
Introduction

It is well known that the hydroxyl substituent (OH) in

aliphatic organic compounds is a relatively weak do-

nor group for the complexing of metal ions. However,

some natural or artificial polyalcohols (e.g. sugars or

cyclodextrins) can often absorb and transport metal

ions in vivo [1, 2]. The most important chemical fac-

tors in these processes are hydrogen-bonding and

complexation, i.e. the formation of coordination

bond(s) between the OH group and metal ions. For

the characterization of these processes, IR spectros-

copy and thermal analysis are often used [3–5].

To clarify the nature of the coordination bond

between the OH group and metal ions, complexes of

1,2-ethanediol (glycol=Gl) with Cu(II), Fe(II), Zn(II),

Ca(II), Mg(II), Cd(II) and Mn(II) ions were earlier

prepared and investigated by thermoanalytical, mag-

netic susceptibility, IR spectroscopic and X-ray dif-

fraction methods [6–11].

Nickel(II) complexes of 1,2-ethanediol have now

been prepared and investigated by the above-mentioned

methods. Besides the theoretical interest in the Ni(II) ion in

coordination chemistry, its choice was supported by pre-

liminary experiments. The Ni(II) ion forms many com-

plexes with 1,2-ethanediol. As concerns the metal ions

investigated to date, the number of complexes that can

be reproducibly prepared is the largest for the Ni(II) ion.

This gives a possibility for determination of the connec-

tion between the conditions of preparation and the com-

positions of the complexes. As earlier, the metal ion

source was the sulfate (NiSO4·7H2O) and the coordina-

tion abilities of 1,2-ethanediol, water and sulfate ion

were studied [6–11].

Experimental

Preparation of complexes

NiSO4·7H2O, 1,2-ethanediol and water were mixed to

form solutions and different methods were used to ob-

tain the solid complexes. As reference compound,

commercial NiSO4·7H2O was used (Complex 0). The

latter were stored over CaCl2 or P2O5 in desiccator.

The preparation details are as follows:

Complexes 1 and 2

20 g of NiSO4·7H2O was dissolved in a solution of 10

cm3 of 1,2-ethanediol in 2 cm3 of water (the ligand to

metal ratio was approximately 1:2.25). The solution

was stored under laboratory conditions at room tem-

perature (complex 1) or was heated to boiling and eth-

anol was added to the cooled solution (complex 2).

After some days (complex 1) or after some hours

(complex 2), crystals precipitated from the solution;

they were separated by filtration, washed by ethanol

and stored over P2O5 in a desiccator.

Complexes 3 and 4

5 g of NiSO4·7H2O and 5 cm3 (complex 3) or 10 cm3

(complex 4) of 1,2-ethanediol were mixed at room

temperature (the ligand to metal ratio was approxi-

mately 1:9). The mixture was filtered to remove un-

dissolved solid material, and 5 cm3 of ethanol and

5 cm3 of benzene were added to the filtrate during

stirring. The precipitated solid compound was sepa-

rated by filtration, washed by ethanol and dried and

stored over P2O5 in desiccator.
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Complex 5 and 6

10 g of NiSO4·7H2O was dissolved in 10 cm3 of

1,2-ethanediol (the ligand to metal ratio was 1:4.5) by

heating at 80–100°C and the solution was stored at

room temperature under laboratory conditions (com-

plex 5) or over P2O5 in vacuum desiccator (com-

plex 6). After some days, solid compounds precipi-

tated from the solutions; which were filtered off,

washed by ethanol and dried.

Complexes 7 and 8

5 g of NiSO4.7H2O was dissolved in 5 cm3 of

1,2-ethanediol by heating at 80–100°C. 5 cm3 of etha-

nol and 5 cm3 of benzene were added to the filtrate

during stirring (the ligand to metal ratio was 1:4.5).

The precipitated solid compound was separated by

filtration, washed with ethanol, dried and stored un-

der laboratory conditions or/and over CaCl2 in a des-

iccator (complex 7) or over P2O5 in a vacuum desicca-

tor (complex 8).

