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intr-o lucrare ulterioara celei autentice.
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ulterioard celei autentice.
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justifice exemplificarea sau critica prin aportul creator al autorului care preia si insusirea acestora intr-o lucrare ulterioara celei autentice.
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acelasi autor / un acelasi grup de autori in publicatii sau edituri diferite.
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. --.plagiatul — expunerea intr-o opera scrisd sau o comunicare orald, inclusiv in format electronic, a unor texte, idei, demonstratii, date, ipoteze,
teorii, rezultate ori metode stiintifice extrase din opere scrise, inclusiv in format electronic, ale altor autori, fard a mentiona acest lucru i fard a
face trimitere la operele originale...".

Tehnic, plagiatul are la baza conceptul de piesa de creatie care?:

,-.-este un element de comunicare prezentat in forma scrisa, ca text, imagine sau combinat, care poseda un subiect, 0 organizare sau o
constructie logicd si de argumentare care presupune niste premise, un rationament si o concluzie. Piesa de creatie presupune in mod necesar
o formé de exprimare specifica unei persoane. Piesa de creafie se poate asocia cu intreaga operd autentica sau cu o parte a acesteia...”

cu care se poate face identificarea operei plagiate sau suspicionate de plagiat3:

,-.-0 operd de creatie se gaseste in pozitia de opera plagiatd sau opera suspicionata de plagiat in raport cu o alta opera considerata autenticd

daca:

i) Cele doua opere trateaza acelasi subiect sau subiecte inrudite.

ii) Opera autentica a fost facutd publica anterior operei suspicionate.

i) Cele doud opere contin piese de creatie identificabile comune care poseda, fiecare in parte, un subiect si o forma de prezentare bine
definita.

iv) Pentru piesele de creatie comune, adicd prezente in opera autenticd si in opera suspicionatd, nu existd o menfionare explicitd a
provenientei. Mentionarea provenientei se face printr-o citare care permite identificarea piesei de creatie preluate din opera autentica.

v) Simpla mentionare a titlului unei opere autentice intr-un capitol de bibliografie sau similar acestuia féra delimitarea intinderii preludrii
nu este de naturd sa evite punerea in discutie a suspiciunii de plagiat.

vi) Piesele de creatie preluate din opera autenticd se utilizeaza la constructii realizate prin juxtapunere fard ca acestea sé fie tratate de
autorul operei suspicionate prin pozitia sa explicita.

Vi) In opera suspicionata se identifica un fir sau mai multe fire logice de argumentare i tratare care leagd aceleasi premise cu aceleasi
concluzii ca in opera autentica...”

1 Legea nr. 206/2004 privind buna conduité in cercetarea stiintifica, dezvoltarea tehnologica si inovare, publicaté in Monitorul Oficial al Roméniei, Partea I, nr. 505
din 4 iunie 2004

2|SOC, D. Ghid de actiune impotriva plagiatului: buna-conduité, prevenire, combatere. Cluj-Napoca: Ecou Transilvan, 2012.

31SOC, D. Prevenitor de plagiat. Cluj-Napoca: Ecou Transilvan, 2014.
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Abstract, This paper reviews the coordination
architectures obtained in 3d-4f metal jon systems along
with a description of their general particulerities. The
work is organised roughly by the ligand fature. The
structural paticularities” as well as some specific
properties are discussed in detail.
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1. INTRODUCTION

here has been o great deal of recent interest in
heierobinuclear complexes{1]  containing  both
transitional metal and lantanide metal ions[2,3}. Studies
on these complexes are mostly concerned on magnetic
properties in concction with thejr aplication in advanced
materdals science and in inedicinal incrygenic chemistry,
Lanthanide coordination chemistry is dominated by the
oxygen-donor ligands. However, nilrogen-bonded
complexes  have also  been abtained and  well
tharacterized. Cerain key features must kepl in ming

when lanthanide chemistry is expiored: the preferred
high coordination number, their large fonie radii and
their  high charge. Lanthanide complexes  are
characterized kinetic lability evidentiated by formation
of hydroxides in aquezous media. Amines alone are paor
donors for fanthanides in waler; however, incorporated
into ligands which also cuntain oxygen donor atoms,
they form quite stable Ln(Il) complexes, much more
stable than the analogous oxo acids. Their stability is
increased when chelating ligands are present.

For the purpose of this review, we will make 2
recension of the 34-4f coordination compourds along
with a description of their properties compared o ths
parent precursors. We will describe some individual
systems in more detail. The work is organised roughly
by the ligand nature,

2. AMINOALCOIIOLS AND AMINOPHENOLS AS
LIGANDS

Tridentate aminoalcohols of the type I, and
aminophenols like 2, have been widely used to obiain
homo- and heteropolynuciear complexes in which the
oxygen alom bridges two metal fon thereby beeing
favoured spin coupling. Binuclear blee complex CuPr(1-
H);(hf'acac};(O;CCF;)L, 3, (L = 2-methyl-2,4,6-tris
(uifluommelhyl)-i,3-dioxane-4,6-dioin:o)) and  the
trinuclear une LnCushfacac)(1-H);(0;-
CCHy)(0,CCFy ) hfacacH)(T HF}, 4, where Ln = Nd, Pr,
have been reported for some of the tanthanide(}1I) mctal
ions[4]. The complexes can ¢ither be readily sublimed
or thenmally decomposed to the corresponding oxides,
which along with their high solubility in organic solvents
makes thesc compounds possible candidates  as
precursors for ceramic apgplications.
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heterodinuelesr complex but the nature of the donor
‘/Y\[ atoms is now different.
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The binuclear compound PrCu(2-
HH2XOH)hiacac)). 5, and the tetranuclear one
{La ' Cu¥2-H)2HO1)(C,CCR3))s, 6, have  been
obtained stating form Cu(2-H)p(H:0) which acs as
ligand toward one Jantharide centre. Structural analyses
show that the trigonal bipyramidal geometry of the
copper cenire in the precursor is preserved in the

The compound 6 consists of 1wo dinuclear units
of  LaCu(2-H)2)(n-OHY¥0,CCF3); where the
La(0,CCF3); unit is linked 10 the copper(il) monomer
unit via a hydroxo and a phenoxo bridge. The magnetic

moment of 5 is slightly smaller than the theoretic value ‘

assunming that bath Pr(lil) and Cu{li) are noninteracting
jons. At low temperature, anifersomagnetic tnteraction
can be noticed.

