J. Serb. Chem. Soc. 65(1)27-35(2000) UDC 546.65:547.581.2:541.428.49
JSCS-2722 Original scientific paper

Complexes of light lanthanides with 2,4-dimethoxybenzoic acid
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The complexes of light lanthanides with 2,4-dimethoxybenzoic acid of the
formula: Ln(C9H9O4)3-nH>O where Ln = La(lll), Ce(Ill), Pr(IlI), Nd(III), Sm(III),
Eu(IIT), Gd(IIII), and n = 3 for La(IIT), Gd(III), n = 2 for Sm(III), Eu(III), and n = 0 for
Ce(III), Pr(1IT), Nd(IIT) have been synthesized and characterized by elemental analysis,
IR spectroscopy, thermogravimetric studles and X-ray diffraction measurements. The
complexes have colours typical for Ln*" ions (La, Ce, Eu, Gd-white, Sm-cream,
Pr-green, Nd-violet). The carboxylate group in these complexes is a symmetrical,
bidentate, chelating ligand. They are crystalline compounds characterized by various
symmetry. On heating in air to 1273 K the 2,4-dimethoxybenzoates of the light
lanthanides decompose in various ways. The hydrated complexes decompose in two or
three steps while those ofanhydrous ones only in one or two. The trihydrate of lanthanum
2,4-dimethoxybenzoate first dehydrates to form the anhydrous salt, which then decom-
poses to LapO3 via the intermediate formation of LaO2COg3. The hydrates of Sm(I1l),
Eu(I1I), Gd(11I) decompose in two stages. First, they dehydrate forming the anhydrous
salts, which then decompose directly to the oxides of the respective metals. The
anhydrous complexes of Ce(I1I), Pr(IlT) decompose in one step, while that of Nd(IIT) in
two. The solubilities of the 2,4- dlmethoxybenzoates of the light lanthamdes in water
and ethanol at 293 K are in the order of: 10~ mol dm™ and 10*-107 mol dm" 3,
respectively.
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A literature survey indicated that the compounds of 2,4-dimethoxybenzoic
acid with various cations have been relatively seldom studied. Papers exist on its
complexes with the following cations only: Cu(Il), La(III), Pr(III), Nd(III), Sm(III),
Gd(III), Dy(Ill), and Yb(le). The compounds were obtained as solids or were
investigated in solution.!* The 2,4-dimethoxybenzoate of Cu(I) was obtained in
the solid state and its magnetic properties were determined,! while those of La(III),
Pr(I1I), Nd(I1), Sm(I1I), Gd(III), Dy(IlI), Yb(III) were only investigated in solution
and their dissociation constants were established potentiometrically.? 2,4-Dime-
thoxybenzoic acid is a white crystalline solid, which easily sublimates under high
vacuum? and is sg)aringly soluble in water.* On heating in air and argon it decom-
poses in one step.” The pK, value of its dissociation constant is equal to 9.29 (25 °C)
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and its melting point is 109 °C.2* There is no information about the solid-state
properties of the complexes of 2,4-dimethoxybenzoic acid with light lanthanides.
Therefore, we decided to synthesize them in the solid state and to examine some of
their physico-chemical properties, that is their thermal stability in air, solubility in
water and ethanol at room temperature, IR spectral characteristics and crystalline
form in order to know if they are crystalline or amorphous compounds.

The thermal stability investigations enabled the evaluation of the assumed
position of crystallization water molecules, i.e., in outer or inner spheres of coordi-
nation, to know the mechanism of complex decomposition, to determine the endo-
or exo-cffects connected with such processes as: dehydration, melting, crystal-
lization, oxidation, reduction, and to estimate the strength of the bonding between
atoms or groups of atoms and ions. The determination of the solubility is valuable
because is gives information about the practical use of the acid for the separation of
rare-carth elements by extraction or ion-exchange chromatographic methods.

EXPERIMENTAL

The 2,4-dimethoxybenzoates of the light lanthanides were prepared by the addition of equiva-
lent quantities of 0.1 M ammonium 2,4-dimethoxybenzoate (pH»5) to a hot solution containing the
chloride of the light lanthanides followed by crystallization at 293 K. The formed solids were filtered
off, washed with hot water to remove ammonium ions and dried at 303 K to constant weight.

The contents of carbon and hydrogen were determined by elemental analysis using a CHN 2400
Perkin Elmer analyser.

The contents of the metal(IIl) ions and crystallization water molecules were determined
spectrophotometrically and from the TG curves (Table I).

The IR spectra of complexes were recorded over the range 4000-400 om’! using a M-80 spectro-
photometer. Samples were prepared as KBr discs. Some of the results are presented in Table 11.

