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NYPPOANIZIAINIKA AAKAAOEIAH TOY OYTOY ONOSMA HETEROPHYLLA

ANTQONIOZ 2. MEAAIAHZ kot BAZIAEIOZ N, NANAFEQPrioy
Epyaotripro Opyaviurs Xnueloas, Tpruatos Xnuuudv Mnxoaviwdv, IToAutexviurg
IxoArs, Apuototeretlov Maveniotnulov Begooioviung, Beooaiovinn 54006.

(EAY9ONn 19 OeBpouaplou 1986)

Key words : Onosma heterophylla, Boraginaceae, Pyrro]iziéine alkaloids,
Heliotridine, 1-Methylenepyrrolizidine, GC/MS.

EIZArQry

>ta mMAaloLa £vOC TPOYPAUUATOC ML TNC UEAETNG SLAYOPWY EKXUALOUATWV
andé QUTG TNC OLKOVEVELOG Boraginaceae, UEAETAOOUE Ta XnuLk& cuotatikd tou
@utol Onosma heterophylla1. H Onosma heterophylla (Boraginaqeae) elvat
éva TOAUETEC @uTO pe OAO TA HOPPOAOYLKG XAPAKTNELOTLKG, Onwe meplypbgov-
ToL oTn dLebvn BLBALovpamtaz, T0 omolo aveuploketal orn BaAkavikh Xepobd-
vnoo.

2tLc pldec Twv QUTOV OPLOMEVWY YEVQV TNC OLKOYEVELAC Boraginaceae G-
mavtolv, €KTOC TwWV GAAWV, Loosisvqu-vaweaéaptvsc Kal TUPPOALZLOLVLKA aA-
KaAoaL6h3.

0L Looe&evulo-vagdalaplveg, MEPLOOOTEPO YVWOTEG WG GAKavviveg B gLKO-
viveg, amoTeAolv pla TEEN ALmégLAwv €puBpwv XPWOTLKOV HE TOAU €vdLogépou-
0eC BLONOYLKEG KOl @apuakOAOYLKEG L6L0tnt€é’§ ZnuavtikéteEPn an’ autég TLC
LdLétnteg elval n emouAwtikh dpdon, tnv onola epgavilouv Ta €AaLOdn €kxu-
Aopata pLZov 150 TOUAGXLOTOV @UTLKOV €Ldwv mou avhkouv ota vévn Litho-
spermum, Ebhiuﬁ, Onosma, Anchusa KAl Cynoglossuﬁ, ™G OLKoyéveLag Boragi-
naceae, dta omola amavtolv Looeevuho-vagbalaplveg. ‘

Ta MuppoAedLBLVLKE aAkaAoeldn amavtolv tdoo wC TplLTotayelg BaoeLc 600
Kol w¢ N-o0ZeldLa qutwv O @UTLKG €LOn mou avikouv o€ SLAapopa yévn Twv OL-
KOVEVELWV Boraginaceae, Compositae KAl Leguminosaeﬁ. Ta muppoALZLBLVLKG
aAkaAoELD TwV OLKOVEVELWY Compositae KAl Leguminosae KaBLG Kal ekelva pe-
PLKOV YEVQV TNG OLKOYEVELAG Boraginaceae (Heliotropium, Cynoglossum KAL
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Echium) amneTéAeOgav avTLKELPEVO €KTETAuévwV HEAETOV. AvtiBeTa, Ta aAkaho-
"ELDN Twv VeV Anchusa, Lithospermum KAl Onosma (Boraginaceae) €XoUV UE-

AeTnBet sAdeota?_10

MuppoALlLdLvikd aAkaloeldr €xouv aveupebel emiong,
we e&wyevh ouoTatLkG, ot e€eLdLkeupéva dpyava ZwlKbv opvakud)v11 Kabug
KalL oTo uéAL dLagopwv floALTELLV TNg AusOLKﬁC!Z

MuppoALZLOLVLKG alkaloeld pe akdpeoTo 1,2—6806po~'ﬁ 1-udpofupucsbulo-
olotnua elval TogLkA otov avBpwro kalL ota Cwa. 0 Babudc tofikdintac eZap-
TdTaL eniong kat amd aAAa doulkd XAPAKTNPLOTLKA aQuTdv Twv evmoswv!3 Ta
akdpeata MuppoALlLBLYLKG aAkaAoeLdn eugavilouv pla pueydAn moikiLAla Bro-
AoyLkv dpboewv (Nmatoto&Lkr, TVEUUOVOTOELKNA, ALHOAUTLKA, AQVTLULTWILKA,
TEPATOYOVO, peTarAaZLoydvo kat |<ap|<|.v0\,«.‘)vo)1.3-18 Eotépec tnC RALOTELBL-
vng KaL Tng peTpovekl{vng eupaviZouv avILKAPKLVLKN 6pdon19 KaL nuLouvee-~

TLKOL €0Té€peC TNC nArotpLdlivng TOMLKA avalodntLkh SvépVELG%O

AfIOTEAESMATA KAI ZYZHTHZH

H ueAétn pac evtoniobnke ota alkaroeldn twv pLlov, dedopevou OTL N
katavoun twv. ailkaloeldov ota dLdgopa pépn Twv @uTwv (pllec, @UAAa, &ven)
MooOTLKG pmopel va moLkLAeL, TOLOTLKA dpwe mapouoLdlel ouvABwC £AAXLOTEC
OLaopOTOLATELC.

Ouv pl{lec Tou @uTol apxLkd €kxUAloBnkav We k-g£&avio (yLa Tnv amopydkpuv-
on Twv ALTO@LAwv cuoTatikav Twv pLlwv) Kal otn ouvéxelLa pe peBavoin. To
UEBAVOALKO ekXUALopa umoBAnBnke oe dUo EexuwplLotéc dLadikaolec: (a) otnv
kAaooLkr) dLadLkaola amopovaoews oAkaloeldav kal (B) otn dLadikacla ava-
vwyne N-ofeldlwv. Ta kAgouata Twv dUo autwv dLadLkaoLhv ouykplBnkav UE

TLC avahuon?!

and tnv omola mMpoékuPe OTL €lxXav MOLOTLKA Thv L(dLa ovoTtaon.
H anédoon Tou kAdopatoc tnc deUtepng dLadlkacglac ATtavy UTEPSLTAGOLA TNC
TPWTNC VLA HEPLKEC, KNALdEC.

AkoholBnoe, GC-MS avaluon tou kAGouatoc Twv akkaloeldiv. EukpLvi ¢a-
ouata ualiv €Mgbnoav pbvo osgﬁpo TMEPLMTROELC KAl £TOL TEALKA JLeukpLvi-
oBnkav oL JouéC uOVo BUO QUOTATLKWV Tou KAGOWaToC. H peA€Tn Tou Tpoémou
BpauUCUATONOLNOERG TOUG ,0Ta paopata palwy pag odhiynoe va mpotTelvoupue yLa
Ta 500 autd CUOTATLKG th?6ou¢; ™G nAtotpldivng (A tng emLuepodc otov
€-7 petpovekivng, I) kat tng;1-ugeuAevo-nuppoALCL6tvnc ,II).

. OH ’ CLI;OH CH

BEP 2
6 N2
N N

s b3
I 11
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0 TpOnoC BpAUCUATOMOLACEWC TOU £VAC OUOTATLKOU OTO @doua palwv Tou
oupguvel amoAuta pe Tov TEdMo BpaucUATOMOLACEWC QUBEVTLKOU JELyHATOG nAL-
OtOLﬁﬂan%Z NpdyuatL, 0TO @dopa pal@v TOU ouaTaTLkoU autol (eLk, 1),eKTOC
and To popLakd LoV M 155, eugavidovtal Kal Ta BadlknAc onuaclag Spaloua-
ta m/z 137 (M+'—18), 111 kaL 106 KoBwC KalL TG XOGPAKTNPELOTLKA yLa Ta mup-
POALZLBLVLKG aAkahoeldrh Bpalopata m/z 94 kat 80 (ox.1).

NpémeL va tovioBel to yeyovog OtL oL muppoALZLdLvikég BaceLg amaviwg
onavToUV ota QuUTA uTd eAelBepn (un €otepomoLnuévn) Hopen, EVw cuvnbéota-
Ta anavioly umd LopQN .EOTEPWY HE OpLOpéva OZfa (vEKLKG oEéa)%3

>to @aopa palev Tou GAAOU CUGTATLKOU (§LK. 2) eppavileTal TO HOPLAKO
Lev M¥" 123 kaBic kalL Ta BAOLKAC onuadtac Bpatouata m/z 83[M+i(CH2=C=CH2ﬂ

<
i~

cH,,
m/z 83
koL 94. Katdmiv autol mpotelveTal yLa TO ouotatlkd autd n doun tng 1-pe-

BuAevo-muppoAlZLdivng (II), n omola éxeL amouovwBel amd to @utd Crotala-
ria anagyroidesg4 TNG OLKOYEVELOG Leguminosae.

OH CH_OH
I 100 1 80 2
\
g0
=
e}
S 60+
o
\5 ]+O - 111
© ool 536893 y .
Q F 6 137 155(M )
) [ N - n IF I |
Sd (‘)[ T T T , T n. T T T T T T T T T T T l
100 150 200 250 300

m/z ——»

EIK. 1 : @douo poZdv evdg GUGTATLHOY (nAtotpLdlung) Tou KAGOUOTOS Twv
aAraA0ELSUY, Twv pLiwv tng Onosma heterophylla.
REIPAMATIKO MEPO3

To QUTLKO UALKO OUANEXBNKE amd TLC VOTLEC GKTEC Tng Aluvne Mey. Npé-
ona. TauTtomoLABNKE LOP@POAOYLKG KAl avatollkd, aAAd KUpLWC PE XPWUOTWULKNA
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OH CH,OH CH_OH
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IXHMA 1 : Mnyavuopuds 9pavouatonoldoews NS nivotpldlvns (1 Tng emntuepovs

PETPOVEXRLVNS) .

T 100 104 2
0\°
£ 801 119
E ol
> 60
=W
= 40|
E 83 120
[% 20+ 80 | 9y 123(M+')
0d... Llnl'ffl“ T ' T

50 100 150 200 250 300

EIK. 2 : ¢dopo poridv tng 1-ueduievo-muppoiezldlvng (ocuototLxod Tou HAd-
oHaTOS Twv aAnaroelddv Twv pLidv Tng Onosma heterophylla) .
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€ZéTaon Twv avBéwv ToU KalL €Tal amodelxBnke OTL MPOKELTAL yLa TO €050C
heterophylla, TOU VéVOUCJOnosma,Inc OLKOYEVELOC Boraginaceae (XpWUOOWUL-
k6¢ opLBudc 2n=26, n=13).

Atoudvwon ToU KAJOUQTOS TWV GAHGAOELSWV

100g koviomolnuévuwy pLlwv Tou @uTol Onosma heterophylla €KXUALovTal
eZavtAnTLKG pe K-gZavio oe guokeuny Soxhlet, yLa Tnv amopakpuvon Twv ALTO-
@LAwv ouoaTatikov Twv pLlov (LooefevuAro-vagBalapLvwv, ALTLBLlwv kalL GAAwv
OuadwY ouaLOV) .

AkolouBel ekxUALon twv oLlmv pe peBavOAn enl 24 hpeg otnv (BdLa Ou-
okeun. Meta tnv amoudkpuvon tou SLaAldtn und eAattwuévn mieon, AauBdavov-
Tal 24,19 LE0Souc UMOAELpPATOC OKOTELVOU XPHUATOC (TMPOKATAPKTLKS peBavo-~
ALkd ekxUALoua).

MNa tnv avaywyj twv N-0ZeLdlwv tou plypaTo¢ Twv GAKGAOELDWV, OF Kuw-
vikf) @LaAn g€povtaL 10g TMPoKATAPKTLKOU peBavoALkolU exkuAlouatog, mMpooTi-
Bevtatr 100m1 SraAduatog 2N Beiikol oféog kabwg kat 0,59 okdvng Yeudapyl-
pou KalL To ulyua avadeleTal payvnTikd enl 8 hpeg oe Bepuokpaclia BSwhaTlou.
AkoAouBel BLABnon kaL To 6EZLvo BLiBnua ekxuAlleTal ue XAwpoedpourLo {(yLa
Tnv amopdkpuvan GAAwWV OuvUTIGPXOVTWY CUOTATLKOV) .

To mapandvw 6ELvo dLABnua £oudeTepveTal pe SLaAupa apuwviac (puB-
uwon tou pH otnv neproxh 9-10) kaL otn ocuvéxeira ekxuAlilletalr ue XAwpogdp-
pLo. H xAwpogoputkn oTLBGSa EnpalveTaL ue Gvudpo Belikd vATpLo KaL TEAOG
anouakplveTalL o SLaAltng umd ehattwpévn mieon, omdte AauBavovtar 0,29 ki-
ToLvou umoAelppatog (kKAdoua GAKGAOELBWV).

TMPOHATOPHTLHT] OVAAVTT TOU HAAOUQTOS TwV GAHAAOELSWY

To kAGoua Twv aAkaAoeldov umoBAAAeTalL oe mpokatapktikh TLC avaiuon
(¢étoLpeg nmAdkec Merck maxoug 0.2mm, pe Kieselgel 60F254), ue uypd ava-
ntiewe RBevZdALo/o8Lkd alLBuleotépa/dLaLlBuiauivn (70/20/10) .

AkoMouBel YekaouoC ULAC XPWHATOVPGYLKNAG TAGKAC HE TO avtLdpacTnpLo
Dragendorff (yevikd avtidpaothipLo aAkaAoeldwv) kalL MLAG AAANG HE TO Lwdo-
AEUKOXPUOLKO avTLBpacThpLo (eLdLkd yLa muppoALZLBLvLKG aAkaAoeLdn), ta
omola mapackeudlovial Katd Tta vvmord?s Me to avtLdpactipLo Dragendorff
sppaviZovtaL 0Tn XPWUATOYPAEYLKY TMAGKa TMOPTOKaAAEPUBpec knAldeg (€vdeLgn
napouc{ag PlyuatoC AAKAAOELDOV), €Vl PHE TO LWSOAEUKOXPUOLKG avTLBpaoTh-
pLo eupavidovtal KnALdEC Kageé kalL umMEQ xp&u@toc (évdeLEn mapouclag ufv—
yatoC aAkaAoeLdwv pe muppoALlLdLvikn doun) .
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GC-MS avdivon Tou xAJOUGTOS TWV OAKAGAOELSWY

To kAdoua Twv GAKaAoeLdiv apxLkd umoBdAAetar oe GLC avdAiuon kau dia-
Xwpiletal ota enl PéPOuc GUOTOTLKA Tou. 3TN ouvéxeia e ouvduaouévn GC-MS
avaiuon AauBavovtoL Ta gaopata palwv twv £nl HEPOUC CUCTATLKWY TOU KAAOUa+
g,

0L ouverikeg tng GC-MS avaAloswe elval oL akdAouBeg: TpLxoeLdrc oThAn
(30m) pe SE-54. Mpovypauuatiouévn Bepuokpacia GTAANG 150-300° (5%/min) .0&-
pov aépLo AALo (20m1/min). Bepuokpacla XOpPou eyxuocwe Belyuatog 250°. A-
VLXVEUTAC MS (Varian MAT 311A). Evépyeia déounc nAektpoviwv 70eV.