Tripoda! ligands 1,1,1-tris({{2-hydroxybenzyl)
amino)methyljethane), 7, and  tris  {2-hydroxy-
benzylaminocihyl)amine, 8, are capable to bind a 3d an
41 meial ions simultaneously thanks to the flexibility of
their arms. They can act ia protonated or deprotonated
form. The trinuclear cationic [LuNiy(7-3H))™
complexes have been oblained as a part of the following
compounds: [LnNig(7-3}i);(CH;OH)m(Ci53Ci1;0”));1
(H:0))C10+0.5CH,01-0.5CH;CH0114H:0, 2
[DyNiy(7-3HR(CH;OH)(H0))CIOr CILOHH,0  and
{YbN52{7-3H);(H;O)}CIO.;'Z.SSH;O and their structurne
resolved[6). For example, the solid-state struciure of
[LaNiz{7-3H): 2 shows that La(fl]) is eight coordinated
by two {7-3H]™ ligands, each of which is tridentate with
respect to the La(ill) ion and hexadentate with respect 1o
one Ni(ll) jon. Two solvent molecules complete the
square antiprism coordination sphere around La(lll).

By T T it
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3d-4 coordination compounds
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Bach [T-SHIJ' ligand encapsulates & Ni{ll) ion via its
three amine and three phenolato functions, rendering
each Ni(ll}) coordination sphere  approtimately
octahedral, Similar structures have been reported for the
{DyNi?-3HR)" and [YBN{7-3H)(H001 cations.
The magnetic behaviour of the compound containing
[LaNiy(7-3H);}* cation is consistent with the pressnce of
two mapnetically isolated ociahedral Ni(I) centres
whereas  the  other two  complexes show
antiferromagnetic exchange interactions between the
Ln{lil) and the Ni{iI) ions.

Ispstruciural complexes, [LrNix(8-
JHR(CH;OMX-mCH30H nH,0, where for La = Pr,
X= ClOg and for Ln = Sm, Tb, Er, Lu X = NO;
cortaining a trinuclear unit 10, have been obtained[7]. It
has been established that each [Ni(8-3K} unit acts as »
iridentate ligand towerd the Ln' fon vio two bridging
and one nonbridging phenolate doness. In all of the
structurally characterised complexes, Ln" is seven-
cocrdinated with flattened pentagonal  bipyramidal
geametry. :

10

3. CARBOXYLATE AND CARBOXYLATE
DERIVATIVES AS LIGANDS

3.1 Monocarboxylate Ligands

The ability of carboxylate groups to bridge metal
ions and thus forming polynuclear compounds is well
known. However the carboxylate-bridged mixed metal
cemplexes involving both 3d and 4f metal ions is enough
fimited. Complexes containing only carbexylate groups
as ligand and those confaining oditionaly polydentate
ligands have been obtained.



user
Polygon


92

Otilia Costisor & Welfgang Linert

The centrosymmeiric pentenucleer
[Cu;Gda(C LCCHCYp(H0)) 21020, 11, complex
bridged only by carboxylate groups . has been
reported(8]. Stmctural anzlyses have shown that
cloroacetale anton acis as unidentate and bidentate

tigand and that GA(IIf) ion adopts an eight-coordinated

distorted squarc-antiprism geomeiry.

{D\ aol\ 0:8 Lc " ﬁ
PP
27 o o

I

Cui et al9) reported the syntheses of ihe
heterometallic copper-lunthanide clusters Cuialag(i-
OH)s(11-0:CCH T (H20) s - ClOD N O
(OH.)]' t0H,0O and CIJnNdeUJg-OH)u(p-O;CCCl))u
(HgO)]5(}2|2-C]04)l{02ccc13}5' 22H,;0 using pcn:hlorate
anions a templaies. All the compounds were studizd by
X-ray crstallography and it has been found that they
contain the [CujaLng(us-OH)as)'®* core of pseudo-cubic.
Oh symmetry. A MizClOs anton with the highest
coardination number of twelve is encepsulated in this
cluster. The complexes obey the Curie-Weiss jaw with @
of -11.5 and -1.6 K for Cuples and CuNdg,
respectively. The CupNdg cluster exhibit & very strong
entiferromagretic interaction between pairs of Cu{ll}
jons which overcome the actually ferromagnetic
copper(ID)-neodymiwm(ilt} ineraction, and CupNdg
cluster exhibit an overall weak antiferromagnetic
interaction. Similar species in which piridinoacetate znd
pyridinepropionate  (pyb) bridges Cufll-Ln{i1l) ions
through carboxylate groups to form heleropolynuclear
species - of  the  general  ype Cujalag{e-
OH)zJ,{P}‘b)]z(}l;O)n(CiOﬂ](ClO.‘)n.tzQ_ have been
reported.

Using MngO1{CsH;0) a5 stariing reagent, Benelli
et al{10} obtained two isostructural  Mo(UDLa(Ii)
pivalates, {Gd;Mn;O;{O;CCMe);(HO;CCMc);]CH;Cl;
where Ln = Gd, Dy. The X ray structural stedies reveal a
{Gdxzn-OyMm(15-0)Gd), 12, core based on a Ma(lll)
di-goxo-bridged dimmer, each oxids further bridging to
a Gd{lil) centre. Each Mn(ill) ion has a distoried
octzhedral environment and each Gd (1) jon is nine

cootdinated with distosted capped square-antiprismatic
geometry, Using a model based on a square with a metal
2t each corner, it has been calculated the exchange
parameters for coupling between Mn(111) centre, Mn{Hl)
and gadalinium{[1{} and gadolinium(iTi) cenres, Jz = -
62.91,J, = +2.44 and J; = -0.012 e’ respectively.

