electron basls set, both the BLYP
and BALYP lead to estimates of 1y within the ervor bars of the experlmental
value, pamely 36.9+£1.4 keal/mol. In addition, the BALYP method fits also
the estimate foe Dy, with the SKEBJC{d,2p) within the error bars, These data
contribute to the mounting evidence that BILYP performs eellably also foe
open-shell transition metal containing compounds/G8, 69, 73]

Table 1.7. Total energies E, in hartree/particle, zero-point vibrafional en-
erqy corvections AZPVE, in keal/mol, basis set superposition error corrections
BSSE, in keal/mol, dissociation energies Do, fn kealfmol, for the Ti(0OH:)®
doi-melecule compler.

Method E AZPVE BSSE Dy
BIYF ERKBICd) “T4.83737 15 ZF 394
SKBIC{d,p) 74833640 16 253 395
SKBIC(d,2p)  -T4.33839 L3 29 BT
DEVP <823, 5076 16 1.2 381
DEVPEZ -925.51685 16 od 371
TZVP -925.60812 L7 0.7 #6.5
BILYP SKBIC{d) -74.91565 16 1.7 389
SKBIC{d,p) -74.92534 16 0 389
SKBIC(d,2p)  -74.92722 L7 23 379
DEVP 8255119 LE 08 373
DEVPEZ 92552169 LE o4 373
TZVP 925, 62064 LE 08 BT
MOSCF{3/6)  SKBIC[d) -T4.15448 L3 37 304
SKBIC{d,p) -74.16708 16 37 308
SKBIC({d,2p)  -T4.16372 22 36 2.2
DEVP 824, 11855 LE 27 HLO
DEVPEZ 924, 12735 LE 23 8.2
TZVP -924.27208 LE 1.8 .7
HCSD(T) SKBIC{d) -74.53349 16 37 3L8
SKBIC{d,p) -T4.55620 1.3 36 3L5
SKBIC({d,2p)  -T4.56032 14 35 302
DEVP 924, 32465 16 1.9 334
DEVPEZ 924, 32823 L3 Z1 312

TEVE =924, 48505 L3 1.0 2%
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On the other hamnd, both molecular orbital theory methods, MCSCF{3/G)
and CCSDNT), with ECPs severely undercstimate the dissoclatlon energy of
thee tithe compound by 7.7 and 6.7 keal fmol, at the MCSCF{3/6) (SKBIC(d,2p)
and CCEDNT)/SKBIC{d,2p) levels of theory respectively. Using all-electron
hasls sets, Instead of ECP's, does ot pemedy the apparent weakness of the
meethesd, although it Improsves the estimation. Notlee that at the MCSCFEF(3 6]/
TEVP the dissoclation energy Is still underestimated by 7.2 kealfmol, and by
4.0 keal/mol at the CCSDYT)/TEVE level of theory. This ks suggestive of the
glower convergenee of the COSDHT) method with the basls set, with pespect
i BILYP. Hence, In the small basls sets used In this work, It ylelds pooror
agreement with experiment. However this might not be so o the complete
hasks set. It Is worth of poloted out that both the MOSCF and CCSDHT)
caleulations are affected by a notleeable large BSSE error of 306 keal fmol,
when ECP's are used|G4).

Finally our ealeulations highlight one moee nteresting polnt. Namely, the
approsimate AZPVE value of 1.7 keal fmol, used by Bauschlicher ef al.[G4] for
the frst transitlon-row metal positive water clusters 1 well justified, even lor
approsimate density Tunctlonal hased methods.

1.4 Conclusions

Chur caleulations show that the approximate DFT functionals BLY P and BALYP,
with both double seta gquality all electeon basls sets, and effective core poten-
tlals, correctly predict the energy ordering of the two electronic confgurations
asspelated with the ground *F state of Tit. However, the caleulated relative
energhes ame overcstimated with respect o thelr eorresponding experimental
values, for every all-electron basis set used In the present study. On the other
hand for the Stevens eof al. SKBJIC(d) effective core potentlals a good estl-
mate, only (.04 eV smallee, of tree experimental Interconflgurational energy 1s
obtalned. Notleeably, both the MOSCF and COCSDNT) methed perform more
poarly than the BALYP procedure, vielding only & qualitative correct estimate
for Agg with the SKBIC{d) effective core potential. All-electron basls sots do
not suceeed even to predict the expected energy level ordering.

Optimum molecular geometeles of the *Hy state of the T0OH, )T on-
mealecube complex do nod depend appeeclably of the basls sets used, but they
do depend on the method. Thus, the MOCSCF method leads the largest T8 — 0F
optimum bond distances, namely 224, DFT yields the shortest, around 2,14
and COSDYT) prodicts it In between, close to 2154

Finally, the dissoclatlon energy of the Ti{(0H:)t (Y Bs), ks best reproduced
at the BALYP/TEVE level of theory, and good reasonable estlmates are ob-
taimed with at both the BLYP/SKBIC{d,2p) and BALYTP [SKBIC{d,2p] levels
al thegry. (O the other hand both moleculae oebital theory methods, MOSCE
and CCSDYT), soveroly underestimate the dissoclation energy.

Thevefoee, it ls concluded that the BALYT method wsed o conjunction
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with elther the SKBIC effective core potentlals or telple-zota gquality hasls sets
pepregents & feasible computational strategy to deal with the molecular and
clectronie steuetures of the Hret-row teansition metal lgand compleses. In
particular it should be an efficlent and aceurate method to halp understanding
recent cxperiments[90) on primary reactions of Tit with small molecules In the

gas phase.
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Chapter 2

The First Mechanism: The

Titanium case

The reaction of Ti+H[1F2 F) 4+ OH,; has been studied in detall for both dou-
blot and guartet spin states. The only exothermic products are THO+[*A) and
Hy: formation of several endothermie products ls also examined. An in-depih
analysls of the reactlon paths leading to each of the observed products 5 given,
Including various singlet, triplet and quartet minima, several lmportant transk-
thon states, and & discussbon of the two H; elimination mechanisms proposed 1o
the literature. The experlmentally observed spin-forbldden crossing 1s glven &
prssible explanation. Theoughout this work comparison to experlmental resulis
In energetics, reactlon products, and suggested mechanisms has heen central.

a3
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2.1 Introduction

Transitbon metal cation chemisiey has been the subject of many experimen-
tal studies In recent years. At the same tlme, theoretlcal studbes have seen a
raphd Increase ln applicability thanks to lmproved computational methods and
new computatlonal technologles [31). These developments In both the experi-
meenital and theoretleal Gelds provide new opportunities to study quantitatively
the reactions, mechanisms, bonding, and structuee of complexes Incoeporating
transition metals [91, 92).

Of particular interest among recent works eg. [GL, G2, 93, 94, 94, 06] are
the results presented by Castleman and co-workers [90] indicating thar Tit
I8 wvery actlve voward breaking O — H, O — H, &N — H and O — (2 bhonds
in small alkene molecules, ammonia, water, and methamwol. All the reactions
are exothermbe blmolecular reactions at thermal energles. For these peactions,
the dehydrogenatbhon rate constant & lound to be proportional to the bopd
strengih of the X — H bhonds. The mesult can be explained on the basis of
dehydrogenation mechanisms. For example:

T + B-0-H — H-TI*-0H — HaTiO" — T + Ha

Here, a H migratbon feom £ ve T oecurs o the mechanism, following the Initlal
insertion of Tit into the F — H bond.

Maore recently Armentrout and co-workers [87] have found, after an exhaus-
tive pxperimental study, that the early transition metal lops [Set, TPt and
V7 oare more rosctive than thelr oxides, while the contrary oceus with the
late metals (OFF, Ma™' and Fet). The energetlcs measured for these reactions
correapond (o production of MY prlmardly In an exclted low-spin electronic
state; formation of ground-state M7* I also observed, even though this meac-
tion chanme] does not conseeve spln. Thelr proposed mechanlsm that appears bo
be conslsvent with all thelr ssperlmental and molecular orbital consldecations
182

M-OF — MT0 — MY+ H0
+ [ |
H-H H H

where the Intermediate HMYOH molety conserves zpin with the MO 4 H;
reactants and the low-spin MY 4+ HoO) products, but oot the ground-state
MY 4+ Hy(} products.

Their data for ithe thianlum and vanadivm systems are dominated by pro-
ductlon of exclted low-spin Tit(*F) and V+{*F) states. Thelr estimated
potentlal energy surface, based on thelr results and theorotical presictions of
Tilson and Harrison [98], shows for St a crossing of the triplet and singlet
surfaces, probably cecurring in the reglon hetwoen HSet OH and Se{(0H )+
Simllar crossing should also exist In the titanium and vanadium systems, and
thiss the Inefidency of forming the ground-state metal lons In these gystems
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can be explained by the need to undergo a spln-forhldden sueface erossing. The
M 4+ Dy—s MY 4 Dyl peactlon chanme §8 the fArst hlmolesulae, transition
metal peactlon to thelr knowlodge that shows convinelng evidones that escoelted-
state products can be formed preferentlaly over ground-gtate products. The
overiding constraint in these systems s conservatlon of spln rather than overall
reaction energetles [97].

Finally Armentrout and eo-workers [09] studbed the reverse of the above
mentioned reactlons. They found that the o?F state of Ti+ reacts much more
efficlently than the o' F ground state in forming the M D+, M(OH and MOD+
prodiect lons.  All evidones ls consistent with the hypothysls that the seac-
tions oocur primardly theough a low-spin state of & DMYOD intermediate
Furthermore, they suggest that this specles 15 likely to eliminate Hae theough a
four-centeroed transition state. This I8 In conteast with the mechaniam proposed
by Castlernan and eo-workees [%], in which the Initial step of Tit Insertion
nto the (O — H bond to form HTENOH b ollowed by hydrogen migration to
form HeTi0", which then loses My to form T,

The data provided and questions ralzed by these experimental works pro-
vide an exeellent point of departure for theoretical Investigation. In Chapter 1
wi have discussed the prellmlnary work done In our group determining the dis-
soclation eneeghes of the T H. ) lon-molecule eomples comparing MOSCE,
COSDIT) and DFT methods[100]. This present work ls the fiest theoretical
Investigatbon of the possible mechanisms of bond activation and dissociation
Invalved In the TEOH ) ayvstens. We report Tull reaction mechanism geome-
trles and encrgetles for hoth the doublet and gquartet splon states for nsmeroias
persible reactbong of Tit+ with Ha

2.2 Methods

The computational method used for optimization and feegquency calenlations
was Density Functional Theory {B3LYT functional) [57, 53] with the DEVE ba-
gls sets given by Salahub ef al [76, T7] because of the good results obtained in
Chapter 1{/100]. The cholee of the BALYP DFT method is largely motivated by
its satlslactory performance reported recently [31, 68, 73] for transition metal
containing systerns. Some of the more relevant steuctures have bheen reoptl-
mized &t the B3LYP [Lanl2DZ level to see how the telple seta treatment of the
3d electrons Influences geometrices and energles. Reactants and products of the
prsible reacilons have heen reopiimized both at the BALYTP (G-3114 G 2d,2p)
and BEILYP/TEVP 4G 3L 2p) for the system. All the caleulations have been
correcied with the ZPVE ¢aleulated at the coreesponding thearetleal lowel. The
triple zeta quality hasls set, TEVP4G (34 2R ), uwsed for titanium was that given
by Schiifer, Hubert and Ahlrichs (78], supplemented with a diffuse & function
(with an exponent (L33 times that of the most diffuse & function on the orlg-
inal set), two sets of p functions optimized by Wachtees [70] for the excited
states, one el of diffuse pure angular momentum d function [optimlesd by



M Clhapter 2

Hay) [&0], and three sets of uncontracted pure angular momentum [ funetions,
Including hoth tight and diffuse exponents, as recommended by Ragavachard
and Trucks[101]). For the oxygen and hydmogen atoms the 6-3114+4G(24E2p)
hasks et of Pople & al [81] was used.

In grder to glve very accurate energles for the energy differences betwesn
the different spin states of each specles, CASPT?2 caleulatlons have been car-
ried oue[51, 52]. In the CASPT2 ealeulations the Wachters primitive hasis for
titanium[7T9] was extended by adding two sets of p-funetios In the dp reglon,
ane S set of diffuse d-Tunctions, and theee T sets of f-lunctions, ylelding a
(14s. 11p, Gd, 3 ) primitive basis. This was contracted to a [Gs, 5p, 3d, 1] basls
as explained In el [102] . For axygen the peimitive (Og, Sp) basis of Husinags
[108] was used, contracted to [3s, 2p] plus one set of pure angular momentum
d Tunetbons. For hydrogen the primitlve (58) augmented with one set of p
funetions and contracted to [32, 1p) was used. The active spaces used for the
CASPT2 caleulations are given In Table 1.1, The erlterla used o chogse this
actlve spaces 18 the "chemieally ressonable” one [104]. That ks, all MOs taking
paet In forming and breaking bonds weee Included in the active space.

Table 2.1.dctive Spoces Uged for Mulliveference Calenlafions.

Systemn Orbitals included Gime
A by [li::':lbﬂ{d*:]ﬂd [d:p':ll:H {d.r.'l— pp]ﬂl. [JE::-::—“ ]ﬂl{-l} [3}'“]
H30d ai{) — H, bomd)e & [} — H, antibond) (4/4]
TioH; a3 — H, bond)e & [ — H, antibond)

[4/4) + Ti"(3/6) (7/10)
Tid* ("B} {Ti-0h,bood) Ti-0O,antibond Ba,; Sy dby 3ba4by lag (3/8)
T (P Az)  20Te0, bond) 2(Ti-0),antibond }Ba, 9o, 4by Lag (3/8)
Hy Ty ® (2/2)
TinH* [Ti-C} bond) [ O:-H, hond)

[Ti-0), antibond ) {O-H antibond ) 4a” 3a” 10a°1 1a' [6,/9)
HTiot 2(Ti0), bond) { Ti-H, bond)

2(Ti-0antibond) (Ti-H.antibond Ja” 50" W' [6/9]

! The notation (m/n) denotes an active space of ™ electrons i n orbitaks,

ANDFT ecaleulations reported In this chapter have beon carsied owt with the
GAUSSIANSY/DFT [71] suites of programs, and the CASPT2 calculations were
carebed out with the MOLCAS program[105]. Also NBO [106, 107 caleulations
have been done to elarify some structures and MOLDEN [108] was used to draw
MO pletwres.

2.3 Results and Discussion

O discusslon will focus Orst on the T OH, 1 disoclation energy, then the
quartet— doublet splitting for several relevant speeies. Following these ame total
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capprgies foe the experlmentally obsorved peactlons, and this peport finishes with
a detalled analysis of the PES.

2.3.1 Ti(OH;)" Dissociation Energy

DHssoclation energhes of the T9(0H: )™ lon-molecule bave been calculated with
new levels of theory and compared with the ones calculated in Chapter 1 [100]
In order to test the gquality of these methods In descelbing these reactions. Dis-
soclation energles were caleulated as the difference between the energy of the
Eolated monomers and the complex, Including both BSSE and ZPVE coreesc-
Llgns.

Ti((Hy |+ dissoclation energies predicted by various levels of theory [64]and
those experimentally ohserved [61, 62] are given in Table 2.2. The AZPVE for
the multleeference methods were taken as the average of all other results re-
ported for this systemn[100). It can be seen that a slightly higher D, is predicted
by the BALYTP /LanL2DZ than for the BALYP/DEVE theory level, although the
resulis obtalned with Los Alanos effective coee potentlals ave sloollar to the ones
obtained previously with the SKBJC effective core potentials| 1]

The predictions of the CASPT2 method demonstrate the Importance of
properly including dynamic/non-dynambe correlation in order to obtaln a good
description of the system. When the 1s through 3p orbitals of the {itapium
and the ls orhital of cxygen are mot correlated (10 feoeen core orbitals), the
dissoclation energy obtalned Is clearly wndessilmated. This shortcoming s
quickly resolved theough reducing the [eoeen core to Include only the 1aZs2p
orbitals of T4 and the Ls orbital of O Further reduction of the frosen core doeg
not change the predicted dissociatbon energy.

Table 2.2. Tolal energies (EJ, in harlree, zeto-poind vibralional energy
arrrectiong (AZPVE), has sel superposition ervor aerrections [BSSE], and
dissoctation energies (Do) in &V, for the Ti[OHs)b don-molecule comgler.

Method E AZPFVE BSSE i
BILYF DEVE .925.51190 0.078  0.039 1619
LanLaDZ 13422460 0078 0148 1.684
TEVP+G{3df2p) 02564040 0074 0022 1.573
CASPFTT/I0)I])*  Wachters 024 51653  0.080 0178 1.536
CASPFT(T 0B ° 02473265 0068 0271 1654
CASPTT/100]*  * 202474928 0069 0.230 1.654
Experimental [61] 1.6510.13
Experimental [62] 1.60::40.06

Thegretical |64]

1626

For the CASPT2 resalts the numbers in parenthesis (mfn) indicates the size of
the active space {m clectrons in n orbitals), and in square brackets are the number

of frozen core orhitaks
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2.3.2 Ewxcitation Energy

In the reactions of Interest there are theee quartet-doublet relative energles
that are exeepilonally Important, thus we deseeibe them more ecahustively.
These three are the Ti%, TY0OH)T, and Ti0% moleties. Excliation energles
for these systoms are shown In Table 2.3

Table 2.3. Relative energies in eV for the 4F (ad? | and 2 F(sd? | states of Tt
By ), the 1By and 28y states of Ti(OH)® (g )and the A ond *A stafes of
T (Ay ).

hdethaed Sy By Sy
BILY P/ DEVE 0.3 0583 =35
BALYP/LanL2DE 0647 0.5 -2.9491

BILYP/TIVP+G(3df2p) 0545 0488 3111
CASPTH 0 /Wachters 0507 0850  -3.450
CASPTY5 6] Wachters 05096 1023 3517
CASPT2D,0]/ Wachters 0597 LIIT  -3524
Focperimental |00, Ba) 0574 0565 -3

% pgtimabed

In square brackets the total member of frazen orbitals are shown, the first oumber
corresponds to the Tit and the sscond one to TEO0HT and Ti0F modeties. The
CAS sctive space used for each caleulation can be found in Table 2.1.

It s known that DFT ealeulations can descelbe propecly ground states even
for transitlon metal systems, and also that this mothod glves good reaults lor
some excltod state caleulations [31, 68, T3], For the Tit aystem, for cxample,
the doublet stave I & theee electron doublet stave, which can be formed through
various orbital oecupations. Thus it is dificult to doeseribe propecly with slngle
determinant methods. However, the reaults obtalned with the BILYP method
are reasonably close Lo other theoeetical peedictions as well a8 experimental
observathong.

The CASPT?2 ealeulation pesults are even closer In agreement with the ex-
perimental value for the Ti+ 3F 2 F peeltation energy. MNote that again,
when the g — 3p orbitals of TY are voeen an underestimation of the energy
I8 observed but the results obtalped (rom the feepzing of the 1s through Zp
arhbitals ame equivalent with the non-freeen eore resulis,

Quartet — Doublet excitatlon energles for the TH{0H) Y lon-molecule also
have been caleulated at nummerous levels of theory. Armentront and co-workers
[99] assumed this energy difference to be the same as for the Tit catlon. At
the BALYT level, with both basls sets uwsed, the energy difference found I8 lower
than the predicted Tit+ 1F =2 F energy gap. However, this energy difference
predicted by the various CASPT?2 levels ls appeoscdmately twiee that predicted
by the BALYTP method.
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The last system studied at these lovels was the Ti07 molecule. Here the
doublet 5 the ground state. Armentrout and co-workers [99] estimated that the
high-apin states of TH07% lie above the low-spin ground state by about 3.5V,
The CASPT2 predietlons are In good agrecment with thelr estimations and the
BALYPF numbers are only slightly lower.

