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Preface 
The thesis entitled “Exploration of coordination chemistry and applications involving different 

aminoquinoline based organic ligands” presents an account of research work done by me on 

design, synthesis, characterization and various applications oriented coordination compounds of 

Ni(II), Zn(II) and Cd(II) metal ions involving  3/5/8-aminoquinoline based Schiff base ligands. The 

entire research work embodied in this thesis were carried out in the Department of Chemistry, 

Jadavpur University, Kolkata- 700032, under supervision and guidance of Dr. Amrita Saha, 

Associate Professor, Department of Chemistry of this university. This thesis contains total six 

chapters which are summarized below: 

Chapter 1 contains a brief scientific survey on various coordination compounds involving either 

NNO or NNN donor based Schiff base ligands to memorize their significance in various fields of 

modern science. Moreover, importance and different applications of 8-aminoquinoline based metal 

complexes are also decorated in this chapter. 

Chapter 2 describes synthesis and characterization of two 8-aminoquinoline based chelating 

ligands and three metal complexes involving Ni(II) ion as a metal centre. Here, a detail study on 

their magnetic behaviour, structure-property-correlation and theoretical calculations are explored. 

Chapter 3A presents synthesis and characterization of two Ni(II) based coordination polymers 

involving NNN donor aminoquinoline based Schiff base ligands. The investigation on 

metamagnetic behaviour with conductive property of these compounds has been showed in this 

chapter. 

Chapter 3B contains another aminoquinoline based Ni(II) compounds. Here, synthesis, 

characterization and a detail magnetic study with magneto-structural correlations has been 

investigated of these compounds. 

Chapter 4 represents synthesis and characterization of three coordination polymers involving 

Cd(II) metal ion and different aminoquinoline based organic ligands. Coductive property, explosive 

material sensing and theoretical study of these polymers are examined here. 
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Abstract 

 A brief literature survey has been furnished to recognize the development of the 

coordination compounds especially with NNO and NNN donor based Schiff base ligands. 

Furthermore, significance of quinoline based coordination compounds have also been 

discussed. A literature survey on 8-aminoquinoline based coordination compounds has been 

made to explore its applicability in different area of science.   

 

 

 

 

 



Chapter 1 General Introduction: A Brief Literature Survey 

 

  
Page 4 

 
  

 

  



Chapter 1 General Introduction: A Brief Literature Survey 

 

  
Page 5 

 
  

1.1   General Introduction: The Coordination Chemistry 

The utilization of coordination chemistry is not a ‘just interest’ to read the text book to 

qualify the examination but till now every chemistry students provide their great effort to 

read the chapter frequently due to its’ simplicity and vast applicability in modern science i.e., 

to prepare various magnetic materials, ion transport materials, anticancer agents, conductive 

MOF, explosive detector, etc.1.1-1.8 The beauty of structural versatility and easy to synthesis of 

coordination compounds can attract every chemist. Therefore, the increasing importance of 

coordination chemistry can influence to break the traditional ways of research.  

Actually the word ‘coordination compound’ was established by Alfred Warner and he 

awarded the Nobel Prize in Chemistry in the year of 1913. Since then the research on this 

topic has been enriched day by day. Initially the study in this area was concentrated on 

structural diversity and their basic chemistry. Subsequently, the area has broaden and made 

an establishment on structure-property-application relationship. It is important to mention 

that applicability of a coordination compound can depend on the choosing of metal-ligand 

combination. Among these variations, especially the NNO and NNN donor based organic 

ligands need to be mentioned due to its’ easy synthetic procedure and strong affinity to form 

metal bound coordinating compounds.1.9-1.16  

However, in this thesis, a detail study viz. synthesis, characterization (via different 

spectroscopic and spectrometric analysis), X-ray crystallography and different applications of 

coordination compounds have been investigated by fixing NN donor (among NNO and NNN) 

part of the organic ligands. In this connection, different aminoquinoline moieties (NN donor) 

have been used to prepare the metal bound coordination compounds. Also, the applications 

involving Ni(II), Zn(II) and Cd(II) metal ions are main focusing area of this thesis.  
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1.1.  Choosing of Organic Ligands 

As previously mentioned, NNO and NNN donor based organic ligands have been widely 

used to synthesize the coordination compounds. Among them, salen type NNO1.9-1.11 (Figure 

1.1) and pyridine containing NNN1.12-1.14 (Figure 1.2) tridentate donor ligands are vigorously 

used for metal bounded chelating compounds preparation. Therefore a literature survey has 

been needed to explain the importance and applicability of such type of ligands and its 

respective metal compounds. 
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Figure 1.1 Different salen type of tridentate NNO donor ligands (HL1.1-1.13). 

 

Figure 1.2 Different pyridine based, tridentate NNN donor ligands (L1.14-1.17). 
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1.2.1 Different Applications Oriented Examples of Coordination Compounds Involving 

Salen Type NNO Donor Based Ligands: 

M. A. Al-Azzani et al.1.17 reported five Fe(III) based magnetic materials (1.1-1.5) having 

HL1.4 type ligand (Figure 1.3). In their study, they tried to reveal the effect of the 

intermolecular forces and crystal packing on SCO (spin crossover) behaviour of the 

molecules. Another two Ni(II) based ferromagnetic materials (1.6 and 1.7) had been reported 

by S. Mohanta and his co-workers.1.18 The ligand, HL1.18 (Figure 1.4) and pseudo-halides 

(azido and cyanato) had been used to prepare both the compound. Interestingly, in crystal 

structure of both compounds, the ligand (HL1.18) presented NNO as well as N2O2 donor. 

Furthermore, the DFT study had been employed to support their magnetic measurements. 

 

Figure 1.3 Common structural diagram of compounds 1.1-1.5. 
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Figure 1.4 Structural diagram of HL1.18 and crystal structures of 1.6 and 1.7. Atoms are 

shown as 30% thermal ellipsoids. H atoms and anion molecule are omitted for clarity. 

S. Thakurta et al.1.9 synthesized a trinuclear Ni(II) compound (1.8), exhibited with HL1.9 type 

chelating cage (Figure 1.5). Magnetic and theoretical measurements of 1.8 confirmed the 

presence of weak antiferromagnetic coupling via super exchange interaction. 

 

Figure 1.5 Crystal structures of compound 1.8. Atoms are shown as 30% thermal ellipsoids. 

H atoms are omitted for clarity. 
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Three biologically active compounds (1.9-1.11) based on Cu(II) metal ion had been 

synthesized by L. Rigamonti and his group.1.19 They used previously known Cu(II) 

compounds and LiCl to prepare  the new one (Scheme 1.1). All the three compounds not only 

showed DNA cleavage activity but also exhibited potential cytotoxicity against the anticancer 

cell lines MDA-MB-23, U-87 and PC-3. B. K. Kundu et al.1.20 reported Zn(II) based two  

dinuclear and trinuclear compounds (1.12 and 1.13, respectively, Figure 1.6), which could be 

used for multiple biological applications. The trinuclear molecule, 1.13 was more effective 

towards interaction with DNA, BSA and HSA than the 1.12. Moreover, molecular docking 

study supported the experimental fact. IC50 value of 1.13 (9.651 ± 0.026 μM against HeLa 

cell line) revealed its potential cytotoxicity towards cancerous cell. Additionally, 1.12 and 

1.13 could be exerted as inhibitor against the growth of E. coli.  
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Scheme 1.1 Synthetic procedure for 1.9-1.11. 

 

 

Figure 1.6 Crystal structures of 1.12 and 1.13. Atoms are shown as 30% thermal ellipsoids. 

H atoms are omitted for clarity. 

Antimicrobial activity against Gram-negative bacteria and Gram-positive bacteria had been 

experimented by L. –Q. Chai et al.1.21 with Cu(II), Ni(II) and Co(III) containing metal 

compounds (1.14-1.16). Initially, they used quinazoline-type chelating ligand but in presence 
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of metal ions, interestingly it was converted into salen type NNO donor ligand, HL1.20 

(Figure 1.7). Furthermore, DFT and Hirshfeld analysis had also been included to find the 

better idea about the electronic distributions and different supramolecular interactions among 

the molecules.  

 

Figure 1.7 Structural conversion of ligand HL1.20 and basic structures of compounds 1.14-

1.16. 

M. D. Jones and his co-workers1.22 synthesized a series of Zn(II) and Mg(II) based catalysts 

(1.17-1.29) (Scheme 1.2) having ring opening polymerization (ROP) ability for lactide. Out 

of thirteen compounds, ten were crystallographically reported. In most of the cases the TOFs 

(turn over frequency) value for the catalytic reaction (under industrially relevant 

circumstances) had been reached above 100000 h-1.  
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Scheme 1.2 General synthetic procedure for the compounds 1.17-1.29. 

Y. Gong et al.1.23 reported another series of Zn(II) based catalysts (1.30-1.37) for rac-lactide 

polymerization reaction. In their study they used reduced Schiff base type NNO donor 

chelating ligands for complexation (Figure 1.8). In majority, the catalytic conversion rate for 

all the compounds had been reached above 90% under certain reaction condition.  

 

Figure 1.8 General structures of HL1.28-1.36 and corresponding Zn(II) compounds 1.30-1.37. 
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The decomposition of H2O2 along with antibacterial activity i.e., multi-application based 

three materials (1.38-1.40) had been reported by C. Liu et al.1.24 They have used two ligands 

(H2L
1.37 and H3L

1.38) and two metal ions (Cu2+ and Zn2+). Interestingly, upon metal variation 

(Cu to Zn), the denticity of the chelating ligand of H2L
1.37 was also varied from N3O to NNO 

(Figure 1.9). The decomposition rate of H2O2 was 89% to 98%. Moreover, compound 1.39 

exhibited the highest inhibiting activity against the bacterial growth.  

 

Figure 1.9 Structural diagrams of H2L
1.37 and compounds 1.38 and 1.39.  

S. Chattopadhyay and his group1.25 have developed Cd(II) containing dinuclear compound 

(1.41). It was used as photocatalyst for the degradation of organic dye under 36W Hg vapour 

lamp. Another work of the same group1.11 revealed a Cd(II) based metal organic framework 

(MOF) (1.42) (Figure 1.10) and experimented for the preparation of a photosensitive device. 

The conductivity of the ITO based device was 1.01×10-8 S cm-1 and 2.16×10-8 S cm-1 under 

dark and visible light, respectively. 
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Figure 1.10 Asymmetric units of compounds 1.41 and 1.42. Atoms are shown as 30% 

thermal ellipsoids. H atoms are omitted for clarity. 

An application based trinuclear Zn(II) and Cd(II) compounds (1.43 and 1.44, Figure 1.11) 

had been reported by A. Sarkar et al.1.26 Fluorometric detection and intermediate trapping of 

Hg(II) ion had been experimented by using the compounds 1.43 and 1.44. 

 

Figure 1.11 Asymmetric units of compounds 1.43 and 1.44. Atoms are shown as 30% 

thermal ellipsoids. H atoms are omitted for clarity. 
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1.2.2 Different Applications Oriented Examples of Coordination Compounds Involving 

Pyridine Containing NNN Donor Based Ligands: 

P.  S. Mukherjee et al.1.27 reported an azido bridged Ni(II) based coordination polymer (1.45, 

Figure 1.12) containing NNN donor based chelating ligand. The compound showed 

interesting metamagnetic behaviour. Above and below critical temperature 5K (with critical 

field value 7kG), the compound showed ferromagnetic and antiferromagnetic property, 

respectively. Another thiocyanato bridged metamagnetic material with the same metal ion 

was reported by A. Ghosh and his co-workers.1.28 The field dependent (critical field value: 

1200G) maximum and minimum χMT value of the compound (1.46) were 3.70 cm3 K mol−1 

at 5K and 2.00 cm3 K mol−1 at 2K, respectively.  

 

Figure 1.12 One dimensional growths of compounds 1.45 and 1.46 along the b axis. 

S. Mukherjee et al.1.29 synthesized four compounds (1.47-1.50) with Cu(II) metal ions 

exhibiting ferromagnetic property over a wide range of temperature. Compounds 1.47-1.49 
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contained four Cu (II) units (Figure 1.13) whereas 1.50 exhibited nine Cu(II) centres. The 

reported χMT values of these compounds varied in the range 3.81-1.56 cm3 K mol−1 at 300K. 

However, they have employed theoretical (DFT) calculations to support their experimental 

result. 

 

Figure 1.13 Basic structural diagrams of the compounds 1.47-1.49. 

P. Roy and his group1.30 have reported catalytically active NNN donor based mononuclear 

(1.51) (Figure 1.14), NNO donor based trinuclear (1.52) and polynuclear (1.53) compounds. 

Among these compounds, 1.51 had the highest catalytic activity towards benzyl alcohols 

oxidation in presence of TBHP (tert-butylhydroperoxide). Six mononuclear Co(II) 

compounds (1.54-1.59) had been synthesized and out of six, three had been X-ray 

crystallographically reported (Figure 1.15) by J. Lee et al.1.31 By using these compounds, 
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they have experimented for the polymerization reactions of methyl methacrylate and rac-

Lactide under ambient conditions. 

 

Figure 1.14 Asymmetric unit of compound 1.51. Atoms are shown as 30% thermal 

ellipsoids. H atoms are omitted for clarity 

 

 

Figure 1.15 Asymmetric units of compounds 1.54, 1.57 and 1.58. Atoms are shown as 30% 

thermal ellipsoids. H atoms are omitted for clarity. 



Chapter 1 General Introduction: A Brief Literature Survey 

 

  
Page 19 

 
  

On anion variation, two Fe(II) compounds (1.59 and 1.60) had been reported by A. Chatterjee 

et al.1.32 However, they used N4 donor based chelating ligand (L1.39) for complexation but 

interestingly they were able to synthesized N3 i.e., NNN bounded Fe(II) compounds which 

confirming the in situ conversion of the ligand in presence of metal ion (Scheme 1.3). The 

compounds, 1.59 and 1.60 showed the pH dependent catecholase activity with turn over no. 

4.99 h-1 and 42.75 h-1, respectively. 

 

Scheme 1.3 General synthetic procedure for ligand L1.39 and compounds 1.59 and 1.60. 

K. Jana et al.1.33 synthesized a Schiff base ligand, L1.40 (produced by the adduct of pyridine-2-

carboxaldehyde and 2-aminomethylpiperidine, Scheme 1.4) and its mononuclear Ni(II) 

compound (1.61). The reported compound 1.61 could be effective for photo-catalytic 

degradation against some industrially used common dyes. Moreover, it had the ability to 

inhibit the bacterial growth and it could also be used for DNA interaction study.  
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Scheme 1.4 Synthetic procedure for the ligand L1.40 

Another biological applications based three compounds (1.62-1.64, Figure 1.16) had been 

prepared by D. A. Megger and his group.1.34 The experimentation on antitumor activities by 

using these compounds revealed that Cu(II) containing compound, 1.62 exhibited the highest 

effectiveness on cell apoptosis (EC50: 1.25 ± 0.01 μM) whereas, the Zn(II) based compound, 

1.64 exhibited lowest toxicity against the cell line HepG2 (EC50 >200 μM). The Mn(II) based 

compound 1.63, showed an intermediate cytotoxicity  with the EC50 value: 20 ± 1 μM.  

 

Figure 1.16 Basic structural diagrams of the compounds 1.62-1.64. 

Eleven compounds (1.65-1.75) comprising with Ni(II), Zn(II) and Cd(II) metal ions had been 

reported by M. N. Moreno-Carretero and his co-workers.1.35 Interestingly, the donating ability 

(NNO or NNN) of the chelating ligand (L1.42) varied in presence of different salts of metal 
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ions (Figure 1.17). Also out of eleven, nine had been X-ray crystallographically elucidated. 

However, all these compounds had been tested for the aminopeptidase mimicking activities 

against the cancer cell lines MCF-7 and MDA-MB-231. 

 

Figure 1.17 Structures of L1.42 and compounds 1.65 and 1.69. 

S. Mukhopadhyay and his group1.36 reported application based five Cd(II) metal ion bounded 

materials (1.76-1.80, Figure 1.18), where, 1.76 and 1.77 exhibited in mononuclear form, 1.78 

had dinuclear moiety, 1.79 and 1.80 crystalized in polynuclear form. These compounds could 

be utilized for corrosion inhibition experiment on mild steel in HCl solution. Another multi-

application based four Zn(II) containing materials (1.81-1.84, Figure 1.19) had been reported  

by the same group.1.12 In their study, they tried to explore the effect of pseudo-halide on the 

corrosion inhibition experiment on mild steel. Also, these materials had been tested against 

the bacterial growth of Staphylococcus aureus and antiproliferative activities against the 

cancer cell lines MCF 7. 
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Figure 1.18 Basic structural diagrams of the compounds 1.76-1.80. 
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Figure 1.19 Asymmetric units of the compounds 1.81-1.84 showed in capped sticks model. 

H atoms, anion and solvent molecules are omitted for clarity. 

1.2.3 The Significance of Aminoquinoline Moieties: 

One of the well-known utility of quinoline moiety is the preparation of different antimalarial 

drugs (Figure 1.20).1.37 Again, the presence of fluorophoric unit in different quinoline 

derivatives facilitate its vast applicability in the field of chemosensor designing for the 

detection of different metal ions, different anions, explosive materials and pH sensing1.38-1.51  

 

Figure 1.20 Structure of some quinoline containing antimalarial drugs. 

However, the interest among the scientists to synthesize the metal bound quinoline (or its 

derivatives) compounds had been seen after C. W. Tang et al. research publication.1.52 In 

1987, he reported an organic electroluminescent diode containing 8-hydroxyquinoline 

aluminium (1.88, Figure 1.21) based organic layer. Till then, different derivatives of 

quinoline unit have been widely used to prepare different metal bound compounds for the 

preparation of organic light-emitting devices (OLEDs).1.53,1.54  
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Figure 1.21 Structure of compound 1.88. 

Not only 8-hydroxyquinoline unit but also the use and importance of different derivatives of 

aminoquinoline moieties and its metal bound compounds have been increased day by day due 

to their potential applications in  the field of bio-medicinal chemistry viz. synthesis of 

telomerase inhibitors1.55 (Figure 1.22), L-lactide ring opening polymerization initiators1.56 

(Scheme 1.5), HIV-1 replication inhibitors1.57 (Figure 1.23), COX (Cyclooxygenases)-2 

inhibitors1.58 and antitumor agents.1.59 Also the consist of long conjugated π electronic 

aromatic system, the aminoquinoline bound different metal compounds favour the 

photoredox reactions, C(sp3)–H bond functionalization, synthesis of -β lactams and so on.1.60-

1.62  Again, in crystallographic point of view, aminoquinoline bound chelating ligands are the 

potent competitor to explore various type of unconventional interactions viz. …, CH…, 

halogen…, chalcogen…, etc. Therefore the enormous utility of different aminoquinoline 

moieties can attract any chemist for the development of application oriented research field.  



Chapter 1 General Introduction: A Brief Literature Survey 

 

  
Page 25 

 
  

 

Figure 1.22 Structure of porphyrin and 4-aminoquinoline adducts used for the 

synthesis of telomerase inhibitors (1.89 and 1.90). 



Chapter 1 General Introduction: A Brief Literature Survey 

 

  
Page 26 

 
  

 

Scheme 1.5 Preparation of different aminoquinoline based Zn(II) compounds (1.91-1.96) 

using for L-lactide ring opening polymerization. 

 

Figure 1.23 Structures of compounds 1.97 and 1.98 which showed potent anti-HIV-1 

activity. 

1.2.4 The Schiff Base and Aminoquinoline Unit: 

For the synthesis of coordination compounds, the most world-wide used chelating ligand is 

Schiff base ligand, not only very simple synthesis technique (i.e., either room temperature 
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stirring or refluxing for a few hours) but also its significant applications viz. for the 

preparation of various energy materials, catalysts, biological and biochemical sensors, 

antifungal and antimicrobial agents, etc.1.63-1.71  

 The different aminoquinoline containing Schiff bases (especially for NNO and NNN 

donor) have two variations: (i) by fixing aldehyde/keto part and varying different 

aminoquinoline unit (Figure 1.24) and (ii) by fixing aminoquinoline unit and varying 

different substitutes in aldehyde/keto part of the ligands (Figure 1.25). 

 

Figure 1.24 Examples of some salen type Schiff base ligands with different aminoquinoline 

units. 
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Figure 1.25 Examples of some 8-aminoquinoline based Schiff base ligands with different 

substitutes in aldehyde/keto units. 

Among all these variations of chelating ligands (HL1.49-HL1.59 and L1.60), the exploration of 

research work involving HL1.50, HL1.52, HL1.54 and L1.60 are the main focus of this thesis. 

1.2.5 A Brief Literature Survey on Salen Type and 8-aminoquinoline Based 

Coordination Compounds:  

Recent CSD search (Version 5.43, November 2021) on the ligand type HL1.54 (in simplest 

form) reveals that out of 596 reported compounds, 408 hits are only based on the Fe(II/III) 

metal bounded compounds. Then Ln(Lanthanides)>Cu>Zn>Ni>Sn>Ac(Actinides)>V>other 

metals bounded X-ray crystal structure reported so far (Figure 1.26).  
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Figure 1.26 A data for different metal ions based reported X-ray crystal structures involving 

8-aminoquinoline unit. 

Here, some different application oriented published works (with NNO donor) have been 

discussed as follows:  

1.2.5.1 Magnetic and Electrical Properties: 

K. Takahashi and his group reported a ‘Spin-Crossover Conducting Molecular System’ based 

on mixed metal with mixed ligand compound, [FeIII(qnal)2][Pd(dmit)2]5·Acetone (1.99, 

Figure 1.27). The molecule showed χMT value of 4.70 emu K mol-1 at 300 K and below 150 

K, the value was 1.02 emu K mol-1. The conducting value of that compound at room 

temperature was 1.6×10-2 S cm-1 signify the existence of the semiconducting behaviour of the 

reported compound.1.72  
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Figure 1.27 Structure of compound 1.99 at 293K shown in capped sticks model. H atoms are 

omitted for clarity.  

D. J. Harding and his co-workers published another interesting 8-aminoquinoline and Fe(III) 

based SCO (spin crossover) material, [Fe(qsal-I)2]NTf2 (1.100, Figure 1.28). The SCO 

phenomenon of that compound exhibited at nearly room temperature with the T1/2 values 244 

K (L.S.) and 278 K (H.S.). Also, the work revealed that how an anionic part can influenced 

the magnetic property of the compound by its conformational change at variable 

temperature.1.73 In their recent work,1.74  they developed a conducting device 

(Cu//SLG//[Fe(qsal-I)2]NTf2//GaOx/EGaIn) with the same compound and the value of on/off 

ratio was 10. It was the first example of a switchable FeIII SCO molecular junction at room 

temperature. W. Phonsri et al. have prepared a series of Fe(III) compounds,1.75 (1.101-1.104, 

Figure 1.29) with varying halogen substituents (X: F, Cl, Br and I) in the quinoline based 

chelating ligand and tried to explain the  influence of the halogen substituent on the SCO 

behaviour of the compounds. The experimental result showed that spin transition temperature 

of these compounds gradually increased on changing halogen moiety in the ligand part from 
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F to I. The C-X…H (prominent for F, Cl and Br) and C-X… (prominent for I) interactions 

played a crucial role for observing this type of behaviour. 

 

Figure 1.28 Crystal structure of compound 1.100 at 276 K. Atoms are shown as 30% thermal 

ellipsoids. H atoms are omitted for clarity. 

 

Figure 1.29 Structures of the compounds 1.101-1.104. 

H. Liu and his group1.76 developed two Cu(II) compounds, 1.105 and 1.106 (Figure 1.30). 

The compound 1.105 exhibited 1D polymeric chain and intrachain ferromagnetic property 
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with J value 6.58 cm-1. On other hand, the dinuclear compound 1.106 had intramolecular 

antiferromagnetic coupling with J value -6.91 cm-1. 

  

 

Figure 1.30 Structure of compounds 1.105 and 1.106, shown in capped sticks model. H 

atoms and solvent molecule are omitted for clarity. 

Two Dy(III)  based single-molecule magnate (1.107, Figure 1.31) was reported by J. Long 

and his group.1.77 Out of two compounds one was 8-aminoquinoline based mononuclear 

compound and exhibited out of phase signals up to 60K. 

 



Chapter 1 General Introduction: A Brief Literature Survey 

 

  
Page 33 

 
  

 

Figure 1.31 Structure of compound 1.107. 

S. Wu et al 1.78 synthesized tridentate NNO donor Schiff base ligand, 4-(anthracen-9-yl)-2-

((quinolin-8-ylimino)methyl)phenol and corresponding dinuclear and trinuclear Dy(III) 

compounds 1.108 and 1.109 (Figure 1.32). Static and dynamic magnetic measurements 

showed magnetic relaxation behaviour of both compounds. In this case, theoretical 

calculation (ab initio) had also been included to find the magnetic relaxation pathway. 

 



Chapter 1 General Introduction: A Brief Literature Survey 

 

  
Page 34 

 
  

 

Figure 1.32 Crystal structures of the compounds 1.108 and 1.109. Atoms are shown as 30% 

thermal ellipsoids. H atoms and solvent molecules are omitted for clarity.  

1.2.5.2 Catalytic Behaviour: 

C. Redshaw and his co-workers1.79 have synthesized a series of 8-aminoquinoline based 

vanadyl compounds, 1.110-1.114 (Figure 1.33) which could be effective for polymerization 

reaction. However, in their study they observed that the compounds 1.112-1.114 could be 

used as pre-catalysts for ethylene polymerization reaction. On the other hand, every 

compound (1.110-1.114) could be utilized for ring opening polymerization of ε-caprolactone 

by maintaining a certain reaction condition. 
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Figure 1.33 Structure diagrams of vanadyl compounds 1.110-1.114 (where, Ad: 

adamantyl-phenol). 

Another, ethylene oligomerization application based Cr(III)-aminoquinoline bounded 

catalysts had been reported by  E. Kirillov et el.1.80 They had prepared four different ligand 

environments with four Cr(III) bounded metal compounds. Among them two compounds 

(1.115 and 1.116) exhibited 8-aminoquinoline moiety (Scheme 1.6 and Figure 1.34). 

Compound 1.115 showed the highest catalytic efficiency (activities up to 23.730 kg mol-1 h-1) 

for ethylene oligomerization reaction at certain reaction condition. 
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Scheme 1.6 Route to the synthesis of 1.115 and 1.116. 

 

Figure 1.34 Crystal structure of compound 1.115. Atoms are shown as 30% thermal 

ellipsoids. H atoms are omitted for clarity. 
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A series of Ni(II) based a series of pre-catalysts for the above mentioned oligomerization 

reaction had been prepared by O. L. Casagrande Jr. and his co-workers1.81 However, they 

successfully elucidated the structure of quinoline bounded Ni(II) compound, 1.117 (Figure 

1.35). 

 

Figure 1.35 Crystal structure of compound 1.117. Atoms are shown as 30% thermal 

ellipsoids. H atoms are omitted for clarity. 

D. Gong et al.1.82 produced twelve Co(II) bound metal compounds (1.118-1.129)  by using 

different tridentate salen type ligands. The compounds 1.128 and 1.129 (Figure 1.36) 

consisted with NN donor aminoquinoline based species. Cis form of these compounds was 

highly active pre-catalysts for butadiene polymerization reaction.  
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Figure 1.36 Crystal structure of compound 1.129. Atoms are shown as 30% thermal 

ellipsoids. H atoms are omitted for clarity. 

Another work revealed by J. Reedijk et al.1.83 based on Fe(III), Co(II) and Cu(II) metal ions, 

where Fe(III)-quinoline compound (1.130, Figure 1.37) had the effective catalytic behaviour 

for the oxidation of alkanes and alkenes under a certain reaction condition. 

 

Figure 1.37 Crystal structure of compound 1.130. Atoms are shown as 30% thermal 

ellipsoids. H atoms are omitted for clarity. 

A. Saha and her group1.84 synthesized pseudohalides based two Cu(II) compounds, 1.131 and 

1.132 (Figure 1.38). The mononuclear compound 1.132 exhibited catecholase oxidase 
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mimicking activity. The turn over number on the oxidation of 3,5-ditertiarybutylcathechol 

was 23.58 h-1. 

 

Figure 1.38 Asymmetric unit of compound 1.132. Atoms are shown as 30% thermal 

ellipsoids. H atoms are omitted for clarity. 

1.2.5.3 Biological Activities: 

Designing and synthesis of a small molecule and finding its applicability in 

Photodynamic therapy (PDT) are the recent trend in biological oriented research. R. -K. Lin 

et al.1.85 reported six mononuclear Cu(II) based compounds (1.133-1.138) by using different 

8-aminoquinoline based Schiff base ligands with dppn (dppn= benzo[i]dipyrido[3,2-a;2′,3′-

c]phenazine) (Figure 1.39). All the compounds exhibited DNA cleavage ability and 

compound 1.136 had the highest photosensitizing property.  
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Figure 1.39 Basic structural diagrams of the compounds 1.133-1.138. 

J. H. Acquaye and his group1.86 synthesized two Cu(II) based metal compounds 1.139 and 

1.140 involving 8-aminoquinoline based both NNN and NNO tridentate donour ligands 

(Figures 1.40 and 1.41). In their work, they performed DNA interactions, DNA cleavage 

along with hydrolysis of DNA model compounds i.e., bis(4-nitrophenyl) phosphate (BNPP), 

4-nitrophenylphosphate (4-NPP).  
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Figure 1.40 1D structures of compound 1.139 along the c axis.  

 

Figure 1.41 Crystal structure of compound 1.140. Atoms are shown as 30% thermal 

ellipsoids. H atoms and solvent molecule are omitted for clarity. 

Another DNA interactions along with cell apoptosis study with Zn(II) metal based compound 

(1.141, Figure 1.42) had been reported  by B. Pinchaipat et al.1.87 In their study, they showed 

binding affinity of the compound towards CT DNA was ~106 M-1 and IC50 value towards 

cancerous cell (A549) was estimated ~107.54 (± 4.50) ppm.  
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Figure 1.42 Crystal structure of compound 1.141. Atoms are shown as 30% thermal 

ellipsoids. H atoms are omitted for clarity. 

1.2.6 8-aminoquinoline and NNN Donor Based Some Chelate Compounds with 

Different Applications: 

  L1.60 ligand type with any metal CSD (Version 5.43, November 2021) search exhibits 

only 23 hits. Most of the crystal structures have been found with Ni atom after that Cu, 

Fe>Zn, Co>Cd bound X-ray crystal structures have been reported so far. 

 W. -H. Sun et al.1.88 synthesized twenty four Ni(II) compounds (1.142a-1.153a and 

1.142b-1.153b) (Scheme 1.7). Among them, eight compounds had been reported X-ray 

crystallographically. All these compounds exhibit catalytic property towards ethylene 

oligomerization. The catalytic activity was recorded up to 107 orders in g mol-1(Ni) h-1 by 

employing at a certain reaction condition. 
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Scheme 1.7 General synthetic procedure for twenty four Ni(II) compounds (1.142a-1.153a, 

X=Cl and 1.142b-1.153b, X=Br). 

Two water soluble Cu(II) compounds had been produced by J. Liu et al.1.89 These 8-

aminoquinoline based compounds (1.154 and 1.155, Figure 1.43) had been exerted for CT-

DNA cleavage study, BSA interaction experiment and in vitro cytotoxic study with different 

cancerous cell lines. 

 

Figure 1.43 Asymmetric units of compounds 1.154 and 1.155. Atoms are shown as 30% 

thermal ellipsoids. H atoms and anion molecule are omitted for clarity. 
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Three NNN tridentate reduced Schiff base ligands and respective Cu(II) compounds had been 

reported by S. Mandal and his co-worker.1.90 Interestingly, all the compounds (1.156-1.158) 

exhibited -C=N group instead of reduced –C-NH group (Scheme 1.8). However, 

Phenoxazinone synthase like mimicking activity had been experimented by using these 

compounds.  

 

Scheme 1.8 General synthetic procedure for three Cu(II) compounds 1.156-1.158. 

1.3 Concluding Remarks and Aim of My Research Work: 

The above literature report reveals that there are so many examples of coordination 

compounds involving NNO and NNN type of ligands with versatile applications in different 
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fields. It has been found that application oriented examples of salen type NNO and pyridine 

containing NNN tridentate Schiff base donour ligands are enormous. Therefore, development 

of a research plan on endless area like coordination chemistry has become much easier than 

other fields due to its easy synthetic part with low cost materials. It helps our research work 

smoothly even in a simplest lab setup with vast applicability in modern era of science.

 However, literature report especially on 8-aminoquinoline moiety (with NNO Schiff 

base donor) shows that there is a few reported examples of application based coordination 

compounds and interestingly, most of the materials exhibit Fe(II/III) metal ion (Figure 1.26). 

Again, NNN donor based ligands containing the above mentioned moiety provide a very 

limited application based examples. CSD search (up to date) reveal that Schiff base ligands 

(NNO/NNN) with other aminoquinoline moieties (especially for 3-aminoquinoline and 5-

aminoquinoline) shows no potential examples of coordination compounds. Therefore, 

development of application based coordination compounds with different metal ions (except 

Fe) and different aminoquinoline containing Schiff base ligands are the main area of my 

research work.    
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Abstract 

The present report deals with the synthesis and structural characterisation of a 
mononuclear (2.1), a di(phenoxido)-bridged dinuclear (2.2) and a phenoxido/azide bridged 
dinuclear (2.3) nickel(II) complexes derived from NNO donor Schiff base ligands. Structural 
studies reveal that, in all complexes, the nickel(II) ions are hexa-coordinated in a distorted 
octahedral environment in which tridentate NNO ligand binds the metal centre in the 
meridional configuration. The variable-temperature (2–300 K) magnetic susceptibility 
measurements of dinuclear analogues (2.2 and 2.3) show that the interaction between the 
metal centres is moderately ferromagnetic (J = 15.6 cm-1 for 2.2 and J = 15.3 cm-1 for 2.3). 
Broken symmetry density functional calculations of exchange interaction have been 
performed on complexes 2.2 and 2.3 and provide a good numerical estimate of J values (J = 
10.31 cm-1 for 2.2 and J = 17.63 cm-1 for 2.3) to support the experimental results. Most 
importantly, compound 2.2 is only the second example where ferromagnetic coupling is 
operative in the class of di(phenoxido)-bridged dinickel(II) complexes. The bridging Ni–O–
Ni angle being close to the crossover region would provide significant information to get 
better insight into the magneto-structural correlation in these systems. On the other hand, 
compound 2.3 is an important addition to a family of very few hetero-bridged 
(phenoxido/azide) discrete compounds of nickel(II). 
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2.1 Introduction 

There have been extensive studies of the magnetic properties of di- and polynuclear transition 

metal complexes with exchange coupled magnetic2.1,2.2 centres for the search of single-

molecule magnets (SMMs).2.3–2.8 The design of such molecule-based magnets relies on the 

presence of both intra- and intermolecular coupling. Therefore, the most important systems to 

explore fundamental aspects are discrete dinuclear exchange coupled metal complexes 

because they make possible the evaluation of the pair wise exchange interactions, knowledge 

of which at least assess qualitatively the magnetic coupling in higher nuclearity systems. In 

fact, the most of the experimental or theoretical magneto-structural correlations have been 

established from the studies of dinuclear compounds to understand the basics of the magnetic 

coupling and to establish proper structure–property relationship.2.9–2.17 A rational approach to 

synthesize discrete exchange-coupled dinuclear metal complexes depends on synthetic 

strategy that involves the use of particular transition metal ions, blocking ligands and 

flexidentate bridging ligands with the objective to propagate specific magnetic interactions 

with interesting structures. The well-known bridging anions like N3
ˉ, NCS ˉ, N(CN)2

ˉ,CN 

ˉ,C2H3O2
ˉ, C6H5O

ˉ, and OHˉ etc., are often used to form such compounds.2.18 Among them, 

azido and hydroxo (phenoxide and alkoxide) bridges are the most versatile mediators of 

magnetic exchange interactions between paramagnetic ions due to their different modes of 

coordination ability.2.12.2.13,2.19 Interestingly, while multinuclear Cu(II)-compounds featuring 

double hetero-bridges µ-hydroxido/alkoxido/phenoxido and µ-X (X = azide, thiocyanate, 

cyanate, etc.) are quite common in the literature,2.20 those of hetero-bridged compounds of 

other 3d metal ions2.21–2.23 have been less investigated, and therefore, this area deserves more 

attention. Among the transition metals, Ni(II) deserves special mention due to its large single-

ion zero-field splitting, and as a consequence numerous di- and polynuclear Ni(II) complexes 

with interesting magnetic properties have been derived.2.24,2.25 Schiff-base ligands have been 



Chapter 2 Mono- and Di-nuclear Nickel(II) Complexes Derived from NNO Donor Ligands: Syntheses, Crystal Structures 
and Magnetic Studies of Dinuclear Analogues 

 

  
Page 58 

 
  

extensively studied as blocking ligands in coordination chemistry mainly due to their ease of 

synthesis, tremendous structural diversities and immense possibilities towards different 

applications including molecular magnetism.2.26 Common strategy to develop di- and 

polynuclear transition metal complexes is to the use of blocking ligands with lesser donor 

sites in combination with bridging ligands. Therefore, NNO or NNN donor Schiff base 

ligands along with various polyatomic bridging anions are excellent combinations to produce 

various structural architectures, and useful from the magnetic coupling point of view.2.27,2.28 

Schiff bases derived from salicylaldehydes and 8-aminoquinoline used as blocking ligands 

are scarce in literature.2.29,2.30 To the best of our knowledge, only limited numbers of Cu(II)-

binuclear complexes of this ligand have been structurally characterized,2.29,2.30 while none is 

reported for nickel. We are interested in developing the coordination chemistry of nickel(II) 

derived from 8-aminoquinoline and salicyladehyde/o-vanillin to investigate whether it would 

cause any change in the structure and magnetic properties of the resulting complexes. 

Accordingly, in this present report, we have synthesized and structurally characterized one 

mononuclear, one homo- and one hetero-bridged dinuclear Ni(II) complexes, Ni(L2.1)2 (2.1), 

[Ni2(L
2.2)2(SCN)2(DMF)2] (2.2) and [Ni2(L

2.1)2(N3)2] (2.3), respectively, where HL2.1 and 

HL2.2 are the tridendentate Schiff base ligands derived from 8-aminoquinoline and o-

vanillin/salicylaldehyde, respectively, as shown in Scheme 2.1. Magnetic characterization 

has been carried out for dinuclear complexes 2.2 and 2.3. We also report here DFT 

calculations to provide a qualitative theoretical interpretation of overall magnetic behaviour 

of these dinuclear analogues. Both experimental and theoretical data suggest that the 

dinuclear nickel(II) analogues exhibit ferromagnetic interaction. 

 

 



Chapter 2 Mono- and Di-nuclear Nickel(II) Complexes Derived from NNO Donor Ligands: Syntheses, Crystal Structures 
and Magnetic Studies of Dinuclear Analogues 

 

  
Page 59 

 
  

 

Scheme 2.1 Drawing of the ligands used in this study 

2.2 Experimental Section 

2.2.1 Materials 

Materials such as 8-aminoquinoline, o-vanillin and salicylaldehyde were purchased from 

Sigma-Aldrich, India. The chemicals were of reagent grade and used without further 

purification. All other chemicals and solvents were of reagent grade and used as received. 

Caution! Perchlorate and azide salts of metal complexes with organic ligands are potentially 

explosive. Only a small amount of material should be prepared and it should be handled with 

great care. 

2.2.2 Synthesis of the Schiff Base Ligands. 

Tridentate Schiff base ligand (HL2.1) was prepared by the standard method.2.29 Briefly, 1.0 

mmol of 8-aminoquinoline (144 mg) was mixed with 1.0 mmol of o-vanillin (152 mg) in 20 

ml of methanol. The resulting solution was heated to reflux for ca. 1 h, and allowed to cool. 

Ligand HL2.2 was synthesized following the identical procedure using salicylaldehyde (1.0 
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mmol, 122mg) instead of o-vanillin. The dark orange methanol solutions were used directly 

for complex formation. 

2.2.3 Synthesis of Ni(L2.1)2 (2.1) 

Nickel perchlorate hexahydrate (183mg, 1.0mmol), dissolved in 10 ml of methanol was 

added to a methanolic solution (10 ml) of the ligand (HL2.1, 2.0mmol) with constant stirring 

for about 3 h. The resulting solution was filtered, and the filtrate was left to stand in the air. X 

ray-quality red colour single crystals of complex 2.1 were obtained in several days upon slow 

evaporation of the filtrate at ambient temperature. Yield: 430 mg (70%). Anal. calcd. for 

C34H26N4O4Ni: C 66.65%, H 4.28%, N 9.15 %. Found: C 66.76 %, H 4.36 %, N 4.01 %.IR 

(cm–1, KBr): ν(C=N) 1606 m; ν(C=N, py) 1533 m. 

2.2.4 Synthesis of [Ni2(L
2.2)2(SCN)2(DMF)2] (2.2) 

NiCl2∙6H2O (237 mg, 1.0 mmol) and HL2.2 (1.0 mmol) were combined in a 20 ml methanol 

and to the mixture 5 ml DMF solution of sodium thiocyanate (81 mg, 1.0 mmol) was added 

with stirring. Finally few drops of triethylamine were added with stirring. The resulting 

mixture was heated to reflux for 1 h during which time colour of the solution changed to dark 

reddish brown. The reaction mixture was then filtered and kept at room temperature. 

Analytically pure dark-brown crystals suitable for X-ray diffraction were obtained from the 

solution after several days, which was collected by filtration and washed with methanol/ether 

and air dried. Yield: 670 mg (77%). Anal. calcd. For C40H36N8O4S2Ni2: C 55.03%, H 4.16%, 

N 12.84 %. Found: C 54.87 %, H 4.27 %, N 12.66 %. IR (cm–1, KBr): ν(C=N) 1608 m; 

ν(C=N, py) 1581 m; ν(SCN¯) 2097.  

2.2.5 Synthesis of [Ni2(L
2.1)2(N3)2] (2.3) 

Complex 2.3 was synthesized from methanol/water solvent mixture following the very 

similar procedure as described for complex 2.2 but HL2.1 and sodium azide were used instead 
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of HL2.2 and sodium thiocyanate, respectively. Colour: Dark brown, Yield: 650 mg (82%). 

Anal. calcd. for C35H30N10O5Ni2: C 53.42%, H 3.84%, N 17.81 %. Found: C 53.58 %, H 3.72 

%, N17.62 %. IR (cm–1, KBr): ν(C=N) 1606 m; ν(C=N, py) 1537 m; ν(N3¯) 2057, 2032.  

2.2.6 Physical Measurements. 

Elemental analyses for C, H and N were carried out using a Perkin–Elmer 240C elemental 

analyser. Infrared spectra (400–4000 cm–1) were recorded from KBr pellets on a Nicolet 

Magna IR 750 series-II FTIR spectrophotometer. DC magnetic susceptibility data of 

polycrystalline powder samples of 2.2 and 2.3 were collected on a Vibrating Sample 

Magnetometer, PPMS (Physical Property Measurement System, Quantum Design, USA) in 

the temperature range of 2 K to 300 K with different applied field 1000 Oe. Field variation 

(−5 kOe to 5 kOe) magnetization measurement was carried out at 2 K. 

2.2.7 X-ray Crystallography. 

Single crystal X-ray diffraction data of complexes 2.1–2.3 were collected on a Bruker 

SMART APEX-II CCD diffractometer using graphite monochromated Mo/K radiation ( = 

0.71073 Å). The unit cells were determined from the setting angles of 36 frames of data. Data 

processing, structure solution, and refinement were performed using the Bruker Apex-II suite 

program. All available reflections to 2max were harvested and corrected for Lorentz and 

polarization factors with Bruker SAINT plus.2.31 Reflections were then corrected for 

absorption, inter-frame scaling, and other systematic errors with SADABS.2.31 The structures 

were solved by the direct methods and refined by means of full matrix least-square technique 

based on F2 with SHELX-97 software package.2.32 All the non-hydrogen atoms were refined 

with anisotropic thermal parameters. All the hydrogen atoms belonging to carbon were 

placed in their geometrically idealized positions, while hydrogen atom connected to oxygen 

atom of DMF molecule was located on the difference Fourier map and all of them were 
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constrained to ride on their parent atoms. Crystal data and details of the data collection and 

refinement for 2.1–2.3 are summarized in Table 2.1. 

Table 2.1 Crystal data and structure refinement of complexes 2.1–2.3. 

Compound 2.1 2.2 2.3 
Empirical formula C34H26N4O4Ni C40H36N8O4SNi2 C35H30N10 O5Ni2 
Formula weight 613.30 874.31 788.11 
Temperature (K) 298 (2) 298 (2) 298 (2) 
Wavelength (Å) 0.71073 0.71073 0.71073 
Crystal system Monoclinic Triclinic Orthorhombic 
Space group P21/n P-1 Pbca 
a (Å) 12.5834(7) 9.488(3) 18.6631(5) 
b (Å) 10.2983(6) 10.734(4) 18.8121(5) 
c (Å) 21.547(1) 11.133(4) 19.0739(5) 
(°) 90 73.787(7) 90 
(°) 98.706(3) 68.999(7) 90 
(°) 90 84.003(7) 90 
Volume (Å3) 2760.1(3) 1016.4(6) 6696.7(3) 
Z 4 1 8 
Dcalc (g cm-3) 1.476 1.428 1.563 
Absorption coefficient (mm-1) 0.752 1.080 1.185 
F(000) 1272 452 3248 
 Range for data collection (°) 1.77- 27.24 1.98-27.50 1.87- 25.04 
Reflections collected 41174 9071 91058  
Independent reflection / Rint 3699/ 0.0711 2902 / 0.0583 4660 / 0.0492 
Data / restraints / parameters 6084/0/ 388 4260 / 0 / 253 5912 / 0 / 472 
Goodness-of-fit on F2 1.022 1.072 1.021 
Final R indices [I>2(I)]  R1 = 0.0922, 

wR2 = 0.1316 
R1 = 0.1037, 
wR2 = 0.2515 

R1 = 0.0287, 
wR2 = 0.0642 

R indices (all data)  R1 = 0.1101, 
wR2 = 0.1598 

R1 = 0.1338, 
wR2 = 0.2853 

R1 = 0.0447, 
wR2 = 0.0717 

 

2.3 Results and Discussion 

2.3.1 Syntheses and IR Spectroscopy 

In the synthesis of metal complexes 2.1–2.3, we used two different Schiff base ligands HL2.1 

and HL2.2. HL2.1 was derived from 1 : 1 condensation of o-vanillin and 8-aminoquinoline in 

methanolic solution, whereas ligand HL2.2 was synthesized using salicylaldehyde instead of 

o-vanillin. Mononuclear complex 2.1 was synthesized simply by allowing Schiff base HL2.1 

to react with nickel chloride hexahydrate in a methanol solution in a 2 : 1 molar ratio. 

Complex 2.2 was obtained by adding a methanolic solution of nickel chloride hexahydrate to 

a methanolic solution of Schiff base ligand HL2.2 followed by DMF solution of NaSCN in a 1 
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: 1 : 1 molar ratio in the presence of few drops of triethylamine. Complex 2.3 was synthesized 

adopting very similar procedure as that of 2.2, by adding a methanolic solution of nickel 

chloride hexahydrate to a methanolic solution of Schiff base ligand HL2.1, followed by 

aqueous solution of NaN3 in a 1 : 1 : 1 molar ratio. A comparison of the powder XRD 

patterns of 2.2 and 2.3 (Figures 2.1 and 2.2) with that of the simulated powder XRD patterns 

of the single crystals clearly show the purity of the bulk samples which are in accord with the 

elemental analyses results. In the IR spectra of complexes 2.1-2.3, a strong and sharp band 

due to azomethine ν(C=N) appears at 1606, 1608 and 1606 cm-1, respectively. In the 

spectrum of complex 2.2, a strong absorption band is observed at 2098 cm-1, which 

characterizes ν(C=N) vibration of thiocyanate anions.2.28,2.33 Complex 2.3 shows two sharp 

absorption bands, at 2057and 2032 cm-1, consistent with the presence of both end-on bridging 

and terminal azide in the structure.2.34 

 

Figure 2.1 Powder X-ray diffraction patterns of 2.2 (red) compared with the simulation 

(black) obtained from single crystal data of 2.2. 
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Figure 2.2 Powder X-ray diffraction patterns of 2.3 (red) compared with the simulation 

(black) obtained from single crystal data of 2.3. 

2.3.2 Description of the Crystal Structures 

Complex 2.1 crystallizes in the monoclinic space group P21/n. The perspective view of the 

mononuclear nickel(II) complex is shown in Figure 2.3. Selected bond distances and angles 

with their estimated standard deviations are listed in Table 2.2. Two HL2.1 ligands bind the 

metal ion in a N2O fashion using a phenolate oxygen atom, imine nitrogen atom and amine 

nitrogen atom, forming one five and one six membered chelate rings, and each of them 

occupies one meridional position of the octahedral structure of nickel(II). The five-membered 

chelate bite angles N3–Ni1–N4 [79.92(11)°] and N1–Ni1–N2 [79.35(12)°] are close but 

differ from other two bite angles N4–Ni1–O3 [89.75(10)°] and N2– Ni1–O1 [87.86(10)°] 

which are considerably close to the ideal octahedral value (90°). The four coordinating atoms 

making up the basal plane are two phenoxo-O atoms [O3 and O1] and two quinoline-N atoms 

[N1 and N3] from the two Schiff bases, while the axial sites are occupied by two imine-N 

atoms [N2 and N4]. From close inspection of bond distances it has been observed that Ni–

N(quinoline) bond distances are relatively longer compared to Ni–O(phenoxo) bond 

distances. The chelate bite angles and the transoid angles strongly suggest that the complex 

has a distorted octahedral structure. The solid state structure of 2.1 is stabilized by edge-to-
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edge π…π stacking, C– H…π and nonconventional C–H…O hydrogen bonding interactions 

as shown in Figure 2.4.  

 

Figure 2.3 Crystal structure of 2.1 showing atom numbering scheme. Hydrogen atoms are 

omitted for clarity and ellipsoids are drawn at 30% probability. 

 

Figure 2.4 Packing diagram of complex 2.1. 

The crystal structure of 2.2 consists of a discrete di- (phenoxido)-bridged centro symmetrical 

unit of formula [Ni2(L
2.2)2(SCN)2(DMF)2], (Figure 2.5). Selected bond lengths and angles 

are presented in Table 2. In this complex, each nickel(II) centre is hexa-coordinated with a 

distorted octahedral geometry. Nickel(II) centre is bonded to three donor atoms of the 
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deprotonated Schiff base ligand HL2.2 through the quinoline amine nitrogen atom N1, the 

imine nitrogen atom N2, and the phenoxido oxygen atom O1 as well as to a bridging 

phenoxidooxygen atom O1a [a: 1-x, -y, -z] from the symmetry-related Schiff base ligand. 

Furthermore, the metal centre is coordinated with a monodentate NCSˉ anion through N3 and 

a DMF molecule through O2 centre to complete the coordinative requirement for the 

octahedral geometry. As is usually found in this type of double phenoxido-bridged Ni(II) 

dimers, the Ni2O2 core is slightly asymmetric, because each Ni(II) ion is closer to the 

phenoxido oxygen atom of L2.2 [Ni1–O1 = 2.020(4), Table 2.2] than that of the phenoxido 

oxygen atom of the symmetry-related Schiff base ligand [Ni1–O1a = 2.157(4)]. The two Ni 

atoms are separated by 3.156(1) Å, and the Ni1–O1–Ni1a bridge angle is 98.08(16)°. The 

tridentate ligand coordinates to the metal ion in the meridional configuration which is usual 

for this type of rigid ligand. Note that Ni1–O1 and Ni1–N2 are the two shortest bonds, and 

bonds trans to N1 [Ni1–O1a] are significantly lengthened in 2.2. The axial positions of the 

metal centres are occupied by the bridging phenoxo-O atom (O1a) from the tridentate ligand 

at a distance of 2.157(4) Å, and the thiocyanato nitrogen atom N3 at a distance of 2.051(6) Å. 

The four donor atoms namely O1, N2, N1 and O2 describe the basal plane around the Ni1 

centre, and the displacement of the metal centre from the mean square plane towards the 

axially coordinated O1a atom is 0.012(3) Å. The equatorial plane is characterized by the bond 

lengths Ni1–O1 = 2.020(4), Ni1–N2 = 2.022(5), Ni1–N1 = 2.051(5) and Ni1–O2 = 2.061(4) 

Å. The solid state architecture of 2.2 is stabilized by edge-to-edge π…π stacking, C–H…π 

and nonconventional C–H…O hydrogen bonding interactions as shown in Figure 2.6.  
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Figure 2.5 molecular structure of 2.2 showing atom numbering scheme. Hydrogen atoms are 

omitted for clarity and ellipsoids are drawn at 30% probability. 

 

Figure 2.6 Packing diagram of complex 2.2. 

The crystal structure of [Ni2(L
2.1)2(µ1,1-N3)(N3)(CH3OH)] (2.2) is shown in Figure 2.7. The 

structural analysis reveals that the dinickel(II) compound consists of two deprotonated L2.1 

ligands. Phenoxo-oxygen atoms of two L2.1, one oxygen atom O3 bridges the two metal 

centres (Ni1 and Ni2) while the second oxygen O1 acts as a monodentate ligand and is 
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coordinated to Ni1 centre. Again, of the two methoxy oxygen atoms of two L2.1 ligands, O4 

is coordinated to Ni1 while the second oxygen atom O2 is noncoordinated. The quinoline 

nitrogen atoms (N1, N7) and imine nitrogen atoms (N2, N6) of each of the two L2.1 are 

coordinated to each of the two metal centres. In addition to the phenoxo bridge, the metal 

centres in the dinuclear core are also bridged by the nitrogen atom N3 of an end-on azide 

ligand. The remaining coordination position of Ni2 is satisfied by the oxygen atom (O5) of a 

methanol molecule. Thus, both metal centres are hexa-coordinated, but the coordination 

environments of Ni1 and Ni2 consist of a different set of donor atoms (N3O3 for Ni1 and 

N4O2 for Ni2). The bond lengths and angles in the coordination environment of the metal 

centres are listed in Table 2.2. In case of Ni1 centre, the bond distances involving the 

bridging and monodentate phenoxo-oxygen atom and the imine nitrogen atom are shorter 

than other three bond lengths, which follow the order Ni–O(methoxy) > Ni–N(µ1,1-N3) > Ni–

N(quinoline). In contrast, the trend of bond distances in Ni2 is slightly different from the Ni1 

centre because these are not similarly coordinated. For the Ni2 centre, the bond distances 

involving the bridging phenoxo-oxygen atom, quinoline nitrogen atom and the imine nitrogen 

atom are again shorter than other three bond lengths, which follow the order Ni–O(methanol) 

> Ni– N(µ1,1-N3) > Ni–N(terminal N3). For Ni1, bridging phenoxo-oxygen atom (O3) and the 

imine nitrogen (N2) occupy the axial positions, while the monodentate phenoxo (O1), 

methoxy oxygen atom (O4), the bridging azide (N3) and quinoline nitrogen atom (N1) define 

the basal plane. In the case of Ni2, the terminal azide (N8) and methanol oxygen (O5) occupy 

the axial positions, while the bridging azide (N3), imine nitrogen atom (N6), quinoline 

nitrogen atoms (N7), and bridging phenoxo-oxygen (O3) define the basal plane. The range of 

the transoid angles are 154.61(7)⁰–174.65(7)° for Ni1 and 169.28(7)°–177.92(7)° for Ni2. 

The ranges of the cisoid angles are 101.53(7)⁰–74.37(6)° for Ni1 and 81.88(8)°–94.45(7)° for 

Ni2 in 2.3. Clearly, both the transoid and the cisoid angles deviate significantly from ideal 
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values of an octahedral geometry. The molecular packing of the complex is stabilized by 

nonconventional hydrogen bonding interactions as shown in Figure 2.8. 

 

Figure 2.7 Crystal structure of 2.3 showing atom numbering scheme. Hydrogen atoms are 

omitted for clarity and ellipsoids are drawn at 30% probability. 

 

Figure 2.8 Packing diagram of complex 2.3. 
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Table 2.2 Bond distances (Å) and bond angles (º) of 2.1–2.3. 

For complex 2.1 

Ni1–N1 2.099(3) Ni1– O1 2.056(2) 
Ni1– N2 2.055(3) Ni1– O3 2.032(2) 
Ni1– N3 2.102(3) Ni1– N4 2.039(3) 
    
N1–Ni1–N2  79.35(12) N3–Ni1–N4  79.92(11) 

N1–Ni1–O1  167.16(11) N3–Ni1–O3 169.58(10) 
N2–Ni1–N4  173.78(11) N4–Ni1–O3 89.75(10) 
N2–Ni1–O1  87.86(10)   

 

For Complex 2.2 

Ni1–N1  2.051(5) Ni1–O2  2.061(4) 
Ni1–N2  2.022(5) Ni1–O1a  2.157(4) 
Ni1–N3  2.051(6) S1–C17  1.630(7) 
Ni1–O1  2.020(4) N3–C17  1.165(9) 
    
N2–Ni1–N1  81.2(2) N2–Ni1–O2  172.92(18) 
O1–Ni1–N2  90.40(17) N3–Ni1–O1a  172.93(19) 
O1–Ni1–N1  168.52(19) Ni1–O1–Ni1a  98.08(16) 

Symmetry code: a = 1-x,-y,-z 

For complex 2.3 

Ni1–N1 2.0436(18) Ni2–N3  2.1333(19) 
Ni1– N2  2.0127(19) Ni2–N6  2.0253(19) 
Ni1–N3  2.1611(18) Ni2–N7  2.0434(18)   
Ni1–O1  1.9784(15) Ni2–N8  2.1197(19) 
Ni1–O3  2.0127(15) Ni2–O3  2.0077(14) 
Ni1–O4  2.2562(16) Ni2–O5  2.1619(17) 
N3–N4  1.207(3) N8–N9 1.189(3) 
N4–N5  1.152(3) N9–N10 1.173(3) 
    
O1–Ni1–N2  91.37(7) N6–Ni2–N3  169.28(7) 
N2–Ni1–N1  81.36(7) N3–Ni1–O4  154.57(7) 
O3–Ni1–O4  74.37(6) O3–Ni2–N7  170.96(7) 
N6–Ni2–N7  81.88(8) N8–Ni2–O5  177.92(7) 
O3–Ni2–N6  89.47(7) Ni2–O3–Ni1  102.67(6) 
N2–Ni1–O3  174.65(7) Ni2–N3–Ni1  93.94(7) 
O1–Ni1–N1  172.29(7)   

 

2.3.3 Magnetic Properties 

The plot of χMT versus T for 2.2 is displayed in Figure 2.9. The room temperature χMT value 

is 2.07 cm3 mol-1 K. From room temperature to 7 K, there is a gradual increase in χMT value 



Chapter 2 Mono- and Di-nuclear Nickel(II) Complexes Derived from NNO Donor Ligands: Syntheses, Crystal Structures 
and Magnetic Studies of Dinuclear Analogues 

 

  
Page 71 

 
  

and beyond this maximum, χMT value gradually decreases. An overall ferromagnetic 

interaction is evident from the nature of χMT versus T plot. The decrease of χMT value beyond 

7 K is probably a consequence of the zero-field splitting arising from single-ion anisotropy of 

Ni(II) ions and possible inter dimer interaction. To understand the nature of magnetic 

exchange and to determine the value of the coupling constant (J), the χMT data (in the 

dominant ferromagnetic region 300 K–22 K) were plotted to the isotropic spin Hamiltonian: 

Ĥ = Ŝ1Ŝ2,
2.35 for the Ni(II) dimer (S1 = S2 = 1). The temperature dependence of χM for such a 

Ni(II) dimeric system can be written as following eqn (1): 

M= (2N2g2/kT) {[exp(J/kT) + 5 exp(3J/kT)]/ [1 +3 exp(J/kT)  + 5 exp(3J/kT)]} + N 

In this expression, N, β, k and g have their usual meanings and the last term (Nα) is the 

temperature-independent paramagnetism which is assumed to be 200 x10-6 cm3 mol-1 for two 

nickel(II) ions. The χMT data (300 K–10 K) were plotted using eqn (1) and the best-fit 

parameters are J = 15.6 cm-1 with g = 2.01, and R = 4.7 x 10-4 {R = ∑[(M)obs − 

(M)calc]2/[(M)obs]2}(Figure 2.9). The value of J suggests ferromagnetic interaction, which is 

also validated by the positive value of Weiss constant θ of 20.4 K obtained from Curie–Weiss 

fitting of the plot of 1/χM vs. T in the temperature range 300–140 K (Figure 2.10). The 

maximum value of magnetization at 2 K reaches of 3.54 Nβ (Figure 2.11), which is slightly 

less than the expected value for ferromagnetically coupled Ni(II) dimers.  

 

Figure 2.9 The plots of χMT vs. T for 2.2. The solid red line indicates the best fit obtained in 

the temperature range 10K-300K (see text). 
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Figure 2.10 Reciprocal molar susceptibility as function of temperature for 2.2; solid red line 

indicates Curie-Weiss fitting in the range 140 K-300 K. 

 

Figure 2.11 The M vs. H curve for 2.2 at 2 K. 

Figure 2.12 shows the variable-temperature magnetic susceptibility of 2.3 measured at 1000 

Oe. At 300 K, the χMT value is 2.8 cm3 mol-1 K, typical for two Ni(II) ions with g > 2.00. 

Upon cooling, χMT value increases and reaches a maximum value of 3.74 cm3 mol-1 at 17 K, 

and then finally decreases with temperature. Similar to compound 2.2, a dominant 

ferromagnetic interaction is suggested by the nature of χMT versus T plot, while the decrease 

of χMT value beyond the maximum is result of the zero-field splitting as well as the possible 

inter dimer antiferromagnetic interaction. The best fit parameters using eqn (1) show J = 15.3 

cm−1 with g = 2.32, and R = 2.6 ×10−4 {R = ∑[(M)obs − (M)calc]2/[(M)obs]2} (Figure 2.12). 

The positive value of J suggests the existence of a ferromagnetic coupling within the Ni(II) 

dimer. The temperature dependence of the reciprocal susceptibility plot above 120 K (Figure 
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2.13) follows the Curie–Weiss law with a Weiss constant θ of 11.25 K, which is also 

consistent with the ferromagnetic coupling between Ni(II) ions. The M vs. H curve at 2 K 

reaches a maximum value of 3.8 Nβ (Figure 2.14), which is very close to the expected value 

for ferromagnetically coupled Ni(II) dimer. 

 

Figure 2.12 The plot of χMT vs. T for 2.3. The solid red line indicates the best fit obtained in 

the temperature range 22K- 300K (see text). 

 

Figure 2.13 Reciprocal molar susceptibility as function of temperature for 3; solid red line 

indicates Curie-Weiss fitting in the range 120 K–300 K. 
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Figure 2.14 The M vs.H curve for 2.3 at 2 K. 

2.3.4 DFT Study and Magneto-Structural Correlations 

In order to get better insight into the magnetic exchange phenomena in the binuclear 

nickel(II), phenoxo-O and azido-N bridged complexes 2.2 and 2.3, “broken-symmetry” 

density functional theory (DFT)2.36 calculations have been carried out using the hybrid 

B3LYP exchange-correlational functional2.37 in Gaussian 09 program.2.38 All elements except 

nickel have been assigned the 6-31+G(d) basis set. The LanL2DZ basis set with effective 

core potential has been employed for the nickel atoms.2.39 The broken-symmetry procedure 

can be applied to a system of two nickel(II) ions, each containing two unpaired spins. First a 

self-consistent field (SCF) calculation is carried in quintet state (HS) of the molecule. In the 

next stage, another SCF calculation is performed taking two spins up on a nickel atom and 

two spins down on the other nickel atom, which is referred to as the broken-symmetry (BS) 

solution. Finally, the magnetic exchange coupling constant (J) value is evaluated using the 

Yamaguchi formula,2.40 J = (EBS – EHS) / (S2HS – S2BS), where EHS and EBS are the 

energies, S2HS and S2BS are the spin-squared operator in the high-spin (HS) and broken 

symmetry (BS) state. The calculated J value for complex 2.3 is found to be 17.63 cm-1 and is 

comparable to the experimental value 15.3 cm-1 (Table 2.3), while for complex 2.2 the 

theoretical value 10.31 cm-1 is found to be lower compare to the experimental value 15.6 cm-

1. In both the cases the positive J value indicates, there is ferromagnetic interactions between 
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the nickel centres. The spin density plots in high-spin and broken symmetry states are shown 

in Figures 2.16 and 2.17 for complexes 2.2 and 2.3, respectively. The spin density plots 

suggest, in addition to the nickel centres, the spin density is well distributed in bridging 

azide-N and phenoxo-O atoms and so the magnetic exchange phenomena have been taking 

place through the bridging atoms in the complexes. As already described in the structural 

section, 2.2 is a Ni(II) dimer with a di-phenoxo bridging unit. Experimental and theoretical 

magneto-structural correlations carried out by several groups have clearly shown that the 

major factor controlling the exchange coupling in planar alkoxido– and phenoxido–Ni(µ-

O)2Ni complexes is the bridging Ni–O–Ni angle (θ).2.24  

  

Figure 2.16 Spin density plots of 2.2 correspond to high spin state (left) and broken 

symmetry state (right). The isodensity cut off value is 0.004 e bohr-3. Blue and green colours 

represent positive and negative spins respectively. 

 

Figure 2.17 Spin density plots of 2.3 correspond to high spin state (left) and broken 

symmetry state (right). The isodensity cut off value is 0.004 e bohr-3. Blue and green colours 

represent positive and negative spins respectively. 
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Table 2.3 Experimental and DFT calculated magnetic exchange coupling constants for 2.2 

and 2.3. 

Complexes EHS (a.u.) EBS (a.u.) S2HS S2BS Jtheo (cm-1) Jexp (cm-1) 

2.2 -3419.3024026 -3419.3022145 6.011 2.007 10.31 15.6 

2.3 -2613.420067 -2613.4197459 6.015 2.011 17.63 15.3 

 

According to these magneto-structural correlations, a ferromagnetic coupling is expected 

when Ni–O–Ni angle is close to 90°. As Ni–O–Ni angle deviates from 90°, the ferromagnetic 

coupling decreases and above the critical Ni–O–Ni angle of ~96° to 98°, the coupling 

becomes antiferromagnetic.2.24 Ni(II) ions observed for 2.2 is not unexpected. It should be 

noted that, to the best of our knowledge, 2.2 is the second example of a structurally and 

magnetically characterized bis(µ-alkoxido or phenoxido) bridged dinuclear nickel(II) 

complex which shows ferromagnetic coupling between two metal centres. Careful inspection 

of the literature results shows that all the reported di-(alkoxido or phenoxido)-bridged 

dinuclear nickel(II) complexes show strong antiferromagnetic interactions except in one case 

where the ferromagnetic coupling is observed in which bridging angle was found to be 

95.6°.2.41 As can be seen from the magneto-structural parameters for the reported di-(alkoxido 

or phenoxido)-bridged dinuclear nickel(II) complexes in Table 2.4,2.41–2.53 in most of the 

antiferromagnetically coupled systems, bridging angles are found to be above 99°. 

Interestingly, there is one Ni(II) dimer presenting a very similar bridge to that of compound 

2.2 with Ni–O–Ni bond angle of 98° but in that case antiferromagnetic coupling is 

observed.2.42 Magneto structural correlation data clearly suggest how slight variation of 

bridging angle affects magnitude of the magnetic coupling. The bridging Ni–O–Ni angle of 

98.089(16)° in 2.2 suggests that magnetic coupling between two Ni(II) centres could be either 

weak antiferromagnetic of even ferromagnetic as the angle falls in the crossover region. 

Moreover, it has also been seen from the theoretical studies that the out-of-plane 
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displacement of the phenyl carbon atom directly linked to the phenoxo oxygen atom from the 

Ni2O2 plane (τ) is of as much importance as bridging angle θ in determining the sign and 

direction of the J value. It has been shown from the theoretical studies that the AF interaction 

decreases with increase in τ value.2.24 Although the bridging angle falls in the crossover 

region but the larger τ angle of 39.5° in 2.2 prevent an adequate pathway for super exchange 

(weakening antiferromagnetic coupling), and thus it is reasonable to think that the 

ferromagnetic interaction between  to this difference in bridging angle, several other 

structural dissimilarities perhaps play the significant role in the opposite sign of the magnetic 

coupling in these complexes: (i) 8- aminoquinoline part of the ligand imposes geometrical 

restraint in the present case but the ligand used in the previous study was flexible enough, (ii) 

structural rigidity enforces the deprotonated ligand L2.2 to bind with the metal center in 

meridional fashion while it is facially coordinated in the previous complex and (iii) finally, a 

major difference is that the coordination environment in the correlated complex consists of a 

N2O4 donor set in which donor atoms from tridentate ligands exclusively occupy the axial 

positions, while it is N3O3 in complex 2.2 and one of the apical position is occupied by 

exogenous SCNˉ ligand.2.42 All these above facts strongly suggest that as a large number of 

structural parameters such as bond angles, bond lengths, out of plane displacement, dihedral 

angles and the remaining coordination of planes need to be considered to account for the 

variation of the exchange interaction in this type of complexes. The bridging angle of the 

most of the reported compounds in these systems is above 99°, and thus a large number of 

examples on such systems covering a wide range of bridging angles (especially at the region 

of crossover angle) are required to develop proper magneto-structural correlation.  
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Table 2.4 Magnetic and structural parameters of the double phenoxido or alcoxido-bridged 

octahedral dinuclear nickel (II) complexes 

Compound   (º)a Jexp (cm‒1) M∙∙∙M (Å) Ref. 
[Ni2(L)(CH3CO2)2]·10H2O 95.6 20.2 3.005 2.41 
2.2 98.08 15.3 3.156 This Work 
[Ni2(L)2(NO3)2]·CH2Cl2·C2H5OH·2H2O

a 98.28 –10.46 3.053 2.42 
[Ni(L)(OOCCF3)(CH3OH)]2 98.7 –38.4 3.077 2.43 
[Ni(L)(OOCCF3)(H2O)]2 98.92 –39.0 3.066 2.43 
[Ni2(L)(N3)2(H2O)2]·CH3CN 99.15 –18.82 3.085 2.44 
[Ni2(Hemp)(H2O)4](F3CCOO)2·2H2O 99.16 –24.6 3.071 2.45 
[{Ni(Hsalhyph)Cl(H2O)}2]·2DMF 99.2 –29.6 3.085 2.46 
[Ni2L(NCS)2(H2O)2] ·2DMFa 99.2 –21.3 3.105 2.47 
Ni2(L)2(NO3)2] 99.31 –20.34 3.124 2.48 
[Ni2L(H2O)4](ClO4)2 99.5 –34.0 3.100 2.47 
[Ni2(L)2(NO3)2]  99.75 –24.27 3.119 2.49 
Ni2(L)2(NO2)2] 100.0 –25.25 3.156 2.48 
[Ni2(Hemp)(H2O)4](ClCH2COO)2·2H2O 100.15 –29.6 3.101 2.45 
[Ni2L2(OAc)2] 100.58 –36.18 3.176 2.50 
[(NiL)2] ·CH3OH·4H2O 100.6 –132.8 3.1538 2.51 
[Ni2L(MeOH)2(ClO4)2] ·2NHEt3ClO4

a 101.3 –29.5 3.135  2.47 
[Ni2(μ-L)(acac)2(H2O)]·CH3CN 101.5 −25.2 3.203 2.52 
[Ni2(sym-hmp)2](BPh4)2·3.5DMF·0.5(2-PrOH) 105.43 ‒69.7 3.237 2.53 

a = average bridging angle 

Unlike to di-(phenoxo)-bridged complexes, µ-phenoxo–µ1,1- azide bridged complexes 

possess dissimilar bridges, and thus there are many parameters which can affect the 

magnitude of J. Here, the exchange interaction propagated mainly through the phenoxo and 

end-on azido bridges and the structural parameters related to these bridges should be taken 

into account to understand the magnetic behaviour of a compound having a µ-phenoxo–µ 1,1-

azide bridging moiety. As we mentioned earlier, when the Ni–phenoxido–Ni bridge angle is 

greater than 96°–98°, antiferromagnetic behaviour is expected. In contrast, the interaction is 

predicted to be ferromagnetic for the end-on (EO) azide bridged Ni(II) complexes, with J 

increasing upon increasing the bridging angle, yielding a maximum at around 104°. In 

addition to the bridging angle, it has also been established theoretically that the extent of 

ferromagnetic interaction in EO azide-bridged Ni(II) complexes decreases linearly with the 

Ni–N bond lengths. These three governing structural parameters of the µ-



alkoxido/phenoxido–µ–azide nickel(II) systems along with their exchange integrals are listed 

in Table 2.5.2.15,2.55–2.57 Of them, it is clear from the magneto-structural correlation table that 

the parameters relevant to the azide bridging are the key factor governing the sign and 

strength of the magnetic interaction between two metal centres. In fact, all the reported µ–

alkoxido/ phenoxido–µ–azide nickel(II) compounds exhibit ferromagnetic interaction. All 

these structural parameters of 2.3 are very similar to previously reported µ–

alkoxido/phenoxido–mazide nickel(II) systems, and thus nature and magnitude of interactions 

observed in 2.3 is reasonable. 

Table 2.5 Magnetic and structural parameters of μ-phenoxo-μ1,1-azide Nickel(II) compounds 
 

Compound  Jexp 
(cm-1) 

Ni-O-Ni 
(deg) 

Ni-N-Ni 
(deg) 

average 
Ni-O(Å) 

average 
Ni-N(Å) 

Asymmetry 
in Ni-N (Å) 

Ref. 

2.3 15.6 102.68 93.92 2.01 2.145 0.03 This 
work 

[Ni2(L)2(μ1,1-N3)(N3)(H2O)] 
·CH3CH2OH 

16.6 103.0 98.0 2.035 2.11 0.06 2.54 

[Ni2(L)2(μ1,1-
N3)(CH3CN)(H2O)](ClO4) 
·H2O·CH3CN 

16.9 104.7 97.0 2.005 2.115 0.01 2.54 

[Ni2(HL)3(μ1,1-N3)]·3H2O  5.0 106.9 96.3 1.99 2.15 0.12 2.55 
[Ni(L)( μ1,1-
N3)Ni(L1)(N3)(OH2)]·H2O 

25.6 106.7 96.5 1.985 2.14 0.02 2.15 

[Ni2(L)(N3)(H2O)]·CH3OH·H2O 2.85 102.3 95.6 2.02 2.125 0.03 2.56 
[Ni2(HL)2(μ1,1-N3)(o-
vanillin)]·H2O 

6.69   2.006 2.125 0.05 2.57 

 

2.4 Conclusion 

We have synthesized and structurally characterized one mononuclear (2.1) and one 

di(phenoxido)-bridged dinuclear (2.2) and one µ-phenoxido/ µ-azide bridged dinuclear (2.3) 

nickel(II) complexes derived from NNO donor Schiff base ligands. Structural studies reveal 

that the metal centres in all complexes are hexa-coordinated in a distorted octahedral 

geometry in which the rigid tridentate ligands span around the metal centre in the meridional 

position. Both complexes exhibit ferromagnetic interaction at lower temperatures. 

