
Introduction

The preparation and investigations of 4-chloro-

2-methoxybenzoates of heavy lanthanides(III) and yt-

trium(III) are presented in this paper. We decided to

take this subject because the carboxylates play an im-

portant role in inorganic and bioinorganic chemistry.

Many their complexes with metal cations in a great

number of various biological processes are a compo-

nent of vitamins and drugs [1, 2]. Carboxylates of d-

and 4f ion elements are also used in the modern

techniques as electric materials.

From the survey of literature it follows that there

are papers that concern the complexes of methoxy- and

chloromethoxybenzoic acid anions with d- and 4f metal

ion elements [3–14]. The compounds described in the

above mentioned papers were synthesized and charac-

terized by elemental analysis, FTIR and FIR spectra re-

corded over the ranges 4000–400 and 600–100 cm–1, re-

spectively. Their thermogravimetric studies, X-ray dif-

fraction and magnetic investigations were presented as

well. 4-Chloro-2-methoxybenzoic acid is a white crys-

talline solid sparingly soluble in cold water [15]. The

complexes of light lanthanides(III) with 4-chloro-

2-methoxybenzoic acid were prepared and investi-

gated [16], but those of heavy lanthanides(III) have not

been obtained so far.

The aim of this work was to obtain them in

solid-state and to examine some of their properties

such as: thermal stability in static and dynamic air dur-

ing heating to 1173 K, magnetic properties, the way of

coordination of carboxylate groups, crystalline forms

and the analysed complex solubilities in water.

Thermal characterizations let us evaluate the as-

sumed position of crystallization water molecules in

outer or inner spheres of coordination, determine the

endothermic or exothermic effects connected with

such processes as: dehydration, melting, crystalliza-

tion, oxidation, reduction and estimate the strength of

bonding between atoms or groups of atoms and ions.

The magnetic susceptibility were measured to esti-

mate the nature of metal ligand bonding and to get in-

formation why colours of the complexes are typical

for central metal ions. The solubility determination is

valuable because it informs about the practical use of

the acid for separation of metal ions by extraction or

ion-exchange chromatographic method.

Experimental

Materials

The complexes of 4-chloro-2-methoxybenzoic acid

anion with heavy lanthanides(III) were prepared by
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the addition of equivalent quantities of 0.1 M ammo-

nium 4-chloro-2-methoxybenzoate (pH�5) to a hot

solution containing the rare earth element nitrates(V)

and crystallizing at 293 K. The solids were filtered

off, washed with hot water and methanol to remove

ammonium ions and dried at 303 K to a constant

mass. The 4-chloro-2-methoxybenzoate of Na was

prepared by the addition of equivalent amount of

4-chloro-2-methoxybenzoate to NaOH solution con-

taining 0.1 g NaOH and crystallizing.

Methods

The contents of carbon and hydrogen in complexes

were determined by elemental analysis using

CHN 2400 Perkin Elmer analyzer and the content of

chlorine by the Schöniger method. The contents of

rare earth elements were established by oxalic method

(Table 1). The value of the order of solubility of rare

earth element oxalates in water (293 K) is equal to

10–6 mol dm–3 [17].

The FTIR spectra of complexes were recorded

over the range of 4000–400 cm–1 using a FTIR 1725X

Perkin-Elmer spectrometer. The samples for the FTIR

spectra were prepared as KBr discs. Some of the results

are presented in Table 2.

The X-ray diffraction patterns of complexes and

the intermediate and final products of decomposition

process were taken on a HZG-4 (Carl Zeiss, Jena)

diffractometer using Ni filtered CuK� radiation. The

measurements were made within the range of

2�=4–80° by means of the Debye–Scherrer–Hull

method. The relationships between I/I0 and 2� for

these complexes are presented in Fig. 1.

