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Synthesis, characterization and thermal behaviour of solid-
state compounds of 4-methoxybenzoate with lanthanum
(111) and trivalent lighter lanthanides

E. C. Rodrigues', A. B. Squeira’, E. Y. lonashiro*, G. Bannach* and M. lonashiro*
Instituto de Quimica, UNESP, C. P. 355, CEP 14801 — 970 Araraquara, SP, Brazil

Abstract: Solid-state M-4-MeO-Bz compounds, where M stands for trivalent La, Ce, Pr, Nd and Sm and
4-MeO-Bz is 4-methoxybenzoate, have been synthesized. Simultaneous thermogravimetry and differentia
thermal analysis (TG-DTA), differential scanning caorimetry (DSC), X-ray powder diffractometry,
infrared spectroscopy and complexometry were used to characterize and to study the thermal behaviour of
these compounds. The results led to information about the composition, dehydration, polymorphic trans-
formation, ligand' s denticity, thermal behaviour and thermal decomposition of the isolated compounds.

Keywords: lighter lanthanides; 4-methoxybenzoate; characterization; thermal behaviour.

Introduction

Benzoic acid and some of its derivatives
are used as conservant, catalyst precursors of
polymers, in pharmaceutical industries, beyond
other applications. A survey of literature shows
that the complexes of rare earth and d-block ele-
ments with benzoic acids and some of its deriva
tives have been investigated in agueous solutions
and in the solid state.

In agueous solutions, the papers reported
the thermodynamics of complexation of lan-
thanides by some benzoic acid derivatives[1], the
spectroscopic study of trivalent lanthanides with
severa carboxylic acidsincluding benzoic acid [2],
the influence of pH, surfactant and synergic agent
on the luminescent properties of terbium chelates
with benzoic acid derivatives [3], the thermody-
namic of complexation of lanthanides by benzoic
and isophthalic acids [4] and the synthesis, crystal
structure and photophysical and magnetic proper-
ties of dimeric and polymeric lanthanide complex-
eswith benzoic acid and its derivatives [5].

Ecl. Quim., Sdo Paulo, 31(1): 21-30, 2006

In the solid state the papers reported the
thermal stability and thermal decomposition of
thorium salts with several organic acids, including
4-methoxybenzoic acid [6], as well as benzoic and
m-hydroxybenzoic acids [7]; the thermal decom-
position of nickel benzoate and of the nickel sdlt of
ciclohexane carboxylic acid [8]; the thermal and
spectral behaviour on solid compounds of ben-
zoates and its methoxy derivates with rare earth
elements [9-16]; the vibrational and electronic
spectroscopic study of lanthanides and effect of
sodium on the aromatic system of benzoic acid
[17, 18]; the reaction of bivalent cooper, cobalt and
nickel with 3-hidroxy-4-methoxy and 3-methoxy-
4-hidroxybenzoic acids and a structure for these
compounds has been proposed on the basis of
spectroscopic and thermogravimetric data[19]; the
therma decomposition of thorium salts of benzoic
and 4-methoxybenzoic acids in air atmosphere
[20]; the thermal and spectral behaviour on solid
compounds of 5-chloro-2-methoxybenzoate with
rare earth and d-block elements[21-24]; the syn-
thesis and characterization of 2,3-dimethoxyben-
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zoates of heavy lanthanides and yttrium [25]; the
thermal studies on solid compounds of phenyl sub-
stituted derivates of benzyllidenepyruvates with
severa metal ions[26, 27]; the spectral and mag-
netic studies of 2-chloro-5-nitrobenzoates of rare
earth elements [28] and thermal behaviour of solid
state 4-methoxybenzoates of some bivalent transi-
tion metal ions[29].

In this work 4-methoxybenzoates of
La(lll), Ce(I11), Pr(l11), Nd(l11) and Sm(l11) were
synthetized. The compounds were investigated
by means of infrared spectroscopy, X-ray powder
diffractometry, simultaneous thermogravimetry
and differential thermal analysis (TG-DTA), dif-
ferential scanning calorimetry (DSC) and other
methods of analysis.