The X-ray diffraction patterns were taken on a HZG-4 (Carl Zeiss Jena) diffractometer using
Ni filtered CuKa radiation. The measurement were made within the range 2q = 4-80 ° by means of
the Debay-Scherrer-Hull method. The radiograms of the complexes are presented in Fig. 1.

The thermal stability and decomposition of the prepared complexes were determined using a
Paulik-Paulik-Erday Q-1500D derivatograph with a Derill converter recording TG, DTG and DTA
curves. The measurements were made at a heating rate of 10 K min! with a full scale. The 100 mg
samples were heated in platinum crucibles in static air to 1173 K with a sensitivity of the TG, 100 mg
(it means that the whole scale in the balance is equal to 100 mg). The DTG and DTA sensitivities were
regulated by the Derill computer programme. The paper speed was 2.5 mm min”' and AL,O3 was used
as the standard. The products of decomposition were calculated from the TG curves and verified by
the registration of the diffraction pattern (Table I11I).

The solubilities of the 2,4-dimethoxybenzoates of the light lanthanides in water and ethanol at
298 K were determined by measuring the concentration of Ln*" ions in a saturated solution by a
spectrophotometrical method using the spectrophotometer Specord M-40 (Table I). The absorbance
of the complexes was measured by using the Arsenazo Ill in the formic buffer (pH»3.5) and the
wavelength | =650 nm, and with the use of the blank as reference.>S

RESULTS AND DISCUSSION

The 2,4-dimethoxybenzoates of the light lanthanides were obtained as crys-
talline hydrated or anhydrous products with a metal to ligand ratio of 1:3, and general
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formula: Ln(CoHoO4)3-nH20, where Ln = La(III), Ce(III), Pr(III), Nd(III), Sm(III),
Eu(ID), GA(II). For La(IIT), GA(IIT) » = 3, for Sm(IIT), Eu(IIl) » = 2, and for Ce(III),
Pr(III), Nd(III) n = 0.

TABLE I. Analytical data of the light lanthanide 2,4-dimethoxybenzoates and the values of their
solubilities in water and ethanol at 293 K

Complex Cl% H/% Ln/% Solubilities/mol dm™
L =C9H9O4 caled. found caled. found caled. found water ethanol
LaL3-3H20 44.03  44.50 4.48 4.37 18.87 18.84 1.65-107 5.76-10™

CeL3 4743 47.50 3.95 3.75 20.51 2043 4.14-107 6.42- 107
PrL3 4737 4754 3.95 3.76 20.60 20.19  3.97-107 3.55- 107
NdL3 47.14 4728 393 3.75 2098 2040 6.72-107 1.25-107

SmL3-2H,0 4442 4455 425 413 2061 2052 1.86-107 1.53-107
EuL3-2H,0 4432 4429 424 410 2079 2055  424-107 4.08-107
GdL33H,0 4295 4351 437 411 2084 2004 321-10° 458102

The colours of the complexes are those typical for the appropriate trivalent Ln3*
ion, i.e., white for La, Ce, Eu, and Gd, cream for Sm, greenish for Pr, and violet for Nd.”

The complexes were characterized by clemental analysis (Table I) and IR
spectroscopy (Table II). All the 2,4-dimethoxybenzoates of the light lanthanides
show similar solid state IR spectra. However, the characteristic frequencies related
to the carbonyl group are altered markedly in going from the acid to the salts. The
band of the COOH group at 1668 cm™!, present in the spectrum of the acid,
disappears in the spectra of the complexes and two bands arising from the asym-
metric and symmetric vibrations of the COO~ group occur at 1530-1510 cm ! and
1440-1425 cm™!, respectively.®~!! The bands with maxima at 3550-3456 cm™!,
characteristic for n(OH) vibrations, and the narrow band d(H20) at 1584 cm™!
confirm the presence of crystallization water molecules in the complexes of La(I1l),
Sm(III), Eu(III) and Gd(III). The bands of C—H antisymmetric stretching of the CH3
groups are observed at 2968-2952 cm™!, whereas their symmetric stretching occur
at 2850-2832 cm™!. The symmetric deformation vibration bands of the CH3 group
occur at 1392-1376 cm™!. The presence of ~OCH3 groups in the benzene ring is
confirmed by the bands at 1288-1276 cm!. The skeletal ring mode region is
observed at 1608—1450 cm™!. The = C—H bond stretches appear at 3440-3424 cm™!
and the out-of-plane C—H bonding in the 944696 cm~! range. The bands typical
for the aromatic ring vibrations are shifted insignificantly in the complexes com-
pared to the respective bands in 2,4-dimethoxybenzoic acid, which indicates that
the Ln(III) ions only weakly influence the benzene ring. The bands due to metal-
oxygen bond appear at 580—570 cm™! and they are not regularly shifted in the spectra
of the complexes. Therefore, it is possible to suppose that 2,4-dimethoxybenzoic
acid forms complexes of similar stability with the light lanthanides.!?
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TABLE II. Frequencies of the maxima of the absorption bands of COO™ and M-O group vibrations for
the 2 ,4-dimethoxybenzoates of the light lanthanides and Na and for 2,4-dimethoxybenzoic acid (cm'l)