2.3.3 Reaction Energetics

Five reactlons leading to the experlmentally observed product lons have been
studled for this system:

TiF('F) + HyO = TIOT(*A) + Hy + AE, (2.1)
Ti*('F) + H;O0 -+ TIO*(*A) + Hy + AE, (2.2)
Tit('F) 4 Ha0) = HTiO " A+ H 4 AE, (2.3)
Tit('F) + Hy() = TiOHTE) + H + AE, (2.4)
Tit{(*F)+ Ha() = TiH {*A) + OH + AF; (2.5)

Table 2.4. Chierall energies for feaclions (2.00-(2.5) af severnl levels of
theory. Enerpes ginen are in eV oand for e various BILYFP lecels of theoary
include ZPVE corrections mleulated al the corresponding level of theory.

Method Ji'l..E_ le..E:t le..EJ, SFy A By
BILYP/DEVE 1.3465 <LEEF -1.8E61 =0.470 2739
BALYP/LanL 2[%2 1.642 1.34% <147 0. 20 .
BILYP/6-311+G{2d,2p) 1536  -L573 -L306  -D.3d1 .
BILYP/TZVP+G{3d(2p) 1543 -L568 -1283  -D.321 2632
CASPFTI[9.10] 1.3M& =2.142  -1.572 <0.676 .
CASET[5 6] 1314 2903 1434 -0.669

CASET2[0 1.315 <230 <143 0664 .
Exp. [24] L7700 -1.73° a L3940 12 <2 TdSE00

& mtimated

Eguations (2.1}-(2.5) represent the maln lonle products observed In the
epaction of Tit+ (AF) and H,0). The energetics of these reactlons have been
caleulated with the BALYTP and CASPT? methods, and here largor basls sety
algn have been used with the BALYP method. The varlbows predicted values
and the enorgles given by Armestrout and eo-workers [99] are listed In Tahle
2.4.
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In some of these encrgetles we seo very large discrepancies between the
BALYP predictbons resulting from the use of different baslks sets. Ineach case the
difference between the BALYP/DEVE mesult and the BALYP /Lanl2DE result
I8 srartling. However, some conslstency s soen with the larger 63114624, 2p)
and TEVPHG(3AL2p) basls sets. This conslstency and the ressonable agree
ment with experimental [99] results Implies that the BALYP fTEVP+G(3d4L,2p)
lewel of theory provides results worthy of & high level of eonfldenoe.

In agreement with experiment, we fnd only one esothoermle peacthon, the
formation of low-apin T90% + Hy (Reaction 2.1). Our best value of 1543217
I8 023V helow the experlmentally observed energy. Consldering that a splo-
crogalng ls Involved In this peaction, our energy prodictions are good, but not
entleely satlslactory. The result, —00.321eV, obtalned lor the low-lylng en-
dothermlbe reaction leading to TiOH* + H, Reactlon 2.4, 1s within the ereor
haes of the experimental pesult, —0039 £ 0,126V . The cxperdmental value [oe
Beaction 2.2 [—1L.73e1) Is hased on an estlmated doublet—quariet splitting of
3517 [09) and 18 not radieally different from our ealeulated — 1568217

2.3.4 The Doublet Stationary Points

The varipus BILYP/DEVE doublet stationary polnts are depleted In Flguro
2.1. The Oy symmetey Ti00H: ) lon-molegule complex has a Ti— 0 distance
of 21044 and a Ti — () stretehing frequency of 40lem~". As seen In the
diszoclatlon energhes sectbon, this nteraction & rather strong. However, the
OHy molety iteell 8 only slighty changed [rom s unassoclated paramebees.
In comparison 1o free Haf) described by the same level of theory, the O — H
bond length in this comples 1s 0008 A longer and the symmetele stretehing and
H — () — H bending frequencles change by —93 and 21 em ™' respectively.

TH1 characterizes the Orat hydregen teansfer from oxygen Lo titanium. This
transition state has O symooetry and the one naginary requency clearly
correaponds to hydrogen translps.

The HTiHOH minlmum also has O, symmetry. This Intermediate 1s a well-
characterkzed minlmun with a ¢ovalent T8 — H bond. The Ti — H stretehing
frequency s B07cm—t and the H — Ti — (F bend has a frequency of 48230m -1,
The lowest vibrational requency of 28Lem ™" sorresponds to T8 — 0 — H bend.

The sepond oxygen to titanium hydreogen teansfor occurs through TS2. In
this transition state the H — H distanes s still guite long (0.0834) and the Ti—
) distance (1.6014) Is closer to the HTiOH value than that In the following
[H )T} specles. The one imaginary fequency corresponds to H — H baond
Tormatbomn.

The final doublet stationary polot lecated was the (Hy ) TE07F specles. This
[ H )Tk struetuee of O, symmetry I8 8 curlous Intermediate. Earlier argu-
ments agalngt Hy elimination ffom an HTi0OF structurce have consldered two
covalent Ti — H bonds [0, The (Hy)Ti0+ minimum which exists on the PES
has o Ti — H & bonds per ge, hut should be consldored a lon-molecule com-
plex. Note that the Ti — H bond distance has Increased from LG56A In the
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HTiHOH minkmum to 2.1154 here. Examination of the MOs shows an Inter-
action between the singly occupled d orbital of T4 and the H — H &7 orhital
(2o Flgure 2.2). NBO analyels gives this interactlon s value of T.87Tkeal froaod.
It is theough this Interaction that the H — H bond = actlvated. In comparison
with separated T (2A) + Hy the Ti — ) bood lengih of this comple: Is only
0004 A longer, while the afoementboned H — H bond activation lengihens the
H, bond length by 0.02A.

Figure 2.1. Gesmelrioa] porameters of e coriouns slalisnary poinls on
the doublet BSLYP/DIVP potential energy sutface. Bond lengths are reported
in A, bond angles in degrees.

Figure 2.2, The singly accupied orbital of the dewblet { Hy T inlerie-
diate as secen lookdng down e T — 0 aris.
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2.3.5 Quartet Stationary Points

Flgure 2.3 deplets the varlous BALYP/DEVE quartet statlonary polnts. The
stationary polots found on the gquartet surfpco are In many aspects rolated fo
those of the doublet surface. The T H )™ lon-moleeule s very slmilar indoped.
The geometrical parameters of both are essentially equal and the vibrationsl
frequencles which vary the greatest ave the water wagging requency which
decreases here by 520 ™" and the Ti — (0 stretching requency which Increases
by BTem™".

The HTitOH species, on the other hand, Is quite different on the quartet
surface. The Ti — () bond Is 0.048 4 longer for the quartet minimum and the
Ti — H bond an astounding 0.666A longer. This difference s also seen In the
Ti — () and T¢ — H giretching frequencles which are 101 and 128Tcm " lower
for the quartet than the doublet specles.

The {(Hy )T lon-molecule complex on the guartet surface has a slightly
stronger Interactlon between the Hy molecule and the Ti0% unit than that
found on the doublet surface. Howewer, as was the case on the doublet surface,
this structure should not be considered to have two covalent T3 — H bonds,
but rather a d — 2" donation. For the guartet speches. this interation = glven
a value of 9.8bkeal frmol by NBO) analysis.

Figure 2.3, Geomelrical pammelers af the vardous slalionary pefnls dn
the guartet BILYP/DEVP polendial energy surfoce. Bond lengthe are reporied
in A, bond angles tn degrees.



The First Mechanizm: The Thiarinm case 43

2.3.6 Potential Energy Surfaces

Figure 2.4 shows the potential encrgy surface starting fom the T 4+ 0 Hq
spparated reactants and leading to Ti07 + Hy for the doublet and quartet spin
gtates at the BALYP /DEIVE level of theory.

On the doublet surface, the frst step 18 the formation of the Lon-molecule
complex. Then, through TS1, one hydrogen atom & passed from oxygen Lo
titanium, leading to the HTITOH molecule, the Intermedlate whose exlstanos
was gurmlsed by experimentalists.

A seeond hydrogen translfpr from oxygen to titaniuom passing through TS2
leads to the most stable comples encountessd on the surface, (He ) T207 . From
this Intermediate the loss of Hy procoeds without transitlon state to the ob-
sorved major prodicts, doublet THOF and Hy.

The Ot step on the quartet sueface can alsg be lormation of the lon-
modecule complex. However, following the peaction feom that polot ks signif-
leantly more complicated than was the case for the doublet surface. Dhesplte
nummersis varked steategles for nding a teansition state between Chis complex
and the HTHOH molecules, none was found. Here we note ithat shile the
quartet T HS )T on-molecule complex lies below that of the doublet, thele
eelative positlons are reveesed (o the FTiH0H moleties. Thus, the two surfaces
have erossed somewhere botween these two polots. This explains the experl-
mentally observed "forbidden crosslng™ and seelously complieates the locatlon
of the guartet transition stabe.

Onee this guartet FTiT0OH Intermediate s formed possibly from Ti(OH, )
rearragement, possibly from direct T insertlon into an O — H boad of B0,
another inbermediate, {Ha)T907, can be malised by passing through anotler
prohably high-lying H transler transition state. Feom that lsomer, the loss of
an H: molecule glves one of the scarcely observed epeactlon products quartet
Tk . The high relative enengy of this product agrees well sith the fact that
T In this spln state s a rarely observed peaction product.

Figure 2.5 deplicts the doublet and quartet BALYP/DZVE potentlal energy
surfaces for the reactions leading to the other experimentally olserved producis,
TiH™ and TiH™, sequential H atom logs leading to TR0, and the possible
reactions leading to HTiOV and TiHT 4+ OH. Epergles given (in eV} are
pelative to THi(*F) + Ha(? (a8 was the case In Flgure 2.4).

The doublet process beging with the formation of the Ti0H: ) lon-molecule,
and passes through the H atom transfer transition state, resulting o the BT+ 0H
Intermediate. This doublet HTiH0H may lose one of [ts hydrogen atoms, lead-
Ing to elther the singlet BT or TiH+. These two specles ave relatively
close In encrgy, but as would he expected, the TWOHS lsomer 1s lower ln en-
ergy. Note that the energy difference hetween these two singlet lsomers is much
amaller than the energy diflerence between the corresponding triplet Bomers.

The guartet surlace 1, agaln, mome complicated than that of the dou-
bBlet. Considering the T59(0H; )+ lon-molecule complex, it I8 possible [passing
through T53) that one H atom & directly bost fom the oxygen, leading to the
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Figure 2.4. BILYFP/DEVP potential energy surfoce follouing the Tit+ 4+
OHy — Tir + Hy reaction path. Energies giiven are in eV ooand relatice o the
geparaled ground slale reactands, TiH(YF) + OHy . Bond lenigths are reported
in A, bond angles in degrees.
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Figure 2.5. BILYP/DIVP polential enernpy sutfece following e reaction
fraths leading te the other eeperimentally obaeread producte. Energies given are
in &V and relative Lo the separated ground stale reactands, Ti+{AF} 4+ OH,.
Bond lengths are reported in A, bond angles in degrees.
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teiplet THOHY specles. This molecule also could lose its remaining hydrogen
atom through TS4. This pathway leads to eventual formation of doublet Ti0F,
hut l& very much klnotically disfavored as compased to the pathway in Flguro
2.2 hecause It passes through a very high-lying teansitbon state {(T54).

Copsiderlng the quartet HTiH0H specles, It 15 possible that elther of the
two H atoms could be kst Individually, resulting in che teplet T90ME+, o
highlying HTW+ triplet. Again, there 5 the possibility of foeming the doukblot
T product feom elther of these minima theough loss of the second bydrogen
atom. However, these segquentlal H loss mechanisms lie very high In energy
when compared to the mechaniam seen In Figure 2,20

The ohserved reactbon leading to HTi+H{3A] +0H s also possible from the
HTi+0H guartet Intermediate. & slmople beeaking of the T8 — O bond Leads
to these energetically high-lylng products. A similar peocess on the doukblet
gurface, leading to singlet TiH' + OF & even mome energetleally disfavoured
with a final energy (1.891:V higher than that of triplet TiH™ + OQH. Thus It
lies outslde of the eneegy range depleted In Flgure 2.3,

Equilibrlum geometry parameters [or the wvarious seaction products are
given in Flguee 2.6

Figure 2.8. Eguilibrium geametry parameters for the various reaction products
at the BILYP/DZVP level of theory. In porenthesis are the paremelers pre-
dicted af the BILYP/TE+G{3df,2p) level of theory. Bond lengths are reporied
in A, bond angles in degrees.
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2.3.7T The H:; Elimination Mechanism

There has beon much diseussion In the literature as to what =8 the process of
Hy elimination Induced by transition metal ons [%, 97, 09, The two leading
conténders have the following sehenes:

H

M+-0Hy, — H-M*=0.H — M*0 — M+0+H, (6
H

and

H...H

M*-0H; — H-M*()-H — M™0 — M0+ H: (T

Cur theoretleal pesults Imply that nelther of these ls entirely correct, noe
are they entirely In erpoe.

Cur predictions agree with Mechaniam 6 In so much as the hydrogen atoms
are last assoclated with Tt before elimination. However, a gquick examination
of the bonding shows that there are mot two Ti — H covalent bomds, ratles
this species should be conskdered an lon-molecule complex. There s o — o
donation which activates the H — H hoad, but the H — H bond I8 Intact and
no covalent T — H bomd exisis.

Mechanizam 7 & Incoreect, according to our predictions, endy In that the foue

centersd transitlon state s shown leading divectly to MO + Ha, We predict
the exlstence of another Intermediate, (H)Ti0, through which the reaction
[asses,
In examining the two Intermediates, HTiH0H and [(H:)Ti0, it I8 seen
that the connection between the two st be a fowr-centersd transition state.
From the HTi 0H Intermediate a second hydrosen tranafer to T does not
oecur, rather a hydrogen transler 1o hydrogen 8 seen. This process 8 mulil-
faceted. It involves the breaking of the O — H bond, the forming of the § — H
bond, the breaking of one covalent 77— H bond, and the formation of a T35 — 02
a bond.

Armentrout and co-workers (87 suggest that for the four-centered transition
state Tillz.) — H — Hjp+, donation & Important. This Implies a planar fowr-
center transitbon state. Indesd we find that there s significant interactlon
between the T o syetem and the H — H bond belng formed. Flguees 2.7
deplets the oy _ g + 770 oebital with large positbvee overlap for all the atoms.
Flgure 2.8 Mlusteates that the og_ g — o orbital 1s stahilized by positive
overlap with one lobe of the In-plane  orbital on Th. Flgure 2.9 shows the
singly oecupled orbital of this doublet. The interaction here Is 73,5 + 05 _ g

Planar transition states for By rotation also were found for both the dou-
Blot and quartet (Hy )90 species, Lylng only (L0004 and (L2621 abowve thele
eeapective minlma. We sugegest that these low-lying transitlon states could be
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Figure 2.7. The opy_p+arn moleculor orbital of the doublel four-cenfered
transition slale.

Figure 2.8. The opy_y—arin molecular orbital of the doublel four-cenfered
transition slale.

Figure 2.8. The singly occupied %, + o,y moleculer orbital of the
dioublel four-cendered lransition stale.



The First Mechanizm: The Thiarinm case 49

pelated to the loue-centored transition state.

This owr pesults support the hypotlesks of a four-contered transition state
that leads eventually to Hs ellmination. The diffeeence betwecn oue predic-
thpng and that oviginal hypothesis = that we have found another Intermediate
(Hy T through which the reactlon passes.

Another posslble reactbon path, orlginally diseussed by [elkura and Beanch-
amp In studylng O (=1 — 4) + Hy (108 Involves direct separation of Hy
from the £ atom of the TO(OWHS )+ structure without any hydrogen transfer
to thtanium [or In the reverse reactlon Hy attaching directly to the oxygen
atom of Ti — (). Teansitlon states corresponding to the direct loss of &
hydrogen molecule feom the Inliilal T9OH, )+ oo-mobeeale on both surfaces
were sought. However, the Imaginary freguencles of the T5— OH- Hy stationary
polnts lecated were Indleatlve of sequential H loss, rather than loss of Hy. Thus,
this propesed reaction mechanksm s ruled out o this case.

2.4 Conclusions

The reaction of TiY with water has been Investigated o detall. Both the
doublel and quartet potentlal eneegy surfaces have beon characterlzed at the
BALYP /DZIVE levol of theory, Energy differences betweon ey doublol and
quartet species and total reactlon energies [or the experimentally olserved
prodieets have boen peedleted at even highee levels of theory Ineluding B3LYP ST
IVP+GEAL ) and CASPT2 "Wachtors, From these data, the lollowing con-
clusiong are drawn:

1. The only exoihermic products of the Tit(*F* F) + Ha) reactlon are
TicH{(2A) + Hs.

2 The HTi=(H Intermediate hypothysized by the experimentalists s a
wirll-deflned minkmum on each potential energy surlace.

3 The doublet and guartet potentlal energy surfaces cross between this
aforementioned Intermediate and the TS | on-molecule complex.

4. The much-discussed Hy elimination process eceurs nelther feom a Hs TR0+
aspecies with two covalent T8 — H bonds nor directly feom a four-centerad
transition state, but rather passes from the HTiYOH intermediate through
& four-centered transition state to another lon-reolecule Intermediate [(Hz)
Tior, feom which Intermediate Hy k5 eliminated.
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Chapter 3

The Early First-Row
Transition Metal Cases

The study of the reactbon of water with the early fest row transitlon metal
bons has been completed In this sork, In hoth high- and low-spin states. In
agrecment with experimental observations, the only exothermic products ave
the low lylog states 3O 4+ Hy: formatlon of other endothermle products is
alzo examined. An ln-depth analysis of the reactlon paths leading o each of the
observed products Is glven, Including varlous minlma, and several Important
transitlon states. All pesults have heen compared with existing experimental
data, and our earller work covering the Ti% 4+ He() reaction In order 1o observe
exlstent trends for the early Aest row transition metal lons.
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3.1 Introduction

The meeent excliement in the study of trapsition metals s o part due 1o lm-
peoved methods of studying, both experlmentally and theoretleally, the plechora
af ow-1ying electronic states and thelr effects on reaction properties. The i
ferent gas-phase reactivity that transition metals show depending on the spin,
electon conflguration, and even spin-oebit level has heen discussed extensively
by Armentrout and eo-workers(3, 5, 1100, As they have polnted out In those
wiorks, studles of exclied electronie states of teansltion metal lons can help
valldate the molecular orbital ideas that aee used routlnely to understand the
activation of eovalent honds by teansitbon metals. Thus, such stwdies are a
pecbect feld for interaction between experlment and theory.

