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Complexes of light lanthanides with 2,3-dimethoxybenzoic acid
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The complexes of light lanthanides with 2,3-dimethoxybenzoic acid of the for-
mula: Ln(C9HgOy4)3, where Ln = La(IIl), Ce(III), Pr(III), Nd(III), Sm(III), Eu(III) and
Gd(IIT) have been synthesized and characterized by elemental analysis, IR spectros-
copy, thermogravimetric studies, as well as X-ray and magnetic 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 bidentate, chelat-
ing ligand or a tridentate chelating and bridging one. They are crystalline compounds
characterized by low symmetry. On heating in air to 1173 K, the 2,3-dimethoxy-
benzoates of the light lanthanides decompose in various ways. The complexes of
Ce(III), Pr(III), Sm(III), Eu(IIl) and Gd(IIT) decompose directly to oxides of the respec-
tive metals while those of La(Ill) and Nd(IIl) via the intermediate formation of
La,0,C0O5 and Nd,O,CO3. The solubilities of the 2,3-dimethoxybenzoates of the light
lanthanides in water at 293 K are in the orders of 1073 — 102 mol dm™3. The magnetic mo-
ments were determined in the range 4.2-298 K and the complexes are found to obey the
Curie-Weiss law.

Keywords: 2,3-dimethoxybenzoates, light lanthanides, thermal stability, magnetic mo-
ments.

INTRODUCTION

A literature survey indicated that the compounds of 2,3-dimethoxybenzoic acid
with various cations have been relatively seldom studied. Papers exist on its complexes
with such cations as: Cu2™ and some of the Ln3". The compounds were obtained as sol-
ids or were investigated in solution.!=3 The 2,3-dimethoxybenzoate of Cu(II) was ob-
tained in the solid state and its thermal stability was studied,! while those of Ln3* were
only investigated in solution and their dissociation constants were established
potentiometrically.23 2,3-Dimethoxybenzoic acid is a solid sparingly soluble in wa-
ter -9 and its melting point is 395 K. There is no information about the solid-state prop-
erties of the complexes of 2,3-dimethoxybenzoic acid with light lanthanides. There-
fore, it was decided to synthesize them in the solid state and to examine some of their

*  Corresponding author.
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physicochemical properties, such as their thermal stability in air, solubility in water at
room temperature, IR spectral characteristic and crystalline form in order to determine
whether they are crystalline or amorphous compounds. The thermal stability investiga-
tions enabled the evaluation of the mechanism of the complex decomposition. The de-
termination of the solubility is valuable because it gives information about the practical
use of the acid for the separation of rare-earth elements by extraction or ion-exchange
chromatographic methods.

EXPERIMENTAL

The 2,3-dimethoxybenzoates of light lanthanides were prepared by the addition of equivalent
quantities of 0.1 M ammonium 2,3-dimethoxybenzoate (pH= 5) to a hot solution containing the chlo-
ride of the light lanthanides followed by crystallization at 293 K. The formed solids were filtered off,
washed with water to remove ammonium ions and dried at 303 K to constant weight.

transmission (%)

Fig. 1. FTIR spectra of 2,3-dimethoxybenzoic acid

4000 3000 2000 1500 1000 400 (1), 2,3-dimethoxybenzoates of La (2), Pr (3) and
wavenumber (cm™) Sm (4).
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Fig. 2. Diffractograms of light lanthanide 2,3- dimethoxybenzoates.

The contents of carbon and hydrogen were determined by elemental analysis using a CHN
2400 Perkin-Elmer analyser. The contents of metal(II) ions were determined by the oxalic acid
method (Table I).

The FTIR spectra of complexes were recorded over the range 4000-400 cm™! using a FTIR
1725X Perkin-Elmer spectrometer. The samples were prepared as KBr discs. Some of the results are
presented in Fig. 1 and in Table II.

The X-ray diffraction patterns were taken on a HZG-4 (Carl Zeiss, Jena) diffractometer using
Ni filtered CuK, radiation. The measurements were made within the range 260 = 4-80° by means of
the Debye-Scherrer-Hull method. The diffractograms of the complexes are presented in Fig. 2.

The thermal stability and decomposition of the prepared complexes were determined using a
Paulik-Paulik-Erday Q-1500 D derivatograph with a Derill converter recording TG, DTG and DTA
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curves (Fig. 3). 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 the sensitivity of the TG,
100 mg (this means that the whole scale in the balance was equal to 100 mg). The DTG and DTA sen-
sitivities 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 TG curves and
verified by the registration of the diffraction pattern.

