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Abstract The coumarilate (coum-) complexes of CoII(1),

NiII(2) CuII(3) and ZnII(4) were synthesized and charac-

terized by elemental analysis, magnetic susceptibility,

solid-state UV–Vis, FTIR spectra, thermoanalytical TG–

DTG/DTA and single-crystal X-ray diffraction methods. It

was found that all of the complex structures have 2 mol

(coum-) ligand bonded as monoanionic monodentate in the

structures of 1 and 2 while they were coordinated to metal

cations as monoanionic bidentate in the complexes 3 and 4.

There was not any hydrate water in the metal complexes.

The complexes of 1 and 2 have four moles of aqua ligand,

and the other complexes have two moles. Thermal

decomposition of each complex starts with dehydration,

and then the decomposition of organic parts goes. The

thermal dehydration of the complexes takes place in one

(for the compounds of 2, 3, 4) or two (for the compound 1)

steps. The decomposition mechanism and the thermal sta-

bility of the complexes under investigation were deter-

mined on the basis of their structures. Metal oxides were

obtained as the final decomposition product.

Keywords Coumarilate � Metal complexes � Thermal

analysis � Crystal structure � Structural analysis

Introduction

The cyclic compounds having a heteroatom and the

derivatives have been used in the field of medicine and

agriculture. The coumarilic acid having benzofuran and

derivatives are the examples used in these and also in

various fields of our life [1]. Coumarilic acid (1-ben-

zofuran-2-carboxylic acid) is formed by the combina-

tion of 2-furan carboxylic acid ring having benzene

nucleus.

Other name for this compound is benzofuran-2-car-

boxylic acid having the empirical formula of C9H6O3 and

the molecular mass of 162.14 g mol-1. The melting point

of benzofuran-2-carboxylic acid ranges from 193 to

196 �C.

It is well known that many of the heterocyclic com-

pounds having oxygen show significant biological proper-

ties such as antiarrhythmic, spasmolytic, antiviral,

anticancer, antifungal and anti-inflammatory activity [2–8].

Currently, there are many pharmaceutical applications on

the use of natural or synthetic derivatives [9, 10]. Although

there have been numerous studies on derivatives of

coumarilic acid [11–13], the number of studies on metal

complexes has been limited. In the study conducted by

Kose et al. [14], the synthesis of CoII- and ZnII-coumari-

late–nicotinamide mixed ligand complexes were performed

and characterized.

Drzewiecki et al. [15] have synthesized the Cu(II)

complexes by electrochemical methods. Three different

coumarilic acid derivatives were used for the complex

formation. These are complexes of 7-acetyl-6-methoxy-3-

methyl-benzo[b]furan-2-carboxylic acid (HL1), 7-acetyl-5-

bromo-6-hydroxy-3-methyl-benzo[b]furan-2-carboxylic

acid (HL2) and 6-acetyl-5-hydroxy-2-methyl-benzo[b]fu-

ran-3-carboxylic acid (HL3) [16–18].
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Within the scope of the complexation reactions of

coumarilic acid, the synthesis and characterization of

coordination compounds having NiII, CoII, ZnII, MnII

[8, 11], CuII [10], CeIII, NdIII [19], LaIII [20, 21], DyIII,

ErIII, EuIII, GdIII, TbIII, SmIII [22, 23] were studied. Despite

the many studies about the metal complexes of coumarilic

acid, there are a limited number of studies on the crystal

structures [10, 11, 14, 19]. Because the coumarilic acid has

broad physiological and biological effects, it plays very

important role in medicinal inorganic chemistry [24, 25].

In this study, the coordination compounds of coumarilic

acid having CoII, NiII, CuII and ZnII transition metals were

synthesized. The molecular structures of the complexes

synthesized were determined via elemental analysis,

Fourier transform infrared spectroscopy (FTIR),

thermogravimetric analysis (TG/DTA), single-crystal

X-ray diffraction diffractometry (SC-XRD), solid ultravi-

olet–visible spectroscopy (UV–Vis), magnetic susceptibil-

ity and melting point detection methods.