Interestingly, the observed J values for both compounds 2.2 and 2.3 are well matched with J 

values obtained from broken symmetry density functional calculations. It is important to note 
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that the di(phenoxido)-bridged dinickel(II) complex (2.2) is only the second example where 

ferromagnetic coupling is operative in-between two nickel(II) centres. The bridging Ni–O–Ni 

angle being close to the crossover region would provide significant information to get better 

insight into the magneto-structural correlation in these systems. As there are very few hetero-

bridged discrete compounds of dinickel(II), compound 2.3 is an important addition in the 

family of such systems. 
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Abstract 

 The combination of two 8-aminoquinoline based Schiff base ligands (L3.1 and L3.2) with SCNˉ 
and Ni(II) has steered to the synthesis of two new one dimensional thiocyanato-bridged coordination 
polymers: [Ni(L3.1)(NCS)2]n (3.1) and [Ni(L3.2)(NCS)2]n (3.2). Both compounds are isostructural and 
consists of regular zigzag thiocyanato-bridged chains with very weak S···S inter-chain interactions. 
The measured room temperature conductivities of compounds 3.1 and 3.2 (7.0×10-5 and 2.0×10-5 S m-

1, respectively) are the indicative of semiconductor behaviour which increases in the presence of 
photo illumination (3.5×10-4 and 4.9×10-4 S m-1, respectively). The measured I-V characteristics of 
compounds 3.1 and 3.2 based thin film metal-semiconductor (MS) junction devices under irradiation 
and non-irradiation conditions show a nonlinear rectifying behaviour, typical of a Schottky diode 
(SD). The rectification ratios (Ion/Ioff) of the SDs in dark at ±2 V (26.96 and 31.96 for 3.1- and 3.2-
based devices, respectively) increase to 44.19 and 79.42, respectively, upon light irradiation. The 
photo induced behaviour has been analysed by thermionic emission theory and to determine the diode 
parameters Cheung’s method has been employed. These diode parameters indicate that compound 3.2 
has a better performance than compound 3.1 and that these materials are good candidates for 
applications in electrochemical devices. Magnetic measurements show that both compounds present 
ferromagnetic Ni-Ni intra-chain and weak antiferromagnetic inter-chain interactions. The isothermal 
magnetizations at 2 K display that both compounds are metamagnets with critical fields of ca. 130 mT 
in 3.1 and 90 mT in 3.2 at 2 K. In the ferromagnetic phase (above the critical field), both compounds 
exhibit a long-range ferromagnetic order with critical temperatures around 3.5 K in 3.1 and 3.0 K in 
3.2. DC and AC measurements with different applied DC fields confirm the metamagnetic behaviours 
and have allowed the determination of the magnetic phase diagram in both compounds. 
 
 
 

 



 Chapter 3A Multifunctional Ni(II) Based Metamagnetic Coordination Polymers for Electronic Device Fabrication 

 

  
Page 90 

 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Chapter 3A Multifunctional Ni(II) Based Metamagnetic Coordination Polymers for Electronic Device Fabrication 

 

  
Page 91 

 
  

3A.1 Introduction 

Development of novel coordination polymers (CPs) with preferred physical properties is one 

of the most important challenges in Materials Chemistry.3.1-3.5 Rational design of such 

materials and the study of their structure-properties relationships are two important aspects in 

this process. Among CPs, multifunctional materials is a very active and promising area due to 

its wide applicability in the fields of theranostics, multiferrocity, fuel cells, spintronics, 

magnetism, etc.3.6,3.7 Spintronic materials are important in field as sensors, memories or logic 

applications.3.7d-3.7h They contain both electron spin and electron charge, exhibiting, therefore, 

both, magnetic and conducting properties. Spintronic materials are generally based on 

ferromagnetic materials. Initial studies on magnetic semiconductors revealed the coexistence 

of ferromagnetism and conductivity in Eu-based chalcogenide alloys and spinel compounds. 

Interestingly, CPs may be alternative spintronic materials since they contain metal ions that 

provide magnetic interactions and aromatic organic ligands that control the effective overlap 

between d orbitals of the metals with π- electron of the organic ligands to tune the optical 

band gap. CPs can be furnished with desirable functions, which are generally inaccessible in 

simple molecular systems.3.8 

An interesting example in the field of molecule-based magnetic materials3.9-3.12 is 

provided by the Prussian blues family of compounds where the judicious choice of metals led 

to an elevation of the ordering temperatures.3.13,3.14 Magnetic materials such as single-

molecule magnets (SMMs), single-chain magnets (SCMs) and single ion magnets (SIMs) are 

also good examples where this strategy has led to an improvement of the properties as the 

increase of the blocking temperatures and energy barriers.3.15-3.18 The preparation of 

multifunctional magnetic materials, where magnetic properties are combined with other 

interesting properties as chirality, optical properties, electrical conductivity, ferroelectricity or 

porosity, is also a very challenging and active area.3.19-3.24 
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In the particular case of conducting magnetic multifunctional materials their synthesis 

requires the combination of spin-carrier metal centres and bridging units. Since the spin 

carriers are limited to paramagnetic metal ions, the selection of suitable bridges is a key 

point.3.9 Among the different versatile bridging ligands, the thiocyanato anion, with two 

different coordinating sites, is a very adequate bridge to connect two or more paramagnetic 

metal ions and magnetically couple them through superexchange pathways.3.25-3.29 One of the 

most interesting magnetic properties observed in low dimensional CPs is metamagnetism.3.30 

Metamagnets show weak intermolecular antiferromagnetic (AF) coupling that gives rise to an 

AF ordered state at low temperatures. In these systems, the application of an external field 

may overcome the weak AF coupling, producing a reorientation of the spins that results in 

intramolecular ferromagnetic (FM) interactions. The field needed to overcome the AF 

coupling is defined as the critical field (Hc). It has been observed that weak inter-chains or 

inter-layers AF couplings can be varied by the adequate choice of bulky ligands and suitable 

blocking ligands, resulting in metamagnetic CPs. 

In literature, examples of highly emitting materials and electron-transport substances 

are mainly Zn(II), Cd(II), Mg(II), Be(II), Al(III), and In(III) based complexes,3.31 with limited 

examples of transition metal-based CPs exhibiting optoelectronic properties. Such types of 

materials might be an excellent alternative to conventional inorganic/organic semiconductors. 

The performance of these optoelectronic devices are controlled by various number of factors 

which includes electronic band gap, electrical conductivity, charge mobility, surface area, 

etc.3.32-3.36 To the best of our knowledge, metamagnetism and optoelectronic properties in a 

single CP have not been reported yet. In recent time, few research groups including us, have 

synthesized interesting CPs showing semiconducting properties which are suitable for the 

application in Schottky devices (Table 3A.1).3.36-3.38 A close study of these works revealed 

that most of the post-transition metal based CPs exhibiting optoelectronic properties are 
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mainly based on Zn(II) and Cd(II). Naskar et al. reported three Zn(II) coordination polymers 

(CPs) with electrical conductivities of the order of 10−4 S m−1.3.38f  Dutta et al. prepared a Cd-

containing ladder chain that undergoes a photochemical [2 + 2] cycloaddition reaction with 

similar conductivities for both forms (ca. 10-3 S m-1).3.38e Maity et al. reported three azo-based 

multifunctional compounds showing photoconduction and carbon dioxide adsorption with 

dark conductivities as thin film of ca. 2×10-3 S m-1 that increase by a factor of ca. 2-3 upon 

light irradiation.3.38d Dutta et al. reported a multifunctional CP with a conductivity of ca. 

7×10-4 S m-1 that doubles its value upon light irradiation.3.38i A heterometallic Cu(II)-Na(I)-

Hg(II)-based CP reported by Roy et al. exhibits a dark conductivity of ca. 1.5×10-6 S m-1 that 

increases by a factor of ca. 6 under irradiation.3.38h Therefore, the synthesis and 

characterization of multifunctional photo-conducting CPs based on other transition metals 

will open new opportunities in this area. To develop luminescent materials, we have 

synthesized two N3 donor Schiff base ligands (L3.1 and L3.2, Scheme 3A.1) from 8-

aminoquinoline and pyridine carboxaldehyde since Schiff base ligands prepared from 8-

aminoquinoline are known to give rise to effective luminescent materials3.39 (the structures of 

both ligands,  L3.1 and L3.2 have the basic similarity with L1.60, Figure 1.25). Additionally, 

bulky N3 donors ligands leave vacant coordination positions and allow versatile bridging 

ligands as thiocyanato to bridge metals through N- and S- coordination to construct CPs.3.40  

Here we explore the synthesis, crystal structure, electrical and magnetic behaviour of 

compounds [Ni(L3.1)(NCS)2]n (3.1) and [Ni(L3.2)(NCS)2]n (3.2) prepared with Ni(II) and the 

corresponding L3.1 and L3.2 ligands with thiocyanato ion. Both compounds show 

metamagnetism with critical fields of ca. 130 mT in 3.1 and 90 mT in 3.2 at 2 K. Long-range 

ferromagnetic order with critical temperatures around 3.5 K in 3.1 and 3.0 K in 3.2 are 

observed in the ferromagnetic phase. Furthermore, we have also prepared and characterized 

thin film devices (D1 and D2, with compounds 3.1 and 3.2, respectively) exhibiting nonlinear 
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rectifying behaviour both in dark and under light irradiation, which is a clear signature of a 

Schottky diode (SD). Metal-semiconductor (MS) junction thin film devices prepared with 

compounds 3.1 and 3.2 (D1 and D2, respectively) exhibit conductance values of 7.0×10-5 and 

2.0×10-5 S m-1 in dark and 3.5×10-4 and 4.9×10-4 S m-1 upon light irradiation. Here we present 

the complete electrical characterization of these devices and explain the enhancements of 

conductivity under illumination based on the π-electron donor ability of the Schiff base 

ligands in both compounds. 

Table 3A.1 Previously reported metal complexes with conductance properties. 

Coordination 
polymer/Compound 

Metal 
Exper. 

Band gap 
(eV) 

Conduct. 

under dark 

(S. m-1) 

Conduct. 

under light 

(S. m-1) 

Rectific. 

ratio 
under 

dark 

Rectific. 

ratio 
under light 

Ref. 

{[Cd2(azbpy)2(HO-1,3-
bdc)2](azbpy)·(H2O)}n 

Cd 2.0 186 - 4.7 - 3.38a 

[Cd(3-bpd)(SCN)2]n Cd - 4.53×10-5 2.52×10-4 - - 3.38b 

[Cd(4-bpd)(SCN)2]n Cd 2.05 2.90×10-4 7.16×10-4 46.55 86.48 3.38c 

[Cd4L2(NCO)6]n Cd 2.26 8.26×10-2 22.07×10-2 12.44 27.74 3.36 

{[Cd(azbpy)(suc)]·2(H2O)}n Cd 2.00 3.2×10-3 1.65×10-2 28.85 75.29 3.38d 

{[Cd(azbpy)(msuc)]·2.5(H2O)}n Cd 1.90 2.64×10-3 9.76×10-3 22.96 44.62 3.38d 

{[Cd(azbpy)(mglu)]·5(H2O)}n Cd 1.95 1.29×10-3 3.61×10-3 18.76 28.73 3.38d 

{[Cd1.5(azbpy)2(glu)]·(NO3) 
·MeOH}n 

Cd 1.92 2.07×10-3 6.60×10-3 21.23 37.43 3.38d 

[Cd(adc)(4-nvp)2(H2O)]n Cd 3.33 1.83×10-3 - 25.25 - 3.38e 

[Cd(adc)(4-nvp)-(rctt-4-
pncb)1/2(H2O)]n 

Cd 3.21 3.91×10-3 - 33.12 - 3.38e 

[Zn(INH)(succ)]n Zn 3.39 2.26×10-4 - 176 - 3.38f 

[Zn(INH)(fum)]n Zn 4.09 1.12×10-4 - 80.62 - 3.38f 

[Zn(INH)(bdc)]n Zn 3.98 1.25×10-4 - 81.73 - 3.38f 

C40H34Cu2N6O18 Cu 2.27 2.02×10-6 4.34×10-6 8.46 13.98 3.38g 

C20H18CuN2O10 Cu 1.92 2.34×10-6 7.60×10-6 8.49 20.06 3.38g 

[{CuLNa}2(μ-1,1,3-
NCS)HgCl(μ-Cl)(μ-1,3-NCS)]n 

Cu/Hg
/Na 

3.01 1.48×10-6 8.40×10-5 21.66 30.75 3.38h 

{[Cd2(adc)2(4-
nvp)6]·(MeOH)·(H2O)}n

* 
Cd 2.87 6.91×10-4 13.90×10-4 47 69 3.38i 
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[Cd2(L1)2(NCS)2(CH3OH)]n Cd 3.22 1.26×10-6 6.72×10-5 16.41 67.18 3.38j 

{[Cd(HL1)2(N(CN)2)2]·H2O}n Cd 3.26 1.78×10-7 6.15×10-7 15.48 46.23 3.38j 

[Cd(HL2)2(N(CN)2)2]n Cd 3.30 1.07×10-7 2.44×10-7 14.73 37.69 3.38j 

[Zn2(fum)2(4-phpy)4(H2O)2] Zn 1.52 5.14×10-3 5.93×10-3 - - 3.38k 

[(NCS)(H2O)NiLPb(DMF)Cl]2 Ni, Pb 3.08 7.47×10-4 23.12×10-4 36.03 121.81 3.38l 

[Zn4(adc)4(4-
cltpy)4]·CH3OH·2H2O 

Zn 3.58 - 3.26×10-6 24 77 3.38m 

[Cd2(p-clba)4(bpy)2]⋅(C2H5OH) Cd 3.98 7.10×10−6 - 5.71 - 3.38n 

[Cd2(pbrba)4(bpy)2]⋅(C2H5OH) Cd 3.90 5.08×10−5 - 11.87 - 3.38n 

[Ni(L3.1)(NCS)2] Ni 3.13 7.0×10-5 3.53×10-4 26.96 44.19 
This 
work 

[Ni(L3.2)(NCS)2] Ni 3.12 2.0×10-5 4.88×10-4 31.96 79.42 
This 
work 

azbpy = 4,4′-azobispyridine; HO-1,3-bdc = 5-hydroxyisophthalate; 3-bpd = 1,4-bis(3- 
pyridyl)-2,3-diaza-1,3-butadiene; 4-bpd = 1,4-bis(4-pyridyl)-2,3-diaza-1,3-butadiene); 
msuc2− = methylsuccinate; mglut2−  = methylglutarate; glut2−  = glutarate; 4-nvp = 4-(1-
naphthylvinyl)pyridine; H2adc = acetylenedicarboxylic acid, INH = Isoniazid; H2succ  = 
succinic acid; H2fum = fumaric acid; H2bdc  = terephthalic acid; H2L = N,N′-bis(3-
methoxysalicylidene)propane-1,3-diamine; *H2adc = 9,10-anthracenedicarboxylic acid; HL1 = 
2-Methoxy-6-((quinolin-3-ylimino)methyl)phenol; HL2 = 2-Methoxy-6-((quinolin-5-
ylimino)methyl)phenol); 4-phpy = 4-phenylpyridine; 4-cltpy = 4’-chloro-
[2,2’;6’,2’’]terpyridine; H2p-clba=para-chlorobenzoic acid; H2p-brba = para-bromobenzoic 
acid. 

 

3A.2 Experimental Section 

3A.2.1 Materials and Physical Measurements 

All reagent or analytical grade chemicals and solvents were obtained from commercial 

origins and utilised without further purification. Elemental analysis for C, H and N were 

examined using an elemental analyser of Perkin-Elmer (Model No. 240C). IR spectra (400-

4000 cm-1) were noted with KBr pellets in a FTIR spectrophotometer (Nicolet Magna IR 750 

series-II). Absorption spectra were studied using a sensitive UV-vis spectrophotometer 

(Shimadzu UV-2450) equipped with double beam light source with a 1 cm path length quartz 

cell. The frequency-dependent capacitance was noted with a frequency analyzer of Agilent 
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(Model No. 4294A). Thermo gravimetric analysis (TGA) was examined under N2 atmosphere 

(150 mL/min) using Platinum crucibles with alpha alumina powder as reference in a Perkin 

Elmer Pyris Diamond TG/DTA instrument. X-ray powder diffraction (XRPD) patterns were 

collected for polycrystalline samples of both compounds using a 0.5 mm glass capillary that 

was mounted and aligned on a Empyrean PANalytical powder diffractometer, using CuKα 

radiation (λ = 1.54177 Å). A total of 6 scans were collected at room temperature in the 2θ 

range 5-40º. 

3A.2.2 Magnetic Measurements 

Magnetic susceptibility of compounds 3.1 and 3.2 was measured in the temperature range 2-

300 K with an applied magnetic field of 100 mT (1000 G) and in the range 2-10 K with 

different applied fields in the range 10-500 mT on polycrystalline samples of both 

compounds (with masses of 14.325 and 22.786 mg for 3.1 and 3.2, respectively) with a 

Quantum Design MPMS-XL-5 SQUID susceptometer. The isothermal magnetization 

measurements were carried out on the same samples at 2 K with magnetic fields up to 5 T. 

AC susceptibility measurements were performed with a field of 0.395 mT oscillating at 

different frequencies in the 1-997 Hz range in the temperature range 2-10 K with different 

DC magnetic fields. The susceptibility data were corrected for the sample holder previously 

measured using the same conditions and for the diamagnetic contributions of the salt as 

deduced by using Pascal´s constant tables.3.41 

3A.2.3 X-ray Crystallography 

Single crystal X-ray data  of compounds 3.1 and 3.2 were collected on a Bruker SMART 

APEX-II CCD diffractometer in the presence of graphite monochromated Mo Kα radiation (λ 

= 0.71073 Å) at room temperature. Bruker Apex-II suite program is used to perform data 

processing, structure solution and refinement. Reflections available in the 2ϴmax range were 
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harvested and corrected for Lorentz and polarization factors with Bruker SAINT plus.3.42 

Reflections were then corrected for absorption, inter-frame scaling, and other systematic 

errors with SADABS.3.43 The structures were solved using direct methods and refined by 

means of full matrix least-square technique based on F2 with SHELX-2017/1 software 

package.3.44 Non-hydrogen atoms present in the structures were refined with anisotropic 

thermal parameters. C-H hydrogen atoms were introduced at geometrical positions with Uiso 

= 1/2Ueq to those of the atoms they are attached. Crystal data and details of data collection 

and refinement for 3.1 and 3.2 are summarized in Table 3A.2. The investigated crystal of 

compound 3.2 appeared to be a twin by inversion, which is not particularly surprising. The 

crystal is then a twin by inversion, and the Flack parameter is well defined 0.39(5). 

Table 3A.2 Crystal data and selected refinement details for compounds 3.1 and 3.2. 

Compound  3.1 3.2 
Formula  C17H11N5NiS2 C18H13N5NiS2 
Dcalc. (g cm-3)  1.550 1.552 
(mm-1) 1.357 1.316 
Formula Weight  408.14 422.16 
Colour  brown brown 
Shape  block block 
Size (mm3)  0.36×0.24×0.100.20×0.20×0.08
T (K) 150(2) 150(2) 
Crystal System  orthorhombic orthorhombic 
Flack Parameter  0.099(6) 0.39(5) 
Space Group  Pna21 Pna21 
a (Å)  12.0891(12) 12.489(2) 
b (Å) 10.0749(9) 10.0663(14) 
c (Å)  14.3603(14) 14.374(2) 
 (º)  90 90 

 (º) 90 90 

 (º) 90 90 
V (Å3)  1749.0(3) 1807.1(5) 
Z  4 4 
Z'  1 1 
Wavelength (Å)  0.71073 0.71073 
Radiation type  MoK MoK 
min (º) 2.469 2.599 
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aR1 = ||Fo|-|Fc|||Fo|; 
bwR2 (Fo

2) = [[w(Fo
2-Fc

2)2wFo
4]½; 

cGooF = [[w(Fo
2-Fc

2)2(Nobs-Nparams)]
½ 

3A.2.4 Device Fabrication 

We have fabricated several metal-semiconductor (MS) sandwich like structured 

(ITO/synthesized compound/Al) devices to analyze the performance of our devices. 

Dispersions of our synthesized compounds (3.1 or 3.2) were prepared in N,N-

dimethylformamide (DMF) by mixing and sonicating compounds 3.1 or 3.2 in DMF with a 

concentration of 30 mg/mL. On the Transparent Conducting Oxide (here ITO) coated glass 

substrate, these so-prepared stable dispersions were deposited by spin coating technique - 

initially at 500 rpm for 6 minutes and after that at 800 rpm for 10 minutes. These films were 

cured in a vacuum chamber (base pressure ~ 5×10-3 Torr) at 70 °C for 30 minutes to 

disappear the solvent. Thicknesses of the deposited films (~1 μm) were measured by a stylus 

type surface profiler. Aluminium electrodes (with an effective area of 7.065×10-2 cm2) were 

deposited at low pressure (10-6 Torr) with a shadow mask in a thermal evaporator. The 

current-voltage (I‒V) measurements of the so-prepared devices were performed in dark and 

under light irradiation (AM 1.5G radiation) with the help of a source measure unit of Keithley 

max (º)  29.197 25.742 
Measured Refl.  34941 14011 
Independent Refl.  4710 3390 
Reflections with I >  

2(I) 
4361 2438 

Rint  0.0385 0.0756 
Parameters  226 237 
Restraints  1 37 
Largest Peak  0.497 0.906 
Deepest Hole  -0.294 -0.560 
GooFc  1.060 1.008 
wR2 (all data)b  0.0679 0.1816 
wR2  0.0664 0.1605 
R1 (all data)a 0.0307 0.0948 
R1  0.0272 0.0623 
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(Model No. 2635B) by two-probe technique in the voltage range ±2 V. We have fabricated 

and measured all the devices under ambient conditions at room temperature. 

3A.2.5 Synthesis of the Schiff Base Ligands (L3.1 and L3.2) 

The 8-aminoquinoline based Schiff base ligands L3.1 and L3.2 were prepared by a reported 

procedure.3.39 Briefly, a 1:1 molar ratio mixture of 2-pyridinecarboxaldehyde (for L3.1) or 6-

methylpyridine-2-carboxaldehyde (for L3.2) and 8-aminoquinoline was refluxed in methanol 

for 3 hours. The reddish-yellow solution obtained was used directly for metal complex 

formation without further purification. 

3A.2.6 Synthesis of [Ni(L3.1)(NCS)2]n (3.1) 

A 5 mL methanolic solution of nickel nitrate hexahydrate (0.291g, 1.0 mmol) was added drop 

wise to 20 mL of a methanolic solution of L3.1 (1.0 mmol), followed by addition of sodium 

thiocyanate (0.162 g, 2.0 mmol) and the resultant reaction mixture was stirred for 4 hours. 

Brown colour X-ray diffraction quality single crystals were obtained by slow evaporation of 

the solvent after a few days. Phase purity was checked with X-ray powder diffraction that 

shows a perfect match with the simulated one from the single crystal X-ray structure (Figure 

3A.1). Yield: 0.586 g (78 %). Anal. Calc. for C17H11N5NiS2: C 50.03 %; H 2.72 %; N 17.16 

%; Found: C 49.75 %; H 2.21 %; N 16.84 %. IR (cm-1, KBr): ν(NCS-) 2087; ν(C=N) 1595; 

ν(C-H) 775. UV-Vis, λmax (nm), (ε (dm3mol-1cm-1)) in DMF (1:9, v/v): 384 (50172), 362 

(79890), 345 (74125). 
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Figure 3A.1 Experimental and simulated X-ray powder diffractogram of compound 3.1. 

3A.2.7 Synthesis of [Ni(L3.2)(NCS)2]n (3.2) 

A 5 mL methanolic solution of nickel nitrate hexahydrate (0.291 g, 1.0 mmol) was added 

drop wise to 20 mL of a methanolic solution of L3.2 (1.0 mmol), followed by addition of 

sodium thiocyanate (0.162 g, 2.0 mmol) and the resultant reaction mixture was stirred for 4 

hours. Brown colour X-ray diffraction quality single crystals were obtained by slow 

evaporation of the solvent after few days. Phase purity was checked with X-ray powder 

diffraction that shows a perfect match with the simulated one from the single crystal X-ray 

structure (Figure 3A.2). Yield: 0.692 g (82 %). Anal. Calc. for C18H13N5NiS2: C 51.21 %; 

H 3.10 %; N 16.59 %; Found: C 50.88 %; H 2.89 %; N 16.11 %. IR (cm-1, KBr): ν(NCS-) 

2085; ν(C=N) 1598; ν(C-H) 782. UV-Vis, λmax (nm), (ε (dm3mol-1cm-1)) in DMF (1:9, v/v): 

385 (46675), 365 (74012), 347 (66058). 
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Figure 3A.2 Experimental and simulated X-ray powder diffractogram of compound 3.2. 

3A.3 Results and Discussion 

3A.3.1 Synthesis and Characterization of the Ligands L3.1 and L3.2 and of Compounds 

3.1 and 3.2 

8-aminoquinoline based Schiff base ligands (L3.1 and L3.2) have been produced following a 

standard procedure.3.39 2-pyridinecarboxaldehyde (for L3.1) or 6-methylpyridine-2-

carboxaldehyde (for L3.2) is mixed with 8-aminoquinoline in a 1:1 molar ratio to prepare the 

Schiff base ligands. The entire reaction is carried out in methanolic solution under refluxing 

condition (Scheme 3A.1). The ligands were directly used for complexation without further 

purification. Both CPs (3.1 and 3.2) are prepared by reaction between Ni(NO3)2.6H2O and 

L3.1 or L3.2 with NaSCN in 1:1:2 molar ratio in methanol medium under ambient 

environments (Scheme 3A.2). Both CPs crystallize by slow vaporization of the solvent. 
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Scheme 3A.1 Synthetic route of L3.1 and L3.2. 

 

Scheme 3A.2. Synthetic route to compounds 3.1 and 3.2. 

The FT-IR spectra of both compounds show the characteristic stretching frequencies of the 

azomethine group at around 1595 cm-1. The characteristic stretching frequency of the 

thiocyanato group (NCS-) appears at 2087 cm-1 and 2085 cm-1 in 3.1 and 3.2, respectively 

(Figures 3A.3 and 3A.4).3.45 The UV-Vis spectrum of both compounds are very similar and 

show four absorbance bands at around 385, 365, 345 and 325 nm (Figure 3A.5). Theses 

peaks may be attributed to →* or n→* electronic transitions. Thermo gravimetric 
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analysis (TGA) ensures the stability of these compounds up to 300 °C (Figures 3A.6 and 

3A.7). 

 

Figure 3A.3 IR spectrum of compound 3.1. 

 

Figure 3A.4 IR spectrum of compound 3.2. 

 

Figure 3A.5 UV-Vis spectra of compounds 3.1 and 3.2. 
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Figure 3A.6 Thermo Gravimetric Analysis of compound 3.1 under nitrogen atmosphere 

showing stability of complex is very appreciable up to 300º C. 

 

Figure 3A.7 Thermo Gravimetric Analysis of compound 3.2 under nitrogen atmosphere 

showing stability of complex is very appreciable up to 300º C. 

3A.3.2 Crystal Structure of Compounds [Ni(L3.1)(NCS)2]n (3.1) and [Ni(L3.2)(NCS)2]n 

(3.2) 

Crystal data and details of data collection and refinement for compounds 3.1 and 3.2 are 

summarized in Table 3A.2. Both compounds [Ni(L3.1)(NCS)2]n (3.1) and [Ni(L3.2)(NCS)2]n 

(3.2) are isostructural. The only difference in the substituent group present in the blocking 
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Schiff base ligand (R = H in L3.1 and R = CH3 in L3.2). The asymmetric unit is formed by a 

Schiff base ligand (L3.1 or L3.2), two thiocyanato ligands and a Ni(II) metal ion (Figure 

3A.8). 

a   b  

Figure 3A.8 Asymmetric units of compounds 3.1 (a) and 3.2 (b). Ellipsoids are drawn at 30 

% probability. H atoms are omitted for clarity. 

Both compounds are single μ1,3-thiocyanato bridged Ni(II) chains where cationic 

[Ni(L)(NCS)]+ units (L = L3.1 or L3.1) are linked by a bridging µ1,3-thiocyanato ion. These 

chains propagate along the a axis (Figures 3A.9 and 3A.10). 

 

Figure 3A.9 View of a chain in compound 3.1. 
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Figure 3A.10 View of a chain in compound 3.2. 

In both chains the nickel atoms are octahedrally coordinated with a N5S chromophore. The 

equatorial positions are occupied by a pyridine (N1), an azomethine (N2) and a quinoline 

(N3) nitrogen atom of L3.1 or L3.2 and a N atom (N5) from a terminal thiocyanato-κ-N ligand. 

The axial sites are occupied by a S-atom of the bridging thiocyanato (S1) and by a N atom 

(N4A, symmetry code: -1/2+x, 1/2-y, z) from a symmetry related µ1,3-thiocyanatoion. The 

Ni···Ni distances along the chain are 6.150 Å and 6.321 Å in 3.1 and 3.2, respectively. The 

coordination geometry is slightly distorted, as shown by the differences in the Ni-N bond 

distances. Thus, the Ni-N1 (pyridine) bond length is longer than the Ni-N2 (imine) and Ni-N3 

(quinoline) bond distances in both compounds (Table 3A.3). As expected, the Ni-N5 bond 

distances from the terminal thiocyanato ion (2.037(2) Å in 3.1 and 2.010(8) Å in 3.2) are 

shorter than the Ni-N4 bond distances from the bridging thiocyanato ion (2.074(2) Å in 3.1 

and 2.065(8) Å in 3.2). The Ni-S bond distances are similar in both compounds (2.5645(8) Å 

in 3.1 and 2.588(2) Å in 3.2). The values of the Ni-S-C and Ni-N-C bond angles are, 

respectively, 106.65(9)º and 3.1.0(3)º in 3.1 and 111.1(3)º and 171.4(12)º in 3.2. The Ni-N-S-

Ni torsion angle in compounds 3.1 and 3.2 are 107.05º and 100.41º, respectively. All the 

bond distances and angles are comparable with the earlier published data (Table 3A.4).3.40 

The neutral chains in 3.1 are further connected by S···S interactions along the a axis with a 

S···S distance of 3.747 Å, shortest than the sum of the van der Waals radii (3.8 Å). In 
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contrast, in compound 3.2, where the ligand has an additional -CH3 group pointing to the 

interchain space, the shortest S···S distance is 3.862 Å, slightly longer that the sum of the van 

der Waals radii (Figures 3A.11 and 3A.12).  

 

Figure 3A.11 Intermolecular chalcogen (S···S) interaction in between two adjacent layers of 

compound 3.1. 

 

Figure 3A.12 Intermolecular chalcogen (S···S) interaction in between two adjacent layers of 

compound 3.2. 
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Table 3A.3 Selected Bond lengths (Å) and angles (°) for compounds 3.1 and 3.2. 

Compound 3.1 Compound 3.2 

Ni-N1 2.107(3) Ni-N4-C16 162.0(3) Ni-N1 2.200(11) Ni-N4-C17 172.2(13) 

Ni-N2 2.026(2) Ni-S1-C16 106.65(9) Ni-N2 2.029(9) Ni-S1-C17 111.1(3) 

Ni-N3 2.087(3) N4-C16-S1 178.5(3)  Ni-N3 2.090(10) N4-C17-S1 177.7(7) 

Ni-N4 2.074(2) N5-C17-S3 177.4(3)  Ni-N4 2.066(8) N5-C18-S2 177.1(9)  

Ni-N5 2.037(2)   Ni-N5 2.013(8)   

Ni-S1 2.5645(8)   Ni-S1 2.587(2)   

Table 3A.4 Main structural (distances in Å, angles in deg.) and magnetic parameters for 

polynuclear nickel(II) compounds with single μ1,3-thiocyanato bridges. 

Compound Ni-N Ni-S Ni-N-C Ni-S-C Ni···Ni J (cm-1) Ref. 

[Ni(medien)(NCS)(μ-NCS)]n 2.04 2.66 167.5 100.2 6.64 0.96 3.40a 

[Ni(en)2(μ-NCS)]n(PF6)n 2.10 2.62 171.5 100.8 - 0.20 3.40b 

[Ni(medpt)(NCS)(μ-NCS)]n 2.11 2.55 161.5 100.5 6.15 1.16 3.40c 

[Ni(μ-NCS)(dpt)(NCS)]4 2.08 2.66 176.5 104.5 5.99 -1.27 3.40d 

[Ni(μ-NCS)(L)(NCS)]n 2.07 2.45 160.3 115.2 6.51 2.65 3.40e 

[Ni(L’)(SCN)2] 2.08 2.64 175.0 107.9 6.28 2.80 3.40f 

[Ni(L1)(SCN)2] (1) 2.074 2.56 166.0 106.7 6.15 4.85 This work 

[Ni(L2)(SCN)2] (2) 2.066 2.59 172.2 111.1 6.32 5.32 This work 

medien = bis(2-aminoethyl)methylamine, en = 1,2-diaminoethane, medpt = bis(3-
aminopropyl)methylamine, dpt = bis(2-aminopropyl)amine, L = N1,N3-bis(4-methoxyl-

benzyl)-diethylenetriamine, L’ = N1-(1-pyridin-2-yl-ethylidine)propane-1,3-diamine. 
 

3A.3.3 Optical Characterization 

The optoelectronic property of both compounds (3.1 and 3.2) has been studied by 

UV-vis spectroscopy. The spectra have been analysed (inset of Figure 3A.13) within 250-

500 nm. Employing equation 3.1 (Tauc equation), estimation of optical band gap was 

done:3.46 
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(𝛼ℎ𝜈) = 𝐴(ℎ𝜈 − 𝐸௚)௡      (3.1) 

where, α, Eg, h and ν has their usual notation. In this equation there is an electron transition 

dependent constant ‘n’ and another constant ‘A’ which has value 1 for the ideal case. Optical 

band gaps (Eg) for direct transition have been estimated as 3.13 eV and 3.12 eV for 

compounds 3.1 and 3.2, respectively by using the above equation. 

 

Figure 3A.13  UV-vis absorption spectra (inset) and Tauc’s plots for compounds 3.1 (A) and 

3.2 (B). 

3A.3.4 Electrical Property Analysis 

The observed optical band gaps suggest that compounds 3.1 and 3.2 might behave as 

semiconductors. Hence, using ITO, Al and compounds 3.1 and 3.2 metal-semiconductor 

(MS) junction based thin film device has been fabricated and studied their electrical 

parameters by analysing the dominant charge transport mechanisms. The I-V graphs of both 

devices (D1 and D2), recorded in dark and under irradiation, are presented in Figure 3A.14.  
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Figure 3A.14 I−V characteristic curves for devices D1 and D2 in dark and under 

illumination. 

The electrical conductivity in dark has been estimated as 7.0×10-5 and 2.0×10-5 S m-1 

for D1 and D2, respectively, typical of semiconductors. Interestingly, under photo-irradiation, 

the conductivity improves significantly to reach values of 3.5×10-4 and 4.9×10-4 S m-1 for D1 

and D2, respectively (a factor of 5 in D1 and ca. 25 in D2). Even more interesting is the fact 

that the I-V characteristics of these D1 and D2 devices under non-irradiation and irradiation 

conditions show a non-linear rectifying behaviour which is typical for a Schottky diode (SD). 

Rectification ratio (Ion/Ioff) of these SDs in dark within the voltage range ±2 V is 26.96 and 

31.96 for D1 and D2, respectively. On the other hand, under photo illumination the 

rectification ratios are 44.19 and 79.42 for D1 and D2, respectively. The larger current under 

photo illumination demonstrates the photo-response of the devices, which has been found to 

be 3.77 and 5.13 for D1 and D2, respectively. Although the synthesis of other related systems 

is required to verify this idea, we think that the enhancement of the electrical conductivity 

under light irradiation in both devices may be attributed to the donor capacity of π-electrons 

of the Schiff base ligands in 3.1 and 3.2, since both compounds are isostructural. In 

semiconducting CPs the charge transport mainly depends on the metal-metal distances, the 
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presence of intermolecular interactions, the dimensionality of the CPs and the nature of 

coordinating ligands.3.37,3.38 Here the semiconducting behaviour depends on the interaction 

between d-orbitals of the metal ions with delocalized π electrons of the organic ligands. The 

presence of an electron-donating methyl group in L3.2 vs. a H atom in L3.1 increases the 

electron density in the aromatic ring and, accordingly, the effective overlap between the d 

orbitals of the Ni(II)-metal centre and the π electrons of the Schiff base ligand in L3.2. This 

fact implies a higher conductivity in compound 3.2 in agreement with the experimental 

values. 

I-V characteristics of D1 and D2 SDs have been further analysed using thermionic 

emission theory. Here we have employed the Cheung’s model to evaluate the device 

parameters.3.46 Thus, we have quantitatively investigated the I-V graphs by using the 

following equations:3.46,3.47 

𝐼 = 𝐼଴ 𝑒𝑥𝑝 ቀ
௤௏

ఎ௞்
ቁ ቂ1 − 𝑒𝑥𝑝 ቀ

ି௤௏

ఎ௞்
ቁቃ     (3.2) 

𝐼଴ = 𝐴𝐴∗𝑇ଶ𝑒𝑥𝑝 ቀ
ି௤∅ಳ

௞்
ቁ      (3.3) 

where q, I0, k, V, T, A, A*, η stands for the electronic charge, the saturation current, the 

Boltzmann constant, forward bias voltage, temperature in Kelvin, effective diode area, the 

Richardson constant and ideality factor, respectively. Here for our devices, the effective area 

(A) has been set as 7.065×10-2 cm2.  In this experiment, for all the devices the Richardson 

constant (A*) has been taken as 32 A K-2 cm-2. 

Using equations (3.4)-(3.6), we have calculated the series resistance (RS), ideality factor 

(η) and barrier potential height (∅஻) which have been extracted from the method developed 

by Cheung:3.48,3.49 
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ௗ௏

ௗ௟௡(ூ)
= ቀ

ఎ௞்

௤
ቁ + 𝐼𝑅ௌ       (3.4) 

𝐻(𝐼) = 𝑉 − ቀ
ఎ௞்

௤
ቁ 𝑙𝑛 ቀ

ூೄ

஺஺∗்మ
ቁ      (3.5) 

𝐻(𝐼) = 𝐼𝑅ௌ + 𝜂∅஻                             (3.6) 

From Figure 3A.15, the intercept of the dV/dlnI vs. I (equation 3.4) plot gives us the 

ideality factor (η) and the slope of this graph provides us the series resistance (RS). These 

values, determined under light and dark conditions for both devices, are listed in Table 3A.5. 

The values of η have been estimated as 2.24 and 2.01 under dark and 1.81 and 1.30 under 

photo illumination for D1 and D2, respectively. The deviation from the ideal value of 3.1 can 

be attributed to the presence at the junction of Schottky inhomogeneity, interface defect states 

and/or series resistance.3.50,3.51 On the other side, better homogeneity for the Schottky barrier 

at the MS interface and the recombination of less charge carriers upon light irradiation would 

explain the lower values of η for both devices.3.46 Furthermore, the value of η for D2 under 

both conditions approaches more to the ideal value. This fact indicates that D2 has lesser 

recombination of carriers at the interface than D1, i.e., a improved barrier homogeneity, even 

with light irradiation. 

 

Figure 3A.15 dV/dlnI vs. I curve for devices D1 and D2 in dark and under illumination. 
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The height of the energy barrier B can be evaluated from the ideality factor () using 

equation 3.6 and the intercept of the H(I) vs. I plot (Figure 3A.16). An interesting finding is 

the decrease of the B values of both devices upon light condition. The formation and 

association of charge carriers due to photo-irradiation near the conduction band explains this 

decrease. Additionally, the series resistance (RS) of the devices have also been determined 

from the slope of the H(I) vs. I plot. Table 3A.5 also shows the RS values determined in this 

way, as well as the B values. The decrease observed in RS for both the devices under light 

irradiation indicates their potential application in optoelectronics devices. 

 

Figure 3A.16 H vs. I curves for devices D1 and D2 in dark and under illumination. 

In order to determine the transport mechanism at Schottky junction, I-V plot has been 

analyzed in detail. Thus, as can be seen in Figure 3A.17, the log I vs. log V plot shows two 

different regimes (regions I and II in Figure 3A.17) with different slopes for both devices 

with and without irradiation. 
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Figure 3A.17 logI vs. logV curves for devices D1 and D2 in dark and under irradiation. 

Region I shows a slope close to one, indicative of an Ohmic regime whereas region II 

has a slope close to two, indicative of a regime dominated by space charge limited current 

(SCLC).3.46,3.52 In this regime the amount of injected electrons is greater than the background 

ones and, therefore, they are spread along the whole region giving rise to a field dominated 

by space charge. Since the current follows the SCLC regime in this region, we have used the 

SCLC theory3.46,3.52 to evaluate the performance of both devices in this region. 

The effective carrier mobility (eff) can be determined employing the Mott-Gurney 

equation in the SCLC model with the high voltage data of the I vs. V2 plot (Figure 

3A.18):3.46,3.49,3.52 

𝐼 =  
ଽఓ೐೑೑ఌబఌೝ஺

଼
ቀ

௏మ

ௗయ
ቁ       (3.7) 

where, I, eff, εr, and ε0 are the current, the effective mobility, the relative dielectric 

constant and the free space permittivity of the material, respectively.  

The relative dielectric constant can be determined from the plot of the capacitance vs. 

log of frequency at a fixed bias voltage of thin films of both compounds (Figure 3A.19). 
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Figure 3A.18 I vs.V2 curves for devices D1 and D2 in dark and under irradiation. 

 

Figure 3A.19 Capacitance vs. frequency plot for the determination of dielectric constant. 

The dielectric constant of the material (r) can be calculated from the saturation region 

of the capacitance vs. frequency curve at higher frequency (Figure 3A.19) with the equation 

given below:3.46 

𝜀௥ =  
ଵ

ఌబ
.

஼ ௗ

஺
        (3.8) 

where, C, d, and A are the capacitance at saturation, the thickness of the film (~1 μm) and the 

device area, respectively. With this formula, we obtain r values of 6.10×10-2 and 5.53×10-2 

for compounds 3.1 and 3.2, respectively. 
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The study of the charge transport behaviour through the junction, we have evaluated the 

value of transit time () and diffusion length (LD). The value of  can be determined using 

equation (3.9) from the slope of the I vs. V plot (Figure 3A.14) in the SCLC region (region 

II).3.46 

𝜏 =  
ଽఌబఌೝ஺

଼ௗ
ቀ

௏

ூ
ቁ        (3.9) 

𝜇௘௙௙ =  
௤஽

௞்
        (3.10) 

𝐿஽ =  √2𝐷𝜏        (3.11) 

where, D stands for diffusion coefficient that can be determined using Einstein-

Smoluchowski equation  (equation 3.10).3.46 With equation (3.11) we can calculate the value 

of diffusion length (LD) of the charge carriers, which is an important parameter for the device 

performance. As can be seen in Table 3A.6, all the parameters calculated with the data of 

region II indicate that the transport properties improve upon light irradiation in both devices, 

due to the increase of charge carriers and charge mobility upon light irradiation. The increase 

in charge mobility is confirmed by the increase of the diffusion length upon light irradiation. 

To summarize, light irradiation increases the number of carriers, their mobility and their 

diffusion length, giving rise to higher currents upon light irradiation. The calculated device 

parameters of the D2 Schottky diode (SD) indicate that this device has a better performance 

than D1. The D2 SD also shows an enhanced charge-transfer kinetics after light irradiation 

and, therefore, compounds 3.1 and 3.2 are good candidates for applications in 

electrochemical devices. 
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Table 3A.5 Schottky device parameters of D1 and D2  

 Light On/Off 
Conductivity 

(S m-1) 
Photo 

sensitivity 
Ideality 
factor 

Barrier 
height (eV) 

RS
1 () RS

2 () 

D1  
off 26.96 7.02×10-5 

3.77 
2.24 0.39 1446.38 1497.28 

on 44.19 3.53×10-4 1.81 0.35 815.16 879.28 

D2 
off 31.69 2.03×10-4 

5.13 
2.01 0.38 1147.27 1185.13 

on 79.42 4.88×10-4 1.30 0.32 441.59 463.64 
1From dV/dlnI; 2From H. 
 

Table 3A.6 Charge conducting parameters of D1 and D2 

 Light εr μeff (m
2 V-1 s-1) (sec) μeff(m2 V-1) D LD (m) 

D1 
off 

6.10×10-2 
1.61×10-9 1.80 × 10-4 2.89 × 10-13 4.02×10-11 1.20×10-7 

on 4.92×10-9 6.80 × 10-5 3.34 × 10-13 12.30×10-11 1.29×10-7 

D2 
off 

5.53×10-2 
3.92×10-9 7.30 × 10-5 2.86 × 10-13 9.80×10-11 1.19×10-7 

on 2.20×10-8 3.30 × 10-5 7.26 × 10-13 5.50×10-10 1.90×10-7 

3A.3.5 Magnetic Properties of Compounds 3.1 and 3.2 

As expected, given their similarities, both compounds show very close magnetic properties. 

The product of the magnetic susceptibility per Ni(II) ion times the temperature (χmT) shows 

for both compounds at room temperature a value of ca. 1.2 cm3 K mol-1, which is the 

expected value for one isolated S = 1 Ni(II) ion with g ≈ 2.2. When the samples are cooled, 

χmT remains constant down to ca. 50 K and below this temperature it shows a progressive 

increase to reach a maximum of ca. 6.0 cm3 K mol-1 at ca. 3.5 K for both compounds 

followed by a sharp decrease at lower temperatures (Figure 3A.20). This behaviour indicates 

that for both compounds the intrachain Ni-Ni interaction is ferromagnetic but the inter-chain 

coupling is antiferromagnetic, leading to an antiferromagnetic (AF) long range ordering 

(LRO) at ca. 3.5 K. This AF LRO is further confirmed by the presence of a peak at ca. 3.5 K 

in the χm vs. temperature plot (inset in Figure 3A.20a). 

Since the structure of both compounds shows the presence of regular Ni(II) chains, we 

have fit the magnetic properties to the Fischer model for a ferromagnetic S = 1 chain.3.53 This 
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model reproduces very satisfactorily the magnetic properties of both compounds above ca. 8 

K with the following parameters: g = 2.211(4) and J = +4.85(3) cm-1, for compound 3.1 and 

g = 2.191(6) and J = +5.32(5) cm-1, for compound 3.2 (solid lines in Figure 3A.20a, the 

Hamiltonian is written as H = -JSiSi+1). As expected, both intrachain couplings are weak and 

ferromagnetic and are close to those observed in other Ni-NSC-Ni chain compounds (Table 

3A.4). Unfortunately, we cannot establish any magneto-structural correlation between the J 

values and the structural parameters on the thiocyanato bridge, most probably because the 

magnetic coupling depends on different structural parameters as the Ni-N, Ni-S and Ni···Ni 

distances as well as the Ni-N-C, Ni-S-C angles and the torsion angle around the Ni-SCN-Ni 

angle. 

 

Figure 3A.20a Thermal variation of the χmT product for compounds 3.1 and 3.2. Insets show 

the high temperature region of the mT vs. T plot (solid lines are the best fit to the model, see 

text). Second inset shows the low temperature region of the m vs. T plot. 
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The isothermal magnetization at 2 K shows at low fields a linear increase with a small 

slope, as expected for an antiferromagnetically ordered compound but at higher fields it 

shows a change of the slope with a sharp increase of the magnetization for fields above ca. 

130 mT in 3.1 and 80 mT in 3.2 (Figure 3A.20b). This behaviour indicates that both 

compounds behave as metamagnets, i.e., they show a weak antiferromagnetic inter-chain 

coupling for low magnetic fields but this AF coupling is cancelled by the application of a 

magnetic field above a critical value (Hc). Thus, for fields above Hc, both compounds show a 

ferromagnetic intrachain coupling that leads to a ferromagnetic LRO at very low 

temperatures. The critical field at 2 K, determined as the maximum of the δM/δHvs. H plot 

(inset in Figure 11b) is ca. 120 mT (1200 G) for 3.1 and 80 mT (800 G) for 3.2. The 

saturation value of the magnetization for both compounds is close to 2.1 μB, which is the 

expected value for a S = 1 Ni(II) ion. 

 

Figure 3A.20b Isothermal magnetization at 2 K of compounds 3.1 and 3.2. Inset shows the 

low field region of the δM/δH vs. H plot. 

A confirmation of the metamagnetic behaviour is provided by the thermal variation of 

χm with different applied magnetic fields (Figure 3A.21). This plot shows the presence of a 

maximum at ca. 3.5 K that shifts to lower temperatures as the field increases and finally 
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disappears for fields above ca. 140 mT in 3.1 (Figure 3A.21a) and 90 mT in 3.2 (Figure 

3A.21b). These values are close to the critical fields estimated from the isothermal 

magnetization measurements. 

a b

 

Figure 3A.21 Thermal variation of χm for compounds 3.1 (a) and 3.2 (b) with different 

applied DC fields. 

In order to confirm the existence of a ferromagnetic phase with a long range order 

(LRO) at low temperatures for DC fields above Hc, we have performed magnetic 

susceptibility measurements with an alternating magnetic field (AC measurements) and with 

different DC fields. The AC susceptibility measurements at 2 K as a function of the applied 

DC field for both compounds show no out-of-phase (χ″m) signal for low DC fields, as 

expected for an antiferromagnetic phase in these conditions. When the applied DC field 

increases, both compounds show a clear increase of the in-phase (χ′m) and out-of-phase (χ″m) 

signals with peaks at ca. 130 mT for 3.1 and 70 mT for 3.2 (Figure 3A.22). This behaviour 

further confirms the presence of a metamagnetic behaviour with a critical field at 2 K of 120-

130 mT for 3.1 and 70-80 mT for 3.2. 
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Figure 3A.22 Field dependence of the in-phase (χ′m, filled symbols, left scale) and out-of-

phase (χ″m, filled symbols, right scale) AC susceptibilities for compounds 3.1 and 3.2 at 2 K. 

An additional confirmation is provided by the thermal variation of the AC susceptibility 

with different applied DC fields (Figure 3A.23) that shows a non-zero χ″m signal at very low 

temperatures (below ca. 3.5 K) only when the applied DC field is above the critical field (i.e., 

above 150 mT in 3.1 and 90 mT in 3.2) (Figure 3A.23). These measurements further confirm 

the metamagnetic behaviour of both compounds and the presence of a ferromagnetic LRO 

above the critical field at low temperatures. 

A close look at the out-of-phase signal at low temperatures show the presence of a 

small signal (especially in compound 3.1) appearing before the divergence observed at very 

low temperatures. This weak signal that appears even below the critical field can be attributed 

to the appearing of a local order including only a few chains. When the temperature decreases 

or the DC field increases, the correlation length of these ordered regions increases and 

reaches all the domain at lower temperatures and higher DC fields. The weaker intensity of 

this shoulder in compound 3.2 is probably due to the weaker interchain interactions present in 

this compound, as will be shown below. 
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a b

 

Figure 3A.23 Thermal variation of the in-phase (χ′m, filled symbols, left scale) and out-of-

phase (χ″m, filled symbols, right scale) AC susceptibilities for compounds 3.1 (a) and 3.2 (b) 

with different applied DC fields. 

A detailed examination of the AC and DC measurements with different DC magnetic 

fields in the low temperature region allow the determination of the temperature/field phase 

diagrams of both compounds (Figure 3A.24). These diagrams show the presence of a 

ferromagnetic long range ordered (F-LRO) phase at low temperatures (below ca. 3.2 K in 3.1 

and 3.0 K in 3.2) for high DC fields (above ca. 140 mT in 3.1 and 90 mT in 3.2) and an 

antiferromagnetic long range ordered (AF-LRO) phase at low temperatures (below ca. 3.0 K) 

for low DC fields (below ca. 140 mT in 3.1 and 90 mT in 3.2). At higher temperatures both 

compounds behave as a ferromagnetically coupled Ni(II) chain (F-chain). 

a b

 

Figure 3A.24 Temperature/field magnetic phase diagram for compounds 3.1 (a) and 3.2 (b). 
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Finally, in order to confirm that the out-of-phase signal is due to a ferromagnetic LRO 

(and to exclude other reasons as a single chain magnet behaviour or a spin-glass like 

behaviour), we have performed AC measurements at different frequencies with an applied 

DC field of 130 mT in 3.1 and 70 mT in 3.2 (Figure 3A.25). These measurements show a 

frequency-independent signal at low temperatures, as expected for a ferromagnetic LRO. 

a b

 

Figure 3A.25 Thermal variation of the in-phase (χ′m, filled symbols, left scale) and out-of-

phase (χ″m, filled symbols, right scale) AC susceptibilities at different frequencies for 

compound 3.1 with a DC field of 130 mT (a) and for compound 3.2 with a DC field of 70 mT 

(b). 

The lower critical field and lower ordering temperature observed in compound 3.2 (ca. 

90 mT and 3.2 K) compared to 3.1 (ca. 130 mT and 3.5 K) agrees with the weaker inter-chain 

interaction observed in 3.2 (see above). This weaker interaction in compound 3.2 is the 

expected behaviour, given the larger interchain S···S distance in 3.2 (3.861 Å compared to 

3.747 Å in 3.1) and can be attributed to the presence of an extra methyl group in the ligand in 

2 that occupies the interchain space and separates the Ni(II) chains in compound 3.2. We can, 

therefore, conclude that the presence of a methyl group in the ligand L3.2 of compound 3.1 

has led to a better isolation of the chains, resulting in a lower critical field and a lower 

ordering temperature. 
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3A.4 CONCLUSIONS 

We have prepared two Ni(II)-containing multifunctional coordination polymers 3.1 and 3.2 

using two novel 8-aminoquinoline based Schiff base ligand and thiocyanato as bridging unit. 

These isostructural compounds present a thiocyanato-bridged chain structure and show a 

ferromagnetic intra-chain Ni-Ni coupling and a weak antiferromagnetic inter-chain 

interaction through weak S···S interactions. Both compounds are metamagnets with critical 

fields of 130-140 mT (for 3.1) and 70-80 mT (for 3.2) at 2 K. For fields above these critical 

values both compounds show a ferromagnetic long-range ordering with critical temperatures 

around 3.0 K. DC and AC magnetic measurements performed with different magnetic DC 

fields have allowed the determination of the magnetic phase diagrams for both compounds. 

These diagrams show a lower critical field and ordering temperatures in 3.2, in agreement 

with the weaker inter-chain interaction present in compound 3.2 that can be attributed to the 

presence of an additional methyl group in the Schiff-base ligand of compound 3.2. 

Additionally, both compounds are semiconductors and their electrical conductivities 

increase upon irradiation. Thin films metal-semiconductor (MS) junction devices prepared 

with both compounds show I-V plots with a nonlinear rectifying behaviour, typical of 

Schottky diodes (SD). The rectification ratio of the SDs devices increases upon light 

irradiation, making these materials good candidates for applications in electrochemical 

devices. This enhancement of the conductivity under illumination in both devices may be 

attributed to the donation capacity of π-electrons of the Schiff base ligands in both 

compounds which, in turns, can be easily modulated with the inclusion of different groups in 

the Schiff base ligands. The higher conductivity and rectification values in dark and under 

illumination found for compound 3.2 are due to the electron donor capacity of the methyl 



 Chapter 3A Multifunctional Ni(II) Based Metamagnetic Coordination Polymers for Electronic Device Fabrication 

 

  
Page 125 

 
  

group present in L3.2 (and absent in L3.1) and constitute, therefore, a very easy way to 

modulate the electrical properties of these multifunctional materials. 

In summary, compounds 3.1 and 3.2 are two examples of multifunctional 

coordination polymers whose magnetic and electrical properties can be easily simultaneously 

modulated with a simple substitution in the Schiff base ligand. The preparation of novel 

materials with the same Schiff base ligands modified with different electron-donating and 

electron withdrawing groups is underway in order to improve both kinds of properties. 
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Abstract 

The use of two 8-aminoquinoline-based tridentate N3-donor rigid Schiff base ligands 
(L3.3 and L3.4) with Ni(II) in the presence of the pseudohalides, NaN3 and NaSCN results in 
the crystallization of the two novel Ni(II) dimers: [Ni2(L

3.3)2(µ1,1’-N3)2(N3)2] (3.3) and 
[Ni2(L

3.4)2(µ1,3-NCS)2(NCS)2] (3.4). Both complexes are centrosymmetric Ni(II) dimers 
where the Schiff base ligands coordinate the octahedral Ni(II) centres in a mer configuration 
with one terminal and two bridging pseudohalide ligands in the remaining positions. 
Complex 3.3 shows Ni(II) ions connected by a double µ1,1’-N3

- bridge whereas in complex 
3.4 the Ni(II) ions are connected by a double µ1,3-NCS- bridge. The magnetic properties show 
the presence of a weak ferromagnetic coupling in both compounds that can be fit with g = 
2.290(6), J = 6.1(2) cm-1, zJ′ = -0.32(1) cm-1 and |D| = 4.34(5) cm-1 for 3.3 and g = 2.096(2), 
J = 4.71(5) cm-1, zJ′ = -0.054(2) cm-1 and |D| = 1.52(2) cm-1 for 3.4 (the Hamiltonian in 
written as -2JS1S2). Both J values have been rationalized in terms of previous magneto 
structural correlations based on the Ni-N-Ni bridging angle in 3.3 and on the asymmetry of 
the Ni-S-C-N-Ni bridges in 3.4. 
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3B.1 Introduction 

Di- and polynuclear transition metal based magnetic materials are widely studied due their 

application in various fields such as spintronics, information storage, molecular electronics, 

quantum computing, etc. In di- and polynuclear metal complexes, paramagnetic centres are 

bridged through small anionic ligands resulting in ferromagnetic (FM) or antiferromagnetic 

(AF) exchange interactions between the adjacent unpaired spins.3.54 In FM interactions 

parallel alignments of the spins generate higher magnetic moments values and may give rise 

to single-molecule magnets (SMMs), single-chain magnets (SCMs),3.55,3.56 ferromagnets and 

metamagnets. FM materials are designed based on judicial choice of metal ions, organic or 

inorganic blocking ligands and bridging units,3.57 although in most cases, they have been 

achieved accidentally. Among the different bridging ligands, carboxylate and azide ions are 

the most investigated ones due to their versatile coordination and the magnetic behaviour of 

their compounds. These ligands can connect two or more metal ions in various bridging 

modes. In the azide ion the most common binding modes are µ1,1’ (or end-on, EO) and µ1,3 (or 

end-to-end, EE)3.58-3.66 whereas bridging µ2-η
1:η1 syn-syn, syn-anti, and anti-anti are the most 

common bridging modes for carboxylate. Among the different magnetic materials, azido-

bridged nickel(II) systems3.67-3.92 have been extensively studied and detailed magneto-

structural correlations have been obtained based on their magnetic interactions.3.93,3.94 

Magneto-structural correlations reveals that double µ1,3-azido bridging leads to 

antiferromagnetic (AF) coupling, while double µ1,1’ coordination is associated with 

ferromagnetic (F) exchange between the Ni(II) centres. In ferromagnetic interactions the 

Ni-N-Ni angle has a maximum value of 104°. There is only one exception, where low angles 

of µ1,1’ bridging azido ligands lead to weak AF coupling.3.86 In case of the thiocyanate ion, 

the common bridging mode is µ1,3
3.95-3.97 whereas µ1,1’ binding mode is less common. 

Generally, double thiocyanato µ1,3 bridged Ni(II) complexes exhibit ferromagnetic 
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interactions. All the above information clearly shows that the diverse bonding modes of the 

bridging ligands and the nature of the blocking ligands around the paramagnetic centres are 

responsible for the structural and magnetic diversity of these Ni(II) complexes. Among the 

blocking ligands, Schiff-base ligands have been extensively used due to their ease of 

synthesis and rich coordination chemistry. A literature survey reveals that flexible, aliphatic 

amine-based Schiff-base ligands are generally utilized to synthesize paramagnetic di and 

polynuclear metal complexes. Whereas, rigid aminoquinoline based Schiff base ligands are 

rare in the literature. Few groups, including us, have used this type of ligands to prepare 

Cu(II), Ni(II), Cd(II) and Zn(II)-based complexes.3.98 

In the present work, two 8-aminoquinoline-based tridentate N3-donor Schiff base 

ligands L3.3 and L3.4 (Scheme 3B.1) have been reacted with Ni(II) salts in the presence of 

pseudohalides, NaN3 and NaSCN, respectively (the structures of both ligands,  L3.3 and L3.4 

have the basic similarity with L1.60, Figure 1.25). We have isolated two dinuclear Ni(II) 

complexes: [Ni2(L
3.3)2(µ1,1’-N3)2(N3)2] (3.3) and [Ni2(L

3.4)2(µ1,3-NCS)2(NCS)2] (3.4). Here 

we report the structures and magnetic properties of these two new complexes showing 

ferromagnetic interactions between the metal centres. 

 

Scheme 3B.1 Structures of ligands, L3.3 and L3.4 and synthetic route of complexes 3.3 

and 3.4. 
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3B.2 Experimental Section 

3B.2.1 Materials and Physical Measurements 

All reagents and solvents are analytical grade chemicals and were purchased from 

commercial sources and used without further purification. Elemental analysis for C, H and N 

was carried out using a Perkin-Elmer 240C elemental analyser. Infrared spectra (400-4000 

cm-1) were recorded with KBr pellets on a Nicolet Magna IR 750 series-II FTIR 

spectrophotometer.  

The magnetic measurements were performed in a Quantum Design MPMS-XL-5 

SQUID magnetometer in the 2-300 K temperature range with an applied magnetic field of 0.1 

T on polycrystalline samples of compounds 3.3 and 3.4 (with masses of 27.741 and 24.182 

mg, respectively). The susceptibility data were corrected for the sample holders, previously 

measured under the same conditions, and for the diamagnetic contributions as deduced by 

using Pascal´s constant Tables.3.99 

3B.2.2 X-ray Crystallography 

Single crystal X-ray data of complexes 3.3 and 3.4 were collected on a Bruker SMART 

APEX-II CCD diffractometer using graphite monochromated Mo K radiation ( = 0.71073 

Å) at 150 K. Data processing, structure solution and refinement were performed using Bruker 

Apex-II suite program. All available reflections in 2max range were harvested and corrected 

for Lorentz and polarization factors with Bruker SAINT plus.3.100 Reflections were then 

corrected for absorption, inter-frame scaling, and other systematic errors with SADABS.3.101 

The structures were solved by direct methods and refined by means of full matrix least-square 

technique based on F2 with SHELX-2018/3 software package.3.102 All the non-hydrogen 

atoms were refined with anisotropic thermal parameters. C-H hydrogen atoms were inserted 
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at geometrical positions with Uiso = 1/2Ueq to those they are attached. Crystal data and details 

of data collection and refinement for 3.3 and 3.4 are summarized in Table 3B.1. X-ray 

powder diffraction (XRPD) patterns were collected for polycrystalline samples of both 

compounds using a 0.5 mm glass capillary that was mounted and aligned on an Empyrean 

PANalytical powder diffractometer, using CuKα radiation (λ = 1.54177 Å). A total of 4 scans 

were collected at room temperature in the 2θ range 5-40º. 

Table 3B.1 Crystal parameters and selected refinement details for complexes 3.3 and 3.4. 

Complex 3.3 3.4 
Empirical formula C30 H22 N18 Ni2 C36 H26 N10 Ni2 S4 
Formula weight 752.07 844.33 
Temperature (K) 150(2) 150(2) 
Crystal system triclinic triclinic 
Space group P-1 P-1 
a (Å) 8.2192(15) 8.8100(9) 
b (Å) 9.766(2) 9.6211(10) 
c (Å) 10.330(2) 11.2498(11) 
(°) 82.779(10) 75.634(3) 
(°) 70.725(9) 74.895(3) 
(°) 76.587(10) 82.445(3) 
Volume (Å3) 760.2(3) 889.54(16) 
Z 1 1 
Dcalc (g cm-3) 1.643 1.576   
Absorption coefficient (mm-1) 1.296 1.337 
F(000) 384 432 
 Range for data collection (º) 25.30-2.88 25.08- 2.95 
Reflections collected 5208 12835 
Independent reflection / Rint 1895/0.0515 2476/ 0.0503 
Data / restraints / parameters 2758/0/226 3402/0/ 236 
Goodness-of-fit on F2 1.055 1.016 
Final R indices [I > 2(I)] R1

a = 0.0785 
wR2

b = 0.2032 
R1

a = 0.0432 
wR2

b = 0.0915 
R indices (all data) R1 = 0.1197,  

wR2 =  0.2311 
R1 = 0.0701,  

wR2 =  0.1011 
Largest diff. peak / hole (e Å-3) 1.560/ -0.614 0.871/-0.380 

aR1 = ||Fo|−|Fc|||Fo|; 
bwR2 (Fo

2) = [[w(Fo
2 − Fc

2)2w Fo
4]½. 
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3B.2.3 Synthesis of the Schiff Base Ligands (L3.3 and L3.4) 

The 8-aminoquinoline based Schiff base ligands are prepared by a reported procedure.3.98 

Briefly, a 1:1 molar ratio mixture of 2-pyridinecarboxaldehyde (for L3.3) or 2-acetylpyridine 

(for L3.4) and 8-aminoquinoline was taken in a round-bottom flask in methanol and refluxed 

for ~ 3 h (Scheme 3B.2). The so-obtained reddish yellow coloured solution was used directly 

for metal complex formation without further purification. 

 

Scheme 3B.2 The route to the synthesis of ligands (L3.3 and L3.4). 

3B.2.4 Synthesis of Complex [Ni2(L
3.3)2(µ1,1’-N3)2(N3)2] (3.3) 

A 5 mL methanolic solution of nickel nitrate hexahydrate (1.0 mmol, 291 mg) was added 

drop wise to 20 mL of a methanolic solution of L3.3 (1.0 mmol), followed by addition of 

sodium azide (2.0 mmol, 130 mg) and the resultant reaction mixture was stirred for ca. 4 h. 

Brown X-ray diffraction quality single crystals were obtained by slow evaporation of the 

solvent after few days. Yield: 586 mg (78 %). Anal. Calc. for C30H22N18Ni2: C 47.92 %; H 

2.95 %; N 33.53 %; Found: C 47.15 %; H 2.81 %; N 33.01 %. IR (cm-1, KBr): ν(N3
-) 2011; 

ν(C=N) 1625; ν(C-H) 767. Phase purity was confirmed with X-ray powder diffraction 

(XRPD) that shows a perfect match with the simulated one from the single crystal X-ray 

structure (Figure 3B.1). 
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Figure 3B.1 Experimental and simulated XRPD for compound 3.3. 

3B.2.5 Synthesis of Complex [Ni2(L
3.4)2(µ1,3-NCS)2(NCS)2] (3.4) 

A 5 mL methanolic solution of nickel nitrate hexahydrate (1.0 mmol, 291 mg) was added 

drop wise to 20 mL of a methanolic solution of L3.4 (1.0 mmol), followed by addition of 

sodium thiocyanate (2.0 mmol, 162 mg) and the resultant reaction mixture was stirred for ca. 

4 h. Brown colour X-ray diffraction quality single crystals were obtained by slow evaporation 

of the solvent after few days. Yield: 692 mg (82 %). Anal. Calc. for C36H26N10Ni2S4: C 51.21 

%; H 3.10 %; N 16.59 %; Found: C 50.97 %; H 2.81%; N 16.01 %. IR (cm-1, KBr): ν(NCS-) 

2092; ν(C=N) 1615; ν(C-H) 779. Phase purity was confirmed with X-ray powder diffraction 

(XRPD) that shows a perfect match with the simulated one from the single crystal X-ray 

structure (Figure 3B.2). 
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Figure 3B.2 Experimental and simulated XRPD for compound 3.4. 

3B.3 Results and Discussion 

3B.3.1 Synthesis and Characterization of Complexes 3.3 and 3.4 

The 8-aminoquinoline based Schiff base ligands (L3.3 and L3.4) have been prepared 

following a standard procedure.3.98 2-pyridinecarboxaldehyde (for L3.3) or 2-acetylpyridine 

(for L3.4) is mixed with 8-aminoquinoline in 1:1 molar ratio in methanolic solution under 

refluxing condition (Scheme 3B.2) to generate the corresponding Schiff base ligands. The 

ligands are directly used for complexation without further purification. Both complexes (3.3 

and 3.4) are prepared by reacting Ni(NO3)2.6H2O, L3.3 (or L3.4) and NaN3 (or NaSCN) in a 

1:1:2 molar ratio in methanol under ambient conditions (Scheme 3B.1). Both complexes 

crystallize after slow evaporation of the solvent. The FT-IR spectra of complexes 3.3 and 3.4 

show the characteristic stretching frequencies of the azomethine group at around 1600 cm-1 
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and the characteristic stretching frequency of N3
- (in 3.3) at 2011 cm-1 and SCN- (in 3.4) at 

2092 cm-1 (Figures 3B.3 and 3B.4).3.103 

 

Figure 3B.3 IR spectrum of complex 3.3. 

 

Figure 3B.4 IR spectrum of complex 3.4. 

3B.3.2 Crystal Structure Description of [Ni2(L
3.3)2(µ1,1’-N3)2(N3)2] (3.3) 

Complex 3.3 crystallizes in the triclinic space group P-1. Its asymmetric unit contains one Ni 

centre, one Schiff base ligand (L3.3), one µ1,1’-N3
- bridging ligand and one terminal N3

- ligand. 

The presence of an inversion centre generates the centrosymmetric complex 3.3 (Figure 

3B.5). The Ni(II) centres are hexacoordinated and show a distorted octahedral geometry. 

Continuous SHAPE3.104 analysis shows that the Ni centre has a distorted octahedral 

environment (with a SHAPE coefficient of 1.768, Table 3B.2). The equatorial plane is 
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formed by the imine nitrogen (N2) of L1, two N atoms: N4 and N4* (* = -x, -y, -z) from two 

symmetry related µ1,1’-N3 bridges and the N atom (N7) of the terminal azido ligand. The axial 

positions are occupied by the quinoline (N3) and pyridine (N1) nitrogen atoms of the L3.3 

ligand. Therefore, the Schiff base ligand coordinates the metal centre in the meridional 

configuration, with the remaining meridional positions occupied by azido ligands. The 

orientation of the ligands around the metal centres lead to an edge-sharing dioctahedral 

structure with a Ni···Ni distance of 3.305 Å. The Ni-N(imine), Ni-N(pyridine) and Ni-

N(quinoline) bond distances vary within the range 2.031(6)-2.103(6) Å whereas, Ni-N(azido) 

bond distances vary within the range 2.073(6)-2.180(6) Å (Table 3B.3). The two Ni-N-Ni 

bridging angles are identical (101.0(3)º) and the central Ni(N)2Ni ring is planar. Both 

bridging and terminal azido ligands are nearly linear with N-N-N angles in the range 

177.3(12)º-179.0(8)º, respectively. 

 

Figure 3B.5 Crystal structure of complex 3.3. Atoms are shown as 30 % thermal ellipsoids. 

H atoms are omitted for clarity. [* = -x, -y, -z] 

Adjacent dimers are connected by different supramolecular interactions as H-bonds and 

unconventional C-H··· interactions with a shortest distance of 3.081 Å, forming chains 

along the c axis (Figure 3B.6). 
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Figure 3B.6 Intermolecular H-bonds and unconventional C-H··· interactions in complex 3.3 

along the c axis [a = 3.081 Å, b = 3.483 Å and c = 2.376 Å]. 

Table 3B.2 SHAPE values for the five possible coordination geometries for coordination 

number six in the Ni centres in complexes [Ni2(L
3.3)2(µ1,1-N3)2(N3)2] (3.3) and 

[Ni2(L
3.4)2(µ1,3-NCS)2(NCS)2] (3.4). 

Geometry symmetry 3.3 3.4 
HP-6 D6h 33.897 32.987 
PPY-6 C5v 22.976 25.234 
OC-6 Oh 1.768  1.620  
TPR-6 D3h 11.828 13.933 
JPPY-6 C5v 26.761 28.512 

HP-6 = Hexagon, PPY-6 = Pentagonal pyramid, OC-6 = 
Octahedron, TPR-6 = Trigonal prism, JPPY-6 = Johnson 
pentagonal pyramid J2. Minima values are indicated in 
bold. 

Table 3B.3 Selected bond lengths (Å) and angles () for complexes 3.3 and 3.4. 

3.3 3.4 
Atoms Length Atoms Length 
Ni-N1 2.103(6) Ni-N1 2.066(3) 
Ni-N2 2.031(6) Ni-N2 2.032(3) 
Ni-N3 2.086(6) Ni-N3 2.060(3) 
Ni-N4 2.073(6) Ni-N4 2.013(3) 

Ni-N4A 2.180(6) Ni-N5 2.042(3) 
Ni-N7 2.097(7) Ni-S1 2.6563(9) 
Atoms Angle Atoms angle 

Ni-N4-NiA 102.0(3) N5-C18-S2 179.1(4) 
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Ni-N4A-NiA 102.0(3) C17-S1-Ni 96.57(11) 
N6-N5-N4 179.0(8) C17-N4-Ni 155.2(3) 
N9-N8-N7 177.3(12) N4-Ni-S1 89.86(8) 

3B.3.3 Crystal Structure Description of [Ni2(L
3.4)2(µ1,3-NCS)2(NCS)2] (3.4) 

Complex 3.4 crystallizes in the triclinic space group P-1. Its asymmetric unit consists of one 

Ni centre, one Schiff base ligand (L3.4), one µ1,3-SCN- bridging ligand and one terminal SCN- 

ligand. The inversion centre generates the dimeric structure observed in 3.4 (Figure 3B.7). 

The Ni(II) centres also show a distorted octahedral geometry (although less distorted 

than in complex 3.3) with a SHAPE3.104 coefficient of 1.620. The Ni(II) coordination sphere 

is of the type NiN5S. The equatorial plane contains the imine N atom (N2) of the Schiff base, 

a N atom (N4) of one µ1,3-bridging thiocyanato group, a S atom (S1*) [* = -x, -y, -z] of the 

symmetry related µ1,3-bridging thiocyanato group and a N atom of the terminal thiocyanato 

ligand (N5). The axial positions are occupied by the quinoline nitrogen (N3) and the pyridine 

nitrogen (N1) atoms of the Schiff base ligand, L3.4. As in 3.3, the Schiff base connects the 

metal centre with the meridional configuration, while the remaining meridional positions are 

occupied by the three thiocyanato ligands (two bridging and one terminal). 

 

Figure 3B.7 Crystal structure of complex 3.4. Atoms are shown as 50 % thermal ellipsoids. 