EYXAPISTIES

EuxapLotolue Bepud tov k. . MauA(dn (Aéktopa tou Epyootnplou SuoTnuas
TLKAC BotavikAg kaL Qutoyewypaglag, tou TuAuatog BLoloylag, TNg ZXoAng Oe«
TLkov EmLotnuov tou A.M.0.) via tn ouAhoyhh KaL Tautomolnon Tou guTlLkolU u-
AtkoU. Emiong, euxapLotoUpe Oepud tov Prof. Dr. H. Teppner (Institut fur
Systematische Botanik der Universitdt Graz, Austria) yLa Tn XpPwHOCWULKH
e€étaon Tou @uTLkoU UALKOU.

NIEPTAHWH

2tnv epyacla auth peAetdtal TO kAdoua TwWV TMUPPOALZLOLVLKOV AAKAAOEL-
div, To omolo AopBdvetar and tig pileg TOu QUTOU Onosma heterophylla, ING
OLKOYEVELOG Boraginaceae. Me ouvduaopévn GC-MS avdAuon BLeukpivicdnkav ot
GouéC B0 TMuUpPPOoALZLSLVLKOV aAKaAoeLdwv, tng nAtotpLdlvne kar tng 1-pebu-
Aevo-tuppoALZLdivng.

SUMMARY
PYRROLIZIDINE ALKALOIDS OF THE PLANT ONOSMA HETEROPHYLLA
ANTONIOS S. MELLIDIS and VASSILIOS P. PAPAGEORGIOU

Laboratory of Organic Chemistry, Department of Chemical Engineering,
College of Engineering, University of Thessaloniki, Thessaloniki 64006,
Greece.

The alkaloid fraction, isolated from the roots of the plant Onosma
heterophylla (family Boraginaceae), is studied in this paper. The struc-
tures of two pyrrolizidine alkalois (helitr{dine and 1-methylenepyrrolizi-
dine) were identified by GC/MS.
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SUMMARY

The inhibitory act10n of benzyl-triphenyl-phosphonium cations on the
reduction of Cd®* and Zn?* at the dropping mercury electrode is studied
by means of polarographic < - E and 7 - ¢ measurements. This study is car-
ried out at Timiting current potentials, where the effect of the varia-
tion of the y, potential on the kinetics of the Cd** and Zn?* discharge
is negligible. Formal and standard rate constants are determined in the
presence of benzyl-triphenyl-phosphonium cations and it is found that a
Togarithmic relation exists between the rate constant and the degree of
the surface coverage. This means that the strong inhibitory action of ben-
zy]-tripheny]-phosphonium cations cannot be attributed to a simple block-
ing effect. It is concluded that interactions, mainly electrostatic, be-
tween surfactant cations and the activated COmp1ex particles predom1nant-
1y define .the mechanism of the inhibitory action.

Key words: Inhibition, phosphonium cations,cadmium and zinc discharge.

INTRODUCTION

The quantitative study of the inhibition of simple electrode reacti-
ons in the presence of various surface activeionic and non-ionic substan-
ces is a subject which attracts the attention of many investigators from

the early 50°s up to nowl’2

. In these frames, research is mainly focused
on the elucidation of the mechanism of the electrode reaction itself as
well as on the mechanism of inhibitory action from the experimental and
also the theoretical point of view.

A large number of non-ionic 1'nh1b1“corsl'5 has been examined systema-
tically. On the other hand, the study of ionic surfactants, especially of

the positively charged ones, is much less extensive although it is known
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that the film formation of these substancesﬁ'8

presents interesting cha-
racteristics which are usually reflected to their inhibitory action.

The study of the inhibition behaviour of guarternary phosphonium ca-
tions, the film formation of which is accompanied by reorientation and
crystallization effects, was initiated by Ddrfler et a18. Later, in a
work from our 1aboratory9 we studied the adsorption of benzyl-triphenyl-
phosphonium cations,(BzPhsP)*, at the dropping mercury electrode, (DME),
and to qualitative level we examined the inhibitory action of this sub-
stance on the reduction of a series of organic compounds. However,these
works do not constitute a systematic study of the inhibition behaviour
of phosphonium cations, thus not allowing a sound determination of their
inhibition mechanism. In the present work we attempt such a quantitative
study for the influence of the adsorption of (BzPh;P)* cations on the ki-
netics of Cd?* and Zn?* reduction at the DME. This 1is achieved by deter-
mining the dependence of the formal rate constants on the electrode po-
tential, the degree of the surface coverage and the bulk concentration
of (BzPhsP)* cations.

In the course of this study,the formal standard potentials of the e-
lectrode reactions are determined, the standard rate constants and the
charge transfer coefficients as well as the rate constant of the reaction
on the uncovered part of the electrode are estimated and finally the pro-
per equation which corresponds to the inhibition mechanism is selected.
At a preliminary Tevel, a series of adsorption characteristics, such.as
the coverage vs. potential dependence, the maximum surface concentration
and the area per adsorbed (BzPhsP)* cation, are also determined.

EXPERTMENTAL

The kinetic parameters of Cd?* and Zn** discharge were determined by
d.c.polarography measurements of the polarographic current against poten-
tial and time at the DME. Adsorption characteristics of the (BzPh;P)* ca-
tions were determined by tensametric measurements. For these measurements
Radiometer "Polariter P0-4" and Metrohm"Polarecord E-506" systems were
used in connection to a Houston Inst."Omnigraphic 2000" X-Y recorder.

The solutions were deaereted by a stream of purified nitrogen and
they were kept at constant 25 + 0.05°C tempetature. The characteristics
of the DME were 2.121 mg-s~!(flow rate) and a drop time of 5 s at a re-
servoir height of 40 cm. The water and mercury were used after double
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distillation. KNO; (Merck,puriss p.a.), Cd(NO3)»(Merck,puriss p.a.) and
Zn(NO3)2(Merck,puriss p.a.) were used without further purification,while
BzPh3PC1 (Aldrich, 99%) was once recrystallized from water-methanol mix-
tures and afterwards dried at 150°C. _

A1l potentials were measured against a large area calomel electrode
saturated with KC1.

RESULTS AND DISCUSSION

Adsorption characteristics of (BzPth)+ cations

The electrode coverage against potential curves of 0.2 M KNOzin the
presence of BzPh;PC1 additions, obtained from tensametric measurements,
are provided in figure 1.

00 F —
1 e )
° Ny
050
050 - 100 - 150

E (V/SCE)

FIG.1l: Dependence of surface coverage of the DME against the electrode
potential for the following BzPhzPCl additions in mM:1)0.08, 2)0.09, 3)
0.10, 4)0.125, 5)0.15, 6)0.20 in 0.2 M KNOz aqueous solutions.

For a concentration of BzPhsPC1 equal to 2x10 * M, limiting covera-
ge is obtained and for this reason higher concentrations are not incor-
porated in figure 1. From this figure, the potential of maximum adsorp-
tion of (BzPh,P)* cations in aqueous solutions is found at B -1.10
V/SCE. The smooth shape of the 6 vs. E curves is an evidence for the ab-
sence of any rearrangements, viz. condensation or reorientation,in the
adsorption layer of (BzPhsP)¥cations. The adsorption equilibrium of the-
se cations is controlled by diffusion as it is evidenced by the linear
dependence of the time required for the attainment of saturation cover-
age, ts , on the inverse square of the bulk concentration, 1/e¢2, of
BzPh3PCl, shown in figure 2. This is in agreement to the equation of Ko-

ryta10

Fsz (1)

- 6
ty = 1.82x10°52
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FIG.2: Dependence of the time required for saturation coverage on the in-
verse square of BzPhzPCLl concentration, for Cd**(a) and Zn**(b) reduction.
Electrode potentials in V/SCE provided on the figure. Base solution:aque-
ous 0.2 M KNO3z.

From equation (1), the important adsorption parameters,l; and Sorg.’
the saturation surface concentration and the area occupied by each adsor-
bed (BzPhaP)+ particle,can be obtained. For this calculation, the value
of diffusion coefficient,D, of (BzPhsP)* equal to 5x107% cm?-s~!,derived
polarographically, is used. The value of I’y thus obtained is equal to
(2.56+0.02)x107'° mol-cm~? leading — by means of the relation Sorg. =
10‘“N“FS‘1, where ¥ is the Avogadro number — to Sorg.= 0.64+0.01 nm?

per adsorbed (BzPhsP)* particle at saturation.

Influence of (BzPth)+ adsorption on the kinetics of Cd*' and Zn** dis-
charge

The electrochemical rate constants of Cd2t and Zn?* discharge in the
presence of adsorbed (BzPhsP)" were obtained from d.c.polarographic cur-
rent-voltage and current-time measurements provided in figures 3 and 4.
Polarographic ¢ - ¢+ curves of cd?* and Zn2?* in the presence of BzPh;PCl
addition were recorded over a wide range of potentials, fron -0.80 to
-1.50 V/SCE, corresponding to the limiting diffusion current of the re-
spective uninhibited reactions:

Cd?t + 2¢ —= Cd(Hg) (2)
Zn?t + 2¢ —> In(Hq) (3)

and only some of them are provided in figure 4.
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FIG.3: Polarographic curves of Cd** (a) and Zwn** (b) reduction in the pre-
sence of the following BzPhzPCl concentrations in mM:1)0.00, 2)0.065, 3)
0.08, 4)0.09, 5)0.10, 6)0.125, 7)0.15, 8)0.20, 9)0.30. Base solution: a-
queous 0.2 M KNO3z.

t(s) t(s)

FIG.4: Polarographic current-time curves for the cd?*(a) and Zn%*(b) re-
duction at a standard electrode potential E = -1.2 V/SCE, in the presence
of the following BzPhzPCl additions in mM:1)0.00, 2)0.065, 3)0.08, 4)0.09,
5)0.10, 6)0.125, 7)0.15, 8)0.20, 9)0.30.Base solution:aqueous 0.2 M KNOz.
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For the calculation of the electrochemical rate constants the method
of Koutecky11 was used. For this purpose, the following equations were
used: ’

14 o(x)
EPa D nF *)
d 1+ Ei»exp [EE-(E - E%ﬂ

and X = ka{ 1+ \/gexp [;: (B - E?ﬂ} (5)

In equations (4) and (5) and ¢; are the instantaneous at time %

s 1
and diffusion limiting currentsf ¢o(x) is a tabulated function of xll, D,
and Dy are the diffusion coefficients of the oxidized and reduced formof
the depolarizer, n is the number of electrons involved in the elec-
trode reaction, ES is the standard electrode potential of the reactions
(2) and (3).

In equation (5),kf is the formal rate constant of the reaction which

is expressed by

kf-=ksexplli-%§(E—E?-)] - ' (6)
where k; and a are the standard rate constant and the charge transfer co-
efficient respectively.

The standard potentials of the electrode reactions (2) and (3) were
determined by a method suggested by Tamamushi and Tanaka12 and they were
found equal to: E?(Cd2+) = -0.603 V/SCE and E?(Zn2+) = -1.032 V/SCE.

Equations (4) and (5) are much simplified by the assumption,which is
frequently encountered in Titerature, that Dy = Dr. The values of the
diffusion coefficients of Cd2* and Zn2* were found poTarograph1ca11y e-
qual to 6.87x107% and 6.32x107% cm?-s™! respectively. Using these values
and ¢ - ¢ data, we calculated the dependence of 1ogkf against loge by
means of equations (4) and (5) for the various -systems used, some of
which are provided in figure 5, at 6 values greater than 0.7.

The slopes of figure 5 reveal a strong concentration dependence of
the rate constants. According to Lipkowski and Ga1us1 this is typical
of deposition type electrode reactions which is the case.of reactions (2)

and (3). The slopes of 1ogkf -loge plots combined with the gquationlz

log kp = —(r*/r1)1ogc + const (N
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FIG.5: Dependence of the logarithm of the formal rate constant of the re-
duction of> Cd?*+(a) and Zn*+(b) on the logarithm of BaPhzPCl concentration
at E = -1.2 V/SCE.. Base solution: aqueous 0.2 M KNOgz.

where r¥+ and r; are the number of solvent molecules replaced on the elec-
trode surface for the adsorption of a partic’le of the activated ‘' complex
and the surfactant respectively, are used to obtain information about the
size ratio r*/r.i. These calculations have shown that the slopes of the
log kf - loge plots are generally equal to 1.50+0.02, a value typical

for deposition reactions (>1.00) which is in reasonable agreement with
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FIG.6: Dependence of logke on (E - ES) of the reduction of cd*+ (a) and
Zn**t(b) in the following BgPthCZ ad‘d‘ftions in mM:1)0.08, 2)0.09, 3)0.10,
4)0.125, 5)0.15, 6)0.20, 7)0.30. Base solution:aqueous 0.2 M KNOgz.
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lTiterature datald.
From the plots of figure 5 we derived the plot of 1ogkf against

(g - E9) at various BzPhsPC1 concentrations, some of which are shown in
figure 6. The fair linearity of these plots, combined with equation.(6),
enables the,determination of the standard rate constant,k, and the trans-
fen coefficient,a, of reactions (2) and (3) in the presence of adsorbed
{BzPh3P)™ cations. The values obtained are Tisted in the following table.

TABLE I. Standard rate constants and charge transfer coefficien¥s of re-
actions (2) and (3) in the presence of adsorbed (BzPhs;P)* cations.

BzPh3PC1 €d®t + 2¢ — Cd(Hg) In?t + 2¢ —>1In(Hg)
concentration

(mM) ks-los(cm-s'l) a k3-105(cm-s‘1) a.
0.08 5.48 0.015 2.12 0.037
0.09 5.29 0.014 1.53 0.035
0.10 4.06 0.018 1.36 0.031
0.125 3.98 0.015 1.29 0.030
0.15 2.70 0.014 1.29 0.030
0.20 2.20 0.011 1.29 0.030
0.30 2.20 0.011 1.29 0.030

The values of k; and a, listed in table I, generally correspond to
surface coverage 0.7<6<1l. It is seen that at high (BzPh,P)* coverages the-
se values are very lTow. These low values correspond to certain areas of
the polarographic currents which are almost independent of potential.This
is classified in the 1iterature2 as the Loskharev effect.

The weak concentrafion dependence of the transfer coefficient offers
a safe evidence14 that the inhibition mechaniém does not change within
the range of coverage values from 0.70 to 1.00.

