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Abstract: The complexes of 2,3,4-trimethoxybenzoic acid with Tb(III), Dy(III),
Ho(I1I), Er(I111), Tm(I1I), Yb(III), Lu(Ill) and Y(III) are crystalline, anhydrous salts
with colours typical of the M(III) ions. The carboxylate group is probably a biden-
ate, chelating ligand. The thermal stabilities of the complexes were examined under
an air atmosphere in the temperature range 293—1273 K. The solubility in water at
293 K for all the heavy lanthanide(III) and yttrium(III) complexes are in the order of
103 mol dm™. The magnetic moments of the complexes were determined in the
temperature range 77-300 K.

Keywords: heavy lanthanides(III), yttrium(III), thermal stability, IR spectra, com-
plexes of 2,3,4-trimethoxybenzoic acid, magnetic moments.

INTRODUCTION

Lanthanide(III) carboxylates have been widely studied in recent years due to
their physico-chemical properties, variety of structural types and potential uses as
fluorescent sensors. The isomers of mono-, di- and trimethoxybenzoates of rare
earth elements(11I) have been examined.!~8 The ~-COOH group, as en electron ac-
ceptor substituent, decreases the electronic density of the benzene ring and the
—OCHj3; group, as an electron donor, decreases the acidity of benzoic acid deriva-
tives. The opposed properties of these two kinds of substituents influence the prop-
erties of the isomers of methoxybenzoic acids and their compounds.

In our previous articles,”~12 the physico-chemical properties of 2,3,4-, 2,4,5-,
and 3,4,5-trimethoxybenzoates of La(Ill), Ce(I11), Pr(III), Nd(III), Sm(III), Eu(III),
Gd(III) (heavy lanthanides(IIl) and yttrium(III) in the case of 3,4,5-trimethoxy-
benzoates) were described. Continuing this research, the complexes of 2,3,4-tri-
methoxybenzoic acid with Tb(IIl), Dy(Ill), Ho(Ill), Er(Ill), Tm(III), Yb(III),
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Lu(IIl) and Y(III) were examied. The aim of this work was to prepare 2,3,4-tri-
methoxybenzoates of heavy lanthanides(IIl) and Y(III) and to characterise their
properties: thermal stability in air during heating to 1273 K, IR spectral data, X-ray
powder investigations, solubility in water at room temperature and magnetic prop-
erties. Thermal stability investigations give information about the mechanism of
complex decomposition and the endo- or exo-effects connected with such pro-
cesses, such as: dehydration, melting, polymorphic changes, crystallization, oxida-
tion or reduction. The determination of solubility is valuable because it gives infor-
mation about the practical use of the acid for the separation of rare earth elements
by extraction or ion-exchange chromatography. The magnetic measurements give
information about the nature of the metal-oxygen bond.

EXPERIMENTAL

The complexes of 2,3,4-trimethoxybenzoic acid with Tb(III), Dy(I1I), Ho(IlI), Er(I11), Tm(III),
Yb(III), Lu(IIl) and Y (III) were prepared by addition of equivalent quantities of 0.1 M ammonium
2,3 ,4-trimethoxybenzoate (pH = 5) to a hot aqueous solution containing the chloride of the required
metal ion and crystallizing at 293 K. The solids were filtered off, washed with hot water and metha-
nol to remove ammonium ions and dried at 303 K.

The C, H analysis was performed using a CHN 24000 Perkin-Elmer analyser. The contents of
M3* metals were established by the oxalic acid method (Table I).

