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AYNAMIKH ENEPTEIAKH EINI®ANEIA: MIA OEMEAIQAHX
ENNOIA T'TA TH MEAETH THX XHMIKHYX AYNAMIKHX

XTAYPOX K. PAPANTOZ

Kévipo Ocwpnricric kar Pvoikrc Xnuetag, E6vikd Tdpvua Epevvev, Bao. Kwvotaviivov 48,
ABiva 116 35. Mdvun Siebbvvon Xnuikd wrua, Havemorruio Kprtns xar IHAA, Epevvyrico
Kévipo Kpritng, Hpdxlewo, Kprtn :

(EAMofn 23 ZerteuPpiov 1983, Avabewpnfnke 11 ZenteuPpiov 1984)

Mepidnyn

Y10 Gpfpo avtd avamTOGoOVUE TNV évvma'tng Avvopic Bvepyesiakic Emobvelag ko-
Big kol pebodovg ya Ty ovarapdoTach TOV SVVOK®OV ETLPAVEIDY UE AVOAVTIKEG GUVAP-
tioes. Ewdikotepa efetafovpe v péhodo avantukng tov Suvoukdv oe pig oelpd ToV
«MOAADV cmpdtOv» Tov £xel avantoxbel 6to mavemoThuio Tov Sussex To. TEAEvTAiO XPOVIQL
Ot ntopayOouEveg Suvautkés GovapTNGELG LoYDOLY Yt OAeg TIG TLPNVIKES datdlels koL ypnot-
uedovv 61N UEAETN TNG evOOULOPLaKTG SUVANIKTIG KAl TOV LOPLOKDY KPoOCEMV. Zuykekpuéva
napadeiypata divovrar ywa 1o O,, ClO,, ClO,, kot v aviidpacn Cl + O; — CIO + O,.

Aéteig - Khedia: Avvauxny Evepystakf Empavele, MéBodog moAADY SOUGTOV, TIIKAUGOIKT] UnYavt-
K1.

1. Ewcayoyn

H Avvouks) Evepyewekty Emgaveia (AEE) (Potential Energy Surface) eivar pia
and TG OTOLOAUATEPES EVVOLEG TNG LOPWIKNG QUOIKTC KOl XPNOLUOTOLEITAL Yia THV
TOLOTIKT] KOl TOGOTIKT EPUNVEIL TV LOPLakdV 1B0TATOV.

To. tedevtaio xpovia-n avamtoén newpouotikdv uebodwv, omeg n uébodog twv
poproxdv Seopdv’ (molecular beams) ka1  @acpatockonio pe Laser,? £yl emtpé-

- YEL TN PEAET T®V HOPLIKAV oLOTNUATOV OE wikpookomikh kAipaka. Tvykekpuuéva
AVAQEPOLUE OTL OE MELPAUOTA LE MOPLaKEG SEoueg i ynuikh avtidpacn unopel vo.
ueretnOei og kataotdoelg pakpd and ™ Bepuodvvauikm icopponia kot va Ppebel o
Towd LOpOT —MAEKTPOVIOKT), SOVNTIKT, TEPIGTPOPIKT T METAGOPIKH— T EKALOUEVN
gvépyeln anoBnkedeTal oto TPOlOVTO TIG avTidpaongs.

Ta mepduota avtd népa and T0.TELVOALOYIKO evBlPEPOV OV TapOVSLA{ovV OF
oxéon ue TV ovantuEn tov Laser kau T petagopd, anobikevon kat Gviinon g
gvépyelag GE LOPLY, QTOKOADTTOVY TN QUOT TV SUVAUE®V TOV QVOTTOCCOVTOL UE-
TaED TOV aTéu®v 6’ &va HOPLIKO GLOTNUA. :

H avtictoyn Oswpntiki meptypagn tng Kpovong ATOU®Y Kol nopiov 1| popiov
ue pop arartel tn Avon tng eicwong tov Schrédinger ywa to cvothua Tov N mo-
pRvVeOV kair n nAgktpoviov. IapoAn tnv ciclodolio TOV QUOKOV KATd To TPdTO
¥POVIO TG Enodviong the kPavtounyavikig ofuepa avayvopiletal 6t pio akpifig
Avon 1tng popakng eficwong tov Schrédinger eivor mpaxtikd adbvorn.
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Muw mpdtn mpoctyyion otn Advon avtod Tov TPoPAAUATOS TV TOAADY cwud-
TOV €val 0 SxWPoUOg NG MAEKTPOVIOKTS AT TNV TLENVIKA Kivnon AGY®m NG
Srapopdg nalog petakd mopfvov kot nAektpoviov. Avti eival 1 npocéyyion Born-
Oppenheimer® (B—O0) kat onuaivel 6Tt 1@ NAEKTPOVIAL TPocapudlovy Tic BécEg Tovg
axoploic o kGBe petatomion tov Ttopivov. Me aGAla Adywr urnopodue vo vrobésov-
ue 61t m xivnon TV Tupfivey opiletat and To dvvauiko nedio wov dnuiovpyodv Ta
niektpévie. H kivinon avth kareitar adwPatikn. To nAektpoviaxd medio ivar ov-
VAPTNON TOV «GYENKOY OROCTACE®V» TOV TLPHVOV kot KoAeital adioBatiky Avva-
wikn Evepyeroxny Emedveaia. O Fritz London?® ftav 0 Tp@dTOG TOL TOVIGE TN OMua-
oia tov adwfatikdv AEE ot pehét tov ynuikdv. aviidpicewv.

.0 vnoroyiopéc tov Avvauikdv Evepyeiaxdv Em@aveidv pe ab initio uebédovg
yivetar pe ™Mv aplBuntiki Adon g niextpoviakng egicwong tov Schrédinger mov
npovrobétel v VrapEn peydAwv niektpovikdv vroroyistodv (H/Y). o éva tpur-
TOMIKO GVLOTNUA 1] UVOULKT EVEPYELRKT ENLPAVELR Elval GLVAPTNOT TPLOV UETOPAN-
TOV (Yo mepadetypo tov Tpldv anostdoemv petatd tov nupfivev). Edv n nisktpo-
vigk™ gvépyela vroloyiletal yio 10 onueia o€ kGBe petaPAnti 161€ anorrovvror 10°
vrohoyiouoi ywr va &yovue pio apBuntikni neprypaon g AEE. Mg tnv mapovoa
exvoroyia t@v H/Y vroloyiouoi avtod tov peyéfovg mapauévovv éva @ihodogo
TPOYpPaUNE TOLAGYIGTOV Yl uépler UE yNUkd evdla@épov. Amd tnv GAAN pepud M
perétn g dvvautkng (n uehétn g kKivnong Tov TLPHVEOV) ARNALTel TOV LTOAOYLICUO
oV Svvoutkov yia éva peydio aplBud mvpnvik®v Bécewv. Eivol eavepn Aowmév M
avaykn éxepaong tov AEE pe avolvtikéc GLVOPTNOELS.

Ta televtaio eikoot ypovia pie onuaviikfn gpsvvnTikf Tpocndben éxel katev-
Bovlel oV gvpeon KATAAANA®V cvVOPTNOLEKDOV POPEOV Ol Omoieg avamapdyovv
ab initio vroloywonovs kabmg Kot mEpapATIKE SEdOUEVO YL GLYKEKPLUEVEG MAEK-
TpOVIoKES KaTooTAoES.” -

' £70 @phpo avTO EMYELPODUE TNV TOPOVLSIACT UEPIKDV POCGIKGY EVVOLDY TOL TO-
[ia NG YNUIKAC dvvauikic kabOC Kat TNV TEPIYPUPR WG oVSTNUATIKAG 1EBOSOL
Y10 TNV KOTOCKELT) avoALTIK@OV TOAVATOUIKOV SUVOUIKDY ENLPAVEIDY TOV EXEL AVO-
ntoxBel oto IMaveriotiuo tov Sussex Ta televtoia xpovia and tov J. Murrell kai
tovg ovvepyateg tov. H pébodog Baciletor otmv avantovén tg AEE oe pia cepd
noAAdv cwpdzov. Ta dvvaukd averapdyovv téco Bempntikd 660 Kot TEPAUATIKE
Sedopévo ptog Hoplakfig Katdc‘smong Tkonog NG npooTabelng avThG dev gival uévo
N KOTAOKELT TV Suvamxwv ‘oLVapPTACEDV, TOL otnV Tpakn molAég popég amodet-
KVOETOL Va ‘givadt éva apketd dvokoro TPOBANUA, oAAG 1 pedétn Tng Svvaukhc opt-
SUEVGV YMUWKOV cvotudtov. Me autdv 1oV TpOmO UTOPODUE VO KATOGKEDAGOLUE
poviéda mov vo TEPLYPAEOLY YMUIKES aVTIOPACES T| Vo UEAETHGOLUE TN XPOVIKT
eEEMEN evOg popiov 4tav avto dieyeipetar o VYNAES EvepyElaKkES KATAGTAGELS Yo
nopaderypna pe oktwvoPforio mov skméumstar ond éva Laser.

It Bihoypaoia 110N vradpyer évag onuaviikog aptBudg epapuoydy g pedo-
dov, kuvpiog dvvapka yur v Bepeluddn kaTdoTACN TPLITOUKDOV HOpimV, TTOL E-
xovv katackevacBei and v oudde Tov Sussexs oAAd ko and GAAES epeLVNTIKEG
ouddec.” Enopévag eivar dbokoro 610 ovvtopo avtd Gpdpo vo kalvyoope SAeg Tig
€QUPUOYES TNG. Ava@épovpe UepKd napaﬁswuata T oMo AV KL OYL TPOCPATH.
gvTovTOlg KatdAAnAa yw vo Seifovv T xpnowwotnta g uebodov.
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H opydvwon tov kewpévov éxer g eEfig. "Exovag v’ 6ym avayvdotes mov dev
givat eEotkelwpévol pe 1o medio 6TV ROPAYPAPO 2 MEPLYPLOOVUE GLVOTTIKE TNV £V-
vowe g adwPatikic AEE. Xtnv napdypogo 3 avontdccovpe tn pébodo tov
TOAADV-COUATOV Y10 TNV KOTOCKELT) AVOALTIKGOV SOVOUIKOV ETPAVEIDV EVR £Qap-
 poyég g uedodov Sivovtar oinv mapdypago 4.

2. MaOnpatikn Oeperioon g AEE

INo pio Aemtouepf| nopovoioon g .mpocsiyyiong B-O o avayvdotng pmopei va
avatpéiel ota apyikd dpfpa.’ Enedn opong motevovus 611 0 podnuatikds @opuaii-
oudg eivar o kaAvTepog TpoOTOG Yoo TOoV 0piofid g Avvauikfig Evepyeakic Emoad-
VEWG GtV mapdypago avth Sivovue TG anapaitnieg uovo eElomoselg. Me avtov tov
TpOTO T} TPOCEYYIOTIKT GOON KAl ot mepropicpol g Evvolog tng AEE anocopnvi-
Covtat

Ot karactdoelg evog OLOTANATOS N-NAEKTPOVIOV UE GUVIETAYUEVES T, i=l,..., n
kar N-ropfivov pe covietayuéveg Ry, 0=1,..., N vnohoyifovtar and tn xpovikd ave-
Eaptntn eticwon tov Schrodinger: '

AY (, R) = EY (r, R) \ ¢}

A civar o un-oxetkiotikdg Hamiltonian tedestig kau eivar to d9poiopa tmv tele-
GTOV NG TVLPNVIKAG KIVNTIKTG EVEPYELAG, THG MAEKTPOVIOKNAG KIVNTIKNAG EVEPYELRS
kot Tov Svvauikod Coulomb: :

A=Ty + T +.C ¥))

AQuipdvtog Tov TEAESTR TNG TLPNVIKAG KIVITIKAG evépyetag and tov mAnpn Hamil-
tonian teleoth emiTLYYGvOLUE TOV NAkTpoviakd tedesth He, tov onoiov ot diocv-
“vaptioeg @, kot dotipég Uy eEaptdviol TopapeTpikd and T GOVIETAYUEVES TOV
nopnvev kat divoviar and v ekicwoon

H®D,(; R) = Uy(R) D, (r; R) 3

Mg Tov 6po mapaueTpikd evvoodus 6t  ekicwon (3) emAbdeton €9° 66ov 1 Béon twv
nopfvov, R, éxel dobel. O ovvaptiocelg @, oxynuatiCovv éva opbokavoviké cOvoro
(complete and othonormal) kot enouévae anotelovv pio Bdon otnv onoia N KLUATL-
K1 ovvapinon ¥ avonTOooETOL.

¥(r, R) = Y'®y(r; R)2y(R) @

Avtkodiotavrag v (4) oy ekicwon (1) kot nonnlactdCovwg 7o dVo pEAN ™G
oyxéong mov TPOKUNTEL UE Ti cLVOPTACES Dy Kt OAOKANPGHVOVING ®G TPOG TIG
NAEKTPOVIOKES ouvrswypevsg KozaAnyoope ¢” £va cOvoro oAokAnpodiagopikdv ekt
COHGEMV,

{Tnuc +U,(R)—E}lxy(R) =
F (<(Dv'lTnucI(Dv>:<(Dv's ITnuc I(Dv>) (%)

v, V= 1’,...,00
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To bekld uérog TﬁQ ekiowong cvuBorilel uio CUV(iancn 10V OAOKATIPORATOV
<¢'V»lTnuc!<Dv> ,<(Dv»l’Tnu1/2 l o>

¢ mpog T1g NAekTpoviakés ovvietayuévee. H mposéyyion B-O emtuyydvetar pe to
va vroBécovue 6Tt T ohokAnpduate avtd givor undév. Me dAla Adye M neTaBorn
G Miektpoviokng kvuatoovvaptnong @, eivar aocfiuavin ue 1ig ueTaToNicEg TV
nopHvev (adofotikh  uetafoln). Kata?myooua Aownov o’ éva obotnua un ovlevy-
uévev dlagopikdv sétcmcawv

{Tnuc + Uv(R)}Xv : Exy .v=l,..00 | (6)

Amd 1o mapandve yivetor cagég 0Tl otnv mpooéyywon B-O ot nhextpoviokég
wWoevépyeteg U, (R) ntaifovv 10 poho tng dvvapikig evépyelag otnv kivinon tov mo-
pivaev. Ot U, givar cvovaptioceg (3N—6) uetapAntodv (3N—5 yio ypaupikd uopue)
kot opitoov pia vrepemipdvein o dva IN—5 (3N—4 yia ypouuikd pdpra) draocta-
oceav ydpo. U, eivar n adofatikny Avvapikn Evepysiokny Enwgavela yio. tnv niek-
TPOVIOKT KATACTAON V.

