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REVIEW 

Chinzika Chronika, New Series, 16, 107-122 (1987) 

AYNAMIKH ENEPrEIAKH EIIIOANEIA: MIA OEMEAIMAHC 
ENNOIA TIA TH MEAETH THL: XHMIKHC AYNAMIKHC 

CTAYPOC K .  QAPANTOC 

Czo apepo auzo avanz6oooupe zqv Cvvota zqq Auvapwilq Evspyua~tjq Entcpciv~taq Ka- 
0hq  at peoofiovq yla rqv avanapaoraq rwv 6uvaplrchv ~ntcpavs~hv p& avahvrtctq ouvap- 
rqoelq. Etfitrcorspa E ~ E Z ~ < O U ~ E  rqv pE0060 avanrvg.lli rov 6vvaplrchv o~ pia ostpa rwv 
ccnohhhv owparov)) nou &EL avanrv~0si oro naven~orilpto rov Sussex ra rshsvzaia ~povla. 
01 napayopsv~q fiuvapl~k~ ouvaprtjosy to~vovv yla 6hs~  r y  nvpqv~Eq Gtara5ey KaL ~pqot- 
yE60uv orq psht~q 'tqq ~~60p0plaKfiq Guvap~rctjq Ical rwv popta~hv KPO~)OEOV. EUYKEKP~~CVCI 
napa6eiyyara 6ivovzal yla ro 0,. CIO,, CIO,, real zqv avri6paoq C1 + 0, - Cl0  + 0,. 

H Auvap t~ i  E v E ~ Y E ~ ~ K ~ ~  Entcpav~ta (AEE) (Potential Energy Surface) sivat pia 
an6 ztq o n o u 6 a t o z ~ p ~ ~  Ovvo~sq zqq pop ta~ f i~  cpuot~fiq Kat ~pqotpono~izat  yta zqv 
notozt~fi Kat noooz t~ j  sppqvsia zov popta~hv t6to~fizov. 

Ta zshsuzaia xpovta q avamukq napapart~hv ps866mv, ono5 q p680605 zov 
popra~hv 6&ophv1 (molecular beams) Kat q cpaoparoo~onia p& L a ~ e r , ~  O X E ~  sntrpi- 
W E I  zq pshOzq ZOV popta~hv ouozqyazov OE y t ~ p o o ~ o n t ~ j l  ~ h i p a ~ a .  CuyK~Kptpiva 
nvacpOpoups 6rt as nstpapam PE yopta~kq 6 k o p ~ ~  pia ~ q y t ~ f i  avzi6paoq ynopd va 
p ~ h ~ z q 0 ~ i  OE ~azaoz6o~tq  pa~ptdl an6 rq 8sppo6uvapt~fi toopponia Kat va ppsesi 0s 
not6 ~ ~ ~ ( p f i  - T ] ~ E K T P O V ~ ~ K ~ ~ ,  ~ o v T ) T ~ K ~ ~ ,  X E P ~ ( T T P O ( P ~ K ~ ~  f i  ~ E T ~ ( P O P ~ K ~ -  'll E K ~ U O ~ E V ~  

svOpyata anoeq~sdszat ora npoY6vza rqq avri6paoq~. 
Ta nstp6pam am6 nOpa an6 To zs~vohoyt~6 ~v6tacpOpov nou napouotacouv 0s 

qOoq ps q v  avanzu5q zov Laser Kat zq yszacpopa, anoefi~suoq Kat kvzhqoq zqq 
svkpysta~ 0s popta, ano~ahdnzouv zq cpdoq zov 6uv6pswv no0 avanzdooovzat FE- 
rag6 zov azopov G' Ova poptalc6 odorqpa. 

H avdozot~q 8 ~ o p q z t ~ f i  nsptypacpfi zq5 ~ p o d o q ~  ar6yov Kat yopiov f i  popiov 
p& p6pta anatzsi zq hdoq z q ~  sE&ooqS zou Schrodinger yta TO odozqya zov N nu- 
pivov Kat n qhe~zpoviov. IIap6hq rqv atoto605ia T ~ V  ~ R ~ E K ~ V  ~ a r a  za nphra 
xpovta z q ~  ~ p q 6 v t o q ~  zq5 ~pavzopq~avt~f i5  Qpspa avayvopi~szat ozt pia a ~ p t p f i ~  
hdoq rqq pop ta~ f i~  skioooq~ zou Schrodinger sivat nparczt~a a66vazq. 



108 ZTAYPOZ K. QAPANTOZ 

Mta npozq npooiyytoq ozq hboq auzob zou npophilpazoq zov nohhhv oopa- 
rov sivat o 6ta~optop65 zqq qha~zpovtanjq an6 q v  nvpqvt~fi ~ i v q o q  h6yo zq5 
6tacpop65 paca5 psza@ nupilvov  at qhs~~poviwv.  Auzil aivat q npookyytoq Born- 
Oppenheimer3 (B-0) Kat oqpaivat 621 za qha~zpbvta npooapp6couv z y  08o.q TOUS 

a~aptaia 0s K ~ O E  pszazontoq ZOV nupilvov. ME dhha hoyta pnopobpa va uno0Eoou- 
pc 6zr q ~ i v q o q  zov nupilvov opicazat an6 TO 6uvapt~t) na6io nou 6qptoupyobv za 
qha~zpbvta. H ~ i v q o q  auzq ~ahsirat a6tapaztKfi. T o  q h ~ ~ z p o v t a ~ 6  ns6io sivat ou- 
vcipzqoq zov ~~UXETLKOV ~ A O O Z ~ U E O V ~  z o ~  nupflvov Kat ~ahsizat a6lapazluti Auva- 
ptufi Ev~pyaaufi Entquv~ta. 0 Fritz London4 qzav o n p h z o ~  nou zovtos zq oqpa- 
oia zov a6taaaq~hv AEE ozq pshEzq zwv x q p ~ ~ h v  ctvz~6pdlo~ov. 

0 unohoytopbq t o v  Auvapt~hv E v ~ p y ~ t a ~ w v  E n t c p a ~ ~ t h ~  p& ab initio psB66ov5 
yivszat ps q v  apt0pqzt~il hboq zqq qh&Kzpovta~?jq &&moqq ZOU Schrodinger nov 
xpo6n~06zst zqv bxapcq peyahov q h ~ ~ z p o v t ~ h v  vnohoytozhv (H/Y). rta Sva zpta- 
zopt~6 obozqpa q Guvapt~il svspyna~il ~xtcpavna sivat ouvapzqoq zpthv pszaphq- 
rhv (yta napa6stypa zov zpthv anoozaosov psza@ zov nupflvov). Eriv q qhs~zpo- 
v t a ~ q  svipyaa unohoyi@zat yta 10 oqpsia os ~ 6 0 ~  pszaphqzil z6zs anatzobvzat 103 
unohoytoyoi yta va E~oups pia apt0pqzt~il nsptypacpq z(5 AEE. ME zqv naporjoa 
rsxvohoyia zov H/Y vnohoytoyoi auzob zou psy60ou5 napa~tvouv Eva (pth660~0 
xpoypayya zouha~torov yta p6pta p& xqpt~6 ~v6tacpipov. An6 zqv cihhq yspta q 
yshizq zqq 6uvaytKq~ (q  yshirq r q ~  ~ i v q o q ~  zov nupivov) anatzei zov unohoytop6 
rou 6uvapl~o6 yra 6va psyaho apt8p6 nupqvt~hv &o&ov. Eivat cpav~pil homov q 
a v a y ~ q  6~cppaoqc; rwv AEE p& avahvzt~E5 ouvapzilosq. 

Ta rshsuraia E ~ K O ~ I  xpovla yia oqpavzt~fl spsvvqzt~il npoox60aa B X E ~  Kazsu- 
0uvOsi o ~ q v  ~ 6 p ~ o q  ~arahhqhov ouvaprqota~hv popcphv ot onois5 avanapciyouv 
ab initio uxohoytoyo6~ ~ a 0 h 5  Kar nstpapazt~a 6~6op6va yta ouy~s~ptp ivsq  @&K- 

zpovta~6~ ~araozaosrq." 
Czo ap0po auzo ~ x t ~ ~ t p o l j p ~  rqv napouoiaoq ~ E P I K O V  Paot~hv E V V O ~ ~ V  TOV TO- 

p8a zqq x q p t ~ ~ S ~ 6 u v a p t ~ ~  ~ a 0 h 5  Kat rqv mptypacpq pas ouozqpatt~i5 p ~ 6 0 6 0 ~  
yta rqv ~ a r n o ~ s u i l  a v a h u z ~ ~ h v  nohuazopt~hv 6 V ~ a p l K h ~  sntcpavsthv nou ava- 
nzux0ai ozo llavsntorflpto zou Sussex za TshsuTaia xpovta an6 zov J .  Murrell Kat 
zouq ouvspy6~5 zou. H p600605 paoicszat ozqv avanrukq z q ~  AEE os pia oaph 
nohhhv oopbzov. Ta 6~vaptKb avanapayovv z600 0aopqzt~a 000  at n~tpapazt~ci 
6~60yEva ptas poptatc45 ~azaozaoq5. C~on65 zqq npooxa0~ta~ auzil~ ~ E V  sivat povo 
q Kazao~sufl zov 6uvapt~hv ovvapzilo~ov, nou ozqv npfitq nohhiq (pop65 ano6st- 
Kvdszat va sivat 6va ap~szci 6do~oho npoflhqpa, ahhk q pshkzq z q ~  6~vaptKf l~  opt- 
o p k h ~  X Q ~ ~ K ~ V  O U ( ~ T ~ ] ~ ~ ~ T O V .  ME auz6v TOV T P ~ X O  ~ T C O P O ~ ~ E  Va K ~ T ~ ~ K E ~ & G O ~ ~ E  

povzkha nou va neptyp6cpouv ~ q p t ~ i g  avzt6pdlo~t~ i]  va p ~ h ~ z ~ j o o u p ~  zq xpovt~il 
s&htCq E V O ~  popiou 6zav auz6 6taysipszat os uyqhE5 E V E P ~ E ~ ~ K ~ S  ~azaozao~tq  yta 
napci6nypa ps a~nvopohia nou s~nipnszat an6 Eva Laser. 

C q  prphtoypacpia il6q unap~st Bva~ aqpavzt~bq apt0p65 scpappoyhv rq5 ps8o- 
6011, ~ u p i o q  6uvapt~a yta rqv 0apahth6q ~azaozaoq zptazopt~hv popiov. nou 6- 
~ o u v  ~azao~suao0ai an6 q v  opa6a .rou Sussex6 ahha Kat an6 cihhs~ speuvqz t~ i~  
0pa6~5.' EnopEvo~ aivat Gbo~oho ozo o6vzopo auz6 & p e p 0  va ~a?byoups  ohs5 z y  
scpappoytq z q ~ .  Avacpipoups pspt~a napa6eiypaza za oxoia av Kat 15x1 npoocpaza 
~vzobzotq ~azahhqha yta va 6aiSouv zq Xpqotpozqza z q ~  ps0660v. 



