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ABSTRACT 

 
In this study, cyanide complexes with chemical formula [M(hepH)2Ni(μ-CN)2(CN)2] (hepH = 2-pyridineethanol; M = Fe(II), 

Co(II) and Ni(II); abbreviated to hereafter M-hepH-Ni) were obtained for the first time. The structures of these complexes 

were determined by using FT-IR and Raman spectroscopies, thermal and elemental analyses. The electrical and magnetic 

properties of the complexes were investigated by four-probe and Evans methods, respectively. Vibration assignments are 

obtained for all the observed bands and the spectral feature has been shown supported to the structure of complexes. Thermal 

behaviors of these complexes were examined using TG, DTG and DTA curves in the temperature range 30-700 °C in the 

static air atmosphere. According to thermal analysis curves, it has seen that neutral ligands (hepH) are released and cyanide 

ligands are decomposed in the complexes, followed usual decomposition mechanism. The final decomposition products are 

found to be the corresponding metal oxides. The magnetic measurements of the complexes are compared with experimental 

and theoretical values of the magnetic moment. Furthermore, Fe-hepH-Ni, Co-hepH-Ni and Ni-hepH-Ni complexes are 

determined to be paramagnetic.  

 

Keywords: FT-IR and Raman spectra, Tetracyanonickelate(II) complex, 2-Pyridineethanol, Cyanide bridged complex, 

Electrical conductivity 

 

2-PİRİDİNETANOL İLE SİYANÜR-KÖPRÜLÜ M(II)-Ni(II) İKİ METALLİ 

KOMPLEKSLERİN SENTEZİ, YAPISI VE FİZİKSEL ÖZELLİKLERİ  

(M(II) = Fe, Co ve Ni) 
 

ÖZET 
 

Bu çalışmada [ML2Ni(μ-CN)2(CN)2] (L= 2-piridinetanol (hepH); M = Fe(II), Co(II) veya Ni(II); bundan sonra M-hepH-Ni 

olarak kısaltılmıştır.) formülü ile verilen siyanür kompleksleri ilk kez elde edilmiştir. Bu komplekslerin yapıları kırmızı-altı 

ve Raman spektroskopisi, termal ve elementel analiz teknikleri kullanılarak belirlenmiştir. Komplekslerin elektriksel 

özellikleri dört uç metodu, manyetik özellikleri ise Evans metodu kullanılarak araştırılmıştır. Titreşim işaretlemeleri tüm 

gözlenen bandlar için elde edilmiş ve spektral özelliklerin komplekslerin yapılarını destekledikleri görülmüştür.  

Komplekslerin termal davranışları kuru havada 30 - 700 ºC sıcaklık aralığında TG, DTG ve DTA eğrileri kullanılarak 

incelenmiştir. Termal analiz eğrilerine göre, hepH ligandının ve siyanür grubunun yapılardan uzaklaştıkları görülmüştür. Son 

bozunma ürünlerinin metal oksitler olduğu bulunmuştur. Manyetik ölçümlerde komplekslerin deneysel ve teorik manyetik 

moment değerleri karşılaştırılmıştır. Ayrıca, Fe-hepH-Ni, Co-hepH-Ni ve Ni-hepH-Ni komplekslerinin paramanyetik 

oldukları belirlenmiştir.  

 

Anahtar Kelimeler: FT-IR ve Raman spektrumları, Tetrasiyanonikelat(II) kompleksi, 2-Piridinetanol, Siyanür köprülü 

kompleks, Elektriksel iletkenlik 

 

1. INTRODUCTION 

 

A large number of metal complexes have been extensively synthesized in this half century, focusing 

on homo- or heteronuclear metal complexes [1, 2]. On the other hand, polynuclear complexes are 

expected to provide a variety of physical and chemical properties such as magnetism [3-5], electric 
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conductivity [6], homo- and hetero-geneous catalysts [7]. Polynuclear complexes are the compounds 

containing multifunctional ligands with electronic structures which provide unique electronic 

properties. 