The most important part of a work dealing w{th the effect of surface
active substances on electrochemical kinetics is the determination:a) of
the mechanism of the electrode reaction and b) of the inhibition mecanism.
For the former, the works of Lipkowski and coworkers15 have evidently
shown that reaction (2) is of a two step mechanism with Cdt as interme-
diate product. The same can be also presumed for reaction (3). The lat-
ter is a problem similar to the selection of the appropriate adsorption

isotherm.
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The determination of the inhibition mechanism is achieved by the se-
lection of the proper equationl'4 describing the dependence of the rate
constant, kf;e’ on electrode coverage 8 which, for the case of (BzPhiP)*
cations, isanon-linear one. This is a safe evidence that blocking effect
plays only a secondary role in the inhibition mechanism. The non-linear
dependence of kf;e on coverage shows that the adsorption of (BzPhs;P)* ca-
tions affects the activation energy of the electrode reaction and the in-
hibition mechanism is governed by the interactions between the activated
complex and the surfactant particles.

For the case of Cd?* and Zn?* discharge, k was found to be related

b
to electrode coverage by the expression:
1°9kf,e 1ogkf,0 + blog (1l - 8) (8)
The linearity of the plots of figure 7:
Q.
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FIG.7: Dependence of the logarithm of the formal rate constant of the re-
duction of Cd**(a) and Zn®t(b) on the logarithm of (1 - 8) in the pres-
ence of BaPh3PCl at the following potentials in V/SCE:1)-0.80, 2)-1.00,
8)-1.20, 4)-1.30, §)-1.40. Base solution:aqueous 0.2 M KNO3.

enables the calculation of the kf;0 and b, the formal rate constanton the
free surface and the interaction parameter respectively. The values of the-
se two parameters are listed in table II.

Attempts to assign a physical meaning to parameter b were made by

13. However, the values of b determined

Sathyanarayana3 and Lipkowskil’
by us, donot agree with these views. : :
The slope » of 1°9kf;e - log (1 - 8) plots cannqt be correlated-to
the size ratio determined by equation (7) or, in otheér words, the equal-
ity r¥ =5 is nbt confirmed. However, the positive values of b, accord-

ing to Sathyanarayana, can by considered as representing repulsive inter-
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TABLE II. Formal rate constants at the free surface and interaction para-
meter in the presence of adsorbed (BzPh;P)* cations

2+ 24
-2(V/SCE) Cd*T + 2e — Cd(Hg) In*t + 2 e —» Zn(Hg)
y Le-1 .10k g1
b kf’0.10 (cm-s—1) b kf,o 10%(cm.s™ 1)
0.80 0.71 2.19 - -
1.00 0.69 2.45 - -
1.20 0.63 2.74 1.033 1.13
1.30 - - 1.114 1.67
1.40 0.61 2.69 0.692 1.04

actions between the depolarizer and the inhibitor, especially when b-va-
lues are greater then unity. In any way, the extentof the inhibitory ac-
tion of (BzPh,P)* cations must mainly attributed to such a repulsive in-
teraction which decelerates the approach of depolarizer particles to the
reaction plane. Only such strong interactions of electrostatic character

can justify the small values of % and kf o

I8

obtained in the present
work.

0f course, a crystallization overvoltage must also have some contri-
bution due to the removal of the reaction plane from the electrode surfa-
ce when 61, which further enhances the inhibitory action of (BzPh,P)*
cations.

MEPIAHWH

AapspreSuTrixy Spden wov KQTedvoev wor ASviudo-pieal Ve -gaidsvier

-

4 S F M e kS ek T
A&V TmV SKedpTIan TV KQTSvIwy (FF7 Kat IntToTe graxevikd RISk it

ToU UEpapytipor

H nopeunodiotikh dpdon Twv KATLOVTWV tou'BevCqu-toLmqtvqu-wwowmvtou
AV OTNV avavwyh Twv Katlovtev Cd2* kai Zn2* oTo oTAVOVLKS nAEKTPOBLO TOU
udpapyldpou HEAETATAL UE TOAIPOYPOUPLKEC WETPACELC PEUUATOC-OUVAHLKOU KoL
pedpatoc-xpovou. H pehétn auth yivetar ota duvauLkd TOU GVTLOTOLXOUV OTO
0pLKO pelpa, O6mou n emidpacn Tng METABOAAG TOU BUVAMLKOL Y; TAVEW OTNV KL-
vnTLKn Twv dpdoewv autev elval apeAntéa. MpoodLopioviaL oL QAaLVOUEVLKEC
KaL OL KavoVvLKEC oTABEPEC TOXUTNTAC MOPOuUTia TWV KATLOVIWYV Tou BevZulo-
ToLgaivuho-ouoguviou kat BploketaL OTL avApeoa otn oTabepd TAXUTNTAC KAl
Ttnv nAektpodLakn enLkGAuPn LoxleL pira oxéon AoyapLBuikic popeic. Autd on-
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ualvel OTL N LOXUPA TMOPEUTODLOTLKA Opdon Twv KATLOVIWV TOu owopwviou Ot
“unopei va anodoBel og pia amAR OTEPEOXNULKA Tapeumddion. O pnxaviouodg Tng
napeunodLatikic dpdonc kaboplletal kiOpLa and NAEKTEOOTATLKEC AMBIELE OVA-
Heoa oTa MPOOEOPNUEVA KATLOVTA KAL OTG owHatidia Tou evépvon0Lnuévou ou-
uUmAGKoU.
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SUMMARY

- EHMO calculations have been used in the analysis of the bonding in the
four-coordinate [Cu(en);}2* and [Cu(bipyam),]2* compiexes and in a series of
complexes ranging from [Cu(en),]2* (Do) to [Cu(en),]2* (D,y). The absence of a
[Cu(en),)2* complex exhibiting an elongated-tetrahedral configuration is well
understood in terms of both the calculated sum of one-electron energy diagram
and the net charges of Cu and N atoms of the series of complexes. Moreover,
the tendency of the square-planar [Cu(en),]2* complex to increase its coordinar
tion capacity by adding two more ligands in the axial positions and subse-
quently producing a tetragonally distorted octahedral one is discussed. The
broad and intense absorption band envelopes in the visible region of both
[Cu(en),)2* and [Cu(bipyam),]2* complexes should be attributed to MLCT tran-
sitions. Furthermore, no out-of-plane ri-interaction between Cu and.ligand 1
orbitals occur in the ground states of these two complexes. Finally, the agree-
ment between their calculated and experimental g; and A; values is remarkably
good.

Key words: Copper(ll) polyamine compiexes, EHMO calculations, electronic
structure, electronic spectral data, EPR parameters; stereochemical study.

INTRODUCTION

In the last years the number of attempts to interpret by quantum chemical
calculations all the properties depending on the electronic structure of the com-
plexes has steadily increased.!-5 In this connection the treatment of the cova-
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lence properties of mononuclear Cu(ll) complexes by EPR studies 59 according
to the criteria established by Maki and McGarvey was of interest.’0 Recently,
our attention has focused on fully understanding the electronic properties of a
series of new copper(ll) polyamine complexes''.12 exhibiting five- and six-co-
ordinate geometries in the framework of the structural pathway established for
them.13 In order to expand the knowledge in this area, as well as to investigate
the cause of the non existence of [Cu(en),}2* complex, exhibiting an elongated-
tetrahedral configuration, EHMO calculations were performed on both [Cu-
(en),]2* and [Cu(bipyam),](ClO,), complexes (en = ethylenediamine, bipyam =
2,2"-bipyridylamine), and in a series of complexes ranging from [Cu(en),]2*
(Dyp) to [Cu(en),)2* (Dyg). The two [Cu(en),)?* and [Cu(bipyam),]2* complexes of
known structure were selected because they are representative examples in
the CuN, structural pathway; still their electronic and EPR spectra have not
been interpreted thoroughly, so far. Consequently, the results of our attempts
for a better understanding of the electronic and EPR spectral data available for
these two compounds are presented in this paper. We also provide further evi~
dence'4 of the tetrahedral distortion of a square-coplanar CuN, chromophore in
[Cu(en),)?* and [Cu(bipyam),]2*, despite their crystallographic descriptions. 15

EXPERIMENTAL

Computational Details

Calculations were carried out in the framework of the extended Hiickel
LCAO-MO method,6-18 with off-diagonal matrix elements given by the expres-
sion of Wolifsberg-Helmholz. 18 For the reasons described previously,12 option 0
of the FORTICON-8 program was used.?0 To have reasonable diagonal matrix
elements that allow for a good fit between experimental and theoretical ligand
field transitions of the compounds, the appropriate Hyy for copper and K values
were determined!? following a series of calculations (Hyq = -12.64 eV and K =
1.75 for all complexes). The values of all other diagonal matrix elements H;;, for
carbon, nitrogen, and hydrogen, along with their orbital exponents, were those
given in the literature.12.16-18,20 The basis set of valence AO’s for Cu consisted
of 3d, 4s and 4p, with the last two being single Slater-type orbitals, whereas the
3d functions were considered as contracted linear combinations of two Slater-
type functions. The exponents of the two d AO’s were taken as 5.95 and 2.30
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with corresponding relative weights of 0.5933 and 0.5744. The 4s and 4p ex-
ponents for Cu were taken as 2.05 and 1.325, respectively.

u\cu/n /—-NQ ?u/"m\

(=

Nz PSS NZ)
N/ \N Q_“(‘( \;(1')_/

z

L,

N~ (N
N/ \N N/ \)

Dan Ozd

FIG. 1. Structures of the complexes used for the calculations along with the
coordinate systems.

The X-ray crystal data for the compounds studied were taken from the liter-
ature.15.21 However, all the fractional atomic coordinates' of the [Cu(bipy-
am),)2* were checked by using the BONDLA crystallographic program of the
XRAY-76 system,?2 and the coordinates of the N(3), C(5), C(9) and H(N(2))
atoms were redetermined by using the BONDAT program of the aforesaid sys-
tem. A schematic representation of the two complexes, along with the coordi-
nate system used are given in Fig. 1. Compiexes [Cu(en),;])2* and [Cu(bipy-
am),](C!O,), possess square-planar (D) and tetrahedrally distorted squafe—
ptanar (approximately C,,) stereochemistries, respectively. The C,, symmetry
is preferred for the latter compound as it better refiects the molecular symme-
try.14 Finally, the two en moieties of the former compound were rotated in oppo-
site directions, around the x-axis, to get an elongated tetragonal distortion of a
tetrahedral configuration (D,4) around the Cu(li) ion.

RESULTS AND DISCUSSION

Electronic Structure of Complexes

The calcuiated ground-state one-electron energies, charge distributions,
and partiai wave analyses for the valence molecular orbitals associated with
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both the central atom and ligand valence AO’s of the compiexes under investi-
gation are summarized in Tables | and Il.

TABLE!. Valence molecular orbitals of the square-planar (D,,) [Cu(en),]?*
complex. :

Energy Charge distribution® (%) Basis functions¢
Level2 (eV)

Cu 4N  4C 8H(N) 8H(C) Cu Ny
11b,, 26.998 61 5 0 22 12 Py so”,po"
8by, 11.466 77 8 4 7 4 Py pyo', PO
1034 0.217 30 32 28 7 3 s po*,sc”
93, - -1.916 50 25 20 1 4 s,d;2 pa”
2byy -3.162 95 3 0 1. 1 P, prt
5byy - -10.412 55 44 0 0 1 d PxO,Py0
8ay -12.272 87 11 1 0 1 d;2,d,22  Pyo,po
72y -12.500 98 1 1 0 0 dy2.,2,d,2
2by, -12.5652 97 1 1 1 0 d,,
3byg -12.559 98 1 0 1 0 S dyy
4bqq -13.934 35 42 14 0 9 dyy PxO,Py0
5ag - -14.019 16 31 26 2 26 d,2,s PO,py0
3byg -14.965 9 &7 19 9 6 dyy pyo
1byy- -28.970 ‘8 69 11 11 1 Py SO
1bq, -31125 . 10 43 3B 9 2 Py SO

4 The highest occupied level is 5b1g. b percentage of the MO’s total population located on the
indicated atoms. € The basis functions appear in decreasing order.

The occupied valence molecular orbitals of the compounds have energies in
the range -33.34 to -9.94 eV. Moreover, there is an efficient mixing of metal and
ligand orbitals for all complexes studied. However, in each case the SOMO
(single occupied molecular orbital) corresponded to the expected ground state
according to the symmetry of the complex. The electronic ground state of the
square-planar (Dyy,) [Cu(en)y]?* complex is ...(3byg)?(2b3g)2(7ag)?(8ag)2(5b1g) ' =
2819. The in-plane o bonding of the complex results mainly from the bonding
4byg and the antibonding 5b,q MO’s having 35% and 55% metal d,, character,
respectively. Furthermore, the LUMO (2b,,) is mainly localized on the 4p, AO of
the copper atom. The form of the LUMO accounts well for the great tendency of
the complex to add two more ligands in the axial positions affording the more
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stable tetragonally distorted octahedral complexes.!? Finally, the corresponding
filled d orbitals 8ag (d,2), 7ag (d,2.y2), 2bsg (dy,), and 3byg (d,;) have aimost
pure metal d character with less than 3% ligand character. Most of these pre-
dominantly metal d orbitals contain linear combinations of d functions allowed
by symmetry.

TABLE Il. Valence molecular orbitals of the tetrahedraily distorted square-pla-
nar (C,,) [Cu(bipyam),}2* complex.

Energy Charge distribution? (%) Basis functions¢
Levela eV)

Cu 4N 2N° 20C 18H Cu N,
29b, 40.539 21 23 2 49 5 Py S,p0”
26D, 21.760 30 5 0 36 29 Px pc”

. 45a; 2.641 62 17 6 10 5 S,P; po*,s
44a, 1.836 84 7 O 7 2 P;.S pc”
17b, -9.282 0O 21 0 79 0 pc”
34a; -9.945 4 25 0 30 0 dy2.y2 pc
33a, -10.706 22 14 O 62 2 dy2.y2 po
13b, -11.421 62 16 5 17 0 dy, PxT,P,0
16b, -11.672 84 8 0 8 0 dy, pyo
32a, -11.861 95 3 O 2 0 d,2
6a, -11.908 92 2 1 5 0 dxy
12b, -12.839 20 21 5 47 7 dys p.O,P,0
30a; -13.146 13 12 3 66 6 dy2.,2 PyO
2a, -31854 2 36 O 61 1 P, s
1b, -33.140 4 38 O 56 2 PysPx ]
1b, -33.340 4 24 24 46 2 PPy s

2 The highest accupied level is 34a;. b percentage of the MO's total population located on the
indicated atoms. ¢ The basis functions appear in decreasing order.