H opyavwoq zou K E ~ ~ E V O U  E~st wq &E&. IZ~ovraq un' 6vq avayvho?q nou 6sv 
sivat ~{o t~~twpEvot  PE 70 ns6io ozqv nap6ypacpo 2 n~ptypucpouy~ ouvonzt~a zqv iv- 
vota zqq a6tapazt~flq AEE. Czqv napaypacpo 3 ava~zbooouys rq pi0060 TWV 

nohhhv-ooy&zov yta q v  ~ a z a o m u i l  avahuz t~hv  Guvapt~hv sntcpavmhv svci, &pap- 
yoyEq rqq ys0660u Givovrat ozqv napepacpo 4. 

Tta yia henzoyepil napouoiaoq q q  xpooiyytoq~ B - 0  o avayvhorq~  pnopsi va 
avazpicst oza a p p c a  ~ p e p a . ~  EnnGij 6pwq ~ W T E ~ O U ~ E  071 o p a e q y a r t ~ 6 ~  cpopyaht- 
oy6q sivat o Kah6z&p0$ zponoq yta rov optoyo rqq A u v a p ~ f i q  Evspystarfiq Entcpa- 
vstaq ozqV napaypacpo auzq Givouys z y  anapaizqzsq p6vo ~{tohostq. ME auz6v TOV 

7 ~ 6 x 0  q npoosyytozta~ q6oq Kat ot nsptoptoyoi rqq Evvotaq zqq BEE anooacpqvi- 
covzat. 

Ot ~azaoz6osy  svoq ouoxqyazoq n-qhs~zpoviwv PE ouvzsrayyksq ri, i=l, ..., n 
 at N-nup~vwv ouvzszayyEvsq R,, a= l ,  ..., N unohoyit;ovzat an6 zq ~ p o v t ~ a  avs- 
kapzqzq seioooq zou Schrodinger: 

RY (r, R) = EY (r, R) (1) 

Acpatphvzaq zov zshsozil zqq nupqvt~flq ~ t v q z t ~ i q  svkpystaq an6 zov nhilpq Hamil- 
tonian rshsozil ~n tzuy~avouys  rov q h s ~ z p o v t a ~ 6  zshsozfi R,, zou onoiou ot dtoou- 
vapnjostq @,, Kat tGtortyE~ Uv ~{apzhvzat napapzptcci an6 nq ouvrsrayyEvsq zov 
nupfivov Kat Givovzat an6 zqv stioooq 

ME TOV 6po n a p a y ~ z p t ~ b  E V V O O ~ ~ E  6 ~ 1  ?l &@moq (3) ~ 7 ~ t h 6 ~ ~ a t  &(P' 6 0 0 ~  0bSq T o V  

n u p ~ v o v ,  R, EXEL 600si. 01 o u v a p z 4 o ~ t ~  o~qpazi<ouv Eva O ~ ~ O K ~ V O V ~ K O  obvoho 
(complete and othonormal) Kat ~noyivoq  anoz~hobv pia P6oq orqv oxoia q Kuyart- 
~ f i  ouvapzqoq avanz6oo~zat. 

Avzt~aetozhvzaq zqv (4) ozqv seioooq (1) Kat nohhaxhaotdcovzaq za 660 pihq zqq 
o~Eoqq nou np(lq$cz~t PE ztq ouvapzflosq (Dv- Kat oho~hqphvovzaq oq npoq z y  
qhs~zpovta~Eq ouvz~~ayyCvsq Kazahfiyouys o' Eva obvoho oho~hqpo6tacpopt~hv stt- 
ohoswv 

{Tnuc + - El = 



To 6sSto p6hoq zqq ~Sioooqq oupPohicst pia ouvapzqoq rwv oho~hqpopazwv 

npoq ztq ~ ~ E K T ~ O V ~ ~ K ~ S  ouvz~zaypiv~q. H ~rpookyytoq B-0 &~ct~uyxav&~at P E  T O  

va un00Cooup~ 021 za ohochqphpaza auza sivat pq6Ev. ME ahha h6yta q pszapohfi 
zqq qhs~zpovta~fiq ~upazoouvapzqoqq @, sivat aofipavq F E  z y  p~zazoniostq zov 
nupfivov (a6tapazt~fi pszapohfi). Kazahfiyoups hotnov a' Cva odozqpa pq oucsuy- 
pbvov 6tacpoptKhv &Stoho&COv 

An6 za napanavo yivszat oacpiq 6 n  ozqv npooiyytoq B-0 ot q h s ~ z p o v t a ~ 8 ~  
16to~vEpy~t~q U,(R) naicouv TO p6ho rqq Guvapt~fiq svEpynaq ozqv ~ i v q o q  zov nu- 
pfivov. Ot U ,  sivat ouvapzjosq (3N-6) pezaphqzOv (3N-5 yta ypappt~h yopta) 
Kat opicouv pia unepsxtcpuvsta o' 8va 3N-5 (3N-4 yta ypappt~a yop1.a) 6taon- 
oaov xchpo. U ,  sivat q a6tapazt~fi Auvapt~fi EvspyetaKfi Entqavsla yla zqv $&K- 

zpovta~fi ~azaozaoq v. 
Tta 61azopt~a popta zo 6vvapt~6 U, &hat ouvapzqoq ptaq ,uezaphqzi)q, zqq 

anoozaoqq pszakd zov nupfivov. Cza zptazopt~a p6pta q AEE sivat ouvapzqoq 
zplhv pmaphqzhv EVO yta zszpaazopt~6 ouozfipaza o ~Opoq zov nupqvt~wv OE- 
osov sivat ~kaGt6ozazoq. 

Czq pshEzq zov poptachv ~podoswv q s&ooq (6) povo yta nohd anha ouozfi- 
paza pnopsi va &nth~o&i. l3' auto oztq nsptooorspsq neptnzhostq scpappocoups q v  
qptchaooucfi (quasiclassi~al)~ pqxavt~fi yta zq pah6zq zqq 6uvaytKfi~. Czq pi0060 
auzfi q BEE xpqotpono~sizat yta zov unohoytopo zwv ~ V V ~ ~ E C O V  nou anatzodvzat 
ozqv snihuoq zov ~StoOoswv Hamilton. 

Ynapxouv xsptnz~osrq 6nou za oho~hqphpa~a zqq popcpfiq <av. lTn,;''l @, > 
~ E V  sivat apshqzia Kat q npookyytoq B - 0  nadn va toxbst. Auz6 ouppaivst ozqv ns- 
pinrwoq nou 60vqzl~kq ~azaozao~tq csivzat nhqoiov q pia zqq ahhqq ahM avfi- 
~ o u v  os 6tacpop~nKE~ q h s ~ z p o v t a ~ i ~  ~azaozaoaq. TEzota sivat za cpatv6psva 
Renner-Teller9 yta ypapptca pop~a Kat Jahn-Teller" yta yq-ypaypt~a popta. Ta cpat- 
v6psva auz6 Kaho6vzat pq-a&apazt~a Kat Ept Pp&O&i ozt &vzoni(ovzat o& pta nspto- 
ptopivq nspto~fi zqq Guvapt~fiq ~ntcpavstaq. T6zs q npooiyytoq B-0 napixst TO 

n p ~ z o  pfipa ozq hcoq ZCTO~OV n p o ~ ~ q p a z o v .  ~ E V ~ K U  va to~uptooodps o- 
T L  Eva psyaho pEpoq z q ~  xqpsiaq ~aravo~izat  oza nhaima 795 a6tapazt~fiq AEE. 

0 unohoytop6~ ptaq AEE p& ab initio ps0660uq yivszat p& zqv snihuoq z q ~  qhs- 
~zpov ta~qq  s&moqq zou Schrodinger, ~Sioooq (3). Am6 sivat zo Epyo zqq ~pavzt- 
~ f i q  xqpsiaq. Ab initio ~ntcpav~t~q EXOUV sn t z~u~tk i  p6v0 yia pspt~a anha popta 6- 

01  OspshtOGstq ~ ~ E K Z P O V L ~ K ~ ~  ~azao~&o&tq TOV H3, H2F, Kat HF,.l1 Cnq XEpto- 
oozspeq nsptnzhostq ab initio unohoytopoi yivovzar povo yta Eva n~ptoptop8vo 
aptOp6 nupqvt~hv 6tazaG~wv EVO q ouvoht~i) popcpohoyia zqq uxsp~ntcp6vnaq oup- 
nspaivsrat an6 nnpapazt~a anozshkapaza. 
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Eivat nphypan ~pflotyo pthhvzaq yta 6uvaytKiq ~ntcpdlv~t~q Va i ~ o u p s  ozo vou 
~q y ~ o y ~ z p t ~ ~ t ~ o v a .  Mia sntcpavsta ozqv oxoia spcpavi<ovzat stoy~hpaoa, ~otho- 
~qzsq. nsGta6~q ~ a 0 h q  K a t  bhha zonoypacpt~a ppa~zqptoz t~a.  Tvhoq hotnov ptaq 
AEE oqyaivst zov ~vzontopo Kat nsptypacpfl ohwv zov a~pozazov oqysiov zqq ou' 
vaprqoqq. 

@aoyazoo~ont~& yszpflostq napixouv nhqpocpopisq yta nq ozaespi~ popcpiq 
rov popiwv ot onoisq avztozot~odv oza sha~toza zqq ~ v ~ p y ~ t a ~ f l q  sntcpavstaq. J3sl- 
pciyara xqptcflq ~ tvqz t~ i lq  ano~ah6nzouv zqv 6naptq f l  yq E V E ~ ~ E ~ ~ K ~ V  cppaypazov 
(energy barriers) nou avztozot~o6v S E  oayyaztcir oqpsia (saddle points). 

Mia avahuzt~fl ouvaprqoq nou xpqotponotsizat yta zqv ~ a z a o ~ s u f l  ytaq AEE 
npinst VU &K7th?lp&i 'C15 j'tapaKa~C0 ouveflK&~. 
1) Hpinst va npophinst za oooza aouynzoruca opta. Cav aoupnzort~6 opto zou 

6uvapt~o6 opicszat q yopcpfl nou naipvst ozav anopa~p6voups ozo annpo iva f l  
neptooozspa azoya zou yopiou. 

2) IIpinst vu avanapayst oha za 0 ~ o p q z t ~ a  Kat nstpapart~ci 6~6oyiva. 
3 )  AEV npin~t  Va ~ E ~ X V E ~  6nonzq popcpohoyia ozy nupqvt~iq 6tazatsy nou 6sv 

unapxouv 6~6opiva. Tta napa6aypa q vnaptq svoq shaxiozou nou 6sv B X E ~  npo- 
phscpki esopqzt~u f l  nstpapazt~a ea i ~ a v s  zq AEE yahhov avattontozq. 