TABLE L. Elemental analysis of heavy lanthanides(III) and yttrium(III) 2,3,4-trimethoxybenzoates

Complex C/% H/% M/%

Calcd. Found Calcd. Found Calcd. Found
TbL, 45.47 45.57 4.19 4.26 20.05 20.08
DyL, 45.26 45.27 4.17 4.19 20.41 21.09
HoL4 45.13 44.96 4.17 4.16 20.65 20.81
ErL; 44.99 45.06 4.16 4.17 20.89 20.73
TmlL; 44.90 45.06 4.14 4.19 21.05 20.87
YbL; 44.63 44.62 4.09 4.07 21.45 21.25
LuL; 44.52 44 .45 4.08 4.05 21.64 21.39
YL, 49.83 49.96 4.57 4.56 12.31 12.05

Too™
L=C;oH;,05 iy

OCH,

The IR spectra of the complexes (KBr discs) were recorded over the range 4000-400 cm ™! us-
ing a M-80 spectrophotometer (Carl-Zeiss, Jena) (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 26 = 4 — 80° by means of
the Debye-Scherrer-Hull method.

The thermal stability and decomposition of the complexes were studied in air by Q-1500D
derivatograph with a Derill converter, simultaneously recording TG, DTG and DTA curves. The
measurements were made at a heating rate of 10 K‘min~!. The 100 mg samples (50 mg in the case of
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Lu(Ill)) were heated in platinum crucibles in static air to 1273 K with a TG sensitivity of 100 mg,
full scale. The DTG and DTA sensitivities were regulated by the Derill computer programme. Some
results are presented in Table II1.

TABLE II. Spectroscopic data of the 2,3,4-trimethoxybenzoates of sodium and heavy lantha-
nides(IIT) and yttrium(IIT) complexes and of 2,3,4-trimethoxybenzoic acid (cm™) and the solubility
of the complexes (mol dm3) in water at 293 K

L fg?lo%?Tos ¥(C=0)  ¥,5(CO0)  7(COO)  AY(COO)  ¥(M-O) i‘l’é‘fzﬁ?
TbL, - 1540 1395 145 420 2.31x1073
DyL; - 1540 1395 145 420 2.92x10°3
HoL, - 1540 1395 145 420 8.18x1073
ErL, - 1540 1395 145 420 3.71x1073
TmL; - 1540 1395 145 420 4.10x10%3
YbL, - 1536 1416 120 420 3.88x1073
LuL, - 1536 1416 120 420 4.51x1073
YL, - 1536 1416 120 420 3.21x10%3
NaL - 1560 1380 180 - -

HL 1680 - - - - -

The DSC/TG analysis was also performed in the temperature range 303—1173 K using a
SETARAM differential thermoanalyser Setsys 16/18. The experiments were carried out under a dy-
namic air atmosphere. The values of the enthalpy of polymorphic changes were determined and are
presented in Table II1.

TABLE III. Decomposition data for heavy lanthanides(Ill) and yttrium(III) 2,3,4-trimethoxyben-
zoates

Complex AT Weight loss/% Final sz AHE T3d

L=C,oH;,05 K Caled. Found compound K kJ mol! K
TbL, 555-895 76.40 77.00 Tb,04 935 47.95 530.40
DyL; 545-925 76.60 76.00 Dy,05 978 44.10 522.50
HoL4 540-947 76.30 77.60 Ho,04 1003 44.48 514.80
ErL; 512-925 76.10 77.70 Er,04 990 42.87 503.30
TmlL; 500-947 75.90 75.90 Tm,04 725 41.81 488.20
YbL, 494-940 75.60 75.50 Yb,04 940 33.56 470.00
LuL; 492-709 75.40 75.50 Lu,04 790 11.37 453.00
16.47 468.00
YL, 523-976 84.40 84.50 Y,05 976 35.05 504.00

AT, = temperature range of anhydrous complex decomposition; PT, = final temperature of decom-
position; °AH = enthalpy of the polymorphic change; 475 = maximum temperature of the endo-effect
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The gaseous decomposition products were analysed over the range 4500-700 cm™~! using the
Mettler Toledo Star System (Fig. 2, Table IV).