Materials and methods

The chemicals Co(CH3COO)2.4H2O, Ni(CH3COO)2.4H2-

O, Cu(CH3COO)2.H2O, Zn(CH3COO)2.2H2O and

coumarilic acid used in the synthesis of complexes were

obtained from the company Sigma-Aldrich. Elemental

analysis (C, H, N) was being carried out by Standard

Methods. Magnetic susceptibility measurements were

performed at room temperature using a Sherwood Scien-

tific MXI model Gouy magnetic balance. IR spectra were

recorded in the 4000–400 cm-1 region with a PerkinElmer

Spectrum One FTIR spectrophotometer using KBr pellets.

Thermal analyses (TG, DTA) were performed by the Shi-

madzu DTG-60H system, in a dynamic nitrogen atmo-

sphere (100 mL min-1) at a heating rate of 10 �C min-1,

in platinum crucibles as the sample vessel, using a-Al2O3

as a reference.

Experimental

In the first step of the synthesis, coumarilic acid of

0.005 mol was dissolved in the solution of EtOH/H2O in

50:50 (v/v). The acetate salts of Co, Ni, Cu and Zn metals

(0.0025 mol of each) were added to the solution obtained

stirred in reflux at 70 �C for 36 h. In the reaction, the

reference stoichiometric ratio was 1:2 (metal/ligand). The

emission of CH3COOH (acetic acid) gas was observed. The

Table 1 Analytical data of metal complexes

Complex MW/g mol-1e Yield Content/% exp. (calc.) Colour Decomp. temp/�C leff. (BM)

C H

[Co(C9H5O3)2(H2O)4] C18H18CoO10 453.26 85 47.78 (47.70) 3.63 (4.00) Purple 127 4.42

[Ni(C9H5O3)2(H2O)4] C18H18NiO10 453.02 88 47.83 (47.72) 3.82 (4.00) Green 96 3.63

[Cu(C9H5O3)2(H2O)2] C18H14CuO8 421.84 94 51.66 (51.25) 3.61 (3.35) Blue 125 1.74

[Zn(C9H5O3)2(H2O)2] C18H14O8Zn 423.68 89 49.89 (51.03) 3.47 (3.33) White 181 Dia.

Table 2 FTIR spectra of metal–coumarilate mixed ligand complexes

(cm-1)

Groups CoII(1) NiII(2) CuII(3) ZnII(4)

m(OH)H2O 3550–2900 3550–2900 3550–2900 3400–2800

m(=C–H)ar 3028 3022 3025 3030

m(C=C)ar 1705 1708 1692 1695

m(C=O)carbonyl 1591 1593 1599 1597

m(COO-)asym 1549 1552 1573 1576

m(COO-)sym 1405 1408 1398 1399

Dmas-s 144 144 175 177

d(OH)H2O 1488 1485 1475 1477

m(C–O)carboxyl 1343 1344 1338 1328

m(C9–O1–C1) 1251/1181 1253/1183 1250/1184 1254/1185

m(ring) 1111–831 1109–832 1106–829 1114–856

m(M–O–) 428 429 432 427

m(M–O=) – – 471 487

M(CH3COO)2 (s)
reflux, 70 °C

36 hours
.xH2O

CoumH: 1-benzofuran-2carboxylic acid
Coum: 1-benzofuran-2carboxylato
M: Co, Ni, Cu, Zn
x: 2,4

M 2CH3COOH+ (g)
2 CoumH + (Coum)2

(l)(l)

Scheme 1 Synthesis reaction

of metal–coumarilate

coordination compounds
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heating and stirring were continued until no acetic acid

odour was smelled.

The final solution was allowed to crystallize at atmo-

spheric pressure at room temperature. The crystals were

formed in approximately 2–4 weeks collected by filtration.

The metal/ligand ratio was determined as 1:2 for the

compounds (Co, Ni, Cu and Zn transition metal com-

plexes). The synthesis reaction is shown in Scheme 1.

Results and discussion

Elemental analysis results of metal–coumarilate complexes

are given in Table 1. The results of melting points, mag-

netic susceptibility, colours and the yield determination are

also given in the table.