The reactions of transition metal cations and water have vecelved much
attentlon recently In large par due to two cerbous effects. The frst is that
the early teansitlon metal catlons [(Se™, T8 and V) are more resctlve than
thedr oxldes, while the contrary oecurs with the late metals (O, Mat and
Fet)[97]. Even more Interesting, however, I that the primary product ob-
gorved in the reverse reactlon (MO 4+ Hy — MY + Ho0) s a low-spin escclied
state of the cation[97], meaning that spin, rather than resction energetics, ks
the overelding constraint of the reaction.

With pegards to the Importanee of spln o these reactbons evidence comes
from both the forward reactlon (M + Ho) — MO + Hy) and its reverse. In
thee forward transition metal eation plus water peactlon, teo [acvoes polnt 1o the
Importanes of the apln-state. The fiest s that I ground-state high-spin cations
are used for the roactbon, the observed MO peoduct ls, nevertheless In s
low-spln grownd state, OF couese, 5 an ecoeited-state low-spin catlon 5 wsed the
MO+ product will also be In its ground state. However, the grand difference
hetwesn using high-spin oF low-spln catlbons as reactants Is not the final peoduet
but eather the efficiency of the reactlon. While the high-spin cations do react
to glve low-spin MO+ products, the efficlency B actually guite losy. On the
ather hand, the reactlon starting with a low-spln cation procesds rapldly and
efficiently[03, 99).

There k= alse a polot of difference between Set, T, and V¥ that Is rather
intergsting. The ground-state high-spin catlons of 5 and Ti% do produce
(though Inefficlently) low-spin M. However, the ground state V(5 D(4))
cation dees nof make the spin crossing to produce telplet V0%, The fiest
quintet excited state of VH[F(ad)), on the other hand, follows the trend
egtablished by the high-spin Set and Ti catlons, fe production of low-spin
MOY, though be it inefficlently. OF gquestion s whether this & due to the
oreipation scheme (both high-spin ground state Set and Tit have a singly
occupled & orbital) or due sloply to the extra kick of energy avallable o the
#F state. We address thls question In the diseussion of the potential energy
slurfaces,

From the experimental dats we gather that the peaction pathway 18 a low-
gpln pathway and that somewhere along the line the high-spln comples must
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undergo & apln-forhldden crossing. The reaction pathway demonstrated Lo oue
carller work fa: Tit 4 Hald — Tit — (0Hs = HTiYOH — (Ha) - Ti0t =
Till + Hs. In the Tit — O Hy on-molecule complex the high-spln state still
lies Below the low-spln state, but In the HTTOH Intermediate that sltwstlon
s reversed Implylng that the bigh- and low-spin surfaces cross between these
Lwi mobedbes.

Another topie of Interest concernlng theso peactiong 18 the process of Ha
climination (or additlon in the reverse reactlon). Two posslhillties weee pro-
posed: elimination from an Hy MO7 intermediate(00], or elimination from &
four-centerod transition state[83, 0%, Our earller work[11%) on the high- and
low-spin T 4+ Ha() reaction does prru:hﬂ a final Intermediate belore Ha ellm-
Inatbon in which the H atoms ave most closely assoclated with the TV atom.
Howewer, e H — T covalent o bonds exlsted. Instead the Intermediate mnme-
diately preceding Hs elimination could be viewsd a8 an lon-molecule cormples
with some donatlen of electeon density from the H — H o bond to the T atom
and some back donation feom a T orhital to the H — H &" orhital.

Multiconfiguration sell~conslstent-fleld (MCSCF) and conflguration lntor-
action (MCSCF41+42) calculations [98) have been already done for some of the
products of the reaction Se+(30) + Hy. Also, a MPA(SDTQ)**/ /MP2/6-
JLG** giudy of the dehydrogenation reaction of water by Set has recently
appeared In the lterature[111]. No previous theorotical works have appearad
on the vanadiwm system. We pregent the full reaction mechanism geometrbes
and energetics for hoth the high and low-spin states, consldering the possible
teansitlon states.

3.2 Methods

The experlence of this group [L00, 112] shows that the Density Functional The-
ory (BALYT functional) (57, 58] with the DEVP hasis sets glven by Salahub e
al.[76, 77] I & peasonable choice for optimization and frequency calculations of
these systems. Recent callbeatlon ealeulations on transition metal sompounds
affirms this cholee[113). The cholee of the BALYFP DFT method s largely mo-
tivated by its satisfactory performance reported recently [31, G8, 113, 114, 73,
115, 116] for transition metal containing systems. Reactants and products of
the possible reactbons have been reoptimized at the BALY P/ TEVP+GI3AL2p)
level of theory, All the ealeulatlons hawve been coreected with the ZPVE caleu-
lated at the corresponding theoeetical lovel,

In order to confirm the BILYP reaults, some single polot CCSDT)  TZVP+
30 2p) ealeulations have been cartied out at the BALY P TEVI G20 2p)
eqpiailibelum geometrbes. The e electrons of O and 1s to 2p electrons of the met-
als were Iopeen In the CCSD{T) caleulations. This COSDYT)/ TEVP4+G3d[.2p)
JIBALYP/TEIVP+{3d[2p] method will be named as COSD(T)/ [BILYT.

The triple seta quality hasls set, TEVPHGIAAL2R), wsed lor ttanium was
that given by Schiifer, Hubert and Ahlrichs [T8], supplemented with a diffuse s
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Tunetion (with an sxponeat 0033 thmes that of the most difisse & fuoctlon on e
original set), two sets of p functions optimieed by Wachters [79) for the exclted
states, one sl of diffuse pure angular morsentum d funetbon (optimized by
Hay) [&0], and three sets of uncontracted pure angular momentum | funetions,
including both tight and diffuse exponents, as recommended by RBagavachard
and Trucks[101]). For the oxygen and hydmogen atoms the 6-3114+4G(24E,2p)
hasks et of Pople ef al [B1] was used.

All DFT and CCSINT) ealculations peported In this chapter have been
careled out with the GAUSSIANSA/DFT [71] sultes of programs. Alse NBO
[106, 107] caleulations have been done to glve additional Inslght nto the hond-
ing properties of some structuns,

3.3 Results and Discussion

3.3.1 Dissociation Energles

Dissociation energies of the Se(0Hs) Y and VIO H:) lon-molecules calculated
at the BILYP/DEVE, B3LY T/ TEVP+G{3d 2p) and CCSINT)/ /BILYT lev-
els of theory are shown in Table 3.1, Resulis for the Til0H )Y on-moleculs
at the same levels of theory [L0, 112] are shown also. Dissoclation energles
wierk caleulated as the diflerence betweon the energy of the bolated monomers
and the complex, Including both BSSE and ZPVE cormectlons. M{COH )™ dis
sociation energhes predicted by varlous levels of theory [64, 98, 111] and those
experimentally ohserved [G1, 62, 117] are given also in Table 3.1. Note that the
temperature of references [G1] and [117) works Is not specified.

Ciood] walues are obialned with both the BALYP and COSD(T) methods
when used In conjunctlon with the TEVP 4+ 3L 2p) hasls sel, as was cxpecied
Trom our experience with the T caleulatlons. The difference found betweon the
BALYP/DEVE and BALYP/TEVP4+G(3dL2p) resulis §s avound 0080 eV and
boih ave In reasonable ageesment with the experlmental and theoretical values
that can be found In Table 3.1, eapecially the moee recent and preclse data
[rom Armentrout’s group. The COSDNT)/ /BALYT values ave systematically
lower as s usual for dissoclation energles. Test works with the DEVT hasls sel
have shown that the wse of & larger basls set 18 essentlal with the CCSD{T)
meihodd as COSDHT ) DEVE dissociation energhbes were drastbeally smaller. The
MP4(SDTQ)**/ /MP2 /6-31G** values[111] are clearly too large implying that
this Is not a goodd method for treating this system, as has been proven by other
authors|G8).

3.3.2 Excitation Energy

In the resctbons of Interest there are three high-low spin pelative energles that
arg exceptionally lportant, thus we deseribe them more cehapstively. Theso
theee are the W+, WIOH ), and MO+ moleties. Excitation cnorgles foe theso
syatems are shown In Table 3.2 (M = S¢) and Tahle 3.3 (M = V).
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Table 3.1. Tolal energies (E], in harlree, zeto-poind vibralional energy
correctiong (AZPVE), bass el superposilion error eorrections [BSSE), and
dissociation energies (Do) in eV, for the M{OH:)" fon-molecule compleres
(M= 8e,Ti, V).

M Method E AZPVE BSSE Iy,
8¢  BaLYP,DIVF -R36. 70402 0061 0.038 1.641
BAILYP/TEVP+G(3df2p)  -B3I6.91655 0065 0.018 1.580
COSD{T)/ /BILY P .B36.1ETES 0065 0.063 1.410
Exp [61]+ 1.3640.13
Theo.[64) 1.457
Theo [111] 2500
The.[9E] 1.571
Ti BaLYP,/DIVE 82551180  0.078  0.039 1.619
BALYP/TEVP+G(3df2p)  -92564048 0074 0022 1.573
COSD{T)/ /BILYP -024, 87741 0074 0.073 1.471
Exp [61]= 1654013
Exp. [A2]=s 1604006
Theo. [64] 1.628
V. BaLYP,/DIVE S10M.03778 0056 0.039 1.628
BALYP/TEVP+G(3df2p) 102019640  0.065  0.017 1.568
COSD{T)/ /BILYP -1019.38614  0.065  0.0B5 1.4
Exp [61]= 1.5740.13
Exp. [A2]=s 1.5240.05
Exp [117]s 1.523:40.174
Theo 4] 1.508

# Tempeerature not speecified,
wn Values at (K .

Table 3.2.Relabive energies in eV for the SD0ad) and closed-shell singlel
L8 &%) states of Set (A ), e 30 ed) and open-shell singlet Y0 (sd) states of
Set (Aa), the *As and closed-shell singlet ' A) stafes of Se(OHs)b fAs), the
43 and open-shell singlet " Ay stales of Sc{(0H2)* (A4), and the A and 'E
sfates af Sclk™ (&g ).

Method Fa¥) Ay By M S

B3LYP/DEVF 891 (169 07013 1Bl <3081
BALY P/ TEVPHG(3E2p) 00816 0173 (0697 0211 3192
COSDYTY Y S RILY R haxk 154 0.375F 0225 <3496
Experimental [83, 99) . 32 . . -

Theoretical B8] . . . . =545
Thegretical [111] .3 (1.543 =5.234°

® this envrgy difference corresponds to the *% and T states.
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Table 3.3. Relative enevgies in eV for the *D(d" ) and FF(ed®) states of V1
fAg ), the B4y and Y4; states of V{OH:)Y [Aa)and the E and *E states of
VOt fAg).

Methad A, Ag Ay
BILYFP/DZEVF 0BG DERD  .2.63d
BILYP/TEZVP+G(3dE2p) 0823 0783 2877
COSD(T) fBILYP 0BG NGB0 2.9
Experimental |85, 9] LOT 0.8 -
Escperimental [118] . - 3342

* pgtrmated

There are two valwes Tor slnglet-triplet splictings of bhoth Set and Se(0H; )+
given In Table 3.1. Considering Arst the catlonie atom, the larger of the two
splittings Is the separation hetween the telplet and the closed-shell singlet and
the result In pelative agreement with the experimental value (though slightly
underestimated) 1s the separation betwean the triplet and the open-ghell singlet.
The ¥ singlet-teiplet aplittings are also lower than the experimental values
given by Moore[35]. However, the ordering of the states 18 correct and the
relative gaps ame reaspnably well desceibed and these ame the lnportant polots
for & correct understanding of the PESs.

High — Low-spin excliation energles for the M{OH: )T on-molecules also
have heen calculated. The experimental values for these excltation energlos
are gstlmatbons. Thus we compare the theoretical values, In the case of the
Y4 o (closed-shell) ' 4y excitation of Se({2H;)F, the BILYP and COSIDNT)
peedletbons using the large hasis sed le to ether slde of the values predicted by
Ye [111). The predictions for the triplet — open-shell singlet excitation energy
show less varlanes and ave slightly greater than those of the Set cation. For the
vanadiom system, the disagreement between the BALYTP and COSD{T) 18 less
than was seen for the open to closed-shell excitation of the Se{CAH; )Y complex
and the ageesment with the experimental estimation 5 reasonable.

The last system studied at these levels was the MOV molecule. Here the
lovw-gpln moletles are the ground states as was expected and open-shell low-
sgpln cases needd nod be consldered. (ur wvalues ageee much better with the
estimated experlmnental values than do Ye's values for SolF . Also we note
that the CCSDT) numbers ave eloser to the experlmental values than are the
BALYTP numbors.

3.3.3 Heaction Energetics
ScH(EDA D) + Hy)

Set(* D) + HyO — 807 [*E) + Hy + AE, (3.1)
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8ct(* D) + HaD — Sc01(*A) + Ha + AE, (3.2)
SctPD) 4 Ha) = SeOHT A+ H+ ARy (3.3)
Set*D) + Hy) = SeHY A 4+ OH + AE, (3.4)

Equations (3.1)-(3.4) represent the maln lonle products observed n the
reaction of Set(70,' D) with Ho). The varlous predicted values and the
energies given by Armentrout and co-workers [99] experimentally, and Tilson
and co-workers|[98] and Ye/111] theoretically are listed in Table 3.4.

Table 3.4. Crerall enenpes for Reachions (L00-(5.4) al seieral levels af
theory. Enerpes ginen are in eV oand for e various BILYFP lecels of theoty
include ZPVE corrections mleulated al the correspending level of theory.

Method ﬂ.EL Ao M: Jiblq
BALYP/DEVE 1630 = 1302 {hiEEd B st
BILYP FTZVPHG (34 2p) 1.93% .1.253 0. 180 2,401
COSD{T)/ /BILYP 1.956 1518 {010 2665
Hxp [99] 2.03L0.06 . 004008 -Z.74-0.09
Exp[119, 120, 121, 122]  1.866440.304 . - .
Tl [9E] 1415 -2.035 <0305

The[111] 4687 O

 this energy difference corresponads to the *5 and "X states,

In agreement with experlment, we find only one definitely exothermic re-
action, the formation of low-spin S0 + Hy [Reaction 3.1). Our best value
of 195kl s In good ageeement with the experlmental valwes listed In Table
34, and our even worst value obialned with the BALYP /DEVE level of theory,
LG80ET, I8 better than the value glven by Tillson. Again It 18 seen that the
Mapllee-Plesset methods give poor values, 4687el In this case. The energles
shown for Reaction 2 reflect the already discussed A =' ¥ Seft excitation
CIETEY.

Ohur resulis also indicate that the reaction leading to SeQH*(* A"+ H [Re-
action 3.3} would be exothermic, but only weey slightly so. The experimental
result[99) s that this reaction would be very slightly endothermbe. While our
numbers are on the opposite side of zero vom the experlmental numbers, the
crror B8 atlll quite small.

The agrecment betweon our pesults and the ecperlmental value for Beactlon
34 = also quite good. Thus we see that for each of these reactions our results
hold well with the experiments. It should be noted that the COSDT) / /BALYT
regults ave especially satklylng.



VHEDEF) + Ha)

VD) + HaO - VO (*E) + Ha + AE;
VHOID) + HL,O — VO [*E) + Hy + AE,
VHED) 4+ Ha) = HVOHPA") + H+ AE,
VHED) 4+ H, 0 = HVOH ' A") + H + AE,
VHED) + Ha) o VOHT A" + H+ AB,
VHED) + Ho) = VOHT('A") + H + AE,,
VHED) + Ho(? = VHT I 4+ 0OH + AEy

VHED) + Ho) = VHY'A) + OH + AE,

Chapter 3

(3.5)

{3.6)

[3.7]

(3.8]

(3.9

(3.10)

(3.11)

(3.12)

Equatlons {3.5)-(3.12) pepresent the main lonle products olserved o the
reaction of WD, F) and Ha). The various predicted values and the energles
glven by Armentrout and eo-workers [93] are listed In Table 3.5. No other
theoretical values have been published [or this systenn, as [ar as we know.

Table 3.5. Cuverall energies for Reactions (8.5)-(8.12) al several levels of
theory. Energies guen are in eV and for the carious BILYP levels af theory
incude ZPVE correclions coleulated al the corresponding level of theorgy.

Method BiILYP B3LYF CCSDIT) Foep.[93]
JDEVE  JTEVP4G(3dE2pd  TEVE+G{3M 2p)

TAE, 560 0.GAT 0. 726 MESL0.10
AEa 2. (RS R -S89
AE; .2, 56 22,920 S
AEy 3. TEA -3.550 34T
AEy -1.BET =1.540 1608 .
AE .0.878 AL TED -0.855 (1. T1E40.15
AEL .4.548 -d.490 -A.736 .
AE 2854 SLTRT J2.045 3. 124008

Ohere theoretical estimations for the only exothermic peactbon, which leads to
VIO [3E) 4+ H,, are below agaln the value glven by Armentrout and co-workers,
as was also obsorved for the Se and T3 cases.
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The other cxperimental results avallable ave those for Reaction 310 and
3.12. For the low-lyving endothermic reaction leading to WOHY + H (10), both
the BALYTP and CCSDHT ) methods give valwes within the experimental errors

bars when the triplet sets basls sot 8 used. The predieted valuwes for Beactlon
312 are slightly lower than the experimental value, but not fae off the mark.

3.3.4 The Stationary Points

The following Ogures show the most relevant statlonary polnts found for the
M{OH:Y, TEY, HM*0OH, T52% and (Ha)MOF moletles respectively at
the BALYP /DEVE level of thepry, where M = Se V.

Figure 3.1. Gesmelrion paramelers of the warious M{OH=)" stalionary
goints an the BILYP/DEVP polential energy surfaces. Bond lengths are re-
ported in A, bond angles in degrees.

Flgure 3.1 Mlustrates the M0 H |+ lon-moleeule omplexes, The O, sym-
metry Sef(HL)+ lon-molecule complex has a Se — O distance of 2.1434 In the
cloged-shell singlet, 2.1774 In the open-shell singlet and 21904 In the triplet
prmer. The open-shell ginglot & closer In geometry (and encrgy ] o the teiplet,
having similar orbital oecupancies. The ground state open-shell slnglet s & 4,
gtate, but a ' Ay state lies very nearby In energy. Similarly, there exisis a ¥4,
gtate lying very near to the * Ay ground state.

The Vi{(H,)* lop-molecule complex has a V — 0 distance of 20854 In the
low-spin [telplet) case and a bond length of 21094 in the high-spin (quintet)
gtate. The T — 2 bond length In the related doublet and quartet Bomers is
2104, as It was pointed out ln Chapter 2 [112]). Thus as we progress from Se
Lo ¥V this M — O distance shrinks. In all cases the Ho0) molety itsell = only
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glighty changed (rom Its unasaoclated parameters, and there = oot appreciablo
difference betwesn the various O — H or M — 0 — H values.

Figure 3.2, Geomelricol parometers of the voriens TS franslion siales
on the BILYP/DEVP potentiol energy surfaces. Bond lengths are reported in
A, bond angles in degrees,

T51 shown o Figure 3.2 characterizes the fivst hydrogen transler fom axy-
gen to the metal. This transition state has near-; symmetry and the one
Imaginary frequency clearly corresponds to hydeogen transfer. Although the
exact posltion of the hydrogen belng transfered varbes slgnificantly (the surfaces
are very flat n this area) again a M — () hond distance decrease 18 obsarved
from Se 1o V.