4 )  Eav ozo popto unap~ouv 660 f l  nsptooozspa opota azopa q ouvapzqoq npinst 
va E X E ~  zqv avahoyq avztp~za0m~fl  ouypozpia. Czqv opohoyia zqq Bsopiaq zov 
opa6ov oqyaivst 6.~1 q ouvapzqoq napixn pia oht~ri ouyp~zpt~fl  (totally syrnme- 
tric) avanapciozaoq zqq opa6aq oupyszpiaq. 
Mia zonl~fi avahuzt~fi avanapaozaoq zqq 6uvaptKflq svipystaq oza oqp~ia toop- 

ponia~ (oqysia shaxiozou) pnopsi va yivst p& pia avanzutq os ostpa Kaza Taylor. 

onou A R ~  = R ~ -  RP Kat R: sivat za p i ~ q  G E ~ ~ O V  W0 oqpsio taopponiaq. C T ~  cpa- 
oyazoo~onia q stioooq (7)  ~pqotyonotsizat yta oqv ~6psoq zou ns6iou 6uvaysov 
(force field) nou opit;szat an6 z y  napayhyouq zqq U ozo oqpsio toopponias. 

H nphzq avahuzt~fl popcpfl nou nsptypacpn oho TO ~ h p o  zov nupqvt~hv 6taza- 
~ E O V  n p o z k e q ~ ~  an0 zov London4 yra zq espshth6q qhs~zpovta~fi Kazaozaoq zou 
ouooflpazoq H,. Ot Eyring Kat Polanyi12 s~pqcnponoiqoav zov cpoppahtopo zou 
London Ka26 iva q p t ~ p n n p ~ ~ o  rpono yta zq p~hizq zou ouozflyazo~ H + H, Kat E- 
6&ttav zqv dnpptq &v65 oaypart~o6 oqpsiou. IIoh6 apybzapa o Sato13 napayszptKo- 
noiqos zq ouvapzqq LEP (London - Eyring - Polanyi) stoayovzaq pia nap6pszpo q 
onoia avanapqyays q v  svipysta ~v~i)~onoiqoqq (activation energy) rqq avd6paoqq. 
H piBo6o~ apybzspa zpononotfl0q~s ps zqv stoaywyq nsptooodpov napapirpwv 
Kat ~ p T p l p 0 ~ 0 1 ~ e ~ i  yta Ka'ta~lC~~fl 6uvaptKhv &7It(pa~&th~ PE E V E P " ~ E ~ ~ K ~ ~  

cppaypara, H,FI4, HCl,l5. To ~ 6 p t o  pstovi~zqpa zov ouvapofiosov LEPS sivat o pt- 
~poq aptepoq zov napapizpov nou noayet, npQyya KOU K ~ V E ~  zq owapzqoq yq 
t~av f l  va avanapayst zqv noh6nho~q popcpohoyia zqq AEE ono5 aunj ~pcpavir~zat 
o z t ~  xqpt~a ~v6ta(pipouo~q n~ptnzhostq. 
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H 6uvazozqza rqq sn i~zaoqq  zqq ouvapzqqq Morse, nou ~ a z a  ~ o p o v  E X E ~  ~ p q -  
mp07~0tq0~i ozqv ~ a z a o ~ s u j  Guvapt~hv ~ a p n u h h v  yta Gtazopt~a p6pta, ot: zptazo- 
pt~dl ouozjyaza C X E ~  ~ a z a  nphrov &&p&uv.rl%&i an6 zouq Wall K a t  Porter. 'Wt E ~ E U -  

vqziq auzoi stojyayav q v  nsptozpscp6p~vq aapndhq Morse. H npoz~tvop~vq ou- 
vapqoq  E X E ~  ~pqotponotq%si snioqq GE ouvGuaop6 p& zq pE%oGo spline yta zqv 
npooappoyfi ab initio unohoytophv. H w p t ~ j  napouotat&t a p ~ s z a  pstov~~zfipaza 
6noq q Guo~ohia zqq va &nsKza0&i os  zpetq Gtaozr3osy K a e h ~  Kat a& nohuazopt~a 
p6pta. za napay6psva Guvapt~a B~ouv aouvBxstsq. 

'Ahhsq ouvaprqota~tq popcpiq ot onoisq oyoq 6sv twavonoto6v pia j n&ptoooz&- 
p ~ q  an6 z y  ouv0fi~sq nou npoavacpipaps E~ouv npozaeai ozq PtPhtoypacpia. 

Mia ~ ~ o ~ q p a ~ t ~ j  pE8060q yta TqV K M ~ O K E U ~ ~  7 1 0 h ~ a ~ 0 p t K h ~  6uvaptKhv &nt(pa- 
v ~ t h v  nou va s~nhqpo6v ztq ouv04~sq 1-4 sivat q pE%oGoq q q  avknzucqq zqq AEE 
OE pia ostpa ZOV nohhhv ooparov (many-body expan~ion).~ 

V:" ~ i v a t  q svkpysta zou azcipou A orqv q h ~ ~ z p o v t a ~ f i  ~ a z a o z a o q  nou napciyszat 
anopa~pdvovzaq To azopo ati tapazt~a an6 TO p6pto. Cuvj%wq opicoups zq pq6svt- 
~j &vEpy&ta 6zav 6ha za dzopa sivat GtapptopBva Kat ozq 8spshth6q zouq ~azci-  
ozaoq on6zs t o  a0potopa zov 6pov rou l-ohpazoq sivat pq6Cv. V,,"' sivat q Guva- 
p t ~ j  ~vipysta  zov 2-oopazov q onoia s iva~  ouvcipzqoq zqq an6ozaoqq zov 660 
ar6yov. H a%potoq s~zsivszat navw o' ohouq zouq Guvazodq 6tazopt~odq ouv6ua- 
oporjq. V,,?' sivat q svipyna zov 3-oopazov. K60s rizotoq opoq x p ~ n ~ t  va pqtis- 
vicsrat 6zav Bva an6 za rpia cizoya anopa~puv0ei ozo knstpo. To a0potopa s~zsivs- 
rat navo o' ohouq zouq Guvazoliq ~ptaz0ptK06~ ouv6uaopodq. Tta Bva p6pto p& N 
cizopa o z~hsmaioq 6po5 v(N,), , , , ,~ pqtxvicszat ps zqv a7lop6Kpuvoq &v65 j nsptooo- 
rEpov azopov. 

H ~ ~ i o o o q  (8) ~ S C O K ~ ~ ~ ) ~ C Z E L  ayEooq Eva q p a v z t ~ o  nhsovE~zqpa zqq ps066ou. 
'Anat Kat E ~ o u p ~  opiost za 6tazopt~6 6uvap.1~6 auzci pxopodv va ~pqotponotq006v 
ozqv ~ a z a o ~ s u f i  zptazopt~hv Guvapdhv. To i6to to~ l j s t  yta za 6 u v a p t ~ 6  zov 3- 
o o p a ~ o v  nOU ~ T C O P O ~ V  V a  X P ? ~ C ~ ~ F O X O ~ ~ % O ~ ) V  'XqV K C ~ T C ~ ~ ~ K E U ~ ~  & ~ ( P ~ P O V  'CETPaaTOpt- 
K ~ V  AEE. 

H ouvapzqota~fi popcpfi nou s n t h B ~ 0 q ~ s  yta q v  naptypacpfi zov 6pov rqq ski- 
o ~ o q q  (8) sivat q sE,fiq: 

V(") = P (R) T (R) (9) 

P sivat ouwj0oq Eva nohu6vqpo p& bpouq pE~pt  zszaprou paepo6 zou onoiov ot 
ouvzsheozEq ~pqotpoxotolivrat oav napapszpot yta zqv avancspaywyj zwv GsGopB- 
VOV. 
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onou 

R! opi<ouv rqv yswpsrpia avacpopaq wq npoq q v  onoia psrpodvrat ot psraro7ciosy 
row nupilvov. Cav rirota yswpsrpia avacpopu~ pnop06p~ va opiooups TO oqpsio 
tcropponiaq sou popiou. T sivat pia ouvciprq6q nou Fivst or0 6uvapt~o rq ooor?i 
aoupnrom~il oupnsp~cpopa FqhaFfl T-0 sav pia an6 r1q psraPhqzi5 rsivsl oro a- 
nstpo. 

01 opot rov 2-oopbrwv &ouv rq popcpq: 

VAB (Rl) = - D, ( l  +clr+c2r2+c,r3) exp (-c,r) 

D, sivat q svtpysta 6taonaosoq Kat R, ro pil~oq Fsoporj ooqv ~a rao raoq  ~ooppo- 
niaq sou popiou. Eivat cpavspo 6r1 sav r a  aropa A K a t  B a n o p a ~ ~ u v e o i k  os psya- 
h & ~  a~oo~CkJ&y (R-00) 0 EK~ETZKOS 0 ~ 0 ~  T E ~ V E ~  Or0 ~ ~ 1 6 6 ~  KaZ & ~ T O ~ ~ V O <  vA;)+O. 
01 ouvrshsoriq rou nohuovilpou c , ,  c, Kat c, avanapayouv ro d i o  Guvapwv rou 
popiou onoq auro unohoyi~srat an6 cpaoparoo~ont~tq pszpilostq.* 

Tta rouq 6pouq ~ a e o q  Kat avhrspouq 6pouq 6 ~ ~ 1  Ppse~i or1 q ouvaprqota~fi 
~0~cp i l  

* An6 rov J .  Murrell 8 ~ ~ 1  Gqy~oupyqOsi rpbxs[a nhqpocpopthv xov aap&a cpaoparooroxuca 8~80piva 
rat avahunric, ouvap?fpstc, yla ra Gvvayuta rqc, Osy~A~bGovc, Kal S t q ~ p y i v ~ v  raraoraosmv nohhhv 
6 l a ~ o p l ~ h v  yopiwv. Avriypacpo avrqc, rqc, r p & x ~ [ a ~  nhqpocpoplhv unapxsl ical orov H/Y ray,navs- 
n m q  yiou Kpqrq~.  



ySvov yta y6pta rou runou A,, A,B Kat ABC. 01 hsnropBpstsg &ouv F00si &a 
o ~ s r t ~ d l  ap0pa Kat Fsv ou<qrorjvrat-s6Q. ' 

Cav pia n p h q  scpapyoyq rqg ys0680u TOV nohhhv ooyarov nsptyp6cpouys yia 
avahun~il ouvaprqoq yta rq 0syshtQFq ~arcioraaq rou 6c0vrog.~~ 

To 0, Ftaonarat ovycpwva ys rqv sgioooq: 

q onoia opi<st q v  aoupnroyart~fi ouynsptcpopa rqg AEE. H Fuvayticq ouvaprqoq 
Fivsrat orov n i v a ~ a  I .  

nINAKAE I :  H Guvaytrfi svspysta~fi ovvapsqoq yta .rq 0cyshtQ6q q h e ~ ~ p o v ~ a r f i  ra~aosaoq .rou o- 
(ovso~ .  0 t  yov66e5 svipysta~ eivat (3s eV #at ot yova6s~ y f i ~ o u ~  sivat oe A .  
Zav yswpsrpia avacpopa~ o p i ( s ~ a ~  iva tooxheupo spiywvo ys R0 = 1.5698 A. 