FTIR analysis

The significant stretching and bending vibrations obtained

using FTIR spectroscopy are summarized in Table 2. The

coumarilic acid attached to the structure as a ligand

bounded to the metal cations. The carboxyl group peaks of

coumarilic acid were shifted to the right due to the coor-

dination to the metal cations. Therefore, there are stretch-

ing vibrations observed for the complexes of CoII, NiII,

CuII and ZnII originating from the carboxylic acid groups at

1591, 1593, 1599 and 1597 cm-1, respectively.

The strong and broaden band observed near

3350–2800 cm-1 in the spectrum is due to the presence of

–OH groups. Aromatic C–H stretching vibrations in the

complexes result a peak in between 3022 and 3030 cm-1.

The asymmetric and symmetric absorption bands of COO-

correspond to the stretching vibrations at 1549–1576 and

1398–1408 cm-1, respectively. The absorption bands cor-

responding to the metal–oxygen (M–O and M–O=) bind-

ings, which is a base for complexes, provide stretching

vibrations at 428 cm-1 for CoII, 429 cm-1 for NiII, 432 and

471 cm-1 for CuII and 427 and 487 cm-1 for ZnII.

Thermal analysis

Thermal analysis curves (TG, DTG and DTA) of the

complexes are shown in Fig. 1a–d. The decomposition

steps and leaving groups are summarized in Table 3.

It can be observed from the DTG plot of the CoII mixed

ligand (1) complex that it goes degradation in three steps

corresponding to the maximum temperatures of 128, 148

and 329; 387; 479 �C. The first degradation step is the

removal of 2 of 4 mol of water bonded to the metal via

coordinated covalent bond in the coordination sphere.

[Co(C9H5O3)2(H2O)4](s)             [Co(C9H5O3)2(H2O)2](s) + 2H2O(g)
84-133ºC R-1 

The other 2 mol of water remaining in the coordination

sphere during the degradation step at 148 �C was com-

pletely removed at the temperature range of 134–215 �C.

[Co(C9H5O3)2(H2O)2](s)            [Co(C9H5O3)2](s) + 2H2O(g)
134-215ºC R-2 
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Fig. 1 Thermal analysis curves

of compounds,

a [Co(C9H5O3)2(H2O)4],

b [Ni(C9H5O3)2(H2O)4],

c [Cu(C9H5O3)2(H2O)2],

d [Zn(C9H5O3)2(H2O)4]
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The coumarilate ligands in the degradation step at 329;

387; 479 �C were removed by degradation at the temper-

ature range of 275–767 �C. The black coloured CoO

compound remained as a decomposition product.

[Co(C9H5O3)2](s)           CoO(s) +  C9H5O3(decomp.) + C9H5O2(decomp.)
275-767ºC

R-3 

It can be seen in the DTA curves of the complex (2)

having NiII mixed ligand that it decomposes in two steps

corresponding to the maximum temperatures of 168 and

342; 362; 745 �C. The first decomposition step is the

removal of 4 mol of water from the structure within the

coordination sphere.

[Ni(C9H5O3)2(H2O)4](s)            [Ni(C9H5O3)2](s) + 4H2O(g)
99-217ºC

R-4 

The coumarilate ligands in the degradation step at 342;

362; 745 �C were removed by degradation at the temper-

ature range of 238–780 �C. The black coloured NiO

compound remained as a decomposition product.

[Ni(C9H5O3)2](s)            NiO(s) + C9H5O3(decomp.) + C9H5O2(decomp.)
238-780ºC R-5 

It can be seen in the DTG curves of the complex (3)

having CuII mixed ligand that it decomposes at three steps

corresponding to the maximum temperatures of 63, 132;

151 and 301; 313; 715 �C. The first decomposition step

was the removal of moisture from the structure at the

temperature of 35–86 �C. The 2 mol of water within the

coordination sphere in the decomposition step at 132;

151 �C was removed at the temperature range of

120–167 �C.

120-167ºC
[Cu(C9H5O3)2(H2O)2](s)                [Cu(C9H5O3)2](s) + 2H2O(g) R-6 

The coumarilate ligands in the degradation step at 301;

313; 715 �C were removed by degrading at the temperature

range of 267–860 �C. The black coloured CuO compound

remained as a decomposition product.