H atoms are omitted for clarity. [* = -x,-y,-z]. 
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The µ1,3-NCS- bridge is asymmetric with Ni-N and Ni-S bond distances of 2.013(3) Å 

and 2.6563(9) Å, respectively. The Ni···Ni distance through the double µ1,3-thiocyanato 

bridge is 5.539 Å. The terminal thiocyanato ligand is nearly linear with a N5-C18-S2 bond 

angle of 179.1(4)º. The Ni-N(imine), Ni-N(pyridine) and Ni-N(quinoline) bond distances 

vary within the range 2.032(3)-2.066(3) Å whereas, the Ni-N(thiocyanato) bond distances are 

2.013(3) and 2.042(3) Å, respectively (Table 3B.3). Supramolecular C-H···S and … 

interactions with shortest distances of 2.905 Å and 3.614 Å, respectively, connect adjacent 

dimers to generate chains of complexes of 3.4 along the c direction (Figure 3B.8). 

 

Figure 3B.8 Unconventional intermolecular C-H···S and …  interactions of complex 3.4 

along the ab plane [a = 3.614 Å and b = 2.905 Å]. 

3B.3.4 Magnetic Properties 

The product of the molar magnetic susceptibility per Ni(II) dimer (χmT) at room 

temperature for compound 3.3 is ca. 2.6 cm3 K mol-1, which is the expected value for two 

Ni(II) ions with a g value of ca. 2.28 (Figure 3B.9). When the temperature is lowered, χmT 

shows a continuous increase to reach a maximum of ca. 4.6 cm3 K mol-1 at ca. 12 K and a 

sharp decrease at lower temperatures to reach a value of ca. 3.8 cm3 K mol-1 at 2 K. The 

increase in χmT indicates that the Ni(II) dimer has a weak Ni···Ni ferromagnetic coupling 
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whereas the sharp decrease may be due to the presence of a zero field splitting (ZFS) of the 

Ni(II) ions and/or to a very weak interdimer antiferromagnetic interactions. Therefore, we 

have fit the magnetic properties to a simple model of a S = 1 dimer with a ZFS including an 

interdimer coupling (zJ’) using the PHI software.3.105 This model reproduces satisfactorily the 

magnetic properties of compound 3.3 with g = 2.290(6), J = 6.1(2) cm-1, zJ’ = -0.32(1) cm-1 

and |D| = 4.34(5) cm-1 (solid line in Figure 3B.9, the exchange Hamiltonian is written as -

2JS1S2). 

 

Figure 3B.9 Thermal variation of the χmT product for compound 3.3. Solid line is the best fit 

to the model (see text). 

Compound 3.4 shows a similar behaviour, with a χmT value at room temperature of ca. 

2.3 cm3 K mol-1, the expected value for two independent Ni(II) ions with g ca. 2.1 (Figure 

3B.10). When the sample is cooled, the χmT product increases and reaches a maximum value 

of ca. 4.6 cm3 K mol-1 at ca. 10 K. At lower temperatures, χmT shows a sharp decrease and 

reaches a value of ca. 2.7 cm3 K mol-1 at 2 K. This behaviour is very similar to that of 

compound 3.3 and, therefore, we have fit the magnetic properties with the same dimer model 

using the PHI software. This model reproduces very satisfactorily the magnetic properties of 

compound 3.4 with g = 2.096(2), J = 4.71(5) cm-1, zJ’ = -0.054(2) cm-1 and |D| = 1.52(2) cm-1 

(solid line in Figure 3B.10, the Hamiltonian is written as -2JS1S2). 
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Figure 3B.10 Thermal variation of the χmT product for compound 3.4. Solid line is the best 

fit to the model (see text). 

3B.3.5 Magneto-Structural Correlations 

The sign and strength of the exchange coupling constant (J) between the paramagnetic 

centres is influenced by several structural parameters. It is well known that the bridging angle 

plays the most crucial role in determining the overall magnetic interactions. Ruiz et al. 

theoretically proved that doubly µ1,1’-azido bridged dinickel(II) complexes exhibit 

ferromagnetic interactions when the Ni-N-Ni angles (θ) range from 80º to 115º, with J values 

increasing as the angle increases, reaching a maximum at around 104º and then decreasing 

with increasing θ.3.93,3.94 Most of the µ1,1’-azido bridged dinuclear Ni(II) systems exhibit 

ferromagnetic coupling.3.67-3.85,3.87-3.92 There is only one example where a very low bridging 

angle of value 90.4º exhibits AF interaction between Ni(II) centres.3.86 

In complex 3.3 the Ni-N-Ni angle is 101.0(3)º, in the typical range for a ferromagnetic 

interaction, although, based only on the Ni-N-Ni bond angle, it is not possible to estimate a J 

value for compound 3.3. Thus, whereas the Ni(II) complexes with double μ1,1’-N3-bridges3.67-

3.92 show Ni-N-Ni angles in the narrow range ca. 98°-103.9°, the J values show a large 

variation from 1.9 to 36.3 cm-1 (assuming a -2JS1S2 type Hamiltonian) with no clear 
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relationship. This is confirmed by the fact that complexes [Ni(terpy)(N3)2]·H2O
3.69 and 

[Ni(pepci)(N3)2]2,
3.79 with identical average angles (101.6º), show different J values (22.8 and 

36.3 cm-1, respectively). Furthermore, these two Ni(II) dimers show average angles very 

similar to compound 3.3 (101.0º) but show quite different J values (6.1 cm-1). 

In contrast to μ1,1’-N3 bridged Ni(II) complexes, magneto-structural correlations for 

µ1,3-thiocyanato bridged dinuclear Ni(II) systems are less explored. Ginsberg3.106 and 

Hendrickson3.107 followed the valence-bond theory based on Goodenough and Kanamori 

rules3.108 of super exchange interactions or Anderson's expanded orbital theory3.109 to explain 

ferromagnetic coupling in [(Ni2(en)4)(µ-NCS)2]I2. In this theory, the ferromagnetism in the 

idealized structures is explained in terms of eg||σ, π||eg' pathways. In the case of double µ1,3-

NCS- bridged dinuclear Ni(II) systems, the ideal value of the Ni-N-C and Ni-S-C angles 

(180º and 90º, respectively) result in zero orbital overlap and thus, in orthogonality of the 

orbitals, giving rise to a ferromagnetic coupling. Based on some azido, cyanato and 

thiocyanato bridged derivatives.3.107 Hendrickson proposed that the differences in the 

magnetic behaviour are mainly controlled by two factors: (i) the Ni-S-C bond angle and (ii) 

the symmetry of the dimeric species, being more important the second factor. In the case of a 

symmetric bridge, the antiferromagnetic coupling is enhanced. Thiocyanato bridged 

complexes are weakly ferromagnetically coupled and the coupling is stronger with increasing 

asymmetry. In thiocyanato bridged complexes the geometry is chair like and the molecular 

orbitals are always practically degenerated, facilitating the possibility of ferromagnetic 

coupling. 

Table 3B.4 shows the magnetic and crystallographic data of complex 3.4 and some 

Ni(II) dimers with a double µ1,3-NCS- bridge in order to discuss their magneto-structural 

trends. The last two examples are Ni(II) chains with a double µ1,3-NCS- bridge. Data in Table 
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3B.4 reveal that even for significant deviations of the ideal values of the Ni-N-C and Ni-S-C 

bond angles (180º and 90º, respectively) the interactions are still ferromagnetic. In complex 

3.4, the values of the Ni-N-C and Ni-S-C bond angles (155.20º and 96.57º) are very close to 

those found in several other compounds with very similar J values. Furthermore, if we plot 

the variation of J with the asymmetry of the thiocyanate bridge, measured as the difference 

between the Ni-S and Ni-N bond distances, we can observe an approximate linear 

dependence (Figure 3B.11). In this relationship, the value of J observed for compound 3.4 is 

very close to the average trend. 

Table 3B.4 Main structural (distances in Å and angles in degrees) and magnetic parameters 

for dinuclear and chain nickel(II) complexes with double μ1,3-thiocyanato bridging bond. 

Compound Ni-N Ni-S Ni-N-C Ni-S-C Ni···Ni J (cm-1)a Ref. 
Complex 3.4 2.013 2.6563 155.20 96.57 5.539 4.7 This work 
[{(Ni2(en)4}(μ-NCS)2]I2 2.04 2.61 167.0 100.0 5.708 4.5 3.110 
[{Ni2(tren)2}(μ-NCS)2](BPh4)2 2.04 2.61 167.0 100.0 5.78 2.4 3.107 
[{Ni(terpy)(NCS)2}2] 1.99 2.625 159.0 100.0 5.633 4.9 3.111 
[{Ni2(2-methyl)3(NCS)2} 
(μ-NCS)2] 

2.06 
2.10 

2.55 
2.64 

165.2 
142.4 

100.7 
105.8 

5.656 4.3 3.112 

[{Ni2(2-methyl)4}(μ-NCS)2](PF6)2 1.93 2.83 166.7 96.20 5.785 6.3 3.112 
[Ni2L2(μ-SCN)2(SCN)2].2H2O 2.030 2.635 162.4 102.67 5.750 3.9 3.70 
[{Ni(L2)(SCN)}2]2 2.059 2.4981 164.18 105.13 5.781 0.67 3.96 
Ni(NCS)2(HIm)2 2.038 2.5985 158.20 99.57 5.557 4.0 3.113 
[Ni(μN,S-NCS)(dpt)(NCS)]2 2.11 2.57 163.74 102.54 5.736 2.73 3.114 

aThe J values correspond to the hamiltonian H = -2JS1S2. 
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Figure 3B.11 Variation of the coupling constant (J, with H = -JS1S2) with the asymmetry of 

the thiocyanate bridge measured as the difference between the Ni-S and Ni-N bond distances. 

3B.4 Conclusions 

We have synthesized two novel dinuclear Ni(II) complexes with rigid 8-

aminoquinoline based N3-donor Schiff base ligands [Ni2(L1)2(µ1,1’-N3)2(N3)2] (1) and 

[Ni2(L2)2(µ1,3-NCS)2(NCS)2] (2). Complex 1 is a double µ1,1’-azido bridged dimer whereas 2 

is double µ1,3-thiocyanato bridged dimer. X-ray structure analyses reveal that the Ni(II) 

centres adopt a distorted octahedral geometry in both complexes with the Schiff base ligand 

binding the metal centre in a meridional fashion. The magnetic properties reveal a weak 

ferromagnetic coupling in both complexes that can be explained with magneto-structural 

correlations based on the Ni-N-Ni bond angles in 1 and with the asymmetry on the SCN 

bridge in complex 2, measured as the difference between the Ni-S and Ni-N bond distances, 

since these distances are closely related to the Ni-S-C and Ni-N-C bond angles. 
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Abstract 

Three Cd(II) based coordination polymers (CPs) (4.1-4.3) are designed using 3-
aminoquinoline and 5-aminoquinoline based Schiff base ligands and thiocyanate and 
dicyanamide as bridging ligands. Pseudohalide linkers play a crucial role in architecture of 
the CPs. These compounds are prepared under an ambient condition with high yield. The I−V 
characteristics of the 4.1-4.3 based thin film devices (Al/Complex interface) under dark and 
illumination conditions are nonlinear rectifying nature, which is the signature of a Schottky 
barrier diode (SBD). The rectification ratio (Ion/Ioff) of the SBDs under dark condition at ±2 V 
has been obtained as 16.41, 15.48 and 14.73 and under illumination condition, the same has 
been evaluated as 67.18, 46.23 and 37.69 for 4.1, 4.2 and 4.3, respectively. The photo 
responsivity of the device is found to be 5.52, 2.89 and 2.54 for 4.1, 4.2 and 4.3 based SBDs, 
respectively. The enhancement of conductivity under photo-illuminated condition depends on 
π-electron donor capacity of Schiff base ligands and the length of pseudohalide linkers of 4.1-
4.3. Again, depending on the binding fashion of the coordinating ligands, three CPs (4.1-4.3) 
exhibits different selectivity towards nitroaromatic sensing. In 2,4,6-trinitrophenol (TNP) 
sensing, CPs follows the order 4.3>4.2>4.1. CP 4.3 has the highest quenching constant 
among the others two CPs along with a prominent selectivity and lowest detection limit in 
respond to TNP. 
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4.1 Introduction 

Coordination polymers (CPs) have attracted considerable interest in the field of chemical 

science and material science not only due to their versatile architectures but also their 

potential applications in various scientific fields such as nonlinear optics,4.1 biomaterials,4.2 

gas storage and separation,4.3,4.4 luminescence sensors,4.5 catalysis,4.6,4.7 magnetism,4.8 fuel 

cell,4.9,4.10 information storage, optical switches, etc.4.11-4.14 Flexible and dynamic frameworks 

of coordination polymers are obtained by judicial choice of organic, inorganic building 

blocks and connectors between the organic and inorganic components. External stimuli, such 

as solvent systems, pH, and temperatures even choice of organic and inorganic components 

also play crucial role on the structures of CPs.4.15-4.19 A new class of CPs are recently 

introduced which exhibit electrical conductivity, have potential application in the field of 

optoelectronic devices.  Such types of materials are good alternative over traditional organic 

and inorganic semiconductors. Efficiency of optoelectronic devices depend on factors such as 

surface area, electrical conductivity, charge mobility, electronic band gap etc.4.20-4.24 

Recently, few groups including us have published work on CPs, showing interesting 

electrical properties for their application in Schottky barrier diode.4.24,4.25-4.30  

On the other hand, CPs showed great potential as luminescent sensors with high 

selectivity and sensitivity toward different anions, cations, explosives, small molecules, 

etc.4.31-4.40 The selective sensitivity of explosive and pollutant nitroaromatic  compounds 

(epNAC) is trending due to its increasing use in terrorist activities, mining and mutagenic 

properties of epNACs.4.41-4.46 Nitroaromatic compounds have also significant roles in 

industrial sector like synthesis of pesticides, dyes, plastics, polymers, pharmaceuticals, etc. 

Some of these nitroaromatic compounds have hematotoxic, hepatotoxic characteristics while 

some other can process mutagenesis and carcinogenesis in living cells.4.47-4.51 For example, 

TNP can easily come to the biological system due to its water solubility nature and inside a 
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mammalian digestive cycle, TNP metabolized into a mutagenic species, picramic acid.4.52,4.53 

Although, different techniques like ion mobility spectroscopy (IMS), X-ray dispersion, 

Raman spectroscopy, even living creature like canines are used to detect nitro explosives,4.54 

fluorescence spectroscopy is a better choice due to its low cost, easy-operation, fast response 

time, high selective and sensitive nondestructive nature. Polymeric compounds with 

conjugated network (“molecular wire”) are believed to show high selectivity towards 

aliphatic and aromatic nitro explosives via exciton migration.4.55 There are different kinds of 

luminescent probe where conjugated networks like coordination polymer, gel based material 

especially metallogel have been utilised profoundly in recent time.4.56-4.60 Nitroaromatic 

sensing is basically a quenching process where photoexcited electrons are transferred from 

CPs to the electron defecient analyte molecules, therefore, presence of electron-rich aromatic 

ligands could improve the sensing performances.4.61 Although, presence of pores in CPs 

could reduce their efficiency in detection of nitroaromatic explosives by absorbing solvent or 

other guest molecules.4.62-4.65  

Recently, much attention has been focused on search of multifunctional materials. 

They exhibit different tunable properties in a single framework. Among different 

multifunctional materials the mostly observed property is porosity or magnetism. Besides 

porosity or magnetism another properties like optical activity,4.66-4.68 nonlinear optical 

property4.69,4.70 or electrical conductivity,4.71-4.76 are mostly observed within multifunctional 

materials. Therefore, design of CPs which will fulfill both the requirements of nitroaromatic 

sensing property and electrical conductivity is a challenging work. Judicious choice of metal 

centres like Cd2+, aromatic ligands with highly delocalized π orbitals and suitable functional 

inorganic linkers are vital components to exhibit fluorescent as well as optoelectronic 

properties.  
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In this work, three Cd(II) based CPs (4.1-4.3) are designed using 3-aminoquinoline 

and 5-aminoquinoline based Schiff base ligands and thiocyanate and dicyanamide as bridging 

ligands. These compounds are prepared under ambient condition with high yield. In 4.1 and 

4.2 upon variation of pseudohalide linkers from thiocyanate to dicyanamide, Schiff base 

chelating ligand    (HL4.1) reduces its coordination sites, resulting interesting architectures.  

Similar trend has been observed in 4.3 where in presence of dicyanamide ions Schiff base 

chelating ligands    (HL4.2) are coordinated with the metal centre only through quinoline 

nitrogen.  Here, orientation of ligands around the metal centre in the CP frame work play a 

crucial role in controlling their conductance as well as TNP sensing properties. 

Photoconduction behavior of 4.1-4.3 based thin film devices follow the trend 4.1>4.2>4.3 

which corroborates with π-electron donor capacity of Schiff base ligands and the length of 

pseudohalide linkers. Sensing of nitroaromatic compounds is one of the concerning issues in 

recent time. Here we have explored the sensitivity of the CPs towards different nitroaromatic 

compounds such as nitrobenzene (NB), nitrophenol (NP), nitromethane (NM), 2,4-dinitro 

toluene (2,4-DNT), 2,6-dinitro toluene (2,6-DNT), 3,5-dinitro benzoic acid (3,5-DNBA), 4-

nitrobenzoic acid (4-NBA) 2,4 -dinitrophenol (DNP) and 2,4,6-trinitrophenol (TNP) in 

acetonitrile (ACN) solution. The luminescence quenching responses of these CPs towards 

nitro explosives are different for individual CP. It is noteworthy to mention that the 

difference in the coordination arrangement is one of the controlling factors for variation in 

photo-physical properties as well as different fluorescence quenching behavior of these CPs 

towards explosives nitroaromatic compounds (epNACs). In 2,4,6-trinitrophenol (TNP) 

sensing CP follows the order 4.3>4.2>4.1. In case of 4.3 the quinoline moiety is far more 

accessible to TNP that makes it highly prone and selective towards TNP over other 

(epNACs). To best of our knowledge, CPs (4.2-4.3) exhibiting both semiconducting and 

nitroaromatic sensing properties, are first time explored by us. 
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4.2 Experimental Section 

4.2.1 Materials and Physical Measurements 

All reagents or analytical grade chemicals and solvents were purchased from commercial 

sources and used without further purification. Elemental analysis for C, H and N was carried 

out using a Perkin–Elmer 240C elemental analyser. Infrared spectra (400–4000 cm–1) were 

recorded from KBr pellets on a Nicolet Magna IR 750 series-II FTIR spectrophotometer. 

Absorption spectra were measured using a Cary 60 UV-Vis (Agilent Technologies) with a 1-

cm-path-length quartz cell. Fluorescence spectra were recorded on Perkin-Elmer LS-45 

fluorometer. Electron spray ionization mass (ESI-MS positive) spectra were recorded on a 

MICROMASS Q-TOF mass spectrometer. Fluorescence lifetime was measured using a time-

resolved spectrofluorometer from IBH, UK. The frequency-dependent capacitance was 

recorded by the computer controlled Agilent make precision 4294A LCR meter. TGA was 

measured under Nitrogen atmosphere (150ml/min) using Platinum crucible with alpha 

alumina powder as reference in a PerkinElmer (SINGAPORE) instrument (Model No.- Pyris 

Diamond TG/DTA). X-ray powder diffraction (XRPD) patterns of the samples were recorded 

on a Bruker D8 Advance instrument operated at 40 kV and 40 mA using Cu Kα (λ = 1.5406 

Å) radiation.  

4.2.2 X-ray Crystallography 

Single crystal X-ray data of 4.1-4.3 were collected on a Bruker SMART APEX-II CCD 

diffractometer using graphite monochromated  Mo K radiation ( = 0.71073 Å) at 150(2) K. 

Data processing, structure solution, and refinement were performed using Bruker Apex-II 

suite program. All available reflections in 2max range were harvested and corrected for 

Lorentz and polarization factors with Bruker SAINT plus.4.77 Reflections were then corrected 

for absorption, inter-frame scaling and other systematic errors with SADABS.4.78 The 
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structures were solved by the direct methods and refined by means of full matrix least-square 

technique based on F2 with SHELX-2013 software package.4.79 All the non-hydrogen atoms 

were refined with anisotropic thermal parameters. C-H hydrogen atoms were inserted at 

geometrical positions with Uiso = 1/2Ueq to those they are attached. Crystal data and details of 

data collection and refinement of the complex are summarized in Table 4.1.  

Table 4.1 Crystal parameters and selected refinement details for 4.1-4.3. 

CPs 4.1 4.2 4.3 

Empirical formula C37H30Cd2N6O5S2 C38H29Cd1N10O5 C38H28Cd1N10O4 

Formula weight 927.59 818.11 801.10 

Temperature (K) 150(2) 150(2) 150(2) 

Crystal system Orthorhombic Monoclinic Monoclinic 

Space group Pna21 P21/c P21/c 

a (Å) 16.4519(12) 12.3081(8) 29.025(2) 

b (Å) 10.4666(7) 9.9191(6) 7.5117(6) 

c (Å) 20.7199(16) 14.1941(9) 15.5998(12) 

(°)             90          90            90 

(°) 90 97.372(2) 99.113(2) 

(°) 90 90 90 

Volume (Å3) 3567.9(4) 1718.57(19) 3358.3(5) 

Z 4 2 4 

Dcalc (g cm–3) 1.727 1.581 1.584 

Absorption coefficient (mm–1) 1.362 0.698 0.710 

F(000) 1848 830 1624 

 Range for data collection (°) 2.90- 25.30 2.94-25.18 2.96-25.12 

Reflections collected 32382 54827 49405 

Independent reflection / Rint 5477/0.0472 3622/0.0575 6597/0.0817 

Data / restraints / parameters 6942/2/476 4638/0/255 9049/1/488 

Goodness-of-fit on F2 1.050 1.153 1.048 

Final indices[I>2(I)] R1= 0.0383 

wR1= 0.0761 

R1= 0.0553 

wR1= 0.1548 

R1=0.0443 

wR1= 0.0916 

R indices (all data) R1= 0.0609 

wR1= 0.0848 

R1= 0.0722 

wR1= 0.1646 

R1= 0.0753 

wR1= 0.1032 
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Largest diff. peak / deepest hole (e Å-3) 1.101/-0.483 2.385/-1.029 1.041/-0.581 

 

4.2.3 Device Fabrication 

In this report, multiple metal-semiconductor (MS) junction devices have been fabricated in 

ITO/CPs (4.1, 4.2 and 4.3)/Al sandwich structure to perform the electrical study. In this 

regard, well dispersion of as synthesized CPs (4.1, 4.2 and 4.3) has been made in N,N-

dimethylformamide (DMF) by mixing and sonicated the right proportion (40 mg/ml) of 

complexes in separate vials. Just prepared stable dispersion of complexes has been deposited 

on the top of the ITO coated glass substrate by spun firstly at 800 rpm for 6 min and 

thereafter, at 1200 rpm for 4 min with the help of SCU 2700 spin coating unit. Afterward all 

the as-deposited thin films has been dried in a vacuum oven at 90 °C for several minute to 

evaporate the solvent part fully. The thickness of the developed thin films has been measured 

as ~ 1 μm. The aluminum electrodes are deposited under pressure 10-6 Torr by maintaining 

the effective area as 7.065×10-6 m-2 with shadow mask in the Vacuum Coating Unit 12A4D 

of HINDHIVAC. For electrical characterization of the devices, the current-voltage (I-V) 

characteristic has been measured both under dark and light (AM 1.5G radiation) condition 

and recorded with the help of a Keithley 2635B Sourcemeter by two-probe technique. All the 

preparation and measurements has been performed at room temperature and under ambient 

conditions. 

4.2.4 Computational Details 

For DFT calculation of 4.1-4.3, the full geometry of the single monomeric unit of polymeric 

structure has been optimized by using Density Functional Theory (DFT) with GAUSSIAN-

094.80 program package. DFT/B3LYP4.81 hybrid level was used throughout the calculations. 

For all the elements including transition metal ion Cd(II) the basis set  LanL2DZ was used. 

To assign the different low laying electronic transitions based on B3LYP/LanL2DZ 
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optimized geometry were computed for the time dependent density functional theory (TD-

DFT)4.82-4.84 formalism. In the final step of the theoretical computation Gauss sum4.85 was 

employed to calculate the fractional contribution of different individual components present 

in the polymeric molecule to each molecular orbital. 

4.2.5 Synthesis of HL4.1 and HL4.2 [HL4.1 =2-methoxy-6-((quinolin-3-

ylimino)methyl)phenol and HL4.2 = 2-methoxy-6-((quinolin-5-ylimino)methyl)phenol] 

The Schiff base ligands (HL4.1 and HL4.2) were prepared by the standard method.4.86-4.90 

Briefly, 4.0 mmol (0.576 g) of 3-aminoquinoline or 5-aminoquinoline (for HL4.1 and HL4.2, 

respectively) was mixed with 4.0 mmol (0.608 g) of o-vanillin in 20 mL of methanol. The 

resulting solution was stirred for 3h at room temperature (Scheme 4.1). The dark orange 

methanolic solution was used directly for complex formation. 

HL4.1: Yield: 0.978 g (88%). Anal. Calc. For C17H14N2O2: C 73.37%; H 5.07%; N 10.07%. 

Found: C 72.92%; H 4.96%; N 9.87%. IR (cm-1, KBr): υ(C=N) 1605 m; υ(C-H) 778 s. UV-

Vis, λmax (nm), (ε (dm3mol-1cm-1)) in MeCN: 282 (18191), 328 (16119). ESI-MS (positive) in 

MeCN: The base peak was detected at m/z = 279.21, corresponding to [HL4.1+ H]+. 1H NMR 

(DMSO-d6, 400 MHz) δ ppm: 3.83 (-OCH3) (s, 3H), 6.93 (Ar-H) (t, 1H, J1 = 8.0 Hz), 7.15 

(Ar-H) (d, 1H, J = 8.0 Hz), 7.23 (Ar-H) (d, 1H, J = 1.6 Hz), 7.62 (Ar-H) (t, 1H, J1 = 7.2 Hz, 

J2 = 7.6 Hz), 7.74 (Ar-H) (t, 1H, J = 7.2 Hz), 8.02 (Ar-H) (q, 2H), 8.32 (Ar-H) (d, 1H, J = 2.4 

Hz), 9.00 (Ar-H) (d, 1H, J = 2.4 Hz), 9.15 (-CH=N) (s, 1H), 12.71 (Ar-OH) (s, 1H). 13C 

NMR (DMSO-d6, 300 MHz) δ ppm: 56.55, 116.45, 119.66, 119.99, 124.20, 124.30, 125.45, 

128.41, 128.76, 129.23, 129.63, 142.08, 146.83, 147.05, 148.46, 150.87, 165.85. 

HL4.2: Yield: 1.053 g (89%). Anal. Calc. For C17H14N2O2: C 73.37%; H 5.07%; N 10.07%. 

Found: C 72.94%; H 4.93%; N 9.89%. IR (cm-1, KBr): υ(C=N) 1610 m; υ(C-H) 789 s. UV-

Vis, λmax (nm), (ε (dm3mol-1cm-1)) in MeCN: 275 (22425), 338 (29846). ESI-MS (positive) in 
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MeCN: The base peak was detected at m/z = 279.21, corresponding to [HL4.2+ H]+. 1H NMR 

(DMSO-d6, 400 MHz) δ ppm: 3.84 (-OCH3) (s, 3H), 6.94 (Ar-H) (t, 1H, J1 = 8.0 Hz, J2 = 7.6 

Hz), 7.17 (Ar-H) (d, 1H, J = 8.0 Hz), 7.35 (Ar-H) (d, 1H, J = 7.6 Hz), 7.50 (Ar-H) (d, 1H, J = 

7.6 Hz), 7.58-7.61 (Ar-H) (q, 1H), 7.80 (Ar-H) (t, 1H, J1 = 8.4 Hz, J2 = 7.6 Hz), 7.95 (Ar-H) 

(d, 1H, J = 8.4 Hz), 8.53 (Ar-H) (d, 1H, J = 8.0 Hz), 8.95 (Ar-H) (d, 1H, J = 2.8 Hz), 9.02 (-

CH=N) (s, 1H), 12.75 (Ar-OH) (s, 1H). 13C NMR (DMSO-d6, 300 MHz) δ ppm: 56.48, 

115.19, 116.50, 119.40, 120.28, 122.27, 123.56, 124.12, 127.89, 130.18, 131.58, 146.26, 

148.50, 148.54, 150.85, 151.52, 165.13. 

 

Scheme 4.1 Route to the synthesis of ligands HL4.1 and HL4.2. 

4.2.6 Preparation of (4.1) [Cd2(L
4.1)2(NCS)2(CH3OH)]n 

A 10 mL methanolic solution of Cd(NO3)2.4H2O (2.0 mmol, 0.616 g) was added to a 

methanolic solution of HL4.1 (2.0 mmol) followed by addition of NaSCN (2.0 mmol, 0.162 g) 
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in 20 mL methanolic solution and the resultant reaction mixture was stirred at room 

temperature for 3 h (Scheme 4.2). Deep bronze colored crystals resulted from the slow 

evaporation of methanolic solution of the complex at room temperature. Yield: 0.667 g 

(72%). Anal. Calc. For C37H30Cd2N6O5S2: C 47.91%; H 3.26%; N 9.06%. Found: C 47.02%; 

H 2.92%; N 8.83%. IR (cm-1, KBr): υ(C=N) 1602 m; υ(C-N) 1223 s; ν(C-H) 735 s; υ(NCSˉ) 

2075, 2113s . UV-Vis, λmax (nm), (ε (dm3mol-1cm-1)) in DMSO: 284 (19975), 327 (17017). 

ESI-MS (positive) in MeCN: The base peak was detected at m/z = 988.05, corresponding to 

[Cd2(L
4.1)2(NCS)2(CH3OH)+CH3CN+H2O+Li]+. 1H NMR (DMSO-d6, 400 MHz) δ ppm: 

3.72 (-OCH3) (s, 3H), 3.83 (-OCH3) (s, 6H), 6.35 (Ar-H) (s, 2H), 6.82 (Ar-H) (s, 2H), 6.95 

(Ar-H) (d, 2H, J = 6.4 Hz), 7.57-7.76 (Ar-H) (m, 4H), 8.05 (Ar-H) (d, 6H), 8.35-8.48 (Ar-H) 

(m, 2H), 8.89 (-CH=N) (s, 1H), 9.01 (-CH=N) (s, 1H). 

4.2.7 Preparation of (4.2) {[Cd(HL4.1)2(N(CN)2)2].H2O}n 

A 10 mL methanolic solution of Cd(NO3)2.4H2O (1.0 mmol, 0.308g) was added to a 

methanolic solution of HL4.1 (2.0 mmol) followed by addition of NaN(CN)2 (4.0 mmol, 

0.356g) in 20 mL methanolic solution and the resultant reaction mixture was stirred at room 

temperature for 3 h (Scheme 4.2). Deep bronze colored crystals resulted from the slow 

evaporation of methanolic solution of the complex at room temperature. Yield: 0.597g (73%). 

Anal. Calc. For C38H29CdN10O5: C 55.79%; H 3.57%; N 17.12%. Found: C 55.02%; H 

3.12%; N 16.73%. IR (cm-1, KBr): υ(C=N) 1608 m; υ(C-N) 1212 s; ν(C-H) 728 s; υ(N(CN)2
ˉ) 

2157, 2202s . UV-Vis, λmax (nm), (ε (dm3mol-1cm-1)) in DMSO: 284 (19775), 327 (16917). 

ESI-MS (positive) in MeCN: The base peak was detected at m/z = 802.87, corresponding to 

[Cd(HL4.1)2(N(CN)2)2+H]+. 1H NMR (DMSO-d6, 500 MHz) δ ppm: 3.73 (-OCH3) (s, 3H), 

6.36 (Ar-H) (s, 1H), 6.83 (Ar-H) (s, 1H), 6.95 (Ar-H) (d, 1H, J = 8.0 Hz), 7.62 (Ar-H) (s, 

1H), 7.71 (Ar-H) (s, 1H), 8.02 (Ar-H) (s, 2H), 8.12 (Ar-H) (s, 1H), 8.49 (Ar-H) (s, 1H), 8.91 

(-CH=N) (s, 1H). 
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4.2.8 Preparation of (4.3) [Cd(HL4.2)2(N(CN)2)2]n 

A 10 mL methanolic solution of Cd(NO3)2.4H2O (1.0 mmol, 0.308g) was added to a 

methanolic solution of HL4.2 (2.0 mmol) followed by addition of NaN(CN)2 (4.0 mmol, 

0.356g) in 20 mL methanolic solution and the resultant reaction mixture was stirred at room 

temperature for 3 h (Scheme 4.2). Deep bronze colored crystals resulted from the slow 

evaporation of methanolic solution of the complex at room temperature. Yield: 0.667 g 

(71%). Anal. Calc. For C38H28CdN10O4: C 56.97%; H 3.52%; N 17.48%. Found: C 56.05%; 

H 3.22%; N 16.73%. IR (cm-1, KBr): υ(C=N) 1601 m; υ(C-N) 1210 s; ν(C-H) 734 s; 

υ(N(CN)2
ˉ) 2166, 2225s. UV-Vis, λmax (nm), (ε (dm3mol-1cm-1)) in DMSO: 276 (19775), 

335(22425). ESI-MS (positive) in MeCN: The base peak was detected at m/z = 866.44, 

corresponding to [Cd(HL4.2)2(N(CN)2)2+CH3CN+Na]+. 1H NMR (DMSO-d6, 500 MHz) δ 

ppm: 3.75 (-OCH3) (s, 6H), 6.33 (Ar-H) (s, 2H), 6.90 (Ar-H) (d, 5H), 7.18 (Ar-H) (d, 2H, J = 

6.4 Hz), 7.33-7.42 (Ar-H) (m, 1H), 7.54-7.97 (Ar-H) (m, 5H), 8.31-8.76 (Ar-H) (m, 3H), 8.85 

(-CH=N) (d, 1H), 9.01 (-CH=N) (d, 1H). 
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Scheme 4.2 Route to the synthesis of 4.1-4.3. 

4.3 Results and Discussion 

4.3.1 Synthesis and Characterization of 4.1-4.3 

The Schiff base ligands (HL4.1 and HL4.2) are prepared by following a reported procedure.4.86-

4.90 Briefly, 3- aminoquinoline or 5-aminoquinoline and o-vanillin are mixed in 1:1 molar 

ratio in methanol solvent and stirring for 3h at room temperature. They are thoroughly 

characterized by elemental analysis, ESI-mass spectrometry, NMR and IR spectroscopy 

studies (Figures 4.1-4.8). In ESI-mass analysis of HL4.1, the base peak has been found at m/z 

value 279.21 which correspond to [HL4.1+H]+ unit. A similar m/z value has also observed in 

case of isostructural HL4.2, where base peak appears at 279.21 which correspond to 

[HL4.2+H]+ unit. In FT-IR spectra of both HL4.1 and HL4.2, similar stretching frequency 

appear at around 1610 cm-1 which corresponds to imine (–CH=N) bond. 1H and 13C NMR of 
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HL4.1 and HL4.2 have been performed in d6-DMSO solvent. Phenolic OH proton of HL4.1 

appears as a sharp peak at 12.71 ppm. Imine (H-C=N) proton appears at 9.15 ppm. Aromatic 

protons appear in the range 6.88-9.00 ppm and methyl protons of –OCH3 group appear at 

3.83 ppm. Similarly, in case of HL4.2, phenolic OH proton and imine (H-C=N) proton appear 

at 12.75 ppm and 9.02 ppm, respectively. Aromatic protons appear in the range 6.92-8.96 

ppm and methyl protons of –OCH3 group appear at 3.84 ppm. In 13C NMR (DMSO-d6, 75 

MHz) spectrum of HL4.1, signals for -OCH3 carbon atom appears at 56.55 ppm. Aromatic 

carbon atoms appear within the range 116.99-150.87 ppm. The imine carbon atom appears at 

165.85 ppm. In HL4.2
, -OCH3 carbon atom appears at 56.48 ppm. Aromatic carbon atoms 

appear within the range 115.19-151.52 ppm. The imine carbon atom appears at 165.13 ppm. 

 

Figure 4.1 ESI-mass spectrum of HL4.1
 in CH3CN solvent. 
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Figure 4.2 ESI-mass spectrum of HL4.2 in CH3CN solvent. 

 

 

 

 

 

 

 

 

 

Figure 4.3 1H NMR spectrum of HL4.1 using DMSO-d6 solvent. 
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Figure 4.4 1H NMR spectrum of HL4.2 using DMSO-d6 solvent. 

 

 

Figure 4.5 13C NMR spectrum of HL4.1 using DMSO-d6 solvent. 
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Figure 4.6 13C NMR spectrum of HL4.2 using DMSO-d6 solvent. 

 

Figure 4.7 IR spectrum of HL4.1. 
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Figure 4.8 IR spectrum of HL4.2. 

The ligands are directly used for synthesis of metal complexes without further 

purification. 4.1 is prepared by reaction between Cd(NO3)2.4H2O: HL4.1 : NaSCN   in 1:1:1 

molar ratio in methanol solvent under stirring condition (Scheme 4.2) whereas 4.2 and 4.3 

are prepared by reaction between Cd(NO3)2.4H2O: HL4.1/4.2 : NaN(CN)2  in 1:2:4 molar ratio 

in methanol solvent under stirring condition. All three complexes are dark bronze in color 

and isolated in very high yield. They are characterized by elemental analysis and different 

spectroscopic techniques. They exhibit strong and  sharp stretching frequency at around 1600 

cm-1 in IR spectra, due to presence of azomethine group, υ(C=N). In case of 4.1, another two 

strong stretching frequencies appear at 2075 and 2113 cm-1 indicating the presence of SCN¯ 

group in two different mode i.e. μ1,3 bridging and terminal mode (Figure 4.9).4.91 On the other 

hand, 4.2 and 4.3 exhibit a characteristic bifurcated peak at around 2157 and 2202 cm-1 (for 

4.2) (Figure 4.10), 2166 and 2225 cm-1 (for 4.3) (Figure 4.11), which clearly indicate the 

presence of bridging N(CN)2¯ group. Stability of 4.1-4.3 in solution state is investigated by 

1H NMR spectroscopy and ESI-mass analysis.  

1H NMR spectra of CPs 4.1-4.3, has been recorded in DMSO-d6 solvent. One 

representative example has been depicted in Figure 4.12. In CP 4.1, imine protons appear at 
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9.01 ppm and 8.89 ppm, respectively. All aromatic protons appear in the range 6.35-8.48 

ppm. Methyl protons of –OCH3 group and methanol coordinated with the metal centre appear 

at 3.83 ppm and 3.72 ppm, respectively. Interestingly, the phenolic OH protons are absent in 

the spectrum due to metal coordination. In, CP 4.2, non-coordinated phenolic OH proton 

appears at 12.74 ppm, imine proton appears at 8.91 ppm and aromatic protons appear in the 

range 6.36-8.49 ppm. The protons of –OCH3 group appear at 3.73 ppm. Whereas, in case CP 

4.3, non-coordinated phenolic OH proton appears at 12.71 ppm, imine protons appear at 9.01 

ppm and 8.85 ppm, respectively. Aromatic protons appear in the range 6.33-8.76 ppm and –

OCH3 protons appear at 3.75 ppm. 

The m/z values for 4.1-4.3 are appeared at 988.05, 802.87 and 866.44, corresponding 

to   [Cd2(L
4.1)2(NCS)2(CH3OH)+CH3CN+H2O+Li]+, [Cd(HL4.1)2(N(CN)2)2+H]+ and  

[Cd(HL4.2)2(N(CN)2)2+CH3CN+Na]+, respectively (Figures 4.13-4.15), which clearly 

suggest that all the complexes are well stable in solution phase. Bulk purity of all CPs is 

checked by powdered XRD measurement (Figures 4.16-4.18, for 4.1-4.3, respectively). 

Thermo gravimetric analysis (TGA) confirms the stability of theses complexes up to 280 °C 

(Figures 4.19-4.21, for 4.1-4.3, respectively). 

 

Figure 4.9 IR spectrum of 4.1. 
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Figure 4.10 IR spectrum of 4.2. 

 

Figure 4.11 IR spectrum of 4.3. 
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Figure 4.12 1H NMR spectrum of 4.2 using DMSO-d6 solvent. 

 

Figure 4.13 ESI-mass spectrum of 4.1 in CH3CN solvent. 
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Figure 4.14 ESI-mass spectrum of 4.2 in CH3CN solvent. 

 

Figure 4.15 ESI-mass spectrum of 4.3 in CH3CN solvent. 
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 Figure 4.16 Powdered X-ray diffraction of 4.1. The theoretical pattern is obtained from cif 

file of the complex and experimental pattern is collected from powdered XRD. 

 

Figure 4.17 Powdered X-ray diffraction of 4.2. The theoretical pattern is obtained from cif 

file of the complex and experimental pattern is collected from powdered XRD. 
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Figure 4.18 Powdered X-ray diffraction of 4.3. The theoretical pattern is obtained from cif 

file of the complex and experimental pattern is collected from powdered XRD. 

 

Figure 4.19 Thermo Gravimetric Analysis of 4.1 under nitrogen atmosphere showing 

stability of complex is very appreciable up to 280ºc. 

  

Figure 4.20 Thermo Gravimetric Analysis of 4.2 under nitrogen atmosphere showing 

stability of complex is very appreciable up to 280ºc. 
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Figure 4.21 Thermo Gravimetric Analysis of 4.3 under nitrogen atmosphere showing 

stability of complex is very appreciable up to 280ºc. 

4.3.2 Crystal Structure Description of 4.1 

4.1 crystallizes from its methanolic solution with the orthorhombic Pna21 space group (Table 

4.1). The perspective view of 4.1 along with atom numbering scheme at metal coordination 

sphere is presented in Figure 4.22, while important bond distances and angles are given in 

Table 4.2. In 1, µ-1,1 phenoxido bridged dinuclear Cd(II) centres are connected through µ-1,3 

bridging thiocyanato ion to form a 1D chain along the  a axis (Figure 4.23). The asymmetric 

unit contains the dinuclear part, two Cd(II) centres (Cd1 and Cd2), two 3-aminoquinoline 

based Schiff base ligands, two thiocyanate ions and one methanol molecule. Both Cd(II) 

centres are hexa-coordinated. Interestingly, Cd1 has adopted an octahedral geometry, 

whereas, Cd2 has distorted trigonal prismatic geometry. In an ideal octahedral geometry two 

equilateral triangles are exactly parallel and staggered while in a trigonal prism, the 

equilateral triangles are eclipsed. In both cases s is side of the triangle, h is inter-triangular 

distance and ф is the twist angle, respectively (Figure 4.24). Ideal trigonal prismatic 

geometry gives s/h = 1.00, ф=0° values, on the other hand, for regular octahedron s/h = 1.22, 

ф=60°.4.92 In case of Cd2, s/h value and the average twist angle are 1.05, 15.68°, respectively, 

indicate its distorted trigonal prismatic geometry (Figure 4.25). In Cd2 remaining 
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coordination numbers are satisfied by two methoxy oxygen atom (O2 and O4) of two Schiff 

base ligands, one N-bounded terminal thiocyanate ion (N6) and S1 of µ1,3 bridging 

thiocyanato ion. Cd1 is equatorially coordinated with two µ1,1 bridged phenoxido oxygens 

(O1 and O3) and two imine nitrogens (N1 and N3) of the two Schiff base ligands. Apical 

positions are occupied by nitrogen atom (N5) of µ1,3 bridged thiocyanato ion and one 

methanol molecule.  Interestingly, quinoline nitrogens (N2 and N4) are away from metal 

centre and remain uncoordinated. The Cd-N (imine) and Cd-N (thiocyanato) bond distances 

are vary within the range 2.284–2.303 Å and 2.158–2.323 Å respectively, whereas, Cd-O 

(phonolic), Cd-O (methoxy) bond distances are found within range 2.228–2.266 Å and 

2.453–2.527 Å, respectively. Separation between two Cd centres is 3.543 Å. The values of 

Cd1–O1–Cd2 and Cd1–O3–Cd2 angles are 103.80° and 104.10° respectively. All these 

values are comparable with previously reported Cd complexes.4.24,4.89 The 1D network is 

further stabilized by … and C-H… interactions among  two neighboring quinoline rings 

with shortest distance 3.745 Å and 2.938 Å, respectively. Unconventional C-H…S 

interactions has been observed in between two adjacent 1D layer with shortest distance 2.734 

Å (Figure 4.26). 

 

 Figure 4.22 Asymmetric unit of 4.1. Atoms are shown as 30% thermal ellipsoids. H atoms 

are omitted for clarity. 
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Figure 4.23 Crystallographic structure of 4.1 showing the 1D chain along a axis. 

 

Figure 4.24 Different perspective view of regular octahedron and trigonal prism. ф is the 

twist angle between the enhanced triangles around the C3 axis. 

  

Figure 4.25 Distorted trigonal prismatic geometry of Cd2 centre of 4.1. 
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Figure 4.26 Different supramolecular interactions in between two adjacent 1D layer of 4.1 

[a= 2.734 Å, b= 2.958 Å, c= 3.186 Å, d= 3.280, e= 3.745 Å, f= 3.332 Å and g= 2.938 Å]. 

Table 4.2 Selected Bond lengths (Å) and Bond angles () for 4.1-4.3. 

4.1 4.2 4.3 
Cd1–N1 2.303(6) Cd–N1  2.428(3) Cd-N1  2.396(2) 
Cd1–N3 2.284(7 Cd–N3  2.300(4) Cd-N3  2.401(3) 
Cd1–N5 2.323(8 Cd–N5  2.305(4) Cd-N5  2.317(3) 
Cd1–O1  2.234(5) Cd-Cd′ 8.658 Cd-N7  2.335(3) 
Cd1–O3  2.266(5) N3-Cd–N5  90.37(15) Cd-N8  2.307(3) 
Cd1–O5  2.337(7) N3′–Cd′–N5′  89.63(15) Cd-N10  2.326(3) 
Cd2–N6  2.158(12)   Cd-Cd′ 7.512 
Cd2–O1  2.267(5)   N5–Cd–N10  90.85(10) 
Cd2–O2  2.527(6)   N8–Cd–N7  86.96(10) 
Cd2–O3  2.228(5)     
Cd2–O4  2.453(5)     
Cd1-Cd2 3.543     
Cd1–O1–Cd2  103.8(2)     
Cd1–O3–Cd2 104.1(2)     

 

4.3.3 Crystal Structure Description of 4.2 and 4.3 

Single crystals of both 4.2 and 4.3 are obtained by slow diffusion of their methanolic 

solution. Both 4.2 and 4.3 crystallize in monoclinic P21/c space group (Table 4.1). 

Perspective views of the asymmetric unit of the 4.2 and 4.3 are shown in Figure 4.27 and 

Figure 4.28, respectively. Selected bond lengths and bond angles are given in Table 4.2. 
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Interestingly in both 4.2 and 4.3, Schiff base ligands are coordinated with the metal centre 

only through quinoline nitrogen atoms. In 4.2 the Schiff base ligand is 3-aminoquinoline 

based whereas in 4.3 it is 5-aminoquinoline based. In 4.2 the asymmetric unit consists of one 

Cd(II) ion, one aminoquinoline based Schiff base ligand and one dicyanamide (dca) ion and 

one water molecule also present as solvent of crystallization. The asymmetric unit generates 

the whole molecule by symmetry operation through inversion centre. The Cd(II) centre has 

elongated octahedral geometry where it is coordinated in N6 fashion. It is equatorially 

coordinated with four nitrile nitrogens (N3, N5, N3′, N5′) of four dicyanamide ions and 

axially coordinated with quinoline nitrogens (N1, N1′) of the Schiff base ligands. In  4.2 Cd–

(µ1,5 dca)–Cd units of parallel 1D chains are connected with each other through µ1,5 dca 

bridges to result 2D polymeric structure. In 2D structure (Figure 4.29) quadrate [Cd2–(dca)4–

Cd2] units are presented as a pseudo-tetramer [Cd4(HL1)8(dca)4]
4+ containing 24–membered 

ring with subsequent bite angles 90.37° and 89.63° (Figure 4.30). The Cd–N (quinoline) 

bond distance is 2.428 Å and Cd–N (dicyanamide) bond distances are vary within the range 

and 2.300–2.305 Å, respectively. The Cd…Cd separation across quadrate µ1,5  dca bridge is 

8.658 Å.  

In 4.3 the asymmetric unit contains one Cd(II) ion, two 5-aminoquinoline based 

Schiff base ligands and two dicyanamide ions. Here each dicyanamide ligands act as µ1,5 

bridging ligands. Metal centre has elongated octahedral structure where it is coordinated with 

six nitrogen atoms. Four nitrile atoms (N5, N7, N8, N10) from the µ1,5 bridging dca ligands 

form the equatorial plane whereas quinoline nitrogens (N1, N3) of the Schiff base ligands 

occupy the apical positions. The 1D polymeric structure of 4.3 (Figure 4.31) develop through 

repeating Cd–(dca)2–Cd units. Within 1D chain, double µ1,5 dca bridges join two Cd(II) 

centres to form pseudo-dimer [Cd2(HL4.2)4(dca)2]
2+ containing a twelve–membered ring with 

subsequent bite angle 90.85° and 86.96° [N5–Cd–N10 and N7–Cd–N8], respectively. The 
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Cd–N (quinoline) and Cd–N (dicyanamide) bond distances are vary within the range 2.396–

2.401 Å and 2.307–2.335 Å respectively, Cd…Cd separation across double µ1,5 dca bridge is 

7.512 Å. Both in 4.2 and 4.3 two adjacent layers are interlocked with each other through 

… stacking between quinoline rings with shortest distance 3.726 Å and 3.916 Å, 

respectively (Figures 4.32 and 4.33). The C-H… interaction between aromatic C-H and  

electron cloud of dca has been found with shortest distance 2.701 Å (C5H5…N4) and 2.670 

Å (C21H21…N6) for 4.2 and 4.3, respectively. 

 

Figure 4.27 Asymmetric unit of 4.2. Atoms are shown as 30% thermal ellipsoids. H atoms 

and solvent molecule are omitted for clarity. 

 

Figure 4.28 Asymmetric unit of 4.3. Atoms are shown as 30% thermal ellipsoids. H atoms 

are omitted for clarity. 
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Figure 4.29 Crystallographic structure of 4.2 showing 2D sheet in the bc plane.  

 

Figure 4.30 Pictorial diagram of 24-membered ring and subsequent bite angles of 4.2. 

 

Figure 4.31 Crystallographic structure of 4.3 showing the 1D chain along b axis.  
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Figure 4.32 … stacking in between two adjacent 2D layer of 4.2 [a= 3.738 Å, b= 3.726 

Å]. 

 

Figure 4.33 … and C-H… interactions in between two adjacent 1D layer of 4.3 [a= 

3.916 Å, b= 2.668 Å]. 

4.3.4 Optical Characterization 

The optical characterization has been performed from UV-vis spectrum of 4.1, 4.2 and 4.3. 

As the synthesized complexes produce stable dispersion in DMSO, thin film on normal glass 

substrates has been prepared for solid state UV spectroscopy. In this study, the optical 
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spectrum of 4.1, 4.2 and 4.3 (inset Figure 4.34) has been recorded in the range 250–600 nm. 

The direct optical band gap of the film has been estimated from UV-vis spectrum using 

Tauc’s equation (Eqn. 4.1).4.93 

(𝜶𝒉)𝟐 = 𝑨 (𝒉 − 𝑬𝒈)        (4.1) 

Where α, Eg, h and ν stands for absorption coefficient, band gap, Planck’s constant and 

frequency of light. ‘A’ is a constant which is considered as 1 for ideal case. By extrapolating 

the linear region of the plot (αhν)2 vs. hν (Figure 4.34) to α = 0 absorption, the values of 

direct optical band gap (Eg) has been evaluated as 3.22, 3.26 and 3.30 eV for synthesized 

complexes 4.1, 4.2 and 4.3, respectively. 

 

Figure 4.34 UV-vis absorption spectra (inset) and Tuac’s plots for 4.1, 4.2 and 4.3. 

4.3.5 Electrical Characterization 

The suitable optical band gap suggests that our synthesized complexes are semiconductor 

material. Hence we have fabricated Metal (Al)–Semiconductor (synthesized CPs) (MS) 

junction thin film device and studied its electrical properties by analyzing the charge 

transport behavior. To analyze the electrical properties, Current−Voltage (I−V) measurements 

of 4.1, 4.2 and 4.3 based multiple devices has been recorded with a Keithley 2635B 
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Sourcemeter under dark and AM 1.5G condition at corresponding applied bias voltage 

sequentially within the limit ±2 V. 

The I−V characteristics of synthesized CPs (4.1, 4.2 and 4.3) based devices have been 

recorded under dark and under illumination condition and presented in Figure 4.35. Under 

dark condition, the conductivity has been estimated as 1.26 × 10-6 S.m-1, 1.78 × 10-7 S.m-1 

and 1.07 × 10-7 S.m-1 for the 4.1, 4.2 and 4.3 based devices respectively, typical for a 

semiconductor. However, after exposed under photoirradiation, the conductivity has been 

estimated as 6.72 × 10-5 S.m-1, 6.15 × 10-7 S.m-1 and 2.44 × 10-7 S.m-1 for the 4.1, 4.2 and 4.3 

based devices, respectively. It can be clearly seen that the conductivity of all the devices 

improves significantly under irradiation condition from the nonirradiated condition. This 

enhancement of electrical conductivity upon illumination mainly occurred due to either 

chemical composition of the materials which is called chemical effects or due to the different 

thickness of the active layers or the presence of defects on the junction of thin film, which is 

called physical effects. In search of the actual reason of this phenomenon, we have performed 

the experiment several times with different thickness of the active layers of CPs. The 

obtained data (Figure 4.36) depicts that the generated value of current changes according to 

the thickness of the active layers but the enhancement of the conductivity remains same in 

every thickness for each the CPs. This analysis confirms that the enhancement of the 

conductivity of the CPs upon illumination arises only due to the chemical compositions of the 

CPs. 

Moreover, the representative I−V characteristics of the Al/Complex interface under 

both dark and illumination conditions exhibit nonlinear rectifying nature, which is the 

signature of a Schottky barrier diode (SBD). The rectification ratio (Ion/Ioff) of the SBDs 

under dark condition at ±2 V has been obtained as 16.41, 15.48 and 14.73 for the 4.1, 4.2 and 

4.3 based devices, respectively. Whereas under illumination condition the same has been 
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evaluated as 67.18, 46.23 and 37.69 for the 4.1, 4.2 and 4.3 based devices, respectively. The 

larger current from the characteristics curve under irradiation condition, demonstrates the 

photoresponsivity of the device, which has been found to be 5.52, 2.89 and 2.54 for 4.1, 4.2 

and 4.3 based SBDs, respectively.  

 

Figure 4.35 I−V characteristics curve for ITO/ CPs (4.1, 4.2 and 4.3)/Al structured thin film 

devices. 
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Figure 4.36 Thickness dependent I-V characteristics of 4.1, 4.2 and 4.3 based thin film 

devices under dark and illumination conditions. 

The I−V characteristic of 4.1, 4.2 and 4.3 based SBDs have been further analyzed by 

thermionic emission theory and Cheung’s method is employed to extract important diode 

parameters.4.91 In this regard, we have started I−V curves analyzing quantitatively by 

considering the following standard equations:4.93,4.94 

𝑰 = 𝑰𝟎𝒆𝒙𝒑 ቀ
𝒒𝑽

𝜼𝑲𝑻
ቁ ቂ𝟏 − 𝒆𝒙𝒑 ቀ

ି𝒒𝑽

𝜼𝑲𝑻
ቁቃ       (4.2) 

𝑰𝟎 = 𝑨𝑨∗𝑻𝟐 𝒆𝒙𝒑 ቀ
ି𝒒∅𝑩

𝑲𝑻
ቁ         (4.3) 

Where, I0, q, K, T, V, A, η and A* stands for saturation current, electronic charge, Boltzmann 

constant, temperature in Kelvin, forward bias voltage, effective diode area, ideality factor and 

effective Richardson constant, respectively. The effective diode area has been estimated as 

7.065 × 10−6 m2 and the effective Richardson constant has been considered as 32 AK−2 cm−2 

for all the devices.  
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Figure  4.37 dV/d(ln I) vs. I curves under (a) dark and (b) illumination condition for 4.1, 4.2 

and 4.3 based thin film device. 

We have also determined the series resistance, ideality factor and barrier potential height by 

using equations (4.4)−(4.6), which has been extracted from Cheung’s idea,4.95,4.96 

𝒅𝑽

𝒅(𝒍𝒏 𝑰)
= ቀ

𝜼𝑲𝑻

𝒒
ቁ + 𝑰𝑹𝑺          (4.4) 

𝑯(𝑰) = 𝑽 − ቀ
𝜼𝑲𝑻

𝒒
ቁ 𝒍𝒏  ቀ

𝑰𝑺

𝑨𝑨∗𝑻𝟐
ቁ                                                               (4.5) 

𝑯(𝑰) = 𝑰𝑹𝑺 + 𝜼∅𝑩          (4.6) 

The series resistance (RS) and ideality factor (η) for all devices under dark and illumination 

condition has been determined from the slope and intercept of dV/d(ln I) vs. I plot (Figure 

4.37). The obtained value of ideality factors for all the devices both under dark and 

illumination conditions are listed in Table 4.3. The value of ideality factor (η) has been 

estimated as 1.99, 2.75 and 2.96 under dark condition for 4.1, 4.2 and 4.3 based SBDs, 

respectively. Under illumination condition the same has been estimated as 1.33, 2.35 and 2.62 

for 4.1, 4.2 and 4.3 based SBDs, respectively. The obtained values of ideality factors of all 

the devices under both conditions present a deviation from its ideal value (~1). This may be 

due to the presence of inhomogeneities of Schottky barrier height and existence of interface 

states, and series resistance at the junction.4.97,4.98 However the important observation is that 

the values of ideality factor for all the Complexes based SBDs approached more ideal (closer 

to 1) after light soaking. In general it is an indication of less interfacial charge recombination 

and better homogeneity of Schottky junctions.4.93 Furthermore, under both conditions the 

values of ideality factors of 4.1 based SBD approaches more ideal rather than the rest of the 

complex based devices. From this, it may be concluded that our synthesized 4.1 possesses 

less carrier recombination at the junction i.e. better barrier homogeneity even under photo 

irradiation condition than all other synthesized complexes based devices. The value of series 
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resistance RS has been determined from the slope of dV/d(lnI) vs. I plot (Figure 4.37). The 

value of barrier height (∅𝑩) has been determined from the intercept of H vs. I plot (Figure 

4.38) using just obtained ideality factor (η) values in the equation (4.6). For all the complexes 

based SBDs, the potential barrier height is found to be reduced when it exposed under light. 

This decrement in the barrier potential height may be due to the effect of the generation of 

photo induced charge carriers and their accumulation near the conduction band. From the 

slope of this (H vs. I) graph the series resistance (RS) can also be calculated. The measured 

potential height (∅𝑩), ideality factor (η) and series resistance (RS) under dark and illumination 

condition for the Metal (Al)–Semiconductor (synthesized complexes) (MS) junctions are 

listed in Table 4.3. The series resistance obtained from both processes show good 

consistency. The obtained series resistance is found to decrease upon light illumination 

(Table 4.3), which signifies its applicability in the field of optoelectronics devices. 

 

 Figure 4.38 H vs. I curves under (a) dark and (b) illumination condition for 4.1, 4.2 and 4.3 

based thin film device. 
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Table 4.3 Schottky device parameters of 4.1, 4.2 and 4.3 based SBDs. 

Device Condition On/Off 
Ratio 

Conductivity 
(S.m-1) 

Photosensitivity Ideality 
factor 

Barrier 
height 
(eV) 

RS from 
dV/dlnI 

(KΩ) 

RS from H 
(KΩ) 

4.1 Dark 16.41 1.26 × 10-6 5.52 1.99 0.38 14.66 14.01 

Light 67.18 6.72 × 10-5 1.33 0.33 9.21 8.83 

4.2 Dark 15.48 1.78 × 10-7 2.89 2.75 0.42 25.04 24.69 

Light 46.23 6.15 × 10-7 2.35 0.38 20.85 20.01 

4.3 Dark 14.73 1.07 × 10-7 2.54 2.96 0.44 28.86 28.33 

Light 37.69 2.44 × 10-7 2.62 0.41 25.71 24.90 

 

 

Figure 4.39 (a) ln I vs ln V and (b) I vs. V2 curves under both  dark and illumination 

conditions for 4.1, 4.2 and 4.3  based thin film device. 

For a better understanding of the charge transport phenomena at MS junction it requires 

analysis of the I−V curves in details. The characteristic I−V curves under both conditions in 

the logarithmic scale reveals that it can be differentiated in two slopes (Figure 4.39(a)), 

which has been marked as region-I and region-II. In the first region (region-I), when the 

value of slope is ∼ 1, current follows the relation I ∝ V, which refers to the Ohmic regime. In 

the second region, the value of slope is about 2, where current is proportional to V2. This is 

the very characteristic of a trap free space charge limited current (SCLC) regime.4.93,4.99 If the 

injected carriers are more than the background carriers, the injected carriers spread and 
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generate a space charge field. The currents are controlled by this space charge field and are 

known as SCLC. The SCLC theory, which has recently drawn popular attention, is adopted 

here to estimate the mobility of materials.4.93,4.99 Following this model, the effective carrier 

mobility has been estimated from higher voltage region of I vs. V2 plot (Figure 4.39(b)) by 

Mott-Gurney equation: 4.93,4.96,4.99 

𝑰 =
𝟗µ𝒆𝒇𝒇𝜺𝟎𝜺𝒓𝑨

𝟖
ቀ

𝑽𝟐

𝒅𝟑
ቁ         (4.7) 

Where I is the current, 𝜀଴ is the permittivity of free space, 𝜀௥ is the relative dielectric constant 

of the synthesized material, 𝜇௘௙௙ is the effective dielectric constant. To measure the relative 

dielectric constant, we have drawn the capacitance against frequency of synthesized material 

in film format. Figure 4.40 represents the plot of capacitance against frequency at constant 

bias potential. From the figure it has been clearly shown that in higher frequency regime the 

capacitance of the film tends to saturate. From this regime the capacitance of the complexes 

has been measured as 1.53 × 10-10 F, 4.24 × 10-11 F and 3.55 × 10-11 F for 4.1, 4.2 and 4.3, 

respectively. Hence the dielectric permittivity of the material film has been calculated 

employing following equation:4.93 

𝜺𝒓 =
𝟏

∈𝟎
.

𝑪.𝑫

𝑨
                                                 (4.8) 

Where, C is the capacitance (at saturation), D is the thickness of the film which has been 

considered as ~ 1 μm and A is the effective area. Using the above formula the relative 

dielectric constant of the material has been estimated as 24.31 × 10-1, 6.78 × 10-1 and 5.67 × 

10-1 for 4.1, 4.2 and 4.3 respectively. Transit time (τ) and diffusion length (LD) are few more 

key parameters have also been estimated to analyze charge transport across the junction. For 

this purpose τ has been evaluated from equation (4.9), by using the slope of SCLC region 

(region-II) in logarithmic representation of forward I−V curve, shown in Figure 4.39(a). 4.93 

𝝉 =
𝟗𝜺𝟎𝜺𝒓𝑨

𝟖𝒅
ቀ

𝑽

𝑰
ቁ              (4.9) 
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𝝁𝒆𝒇𝒇 =  
𝒒𝑫

𝒌𝑻
              (4.10) 

𝑳𝑫 =  √𝟐𝑫𝝉                        (4.11) 

where, D is the diffusion coefficient and has been determined using Einstein–Smoluchowski 

equation (eqn. 4.10).4.93 When a metal semiconductor junction is formed, diffusion length 

(LD) of charge carriers plays an influential role in device performance and has further been 

extracted from the eqn. (4.11). Estimated all the values of parameters in the SCLC region 

demonstrate that the charge transport properties of the material improve after light soaking 

(Table 4.4). The higher mobility imply higher transport rate under irradiation, while the 

number of charge carriers also increase under the same condition. The increased diffusion 

length under illumination reveals that the charge carriers got to travel more length before 

being recombined, which led to the eventual increase in current displayed by the device under 

light. The diode parameters of 4.1 based SBD indicate its superior performance as compare to 

rest of the synthesized complexes in this series based SBDs. 4.1 based SBD also 

demonstrates much enhanced charge transfer kinetics after light soaking. So, these kinds of 

material can pave the way for a very promising future in device application. 

 

Figure 4.40 Capacitance vs. Frequency graph for determination of dielectric constant.  
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Table 4.4 Charge conducting parameters of 4.1, 4.2 and 4.3 based thin film device. 

Device Condition εr μeff 
(m2V-1s-1) 

 
(sec) 

μeff D LD (m) 

4.1 Dark 24.3× 10-1 1.67 × 10-12 1.07 × 10-1 1.78 × 10-13 4.17 × 10-14 9.45 × 10-8 

Light 9.04 × 10-12 3.29 × 10-2 2.97 × 10-13 2.26 × 10-13 1.22 × 10-9 

4.2 Dark 6.78 × 10-1 3.17 × 10-13 3.92 × 10-1 1.24 × 10-13 7.92 × 10-15 9.68 × 10-8 

Light 1.42 × 10-12 1.12 × 10-1 1.59 × 10-13 3.55 × 10-14 8.92 × 10-8 

4.3 Dark 5.67 × 10-1 2.91 × 10-13 3.88 × 10-1 1.13 × 10-13 7.27 × 10-15 7.51 × 10-8 

Light 1.04 × 10-12 1.51 × 10-1 1.57 × 10-13 2.61 × 10-14 8.86 × 10-8 

 

4.3.6 DFT Calculation 

In this present work, lattice-matching and deformation potentials have been used to acquire 

the Schottky electrical contact. Commonly the deformation referred to the difference between 

the conduction band and valence band which is generally the difference in the highest 

occupied molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs) 

(ΔE = ELUMO − EHOMO, eV). In the case of supramolecular interactions supported 

coordination polymer, the absolute deformation potentials (ADPs) are used during the 

determination of band gap. Actually, CPs are mainly designed by organic and inorganic 

hybrid ingredients. Thus the energy gap of the band has been influenced by the electronic 

nature of the compounds. Here the optimized geometry of the CP has been used to calculate 

ΔE (Figure 4.41), which can correlate with the band gap obtained from Tauc’s plot using UV 

spectrum. A minor inconsistency between calculated and experimental band gap may be 

assigned to the geometry factor that has not been considered for DFT calculations using a 

single monomeric unit of the polymeric entity. The calculated (Time-dependent density 

functional theory) transitions; HOMO-9 → LUMO (λ, 406.65 nm; f, 0.0144) and HOMO-5 

→ LUMO+1 (λ, 426.03 nm; f, f=0.0457) have been assigned as ILCT for 4.1. In 4.2 the 

composition differs significantly, i.e., HOMO-8 → LUMO (λ, 354.54 nm; f, f=0.0621); the 
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HOMO-5 → LUMO+2 transition (λ, 356.36nm; f, 0.0953) is also an ILCT transition. Again 

for 4.3 the transitions; HOMO-8 → LUMO+1 (λ, 326.01 nm; f, 0.1348) and HOMO-2 → 

LUMO+2 (λ, 332.17 nm; f=0.0111) are also significant (Table 4.5). The energies of MOs are 

varied with respect to the compounds which may be due to electron drift in the coordination 

sphere around metal ion, also supported by the experimental results.4.100 These polymers have 

been composed of organic and an inorganic part; therefore, the band edge may be influenced 

by the electronic contributions of both. For all the compounds the common metal ion is 

cadmium, a d10 system, which is redox innocent. Thus the band gaps are often established by 

electronic nature of organic ligands along with the geometric strain of the network.4.29 The 

GaussSum calculations have been carried out to accomplish the partial contributions of 

component systems present in hybrid material.4.101 Again to reveal the role of components in 

charge distribution, DOS plots are calculated for the structures measured at normal 

conditions, from which the band gaps are clearly attributed (Figures 4.42-4.44). 

 The inclinations observed in valence and conduction band edges in 4.1, 4.2, and 4.3 

are attributed to the extended C-H…, … interactions (Figures 4.26, 4.32 and 4.33, 

respectively) of the ligands. This indicate the possibility of electron conduction for showing 

semiconducting behavior and shows the activity in the impedance plot, Bode plot and AC 

conductivity plot in the order 4.1>4.2>4.3. 

Table 4.5 Calculated transitions and their assignment for 4.1-4.3. 

Excitation energy 
(eV) 

 

Wavelength 
Thro. (nm) 

 

Oscillation 
Frequency 

(f) 
 

Key 
Transitions 

 

Nature of 
transition 

 

CP 4.1 
3.0489 406.65 f=0.0144 HOMO-9 to LUMO, 39 % ILCT 
2.9102 426.03 f=0.0457 HOMO-5 to LUMO+1, 61 % ILCT 

CP 4.2 
3.4971 354.54 f=0.0621 HOMO-8 to LUMO, 24 % ILCT 
3.4792 356.36 f=0.0953 HOMO-5 to LUMO+2, 19 % ILCT 

CP4.3 
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3.8031 326.01 f=0.1348 HOMO-8 to LUMO+1, 14 % ILCT 
3.7325 332.17 f=0.0111 HOMO-2 to LUMO+2, 35 % ILCT 

ILCT indicates the Inter Ligand Charge Transfer 

 

 

Figure 4.41 DFT computed energies of the molecular orbitals and the energy difference 

between the HOMO and LUMO of 4.1, 4.2 and 4.3. 

 

Figure 4.42 Computed DOS diagram of 4.1. 
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Figure 4.43 Computed DOS diagram of 4.2. 

 

Figure 4.44 Computed DOS diagram of 4.3. 

4.3.7 Structure Property Co-relation 

CP based thin film devices exhibit high conductivity in presence of light compared to that in 

the dark, which indicate good sensitivity of the CPs towards photo-irradiation. 

Semiconducting properties of 4.1-4.3 under photoilluminated conditions are believe to occur 

through charge transportation. CPs are organic–inorganic hybrid materials and probably 

donor-acceptor combination within the CP framework influence their such type of behavior. 

Generally organic ligand part with highly delocalized π- electron system acts as the electron 

donor during photo excitation, whereas, Cd(II) metal based pseudo halide part (inorganic 
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part) acts as the electron acceptor. Therefore, this type of material can be used as an 

optoelectronic material and specifically as a Schottky barrier diode (SBD). Interestingly the 

rectification ratio (Ion/Ioff) values of the CPs which act as SBDs under dark and under 

illumination condition follow the order 4.1>4.2>4.3. This can be well explained from 

structural view point of the CPs. In 4.1, the 3-aminoquinoline based organic ligand 

coordinated with the metal centre through imine nitrogen, phenoxido oxygen and methoxy 

oxygen resulting high donor-acceptor properties. Both in 4.2 and 4.3 coordination of the 

metal centre only through quinoline nitrogen of the donor organic ligands part probably 

reduces donor-acceptor properties. Again it is also known that metal−metal direct interaction, 

that is, short metal–metal distance also an important factor for showing conductivity via 

charge transportation.4.102,4.103 In 4.1, presence of both µ1,1 phenoxido and µ1,3 thiocyanato 

bridgeing result shorter Cd(II)…Cd(II) distance compare to 4.2 and 4.3 where presence of 

µ1,5 bridged dca ions keep metal centres apart and influence coordination of the organic part 

only through one donor centre, resulting low conductivity value. The above structural factors 

again justify HOMO-LUMO energy gap of 4.1-4.3. However, the quantitative values of the 

energy gaps of CPs are in decent agreement with the experimental results obtained from the 

Tauc’s plot. Thus the energy gaps confirm the electrical nature of the CPs and authenticate 

the experimental results. 

4.3.8 Study of Explosive Material Sensing Properties of 4.1-4.3  

In this series, Cd(II) metal complexes have different modes of coordination with the ligands 

HL4.1 and HL4.2  that attributed the respective photo-physical phenomenon. Here, depending 

on the binding fashion of the coordinating ligand these three CPs (4.1-4.3) exhibit different 

emission band at significantly distinguished range with very high intensity. High emissive 

nature of metal complexes shows its potentiality towards the exploration in various practical 

application fields. In such fields, selective sensing of nitroaromatic compounds is one of the 
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concerning issues in recent time. Here we have explore the sensitivity of the metal complexes 

towards different nitroaromatic compounds such as nitrobenzene (NB), nitrophenol (NP), 

nitromethane (NM), 2,4-dinitro toluene (2,4-DNT), 2,6-dinitro toluene (2,6-DNT), 3,5-dinitro 

benzoic acid (3,5-DNBA), 4-nitrobenzoic acid (4-NBA) 2,4 -dinitrophenol (DNP) and 2,4,6-

trinitrophenol (TNP) in acetonitrile (ACN) solution.  In this regards, selective detection of 

TNP over DNP is one of the most challenging task due their similar chemical and photo-

physical behaviour. Distinguishable difference in fluorescence response is bare minimum 

criteria for a selective sensor with high sensitivity and selectivity. The luminescence 

quenching responses of these complexes toward nitro explosives is different for individual 

complex. The exploration starts with the sensing experiments of explosives nitroaromatic 

compounds (epNACs). Results show that, upon excitation at ~350 nm, 4.1 and 4.2 exhibit a 

yellowish fluorescence with emission band at 415 nm and 416 nm respectively, while 4.3 

possesses greenish fluorescence at 496 nm. In case of equimolar concentration (1×10-5 M in 

DMSO) of 4.1-4.3, 4.3 exhibits the highest emission intensity (820 a.u) (Figure 4.45) over 

the 4.1 (640 a.u) and 4.2 (804 a.u). Now luminescence quenching behaviour of 4.1-4.3, is 

individually evaluated with each aforementioned epNACs. For this experimentation the 

complex taken in 10-5 M concentration in DMSO and epNACs are in 10-4 M concentration in 

ACN.  

 

Figure 4.45 Cumulative plot of emission intensities of 4.1-4.3; excited at 350 nm. 
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Figure 4.46 Change in Fluorescence intensity of 4.1 (10-5 M in DMSO) with different 

nitroaromatic compounds (10-4 M in ACN) (1:1). 

4.1 has a pale yellow fluorescence with emission band at 415 nm upon excitation on 

350 nm. To evaluate the detection ability, different nitroaromatic compounds was added 

individually to the sensor (here 4.1) solution with same stoichiometry. The changes in 

fluorescence emission have been observed which reflecting that the emission intensity of 4.1 

is highly quenched by TNP, DNP, DNBA and more promptly in case NBA. For other 

nitroaromatic compounds the change in emission intensity is negligible (Figure 4.46). 