TABLE IV. Frequencies of the absorption bands of some of the gaseous products evolved during the
decomposition of the 2,3,4-trimethoxybenzoates of heavy lanthanides(IIT) and yttrium(III) (cm™)

Range of frequency Identified gaseous products
3800 — 3500
2400 — 2280 Co,
670
2060 — 2220 CcO
3100 — 1420
1000 Hydrocarbons
905

The magnetic susceptibilities measurements of polycrystalline samples of the 2,3,4-trimetho-
xybenzoates of the heavy lanthanides were carried out at a magnetic field strength 0f 9.9 kOe. The calibrant
was Co[Hg(SCN),] with a magnetic susceptibility of 1.64x10"> ¢cm™ g’!. Correction for diamagnetism of
the constituent atoms was calculated by the use of Pascal’s constants.!3-14 The magnetism of the samples
was found to be field independent. The temperature-independent paramagnetism of the heavy lanthanidies
was assumed to be zero. Magnetic moments were calculated according to Egs. (1) and (2).

w=2.83 (ry - D12 (1)

u=2.83 [y (T—60)]12 2
The results are given in Tables V and V1.

RESULTS AND DISCUSSION

The 2,3,4-trimethoxybenzoate complexes of Tb(III), Dy(IlIl), Ho(III), Er(III),
Tm(I1), Yb(III), Lu(IIT) and Y(III) were obtained as polycrystalline solids with a
metal to ligand ratio of 1:3 with the general formula M(C;(H;;05)3. Their colours
were typical for the corresponding trivalent ions.

Some of the results of IR analysis are presented in Table II. The IR spectrum of
2,3,4-trimethoxybenzoic acid shows the following absorption bands: a strong band
of COOH at 1680 cm™!, and bands assigned to the asymmetric and symmetric vi-
brations of the OCH3 groups at 2944 and 2840 cm™!, respectively. The bands of
ring vibrations appear at 1592 cm~!, 1500-1420 cm1, 1176 cm~! and 1020 cm™!.
The C—H deformation vibration bands &(C—H), are observed in the region 1144—1100
cml. The -C-O—-C-symmetric vibration, v{(COC), bands occur at 1020-1035
cm 1. The bands observed at 940-650 cm™! are associated with out of plane defor-
mation ring vibrations, ¢(CC), and the C—H wagging vibrations, y(C-H). The
bands at 830-800 cm~! have been assigned to the y(C—H) vibrations (in the 1,2,3,4-
substituted ring).9-12,15-28



LANTHANIDE(III) AND YTTRIUM(III) 2,3,4-TRIMETHOXYBENZOATES 199

In the IR spectra of the 2,3,4-trimethoxybenzoates of heavy lanthanides(III), the
band at 1680 cm™! disappears, which indicates that COOH groups are not present in the
analysed complexes. Two bands arising from asymmetric and symmetric vibrations of
the COO~ group occur at 1540-1536 cm ! and 13951416 cm 1, respectively. Bands
assigned to asymmetric and symmetric vibrations of the OCHj3 groups, v,s(CH3) and
v4(CH3), are observed at the 2950-2944 and 2840 cm1, respectively. The bands of
v(C=C) ring vibrations appear at 1600-1592 cm1, 1500-1416 cm1, 11851180 cm™!
and 10401032 cm!. The bands in the region of 11601100 cm™! are attributed to
O(C-H) deformation vibrations and those of the —-C—O—-C— symmetric vibrations,
v4(COC), occur at 1040-1032 cm1. The bands observed at 940650 cm! are associ-
ated to out of plane deformation ring vibration, @(CC), and out of plane C—H bond vibra-
tions, y(C—H). The bands at 830-800 cm! have been assigned to y(C—H) vibrations (in
the 1,2,3,4-substituted ring). The band at 420 cm™! results from v(M-O) stretching vi-
brations.?~12:15-27 Table II presents the maximum of the frequencies of the absorption
bands of asymmetric and symmetric vibrations of the COO~ group of 2,3,4-trimethoxy-
benzoates of heavy lanthanides(IIT) and sodium. The differences between the frequen-
cies of v,scoo— and vecoo— Avcpo—, In these complexes are smaller (Avpopo— =
145-120 cm!) than in the sodium salt (Avcoo— = 180 cm™!). For the 2,3 4-trimetho-
xybenzoates of heavy lanthanides(III) and Y (III), the shifts of the frequencies v,3coo—
and vycoo— are lower and higher, respectively, than those for sodium 2,3,4-trimetho-
xybenzoate. Accordingly, the carboxylate ion in the analysed complexes appears to be a
symmetrical, bidentate, chelating ligand.27-28 Probably the methoxy- group is also coor-
dinated with the central ion. This conclusion results from the interpretation of the IR
spectra. The band positions of the -OCH3 group vibrations in the spectra of the com-
plexes are changed in comparison with those in the acid spectrum.
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Fig. 1. TG and DSC curves of 2,3,4-trimethoxybenzoate of Yb(III).
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Fig. 2. The FTIR spectrum of the gaseous products evolved during the decomposition of the
2,3,4-trimethoxybenzoate of Dy(III).