The solubilities of the 2,3-dimethoxybenzoates of the light lanthanides in water at 293 K were
determined by measuring the concentration of Ln3* ions in a saturated solution by the oxalic acid
method (Table I).

TABLE I. Analytical data of the light lanthanide 2,3-dimethoxybenzoates and the values of their solu-
bilities in water at 293 K

Complex C/% H/% Ln/% Solubi-
L= CoHoO4  cyleq. found caled. found  calcd. found  lities/mol em™
Lal; 47.51 47.67 3.96 3.87 20.36 20.71 2.19x102
CeL3 47.43 47.43 3.95 3.87 20.51 20.67 8.4x103
PrL3 47.37 47.42 3.94 3.87 20.60 20.94 1.74x10-2
NdL3 47.14 47.07 3.92 3.83 20.98 21.00 1.84x10-2
Sml3 46.72 47.04 3.89 3.81 21.68 21.56 1.67x10-2
Eul; 46.62 46.76 3.88 3.84 21.86 21.59 1.93x10-2
GdL3 46.27 46.42 3.85 3.77 22.56 22.59 2.58x10-2

In order to study the magnetic behaviour of the 2,3-dimethoxybenzoates of light lanthanides at
low temperatures, the magnetizations of the samples at 4.3 K were also measured at a magnetic field
strength of 0—56 kOe (Fig. 4). On the basis of the obtained results the magnetic susceptibility, y, was
determined according to Eq. (1):
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Fig. 4. Dependence between mag-
netization and magnetic field for the
2,3- dimethoxybenzoate of Nd.

Fig. 5. Relationship between mass
susceptibility and magnetic field for
the 2,3- dimethoxybenzoate of Nd.

Fig. 6. Mass susceptibility of the
2,3- dimethoxybenzoate of Nd as a
function of temperature.
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x=MH (M

where M is the magnetization and H the applied magnetic field. The dependence between the mass sus-
ceptibility values and the field strengths for the Nd comples as an example is presented in Fig. 5. Mag-
netic susceptibility measurements of the complexes at 4.2-200 K were carried out, as well, usingan AC
Lake Shore 7225 susceptometer. The parameters of the fitting to the Curie-Weiss law for the
2,3-dimethoxybenzoate of Nd are presented in Fig. 6.

The magnetic susceptibilities of the 2,3-dimethoxybenzoates were also determined by the
Gouy method using a sensitive Cahn RG balance. The measurements were carried out at a magnetic
field strength 0f9.9 kOe. CoHg(SCN)4 with a magnetic susceptibility!0 of 1.644x10-5 cm3/g was em-
ployed as the calibrant. The correction for diamagnetizm of the constituent atoms was calculated
from the Pascal constants.!! The magnetizm of the samples was found to be field independent. The
temperature-indipendent magnetizm of the lanthanide ions was assumed to be zero.

The magnetic moments were calculated according to Egs. (2) and (3):

Hefr = 2.83 (xpxD)12 2)
Hefr = 2.83 [1,, (T - 6)]'2 (€)

where 0 is the Weiss constant.

The magnetic moment values calculated for the 2,3-dimethoxybenzoates of the light
lanthanides at 298 K, pefr, are presented in Table I'V.

RESULTS AND DISCUSSION

The 2,3-dimethoxybenzoates of the light lanthanides were obtained as crystalline
anhydrous products with a metal to ligand ratio of 1:3 and general formula:
Ln(C9H9Oy4)3, where Ln = La(Ill), Ce(III), Pr(Ill), Nd(III), Sm(III), Eu(Ill) and
Gd(III). The colours of the complexes are those typical for the corresponding trivalent
Ln3* ions, i.e., white for La Ce, Eu, Gd, cream for Sm, green for Pr, and violet for Nd
and originate from the lowest energy f-f electronic transitions of the central atom.!2