I'ae Swtoukd pope to dovoukd U, eivar ovvaptnon wog uetofinthg, g
andotaong uetaEd tov mupfvev. Lto tpiatoukd popw n AEE givor ovvaptnon
POV PETAPANTOV EVD Y0 TETPAATOUIKE CUGTAUATE O YMPOG TV TLPMVIKGOV BE-
cewv givorl eEadidotatog.

XN uehén TV uopwkdv kpovoewy M eEicwon (6) udévo ya mold onkd ovoti-
pata unopel va enthofel. T aL1O O NEPLOCOTEPEG MEPIMTMOOELS EQOPUOLOLUE TNV
nukiacoikn (quasiclassical)® unyavikfy yio ™ pedétn tng dvvauikng. Itn uédodo
avti) 1 AEE ypnotuonoteitatl Yo Tov bmoAOyGHO TV SUVAUE®V TOL GTATOVVIOL
otnv enilvon tov eficdcenv Hamilton.

Yndpyoov neputtdosl 6mov 10 OLOKANpdOUATE TNG uop(png <<I) ITm,c |(I> >
dev eivar apeAntéa ko n npootyyion B-O madst va woydel. Avtd ocouPaivel otnv mne-
pintwon mov dovnTikég KATaoTAoElg Kelviar ninoiov M pie tng GAANG aAld avi-
KOOV Ot OlQopeTikéc mAskIpovieké kotootdoes. Tétowr eivar 1o Qavoueva
" Renner-Teller® yio ypoupixd popw kar Jahn-Teller!® yo un-ypouuikd popio. Ta @at-
vougva ovtd kalodvror un-adwpotikd ka &xsl Ppedel 6T evronilovian oe o mepto-
plouévn mepoxf tng dvvaukng empaveing. Toéte n npocéyyion B-O napéyet to
TPpOTO PAua otn Avon t€toiwv npofAnudtov. I'evikd LTOPODYE VO woyvprobodue 6-
T éva peydAo pépog tng ymueilag katavositar ota mheicio tng adwPatikfg AEE.

3. Avalvukég Avvapuxés Evepyeiaxés Emoayeeg

O vnoloyopdg pag AEE pe ab initio peBddovg yiverar pe v enilvon tng nie-
ktpoviakng ekicmong tov Schrédinger, sEicwon (3). Avto sivan to épyo tng kfavi-
kA¢ ynueiag. Ab initio em@aveleg Exovv emttevyBei uovo yo pepikd andd puopua 6-
nwg ot Beushddeig nhektpoviokéc katactiosg tov Hy, H,F, ko HF,.!! T1ig nepio-
00TepEg TEPNTOOELS ab initio vroAoyiopoi yivoviar poévo Yo éva mepPLOPLOPEVO
apBud nopnvikdv SiotdEewv Evd N GLVOAKT LOPPOAOYIO TNG VREPEMIPAVELAG OV~
mepaiveTal and MEPAUATIKE amoTteAéonota.
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Eivol mpdypatt xpnoiLo UAGvVTAS Yo SUVaUIKEG ETLQAVEIES va £XOVUE GTO VOL
TN YE®UETPIKA Ek6Ve. Mia emgdvela otnv onoia eupavitovral eEoykduata, KoAo-
reg, nediades kabhdg xar dAla tomoypogikd yapoxtnpiotikd. I'vadon Aowndv wiog
AEE onuaivel Tov gvtomiond kat TEPLYpaen OA@V TV akpOTaTOV onueiov -cng ov-
VapTHONG.

DuouaTOCKOTIKES UETPTOES TaPEXOLY TANpoYopieg Yo TG otabepéc UOPEES
TOV uopiwv Ol OTOIEG AVTIGTOLXOVV OTA EAAYLOTO TNG EVEPYEWKNG Em@dvewag. ITet-
pauoTe XNUWIKAG KIVNTIKAG ATOKAADTTOUV TV Drapén 1 un EVEPYEWRK®OV @payudT®V
(energy barriers) mov avticTolyobv o€ coyuatikd onueio (saddle points).

Mio avoAbTikiy covaptnon mov xpnowonotsitar yia v xatackevn wog AEE
npénel va eKTANpPEl TIg TOpaKGT® GLVONKES.

1) Mpéner vo TpoBAénel T0 6OTA AOLUTTOTIKG Opld. LAV OCLUTTOTIKG Oplo TOL
Svvautkov opifetar n LopPN TOL TOAIPVEL OTOV ATOLAKPVUVOLLE GTO GTEPO Eva T
TEPLOGOTEPA. GTOUO TOV pOpiov.

2) Mpéner vo. avarapdysl Ola to Bewpntikd kol melpapatikd dedopéva.

3) Aev mpéner va Seixver vmontn pop@oroyia ot mupnvikés datafelg mop dev
vrdpyovv dedopéva. Ia mapdderyna n HrapEn evdg ehayiotov Tov dev Exel Tpo-
BAeBei Bewpnuikd 1 mepapotikd o éxave ™ AEE pdAlov aveElomoTn.

4) Eav oto poplo vrdapyovv dvo 1| mePLGCOTEPA OUOLL GTONO 1) GLVAPTNON TPETEL
Vo EXEL TNV avaloyn ovTiuetabetikn ovppetpic. Xtnv opohoyia tng Bewpiog TV
opddwv onuaiver 611 1 cLVApTNoN Tapéyel uio oAkd coppetpikn (totally symme—
tric) avonopdotacn ™G ouddog cvuueTpiog.

Mio Tomkf aVeALTIKT OVOTAPACTACT TG SUVOUIKTAC EVEPYELEC OTO GTUEiR 1G0pP-
pomiag (onueia elayictov) uropei va yiver pe pio avartuEn oe oeipd kotd Taylor.

1 1 U
U= % (aRaR) ARAR;+ — kl, ( 9RR; aRk)0 ARARAR

’ + .. ’ ' N

omov AR;=R;— RY xau Roi eival Ta pikn deoudv oto onueio wwoppomiac. Xt @a-
ouatockorio N eEicwon (7) ypnowomnoteitar Yo TV €Opeon Tov TEdIOL dvvauenVy
(force field) mov opilerar and Tig mapaydyovs ™ U oto onueio icoppomiag.

H npd avoAvtikfq popen mov RepLyplest OAo 10 X®po TOV TLUPTVIKOV datd-
Eewv mpotddnke and tov London* yia n Bepeliddn mAekTpoviakm katdotacn tov
ovothuatog H,. Ov Eyring ko Polanyi’? gypnowonoincav tov @opualicud tov
London kotd £va MUEUTELPLKO TpOmO Yia T peAétn tov ocvotfuatog H + H, xau é-
dettav v OrapEn evog caypatikov onueiov. TToAd apyotepa o Sato™ mapauetpiko-
noince t ovvaptnon LEP (London - Eyring - Polanyi) eiodyovtag pio napauetpo n
Omoio AvVaTaPTYayE TNV EVEPYELX evepyomoinong (activation energy) tng avtidpaong.
H pébodog apydtepa tpomomolffnke pe TNV €100YOYTN TEPIOGOTEP®V TMAPAUETPOV
Kat £xel ypnowonombel Y@ TNV KOTACKELH SUVAKOV EMPAVELOV NE EVEPYELOKE
opaypata, H,F*, HCL. To kdpto petovéxtnpo Te@v covaptficenv LEPS eival o ut-
kpoc apdudc TOV TOPOPETPOV TOL EIGEYEL, TPAYMA TOL KAVEL TN CLVAPTHON UM
wavi va avanopayel Thv noAdrAokn popeolroyia tng AEE onwg avth eugoviGetat
OTI XNUIKG EVOLAQEPOVGES TEPLTTMOOELS.
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H dvvatomta tng enéktacng g cvvaptnong Morse, mov Katd kOpov &yl Xpn-
cporomfei 6NV KATACKELT] OLVAUIKOV KOUTVADV Yy STOMIKE uopia, GE TPLOTO-
K@ cvotAuate £xel katd npatov diepeovndel and tovg Wall ko Porter.' O gpev-
VNTEG ObTol EIGTYAYAV TNV TEPLCTPEPOUEVT KaumoAn Morse. H mpoteivouevn ov-
vaptnon éxer xpnowponomndel eniong oe cvvdvaoud pe ™ pébodo spline ye tnv
npocapuoyt} ab initio vrodoyioudv. H texViKN Tapovcidlst 0pKETE UELOVEKTIMATO
onmg 1M dvokolia tng va enektadei o TpEG dootdoelg kobhe ko 6 moAvaToutkd
pop: To TOPOYOUEVO duvaulkd £XOLV CCLVEXELES.

"AAAeg cLVOPTNOLOKEG LOPPEG OL OTToieg OUmG BEV IKAVOTOLOVY pio 1 TEPLEGOTE-
peg amd Tic cuvbikeg mov mpoavagépoue Exovv mpotebel otn PifAoypopic.

Mio cvotuotikn uéBodog yie TV KOTAOKELT) TOAVATOUKAOV dVVAUIKDY ETLPO-
VELOV OV V& EKTAN POV Tig cuvBiikeg 1-4 givar  pébodog g avantuéng g AEE
oe pio oelpd TV TOAA@V cwudtev (many-body expansion).®

Vasen = Z fo” + ZVA[;2) (Rpp) +
A AB

+ YV, Ry Rpes Rep) + e + VO o®) (8)

ABC

\4 ,i” glval n EVEPYELD TOL aTOMOVL A 6TV MAEKTPOVIEKT) KATAGTOON TOL TOPAyETal
amouakpovovtog 1o dtouo adofotikd and To poplo. Xovibwg opilovpue tn undevi-
K7 EVEPYEWD OTAV OAo 1O Gtopa givar dywpiopéve KoL TN Geushtmﬁn TOVLG KATA-
oTOOT OTOTE TO GHpPOIoPE TRV GpAV TOL 1-0OPATOC Eivar undév. V4 AB ) givar n Sove-
WIKT) EVEPYEWDL TOV 2-COMATOV T Omoie &ival cuvapInen NG andcTacng Tov dvo
atépwv. H aBpoion exteivetor ndve o’ 6Aovg toug duvatong Siatoukovg cuvdva-
opovg. V ABé’ givar m evépyewr Tov 3-copdtov. Kdbe tétolog 6pog npénel vo unde-
vitetar 6tav éva and to Tpia dropo amouokpovlei oto dnepo. To dBpoioua exteive-
1Ol TAV® 6° GAoug ToLg vaatoﬁg TpLoTOpUtkovg cuvdvaouove. o éva popo pe N
Gropa o teAevtaiog 6pog VN n kndeviletar ue v anoudkpovon evég M meptoco-
TEPOV OATOUOV.

H eticwon (8) anokaAdvntel auéowng éva onuoviikd mAgovéktnuo g pebodov.
"Anag ko £xovpe opicetl o dotopkd dvvopikd atd propolbv va ypnotponoindovv
OTNV KATUOKELT TPlatopikdv duvaukdv. To ido toyxver yie o duvauikd tov 3-
COUATOV TOL UTOPOVV Vo YPNoLLOTOINHoBY GTNV KATAGKELT Sta(p()pmv TETPUOTOUL
kov AEE.

H cvovaptouaxni popen mov emhéxfnke yo v meptypoon tov 6pov g ei-
cwong (8) eivar n &ng:

ABC..

v® = PR) T(R) , ®

P eivan ouviABog éva molv@vnuo pe 6povg uéxpt tetdptov Babuov tov omoiov ot
GUVTEAEOTEG Y PTOLUOTOLODVTOL OOV TAPEUETPOL Y10 TNV OVOTGPOY®YRH TOV dedoué-
VoV, :

3 N
P (s, S5 S3) = Co F D Cisy +
i i=1
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3 3 3 .
Docisisi X CikSisikk + D CijkisiSjsks (10)
21 izj>k Ik2j>i
omov
0

R‘; opilovv TV yemuUETPio avaQOPAs WG TPOG TNV ONoid HETPODVTOL Ol HETOTOTICELS
TOV TUPRVOV. Zav TETolr YEOUETPIO ava@opds UTOPOLUE vo. opicovue TO onueio
woppomiag tov popiov. T eivorl pia cuvaptnon mov divel 6To Suvaukd T COOTH
ACVURTOTIKY counepteopd dniadn T—O0 eav pia and Tg uetaPintéc teivel oo &-
TELPO.

Ot 6pot TV 2-coudtov £(0LV TN HOPOR:
Vg (R)) = — D¢ (1+c r+c,ri+c,r’) exp (—c,r)

r=R,—R, (an

D, civar n evépyelo deomdcemg kot Re 10 uikog deouod oty KatdoTOcT 1G0pPO-
niag tov popiov. Eivaw @avepd 6Tt €dv ta dtopa A ko B amopakpuvlody ce peyd-
Aeg anootioeg (R—eo) 0 exBetikds dpog teivel 6To undév kon emopévarg V, P—0.
Ot oVVIELESTEC TOL TOAVMVANOL C;, C, KOl C; avanapdyovy To nedio Juvauewv Tov

popiov OnWE aVTO6 LTOAOYILETUL GMO QPUOUUTOCKOMIKEG METPHOELS.™
e tovg 6povg VO kabig kot avidtepovg povg £xel Bpedei 6Tt n cvvapTnoLok

Hopon
N B
T =1 (1-—tanh——%ZL—) (12)
i=1

i=

emPBaidel tnv emBounti ACLUTTOTIKT CLUUTEPLPOPA. Y; EIVAL OL TAPAUETPOL TTOV ETL-
TpEMOLY TNV UPAVIoN T um gvog evepyelakol epdypatos oty AEE. H kivnTikf pog
xNULkAG avtidpaong eEaprdtol onuavtikd and v vropén evog TETOLOL YAPOKTNPL-
oTIKoD NG SLVAUIKIG EMPAVELDS. ‘ :

Katd v avéntoln e pedodov ot 1dontepdnteg xébe ovotiuatog Bordnoay
otV enilvon Swpopov tpofAnudtov dtwg MV katdAANAT EMAOYH TOV oLVTETAY-

* Ané tov J. Murrell éxet Snuiovpynbei tpanelo TAnpogopidv mov mapéyel PAcUATOoKOTIKG dedouéva: .
KatL avoAvTikég cVVapTRoELS Yo To Suvopikd g BepeMddovg kot Sieyepuévav KeTeoTacEnY TOAADY.
Setopkdv popinv. Avtiypago avtig g Tpanelag TAnpopopidv vrapxel ket otov H/Y tan.Have-
motnpiov Kpimg.
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HEVOV Yla popla Tov tomov A,, A,B ko1 ABC. O1 Aentopépeieg éxovv Sobei ota
oyetikd apbpo kol dev cvintovvrol-edd.