Table 3 Thermal analysis data of metal–coumarilate complexes

Complex Temp. range/�C DTAmax/�C Removed group Mass loss/% Remained

prod./%

Decomp.

product

Colour

Exp. Theor. Exp. Theor.

[Co(C9H5O3)2(H2O)4] Pink

C18H18CoO10

1 84–133 128 2H2O 8.02 7.94

453.26 g mol-1

2 134–215 148 2H2O 7.92 7.94

3 275–767 329, 387, 479 C9H5O2; C9H5O3 64.26 67.53 19.80 16.53 CoO Black

[Ni(C9H5O3)2(H2O)4] Green

C18H18NiO10

1 99–217 168 4H2O 15.85 15.89

453.02 g mol-1

2 238–780 342, 362, 745 C9H5O2; C9H5O3 66.82 67.56 17.13 16.49 NiO Black

[Cu(C9H5O3)2(H2O)2] Blue

C18H14CuO8

1 35–86 63 H2O(moisture) 0.90 –

421.84 g mol-1

2 120–167 132, 151 2H2O 8.82 8.53

3 267–860 301, 313, 715 C9H5O2; C9H5O3 68.86 72.56 21.42 18.85 CuO Black

[Zn(C9H5O3)2(H2O)2] White

C18H14O8Zn

1 36–114 90 H2O(moisture) 0.70 –

423.68 g mol-1

2 116–200 166 2H2O 8.56 8.50

3 281–892 301, 328, 378, 663, 879 C9H5O2; C9H5O3 69.12 72.29 21.68 19.21 ZnO Grey
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[Cu(C9H5O3)2](s)             CuO(s) + C9H5O3(decomp.) + C9H5O2(decomp.)
267-860 ºC R-7

It can be seen in the DTG curves of the complex (4)

having the ZnII mixed ligand that it decomposes in three

steps corresponding to the maximum temperatures of 90,

166 and 301; 328; 378; 663; 879 �C. The first decompo-

sition step was the removal of moisture from the structure

at the temperature of 36–114 �C. The 2 mol of water

within the coordination sphere in the decomposition step at

166 �C was removed at the temperature range of

116–200 �C.

Table 4 Crystal data of [Co(C9H5O3)2(H2O)4], [Ni(C9H5O3)2(H2O)4] and [Zn(C9H5O3)2(H2O)2] complexes

Crystal data

Chemical formula C18H18CoO10 (1) C18H18NiO10 (2) C18H14O8Zn (4)

Mr 453.25 453.03 423.66

Crystal system, point group Monoclinic, P21 Monoclinic, P21 Monoclinic, C2

Temp./K 296 296 296

a/Å 4.9946 (4) 4.9517 (7) 12.0604 (13)

b 29.992 (3) 30.057 (4) 5.0281 (5)

c 6.3558 (6) 6.2956 (10) 13.6345 (14)

b/� 102.103 (3) 101.938 (4) 90.909 (4)

V/Å3 930.92 (14) 916.7 (2) 826.70 (15)

Z 2 2 2

Beam source Mo-Ka/0.71073 Mo-Ka/0.71073 Mo-Ka/0.71073

l/mm-1 0.98 1.12 1.53

Crystal size/mm 0.35 9 0.30 9 0.27 0.18 9 0.15 9 0.10 0.30 9 0.18 9 0.10

d/g/cm3 1.617 1.641 1.702

hmax./� 28.4 27.3 28.3

Colour Pink Green Colourless

Tmin, Tmax 0.559, 0.746 0.552, 0.746 0.506, 0.746

Measurable, observable [I[ 2r(I)] and free reflection number 11,529, 3443, 3356 20,425, 4389, 3642 6469, 1949, 1879

Rint 0.047 0.069 0.045

(sin h/k)max/Å-1 0.617 0.667 0.667

R[F2[ 2r(F2)], Wr(F2), S 0.050, 0.117, 1.17 0.100, 0.236, 1.16 0.039, 0.089, 1.16