The complexes were characterized by elemental analysis (Table I) and IR spec-
troscopy (Fig. 1). All the 2,3-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 1684 cm™!, present in the spectrum of acid, disappears in the spectra of the
complexes and two bands arising from the asymmetric and symmetric vibrations of the
COO~ group occur at 1549-1545 cm! and 1394-1388 cm 1, respectively.!3-19 The
bands of the C—H antisymmetric stretching of the CH3 groups are observed at
2944-2928 cm ! and 2850 cm !, respectively. The bands of the v(C—~C) ring vibrations
appear at 16241604 cm! and its out of plane deformation modes at 1168 cm™!. The
v(C-H) vibrations are observed at 1396-1388 cm™! and 1016608 cm!. The bands
typical for the aromatic ring vibrations are shifted insignificantly in the complexes
compared to the respective bands in 2,3-dimethoxybenzoic acid, which indicates that
the Ln(I1I) ions only weakly influence the benzene ring. Bands due to the metal-oxygen
bond appear at 520 cm! for the whole series of complexes.!4-19 Therefore, it is possi-
ble to suppose that 2,3-dimethoxybenzoic acid forms complexes with the light
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lanthanides of similar stability.!4 Table Il presents the frequency maxima of the absorp-
tion bands of the asymmetric and symmetric vibrations of the COO~ group for the
2,3-dimethoxybenzoates of light lanthanides and of sodium, as well as of the CO group
for 2,3-dimethoxybenzoic acid. The magnitudes of the separation, Av, between the fre-
quencies Vs coo— and vs coo- in the complexes are lower (Avcoo— = 158-154 cm™1)
than in the sodium salt (Avcoo- = 206 cm 1), which indicates a lower degree of ionic
bonding in the light lanthanide 2,3-dimethoxybenzoates. According to the spectro-
scopic criterial5:19:20 with regard to Nakamoto, the carboxylate ion appears to be a
bidentate chelating ligand. However, from a detailed analysis of the bands of the
asymmetric and symmetric vibrations of the COO™ group it follows that the bands of
the v,5 coo~ vibrations are significantly split. It suggests, on the one hand, that the
carboxylate group may be a tridentate chelating and bridging ligand or, on the other,
that the carboxylate groups may coordinate in various ways being chelating or bridging
ligands. These types of coordination lead to polymerization in these solid compounds
making the coordination number of Ln(III) ions equal to 9 in these complexes.

TABLE II. Frequencies of the maxima of the absorption bands of COO~ and M—O group vibrations for
the 2,3-dimethoxybenzoates of the light lanthanides and Na and for 2,3-dimethoxybenzoic acid (cm™!)

chgffg’é) . VC=0 *Vas COO™ Vs COO™ Avcoo VM-0
Lalj - 1546 1392 154 520
CelLs — 1546 1388 158 520
PrL; — 1545 1391 154 520
NdL3 — 1546 1389 157 520
SmL3 — 1547 1393 154 520
Eul; - 1547 1392 155 520
CdL3 — 1549 1394 155 520
NalLj3 - 1602 1396 206 540

HL 1684 — — — -

*The strongest intensity of the split band

Analysis of the diffractograms suggests that the light lanthanide 2,3-dime-
thoxybenzoates are polycrystalline compounds and some of them form indipendently
three isostructural groups of complexes which are the following: Pr with Eu, La with
Nd and Gd with Sm. The structures of the complexes have not been determined because
single crystals have not been obtained.

On heating to 1173 K, the 2,3-dimethoxybenzoates of the light lanthanides form
oxides of the respective metal having the same structures as the oxides obtained by
roasting the rare-earth element oxalates.2122 The thermal stabilities of the light
lanthanide 2,3-dimethoxybenzoates were studied in air in the temperature range
273-1173 K (Table III). The results obtained from their thermal decomposition showed
them to be anhydrous salts. When heated in air they decompose in one or two steps. The
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complexes are stable up to 503-520 K and then they decompose (with the exception of
the 2,3-dimethoxybenzoates of La and Nd) to the oxides of the respective metal, which
are formed at 1098—1178 K. The weight loss calculated from the TG curves are equal to
74.00-76.00 % (the theoretical values are 74.11-76.11 %). The oxides of the light
lanthanides were identified by X-ray powder diffraction.22

TABLE III. Temperatures of decomposition of the 2,3-dimethoxybenzoates of the light lanthanides

Complex Weight loss/% Product of Weight loss/% Final prod-
L=CoH904 VK caled. found ~decomp. AT/K calcd. found Tk duct of
ecomp.
Lal3 516-655 45.77 46.00 Lay0,CO3 673-1118 76.11 76.00 1178  LayO3
CeL; 518-1074 - - - - 74.81 75.00 1148 CeO
PrLs 520-1048  — - - - 75.10 75.00 1123  PrgOyy
NdL3 519-645 44.63 44.60 Nd,0,CO3 673-1080 75.51 75.00 1148  NdO3
SmL;  503-1073 - - - - 74.85 74.80 1098  Smy03
Eul; 513-1093 - - - - 74.68 7450 1123  Euy03
GdL;  513-1073  — — — — 74.11 74.00 1163  GdyO3

ATy, AT, — Temperature ranges of the decomposition of the anhydrous complex, Tk — temperature of
oxide formation

The 2,3-dimethoxybenzoates of La(Ill) and Nd(III) decompose to LapO3 and
Nd,O3 via the intermediate formation of the oxycarbonates of lanthanum La;O,CO3
(516-655 K) and neodymium?3-24 Nd,0,CO3 (519-645 K). The combustion of the or-
ganic ligands is accompanied by strong exo-effects seen in the DTA curves. The large
peaks recorded in the curves of the DTG correspond to the gradual weight loss of the
complexes during heating.

