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BINUCLEAR IRON Fe(II) 3-SEMICARBAZONE-2,3 DIOXOINDOLE COMPLEXES
AS POTENTIAL ORGANIC FERROMAGNETS
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Thetemperaturedependence(220- 470K) of themagneticsusceptibilityis reportedfor the
organometallicmolecularferromagnet-chelatesof the dinucleatingFe(II) 3-semicarbazone-
2,3 dioxoindoleligand. An averageantiferromagneticexchangeis presentin the dinuclear
Fe(II) chelatesand is characterisedby the couplingconstant�	��

��������������� � eV and� ����� � � , wherethespin-couplingHamiltonianis takenas!"�#
$��� S % S & for Fe(II) centres;
thesusceptibilitystudiesagreeandfit with this result.This studyverifiestheexistenceof 3-
semicarbazone-2,3dioxoindole-bridgeddi-iron(II) centres.The temperaturedependenceof
magneticmomentis illustrated.

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

1 Intr oduction

Thereis agrowing interestin thestudyof dinucleartransitionmetalcomplexesderivedfrom din-
ucleatingligands,whereseveralelectronicspinsarecoupledwith dominantisotropicexchange
integrals[1,2]. Among suchpolynuclearmagneticmolecularmaterialsarethe magneticpoly-
mericmaterialswhich exhibit interestingmagneticbehavior [3]. Amongsttheseareincludeda
largevarietyof a new classof compoundswhich areeitherferro or antiferromagneticmaterials
known astheorganometallicpolymericmaterials,consistingof metalionsandorganicligands
[4]. Themostcommonmagneticpolymersof this typeconsistof metalionsbridgedby organic
ligandsforming polymericstructuresthrougha network of hydrogenbonds.As regardsthedi-
versity of observed magneticproperties,this is by far the richesttype of magneticpolymers.
Suchmaterialsconsistof truly magneticmolecules,whosemagneticmomentsaredelocalized
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within themolecularunit, interactingwith eachotherby meansof electrostaticforces.In astrict
sensethey arenot polymericmaterialssincerepetitive units, e.g.,monomers,arenot intercon-
nectedby covalentbonds[5]. A largevarietyof magneticphenomena,includingferromagnetism
andmetamagneticbehavior, have beenobservedin thesematerials[3]. Themagneticbehavior
of severalcompoundsin this classof organometallicpolymersbeautifullyillustratesomeof the
propertiesof amorphousmagnetism[6]. Sincesuchcompoundspresentacertaindegreeof struc-
tural disordersand,in general,tendto benon-crystalline,it shouldbeexpectedthatthey exhibit
specificpeculiaritiesin their magnetismandapplicability. Thereforethepropertiesthatwe can
foreseefor thesematerialshave to be lookedfor in thecontext of themagnetismof amorphous
solids. In this paperwe presenttheexperimentaltemperaturedependenceof themagneticsus-
ceptibility of anorganometallicmagneticpolymerof antiferromagneticorderingnamelyFe(II)
3-semicarbazone-2,3dioxoindole. The resultspresentedarepart of a moreextensive program
carriedout in thecooperatinglaboratoriesdealingwith theorganometallicmagnets.

2 Experimental

The preparationof ferromagneticorderingin Cu-chelatesof 3-thiosemicarbazone-2,3dioxoin-
doleandothermagneticdataon thecompoundsstudiedhave beengivenpreviously in [7]. The
Fe-chelateswere preparedin similar manner, e.g., the divalent iron salt hasbeencomplexed
with theligand (*) 3-semicarbazone-2,3dioxoindoleto giveanorganometallicFe(II) magnetic
polymerwith a generalcompositionof Fe+ L + (OH)+ where-OH is a coordinatedgroup. All
chemicalsusedwereof analyticalgrade. The titled chelateswerepreparedby dissolvingthe
appropriateamountof theingredientsin awater- ethanolsolution.Thesolutionwasthenheated
to 80, C for abouttwo hoursandthenslowly cooled.Theprecipitatedcomplexeswerefiltered
off andwashed.The Fe(II) chelatesobtainedwerepurified by repeatedrecrystallization.The
procedurefor the preparationof the chelateshasbeendiscussedelsewhere[8]. It seemsrea-
sonableto assumethat, in the coordinative reactionconditions,a certainamountof Fe(OH)+
is also formed. If this is the casethen oxidation with residualoxygencontainedin the sol-
ventproduces- -FeO(OH)(goethite)which during theprocessof drying thecomplexesyields,
2FeO(OH)./- -Fe+ O0 + H+ O, smallparticlesof iron oxideswhich, indeed,cancontribute,asa
ferric impurity, to themagneticpropertiesof material.ThesinglecrystalX-ray structureof these
interestingchelateswasnotuntil now realized,sincewewerenotsuccessfulin thepreparationof
a monocrystalof thetitled polymericmaterial. In theframework of physicalmeasurementsthe
Mössbauer, infrared,andelectronicspectrawereobtainedusingstandardinstrumentation.The
variable-temperaturedependenceof theeffectivemagneticsusceptibilitywasmeasuredby a full
automaticdevicewith akappabridgeKLY - 2, betweenapproximately280and450K. Themea-
surementswereperformedon powderedamorphousorgano-metallicsamplesof thetitled Fe(II)
chelateswith a relatively smallmagneticimpurity. Theapparatusandtechniqueusedto collect
thedatahavebeendescribedelsewhere[9].

