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Preface 
 

The whole work presented in this thesis deals with the synthesis and characterization of 

some di and polynuclear complexes with N,O-donor reduced Schiff base ligands. The thesis 

comprises six chapters of which Chapter I covers the literature survey on the coordination 

chemistryof multi-metallic complexes with reduced Schiff base ligands. The research works are 

presented in Chapters II-V of the thesis. The interesting observations are highlighted in Chapter 

VI. 

The entire work was initiated in February, 2019. All information in this document have 

been obtained and presented in accordance with the academic rules and ethical conducts. I also 

declare that as required by these rules and conducts, I have cited and referenced all materials and 

results which are not original to this work. I take the responsibility of any unintentional oversight 

and errors, which might have crept in despite precautions. 
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Section IA 
 
A brief overview on the coordination chemistry of multi-

metallic complexes with N,O-donor reduced Schiff base 

ligands  

The potential applications of multi-metallic complexes in information storage, magnetic 

arrays, porous hosts and light harvesting devices have attracted the attention of synthetic 

inorganic chemists and material scientist to synthesize different multi-metallic complexes with 

varieties of ligands [1-4]. The important and increasing roles of multi-metallic complexes in 

different industrial chemical catalysis is also note worthy [5, 6]. Theoretical chemists are also 

interested to explore magnetic exchange coupling, potential energy surface treatments of 

thermal intra-molecular electron transfer, perturbation calculations for optically induced intra-

system charge transfer including vibronic and superexchange coupling contributions etc. in 

these complexes [7-11].  

 The widely used symmetrical tetradentate N2O2 donor bis(salicylidene) Schiff base 

ligands (commonly known as H2salen) have been synthesized by the 1:2 condensation of any 

primary diamine with any salicylaldehyde derivative [12-23]. Their enduring popularity may be 

related to the fact that they could be prepared very easily. The stability of the Schiff bases may 

also be another important reason. On the other hand, the most common geometry of a 

transition metal is octahedral and these tetra-dentate Schiff bases may occupy only four 

coordination sites of the metal ions leaving two sites free for coordination with other ligands 
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[24]. In most of the complexes, the N2O2 donor Schiff bases occupy the equatorial positions and 

axial positions are occupied by two mono-dentate ligands forming trans isomers as the main 

product [25, 26]. On the other hand, in some limited complexes, the N2O2 donor Schiff bases 

may occupy-three equatorial positions and one axial position, whereas two cis positions are 

occupied by two mono-dentate ligands or a chelating bi-dentate ligand forming the cis isomer 

[27, 28].  

The di-negative anionic forms of these ligands have been widely used by synthetic 

inorganic chemists as tetradentate N2O2-donor chelating ligands for the synthesis of mono-, di- 

and poly-nuclear complexes of several transition and non-transition metals. The bridging ability 

of the phenoxo oxygen atoms may also be utilised for the synthesis of poly-nuclear complexes 

[29-39].  Another common way to develop di- and poly-nuclear complexes with salen-type 

ligands is to use 3-alkoxysalicylaldehyde (instead of salicylaldehyde), so that compartmental 

N2O2O2′-donor Schiff bases, which may accommodate smaller metal ions in their inner N2O2 

cavity and the relatively large cations in their outer O4 cores, can be produced [40-44]. The 

salen-type Schiff bases can easily be reduced with a mild reducing agent to form the 

corresponding reduced Schiff base ligands, which are essentially secondary diamines and may 

be more beneficial due to their greater flexibility and stability over a wider range of solvents as 

well as in oxidizing and reducing conditions [45-49].  

 The entire work of this dissertation has essentially been designed with the synthesis 

and characterization of some multimetallic complexes with the reduced analogues of ‘salen 

type’ salicylaldimine Schiff base ligands. Several di and polynuclear complexes with salen type 

Schiff base ligands and their reduced analogues had been reported in literature before the 
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execution of present work. Following paragraphs present a brief literature survey of the 

synthesis and characterization of such complexes [50-90]. 

Complexes of H2salen type tetradentate N2O2 donor ligands 

N,N’-bis(salicylidene)-1,3-propanediamine (H2L1) forms one dinuclear {[(Py)2Ni(μ-

L1)PbCl2]⋅Py}, four trinuclear {[(CuL1)2Pb(OClO3)2]}, {[(CuL1)2Pb(NCS)2]}, {[(CuL1)2PbCl2]}, 

{[(CuL1)2PbI2+- and one tetranuclear ,*(μ-DMF)2{(H2O)NiL1Pb(SCN)}2]} complexes. N,N’-

bis(salicylidene)-2,2-dimethyl-1,3-propanediamine (H2L2)  forms only one trinuclear complex, 

{[(CuL2)2Pb(NCS)2]}. N,N’-bis(2′-hydroxy-1-phenylethanylidene)-1,3-propanediamine (H2L3)  

forms one trinuclear complex, {[(CuL3)2Pb(NO3)2+-, one tetranuclear complex, *(μ-

adipato){Pb(L3Cu)L3Cu(OClO3)}2]⋅2H2O}, and one polynuclear complex, {[(CuL3)2Pb(dca)2]n} 

having trinuclear asymmetric unit. 

In complex {[(Py)2Ni(μ-L1)PbCl2]⋅Py}, the imine nitrogen atoms and phenoxo oxygen 

atoms of the dianion generated from N,N’-bis(salicylidene)-1,3-propanediamine equatorially 

coordinates nickel(II). The axial positions of nickel(II) is coordinated by two nitrogen atoms from 

two pyridine molecules. This [(py)2NiL1] moiety acts as a metalloligand to coordinate a lead(II) 

via two phenoxo oxygen atoms. Thus the phenoxo oxygen atoms of the salen ligand bridges 

nickel(II) and lead (II). Lead(II) is additionally coordinated by two chlorides to complete its 

coordination sphere, but all the coordinating atoms resides in one hemisphere only leading to 

hemidirected geometry of lead(II). The schematic representation of complex {[(Py)2Ni(μ-

L1)PbCl2]⋅Py}  is shown in Scheme 1. 
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Scheme 1. Schematic representation of {[(Py)2Ni(μ-L1)PbCl2]⋅Py. CCDC number is 182537. 

The trinuclear complexes {[(CuL1)2Pb(OClO3)2]}, {[(CuL1)2Pb(NCS)2]}, {[(CuL1)2PbCl2]}, 

{[(CuL1)2PbI2]}, {[(CuL2)2Pb(NCS)2]} and {[(CuL3)2Pb(NO3)2]} have very similar structures. In each 

case, two imine nitrogen and two phenoxo oxygen atoms of the dianion, (L3)2-, of the 

corresponding H2salen type Schiff base N,N’-bis(2′-hydroxy-1-phenylethanylidene)-1,3-

propanediamine coordinates the copper(II) to form a metallolgand (CuL3). Two units of this CuL3 

fragment, in turn, coordinate lead(II) via phenoxo oxygen atoms. Lead(II) is additionally 

coordinated by two co-ligands (e.g., perchlorate in {[(CuL1)2Pb(OClO3)2]}, thiocyanate in 

{[(CuL1)2Pb(NCS)2]} and {[(CuL2)2Pb(NCS)2]}, chloride in {[(CuL1)2PbCl2]}, and iodide in 

{[(CuL1)2PbI2]}) to complete its coordination sphere. The schematic representation of complexes 

{[(CuL1)2Pb(OClO3)2]}, {[(CuL1)2Pb(NCS)2]}, {[(CuL1)2PbCl2]}, {[(CuL1)2PbI2]}, {[(CuL2)2Pb(NCS)2]} 

and {[(CuL3)2Pb(NO3)2]} are shown in Schemes 2 and 3. In all of these complexes, lead(II) centers 

are hexa-coordinated and are showing distorted octahedral geometry. 



 

7 
 

 

Scheme 2. Schematic representation of the complexes {[(CuL1)2Pb(OClO3)2]}, 

{[(CuL1)2Pb(NCS)2]}, {[(CuL1)2PbCl2]} and {[(CuL1)2PbI2]}. X = ClO4 (in {[(CuL1)2Pb(OClO3)2]}), NCS 

(in {[(CuL1)2Pb(NCS)2]}), Cl (in {[(CuL1)2PbCl2]} and I (in {[(CuL1)2PbI2]}). CCDC no. are 1490211, 

824246, 1225881 and 165,633 respectively. 

 

Scheme 3. Schematic representation of the complexes. CCDC numbers are 824247 and 1490212 

respectively. 
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The structure of {[(CuL3)2Pb(NO3)2]} is however, interesting as it apparently contains a 

octa-coordinated lead(II), where two oxygen atoms of each nitrate coordinates lead(II). Of 

these two oxygen atoms of a nitrate, one is also coordinated to a terminal copper(II) thus 

producing square pyramidal copper(II) in {[(CuL3)2Pb(NO3)2]} (contrary to square planar 

copper(II) as was observed in other complexes, ({[(CuL1)2Pb(OClO3)2]}, {[(CuL1)2Pb(NCS)2]}, 

{[(CuL1)2PbCl2]}, {[(CuL1)2PbI2]} and {[(CuL2)2Pb(NCS)2]}). The schematic representation of 

complex {[(CuL3)2Pb(NO3)2]} is shown in Scheme 3. It is important to note that both the oxygen 

atoms of each nitrate may be considered to be occupying only one axial site of lead(II), as the 

O-Pb-O angle is very small (~46.230). In that case, the geometry of lead(II) center may be 

considered as distorted octahedral. 

The asymmetric unit [(CuL3)2Pb(dca)2] of the poly-nuclear complex, [(CuL3)2Pb(dca)2]n, is 

very close to the structures complexes {[(CuL1)2Pb(OClO3)2]}, {[(CuL1)2Pb(NCS)2]}, 

{[(CuL1)2PbCl2]},  {[(CuL1)2PbI2]} and {[(CuL2)2Pb(NCS)2]}, except that here the dicyanimide co-

ligands coordinate symmetry-related neighbouring lead(II) centers in 1,5-briding mode to 

generate its 1D chain structure. The schematic representation of [(CuL3)2Pb(dca)2]n is shown in 

Scheme 4. 
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Scheme 4. Schematic representation of [(CuL3)2Pb(dca)2]n. CCDC number is 1490214. 

The tetranuclear complexes, ,*(μ-DMF)2{(H2O)NiL1Pb(SCN)}2+-   and ,*(μ-

adipato){Pb(L3Cu)L3Cu(OClO3)}2]⋅2H2O} are again constructed from dinuclear fragments by 

adipato bridges (in ,*(μ-adipato){Pb(L3Cu)L3 Cu(OClO3)}2]⋅2H2O-) or DMF bridges (in ,*(μ-

DMF)2{(H2O)NiL1Pb(SCN)}2+-). The nickel(II) center in dinclear fragment of complex ,*(μ-

DMF)2{(H2O)NiL1Pb(SCN)}2]} is octahedral and is equatorially coordinated by two imine nitrogen 

and two phenoxo oxygen atoms of (L1)2- and is axially coordinated by an water and a 

thiocyanate. Each lead(II) is coordinated by four phenoxo oxygen atoms from two 

[NiL1(H2O)(NCS)] fragments and a sulfur atom from a thiocyanate to form the dinuclear 

[(H2O)(NCS)NiL1Pb(NCS)] fragment. Two such fragments are bridged by two DMF molecules to 

form the tetranuclear moiety of complex ,*(μ-DMF)2{(H2O)(NCS)NiL1Pb(SCN)}2]}, as shown in 

Scheme 5. 
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Scheme 5. Schematic representation of ,*(μ-DMF)2{(H2O)(NCS)NiL1Pb(SCN)}2]}. CCDC number is 

267588. 

In case of complex ,*(μ-adipato){Pb(L3Cu)L3Cu(OClO3)}2]⋅2H2O}, the dinuclear fragment is 

bridged by an adipate anion, [OOC(CH2)4COO]2-. In each of the dinclear fragment, lead(II) is 

coordinated by two metalloligands, [CuL3] and [CuL3(OClO3)] via two phenoxo oxygen atoms. 

The copper(II) center in CuL3 is square planar, and that in [CuL3(OClO3)] is square pyramidal. The 

coordination geometry of lead(II) may be apparently considered as octahedral, but the O-Pb-O 

angle formed by the coordination of two oxygen atoms of the carboxylate group of adipate 

anion is very small (~520) and therefore, both oxygen atoms may be considered to be 

occupying only one coordination site. The schematic representation of complex ,*(μ-

adipato){Pb(L3Cu)L3 Cu(OClO3)}2]⋅2H2O}  is shown in Scheme 6. 



 

11 
 

 

Scheme 6. Schematic representation of ,*(μ-adipato){Pb(L3Cu)L3 Cu(OClO3)}2]⋅2H2O}. Lattice 

water molecules are not shown for clarity. Lattice solvent molecules are not shown for clarity. 

CCDC number is 1490213. 

 

Complexes of H2salen type compartmental lignads 

 These compartmental ligands have one inner N2O2 donar compartment and another 

outer O4 donor compartment. They usually act as hexadentate N2O4 donor ligands and form 

dinuclear complexes ({[NiL5Pb(O2NO)2]}, {[(H2O)(SCN)NiL6Pb(OAc)]⋅DMSO-, ,*(SCN)Ni(μ-

OAc)L7Pb]}, {[(H2O)2NiL7PbBr2]},  {[(H2O)2NiL7Pb(O2NO)2]},  {[(H2O)2NiL7PbCl2]}, 

{[(H2O)(SCN)NiL9PbCl]}, {[CuL10Pb(O2NO)2]}, {[(H2O)CuL11Pb(O2NO)2]} and  

[CuL12Pb(O2NO)2]⋅CH3OH ), in which the inner N2O2 cavity is occupied with copper(II) or 

nickel(II) and the outer O4 cavity is occupied with lead(II) (vide infra). The copper(II) or nickel(II) 

center in the inner cavity is square planar in {[NiL5Pb(O2NO)2]}, {[CuL10Pb(O2NO)2]} and 
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{[CuL12Pb(O2NO)2]⋅CH3OH}. The perspective views of complexes{[NiL5Pb(O2NO)2]}, 

{[CuL10Pb(O2NO)2]} and {[CuL12Pb(O2NO)2]⋅CH3OH} are shown in Scheme 7. In each of these 

complexes, lead(II) center is coordinated by two nitrate ions. The O-Pb-O angle is ~ 500 and this 

may indicate that that both oxygen atoms are occupying a single coordination site of lead(II) in 

all three complexes. However, two Pb-O bonds are similar and therefore it is better to consider 

the nitrate as bidentate. 
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Scheme 7. Schematic representation of the complexes. Lattice solvent molecules are not shown 

for clarity. CCDC numbers are 813964, 887314 and 822178.  

 The copper(II) is square pyramidal in {[(H2O)CuL11Pb(O2NO)2]}, where the apical position 

is occupied by monodentate ligand, H2O. The structure of complex ,*(SCN)Ni(μ-OAc)L7Pb]} is 

interesting, as here nickel(II) and lead(II) are bridged by an μ-1,3-acetate. The schematic 

representation of complex *(SCN)Ni(μ-OAc)L7Pb] is shown in Scheme 8. 

 

Scheme 8. Schematic representation of *(SCN)Ni(μ-OAc)L7Pb]. CCDC number is 768722. 

 The nickel(II) is showing octahedral coordination in each of complexes 

{[(H2O)(SCN)NiL6Pb(OAc)]⋅DMSO-, ,*(SCN)Ni(μ-OAc)L7Pb]}, {[(H2O)2NiL7PbBr2]},  

{[(H2O)2NiL7Pb(O2NO)2]},  {[(H2O)2NiL7PbCl2]}and {[(H2O)(SCN)NiL9PbCl]}, where the axial 

positions of nickel(II) may be occupied by some monodentate neutral/anionic co-ligands. 

Lead(II) is coordinated by appropriate number of anionic co-ligands in each complexes to satisfy 

the charge balance condition. The schematic representation of complexes 
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{[(H2O)(SCN)NiL6Pb(OAc)]⋅DMSO}, {[(H2O)2NiL7PbBr2]},  {[(H2O)2NiL7Pb(O2NO)2]},  

{[(H2O)2NiL7PbCl2]}and {[(H2O)(SCN)NiL9PbCl]} are shown in Scheme 9 and 10. 

 

Scheme 9. Schematic representation of the complexes. Lattice solvent molecules are not shown 

for clarity. CCDC numbers are 1580464, 1038830, 1038831 and 1580465 respectively.  
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Scheme 10. Schematic representation of {[(H2O)(SCN)NiL9PbCl]}. CCDC no. is 1580467. 

 N,N’-bis(3-methoxysalicylidene)-1,2-diaminoethane (H2L4) forms three trinuclear 

complexes (,*(μ-Hsal)2(CuL4)2Pb]} , {[(CuL4)2Pb(ONO2)]NO3⋅H2O} and {[(NiL4)2Pb(OAc)]OAc⋅H2O)} 

having interesting structures. In complex (,*(μ-Hsal)2(CuL4)2Pb]}, the potential hexadentate 

N,N’-bis(3-methoxysalicylidene)-1,2-diaminoethane behaves as tetradentate N2O2 donor ligand 

keeping its methoxy part pendant. The central lead(II) is coordinated by the phenoxo groups of 

two terminal [CuL4] units. The schematic representation of central lead(II) and terminal 

copper(II) ions are additionally bridged by salicylate anion, as shown in Scheme 11. 
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Scheme 11. Schematic representation of (,*(μ-Hsal)2(CuL4)2Pb]. CCDC number  is 240554. 

Complexes {[(CuL4)2Pb(ONO2)]NO3⋅H2O} and {[(NiL4)2Pb(OAc)]OAc⋅H2O)} have similar 

trinuclear skeletons, where the central lead(II) is coordinated by phenoxo and (some) methoxy 

groups of two ML4 units {M = copper(II) in {[(CuL4)2Pb(ONO2)]NO3⋅H2O} and nickel(II) in 

{[(NiL4)2Pb(OAc)]OAc⋅H2O)}}. Central lead(II) is additionally coordinated by a monodentate 

nitrate in {[(CuL4)2Pb(ONO2)]NO3⋅H2O} and an acetate in {[(NiL4)2Pb(OAc)]OAc⋅H2O)}. Again the 

O-Pb(II)-O formed by the two coordinating oxygen atoms of acetate group and lead(II) is very 

small (~470). The schematic representation of complexes{[(CuL4)2Pb(ONO2)]NO3⋅H2O} and 

{[(NiL4)2Pb(OAc)]OAc⋅H2O)} are shown in Scheme 12. 

 

Scheme 12. Schematic representation of [(CuL4)2Pb(ONO2)]NO3⋅H2O (left) and 

[(NiL4)2Pb(OAc)]OAc⋅H2O) (right). Lattice solvent molecules and counter anions are not shown 

for clarity. CCDC numbers are 240555 and 240557 respectively. 

The structure of complex *(μ-NO3)2{(ONO2)Pb(CuL5)}2]  is interesting. It is a tetranuclear 

lead (II)/copper(II) complex and is formed by the joining of two dinuclear [CuL5Pb(O2NO)] 
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(Scheme 13A) moieties with nitrate bridges. Complex *(μ-Br)2{PbL7(μ-Br)Cu}2] is a linear 

tetranuclear complex and is formed by joining two [CuL7Pb(Br)] (Scheme 13B) moieties with 

bromide bridges. 

 

Scheme 13. Schematic representation of *(μ-NO3)2{(ONO2)Pb(CuL5)}2+ (A) and *(μ-Br)2{PbL7(μ-

Br)Cu}2] (B). CCDC numbers are 735470 and 1038832 respectively.  

Complex ,*(μ-DMF)2{(SCN)PbL8Ni(NCS)(H2O)}2]}  is a linear tetranuclear complex and is 

formed by joining two [(SCN)(H2O)NiL8Pb] moieties with DMF bridges (Scheme 14). Thus the 

structure of complex ,*(μ-DMF)2{(SCN)PbL8Ni(NCS)(H2O)}2]} is very similar to that of complex 

*(μ-DMF)2{(H2O)NiL1Pb(SCN)}2], where also a DMF is used to bridge two dinuclear moieties to 

form a linear tetranuclear structure. 
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Scheme 14. Schematic representation of ,*(μ-DMF)2{(SCN)PbL8Ni(NCS)(H2O)}2]}. CCDC number 

is 1828388. 

Complex [(SCN)NiL6Pb(μ-SCN)(OH2)]n  is an 1,3-thiocyanate bridged polymer and is 

formed from the dinuclear asymmetric unit, [(NCS)2NiL6Pb(OH2)]. The schematic 

representattion of [(SCN)NiL6Pb(μ-SCN)(OH2)]n is shown in Scheme 15. 

 

Scheme 15. Schematic representation of [(SCN)NiL6Pb(μ-SCN)(OH2)]n. CCDC number is 

1832205. 

Complexes with reduced forms of salen type ligands 
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 Ligands (2,2-dimethyl-1,3-propanediyl)bis(iminomethylene)bis(6-methoxyphenol) and 

(2,2-dimethyl-1,3-propanediyl)bis(iminomethylene)bis(6-ethoxyphenol)  are compartmental 

N2O4 donor ligands having inner N2O2 cavity and outer O4 cavity; and essentially forms dinuclear 

({[(SCN)CuL13Pb(SCN)]}, {[(SCN)NiL13(μ-NCS)Pb]} , {[(SCN)NiL13(μ-OAC)Pb]}, 

{[(DMSO)(H2O)NiL14PbCl]NCS} and {[(SCN)NiL14(μ-OAC)Pb]}) and trinuclear complexes 

([{(DMSO)NiL13(OH2)}2Pb](ClO4)2 and [{(DMSO)NiL14(OH2)}2Pb](ClO4)2 ⋅4DMSO), all of which are 

essentially similar in structures with those of the di and trinuclear complexes of N,N’-bis(3-

methoxysalicylidene)-1,2-diaminoethane (H2L4), N,N’-bis(3-ethoxysalicylidene)-1,2-

diaminoethane (H2L5), N,N’-bis(3-methoxysalicylidene)-1,3-diaminopropane (H2L6), N,N’-bis(3-

ethoxysalicylidene)-1,3-diaminopropane (H2L7), N,N’-bis(3-methoxysalicylidene)-2,2-dimethyl-

1,3- diaminopropane (H2L8),  N,N’-bis(3-ethoxysalicylidene)-2,2-dimethyl-1,3-diaminopropane 

(H2L9), N,N’-bis(3-methoxysalicylidene)-2-hydroxy−1,3-diaminopropane (H2L10),  N,N’-bis(3-

methoxysalicylidene)-1,2-cyclohexanediamine (H2L11),  N,N’-bis(3-methoxysalicylidene)-1,2-

phenylenediamine (H2L12). 

 Both complexes {[(SCN)CuL13Pb(SCN)]} and {[(DMSO)(H2O)NiL14PbCl]NCS}   are dinuclear 

and they are very similar in structure. The metal ion (copper/nickel) is present in the inner N2O2 

donor compartment of the reduced Schiff bases in both of the complexes and lead(II) is present 

im outer O4 compartment. Lead(II) and copper (II)/nickel(II) are bridged by phenoxo oxygen 

atoms of the reduces Schiff bases. Additional monodentate ligands coordinates to both lead (II) 

and copper(II)/nickel(II) to complete their distotorted octahedral geometry. The schematic 

representation of complexes {[(SCN)CuL13Pb(SCN)]} and {[(DMSO)(H2O)NiL14PbCl]NCS} are 

shown in Scheme 16. 
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Scheme 16. Schematic representation of {[(SCN)CuL13Pb(SCN)]}(left) and 

{[(DMSO)(H2O)NiL14PbCl]NCS} (right). Counter anion is not shown for clarity. CCDC numbers are 

1953301 and 1946110 respectively.  

 Dinuclear complexes {[(SCN)NiL13(μ-NCS)Pb]}, {[(SCN)NiL13(μ-OAC)Pb]}  and 

{[(SCN)NiL14(μ-OAC)Pb]} are more or less similar in structure. In each of these complexes, apart 

from phenoxo bridging, additional bridging (e.g. thiocynatae in {[(SCN)NiL13(μ-NCS)Pb]}, acetate 

in {[(SCN)NiL13(μ-OAC)Pb]} and {[(SCN)NiL14(μ-OAC)Pb]}) is present between lead(II) and 

copper(II)/nickel(II). The schematic representation of the complexes {[(SCN)NiL13(μ-NCS)Pb]}, 

{[(SCN)NiL13(μ-OAC)Pb]}  and {[(SCN)NiL14(μ-OAC)Pb]} are shown in Scheme 17. 
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Scheme 17. Schematic representation of [(SCN)NiL13(μ-NCS)Pb] (left), {[(SCN)NiL13(μ-OAC)Pb] 

(middle) and [(SCN)NiL14(μ-OAC)Pb] (right), CCDC numbers are 1938676, 1938677 and 1938678 

respectively.  

 Complexes {[{(DMSO)NiL13(OH2)}2Pb](ClO4)2}  and 

{[{(DMSO)NiL14(OH2)}2Pb](ClO4)2⋅4DMSO} are trinuclear complexes (Scheme 18). In both 

complexes, the central lead(II) is octa-coordinated by four phenoxo and four methoxy oxygen 

atoms from two [(DMSO)(H2O)NiL] units {L = L13 in  {[{(DMSO)NiL13(OH2)}2Pb](ClO4)2} and L = L14 

in {[{(DMSO)NiL14(OH2)}2Pb](ClO4)2⋅4DMSO}. 

 

Scheme 18. Schematic representation of [{(DMSO)NiL13(OH2)}2Pb](ClO4)2 (left) and 

[{(DMSO)NiL14(OH2)}2Pb](ClO4)2⋅4DMSO (right). Lattice solvent molecules and counter anions 

are not shown for clarity. CCDC numbers are 1938679 and 1938680 respectively. 



 

22 
 

Complexes with tripodal ligands 

 Complexes *(μ-Cl)2{(Py)NiL15}2Pb] and [(NiL16)Pb]⋅Py⋅H2O are formed with the tripodal 

hexadentate ligands, Tris-((2-hydroxybenzylidene)aminoethyl)amine and 1,1,1-tris-((2-

hydroxybenzylidene)-aminomethyl)propane respectively. Complex {[(NiL16)2Pb)]⋅Py⋅H2O} is 

trinuclear and the central lead(II) is octahedrally coordinated by six phenoxo groups from two 

molecules of the tripodal ligands, 1,1,1-tris-((2-hydroxybenzylidene)-aminomethyl)propane. The 

nickel(II) centers are also octahedral and is coordinated by three imine nitrogen atoms and 

three phenoxo oxygen atoms of the tripodal ligands, 1,1,1-tris-((2-hydroxybenzylidene)-

aminomethyl)propane. The schematic representation of complex {[(NiL16)Pb]⋅Py⋅H2O}  is shown 

in Scheme 19. Complex *(μ-Cl)2{(Py)NiL15}2Pb] is apparently dinuclear, where the nickel(II) 

center is octahedrally coordinated by three imine nitrogen atoms and three phenoxo oxygen 

atoms of the tripodal ligands, Tris-((2-hydroxybenzylidene)aminoethyl)amine. However, the 

chloride attached to lead(II) is interacting with a neighbouring symmetry related lead(II) to form 

a teranuclear supramolecule. This interaction could best be described as tetrel bonding (vide 

infra). 
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Scheme 19. Schematic representation of [(NiL16)Pb]⋅Py⋅H2O. Lattice solvent molecules are not 

shown for clarity. CCDC number is 661266. 

 The coordination no of lead(II) in these complexes vary from *(SCN)Ni(μ-OAc)L7Pb], 

[(H2O)2NiL7PbBr2] and [(H2O)2NiL7Pb(O2NO)2] . The geometry of lead(II) center is also different 

in different complexes. Before discussing the geometry of lead(II) centers in the complexes, we 

have to decide the role of acetate and nitrate in the complexes. The acetate and nitrate in 

complexes {[NiL5Pb(O2NO)2]}, {[(H2O)(SCN)NiL6Pb(OAc)]⋅DMSO}, [(H2O)2NiL7Pb(O2NO)2], 

[CuL10Pb(O2NO)2], [(H2O)CuL11Pb(O2NO)2], {[CuL12Pb(O2NO)2]⋅CH3OH}, {[(CuL3)2Pb(NO3)2]}, 

{[(NiL4)2Pb(OAc)]OAc⋅H2O- and ,*(μ-NO3)2{(ONO2)Pb(CuL5)}2]} may apparently be considered as 

a chelating bidentate ligand. However, the value of the bite angle, O–Pb–O created by the two 

oxygen atoms, is small (~500), we therefore consider that the two oxygen atoms share one axial 

site, as already discussed before. In other words, it may be considered that the acetate/nitrate 

group is occupying just one stereochemical site in the coordination sphere of lead(II). The 

geometry and coordination number of lead(II) in these complexes were therefore calculated 

assuming acertate/nitrate as a single entity occupying one stereochemical site. Another 

important is that when the coordination number of lead(II) is 5, the coordination sphere around 

lead(II) cannot be described as square pyramidal because of the vacancies in the equatorial 

plane, rather it may better be described as a pentagonal bipyramid with an axial site and an 

equatorial site unoccupied (e.g. {[(H2O)(SCN)NiL6Pb(OAc)]⋅DMSO-, ,*(SCN)Ni(μ-OAc)L7Pb]}, 

{[(H2O)(SCN)NiL9PbCl]}, {[(SCN)CuL13Pb(SCN)]}, {[(SCN)NiL13(μ-NCS)Pb]}, {[(SCN)NiL13(μ-

OAC)Pb]}, {[(DMSO)(H2O)NiL14PbCl]NCS}, {[(SCN)NiL14(μ-OAC)Pb]} etc). Similarly, when the 

coordination number of lead(II) is six, the geometry is best described as pentagonal bipyramid 
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with one equatorial site unoccupied in most of the cases (e.g. {[NiL5Pb(O2NO)2]}, {[(H2O)2NiL7 

PbBr2]}, {[(H2O)2NiL7Pb(O2NO)2]6}, {[(H2O)2NiL7PbCl2]}, {[CuL10Pb(O2NO)2]}, 

{[(H2O)CuL11Pb(O2NO)2]}, {[CuL12Pb(O2NO)2]⋅CH3OH} etc) in complexes. In some cases, e.g. in 

complexes {[(CuL1)2Pb(OClO3)2]}, {[(CuL1)2Pb(NCS)2]}, {[(CuL1)2PbCl2]}, {[(CuL1)2PbI2]}, 

{[(CuL2)2Pb(NCS)2]}, the coordination number of lead(II) is 6 and their geometry is best 

described as distorted octahedral. The coordination number of lead(II) is 4 with tetrahedral 

geometry in complex {[(Py)2Ni(μ-L1)PbCl2]⋅Py}.  
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Section IB 

Materials and details of instrumentation 

I.B.1. Materials  

All the starting materials and solvents used were purchased from Sigma-Aldrich, India 

(Presently Merck, India) and were of reagent grade. They were used as received, without any 

further purification. All syntheses and manipulations were carried out under aerobic conditions.  