These results are further validated through gradual titration method with the help of a 

fluorescence spectrophotometer. In this case, also, the excitation wavelengths are maintained 

at 350nm. Here also the same phenomenon is reproduced, indicating that 4.1 is not a selective 

sensor, as it shows similar percentage of fluorescence quenching (~70%) towards NBA 

(Figure 4.47a), DNBA (Figure 4.47b), TNP (Figure 4.47c) and DNP (Figure 4.47d) with 

slight shift from 415 nm to 417 nm. However, it is interesting to note that for highly electron 

deficient epNACs like DNP and TNP, higher equivalent amount is required for the significant 

quenching of the fluorescence intensity of 4.1 whereas for NBA and DNBA requisite 

concentrations are only 1.14  and 1.6 equivalent respectively.  These findings affirm that the 

sensor 4.1 is more sensitive towards NBA in comparison to DNP, TNP and DNBA. The 

fluorescence titration plots further confirms that, the addition of only 0.033 equivalents of 

NBA results in the decrease in the fluorescence intensity, while for DNBA, DNP and TNP 

the required amount are 0.067, 0.05 and 0.133 respectively. Interestingly it is found that for 

NBA there is an instant fluorescence quenching upon 1:1 addition of sensor 4.1 and NBA, 
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whereas for DNP, TNP, DNBA the sensing process is comparatively slower. The different 

affinities of 4.1 towards the targeted analytes have a direct effect on the limit of detection 

(LOD) and quenching constant (Ksv). The limit of detection (LOD) values are calculated and 

tabulate in Table 4.6 along with the corresponding quenching constantans (Ksv) which are 

calculated from the Stern–Volmer (SV) plot (see Figure 4.48). The experimental values are 

supporting the higher affinity of 4.1 towards NBA over DNP, TNP and DNBA. Therefore, in 

this work, some others Cd(II) based coordination polymer (4.2, 4.3) have been examined in 

order to achieve a proficient and selective TNP sensor. 

 

 

 

 

 

 

 

 

 

Figure 4.47 Fluorescence titration of 4.1 (10-5M) with a) NBA, b) DNBA, c) TNP and d) 

DNP (10-4 M in ACN). 
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Figure 4.48 Stern-VolmerPlot of [(I0/I)-1)] of 4.1 vs concentration of nitro explosive analytes 

([A]) in (a) NBA; (b) DNBA; (c) TNP ; (d) DNP respectively. I0 and I are luminescence 

intensities in absence and presence of nitro explosive analytes, respectively. 

Table 4.6 Limit of detection (LOD) and quenching constant (Ksv) for NBA, TNP, DNBA, 

DNP. 

 

 

 

The fluorescence characteristics of 4.2 resembles with 4.1. Here also 4.2 is showing a 

yellowish fluorescence at ⁓416 nm upon excitation at 350 nm, but the intensity of 4.2 is 

higher than that of 4.1 when the concentrations are same for both of the CPs. The 

fluorescence quenching of these CPs also have similar kind of responses except NBA. CP 4.2 

has greater response towards DNBA, DNP and TNP over other epNACs (Figure 4.49).  As 

Analytes KSV LOD 

NBA 1.93×104 M-1 330 nM 

DNBA 1.82×104 M-1 670 nM 

TNP 1.25×104 M-1 1330 nM 

DNP 1.98×104 M-1 500 nM 

   

(a) (b) 

(c) 
(d) 
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we are focusing on the selective detection of TNP, therefore, the discussion is concise on the 

interaction and responses of complex 4.2 towards TNP. 

 

Figure 4.49 Change in Fluorescence intensity of 4.2 (10-5 M in DMSO) with different 

nitroaromatic compounds (10-4 M in ACN) (1:1). 

The stoichiometric mixture (1:1) of 4.2 (10-5 M) and TNP (10-4 M) shows a complete 

quenching of the fluorescence intensity of the sensor. Similar result is also observed for DNP 

and DNBA. In case of fluorescence titration of 4.2 (Figure 4.50), the fluorescence intensity is 

quenched about 60% on gradual addition of 0.87 equivalent TNP solutions and 1.03 

equivalent DNP solutions respectively. Here, the limit of detection (LOD) of TNP and 

quenching constant (Ksv) (See Figure 4.51) is 300 nM and 1.71×104 M-1 respectively.  

However, the Ksv of DNP 3.97×104 M-1 is considerably high than TNP through the LOD is 

same for each cases. These values signify that 4.2 shows better response towards DNP and 

TNP with higher efficiency in comparison to 4.1, but still it is not selective towards TNP. In 

this consequence, further exploration is done with 4.3. 

 

 

 

 

Figure 4.50 Fluorescence titration of 4.2 (10-5M) with a) TNP and b) DNP (10-4 M in ACN). 

 

(a)  (b) 
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Figure 4.51 Stern-VolmerPlot of [(I0/I)-1)] of 4.2 vs concentration of nitro explosive analytes 

([A]) in (a) DNBA; (b) DNP; (c) TNP; respectively. I0 and I are luminescence intensities in 

absence and presence of nitro explosive analytes, respectively. 

  The photo-physical properties of 4.3 are remarkably different from 4.1 and 4.2 owing 

to its different coordination arrangement. The luminescence spectrum of 4.3 exhibits a strong 

visible greenish blue emission at 496 nm upon excitation at 350 nm. Addition of 

nitroaromatic compounds (10-4 M) into the sensor solution of 4.3 (10-5 M), by maintaining 

1:1 stiochiometry, amazingly results in the selective quenching of the fluorescence emission 

for TNP, while the other epNACs are completely silent. (Figure 4.52). 

 

Figure 4.52 Change in Fluorescence intensity of 4.3 (10-5 M in DMSO) with different 

nitroaromatic compounds (10-4 M in ACN) (1:1). 

(a) 

(c) 

(b) 
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Figure 4.53 Fluorescence titration of 4.3 (10-5 M) with TNP (10-4 M in ACN). 

Other analytes have no significant impact in fluorescence quenching and this unique 

selectivity is further confirmed by the fluorescence titration studies (Figure 4.53). 

Surprisingly, DNP does not exhibiting any significant change in fluorescence intensity of 4.3. 

Here the sensitivity is considerably higher for TNP and only 1.18 equivalents of TNP are 

required for the complete fluorescence quenching of 4.3. Furthermore, the limit of detection 

(LOD) and quenching constant (Ksv) are calculated (Figure 4.54), which are 160 nM and 

1.82×104 M-1 respectively. These findings signify that 4.3 has the highest quenching constant 

among the others two complexes along with a prominent selectivity and lowest detection 

limit in respond to TNP. 

 

Figure 4.54 Stern-Volmer Plot of [(I0/I)-1)] of 4.3 vs concentration of nitro explosive 

analytes ([A]) TNP. I0 and I are luminescence intensities in absence and presence of nitro 

explosive analytes, respectively. 
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4.3.9 Plausible Mechanism of Photoluminescence Sensing 

It is noteworthy to mention that the different in the coordination arrangement is one of the 

controlling factors for variation in photo-physical properties as well as different fluorescence 

quenching behavior of these complexes towards epNACs.      

In 4.1, Cd(II) is coordinated with the ligand HL4.1 through the imine nitrogen, –OCH3 

and –OH sites. Therefore, the electron rich quinoline moiety is remaining free for the feasible 

interaction with incoming analytes. However, the distance between two quinoline moieties is 

4.48 Å, which ultimately forbids the nitroaromatic compounds to undergo an intramolecular 

sandwich type π-π stacking within the molecular scaffold (Figure 4.55). This is also reflected 

in the fluorescence studies where it is clearly observed that 4.1 is not particularly selective 

towards TNP though it is most favourable for π-π stacking. The Stern-Volmer Plots of 

individual analytes suggests that only in case of TNP and DNP it has a non-linear 

characteristic, which further affirms that quenching occurs through Resonance Energy 

Transfer (RET). In RET, the Resonance energy is transferred from the excited donor into the 

electron deficient acceptor and this energy transfer is directly related to the extent of overlap 

between the absorption band of acceptor and the emission band of the donor. Here, a 

significant overlap (Figure 4.56) has been observed between the emission band of 4.1 with 

the absorption spectra of TNP and DNP whereas for other analytes there is no such notable 

overlap. The overlap region is significant for both the DNP and TNP which is responsible for 

high quenching efficiency. The non-linearity of Stern-Volmer Plot along with the maximum 

overlap between the spectral bands is concluding that RET is the feasible pathway for 

fluorescence quenching of 4.1 in presence of TNP and DNP. 
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Figure 4.55 Spatial arrangement of ligand in the crystal structure of 4.1. 

 

Figure 4.56 Overlap between the absorption spectra of epNACs with emission spectrum of 

4.1. 

On contrary, in case of DNBA and NBA such type overlap as well as non-linearity in SV plot 

has not been observed. To explain the mechanism of fluorescence quenching by NBA and 

DNBA, we have to consider the structural arrangement of the metal complex. From the 

crystal structure, it is found that due to less possibility of π-π stacking in between the sensor 

and analyte, the plausible reason of less selectivity and different response rate of fluorescence 

quenching may be a consequence of H- bonding interaction. For NBA, there is one –NO2 

group in the para-position of the –COOH group whereas for DNBA both the nitro groups are 

present at the meta- position of the –COOH group, which controls the feasibility of the 

interacting sits. In case of electron deficient entities like DNP and 2,4,6-TNP, the three nitro 

groups create an excess electron deficiency within the molecular scaffold that is enhancing 

the resonance involvement of the lone pair of phenolic –OH group. These effects 
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cumulatively decide the order of acidity of the protons. Consequently, TNP possess highest 

acidic proton than DNP followed by DNBA and NBA but at the same time, the size of the 

analyte differs in the reverse order.  This size is becoming one of the most controlling factors 

near the ring nitrogen of the two adjacent quinoline moieties. Fluorescence titration studies of 

4.1 with the analytes are also in line with this possibility. For NBA the intensity of 4.1 is 

decreased instantly as the H of the –COOH group (Figure 4.57) is more easily accessible 

towards the lone pair of the ring nitrogen of the quinoline moiety due the comparatively 

smaller size of the NBA. In case of DNP, DNBA and TNP, the fluorescence quenching of 4.1 

depends on the population around the quinoline moiety. The fluorescence titration studies 

also reveal that initially higher amount of analytes (DNBA, DNP and TNP) is required 

compared to NBA for prominent quenching response.  Therefore, the hydrogen bonding 

interaction between the analytes and complex 4.1 is considered to be another sensing 

pathway.  

 

Figure 4.57 H-bonding between the acidic proton of TNP and the N of quinoline moiety of 

4.1. 
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Figure 4.58 The possible π-π stacking between the TNP and quinoline moiety of 4.2. 

In case of 4.2, Cd(II) coordinates with the ring nitrogen of the quinoline moiety and the two 

terminal nitrogen of dca. The quinoline moiety is free to interact with the epNACs. This may 

be the driving force behind the selective fluorescence quenching response towards TNP over 

other analytes. The quenching phenomenon can be well explained by the π-π stacking 

between the incoming guest and quinoline moiety. The possible interactions are sketched out for 

better visualizations (Figure 4.58). The linearity in SV plot and the overlap between the spectral 

bands (Figure 4.59) indicate strong interaction of 4.2 and DNP as well as TNP that leads to the 

formation of a new adduct through intramolecular charge transfer (ICT). The formation of new 

adduct is finally reflected through slight shifting of emission peak position in emission spectra. 

Therefore, the fluorescence quenching mechanism of 4.2 can be well explained based on ICT 

towards TNP. However, the extent of spectral band overlap for DNP and TNP is quite similar in 

comparison to 4.1, in consequence both analytes expressing similar type of quenching 

phenomenon for 4.2. 

 

Figure 4.52 Overlap between the absorption spectra of epNACs with emission spectrum of 

4.2. 

Similar kind of interaction with nitroaromatic compounds has been observed for 4.3 with 

higher selectivity and sensitivity. 4.3 has a similar kind of binding fashion as that of 4.2 but it 
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only differs in the position of the ring N of the quinoline moiety. In case of 4.3 the quinoline 

moiety is far more accessible to TNP that makes it highly prone and selective towards TNP 

over other epNACs. The possible π-π interactions are depicted for better visualizations 

(Figure 4.53). 

 

Figure 4.53 The possible π-π interaction between the TNP and quinoline moiety of 4.3. 

The non-linear SV plot and overlap between absorption and emission band of TNP and 4.3 

(Figure 4.54) are validating the resonance energy transfer (RET) as a rightful pathway for 

fluorescence quenching. Consequently, a clear shifting of peak (495nm to 500nm) is 

observed during fluorescence titration of 4.3 with TNP. This observation can be elucidated by 

the formation of a new adduct due to strong interaction between quinoline moiety of 4.3 and 

TNP, leading to intramolecular charge transfer (ICT). Now it can be concluded that the 

selective fluorescence quenching of 4.3 in presence of TNP is a combination of RET and ICT 

processes. However, it is interesting to note that here the extent of overlap quite different 

from the earlier ones. The emission band of 4.3 has slightly larger area of overlapping with 

the absorbance band of TNP than the DNP. This considerable difference in extent of 

overlapping, exhibiting a drastic and distinguishable change in fluorescence response of 4.3 

towards TNP. Therefore, 4.3 becomes selective and highly sensitive sensor for detection of 

TNP like epNACs and overcoming the daunting interference effect of DNP.  
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Figure 4.54 Overlap between the absorption spectra of epNACs with emission spectrum of 

4.3. 

The Fluorescence sensing result of each sensor has been compared with the nitroaromatics 

detection results of some selected CP-based sensors4.104-4.116 (Table 4.7). This comparison 

chart clearly exhibiting that each sensor have high quenching constant as well as the detection 

limits for TNP. The sensor 4.3 has highest selectivity and sensitivity towards TNP with 

detection limit 1.6×10-7 M which are comparatively high among the documented CP-based 

sensory probes. Therefore, sensor 4.3 could be employed as an excellent sensor for selective 

detection of TNP.  

Table 4.7 Comparison chart of selected CP-based sensors for the detection of nitroaromatics 

Sl 
No. 

CP-based sensors 
Targeted 

nitroaromatic 
compound 

Quenching 
constant 

(Ksv, L·mol-1) 

LOD 
(mol·L-1) 

Reference 

1. [Cd(ppvppa)(1,4-NDC)]n 
DNP 1.18 × 102 - 

4.104 
pNP 15 - 

2. [Me2NH2]4[Zn6(qptc)3(trz)4]·6H2O TNP 2.08 × 106 - 4.105 

3. [Cd(ndc)(L1)]2∙H2O TNP 3.7 × 104 - 4.106 

4. 
{(Me2NH2)10[Zn6(TDPAT)4(μ3-O)2Zn3]·Gx}n 

 

DNP 5.11 × 104 2.87 × 10-6 
4.107 

pNA 2.28 × 104 1.75 × 10-7 

5. [Zn(bpba)(NO3)] oNA 1.20 × 104 - 4.108 
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mNA 3.1 × 102 - 

NB 1.73 × 103 - 

6. [{Cd2(4-tp-3-lad)(1,4-BDC)2}·2MeCN]n DNP 5.3 × 104 2.28 × 10-7 4.109 

7. [{Cd(ppene)(1,4-BDC)}·MeCN]n DNP 3.3 × 104 1.03 × 10-6 4.109 

8. Zn2(TZBPDC)(μ3-OH)(H2O)2 TNP 4.9 × 104 2.78 × 10-4 4.110 

9. [Mg2Zn2(OH)2(1,4-NDC)3(H2O)2]·6H2O 
oNP 9.4 × 103 - 

4.111 
TNP 1.8 × 104 - 

10. [Zn3(TPT)2(DMF)2]·0.5HNMe2 TNP 6.39 × 104 - 4.112 

11. NH2Me2·[Zn(TPT)]·DMF TNP 7.18 × 104 - 4.112 

12. [Zn2(tptc)(apy)(H2O)]·H2O NB 4.86 × 103 - 4.113 

13. [Zn4(DMF)(Ur)2(2,6-NDC)4] TNP 1.08 × 103 - 4.114 

14. [Zn2(L3)(5-AIP)2]·3H2O}n 
TNP 4.19 × 104 - 

4.115 
pNP 2.93 × 104 - 

15. {[Zn2(bdtfa)(py)3(H2O)]·2DMF}n 

DNP 2.64 × 104 1.61 × 10-7 

4.116 TNP 2.76 × 104 1.86 × 10-7 

pNA 1.69 × 104 8.55 × 10-6 

This Work  

16. [Cd2(L
4.1)2(NCS)2(CH3OH)]n (4.1) 

NBA 1.93×104 3.3×10-7 

Current 
Work 

DNBA 1.82×104 6.7×10-7 

DNP 1.98×104 5×10-7 

TNP 1.25×104 13.3×10-7 

17. {[Cd(HL4.1)2(N(CN)2)2].H2O}n (4.2) 

DNBA 1.03×104 6.6×10-7 

DNP 3.97×104 3.3×10-7 

TNP 1.71×104 3.3×10-7 

18. [Cd(HL4.2)2(N(CN)2)2]n  (4.3) TNP 1.82×104 1.6×10-7 

 

4.4 Conclusion 

In this work we have presented synthesis and X-ray characterization of three multifunctional 

CPs (4.1-4.3) using 3-aminoquinoline and 5-aminoquinoline based Schiff base ligands, 

thiocyanate and dicyanamide as linkers. The three CP exhibits photo-illuminated electrical 
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conductivity and the values increase in the order 4.1>4.2>4.3. Delocalized π- electrons in the 

organic ligand part and pseudohalide linkers control the transport of electrons between the 

adjacent Cd(II) centres. The photoresponsivity of 4.1-4.3 based devices are found to be 5.52, 

2.89 and 2.54, respectively, corroborate their stability under exposure of light. The selective 

detection of TNP like nitroaromatic compound with CPs is quite important from various 

aspects. Exploration of selective sensing of TNP with Cd(II) based CPs (4.1-4.3) suggest that 

in CPs the binding arrangement of the ligand is very much important towards selectivity and 

sensitivity. Surprisingly, of the emission intensity of these CPs having same metal and similar 

backbone ligand exhibiting different fluorescence quenching behaviour towards nitroaromatic 

compounds and the mechanism of fluorescence quenching is also highly influenced by its 

structure and coordination arrangement. 
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Abstract 

A novel 1D Cd(II) based  coordination polymer (Complex 5.1) has been synthesized 
involving 8-aminoquinoline based Schiff base ligand and cyanate ion. It has been 
characterized by elemental analysis, different spectroscopic methods, and X-ray single crystal 
diffraction technique. Most interestingly it exhibits unique properties like electrical 
conductivity and photosensitivity which shows its potential in optoelectronic device 
application. Both experimentally and theoretically we prove that electrical conduction under 
irradiation of visible light increases many folds in comparison to dark condition. Our 
synthesized material based device shows some paramount behaviour under irradiance of light 
which is obvious in light sensing Schottky devices. The rectification ratio of our complex 
based device was found to be 12.44 and 27.74 under dark and photo irradiation conditions 
respectively. The discovery of such type of coordination polymer is advancement in the area 
of optoelectronic devices.  
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5.1 Introduction 

In last few decades science has witnessed a tremendous growth in the field of coordination 

polymers (CPs). Their flexible and dynamic frameworks depend on choice of organic and 

inorganic building blocks, connectors between the organic and inorganic components and 

finally assembling of different subunits into controlled architectures. Coordination polymers 

have found wide applications in the diverse field of  of catalysis, material sciences, molecular 

magnetism, electronics and opto-electronic device fabrication.5.1-5.5 Among them their uses in 

electronic, opto-electronic devices such as photovoltaics,5.6 thermoelectrics,5.7 batteries,5.8-5.11 

chemiresistive sensors,5.12,5.13 supercapacitors,5.14,5.15 and field-effect transistors5.16,5.17 offers 

an useful alternative against utilization of mineral materials which results energy shortage 

and environmental pollution. 

Organic semiconductors can be prepared in the cost-effective way at ambient condition. 

However, there are several bottlenecks in case of organic semiconductors that need to be 

improved such as short lifetime, relatively low performance, thermal instability etc. On the 

other hand, in case of inorganic semiconductors, different metal oxides or sulfides such as 

ZnO, TiO2, ZnS, SnO2, MnO2 etc.5.18-5.21 are  extensively used because of their reproducibility 

and highly sensitive UV-vis photo responsive properties. Again with these inorganic 

semiconductors the main disadvantages are their typical extraction and synthetic procedure 

which involves removal of toxic materials and heavy metals resulting severe damages to the 

environment.  

In this context, CPs which are easy to synthesize and thermally stable will be a good 

alternative. CPs which are photosensitive and exhibit electrical conductivity will play an 

important part in photovoltaic technology and subsequently help our society to get a clean 

and pollution free environment. Such type of coordination polymer could be achieved by 

judicial choice of luminescent metal centres, organic ligands containing fluorophoric units 
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and bridging ligands which restrict the quenching of the system by an energy transfer 

process.5.22 Certain electrical properties of CPs like electrical conductivity, charge mobility, 

charge density, electronic band gap and charge activation energy etc. also play a crucial role. 

Very few CPs are reported so far that exhibit optoelectronic properties.5.23 Ghoshal et al.5.23a 

have synthesized a Cd(II) based MOF involving 5-hydroxyisophthalic acid and 4,4′-

azobipyridine. The compound displays high electrical conductivity and Schottky barrier 

diode behaviour. Sinha and his group5.23b have recently reported three Zn(II) based CPs 

where different alkane and alkene dicarboxylates are used as bridging ligands and isoniazid 

as another linker. In case of these CPs, the nature of the I−V curve represents rectifying in 

nature, similar to the Schottky diode behaviour. The rectification ratio of the compounds are 

176, 81.73 and 80.62, respectively, in contrast to dark condition. In a very recent work, Roy 

et al.5.23c have reported a thiocyanate bridged 2D-Cd(II) based MOF. The I–V characteristics 

of this MOF based device measured in the dark and under illumination condition exhibit a 

highly non-linear rectifying behaviour and thus proves its Schottky diode character. The 

conductivity of the configuration are 2.90×10−4 S m−1 and 7.16×10−4 S m−1 under dark and 

photo-irradiation conditions, respectively. The rectification ratio of the compound has been 

reported to be 46.55 and 86.48 under dark and photo-irradiation conditions. 

In this present work we report the design and synthesis of a novel photosensitive 

cyanate bridged 1-D coordination polymer of Cd(II) (complex 5.1), behaving as a Schottky 

barrier diode.  

5.2 Experimental Section 

5.2.1 Materials and Physical Measurements 

All reagents or analytical grade chemicals and solvents were purchased from commercial 

sources and used without further purification. Elemental analysis for C, H and N was carried 

out using a Perkin–Elmer 240C elemental analyser. Infrared spectra (400–4000 cm–1) were 
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recorded from KBr pellets on a Nicolet Magna IR 750 series-II FTIR spectrophotometer. 

Absorption spectra were measured using a UV-2450 spectrophotometer (Shimadzu) with a 1-

cm-path-length quartz cell. Emission was examined by LS 55 Perkin–Elmer 

spectrofluorimeter at room temperature (298 K) in DMSO solution under degassed condition. 

The frequency-dependent capacitance was recorded by the computer controlled Agilent make 

precision 4294A LCR meter. The electrical characterization was performed with the help of a 

Keithley 2400 Source Meter, interfaced with a PC. 

5.2.2 X-ray Crystallography 

Single crystal X-ray data of complex 5.1 was collected on a Bruker SMART APEX-II CCD 

diffractometer using graphite monochromated  Mo K radiation ( = 0.71073 Å) at 150(2) K. 

Data processing, structure solution, and refinement were performed using Bruker Apex-II 

suite program. All available reflections in 2max range were harvested and corrected for 

Lorentz and polarization factors with Bruker SAINT plus.5.24 Reflections were then corrected 

for absorption, inter-frame scaling and other systematic errors with SADABS.5.25 The 

structures were solved by the direct methods and refined by means of full matrix least-square 

technique based on F2 with SHELX-2013 software package.5.26 All the non-hydrogen atoms 

were refined with anisotropic thermal parameters. C-H hydrogen atoms were inserted at 

geometrical positions with Uiso = 1/2Ueq to those they are attached. Crystal data and details of 

data collection and refinement of the complex are summarized in Table 5.1. Molecular 

diagrams were drawn with Diamond 4.0.  

 

 

 



Chapter 5 Development of a Promising Photosensitive Schottky Barrier Diode Using a Novel Cd(II) Based Coordination 
Polymer 

 

  
Page 240 

 
  

Table 5.1 Crystal parameters and selected refinement details of the complex 5.1. 

Complex 5.1 

Empirical formula C20H13Cd2N5O5 

Formula weight 628.15 

Temperature (K) 150(2) 

Crystal system Monoclinic 

Space group C2/c 

a (Å) 28.5633(17) 

b (Å) 10.0564(6) 

c (Å) 18.6924(11) 

(°) 90 

(°) 129.554(2) 

(°) 90 

Volume (Å3) 4139.8(4) 

Z 8 

Dcalc (g cm–3) 2.016 

Absorption coefficient (mm–1) 2.098 

F(000) 2432 

 Range for data collection (°) 2.90-26.15 

Reflections collected 19932 

Data / restraints / parameters 4581/0/290 

Goodness-of-fit on F2 1.002 

Final indices[I>2(I)] R1= 0.0330 

wR1= 0.0563 

R indices (all data) R1= 0.0571 

wR1= 0.0634 

5.2.3 Device Fabrication 

In this report, the electrical study was performed in complex 5.1 based metal-semiconductor 

(MS) junction device. The device was fabricated by deposit a thin film of well dispersed 

solution of synthesized complex 5.1. In subject to develop the thin film we used precleaned 

Indium tin oxide (ITO) coated glass as substrate. Complex 5.1 was mixed with DMSO in 

right proportion and was sonicated for several minute until it produces a well dispersed 
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solution. Then on the top of the cleaned ITO coated substrate, just prepared well dispersed 

solution of complex 5.1 was spun firstly at 600 rpm for 4 min and thereafter, at 1200 rpm for 

6 min, with the help of SCU 2700 spin coating unit. Before depositing the aluminum 

electrode as metal contact, the deposited thin film was dried in a vacuum oven at 100 °C. For 

the characterization of the developed thin film, thickness was measured by surface profiler as 

1 μm. The aluminum electrodes were deposited on to the film through shadow mask by a 

Vacuum Coating Unit 12A4D of HINDHIVAC under pressure 10-6 Torr. The effective area 

of the film was maintained as 7.065×10-2 cm-2.  

5.2.4 Theoretical Methods 

The calculations of the noncovalent interactions were carried out using the TURBOMOLE 

version 7.027 using the M06-2X/def2-TZVP level of theory. To evaluate the interactions in 

the solid state, we have used the crystallographic coordinates. This procedure and level of 

theory have been successfully used to evaluate similar interactions.5.28 The interaction 

energies were computed by calculating the difference between the energies of isolated 

monomers and their assembly. The interaction energies were corrected for the Basis Set 

Superposition Error (BSSE) using the counterpoise method.5.29 

5.2.5 Computational Details 

The C2/c primitive monoclinic crystal structure was optimized with the density functional 

theory method using the CASTEP program code of Accelrys, Inc.5.30 It was relaxed with the 

experimental unit cell parameters fixed. The calculations were performed within the 

Generalized-Gradient approximation (GGA) and the Perdew-Burke-Ernzerhof (PBE) 

formulation for the exchange-correlation functional.5.31 Non conserving pseudopotentials 

were use in this work. A plane-wave basis set with 600-eV cutoff was applied. The k-mesh 

points over the Brillouin zone were generated with parameters 1×1×1 using the Monkhorst-
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Pack-scheme. The energy tolerance for self-consistent field (SCF) convergence was 2×10-6 

eV/atom for all calculations. The long-range dispersion correction has been included in the 

calculations with the Grimme’s scheme.5.32 Band structures were calculated along the k-

vector of the first Brillouin zone of the crystal and Total and Partial density of states (TDOS 

and PDOS, respectively) were plotted with respect to the Fermi level. The optical properties 

including dielectric function, refractive index and optical conductivity of the crystal are 

calculated. Optical properties are averaged over all polarization directions, thereby imitating 

an experiment on a polycrystalline sample. Finally, a smearing of 0.2 eV was employed. 

5.2.6 Synthesis of Schiff Base Ligand [HL5.1= (E)-2-methoxy-6-((quinolin-8-

ylimino)methyl)phenol] 

The tridentate Schiff base ligand (HL5.1) was prepared by the standard method.5.33 Briefly, 2.0 

mmol (0.288 g) of 8-aminoquinoline was mixed with 2.0 mmol (0.304 g) of o-vanillin in 20 

mL of methanol. The resulting solution was heated to reflux for ca. 1h and allowed to cool. 

The dark orange methanol solution was used directly for complex formation. 

5.2.7 Preparation of [Cd4(L
5.1)2(NCO)6]n  

A 10 mL methanolic solution of cadmium nitrate tetrahydrate (Cd(NO3)2.4H2O, 8.0 mmol, 

2.464 g) was added to a methanolic solution of HL5.1 (4.0 mmol) followed by addition of 

sodium cyanate (NaOCN, 12.0 mmol, 0.780 g) in 20 mL methanolic solution and the 

resultant reaction mixture was stirred at room temperature for 4 h (Scheme 5.1). Deep red 

colored crystals resulted from the slow evaporation of methanolic solution of the complex at 

room temperature. Yield: 1.809 g (72%). Anal. Calc. For C40H26Cd4N10O10: C 38.24%; H 

2.09%; N 11.5%. Found: C 37.92%; H 1.92%; N 11.03%. IR (cm-1, KBr): υ(C=N) 1600 m; 

υ(C-N) 1235 s; ν(C-H) 735 s; υ(OCNˉ) 2145, 2170s (Figure 5.1). UV-Vis, λmax (nm), (ε 

(dm3mol-1cm-1)) in DMSO: 340 (12727), 450 (11143) (Figure 5.2). 
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Scheme 5.1 The route to the synthesis of complex 5.1. 

 

Figure 5.1 FTIR spectrum of complex 5.1. 

 

Figure 5.2 UV-Vis spectra of HL5.1 and complex 5.1 at concentration 10µM. 
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5.3 Results and Discussion 

5.3.1 Syntheses, IR, Photoluminescence Properties of the Complex 

The Schiff base ligand (HL5.1) is prepared by following a reported procedure.5.33 Briefly, 8-

aminoquinoline and o-vanillin are mixed in 1:1 molar ratio in methanol solvent and reflux for 

4 h. The ligand is directly used for synthesis of metal complex without further purification. 

Complex is prepared by reaction between Cd(NO3)2.4H2O: HL : NaOCN   in 2:1:3 molar 

ratio in methanol solvent under stirring condition (Scheme 5.1). It is a µ1,1 NCO¯ bridged 1D 

polymer of Cd(II). The complex is dark red in colour and isolated in very high yield. It is 

characterized by elemental analysis and different spectroscopic techniques. It exhibits strong 

and  sharp stretching frequency at around 1600 cm-1 in IR spectra, due to presence of 

azomethine group, υ(C=N). Another two strong stretching frequencies appear at 2145 and 

2170 cm-1 indicating the presence of bridging cyanate group (Figure 5.1).5.34 The UV-vis 

spectrum of the complex is recorded in DMSO solvent. The complex consists of absorption 

bands around 350 and 450 nm (Figure 5.2). All these transitions are mainly ligand centre due 

to presence of d10 Cd(II) ion. Therefore, absorption peaks are assigned as ligand based n→π* 

and π →π* types of transition. Photoluminescence property of complex 5.1 is studied in 

DMSO solvent. The free Schiff base ligand exhibits emission peak at 570 nm. Whereas, 

complex 5.1 exhibits much stronger photoluminescence (Figure 5.3), upon excitation at 450 

nm exhibit much intense emission peak at 590 nm. Weak fluorescence intensity of the Schiff 

base ligand arises from rotation of phenyl ring and quinoline ring around single C-C or C-N 

bond. Metal centre upon coordination with ligand HL5.1 increases rigidity within ligand 

system following CHEF mechanism. Coordination of HL5.1 with Cd(II) also restricts CH=N 

isomerization indicating enhanced emission intensity.5.35 
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Figure 5.3 Fluorescence emission spectra of HL5.1 and Complex 5.1 in DMSO at 

concentration 10µM. 

5.3.2 Crystal Structure Description of 5.1 

Single crystals of Complex 5.1 were obtained by slow evaporation of its methanolic solution. 

Complex 5.1 crystallizes in the monoclinic system with C2/c space group. Asymmetric unit 

of complex 5.1 contains two crystallographically different Cd(II) centres (Cd1 and Cd2), one 

deprotonated Schiff base ligand (HL5.1) and three µ1,1 bridged cyanate ions and hence 

maintain its electro neutrality. The perspective view along with atom numbering scheme at 

metal coordination sphere of the asymmetric unit is depicted in Figure 5.4A, while crystal 

refinement details and important bond distances and angles are given in Tables 5.1 and 5.2, 

respectively. Compound 5.1 is best described as a 1D network of [Cd4(L
5.1)2(OCN)6] unit 

(Figure 5.4B). This unit is build up by two well distinguishable architectural patterns, a loop 

(part I) and a straight chain (part II) present in alternative way. The loop is a eight member 

ring containing four Cd(II) atoms (two Cd1 and two Cd2), two deprotonated Schiff base 

ligands and four µ1,1 bridged cyanate ions. Within the ring Cd1, Cd2 are connected through 

single µ1,1bridged cyanate ion and hetero phenoxido/cyanate bridged ions. Such type of 

unique arrangement is present in the ring in an alternating manner. The straight chain part 

(part II) is formed by di-µ1,1cyanate bridged Cd(II) (Cd2) centres. Therefore, complex 5.1 is 

an unique example of cyanate bridged polynuclear chain where cyanate ion bridges two 
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Cd(II) centres via di-µ1,1cyanate ions, hetero phenoxido/cyanate ions and single µ1,1cyanate 

ion. Geometry and coordination environment around Cd1 and Cd2 centres are different. Each 

Cd1 centre is penta coordinated exhibiting a distorted square pyramid geometry as indicated 

by the structural index  assuming the values of 0 or 1 for ideal square-pyramidal and trigonal 

bipyramidal geometries, respectively (or Addison parameter, =0.2166).5.36 The equatorial 

positions are occupied by one imine N (N1), one quinoline-nitrogen (N2) and one phenoxido 

oxygen (O2) of the same Schiff base ligand and one nitrogen atom (N3) of a µ1,1bridged 

cyanate ion. The remaining axial coordination site is occupied by another nitrogen atom (N5) 

of a µ1,1bridged cyanate ion. Cd(II) centre is displaced out of the corresponding least square 

equatorial planes towards the apical position and the magnitude of deviation is 0.870 Å. The 

equatorial Cd–N distances vary from 2.331Å to 2.266 Å. The axial Cd–N distance is 2.254Å. 

The bite angles deviate significantly from the ideal angle (90°). The value of smallest and 

largest bite angles are 72.84° (N1-Cd1-N2) and 105.0° (N2-Cd1-N3) respectively. Sum of the 

equatorial angles N3–Cd1–O2, O2–Cd1–N1, N1–Cd1–N2, and N2–Cd1–N3 is 339.77° and 

significantly differs from the ideal value of 360.00°, which is consistent with the distorted 

geometry. Each Cd2 centre is hexa coordinated having a distorted octahedral geometry. The 

equatorial positions are satisfied by bridging phenoxido and methoxy oxygen atoms (O2, O1) 

of the Schiff base ligand and two nitrogen atoms (N3, N4a) of µ1,1 bridged cyanate ions. The 

axial positions are occupied by two nitrogen atoms (N4, N5) of µ1,1 bridged two cyanate ions. 

In the octahedron, central Cd (II) ion (Cd2) is significantly above the mean plane defined by 

the four equatorial atoms and the magnitude of deviation is 0.725 Å. It is interesting to 

mention that Cd2 is coordinated with four nitrogen atoms of µ1,1 bridged cyanate ions where 

the Cd–N distances vary from 2.254 to 2.293Å. The Cd–O distances are 2.300 Å and 2.581Å 

respectively. The Cd1-Cd2 and Cd2-Cd2a distances are 3.509 Å and 3.513 Å respectively. 
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The value of Cd1–O2–Cd2, Cd1––N3––Cd2 and Cd2––N4––Cd2a angles are 101.49°, 

98.30° and 100.26° respectively. 

The unique structural features of complex 5.1 has prompted us to perform a CSD 

search based on coordination compounds formed by any metal ion and cyanate ion, where 

µ1,1 bridged cyanate ion present in three different coordination environment i.e. bis-µ1,1, 

hetero µ1,1/phenoxo and mono µ1,1 forms. CSD search (version- 5.37, Feb, 2016) reveals no 

such complex in which all three different types of coordination environment around µ1,1 

bridged cyanate ion is present. Therefore, we tried the CSD search in more lucid way. We 

have searched for coordination complexes which contain cyanate ion present as (i) bis-µ1,1 

and hetero µ1,1/ phenoxido form, (ii) bis-µ1,1 and mono µ1,1 form and  (iii) hetero µ1,1/ 

phenoxido and mono µ1,1 form. For 1st case we have found one example. J.-P. Tuchagues et 

al. in one of their work have reported one tetranuclear Fe(II) complex, [Fe2(L)(NCO)3]2, 

(HLa= 1,5-bis[(2-pyridylmethyl)amino]pentan-3-ol).5.37a The complex molecule consists of a 

zigzag arrangement of four iron(II) cations, two µ1,1-O bridging HLa ligands, four µ1,1-N 

cyanate bridging ligands, and two terminal monodentate NCO¯ anions. Here alternative Fe(II) 

centres are connected by cyanate ion in bis-µ1,1 and hetero µ1,1/ phenoxido mode. Only one 

example has been found by us for presence of bis-µ1,1 and mono µ1,1 bridged cyanate ion. C. 

Pettinari et al. have reported one tetranuclear Ag(I) complex where Ag(I) centres are 

connected with each other via bis-µ1,1 and mono µ1,1 bridged cyanate ion.5.37b For third case 

no such example has been observed.  

 

 

 

 

 



Chapter 5 Development of a Promising Photosensitive Schottky Barrier Diode Using a Novel Cd(II) Based Coordination 
Polymer 

 

  
Page 248 

 
  

Table 5.2. Selected bond lengths (Å) and bond angles (°) for complex 5.1. 

 

 

 

 

 

 

 

 

 

Figure 5.4 (A) Asymmetric unit of complex 5.1. Atoms are shown as 30% thermal ellipsoids. 

H atoms are omitted for clarity. (B) 1D chain of complex 5.1 along b axis. 

5.3.3 MEP Analysis and Supramolecular Interactions 

The theoretical study is devoted to analyze some unconventional noncovalent interactions 

that are present in the crystal packing of compound 5.1 focusing our attention to the role of 

the pseudo halide ligand influencing the crystal packing. As a first approximation to 

rationalize the role of the pseudo halide ligand in compound 5.1, we have optimized a 

mononuclear Cd complex of formula CdLX, X = NCO (A in Figure 5.5) and computed 

Complex 5.1 

Cd1-O2 2.231(2) O1-Cd2- N4 93.10(1) 

Cd1-N1 2.266(3) O2-Cd1-N1 83.54(10) 

Cd1-N2 2.331(2) O2-Cd1-N3  78.39(10) 

Cd1-N3 2.336(4) O2-Cd2-N3   77.68(10) 

Cd1-N5 2.254(4) N1-Cd1-N2   72.84(11) 

Cd2-O1 2.581(3) N2-Cd1-N3 105.00(11) 

Cd2-O2 2.300(3) Cd2-N4 2.293(3) 

Cd2-N3 2.303(2) Cd1-Cd2 3.509 

Cd2-Cd2a 3.513  
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Molecular Electrostatic Potential (MEP) surface in order to analyze the electron 

donor/acceptor properties of the pseudo halide. In the compound the more positive region 

(apart from the metal centre) corresponds to the aromatic H-atoms of iminoquinoline moiety 

due to its coordination to Cd. 

 

 

Figure 5.5 MEP surface of compound 5.1. Energies at selected points of the surfaces are 

given in kcal/mol. 

          In Figure 5.6 we show a partial 2D view of the crystal packing of compound 5.1 where 

the parallel arrangement of the infinite 1D polymeric chains are represented. It can be 

observed that all pseudohalides are pointing to the same direction in each monomeric binding 

block and that the direction is the opposite in the next binding block. H-bonding interactions 

between the O atoms of the pseudohalide ligands and the aromatic H atoms control the 

assembly of the 1D chains to generate the 2D layer in the solid state. We have analyzed these 

H-bonding interactions in detail (Figure 5.6, top) and each NCO ligand forms a trifurcated 

H-bonding interaction with three H-atoms of the aromatic ligand, in sharp agreement with the 

MEP analysis shown in Figure 5.5, which shows the most positive MEP values at these H 
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atoms. We have evaluated the binding energy of two monomeric units (Figure 5.6, top), 

which is large and negative (ΔE1 = –31.3 kcal/mol) as a consequence of the formation of six 

H-bonding interactions and confirms the relevance of these NCO···H–C interactions 

involving in the crystal packing of compound 5.1. 

 

Figure 5.6 X-ray fragments of 5.1, H-atoms omitted for clarity apart those involved in the H-

bonds in the top part of the figure. Distances in Å. 

Thermal stability and phase purity of complex 5.1 has been examined by means of 

TGA analysis and PXRD experiment. TGA analysis (Figure 5.7) confirmed the stability of 

the complex up to ~350°C. In PXRD experiment all major peaks are well matched with the 

simulated PXRD pattern of the single crystal data of complex 5.1 (Figure 5.8). Good thermal 

stability and high quality of phase purity of complex 5.1 has prompted us to examine its 

electrical properties. 
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Figure 5.7 Thermo Gravimetric Analysis of complex 5.1 under nitrogen atmosphere showing 

stability of complex is very appreciable up to 350ºc 

 

Figure 5.8 Simulated and experimental powdered XRD pattern indicating the purity of the 

bulk materials of complex 5.1. 

5.3.4 Optical and Electrochemical Studies 

In this study, the optical spectrum of the complex 5.1 (Figure 5.9(A)) was recorded for the 

deposited thin films of as synthesized material by preparing a well dispersed solution in 

DMSO, in the range 300–700 nm. The absorption spectrum of the synthesized material 

illustrates energy absorption in the UV region at ~ 518 nm. The optical band gap of the film 

was estimated using Tauc eqn. (5.1):5.38 
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𝜶𝒉 = 𝑨(𝒉 − 𝑬𝒈)𝒏     (5.1) 

Where ‘α’ is the absorption coefficient, ‘Eg’ is the band gap, ‘h’ is Planck’s constant, ‘ν’ is 

the frequency of light and the exponent ‘n’ is the electron transition processes dependent 

constant. ‘A’ is a constant which is considered as 1 for ideal case. Using this equation the 

direct optical bandgap of our synthesized complex was computed.5.38 The plot of (αhν)2 vs. hν 

and (αhν)0.5 vs. hν of the synthesized complex are demonstrated in Figures 5.9(B) and 5.9(C) 

respectively. By extrapolating the linear region of both the plot (αhν)2 vs. hν and (αhν)0.5 vs. 

hν to α = 0 absorption, the values of direct optical band gap (Eg) of the synthesized complex 

5.1 was evaluated as 2.47 eV and 2.26 eV respectively. 

Furthermore using electrochemical cyclic voltammetry method we have measured the 

energy band position by investigating the onset state of oxidation and reduction of the 

material. The voltamogram (Figure 5.9(D)) exhibits an oxidation peak (EOx (onset)) at 

approximately +0.82 V and a reduction peak (ERed (onset)) at about -1.34 V. Therefore the 

electrochemical energy band positions i.e. the HOMO and LUMO energy levels were 

estimated at – 5.47 eV and – 3.31 eV with the help of eqn. (5.2):5.39 

E (HOMO/LUMO) = - [4.65 + E(ox/red) onset ] eV   (5.2) 

The electrochemical bandgap energy (Eg = LUMO–HOMO) was estimated as 2.16 eV, which 

is quiet a good agreement with the obtained optical bandgap of the synthesized material. 
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Figure 5.9 (A) Absorption spectra, (B) Direct bandgap energy plot, (C) Indirect band gap 

energy plot using Tauc plot and (D) Energy band position from cyclic voltammetry of 

synthesized complex. 

5.3.5 Impedance Spectroscopy 

 The obtained optical band gap of synthesized complex is felt right well within the 

semiconductor limit. Motivated from this discussion further we have checked the electrical 

conductivity of the synthesized complex in terms of dielectric study. As the Impedance 

spectroscopy has been widely used to study the charge transport behaviour of nano crystalline 

materials, we carried out this study by evaluating capacitance (C), impedance (Z) and phase 

angle () of the sample as a function of frequency (40 Hz-11 MHz). 
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Figure 5.10 (A) Nyquist impedance plot, (B) Bode plot, (C) Dependency of AC conductivity 

on frequency graph and (D) Capacitance versus frequency graph of synthesized complex. 

 The impedance measurement of the complex reveals a prominent arc of semicircles 

contributed by semiconducting grains in the high frequency region. That semicircle at the 

high frequency region is related to the electrode resistance and also reflects the charge 

transfer resistance at the electrode/composite interface. The radius of the semicircle depicts 

the bulk resistance Rb (dc resistance) of the sample. The complex plane impedance plots i.e. 

the Nyquist plot for complex 5.1 shown in Figure 5.10 (A). Bode phase plot in Figure 5.10 

(B) represents the characteristic peak position of the material and the corresponding 

frequency related to the inverse of the recombination lifetime or electron lifetime. From the 

curve peak of the characteristic graph the electron life time can be determined according to 

eqn. (5.3):5.40 

𝝉𝒏 =  
𝟏

𝟐𝝅𝒇𝒑𝒆𝒂𝒌
       (5.3) 

 AC conductivity measurements provide some information about the interior of the 

semiconductor which is a region of relatively low conductivity even when the conduction 
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process is electrode-limited.5.41 Figure 5.10 (C) shows the frequency (f) dependency of the 

AC conductivity of the complex. At low frequency, the extrapolation of the conductivity 

spectrum at particular bias voltages gives the DC conductivity (σDC) which is attributed to the 

long range translational motion of the charge carriers. The frequency dependence of AC 

conductivity (σAC) may be because of free and bound carriers. The conductivity decreases 

with the increase in frequency when it depends on free carriers.5.42 The frequency dependence 

of the conductivity obeyed the empirical law of frequency dependence given by the power 

law of the form (eqn. (5.4)): 

𝝈(𝝎) =  𝝈𝑫𝑪 +  𝝈𝑨𝑪      (5.4) 

where σ(ω) is the total conductivity, σDC is the DC conductivity and σAC is the AC 

conductivity. The frequency-dependent part of conductivity σAC has been observed to obey 

the relation, (eqn. (5.5)): 

𝝈𝑨𝑪 = 𝑨𝝎𝒔       (5.5) 

Where A is a constant and s is a number depends upon frequencies at room temperature. The 

relative dielectric constant of the complex was measured from capacitance vs. frequency plot. 

Figure 5.10 (C) gives the curve showing the variation of the capacitance (C) as a function of 

the frequency (f) at constant bias potential. The capacitance decreases with increasing of 

frequency and becomes saturated at higher frequency. From the saturation level the relative 

permittivity of the complex was calculated employing following eqn. (5.6):5.38 

𝜺𝒓 =  
𝟏

𝜺𝟎
 .

𝑪.𝒅

𝑨
       (5.6) 

Where, ε0 is the permittivity of free space, εr is the relative permittivity of the synthesized 

material, C is the capacitance (at saturation) and d and A is the thickness and effective area of 

the pellet. Using the above formula the relative dielectric constant (εr) of the material was 

estimated and given in the Table 5.3. 
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 All these parameters pointed out that complex 5.1 may be a good contender in the 

view of electrical conductivity. The above results propelled us to check the further 

applicability in electrical field by fabricating schottky device of our synthesized complex. 

Hence we calculated the schottky parameters and studied its electrical behaviour. In this 

regard the electrical characterization was accomplished by coating a thin film of synthesized 

material on top of ITO (indium tin oxide) coated glass substrates. For better understanding of 

the charge transport phenomenon, the current-voltage (I-V) characteristic was measured both 

under dark and illumination condition and recorded with the help of a Keithley 2400 source 

meter by two-probe technique. All the preparation and measurements were performed at 

room temperature and under ambient conditions. 

Evidently, the I-V characteristics curve of our complex based device in Figure 5.11 

exhibits a highly non-linear rectifying behaviour. The non-linearity of the I-V characteristic 

indicates that the prevalent conduction mechanism is non-ohmic in nature. The nature of the 

I-V curve represents the rectifying in nature, similar to the Schottky diode behaviour. Figure 

5.11 also represents that the rectifying nature is highly influenced under illumination of 

incident radiation and the photosensitivity was measured as 2.56. The rectification ratio of 

complex 5.1 based device was found to be 12.44 and 27.74 under dark and photo irradiation 

conditions respectively. The conductivity of the material on device was measured as 8.26 

×10-2 S.m-1 and 22.07 ×10-2 S.m-1 under dark and photo irradiation conditions respectively. It 

is clear that the conductivity of our material increases three times after soaking illumination 

of incident radiation which is quite appreciable for this type of complex. 
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Figure 5.11 I-V characteristics curve for ITO/ complex 5.1/Al structured thin film devices. 

5.3.6 Photovoltaic Properties 

To understand the underlying mechanism of charge transport phenomenon the 

characteristic I-V curve was analyzed with the help of thermoionic emission theory of 

Schottky diode. In this regard we have designed Metal (Al) - Semiconductor (complex 5.1) 

device (MS) junction and analyzed using Cheung equations of thermoionic emission of 

Schottky diode eqn. (5.7):5.43 

𝑰 = 𝑰𝟎𝒆𝒙𝒑 ቀ
𝒒𝑽

𝜼𝑲𝑻
ቁ ቂ𝟏 − 𝒆𝒙𝒑 ቀ

ି𝒒𝑽

𝜼𝑲𝑻
ቁቃ    (5.7) 

where I is the forward current, I0 the reverse saturation current, V the applied bias, q the 

electronic charge, K the Boltzmann constant and T the absolute temperature η is the ideality 

factor, a constant taken into account for non-ideal behaviour of the diode. From equ. (5.7) the 

reverse saturation current, I0 can be derived from the straight line intercept of ln (I) at V= 0 

and is given by eqn. (5.8), 

𝑰𝟎 = 𝑨𝑨∗𝑻𝟐𝒆𝒙𝒑 ቀ
ି𝒒∅𝑩

𝑲𝑻
ቁ     (5.8) 

Where A is the effective diode area and A* is the effective Richardson constant respectively. 

The effective diode area was maintained as 7.065×10−2 cm2 and the effective Richardson 

constant was considered as 32 AK−2cm−2 for all the devices. From Figure 5.11, the linear 
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behaviour of current at low bias is observed which is consistent with eqn. (5.7). But at higher 

bias voltages a deviation from linearity observed which may be due to the change in diode 

series resistance. 

 From Cheung, in term of series resistance the forward bias I-V characteristics can be 

expressed as (eqn. (5.9)): 

𝑰 = 𝑰𝟎𝒆𝒙𝒑 ቂ
𝒒(𝑽ି𝑰𝑹𝑺)

𝜼𝒌𝑻
ቃ      (9) 

where the IRS term is the voltage drop across series resistance of device. The values of the 

series resistance can be determined from following functions using eqn. (5.9) 

𝒅𝑽

𝒅𝒍𝒏(𝑰)
= ቀ

𝜼𝑲𝑻

𝒒
ቁ + 𝑰𝑹𝑺      (5.10) 

𝑯(𝑰) = 𝑽 − ቀ
𝜼𝑲𝑻

𝒒
ቁ 𝒍𝒏 ቀ

𝑰

𝑨𝑨∗𝑻𝟐
ቁ     (5.11) 

𝑯(𝑰) = 𝑰𝑹𝑺 + 𝜼∅𝑩      (5.12) 

Eqn. (5.10) exhibits a straight line region where the series resistance dominates, for the data 

in the downward-curvature region of the forward bias I-V characteristics. Thus the plot of 

dV/d(lnI) versus I (Figure 5.12(A)) will give the values of series resistance (RS) as the slope 

and ideality factor (η) as the y-intercept. The obtain values show that the MS junction of our 

fabricated device was not exactly ideal with an ideality factor value of 3.47 and 2.11 in dark 

and photo condition respectively. This deviation indicates the existence of inhomogeneities of 

the Schottky barrier height and also signifies the presence of interface states and series 

resistance.5.44 The value of H can be calculated from the equation (5.11) using just obtained 

ideality factor (η) value. A plot of H(I) versus I will also lead to a straight line (Figure 

5.12(B)) with the y-axis intercept being equal to η∅B. The measured barrier height, ideality 

factor and series resistance under dark condition for the Metal (Al)–Semiconductor 

(synthesized complex) (MS) junctions were listed in Table 5.4. From Table 5.4 it can be seen 

that the obtained values of series resistance (RS) from two different methods using Cheung’s 
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functions are in concurrence with each other.  Series resistance (RS) in both cases decrease 

after soaking light. These results indicate a certain reduction in carrier density in the depletion 

region of the rectifier through the introduction of traps and recombination centres associated 

with illumination effect. These good agreement of the obtain values give the evidence for the 

validity of these methods for the determination of the series resistance of the Schottky 

diode.5.45 

 

Figure 5.12 (A) dV/dlnI vs. I and (B) H vs. I curves. 

For in depth analysis of the carrier transport through the interface of the MS junction, 

we plot the log (I) versus log (V) for forward bias voltage (Figure 5.13(A)). From this 

representation, using the power law (I α Vm) (where m is the value of slope) the governing 

mechanism of carrier conduction can be concluded. The value of ‘m’ greater or equal to 2 (m 

≥ 2) indicates space-charge–limited-current (SCLC) mechanism whereas being less than or 

equal to 1 (m≤1) signify ohmic character.5.38 Figure 5.13(A) clearly demonstrates two distinct 

linear regions with different slopes, indicating different conduction mechanisms. At low bias 

voltage (region-I), the sample exhibits an ohmic behaviour, i.e., the current is directly 

proportional to the applied bias voltage (I α V). The I–V characteristic in this region can be 

attributed to thermionic emission and the current is dominated by bulk generated electrons of 

the film, rather than the injected free carriers.5.46-5.48 At the higher bias voltage, the current–

voltage characteristic obeys the power law behaviour (I α Vn), which is assigned as region II. 
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In this region, the current is governed by space charge limited current (SCLC), where current 

is directly related to the square of the applied potential (I α V2).5.49-5.51 

 

Figure 5.13 (A) Plot of log (I) versus log (V) and (B) I vs. V2 curves 

 A good understanding of MS junction requires analysis of the charge transport 

phenomena of the material. So, for a better insight we investigated the I-V curves in the light 

of space charge limited current (SCLC) theory. Using this theorem the two important 

parameters of charge transport, effective carrier mobility (μeff) and transient response time (τ) 

was evaluated. Effective carrier mobility was estimated from higher voltage region of I vs. V2 

graph (Figure 5.13(B)) by Mott-Gurney equation (eqn. (5.13)): 5.52 

𝑱 =
𝟗𝝁𝒆𝒇𝒇𝜺𝟎𝜺𝒓

𝟖
ቀ

𝑽𝟐

𝒅𝟑
ቁ      (5.13) 

where J is the current density, ε0 is the permittivity of free space, εr is the relative dielectric 

constant of the synthesized material, μeff is the effective carrier mobility. 

The effective mobility (μeff) of the carriers under dark was estimated as 1.62x10-12m2V-1s-1. 

This mobility of the carriers improved to 3.67x10-12 m2V-1s-1 after light soaking. The effective 

mobility enhancement of the carrier due to illumination of light impact signifies a good photo 

responsitivity for this kind of organic semiconductors. Moreover, the carrier concentration 

(N) near the junction of the devices was also estimated by considering Eq. (5.14):5.38 

𝑵 =  
𝝈

𝒒𝝁𝒆𝒇𝒇
       (5.14) 
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When a metal semiconductor junction is formed, the DOS at the Fermi level and diffusion 

length (LD) of charge carriers play an influential role in device performance. The DOS 

distribution of the active films around the Fermi level N'(EF) has been extracted from I–V 

characteristics by using the simple relation Eq. (5.15) and Eq. (5.16) respectively.5.38 

𝑵ᇱ(𝑬𝑭) =  
𝟐𝜺𝟎𝜺𝒓∆𝑽

𝒒𝒅𝟐∆𝑬𝑭
      (5.15) 

∆𝑬𝑭 =  𝑲𝑻 𝒍𝒏(
𝑰𝟐𝑽𝟏

𝑰𝟏𝑽𝟐
)      (5.16) 

Here, N'(EF) is the density of localized states near the Fermi level and other parameters are 

described earlier. The density of localized states near the Fermi level under dark and light 

induced condition were estimated as 4.71x1040 m-3eV-1 and 6.74x1040 m-3 eV-1  respectively. 

The carrier transient time (𝜏′) and diffusion length (LD) were also estimated with the help of 

equations (5.17 and 5.18):5.38 

 

𝝉′ =  
𝟗𝜺𝟎𝜺𝒓

𝟖𝒅
ቀ

𝑽

𝑱
ቁ                          (5.17) 

 

𝑳𝑫 =  √𝟐𝑫𝝉               (5.18) 

 

Where, D is the diffusion coefficient. Carrier lifetime was extracted from the slope of the 

region II in log I versus log V graph, which is shown in Figure 5.13(A). Using Einstein–

Smoluchowski eqn. (5.19), the diffusion coefficient was calculated as:5.53 

𝝁𝒆𝒇𝒇 =  
𝒒𝑫

𝑲𝑻
       (5.19) 

 The obtained values of the diode and transport parameters are listed in Table 5.5. 

From Table 5.5 it is clear that the carrier concentration near the junction increases depending 

on the intensity of the incident photon. 
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Figure 5.11 clearly suggests that our fabricated device has photo response behaviour. 

Hence, we have measured the electric current of our device many times at constant bias 

voltage 2 V by switching the light on and off repeatedly and sequentially. The corresponding 

array is demonstrated in Figure 5.14, which depicts that the material has good sensitivity to 

the light source switched on/off. Figure 5.14 exhibits that the photocurrent can be switched 

many times repeatedly without deterioration of the on/off ratio. This special characteristic 

nature may be occurred due to the dual donor–acceptor properties of the organic–inorganic 

hybrid material. Therefore, CPs synthesized by various d10 metal centre along with different 

organic co-ligands possessing highly delocalized π-electron cloud and pseudohalides as 

bridging ligands are capable of forming 1D,  2D and 3D architectural pattern and are 

expected to exhibit optoelectronic properties.  

More precisely it can be said, in this system, the organic ligand behaves as an electron 

donor upon photo excitation, while the inorganic part acts as an electron acceptor.5.54 This 

characteristic of our synthesized material might find applications in photo-switch nano 

devices.  

 

Figure 5.14 Current vs. time plot when the light was turned on or off. 
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Table 5.3 Dielectric parameters of complex 5.1. 

Table 5.4 Schottky diode parameters of the device. 

 ON/OFF  
PHOTOSENSITIVITY 

CONDUCTIVITY 
(S.m-1) 

IDEALITY 
FACTOR 

BARRIER 
HEIGHT 

(eV) 

RS FROM 
dV/dlnI (KΩ)

RS FROM H 
(KΩ) 

DARK 12.44 2.56 8.26 X10-2 3.47 0.526 53.06 46.81 

LIGHT 27.74 22.07X10-2 2.11 0.446 16.85 13.61 

Table 5.5 Schottky device parameter of SCLC region. 

 

5.3.7 Computational Study 

Crystal structure analysis has been done by standard band theory and total/partial density of 

states calculation which indicates that 5.1 is an indirect semiconductor with a band gap value 

of 1.824 eV (Figure 5.15). This analysis also indicates that the direct band gap (1.836 eV) is 

very close to the indirect one. Indirect and direct band gaps from DFT are in good accordance 

with the electrochemical experimenatlly obtained values  of 2.16 eV.  

 

Complex Charge Transfer 
Resistance (KΩ) 

D.C. Conductivity        
(10−6 Sm−1) 

Electron Lifetime 
(10−7 s) 

Dielectric Constant 
(Fm−1) 

5.1 17.25 8.2 1.03 1.93 

 μeff 
(m2V-1s-1) 

 
(S.m-1) 

N 
 (m-3) 

 (sec) μeff D LD (m) N’ (eVm-3) 

DARK 1.619 x 10-12 1.49 X 10-5 5.75 x 1025 1.81 x 10-1 2.93 x 10-13 4.05 x 10-14 1.21 x 10-7 4.71 x 1038 
LIGHT 3.67 x 10-12 3.62 X 10-5 6.17 x 1025 8.25 x 10-2 3.03 x 10-13 9.17 x 10-14 1.23 x 10-7 6.74 x 1038 
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Figure 5.15 Electronic band structure of the 5.1 crystal. Points of high symmetry in the first 

Brillouin zone are labelled as follows: L = (-0.5, 0, 0.5), M = (-0.5, -0.5, 0.5), A = (-0.5, 0, 0), 

G = (0, 0, 0), Z = (0, -0.5, 0.5), V = (0, 0, 0.5) 

The obtained experimental bandgap demonstrates that the material belongs to 

semiconductor family which is also confirmed from the density of states calculation as shown 

in Figure 5.16. The theoretical band structure (Figure 5.15) clearly suggest that complex 5.1 

is a p type semiconductor since the  fermi level (Ef) is inclined more towards the top of the 

valance band (VB). PDOS analysis suggests a high contribution from carbon, oxygen and  

nitrogen of the ligand complex (p-character) to the top of valence bands. Similarly, the Cd 

atom and the p-component of the ligand is also the main contributor to the conduction bands 

of the crystal. In Complex 5.1 Cd(II) metal centres are connected by electron donating 

bridging ligands and  blocking ligands resulting a long range architecture with well-defined 

pores.4 Therefore based on theoretical calculations we can predict  that complex 5.1 is an 

active material for intrinsic charge transfer resulting moderately high electrical conductivity.  
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Figure 5.16 Calculated Partial DOS of Cadmium atom (point lines), NCO atoms (solid lines) 

and Ligand molecule (dashed lines) of 5.1 crystal. 

The study of the optical properties is crucial for understanding of the electronic 

structure of material (see Figures 5.17-5.21). Theoretically, it is possible to know the 

frequency dependence of an incident photon in a material with dielectric function ε (ω). The 

real part of the dielectric function represents how much a material is polarized when an 

electric field is applied while the imaginary part represents the absorption of the incident 

radiation in a material. In order to calculate the optical response by using the calculated band 

structure, we have chosen a photon-energy range of 0-20 eV. When a material is transparent 

this part is zero, but becomes nonzero when the absorption begins. In our case at 1.8-8.0 

range an intense peak at 14 eV can be identified (Figures 5.17). The optical analyis shows an 

adsorption onset at 1.8 eV, corresponding to the lowest energy bandgap of these compound. 

The non-absorption before 1.8 eV evidences its semiconductor character. The maximum 

peaks of the imaginary part of dielectric function are found at 2.6 and 4.0 eV. The first 

maximum peak is mainly originated from π-π* transitions of the aromatic part of the ligand. 
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Figures 5.17 Plot of real (blue line) and imaginary (red line) parts of the dielectric function 

versus the photon energy of crystal 5.1 averaged over all polarization directions. 

Remarkably, in the theoretical absortion spectrum (Figures 5.18) the first 2.6 and 4.0 

eV peaks are coincident with the experimental spectrum. The refractive index as a function of 

photon energy (shown in Figures 5.19) determines how much light is refracted, when 

entering a material. This is comparatively higher in the visible and near ultraviolet region. 

Figures 5.20 shows the reflectivity spectra of 5.1 crystal as a function of photon energy. We 

notice that the reflectivity is 0.04-0.14 in the visible region and the value drops in the UV 

region. Finally, in Figures 5.21 we represent the optical conductictivity, which shows the 

change (either increase or decrease) in conductivity caused by illumination. Again the peak 

number and position correspond to the peaks described above for the dielectric constants. 

Moreover, the photoconductivity and hence electrical conductivity of materials increases as a 

result of the absorbtion photons.5.55 
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Figure 5.18 Plot of absorption versus the photon energy of crystal 5.1 averaged over all 

polarization directions. 

 

Figure 5.19 Plot of real (blue line) and imaginary (red line) parts of the refractive index 

versus the photon energy of crystal 5.1 averaged over all polarization directions. 
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Figure 5.20 Plot of reflectivity index versus the photon energy of crystal 5.1 averaged over 

all polarization directions. 

 

Figure 5.21 Plot of real (blue line) and imaginary (red line) parts of the conductivity versus 

photon energy of crystal 5.1 averaged over all polarization directions. 

5.4 Conclusion 

Here, we have reported a novel photosensitive Cd(II)-coordination polymer with great 

structural diversity. The remarkable structural feature of complex 5.1 is associated with the 

presence of different kind of bridging patterns, namely single µ1,1 –OCN, bis µ1,1 –OCN and 

mixed µ1,1 –OCN/phenoxido bridges. The room temperature electrical conductivity of 

complex 5.1 motivates us to design schottky device of our synthesized complex. Our 

designed device under the influence of the applied bias exhibits current rectification. Further 

study indicates up gradation in performance of the device and as well as the rectification ratio 

upon incident light. Moreover our synthesized material based device shows some overriding 

behaviour under irradiance of light which is obvious in light sensing Schottky device. 

Therefore, Complex 5.1 can be a promising candidate in light sensing electronic devices, 

which is an important addition to the area of coordination polymer. 
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Abstract 

Four novel Zn(II) complexes [Zn2(L
6.1)2X2] (6.1), 

[Zn4(L
6.1)4X(OH)(OH2)][ZnX4]·H2O·CH3OH (6.2,6.3) and 

[Zn4(L
6.1)4X(OH)(OH2)](N(CN)2)(NO3)·2H2O·CH3OH (6.4) [ where HL6.1 = (E)-2-methoxy-

6-((quinolin-8-ylimino)methyl)phenol and X= N3¯, SCN¯, SeCN¯, N(CN)2¯ for 6.1-6.4 
respectively] were synthesized and characterized by elemental analysis and different 
spectroscopic technique viz. X-ray crystallography, IR spectra, UV-vis spectra etc. Complex 
6.1 is hetero (µ-azido and µ-phenoxo) bridged dinuclear Zn(II) complex whereas complexes 
6.2, 6.3 and 6.4 are tetranuclear Zn(II) complexes with corner-defective cubane structure. 
Complexes 6.2-6.4 bare the rare examples of presence of three different binding modes 
(mono, di and triply (µ3) bridging) of phenoxo group of a Schiff base ligand in a single 
platform. All four complexes exhibit groove binding as well as weak electrostatic interaction 
with CT-DNA (calf thymus-DNA). DFT (density functional theory) and MEP (Molecular 
electrostatic potential) analysis are also studied for complexes 6.1-6.4. 
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6.1 Introduction 

Design and synthesis of coordination complexes using Schiff base ligands have received 

widespread attention in last few decades due to their potential applications in the field of 

supramolecular interactions, molecular sensing, catalysis, magnetism etc.6.1 Schiff base 

ligands with primarily O- or N-donor site are capable of forming clusters of different 3d 

metals have been reported in literature.6.2 It has been observed that carboxylato, alkoxo and 

phenoxo groups in the ligand system can act as bridging groups that hold more than one 

metal ion in close proximity. When denticity of the ligand leaves available coordination sites 

at metal centers, good bridging groups, such as hydroxide or carboxylate, can foster 

formation of self-assembled polynuclear clusters.6.3–6.6 Additionally, presence of various 

pseudo halides like azide, thiocyanate, dicyanamide, etc. which exhibit versatile mode of 

coordination, may be a useful choice in making interesting molecular networks.6.7-6.10 

Therefore, study of novel multinuclear metal complexes with such type of oxygen and 

nitrogen donating blocking ligands are active areas of current chemical research as they can 

be used as not only functional and structural models of multinuclear enzymes but also in the 

area of magneto chemistry.6.11-6.13 In this respect, it is important to mention that cluster 

chemistry of different paramagnetic 3d metal ions like Cu(II), Mn(II), Fe(III/II), Ni(II) are 

well developed compared with diamagnetic metal centers like Zn (II).   

On the other hand, DNA is the key target for anticancer drug therapy because the 

interaction between small drug molecules and DNA can cause DNA damage and 

consequently blocking of DNA synthesis in cancer cells.6.14,6.15 After the discovery of 

platinum-based drugs like cis-platin, carboplatin, oxaliplatin, several metal-based drugs with 

improved pharmacological properties6.16 have been developed. Scientists have designed and 

synthesized numbers of mononuclear transition metal complexes and studied their interaction 

with DNA6.17 under physiological conditions. Several research proved that6.18 on metal 



Chapter 6 Synthesis of Multinuclear Zn(II) Complexes Involving 8-Aminoquinoline- Based Schiff-Base Ligand: Structural 
Diversity, DNA Binding Studies and Theoretical Calculations 

 

  
Page 280 

 
  

coordination, bioactivity profiles of organic ligands might be improved and as a result, they 

can be considered as potential candidates for use as therapeutic agents in medicinal 

applications and for genomic research.6.19,6.20 It has been observed that metal complexes with 

planar geometry bind to DNA in a non-covalent6.21 manner, either through intercalative or 

partial intercalative binding, whereas metal complexes with non-planar geometry are usually 

found to connect to DNA by groove binding. In this context, Zn(II) containing metal 

complexes6.22 needs special mention. All these facts prompted us to explore the interaction of 

our Zn- complexes with calf thymus (CT) DNA.  

In this present work we are reporting synthesis, crystal structure, supramolecular 

interactions of four different di and polynuclear Zn(II) complexes, 6.1-6.4, involving (E)-2-

methoxy-6-((quinolin-8-ylimino)methyl)phenol Schiff base ligand (HL6.1) and four different 

anionic co-ligands  such as azide, thiocyanate,  selenocyanate and dicyanamide respectively. 

Complex 6.1 is hetero (µ-azido and µ-phenoxo) bridged dinuclear Zn(II) complex and 

complexes 6.2, 6.3 and 6.4 are tetranuclear Zn(II) complexes with corner-defective cubane 

structure. All four complexes are structurally characterized. Complexes 6.2-6.4 bare the 

unique examples where a hydroxide ion and a capping phenoxo group simultaneously bind 

three Zn(II) centers of the corner-defective cubanes. In complexes 6.2-6.4, it is first time we 

explored presence of three different coordination modes of the phenoxo group of the Schiff 

base ligand viz. mono, di and triply (µ3) bridging mode. Their photoluminescence behavior is 

also studied. All four complexes exhibit groove binding along with weak electrostatic 

interaction with CT-DNA. Supramolecular interactions of the complexes are also explored 

based on density functional theory (DFT). Molecular electrostatic potential (MEP) surface 

analysis of compounds 6.1-6.4 are further performed for evaluation of different nonbonding 

interactions and the extent to which these weak interactions stabilize the complexes.  
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6.2 Experimental 

6.2.1 Materials and Physical Measurements 

All reagent or analytical grade chemicals and solvents were purchased from commercial 

sources and used without further purification.  

Elemental analysis for C, H and N was carried out using a Perkin–Elmer 240C 

elemental analyzer. Infrared spectra (400–4000 cm–1) were recorded from KBr pellets on a 

Nicolet Magna IR 750 series-II FTIR spectrophotometer. Absorption spectra were measured 

using a UV-2450 spectrophotometer (Shimadzu) with a 1-cm-path-length quartz cell. 

Emission was examined by LS 55 Perkin–Elmer spectrofluorimeter at room temperature (298 

K) under degassed condition. Electron spray ionization mass (ESI-MS positive) spectra were 

recorded on a MICROMASS Q-TOF mass spectrometer. 

6.2.2 X-ray Crystallography 

Single crystal X-ray data of complexes 6.1-6.4 were collected on a Bruker SMART APEX-II 

CCD diffractometer using graphite mono chromated Mo K radiation ( = 0.71073 Å) at 

room temperature. Data processing, structure solution, and refinement were performed using 

Bruker Apex-II suite program. All available reflections in 2max range were harvested and 

corrected for Lorentz and polarization factors with Bruker SAINT plus.6.23 Reflections were 

then corrected for absorption, inter-frame scaling, and other systematic errors with 

SADABS.6.24 The structures were solved by the direct methods and refined by means of full 

matrix least-square technique based on F2 with SHELX-2013 software package.6.25 All the 

non hydrogen atoms were refined with anisotropic thermal parameters.C-H hydrogen atoms 

were inserted at geometrical positions with Uiso = 1/2Ueq to those they are attached. The 

atomic positions of OH and coordinated water molecules of complexes 6.2, 6.3 and 6.4 were 

obtained from the last difference Fourier maps and were refined with individual isotropic 
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temperature factors. The hydrogen atoms of the solvent waters and methanol molecules as 

well as the disordered methanol in complex 6.4 were not discernible from the last final 

difference Fourier maps and consequently their positions were not taken into account, 

originating some alerts level B in the check cif. In complex 6.4, N(CN)2¯ ion and methanol 

molecule are disordered over two alternative positions. Crystal data and details of data 

collection and refinement for 6.1-6.4 are summarized in Table 6.1. 

Table 6.1 Crystal data and structure refinement of 6.1-6.4. 