Complexes 9 and 10

10 g of NiSO4·7H2O was dissolved in 15 cm3 of

1,2-ethanediol by heating (70–80°C). (the ligand to

metal ratio was 1:7). The solution was stored over

P2O5 in a vacuum dessiccator. After several days,

green crystals precipitated from the solution; they

were separated by filtration and washed with ethanol

and diethylether. The solid material was stored over

CaCl2 in a desiccator (complex 9) or over P2O5 in a

vacuum desiccator (complex 10).

Determination of composition

The metal, 1,2-ethanediol and water contents of the

complexes were determined by classical analytical

methods (complexometry, The Malaprade reaction and

the Karl-Fischer method). The analytically determined

compositions were checked thermoanalytically.

Thermoanalytical studies

The thermal decompositions of the complexes were

investigated with a MOM OD-2 derivatograph at a

heating rate of 2°C min–1. The mass of the investi-

gated samples was 100–200 mg. The measurements

were carried out in Pt crucibles in an air or nitrogen

atmosphere and �-Al2O3 was used as reference sub-

stance. Decomposition intermediates were obtained

by stopping the heating process at appropriate tem-

peratures and their compositions were determined by

analytical methods.

IR study

The IR spectra of the complexes were taken in the

nujol method in the wavenumber range in

400–4000 cm–1. The characteristic bands were fol-

lowed to determine the co-ordination modes of the

ligand and water molecules or the sulfate ion.

Magnetic susceptibility measurements

The magnetic susceptibilities of the complexes were

measured by the Faraday method, using CuSO4·5H2O

as reference compound. A Bruker M15 magnet and a

Sartorius microbalance were used.

Results and discussion

Determination of the compositions of the complexes

The compositions of the complexes are presented in

Table 1. The analyses relevant that two types of com-

plexes, water-free and water-containing complexes,

were prepared.

In the course of the preparative work, the metal

ion to ligand ratio was varied, different solvents were

used to change the dielectric constants of the solu-

tions, and common desiccating agents (CaCl2 or

P2O5) were or were not applied. These changes in the

preparation conditions had to aim of changing the co-

ordination abilities of water, 1,2-ethanediol and sul-

fate ion and hence to obtain all of the possible com-

plexes in this system. The following practical find-

ings were observed.

• On increase of the ratio of 1,2-ethanediol to metal

ion, the 1,2-ethanediol content of the complex in-

creased and the water content decreased.

• On decrease of the dielectric constant of the

solution by using ethanol or a mixture of ethanol

and benzene, the complex formed had a lower with

water content.

• When the solution or the solid complex was stored

over CaCl2 or P2O5 in a desiccator, complexes

containing both water and 1,2-ethanediol

molecules were formed. In the presence of P2O5,

the water content of the complex formed decreased

or disappeared.

Thermoanalytical behaviour of complexes

The complexes could be divided into three groups on

the basis of their compositions and thermal behav-

iour. The first group comprises complexes 1, 2, 3 and

4, which contain 1, 1, 1.5 and 1.5 mol of ethylene gly-

col and 5, 4, 4 and 3.5 mol of water, respectively. The

second group comprises complexes 5, 6, 7 and 8,

which contain 2 mol of glycol and 0, 2, 3 or 4 mol of
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water. Complexes 9 and 10, containing 3 mol of gly-

col and 0 or 3 mol of water form the third group.

These groups of complexes exhibit different types of

thermoanalytical curves (type A, B or C).

Thermal behaviour of type A

The thermoanalytical curves of complexes 1 and 3

are shown in Fig. 1 and the suggested decomposition

scheme is presented in Fig. 2. The TG curve could be

divided into four parts; below 150°C, between

150–170 and 200°C, between 200 and 300°C, and

above 300°C.

Below 150°C, 3 or 4 peaks could be observed in

the DTG curves, which means that the water mole-

cules in the complexes are bound with different

strengths, that is they are located in different sur-

roundings. The release of the water molecules is ac-

companied by an endothermic effect in the DTA

curves. One water molecule is not released from the

solid complexes up to 300°C.

Between 200 and 300°C all the glycol molecules

are released from the solid compound, starting with

an endothermic followed by an exothermic effect in

air. In a nitrogen atmosphere, this process is accompa-

nied by an endothermic effect.