Figure 3.3, Geomelrical perameters of the various HM+TOH staliosnary
porints on the BILYP/DEIVP potential energy surfoces. Bond lengths are re-
ported in A, bond engles in degress.
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The HMTOH minimum has O symmetry. This intermediate 18 a well-
characterized minlmum In all reactbons. However, there 18 a large difference
between the low- and high-spln M — H bond distanees &g can be seen ln Figue
3.3 The low-spin cases follow the expected trend, the M — H bond distancos
decroases a8 does the W — (O distance from Se to 17

The high-spin cases, however, have very long M — H bonds (e 26064 In
the HSetOH * A" somer). These bonds can not be conskdered covalent. honds,
and clearly the surfaces are wery fat with regards o the movement of this
hydrogen, resulting in the large differences seen among the high-spin Bomers.
We should poiot out that the M — H distance in HSeT0H s remarkably longer
than for the oither two cations, as could be expected sioee oo electron s {ree
to contribute to Se — H bonding. This minlmum coresponds essentlally to
H+ 540H*, The Sc — ) — H angle also differs for Se. In this case we found
an angle of almost 1B0L) degrees, while for T a 1ELY degree angle was lound
and a LB3.5 degree angle for 7.

Figure 3.4. Feomelrical poramelers of the various TE2Y bansilion slafes
ont the BRILYP/DEVEP polenbial energy surfaces. Bond lengths are reportad in
A, bomd angles in degrees.

The sepond oxygen to standium hydrogen transfer eecurs through TS2 de-
pleted in Flgure 3.4, In the case of the low-apln lsomers, these transition stabes
show H — H distances which are selll guite long (LOT0A for Se, 1.1434 for
Ti[112), and L1664 for V) and the M — O distance (1.7224 for Se, LGGGA
for Ti[112), and 16354 for V) s closer to the HM+0H value than that in
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the following {H: ) MOV species. The one Imaginary [requency cormesponds (o
H — H bond Tormation, and £ — 8 bond-broeaking. The high-spin Ioue-centered
transition states show an almost-fully formed H — H bond and veey long M —H
and (F — H bond distances, Alsg, the Imaginary [Pequoncy & reminlseent of
divect Hy ellmlnation.

Figure 3.5. Geomelrical paramelers of the various [Hy)MOF stalionary
prints on the BILYP/DEVP potential enerqy surfoces. Hond lengths are re-
ported in A, bond engles in degress.

The final stationary pelnis located were the (He ) MO™ species illusteated
in Flgure 3.5. These | H2 ) MOV structures of O, symmetry are curious [nter-
medlates. As It was pointed out for the T system[112] this minkmum should
be consldered a lon-molecule complex. Note that the 17— H bond distance has
Ingremented from 1G03A In the HVHOH minimum to 20834 In the corre-
sponding (Ha | V0O minlmum. Alsg for the ¥ osystem the examination of the
MOs shows an Interaction between the singly oceupbed o orbital of M oand the
apy_p orbital (zee Figure 2.2). NB(} analysks gives this Interaction a value of
Sodlikead fmad for V', smaller than for the T case [T.87kml fmal). It Is through
this Interaction that the H — H bond 8 activated. In comparisen with sep-
arated low-spln MO+ + Hy the M — () bond length of this complex 8 only
0.003A longer, while the aforementioned 5 — H bood activation lengthens the
H, bond length by 0,0214. The donation feom the @ g g orbital to the metal g
arbital should also be remarked upon as the NBCY analysis glves that donation
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a value of T.00kc! final In the case of TV and 4.8Tkeal Sl In the case of T,

I the 8¢ system a slmilar [ H ) Se0 Bomer with the hydrogens above and
bepbow the plane of gymmetey corresponds Lo a transition state, wheee the noga-
tive pigenvalue corredponds 1o the rotation of Ha. The local minimum which is
found In this region of the singlet PES I a planar [ H; ) SedH structure with &
Se — ) bond length only (L0064 larger than In the separated Se07 4 H, prod-
uets and an H — H distance shorter than the In the other [ H )M OH struetuees.
Of course, In the singlet [ Hs | Se0rF system them I8 no singly oceupled d orbital
and thus the d =} interacilon = impossible. Instead, this structure I8 a
dipole-induced lon eomplex, which, eleaely would ot be possible sere the hy-
drogens located above and below the plane of symmetry, In the NB(O) analysls
of this statlonary polot, & donation from the oy _ 5 orbital to the Se atom was
ghven a value of 9.1 1keal fmal and a dopation from the highest o5._5 orhbital
to the o}, _, orbital & value of 45Tkl /mel. The teiplet (Hy)Se0t speches
deses have a slngly cecupled d orbital and follows nleely In the trend set by the
other metals.

3.3.5 Potential Energy Surfaces

Flgures 3.6 amd 3.7 show the potential energy surface starting from the M+ 4+
(M Hy separated reactants and beading o MOF 4+ Hy for the low- and high-apln
states at the BILYP/DEVE level of theory for Se and 7 respectively. That the
different spin structures ame located In the same column should ot be taken to
mean that they are connected by simple vertleal exeltation. The geometrical
parameters are slgniflcantly different as can be secn In Flguees 3.2-3.5.

O both low-spin surfaces, the flst step I8 the formatkon of the lon-molecale
complex. Then, through T751, one hydrogen atom 5 passed Tnom oxygen to the
metal, leading to the HMYOH molecule, the intermediate whose existence was
surmised by experlmmentalists. Here we observe one of the important Jifferences
between Voand Se and Th5. That I8, on the ¥ telpbet state surface the T51
transitlon state lies ahove the energy of the ¥+ (*0)+ Ha() reactants by 05681
while the singlet TS1 on the Se surface lies energetically befow the Se55 D) +
Hald reactants by 0L364eV . The cormesponding value for the T doublet surface
& 00068, that ls, almost lsoenergetic with the separated meactants.

Here we have a posaible explanation for the observed experimental behavior
of the ground state metal catlons when reacting with water. Both Set(* D) and
Ti+H[*F) are seen to exhibit at least some spin-forbidden crossing, leading io
low-spin products(99). ¥+({5D0), howoever, does not. make that crossing[93). The
low- and high-spin surfaces must cross hetween the MO and HMF0H
modeties slnee the relative positions are switched. In the case of Se and T4, that
crossing of surfaces oocurs at an energy helow that of the high-spln reactants,
whereas In the case of 17, the crossing occurs ab an energy above that of the
reactants according o our caleulatbons. Also, It s clear that the reactivity
through this pathway should decrease [rom Se to 1 as the Inltial actlvatbon
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Figure 3.8. BILYP/DEVP polential energy surfoce following the Set +
OHy = 5c) + Hy reaction path. Enengies given are in eV and are relalive
ta the separaled ground state reactants, Se+(3.0) 4+ OH,.
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Figure 3.7. BILYFP/DEVF potential energy sutfoce following the V1 +
(O Hs — VOt + Hy renction path, Energies given are in el and are relative to
the separaled ground state reactante, 7 [*D) + OHs.
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enerry needed to go theough TR increases. (O course, some cautbon must be
taken with these numbprs hecause dynamical actors, too, would play & role in
the pvodution of the roaetbon.

As noted earller, the P F state of V' does demonstrate some surface erossing.
The main differences between the 50 and 5 F states of V' are the oecupation
grhome (@ for 50 e gd?® for 3F) and the relative energy. Which, then, = the
cause of the difference in peactivity?

If the reactlon path we propose here (and that suggested by others[93, 00])
I8 the true path of the reaction, the occupation scheme should ot eause a il
ference by arguments of symmetry. Both the 50 and 5 F initlal states transform
sgmoothly to the same *4, V{JH, 1" oo-molecule complex. Considering this
wi Investigated the energy of the triplet TS1 at the BALYP [/ TZVP4+G( 340 2p)
lewel of theory and found 1t to e 0.473eV above the separated VF{5D) + H, 0
reactants. The *F state of ¥ at that same bevel of theory Hes 0657l ahove
the ¥ state and thus our mystery 18 solved, or at least the energetic angument
I8 strengthened. The reactants starting with ¥ In the *F state do have enough
energy to reach the polnt where the surfaces cross and therefore VO (*E) s
peoduced (though neficlently], whereas the reactants In thelr ground state do
not hawe enough energy to peach the polnt where the crossing ls made.

It should also be poloted out that the open-shell singlet Sel0H: ) specics
I8 eonverted to the closed-shell singlet HE5e™ OHF lsomer In the process of 5
transfer. The passing of the H atom oecues threough this mear-{7; structure
which mixes the two singly occupled orblials and falls to the lower-energy (at
this point) electronic structure of the closed-shell slnglet.

The HEe 0 H singlet state Is much more stable than the Se{0H: )T singlet
speches (LA92:V), while the HT50H doublet state s more stable than the
TE(HS ) doublet species by U626e1". In contrast, on the teiplet surface of ¥
wie Tound that the triplet HVOHY somer 5 actoally .22V less stable than
the coreesponding VIOH; )+ telplet specles.

The secomd hydrogen transfer foom oxygen 1o the metal takes place through
TE2 Apgaln this transitlon state les lower In energy than the reactants or Se
and T low-spln steuctures, but oot foe the ¥ triplet transitlon state. This
transition state leads to the Anal lntermediae found on the reaction path: the
[ Hy ) MO lpn-molecule complex. In the case of M = Se, this complex 5 bound
by 0270V, while It & bound by (L375 In the case of T4 and 0.353:V foe 17
It should he remembered that the honding of this complex 5 very different [or
Lo due to the lack of slngly occupled d orbitals (see statlonary polots section).
From this Intermediate the boss of Hy procesds without transitlon state to the
ohserved major products, low-spin MOF and Ha.

The Orst step on the high-spln surface can alse be formatlon of the on-
mealecube complex. However, following the eactlon feom that point 18 slgnif-
cantly more compllcated than was the case lor the low-splo surfaces. Despite
numerous varied strategios for finding a transitlon state between this complex
and the HS5cHOH molecule, none was found, as happened in the T8 quartet
surface. But this was not the case for the quintet surface lor V7, a quintet T'S1
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Figure 3.8, Epuilibrium gesmetry porameters for the varions Sc™ + OHg
reaction products at the BILYP/DIVE level of theory, In porenthesis are the
paramelers predicied al the BILYP/TEVP+G3] 2p) level of theory., Dond
lengths are reporied tn A, bond engles in degrees.

Figure 3.9, Eguilibriwm geomelry paramaters for e various 7+ 4 (OOH,
renetion products af the BISLYP/DIVE level of theory, In porenthesis are the
parameters predicted al the BILYP/TEVPGIE] Bp) level of theory. Dond
lengths are reported tn A, bond engles in degrees.
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hias beon found In this surface corvesponding to the migratlon of ene hydrogen
Trom oecygen 1o vanadlum, and this high-spin transition state s less stable than
the coreesponding triplee TEL by (L1431,

Onee the high-spin HMT0OH Intermediate 8 formed, another intermediate,
[Hy )M can be pealized by passing through another high-lying H teansfor
transitlon state, T52. This TS52 I8 much less stable than the coorresponding
low-gpln T52. From that lsomer, the loss of an Hy molecule gives one of the
searcely ohaerved reactlon products, high-spin M0 The high relatlve energy
af this product agrees well with the fact that MO+ In this splo state 5 a rarely
aobserved reaction product.

Equilibrlum geometry parameters [or the wvarious seaction products are
given in Flguees 3.8 and 3.9,

3.4 Conclusions

The reactions of Se¢¥ and V1 with water have been Investigated o detall com-
pletlng this study of the reactivity of the early frst row transition metals.
Both the low- and high-spin potentlal cnergy surfaces have been character-
lzed at the BALYP/DZVE level of theory, Energy differences between ey
loww- and high-apin species and total peactlon energies lor the cxperimentally
observed produects have been predicted at even highor levels of thepry Incleding
BaLYP/TEVF+G3dLEp) and COSDNT) /TEVP+G(3AL2p) / /BILY P/ TEVP+
(2 3d2p). From these data, the followlng concluslons ame deawn:

1. The only exothermie products of the M 4+ HaO reaction ave the ones
corresponding to formation of MO+ + Hy at thelr low-spin ground state.
The exothermicity of these reactions decreases from Se to 17,

2. The HMYOH intermedlate hypothesizsed by the experimentalisis is a
will-defined minkmum on each potential eneegy surface. H 5T 0H and
HTi=H lie lower than the cormesponding MO H: ) lon-molecule com-
phex while the contrary s true for T

3. The low- and high-spln potentlal energy surlfaces cross between this afoee-
meentioned intermediate and the M{OH, )™ lon-moleeule complex. In the
case of Se and T4, the crosslng of surfaces occurs at an energy helow that
af the high-spln reactants, whereas In the case of V7, the crossing oecurs
at an energy aboue that of the ground-state peactants, It has been shown
that sueh a erossing Is possible from the V% F) ecclted state due to s
elevated energy according to the level af theory applbed.

4. The Hy elimination progcess passes from the B MW+ 0H Intermediate through
a four-centeped transition state 1o an lon-moleculo Intermodiate [ FHy O
from which intermedlate Hy I8 eliminated withowt teansithen state. In
the case of [(Hy)Set, this lon-moolecule complox 18 planar whoreas the
[(He | Tk and (Hy )WVO+ compleses are minlma when the (Hy) unit =
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coordinated perpendicular to the MOV unit. This s due to the et
that there are no occupled d orbitals in Sa% which eould exemplify
i — oy gy donation.
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Chapter 4

The Middle First-Row
Transition Metal Cases

The study of the reactlon of water with the fest mow transitlon metal ons is
continued in this work. Here we report the study of the reaction of water with
the middle (Ort, Ma® and Fet) fiest row trapsitlon metal catlons in both
high- and low-spin states. In agreement with experimental observatlons, the
oxbdes are predicted to be more reactlve than the metal bons and oo exothermle
products are olserved. Formation of endothermic products 18 examinesd. An in-
depth analysls of the reaction paths leading to the observed products I8 given,
Including varkous minlma, and several important transition states. All resulis
have been compared with existing experimental and theoretical data, and our
carlier works covering the (8¢, Tit, V1) 4+ Haf) reactions in order to observe
exlstent trends for the early fiest row transitlon metal lons. The MO0 + Hs
energy relative o MY 4+ Hald Increases through the series from left o dght.
Additlonally, the Fe™ case & seen o be slgnificantly different. from the entire
Set — Mn™ series because Both its low- and high-spin cases involve paired
elecirons, and Mot shows some differences because of the complete hall-Glling
of its valence shell In the high-apln case.
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4.1 Introduction

The H — H bond activation by MO s a simple system that can be studied in
detall both experimentally and theoretically [8]. Thus, it can be used as & model
for other reactions of MO with organic substrates. It was polonted out by
Armentrout and op-workers that the early teansitbon metal catlons [(Ses, T+
and ¥+ ] are more reactlve than thelr oxldes, while the contrary occurs with the
middle metals (Crt, Mot and Fet)[97). Our earlier works[112, 123] agreed
well with cxpeelivental work regarding the reactlons of the carcly transition
metals and here we expand upon those works Investlgating the mbddle transition
metals to unyvell some of the details underlying the observed reversed reactivity.

Indeed, the meactivity of the middle transition metals has been the sub-
Ject of several earlier Investigations. As early as 1986, Kang and Beauchamp
[121, 124] studied the reactivity of the Cr0F™ lon by lon-beam reactive scat-
tecing vechoigues. They poloted out that in comparson with other flest-row
transition-metal oxldes which are either too stable (Set, Tit and V1) or too
reactive (Mna*, Fet, Co*, and Ni*), Or0 exhibits a balance in being re-
active but selective toward olelines. Thus, the dhromlon oxlde lon undeegoes
facile reactbons with alkancs larger than methane, but not with By or OHy
even though those peactions are exothermie,

Muore recently the reactlvity of the manganese oxlde cation with dibhydrogen
and alkanes has been studled both experimentaly and theoretbcally by Ryan
ef al. [125). They compare results from the Fourler transform lon cyclotron
resonance mass spectrometry with those caleulated at the CASPT2D level of
theory, They lound that thermallized Mol reacts very efficlently with Hy to
ellminate elther a K radlcal or Hy0 from the collislon complex, boih reactions
commencing with H-awpm abstracibon.

Extensive theoretical and experimental works have been careled out con-
cerning the reactivity of ron with many small molecules. The reactivity of
Felt with molecular hydrogen was frst studied ccperlmentally by Schedder
ef al. [126). They found that approximately only 1 in 100 collisions of Fe+
with Hy results In product formation. This does not Iollow simple spin seloec-
tlon rule arguments singe the sextet ground state of Feld™ corvelates with the
electronie ground state of the product lon Fet(®*D), and also the electronie
eround state of the H — Fe¥ — OH and Fe(OHy) Intermediates oorrespond
to a sexiet. Addiclonally, the symmetry breaking through the approaching Ha
maplecube does nod violate any spatial symosetry selection rule. The reactive
coordination of the hydrogen molecule to Feldt was suggested to be at the
origin of the barrber of the higher exoihermic oxldatbon of Ky, The most lkely
pathway In their oplnlon proceeds via a multicentered cpordination 1o generato
ithe H — Fe™ — (O Intermedlabe:

H: 4+ Feldt — Ff=0 — HR-0H — Fet + H:ld

||
H H
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Almost at the same time, Armentrout’s group(127) reported on the state-
gpecifie reactions of Fet{a% D a'F) with Dy} and the reacthons of FeOt with
Dy a8 8 function of teanslational energy in a gulded bon beam tandem masy
gpectrometer. The only products observed from slngle-colliglon events In the
Fet{abf D, o' F) 4+ D0 reaction were the endothermic FeD+ and FeQ D+ At
low energies, they also observe the FeQDT adduct as a result of secondary
stabilizing eolllsions with Dy0k In the meaction of FedH with Dy, three lonlke
products (Fet, Fell* and FellD+) are olserved. An Inelfficlent excothermle
process that forms Fet + D500 s observed: however, lormation of these peod-
uets also oecurs via another mose efflclent pathway that involves a peactlon
barrder of (L6eV. It & Important to point out that they are able o shos that
Feit+ and Fet{a*F} have comparable reactivities that greatly exceed that for
Fet{a® D).

Recently & comparizon of Fourler teansiorm oo cycloteon pesonanee {TCR),
gulded bon beam [(GIR], and selocted-lon Aow tulbse (SIFT) mass spectromeley
methods [n the study of gas-phase lon-molecule reactions has heen carried out.
The purpose was to Interpret the experimental fndings that agree well in the
gualitative descelption of the low efficlencies of the reaction of Fe + Hya, but
disagree In the quantitative description of rate constants and branching ratios
[149].

In collaborative work of groups in Berlin and Jerusalem|128), DFT aug-
menbed with CASPT2D comput atbons was used to exploee the peactbon surface
of Feld 4+ Hy and to unravel the origin of the extremely low reactivity ob-
sepvedd for this system. Aecording to these caleulations, the reaction violabes
spln-conservatbon riles and Involves a curve eeosslng from the sextet ground
gtate to the ewclbed quartet surface, giving rse to a multicentered, energet-
leally low-lying teansgition structuee, ffom which the hydrido ron hydroside
cation H — Fe — OH™ s lormed a8 the Initial oxidation pooduet.