Reflection number 3443 4389 1949

Parameter number 270 269 130

Dqmax, Dqmin/e Å-3 1.31, -0.80 1.78, -1.92 0.67, -0.68

Absolute structure Asymmetric geminal Asymmetric geminal Asymmetric geminal

Absolute structure parameter 0.46 (4) 0.31 (7) 0.14 (2)

C9 C4

C3
C2 C1

C5

C6
C7

C8

O2

O3

O1

O8

O7

O9

O4

M

O6

O5

O10

C10

C11
C12

C13
C18

C17

C16
C15

C14

Fig. 2 Molecular structure of complexes 1 and 2 (M=Co(II) in 1 and Ni(II) in 2) showing the atom-numbering scheme
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[Zn(C9H5O3)2(H2O)2](s)                [Zn(C9H5O3)2](s) + 2H2O(g)
116-200ºC

R-8 

The coumarilate ligands in the degradation step at

301; 328; 378; 663; 879 �C were removed by degrada-

tion at the temperature range of 281–892 �C. The grey

coloured ZnO compound remained as a decomposition

product.

[Zn(C9H5O3)2](s)            ZnO(s) + C9H5O3(decomp.) + C9H5O2(decomp.)
281-892ºC

R-9 

All of the last decomposition products related metal

oxides were identified by FTIR spectroscopy [26].

Single X-ray diffraction analysis

Suitable crystals of 1, 2 and 4 were selected for data

acquisition, which was performed on a Bruker D8-QUEST

diffractometer equipped with a graphite monochromatic

Mo-Ka radiation. The structures were determined by direct

methods using the software SHELXS-97 [27] and refined

by full-matrix least-squares methods on F2 using the soft-

ware SHELXL-97 [27] within the software WINGX [28].

All atoms except for hydrogen were refined with aniso-

tropic parameters. The H atoms bonded to C atoms were

located in simulation using a different maps and then

treated as riding atoms having C–H distances of 0.93 Å.

The H atoms of water were located in simulation using a

different map refined freely. Molecular diagrams were

created using the software MERCURY [29]. Supramolec-

ular analyses were conducted. The diagrams were prepared

with the aid of the software PLATON [30]. Details of data

acquisition and crystal structure determinations are given

in Table 4.

Table 5 Selected bond distances and angles for complexes 1, 2 and 4 (Å, 8)

[Co(C9H5O3)2(H2O)4]

O1-Co1 2.129 (6) O4-Co1 2.124 (6) Co1-O9 2.074 (5)

Co1-O8 2.094 (6) Co1-O10 2.095 (6) Co1-O7 2.097 (5)

O9-Co1-O8 90.9 (2) O9-Co1-O10 88.4 (2) O9-Co1-O7 179.5 (3)

O8-Co1-O10 179.3 (3) O8-Co1-O7 89.0 (2) O10-Co1-O7 91.6 (2)

[Ni(C9H5O3)2(H2O)4]

O1-Ni1 2.103 (11) O4-Ni1 2.093 (12) Ni1-O8 2.012 (9)

Ni1-O10 2.043 (10) Ni1-O7 2.058 (11) Ni1-O9 2.068 (12)

O8-Ni1-O10 179.4 (5) O8-Ni1-O7 89.4 (4) O10-Ni1-O7 90.3 (4)

O8-Ni1-O9 88.5 (5) O10-Ni1-O9 91.9 (4) O7-Ni1-O9 177.0 (5)

[Zn(C9H5O3)2(H2O)2]

O1-Zn1 2.0170 (19) O2-Zn1 2.523 (2) Zn1-O4 1.979 (2)

O1-Zn1-O2 56.67 (3) O2-Zn1-O4 82.24 (2) O4-Zn1-O1 135.18 (8)

Table 6 Hydrogen bond distances of complexes with 1, 2 and 4
geometry (Å, 8)

D–H���A D–H H���A D���A D–H���A

[Co(C9H5O3)2(H2O)4]

O7–H7B���O4i 0.84 (3) 2.20 (4) 3.007 (8) 161 (7)