Above 300°C, the last water molecule is released

from the solid sample. This water molecule is the ‘sul-

fate’ water molecule, which is characteristic for many

metal sulfates. We found that, the last water molecule

in NiSO4·7H2O (complex 0) is released from the solid

matrices between 300 and 400°C.

In a nitrogen atmosphere, the same TG and DTG

curves resulted with only an endothermic in the DTA

curves.

Thermal behaviour of type B

The complexes in the second group (containing 2 gly-

col molecules) lose all their water molecules below

150°C in one, two or three steps, and the glycol mole-

cules are released from the solid matrices between

200 and 300°C. The final decomposition product is

NiSO4. Typical thermoanalytical curves and the sug-

gested decomposition scheme are shown in Figs 3

and 4, respectively.
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Table 1 Suggested compositions of complexes with the theoretical and measured metal, glycol and water contents

Complex Composition
% of metal % of glycol % of water

Theor. Meas. Theor. Meas. Theor. Meas.

1 Ni(Gl)(H2O)5SO4 19.14 18.94 20.23 21.00 29.34 28.00

2 Ni(Gl)(H2O)4SO4 19.00 19.45 21.47 21.59 24.92 23.50

3 Ni(Gl)1.5(H2O)4SO4 18.36 18.25 29.10 29.25 22.50 21.50

4 Ni(Gl)1.5(H2O)3.5SO4 18.89 18.64 29.90 30.50 20.30 18.20

5 Ni(Gl)2(H2O)4SO4 16.72 16.53 35.37 34.78 20.53 19.40

6 Ni(Gl)2(H2O)3SO4 17.74 17.75 36.91 36.86 16.32 15.01

7 Ni(Gl)2(H2O)2SO4 18.64 18.47 39.42 40.19 11.43 9.01

8 Ni(Gl)2SO4 21.05 20.72 44.51 45.22 – –

9 Ni(Gl)3(H2O)3SO4 14.87 14.97 47.10 47.59 13.67 –11.10

10 Ni(Gl)3SO4 17.22 17.31 54.61 53.63 – –

Fig. 1 Thermoanalytical curves of complexes of type A



The release of the water molecules is accompa-

nied by an endothermic effect, while the glycol mole-

cules are released from the solid samples to the ac-

companiment of an exothermic effect in air. In nitro-

gen all the decomposition steps are accompanied by

endothermic effects.

Thermal behavior of type C

The water-free and the water-containing tris-glycol

complexes (complexes 9 and 10) lose all their water

and 1 mol of glycol below 150°C, with an endother-

mic effect (Fig. 3). The decomposition product is

Ni(Gl)2SO4 (complex 8), which decomposes to NiSO4

between 200 and 300°C, as for the complexes of the

second group. This process is exothermic in air and

endothermic in nitrogen. The suggested decomposi-

tion scheme is shown in Fig. 5.

IR study

The characteristic stretching vibration of O�H (water

and 1,2-ethanediol), C�O, the C�C of 1,2-ethanediol

and sulfate ion, and deformation vibration of the wa-

ter molecule were compared to the same bands of

1,2-ethanediol, water and NiSO4·7H2O. The observed

IR bands are shown in Table 2.

3000–4000 cm–1

In this wavenumber range the stretching vibration of

OH band of the water and 1,2-ethanediol molecules

could be observed. In the case of liquid 1,2-ethanediol

this band is broad (with maxima at 3200–3400 cm–1)

owing to the strong hydrogen-bond network.

In the spectra of the complexes, a very broad

band with shoulders and many local maxima could be

observed (Table 2), which point to the presence of

OH groups located in different surroundings. Both the

water molecules and the glycol OH groups form hy-

drogen-bonds and/or coordination bonds. The glycol

molecules can coordinate to the nickel(II) ion by both

monodentate and bidentate (chelate or bridging

mode) binding modes. The large number of possible

binding modes result in the local maxima.