Among the compounds containing  both
carboxylate and amino function, betaines otcupy 2
special place. They adopts the zwiterionic form and acis
as ligand only through carboxylate oxygen donors, Two
types of carboxylate bridged Cu'hLn'™y complexes
formulated  as {Cu;Ln;(bet) I o{H;D)g](CiO.;}m'ZH}U,
where " Ln = La, Ce, Gd and
[Cu;Ln;(bcl)lg(Ci04);](ClO;)g where Ln = Gd, Sm and
bet = betaine, (irimethylammonioacetate)  were

obtained[11]. The powder X-ray difraction studies

showed that compounds in the first series e
jsomorphous. Structural studies on monocrystals show
that the La-Cu ond Ce-Cu complexes comtain @
tetranuclear {Cu;l,n;(bel}m(H;O)g}“" cation in which
cach of the Cu atorn is quadruply bridged to 2 Ln{lif)
ion by the se-carboxylate groups intlo a dinuclear
sybunit. A pair of such dinuclear subunits is bridged by
wo carboxylate groups to form 2 tetranuclear cation.
The two complexes [Cu;Ln;(bcl}u(Clog);}(ClO.;); are
jsomorphous and their magnetic behavicur obeys the
Curie-Weiss law, showing very weak antiferromagnetic
intecaction. Therefore, it may be concluded
shielding of the 4{ electrons by the outer shell electrons
very effectively  precludes significant  coupling
interaclions belween the lanthanid 4f electrons and
copper 3d elcetrons ina carboxylate-bridged system.

Yang et al{12] obtained two lypes of catboxylate-
bridged copper(Il)-lanthanide(1l) complexes,
[CuI.n{C5H5N'CH2CO;')5(H10)5]{CiO;]y?H;O, 13,
(L = La" Nd") and {Cu;Nd(CsHN'CHCOY
)|Q{N03):(H;O)31IC104]10'4H20 using pyridinioacetmc
as ligand in an one-step reaction strongly affected by the
pH of the solulions. Thus, at low pH, the dinucicar
complex is formed and further apgregates fo construc
the larger pentanuclear cluster whereas at pH z 3.5, an
oetadecanuclear sluster is formed.

The octadecanuclesr isomorphous clusters {CuizLnglus-
Omza(csﬂswcuzcoﬂu(HzO)stf—)ﬁOs)](?Fs)so

(NO»)y 12H;0 where La = sm' or Ga™ {13] ond
[Cupalng(u-OHps(C sHsNCH:CO2) 12(H: 005 (1 -ClO)]
(CIOM7 nHO forln= Nd, Gd[14) have been obtained
and their structural swdies underline the refe of the
counterion in crystallization which, however, does not
depend on the encapsulated anion. The stmcture of the
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Sm-Cu complex has shown Cu...Cu distances in the
range of 3.36-3.48 and Cu...Sm separation of 3.48-3.57
A whereas the Sm({Ill) atoms are separated at distances
of 7.02-7.07 A and that the C;H;N*CH,CO; ligand act
uniquely in the u-carboxylato-0-0Q" mode, each bridging
a copper{ll) and a lanthanoid(TH) ion. The magnelic
behavieur of the Cu-Gd complex has been explored and
the global anz:ferromagnenc interaciion with C =
0.00331 Kem’mol™ and 0= -1.46 K has been explained
based on the siruciwre of Sm-Cu complex as the
differences between their core are minor. Thus, both 3
weak antiferomagnetic inleraction between the Cu...Cu
atoms and a w-:.ak ferromagnetic interaction belween the
Cu...Gd atoms has been concluded to coexist

. Using CiHN'CHRCH,COy as  Jigand,  the
clusters {CuiaLng{20-13)24(CsHsNCH, CH,CC,)z
{1:,0016(222-CIONYCION 11 16H,0 where La'' = Gg¥,

Sm'' were obtained{15]. As in the previous reported

Cuiylng clusters, the perchlorate anion is used as
template for the formation of the large polymetallic
assemblies. The additional methyiene group explains the
presence of only ten of the CsH;N*CH.CH,CO; ligands
which act in the y -carboxylato-0-0' mode, while the
oiher two act in the carboxylaio-0-0' maode.

3.2 Monocarboxylic amino-acid ligands

Taking advantage of the properties of the
aminozcid ligands to bridge ihe metal centres, mixed-
metal complexes have been designed and synthesized,
Usually, the 3¢-4f polymetallic compounds have been
synthesized by using 3d metal complexes as ligands.

Starting from {Ni{p:0);], where pro stands for
proline, as complex ligand, the complexes
{Ln{Ni(pro)ts}Xs-6MeQH, where for Ln = 8m, X =
CI04, BFS, PFg, T, NOy,{16) and for Ln = Eu,{17) X
= Ci0y were ob:ained. It has been established that in alf
the complexes, the six Ni{pro); units are coordinated to
the rere canh metal fon which thus arises the
coordination - number of twelve with icosahedral
geomeity,

The isomorphous heteronuclcar  complexes
{LnCuc(a-OH)(HL)(L),] (C10)¢25H,0. 14, where
Ln = La - Ho and H,L stands for aminodiacetic acid
have been obtaingd{18, 191, The structural analyses of
the terbium(11) compound have shown that it is located
in th: centre of the trigonal prismatic coge formed by six
Cu’' ions. A feromagnetic coupling between To™ and
Cu® ions has been noticed at tow lemperatures, Similar
effect hes been found for {GaCug) compound whereas
the magnetic behaviour of {DyCus], [HoCuws], [NdCus)
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and [PrCug] systems is zffected by factors including Ln-
Lr, Cu-Cu, Ln-Cu intesactions, the ligand field effects of
the Ln’" ion and ficld saturation effects.

The isomorfous complexes
{LnCuCl(NTA)(H;O)s]CiOyh'lo where Ln = La, Ce, Pr,
Gd, Tb, Dy Ho, Er, Tm, and Ly, in which nitrilotrizeetic
anion act as a tripodal ligand have been obtained{20]. It
has been found that the structure of the complexes is
polymeric and strongly affected by the ionic radii of the
lanthanide jon as well as by ihe. nature of the
counterion[21].  For  example the  coordination
environment of the Gd{il]) is nine and that of the Eu is
cight. Except the La(l{l) compound, all the other exhibit
an overall antifecromagnetic feature.