 

In terms of physical incorporating transition metals, firstly, the metals such as Mn, Fe, Co  can use 

them as building blocks to direct a certain framework topology and secondly, they can be chosen 

based on their electronic functionality, such as for magnetism or redox potential. A number of 

transition metals exist in more than one oxidation state, i.e. Mn(II)/(III), Fe(II)/(III) and Co(II)/(III), so 

that an even larger range of options exist. Characteristic coordination geometries that are seen in 

transition metals in coordinations polymers include linear, bent, trigonal, square-planar, tetragonal, 

prismatic and octahedral [4, 8-10]. Thus, transition metals can be used as building blocks ranging from 

2- to 6-binding. 

 

Short bridging pseudohalide ligands such as cyanides, azides and nitrile donors provide a convenient 

way of connecting transition metals in the solid state. The cyanide group, itself, is also a good ligand 

for transition metals [4]. When cyanide ligand comes into connected with dissolved metal ions, metal-

cyanide complexes are formed. Cyanide complexes are metal-ligand complexes that extend 

“infinitely” into one, two or three dimensions (1D, 2D or 3D, respectively) with covalent metal-ligand 

bonding. An interesting feature of the cyanide ligand is its ability to act either as a terminal or as a 

bridging ligand. The cyanide group has a strong electron-withdrawing character, as well as the talent 

to the metal [11]. 

 

In our previous studies, we have reported the tetracyanonickelate(II), tetracyanopalladate(II) and 

tetracyanoplatinate(II) complexes with hepH [12-14]. As a part of our continuing research on cyanide 

complexes, herein we described the syntheses and characterizations of tetracyanonickelate(II) 

complexes with different metals such as Fe(II), Co(II) and Ni(II). We characterized the structures of 

these complexes by FT-IR and Raman spectroscopies, elemental and thermal analyses. Also, we 

determined electrical conductivity and magnetic susceptibilities of the all complexes. 

 

2. EXPERIMENTAL SECTION 

 

2.1. Materials and Instrumentation 

 

Iron(II) chloride tetrahydrate (FeCl2·4H2O, 99%), cobalt(II) chloride (CoCl2, 99%), nickel(II) chloride 

hexahydrate (NiCl2·6H2O, 97%), potassium cyanide (KCN, 96%) and 2-pyridineethanol (C7H9NO, 

98%) were purchased from commercial sources and used without further purification. Elemental 

analyses were carried out on a LECO, CHNS-932 analyzer for C, H and N at the Middle East 

Technical University, Central Laboratory. The FT-IR spectra were recorded as pure solids by ATR 

(Attenuated Total Reflection) in the range of 4000-225 cm-1 with a 4 cm-1 spectral resolution by using a 

Perkin Elmer 100 FT-IR spectrometer, which was calibrated by means of polystyrene and CO2 bands. 

The Raman spectra were recorded in the range of 4000-225 cm-1 on a Bruker Senterra Dispersive 

Raman instrument using 785 nm laser excitation. A Perkin Elmer Diamond TG/DTA thermal analyzer 

was used to record simultaneous TG, DTG and DTA curves in a static air atmosphere at a heating rate 

of 10 K min-1 in the temperature range of 30-700 ºC using platinum crucibles. The electrical 

conductivity measurements were carried out on the complexes using the four-probe method at the 

room temperature with the programmable dc current source (Keithley 2601 A System Sourcemeter). 
Magnetic Susceptibilities at room temperature were measured by the Evans method, a Sherwood 

Scientific MXI model Gouy magnetic balance. 
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2.2 Preparation of the Complexes 

 

2.2.1. M[Ni(CN)4]·H2O (M =Fe, Co or Ni) 

 

To water solution of NiCl2·6H2O (0.238 g, 1 mmol) was added a solution of KCN (0.260 g, 4 mmol) 

in water (10 mL) and yellow K2[Ni(CN)4]·H2O was crystallized. K2[Ni(CN)4]·H2O (0.259 g, 1 mmol) 

to which was added metal chloride solutions (FeCl2·4H2O = 0.199 g, CoCl2 = 0.129 g or NiCl2·6H2O = 

0.260 g, 1 mmol) became M[Ni(CN)4]·H2O. The colors of Fe[Ni(CN)4]·H2O, Co[Ni(CN)4]·H2O and 

Ni[Ni(CN)4]·H2O are brown, pink and pale blue (Table 1), respectively. 

