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Thetemperaturelependenc€20- 470K) of the magneticsusceptibilityis reportedfor the
organometallianolecularferromagnet-chelatesf the dinucleatingFe(ll) 3-semicarbazone-
2,3 dioxoindoleligand. An averageantiferromagneti@xchangeis presentin the dinuclear
Fe(ll) chelatesand is characterisedby the couplingconstant/ = —44.1 x 10~* eV and
g = 2.08, wherethespin-couplingHamiltonianis takenasH = —2.JS; S, for Fe(ll) centres;
the susceptibilitystudiesagreeandfit with this result. This studyverifiesthe existenceof 3-
semicarbazone-2 @ioxoindole-bridgedli-iron(ll) centres.The temperaturaependencef
magnetionoments illustrated.

PACS: 36.40.Cg;75.50.-y 75.50.Ee

1 Intr oduction

Thereis agrowing interestin the studyof dinucleartransitionmetalcomplexesderivedfrom din-
ucleatingligands,whereseveral electronicspinsare coupledwith dominantisotropicexchange
integrals[1,2]. Among suchpolynuclearmagneticmolecularmaterialsarethe magneticpoly-
meric materialswhich exhibit interestingmagneticbehavior [3]. Amongsttheseareincludeda
large variety of a new classof compoundsvhich areeitherferro or antiferromagnetienaterials
known asthe organometalligpolymeric materials,consistingof metalions andorganicligands
[4]. Themostcommonmagneticpolymersof this type consistof metalions bridgedby organic
ligandsforming polymericstructureghrougha network of hydrogenbonds. As regardsthe di-
versity of obsened magneticproperties this is by far the richesttype of magneticpolymers.
Suchmaterialsconsistof truly magneticmoleculeswhosemagneticmomentsare delocalized
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within themolecularunit, interactingwith eachotherby meanof electrostatidorces.In a strict
sensethey arenot polymeric materialssincerepetitive units, e.g.,monomersare not intercon-
nectedby covalentbondg[5]. A largevarietyof magnetigghenomenancludingferromagnetism
andmetamagnetibehaior, have beenobsenedin thesematerials[3]. The magneticbehaior
of severalcompoundsn this classof organometalligpolymersbeautifullyillustrate someof the
propertieof amorphousnagnetisni6]. Sincesuchcompoundgresent certaindegreeof struc-
turaldisordersand,in generaltendto be non-crystallinejt shouldbe expectedhatthey exhibit
specificpeculiaritiesin their magnetismandapplicability. Thereforethe propertieghatwe can
foreseefor thesematerialshave to be lookedfor in the context of the magnetisnof amorphous
solids. In this paperwe presenthe experimentaltemperaturelependencef the magneticsus-
ceptibility of an organometallianagneticpolymerof antiferromagnetiorderingnamelyFe(ll)
3-semicarbazone-2 @oxoindole. The resultspresentedare part of a more extensive program
carriedoutin the cooperatindaboratoriesdealingwith the organometallianagnets.

2 Experimental

The preparatiorof ferromagneticorderingin Cu-chelateof 3-thiosemicarbazone-2doxoin-
dole andothermagneticdataon the compoundsstudiedhave beengivenpreviously in [7]. The
Fe-chelatesvere preparedin similar manner e.g., the divalentiron salt hasbeencomplexed
with theligand L = 3-semicarbazone-2@oxoindoleto give anorganometallid-e(Il) magnetic
polymerwith a generalcompositionof Fe, L2(OH), where-OH is a coordinatedgroup. All
chemicalsusedwere of analyticalgrade. The titled chelateswere preparedoy dissolvingthe
appropriateamountof theingredientdn awater ethanolsolution. The solutionwasthenheated
to 80° C for abouttwo hoursandthenslowly cooled. The precipitatedcomplexeswerefiltered
off andwashed. The Fe(ll) chelatesobtainedwere purified by repeatedecrystallization. The
procedurefor the preparatiornof the chelateshasbeendiscussecklsavhere[8]. It seemgea-
sonableto assumehat, in the coordinatve reactionconditions,a certainamountof Fe(OH),
is alsoformed. If this is the casethen oxidation with residualoxygencontainedin the sol-
ventproducesy-FeO(OH)(goethite)which during the processof drying the complexesyields,
2FeO(OH)— a-Fe, 03 + H, O, smallparticlesof iron oxideswhich,indeed cancontribute,asa
ferric impurity, to themagnetiqropertief material. The singlecrystalX-ray structureof these
interestingchelateavasnotuntil now realized sincewe werenot successfuin the preparatiorof
amonocrystabf thetitled polymericmaterial. In the framawork of physicalmeasurementthe
Mossbauerinfrared,andelectronicspectravere obtainedusing standardnstrumentation.The
variable-temperaturgependencef the effective magneticsusceptibilitywasmeasuredby afull
automatiadevice with akappabridgeKLY - 2, betweerapproximately280and450K. Themea-
surementsvereperformedon powderedamorphou®rgano-metalliccamplef thetitled Fe(ll)
chelateswith arelatively smallmagneticimpurity. The apparatusndtechniqueusedto collect
thedatahave beendescribecklsavhere[9].

