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Abstract

The vibrational spectra (FTIR-Raman) of the hexaaquatris(malonato)dieuropium(l11)
dihydrate are reported and discussed. An assignment of H,O, CH, and OCO modes in the
complex is proposed on the basis of the structural data previously reported. Valuable
information about the water librational modes has been obtained. The different types of
interaction between the carboxylate groups of the malonate ions and Eu(l11), four- and six-
membered chelate rings and monodentate bridging interactions, have been also evidenced.
The mechanism of the thermal dehydration is analysed and the results are in agreement
with the crystal structure.

Resumen

En este trabajo se presentan y discuten los espectros vibracionales (FTIR-Raman) de
hexacuotris(malonato)dieuropio(l1l) dihidrato. Se propone una asignacién de los modos
asociadosaH.0, CH, y OCO de acuerdo con losdatos estructuralesreportadosen literatura.
Fue posible obtener informacion valiosa sobre los modos libracionales de agua. Se
evidenciaron también los diferentes tipos de interaccién entre grupos carboxilato del
malonato con el ion Eu(lll), con presencia de anillos de cuatro y seis miembros e
interacciones monodentadas. El mecanismo de la deshidratacion térmica resultd consistente
con las interacciones descriptas en la estructura cristalina.

Introduction

Thebinding of metal ionsto the dicarboxylate residues has been a subject of interest
because of theimportance of suchinteractionsinawidevariety of metaloproteins. Meta complexes
containing malonate or o-substituted mal onates have been taken asmodel sfor blood and bone
calcium proteinsthat present the modified amino acid residuesy-carboxyglutamic acid and 3-
carboxyaspartic acid. In addition, somelanthanide (Ln(l111)) dicarboxylates are applied asmetal
probetechniques[1-3].
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Specificlanthanide dicarboxylatesare a so applied to other areas such as materia swith
attractive optical and magnetic properties[4-7] and recently, the study onthe L n-dicarboxylate
complexeshasbeen expanded to thedesign of new solid-statearchitectureswhich are characterized
asorganic/inorganic hybridswith polymericlayer structures[8-11].

Thediscovery of theseinteresting applicationsof Ln(l11)-dicarboxylateshas stimul ated
the enthusi asm of inorganic chemistsin obtai ning these complexesand studying the binding of
metd ionsand carboxylate groups. Withinagenera research program focused on understanding
thefactorsthat influencetheway of binding and theformation and sability of polymeric structures
withdifferent dimensionality, e.g. Ca(ll) and Cd(I1) dicarboxylates, wehave previoudy reported
thestructurd, vibrationa and thermal analysisof somemetal-OOC(CH,) COO complexeswith
n=1-4[12-15].

Structural dataof Eu(l11) and Nd(I11) mal onates hydrates has been reported [ 16-18].
Onthebasisof theseinvestigations, thelanthanide ma onates, M,mal ,.-nH,O, can bedividedinto
threedifferent isostructural groups, onewithn==8and M = Ce—Gd (referred as octahydrate
typel), another withn=6 and M = Ce—Eu, and athird typewithn=8andM =Eu—-Lu
(referred asoctahydratetypell). However, anovel ma onato - gadolinium(l11) complex withn=
6 wasreported recently [19]. In spite of itsstructure being known, neither the completevibrationd
assgnment of thetitlecompound nor itsthermd anadlysisinar werefoundintheliterature.

Then, inorder toobtainawider ingght into meta dicarboxylatecomplexesproperties, FTIR
and Raman analyssand TGA-DTA measurementswerecarried out and theresultsare presentedin
connectionwith abrief description of thesingle-crysta X-ray study.

Experimental

[Eu,(mdl),(H,0).] 2H,0 crystalswere obtained by precipitation from solution at room
temperature according to the procedure described in reference[ 16] for the octahydratestypel.
Reagentsof anaytica gradewereusedinthesynthes's.

Europium(l11) oxide (0.5 mmol, Aldrich) wasdissolvedin 50-mL of water withtheaid of
hydrochloric acid (Merck) and then it wasdowly added to a50-mL agqueous sol ution containing
1.5mmol of malonic acid (Sigma) under stirring. The pH of each solution was adjusted to about
5 by theaddition of sodium hydroxide (Merck) before mixing. Theresulting solution wasleft to
evaporate slowly at room temperature under inert atmosphere. A large number of prismatic
colorlesssinglecrystalswasobtained after severa days. They werefiltered, washed with ditilled
water and dried at room temperature.