In contrast to the previous compound, only three antibonding predominantly
metal d orbitals with almost pure d character existed in the tetrahedrally dis~
torted square-planar (Cp,) [Cu(bipyam),]2+ complex, whose electronic ground
state is ...(6a,)2(32a,)2(16b,)2(13b,)2(33a,)2(34a,) ! = 2A,. Therefore, two of the
metal d AO’s (jx2-y2> and |xz>) were highly mixed with the ligand o LGO’s to
form the MO’s that describe the o bonding in the complex. The major contribu-
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tion to the o bonding arises from the following five MO's which are atso delo-
calized over the entire moiecule, namely the 30a;, 33a,, and 34a; MO’s with
13%, 22% and 45% metal d,2 .2 character, respectively, and the 12b,, and
13b; MO’s with 20% and 62% meta! d,, character, respectively. The three pre-
dominantly metal d orbitals that are aimost pure d orbitals were the 6a,, 32a,,
and 16b, MQO’s with 92%, 95% and 84% metal d character, respectively. The
LUMQ (17b,) is totally delocalized on the b, LGO’s of the ligands and conse-
quently, this complex should not exhibit the same tendency to increase its co-
ordination number as the square-planar one. Finally, the presence of a rela-
tively small HOMO-LUMO gap in the complex encourages a tetrahedral distor-
tion® experimentally observed in its crystal structure. 'S

TABLE lil. Two-center energy terms and overlap population for the coordination
bonds along with the net charges of the bonded atoms for the four-coordinated
Cu(ll) complexes.

. Net charge
Compound Point Cu-X Energy Overiap
group (eV) population Q(Cu) QX
[Cu(en),)2* D,, Cu-N 0.912 -0.0404 1.722 -0.548 -
[Cu(bipyam)y]* C,, Cu-N, -3.326 0.2863 0.959 -0.515
Cu-Ny -2.704 0.2436 -0.562
Cu-N" -3.397 0.2891 -0.606
Cu-N"5 -2.690 0.2405 -0.590

From the preceding molecular orbital analysis of the chemical bonding in the
four-coordinate complexes under study, it is obvious that there is difference in
the number of the metal d AO’s involved in the o bonding. This could provide a
sound explanation for the variation of their electronic properties. Moreover, no
out-of-plane 11 bonding is present in both complexes. Finally, another interest-
ing feature to emerge from this analysis is that the metal 4s and 4p AO’s have
an appreciable participation in the virtual (unoccupied) MO’s of lower energies

Table !l gives the two-center energy terms and the Mulliken overlap populé-
tion for the coordination bonds together with the Mulliken net charges on the
bonded atoms of the complexes under investigation. From the examination ¢f
these results the following conclusions concerning the nature and strength of
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the coordination bonds can be drawn. Forthe [Cufen),J2* comptex toth the
positive energy component and the very small overlap population of the Cu-N
bonds strongly suggest for the antibonding character and the high ionicity of the
coordination bonds. Moreover, the high positive net charge on the copper atom
of the [Cu(en),]2* complex in relation to the corresponding one of the [Cu(bipy-
am),]2* complex is also indicative for a higher ionicity of the Cu-N bonds of the
former compound. All these account well for the relative instability of the [Cu-
(en),]2* complex and its tendency to increase its coordination number. The op-
posite is true for the [Cu(bipyam),]2* complex. In this case, all data account for
the bonding character of the Cu-N bonds.

Interpretation of the Electronic Spectra

Assignments (Tables IV and V) were made by associaiing the observed
bands with the transitions they most nearly match in energy.

TABLE IV. Electronic absorptions and assignments for the [Cu(en),]J2+ complex.

v (kK)
Electronic transition General classification
Obsv. Calcd.
41.49 46.52 3by, — 5byg Md) « L(o)
42.69 3by, — 5byg
38.29 4by, -  5byg
36.71 4by, -  5byg ,
19.92 22.03 5by, —  5byg M) « L(o)
19.78 by, — 5byg :
17.31 17.32 3by; -  5byg Md) ~ M)
1726 2by; -  5byg
14.86 16.84 7ag - 5b1g Md) «~ M(d)
16.00 8a; - 5byg .

For the square-planar {Cu(en),]2* complex the broad absorption band en-
velope in the visible region covers the four spin-aliowed but symmetry-forbid-
den d-d transitions along with the two symmetry-ailowed x- and y-polarized
5by,, Bbg, — 5byy LMCT transitions. The band maximum occurs at the region
where the two LMCT transitions are predicted to occur. The presence of the



92 E.G. BAKALBASSIS, G.A. KATSOULOS

TABLE V. Electronic absorptions and assignments for the [Cu(bipyam),]2*

compiex.
v (KK) .
Electronic transition General classification

Obsv. Calcd.

40.32 40.90 8b, - 34a M(d) « L{o)
40.84 ~ 13b, -~ 3Ba Ly .« L)
40.41 " 10b, - 353 L) « L{m
40.35 10b, - 17b, L) « L)
40.19 16b, — 18b, L) <« M)
40.16 25a; - 3b5a - LY ~ L)
40.10 253, - 17b, L") « L(n)
39.91 4a, - 34a Md) +«~ Lin)

33.78sh 34.07 26a; — 34a M{d) ~ L{n)
33.55 27a; - 34a M(d) «~ L{o)
33.34 33a; - 394 L) < M@

31.45 32.14 14b, — 17by L") <« L{n)
31.52 28a; - 34a, M(d) «~ L(o)
31.23 30a; - 3bay L) « L)
31.17 30a; - 17b, L) <«  L{n)
30.18 31a; - 35a Lty « L

18.40 19.34 16b, — 3bay Lo .« M@
19.28 16b, - 17b, L{c®) «~ M(d)
18.94 34a; -~ 38a Lo <« M)
18.09 33a; - 36a, L) < M(d)
17.89 34a, - 37a L(c) « M(d)
17.78 33a; - 14by L) « M)
17.72 15b, — 34a Md) < L(o)
17.32 13b; - 3ba, Lo < M(d)

15.70 15.83 6a, — 34a, Md) <~ M(d)
15.45 32a; - 34a M(d) < M(d)

13.50 13.93 16b, — 34a, Md) <« M(d)

10.40 11.95 34a; .- 3Ba L) «~ M)
11.91 13b; - 34a, M(d) ~ M(d)
11.64 34a; — - 14b, L) <« M)
11.55 33a; - 3bay L) « M)
11.49 33a; - 17b, LM «  M(d)

LMCT transitions under the crystal field band envelope explains the relatively
high intensity of the forbidden d-d transitions through an intensity-borrowing
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mechanism.23 Therefore, the previous assignment of the band maximum to a d-
d transition only seems to be incorrect.24:25

For the tetrahedrally distorted square-planar [Cu(bipyam),J2* complex the
following points can be deduced on the basis of EHMO calculations. The ab-
sorption band envelope at ca. 18.4 kK of the visible region covers eight sym-
metry allowed x-, y-, and z-polarized MLCT and LMCT transitions. No d-d tran~
sitions are involved in this region of the spectrum. Therefore, the very intensa
band at ca. 18.4 kK, observed in the polarized single-crystal electronic spectra,
involves only CT transitions. In our opinion, this is an unambiguous confirma-
tion for the real nature of this band, firstly suggested by Hathaway et a/.'4
Moreover, all d-d transitions are involved in the lower-energy region of the visi-
ble spectrum. As a matter of fact the broad absorption band envelope in the
visible region also covers the four d-d transitions along with the four symmetry-
allowed x-, y-, and z-polarized 34a, —» 14b,, 34a, —» 36a,, 33a; — 35ay, and
33a, —» 17b, MLCT transitions. The presence of the MLCT transitions under the
crystal field band envelope accounts well for the relatively high intensity of the
forbidden d-d transitions through an intensity-borrowing mechanism.

For the [Cu(en),]2* complex the ultraviolet region of the spectrum is domi-
nated by four symmetry-allowed LMCT transitions. No pure intraligand ¢ — o~
transitions have been observed in this region of the spectrum. All these transi-
tions are covered under a single band, with ‘a maximum at 41.49 kK.24 On the
contrary the ultraviolet region of the spectrum of the [Cu(bipyam),]2* complex is
dominated by a number of symmetry-allowed LMCT and MLCT transitions
along with pure intraligand transitions which are of the m — 1" type. All these
transitions are covered under the same band envelope with two maxima and
one shoulder.26

Study of the Tetrahedral Distortion of the Complexes

A convenient way to express the degree of distortion from square-planar to-
wards tetrahedral or pseudotetrahedral geometry is in terms of the dihedra! an-
gle w between the pairs of ligand atoms. Consequently, in CuN, chromophores
the w value gives a direct measure of the flattening of the tetrahedron, while
the main off-axial distortion is in the intraligand N-Cu-N angles which should
also vary regularly with w.

Uéing the crystallographic data available for the [Cu(en),]2* complex, a se-
ries of EHMO calculations was performed by varying the dihedral angle w (Fig.
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1) of the tetragonal distortion.2? To accomplish this the w angle was gradually
varied from 0° (square-planar) to 90° {elongated tetrahedral). The correlation
diagram thus derived (Fig. 2) shows that the energies of d-d transitions de-
crease progressively as w varies from 0° to 80°. This effect has been observed
in the spectra of a series of analogous copper(ll) polyamine complexes.2’-28 A
similar trend has also been observed in the series of [Cu(bipyam),]2* with other
analogous complexes.3C Moreover, with respect to dy2.y2 and d,2, the d,, and
dy, orbitals are destabilized as w varies from 0° to 90°, providing thus two
crossing points. The first point, located at around 13°, is related to the destabi-
lization of the degenerate d,, and dy, orbitals with respect to the d,2.,> one. The
second crossing point, located at around 33°, has to do with the destabitization
of the slightly non degenerate d,, and dy, orbitals with respect to the d,2 one.

~10.00 }

| ///““"

~11.00

E (ev)

-12.00

-13.00

i § t 1 L 1 A s t i

90 70 50 30 10

D
2d w {") Do

FIG. 2. [Cu(en),F*: The one-electron orbital correlation diagram between a
square-planar Dy, (w = 0°), a tetrahedrally distorted square-pianar (90° < w <
0°), and an elongated tetrahedral D,, (w = 90°) configuration. w is the angle
between the pairs of ligand atoms.
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Above this point the destabilization of the d,, orbital, as shown in Fig. 2, is
stronger. As far as d,2, d,2,,2 and d,, orbitals are concerned, the first two are
slightly stabilized while this phenomenon is much stronger for d,, as w varies in
the same way.

The one-electron orbital sequence derived for the complexes were as fol-
lows: [xy> > |22> > [x2-y2> > |yz> > |xz> for [Cu(en),]?*, and |x2-y2> > |xz> > |yz>
> |22> > |xy> for [Cu(bipyam),]2* in fair agreement with those derived experi-
mentally.14.24 The one-electron orbital sequence of the latter is in accordance
with an w value >50° in close agreement with the crystallographic data avail-
able for the complex. Moreover, a relatively low energy for the d,,, dyZ - dy2,2
transitions is a good criterion for a distortion from the tetrahedral stereochem-
istry_‘M

-1069L

E (ev)
L)

-1070

FIG. 3. [Cufen),?*: Dependence of the total energy on the distortion angle w

The sum of one-electron energy curve of the system [Cu(en),)?* (Dyp) =
[Cu(en)y}2* (Dyy), Which depends on the distortion parameter w, is shown in Fig.
3. The EHMO calculations yielded no minimum for the system studied. How-
ever, the square-piar:ar configuration of the CuN, chromophore appears to be
stabilized with respect to the elongated tetrahedral one. This is in accordance
with the absence of a [Cu(en),]2* moiety exhibiting a tetrahedrally distorted
square-planar or a distorted tetrahedral configuration.



96 COPPER(if) POLYAMINE-GOMPLEXES

TABLE VI.' Variation ofthe catcutated netcharges with the dinedral angle w.

net charge
w (%)
Cu N

0 1.722 -0.548
10 1.720 -0.547
20 1.716 -0.546
30 , 1.710 -0.546
40 1.704 -0.545
50 1.698 -0.545
55.6 1.696 -0.545
60 1.695 -0.545
70 . 1.695 -0.545
80 1.699 -0.548
90 1.709 -0.548

Moreover, the net atomic charges computed for Cu (1.722 e) and N (-0.548
e) for the square-planar conformation (w = 0°) decrease by rotation reaching a
minimum (Cu = 1.695 e, and N = -0.545 e) at w = 70° and increase further (Cu =
1.709 e, and N = -0.548 e) at the elongated tetrahedral conformation (w = 90°),
The calculated net charges are given in Table Vi.

The net charges on the N atoms, being smaller at w = 70°, implies a lesset
extend of back-donation of electrons from copper. Similar conclusions have
also been reported by others.31.32 . However, due to the increase of the net
atomic charges calculated at w = 80° and 90° an elongated tetrahedral
configuration for the [Cu(en),]2* complex could not be excluded entirely. Cer-
tainly; the stability of the square-planar structure of [Cu(en),]2* over the confor-
mations corresponding to w = 70° and 90° is partially due to the increase of the
bonding capacity.

Calculations of the EPR Parameters

The calculated g;; and A; tensors for the compounds under study along with
the eigenvectors of the antibonding MO’s and the corresponding electronic
transition values are presented in Table Vil.

The conventional perturbation approach developed for Cu(if) complexess.®
was used for the calculation of the g;; and A; tensors of both complexes. Thus,
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for the [Cu(en),]2* complex (D, point group and [xy> ground state) the g; ten-
sors were estimated by using the expressions given by Gersmann and
Swalen.34 These values were further corrected by taking into account the mix-
ing of the |x2-y2> and |z2> states, according to the functions given by Waite and

TABLE VIl.  Cu coefficients involved in the antibonding MO’s along with the
corresponding electronic transition values (AE) and the calculated values of
EPR parameters for the investigated compounds.

Cu coefficients ‘
Complex Orbital AE EPR parameters
dAO Symbol? value (cm)

[Cufen)y)2* 5byg Xy a- -0.8140 Oyx=2.0590 2.085¢
T3y x>y B -0.9579 gyy=2.0830 2.064¢
8ag 22 . 0.8754 97721990 2.234¢
3y X &  -0.9959 A 9=18.10 -16.60¢
23 vz &y -0.9844 Ayy=17.eb -19.685¢
2byy  x2 83 0.0715 42295  A,,=-108.00  -143.17¢
1byy vz 54  -0.0702 51786

[Cufbipyam)oJ?t  34a; x%y2 a 0.8757 Oyx=2.040¢
13b; xz 84 -0.7001 g,y =2.038°¢
12b, yz &  -0.7643 13933  g,,=2.250€
32a; 22 B4 0.7868
6ay Xy By -0.8001
58, xy B3 0.1149 16915
15b, yz 83  -0.2047
120y = 84  -0.3983 23344
11b;  xz 85  -0.0950 24646
14b, yz g 0.2237 26798
29a; 22 [ 0.1313 29510
11by yz 57  -0.1183 29680
10by  xz &g  -0.1111 29957

2 The symbols listed are those defined in ref. 3. The appropriate Cu coefficient symbols used in
the equations given in refs. 287and 29 can be easily derived from the Table. £:€ Values were de-
rived by using the equations given in refs. 28, 29 and 3, respectively. Our estimated values for
the overlap integral and the a coefficient for the b1g LGO were -0.1188 and 0.2709, respectively.