Experimental

The 4-methoxybenzoic acid (4-MeO-HBz)
98% was obtained from Acros Organics and puri-
fied by recrystallization. Aqueous solution of Na-
4-MeO-Bz 0.1 mol L* was prepared from aqueous
4-MeO-HBz suspension by treatment with sodium
hydroxide solution 0.1 mol L*. Lanthanum and
lanthanide chlorides were prepared from the corre-
sponding metal oxides (except for cerium) by
treatment with concentrated hydrochloric acid.
The resulting solutions were evaporated to near
dryness, the residues were again dissolved in dis-
tilled water, transferred to a volumetric flask and
diluted in order to obtain ca. 0.1 mol L*solutions,
whose pH were adjusted to 5.5 by adding diluted
sodium hydroxide or hydrochloric acid solutions.
Cerium (I11) was used asiits nitrate and ca. 0.1 mol
L*aqueous solutions of thision were prepared by
direct weighing of the salt. The solid state com-
pounds were prepared by adding slowly, with con-
tinuous stirring, the solution of the ligand to the
respective meta chloride or nitrate solutions, until
total precipitation of the metal ions. The precipi-
tates were washed with distilled water until elimi-
nation of the chloride (or nitrate) ions, filtered
through and dried on Whatman n°42 filter paper,
and kept in a desiccator over anhydrous calcium
chloride, under reduced pressure to constant mass.

In the solid state compounds, hydration
water, ligand and metal ion contents were deter-
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mined from TG curves. The metal ions were also
determined by complexometric titrations with
standard EDTA solution, using xylenol orange as
indicator [30, 31].

X-ray powder patterns were obtained by
using a Siemens D-5000 X-ray diffractometer,
employing Cu Ka radiation (I = 1.541 4) and
settings of 40 kV and 20 mA.

Infrared spectrafor Na-4-MeO-Bz as well
as for its metal-ion compounds were run on a
Nicolet model Impact 400 FT-IR instrument,
within the 4000-400 cm* range. The solid sam-
ples were pressed into KBr pellets.

Simultaneous TG-DTA curves were
obtained with therma analysis system model
SDT 2960 from TA Instruments. The purge gas
was an air flow of 100 mL min™. A heating rate
of 20 °C min* was adopted with samples weigh-
ing about 7 mg. Platinum crucibles were used for
recording the TG-DTA curves.

DSC curves were obtained with thermal
analysis systems model DSC 25 from Mettler
Toledo. The purge gaswas an air flow of 100 mL
min*. A heating rate of 20°C min* was adopted
with samples weighing about 5 mg. Aluminium
crucibles, with perforated cover, were used for
recording the DSC curves.

Computational strategy. Calculation of the
theoretical infrared spectrum of lanthanum 4-
methoxybenzoate is necessary to evaluate the
structure and wave function computed by the ab
initio SCF Hartree-Fock-Roothan method [32]
using a split valence (lanL2DZ) basis set [33-36].
The performed molecular calculations in this
work were done by using the Gaussian 98 routine
[37] and the hardware used was IBM power 3.
The geometry optimization was carried out with-
out any constraints. The molecule of 4-methoxy-
benzoate contain rings with conformational flex-
ibility, all variables were optimized. The opti-
mization proceeded make uniformly when all
variables were optimized.

Results and discussion
The analytical and thermoanalytical (TG)

data are shown in Table 1. These results establish
the stoichiometry of these compounds, which are

Ecl. Quim., Sdo Paulo, 31(1): 21-30, 2006



Table 1. Analvtical and thermoanabyticad (TG data of the compoands,

Medad Losa% Water%  Residue®
Compousds  Caled, BDTA TG Caled. TG Caled, TG
Lalle2H 0 2211 2228 2204 6834 6E30 574 585 Lads
Cof L 1L5HO 2358 2223 I224 6751 68X 436 440 Cell
Ply2H0 2235 2244 2237 67.28 6732 572 566 Frdy,
MHLL2SHO 2244 2225 2265 6682 6698 TO04 660 NdO.
S L) 400 2501 2534 TLIZ T0el Smpl:

L meara 4-metheaybenzoats

all remdues were cxafimed by Fonay powsder diffrectometry

in agreement with the general formula
ML3.nH,O, where M represents trivalent La, Ce,
Pr, Nd or Sm, L is 4-methoxybenzoate and n=2;
1.5; 2; 2.5 and O, respectively.