FTIR spectrawere recorded on a Nicolet PROTEGE 460 spectrometer in the 4000-
225 cm range with 32 scans, using the KBr pellet technique; spectral resolution was4 cn.
Raman spectrum was scanned on a Raman Jobin-Yvon T64000 provided withaN,, - cooled
CCD and operating with an Ar laser. Two excitation wavel engths (488 and 514.5 nm) were used
to avoid the strong europium luminiscence.

TGA-DTA curveswere obtained with aShimadzu TGA-50H/DTA-50therma anadyzer
gpparaususing flowingair at 50mL min? at aheating rateof 10°C min'. Appropriatecombinations
of X-ray powder diffraction and FTIR spectroscopy were used for further characterization of
thepyrolysisresidue.
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X-ray powder diagramswereobtained with aRigaku D-MAX-11C diffractometer using CuK |
radiation (Ni-filter) and NaCl and quartz asexternal calibration standards.

Results And Discussion

Structure Description

The powder X-ray pattern of [Eu,(mal),(H,0),] 2H,0 showsan excellent agreement
withthat smulated by the Full prof refinement program [20] onthebasisof thesingle-crystal X-
ray diffraction datareported previoudy inliterature[16]. Thisfact alowsusto concludethat the
titlecompound crystallizesasthe octahydratetypel. The crystalsare orthorhombic, space group
Pbcn. The structureisathree-dimensional europium malonate network. Figure 1 showsthe
Eu(111) coordination polyhedra. Each europiumioniscoordinated by six carboxylate and three
water oxygen atomswhich form amonocapped square antiprism. There aretwo independent
malonateionsinthe structure, both non planar. One of them hasone gtrict twofold symmetry and
isbonded to four metal ionsby six Eu—O bonds, i.e. two of itsoxygensform two Eu—O bonds
each. Theother maonateionformsasix-membered chelaering, namey “maonatetype’ binding,
with europium and one bridge Eu—OCO — Eu. One of the coordinated water moleculesforms
two hydrogen bonds to carboxylic oxygens and accepts one hydrogen bond from the
uncoordinated (hydration) water molecule oxygen. Theremaining coordinated water molecules
each form oneintralayer hydrogen bond to acarboxylic oxygen and oneto the uncoordinated
water molecule. The hydration water molecul eissituated between the europium malonatelayers.
It isbonded to the coordinated water oxygens of onelayer and to acarboxylic oxygen of an
adjacent layer.

Vibrational Spectra

The vibrational study has been carried out taking into account the structural
characteristics outlined above. The internal vibrations can be described by means of the
following building units: carboxylate groups, methylene groups and water molecules.
The interpretation of the FTIR and Raman spectraissupported by their comparison with the
spectroscopic dataof malonic acid and related compoundsfoundin literature[ 21, 22].

Figure 1. Coordination polyhedra of Eu(lll) in [Eu,(mal),(H,0)] 2H,0
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Figure 2. FTIR spectrum of [Eu,(mal),(H,0),] 2H,0

Figure 2 and Figure 3 show the FTIR and Raman spectrarespectively. The proposed
assgnment isdetailed in Table 1. Thefeatures of the principal modesassigned to H,O and OCO
groupsarediscussed below.
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Figure 3: Raman spectrum of [Eu,(mal),(H,0)] 2H,0
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Table 1. Assignment of the FTIR-Raman spectra of [ Eu,(mal) (H,0),] '*2H,0

(valuesin cnr?)