Caution!!!   

Metal complexes containing azide or perchlorate are potentially explosive, particularly 

in presence of organic ligands. To avoid any troubles during the experimental work with such 

complexes, only a small amount of such material should be prepared, and it should be handled 

with great care. 

 I.B.2. Details of instrumentation  

 I.B.2.1. Physical Measurements 

 Elemental analyses (carbon, hydrogen and nitrogen) were performed using a 

PerkinElmer 240C elemental analyzer. Solid state infrared spectra in KBr pellets (4500-500 cm-

1) were recorded with a Perkin Elmer Spectrum Two spectrophotometer. The concentration of 

samples in KBr was kept in the range of 0.2% to 1% (Too much high concentration usually 

causes difficulties obtaining clear pellets). Electronic spectra (900-200nm) for the synthesized 

complexes were recorded on a Perkin Elmer Lambda 35 UV-visible spectrophotometer in 
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acetonitrile medium. The X-ray powder diffractograms were collected for polycrystalline 

samples of the complexes using a 0.7 mm glass capillary that were mounted and aligned on an 

Empyrean PANalytical powder diffractometer, using Cu-Kα radiation (λ = 1.54177 Å). A total of 

3 scans were collected at room temperature in the 2θ range of 5-40º. The experimental PXRD 

patterns of the bulk products were in good agreement with the simulated XRD patterns from 

single crystal X-ray diffraction results, indicating consistency of the bulk samples. The simulated 

patterns of the complexes were calculated from the single crystal structural data (cifs) using the 

CCDC Mercury software. 

 I.B.2.2. Hirshfeld Surface analyses 

Hirshfeld surfaces [1-2] and the associated two-dimensional (2D) fingerprint [3-5] plots 

were calculated using Crystal Explorer,6 with bond lengths to hydrogen atoms set to standard 

values. [7] For a given crystal structure and set of spherical atomic electron densities, the 

Hirshfeld surface is unique [8] and thus it suggests the possibility of gaining additional insight 

into the intermolecular interaction of molecular crystals. 

 I.B.2.3. X-ray crystallography  

Suitable single crystals of the complexes were used for data collection using a ‘Bruker 

D8 QUEST area detector’ diffractometer equipped with graphite-monochromated Mo Kα 

radiation ( = 0.71073 Å). The molecular structures were solved by direct method and specially 

the data of complex 12 was further improved using OLEX2. [9] Refinement was done by full-

matrix least squares on F2 using different SHELX packages [10]. Non-hydrogen atoms were 

refined with anisotropic thermal parameters. Hydrogen atoms attached to nitrogen atoms were 

located by difference Fourier maps and were kept at fixed positions. All other hydrogen atoms 
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were placed in their geometrically idealized positions and constrained to ride on their parent 

atoms. Multi-scan empirical absorption corrections were applied to the data using the program 

SADABS [11]. 

I.B.2.4. Figures and graphics 

 All the figures were plotted using DIAMOND [12], ORTEP-3 [13], POV-Ray [14] and 

structures were analyzed with Mercury v 2.3 [15]. 

I.B.2.5. Computational details 

The energies of the complexes 1-4 were computed at the B3LYP-D/def2-SVP level of 

theory using the crystallographic coordinates by means of the Gaussian-09 program [16]. The 

Grimme’s dispersion *17+ correction has also been used since it is adequate for the evaluation 

of non-covalent interactions. The basis set superposition error for the calculation of interaction 

energies has been corrected using the counterpoise method [18]. The NCI index and NCI plot 

[19] isosurfaces have been used to characterize the non-covalent interactions. They correspond 

to both favorable and unfavorable interactions, as differentiated by the sign of the second 

density Hessian eigen value and defined by the isosurface color. The color scheme is a red-

yellow-green-blue scale with red for q+cut (repulsive) and blue for q_ cut (attractive), whereas 

yellow and green isosurfaces correspond to weak repulsive and weak attractive interactions, 

respectively [20]. 

All geometry optimizations of complex 5 are carried out using the density functional 

theory method at the B3LYP level with the Gaussian 09 program package. The Los Alamos 

effective core potential lanL2-DZ basis set was employed for the Pb and Cu atoms. On the other 

hand, the split-valence 6-31G(d) basis set was applied for the other atoms. The starting 
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structure of the investigated complex was derived from its X-ray crystallographic data. The 

geometry optimization is performed without any constraints, and the nature of stationary 

points was confirmed by normalmode analysis. The topological features derived from Bader's 

theory of atoms in molecules (AIM) approach was applied to understand the electron-density 

features like charge density (ρ) and Laplacian of charge density (∇2ρ) using ADF2014.10. The 

recently developed reduced density gradient (RDG) based NCI (non-covalent interactions) index 

calculations were applied for real-space visualization of both attractive (van der Waals and 

hydrogen bonding) and repulsive (steric) interactions based on the properties of the electron 

density. Herein, the single-point calculations were based on the structure obtained from the X-

ray studies and in these structures, the hydrogen atom positions were normalized before 

computation. This is already discussed in the Theoretical work section. Natural bond orbital 

(NBO) analysis was applied to investigate the stability of the molecule arising from charge 

delocalization. The interaction energies of dimers were calculated using basis set superposition 

error (BSSE) corrections by the following method: 

ΔE(AB) = E(AB) − E(A) − E(B) + (BSSE value of dimer) 

The energetic features of complex 6 are calculated at the B3LYP-D/def2-SVP level of 

theory using the crystallographic coordinates. For the calculations, the GAUSSIAN-09 program 

has been used [21]. Grimme's dispersion correction [22] has also been used as implemented in 

the GAUSSIAN-09 program since it is adequate for the evaluation of non-covalent interactions 

where dispersion effects are relevant. The basis set superposition error for the calculation of 

interaction energies has been corrected using the counterpoise method [23]. Molecular 

electrostatic potential (MEP) surfaces have been computed at the same level of theory and 



 

39 
 

represented using the 0.001 a.u. isosurface. Bader's quantum theory of “atoms in molecules” 

(QTAIM) has been used to characterize the noncovalent interactions using the AIMall program 

[24]. 

The geometries of the complexes 7-11 included in this study were computed at the 

PBE0-D3/def2-TZVP level of theory using the crystallographic coordinates. For the calculations 

TURBOMOLE 7.0 program *25+ has been used. The Grimme’s dispersion [26] correction has also 

been used since it is adequate for the evaluation of non-covalent interactions. The basis set 

superposition error for the calculation of interaction energies has been corrected using the 

counterpoise method [27]. The NCI plot [28] iso-surfaces have been used to characterize non-

covalent interactions. They correspond to both favourable and unfavourable interactions, as 

differentiated by the sign of the second density Hessian eigenvalue and defined by the 

isosurface colour. The colour scheme is a red-yellow-green-blue scale with red for ρ+cut 

(repulsive) and blue for ρ−cut (attractive). Yellow and green isosurfaces correspond to weak 

repulsive and weak attractive interactions, respectively [29]. The Gaussian-0911 PBE-D/def2-

TZVP level of theory wave function has been used to generate the NCI plot. The molecular 

electrostatic potential (MEP) surfaces have been computed using the Gaussian-09 program at 

the same level and using the 0.001 a.u. isosurface as a good estimation of the van der Waals 

surface and the surfaces have been visualized using the GaussView program [30]. 

I.B.2.5. Photocatalytic measurement 

The photocatalytic experiment in aqueous solution has been carried out in usual process 

[31]. The catalytic degradation has been carried out separately with 100 mL of Methylene Blue 

(MB) solution (20 mg L-1) with complexes (12-13) using as catalyst. The mixture has been stirred 
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for 10 min in a dark environment to get a balance between adsorption and desorption. The 

solution has been then stirred constantly. A 3 mL sample has been taken from the reaction 

system in an interval of 3 min and the supernatant liquid obtained by centrifugation has been 

used for collecting the UV–Vis spectrum. The characteristic peak for methylene blue (600 nm) 

has been employed to monitor the photocatalytic degradation. 
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Section IC 

Summary of research work 

 

The thesis consists of six chapters, among them Chapter I deals with the overview of the 

coordination chemistry of different heteronuclear complexes with different Schiff base and 

reduced Schiff base ligands. The whole research work has been distributed into four Chapters 

from II to V and lastly significant observations have been highlighted in Chapter VI. Summary of 

the whole research work is discussed under this section.  

Chapter II 

A series of isostructural centrosymmetric hydrogen bonded dimeric nickel(II) complexes 

(1-4) of general formula, [Ni2(HL)2(DMSO)2(H2O)2]X {where H2L = N2O4 donor reduced Schiff 

base ligand, [H2L1=(2,2-dimethyl-1,3-propanediyl)bis(iminomethylene)bis(6-methoxyphenol) 

and H2L2=(2,2-dimethyl-1,3-propanediyl) bis(iminomethylene)bis(6-ethoxyphenol)] and X = 

counter anion}, are synthesized and characterized by elemental analysis, infrared and electronic 

spectra. The structures of all complexes have been confirmed by single crystal X-ray diffraction 

analysis. Each complex forms O···H···O hydrogen bonded dimer in the solid state, where the 

O···O distance is very short, ranging from 2.424(3) to 2.437(3) Å. The hydrogen bonds are very 

strong as can be seen from the DFT estimated energy of these hydrogen bonds. Non-covalent 

interaction plot (NCI plot) index has been used to characterize them.    

Chapter IIIA   
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A heterodinuclear copper(II)/lead(II) complex (5) with a compartmental ‘reduced Schiff 

base’ ligand (having inner N2O2 and outer O2O′2 compartments) has been synthesized and 

characterized. Single-crystal X-ray diffraction analysis confirmed its structure. The X-ray data 

indicate that the inner N2O2 compartment of the compartmental reduced Schiff base is 

occupied by copperĲII) while the outer O2O′2 compartment is occupied by lead(II). A 

thiocyanate anion is coordinated to the copperĲII) center via its N-end, whereas, another 

thiocyanate ion is linked to the lead(II) center via its S-end and is semi-coordinated to the 

copper(II) center through its N-end. A hemidirectionally coordinated lead(II) center is well 

suited for establishing tetrel bonding interactions. We estimated the BSSE (basis set 

superposition error) corrected energies of non-covalent S···S, Pb···π, and π···π interactions and 

N–H hydrogen bonding along with tetrel bonding by DFT calculations. To obtain an insight into 

the physical nature of these bonds, we extensively used Bader's quantum theory of atoms-in-

molecules (QTAIM). Additionally, the non-covalent interaction reduced density gradient (NCI-

RDG) method established nicely the presence of such non-covalent intermolecular interactions. 

Here, we also used natural bond orbital (NBO) analysis to find out the origin of S···S and Pb···S 

bonding.  

Chapter IIIB 

A hetero-dinuclear nickel(II)/lead(II) complex (6) with a compartmental ‘reduced Schiff 

base’ ligand (having inner N2O2 and outer O2O2′ compartments) has been prepared and 

characterized by elemental and spectral analysis. Single crystal X-ray diffraction analysis 

confirms its structure. Nickel(II) is placed in the inner N2O2 compartment and lead(II) is placed 

in the outer O2O2′ compartment of the compartmental reduced Schiff base. The complex forms 
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a tetranuclear supramolecule via non-covalent Pb···Cl tetrel bonding interactions. The DFT 

study is devoted to analyze these tetrel bonding interactions that involve the ς-hole at the 

hemi-coordinated Pb(II) atom. The tetrel bonding interactions have been characterized using 

Bader's theory of atoms in molecules (AIM). 

Chapter IIIC  

Three heteronuclear nickel(II)/lead(II) complexes (7, 8 and 9) with two compartmental 

reduced Schiff base ligands were prepared and characterized. Their structures were confirmed 

by single crystal X-ray diffraction analyses. In each complex, nickel(II) is placed in the inner 

N2O2 compartment and lead(II) in the outer O2O2′ compartment of reduced Schiff base ligands. 

Interesting molecular architectures were formed via supramolecular interactions in the solid 

state of the complexes. A density functional theory study is devoted to analyze unconventional 

tetrel bonding interactions established between the ς-hole at the hemicoordinated lead(II) and 

either the electron-rich thiocyanate or the π-system of the aromatic ligand. In addition, π-

stacking assemblies between both the aromatic rings and five membered Pb-chelate rings were 

described and studied both with regard to their energies and by using the noncovalent plot 

index. 

Chapter IV 

Two hetero-tetranuclear nickel(II)/lead(II) complexes (10 and 11) have been prepared 

with a compartmental reduced Schiff base ligand. Both complexes have been characterized 

elemental and spectral analyses. Structures of both complexes have been confirmed by single 

crystal X-ray diffraction technique. Supramolecular architectures formed in their solid state 

structures were also analyzed.  
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Chapter V 

Two centrosymmetric hetero-tetranuclear copper(II)/cadmium(II) complexes (12 and 

13) have been prepared with a compartmental reduced Schiff base ligand. Both complexes have 

been characterized elemental and spectral analyses. Structures of both complexes have been 

confirmed by single crystal X-ray diffraction technique. Both complexes contain CuO2Cd cores. 

Here the bridging mode of azide and thiocyanate is quite different. Complex 12 contains -1,1-

azide bridges between two cadmium(II) centres whereas in complex 13, -1,1-thiocyanate 

bridges occur between copper(II) and cadmium(II) centres. The ability of both complexes to be 

used as photocatalyst in degrading methylene blue (MB) has been explored. The difference in 

photocatalytic performance may be correlated with their structures. Complex 12 shows better 

catalytic activity compared to complex 13, and can degrade almost 62% MB in 18 min. 

Comparative IR studies (before and after the photocatalytic degradation process) confirmed the 

stability of both catalysts. 
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Chapter II 

A series of hydrogen bond mediated dinuclear nickel(II) 

complexes with reduced Schiff base ligands: An insight 

into the nature of hydrogen bonds in them 
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II.1. Introduction 

The interaction energy of conventional hydrogen bonds basically depends on their 

geometric features like length and linearity. However, the difference in the pKa values of the 

heavy atoms sharing the proton is also important.1 The ΔH of formation of the water dimer is 

∼5 kcal/mol1 in the gas phase. However, the HO–H···OH2 hydrogen bond in water is weaker due 

to the large difference between the pKas of the donor group and the conjugate acid of the 

acceptor group (15.7 for H2O and−1.7 for H3O+).2 In the gas and solid state phases, hydrogen 

bonds between hetero atoms with similar pKas can be very short and strong (up to 30 kcal 

mol−1).3-6 When groups of equal pKa establish an hydrogen bond, three different situations 

different situations may occur (see Figure II.1). The classical hydrogen bond where the 

hydrogen atom is covalently bonded to one of both oxygen atoms (dipole···dipole interaction, 

see Figure II.1a). As the O···O distance is progressively shortened, the energy barrier lowers 

until it reaches the lower vibrational energy levels, thus leading to a low barrier hydrogen bond 

(LBHB, see Figure II.1b). In this case, the hydrogen atom can move freely between the two 

oxygen atoms with its average position is the center (high covalent character).7,8 Further 

shortening leads to a single-well hydrogen bond with the highest covalent character and 

interaction energy of the three situations. 
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Fig. II.1: Energy diagrams for OH···H hydrogen bonds between groups of identical pKa. 

(a)Standard hydrogen bond with O···O distance d(O···O) ≥ 2.8 Å. (b) Low barrier hydrogen bond 

of d(O···O)~2.55 Å (average position in the center). (c)Single-well hydrogen bond with d(O···O) 

~2.3 Å.  

In this manuscript, we report the synthesis and X-ray characterization of a series of 

mononuclear nickel(II) complexes that form O···H···O hydrogen bonded dimers in the solid state 

where the O···O distance is very short, ranging from 2.35 to 2.45 Å. We have analyzed the 

hydrogen bonds using DFT calculations and the non covalent interaction plot (NCI plot) index to 

distinguish between the three possible situations represented in Figure II.1. 

II.2. Experimental Section 

II.2.1. Synthesis 

II.2.1.1. Synthesis of Schiff base ligands  

II.2.1.1.1. Synthesis of H2La [N,N'-bis(3-methoxysalicylidene)-2,2-dimethyl-1,3-

propanediamine], H2Lb [N,N'-bis(3-ethoxysalicylidene)-2,2-dimethyl-1,3-propanediamine], 



 

53 
 

H2Lc [N,N'-bis(3-methoxysalicylidene)-1,3-propanediamine] and  H2Ld [N,N'-bis(3-

ethoxysalicylidene)-1,3-propanediamine] 

 A methanol solution (10 mL) of 2,2-dimethyl-1,3-propanediamine (1 mmol, 0.12 mL) was 

mixed separately with of 3-methoxysalicylaldehyde (2 mmol, 304 mg) and 3-

ethoxysalicylaldehyde, (2 mmol, 332 mg) and the resulting solutions were allowed to reflux for 

ca. 2 h to synthesize two hexadentate N2O4 donor Schiff base ligands, H2La [N,N'-bis(3-

ethoxysalicylidene)2,2-dimethyl-1,3-propanediamine] and H2Lb [N,N'-bis(3-ethoxysalicylidene)-

2,2-dimethyl-1,3-propanediamine]  respectively. Other two hexadentate Schiff bases, H2Lc [N,N'-

bis(3-methoxysalicylidene)-1,3-propanediamine] and H2Ld  [N,N'-bis(3-ethoxysalicylidene)-1,3-

propanediamine] were synthesized following the similar procedure as mentioned above except 

1,3-propanediamine  (1 mmol, 0.11 mL) was used as the diamine instead of 2,2-dimethyl-1,3-

propanediamine. 

II.2.1.2. Synthesis of the reduced Schiff base ligands 

II.2.1.2.1. Synthesis of H2L1 [(2,2-dimethyl-1,3-propanediyl)bis(iminomethylene)bis(6-

methoxyphenol)], H2L2 [(2,2-dimethyl-1,3-propanediyl)bis(iminomethylene)bis(6-

ethoxyphenol)], H2L3 [(1,3-propanediyl)bis(iminomethylene)bis(6-methoxyphenol)] and H2L4 

[(1,3-propanediyl)bis(iminomethylene)bis(6-ethoxyphenol)]. 

 

 The prepared Schiff base solutions, H2La, H2Lb, H2Lc, H2Ld were cooled to 0°C, and solid 

sodium borohydride (4 mmol, 150 mg) was then added gently to these solution with constant 
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stirring. The solutions were further acidified with glacial acetic acid (10 mL) and placed under 

reduced pressure in a rotary evaporator (~60°C). The residue was dissolved in water (15 mL) 

and extracted with dichloromethane (15 mL) using a separating funnel. Finally, the 

dichloromethane part was dried using anhydrous sodium acetate to get the desired 

hexadentate N2O4 donor reduced Schiff base ligand, H2L1, H2L2, H2L3 and H2L4 respectively. The 

ligands were not purified and used directly for the synthesis of complexes 1, 2, 3 and 4 

respectively. 

II.2.1.3. Synthesis of complexes 

II.2.1.3.1. Synthesis of [Ni2(HL1)2(DMSO)2(H2O)2]ClO4∙H2O  (1) 

 A methanol solution of nickel(II) perchlorate hexahydrate, (0.99 mmol, 257 mg), was 

added into the methanol solution of a reduced Schiff base ligand, H2L1, with constant stirring 

and colour of the solution turned into dark green. Few drops of DMSO were added and the 

resulting solution was kept for crystallization. Dark green single crystals, suitable for X-ray 

diffraction, were obtained after 3-4 days on slow evaporation of the solution in open 

atmosphere.  

Yield: 350 mg, (~54%, based on Ni). Anal. Calc. for C46H74N4Ni2O22S2Cl2 (FW = 1287.49): C, 42.87; 

H, 5.74; N, 4.35%. Found: C, 42.8; H, 5.8; N, 4.3%. FT-IR (KBr, cm-1): 3400 (νO-H), 3270 (νN-H), 

2990-2850 (νC-H). UV-Vis, max (nm), *εmax (dm3 mol-1 cm-1)] (DMSO), 730 (1.01x102), 625 

(2.00x102), 355 (2.65x103), 280 (5.6 x103).  

II.2.1.3.2. Synthesis of [Ni2(HL2)2(DMSO)2(H2O)2]ClO4  (2) 
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 Complex 2 was synthesized following the similar procedure as that for complex 1 except 

that the reduced Schiff base ligand, H2L2, was used instead of H2L1. Dark green coloured 

crystalline complex suitable for X-ray diffraction, started to separate from the solution after 3-4 

days on standing at room temperature and was collected by filtration. 

Yield: 343 mg, (~ 53%, based on Ni). Anal. Calc. for C100H152Cl4N8Ni4O40 (FW = 2612.52): C, 53.5; 

H, 5.8; N, 4.2%. Found: C, 53.4; H, 5.7; N, 4.3%. FT-IR (KBr, cm-1): 3395 (νO-H), 3280 (νN-H), 2990-

2865 (νC-H). UV-Vis, max (nm), *εmax (dm3 mol-1 cm-1)] (DMSO), 720 (0.89x102), 620 (1.80x102), 

355 (4.84x103), 274 (9.38x104).  

II.2.1.3.3. Synthesis of [Ni2(HL3)2(DMSO)2(H2O)2]NCS (3) 

 A methanol solution of nickel(II) thiocyanate tetrahydrate (1.01 mmol,  250 mg) was 

added into the methanol solution of a reduced Schiff base ligand, H2L3, with constant stirring 

and colour of the solution turned into dark green. Few drops of DMSO were added and the 

resulting solution was kept for crystallization. Dark green single crystals, suitable for X-ray 

diffraction, were obtained after 2-3 days on slow evaporation of the solution in open 

atmosphere.  

Yield: 354 mg, (~ 63%, based on Ni). Anal. Calc. for C44H66N6Ni2O12S4 (FW = 1116.65): C, 47.2; H, 

5.9; N, 7.5%. Found: C, 47.2; H, 5.8; N, 7.6%. FT-IR (KBr, cm-1): 3390 (νO-H), 3260 (νN-H), 3012-

2840 (νC-H), 2045 (νNCS). UV-Vis, max(nm), *εmax (dm3 mol-1 cm-1)] (DMSO), 718 (1.40x102), 622 

(2.78x103), 355 (4.34x102), 280 (9.49x104).  

II.2.1.3.4. Synthesis of [Ni2(HL4)2(DMSO)2(H2O)2]ClO4 (4) 
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 Complex 4 was synthesized following the similar procedure as that for complex 3 except 

that the reduced Schiff base ligand, H2L4, was used instead of H2L3. Dark green coloured 

crystalline complex suitable for X-ray diffraction, started to separate from the solution after 2-3 

days on standing at room temperature and was collected by filtration. 

Yield: 344 mg, (~54%, based on Ni). Anal. Calc. for C46H74N4Ni2O20S2Cl2 (FW = 1255.49): C, 43.9; 

H, 5.9; N, 4.4%. Found: C, 43.8; H, 5.8; N, 4.5%. FT-IR (KBr, cm-1): 3420 (νO-H), 3265 (νN-H), 2995-

2870 (νC-H). UV-Vis, max (nm),*εmax (dm3 mol-1 cm-1)] (DMSO), 755 (0.58x102), 635 (0.93x102), 

360 (3.8x103), 271 (8.86x103).  

 

II.3. Results and discussion 

II.3.1. Synthesis 

 Two moles of 3-alkoxysalicylaldehydes (3-methoxy and 3-ethoxy) have been used to 

condense separately with 2,2-dimethyldiaminopropane and 1,3-diaminopropane in methanol 

medium to prepare four Schiff bases, H2La, H2Lb, H2Lc and  H2Ld. These Schiff bases were then 

reduced with NaBH4 in methanol under constant stirring at 0°C to prepare four respective 

reduced Schiff bases, H2L1, H2L2, H2L3 and H2L4 respectively following the literature method.17 

 

 



 

57 
 

 

Scheme II.1: Synthetic route to ‘reduced Schiff base’ ligands. 

 These reduced Schiff bases on then reaction with nickel(II) perchlorate hexahydrate or 

nickel(II) thiocyanate in methanol and on adding few drops of DMSO to the individual reaction 

mixture gave rise to complexes 1-4. 

 

Scheme II.2: Synthetic route to complexes 1 (R1=Me, R2=Me), 2 (R1=Me, R2=Et), 3 (R1=H, R2=Me) 

and 4 (R1=H, R2=Et). Non coordinated counter anions have not been shown here.  

 Use of reduced Schiff base ligands seems to be crucial in forming these types of 

hydrogen bonded dimeic complexes, as the non-reduced Schiff bases were unable to produces 

such complexes. Many synthetic inorganic chemistry groups were prepared many homo and 

heteronuclear complexes with the corresponding non-reduced Schiff base ligands, but did not 



 

58 
 

get complexes similar to complexes 1-4. More flexibility of the reduced Schiff bases compared 

to their non-reduced precursors may be reason of this observation. 

II.3.2. Structure description 

II.3.2.1. Description of structures [Ni2(HL1)2(DMSO)2(H2O)2]ClO4∙H2O (1), 

[Ni2(HL2)2(DMSO)2(H2O)2]ClO4 (2) and [Ni2(HL3)2(DMSO)2(H2O)2]NCS (3) 

X-ray crystal structure determination reveals that each of complexes 1-3 crystallize in 

triclinic space group, P. Crystallographic data and refinement details have been summarized in 

Table II.1. Potential N2O4 donor hexadentate reduced Schiff bases, H2L1, H2L2, and H2L3, have 

been used to prepare these complexes respectively. Selected bond lengths and bond angles 

have been listed in Tables II.2 and II.3 respectively. Each complex actually possesses a dinuclear 

moiety formed via strong hydrogen bonds. Each complex consists of two independent 

centrosymmetric dimers (A and B) with equivalent geometry. A view of the dimer A of complex 

1 is given in Figure II.2. A view of the dimers (A) of complexes 2 and 3 are given in Figure II.3 and 

Figure II.4 respectively. The structure of dimer B of each complex is very similar to the structure 

of dimer A in respective complex (Figure II.5-II.7 ). 

 

In each dimeric unit, nickel(II) centers are hexa-coordinated and adopt distorted 

octahedral geometry. Each nickel(II) center, {Ni(1) of A and Ni(2) of B} is equatorially 

coordinated by two amine nitrogen atoms, {N(1) and N(2) for Ni(1) and N(3) and N(4) for Ni(2)}, 

two phenoxo oxygen atoms, {O(1) and O(2) for Ni(1) and O(7) and O(8) for Ni(2), of the reduced 
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Schiff base units. The axial sites are coordinated by two oxygen atoms, {O(3) and O(4) for Ni(1) 

and O(9) and O(10) for Ni(2)} of coordinated water and DMSO molecule. Each of the reduced 

Schiff bases are dibasic in character, but loses only one proton to form mononegative anion, 

which, in turn, connects with another such moiety via strong hydrogen bonding to form the 

symmetric dimeric structure. The deprotonations of the hydroxyl group are well reflected in the 

nickel(II)-oxygen bond lengths (Table II.2). The deprotonated hydroxyl groups are bound 

strongly (shorter bond length) with nickel(II) centers compared with the non-deprotonated 

hydroxyl groups.18 The saturated six membered chelate rings, Ni(1)-N(1)-C(9)-C(10)-C(13)-N(2), 

Ni(1)-N(1)-C(10)-C(11)-C(14)-N(2) and Ni(1)-N(1)-C(9)-C(10)-C(11)-N(2), in dimer A of 

complexes 1, 2 and 3 respectively represent individual chair conformations with puckering 

parameters,19  q(2) =   0.583(4) Å,  φ =  168(2) ̊ , q(2) =   0.589(8) Å,  φ =  199(7) ̊  and q(2) =  

0.610(6) Å,  φ =  3(9) ̊  respectively. Similarly the saturated six membered chelate rings, Ni(2)-

N(3)-C(32)-C(33)-C(36)-N(4), Ni(2)-N(3)-C(35)-C(36)-C(39)-N(4) and Ni(2)-N(3)-C(30)-C(31)-C(32)-

N(4), in dimer B of complexes 1, 2 and 3 respectively also represent individual chair 

conformations with puckering parameters, q(2) = 0.563(7) Å, φ = 180(3) ̊, q(2) 0.563(7) Å,  φ =  

180(3) ̊ and q(2) =  0.610(6) Å,  φ =  184(8) ̊ respectively. 

II.3.2.2. [Ni2(HL4)2(DMSO)2(H2O)2]ClO4 (4) 

X-ray crystal structure determination reveals that complex 4 crystallizes in monoclinic 

space group,n C2/c . A potential N2O4 donor hexadentate reduced Schiff base, H2L4, have been 

used to prepare this complex. It contains a dinuclear moiety formed via strong hydrogen bonds. 

The structure of complex 4 has been shown in Figure II.8. The geometry around each nickel(II) 

centers are quite similar to that described for complexes 1-3 but it exists as only one dimeric 
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unit. Both the nickel(II) centers are hexa-coordinated and adopt distorted octahedral geometry. 

Each nickel(II) center, is equatorially coordinated by two amine nitrogen atoms, {N(1) and N(2)} 

and two phenoxo oxygen atoms, {O(1) and O(2)}, of the reduced Schiff base unit. The axial sites 

are coordinated by two oxygen atoms, {O(3) and O(4)}, of coordinated water and DMSO 

molecule. The saturated six membered chelate rings, Ni(1)-N(1)-C(10)-C(11)-C(12)-N(2),  in of 

complex 4 represent chair conformations with puckering parameters ,  q(2) =   0.589(5) Å,  φ =  

182(2) ̊ . 

 

Fig. II.2: Perspective view of dimer A of complex 1 with selective atom-numbering scheme. Non 

co-ordinated perchlorate ion and hydrogen atoms have been omitted for clarity apart from 

those between the phenolic oxygen atoms. 