4. Egappoyss -

Tav pia mpdTN £@oppoyf TG nebddov TV TOAADY coudtov teptypdpovue pia
avoAutikiy covaptnon ywe ™ Oeuehiddn kordotoon tov 6Lovrog.!’
To O, dwondtar ovppwva pue mv eicwon:

0,;('A) — 0,(Ly + OCP) (13)

1 onoia opiel v acvuntopatikn counepipopd g AEE. H dvvouiks covéptnon
divetar otov mivaka 1.

- IMMINAKAZX I: H dovapixfy evepyelokn covdption ya  Oepeliddn n?»smpov&mcﬁ KOTAoTAGT] TOD O-
Covtog. Ot povadeg evépysiag eivar og eV kar ot povadeg pfkovg sivar oe A.
Lav yewpetpio avagopdc opitetat &ve womhevpo tpiyovo pe RO = 1.5698 A.
Vo,=Vo,(R) + Vo (R) + Vo (R) + V(Q;, Qs Q)
V,OP(Ri) =—5.21296 [1 + 3.75374r] exp (—3.75374r)
r=R;— 12074
V;=(P +G) (I —tanh 4.6 Q,/2)
P = 8.7066 + 6.5822 Q, + 13.9106 Q3 —17.1931*
Q3+ QY ~ 3.1421 Q,(Q}+ QY + 2.6323*
Q;(Q3—3Q7) + 13.9659 (Qf + Q¥F

G = —3.0 exp [-7.5(Q%+ Qd)]

Q,(A) 1B \/lﬁ V173 R,—R¢

Q,(B) = | o viz - yin R,— R}
Q,(B) \/Zﬁ - \/176 - \/% R3“Rg

O 6pog TV 2. -coudtov, V (2), avanapdysl 10 eacuatockoniko nedio duvauswv
G670 onueio 1coppomag OV popwucou o&vydvov evid 0 6pog TV 3-coudTov, V (3)
avanopdyeL:

1) Tnv merpapatikd ekTiUnuévn evEPYElD, KO YE®METPio, TOV popiov ©To oTuEio
1ooppotiog,

2) 10 @aouatookomiko nedio Svvauewmv, |

3) toug BewpnTikodg vroloyiouods g uetactabods KoTAOTOONS TOL HLOVTOS e
D;,, ovpuetpio, xat
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4) and TEWPAUATO XMMKAS KIyNTIKAG 0AAG ko1 and ab initio vroloyiopodg dev éxet
Sroamotlel onuavtikd gvepyelokd @payua xatd tn ddoracn Tov popiov, TANPOQO-
pia. mov avamapdyegor omd tn cvvaptnon yw Cg ovuperpies.

To moAvdvnpo ex@paletal 6 GLUUETPIKEG CLVTETAYUEVEG, TOV EivVal YPApUIKOL
oLVSLAGHOT TOV OXETIKOV anoctdoemv R;. Me avtdv tov tpdno eEacpalriletor i -
nopEn TOV TPLOV EAAYICTOV GTNV LTEPETLPAVELL TOL TTapdyovTal and TG ueTabicelg
TV 0TopOV 0&vyovov. H kaAdvtepn uéfodog yio va eAéyEovue T cvviptnon eivat
n veouetpikf. To oxfua 1 deiyvel TG 1008V VANUIKEG KOUTOAES TNG LTEPERLPAVELNS OL
omoieg kotaokevafovial and v kivion &vog atépov o&uydvov youpo and £vo po-
pio O,. Adym cvppetpiag Tov duvapkod g Tpog tov dfova v Y 1 cvuvaptnon
vroroyiletar ndvo oto éve tetapTnudplo tov gmmédov. Alakpivovus to ghdyloto
NG EMGAVELLS TOV OVTIOTOLXEL 6T0 onueio wapponiog Tov Oy. To devtepo erdyioto
nov Ppicketar Tave otov GEova Tov Y anekovilel to petaoctabés D, 6Lov. Znuov-
TIKO YOPAKTNPIOTIKO TNG JLVAIKNG EMLPAVELLG EIvVaL T} ELQAVIOT, EVEPYELOKOL QpPay- ‘
HOTOG KOTA TNV Kpovon evog atouov ofuydvov Tave o éva uépo O, katd uAKog
tov dEova tov Y (C,, ovppetpia). To opdypa undeviCetar kabbg n diebBovon kpov-
ong arouakpdverar and tov dEova tov Y.

31

~2

Y/A

X7 A

IXHMA 1: Iooévvam‘xég KOUTBAES inc AEE tov O;.
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To dvvauikd &yxel ypnoiponombel otov LTOAOYIOUO TOL SOVNTIKOD QACHOTOG
tov O, pe TN pébodo twv Whitehead xou Handy. Ot xvporocvvapticelg avontdo-
covtal ot pia Bdon 80 cvvopticenv TOL apuovikod toAovioth. Ta anoteléopota
Sivovtar oto mivako g avaeopdc [17] 6mov cvykpivovial pe TIG TELPAUATIKES TL-
HEG. :

To. psoMoTikG ovTd poptokd dvvoutkd enttpérovv pio Pabdtepn perétn tng ev-
Sopopuakmg (intramolecular) dvvauikng. Mio tétow pehétn £xer yiver ywn 1o O, kat
SO..'* Eddm dev eivar duvatdov va avartdfooue tmv avoykaeio fewpio v onoia o
avoyvootng uropel va Bper otn BifAoypagio mov nopéxetal.'® 2 Mapakdtm eniyst-
povue poévo TV nopovsiaon opouévov evvoldv kobdg kot tnv ékbeon pepikdv
anoterecpdteV To omoin amodelkviovy TV KATOAANAGTNTA TV LOPLOKAY duvoput-
KOV gtn peAétn avtod tov Hépatoc.

YNV KAQGOIK UNYQVIKT Ol KIVIGES TOV TLupAvev o Eva poplo Ppickovtol
LTOAOYI{OVTUG TNV TPOXLS TOL GLGTANATOS GTO XMPO TOV CUVIETAYUEVOV KOL TOV
opuav (paocikog y®pog). To oynue 2 napovoldlel Tnv Tpofoin uag TéTolng Tpo-
x1ig yie o SO,.'* H kovovikotnta Tng kivnong anodvkveieton eniong vrodoyifov-
Tag Tov petaoynuatioud Fourier tov opudv 6nov gu@avifovtol ot YopoKTnpLoTIKES

0.50—

-.50
250

IXHMA 2: Mia wmkny qunepiodiky tpoyid tov SO,. To axr]’ud napiotd Ty mpofodrj- tng tpoyids ato
eninedo (Q,, Q;) - Q;, Q, €ivar 01 kKavovikés dovnTIKES GVVTETAYUEVES TOV UOPIOY Kal avTioToi(ovy o7ig
dovijoeis tdoews.
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cvyvotnteg ToAdvtoong Tov popiov (oy. 3). O quneprodikég tpoyléc (quasiperio-
dic) anoxaAvntovv Vv Onapén TV otabepdv Kiviiong TOL GLGTAUATOG TOVL WTO-
povv va kxBavrobovv e Toug xkavoves twv Einstein, Brillouin ko Keller.? 2! Mg av-
020}
016 |- _ a
o012}
I(w)

0.08

004

0015

0012 - ' b

0.009

[tw)

0006

T

0003

006

004
It

Q02

o 1 ] 1 ]
(1] [ ) 02 03 o4

‘wleV)

YXHMA 3: Eva tomxo gpdoua numeplodikis tpoxids.

10 TOV TPOTO 1 KAQOOIKT UNYXOVIKT] EMTPENEL va LIOAOYIGOLUE TO dOVNTIKO PacLO
tov popiov. Amoterfopata yio 1o SO, divovtor oto mivako II.
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MINAKAZ II: o, sivat ot nuikhaooikég evepyelokés S10.9opég YEITOVIKOV SovnTikdV emmédov Tov po-
piov SO,. wg &ivar ou avtioTolxeg kBaviounxovikés Tiuéc.

ViVaVa ) W ®q
100 0.1420 0.1414
010 0.0647 : 0.0638
001 " 0.1690 0.1686
200 0.1404 0.1397
020 0.0639 0.0629

002 . 0.1678 0.1672

Apouotikf cAlayf mapotnpeitor 6TV kivion Tov popiov kabmg 1 evépyeln Tov
ovotiuotog avgavel (oy. 4). H tpoyud napovoidlel yaotikn counEPLPopd KoL ival
amoTéleoua TNG Un apuovikoTnTag Tov duvaukov. H otoyaotikn, onmg aliidg ka-
Aeiton, kivnon €xel cav amotéleoua TNV TaXED avokatovoun TG EVEPYELWNG UETAED
Tov dpdpov Bobudv ehevbepiog Tov popiov kol emopévmg dikaloAoyel T oTOTL-
GTIK CUUTEPLOOPE OpLoPéVEV duvoulk®v cvotnudtov. H uetdfaon and v nuure-
plodikf otN ¥eoTikn kivnon mpofiénetal and 1o Bedpnuo tov Kolmogorov, Arnold
kot Moser.!® Tétoieg peréteg emrpémouvv v €pevva tov. Pacikdv vrobicemv 1oV
uoplkdv oTaticTik®v fewpidv?? (onwg 1 RRKM) ot omoieg mailovv éva onuavtikd
pOAO oTN UEAETN NG YMMIKNG KLVNTIKAG.

Ayotepo katovonth ival N duvapk CLUTEPLPOPE TOV KPOVIIKOV GOOGTNUA-

tov. To Béua avté omacyolei ™ tpéyovoe Epevva.? 2728
-8 —
’ Q3 -
—1' S
7 ] | ] 1 l 1 i 1 1 ‘ i 1
ety @5 1.5

IXHMA 4: Xaotixij 1 otoyaotiky tpoyid.

"Eva. aAho mapdaderypo kotackeving AEE ue tn pébodo twv moAldv coudtov &i-
vor 1 BepeMddng kotdotoon tov ClO,.2* H apyikd peAetnuévn ynuikn évoon &xet
C,, ovppetpio. ‘Oumg ot Benson kot Buss? €yovv deifet 6Tt M acvupetpikn nopomn
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CIOO eivan Bepuodvvapké octabepotepn and v OCIO aAld kivntikd actodfg. To
oxnue 5 deixvel 1o kKOPL YapoxTNPGTIKG Tov dvvaukov. To popro ClO keitar nd-
vo otov aEova tmv X. Ta ghdyiota mov Sakpivovial aviietoyody o1 d0o otade-
pég douég tov ClO,. Aev npofAémetar dvvauiké opayue yw tn didomacn tov po-
piov oeg CIO xar O.

o c FI Bl N TR T L L ! | L
-3s5 -25 F -15 -0.5 05 15 EDC 25 35

)
X/A

LXHMA 5: Ioodvvauikés kaunvies yia 1 Geuehicddn xardoraon tov CIO,.

‘Bva. and to mAeovektAuate tng uedédov Tmv ToAAGY cmudtov eivor 0Tl uro-
POVUE VO XPTCLUOTOLCOVUE TO OUVOUIKE TPLATOUIK®V CUCTNUATOV GTNV KOTO-
OKELT] SvvaukdV TETpoaTolK®Y popiov. ‘Evo tétowo mapaderypo sivar to ClO,;. H
Oepeliddng nAektpoviakn katdotoon Tov tprotedion Tov yhwpiov, A, adaPotikd
oyetifetar pe ta akdrovBo mpoidvia Sidomacng:

Clo; — CI1¢P) + O,(*A) — O(CP) + CIO,(*A)
— CIO (1) + 0, (%) (14)
O avudpdoeig opilovv Kar 10, ACLUTTOTIKA Oplo. TNG GYVEPTNONG
6

3
Voo, =X Vo, R) + X VP (R +
i=1

i=4
3
+ ) V‘C)IOZ (R;, Rj, Ry) +
ijk=1.24

+ Vo_fS) (R4s R57 R6) + V(‘i) (Ria i=1, ey 6) (15)

cio,
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Ot 6pot Twv 2— ko 3— coudtov sivor Swbécwot and ta dvvaukd tov O, kot
ClO,. O 6pog 'V(‘::)lo, avamapdyst Tnv evépyewa kat yeouetpio tov ClO, kot bivetal
oy avagopd. [26].

"Exovtag pio avelvtikn covaptnon yuw to dvvaukd tov ClO; pmopovue va pe-
Aeticovus ™ dvvoukn yNuikoOv ovidpdoenv Tov Aaupavoovy XHpa TAVe GTNY EmL-

eave. Mia evBlogépovoa avtidpaon eivar n
Cl + O, — ClO + O, (16)

MictedeTar 6Tt Ta aAoYOvVO TOV EKADOVIAL GTNV (V® 0TUOGPOLPA AT TO AAOYOVOD-
xo Blounyavikd TopRCKELACUATO KATAGTPEPOLY TO OLov yU' avTd Kol M avTidpooT
(16) éxer molvovlnndel ta televtaio xpodvia.

H perétn g aviidpaong (16) pe v kPaviikn Bewpio eivar adiavontn pe my
napovce katdotoon tov H/Y. Axoun kor yi kpovoeg oe Oepuikéc evépyeleg o
apldudéc TV KOTAGTAGE®V Tov mpénel vo Anefodv vr’ oyn oty avanTuén g Ku-
LOTOGLVEPTNONG Eivol TGO ueyGAog mov Kavel TEToloug VToAoYonobs dhoKoAovG.