More rarely are the Mnln and Co-ln
complexes. However, the heterometallic compounds
NdaMn;(edta);(H:0)101214:0, (15}, and
Gd:Co(edta);{(11;0)111211;0 have been reporied and
demaonsirated that they are isomorphous consisting of 2
two-dimensional heterometallic sheet{22).
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3.3. Dicarboxylate ligands

Discrete units and extended systems have been
oblained by using dicarboxylate ligands. Extendend
solids have been obtained by assembling Janthanide and
copper jons in the 3D series of complexes
(L Cuy (O(C11,CO0H Y 6(11:0)sxHOLsy, with Ln =
Gd, .Eu, Nd, Pr, Erf[23). Their structures have bee
resolvad and it has been found that they ail crystallize in
the hexagonal systems. For example, the X-Ray studies
of [Gd:CuiO{CH;COOH)}9110], 16, show a
complicated three-dimensional network  structure in
which the G&”* icn is nine coordinated with a tricapped
trigonal prism arrangement and the copper{ll) fon has a
distoried square-planar coordination geomeiry[24]. fthas
been noted that the Gd-O(ether) bond is langer than G-
O{carboxylale) which prave that the coordination ability
of carboxylato group is much stronger than that of the
ether oxygen atom,

Cu OK
HO, 07 0 OH '
N of
00 Vg 046
v}
~ M0 O\ 0o
HO \0’7‘%\\" /(\/79\1
i 9 ‘o HO © 0" Ton
| a lf | l
HO V\O\ o) OH
HO /Cu/

HO OH

-

Extending the works, Rizzi et al[25] reported the
complexes of ihe isostructural series of polymers
formulated  as  [{CusLna(O(CHCOO); %} 12H20n,
where Ln = Dy, Ho, Er. As in the previous compound,
the Ln(ill) ion coordinates to the two inner carboxylate
oxygens and to the cther oxygen of the three symmetry-
related O(CH,CO0);* anions to define a tricapped
trigonal  prismatic environment, Each Cu atom
coordinates to the remaining outer carboxylales oxygens
belonging io four O(CH;COO)-_:" anions and 1o two
aqua ligands. The molar magnetic susceptibility were
determined for the obtained compounds and bellow 50K
antiferromagnetic interaction between copper ions in the
extended structures has been proved. Also, the TX(T) =
f(T) curves profiles indicate that at low temperatures
antiferromagoetic Ln - Cu (Ln = Dy, Ho, Er, Y)
inleractions are operalive in the coreesponding
compounds.

Oxalale ion is a pgod candidate in preparing
compiexes which can act as ligonds in order 1o obtain
polynuciear  complexes.  Many  oxalate-bridged
complexes are weil known for their ability to transmit
clectronic  cffects  between paramagnetic  centres
separated from each other by mere than 5 A, 1t is well
known that chromium {HI} complexes are quite inert
toward ligand substitution, allowing a good control over
the reaction products. Fer this reason chramium-oxalate
complexes have often been used as building blocks in
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3d-4f coordingtion compounds

assembling bi- and three dimensional networks.

Polymeric 3d-4f coordination solids with
stoichiometries {La'"Cr™ox):(14:0))y 1150, where Ln
= La, Ce, Pr, Nd, and »n varics from 7 to 12,
{EuCr™(0x)3) 3(CH,),S02H,0 and
{Tb"Cr(0x)3)-4(CH;);NCHO H;0O  have been obtained
starting from tris(oxalate}chromium(Ill), {Cr™'(ox)s)>
(ox*=C:04¥} as building block {26]. The crystal
structures of {Ln'"'Cr*{ex);(H,0)s)12H:0, Ln = La, Ce
show cxtended molecular array based on two types of
symmeirically indepsndent molecular chains with a
ladder-type motif. Within the infinite ladder molccule,
cach Cr atom is surrounded by six oxygen atoms from
three oxalate ligands and has slighty distorted
octzhedral coordination geometry. The Ln metal jons
adopt a coordination aumber of ten, again with six
oxygen atoms {fom the three bridging oxalate lipands
and 4 additional oxygen atoms from coordinated water
molecutes, The study of ihe magnetic exchange
interaction  rovenls  the  oceurrence  of  an
antiferromagnctic type interaction for Ce. Pr aad Nd
compounds facililated by the convenient distances
between the paramagnelic ecnires.

O O
OO
NN .
o o=Hege
0 0 \ 7
\ \io__._.-—-Cr'-*——N

NU\
0 17

Using wunsyni-cix-]Ce(eddp){ox)] as o building
block, where oddp stands for chylencdiamine-NN -
dipropionate and  serves as “end cap” ligand, the
heteronuclear complex
[Nd{Cr(eddp)(ox)}3(1120);}12H:0, sketched in 17,
complex was synthesisedf27].

Binuclear {Dy{Co{NTA)}-0x)}(1;0%)Cl) and
trinuclear K{Dy{Co(NTA)(p-0x)}2(11:0)5], 18,
complexss were obtzined using [Co(NTA)ox)} as
building block|28].

CH o o] 0 O N
0
OH
18 HO
Heterobinuclear contplexes

[(acachCr(ox)Ln{HBpz;),} where Ln = Eu, Gd, Tb, Yb.
Lu have been obtained starting from {Cr({acac){ox)]” and
[Ln{HBpz3),]" as precursers, in molar ratio of 1:1[29].
The crystai struciure of Co-Yh compound shows that the
Cr atom is located in a distorted octahedral environment
and the Yb(HI} ion has an cight-coordinate distorted
square  ontiprismiatic  coordination  geonmelry.  The
magnetic  susceptibility  datn show 2 weak
antiferromagnetic  interaction  between  Gd(Ill)  and
Cr(i1l).

3. Amide as ligands

Oxaide and their derivatives have oflen been used
1o obtain discrele pelynuclear compleses. They fonn
stable complexes with some first row metal fons which
thanks (o ihe presence of the fTee coordination sites can
further act as complex figands, The  copper(il)
complexes  of  N.N"-bis(alkylnminontkylloxamides.
have been used as complex ligands to obtain binuclear
complexes Cu{L)Lu(phen)(ClO)s. 19 for Ln = Cu. Gd.
Th, By, Ho. Fi|30] and 20 for Ln = Ln, Nd Gd, Dy. Ho,
Er, Tb. and their structures have been formulaied on the
basis of spectral and mapnetic studies{31]. The magnetic
susceptibility measurements of Ca-(id compound of the
type 20 indicote a weak ferromagnetic interaction
between the copper{l!) and Gd(IN) ions wiih J = 2.23
em” while that of the type 19 shows antiferromagnetic
interaction between Gd{11) and Cu{ih.