3 Calculation of the magneticsusceptibility

Theessentiatlifferentiatingcharacteristicbetweerthe structureof anamorphousolid andthat
of acrystallineoneis thelack of translationaperiodicity. Hence nho long rangestructuralorder
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canbe establishedn an amorphoussolid [3]. In a supposediyamorphousnagneticpolymer,
bondandchemicaldisorderwill tendto createa distribution of the magnitudemomentsandex-
changenteractions.Strictly speakingno magneticorder, eitherferro- or antiferromagneticgan
be expectedundertheseconditions.However, aslong asthe exchangeinteractionremainspos-
itive (parallelalignment),somespontaneoumagnetizatiorshouldbe expected. The magnetic
momentswill tendto orientrandomlywithin a solid angle.An aimis to find usefulcorrelations
betweerstructureandmagneticcouplingandin doing soto understandhe factorswhich deter
mine the extent of couplingbetweenthe iron ions ashasbeendonefor othersimilar magnetic
polymers[10]. In organicsolids,with a smallor null magnetocrystallinanisotrogy thereis the
possibility of differentspinstatesarisingfrom theinteractionbetweerthe unpairedelectronson
theindividual metalionsin a polynuclearcompound Whatwe requireis a quantitatve descrip-
tion of theseinteractions.A commoncharacteristidgs the strongdependeng of the intensity of
dipolarinteractionswith the distanceand, in the caseof superegchangeinteractionswith the
bondangle. Usually in systemssuchasFe,L,(OH),, becauseof their low symmetryof their
local ervironment,the individual magneticFe(ll) ions of the iron group arein singletorbital
electronicgroundstates.Thereis no first ordercontribution to the spin-orbitcouplingandto a
goodapproximationthe g- factorsof the variousions areisotropic and often closeto the free
electronvalue[11]. In its simplestform the exchangenteractionis takento beisotropicandto
involve the coupling betweenthe total spin angularmomentson nearesineighborparamagnet
monomers.The direct Fe(ll)- - -Fe(ll) exchangeinteractionmay be written by the known spin
Heisenbeg-Dirac-vanVleck exchangemodelHamiltonian[12]

n n
H= Y Hyj=-2 > J;SS;, (1)
>4, i=1 >4, i=1

whereJ;; is anexchangentegral betweerncentresi andj , J;; is negative for anantiferromag-
neticinteractionandpositive for a ferromagnetiénteractionand; S; andS; arethe spinangular
momentunoperatorsappropriatdo i andj, respectiely. The molarmagneticsusceptibilityy.,,
for adinuclearcomplex for which the exchangentegral J,2 = J betweemeighboringpairsof
interactingparamagnetimnswith spinquantunnumbersS; = S, = S, wasgivenby Earnsha
etal[13] as

St

{Z Si(Se +1)(28: + 1)Q(St)€ESt/kBT}
_ (Nag’mord 9
n= "7 , 2)
{Z(zst - 1>Q(st)eEst/kBT}
Sy
wherey is the vacuumpermeability V4 is Avogadros constantand S; is the total electronic
spin quantumnumberfor a given coupledenengy level of the dinuclearcomplex. If we con-
siderthe situationof entirely equivalentdinuclearinteractingcentresyan Vleck hasderivedthe
following expressiorfor theenegy of eachof thespinstatespecifiedoy S; = 25,25—-1,...,0

E(Sy) = —J[S¢(S¢ +1) —25(S +1)] (3)

andatthesametime consideringS; = Sy = S. It is possiblethata givenvalueof .S; mayoccur
a numberof timesbecausef the differentwaysof combiningthe spinson the variouscentres,
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i.e. its degenerag of agiven.S; enepgy level is calculatedrom the expression

Q(S;) = w(Ss) —w(S; + 1), (4)
wherew(St) is thecoeficientof S; in the expansion

(@5 +25 Voo b2 S 4 gmS)", )

wherex = —.J/kpT andn is the numberof interactingparamagneti@ns.