 

 

Compound 6.1 6.2 6.3 6.4 
Empirical formula C34H26N10O4Zn2 C74H60N13O12S5Zn5 C74H60.50N13O12Se5Zn5 C72H63N14O16Zn4 
Formula weight 769.39 1810.50 2045.50 1641.84 
Temperature (K) 296(2) 150(2) 150(2) 150(2) 
Crystal system Triclinic Monoclinic Monoclinic Triclinic 
Space group P-1 P21/c P21/c P-1 
a (Å) 9.6971(3) 15.9406(6) 16.0765(6) 11.7172(4) 
b (Å) 9.9119(3) 17.1028(6) 17.3120(6) 16.1769(6) 
c (Å) 16.8187(6) 28.0278(9) 28.0928(10) 18.053(6) 
(°) 89.191(2) 90.00 90.00 83.694(2) 
(°) 89.756(2) 105.901(2) 105.555(2) 89.728(2) 
(°) 81.899(2) 90.00 90.00 83.898(2) 
Volume (Å3) 1600.26(9) 7348.8 7532.3(5) 3373.21(19) 
Z 2 4 4 2 
Dcalc (g cm-3) 1.597 1.636 1.804 1.614 
Absorption 
coefficient (mm-1) 

1.556 1.823 4.056 1.486 

F(000) 784 3684 4046 1682 
 Range for data 
collection (°) 

1.211-  27.250 0.995-27.20 2.87- 26.10 1.27-29.22 

Reflections 
collected 

25287 96771 95177 132881 

Independent 
reflection / Rint 

5617/  0.0415 10448/0.0783 11697/ 0.0484 14801/0.0332 

Data / restraints / 
parameters 

7069/0/453 16279/0/998 16627/1/ 1028 18203/3/971 

Goodness-of-fit 
on F2 

1.053 1.000 1.022 1.019 

Final R indices 
[I>2(I)] 

R1 =  0.0415, 
wR2 =  0.0791 

R1 = 0.0419, 
wR2 = 0.0820 

R1 = 0.0419, 
wR2 = 0.0944 

R1 = 0.0361, 
wR2 = 0.0943 

R indices (all 
data) 

R1 =  0.0294, 
wR2 = 0.0737 

R1 = 0.0904, 
wR2 = 0.0972 

R1 = 0.0750, 
wR2 = 0.1074 

R1 = 0.0496 
wR2 = 0.1030 

Largest diff. peak 
/ hole (e Å-3) 

0.238/  -0.342 0.721/ -0.612 0.945/-1.486 1.44/ -1.14 
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6.2.3 Theoretical Methods 

The calculations of the noncovalent interactions were carried out using the TURBOMOLE 

version 7.06.26 using the M06-2X/def2-TZVP level of theory. To evaluate the interactions in 

the solid state, we have used the crystallographic coordinates. This procedure and level of 

theory have been successfully used to evaluate similar interactions.6.27 The interaction 

energies were computed by calculating the difference between the energies of isolated 

monomers and their assembly. The interaction energies were corrected for the Basis Set 

Superposition Error (BSSE) using the counterpoise method.6.28 For the molecular electrostatic 

potential surface analysis, we have used optimized geometries and the M06-2X/6-31+G* 

level of theory and the SPARTAN software.6.29 

6.2.4 Synthesis of HL6.1 [HL6.1 = (E)-2-methoxy-6-((quinolin-8-ylimino)methyl)phenol] 

The tridentate Schiff base ligand (HL6.1) was prepared by the standard method.6.30 Briefly, 8.0 

mmol (1.152 g) of 8-Aminoquinoline was mixed with 8.0 mmol (1.216 g) of o-vanillin in 40 

ml of methanol. The resulting solution was heated to reflux for ca. 1h, and allowed to cool. 

The dark orange methanol solution was used directly for complex formation. 

6.2.5 Preparation of 6.1 [Zn2(L6.1)2(N3)2] 

A 10 ml methanolic solution of zinc nitrate hexahydrate (2.0 mmol, 0.594 g) was drop wise 

added to a methanolic solution of respective ligand (HL6.1) (2.0 mmol, 0.558 g)  followed by 

drop wise addition of aqueous methanolic solution of NaN3 (2.0 mmol, 0.130gm). The 

resultant reaction mixture was stirred at room temperature for 4 h. The solution was filtered 

and kept for slow evaporation. Red colored crystals resulted from the slow evaporation of 

solution of the complex at room temperature.  

 Yield: 0.553 gm (72%).Anal. Calc. for C34H26N10O4Zn2: C 53.07%, H 3.41%, N 18.20%. 

Found: C 52.73%, H 2.95%, N 17.44%. IR (KBr, cm−1): ν(C=N) 1608; ν(C−Ophenoxo) 1213; 
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ν(N3), 2060, 2020 cm-1. UV-Vis, λmax (nm), (ε (dm3mol-1cm-1)) : 345 (34129), 425 (22531). 

ESI-MS (positive) in DMSO/MeOH mixture: The peak was detected at m/z = 764.48, 

corresponding to [Zn2(L6.1)2(N3)(CH3OLi)]+. 

6.2.6 Preparation of 6.2 [Zn4(L6.1)4(NCS)(OH)(OH2)][Zn(NCS)4]·H2O·CH3OH 

A 10 ml methanolic solution of zinc nitrate hexahydrate (2.0 mmol, 0.594 g) was drop wise 

added to a methanolic solution of respective ligand (HL6.1) (2.0 mmol, 0.558 g)  followed by 

drop wise addition of aqueous methanolic solution of NaSCN (2.0 mmol, 0.162gm).The 

resultant reaction mixture was stirred at room temperature for 4 h. The solution was filtered 

and kept for slow evaporation. Red colored crystals resulted from the slow evaporation of 

solution of the complex at room temperature.  

Yield: 1.411 g (78%).Anal. Calc. for C74H60N13O12S5Zn5: C 49.09%, H 3.34%, N 10.06%. 

Found: C 48.77%, H 3.05%, N 9.44%. IR (KBr, cm−1): ν(C=N) 1601; ν(C−Ophenoxo) 1211; 

ν(SCN-), 2070 cm-1. UV-Vis, λmax (nm), (ε (dm3mol-1cm-1)) : 345 (66745), 425 (43565). ESI-

MS (positive) in DMSO: The peak was detected at m/z = 731.74, corresponding to 

[Zn4(L6.1)4(NCS)(OH)(OH2)]
+2. 

6.2.7 Preparation of 6.3 [Zn4(L6.1)4(NCSe)(OH)(OH2)][Zn(NCSe)4]·H2O·CH3OH 

A 10 ml methanolic solution of zinc nitrate hexahydrate (2.0 mmol, 0.594 g) was drop wise 

added to a methanolic solution of respective ligand (HL6.1) (2.0 mmol, 0.558 g)  followed by 

drop wise addition of aqueous methanolic solution of NaSeCN (2.0 mmol, 0.288gm). The 

resultant reaction mixture was stirred at room temperature for 4 h. The solution was filtered 

and kept for slow evaporation. Red colored crystals resulted from the slow evaporation of 

solution of the complex at room temperature.  

Yield: 1.472 gm (72%).Anal. Calc. for C74H60.50N13O12Se5Zn5: C 43.46%, H 2.96%, N 

8.90%. Found: C 42.73%, H 2.15%, N 7.74%. IR (KBr, cm−1): ν(C=N) 1601; ν(C−Ophenoxo) 
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1211; ν(SeCN-), 2065 cm-1.UV-Vis, λmax (nm), (ε (dm3mol-1cm-1)) : 345 (72445), 425 

(47530). ESI-MS (positive) in DMSO/MeOH mixture: The peak was detected at m/z = 

787.82, corresponding to [Zn4(L6.1)4(NCSe)(OH)(OH2)(CH3OH)2]
+2. 

6.2.8 Preparation of 6.4 [Zn4(L6.1)4(N(CN)2)(OH)(OH2)](N(CN)2)(NO3)·2H2O·CH3OH 

 A 10 ml methanolic solution of zinc nitrate hexahydrate (2.0 mmol, 0.594 g) was 

drop wise added to a methanolic solution of respective ligand (HL6.1) (2.0 mmol, 0.558 g)  

followed by drop wise addition of aqueous methanolic solution of NaN(CN)2 (2.0 mmol, 

0.178gm). The resultant reaction mixture was stirred at room temperature for 4 h. The 

solution was filtered and kept for slow evaporation. Red colored crystals resulted from the 

slow evaporation of solution of the complex at room temperature.  

 Yield: 1.286gm (80%).Anal. Calc. for C72H63N14O16Zn4: C 52.67%, H 3.87%, N 11.94%. 

Found: C 51.73%, H 2.95%, N 10.72%. IR (KBr, cm−1): ν(C=N) 1601; ν(C−Ophenoxo) 1214; 

ν[(N(CN)2
-], 2142, 2174 cm-1. UV-Vis, λmax (nm), (ε (dm3mol-1cm-1)) : 345 (81316), 425 

(53656). ESI-MS (positive) in DMSO/MeOH mixture: The peak was detected at m/z = 

776.84, corresponding to [Zn4(L6.1)4(N(CN)2)(OH)(OH2)2(CH3OH)2]
+2. 

6.2.9 CT DNA Binding Studies 

The stock solution of CT-DNA was prepared following the standard procedure. Briefly, 

requisite amount of DNA (~10 mg per mL buffer solution) was dissolved in Tris-HCl buffer 

medium (5mM Tris-HCl/50mM NaCl, pH = 7.4). The ratio of UV absorbance at 260 nm and 

280 nm of the solution is ca. 1.85, which indicates that CT-DNA sample doesn’t have any 

protein contamination. The concentration of the stock solution was measured by considering 

the molar extinction coefficient of the CT-DNA at 260 nm to be 6600 M-1 cm-1. The stock 

solution was stored at 40C and used within four days. The stock solutions of the complexes 

were prepared in DMSO-buffer mixture (v/v = 1:1000). All the data were recorded at room 
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temperature. Firstly, absorption spectrum of 10 μM of each complex was taken followed by 

gradual addition of the CT-DNA solution (0-3 eq.). A change in absorption band has been 

observed upon each addition of DNA to the complex. In order eliminate the absorbance of 

CT-DNA itself, an equal amount of CT-DNA was added to reference cuvette respectively. 

  Then, steady state fluorescence study was carried out to have better insight of the 

experiment. The emission spectrum of the complexes was recorded in the wavelength range 

450–800 nm with maximum around 575 nm when excited at 425 nm. Complex formation 

was monitored by titration studies keeping a constant concentration (10µM) of the complexes 

and increasing the concentration of CT DNA (0-3 equivalent). With increasing concentration 

of CT DNA a progressive enhancement in the fluorescence intensity of the complexes was 

observed. The results of the absorbance studies and spectrofluorimetric titrations were 

analyzed by constructing Benesi-Hilderband equation.   

6.2.10 Viscometric Study  

Cannon-Manning semi micro dilution viscometer type 75 (Cannon Instruments Co., State 

College, PA, USA) was used for viscometric measurements. It was submerged vertically in a 

constant temperature bath maintained at 20±0.5 C. Flow times of CT DNA solution in 

presence of increasing concentration of complexes 6.1-6.4 were measured in triplicate with 

an accuracy of ±0.01 s. Relative specific viscosity was calculated by using the equation:6.31 

 [η′sp/ηsp] = [tcomplex ˗ t0]/[ tcontrol ˗ t0]………………………...6.1
 

Where, η'sp and ηsp are the specific viscosity CT DNA in presence and in absence of 

complexes; tcomplex and tcontrol are the time of flow of complex and control solution and to is the 

same for buffer solution. 
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6.3 Results and Discussion 

6.3.1 Syntheses and Structural Analyses of Complexes 

The Schiff base ligand (HL6.1) is prepared by following a reported procedure.6.30 Briefly, 8-

Aminoquinoline and o-vanillin are mixed in 1:1 molar ratio in methanol solvent and reflux 

for one hour. The ligand is directly used for synthesis of metal complexes without further 

purification. All the complexes were prepared by reaction between Zn(NO3)2.6H2O:HL:NaX 

(where X= N3¯, SCN¯, SeCN¯, N(CN)2¯) in 1:1:1 molar ratio in methanol-water solvent 

mixture under stirring condition (Scheme 6.1). Complex 6.1 is µ-1,1 N3¯ bridged dinuclear 

complex.  Complexes 6.2, 6.3 and 6.4 have similar corner-defective cubane type of cationic 

part. Complexes 6.2 and 6.3 are isostructural in nature and consist of a cationic and an 

anionic part. All the complexes have terminal co-ligands. They are characterized by 

elemental analysis and different spectroscopic techniques. The complexes exhibit strong and 

sharp stretching frequency at around 1600 cm-1 in their IR spectra, due to presence of 

azomethine group, υ(C=N). Complex 6.1 exhibits a sharp bifurcated stretching frequency at 

2060 and 2020 cm-1 (Figure 6.1) which indicate two different binding mode of azide ion.6.32 

Complexes 6.2 and 6.3 exhibit a sharp stretching frequency at 2070 and 2065 cm-1 (Figures 

6.2 and 6.3, respectively) which are characteristic of stretching frequency for terminal 

thiocyanate and selenocyanate ion respectively.6.32  Complex 6.4 exhibits a sharp bifurcated 

stretching frequency at 2142 and 2174 cm-1 (Figure 6.4) which is characteristic stretching 

frequency for terminal dicyanamide ion.6.32 The UV-vis spectra of all the complexes are 

recorded in Tris-HCl buffer medium (5mM Tris-HCl/50mM NaCl, pH = 7.4). All complexes 

exhibit two absorption bands around 345 and 425 nm (Figure 6.5). All these transitions are 

mainly ligand center due to presence of d10 Zn(II) ion. Therefore, absorption peaks are 

assigned as ligand based π →π* and n→π* type of transition. Photoluminescence properties 

of all complexes are studied in Tris-HCl buffer medium. Complexes 6.1-6.4 give similar type 
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of emission peak at around 575 nm, upon excitation at 425 nm (Figure 6.6). The ESI-MS 

analysis of complexes 6.1-6.4 show that all of the complexes are very much stable in solution 

phase (Figures 6.7-6.10). The m/z values of complexes 6.1-6.4 appear at 731.74, 731.74, 

787.82 and 776.84 corresponding to [Zn2(L6.1)2(N3)(CH3OLi)]+, 

[Zn4(L6.1)4(NCS)(OH)(OH2)]
+2, [Zn4(L6.1)4(NCSe)(OH)(OH2)(CH3OH)2]

+2 and 

[Zn4(L6.1)4(N(CN)2)(OH)(OH2)2(CH3OH)2]
+2, respectively. 

 

Scheme 6.1 The synthetic route of complexes 6.1-6.4. 

 

Figure 6.1 IR spectrum of complex 6.1. 
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Figure 6.2 IR spectrum of complex 6.2. 

 

Figure 6.3 IR spectrum of complex 6.3. 

 

Figure 6.4 IR spectrum of complex 6.4. 
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Figure 6.5 UV-vis. spectra of complexes 6.1- 6.4 in Tris-HCl buffer medium (5mM Tris-

HCl/50mM NaCl, pH = 7.4) at concentration 10 μM. 

  

Figure 6.6 Fluorescence spectra of complexes 6.1-6.4 in Tris-HCl buffer medium (5mM 

Tris-HCl/50mM NaCl, pH = 7.4) at concentration 10 μM. 
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Figure 6.7 ESI-MS spectrum of complex 6.1. 

 

Figure 6.8 ESI-MS spectrum of complex 6.2. 
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Figure 6.9 ESI-MS spectrum of complex 6.3. 

 

 

Figure 6.10 ESI-MS spectrum of complex 6.4. 

6.3.2 Crystal Structure Descriptions of Complexes 6.1-6.4 

The molecular structure of 6.1 is shown in Figure 6.11. It crystallizes in the triclinic system, 

with space group P-1. The asymmetric unit of complex 6.1 consists of two Zn(II) centers, two 
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deprotonated Schiff base ligands along with one bridging and one terminal azide (N3
¯) ion. 

The structure reveals that the two Schiff base ligands behave differently. One of the two 

Schiff bases acts as a tetradentate ligand, while the other acts as a tridentate ligand with a 

non-bonded methoxy group. The selected bond lengths and bond angles are summarized in 

Table 6.2. The dinuclear unit is formed by two zinc centers [Zn(1) and Zn(2)]  which are 

doubly bridged by one azide group in an end-on fashion through N(5) and by di-phenoxo 

oxygen atom O(1) of the Schiff base. The coordination sites of the octahedral Zn(2) atom are 

completed by two nitrogen N(3) and N(4) and one oxygen O(2) of the same Schiff base 

ligand and by a methoxy oxygen atom O(4) of the bridging phenolic moiety. Similarly, the 

remaining sites of distorted square pyramidal geometry of Zn(1) atom are occupied by one 

nitrogen atom N(8) of a terminal azide group and two nitrogen atoms N(1) and N(2) of the 

Schiff base. The structural index6.33 value (τ') of Zn(1) center (0.069) show that the Zn(1) 

center is closely perfect square pyramidal. The basal bond distances around the Zn(2) atom 

are in the range 2.38312.0606 Å. The apical bond distances of Zn(2)N(4) and Zn(2)O(2) 

are 2.1353(17) Å and 1.9732(15) Å, respectively and the corresponding trans angle of 

O(2)Zn(2)N(4) is 159.33(6)°. The Zn(1)O(1)Zn(2) and Zn(1)(μ-N3)Zn(2) bridging 

angles are 103.80(5)° and 99.08(7)° respectively and separation between two zinc center is 

3.220 Å. The N (5)N(6)N(7) angle (178.8(3)°) of μ-N3 bridging ligand, suggests that it is 

almost linear. In case of Zn (1) center the bond distances are observed within 

1.9990(2)2.1024(16) Å. The terminal azide group coordinated with Zn(1) center is almost 

linear, as reflected from the N(8)N(9)N(10) angle of 176.1(3)°. 

 



Chapter 6 Synthesis of Multinuclear Zn(II) Complexes Involving 8-Aminoquinoline- Based Schiff-Base Ligand: Structural 
Diversity, DNA Binding Studies and Theoretical Calculations 

 

  
Page 294 

 
  

 

Figure 6.11 Crystal structure of complex 6.1. Atoms are shown as 30% thermal ellipsoids. H 

atoms are omitted for clarity. 

Table 6.2 Selected Bond lengths (Å) and Bond angles () for complexes 6.1. 

Complex 6.1 
Zn1-O1 2.0313(12) Zn2-N3 2.0736(15) 
Zn1-N1 2.1013(16) Zn2-N4 2.1353(17) 
Zn1-N2 2.1024(16) Zn2-N5 2.1558(18) 
Zn1-N5 2.0760(17) Zn1-Zn2 3.220 
Zn1-N8 1.9990(2) N5-N6-N7 178.8(3) 
Zn2-O1 2.0606(12) N8-N9-N10 176.1(3) 
Zn2-O2 1.9732(15) O2-Zn2-N4 159.33(6) 
Zn2-O4 2.3831(13) Zn1-O1-Zn2 103.80(5) 
  Zn1-N5-Zn2 99.08(7) 

 

Complexes 6.2 and 6.3 are crystallized from slow evaporation of methanolic solutions 

of the respective reaction mixture. Complexes 6.2 and 6.3 are isostructural. Both compounds 

are monoclinic with space group P21/c. The asymmetric unit of both complexes (Figures 

6.12 and 6.13) consists of a cationic part and an anionic part. One non coordinating methanol 

molecule and one water molecule are also present within the asymmetric unit. The anionic 

part is represented as [ZnX4]
2- (X = SCN¯ for Complex 6.2, X = SeCN¯ for Complex 6.3), 

where Zn(II) center is tetrahedrally coordinated with four nitrogen atoms of the pseudohalide 

(SCN¯/ SeCN¯). Bond angles around the metal center very within the range of 113.05(15)°- 

107.44(14)° for complex 6.2 and 125.5(13)°- 98.0(10) ° for complex 6.3. In complex 6.3 the 
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anionic part containing Zn center and two Se atoms from SeCN¯ units are disordered over 

two positions labeled as Zn5 and Zn5A, Se55 and Se53, Se56 and Se54, refined  with 

occupancies of x and 1-x, being x final values equal to 0.821, 0.616, 0.710, respectively. 

The cationic part consists of four Zn(II) centers, four deprotonated ligands (L6.1¯), one 

µ3 bridging hydroxide ion, one terminal pseudohalide (X = SCN¯, SeCN¯) and one 

coordinated water molecule. The tetranuclear part is comprised of a corner-defective cubane 

(made by three ZnL subunits) and a terminal (ZnL6.1X) unit, both are connected via µ3 

bridging hydroxide ion.  The coordination mode of Schiff base ligands around the Zn(II) 

centers within the corner-defective cubane is unique. The structure of the defective cubanes, 

[Zn4(L
6.1)4(X)(OH)(OH2)]

2+, is best described in terms of {Zn3 (µ-O)2 (µ3-O) (µ3-OH)} core 

(Figure 6.14). Therefore, in the cubane metal centers (Zn2, Zn3, Zn4) are interlinked by 

three distinct bridging systems: (i) the oxygen atom (O3) of a triply bridging hydroxo group, 

capping the three zinc (II) centres (Zn1 of the terminal unit, Zn2 and Zn3 of the corner-

defective cubane) (ii) two di phenoxo bridging oxygen atoms (O5 and O10) from adjacent 

ligand molecules capping the two zinc (II) centers (Zn2 and Zn4 for O5 and Zn3 and Zn4 for 

O10) (iii) one triple bridging phenoxo oxygen atom (O7) of another adjacent ligand molecule 

capping all the three zinc (II) centers (Zn2, Zn3, Zn4) of the corner-defective cubane. In cases 

of (i) and (iii) three unique Zn(II) atoms form a triangular arrangement and are bridged to 

each other via the O atom of the single hydroxide/phenoxo ligand. Apart from that each 

zinc(II) is coordinated to a deprotonated 8-aminoquinoline based Schiff base ligand (L6.1¯). 

Zn2 has octahedral coordination geometry and is bonded to the quinoline nitrogen (N4), 

imine nitrogen (N5) and phenoxo oxygen (O5) of the same Schiff base ligand, µ3 hydroxide 

ion (O3), µ3 phenoxo oxygen (O7) and methoxy oxygen (O8) of another deprotonated Schiff 

base ligand. Zn3 is also hexa coordinated where the coordination sites has been occupied by 

quinoline nitrogen (N6), imine nitrogen (N7) and µ3 phenoxo oxygen (O7) of the same Schiff 
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base ligand, phenoxo oxygen (O10) of another deprotonated Schiff base ligand, µ3 hydroxide 

ion (O3) and a water molecule (O6).  The third metal of the corner-defective cubane, Zn4 

also coordinated octahedrally in a N2O4 fashion, where it is coordinated to the quinoline 

nitrogen (N8), imine nitrogen (N9) and phenoxo oxygen (O10) of the same Schiff base 

ligand, phenoxo oxygen (O5) and methoxy oxygen (O4) of another deprotonated Schiff base 

ligand and µ3 phenoxo oxygen (O7) of third deprotonated ligand. The terminal Zn1 metal is 

penta coordinated with highly distorted trigonal bipyramidal geometry (τ = 0.61).[25] Here the 

metal center equatorially coordinated with imine nitrogen (N2), µ3 hydroxide ion (O3) and 

nitrogen atom (N3) of a terminal pseudohalide (SCN¯/ SeCN¯), whereas axially coordinated 

with quinoline nitrogen (N1) and phenoxo oxygen atom (O2) of the Schiff base ligand. Zn–

N(quinoline) bond distances very within the range 2.062(3) - 2.153(3)Å and Zn–N(imine) 

bond distances very within the range 2.072(3) - 2.111(3) Å. Zn–O (phenoxo),  Zn–O 

(methoxy), Zn–O (hydroxide) and Zn-OH2 bond lengths for both the complexes vary within 

the range of 1.992(2) - 2.439(2)Å, 2.293(2)- 2.472(3) Å, 2.024(3) - 2.136(2) Å and 2.018(3) - 

2.020(3) Å respectively. The O-Zn-O bond angles of the corner-defective cubane for both the 

complexes are vastly differed 69.66(8)° - 169.75(11)° from ideal values (90° and 180°) of an 

octahedral complex which clearly manifesting that major distortion of the octahedral takes 

place in this cases. Selected bond distances and angles are gathered in Table 6.3. The Zn–N 

and Zn–O bond distances are similar to those observed in other salen polynuclear Zn(II) 

complexes.6.34-6.36 Zn---Zn bond distances in the corner-defective cubane (close to 3.23 Å) are 

longer than the sum of the van der Waals radii for two zinc atoms (2.8 Å).6.37,6.38 These 

distances are in the order of those found in other polynuclear zinc(II) complexes with µ2-

oxo,6.34 µ3-oxo,6.39 and µ4-oxo6.40 bridges. 
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Figure 6.12 Crystal structure of complex 6.2. Atoms are shown as 30% thermal ellipsoids. H 

atoms and solvent molecule(s) are omitted for clarity. 

  

Figure 6.13 Crystal structure of complex 6.3. Atoms are shown as 30% thermal ellipsoids. H 

atoms and solvent molecule(s) are omitted for clarity. 
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Figure 6.14 {Zn3 (µ-O)2 (µ3-O) (µ3-OH)} core of complex 6.2. 

Table 6.3 Selected bond lengths (Å) and bond angles () for complexes 6.2 and 6.3. 

Complex 6.2 Complex 6.3 
Zn1-N1  2.153(3) Zn3-O7  2.104(2) Zn1-N1  2.146(3) Zn3-O6  2.020(3) 
Zn1-N2  2.074(3) Zn3-O3  2.068(2) Zn1-N2  2.072(3) Zn3-O7  2.111(2) 
Zn1-O2  2.001(2) Zn3-O6 2.018(3) Zn1-O2. 1.995(3) Zn3-O10  2.435(3 
Zn1-O3  2.025(2) Zn4-N8  2.101(3) Zn1-O3  2.024(3) Zn4-N8 2.107(3) 
Zn2-N4  2.062(3) Zn4-N9  2.084(3) Zn2-N4. 2.067(3) Zn4-N9  2.088(3) 
Zn2-N5  2.097(3) Zn4-O4 2.293(2) Zn2-N5 2.101(3) Zn4-O4  2.296(3) 
Zn2-O3  2.136(2) Zn4-O5  2.016(2) Zn2-O3  2.135(3) Zn4-O5. 2.021(3) 
Zn2-O5 2.039(2) Zn4-O7  2.271(2) Zn2-O5 2.038(2) Zn4-O7  2.274(2) 
Zn2-O7  2.083(2) Zn4-O10  1.992(2) Zn2-O7  2.085(3) Zn4-O10. 1.993(3) 
Zn2-O8  2.453(2) O7-Zn2-O8 69.66(8) Zn2-O8  2.472(3) O7-Zn2-O8. 69.72(9) 
Zn3-N6  2.071(3) O6-Zn3-O10  169.75(11) Zn3-N6. 2.080(3) O6-Zn3-O10  169.15(14) 
Zn3-N7  2.103(3) N54-Zn5- N52  113.05(15) Zn3-N7  2.111(3) N51-Zn5A-N53  125.5(13) 
Zn3-O10 2.439(2) N51-Zn5- N53 107.70(14) Zn3-O3  2.076(3) N52 -Zn5A -N54  98.0(10) 

 

Crystals of complex 6.4 are also obtained from slow diffusion of methanolic solution. 

Complex 6.4 is triclinic with space group P-1. The asymmetric unit (Figure 6.15) consists of 

a similar type of cationic part as present in complexes 6.2 and 6.3 along with one nitrate ion 

and one disordered N(CN)2 molecule. Two water molecules and one disordered methanol are 

also present as solvent of crystallization.  

The cationic part comprised of a corner-defective cubane along with a distorted 

tetrahedral [ZnLN(CN)2] terminal unit. These two parts are connected through a µ3 hydroxo 
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bridge. In the cationic part, the corner-defective cubane is represented as {Zn3 (µ-O)2 (µ3-O) 

(µ3-OH)} core. The three Zn(II) centers are Zn2, Zn3 and Zn4 respectively, whereas oxygen 

centers are one µ3 bridging hydroxide ion (O3) two di phenoxo bridging oxygen atoms  (O8, 

O9) and one µ3phenoxo oxygen atom (O5) respectively. All the three Zn(II) centers of the 

corner-defective cubane have distorted octahedral geometry. Coordination environment 

around the Zn(II) centers is different. Zn2 is coordinated to the quinoline nitrogen (N6), 

imine nitrogen (N7) and phenoxo oxygen (O9) of the same Schiff base ligand, oxygen (O3) 

of µ3 bridged hydroxide ion, µ3 phenoxo oxygen (O5) and methoxy oxygen (O4) of another 

deprotonated Schiff base ligand. In case of Zn3 the coordination sites have been occupied by 

quinoline nitrogen (N8), imine nitrogen (N9) and µ3 phenoxo oxygen (O5) of the same Schiff 

base ligand, phenoxo oxygen (O8) of another deprotonated Schiff base ligand, µ3 hydroxide 

ion (O3) and a water molecule (O6). The third metal, Zn4 binds with quinoline nitrogen 

(N10), imine nitrogen (N11) and phenoxo oxygen (O8) of the same Schiff base ligand, 

phenoxo oxygen (O9) and methoxy oxygen (O10) of another deprotonated Schiff base ligand 

and µ3 phenoxo oxygen (O5) of third deprotonated ligand. In the terminal unit, the Zn(II) 

metal center is highly distorted trigonal bipyramidal (τ = 0.695). The Zn1 metal is 

equatorially coordinated with imine nitrogen (N2), µ3 hydroxide ion (O3), nitrogen atom (N3) 

of a terminal dicyanamide ion and axially coordinated with quinoline nitrogen (N1) and 

phenoxo oxygen atom (O2) of the same Schiff base ligand. In complex 6.4, Zn–N(quinoline) 

bond distances vary within the range 2.069(2) - 2.086(2) Å and Zn–N(imine) bond distances 

very within the range 2.070(2) - 2.118(2) Å. Zn–O(phenoxo),  Zn–O(methoxy), Zn–

O(hydroxide) and Zn-OH2 bond lengths for both the complexes vary within the range of 

2.024(2) - 2.360(2) Å, 2.240(2) - 2.408(2) Å, 2.006(2) - 2.105(2) Å and 2.048(3) Å 

respectively. In the corner-defective cubane O-Zn-O bond angles values 70.27(5)°-166.95(7)° 
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differ significantly from ideal values (90° and 180°) of an octahedral complex. Selected bond 

distances and angles are gathered in Table 6.4.  

 

Figure 6.15 Crystal structure of complex 6.4. Atoms are shown as 30% thermal ellipsoids. H 

atoms and solvent molecule(s) are omitted for clarity. 

Table 6.4 Selected Bond lengths (Å) and Bond angles () for complexes 6.4. 

Complex 6.4 
Zn1-N1 2.180(2) Zn3-O5 2.092(2) 
Zn1-N2 2.072(2) Zn3-O6 2.048(2) 
Zn1-N3 2.030(2) Zn3-O8 2.292(2) 
Zn1-O2 2.013(2) Zn4-N10 2.086(2) 
Zn1-O3 2.006(2) Zn4-N11 2.070(2) 
Zn2-N6 2.081(2) Zn4-O5 2.360(2) 
Zn2-N7 2.085(2) Zn4-O8 2.015(2) 
Zn2-O3 2.105(2) Zn4-O9 2.025(2) 
Zn2-O4 2.408(2) Zn4-O10 2.240(2) 
Zn2-O5 2.072(2) O3-Zn1-N2 125.40(7) 
Zn2-O9 2.024(2) O2-Zn1-N1 166.95(7) 
Zn3-N8 2.069(2) O5-Zn2-O4 70.27(5) 
Zn3-N9 2.118(2) O6-Zn3-O8 165.79(7) 
Zn3-O3 2.097(2)   

 

Three metal centers capped by a single hydroxide ion or a phenoxo group have been 

observed in a number of structures.6.41 Complexes 6.2-6.4 bare the rare examples where both 

types of binding modes have been noticed. Nevertheless, in these three corner-defective 
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cubanes of Zn(II), three different coordination modes of phenoxo group i.e. mono, di (µ2)  

and triply (µ3) bridges are present.   

6.3.3 Spectroscopic Studies of DNA Binding 

6.3.3.1 Electronic Absorption Spectra 

DNA is an important target to intervene apoptosis or necrosis to a cell. In this work, 

the binding propensity of Zn(II) complexes (6.1–6.4) to CT-DNA was studied using various 

spectroscopic methods. Electronic spectral titration was performed to determine the binding 

constant (K) of the complexes 6.1-6.4 to CT-DNA (Figures 6.16-6.19 and Table 6.5) by 

monitoring the change in absorption intensity. It is well known that intercalation between the 

compound and DNA results hypochromism with or without red/blue shift in the electronic 

spectra of the compound upon a gradual increasing concentration of DNA. Whereas, the non-

intercalative/electrostatic interaction or groove binding between the compound and DNA 

results hyperchromism in the absorption spectra of the compound with increasing 

concentration of DNA.6.42,6.43 Complexes 6.1–6.4 show absorption bands at 345 nm and 

425nm which are attributed to ligand based π→π* and n→π* transitions. In order to avoid 

overlapping of bands, the change in absorption intensity upon gradual increase of CT-DNA to 

the metal complex solution has been studied at 425nm. The changes in the electronic 

absorption spectra indicate that complexes 6.1-6.4 bind to the CT-DNA helix via groove 

binding and electrostatic interaction. The values of binding constants (K) were calculated 

from the ratio of slope to the intercept and calculated values of K for complexes 6.1-6.4 were 

1.42×105, 6.65×104, 3.97×104 and 5.70×104 M−1, respectively by using Benesi–Hilderbrand  

equation6.44 (equation 6.2) . These data clearly reveals that tetranuclear zinc(II) complexes 

6.2, 6.3 and 6.4 exhibited lower binding affinity than dinuclear Zn(II) complex, 6.1. 

Interaction of free ligand (HL6.1) with DNA was also monitored by spectrophotometry. No 
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change in the spectrum of HL6.1 in presence of DNA confirmed that there was no binding of 

the free ligand with DNA in our experimental conditions (Figure 6.20). 

ଵ

௱஺
=  

ଵ

௱஺೘ೌೣ
+  

ଵ

௄ ௱஺೘ೌೣ[஽ே஺]
          … … … … … … …(6.2) 

 [Here, ΔA = Ax-Ao and ΔAmax= A∞-Ao, where Ao, Ax, and A∞ are the absorbance of the 

complexes in the absence of CT-DNA, at an intermediate DNA concentration, and at 

saturation respectively. K is binding constant and [DNA] is the concentration of CT-DNA.] 

 

Figure 6.16 (A) UV-vis spectra of complex 6.1 (10μM) with incremental addition of CT-

DNA (0-3 equivalent). (B) Corresponding linear plot using Benesi–Hilderbrand equation. 

 

Figure 6.17 UV-vis spectra of complex 6.2 (10μM) with incremental addition of CT DNA 

(0-3 equivalent) and corresponding linear plot using Benesi–Hilderbrand equation. 
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Figure 6.18 UV-vis spectra of complex 6.3 (10μM) with incremental addition of CT DNA 

(0-3 equivalent) and corresponding linear plot using Benesi–Hilderbrand equation. 

 

Figure 6.19 UV-vis spectra of complex 6.4 (10μM) with incremental addition of CT DNA 

(0-3 equivalent) and corresponding linear plot using Benesi–Hilderbrand equation. 

 

Figure 6.20 (A) UV-vis spectra of HL6.1 (10μM) with incremental addition of CT DNA (0-3 

equivalent). (B) Fluorescence spectra of HL6.1 (10μM) with incremental addition of CT DNA 

(0-3 equivalent). 
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6.3.3.2 Fluorescence Spectra 

The emission spectrum of all four complexes (6.1-6.4) was recorded in the wavelength ~575 

nm when excited at wavelength ~425 nm. Complex formation was monitored by titration 

study keeping a constant concentration of the complex and increasing the concentration of 

CT-DNA. With increasing concentration of CT-DNA a progressive enhancement in the 

fluorescence intensity of the complexes was observed and eventually reached saturation with 

no significant shift in the wavelength maximum for all complexes (see Figures 6.21-6.24 for 

complexes 6.1-6.14, respectively). The results of the spectrofluorimetric titrations were 

analyzed by constructing Benesi-Hilderband equation.6.44  The values of K extracted from the 

slope are 1.74×105, 8.95 ×104, 4.41×104, 7.26×104M-1 respectively for complexes 6.1-6.4 

respectively ( see Table 6.5). Lower value of affinity constant for the association of CT DNA 

with complex 6.2-6.4 compared to that of complex 6.1 may be attributed to the larger size of 

6.2-6.4 in comparison to the later. Larger steric bulk of complexes 6.2-6.4 restrict itself to 

penetrate into the core of the binding site. The enhancement of fluorescence intensity of 

complexes after adding CT-DNA is also investigated in UV chamber (Figure 6.25). 

 

Figure 6.21 (A) Fluorescence spectra of complex 6.1 (10μM) with incremental addition of 

CT-DNA (0-3 equivalent). (B) Corresponding linear plot using Benesi–Hilderbrand equation. 
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Figure 6.22 Fluorescence spectra of complex 6.2 (10μM) with incremental addition of CT 

DNA (0-3 equivalent) and corresponding linear plot using Benesi–Hilderbrand equation. 

 

Figure 6.23 Fluorescence spectra of complex 6.3 (10μM) with incremental addition of CT 

DNA (0-3 equivalent) and corresponding linear plot using Benesi–Hilderbrand equation. 

 

Figure 6.24 Fluorescence spectra of complex 6.4 (10μM) with incremental addition of CT 

DNA (0-3 equivalent) and corresponding linear plot using Benesi–Hilderbrand equation. 
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Figure 6.25 (A) Image of complexes 6.1-6.4 (10µM) without or with CT DNA (30µM) under 

visible light. (B) Image of complexes 6.1-6.4 (10µM) without or with CT DNA (30µM) 

under UV light. 

Table 6.5 CT DNA binding constant (K) values and Gibb’s free energies (∆G) of complexes 

6.1-6.4. 

 

 

 

 

 

[d] ∆G can be defined as, ∆G = - RTlnK (R = 8.314 J K-1 mol-1, T = 298 K). 

6.3.4 Viscosity Measurement 

Viscometric measurement is employed to see the binding mode between complexes 6.1-6.4 

and CT DNA. This method is very much suitable for small molecules to study their mode of 

interaction with nucleic acids. Viscosity or Specific viscosity of a solution is critically 

dependent on the length of the nucleic acid. Again, specific viscosity of a solution is 

increased due to increase in the chain length of the polymer. Classical intercalation means 

binding of small molecules with base pair of the helix, resulting unwinding of the double 

 From absorbance study From fluorometric study 

Complex K ∆G[d] (KJ mol-1) K ∆G (KJ mol-1) 

6.1 1.42 × 105 -27.42 1.74 × 105 -27.89 

6.2 6.65 × 104 -25.66 8.95 × 104 -26.35 

6.3 3.97  × 104 -24.47 4.41 × 104 -24.72 

6.4 5.70 ×104 -25.31 7.26 × 104 -25.87 



Chapter 6 Synthesis of Multinuclear Zn(II) Complexes Involving 8-Aminoquinoline- Based Schiff-Base Ligand: Structural 
Diversity, DNA Binding Studies and Theoretical Calculations 

 

  
Page 307 

 
  

helix, thereby, overall increase in the chain length of the polymer.6.45 During groove binding 

and electrostatic interaction no such observation has been noticed.6.44b,c Here, with increasing 

concentration of complexes 6.1-6.4 in CT-DNA solution, specific viscosity remains almost 

unchanged (Figure 6.26). Therefore, the binding mode of complexes 6.1-6.4 with CT-DNA 

can be justified to be groove binding along with weak electrostatic interaction instead of 

intercalation.  

 

Figure 6.26 Plot of change of relative specific viscosity of CT DNA in the presence 

complexes 6.1-6.4 in Tris-HCl buffer medium (5mM Tris-HCl/50mM NaCl, pH = 7.4). The 

concentration of CT-DNA was 300 µM. 

6.3.5 Theoretical Studies  

The theoretical study is devoted to analyze some unconventional noncovalent interactions 

that are present in the crystal packing of compounds 6.1-6.4 focusing our attention to the 

anion–π and π–π stacking interactions involving the π-system of the organic ligand.  

As a first approximation to rationalize the ability of the ligand to participate in anion–

π interactions, we have optimized the ligand and one model complex where the ligand is 

mono-coordinated to Zn(II) and chloride as co-ligand (see Figure 6.27) and computed their 

Molecular Electrostatic Potential (MEP) surfaces in order to analyze how the electronic 

nature of the ring changes upon complexation of the ligand. As a matter of fact, the MEP 
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surface of the free ligand (Figure 6.27a) shows that both the phenyl and quinoline ring are π-

basic rings, thus adequate for interacting with cations instead of anions. However, upon 

complexation to Zn(II) the electronic nature of the quinoline rings drastically changes from π-

basic to π-acidic, thus well suited for interacting with anions. In addition, the π-system of the 

conjugated imidic C=N bond also presents positive potential. In contrast, the o-

methoxiphenol ring exhibits negative potential over the center of the ring in the free ligand or 

coordinated to Zn(II).  

 

Figure 6.27 MEP surface of ligand (a) and a model complex. (b) Energies at selected points 

of the surfaces are given in kcal/mol. 

In Figure 6.28, we highlight anion–π interactions observed in the solid state of 

complexes 6.2 and 6.3. In compound 6.2 the [Zn(SCN)4]
2– interacts with the C atom of the 

C=N bond (Figure 6.28a) and in compound 3interacts with a carbon atom of the quinoline 

ring (Figure 6.28b). The formation of these anion–π interactions agrees well with the MEP 

analysis shown in Figure 6.27. We have evaluated the binding energy of these interactions, 

which are large and negative, specially ΔE1 = –77.4 kcal/mol and ΔE2 = –83.0 kcal/mol 

because the double negative charge of the [Zn(SCN)4]
2– moiety and the formation of ancillary 

H-bonding interactions with the aromatic H-atoms. 
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Figure 6.28 X-ray fragments of 6.2 (a) and 6.3 (b), H-atoms omitted for clarity. Distances in 

Å. 

In compound 6.1 we have studied the interesting antiparallel π–π stacking interaction 

observed in the solid state (see Figure 6.29) that leads to the formation of self-assembled 

dimers. In addition to the π-stacking interaction, two symmetrically equivalent C–

H···π(azide) interactions involving the azide ligand are also established. The antiparallel 

formation of the stacking agrees well with the MEP surface commented above, since the 

electrostatic repulsion between the π-systems is minimized in this orientation. Moreover, the 

formation of the C–H···π interactions explains the large dimerization energy (ΔE = –27.3 

kcal/mol) due to the anionic nature of the azide (H-bond acceptor) and the enhanced acidity 

of the aromatic H-atoms due to the coordination of the quinoline moiety to the Zn(II) metal 

center. 
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Figure 6.29 Self-assembled dimer of 6.1, H-atoms and cations omitted for clarity apart from 

those participating in the C–H···π(azide) interactions. Distances in Å. 

6.4 Conclusions 

In conclusion, we have demonstrated a simple procedure for generation of different di 

and polynuclear Zn(II) complexes (6.1-6.4). We have also established that 8-aminoquinoline 

based Schiff base ligand may be an effective precursor for preparation of cubane-related 

metal complexes. The experimental outcome also reveals that by change of pseudohalide the 

nuclearity and geometry of the multinuclear-zinc complexes varied from dinuclear complex 

to corner-defective cubane.  It has been observed that pseudohalides like thiocyanate, 

selenocyanate and dicyanamide afford corner-defective cubane-like complexes 6.2-6.4 where 

6.2 and 6.3 are isostructural. The three complexes described here are valuable additions to the 

chemistry of polynuclear Zn(II) clusters. The approaches to cubane like complexes described 

here may provide functional models for biological systems and present opportunities for the 

construction of new chemistry. The photoluminescent studies of all the complexes indicate 

the red shift compared with the HL6.1 and the emission intensity of the complex is stronger 

than that of the ligand. Here all four complexes have been shown to undergo facile DNA 

binding. Finally, the complexes 6.2-6.4 presented here provide striking examples of the 

presence of various coordination modes of phenoxo group of the Schiff base ligand. It is 

noteworthy that, to our best knowledge, it is the first time to find different types of 
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coordination mode of the phenoxo group (mono, di (µ2) and triply (µ3) bridged phenoxo 

group) of 8-Aminoquinoline based Schiff base ligand present within a single molecule. 
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clear nickel(II) complexes derived
from NNO donor ligands: syntheses, crystal
structures and magnetic studies of dinuclear
analogues†

Pravat Ghorai,a Anindita Chakraborty,b Anangamohan Panja,c Tapan Kumar Mondala

and Amrita Saha*a

The present report deals with the synthesis and structural characterisation of a mononuclear (1),

a di(phenoxido)-bridged dinuclear (2) and a phenoxido/azide bridged dinuclear (3) nickel(II) complexes

derived from NNO donor Schiff base ligands. Structural studies reveal that, in all complexes, the nickel(II)

ions are hexa-coordinated in a distorted octahedral environment in which tridentate NNO ligand binds the

metal centre in the meridional configuration. The variable-temperature (2–300 K) magnetic susceptibility

measurements of dinuclear analogues (2 and 3) show that the interaction between the metal centres is

moderately ferromagnetic (J ¼ 15.6 cm�1 for 2 and J ¼ 15.3 cm�1 for 3). Broken symmetry density

functional calculations of exchange interaction have been performed on complexes 2 and 3 and provide

a good numerical estimate of J values (J ¼ 10.31 cm�1 for 2 and J ¼ 17.63 cm�1 for 3) to support the

experimental results. Most importantly, compound 2 is only the second example where ferromagnetic

coupling is operative in the class of di(phenoxido)-bridged dinickel(II) complexes. The bridging Ni–O–Ni

angle being close to the crossover region would provide significant information to get better insight into

the magneto-structural correlation in these systems. On the other hand, compound 3 is an important

addition to a family of very few hetero-bridged (phenoxido/azide) discrete compounds of nickel(II).
Introduction

There have been extensive studies of the magnetic properties of
di- and polynuclear transition metal complexes with exchange-
coupled magnetic1,2 centres for the search of single-molecule
magnets (SMMs).3–8 The design of such molecule-based
magnets relies on the presence of both intra- and inter-
molecular coupling. Therefore, the most important systems to
explore fundamental aspects are discrete dinuclear exchange-
coupled metal complexes because they make possible the
evaluation of the pairwise exchange interactions, knowledge of
which at least assess qualitatively the magnetic coupling in
higher nuclearity systems. In fact, the most of the experimental
or theoretical magneto-structural correlations have been
versity, Kolkata-700032, India. E-mail:

mju@gmail.com; Tel: +91-33-2457294

ysics of Materials Unit, Jawaharlal Nehru
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I and crystallographic data in CIF or
c6ra02982e

30
established from the studies of dinuclear compounds to
understand the basics of the magnetic coupling and to estab-
lish proper structure–property relationship.9–17 A rational
approach to synthesize discrete exchange-coupled dinuclear
metal complexes depends on synthetic strategy that involves
the use of particular transition metal ions, blocking ligands
and exidentate bridging ligands with the objective to propa-
gate specic magnetic interactions with interesting structures.
The well-known bridging anions like N3

�, NCS�, N(CN)2
�,

CN�,C2H3O2
�, C6H5O

�, and OH� etc., are oen used to form
such compounds.18 Among them, azido and hydroxo (phen-
oxide and alkoxide) bridges are the most versatile mediators of
magnetic exchange interactions between paramagnetic ions
due to their different modes of coordination ability.13,19 Inter-
estingly, while multinuclear Cu(II)-compounds featuring
double hetero-bridges m-hydroxido/alkoxido/phenoxido and
m-X (X ¼ azide, thiocyanate, cyanate, etc.) are quite common in
the literature,20 those of hetero-bridged compounds of other 3d
metal ions21–23 have been less investigated, and therefore, this
area deserves more attention. Among the transition metals,
Ni(II) deserves special mention due to its large single-ion
zero-eld splitting, and as a consequence numerous di- and
polynuclear Ni(II) complexes with interesting magnetic prop-
erties have been derived.24,25
This journal is © The Royal Society of Chemistry 2016
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Scheme 1 Drawing of the ligands used in this study.
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Schiff-base ligands have been extensively studied as blocking
ligands in coordination chemistry mainly due to their ease of
synthesis, tremendous structural diversities and immense possi-
bilities towards different applications including molecular
magnetism.26 Common strategy to develop di- and polynuclear
transition metal complexes is to the use of blocking ligands with
lesser donor sites in combination with bridging ligands. There-
fore, NNO or NNN donor Schiff base ligands along with various
polyatomic bridging anions are excellent combinations to produce
various structural architectures, and useful from the magnetic
coupling point of view.27,28 Schiff bases derived from salicylalde-
hydes and 8-aminoquinoline used as blocking ligands are scare in
literature.29,30 To the best of our knowledge, only limited numbers
of Cu(II)-binuclear complexes of this ligand have been structurally
characterized,29,30 while none is reported for nickel. We are inter-
ested in developing the coordination chemistry of nickel(II)
derived from 8-aminoquinoline and salicyladehyde/o-vanillin to
investigate whether it would cause any change in the structure and
magnetic properties of the resulting complexes. Accordingly, in
this present report, we have synthesized and structurally charac-
terized one mononuclear, one homo- and one hetero-bridged
dinuclear Ni(II) complexes, Ni(L1)2 (1), [Ni2(L

2)2(SCN)2(DMF)2] (2)
and [Ni2(L

1)2(N3)2] (3), respectively, where HL1 and HL2 are the
tridendentate Schiff base ligands derived from 8-aminoquinoline
and o-vanillin/salicylaldehyde, respectively, as shown in Scheme 1.
Magnetic characterization has been carried out for dinuclear
complexes 2 and 3. We also report here DFT calculations to
provide a qualitative theoretical interpretation of overall magnetic
behaviour of these dinuclear analogues. Both experimental and
theoretical data suggest that the dinuclear nickel(II) analogues
exhibit ferromagnetic interaction.
Experimental section
Materials

Materials such as 8-aminoquinoline, o-vanillin and salicylalde-
hyde were purchased from Sigma-Aldrich, India. The chemicals
were of reagent grade and used without further purication. All
This journal is © The Royal Society of Chemistry 2016
other chemicals and solvents were of reagent grate and used as
received.

Caution! Azide salts of metal complexes with organic ligands
are potentially explosive. Only a small amount of material
should be prepared and it should be handled with great care.

Synthesis of the Schiff-base ligands

Tridentate Schiff base ligand (HL1) was prepared by the stan-
dard method.29 Briey, 1.0 mmol of 8-aminoquinoline (145 mg)
was mixed with 1.0 mmol of o-vanillin (152 mg) in 20 ml of
methanol. The resulting solution was heated to reux for ca. 1 h,
and allowed to cool. Ligand HL2 was synthesized following the
identical procedure using salicylaldehyde (1.0 mmol, 122 mg)
instead of o-vanillin. The dark orange methanol solutions were
used directly for complex formation.

Synthesis of Ni(L1)2 (1)

NiCl2$6H2O (237 mg, 1.0 mmol) dissolved in 10 ml of methanol
was added to amethanolic solution (10ml) of the ligand (HL1, 2.0
mmol) with constant stirring for about 3 h. The resulting solution
was ltered, and the ltrate was le to stand in the air. X-ray
quality red colour single crystals of complex 1 were obtained in
several days upon slow evaporation of the ltrate at ambient
temperature. Yield: 430 mg (70%). Anal. calcd for C34H26N4O4Ni:
C 66.65%, H 4.28%, N 9.15%. Found: C 66.76%, H 4.36%, N
9.01%. IR (cm�1, KBr): n(C]N) 1606 m; n(C]N, py) 1533 m.

Synthesis of [Ni2(L
2)2(SCN)2(DMF)2] (2)

NiCl2$6H2O (237 mg, 1.0 mmol) and HL2 (1.0 mmol) were
combined in a 20 ml methanol, and to the mixture 5 ml DMF
solution of sodium thiocyanate (81 mg, 1.0 mmol) was added
with stirring. Finally few drops of triethylamine were added with
stirring. The resulting mixture was heated to reux for 1 h
during which time colour of the solution changed to dark
reddish brown. The reaction mixture was then ltered and kept
at room temperature. Analytically pure dark-brown crystals
suitable for X-ray diffraction were obtained from the solution
aer several days, which was collected by ltration and washed
with methanol/ether and air dried. Yield: 670 mg (77%). Anal.
calcd for C40H36N8O4S2Ni2: C 55.03%, H 4.16%, N 12.84%.
Found: C 54.87%, H 4.27%, N 12.66%. IR (cm�1, KBr): n(C]N)
1608 m; n(C]N, py) 1581 m; n(SCN) 2097s.

Synthesis of [Ni2(L
1)2(N3)2] (3)

Complex 3 was synthesized frommethanol/water solvent mixture
following the very similar procedure as described for complex 2
but HL1 and sodium azide were used instead of HL2 and sodium
thiocyanate, respectively. Colour: dark brown, yield: 650 mg
(82%). Anal. calcd for C35H30N10O5Ni2: C 53.42%, H 3.84%, N
17.81%. Found: C 53.58%, H 3.72%, N 17.62%. IR (cm�1, KBr):
n(C]N) 1606 m; n(C]N, py) 1537 m; n(N3

�) 2057, 2032s.

Physical measurements

Elemental analyses for C, H and N were carried out using
a Perkin-Elmer 240C elemental analyser. Infrared spectra (400–
RSC Adv., 2016, 6, 36020–36030 | 36021
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4000 cm�1) were recorded from KBr pellets on a Nicolet Magna
IR 750 series-II FTIR spectrophotometer. The powder X-ray
diffraction (PXRD) data were registered with a Bruker D8
Advance X-ray diffractometer using Cu-Ka radiation (l ¼ 1.5418
Å) operating at 40 kV and 40 mA. The XRD patterns were
recorded in the 2q range of 3–50 using Lynxeye detector (1D
mode) with a step size of 0.02 and a dwell time of 1 s per step.
DC magnetic susceptibility data of polycrystalline powder
samples of 2 and 3 were collected on a Vibrating Sample
Magnetometer, PPMS (Physical Property Measurement System,
Quantum Design, USA) in the temperature range of 2 K to 300 K
with an applied eld 1000 Oe. Field variation (�5 kOe to 5 kOe)
magnetization measurement was carried out at 2 K.
X-ray crystallography

Single crystal X-ray diffraction data of complexes 1–3 were
collected on a Bruker SMART APEX-II CCD diffractometer using
graphite monochromated Mo/Ka radiation (l ¼ 0.71073 Å). The
unit cells were determined from the setting angles of 36 frames
of data. Data processing, structure solution, and renement
were performed using the Bruker Apex-II suite program. All
available reections to 2qmax were harvested and corrected for
Lorentz and polarization factors with Bruker SAINT plus.31

Reections were then corrected for absorption, inter-frame
scaling, and other systematic errors with SADABS.31 The struc-
tures were solved by the direct methods and rened by means of
full matrix least-square technique based on F2 with SHELX-97
soware package.32 All the non-hydrogen atoms were rened
with anisotropic thermal parameters. All the hydrogen atoms
belonging to carbon were placed in their geometrically idealized
Table 1 Crystal data and structure refinement of complexes 1–3

Compound 1

Empirical formula C34H26N4O4Ni
Formula weight 613.30
Temperature (K) 298 (2)
Wavelength (Å) 0.71073
Crystal system Monoclinic
Space group P21/n
a (Å) 12.5834(7)
b (Å) 10.2983(6)
c (Å) 21.547(1)
a (�) 90
b (�) 98.706(3)
g (�) 90
Volume (Å3) 2760.1(3)
Z 4
Dcalc (g cm�3) 1.476
Absorption coefficient (mm�1) 0.752
F(000) 1272
q Range for data collection (�) 1.77–27.24
Reections collected 41 174
Independent reection/Rint 3699/0.0711
Data/restraints/parameters 6084/0/388
Goodness-of-t on F2 1.022
Final R indices [I > 2s(I)] R1 ¼ 0.0922, wR2 ¼ 0.1316
R indices (all data) R1 ¼ 0.1101, wR2 ¼ 0.1598

36022 | RSC Adv., 2016, 6, 36020–36030
positions, while hydrogen atom connected to oxygen atom of
DMF molecule was located on the difference Fourier map and
all of them were constrained to ride on their parent atoms.
Crystal data and details of the data collection and renement
for 1–3 are summarized in Table 1.
Results and discussion
Syntheses and IR spectroscopy

In the synthesis of metal complexes 1–3, we used two different
Schiff base ligands HL1 and HL2. HL1 was derived from 1 : 1
condensation of o-vanillin and 8-aminoquinoline in methanolic
solution, whereas ligand HL2 was synthesized using salicy-
laldehyde instead of o-vanillin. Mononuclear complex 1 was
synthesized simply by allowing Schiff base HL1 to react with
NiCl2$6H2O in a methanol solution in a 2 : 1 molar ratio.
Complex 2 was obtained by adding a methanolic solution of
NiCl2$6H2O to a methanolic solution of Schiff base ligand HL2

followed by DMF solution of NaSCN in a 1 : 1 : 1 molar ratio in
the presence of few drops of triethylamine. Complex 3 was
synthesized adopting very similar procedure as that of 2, by
adding a methanolic solution of NiCl2$6H2O to a methanolic
solution of Schiff base ligand HL1, followed by aqueous solution
of NaN3 in a 1 : 1 : 1 molar ratio. A comparison of the powder
XRD patterns of 2 and 3 (Fig. S1 and S2†) with that of the
simulated powder XRD patterns of the single crystals clearly
show the purity of the bulk samples which are in accord with
the elemental analyses results.

In the IR spectra of complexes 1, 2 and 3, a strong and sharp
band due to azomethine n(C]N) appears at 1606, 1608 and
2 3

C40H36N8O4SNi2 C35H30N10O5Ni2
874.31 788.11
298 (2) 298 (2)
0.71073 0.71073
Triclinic Orthorhombic
P�1 Pbca
9.488(3) 18.6631(5)
10.734(4) 18.8121(5)
11.133(4) 19.0739(5)
73.787(7) 90
68.999(7) 90
84.003(7) 90
1016.4(6) 6696.7(3)
1 8
1.428 1.563
1.080 1.185
452 3248
1.98–27.50 1.87–25.04
9071 91 058
2902/0.0583 4660/0.0492
4260/0/253 5912/0/472
1.072 1.021
R1 ¼ 0.1037, wR2 ¼ 0.2515 R1 ¼ 0.0287, wR2 ¼ 0.0642
R1 ¼ 0.1338, wR2 ¼ 0.2853 R1 ¼ 0.0447, wR2 ¼ 0.0717

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Crystal structure of 1 showing atom numbering scheme.
Hydrogen atoms are omitted for clarity and ellipsoids are drawn at 30%
probability.

Table 2 Bond distances (Å) and bond angles (�) of 1–3a

For complex 1

Ni1–N1 2.099(3) Ni1–O1 2.056(2)
Ni1–N2 2.055(3) Ni1–O3 2.032(2)
Ni1–N3 2.102(3) Ni1–N4 2.039(3)
N1–Ni1–N2 79.35(12) N3–Ni1–N4 79.92(11)
N1–Ni1–O1 167.16(11) N3–Ni1–O3 169.58(10)
N2–Ni1–N4 173.78(11) N4–Ni1–O3 89.75(10)
N2–Ni1–O1 87.86(10)

For complex 2

Ni1–N1 2.051(5) Ni1–O2 2.061(4)
Ni1–N2 2.022(5) Ni1–O1a 2.157(4)
Ni1–N3 2.051(6) S1–C17 1.630(7)
Ni1–O1 2.020(4) N3–C17 1.165(9)
N2–Ni1–N1 81.2(2) N2–Ni1–O2 172.92(18)
O1–Ni1–N2 90.40(17) N3–Ni1–O1a 172.93(19)
O1–Ni1–N1 168.52(19) Ni1–O1–Ni1a 98.08(16)

For complex 3

Ni1–N1 2.0436(18) Ni2–N3 2.1333(19)
Ni1–N2 2.0127(19) Ni2–N6 2.0253(19)
Ni1–N3 2.1611(18) Ni2–N7 2.0434(18)
Ni1–O1 1.9784(15) Ni2–N8 2.1197(19)
Ni1–O3 2.0127(15) Ni2–O3 2.0077(14)
Ni1–O4 2.2562(16) Ni2–O5 2.1619(17)
N3–N4 1.207(3) N8–N9 1.189(3)
N4–N5 1.152(3) N9–N10 1.173(3)
O1–Ni1–N2 91.37(7) N6–Ni2–N3 169.28(7)
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1606 cm�1, respectively. In the spectrum of complex 2, a strong
absorption band is observed at 2098 cm�1, which characterizes
n(C^N) vibration of thiocyanate anions.28,33 Complex 3 shows
two sharp absorption bands, at 2057and 2032 cm�1, consistent
with the presence of both end-on bridging and terminal azide in
the structure.34
N2–Ni1–N1 81.36(7) N3–Ni1–O4 154.57(7)
O3–Ni1–O4 74.37(6) O3–Ni2–N7 170.96(7)
N6–Ni2–N7 81.88(8) N8–Ni2–O5 177.92(7)
O3–Ni2–N6 89.47(7) Ni2–O3–Ni1 102.67(6)
N2–Ni1–O3 174.65(7) Ni2–N3–Ni1 93.94(7)
O1–Ni1–N1 172.29(7)

a Symmetry code: a ¼ 1 � x, �y, �z.
Description of the crystal structures

Complex 1 crystallizes in the monoclinic space group P21/n. The
perspective view of the mononuclear nickel(II) complex is shown
in Fig. 1. Selected bond distances and angles with their esti-
mated standard deviations are listed in Table 2. Two HL1

ligands bind the metal ion in a N2O fashion using a phenolate
oxygen atom, imine nitrogen atom and amine nitrogen atom,
forming one ve and one six membered chelate rings, and each
of them occupies one meridional position of the octahedral
structure of nickel(II). The ve-membered chelate bite angles
N3–Ni1–N4 [79.92(11)] and N1–Ni1–N2 [79.35(12)�] are close but
differ from other two bite angles N4–Ni1–O3 [89.75(10)] and N2–
Ni1–O1 [87.86(10)] which are considerably close to the ideal
octahedral value (90�). The four coordinating atoms making up
the basal plane are two phenoxo-O atoms [O3 and O1] and two
quinoline-N atoms [N1 and N3] from the two Schiff bases, while
the axial sites are occupied by two imine-N atoms [N2 and N4].
From close inspection of bond distances it has been observed
that Ni–N(quinoline) bond distances are relatively longer
compared to Ni–O(phenoxo) bond distances. The chelate bite
angles and the transoid angles strongly suggest that the
complex has a distorted octahedral structure. The solid state
structure of 1 is stabilized by edge-to-edge p/p stacking, C–
H/p and nonconventional C–H/O hydrogen bonding inter-
actions as shown in Fig. S3.†

The crystal structure of 2 consists of a discrete di-
(phenoxido)-bridged centro symmetrical unit of formula [Ni2
(L2)2(SCN)2(DMF)2], (Fig. 2). Selected bond lengths and angles
This journal is © The Royal Society of Chemistry 2016
are presented in Table 2. In this complex, each nickel(II) centre
is hexa-coordinated with a distorted octahedral geometry.
Nickel(II) centre is bonded to three donor atoms of the depro-
tonated Schiff base ligand HL2 through the quinone amine
nitrogen atom N1, the imine nitrogen atom N2, and the phe-
noxido oxygen atom O1 as well as to a bridging phenoxido-
oxygen atom O1a [a: 1 � x, �y, �z] from the symmetry-related
Schiff base ligand. Furthermore, the metal centre is coordi-
nated with a monodentate NCS� anion through N3 and a DMF
molecule through O2 centre to complete the coordinative
requirement for the octahedral geometry. As is usually found in
this type of double phenoxido-bridged Ni(II) dimers, the Ni2O2

core is slightly asymmetric, because each Ni(II) ion is closer to
the phenoxido oxygen atom of L2 [Ni1–O1 ¼ 2.020(4), Table 2]
than that of the phenoxido oxygen atom of the symmetry-related
Schiff base ligand [Ni1–O1a ¼ 2.157(4)]. The two Ni atoms are
separated by 3.156(1) Å, and the Ni1–O1–Ni1a bridge angle is
98.08(16)�. The tridentate ligand coordinates to the metal ion in
themeridional conguration which is usual for this type of rigid
ligand. Note that Ni1–O1 and Ni1–N2 are the two shortest
RSC Adv., 2016, 6, 36020–36030 | 36023
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Fig. 2 Molecular structure of 2 showing atom numbering scheme.
Hydrogen atoms are omitted for clarity and ellipsoids are drawn at 30%
probability.
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bonds, and bonds trans to N1 [Ni1–O1a] are signicantly
lengthened in 2. The axial positions of the metal centres are
occupied by the bridging phenoxo-O atom (O1a) from the tri-
dentate ligand at a distance of 2.157(4) Å, and the thiocyanate
nitrogen atom N3 at a distance of 2.051(6) Å. The four donor
atoms namely O1, N2, N1 and O2 describe the basal plane
around the Ni1 centre, and the displacement of the metal centre
from the mean square plane towards the axially coordinated
O1a atom is 0.012(3) Å. The equatorial plane is characterized by
the bond lengths Ni1–O1¼ 2.020(4), Ni1–N2¼ 2.022(5), Ni1–N1
¼ 2.051(5) and Ni1–O2¼ 2.061(4) Å. The solid state architecture
of 2 is stabilized by edge-to-edge p/p stacking, C–H/p and
nonconventional C–H/O hydrogen bonding interactions as
shown in Fig. S4.†
Fig. 3 Crystal structure of 3 showing atom numbering scheme.
Hydrogen atoms are omitted for clarity and ellipsoids are drawn at 30%
probability.

36024 | RSC Adv., 2016, 6, 36020–36030
The crystal structure of [Ni2(L
1)2(m1,1-N3)(N3)(CH3OH)] (3) is

shown in Fig. 3. The structural analysis reveals that the
dinickel(II) compound consists of two deprotonated L1 ligands.
Of the two phenoxo-oxygen atoms of two L1, one oxygen atom
O3 bridges the twometal centres (Ni1 and Ni2) while the second
oxygen O1 acts as a monodentate ligand and is coordinated to
Ni1 centre. Again, of the two methoxy oxygen atoms of two L1

ligands, O4 is coordinated to Ni1 while the second oxygen atom
O2 is noncoordinated. The quinoline nitrogen atoms (N1, N7)
and imine nitrogen atoms (N2, N6) of each of the two L1 are
coordinated to each of the two metal centres. In addition to the
phenoxo bridge, the metal centres in the dinuclear core are also
bridged by the nitrogen atom N3 of an end-on azide ligand. The
remaining coordination position of Ni2 is satised by the
oxygen atom (O5) of a methanol molecule. Thus, both metal
centres are hexa-coordinated, but the coordination environ-
ments of Ni1 and Ni2 consist of a different set of donor atoms
(N3O3 for Ni1 and N4O2 for Ni2). The bond lengths and angles in
the coordination environment of the metal centres are listed in
Table 2. In case of Ni1 centre, the bond distances involving the
bridging andmonodentate phenoxo-oxygen atom and the imine
nitrogen atom are shorter than other three bond lengths, which
follow the order Ni–O(methoxy) > Ni–N(m1,1-N3) > Ni–N(quino-
line). In contrast, the trend of bond distances in Ni2 is slightly
different from the Ni1 centre because these are not similarly
coordinated. For the Ni2 centre, the bond distances involving
the bridging phenoxo-oxygen atom, quinoline nitrogen atom
and the imine nitrogen atom are again shorter than other three
bond lengths, which follow the order Ni–O(methanol) > Ni–
N(m1,1-N3) > Ni–N(terminal N3). For Ni1, bridging phenoxo-
oxygen atom (O3) and the imine nitrogen (N2) occupy the
axial positions, while the monodentate phenoxo (O1), methoxy
oxygen atom (O4), the bridging azide (N3) and quinoline
nitrogen atom (N1) dene the basal plane. In the case of Ni2,
the terminal azide (N8) and methanol oxygen (O5) occupy the
axial positions, while the bridging azide (N3), imine nitrogen
atom (N6), quinoline nitrogen atoms (N7), and bridging phe-
noxo oxygen (O3) dene the basal plane. The range of the
transoid angles are 154.61(7)–174.65(7) for Ni1 and 169.28(7)–
177.92(7) for Ni2. The ranges of the cisoid angles are 101.53(7)–
74.37(6) for Ni1 and 81.88(8)–94.45(7) for Ni2 in 3. Clearly, both
the transoid and the cisoid angles deviate signicantly from
ideal values of an octahedral geometry. The molecular packing
of the complex is stabilized by nonconventional hydrogen
bonding interactions as shown in Fig. S5.†
Magnetic properties

The plot of cMT versus T for 2 is displayed in Fig. 4. The room
temperature cMT value is 2.07 cm3 mol�1 K. From room
temperature to 7 K, there is a gradual increase in cMT value and
beyond this maximum, cMT value gradually decreases. An
overall ferromagnetic interaction is evident from the nature of
cMT versus T plot. The decrease of cMT value beyond 7 K is
probably a consequence of the zero-eld splitting arising from
single-ion anisotropy of Ni(II) ions and possible inter dimer
interaction. To understand the nature of magnetic exchange
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 The plots of cMT vs. T for 2. The solid red line indicates the best
fit obtained in the temperature range 10 K–300 K (see text).

Fig. 6 The plot of cMT vs. T for 3. The solid red line indicates the best fit
obtained in the temperature range 22 K–300 K (see text).
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and to determine the value of the coupling constant (J), the cMT
data (in the dominant ferromagnetic region 300 K–22 K) were
tted to the isotropic spin Hamiltonian: Ĥ ¼ �JŜ1Ŝ2,35 for the
Ni(II) dimer (S1¼ S2¼ 1). The temperature dependence of cM for
such a Ni(II) dimeric system can be written as following eqn (1):

cM ¼ (2Nb2g2/kT) {[exp(J/kT) + 5 exp(3J/kT)]/[1 + 3 exp(J/kT)

+ 5 exp(3J/kT)]} + Na (1)

In this expression, N, b, k and g have their usual meanings
and the last term (Na) is the temperature-independent para-
magnetism which is assumed to be 200 � 10�6 cm3 mol�1 for
two nickel(II) ions. The cMT data (300 K–10 K) were tted using
eqn (1) and the best-t parameters are J ¼ 15.6 cm�1 with g ¼
2.01, and R ¼ 4.7 � 10�4 {R ¼ P

[(cM)
obs � (cM)

calc]2/[(cM)
obs]2}

(Fig. 4). The value of J suggests ferromagnetic interaction, which
Fig. 5 The M vs. H curve for 2 at 2 K.

This journal is © The Royal Society of Chemistry 2016
is also validated by the positive value of Weiss constant q of 20.4
K obtained from Curie–Weiss tting of the plot of 1/cM vs. T in
the temperature range 300–140 K (Fig. S6†). The maximum
value of magnetization at 2 K reaches of 3.54 Nb (Fig. 5), which
is slightly less than the expected value for ferromagnetically
coupled Ni(II) dimers.

Fig. 6 shows the variable-temperature magnetic suscepti-
bility of 3 measured at 1000 Oe. At 300 K, the cMT value is 2.8
cm3 mol�1 K, typical for two Ni(II) ions with g > 2.00. Upon
cooling, cMT value increases and reaches a maximum value of
3.74 cm3 mol�1 at 17 K, and then nally decreases with
temperature. Similar to compound 2, a dominant ferromagnetic
interaction is suggested by the nature of cMT versus T plot, while
the decrease of cMT value beyond the maximum is result of the
zero-eld splitting as well as the possible inter dimer antifer-
romagnetic interaction. The best t parameters using eqn (1)
Fig. 7 The M vs. H curve for 3 at 2 K.

RSC Adv., 2016, 6, 36020–36030 | 36025
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Table 3 Experimental and DFT calculated magnetic exchange coupling constants for 2 and 3

Complexes EHS (a.u.) EBS (a.u.) hS2iHS hS2iBS Jtheo (cm
�1) Jexp (cm�1)

2 �3419.3024026 �3419.3022145 6.011 2.007 10.31 15.6
3 �2613.420067 �2613.4197459 6.015 2.011 17.63 15.3
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show J ¼ 15.3 cm�1 with g ¼ 2.32, and R ¼ 2.6 � 10�4 {R ¼
P

[(cM)
obs � (cM)

calc]2/[(cM)
obs]2} (Fig. 6). The positive value of J

suggests the existence of a ferromagnetic coupling within the
Ni(II) dimer. The temperature dependence of the reciprocal
susceptibility plot above 120 K (Fig. S7†) follows the Curie–
Weiss law with a Weiss constant q of 11.25 K, which is also
consistent with the ferromagnetic coupling between Ni(II) ions.
The M vs. H curve at 2 K reaches a maximum value of 3.8 Nb
(Fig. 7), which is very close to the expected value for ferro-
magnetically coupled Ni(II) dimer.
DFT study and magneto-structural correlations

In order to get better insight into the magnetic exchange
phenomena in the binuclear nickel(II), phenoxo-O and azido-N
bridged complexes 2 and 3, “broken-symmetry” density func-
tional theory (DFT)36 calculations have been carried out using
the hybrid B3LYP exchange-correlational functional37 in
Gaussian 09 program.38 All elements except nickel have been
assigned the 6-31+G(d) basis set. The LanL2DZ basis set with
effective core potential has been employed for the nickel
atoms.39 The broken-symmetry procedure can be applied to
a system of two nickel(II) ions, each containing two unpaired
spins. First a self-consistent eld (SCF) calculation is carried in
quintet state (HS) of the molecule. In the next stage, another
SCF calculation is performed taking two spins up on a nickel
atom and two spins down on the other nickel atom, which is
referred to as the broken-symmetry (BS) solution. Finally, the
magnetic exchange coupling constant (J) value is evaluated
using the Yamaguchi formula,40 J¼ (EBS� EHS)/(hS2iHS� hS2iBS),
where EHS and EBS are the energies, hS2iHS and hS2iBS are the
spin-squared operator in the high-spin (HS) and broken
symmetry (BS) state. The calculated J value for complex 3 is
found to be 17.63 cm�1 and is comparable to the experimental
Fig. 8 Spin density plots of 2 correspond to (a) high spin state and (b)
broken symmetry state. The isodensity cutoff value is 0.004 e bohr�3. Blue
and green colours represent positive and negative spins respectively.

36026 | RSC Adv., 2016, 6, 36020–36030
value 15.3 cm�1 (Table 3), while for complex 2 the theoretical
value 10.31 cm�1 is found to be lower compare to the experi-
mental value 15.6 cm�1. In both the cases the positive J value
indicates, there is ferromagnetic interactions between the
nickel centres. The spin density plots in high-spin and broken-
symmetry states are shown in Fig. 8 and 9 for complexes 2 and 3,
respectively. The spin density plots suggest, in addition to the
nickel centres, the spin density is well distributed in bridging
azide-N and phenoxo-O atoms and so the magnetic exchange
phenomena have been taking place through the bridging atoms
in the complexes.

As already described in the structural section, 2 is a Ni(II)
dimer with a di-phenoxo bridging unit. Experimental and
theoretical magneto-structural correlations carried out by
several groups have clearly shown that the major factor
controlling the exchange coupling in planar alkoxido– and
phenoxido–Ni(m-O)2Ni complexes is the bridging Ni–O–Ni angle
(q).24 According to these magneto-structural correlations,
a ferromagnetic coupling is expected when Ni–O–Ni angle is
close to 90�. As Ni–O–Ni angle deviates from 90�, the ferro-
magnetic coupling decreases and above the critical Ni–O–Ni
angle of �96 to 98�, the coupling becomes antiferromagnetic.24

The bridging Ni–O–Ni angle of 98.089(16)� in 2 suggests that
magnetic coupling between two Ni(II) centres could be either
weak antiferromagnetic of even ferromagnetic as the angle falls
in the crossover region. Moreover, it has also been seen from the
theoretical studies that the out-of-plane displacement of the
phenyl carbon atom directly linked to the phenoxo oxygen atom
from the Ni2O2 plane (s) is of as much importance as bridging
angle q in determining the sign and direction of the J value. It
has been shown from the theoretical studies that the AF inter-
action decreases with increase in s value.24 Although the
bridging angle falls in the crossover region but the larger s angle
of 39.5� in 2 prevent an adequate pathway for super exchange
(weakening antiferromagnetic coupling), and thus it is reason-
able to think that the ferromagnetic interaction between the
Fig. 9 Spin density plots of 3 correspond to (a) high spin state and (b)
broken symmetry state. The isodensity cutoff value is 0.004 e bohr�3.
Blue and green colours represent positive and negative spins respectively.