FTIR Raman Assignment
3440 (m, br) v (OH) W
3375(m, br) v (OH) W
3260 (m, br) v (OH) W
3180 (m, br) 3120 (w) v (OH) W
3070 (m, br) 3075 (m) v (OH) W
3010 (m, ov) 3015(s) v (CH)
2995 (m, ov) 2995 (m) v, (CH)
2955 (m) v (CH)
2915 (m, ov) 2915 (vs) v_(CH)
1690 (sh, ov) 8(H,0)
1625 (s) 1635 (w) v, (0OCO)
1585 (s) 1580 (vw) v, (OCO)
1550 (s) 1560 (vw) v (OCO)
1535 (vs) v (OCO)
1475(m) 1480 (m) 3 (CH,)
1450(9) 1455 (m) 8 (CH,)
d (CH,)
1415(m) 1410(m) 3 (CH)
1365(9) 1365(m) v, (0OCO)
1300 (vw) p, (CH,)
1275(m) 1275 (w) p, (CH,))
1270 (vw) p, (CH,))
1185(m) 1190 (w) v (CC)
1170(m) 1170 (vw) v (CC)
975(m) 9380 (vw) v, (CC)
950 (m) 955 (m) v, (CC)
920 (vw) v, (CC)
900 (vw)
845(m) 845(m) S (CC)
820(m) 825 (vw) S (OCO)
775(m) 775(m) p, (H,0)
710(m) 715 (w) p, (OCO)
665 (m) 655 (vw) p, (H,0)
645 (m) n (OCO)
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Table 1 continuing

625 (m) p, (H,0)

595 (m) 595 (vw) p, (H,0)

560 (m) 565 (w) p,, (H,0) + 3 (CCO)

465 (w) 460 (vw)
430 (vw) L attice modes no

420 (w) 420 (vw) associated with
405 (vw) water molecules
385 (vw)

340(m)

255(m) 280 (vw)

250 (vw) 250 (m) v (M-0O)

245 (m) 240 (vw)

Key to Table 1: vs: very strong s strong m: medium w: weak ww: very weak
ov: overlap br: broad v, asymmetric stretching; v, symmetric stretching;
6. deformation; p,: wagging mode; p: rocking mode; s : out of plane deformation

Water Modes

Theassgnment of thesemodes, particularly thelibrationa ones, wasperformed consdering
the spectraof partial and compl etely dehydrated samples. These sampleswere obtained by
thermal treatment of the original compound at sel ected temperatures (thethermal diagramwas
takeninto account for the selection). Figure 4 showsthe FTIR spectraof the dehydration course
inthe IR range of v(O-H) modes (3a), 6(H,0) mode (3b) and the zone of water librational
modes (3c). The spectrum of the sample heating at 200°C wasremoved in Figure 3cfor abetter
viewing sinceitissimilar tothat obtained at 250°C.

The v(O-H) can be identified in the 3500-3000 cm™ IR zone with one markedly
asymmetric, broad band whichinvolvessevera components. Thisfact suggeststhe presence of
different kinds of water moleculesin the structure. Thefrequency valuesarelower than those
expected for free water stretching vibrations owing not only to coordination but also to the
presence of hydrogen bondsin thelattice. Somev(O-H) signalswereidentified inthe Raman
spectrum. The strong europium luminiscence does not allow usto record the compl eteregion of
the v(O-H) modes. Deformation modesare not observedinthe FTIR spectrum but the progressive
thinness of thev_(OCO) bands on thermal dehydration might revealsthat §(H,0) bandsare
overlapped by theformer ones. Thus, the shoulder that appearsat 1690 cm in the spectrum of
the sampletreated at 200°C in Figure 3b can be assigned to 5(H,0).

Librational modeswhich usually present low intensity and are overlapped with other
modes, are spread out in the 800-500 cmr? range of vibrational frequencies. Several bands
associated to these modes are observed in both Raman and | R spectrasupporting the presence
of water moleculesdifferently involvedinthe structure. They wereassigned taking into account
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the nature of themodes and water moleculesinteractionsin thestructure. Thel R bandsassociated
to thesemodesare marked in Figure 3c whereit can be seen that they disappear withincreasing
temperature. The frequency values of these modes are lower than those observed for i.e.
diaguamal onatocal cium(I1) [12] inresponseto the different masses of the respective cations,

sincethesevauesdepend on theinverse of theinertial moment.