O7–H7A���O5 0.83 (3) 1.82 (3) 2.635 (8) 164 (8)

O8–H8A���O5ii 0.83 (3) 1.84 (3) 2.649 (8) 164 (8)

O8–H8B���O4i 0.82 (3) 2.35 (6) 3.033 (9) 141 (8)

O8–H8B���O6i 0.82 (3) 2.37 (6) 3.016 (8) 136 (8)

O9–H9A���O2 0.83 (3) 1.84 (4) 2.623 (8) 156 (8)

O9–H9B���O1iii 0.82 (3) 2.50 (8) 3.004 (8) 120 (7)

O9–H9B���O8iii 0.82 (3) 2.53 (6) 3.089 (9) 127 (6)

O10–H10A���O1iii 0.81 (3) 2.21 (4) 2.988 (10) 161 (9)

O10–H10A���O3iii 0.81 (3) 2.60 (8) 3.079 (8) 119 (8)

O10–H10B���O2iv 0.83 (3) 1.85 (3) 2.660 (8) 166 (9)

[Ni(C9H5O3)2(H2O)4]

O7–H7B���O5i 0.85 (3) 1.85 (6) 2.658 (14) 160 (15)

O7–H7A���O1 0.83 (3) 2.47 (14) 2.966 (13) 120 (13)

O8–H8B���O1iii 0.83 (3) 2.48 (14) 3.000 (15) 122 (14)

O8–H8B���O7iii 0.83 (3) 2.58 (10) 3.148 (14) 127 (11)

O8–H8A���O2 0.83 (3) 1.96 (16) 2.601 (15) 133 (19)

O9–H9A���O2iv 0.84 (3) 1.83 (4) 2.668 (15) 173

O9–H9B���O1iii 0.83 (3) 2.19 (9) 2.912 (17) 146 (14)

O9–H9B���O10iii 0.83 (3) 2.60 (14) 3.028 (16) 114 (12)

O10–H10A���O4ii 0.84 (3) 2.33 (13) 3.019 (18) 140 (18)

O10–H10A���O9ii 0.84 (3) 2.33 (11) 3.028 (16) 141 (16)

O10–H10B���O8v 0.83 (3) 2.57 (13) 3.193 (11) 132 (14)

[Zn(C9H5O3)2(H2O)2]

C3–H3���O4i 0.93 2.60 3.381 (5) 142

O4–H4A���O1ii 0.83 (2) 1.98 (3) 2.764 (4) 158 (6)

O4–H4B���O2iii 0.82 (2) 1.85 (3) 2.666 (4) 172 (7)

C5–H5���O3 0.93 2.60 3.381 (5) 142

Symmetry codes: (i) x ? 1, y, z; (ii) x, y, z - 1; (iii) x - 1, y, z; (iv) x,

y, z ? 1
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The molecular structures of complexes 1–2 are shown in

Fig. 2 with the atom-numbering schema, and selected bond

and bond angles are summarized in Table 5. The asym-

metric units of 1–2 have one M(II) ion [M(II) = Co(II) in 1

and Ni(II) in 2], two coumarilic acid ligands and four aqua

ligands. Each M(II) ion was coordinated by two oxygen

atoms of two different coumarilic acid ligands and four

oxygen atoms of aqua ligands. The coordination geometry

around the M(II) ion M(II) ion [M(II) = Co(II) in 1 and

Ni(II) in 2] can be described as the distorted octahedral.

The M–Ocarboxyl bond lengths are 2.124 (6) and 2.129 (6) Å

in 1 and 2.093 (12) and 2.103 (11) Å in 2. The M–O(aqua)

bond lengths are ranged between 2.074 (5)–2.097 (5) Å in

1 and 2.012 (9)–2.068 (12) Å in 2.