The thermal stability and decomposition of the

complexes were determined by

Paulik–Paulik–Erdey Q-1500D derivatograph with

Derill converter, recording TG, DTG and DTA

curves. The measurements were made at a heating

rate of 10 K min–1 with a full scale. The samples

(100 mg) were heated in platinum crucibles in static

air to 1173 K with a sensitivity TG – 100 mg, DTG

and DTA sensitivities were regulated by computer

Derill programme (Table 3, Fig. 2). The products of

decomposition were calculated from TG curves and

verified by the diffraction pattern registration.
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Table 1 Elemental analysis data of heavy lanthanide(III) and Y(III) 4-chloro-2-methoxybenzoates and their solubility in water
at 293 K

Complex
L=C8H6ClO3

–

C/% H/% Cl/% M/%
Solubility/mol dm–3

calcd. (found) calcd. (found) calcd. (found) calcd. (found)

TbL3�2H2O 38.17 (38.23) 2.78 (2.83) 14.12 (14.10) 21.07 (21.00) 7.5�10–4

DyL3�2H2O 38.14 (38.10) 2.91 (2.81) 14.10 (14.10) 21.52 (21.57) 4.3�10–4

HoL3�3H2O 37.14 (37.02) 3.09 (3.05) 13.73 (13.72) 21.27 (21.37) 3.2�10–4

ErL3�H2O 38.83 (38.17) 2.69 (2.79) 14.35 (14.34) 22.55 (22.45) 3.3�10–4

TmL3�2H2O 37.82 (37.90) 2.90 (2.89) 13.98 (13.92) 22.19 (22.20) 2.8�10–4

YbL3�4H2O 35.94 (35.95) 3.24 (3.12) 13.29 (13.39) 21.59 (21.59) 1.5�10–4

LuL3�4H2O 35.84 (35.84) 3.23 (3.17) 13.26 (13.18) 21.78 (21.64) 1.3�10–4

YL3�2H2O 42.51 (42.58) 3.25 (3.26) 15.73 (15.27) 13.10 (13.00) 3.0�10–4

Table 2 Frequencies (cm–1) of the absorption bands of COO– for 4-chloro-2-methoxybenzoates of heavy lanthanides(III) and
yttrium(III), sodium and that of CO for 4-chloro-2-methoxybenzoic acid

Complex
L=C8H6ClO3

–
�

as(COO – )
�

s(COO – )
��

COO – �C–Cl �M–O �C=O

TbL3�2H2O 1550 1430 125 688 416 –

DyL3�2H2O 1550 1420 130 690 416 –

HoL3�3H2O 1524 1424 100 686 424 –

ErL3�H2O 1528 1424 104 710 420 –

TmL3�2H2O 1524 1424 100 710 418 –

YbL3�4H2O 1530 1428 102 706 422 –

LuL3�4H2O 1528 1424 104 710 422 –

YL3�2H2O 1520 1420 100 686 420 –

NaL 1604 1376 228 670 – –

HL – – – – – 1728



In order to calculate the energetic effects of dehy-

dration process, to compare the ways of thermal decom-

positions of complexes in air and to ascertain if they are

reproducible during measurements using various meth-

ods, the thermogravimetric analysis of DSC/TG was

also performed at 293–673 K using a differential

thermoanalyser TG-DTA-DSC Setsys 16/18 Setaram at

a heating rate of 1 K min–1 (Table 4). The experiments

were carried out under air flow at a rate of 75 mL min–1.

The initial masses of samples of 4-chloro-2-methoxy-

benzoates of heavy lanthanides(III) used for measure-

ments change from 6.2 mg for Tb(III) complex to

6.5 mg for Yb(III) complex. The samples were heated

in platinum crucibles without cover.

Magnetic susceptibilities of polycrystalline sam-

ples of 4-chloro-2-methoxybenzoates of heavy

lanthanides(III) were measured by the Gouy method

using a sensitive Cahn RM-2 balance. Measurements

were made at a magnetic field strength of 9.9 kOe.