Avtifeta n nuxiacoki Bewpia tov Tpoxtdv® Exel epapuochel ue apkerf emttv-
yio. Zopgova pe aotf 1 péGodo oL TLPTHVES KLVODVIOL LE TOVG VOUOLS TN KAQLGGL-
KNS umyoVvikig 610 duvauiko medio mov meptypdetol and v adwPotikn NAEKTPO-
vigkt evépyewn. Ot apyikés cvvlnkeg yua kdfe tpoyid opifovrar katd Tétolo TPOTO
hote vo aviietolyoby o1ig kPaviikés KataoTdoeg Tov popiov, g€ ov kot 0 6pog
nuikiacoikyn. Mio avaloyn nuikiacown kBdavtoon yivetar 6to TEAOG NG TPOXLEG
Y0 TNV 0VAALGT NG KOTGGTOONS TOV TPOIOVIOV NG aviidpaons.

O vnoloyiouog ueyeddv mov Gueca cvYKpIvovTal e TEPAUOTIKG anoTeAéonaTa
amatel ThV OAOKAHpwon £yOg ueydiov apbuod tpoyidv. Mapdia avtd n uébodog
gokolo. propel va enektafel oe TOAVLATOUIKE GCLOTAUATO KOL OE KPOVGELG GTOV
TPLoOACTUTO YO PO.

Me v nuikdacotkn uébodo tov Tpoxidv £xovue vroloyicet TNV gvepyod duato-
p (cross section) ing avtidpacng (16). Ot otafepéc TOYVINTAS GLYKPIVOVTAL UE TIG
avtictolyes mepopatikés oto nivaka II. H ovpgovia peta€d nepapatog kot Oew-
piag deiyver 6Tt n AEE napéyet £€va ikavomomTiké MOVTELO yua TNV TEPLYPOQT NG

MINAKAZX III: Ot otafepés tayxdtntog tng aviidpaong Cl+ O; — CIO + O,.

kx 101
T/K cm®molecule'x IMepapatixés Tiuég
s—1
200 1.00 1.00
220 1.07 1.10
300 1.34 1.36
600 2.11 "2.58

(16). ’A?OLsg AEMTONEPELEC ONOC T KATAVOUT TNG EVEPYEWRS GTOLG ddgpopovg PBabd-
pnove elevbepiag tov mpoidviwv divovial oto mivaka IV.



AYNAMIKH ENEPTEIAKH EIH®ANEIA 121

TMINAKAZ IV: H xotavoun tng EVEYEIRG 010 TPOIOVIE NG avtidpoong
(Cl+0; — ClO+0,).

Oeppokpoocia OMk Aovntixi Haplo?”mplxﬁ Metagopixmn Mobpo
Evépyewa Evépyewa Evépyeio Evépysa

wx e gm o tm bg G0

I e - S e A—

T e - e = - —.

0K 19— —— o,

5. Zvpnepaopata

H perétn g ynuikiic dvvoknig otnv npooéyyion Born-Oppenheimer nepilap-
Baver to e€ng dbo oTdd:

1) Yrnohoywouo tov AEE ka1 v arc(ppacm TOV OMOTEAECUATOV PE TN LOPPT AVEAL-
 TIK®V CLVOPTHGEDY,
2) gniAvon tov eloGoemv Kivnong.

Mg v mapodoa npdodo tov H/Y goiveton anibavo av oto Gueco usMov o
unopécovpe vo vmohoyilovpe ab initio duvapikés emipaveleg yr oxeTikd pEYGAa
TPLOTOMIKG KOl TETPOOTOMIKE ocvotiuate. Hueunepikég uébodot, onwg avth tov
noAGV coudtov, 8o sivol amapoitnTec Yoo TV KoTavonon g SUVOUIKTC TOV Uo-
piov. H péBodog mov &yovue avantoéel éxel spappoclei e apketd TploTopikd Koi
OE LEPIKG TETPOOTOWIKA LOPUL OVTMOG mOTe va £xel anodexdel n yevikdtntd mg.f

‘Ocov agopl 1o devTEPO 6716010 TPEMEL va Tovicovus 0Tt pio axpiPig kPavioun-
xavikn ueAétn g duvapuikig Tov popiov rapausvel £va dbokoho mpofinua. H é-
PELVO. OUMG eV £xeL yivel pe mv nuikAecowkn pébodo Tov tpoyldv £xet anodeifel
OTL 1 KAQOOWKTN unyavikn napéyet pie koA npocéyyion OTI TEPYYPAPT) TOV KPOD-
otwv Bapéov couotdiov.*

H nuwdaocowmn Beopia tov tpoyidv £yl kataotel pia 1o(LpN VTOAOYIOTIKY TE-
AVIKN YO TNV EPELVO TMV UOPWIKOV- KPOVUCEDV.

Summary

Potential Energy Surface: A fundamental concept for the study of chemical dynamics
S.C. Farantos

In this article we develop the concept of Potential Energy Surface as well as we
refer to methods for representing the potential surface with analytic functions. In par-
ticular we review the “many body” method which has been developed by J.N. Mur-
rell and coworkers. The idea of expanding the potential as-a-sum-of 1—, 2—, 3—,
k—body terms offers a systematic way to build up potential functions which are valid
over all nuclear configurations. Each term is constructed by theoretical ab initio cal-

*Ipoogotn epevvntik SovAstd swoxnm aKopun MEPIGOOTEPO TO GLUTEPAOUD OVTO. 27-30
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culations and from data obtained by molecular spectroscopy and chemical kinetics.
2-body and 3-body terms constructed for triatomic molecules can be used in the po-
tential energy surface of tetraatomic molecules and so on. The produced potentials a-
re useful to study intra-molecular dynamics and molecular collisions. Specific exam-
ples such as O,, ClO,, ClO, and the reaction Cl + O; — CIO + O, are given.
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NEW DITHIOCARBAMATE COMPLEXES OF MOLYBDENUM-(II),
-(III), IV) and (V)
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Summary

The synthesis of a number of coordination compounds involving the ligands 2-methyl-, 4-
methyl-, 2,6-dimethyl-piperidinedithiocarbamates with molybdenum chlorides in various ox-
idation states of molybdenum [Mo(II), Mo(III), Mo(IV) and Mo(V)| is described. The
stoichiometry of the new complexes corresponds to the formulae Mo, (Rdtc),, Mo (Rdtc),,
Mo (Rdtc),Cl,, -Mo (Rdtc),Cl, Mo (Rdtc),Cl,, Mo (Rdtc);Cl,, where Rdtc are the title
ligands. The new compounds have been characterized by physical and chemical methods. The
stereochemistries of the new complexes have also been discussed.

Key words: Dithiocarbamate complexes, Molybdenum (II), (III), (IV), (V), Spectroscopy IR, UV, visible
of dithiocarbamate magnetic susceptibility, thermogravimetric analysis.

Introduction

The coordination chemistry of molybdenum has attracted a lot of attention
because of its ability to exist in various oxidation states to form metal-metal bonds
and to offer a wide variety of stereochemistries.

In the literature only a few examples of simple molybdenum dithiocarbamate
complexes are known.'''> Most of the reportéd compounds contain oxomolybdenum
groups.

The main purpose of the present work was to establish the geometry of the
dithiocarbamate complexes with the molybdenum in different oxidation states. We
report in this paper on the preparation and study of a range of molybdenum com-
plexes in different formal oxidation states (II-V) with 2-methyl, 4-methyl and 2,6-
dimethyl piperidinedithiocarbamates. These complexes have the general formulae:

Mo, (Rdtc),, Mo (Rdtc);, Mo (Rdtc),Cl,, Mo (Rdtc),Cl, Mo (Rdtc),Cl,,
Mo (Rdtc),Cl,, where Rdtc are:

CHg

{ Necss 2-methylpiperidinedithiocarbamato, 2mePmedtc
HsC O -css” 4-methylpiperidinedithiocarbamato, 4mePmdtc
CHa
( Mecss 2,6-dimethylpiperidinedithiocarbamato, 2,6dmePmdtc

CHy
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Experimental

Physical measurements were made as described previously.!# All reactions were

conducted under. a dry dinitrogen atmosphere using Schlenk’s tube technique, in
predried solvents.
Synthesis of the complexes: The complexes were obtained by reacting the
corresponding molybdenum chloride and the dithiocarbamates in the appropriate
molar ratios in CHCI, or CH,Cl, solution. After stirring the mixture for 1h at room
temperature, the reaction mixture was filtered to remove the insoluble sodium
chloride. The filtrate was concentrated in vacuo to a small volume and the complex
was precipitated with petroleum ether. The compounds which precipitated were
washed exhaustively with petroleum ether and dried in vacuo.

Results and Discussion

The formulae of the new complexes, the results of the elemental analyses and
their colour are listed in Table I. It becomes apparent that the oxidation state in-
fluences the coordination number of molybdenum and possibly affects the mode of
coordination of the dithiocarbamate ligands. -

It is well known that in most dithiocarbamate complexes the ligand is coor-
dinated to the metal through the one or both the two sulfur atoms.

A reliable criterion 522 for establishing whether dithiocarbamates are bonded in a
mono- or bi-dentate fashion is the splitting of the characteristic bands due to the
v(C==N) and v(C==8) stretching vibrations.

The most relevant bands in the ir spectra are given in Table II. The frequency of
the stretching vibration of the v(C-==N) band is situated between the frequency of
the simple (1300 cm™') and the double (1650 cm~') C-N bond. Upon ligation of the
-dithiocarbamate this band is shifted to higher frequencies. In addition a splitting of
this band normally imply monodentate character of the dithiocarbamate ligands.
Further evidence on the mode of coordination becomes from bands assigned to (C-S)
stretching vibrations. Whenever the C-S bonds are equivalent a single band appears
at about 1000 cm~!. Changes in the strength of either bond results in splitting of this
band and appearance of doublet at about 1010+10 cm~! and 980+ 10 cm™! reﬂectmg
the non-equivalence.

The values of frequencies for the v(C==N) follow the trend of decreasing fre-
quency which has been reported for some molybdenum-oxygen complexes with the
same ligands."

4mePmdtc > 2mePmdtc > 2,6dmePmdtc

From the data of Table II it becomes apparent that in the complexes under in-
vestigation the mode of coordination is not unique. Thus in complexes corresponding
to the formula Mo, (Rdtc),, Mo (Rdtc);, Mo (Rdtc),Cl,, and Mo (Rdtc),Cl, the
dithiocarbamates coordinate as bidentates whereas in Mo (Rdtc),Cl and Mo
(Rdtc),Cl, complexes both modes of coordination exist simultaneously.



TABLE I Analytical data.

% H

% N

% S

% C % Cl % Mo colour
Mo(2mePmdtc),Cl, 30.60(30.51) 4.68(4.36) 4,95(5.08) 22.87(23.52) 19.53(19.34) 17.75(17.34) | brown
Mo(2mePmdtc),Cl, 36.14(36.57) 5.28(5.23) 5.97(6.23) 27.48)27.86) 10.47(10.30) 14.40(13.93) brown
Mo(4mePmdtc),Cl, 31.31(30.51) 4.48(4.36) 5.32(5.08) 23.12(23.52) 19.12(19.34) 17.50(17.44) brown
Mo(4mePmdtc),Cl, 36.41(36.57) 5.17(5.23) 6.52(6.23) 27.39(27.86) 10.21(10.30) 13.52(13.93) - violet
Mo(2,6dmePmdtc),Cl, 32.57(33.18) 4.79(4.84) 4.61(4.84) 21.68(22.12) 17.94(18.40) 16.80(16.59) brown
Mo(2,6dmePmdtc),Cl, 39.20(39.39) 5.78(5.74) 5.69(5.74) 25.87(26.26) 9.51 (9.71) 13.31(13.13) brown
Mo(2mePmdtc),Cl, 31.96(32.62) 4.50(4.66) 5.28(5.44) 24.39(24.85) 12.84(13.79) 18.64(18.64) brown
Mo(4mePmdtc),Cl, 31.95(32.62) 4.38(4.66) 5.24(5.44) 23.95(24.85) 13.46(13.79) 18.66(18.64) brown
Mo(4mePmdtc),Cl .37.62(38.56) 5.30(5.51) 6.46(6.42) 28.75(29.38) 5.49 (5.43) 15.30(14.69) violet
Mo(2,6dmePmdtc),Cl, 35.15(35.40) 4.99(5.15) 4.74(5.15) 23.12(23.57) 12.89(13.07) 17.72(17.68)  dark brown
Mo(2,6dmePmdtc),Cl 40.81(41.41) 6.34(6.04) 5.89(6.04) 27.32(27.61) 4,96 (5.10) 13.58(13.80) ' violet
Mo(2mePmdtc), 39.81(40.77) 6.13(5.82) 6.86(6.79) 20.49(31.06) - 15.20(15.53) brown
Mo(4mePmdtc), 41.46(40.77) 6.08(5.82) 6.84(6.79) 29.96(31.06) - 15.64(15.53) brown
Mo,(2mePmdtc), 36.92(37.83) 5.17(5.40) 5.97(6.30) 28.39(28.82) — 21.20(21.62) brown
Mo,(4mePmditc), 38.77(37.83) 5.63(5.40) 6.24(6.30) 28.87(28.82) - 21.20(21.62) brown
Mo,(2,6dmePmdtc), 39.89(40.67) 5.71(5.93) 6.04(5.93) 27.16(27.11) - 20.20(20.33) brown

A- ‘Al ‘O T WHNEIGH'_X"IOW 40 SEHXITdNOD ALVIAVIIVIOIH.LIA
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TABLE II: Selected Infrared Spectral Data (cm_l).