V ,  = ( P  + G) (1 - tanh 4.6 Q,/2) 

(Q: + Q:) - 3.1421 Q, (Q: + Q:) + 2.6323' 

Q3 (Q: - 3 4 3  + 13.9659 (Q: + Q:)* 

G = - 3.0 exp [-7.5 (Q: + Q:)] 

o opog rov i-ooyarov, V?, avanapciyat ro paoyarookontro ns~iio Fuvapsov 
oro oqysio toopponiag .sou poptalc06 ocuyovou svh o opog rov 3-ooy6rov, V,:), 
avanapayst: 
1) Tqv napayartcci ncr~yqykvq svkpysta Kat ysoysrpia rou yopiou oro oqpsio 
toopponiag, 
2) TO cpaoyaroo~ont~o ns6io Fuvaysov, 
3) roug 0sopqrt~oi)g unohoytoyo6g rqq ysraora0orjg rarcioraoqg rou ocovrog ys 
D,,, ouyy~rpia, Kat 
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4)  an6 napbyaza ~ q p t ~ f i q  ctvqzt~fiq ahha Kat an6 ab initio unohoyuoyo6q 6 ~ v  E X E I  
6tanuozoO~i oqpavzt~o ~ v s p y ~ t a ~ 6  cppaypa #az& zq 616onaoq zou popiou, nhqpocpo- 
pia nou avanapbysxat an6 zq ouvapzqoq yta C ,  oupp~zpiq.  

To  nohuhvqpo ~~cppat&at 0 6  ouyy~zpu~Eq ouvz~zaypEv~q, nou civat ypaypucoi 
ouv6wopoi zov O X E T ~ K ~ V  anoor~osov Ri. ME auz6v TOV ~ ~ 6 x 0  ~caocpahi<~zat q 6- 
napcq zov zpthv Ehaxiozwv orqv unspsntcpbma nou napuyovzat an6 ztq p&zaOEosy 
zov azoiov ocuyovou. H cah6mpq yE8060~ yta va &hEy~oup& zq ouvapzqoq &hat 
q ysoyszpt~fi. To  oxfipa 1 6&i~v&t rtq too6uvapt~E~ Kapnljhsq rqq un&p&ntcpav&taq 01 

onoi~q ~azaoc~ua<ovrat an6 zqv ~ i v q o q  ~ v o q  a z 6 ~ o u  oCuy6vou yljpw an6 kva y6- 
pto 0,. A6yw oupp~zpiaq zou 6uvayt~o6 wq npoq zov atova zov Y q auvcipzqoq 
unohoyi<&zau y6vo ozo Eva z~zapzqy6pto zou ~ntnk6ou. Ata~pivouy~ zo ~h&tozo 
zqq ~mpav~ taq  nou a v z t o ~ o u ~ ~ i  ozo oqy~ io  toopponiaq TOU 03. TO 6 ~ l j z ~ p 0  ~ h a ~ u o z o  
nou ppio~~zat  navo ozov atova oov Y anmovi@t TO p~zaozaoiq D,, 650v. Cqpav- 
T ~ K O  ~apaczqptoztc6 cqq 6uvayt~fiq ~nucpciv~uaq ~ivau q ~ycpavtoq ~vspysua~od cppciy- 
pazoq caza q v  ~poljoq E V O ~  ar6you ocuy6vou navo a' Lva ydpto 0, Kaza yficoq 
zou acova zov Y (C,, ouypszpia). To  cppayya yq6svi<&zat KaOhq q 6t~6Ouvoq ~polj- 
oqq anoya~piivszat an6 zov 6eova zov Y .  
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To 6~vaptK0 E X E ~  xpqotponotq0si ozov unohoytopo zou 60vqzt~06 cpciopazo~ 
rou 0, p& zq pi0060 zwv Whitehead Kat Handy. Ot ~upazoouvapzilosq avaxz6o- 
oovmt o~ pia Pdloq 80 ouvapzi)o~ov TOU appovt~06 zahavzwzfl. Ta anowhioyaza 
Givovrat oro n i v a ~ a  rqq avacpopa~ [l71 6x011 ouy~pivovzat F E  z q  n ~ t p a p a r t ~ i ~  zt- 
~ 6 5 .  

Ta p~ahtozt~a auzri popta~a 6uvapt~a ~xtrpinouv pia paedzspq pshizq z q ~  &v- 
60poptaKflq (intramolecular) 6WaptKflq. Mia zizota p&hizq 8 ~ ~ t  yivst yta TO 0, Kat 
S0,.18 E6h 6&v ~ivat  6uvaz6v va avanz6~oup~ q v  avay~aia empia zqv onoia o 
a v a y v h o ~ q ~  pnopsi va Ppst ozq Ptphtoypacpia nou napi~srat. '~. 20 LIapa~kzo E X I X & ~ -  

po6p~ povo q v  napouoiaoq optopivov &vvothv ~ a e h q  Kat zqv iKe&oq pspt~wv 
anot~hsopbzov m onoia ano6~t~vdouv q v  ~azahhqMzqza rov p0ptaKhv Guvapt- 
K ~ O V  orq p~h6zq auzo6 zou Oipazoq. 

Czqv Ithaoot~fl pqxavt~q ot ~ t v f lo sy  zov nupflvov o' iva popto ppio~ovzat 
unohoyit;ovzixq'zqv zpo~td zou ouozilyazo~ ozo ~ h p o  zov ouvzszaypivov Kat zov 
opphv (cpaot~oq ~hpoq) .  To  oxflycl 2 napouotci@t zqv npopohil ptaS zizota~ zpo- 
~ t h q  yla zo S0,.I8 H ~avov t~ozqza  z q ~  ~ivqoqq ano6u~vsiszat ~ n i o q ~  unohoyicov- 
zaq zov psrao~qpanopo Fourier zov opphv 6nou ~pcpavi~ovzat ot ~ a p a ~ z q p t o z t ~ i q  

EXHMA 2: Mia runz~G rl,p~epzoSz~ij rpoxzci rou SO2. To uxljpa napzurci rqv npoPoA?j- rr]q rpoxzciq aro 
enineSo (Q,. Q,) . Q,, Q, eivaz or ~ a v o v l ~ i q  ~ o v ? ~ K &  uuvreraypiveq rou popiou rcar avnuror;loriv urlq 
Bovljoszq ra'uew~. 
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oup6zqrs5 zahavzwoq~ zou yopiou (ox. 3). 0 1  flp1n~pi061~6~ zpoxt& (quasiperio- 
dic) ano~ah6mouv zqv dnapZ,q zwv oza0sphv ~ i v q o q ~  zou ouozqyazoq xou yno- 
po6v va ~pa&o606v p& z o u ~  K ~ V ~ V E ~  zwv Einstein, Brillouin Kat Keller.20 2' ME au- 

T O  zov zp6no q ~ h a o o t ~ i l  pq~av t~ i l  ~ntcpina va unohoyioouys zo 60vqzt~o cpaoya 
zou yopiou. Anoz~hioyaza yta TO SO, Givovrat ozo n iva~a 11. 



HINAKAZ II: CBsc ~ i v a ~  OL qptrhaoo~r& E V E P Y E ~ ~ K &  G~acpopE~ ~ E I T O V L K ~ V  tiovqnrbv E ~ L X B ~ V  5 0 U  110- 
piov SO,. wQ ~ i v a t  01 a v r i o r o ~ ~ ~ <  rpavropq~avucB< np&. 

v ~ v 2 v 7  OSC W~ 

Apapazt~fi ahhayq napazqpsizat ozqv Kivqoq ZOU popiou ~ a 0 h 5  q svipysta ZOU 

ouozflpazo~ aucavst (ox. 4). H zpoxta napouotkrst ~aozluq oupmptcpopci lcat sivat 
anozihsopa zqq yq appovt~ocqza~ zou 6uvaptKoli. H aroxaoztufi,  ono^ a h h t h ~  Ka- 
hsicat, ~ i v q o q  ixst oav anozihsopa zqv zaxsia ava~azavopil zqq svipysta~ poza~i, 
zov 6tacpopwv pa0phv shsuespiaq zou popiou Kat ~nopivoq 6 t~atohoy~i  zq ocact- 
om?j  ouynsptcpopk optoyivov 6~vaytKhv ouozqpazov. H pzapaoq an6 cqv qytxs- 
pto6t~fl ozq xaozt~fl ~ i v q o q  npophinszat an6 T O  Bshpqpa zov Kolmogorov, Arnold 
Kat Moser.I9 Tieotsq pshizs~ sntzpinouv cqv ipsuva zwv paot~hv uno0iosov zwv 
popta~hv ozaztozt~hv 0sopthvZ2 (ono5 q RRKM) ot onois5 nairouv iva oqpavzt~o 
poho ozq pshizq zq5 x q p t ~ i l ~  ~ t v q z t ~ f i ~ .  

Aty6z~po ~azavoqzil sivat q 6uvaytKil oupnsptcpopk cov ~ p a v z t ~ h v  ouozqpb- 
zov. To  08pa aur6 anaoxohsi cq zpixouoa i p ~ u v a . ~ ~ .  27-28 
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C l 0 0  ~iva t  0~pp06uvapt~a ozaOsp6zspq an6 q v  OClO ahha ~ t v q z t ~ a  aoza0Tj~. To  
oyjpa 5 6si~vEt za ~ i p t a  xapa~zqpiozt~a zou 6~~aptK0b.  To  popto C10 ~ ~ i z a t  nk- 
v o  ozov c?cova zov X .  Ta ~ h a ~ t o z a  nou Gta~pivovza~ avztozot~obv o z y  660 o z a b  
p65 60~65 zou C10,. AEV npoph6nszat 6uvap1~6 cppaypa yta zq Gtaonaoq rou po- 
piov OE C10 Kat 0 .  