The X-ray diffraction powder patterns
(Fig. 1) show that all the compounds have acrys-
talline structure and only the La and Pr show evi-
dence for formation of isomorphous compounds.

Infrared spectroscopic data on 4-methoxy-
benzoate and its compounds with trivalent metal
ions considered in this work are shown in Table
2. The investigation was focused mainly within
the 1700-1400 cn* range because this region is
potentially most informative to assign coordina
tion sites. In the sodium 4-methoxybenzoate,

strong bands located at 1543 cm*and 1416 cnr*
are attributed to the anti-symmetrical and sym-
metrical frequencies of the carboxylate groups,
respectively [38,39]. In the compounds consid-
ered in this work analysis of the frequencies of
the n and ng, (COO) bands shows that the lan-
thanides are linked to the carboxylic group by a
bidentate bond with an incomplete equalization
of bond lengthsin the carboxylate anion; thisisin
agreement with the literature [40].

The theoretical infrared spectrum of anhy-
drous lanthanum compound was cal culated by using
aharmonic field [41]and the obtained frequencies
were not scaled. The geometry optimization was
computed by the optimized agorithm of Berny [42].

Tahle 2. Spectroscopec data for sodnam £-medeooybenmoate aed compoends

with =ome rvalent one®

Compound el o) vl {COO0Y v (OO0 A
{em™) {em™}
Mal 1543, 1416, 127
Laf L. 2Hz 3 EEE I 1524, 1421, EIE)
CeiLk LESH 3y 1512 1416 e
Prilj=2H,C i3, 13, 1418, fid
Ml 3.2 S H0 3, 1522, 41, 2
SmlL)s - 1508, 1387, 12

br —broad; g —srang L= 4-methasybmzoate;

ury=hwdmend group shretching Frequenoy,

Vg AN Vgl 0 = pymmermaml and anti-semmetmial wibranans of the 000 “smohies
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Figure 1. X-ray powder diffraction patterns of the compounds (a) La(L)3.2H,0; (b) Ce(L);.1.5H,0; (c)
Pr(L);.2H,0 (d) Nd(L);.2.5H,0 (€) Sm(L)5; (L=4-methoxybenzoate).

The obtained geometry from calculationsis present-
edin Figure 2 and Table 3. The theoretical infrared
spectrum (electronic state *A) was obtained with
frequency values (cn?), relative intensities, assign-
ments and description of vibrational modes. A com-
parative analysis between the experimental and the-
oretical spectrum shows the following conclusions:
(8) thefirst assignment shows a strong contribution
at 1524 cm* suggesting a N,,(COO) assignment,
while the theoretical results show the corresponding
pesk at 1550 e with discrepancies of 1.7 % (b) the
second assignment shows a strong contribution at
1421 cm* suggesting a ng,,(COO) assignment,
while the theoretical results show the corresponding
pesk at 1410 cm* with discrepancies of 0.8% (c) the
third assignment shows both experimenta and theo-
retical  values (N m(COO)-ng 1, (COO)) are near
of the sodium methoxybenzoate h value (?ny, =
127; Mgy, = 103; My = 140) , reinforcing the sug-
gestion that the compounds considered in thiswork
the metal ions are linked to the carboxylic group by
abidentate bond.
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Simultaneous TG-DTA curves of the com-
pounds are shown in Figs 3, 6-9. These curves
show mass losses in steps, corresponding to
endothermic peaks due to dehydration and crys-
talline transition or exothermic peaks attributed to
oxidation of the organic matter. In all the TG-DTA
curves, the mass loss profile shows that the sample
temperature is greater than the oven temperature,
indicating that the oxidation of the organic matter is
accompanied by the combustion. The thermal sta-
bility of the anhydrous compounds as well as the
thermal behaviour of the compounds is heavily
dependent on the nature of the metal ion as shown
by the TG-DTAcurves, and so the features of each
compound are discussed individualy.