Complex

L=CoHqO4 Nnc-=0 Nas COO~ Ns COO- Dncoo- IVEG)
Lal3-3H20 - 1530 1440 90 580
Cel3 - 1520 1430 90 570
Prls - 1520 1440 80 570
NdL3 - 1520 1440 80 570
SmL3-2H20 - 1510 1430 80 575
EuL3-2H20 - 1510 1430 80 570
GdL3-3H20 - 1530 1430 100 570
NaL - 1550 1425 125 555
HL 1668 - - - -

Tables II presents the frequency maxima of the absorption bands of the
asymmetric and symmetric vibrations of the COO~ group for the 2,4-dimethoxy-
benzoates of the light lanthanides and of the sodium, as well as of the CO group for
2,4-dimethoxybenzoic acid.3:10,13 The magnitudes of the separation, Dn, between
the frequencies Nys coo— and Ng coo—in the complexes are lower (DN = 100-80 cm=1)
than in the sodium salt (Dn = 125 cm™!), which indicates a lower degree of ionic
bonding in the light lanthanide 2,4-dimethoxybenzoates. The shifts of the frequen-
cies Nys coo— and N coo— are lower and higher, respectively, in the light lanthanide
complexes than those for sodium 2,4-dimethoxybenzoate. Accordingly, the car-
boxylate ion appears to be a symmetrical, bidentate, chelating ligand.8,10,13

In order to examine if the light lanthanide 2,4-dimethoxybenzoates are crystalline
or amorphous compounds their X-ray powder diffractograms were recorded. Analysis
of the diffractograms suggests that they are polycrystalline compounds probably with
various symmetryl4 (Fig. 1). The complexes seem not to be isostructural compounds.
The structures of the complexes have not been determined because single crystals have
not been obtained. On heating to 1273 K, the 2,4-dimethoxybenzoates of the light
lanthanides form oxides of the respective metal having the same structures as the oxides
obtained from the ignition of rare earth element oxalates. !5

The thermal stabilities of the light lanhanide 2,4-dimethoxybenzoates were
studied in air in the temperature range 273—1273 K (Table III). The results obtianed
from their thermal decomposition showed them to be trihydrates (La, Gd), dihy-
drates (Sm, Eu) or anhydrous salts (Ce, Pr, Nd), as was established on the basis of
elemental analysis (Table I). All the complexes are stable in air at room temperature
and do not change their mass after storage. When heated in air they decompose in
various ways. The anhydrous complexes of Ce(I1I), Pr(III) and Nd(III) are stable up
to 483-508 K and then they decompose (with the exception of the 2,4-dimethoxy-
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Fig. 1. Diffractograms of the light lanthanide 2,4-dimethoxybenzoates.

benzoate of Nd) to the oxides of the respective metal, which are formed at
1048—-1098 K. The weight loss calculated from the TG curves are equal to 74.90—
76.20 % (the theoretical: 74.80—75.52 %).

The 2,4-dimethoxybenzoate of Nd(III) decomposes to Nd2O3 via the inter-
mediate formation of oxycarbonate of neodymium, NdpO2CO3 (993-1043 K).
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The combustion of the organic ligands is accompanied by the strong exo-ef-
fects seen in the DTA curves. The large peaks recorded in the curves of the DTG
correspond to the gradual loss of the weights of complexes during heating.

The trihydrates of 2,4-dimethoxybenzoates of La(Ill) and Gd(III) and the
dihydrates of those of Sm(III) and Eu(IIl) are stable up to 358-363 K and then loose
three (or two molecules) of crystallization water in one step (358-403 K) forming
the anhydrous complexes, which decompose at 478-1053 K to the oxides of the
respective metal. The found weight losses estimated from TG curves are equal to
4.60-7.30 % (the theoretical: 4.92-7.20 %) and 76.20-77.90 % (the calculated:
75.92-78.39 %) for the dehydration processes and the decompoosition to oxides,
respectively.