R
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The discrete trinuclear compound
{GA(21){H,0):][N0:},2H;0 has been obtained using
the copper(ll} precursor 21 as precursor. Structurai
analyses show the eight-coordinated gadotinium(1i}) ion
and square-planar environment of the coipcr(ﬂ} ion. The
Gd...Cu distances of 5.684 and 5.681 A ss well as the
angle between the cepper and gadolinium ions of
85.22(1)° lead to the shortest distances between the
copper ions. These distances might explain the found
vatues Jogcw = -0.77(3) and Jocucu = 0.42(4) em ™ (32)-

R_R
HN N
NI
VAN
Hu O
R R
R
21 CH;
2 H
Heterolrinuelear complexes,

INi(L){Ln(HBpzy)2}, Lo = Eu, Tb or Yb and
INI(L}{Ln[HB(pz)s]2}2], Ln = Sm to Lu, have been
prepared when the complex ligand [NIL)* = 23 and 24,
respectively, were used. The two free 0,0 sites of the
complex ligands allow the formation of stable trinuclear
LN Ln  structures when the teipodal ligand
HB(p2)y = hydrotris(pyrazol-1-yljborate was usedj33].
The crystsl struciure analyses of [(23)Yby] aond
((24)Lu;), 25, were performed and the distances Ni...¥b
of 5.580 A and  Ni...Lu of 3.590 A were found to be
shorter than that in some Cu-Ln-oxasmate complexes.
Spectral studies as well as magnetic measurements
support the squarc-planar environment of the nickel(i!}
ion. Magnetic studies on the [(24)Gd;] reveal the values
of J = -0.002 cm! and g =2.03 which means that no
interaction between the two paramagnetic
gadotimum{{I1) centres exist.

Pentanuclear Cu-Ln complexes of formula
(Lnf22[@2)(H M)} [ClOGTHO (Ln = Dy, Gd),
{Ln{22}{(22}(H. 03} [PFels-4.5H:0 (Ln = Ho, Gd) have
becn reported and it has been found that these are
isomorphous{34]. For the Gd complexes the magnetic
susceplibility data have shown that the ground-state spin
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for the [GAMCu"J unit is S=1172, the Gd"-Cu'
interaction being ferromaganetic.

4. Pyridine derivatives

The copper pyridonate complexes
([CugNa{mhp)2](NO3), where mhp = &-methyl-2+
pyridonate, and [Cu;Ls] where L = 6-clora-2-pyridonate
{chp), 6-bromo-2-pyridonate (bhp) or &-fluoro-2-
pyridonate(fhp) have been used as ligands toward
lanthanide{lll} metal ions to obtain heterometatlic
complexes[35]. The studies reveal that the nuclearily and
structure of the obtained compounds depend on the
natere of the used pyridone, the solvent and the specific
lanthanid involved. Thus, depending on the nature of the
solvent, the complexes [CusLn{chp)s(NOs)] {Ln = Gd,
Pr, Nd, Sm, Er) and {Cuy Yb(chp)s(Hehp)(NQya}, 26,
[CuLn(bhp)e(NOy)] (Ln = Sm, Gd with Cuyln care and
[{CuLn(u-OH)(chp)(NOa)(H:0)ka). 27, (k= YD,
En), {{Cqu(,u-OMe)(chp};(NO;);(McOH);}2] and
({CuEr{u-OH)(bhph{(NO;):(HbEp)}2), {({Culn{p-
OMe)(bhp):(NO3):(MeOH)a}2 (Lo = Pr, Nd, n=3; Gd,
Er, n = 2),
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3d-4{ coordination compounds 97
{LmCux(OMe)y(mhp)y(N O3} (Hmhp)(MeOH).), {Ln = o, o
La, Ce, Nd} and [LryCux(OMe)a(mhp)s(NOs):(1imhp);- . N"“O 0'_“/
(MeOH)), (Ln = Gd, Dy, Yb) with CuyLn, cores have , = | y ] S
been obtained{36]. : = oV -0 I
G Er\
/ = 07 N7 o
7 Vg o~ ;m—(}:{/\ \
—N /N— CHy-NH *{‘/ 2 0 Ni—NH-C_H
e} i s
N= / \ ‘/\-—N/ Ci 2 \Ef._- = 4 \ -
/0 o \ / Z o™\ &
e Cu | _dol |
T Cu N~ N ™
J ) \ Gd / M= o’ ‘o
o- C
— N0/ o ol 18
S S 0 0 Naw~C!
VAR |
i # The Cu-Gd winuclear mixed metal compound
0 [CurGA(LY(NO;;INO;, 29, where L% is ihe 2.6-
26 di(acetoacetyl)pyridine anion, has been obtained[38] and

27

‘A somewhat  unique
[CuizLag{my-OH )2 (N0 2
(Hmbp)a(Ha0)5.5)(NOy)2s2Hmbp  has  been reported.
Structural analyses show the presence of the Cu 304 core
and the arangement of the copper(li) ion in the venices of
8 cubaclahedron which further is located inside a cube of
eight lanthanum ions.

The compounds of stoichiometry
[NLEn{chp)sNO)(CH;CNY,),  (28), nad {NEL];
{Co:Dy,OH{chp)e(NO)s] have been reported[37). The
structural analyses show that the nickel compound is
centrosymmetric and contains the central ErQ ring
bridged 1o peripheral nickel atosns thraugh six chp ligands.

high-nuclearity  complex

a ferromagnetic interaction between Cu" and Gd" jons
comresponding 1o the M value of 9.05 NB at 30 kG, has
boen observed, in agreement with the expected value for
ferromagnetically éoupled Cu,Gd {8p=972), . -

&. Schiff bases ligands

Polynuclear complexes, containing different
donor groups along with the imines ones and with
various shapes can be obtained. They can be synthesised
by a direct metal - lipand way but also by a metal
directed one. Open as well as closed systems can be
oblained, The carbonyl comapounds form the “hzad" of
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the ligands and diamines are the straps which bond the
carbonyl groups belonging either to the same head or to
a different one.