Compound v(C=N) v(C=8) v(Mo—S) v(Mo—Cl)
2mePmdtcNa 1615s 1490s 1010m  960m

4mePmdtcNa 1647s 1490w 980s 962m

2.6dmePmdtcNa 1635s 978s 945s -

Mo(2mePmdtc),Cl, 1510vs. 1000m 400m 340m
Mo(2mePmdtc),Cl, 1510vs  1490vs 1000w 975w 390m 310m
Mo(4mePmdtc),Cl, 1520vs 9555 - 390m 325s
Mo(4mePmdtc),Cl, 1540vs 1510vs 975s 965w 400m - 350m
Mo(2.6dmePmdtc),Cl, 1465vs 980m 380w 325m
Mo(2.6dmePmdtc),Cl, 1480vs  1460vs 1005w 975m 380m 325w
Mo(2mePmdtc),Cl, 1530vs 975s 375w 350w
_ Mo(4mePmdtc),Cl, 1540vs 960vs 385m 325s
Mo(4mePmdtc),Cl 1510vs  1490vs 1020w 965s 400m 355m
Mo(2.6dmePmdtc),Cl, 1495vs 990m 405m 360m
Mo(2.6dmePmdtc),Cl 1480vs  1467vs 1013w '988sh 390w 340s
Mo(2mePmdtc), 1490s 1450w 1000s 965s 390w —

Mo(4mePmdtc), 1485vs  1455vs 1005s 975s 370w -

Mo,(2mePmdtc), 1455s 980sh 400w -

Mo,(4mePmdtc), 1490vs 975vs - 405m —

Mo,(2.6dmePmdtc), 1465s 980m 405m —

The most far ir spectral barids of the ligands are practically unchanged in the
complexes but there are also new bands in the region 380-400 cm~! and 310-
340 cm~! which may tentatively be assigned to v(Mo—S) and v (Mo—Cl) modes
respectively.

The electronic spectra in the region 10000-45000 cm~! are given in Table III. All
the complexes are coloured exhibiting either one or two broad absorptions?'?* bands
in the visible region. These bands are very weak and therefore are assigned to partly
forbidden d-d type transitions. There are also maxima in the region 38.5-18 kK.
Some of these maxima are quite intense and are very likely due to the charge-
transfer transitions (M—L or L—M) or to transitions localized on the ligands
(L—L*). ’

The absorption bands at 22.0 and 26.0 kK in the complexes occur as shoulders
and are not easy to resolve due to the overlay of the intense charge transfer bands
around 30.0 kK. The electronic spectra for the sodium salt of the ligands exhibit
bands at ca. 28 kK, ca. 35kK and ca. 38 kK (Table III). The bands which appeared
in the region between 22 and 30 kK are absent from the spectra of the free ligands

-and tentatively are classified as charge transfer.

Thermal decomposition data are listed in Table IV. The thermogravimetric curves
have not shown any initial mass losses until 125°C i.e. no trace of solvent retention.
Overall weight losses show good agreement between the theoretical and the observed
values thus confirming the compound stoichiometries. Thermal decomposition of the
complexes involve two or three stages. The presence of chlorine atom in the com-
plexes was indicated in the first stage (of weight losses on thermogravimetric curves).
Losses of the organic fragment was followed in the next stages, a residue mass
remained around 500°C.



TABLE III: Electronic spectra of the molybdenum complexes.

Compound Band I Band I Band III&IV Band V Band VI Band VIII  Band VIII Band IX
2mePmdtcNa 38.02 35.34 28.57 -

4mePmdtcNa 38.31 35.71 28.57

2,6dmePmdtcNa 38.46 38.34 27.78

Mo(2mePmdtc),Cl, 36.76 - el 257 2151 18.94 - 14.29
Mo(2mePmdtc),Cl, * 36.76 32.57 25.13 22.22 21.74 18.97 16.67 13.92
Mo(4mePmdic),Cl, 37.74 — 28.57 22.99 2141 19.23 17.09 14.08
Mo(4mePmdtc),Cl, 38.76 3247 25.00 22.99 21.46 19.05 16.67 14.18
Mo(2.6dmePmdtc),Cl, 36.63 — 223(7) 22.22 21.51 19.23 15.75 14.29
Mo(2.6dmePmdtc),Cl, 37.04 3247 287 25.52 21.46 19.05 16.00 13.33
Mo(2mePmdtc),Cl, 37.45 - 28.17 21.50 — - 15.32 13.25
Mo(4mePmdtc),Cl, 37.88 ~ 28.17 22.99 21.60 19.05 - 13.79
Mo(2.6dmePmdtc),Cl 37.45 — — 22.62 21.41 18.98 - 14.39
Mo(4niePmedtc),Cl 38.91 32.79 26.32 — — 18.87 15.15 —
Mo(2.6dmePmdtc),Cl 36.63 32.49 25.00 - - 18.98 16.81 —
Mo(2mePmditc), 37.45 — 25.00 - - 18.12 — -
Mo(4mePmdtc), 38.02 - — - - 18.02 - -
Mo,(2mePmdtc), 38.02 - - — - 18.02 . —
Mo,(4mePmdtc), 39.68 — - - 21.65 18.18 - —
Mo,(2.6dmePmdtc), 36.50 - — - C = 18.69 - —

A- ‘AIF ‘T ‘T- WANFAGATONW 40 SAXATINOD ALVAVIYVOOIHLIA
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TABLE 1V: Thermogfavimetric Analysis.

Temperature

residue 450°C

31(32.2)

Weight Loss (%) Probable
Compound range (°C) obs (calcd) Fragmet
125-185 5(12.9) cl
185-207 6 cl
‘ CHg
207-270 21(19.38) < ;u-c ’
" Mo(2mePmdtc),Cl, .
' ' 318-335 6(6.49) cl
. CHg
335-450 15(19.38) v < N: -c
residue 450°C 46(40.69) MosS,
125-187 10(10.3) 2Cl
187-270 15(15.94) 2 H3C-< N-CS
Mo (4mePmdtc),Cl,
330-450 15(15.94) HgC N-C
residue 450°C 34(32.51) MoS,
115-150 5(5.43) cl
'150-270 27(33.6) 2H3c.< v N: -c
Mo(4mePmdtc),Cl .
330-420 22(16.8) |-|3c< N-C
residue 450°C 45(44.07) MoS,
125-170 5(5.1) a
CHg3
170-253 38(35.7) 2 < N: -c
CHg3
Mo(2,6dmePmdtc),CI : CH3
320-390 26(27.03)

N-CS,
CHj3

(]

MoS,
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Table IV continued

129

Temperature Weight Loss (%) Probable
Compound range (oc) obs (ca.lcd) Fragmet
125-217_ 10(9.71) 2C1
CH3
217-280 34(33.92) 2( N-C
Ha
Mo(2,6dmePmdtc),Cl, CH3
340-450 26(25.72) N-CSo
CH3
residue 450°C 30(30.64) MoS,
125-220 13(13.07) 2Cl1
CHg
220275 - 30(28.73) { 'N-cs
. CHg
Mo(2,6dmePmdtc),Cl, ——CH3
315400 27(28.73) N—CS
. CH3
residue 500°C 30(29.44) MoS, '
' CH3 .
120-285 22(24.18) 2< N: -c
CHg
Mo,(2mePmdtc), 300-650 25(24.78) 24 N-C
residue 650°C 52.5(50.45) Mo, S,
120-285 23(24.78) 2 H3c { N-C
Mo (4mePmdtc), 300-560 25(24.78) 2 HC N-C
residue 650°C 51(50.45) Mo,Sg
CHg
125-250 12.5(13.14) < N-C
CH3
CH3
Mo,(2.6dmePmdtc), 300-650 41.5(39.42) 3 < N:' -c
— CH3
residue 650°C 46(47.46) Mo,S, )
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Complexes of Mo(II): The reaction of molybdenum dichloride with the aforemen-
tioned dithiocarbamates give only one type of complexes formylated as Mo, (Rdtc),.
Even in the presence of excess dithiocarbamate the ligation is limited to two groups
under these experimental conditions. Molybdenum (II) complexes are usually
stabilized by metal-metal bonds or by unsaturated ligands.?> 26 No monomeric com-
pounds of molybdenum (II) with saturated ligands are known. Each molybdenum
atom is coordinated to four ligands, so the metal atoms become four-ligated. Conse-
quently ligands have a marked preference for bridging Mo-Mo bond producing a five
membered ring.

The existence of -Mo-Mo bond is supported by a number of X-ray structure
determinations?”- 28-and Raman spectral investigations®-3! which have shown that
such strong interactions occur in Mo (II) compounds. The metal-metal distances are
shorter than expected for single bonds. This agrees with predictions of Cotton’s’? 3
qualitative molecular orbital treatment that the metal-metal bond order should max-
imize ‘when four types of orbital overlap exist simultaneously (o-, n- and &-type
overlaps) for the d* electronic configuration. One consequence of a metal-metal bond
in these complexes is the pairing of odd electrons and the quenching of the
paramagnetic suspectibility. Magnetic measurements have shown that the compounds
are diamagnetic.

The complexes decompose in a two-stage process with the second stage in-
variably greater than the first. The first stage corresponds in the separation of one
organic fragment, following from the removal of the remaining three.

On the basis of the results presented the most likely structure of the Mo, (Rdtc),
complexes is given schematically below.

\

\/ M:\s
s\cj;s/ \
AP

C\H

The Mo,S; residue resulting from the thermal decomposition enhances the argu-
ments for the proposed structure which is analogous to dimolybdenum tetraxanthate
complexes.?®
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Complexes of Mo (FHI): The compound MoCl, has been used as starting material
to prepare Mo (Rdtc), as described in the experimental.

The frequency for v(C==N) in the series of Mo (IIT) complexes is quite low being
located at 1500 cm~!, indicating that the ligands in the complexes are bridging. The
latter statement is supported by the fact that the complexes are diamagnetic. These obser-
vations rule out a structure similar to other six coordinated metal comiplexes. Struc-
tural studies which have been carried out on an extended series of M (Dtcb) com-
plexes (where M = Co, Fe, Mn) all show distortion octahedral geometry. This is in
common with other compounds having structure analogous as mentioned by Mitchel
and Scarle’* for Mo (Rdtc), complexes.

Attempts at preparing Mo (Rdtc), Cl and Mo (Rdtc) Cl, complexes starting with

MoCl, and the sodium salts of the ligands using similar procedures have proved un-
successful. The instability of products may have prevented their-isolation.’
- Complexes of Mo (IV): Two series of complexes formulated as Mo (Rdtc), Cl, -
and Mo (Rdtc); CI were obtained from the reaction of solution of, MoCl, in
chloroform with ‘the sodium salts of 2-methyl, 4-methyl amd 2/6-dimethyl- pipe-
r1d1ned1thlocarbamate according to the general reaction:

MoCl + antcNa — Mo (Rdtc)n Cl,_, + nNaCl n=23

Attempts to prepare Mo (Rdtc)4 by the reaction of MoCl, with the sodium salts
of the dithiocarbamates resulted in all cases in the isolation of the tris derivatives
Mo (dtcb), Cl.- However -‘Nieuwport® et al. have obtained the tetra-derivatives
Mo (Rdtc), complexes by the oxidative decarbonylation of Mo (CO), and Brown’
isolated the complex Mo (S,CN(CH,),;), from the reaction of ammonium
tetramethylenedithiocarbamate and *molybdenum tetrachloride.

In Table II are listed selected peaks attributed to absorptions of stretching vibra-
tion of certain groups, following previous-lingsiiof.assignment.’> The Mo (Rdrc), Cl,
complexes exhibit one absorption band, single, medium or strong at ca. 1000 cm™!
and a second very strong band at ca. 1510 cm~. The position of these bands in-
dicates that the dithiocarbamate ligands are bidentate. This behaviour contrast has
observed for the compounds Mo (Rdtc), Cl which exhibit a splitting of the peaks in
these regions indicating that the ligands in the complexes are unidentate. All the
complexes are diamagnetic.

The electronic spectra of Mo (IV) complexes exhibit the characteristic bands of
dithiocarbamates and they are interpreted on the basis of pevious assignments3®
(Table III). A group of sharp high intensity bands was assigned to intraligand transi-
tions. Broad low-intensity bands between 14-20 kK were assigned to d-d transitions,
and some additional bands were considered to arise from charge transfer between
ligand and metal.

All the complexes of Mo (IV) decompose in a three stage process with first stage
the loss of chlorine. The next two stages involve the loss of the organic fragment.
The decomposition is complex in character as the stepped weight losses from the
thermogravimmetric curves involve thermal breakdown of the ligands and different
residues of molybd-num-sulfur products.
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Complexes of Molybdenum (V): In a previous study®’ we reported the reaction of
molybdenum pentachloride with the sodium salt of some dithiocarbamates. It was
shown that this reaction leads to complexes formulated as Mo (Rdtc), Cl, and
Mo (Rdtc); Cl,. With a similar reaction we isolated the analogous molybdenum com-
plexes of the title ligands. The stoichiometric formulae of the new compounds are
presented in Table I. Relevant Mo (V) complexes [Mo (S,CNM,),| X (X =Br, 1)
have been prepared by oxidation of [Mo (S,CNMe,),| with the appropriate halogen
and were characterized by magnetic e.s.r. and ir. spectral measurements.>®

It may be noted that in the IR spectrum of the complexes formulated as
Mo (Rdtc),Cl, appears a single band at ca. 1520 cm~! and ca. 1000 cm~' attributed
to v(C==N) and v(C=S) respectively, both indicating the presence of bidentate
dithiocarbamate ligands. As it is seen from Table II splittings of these bands are ob-
served for the complexes of the general formula Mo (Rdtc), Cl, indicating the presen-
ce of unidentate dithiocarbamate group. The metal-sulfur stretching mode is found as
a medium band at ca. 390 cm~' and the metal-chlorine band at ca. 325cm™'. -

The electronic spectra show bands of low intensity at ca. 14 kK which can be
assigned to a d-d transition. The shoulders at ca. 19 kK and 22.5 kK may be of d-d
origin intensified by borrowing from charge transfer bands. It is not ‘clear whether
the charge transfer bands below 28 kK in the dithiocarbamate complexes are M—L
or L—M; however the d-d transitions are obscured and this suggests efficient mixing
of the metal and ligand orbitals.

The magnetic moment of the complexes of Mo (V) at room temperature is
reduced substantially showing a binuclear formation. Rather similar dimers.with
other dithio-acids have been described, and for the dimeric compounds a sulfur-
bridged structure was proposed.

Based on the results obtained in this study, the structure proposed for the com-
plexes Mo (Rdtc), Cl, is essentially a pentagonal bipyramide. This is a commonly
found ligand arrangement for 7-coordinated metals. The ligand arrangement entails
four sulfur atoms and one chlorine atom in the same plane as the central atom
whereas the remaining two chlorine atoms occupy equatorlal position on the apices
of the pentagonal bipyramide.

For the complexes Mo (Rdtc), Cl, five S-atoms are in the equatorial plane, the
remaining sulfur atom favoring the dlmerlc form of the complex. The two chlorine
atoms are arranged at the apices resulting in 7-coordination.