This journal is © The Royal Society of Chemistry 2016
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Table 4 Magnetic and structural parameters of the double phenoxido or alkoxido-bridged octahedral dinuclear nickel(II) complexes

Compound q (�)a Jexp (cm�1) M/M (Å) Ref.

[Ni2(L)(CH3CO2)2]$10H2O 95.6 10.1 3.005 41
2 98.08 15.3 3.156 This work
[Ni2(L)2(NO2)2]$CH2Cl2$C2H5OH$2H2O

a 98.28 �5.26 3.053 42
[Ni(L)(OOCCF3)(CH3OH)]2 98.7 �19.2 3.077 43
[Ni(L)(OOCCF3)(H2O)]2 98.92 �19.5 3.066 43
[Ni2(L) (N3)2(H2O)2]$CH3CN 99.15 �18.8 3.085 44
[Ni2(Hemp)(H2O)4](F3CCOO)2$2H2O 99.16 �24.6 3.071 45
[{Ni(Hsalhyph)Cl(H2O)}2]$2DMF 99.2 �14.8 3.085 46
[Ni2L(NCS)2(H2O)2]$2DMFa 99.2 �21.3 3.105 47
Ni2(L)2(NO3)2] 99.31 �20.34 3.124 48
[Ni2L(H2O)4](ClO4)2$4NH2CONH2 99.5 �17.0 3.100 47
[Ni2(L)2(NO3)2] 99.75 �24.27 3.119 49
Ni2(L)2(NO2)2] 100.0 �25.25 3.156 48
[Ni2(Hemp)(H2O)4](ClCH2COO)2$2H2O 100.15 �29.6 3.101 45
[Ni2L2(OAc)2] 100.58 �36.18 3.176 50
[(NiL)2]$CH3OH$4H2O 100.6 �66.4 3.1538 51
[Ni2L(MeOH)2(ClO4)2]$2NHEt3ClO4

a 101.3 �29.5 3.135 47
[Ni2(m-L)(acac)2(H2O)]$CH3CN 101.5 �12.6 3.203 52
[Ni2(sym-hmp)2](BPh4)2$3.5DMF$0.5(2-PrOH) 105.43 �69.7 3.237 53

a Average bridging angle.
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Ni(II) ions observed for 2 is not unexpected. It should be noted
that, to the best of our knowledge, 2 is the second example of
a structurally and magnetically characterized bis(m-alkoxido or
phenoxido) bridged dinuclear nickel(II) complex which shows
ferromagnetic coupling between two metal centres. Careful
inspection of the literature results shows that all the reported
di-(alkoxido or phenoxido)-bridged dinuclear nickel(II)
complexes show strong antiferromagnetic interactions except in
one case where the ferromagnetic coupling is observed in which
bridging angle was found to be 95.6�.41 As can be seen from the
magneto-structural parameters for the reported di-(alkoxido or
phenoxido)-bridged dinuclear nickel(II) complexes in
Table 4,41–53 in most of the antiferromagnetically coupled
systems, bridging angles are found to be above 99�. Interest-
ingly, there is one Ni(II) dimer presenting a very similar bridge to
that of compound 2 with Ni–O–Ni bond angle of 98.28� but in
that case antiferromagnetic coupling is observed.42 Magneto-
structural correlation data clearly suggest how slight variation
of bridging angle affects magnitude of the magnetic coupling.
Table 5 Magnetic and structural parameters of m-phenoxo–m1,1-azide n

Compound
Jexp
(cm�1)

Ni–O–Ni
(deg)

3 15.6 102.68

[Ni2(L)2(m1,1-N3)(N3)(H2O)]$CH3CH2OH 16.6 103.0
[Ni2(L)2(m1,1-N3)(CH3CN)(H2O)](ClO4)$H2O$CH3CN 16.9 104.7
[Ni2(HL)3(m1,1-N3)]$3H2O 5.0 106.9
[Ni(L)(m1,1-N3)Ni(L

1) (N3)(OH2)]$H2O 25.6 106.7
[Ni2(L)(N3)(H2O)]$CH3OH$H2O 2.85 102.3
[Ni2(HL)2(m1,1-N3)(o-vanillin)]$H2O 6.69

This journal is © The Royal Society of Chemistry 2016
In addition to this difference in bridging angle, several other
structural dissimilarities perhaps play the signicant role in the
opposite sign of the magnetic coupling in these complexes: (i) 8-
aminoquinoline part of the ligand imposes geometrical
restraint in the present case but the ligand used in the previous
study was exible enough, (ii) structural rigidity enforces the
deprotonated ligand L2 to bind with the metal center in
meridional fashion while it is facially coordinated in the
previous complex and (iii) nally, a major difference is that the
coordination environment in the correlated complex consists of
a N2O4 donor set in which donor atoms from tridentate ligands
exclusively occupy the axial positions, while it is N3O3 in
complex 2 and one of the apical position is occupied by exog-
enous SCN� ligand.42 All these above facts strongly suggest that
as a large number of structural parameters such as bond angles,
bond lengths, out of plane displacement, dihedral angles and
the remaining coordination of planes need to be considered to
account for the variation of the exchange interaction in this type
of complexes. The bridging angle of the most of the reported
ickel(II) compounds

Ni–N–Ni
(deg)

Average Ni–O
(Å)

Average Ni–N
(Å)

Asymmetry in Ni–N
(Å) Ref.

93.92 2.01 2.145 0.03 This
work

98.0 2.035 2.11 0.06 54
97.0 2.005 2.115 0.01 54
96.3 1.99 2.15 0.12 55
96.5 1.985 2.14 0.02 15
95.6 2.02 2.125 0.03 56

2.006 2.125 0.05 57

RSC Adv., 2016, 6, 36020–36030 | 36027
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compounds in these systems is above 99�, and thus a large
number of examples on such systems covering a wide range of
bridging angles (especially at the region of crossover angle) are
required to develop proper magneto-structural correlation.

Unlike to di-(phenoxo)-bridged complexes, m-phenoxo–m1,1-
azide bridged complexes possess dissimilar bridges, and thus
there are many parameters which can affect the magnitude of J.
Here, the exchange interaction propagated mainly through the
phenoxo and end-on azido bridges and the structural parame-
ters related to these bridges should be taken into account to
understand the magnetic behaviour of a compound having a m-
phenoxo–m1,1-azide bridging moiety. As we mentioned earlier,
when the Ni–phenoxido–Ni bridge angle is greater than 96–98�,
antiferromagnetic behaviour is expected. In contrast, the
interaction is predicted to be ferromagnetic for the end-on (EO)
azide-bridged Ni(II) complexes, with J increasing upon
increasing the bridging angle, yielding a maximum at around
104�. In addition to the bridging angle, it has also been estab-
lished theoretically that the extent of ferromagnetic interaction
in EO azide-bridged Ni(II) complexes decreases linearly with the
Ni–N bond lengths. These three governing structural parame-
ters of the m-alkoxido/phenoxido–m-azide nickel(II) systems
along with their exchange integrals are listed in Table 5.15,55–57 Of
them, it is clear from the magneto-structural correlation table
that the parameters relevant to the azide bridging are the key
factor governing the sign and strength of the magnetic inter-
action between two metal centres. In fact, all the reported m-
alkoxido/phenoxido–m-azide nickel(II) compounds exhibit
ferromagnetic interaction. All these structural parameters of 3
are very similar to previously reported m-alkoxido/phenoxido–m-
azide nickel(II) systems, and thus nature and magnitude of
interactions observed in 3 is reasonable.
Conclusion

We have synthesized and structurally characterized one mono-
nuclear (1) and one di(phenoxido)-bridged dinuclear (2) and
one m-phenoxido/m-azide bridged dinuclear (3) nickel(II)
complexes derived from NNO donor Schiff base ligands. Struc-
tural studies reveal that the metal centres in all complexes are
hexa-coordinated in a distorted octahedral geometry in which
the rigid tridentate ligands span around the metal centre in the
meridional position. Both complexes exhibit ferromagnetic
interaction at lower temperatures. Interestingly, the observed J
values for both compounds 2 and 3 are well matched with J
values obtained from broken symmetry density functional
calculations. It is important to note that the di(phenoxido)-
bridged dinickel(II) complex (2) is only the second example
where ferromagnetic coupling is operative in-between two
nickel(II) centres. The bridging Ni–O–Ni angle being close to the
crossover region would provide signicant information to get
better insight into the magneto-structural correlation in these
systems. As there are very few hetero-bridged discrete
compounds of dinickel(II), compound 3 is an important addi-
tion in the family of such systems.
36028 | RSC Adv., 2016, 6, 36020–36030
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S. M. Holmes, R. Clérac and C. Mathonie ̀re, Inorg. Chem.,
2012, 51, 12350.

19 (a) M. F. Charlot, O. Kahn, M. Chaillet and C. Larrieu, J. Am.
Chem. Soc., 1986, 108, 2574; (b) L. K. Thompson and
S. S. Tandon, Comments Inorg. Chem., 1996, 18, 125.

20 Y.-C. Chou, S.-F. Huang, R. Koner, G.-H. Lee, Y. Wang,
S. Mohanta and H.-H. Wei, Inorg. Chem., 2004, 43, 2759.

21 (a) G. Ambrosi, P. Dapporto, M. Formica, V. Fusi, L. Giorgi,
A. Guerri, M. Micheloni, P. Paoli, R. Pontellini and
P. Rossi, Dalton Trans., 2004, 3468; (b) J. M. Clemente-
Juan, C. Mackiewicz, M. Verelst, F. Dahan, A. Bousseksou,
Y. Sanakisand and J.-P. Tuchagues, Inorg. Chem., 2002, 41,
1478.

22 S. Hazra, R. Koner, P. Lemoine, E. C. Sañudo and
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Partha Pratim Ray,* and Amrita Saha*

Cite This: Inorg. Chem. 2020, 59, 8749−8761 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The combination of two 8-aminoquinoline-based Schiff base ligands
(L1 and L2) with SCN− and Ni(II) has led to the synthesis of two new one-
dimensional thiocyanato-bridged coordination polymers: [Ni(L1)(NCS)2]n (1)
and [Ni(L2)(NCS)2]n (2). Both compounds are isostructural and consists of
regular zigzag thiocyanato-bridged chains with very weak S···S interchain
interactions. The measured room-temperature conductivities of compounds 1
and 2 (7.0 × 10−5 and 2.0 × 10−5 S m−1, respectively) are indicative of
semiconductor behavior which increases in the presence of photoillumination (3.5
× 10−4 and 4.9 × 10−4 S m−1, respectively). The measured I−V characteristics of
compound 1 and 2 based thin film metal−semiconductor (MS) junction devices
under irradiation and nonirradiation conditions show a nonlinear rectifying
behavior, typical of a Schottky diode (SD). The rectification ratios (Ion/Ioff) of the
SDs in the dark at ±2 V (26.96 and 31.96 for 1- and 2-based devices, respectively)
increase to 44.19 and 79.42, respectively, upon light irradiation. The photoinduced behavior has been analyzed by thermionic
emission theory, and to determine the diode parameters, the Cheung’s method has been employed. These diode parameters indicate
that compound 2 has a better performance in comparison to compound 1 and that these materials are good candidates for
applications in electrochemical devices. Magnetic measurements show that both compounds present ferromagnetic Ni−Ni
intrachain and weak antiferromagnetic interchain interactions. The isothermal magnetizations at 2 K show that both compounds are
metamagnets with critical fields of ca. 130 mT in 1 and 90 mT in 2 at 2 K. In the ferromagnetic phase (above the critical field), both
compounds exhibit a long-range ferromagnetic order with critical temperatures of around 3.5 K in 1 and 3.0 K in 2. DC and AC
measurements with different applied DC fields confirm the metamagnetic behaviors and have allowed the determination of the
magnetic phase diagram in both compounds.

■ INTRODUCTION

The development of novel coordination polymers (CPs) with
preferred physical properties is one of the most important
challenges in materials chemistry.1−5 The rational design of
such materials and the study of their structure−property
relationships are two important aspects in this process. Among
CPs, multifunctional materials constitute a very active and
promising area due to their wide applicability in the fields of
theranostics, multiferroicity, fuel cells, spintronics, magnetism,
etc.6,7 Spintronic materials are important for sensor, memory,
or logic applications.7d−h They contain both electron spin and
electron charge, therefore exhibiting both magnetic and
conducting properties. Spintronic materials are generally
based on ferromagnetic materials. Initial studies on magnetic
semiconductors revealed the coexistence of ferromagnetism
and conductivity in Eu-based chalcogenide alloys and spinel
compounds. Interestingly, CPs may be alternative spintronic
materials, since they contain metal ions that provide magnetic
interactions and aromatic organic ligands that control the
effective overlap between d orbitals of the metals with π

electrons of the organic ligands to tune the optical band gap.
CPs can be furnished with desirable functions, which are
generally inaccessible in simple molecular systems.8

An interesting example in the field of molecule-based
magnetic materials9−12 is provided by the Prussian blue family
of compounds, where a judicious choice of metal led to an
elevation of the ordering temperatures.13,14 Magnetic materials
such as single-molecule magnets (SMMs), single-chain
magnets (SCMs), and single ion magnets (SIMs) are also
good examples where this strategy has led to an improvement
in the properties such as an increase in the blocking
temperatures and energy barriers.15−18 The preparation of
multifunctional magnetic materials, where magnetic properties
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are combined with other interesting properties as chirality,
optical properties, electrical conductivity, ferroelectricity, and
porosity, is also a very challenging and active area.19−24

In the particular case of conducting magnetic multifunc-
tional materials, their synthesis requires the combination of
spin-carrier metal centers and bridging units. Since the spin
carriers are limited to paramagnetic metal ions, the selection of
suitable bridges is a key point.9 Among the different versatile
bridging ligands, the thiocyanato anion, with two different
coordinating sites, is a very adequate bridge to connect two or
more paramagnetic metal ions and magnetically couple them
through superexchange pathways.25−29 One of the most
interesting magnetic properties observed in low-dimensional
CPs is metamagnetism.30 Metamagnets show weak intermo-
lecular antiferromagnetic (AF) coupling that gives rise to an
AF ordered state at low temperatures. In these systems, the
application of an external field may overcome the weak AF
coupling, producing a reorientation of the spins that results in
intermolecular ferromagnetic (FM) interactions. The field
needed to overcome the AF coupling is defined as the critical
field (Hc). It has been observed that weak interchain or
interlayer AF couplings can be varied by an adequate choice of
bulky ligands and suitable blocking ligands, resulting in
metamagnetic CPs.
In the literature, examples of highly emitting materials and

electron-transport substances are mainly Zn(II)-, Cd(II)-,
Mg(II)-, Be(II)-, Al(III)-, and In(III)-based complexes,31 with
limited examples of transition-metal-based CPs exhibiting
optoelectronic properties. Such types of materials might be
an excellent alternative to conventional inorganic/organic
semiconductors. The performance of these optoelectronic
devices is controlled by a number of factors, which includes
electronic band gap, electrical conductivity, charge mobility,
surface area, etc.32−36 To the best of our knowledge,
metamagnetism and optoelectronic properties in a single CP
have not yet been reported. In recent times, a few research
groups, including ours, have synthesized interesting CPs
showing semiconducting properties which are suitable for the
application in Schottky devices (Table S1 in the Supporting
Information).36−38 A close study of these works revealed that
most of the post-transition-metal-based CPs exhibiting
optoelectronic properties are mainly based on Zn(II) and
Cd(II). Naskar et al. reported three Zn(II) coordination
polymers with electrical conductivities on the order of 10−4 S
m−1.38f Dutta et al. prepared a Cd-containing ladder chain that
undergoes a photochemical [2 + 2] cycloaddition reaction with
similar conductivities for both forms (ca. 10−3 S m−1).38e Maity
et al. reported three azo-based multifunctional compounds
showing photoconduction and carbon dioxide adsorption with
dark conductivities as thin film of ca. 2 × 10−3 S m−1 that
increase by a factor of ca. 2−3 upon light irradiation.38d Dutta
et al. reported a multifunctional CP with a conductivity of ca. 7
× 10−4 S m−1 that doubles its value upon light irradiation.38i A
heterometallic Cu(II)−Na(I)−Hg(II)-based CP reported by
Roy et al. exhibits a dark conductivity of ca. 1.5 × 10−6 S m−1

that increases by a factor of ca. 6 under irradiation.38h

Therefore, the synthesis and characterization of multifunc-
tional photoconducting CPs based on other transition metals
will open up new opportunities in this area. To develop
luminescent materials, we have synthesized two N3 donor
Schiff base ligands (L1 and L2, Scheme 1) from 8-
aminoquinoline and pyridinecarboxaldehyde, since Schiff
base ligands prepared from 8-aminoquinoline are known to

give rise to effective luminescent materials.39 Additionally,
bulky N3 donor ligands leave vacant coordination positions
and allow versatile bridging ligands such as thiocyanato to
bridge metals through N- and S-coordination to construct
CPs.40

Here we explore the synthesis, crystal structure, electrical,
and magnetic behavior of the compounds [Ni(L1)(NCS)2]n
(1) and [Ni(L2)(NCS)2]n (2) prepared with Ni(II) and the
corresponding L1 and L2 ligands with thiocyanato ion. Both
compounds show metamagnetism with critical fields of ca. 130
mT in 1 and 90 mT in 2 at 2 K. Long-range ferromagnetic
order with critical temperatures of around 3.5 K in 1 and 3.0 K
in 2 are observed in the ferromagnetic phase. Furthermore, we
have also prepared and characterized thin-film devices (D1 and
D2, with compounds 1 and 2, respectively) exhibiting
nonlinear rectifying behavior both in the dark and under
light irradiation, which is a clear signature of a Schottky diode
(SD). Metal−semiconductor (MS) junction thin-film devices
prepared with compounds 1 and 2 (D1 and D2, respectively)
exhibit conductance values of 7.0 × 10−5 and 2.0 × 10−5 S m−1

in the dark and 3.5 × 10−4 and 4.9 × 10−4 S m−1 upon light
irradiation, respectively. Here we present the complete
electrical characterization of these devices and explain the
enhancements in conductivity under illumination on the basis
of the π-electron-donor ability of the Schiff base ligands in
both compounds.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of the Ligands L1 and

L2 and of Compounds 1 and 2. 8-Aminoquinoline-based
Schiff base ligands (L1 and L2) have been produced following
a standard procedure.39 2-Pyridinecarboxaldehyde (for L1) or
6-methylpyridine-2-carboxaldehyde (for L2) is mixed with 8-
aminoquinoline in a 1:1 molar ratio to prepare the Schiff base
ligands. The entire reaction is carried out in methanolic
solution under refluxing conditions (Scheme S1 in the
Supporting Information). The ligands were directly used for
complexation without further purification. Both CPs (1 and 2)
are prepared by the reaction between Ni(NO3)·6H2O and L1
or L2 with NaSCN in a 1:1:2 molar ratio in methanol medium
under ambient conditions (Scheme 1). Both CPs crystallize by
slow vaporization of the solvent.
The FT-IR spectra of both compounds show the character-

istic stretching frequencies of the azomethine group at around
1595 cm−1. The characteristic stretching frequency of the
thiocyanato group (NCS−) appears at 2087 and 2085 cm−1 in
1 and 2, respectively (Figures S1 and S2 in the Supporting

Scheme 1. Synthetic Route to Compounds 1 and 2
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Information).41 The UV−vis spectra of both compounds are
very similar and show four absorbance bands at around 385,
365, 345, and 325 nm (Figure S3 in the Supporting
Information). Theses peaks may be attributed to π → π* or
n → π* electronic transitions. Thermogravimetric analysis
(TGA) ensures the stability of these compounds up to 300 °C
(Figures S4 and S5 in the Supporting Information).
Crystal Structures of Compounds [Ni(L1)(NCS)2]n (1)

and [Ni(L2)(NCS)2]n (2). Crystal data and details of data
collection and refinement for compounds 1 and 2 are
summarized in Table S2 in the Supporting Information. Both
compounds [Ni(L1)(NCS)2]n (1) and [Ni(L2)(NCS)2]n (2)
are isostructural. The only difference is the substituent group
present in the blocking Schiff base ligand (R = H in L1 and R =
CH3 in L2). The asymmetric unit is formed by a Schiff base
ligand (L1 or L2), two thiocyanato ligands, and a Ni(II) metal
ion (Figure 1).
Both compounds are single μ1,3-thiocyanato-bridged Ni(II)

chains where cationic [Ni(L)(NCS)]+ units (L = L1, L2) are
linked by a bridging μ1,3-thiocyanato ion. These chains
propagate along the a axis (Figures 2 and 3).

In both chains the nickel atoms are octahedrally coordinated
with a N5S chromophore. The equatorial positions are
occupied by a pyridine (N1), an azomethine (N2), a quinoline
(N3) nitrogen atom of L1 or L2, and a N atom (N5) from a
terminal thiocyanato-κ-N ligand. The axial sites are occupied
by a S atom of the bridging thiocyanato (S1) and by a N atom
(N4A, symmetry code −1/2 + x, 1/2 − y, z) from a symmetry-
related μ1,3-thiocyanato ion. The Ni···Ni distances along the
chain are 6.150 and 6.321 Å in 1 and 2, respectively. The
coordination geometry is slightly distorted, as shown by the
differences in the Ni−N bond distances. Thus, the Ni−N1
(pyridine) bond length is longer than the Ni−N2 (imine) and
Ni−N3 (quinoline) bond distances in both compounds (Table
S3 in the Supporting Information). As expected, the Ni−N5
bond distances from the terminal thiocyanato ion (2.037(2) Å
in 1 and 2.010(8) Å in 2) are shorter than the Ni−N4 bond
distances from the bridging thiocyanato ion (2.074(2) Å in 1
and 2.065(8) Å in 2). The Ni−S bond distances are similar in
both compounds (2.5645(8) Å in 1 and 2.588(2) Å in 2). The
values of the Ni−S−C and Ni−N−C bond angles are
respectively 106.65(9) and 162.0(3)° in 1 and 111.1(3) and

Figure 1. Asymmetric units of compounds 1 (a) and 2 (b). Ellipsoids are drawn at 30% probability. H atoms are omitted for clarity.

Figure 2. View of a chain in compound 1.

Figure 3. View of a chain in compound 2.
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171.4(12)° in 2. The Ni−N−S−Ni torsion angle in
compounds 1 and 2 are 107.05 and 100.41°, respectively. All
the bond distances and angles are comparable to the previously
published data (Table S4 in the Supporting Information).40

The neutral chains in 1 are further connected by S···S
interactions along the a axis with a S···S distance of 3.747 Å,
shorter than the sum of the van der Waals radii (3.8 Å). In
contrast, in compound 2, where the ligand has an additional
−CH3 group pointing to the interchain space, the shortest S···S
distance is 3.862 Å, slightly longer that the sum of the van der
Waals radii (Figures S6 and S7 in the Supporting Information).
Optical Characterization. The optoelectronic properties

of compounds 1 and 2 have been studied by UV−vis
spectroscopy. The spectra have been analyzed (inset of Figure
4) within 250−500 nm. When eq 1 (Tauc equation) was
employed, an estimation of the optical band gap could be
carried out42

α ν ν= −h A h E( )n
g (1)

where, α, Eg, h, and ν have their usual meanings. In this
equation there is an electron-transition-dependent constant n
and another constant A which has a value of 1 for the ideal
case. Optical band gaps (Eg) for direct transitions have been
estimated as 3.13 and 3.12 eV for compounds 1 and 2,
respectively, by using the above equation.
Electrical Property Analysis. The observed optical band

gaps suggest that compounds 1 and 2 might behave as
semiconductors. Hence, using ITO, Al, and compounds 1 and
2, metal−semiconductor (MS) junction based thin film devices
have been fabricated and their electrical parameters studied by
analyzing the dominant charge transport mechanisms. The I−
V graphs of both devices (D1 and D2), recorded in the dark
and under irradiation, are presented in Figure 5.
The electrical conductivities in the dark have been estimated

as 7.0 × 10−5 and 2.0 × 10−5 S m−1 for D1 and D2,
respectively, typical of semiconductors. Interestingly, under
photoirradiation, the conductivity improves significantly to
reach values of 3.5 × 10−4 and 4.9 × 10−4 S m−1 for D1 and
D2, respectively (a factor of 5 in D1 and ca. 25 in D2). Even
more interesting is the fact that the I−V characteristics of these
D1 and D2 devices under nonirradiation and irradiation
conditions show a nonlinear rectifying behavior which is
typical for a Schottky diode (SD). Rectification ratios (Ion/Ioff)
of these SDs in the dark within the voltage range ±2 V are
26.96 and 31.96 for D1 and D2, respectively. On the other
hand, under photoillumination the rectification ratios are 44.19
and 79.42 for D1 and D2, respectively. The larger current
under photoillumination demonstrates the photoresponses of

the devices, which have been found to be 3.77 and 5.13 for D1
and D2, respectively. Although the synthesis of other related
systems is required to verify this idea, we think that the
enhancement in the electrical conductivity under light
irradiation in both devices may be attributed to the donor
capacity of π electrons of the Schiff base ligands in 1 and 2,
since both compounds are isostructural. In semiconducting
CPs the charge transport mainly depends on the metal−metal
distances, the presence of intermolecular interactions, the
dimensionality of the CPs, and the nature of the coordinating
ligands.37,38 Here the semiconducting behavior depends on the
interaction between d orbitals of the metal ions with
delocalized π electrons of the organic ligands. The presence
of an electron-donating methyl group in L2 vs a H atom in L1
increases the electron density in the aromatic ring and,
accordingly, the effective overlap between the d orbitals of the
Ni(II) metal center and the π electrons of the Schiff base
ligand in L2. This fact implies a higher conductivity in
compound 2, in agreement with the experimental values.
I−V characteristics of D1 and D2 SDs have been further

analyzed using thermionic emission theory. Here we have
employed Cheung’s model to evaluate the device parameters.42

Thus, we have quantitatively investigated the I−V graphs by
using the equations42,43
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Figure 4. UV−vis absorption spectra (inset) and Tauc plots for compounds 1 (A) and 2 (B).

Figure 5. I−V characteristic curves for devices D1 and D2 in the dark
and under illumination.
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where q, I0, k, V, T, A, A*, and η stand for the electronic charge,
the saturation current, the Boltzmann constant, the forward
bias voltage, the temperature in Kelvin, the effective diode area,
the Richardson constant, and the ideality factor, respectively.
Here for our devices, the effective area (A) has been set as
7.065 × 10−2 cm2. In this experiment, for all the devices the
Richardson constant (A*) has been taken as 32 A K−2 cm−2.
Using eqs 4−6, we have calculated the series resistance (RS),

ideality factor (η), and barrier potential height (ϕB) which
have been extracted from the method developed by
Cheung:44,45
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ηϕ= +H I IR( ) S B (6)

From Figure 6, the intercept of the dV/d ln I vs I (eq 4) plot
gives us the ideality factor (η) and the slope of this graph

provides us the series resistance (RS). These values,
determined under light and dark conditions for both devices,
are given in Table S5. The values of η have been estimated as
2.24 and 2.01 in the dark and 1.81 and 1.30 under
photoillumination for D1 and D2, respectively. The deviation
from the ideal value of 1 can be attributed to the presence at
the junction of Schottky inhomogeneity, interface defect states,
and/or series resistance.46,47 On the other side, better
homogeneity for the Schottky barrier at the MS interface
and the recombination of fewer charge carriers upon light
irradiation would explain the lower values of η for both
devices.42 Furthermore, the value of η for D2 under both
conditions approaches more to the ideal value. This fact
indicates that D2 has less recombination of carriers at the
interface in comparison to D1, i.e., an improved barrier
homogeneity, even with light irradiation.
The height of the energy barrier ϕB can be evaluated from

the ideality factor (η) using eq 6 and the intercept of the H(I)
vs I plot (Figure 7). An interesting finding is the decrease in

the ϕB values of both devices upon light condition. The
formation and association of charge carriers due to photo-
irradiation near the conduction band explain this decrease.
Additionally, the series resistances (RS) of the devices have also
been determined from the slope of the H(I) vs I plot. Table S5
also shows the RS values determined in this way, as well as the
ϕB values. The decrease observed in RS for both devices under
light irradiation indicates their potential application in
optoelectronics devices.
In order to determine the transport mechanism at Schottky

junction, the I−V plot has been analyzed in detail. Thus, as can
be seen in Figure 8, the log I vs log V plot shows two different
regimes (regions I and II in Figure 8) with different slopes for
both devices with and without irradiation.

Region I shows a slope close to 1, indicative of an Ohmic
regime, whereas region II has a slope close to 2, indicative of a
regime dominated by space charge limited current
(SCLC).42,48 In this regime the amount of injected electrons
is greater than that of the background electrons and, therefore,
they are spread along the whole region, giving rise to a field
dominated by space charge. Since the current follows the
SCLC regime in this region, we have used the SCLC
theory42,48 to evaluate the performance of both devices in
this region.

Figure 6. dV/d ln I vs I curve for devices D1 and D2 in the dark and
under illumination.

Figure 7. H vs I curves for devices D1 and D2 in the dark and under
illumination.

Figure 8. log I vs log V curves for devices D1 and D2 in the dark and
under irradiation.
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The effective carrier mobility (μeff) can be determined by
employing the Mott−Gurney equation in the SCLC model
with the high-voltage data of the I vs V2 plot (Figure 9)42,45,48
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where, I, μeff, εr, and ε0 are the current, the effective mobility,
the relative dielectric constant, and the free space permittivity
of the material, respectively.
The relative dielectric constant can be determined from the

plot of the capacitance vs the log of frequency at a fixed bias
voltage of thin films of both compounds (Figure 10).
The dielectric constant of the material (εr) can be calculated

from the saturation region of the capacitance vs frequency
curve at higher frequency (Figure 10) with the equation42

ε
ε

= Cd
A

1
r

0 (8)

where, C, d, and A are the capacitance at saturation, the
thickness of the film (∼1 μm) and the device area, respectively.
With this formula, we obtain εr values of 6.10 × 10−2 and 5.53
× 10−2 for compounds 1 and 2, respectively.
For the study of the charge transport behavior through the

junction, we have evaluated the value of transit time (τ) and
diffusion length (LD). The value of τ can be determined using

eq 9 from the slope of the I vs V plot (Figure 8) in the SCLC
region (region II)42
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μ =
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kTeff (10)

τ=L D2D (11)

where D stands for diffusion coefficient that can be determined
using the Einstein−Smoluchowski equation (eq 10).42 With eq
11 we can calculate the value of diffusion length (LD) of the
charge carriers, which is an important parameter for the device
performance. As can be seen in Table S6, all of the parameters
calculated with the data of region II indicate that the transport
properties improve upon light irradiation in both devices, due
to the increase in charge carriers and charge mobility upon
light irradiation. The increase in charge mobility is confirmed
by the increase in the diffusion length upon light irradiation.
To summarize, light irradiation increases the number of
carriers, their mobility, and their diffusion length, giving rise to
higher currents upon light irradiation. The calculated device
parameters of the D2 Schottky diode (SD) indicate that this
device has a better performance in comparison to D1. The D2
SD also shows enhanced charge-transfer kinetics after light
irradiation and, therefore, compounds 1 and 2 are good
candidates for applications in electrochemical devices.

Magnetic Properties of Compounds 1 and 2. As
expected, given their similarities, both compounds show very
close magnetic properties. The product of the magnetic
susceptibility per Ni(II) ion times the temperature (χmT)
shows for both compounds at room temperature a value of ca.
1.2 cm3 K mol−1, which is the expected value for one isolated S
= 1 Ni(II) ion with g ≈ 2.2. When the samples are cooled, χmT
remains constant down to ca. 50 K and below this temperature
it shows a progressive increase to reach a maximum of ca. 6.0
cm3 K mol−1 at ca. 3.5 K for both compounds followed by a
sharp decrease at lower temperatures (Figure 11a). This
behavior indicates that for both compounds the intrachain Ni−
Ni interaction is ferromagnetic but the interchain coupling is
antiferromagnetic, leading to an antiferromagnetic (AF) long-
range ordering (LRO) at ca. 3.5 K. This AF LRO is further
confirmed by the presence of a peak at ca. 3.5 K in the χm vs
temperature plot (inset in Figure 11a).

Figure 9. I vs V2 curves for devices D1 and D2 in the dark and under
irradiation.

Figure 10. Capacitance vs frequency plots for the determination of dielectric constants.
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Since the structures of both compounds show the presence
of regular Ni(II) chains, we have fit the magnetic properties to
the Fischer model for a ferromagnetic S = 1 chain.49 This
model reproduces very satisfactorily the magnetic properties of
both compounds above ca. 8 K with the following parameters:
g = 2.211(4) and J = +4.85(3) cm−1 for compound 1 and g =
2.191(6) and J = +5.32(5) cm−1 for compound 2 (solid lines in
Figure 11a; the Hamiltonian is written as H = −JSiSi+1). As
expected, both intrachain couplings are weak and ferromag-
netic and are close to those observed in other Ni−NSC−Ni
chain compounds (Table S4 in the Supporting Information).
Unfortunately, we cannot establish any magnetostructural
correlation between the J values and the structural parameters
on the thiocyanato bridge, most probably because the
magnetic coupling depends on different structural parameters
as the Ni−N, Ni−S, and Ni···Ni distances as well as the Ni−
N−C and Ni−S−C angles and the torsion angle around the
Ni−SCN−Ni angle.
The isothermal magnetization at 2 K shows at low fields a

linear increase with a small slope, as expected for an
antiferromagnetically ordered compound, but at higher fields
it shows a change in the slope with a sharp increase in the
magnetization for fields above ca. 130 mT in 1 and 80 mT in 2
(Figure 11b). This behavior indicates that both compounds
behave as metamagnets: i.e., they show a weak antiferromag-
netic interchain coupling for low magnetic fields but this AF
coupling is canceled by the application of a magnetic field
above a critical value (Hc). Thus, for fields above Hc, both
compounds show a ferromagnetic interchain coupling that
leads to a ferromagnetic LRO at very low temperatures. The
critical field at 2 K, determined as the maximum of the δM/δH
vs H plot (inset in Figure 11b) is ca. 120 mT (1200 G) for 1
and 80 mT (800 G) for 2. The saturation value of the

magnetization for both compounds is close to 2.1 μB, which is
the expected value for an S = 1 Ni(II) ion.
A confirmation of the metamagnetic behavior is provided by

the thermal variation of χm with different applied magnetic
fields (Figure 12). This plot shows the presence of a maximum
at ca. 3.5 K that shifts to lower temperatures as the field
increases and finally disappears for fields above ca. 140 mT in 1
(Figure 12a) and 90 mT in 2 (Figure 12b). These values are
close to the critical fields estimated from the isothermal
magnetization measurements.
In order to confirm the existence of a ferromagnetic phase

with a long-range order (LRO) at low temperatures for DC
fields above Hc, we have performed magnetic susceptibility
measurements with an alternating magnetic field (AC
measurements) and with different DC fields. The AC
susceptibility measurements at 2 K as a function of the applied
DC field for both compounds show no out-of-phase (χ″m)
signal for low DC fields, as expected for an antiferromagnetic
phase in these conditions. When the applied DC field
increases, both compounds show a clear increase in the in-
phase (χ′m) and out-of-phase (χ″m) signals with peaks at ca.
130 mT for 1 and 70 mT for 2 (Figure 13). This behavior
further confirms the presence of a metamagnetic behavior with
a critical field at 2 K of 120−130 mT for 1 and 70−80 mT for
2.
An additional confirmation is provided by the thermal

variation of the AC susceptibility with different applied DC
fields (Figure 14) that shows a nonzero χ″m signal at very low
temperatures (below ca. 3.5 K) only when the applied DC field
is above the critical field (i.e., above 150 mT in 1 and 90 mT in
2) (Figure 14). These measurements further confirm the
metamagnetic behavior of both compounds and the presence
of a ferromagnetic LRO above the critical field at low
temperatures.

Figure 11. (a) Thermal variation of the χmT product for compounds 1 and 2. The first inset shows the high-temperature region of the χmT vs T
plot (solid lines are the best fit to the model, see text). The second inset shows the low-temperature region of the χm vs T plot. (b) Isothermal
magnetization at 2 K of compounds 1 and 2. The inset shows the low-field region of the δM/δH vs H plot.

Figure 12. Thermal variation of χm for compounds 1 (a) and 2 (b) with different applied DC fields.
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A close look at the out-of-phase signal at low temperatures
shows the presence of a small signal (especially in compound
1) appearing before the divergence observed at very low
temperatures. This weak signal that appears even below the
critical field can be attributed to the appearance of a local order
including only a few chains. When the temperature decreases
or the DC field increases, the correlation length of these
ordered regions increases and reaches all of the domain at
lower temperatures and higher DC fields. The weaker intensity
of this shoulder in compound 2 is probably due to the weaker
interchain interactions present in this compound, as will be
shown below.
A detailed examination of the AC and DC measurements

with different DC magnetic fields in the low-temperature
region allows the determination of the temperature/field phase
diagrams of both compounds (Figure 15). These diagrams
show the presence of a ferromagnetic long-range-ordered (F-
LRO) phase at low temperatures (below ca. 3.2 K in 1 and 3.0
K in 2) for high DC fields (above ca. 140 mT in 1 and 90 mT
in 2) and an antiferromagnetic long-range-ordered (AF-LRO)
phase at low temperatures (below ca. 3.0 K) for low DC fields
(below ca. 140 mT in 1 and 90 mT in 2). At higher
temperatures both compounds behave as ferromagnetically
coupled Ni(II) chains (F-chains).
Finally, in order to confirm that the out-of-phase signal is

due to a ferromagnetic LRO (and to exclude other reasons
such as a single-chain-magnet behavior or a spin-glass-like
behavior), we have performed AC measurements at different
frequencies with an applied DC field of 130 mT in 1 and 70
mT in 2 (Figure 16). These measurements show a frequency-
independent signal at low temperatures, as expected for a
ferromagnetic LRO.

The lower critical field and lower ordering temperature
observed in compound 2 (ca. 90 mT and 3.2 K) in comparison
to 1 (ca. 130 mT and 3.5 K) agree with the weaker interchain
interaction observed in 2 (see above). This weaker interaction
in compound 2 is the expected behavior, given the larger
interchain S···S distance in 2 (3.861 Å in comparison to to
3.747 Å in 1) and can be attributed to the presence of an extra
methyl group in the ligand in 2 that occupies the interchain
space and separates the Ni(II) chains in compound 2. We can,
therefore, conclude that the presence of a methyl group in the
ligand L2 of compound 2 has led to a better isolation of the
chains, resulting in a lower critical field and a lower ordering
temperature.

■ CONCLUSIONS
We have prepared two Ni(II)-containing multifunctional
coordination polymers 1 and 2 using two novel 8-amino-
quinoline-based Schiff base ligands and thiocyanato as a
bridging unit. These isostructural compounds present a
thiocyanato-bridged chain structure and show a ferromagnetic
intrachain Ni−Ni coupling and a weak antiferromagnetic
interchain interaction through weak S···S interactions. Both
compounds are metamagnets with critical fields of 130−140
mT (for 1) and 70−80 mT (for 2) at 2 K. For fields above
these critical values both compounds show a ferromagnetic
long-range ordering with critical temperatures of around 3.0 K.
DC and AC magnetic measurements performed with different
magnetic DC fields have allowed the determination of the
magnetic phase diagrams for both compounds. These diagrams
show a lower critical field and ordering temperatures in 2, in
agreement with the weaker interchain interaction present in
compound 2 that can be attributed to the presence of an
additional methyl group in the Schiff base ligand of compound
2.
Additionally, both compounds are semiconductors, and their

electrical conductivities increase upon irradiation. Thin-film
metal−semiconductor (MS) junction devices prepared with
both compounds show I−V plots with a nonlinear rectifying
behavior, typical of Schottky diodes (SD). The rectification
ratio of the SD devices increases upon light irradiation, making
these materials good candidates for applications in electro-
chemical devices. This enhancement in the conductivity under
illumination in both devices may be attributed to the donation
capacity of π electrons of the Schiff base ligands in both
compounds which, in turn, can be easily modulated with the
inclusion of different groups in the Schiff base ligands. The

Figure 13. Field dependence of the in-phase (χ′m, filled symbols, left
scale) and out-of-phase (χ″m, filled symbols, right scale) AC
susceptibilities for compounds 1 and 2 at 2 K.

Figure 14. Thermal variation of the in-phase (χ′m, filled symbols, left scale) and out-of-phase (χ″m, filled symbols, right scale) AC susceptibilities
for compounds 1 (a) and 2 (b) with different applied DC fields.
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higher conductivity and rectification values in the dark and
under illumination found for compound 2 are due to the
electron donor capacity of the methyl group present in L2 (and
absent in L1) and constitute, therefore, a very easy way to
modulate the electrical properties of these multifunctional
materials.
In summary, compounds 1 and 2 are two examples of

multifunctional coordination polymers whose magnetic and
electrical properties can be easily simultaneously modulated
with a simple substitution in the Schiff base ligand. The
preparation of novel materials with the same Schiff base ligands
modified with different electron-donating and electron-with-
drawing groups is underway in order to improve both kinds of
properties.

■ EXPERIMENTAL SECTION
Materials and Physical Measurements. All reagent or

analytical grade chemicals and solvents were obtained from
commercial suppliers and utilized without further purification.
Elemental analysis for C, H, and N were examined using a
PerkinElmer elemental analyzer (Model No. 240C). IR spectra
(400−4000 cm−1) were obtained as KBr pellets in a FTIR
spectrophotometer (Nicolet Magna IR 750 series-II). Absorption
spectra were studied using a sensitive UV−vis spectrophotometer
(Shimadzu UV-2450) equipped with a double-beam light source with
a 1 cm path length quartz cell. The frequency-dependent capacitance
was determined with an Agilent frequency analyzer (Model No.
4294A). Thermogravimetric analysis (TGA) was carried out under a
N2 atmosphere (150 mL/min) using platinum crucibles with α-
alumina powder as a reference in a PerkinElmer Pyris Diamond TG/
DTA instrument. X-ray powder diffraction (XRPD) patterns were
collected for polycrystalline samples of both compounds using a 0.5
mm glass capillary that was mounted and aligned on a Empyrean
PANalytical powder diffractometer, using Cu Kα radiation (λ =
1.54177 Å). Six scans were collected at room temperature in the 2θ
range 5−40°.
Magnetic Measurements. The magnetic susceptibility of

compounds 1 and 2 was measured in the temperature range 2−300
K with an applied magnetic field of 100 mT (1000 G) and in the

range 2−10 K with different applied fields in the range 10−500 mT
on polycrystalline samples of both compounds (with masses of 14.325
and 22.786 mg for 1 and 2, respectively) with a Quantum Design
MPMS-XL-5 SQUID susceptometer. The isothermal magnetization
measurements were carried out on the same samples at 2 K with
magnetic fields of up to 5 T. AC susceptibility measurements were
performed with a field of 0.395 mT oscillating at different frequencies
in the 1−997 Hz range in the temperature range 2−10 K with
different DC magnetic fields. The susceptibility data were corrected
for the sample holder previously measured using the same conditions
and for the diamagnetic contributions of the salt as deduced by using
Pascal’s constant tables.50

X-ray Crystallography. Single-crystal X-ray data of compounds 1
and 2 were collected on a Bruker SMART APEX-II CCD
diffractometer in the presence of graphite-monochromated Mo Kα
radiation (λ = 0.71073 Å) at room temperature. the Bruker Apex-II
suite program was used to perform data processing, structure solution,
and refinement. Reflections available in the 2θmax range were
harvested and corrected for Lorentz and polarization factors with
Bruker SAINT plus.51 Reflections were then corrected for absorption,
interframe scaling, and other systematic errors with SADABS.52 The
structures were solved using direct methods and refined by means of
full-matrix least-squares techniques based on F2 with the SHELX-
2017/1 software package.53 Non-hydrogen atoms present in the
structures were refined with anisotropic thermal parameters. C−H
hydrogen atoms were introduced at geometrical positions with Uiso =
1/2Ueq to those of the atoms to which they are attached. Crystal data
and details of data collection and refinement for 1 and 2 are
summarized in Table S2 in the Supporting Information. The
investigated crystal of compound 2 appeared to be a twin by
inversion, which is not particularly surprising. The crystal is then a
twin by inversion, and the Flack parameter is a well-defined 0.39(5).

Device Fabrication. We have fabricated several metal−semi-
conductor (MS) sandwichlike structured (ITO/synthesized com-
pound/Al) devices to analyze the performance of our devices.
Dispersions of our synthesized compounds (1 or 2) were prepared in
N,N-dimethylformamide (DMF) by mixing and sonicating compound
1 or 2 in DMF with a concentration of 30 mg/mL. On the transparent
conducting oxide (here ITO) coated glass substrate, these so-
prepared stable dispersions were deposited by a spin-coating
techniqueinitially at 500 rpm for 6 min and after that at 800 rpm

Figure 15. Temperature/field magnetic phase diagram for compounds 1 (a) and 2 (b).

Figure 16. Thermal variation of the in-phase (χ′m, filled symbols, left scale) and out-of-phase (χ″m, filled symbols, right scale) AC susceptibilities at
different frequencies for compound 1 with a DC field of 130 mT (a) and for compound 2 with a DC field of 70 mT (b).
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for 10 min. These films were cured in a vacuum chamber (base
pressure ∼5 × 10−3 Torr) at 70 °C for 30 min to eliminate the
solvent. Thicknesses of the deposited films (∼1 μm) were measured
by a stylus type surface profiler. Aluminum electrodes (with an
effective area of 7.065 × 10−2 cm2) were deposited at low pressure
(10−6 Torr) with a shadow mask in a thermal evaporator. The
current−voltage (I−V) measurements of the so-prepared devices were
performed in the dark and under light irradiation (AM 1.5G
radiation) with the help of a Keithley source measure unit (Model
No. 2635B) by a two-probe technique in the voltage range ±2 V. We
have fabricated and measured all the devices under ambient
conditions at room temperature.
Synthesis of the Schiff Base Ligands (L1 and L2). The 8-

aminoquinoline-based Schiff base ligands L1 and L2 were prepared by
a reported procedure.39 Briefly, a 1:1 molar ratio mixture of 2-
pyridinecarboxaldehyde (for L1) or 6-methylpyridine-2-carboxalde-
hyde (for L2) and 8-aminoquinoline was refluxed in methanol for 3 h.
The reddish yellow solution obtained was used directly for metal
complex formation without further purification.
Synthesis of [Ni(L1)(NCS)2]n (1). A 5 mL methanolic solution of

nickel nitrate hexahydrate (0.291g, 1.0 mmol) was added dropwise to
20 mL of a methanolic solution of L1 (1.0 mmol), followed by
addition of sodium thiocyanate (0.162 g, 2.0 mmol), and the resultant
reaction mixture was stirred for 4 h. Brown X-ray diffraction quality
single crystals were obtained by slow evaporation of the solvent after a
few days. The phase purity was checked by X-ray powder diffraction,
which shows a perfect match with the simulated pattern from the
single-crystal X-ray structure (Figure S8 in the Supporting
Information). Yield: 0.586 g (78%). Anal. Calcd for C17H11N5NiS2:
C, 50.03; H, 2.72; N, 17.16. Found: C, 49.75; H, 2.21; N, 16.84. IR
(cm−1, KBr): ν(NCS−) 2087; ν(CN) 1595; ν(C−H) 775. UV−vis,
λmax (nm) (ε (dm3 mol−1cm−1)) in DMF (1/9 v/v): 384 (50172),
362 (79890), 345 (74125).
Synthesis of [Ni(L2)(NCS)2]n (2). A 5 mL methanolic solution of

nickel nitrate hexahydrate (0.291 g, 1.0 mmol) was added dropwise to
20 mL of a methanolic solution of L2 (1.0 mmol), followed by
addition of sodium thiocyanate (0.162 g, 2.0 mmol), and the resultant
reaction mixture was stirred for 4 h. Brown X-ray diffraction quality
single crystals were obtained by slow evaporation of the solvent after a
few days. The phase purity was checked by X-ray powder diffraction,
which shows a perfect match with the simulated pattern from the
single-crystal X-ray structure (Figure S9 in the Supporting
Information). Yield: 0.692 g (82%). Anal. Calcd for C18H13N5NiS2:
C, 51.21; H, 3.10; N, 16.59. Found: C, 50.88; H, 2.89; N, 16.11. IR
(cm−1, KBr): ν(NCS−) 2085; ν(CN) 1598; ν(C−H) 782. UV−vis,
λmax (nm) (ε (dm3 mol−1cm−1)) in DMF (1/9 v/v): 385 (46675),
365 (74012), 347 (66058).
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The use of two 8-aminoquinoline-based tridentate N3-donor rigid Schiff base ligands (L1 and L2) with Ni
(II) in the presence of the pseudohalides, NaN3 and NaSCN results in the crystallization of the two novel
Ni(II) dimers: [Ni2(L1)2(m1,10-N3)2(N3)2] (1) and [Ni2(L2)2(m1,3-NCS)2(NCS)2] (2). Both complexes are cen-
trosymmetric Ni(II) dimers where the Schiff base ligands coordinate the octahedral Ni(II) centres in a
mer configuration with one terminal and two bridging pseudohalide ligands in the remaining positions.
Complex 1 shows Ni(II) ions connected by a double m1,10-N3

� bridge whereas in complex 2 the Ni(II) ions
are connected by a double m1,3-NCS

� bridge. The magnetic properties show the presence of a weak ferro-
magnetic coupling in both compounds that can be fit with g = 2.290(6), J = 6.1(2) cm�1, zJ0 = �0.32
(1) cm�1 and |D| = 4.34(5) cm�1 for 1 and g = 2.096(2), J = 4.71(5) cm�1, zJ0 = �0.054(2) cm�1 and |
D| = 1.52(2) cm�1 for 2 (the Hamiltonian is written as �2JS1S2). Both J values have been rationalized in
terms of previous magneto structural correlations based on the Ni-N-Ni bridging angle in 1 and on the
asymmetry of the Ni-S-C-N-Ni bridges in 2.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Di- and polynuclear transition metal based magnetic materials
are widely studied due their applications in various fields such as
spintronics, information storage, molecular electronics, quantum
computing, etc. In di- and polynuclear metal complexes, paramag-
netic centres are bridged through small anionic ligands resulting in
ferromagnetic (FM) or antiferromagnetic (AF) exchange interac-
tions between the adjacent unpaired spins [1]. In FM interactions
parallel alignments of the spins generate higher magnetic
moments values and may give rise to single-molecule magnets
(SMMs), single-chain magnets (SCMs) [2,3], ferromagnets and
metamagnets. FM materials are designed based on judicial choice
of metal ions, organic or inorganic blocking ligands and bridging
units [4], although in most cases, they have been achieved acciden-
tally. Among the different bridging ligands, carboxylate and azide
ions are the most investigated ones due to their versatile coordina-
tion and the magnetic behaviour of their compounds. These ligands
can connect two or more metal ions in various bridging modes. In
the azide ion the most common binding modes are m1,10 (or end-on,
EO) and m1,3 (or end-to-end, EE) [5–13] whereas bridging m2–g1: g1

syn-syn, syn-anti, and anti-anti are the most common bridging
modes for carboxylate. Among the different magnetic materials,
azido-bridged nickel(II) systems [14–39] have been extensively
studied and detailed magneto-structural correlations have been
obtained based on their magnetic interactions [40,41]. Magneto-
structural correlations reveals that double m1,3-azido bridging leads
to antiferromagnetic (AF) coupling, while double m1,10 coordination
is associated with ferromagnetic (F) exchange between the Ni(II)
centres. In ferromagnetic interactions the Ni-N-Ni angle has a max-
imum value of 104�. There is only one exception, where low angles
of m1,10 bridging azido ligands lead to weak AF coupling [33].

In case of the thiocyanate ion, the common bridging mode is m1,3
[42–44] whereas m1,10 binding mode is less common. Generally,
double thiocyanato m1,3 bridged Ni(II) complexes exhibit ferromag-
netic interactions. All the above information clearly shows that the
diverse bonding modes of the bridging ligands and the nature of
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the blocking ligands around the paramagnetic centres are respon-
sible for the structural and magnetic diversity of these Ni(II) com-
plexes. Among the blocking ligands, Schiff-base ligands have been
extensively used due to their ease of synthesis and rich coordina-
tion chemistry. A literature survey reveals that flexible, aliphatic
amine-based Schiff-base ligands are generally utilized to synthe-
size paramagnetic di and polynuclear metal complexes. Whereas,
rigid aminoquinoline based Schiff base ligands are rare in the liter-
ature. Few groups, including us, have used this type of ligands to
prepare Cu(II), Ni(II), Cd(II) and Zn(II)-based complexes [45].

In the present work, two 8-aminoquinoline-based tridentate
N3-donor Schiff base ligands L1 and L2 (Scheme 1) have been
reacted with Ni(II) salts in the presence of pseudohalides, NaN3

and NaSCN, respectively. We have isolated two dinuclear Ni(II)
complexes: [Ni2(L1)2(m1,10-N3)2(N3)2] (1) and [Ni2(L2)2(m1,3-NCS)2
(NCS)2] (2). Here we report the structures and magnetic properties
of these two new complexes showing ferromagnetic interactions
between the metal centres.
2. Experimental section

2.1. Materials and physical measurements

All reagents and solvents are analytical grade chemicals and
were purchased from commercial sources and used without fur-
ther purification. Elemental analysis for C, H and N was carried
out using a Perkin-Elmer 240C elemental analyser. Infrared spectra
(400–4000 cm�1) were recorded with KBr pellets on a Nicolet
Magna IR 750 series-II FTIR spectrophotometer.

The magnetic measurements were performed in a Quantum
Design MPMS-XL-5 SQUID magnetometer in the 2–300 K temper-
ature range with an applied magnetic field of 0.1 T on polycrys-
talline samples of compounds 1 and 2 (with masses of 27.741
and 24.182 mg, respectively). The susceptibility data were cor-
rected for the sample holders, previously measured under the
same conditions, and for the diamagnetic contributions as deduced
by using Pascal’s constant Tables [46].
2.2. X-ray crystallography

Single crystal X-ray data of complexes 1 and 2were collected on
a Bruker SMART APEX-II CCD diffractometer using graphite
monochromated Mo Ka radiation (k = 0.71073 Å) at 150 K. Data
Scheme 1. Synthesis of
processing, structure solution and refinement were performed
using Bruker Apex-II suite program. All available reflections in
2hmax range were harvested and corrected for Lorentz and polariza-
tion factors with Bruker SAINT plus [47]. Reflections were then cor-
rected for absorption, inter-frame scaling, and other systematic
errors with SADABS [48]. The structures were solved by direct
methods and refined by means of full matrix least-square tech-
nique based on F2 with SHELX-2018/3 software package [49]. All
the non-hydrogen atoms were refined with anisotropic thermal
parameters. C-H hydrogen atoms were inserted at geometrical
positions with Uiso = 1/2Ueq to those they are attached. Crystal data
and details of data collection and refinement for 1 and 2 are sum-
marized in Table S1.

X-ray powder diffraction (XRPD) patterns were collected for
polycrystalline samples of both compounds using a 0.5 mm glass
capillary that was mounted and aligned on an Empyrean PANalyt-
ical powder diffractometer, using CuKa radiation (k = 1.54177 Å). A
total of 4 scans were collected at room temperature in the 2h range
5–40�.

2.3. Synthesis of the Schiff base ligands (L1 and L2)

The 8-aminoquinoline based Schiff base ligands are prepared by
a reported procedure [45]. Briefly, a 1:1 M ratio mixture of
2-pyridinecarboxaldehyde (for L1) or 2-acetylpyridine (for L2)
and 8-aminoquinoline was taken in a round-bottom flask in
methanol and refluxed for ~3 h. The so-obtained reddish yellow
coloured solution was used directly for metal complex formation
without further purification.

2.4. Synthesis of complex [Ni2(L1)2(m1,10-N3)2(N3)2] (1)

A 5 mL methanolic solution of nickel nitrate hexahydrate
(1.0 mmol, 291 mg) was added drop wise to 20 mL of a methanolic
solution of L1 (1.0 mmol), followed by addition of sodium azide
(2.0 mmol, 130 mg) and the resultant reaction mixture was stirred
for ca. 4 h. Brown X-ray diffraction quality single crystals were
obtained by slow evaporation of the solvent after few days. Yield:
586 mg (78%). Anal. Calc. for C30H22N18Ni2: C 47.92%; H 2.95%; N
33.53%; Found: C 47.15%; H 2.81%; N 33.01%. IR (cm�1, KBr): m
(N3

�) 2011; m(C@N) 1625; m(C-H) 767. Phase purity was confirmed
with X-ray powder diffraction (XRPD) that shows a perfect match
with the simulated one from the single crystal X-ray structure
(Fig. S1, see ESI).
complexes 1 and 2.
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2.5. Synthesis of complex [Ni2(L2)2(m1,3-NCS)2(NCS)2] (2)

A 5 mL methanolic solution of nickel nitrate hexahydrate
(1.0 mmol, 291 mg) was added drop wise to 20 mL of a methanolic
solution of L2 (1.0 mmol), followed by addition of sodium thio-
cyanate (2.0 mmol, 162 mg) and the resultant reaction mixture
was stirred for ca. 4 h. Brown colour X-ray diffraction quality single
crystals were obtained by slow evaporation of the solvent after few
days. Yield: 692 mg (82%). Anal. Calc. for C36H26N10Ni2S4: C 51.21%;
H 3.10%; N 16.59%; Found: C 50.97%; H 2.81%; N 16.01%. IR (cm�1,
KBr): m(NCS�) 2092; m(C@N) 1615; m(C-H) 779. Phase purity was
confirmed with X-ray powder diffraction (XRPD) that shows a per-
fect match with the simulated one from the single crystal X-ray
structure (Fig. S2, see ESI).
3. Results and discussion

3.1. Synthesis and characterization of complexes 1 and 2

The 8-aminoquinoline based Schiff base ligands (L1 and L2)
have been prepared following a standard procedure [45]. 2-
pyridinecarboxaldehyde (for L1) or 2-acetylpyridine (for L2) is
mixed with 8-aminoquinoline in 1:1 M ratio in methanolic solu-
tion under refluxing condition (Scheme S1, ESI) to generate the cor-
responding Schiff base ligands. The ligands are directly used for
complexation without further purification. Both complexes (1
and 2) are prepared by reacting Ni(NO3)2�6H2O, L1 (or L2) and
NaN3 (or NaSCN) in a 1:1:2 M ratio in methanol under ambient
conditions (Scheme 1). Both complexes crystallize after slow evap-
oration of the solvent. The FT-IR spectra of complexes 1 and 2 show
the characteristic stretching frequencies of the azomethine group
at around 1600 cm�1 and the characteristic stretching frequency
of N3

� (in 1) at 2011 cm�1 and SCN� (in 2) at 2092 cm�1 (Figs. S3
and S4, ESI) [50].
3.2. Crystal structure description of [Ni2(L1)2(m1,10-N3)2(N3)2] (1)

Complex 1 crystallizes in the triclinic space group P-1. Its asym-
metric unit contains one Ni centre, one Schiff base ligand (L1), one
m1,10-N3

� bridging ligand and one terminal N3
� ligand. The presence
Fig. 1. Crystal structure of complex 1. Atoms are shown as 30% thermal ellipsoids. H
atoms are omitted for clarity. [* = �x, �y, �z]
of an inversion centre generates the centrosymmetric complex 1
(Fig. 1).

The Ni(II) centres are hexacoordinated . Continuous SHAPE [51]
analysis shows that the Ni centre has a distorted octahedral envi-
ronment (with a SHAPE coefficient of 1.768, Table S2, see ESI).
The equatorial plane is formed by the imine nitrogen (N2) of L1,
two N atoms: N4 and N4* (* = �x, �y, �z) from two symmetry
related m1,10-N3

� bridges and the N atom (N7) of the terminal azido
ligand. The axial positions are occupied by the quinoline (N3) and
pyridine (N1) nitrogen atoms of the L1 ligand. Therefore, the Schiff
base ligand coordinates the metal centre in the meridional config-
uration, with the remaining meridional positions occupied by
azido ligands. The orientation of the ligands around the metal cen-
tres lead to an edge-sharing dioctahedral structure with a Ni���Ni
distance of 3.305 Å. The Ni-N(imine), Ni-N(pyridine) and Ni-N
(quinoline) bond distances vary within the range 2.031(6)–2.103
(6) Å whereas, Ni-N(azido) bond distances vary within the range
2.073(6)–2.180(6) Å (Table 1). The two Ni-N-Ni bridging angles
are identical (101.0(3)�) and the central Ni(N)2Ni ring is planar.
Both bridging and terminal azido ligands are nearly linear with
N-N-N angles in the range 177.3(12)�–179.0(8)�, respectively.

Adjacent dimers are connected by different supramolecular
interactions as H-bonds and unconventional C-H� � �p interactions
with a shortest distance of 3.081 Å, forming chains along the c axis
(Fig. 2).
3.3. Crystal structure description of [Ni2(L2)2(m1,3-NCS)2(NCS)2] (2)

Complex 2 crystallizes in the triclinic space group P-1. Its asym-
metric unit consists of one Ni centre, one Schiff base ligand (L2),
one m1,3-SCN� bridging ligand and one terminal SCN� ligand. The
inversion centre generates the dimeric structure observed in 2
(Fig. 3).

The Ni(II) centres also show a distorted octahedral geometry
(although less distorted than in complex 1) with a SHAPE [51] coef-
ficient of 1.620, (see ESI). The Ni(II) coordination sphere is the type
of NiN5S. The equatorial plane contains the imine N atom (N2) of
the Schiff base, a N atom (N4) of one m1,3-bridging thiocyanato
group, a S atom (S1*) [* = �x, �y, �z] of the symmetry related
m1,3-bridging thiocyanato group and a N atom of the terminal thio-
cyanato ligand (N5). The axial positions are occupied by the quino-
line nitrogen (N3) and the pyridine nitrogen (N1) atoms of the
Schiff base ligand, L2. As in 1, the Schiff base connects the metal
centre with the meridional configuration, while the remaining
meridional positions are occupied by the three thiocyanato ligands
(two bridging and one terminal).

The m1,3-NCS� bridge is asymmetric with Ni-N and Ni-S bond
distances of 2.013(3) Å and 2.6563(9) Å, respectively. The Ni� � �Ni
distance through the double m1,3-thiocyanato bridge is 5.539 Å.
Table 1
Selected bond lengths (Å) and angles (�) for complexes 1 and 2.

1 2

Atoms Length Atoms Length

Ni-N1 2.103(6) Ni-N1 2.066(3)
Ni-N2 2.031(6) Ni-N2 2.032(3)
Ni-N3 2.086(6) Ni-N3 2.060(3)
Ni-N4 2.073(6) Ni-N4 2.013(3)
Ni-N4A 2.180(6) Ni-N5 2.042(3)
Ni-N7 2.097(7) Ni-S1 2.6563(9)

Atoms Angle Atoms angle
Ni-N4-NiA 102.0(3) N5-C18-S2 179.1(4)
Ni-N4A-NiA 102.0(3) C17-S1-Ni 96.57(11)
N6-N5-N4 179.0(8) C17-N4-Ni 155.2(3)
N9-N8-N7 177.3(12) N4-Ni-S1 89.86(8)



Fig. 2. Intermolecular H-bonds and unconventional C-H� � �p interactions in complex 1 along the c axis [a = 3.081 Å, b = 3.483 Å and c = 2.376 Å].

Fig. 3. Crystal structure of complex 2. Atoms are shown as 30% thermal ellipsoids.
H atoms are omitted for clarity. [* = �x,�y,�z]
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The terminal thiocyanato ligand is nearly linear with a N5-C18-S2
bond angle of 179.1(4)�. The Ni-N(imine), Ni-N(pyridine) and Ni-N
(quinoline) bond distances vary within the range 2.032(3)–2.066
(3) Å whereas, the Ni-N(thiocyanato) bond distances are 2.013(3)
Fig. 4. Unconventional intermolecular C-H� � �S and p. . .p interactions
and 2.042(3) Å, respectively (Table 1). Supramolecular C-H� � �S
and p. . .p interactions with shortest distances of 2.905 Å and
3.614 Å, respectively, connect adjacent dimers to generate chains
of complexes of 2 along the ab plane (Fig. 4).
3.4. Magnetic properties

The product of the molar magnetic susceptibility per Ni(II)
dimer (vmT) at room temperature for complex 1 is ca. 2.6 cm3-
K mol�1, which is the expected value for two Ni(II) ions with a g
value of ca. 2.28 (Fig. 5). When the temperature is lowered, vmT
shows a continuous increase to reach a maximum of ca. 4.6 cm3-
K mol�1 at ca. 12 K and a sharp decrease at lower temperatures
to reach a value of ca. 3.8 cm3 K mol�1 at 2 K. The increase in
vmT indicates that the Ni(II) dimer has a weak Ni���Ni ferromag-
netic coupling whereas the sharp decrease may be due to the pres-
ence of a zero field splitting (ZFS) of the Ni(II) ions and/or to a very
weak interdimer antiferromagnetic interactions. Therefore, we
have fit the magnetic properties to a simple model of a S = 1 dimer
with a ZFS including an interdimer coupling (zJ0) using the PHI soft-
ware [52] . This model reproduces satisfactorily the magnetic prop-
erties of complex 1 with g = 2.290(6), J = 6.1(2) cm�1, zJ0 = �0.32
of complex 2 along the ab plane [a = 3.614 Å and b = 2.905 Å].



Fig. 5. Thermal variation of the vmT product for complex 1. Solid line is the best fit
to the model (see text).

Fig. 6. Thermal variation of the vmT product for complex 2. Solid line is the best fit
to the model (see text).
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(1) cm�1 and |D| = 4.34(5) cm�1 (solid line in Fig. 5, the exchange
Hamiltonian is written as �2JS1S2).

Complex 2 shows a similar behaviour, with a vmT value at room
temperature of ca. 2.3 cm3 K mol�1, the expected value for two
independent Ni(II) ions with g ca. 2.1 (Fig. 6). When the sample
is cooled, the vmT product increases and reaches a maximum value
of ca. 4.6 cm3 K mol�1 at ca. 10 K. At lower temperatures, vmT
shows a sharp decrease and reaches a value of ca. 2.7 cm3 K mol�1

at 2 K. This behaviour is very similar to that of complex 1 and,
Table 2
Main structural (distances in Å and angles in degrees) and magnetic parameters for dinuc

Complex Ni-N Ni-S Ni-N

Complex 2 2.013 2.6563 155.2
[{(Ni2(en)4}(l-NCS)2]I2 2.04 2.61 167.0
[{Ni2(tren)2}(l-NCS)2](BPh4)2 2.04 2.61 167.0
[{Ni(terpy)(NCS)2}2] 1.99 2.625 159.0
[{Ni2(2-methyl)3(NCS)2}(l-NCS)2] 2.06 2.55 165.2

2.10 2.64 142.4
[{Ni2(2-methyl)4}(l-NCS)2](PF6)2 1.93 2.83 166.7
[Ni2L2(l-SCN)2(SCN)2].2H2O 2.030 2.635 162.4
[{Ni(L2)(SCN)}2]2 2.059 2.4981 164.1
Ni(NCS)2(HIm)2 2.038 2.5985 158.2
[Ni(lN,S-NCS)(dpt)(NCS)]2 2.11 2.57 163.7

aThe J values correspond to the Hamiltonian H = �2JS1S2.
therefore, we have fit the magnetic properties with the same dimer
model using the PHI software [52]. This model reproduces very sat-
isfactorily the magnetic properties of complex 2 with g = 2.096(2),
J = 4.71(5) cm�1, zJ0 = �0.054(2) cm�1 and |D| = 1.52(2) cm�1 (solid
line in Fig. 6, the exchange Hamiltonian is written as �2JS1S2).
3.5. Magneto-structural correlations

The sign and strength of the exchange coupling constant (J)
between the paramagnetic centres is influenced by several struc-
tural parameters. It is well known that the bridging angle plays
the most crucial role in determining the overall magnetic interac-
tions. Ruiz et al. theoretically proved that doubly m1,10-azido
bridged dinickel(II) complexes exhibit ferromagnetic interactions
when the Ni-N-Ni angles (h) range from 80� to 115�, with J values
increasing as the angle increases, reaching a maximum at around
104� and then decreasing with increasing h [40,41]. Most of the
m1,10-azido bridged dinuclear Ni(II) systems exhibit ferromagnetic
coupling. [14–32,34–39] There is only one example where a very
low bridging angle of value 90.4� exhibits AF interaction between
Ni(II) centres [33].

In complex 1 the Ni-N-Ni angle is 101.0(3)�, in the typical range
for a ferromagnetic interaction, although, based only on the
Ni-N-Ni bond angle, it is not possible to estimate a J value for com-
pound 1. Thus, whereas the Ni(II) complexes with double l1,10-N3

�

bridges [14–39] show Ni-N-Ni angles in the narrow range ca.
98�–103.9�, the J values show a large variation from 1.9 to
36.3 cm�1 (assuming a �2JS1S2 type Hamiltonian) with no clear
relationship. This is confirmed by the fact that complexes [Ni
(terpy)(N3)2]�H2O [16] and [Ni(pepci)(N3)2]2 [26], with identical
average angles (101.6�), show different J values (22.8 and
36.3 cm�1, respectively). Furthermore, these two Ni(II) dimers
show average angles very similar to compound 1 (101.0�) but show
quite different J values (6.1 cm�1).

In contrast to l1,10-N3
� bridged Ni(II) complexes, magneto-struc-

tural correlations for m1,3-thiocyanato bridged dinuclear Ni(II) sys-
tems are less explored. Ginsberg [53] and Hendrickson [54]
followed the valence-bond theory based on Goodenough and Kana-
mori rules [55] of super exchange interactions or Anderson’s
expanded orbital theory [56] to explain ferromagnetic coupling
in [(Ni2(en)4)(m-NCS)2]I2. In this theory, the ferromagnetism in
the idealized structures is explained in terms of eg||r, p||eg0 path-
ways. In the case of double m1,3-NCS� bridged dinuclear Ni(II) sys-
tems, the ideal value of the Ni-N-C and Ni-S-C angles (180� and 90�,
respectively) result in zero orbital overlap and thus, in orthogonal-
ity of the orbitals, giving rise to a ferromagnetic coupling. Based on
some azido, cyanato and thiocyanato bridged derivatives [54],
Hendrickson proposed that the differences in the magnetic beha-
viour are mainly controlled by two factors: (i) the Ni-S-C bond
angle and (ii) the symmetry of the dimeric species, being more
lear and chain nickel(II) complexes with double l1,3-thiocyanato bridging bond.

-C Ni-S-C Ni� � �Ni J (cm�1)a Ref.

0 96.57 5.539 4.7 This work
100.0 5.708 4.5 57
100.0 5.78 2.4 54
100.0 5.633 4.9 58
100.7 5.656 4.3 59
105.8
96.20 5.785 6.3 59
102.67 5.750 3.9 17

8 105.13 5.781 0.67 43
0 99.57 5.557 4.0 60
4 102.54 5.736 2.73 61



Fig. 7. Variation of the coupling constant (J, with H =�JS1S2) with the asymmetry of
the thiocyanate bridge measured as the difference between the Ni-S and Ni-N bond
distances.
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important the second factor. In the case of a symmetric bridge, the
antiferromagnetic coupling is enhanced. Thiocyanato bridged com-
plexes are weakly ferromagnetically coupled and the coupling is
stronger with increasing asymmetry. In thiocyanato bridged com-
plexes the geometry is chair like and the molecular orbitals are
always practically degenerated, facilitating the possibility of ferro-
magnetic coupling.

Table 2 shows the magnetic and crystallographic data of com-
plex 2 and some Ni(II) dimers with a double m1,3-NCS� bridge in
order to discuss their magneto-structural trends [17,43,54,57–61].
The last two examples are Ni(II) chains with a double
m1,3-NCS� bridge. Data in Table 2 reveal that even for significant
deviations of the ideal values of the Ni-N-C and Ni-S-C bond angles
(180� and 90�, respectively) the interactions are still ferromagnetic.
In complex 2, the values of the Ni-N-C and Ni-S-C bond angles
(155.20� and 96.57�) are very close to those found in several other
compounds with very similar J values. Furthermore, if we plot the
variation of J with the asymmetry of the thiocyanate bridge, mea-
sured as the difference between the Ni-S and Ni-N bond distances,
we can observe an approximate linear dependence (Fig. 7). In this
relationship, the value of J observed for compound 2 is very close
to the average trend.

4. Conclusions

We have synthesized two novel dinuclear Ni(II) complexes with
rigid 8-aminoquinoline based N3-donor Schiff base ligands
[Ni2(L1)2(m1,10-N3)2(N3)2] (1) and [Ni2(L2)2(m1,3-NCS)2(NCS)2] (2).
Complex 1 is a double m1,10-azido bridged dimer whereas 2 is dou-
ble m1,3-thiocyanato bridged dimer. X-ray structure analyses reveal
that the Ni(II) centres adopt a distorted octahedral geometry in
both complexes with the Schiff base ligand binding the metal cen-
tre in a meridional fashion. The magnetic properties reveal a weak
ferromagnetic coupling in both complexes that can be explained
with magneto-structural correlations based on the Ni-N-Ni bond
angles in 1 and with the asymmetry on the SCN� bridge in complex
2, measured as the difference between the Ni-S and Ni-N bond dis-
tances, since these distances are closely related to the Ni-S-C and
Ni-N-C bond angles.
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ABSTRACT: Three Cd(II) based coordination polymers (CPs) (1−3)
are designed using 3-aminoquinoline and 5-aminoquinoline based Schiff
base ligands and thiocyanate and dicyanamide as bridging ligands.
Pseudohalide linkers play a crucial role in the architecture of the CPs.
These compounds are prepared under an ambient condition with high
yield. The I−V characteristics of the 1−3 based thin film devices (Al/
complex interface) under dark and illumination conditions are nonlinear
rectifying nature, which is the signature of a Schottky barrier diode (SBD).
The rectification ratio (Ion/Ioff) of the SBDs under dark condition at ±2 V
has been obtained as 16.41, 15.48, and 14.73 and under illumination
conditions; the same has been evaluated as 67.18, 46.23, and 37.69 for 1, 2,
and 3, respectively. The photoresponsivity of the device is found to be
5.52, 2.89, and 2.54 for 1, 2, and 3 based SBDs, respectively. The
enhancement of conductivity under photoilluminated conditions depends on π-electron donor capacity of Schiff base ligands
and the length of pseudohalide linkers of 1−3. Again, depending on the binding fashion of the coordinating ligands, three CPs
(1−3) exhibit different selectivity toward nitroaromatic sensing. In 2,4,6-trinitrophenol (TNP) sensing, CPs follow the order 3
> 2 > 1. CP 3 has the highest quenching constant among the other two CPs along with a prominent selectivity and lowest
detection limit in response to TNP.