6.1. Tetradentate Schiff bases

The most comon ligands belong to the type of

NN’-ethylenebis(salicylaldimine) {SALEN).
Heteropolyruclear  complexes of  the formula
[{Cu{30%;Gd(H20):HCIOgy 2Cu(30y0.5CHNO;,
[(Cu31))GA(H;0)53(Ci04)52Cu(32) {39],
[Gd{hfa);Cu(30}, 1Y(hfa);Cu(30)],
[Gd{hfa);Cu(303(Mcim}}, [La(hfa);(H20)Cu(30)} and
[LathfaNi(30)], where Ln = La, Gd, .hfa =

hexafluoroacetylacelonato  and  Meim = 1.
methylimidazole {4C]), {CuGd(33)(NO3);H,0).Cu(33)
{411, Lo{L)sXy'mH2O where for L =Ni(32), Cuf32); X =
NOy, NCS, €I, Ci0s =1, 2, m = 0 - 4, [42]
{Cu(32))Ln(H:0)(NO;);2EINO; where Ln = Eu(ll),
GA(IIN)[43] have been obtained stanting from the
corresponding  3d-Schiff base precursor and the
corresponding lanthanide complexes. In all the cases, the
3d metal jon occupies the NyO; dogor cite and the
oxygen atom bridges the two metal centres. The
geometry of the 3d metal fons is preserved whereas the

R, {CH),—\  R2
=N \ =
R1 o 0 R

n R| R'g
W |2 H H
31§22 H CH,
32 3 H H
33 2 OCHy H

coordination number of the lanthanide ion is fulfiled by
water molecules or by the counterions. In most of the
cases, the complexes containing similar metal jons are
isostructural, The study of the magnetic properties of the
biruclear Cu-Gd- complexes have shown that the
copper(ll) and gadoliniom{ill) ions are coupled i a
ferromagnetic fashion with isotropic coupling constants
of the crder of five to seven wave numbers. The two
copper(ll) salicylaldiminate molecules in the unit cell of
the  {{Cu(30))Gd(H;0):}(CIO0)12Cu(30)-0.5C;H,NO;
complex complicate the magnetic behaviour as they are
rather well separated from the GdCup units. Thus, an

additional contribution to the magnetic susceptibility of

the malerial can be noticed. Also, the presence of the .

triplet in the EFR specirum of
{Cu32))Eu(B:0)NOy)3*2EINO; proves the existence
of a coupling between the 1wo capper jons.

The heterotrinuclear complex 34 has been
oblained [44) by transmetalation of the centrat 3d metal
ion in the homotrinuctear precursor 1hat contains the
salen-type chelating moicties whose straps include oxime
groups. The Zr(ll) fons bind selactively to the two
SALEM moieties and the curopium(lil} ion in the
central cavity.

The sne-dimensional lanthanide~trensition
heterametallic chains of sguares,
{LnNiLs(HL)(DMF)(CIO4)s S }wy 35, where Ln=(d
and Tb and HL stands for the Schiff base obtzined by the
condensation of 2-pyridylaldehyde with isonicotinic
hydrazide N-oxide, §= solvent) and {LaNizLs-
(DMF}5(ClO4)yS} owhere Ln = Dy have been reported.
The polynucicar compounds were synthesized by self-
assembly of the well-designed orthogonal metallolipands
(Ni(HL)L]" and the Ln(lil} ions, which act as the
bridging units and nodes respectively[d3]. The X-ray
structure of Gd compound show that the ceniral Gd(i)
ion has a slightly distorted square antiprisin coordination
geometry, The magnelic measurements for Gd(ID)
compound show that, the complex behaves as a
ferromagnetic chain with antiferromagnetic interactiony
bewween the neighbouring paromagnetic ¢entres with
uncompensated spins. In addition, upon further cooling,
the secondary cffects such as zero-field splitting of the
Ni(l) ions andfor interchain antiferromagnetic
interactions oceur.
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The first heferopolynuclear metallomesogens
[La(NO}; {Cu{X-SALEN)}2], 36, 2nd [Gd(NO);Cu(X-
SALEN)] that contain both a transition metal fon and a
trivalent lanthanide jon have been reporied{46).

The compounds exhibit = hexagonal columner
mesophase over a wide temperature-range with rather
low meliing temperatures. Although the clearing point
could be observed for the parent copper(H) complex, the
mixed f-d complexes decomposed in the high-

iemperature part of the mesomorphic domain befors
clearing,

6.2 Comparimental ligands
Dicarbonyl compounds forming the “head” of a
Schiff base ligand{47, 48] suffer condensations with a

wide range of diamines including, dialkylalkanediamines
which make up the lateral units. An sdditional donor
atom at the head unit bridges two metal jons. The
appropriate chose of the amine straps aliows selective
coordination of metal ions of different size.

The types of compartmental ligands have been
designed according to Scheme 1. The first type, 2
macrocyclic one, results from a [2+2] condensation of
heads and lateral units. The other two types are acyclic
ligands: one of them, an “end-off”, the form B, in which
one donor bridge is zemoved, and the second, a “side-
off* form C, in which one non-donar bridge is removed.
A large variety of compiexes with these shape have been
synthesized and when the two coordination sites are
cccupied by different metal ions, heterodinuclear
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end-off

ae— O
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side-off

Scheme }

complexes result, Ligands containing phenolato group as
an anionic oxygen donor are most comon for 3d-4f metal
complexes. Such a ligand is hindered by the weak
acidity of the hydroxyl group {pK, of phenol — [0) and
since the aqueous lanthanide ions are themselves weak
Lewis acids which precipitates as hydroxidex above pH
8, they generally cannot complete with the hydrogen ion
for complexation of phenals in water. The condensation
can occur & hall stage when open chair ligands are
formed.