 

2.2.2. [M(hepH)2Ni(μ-CN)2(CN)2] (M = Fe, Co or Ni) 

 

A mixture of Fe[Ni(CN)4]·H2O (0.243 g, 1 mmol) in water (10 mL) and hepH (0.246 g, 2 mmol) in 

ethanol (10 mL) was stirred at 55 °C for 4 h in a temperature-controlled bath. The obtained solution 

were filtered, washed with ethanol and ether, respectively and dried in a desiccator above P2O5. 

 

Co-hepH-Ni and Ni-hepH-Ni complexes were obtained in a similar method to Fe- hepH-Ni, but 

Fe(II) was replaced by Co(II) (0.240 g) and Ni(II) (0.240 g).  

 

3. RESULTS AND DISCUSSION 

 

3.1. Elemental Analyses 

 

The analytical data, elemental analyses (C, H and N), molar ratio and color of the M(II)-hepH-Ni 

(M(II) = Fe, Co and Ni) complexes are shown in Table 1. The resulting elemental analysis values are 

in good agreement with the calculated values. Based on the obtained data, the prepared complexes are 

formulated as [M(hepH)2Ni(μ-CN)2(CN)2] (M(II)= Fe, Co and Ni). The formation of 1:2 complexes is 

strongly supported by elemental and thermal analyses. Fe-hepH-Ni, Co-hepH-Ni and Ni-hepH-Ni 

complexes have a brown, pink and pale blue color, respectively. 

 

Table 1. Analytical and physical data of the complexes. 

 
 

3.2. Vibrational Spectra 

 

3.2.1. Vibrational (FT-IR and Raman) spectra of the complexes  

 

The FT-IR and Raman spectra of the M(II)-hepH-Ni (M(II) = Fe, Co and Ni) complexes have been 

recorded at room temperature (Figures 1-3). The vibration assignments of the observed bands are 

listed in Table 2. In the FT-IR and Raman spectra of M(II)-hepH-Ni (M(II) = Fe, Co and Ni) 

complexes, the most bands are observed belong to organic motif modes. The values of wavenumbers 

are collected in Table 2, together with the assignment of characteristic bands [14]. 
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(a) 

 

 
 

(b) 

Figure 1. The FT-IR (a) and Raman (b) spectra of Fe-hepH-Ni complex 
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(b) 

 

Figure 2. The FT-IR (a) and Raman (b) spectra of Co-hepH-Ni complex 
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(a) 

 

 
(b) 

 

Figure 3. The FT-IR (a) and Raman (b) spectra of Ni-hepH-Ni complex 

 

The -OH group in a molecule can be identified on the basis of three vibrations namely stretching, in-

plane bending and out of plane bending vibrations. Experimental FT-IR spectrum gives a broad curve 

from 3382 to 3246 cm-1 with strong intensity for ν(OH) stretching frequency [15]. The occurrence of 

this band confirms that the molecules are binding through the intermolecular hydrogen bonds. The 

observed band due to ν(OH) is very broad in the case of free hepH molecules, which indicates the 

intermolecular hydrogen bonding between the -CH2OH groups. In the complexes, weak bands appear 

at 3102 cm-1 in Fe-hepH-Ni, 3121 cm-1 in Co-hepH-Ni and 3167 cm-1 in Ni-hepH-Ni due to ν(OH).  