■ INTRODUCTION

Coordination polymers (CPs) have attracted considerable
interest in the field of chemical science and material science
not only due to their versatile architectures, but also their
potential applications in various scientific fields such as
nonlinear optics,1 biomaterials,2 gas storage and separation,3,4

luminescence sensors,5 catalysis,6,7 magnetism,8 fuel cell,9,10

information storage, optical switches, etc.11−14 Flexible and
dynamic frameworks of coordination polymers are obtained by
the judicious choice of organic and inorganic building blocks
and connectors between the organic and inorganic compo-
nents. External stimuli, such as solvent systems, pH, and
temperatures, and even the choice of organic and inorganic
components also play a crucial role in the structures of
CPs.15−19 A new class of CPs are recently introduced that
exhibit electrical conductivity and have potential application in
the field of optoelectronic devices. Such types of materials are
good alternatives over traditional organic and inorganic
semiconductors. Efficiency of optoelectronic devices depends

on factors such as surface area, electrical conductivity, charge
mobility, electronic band gap, etc.20−24 Recently, few groups
including us have published work on CPs, showing interesting
electrical properties for their application in Schottky barrier
diode.24−30

On the other hand, CPs showed great potential as
luminescent sensors with high selectivity and sensitivity toward
different anions, cations, explosives, small molecules, etc.31−40

The selective sensitivity of explosive and pollutant nitro-
aromatic compounds (epNAC) is trending due to its
increasing use in terrorist activities, mining, and mutagenic
properties of epNACs.41−46 Nitroaromatic compounds also
have significant roles in the industrial sector like synthesis of
pesticides, dyes, plastics, polymers, pharmaceuticals, etc. Some
of these nitroaromatic compounds have hematotoxic and
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hepatotoxic characteristics, while others can produce muta-
genesis and carcinogenesis in living cells.47−51 For example,
TNP can easily come into the biological system due to its
water soluble nature, and inside a mammalian digestive cycle,
TNP metabolized into a mutagenic species, picramic acid.52,53

Although different techniques such as ion mobility spectros-
copy (IMS), X-ray dispersion, Raman spectroscopy, and even
living creature such as canines are used to detect nitro
explosives,54 fluorescence spectroscopy is a better choice due
to its low cost, easy operation, fast response time, high
selectivity, and sensitive, nondestructive nature. Polymeric
compounds with a conjugated network (“molecular wire”) are
believed to show high selectivity toward aliphatic and aromatic
nitro explosives via exciton migration.55 There are different
kinds of luminescent probes where conjugated networks such
as coordination polymers and gel based material, especially
metallogel, have been utilized profoundly in recent times.56−60

Nitroaromatic sensing is basically a quenching process where
photoexcited electrons are transferred from CPs to the
electron-deficient analyte molecules; therefore, the presence
of electron-rich aromatic ligands could improve the sensing
performances,61 although the presence of pores in CPs could
reduce their efficiency in detection of nitroaromatic explosives
by absorbing solvent or other guest molecules.62−65

Recently, much attention has been focused on the search of
multifunctional materials. They exhibit different tunable
properties in a single framework. Among different multifunc-
tional materials, the most observed property is porosity or
magnetism. Besides porosity or magnetism, other properties
such as optical activity,66−68 nonlinear optical property,69,70 or
electrical conductivity71−76 are mostly observed within multi-
functional materials. Therefore, the design of CPs that will
fulfill both requirements of nitroaromatic sensing property and
electrical conductivity is challenging work. The judicious
choice of metal centers such as Cd2+ and aromatic ligands with
highly delocalized π orbitals and suitable functional inorganic
linkers are vital components to exhibit fluorescent as well as
optoelectronic properties.
In this work, three Cd(II) based CPs (1−3) are designed

using 3-aminoquinoline and 5-aminoquinoline based Schiff
base ligands and thiocyanate and dicyanamide as bridging
ligands. These compounds are prepared under ambient
conditions with high yield. In 1 and 2, upon variation of
pseudohalide linkers from thiocyanate to dicyanamide, Schiff
base chelating ligand (HL1) reduces its coordination sites,
resulting in interesting architectures. A similar trend has been
observed in 3 where in the presence of dicyanamide ions, Schiff
base chelating ligands (HL2) are coordinated with the metal
center only through quinoline nitrogen. Here, orientation of
ligands around the metal center in the CP framework plays a
crucial role in controlling their conductance as well as TNP
sensing properties. The photoconduction behavior of 1−3
based thin film devices follows the trend 1 > 2 > 3, which
corroborates with the π-electron donor capacity of Schiff base
ligands and the length of pseudohalide linkers. Sensing of
nitroaromatic compounds is one of the concerning issues in
recent times. Here we have explored the sensitivity of the CPs
toward different nitroaromatic compounds such as nitro-
benzene (NB), nitrophenol (NP), nitromethane (NM), 2,4-
dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene (2,6-DNT), 3,5-
dinitro benzoic acid (3,5-DNBA), 4-nitrobenzoic acid (4-
NBA) 2,4-dinitrophenol (DNP), and 2,4,6-trinitrophenol
(TNP) in acetonitrile (ACN) solution. The luminescence

quenching responses of these CPs toward nitro explosives are
different for individual CPs. It is noteworthy to mention that
the difference in the coordination arrangement is one of the
controlling factors for variation in photophysical properties as
well as different fluorescence quenching behaviors of these CPs
toward explosives nitroaromatic compounds (epNACs). In
2,4,6-trinitrophenol (TNP) sensing CP follows the order 3 > 2
> 1. In the case of 3, the quinoline moiety is far more
accessible to TNP, which makes it highly prone and selective
toward TNP over other (epNACs). To best of our knowledge,
CPs (1−3) exhibiting both semiconducting and nitroaromatic
sensing properties are for the first time explored by us.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of 1−3. The Schiff base

ligands (HL1 and HL2) are prepared by following a reported
procedure.77−81 Briefly, 3- aminoquinoline or 5-aminoquino-
line and o-vanillin are mixed in a 1:1 molar ratio in methanol
solvent and stirred for 3 h at room temperature. They are
thoroughly characterized by elemental analysis, ESI-mass
spectrometry, NMR, and IR spectroscopy studies (Figures
S1−S8, Supporting Information). In ESI-mass analysis of HL1,
the base peak has been found at an m/z value of 279.21 which
corresponds to the [HL1 + H]+ unit. A similar m/z value has
also been observed in the case of isostructural HL2, where a
base peak appears at 279.21 which corresponds to the [HL2 +
H]+ unit. In FT-IR spectra of both HL1 and HL2, a similar
stretching frequency appears at around 1610 cm−1 which
corresponds to an imine (−CHN) bond. 1H and 13C NMR
of HL1 and HL2 have been performed in DMSO-d6 solvent.
Phenolic OH proton of HL1 appears as a sharp peak at 12.71
ppm. The imine (H−CN) proton appears at 9.15 ppm.
Aromatic protons appear in the range 6.88−9.00 ppm, and
methyl protons of −OCH3 group appear at 3.83 ppm.
Similarly, in the case of HL2, a phenolic OH proton and
imine (H−CN) proton appear at 12.75 and 9.02 ppm,
respectively. Aromatic protons appear in the range 6.92−8.96
ppm, and methyl protons of the −OCH3 group appear at 3.84
ppm. In the 13C NMR (DMSO-d6, 75 MHz) spectrum of HL1,
signals for the −OCH3 carbon atom appear at 56.55 ppm.
Aromatic carbon atoms appear within the range of 116.99−
150.87 ppm. The imine carbon atom appears at 165.85 ppm.
In HL2, the −OCH3 carbon atom appears at 56.48 ppm.
Aromatic carbon atoms appear within the range of 115.19−
151.52 ppm. The imine carbon atom appears at 165.13 ppm.
The ligands are directly used for the synthesis of metal

complexes without further purification. 1 is prepared by a
reaction between Cd(NO3)2·4H2O/HL1/NaSCN in a 1:1:1
molar ratio in methanol solvent under stirring condition
(Scheme 1), whereas 2 and 3 are prepared by a reaction
between Cd(NO3)2·4H2O/HL1/2/NaN(CN)2 in 1:2:4 molar
ratio in methanol solvent under stirring conditions. All three
complexes are dark bronze in color and isolated in very high
yield. They are characterized by elemental analysis and
different spectroscopic techniques. They exhibit a strong and
sharp stretching frequency at around 1600 cm−1 in IR spectra,
due to the presence of an azomethine group, υ(CN). In the
case of 1, another two strong stretching frequencies appear at
2075 and 2113 cm−1 indicating the presence of a SCN̅ group
in two different modes, i.e., μ1,3 bridging and terminal mode
(Figure S9, Supporting Information).82 On the other hand, 2
and 3 exhibit a characteristic bifurcated peak at around 2157
and 2202 cm−1 (for 2) (Figure S10, Supporting Information),
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2166 and 2225 cm−1 (for 3) (Figure S11, Supporting
Information), which clearly indicates the presence of a bridging
N(CN)2̅ group. Stability of 1−3 in the solution state is
investigated by 1H NMR spectroscopy and ESI-mass analysis.

1H NMR spectra of CPs 1−3 were recorded in DMSO-d6
solvent. One representative example is depicted in Supporting
Information (Figure S12). In CP 1, imine protons appear at
9.01 and 8.89 ppm, respectively. All aromatic protons appear in
the range of 6.35−8.48 ppm. Methyl protons of the −OCH3
group and methanol coordinated with the metal center appear
at 3.83 and 3.72 ppm, respectively. Interestingly, the phenolic
OH protons are absent in the spectrum due to metal
coordination. In, CP 2, noncoordinated phenolic OH proton
appears at 12.74 ppm, imine proton appears at 8.91 ppm and
aromatic protons appear in the range 6.36−8.49 ppm. The
protons of the −OCH3 group appear at 3.73 ppm, whereas in
the case of CP 3, a noncoordinated phenolic OH proton
appears at 12.71 ppm, and imine protons appear at 9.01 and
8.85 ppm, respectively. Aromatic protons appear in the range
6.33−8.76 ppm, and −OCH3 protons appear at 3.75 ppm.
The m/z values for 1−3 appeared at 988.05, 802.87, and

866.44, corresponding to [Cd2(L1)2(NCS)2(CH3OH) +
CH3CN + H2O + Li]+, [Cd(HL1)2(N(CN)2)2 + H]+, and
[Cd(HL2)2(N(CN)2)2 + CH3CN + Na]+, respectively
(Figures S13−S15, Supporting Information), which clearly
suggest that all the complexes are very stable in solution phase.

The bulk purity of all CPs was checked by powdered XRD
measurement (Figure S16−S18, for 1−3, respectively,
Supporting Information). Thermogravimetric analysis (TGA)
confirms the stability of theses complexes up to 280 °C
(Figures S19−S21, for 1−3, respectively, Supporting Informa-
tion).

Crystal Structure Description of 1. 1 crystallizes from its
methanolic solution with the orthorhombic Pna21 space group
(Table S1, Supporting Information). The perspective view of 1
along with atom numbering scheme at metal coordination
sphere is presented in Figure S22 (Supporting Information),
while important bond distances and angles are given in Table
S2 (see Supporting Information). In 1, the μ1,1 phenoxido
bridged dinuclear Cd(II) centers are connected through the
μ1,3 bridging thiocyanato ion to form a 1D chain along the a
axis (Figure 1). The asymmetric unit contains the dinuclear
part, two Cd(II) centers (Cd1 and Cd2), two 3-aminoquino-
line based Schiff base ligands, two thiocyanate ions, and one
methanol molecule. Both Cd(II) centers are hexacoordinated.
Interestingly, Cd1 has adopted an octahedral geometry,
whereas Cd2 has distorted trigonal prismatic geometry. In an
ideal octahedral geometry, two equilateral triangles are exactly
parallel and staggered, while in a trigonal prism, the equilateral
triangles are eclipsed. In both cases, s is the side of the triangle,
h is the intertriangular distance, and ϕ is the twist angle,
respectively (Figure S23, Supporting Information). Ideal
trigonal prismatic geometry gives s/h = 1.00, ϕ = 0° values;
on the other hand, for regular octahedron s/h = 1.22, ϕ =
60°.83 In the case of Cd2, the s/h value and the average twist
angle are 1.05, 15.68°, respectively, indicating its distorted
trigonal prismatic geometry (Figure S24, Supporting Informa-
tion). In Cd2, the remaining coordination numbers are
satisfied by two methoxy oxygen atoms (O2 and O4) of two
Schiff base ligands, one N-bounded terminal thiocyanate ion
(N6), and S1 of the μ1,3 bridging thiocyanato ion. Cd1 is
equatorially coordinated with two μ1,1 bridged phenoxido
oxygens (O1 and O3) and two imine nitrogens (N1 and N3)
of the two Schiff base ligands. Apical positions are occupied by
nitrogen atom (N5) of μ1,3 bridged thiocyanato ion and one
methanol molecule. Interestingly, quinoline nitrogens (N2 and
N4) are away from the metal center and remain uncoordi-
nated. The Cd−N (imine) and Cd−N (thiocyanato) bond
distances vary within the range 2.284−2.303 Å and 2.158−
2.323 Å respectively, whereas Cd−O (phonolic), Cd−O
(methoxy) bond distances are found within the range

Scheme 1. Route to the Synthesis of 1−3

Figure 1. Crystallographic structure of 1 showing the 1D chain along the a axis.
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2.228−2.266 Å and 2.453−2.527 Å, respectively. Separation
between two Cd centers is 3.543 Å. The values of Cd1−O1−
Cd2 and Cd1−O3−Cd2 angles are 103.80° and 104.10°
respectively. All these values are comparable with previously
reported Cd complexes.24,80 The 1D network is further
stabilized by π···π and C−H···π interactions among two
neighboring quinoline rings with the shortest distance 3.745
and 2.938 Å, respectively. Unconventional C−H···S inter-
actions has been observed in between two adjacent 1D layers
with the shortest distance 2.734 Å (Figure S25, Supporting
Information).
Crystal Structure Description of 2 and 3. Single crystals

of both 2 and 3 are obtained by slow diffusion of their
methanolic solution. Both 2 and 3 crystallize in the monoclinic
P21/c space group (Table S1, Supporting Information).
Perspective views of the asymmetric unit of the 2 and 3 are
shown in Figure S26 and Figure S27 (Supporting Informa-
tion), respectively. Selected bond lengths and bond angles are
given in Table S2. Interestingly, in both 2 and 3, Schiff base
ligands are coordinated with the metal center only through
quinoline nitrogen atoms. In 2, the Schiff base ligand is 3-
aminoquinoline based, whereas in 3 it is 5-aminoquinoline
based. In 2, the asymmetric unit consists of one Cd(II) ion,
one aminoquinoline based Schiff base ligand and one
dicyanamide (dca) ion, and one water molecule also present

as a solvent of crystallization. The asymmetric unit generates
the whole molecule by symmetry operation through the
inversion center. The Cd(II) center has an elongated
octahedral geometry where it is coordinated in N6 fashion.
It is equatorially coordinated with four nitrile nitrogens (N3,
N5, N3′, N5′) of four dicyanamide ions and axially
coordinated with quinoline nitrogens (N1, N1′) of the Schiff
base ligands. In 2 Cd−(μ1,5 dca)−Cd units of parallel 1D
chains are connected with each other through μ1,5 dca bridges
to result in a 2D polymeric structure. In the 2D structure
(Figure 2) quadrate [Cd2−(dca)4−Cd2] units are presented as
a pseudotetramer [Cd4(HL1)8(dca)4]

4+ containing a 24-
membered ring with subsequent bite angles 90.37° and
89.63° (Figure S28, Supporting Information). The Cd−N
(quinoline) bond distance is 2.428 Å, and Cd−N (dicyana-
mide) bond distances are vary within the range 2.300−2.305 Å.
The Cd···Cd separation across the quadrate μ1,5 dca bridge is
8.658 Å.
In 3, the asymmetric unit contains one Cd(II) ion, two 5-

aminoquinoline based Schiff base ligands, and two dicyana-
mide ions. Here each dicyanamide ligands acts as a μ1,5
bridging ligand. The metal center has an elongated octahedral
structure where it is coordinated with six nitrogen atoms. Four
nitrile atoms (N5, N7, N8, N10) from the μ1,5 bridging dca
ligands form the equatorial plane, whereas quinoline nitrogens

Figure 2. Crystallographic structure of 2 showing 2D sheet in the bc plane.

Figure 3. Crystallographic structure of 3 showing the 1D chain along the b axis.
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(N1, N3) of the Schiff base ligands occupy the apical positions.
The 1D polymeric structure of 3 (Figure 3) develops through
repeating Cd−(dca)2−Cd units. Within the 1D chain, double
μ1,5 dca bridges join two Cd(II) centers to form a pseudodimer
[Cd2(HL2)4(dca)2]

2+ containing a 12-membered ring with a
subsequent bite angle of 90.85° and 86.96° [N5−Cd−N10 and
N7−Cd−N8], respectively. The Cd−N (quinoline) and Cd−
N (dicyanamide) bond distances vary within the range 2.396−
2.401 Å and 2.307−2.335 Å, respectively, and the Cd···Cd
separation across a double μ1,5 dca bridge is 7.512 Å. Both in 2
and 3, two adjacent layers are interlocked with each other
through π···π stacking between quinoline rings with the
shortest distance 3.726 and 3.916 Å, respectively (Figures S29
and S30, Supporting Information). The C−H···π interaction
between the aromatic C−H and π electron cloud of dca has
been found with the shortest distance 2.701 Å (C5H5···N4)
and 2.670 Å (C21H21···N6) for 2 and 3, respectively.
Optical Characterization. The optical characterization

has been performed from the UV−vis spectrum of 1, 2, and 3.
As the synthesized complexes produce stable dispersion in
DMSO, a thin film on normal glass substrates has been
prepared for solid state UV spectroscopy. In this study, the
optical spectrum of 1, 2, and 3 (inset Figure 4) has been

recorded in the range 250−600 nm. The direct optical band
gap of the film has been estimated from UV−vis spectrum
using Tauc’s equation (eq 1).84

α ν ν= −h A h E( ) ( )2
g (1)

where α, Eg, h, and ν stand for absorption coefficient, band gap,
Planck’s constant, and frequency of light. “A” is a constant
which is considered as 1 for the ideal case. By extrapolating the
linear region of the plot (αhν)2 vs hν (Figure 4) to α = 0
absorption, the values of direct optical band gap (Eg) have
been evaluated as 3.22, 3.26, and 3.30 eV for synthesized
complexes 1, 2, and 3, respectively.
Electrical Characterization. The suitable optical band gap

suggests that our synthesized complexes are semiconductor
material. Hence we have fabricated a metal (Al)−semi-
conductor (synthesized CPs) (MS) junction thin film device
and studied its electrical properties by analyzing the charge

transport behavior. To analyze the electrical properties,
current−voltage (I−V) measurements of 1, 2, and 3 based
multiple devices have been recorded with a Keithley 2635B
Sourcemeter under dark and AM 1.5 G conditions at a
corresponding applied bias voltage sequentially within the limit
±2 V.
The I−V characteristics of synthesized CPs (1, 2, and 3)

based devices have been recorded under dark and under
illumination conditions and are presented in Figure 5. Under

dark condition, the conductivity has been estimated as 1.26 ×
10−6 S·m−1, 1.78 × 10−7 S·m−1, and 1.07 × 10−7 S·m−1 for the
1, 2, and 3 based devices respectively, typical for a
semiconductor. However, after exposure under photoirradia-
tion, the conductivity has been estimated as 6.72 × 10−5 S·m−1,
6.15 × 10−7 S·m−1, and 2.44 × 10−7 S·m−1 for the 1, 2, and 3
based devices, respectively. It can be clearly seen that the
conductivity of all the devices improves significantly under
irradiation condition from the nonirradiated condition. This
enhancement of electrical conductivity upon illumination
mainly occurred due to either chemical composition of the
materials which is called chemical effects or due to the different
thickness of the active layers or the presence of defects on the
junction of thin film, which is called physical effects. In search
of the actual reason for this phenomenon, we have performed
the experiment several times with different thicknesses of the
active layers of CPs. The obtained data (Figure S31 and Table
S3, Supporting Information) depict that the generated value of
current changes according to the thickness of the active layers,
but the enhancement of the conductivity remains the same in
every thickness for each the CPs. This analysis confirms that
the enhancement of the conductivity of the CPs upon
illumination arises only due to the chemical compositions of
the CPs.
Moreover, the representative I−V characteristics of the Al/

complex interface under both dark and illumination conditions
exhibit a nonlinear rectifying nature, which is the signature of a
Schottky barrier diode (SBD). The rectification ratio (Ion/Ioff)
of the SBDs under dark condition at ±2 V has been obtained
as 16.41, 15.48, and 14.73 for the 1, 2, and 3 based devices,
respectively, whereas under illumination condition the same
has been evaluated as 67.18, 46.23, and 37.69 for the 1, 2, and

Figure 4. UV−vis absorption spectra (inset) and Tuac’s plots for 1, 2,
and 3.

Figure 5. I−V characteristics curve for ITO/CPs (1, 2, and 3)/Al
structured thin film devices.
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3 based devices, respectively. The larger current from the
characteristics curve under the irradiation condition demon-
strates the photoresponsivity of the device, which has been
found to be 5.52, 2.89, and 2.54 for 1, 2, and 3 based SBDs,
respectively.
The I−V characteristics of 1, 2, and 3 based SBDs have been

further analyzed by thermionic emission theory and Cheung’s
method employed to extract important diode parameters.91 In
this regard, we have started I−V curves analyzing quantitatively
by considering the following standard equations:84,85
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where I0, q, K, T, V, A, η, and A* stand for saturation current,
electronic charge, Boltzmann constant, temperature in Kelvin,
forward bias voltage, effective diode area, ideality factor, and
effective Richardson constant, respectively. The effective diode
area has been estimated as 7.065 × 10−6 m2, and the effective
Richardson constant has been considered as 32 AK−2 cm−2 for
all the devices.
We have also determined the series resistance, ideality factor,

and barrier potential height by using eqs 4−6, which has been
extracted from Cheung’s idea,86,87
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The series resistance (RS) and ideality factor (η) for all devices
under dark and illumination condition has been determined
from the slope and intercept of dV/d(ln I) vs I plot (Figure 6).
The obtained values of ideality factors for all the devices both
under dark and illumination conditions are listed in Table S4
(Supporting Information). The value of the ideality factor (η)
has been estimated as 1.99, 2.75, and 2.96 under dark
conditions for 1, 2, and 3 based SBDs, respectively. Under
illumination conditions, the same has been estimated as 1.33,
2.35, and 2.62 for 1, 2, and 3 based SBDs, respectively. The
obtained values of ideality factors of all the devices under both
conditions present a deviation from its ideal value (∼1). This
may be due to the presence of inhomogeneities of the Schottky
barrier height and the existence of interface states and series
resistance at the junction.88,89 However, the important
observation is that the values of the ideality factor for all the
complexes based SBDs approached more ideal (closer to 1)
after light soaking. In general, it is an indication of less
interfacial charge recombination and better homogeneity of
Schottky junctions.84 Furthermore, under both conditions, the
values of ideality factors of 1 based SBD approaches more ideal
rather than the rest of the complex based devices. From this, it
may be concluded that our synthesized 1 possesses less carrier
recombination at the junction, i.e., better barrier homogeneity
even under photoirradiation conditions than all other
synthesized complexes based devices. The value of series
resistance RS has been determined from the slope of the dV/

Figure 6. dV/d(ln I) vs I curves under (a) dark and (b) illumination condition for 1, 2, and 3 based thin film device.

Figure 7. (a) ln I vs ln V and (b) I vs V2 curves under both dark and illumination conditions for 1, 2, and 3 based thin film device.
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d(ln I) vs I plot (Figure 6). The value of barrier height (φB)
has been determined from the intercept of H versus I plot
(Figure S32) using just the obtained ideality factor (η) values
in eq 6. For all the complexes based SBDs, the potential barrier
height is found to be reduced when it exposed under light.
This decrement in the barrier potential height may be due to
the effect of the generation of photoinduced charge carriers
and their accumulation near the conduction band. From the
slope of this (H vs I) graph, the series resistance (RS) can also
be calculated. The measured potential height (φB), ideality
factor (η), and series resistance (RS) under dark and
illumination condition for the metal (Al)−semiconductor
(synthesized complexes) (MS) junctions are listed in Table
S4 (Supporting Information). The series resistance obtained
from both processes shows good consistency. The obtained
series resistance is found to decrease upon light illumination
(Table S4, Supporting Information), which signifies its
applicability in the field of optoelectronics devices.
For a better understanding of the charge transport

phenomena at MS junction, it requires analysis of the I−V
curves in detail. The characteristic I−V curves under both
conditions in the logarithmic scale reveal that it can be
differentiated in two slopes (Figure 7a), which has been
marked as region-I and region-II. In the first region (region-I),
when the value of slope is ∼1, current follows the relation I ∝
V, which refers to the Ohmic regime. In the second region, the
value of slope is about 2, where current is proportional to V2.
This is the very characteristic of a trap free space charge limited
current (SCLC) regime.84,90 If the injected carriers are more
than the background carriers, the injected carriers spread and
generate a space charge field. The currents are controlled by
this space charge field and are known as SCLC. The SCLC
theory, which has recently drawn popular attention, is adopted
here to estimate the mobility of materials.84,90 Following this
model, the effective carrier mobility has been estimated from a
higher voltage region of I vs V2 plot (Figure 7b) by the Mott−
Gurney equation:84,87,90
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where I is the current, ε0 is the permittivity of free space, εr is
the relative dielectric constant of the synthesized material, and
μeff is the effective dielectric constant. To measure the relative
dielectric constant, we have drawn the capacitance against
frequency of synthesized material in film format. Figure S33
(Supporting Information) represents the plot of capacitance
against frequency at constant bias potential. From the figure, it
has been clearly shown that in a higher frequency regime the
capacitance of the film tends to saturate. From this regime, the
capacitance of the complexes has been measured as 1.53 ×
10−10 F, 4.24 × 10−11 F, and 3.55 × 10−11 F for 1, 2, and 3
respectively. Hence, the dielectric permittivity of the material
film has been calculated employing the following equation:84

ε =
∈

CD
A

1
.r

0 (8)

where C is the capacitance (at saturation), D is the thickness of
the film which has been considered as ∼1 μm, and A is the
effective area. Using the above formula, the relative dielectric
constant of the material has been estimated as 24.31 × 10−1,
6.78 × 10−1, and 5.67 × 10−1 for 1, 2, and 3 respectively.
Transit time (τ) and diffusion length (LD) are few more key

parameters that have also been estimated to analyze charge
transport across the junction. For this purpose, τ has been
evaluated from eq 9, by using the slope of the SCLC region
(region-II) in logarithmic representation of the forward I−V
curve, shown in Figure 7a.84
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where D is the diffusion coefficient and has been determined
using the Einstein−Smoluchowski equation (eq 10).84 When a
metal semiconductor junction is formed, the diffusion length
(LD) of charge carriers plays an influential role in device
performance and has further been extracted from eq 11.
Estimated values of parameters in the SCLC region
demonstrates that the charge transport properties of the
material improve after light soaking (Table S5, Supporting
Information). The higher mobility implies a higher transport
rate under irradiation, while the number of charge carriers also
increases under the same condition. The increased diffusion
length under illumination reveals that the charge carriers got to
travel more length before being recombined, which led to the
eventual increase in current displayed by the device under
light. The diode parameters of 1 based SBD indicate its
superior performance as compared to rest of the synthesized
complexes in this series based SBDs. 1 based SBD also
demonstrates much enhanced charge transfer kinetics after
light soaking. So, these kinds of materials can pave the way for
a very promising future in device applications.

DFT Calculation. In this present work, lattice-matching
and deformation potentials have been used to acquire the
Schottky electrical contact. Commonly, the deformation
referred to the difference between the conduction band and
valence band which is generally the difference in the highest
occupied molecular orbitals (HOMOs) and lowest unoccupied
molecular orbitals (LUMOs) (ΔE = ELUMO − EHOMO, eV). In
the case of supramolecular interaction supported coordination
polymer, the absolute deformation potentials (ADPs) are used
during the determination of the band gap. Actually, CPs are
mainly designed by organic and inorganic hybrid ingredients.
Thus, the energy gap of the band has been influenced by the
electronic nature of the compounds. Here the optimized
geometry of the CP has been used to calculate ΔE (Figure 8),
which can correlate with the band gap obtained from Tauc’s
plot using the UV spectrum. A minor inconsistency between
calculated, and an experimental band gap may be assigned to
the geometry factor that has not been considered for DFT
calculations using a single monomeric unit of the polymeric
entity. The calculated (time-dependent density functional
theory) transitions, HOMO-9 → LUMO (λ, 406.65 nm; f,
0.0144) and HOMO-5 → LUMO + 1 (λ, 426.03 nm; f,
0.0457), have been assigned as ILCT for 1. In 2 the
composition differs significantly, i.e., HOMO-8 → LUMO
(λ, 354.54 nm; f, 0.0621); the HOMO-5 → LUMO + 2
transition (λ, 356.36 nm; f, 0.0953) is also an ILCT transition.
Again for 3 the transitions; HOMO-8 → LUMO + 1 (λ,
326.01 nm; f, 0.1348) and HOMO-2→ LUMO + 2 (λ, 332.17
nm; f, 0.0111) are also significant (Tables S6−S9). The
energies of MOs varied with respect to the compounds which
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may be due to the electron drift in the coordination sphere
around the metal ion, also supported by the experimental
results.91 These polymers have been composed of organic and
an inorganic part; therefore, the band edge may be influenced
by the electronic contributions of both. For all the compounds
the common metal ion is cadmium, a d10 system, which is
redox innocent. Thus, the band gaps are often established by
the electronic nature of the organic ligands along with the
geometric strain of the network.29 The GaussSum calculations
have been carried out to accomplish the partial contributions
of the component systems present in the hybrid material.92

Again to reveal the role of components in charge distribution,
DOS plots are calculated for the structures measured at normal
conditions, from which the band gaps are clearly attributed
(Figures S34−S36, Supporting Information).
The inclinations observed in valence and conduction band

edges in 1, 2, and 3 are attributed to the extended C−H···π,
π···π interactions (Figures S25, S29, and S30, respectively,
Supporting Information) of the ligands. This indicates the
possibility of electron conduction for showing semiconducting
behavior and shows the activity in the impedance plot, Bode
plot, and AC conductivity plot in the order 1 > 2 > 3.
Structure Property Corelation. CP based thin film

devices exhibit high conductivity in the presence of light
compared to that in the dark, which indicates good sensitivity
of the CPs toward photoirradiation. Semiconducting properties
of 1−3 under photoilluminated conditions are believed to
occur through charge transportation. CPs are organic−
inorganic hybrid materials, and probably the donor−acceptor
combination within the CP framework influences this type of
behavior. Generally, the organic ligand part with a highly
delocalized π-electron system acts as the electron donor during
photo excitation, whereas Cd(II) metal based pseudo halide
part (inorganic part) acts as the electron acceptor. Therefore,
this type of material can be used as an optoelectronic material
and specifically as a Schottky barrier diode (SBD).
Interestingly the rectification ratio (Ion/Ioff) values of the CPs
which act as SBDs under dark and under illumination
condition follow the order 1 > 2 > 3. This can be well
explained from a structural viewpoint of the CPs. In 1, the 3-
aminoquinoline based organic ligand coordinated with the
metal center through imine nitrogen, phenoxido oxygen, and
methoxy oxygen resulting high donor−acceptor properties.

Both in 2 and 3 coordination of the metal center only through
the quinoline nitrogen of the donor organic ligands part
probably reduces donor−acceptor properties. It is also known
that metal−metal direct interaction, that is, a short metal−
metal distance is an important factor for showing conductivity
via charge transportation.93,94 In 1, the presence of both μ1,1
phenoxido and μ1,3 thiocyanato bridging results in a shorter
Cd(II)···Cd(II) distance compared to 2 and 3 where the
presence of μ1,5 bridged dca ions keep metal centers apart and
influences coordination of the organic part only through one
donor center, resulting in a low conductivity value. The above
structural factors again justify the HOMO−LUMO energy gap
of 1−3. The quantitative values of the energy gaps of CPs are
in decent agreement with the experimental results obtained
from the Tauc’s plot. Thus, the energy gaps confirm the
electrical nature of the CPs and authenticate the experimental
results.

Study of Explosive Material Sensing Properties of 1−
3. In this series, Cd(II) metal complexes have different modes
of coordination with the ligands HL1 and HL2 that are
attributed to the respective photophysical phenomenon. Here,
depending on the binding fashion of the coordinating ligand
these three CPs (1−3) exhibit different emission bands at a
significantly distinguished range with very high intensity. The
high emissive nature of metal complexes shows its potentiality
toward the exploration in various practical application fields. In
such fields, selective sensing of nitroaromatic compounds is
one of the concerning issues in recent times. Here we have
explored the sensitivity of the metal complexes toward different
nitroaromatic compounds such as nitrobenzene (NB), nitro-
phenol (NP), nitromethane (NM), 2,4-dinitro toluene (2,4-
DNT), 2,6-dinitro toluene (2,6-DNT), 3,5-dinitro benzoic
acid (3,5-DNBA), 4-nitrobenzoic acid (4-NBA) 2,4 -dini-
trophenol (DNP), and 2,4,6-trinitrophenol (TNP) in acetoni-
trile (ACN) solution. In this regard, selective detection of TNP
over DNP is one of the most challenging tasks due to their
similar chemical and photophysical behavior. The distinguish-
able difference in the fluorescence response is the bare
minimum criterion for a selective sensor with high sensitivity
and selectivity. The luminescence quenching responses of
these complexes toward nitro explosives are different for
individual complexes. The exploration starts with the sensing
experiments of explosives nitroaromatic compounds (ep-
NACs). Results show that, upon excitation at ∼350 nm, 1
and 2 exhibit a yellowish fluorescence with an emission band at
415 and 416 nm respectively, while 3 possesses greenish
fluorescence at 496 nm. In the case of equimolar concentration
(1 × 10−5 M in DMSO) of 1−3, 3 exhibits the highest
emission intensity (820 a.u.) (Figure S37, Supporting
Information) over the 1 (640 a.u.) and 2 (804 a.u.). Now
the luminescence quenching behavior of 1−3 is individually
evaluated with each aforementioned epNACs. For this
experimentation, the complex taken in 10−5 M concentration
in DMSO and epNACs are in 10−4 M concentration in ACN.
1 has a pale yellow fluorescence with an emission band at

415 nm upon excitation on 350 nm. To evaluate the detection
ability, different nitroaromatic compounds were added
individually to the sensor (here 1) solution with the same
stoichiometry. The changes in fluorescence emission have been
observed which reflects that the emission intensity of 1 is
highly quenched by TNP, DNP, DNBA, and more promptly in
the case NBA. For other nitroaromatic compounds the change
in emission intensity is negligible (Figure 9).

Figure 8. DFT computed energies of the molecular orbitals and the
energy difference between the HOMO and LUMO of 1, 2, and 3.
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These results are further validated through a gradual titration
method with the help of a fluorescence spectrophotometer. In
this case, also, the excitation wavelengths are maintained at 350
nm. Here also the same phenomenon is reproduced, indicating
that 1 is not a selective sensor, as it shows a similar percentage
of fluorescence quenching (∼70%) toward NBA (Figure 10a),
DNBA (Figure 10b), TNP (Figure 10c), and DNP (Figure
10d) with a slight shift from 415 to 417 nm. However, it is
interesting to note that for highly electron-deficient epNACs
like DNP and TNP, a higher equivalent amount is required for
the significant quenching of the fluorescence intensity of 1,
whereas for NBA and DNBA requisite concentrations are only
1.14 and 1.6 equiv respectively. These findings affirm that the
sensor 1 is more sensitive toward NBA in comparison to DNP,

TNP, and DNBA. The fluorescence titration plots further
confirms that the addition of only 0.033 equiv of NBA results
in the decrease in the fluorescence intensity, while for DNBA,
DNP, and TNP the required amount are 0.067, 0.05, and
0.133 respectively. Interestingly it is found that for NBA there
is an instant fluorescence quenching upon 1:1 addition of
sensor 1 and NBA, whereas for DNP, TNP, DNBA the sensing
process is comparatively slower. The different affinities of 1
toward the targeted analytes have a direct effect on the limit of
detection (LOD) and quenching constant (Ksv). The limit of
detection (LOD) values are calculated and tabulated in Table
S10 (Supporting Information) along with the corresponding
quenching constantans (Ksv) which are calculated from the
Stern−Volmer (SV) plot (see Figure S38, Supporting

Figure 9. Change in fluorescence intensity of 1 (10−5 M in DMSO) with different nitroaromatic compounds (10−4 M in ACN) (1:1).

Figure 10. Fluorescence titration of 1 (10−5 M in DMSO) with (a) NBA, (b) DNBA, (c) TNP, and (d) DNP (10−4 M in ACN).

Figure 11. Change in fluorescence intensity of 2 (10−5 M in DMSO) with different nitroaromatic compounds (10−4 M in ACN) (1:1).

Crystal Growth & Design Article

DOI: 10.1021/acs.cgd.9b00891
Cryst. Growth Des. 2019, 19, 6431−6447

6439

http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00891/suppl_file/cg9b00891_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00891/suppl_file/cg9b00891_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00891/suppl_file/cg9b00891_si_001.pdf
http://dx.doi.org/10.1021/acs.cgd.9b00891


Information). The experimental values are supporting the
higher affinity of 1 toward NBA over DNP, TNP, and DNBA.
Therefore, in this work, some other Cd(II) based coordination
polymers (2, 3) have been examined in order to achieve a
proficient and selective TNP sensor.
The fluorescence characteristics of 2 resemble those of 1.

Here also 2 is showing a yellowish fluorescence at ∼416 nm
upon excitation at 350 nm, but the intensity of 2 is higher than
that of 1 when the concentrations are same for both of the
CPs. The fluorescence quenching of these CPs also has a
similar kind of response except NBA. CP 2 has a greater
response toward DNBA, DNP, and TNP over other epNACs
(Figure 11). As we are focusing on the selective detection of
TNP, therefore, the discussion is concise on the interaction
and responses of complex 2 toward TNP.
The stoichiometric mixture (1:1) of 2 (10−5 M) and TNP

(10−4 M) shows a complete quenching of the fluorescence
intensity of the sensor. Similar result is also observed for DNP
and DNBA. In the case of fluorescence titration of 2 (Figure
12), the fluorescence intensity is quenched about 60% on
gradual addition of 0.87 equiv TNP solutions and 1.03 equiv
DNP solutions, respectively. Here, the limit of detection
(LOD) of TNP and quenching constant (Ksv) (see Figure S39,
Supporting Information) is 300 nM and 1.71 × 104 M−1

respectively. However, the Ksv of DNP 3.97 × 104 M−1 is
considerably high than TNP, though the LOD is same for each
cases. These values signify that 2 shows a better response
toward DNP and TNP with a higher efficiency in comparison
to 1, but still it is not selective toward TNP. In consequence,
further exploration is done with 3.
The photophysical properties of 3 are remarkably different

from 1 and 2 owing to its different coordination arrangement.
The luminescence spectrum of 3 exhibits a strong visible
greenish blue emission at 496 nm upon excitation at 350 nm.

Addition of nitroaromatic compounds (10−4 M) into the
sensor solution of 3 (10−5 M), by maintaining 1:1
stoichiometry, amazingly results in the selective quenching of
the fluorescence emission for TNP, while the other epNACs
are completely silent (Figure 13).
Other analytes have no significant impact on fluorescence

quenching, and this unique selectivity is further confirmed by
the fluorescence titration studies (Figure 14). Surprisingly,
DNP does not exhibit any significant change in fluorescence
intensity of 3. Here the sensitivity is considerably higher for
TNP, and only 1.18 equiv of TNP is required for the complete
fluorescence quenching of 3. Furthermore, the limit of
detection (LOD) and quenching constant (Ksv) are calculated
(Figure S40, Supporting Information), which are 160 nM and

Figure 12. Fluorescence titration of 2 (10−5 M in DMSO) with (a) TNP and (b) DNP (10−4 M in ACN).

Figure 13. Change in fluorescence intensity of 3 (10−5 M in DMSO) with different nitroaromatic compounds (10−4 M in ACN) (1:1).

Figure 14. Fluorescence titration of 3 (10−5 M) with TNP (10−4 M in
ACN).
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1.82 × 104 M−1 respectively. These findings signify that 3 has
the highest quenching constant among the others two
complexes along with a prominent selectivity and lowest
detection limit in response to TNP.
Plausible Mechanism of Photoluminescence Sensing.

It is noteworthy to mention that the difference in the
coordination arrangement is one of the controlling factors
for variation in photophysical properties as well as different
fluorescence quenching behaviors of these complexes toward
epNACs.
In 1, Cd(II) is coordinated with the ligand HL1 through the

imine nitrogen, −OCH3 and −OH sites. Therefore, the
electron-rich quinoline moiety remains free for the feasible
interaction with incoming analytes. However, the distance
between two quinoline moieties is 4.48 Å, which ultimately
forbids the nitroaromatic compounds to undergo an intra-
molecular sandwich type π−π stacking within the molecular
scaffold (Figure S41, Supporting Information). This is also
reflected in the fluorescence studies where it is clearly observed
that 1 is not particularly selective toward TNP, though it is
most favorable for π−π stacking. The Stern−Volmer plots of
individual analytes (Figure S38, Supporting Information)
suggest that only in the case of TNP and DNP it has a
nonlinear characteristic, which further affirms that quenching
occurs through resonance energy transfer (RET). In RET, the
resonance energy is transferred from the excited donor into the
electron-deficient acceptor, and this energy transfer is directly
related to the extent of overlap between the absorption band of
acceptor and the emission band of the donor. Here, a
significant overlap (Figure 15) has been observed between the

emission band of 1 with the absorption spectra of TNP and
DNP, whereas for other analytes there is no such notable
overlap. The overlap region is significant for both the DNP and
TNP which is responsible for high quenching efficiency. The
nonlinearity of Stern−Volmer plot along with the maximum
overlap between the spectral bands indicates that RET is the
feasible pathway for fluorescence quenching of 1 in the
presence of TNP and DNP.
On the contrary, in the case of DNBA and NBA such type of

overlap as well as nonlinearity in the SV plot has not been
observed. To explain the mechanism of fluorescence
quenching by NBA and DNBA, we have to consider the

structural arrangement of the metal complex. From the crystal
structure, it is found that due to less possibility of π−π stacking
in between the sensor and analyte, the plausible reason for less
selectivity and different response rate of fluorescence
quenching may be a consequence of H-bonding interaction.
For NBA, there is one −NO2 group in the para-position of the
−COOH group, whereas for DNBA both the nitro groups are
present at the meta- position of the −COOH group, which
controls the feasibility of the interacting sites. In the case of
electron-deficient entities like DNP and 2,4,6-TNP, the three
nitro groups create an excess electron deficiency within the
molecular scaffold that is enhancing the resonance involvement
of the lone pair of the phenolic −OH group. These effects
cumulatively decide the order of acidity of the protons.
Consequently, TNP possesses highest acidic proton than DNP
followed by DNBA and NBA, but at the same time, the size of
the analyte differs in the reverse order. This size is becoming
one of the most controlling factors near the ring nitrogen of
the two adjacent quinoline moieties. Fluorescence titration
studies of 1 with the analytes are also in line with this
possibility. For NBA the intensity of 1 is decreased instantly as
the H of the −COOH group (Figure 16) is more easily

accessible toward the lone pair of the ring nitrogen of the
quinoline moiety due the comparatively smaller size of the
NBA. In the case of DNP, DNBA, and TNP, the fluorescence
quenching of 1 depends on the population around the
quinoline moiety. The fluorescence titration studies (Figure
10) also reveal that an initially higher amount of analyte
(DNBA, DNP, and TNP) is required compared to NBA for
prominent quenching response. Therefore, the hydrogen
bonding interaction between the analytes and complex 1 is
considered to be another sensing pathway.
In the case of 2, Cd(II) coordinates with the ring nitrogen of

the quinoline moiety and the two terminal nitrogen of dca
(Figure S42). The quinoline moiety is free to interact with the
epNACs. This may be the driving force behind the selective
fluorescence quenching response toward TNP over other
analytes. The quenching phenomenon can be well explained by
the π−π stacking between the incoming guest and quinoline
moiety. The possible interactions are sketched out for better
visualization (Figure 17). The linearity in SV plot (Figure S39,
Supporting Information) and the overlap between the spectral
bands (Figure 18) indicate strong interaction of 2 and DNP as
well as TNP that leads to the formation of a new adduct

Figure 15. Overlap between the absorption spectra of epNACs with
an emission spectrum of 1.

Figure 16. H-bonding between the acidic proton of TNP and the N
of quinoline moiety of 1.
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through intramolecular charge transfer (ICT). The formation
of new adduct is finally reflected through slight shifting of the
emission peak position in the emission spectra (Figure 12).
Therefore, the fluorescence quenching mechanism of 2 can be
well explained based on ICT toward TNP. However, the extent
of spectral band overlap for DNP and TNP is quite similar in
comparison to 1, and in consequence both analytes express a
similar type of quenching phenomenon for 2.
A similar kind of interaction with nitroaromatic compounds

has been observed for 3 with a higher selectivity and sensitivity.
3 has a similar kind of binding fashion as that of 2, but it only
differs in the position of the ring N of the quinoline moiety
(Figure S43, Supporting Information). In the case of 3 the
quinoline moiety is far more accessible to TNP which makes it
highly prone and selective toward TNP over other epNACs.
The possible π−π interactions are depicted for better
visualizations (Figure 19).
The nonlinear SV plot (Figure S40, Supporting Informa-

tion) and overlap between the absorption and emission band
of TNP and 3 (Figure 20) are validating the resonance energy
transfer (RET) as a rightful pathway for fluorescence
quenching. Consequently, a clear shifting of peak (495−500
nm) is observed during fluorescence titration of 3 with TNP.
This observation can be elucidated by the formation of a new
adduct due to strong interaction between the quinoline moiety
of 3 and TNP, leading to intramolecular charge transfer (ICT).
Now it can be concluded that the selective fluorescence
quenching of 3 in the presence of TNP is a combination of

RET and ICT processes. However, it is interesting to note that
here the extent of overlap is quite different from the earlier
ones. The emission band of 3 has a slightly larger area of
overlapping with the absorbance band of TNP than the DNP.
This a considerable difference in extent of overlapping,
exhibiting a drastic and distinguishable change in fluorescence
response of 3 toward TNP. Therefore, 3 becomes a selective
and highly sensitive sensor for the detection of TNP like
epNACs and overcoming the daunting interference effect of
DNP.

Figure 17. Possible π−π stacking between the TNP and the quinoline moiety of 2.

Figure 18. Overlap between the absorption spectra of epNACs with
the emission spectrum of 2.

Figure 19. Possible π−π interaction between the TNP and the
quinoline moiety of 3.

Figure 20. Overlap between the absorption spectra of epNACs with
the emission spectrum of 3.
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The fluorescence sensing result of each sensor has been
compared with the nitroaromatics detection results of some
selected CP-based sensors95−107 (Table S11, Supporting
Information). This comparison chart clearly exhibits that
each sensor has a high quenching constant as well as the
detection limits for TNP. The sensor 3 has the highest
selectivity and sensitivity toward TNP with a detection limit
1.6 × 10−7 M which is comparatively high among the
documented CP-based sensory probes. Therefore, sensor 3
could be employed as an excellent sensor for selective
detection of TNP.

■ CONCLUSION

In this work we have presented synthesis and X-ray
characterization of three multifunctional CPs (1−3) using 3-
aminoquinoline and 5-aminoquinoline based Schiff base
ligands, and thiocyanate and dicyanamide as linkers. The
three CPs exhibit photoilluminated electrical conductivity, and
the values increase in the order 1 > 2 > 3. Delocalized π-
electrons in the organic ligand part and pseudohalide linkers
control the transport of electrons between the adjacent Cd(II)
centers. The photoresponsivity of 1−3 based devices are found
to be 5.52, 2.89, and 2.54, respectively, and corroborate their
stability under exposure to light. The selective detection of
TNP like nitroaromatic compounds with CPs is quite
important from various aspects. Exploration of selective
sensing of TNP with Cd(II) based CPs (1−3) suggests that
in CPs the binding arrangement of the ligand is very much
important toward selectivity and sensitivity. Surprisingly, the
emission intensity of these CPs having the same metal and a
similar backbone ligand exhibiting different fluorescence
quenching behavior toward nitroaromatic compounds and
the mechanism of fluorescence quenching are also highly
influenced by its structure and coordination arrangement.

■ EXPERIMENTAL SECTION
Materials and Physical Measurements. All reagents or

analytical grade chemicals and solvents were purchased from
commercial sources and used without further purification. Elemental
analysis for C, H and N was carried out using a Perkin−Elmer 240C
elemental analyzer. Infrared spectra (400−4000 cm−1) were recorded
from KBr pellets on a Nicolet Magna IR 750 series-II FTIR
spectrophotometer. Absorption spectra were measured using a Cary
60 UV−vis (Agilent Technologies) with a 1 cm-path-length quartz
cell. Fluorescence spectra were recorded on PerkinElmer LS-45
fluorometer. Electron spray ionization mass (ESI-MS positive) spectra
were recorded on a MICROMASS Q-TOF mass spectrometer.
Fluorescence lifetime was measured using a time-resolved spectro-
fluorometer from IBH, UK. The frequency-dependent capacitance
was recorded by the computer controlled Agilent make precision
4294A LCR meter. TGA was measured under Nitrogen atmosphere
(150 mL/min) using Platinum crucible with alpha alumina powder as
reference in a PerkinElmer (SINGAPORE) instrument (Model No.-
Pyris Diamond TG/DTA). Powder X-ray diffraction (PXRD)
patterns of the samples were recorded on a Bruker D8 Advance
instrument operated at 40 kV and 40 mA using Cu Kα (λ = 1.5406 Å)
radiation.
X-ray Crystallography. Single crystal X-ray data of 1−3 were

collected on a Bruker SMART APEX-II CCD diffractometer using
graphite monochromated Mo Kα radiation (λ = 0.71073 Å) at 150(2)
K. Data processing, structure solution, and refinement were
performed using Bruker Apex-II suite program. All available
reflections in 2θmax range were harvested and corrected for Lorentz
and polarization factors with Bruker SAINT plus.108 Reflections were
then corrected for absorption, interframe scaling and other systematic

errors with SADABS.109 The structures were solved by the direct
methods and refined by means of full matrix least-squares technique
based on F2 with SHELX-2013 software package.110 All the non-
hydrogen atoms were refined with anisotropic thermal parameters.
C−H hydrogen atoms were inserted at geometrical positions with Uiso
= 1/2Ueq to those they are attached. Crystal data and details of data
collection and refinement of the complex are summarized in Table S1.

Device Fabrication. In this report, multiple metal−semi-
conductor (MS) junction devices have been fabricated in ITO/CPs
(1, 2, and 3)/Al sandwich structure to perform the electrical study. In
this regard, well dispersion of as synthesized CPs (1, 2, and 3) has
been made in N,N-dimethylformamide (DMF) by mixing and
sonicated the right proportion (40 mg/mL) of complexes in separate
vials. Just prepared stable dispersion of complexes has been deposited
on the top of the ITO coated glass substrate by spun first at 800 rpm
for 6 min and thereafter, at 1200 rpm for 4 min with the help of SCU
2700 spin coating unit. Afterward all the as-deposited thin films has
been dried in a vacuum oven at 90 °C for several minute to evaporate
the solvent part fully. The thickness of the developed thin films has
been measured as ∼1 μm. The aluminum electrodes are deposited
under pressure 10−6 Torr by maintaining the effective area as 7.065 ×
10−6 m−2 with shadow mask in the Vacuum Coating Unit 12A4D of
HINDHIVAC. For electrical characterization of the devices, the
current−voltage (I−V) characteristic has been measured both under
dark and AM 1.5G radiation condition and recorded with the help of
a Keithley 2635B Sourcemeter by two-probe technique. All the
preparation and measurements has been performed at room
temperature and under ambient conditions.

Computational Details. For DFT calculation of 1−3, the full
geometry of the single monomeric unit of polymeric structure has
been optimized by using Density Functional Theory (DFT) with
GAUSSIAN-09111 program package. DFT/B3LYP112 hybrid level was
used throughout the calculations. For all the elements including
transition metal ion Cd(II) the basis set LanL2DZ was used. To
assign the different low laying electronic transitions based on B3LYP/
LanL2DZ optimized geometry were computed for the time
dependent density functional theory (TD-DFT)113−115 formalism.
In the final step of the theoretical computation Gauss sum116 was
employed to calculate the fractional contribution of different
individual components present in the polymeric molecule to each
molecular orbital.

Synthesis of HL1 and HL2 [HL1 = 2-Methoxy-6-((quinolin-3-
ylimino)methyl)phenol and HL2 = 2-Methoxy-6-((quinolin-5-
ylimino)methyl)phenol]. The Schiff base ligands (HL1 and HL2)
were prepared by the standard method.77−81 Briefly, 4.0 mmol (0.576
g) of 3-aminoquinoline or 5-aminoquinoline (for HL1 and HL2,
respectively)was mixed with 4.0 mmol (0.608 g) of o-vanillin in 20
mL of methanol. The resulting solution was stirred for 3h at room
temperature (Scheme S1). The dark orange methanolic solution was
used directly for complex formation.

HL1. Yield: 0.978 g (88%). Anal. Calc. For C17H14N2O2: C 73.37%;
H 5.07%; N 10.07%. Found: C 72.92%; H 4.96%; N 9.87%. IR (cm−1,
KBr): υ(C = N) 1605 m; υ(C−H) 778 s. UV−vis, λmax (nm), (ε (dm3

mol−1 cm−1)) in MeCN: 282 (18191), 328 (16119). ESI-MS
(positive) in MeCN: The base peak was detected at m/z = 279.21,
corresponding to [HL1+ H]+. 1H NMR (DMSO-d6, 400 MHz) δ
ppm: 3.83 (−OCH3) (s, 3H), 6.93 (Ar−H) (t, 1H, J1 = 8.0 Hz), 7.15
(Ar−H) (d, 1H, J = 8.0 Hz), 7.23 (Ar−H) (d, 1H, J = 1.6 Hz), 7.62
(Ar−H) (t, 1H, J1 = 7.2 Hz, J2 = 7.6 Hz), 7.74 (Ar−H) (t, 1H, J = 7.2
Hz), 8.02 (Ar−H) (q, 2H), 8.32 (Ar−H) (d, 1H, J = 2.4 Hz), 9.00
(Ar−H) (d, 1H, J = 2.4 Hz), 9.15 (−CH = N) (s, 1H), 12.71 (Ar−
OH) (s, 1H). 13C NMR (DMSO-d6, 300 MHz) δ ppm: 56.55, 116.45,
119.66, 119.99, 124.20, 124.30, 125.45, 128.41, 128.76, 129.23,
129.63, 142.08, 146.83, 147.05, 148.46, 150.87, 165.85.

HL2. Yield: 1.053 g (89%). Anal. Calc. For C17H14N2O2: C 73.37%;
H 5.07%; N 10.07%. Found: C 72.94%; H 4.93%; N 9.89%. IR (cm−1,
KBr): υ(C = N) 1610 m; υ(C−H) 789 s. UV−vis, λmax (nm), (ε (dm3

mol−1 cm−1)) in MeCN: 275 (22425), 338 (29846). ESI-MS
(positive) in MeCN: The base peak was detected at m/z = 279.21,
corresponding to [HL2 + H]+. 1H NMR (DMSO-d6, 400 MHz) δ
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ppm: 3.84 (−OCH3) (s, 3H), 6.94 (Ar−H) (t, 1H, J1 = 8.0 Hz, J2 =
7.6 Hz), 7.17 (Ar−H) (d, 1H, J = 8.0 Hz), 7.35 (Ar−H) (d, 1H, J =
7.6 Hz), 7.50 (Ar−H) (d, 1H, J = 7.6 Hz), 7.58−7.61 (Ar−H) (q,
1H), 7.80 (Ar−H) (t, 1H, J1 = 8.4 Hz, J2 = 7.6 Hz), 7.95 (Ar−H) (d,
1H, J = 8.4 Hz), 8.53 (Ar−H) (d, 1H, J = 8.0 Hz), 8.95 (Ar−H) (d,
1H, J = 2.8 Hz), 9.02 (−CH = N) (s, 1H), 12.75 (Ar−OH) (s, 1H).
13C NMR (DMSO-d6, 300 MHz) δ ppm: 56.48, 115.19, 116.50,
119.40, 120.28, 122.27, 123.56, 124.12, 127.89, 130.18, 131.58,
146.26, 148.50, 148.54, 150.85, 151.52, 165.13.
Preparation of (1)[Cd2(L1)2(NCS)2(CH3OH)]n. A 10 mL

methanolic solution of Cd(NO3)2·4H2O (2.0 mmol, 0.616 g) was
added to a methanolic solution of HL1 (2.0 mmol) followed by
addition of NaSCN (2.0 mmol, 0.162 g) in 20 mL methanolic
solution and the resultant reaction mixture was stirred at room
temperature for 3 h (Scheme 1). Deep bronze colored crystals
resulted from the slow evaporation of methanolic solution of the
complex at room temperature. Yield: 0.667 g (72%). Anal. Calc. For
C37H30Cd2N6O5S2: C 47.91%; H 3.26%; N 9.06%. Found: C 47.02%;
H 2.92%; N 8.83%. IR (cm−1, KBr): υ(C = N) 1602 m; υ(C−N)
1223 s; ν(C−H) 735 s; υ(NCS̅) 2075, 2113s. UV−vis, λmax (nm), (ε
(dm3 mol−1 cm−1)) in DMSO: 284 (19975), 327 (17017). ESI-MS
(positive) in MeCN: The base peak was detected at m/z = 988.05,
corresponding to [Cd2(L1)2(NCS)2(CH3OH)+CH3CN+H2O+Li]

+.
1H NMR (DMSO-d6, 400 MHz) δ ppm: 3.72 (−OCH3) (s, 3H), 3.83
(−OCH3) (s, 6H), 6.35 (Ar−H) (s, 2H), 6.82 (Ar−H) (s, 2H), 6.95
(Ar−H) (d, 2H, J = 6.4 Hz), 7.57−7.76 (Ar−H) (m, 4H), 8.05 (Ar−
H) (d, 6H), 8.35−8.48 (Ar−H) (m, 2H), 8.89 (−CHN) (s, 1H),
9.01 (−CHN) (s, 1H).
Preparation of (2) {[Cd(HL1)2(N(CN)2)2]·H2O}n. A 10 mL

methanolic solution of Cd(NO3)2.4H2O (1.0 mmol, 0.308g) was
added to a methanolic solution of HL1 (2.0 mmol) followed by
addition of NaN(CN)2 (4.0 mmol, 0.356g) in 20 mL methanolic
solution and the resultant reaction mixture was stirred at room
temperature for 3 h (Scheme 1). Deep bronze colored crystals
resulted from the slow evaporation of methanolic solution of the
complex at room temperature. Yield: 0.597g (73%). Anal. Calc. For
C38H29CdN10O5: C 55.79%; H 3.57%; N 17.12%. Found: C 55.02%;
H 3.12%; N 16.73%. IR (cm−1, KBr): υ(C = N) 1608 m; υ(C−N)
1212 s; ν(C−H) 728 s; υ(N(CN)2̅) 2157, 2202s. UV−vis, λmax (nm),
(ε (dm3 mol−1 cm−1)) in DMSO: 284 (19775), 327 (16917). ESI-MS
(positive) in MeCN: The base peak was detected at m/z = 802.87,
corresponding to [Cd(HL1)2(N(CN)2)2+H]

+. 1H NMR (DMSO-d6,
500 MHz) δ ppm: 3.73 (−OCH3) (s, 3H), 6.36 (Ar−H) (s, 1H),
6.83 (Ar−H) (s, 1H), 6.95 (Ar−H) (d, 1H, J = 8.0 Hz), 7.62 (Ar−H)
(s, 1H), 7.71 (Ar−H) (s, 1H), 8.02 (Ar−H) (s, 2H), 8.12 (Ar−H) (s,
1H), 8.49 (Ar−H) (s, 1H), 8.91 (−CHN) (s, 1H).
Preparation of (3) [Cd(HL2)2(N(CN)2)2]n. A 10 mL methanolic

solution of Cd(NO3)2.4H2O (1.0 mmol, 0.308g) was added to a
methanolic solution of HL2 (2.0 mmol) followed by addition of
NaN(CN)2 (4.0 mmol, 0.356g) in 20 mL methanolic solution and the
resultant reaction mixture was stirred at room temperature for 3 h
(Scheme 1). Deep bronze colored crystals resulted from the slow
evaporation of methanolic solution of the complex at room
temperature . Yie ld: 0 .667 g (71%). Anal . Calc . For
C38H28CdN10O4: C 56.97%; H 3.52%; N 17.48%. Found: C
56.05%; H 3.22%; N 16.73%. IR (cm−1, KBr): υ(CN) 1601 m;
υ(C−N) 1210 s; ν(C−H) 734 s; υ(N(CN)2

̅) 2166, 2225s. UV−vis,
λmax (nm), (ε (dm3 mol−1 cm−1)) in DMSO: 276 (19775),
335(22425). ESI-MS (positive) in MeCN: The base peak was
detected at m/z = 866.44, corresponding to [Cd(HL2)2(N(CN)2)2 +
CH3CN + Na]+. 1H NMR (DMSO-d6, 500 MHz) δ ppm: 3.75
(−OCH3) (s, 6H), 6.33 (Ar−H) (s, 2H), 6.90 (Ar−H) (d, 5H), 7.18
(Ar−H) (d, 2H, J = 6.4 Hz), 7.33−7.42 (Ar−H) (m, 1H), 7.54−7.97
(Ar−H) (m, 5H), 8.31−8.76 (Ar−H) (m, 3H), 8.85 (−CH = N) (d,
1H), 9.01 (−CHN) (d, 1H).
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The development of a promising photosensitive
Schottky barrier diode using a novel Cd(II) based
coordination polymer†

Pravat Ghorai, a Arka Dey,b Paula Brandão, c Joaquín Ortega-Castro,d

Antonio Bauza,d Antonio Frontera, *d Partha Pratim Ray *b and Amrita Saha *a

A novel 1D Cd(II) based coordination polymer (complex 1) has been synthesized involving an 8-amino-

quinoline based Schiff base ligand and cyanate ion. It has been characterized by elemental analysis,

different spectroscopy methods and X-ray single crystal diffraction technique. Most interestingly it exhibits

unique properties like electrical conductivity and photosensitivity which shows its potential in opto-

electronic device application. We prove both experimentally and theoretically that electrical conduction

under irradiation of visible light increases many fold in comparison with that under dark condition. Our

synthesized material based device shows some paramount behaviour under irradiance of light which is

obvious in light sensing Schottky devices. The rectification ratio of our complex based device was found

to be 12.44 and 27.74 under dark and photoirradiation conditions respectively. The discovery of such type

of coordination polymer advances the area of optoelectronic devices.

Introduction

In the last few decades science has witnessed a tremendous
growth in the field of coordination polymers (CPs). Their flex-
ible and dynamic frameworks depend on the choice of organic
and inorganic building blocks, connectors between the
organic and inorganic components and finally assembling of
different subunits into controlled architectures. Coordination
polymers have found wide application in diverse fields of cata-
lysis, materials science, molecular magnetism, electronics and
opto-electronic device fabrication.1–5 Among them their use in
electronic and opto-electronic devices such as photovoltaic
devices,6 thermoelectric devices,7 batteries,8–11 chemiresistive
sensors,12,13 supercapacitors14,15 and field-effect transis-
tors16,17 offers a useful alternative against utilization of

mineral materials which result in energy shortage and environ-
mental pollution.

Organic semiconductors can be fabricated in a cost-
effective way under ambient conditions. However, there are
several bottlenecks in case of organic semiconductors that
need to be improved such as short lifetime, relatively low per-
formance, thermal instability etc. On the other hand, in case
of inorganic semiconductors, different metal oxides or sulfides
such as ZnO, TiO2, ZnS, SnO2, MnO2 etc.18–21 are extensively
used because of their reproducibility and highly sensitive
UV-vis photo-responsive properties. Again with these inorganic
semiconductors the main disadvantages are their typical
extraction and synthetic procedures which involve removal of
toxic materials and heavy metals resulting in severe damage to
the environment.

In this context, CPs which are easy to synthesize and ther-
mally stable will be a good alternative. CPs which are photo-
sensitive and exhibit electrical conductivity will play an impor-
tant role in photovoltaic technology and subsequently help our
society to get a clean and pollution free environment. Such
type of coordination polymers could be achieved by a judicial
choice of luminescent metal centres, organic ligands contain-
ing fluorophoric units and bridging ligands which restrict the
quenching of the system by an energy transfer process.22

Certain electrical properties of CPs like electrical conductivity,
charge mobility, charge density, electronic band gap and
charge activation energy also play a crucial role. Very few CPs
are reported so far that exhibit optoelectronic properties.23

†Electronic supplementary information (ESI) available. CCDC 1519899 (1). For
ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/
c7dt02535a
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Ghoshal et al.23a have synthesized a Cd(II) based MOF invol-
ving 5-hydroxyisophthalic acid and 4,4′-azobipyridine. The
compound displays high electrical conductivity and Schottky
barrier diode behavior. Sinha and his group23b have recently
reported three Zn(II) based CPs where different alkane and
alkene dicarboxylates are used as bridging ligands and isonia-
zid is used as a linker. In the case of these CPs, the nature of
the I–V curve represents rectifying in nature, similar to the
Schottky diode behavior. The rectification ratios of the com-
pounds are 176, 81.73 and 80.62, respectively, in contrast to
those under dark conditions. In a very recent work, Roy
et al.23c have reported a thiocyanate bridged 2D-Cd(II) based
MOF. The I–V characteristics of this MOF based device
measured under dark and illumination conditions exhibit a
highly non-linear rectifying behavior and thus proves its
Schottky diode character. The conductivity of the configuration
is 2.90 × 10−4 S m−1 and 7.16 × 10−4 S m−1 under dark and
photo-irradiation conditions, respectively. The rectification
ratio of the compound has been reported to be 46.55 and
86.48 under dark and photo-irradiation conditions,
respectively.

In this present work we report the design and synthesis of a
novel photosensitive cyanate bridged 1-D coordination polymer
of Cd(II) (complex 1), behaving as a Schottky barrier diode.

Experimental section
Materials and physical measurements

All reagents or analytical grade chemicals and solvents were
purchased from commercial sources and used without further
purification. Elemental analysis for C, H and N was carried out
using a PerkinElmer 240C elemental analyser. Infrared spectra
(400–4000 cm−1) were recorded from KBr pellets on a Nicolet
Magna IR 750 series-II FTIR spectrophotometer. Absorption
spectra were measured using a UV-2450 spectrophotometer
(Shimadzu) with a 1 cm-path-length quartz cell. Emission was
examined by using an LS 55 PerkinElmer spectrofluorimeter at
room temperature (298 K) in DMSO solution under degassed
conditions. The frequency-dependent capacitance was
measured by using the computer controlled Agilent make pre-
cision 4294A LCR meter. The electrical characterization was
performed with the help of a Keithley 2400 Source Meter,
interfaced with a PC.

X-ray crystallography

Single crystal X-ray data of complex 1 was collected on a
Bruker Smart APEX-II CCD diffractometer using graphite
monochromated Mo Kα radiation (λ = 0.71073 Å) at 150(2)
K. Data processing, structure solution, and refinement were
performed using the Bruker Apex-II program suite. All avail-
able reflections in the 2θmax range were harvested and cor-
rected for Lorentz and polarization factors with Bruker SAINT
plus.24 Reflections were then corrected for absorption, inter-
frame scaling and other systematic errors with SADABS.25 The
structures were solved by the direct methods and refined by

means of a full matrix least-squares technique based on F2

using the SHELX-2013 software package.26 All the non-hydro-
gen atoms were refined with anisotropic thermal parameters.
C–H hydrogen atoms were inserted at geometrical positions
with Uiso = 1/2Ueq to those they are attached to. Crystal data
and details of data collection and refinement of the complex
are summarized in Table S1.† Molecular diagrams were drawn
with Diamond 4.0.

Device fabrication

In this report, the electrical study was performed on a complex
1 based metal–semiconductor (MS) junction device. The
device was fabricated by depositing a thin film of a well dis-
persed solution of the synthesized complex 1. To develop the
thin film we used precleaned indium tin oxide (ITO) coated
glass as a substrate. Complex 1 was mixed with DMSO in the
right proportion and was sonicated for several minutes until it
produced a well dispersed solution. Then on the top of the
cleaned ITO coated substrate, the just prepared well dispersed
solution of complex 1 was spun firstly at 600 rpm for 4 min
and thereafter, at 1200 rpm for 6 min, with the help of a SCU
2700 spin coating unit. Before depositing the aluminum
electrode as metal contact, the as-deposited thin film was
dried in a vacuum oven at 100 °C. For the characterization of
the developed thin film, thickness was measured as 1 μm by
using a surface profiler. The aluminum electrodes were de-
posited onto the film through a shadow mask by using a
Vacuum Coating Unit 12A4D of HINDHIVAC under a pressure
of 10−6 Torr. The effective area of the film was maintained as
7.065 × 10−2 cm−2.

Theoretical methods

The calculations of the noncovalent interactions were carried
out using TURBOMOLE version 7.0 27 using the M06-2X/def2-
TZVP level of theory. To evaluate the interactions in the solid
state, we have used the crystallographic coordinates. This pro-
cedure and level of theory have been successfully used to
evaluate similar interactions.28 The interaction energies were
computed by calculating the difference between the energies
of isolated monomers and their assembly. The interaction
energies were corrected for the Basis Set Superposition Error
(BSSE) using the counterpoise method.29

Computational details

The C2/c primitive monoclinic crystal structure was optimized
with the density functional theory method using the CASTEP
program code of Accelrys, Inc.30 It was relaxed with the experi-
mental unit cell parameters fixed. The calculations were per-
formed within the Generalized-Gradient Approximation (GGA)
and the Perdew–Burke–Ernzerhof (PBE) formulation for the
exchange–correlation functional.31 Non-conserving pseudo-
potentials were used in this work. A plane-wave basis set with
600 eV cutoff was applied. The k-mesh points over the
Brillouin zone were generated with parameters 1 × 1 × 1 using
the Monkhorst–Pack-scheme. The energy tolerance for self-
consistent field (SCF) convergence was 2 × 10−6 eV per atom
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for all calculations. The long-range dispersion correction has
been included in the calculations with Grimme’s scheme.32

Band structures were calculated along the k-vector of the first
Brillouin zone of the crystal and total and partial density of
states (TDOS and PDOS, respectively) were plotted with respect
to the Fermi level. The optical properties including dielectric
function, refractive index and optical conductivity of the
crystal are calculated. Optical properties are averaged over all
polarization directions, thereby imitating an experiment on a
polycrystalline sample. Finally, a smearing of 0.2 eV was
employed.

Synthesis of the Schiff base ligand [HL = (E)-2-methoxy-6-
((quinolin-8-ylimino)methyl)phenol]

The tetradentate Schiff base ligand (HL) was prepared by the
standard method.33 Briefly, 4.0 mmol (0.576 g) of 8-amino-
quinoline was mixed with 4.0 mmol (0.608 g) of o-vanillin in
20 mL of methanol. The resulting solution was heated to
reflux for ca. 1 h and allowed to cool. The dark orange metha-
nolic solution was used directly for complex formation.

Preparation of [Cd4L2(NCO)6]n

A 10 mL methanolic solution of Cd(NO3)2·4H2O (8.0 mmol,
2.464 g) was added to a methanolic solution of HL (4.0 mmol)
followed by addition of NaOCN (12.0 mmol, 0.780 g) in 20 mL
methanolic solution and the resulting reaction mixture was
stirred at room temperature for 4 h (Scheme 1). Deep red
colored crystals resulted from the slow evaporation of metha-
nolic solution of the complex at room temperature. Yield:
1.809 g (72%). Anal. calc. for C40H26Cd4N10O10: C 38.24%; H
2.09%; N 11.5%. Found: C 37.92%; H 1.92%; N 11.03%. IR
(cm−1, KBr): ν(CvN) 1600 m; ν(C–N) 1235 s; ν(C–H) 735 s;
ν(OCN−) 2145, 2170s (Fig. S1†). UV-Vis, λmax (nm) (ε (dm3

mol−1 cm−1)) in DMSO: 340 (12 727), 450 (11 143) (Fig. S2†).