The proposed structures of all these complexes are supported from their thermal
decoponsition process (route). All the complexes of Mo (V) decompose in a three-
stage process except of the complex Mo (2me Pmdtc), Cl; which decomposes in five
stages. The residual product for all the complexes is MoS,.

Mepidnyn

Néa diberoxapBamdncd ovuniora tov podvBdawiov -II), -(III), (IV) kar (V)

H mnapackevny tov SibsokapPfapdikdv counddkov tov poAvpdaiviov otig
ofedotikcés katastdoelg Mo(Il), Mo(IIl), Mo(IV) kot Mo(V) éyive pe tnv enidpacn
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oV yhopdyov ohétov MoCl,, MoCl;, MoCl, ko MoCl, ota avrictoyxa
SifsiokapBapidikd dAotae tov 2-pueBvrominepidivo-, 4-ucbvrominepidivo- kot 2,6-
SipeBurominepidivo, SifstokopPamdixod vorpiov.
O1 yevikoi tOmol TV, anopovobdiviov coundokeov eivat:

Mo, (Rdtc),, Mo (Rdtc),, Mo (Rdtc),Cl,, Mo (Rdtc)3C1 Mo (Rdtc),Cl; xa
Mo (Rdtc);Cl,. H pedém Toug €yve pe Sidpopec pacpatockomikés uedddovg (IR,
UV-Vis) ot cuvﬁuacuo ME TN payvntikn emdektikdtnTa ko TN Oespuootabuikh
avaivon. Ta omo-relscuam ™G HEAETNG aurng £0eiEav o1l To ovumAoka Exovv
Simupnvikny doun pe yéoupeg Beiov.
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Résumé

On décrit la synthése des nouveaux amides de I’ acide phénoxyacétique. Les produits 5
ont été obtenus par I’ action des S-alcoylcystéamines et homocystéamines sur les dérivés chlo-
rés de phénoxyacétyle correspondants dans du chloroforme en milieu alkalin (Na,CO,). L’ ét-
ude comporte la définition de la structure des produits.

Les produits nouveaux sont analogues au Meclofenoxamide et au Clofenoxamide et sont
déja soumis au test preliminaire pharmacologique.

Key Words: Phenoxyacetamides, S-alkyl cysteamines and homocysteamines

Introduction

La synthése des esters et des amides de I’ acide phénoxyacétique et de quelques-
uns de ses derivés substitués! a donné naissance a une nouvelle classe de composés
qui agissent sur la base du cerveau et qui s’ appellent «regulateurs métaboliques». C’
est ainsi que le Lucidril 1 (meclofénoxate, X=0O) préparé par Thuillier et Rumpf*’ s’
est révélé trés actif comme stimulant du SNC et a été utilisé avec des résultats
spectalulaires dans des cas de dépression, de confusion mentale, de coma et de déli-

rium trémens’.
CaHs
0
Cl OCH"sz-X-—(CHz)zN/ HCI
. \C,H; .

L x=o
X=NH

Tandis que cet ester posséde une intéressante activité stimulante sur le SNC, les
amides isostéres 1 (cloféxamide, X = NH), présentent, selon les mémes chercheurs,
une variété d* autres propriétés biologiques®.

+ Deceased.
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Le remplacement de 1’ oxygéne par du soufre conduit & des composés isostéres,
dont des esters et' des amides® que nous avons eu I’ ocassion de synthétiser et d’ ét-
udier dans notre Laboratoire. Ces produits possédent une action dépressive intéres-
sante sur le SNC. Par ailleurs certains esters basiques et certains amides de I’ acide
thymoloxyacétique®'® agissent plutét’ comme des hypotensieurs que comme des ane-
sthésiques locaux, analgésiques, ou stimulants du SNC.

Sur les considérations, nous avons entrepris la synthése de quelques dérivés de I’
acide phénoxyacétique et de cystéamines et homocystéamines de formule générale 5.

Chimie

Les amides § (Tableau I), ont été préparés a partir des dérivés substitués de 1’ a-
cide phénoxy acétique 3. :
Ceux-ci ont €té obtenus a partir des phénols substitués correspondants 2 par action
de I’ acide chloracétique, en milieu alcalin'’!2

Les alcoyl-cystéamines et homocystéamines utilisées ont été déja préparées com-
me nous I’ avons précédement décrit'‘. En les faisant réagir avec les chlorures 4 nous
avons obtenus les produits définitifs 5. Cette réaction a été effectuée selon la méthode
de Schotten-Baumann en utilisant une solution chloroformique de chlorure de I’ acide
phénoxyacétique substitué, en milieu alcalin (Na,CO,).

OH OCH ;COO0H(Na )
. C1CH ,CO0Na R? s0C1 .,
R - ——
R’ r!
= 3
OCH ,C0C1 UCH;CONH(CH,)nSR'
R? HN(CH:) SR’ R
1
R R1
4 5 :n =200 3

R1: Cl, Me,- t-Bu

R?-= H, 2-C1, 3-Me
Schéma 1. R' = Me, Et, i-Pr, n-Bu.
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TABLEAU 1
No - R! R2 R n Rdt . F°C FORMULE
% MOLECULAIRE
1 cl H CH, 2 60 - 8991  C,H,CINO,S
2 cl 'H C,H; 2 60 8485  C,H,CINO,S
3 cl H i-pr 2 65 87-88  C,;H,,CINO,S
4 Cl H n-Bu 2 75 7172 C,H,,CINO,S .
5 cl H CH, 3 75 150-152  C,,H,,CINO,S
6 Cl H C,H, 3 85 52-54  C,,H,CINO,S
7 cl H i-Pr 3 65 59-60  C,H,CINO,S
8 cl "H n-Bu 3 85 62-63  C,,H,,CINO,S
9 Cl 3-CH, CH, 2 90 7678  C,,H;CINO,S
10 cl 3-CH, C,H, 2, 90 58-59  C,,H,,CINO,S
11 Cl 3-CH, i-Pr 2 83 . 5253 C,,H,CINO,S
12 cl 3-CH, n-Bu 2 80 48-49  C,H,CINO,S
13 cl 3-CH, CH, 3 73 50-51  C,H,;,CINO,S
14 cl 3-CH, C,H; 3 93 3940  C,,H,CINO,S
15 cl 3-CH, i-Pr 3 63 49-51  C,H,;CINO,S
16 cCl 3-CH, n-Bu 3 87 30-31  C,H,,CINO,S
17 cl 2-Cl CH, 2 86 86-88  C,,H;;,Cl,NO,S
18 cl 2-Cl C,H; 2 60 66-67  C,,H,,Cl,NO,S
19 Ct 2-Cl i-Pr 2 66 57-58  C,;H,,CL,NO,S
20 cl 2-Cl n-Bu 2 60 64-65  C,H,,CL,NO,S
21 cl 2-Cl CH; 3 75 58-59  C,,H;CI,NO,S
22 cl 2-Cl C,H; 3 73 50-51  C,;H,;CL,NO,S
23 cl 2-Cl i-Pr 3 70 67-68  C,H,CLNO,S
24 cl 2-Cl n-Bu 3 65 34-36  C,4H,,C,NO,S
25 CH, H CH, 2 90 69-72  C,,H,;NO,S
26 CH, H C,H; 2 95 60-61  C,,H,NO,S
27 CH, H i-Pr 2 60 61-62  C,H,NO,S
28 CH, H n-Bu 2 60 50-51  CH,,NO,S
29 CH, H CH, 3 80 65-66  C,;H,,NO,S
30 CH, H C,H; 3 90 2729  C,H,NO,S
31 CH, H i-Pr 3 90 51-52 C,H,;NO,S
32 CH, H n-Bu 3 90 3536 C,(H,NO,S
33 t-Bu H CH, 2 95 81-83  C,H,,NO,S
34 t-Bu H C,H; 2 85 56-58  C;cH,sNO,S
35 t-Bu H i-Pr 2 95 . 6971  C,,HyNO,S
36 t-Bu H n-Bu 2 95 40-41  C,H,NO,S
37 t-Bu H CH, 3 90 220/0,5mm C,H,;NO,S
38 t-Bu H C,H, 3 95 © 5253 C,H,NO,S
39 t-Bu H i-Pr 3 95 51-53  C,3H,NO,S
40 t-Bu H n-Bu 3 90 194/0,01lmm C,4H;;NO,S

Partie experimentale

Les produits de fusion ont été determinés avec un appareil de Biichi et ne sont
pas corrigés. Les analyses €lémentaires ont été effectuées dans les Laboratoires de
Service Central de Microanalyse (France) et de CIBA (Suisse) que nous remercions.’
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Les resultats obtenus sont conformes aux valeurs théoriques avec une approximation
de + 0,4%. Les spectres IR ont été enregistrés sur un appareil Perkin-Elmer 177, les
échantillons étant mis en suspension dans le Nujol. Les spectres RMN ont été effect-
ués a 60 MHz sur Varian A60 dans le chloroforme deutérie avec la TMS comme ré-
férence interne, les déplacements chimiques sont évalués en p.p.m.

1. Chlorure des acides phénoxy acétiques substitués.
a) Acides phénoxy acétiques substitués 312,

Nous les avons obtenu a partir des phénols substituées 2 en les- faisant réagir
avec les chloracétates de sodium en milieu aqueux a chaud. Aprés acidification avec
de I’ acide chlorhydrique 2N et refroidissement nous avons obtenu les ac1des solides.
b) Chlorures des acides phénoxy acétiques substitués 413,

Nous les obtenons. en faisans réagir les acides 3 avec le chlorure de thionyle.

II. Alcoyl-cystéamines et homocystéamines'*
a) Alcoylmercaptoéthylamines (n=2).

Elles ont été préparées par action d’ un mercaptan sur I’ éthyléneimine dans le
méthanol a —15°C et répos. pendant une nuit a la température ambiante.
b) Alcoy]mercaptopropylammes (n=3).

Elles ont été préparées en faisant réagir le mercaptan avec I’ acrylomtrﬂe, a 0°C
en présence de méthylate de sodium comme catalyseur et en milieu benzénique. La
fonction nitrile est réduite par la suite a I’ aide de LiAIH, dans I’ éther.

III. S-Alcoyl acylamides de I’ acide phénoxy acétique 5 (n: 2,3).

Méthode générale. Dans une solution de 0,02 mole de S-alcoyl cystéamine ou ho-
mocystéamine dans 100 ml de chloroforme on ajoute 0,024 moles de carbonate de
sodium anhydre en solution dans 20 ml d’ eau. Le mélange est agité fortement et on
y ajoute lentement une solution de 0,02 mole de chlorure de I’ acide phénoxyacetique
substitué correspondant 4. Aprés addition de la solution, on continue I’ ajitation pen-
dant 2h. On sépare la couche organique, lave a I’ eaun et séche (NastA) Aprés avoir
éliminé le sonlvant on obtient un résidu solide qui est recristallisé dans un melange
éther-éther du petrole ou éther-n-pentane.

Par le méme procede ont été préparés tous les produits de cette série, dont les
constantes et les analyses figurent au Tableau 1.

Etude spectroscopique

A.— Alcoyl mercaptoéthyl amides des acides phenoxyacétiques (5: n=2, R=CH,,
GH;, CHy-i, C Hy-n).

LR.: 1650-1680 cm~! (C=0), 3320-3400 cm~! (-NH-).

RMN: Les spectres RMN des produits synthétisés sont en accord avec leur struct-
ure suposée. Un example représentatif est donné pour le produit de formule générale
5 (n=2, R=CH,, C,H,, C,H,i, C,H,n):

— SCH; 6:2,1 (singulet 3H); — CH,-S- 6:2,55 (triplet 2H),

— N- CH 8:3,55 (quadruplet 4H); — NH- 5:6,90 (mal séparé des bandes aroma-
tiques); -O-CH,- 8:4,5 (singulet 2H); aromatiques 8:7,1 (quadruplet 4H).
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Par ailleurs, en ce qui concerne le groupement R nous avons observé les absor-
ptions suivantes: .
R =CH,CH,: —CH, &1, 28 (triplet . 3H), _—CH2 -S-CH,— 6:2,55 (multiplet 4H).
-R=CH(CH,), : -C- CH-C- 5:2,85 (multiplet 1H); 2(CH,;) 8:1,25.(doublet 6H).
R=CHgn: -CH 8: 0,9 (triplet 3H); — CH,-CH,- 8:1,5 (multiplet 4H); ——CH -S-
CH,- &: 255 (multiplet 2H)..

Nous avons observé une dlfference d’ absorption en ce qui ‘concerne les dérivés
des amides methyl-3 chloro-4 phénoxyacétique: -NH- et phényl (3H)3: 6,6 a 7 3
(multiplet 4H) et tert-butyl-4 phénoxyacetique, (CH,);C-8: 1,3 (singulet 9H); aroma-
tiques &: 7,1 (quandruplet 4H).

B.— Alcoyl mercaptopropyle amides des acza’es Dphénoxyacétiques substztues (5: n=3,
R=CH,;, C,H;, C;H,-i-C,H,n). .

I.R. 1650-1650jcm’“l (C=0), 3260-3380 cm~' (-NH-).

NMR: Les spectres RMN des produits synthétisés sont en accord avec leur structure
suposée . Un exemple représentatif est donné pour le produit de formule général §
(n 3, R=CH,, C,H,, C;H,i, C,Hyn):-SCH, §:2,1 (singulet 3H); -CH,-S- 5:2,65
(trlplet 2H); -C-CH,-C- 5 1 ,85 (5-plet 2H); -N-CH,-3:3,45 (quadruplet 4H); -NH-
§:6,9 (mal séparé des bandes aromathues), -O-CH,-8:4,5 (singulet 2H); aromatiques
8:7,1 (quadruplet 4H).

Par ailleurs en ce qui concerne le groupement R nous avons observé les absor-

ptions suivantes:

R = CH,CH,:-CH, &:1,25 (triplet 3H); -CH,-S-CH,- 8:2,55 (multiplet 4H).

R = -CH(CH,),: 2 (CH,) 8:1,25 (doublet 6H);-C-CH- C 6 2 85 (multiplet 1H); -CH,-
S 8:2,55 (triplet 2H).

=C,H; -n: —CH, 4: O 9 (triplet 3H); -CH,-CH, — &:1,5 (multiplet -4H); -CH,-S-
CH 5: 2 55 (multiplet 4H).