 

The shift to lower wavenumbers of these stretching bands may be attributed to covalent bondings in 

the complexes. The δ(OH) deformation vibrations give rise to a medium to strong band in the region 

1250-1117 cm-1 and is not affected due to hydrogen bonding unlike stretching and out-of-plane 

bending wavenumbers [16]. These bands are shown at Table 2. The substituted aromatic structure 

shows the presence of ν(CH) stretching vibrations in the region 3100-3000 cm-1 and this is the 

characteristic region for the identification of the ν(CH) stretching bands [17, 18]. Hence, asymmetric 

ν(CH) stretching bands of free hepH molecule in the FT-IR and Raman spectra have been assigned at 

3087 and 3071 cm-1, respectively. In the complexes, the asymmetric and symmetric ν(CH) bands are 

expected in the region 2940 - 2915 cm-1 and 2870 - 2840 cm-1, respectively [19]. 
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In the all complexes, ν(CH) asymmetric stretching bands were assigned in the region of 2931 - 2907 

cm-1 in FT-IR spectra. These bands were observed in the region of 2967-2958 cm-1 in Raman spectra 

of the complexes. In the complexes, the symmetric ν(CH) stretching vibrations are observed in the 

regions of 2909 - 2852 cm-1 (in the FT-IR spectra) and 2922 - 2855 cm-1 (in the Raman spectra). Also, 

the δring(CH) deformation bands arising from -CH2 group in all complexes are observed in the 

frequency range of 1508 - 1446 cm-1 in the FT-IR spectra. The ν(CC) bands of the pyridine ring were 

appeared in the spectral range of 1650 - 1200 cm-1 [20]. The νring(CC) stretching bands are appeared at 

1606 and 1573 cm-1 for Fe-hepH-Ni, 1605 and 1571 cm-1 for Co-hepH-Ni, 1605 and 1573 cm-1 for 

Ni-hepH-Ni in the FT-IR spectra. The same bands are observed at 1601 and 1579 cm-1 for Fe-hepH-

Ni, 1606 and 1572 cm-1 for Co-hepH-Ni, 1605 and 1571 cm-1 for Ni-hepH-Ni in the Raman spectra. 

The δ(CH) vibrations are observed in the regions of 1350 - 950 cm-1 and 950 - 600 cm-1, respectively 

[21]. The ν(CN) stretching vibration band is observed as medium intensity band at 1278 cm-1 in FT-

IR and this band not observed in Raman spectrum. This band is mixed with δ(CH). The similar 

vibration bands in the FT-IR spectra of the complexes are observed at 1274 and 1251 cm-1 in Fe-

hepH-Ni, 1273 and 1250 cm-1 in Co-hepH-Ni, 1279 and 1250 cm-1 in Ni-hepH-Ni, respectively.  

 

The FT-IR spectra at the low frequency region of the isolated solid complexes showed a group of new 

bands with different intensities which characteristics for ν(M-N). In the low wavenumber region, the ν(M-

N) and δ(N-M-N) vibration bands provide the information about the structure of the metal-ligand. In the 

octahedral metal-hexammine complexes, these vibrational bands are expected to appear in the range of 

570 - 240 cm-1 and 340 - 90 cm-1 [22]. The ν(M-N) vibration bands were observed at 547 and 468 cm-1 for 

Fe-hepH-Ni,  548 and 469 cm-1 for  Co-hepH-Ni,  547 and 471 cm-1 for  Ni-hepH-Ni. The δ(N-M-N) 

bands observed at 237 cm-1 for Fe-hepH-Ni,  237 cm-1 for  Co-hepH-Ni, 235 cm-1 for  Ni-hepH-Ni. The 

ν(M-O) band observed at 327 cm-1 for Fe-hepH-Ni, 329 cm-1 for  Co-hepH-Ni and at 330 cm-1 for  Ni-

hepH-Ni. These ν(M-N) and ν(M-O) stretching bands are similar to the corresponding values found and 

reported in  [M(OHepy)2Ni(CN)4]n (M(II)= Cu, Zn and Cd) [14]. 

 

3.2.2. [Ni(CN)4]2- group vibrations  

 

The ν(CN) stretching vibrations are the most characteristic bands in the cyanide groups resulting sharp 

and strong bands which may easily be determined in the range of 2200-2000 cm-1 [22]. The vibrational 

wavenumbers for [Ni(CN)4]2- group in K2[Ni(CN)4]·H2O and in complexes are presented in Table 3. 