Lanthanum compound. The simultaneous
TG-DTAcurves are shown in Fig. 3. These curves
show mass losses in steps and thermal events cor-
responding to these losses or due to the crystalline
phase transition. The first mass loss observed
between 77-136°C (TG), corresponding to an
endothermic peak at 120°C (DTA) is due to the

Ecl. Quim., Sdo Paulo, 31(1): 21-30, 2006
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Figure 2. Proposed structure 3D (&) and 2D (b) of solid-state anhydrous compound lanthanum (I11)
with 4-methoxybenzoate (Gaussian 98).

hydration water; it reflects the loss of 2H,O  first mass loss observed between 285 and 490°C,
(Calcd. = 5.74%; TG = 5.85%). The anhydrous  corresponding to an exotherm with three peaks at
compound is stable up to 285°C, and above this 430, 455 and 490° with loss of 62.89% is attributed
temperature the mass loss occursin two steps. The  to the oxidation of the organic matter. In this step

Table 3. Theoretical geometries parameters of Laf L)z anbydmns compoumd,

d La - Qg 1544
d Coo- Omo 1.2 A
d Com = Cang A6 A
4 O - Cug 139 A
d Cig — Huyg LOTA
d Cig - Owo 13T A
d e —  Choo 144 A
d O - Hego 1 A
d Oue - T 1532 A
< O - Coo - Obeo 116.63°
2 Ope ~- La - Oy il 347
< Oy - La = Cipeo 30567
¢ Cag - Do — Chao 121,88
< Coap — G~ Cung 120,55°
¢ g - Coog - Cing £21.69°

Frey: La=lantharum; L=4-methoooberooats; d = stoms disanos, < = atoms angle; 000 =
carbaesylate nrg = beroers nng, Mel= ety groug
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the TG-DTA profiles show that the oxidation is
accompanied by combustion with the formation of
carbonaceous residue and intermediate compound
derivative of carbonate. Tests with hydrochloric
acid solution on samples heated up to 500°C, con-
firmed the elimination of CO, and presence of car-
bonaceous residue. The last step that occurs
between 490 and 720°C, corresponding to the both
small exotherm followed by an endotherm with
loss of 5.41% are attributed to oxidation of the car-
bonaceous residue and thermal decomposition of
the intermediate, leading to the lanthanum oxide,
La,Oz. The small endothermic peak at 272°C,
without mass lossin the TG curves, is dueto the
enantiotropic polymorphic transformation, which
was confirmed by X-ray powder diffraction pat-
terns (Fig.4) and TG-DTAcurves (Fig.5).

Figure 3. TG-DTA curves of La(L)4.2H,0 (L=4-
methoxybenzoate); m = 6.8678 mg.

T X ¥ |
L B0 T . = |
(L R L T S AR T WL ¥ AT S

sl b O My N
Figure 4. X-ray powder diffraction patterns of
the: &) La(L);.2H,0; b) La(L);.2H,O heated up
to 280°C.
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Figure5. TG-DTA curve of heating and cooling
of the compound La(L)5.2H,0.

Cerium compound. The simultaneous TG-
DTA curvesare shown inFig. 6. These curves
show mass losses in three steps, between 58 and
417°C. Thefirst mass that occurs up to 122°C, cor-
responding to an endothermic peak at 110°C is due
to the dehydration with loss of 1.5H,0 (Calcd. =
4.36%, TG = 4.40%). The anhydrous compound is
stable up to 260°C, and above this temperature the
thermal decomposition occursin two overlapping
steps between 260-350°C and 350-417°C with loss-
es of 10.88% and 57.38%, respectively correspon-
ding to an exothermic peak at 417°C attributed to
the oxidation reaction of Ce(l11) to Ce(1V), togeth-
er with the oxidation of the organic matter. The
TG-DTA profiles, aso show that the oxidation of
the organic matter is accompanied by combustion,
and the final residue is the cerium (IV) oxide,
CeO,. The small endothermic peaks at 255°C and
268°C without masslossin the TG curve are due to
the monotropic and enantiotropic polymorphic
transformations, respectively.