 

61 
 

 

 

Fig. II.3: Perspective view of dimer A of complex 2 with selective atom-numbering scheme. Non 

co-ordinated counter anions and hydrogen atoms have been omitted for clarity apart from 

those between the phenolic oxygen atoms. 
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 Fig. II.4: Perspective view of dimer A of complex 3 with selective atom-numbering 

scheme. Non co-ordinated counter anions and hydrogen atoms have been omitted for clarity 

apart from those between the phenolic oxygen atoms. 
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Fig. II.5: Perspective view of dimer B of complex 1 with selective atom-numbering scheme. Non 

co-ordinated perchlorate ion and hydrogen atoms have been omitted for clarity apart from 

those between the phenolic oxygen atoms. Symmetry transformation:  e = 1-x, 2-y, 2-z. 

 

Fig. II.6: Perspective view of dimer B of complex 2 with selective atom-numbering scheme. Non 

co-ordinated perchlorate ion and hydrogen atoms have been omitted for clarity apart from 

those between the phenolic oxygen atoms. Symmetry transformation:  f= -x,1-y,2-z. 
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Fig. II.7:  Perspective view of dimer B of complex 3 with selective atom-numbering scheme. Non 

co-ordinated thiocyanate ion and hydrogen atoms have been omitted for clarity apart from 

those between the phenolic oxygen atoms. Symmetry transformation:  g= 1-x,-y,2-z. 

 

 

 

 

 

 



 

65 
 

 

Fig. II.8: Perspective view of complex 4 with selective atom-numbering scheme. Non co-

ordinated perchlorate ions and hydrogen atoms have been omitted for clarity apart from those 

between the phenolic oxygen atoms. 

Table II.1. Crystal data and refinement details of complexes 1-4. 

Complex 1 2 3 4 

Formula C46H74N4Ni2O22S2Cl2 C100H152Cl4N8Ni4O40 C44H66N6Ni2O12S4 C46 H74N4Ni2O20S2Cl2 

Formula 

Weight 
1287.49 2611.10 1116.65 1255.49 

Crystal System Triclinic Triclinic Triclinic Monoclinic 

Space group P P P C2/c 
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a(Å) 13.044(11) 12.344(3) 13.422(1) 22.317(2) 

b(Å) 14.575(13) 14.130(3) 13.651(2) 15.316(11) 

c(Å) 17.002(15) 20.995(4) 15.229(4) 16.547(13) 

α(°) 83.19(2) 80.25(5) 90.03(4) - 

β(°) 68.10(4) 78.99(5) 90.08(3) 91.15(3) 

γ(°) 88.22(15) 65.07(5) 106.16(3) - 

V(Å3) 2978(5) 3243.6(12) 2680.4(6) 5655.0(7) 

Z 2 1 2 4 

d(calc) [gcm-3] 1.436 1.337 1.384 1.475 

µ [ mm-1 ] 0.868 0.796 0.919 0.910 

F(000) 1352 1372 1176 2640 

Total 

Reflections 
81266 75605 29359 34336 

Unique 

Reflections 
9526 11546 9559 5009 

Observed data 8267 7735 6735 4135 
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*R1 = Σ||Fo|-|Fc||/Σ|Fo| and wR2 = Σw(|Fo|2-|Fc|
2)2/Σw|Fo|2)1/2 

Table II.2. Selected bond lengths (Å) of dimer A of complexes 1-3 and complex 4. 

*I > 2 ς(I)+ 

R(int) 0.032 0.070 0.056 0.042 

*R1, wR2 (all 

data) 
0.0540, 0.1461 0.1218, 0.2633 0.0978, 0.2227 0.0717, 0.1820 

R1, wR2 ([I > 2 

ς(I)+ 
0.0445, 0.1322 0.0809, 0.2162 0.0690, 0.1879 0.0600, 0.1700 

Residual 

Electron 

Density 

(eÅ-3) 

1.222, -1.014 0.959, -0.711 1.265, -0.844 1.493, -0.713 

CCDC 1948661 1948662 1948663 1948664 

Complex 1 2 3 4 

Ni(1)-O(1) 2.080(3) 2.085(4) 2.076(3) 2.096(3) 

Ni(1)-O(2) 2.072(3) 2.085(6) 2.095(3) 2.101(3) 

Ni(1)-O(3) 2.102(3) 2.082(5)   2.086(4) 2.085(3) 
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Table II.3. Selected bond lengths (Å) of dimer B of complexes 1-3. 

 

 

 

 

 

 

 

 

 

Table II.4. Selected bond angles (°) of complexes 1-4. 

Complex 1 2 3 4 

O(1)-Ni(1)-O(2) 87.19(10) 86.38(4) 88.20(13) 87.97(10) 

Ni(1)-O(4) 2.082(3) 2.071(5) 2.082(4) 2.086(3) 

Ni(1)-N(1) 2.100(3) 2.097(7)   2.095(5) 2.103(3) 

Ni(1)-N(2) 2.102(3) 2.096(6) 2.085(5) 2.094(3) 

Complex 1 2 3 

Ni(2)-O(8) 2.080(3) 2.076(4) 2.087(3) 

Ni(2)-O(9) 2.077(3) 2.089(5) 2.076(3) 

Ni(2)-O(10) 2.099(4) 2.077(4) 2.091(4) 

Ni(2)-N(3) 2.095(4) 2.084(5) 2.089(3) 

Ni(2)-N(4) 2.093(3) 2.094(4) 2.084(5) 

Ni(2)-O(7) 2.077(3) 2.080(4) 2.090(5) 
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O(1)-Ni(1)-O(3) 87.63(11)   88.70(2) 87.46(13) 86.96(11) 

O(1)-Ni(1)-O(4) 91.49(10) 93.68(16) 92.09(13) 91.21(12) 

O(1)-Ni(1)-N(1) 89.72(11) 90.70(2) 89.83(1) 89.49(15) 

O(1)-Ni(1)-N(2) 176.38(11) 177.00(2) 178.01(3) 177.89(12) 

O(2)-Ni(1)-O(3) 87.57(11) 88.7(2) 87.81(14) 88.05(11) 

O(2)-Ni(1)-O(4) 95.70(10) 93.30(2) 94.10(14) 94.22(11) 

O(2)-Ni(1)-N(1) 176.90(11) 177.00(2) 177.93(15) 177.33(14) 

O(2)-Ni(1)-N(2) 90.11(12) 90.60(2) 89.81(17) 90.06(12) 

O(3)-Ni(1)-O(4) 176.57(11) 177.00(2) 178.02(16) 177.04(12) 

O(3)-Ni(1)-N(1) 92.13(11) 92.40(3) 92.72(2) 92.65(14) 

O(3)-Ni(1)-N(2)   94.66(13) 91.50(2) 92.51(17) 93.75(14) 

O(4)-Ni(1)-N(1) 84.54(11) 85.80(3) 85.35(17) 85.00(15) 

O(4)-Ni(1)-N(2) 86.38(13) 86.30(4) 88.01(2) 88.16(15) 

N(1)-Ni(1)-N(2) 92.99(13) 92.30(3) 92.17(4) 92.47(15) 

O(10)-Ni(2)-N(4) 93.55(12) 86.25(4) 92.76(2) - 

N(3)-Ni(2)-N(4) 91.36(12) 94.18(3) 92.6(2) - 
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O(7)-Ni(2)-O(8) 87.74(9) 86.10(15) 88.22(13) - 

O(7)-Ni(2)-O(9) 94.69(10) 89.17(4) 94.25(14) - 

O(7)-Ni(2)-O(10) 86.94(10) 91.86(1) 87.45(11) - 

O(7)-Ni(2)-N(3) 90.46(10) 89.49(1) 89.56(2) - 

O(7)-Ni(2)-N(4) 178.10(11) 175.76(2) 177.83(15) - 

O(8)-Ni(2)-O(9) 93.81(10) 88.50(3) 92.18(13) - 

O(8)-Ni(2)-O(10) 87.22(10)   94.35(1) 87.36(13) - 

O(8)-Ni(2)-N(3) 178.19(11) 175.56(1) 177.76(3) - 

O(8)-Ni(2)-N(4) 90.45(10) 90.26(3) 89.64(1) - 

O(9)-Ni(2)-O(10) 178.11(11) 177.05(2) 178.23(14) - 

O(9)-Ni(2)-N(3) 86.25(11) 91.38(2) 87.74(2) - 

O(9)-Ni(2)-N(4) 84.86(11) 92.90(2) 85.52(4) - 

O(10)-Ni(2)-N(3) 92.77(12) 86.25(4) 92.78(2) - 

 

II.3.3. Supramolecular interactions in solid state  

The details of hydrogen bonding interactions in complexes 1-4 have been given in Table 

II.5. Complexes 1-3 show similar kind hydrogen bonding interactions. Three hydrogen atoms, 
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H(1), H(3A) and H(3B), available in the ligand part in each complex are efficient for effective 

hydrogen bonding. A hydrogen atom, H(1), attached to a phenoxy oxygen atom, O(1), is 

involved in strong intermolecular hydrogen bonding interaction with a symmetry related {a =1-x, 

1-y, 1-z, in complex 1, b = 1-x, -y, 1-z, in complex 2 and c= -x,1-y,1-z,  in complex 3} phenoxy 

oxygen atom, O(2), which leads to the formation of a dimeric unit {Ni1}2. 

Two remaining hydrogen atoms, H(3A) and H(3B), attached to a oxygen atom, O(3), are 

involved in intermolecular hydrogen bonding interactions with symmetry related {a = 1-x, -y, 1-z, 

in complex 1 and b = 1-x, -y, 1-z, in complex 2 and c= -x,1-y,1-z,  in complex 3} alkoxy oxygen 

atoms, O(5) and O(6), respectively. Similar kind of hydrogen bonding interactions are also been 

observed in dimer B unit in each complex (Table II.5). Pictorial representation of hydrogen bond 

interactions in dimer A of complexes 1, 2 and 3 have been shown in Figures II.9, II.10 and II.11 

respectively. In complex 4, a hydrogen atom, H(1) attached to a phenoxy oxygen atom, O(1), is 

hydrogen bonded with  its adjacent symmetry related phenoxy oxygen atom, O(2)d {symmetry 

transformation, d= 3/2-x,3/2-y,1-z} to form a dimeric unit. The hydrogen bonding interactions in 

complex 4 has been already shown in Figures II.8 (see above). 
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Fig. II.9: Perspective view of intermolecular hydrogen bonding interaction in dimer A of complex 

1. Only the relevant hydrogen atoms have been shown for clarity. Symmetry transformation:  a 

=1-x, 1-y, 1-z. 
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Fig. II.10: Perspective view of intermolecular hydrogen bonding interaction in dimer A of 

complex 2. Only the relevant hydrogen atoms have been shown for clarity. Symmetry 

transformation:  b =1-x, -y, 1-z. 

 

Fig. II.11: Perspective view of significant hydrogen bonding interaction in dimer A and B of 

complex 3. Only the relevant hydrogen atoms have been shown for clarity. Symmetry 

transformation:  c= -x,1-y,1-z. 

 

Table II.5. Hydrogen bond distances (Å) and angles (◦) for the complex 1-4. 

Complex D–H···A D-H H···A D···A D-H···A 

1 

O(1)-H(1)···O(2)a 1.23(8)   1.23(8) 2.427(4) 163(6) 

O(3)-H(3A)···O(6)a 0.69(5) 2.15(5) 2.812(5) 162(5) 

O(3)-H(3B)···O(5)a 0.93(7) 1.87(6) 2.772(5) 163(5) 
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O(8)-H(8)···O(7)e 1.19(5) 1.26(5) 2.426(4) 165(4) 

O(10)-H(10A)···O(12)e 0.69(4) 2.10(4) 2.772(5) 165(5) 

O(10)-H(10A)···O(11)e 0.74(5) 2.04(5) 2.762(5) 164(6) 

2  

O(1)-H(1)···O(2)b 1.20(9) 1.24(10) 2.426(6) 169(11) 

O(3)-H(3A)···O(6)b 0.79(8)   2.11(8) 2.823(9) 151(9) 

O(3)-H(3B)···O(5)b 0.79(8) 2.10(7) 2.843(8) 158(7) 

O(8)-H(8)···O(7)f 1.35(9) 1.09(9) 2.430(6) 170(6)   

O(9)-H(19A)···O(12)f 0.84(6) 2.02(6)   2.832(7) 162(6) 

O(9)-H(19B)···O(11)f 0.77(9) 2.04(9) 2.793(8) 160(12) 

3 

O(1)-H(1)···O(2)c 1.19(5) 1.24(5)   2.430(4) 175(6) 

O(3)-H(3A)···O(6)c 0.820(5) 2.000(5) 2.763(5)   155.00 

O(3)-H(3B)···O(5)c 0.71(5) 2.08(5) 2.761(6) 160(7) 

O(8)-H(8)···O(7)g 1.19(5) 1.25(5) 2.433(4) 174(5) 

4 O(1)-H(1)···O(2)d 1.20(7) 1.29(7)   2.437(4) 155(5) 

 

D = donor; H = hydrogen; A = acceptor, Symmetry transformation: a =1-x, 1-y, 1-z,  b = 1-x, -y, 1-z, 

c= -x,1-y,1-z,  d= 3/2-x,3/2-y,1-z, e = 1-x, 2-y, 2-z, f= -x,1-y,2-z, g= 1-x,-y,2-z. 
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These hydrogen bonded dimeric unit is further stabilized by strong C-Hπ interactions. 

The details of C-Hπ interactions have been listed in Table II.6. However no significant π···π 

interactions have been found in each complex. Complex 1 shows significant C-Hπ interactions 

involving the hydrogen atom, H(1B), attached to a carbon atom, C(1), with a symmetry related 

(h = x, y, -1+z) phenyl ring, C(38)-C(39)-C(40)-C(41)-C(42)-C(43). Again two hydrogen atoms, 

H(22B) and H(23C) attached to two different methyl carbon atoms, C(22) and C(23), 

respectively are involved in intramolecular C-Hπ interactions with two separate phenyl rings, 

C(2)-C(3)-C(4)-C(5)-C(6)-C(7) and C(15)-C(16)-C(17)-C(18)-C(19)-C(20), respectively.  

 

Moreover two similar hydrogen atoms, H(45B) and H(46B), attached to two different 

methyl carbon atoms, C(45) and C(46), respectively of another subunit show similar type of  

intramolecular C-Hπ interactions with two separate phenyl rings, C(25)-C(26)-C(27)-C(28)-

C(29)-C(30) and C(38)-C(39)-C(40)-C(41)-C(42)-C(43), respectively. The hydrogen bonding 

interactions in complex 1 has been shown in Figure II.12. 

In complex 2, two hydrogen atoms, H(24B) and H(25C), attached to the carbon atoms, 

C(24) and C(25) respectively participates in intermolecular C-Hπ interaction with the phenyl 

rings, C(2)- C(3)-C(4)-C(5)-C(6)-C(7) and C(15)- C(16)-C(17)-C(18)-C(19)-C(20), respectively (Figure II.13).  

.  
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In complex 3, two hydrogen atoms, H(10C) and H(10D), attached to the methyl carbon 

atom, C(24) and C(25), participates in intermolecular C-Hπ interaction with the symmetry 

related (i = -x, -y, 2-z) phenyl rings, C(23)-C(24)-C(25)-C(26)-C(27)-C(28) and C(34)-C(35)-C(36)-

C(37)-C(38)-C(39), respectively (Figure II.13). In addition two other hydrogen atoms, H(20B) and 

H(21C), attached to two separate methyl carbon atoms, C(20) and C(21), respectively 

participates in intramolecular C-Hπ interaction with the phenyl rings, C(13)- C(14)-C(15)-C(16)-

C(17)-C(18) and C(2)- C(3)-C(4)-C(5)-C(6)-C(7), respectively (Figure II.14). 

In complex 4, H(22C) and H(23B), attached to the methyl carbon atom, C(22) and C(23), 

respectively,  participate in intramolecular C-Hπ interactions with two separate  phenyl rings, 

C(14)-C(15)-C(16)-C(17)-C(18)-C(19) and C(3)-C(4)-C(5)-C(6)-C(7)-C(8), respectively while 

another hydrogen atom, H(11A), attached to a carbon atom, C(11), is involved in intermolecular 

C-Hπ interaction with a symmetry related (m = 3/2-x,-1/2-y,1/2-z) phenyl ring, C(3)-C(4)-C(5)-

C(6)-C(7)-C(8) to form a supramolecular chain (Figure II.15).  
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Fig. II.12: Perspective view of significant C-H···π interactions in complex 1 with selective atom 

numbering scheme. Only relevant atoms have been shown in the figure for clarity. Symmetry 

transformation: h = x, y, -1+z.  
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Fig. II.13: Perspective view of intramolecular C-H···π stacking interactions in complex 2. Only 

relevant hydrogen atoms have been shown in the figure for clarity. 

 

 

Fig. II.14: Perspective view of significant C-H···π interactions in complex 3 with selective atom 

numbering scheme. Only relevant hydrogen atoms have been shown in the figure for clarity. 

Symmetry transformation: i = -x, -y, 2-z.  
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Fig. II.15: Perspective view of a supramolecular chain through intermolecular C-H···π stacking 

interactions in complex 4. Only relevant atoms have been shown in the figure for clarity. 

Symmetry transformation: l = 3/2-x,-1/2-y,1/2-z.  

 

Table II.6. Geometric features (distances in Å and angles in °) of the C-H···π interactions 

obtained for complexes 1-4. 

Complexes C-H···Cg(ring) H···Cg(Å) C-H···Cg C···Cg (Å) 

1 

C(1)-H(1B)···Cg(10)h 2.65 166 3.585(6) 

C(22)-H(22B)···Cg(4) 2.92 155 3.810(8) 

C(23)-H(23C)···Cg(5) 2.87 140 3.662(9) 

C(45)-H(45B)···Cg(9) 2.81 144 3.629(7) 

C(46)-H(46B)···Cg(10) 2.75 157 3.648(6) 

2 
C(24)-H(24B)···Cg(4) 2.75 156 3.652(13) 

C(25)-H(25C)···Cg(5) 2.82 144 3.646(15) 

3 

C(10)-H(10C)···Cg(9)i 2.76 129 3.453(7)   

C(10)-H(10D)···Cg(10)i 2.70 139 3.498(7) 

C(20)-H(20B)···Cg(5) 2.67 146 3.504(8) 

C(21)-H(21C)···Cg(4) 2.70 155 3.595(9) 

C(31)-H(31A)···Cg(5)j 2.75 129 3.449(7) 

C(31)-H(31B)···Cg(4)k 2.71 138 3.499(7) 

C(41)-H(41C)···Cg(10) 2.71 154 3.605(9) 
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C(42)-H(42B)···Cg(9) 2.66 146 3.499(8) 

4 

 C(11)-H(11A)···Cg(4)l 2.61 146 3.459(3) 

C(22)-H(22C)···Cg(5) 2.68 146 3.523(7) 

C(22)-H(23B)···Cg(4) 2.91 152 3.787(8) 

 

Symmetry transformation: h = x, y, -1+z, i = -x, -y, 2-z, j = 1-x, 1-y, 2- z, k = 1+x, y, 1+ z, l = 3/2-x,-

1/2-y,1/2-z. 

For complex 1: Cg(4) = Centre of gravity of the ring [C(2)- C(3)-C(4)-C(5)-C(6)-C(7)] 

                        Cg(5) = Centre of gravity of the ring [C(15)- C(16)-C(17)-C(18)-C(19)-C(20)] 

                        Cg(9) = Centre of gravity of the ring [C(25)- C(26)-C(27)-C(28)-C(29)-C(30)] 

                        Cg(10) = Centre of gravity of the ring [C(38)- C(39)-C(40)-C(41)-C(42)-C(43)] 

For complex 2:  Cg(4) = Centre of gravity of the ring [C(3)- C(4)-C(5)-C(6)-C(7)-C(8)] 

                         Cg(5) = Centre of gravity of the ring [C(16)- C(17)-C(18)-C(19)-C(20)-C(21)] 

For complex 3: Cg(4) = Centre of gravity of the ring [C(2)- C(3)-C(4)-C(5)-C(6)-C(7)] 

                        Cg(5) = Centre of gravity of the ring [C(13)- C(14)-C(15)-C(16)-C(17)-C(18)] 

                        Cg(9) = Centre of gravity of the ring [C(23)- C(24)-C(25)-C(26)-C(27)-C(28)] 

                        Cg(10) = Centre of gravity of the ring [C(34)- C(35)-C(36)-C(37)-C(38)-C(39)] 

For complex 4:  Cg(4) = Centre of gravity of the ring [C(3)- C(4)-C(5)-C(6)-C(7)-C(8)] 

                         Cg(5) = Centre of gravity of the ring [C(14)- C(15)-C(16)-C(17)-C(18)-C(19)] 
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II. 3.4. Hirshfeld surfaces analysis  

The Hirshfeld surface emerged from an attempt to delineate the space covered by a 

molecule in a crystal for the purpose of dividing the crystal electron density into molecular 

fragments.20 The Hirshfeld surfaces of four complexes are mapped over dnorm (range -0.1 Å to 

1.5 Å), shape index and curvedness (Figure II.16). Red spots appear on the Hirshfeld surfaces 

mapped with dnorm represent the dominant interactions within the complex in solid state. 

Various intermolecular interactions are summed up effectively in the spots with the large 

circular depressions (deep red) noticeable on the dnorm surfaces indicates the dominance of 

hydrogen bonding interactions and other weak interactions. The 2D fingerprint plot of Hirshfeld 

surfaces for all complexes and the comparative contributions of different interactions 

overlapping in full fingerprint plots have been provided in Figure S5. In the 2D fingerprint plot 

intermolecular interactions appear as distinct spikes. Complementary regions are observable in 

the 2D fingerprint plots where one molecule act as donor (de > di) and the other as an acceptor 

(de < di). The relative percentages of intermolecular interactions of four complexes have been 

shown in Figure II.17. 
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Fig. II.16: Hirshfeld surfaces mapped with dnorm (left column), shape index (middle) and 

curvedness (right column) of complexes 1-4. 
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Fig. II.17: Fingerprint plot: Full (extreme left), resolved into H···C/C···H (second from the left), 

H···N/N···H (second from the right) and H···O/O···H (extreme right) contacts contributed to the 

total Hirshfeld Surface area of complexes 1-4 

II. 3.5. DFT results 

The X-ray structures of complexes 1–4 reveal that they crystallize forming di-cationic 

dimers where two strong hydrogen bonds are formed between the phenoxy oxygen atoms of 

the ligands (Figures II.8-II.10). The O···O distance is shorter than 2.5 Å and both O atoms are of 
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identical pKa. Therefore, these hydrogen bonds have strong covalent character and we wonder 

if they belong to LBHBs or single-well hydrogen bonds. It has been analyzed using B3LYP-

D/def2-SVP calculations the nature of the hydrogen bonds. The energy profile of complex 1 has 

been computed as a representative model. The plot of the energy profile has been shown in 

Figure II.18 and it shows that the hydrogen bonds correspond to LBHBs with a barrier of 2.36 

kcal/mol for the synchronous movement of both Hs in opposite directions (maintaining the 

inversion center since the X-ray geometry corresponds to the P-1 symmetry point group). 

Therefore the barrier for each hydrogen bond is only 1.18 kcal/mol, in agreement with the 

short O···O distance (2.426 Å in the model used for the calculations). These results suggest that 

in complexes 1–4 the hydrogen atoms can move freely between the two oxygen atoms and 

their average position in the O···O center. 

The energetic features of the LBHBs also additional hydrogen bonds that are established 

between the coordinated water molecules and the methoxy groups of the ligand (see blue 

dashed lines in Figure II.19) has also been analyzed. The dimerization energy is very large(ΔE1 = 

–107.7 kcal/mol) due to the contribution of the strong LBHBs and the conventional O–H···O 

bonds that are expected to be also strong due to the enhanced acidity of these protons due to 

the coordination of the water molecule to the nickel(II) metal center. In an effort to estimate 

the contribution of the LBHBs, a theoretical model have been used where the water molecules 

are eliminated (Figure II.19b). As a result, the conventional hydrogen bonds are not established 

and the interaction energy drops to ΔE2 = –73.3 kcal/mol, that corresponds to the contribution 

of both LBHBs and also some additional van der Waals interactions established between the 

bulk of both molecules. This large interaction energy confirms the strong covalent nature of 
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these hydrogen bonds. This result is agreement with previous investigations in hydrogen bonds 

between hetero atoms with identical pKas where the ΔH of formation can approach 30 

kcal/mol.4 Furthermore, the difference between ΔE1andΔE2is a rough estimation of the four O–

H···O bonds established by the coordinated water molecules and methoxy groups (–8.6 

kcal/mol per hydrogen bond). 

Finally, non covalent interaction plot (NCI plot) index has been made to further 

characterize the hydrogen bonds. It allows a direct assessment of host-guest complementarity 

and the extent to which non-covalent interactions stabilize a complex. Figure II.20 shows the 

NCI plot obtained for the self-assembled dimer extracted from the solid state of complex 1. The 

NCI index indicates that the LBHBs are covalent bonds, since no isosurface is found between the 

H and O atoms. The O–H···O hydrogen bonds involving the coordinated water molecules are 

characterized by small and intense blue isosurfaces, thus supporting the strong nature of the 

interactions. Several green isosurfaces are also present between both monomeric units, thus 

revealing the existence of additional weak interactions that also stabilize the assembly. 
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Fig. II.18: Energy diagram obtained for complex 1 at the B3LYP-D/def2-SVP level of theory. The 

energies are relative to the maximum. The hydrogen atoms were moved toward opposite 

directions of maintain the inversion center of symmetry. 
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Fig. II.19: Theoretical models used to evaluate the LBHBs in complex 1 (a) and a mutated 

complex where two water molecules have been eliminated (b). Distances in Å. 

 

Fig. II.20: NCI plot of the self-assembled dimer of complex 1. The gradient cut-off is s = 0.35 au, 

and the color scale is −0.04 < ρ < 0.04 au. 

II. 3.5. IR and electronic spectra 

A moderately sharp band in the range of 3280-3225 cm-1 has been noticed in the IR 

spectrum of each complex which may be assigned as the N–H stretching vibration of the 

reduced Schiff base ligand.21 Broad bands in the range of 3010-2865 cm-1 due to alkyl C−H 

stretching vibrations are routinely noticed in IR spectra of all complexes.22 Appearance of a 

broad band in each complex around 3400 cm-1 indicates the presence of O-H stretching 

vibrations of water molecules. A very strong band is obtained around 2045 cm-1 only in complex 
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3 due to the presence of non-coordinated thiocyanate ions.23 IR spectra of all complexes have 

been given in Figures II.21-II.24. 

 

Fig. II.21: IR spectrum of complex 1 

 

Fig. II.22: IR spectrum of complex 2 
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Fig. II.23: IR spectrum of complex 3 

 

Fig. II.24: IR spectrum of complex 4 
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 Electronic spectra of all four complexes in DMSO show two distinguished bands in the 

visible range around 625 nm and 735 nm. These bands may be assigned as 3T1g(F) ← 3A2g(F) and 

3T2g(F) ← 3A2g(F), respectively.24 The intense absorption bands at ∼355 nm may be assigned as 

ligand to metal charge transfer (LMCT) bands, which obscure the 3rd d–d band, 3T1g(P) ← 3A2g(F), 

expected for any octahedral nickel(II).25 In addition, high energy absorption bands around 275 

nm have been assigned to intra-ligand π→ π* transitions.26 Electronic spectra of all complexes 

have been given in Figure II.25-II.28. 

 

Fig. II.25: Electronic spectrum of complex 1. Inset shows the selected small range (550-750  

nm) electronic spectrum of the complex.  
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Fig. II.26: Electronic spectrum of complex 2. Inset shows the selected small range (550-750  

nm) electronic spectrum of the complex.  

 

Fig. II.27: Electronic spectrum of complex 3. Inset shows the selected small range (550-750  

nm) electronic spectrum of the complex.  
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Fig. II.28: Electronic spectrum of complex 4. Inset shows the selected small range (550-760  

nm) electronic spectrum of the complex.  

 

II. 4. Conclusion 

In summary, we have synthesized and characterized four nickel(II) complexes (1-4) that 

form self-assembled dimers in the solid state where low barrier hydrogen bonds appear to play 

a prominent role. Structures of all complexes were confirmed by single crystal X-ray diffraction 

study. Each complex may be represented by a general formula [Ni2(HL)2(DMSO)2(H2O)2]X [H2L = 

N2O4 donor reduced Schiff base ligand, X=counter anion]; X is perchlorate in 1, 2 and 4 and 

X=thiocyanate in 3. Use of reduced Schiff bases seems to be essential to form this type of 

hydrogen bonded dimeric species, as the non-reduced analogues of these Schiff bases fails to 
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prepare such complexes. More flexibility of the reduced Schiff bases compared to their Schiff 

base precursor may be the driving force in forming these complexes. The hydrogen bonds have 

been evaluated energetically and using the non covalent interaction plot. We conclude that the 

barrier is very low and, consequently, the hydrogen atoms can move freely with their average 

position between both oxygen atoms. The energy associated to the low barrier hydrogen bonds 

is very large due to the strong covalent character of the interaction.  
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Chapter II 

A series of hydrogen bond mediated dinuclear nickel(II) 

complexes with reduced Schiff base ligands: An insight 

into the nature of hydrogen bonds in them 

 

 

 

 

II.1. Introduction 
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The interaction energy of conventional hydrogen bonds basically depends on their 

geometric features like length and linearity. However, the difference in the pKa values of the 

heavy atoms sharing the proton is also important.1 The ΔH of formation of the water dimer is 

∼5 kcal/mol1 in the gas phase. However, the HO–H···OH2 hydrogen bond in water is weaker due 

to the large difference between the pKas of the donor group and the conjugate acid of the 

acceptor group (15.7 for H2O and−1.7 for H3O+).2 In the gas and solid state phases, hydrogen 

bonds between hetero atoms with similar pKas can be very short and strong (up to 30 kcal 

mol−1).3-6 When groups of equal pKa establish an hydrogen bond, three different situations 

different situations may occur (see Figure II.1). The classical hydrogen bond where the 

hydrogen atom is covalently bonded to one of both oxygen atoms (dipole···dipole interaction, 

see Figure II.1a). As the O···O distance is progressively shortened, the energy barrier lowers 

until it reaches the lower vibrational energy levels, thus leading to a low barrier hydrogen bond 

(LBHB, see Figure II.1b). In this case, the hydrogen atom can move freely between the two 

oxygen atoms with its average position is the center (high covalent character).7,8 Further 

shortening leads to a single-well hydrogen bond with the highest covalent character and 

interaction energy of the three situations. 
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Fig. II.1: Energy diagrams for OH···H hydrogen bonds between groups of identical pKa. 

