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Polycrystalline complexes of lanthanide(III) with 4-hydroxy-3-methoxybenzoic acid were
obtained as hydrated compounds of general formula Ln(C8H7O4)3 � nH2O. After slow
recrystallization we obtained single crystals of complexes and determined their structures.
Praseodymium(III) and neodymium(III) form isostructural dihydrated complexes
[Ln(C8H7O4)3(H2O)2], which crystallize in the triclinic system, space group P�1. Sm(III),
Eu(III), Gd(III), Ho(III) and Tb(III) compounds are hexahydrates and also crystallize in the
triclinic system, space group P�1. Dihydrated compounds form polymeric chains with metal
centres linked by oxygen atoms of bridging carboxylates. Each metal ion is coordinated by
chelating carboxylic group and two water molecules. Complexes of the second isostructural
group form dinuclear units [Ln2(C8H7O4)6(H2O)4] � 8H2O. Lanthanide(III) ions are linked by
oxygen atoms of two chelating–bridging carboxylate groups. In the dimeric structure each
metal ion coordinates additionally two chelating carboxylic groups and two water molecules.

Keywords: 4-Hydroxy-3-methoxybenzoate; Lanthanide complexes; X-ray analysis; Crystal
structure

1. Introduction

Attention has focused on metal carboxylates for their interesting coordination
chemistry, unusual structural features, remarkable physical and chemical properties,
and extensive practical application [1]. Lanthanide complexes with aromatic carboxylic
acids have higher thermal and luminescent stability than other systems because they
form dimeric or infinite polymeric structures readily [2]. This work is a continuation
of our studies of the spectral, thermal and structural properties of metal complexes with
benzoic acid derivatives containing methoxy and hydroxy functional groups. The aim
of our research was synthesis and characterization of metal ions with 4-hydroxy-
3-methoxybenzoic acid. 4-hydroxy-3-methoxybenzoic acid (vanillic acid) is a phenolic
derivative, present in many plant materials and an integral part of human and
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animal diets. Vanillic acid is a major metabolic product of vanillin in humans and rats.
4-hydroxy-3-methoxybenzoic acid is also one of the main degradation products of
wood constituent lignin [3–6]. Phenolic compounds exhibit antioxidative properties
[3, 7–11]. 4-hydroxy benzoic acid shows activity in preservation of human low-density
lipoprotein oxidation and protecting protein molecules from radical attacks, as
determined by the oxygen radical absorbing capacity assay [3, 7, 9–12]. Vanillic acid
possesses excellent UV-rays absorption ability and has been used as a sun care
product [12].

In a previous paper [13] we described thermal and spectral properties of a series of
lanthanide(III) complexes with 4-hydroxy-3-methoxybenzoic acid. The lanthanide(III)
complexes with 4-hydroxy-3-methoxybenzoic acid were obtained as polycrystalline,
hydrated products of general formula is Ln(C8H7O4)3 � nH2O, where n¼ 2 for La(III),
Pr(III), n¼ 3 for Nd(III), n¼ 4 for Sm(III), n¼ 5 for Ce(III) and n¼ 6 for Y(III),
Eu(III)–Lu(III). All compounds are sparingly soluble in water at room temperature in
the range 2� 10�4–6� 10�4mol dm�3. The complexes are stable at room temperature.
During heating in air hydrated complexes lose all their crystallization water in one step
(except for Nd(III) complex). The trihydrated complex of neodymium(III) loses water
in two steps. Next, the anhydrous compounds heated in air decomposed to oxides of
respective metals with intermediate formation (except for cerium(III)). The anhydrous
complexes of Ce(III) decomposed directly to CeO2 [13]. In this paper we describe crystal
structure of some complexes. During slow recrystallization of the polycrystalline
compounds single crystals of praseodymium(III), neodymium(III), samarium(III),
europium(III), terbium(III) and holmium(III) ions with 4-hydroxy-3-methoxybenzoate
ligand were obtained.

2. Experimental

4-Hydroxy-3-methoxybenzoates of lanthanide(III) were obtained by dissolving
the freshly precipitated lanthanide(III) carbonates in a solution of 4-hydroxy-
3-methoxybenzoic acid (0.06M). The precipitates were removed by filtration, washed
with water and dried at 300K. The polycrystalline complexes were dissolved in water;
suitable crystals were obtained by slow evaporation after a few weeks.