Compounds of 1–2 are attached to the sheets by a

combination of O–H���O hydrogen bonds (Table 6). Strong

hydrogen bonds were observed between carboxyl groups

and aqua oxygen atoms, with the O���O distances ranging

Fig. 3 Formation of edge-fused

R1
2(5), R2

1(6), R2
2(6) and R2

2(8)

rings in 1 and 2

Fig. 4 Formation of edge-fused

R2
2(12) rings in 1 and 2

O2i

O1i

O4i

O1

C1

C2

C3
C4 C5

C6

C7

C8

C9

O2

O4

Zn1

O3

Fig. 5 Molecular structure of

complex 4 showing the atom-

numbering scheme [(i) -x ? 1,

y, -z ? 1]
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from 2.623 (8) to 3.089 (9) Å for complex 1 and from 2.601

(15) to 3.193 (11) Å for complex 2. The combination of O–

H���O hydrogen bonds produce edge-fused R1
2(5), R2

1(6),

R2
2(6) and R2

2(8) rings running parallel to the [100] direction

(Fig. 2). Similarly, a combination of O–H���O hydrogen

bonds produces edge-fused R2
2(12) rings running parallel to

the [001] direction (Fig. 3). All of these intermolecular

interactions give two-dimensional framework results. The

formation of edge-fused R2
2(12) rings in 1 and 2 (Fig. 4).

The molecular structure schema of complex 4 with atom

labelling is shown in Fig. 5, and the selected bonds and

bond angles are summarized in Table 5. The asymmetric

unit of complex 4 contains one Zn(II) ion, one coumarilic

acid and one aqua ligand. The Zn(II) ion was located in the

centre of the symmetry and coordinated to four oxygen

atoms of two different coumarilic acid ligands and two

oxygen atoms of aqua ligands. The Zn(II) ion was coor-

dinated by two oxygen atoms of two different coumarilic

acid ligands and four oxygen atoms of aqua ligands. The

coordination geometry around the Zn(II) ion can be

described as the distorted octahedral. The Zn–Ocarboxyl

bond lengths are 2.0170 (19) and 2.523 (2) Å, while the

Zn–Oaqua bond length is 1.979 (2) Å.

The complex 4 was attached to the sheets by the com-

bination of O–H_O and C–H_O hydrogen bonds

Fig. 6 An infinite 2D layer in 4

200 400 600 800 900

Wavelength/nm

A
bs

or
ba

nc
e/

%

(I)

(II)

(III)

(IV)

Fig. 7 UV–Vis–NIR Spectra of complexes 1–4

Table 7 UV–Vis spectra of metal–coumarilate mixed ligand complexes

Transitions Comp.

C18H18CoO10 (octahedral) C18H18NiO10 (octahedral) C18H14CuO8 (octahedral) C18H14O8Zn (octahedral)

d–d 512.35 (4T1g ? 4T2g) (F) 817.22 (3A2g ? 3T1g) (P) 887.62–501.13, 709.71 (2Eg ? 2T2g) –

d–d 463.12 (4T1g ? 4T1g) (P) 654.76 (3A2g ? 3T1g) (F)

395.67 (3A2g ? 3T2g) (F)

M ? L 252.49 253.11 244.79 –

L ? M – – – 268.57
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(Table 6). The O4 atom of water in the compounds at (x, y,

z) acted as hydrogen-bond donor, via atoms H2A and H2B,

to atoms O2iii and O1iv, so forming R3
3(10) rings [(iii)

-x ? 3/2, y ? 1/2, -z ? 1 and (iv) -x ? 1, y ? 1,

-z ? 1]. The combination of these hydrogen bonds pro-

duces two-dimensional framework result (Fig. 6).

The solid-state UV–Vis spectroscopy

The electronic transition values of metal–coumarilate

mixed ligand complexes synthesized in this study were

derived from the spectra pattern obtained using solid-state

visible spectroscopy (UV–Vis) in the wavelength interval

of 900–200 nm (Fig. 7). The data obtained from the

spectroscopic data are summarized in Table 7.

According to the solid-state UV–Vis spectroscopy

results, d–d transitions attributed to CoII(1) complexes

were observed at 512.35 (4T1g ? 4T2g) (F) and 463.12 nm

(4T1g ? 4T1g) (P). The spin-allowed d–d transition

belonging to NiII(2) complex was observed in the wave-

lengths of 817.22 nm (3A2g ? 3T1g) (P), 654.76 nm

(3A2g ? 3T1g) (F) and 395.67 nm (3A2g ? 3T2g) (F).