In anexternalnomogeneoumagnetidield eachof theenegy levelsspecifiedoy E(.S;) will
be split into 25; + 1 componentswhich areseparatedy gug H, where H is the appliedfield
stress.Sincewe aredealingwith antiferromagneticystemghe smallestvaluesof S; have the
lowesteneqgy. It is normallypermissibleo usevanVleck's susceptibilityequatiorsinceonly the

levelswhicharelik ely to bethermallypopulatedill satisfytheassumptionhatEi(l)H < kT

andEi(l)H2 < kBT, WhereEi(l) andEi@) arethefirst- andsecond-ordeZeemarcoeficients
respectiely (it shouldbe notedthatthesedo not have dimensionsof enegy). However, some
cautionin applyingvanVleck’s equationto systemscontaininga large numberof weaklyinter-
actingcentresmay be neededsuchsituationis importantin the organometallianagneticpoly-
mersstudiedhereinsincelevelswith large valuesof S, for which EZ.(”H may not be lessthan
kpT, maybethermallypopulatecat thetemperaturessedto measurehe magneticsusceptibil-
ities.

It is well known thatantiferromagnetisnn the magneticpolymerFe(ll)sLo(OH); involves
thedirectinteractionbetweerelectronicspinson neighboringmetalFe(ll)- - -Fe(ll) atoms,how-
ever, the mostobvious questionwhich arisesis “What is the mechanisnof this interaction?”
It is generallyacceptedhat the mechanismof the exchangeinteractioninvolves the mutual
pairing of electronicspinsvia someform of orbital overlap, analogougo the formation of a
chemicalbond. The following two mechanismsare usually involved to accountfor antiferro-
magneticexchange:(a) direct Fe(ll)- - -Fe(ll) interaction,and (b) indirect exchangeinteraction
or supergchangenteraction. The chemistis mainly interestedn the discrete(intramolecular)
antiferromagnetiénteractionsor the excellentreasorthatthis is by far the commonestype of
interactionin chemicalcompoundsndthatthe concepts easierto understandhanintermolec-
ularinteractions However, the intermoleculainteractionsarevery importantandin somecases
aredominantfor anamorphougpolymermagnetism.This type of interactioninvolvestheinter-
actionbetweerunpairedelectronspinswith oppositespinson thetwo interactingions-OH™ via
anintermediatediamagneti@nion-OH—, e.g.,Fe(lll)-OH~ - - - ~H-O-Fe(lll). To accounfor the
indirectexchangenteractionin the presentvork we have acceptedhe Griffiths etal. [14] idea,
thata smalladmixtureof an excited statein chelatesould causesxchangeinteractionbetween
theunpairecelectronspinoneachrFe(lll) ion. This contributionto thesuperegchangenteraction
arisesby transferingan electronfrom Fe(ll) to vacant-OH molecularorbital. The chemistryof
binuclearoxygen-bridgedron complexeshasexperienceda resugenceof interestwith the dis-
covery of bridgedunitscontainingFe(liL,I11), Fe(llL1), andFe(ll,ll). Suchoxidationstateshave
beeninvestigatedn the context of theincreasingnterestin oxygen-bridgedinuclearFe-units
in biology, andmodelsthereof,andin thephenomenowf ferromagnetismThedipolarcoupling
approachof van Vleck with a perturbingHamiltonian—2JS;-S; and.S; = S, = 2 wasused
to analyzethe experimentalsusceptibilitydata. Using the Earnshav et al Eq. (2) [13], for the
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Fig. 1. Temperaturedependencef the averagemassmagnetic(x,) susceptibilityfor the amorphous
magneticpolymerwith binuclearmonomerFe,L2(OH)s. The experimentalpointsare shovn ascircles;
the bestfit is shavn asthe dottedline resultingfrom a least- squaredit to the theoreticalequationfor an
isotropicexchangenteraction.

massmagneticsusceptibilityy, for the binuclearFe(ll) iron organometallianagneticpolymer
we have obtainedexpression

Ng?pop? 60 + 28¢ 73 + 10e 147 4 27187
o = (et ©)

kBT 94+ 767830 + 567141“ +36718.1' +67201‘

whereN is the numberof Fe particlesperunit mass(1kg).

Detailedmagnetic,analyticaland M dssbauestudieshave beenmadeon a numberof binu-
clearFe(Il) complexesin an effort to determinethe spin statefor the Fe(lll) ions. The over-all
dataaremostconsistentvith evidencefor thepresencef iron (111) in thesamplesTheexistence
of a weakferromagnetidmpurity (o« - Fe;O3) andabove all the binuclearFe(lll) structureds
assumedisa consequencef the super&changeinteractionhaving the samediamagneticsus-
ceptibility, molecularweightasthedinuclearcomple, andto have amagneticsusceptibilitythat
followsthe Curie (Néel)law. To take thesemagneticcomponenténto considerationywe express
anaveragemassmagneticsusceptibility(y,) expressioras

35Ng’up

2kpT P (7)

(Xp) = xp(1 —p) +
wherey,, is givenby eq. (6), the parametep gaugeshe presenceof iron (Ill) andamountof
possiblemagneticallydilute ferric impurity. Othersymbolshave their usualmeaning.A non-
linear fitting routine on the parameterg, p, and J wasusedto fit the correctedexperimental
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Fig. 1. Temperaturelependencef theeffective magnetianomentycs /i 5 for Fe:L2(OH)4 comple. The
experimentapointsareshavn ascircles,the bestfit is shavn asthe dottedline.

datato eq. (7). Thetemperature-independeparamagnetisvasneglected. The bestfit to the
experimentaldatayielded J = (—44.1 £ 1.7) x 10~* eV, g = 2.08 £ 0.35 andp = 0.02.