(a)Standard hydrogen bond with O···O distance d(O···O) ≥ 2.8 Å. (b) Low barrier hydrogen bond 

of d(O···O)~2.55 Å (average position in the center). (c)Single-well hydrogen bond with d(O···O) 

~2.3 Å.  

In this manuscript, we report the synthesis and X-ray characterization of a series of 

mononuclear nickel(II) complexes that form O···H···O hydrogen bonded dimers in the solid state 

where the O···O distance is very short, ranging from 2.35 to 2.45 Å. We have analyzed the 

hydrogen bonds using DFT calculations and the non covalent interaction plot (NCI plot) index to 

distinguish between the three possible situations represented in Figure II.1. 

II.2. Experimental Section 

II.2.1. Synthesis 

II.2.1.1. Synthesis of Schiff base ligands  

II.2.1.1.1. Synthesis of H2La [N,N'-bis(3-methoxysalicylidene)-2,2-dimethyl-1,3-

propanediamine], H2Lb [N,N'-bis(3-ethoxysalicylidene)-2,2-dimethyl-1,3-propanediamine], 

H2Lc [N,N'-bis(3-methoxysalicylidene)-1,3-propanediamine] and  H2Ld [N,N'-bis(3-

ethoxysalicylidene)-1,3-propanediamine] 

 A methanol solution (10 mL) of 2,2-dimethyl-1,3-propanediamine (1 mmol, 0.12 mL) was 

mixed separately with of 3-methoxysalicylaldehyde (2 mmol, 304 mg) and 3-

ethoxysalicylaldehyde, (2 mmol, 332 mg) and the resulting solutions were allowed to reflux for 
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ca. 2 h to synthesize two hexadentate N2O4 donor Schiff base ligands, H2La [N,N'-bis(3-

ethoxysalicylidene)2,2-dimethyl-1,3-propanediamine] and H2Lb [N,N'-bis(3-ethoxysalicylidene)-

2,2-dimethyl-1,3-propanediamine]  respectively. Other two hexadentate Schiff bases, H2Lc [N,N'-

bis(3-methoxysalicylidene)-1,3-propanediamine] and H2Ld  [N,N'-bis(3-ethoxysalicylidene)-1,3-

propanediamine] were synthesized following the similar procedure as mentioned above except 

1,3-propanediamine  (1 mmol, 0.11 mL) was used as the diamine instead of 2,2-dimethyl-1,3-

propanediamine. 

II.2.1.2. Synthesis of the reduced Schiff base ligands 

II.2.1.2.1. Synthesis of H2L1 [(2,2-dimethyl-1,3-propanediyl)bis(iminomethylene)bis(6-

methoxyphenol)] 

 The prepared Schiff base solution, H2La was cooled to 0°C, and solid sodium borohydride 

(4 mmol, 150 mg) was then added gently to this solution with constant stirring. The solution 

was further acidified with glacial acetic acid (10 mL) and placed under reduced pressure in a 

rotary evaporator (~60°C). The residue was dissolved in water (15 mL) and extracted with 

dichloromethane (15 mL) using a separating funnel. Finally the dichloromethane part was dried 

using anhydrous sodium acetate to get the desired hexadentate N2O4 donor reduced Schiff 

base ligand, H2L1. The ligand was not purified and used directly for the synthesis of complex 1. 

II.2.1.2.2. Synthesis of H2L2 [(2,2-dimethyl-1,3-propanediyl)bis(iminomethylene)bis(6-

ethoxyphenol)] 
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 A potential hexadentate N2O4 donor reduced Schiff base was synthesized following the 

similar procedure as used for Schiff base, H2L1, except H2Lb was used as the Schiff base 

derivative. It was not purified and was used directly for the synthesis of complex 2. 

II.2.1.2.3. Synthesis of H2L3 [(1,3-propanediyl)bis(iminomethylene)bis(6-methoxyphenol)] 

 A potential hexadentate N2O4 donor reduced Schiff base was synthesized following the 

same procedure as described above, except H2Lc was used as the Schiff base derivative. It was 

not purified and was used directly for the synthesis of complex 3. 

II.2.1.2.4. Synthesis of H2L4 [(1,3-propanediyl)bis(iminomethylene)bis(6-ethoxyphenol)] 

 A potential hexadentate N2O4 donor reduced Schiff base was synthesized following the 

same procedure as described above, except H2Ld was used as the Schiff base derivative. It was 

not purified and was used directly for the synthesis of complex 4. 

II.2.1.3. Synthesis of complexes 

II.2.1.3.1. Synthesis of [Ni2(HL1)2(DMSO)2(H2O)2]ClO4∙H2O  (1) 

 A methanol solution of nickel(II) perchlorate hexahydrate, (0.99 mmol, 257 mg), was 

added into the methanol solution of a reduced Schiff base ligand, H2L1, with constant stirring 

and colour of the solution turned into dark green. Few drops of DMSO were added and the 

resulting solution was kept for crystallization. Dark green single crystals, suitable for X-ray 

diffraction, were obtained after 3-4 days on slow evaporation of the solution in open 

atmosphere.  
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Yield: 350 mg, (~54%, based on Ni). Anal. Calc. for C46H74N4Ni2O22S2Cl2 (FW = 1287.49): C, 42.87; 

H, 5.74; N, 4.35%. Found: C, 42.8; H, 5.8; N, 4.3%. FT-IR (KBr, cm-1): 3400 (νO-H), 3270 (νN-H), 

2990-2850 (νC-H). UV-Vis, max (nm), *εmax (dm3 mol-1 cm-1)] (DMSO), 730 (1.01x102), 625 

(2.00x102), 355 (2.65x103), 280 (5.6 x103).  

II.2.1.3.2. Synthesis of [Ni2(HL2)2(DMSO)2(H2O)2]ClO4  (2) 

 Complex 2 was synthesized following the similar procedure as that for complex 1 except 

that the reduced Schiff base ligand, H2L2, was used instead of H2L1. Dark green coloured 

crystalline complex suitable for X-ray diffraction, started to separate from the solution after 3-4 

days on standing at room temperature and was collected by filtration. 

Yield: 343 mg, (~ 53%, based on Ni). Anal. Calc. for C100H152Cl4N8Ni4O40 (FW = 2612.52): C, 53.5; 

H, 5.8; N, 4.2%. Found: C, 53.4; H, 5.7; N, 4.3%. FT-IR (KBr, cm-1): 3395 (νO-H), 3280 (νN-H), 2990-

2865 (νC-H). UV-Vis, max (nm), *εmax (dm3 mol-1 cm-1)] (DMSO), 720 (0.89x102), 620 (1.80x102), 

355 (4.84x103), 274 (9.38x104).  

II.2.1.3.3. Synthesis of [Ni2(HL3)2(DMSO)2(H2O)2]NCS (3) 

 A methanol solution of nickel(II) thiocyanate tetrahydrate (1.01 mmol,  250 mg) was 

added into the methanol solution of a reduced Schiff base ligand, H2L3, with constant stirring 

and colour of the solution turned into dark green. Few drops of DMSO were added and the 

resulting solution was kept for crystallization. Dark green single crystals, suitable for X-ray 

diffraction, were obtained after 2-3 days on slow evaporation of the solution in open 

atmosphere.  
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Yield: 354 mg, (~ 63%, based on Ni). Anal. Calc. for C44H66N6Ni2O12S4 (FW = 1116.65): C, 47.2; H, 

5.9; N, 7.5%. Found: C, 47.2; H, 5.8; N, 7.6%. FT-IR (KBr, cm-1): 3390 (νO-H), 3260 (νN-H), 3012-

2840 (νC-H), 2045 (νNCS). UV-Vis, max(nm), *εmax (dm3 mol-1 cm-1)] (DMSO), 718 (1.40x102), 622 

(2.78x103), 355 (4.34x102), 280 (9.49x104).  

II.2.1.3.4. Synthesis of [Ni2(HL4)2(DMSO)2(H2O)2]ClO4 (4) 

 Complex 4 was synthesized following the similar procedure as that for complex 3 except 

that the reduced Schiff base ligand, H2L4, was used instead of H2L3. Dark green coloured 

crystalline complex suitable for X-ray diffraction, started to separate from the solution after 2-3 

days on standing at room temperature and was collected by filtration. 

Yield: 344 mg, (~54%, based on Ni). Anal. Calc. for C46H74N4Ni2O20S2Cl2 (FW = 1255.49): C, 43.9; 

H, 5.9; N, 4.4%. Found: C, 43.8; H, 5.8; N, 4.5%. FT-IR (KBr, cm-1): 3420 (νO-H), 3265 (νN-H), 2995-

2870 (νC-H). UV-Vis, max (nm),*εmax (dm3 mol-1 cm-1)] (DMSO), 755 (0.58x102), 635 (0.93x102), 

360 (3.8x103), 271 (8.86x103).  

 

 

II.3. Results and discussion 

II.3.1. Synthesis 
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 Two moles of 3-alkoxysalicylaldehydes (3-methoxy and 3-ethoxy) have been used to 

condense separately with 2,2-dimethyldiaminopropane and 1,3-diaminopropane in methanol 

medium to prepare four Schiff bases, H2La, H2Lb, H2Lc and  H2Ld. These Schiff bases were then 

reduced with NaBH4 in methanol under constant stirring at 0°C to prepare four respective 

reduced Schiff bases, H2L1, H2L2, H2L3 and H2L4 respectively following the literature method.17 

 

Scheme II.1: Synthetic route to ‘reduced Schiff base’ ligands. 

 These reduced Schiff bases on then reaction with nickel(II) perchlorate hexahydrate or 

nickel(II) thiocyanate in methanol and on adding few drops of DMSO to the individual reaction 

mixture gave rise to complexes 1-4. 

 

Scheme II.2: Synthetic route to complexes 1 (R1=Me, R2=Me), 2 (R1=Me, R2=Et), 3 (R1=H, R2=Me) 

and 4 (R1=H, R2=Et). Non coordinated counter anions have not been shown here.  
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 Use of reduced Schiff base ligands seems to be crucial in forming these types of 

hydrogen bonded dimeic complexes, as the non-reduced Schiff bases were unable to produces 

such complexes. Many synthetic inorganic chemistry groups were prepared many homo and 

heteronuclear complexes with the corresponding non-reduced Schiff base ligands, but did not 

get complexes similar to complexes 1-4. More flexibility of the reduced Schiff bases compared 

to their non-reduced precursors may be reason of this observation. 

II.3.2. Structure description 

II.3.2.1. Description of structures [Ni2(HL1)2(DMSO)2(H2O)2]ClO4∙H2O (1), 

[Ni2(HL2)2(DMSO)2(H2O)2]ClO4 (2) and [Ni2(HL3)2(DMSO)2(H2O)2]NCS (3) 

X-ray crystal structure determination reveals that each of complexes 1-3 crystallize in 

triclinic space group, P1 . Crystallographic data and refinement details have been summarized in 

Table II.A.1. Potential N2O4 donor hexadentate reduced Schiff bases, H2L1, H2L2, and H2L3, have 

been used to prepare these complexes respectively. Selected bond lengths and bond angles 

have been listed in Tables II.A.2 and II.A.3 respectively.Each complex actually possesses a 

dinuclear moiety formed via strong hydrogen bonds. Each complex consists of two independent 

centrosymmetric dimers (A and B) with equivalent geometry. A view of the dimer A of complex 

1 is given in Figure II.2. A view of the dimers (A) of complexes 2 and 3 are given in Figure II.3. 

The structure of dimer B of each complex is very similar to the structure of dimer A in 

respective complex (Figure II.4-II.6 ). 



 

106 
 

 

Fig. II.2: Perspective view of dimer A of complex 1 with selective atom-numbering scheme. Non 

co-ordinated perchlorate ion and hydrogen atoms have been omitted for clarity apart from 

those between the phenolic oxygen atoms. 

In each dimeric unit, nickel(II) centers are hexa-coordinated and adopt distorted 

octahedral geometry. Each nickel(II) center, {Ni(1) of A and Ni(2) of B} is equatorially 

coordinated by two amine nitrogen atoms, {N(1) and N(2) for Ni(1) and N(3) and N(4) for Ni(2)}, 

two phenoxo oxygen atoms, {O(1) and O(2) for Ni(1) and O(7) and O(8) for Ni(2), of the reduced 

Schiff base units. The axial sites are coordinated by two oxygen atoms, {O(3) and O(4) for Ni(1) 

and O(9) and O(10) for Ni(2)} of coordinated water and DMSO molecule. Each of the reduced 

Schiff bases are dibasic in character, but loses only one proton to form mononegative anion, 

which, in turn, connects with another such moiety via strong hydrogen bonding to form the 
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symmetric dimeric structure. The deprotonations of the hydroxyl group are well reflected in the 

nickel(II)-oxygen bond lengths (Table 2). The deprotonated hydroxyl groups are bound strongly 

(shorter bond length) with nickel(II) centers compared with the non-deprotonated hydroxyl 

groups.18 The saturated six membered chelate rings, Ni(1)-N(1)-C(9)-C(10)-C(13)-N(2), Ni(1)-

N(1)-C(10)-C(11)-C(14)-N(2) and Ni(1)-N(1)-C(9)-C(10)-C(11)-N(2), in dimer A of complexes 1, 2 

and 3 respectively represent individual chair conformations with puckering parameters,19  q(2) 

=  0.583(4) Å,  φ =  168(2) ̊ , q(2) =  0.589(8) Å,  φ =  199(7) ̊  and q(2) =  0.610(6) Å,  φ =  3(9) ̊  

respectively. Similarly the saturated six membered chelate rings, Ni(2)-N(3)-C(32)-C(33)-C(36)-

N(4), Ni(2)-N(3)-C(35)-C(36)-C(39)-N(4) and Ni(2)-N(3)-C(30)-C(31)-C(32)-N(4), in dimer B of 

complexes 1, 2 and 3 respectively also represent individual chair conformations with puckering 

parameters, q(2) = 0.563(7) Å, φ = 180(3) ̊, q(2) 0.563(7) Å,  φ =  180(3) ̊ and q(2) =  0.610(6) Å, 

 φ =  184(8) ̊ respectively. 
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Fig. II.3: Perspective view of dimer A of complexes 2 and 3 with selective atom-numbering 

scheme. Non co-ordinated counter anions and hydrogen atoms have been omitted for clarity 

apart from those between the phenolic oxygen atoms. 

 

Fig. II.4: Perspective view of dimer B of complex 1 with selective atom-numbering scheme. Non 

co-ordinated perchlorate ion and hydrogen atoms have been omitted for clarity apart from 

those between the phenolic oxygen atoms. Symmetry transformation:  e = 1-x, 2-y, 2-z. 
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Fig. II.5: Perspective view of dimer B of complex 2 with selective atom-numbering scheme. Non 

co-ordinated perchlorate ion and hydrogen atoms have been omitted for clarity apart from 

those between the phenolic oxygen atoms. Symmetry transformation: f= -x,1-y,2-z. 

 

Fig. II.6: Perspective view of dimer B of complex 3 with selective atom-numbering scheme. Non 

co-ordinated thiocyanate ion and hydrogen atoms have been omitted for clarity apart from 

those between the phenolic oxygen atoms. Symmetry transformation:  g= 1-x,-y,2-z. 

II.3.2.2. [Ni2(HL4)2(DMSO)2(H2O)2]ClO4 (4) 

X-ray crystal structure determination reveals that complex 4 crystallizes in monoclinic 

space group,n C2/c . A potential N2O4 donor hexadentate reduced Schiff base, H2L4, have been 

used to prepare this complex. It contains a dinuclear moiety formed via strong hydrogen bonds. 

The structure of complex 4 has been shown in Figure II.7. The geometry around each nickel(II) 

centers are quite similar to that described for complexes 1-3 but it exists as only one dimeric 

unit. Both the nickel(II) centers are hexa-coordinated and adopt distorted octahedral geometry. 
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Each nickel(II) center, is equatorially coordinated by two amine nitrogen atoms, {N(1) and N(2)} 

and two phenoxo oxygen atoms, {O(1) and O(2)}, of the reduced Schiff base unit. The axial sites 

are coordinated by two oxygen atoms, {O(3) and O(4)}, of coordinated water and DMSO 

molecule. The saturated six membered chelate rings, Ni(1)-N(1)-C(10)-C(11)-C(12)-N(2),  in of 

complex 4 represent chair conformations with puckering parameters ,  q(2) =   0.589(5) Å,  φ =  

182(2) ̊ . 

 

Fig. II.7: Perspective view of complex 4 with selective atom-numbering scheme. Non co-

ordinated perchlorate ions and hydrogen atoms have been omitted for clarity apart from those 

between the phenolic oxygen atoms. 
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Table II.1. Crystal data and refinement details of complexes 1-4. 

Complex 1 2 3 4 

Formula C46H74N4Ni2O22S2Cl2 C100H152Cl4N8Ni4O40 C44H66N6Ni2O12S4 

C46 

H74N4Ni2O20S2Cl2 

Formula Weight 1287.49 2611.10 1116.65 1255.49 

Crystal System Triclinic Triclinic Triclinic Monoclinic 

Space group P1  P1  P1  C2/c 

a(Å) 13.044(11) 12.344(3) 13.422(1) 22.317(2) 

b(Å) 14.575(13) 14.130(3) 13.651(2) 15.316(11) 

c(Å) 17.002(15) 20.995(4) 15.229(4) 16.547(13) 

α(°) 83.19(2) 80.25(5) 90.03(4) - 

β(°) 68.10(4) 78.99(5) 90.08(3) 91.15(3) 

γ(°) 88.22(15) 65.07(5) 106.16(3) - 

V(Å3) 2978(5) 3243.6(12) 2680.4(6) 5655.0(7) 

Z 2 1 2 4 

d(calc) [gcm-3] 1.436 1.337 1.384 1.475 
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*R1 = Σ||Fo|-|Fc||/Σ|Fo| and wR2 = Σw(|Fo|2-|Fc|
2)2/Σw|Fo|2)1/2 

 

 

 

 

µ [ mm-1 ] 0.868 0.796 0.919 0.910 

F(000) 1352 1372 1176 2640 

Total Reflections 81266 75605 29359 34336 

Unique Reflections 9526 11546 9559 5009 

Observed data 

[I > 2 ς(I)+ 

8267 7735 6735 4135 

R(int) 0.032 0.070 0.056 0.042 

*R1, wR2 (all data) 0.0540, 0.1461 0.1218, 0.2633 0.0978, 0.2227 0.0717, 0.1820 

R1, wR2 (*I > 2 ς(I)+ 0.0445, 0.1322 0.0809, 0.2162 0.0690, 0.1879 0.0600, 0.1700 

Residual Electron 

Density 

(eÅ-3) 

1.222, -1.014 0.959, -0.711 1.265, -0.844 1.493, -0.713 
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Table II.2. Selected bond lengths (Å) of dimer A of complexes 1-3 and complex 4. 

 

 

 

 

 

 

 

 

 

Table II.3. Selected bond lengths (Å) of dimer B of complexes 1-3. 

Complex 1 2 3 4 

Ni(1)-O(1) 2.080(3) 2.085(4) 2.076(3) 2.096(3) 

Ni(1)-O(2) 2.072(3) 2.085(6) 2.095(3) 2.101(3) 

Ni(1)-O(3) 2.102(3) 2.082(5)   2.086(4) 2.085(3) 

Ni(1)-O(4) 2.082(3) 2.071(5) 2.082(4) 2.086(3) 

Ni(1)-N(1) 2.100(3) 2.097(7)   2.095(5) 2.103(3) 

Ni(1)-N(2) 2.102(3) 2.096(6) 2.085(5) 2.094(3) 

Complex 1 2 3 

Ni(2)-O(8) 2.080(3) 2.076(4) 2.087(3) 

Ni(2)-O(9) 2.077(3) 2.089(5) 2.076(3) 

Ni(2)-O(10) 2.099(4) 2.077(4) 2.091(4) 

Ni(2)-N(3) 2.095(4) 2.084(5) 2.089(3) 

Ni(2)-N(4) 2.093(3) 2.094(4) 2.084(5) 
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Table II.4. Selected bond angles (°) of complexes 1-4. 

Complex 1 2 3 4 

O(1)-Ni(1)-O(2) 87.19(10) 86.38(4) 88.20(13) 87.97(10) 

O(1)-Ni(1)-O(3) 87.63(11)   88.70(2) 87.46(13) 86.96(11) 

O(1)-Ni(1)-O(4) 91.49(10) 93.68(16) 92.09(13) 91.21(12) 

O(1)-Ni(1)-N(1) 89.72(11) 90.70(2) 89.83(1) 89.49(15) 

O(1)-Ni(1)-N(2) 176.38(11) 177.00(2) 178.01(3) 177.89(12) 

O(2)-Ni(1)-O(3) 87.57(11) 88.7(2) 87.81(14) 88.05(11) 

O(2)-Ni(1)-O(4) 95.70(10) 93.30(2) 94.10(14) 94.22(11) 

O(2)-Ni(1)-N(1) 176.90(11) 177.00(2) 177.93(15) 177.33(14) 

O(2)-Ni(1)-N(2) 90.11(12) 90.60(2) 89.81(17) 90.06(12) 

O(3)-Ni(1)-O(4) 176.57(11) 177.00(2) 178.02(16) 177.04(12) 

O(3)-Ni(1)-N(1) 92.13(11) 92.40(3) 92.72(2) 92.65(14) 

O(3)-Ni(1)-N(2)   94.66(13) 91.50(2) 92.51(17) 93.75(14) 

Ni(2)-O(7) 2.077(3) 2.080(4) 2.090(5) 
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O(4)-Ni(1)-N(1) 84.54(11) 85.80(3) 85.35(17) 85.00(15) 

O(4)-Ni(1)-N(2) 86.38(13) 86.30(4) 88.01(2) 88.16(15) 

N(1)-Ni(1)-N(2) 92.99(13) 92.30(3) 92.17(4) 92.47(15) 

O(10)-Ni(2)-N(4) 93.55(12) 86.25(4) 92.76(2) - 

N(3)-Ni(2)-N(4) 91.36(12) 94.18(3) 92.6(2) - 

O(7)-Ni(2)-O(8) 87.74(9) 86.10(15) 88.22(13) - 

O(7)-Ni(2)-O(9) 94.69(10) 89.17(4) 94.25(14) - 

O(7)-Ni(2)-O(10) 86.94(10) 91.86(1) 87.45(11) - 

O(7)-Ni(2)-N(3) 90.46(10) 89.49(1) 89.56(2) - 

O(7)-Ni(2)-N(4) 178.10(11) 175.76(2) 177.83(15) - 

O(8)-Ni(2)-O(9) 93.81(10) 88.50(3) 92.18(13) - 

O(8)-Ni(2)-O(10) 87.22(10)   94.35(1) 87.36(13) - 

O(8)-Ni(2)-N(3) 178.19(11) 175.56(1) 177.76(3) - 

O(8)-Ni(2)-N(4) 90.45(10) 90.26(3) 89.64(1) - 

O(9)-Ni(2)-O(10) 178.11(11) 177.05(2) 178.23(14) - 

O(9)-Ni(2)-N(3) 86.25(11) 91.38(2) 87.74(2) - 



 

116 
 

O(9)-Ni(2)-N(4) 84.86(11) 92.90(2) 85.52(4) - 

O(10)-Ni(2)-N(3) 92.77(12) 86.25(4) 92.78(2) - 

 

II.3.3. Supramolecular interactions in solid state  

The details of hydrogen bonding interactions in complexes 1-4 have been given in Table 

II.4. Complexes 1-3 show similar kind hydrogen bonding interactions. Three hydrogen atoms, 

H(1), H(3A) and H(3B), available in the ligand part in each complex are efficient for effective 

hydrogen bonding. A hydrogen atom, H(1), attached to a phenoxy oxygen atom, O(1), is 

involved in strong intermolecular hydrogen bonding interaction with a symmetry related {a =1-x, 

1-y, 1-z, in complex 1, b = 1-x, -y, 1-z, in complex 2 and c= -x,1-y,1-z,  in complex 3} phenoxy 

oxygen atom, O(2), which leads to the formation of a dimeric unit {Ni1}2. 
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Fig. II.8: Perspective view of intermolecular hydrogen bonding interaction in dimer A of complex 

1. Only the relevant hydrogen atoms have been shown for clarity. Symmetry transformation:  a 

=1-x, 1-y, 1-z. 

Two remaining hydrogen atoms, H(3A) and H(3B), attached to a oxygen atom, O(3), are 

involved in intermolecular hydrogen bonding interactions with symmetry related {a = 1-x, -y, 1-z, 

in complex 1 and b = 1-x, -y, 1-z, in complex 2 and c= -x,1-y,1-z,  in complex 3} alkoxy oxygen 

atoms, O(5) and O(6), respectively. Similar kind of hydrogen bonding interactions are also been 

observed in dimer B unit in each complex (Table 4). Pictorial representation of hydrogen bond 

interactions in dimer A of complexes 1, 2 and 3 have been shown in Figures II.8, II.9 and II.10 

respectively. In complex 4, a hydrogen atom, H(1) attached to a phenoxy oxygen atom, O(1), is 

hydrogen bonded with  its adjacent symmetry related phenoxy oxygen atom, O(2)d {symmetry 

transformation, d= 3/2-x,3/2-y,1-z} to form a dimeric unit. The hydrogen bonding interactions in 

complex 4 has been already shown in Figure 3 (see above). 
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Fig. II.9: Perspective view of intermolecular hydrogen bonding interaction in dimer A of 

complex 2. Only the relevant hydrogen atoms have been shown for clarity. Symmetry 

transformation:  b =1-x, -y, 1-z. 

 

Fig. II.10: Perspective view of significant hydrogen bonding interaction in dimer A and B of 

complex 3. Only the relevant hydrogen atoms have been shown for clarity. Symmetry 

transformation:  c= -x,1-y,1-z. 

 

Table II.5. Hydrogen bond distances (Å) and angles (◦) for the complex 1-4. 

Complex D–H···A D-H H···A D···A D-H···A 

1 

O(1)-H(1)···O(2)a 1.23(8)   1.23(8) 2.427(4) 163(6) 

O(3)-H(3A)···O(6)a 0.69(5) 2.15(5) 2.812(5) 162(5) 

O(3)-H(3B)···O(5)a 0.93(7) 1.87(6) 2.772(5) 163(5) 
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O(8)-H(8)···O(7)e 1.19(5) 1.26(5) 2.426(4) 165(4) 

O(10)-H(10A)···O(12)e 0.69(4) 2.10(4) 2.772(5) 165(5) 

O(10)-H(10A)···O(11)e 0.74(5) 2.04(5) 2.762(5) 164(6) 

2  

O(1)-H(1)···O(2)b 1.20(9) 1.24(10) 2.426(6) 169(11) 

O(3)-H(3A)···O(6)b 0.79(8)   2.11(8) 2.823(9) 151(9) 

O(3)-H(3B)···O(5)b 0.79(8) 2.10(7) 2.843(8) 158(7) 

O(8)-H(8)···O(7)f 1.35(9) 1.09(9) 2.430(6) 170(6)   

O(9)-H(19A)···O(12)f 0.84(6) 2.02(6)   2.832(7) 162(6) 

O(9)-H(19B)···O(11)f 0.77(9) 2.04(9) 2.793(8) 160(12) 

3 

O(1)-H(1)···O(2)c 1.19(5) 1.24(5)   2.430(4) 175(6) 

O(3)-H(3A)···O(6)c 0.820(5) 2.000(5) 2.763(5)   155.00 

O(3)-H(3B)···O(5)c 0.71(5) 2.08(5) 2.761(6) 160(7) 

O(8)-H(8)···O(7)g 1.19(5) 1.25(5) 2.433(4) 174(5) 

4 O(1)-H(1)···O(2)d 1.20(7) 1.29(7)   2.437(4) 155(5) 

 

D = donor; H = hydrogen; A = acceptor, Symmetry transformation: a =1-x, 1-y, 1-z,  b = 1-x, -y, 1-z, 

c= -x,1-y,1-z,  d= 3/2-x,3/2-y,1-z, e = 1-x, 2-y, 2-z, f= -x,1-y,2-z, g= 1-x,-y,2-z. 
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These hydrogen bonded dimeric unit is further stabilized by strong C-Hπ interactions. 

The details of C-Hπ interactions have been listed in Table 5. However no significant π···π 

interactions have been found in each complex. Complex 1 shows significant C-Hπ interactions 

involving the hydrogen atom, H(1B), attached to a carbon atom, C(1), with a symmetry related 

(h = x, y, -1+z) phenyl ring, C(38)-C(39)-C(40)-C(41)-C(42)-C(43). Again two hydrogen atoms, 

H(22B) and H(23C) attached to two different methyl carbon atoms, C(22) and C(23), 

respectively are involved in intramolecular C-Hπ interactions with two separate phenyl rings, 

C(2)-C(3)-C(4)-C(5)-C(6)-C(7) and C(15)-C(16)-C(17)-C(18)-C(19)-C(20), respectively.  

 

 

Fig. II.11: Perspective view of significant C-H···π interactions in complex 1 with selective atom 

numbering scheme. Only relevant atoms have been shown in the figure for clarity. Symmetry 

transformation: h = x, y, -1+z.  

Moreover two similar hydrogen atoms, H(45B) and H(46B), attached to two different 

methyl carbon atoms, C(45) and C(46), respectively of another subunit show similar type of  
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intramolecular C-Hπ interactions with two separate phenyl rings, C(25)-C(26)-C(27)-C(28)-

C(29)-C(30) and C(38)- C(39)-C(40)-C(41)-C(42)-C(43), respectively. The hydrogen bonding 

interactions in complex 1 has been shown in Figure 7. 

In complex 2, two hydrogen atoms, H(24B) and H(25C), attached to the carbon atoms, 

C(24) and C(25) respectively participates in intermolecular C-Hπ interaction with the phenyl 

rings, C(2)- C(3)-C(4)-C(5)-C(6)-C(7) and C(15)- C(16)-C(17)-C(18)-C(19)-C(20), respectively (Figure 8).  

 

Fig. II.12: Perspective view of intramolecular C-H···π stacking interactions in complex 2. Only 

relevant hydrogen atoms have been shown in the figure for clarity. 