'Eva an6 za nhaov~~zilpazcl z q ~  p~066ou zwv nohhhv owpazov ~ivat  621 pno- 
po6p~ va ~pqo~ponotilooop~ za Guvapt~a ~ p r a z o y ~ ~ h v  ouozqpazov ozqv rcaza- 
O K E U T ~  6uvapt~Ov z~zpaazopt~hv  popiwv. 'Eva zdzoto napa6~typa sivat TO C10,. H 
0 ~ p ~ h t h 6 q ~  q h s ~ z p o v ~ a ~ i l  ~azaozaoq TOU zpt0&6iou TOU ~hwpiou, 2A,,  a6tapazt~a 
o~&d<&zat p& za a~6houea npoi'6vza Gtbonaoq~: 

+ V: (R4, R,, R,) + V"' (Ri, i = l ,  ..., 6) 
Cl07 
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OL opot zov 2-  at 3- ooydzwv sivat 6ta0Botyot an6 za Guvayt~a rou 0, lcat 
CIO,. 0 o p o ~  V"& avanapkyst zqv svtpysta Kat ysoyszpia zou C10, Kat Givszat 
ozqv avacpopa 1261. 

.Exovza~ pia avahuzt~q ouvapzqoq yta TO Fuvayt~6 zou C10, ynopo6ys va PE- 
hsziloouye zq Guvayt~q ~ q p ~ w v  avzt6paoswv nou haypavouv xhpa navw ozqv snt- 
cpcivsta. Mia sv6tacpEpouoa avziSpaoq sivat q 

lltozs6szat o n  za ahoyova nou s~h6ovzat ozqv kvo azyoocpatpa an6 m ahoyovo6- 
xa p toyq~av t~a  napao~~udloyaza ~azaozpEcpouv T O  6 5 0 ~  yt' auz6 Kat q avzi6paoq 
(16) B p t  nohuou[qzq0si za whsuzaia ~p6vta. 

H ysh6zq z q ~  avd6paoq~ (16) PE zqv ~Pavz t~ i l  0~op ia  sivat a6tavoqzq PE zqv 
napo6oa ~azttozaoq zov H/Y. A ~ 6 y q  Kat yta ~p06ostq 0s 0spyt~Bq E V E P ~ E ~ E S  o 
apt0yo5 rov ~azaozhosov rou npBnst va hqq0odv un' 6yrq ozqv avan~ucq ~ q q  KU- 

yazoouvc ipzq~  sivat zoo0 ysyaho~ nou ~ a v s t  zBzotou5 unohoytoyo6q 6 6 o ~ o h o u ~ .  
Avzi0sm q qpruhaaar~fi 0 ~ o p i a  ~ o v  z p o ~ r h v ~  B X E I  ~cpapyoo0~i PE ~ P K E T ~  sntzu- 

xi@. C6ycpwva F E  a&q zq yE0oSo ot nupqvs~ K I V O ~ V T ~ ~  PE zouq v6pou~ zqq ~haoot -  
~ i l q  yqxavt~ilq ozo Suvapt~6 ns6i0 nou n~ptypacp~zat an6 zqv a6tapazt~~j qhs~zpo- 
v t ~ ~ f l  svBpysta. 01 a p x t ~ k ~  ouv0il~sq yta KC%)& zpo~ta  opicovzat ~ a z 6  2Bzoto zp6no 
hors va avztozotxodv o z y  KPav~tK65 Kazaozaosy zwv yopiwv, &c ou Kat o 6po5 
qyt~haootcil. Mia avcihoyq qyt~haootw-j ~pcivzooq yivszat ooo ~Bhoq z q ~  zpopaq 
yta zqv avahuoq zqq ~aoaozaoqq zov npoYovzov z q ~  avZi6paoqq. 

0 unohoytoyo~ ysysehv nou ciysoa o u y ~  pivovzat p& nstpayazt~a anozshBoyaza 
anatzsi zqv oho~hilpwoq EVOS yaycihou apt0yo6 zpoxthv. Hap6ha auza q pi00605 
sd~oha ynopsi va s n s ~ z a ~ s i  o& nohuazoyt~b ouozqyaza Kat os ~po6osy  ozov 
rpto6taozazo xhpo. 

ME zqv q y t ~ h a o o t ~ q  y60060 ZOV zpo~ thv  B X O U ~ E  unohoyiost zqv ~vspyo  61azo- 
p$ (cross section) ?qq avd6paoqq (16). Ot oza0spBq za~6zqzaq ouy~pivovzat PE ztq 
avr iozotx~~ n s t p a y a ~ t ~ B ~  oz0 n i va~a  111. H ouycpwvia yszat6 nstpdlpazoq Kat ~ E O -  

pia5 6sixvst 6zt q AEE nap&&t Bva t~avonotqz t~o  yovdho yta zqv nsptypacpil zqq 

(16). ' A ~ L E ~  hsnzoyEpstsq 6noq q ~ a ~ a v o y q  zqq svtpystaq o ~ o g  ~tcicpopouq ~ a 0 -  
p065 shsu0spia~ zwv npoY6vzwv 6ivov~at ozo n i v a ~ a  IV. 
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IIINAKAE IV: H ~aravopi rqc ~vkpyaaq ora rrpoiovra rqq avri6pacqq 
(Cl + 0, -- Cl0 + 0,). 

Summary 

Potential Energy Surface: A fundantental concept for the study of chenzical dynantics 
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. MW- 
re11 and coworkers. The idea of expanding the potential as a sum--of I-, 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- 
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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 exav- 
pies such as O,, CIO,, C10, and the reaction C1 + 0, -. C10 + 0, are given. 
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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 (~o(II),jMo(111), Mo(1Y) and Mo(V)I is described. The 
stoichiometry of the new complexes corresponds to the formulae MO, (Rdtc),, MO (Rdtc),, 
MO (Rdtc),Cl,, MO (Rdtc),Cl, MO (Rdtc),CI,, MO (Rdtc),CI,, 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), (111), (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.' l 3  Most of the reported 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 (11-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),CI,, .where Rdtc are: 
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Experimental 

Physical measurements were made as described previo~sly.'~ 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 CHCl, or CH2C12 solution. After stirring the mixture for l h  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 vith 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 c r i t e r i ~ n ' ~ - ~ ~  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 z N )  and v(C=S) stretching vibrations. 

The most relevant bands in the ir spectra are given in Table 11. 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 980k 10 cm-' reflecting 
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.I5 

From the data of Table I1 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. 
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TABLE I:. Analytical data. 3 
n 
Q 

% C % H % N % S % Cl % MO colour Z 
P 
m 

Mo(2mePmdtc),C13 30.6q30.51) 4.68(4.36) 4.95(5.08) 22.87(23.52) 19.53(19.34) 17.75(17.34) brown m X 
Mo(2mePmdtc),C1, 36.14(36.57) 5.28(5.23) 5.97(6.23) 27.48)27.86) 10.47(10.30) 14.4q13.93) brown cn 

Mo(4mePmdt'c),C13 3 1.3 l(30.5 1) 4.48(4.36) 5.32(5.08) 23.12(23.52) 19.12(19.34) 17.5q17.44) brown 
Mo(4mePmdtc),C12 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 K 
Mo(2,6dmePmdtc),C13 32.57(33.18) 4.79(4.84) 4.61(4.84) 21.68(22.12) 17.94(18.40) 16.8q16.59) brown P 
Mo(2,6dmePmdtc),C12 39.2q39.39) 5.78(5.74) 5.69(5.74) 25.87(26.26) 9.51 (9.71) 13.31(13.13) brown L$ 
Mo(2mePmdtc),C1, 31.96(32.62) 4.5q4.66) 5.28(5.44) 24.39(24.85) 12.84(13.79) 18.64(18.64) brown 
Mo(4mePmdtc),Ci2 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 1 
Mo(4mePmdtc),CI 37.62(38.56) 5.3q5.51) 6.46(6.42) 28.75(29.38) 5.49 (5.43) 15.3q14.69) violet 
M0(2,6dmePmdtc),C1, 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),CI 40.8 l(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), 39.8 l(40.77) 6.13(5.82) 6.86(6.79) 20.49(3 1.06) - 15.20(15.53) brown h 
Mo(4mePmdtc), 41.46(40.77) 6.08(5.82) 6.84(6.79) 29.96(31.06) - 15.64(15.53) brown h 

- *c 
36.92(37.83) 5.17(5.40) 5.97(6.30) 28.39(28.82) 21.2q21.62) brown Mo2(2mePmdtc), 

Mo2(4mePmdtc), 38.77(37.83) 5.63(5.40) 6.24(6.30) 28.87(28.82) - 2 1.20(2 1.62) brown 4 
Mo2(2,6dmePmdtc), 39.89(40.67) 5.71(5.93) 6.04(5.93) 27.16(27.11) - 20.2q20.33) brown 
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TABLE 11: Selected infrared Spectral Data (cm-'). 

Compound v(C-N) v ( C 2 3 )  v(Mo-S) v(Mo-Cl) 

2mePmdtcNa 1615s 1490s IOlOm 960m 
4mePmdtcNa 1647s 1490w 980s 962m 
2.6dmePmdtcNa 1635s 978s 945s 
Mo(2mePmdt~)~CI~ 1510vs IOOOm 400m 340m 
Mo(2mePmdtc),Clz 15 1Ovs 1490vs 1 0 0 0 ~  975w 390m 3 10m 
Mo(.lmePrndt~)~CI, 1520vs 955s 390m 325s 
Mo(4mePrndtc),Clt 1540vs 15 1Ovs 975s 965w 400m 350m 
Mo(2.6dmePmdt~)~CI~ 1465vs 980m 380w 325m 
Mo(2.6dmePmdtc),CIz 1480vs 1460vs 1005w 975m 380m 325w 
Mo(2mePmdtc),CIz 1530vs 975s 375w 350w 
Mo(41nePmdtc)~Cl~ 1540vs 960vs 385m 325s 
Mo(4mePmdt~)~CI l5lOvs 1490vs 1020w 965s 400m 355m 
Mo(2.6dmePmdt~)~CI, 1495vs 990m 405m 360m 
Mo(2.6dmePmdt~)~Cl 1480vs 1467vs 1013w 988sh 390w 340s 
Mo(ZmePmdtc), 1490s 1450w 1000s 965s 390w - 

Mo(4mePmdtc), 1485vs 1455vs 1005s 975s 370w 
Moz(2mePmdtc), 1455s 980sh 400w - 
Mo2(4mePmdtc), 1490vs 975vs 405m 
MoQ.6dmePmdtc), 1465s 98Om 405m - 

The most far ir spectral bands of the ligands are practically unchanged in the 
complexes but there are also new bands in the region 380-400cm-' 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 111. All 
the complexes are coloured exhibiting either one or two broad absorptions2' 24 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. 35 kK and ca. 38 kK (Table 111). 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 125OC 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 ofi thermogravimetric curves). 
Losses of the organic fragment was followed in the next stages, a residue mass 
remained around 500•‹C. 