The calibrant employed was Hg[Co(SCN)4] for which

the magnetic susceptibility of 1.644�10–5 cm3 g–1 was

taken [18]. The correction for diamagnetism of the

constituent atoms was calculated by the use of

Pascal’s constants [19]. The temperature-independent

paramagnetism of rare earth ions was assumed to be

zero. Magnetic moments were calculated from the

Eqs (1) and (2):

�eff=2.83(	MT)1/2 (1)

�eff=2.83[	M(T–Q)]1/2 (2)

where �eff – magnetic moment, 	M – magnetic suscep-

tibility, T – temperature [K], Q – Weiss constant.
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Fig. 1 Dependence of I/I0 vs. 2� for heavy lanthanide(III)

4-chloro-2-methoxibenzoates

Table 3 Temperature range of thermal stability of heavy lanthanide(III) and yttrium(III) 4-chloro-2-methoxybenzoates in air

Complex
L=C8H6ClO3

– �T1/K
Mass loss/%

calcd. (found)
n �T2/K

Mass loss/%
calcd. (found)

TK/K

TbL3�2H2O 350–401 4.80 (4.80) 2 505–974 70.9 (70.4) 1170

DyL3�2H2O 354–474 4.76 (4.00) 2 510–998 75.3 (75.0) 1110

HoL3�3H2O 347–506 6.96 (7.20) 3 573–843 75.60 (76.0) 1100

ErL3�H2O 337–516 2.42 (2.82) 1 573–847 74.20 (74.4) 1113

TmL3�2H2O 357–532 4.72 (4.80) 2 576–836 74.66 (74.60) 1103

YbL3�4H2O 353–378 8.92 (8.67) 4 533–923 75.42 (75.88) 1083

LuL3�4H2O 348–378 8.96 (8.91) 4 533–893 75.24 (75.21) 1030

YL3�2H2O 353–383 4.72 (4.80) 2 513–943 83.33 (83.25) 1010

�T1 – temperature range of dehydration process, n – number of crystallization water molecules being lost in one endothermic step,

�T2 – temperature range of anhydrous complex decomposition, TK – temperature of the oxide formation

Fig. 2 TG, DTG and DTA curves for Ho(III) 4-chloro-

2-methoxibenzoate



Some of the results are given in Table 4.

The solubility of 4-chloro-2-methoxybenzoates

of heavy lanthanides(III) and yttrium(III) in water

at 293 K was determined by measuring the concentra-

tion of Ln3+ ions in a saturated solution by the oxalic

method [17] (Table 1).

Results and discussion

The complexes of 4-chloro-2-methoxybenzoic acid with

heavy lanthanides(III) and yttrium(III) were synthesized

as crystalline products with a metal to ligand ratio of 1:3

and a general formula Ln(C8H6ClO3)3�nH2O (where

Ln=Tb–Lu, Y and n=4 for Yb, Lu, n=3 for Ho, n=2 for

Tb, Dy, Tm, Y and n=1 for Er). Their colours are those

typical of the appropriate trivalent ions, which is con-

nected with the similar electron density in the system. In

these molecules the f
f electronic transition of the cen-

tral ions are those of the lowest energy and therefore, the

absorption occurs at relatively high wavelengths that de-

pends on the nature of the metal ion. The compounds

were characterized by elemental analysis (Table 1) and

IR spectra (Table 2). All heavy lanthanide(III) 4-chloro-

2-methoxybenzoates show similar solid-state IR spectra.