The bands of the [Ni(CN)4]2- in the complexes are assigned on the basis of the work of Mc Cullough et 

al., who presented vibrational data for the [Ni(CN)4]2- in Na2[Ni(CN)4] [23]. The ν(CN) frequency 

shifts towards higher frequencies due to formation of the cyanide-bridge.  The FT-IR spectrum of the 

mononuclear compound K2[Ni(CN)4] showed a band at 2122 cm-1. This position was observed at 2080 

cm-1 in ionic KCN as a single absorption band, which can be assigned to the ν(CN) [24]. Two strong 

and sharp absorption bands are observed in the FT-IR spectra of the complexes. This case is given as 

following; at 2160 and 2148 cm-1 for Fe-hepH-Ni, at 2153 and 2148 cm-1 for Co-hepH-Ni, at 2160 

and 2148 cm-1 for Ni-hepH-Ni can easily be attributed to bridging cyanide and terminal cyanide 

bands, respectively. The [Ni(CN)4]2- group vibrations in the complexes are found at higher 

wavenumber than in K2[Ni(CN)4]·H2O salt. This is explained as the mechanical coupling of the 

internal modes of [Ni(CN)4]2- with the M-NC vibrations. In some studies, this was discussed the 

electronic effects on the stretching frequencies in both bridging and terminal cyanide ligands [25]. The 

[Ni(CN)4]2- anion possesses ideally D4h symmetry and, thus, will have 16 fundamental vibrations 

(2A1g, 1A2g, 2B1g, 2B2g, 1Eg, 2A2u, 2B2u, and 4Eu) [24, 26]. According to these results, A2u and Eu are 

infrared active, while A1g, B1g, B2g, and Eg are Raman active. The A2g and B2u vibrations are inactive. 

The A1g and B1g cyanide stretching modes are observed in 2179 and 2169 cm-1 in Fe-hepH-Ni, 2165 

and 2157 cm-1 in Co-hepH-Ni, 2172 and 2132 cm-1 in Ni-hepH-Ni in the Raman spectra of the 

complexes. In the low frequency region of the FT-IR spectra, ν(Ni-CN) stretching and δ(Ni-CN) 

bending vibration bands in the 600–400 cm-1 are observed for the complexes. The bands observed at 

471 and 429 cm-1 in Fe-hepH-Ni, 469 and 430 cm-1 in Co-hepH-Ni 471 and 430 cm-1 in Ni-hepH-Ni 



Sayın and Kürkçüoğlu / Anadolu Univ. J. of Sci. and Technology – A – Appl. Sci. and Eng. 17 (1) - 2016 
 

44 

in the FT-IR spectra of the complexes might be attributed to the ν(Ni-CN) stretching vibrations and 

δ(Ni-CN) bending vibrations, respectively.  

 

Table 2. The FT-IR and Raman wavenumbers of the hepH and the complexes (cm-1) 

 

 

 
Abbreviations used: ν, stretching; , bending; t, torsion; r, ring; s, strong; m, medium; w, weak; sh, shoulder; v, 

very 
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Table 3. Vibrational wavenumbers of the polymeric sheet and metal-ligand vibrations in the 

complexes (cm-1) 

 

 
Abbreviations used; s strong, m medium, w weak, sh shoulder, v very. The symbols ν, δ and π refer to valence, 

in-plane and out-of-plane vibrations, respectively. Raman bands are given in parentheses. 

 

3.3. Thermal Behaviors of the Complexes 

 

Thermal and elemental analyses of the complexes are also considered besides to the vibrational 

spectroscopic studies that in turn ensure the structural information on the complexes. The thermal 

analyses are performed by TG, DTA and TGA methods in the temperature range of 30-700 °C, the 

thermal analysis curves for Fe-hepH-Ni, Co-hepH-Ni and Ni-hepH-Ni are given in Figures 4a-c.  