B 
TABLE 111: Electronic spectra of the molybdenum complexes. g * 
Compound Band I Band I1 Band III& IV Band V Band V1 Band V111 Band V111 Band I X  

5 
;;l 
0 

211icPmdtcNa 38.02 35.34 28.57 0 
4mePmdtcNa 38.3 1 35.71 28.57 5 

t- 
2,GdmePmdtcNa 38.46 38.34 27.78 m 

Mo(2mePmdtc),C13 36.76 22.57 21.51 18.94 - 14.29 28.57 2 
V) 

25.00 
Mo(2mePmdtc),C12 36.76 32.57 25.13 22.22 21.74 18.97 16.67 13.92 % 
Mo(rlmePmdtc),CI, 37.74 28.57 22.99 21.41 19.23 17.09 14.08 2 
Mo(4mePmdtc),C12 38.76 32.47 25.00 22.99 2 1.46 19.05 16.67 14.18 

Mo(2.6dmePmdtc),CI, 36.63 - 22.22 21.51 19.23 15.75 14.29 28.57 
25.00 
28.57 Mo(2,6dmePrndtc),CI2 37.04 32.47 25.52 21.46 19.05 16.00 13.33 
25.00 
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TABLE IV: Thermogravimetric Analysis. 

Temperature Weight Loss (96) Probable Compound 
range (OC) obs (calcd) Fragmet 

residue 450•‹C 46(40.69) MoS, 

125-187 lO(10.3) 2C1 

residue 450•‹C 34(32.5 1) MoS, 

115-150 5(5.43) Cl 

residue 450•‹C 45(44.07) MoS, 

125-170 S(5.1) C1 

170-253 38(35.7) 

Mo(2,6dmePmdtc),CI 
320-390 26(27.03) N-CS2 c::: 

residue 450•‹C 3 l(32.2) MoS, 
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Table IV continued 

Temperature Weight Loss (%) Probable Compound 
range ("C) obs (calcd) Fragmet 

residue 450•‹C 30(30.64) MoS, 

220-275 30128.73) 

Mo(2,6dmePmdtc),C12 
315400 27(28.73) a-: 

residue 500•‹C 30(29.44) MoS, 

residue 63OC 52.5(50.45) 

120-285 23(24.78) 2 H $ o - c  

Mo2(4mePmdtc), 300-560 25(24.78) 2 4 3 - c  

residue 650•‹C 5 l(50.45) M02S, 

125-250 12.5(13.14) 

Mo2(2.6dmePmdtc), 300-650 41.5(39.42) 3 aC-.": 
CH3 

residue 650% 46(47.46) MO,% 
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Conplexes of Mo(II): The reaction of molybdenum dichloride with the aforemen- 
tioned dithiocarbamates give only one type of complexes formylated as Moy(Rdtc),, 
Even in the presence of excess dithiocarbamate the ligation is limited to two groups 
under these experimental conditions. Molybdenum (11) complexes are usually 
stabilized by metal-metal bonds or by unsaturated l i g a n d ~ . ~ ~  26 NO monomeric com- 
pounds of molybdenum (11) 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 
determination~~~, 28 and Raman spectral  investigation^^^"^ which have shown that 
such strong interactions occur in MO (11) compounds. The metal-metal distances are 
shorter than expected for single bonds. This agrees with predictions of Cotton's3*, 33 

qualitative molecular orbital treatment that the metal-metal bond order should max- 
imize when four types of orbital overlap exist simultaneously (G-, TC- and &type 
overlaps) for the d4 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. 

R 

The Mo2S8 residue resulting from the thermal decomposition enhances the argu- 
ments for the proposed structure which is analogous to dimolybdenum tetraxanthate 
complexes.28 
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Conlplexes of MO (JII): The compound MoCI, 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 (111) 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 complexes. 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 Scarle3, for MO (Rdtc), complexes. 

Attempts at preparing MO (Rdtc), Cl and MO (Rdtc) Cl, complexes starting with 
MoCI, 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), C1 were obtained from the reaction of solution ofe MoCl, in 
chloroform with the sodium salts of 2-methyl, 4-methyl and 2,6dimethyl- pipe- 
ridinedithiocarbamate, according to the general reaction: 

MoCI, -I- nRdtcNa -+ MO (Rdtc), Cl,_, + nNaCl n = 2,3 

Attempts to prepare MO (Rdtc), by the reaction of MoC1, with the sodium salts 
of the dithiocarbamates resulted in all cases in the  sola at ion of the tris derivatives 
MO (dtcb), Cl. However Nieuwportg et al. have obtained the tetra-derivatives 
MO (Rdtc), complexes by the oxidatbe decarbonylation of MO (CO), and Brown7 
isolated the complex Mo(S,CN(CH,),), from the reaction of ammonium 
tetramethylenedithiocarbamate and ,molybdenum tetrachloride. 

In Table I1 are listed selected peaks attributed to absorptions of stretching vibra- 
tion of certain groups, following previous lines ,of; as~ignment.,~ The MO (Rdrc), Cl, 
complexes exhibit one absorption band, single, me-dium 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), C1 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 111). 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 study3' 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), Cl3 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, I) 
have been prepared by oxidation of /MO (S,CNMe,),I with the appropriate halogen 
and were characterized by magnetic e.s.r. and i.r. spectral  measurement^.^^ 

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 I1 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. 325 cm-'..- 

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 equatorial 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 dimeric 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,. 

Nrja &e&l~Kap/?apl~l~a' o6pnAo~a zoo poLopGawioo -(II), -(III), -@V) ~ i t r  -(V) 

H napaoK&u?j zov 6te~toKappayt6tK6Iv ouyrchd~ov zou yohup6atviou ozy 
0&160z1~& ~ a ~ a o z a o ~ q  Mo(II), Mo(III), Mo(1V)  at Mo(V) E ~ V E  PE zqv ~rci6paoq 
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~ o v  ~hwptor j~ov ahkzwv MoCl,, MoCI,, MoC1, K a t  MoC1, o ~ a  a v ~ i o ~ o t ~ a  
6teEtoKappayt6t~6 ahara rou 2-pEeuhOntn~pi6tvo-, 4-pe~uhontn~pi8t~o- Kat 2,6- 
Gtp~Buhon~mptFwo, 6 ~ ~ ~ 1 0 ~ a p ~ a p I 6 ~ 0  V ~ T P ~ O U .  

01 yevtcoi rrjnot rov a $ ~ p o v ~ e i w o v  oupxh6~wv ~ivat: 
MO, (Rdtc),, MO (Rdtc),, MO (Rdtc),Cl,, MO (Rdtc),Cl, MO (Rdtc),Cl, Kat 
MO (Rdtc),Cl,. H pchizq rouq iytve p& 6t&popeq (paoparoo~ont~iq y~e66ouq (IR, 
UV-Vis) os ouv6uaoy6 ye zq payvqrt~q E X L ~ ~ E K ~ K ~ T ~ T ~  Kat TT) 0eppooraOyt~fl 
avahuoq. Ta anorshioyaza zqq pshi~qq aurfiq i6aCav 6rt .ra orjynho~a E~ouv 
6tnupqvt~fi 6 0 ~ 4  ye yiqwpeq Bsiou. 
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Resume 

On decrit la synthese des nouveaux amides de 1' acide phenoxyacetique. Les produits 5 
ont ete obtenus par 1' action des S-alcoylcysteamines et homocysteamines sur les derives chlo- 
res de phenoxyacetyle correspondants dans du chloroforme en milieu alkalin (Na,CO,). L' et- 
ude comporte la definition de la structure des produits. 

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

Key Words: Phenoxyacetamides, S-alkyl cysteamines and homocysteamines 

Introduction 

La synthese des esters et des amides de 1' acide phenoxyacetique et de quelques- 
uns de ses derives a donne naissance a une nouvelle classe de composes 
qui agissent sur la base du cerveau et qui s' appellent •áregulateurs metaboliques•â. C' 
est ainsi que le Lucidril 1 (meclofenoxate, X=O) prepare par Thuillier et R ~ m p f ~ , ~  s' 
est revele tres actif comme stimulant du SNC et a ete utilise avec des resultats 
spectalulaires dans des cas de depression, de confusion mentale, de coma et: de deli- 
rium tremens7. 

Tandis que cet ester possede une interessante activite stimulante sur le SNC, les 
amides isosteres 1 (clofexamide, X = NH), presentent, selon les memes chercheurs, 
une variete d' autres proprietes biologiques5. 

+ Deceased. 
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Le remplacement de 1' oxygene par du soufre conduit a des composes isosteres, 
dont des esters et des amidess que nous avons eu 1' ocassion de synthetiser et d' et- 
udier dans notre Laboratoire. Ces produits possedent une action depressive interes- 
sante sur le SNC. Par ailleurs certains esters basiques et certains amides de 1' acide 
thymolo~yacetique~~'~ agissent plutot comme des hypotensieurs que comme des ane- 
sthesiques locaux, analgesiques, ou stimulants du SNC. 

Sur les considerations, nous avons entrepris la synthese de quelques derives de 1' 
acide phenoxyacetique et de cysteamines et homocysteamines de formule generale 5. 

Chimie 

Les amides 5 (Tableau 1), ont ete prepares a partir des derives substitues de 1' a- 
cide phenoxy acetique 3. 
Ceux-ci ont ete obtenus a partir des phenols substitues correspondants 2 par action 
de 1' acide chloracetique, en milieu alcalin l lJ2. 

Les alcoyl-cysteamines et homocysteamines utilisees ont ete deja preparees com- 
me nous 1' avons precedement decritI4. En les faisant reagir avec les chlorures 4 nous 
avons obtenus les produits definitifs 5. Cette reaction a ete effectuee selon la methode 
de Schotten-Baumann en utilisant une solution chloroformique de chlorure de 1' acide 
phenoxyacetique substitue, en milieu alcalin (Na,CO,). 

Schema 7 .  