However, the characteristic frequencies related to

the carbonyl group are changed markedly in going

from acid to salts. The band of the –COOH group at

1728 cm–1, present in the acid spectrum, completely

disappears in the spectra of the complexes and two

bands arising from asymmetric and symmetric vibra-

tions of the COO– occur at 1550–1520 and

1430–1420 cm–1, respectively. The bands with the

maxima at 3490–3416 cm–1 characteristic for �OH vi-

brations [20] and the narrow band of � H O2
at 1610 cm–1

confirm the presence of crystallization water molecules

in the complexes. The bands of C–H asymmetric and

symmetric stretching vibrations of CH3 groups are ob-

served at 2950–2944 and 2840 cm–1, respectively. The

bands of �C–C ring vibrations appear at 1584–1576,

1480, 1184–1180, 1025–1016 cm–1. The valency �C–Cl

vibration bands occur at 710–686 cm–1 and the bands at

424–416 cm–1 confirm the metal–oxygen bond

[20–25]. The maxima of frequencies of absorption

bands of asymmetric and symmetric vibrations of the

COO– for 4-chloro-2-methoxybenzoates of heavy

lanthanides(III) and sodium salt are presented in Ta-

ble 2. The magnitudes of separation, ��OCO, between

the frequencies of �as(OCO) and �s(OCO) in the complexes

are lower (��OCO=130–100 cm–1) than in the sodium

salt (��OCO=228 cm–1), which indicates a smaller de-

gree of ionic bond in the heavy lanthanide(III)

4-chloro-2-methoxybenzoates. The shifts of the fre-

quencies �as(OCO) and �s(OCO) are lower and higher, re-

spectively, than those for sodium 4-chloro-2-methoxy-

benzoate. Accordingly, the carboxylate ion appears to

be a symmetrical bidentate, chelating ligand [26, 27].

In order to examine the external crystalline

forms of heavy lanthanide(III) 4-chloro-2-methoxy-

benzoates, the X-ray powder diffraction measure-

ments were made. The diffractogram analysis sug-

gests that they are polycrystalline compounds with

low symmetry, large size of the unit sizes and differ-

ent structures [28].

In the order to determine the temperature ranges

of their thermal stabilities and decompositions during

heating in air, to estimate the intermediate and final

products of their decompositions and to evaluate the

types of processes that occur during heating the ther-

mal stability of 4-chloro-2-methoxybenzoates of heavy

lanthanides(III) and yttrium(III) was studied in air (Ta-

bles 3 and 4; Figs 2 and 3). TG, DTG, DTA and DSC

curves were recorded using two measurement methods

(DTA/TG and DSC/TG techniques). From TG, DTG,

DTA and T curves it was found that complexes are hy-

drates with the ratio of metal:ligand 1:3. 4-Chloro-

2-methoxybenzoates contain from 1 to 4 molecules of

crystallization water. The complexes are stable up
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Table 4 The results of thermogravimetric analysis of
4-chloro-2-methoxybenzoates of heavy lanthanides(III)
and yttrium(III) in the DSC/TG system

Complex
L=C8H6ClO3

– �T/K Mass loss/% �H/kJ mol–1

TbL3�2H2O 344–359 4.80 35.30

DyL3�2H2O 348–398 4.00 88.86

HoL3�3H2O 312–340 7.20 171.10

ErL3�H2O 310–340 2.82 65.40

TmL3�2H2O 307–338 4.80 44.89

YbL3�4H2O 311–342 8.67 182.40

LuL3�4H2O 304–338 8.95 196.20

YL3�2H2O 322–345 4.80 84.30

�T – temperature range of dehydration process,

�H – enthalpy for dehydration process

Fig. 3 TG, DTG and DSC curves for Dy(III) 4-chloro-

2-methoxibenzoate



to 337–357 and 304–348 K, respectively (Tables 3

and 4). Next in the range of 337–532 and 304–398 K

they dehydrate in one step losing all molecules of crys-

tallization water and form anhydrous compounds. The

mass losses calculated from TG curves changing

from 2.82 to 8.91% correspond to the loss of 1 to 4

molecules of water (theoretical values are 2.42

and 8.96%). Dihydrate of 4-chloro-2-methoxy-

benzoate of Tm(III) is the most thermally stable com-

plex since its initial temperature of dehydration Ti is

equal to 357 K, while monohydrate of 4-chloro-2-

methoxybenzoate of Er(III) is the least thermally stable

complex (Ti=337 K). The dehydration process is ac-

companied by endothermic effect in the DTA curves.