 

In complex 3, two hydrogen atoms, H(10C) and H(10D), attached to the methyl carbon 

atom, C(24) and C(25), participates in intermolecular C-Hπ interaction with the symmetry 
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related (i = -x, -y, 2-z) phenyl rings, C(23)-C(24)-C(25)-C(26)-C(27)-C(28) and C(34)-C(35)-C(36)-

C(37)-C(38)-C(39), respectively (Figure 9). In addition two other hydrogen atoms, H(20B) and 

H(21C), attached to two separate methyl carbon atoms, C(20) and C(21), respectively 

participates in intramolecular C-Hπ interaction with the phenyl rings, C(13)- C(14)-C(15)-C(16)-

C(17)-C(18) and C(2)- C(3)-C(4)-C(5)-C(6)-C(7), respectively (Figure 9). 

 

Fig. II.13: Perspective view of significant C-H···π interactions in complex 3 with selective atom 

numbering scheme. Only relevant hydrogen atoms have been shown in the figure for clarity. 

Symmetry transformation: i = -x, -y, 2-z.  

 

Table II.6. Geometric features (distances in Å and angles in °) of the C-H···π interactions 

obtained for complexes 1-4. 

Complexes C-H···Cg(ring) H···Cg(Å) C-H···Cg C···Cg (Å) 

1 C(1)-H(1B)···Cg(10)h 2.65 166 3.585(6) 
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C(22)-H(22B)···Cg(4) 2.92 155 3.810(8) 

C(23)-H(23C)···Cg(5) 2.87 140 3.662(9) 

C(45)-H(45B)···Cg(9) 2.81 144 3.629(7) 

C(46)-H(46B)···Cg(10) 2.75 157 3.648(6) 

2 
C(24)-H(24B)···Cg(4) 2.75 156 3.652(13) 

C(25)-H(25C)···Cg(5) 2.82 144 3.646(15) 

3 

C(10)-H(10C)···Cg(9)i 2.76 129 3.453(7)   

C(10)-H(10D)···Cg(10)i 2.70 139 3.498(7) 

C(20)-H(20B)···Cg(5) 2.67 146 3.504(8) 

C(21)-H(21C)···Cg(4) 2.70 155 3.595(9) 

C(31)-H(31A)···Cg(5)j 2.75 129 3.449(7) 

C(31)-H(31B)···Cg(4)k 2.71 138 3.499(7) 

C(41)-H(41C)···Cg(10) 2.71 154 3.605(9) 

C(42)-H(42B)···Cg(9) 2.66 146 3.499(8) 

4 

 C(11)-H(11A)···Cg(4)l 2.61 146 3.459(3) 

C(22)-H(22C)···Cg(5) 2.68 146 3.523(7) 

C(22)-H(23B)···Cg(4) 2.91 152 3.787(8) 

 

Symmetry transformation: h = x, y, -1+z, i = -x, -y, 2-z, j = 1-x, 1-y, 2- z, k = 1+x, y, 1+ z, l = 3/2-x,-

1/2-y,1/2-z. 

For complex 1: Cg(4) = Centre of gravity of the ring [C(2)- C(3)-C(4)-C(5)-C(6)-C(7)] 

                        Cg(5) = Centre of gravity of the ring [C(15)- C(16)-C(17)-C(18)-C(19)-C(20)] 
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                        Cg(9) = Centre of gravity of the ring [C(25)- C(26)-C(27)-C(28)-C(29)-C(30)] 

                        Cg(10) = Centre of gravity of the ring [C(38)- C(39)-C(40)-C(41)-C(42)-C(43)] 

For complex 2:  Cg(4) = Centre of gravity of the ring [C(3)- C(4)-C(5)-C(6)-C(7)-C(8)] 

                         Cg(5) = Centre of gravity of the ring [C(16)- C(17)-C(18)-C(19)-C(20)-C(21)] 

For complex 3: Cg(4) = Centre of gravity of the ring [C(2)- C(3)-C(4)-C(5)-C(6)-C(7)] 

                        Cg(5) = Centre of gravity of the ring [C(13)- C(14)-C(15)-C(16)-C(17)-C(18)] 

                        Cg(9) = Centre of gravity of the ring [C(23)- C(24)-C(25)-C(26)-C(27)-C(28)] 

                        Cg(10) = Centre of gravity of the ring [C(34)- C(35)-C(36)-C(37)-C(38)-C(39)] 

For complex 4:  Cg(4) = Centre of gravity of the ring [C(3)- C(4)-C(5)-C(6)-C(7)-C(8)] 

                         Cg(5) = Centre of gravity of the ring [C(14)- C(15)-C(16)-C(17)-C(18)-C(19)] 

 

In complex 4, H(22C) and H(23B), attached to the methyl carbon atom, C(22) and C(23), 

respectively,  participate in intramolecular C-Hπ interactions with two separate  phenyl rings, 

C(14)-C(15)-C(16)-C(17)-C(18)-C(19) and C(3)-C(4)-C(5)-C(6)-C(7)-C(8), respectively while 

another hydrogen atom, H(11A), attached to a carbon atom, C(11), is involved in intermolecular 

C-Hπ interaction with a symmetry related (m = 3/2-x,-1/2-y,1/2-z) phenyl ring, C(3)-C(4)-C(5)-

C(6)-C(7)-C(8) to form a supramolecular chain (Figure 10).  
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Fig. II.14: Perspective view of a supramolecular chain through intermolecular C-H···π stacking 

interactions in complex 4. Only relevant atoms have been shown in the figure for clarity. 

Symmetry transformation: l = 3/2-x,-1/2-y,1/2-z.  

 

II. 3.4. Hirshfeld surfaces analysis  

The Hirshfeld surface emerged from an attempt to delineate the space covered by a 

molecule in a crystal for the purpose of dividing the crystal electron density into molecular 

fragments.20 The Hirshfeld surfaces of four complexes are mapped over dnorm (range -0.1 Å to 

1.5 Å), shape index and curvedness (Figure 11). Red spots appear on the Hirshfeld surfaces 

mapped with dnorm represent the dominant interactions within the complex in solid state. 

Various intermolecular interactions are summed up effectively in the spots with the large 

circular depressions (deep red) noticeable on the dnorm surfaces indicates the dominance of 

hydrogen bonding interactions and other weak interactions. The 2D fingerprint plot of Hirshfeld 

surfaces for all complexes and the comparative contributions of different interactions 

overlapping in full fingerprint plots have been provided in Figure S5. In the 2D fingerprint plot 
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intermolecular interactions appear as distinct spikes. Complementary regions are observable in 

the 2D fingerprint plots where one molecule act as donor (de > di) and the other as an acceptor 

(de < di). The relative percentages of intermolecular interactions of four complexes have been 

shown in Figure S5 (see ESI). 

 

 

Fig. II.15: Hirshfeld surfaces mapped with dnorm (left column), shape index (middle) and 

curvedness (right column) of complexes 1-4. 
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Fig. II.16: Fingerprint plot: Full (extreme left), resolved into H···C/C···H (second from the left), 

H···N/N···H (second from the right) and H···O/O···H (extreme right) contacts contributed to the 

total Hirshfeld Surface area of complexes 1-4 

II. 3.5. DFT results 

The X-ray structures of complexes 1–4 reveal that they crystallize forming dicationic 

dimers where two strong hydrogen bonds are formed between the phenoxy oxygen atoms of 
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the ligands (Figures 2-4). The O···O distance is shorter than 2.5 Å and both O atoms are of 

identical pKa. Therefore, these hydrogen bonds have strong covalent character and we wonder 

if they belong to LBHBs or single-well hydrogen bonds. It has been analyzed using B3LYP-

D/def2-SVP calculations the nature of the hydrogen bonds. The energy profile of complex 1 has 

been computed as a representative model. The plot of the energy profile has been shown in 

Figure 12 and it shows that the hydrogen bonds correspond to LBHBs with a barrier of 2.36 

kcal/mol for the synchronous movement of both Hs in opposite directions (maintaining the 

inversion center since the X-ray geometry corresponds to the P-1 symmetry point group). 

Therefore the barrier for each hydrogen bond is only 1.18 kcal/mol, in agreement with the 

short O···O distance (2.426 Å in the model used for the calculations). These results suggest that 

in complexes 1–4 the hydrogen atoms can move freely between the two oxygen atoms and 

their average position in the O···O center. 
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Fig. II.17: Energy diagram obtained for complex 1 at the B3LYP-D/def2-SVP level of theory. The 

energies are relative to the maximum. The hydrogen atoms were moved toward opposite 

directions of maintain the inversion center of symmetry. 

The energetic features of the LBHBs also additional hydrogen bonds that are established 

between the coordinated water molecules and the methoxy groups of the ligand (see blue 

dashed lines in Figure 13) has also been analyzed. The dimerization energy is very large(ΔE1 = –

107.7 kcal/mol) due to the contribution of the strong LBHBs and the conventional O–H···O 

bonds that are expected to be also strong due to the enhanced acidity of these protons due to 

the coordination of the water molecule to the nickel(II) metal center. In an effort to estimate 

the contribution of the LBHBs, a theoretical model have been used where the water molecules 

are eliminated (Figure 13b). As a result, the conventional hydrogen bonds are not established 

and the interaction energy drops to ΔE2 = –73.3 kcal/mol, that corresponds to the contribution 

of both LBHBs and also some additional van der Waals interactions established between the 

bulk of both molecules. This large interaction energy confirms the strong covalent nature of 

these hydrogen bonds. This result is agreement with previous investigations in hydrogen bonds 

between hetero atoms with identical pKas where the ΔH of formation can approach 30 

kcal/mol.4 Furthermore, the difference between ΔE1andΔE2is a rough estimation of the four O–

H···O bonds established by the coordinated water molecules and methoxy groups (–8.6 

kcal/mol per hydrogen bond). 
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Fig. II.18: Theoretical models used to evaluate the LBHBs in complex 1 (a) and a mutated 

complex where two water molecules have been eliminated (b). Distances in Å. 

Finally, non covalent interaction plot (NCI plot) index has been made to further 

characterize the hydrogen bonds. It allows a direct assessment of host-guest complementarity 

and the extent to which non-covalent interactions stabilize a complex. Figure 14 shows the NCI 

plot obtained for the self-assembled dimer extracted from the solid state of complex 1. The NCI 

index indicates that the LBHBs are covalent bonds, since no isosurface is found between the H 

and O atoms. The O–H···O hydrogen bonds involving the coordinated water molecules are 

characterized by small and intense blue isosurfaces, thus supporting the strong nature of the 

interactions. Several green isosurfaces are also present between both monomeric units, thus 

revealing the existence of additional weak interactions that also stabilize the assembly. 
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Fig. II.19: NCI plot of the self-assembled dimer of complex 1. The gradient cut-off is s = 0.35 au, 

and the color scale is −0.04 < ρ < 0.04 au. 

II. 3.5. IR and electronic spectra 

A moderately sharp band in the range of 3280-3225 cm-1 has been noticed in the IR 

spectrum of each complex which may be assigned as the N–H stretching vibration of the 

reduced Schiff base ligand.21 Broad bands in the range of 3010-2865 cm-1 due to alkyl C−H 

stretching vibrations are routinely noticed in IR spectra of all complexes.22 Appearance of a 

broad band in each complex around 3400 cm-1 indicates the presence of O-H stretching 

vibrations of water molecules.  A very strong band is obtained around 2045 cm-1 only in 

complex 3 due to the presence of non-coordinated thiocyanate ions.23 IR spectra of all 

complexes have been given in Figures S6-S9 (ESI). 
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Fig. II.20: IR spectrum of complex 1 

 

Fig. II.21: IR spectrum of complex 2 
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Fig. II.22: IR spectrum of complex 3 

 

Fig. II.23: IR spectrum of complex 4 
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 Electronic spectra of all four complexes in DMSO show two distinguished bands in the 

visible range around 625 nm and 735 nm. These bands may be assigned as 3T1g(F) ← 3A2g(F) and 

3T2g(F) ← 3A2g(F), respectively.24 The intense absorption bands at ∼355 nm may be assigned as 

ligand to metal charge transfer (LMCT) bands, which obscure the 3rd d–d band, 3T1g(P) ← 3A2g(F), 

expected for any octahedral nickel(II).25 In addition, high energy absorption bands around 275 

nm have been assigned to intra-ligand π→ π* transitions.26 Electronic spectra of all complexes 

have been given in Figures S10-S13 (ESI). 

 

Fig. II.24: Electronic spectrum of complex 1. Inset shows the selected small range (550-750  

nm) electronic spectrum of the complex.  
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Fig. II.25: Electronic spectrum of complex 2. Inset shows the selected small range (550-750  

nm) electronic spectrum of the complex.  

 

Fig. II.26: Electronic spectrum of complex 3. Inset shows the selected small range (550-750  

nm) electronic spectrum of the complex.  
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Fig. II.27: Electronic spectrum of complex 4. Inset shows the selected small range (550-760  

nm) electronic spectrum of the complex.  

II. 3. Conclusion 

In summary, we have synthesized and characterized four nickel(II) complexes (1-4) that 

form self-assembled dimers in the solid state where low barrier hydrogen bonds appear to play 

a prominent role. Structures of all complexes were confirmed by single crystal X-ray diffraction 

study. Each complex may be represented by a general formula [Ni2(HL)2(DMSO)2(H2O)2]X [H2L = 

N2O4 donor reduced Schiff base ligand, X=counter anion]; X is perchlorate in 1, 2 and 4 and 

X=thiocyanate in 3. Use of reduced Schiff bases seems to be essential to form this type of 

hydrogen bonded dimeric species, as the non-reduced analogues of these Schiff bases fails to 

prepare such complexes. More flexibility of the reduced Schiff bases compared to their Schiff 

base precursor may be the driving force in forming these complexes. The hydrogen bonds have 

been evaluated energetically and using the non covalent interaction plot. We conclude that the 
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barrier is very low and, consequently, the hydrogen atoms can move freely with their average 

position between both oxygen atoms. The energy associated to the low barrier hydrogen bonds 

is very large due to the strong covalent character of the interaction.  
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Chapter III 

Dinuclear complexes with MO2Pb cores (M=Cu/Ni) 
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Section IIIA 

An insight into the non-covalent Pb···S and S···S interactions in 

the solid-state structure of a hemidirected lead(II) complex 

III.A .1. Introduction  

Lead is a heavy metal with an atomic number 82. Its large radius, ability to adopt 

different coordination numbers from 2 to 8 and ability to exist in variable valence states leading 

to versatile coordination chemistry attracted synthetic inorganic chemists to prepare new 

complexes of lead.1-4 Lead containing materials are extensively used in semiconductors, 

batteries, ferroelectric materials and non-linear optical materials.5-9 On the other hand, lead is 

very toxic even in very low concentration and is a dangerous biological poison similar to 

mercury, if not more.10-16 Disodium calcium EDTA are used in chelation therapy to take away 

lead(II) from human body.17-21 Many bio-inorganic chemists are working to develop other 

chelating ligands for the treatment of lead intoxication.22-25 

 [Xe]4f145d106s26p2 is the electronic configuration of lead (Pb). Due to their very weak 

screening efficiency, fourteen electrons in 4f and ten electrons in 3d orbitals increase the 

effective nuclear charge of lead acting on outermost 6s2 electrons and make the electron pair 

essentially inert. The penetrating property of the 6s orbital is also very high and has a 

pronounced effect on lowering the energy of these two electrons. Relativistic increase in the 
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mass of 6s2 electrons also stabilizes 6s2 electrons. Lead is, therefore, showing +2 oxidation state 

in most of its complexes and is containing a lone pair of electrons.26-31 In some of these 

complexes, this lone pair is, however, stereochemically active leading to hemidirectional 

complexes32,33 and in the rest of the complexes, the lone pair is stereochemically inactive 

leading to holodirected complexes.34,35 Theoretical chemists are currently engaged in 

rationalizing the extent to which the lone pair is stereochemically active in lead(II) complexes.36-

40  

 Supramolecular chemistry is a result of various noncovalent interactions41-43, including a 

large range of attractive and repulsive forces42,43 such as ion-ion interactions, hydrogen 

bonding, ··· interactions, ion-dipole interactions, van der Waals forces and dipole-dipole 

interactions, etc.44-47 These are often jointly working in one supramolecular complex. These 

non-covalent forces are attributable to the self-assembly of large molecules, crystal packing, 

and biological pattern identification.48-51 Other well known non-covalent interactions, such as 

short contact among halogen/chalcogen atoms52-56, may also promote the formation of 

interesting supramolecular assemblies.57-60 Another important non-covalent interaction is –

hole interaction, which is less studied. Strong –hole interactions may occur in complexes of 

group IV elements and usually involves tetrel bonding interactions, especially in the cases of 

lead.61-72  

In one of our previous works, few ‘nickel(II)-salen’ type metalloligands with reduced 

Schiff base was used to prepare a few holodirected and hemidirected lead(II) complexes.73,74 In 

this work, we have reduced a compartmental ‘salen type’ Schiff base into a compartmental 
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‘reduced Schiff base’ (having N2O2 and O2O2′ pockets), which entraps copper(II) and lead(II) in 

inner N2O2 and outer O2O2′ compartments respectively to produce a hetero-dinuclear 

copper(II)/lead(II) complex, [(SCN)CuL1Pb(SCN)] (5). Lead(II) is showing hemi-directed geometry 

in the complex. Non-covalent interactions in the supramolecular assembly of the complex were 

studied energetically by means of theoretical DFT calculations. A most interesting observation is 

the existence of S···S and Pb···S interactions. These interactions have also been analyzed using 

several computational tools, including Bader's “atoms-in-molecules” (AIM) and MEP analyses.  

 

 

III.A .2. Experimental section  

III.A .2.1: Synthesis 

III.A.2.1.1. Synthesis of Schiff base ligands  

III.A.2.1.1.1: Preparation of the ligand, 2,2'-[(2,2-dimethyl-1,3-

propanediyl)bis(iminomethylene)]bis[6- methoxy-phenol] (H2L
 1 )  

H2L1 ligand preparation has been given in II.2.1 (See Chapter 2). 

III.A.2.1.1.2: Preparation of [(SCN)CuL1Pb(SCN)] (5) 
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A methanol solution (5 mL) of lead(II) nitrate (~340 mg, 1 mmol) was added to the 

methanol solution (20 mL) of H2L 1 and the resulting solution was stirred for 15 min. A 

methanol (10 mL) solution of copper(II) acetate monohydrate (200 mg, 1 mmol) was then 

added to it. After 15 min of stirring, methanol (10 mL) solution of sodium thiocyanate (180 mg, 

2 mmol) was added to it. The stirring was continued for 2h. The reaction mixture was left 

unperturbed for slow evaporation of the solvent at room temperature. Single crystals, suitable 

for X-ray diffraction, were obtained after 3–4 days upon slow evaporation of the solution in an 

open atmosphere. Yield: 530 mg (~70%) based on copper(II). Anal. Calc. for 

C23H26N4CuO4PbS2 (FW: 759.36): C, 36.48; H, 3.46; N, 7.40; Found: C, 36.3; H, 3.2; N, 7.5%. 

FT-IR (KBr, cm-1): 3248-3232 (νN−H); 2951-2838 (νC−H); 2091 (νNCS), 2068 (νSCN). λmax (nm) 

*εmax(lit mol-1 cm-1)] (DMF): 282 (5.27 X 103 ); 340 (9.76 X 102 ); 405 (9.46 X 102 ); 618 (1.31 X 

103 ).  

 

III.A .3. Results and discussion 

III.A .3. 1. Synthesis 

 2,2-dimethyl-1,3-diaminopropane was refluxed with 3-methoxysalicylaldehyde in 1:2 

ratio, followed by the addition of NaBH4 to form N2O2O2′ donor compartmental reduced Schiff 

base ligand, H2L1, following the literature method.75,76 The ligand (H2L1) on reaction with 

copper(II) acetate monohydrate followed by lead(II) acetate trihydrate and sodium thiocyanate 
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in 1:1:2 ratio produced the hetero dinuclear complex. Formation of the complex is shown in 

Scheme III.A.1. 

 

Scheme III.A.1: Synthetic route to the complex.  

III.A .3. 2 : Description of [(SCN)CuL1Pb(SCN)] (5) 

The X-ray crystal structure determination reveals that the complex crystallizes in triclinic 

space group, P1 . Molecular structure of the complex is built from isolated hetero-dinuclear 

molecule of [(SCN)CuL1Pb(SCN)]. Molecular structure of the complex is shown in Figure III.A.1.  

The N2O2O2′ donor compartmental reduced Schiff base ligand (H2L1) is used to prepare 

the complex in which copper(II) centre, Cu(1), is placed in the inner N2O2 cavity and lead(II) 

centre, Pb(1), is placed in the outer O2O2′ cavity. Both the copper(II) and lead(II) centers are 

pentacoordinated. The copper(II) center, Cu(1), has square pyramidal geometry, where two 

amine nitrogen atoms, N(1) and N(2), and two phenoxo oxygen atoms, O(1) and O(2), of the 

deprotonated reduced Schiff base, constitute the equatorial plane. The axial position of the 

copper(II) centre is occupied by a nitrogen atom, N(3), from a terminal thiocyanate molecule. 

The geometry of any pentacoordinated metal centre may conveniently be measured by the 
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Addison parameter (τ)77 *τ = (ϴ−Ф)/ 60, where ϴ and Ф are the two largest ligand-metal-ligand 

angles of the coordination sphere]. In the title complex, the geometry around the copper(II) 

centre, Cu(1), is square pyramidal with τ = 0.02. On the other hand, phenoxo oxygen atoms, 

O(1) and O(2), of the deprotonated reduced Schiff base also coordinate to lead(II) centre, Pb(1). 

The potential donor methoxy oxygen atoms, O(3) and O(4), of the compartmental reduced 

Schiff base also coordinate to lead(II), but at much longer distances to form equatorial planes. 

The geometry around the lead(II) centre, Pb(1), is distorted square pyramidal (dsp) with τ = 

0.493. The sulphur atom, S(2), from terminal thiocyanate molecule coordinate to the lead(II) 

centre in axial position with Pb(1)−S(2)−C(23) angle 96.8(2)° where the N-terminal of the same 

thiocyanate molecule is directed towards copper(II) center with Cu(1)···N(4)−S(2) angle 94.9(4)°. 

The N(4)···Cu(1) distance *3.057(4) Å+, is larger than the distances of N(1)−Cu(1) *2.019(4)], 

N(2)−Cu(1) *2.037(3)+ and also Pb(1)–S(2) [2.7914(15) Å],which indicates partial bridging 

interaction of thiocyanate between Cu(1) and Pb(1). The deviations of the four coordinating 

atoms, O(1), O(2), N(1) and N(2), in the basal plane from the mean plane passing through them 

and those of the copper(II) centre from the same planes are ‒0.008(3), ‒0.075(3), ‒0.077(3), 

‒0.016(4) Å and 0.176 (5) respectively for the complex. The saturated six-membered chelate 

ring [Cu(1)–N(1)–C(9)–C(10)–C(13)–N(2)] has envelope conformation with puckering 

parameters,78,79 q = 0.531(5) Å; θ = 25.2(4)°;  = 185.1(12)°. The Cu(1)O(1)O(2)Pb(1) core is 

almost planar as the angle between Cu(1)O(1)O(2) and O(1)O(2)Pb(1) plane is 7.26(9)°, and the 

dihedral angle of O(1)Pb(1)O(2)Cu(1) is 5.85(11)°. The distance between the Cu(1) and Pb(1) is 

3.504(5) Å. The bridging angles Cu(1)–O(1)–Pb(1) and Cu(1)–O(2)–Pb(1) are 106.5(1)° and 

106.0(1)°, respectively. 
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Fig. III.A.1:  Perspective view of the complex with a selective atom numbering scheme.  

III.A .3.3. Supramolecular interactions 

The solid-state structure of the complex is well constructed through two types of non-

covalent interactions such as π···π stacking interaction, cation···π interaction. The phenyl ring 

Cg(7) [C(2)–C(3)–C(4)–C(5)–C(6)–C(7)] undergoes a strong face-to-face π···π stacking interaction 

with the neighboring phenyl ring Cg(8) [C(15)–C(16)–C(17)–C(18)–C(19)–C(20)] of symmetry (a = 

-1+x,y,z). A one-dimensional array is formed because of this type of π···π stacking interaction 

(Figure III.A.2). 

A cation···π interaction is also observed in the complex. The lead(II) centre, Pb(1), is 

involved in cation···π interaction with a symmetry-related (1-x,1-y,-z) phenyl ring Cg(8), [C(15)–
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C(16)–C(17)–C(18)–C(19)–C(20)], which leads to the formation of a dimer structure (Figure III.A. 

3).  

Relying on the structural discussion by Shimoni-Livny et al.,80 the hemidirectionally 

coordinated lead(II) center has a significant void opposite to ligand (H2L1) and thiocyanate 

coligand, which is similar to other lead(II) complexes.81 All bonds around lead(II) atom are 

basically concentrated within less than one hemisphere of the coordination sphere, leaving a 

large gap on the lead(II) ion. This also allows close interaction with the sulfur atom, (S1)c, of the 

thiocyanate from an adjacent molecule (c=x, -1+y, z) at 3.517(2) Å which leads to the formation 

of a 1D polymeric chain, as shown in Figure III.A. 4. There is another captivating interaction 

between S(1) and S(1)d [d=2-x, 2-y, -z] at 3.593(2) Å which leads to the formation of 

supramolecular dimer structure, as shown in Figure III.A. 5. Both Pb1···S1a and S1···S1b 

interactions lead to the formation of a 2D polymeric network, as shown in Figure III.A. 6.   

 

 

Fig. III.A.2: 1D chain of intermolecular π···π stacking interactions. All hydrogen atoms and 

uncoordinated perchlorate anions are omitted for clarity. Symmetry elements a=1+x,y,z. Where, 

Cg(7)···Cg(8)a = 3.771(3) Å, Cg(I)···Prep = 3.5646(18) Å, Cg(J)···Prep = -3.5399(19),  = 13.5(2)°. 
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= dihedral angle between ring I and ring J, Cg(I)···Perp.=perpendicular distance of Cg(I) on ring 

J, Cg(J)···Perp.=perpendicular distance of Cg(J) on ring I. Cg(7)=centre of mass of the ring [C(2)–

C(3)–C(4)–C(5)–C(6)–C(7)] and Cg(8)=centre of mass of the ring [C(15)–C(16)–C(17)–C(18)–

C(19)–C(20)] for the complex. 

 

 

Fig. III.A.3: Supramolecular dimer of the complex, generated through cation···π interactions. All 

hydrogen atoms and uncoordinated perchlorate anions are omitted for clarity. Symmetry 

elements b=1-x,1-y,-z. Where, Cg(8)···Pb(1) = 3.563 Å, Pb(1)···Prep = -3.359 Å,  = 19.43°. 
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Fig. III.A.4: 1D coordination polymer of the complex considering an interaction between Pb(1) 

and S(1)a at 3.517(2) Å. Symmetry transformation c=x,-1+y,z. 

 

Fig. III.A.5: Dimer form of the complex considering an interaction between S(1) and S(1)d at 

3.593(2) Å. Symmetry transformation d=2-x,2-y,-z 
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Fig. III.A.6: 2D polymeric network of the complex considering both interactions between Pb(1) 

and S(1)c at 3.517(2) Å ; between S(1) and S(1)d at 3.593(2) Å . Symmetry transformation c= x,-

1+y,z and d= 2-x,2-y,-z. 
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Table. III.A.1: Crystal data and refinement details of the complex. 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                    CCDC                                             1953301 

 

 

Formula C23H28PbCuN4O4S2 (5) 

Formula Weight 759.36 

Temperature (K) 273 

Crystal system Triclinic 

Space group P1 

a(Å) 9.3667(7) 

b(Å) 9.5064(7) 

c(Å) 15.1076(11) 

 84.047(2) 

Β 75.365(2) 

Γ 79.476(2) 

Z 2 

dcalc (g cm-3) 1.974 

μ (mm-1) 7.615 

F(000) 738 

Total Reflections 38018 

Unique Reflections 5231 

Observed data*I >2 ς (I)+ 4885 

No. of parameters 324 

R(int) 0.054 

R1,wR2(all data) 0.0287, 0.0653 

R1,wR2 *I > 2 ς(I)+ 0.0258, 0.0638 
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Table. III.A.2: Selected bond lengths (Å) of the complex. 

 

 

 

 

 

 

Table. III.A.3: Selected bond angles (°) of the complex. 

O(1)–Pb(1)–O(2)            66.34(10)                     O(3)–Pb(1)–O(4)           159.82(9) 

O(1)–Cu(1)–O(2)            80.47(12)                     O(2)–Cu(1)–N(2)            89.23(14) 

O(2)–Pb(1)–O(4)            64.57(10)                     S(2)–Pb(1)–O(1)             88.94(7) 

O(1)–Cu(1)–N(1)           91.74(14)                      O(2)–Cu(1)–N(3)         101.38(14) 

O(1)–Pb(1)–O(3)           64.01(10)                      S(2)–Pb(1)–O(2)             90.88(8) 

O(1)–Cu(1)–N(2)         165.98(14)                      N(1)–Cu(1)–N(2)            95.89(16) 

O(2)–Pb(1)–O(3)         130.24(10)                      S(2)–Pb(1)–O(3)             85.19(9) 

O(1)–Cu(1)–N(3)           98.16(14)                       N(1)–Cu(1)–N(3)            93.17(15) 

O(1)–Pb(1)–O(4)         129.47(10)                       S(2)–Pb(1)–O(4)             80.59(8) 

O(2)–Cu(1)–N(1)         164.29(13)                       N(2)–Cu(1)–N(3)            93.15(16) 

 

 

III.A .3. 4: IR and electronic spectra 

Pb(1)–O(1) 2.375(3) Cu(1)–O(1) 1.988(3) 

Pb(1)–O(2) 2.358(3) Cu(1)–O(2) 2.021(3) 

Pb(1)–O(3) 2.631(4) Cu(1)–N(1) 2.019(3) 

Pb(1)–O(4) 2.609(4) Cu(1)–N(2) 2.037(4) 

Pb(1)–S(2) 2.7914(15) Cu(1)–N(3) 2.232(4) 
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The IR spectrum of the complex is in a good agreement with X-ray structural data. In the 

IR spectrum of the complex, there are two successive strong bands observed at 2091 and 2068 

cm−1, indicating the presence of terminal (N-bonded) and terminal (S-bonded) thiocyanate, 

respectively.82 A moderately strong band due to stretching vibration of N−H bond appears in 

the range of 3248-3232 cm-1.83,84 Bands near the range of 2951–2838 cm−1 are due to alkyl C–H 

bond stretching vibrations, which are customarily noticed in the IR spectrum of the complex.85 

The IR spectrum of the complex is shown in Figure III.A. 7. 