5 : n = i o U 3  - 
1 R = Cl. M e . -  t - B u  

R 2 =  H ,  2-Cl, 3-Me  

R '  = M e ,  E t ,  i-Pr, n-Bu.  
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TABLEAU 1 

Rdt 
% 

60 
60 
65 
75 
75 
85 
65 
85 
90 
90 
83 
80 
73 
93 
63 
87 
86 
60 
66 
60 
75 
73 
70 
65 
90 
95 
60 
60 
80 
90 
90 
90 
95 
85 
95 
95 
90 
95 
95 
90 

FOC FORMULE 
MOLECULAIRE 

89-9 1 CIIHl4CINO2S 
84-85 CIzH16ClN02S 
87-88 C13H18CIN02S 
7 1-72 C14H20CIN02S 

150-152 C12H16CIN02S 
52-54 C13H18CIN02S 
59-60 C,4H20CIN02S 
62-63 C15H22CIN02S 
76-78 CI2Hl6CINOzS 
58-59 C13H18CIN02S 
52-53 C14H20CIN02S 
48-49 Cl,H22CIN02S 
50-5 1 ClIH18ClN02S 
39-40 Cl,H20CIN02S 
49-51 CI5Hz3CINO2S 
30-3 1 Cl6HZ4CINO2S 
86-88 C11H13C12N02S 
66-67 C12H15C12N02S 
57-58 C13Hl~C12N02S 
64-65 C14H,9C12N02S 
58-59 Cl2HI5CI2NO2S 
50-5 1 C13H17C12N02S 
67-68 Cl,H19C12N02S 
34-36 C15H21C12N02S 
69-72 CIzH,7N02S 
60-61 C13H19N02S 
61-62 Cl,Hz,N02S 
50-5 1 Cl5HZ3NO2S 
65-66 C13H19N02S 
27-29 C14Hi1N02S 
5 1-52 C,5H23N02S 
35-36 Cl6HZ5NO2S 
81-83 C15Hi3N02S 
56-58 C;,HZ5NOzS 
69-71 C17H27N02S 
40-41 Cl8HZ9NO2S 

220/0,5mm C16H25N02S 
52-53 C1,Hz7NO2S 
51-53 C18H29N02S 

194/0,01mm C19H3,N02S 

Partie experimentale 

Les produits de fusion ont ete determines avec un appareil de Buchi et ne sont 
pas corriges. Les analyses elementaires ont ete effectuees 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 theoriques avec une approximation 
de I 0,4%. Les spectres IR ont ete enregistres sur un appareil Perkin-Elmer 177, les 
echantillons etant mis en suspension dans le Nujol. Les spectres RMN ont ete effect- 
ues a 60 MHz sur Varian A60 dans le chloroforme deuterie avec la TMS comme re- 
ference interne, les deplacements chimiques sont evalues en p.p.m. 

I. Chlorure des acides phenoxy acetiques substitues. 
a) Acides phenoxy acetiques substitues 311J2. 

Nous les avons obtenu a partir des phenols substituees 2 en les faisant reagir 
avec les chloracetates de sodium en milieu aqueux a chaud. Apres acidification avec 
de 1' acide chlorhydrique 2N et refroidissement nous avons obtenu les acides solides. 
b) Chlorures des acides phenoxy acetiques substitues 4',13. 

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

II. Alcoyl-cysteamines et homo~ysteamines'~ 
a) Alcoylmercaptoethylamines (n=2). 

Elles ont ete preparees par action d' un. mercaptan sur 1' ethyleneimine dans le 
methanol a -15OC et repos pendant une nuit a la temperature ambiante. 
b) Alcoylmercaptopropylamines (n=3). 

Elles ont ete preparees en faisant reagir le mercaptan avec 1' acrylonitrile, a O•‹C 
en presence de methylate de sodium comme catalyseur et en milieu benzenique. La 
fonction nitrile est ieduite par la suite a 1 5 d e  de LiAIH, dans 1' ether. 

III. S-Alcoyl acylantides de 1' acide phenoxy acetique 5 (n: 2,3). 
Methode generale. Dans une solution de 0,02 mole de S-alcoyl cysteamine ou ho- 

mocysteamine dans 100 ml de chloroforme on ajoute 0,024 moles de carbonate de 
sodium anhydre en solution dans 20 ml d' eau. Le melange est agite fortement et on 
y ajoute lentement une solution de 0,02 mole de chlorure de 1' acide phenoxyacetique 
substitue corres~ondant 4. Apres addition de la solution, on continue 1' ajitation pen- 
dant 2h. On separe la couche organique, lave a 1' eau et seche (Na,SO,). Apres avoir 
elimine le sonlvant on obtient un residu solide qui est recristallise dans un melange 
ether-ether du petrole ou ether-n-pentane. 

Par le meme procede ont ete prepares tous les produits de cette serie, dont les 
constantes et les analyses figurent au Tableau 1. 

Etude spectroscopique 

A.- Alcoyl mercaptoethyl amides des acides phenoxyacetiques (5: n=2, R=CH3, 
C2 H, , C3 H,-i, C4 H, -n). 

I.R.: 1650-1680 cm-' (G=O), 3320-3400 cm-' (-NH-). 
RMN: Les spectres RMN des produits synthetises sont en accord avec leur struct- 
ure suposee. Un exanlple representatif est donne pour le produit de formule generale 
5 (n=2, R=CH,, C2H,, C,H,-i, C,H,-n): 
- SCH, 6:2,1 (singulet 3H); - CH,+ 6:2,55 (triplet 2H); 
- N-CH2- 6:3,55 (quadruplet 4H); - NH- 6:6,90 (mal separe des bandes aroma- 
tiques); -O-CH2- 6:4,5 (singulet 2H); aromatiques 6:7,1 (quadruplet 4H). 
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Par ailleurs, en ce qui concerne le groupement R nous avons observe les absor- 
ptions suivantes: 
R = CH2CH,: -CH, 6:1,28 (triplet 3H); .-CH2-S-CH2- 6:2,55 (multiplet 4H). 
R = CH(CH3), : -C-CH-C- 6:2,85 (multiplet 1H); 2(CH3) 6:1,25 (doublet 6H). 
R = C,Hg-n: -CH3 6: 0,9 (triplet 3H); - CH2-CH2- 6:1,5 (multiplet 4H); -CH2-S- 
CH,- 6:2,55 (multiplet 2H). 

Nous avons observe une difference d' absorption en ce qui concerne les derives 
des amides methyl-3 chloro-4 phenoxyacetique: -NH- et phenyl (3H)6: 6,6 a 7,3 
(multiplet 4H) et tert-butyl-4 phenoxyacetique, (CH,),C-6: 1,3 (singulet 9H); aroma- 
tiques 6: 7,l (quandruplet 4H). 

B.- Alcoyl mercaptopropyle amides des acides phknoxyact5tiques substitub (5: n=3, 
R=CH,, C,&-,  C3H7-i-C,&-H). 

I.R. 1650-1650 cm-' (C=O), 3260-3380 cm-' (-NH-). 
NMR: Les spectres RMN des produits synthttisks sont en accord avec leur structure 
suposle . Un exemple representatif est dome pour le produit de formule ginbal 5 
(n=3, R=CH3, C2H,, C3H,-i, C4Hg-n):-SCH, 6:2,1 (singulet 3H); -CH,-S- 6:2,65 
(triplet 2H); -C-CH,-C- 6:1,85 (5-plet 2H); -N-CH2-6:3,45 (quadruplet 4H); -NH- 
6:6,9 (mal skpark des bandes aromatiques); -0-CH,-6:4,5 (singulet 2H); aromatiques 
6:7,1 (quadruplet 4H). 

Par ailleurs en ce qui concerne le groupement R nous avons observe les absor- 
ptions suivantes: 
R = CH2CH,:-CH, 6:1,25 (triplet 3H); -CH2-S-CH,- 6:2,55 (multiplet 4H). 
R = -CH(CH,),: 2 (CH,) 6:1,25 (doublet 6H);-C-CH-C-6:2,85 (multiplet 1H); -CH,- 
S- 6:2,55 (triplet 2H). 
R = C4Hg -n: -CH, 6:0,9 (triplet 3H); -CH,-CH, - 6:1,5 (multiplet 4H); -CH2-S- 
CH2- 6:2,55 (multiplet 4H). 

Nous avons observC une difference d' absorption en ce qui concerne les derives 
des amides methyl-3 chloro-4 phenoxyacetique: -NH- et phCnyl (3H) 6:6,6 a 7,3 et 
tert-butyl-4 phenoxyacetique: (CH,), C- 6:1,3 (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 obtained by reaction of S-alcoyl- 
cysteamines, and -homocysteamines with substituted phenoxy-acetic chlorides 4 in chlorofor-. 
me in alcalin medium (Na,CO,). 

The new compounds are analogues of Meclofenoxate and are testing for preliminary phar- 
macological evaluation. 
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W o6vesoq cov vEov ayt6iov 5 npayyaconot~icat F E  q v  sni6paoq S-ah~uho 
~uocsaptvhv Kat oyo~uoc~ytvhv  (n-2,3) sni cov avctocoi~ov uxo~acso~qykvov 
~hopt6iov cou cpatvocuo~t~o6 oci.05 4, svc6~ ~hopocpopyiou napouoia a h ~ a h t ~ o 6  
yboou (Na,CO,). 

Ta vka npoi'6vca nou napouota(ouv avahoyis~ y~ ca yvoocri Meclofenoxate 
( ~ u d d r i l ~ )  Kat Clofexarnide, uno~cihhovcat i$q oc: ( ~ a p y a ~ o h o y t ~ 6  khsy~o yta av6- 
hoyq 6pcio~y. 
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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-A1203 catalysts were used in the form of a porous film on AI metal. The 
anodic oxidation of A1 for preparing y-A1203 was carried out in H2S0,, 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,03 fiIm 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 a s  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 possible1. 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. 

T o  this aim work was carried out for the first time1 in which the catalytic proper- 
ties between electro1yEically 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 A1203 in the above mentioned reaction was 
shown.' 

In a later work2 the same reference reaction was used in which electrolytic AI2O3 
catalysts pure and mixed were prepared at various conditions of anodic oxidation. 
The aim of that work2 was to interpret the catalytic behaviour of A120, in relation to 
structural properties which are affected by different anodic oxidation conditions and 
also by further treatment of the initially formed A120,. 

The present study is based partly on the conclusions drawn from the previous 
one, enriched with more recent data on the catalytic properties of electrolytically 
prepared A1203. 

For the method of preparation and also for the structural properties of elec- 
trolytically prepared A120, a large number of data exists in the literat~re.~. With the 
anodic oxidation of A1 two kinds of oxides are formed in the form of a film on AI 
metal. When the anodic oxidation of A1 is performed in electrolytes which do not 
dissolve A1203 (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 
Ipm in thickness. This oxide is nonporous and has a cellular structure; it is y-A120, 
or y'-A1203 (arrangement of cations in the lattice of y' configuration is more random 
than in the y) or boehmite (y-A100H) or more hydrated A1203, according to 
anodisation conditions. 

In electrolytes which dissolve A1,03 (sulphuric, phosphoric, 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-A1203 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 101•‹ cells/cm2 of surface, whereas pore diameter 
is of the order of 1 0 0 ~ . ~  

In the present work the decomposition of H C O ~ B  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 decomposed by the following processes: 
1. Dehydration: HCOOH + H 2 0  + CO 
2. Dehydrogenation: HCOOH - H, + CO, 
3. Reduction: HCOOH %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 
number of existing works-they are still in doubt. At any rate, it'is generally accepted 
that acidic catalysis and n-semiconductors cause mainly the dehydration of 
HCOOH, whereasr the basic ones, p-semiconductors and metals cause dehy- 
dr~genat ion.~-~ A1,03 is considered to have mainly an acidic character as well as 
some basic-  on^;^-'^ it is predominantly a dehydration catalyst6 
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Experimental 

Eight electrolytic y-A1203 were prepared under various anodic oxidation times 
(t,,) 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 AI 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 AI specimen, the 20 strips carrying the el. 
y-AI@, film comprised the catalyst. The anodic oxidation of A1 was carried out in a 
thermostatically controlled electrolytic cell containing H2S04 15% w.p.v. 