The values of enthalpy, �H, of the dehydration process

for complexes were determined (Table 4). They

change from 35.30 to 192.2 kJ mol–3 for Tb(III) and

Lu(III) complexes, respectively, and they correspond

to the energy of the bonding of the proper numbers of

water molecules. The water molecules may be coordi-

nated to the central ions with different strengths and

they are situated in various places of complex coordi-

nation spheres. The anhydrous compounds are stable

up to 505–576 K. In the temperature range of

513–780 K they gradually, one by one, release the

parts of ligands and form oxychlorides, LnOCl. The

decomposition of organic ligand is connected with

strong exothermic effect in DTA curve. In the range of

790–1170 K the oxychlorides of lanthanides(III) are

decomposed to the oxides of respective metals. The

theoretical values of mass losses are equal to

70.9–83.33% and those calculated from TG curves

70.4–83.25%. The most thermally stable is the anhy-

drous complex of Tm(III), the initial temperature of de-

composition of which is equal to 576 K, whereas the

least thermally stable is that of Tb(III) (T2=505 K). The

temperatures of oxide formations change their values

from 1170 (Tb4O7) to 1010 K (Y2O3).

The final and intermediate products of decompo-

sitions were identified roentgenographically, also by

elemental analysis and FTIR spectra. The X-ray and

FTIR spectra of lanthanide oxides being the final

products of complex decompositions were compared

with those obtained by roasting the lanthanide(III)

oxalates.

The thermal stability of 4-chloro-2-methoxy-

benzoates of heavy lanthanides(III) were also studied

in air by DSC/TG technique (Table 4). The obtained

results confirmed their decompositions as hydrates

with the formulae established previously on the basis

of the results obtained from thermal stability investi-

gations with the use of DTA/TG technique.

Considering the temperatures at which the dehy-

dration process of the complexes takes place and the

way by which it proceeds, it is possible to assume that

the water molecules are differently bound in the com-

plex coordination spheres [29–31]. The IR spectra re-

corded for analysed compounds may also suggest that

the water molecules are probably bounded by hydro-

gen bound, probably, in outer-sphere of complex.

The detailed data obtained from the determina-

tion of the complete structures of these complexes can

give fair answer concerning above assumption. How-

ever, their monocrystals have not been obtained, so

far, but attempts to obtain them have been made.

The results indicate that the thermal decomposi-

tion of 4-chloro-2-methoxybenzoates of heavy

lanthanides(III) in air proceeds in the following way:

LnL3�nH2O
LnL3
LnOCl
Ln4O7

where (Ln=Tb)

LnL3�nH2O
LnL3
LnOCl
Ln2O3

where (Ln=Dy, Ho, Er, Tm, Yb, Lu, Y)

L–=C8H6O3Cl; n=1–4

These two methods used for the investigations

(DTA/TG and DSC/TG) let state that the complexes

decompose in the same way and they contain identical

numbers of water molecules.

The solubility of 4-chloro-2-methoxybenzoates

of heavy lanthanides(III) and yttrium(III) in water

(at 293 K) was also determined (Table 1). It is in the

order of 10–4 mol dm–3. Tb(III) 4-chloro-2-methoxy-

benzoate is the most soluble salt, while that of Lu(III)

the least soluble one. From the solubility data it ap-

pears that 4-chloro-2-methoxybenzoic acid cannot be

used for the separation of heavy lanthanide ions by

ion-exchange chromatography or by extraction meth-

ods because of the low order of solubility values of

analysed complexes.

In order to estimate the nature of metal ligand

bonding in lanthanide complexes and try to know the

reason why the colours of 4-chloro-2-methoxy-

benzoates of heavy lanthanides and yttrium are typi-

cal of Ln3+ ions the magnetic susceptibility of

4-chloro-2-methoxybenzoates was determined over

the range of 76–303 K. The complexes obey Cu-

rie–Weiss law (Table 5).