Therefore, these transition bands show the cleavage of

d orbitals of NiII metal cations supporting the octahedral

geometry. The multiple absorption bands owned by CuII(3)

complex were formed by band-overlapping. It has a

broaden view in a wide wavelength range of

887.62–501.13 nm. In the light of these spectral data, it is

thought that Cu2? metal cations promote the ‘‘pseudo-oc-

tahedral’’ structure under the influence of the Jahn–Teller

effect. The maximum absorption band of the broad spec-

trum of the CuII(3) complex corresponds approximately to

the wavelength of 709.71 nm (2Eg ? 2T2g). With respect

to the magnetic susceptibility values, because the d orbitals

in the last orbital of the metal cation in the ZnII(4) complex

with diamagnetic properties were fully occupied, there was

no any d–d electronic transition observed for any possible

octahedral cleavage.

The absorption bands with high intensity observed in

low wavelengths are not d–d transitions, but special to

metal ? ligand charge transfer transitions with higher

energy.

While absorption bands in 252.49 nm for CoII(1) com-

plex, 253.11 nm for NiII(2) complex, 244.79 nm CuII(3)

complex are owned by metal ? ligand (M ? L) transitions,

the intense band observed in 268.57 nm for ZnII(4) com-

plexes is owned by ligand ? metal (L ? M) charge trans-

fer. These data were suitable with the literature [31–33].

Conclusions

In this study, the mixed ligand coordination compounds of

cobalt(II), nickel(II), copper(II) and zinc(II) transition

metals and coumarilate were synthesized. According to the

elemental analysis results of complexes, the metal/ligand

ratio was determined as 1:2.

According to structural analysis results obtained, the

complexes 1 and 2, structures of which were identified,

were determined as isostructural. Co and Ni cations in the

structures have completed their octahedral sphere with four

water atoms bonded as a ligand by entering the coordina-

tion sphere. The existence of octahedral sphere was proved

by the data obtained using both solid-state UV–Vis–NIR

spectrophotometer and magnetic susceptibility test. The

single crystal structure of the compound having ZnII cation

was the one only identified among others. The compliance

between the spectroscopic results and the structure number

3 proves that these two compounds are isostructural. The

geometries of these structures were also determined as

distorted octahedral. Two moles of monoanionic coumar-

ilate ligands were coordinated to the metal in the coordi-

nation sphere. However, this coordination occurs as

bidentate. Besides coumarilate ligands, two moles of water

have completed the octahedral geometry by coordination

with the metals. Moreover, the octahedral sphere was also

proved by the data obtained using both solid-state UV–

Vis–NIR spectrophotometer and magnetic susceptibility

test.

The mono- and bidentate binding features of coumari-

late ligands were also proved by FTIR spectra. The dif-

ference between m(COO-)asym and m(COO-)sym gives an

idea about the binding behaviour of carboxylate whether

mono- or bidentate. If the difference between these two

stretching vibrations is greater than 150 cm-1, the binding

is monoanionic bidentate; if smaller, the binding is

monoanionic monodentate [23, 26, 33–35]. According to

Table 2, the differences between Dmas-s were found in order

of 144, 144, 175 and 177 cm-1. These results are strong

evidence for the binding behaviour of coumarilate ligand as

monoanionic monodentate for compounds 1 and 2, whereas

monoanionic bidentate for compounds 3 and 4.

In the light of the thermal analysis data, the thermal

decomposition of the complexes was started firstly by the

elimination of aqua ligands, continued by the combustion

of coumarilate which is an organic group. At the end, the

elimination was ended by the remaining of the related

metal oxides.
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Supplementary material

Crystallographic data for the structural analysis have been

deposited with the Cambridge Crystallographic Data Centre,

CCDC No. 1458972 for 1, 1458973 for 2 and 1458974 for 4.

Copies of this information may be obtained free of charge

from the Director, CCDC, 12 Union Road, Cambridge CB2

1EZ, UK (Fax: ?44-1223-336033; E-mail: deposit@ccdc.-

cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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