Endo ¢ 2 — Exo

Mass loss (%)

363 383 613 663 868 1073 T(K)

Fig. 2. TG, DTG and DTA curves of lanthanum 2,4-dimethoxybenzoate.

The derivatogram of lanthanium 2,4-dimethoxybenzoate is presented in Fig.
2. This complex decomposes in three steps. The weight loss of the complex starts
at 363 K. The decrease in weight occurs in the range 363383 K and therefore the
TG curve deviates from horizontal. The loss in weight determined from the TG curve
is equal to 7.30 % (the calculated value is 7.16 %), which corresponds to the loss of
three molecules of water of crystallization.10-17 Accordingly, the peak ascribed to
this loss of weight is also recorded in the curve of the DTG, which is the first
derivative of the weight loss.

The dehydration process is connected with the endo-effect observed in the
DTA curve. The anhydrous lanthanum 2,4-dimetoxybenzoate, in the second step at
513-1053 K, decomposes to the oxycarbonate of lanthanum, LapO2CO3, and then
to LapO3 (1098 K). LapOs is the final product of the complex decomposition. The
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farther loss of weight between 513—-1053 K causes the TG curve to deviate from the
horizontal. The loss in weight determined from the TG curve is equal to 77.90%
(the calculated value is 78.39 %). This decrease in weight results from the oxidation
of the organic ligand and the formation of LapO2CO3 (9831053 K), and LayO3.
The oxidation process is connected with the strong exo-effect seen in the DTA curve
(868 K). Subsequently, above 1053 K the TG curve gains the plateau as the formed
LapO3 is thermally stable.

TABLE III. Temperature of dehydration and decomposition ofthe 2 ,4-dimethoxybenzoates of the light
lanthanides

c 1 Weight Tendo Weight Final

“OmpIeX - pryk loss%  p DTA DIyK  10s8%  T3/K product of
L=C9H9O4

calcd. found K calcd. found decomp.

Lal3-3HO  363-383 7.16 7.30 3 383 513-1053 78.39 77.90 1098 LaxO3

Cel3 - - - - - 508-1003 74.80 74.90 1063 CeO2

PrL3 - - - - - 483-1003 75.10 75.60 1048 PreOr11
NdL3 - - - - - 498-1043 75.52 76.20 1098 Nd203

SmL3-2H2O  368-398 4.93 4.60 2 398 478-1023 76.09 76.20 1073 SmyO3
EuL3-2H2O 363403 492 490 2 398 488-1013 75.93 76.20 1073 Eu03
GdL3-3H,O  358-398 7.20 7.00 3 388 498923 77.57 77.60 978  Gd203

T =temperature range of the dehydration process; n = number of crystallization water molecules lost
in one endothermic step; D72 = temperature range of the decomposition of the anhydrous complex;
Tx = temperature of oxide formation; Zendo = temperature of the maximum of the endo-effect of the
dehydration process in the DTA curve.

In the series of hydrated complexes, the most thermally stable is complex of
samarium, which starts to release water at 368 K, while the least thermally stable,
is the 2,4-dimethoxybenzoate of Gd (358 K). In the case of the anhydrous com-
plexes, the most thermally stable is lanthanum 2,4-dimethoxybenzoate (513 K), and
the least thermally stable is the complex of samarium (478 K).

Considering the comparatively low temperature values at which the dehydra-
tion processes start to take place and the losses of water molecules only in one step,
it is possible to assume that the molecules of water of crystallization are outer-sphere
water. According to Nikolaev et al.!® and Singh ef al.'” water eliminated below 423
K can be considered as water of crystallization, whereas water eliminated above
423 K may be that coordinated to the central ion. In our investigations the water is
assumed to be crystallization water which was also confirmed by the IR studies.

The results obtained from the thermal decomposition of the complexes indicate
that during heating in air to 1273 K they may decompose in the following ways:

Lnz.nHyOfi LnL3 fi LnpO3, CeOa, PreO11; where: n =0 for Ln = Ce, Pr
n=2for Ln=Sm, Eu
n=73 for Ln=Gd
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Ln3-nHyO fi LnL3 fi LnpOrCO3 fi LnpO3; where: n=3 for Ln=La
n=0 for Ln=Nd

The oxides of the light lanthanide elements formed at 978-1098 K were
identified by X-ray powder diffraction analysis.!> The measurements revealed them
to be LnpO3 for Ln = La, Nd, Sm, Eu, Gd, and CeO; for Ce and PrgO11 for Pr. From
the obtained results it can be seen that the oxides of lanthanum and neodymium have
the highest formation temperature while gadolinium oxide has the lowest one.