6.2.1. Open-chain ligands.
The complexes [CoLa(37-4H)(CHiOHNNO5),

[CoNd{37-4H)(H:002(NO3)] and [CeGd(37-
AHYHAMNONL[49]  Culn{37-2H)NO;),0.5CH,0H
{(Lhn = La, Nd, Eu, Gd or Ho), CuGd(48-
ZHINO;);-Me:CO have been obtained{50].
Helerobinuclear complexes - {MLn(39-

2HYX)(selv),) M = Cuor Ni, Lu=La, Eu, Ly,[5{}. X =
NQ; or Ci, solv = H;0, methanol or dimethylsulphoxide
(dmso)) have been obtained starting from corresponding
3d  precursor  complexes{52). Also, a rare
oxovanadium{IV)-4f mixed-metal compound,

VOLn(39-2H)NO;)(H,O)ps where Ln = La, Eu, Gd -

have been reponed{53]. In al! the cases, the 3d metal ton
occupies the endopenous Nz coordination site and

En(ill) jons are located in the exogenous Oy
ceordination site,

The complcxcs containing gadolinium{lll} and
the 3d metal ions zine(l}} or nickz}{Il) and deprotonated
Schiff bases 39, 46 or 47 as ligands have been
obtained[54). The complexes have been characterized by
infrared, B-NMR, EPR and electronic specira in order 1o
formulate their structure. It has been proved that the
nickel jon hes a square planar peometry while zine ion
has a distorted tetrahedral geometry, These differences
affect the magnetic moments of the complexes although
the both 3d metal ions are diamagnetic. The differences
are more visible when the lateral strap of the ligand is
more rigid, like in 47 o7 48[535].
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Costes €1 al[56] obtained the discreic binuclear

" camplex NixGd{42-2H}{11:0)( NOs)s. As in the previous
cases, ihe nickel occupies the inner coardination site and

has & dislorted ocizhedra!l environment with the N;O;

‘atoms of the ligand almost coplanar and the apical
positions occupied by the oxygen atoms of two waler

molecties. The profite of the curve Xy T vs T indicates

ferromagnelic interactions between the two metal

centres.

The binuclear Fe"-Gd") complexes Fe(d2-
ZHYCH;OHGINO: 1 {CH;0HY,, Fe(d3-
2H)(CH;)COIGAMNO3)3, Fe(43-
2H){CH;33COYGAND;); have been obtained{57). The
experimental magnetic susceptibility and magnetization
data indicate the occumence of weak Fs'-Gd"
ferromagnetic interactions.

Heterometaliic compounds containing
deprotonated ligands 41, 42, and 44 have been
obtainined for Cu-Gd[58), Zn-P1{69] pairs of ions. The
Zn-Pr complexss have been cbtzined starling from
Pr(llf} ~ Schiff bases comipiexes, Pr{di-ZHJ}NO);
‘H;0, Pr{44-2ZHYND;)-Hy0-CH;0H as precursoss. The
structural siudics show that the rare earth metal ion
occupies the 0,0; coordination site as in the precursots
while zinc(ll) ion penetrate the N2Oa sites.

Madalanet al60] obtained {{Cu{49-
2H)}:GA(TCNQ),} TCNQ-CH0H-2CH;CN, where
TCNQ" stands for anion of 7,7,8,8- tetrocyano-p-
quinodimethiane, The compound presents zn infinite
chain structure in running along the crystaliographic
axis. This arrangement is favoured by the presence of &
TCNQ unil which coordinate to Gd** and to one TCNQ
that further binds two adjacent Cu®* a5 can bs scen in the
formula 49, The value of XuT 2t room iemperature is
lower than that expected for six uncoupled spin carriers:
two copper(il) fons (S = 172}, one gadolinium(IlT} ion (S
= 772}, end three TCNQ™ radicals (8 = ). This can bz
explained by strong antiferromagnetic coupling of the
six stacked TCNQ" radicals connectug the [Cu(Gd)
units, Also, a two - dimensional coordination polymer of
the formula
[CuPr{44-2HYNO)(IN)] where IN siands for
iscnicotinate ion, has been oblained[61] using Culr{44-
2H)(NO;); as building block interconnected through the
pyvidyf moieties of the isonicetinato bridges.

Addiions! potential donor groups rnay be present
like I 45. The heterometallic compound CuGd(d3-
3MY(NO:2H;0, has been obtained and struciural
investigation has demonstrated that the pendant
carboxylate group is involved in the intermolecular links

101
CN. _CN
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to Gd{111) ion in a neighbouring unit, thus favouring the
ferromagnetic intcraction between Cu(lf) and Gd(illl)
belonging ta the different units.

The Schiff base containing enly an imino group, 56, has
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been successfully used to design and obtain 3d-4f metal
complexes. Thus, [CuGd(50-2H)(NO3)CH;0H), 54,
has been obtained and X ray steuctural analyses have
shown its dimeric nature.

Kido ¢t al[62] reported the synthesis of a serics
of tetranuclear 3d-41 compounds of the general formula

[M({50-2H)Ln{kfac)];, where M", Ln™ pair of ions are
Cu, BEu; Cu, Gd; Cu, Tb; Cu, Dy; N1, Eu; Ni, Gd; Ni, Tb
or Ni, Dy and Hhfac = hcxaﬂuoroacetylacctone by
assembling KiM(50-3H) and lanthanoid complexes
precursors. The powder X-ray diffraction shm\ that
comp]cxes belonging to each of the series Cu'-La" and
Ni'Ln" has been found to be isomorphous. The erystal
struetures of the Cu-Gd and Cu-Tb complexes showed
the presence of the cyclic ¢ylindricai arrangenments of
the tetrapuclear Cupbny units in which the copper(ll)
complexes act as bridging ligand-complexes to the two
adjacent rare earth ions. It has been established thal the
3d and 4f magnetic fons are arranged alternately and
have suitable molecular design to produce 2 large
magnetic moment and a lerge magnetic anisotropy. The
{emperature depcndenl magnelic susceplibitities and the
field magneuc ma$neuza1ions have been measured for
four pairs of Cu 2an2 and Ni'y La"™,, in whxch
compound Nliz Lo™ 7 containing diamagnetic Ni'* jon
was used as reference 10 evatuate the Cu"La" magnetic
interaction following the empirical approach developed
by Kahn et ali63]. The magnetic interaction between
copper{il} and either Eu{lll), Ga{ill), To{II) or Dy{I1D)
ions was found to be ferromagnetic.