Praseodymium compound. The simultane-
ous TG-DTA curves are shown in Fig. 7. These
curves show mass losses in three steps, between
54 and 580°C. The first mass loss observed up to
122°C, corresponding to an endothermic peak at
106°C is due to the dehydration with loss of 2H,0
(Calcd. = 5.72%, TG = 5.66%). The anhydrous
compound is stable up to 290°C and above this
temperature the thermal decomposition aso
occurs in two overlapping steps, between 290-
440C and 440-580°C with losses of 35.26% and
32.06%, respectively, corresponding to the
exothermic peaks at 424°C and 523C attributed to

Ecl. Quim., Sdo Paulo, 31(1): 21-30, 2006
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Figure 6. TG-DTA curves of Ce(L);.1.5H,0
(L=4-methoxybenzoate); m = 6.9344 mg.

the oxidation reaction of Pr(ll1) to PrgO,4, togeth-
er with the oxidation of the organic matter. The TG
and DTAprofilesin the last step aso show that the
oxidation of the organic matter is accompanied by
combustion, with the formation of praseodymium
oxide, PrgO;;. The small endothermic peak at
270°C without masslossin the TG curveisdueto
the enantiotropic polymorphic transformation.
Neodymium compound. The simultaneous
TG-DTAcurves are shown in Fig. 8. These curves
show mass losses in steps and thermal events cor-
responding to these losses or due to crystalline
phase transition. The first mass loss that occurs
between 45 and 120°C, corresponding to an
endothermic peak at 110°C is due to hydration
water, with loss of 2.5 H,0) (Calcd. = 7.04%, TG
= 6.60%). The anhydrous compound is stable up
to 305°C, and above this temperature the thermal

Figure7. TG-DTA curves of Pr(L)3.2H,0 (L=4-
methoxybenzoate); m = 7,0770 mg.

Ecl. Quim., Sdo Paulo, 31(1): 21-30, 2006
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Figure 8. TG-DTA curves of Nd(L);.2.5H,0
(L=4-methoxybenzoate); m = 7.5070 mg.

decomposition occursin four steps. The threefirst
steps that occur through overlapping ones,
between 305-429C, 429-500°C and 500-590°C
with losses of 40.50%, 13.50% and 12.98%,
respectively, corresponding to the exothermic
peaks at 429C, 473C and 548°C, are attributed to
oxidation of the organic matter with the formation
of anintermediate. Test with hydrochloric acid
solution on sample heated up to 590°C, confirmed
the elimination of CO, and calculations based on
the mass loss observed in the TG curveisin agree-
ment with the formation of a mixture of neodymi-
um dioxycarbonate and oxide in no simple stoi-
chiometric relation. The last step observed
between 590 and 740°C, the mass loss occurs
through a slow process, attributed to the thermal
decomposition of the intermediate to the respec-
tive oxide, Nd,Os. In correspondence with the
mass |oss, no peak is observed in the DTA curves
and thisis probably due to the heat involved in this
step isinsufficient to produce athermal event. The
small endothermic peak at 270°C without mass
lossin the TG curve is due to the enantiotropic
polymorphic transformation.

Samarium compound. The simultaneous
TG-DTAcurves are shown in Fig. 9. These curves
show mass losses in three steps between 299 and
740°C and exothermic peaksin correspondence
with the two first steps. The two first mass losses
that occur through a fast process between 299-
415°C and 415-490°C, corresponding to the
exothermic peaks at 415°C and 490°C are attrib-
uted to the oxidation of the organic matter. The TG
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and DTA profilesin both steps show that the oxi-
dation of the organic matter is accompanied by
combustion, with the formation of a mixture of
samarium dioxycarbonate and oxide in no simple
stoichiometric relation, as aready observed in the
neodymium compound. The last mass loss
observed between 490 and 740°C, that occurs
through a slow process without thermal event, is
ascribed to the thermal decomposition of samari-
um dioxycarbonate to the respective oxide,
Sm,O5. The small endothermic pesks at 240°C and
270°C without mass loss in the TG curve are due
to the monotropic and enantiotropic polymorphic

o S

Figure 9. TG-DTA curves of Sm(L); (L=4-
methoxybenzoate); m = 7.3414 mg.

transformations respectively, which was con-
firmed by X-ray powder diffraction patterns
(Fig.10), and TG-DTA curves (Fig.11).