A plot of the inverse of the magnetic susceptibil-

ity 	M determined for all complexes yields a straight

line. For all complexes the values of the Weiss con-

stants, Q, have a negative sign. It probably results from

the antiferromagnetic spin interaction or from a crystal

field splitting of the paramagnetic spin state [32–35].

In these complexes the central ions remain unaffected

by diamagnetic ligands coordinated around them so the

f-electrons causing their paramagnetism are well sepa-

rated from outside influences. Therefore the values of

�eff determined for all complexes are close to those cal-

culated for Ln3+ ions by Hund and Van Vleck (Tables 5
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and 6) [35]. In the lanthanide ions 4f electrons are in an

inner shell having a radius that is equal to 0.35 � [35].

This value seems to be very small compared to the ra-

dius of the 5s2p6 closed shell being equal to 1 �. There-

fore, the 4f electrons interact only weakly with the

electrons of the surrounding atoms and they are almost

unaffected by the chemical environment. Their energy

levels stay the same as in the free ions. For most of the

lanthanide ions the ground state is separated by several

hundreds of cm–1 from the next higher lying state and

the magnetic properties can be taken as those of the

ground state alone. Taking this fact into account

lanthanide ions in the compounds act in the same way

as the free ions [35–39]. From the values of magnetic

moments determined for the complexes it appears that

the energies of 4f electrons in the central ions are not

changed compared to those in the free lanthanide ions.

Therefore, the colours of the complexes stay the same

as those in the free lanthanide ions. The electron den-

sity in the molecules makes the f
f electronic transi-

tions of central ions to be those of the lowest energy

and the absorption occurs at relatively high wave-

lengths. The analytical, magnetic and spectral data

suggest that in 4-chloro-2-methoxybenzoates of heavy

lanthanides the lanthanide ions probably exhibit a co-

ordination numbers eight, nine and ten depending on

the position of water molecules in the complex. The

coordination numbers of Ln3+ ions could be estab-

lished on the basis of the complete crystal structure de-

termination of monocrystals but they have not been ob-

tained. The trivalent lanthanide ions exhibit a wide va-

riety of stereochemistries on the basis of their varying

coordination numbers from six to twelve. This coordi-

nation variation in lanthanide complexes is well estab-

lished and may be ascribed to the steric factors and

electrostatic force of attraction and repulsion rather

than to the direction of bonds by the deep seated 4f

orbitals of metal ions. The 4f orbitals of lanthanide ions

are effectively shielded by the 5s25p6 octet. Therefore,

the metal ligand bonding in lanthanide(III) complexes

is mainly electrostatic in nature [40].

Conclusions

From the obtained results it appears that 4-chloro-

2-methoxybenzoates of heavy lanthanides(III) and yt-

trium(III) were synthesized as hydrated complexes.

Their colours are typical for the particular Ln(III) ions

having their origin in the lowest energy of f–f elec-

tronic transitions of the central ions. Their energies are

not radically changed in comparison with the free

lanthanide ions, therefore the colours of the com-

pounds are the same as those for the free lanthanide

ions. The Ln–O bond is mainly electrostatic in nature.

The complexes are crystalline compounds that on heat-

ing in air to 1173 K decompose in three steps. In the

first step they dehydrate to form anhydrous complexes

that next decompose to the oxides of the appropriate

metals with intermediate formation of LnOCl. The val-

ues of �eff calculated for all compounds are close to

those obtained for Ln3+ by Hund and Van Vleck. There

is no influence of the ligand field of 4f electrons on

lanthanide ions. From the obtained results it follows

that the various substituents and their different posi-

tions in benzene ring influence the hydration degree,

thermal stability of complexes their solubility in water

and dentates of carboxylates groups, but the ratio of

metal ion: ligand in complexes, their colours stay the

same [5–14]. The changes in the values presented

above are probably connected with the various influ-

ences of inductive, mesomeric and steric effects on the

electron density of the system depending on their posi-

tions in benzene ring. The investigations of the influ-

ence of substituents in benzene ring on the properties

of complexes are also the aim of our studies.
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