Shalk and co-workers [129) continued thelr studies of the axidative activation
of H — H hy Fell using apln-oebit coupling (S0C) caleulations. They fownd
that the prooess Involves Cwo pln Inverslon (SI) junctions between the secbed
and guartet states: near the Felr fH,y complex at the enteance channel, and
near the Fet Ho) complex at the exit channel. This reduces the probabllity
of the oddation proomss even though the guartet surfaee provides a low-energy
path. These groups continued studing this oxidation mechanism|130) with throe
different DFT functionals: BALYT, BPAG and FTO7. Theee mechanlam wore
comsldered, addition-elimination, rebound, and ooene-Insertbon.

In the past few years great effort has been made o understand the reactlon
of MO with hydrogen to vield M and water as products. We have reported
here a summary of the works that have focused on the middle transliion metal
oxbde cations peactlvy In general, and sapeclally the Fel)® paradigm. We foel
that the debate is stlll open, and that move data and new porspectlves ace
pequived. That s, the problem shoald be sxamined from another angle and
high lewvel caleulations should be wsed to describe as aecurately as possible
the gyatems of interest that might serwe a8 modols Tor other more complicated
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organke substrates[8). Hence, we present heee s study of the three middle first
row transition metals in high and low-apin states in hopes that theough the
examination of thelr similarities and differonces (and those with the early flest
row Leansitlon metals) & more complete undesstandlng of thelr peactivitios may
b attained.

We present the full reaction mechanism geometrles and energetles for both
the high and low-spln states, consldering the various poasible transition states,
intermedlates, and producis.

4.2 Methods

Chapters 1 to 3 show that Density Funetlonal Theory (BILYP functional)
[57, 58] with the DZVP hasks sots given by Salahub et al[76, 77) 18 a reason-
able chodee for optimization and equency ealewlations of these systens. Regent
calibratlon calculations on transition metal sompounds affirms this choles[113).
The ehobee of the BALYP funetlonal ks largely motivated by s satisfactory pes-
formance reported recently [31, GB, T3, 113, 114, 115, 116, 130 for transition
metal contalnlng systems. Reactants and produets of the possible reactions
have also been reoptimized at the B3LYDP/TIVP+G(3d02p) level of theory.
All the calculationg have beon eorrected with the ZPVE calealated at the cor-
regponding theoretical lowel.

In order to confirm the BALYT results, some single point CCSD T}/ TZVE+
G{3dL2p) caleulatlons have been carrled out at the BALYP/TZVP4+0:{34L.2p)
equllibriwm goometries. The L& electrons of 0 and 12 to 2p electrons of the
metals were froeen o the CCSINT) ealeulations.  For the sake of broevity,
wie will abreviate COSD(T)/TEVP 4+ (3dL2p)/ /BILYP/TEVP+ G 3dL2p) as
COsD(T)/ /BALY .

The triple eeta quality basis set, TEVP+HG{3L2E), used for the metals was
that given by Sehfifor, Hubert and Ahlrichs [T8), supplomented with a diffuse g
Tunethon (with an exponent 0033 thwes that of the most diffuse & lunctlon on the
original set), two sets of p lunctions optimized by Wachters [79] for the exelted
states, one set of diffuse pure angular momentum o unctlon (optimized by
Hay) [#0], and three sets of uncontracted pure angular momentum § funetions,
including both tight and diffuse exponents, as recommended by RBagavachard
and Trucks[101]). For the oxygen and hydmogen atoms the 6-3114+4G(24E,2p)
hasks et of Pople ef al [B1] was used.

All DFT and CCSINT) ealculations peported In this chapter have been
careled out with the GAUSSIANSA/DFT [71] sultes of programs. Alse NBO
[106, 107] caleulations have been done to glve additional Inslght nto the hond-
ing properties of some of the structures.
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Table 4.1.

=1
b |

Tolal energies (E), in harlree, zero-poind vibralional energy

corrections (AZPVE), bass sel superposilion error correclions [BSSE), and
dissociation energies (Do) in eV, for the M(OH:) fon-molecule complezes
(M =, Mu, Fel.

M Method E AZPVE BSSE iy

Cr  HILYP/DEVE =1044. 02468 0.085 0043 1.481
BALY P TEVP G (3 20} =1044. 19124 0.0685 0023 1.408
COSD(T )Y fBILYP <1045 4BT7T 0.0685 .69 1.%30
Exp. [BZ]ss 13440000
Eocp. [61]s 1.259:40.13
B, [117]= MBS040.1T4
Theo. [64] MOPF /[Bafipdd1f] 1106
Theo. [ESIQCISINT)f|Rafpddlf] 1.%80
Theo. |132JCCSDITHFULL)
SESI G (dp)e o= 1328

Mn  HILYP/DEVE =1150.518H] 0.058 .N59 1.258
BALYP Y TEVP G320} =1150.7 1125 0.058 023 1.196
COSD(T )Y fBILY P =1150.010%7 0.058 n.M64 1.134
Exp. [62]ss L.2340006
Excp. [61]+ 1.41140.13
Eoep. [117]= 115040174
Theo. |E4|MCPF f[Bsfpdd ] 1.237
Theo. [ESIQCISINTf|Rafpdd1f] 1.425
Theo. |1A2)CCSD(THFULL)
JEIN++Gldphe s = 1.H)12

Fe  HILYP/DZVE =123, 16023 0.058 0027 1.489
BaLY P/ TEVP+G{3dE2p) =1 2635, 40430 0.061 nnLE 1.410
COED(T )Y fBILY P -1262 63861 0.061 071 1528
Exp. [82]ss 13340005
Eoepe. [61]s 12504013
Eoep. [117]= 142440174
Theo. |130|BILY [ /[Bsfpdd] 1513
Theo. |130JETHT f[Safipdd] 1.132
Theo. |L30|BPRE [Ssfipdd| 2174
Thea. [E4|MCPF f[Bafpdd 1] 1483
Theo. |LA1BILYE /[8sb6pddLf] 1.441
Theo. [ESIQCISINT)f|Rafpddlf] 1383
Theo. |132JCCSDITHFULL)
SESI G (dp)e o= Ldis

# Tempeerature not speecified,
wn Values at (K.
ww ok Wilues at 200K
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4.3 Results and Discussion

4.3.1 Dissociation Energies

Diszoclation energles of the Cr[0H: 15, Ma(0H: )T and Fe[OH ) lon-molecu
le= caleulated at the BALYP/DZVE, BALYP /TZVEP HG{ 340 2p) and COSDNT) S
BALYP lewels of theory are shown in Table 4.1, Dissociation energies were cal-
culated as the difference betwoen the cnergy of the solated monomers and e
complex, including both BSSE and ZPVE cormectbons.

M{OH ™ dissociation energles predicted by vaelous levels of theary (MCPF
f|RBafpdd1f] and BILYP [[BsGpddll] results from Hosl and Bauschlicher 64,
131, 67], QUISDNT) results from Magnusson and Morlarty [65] and the ee-
eent ECED:T]|:FII.L]I.fﬂ-:111++t‘“*I.fl.f".IPE:FI'LL:lI.fE- AL144G** pesulis from
Trachtman ef al. [132]) and those experimentally observed [62, 61, 117] are
given also in Talile 4.1. For the Fe|OH; 17 lon-moleculs the more recent DET
regults from Filatov and Shalk [130] are also lsted In Table 4.1, Note that the
temperature is not specifled in reforences [61) and [117]

Czoem] walues are obiained with both the BALYFP and COSIHT) methods
when used o conjunctbon with the TZVP-HE(3AE2p) basls set, as expeeted from
our experbence with the early transition metal ealealations{112, 123, 100]. The
difference found betwesn the BALYP /DEZVE and E?L‘h’l"‘fTE‘LI'P+E‘|:'idf 2p) P
sults s avound (LN and both are In reasonable agrecment. with the exper-
imental and thepretlcal values that can be Iound In Table 4.1, especially with
the more recent and precise data from Armentrout’s group [62]. The CCSD(T)
values are systematically lower a8 s usual for dissoclation eneegles. They are
In good agreement with the 1,397V CCSD(T)/[BsGpddlf] D, value glven by
Ricea and Bauschlicher [131]. It has been polnted out In our previous work
(112, 123] that the wse of the TEVP4+G{3dL2p) basks set with the CCSD(T)
meethed s essentlal In order to vield rellable results, for CCSD{T)/DEVE dis-
sociation encrgles (oot shown) are conslstently found te be unrealistleally bow.

4.3.2 Excitation Energy

For the reactions of Interest there are three high- flow-spin relatlve enoegles that
deserve particular attention. These theese are the relative energles hetween the
high- and low-spin states of MY, M{0H:)Y, and MOF species. Excltation
energhed lor these systems ave shown o Table 4.2 (W = Or), Table 4.3 (M =
Mn) and Tahle 4.4 (M = Fe).

The high-/low-spin splittings for these three metal lons follow the trends
observed for the early transition metal lons. That =, our values are always
lower than the experlmental ones and the best owverall Ottlng 15 obtalned at
the COSD{T)//B3LYT level of theory. Ort and Mat excitation energles are
peedieted satlslactoeily by the BALYTP and COSINT) methods, Indeed it ls the
BALYF method which holds a slight advantage In average error lor the two
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=1
=1

Table 4.2. Relative energios tn eV for the VD (ed") state of Crt with respect
to the 85(d®) ground state (A ), the YAy state of Or(OH2)T with respect Lo
the 8 4y ground state (As), end the "1 state of CrOt with respast Lo the *TI
ground state Ay

Bt hoad ﬂ.'_ ﬁ.: Sy
BIiLYP/DZVE 2303 1.531  1.321
BILYE/TZVE+G{3df2p) 2263 1437 0.136
COSDIT)/ /BILYP 23257 133 0.080
Exp. [B3] 246

Table 4.3. Relabive energies in eV for the *5(ad®) state of Mn® with
respect ta the "S{ed®) ground state (A ), the P4y state of Ma[OH:)b with
respect Lo the T A, ground stafe (Ay ), and the I state of MOt with respect
o the ST1 ground state (A ).

Bdeet haoad Ji'l.'_ .Ii: Ji'u.
BILY P/ DEVE A6 (185  (.464
BILYE/TZVE+G(3df. 2p) 0856 0.399 (.48
COSD(T)/ /BILYP 0.815 0.677 0.398
Exp. [53] 117

Theo. [§] 0.3
Thea. [125}CAPTID/[8sTpbd4f2g]  1.302 0.885
Theo. [B]MCPF /[Rsfipddlf] 1.866

Table 4.4. Relalive enengies in eV for the VF[d7) slate of Fet uwith respect
to the *DVad*) ground state (A, ), the ' By state of Fe(OHy) b with respect to
the B4, ground stale (As ), and the V& slale of Fel+ with respect Lo the BE
ground state Ay |

Bledheosd iy |':'|.1 Sig
BILYP/DEVTE dh43d <DL 0260
BILYP [ TZVP 4+ G{3df Ip) JL183  -0.377 0319
COSDET)/ /BILYP 0234 119 0540
Exp. |83 .25

Theo. [128]DFT{NLSD) 1.1
Then. [IZ8JCASFTEZ LB
Theo, [1H]BILYF /|Bafipdd] SR104 LE34 0347
Theo. [LHBFSE/ [Bsfpdd] JL1RT  -0L356 0351
Theo. [LHETO7/[Ssfpdd] JLZRT DL4BE 06T
Then. [B4]MOPF f[Ssfpddld] 0408 0018917

Then. [131]BILYP f|Bsfipdd1f] JAL163  <LARTT

Then. [131]MCPF f|Bsfipdd1§] 0.451

Thea, [131JCCSD{T)/[RBsbpddlf]  0.360

*Helative energies for their A and quartet grownd state 44,
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speches. However, In the case of the "D{ed®) — *F[d") splitting of Fe®, the
BALYP metlod b8 far feom the mark, even Incoreectly predicting the ordering
af the states. This = a knewn problem that has been extensively discussed in
the literature [67, 130, 131, 133), and that has been attributed to a blas toward
Ad® configurations over 3dm—'4s', which s Inherent in density Tunctionals, re-
gardless of whether they ave pure or hybrid. We have taken the 2D state of
the leon lon as the energy of relerence for all the caleulations throughout this
wiork, even at the B3LYT lewels of theory. Notlee that with the CCSDT)
meethesd the ordering of the states & corvect and the relative gaps are aell de-
seflbed. The value obialned & In very good ageeement with the experimental
regult of Moore[85], and it I8 In better agreement than §s the value caleulated
by Bauschlicher and co-workees at the MOPF leval.

High —+ Low-spin excliation encrgles for the M {0OH; ) lon-molecules also
have been calculated. Here the Oe(0OHL )T lon-molesule mantaing the trend
observed for the carly transitlon metals, that s, CCSINT) values give smallor
splittings than BALYT, but this B oot the case for the Ma{QH )™ lon-molecule,
where we obtaln a higher gap at the CCSD{T) level of theory, But much smaller
than the one caleulated by Rosl and Bauschlicher[6d]. For the Fe(QH:)*
lon-molecule, agaln, we cannot properly describe the ordering of the states
with the BILYP method, as the relative stability of the Fe(H:}" svatem
I8 dependent upon the *D{sd®) — *F({d") splitting In Fe®. At the BILYP
level of theory the * Az state I8 the most stable. In Table 4.5 we have listed
several states caleulated at the BALYP/DEVE, BALYP/TEVP+(z({3dL2p] and
COSDI(T)/ /BALYF levels of thepry. Ab initlp MCPF resulis [rom Hosl and
Bauschlicher [4) predict a quartet state *A; 0.191eV above the *4; sextet
ground state. That value I8 in good aceordance with our COSDI(T)/ /BILYP
value. From Table 4.5 It can be seen that the relative cnergles among the
various sexiets are quite consistent across the table. It s In deseriblog the low-
spln — high-spin splitting that the BALYP method gives resulis which conteast
g0 sharply with those of the CCSDHT) method.

Table 4.5. Relatine energies in eV for the differend slales of Fe(OH)™ .

“State BILYP,DEVP BaLy P T4V PHiaiadl,2p) GOSN Tl BiLy P

B4, {110 1. (10} 0. [
%4, (L005 .00 0. (2
% By .10 (10185 1. 101
A Hy LTI 0377 0.114
A4 0.718 .37 0.178
AL LTI 0375 0177
B, i 0. 196 0,187
18, LG 0204 0. 10

The last specles studled at theas levels was the metal oxide catlon MO+
maolecube, For Crt and Mot the low-spin moleties are still the ground states
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but for Fet the high-spln molety 18 the ground state. This 8 because the Cr0F
and Ma0" molecules have oo paired electrons in a M — O & bond, while the
sexctel Fe — 0O molecdle with one electeon moro than Wad™, places that
clectron o the 3 — O o bhond. Mow the tendenckes ave corpectly described at
all theoretical levels used. Smaller gaps are obtalned at the COSDYT) / /BALY TP
level of theory, and In general they agree with the other theoretbeal values found
In the lterature, the range of predicted values §s, howewer, quite large

4.3.3 Reaction Energetics
Cr+(88) + HyO

Equations (4.1}-{4.8) represent the maln lonle products observed in the peac-
tlon of Cr*(*5) with Haf). The predicted AE energies are listed in Tahle
4.0 together with the estimation of Kang and Beauchamp [124] for reaction
(4.1), and the values for several other reactions extracted from the avallable
thermodynamical data[137).

Crt(*8) + HyO — CrOH(*I1) + Hy + AE, (4.1)
Crt(*8) + HaD — CrO[®T1) + Ha + AE. (4.2)
Crt (8] + Hal) = HOrROHFA") + H 4+ AE (4.3)
Crt ) + Hy() = HOro (54" + H + AE, [4.4)
Crt(R8) + Ha) = CrOHTFA") + H + AE: (4.5)
Crt (R + Hy() = Or0OH* P A" + H 4+ AE, [4.6)
Crt (P8 + HoO = CrHYPE) 4+ OH + AR, (4.7}
Ort (M8 + Hal) = CrHY(*E) + OH 4+ AFy (4.8)

Mnu+(T8) + Hy0

Equations (4.9)-(4.16) represent the malin lonle producis of the reaction of
Mut{"8) and Haf). Table 4.7 lists the caleulated AE values along with the
three experimental measurements of Ryan and co-workers [126], and the val-
ues for several other reactions extracted [om the avallable thermodynamieal

data137).

Mot (T8} + HyO — MnO+(5TI) + Hy + AE, [4.9)
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Mot (T8 + HaD — MnO+ ("I + Ha + AE1s
Muat(T8) + Hy0) = HMaOH'A™) 4+ H+ AR,
Mut(T8) + Hal) = HMaOH " A"+ H + AR,
Muo* ("8} + H, = MaOHY A" + H+ AE,
Mu™("8) + Ha(d = MuOH*A") + H + AE
Mot "8 + HaO) = MaH {'E) + OH + AF;s

Mno+("S) + Ha — MaH*{*E) + OH + AFg

Fet(6D) + Hy0

|

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

The corresponding equatbons for the main lonle products resulting In the eac-
tlon of Fet (*D) with Ha{) are shown below. The varlous predicted AF values
and the values extracted from the available thermodynamieal datal137], along
with the theoretical estimates of Fladler and co-workers[128) and Filavov|[ L],

are listed In Table 4.8.

Fet (YD) + HaD — FaOH[*E) + Ha + AE;+
Fet (D) + HaO — FeO ™ (®*E) + Ha + AE 4
Fe*(*D) + H,0) = HFeF(*4") 4+ H + AE,,
Fet(*D) + Hal) = HFe(H(*A") + H + AEw
Fet(*D) 4+ H O = FeOHYF A" + H + AE,
Fet(*D) + Hal) = FeOHY* A" 4+ H + AEn
Fet(*D) + Hy() = FeHY* X )+ OH + AE,,

Fet(*D) + Ha() = FeH*(*A) + OH + AEwy

(4.17)

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)
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4.3.4 The Stationary Points

Tables 4.9-4_ 1% ghow the mest relevant statlonary polnts fownd for the M{0H )™,
TELF, HMY0OH, TE2Z" and [Ha)MO7 species espectively, calculated at the
BALYP/DEVE and B3LYP /TEIVP4+(:(3d[2p} (in parentheses ) levels of theory,
where M = Or, Mn and Fe.

Table 4.8, Geomelrical parameters of the vardous M{OH;)Y stalionary
prints on the BILYP/DZVP and BILYP/TEVP+G(3df 8p) potential energy
surfaces. Bond lengths are reported in A, bond angles tn degrees.

BILYP/DEVE BILY P/ TEVE+G(3df 2p)
Metal State M0 OH @ MOH MO OH 2 MOH
Cr T4, 2048 DOT2 1261 2021 0.968 125.7
Cr 41 2083 0ST1 1265 0BT 0.965 126.2
Mn "4, 2042 DOT3 1261 2045 0967 125K
Mn T4, 2193 0DOTd 1267 2101  (.968 126.5
Fe ‘B, 2006 0OST1 1263 2004  0.965 126.2
Fe 64, 2119 0OTF 1262 2101  (.969 126.1

In Table 4.9 are listed the geometrical parameters for the M{OH,]* lon-
maolecube complexes, The Oy symmetry Or{OH, |+ lon-molecule complos has
a O'r — () distance of 20424 In the quadruplet state and 2.0034 In the sextet
Isomer. The ground states at the quadruplet and sextel states are 44, and %4,
respectively. Exciied states have been caleulated and all of them e far from
these ground states.