Crystals were mounted on glass fibre and then flash-frozen to 100K (Oxford
Cryosystem-Cryostream Cooler). Preliminary examination and intensity data collec-
tions were carried out on a Kuma KM4CCD �-axis diffractometer with graphite-
monochromated Mo-K� radiation. The crystallographic data and the refinement
procedure details are given in table 1. All data were corrected for Lorentz, polarization
and absorption effects [14]. The structures were solved by direct methods (program
SHELXS97 [15, 16]) and refined by full-matrix least-squares on all F2 data using
the SHELXL97 [17] programs. Hydrogen atoms were found by Fourier syntheses or
included in calculated positions with the isotropic thermal parameters proportional
to those of the connected carbon atoms.

Powder diffraction data were collected on a PHILIPS XPERT PRO (Holland)
automated X-ray diffractometer. The experimental conditions were: Cu target X-ray
tube operated at 45 kV and 30mA, 6� take-off angle, 1� divergence slit, 0.15mm
receiving slit, curved graphite diffracted beam monochromator and scintillation counter
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with pulse height analyzer. The powder diffraction pattern was collected by step
scanning between 4� and 70� in 2� with a step equal to 0.02� and a count time
of 10 s/step. The diffractometer was calibrated by using a SRM 1976
standard. Throughout the measurement, temperature was maintained at 20� 1�C.
The XRAYAN program was used for determining peak intensities and positions.
Pattern indexing was carried out with the PC-version of TREOR program [18]. For this
sample, all the 2� peak positions were used.

3. Results and discusion

The lanthanide(III) complexes with 4-hydroxy-3-methoxybenzoic acid were synthesized
as polycrystalline compounds. During slow recrystallization from aqueous solution we
obtained single crystals of praseodymium(III), neodymium(III), samarium(III),
europium(III), terbium(III) and holmium(III). In the case of neodymium(III) and
samarium(III) complexes the number of water molecules was changed. The X-ray
diffraction studies show that the complexes form two isostructural series as dihydrated
compounds of Pr(III), Nd(III) and the other complexes are hexahydrated.

Polycrystalline praseodymium(III) compound is dihydrated while neodymium
4-hydroxy-3-methoxybenzoate is trihydrate. These compounds were investigated by
X-ray powder analysis. The obtained data indicate that the polycrystalline
praseodymium(III) complex crystallizes in triclinic crystal system with the elemental
cell parameters a¼ 10.19 Å, b¼ 11.52 Å, c¼ 12.21 Å, and �¼ 97.66�, �¼ 110.08�,
� ¼ 91.72�, V¼ 1329.7 Å3. The figure of merit FN [19] of the present data set is
F30¼ 7.6(0.0206, 191). The structure refinement was performed with 40 reflections.
The polycrystalline neodymium(III) complex crystallizes in triclinic crystal system.
The unit-cell parameters, refined from all 96 reflections by the least-squares method,
are a¼ 10.84 Å, b¼ 10.97 Å, c¼ 12.46 Å, �¼ 93.7�, �¼ 103.5�, �¼ 101.3� and
V¼ 1413.5 Å3. The figure of merit FN [19] for the powder data is F30¼ 7.1(0.0379, 112).

Single crystals of [PrL3(H2O)2] (1) and [NdL3(H2O)2] (2), where L¼ 4-hydroxy-
3-methoxybenzoate, are isostructural. The structures consist of infinite chains that run
along the a-axis, figure 1(a). Neighbouring chains are connected to each other via
hydrogen interactions, figure 1(b). In chains each metal ion is connected to two
neighbouring ones through �-carboxylato-O,O0 groups (figure 2). Pr(III) and Nd(III)
ions are coordinated by six oxygen atoms from five 4-hydroxy-3-methoxybenzoate
ligands and two aqua ligands giving coordination number 8. The Ln–Ocarboxylate

distances falls in the range 2.342(2)–2.548(3) Å for praseodymium and 2.327(2)–
2.531(2) Å for neodymium (table 2). The La–Oaqua bond lengths are 2.498(2) Å,
2.588(3) Å for Pr(III) and 2.487(2) Å, 2.571(3) Å for Nd(III). The carboxylate groups
O11–C1–O12 and O31–C3–O32, which bind two lanthanide ions adopt syn-anti
bidentate bridging modes [torsion angle: Pr–O(11)–C(1)–C(11) 160.6(2)�; Pri–O(12)–
C(1)–C(11) –93.0(2)�, Pr–O(31)–C(3)–C(31) 146.5(2)�; Prii–O(32)–C(3)–C(31) –33.2(1)�

for 1 and Nd–O(11)–C(1)–C(11) 161.3(2)�; Ndi–O(12)–C(1)–C(11) –92.8(2)�;
Nd–O(31)–C(3)–C(31) 145.9(2)�; Ndii–O(32)–C(3)–C(31) –36.3(1)� for 2]. The syn-
anti bridging mode is very common in polymeric structures of metal carboxylate
complexes [20–22]. The carboxylate group O(21)–C(2)–O(22) is bidentate chelating
coordination mode. The modes of carboxylate coordination do not influence
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Figure 2. Coordination environment of Ln(III) ions in [Ln(C8H7O4)3(H2O)2], where Ln¼Pr and Nd.
Symmetry transformations used to generate equivalent atoms: (i) �xþ 1, �yþ 1, �zþ 1 (ii) �x, �yþ 1,
�zþ 1, (iii) xþ 1, y, z.