Electronic spectrum of the complex in DMF displays one absorption band in the visible 

region at 618 nm which may be considered as 2T2g(D)←2Eg(D) transition for copper(II).86,87 A 

broad band of low intense features near 405 nm may be attributed to ligand-to-metal charge 

Transfer (LMCT) transition from the N donor centres of Schiff base to copper(II) .88,89 Another 

very low intensity band at 335 nm may be attributed to n→π* transition of the ligand.90 The 

high intensity band occur at 282 nm is attributed to π→π* transition of the ligand.91 The UV-vis 

spectrum of the complex is shown in Figure III.A. 8.  

 

 



 

157 
 

Fig. III.A. 7: IR-spectrum of the complex. 

 

 

 

 

 

 

 

 

 

Fig. III.A. 8: UV-Vis spectrum of the complex. Inset shows spectrum in 520-800 nm 

range. 

 

 

III.A .3.5: Theoretical study 

The focus of the theoretical work is to evaluate the electronic and energetic features of 

Pb···S tetrel bonding and some other weak non-covalent interactions, namely, S···S and N···H 

hydrogen bonding which are further characterized by the Hirshfeld analysis (Figure. III.A.6-

Figure. III.A. 16) and also Pb··· and ···, found in the solid-state of the investigated complex. 

As discussed in the experimental section, we used dimer of the title complex to explore such 

interactions.  

III.A .3.5.1. S···S interactions:  



 

158 
 

As observed in the crystal structure, the distance between two sulfur atoms (3.59 Å) is 

within the sum of their van der Waals radii (3.6 Å) indicating a significant chalcogen-chalcogen 

interactions as we have found in literature.92,93 These literature results suggest that in the 

chalcogen-chalcogen interaction, p* plays an important role to stabilize such interaction as 

shown in Figure. III.A. 9. In our case, as shown in Figure. III.A. 9, the S···S interaction is stabilized 

by the overlap of filled 3pS  orbital at sulfur atom of one monomer and empty ςS−C
∗  anti-

bonding orbital at the sulfur atom of another monomer. Also, Figure. III.A. 9 shows the NBO 

calculated donor and acceptor orbitals. The estimated stabilization energy E(2) associated with 

p𝑆 → ς
S−C
∗ charge transfer (delocalization) is 0.34 kcal/mol computed at B3LYP/Lanl2DZ/6-31G(d) 

level using NBO analysis.  
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Fig. III.A. 9:  Isosurfaces for a value of 0.03 a.u. showing the interaction of filled p orbital at 

center S of one monomer and empty * orbital at center S of another monomer computed 

from NBO analyses. 

Moreover, the S···S interaction is also supported from Bader’s theory of atoms in 

molecules. As shown in Figure. III.A.11, we found a bond critical point, CP3 (0.0633 a.u.) 

between two sulfur atoms at two different monomers. We also computed the Lagrangian 

kinetic energy and potential energy density at the BCP and the corresponding values are 0.1086 

and -0.1001 a.u., respectively.  

Furthermore, the reduced density gradient (RDG), s, was calculated to represent the 

deviation from a homogeneous electrondistribution.94 As presented in the following equ. (1),  

is the gradient operator and || is the electronic density gradient mode. Now, it is a useful 

approach to explore and visualize different kinds of noncovalent interactions (NCIs) in real 

space such as both intra- and intermolecular weak interactions like hydrogen bonds and Van 

der Waals forces. Therefore, the NCI index is used to investigate NCIs in the investigated 

complex. 

                                                (1)  

The color mapped isosurfaces and corresponding scatter diagrams of RDG versus sign 

(λ2)ρ for the investigated complex in the monomer and dimers are shown  in Figure. III.A. 13. As 

stated, the results are used to characterize the type of multiple weak interactions like S···S, 

Pb···S and H-bonds via colored isosurfaces according to the values of sign sign (λ2)ρ. The sign of 
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λ2 is used to distinguish bonded (λ2< 0) and nonbonded (λ2>0) interactions, whereas the 

electron density is an indicator of the bonding strength. Large negative values of sign (λ2)ρ are 

indicative of attractive interactions (such as hydrogen bonding), whereas, if sign (λ2)ρ is large 

and positive, the interaction is nonbonding (usually steric effect). Values near zero indicate 

weak vdW interactions. The color of RDG (s) vs. sign (2) and the isosurfaces have the same 

meaning; blue color represents hydrogen bonds; green, van der Waals forces; and red, steric 

hindrance. The darker the corresponding color, the stronger is the interaction. 

The color mapped isosurfaces and corresponding scatter diagrams of RDG versus sign 

(λ2)ρ for the complex in dimeric form is shown in Figure. III.A. 13. The green region in Figure. 

III.A. 13a clearly characterizes the weak S···S interaction between two monomers in the solid-

state. The BSSE corrected interaction energy for calculated from S···S interactions is 1.6 

kcal/mol. 

III.A .3.5.2. Pb···S tetrel bonding: 

In the solid state structure of the investigated complex, an existence of  intermolecular 

tetrel bonding interaction is characterized by a bond critical point (CP1) and a bond path 

interconnecting the S and Pb atoms in a dimeric unit ( = 0.06936 a.u.). The strengths is 

significantly strong which is evident from the MEP analysis. The MEP surface at the S and Pb 

atoms shows that a -hole of 22 kcal/mol is observed at the Pb center along with a strong 

nucleophilic center at S atom of -20 kcal/mol (Figure. III.A. 13a) As a result, BSSE corrected 

interaction energy computed for the tetrel bonding is 13.6 kcal/mol. The NBO analysis shows 

that the stabilization energy E(2) associated with charge transfer (delocalization) from S to Pb 
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center is 13.79 kcal/mol computed at B3LYP/Lanl2DZ/6-31G(d) (Figure. III.A. 10). Additionally, 

we have characterized the existence of PbS tetrel bond by the RDG plots and NCI surfaces 

(Figure. III.A. 13d). 

III.A .3.5.3. H-bonding:  

We characterized two types of H-bodings in the investigated complex: intramolecular 

and intermolecular. In the monomer, intramolecular H-bonding is characterized by AIM analysis 

which gives an orange sphere as BCP (Figure. III.A. 11f) between N of SCN and amine hydrogen 

of Schiff base. The existence of such H-bonding is well supported by the RDG plots and NCI 

surfaces as shown in Figure. III.A. 13c. 

In the dimer, we have found some additional intermolecular H-bonding as characterized 

very clearly from the NCI surfaces and AIM analysis. We identified a BCP ( = 0.0149 a.u.) 

between amine N of one monomer and H of another monomer. Additionally, the scatter RDG 

plot shows some additional blue dots at the left side to identify the intermolecular H-bonding 

(Figure. III.A. 13b). As a consequence, the BSSE corrected interaction energy of this complex is 

7.1 kcal/mol.  

III.A .3.5.4. Pb··· and ··· interactions:  

As stated in the experimental section, we have found ··· interaction between two 

benzene rings on two monomers. In the investigated complex, we confirmed the existence of 

the ··· interactions by using AIM analysis.  In the dimer, the computed results show that two 

BCPs are found, one of which (CP2) is shown in Figure 10, between  (CH) framework of one 

ring and -electrons on another ring. The attractive interaction is also evident from the MEP 
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surfaces (Figure. III.A. 12b). Further, we established the existence of the ··· stacking by 

utilizing RDG surfaces as shown in Figure. III.A. 13(e). A very clean image of green color 

between two rings strongly supports the statement. As a result of ··· interaction, we 

computed the BSSE interaction energy of 1.15 kcal/mol.  

Interestingly, from the AIM analysis, we detected another weak interaction between the 

cation Pb(II) and -electrons, referred to as Pb··· interaction. The properties of the BCP (CP4) 

shows that this interaction is stronger ( = 0.2394 a.u.) than the other CPs discussed previously. 

The MEP surface of Pb interaction (Figure. III.A. 12b) clearly indicates that this is 

electrostatically very favorable due to potential difference between a strong -hole at Pb 

center (+18 kcal/mol) and aromatic ring (6.9 kcal/mol). The interaction is further characterized 

by NCI-RDG surface showing a green plate between Pb(II) center and aromatic ring as shown in 

Figure. III.A. 13f. As a consequence, the computed the BSSE corrected interaction energy of 

Pb··· interaction is 13.6 kcal/mol. 
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Fig. III.A. 10: Isosurfaces for a value of 0.03 a.u. showing the interaction between orbital at S of 

one monomer and orbital at Pb of another monomer indicating a tetrel bond computed from 

NBO analysis. 
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Fig. III.A. 11: AIM analyses of the monomer (a) and dimers of investigated complex showing (b) 

Pb···S (c) ··· (d) S···S (e) Pb··· (f) intermolecular hydrogen bonding, N···HN. Bond, ring and 

cage critical points are represented by orange, yellow and green spheres, respectively. 
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Fig. III.A. 12. MEP surface (isosurface = 0.001 a.u.) of the investigated complex. MEP values at 

selected points of the surface in the complex showing (a) Pb···S (b) Pb···(c) ··· (d) S···S (e) H-

bonding interactions 
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Fig. III.A.13: Noncovalent interaction (NCI) analysis of the investigated complex computed at 

B3LYP/Lanl2DZ/6-31G(d) level showing (a) S···S interaction (b) intermolecular H-bonding (c) 

intramolecular H-bonding (d) Pb···S tetrel bonding (e) ··· interaction (f) Pb··· interaction 
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Fig. III.A.14: Frontier Molecular Orbital pictures of the investigated complex showing SOMO 

and HOMO (a); SOMO1 and SMO2 of the dimers (of the investigated complex) produced by 

PbS (b);  (c); SS (d) and Pb (e) interactions. 

 

 

III.A .3.6: Hirshfeld surfaces  

The Hirshfeld surface arises from an endeavor to define the space occupied by a 

molecule in a crystal for the purpose of subdividing the crystal electron density into molecular 

fragments.95 dnorm is a normalised contact distance96 , where Intermolecular contacts are 

decorated in the dnorm surface (when atoms make intermolecular contacts closer than the 

sum of their van der Waals radii, these contacts will be highlighted in red whereas longer 

contacts are blue, and contacts around the sum of van der Waals radii are white). Hirshfeld 

surfaces of the complex mapped over dnorm (range of -0.110 to 1.415 Å). Red spots on these 

surfaces indicate the dominant interactions [N···H/H···N, S···H/H···S and O···H/H···O] in the 

complex. As the Hirshfeld surface interpret the shape of the molecule in terms of its 

surrounding crystalline environment, the local shape of the surface may provide some chemical 

insight whereas shape index is a qualitative measure of shape and can be sensitive to very 

subtle changes in surface shape, particularly in regions where the total curvature (or the 

curvedness) is very low.97 The 2D fingerprint plots,8 which are used to analyze the 

intermolecular contacts at the same time, revealed that the main intermolecular interactions in 

the complex are S···H/H···S, N···H/H···N or O···H/H···O. The Hirshfeld surfaces and the 

corresponding 2D fingerprint plots for complex is shown in Figure. III.A. 15. We are particularly 
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interested to investigate if the Pb⋯S and S⋯S non- covalant bonds can also be supported using 

Hirshfeld surface analysis. Gratifyingly, the non covalant bond was characterized by the spikes 

of the breakdown fingerprint plot. The complex exhibits Pb⋯S/S⋯Pb non-covalant bond that 

contribute 1.0% of the total Hirshfeld surface area and is evident in the (di , de) region of (2.087 

Å, 2.705 Å). A close inspection of the fingerprint plot revealed that the sharp spikes with the 

shortest (de + di) = 3.096 Å in the complex correspond to Pb⋯S/S⋯Pb interaction. 

(Figure. III.A. 16) Pb···S and S··· S contacts are also observed in the complex. These 

contacts confirm the existence of the Pb···S tetrel bonding and S···S interaction in the complex 

(Fig. 7). 

 

Fig. III.A. 15: Hirshfeld surfaces and fingerprint plots of the complex. 
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Fig. III.A. 16: Fingerprint plot resolved into Pb···S/S···S contact and S···S/S···S contact contributed to the 

total Hirshfeld Surface area of the complex 

 

III.A. 4: Concluding remarks 

In summary, we report the syntheses and structural characterization of a new 

heterodinuclear copper(II)/lead(II) complex with N2O4 donor compartmental reduced Schiff 

base ligand. In the solid-state, the complex exhibits relevant tetrel bonding and chalcogen-

chalcogen interactions that generate interesting supramolecular assemblies. The complex 

contains hemidirectionally coordinated lead(II) center and organic aromatic molecule which be 

important to understand the X-ray structure of organic–inorganic material systems. In addition 

to the uses of NCI-RDG analysis, to support for the existence of tetrel bonding, NBO results 

show that the nature of the tetrel-bonding is formed between the donor atom S of SCN and 

acceptor atom Pb (lpSlpPb*) with a high second-order stabilization energy of E(2)  13.8 

kcal/mol. Further, the SS interaction, like general chalcogen-chalcogen bond, is an  

orbital delocalization with E(2)  0.34 kcal/mol. The other three interactions, namely, Pb···, 

··· and both intra- and intermolecular H-bonding are well supported qualitatively and 

quantitatively with the help of NCI-RDG, QTAIM, MEP surface, and NBO analyses. Among these 

interactions, we have found that Pb··· has the highest interaction energies of 13.6 kcal/mol.  

III.A. 5: Computational Details 
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A DFT study is carried out to understand the electronic structure of the investigated 

complex. All geometry optimizations of the complex are carried out using the density functional 

theory method at the B3LYP level with the Gaussian 09 program package.  Los Alamos Effective 

Core Potentials lanL2DZ basis set was employed for the Pb and Cu atoms. On the other hand, 

the split-valence 6-31G(d) basis set was applied for the other atoms. The starting structure of 

the investigated complex was used from its X-ray crystallographic data. The geometry 

optimization is performed without any constraint, and the nature of stationary points was 

confirmed by normal-mode analysis. The topological features derived from Bader’s theory of 

atoms in molecules (AIM) approach was applied to understand the electron-density features 

like charge density () and Laplacian of charge density (2
) using ADF2014.10. The recently 

developed Reduced Density Gradient (RDG) based NCI (noncovalent interactions) index 

calculations were applied for real-space visualization of both attractive (van der Waals and 

hydrogen-bonding) and repulsive (steric) interactions based on properties of the electron 

density. This is already discussed in the theoretical work section. Natural bond orbital (NBO) 

analysis was applied to investigate the stability of the molecule arising from charge 

delocalization. The interaction energies of dimers were calculated using basis set superposition 

error (BSSE) corrections by the following methods: 

∆E(AB)=E(AB)  E(A)  E(B) + (BSSE value of dimer) 
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Section IIIB 

Formation of a tetranuclear supramolecule via non-covalent 

Pb···Cl tetrel bonding interaction in a hemidirected lead(II) 

complex with a nickel(II) containing metaloligand 
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III.B .1. Introduction  

A significant number of supramolecular coordination compounds have been synthesized 

in the recent years1 and shown to have the potential to be used as probes, sensors and 

photonic devices2. The most commonly used approach for engineering the crystal structure of 

such complexes employs non-covalent intermolecular forces, e.g. hydrogen bonding, π–π 

stacking, cation–π, C–H…π interactions etc.3 Other well recognized non-covalent interactions, 

such as halogen bonding and ion pairing have also been used to direct the formation of many 

supramolecular assemblies.4 They play a vital role in drug–receptor interactions, crystal 

engineering, enzyme inhibition, protein folding, etc.5 Structures of bio-molecules could also be 

controlled by these interactions.6 On the other hand, –hole interactions have been studied 

less. Strong –hole interactions may occur in complexes of group IV elements and usually 

involves tetrel bonding interactions, especially in the cases of lead.7 Tetrel bonds8 are generally 

characterized by two distinct classes of a structural organizations, viz. Holodirected9 and 

hemidirected10 geometries (Scheme III.B. 1). In case of the former, the bonds of lead to donor 

atoms, are directed throughout the surface of an encompassing sphere, while in case of the 

later, the bonds of lead to ligand atoms are directed throughout a hemisphere, thereby 

exhibiting a clear void in the distribution of bonds to the ligands.11 

 In the present work, one N2O2O'2 donor compartmental reduced Schiff base, 2,2'-[(2,2-

dimethyl-1,3-propanediyl)bis(iminomethylene)]bis[6-ethoxy-Phenol] (H2L1) has been used to 

prepare a hetero-dinuclear nickel(II)/lead(II) complex, [(H2O)(DMSO)NiLPbCl]SCN (6). The 

structure of the complex has been determined by single crystal X-ray diffraction analyses. The 
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lead(II) centre in the complex is hemidirectionally coordinated and participates in non-covalent 

tetrel bonding interactions. Also an interesting hydrogen bonding is observed with the non-

coordinated thiocyanate. Finally, the supramolecular interactions have been studied using DFT 

calculations focusing Pb···Cl tetrel bonds observed in the solid state of the complex. 

 

Scheme. III.B. 1: Schematic representation of the holodirected (left) and hemidirected (right) 

coordination modes of lead(II), with indication of the location of the inert lone pair. 

III.B .2. Experimental section  

Nickel(II) thiocyanate tetrahydrate was prepared in our laboratory following the 

literature method.33 All other materials were commercially available, reagent grade, and used 

as purchased from Sigma-Aldrich without further purification. 
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III.B.2.1: Synthesis 

III.B.2.1.1: Synthesis of Schiff base ligands  

 

III.B.2.1.1.1: Preparation of the ligand, 2,2'-[(2,2-dimethyl-1,3-

propanediyl)bis(iminomethylene)]bis[6-ethoxy-Phenol] (H2L1) 

H2L1 ligand preparation has been given in II.2.1 (See Chapter 2). 

III.B.2.1.1.2:  Preparation of [(H2O)(DMSO)NiLPbCl](SCN) (6) 

To a solution of the ligand, H2L in methanol (10 mL) was added a methanol solution (5 

mL) of nickel(II) thiocyanate tetrahydrate (250 mg, 1 mmol) with constant stirring. A water (5 

mL) solution of lead(II) chloride (278 mg, 1 mol) was then added to it and the stirring was 

continued for about 30 min. The solution was then refluxed for ca. 1h. A few drops of DMSO 

were then added to the solution. The resulting reaction mixture was left unperturbed for slow 

evaporation at room temperature. After few days, blue crystals, suitable for X-Ray diffraction 

were collected by filtration. 

Yield: 839 mg (~49%) based on nickel(II). Anal. Calc. for C52H80Cl2N6Ni2O12Pb2S4 (FW: 

1712.14): C, 36.48; H, 4.71; N, 4.91; Found: C, 36.3; H, 4.6; N, 5.1%. FT-IR (KBr, cm-1): 3369 

(O‒H); 3289-3278 (N‒H); 2998-2867 (C‒H); 2052 (SCN). λmax (nm) *εmax(lit mol-1 cm-1)] (MeOH): 

242(1.07 X 102); 284 (0.59 X 102); 348 (0.76 X 102); 601 (2.62) ); 848 (2.12). Magnetic moment = 

3.13 BM. 
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III.B .3. Results and discussion 

III.B .3. 1: Synthesis 

2,2-dimethyl-1,3-diaminopropane was refluxed with 3-ethoxysalicylaldehyde in 1:2 ratio 

followed by the addition of NaBH4 to form N2O2O'2 donor compartmental reduced Schiff base 

(H2L1) following the literature methods.12 The ligand (H2L1) on reaction with nickel(II) 

thiocyanate and lead(II) chloride produced the complex. Formation of the complex has been 

shown in Scheme. III.B. 2. 

 

Scheme. III.B. 2: Preparation of ligand and the complex. 

III.B .3. 2: Description of [(H2O)(DMSO)NiLPbCl](SCN) (6) 

The molecular structure of the complex was established by X-ray single crystal 

diffraction measurement. It reveals that the complex crystallizes in the monoclinic space group, 

P21/n, with Z = 2. The complex consists of a cationic dinuclear cation [(H2O)(DMSO)NiLPbCl] (6) 

along with an uncoordinated thiocyanate anion. The molecular structure with selected atom 
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numbering scheme has been shown in Figure III.B.1. Crystal data and refinement details have 

been given in Table III.B.1. Important bond angles have been gathered in Table III.B.3. 

The N2O2O2′ donor compartmental reduced Schiff base ligand (H2L) is used to prepare 

the complex in which nickel(II) centre, Ni(1), is placed in the inner N2O2 cavity and lead(II) 

centre, Pb(1), is placed in the outer O2O2′ cavity with a Ni(1)···Pb(1) distance of 3.488(2) Å. The 

nickel(II) centre [Ni(1)] is hexacoordinated having pseudo octahedral geometry, where two 

amine nitrogen atoms, N(1) and N(2), and two phenoxo oxygen atoms, O(1) and O(2), of the 

deprotonated reduced Schiff base (L)2- constituting the equatorial plane. Fifth and sixth 

coordination sites are occupied by two oxygen atoms; O(5), from a DMSO molecule and O(6) 

from a water molecule. All nickel(II)–nitrogen and nickel(II)–oxygen bond lengths are 

comparable to those observed in other complexes with similar structures.13 

Lead(II) centre in the complex is pentacoordinated where two phenoxo oxygen atoms, 

O(1) and O(2), also coordinate to lead(II) centre. The potential donor ethoxy oxygen atoms, 

O(3) and O(4), of deprotonated reduced Schiff base also coordinate to lead(II) centre, but at 

much longer distances to form equatorial planes. All lead(II)–oxygen bond lengths are 

comparable to those observed in other complexes with similar structures.14 The fifth 

coordination site is occupied by one chlorido ligand, Cl(1) in axial position with a Pb(1)–Cl(1) 

distance of 2.729(4) Å in the complex. The geometry of any penta-coordinated metal centre 

may conveniently be measured by the Addison parameter (τ)15 *τ = (ϴ−Ф)/ 60, where ϴ and Ф 

are the two largest ligand-metal-ligand angles of the coordination sphere]. In the complex, the 

geometry around the lead(II) center assume square pyramidal geometry with τ = 0.45. The 

angle between Ni(1)O(1)O(2) and O(1)O(2)Pb(1) plane is 4.12° and also the dihedral angle of the 
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O(1)Ni(1) O(2)Pb(1) is 3.5(3)°, make the NiO2Pb core almost planar. The bridging angles, Ni(1)–

O(1)–Pb(1) and Ni(1)–O(2)–Pb(1), are 104.0(3)° and 104.4(3)° respectively. The angle of Cl(1)–

Pb(1)–Ni(1) is 83.62(7)°. The saturated six membered chelate ring [Ni(1)–N(1)–C(10)–C(11)–

C(14)–N(2)+ has envelope conformation with puckering parameters q=0.596(11) Å; θ=15.6(10); 

=184(4). 

 

Fig. III.B.1: Perspective view of the complex with a selective atom numbering scheme. 

Hydrogen atoms and uncoordinated thiocyanate ion have been omitted for clarity.  
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III.B .3. 3: Supramolecular interactions  

The water molecule bonded to nickel(II) forms a strong donor hydrogen bonds. The 

hydrogen atom, H(6B), attached to oxygen atom, O(6), of the coordinated water molecule 

forms an intramolecular hydrogen bond with a nitrogen atom, N(3), of the uncoordinated 

thiocyanate. Hydrogen bonded structure of the complex has been given in Figure III.B.2.  

A significant C-H···π interaction is observed. The hydrogen atom, H(24C), attached to 

carbon atom, C(24), is involved in an intra-molecular C–H···π interaction with a phenyl ring 

[C(3)–C(4)–C(5)–C(6)–C(7)–C(8)] (Figure III.B.3). 

An additional interesting aspect is that there is another interaction from Pb(1) to the 

chloride Cl(1)a from an adjacent molecule (a = -x, 1-y, 1-z) at 3.339(3) Å in the complex which 

leads to the formation of a tetranuclear molecule, as shown in Figure III.B.4. It worth noting 

that this bond is on the same side of the equatorial plane as O(1) leading to a very irregular 

geometry. It may be that the presence of the two ethoxy groups close to the vacant site in the 

equatorial plane has precluded further bonding in that plane. The distance between the Pb(1)a 

(a = -x, 1-y, 1-z) and Pb(1) is 4.841(2) Å. The bridging angle of Pb(1)–Cl(1)···Pb(1)a is 105.39(11). 

Although literature shows reports on experimental and theoretical investigations 

devoted to tetrel bonding24-28, only two are containing chlorides with hemidirected lead(II) 

centres (Table III.B.4). Both complexes were not found to form supramolecular dimer 

containing Pb2Cl2 cores.  
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Fig. III.B.2: Hydrogen bonded structure of the complex. Only the relevant hydrogen atoms have 

been shown for clarity. Where, N(3)–H(6B) = 0.93(8) Å, H(6B)···O(6) = 1.87(2) Å, N(3)···O(6) = 

2.77(2) Å, N(3)–H(6B)··· O(6) = 160(8)°. 

 

 



 

189 
 

Fig. III.B.3: C−H···π interactions observed in the complex. Only the relevant atoms have been 

shown for clarity. Where, H(24C)···Cg(8)= 0.93(8) Å, C(24)−H(24C)···Cg(8) = 145°, C(24)···Cg(8) = 

3.662(19) Å. 

 

Fig. III.B.4: Non-covalent Pb···Cl interactions. Symmetry elements (a = -x, 1-y, 1-z). 
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Table. III.B.1: Crystal data and refinement details of the complex. 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 CCDC                                             1946110 

 

 

 

 

Formula C52H80Cl2N6Ni2O12Pb2S4 (6) 

Formula Weight 1712.14 

Temperature (K) 273 

Crystal system Monoclinic 

Space group P21/n 

a(Å) 9.874(5) 

b(Å) 17.314(7) 

c(Å) 19.651(14) 

Γ 79.476(2) 

Z 2 

dcalc (g cm-3) 1.705 g cm-3 

μ (mm-1) 5.852 

F(000) 1696 

Total Reflections 40265 

Unique Reflections 4895 

Observed data*I >2 ς (I)+ 7365 

No. of parameters 324 

R(int) 0.068 

R1,wR2(all data) 0.1159, 0.2836 

R1,wR2 [I > 2 ς(I)+ 0.08240, 0.2367 
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Table. III.B.2: Selected bond lengths (Å) of the complex. 

 

 

 

 

                             Ni(1)–O(6)                2.086(10) 

Table III.B.3: Selected bond angles (°) of the complex. 

Cl(1)–Pb(1)–O(1) 84.10(19) O(1)–Ni(1)–O(2) 80.6(3) 

Cl(1)–Pb(1)–O(2) 88.6(2) O(1)–Ni(1)–O(5) 93.1(3) 

Cl(1)–Pb(1)–O(3) 123.5(2) O(1)–Ni(1)–O(6) 88.1(3) 

Cl(1)–Pb(1)–O(4) 130.1(2) O(1)–Ni(1)–N(1) 173.8(3) 

Cl(1)–Pb(1)–Cl(1)a 74.61(9) O(1)–Ni(1)–N(2) 91.6(3) 

O(1)–Pb(1)–O(2) 70.8(2) O(2)–Ni(1)–O(5) 93.6(3) 

O(1)–Pb(1)–O(3) 61.9(2) O(2)–Ni(1)–O(6) 89.8(3) 

O(1)–Pb(1)–O(4) 118.8(3) O(2)–Ni(1)–N(1) 93.7(3) 

Cl(1)a–Pb(1)–O(1) 158.70(19) O(2)–Ni(1)–N(2) 172.1(3) 

O(2)–Pb(1)–O(3) 116.6(2) O(5)–Ni(1)–O(6) 176.5(3) 

O(2)–Pb(1)–O(4) 63.1(3) O(5)–Ni(1)–N(1) 85.0(3) 

Cl(1)a–Pb(1)–O(2) 107.34(16) O(5)–Ni(1)–N(2) 86.2(3) 

O(3)–Pb(1)–O(4) 106.2(3) O(6)–Ni(1)–N(1) 94.2(3) 

Cl(1)a –Pb(1)–O(3) 131.79(18) O(6)–Ni(1)–N(2) 90.5(3) 

Cl(1)a –Pb(1)–O(4) 76.2(2) N(1)–Ni(1)–N(2) 94.1(3) 

[a represents symmetry element -x, 1-y,1-z]. 

Pb(1)–O(1) 2.338(7) Ni(1)–O(1) 2.083(7) 

Pb(1)–O(2) 2.320(7) Ni(1)–O(2) 2.091(7) 

Pb(1)–O(3) 2.855(8) NI(1)–N(1) 2.084(7) 

Pb(1)–O(4) 2.831(12) Ni(1)–N(2) 2.087(9) 

Pb(1)–Cl(1) 2.729(4) Ni(1)–O(5) 2.125(9) 
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Table III.B. 4: Reported X-ray characterized nickel(II)/lead(II) and lead(II) complexes comprising 

tetrel bonding interaction.  

 

La = tris-((2-hydroxybenzylidene)-aminoethyl)-amine; H2Lb = N′-(phenyl(pyridin-2-yl) 

methylene)isonicotinohydrazide. 

III.C .3. 4: IR and electronic spectra  

A band near the range of 3289-3278 cm-1 indicates the presence of amine N-H 

stretching in the complex.16 Broad bands in the range of 2998-2867 cm-1 due to alkyl C-H 

stretching vibrations are routinely noticed in IR spectrum of the complex.17 A broad band at 

3369 cm-1 indicates the presence of the O–H stretching frequency of the water molecule.18 An 

intense band at 2052 cm-1 indicates the presence of uncoordinated thiocyanate.19 IR spectrum 

of the complex has been given in Figure III.B.5. 

The electronic spectrum of the complex (Figure III.B.6) shows five bands at 242 nm, 284 

nm, 348 nm, 601 nm and 848 nm. The absorption band at 601 nm may be assigned as 

3T1g(F)←3A2g(F), whereas band at 848 nm may be assigned as 3T2g(F)←3A2g(F).20 A higher energy 

d-d band, 3T1g(P)←3A2g(F), cannot be observed as it is obscured by a strong charge transfer 

Complex 
(CCDC) 

Formula Coordination 
mode of lead 

Bonding Pb-X (Å) Ref 

YISROI [{LaNi}Pb(NC5H5)Cl]2 Hemidirected Tetrel 3.272(1) 24 

TAGMOG [(Cl)PbLb]·CH3OH Hemidirected Tetrel 3.155(2) 25 

- [(H2O)(DMSO)NiLPbCl](SCN) Hemidirected Tetrel 3.339(3) This Work 
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transition (348 nm) in this case.21 The UV absorption band at 284 nm may be assigned to intra 

ligand n-* transition.22 A band at 242 nm may be attributed to -* transitions.23 

 

Fig. III.B.5: IR spectrum of the complex. 
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Fig. III.B.6: UV-Vis spectrum of the complex. Inset shows spectrum in 400-1000 nm range. 