9 All A;j values are in units of 104 cm’1.

Hitchman.35 Moreover, for comparison reasons, the g; tensors were ‘also cal-
culated by using the expressions given by Maroney et a/3 Both approaches
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yielded almost identical g; values in very good agreement with the experimen-
tal ones”of g, = (9. + gyy)/2 = 2.045 and g = g, = 2.200.

- For the tetrahedrally distorted square-planar [Cu(bipyam),]?* complex (C,,
point group and |x2-y2> ground state) the g; tensors were caiculated by using
the expressions given by Maroney et a/3 for a Cu(ll) complex possessing a C,,
point group. The three calculated g-values, g,, = 2.045, gyy = 2.038, and g,, =
2.250 are aiso in very good agreement with the smgle—crystal ones (g1 = 2. 059
g, = 2.069, g3 = 2.244).

The A; tensors for [Cu(en),]2* were also calculated by using both the ex-
pressions given in ref. 3 and the ones given in ref. 28. Both calculated A, val-

ues are in very good agreement with the experimental (19-104 cm1). The Ay
value, calculated by using the expressions given in ref. 3, is in good agreement
with the experimental (200-10-4 cm-1); still the one derived by using the expres-

sions given in ref. 28 deviates slightly. It can be conciuded that both the oppo-
site signs observed in the two calculated A, values and the better proximity of

the first A, value to the experimental one are due to the fermi contact k term in-
volved in both expressions. This term remains unchanged in the expressions
given in ref. 3, but it is reduced in the expressions given in ref. 28.
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KBavroynuixfi MeAém g Tetpaedpixiiq [Napapoépewong oe IUUMAOKG Tou
Xanou(Il) pue TMoAuapiveg, ApiBpou Juvappoynq Téooepa. - XTIV EPYAcia
aum peAemBnkav pe mv kBavtoynuikn uéBodo extended Hickel LCAO-
MO, n nhektpoviki Sopr Kai' ot SECUIKEG 1BOMTEG SUO LOVOTIUPNVIKGV
ouunAOva Tou Cu(ll) periokuapiveg, Twv TUNwv [Cu en)2§1 kal [Cu(bipy-
am)y]?*. Ta olunAoka autd €xouv aplBud OUVAPUOYNG TECOEPA Kal Ol 50-
HEG TOug eival, avtioToa, N eminedn tetpaywvikr (Do) kal n TeTPAESPL-
KQ Tmapapopuwpévn eminedn Tetpaywviky (Co,). EunmAéov, pehemBnke n
TETPAESPIKT| TIAPALOPPWOT} TWV OUMITAOKWY TOU XO)\KOU(”) e xpmuoq)opo
CuNy, o€ jua oelpd ouunioka povtéla Tou yevikoU turmou [Cu(en)y]2t, mou
KaAuritouv OAeg TG TuBavég SopeG amd mv kabapd eminedn (Dy) £wg
Kal mv eruunkuopevn TeTpaedpikn (Doy). To Teheutaio emuteUxBnke pe
METABOAY} MG TWNG mg 6(85pnc yoviag YETAEU Twv U0 SakTUAiwv ™G
atbukevodiapivng amnoé 0 éwg 90°.

Me Baon Ttoug BewpnTikoUg UTTOAOYIOUOUG, TIPOEKUYPE N NAEKTPOVIKH
doun Twv CUUMAOGKWY, SIATIOTAWONKE N OXETIKA LOXUG TV Geouu)v ouvap-
HOYNG Kal evTomioTNKAV Ta KEVIPQ TUPNVOPIANG . TIPOOROANG. AKoun, ot
KBavToxnuKoi urtoAoylopoi £dwoav pa TIARPN EKOVA TV QVaUEVOUEVWY
NAEKTPOVIKOV HETATITOOEWV OTA TAEKTOOVIKA PACHATO TWV HEAETOUUEVWY
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EVOOEWV KL EMETPEPav va gpunveuBel n aufnuévn &vtaorn Twv HETOTTE:-
Oewv Tou TUnou d-d pe Baon To prjxavioud "davelopou-éviaong”. TéAog,
£€ylve TPOOTIABEld YO TO BEWPNTIKO UTIOAOYIOHO TWV TAVUOTMV gj KAl Ay,
] Ooroia odfynoe O [a TIOAU KAvoTIom Tk ouupwvia petall twv Tmewpa-
MOTIKOV Kal BEwPnTKOV TWOV TwV UAYVTTIKQV TIAPAUETPWY TWV Qacuda-
Twv EPR TV oupmAdkwv.
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ANIONTA AAKAAIMETAAAQN

I. MAMATQANKOY™, 1. MPOBIAAKH- MOAINOY ,A. MAYPIAKS

EpvaothpLo QuoLkoxnueiag, Xnuikd tunua, MaveniothuLo ABnVaV,
Naupivou 13A, ABiva 106 80

(EAA@bn 10 Aexkeupplou 1986)

NEPIAHWH

To napdv &pbpo avaokomAoewg agopd avidvta arkaAiueTdArwy
(m.x. Na~) otnv uypd kat oteped (kpuotahlAikd) katdotaon.KBav-
tikol umoloyiopol eml tTwv avidviwv OAKGALuetdAAmv anodeLkvl-
ouv avapoLoBiTnta ™ "euoLkf toucg" otabepdinta (mM.Xx.to avidv
Na~ elvaL evepyeLakdc otabBepdtepo tou oudetépou atduou),buwg
n anoubvuwal toug otnv uved kaiL oteped katdotaon EyiLve €QLKTA
to 1970 katL 1973 aviiotoixwg. H epeuvnTtikh dpactnptdinta de-
kaetLhv enl twv ev Advw ocuotnudtwv, ouoLactLkwg anédeLfe inv
Onapén noAld pikpdv cuykeviphoewv avidviwv arkaAitpuetdAAwv gv-
thc dLaAupdTwv apLvov katr atBépwv., H duodiaAutdinta twv aika-
AMUETAANWV ,BepeAL®Bec npbdBAnua oto nedlo autd, AlBnke pe tn
oovbeon 60o véou tlnou opyavik®(v evhoewv: Touc"kpumtoelLdelg"
kaL " oteupatoerdelc" aiBépeg. H xpnoiuomolnon Twv €vihoewv
autOv alZnoe tnv, .oLalutdtnta Twv aAkaALpeTt&AAwv katd meplmou
névte tdZerg (107°) uevéBouc. H vewpetpikfi/nhektpoviaksh doun
TWV KPUMTOELOWV KAL OTeppatoeLdwv alBépwv elvar tétoLa Wote
va mpokaAolv tov " eykAwBLopd" katibviwv aArkaAtueTtdArwv ue
glyxpovn " eAeubépwon" Twv aviLotoLxwv avidviwv oltwg dotTe
to OL&hupa va napouardZetar nhektpooudétepo. 0L kplotaAdor
twv dralupbtewv authv mepréxouv wg avidv aAkaAipétarro( "aAka-
ALora") A "mayiudeuuédvo" nhexktpdvio ("nAexktpldia™). H meipa-
patikfl avixveuon twv avidviwv arkaXiuetdAAwy kabhg xaL Twv
nayLdcupévwv nhektpovliuwv enetelxOn ue kpuotahhroypaolkh avd-
Auon kaL TNV peAdtn TwV HOAYVNTLKOV Toug Ldirothtwv (NMR-1f /
kaL ESR).

SYNTMHSEIS KAI OPOAOrIA

€ olv : enudralutwpdvo nAektpdvio.

C(Crown Ethers) : otepuatoeLdelg avBépeg. 15C5, 18C6, 21C7,
elvar oteppatoerdelc aubépeg, oL omolot
neptéxouv ouvoAikd apLbpd atdpwv: 15,18,
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21 aviiotolxwe kaL apubud atduwv ofu-
ybvou 5,6,7.

C(Cryptands) : kpumtoeldh C111,C222 elvar kpumtoeL-
5f ta onola mepiéxouv 1,2 &Gtoupa ofu-
y8vou avtiotoixwec, oe kdBe pra amd
TLg 3 opvavikécg aAilooouc.

MfconT : dAkaiidio

Mc.e” : nAexktpldLo dmou M, N aAkaAiuétaira
(6uora A Bdragopetikd) kar C KpUMTOEL-
8¢ f oteppatoeLdhic arbépac.

I. EIZATQIH

Sbuewva pe TLC ueAéteg TOU Edwardsl,OL npwteg mapatnpioeLge avixveld-
gewe avidvtwv aikaAiiuetdAiwv €yivav To 1808 and tTov Sir Humphrey Davy
oe tLailpata kaAhlou-appwviag. To 1864 o Wey12 ouvéxLoe tnv épeuva eni
Twv DLOAUMGTWY aAKOALHETEAAWV- appwviac (M—NH3) tnv ono{a akoAoliBnoe n
nAéov twv 30 €TV &peuva Tou Kraus3'8. H odon twv SLaAupdtuv M-NH; armo-
reAel avtikeluevo &vtovne epeuvntikic dpaotnprdtntac, dLdtL ektde Twv KO-
Tudvtwv, bnwg m.x. Na', Ta diahbuata autd mepLéxouv kaL éva aguvABLOTO
e(B0C apvNTLKOC YopTLOUEVWY owuatLﬁiwy‘ vyia ta teheutala é£xouv mpotabel
dLdpopa npdtuna, petafd twv omolwv eZéxouca B&on katéxelL to avidv akka-

ALustdAAoug (m.x. Na~) kaBdc kaL to enLdLoAutwuévo niektpbvio (e }0_2?

oluguwva pe Ta mpdtuna Twv Ogg25 kat Jortner2®-28

solv

Ta e BewpodvtaL

"naviglxuéva" evtdc opedtwv evepyeLak@v duvaplkpv ta omola avamtiooovial
and Tov TpooavatoALoud Twv moALkdv poplwv Tou SiaAdtou.

To 1969 n é&peuva avixveloewe avibvtwv aAkoALpuetdAAwy enektddnke kaL
ota StaAluata oAkaALueTdAAWV-aULVOY Kal aLGépwvzg. 0 aptBubc BLAAUTAOV
twv ahkaAtpeTdAAwv elvaL mepropLopévog , dudti, a’evde pev ou abpavelc
dLaldtec dev elvar apketd moAikol. dote va dLaAlouv LkavomoLnTLKOC Ta Wé-
ToAa, a@°etépou 0 pEYAAOC apLBudC TMOALKOV SLAAUTOV, T.X. H20, avtLdpolv
Bratwg ue ta aAkaALpétorAa. H pebulauivn (CH3NH2), n atBuAevodiauivn
(NHZCHZCHZNHZ)’ 0 dLaLbépac (CH30CH2CH20CH3) Kat To Terpaiidpooupdvio
(0, THF ) elvar oL mAéov mpbogopoL SLaAliteg tTwv aAKOALUETEAAwv. 0 Ku-
pLbtepoc mapdywv o onolog &kave Tn peAétn avidvtwv oAKGALUETEAAWY o€ BLo-
Abuata aulvov kat airBépwv moAd dGokoAn, fitav n SucdLoAutdTtnta Twv aAka-
ALuetdAhwv. H duokoAia auth Apbn to 1970 dtav oL Dye kai Nice]y30 expn-
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oguponolnoav uita véa opdda ouoiLlv Touc oteupatoerdelc alBépec, (  crown

ethers ) kai apydtepa ta kpumtoeldh (cryptands). H mapouosi{a twv oteppa-
ToeLdtv aLBépwv N kpumtoelddv auZdvel Tn SLoAuTdTnTa TWv OGAKAALUETEAAWY
5). To v&-
TpLo T.X. £lval mPakTLkOC adLdAuto oe kaBaph atBurauivn, mapoucia duwc

oe aulvec kat alBépec, meplnou katd mévte tdferg peyéBouc( X10

oteppatoeldiv atBépuwyv (i kpumtoeldav) draibovtar apketd ypaupdpia vatplou
avd Altpo Sraidtou.

0L oteupatoeldelc aibépec elval kukAtkol moAualBépeg oL omoloL mepe-
Aappdvouv 9-60 &topa, cuumepiAaupavopévuy 3—20'dtoua oZuydvou, Pedersen
196731. 310 3X. 1 anetkoviovtal ot oteupatocidelc airBépec 15C5, 18C6,
katr 21C7 (ot aptBuoi 15,18,21 oupBoAiZouv tov oALkd apLBud atduwv Kat ot
aptBuol 5, 6, 7 tov avtiotoLxo aptBud atduwv ofuydvou. To C elvar To ap-
XLk tng AéZewc "Crown"). MoAdol oteppatoeldelc aiBépeg axnuatiouv ota-
Pepd odumAoka pe aAkaiildvta kour Ldvta petdAAwv arkaAikdv vaidv. MAgov e-
vepyol yLa tov oxnuatiopd ouumAdkwv aikaAlwv eppavilovtar ekelvoL oL o-
nolot meptéxouv 5-10 &ropa oZuydvou mou To kdBe éva xwplletal amd to emd-
uevo pe 80o Gtopa GvBpakog. Anogaciotikd pdAo otov oxnuatioud otabepdv
ouutAdkwv €xel n ouoxétion tou peEyEBoug Tou katidvtoc kat Tnc drauétpou
tne kotAdtntag tou oteppatoeldolic airBépoc. Eudikdtepa, ekelva ta Ldvta
ta onola &xouv duvkplolpo " dyko" pe Tov kevd xOpo Tng koitAdTnIOC OxXn-
puatllouv kat ta otafepdtepa odumAoka.

Ta kpuntoeldh, elvar enlong moAuaiBépeg, ot omolol Buwe axnuatilouv
32-35

popLakéc kotAdtnteg " TPLdv dractdoewv", Lehn 1969 ,0épouv ddo dtopa
alitou cuvdedeuéva pe tperg opvavikée aiboooug Blknv kAwBol, Ix. 2. K&be
dAuococ elvat atBepikold tomou pe 1, 2 kat 3 dtoua oEuvévdu, émou m, n €f-
vat ouviidug ouvduaopol twv apiBuav 0, 1 kar 2. To mpdto péAoc tng oeLpdc
elvav To 1,1,1-crypt (CpHpe008,) & [c111] 3x.3. To [E113] etvar o
povadikd pérog tng oelpdc Twv kpumtoelddv To omolo umopel va eykAwBLOEL

nmpwtdvia katd un " avtiotpentd" tpdmo. 0 umoAoyiZduevoc eAdxiLotoc xpdvoc
napapoviic Tou mpwtoviou evtde tou C111 oe &udAupa KOH 5 M kai oe Bepuo-
kpaola 300K elvatr €Zn (6) &tn. Autd onualver dtL n kolAdtnTa Tou KpumTO-
gLdoug anoterel éva aocuviiBioto atadepd mepLBEAMov via to Ldv mpwtoviou.
KatdAAndo via Tov oxnuatiopd ouumAdkwv arkaAlpetdAAwv elval To Kpumto-
ewée 2,2,2 h EZZZ] , eumetpiko( tomou C18,H3606N2,(0L aptBuol 111
i 222 exkopdlouv tov aptBud twv ofuydvwv otic 3 opyavikéc aAdogouc, TO

vodupa C mpoépxetatr amd to apxikd tou Crypt). H vewuetpla tou €222 galve-
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Sx.1 ZIteuuatoe4dedc aifépec, 15C5, 18Cé, 21CT.