Figure 1. (a) View along the c axis of single chain in 1 and 2; (b) Hydrogen-bonding interactions between
chains (hydrogen bonds are indicated by dotted lines). Hydrogen atoms have been omitted for clarity.
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significantly the O–C–O angles and bond distances. The angles are 123.8(3)�, 120.5(3)�

for 1 and 124.1(3)�, 120.9(3)� for 2 in bridging group and 120.7(3)� for 1 and 120.1(3)�

for 2 in chelating groups. The phenyl rings are nearly planar. The carboxylate groups in
the structure are rotated from the phenyl ring by 14.25(5)�, 4.96(2)� and 36.05(2)� for 1
and 14.46(5)�, 4.96(2)� and 35.76(2)� for 2, the smallest value is for chelating
carboxylate.

The structures of praseodymium(III) and neodymium(III) 4-hydroxy-3-methoxy-
benzoates are stabilized by the system of interchain and intrachain hydrogen bonds.
Chains are connected via hydrogen bonds where O(14) is the proton acceptor and
donor, O(1)–H(2) � � �O(14) and O(14)–H(14) � � �O(31), respectively. O(14) is also
engaged in intrachain hydrogen bonds as the proton acceptor. The water molecules
take part in hydrogen bonds only as proton donors. The proton acceptors in this
structure are oxygen atoms of carboxylates and hydroxyl groups. Hydrogen bond
geometry is given in table 3.

Polycrystalline complexes of terbium(III) and holmium(III) are also hexahydrates
while polycrystalline samarium(III) compound is tetrahydrate. Tetrahydrate
samarium(III) compound crystallizes in monoclinic crystal system a¼ 9.78 Å,
b¼ 16.54 Å, c¼ 8.26 Å and �¼ 91.4�, elemental cell volume is 1335.8 Å3.
The figure of merit FN [19] for the powder data is F30¼ 12.0(0.0301, 859). The
structure refinement was performed with 30 reflections. We also characterized

Table 2. Selected bond distances (Å) and bond angles (�).

1 2 3 4 5 6

Ln–O(12)i 2.342(2) 2.327(2) Ln–O(21) 2.398(1) 2.386(3) 2.357(2) 2.329(2)
Ln–O(11) 2.414(2) 2.412(2) Ln–O(2W) 2.412(1) 2.400(3) 2.358(2) 2.336(2)
Ln–O(32)ii 2.463(2) 2.446(2) Ln–O(31)iii 2.416(1) 2.401(3) 2.372(2) 2.343(2)
Ln–O(31) 2.475(2) 2.449(2) Ln–O(32) 2.421(1) 2.406(3) 2.381(2) 2.344(2)
Ln–O(2W) 2.498(2) 2.487(2) Ln–O(1W) 2.428(1) 2.402(3) 2.380(2) 2.355(2)
Ln–O(21) 2.519(2) 2.501(2) Ln–O(11) 2.440(1) 2.435(3) 2.409(2) 2.379(2)
Ln–O(22) 2.548(2) 2.531(2) Ln–O(12) 2.493(1) 2.466(3) 2.451(2) 2.438(2)
Ln–O(1W) 2.588(3) 2.571(3) Ln–O(22) 2.659(1) 2.644(3) 2.644(2) 2.645(2)