III.B .3.5: Hirshfeld surfaces 

The Hirshfeld surface emerged from an attempt to define the space occupied by a 

molecule in a crystal for the purpose of subdividing the crystal electron density into molecular 

fragments.29 dnorm is a normalised contact distance.30 Intermolecular contacts are highlighted in 

the dnorm surface (when atoms make intermolecular contacts closer than the sum of their van 

der Waals radii, these contacts will be highlighted in red whereas longer contacts are blue, and 

contacts around the sum of van der Waals radii are white). Hirshfeld surfaces of the complex 

have been mapped over dnorm (range of -0.1 to 1.5 Å), shape index and curvedness [Figure 

III.B.7]. Red spots on these surfaces denote the dominant interactions [S···H/H···S, N···H/H···N, 

O···H/H···O and Cl···H/H···Cl+. As the Hirshfeld surface defines the shape of the molecule in 

terms of its surrounding crystalline environment, the local shape of the surface may provide 

some chemical insight whereas shape index is a qualitative measure of shape and can be 
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sensitive to very subtle changes in surface shape, particularly in regions where the total 

curvature (or the curvedness) is very low.31 We are particularly interested to investigate if the 

Pb⋯Cl non covalant bond can also be evidenced by means of Hirshfeld surface analysis. 

Gratifyingly, the non covalant bond was characterized by the spikes of the breakdown 

fingerprint plot. 

The complex exhibits Pb⋯Cl/Cl⋯Pb non covalant bond that contribute 1.2% of the total 

Hirshfeld surface area and is evident in the (di, de) region of (2.742 Å, 2.661 Å). A close 

inspection of the fingerprint plot revealed that the sharp spikes with the shortest (de + di) = 

3.098 Å in the complex correspond to Pb⋯Cl/Cl⋯Pb interaction. 

 

Fig. III.B.7: Hirshfeld surfaces of the complex mapped over dnorm (left), shape index (middle), 

curvedness (right). 

The 2D fingerprint plots,32 which are used to analyze the intermolecular contacts at the 

same time, revealed that the main intermolecular interactions in the complex are S···H/H···S, 

Cl···H/H···Cl, O···H/H···O and N···H/H···N. Figure III.B.8 represents the 2D plots of the complex. 
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Fig. III.B.8: Fingerprint plots of the complex. 

Interesting Pb···Cl contact (Fig. 7) is observed in the complex. The contact may 

lead to the formation of different unconventional supramolecular interactions which is 

quite captivating. Also small amount of Cl··· Cl contact is observed (Figure III.B.9). 

 

Fig. III.B. 9: Fingerprint plot resolved into Pb···Cl/Cl···Pb contact and Cl···Cl/Cl···Cl contact 

contributed to the total Hirshfeld Surface area of the complex. 

III.B.3.6: Theoretical study 

The theoretical study is focused on the tetrel bonding interaction described above in 

Figure III.B.4 and further characterized by the Hirshfeld analysis (Figure III.B.9). Since the 
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coordination of the Pb(II) is hemidirected, the ς-hole at the tetrel atom is accessible as shown 

in Figure III.B.10. It can be observed that the molecular electrostatic potential (MEP) is positive 

at the Pb atom (+25 kcal/mol) that is located between both OEt groups. The most negative 

region is located at the SCN counter-ion, as expected. The MEP value is also negative at the 

chlorido ligand. This analysis indicates that the tetrel bond between the Pb atom and the 

chlorido ligand is favored from an electrostatic point of view. 

 

Fig. III.B.10: MEP surface (left) of the complex (isosurface 0.001 a.u.) at the B3LYP-D/def2-SVP 

level of theory. The values at selected points of the surface are indicated in kcal/mol. The 

complex represented in the same orientation used for building the MEP surface is also shown 

on the right. 

Figure III.B.11a shows the self-assembled dimer retrieved from the X-ray of structure of 

the complex (H-atoms omitted), where two symmetrically equivalent Pb···Cl tetrel bonding 

interactions are formed. We have evaluated the interaction energy of this dimer, which is very 

strong ΔE1 =–34.9 kcal/mol thus confirming the relevance of this interaction as predicted by 
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MEP surface. A close examination of the dimer reveals that each Cl ligand also establishes a H-

bonding interaction with one H-atom of the ethyl group of the Schiff base ligand (2.54 Å, see Fig 

11a). To evaluate the contribution of this ancillary interaction we have computed a theoretical 

model where the ethyl groups have been changed by methyl groups. (see Figure III.B.11b) As a 

result the H-bonds are not formed and the interaction energy in the mutated complex is slightly 

reduced to ΔE2 =–33.7 kcal/mol, thus suggesting that these H-bonds are very weak and that the 

dimer formation is totally dominated by the tetrel bonding. A likely explanation for the small 

contribution of the H-bonds is that the Cl atom is already participating in other interactions like 

the tetrel bond and an intramolecular H-bonding with the water molecule (see blue dashed 

lines in Figure III.B.11). Therefore, the electron-donor ability of the Cl atom is significantly 

reduced. 

 

Fig. III.B.11 (a,b): Theoretical models used to evaluate the noncovalent interactions in the 

dimer of the complex. Distances in Å. 

 

To further characterize the interactions described above, we have used the Bader’s 

theory of atoms-in-molecules since it allows an easy characterization of the noncovalent 

interactions. Figure III.B.12 shows the distribution of critical points and bond paths of the self-
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assembled dimer. Each tetrel bond is characterized by the presence of a bond CP (green 

sphere) and bond path connecting the Pb atom to the Cl atom, thus confirming the existence of 

the tetrel bonds. Moreover, a ring CP (yellow sphere) also appears upon complexation due to 

the formation of a supramolecular ring (Pb2Cl2). The QTAIM analysis also confirms the existence 

of the H-bonds between the Cl ligands and the H-atoms of the ethyl groups. Moreover, each 

intramolecular O–H···Cl H-bond is characterized by a bond CP and bond path interconnecting 

the Cl and H atoms. The values of the electron charge density (ρ) at the bond CPs that 

characterize the noncovalent interactions are also indicated in Figure III.B.12. The values of ρ(r) 

are smaller for the C–H···Cl bonds (0.0132 a.u.) in agreement with the energetic results 

commented above. 

 

Fig. III.B.12: QTAIM distribution of bond and ring CPs (green and yellow spheres, respectively) 

and bond paths for the dimer of the complex. The values of ρ(r) at selected bond CPs are 

indicated in italics (a.u.) 

III.B. 4: Concluding remarks 
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In conclusion, we report the synthesis and structural characterization of a new 

heteronuclear nickel(II)/lead(II) complex with compartmental reduced Schiff base ligand. The 

complex forms a tetranuclear supramolecule via non-covalent Pb···Cl tetrel bonding interaction, 

which are strong as evidenced by DFT calculations and MEP surface analysis. The QTAIM and 

the Hirshfeld analyses have been used to characterize the tetrel bonding interactions and stress 

the importance of tetrel bonds involving hemicoordinated Pb(II) in crystal engineering. Our 

results might be important to understand the X-ray structure of organic-inorganic material 

systems containing organic aromatic molecules and hemidirectionally coordinated lead(II) 

centres. 
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Section IIIC 

Importance of π-Interactions Involving Chelate Rings in 

Addition to the Tetrel Bonds in a Series of Hemi-directed 

Nickel(II)/Lead(II) Complexes 
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III.C .1. Introduction  

  Lead is a heavy metal with an ability to adopt different coordination numbers and 

valences. The coordination chemistry of lead has attracted synthetic inorganic chemists to 

prepare new lead(II) complexes with different molecular and crystalline architecture.1-4 

Although lead(II) is associated with serious pollution, materials possessing lead(II) are 

increasingly used in batteries, ferroelectric materials, semiconductors and non-linear optical 

materials.5-11 On the other hand, salen-type ligands are well known in the literature for their 

easy synthetic approach and the ability to ligate several transition metal ions in tetradentate 

N2O2 cores.12-19 Many of them may then be used as metallo-ligands to form lead (II) 

complexes.20-22 In the present work, two N2O2O'2 donor compartmental Schiff base ligands have 

been reduced to form ‘reduced Schiff bases’, which were then used to arrest nickel(II) in their 

inner N2O2 cores. These metallo-ligands have, in turn, been used to encapsulate lead(II) in their 

outer O2O'2 cores. The valence shell electronic configuration of lead being [Xe]4f145d106s26p2, 

the presence of poorly screening f14 and d10 electrons makes the 6s2 electron pair inert, mostly 

due to increasing effective nuclear charge. In addition, the high penetrating property of the 6s 

orbital and relativistic stabilization of 6s2 electrons are also responsible.23-26 The magnitude to 

which the lone pair is stereochemically active27,28 is currently arousing interest in theoretical 

chemists to explore this area further.29-32 Heavy atoms of groups IV to VII are gaining special 

interest nowadays in the field of supramolecular chemistry. This is because of their 

participation in strong ς-hole interaction in complexes where these atoms are covalently 

bonded to electronegative ones.33-40 These interactions have been widely designated for 
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chalcogen, pnictogen and halogen atoms. Nonetheless, those of group IV comprising tetrel 

bonding interactions (specially for lead complexes) are relatively less explored.41-44 Solid state 

crystal structures are stabilized due to various non-covalent interactions like hydrogen bonding, 

π–π stacking, cation–π, anion–π, C–H···π interactions.45-52 The influence of these interactions in 

crystal packing has been widely studied. However the attention has now shifted towards more 

unconventional interactions like C–H···π(chelate), π(arene)–π(chelate) etc.53-59 In recent years, 

“non-classical” interactions have become an interesting topic for research as they have been 

proven to be equal or even dominating contributors to metal-organic crystal structure 

formation. 

 In the present work, two N2O2O'2 donor compartmental reduced Schiff bases, 2,2'-[(2,2-

dimethyl-1,3-propanediyl)bis(iminomethylene)]bis[6-methoxy-phenol] (H2L1) and 2,2'-[(2,2-

dimethyl-1,3-propanediyl)bis(iminomethylene)]bis[6-ethoxy-phenol] (H2L2) were used to 

prepare five hetero-nuclear nickel(II)/lead(II) complexes, [(SCN)NiL1(µ1,3-NCS)Pb] (7), 

[(SCN)NiL1(-OAc)Pb] (8), [(SCN)NiL2(-OAc)Pb] (9). Their structures have been determined by 

single crystal X-ray diffraction analyses. The lead centres in complexes 7-9 are hemidirectionally 

coordinated and participates in non-covalent tetrel bonding interactions. Moreover, 

supramolecular interactions were studied by means of DFT calculations focusing our attention 

on Pb···S and Pb···π tetrel bonds observed in the solid state architecture of complexes 7-9. 

Furthermore, π-stacking assemblies between aromatic rings and five-membered Pb-chelate 

rings were detected and studied both with regard to their energies and by using the non-

covalent (NCI) plot index.  
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III.C .2. EXPERIMENTAL SECTION 

III.C.2.1: Synthesis 

III.C.2.1.1: Synthesis of Schiff base ligands  

III.C.2.1.1.1: Preparation of the ligand, 2,2'-[(2,2-dimethyl-1,3-

propanediyl)bis(iminomethylene)]bis[6-methoxy-phenol] (H2L1) and 2,2'-[(2,2-dimethyl-1,3-

propanediyl)bis(iminomethylene)]bis[6-ethoxy-phenol] (H2L2)  

 H2L1 and H2L2 ligand preparation has been given in II.2.1 (See Chapter 2). 

III.C.2.1.3. Synthesis of complexes 

III.C.2.1.3.1: Preparation of [(SCN)NiL1(µ1,3-NCS)Pb] (7)  

A methanol solution (5 mL) of nickel(II) thiocyanate tetrahydrate (250 mg, 1 mmol) was 

added to the methanol solution (10 mL) of the reduced Schiff base ligand H2L1, with constant 

stirring. A methanol (5 mL) solution of lead(II) nitrate (331 mg, 1 mol) was then added to it and 

the stirring was continued for about 1h. The resulting mixture was then refluxed for ca. 2h. 

Single crystals, suitable for X-ray diffraction, were obtained after 4-5 days upon slow 

evaporation of the solution in an open atmosphere.  

Yield: 527 mg (~70%) based on nickel(II). Anal. Calc. for C23H28N4NiO4PbS2 (FW: 754.50): 

C, 36.71; H, 3.48; N, 7.45; Found: C, 36.6; H, 3.3; N, 7.5%. FT-IR (KBr, cm-1): 3264 (νN−H); 2963-
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2839 (νC−H); 2074 (νNCS). λmax (nm) *εmax(lit mol-1 cm-1)] (acetonitrile): 251(1.11 X 103); 286 (5.9 X 

102); 603(25.2) 

III.C.2.1.3.2: Preparation of [(SCN)NiL1(-OAc)Pb] (8) 

Complex 8 was prepared in a similar method to that of complex 7, except that the 

lead(II) acetate trihydrate (379 mg, 1 mmol) was added instead of lead(II) nitrate. Single 

crystals, suitable for X-ray diffraction, were obtained after 4-5 days upon slow evaporation of 

the solution in an open atmosphere. 

Yield: 512 mg (~68%) based on nickel(II). Anal. Calc. for C24H31N3NiO6PbS (FW: 755.47):  

C, 38.26; H, 3.88; N, 5.58. Found: C, 38.1; H, 3.7; N, 5.7 %, FT-IR (KBr, cm-1): 3286 (νN−H); 2970-

2818 (νC−H); 2087 (νNCS), 1250, 1226 (νCOO
-). λmax (nm) *εmax(lit mol-1 cm-1)] (acetonitrile): 237 

(1.93 X 103); 286 (1.59 X 102); 608 (33.9). 

III.C.2.1.3.3: Preparation of [(SCN)NiL2(-OAc)Pb] (9) 

 Complex 9 was prepared in a similar method to that of complex 8, except that H2L2 was 

used instead of H2L1. Single crystals, suitable for X-ray diffraction, were obtained after 4-5 days 

upon slow evaporation of the solution in an open atmosphere. 

 Yield: 540 mg (~69%) based on nickel(II). Anal. Calc. for C26H35N3NiO6PbS (FW: 783.52): 

C, 39.96; H, 4.26; N, 5.38; Found: C, 39.8; H, 4.2; N, 5.5%. FT-IR (KBr, cm-1): 3211 (νN−H); 2922-

2842 (νC−H); 2088 (νNCS), 1250, 1229 (νCOO
‒). λmax (nm) *εmax(lit mol-1 cm-1)] (acetonitrile): 243 

(2.32x103); 286 (1.59 X 102); 602(31.20). 
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III.C .3. Results and discussion 

III.C .3. 1: Synthesis 

 2, 2-dimethyl-1, 3-diaminopropane was refluxed with 3-methoxysalicylaldehyde and 3-

ethoxysalicylaldehyde in 1:2 ratio respectively, followed by the addition of NaBH4 to form two 

N2O2O'2 donor compartmental reduced Schiff bases (H2L1 and H2L2) following standard 

literature methods.60-62 These ligands (H2L1 and H2L2) on reaction with different ratios of 

nickel(II) and lead(II) salts in different solvents produced the complexes. Formation of 

complexes 7-9 has been shown in Scheme. III. C.1. 
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Scheme. III. C.1: Synthetic route to complexes 7-9. Lattice solvent molecules have been omitted 

for clarity. 
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III.C.3.2. Structure description 

III.C .3. 2. 1. Description of [(SCN)NiL1(µ1,3-NCS)Pb] (7), [(SCN)NiL1(-

OAc)Pb] (8) and [(SCN)NiL2(-OAc)Pb] (9) 

  

Single crystal X-ray diffraction measurements reveal that complexes 7, 8 and 9 are built 

from isolated hetero-dinuclear molecules of [(SCN)NiL1(µ1,3-NCS)Pb], [(SCN)NiL1(-OAc)Pb] and 

[(SCN)NiL2(-OAc)Pb] respectively (Figure. III. C. 1). Crystallographic data and refinement details 

are provided in Table III. C. 1. Important bond lengths and bond angles are summarized in 

Tables III. C. 2 and Tables III. C. 3 (Supporting Information, SI), respectively.  

  Two N2O2O'2 donor compartmental reduced Schiff bases (H2L1 and H2L2) were used to 

prepare complexes 7, 8 and 9 in which nickel(II) centres are placed in inner N2O2 cavities and 

lead(II) centres in outer O2O2' cavities. The nickel(II) centre [Ni(1)] has a distorted octahedral 

geometry, where two amine nitrogen atoms, N(1) and N(2) and two phenoxo oxygen atoms, 

O(1) and O(2) of the deprotonated reduced Schiff base constitute the equatorial plane. 

Deviations of coordinating atoms from the mean equatorial planes passing through them and 

those of the nickel(II) centre of the same plane in both complexes are listed in Table.III.C.4. One 

nitrogen atom, N(3) from a terminal thiocyanate coordinates with a nickel(II) centre to fulfill the 

fifth coordination. The sixth coordination site is occupied by a nitrogen atom, N(4) from a 

bridging thiocyanate in case of complex 7 whereas in complexes 8 and 9 it is occupied by an 

oxygen atom, O(5) from an acetate molecule. 
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The lead(II) centre in each complex is penta-coordinated. Phenoxo oxygen atoms, O(1) and O(2) 

along with alkoxy oxygen atoms, O(3) and O(4) [methoxy for complexes 7 and 8 and ethoxy for 

complex 9] of deprotonated reduced Schiff bases also coordinate to a lead(II) centre but at 

much longer distances to form equatorial planes. The fifth coordination site is occupied by a 

sulphur atom S(2) from a bridging thiocyanate in case of complex 7 whereas in complexes 8 and 

9 it is occupied by an oxygen atom, O(6) from a bridging acetate molecule. The geometry of any 

penta-coordinated metal centre may conveniently be measured by the Addison parameter (τ)63 

*τ = (ϴ−Ф)/60, where ϴ and Ф are the two largest ligand-metal-ligand angles of the 

coordination sphere]. In complexes 7, 8 and 9, the geometries around the lead(II) center 

assume square pyramidal geometries with τ = 0.43, 0.07 and 0.24 for complexes 7, 8 and 9 

respectively. Ni(1)O(1)Pb(1)O(2) dihedral angles are 7.7(2)°, 13.7(2)° and -16.29(9)° in 

complexes 7, 8 and 9 respectively. The distance between Ni(1) and Pb(1) is 3.491(1) Å (complex 

7), 3.362(1) Å (complex 8) and 3.346(8) Å (complex 9). The bridging angles Ni(1)–O(1)–Pb(1) and 

Ni(1)–O(2)–Pb(1) are 105.1(2)° and 104.8(2)° respectively for complex 7, 97.8(3)° and 101.1(3)° 

for complex 8 and 99.2(1)° and 99.93(9)° for complex 9 respectively.  
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Fig.III.C.1: Perspective view of complexes (a) 7, (b) 8 and (c) 9 with selective atom numbering 

scheme. 

Table III. C. 1: Crystal data and refinement details of complexes 7, 8 and 9.  

Complex 7 8 9 

Formula C23H28PbNiN4O4S2 C24H31PbNiN3O6S C26H35N3NiO6PbS 

Formula Weight 754.50 755.47 783.52 

Temperature (K) 273 273 273 

Crystal system Triclinic Monoclinic Monoclinic 

Space group P  P21/n P21/c 

a(Å) 9.3341(8) 10.5402(9) 8.2144(6) 

b(Å) 9.4091(8) 15.1178(13) 27.361(2) 

c(Å) 15.2174(13) 17.8145(18) 13.1439(10) 

 83.558(3) - - 

Β 75.284(3) 99.613(3) 101.617(3) 

Γ 79.946(3) - - 

Z 2 4 4 

dcalc (g cm-3) 1.974 1.793 1.799 

μ (mm-1) 7.566 6.796 6.577 

F(000) 736 1480 1544 
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Table. III.C. 2: Selected bond lengths (Å) of complexes 7, 8 and 9. 

 

Table.III.C. 3: Selected bond angles (°) of complexes 7-9. 

Complex 1 2 3 

O(1)–Pb(1)–O(2) 68.7(2) 74.3(3) 73.73(8) 

O(1)–Pb(1)–O(3) 63.3(2) 65.0(3) 64.63(8) 

O(1)–Pb(1)–O(4) 131.72(19) 138.1(3) 138.66(8) 

O(1)–Pb(1)–O(6) — 81.3(3) 87.24(9) 

Total Reflections 26594 30361 80213 

Unique Reflections 4481 4971 5095 

Observed data*I >2 ς (I)+ 4296 4066 4622 

No. of parameters 324 296 343 

R(int) 0.055 0.076 0.061 

R1,wR2(all data) 0.0467, 0.1283 0.0999, 0.2395 0.0280, 0.0535 

R1,wR2 [I > 2 ς(I)+ 0.0449, 0.1263 0.0897, 0.2270 0.0230, 0.0511 

CCDC 1938676 1938677 1938678 

Complex 7 8 9 Complex 7 8 9 

Pb(1)–O(1) 2.353(6) 2.327(7) 2.295(3) Ni(1)–N(2) 2.064(7) 2.085(9) 2.081(3) 

Pb(1)–O(2) 2.338(6) 2.285(7) 2.284(2) Ni(1)–N(3) 2.028(8) 2.037(11) 2.053(4) 

Pb(1)–O(3) 2.650(7) 2.643(10) 2.685(3) Pb(1)–S(2) 2.827(3) — — 

Pb(1)–O(4) 2.611(7) 2.576(9) 2.597(3) Ni(1)–N(4) 2.432(10) — — 

Ni(1)–O(1) 2.038(6) 2.130(8) 2.096(2) Ni(1)–O(5) — 2.070(9) 2.097(3) 

Ni(1)–O(2) 2.061(6) 2.067(7) 2.084(2) Pb(1)–O(6) — 2.308(8) 2.321(3) 

Ni(1)–N(1) 2.069(7) 2.093(10) 2.075(3)     
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O(2)–Pb(1)–O(3) 131.6(2) 136.5(3) 138.09(8) 

O(2)–Pb(1)–O(4) 64.44(19) 66.7(3) 65.91(8) 

O(2)–Pb(1)–O(6) — 84.3(3) 84.46(9) 

O(3)–Pb(1)–O(4) 157.15(19) 142.6(3) 152.96(9) 

O(3)–Pb(1)–O(6) — 75.3(3) 88.94(9) 

O(4)–Pb(1)–O(6) — 80.2(3) 80.52(9) 

S(2)–Pb(1)–O(1) 88.91(15) — — 

S(2)–Pb(1)–O(2) 89.17(16) — — 

S(2)–Pb(1)–O(3) 83.99(17) — — 

S(2)–Pb(1)–O(4) 79.75(15) — — 

O(1)–Ni(1)–O(2) 80.4(2) 83.2(3) 82.19(9) 

O(1)–Ni(1)–O(5) — 87.8(3) 88.54(10) 

O(1)–Ni(1)–N(1) 92.4(3) 91.8(3) 90.88(10) 

O(1)–Ni(1)–N(2) 167.9(3) 173.3(3) 170.90(11) 

O(1)–Ni(1)–N(3) 93.4(3) 92.2(3) 93.27(12) 

O(2)–Ni(1)–O(5) — 89.2(3) 87.80(10) 

O(2)–Ni(1)–N(1) 168.1(3) 172.4(3) 171.51(10) 

O(2)–Ni(1)–N(2) 89.6(3) 91.1(3) 89.66(10) 

O(2)–Ni(1)–N(3) 96.6(3) 95.6(4) 93.58(12) 

O(2)– Ni(1)–N(4) 87.3(3) — — 

N(1)–Ni(1)–N(2) 96.3(3) 93.5(4) 96.88(11) 

N(1)–Ni(1)–N(3) 93.2(3) 90.3(4) 91.68(13) 

N(2)–Ni(1)–N(3) 94.5(3) 92.0(4) 91.24(13) 

O(1)–Ni(1)–N(4) 84.4(3) — — 

N(1)–Ni(1)–N(4) 82.6(3) — — 

N(2)–Ni(1)–N(4) 88.3(3) — — 

N(3)–Ni(1)–N(4) 175.2(3) — — 
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O(5)–Ni(1)–N(1) — 84.9(4) 87.14(11) 

O(5)–Ni(1)–N(2) — 88.6(4) 87.12(11) 

O(5)–Ni(1)–N(3) — 175.2(5) 177.85(12) 

 

III.C .3. 3: Supramolecular interactions  

 The solid state structures of the complexes are stabilized through various non-covalent 

interactions (e.g. hydrogen bonding, C-H···π, π···π, cation···π interactions etc). The complexes 

were prepared while changing the ligand moieties along with bridging ligands which result in 

five different nickel(II)/lead(II) complexes. These trivial changes in ligand moieties along with 

bridging ligands play significant roles in the formation of diverse molecular architectures. 

Different supramolecular interactions are discussed below in the light of hirshfeld surface 

analyses. Complexes 7, 8 and 9 are isostructural and show similar types of interactions. These 

complexes form supramolecular dimeric structure via cation···π interactions. The lead(II) centre, 

Pb(1), is involved in cation···π interactions with symmetry related *(1-x,1-y,-z) for complex 7; (1-

x,1-y,1-z) for complex 8 and 9] phenyl rings, {[C(15)–C(16)–C(17)–C(18)–C(19)–C(20)] for 

complexes 7 and 8; [C(16)–C(17)–C(18)–C(19)–C(20)–C(21)] for complex 9 shown in Figure. 

III.C.2. Details of the geometric features of cation···π interactions were given in Table.III.C.5. It 

should be mentioned that these interactions can (be)x also be defined as tetrel bonds where 

the electron donor is the π-system of the aromatic ring. This aspect is further analyzed in the 

theoretical part. 

 In complex 9, the hydrogen atom, H(2), attached to nitrogen atom, N(2), is engaged in 

an intermolecular hydrogen bonding interaction with a symmetry related (1+x, y, z) sulfur atom, 
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S(1) of a coordinated terminal thiocyanate to form a chain structure (Figure.III.C.3). The 

dimensions are H···S =2.58(3) Å, N···S =3.371(3) Å, N-H···S =138(6)°. 

In complex 7, the phenyl ring, [C(2)–C(3)–C(4)–C(5)–C(6)–C(7)] forms a π···π stacking 

interaction [dimensions, Cg(9)···Cg(10) = 3.759(5) Å, Cg(9)···Prep = 3.487(4) Å, Cg(10)···Prep = -

3.521(3) Å,  = 14.4(4)°; where Cg(9) = C(2)–C(3)–C(4)–C(5)–C(6)–C(7), Cg(10) = C(15)–C(16)–

C(17)–C(18)–C(19)–C(20), Cg(9)···Prep = Perpendicular distance of Cg(9) on ring Cg(10), 

Cg(10)···Prep = Perpendicular distance of Cg(10) on ring Cg(9),  = Dihedral Angle between 

planes 9 and 10] with a symmetry-related (1+x,y,z) phenyl ring, [C(15)–C(16)–C(17)–C(18)–

C(19)–C(20)], which leads to the formation of a chain structure (Figure.III.C.4a). The fascinating 

tetrel bonding interaction is observed between the lead(II) atom, Pb(1), with symmetry (x,-

1+y,z) related sulfur atom, S(1), of a thiocyanate from an adjacent molecule at 3.688(3) Å which 

leads to the formation of a chain. This is shown in Figure.III.C.4b.  
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Fig. III.C.2: Cation···π interactions in complexes 7, 8 and 9. Only the relevant atoms have been 

shown for clarity. (Symmetry transformation a = 1-x,1-y,-z; b = 1-x,1-y,1-z). 

 

Fig.III.C.3: Supramolecular chain structure of complex 9 via hydrogen bonding interaction. Only 

the relevant atoms are shown for clarity. (Symmetry transformation c = 1+x, y, z). 



 

223 
 

 

Fig.III.C.4: π···π (a) and Pb···S (b) interactions observed in complex 7. Only the relevant atoms 

have been shown for clarity. Symmetry transformations a = 1+x,y,z and d = x,-1+y,z. 

 

III.C .3. 4: IR and electronic spectra and PXRD 

The strong bands around 2080 cm-1 indicate the presence of thiocyanate in complexes 7, 

8 and 9.64 The bands around 3008-3286 cm-1 indicate the presence of amine N-H stretching in 

all complexes.65 The broad bands in the range of 2970-2818 cm-1 due to alkyl C-H stretching 

vibrations were routinely noticed in IR spectra of the complexes.66 In complexes 8 and 9, the 

bands around 1250 and 1229 cm-1 indicate the presence of an acetate group.67  

 The electronic spectrum of each complex in acetonitrile displays three bands around 

242 nm, 285 nm and 600 nm. The absorption around ~242 nm and ~285 nm may be assigned to 
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charge transfer transitions68,69 whereas the band around ~600 nm could be assigned to d-d 

transition.70  

 Experimental PXRD patterns of the bulk products are in good agreement with simulated 

XRD patterns from single crystal X-ray diffraction results, indicating consistency in bulk samples. 

The simulated patterns of the complexes are calculated from the single crystal structural datas 

(CIF) using the CCDC Mercury software. Experimental and simulated PXRD patterns of complex 

7 are shown in Figure.III.C.5. The experimental and simulated PXRD patterns of complexes 8 

and 9 are given in Figure.III.C.6 and Figure.III.C.7, respectively. 

 

Fig.III.C.5: Experimental and simulated PXRD patterns of complex 7 confirming purity of the 

bulk material 



 

225 
 

  

Fig.III.C.6: Experimental and simulated PXRD patterns of complex 8 confirming purity of the 

bulk material. 