ZX.2 ZIxnuatih napdotacn kpunToeASs0UC .

ix.3 Kourntoeadn ctritr, C22Z.
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taL oto 3X. 3. ‘Exer Blo Groua ofuvdvou oe k&Be &Auogoo kaL oxetikd pevé-
An kotAdtnta n omola pnopel va eykAwBloeL to katLby Na'.

Ta kpuntoelSh oxnuatigouv oTabepdtepa odumioka pe ta aAkaAlpéTaAAa
an®8tL oL oteppatoeLdelc aiBépec. To M- €222 m.x. elval otabepdtepo and
To M'- 18C6, 5L8TL To KpumToeLdEc C222 ExeL popoh eAMeLYOELBOUC €K MEPL-
otpoeiic ev avtiBéoeL pe tTo 18C6 mou £xeL enimedn dLbtaZn atduwv (dlokoc).
H uevéAn otaBepdtnta Tou oupmAdkou M- C222 &xeL we emakbAouBo thv alEn-
ON TNG OUYKEVIPWOEWS Twv UETAAALk@v avidviwv oto didAupa, SLdtL To eykAw-
BLopévo katLdv M*  Gev unopel va aAAnhemiBpboct e Ta ektéC koLAdtntac
;O]V.Pueuizovrac TWPa TLE OUYKEVTPWOELG HETAAAOU KkaiL (€222
glvaL Suvatdv va ehéyxetalr n ouykEvtpwon Twv avidviwv aAkaALpuetdAAwv oTO
dLdAuvua.

owpatidia, tTa e

II. AIAAYMATA ANIONTON AAKAAIMETAANQN

Me tnv Xxenoipomoinon Twv oTeupaToeLdlv aLBépwv KaL KPUTTOELdOV &yLve
eoLkTh via mpdtn gopd to 1970 and touc Dye, De Baker katL Nicely n napa-
OKeUR OXEeTLKE mukviv Stadupdtuv (ouvxsvrpaosmcj>0,1 M) ahkaALpeTdAAwv
otouc mpoavapepBévtec dLahltec” . H ouunspropd Twv dtahuvpdtwv aAkaALue-
tdAAwv oe auiveg kal aibépeg 5lxwg tnv napousla cupmAéktou C, pnopel va
nepLypagel oxnuatikd and tic akdhouBeg xnuikéc Laoppon£8c37’38.

+ -
solv * Mso]v (1)

(2)

M(s) =M

- - 4

solve Vso1v * 20

M solv

+ - —_
Mso]v * eso]v —

soly (3)
H ouunAokonolnon tou Ké@LéVtog Mt pe tov ouumAéktn C oluguva pe tTnv
XnuLkf Looppotmia ‘

T+ c= e (4)
&xeL we amotéAeoua tnv petatdmion Twv (1) kai (2) mpog ta defLd kaL TnC
(3) npog ta apLotepd. 2TLC MEPLMTHOELE LOOUOPLAKAV TOOOTATWY WETAAAOU
kaL ouunAdktou n xnuikh Loopponia (2) petatonfletal tehelwc mpoc ta Se-
ZLé.
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— +
M(s) +C =MC¢(C+ oty

(5)

Av xpnoipomoinBolly 2 moles petdAAou kat 1 mole cupmAéktou AauBdver
xOpa 1 Xnutkh Looppomia

2 M(s) +Cc= MC + M (6)

*Apa 8tav to pétardo M Bploketar o meplooeLa wg MPOC TOV CUUNA&KTIN®

(oTeppatoeldf albépa fi kpuntoeldéc) oL emikpatéotepeg xnuLkég ovtdtnteg

soly Etvat pLkef

'3 + - 12
oTo OLAAupa elval M C kat M, evd n ouykévtpwon Twv e
ASvyw tng Loopporlac (3).
‘Otav To pétalho M Bploketal oe LooppopLokl ouyk&vtpwon wg mPoc Tov

oupttAéktn C,-oto dtdhupa emikpatolv Ta MC kat e; v evd n ouykévipw~"

olv

on v M~ B8a elval pikph Adyw tng Looppomiag (2).
SUVETIOC 0 POAOC Twv OTEUUATOELDOV aLB8pwv KaL kpumtoeldwv Sev MepLO-~

ptZetal pdvo otnv alZnon tng draAutdtntac twv ahkaAlpeTdAAwv aAAd  dpa

KaLr wg DUGLILO'L'ﬁC TOU UODLGKOCI OUO'EﬁIJG'EOC oto ekdoToTe §L&)\UIJG.

III. STEPEA KATASTAZH ANIONTQON AAKAAIMETAAAQN
H duvatdtnta nopackeudc dLaAULATWY UE OUOTATLKG (M+C, M™ )R (M*C,

e;olv) amoteAel TO MPOTO 0TAdLO OuvOEoEWC KPUGTAAALKOV aAdtwv Twv Tinwv

+
M C'esolv‘

Na~ d&La YoZewe tou avriotolxou dLaibuatoc alBuraplivng. H douff  tou
39,40

To 1973 enutedxBnke n obvBeon Tou kpuoTaMikol &hatog Na'C222.
NatC222.Na” EMLBERALBBNKE KPUOTAAAOYPAYLKAG . H miotonolnon undpZeuwg
Na~ &yive apxLkdg dia ouykploewg Tng vewpetpiag, NatC222.Na™ kau Na'c222.
1~ . Akohol(6noav kaL BAAec uéBodoL xapaktnpiopol, pe mA&ov afidmiotn TN
Texvikh NMR 23\, otepeol ouatog (magic- angle sample spinning)41.2to
NMR @doua drakplvovtar cagag dlo kopupéc ou omoleg avtiotoilxodv ota Lbv-
Ta NaC222 kat -Na~, pe xnuikécg petatonioelg -23,7 ppm kat -61,3 ppm
avTLoTolXwe we Mpog £AelBepo Na+.

Ap'6Tou emLTelxBnke n olvBeon kaL o xapaktnploude Tou &GAatog Na €222,
Na , &xouv mapackeuacBel moikfAoL tlmor mapopoiwv aAdTwv Tou vevikod TU-
mou M'C. N émou M,N aAkaAtpétarra (Suoia A Srogopetikd) kat C To kpu-
ntoeLdéc €222 f| o otepatoeldfic arbépac 18C6. H oudda twv ardtwv n omota
nepLéxel wg avidvta aAkaAtuéTaAra ovopdletar aAkaAldia (a1ka11des).:MLa
delitepn oudda oAdtwv mepiéxovia wg avidvta nAektpbvia éxouv té%‘VEVLKé
tono Mte e’ kat KaAoévtaL nhektpldLa (electrides). '

H pevaAltepn duokoAla otn olvBeon twv aikaAtdiwv, nAektoLdlwv elvat



ANIONTA AAKAAIMETAAAQHN 107

N TEPOUOKTLKA £udLobnola twv dlahupdtwy  and Ta onola mpoépxovrat. Ta
sLoAbuota  twv ahkaAlpet8AAwv ot autveg kar oLBépec eival BeppoduvapLkig
actabfi. Fia tov Adyo autd amaiteltal n xpnoipomolinen SLOAUTOV, HETAAAWY
koL avtidpactnolov cuumAéZeng, udnAfic kabapdtntag kaBhe kair texvikig udn-
Aol kevol. H peBodohovlia kabapiouol uaAlivev cuokeu®v, HETEAAWV KAL CUUTIAE~
KTOV KaBOg kaL n ouvleTikh Texvikh meplypdgovtal ota &pbpa tou J,Dye42’43
Ta dL8gopa péAn tng ouddac oAkoALdiwv- nAekToLdiwv napackeudlovTal
entonc oe moAukpuotaAAikly  poped kal umd popef Aemtov upeviwv Tou Tdnou
MTC.NT A MC.el Sia taxuplbuou ectatufoewe SraAupdtwv ta omola mepLé-
xouv M'C,N" fi M¥C.e] 1 brou M, N= Na, K, Rb, cs*

tinwv mapackevdlovtal kal pe tn OLAAUGH AVTLOTO LXMWV TOAUKQUGTAAALKOV

. Yuévia twv avutépw

serypdtuv oe SLaAlteg, 6mwg alBuhapivn, akolouBel de taxela eEdtuion tou,
SLaldTou,

IV, IAIQOTHTEZ ANIONTON AAKAAIMETAAAQN

A. Ontikég LoLdTNTEC

H napaokeuh Ttwv AakoALS{wv-nAekTpLdiwv und popeh Aemtov upeviwv ené-
TPEYE TNV peAETN omTLkGV @acudtwv anoppowﬁoewc45. 0L B€0eLC TV KOPUPAV
peytotne anoppovhoene Twv Srapdpwy upeviwvy ta omola nepLéxouQ M, Sx.4 ,
glvaL mepinou oL autdc pe TLg avtiotoixec Ofosic Twv M o¢ 6;0Aﬁuat36’47
x.5. Nelpapatikde dramioTovetal 6Tl n 6&on Twv peyLoTwy anoépomﬁoswc £-
Zaptdtar and tn Bepuokpacia kar Tov exdoToTe XpnoLpomotodpevo 6L0A6tn48.
Mapatneeital eniong 6ti upévia tou autol avidvtog m.X. Na~  aAAd Bragope-
TLkod katibvrog, Omwg K+,Rb+, Cs+su¢cv£Couv uLkph petatdrion tng B&ocwg
tou peylotou amoppoghoewg . Ta upévia Na+C222.Na', ektdg TNng

kuptag kopueig 15400 cm'1(1,91 ev), eupaviouv 800 " wpoug" otLg Béoelg
19000 cm™! (2,4 ev) kav 24500 cm™l(
oxeddv pe ekelvn tou Na~ oe Srarbpata, Ou ddo QuoL dev epvavidovtal ota
dMha upévia ta omola meptéxouv Na~ dnwg Rb+18C6,Na_, K+18C6.Na', ktcozo.

Na .H petotdmion Tou HeEYLOTOU amopPOPACEWC TwV UMeviwv Tou mepLéxouv Na~

3,0 ev). H kuplwc kopuph  ouuninmter

KaL SLa@opeTLKd M+C, katdmiv peAetiv NMR 23Na dev amokAelel Tov oxnuati-
oud vpevinv dLa@opeTLkol avidvTog M.X. Na+18C6DK-, Na+18C6.Rb'.
Nevpduata pwtoaywyLudtTnTac AsmTov uusviwv49, £€deLZav O6TL oL gopelg
gwtoaywyilpdtntac elval dragopetikol amd Toug @opelc Bepuikic Sievépoewc.
Muotebetar 6tL n puwtoavwyLpdtnta elval amotéAsopa dunynpuévev kataoTdoc-
wv mayLdsupévwy nhektpoviny dudtL elval xnuikde dpactikdtepa Twv avidv-
twv aAkaAtpetdAwy . H taxela eAdttwon Tng gwtoaywyLudTnTac cuvaptfAoEL



108 I.MANAIQANNQOY, I.MPOBIAAKH-MOAINOY, A. MAYPIAHZ

Ne. K Rp Cs- €aolv
I
-]
I
8
£
g
I
¥
-
X
i (+- w a8 09 1 2 W Bis
MHKOI KYMATOZ ()
ZX.4 P4ouaTa AMopOOYRTEWS UUEVAWNY UIKIIAEAWN HAEKTOASACN «
I
n
s
a,
G
4
o
ja)
<
I
Y
|-
w
X
[
05 06 07 08 09 1 12 14 1618
Sx.5 MHKCZ KYMATOS ()

PEoUATA ATOOOOPATEWS SACIVAATWY QIKAIAMUETEIIWY AP UIEVCIALL
wlvng .



RATONTA AAKAAIMETAAAON 109

tou xpdvou, ov evdovevelc avouoroyévereg Twv anoTLOeuévuv upeviwy Kabog
kalL oL xaunAéc kBavtikéc -anoddoeLc dugkoAelouv onuavtikd TLC TELPAUATL-
kéc perétec autol tou tdmou. TeAeutaiwg, avantdxBnkav BeATLwUEVEC TEXVL-
kéc oxnuatiopod opoyeviv upeviwv puBuLZopévou ndxouc.

EZetdobnkav eniong ou kBavtikéc amoddoeLc pwtoekmounic teogodpwv ai-
koSl (Na'C222.Na” , K'18C6.Na™, Rb'(15C5),.Na ", K'(15C5),.Na") oe
uopofi uueviwv. H ouokeull gutoekmoptiic nAeKrpoviwv5 arnoteAeltaL ek dlo-
kou mAativne (k&Bodoc) enl tou omolou oxnuatlletaL to upévio. Td gwron-
Aektpdvio ta onola eZépxovtalr katdmiv mpoonTRoEwWS TNC akTLvoBoAlac ouA-
Ayovtal ge kUALvOpLkd mAéyua mou mepLBlArer tn k&Bodo. Bpébnke dtL TO
pdoua pwtoekmouric nAektpoviwv oto edpoc 3,5-1,5 eV mapouoLdlel 500 Ko-
pupéc atig BEoeLg 3,4 eV kar 2,0 eV.H mpdtn kopued elvar aveZdptntog tng
fepuokpaclac kaL anodidetar otnv ekmounf nAektpoviwy and ta avidvia m.X.
Na~, n deltepn,elvar memAatuouévn kar to OYog tng aufdvel taxéwe pe adin-
on tng Bepuokpaciag, eni mAdov eZaptdtaL ond to katidv kair Tov CUMTAEKTN,
anodidetal de ata mayLdeupéva nAekTPOVLA TAEVUATLKAOV ATEAELGV.

B. HAextpLkéc IBLOTNTEC

Ta GAag n"C222.Na” elvar To pyovadLkd péroc uetafd twv opddwv aAkaAL-
dlwv-nAektpLdlwv mou avantlooetar umd popeh HovokpuoTBAAwY, HEYBAWYV OXE
tikd Sraothoewv ~1X1X1t mm.Ta undhoina péAn mapackeudZovtatl Mpog TO Tapdv
udvo und popof kpuotaAAikfic kéveuwc.