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

During electrolysis the following electrochemical reactions occur. 
Anode (AI): S O P  - 2e - SO,, SO, + H 2 0  - H,SO, + 112 O,, 

4A1 + 30, -+ 2A120, (AI oxidation) 
Cathode (Pb): 2H30+ + 2e - H, + 2H20 (hydrogen evolution) 

Partial dissolution of A1,0, by H,SO, is also occuring simultaneously with A1,0, 
prod~ction,~. the latter obeying Faraday's law. Dissolution is dependent on bath 
temperature and current den~ity.~.  In the present work the anodic oxidation condi- 
tions were: bath temperature, (tb) = 30•‹C and current density (I) = 3.5 A/dm2 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 O.lN, 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 AI metal., Merk 
HCOOH (98-100%) was used. The Schwab 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,', operating at atmospheric pressur~and temperature of 
25OC 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') of HCOOH decomposition is the same to the rate of CO production 
described by the rate equation: 

,.=- d n H C O ~ ~  - dnCO P dv' _- . -  
dt dt RT, dt 

where n: number of moles, t: time, P: pressure of lat, R: universal gas constant, T,: 
ambient temperature -298 K, dVw/dt: flow rate of CO in 11s. Substituting the above 
values into the rate equation one obtains: 
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FIG. 1: Schwab reactor A: thernwelenzent, B: catalyst, C: furnace, DE: capiNary 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. 

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 : 
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E 1000 
or log k=log A-- - - 

4.57 T 

(were k: reaction rate constant, A: frequency factor, E: activation energy in 
kcallmol, 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 to, 
are given in table I. 

TABLE I: Mass (m,,), thickness (v) and apparent density (d) of electrolytic y-Al,O, vs anodic oxida- 
tion time (to,) in H,SO, 15% w.p.v., tb = 303 K, I =  3.5 A/dm2. 

to, (min) 9 18 22.5 27 35 48 65 90 
m,, b g )  49 89 106 119 135 139 139 139 
V (pm) 10 19.5 23.5 27 3 1 33 33 33 
d (glcm') 2.43 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 v parameters increase whereas d 
decreases gradually with to, up to to, = 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 to, in the region to, c48  min acquiring a zero value at 
to,= 48 min. The mass of oxide is always smaller than that anticipated by Fara- 
day's 1aw.The difference between the theoretical value and the measured one keeps 
increasing continuously with to, and expresses the mass which is dissolved by the 
H,SO, 15% w.p.v. solution. The variation of d with to, (table I) shows that the 
porosity of the oxide increases up to to,= 48 min becoming constant for to, >48 
min. This has been shown in a previous work4 also. 

The decomposition of HCOOH on all prepared el. y-A120, catalysts is a -100% 
dehydration process as it has been proved to be so by chemical analysis of reaction 
products. Only above 355OC traces of CO, were observed. The decomposition of 
HCOOH on AI 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 A1 metal under the oxide film and also the thin film of y-A120,, 

1000 A thick, which always covers the A1 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 355OC. 

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-A120, prepared under 
the following conditions: tb = 303 K, I = 3.5 A/dm2, to, = 48 min. The results are 
shown in Fig. 2. 

FIG. 2:  Dependence of HCOOH decompositio? rate (r) on mole fraction (X) or partial pressure of 
HCOOH in 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 2 0  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-A1203 surface under the experimental conditions employed. 

The measurements of the rate of HCOOH decomposition at different tem- 
peratures gave the Arrhenius diagram. *In Fig. 3 indicative Arrhenius diagrams at 
five different to, are given. 

From Fig. 3 it is apparent that by increasing to, 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). Further increase of to, 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 I1 the activation energy (E), the frequency factor (A) and the rate cons- 
tant at 350•‹C (k,,,,) are given and also the A and k,,,, parameters reduced per 
mass unit of catalyst (A/mox , k,,,, /mox) at different tox. The calculated values of 
E and log A from the Arrhenius diagrams by the least squares method are con- 
sidered to be 0.f 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-AhO, catalysts at  dzgerent fox 1:22.5, 2:27, 3:48, 4:65, 
5:90 min, tb = 303 K, I = 3.5 Aldm2. 

TABLE 11: Effect of anodic oxidation time (to,) on the kinetic parameters: activation energy (E), fre- 
quency factor (A), rate constant at 350•‹C (k3500C) and A/mox, k350aC /mox in the dehydrative decom- 
position of HOOOH on el. y-AlzO,, tb = 303 K, I = 3.5 A/dmz. 

to, E log A k35wc log (A/mox) k3500C /mox 
(min) (kcallmol) A in (mllmm) Almox in (ml1min.g) 

(mllmin) (mllmin .g) 

The change o f  E, log A and k3,0,c with to, is shown in Fig. 4. 
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FIG. 4 :  Effect of to, on E, log A and k3500C in the dehydrative catalytic decomposition of HCOOH on 
el. y-A[, 0, catalysts, tb = 303 K, I = 3.5 Aldm2. 

It is evident that E, log A, k350.c change in a-uniform way with to,. A maximum 
appears at to, = 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 k,,,.,, by employing 
the Arrhenius equation (3) and making use of the kinetic parameters given in table 
11. 

In Fin. 5 the variation of k350,c/m,x and log(A/mox) with to, is shown. 
It is observed that k,,,, /mox and log (Aimox) are changed in a qualitatively 

similar way to that of k350.c, log 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-A120, prepared at 
tb= 303 K, I = 3.5 A/dm2 and various to, 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 A1 remaining un- 
covered by the oxide and coniing 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 to, on k35pc/m, and log(A/mOx) in dehydrative decomposition of HCOOH on el. y- 
A120; catalysts, tb = 303 K, I = 3.5 Aldmz. . 

view is strengthened by the fact that at the same temperature traces of CO, were ob- 
served when A1 metal was used as catalyst, the latter being in accordance with the 
view that metals generally are dehydrogenative catalysts in the HCOOH decom- 
posi t i~n.~ 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-A120, chemically prepared gave dehydration efficiency of the order of 
67 - 83%, A1203 formed at 970•‹C had an 95-100% efficiency whereas a-A1203 a 16- 
30% dehydration effi~iency.'~ It seems obvious that the special way of electrolytic 
preparation of y-A1203 adds to it this predominantly dehydrative character. 

The dehydrative action of y-Al,O,, which possesses strong acidic Lewis centers 
(AI3+), causes the dehydration of HCOOH, which is considered to occur on these 
centers by an acid-base mechanism6 formulated in Fig. 6. 

FIG. 6 :  Mechanism of HCOOH dehydration on AI,O,. 

The proposed mechanism, as it is shown in the schematic diagram, includes the 
adsorption of HCOOH on A1203. 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 I.R. spectrum is similar to that taken for aluminium formate. 
By I.R. 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 empl~yed. '~  

In the same paper16 it has been supported that the decomposition of HCOOH on 
y-A1203 takes place between surface protons and,HCOOH in the gaseous phase. The 
adsorption with decomposition of HCOOH on y-A1203 supplies protons to the sur- 
face of the catalyst which behave as active centers for the subsequent reaction. Thus 
the reaction takes place on Bronsted acidic sites. The adsorbed formic ions on Lewis 
acidic sites do not behave as reaction intermediates. That workI6 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.16 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-A120, 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 catalysts5 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- 
A1203 is strong; equally the adsorption enthalpy (AHad) is of significant magnitude 
and the calculated activation energy is the true one. 

Since the activation energy (E) changes, depending on to,, the heat of adsorption 
(-AHad) must ,also change in a similar way with to, This is deduced from the 
theory of activated complexes. Therefore the variation of kinetic parameters E and 
also A, A/mox, k350,c, k,,,,, /mox must be connected to the variation of AHad and 
the surface properties of el. y-A1203, 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 k3,,,c, these being affected by to, only. 

The structural properties of el. y-A1203 as defined by total real surface, deviation 
from stoichiometric ratio (semiconductivity), crystallinity and surface acidity are all 
being affected by the variation of to, through the mechanism of anodic oxidation 
described below: 

As soon as anodisation of AI in the H2S0, 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".3, 

H2S0, 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, taking place 
towards the metal side (reaction front). 

The development of pores follows in pace the oxide development, i.e. the con- 
tinuous movement of the A120,/Al interface towards the A1 direction, due to the dis- 
solution of the oxide in H,SO, bath. The oxide development towards the AI side 
creates behind it the porous oxide film. By increasing to, 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 to, and at a certain time (to, = 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 to, = 48 min acquiring constant values for to, >48 min. The increase of porosity 
up to to,= 48 min explains partially the rise in the values of A, A/mox, k,,,,, /mox 
up to to,= 48 min by increasing to,. 

The produced oxide in the barrier layer is amorphous y'-A120, which is conver- 
ted quickly to microcrystalline y-A120,, while by a certain mechanism the y-A120, 
gradually becomes more*crystalline with increasing to,. 

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 orland 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 to,, the more the oxide deviates from its stoichiometric ratio or, 
expressed in another way, the oxygen excess becomes greater. 

Thus at low to, the oxide is more amorphous and ought to yield greater values of 
-AHad 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-A120,. 

At low to, 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 -AHad, E and A. At larger to, 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 h , ,  k,,,, and k3,,,/mox. The values of these parameters attain 
a maximum at to, = 48 min, where the deviation from stoichiometric ratio becomes 
very low. For tox>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 to, >48 min 
the value of the above mentioned parameters decrease. The rate of decrease of these 
parameters is expected to become zero for to, > >48 min as indeed shown in Figs. 4, 
5. 



152 GEORGE S. PATERMARAKIS 

In conclusion *to, is responsible for the variation of surface acidity and kinetic 
parameters during the catalytic decomposition of HCOOH on el. y-A1203. The exact 
nature of acidic or/and basic centers on y-A120, is still in doubt and the views on the 
subject are different and frequently contradictory. 

In other areas of research it has been also proved that the variation of to, affects 
significantly some other properties such as the protective ability of el. y-A1203 
against stress corrosion cracking of AI metal.", l8 

As it has been shown, the complete study of the catalytic behaviour of el. y- 
A1,0, prepared at constant bath temperature, current density and at various to, de- 
mands a comprehensive study of structure, semiconductivity and the natuie of acidi- 
ty of these oxides. This will be the aim of subsequent work. 
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