The Mn((0H,)* lon-molecule complex has a Mn — ) distance of 2.042.4
In the low-spin {°A;) case and & bond length of 2.1034 In the high-spin [T4,]
state. Noto that there s a large difference between the Ma — O distance of
the low-spin and high-spin cases. While this difference s of 0.1514 for Mn,
It was of 004TA, 0.0014, 00244 and 00454 for Se, Ti, V and Or respec-
tively. The septet Mnt lon with lis complete hall-Alling of shells (&'d™) Is
not predispesed to saccepting donations rom the Hol¥ meleeule for it will pe-
duce s large stabllizlng exchange-pnergy. Indeed paiving the spin of two of
its electrons causes & substantial deceease of the Ma — 2 hond lengih, at the
BALYP /TEVP (34 2p ) level of theory 0.156.A for the resulting * 4, state and
.1654 for the resulting ® By state, and & concomitant energy destabilization,
{1.3081" for the ® 4, state and (L880eV for the 5By state

Things are & bit more Involved for the Fe((OH:) lon-molecule complex.
Ag It can he seen In Table 4.5 several states lie vory close In energy, and
the BALYTP and CCSDNT) results are ol In aseordance. While the high-apin
eround state [94;) I8 the lowest lylng of all the states lsted in Table 4.5 at
the CCSDT / /BALYT level, It I8 the 14, low-spin state that corresponds to the
ground state at gither BALYP /DEVE or BALYP /TEZVP 40 340.2p) levels.
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We took the COSTNT]/BILYP predictions as the cormect ones, amnd so wo
show the values for the corresponding ' By and *4, states. For the ' B state
the Fe — ) bond length ks of 2008V and 2.1191 at the * 4, state.

Asg wo polnted out In our previous work [123) as we progress from Se to V
this M — () distance among these compleses shrinks, the ¥V — O distance belng
20854 and 21004 for the ¥4, and A, states respectively. The trend holds
an the low-spln state but it hreaks at Mo on the high-spin state, but as wo
have polnted out earller, this Is due to the fact that Ma{(H)t (7 4;) has the
maklmun attalnable cxchange enengy.

TE1™ characterlzes the lnltial hydoogen teansler from oscygen to the metal,
Geometrical data corresponding to this teansition state can be lound in Ta-
hle 4.10. This transitlon state has near-C7, symmotry and the one lnaginary
fequency clearly eorvesponds wo the hydrogen migration over the metal atom.

The HM+OH minlmum has O, symmetry o all easeq. This lntermediate =
a well-charaeterized minlmum for all the eactions. However, as It can he sopn
in Table 4.11 thore i3 an appreciable differenee between the low- and high-apin
M — H hond distances Tor the O and Ma moletles In accordance with the
previous values reported for the early transition metal lons. The Mo species
In the high-spin state 8 the only one that exhibits a trone conformatbon. Mo
cig conformer was fownd o aplte of estensive search. The low-apin cases follow
the expecied teend, with the 3 — H bond distanee decreasing from Or Lo Fe.

A drasgtle reduetion of the M — H bond i85 also olserved Tor the high-spin
caged. The reductbon seen in moving feom OF to Mo = not out of the ordinary,
bt the change from M to Fe ks remarkable (2104 o 1.594). This s because
in the case of A" HMn+OH there are no palred electrons o the M — H
interaction. The *4' HFe+(OH Intermediate, however, has a pair of electrons
in the Fe— H o bond, according to our NBO) analysls.

Oher gepmeetrical predicilon agrees well with earller resulis from ether groups
[128, 130], but we disagree concerning the bonding nature of A" HFe*(OH.
They explaln that the lengthening In Fe — H distanes from the quariet to the
sextet electromers (1514 versus 1594 In Fledlers” resulis[128], and 1.5234
vergus 1.5BTA In Shalks’ results[130]) ks due to the different charactor in the
Fe — H bonding. As was the case for all the other motals studied, they assign
a weak coordination of H- 1o & high-apin Fel)H* . However oue NBOY results
clearly asslgn a covalent bond In bhoth the bow- and high-spln cases, and the
comparison to MM a=00H 18 alag supportlve of the argument for & covalent
hond. The assignment of two electrons to & covalont Fe — H bond, howewer,
legves us with a lack of paleed electrons for Fe — 0 honding. The same NBC
analyals which glves a palr of electrons to the Fe — H hond peports two slogly-
occupled Fe — 0 bonds, and a strong donation feom an O lope-palr Into the
& . g bond.

The seeond ooygen to metal hydeogen transfer oceurs through TS2+ de-
pleted o Tahle 4.12. For the low-spln somors, these transition states show
H — H distances which are still guite long for & bond (10114 for Or, 0.004.4
for Mn, and 009334 for Fe), even though they are slightly shoeter than the
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values found for Se — V oseries[112, 123]. The one Imaginary frequency corre-
gponds 1o H — H bond lormatien and (F — H bond-hreaking,

The high-spin four-monterad teansitlon states show an almost-fully formed
H — H bond and very long M — H and O — H bond distances for O, Also,
the lmaginary equency 8 reminlscent of direet Hy elimination. However the
corresponding T527 In the Fe system this H — H bond 18 even larger than
the corpesponding hond at the low-spln trassition state, agaln demonstrating
the similaritles between the low- and high-spin structures on the Fet + Ha0
surface, and agaln due to the presence of & pale of electrons n the valenee shell
of Fet pven In the high-spin cases - something aff the earlier high-spin M
Ions lacked.

The final statlonary points located were the [ He) MO hydrogen moleculs
metal oxide adduct Mlustrated o Table 4.13. A8 it was polated out for the Ty
syatem|112] this minimum should be considerad a lon-molecule complex. For all
of them the M — H bond distance has inereased from the H M YOH minlom
to the corresponding ( He ) MO minimum, as It was expected but this ncrease
I musch less In the M = Fe case, where there has beon an lnerease of only
02524 while for the M = O'r case the Increase ks 04374, Also for these three
syatems tho examination of the MOs shows an lnteeaction betwesn the singly
occupled d orbital of M and the of 5 orbital (see Flguee 2.2). The NBO
analysls gives this interactlon a value of 3.45Ekcal finol for Cr, LOG6keal freol Tor
M, and 5.00kcal finol Tor Fe, amaller than for the T (V.8Tkoal frol] and ¥V
(G 45kl feal ) cases reported previously. It is theeugh this Interaction that the
H—H hond s activated by the oxide in the reverse peaction. The back donation
Trpm the oy _ gy oebital to the metal's & oebltal should also he remarked opon.
The NB(} analysls gives that donation & value of 55080 fial In the case of
Cr and 11.776m! fmad In the case of Fe, Ko donatlon was found for the 3 n
case as the & orbital B the one used o the bonding with oxygen, however a
Sy —+ 05, o donatlon of 6.97keal fmad |5 encountered.

It should be pelnted out that we found another 4" structure for the
[ Ha ) Malr specles, wheee the Interaction between the slngly occupled d or-
bital of Mn and the of;_ orbital s of 2.36keal frol. This slightly high-lying
excited state (0.203eV at the BALYP/DEVE level] has an smaller Mn — 0
distanee (1.506A4) than the ground state (1.7244), and has & 5.85kol /ol do-
natbon feom the o gy orbital to the metal & oebltal, where one of the d orbitals
18 used In the bonding with oxygen.

4.3.5 Potential Energy Surfaces

For the S¢% — Mn™ reactlons the principal product of the M¥ 4+ Ha reaction
was the low-spln metal-oxide lon, but this in not the case for the Fe® peactlon,
where the *E high-spin state s the ground state Fed+, This is the reason for
discussing the PES:s In two subsections. Also, the Inon sysvem 8 particularly
difficult to deseribe at the BALYTP level of theory sinee the corvect ordering
for the spin states of the Fe® eatlon is not obtained as polnted out earlier57,
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130, 131, 133, Thus, results obtained with higher levels of theory will also be
diseiaged.

That the difforent spln struetures are located In the same column ghoald
not be taken to mean that they ave connected by slmple vertical exeitatbon.
The geometrical parameters ave significantly different as can be seen o Table
d.8-4.13.

The Chromium and Manganese cases

Figures 4.1 and 4.2 show the potentlal energy surface starting from the M+ +
(M H, separated reactants and leading to the products MO+ + Hy Tor the low-
and high-spin states at the BEILYP/DZVE level of theoey for O¢t and Ma®
eeapeciively.

The surfaces for the reactions of both Ot and Mat ase slmilar to those we
have peported In previous chapters with the fiest svep belng the formation of the
M{OH: Y lop-molecule comples. Through TSL, one hydrogen atom I8 passed
from cxygen to the metal, leading to the H M 0OH molecule, the Intermediate
whose exlstenee was surmb=ed by experimentalists. As It was observed Tor ¥
but not for Se or Tit, on the low-spin surface the TS1Y transition state lles
above the energy of the high-spin ground state peactants.

The second hydrogoen transfer from axyvgon o the metal takes place through
T52t. This teansition state leads to the Onal intermediate found on the mw-
action path: the (H:)M OV on-molecule complex. In the case of M = O,
this complex ls hound by (L4551, while it & hound by 0407V o the case
of M. These values are larger than the opes olserved for Se (L2T017), T
(0.3TheV ) and 17 (0LA53:V). From this Intermediate the logs of Hy proeecds
without transitlon state Lo the low-apin MOF and Hi.

The flest step on the high-apin surface can also be formation of the lon-
molecile complex. Note, however, that the high-apin Ma{OH:)Y complex is
not a8 atabilkzoed as were the other species due to the somplete hall-filled valenes
ghell of T8 Mnt. Desplte numerous varled strategies for finding a transition
state between this complex and the HOrYOH molecile, none was [ound, a5
wis the case for the Se triplet and T gquartet surfaces. This was not the case for
the quintet surface for V™ and septuplet surface lor Mna™. A septuplet TS1T
has been found on the Mat + Ha? surface corresponding to the migration
of one hydrogen feom oxygen to manganesim. The high- bow-spln splitting for
this transition state Iz much greater than it was In the case of the V7 aystem
(0.928:1 Tor Ma™ va 0143V for 171).

Oy the high-spln HM™0H Intermediate ls formed, another Intermediate,
(H2 ) MOY, can be realized by passing through another high-lylng H transfer
transition state, T52%, This T52% In the O case les (L9971 higher in
cprgy than the corresponding low-spln. From that Bomer, the boess of an Ha
molecile glves one of the reaction products, high-spin MOF, Mo high-spin
TH2Y lsomer has been encountered for the Mu™ system.

These peactlon pathways follew the same general scheme as was seen for the
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Figure 4.1. BILYP/DEVP potential energy surface following the Ort +
OHy — Cr+ + Hy reaclion path. Energies guven are in el and are relafioe
o the geparated ground stale reactands, Ort(*5) 4+ OH,.
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Figure 4.2. BILYF/DEVF potential energy surface following the Mn™ +
OHs = MaOt 4 Hs reaction path. Energies given are in eV and are relalive
to the separated ground state reactonts, Mot 5) + OHa.
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eably fiest-row transition metals with the low- and bigh-apin surfaces erossing
betwesn the M{OH:)Y and HMTOH structures. There are many specific
diflerences botwoen the potential energy surfaces of the M™ 4+ H:00 M =
Be— Mn serles, but the same pathway to products MOV + Hy Is Iollowed and
there s a definlte teend of lncreasing barrler helghts and endothermicity as we
mevie froan left to eight along the periodie table.

Equilibelum geometry parametors for the varlous reaction products aro
glven In Table 4.14.

Table 4.14. Eguilibeinm geometry porameters for the warions MY + 0 H
renclion products at the BILYP/DEVFP and BILYP/TEVP+GRdf 2p) levels
af theory. Bond lengths are reported in A, bond angles in degrass.

BILYP/DEVP BILYP /TZVP+G{3df 2p)

Froduct  Metal State M3 M-H  Angle A} A-H Angle
hiT ' M L5868 1.572
S0 1,831 1.82%
Mn ST 1.723 1.72%
I 1.350 1.852
Te 4 1683 1.696
L 1855 1.637
MHT ' Rl 1.580 1.586
b 1.508 1.602
Mn i 1.578 1.574
bt > 1.587 1.612
Te L 1524 1.532
B 1.550 1.574

HAOT ' 4" 1537 LSTS IML3 LGB 1585 1066
A" 1L5B3 2301 1172 1568 2347 132.8

Mn 14" 1EE2 1555 BLT 1654 1.566 056

4" LTIG ZARE  1TEE 1731 2.142 1787

Te TA' 1834 1504 838 LA 1.512 916

54 1L7TIR  164% 1308 1736 1610 125.1

RMOHT ' TAY  LTIT 0973 40D LTIT 0065 138.%
A' 1733 0973 13TO0 1751 MLO6S 135.8

Mn 1A' 1LTZZ 0475 0T LTIG OET 137.8

A' 1T4d 0970 1461 1751 (863 140.5

Te 47 LTI 0975 131 LTIR (968 133.9

AY LTIZ 0972 14427 1LTI5 (OGS 140.1

The Iron case

Flgure 4.3 shows the potential energy surface starting rom the Fet + OH,
soparated reactants and leading wo the products Fedt + Hy for the ow- and
high-apin states at the COSTHT )/ /BALY TP level of theory, Duae to the mislea-
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Figure 4.3. COCSIVT)//BILYP polendial energy surface following the
Fer + (OHy = Fell* + Hy reaction path. Ewergies given are n eV and are
relabive bo the separated ground slale reactands, Fet (50 +0H,;. Nole that for
iron we give this surface rather thon wsual BILYP/DIVE, bacouse the latter is
gualitaticely mislending.
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=Jing descriptlon at the BALYTP level of theory, no potentlal energy surface =
shown for this system at that level of theory, The potential energy surface lor
the Fet 4 Hy(} aystem & falrly complicated. Danovich and Shalk[129) predicted
two spin crossings for this reaction - one between Fe(OH:)Y and HFeT0OH
and a secomd betweon HFetOH and Hy Fell . The flrst step s the lormatlon
af the Fe|(2H; ) loo-molecule complex. Through TS+, one hydregen atom =
passed [eom oxygen to the metal, leadlng to the H FetOH Intermediate. In all
results reported o the lberature and o our own resulis this sextuplet {ransl-
tion state les higher ln energy than the guartet one. Howewer, this accordance
it I8 mot obiained or the HFet0OH Invermediate. All DFT pesulis agree in
asslgning a quartet ground state, but as larger hasks sets are used the split-
ting between the two states becomes smaller. AL the BALYFP/DEVE level of
theory a 403V value I8 obtalned and at the BALYP /TEVEP HG3AL2R) lewvel
the value B redueed to (U194 . The group In Berlin glves a 0477V split-
ting value caleulated at the CASPT2 level; and the group In Jerusalem (130,
reports & (LL30eT value with the B3LYP functional, 023250 with BPE4G, and
(.35 1el with FTOYT. All these results seem to agres quite well, but the surprise
comes with our CCSD(T)//B3LYTF resulis, where the sextuplet eleciromer ks
caleulated to be the ground state, however the guartet lbes only (L0651 higher
in energy.

The secomnd hydeogen transfor feom oxygen 1o the metal takes place through
TEY . Full agreement ls found here and the sextuplet Bomer Nes higher in
enerry than the quartet state. This trapsltion state leads vo the Onal molecular
hydregen metal oxdde adduet Intermediate found on this reactlon path: the
(Hy ) Feld lon-molecule complex, whose ground state corresponds once again
Lo & sextet state that s bound by 049065 at the BALYP/DIVE level of theory,
slmilar Lo the Cr and Wa values (045560 and (L4071, meepectively) for thelr
Iow-spln ground state (He) MO moleties. From this Intermediate the loss of
Hs proeeeds without transition state to the high-apin MO and Ha.

The dehydrogenatlon process deserlbed here has not been olserved cxper-
Imentally. As It was pointed out In the introduction, Armentrout’s group ob-
served ooly the FeD' and FedDV products under thelr conditions. The
reverse reaction, however, was observed and it could follow the path described
here. In the Fel% + Hy —+ Fet + Hy(} roaction, Clemmer ef ol [127] obsorved
a vory lnefllelent barrierless reaction (onee o every 6 colllslons) and a very
eflicient reaction with a bareler of 0.6V, Qo our CCSDYT)/ /BALYT surface,
TET* lleg 0.54TeV above the separated Fet (*E)+Hy reactants and thus the
efficlent reactlon with barrler = In coneurmonce with our calealated sexiet sur-
face. However, the quartet TS2 also lies higher In energy than Fet(*E)+H,
[y (.3201"), which means that a barriorless pathway, Inefficlent due to spin
crossing, would not agree with our predictions at the COSDYT)/ /B3LYT lewel
of theory. At the BALYP /DEVE and BALYP fTEVEP4+G{3dL2p) levels of the-
ory, the quadruplet T2+ lies only 0061V and 0045V above the FeH [(PE) 4
Hy mgymptote In reasonable agreement with the predietlons of Fllavoy and
Shalk[130). In one of the experimental works, it was put forward that perhaps
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small amounts of Fert () could be In the beam[127]. A later article, how-
ever, dismisses that possibility[19). At all levels of theory used, the quartet
TH2Y lies helow the Felr™ () 4+Hy asymptote.

Equilibrium geometry parameters for the varlous reactlon peoducts ave
ghven In Table 4.14.

4.4 Conclusions

The reactlons of O, Mot and Fet with water have beon lnvestigated o
detall extending the study of the reactivity of the Orat row teansitbon metals.
Both the low- and high-spln potential energy surfaces have been characterbzed
al the BALYP/DIVE and BALYP/TEVP+(3dl2p) levels of theory. In addl-
tion CCSDYT)/ /BILYD single-polnt energles were computed for many polnts
of interest. From these data, the ollowing coneluslons are drawn:

I. Whereas the only exothermic products of the M+ 4+ HaO) reaction for
M=F5¢to ¥V were M7 + Hy with exothermicity decreasing from Se to
¥, this rescilon & endothermie for M=0F to Fet with endothermicity
increasing through the serles.

2. The Fet 4+ Hol) system has proven 1o be significantly different {hroughont
the reaction pathway, There s less difflerence hetween the high- and bow-
apin structures In the case of Fet. An pxplanation for this s that the
high spln Fet cation has a set of palred electrons while the Set o Ma™
high-spin cations do not.

3. Similarly, the Aa® high-spin shows some minoe differcnces because iis
valonee shell & oompletely hall-Alled with unpaired elecirons.

4. Both, high- and low-spin potential energy surfaces cross onoe o the en-
teance chanmel for Ort and Mot but, at least, two crossings have been
observed for the Fet potential energy surface, at the entrance and exit
chanmels, All these crossings occur at an energy abene that of the ground-
state reactants, as it was observed earlier In the V' potential encrgy sur-
[,



Chaptor 4



Chapter 5

The Late First-Row
Transition Metal Cases.