H eudLkh aywyLpdtnta (o) Twv TMOAUKPUOTAAALKOV deryudtwv, aAkaiidiwv-
nhextpLdivv, cuvapthoeL tne Bepuokpaclac, mapoualddel cuunepLeopd evdo-
YEVQV nuLavmv&v48, dnAadh akoAouBel tnv oxéon:

0= oggxp(—Eg/ZkBT)

pe evepyeLakd xdouata Eg kuparvéueva petagd 0.5 eV kai 2.5 eV.kB glvat
n otabepd Boltzman KaL 0,.n £LdLkA aywyiudtnta ge " dneipo” Oepuokpaoia.
Ta oraypduuata peduatoc- tdoewe (I-V) elval VoauuLk drepxbueva and tnv
apxf) Twv atdvwv, dnAadf ta noAukpuotaAAikd delvpata eppavilouv  wHLKA
guunepLgopd. Ta evepyerakd xdouata Eg umoAoyiZovtal and. tnv kAlon Twv
draypaupdtev 1Inog = f(1/T). OL gopeic peduatoc @alvetar va elvar nAexktpd-
via ta onoia dieyeipovtar BepuLkd and o Zhvn oBfvouc otn Zhvn aywyLud-
™ntag.

H guumepLpopd Tnc nAextoLkAc aywyludtntac Twv povokpuaTAAAwv Natc222.
Na~ efvar terelwg dragopetikh and exkelvng Twv TMOAUKPUOTAAALKOV — deLvué-
tmv51. Ta diaypdupata I-V napouoL&Qouv vpauuikl] eZdptnon pévov oe Beppo-
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Kpaclec ULKPOTEPEC TWV -249C.3¢ uevaidtepec Bepuokpacleg epgavidetar pn
ypauuLkh oupmepLpopd Advw Loxupfic moAdoewe Twv nAektpodlwv. Eml mAfov,
n ewdikd aywyipdtnta twv povokpuoTtdAAwv elvar katd 5-7 tdfelg Uévéeouc
pevarltepn and tnv avtioToLxn TwV MOAUKPUOTAAALKOV BeLypdTwv kaL Xpovikdg
eZ€nptnuévn. H xpovikh €&dptnon tng nAektpikAg aywyipdtntac elval xapaktn-
pLotLkd otorxelo Lovtik@dv kuplwg avwydv, otoug omoloug ol gopele peluatog
elvar 1évta (Lovtikh aveyipdtnta )} ta omola kivodvtar Sia pdoou Ttwv mMAEy=
patikidv ateAeldv tou kpuotdAdou. Ta avwtépw xapaktnploTikd epunvedovtatl
pe Tnv undBeon OtL oc Bepuokpaciec peyaAlitepec Twv -24°¢ n avwyLpdtnta
elvar LovtikAc odoewc (n nAektpoviakh ouvelopopd elvar aueAntéa), evd
oTLC xaunAdTepec Beppokpaclec emikpatel n niexktpoviakhi avwyLpdtnta.Autd
palvetar kat and to Sidypapua Tno = f(1/T), to omolo eupgaviceL ddo cudl-
VPaupa TURUATA JLAPOPETLKOV KAﬂoewvsz.
H tovtikA aywyLpdtnta twv HOVOKPUGTAAAWY NatC222.Na~ anedelx6n meL-
papatik®c amd TNV NAEKTEOXNULKA OUNTEPLYORE touc52.ﬂpdvuatL, dtav to éva
nAekTpddLo KaAupBel pe Aentd otpdua petaAAikold vatplou mpokdntel nAektpo=
xnuLkd otoixelo tou omolou n dragopd duvauikol avorktold kukAQuatog (EMF)
glvaLr ~2,5 V, n omola dratnpeltar yia xpovikd diactiuata pevarltepa twv
6 wpbv. Av kat n olon Twv nAekTpoXnuULKGY avtidpboewv dev efval duvatdv
va mepLypagel akpLPfhc, éxeL mpotabel to akdAouBo oxAua.

K&BoBoc: Na'C222 +e” — Na(s) +C222

"Avodog eE

&mou e% elvaL to nayLdeupévo niektpdvio (trapped electron),dnwg otn me-

— €

ptntwon tov nAekTpLdiwv. H NAEKTPOXNULKA OUMTEPLEOPE TOU LOVOKPUGTAAAOU
NatC222.Na” avikeL oto mpoogdtwe avantuooduevo medio epelvnc Twv LOVTL-
K¢ avwydv (super ionic conductors-solid state baterries)53'56,6nou vi-
vovtal mpoondBeLec va BpeBolv ouoowpeuTtEC OTEPEBY NAEKTPOAUTHV XaunAdv
BepuokpaoLiv, dLdtL ou uypol nhektpoAbteg mhyvuvtal,

. Mayvntikéc Ldudtneec

Ou payvntikée LoLdtntee Twv aAdTwv- mou mepLéxouv avidv aAkaALpeTdA-
Aou i nAektpbvio (nAektpidLo) SiepeuvABnoav péow gaocpdtev EPR, NMR kat
WV UETPAOEWV TNG payvnTtikAc emderktikdTntag, ouvaptAoEL Tng Bepuokpa- .
olag.

Av koL ta kabapd aArkaAidia elvaur deapayvntikd, peydroc apLBudc deiy-
pdtwv mapouoidouv acBeviy EPR ofuata mAnolov tng TLuAg g-twev eAeuBépuv
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niektpoviny Adyw mayiSeupévwv nhektpoviwv, ta omola &xouv kataAdBeL TAey-
uyatikd kevd avidvtwv -(m.x. F Kétha)48. H ouykévtpwon Twv mayLdcupdvev ’
nAeKtpoviwv elvalr duvatbv va auEneet, auZdvovtac Tn OUYkKEVIPWON TWV EML-
SLaAUTWHEVOY NAekTEOVIWV 0TO SL8Aupa and to omolo avamtliooovIal ot kpl-
gcaAAoL Kkal guyxpdvwg eAATTRVOVTAC T OXETLKR ouykévepuwon avidviov M .
Ac onuewwBel 6TL o apLBubc twv mavideuuévwv nhektpoviwv cuvbéetar Gueoa
ue tLc L8Ldtntec petagopdc tou nAektpLkol peﬂuatocsz.

3ta nAektpidia, avtiotpdewe, eupaviZovrar toxupd EPR ofuata akptBOc
otnv TLUA. g Twv eAeuBépuv nAeKtpovtwv48. To @doua NMR 23Na SLailuatoc
Na+0222,Na' oe THF eppavicer tn kopupl tou Na~ pe ebpoc nulocwe Olouc
3Hz. 3to oteped moAukpuoTaAALkd delyua Na+C222.Na' edpaviZeTaL memAatu-
ouévn vpauuli edpouc nuioewc OYouc 3000 Hz n omofa umepkaAdmter ta dbo
(dragopeTikd) ofipata mpoepxdueva and Ta Na'C kav Na~ avtiotolxwe.H SLé~
KpLON TWV Kopugdv petaZl twv NatC kal Na'_évas Suvath pE TN xpPnolpomoine
on NMR pev8Ang SLaxwpLoTLKic LKavbtntagl@agic angle sample spinning
(MASS) NMR 57’5§L To 2x. 6 mapouotdZet ta NMR @douata Tou Na+C222.Na'(s)
ue tLg dbo texvikéc (nonspinning, spinning). Me tn 8eltepn texvikh (spine
ning) n NMR vpdupn anoppogfioewc tou Na  vivetalL =10 gopéc otevdtepn
ue amotéAeoua va drakpivovtal dbo kopupéc a) tou Na'C222 ué XNuLkhA Ueta-
ténion 8= -23,7 ppm kav B) tou Na~ ue 8= -61,3 ppm,wc Mpoc £AedBepo Na*,
Ov Tuudc avtde elval ouvkploLuee e TLC XnHLKEC uetdroniOELc -11 ppm Kkat
-62 ppm Twv Na+C222 katr Na~ avrtoroich,'oe 6LdAuu059. Ouolwc eZetdobn-
kav delypata twv tingv ML, Na~%7 bdmou L:C222 /4 18C6, M=Na,K,Cs,Rb kat
ML, Rb™>8gnou L:15C5 # 18C6, M=Cs,Rb.

NON SPINNING

SPINNING

1 1 1 1! 1 2 1 L

1
+i00 o] -100 =200

23 +
IX.6 @aocuata NMRE Na rmolukpuvotallixcod Na C222. Na we tT4ag
TEXVAKES spinning, nonspinning.
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METPAOELC HAYVNTLKAC EMLBEKTLKATNTAC £yiLvav pe payvntduetpo akpiBel-
ac [Superconducting Quantum Interference Device,SQUID] atnv nepLoxs Bep-
pOKpacLLV 1,6-400K60. Ta ahkaA{dLa eugaviZouv drapayvnTiki ouunapropé48,
énwe €€ GAAou avapdvetalr Adyw tng nAektpoviakic doufic twv avidviwv alka-
AuetdMwv. Enlonc ta neproodtepa twv nAektpldiwv elvar diapayvntikd, A6=-
v TnC ouledfewe Twv spin Twv mayLdeupévwv nhektpovidv. Av oL aAAnAemi-
spdoeLc twv mayLdeupévwv niektpovliwv foav aocbevelc, ta nAektpldia Ba el-
xav mapapayvntikd xapaktipa, dnAadh 8a akohoubBelto meplmou o vduog Curie-
Weiss. flapapayvnTtikh oupnepLgopd eugpavilel to nhektpldio Litc221.e” otnv
nepLox BEPUOKPATLIV 20-70K61. EZ autav oupnepalvetal dtL elval addvatog
o draxwplopde.arkahLdlwv- nAektpLdiwv pdvo and uetphoeLg payvntiikic eme-
dekTLKOTNTAG.

V. TIPOONTIKEZ EGAPMOIQN

H olvBeon kaL o xapaktnpLopdc twv otepetv ardtwv ahkaAldlwv amoterodv
to onuavtikdtepo Bhua oto epeuvntikd nedlo avixveloewe avidviwv aAkaALue-
tdMwv. To encatnpovikd evdLaeépov twv ouoLlv autdv elvar efioyo. And o-
pLouéveg vevikée LoLdtnteg nou £Zetdodnkav oe pepikd péAn tng ouddac alka-
Adlwv- nAektpLdlwv npokdnter enlong &vtovo mpaktikd evdLagpépov.

H egukoAla amoBoAfic nAektpoviwv kabLotd tig ouolec autéc &pLota avayw-
vik& avtidpaothpia. To &hac m.x. Na'C222.Na SLardetal elkoha gtov dLaAdTn
THF kav umopel va xpnoiponoin8el otig mnepinthoele nmou amaitteltar avaywyl-
k& avtidpaothpLo 800 nAektpoviwv. Emeldh ta nAektpdvia ota Ghata arkaAldi-
wv- nhektpidluwv €xouv xaunAf evépyela Lovtiopod avapdvetal QWTOEKTOUTH
nhektpoviwv oe peydha pikn kdpatog.

EvSLapépov mapouat@Zel enfong n xpnoituonoinon twv ouctdv autdv oToug
ouoowpeutéc, oL omoloL xpnoipomoiody aAkaAipétarro énwe Na.Li otig kabo-
dukéc avtdpdoeig. Enl mAdov n nAektpoxnuikil oupmepLeopd HOVOKPUOTEAAWY
Na'C222.Na" BplokeL egpapuoyl oto npdogata avantuoodusvo Medlo cugowpeu-
Thv otepeod otuatog ot omolol xpnoipormoroldv avti uyplv otepeolc nAektpo-
Aitec. And ta moAudpiBua uéAn tng opddac aikaAldlwv- nAektpurdluwv elval
nLBavdv va Bpedel To katdAAnho odotnua avantdZewe ouoowPeuTOV WEVAANC a-
TIOBROEWS XOUNAQY BepuoKpacLdv.,
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SUMMARY

ALKALIMETAL AHIOnNS
J. PAPAIOANNOU, I. PROVIDAKI- MOLINOU, A. MAYRIDIS
Physical Chemistry Laboratory. Univ. Of Athens
The most appropriate solvents for alkali metals (Na,K,Rb,Cs) are ami-

nes and ethers;yet in these solvents alkali metals are sparingly soluble.
Recently, it has been discovered that their solubility increases dramati-
cally by adding to the solvent the clathrate-forming compounds "cryptands"
and/or "crown ethers” The cavity of these molecules enslaves metal cat-
ions, while at the same time alkali metal anions or "free'electrons are
released into the solution. Centainly, the whole solution remains ele-
ctrically neutral. By varing the concentration of the complexing agents

vs the concentration of alkali emtals, either alkalides or electrides are
formed, Alkalides are salts whose anion is a negatively charged alkali
atom (i.e. Na~);in electrides the anion is a "trapped"electron.

Salt-like crystale of both species have been prepared and their va-
rious chemical, electrical, magnetic and optical properties have been in-
vestigated. The present article is a condensed overview of this newly de-
veloped and rich field of chemistry and material science.

Key words : Alkalides,Electrides, Crypt, Crown ethers
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INTRODUCTION

During the last years, the interest of the scientists, working on the
control of air and water pollution,has been mainly focused in findingnew
sensitive and rapid methods of analysis for inorganic and organic anions.
In water analysis it is important to know even the lowest concentration
of these compounds since they influence the water quality and cause indi-
rectly healthy risks.

The application of a method which enables simultaneous determination
of more than one components in one run is of great importance and very
helpful. Such method was introduced for the first’;ime in 1975 by Small
and his coworkers, named "Ion Exchange Chromatography with Conductimetric
detection” (IEC)l. Since then, IEC has been the widely used method for se-
paration and determination of several common anions in many types of
environmental samp]esQ’a’u. This was possible by the application of the
principles of high performance Tliquid chromatography (HPLC) using ion-
exchange columns and further direct conductometric detection of the sepa-
rated ionic species.

At first, the authors suggested the use of two columns silultaneous-
1y, the separator column and the suppressor one. Four years later an
improved chromatographic method without suppressor column was introduced
by Gjerde, Schmuebler and Fritzs, known as "Single Column Ion Chromato-
graphy" (SCIC). The main advantages of. this method are its simpler in-
strumentation comparing with the dual - column suppressed system, the
short time needed for one sample analysis (about 10 min) and also the
possibility for easier automatization in routine laboratory work.
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The main factor contributing to the success of a SCIC method is the
choice of the proper eluent having low equivalent conductance®. General-
ly, as good eluents are sonsidered the aromatic organic anions having
high selectivity coefficient for the anion - exchange resin and their pH
is such that the salt is completely ionized (A" js the dominant ion and
not the HA™).

Concerning the eluent concentration, it must be as low as possible
to reduce the background signal. On the other hand, it shouldn't be very
low, because in that case, retention time of the eluted ions goes up.

From the literature’ it is known that phthalic acid having Tow pKa
values (2,8 and 5,5) provide good buffer capacity and excellent selecti-
vity control over the pH range 2-6. This was the reason, that a salt of
this acid was used as eluent in our experiments.