O(11)–C(1) 1.262(4) 1.258(4) Ln–O(31) 2.704(1) 2.695(3) 2.702(2) 2.700(2)
O(12)–C(1) 1.280(4) 1.261(4) O(11)–C(1) 1.260(2) 1.249(5) 1.256(3) 1.263(3)
O(13)–C(13) 1.379(4) 1.383(4) O(12)–C(1) 1.294(2) 1.296(5) 1.289(3) 1.288(3)
O(13)–C(17) 1.429(4) 1.435(4) O(13)–C(13) 1.366(2) 1.368(5) 1.365(3) 1.360(3)
O(14)–C(14) 1.372(4) 1.367(4) O(13)–C(17) 1.430(2) 1.429(5) 1.427(3) 1.432(3)
O(21)–C(2) 1.270(4) 1.269(4) O(14)–C(14) 1.361(2) 1.363(5) 1.360(3) 1.361(3)
O(22)–C(2) 1.274(4) 1.265(4) O(21)–C(2) 1.274(2) 1.265(5) 1.274(3) 1.282(3)
O(23)–C(23) 1.374(4) 1.366(4) O(22)–C(2) 1.275(2) 1.279(5) 1.272(3) 1.271(3)
O(23)–C(27) 1.428(4) 1.416(4) O(23)–C(23) 1.368(2) 1.368(5) 1.366(3) 1.365(3)
O(24)–C(24) 1.360(4) 1.370(4 O(23)–C(27) 1.436(2) 1.435(5) 1.436(3) 1.443(3)
O(31)–C(3) 1.277(4) 1.277(4) O(24)–C(24) 1.367(2) 1.370(4) 1.360(3) 1.367(3)
O(32)–C(3) 1.270(4) 1.269(4) O(31)–C(3) 1.283(2) 1.288(5) 1.282(3) 1.279(3)
O(33)–C(33) 1.371(4) 1.366(4) O(32)–C(3) 1.272(2) 1.275(4) 1.266(3) 1.270(3)
O(33)–C(37) 1.425(4) 1.416(4) O(33)–C(33) 1.369(2) 1.375(4) 1.363(3) 1.366(3)
O(34)–C(34) 1.364(4) 1.365(4) O(33)–C(37) 1.440(2) 1.438(5) 1.442(3) 1.445(3)
O(11)–C(1)–O(12) 123.8(3) 124.1(3) O(34)–C(34) 1.372(3) 1.380(5) 1.372(3) 1.360(3)
O(22)–C(2)–O(21) 120.7(3) 120.1(3) O(11)–C(1)–O(12) 119.7(1) 119.3(3) 119.7(2) 118.9(2)
O(32)–C(3)–O(31) 120.5(3) 120.9(3) O(22)–C(2)–O(21) 119.4(2) 119.9(3) 119.5(2) 119.1(2)

O(32)–C(3)–O(31) 119.2(1) 117.9(4) 119.2(2) 119.3(2)

Symmetry transformations used to generate equivalent atoms: (i) �xþ 1, �yþ 1, �zþ 1 (ii) �x, �yþ 1, �zþ 1, for 1 and 2

and (iii) �x, �y, �z for 3, 4, 5 and 6.
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hexahydrated complexes by powder diffraction analysis. Results obtained for chosen
compounds indicate that polycrystalline hexahydrated 4-hydroxy-3-methoxybenzoates
are also isostructural. The hexahydrated complex of terbium(III) 4-hydroxy-
3-methoxybenzoate crystallizes in the triclinic crystal system. The unit-cell parameters,

Figure 3. Coordination environment of Ln(III) ions in the dinuclear unit [Ln2(C8H7O4)6(H2O)4] � 8H2O,
where Ln¼ Sm, Tb and Ho. Symmetry transformations used to generate equivalent atoms: (i) �x, �y, �z.
Water molecules in the outer coordination sphere have been omitted for clarity.

Table 3. Hydrogen bonds lengths (Å) and angles (�) for [PrL3(H2O)2] and [NdL3(H2O)2].

1 2

D–H � � �A D–H H � � �A D � � �A ffDH � � �A D–H H � � �A D � � �A ffDH � � �A

O(1W)–H(1) � � �O(21)i 0.81(5) 1.95(5) 2.761(3) 176(5) 0.81(5) 1.95(5) 2.753(3) 171(4)
O(1W)–H(2) � � �O(14)iii 0.73(5) 2.40(5) 3.085(4) 158(5) 0.79(7) 2.35(7) 3.075(4) 155(6)
O(2W)–H(3) � � �O(24)iv 0.77(5) 2.06(5) 2.834(4) 176(4) 0.82(5) 2.04(5) 2.829(4) 163(4)
O(2W)–H(4) � � �O(22)ii 0.75(5) 2.00(5) 2.713(4) 159(5) 0.80(5) 1.95(5) 2.719(3) 160(4)
O(14)–H(14) � � �O(31)iii 0.84 1.91 2.650(3) 146.0 0.72(6) 1.99(6) 2.661(3) 156(7)
O(24)–H(24) � � �O(23) 0.71(5) 2.21(5) 2.632(4) 119(5) 0.80(5) 2.20(5) 2.635(4) 115(4)
O(34)–H(34) � � �O(33) 0.84 2.15 2.626(3) 115.4 0.84(5) 2.15(5) 2.616(3) 115(4)
O(34)–H(34) � � �O(14)v 0.84 2.14 2.861(3) 144.2 0.84(5) 2.15(4) 2.872(4) 144(4)