The derivatogram of neodymium 2,3-dimethoxybenzoate is presented in Fig. 3. The
complex decomposes in two steps. The weight loss of the complex starts at 519 K. The de-
crease in weight occurs in the range 519645 K and, therefore, the TG curve deviates from
the horizontal. The weight loss determined from the TG curve is equal to 44.6 % (the calcu-
lated value is 44.63 %) which corresponds to the formation of Nd,O,CO3. Accordingly, the
peak ascribed to this loss of weight is also recorded in the DTG curve, which is the first de-
rivative of the weight loss. Next, the oxycarbonate of neodymium is finally decomposed to
NdO3 (673-1080 K). The weight loss determined from the TG curve is equal to 75.00 %
(the calculated value is 75.51 %). The oxidation process is associated with a strong exother-
mic effect reflected in the DTA curve. Subsequently, above 1080 K, the TG curve reaches a
plateau, as the formed Nd»>Oj is thermally stable.

The thermal stability of the series of complexes changes in the order:
Sm<Eu = Gd<La<Ce<Nd<Pr. The most thermally stable complex is that with praseo-
dymium which starts to decompose at 520 K, while the least thermally stable is the
2,3-dimethoxybenzoate of Sm (503 K).

The results obtained from the thermal decomposition of the complexes indicate
that during heating in air to 1173 K they may decompose in the following ways:
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LnL3 — LnyO>,CO3 — LnyO3; where Ln = La, Nd

LnL3 — LnyO3; PrgOq1, CeOy; where Ln = Ce, Pr, Sm, Eu, Gd

The oxides of the light lanthanide elements formed at 1098—1178 K were identi-
fied by X-ray powder diffraction analysis.2!-22 From the obtained results it can be seen

that the oxide of lanthanum has the highest formation temperature while samarium ox-
ide has the lowest one.

The solubilities of the 2,3-dimethoxybenzoates of the light lanthanides in water
(at 293 K) were measured. They are in the order of 102 — 10-3 mol cm3. The gadolin-
ium 2,3-dimethoxybenzoate is the most soluble complex in water, while the least solu-
ble one is the complex of cerium. In view of the values of complex solubilities, it would
seem that 2,3-dimethoxybenzoic acid cannot be used for the separation of the light
lanthanide elements by ion-exchange chromatograpy or by extraction methods because
the formed complexes are not readily soluble.

TABLE IV. Values of ¢ for the light lanthanides determined by Hund and van Vleck and calculated
for the light lanthanide 2,3-dimethoxybenzoates at 298 K*

Ln3* Ground term. Caled. pegrby Hund  pegrby van Vleck  pegr (BM)*
La3* ISy 0.00 0.00 0.00
Ce3t 2F 2.54 256 2.64
Pr3* 3Hy 3.58 3.62 3.68
Nd3* 4T9p 3.62 3.68 3.70
Sm3* 6H 5 0.84 1.55-1.65 1.82
Eu3* TF 0.00 3.40-3.51 6.00
Gd3* 8S 15 7.94 7.94 7.90

The magnetic susceptibility of the light lanthanide 2,3-dimethoxybenzoates was
determined in the range 4.2-300 K. All the complexes show paramagnetic properties
(with the exception of the La comples) and they obey the Curie-Weiss law (Figs. 4-6).
A loss compliance caused by a spin-spin interaction is noticed. The values of pgrdeter-
mined for all the complexes (except for that with europium) are close to those calcu-
lated for Ln(IIT) ions by Hund and van Vleck (Table IV). The higher value of g for eu-
ropium 2,3-dimethoxybenzoate compared with that given by Hund may suggest a pos-
sible interaction of the ligand field with the central ion or may be associated with the
multiplet splitting. The lowest three excited states of the europium ion are sufficiently
close in energy to the ground states to be appreciable populated at room tempera-
ture.25-27 Since the excited states possess higher.J values than the ground state, the ac-
tual magnetic moment is larger than those calculated by using the J value for the ground
state. With the exception of Sm and Eu, the multiplet widths for the lanthanide elements
are very large compared with kT (kT=200 cm™!) at room temperature, while those for
Sm and Eu are not really infinitely large compared to £7. The multiplet intervals in Sm
and Eu are not really infinitely large compared to k7" This requires to make a more care-
ful examination of multiplet structures including the J values. For their small values the
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interval between two consecutive components J, J+1 equals 4 (J+ 1). Now, if the mul-
tiplicity 25+ 1 is fairly large, and if L and S are nearly equal, so thatJi,j, = L — S'is small,
the separation between the components with the two lowest values of J may well be
small compared to k7, even though the “over-all” multiplet width is considerably
greater than k7. For Eu the interval between the lowest multiplet components in onsly
1/21 of the overall width and for a 7F term25 applies Eq. (4)