 

The thermal analysis curves for the Fe-hepH-Ni and Ni-hepH-Ni complexes are similar and 

decomposition takes place in one stage. The stages of the Fe-hepH-Ni and Ni-hepH-Ni is related with 

two hepH ligands and -CN groups in the temperature range of 74-382 °C for Fe-hepH-Ni and 37-372 

°C for Ni-hepH-Ni [found (calcd.): 71.46% (75.36%) in Fe-hepH-Ni and 71.12% (74.90%) in Ni-

hepH-Ni]. The complexes begin to decompose with endothermic and exothermic peaks.  A strong 

exothermic peak on the DTA curve [DTAmax = 385 °C for Fe-hepH-Ni, DTAmax = 336 °C for Ni-

hepH-Ni] is associated with the decomposition and burning of the cyanide ligands.  
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(a) 

 
(b) 

 
(c) 

Figure 4. The TG, DTG and DTA curves of Fe-hepH-Ni (a), Co-hepH-Ni (b) and Ni-hepH-Ni(c) 
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Figure 5. The molecular structures of the complexes 
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3.4 Conductivity 

 

The conductivities of the complexes are measured by the standard four-point probe method in the dc 

plane. In semiconductor materials, conduction mechanisms depend on several parameters such as the 

degree of crystallinity, thermal excitation, impurities, lattice defects, non-stoichiometry and temperature. 

Bridging-cyanide ligands also provide reasonable low energy gaps. For example, one solubilized 2,3-

naphthalocyaninatocobalt(II) shish kebab polymer with bridging cyanide ligand has an inherent 

conductivity of almost 10-1 S/cm [29]. The electrical conductivities of the complexes are founded as 0.34 

μ Scm-1 for Fe-hepH-Ni, 0.58 μ Scm-1 for Co-hepH-Ni and at 3.5 μ Scm-1 for Ni-hepH-Ni. According 

to these results, the complexes show a weak semiconductive behavior at room temperature. The similar 

conductivity measurements have been reported previously; 1.10-10 Scm-1  for PcFe(py)CN and 3.10-12 

Scm-1 for PcCo(py)CN [30], 2.596x10-8 Ω-1 cm-1 for Mn-Ni-etim, 2.047x10-8 Ω-1 cm-1 for Fe-Ni-etim, 

1.137x10-7 Ω-1 cm-1 for Co-Ni-etim and 1.923x10-9 Ω-1 cm-1 for Ni-Ni-etim [31].  

 

3.5 Magnetic Properties 

 

The magnetic susceptibility of the complexes was determined by Evans Method. The effective 

magnetic moments represented in Bohr magnetons (BM) of the complexes are given in Table 1, 

together with elemental analysis results. The Ni(II) atom is in a square-planar environment 

(tetracyanonickelate(II) is low spin (S=0), diamagnetic and only the octahedral coordinated metal 

atoms (M(II)) contribute to the magnetic moments). The magnetic moment values of powdered 

samples at the room temperature are given as follow; for Fe-hepH-Ni complex exhibit magnetic 

moment values of 4.73 BM which both correspond to four unpaired electrons. Co-hepH-Ni complex 

exhibits magnetic moment values of 3.61 BM which both correspond to three unpaired electrons. Ni-

hepH-Ni complex exhibits magnetic moment values of 2.92 BM which both correspond to 

paramagnetic with two unpaired electrons. The complexes are shown a similar  measurement to the 

previously studied 4.83 μB in [Co(TEAH2)Ni(CN)4]·2H2O [32] (Karadağ and Yılmaz, 2000), 3.24 μB 

in [Ni(Im)2[Ni(CN)4] 4.59 μB in Fe(Im)2[Ni(CN)4] [7], 4.12 μB in [Co(etim)Ni(CN)4]n [31]. The 

experimental magnetic moment values are in good agreement with the calculated values. 

 

4. CONCLUSIONS 

 

Three new cyanide-bridged heteronuclear polymeric complexes, [M(hepH)2Ni(μ-CN)2(CN)2] (M(II) = 

Fe, Co and Ni; hepH=2-pyridineethanol), were synthesized and characterized by vibrational (FT-IR 

and Raman) spectroscopy, thermal and elemental analysis techniques. FT-IR and Raman spectral 

analyses indicate that the complexes are isostructural with together. Moreover, FT-IR spectra of the 

complexes were pointed out the existence of terminal and bridged cyanide ligands in the complexes. 

The complexes showed a conductivity of 10-8 S/cm at room temperature. Furthermore, the complexes 

are shown the paramagnetic behavior. 
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