The solubilities of the 2,4-dimethoxybenzoates of the light lanthanides in
water and ethanol (at 293 K) were measured and their solubility products determined
(TableI). The solubilities are in the order of: 10-3mol dm—3 and 10~4-10-3 mol dm—3
in water and ethanol, respectively. The values of the solubility products are of the
order of: 10710 — 10-8 mol4 dm~!12 (in water) and 1012-10-8 mol4 dm~12 (in
ethanol). The 2,4-dimethoxybenzoates of La(IIl), Ce(III), Pr(III) are more soluble
in water than in ethanol. The values of the solubilitics of the light lanthanide
2,4-dimethoxybenzoates in water increase and decrease alternately, with increasing
atomic number of the element, while in ethanol they practically increase steadily.

The 2,4-dimethoxybenzoate of Nd(III) is the most soluble complex in water
and that of Gd(III) in ethanol, while the least soluble ones are the complexes of
lanthanum and praseodymium in water and ethanol, respectively.

In view of the values of the complex solubilities, it would seem that 2,4-di-
methoxybenzoic acid cannot be used for the separation of the light lanthanide
elements by ion-exchange chromatography or by extraction methods because its
complexes formed with them are not easily soluble.

U 3 B O [
KOMIUIEKCU JIAKUX JIAHTAHUJIA CA 24-TUMETOKCUBEH30OEBOM KHMCEJIMHOM

WIESLAWA FERENC and AGNIESZKA WALKOW-DZIEWULSKA

Department of Inorganic and General Chemistry, Faculty of Chemistry, Maria Curie-Sklodowska University, Pl 20-031 Lublin,
Poland

CHUHTETH3BOAHH CYy KOMIIJIEKCH JIAKUX JIJAHTAHU/IA ca 2,4-TIMETOKCUOEH30€BOM KHCE M-
HOM popmyste Ln(CoHgO4)-nH20 e je Ln = La(lll), Ce(l1), Pr(I11), Nd(II1), Sm(lII), Eu(lll),
Gd(l1), u To cy n = 3 3a La(lll) u Gd(111), n =2 3a Sm(II1) u Eu(ll) u n = 0 3a Ce(Ill), Pr(lll) u
Nd(111). KapakTepu3sanyja je BpIlicHa €JIEMEHTATHOM aHATTH30M, IR CIIEKTPOCKOMHIjOM, TEPMO-
TpaBUMETPH|CKAM MepemnMa n ofipebuBamem penarencke audpaxnuje. Kommiekcn nmajy
60je TUIIIHe 3a Ln3+j0He (Oena 3a La, Ce, Eum Gd, kpeM 3a Sm, 3es1eHa 3a Pr i ;byOnuacra 3a
Nd). Kap6okcuna rpyna y OBUM KOMIUIEKCHMA j€ CAMETPUYHHU, OUJICHTATHH, XEJIATHU JINTAH/I.
CrBapajy kpucrane paszmaunre cumerpuje. Ilpu rpejawy Ha 1273 Ky Ba3ayxy 2.4-1uMeTOK-
cHOEH30aTH JIAKKX JIAHTAHAJA PA3/IaKy ce Ha pa3jInunTe HAuuHe. XUAPAaTU30BAHN KOMIICKCH
pasiaxy ce y ABa Wi TPH CTYIIIha, I0K C& aHXUAPOBAHU OOIHUIY pa3jiaxy y jeHOM WX ABa
crynma. Tpuxuppar nanras-2,4-1uMeTOKCHOEH30aT CE IIPBO AEXUAPATU3Yje A0 aHXUAPOBAHE
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CONU KOja ce 3aTuM pasznaxe no La03 mpe uaTepMeaujapHor Lap02C03. Xuppatu Sm(llI),
Eu(111) m Gd(111) pasnaxy ce y aBa crymba. [IpBo, IeXuipaTaijoM CTBapajy aHXHAPOBaHY CO,
KOja ce 3aTUM AHPEKTHO pasiaske A0 OKCHja OAroBapajyhmx merana. AHXHPOBaHH KOM-
nosiekcu Ce(lI1) u Pr(l111) paznaxy ce y jegnoM crynmy, 1ok ce komiieke Nd(I11) pasnaxe y nsa
crynma. PactBoprsuBoct 2.4-meTokcnOeH3oaTa takux tanranua Ha 293 K cy pena Benmmuuse
107 mol dm™ y BOIH 1 107 - 107 mol dm™3 y €TaHOITy.

(ITpumsbeno 19. jyna, peBuaupano 21. okroGpa 1999)
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