12[Jmax max T 1) = Imin Umin T D 1 =12 x6x7-0=21 4
Imint 1=1

In the complexes of 2,3-dimethoxybenzoates, the paramagnetic central ions re-
main virtually unaffected by the surrounding diamagnetic ligands. The 4f electrons,
which are responsible for their paramagnetizm, are well protected from outside influ-
ences and do not participate in the formation of the Ln—O bond. Instead, they interact
only weakly with the electrons of the surrounding atoms.28 Their energy levels are the
same as in the free ions due to very effective shielding by the overlapping 5s25p0 shell.
Hence, the magnetic properties can be considered identical to those of the ground state
alone, making the bonded lanthanide ions act in the same way as the free ions.

In conclusion, 2,3-dimethoxybenzoates of the light lanthanides were synthesized
as anhydrous complexes. The compounds exhibit colours arising from the relevant
Ln(III) ion, i.e., white in the case of La, Ce, Eu, Gd, cream for Sm, green for Pr and vio-
let for Nd, having their origin in the lowest energy f-f electronic transitions of the central
atom. The energy levels do not change substantially in bonded and non-bonded
lanthanide ions, which means that the colours of the compounds and the free lanthanide
ions are similar. The Ln—O bond is predominantly of electrostatic nature, since the 4f
orbitals of the lanthanide ions are effectively shielded by the 5s25p® octet.

The 2,3-dimethoxybenzoates of the light lanthanides are crystalline compounds
that decompose in one or two steps on heating in air up to 1173 K forming the oxides of
the corresponding metals as the final products of decomposition.

n 3 B O I
KOMIIIEKCH JIAKUX JIAHTAHUJA CA 2,3-JUMETOKCUBEH30EBOM KM CEJIMHOM

WIESLAWA FERENC and AGNIESZKA WALKOW-DZIEWULSKA

Faculty of Chemistry, Maria Curie-Sklodowska University, Pl. 20-031 Lublin, Poland

CUHTETH30BaHU Cy KOMIUIEKCH JTAKMX JJaHTaHUJA ca 2,3-IMMETOKCUOEH306BOM KHCETNHOM
¢dopmyne: Ln(C9HoO4)3 y k0joj je Ln = La(Ill), Ce(111), Pr(111), Nd(IIT), Sm(III), Eu(I1l) u Gd(III).
Kommutekcn cy kapakTepH30BaHM eJIeMEHTapHOM aHaim3oM, IR cmexTpockpormjom, Tepmorpa-
BUMETPHjOM, Ka0 U PSHATCHCKUM U MarHeTHUM MepemruMa. Komruiekcu nmajy 60je TUIHYHE 3a Lo
jone (La, Ce, Eu, Gd — Gena, Sm — kpem, Pr — 3enena, Nd — jpybuuacra). Kapbokcunna rpymna ce
jaBJba y OBUM KOMIUICKCHMA HJIM Kao OMICHTATHH XeJIaTHH JIMTaH ] WM Kao TPUJICHTATHU XeJIaTHU 1
npemorrhyjyhu murang. OBo cy KpHcTalHa jeIUbemha ca HICKOM CHMeTpHjoM. [Ipu 3arpeBamy Ha
Bazayxy a0 1173 K 2,3-numeToxkcubeH30aTu JIakuxX JaHTaHUIA pa3jiaxKy ce Ha pa3IMyuTe HauuHe.
Kommniexen Ce(I1), Pr(I1l), Sm(IIl), Eu(Ill) u Gd(Ill) pasnaxy ce AMpeKTHO 10 oarosapajyhmux
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okcuna, 1ok ce komriexcu La(1ll) m Nd(I1I) pasnaxy y3 narepmenujapao ctBapame Lap02CO3 oH.
Nd202CO3. PeactBopspuBocT 2,3-1uMeTOKCHOCH30aTa JIAKUX JIaHTaHuIa y Boan Ha 293 K je pena
permmunte 10™ — 1072 mol dm™. Marsersu Mmoments cy oapehuBanm y orncery 4,2 — 298 K u HaljeHo
je na ce nokopasajy Curie-Waiss-oBOM 3aKoHY.

(ITpumibeno 7. dhedpyapa, peBuupano 5. maja 2001)
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