Theseparameterdit the dataquite well asis illustratedin Fig. 1. The datapresentedor the
magneticsusceptibilityof thedinucleaef~e(ll) complex have notbeencorrectedor thediamag-
netic susceptibility We canconcludethat the interpretationof the magneticsusceptibilitiesof

dinucleare(ll) transitionmetalchelatestudiedinvolvesthe hereininteractionof electronawith

oppositespinson the two interactingintermediatediamagneticOH™ anionsandthis supere-

changenechanisnseemglominant. The effective magnetianoments calculatedrom themass
magneticsusceptibilityy, usingtherelation

3kBT<Xp>

N (8)

Heff =
Thetemperaturelependencef the effective magnetianomentperiron ion, peg/Feisillustrated
in Fig. 2 andvariesfrom 4.70up at ~280K to 5.43up at ~450 K. Magnetic susceptibility
measurementbove ~460K werenot carriedout sinceorganometalligoolymerdecomposeat
thistemperature.

4 Discussion

Fe,L»(OH), may be consideredasamongone of the first genuineorgano-metallicpolymeric
ferromagnetsThis organometalligpolymerexhibits an antiferromagneti@exchangeanteraction,
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with the bestfit to the van Vleck equationyielding J = —44.1 x 10~* eV andwith g =
2.08. The datapresentedsupportsthe ideathat the magneticpolymeris bestrepresenteds
two directly interactingFe(ll)- - -Fe(ll) centresandwith superechangeinteractionwhich with
is probablyrealizedthrougha network of hydrogen-OH- - -OH bridgeswhich comprehensiely
shaw relatively weakspin couplingwith the exchangevalues,usuallyrangingin the caseof the
antiferromagnetienaterialsroughlywithin theinterval —24.8 x 10=*to —49.6 x 10~ eV [15].
Probablythe displacemenbf the Fe (II) metalion from the L ligand plan, togetherwith the
additionof amoreferromagneti@xchangepathwaysdueto additionalunpairedelectrons)eads
to areductionin the netantiferromagnetiinteraction.A crystalstructure of course requiredto
ascertairthe exactdisplacemenof theiron Fe(ll) ionsin this organometalligpolymet

Acknowledgement: Thisinvestigatiorhasbeenpartially supportedy the VEGA grant(to J. S.,
M. V. andA. K.).

References

[1] U. CasellatoP. A. Vigato,M. Vidali: Coord.Chem.Rev. 23 (1977)31
[2] S.E.Groh:lsr. J.Chem.15(1977)277
[3] F. Palacio,J.RamosC. Castro:Mol. Cryst.Liq. Cryst.232(1993)173

[4] C.Benelli,A. CaneschiD. Gatteschil. Pardi: in MagneticMolecularMaterials (Eds.D. Gatteschi,
0.Kahn,J.S.Miller, F. Palacio).Kluwer, Acad.Publ.1990,p. 198,p. 233

[5] C. P Landee: in Organic and Inorganic Low-dimensionalCrystalline Materials (Eds.P. Delhaes,
M. Drillon). PlenumPub Corp.,New York 1987,B 168,p. 75

[6] F J.Lazaro,M. C.Morbdn,J.Reyes,J.Garin,F. Palacio: Sol. StateComm.80 (1991)969
[7] M. Zentlova, J.KovaE, A. Zentlo, A. Kosturiak:J. Magn. Magn. Mater 102(1991)L1
[8] A. Kosturiak,L. Valko, J. Polavka: Slovak Patent279309 (1999)

[9] A. Gruslova, J. Slama,M. Miglierini, L. Valko, R. Vicen,R. Dosoudil: J. E. Engineeringd6 (1995)
46

[10] T.Kaneyoshi: AmorphousMagnetism CRCPressBocaRaton1984
[11] E.Belorizky, P. H. Frie: J. Chim. Phys.90(1993)1077

[12] J.H.vanVleck: Theoryof ElectricandMagneticSusceptibilitiesOxford University, Press|.ondon
andNewYork 1932,Chap.12

[13] A. Earnsha, B. N. Figgis,J. Lewis: J. Chem.Soc.A (1966)1656
[14] J.H. Griffiths,J. Owen,J. G. Park, M. F. Partridge:Proc.R. Soc.A 250(1959)84
[15] W. M. Reiff, G.J.Long,W. A. Baker, Jr.: J.Am. Chem.S0c.90 (1968)6347