Results and discussion
Syntheses, IR, photoluminescence properties of the complex

The Schiff base ligand (HL) is prepared by following a reported
procedure.33 Briefly, 8-aminoquinoline and o-vanillin are
mixed in a 1 : 1 molar ratio in methanol solvent and refluxed
for 1 h. The ligand is directly used for synthesis of the metal

complex without further purification. The complex is prepared
by a reaction between Cd(NO3)2·4H2O :HL : NaOCN in a
2 : 1 : 3 molar ratio in methanol solvent under stirring con-
dition (Scheme 1). It is a µ1,1 NCO− bridged 1D polymer of
Cd(II). The complex is dark red in colour and isolated in very
high yield. It is characterized by elemental analysis and
different spectroscopy techniques. It exhibits strong and sharp
band at around 1600 cm−1 in IR spectra, due to the presence
of an azomethine group, ν(CvN). Another two strong bands
appear at 2145 and 2170 cm−1 indicating the presence of a
bridging cyanate group (Fig. S1†).34 The UV-vis spectrum of
the complex is recorded in DMSO solvent. The complex con-
sists of absorption bands at around 350 and 450 nm, respect-
ively (Fig. S2†). All these transitions are mainly ligand centred
due to the presence of the d10 Cd(II) ion. Therefore, absorption
peaks are assigned to ligand based n → π* and π → π* types of
transitions. Photoluminescence properties of complex 1 are
studied in DMSO solvent. The free Schiff base ligand exhibits
an emission peak at 570 nm. While complex 1 exhibits much
stronger photoluminescence (Fig. S3†), upon excitation at
450 nm it exhibits an intense emission peak at 590 nm. Weak
fluorescence intensity of the Schiff base ligand arises from
rotation of the phenyl ring and quinoline ring around a single
C–C or C–N bond. Metal centre upon coordination with ligand
HL increases rigidity within the ligand system following the
CHEF mechanism. Coordination of HL with Cd(II) also
restricts CHvN isomerization indicating enhanced emission
intensity.35

Crystal structure description of 1

Single crystals of complex 1 were obtained by slow evaporation
of its methanolic solution. Complex 1 crystallizes in the mono-
clinic system with the C2/c space group. The asymmetric unit
of complex 1 contains two crystallographically different Cd(II)
centres (Cd1 and Cd2), one deprotonated Schiff base ligand
(HL) and three µ1,1 bridged cyanate ions and hence maintains
its electroneutrality. The perspective view along with the atom
numbering scheme at metal coordination sphere of the asym-
metric unit is depicted in Fig. 1A, while crystal refinement
details and important bond distances and angles are given in
Tables S1 and S2,† respectively. Compound 1 is best described
as a 1D network of the [Cd4L2(OCN)6] unit (Fig. 1B). This unit
is built by two well distinguishable architectural patterns, a
loop (part I) and a straight chain (part II) present in an alter-
nating manner. The loop is an eight membered ring contain-
ing four Cd(II) atoms (two Cd1 and two Cd2), two deprotonated
Schiff base ligands and four µ1,1 bridged cyanate ions. Within
the ring Cd1 and Cd2 are connected through a single µ1,1
bridged cyanate ion and hetero-phenoxido/cyanate bridged
ions. Such a type of unique arrangement is present in the ring
in an alternating manner. The straight chain part (part II) is
formed by di-µ1,1 cyanate bridged Cd(II) (Cd2) centres.
Therefore, complex 1 is a unique example of a cyanate bridged
polynuclear chain where the cyanate ion bridges two Cd(II)
centres via di-µ1,1 cyanate ions, hetero-phenoxido/cyanate ions
and a single µ1,1 cyanate ion. Geometry and coordination

Scheme 1 The route to the synthesis of complex 1.
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environment around Cd1 and Cd2 centres are different. Each
Cd1 centre is penta-coordinated exhibiting a distorted square
pyramid geometry as indicated by the structural index τ assum-
ing the values of 0 or 1 for ideal square-pyramidal and trigonal
bipyramidal geometries, respectively (or Addison parameter,
τ = 0.2166).36 The equatorial positions are occupied by one
imine N (N1), one quinoline-nitrogen (N2) and one phenoxido
oxygen (O2) of the same Schiff base ligand and one nitrogen
atom (N3) of a µ1,1 bridged cyanate ion. The remaining axial
coordination site is occupied by another nitrogen atom (N5) of
a µ1,1 bridged cyanate ion. The Cd(II) centre is displaced out of
the corresponding least squares equatorial planes towards the
apical position and the magnitude of deviation is 0.870 Å. The
equatorial Cd–N distances vary from 2.331 Å to 2.266 Å. The
axial Cd–N distance is 2.254 Å. The bite angles deviate signifi-
cantly from the ideal angle (90°). The values of the smallest
and largest bite angles are 72.84° (N1–Cd1–N2) and 105.0°
(N2–Cd1–N3), respectively. The sum of the equatorial angles
N3–Cd1–O2, O2–Cd1–N1, N1–Cd1–N2, and N2–Cd1–N3 is
339.77° and significantly differs from the ideal value of
360.00°, which is consistent with the distorted geometry. Each
Cd2 centre is hexa-coordinated having a distorted octahedral
geometry. The equatorial positions are satisfied by bridging
phenoxido and methoxy oxygen atoms (O2 and O1) of the
Schiff base ligand and two nitrogen atoms (N3 and N4a) of µ1,1
bridged cyanate ions. The axial positions are occupied by two
nitrogen atoms (N4 and N5) of µ1,1 bridged two cyanate ions.
In the octahedron, the central Cd(II) ion (Cd2) is significantly
above the mean plane defined by the four equatorial atoms
and the magnitude of deviation is 0.725 Å. It is interesting to
mention that Cd2 is coordinated with four nitrogen atoms of
µ1,1 bridged cyanate ions where the Cd–N distances vary from
2.254 to 2.293 Å. The Cd–O distances are 2.300 Å and 2.581 Å
respectively. The Cd1–Cd2 and Cd2–Cd2a distances are
3.509 Å and 3.513 Å respectively. The values of Cd1–O2–Cd2,
Cd1–N3–Cd2 and Cd2–N4–Cd2a angles are 101.49°, 98.30° and
100.26° respectively.

The unique structural features of complex 1 have prompted
us to perform a CSD search based on coordination compounds
formed by any metal ion and the cyanate ion, where the µ1,1
bridged cyanate ion is present in three different coordination
environments i.e. bis-µ1,1, hetero-µ1,1/phenoxo and mono-µ1,1
forms. The CSD search (version-5.37, Feb, 2016) reveals no
such complex in which all three different types of coordination
environments around the µ1,1 bridged cyanate ion are present.
Therefore, we tried the CSD search in a more lucid way. We
have searched for coordination complexes which contain the
cyanate ion present in the (i) bis-µ1,1 and hetero-µ1,1/phenox-
ido form, (ii) bis-µ1,1 and mono-µ1,1 form and (iii) hetero-µ1,1/
phenoxido and mono-µ1,1 form. For the 1st case we have found
one example. J.-P. Tuchagues et al. in one of their studies have
reported one tetranuclear Fe(II) complex, [Fe2(L)(NCO)3]2, (HL =
1,5-bis[(2-pyridylmethyl)amino]pentan-3-ol).37a The complex
molecule consists of a zigzag arrangement of four iron(II)
cations, two µ1,1-O bridging HL ligands, four µ1,1-N cyanate
bridging ligands, and two terminal monodentate NCO−

anions. Here alternate Fe(II) centres are connected by the
cyanate ion in bis-µ1,1 and hetero-µ1,1/phenoxido mode. Only
one example has been found by us for the presence of the
bis-µ1,1 and mono-µ1,1 bridged cyanate ion. C. Pettinari et al.
have reported one tetranuclear Ag(I) complex where Ag(I)
centres are connected with each other via the bis-µ1,1 and
mono-µ1,1 bridged cyanate ion.37b For the third case no such
example has been observed.

MEP analysis and supramolecular interactions

The theoretical study is devoted to analyze some unconven-
tional noncovalent interactions that are present in the crystal
packing of compound 1 (Fig. 1) focusing our attention on the
role of the pseudohalide ligand influencing the crystal
packing. As a first approximation to rationalize the role of the
pseudohalide ligand in compound 1, we have optimized a
mononuclear Cd complex of formula CdLX, X = NCO (A in
Fig. 2) and computed Molecular Electrostatic Potential (MEP)
surface in order to analyze the electron donor/acceptor pro-
perties of the pseudohalide. In the compound the more posi-
tive region (apart from the metal centre) corresponds to the
aromatic H-atoms of the iminoquinoline moiety due to its
coordination to Cd.

In Fig. 3 we show a partial 2D view of the crystal packing of
compound 1 where the parallel arrangement of the infinite 1D
polymeric chains are presented. It can be observed that all
pseudohalides are pointing to the same direction in each
monomeric binding block and that the direction is the oppo-
site in the next binding block. H-Bonding interactions between
the O atoms of the pseudohalide ligands and the aromatic H
atoms control the assembly of the 1D chains to generate a 2D
layer in the solid state. We have analyzed these H-bonding
interactions in detail (Fig. 3, top) and each NCO ligand forms
a trifurcated H-bonding interaction with three H-atoms of the
aromatic ligand, in sharp agreement with the MEP analysis
shown in Fig. 2, which shows the most positive MEP values at
these H atoms. We have evaluated the binding energy of two

Fig. 1 (A) Asymmetric unit of complex 1. Atoms are shown as 30%
thermal ellipsoids. H atoms are omitted for clarity. (B) 1D chain of
complex 1 along the b axis.
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monomeric units (Fig. 3, top), which is large and negative (ΔE1
= −31.3 kcal mol−1) as a consequence of the formation of six
H-bonding interactions and confirms the relevance of these
NCO⋯H–C interactions involving in the crystal packing of
compound 1.

Thermal stability and phase purity of complex 1 have been
examined by means of TGA analysis and PXRD experiment.

TGA analysis (Fig. S4†) confirmed the stability of the complex
up to ∼350 °C. In the PXRD experiment all major peaks are
well matched with the simulated PXRD pattern of the single
crystal data of complex 1 (Fig. S5†). Good thermal stability and
high quality of phase purity of complex 1 have prompted us to
examine its electrical properties.

Optical and electrochemical studies

In this study, the optical spectrum of complex 1 (Fig. 4(A)) was
recorded for the deposited thin films of the as-synthesized
material by preparing a well dispersed solution in DMSO, in
the range of 300–700 nm. The absorption spectrum of the syn-
thesized material illustrates energy absorption in the visible
region at ∼518 nm. The optical band gap of the film was esti-
mated using Tauc equation (1):38

αhν ¼ Aðhν� EgÞn ð1Þ
where ‘α’ is the absorption coefficient, ‘Eg’ is the band gap, ‘h’
is Planck’s constant, ‘ν’ is the frequency of light and the expo-
nent ‘n’ is the electron transition process dependent constant.
‘A’ is a constant which is considered as 1 for ideal case. Using
this equation the direct optical band gap of our synthesized
complex was computed.38 The plots of (αhν)2 vs. hν and
(αhν)0.5 vs. hν of the synthesized complex are demonstrated in
Fig. 4(B) and (C) respectively. By extrapolating the linear region
of both the plots (αhν)2 vs. hν and (αhν)0.5 vs. hν to α = 0
absorption, the values of the direct and indirect optical band
gap (Eg) of the synthesized complex 1 was evaluated as 2.47 eV
and 2.26 eV respectively.

Furthermore using the electrochemical cyclic voltammetry
method we have measured the energy band position by investi-
gating the onset state of oxidation and reduction of the
material. The voltammogram (Fig. 4(D)) exhibits an oxidation
peak (EOx (onset)) at approximately +0.82 V and a reduction
peak (ERed (onset)) at about −1.34 V. Therefore the electro-
chemical energy band positions i.e. the HOMO and LUMO
energy levels were estimated at −5.47 eV and −3.31 eV with the
help of eqn (2):39

EðHOMO=LUMOÞ ¼ �½4:65þ EðOx=RedÞ onset� eV: ð2Þ
The electrochemical band gap energy (Eg = LUMO −

HOMO) was estimated as 2.16 eV, which is in quite a good
agreement with the obtained optical band gap of the syn-
thesized material.

Impedance spectroscopy

The obtained optical band gap of the synthesized complex is
well within the semiconductor limit. Motivated from this dis-
cussion further we have checked the electrical conductivity of
the synthesized complex in terms of dielectric study. As imped-
ance spectroscopy has been widely used to study the charge
transport behavior of nano-crystalline materials, we carried out
this study by evaluating capacitance (C), impedance (Z) and
phase angle (ϕ) of the sample as a function of frequency (40
Hz–11 MHz).

Fig. 3 X-ray fragments of 1, H-atoms are omitted for clarity apart from
those involved in the H-bonds in the top part of the figure. Distances are
in Å.

Fig. 2 MEP surface of compound 1. Energies at selected points of the
surfaces are given in kcal mol−1.
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The impedance measurement of the complex reveals a pro-
minent arc of semicircles contributed by semiconducting
grains in the high frequency region. That semicircle in the
high frequency region is related to the electrode resistance and
also reflects the charge transfer resistance at the electrode/
composite interface. The radius of the semicircle depicts the
bulk resistance Rb (DC resistance) of the sample. The complex
plane impedance plot i.e. the Nyquist plot for complex 1 is
shown in Fig. 5(A). The Bode phase plot shown in Fig. 5(B) pre-
sents the characteristic peak position of the material and the
corresponding frequency related to the inverse of the recombi-
nation lifetime or electron lifetime. From the curve peak of the
characteristic graph the electron life time can be determined
according to eqn (3):40

τn ¼ 1
2πfpeak

: ð3Þ

AC conductivity measurements provide some information
about the interior of the semiconductor which is a region of
relatively low conductivity even when the conduction process
is electrode-limited.41 Fig. 5(C) shows the frequency ( f ) depen-
dency of the AC conductivity of the complex. At low frequency,
the extrapolation of the conductivity spectrum at particular
bias voltages gives the DC conductivity (σDC) which is attribu-

ted to the long range translational motion of the charge car-
riers. The frequency dependence of AC conductivity (σAC) may
be because of free and bound carriers. The conductivity
decreases with the increase in frequency when it depends on
free carriers.42 The frequency dependence of the conductivity
obeyed the empirical law of frequency dependence given by
the power law of the form (eqn (4)):

σðωÞ ¼ σDC þ σAC ð4Þ

where σ(ω) is the total conductivity, σDC is the DC conductivity
and σAC is the AC conductivity. The frequency-dependent part
of conductivity σAC has been observed to obey the relation (eqn
(5)):

σAC ¼ Aω s ð5Þ

where A is a constant and s is a number which depends upon
frequencies at room temperature. The relative dielectric con-
stant of the complex was measured from the capacitance vs.
frequency plot. Fig. 5(D) gives the curve showing the variation
of the capacitance (C) as a function of the frequency ( f ) at a
constant bias potential. The capacitance decreases with
increasing of frequency and becomes saturated at higher fre-

Fig. 4 (A) Absorption spectra, (B) direct band gap energy plot, (C) indirect band gap energy plot using the Tauc plot and (D) energy band position
from cyclic voltammetry of the synthesized complex.
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quency. From the saturation level the relative permittivity of
the complex was calculated employing eqn (6):38

εr ¼ 1
ε0

� C � d
A

ð6Þ

where ε0 is the permittivity of free space, εr is the relative per-
mittivity of the synthesized material, C is the capacitance (at
saturation) and d and A are the thickness and effective area of
the pellet. Using the above formula the relative dielectric con-
stant (εr) of the material was estimated and given in Table S3
(see ESI†).

All these parameters pointed out that complex 1 may be a
good contender in view of the electrical conductivity. The above
results propelled us to check further applicability in the electri-
cal field by fabricating a Schottky device of our synthesized
complex. Hence we calculated the Schottky parameters and
studied its electrical behavior. In this regard the electrical
characterization was accomplished by coating a thin film of the
synthesized material on top of ITO (indium tin oxide) coated
glass substrates. For better understanding of the charge trans-
port phenomenon, the current–voltage (I–V) characteristic was
measured both under dark and illumination conditions and
recorded with the help of a Keithley 2400 source meter by a two-
probe technique. All the preparation and measurements were
performed at room temperature and under ambient conditions.

Evidently, the I–V characteristic curve of our complex based
device shown in Fig. 6 exhibits a highly non-linear rectifying be-
havior. The non-linearity of the I–V characteristic indicates that
the prevalent conduction mechanism is non-ohmic in nature.
The nature of the I–V curve represents rectifying in nature,
similar to the Schottky diode behavior. Fig. 6 also presents that
the rectifying nature is highly influenced under illumination of

incident radiation and the photosensitivity was measured as
2.56. The rectification ratio of the complex 1 based device was
found to be 12.44 and 27.74 under dark and photoirradiation
conditions, respectively. The conductivity of the material on
device was measured to be 8.26 × 10−2 S m−1 and 22.07 × 10−2

S m−1 under dark and photoirradiation conditions, respectively.
It is clear that the conductivity of our material increases three
times after soaking illumination of incident radiation which is
quite appreciable for this type of complex.

Photovoltaic properties

To understand the underlying mechanism of charge transport
phenomenon the characteristic I–V curve was analyzed with

Fig. 5 (A) Nyquist impedance plot, (B) Bode plot, (C) dependency of AC conductivity on the frequency graph and (D) capacitance versus frequency
graph of the synthesized complex.

Fig. 6 I–V characteristic curve for ITO/complex 1/Al structured thin
film devices.
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the help of thermionic emission theory of the Schottky diode.
In this regard we have designed a Metal (Al)–Semiconductor
(complex 1) (MS) device and analyzed using Cheung equations
of thermionic emission of the Schottky diode (eqn (7)):43

I ¼ I0 exp
qV
ηKT

� �
1� exp

�qV
ηKT

� �� �
ð7Þ

where I is the forward current, I0 is the reverse saturation
current, V is the applied bias, q is the electronic charge, K is
the Boltzmann constant and T is the absolute temperature. η is
the ideality factor, a constant taken into account for non-ideal
behavior of the diode. From eqn (7) the reverse saturation
current, I0 can be derived from the straight line intercept of ln
(I) at V = 0 and is given by eqn (8):

I0 ¼ AA*T2 exp
�qϕB

KT

� �
ð8Þ

where A is the effective diode area and A* is the effective
Richardson constant respectively. The effective diode area was
maintained as 7.065 × 10−2 cm2 and the effective Richardson
constant was considered as 32 A K−2 cm−2 for all the devices.
From Fig. 6, the linear behavior of current at low bias is
observed which is consistent with eqn (7). But at higher bias
voltages a deviation from linearity is observed which may be
due to the change in diode series resistance.

From the Cheung equation, in terms of series resistance
the forward bias I–V characteristics can be expressed as
(eqn (9)):

I ¼ I0 exp
q V � IRSð Þ

ηkT

� �
ð9Þ

where the IRS term is the voltage drop across series resistance
of the device. The values of the series resistance can be deter-
mined from following functions using eqn (9):

dV
d lnðIÞ ¼

ηKT
q

� �
þ IRS ð10Þ

HðIÞ ¼ V � ηKT
q

� �
ln

I
AA*T2

� �
ð11Þ

HðIÞ ¼ IRS þ ηϕB ð12Þ

Eqn (10) exhibits a straight line region where the series
resistance dominates for the data in the downward-curvature
region of the forward bias I–V characteristics. Thus the plot of
dV/d(ln I) versus I (Fig. 7(A)) will give the values of series resist-
ance (RS) as the slope and ideality factor (η) as the y-intercept.
The obtained values show that the MS junction of our fabri-
cated device was not exactly ideal with an ideality factor value
of 3.47 and 2.11 under dark and photoirradiation conditions
respectively. This deviation indicates the existence of inhomo-
geneities of the Schottky barrier height and also signifies the
presence of interface states and series resistance.44 The value
of H can be calculated from eqn (11) using the just obtained
ideality factor (η) value. A plot of H(I) versus I will also lead to a
straight line (Fig. 7(B)) with the y-axis intercept being equal to
ηϕB. The measured barrier height, ideality factor and series
resistance under dark conditions for the Metal (Al)–
Semiconductor (synthesized complex) (MS) device are listed in
Table S4.† From Table S4† it can be seen that the obtained
values of series resistance (RS) from two different methods
using Cheung’s functions are in concurrence with each other.
Series resistance (RS) in both cases decreases after light
soaking. These results indicate a certain reduction in carrier
density in the depletion region of the rectifier through the
introduction of traps and recombination centres associated
with the illumination effect. A good agreement in the obtained
values is evidence for the validity of these methods for the
determination of the series resistance of the Schottky diode.45

For in depth analysis of the carrier transport through the
interface of the MS junction, we plot the log(I) versus log(V) for

Fig. 7 (A) dV/d ln I vs. I and (B) H vs. I curves.
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the forward bias voltage (Fig. 8(A)). From this representation,
using the power law (I ∝ Vm) (where m is the value of the slope)
the governing mechanism of carrier conduction can be con-
cluded. The value of ‘m’ greater than or equal to 2 (m ≥ 2) indi-
cates a space-charge-limited-current (SCLC) mechanism
whereas being less than or equal to 1 (m ≤ 1) signifies ohmic
character.38 Fig. 8(A) clearly shows two distinct linear regions
with different slopes, indicating different conduction mecha-
nisms. At low bias voltage (region-I), the sample exhibits an
ohmic behavior, i.e., the current is directly proportional to the
applied bias voltage (I ∝ V). The I–V characteristic in this
region can be attributed to thermionic emission and the
current is dominated by bulk generated electrons of the film,
rather than the injected free carriers.46–48 At a higher bias
voltage, the current–voltage characteristic obeys the power law
behavior (I ∝ Vm), which is assigned as region II. In this
region, the current is governed by space charge limited current
(SCLC), where current is directly related to the square of the
applied potential (I ∝ V2).49–51

A good understanding of the MS junction requires analysis
of the charge transport phenomena of the material. So, for a
better insight we investigated the I–V curves in the light of
space charge limited current (SCLC) theory. Using this
theorem the two important parameters of charge transport,
effective carrier mobility (μeff ) and transient response time (τ)
were evaluated. Effective carrier mobility was estimated from
the higher voltage region of the I vs. V2 graph (Fig. 8(B)) by the
Mott–Gurney equation (eqn (13)):52

J ¼ 9μeffε0εr
8

V2

d3

� �
ð13Þ

where J is the current density, ε0 is the permittivity of free
space, εr is the relative dielectric constant of the synthesized
material, and μeff is the effective carrier mobility.

The effective mobility (μeff ) of the carriers in the dark was
estimated as 1.62 × 10−12 m2 V−1 s−1. This mobility of the car-

riers improved to 3.67 × 10−12 m2 V−1 s−1 after light soaking.
The effective mobility enhancement of the carrier due to the
impact of illumination signifies a good photo-responsivity for
this kind of organic semiconductor. Moreover, the carrier con-
centration (N) near the junction of the devices was also esti-
mated by considering eqn (14):38

N ¼ σ

qμeff
ð14Þ

When a metal semiconductor junction is formed, the DOS
at the Fermi level and diffusion length (LD) of charge carriers
play an influential role in device performance. The DOS distri-
bution of the active films around the Fermi level N′(EF) has
been extracted from I–V characteristics by using the simple
relations eqn (15) and (16) respectively:38

N′ðEFÞ ¼ 2ε0εrΔV
qd2ΔEF

ð15Þ

ΔEF ¼ KT ln
I2V1
I1V2

� �
ð16Þ

Here, N′(EF) is the density of localized states near the Fermi
level and the other parameters are described earlier. The
density of localized states near the Fermi level under dark and
light induced conditions were estimated as 4.71 × 1040 m−3

eV−1 and 6.74 × 1040 m−3 eV−1 respectively. The carrier transi-
ent time (τ′) and diffusion length (LD) were also estimated with
the help of eqn (17) and (18):38

τ′ ¼ 9ε0εr
8d

V
J

� �
ð17Þ

LD ¼ ffiffiffiffiffiffiffiffi
2Dτ

p ð18Þ
where D is the diffusion coefficient. Carrier lifetime was
extracted from the slope of the region II in the log I versus log V
graph, which is shown in Fig. 8(A). Using the Einstein–

Fig. 8 (A) Plot of log(I) versus log(V) and (B) I vs. V2 curves.
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Smoluchowski equation (19), the diffusion coefficient was cal-
culated as:53

μeff ¼
qD
KT

ð19Þ

The obtained values of the diode and transport parameters
are listed in Table S5.† From Table S5† it is clear that the
carrier concentration near the junction increases depending
on the intensity of the incident photons.

Fig. 6 clearly suggests that our fabricated device has photo-
responsive behavior. Hence, we have measured the electric
current of our device many times at a constant bias voltage of
2 V by switching the light on and off repeatedly and sequen-
tially. The corresponding array is shown in Fig. 9, which
depicts that the material has good sensitivity to the light
source switched on/off. Fig. 9 exhibits that the photocurrent
can be switched many times repeatedly without deterioration
of the on/off ratio. This special characteristic nature may be
due to the dual donor–acceptor properties of the organic–
inorganic hybrid material. Therefore, CPs synthesized by
various d10 metal centres along with different organic co-
ligands possessing highly delocalized π-electron cloud and
pseudohalides as bridging ligands are capable of forming 1D,
2D and 3D architectural patterns and are expected to exhibit
optoelectronic properties.

More precisely it can be said that, in this system, the
organic ligand behaves as an electron donor upon photo-exci-
tation, while the inorganic part acts as an electron acceptor.54

This characteristic of our synthesized material might find
applications in photo-switch nano-devices.

Computational study

Crystal structure analysis has been done by standard band
theory and total/partial density of states calculation which
indicates that 1 is an indirect semiconductor with a band gap
value of 1.824 eV (Fig. 10). This analysis also indicates that the
direct band gap (1.836 eV) is very close to the indirect one.

Indirect and direct band gaps from DFT are in good accord-
ance with the electrochemical experimentally obtained values
of 2.16 eV.

The obtained experimental band gap demonstrates that the
material belongs to the semiconductor family which is also
confirmed from the density of states calculation as shown in
Fig. 11. The theoretical band structure (Fig. 10) clearly suggests
that complex 1 is a p type semiconductor since the Fermi level
(Ef ) is inclined more towards the top of the valance band (VB).
PDOS analysis suggests a high contribution from carbon,
oxygen and nitrogen of the ligand complex (p-character) to the

Fig. 9 Current vs. time plot when light was turned on or off.

Fig. 10 Electronic band structure of crystal 1. Points of high symmetry
in the first Brillouin zone are labelled as follows: L = (−0.5, 0, 0.5), M =
(−0.5, −0.5, 0.5), A = (−0.5, 0, 0), G = (0, 0, 0), Z = (0, −0.5, 0.5), V = (0,
0, 0.5).

Fig. 11 Calculated partial DOS of the cadmium atom (point lines), NCO
atoms (solid lines) and ligand molecule (dashed lines) of crystal 1.
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top of valence bands. Similarly, the Cd atom and the p-com-
ponent of the ligand are also the main contributors to the con-
duction bands of the crystal. In complex 1 Cd(II) metal centres
are connected by electron donating bridging ligands and
blocking ligands resulting in a long range architecture with
well-defined pores.4 Therefore based on theoretical calcu-
lations we can predict that complex 1 is an active material for
intrinsic charge transfer resulting in a moderately high electri-
cal conductivity.

The study of the optical properties is crucial for under-
standing of the electronic structure of material (see
Fig. 12–16). Theoretically, it is possible to know the frequency
dependence of an incident photon in a material with dielectric
function ε(ω). The real part of the dielectric function rep-
resents how much a material is polarized when an electric
field is applied while the imaginary part represents the absorp-
tion of the incident radiation in a material. In order to calcu-
late the optical response by using the calculated band struc-
ture, we have chosen a photon-energy range of 0–20 eV. When
a material is transparent this part is zero, but becomes
nonzero when the absorption begins. In our case in the
1.8–8.0 eV range an intense peak at 14 eV can be identified
(Fig. 12). The optical analysis shows an adsorption onset at 1.8
eV, corresponding to the lowest energy band gap of these com-
pounds. The non-absorption before 1.8 eV is evidence of its
semiconductor character. The maximum peaks of the imagin-
ary part of the dielectric function are found at 2.6 and 4.0 eV.
The first maximum peak mainly originates from π–π* tran-
sitions of the aromatic part of the ligand.

Remarkably, in the theoretical absorption spectrum
(Fig. 13) the first 2.6 and 4.0 eV peaks are coincident with the
experimental spectrum. The refractive index as a function of
photon energy (shown in Fig. 14) determines how much light
is refracted, when entering a material. This is comparatively
higher in the visible and near ultraviolet regions. Fig. 15 shows

Fig. 13 Plot of absorption versus the photon energy of crystal 1 aver-
aged over all polarization directions.

Fig. 14 Plot of real (blue line) and imaginary (red line) parts of the
refractive index versus the photon energy of crystal 1 averaged over all
polarization directions.

Fig. 12 Plot of real (blue line) and imaginary (red line) parts of the
dielectric function versus the photon energy of crystal 1 averaged over
all polarization directions.

Fig. 15 Plot of reflectivity index versus the photon energy of crystal 1
averaged over all polarization directions.
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the reflectivity spectra of crystal 1 as a function of photon
energy. We notice that the reflectivity is 0.04–0.14 in the visible
region and the value reduces in the UV region. Finally, in
Fig. 16 we present the optical conductivity, which shows the
change (either increase or decrease) in conductivity caused by
illumination. Again the peak number and position correspond
to the peaks described above for the dielectric constants.
Moreover, the photoconductivity and hence electrical conduc-
tivity of materials increases as a result of the absorption
photons.55

Conclusion

Here, we have reported a novel photosensitive Cd(II)-coordi-
nation polymer with great structural diversity. The remarkable
structural feature of complex 1 is associated with the presence
of different kinds of bridging pattern, namely single µ1,1-OCN,
bis µ1,1-OCN and mixed µ1,1-OCN/phenoxido bridges. The
room temperature electrical conductivity of complex 1 motiv-
ates us to design a Schottky device of our synthesized complex.
Our designed device under the influence of the applied
bias exhibits current rectification. Furthermore, this study
indicates upgradation in the performance of the device and
the rectification ratio upon incident light. Moreover our syn-
thesized material based device shows some overriding behav-
ior under irradiance of light which is obvious in light sensing
Schottky devices. Therefore, complex 1 can be a promising
candidate in light sensing electronic devices, which is an
important addition to the area of coordination polymers.
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Synthesis of Multinuclear Zn(II) Complexes Involving
8-Aminoquinoline- Based Schiff-Base Ligand: Structural
Diversity, DNA Binding Studies and Theoretical
Calculations.
Pravat Ghorai,[a] Paula Brandão,[b] Antonio Bauzá,[c] Antonio Frontera,*[c] and Amrita Saha*[a]

Four novel Zn(II) complexes [Zn2L2X2] (1), [Zn4L4X(OH)(OH2)]
[ZnX4]·H2O·CH3OH (2,3) and [Zn4L4X(OH)(OH2)](N(CN)2)(NO3)·
2H2O·CH3OH (4) [where HL = (E)-2-methoxy-6-((quinolin-8-ylimi-
no)methyl)phenol and X = N3

�, SCN�, SeCN�, N(CN)2
� for 1–4

respectively] were synthesized and characterized by elemental
analysis and different spectroscopic techniques viz. IR spectro-
scopy, UV-vis spectroscopy and X-ray crystallography. Complex
1 is hetero (m-azido and m-phenoxo) bridged dinuclear Zn(II)
complex whereas complexes 2, 3 and 4 are tetranuclear Zn(II)

complexes with corner-defective cubane structure. Complexes
2–4 bare the rare examples of presence of three different
binding modes (mono, di and triply (m3) bridging) of phenoxo
group of a Schiff base ligand in a single platform. All four
complexes exhibit groove binding as well as weak electrostatic
interaction with CT-DNA (calf thymus-DNA). DFT (density func-
tional theory) and MEP (Molecular electrostatic potential)
analysis are also studied for complexes 1–4.

Introduction

Design and synthesis of coordination complexes using Schiff
base ligands have received widespread attention in last few
decades due to their potential applications in the field of
supramolecular interactions, molecular sensing, catalysis, mag-
netism etc.[1] Schiff base ligands with primarily O- or N-donor
site are capable of forming clusters of different 3d metals have
been reported in literature.[2] It has been observed that
carboxylato, alkoxo and phenoxo groups in the ligand system
can act as bridging groups that hold more than one metal ion
in close proximity. When denticity of the ligand leaves available
coordination sites at metal centers, good bridging groups, such
as hydroxide or carboxylate, can foster formation of self-
assembled polynuclear clusters.[3–6] Additionally, presence of
various pseudo halides like azide, thiocyanate, dicyanamide,
etc. which exhibit versatile mode of coordination, may be a
useful choice in making interesting molecular networks.[7–10]

Therefore, study of novel multinuclear metal complexes with
such type of oxygen and nitrogen donating blocking ligands

are active areas of current chemical research as they can be
used as not only functional and structural models of multi-
nuclear enzymes but also in the area of magneto chemistry.[11–13]

In this respect, it is important to mention that cluster chemistry
of different paramagnetic 3d metal ions like Cu(II), Mn(II), Fe(III/
II), Ni(II) are well developed compared with diamagnetic metal
centers like Zn (II).

On the other hand, DNA is the key target for anticancer
drug therapy because the interaction between small drug
molecules and DNA can cause DNA damage and consequently
blocking of DNA synthesis in cancer cells.[14,15] After the
discovery of platinum-based drugs like cis-platin, carboplatin,
oxaliplatin, several metal-based drugs with improved pharma-
cological properties[16] have been developed. Scientists have
designed and synthesized numbers of mononuclear transition
metal complexes and studied their interaction with DNA[17]

under physiological conditions. Several research proved that[18]

on metal coordination, bioactivity profiles of organic ligands
might be improved and as a result, they can be considered as
potential candidates for use as therapeutic agents in medicinal
applications and for genomic research.[19,20] It has been
observed that metal complexes with planar geometry bind to
DNA in a non-covalent[21] manner, either through intercalative
or partial intercalative binding, whereas metal complexes with
non-planar geometry are usually found to connect to DNA by
groove binding. In this context, Zn(II) containing metal
complexes[22] needs special mention. All these facts prompted
us to explore the interaction of our Zn- complexes with calf
thymus (CT) DNA.

In this present work we are reporting synthesis, crystal
structure, supramolecular interactions of four different di and
polynuclear Zn(II) complexes,1-4, involving (E)-2-methoxy-6-
((quinolin-8-ylimino)methyl)phenol Schiff base ligand (HL) and
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four different anionic co-ligands such as azide, thiocyanate,
selenocyanate and dicyanamide respectively. Complex 1 is
hetero (m-azido and m-phenoxo) bridged dinuclear Zn(II)
complex and complexes 2, 3 and 4 are tetranuclear Zn(II)
complexes with corner-defective cubane structure. All four
complexes are structurally characterized. Complexes 2–4 bare
the unique examples where a hydroxide ion and a capping
phenoxo group simultaneously bind three Zn(II) centers of the
corner-defective cubanes. In complexes 2–4, it is first time we
explored presence of three different coordination modes of the
phenoxo group of the Schiff base ligand viz. mono, di and
triply (m3) bridging mode. Their photoluminescence behavior is
also studied. All four complexes exhibit groove binding along
with weak electrostatic interaction with CT-DNA.
Supramolecular interactions of the complexes are also explored
based on density functional theory (DFT). Molecular electro-
static potential (MEP) surface analysis of compounds 1–4 are
further performed for evaluation of different nonbonding
interactions and the extent to which these weak interactions
stabilize the complexes.

Results and discussion

Syntheses and structural analyses of complexes

The Schiff base ligand (HL) is prepared by following a reported
procedure.[23] Briefly, 8-Aminoquinoline and o-vanillin are mixed
in 1:1 molar ratio in methanol solvent and reflux for one hour.
The ligand is directly used for synthesis of metal complexes
without further purification. All the complexes were prepared
by reaction between Zn(NO3)2.6H2O:HL:NaX (where X = N3

�,
SCN�, SeCN�, N(CN)2

�) in 1:1:1 molar ratio in methanol-water
solvent mixture under stirring condition (Scheme 1). Complex 1

is m-1,1 N3
� bridged dinuclear complex. Complexes 2, 3 and 4

have similar corner-defective cubane type of cationic part.
Complexes 2 and 3 are isostructural in nature and consist of a
cationic and an anionic part. All the complexes have terminal
co-ligands. They are characterized by elemental analysis and

different spectroscopic techniques. The complexes exhibit
strong and sharp stretching frequency at around 1600 cm�1 in
their IR spectra, due to presence of azomethine group, u(C=N).
Complex 1 exhibits a sharp bifurcated stretching frequency at
2060 and 2020 cm�1 (Figure S1, see Supporting Information)
which indicate two different binding mode of azide ion.[24]

Complexes 2 and 3 exhibit a sharp stretching frequency at
2070 and 2065 cm�1 (Figure S2 and S3, respectively) which are
characteristic of stretching frequency for terminal thiocyanate
and selenocyanate ion respectively.[24] Complex 4 exhibits a
sharp bifurcated stretching frequency at 2142 and 2174 cm�1

(Figure S4) which is characteristic stretching frequency for
terminal dicyanamide ion.[24] The UV-vis spectra of all the
complexes are recorded in Tris-HCl buffer medium (5 mM Tris-
HCl/50 mM NaCl, pH = 7.4). All complexes exhibit two absorp-
tion bands around 345 and 425 nm (Figure S5). All these
transitions are mainly ligand center due to presence of d10

Zn(II) ion. Therefore, absorption peaks are assigned as ligand
based p !p* and n!p* type of transitions. Photolumines-
cence properties of all complexes are studied in Tris-HCl buffer
medium. Complexes 1–4 give similar type of emission peak at
around 575 nm, upon excitation at 425 nm (Figure S6). The ESI-
MS analysis of complexes 1–4 show that all of the complexes
are very much stable in solution phase (Figure S7-S10,
respectively). The m/z values of complexes 1–4 appear at
731.74, 731.74, 787.82 and 776.84 corresponding to [Zn2(L)2

(N3)(CH3OLi)]+, [Zn4(L)4(NCS)(OH)(OH2)]+ 2, [Zn4(L)4

(NCSe)(OH)(OH2)(CH3OH)2]+ 2 and [Zn4(L)4(N(CN)2)(OH)(OH2)2

(CH3OH)2]+ 2, respectively.

Crystal structure descriptions of complexes 1–4

The molecular structure of 1 is shown in Figure 1. It crystallizes
in the triclinic system, with space group P-1. The asymmetric

Scheme 1. The synthetic route of complexes 1–4.

Figure 1. Crystal structure of complex 1. Atoms are shown as 30% thermal
ellipsoids. H atoms are omitted for clarity.
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unit of complex 1 consists of two Zn(II) centers, two
deprotonated Schiff base ligands along with one bridging and
one terminal azide (N3

�
) ion. The structure reveals that the two

Schiff base ligands behave differently. One of the two Schiff
bases acts as a tetradentate ligand, while the other acts as a
tridentate ligand with a non-bonded methoxy group. The
selected bond lengths and bond angles are summarized in
Table 1. The dinuclear unit is formed by two zinc centers [Zn(1)

and Zn(2)] which are doubly bridged by one azide group in an
end-on fashion through N(5) and by di-phenoxo oxygen atom
O(1) of the Schiff base. The coordination sites of the octahedral
Zn(2) atom are completed by two nitrogen N(3) and N(4) and
one oxygen O(2) of the same Schiff base ligand and by a
methoxy oxygen atom O(4) of the bridging phenolic moiety.
Similarly, the remaining sites of distorted square pyramidal
geometry of Zn(1) atom are occupied by one nitrogen atom
N(8) of a terminal azide group and two nitrogen atoms N(1)
and N(2) of the Schiff base. The structural index[25] value (t’) of
Zn(1) center (0.069) show that the Zn(1) center is closely perfect
square pyramidal. The basal bond distances around the Zn(2)
atom are in the range 2.3831-2.0606 Å. The apical bond
distances of Zn(2)-N(4) and Zn(2)-O(2) are 2.1353(17) Å and
1.9732(15) Å, respectively and the corresponding trans angle of
O(2)-Zn(2)-N(4) is 159.33(6)8. The Zn(1)-O(1)-Zn(2) and Zn(1)-(m-
N3)-Zn(2) bridging angles are 103.80(5)8 and 99.08(7)8 respec-
tively and separation between two zinc center is 3.220 Å. The N
(5)-N(6)-N(7) angle (178.8(3)8) of m-N3 bridging ligand, suggests
that it is almost linear. In case of Zn (1) center the bond
distances are observed within 1.9990(2)-2.1024(16) Å. The
terminal azide group coordinated with Zn(1) center is almost
linear, as reflected from the N(8)-N(9)-N(10) angle of 176.1(3)8.

Complexes 2 and 3 are crystallized from slow evaporation
of methanolic solutions of the respective reaction mixture.
Complexes 2 and 3 are isostructural. Both compounds are
monoclinic with space group P21/c. The asymmetric unit of
both complexes (Figures 2 and 3) consists of a cationic part
and an anionic part. One non coordinating methanol molecule
and one water molecule are also present within the asymmetric
unit. The anionic part is represented as [ZnX4]2� (X = SCN� for
Complex 2, X = SeCN� for Complex 3), where Zn(II) center is
tetrahedrally coordinated with four nitrogen atoms of the
pseudohalide (SCN�/ SeCN�). Bond angles around the metal
center very within the range of 113.05(15)8- 107.44(14)8 for

complex 2 and 125.5(13)8- 98.0(10) 8 for complex 3. In complex
3 the anionic part containing Zn center and two Se atoms from
SeCN

�
units are disordered over two positions labeled as Zn5

and Zn5 A, Se55 and Se53, Se56 and Se54, refined with
occupancies of x and 1-x, being x final values equal to 0.821,
0.616, 0.710, respectively.

The cationic part consists of four Zn(II) centers, four
deprotonated ligands (L�), one m3 bridging hydroxide ion, one
terminal pseudohalide (X = SCN�, SeCN�) and one coordinated
water molecule. The tetranuclear part is comprised of a corner-
defective cubane (made by three ZnL subunits) and a terminal
(ZnLX) unit, both are connected via m3 bridging hydroxide ion.
The coordination mode of Schiff base ligands around the Zn(II)
centers within the corner-defective cubane is unique. The
structure of the defective cubanes, [Zn4(L)4(X)(OH)(OH2)]2+, is

Table 1. Selected Bond lengths (Å) and Bond angles (8) for complex 1.

Complex 1

Zn1-O1 2.0313(12) Zn2-N3 2.0736(15)
Zn1-N1 2.1013(16) Zn2-N4 2.1353(17)
Zn1-N2 2.1024(16) Zn2-N5 2.1558(18)
Zn1-N5 2.0760(17) Zn1-Zn2 3.220
Zn1-N8 1.9990(2) N5-N6-N7 178.8(3)
Zn2-O1 2.0606(12) N8-N9-N10 176.1(3)
Zn2-O2 1.9732(15) O2-Zn2-N4 159.33(6)
Zn2-O4 2.3831(13) Zn1-O1-Zn2 103.80(5)

Zn1-N5-Zn2 99.08(7)

Figure 2. Crystal structure of complex 2. Atoms are shown as 30% thermal
ellipsoids. H atoms and solvent molecule(s) are omitted for clarity.

Figure 3. Crystal structure of complex 3. Atoms are shown as 30% thermal
ellipsoids. H atoms and solvent molecule(s) are omitted for clarity.
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best described in terms of {Zn3 (m-O)2 (m3-O) (m3-OH)} core
(Figure 4). Therefore, in the cubane metal centers (Zn2, Zn3,

Zn4) are interlinked by three distinct bridging systems: (i) the
oxygen atom (O3) of a triply bridging hydroxo group, capping
the three zinc (II) centres (Zn1 of the terminal unit, Zn2 and
Zn3 of the corner-defective cubane (ii) two di phenoxo
bridging oxygen atoms (O5 and O10) from adjacent ligand
molecules capping the two zinc (II) centers (Zn2 and Zn4 for O5
and Zn3 and Zn4 for O10) (iii) one triple bridging phenoxo
oxygen atom (O7) of another adjacent ligand molecule capping
all the three zinc (II) centers (Zn2, Zn3, Zn4) of the corner-
defective cubane. In cases of (i) and (iii) three unique Zn(II)

atoms form a triangular arrangement and are bridged to each
other via the O atom of the single hydroxide/phenoxo ligand.
Apart from that each zinc(II) is coordinated to a deprotonated
8-aminoquinoline based Schiff base ligand (L�). Zn2 has
octahedral coordination geometry and is bonded to the
quinoline nitrogen (N4), imine nitrogen (N5) and phenoxo
oxygen (O5) of the same Schiff base ligand, m3 hydroxide ion
(O3), m3 phenoxo oxygen (O7) and methoxy oxygen (O8) of
another deprotonated Schiff base ligand. Zn3 is also hexa
coordinated where the coordination sites has been occupied
by quinoline nitrogen (N6), imine nitrogen (N7) and m3 phenoxo
oxygen (O7) of the same Schiff base ligand, phenoxo oxygen
(O10) of another deprotonated Schiff base ligand, m3 hydroxide
ion (O3) and a water molecule (O6). The third metal of the
corner-defective cubane, Zn4 also coordinated octahedrally in a
N2O4 fashion, where it is coordinated to the quinoline nitrogen
(N8), imine nitrogen (N9) and phenoxo oxygen (O10) of the
same Schiff base ligand, phenoxo oxygen (O5) and methoxy
oxygen (O4) of another deprotonated Schiff base ligand and m3

phenoxo oxygen (O7) of third deprotonated ligand. The
terminal Zn1 metal is penta coordinated with highly distorted
trigonal bipyramidal geometry (t= 0.61).[25] Here the metal
center equatorially coordinated with imine nitrogen (N2), m3

hydroxide ion (O3) and nitrogen atom (N3) of a terminal
pseudohalide (SCN�/ SeCN�), whereas axially coordinated with
quinoline nitrogen (N1) and phenoxo oxygen atom (O2) of the
Schiff base ligand. Zn–N(quinoline) bond distances very within
the range 2.062(3) - 2.153(3)Å and Zn–N(imine) bond distances
very within the range 2.072(3) - 2.111(3) Å. Zn–O (phenoxo),
Zn–O (methoxy), Zn–O (hydroxide) and Zn-OH2 bond lengths
for both the complexes vary within the range of 1.992(2) -
2.439(2)Å, 2.293(2)- 2.472(3) Å, 2.024(3) - 2.136(2) Å and 2.018(3)
- 2.020(3) Å respectively. The O�Zn-O bond angles of the
corner-defective cubane for both the complexes are vastly
differed 69.66(8)8 - 169.75(11)8 from ideal values (908 and 1808)
of an octahedral complex which clearly manifesting that major
distortion of the octahedral takes place in this cases. Selected
bond distances and angles are gathered in Table 2. The Zn–N
and Zn–O bond distances are similar to those observed in other
salen polynuclear Zn(II) complexes.[26–28] Zn–Zn bond distances
in the corner-defective cubane (close to 3.23 Å) are longer than

Figure 4. {Zn3 (m-O)2 (m3-O) (m3-OH)} core of complex 2.

Table 2. Selected Bond lengths (Å) and Bond angles (8) for complexes 2 and 3.

Complex 2 Complex 3

Zn1-N1 2.153(3) Zn3-O7 2.104(2) Zn1-N1 2.146(3) Zn3-O6 2.020(3)
Zn1-N2 2.074(3) Zn3-O3 2.068(2) Zn1-N2 2.072(3) Zn3-O7 2.111(2)
Zn1-O2 2.001(2) Zn3-O6 2.018(3) Zn1-O2. 1.995(3) Zn3-O10 2.435(3
Zn1-O3 2.025(2) Zn4-N8 2.101(3 Zn1-O3 2.024(3) Zn4-N8 2.107(3)
Zn2-N4 2.062(3) Zn4-N9 2.084(3) Zn2-N4. 2.067(3) Zn4-N9 2.088(3)
Zn2-N5 2.097(3) Zn4-O4. 2.293(2) Zn2-N5 2.101(3) Zn4-O4 2.296(3)
Zn2-O3 2.136(2) Zn4-O5 2.016(2) Zn2-O3 2.135(3) Zn4-O5. 2.021(3)
Zn2-O5 2.039(2) Zn4-O7 2.271(2) Zn2-O5 2.038(2) Zn4-O7 2.274(2)
Zn2-O7 2.083(2) Zn4-O10 1.992(2) Zn2-O7 2.085(3) Zn4-O10. 1.993(3)
Zn2-O8 2.453(2) O7-Zn2-O8 69.66(8) Zn2-O8 2.472(3) O7-Zn2-O8. 69.72(9)
Zn3-N6 2.071(3) O6-Zn3-O10 169.75(11) Zn3-N6. 2.080(3) O6-Zn3-O10 169.15(14)
Zn3-N7 2.103(3) N54-Zn5- N52 113.05(15) Zn3-N7 2.111(3) N51-Zn5A�N53 125.5(13)
Zn3-O10 2.439(2) N51-Zn5- N53 107.70(14) Zn3-O3 2.076(3) N52 -Zn5 A -N54 98.0(10)
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the sum of the van der Waals radii for two zinc atoms
(2.8 Å).[29,30] These distances are in the order of those found in
other polynuclear zinc(II) complexes with m2-oxo,[26] m3-oxo,[31]

and m4-oxo[32] bridges.
Crystals of complex 4 are also obtained from slow diffusion

of methanolic solution. Complex 4 is triclinic with space group
P-1. The asymmetric unit (Figure 5) consists of a similar type of

cationic part as present in complexes 2 and 3 along with one
nitrate ion and one disordered N(CN)2

� ion. Two water
molecules and one disordered methanol are also present as
solvent of crystallization.

The cationic part comprised of a corner-defective cubane
along with a distorted tetrahedral [ZnLN(CN)2] terminal unit.
These two parts are connected through a m3 hydroxo bridge. In
the cationic part, the corner-defective cubane is represented as
{Zn3 (m-O)2 (m3-O) (m3-OH)} core. The three Zn(II) centers are Zn2,
Zn3 and Zn4 respectively, whereas oxygen centers are one m3

bridging hydroxide ion (O3) two di phenoxo bridging oxygen
atoms (O8, O9) and one m3phenoxo oxygen atom (O5)
respectively. All the three Zn(II) centers of the corner-defective
cubane have distorted octahedral geometry. Coordination
environment around the Zn(II) centers is different. Zn2 is
coordinated to the quinoline nitrogen (N6), imine nitrogen (N7)
and phenoxo oxygen (O9) of the same Schiff base ligand,
oxygen (O3) of m3 bridged hydroxide ion, m3 phenoxo oxygen
(O5) and methoxy oxygen (O4) of another deprotonated Schiff
base ligand. In case of Zn3 the coordination sites have been
occupied by quinoline nitrogen (N8), imine nitrogen (N9) and
m3 phenoxo oxygen (O5) of the same Schiff base ligand,
phenoxo oxygen (O8) of another deprotonated Schiff base
ligand, m3 hydroxide ion (O3) and a water molecule (O6). The
third metal, Zn4 binds with quinoline nitrogen (N10), imine
nitrogen (N11) and phenoxo oxygen (O8) of the same Schiff
base ligand, phenoxo oxygen (O9) and methoxy oxygen (O10)

of another deprotonated Schiff base ligand and m3 phenoxo
oxygen (O5) of third deprotonated ligand. In the terminal unit,
the Zn(II) metal center is highly distorted trigonal bipyramidal
(t= 0.695). The Zn1 metal is equatorially coordinated with
imine nitrogen (N2), m3 hydroxide ion (O3), nitrogen atom (N3)
of a terminal dicyanamide ion and axially coordinated with
quinoline nitrogen (N1) and phenoxo oxygen atom (O2) of the
same Schiff base ligand. In complex 4, Zn–N(quinoline) bond
distances vary within the range 2.069(2) - 2.086(2) Å and Zn–
N(imine) bond distances very within the range 2.070(2) -
2.118(2) Å. Zn–O(phenoxo), Zn–O(methoxy), Zn–O(hydroxide)
and Zn-OH2 bond lengths for both the complexes vary within
the range of 2.024(2) - 2.360(2) Å, 2.240(2) - 2.408(2) Å, 2.006(2)
- 2.105(2) Å and 2.048(3) Å respectively. In the corner-defective
cubane O�Zn-O bond angles values 70.27(5)8 - 166.95(7)8 differ
significantly from ideal values (908 and 1808) of an octahedral
complex. Selected bond distances and angles are gathered in
Table 3.

Three metal centers capped by a single hydroxide ion or a
phenoxo group have been observed in a number of struc-
tures.[33] Complexes 2–4 bare the rare examples where both
types of binding modes have been noticed. Nevertheless, in
these three corner-defective cubanes of Zn(II), three different
coordination modes of phenoxo group i. e. mono, di (m2) and
triply (m3) bridges are present.

Spectroscopic studies of DNA bindingElectronic absorption
spectra

DNA is an important target to intervene apoptosis or necrosis
to a cell. In this work, the binding propensity of Zn(II)
complexes (1–4) to CT-DNA was studied using various spectro-
scopic methods. Electronic spectral titration was performed to
determine the binding constant (K) of the complexes 1–4 to
CT-DNA (Figures 6, S11-S13, respectively and Table 4) by
monitoring the change in absorption intensity. It is well known
that intercalation between the compound and DNA results

Figure 5. Crystal structure of complex 4. Atoms are shown as 30% thermal
ellipsoids. H atoms and solvent molecule(s) are omitted for clarity.

Table 3. Selected Bond lengths (Å) and Bond angles (8) for complex 4.

Complex 4

Zn1-N1 2.180(2) Zn3-O5 2.092(2)
Zn1-N2 2.072(2) Zn3-O6 2.048(2)
Zn1-N3 2.030(2) Zn3-O8 2.292(2)
Zn1-O2 2.013(2) Zn4-N10 2.086(2)

Zn1-O3 2.006(2) Zn4-N11 2.070(2)
Zn2-N6 2.081(2) Zn4-O5 2.360(2)
Zn2-N7 2.085(2) Zn4-O8 2.015(2)

Zn2-O3 2.105(2) Zn4-O9 2.025(2)
Zn2-O4 2.408(2) Zn4-O10 2.240(2)
Zn2-O5 2.072(2) O3-Zn1-N2 125.40(7)
Zn2-O9 2.024(2) O2-Zn1-N1 166.95(7)
Zn3-N8 2.069(2) O5-Zn2-O4 70.27(5)
Zn3-N9 2.118(2) O6-Zn3-O8 165.79(7)
Zn3-O3 2.097(2)
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hypochromism with or without red/blue shift in the electronic
spectra of the compound upon a gradual increasing concen-
tration of DNA. Whereas, the non-intercalative/electrostatic
interaction or groove binding between the compound and
DNA results hyperchromism in the absorption spectra of the
compound with increasing concentration of DNA.[34,35] Com-
plexes 1–4 show absorption bands at 345 nm and 425 nm
which are attributed to ligand based p!p* and n!p*
transitions. In order to avoid overlapping of bands, the change
in absorption intensity upon gradual increase of CT-DNA to the
metal complex solution has been studied at 425 nm. The
changes in the electronic absorption spectra indicate that
complexes 1–4 bind to the CT-DNA helix via groove binding
and electrostatic interaction. The values of binding constants
(K) were calculated from the ratio of slope to the intercept and
calculated values of K for complexes 1–4 were 1.42 3 105, 6.65 3

104, 3.97 3 104 and 5.70 3 104 M�1, respectively by using Benesi–
Hilderbrand equation[36] (equation 1). These data clearly reveals
that tetranuclear zinc(II) complexes 2, 3 and 4 exhibited lower
binding affinity than dinuclear Zn(II) complex, 1. Interaction of
free ligand (HL) with DNA was also monitored by spectropho-
tometry. No change in the spectrum of HL in presence of DNA
confirmed that there was no binding of the free ligand with
DNA in our experimental conditions (Figure S14).

1
DA
¼ 1

DAmax
þ 1

K DAmax DNA½ � ð1Þ

[Here, DA = Ax-Ao and DAmax = A1-Ao, where Ao, Ax, and A1
are the absorbance of the complexes in the absence of CT-
DNA, at an intermediate DNA concentration, and at saturation
respectively. K is binding constant and [DNA] is the concen-
tration of CT-DNA.]

Fluorescence spectra

The emission spectrum of all four complexes (1-4) was recorded
in the wavelength ~ 575 nm when excited at wavelength
~425 nm. Complex-CT-DNA adduct formation was monitored
by titration study keeping a constant concentration of the
complex and increasing the concentration of CT-DNA. With
increasing concentration of CT-DNA a progressive
enhancement in the fluorescence intensity of the complexes
was observed and eventually reached saturation with no
significant shift in the wavelength maximum for all complexes
(see Figures 7, S15-S17 for complexes 1–4, respectively). The
results of the spectrofluorimetric titrations were analyzed by
constructing Benesi-Hilderband equation.[36] The values of K
extracted from the slope are 1.74 3 105, 8.95 3 104, 4.41 3 104,
7.26 3 104M�1 respectively for complexes 1–4 ( see Table 4).
Lower value of affinity constant for the association of CT DNA
with complex 2–4 compared to that of complex 1 may be
attributed to the larger size of 2–4 in comparison to the later.
Larger steric bulk of complexes 2–4 restrict itself to penetrate
into the core of the binding site. The enhancement of
fluorescence intensity of complexes after adding CT-DNA is also
investigated in UV chamber (Figure S18).

Figure 6. (A) UV-vis spectra of complex 1 (10 mM) with incremental addition of CT-DNA (0-3 equivalent). (B) Corresponding linear plot using Benesi–Hilderbrand
equation.

Table 4. CT-DNA binding constant (K) values and Gibb’s free energies (~G)
of complexes 1–4.

From absorbance study From fluorometric study
Complex K ~G[d] (KJ mol�1) K ~G (KJ mol�1)

1 1.42 3 105 -27.42 1.74 3 105 -27.89
2 6.65 3 104 -25.66 8.95 3 104 -26.35
3 3.97 3 104 -24.47 4.41 3 104 -24.72
4 5.70 3 104 -25.31 7.26 3 104 -25.87

[d] ~G can be defined as, ~G =- RTlnK (R = 8.314 J K�1 mol�1, T = 298 K).

Full Papers

7702ChemistrySelect 2018, 3, 7697 – 7706 � 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Wiley VCH Freitag, 13.07.2018
1827 / 116213 [S. 7702/7706] 1



1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

Viscosity Measurement

Viscometric measurement is employed to see the binding
mode between complexes 1–4 and CT-DNA. This method is
very much suitable for small molecules to study their mode of
interaction with nucleic acids. Viscosity or Specific viscosity of a
solution is critically dependent on the length of the nucleic
acid. Again, specific viscosity of a solution is increased due to
increase in the chain length of the polymer. Classical
intercalation means binding of small molecules with base pair
of the helix, resulting unwinding of the double helix, thereby,
overall increase in the chain length of the polymer.[37] During
groove binding and electrostatic interaction no such observa-
tion has been noticed.[36b,c] Here, with increasing concentration
of complexes 1–4 in CT-DNA solution, specific viscosity remains
almost unchanged (Figure 8). Therefore, the binding mode of
complexes 1–4 with CT-DNA can be justified to be groove
binding along with weak electrostatic interaction instead of
intercalation.

Theoretical Studies

The theoretical study is devoted to analyze some unconven-
tional noncovalent interactions that are present in the crystal
packing of compounds 1–4 (Figure 1, 2, 3 and 5, respectively)
focusing our attention to the anion–p and p–p stacking
interactions involving the p-system of the organic ligand.

As a first approximation to rationalize the ability of the
ligand to participate in anion–p interactions, we have opti-
mized the ligand and one model complex where the ligand is
mono-coordinated to Zn(II) and chloride as co-ligand (see
Figure 9) and computed their Molecular Electrostatic Potential
(MEP) surfaces in order to analyze how the electronic nature of
the ring changes upon complexation of the ligand. As a matter
of fact, the MEP surface of the free ligand (Figure 9a) shows
that both the phenyl and quinoline ring are p-basic rings, thus

adequate for interacting with cations instead of anions.
However, upon complexation to Zn(II) the electronic nature of
the quinoline rings drastically changes from p-basic to p-acidic,
thus well suited for interacting with anions. In addition, the p-
system of the conjugated imidic C=N bond also presents
positive potential. In contrast, the o-methoxiphenol ring
exhibits negative potential over the center of the ring in the
free ligand or coordinated to Zn(II).

In Figure 10, we highlight anion–p interactions observed in
the solid state of complexes 2 and 3. In compound 2 the
[Zn(SCN)4]2– interacts with the C atom of the C=N bond
(Figure 10a) and in compound 3 interacts with a carbon atom
of the quinoline ring (Figure 10b). The formation of these
anion–p interactions agrees well with the MEP analysis shown

Figure 7. (A) Fluorescence spectra of complex 1 (10 mM) with incremental addition of CT-DNA (0-3 equivalent). (B) Corresponding linear plot using Benesi–
Hilderbrand equation.

Figure 8. Plot of change of relative specific viscosity of CT DNA in the
presence complexes 1–4 in Tris-HCl buffer medium (5 mM Tris-HCl/50 mM
NaCl, pH = 7.4). The concentration of CT-DNA was 300 mM.
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in Figure 9. We have evaluated the binding energy of these
interactions, which are large and negative, specially DE1 = –
77.4 kcal/mol and DE2 = –83.0 kcal/mol because the double
negative charge of the [Zn(SCN)4]2– moiety and the formation
of ancillary H-bonding interactions with the aromatic H-atoms.

In compound 1 we have studied the interesting antiparallel
p–p stacking interaction observed in the solid state (see
Figure 11) that leads to the formation of self-assembled dimers.
In addition to the p-stacking interaction, two symmetrically
equivalent C–H···p(azide) interactions involving the azide ligand
are also established. The antiparallel formation of the stacking
agrees well with the MEP surface commented above, since the
electrostatic repulsion between the p-systems is minimized in
this orientation. Moreover, the formation of the C–H···p
interactions explains the large dimerization energy (DE = –

27.3 kcal/mol) due to the anionic nature of the azide (H-bond
acceptor) and the enhanced acidity of the aromatic H-atoms
due to the coordination of the quinoline moiety to the Zn(II)
metal center.

Conclusions

In conclusion, we have demonstrated a simple procedure for
generation of different di and polynuclear Zn(II) complexes (1-
4). We have also established that 8-aminoquinoline based Schiff
base ligand may be an effective precursor for preparation of
cubane-related metal complexes. The experimental outcome
also reveals that by change of pseudohalide the nuclearity and
geometry of the multinuclear-zinc complexes varied from

Figure 9. MEP surface of ligand (a) and a model complex. (b) Energies at selected points of the surfaces are given in kcal/mol.

Figure 10. X-ray fragments of 2 (a) and 3 (b), H-atoms omitted for clarity.
Distances in Å.

Figure 11. Self-assembled dimer of 1, H-atoms and cations omitted for clarity
apart from those participating in the C–H···p(azide) interactions. Distances in
Å.
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dinuclear complex to corner-defective cubane. It has been
observed that pseudohalides like thiocyanate, selenocyanate
and dicyanamide afford corner-defective cubane-like com-
plexes 2–4 where 2 and 3 are isostructural. The three
complexes described here are valuable additions to the
chemistry of polynuclear Zn(II) clusters. The approaches to
cubane like complexes described here may provide functional
models for biological systems and present opportunities for the
construction of new chemistry. The photoluminescent studies
of all the complexes indicate the red shift compared with the
HL and the emission intensity of the complex is stronger than
that of the ligand. Here all four complexes have been shown to
undergo facile DNA binding. Finally, the complexes 2–4
presented here provide striking examples of the presence of
various coordination modes of phenoxo group of the Schiff
base ligand. It is noteworthy that, to our best knowledge, it is
the first time to find different types of coordination mode of
the phenoxo group (mono, di (m2) and triply (m3) bridged
phenoxo group) of 8-Aminoquinoline based Schiff base ligand
present within a single molecule.

Supporting Information Summary

Supporting information comprise a detailed experimental
section and related spectroscopic figures. CCDC 1824148–
1824151 contain the supplementary crystallographic data for
complexes 1–4. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, UK; fax: (+ 44) 1223–336-033; or email:depo-
sit@ccdc.cam.ac.uk.

Acknowledgments

A. S. gratefully acknowledges the financial support of this work by
the DST, India (Sanction No. SB/FT/CS-102/2014, dated- 18. 07.
2015).

Conflict of Interest

The authors declare no conflict of interest.

Keywords: Corner-defective Cubane · DFT analysis · DNA
binding · Schiff base · Spectroscopic studies

[1] a) D. Chatterjee, E. Ember, U. Pal, S. Ghosh, R. V. Eldik, Dalton Trans. 2011,
40, 10473–10480; b) L. F. Lindoy, Coord. Chem. Rev. 1969, 4, 41–71; c) P. A.
Vigato, S. Tamburini, Coord. Chem. Rev. 2004, 248, 1717–2128.

[2] J. A. McCleverty, T. J. Meyer, Comprehensive Coordination Chemistry II,
2nd edition 2004, 7, 125–175.

[3] J. H. Satcher Jr., M. M. Olmstead, M. W. Droege, S. R. Parkin, B. C. Noll, L.
May, A. L. Balch, Inorg. Chem. 1998, 37, 6751–6758.

[4] E. Y. Lee, S. Y. Jang, M. P. Suh, J. Am. Chem. Soc. 2005, 127, 6374–6381.
[5] J. R. Li, Y. Tao, Q. Yu, X. H. Bu, Chem. Commun. 2007, 1527–1529.
[6] P. Horcajada, C. Serre, M. Vallet-Regi, M. Sebban, F. Taulelle, G. Ferey,

Angew. Chem. Int. Ed. 2006, 45, 5974–5978.
[7] A. J. Gallant, J. H. Chong, M. J. MacLachlan, Inorg. Chem. 2006, 45, 5248–

5250.

[8] T. Yu, K. Zhang, Y. Zhao, C. Yang, H. Zhang, D. Fan, W. Dong, Inorg. Chem.
Commun. 2007, 10, 401–403.

[9] J. A. Schlueter, J. L. Manson, U. Geiser, Inorg. Chem. 2005, 44, 3194–3202.
[10] T. Ghosh, T. Chottopadhyay, S. Das, S. Mondal, E. Suresh, E. Zangrando,

D. Das, Cryst. Growth Des. 2011, 11, 3198–3205.
[11] a) A. J. Tasiopoulos, A. Vinslava, W. Wernsdorfer, K. A. Abboud, G.

Christou, Angew. Chem. Int. Ed. 2004, 43, 2117–2121; b) A. Ferguson, A.
Parkin, J. Sanchez-Benitez, K. Kamenev, W. Wernsdorfer, M. Murrie, Chem.
Commun. 2007, 3473–3475.

[12] I. J. Hewitt, J. Tang, N. T. Maddhu, R. Cl�rac, G. Buth, C. E. Anson, A. K.
Powell, Chem. Commun. 2006, 2650–2652.

[13] a) R. Bagai, G. Christou, Chem. Soc. Rev. 2009, 38, 1011–1026; b) G. Aromi,
E. K. Brechin, Struct. Bonding 2006, 122, 1–67; c) W. Huang, S. Huang, M.
Zhang, Y. Chen, G. Zhuang, Y. Li, M. Tong, J. Yong, Y. Li, D. Wu, Chem.
Commun. 2018, 54, 4104–4107; d) W. Huang, F. Shen, S. Wu, L. Liu, D.
Wu, Z. Zheng, J. Xu, M. Zhang, X. Huang, J. Jiang, F. Pan, Y. Li, K. Zhu, O.
Sato, Inorg. Chem. 2016, 55, 5476–5484; e) F. Shen, W. Huang, D. Wu, Z.
Zheng, X. Huang, O. Sato, Inorg. Chem. 2016, 55, 902–908; f) W. Huang,
F. Pan, Z. Wang, Y. Bai, X. Feng, J. Gu, Z. Ouyang, D, Wu, Dalton Trans.
2017, 46, 5069–5075.

[14] A. Nori, J. Kopecek, Adv. Drug Delivery Rev. 2005, 57, 609–636.
[15] Y. Xie, G. G. Miller, S. A. Cubitt, K. J. Soderlind, M. J. Allalunis-Turner, J. W.

Lown, Anti-Cancer Drug Des. 1997, 12, 169–179.
[16] a) F. Arnesano, G. Natile, Coord. Chem. Rev. 2009, 253, 2070–2081;

b) P. C. A. Bruijnincx, P. J. Sadler, Curr. Opin. Chem. Biol. 2008, 12, 197–
206; c) C. Santini, M. Pellei, V. Gandin, M. Porchia, F. Tisato, C. Marzano,
Chem. Rev. 2014, 114, 815–862.

[17] a) Y. M. Song, Q. Wu, P. J. Yang, N. N. Luan, L. F. Wang, Y. M. Liu, J. Inorg.
Biochem. 2006, 100, 1685–1691; b) J. Tan, B. Wang, L. Zhu, Bioorg. Med.
Chem. 2009, 17, 614–620; c) C. P. Tan, J. Liu, L. M. Chen, S. Shi, L. N. Ji, J.
Inorg. Biochem. 2008, 102, 1644–1653.

[18] S. P. Fricker, Dalton Trans. 2007, 4903–4917.
[19] D. S. Raja, N. S. P. Bhuvanesh, K. Natarajan, Dalton Trans. 2012, 41, 4365–

4377.
[20] X. Qiao, Z. Y. Ma, C. Z. Xie, F. Xue, Y. W. Zhang, J. Y. Xu, Z. Y. Qiang, J. S.

Lou, G. J. Chen, S. P. Yan, J. Biol. Inorg. Chem. 2011, 105, 728–737.
[21] a) K. M. Guckian, B. A. Schweitzer, R. X. Ren, C. J. Sheils, D. C. Tahmassebi,

E. T. Kool, J. Am. Chem. Soc. 2000, 122, 2213–2222; b) K. M. Guckian, T. R.
Krugh, E. T. Kool, J. Am. Chem. Soc. 2000, 122, 6841–6847; c) D. D. Li, J. L.
Tian, W. Gu, X. Liu, H. H. Zeng, S. P. Yan, J. Inorg. Biochem. 2011, 105,
894–901; d) V. M. Manikandamathavan, V. Rajapandian, A. J. Freddy, T.
Weyhermuller, V. Subramanian, B. U. Nair, Eur. J. Med. Chem. 2012, 57,
449–458.

[22] V. M. Manikandamathavan, T. Weyherm�ller, R. P. Parameswari, M.
Sathishkumar, V. Subramanian, B. U. Nair, Dalton Trans. 2014, 43, 13018–
13031.

[23] a) A. B. Pradhan, S. K. Mandal, S. Banerjee, A. Mukherjee, S. Das, A. R. K.
Bukhsh, A. Saha, Polyhedron 2015, 94, 75–82; b) P. Ghorai, A. Chakra-
borty, A. Panja, T. K. Mondal, A. Saha, RSC Adv. 2016, 6, 36020–36030;
c) P. Ghorai, A. Dey, P. Brand¼o, J. Ortega-Castro, A. Bauza, A. Frontera,
P. P. Ray, A. Saha, Dalton Trans. 2017, 46, 13531–13543; d) P. Ghorai, P.
Brand¼o, A. Bauz�, A. Frontera, A. Saha, Inorganica Chimica Acta 2018,
469, 189–196.

[24] K. Nakamoto, Infrared Spectra of Inorganic Compounds, Wiley, New York,
1970.

[25] A. W. Addison, T. N. Rao, J. Reedjik, J. V. Rijn, C. G. Verschoor, J. Chem.
Soc. Dalton Trans. 1984, 1349–1356.

[26] a) J. Sanmart�n, M. R. Bermejo, A. M. Garc�a-Deibea, A. L. Llamas-Saiz,
Chem. Commun. 2000, 795–796; b) J. Sanmart�n, M. R. Bermejo, A. M.
Garc�a-Deibe, I. M. Rivas, A. R. Fern�ndez, J. Chem. Soc. Dalton Trans.
2000, 4174–4181.

[27] A. S. Burlov, Y. V. Koshchienko, K. A. Lyssenko, I. S. Vasilchenko, Y. E.
Alexeev, I. G. Borodkina, M. Y. Antipin, A. D. Garnovskii, J. Coord. Chem.
2008, 61, 85–91.

[28] a) M. Mikuriya, N. Tsuru, S. Ikemi, S. Ikenoue, Chem. Lett. 1998, 879–880;
b) G. Xu, L. Liu, L. Zhang, G. Liu, D. Jia, J. Lang, Struct. Chem. 2005, 16,
431–437.

[29] A. Bondi, J. Phys. Chem. 1964, 68, 441–451.
[30] J. E. Huheey, E. A. Keiter, R. L. Keiter, Inorganic Chemistry: Principles of

Structure and Reactivity, Harper Collins CollegePublisher, New York, 4th
edn, 1993.

Full Papers

7705ChemistrySelect 2018, 3, 7697 – 7706 � 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Wiley VCH Freitag, 13.07.2018
1827 / 116213 [S. 7705/7706] 1



1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

[31] a) R. Kitaura, G. Onoyama, H. Sakamoto, R. Matsuda, S. Noro, S. Kitagawa,
Angew. Chem. Int. Ed. 2004, 43, 2684–2687; b) C. Maxim, T. D. Pasatoiu,
V. C. Kravtsov, S. Shova, C. A. Muryn, R. E. P. Winpenny, F. Tuna, M.
Andruh, Inorg. Chim.Acta 2008, 361, 3903–3911.

[32] N. Lalioti, C. P. Raptopoulou, A. Terzis, A. E. Aliev, S. P. Perlepes, I. P.
Gerothanassis, E. Manessi-Zoupa, Chem.Commun. 1998, 1513–1514.

[33] a) T. Tahier, C. L. Oliver, CrystEngComm 2015, 17, 8946–8956; b) E. C.
Constable, C. E. Housecroft, J. A. Zampese, G. Zhang, Polyhedron 2012,
44, 150–155; c) M. J. Romero, R. Pedrido, A. M. Gonz�lez-Noya, M.
Mart�nez-Calvo, G. Zaragoza, M. R. Bermejo, Chem. Commun. 2010, 46,
5115–5117; d) W. Huang, M. Zhang, S. Huang, D. Wu, Inorg. Chem. 2017,
56, 6768–6771; e) L. Jiang, D. Zhang, J. Suo, W. Gu, J. Tian, X. Liu, S.
Yan, Dalton Trans. 2016, 45, 10233–10248; f) E. Halevas, O. Tsave, M.
Yavropoulou, J. G. Yovos, A. Hatzidimitriou, V. Psycharis, A. Salifoglou, J.
Inorg. Biochem. 2017, 177, 228–246; g) R. Petrus, P. Sobota, Organo-
metallics 2012, 31, 4755–4762.

[34] a) Q. Zhang, J. Liu, H. Chao, G. Xue, L. Ji, J. Inorg. Biochem. 2001, 83, 49–
55; b) Z. Liu, B. Wang, B. Li, Q. Wang, Z. Yang, T. Li, Y. Li, Eur. J. Med.Chem.
2010, 45, 5353–5361; c) R. K. Gupta, R. Pandey, G. Sharma, R. Prasad, B.

Koch, S. Srikrishna, P. Li, Q. Xu, D. S. Pandey, Inorg. Chem. 2013, 52,
13984; d) E. Ramachandran, D. S. Raja, N. P. Rath, K. Natarajan,
Inorg.Chem 2013, 52, 1504–1514.

[35] a) F. Mancin, P. Scrimin, P. Tecilla, U. Tonellato, Chem. Commun. 2005,
2540–2548; b) L. Tjioe, A. Meininger, T. Joshi, L. Spiccia, B. Graham, Inorg.
Chem. 2011, 50, 4327–4339; c) I. S. Haworth, A. H. Elcock, J. Freemann, A.
Rodger, W. G. J. Richards, J. Biomol. Struct. Dyn. 1991, 9, 23–43.

[36] a) H. Benesi, J. Hilderbrand, J. Am. Chem. Soc. 1949, 71, 2703–2707; b) P.
Ghorai, R. Saha, S. Bhuiya, S. Das, P. Brand¼o, D. Ghosh, T. Bhaumik, P.
Bandyopadhyay, D. Chattopadhyay, A. Saha, Polyhedron 2018, 141, 153–
163; c) S. Banerjee, P. Ghorai, P. Brandao, D. Ghosh, S. Bhuiya, D.
Chattopadhyay, S. Das, A. Saha, New J. Chem. 2018, 42, 246–259.

[37] L. Haque, S. Bhuiya, R. Tiwari, A. B. Pradhan, S. Das, RSC Adv. 2016, 6,
83551–83562.

Submitted: April 28, 2018

Accepted: July 2, 2018

Full Papers

7706ChemistrySelect 2018, 3, 7697 – 7706 � 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Wiley VCH Freitag, 13.07.2018
1827 / 116213 [S. 7706/7706] 1



Appendix III 

 

 

 

 

 

 

 






























	Click for updates and to verify authenticity: 
	Button 1: 