(General Conclusions

I this chapter we conclude the study of the reaction of water with the fiest rows
transitlon metal lons. We report the study of the reactbon of water with the
Late (Cot, Nit and Cat) st row teansitlon metal catlons in both high- and
low-spin states. In ageeement with experimental ohservatlons, no exothermle
products are found and the oxides are predicted to be more meactlve than the
metal lons. Formatlon of endothermic products s examined. An in-depth anal-
vals of the reaction paths possihle for these reactlons 5 given, Including varlous
minima and several lmportant teansitlon states. All resulis have heen com-
pare] with existlng experlmental and theoretical data, and our earlier works
covering the (Set-Fe™) + Ha) reactions in order to observe existent trends
for the flest row transitbon metal lons.
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5.1 Introduction

With the pesults reported In this chapter we finish our works on the reactivity of
fiest rovw transition metal catlons with water with the alm of understanding this
paradigm lor the reactivity of these metal catlons and thelr gxides. Previously,
wie have discussed the Importance of hoth high- and low-spin potentlal energy
surfaces, thele particular features, and the spin-foeblddoen erossings that they
imvoplve., For the carly (5¢, Ti and V) apd mlddle (Cr and ¥n) transition
metal eatbons the high-spin state was the one corresponding to the ground
state, while the low-spln state was the grownd state lor thelr oxddes. The lron
catlon presented a high-spln ground state, but s oxlde also has & high-splin
ground-state, resulting o a very complicated two-state-specifle reactivity. In
the late teansitbon metals we have o the geround states low-spin metal cations
and high-spin metal oxlde catlons.

Ag we pointed out ln Chapter 4, the reactivity of the teansitbon metals was
studied by Kang and Beauchamp(121, 124] In 1986, Based on the bond dissocd-
ation energles of the metal cedde cations they pointed out that the early MO
mealecubes (Se, T1, V) owere too stable 1o peact exothermically with alkenes as
thelr dissociation energles are algnifleantly langer than the ones corresponding
to the Mpo-Nl oxldes, which are very reactlve, the low dissoclation energlos
leading to the possibility of exothermie processes. Or was somewhat bhetwesn
these two different hehaviours, exhibiting & halanee in belng reactive but selee-
tive, They also podated out that exothermic theemochemistry does not ensure
a faclle reactlon, but that & number of examples support the eontention that
harrbers in exothermie reactlons of transition metal exide lons are rave[121).

Several groups have developed a large hody of work around the reactbvity
af these transitlon metals showing that the behaviowe of these systems 1s much
more eomplicated than expected. In 1994 SchrGder ot al [126]) olserved very
low peactivities for the peactions of Fel)*, Coldt and N+ with H,. They
surprisingly found that while Oa2 has a binding energy close to that of Fel)t
and N5 blnding eneegy Is much smaller, thele MO+ + Hy peactlon rates
are very sloollar, and glve rise to the exclusive formatlon of water and M.

Armentrout’s group|®) also studied these reactions In both directions for
the cobalt system. They observe a 0.0 £+ (LMel" activatlon bareler for the
expthermic oxidation of Dy by Colt, probably attributable to a foue-centered
TS assoclated with addition of D — D acress the Colb bond., They observe
two products In the oxidation of O™, the CoDb and ColdD¥ species, but
no evidence of Cod formation was observed In thelr study, & process that ks
thermochemically less endothermbe than the oncs giving rse to the two other
products ahaorved.

Flodler ef al.[128] postulate some generalities on the reactivity patterns of
Claldt, NidH and Cullt with the hydrogoen mobecule based In thele detailed
theoratical atudy of the iron system, and experlmental study of the eeactions of
Cold+ with hydrogen, methane, and small alkanes[135). They highlighted a low
stabilization energy potential energy surface, whore the high-apln surface must
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gurmount a algnlficant haveler o addition to the splo-lanverslon regulrement,
ghving an explanation of the lew eficlencies of these peactions n spite of the
favorable thermochemistey.

As It was concluded in a review by Schrbder and Schwarz(B], despite favor-
able thermochemistey for the reaction of middle and late motal oxbde catlons
with hydrogen molecile, only the reaction of Ma0™" with Hy Is efficient; Ordr
Cold | and NiF hardly react and Fel)" mpaction occurs only earely. These
peactions must be controlled by reactbon barriers and the ease of curve erosslng
from the high-spin ground-states of MO7 o the low-spin surlace.

No experimental data I8 avallable for the copper system as 1t seems that
Cult can not be generated In reasonable quantities[8], but a low officlency s
capegted for the ground-state high-spln copper elde In the reaction ClalH 4+
Hy = Cut + Hy0) [128].

Seping that there pxists an Interest In the reactivitles of the entlve serles of
flret pow translilon metals, we here complete our goal of providing high- and
low-spin potential energy surfaces for thelr reactlons with water. We present,
a8 usual, the full reaction mechaniam gepmetries and energeiles for both the
high and low-spin states, considering the varfous possible teansitbon states,
Intermediates, and produgis.

5.2 Methods

The experience of this group (Chapters 1-4) shows that Density Functlonal The-
ory (BALYTP functlonal) (57, 58] with the DEZVE basis sets given by Salahub
et al[76, T7] & a reasonable cholen for optimization and frequency calculs-
thong of these systems.  Recent callbration caleulations on transition metal
compounds affirms this cholee[113. The cholee of the BALYT functional s
largely motivated by Its satisfactory performance reported recently [31, 63,
73, 113, 114, 115, 116, 130] for transition metal contalning systems. Reac-
tanty and peoducts of the pessible reactions have also heen reoptimized at
the BILYPTEVP+GIAA2R) level of theory. All the caleulations have heen
cortected with the ZPVE caleulated at the eorresponding theoretical leyvel.

In order to confirm the BILYP reaults, some single polot CCSDT)  TZVP+
GlAdE2p) caleulations have been carried out at the BALYP/TEZVP G 2R)
cqpiailibeium geometrics. The ls electrons of O and 1s to 2p electrons of the
metals were froeen In the CCSDYT) caleulations. Oonee moee we have abreyiated
CCEDT) TEVPHG(3dE2p )/ fBALYP JTEZVP+ G342 as COSD{ T/ /BILYP.

The triple zota quality basls set, TEZVP4E(3A02p). wsed for the metals was
that given by Schiifer, Hubert and Ahlrichs [78], supplemented with a diffuse &
function (with an ecponent (L33 times that of the mest diffuse s lunetbon on the
orlginal set), two sets of p functions optimized by Wachters [79] for the excited
states, one el of diffuse pure angular momentum d function [optimlesd by
Hay) [B0], and three sets of unconteacted pure angular momentum f funetions,
Ineluding hoth tght and diffuse exponents, as recommended by Ragavacharl
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and Trucks[101]). For the oxygen and hydmogen atoms the 6-3114+4G(24E2p)
hasks et of Pople & al [81] was used.

All DFT and CCSDNT) caleulations peported In this chapter have been
carrbed out with the GAUSSIANGY /DFT |T|'1] and G.llfSEL&HﬂE{UFT[lEE]
sultes of programs. Also NBO [106, 107] ealeulations have been done to glve
additional Insight lnto the bonding properties of some of the structures.

5.3 Results and Discussion

5.3.1 Dissociation Energles

Dissociation energies of the ColOH )Y, Ni(OH2)Y and Cwl(0H2) lon-molecu
les caleulated at the BALYP /DZVE, BALYP /TEVE HG{ 3L 2p) and COSDIT) S S
BALYT lewels of theory are shown in Table 5.1, Dissociation energies were cal-
culated as the diference between the energy of the solated monomers and the
complex, Including boih BSSE and ZPVE correctlons.

M{QH T dissociation energles predicted by varlous levels of theory (MOPF
/|RBafipdd1f] results from Resl and Bauschlicher [64], QOCISDYT) results from
Magnusson and Morlarty [65] and the recent CCSD{T)(FULL) /G-31 1 ++G**//
MP2(FULL) /6-311++G** results from Trachtman et al [132)) and those ex-
perimentally observed [G1, 62, 117) are given also in Table 5.1. Note that the
temperature is not specifled in references [61) and [117].

Onee more, good values ave obialned with both the BILYF and CCSD(T)
methods when wsed In conjunction with the TEVP+G{3dL2p) basks set[ 100,
112, 123, 134]. The difference found between the BALYP/DZVE and BALYD/
TEVP 30 2p) resulis I8 agaln arpund (LG5l and both are In reasonalble
agreement with the experimental and theoretical values that can be found in
Table §.1, cspecially with the move recent and precise daca from Arvmentrout’s
group [62). The CCSDN{T) values are systematically lower as s usual for disso-
clation energlos,

The values listed for the Co{2Hy )t complex correspond to the ¥ 4s ground
state, In accordance with Trachtman ef al.[132] but not with Rosl and Bausch
licher|64], as they predict a *By ground state for this lon-molecule, with a
geometry regsonably similar to ours. They predict that the ?ds excited state
I8 only 0030V higher in energy, while our *4y state les (0.091eV lower In
energy than the 3B, state at the CCSD{T)//B3LYP level of theory. In any
case, these discrepancles at the varlous computational levels are not large and
do not. change the overall trend of the dissodation cnergles In comparison with
experimental data.

In considering the resulis of this study of the flest row transition metals,
examinatlon of the mean deviatlons of the obtalned walues with respoct o
the values pgiven by Armentrout’s group|62) shows a very good agreement:
a deviation of (LO8el" at the BALYP/DEVE lovel of theory, D00l at the
BILYP/TEVP+G(3dL2p) level and (L1261 at the COCSDNT) ¢ /BILYP lewvel.
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Table 5.1.

Tolal energies (E], in harlree, zero-poind vibralional energy

corrections (AZPVE), bass sel superposilion error corrections [BSSE), and
disgcialion energies (Dg) i eV, for the M{OH | fon-molecule complezes
(M = Co, Ni, Cu ).

M Blethiid E AZPVE BSSE g

Ca  BILYP/DEVE =1458.T2473 (1064 0.1 1564
BILYP TZVE4+G{3d 2p) J1459.00896 0065 0025 1.637
COSDIT)/ /BILYP J438.04010 0065 0079 1514
Exp. [62]s+ 1.67-£0.08
Exp. [61]s 1610013
Exp. [117]s 1.740:40.174
Thea. [64] MOPF [[8sbipdd1f] 1.658
Thea. [63]QCISDT) /[Refipdd1f] 1575
Thea. [132)CCSDIT)FULL)
JEILH+G{d p)e e e L.&110

Mi BILYP/DEVE =15B4.24268 (L0546 0. 1K 1.561
BILYE /TZVE+G{3 2p) JISBASTOM Q061 0.026 1.823
COSDT)/ /BILYP 13B3.56632  0.061  0.080 1.690
Exp. [62]s+ 1.87-+0.03
Exp. [61]+ 1.584:k013
Exp. [117]e 1.723:40.174
Thea. [64]MCPF/[Refipddlf] 1.784
Thea. [65]QCISD{T)/[BsBp4d1f] 1672
Thea. [132)CCSDIT)FULL)
JEI++Gld.pi= e s 1375

Cu  BILYP/DEVE =1T16. 40775 (L0l 0126 1.784
BILYP, TZVE+G{3d 2p) JATI6TTIT 0065 0.040 1.653
COSDIT)/ (BILYP JITISTREIZ Q065 0K 1.452
Exp. [62]s+ 1.63-40.08
Exp. [61]+ 1519013
Exp. [117]e 1.42440.174
Thea. [64]MCPF/[Bspdd1i] 1,619
Thea. [63]QCISDHT) /[Rsfipdd1f] 1.559
Thea. [132JC0SDIT)FULL)
JERLL A+ G p)e v w 1.26T

# Temparature not speecified.
ws Values at (LK.
ww ok wilues at 200K
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It shoald b poloted out that while a tendency to overcstimate has heen ob-
sopvidd at the BALYP level, the COSDT) level underestimates the dissoclation
energled In all the cases, eweopt for the ron case where a porfect matehing
was obtalned. These tendencles are thase expeeted Tor the methods used. The
method that best fits the experimental data is the BALYP/TEVP4+0:{34[.2p)
lewel of thepry, all the values caleulated are alosost within the experimental
errof bar, the greatest diserepancy eoming o the lbon system, (L08:V va. the
experimental error baes of (L0617

5.3.2 Euxcitation Energy

Let us look now to the high-low-spin relative energles of M+, M{OH2 ',
and MO shown in Table 5.2 (M = Co), Table 5.3 (M = Ni) and Table 5.4
(M = Cu), and compare them with the values given for the other flest row
transition metal M, M{CHH:)Y, and MOF moleties in previous chaptlers.

For the early and middle tramsition metal catlons the caleulated high- Sow-
splo splittings were always lower than the experlmental ones, but lor the late
M+ there B an Inverslon In the trend. Discounting the Fet case, notably
poarly described by the BALYP method[67, 130, 131, 133, 134] , this change
can be related o the fact that for the earller transition metals the ground state
af the cation ls high-spln, while the ground state of these last theee 18 low-spin.
Caleulating the overall deviations from the experimental values [35] we obtain
that for all the row BILYP/TEVP+GIL2R) and CCSDNT)/ /BILYP levels
af theory perform slmilarly, with reapective overall deviations of (019617 and
0.21421, a perlormance slightly better than the BILYP /DEVE method, which
has a deviathon of (L2861, We must polot out. the significant overestimation
obtained at the COSD(T)/ /BALYP level for the Cu™ 'S —% D splitting, and
the poor BALY D TEVP+0(3d02p) description of the Fe™ iF =% D splitting,

For the MO H:2)™ lon-molecules low—high spln excltation energhes we ob-
serve, contlouing the teend shown by the M = 5S¢ — Or oo-molecules, that
COSDIT)/ [BALYT gives smaller splittings than BI3LYT. Note that an increased
gap I8 observed for the copper lon-mmobecule.

Finally, we examine the metal oxide cation MOY molecule. While the
COSDIT)/ /BALYP method predicted lower excitation energies for Cr(™ and
MnOF than did the BALYP method, it gives larger excltation energies for these
three late metal oxide cations, In good scoordance with the values obtalned with
il Iron oxlde and the early transitbon metal oxldes. In general, the caleulabed
gaps ave smaller than the ones reported by Fledber et al. Our predictions of
lowesi-lylng high- and low-splin states agreo with those of Fledler & al. excepl
for the NitH doublet ground state. We obtaln & ?E doublet ground state with
a *A state lying 0.18Tel higher In energy. A 2A state has been assigned as
the ground state o Fledler's calewlatbons, while they do not glve a value lor
the 2E state.
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Table 5.2. Relatie enevgios in eV for the "F(ed") state af Cot with respect
to the *Fd¥) ground state (A, ), the "By state of Co{OH2)Y with respect Lo
the * Az ground state (Az), and the *E state of Col0b with respect to the °A

ground state Ay

Method : Ay Ag
BILYF DV 0935 1211 0637
BILYP/TZVP+G{3df2p) 0721 0968 0.645
COSD{T)/ /BILY P 0.5M  0.719  0.8ET
Exp. |83 0.43

Thea.|128] 1.0

Table 5.3. Relatite energies in eV for the Y F(ad%) stale of Nit with respect
to the *D(d*) ground state [A, ), the 147 state of Ni{OHy)t with respect Lo
the 2 A, ground state (A, ), the *E state of N0+ with respect to the 'E ground
sfate Ay ), and the 24 state of NiO with respect ta the X gound state 5y ).

Method L Fu e .|J_'|.1,
BALY P/ DEVE 1377 L.VRE .39l (h55E
BILYP/TZVP4+G(3d62p) 1210 1572 0411 0538
COSDT)/ (BILYP 1262 1550 (.606  {.793
g, [33] 1.0E

Theo.[128] 1.3

Table 5.4. Relative energies in eV for the *0(ad®) state of Cu® with
respect to the 'S(d") ground state (A, ), the 3B, state of Cu(0QHy ) with
respect to the ' Ay ground state (A ), and the 'A state of CulH with respect

to the ¥E ground state (A ).

Method Ay Ag

BILYP /DEVE 2008 3.243 0.563
BILYP/TZVP+G{1df2p) 2911 3123 0562
COSD{T)/ /ALY P 3201 3447 0632
Exp. |83 181

Theo.|128] 1.4
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5.3.3 Heaction Energetics
Cot (*F) + Ha)

Equatbons (5.1} (5.8) represent the maln lonle products obsorved o the peactlon
of ot (*F) with Hy), The predicted AE energles are listed in Table 5.5
together with values extracted from the available thermodynamical datal137]
for reactions (5.1), [5.5) and [5.7).

Cot(*F) + Hy0 — CoOH("A) + Hy + AE, (5.1)
Cot[(*F) + HaO — Co0™(*E) + Hy + AEs (5.2)
Cot(3F) + Had = HColF ("A") + H + AE; {5.2)
Cot(3F) + Hald = HColF (*A") + H + AE, (5.4)
CatPF) + HaO) = CoOH A" + H + AE: (5.5)
Cot(*F) + Hy0 = CoOHY A" + H 4 AE, (5.6)
Cot (A F) + Hy) — CoH™ (Y1) 4+ OH + AE, {5.7]
Cot (*F) + Heod = CoHY[*A)+ OH + AF, (5.8)

Ni+(2D) + Hy0

Equatlons (5.9)-(5.14) represent the main onie prodects of the seaction of
Nit(*D) and Haf). Table 5.6 lsts the caleulated AE values along with the
values extracted from the avallable thermodynamical data[137).

Nit(*D) + HaO — NI0H(*E) + Hz + AFEg (5.0
Nit(*D) + Hy,0 — NIOH*E) + Hy + AE,, (5.10)
Nit(*D)+ Hy) = NiOHT(*A") + H 4+ AE,, (5.11]
Nit(*D)+ HyO) = NiOHT (' 4') + H + AE,, (5.12)
Nit(*D)+ HaO) - NiHY(*A) + OH + AEyy (5.13)

NiT (3D} + Hatd = NiHY('E) + OH + AEw (5.14)
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Cut('S) + Had

The corresponding equations for the maln lonke products resulting o the moac
thon of Cut(*§) with Hy(} are shown below. The varlous predicted AE values
are listed in Table 5.7, Values extracted from the avallable thermodynamleal
data[137] are also lsted for reactions (5.15) and {5.19).

Cut(*8) + HaD — CuD*(¥E) + Ha + AEs [5.15)
Cu™('S) + HaOD = Cul™[*A) + Ha + AFE14 [5.16)
Cut (Y8 4 Hel) = HCuOT (A" + H + AFE (5.17)
Cut ('8 + Hel) = CuDHY (A" + H + AFs [5.18)
Cut (" 8) + Hatd = CuHY*E) + OH + AEw (5.19)

5.3.4 The Stationary Points

In this section we examine the geometrical parameters caleulated at the BALYP S
DEVP and B3LYP/TEIVP4+{z[3d2p] levels of theory for the relevant minima
and transition states on the potential energy suefaces for the reaction of the
late tranaltion metal eations with water. General teends are also concluded Tor
the entiee row.

Table 5.8, Geomelrical parameters of the vardous M{OH:)Y stalionary
prints on the BILYP/DZVP and BILYP/TEVP+G(3df 8p) potential energy
surfaces. Bond lengths are reporied in A, bond angles in degrees.