Nous avons observé une différence d’ absorption en -ce qui concerne les dérivés
des amides methyl-3 chloro-4 phénoxyacetique: -NH- et phényl (3H) 8:6,6 a 7,3 et
tert-butyl-4 phénoxyacétique: (CH;), C- 8:1,3 (singulet 9H); aromatiques 6:7,1 (qua-
druplet 4H).

Summary
Alkyl mercaptoalkyl amides of phenoxyacetic acid 5.

The synthesis of new amides 5 of phenoxyacetic acid 3 with S-alkyl cysteamines and ho-
mocysteamines (n=2,3) is described. The products are obtamed by reaction of S-alcoyl-
cysteamines, and -homocysteamines with substituted phenoxy- -acetic chlorides 4 i in chlorofor—_
me in alcalin medium (Na,CO,).

The new compounds are analogues of Meclofenoxate and are testing for preliminary phar-
macological evaluation.

‘TepiAnwn
«@aolvaretauidia twy Oe10-aAKDAOKDOTEGUIVOY Kal OUOKVGTEGUIVAYY.

Heprypagetar i oovleon viov audiov 100 QUIVOEVOEIKOD OEEOG 5 netd Twv S-
aAKVAO KLGTEOUVOY ka1 opokvoTeauvedv (n=2,3).
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H obvleon tov véov audiov 5 mpaypotonoeitar pe v enidpacn S-oAxvAo
KUOTEQUIVOV Kol OpOoKLOTELVOV (n-2,3) enl tOV aviioToiY®V LTOKOTEGTNUEVOV
xAopdiov tov @avolvofikod okfog 4, eviog yAwpopopuiov mapovoia aikeAikod
uéoov (Na,CO,).

To véo mpoidévia mov napoumaCouv avoroyieg pe 1o yvootd Meclofenoxate
(Luc1dr11“) xat Clofexamide, vnoBdaAlovtat 0N o ©opuaxoAoyikd EAeyxo yio avd-
Aoyeg dpdoeis.
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‘Summary

The object of this work was the study of the catalytic properties of y-Al,O, prepared elec-
trolytically. The y-Al,O, catalysts were used in the form of a porous film on Al metal. The
anodic oxidation of Al for preparing y-Al,O, was carried out in H,S0,, 15% w.p.v., at con-
stant bath temperature and current density but at different anodic oxidation times.

The catalytic decomposition of HCOOH was used as a reference reaction. The decom-
position of HCOOH on these oxides is predominantly a dehydration process, being a zero or-
der reaction in our experimental conditions. The rate constant at a given reaction tem-
perature, the activation energy and the frequency factor were all influenced in a uniform way
by anodic oxidation time. It was observed that all these parameters displayed a maximum in
their values at the same anodic oxidation time. This catalytic behaviour is not due to the
variation of the mass, thickness and porosity of the y-Al;O; filmr but is instead due to a
change in its structural properties such as crystallinity, deviation from stoichiometric ratio
and acidity of the oxide surface which are also affected strongly by the anodic oxidation time.

Key words: Formic acid, Catalytic decomposition, Electrolytic aluminium oxides.

Introduction

Aluminium oxides- prepared _electrolytically are expected to exhibit different
properties in comparison to the chemically prepared ones as a result of the specific -
preparation method. The properties which are expected to change are the structure,
total real surface, quantity, quality and intensity of surface active centers, deviation
from stoichiometric ratio (semiconductivity), surface acidity and consequently ad-
sorption and catalytic properties. Taking into account that the use of the anodic oxi-
dation of alloys is also possible!> 2 for the preparation of mixed aluminium oxide
catalysts and that this process is easy and cheap, then their use as catalysts acquires
a specific interest. :

To this aim work was carried out for the first time! in which the catalytic proper-
ties between eclectrolytically and chemically prepared Al,O; were .compared. The
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decomposition of HCOOH as a reference reaction was used and the superiority of
the catalytic activity of electrolytic Al,O; in the above mentioned reaction was
shown.!

In a later work? the same reference reaction was used in which electrolytic Al,O,
catalysts pure and mixed were prepared at various conditions of anodic oxidation.
The aim of that work? was to interpret the catalytic behaviour of Al,O; in relation to
structural properties which are affected by different anodic oxidation conditions and
also by further treatment of the initially formed Al,O,.

The present study is based partly on the conclus1ons drawn from the previous
one, enriched with more recent data on the catalytic properties of electrolytically
prepared Al,O,. .

" For the method of preparation and also for the structural properties of elec-
trolytically prepared Al,O, a large number of data exists in the literature.>* With the
anodic oxidation of Al two kinds of oxides are formed in the form of a film on Al
metal. When the anodic oxidation of Al is performed in electrolytes which do not
dissolve Al,O, (borate salts, boric acid, citric acid, phosphate and carbonate salts
etc.) an oxide is formed which is considered as a “high ionic resistance” layer up to
lpm in thickness. This oxide is nonporous and has a cellular structure; it is y-Al,O,

or v-Al,O, (arrangement of cations in the lattice of y* configuration is more random
than in the ¥) of bOChmltC (y-AIOOH) or more hydrated Al,O;, according to
anodisation conditions.

In electrolytes which dissolve Al,O, (sulphuric, phosphorlc oxalic, chromic acid
etc.) the oxide formed is considered as a “low ionic resistance” layer which is also of
cellular structure, porous and its thickness can extend over many decades of pm.
This oxide is of the y-Al,O, configuration with or without hydrates (boehmite etc.).
The diameter of cells is a linear function of the voltage. of electrolysis, their concen-
tration in the surface is high, about 10 cells/cm? of surface, whereas pore diameter
is of the order of 100A.3

In the present work the 'deco‘mposition of HCOOH is also used as the reference
reaction. The reason for choosing the above reaction is- based on the fact that the
measurement of the formation rate of reaction products is easy.

HCOOH is dqcompqséd by the following processes:
1. Dehydration: HCOOH — H,0 + CO

2. Dehydrogenation: HCOOH — H, + CO,

3. Reduction: HCOOH _¥2% HCHO

the latter being a rare process in heterogeneous catalytic decomposition. Although
the measurement of the reaction rate of the catalytic decomposition of HCOOH is
easy, the proposed reaction mechanisms are complicated and despite of the great
nuinber of existing works-they are still in doubt. At any rate, it"is generally accepted
that “acidic catalysfs and n-semiconductors cause mainly the dehydration of
HCOOH, whereas  the basic ones, p-semiconductors and metals cause dehy-
- drogenation.>7 Al,O, is -considered to have mainly an acidic character as ‘well as
some basic- ong;%'4.it is predominantly a dehydration catalyst.®’
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Experimental

Eight electrolytic y-Al,O, were prepared under various anodic oxidation times
(tox) and were used as catalysts in the decomposition of HCOOH.

For the preparation of the electrolytic y-Al,O, (from now on el. y-Al,O;) a com-
mercial sheet of Al, 0.5 mm thick, was used and.its composition was found by mass
spectroscopy to be: Fe: 0.26, Si: 0.2, Mn: 0.0066, Mg: 0.0039, Cu: 0.0028, Zn:
0.084, Ti: 0.015% the remainder was Al. Specimens of dimensions 35x50 mm were
cut from this Al sheet. Each specimen was cut symmetrically on either side into
strips of dimensions of 20x2 mm parallel to the 50 mm side of the specimen. After
completion of the anodic oxidation of the Al specimen, the 20 strips carrying the el.
y-Al,0, film comprised the catalyst. The anodic oxidation of Al was carried out in a
thermostatically controlled electrolytic cell containing” H,SO, 15% w.p.v.

The Al specimen was used as anode and two Pb sheets having the same dimen-
sions as the Al specimen were used as cathode, providing for them to be placed sym-
metrically and parallel to the Al electrode, on either side of it.

During electrolysis the following electrochemical reactions occur.

Anode (Al): SO~ —2e — SO,, SO, + H,O — H,SO, + 1/2 0,,
4Al + 30, — 2Al1,0, (Al oxidation)
Cathode (Pb): 2H,0* + 2¢ — H, + 2H,0 (hydrogen evolution)

Partial dissolution of Al,0, by H,SO, is also occuring simultaneously with Al,O,
production,* ¢ the latter obeying Faraday’s law. Dissolution is dependent on bath
temperature and current density.? “ In the present work the anodic oxidation condi-
tions were: bath temperature, (t,) = 30°C and current density (I) = 3.5 A/dm? while
various anodic oxidation times were chosen. Once anodisation was completed, the
oxidised specimens were subjected to the following treatment: washing with distilled
water, neutralization with NaOH 0.1N, washing again with water and drying in an
air stream. The oxide film thickness was measured by a metallographic microscope
-and the mass of the oxide film was determined by dissolution of the oxide in
chromophosphoric solution, containing 35 ml H,PO, (1.71 s.g.) and 20g CrO, per
liter, which dissolves the oxide film only but does not attack the Al metal.’* Merk.
HCOOH (98-100%) was used. The Schwab reactor!-2 shown in Fig. 1 was used for
HCOOH decomposition because it was judged to be the most suitable for the case
under investigation. ’

"Resistance flowmeters, ! 2 operating at atmospheric pressuresand temperature of
25°C were used to measure the rate of CO produced from HCOOH decomposition.

Since the decomposition of HCOOH is a 100% dehydration reaction, the reac-
tion rate (r') 6of HCOOH decomposition is the same to the rate of CO production
described by the rate equation:

i dnycoon dngg P dv’ )
r =— = = .
dt dt RT,  dt

where n: number of moles, t: time, P: pressure of lat, R: universal gas coristant, T,:
ambient temperature ~298 K, dV'/dt: flow rate of CO in 1/s. Substituting the above
values into the rate equation one obtains:
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FIG. 1: Schwab reactor A: thermoelement, B: catalyst, C: furnace, DE: capillary pipes for mild boiling,
F: substance being decomposed (HCOOH), G: cooler, H: inlet of produced gases in the cooler, I: outlet
of produced gases, K: wash flask, M: active substance (silica gel) for water vapour adsorption.

dv
r=6.816-10""- T 6.816-1077-r ©))]

where dV/dt = r is the flow rate in ml/s
For convenience in the calculation of kinetic parameters r was used instead of r'.
The reaction was zero order and its rate coincided with the reaction rate cons-
tant, k, at various decomposition temperatures. By employing the Arrhenius
equation:

k = AeERT 3
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or log k=Ilog A—
(were k: reaction rate constant, A: frequency factor, E: activation. eénergy in
kcal/mol, T: temperature in K) and by using the least squares method, the Arrhenius
line (log k vs 1000/T) was obtained. The gradient of the line multiplied by 4.57 and
its intersection with y axis give E and log A respectively.

Results

The mass, thickness and apparent density of oxide catalysts at corresponding t,,
are given in table I.

TABLE I: Mass (m,,), thickness (y) and apparent density (d) of electrolytic '\/-AIIO3 vs anodic oxida-
tion time (ty,) in H,80, 15% w.pv., t, = 303 K, I=3.5 A/dm™.

tox (min) 9 18 22.5 27 35 48 65 90
mg, (mg) 49 89 106 119 135 139 139 139
vy (um) 10 19.5 23.5 27 31 33 33 33
d (g/cm?) 243 2.26 2.23 2.18. 2.16 2.09 2.09 2.09

In table I it is clearly shown that the m,, and y parameters increase whereas d
decreases gradually with tg,, up to tox = 48 min, after which they attain a constant
value.

‘The rate of formation of mass and thickness of the oxide and the rate of density
decrease become smaller with tg, in the region t,, <48 min acquiring a zero value at
tox=48 min. The mass of oxide is always smaller than that anticipated by Fara-
day’s law.The difference between the theoretical value and the measured one keeps
increasing continuously with t,, and expresses the mass which is dissolved by the
H,S0, 15% w.p.v. solution. The variation of d with t,y (table I) shows that the
porosity of the oxide increases up to t,, =48 min becoming constant for t,, >48
min. This has been shown in a previous. work* also.

The decomposition of HCOOH on all prepared el. y-Al,O, catalysts is a ~100%
dehydration  process as it has been proved to be so by chemical analysis of reaction
products. Only above 355°C traces of CO, were observed. The decomposition of
- HCOOH on Al metal did not yield a measurable rate of reaction by the method em-
ployed. In this case traces of CO, were also observed for temperatures above 355°C.
Thus the underlying Al metal under the oxide film and also the thin film of y-Al,O,,
~ 1000 A thick, which always covers the Al metal surface owing to its position in
the electrode potential series, do not have a “direct” influence on the results. Hence,
for the reasons mentioned above, measurements were carried out at temperatures up
to 355°C. ’ . ,

To check whether the H,O produced during the dehydration reaction.inhibits the
reaction and whether dilution of HCOOH, occuring by the condensation of produced
water in the space where the HCOOH is placed in the Schwab reactor, influences
the reaction rate, this was measured in mixtures of HCOOH + H,O at different con-
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centrations and temperatures. The catalyst employed was el. y-Al,O, prepared under
the following conditions: ty, = 303 K, I = 3.5 A/dm?, t,4 = 48 min. The results are
shown in Fig. 2.

10 }
5 N o o 350°C

’ / / — - » 340°C
4 :‘{.:e//o, 0 o 330 °C
[ ®
A o 320°C
2t / o $
L @/®/e/
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0 0.2 04 0.6 - 08 10

x (mol/mot)

r {ml/min)

FIG. 2: Dependence of HCOOH decomposmon rate (r) on mole fractzon (x) or partial pressure of
HCOOH zn solutions of HCOOH and H,O.

It is observed that for x>0.6 the reaction rate is constant for each temperature
chosen. The value of the mole fraction was always x>0.75 even in experiments
which were performed over a long period (decades of hours). Thus in the experimen-
tal conditions chosen, the order of reaction was zero and consequently the reaction
rate coincided with the reaction rate constant (r=k). It is also shown that H,O in-
hibits the reaction at low mole fractions. and the order of reaction is expected to
change from 1 for extremely small x's to fractional for higher values of x.

The zero order reaction for x>0.6 also proves that HCOOH is adsorbed strongly
on the el. y-Al,O, surface under the experimental .conditions employed.