1600–1800 cm–1

The deformation vibration of coordinated and/or hy-

drogen-bonded water molecules could be observed in
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Fig. 2 Decomposition scheme of complexes 1, 2, 3 and 4

Fig. 3 Thermoanalytical curves of complexes of type B and C

Fig. 4 Decomposition scheme of complexes 5, 6, 7 and 8

Fig. 5 Decomposition scheme of complexes 9 and 10
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Table 2 Characteristic IR bands of complexes and their assignments

Complex �(OH) �(OH) �(CO, CC) �3(SO4) �1(SO4) �4(SO4)

NiSO4·7H2O 3340 1640 1100 985 630

3280 (615)

3200

Ni(Gl)(H2O)5SO4 3520 1640 1085 1150 985 630

3410 1060 1110 615

3320 1040

3220 1025

3200

Ni(Gl)(H2O)4SO4 3600sh 1640 1085 1110 990 630

3410sh 1060 970 (615)

3240br 1030

Ni(Gl)1.5(H2O)4SO4 3400sh (1740) 1085 1170 1000 645

3260 1640 1070 1120 965 600

3180 1050

1030

Ni(Gl)1.5(H2O)3.5SO4 3400sh (1740) 1085 1145 1000 630

3320sh 1640 1070 1110 965 600

3200br 1045

1030

Ni(Gl)2(H2O)4SO4 3550sh 1640 1085 1145 985 630

3410 1060 1110 615

3320 1040

3220 1030

Ni(Gl)2(H2O)3SO4 3550sh (1735) 1085 1140 985 630

3400sh 1640 1060 1110 615

3250br (1565) 1045

3180sh 1030

Ni(Gl)2(H2O)2SO4 3540sh 1640 1085 1140 985 630

3410sh 1060 1110 615

3250 1045

3180sh 1030

Ni(Gl)2SO4 3560sh 1080 1140 985 630

3410sh 1040 1120 615

3320br

3200br

Ni(Gl)3(H2O)3SO4 3200br 1730 1085 1145 985 630

1620 1055 1100 975 600

1035

1020

1010

Ni(Gl)3SO4 3580 1085br 1145 985 630

3420 1050br 1100 615

3340 1030br

3200br



this wavenumber range. In the spectra of com-

plexes 1–7 and 9), (containing water molecules) and

NiSO4·7H2O (complex 0) the bands at 1740, 1640,

1620 cm–1 are assigned to this vibration. Since the

band maxima are the same for the complexes and for

NiSO4·7H2O, it may be suggested that the water mol-

ecules in the investigated complexes are coordinated

to the metal ion in a similar way as in NiSO4·7H2O.

The 1620 cm–1 band in the IR spectrum of complex 9

can be interpreted by the presence of a water molecule

which is coordinated to the nickel(II) ion, forming a

very strong hydrogen-bond.

1000–1200 cm–1

The �3 vibration of the sulfate ion and the combined

C�C and C�O stretching vibrations of 1,2-ethanediol

result in an intense broad band with many shoulders

and local peaks in this wave number range. The ob-

served peaks could be interpreted by comparing this

band and the bands at 600–700 cm–1 (the �4 vibration

of the sulfate ion). In this way we can distinguish be-

tween the peaks of the combined vibrations of the

C�C and C�O bonds and the peaks of the sulfate ion.

This revealed that the 1,2-ethanediol molecules coor-

dinated in the complexes demonstrate some changes

as compared with the 1,2-ethanediol itself, which

points to complex formation between the nickel(II)

ion and the 1,2-ethanediol molecule.

Liquid 1,2-ethanediol has two bands in this

wavenumber range, at 1085 and 1045 cm–1 [12, 13].

In the IR spectra of complexes 1–10, 2–9 bands could

be observed, assigned to the combined C�C and C�O

bonds. They include the bands of the free (or hydro-

gen-bonded) OH bond (at 1085 and 1045 cm–1). The

bands at 1070, 1060, 1055, 1050, 1040, 1030, and

1025 cm–1 could be assigned to the vibration of the

coordinated 1,2-ethanediol molecules. These changes

are indicative of complexation and of the different

modes and strengths of binding of 1,2-ethanediol to

the nickel(II) ion.

900–1000 cm–1

In this wavenumber range, the �1(SO4) band could be

observed. Complexes 1–4, which exhibit

thermoanalytical behaviour of type A, have 2–5

bands in this range (at 1000, 990, 985, 970, 975 and

965 cm–1). Complexes 4–8 and 9 and 10 display only

one or two bands in this wavenumber range

(985 cm–1), which indicates the unique role of the sul-

fate ion in the bis and tris (1,2-ethanediol) complexes.