BILYP/DEVE BILYPTZVE+G(3di 2p)
Metal  State M- 0OH O MOH MO (OoH MO
o Ti; 2o0s norl 1260  1LO9% (965 1260
Ca BH.,  TO88 0973 1961 2066 0.969 1260
i 4, 1852 0971 1257 1953  (L.965 125.6
i 4 4g 205 0.968 1256
i 14" 2088 DOTS 1233 2055 0.963 125.3
' 4, 1848 DOTL 1257 LOdE (L0965 125.7
n H, 2086 099 12627 2035 04971 126.0

Table 5.8 shows the geomeotrical parameters of the M{OH, 15 lon-moleculo
complexcs. The low-lving teiplet ColQ2H, | oo-mobecule shows several ex-
clbed states Lylog very ¢lose In eneegy, which makes it guite hazardous to de-
clare which of them s the ground-state. Flest, Rosl & Bauschlicher asslgned
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a By ground-state to this lon-molecule. Later, Tratchman and co-workers
salgned & 94s state as the ground-state. Our BILYP/TZVP+G{3d02p) and
COSDNT)//BALYT resulis are In accordance with this second work, but the
BILYP/DZVP level of theory predicts otherwlse, At this latter level a B,
gtate I8 predicted to be the ground state with the 34, state lying 0053V
higher In energy and the B, state & higher still. No significant geometrical
changes are observod between these two states. Based In our high-level caleula-
tions, and the results foom Tratchman and co-workers, we have taken the 4,
state to be the ground state. The difference on the Co — O distanee hetween
the low-spln and high-spin states = only 0067 A

The ground state of the Ni{OH: )Y metal cation-water complex corresponds
to & well described O, ® 4y state, with a Ni — @ distanee of 1.9534. However,
things are not so cloar at the high-lylog quartet state. The lowest-lylng quartet,
aceording to the BILYP/ TEVP4G( 341, 2p) level of theory, 1s a ' As state with
e symmetry. However, no Coe minbmum exist on the BILYP /DEVE surface.
That level of theory predicts a O minbmum wheee the Vi lies 21.2 degress out
of the HOH plane. It was also possible to characterlze a O, minlmum at the
BALYP TIZIVP+G(3AL2R] level of theory, but the out-of-plane angle ls only 2.5
degrecs amd the structuee les (LMY higher In energy than the O, ground
qlLate.

Both high- and low-spin Cu(0H: ) states have been found to be In accoe-
danee with all the methods and ether theoretleal data reported bn the literature.
The ' 4 ground state has a Cu — 0 bond length of 19454, and the ? By state
has & 2.0354 bond length at the BALYDP/TEVP4+G(3dE2p) kevel of theoey.

In all three of these late teansitlon metal lon complexes the bond leagth
corresponding vo the high-spin state i longer than the low-apln one, as has heen
true along the row. Also, the tendency of complex W — O bond length shrinking
continues in these late metals, as can be appreclated 1o Graph 5.1 which plots
M — () hond distances for the high- and low-spln M{OH ™ complexes for the
flret row transition metals.

Graph 5.1. M — 0 hend lengths for the M{OH Y don-molecule compleges
therough the firgt-row Iransdlion metal ions (BILYP/DEVEP walues).
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The Orst hydrogen transfer [eom cxygen to the metal ls charvacterbzed by
the TELY structures. Geometrical parameters are listed o Table 5.9, While
the M — CF distanee In the high-spin states |8 seen to Inepease In moving from
laft to right theough the st row transition metals, a tendeney bo deceease this
boad distance ls ohaerved for the low-spln structuees.

Table 5.9. Geometrical parameters of the various TE1Y bansition sioles

on the BILYP/DEVP potentiol energy surfaces. Bond lengths are reported in
A, bond angles in degrees.

Metal State M-O M-H(1) O-H{1) CeH(Z) MOH()
Cio 14 1. 7%6 1.4938 L7I7 .97% al.d
O 54 1867 1.723 1.591 {.984 39.1
Mi 14 1. 745 1.357 1.54E {.974 .10
Mi 14 1.852 1.688 1510 (L9987 8.3
Cn 14 1,950 1.6%92 1. 498 (.95} .8

Table 5.10. Feomelrical parameters of the various H{L)MTOH(2) sla-
tionary points on the BILYP/DEVFP potentiol energy surfaces. Bond lengths
are reperted in A, bond angles in degrees.

Metal  State  M-H{1) M.O O:H(Z) H(LOMO  MOH{D)
Co TA 1468 1694 0981 875 1231
Co 4" LFTD LTIE  (.982 145.9 134.7
Ni 4" 1429 1685 0.981 B4.5 124.7
Ni 147 1498 LEOT  0.980 122.0 126.2
Ni 14 1513 L87? 0982 106.6 186.9
C 14 1527 1903 0989 118.4 125.0

Graph 5.2, M — H bood leagths for the HM0H intermediates through

the first-rouw tronsition metal ions (BILYP/DEIVF values).
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Table 510 shows the geometelcal data for the MY 0N minklma, almost all
of them have O symmetry. This Intermediate hag boen well-charactorized for
all the reactbons studbed by our geoup, exeept for the singlet copper surface,
where it has not been possible to obtaln this minlmum even at high levels of
theory., The non-existance of a singlet HCwS0OH Intermediate 8 reasonable,
because the valence space on the Cu atom would be filled with lone pales and
Cla — O honding, leaving no opportunities o Cu — H Interaction. Note also
that these Intermediates In the high-spin N1 and Ca cases have very long W —02
bonds In comparison with the rest of the row. Foe the exlstant M +HO0H Inter-
mediates, the diferences hetween the low- and high-spin M — H distances arve
minimal In the Fe — N metals which was not the ecase for the earller metals
{see (zraph 5.2). The low-spin cases lollow the expected trend, with the Af — H
bond distance decreasing from Se to Vi, In the high-spin cases this decrasing
teend s only broken in the Ow molety, but Its W — H hoad length Is only
0.020.4 larger than that of HNiTOH.

The second oxygen vo metal hydrogen transfer ooeurs through T527 . As it
can be seen in Table 511, the low-spin lsomees of these transition states show
H — H distances that ave still quite long for bomds. The tendency seen earlies
& continued; that =, these bond distances tend to be shorter a3 we go through
the pow.

Table 5.11. Geomelrical paramelers of e various TS52Y bansition slafes
ont the BRILYP/DEVEP polenbial energy surfaces. Bond lengths are reportad in
A, bomd angles in degrees.

Metal State M-H{1) M0 O-H(Z) H()LH{Z) H{I)MO MOH(2)

Lo A 1.943  L716  1.4il 0.852 T4 7.2
O o 1.748  1.75% 1257 1.063 TE.2 T1.4
Mi 24 1L.E2S  1.78%  1.55% 0.813 o6 A9.8
Mi 2% 1702 1LE9T 1408 0.953 TH.E A2.9
Mi A¥ 1.6E8  1LEOGD 1350 0.975 5.6 4.5
Mi A 1.781  1LETH 1320 0.976 TR 086
O o 1763 LE8®  1.330 0.331 Ti6 5.2
i A 1742 1810 1.313 0,963 T1.4 f7.9

For the carly transition metal catlons we lound that the W — () distanee
In low-spin TH2Y Is doser to the HMYOH value than that to the nllowing

(Ha )\ MOF specles, for the middle transition metal catlons these distances were
glinilar, and for the late transition metals the 3 — 0 distance at the seeond
teansitlon state i8 closer to that of the lon-molecule complex than to the pre-
vious Intermediabe.

For the high-apin four-centered Se — Cr transitlon metal TS24 transitlon
states wo observed an almost-fully formed H — 8 bond and very long M — H
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and ) — H bond distances. For the high-spln lron teansitlon state we ound a
H — H hond (.199.4 longer than the respective bond In the chromlium comple,
and M — H and 1 — H honds appreciably shortor than the peevioss ones. For
Iron also the ) — H distance was shorter than its low-spln ) — H distanee.
For the late transition metals the low-spin M — & and ) — H distances are
slightly longer than the high-spin ones, and now shorter H — H Bbond lengths
are olserved o the low-spin teansitlon states than in the high-spin ones.

The final statbkonary polnts located oo our potentlal energy surfaces weee the
[ Hy )M hydeogen molecule metal oxide adducts Nustrated bn Table 5.12. As
wie have discussed previously In Chapter 2 this minimum should be consldered
an lon-molecule complex. The M — H homd lengih in these complexes i85 seen
to shorten slightly In moving from Se through to O o both the high- and
low-gpln cases. The only exceptlon to this s the low-spin [(Hy ) Fellt case in
which the H — Fe bomd s significantly shorter than those found in the other
[ Hy )M mobetbes.

Table 5.12. Geometrlcal parameters of the various {(Ha)MOT statlon-
ary points on the BALYT /DEVE potential energy surlaces, Bond lengihs are
reported in A, bond angles in degrees.

Metal  State M0 M.-H{1) M.H{®) HH HMO

Lo TA7 1696 LA LE® D774 1163
o 4" 1857 LS 1045 DFET 18040
Mi T4% 1§87 LA 1A D777 1154
Mi 74" 1814 LEI0 LAY  DFTE 1800
Mi 140 1R 1.841 1LB41  DFTE 1800
Ni 1A 1TER LEST 1.B3T  DFTE 1800
O ! 1.788  L.310 LA DFT5 18040
i 4% 1814 1758 1.T98  D.FTE 18040

For these throe late transitlon metal low-spln systems also there ks an Intes-
actlon between the singly occupled d orbital of the metal and the o _ 4 orbital
[shown in Figure 2.2). It = slgnificantly lower than for the previous metals
(5.0%ecal fmol Tor lron ve. 2.35kcal fmod, 2.90keal fmol and 2.22keal frodl, re-
gpectively for cobalt, nickel and copper). The back donation from the og_ g
arhital to the metal’s & grbital shouwld also be remarked upon o this theee metal
syalems. The NE(Y analysls gives that donatlon a value of T.91keal ol In the
case of Co, 15.36kcal finod In the case of Ni and 15 ADkcel fol In the case of
Chu, which can be compared to the value of 1177 Bl ol In the leon case.
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5.3.5 Potential Energy Surfaces

Armentrout and co-workers In Investigating the Cot + Ha() reaction[94] did
oot observe any evidence of Cold" formation. They only found evidence of
CloH™ and ColdH™ ormation even though the theemodynamic theeshold foand
for these lons s higher than for that of Col) [(see energetics In Table 5.5).
Several other experimental works on the ¢obalt systems have also shown that
cvien il the reverse meaction s clearly exothermle it & very lnefflelont, so de-
talled PES caleulations have beon pequieed in ordor to clarify the reasons for
this Inefliciency [126, 135]. Such calculations are sumarized In Figures 5.1-5.3,
where the potentlal eneegy surfaces starting feom the M~ 4+ OHs separated
reactants and leading to the products MOV 4+ Hs for the high- and low-spin
gtates at the BALYP/DIVP level of theory for Co™, Nt and Cu™ are shown
reapectively. Geaph 5.3 shows the evolution of the high- /low-spin relative ener-
ghes across the pow. The graphs given o this section are energles predicied st
the BALYT /DEVE level of theory except for the notoriously diffleult Fe case,
for which the COCSD{T)/ /BILYT level of theory was used.

Graph 5.3. Evslufion of the high-Alow-spin M + Ho0) relofine energics
with respect o the most stable MY + Hs( system across the row.  Ereepd
Jor Fe, where COSD{T)//BILYF volues were used, BILYP/DEVE predicted
energies are sfomn,

Generally the surfaces for the eactions of Co™, Nit and Cut are slmi-
Lar to those we have reported In previous chaptees, with the fisst step belng
the formation of the M{OH:)T oe-molecule complex. Theough TE1F, one
hydrogen atom I8 passed from oxygen to the metal, leading to the HM~0H
intermediate. Note that on the low-spln surfaces the HO oM OH intermediaie
liez only 0.062eV below the assoclated TS and the HNTOH minimum a
mere (L014eb . As discussed earlier, no HOW™ OH Intermediate exists on the
slnglet surface. Along ithe row the relative enecgy of this harrier on the low-spln
surface has augmented In pelatlve energy somewhat, with the exceptlon of Or
which shows an especially large low-spln barrer. The relative energies of the
high-spin T51% stationary poinis, too, Increase in moving from left to dght
along the row, as can be seen in Graph 5.
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Figure 5.1. BILYP/DEVP potential energy surface follvmng the Co™ +
Hyl) = Col)t + Hy reaction path. Energies given are in eV and are relalive
ta the separaled ground state reactants, Cot (3 F) + Hy 0.
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Graph 5.4. Euvolution of the kigh- Amv-gpin TS1T relative enevgies with
respect by the most stable MY + Ha) syslem across the row. Ercepd for Fe,
where DCSINT)//BILYFP values were used, BILYFP/DZVE predicied energies
are sl

Armentrout and co-workers[84) note that qualitatively the first barrier eor-
responding to the low-gpin TS5L™ In the Co™ 4+ Hof) meactlon should not be
higher than the energy of Co2DF 4+ 0. Our resulis are o accordance with
this sinee we obtain a valwe of 20701 for reaction (5.5) (see Table 5.5), and

predict that TS represents & baerler of (L6281 (see Figure 5.1).
The socomd bareber I8 assoclated with the second hydrogen transfer feom

cxvgen to the metal, TH2+, Through the early and middle teansition metals,
the gap hetween the high- and low-apin TS2+ statlonary polnts has decreased
along the row slgnifleantly. We find now that lor cobalt the high- and low-spin
states of T52+ are almost energetlcally degenerate and for nlckel and copper
there Is an lnversion, with the high-spin transition states bolng lower in eneegy.
reaph 6.5 plots the relative energles of these stationary polnts along the now.

Graph 5.5. Euwolution of the figh- Ame-gpin TS2T relative enevgies with
respect Lo the most sloble MY 4 Ha() system across the row. Ercept for Fe,
where CCSINT)//BSLYF values were used, BYILYFP/DZVE predicied energies
are sl
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Figure 5.2. BILYP/DEVP potential energy surfoce following the Nit +
Hyf) — Wi 4+ Hy reaclion path. Energies gven are in el and are relofioe
o the geparated ground stale reactands, Ni+t(2D) + H,0.
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It should be pointed out that the lowest hareber for the doublet TS27 In
the Wi case s a * A" state, while the HNiHOH specles has & A" ground state.
We give the lower bareior because movenvent of the B atoms should be Tacile,

openlng the possibility of dropping Into £ where the states can mix, The 24"
state les 012161 above the 24" TS+,

After owercomlng this maximum we fall to the floal Intermediate found on
the reactlon path, the {(Hy ) MO lop-molecule complex. Foe the low-spin cases
this complex bonding becomes steonger rom Oo (L4921 to Ca (0L73017),
continulng the obseevesd teend. Foe the high-spin complexes we found that there
5 & miplmum in the bond strength at the vanadium complex, and alterwards
this hond beeomes stronger n moving [rom left to elght along the row. This
aice pleture s heoken by nlckel, in which the * A" ground-state eomplex s hound
by only 00233V, 01206 weaker than the vanadiom complex.

Experimental results bom Armenteout and co-workers studylng the reverse
reaction, Coldt + Dy [84], found a barrler to reaction of .75 £0.0MeV. As seen
in Figure 4.1, our BALYP/DEVFE level of theory predicis a barrier 6005V
above the Codt 4 Do asymplobe energy.

From the { H) MO Intermediate, the loss of He prooeeds without transi-
tion state to the correspomding high- and low-spin MO and Hy moleciles.
The relative energies of the MO 4+ He products with respect io the most
stable M~ + H3{ system are plodted in Graph 5.6.

Graph 5.8. Evslution of the high-Aew-spin MOV + Ha relofice energics
iwth respect la the moat stable MY 4+ Ha sipstem across the row., Ereepl
Jor Fe, where CCSDT)//BILYF values were uged, BILYP/DEVP predicted
energies are shown,

For these metals clearly the surface crossings takes place near the TS
teansitlon state, that Is, at the exit channel, while this crossing was olserved
at the entrance channel for the Se — Mo metals and at both sites for iron.

Equilibrium geomeiry parametess foe the vaelous reactlon peoducts ave
ghven In Table 5.13.
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Figure 5.53. PILYP/DEVP polential energy surface following the Cu™ +
Hyl) = Culdt + Hy reaction path. Enengies given are in eV and are relalive
ta the separaled ground state reactants, Cuti(' S 4 OH,.
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Table 5.13. Egyulibrinm geomelry pommelers for the verious W™ + O3
reaction products of the BELYP/DEVE and BILYFP/TEVP+ G 2] lenels
of theory, Bond lengths are reported in A, bond angles in degrees.

BILY P/ DEVE B3P TZVP 0 3L, 2p)

Prodoct  Metal State  M-0)  M-H  Angle M0 M-H Angle

BT o T LT 1.706
A 1E4E 1.534
Mi A 1687 1.681
1A 1643 1.638
i A LTRR 1.775
T LENT 1.797
MHT o ‘A 1481 1.467
W 150 1.535
Mi T 1.414 1.415
Ia 1.474 1.485
i n 1488 1488
HMOT T T4= 1615 1451 Rd7 L399 L4355 857
147 160 1473 RLD 1585  1.483 B34
-r.' TA* 2T 130E  ITEZ LBAD 1540 173.8
BACHT o “AY LLTSE DBAD 1763 LTAR DB 125.01

1A 1L.731 NA7TE 1266 1.T26 (.05 125.83
Mi LA Leay 0OTe  124.2  1.GEE  L.OT2 132.4
AT L7ld 0eTe 1284 LT 0871 137.83
Cu AT LEG D884 1241  LEK 0577 1X3.3
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Chapter §

5.4 Conclusions

The reactlons of Jo*, Nit and Cut with water have been Iovestigated in
detall completing the study of the reactivity of the fest row transitbon metals,
Boil the low- and high-spin potentlal energy surfaces have been characterized
at the BALYT /DEVE level of theory, Energy differences between key low- and
high-apin specles and total reactlon energles for the possible produces have been
predicted at even higher levels of theory Including B3LY TP/ TEVP+0{34L.2p)
and COSDY T}/ TEVP 4G (3dL2p )/ FBILYP [ TEVP +((3dL2p).

From these data, the following conclusions are drawn:

L.

31

!'..1

The expected teends o the M{OH ™ lon-molecule disgoclation energles
has been well deseribed throwgh the row. BILY P/ TEVP G 3L
2p) appears o be the beat method fGiting the experimental data.

Slmilar performance [rom the BALYP TEVP+G(3dL2p) and COSD(T)//
BALYP lewvels of theary was obiained n comparison with experimental
data of high- low-sapin splittings on the metal catbons.

Whereas the only exothermle products of the M+ + Hy0) meaction bor
M=5c 10 ¥V were MO+ + Hy with exothermbeity decreasing lom Se to
V', sald reactions were endothermic for A =0r o Cu with endothermlelty
increasing through the series.

Ag In the Fet + Hy{) gysvem, less difference betwesn the high- and low-
splo structuees than In the early transitbon metal systems was observed
for the late transitlon metals. The resson [or this 5 that the high spin
Fet to Cut cations have at least one set of paired elocirons while the
Ee™ to Mn™ high-spin catlons do not.

Baoil, high- and low-spln potential energy surfaces eross onge In the en-
trance channel for 5S¢t to Mna™. Two coossings were observed, at the
entrance and exit channels, on the Fet potentlal energy surfaces. Fi-
nally, the surfaces of Co to Cut demonsirate one crossing, near the
exit channel.
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