The analysis of the diffractograms suggests that the heavy lanthanides(III) and
yttrium(III) 2,3,4-trimethoxybenzoates are polycrystalline compounds. It was not
possible to determine the structures of the compounds because single crystals were
not obtained.

The thermal stabilities of the 2,3.4-trimethoxybenzoates of Tb(III), Dy(IlI),
Ho(I1I), Er(I11), Tm(III), Yb(III), Lu(IIl) and Y (III) were studied under an air atmo-
sphere in the temperature range 293—1273 K. Some results are presented in Table I11
and Fig. 1. The results revealed that the complexes of heavy lanthanides(I1l) and yt-
trium(I1I) are anhydrous compounds. These results were also confirmed by elemen-
tal analysis (Table I) and IR spectroscopy. 2,3,4-Trimethoxybenzoates of heavy
lanthanides(I11) and yttrium(III) heated in air to 1273 K are stable up to 492-555 K.
In the temperature range 453-530 K, polymorphic changes in these complexes were
observed. The polymorphic changes were confirmed by endo-effects seen on the
DSC curves (Fig. 1). The values of the enthalpy of the polymorphic changes of the
2,3, 4-trimethoxybenzoates of Tb(Ill), Dy(Ill), Ho(Ill), Er(Ill), Tm(III), Yb(III),
Lu(IlI) and Y(III), AH, were determined using the DSC technique (Table III). The
obtained values were in the range 11.37-47.95 kJ mol~!. Having various stabilities,
the anhydrous complexes decomposed at temperatures between 492-976 K. The
weight loss calculated from the TG curves lay in the 75.50-84.50 % (the theoretical
values are 75.40-84.40 %). The combustion of the organic ligands was accompanied
by a strong exo-effect. The temperatures of the thermal stability of the complexes
change regularly with increasing atomic number of the element. The 2,3,4-trimetho-
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xybenzoate of Tb(III) is the most thermally stable (7] = 555 K) while the least ther-
mally stable is the complex of Lu(Ill) (7} = 492 K). Heavy lanthanide(III) and yt-
trium(111) 2,3,4-trimethoxybenzoates decompose directly to the oxides of the respec-
tive metals as the final product of their decomposition. The oxides of these elements
are formed at 725-1004 K. The temperature of oxide formation is the highest for
Ho,0O5 (1003 K) and the lowest for Tm,O5 (725 K).

The FTIR spectra of the gaseous products evolved during the decomposition
of the 2,3,4-trimethoxybenzoates of heavy lanthanides(Ill) and yttrium(IIl) are
presented in Table IV and in Fig. 2. Their interpretation reveals the presence of
CO,, CO and hydrocarbons.16-18,24-27

The solubilities of the 2,3,4-trimethoxybenzoates of heavy lanthanides(III)
and Y(III) in water were measured at 293 K (Table II). They are in the order to 103
mol dm=3. The terbium(IIl) 2,3,4-trimethoxybenzoate is the most soluble salt
while that of holmium(III) is the least soluble one.