On the basis of the different �1(SO4) values for the

complexes, the presence of sulfate ion in different

surroundings in the complexes could be suggested.

600–700 cm–1

The �4 vibration of the sulfate ion could be observed in

this wavenumber range. According to theoretical con-

siderations [14], the binding mode of the sulfate ion

(tridentate (or monodentate), bidentate or double

bidentate, equally tetracoordinated or non-coordinated)

may result in a doublet, a triplet or unsplit bands in the

IR spectra. In the spectra of all the complexes, one or

two bands were observed in this range, revealing that

the sulfate ion is coordinated in a monodentate or

tridentate way to the nickel(II) ion, or hydrogen-bonded

to water or 1,2-ethanediol molecules.

Magnetic susceptibility measurements

The magnetic data on the complexes are shown in Ta-

ble 3. The experimentally determined �eff values are

close to the theoretical value for high-spin complexes

of the nickel(II) ion(3.83) and an octahedral coordina-

tion sphere around the manganese ion may be sug-

gested for all of the complexes [15].

It was found that the magnetic susceptibility data

followed the Curie-Weiss law. According to the Curie

constant (�) values, all the complexes participate in

antiferromagnetic interactions. According to this

magnetic behaviour, a polymeric structure may be

suggested for all the complexes.

Conclusions

Six water molecules are coordinated to the nickel(II)

ion in the NiSO4·7H2O molecule, while the 7th water

is hydrogen-bonded between the sulfate ion and one

of the coordinated water molecules [16]. The charac-

teristic IR bands of the sulfate ion (Table 2) in all the

complexes and in the NiSO4·7H2O molecule are simi-

lar, so the same role of the sulfate ion may be sug-

gested in all the complexes and in the NiSO4·7H2O
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Table 3 The magnetic data of complexes

Comp Composition � C �eff

0 NiSO4·7H2O –10.1 1.22 3.14

1 Ni(Gl)(H2O)5SO4 –6.13 1.19 3.10

2 Ni(Gl)(H2O)4SO4 –9.82 1.16 3.09

3 Ni(Gl)1.5(H2O)4SO4 –6.5 1.19 3.10

4 Ni(Gl)1.5(H2O)3.5SO4 –12.9 1.10 2.99

5 Ni(Gl)2(H2O)4SO4 –8.2 1.28 3.19

6 Ni(Gl)2(H2O)3SO4 –10.1 1.17 3.82

7 Ni(Gl)2(H2O)2SO4 –12.6 1.10 2.98

8 Ni(Gl)2SO4 –8.9 1.10 2.98

9 Ni(Gl)3(H2O)3SO4 –10.1 1.28 3.20

10 Ni(Gl)3SO4 –10.9 0.99 2.82



molecule. This role is participation in the formation of

hydrogen-bonds. This leads to the conclusion that the

sulfate ion is not coordinated in the investigated com-

plexes, i.e. only water and 1,2-ethanediol molecules

are present in the octahedral coordination sphere.

One 1,2-ethanediol molecule can replace one or

two water molecules in the coordination sphere. In the

latter case, the 1,2-ethanediol may replace water mol-

ecules in the coordination sphere of one (chelate) or

two nickel(II) ions (bridging). In the wavenumber

range 1000–1100 cm–1 in the IR spectra (combined

C�C and C�O bonds, which change on coordination)

besides the bands of the non-coordinated

1,2-ethanediol (1085 and 1045 cm–1), 7 new bands

could be observed. The presence of several different

forms of coordinated 1,2-ethanediol could be sug-

gested, as follows:

• Monodentate: one of the OH groups in 1,2-ethanediol

is coordinated, while the other is not.

• Bidentate chelate mode: both OH groups are

coordinated to the same nickel(II) ion.

• Bidentate bridging mode: the OH groups of the

1,2-ethanediol molecule are coordinated to two

nickel(II) ions. Our earlier experience [8] and the

magnetic susceptibilty measurements suggest that

the bridging mode of 1,2-ethanediol is dominant.
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