3 Calculation of the magneticsusceptibility

Theessentialdifferentiatingcharacteristicsbetweenthestructureof anamorphoussolidandthat
of a crystallineoneis thelack of translationalperiodicity. Hence,no long rangestructuralorder
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canbe establishedin an amorphoussolid [3]. In a supposedlyamorphousmagneticpolymer,
bondandchemicaldisorderwill tendto createa distribution of themagnitudemomentsandex-
changeinteractions.Strictly speakingno magneticorder, eitherferro- or antiferromagnetic,can
beexpectedundertheseconditions.However, aslong astheexchangeinteractionremainspos-
itive (parallelalignment),somespontaneousmagnetizationshouldbe expected.The magnetic
momentswill tendto orientrandomlywithin a solid angle.An aim is to find usefulcorrelations
betweenstructureandmagneticcouplingandin doingsoto understandthefactorswhich deter-
mine the extent of couplingbetweenthe iron ions ashasbeendonefor othersimilar magnetic
polymers[10]. In organicsolids,with a smallor null magnetocrystallineanisotropy thereis the
possibilityof differentspinstatesarisingfrom theinteractionbetweentheunpairedelectronson
theindividualmetalionsin a polynuclearcompound.Whatwe requireis a quantitativedescrip-
tion of theseinteractions.A commoncharacteristicis thestrongdependency of theintensityof
dipolar interactionswith the distanceand, in the caseof superexchangeinteractions,with the
bondangle. Usually in systemssuchasFe+ L + (OH)+ , becauseof their low symmetryof their
local environment,the individual magneticFe(II) ions of the iron groupare in singletorbital
electronicgroundstates.Thereis no first ordercontribution to thespin-orbitcouplingandto a
goodapproximationthe g- factorsof the variousions are isotropicandoften closeto the free
electronvalue[11]. In its simplestform theexchangeinteractionis takento beisotropicandto
involve the couplingbetweenthe total spin angularmomentson nearestneighborparamagnet
monomers.The direct Fe(II) 1�121 Fe(II) exchangeinteractionmay be written by the known spin
Heisenberg-Dirac-vanVleck exchangemodelHamiltonian[12]

354 6
728�9 � 9;:=<

3 9>7 4@?$A 6
728 9 � 9B:=<

C 9D7FEG9�EG7FH (1)

where
C 9>7 is anexchangeintegral betweencentresI and J ,

C 9>7 is negative for anantiferromag-
neticinteractionandpositive for a ferromagneticinteractionand; EG9 and EG7 arethespinangular
momentumoperatorsappropriateto I andJ , respectively. ThemolarmagneticsusceptibilityKML
for a dinuclearcomplex for which theexchangeintegral

C < + 4NC
betweenneighboringpairsof

interactingparamagneticionswith spinquantumnumbersE < 4 E + 4 E , wasgivenby Earnshaw
etal [13] as

K L 4 OQPSR +UTWVXTW+YZ Y\[
] ^ EG_a`bEG_dcfehg�` A EG_
cie�gkjl`mEG_Ugbnpo�qsr ^utavxw y

] ^ `
A E _ cie�gkjl`mE _ gbn o�qsr ^ tavxwzy

H (2)

whereTWV is the vacuumpermeability, O{P is Avogadro’s constantand E|_ is the total electronic
spin quantumnumberfor a given coupledenergy level of the dinuclearcomplex. If we con-
siderthesituationof entirelyequivalentdinuclearinteractingcentres,vanVleck hasderivedthe
followingexpressionfor theenergy of eachof thespinstatesspecifiedby E _ 4�A E}H A E ? exH�~2~�~�H��

� `bE|_Ug 4@?QCM� EG_�`mEG_dcie�g ?�A E=`bE�cfehgk� (3)

andat thesametimeconsideringE
< 4 E + 4 E . It is possiblethata givenvalueof E _ mayoccur
a numberof timesbecauseof thedifferentwaysof combiningthespinson thevariouscentres,
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i.e. its degeneracy of a given E _ energy level is calculatedfrom theexpression

jl`bE _ g 4�� `bE _ g ?�� `bE _ cfehgmH (4)

where
� `bES�Fg is thecoefficientof EG_ in theexpansion

� ] c � ] o < c 1�121 c � o ]�� < c � o ] 6 H (5)

where� 4@?QC|� Z Y [
and� is thenumberof interactingparamagneticions.