The measurements of the: rate .of : HCOOH decomposition at different tem-
peratures gave the Arrhenius: dlagram In Fig. 3 indicative Arrhenius diagrams at
five different t., are given. i :

From Fig. 3 it is apparent that by increasing t, the Arrhenius diagram is at first
displaced to the right, producing an increase in the value of the gradient and an in-
tersection higher up on the y axis (lines 1, 2, 3). Fiirther increase of t,, causes dis-
‘placement of lines-in the opposite direction, i.e. to the left and therefore the gradient
and intersection with y axis simultaneously acquire lower values (lines 4, 5).

In table II the activation energy (E), the frequency factor (A) and the rate cons-
tant at 350°C (k;spc) are given and also the A and k,s,.c parameters reduced per
mass ‘unit of catalyst (A/my , Kiseec /Moy) at different toy. The calculated values of
E and log A from the Arrhenius diagrams by the least squares method are con-
sidered to be of satisfactory precision since all the correlation coefficients took values
from 0.991 up to 0.999.
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FIG. 3: Arrhenius diagrams concerning el. y-Al,0, catalysts at different t,, 1:22.5, 2:27, 3:48, 4:65,
5:90 min, t,=303 K, I=23.5A/dm’.

TABLE II: Effect of anodic oxidation time (t,,) on the kinetic parameters: activation energy (E), fre-
quency factor (A), rate constant at 350°C (kyspoc) and A/mg,, Kisgec /Mg, in the dehydrative decom-
position of HOOOH on el. y-AL0;, t, =303 K, I=3.5 A/dm?

log (A/m,,)

kysgec /Moy

tox E log A k3soec

(min) (kcal/mol) A in (mi/min) A/mg, in ., (ml/min-g)
(ml/min) (ml/min-g)

9.0 0.51 10.41
18.0 1.15 12.78
22.5 19.89 7.50 3.24 8.47 30.28
27.0 23.48 8.88 4,27 9.79 35.29
35.0 28.27 10.79 7.25 11.66 53.70
48.0 33.71 12.80 9.11 13.66 65.54
48.0 32.21 12.32 10.29 13.18 74.03
48.0 30.76 11.73 8.50 12.59 61.15
48.0 3141 11.95 8.17. 12.81 58.78
65.0 31.96 12.13 17.94 12,98 57.12
90.0 27.83 10.54 5718 11.39 41.58
90.0 27.06 10.30 . 6.29 11.16 4525

The change of E, log A and kye.c With to is shown in Fig. 4.
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.FIG. 4: Effect of t,, on E, log A and kjsgec in the dehydrative catalytic decomposition of HCOOH on
el. y-AL,L0, catalysts, t,=303 K, 1=3.5 A/dm’.

It is evident that E, log A, K45 Change in a-uniform way with to,. A maximum
appears at t,, = 48 min in all these parameters. The rate of increase in their values in
the region on the left of the maximum is greater than the rate of decrease
corresponding to the right hand side of the maximum. At other temperatures,
t <350°C, the same behaviour of k with to, is observed as for ks, by employing
the Arrhenius equation (3) and making use of the kinetic parameters given in table
1I.

In Fig. 5 the variation of Kys.c/mgy and log(A/mey) with toy is shown.

It is observed that ki /mox and log (A/mg,) are changed in a qualitatively
similar way to that of kjspc, l0g A with to, (Fig. 4). This behaviour is of great
significance as will be shown in the following.

Discussion

As it has been-shown from the experimental results the el. y-Al,O, prepared at
t,=303K, I=3.5 A/dm? and various tg is a 100% dehydration catalyst up to
355°C. The CO, which is traced above 355°C was propably due to dehydrogenative
decomposition of HCOOH taking place on a very small surface of Al remaining un-
covered by the oxide and coming in contact with HCOOH. These small surface in-
crements are the positions on the specimens from which the strips were cut. This
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FIG. 5: Effect of t,, on kzsgec /m,, and log(A/m,,) in dehydrative decomposition of HCOOH on el. y-
ALO;y catalysts, t,=303K, I=3.5 Aldm?

view is strengthened by the fact that at the same temperature traces of CO, were ob-
served when Al metal was used as catalyst, the latter being in accordance with the
view that metals generally are dehydrogenative catalysts in the HCOOH decom-
position.* On the other hand, chemically prepared aluminas are also dehydrative
catalysts in HCOOH decomposition but do not possess such a high .dehydrative
ability. The y-Al,0; chemically prepared gave dehydration efficiency of the order of
67 - 83%, Al,O, formed at 970°C had an 95-100% efficiency whereas a-Al,O; a 16-
30% dehydration efficiency.'® It seems obvious that the special way of electrolytic
preparation of y-Al,0, adds to it this predominantly dehydrative character.

The dehydrative action of y-Al,O;, which possesses strong acidic Lewis centers
(Al3+), causes the dehydration of HCOOH, which is considered to occur on these
centers by an acid-base mechanism® formulated in Fig. 6.

0
HCOOH H—-°E:/< M H M
85—
+ —_ 0 — o° +co

;Ofll\l—0~ —O—A—O0— —O—Al|—0—
FIG. 6: Mechanism of HCOOH dehydration on Al,0;.

The proposed mechanism, as it is shown in the schematic diagram, includes the
adsorption of HCOOH on Al,O;. But the view that the mechanism would instead in-
clude a formic ion seems to be more correct. When alumina is exposed to HCOOH
vapour, formic ion is formed as a result of adsorption accompanied by simultaneous
decomposition and its L.R. spectrum is similar to that taken for aluminjum formate.
By LR. spectroscopy it was also shown that during the decomposition of HCOOH
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on alumina the chemisorbed species were formic ions, protons and water while CO,
CO, or HCOOH were not present on it in the experimental conditions employed.!®
. In the same paper!® it has been supported that the decomposition of HCOOH on
y-Al,O, takes place between surface protons and HCOOH in the gaseous phase. The
adsorption with decomposition of HCOOH on y-Al,O, supplies protons to the sur-
face of the catalyst which behave as active centers for the subsequent reaction. Thus
the reaction takes place on Brénsted acidic sites. The adsorbed formic ions on Lewis
acidic sites do not behave as reaction intermediates. That work'® however referred to
decomposition temperatures about 190°C. In the same work the occurence of the
reaction on Lewis acidic centers via a formic ion intermediate was not excluded from
taking place at higher temperatures since the decomposition of formic intermediate
demands a greater activation energy than via the previous way of HCOOH decom-
position. ‘

In our work the decomposition temperatures were 290 - 355°C. At lower tem-
peratures it was indeed observed that the decomposition of HCOOH gave a reaction
rate which was very small to be measured precisely by the method employed. By in-
creasing the temperature the reaction rate increased slightly and therefore the activa-
tion energy ought to be small. All these facts are in accordance to views mentioned
in paper.’® Thus the existing results in our work are in agreement with the
mechanism which includes formic ion as a reaction intermediate and the activity of
el. y-AL,O, must be correlated to its Lewis acidic character.

In the Results it was mentioned that the reaction order was zero for high partial
~ pressures of HCOOH and the produced water does not inhibit the reaction strongly.
This is in agrement with the view that at high HCOOH pressures the reaction order
is generally zero for metal catalysts’ and also for oxide catalysts, although pure
kinetic studies do not exist for the second case. The zero order of reaction in ex-
perimental conditions denotes that the dissociative adsorption of HCOOH on el. y-
Al O, is strong; equally the adsorption enthalpy (AH,q) is of significant magnitude
and the calculated activation energy is the true one.

Since the activation energy (E) changes, depending on t,y, the heat of adsorption
(—AH,q) must also change in a similar way with t,,. This is deduced from the
theory of activated complexes. Therefore the variation of kinetic parameters E and
also A, A/mgy, Kisoecs Kispec /Mox must be connected to the variation of AH,q and
the surface properties of el. y-Al,O,, all of which are affected by to,. From Fig. 5 it
is evident that the mass of the oxide film does not affect significantly the kinetic
parameters A and k.., these being affected by toy only.

The structural properties of el. y-Al,O, as defined by total real surface, deviation
from stoichiometric ratio (semiconductivity), crystallinity and surface acidity are all
being affected by the variation of tyy through the mechanism of anodic oxidation
described below:

As soon as anodisation of Al in the H,SO, bath starts, an oxide layer of
thickness <1.4 nm/v (imposed voltage) begins to form which is compact, having a
density of 2.9 - 3.0g/cm3 and called the “barrier layer”.® *

H,SO, attacks the oxide at specific active centers before the latter has acquired
its limiting thickness, thus starting to dissolve the oxide. Hence the formation of
pores begins exactly on these points. While anodisation continuous, taking place at
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constant current, the movement of the barrier layer also continuous, takmg place
towards the metal side (reactlon front). :

- The development of pores follows in pace the oxide developrnent ie. the con-
tinuous movement of the Al,0,/Al interface towards the Al direction, due to the dis-
solution of the oxide in H,SO, bath. The oxide development towards the Al side
creates behind it the porous oxide film. By increasing t,, the dissolution of oxide
from the inner surface of pores and also of the outer oxide layer continuous to take
place. As a result of this process, the pores become enlarged towards the outer sur-
face thus acquiring a conical configuration. The dissolution of the outer layer of ox-
ide film increases with increasing t,, and at a certain time (tox = 48 min) the rates of
mass and thickness formation become equal to the dissolution rate. For to, >48min
a steady state is observed characterised by constant mass, thickness and oxide
porosity. Thus the porosity of oxide and the real surface increase with to, up
to t,x=48 min acquiring constant values for t,, >48 min. The increase of porosity
up to t,x = 48 min explains partially the rise in the values of A, A/mgy, Kysg0c /Moy
up to toy=48 min by increasing toy.

The produced oxide in the barrier layer is amorphous y™-Al,O, which is ¢onver-
ted quickly to microcrystalline y-Al,O,, while by a certain mechanism the y-Al,O,
gradually becomes more-crystalline with increasing tgy.

The oxide is also expected to deviate from stoichiometric ratio acquiring an ex-
cess of oxygen (p-semiconductivity) due to the conditions of oxide preparation and
the mechanism of oxidation. In this case electroneutrality is achieved by decreasing
the valency of the anions or/and by increasing the valency of cations. The variation
of semiconductivity is mainly related to the mass and thickness of oxide through an
unknown for the time mechanism. As the thickness and mass of oxide become
smaller, i.e. at low t,y, the more the oxide deviates from its stoichiometric ratio or,
expressed. in another way, the oxygen excess becomes greater.

Thus at low t, the oxide is more amorphous and ought to yield greater values of
~AH,4 and E. However, the existing excess of oxygen causes a partial or entire
saturation of the free valencies of atoms, responsible for Lewis acidic centers
behaviour. Hence, these two competitive phenomena are observed, which determine
the catalytic behaviour of el. y-Al,O,.

At low t,y the deviation from stoichiometric ratio is predominant over the distor-
tion of crystalline structure, so the oxide exposes a small number of active centers,
which are of low intensity, giving low values of —AH 4, E and-A. At larger t.y the
oxide crystallinity increases, while the extend of deviation from stoichiometric ratio
decreases. The decrease of the latter is the main cause for the fact that the oxide ex-
poses more active centers of greater intensity, thus yielding greater values for the
parameters E, A, A/m gy, K500 and K;s0.0/M oy The values of these parameters attain
a maximum at t,, = 48 min, where the deviation from stoichiometric ratio becomes
very low. For t,, >48 min the deviation from stoichiometric ratio does not change
significantly while crystallinity increases; the later predominating yields an oxide ex-
posing active centers of smaller number and of lower intensity. Thus for t, >48 min
the value of the above mentioned parameters decrease. The rate of decrease of these

parameters is expected to become zero for t,y >>48 min as indeed shown in Figs. 4,
5.
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In conclusion~tyy is responsible for the variation of surface acidity and kinetic
parameters during the catalytic decomposition of HCOOH on el. y-Al,0,. The exact
nature of acidic or/and basic centers on y-Al,Q, is still in doubt and the views on the
subject are different and frequently contradlctory

In other areas of research it has been also proved that the variation of t,, affects
significantly some other properties such as the protective ab111ty of el. y-AlL,O,4
against stress corrosion cracking of Al metal.!” 18
7 As it has been shown, the complete study of the catalytic behaviour of el. y-

ALO, prepared at constant bath temperature, current density and at various tg, de-
mands a comprehensive study of structure, semiconductivity and the nature of acidi-
ty of these oxides. This will be the aim of subsequent work.

MepiAnym

Katalvtikéc 1810THTEC 100 NAEKTPOIVTIKG TAPACKELATUEVOL y-AL O,
1. Enidpacn tov xpovov avodiknc oleldwong oTIC KataAVTIKES -Tov 1010THTES

. Ztnv epyacia avtf perethfnkav ot kataAvtikég Wdtnteg tov y-Al,O; mov
TOPACKELALETOL TAEKTPOALTIKG UE TNV HOPYT TopdIOLg Ueufpdvng mave Of
uetadiiko Al kor oe otabept] Beppuokpacio Aovtpod kot TLKVOTHTO PELUATOS AALG
oe OSuipopovg xpovovg ovodikfg ofeidwong. Zav avtidpacn avagoplg
xpnowonombnke n katoeAvtikf ddonacn oo HCOOH. H kotoAvtikn Sidomaon
tov HCOOH ndve oto mniektpoivtikd y-AlLO, eivar kat’ ekoxnv aviidpaocn
apuddtwong kat 1 taEn TG eivor undevikh otig mewpouotikég ovvlikeg rnov
xpnowonombnkav. O kKivnTIKEG TAPAUETPOL: EVEPYELD EVEPYOTOINGNG, TOPEYOVTOG
ovgvotntag, otofepd tng toxvtntog o otafepn Oepuoxpacioc  ddomacng
uetaBaiAiovtor pe eviaio Tpono kat eupavifoov OAeg Eva UEYLOTO OTIG TIUESG TOLG KOl
otov 80 xpovo avodikfg ofeidwong. H xatalvtiky oavtfl cvunepipopd tov
nAektpodutikovd y-Al,O, Sev ogeldetar t6o0 otn petaforn tng ualeg, tov ndxovg
KaL T0V mopddovg tng uepPpavng tov ofetdiov, oArd kvpimg otn petaforn twv
dopcdv 1oL YOPUKTNPLOTIKOV OTMG KPLOTAAMKOTNTO, EKTPOTH ANO TN OTOLYL-
elopeTpikn avodoyio tov ofetdiov kot TV OEDTNTO NG ENPAVELAG TOL TOVL
uetafariovion emiong pe 1o xpovo avodiknc ofeidwong.
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