Therefore, in an attempt to optimize experimental conditions forz_
SCIC determination of inorganic anions (F , C17, NO3, Br , NO3 and SO, ),
potassium hydrogen phthalate was used as eluent and the effects of eluent
concentration and pH on retention time of the eluted ions were carefully
studied. The method was successfully applied for the analysis of drink-
ing, mineral, rain and ground water samples.

EXPERIMENTAL SECTION

a) Sampling
Réin water samples were collected using polyethylene funnels attached
to polyethylene bottles which served as wet deposition collectors.
Different types of mineral waters were analyzed after dilution 1:2
or 1:5 if required in some cases. For drinking water samples, the analy-
sis was very simple since no sample preparation was needed. Ground water
samples were analyzed after their filtration through a millipore filter
(0.4 pm pore size).

b) Analysis

Apparatus: The ion chromatographic system consisted of the follow-
ing components: 1) an HPLC low pulsation pump, Kontron Model 414, pro-
viding constant eluent flow, 2) a Wescan Ion Chromatography module,
"ICM", equipped with a 100 uL "Rheodyne" sample loop, Model 7125, and an
active temperature controller "ATC" settled at 30 °C and 3) a strip chart
recorder, Goerz Servogor, Model RE 541. Instrument conditions during the
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experiments are as follows: eluent: 0.5><10'3 - 4x10'3 M KHP, f]owvrate:
1 ml/min, column: resin based anion exchanger on macroporous polystyrene
substrate, with capacity 0.17 mequiv/g (WESCAN/R 269 - 029, 250x4.6 mm),
detector range: R 10/z supr 2, recorder speed: 5 mm/min and vrecorder
range: 0.2 Volt. '

Reagents: All reagents used in the experiments were of analytical
" grade (BDH Analar). For eluent preparation a stock potassium hydrogen
phthalate solution (4 mM) was diluted and the appropriate volume of 0.1
M KOH added for pH adjustment, while a small quantity (10 ¢ v/v) of me-
thanol was also added for preservation.

RESULTS AND DISCUSSION

Having in mind that in SCIC, eluent concentration is highly responsi-
ble for background noise and retention time of eluted 10ns7, we tried
to find experimentally the optimal eluent conditions.

Therefore, changes in eluent concentration as it is given in Tab. I
showed2§erious effect on retention time of the late eluted ions as NO3
and SO, . For these anions, the analysis is much time consuming as the
eluent concentration reduces. Thus, the concentration of 4 mM was consi-
dered the most suitable one in this case of analysis. In Fig. 1the effect
of eluent concentration on retention time is given using the Capasity
factor K(K = t - ty/t,) for the corresponding anions.

TABLE I. Effect of eluent concentration on retention time ( min)

Eluent

conc. t t t t t t t
(mM) 0 F C1 N02 Br N03 SOq
0.5 1.50 8.70 13.30 13.70 16.35 20.35 —
1.0 1.65 6.25 7.50 9.35 10.58 12.35 - -—
2.0 1.80 4.78 5.58 6.65 7.45 8.45 19.30
4.0 1.90 3.60 (neg) 4.23 4.95 5.40 . 5.95 9.60

Then, having eluent concentration constant at 4 mM, the retention:
time dependance with respect to pH was examined. In Fig. 2 it can be
seen that as the pH increased, retention time decreased and especially
sulfate elution was strongly affected. Thus, the optimum pH was _found
to be in the range of 4.9 - 6.0.
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FIG. 1: Effect of eluent concentration on capacity factor k (k= ——m ).

to

Another important and very useful factor for the evaluation of an IC
method, the Resolution (R) of the separated ions, was also studied. A mi-
nimum requirement for sufficient separation between two ions of interest
is generally defined as:

t -~ 4 ,
—5 2

R = o
M)+ My,

where t, and t; are the adjusted retention times of the corresponding
jons and w1/2 is the peak width at the half of its heightS. Calculated
R values for the couples of peaks for various pH of the eluent showed
that even for the relatively problematic couples of NO, - Br and Br - NOs,
the separation is nearly base - Tline separation at pH 4.9, (the values
are 2.50 and 3.00 respectively). E

Using the conditions proposed above, concerning eluent concentration ’
and pH, standard chromatograms were undertaken with mixed standard solu-
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FIG. 2: Effect of eluent pH on retention time of eluted anions.

FIG. 3: Standard chromatoqr'am of F~ 1 ppm, C1~ 1 ppm, NO3 1 ppm, Br 5 ppm
NO3 2 ppm and SOy 2 ppm using eluent KHP 4 mM and pH: 4.9
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FIG. 4: Peak height respomse VS. concentration for the anions: CL N0,
Br, NO3 and 0%~

tions of the anions of interest (Fig. 3). It can be seen that fluoride is
early eluted with negative peak whereas the resolution between the first
two peaks (fluoride-chloride) is absolutely satisfactory. Good linearity
was obtained between péak height and concentration in the range of 1- 10
ppm, as it is shown in Fig. 4. Detection ]imits'were;ca1cu1ated from
experimental data and taken as three times the standard déviation of a
data set consisting of six analysis of a standard mixture with as low as
poggib]e ion concentration (F : 1 ppm, C17: 1 ppm, NO;: 2 ppm, NO3: 2 ppm,
SO, : 2 ppm). The values in ppm for D.L are the following: F : 0.18, C1
0.09, NO;: 0.15, Br: 0.15, NO3: 0.13 and SO- : 0.15.

The above method was successfully applied for the analysis of selected
inorganic and organic ions in fog water and atmospheric aerosols obtained
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during a field sampling campaign in the Po valley, ItaJy?

SUMMARY

The objective of this work was to establish optimum conditions for
the ion chromatographic separation and determination of inorganic anions,
using single column technique, and apply it to routine experimental work
for aqueous environmental analysis. The successful use of an eluent with
low equivalent conductance such as potassium hydrogen phthalate (KHP),
with a defined concentration and pH value has been applied in a series of
applications for the analysis of drinking, mineral and rain water samples.

Keywords: Single Column Ion Chromatography,
eluent: Potassium hydrogen phthaltate (KHP),
aqueous environmental samples

NEPTAHWH

BEATLOTEC OUVONKEC TPoodLOpLopol Twv Lovtwv F, C17, NO3, Br , NO3 kal
2- , . , , , ,
SO0, g€ @uolLk& udatLka delyuata pe Xpwupatoypapla LOvTwv anAng oTnAng.

To avtikelpevo tng mapolong epyaciag Atav n elipeon twv BEATLOTWY OUV-
Snk&v npoodLopLopol avopyavwy avioviov (F-, €17, NO5, Br~, NO3 kat SOf')
0¢ (QUOLKA udaTLKA BelyhaTta pe TN HEBOBO TNC XPWUATOYPAQLAC LOVIWY amAng
otiAng. Q¢ ekhouotikd (eluent) XpnoLpomoLndnke to 6ELvo @BaALkd KAALO
(potassium hydrogen phthalate, KHP) ot ouykeviphoelg and 0.5-4 mM og dLa-
@opeg TLWEG pH amd 4 éwﬁ 9. H BEATLOTN OUYKEVTPWON TOU £KAQUOTLKOU BLAAG-
uotog Bpédnke n ocuykévrpwon twv 4 mM kaL to BéAtioto pH To 4.9. MeAetndn-
KE N LKaQvOTNTA dLaxwplopol Twv LOVIwv petafl touc (ava Zelyn), KaL WE TN
BonBeLa mpotlmwy (standard) xpwuatoypagnudtwv utoAoylotnkav ta 4pLa avi-
Xve(Oews Twv umd UEAETN aviOVvIWwV pPE TLC mapandvw BEATLOTEC ocuvOAkec. H pé-
B080¢ xpnoLuomoLAOnke yLa Tnv avaAiuon delypdtwyv mooliuou vepol, HETAAALKOU
KaL vepou BpoXnc us'ouvehkec auToOuaToy TMPOodLOPLOHOU KOL TPOTELVETAL ave-
MLEUAOKTA yLa avakUOELC pPouTLvac 0 epyactnpLakn kAilpaxa.
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INTRODUCTION

As we have previously reported, 2-phenyliodonio-dimedonate, 1, can be
protonated even by weak acids, because of its basicity, to form iodonium
salts which make react further, e.q. HZS gives 2—su1fhydry1dimedone1,

HC1 gives 2-ch10rodimedone2, Ph2101 in MeOH gives 2-ch10rodimedone3, etc,
whereas p—to]uenésu]fonic acid gives a stable iodonium tosy]ate4. These
reactions apparently involve nucleophilic attack at C2 of 7 by the anion
of the above mentioned reagents. We thought to extend these reactions
with other nucleophiles in order to obtain 2-substituted dimedones. We
find that by using KSCN as nucleophile in presence of H2504 as a catalyst,
we obtain a mixture of 4-o0x0-6,6-dimethyltetrahydro-1,3-benzoxathiol-2-
one, 2, bis(4,4-dimethyl-2,6-dioxocyclohexyl)sulfide, 3 and bis (4,4-
dimethy1-2,6-dioxocyclohexyl)trisulfide, 4, instead of 2-thiocyanodimedone.

Oxidation of sulfides 3 and ¢ with diacetoxy-iodobenzene leads to the
known spiro-product 5. The reaction of I, with KSCN is described in

detail below and a partial mechanism is proposed to explain the products
formed.

RESULTS AND DISCUSSION

When 7 is stirred with KSCN in a methanolic-aqueous solution containing
H2304 for about 12 hours, three different products are formed, besides
Phl: 2, 3, and ¢ with corresponding yields 4, 25 and 40%.

As the reaction occurs in presence of an acid, the first step must be
the protonation of I on one oxygen. Afterwards nucleophilic attack at C2
of 7 must take place by thiocyanate anion, with formation of 2-thiocyano-

dimedone.
If we accept the tautomeric form 6 of 2-thiocyanodimedone, we can
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o
+ 5% H,S0 5
I-Ph + KSCN 4_, +
MeOH / H,0
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- 2 (4%)
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FIG. 1: Reaction of 1 with KSCN.

easily explain the formation of 2 in the acidic environment of the
reaction, as is shown in the equations above. On the other hand the
formation of 3 ‘and 4 could according to the Titeraturel be attributed to
the intermediate 7, which might be obtained from 2. The low yield of
2 could be an evidence for this.

+ _  —Phi S
| —-Ph 4+ SCN _— SCN —_— l
{ L xnu
o

OH H

4 3
H'/H,0 -COy
° +H,0/0, -, =

2z 7

FIG. 2: Mechanistic procedure of the reaction between 1 and KSCW.

L PrioCOCHs ), -ZCHSCOOH \ﬁ b
-Plu

FIG. 3: Oxidation of 3 and 4 with PH(OCOCHg)Z
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Oxidation of sulfides 3 and 4 with diacetoxy-iodobenzene gives the
known &5, probably through a free radical mechanism:

EXPERIMENTAL

Melting points have been obtained on.a Kofler hot stage apparatus.
IR spectra were obtained with a Perkin-Elmer Model 257 spectrophotometer.
1H—NMR spectra were recorded on a Varian A-600 spectrometer in CDC13,

with TMS as an internal standard. The mass spectra were obtained with a
Hitachi-Perkin-Elmer Model RMU-6L spectrometer with ionization energy

70 eV.

Reaction with KSCN

1.5 g (4.38 mmol) of 7 and 0.567 g (5.84 mmol) of KSCN are stirred
overnight in an aqueous-methanolic solution (10m1/20m1) of H2504 (5%).
The reaction mixture is extracted with CHC13~H20. The chloroformic
extracts are combined, dried with Na2804 and concentrated. Column
chromatography (silica gel, hexane-chloroform) separates:

a) Todobenzene.

b) 2 (35 mg, 4%); m.p. 45-46 oc. IR(Nujol) 1765, 1670, 1625 cm'l;
NMR(CDC13, 5) 1.15(s, 6H), 2.45(s, 2H), 2.65(s, 2H); MS(m/z) 198(M+), 183,
70, 154, 142, 83, 70, 55; Anal. calcd. for C9H1003S: C 54.54; H 5.09.
Found C 54.47; H 4.88.

c) 3 (170 mg, 25%); m.p. 230-231 °C (1it.> m.p. 231 ).

d) ¢ (328 mg, 40%); m.p. 180 °C; IR(Nujo1) 1630, 1540, 1530 cm_l.
NMR(CDC]3,6)1.15(S, 12H), 2.60(s, 4H), 10.24(s, 2H); MS(m/z) 374(M+),
342, 310, 172, 83, 55; Anal. calc'd for C16H2204S; C 51.33; H 5.92.
Found C 50.63; H 5.80.

SUMMARY

The iodonium ylid 2-phenyliodonio-dimedonate, 7, reacts with the
nucleophile KSCN in presence of H,S0, as a catalyst to give 4-0x0-6,6-
dimethy1tetrahydro—1,3—benzoxath181-2—one,&bis(4,4d1methy1-2,6-
dioxocyclohexyl)sulfide, 3 and bis(4,4-dimethy1-2,6-dioxocyclohexyl)-
trisulfide, 4. Oxidation of sulfides 3 and 4, with diacetoxy-iodobenzene
leads to 4-o0x0-6,6-dimethyltetrahydro~1,3-benzoxathiole-2-spiro-4',4"'-
dimethylcyclohexane-2',6'-dione, 5.

Key words: ~Phenyliodonio-dimedonate, potassium thiocyanate, 4-0x0-6,6-
dimethyltetrahydro-1,3-benzoxathiol-2-one, bis(4,4-dimethy1-2,6-
dioxocyclohexyl)sulfide, bis{4,4-dimethy1-2,6-dioxocyclohexyl)trisulfide,
4-0x0-6,6-dimethyltetrahydro-1,3-benzoxathiole-2-spiro-4',4'-dimethyl-
cyclohexane-2',6'-dione, diacetoxy-iodobenzene.
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NEPIAHWH

AvTidpacn TOU QALVUALWSOVLO-BLUEBOVLKOU

To LwdovLO-UALBO-2~paLvulolwdovio-bLuedoviko-1 avtLdpd pe
voukAeogpLAo KSCN mapoucia H,S0, wc katalltou kaL mapéxeL 4-
080-6,6-5LucBuboTeTpaldpo-1,3-BevZ0oZabeLoro-2-0vn,2,bis(4,4-
dLueburo-2,6-5L050kukhoeguAo)oourepidLo, 3 bis(4,4-5Luebuho-
2,6-5L080KUKAOEEUAO)TPLOOUAQLDLO ,4.0Ee(Bwon twvroOUAwLaiwv 3
Kar 4 pe SLakeTtoZu-LwdoBevZdALo oﬁnvét eLC 4-0%0-6,6-0LpueBuho-
tEtDGU500 1,3-BevCo&abeLoAn-2-oneLpo-4.,4" -6Lu59uA0KUKAoe£avo
-2, 6 -6Lovn 5.
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