In anexternalhomogeneousmagneticfield eachof theenergy levelsspecifiedby
� `mEG_Ug will

be split into
A E|_Mc@e componentswhich areseparatedby R T Y 3 , where

3
is the appliedfield

stress.Sincewe aredealingwith antiferromagneticsystemsthesmallestvaluesof E _ have the
lowestenergy. It is normallypermissibleto usevanVleck’ssusceptibilityequationsinceonly the
levelswhicharelikely to bethermallypopulatedwill satisfytheassumptionthat

��� <u�9 3�� Z Y [
and

��� <u�9 3 + � Z Y [
, where

��� <��9 and
��� + �9 arethefirst- andsecond-orderZeemancoefficients

respectively (it shouldbe notedthat thesedo not have dimensionsof energy). However, some
cautionin applyingvanVleck’s equationto systemscontaininga largenumberof weakly inter-
actingcentresmaybeneeded,suchsituationis importantin theorganometallicmagneticpoly-
mersstudiedhereinsincelevelswith largevaluesof EG_ , for which

��� <��9 3
maynot belessthanZ Y [

, maybethermallypopulatedat thetemperaturesusedto measurethemagneticsusceptibil-
ities.

It is well known thatantiferromagnetismin themagneticpolymerFe(II)+ L + (OH)+ involves
thedirectinteractionbetweenelectronicspinson neighboringmetalFe(II) 1�121 Fe(II) atoms,how-
ever, the mostobvious questionwhich arisesis “What is the mechanismof this interaction?”
It is generallyacceptedthat the mechanismof the exchangeinteractioninvolves the mutual
pairing of electronicspinsvia someform of orbital overlap,analogousto the formation of a
chemicalbond. The following two mechanismsareusually involved to accountfor antiferro-
magneticexchange:(a) direct Fe(II) 1�121 Fe(II) interaction,and(b) indirectexchangeinteraction
or superexchangeinteraction.The chemistis mainly interestedin the discrete(intramolecular)
antiferromagneticinteractionsfor theexcellentreasonthat this is by far thecommonesttypeof
interactionin chemicalcompoundsandthattheconceptis easierto understandthanintermolec-
ular interactions.However, theintermolecularinteractionsarevery importantandin somecases
aredominantfor anamorphouspolymermagnetism.This typeof interactioninvolvestheinter-
actionbetweenunpairedelectronspinswith oppositespinson thetwo interactingions-OH o via
anintermediatediamagneticanion-OH o , e.g.,Fe(III)-OH o 12121 o H-O-Fe(III). To accountfor the
indirectexchangeinteractionin thepresentwork we haveacceptedtheGriffiths et al. [14] idea,
thata smalladmixtureof anexcitedstatein chelatescouldcauseexchangeinteractionbetween
theunpairedelectronspinoneachFe(III) ion. Thiscontributionto thesuperexchangeinteraction
arisesby transferinganelectronfrom Fe(II) to vacant-OH molecularorbital. Thechemistryof
binuclearoxygen-bridgediron complexeshasexperienceda resurgenceof interestwith thedis-
coveryof bridgedunitscontainingFe(III,III), Fe(III,II), andFe(II,II). Suchoxidationstateshave
beeninvestigatedin thecontext of the increasinginterestin oxygen-bridgedbinuclearFe-units
in biology, andmodelsthereof,andin thephenomenonof ferromagnetism.Thedipolarcoupling
approachof van Vleck with a perturbingHamiltonian

?$A�C
S < 1 S+ and E
< 4 E + 4�A

wasused
to analyzethe experimentalsusceptibilitydata. Using the Earnshaw et al Eq. (2) [13], for the



Binucleariron Fe(II) 3-semicarbazone... 285

Fig. 1. Temperaturedependenceof the averagemassmagnetic �D�s�2� susceptibilityfor the amorphous
magneticpolymerwith binuclearmonomerFe& L & (OH)� . The experimentalpointsareshown ascircles;
thebestfit is shown asthedottedline resultingfrom a least- squaresfit to the theoreticalequationfor an
isotropicexchangeinteraction.