Symmetry transformations used to generate equivalent atoms: (i) –xþ 1, �yþ 1, �zþ 1; (ii) �x, �yþ 1, �zþ 1; (iii) �xþ 1,
�y, �zþ 1; (iv) x, y, z�1; (v) x�1, y, z� 1.
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refined from all 29 reflections by least-squares, are a¼ 11.16 Å, b¼ 11.65 Å, c¼ 12.57 Å
and �¼ 104.7�, �¼ 101.9�, �¼ 108.0�, V¼ 1489.2 Å3. The figure of merit FN [19] for the
powder data is F29¼ 3.3(0.0152, 584). The other studied compound, holmium(III)
4-hydroxy-3-methoxybenzoate, also crystallizes in the triclinic crystal system. The
holmium(III) 4-hydroxy-3-methoxybenzoate cell parameters are: a¼ 11.34 Å,
b¼ 11.59 Å, c¼ 12.02 Å and �¼ 95.8�, �¼ 90.7�, �¼ 112.9� and elemental cell
volume is 1446.3 Å3. The figure of merit FN [19] for the powder data is
F30¼ 8.1(0.0223, 166). The structure refinement was performed with 71 reflections.

We obtained single crystals of samarium(III) (3), europium(III) (4), terbium(III) (5)
and holmium(III) (6) compounds, which form a second isostructural group.

Figure 4. (a) Crystal packing of [Ln2(C8H7O4)6(H2O)4] � 8H2O complexes along the a axis; (b) Hydrogen-
bonding interactions between dimeric units (hydrogen bonds are indicated by dotted lines). Uncoordinated
water and all hydrogen atoms are omitted for clarity.
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Single crystals indicate that during recrystallization crystal units changed and are
isostructural. The crystal structures of hexahydrated complexes consist of
[Ln2(C8H7O4)6(H2O)4] molecules (figure 3) and solvate water molecules. The metal
centres are linked by two carboxylate groups of 4-hydroxy-3-methoxybenzoate ligands.
The coordination environment of Ln ions are the same; coordinated with nine oxygen
atoms in which seven oxygen atoms come from the carboxylate ligands and the other
two from coordinated water. The Ln–Ocarboxylate distances fall in the range: 2.398(1)–
2.704(1) Å for samarium, 2.386(3)–2.644(3) Å for erbium, 2.357(2)–2.702(2) Å for
terbium and 2.329(2)–2.700(2) Å for holmium (table 2). The La–Oaqua bond lengths are
2.412(1) Å, 2.428(1) Å for 3; 2.400(3) Å, 2.402(3) Å for 4; 2.358(2) Å, 2.380(2) Å for 5

and 2.336(2), 2.355(2) for 6. The carboxylate groups which bind two lanthanide ions are
tridentate bridging–chelating. In this structure there are also bidentate chelating
ligands. The coordination modes of carboxylate in these compounds do not influence
the O–C–O angle, 119.7(1)�, 119.4(2)�, 119.2(1)� for 3; 119.3(3)�, 119.9(3)�, 117.9(4)� for
4; 119.7(2)�, 119.5(2)�, 119.2(2)� for 5 and 118.9(2)�, 119.2(2)�, 119.3(2)� for 6.
The carboxylate groups are rotated from the aromatic ring by 7.5(3)�, 6.0(2)�, 16.1(3)�

for 3, 7.5(3)�, 6.0(1)�, 16.2(2)� for 4; 7.5(4)�, 6.5(2)�, 15.2(3)� for 5 and 6.9(4)�, 6.8(4)�,
15.9(3)� for 6, the highest values are for dihedral angles of bridging-chelating
carboxylate groups.

Dinuclear units are linked by hydrogen bonds to form a three dimensional structure,
figure 4. The water molecules and the hydroxy group of 4-hydroxy-3-methoxybenzoate
ligands are proton donors while oxygen atoms of carboxyl groups as well as lattice
water molecules are proton acceptors. Each coordinated water molecule O1w and O2w
is involved in two hydrogen bonds, whereas lattice water molecules form three (O3W,
O4W and O6W) and four (O5W) hydrogen bonds. Hydrogen bond geometry is listed
in table 4.

Supplementary data

Supplementary data are available from the CCDC, 12 Union Road, Cambridge CB2
1EZ, UK, on request, quoting the deposition numbers 607152, 607153, 610416, 610417,
610418 and 630680 (Fax: þ44-1223-336033; Email: deposit@ccdc.cam.ac.uk; http://
www.ccdc.cam.ac.uk).
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