OCO Group Modes. v_(OCO) stretching modes are present in the FTIR and Raman
spectraas broad, asymmetric bandswith various componentsincluded, whereasthe v (OCO)
mode exhibits no splitting. The splitting of the former mode can be explained interms of the
different typesof interaction between the carboxyl ate groups of themalonateionsand Eu(l 1),

four- and six-membered chelate rings and monodentate bridging interactions.
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Figure 4 : FTIR spectra of the dehydration course of [Eu,(mal),(H,0)] '*2H,0
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Thev,(OCO) mode appearsin a1625-1550 cm* range being the band at the highest
frequency expected in compoundswherethe“malonate” binding modeispresent [23]. Taking
into account the spectroscopic criterion to select thevibrational modes associated to the different
metal-carboxylateinteractions[24], theresulting Av from the FTIR spectrum are 265 cm* and
190 cm* and correspond to the presence of six- and four-membered chel ate ringsrespectively.
Robinson and Uttley [25] have characterized unidentate and bi dentate modes of binding by
OCO group frequencies. They foundthat v_(OCO) and Av valuesarecloser tothoseinthefree
ion (i.e. sodium malonate: v_(OCO) 1600, 1562 cm* and v (OCO) 1390, 1370 cm™ [26]) for
chelatefour-membered ring coordination, whileAv valuesfor six-membered ring coordination
aremuchlarger, and v_(OCO) bandsappear a higher frequencies. Thissystematic wasobserved
for several M(111) malonate complexes[27-31].

The presence of malonic acid or bimalonateionisdiscarded because no evidenceof IR
carbonyl (v(C=0) 1735, 1705 cm [26]) absorptionispresent.

Nosggnificant differencesareobservedinfrequency vauesof equivaent IR and Raman bands
inour spectra, indisagreement with the prediction for acentrosymmetric spacegroup. Thisbehavior
could probably beascribed to unimportant coupling effectsbetween different oscillatorsin theunit
cdl.

Thermal Behavior

The TGA-DTA curvesof hexaagquatris(mal onato)dieuropium(l11) dihydrate are shown
in Figure5. Dehydration proceedsviathree stages associated with DTA endothermic peaksat
99, 162 and 195°C. Thefirst sgnd correspondsto thelossof thetwo hydrationwater molecules.
Theexperimental weight lossinthe TGA curveis4.75% (theoretical, 4.77%). The second stage
isassigned to thedeparture of four water molecul eswith an experimental weight lossof 9.59%
(theoretical, 9.55%). Twowater moleculesarediminatedin thefurther slep with an experimental
weight loss of 4.53% (theoretical, 4.77%). The second | 0ss can be associ ated with coordinated
water moleculeswhich exhibit two H-bonds according to the structural descriptionwhilethe
third one correspondsto those with stronger H-bond interactions.

Onfurther heating, decomposition of the anhydrous compound occursviathree steps
related with DTA exothermic peaksat 370, 381, 447 and 660°C. The completeweight lossfor
thisprocessis34.42% (theoretical, 34.23%). Thefinal product, stable up to 1000°C, hasbeen
confirmed by XRD aseuropium(l11) oxide (cubic) (JCPDS card 43-1008) [32]. Nagaseet a.
[33] have observed that in the decomposition course of the Eu,mal, 6 H,O, none of theweight
lossvaues could beassigned to adistinct product possibly owing to Sidereactions; besides, their
identificationisdifficult becausethey result amorphousto X-rays.

Conclusions

Thiswork reportsthe vibrational and thermal behavior of [Eu,(mal),(H,0) ] 2H,0
obtained from solution at room temperature. A complete assignment of the FTIR and Raman
signalswas performed for mal onate and water modes, particularly thelibrational contribution.
Theresultswerecons stent with thereported structural data. Thesplitting of thev, (OCO) mode
can beexplainedintermsof thedifferent typesof interaction between the carboxyl ate groups of
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themalonateionsand Eu(l11), four- and six-membered chelate ringsand monodentate bridging
interactions. Higher frequenciesfor the v, (OCO) mode seem to beacommon featurefor metal
malonateswherethe* malonate” binding modeis present.

Theshift tolower frequenciesof water stretching modesindicatesthe presence of strong
hydrogen bondsinthelattice.

Dehydration process confirmsthedifferent nature of theinteractionsof water molecules
inthelattice: hydration water, coordinated water moleculeswhich exhibit two H-bondsand
those oneswith stronger H-bonds. Thus, vibrational and thermal informationisin complete
agreement with thestructural description.
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