massmagneticsusceptibilityK\� for the binuclearFe(II) iron organometallicmagneticpolymer
wehaveobtainedexpression

K � 4 O�R +UTWVXTW+YZ Y [
� �lc Ah� nxo��a�{cfeU��npo <�  �¡c A npo < �a�¢ cf£xn o �U� c�¤�n o <u  � c�¥�n o < �U� c�n o + V � (6)

where O is thenumberof Feparticlesperunit mass(1kg).
Detailedmagnetic,analyticalandMössbauerstudieshave beenmadeon a numberof binu-

clearFe(II) complexesin aneffort to determinethespinstatefor theFe(III) ions. Theover-all
dataaremostconsistentwith evidencefor thepresenceof iron (III) in thesamples.Theexistence
of a weakferromagneticimpurity ( - - Fe+ O0 ) andabove all the binuclearFe(III) structuresis
assumedasa consequenceof the superexchangeinteractionhaving the samediamagneticsus-
ceptibility, molecularweightasthedinuclearcomplex, andto haveamagneticsusceptibilitythat
followstheCurie(Néel)law. To take thesemagneticcomponentsinto consideration,weexpress
anaveragemassmagneticsusceptibility¦kK\�¨§ expressionas

¦©KM��§ 4 K\� `�e ?�ª gSc ¥�¤ O�R + T + Ye A Z Y [ ª H (7)

whereK � is givenby eq. (6), the parameter
ª

gaugesthe presenceof iron (III) andamountof
possiblemagneticallydilute ferric impurity. Othersymbolshave their usualmeaning.A non-
linear fitting routineon the parametersR ,

ª
, and

C
wasusedto fit the correctedexperimental
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Fig. 1. Temperaturedependenceof theeffectivemagneticmoment«}¬u­|®m«d¯ for Fe& L & (OH)� complex. The
experimentalpointsareshown ascircles,thebestfit is shown asthedottedline.

datato eq.(7). Thetemperature-independentparamagnetismwasneglected.Thebestfit to the
experimentaldatayielded

C"4 ` ?$°�° ~ke¡±²ex~k£hg{³	eU�´o   eV, R 4µA ~ � � ±	��~ ¥h¤ and
ª¶4 �G~ � A .

Theseparametersfit the dataquite well as is illustratedin Fig. 1. The datapresentedfor the
magneticsusceptibilityof thedinucleaerFe(II) complex havenotbeencorrectedfor thediamag-
netic susceptibility. We canconcludethat the interpretationof the magneticsusceptibilitiesof
dinuclearFe(II) transitionmetalchelatesstudiedinvolvesthehereininteractionof electronswith
oppositespinson the two interactingintermediatediamagnetic-OH o anionsandthis superex-
changemechanismseemsdominant.Theeffectivemagneticmomentis calculatedfrom themass
magneticsusceptibilityK\� usingtherelation

TW·b¸ 4 ¥ Z Y
[ ¦©K � §
O TWV (8)

Thetemperaturedependenceof theeffectivemagneticmomentperiron ion, TW·b¸ /Feis illustrated
in Fig. 2 and variesfrom 4.70T Y at ¹ 280 K to 5.43T Y at ¹ 450 K. Magneticsusceptibility
measurementsabove ¹ 460K werenot carriedout sinceorganometallicpolymerdecomposesat
this temperature.

4 Discussion

Fe+ L + (OH)+ may be consideredasamongoneof the first genuineorgano-metallicpolymeric
ferromagnets.This organometallicpolymerexhibits anantiferromagneticexchangeinteraction,



Binucleariron Fe(II) 3-semicarbazone... 287

with the bestfit to the van Vleck equationyielding
C/4º?$°�° ~ke»³@eU�|o   eV and with R 4

A ~ � � . The datapresentedsupportsthe idea that the magneticpolymer is bestrepresentedas
two directly interactingFe(II) 1�121 Fe(II) centresandwith superexchangeinteractionwhich with
is probablyrealizedthrougha network of hydrogen-OH 121�1 OH bridgeswhich comprehensively
show relatively weakspincouplingwith theexchangevalues,usuallyrangingin thecaseof the
antiferromagneticmaterialsroughlywithin theinterval

?$A�° ~ � ³¼eX� o   to
?$° ¢ ~ � ³½eU� o   eV [15].

Probablythe displacementof the Fe (II) metal ion from the L ligand plan, togetherwith the
additionof a moreferromagneticexchangepathwaysdueto additionalunpairedelectrons,leads
to a reductionin thenetantiferromagneticinteraction.A crystalstructure,of course,requiredto
ascertaintheexactdisplacementof theiron Fe(II) ionsin thisorganometallicpolymer.
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