For al the compounds the enantiotropic
polymorphic transformation is in agreement with
theliterature data[13, 15, 16], except the tempera-
tures where all the thermal events occurs; and these
differences are undoubtedly because the TG and
DTAcurves were obtained in conditions enough dif-
ferent. The monotropic polymorphic transforma
tions observed for the cerium and samarium com-
pounds, were not observed in therefs. 13, 15 and 16.

The DSC curves of the compounds are

Tam ;-}-.'.Z:-s (R

Figure 11 TG-DTA curve of heating and cooling
of the compound Sm(L) 5.
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Figure 10. X-ray powder diffraction patterns of the: @ Sm(L)5; b) Sm(L); heated up to 260°C; c)

Sm(L )5 heated up to 280°C.
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Figure 12. DSC curves of the compounds: a) La(L)3.2H,0 (4.8 mg); b) Ce(L);.1.5H,0 (5.7 mg); c)
Pr(L)3.2H,0 (4.8 mg); d) Nd(L)5.2.5H,0 (5.0 mg) and €) Sm(L); (5.2 mg).

shown in Fig.12. These curves show endothermic
and exothermic eventsthat all accord with the mass
losses observed in the TG curves and endothermic
peaks due to crydaline phase transition. The
endothermic peak at 130°C (La) and 125°C (Ce, Pr,
Nd) is due to dehydration. The dehydration
enthapies found for La, Ce, Pr and Nd compounds
were: 139.6, 57.2, 69.1 and 79.0 kJ mol %, respec-
tively. The broad exotherms observed for al com-
pounds between 350°C and 3 600°C, without the
appearance of definitive peaks, are attributed to the
thermal decomposition of the anhydrous com-
pounds, where the oxidation of the organic matter
takes place in consecutive steps except for the ceri-
um compound. The small endothermic pesks at
255°C (Ce) and 245 °C (Sm) are due to monotropic
polymorphic transformation, and the small
endothermic peaks at 268°C (Ce), 275°C (La, Pr,
Sm) and 282C (Nd) are atributed to the enan-
tiotropic polymorphic transformation. The DSC
curves also show that the oxidation of the organic
meatter are still being observed up to 600°C, (580°C
for the samarium compound), while the TG and
DTG curves display temperatures that do not exceed
550°C. Thisdifference is undoubtedly provoked by
the crucible with perforated cover used to obtain the
DSC curves, while a crucible without perforated
cover isused for recording the TG and DTG curves.

Edl. Quim., Sio Paulo, 31(1); 21-30, 2006

Conclusions

From analytica and thermoanalytical
(TG) results a general formula could be estab-
lished for these compounds in the solid state.

The X-ray powder patterns pointed out
that the synthesized compounds have a crys
talline structure and only the Laand Pr show evi-
dence concerning to the formation of isomor-
phous compounds.

The infrared spectroscopic data suggest
that the 4-MeO-Bz acts as a bidentate ligand
towards the metal ions considered in this work.

The TG-DTA and DSC curves provided
previously unreported information about the
thermal behaviour and thermal decomposition of
these compounds.
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E. C. Rodrigues, A. B. Siqueira, E. Y. lonashiro, G. Bannach e M. lonashiro. Sintese, caracteriza-
¢80 e comportamento térmico dos 4-metoxibenzoatos de lanténio (111) e lantanideos leves trivalentes.

Resumo: Compostos M — Lforam sintetizados no estado sdlido, onde M representa os ions trivalentes
La, Ce, Pr, Nd e Sm, eL € 0 anion 4 — metoxibenzoato. Esses compostos foram caracterizados e estu-
dados, utilizando-se as técnicas de difragdo de raios x pelo método do p6, espectroscopia naregido do
infravermelho, complexometria, termogravimetria—andlise térmica diferencial simultanea (TG-DTA)
e DSC. Osresultados permitiram obter informac6es com respeito a estequiometria, desidratacdo, trans-
formagao polimorfica, ligagdo metal- ligante, comportamento térmico e decomposi¢éo térmica.

Palavras-chave: lantanideos leves; 4-metoxibenzoato; caracterizagdo e comportamento térmico.
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