TABLE VI. Values of u . for the heavy lanthanides determined by Hund and van Vleck (u/BM)

Ln (III) Ground term Hund u ¢ van Vleck y¢
Tb "Fe 9.70 9.70
Dy SH |5/ 10.60 10.60
Ho STy 10.60 10.60
Er 43 15 9.60 9.60
Tm SH 7.60 7.60
Yb 2F 4.50 4.50
Lu 'S, 0.00 0.00

The magnetic susceptibilities of the heavy lanthanide 2,3,4-trimethoxybenzo-
ates were measured in the temperature range of 77-300 K. The values of the Weiss
constant, 0, are negative for all the complexes which may be caused by small
antiferromagnetic spin interactions in the complexes (higher at room temperature
than at lower ones) or a crystal field splitting of the paramagnetic spin state.29-32
This may also result from the presence of superexchange magnetic interactions be-
tween the paramagnetic centres of different molecules of the complexes in the
crystal lattice. The paramagnetic central ions in the compounds investigated re-
main virtually unaffected by the surrounding ligands. The 4f electrons causing
their paramagnetism bond. Instead, they interact only weakly with the electrons of
the surrounding atoms and are located in an inner shell with a radius of 0.35 A .33
This value is very small in comparison with the radius of the 5s25p° closed shell
(ca. 1A). The ground states of the lanthanide ions are separated by several hun-
dreds of cm™! from the first higher-lying state. Hence the magnetic properties in
the ground state are expected to be identical for bonded and non-bonded lanthanide
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ions. The 2,3,4-trimethoxybenzoates of heavy lanthanides obey the Curie-Weiss
law. The values of uq¢ determined for all the complexes are close to those calcu-
lated for Ln(III) ions by Hund and van Vleck (Table VI). Lutetium 2,3,4-trimetho-
xybenzoate is, as expected, diamagnetic.

The above data indicate that the Ln—O bond in the heavy lanthanide 2,3,4-tri-
methoxybenzoates is predominantly electrostatic in nature since the 4f orbitals of
the lanthanide ions are effectively polarized by the 5s25p® octet.33.34

U3BOJI

CIIEKTPOCKOIICKO, MATHETHO Y TEPMNYKO ITOHAITAKBE
2,3, 4-TPUMETOKCUBEH30ATA TEIIKNUX IAHTAHWUIOA(III) u UTPUTYMA(III)

WIESLAWA FERENC*, BEATA BOCIAN 1 AGNIESZKA WALKOW-DZIEWULSKA

Department of General Chemistry, Faculty of Chemistry, Maria Curie-Sklodowska University. Pl 20-031, Lublin, Poland
(e-mail: wetafer@hermes.umcs.lublin.pl)

Kommexken 2,3,4-tpumeTokcuben3oese kucenune ca Tb(II), Dy(IIT), Ho(III), Er(III),
Tm(IIT), Yb(IID), Lu(I1T) u Y(III) cy KpucTalHe aHXUAPOBaHE COK 60ja KApaKTepPUCTHYHUX 32
oxrosapajyhe M(III) jone. KapGokcunaTHa rpyna je BepoBaTHO OMJCHTATHU, XEJIATHU JIH-
radfl. TepMuuka cTaGHITHOCT KOMIUIEKCA UCIIMTUBAHA j€ Y Ba3AyXy y 0OJacTH TeMIepaType
293 — 1273 K. PacrBopsbuBocTr cBux Temkux gantanupa(Ill) u urpujym(Ill) Kommiaekca cy
pena Bemuuune 1073 mol dm>. MarneTHn MOMeHTH KoMIUTeKca offpebuBaHu cy y o6JacT
Temneparype 77 — 300 K.

(pumsbeno 28. jyna, pesugupano 10. okTo6pa 2003)
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