The reaction of the mononuclear chelates [M(L-
2H)] with the required rare earth metal salis, in the
presence of LiOH, resulted in the heterodinuciear

| S~
= \i R2
CH O HN
R
OH © HN
= R2
R Rs

52 | -HyC-Cil;- ChH:
43 -H;C-CH;- CH;

complexes of the general formula [Ln{OH)M(L)]nH20,
where M = Cu or Ni and for L = 52, Ln = La-Eu[64]} and
for L= 53, Ln = La-Lu[65]. In the 3d precursors the
metal fon occupies the inner compartment. Spectral data
shiow thal the 3d metal ions preserve their position and

. arc almost square planar. These data corroborated by the

magnetic moments show that the divalent cations are
unaffecied by the presence of the lanthanide cation in the
neighbouring cavity. For example, ali the nickel - spin -
paired lanthanide(il]) complexes are diamagnetic while
the complexes with spin-unpaired lanthanide(11i) cations
exhibit magnetic moments due to the lanthanide on,

6.2.2. Cyclic compartmental ligands
Cyclic Schiff base systems{66) are of the type rcported
bellow {Scheme 2). The type A resulls in {:]

| ‘1’“
(N )

O ¢

R

A

Scheme 2 Schemalle representation of the [1+i} and
{2+ 2} Schiff base macrocycles
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condensation (termed {1+ 1] macrocycles) of precursors
whereas the type B is formed when the precursors are in
2:2 molar ratio ({2+ 2} macrocycies), .

The metal complexes of the [1+1) are mononuclear
whereas [242] macrocycles may be mono- or bi-nuclear
in nature. As the diamine chain became tongera [1 + 1]
condensation is preferred. The head units consist of
molecules in which carbony! groups are included in an
aliphatic chain or 2re bonded to an unsaturated
heterocycle. Schiff bases having aromatic head units and
rigid aromatic lateral units have been also reported,

Z R}l R2 l
544 Cl ~(CH):-NH-{C#3);- ~«{CH;-)-NH-(CH);-
55| M (¢ HaliN(CH 1 N(CHY, (CHhN(C3H: R N{CH,},

$631CH, -Celiy- ~CyHy-
87 CH; ~CeH,- ~CyH;-
584 Ci ~CeHi~ +CaH;-

The 3d + 4f heterometallic complexes with
comparimental ligands have been obtained both by direct
metal-figand route as wel| as by metal directed templare
one. It is well known that lanthanide(ill} jons are
effective template agents in the synthesis of macrocycles
patticularly  in the preparation of meno-, bi- aad
polynuclear compounds[67]. For example, template
condensation  of [N,N’-prenytene-bis(3-formyl-S-
chinmsa!icylideneimina!o]copper(lI} with 1,2-diamino-
ethane in the prescnce of La{NO;)615,0 lead 1o
Cu;La(SS-SH)(NOJ);(OH). A second route consists of
the reaction between preformed ligands 56 or 58 with
copper(ll) salt. This second route aeeds  spocial
conditions as a mismatch between the jonic radii of the
rare earth jons and the N0, cavily 2xist. Actually,
structural analyses have show that the lanihanide ions

ere situated above or below the planc. The proposed
structure involves & sandwiched fanthanide jon by the
vacant N;O; site of the two Cul entitics. The complex is
iabile in solution which can be explained by the poor
coordination to the La(lll) ion

The binuciear complexes fLoNIL}Cl:, (S9), Ln =
La(ti), CeQ1ty, Pi(HID), Nd(il1), Sm{I1), or Eu(Ilf} have
been oblained in a stepwise synthetic strategy following
the template effect of lanthanide jons. In the first stage,
N,N‘-bis{3-fonnyI-S-mc:hyisalicyIidcn:)-
ethylenediaminato)nickel(1l) has been obtained which
further, leads 1o the product in a lemplate reaction
around La with gnd 2-hydroxypropylene-1,3.
diamine[68). Spectral studies reveal that the complexes
bave a similar structure and therrnai behavicur studies
show that the rate of decomposition process increases
along the lanthanide ion series thus suggesting the poer
match of the smaller Ln®" ions with the coordinating
compartment of the ligand. The X-ray crystal structure
of {LaNiL)Cl; indicates (he essentially planar batkbane
of the ligand and the asymmetry of the ¢oordination
eavironment of La(l{)) ion, The 2D 'H NMR techniques
and “C NMR speclroscopy support the iden that the

- solid stale structure is preserved in soluticn,

39

Asymmettic comparimental maciecycles
containing additionzl donor atoms have been used to
obtain heterodinuclear complexes. Vipato el al[69]
obtained the asymmerrical ligand 60 which contains &
crown-ether compartment appropriate 1o include a rare
eanth jon and a N20; coordination site which locate the
3d metal jon. The heterodinuclear complex ML2a{60-
2NCHAOH) 1H0 {M = Cu, n=1; M = Ni, 1 =2}, have

e i bl e
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been obtained when La(H;LciCly reacted with  ihe.

appropriste metzl salt.

C
NEn

Heterodinuclear complexex jons 61 and 62,
where Ln = La®, Dy*, Gd** have been obtained s
perchlorates, acetates or nitrates, starting {rom the
homodiauctear lanthanide complexes, an(HL)(X], as
precursors and copper{ll} salts{70]). The nature of the
complexes has been evidenced by scaning electron
microscopy and EDX analyses. 1t has 1o be noted that the
heterodinuclear dysprosium{IH) precursor and the Dy,-
copper heterotrinuclear one have a similar magnetic

S5+
z
g : :
G/ b
(] N N
N RN NN
Cu La L= Cu
ARNAN AN
0
N NN
R / R
NN o NS
i {
R Z
61 «CHy-CHj- (]
62 | -Cl-C{CHyn- | -Cl

moment at room temperatuce, of ~15.5 pB indicative of
an antiferromagnetic exchanpe between paramagnetic
ions, whereas in Cu-lay complexes, the magnelic
contribution is given only by copper{Il) jons in an
interpolynuciear antiferromagnetic exchange interaction.

6.2.3. Criptates

Qiu-Yun Chen et allf71] synthesized in two steps the d-f

heteronuclear Robson-type cryplate
{GANIL{DMP)(CIO);, where L stands for 63. The first
step involves the formatien of the mononuclear Gd(li)
cryptale  precursor by the condensation of u’is{2-
aminoethyl)amine wnh 2 6-d|f0rmyl-4-clorophcnol in
the presence of Gd** jon whereas in the second one, the
Gd(1l1) complex was reacted with nickel{li} perclorate.
Actually, the second step referes to the substitution of
one water molecule encapsulated in 2 mononuclear
precursor complex [Ga(H;LYNONHO)(CI0): by
Ni** ion at controlled pH conditions. Megnetic |

Cl

. N

/\é_-;

‘measurements proved that the interaclion between Ni
and Gd is ferromagnetic with £ =1.99, J=0.56 cov™',
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