 

Fig.III.C.7: Experimental and simulated PXRD patterns of complex 9 confirming purity of the 

bulk material. 
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III.B.3.5: Theoretical study 

 The theoretical study is devoted to the analysis of interesting tetrel bonding interactions 

observed in the solid state of complexes 7-9, where coordination of the lead(II) atom is 

hemidirected and consequently the ς-hole at the lead(II) atom is accessible to interact with 

electron donors (π-system or thiocyanate ligand). Using complex 7 as exemplifying molecule, 

the molecular electrostatic potential (MEP) was computed and plotted onto the van der Waals 

surface (isosurface 0.001 a.u.) in order to investigate the electron rich and electron deficient 

regions of the complex. The MEP surface is represented in Figure.III.C.8. It can be observed that 

the most positive region is located on the lead(II) atom, approximately in the PbO4 mean plane 

(+37 kcal/mol) between both methoxy(-OMe) groups. The most negative region as expected is 

located at the anionic thiocyanate (-SCN) ligand. The MEP value is negative over the aromatic 

ring and slightly positive over the lead(II)-chelate ring. This analysis indicates that the most 

favoured interaction from an electrostatic point of view should be a tetrel bond between the 

lead(II) atom and the pseudohalide. Moreover, the MEP surface also reveals that π-stacking 

interactions between aromatic rings and chelate rings are also electrostatically favoured. 

Finally, it is worthy to comment on the unexpected positive MEP value observed at the sulphur 

atom of the bridged thiocyanate ligand at the extension of the thiocyanate bond revealing the 

existence of a ς-hole at the chalcogen atom suitable to establish weak ς-hole interactions. 

 Figure.III.C.9 shows two dimers retrieved from the X-ray of structures of complex 7 

(hydrogen-atoms omitted for clarity), where relevant and unconventional interactions are 

observed. The first dimer corresponds to the cation–π (or tetrel–π) complex highlighted in 

Figure.III.C.2 and the second one has been extracted from the infinite 1D supramolecular chain 
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described in Figure.III.C.4b (bottom). A close examination of the self-assembled dimer 

represented in Figure.III.C.9a reveals that the five-membered Pb-chelate ring (CR, represented 

in blue) is stacked above the aromatic ring (represented in green). This type of interaction is 

described in hemidirected lead(II) complexes with hydrazide-based ligands.71 In fact, the lead 

atom basically interacts with one carbon atom of the aromatic. The interaction energy of this 

dimer was evaluated and found to be very large (ΔE1 =–29.9 kcal/mol) thus confirming the 

relevance of π–π(CR) interactions. The Pb···S dimer is represented in Figure.III.C.9b and it can 

be observed that the negative sulphur-atom of the mono coordinated thiocyanate ligand is 

situated exactly at a position predicted by the MEP surface (maximum value of shown in 

Figure.III.C.8). In addition, the ς-hole at the sulphur-atom of the bridged thiocyanate interacts 

with the electron rich carbon-atom of the thiocyanate ligand, also in agreement with the MEP 

analysis. Both interactions contribute to the binding energy that are moderately strong (ΔE2 =–

19.6 kcal/mol). To further characterize the interactions described above, the NCI plot index was 

used since it allows an easy assessment of host–guest complementarity and the extent to which 

weak interactions stabilize a complex. Figure.III.C.9c shows the NCI plot of the stacked dimer. 

The presence of an extended green (energetically favorable) isosurface between aromatic and 

chelate rings observed confirm the existence of the interaction. Moreover, a smaller green 

isosurface is located between the lead atom and one carbon-atom of the ring characterizing the 

Pb···C tetrel bond. The NCI plot also reveals the existence of several C–H···SCN interactions 

involving the methoxy (-OCH3) and C–H groups characterized by two isosurfaces. For the Pb···S 

dimer, the tetrel bond is characterized by a green isosurface located between the sulphur and 

lead(II) atoms (see Figure.III.C.9d). This interaction is complemented by two C–H···S hydrogen-
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bonding interactions involving methyl groups. Finally, the S···C(SCN) interaction is characterized 

by a small isosurface located between both atoms. 

 As previously shown in Figure.III.C.2, complexes 8 and 9 also form Pb···π (or cation–π) 

dimers in solid state. Both dimers are shown in Fig. 11 from where it can be observed that they 

are slightly different compared to complex 7. In fact, for complex 8 the lead(II) atom is located 

approximately over the center of the aromatic ring instead of being connected to a single 

carbon-atom. This provokes a displacement of the π-systems and the π–π(CR) interaction is not 

formed; instead a π(CR)–π(CR) stacking is established in combination with two Pb···π 

interactions (see Scheme.III.C.2). Therefore, differences between both these arrangements 

were analyzed with regard to energy. In Figure.III.C.10a the Pb···π dimer of complex 8 has been 

represented and it was found that the interaction energy is almost identical (ΔE3 =–29.0 

kcal/mol) to the dimer of complex 7 (see Figure.III.C.9a) suggesting both combinations are 

basically isoenergetic. The dimer of complex 9 is not strictly comparable because of the 

presence of an ethyl group instead of a methyl group. This provokes a displacement of the π-

systems (parallel displaced arrangement) that provokes an enlargement of both π(CR)–π(CR) 

stacking and Pb···π distances and the formation of C–H···SCN interactions (marked in red in Fig. 

Figure.III.C.10b). As a consequence, the interaction energy of this dimer is the most favorable 

(ΔE4 =–35.9 kcal/mol) due to additional interactions. 

There are examples in the literature of experimental and theoretical investigations devoted to 

tetrel bonding. Table.III.C.6 shows examples of such X-ray characterized heteronuclear 

nickel(II)/lead(II) complexes along with lead(II) complexes where the lead(II) centre is 

hemidirected and subjected to a tetrel bonding interaction. Now it has to be mentioned that no 
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such report has been found where tetrel bonding was explored in heteronuclear 

nickel(II)/lead(II) complexes with reduced Schiff bases. Thus the present work is the first 

systematic study that explores tetrel bonding interactions in hemidirected heteronuclear 

nickel(II)/lead(II) complexes. 

 

Fig.III.C.8: MEP surface of complex 7 (isosurface 0.001 a.u.) at the PBE0/def2-TZVP level of 

theory. The values at selected points of the surface are indicated in kcal/mol. 
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Fig.III.C.9 (a,b): Theoretical models used to evaluate the non-covalent interactions. (c,d) NCI 

plots of the dimers in complex 7. The gradient cut-off is s = 0.35 au, and the color scale is 

−0.04 < ρ < 0.04 au. 

 

 

Scheme.III.C.2: Schematic representation of the π-stacking assemblies in complexes 7 and 8. 

 

Fig. 11 (a,b). Theoretical models used to evaluate the non-covalent interactions in complexes 8 

and 9. Distances in Å. 
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Table.III.C.4: Deviation of coordinating atoms from the least square mean plane passing 

through them and that of nickel(II) from the same plane in complexes 7-9. 

 

 

 

 

 

Table.III.C.5: Geometric features (distances in Å and angles in) of the cation···π interactions 

obtained for complexes 7, 8 and 9. 

Complex 

 

Cg···M(Cation) Cg···M (Å) M···Prep (Å) 

1 Cg(10)···Pb(1)a 3.595(8) -3.324(5) 

2 Cg(4)···Pb(1)b 3.494(1) 3.443(6) 

3 Cg(4)···Pb(1)b 3.700(5) -3.390(3) 

Symmetry transformations: a =1-x, 1-y, -z and b = 1-x, 1-y, 1-z. 

 

Table.III.C.6: Reported X-ray characterized nickel(II)/lead(II) and lead(II) complexes comprising 

tetrel bonding interaction.  

Complex 
Deviations of atoms in Å 

O(1) O(2) N(1) N(2) Ni(1) 

1 -0.008(6) -0.051(6) -0.052(7) -0.014(7)  0.125(10) 

2 0.001(7) -0.036(7) -0.035(10) -0.002(9) 0.071(13) 

3 0.009(2) 0.023(2) 0.025(3) 0.012(3) -0.0692(4) 

Complex 
(CCDC) 

Formula Coordination 
mode of lead 

Bonding Pb-X (Å) Ref 

YISROI [{LaNi}Pb(NC5H5)Cl]2 Hemidirected Tetrel 3.272(1) 72 
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YISRUO [{LbNi}2Pb]·Py·H2O Hemidirected Tetrel 3.221(2) 72 

QUQBIP [(SCN)PbLc[(μ1,1-SCN)]2·CH3OH Hemidirected Tetrel 3.042(1) 73 

QUQBOV [(SCN)2PbLc] Hemidirected Tetrel 3.403(2) 

3.472(3) 

 

73 

TAGMUM [(I)PbLd]·CH3OH Hemidirected Tetrel 3.241(1) 74 

TAGMOG [(Cl)PbLd]·CH3OH Hemidirected Tetrel 3.155(2) 74 

TAGNET [(SCN)PbLd] Hemidirected Tetrel 3.224(8) 74 

TAGNEX [(NO3)PbLd]·CH3OH Hemidirected Tetrel 3.408(1) 74 

IPAHEO [Pb2(HLc)2(NO3)4] Hemidirected Tetrel 2.923(3) 73 

IPAHAK [(OAc)PbLc] Hemidirected Tetrel 3.424(7) 73 

JERPAA [Pb2(H2Lc)(NO3)4]2 Hemidirected Tetrel 3.060(1) 

3.350(1) 

73 

HAFVAO [Pb(Lc)N3]n Hemidirected Tetrel 3.436(4) 75 

HAFVES [(NO3)(SCN)Pb(HLc)]2 Hemidirected Tetrel 3.225(1) 75 

HAFVIW [(OAc)PbLc] Hemidirected Tetrel 3.488(3) 

3.409(4) 

75 

HAFVUI [PbLc(NO2)]n Hemidirected Tetrel 3.299(5) 75 

REZFIO [(SCN)NiLePb(NO3)] Hemidirected Tetrel 3.064(2) 54 

ZETLES [(H2O)Ni(SCN)LfPb(OAc)]·DMSO Hemidirected Tetrel 3.379(4) 54 

- [(SCN)NiL1(µ1,3-NCS)Pb] Hemidirected Tetrel 3.688(3) This Work 

- [(SCN)NiL1(-OAc)Pb] Hemidirected - - This Work 
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La = tris-((2-hydroxybenzylidene)-aminoethyl)-amine; Lb = tris-((-2-hydroxybenzylidene)-

aminomethyl)propane; H2Lc = N′-(1-(2-pyridyl)ethylidene)nicotinohydrazide; H2Ld = N′-

(phenyl(pyridin-2-yl) methylene)isonicotinohydrazide; H2Le = N,N'-bis(3-

ethoxysalicylidene)propane-1,3-diamine; H2Lf = [N,N'-bis(3-methoxysalicylidene)-2,2-

dimethylpropane-1,3-diamine].  

III.C .3.6: Hirshfeld surfaces 

 The Hirshfeld surface emerged from an attempt to define the space occupied by a 

molecule in a crystal for the purpose of subdividing the crystal electron density into molecular 

fragments.12 dnorm is a normalised contact distance.13 Intermolecular contacts are highlighted in 

the dnorm surface (when atoms make intermolecular contacts closer than the sum of their van 

der Waals radii, these contacts will be highlighted in red whereas longer contacts are blue, and 

contacts around the sum of van der Waals radii are white). Hirshfeld surfaces of complexes 7-9 

have been mapped over dnorm (range of -0.1 to 1.5 Å) [Figure.III.C.12]. Red spots on these 

surfaces denote the dominant interactions [N···H/H···N, S···H/H···S and O···H/H···O+. As the 

Hirshfeld surface defines the shape of the molecule in terms of its surrounding crystalline 

environment, the local shape of the surface may provide some chemical insight whereas shape 

index is a qualitative measure of shape and can be sensitive to very subtle changes in surface 

shape, particularly in regions where the total curvature (or the curvedness) is very low.14 

- [(SCN)NiL2(-OAc)Pb] Hemidirected - - This Work 
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 The 2D fingerprint plots,15 which are used to analyze the intermolecular contacts at the 

same time, revealed that the main intermolecular interactions in the complexes are S···H/H···S, 

N···H/H···N and O···H/H···O. Figure.III.C.13 represents the 2D plots of complexes 7, 8 and 9. The 

O···H interactions are higher in complexes 8 and 9 compared to complex 7 due to the presence 

of acetate group which is absent in complex 7. Complex 7 contains an extra thiocyanate which 

results in more S···H (16.7%) interaction compared to the other ones.  

 Interesting Pb···S and S···S contacts (Figure.III.C.14) are observed in complexes 7 and 8. 

These contacts are not present in isostructural complex 9. It is due to the steric crowding of 

ethoxy group [compared to methoxy group (for complexes 7 and 8)] which averts the sulphur 

atom of a thiocyanate to come in closer contact with the lead(II) center prevent such contacts. 

These contacts may lead to the formation of different unconventional supramolecular 

interactions which is quite fascinating. To investigate these, theoretical calculations have been 

done and the interaction energies have been calculated. 

 

 

 

Fig.III.C. 12: Hirshfeld surfaces (dnorm) of complexes 7-9. 
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Fig. III.C.13: Fingerprint plots of complexes 7, 8 and 9. 
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Fig.III.C.14: Fingerprint plot resolved into Pb···S/S···Pb and S···S/S···S contacts contributed to the 

total Hirshfeld Surface area of complexes 7 and 8. 

III.C. 4: Concluding remarks 

 In conclusion, syntheses and structural characterizations of three hetero-nuclear 

nickel(II)/lead(II) complexes with compartmental reduced Schiff base ligands have been 

reported where five membered Pb-chelate rings in the hemicoordinated complexes 7–9 play a 

relevant role. Moreover, supramolecular tetrel bonding interactions of these complexes have 

been investigated and the interaction energies calculated and characterized using NCI plot 

index. Remarkably, the combination of interactions observed in the π-stacking assembly in 

complex 7, a pair of π–π(CR) interactions, is energetically equivalent to the formation of one 

π(CR)–π(CR) interaction and two cation–π interactions (or Pb···π tetrel bonds) observed in 

complex 8.  
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Chapter IV 

Two trinuclear complexes with Pb(O2Ni)2 cores 
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IV.1. Introduction   

Several transition and non-transition metal complexes were synthesized by different 

synthetic inorganic chemists using varieties of chelating ligands [1–19+. Among them, ‘salen 

type’ N,O-donor salicylaldimine Schiff bases are very popular probably for their easy synthetic 

routes and wide-ranging stability [20–29]. We have written a series of reviews on the synthetic 

strategy, structures and applications of transition and non-transition metal complexes with 

these ‘salen type’ Schiff bases *30–34]. On the other hand, the symmetrical Schiff bases derived 

from 2-pyridyl carbonyl compounds are also stable in wide range of oxidizing and reducing 

conditions; and they have also been used since long for the synthesis of complexes of different 

transition and non-transition metals [35–63]. In this review we would like to discuss only the 

synthesis, structure and properties of lead(II) and mercury(II) complexes. Both lead and 

mercury are very toxic and their application in material science is limited. Metallic lead is 

extensively used in car batteries, grenades, cable covering, lead crystal glass, radiation 

protection etc. It is sometimes used to store corrosive liquids. Mercury is widely used in 

thermometers, barometers, etc. Although many other liquids could also be used in these 

devices, mercury is used because its high density requires less space. Mercury is also a good 

conductor of electricity, and hence is used in electrical switches. Lead(II) and mercury(II) 

complexes are synthesized mainly for academic interest as they may show interesting non-

covalent interactions in their solid state structures (vide infra). Lead(II) is an element of group 

14 (and therefore is a congener of C), but the most stable oxidation state of lead is +2 because 

of the inert pair effect, which stabilizes 6s2 electrons of lead. The geometric and electronic 

structures of lead(II) compounds are greatly influenced by the presence of this inert pair of 
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electrons [64–70,38,71–80]. Two types of geometries are possible for lead(II) complexes, e.g. (i) 

holo-directed {in which the bonds of lead(II) centre to donor atoms are symmetrically 

distributed throughout the surface of an surrounding sphere} and (ii) homo-directed {in which 

the bonds of lead(II) centre to ligand atoms are distributed only throughout a hemisphere 

producing a clear void around lead (II)} [81]. Hemi-directed geometry has been observed for 

reltively lower coordination number (i.e. 2-5) of lead(II). On the other hand, holo-directed 

geometries are found for higher coordination numbers (viz. nine and ten). For the intermediate 

coordination numbers, six to eight, any one of the two geometries are possible. In the solid 

state structure of these complexes, ς–hole interactions (a non-covalent interaction between 

the ς–hole, created on lead(II), and the electron rich atoms of the species) are frequently 

present. This is sometimes referred to as tetrel bonding interactions [82–85+. Similar ς–hole 

interaction involving mercury(II) (or any other group 12 element) is called spodium bond 

*86,87+. This type of ς–hole interaction is however not specific for lead and mercury, as similar 

interactions are also found in the solid state structures for the complexes of group 6 (called 

wolfium bond) [88], Group 7 (called matere bond) [89], group 8 (called osme bonds) [90], 

Group 15 (called pnictogen bond) [91], group 11 elements (called coinage bonds) also [92]. The 

increase in polarizability of the metal center increases the size and electron deficiency of ς–

holes, thereby enhancing their importance in crystal engineering. 

 In the present work, two N2O2O'2 donor compartmental reduced Schiff bases, 2,2'-[(2,2-

dimethyl-1,3-propanediyl)bis(iminomethylene)]bis[6-methoxy-phenol] (H2L1) and 2,2'-[(2,2-

dimethyl-1,3-propanediyl)bis(iminomethylene)]bis[6-ethoxy-phenol] (H2L2) were used to 

prepare two hetero-nuclear nickel(II)/lead(II) complexes, [{(DMSO)(H2O)NiL1}2Pb](ClO4)2(10) 
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[{(DMSO)(H2O)NiL2}2Pb](ClO4)2·4DMSO (11). Their structures have been determined by single 

crystal X-ray diffraction analyses. The lead centres in complexes 10-11 are hemidirectionally 

coordinated and participates in non-covalent tetrel bonding interactions. Moreover, 

supramolecular interactions were studied by means of DFT calculations focusing our attention 

on Pb···S and Pb···π tetrel bonds observed in the solid state architecture of complexes 10-11. 

Furthermore, π-stacking assemblies between aromatic rings and five-membered Pb-chelate 

rings were detected and studied both with regard to their energies and by using the non-

covalent (NCI) plot index. In complexes 10 and 11 the lead centres are holodirected resulting in 

different trinuclear structures where interesting hydrogen bonding has been observed with 

non-coordinated perchlorates.  

IV.2.Results and discussion 

IV.2.1. Synthesis 

 2, 2-dimethyl-1, 3-diaminopropane was refluxed with 3-methoxysalicylaldehyde and 3-

ethoxysalicylaldehyde in 1:2 ratio respectively, followed by the addition of NaBH4 to form two 

N2O2O'2 donor compartmental reduced Schiff bases (H2L1 and H2L2) following standard 

literature methods.93-95 These ligands (H2L1 and H2L2) on reaction with different ratios of 

nickel(II) and lead(II) salts in different solvents produced the complexes. Formation of 

complexes 10-11 has been shown in Scheme IV.1. 
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Scheme IV.1: Synthetic route to complexes 10-11. Lattice solvent molecules have been omitted 

for clarity. 

IV.2.2. Description of [{(DMSO)(H2O)NiL1}2Pb](ClO4)2 (10) and 

[{(DMSO)(H2O)NiL2}2Pb](ClO4)2·4DMSO (11)  

The asymmetric unit of complex 10 contains hetero-trinuclear [{(DMSO)(H2O)NiL1}2Pb] 

dication with two non-coordinating perchlorate anions(Fig. IV.1a). The oxygen atoms, O(13), 

O(15) and O(17), O(19) of two non-coordinated perchlorates are disordered in complex 10. Two 

sets of positions; (O13A, O13B), (O15A, O15B) and (O17, O17A), (O19, O19A) were refined with 

occupancies of x and 1-x, respectively with x = 0.712. Complex 11 is centrosymmetric and 

contains hetero-trinuclear [{(DMSO)(H2O)NiL1}2Pb] dication with two non-coordinating 

perchlorate anions along with four lattice DMSO molecules (Fig. IV.1b). Crystallographic data 

and refinement details of both complexes are provided in Table IV.1. Important bond lengths 

are summarized in Tables IV.2. 

Table IV.1: Crystal data and refinement details of complexes 10 and 11. 

Complex 4 5 
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Table IV.2: Selected bond lengths (Å) of complexes 10 and 11. 

Formula C46H72PbNi2N4O20S2Cl2 C58H104PbNi2N4O24S6Cl2 

Formula Weight 1460.68 1829.29 

Temperature (K) 150 150 

Crystal system Monoclinic Monoclinic 

Space group P21/c I2/a 

a(Å) 13.3953(11) 17.9651(16) 

b(Å) 24.316(2) 17.7582(14) 

c(Å) 18.4399(16) 26.3234(17) 

β 91.537(3) 105.848(5) 

Z 4 4 

dcalc (g cm-3) 1.616 1.504 

μ(mm-1) 3.648 2.831 

F(000) 2960 3760 

Total Reflections 73608 47959 

Unique Reflections 10905 7149 

Observed data *I >2 ς (I)+ 8275 6210 

No. of parameters 741 454 

R(int) 0.068 0.079 

R1,wR2(all data) 0.0590, 0.0937 0.0566, 0.1378 

R1,wR2 *I > 2 ς(I)+ 0.0369, 0.0820 0.0471, 0.1301 

CCDC 1938679 1938680 

Complex 10 11 Complex 10 11 

Pb(1)–O(1) 2.434(3) 2.430(4) Pb(1)–O(7) 2.460(3) - 

Pb(1)–O(2) 2.418(3) 2.444(4) Pb(1)–O(8) 2.445(3) - 

Pb(1)–O(3) 2.696(4) 2.869(5) Pb(1)–O(9) 2.921(5) - 
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N2O2O'2 donor compartmental reduced Schiff bases (H2L1 and H2L2) were used to 

prepare complexes 10 and 11 respectively in which nickel(II) centres are placed in the inner 

N2O2 cavities. The nickel(II) centres [Ni(1) and Ni(2) for complex 10 and Ni(1) and Ni(1)m for 

complex 11,where m=½-x, y, 1-z] are coordinated with two amine nitrogen atoms [N(1), N(2) for 

Ni(1); N(3), N(4) for Ni(2) in complex 10 and N(1), N(2) for Ni(1); N(1)m, N(2)m for Ni(1)m in 

complex 11] and two phenoxo oxygen atoms [O(1), O(2) for Ni(1); O(7), O(8) for Ni(2) in 

complex 10 and O(1), O(2) for Ni(1); O(1)m, O(2)m for Ni(1)m in complex 11] of the deprotonated 

reduced Schiff base ligands. The fifth site is coordinated by an oxygen atom [being O(5) for 

Ni(1); O(11) for Ni(2) in complex 10 and O(5) for Ni(1); O(5)m for Ni(1)m of complex 11] from 

water molecules. Another oxygen atom [O(6) for Ni(1); O(12) for Ni(2) of complex 10 and O(6) 

for Ni(1); O(6)m for Ni(1)m of complex 11] from DMSO molecules coordinated with the nickel(II) 

centers to fulfil their distorted octahedral geometries. Deviations of the coordinating atoms 

from the mean equatorial planes passing through them and those of the nickel(II) centres from 

the same planes in complexes 10 are listed in Table IV.3. 

Pb(1)–O(4) 2.873(4) 2.954(5) Pb(1)–O(10) 2.742(4) - 

Ni(1)–O(1) 2.100(3) 2.135(4) Ni(2)–O(7) 2.030(3) - 

Ni(1)–O(2) 2.001(3) 2.016(4) Ni(2)–O(8) 2.082(3) - 

Ni(1)–N(1) 2.062(4) 2.060(5) Ni(2)–O(11) 2.128(4) - 

Ni(1)–N(2) 2.073(5) 2.075(6) Ni(2)–O(12) 2.099(3) - 

Ni(1)–O(5) 2.108(4) 2.095(4) Ni(2)–N(3) 2.073(4) - 

Ni(1)–O(6) 2.106(3) 2.130(4) Ni(2)–N(4) 2.078(4) - 



 

255 
 

Table IV.3: Deviation of coordinating atoms along with nickel(II) from the least square mean 

plane passing through them in complex 10. 

 

 

 

The central lead(II) is octa-coordinated by four phenoxy oxygen atoms, [O(1), O(2), O(7), 

O(8) in case of complex 10 and O(1), O(2), O(1)m, O(2)m for complex 11] and four alkoxy 

[methoxy in case of complex 10 and ethoxy for complex 11] oxygen atoms, [O(3), O(4), O(9), 

O(10) for complex 10 and O(3), O(4), O(3)m, O(4)m for complex 11] of two deprotonated 

reduced Schiff base ligands assuming bicapped trigonal prismatic geometry (Fig. IV.2). In each 

complex, the lead(II) centre is crammed between two {(DMSO)(H2O)NiL*} [where L* = L1 (for 

complex 10) and L2 (for complex 11)] moieties forming a sandwich-type configuration.96 The Pb-

O(phenoxy) distances [2.460(4)–2.418(4) Å] are smaller compared to the Pb-O(methoxy) 

distances [2.954(5)–2.696(5) Å]. Distances between the metal centres are ~3.564 Å for Pb(1)-

Ni(1) and ~3.575 Å for Pb(1)-Ni(2). The angles, Ni(1)-O(1)-Pb(1), Ni(1)-O(2)-Pb(1), Ni(2)-O(7)-

Pb(1) and Ni(2)-O(8)-Pb(1) are with the range of 102-107°. In complex 10, Ni(1)O(1)Pb(1)O(2) 

and Ni(2)O(7)Pb(1)O(8) dihedral angles are 4.05(12)° and -2.30(10)° respectively. The angle 

between Ni(1)O(1)O(2)Pb(1) and Ni(2)O(7)O(8)Pb(1) cores is 79.77(11)°. In complex 11, 

Deviations of atoms in Å 

Complex O(1) O(2) N(1) N(2) Ni(1) 

10 0.088(3) -0.093(3) -0.080(5) 0.079(5)  0.0065(5) 

Deviations of atoms in Å 

Complex O(7) O(8) N(3) N(4) Ni(2) 

10 0.069(3) -0.061(3) -0.055(4) 0.062(4) -0.0138(5) 
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Ni(1)O(1)Pb(1)O(2) dihedral angle is -7.63(13). The angle between Ni(1)O(1)O(2)Pb(1) and 

Ni(1)mO(1)mO(2)mPb(1) [where m=½-x, y, 1-z] cores is measured to be 72.75(13)°.  

 

Fig. IV.1. Perspective view of complexes (a) 10 and (b) 11 with selective atom numbering 

scheme. Hydrogen atoms, perchlorate ion and the non-coordinating solvent molecules have 

been omitted for clarity. 

The saturated six membered chelate rings, Ni(1)–N(1)–C(9)–C(10)–C(13)–N(2) and Ni(2)–

N(3)–C(32)–C(33)–C(36)–N(4) in complex 10 has envelope conformations with puckering 

parameters98-99 q=0.566(6) Å; θ=167.5(6); =14(3) and q=0.552(5) Å; θ=19.5(4); 

=169(15),respectively. Similarly, the saturated six membered chelate ring, Ni(1)–N(1)–C(10)–

C(11)–C(14)–N(2) also has envelope conformation with puckering parameters98-99 q=0.573(7) Å; 

θ=8.6(6); =175(5) in complex 11. 
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Fig. IV.2. Perspective view of the bicapped trigonal prismatic geometry around lead(II) in 

complex 10.  

 

IV.2.3. IR, electronic spectra and PXRD 

A broad band around 3400 cm-1 indicates the presence of coordinated water in complex 

10.100-101 A strong  band in the range of 1085-1011 cm-1indicates the presence of perchlorate 

ions in complex 11.102 

 The electronic spectrum of each complex in acetonitrile displays three bands around 

242 nm, 285 nm and 600 nm. The absorptionaround ~242 nm and ~285 nm may be assigned to 

charge transfer transitions103-104whereas the band around ~600 nm could be assigned to d-d 

transition.105 

 Experimental PXRD patterns of the bulk products are in good agreement with simulated 

XRD patterns from single crystal X-ray diffraction results, indicating consistency in bulk samples. 
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The simulated patterns of the complexes are calculated from the single crystal structural datas 

(CIF) using the CCDC Mercury software.  

IV.2.4. Supramolecular interactions  

 The solid state structures of the complexes are stabilized through various non-covalent 

interactions (e.g. hydrogen bonding, C-H···π, π···π, cation···π interactions etc). The complexes 

were prepared while changing the ligand moieties along with bridging ligands which result in 

five different nickel(II)/lead(II) complexes. These trivial changes in ligand moieties along with 

bridging ligands play significant roles in the formation of diverse molecular architectures. 

Different supramolecular interactions are discussed below in the light of hirshfeld surface 

analyses.  

 In complex 10, the hydrogen atoms, H(5A), attached to oxygen atom, O(5), and H(11O), 

attached to oxygen atom, O(11), are hydrogen bonded with oxygen atoms, O(14) and O(13B) 

respectively of a perchlorate anion. Similarly, the hydrogen atoms, H(5B), attached to oxygen 

atom, O(5) and H(11), attached to oxygen atom, O(11), are involved in hydrogen bonding 

interactions with phenoxo oxygen atoms, O(8) and O(1), respectively of the reduced Schiff base 

ligand as shown in Fig. IV.3. Additionally, the hydrogen atom, H(4N), attached to nitrogen atom, 

N(4), is engaged in symmetry related [2-x, 1/2+y, 1/2-z]  hydrogen bonding interaction with the 

oxygen atom, O(17), of a perchlorate anion (Fig. IV.3). A weak hydrogen bonding interaction is 

also observed between the hydrogen atom, H(1N), attached to nitrogen atom, N(1), with a 

symmetry (-1+x, y, z) related oxygen atom, O(18), of a perchlorate anion. Details of the 

geometric features of the hydrogen bonding interactions are summarized in Table IV.4. 
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Fig. iV.3. Hydrogen bonding interactions in complex 10. Only the relevant atoms have been 

shown for clarity. Symmetry transformations a = 2-x, 1/2+y, 1/2-z. 

Table IV.4: Geometric features (distances in Å and angles in) of the hydrogen bonding 

interactions obtained for complex 10. 

Complex D–H∙∙∙A D–H H∙∙∙A D∙∙∙A D–H∙∙∙A 

4 

O(5)−H(5A)···O(14) 0.81(7) 2.04(7) 2.836(7) 168(5) 

O(5)−H(H5B)···O(8) 0.84(4) 1.99(3) 2.815(5) 167(3) 

O(11)−H(H11O)···O(13B) 0.73(5) 2.13(5) 2.840(14) 163(6) 

O(11)−H(H11)···O(1) 0.84(4) 2.09(3) 2.917(6) 170(3) 

N(4)−H(4N)···O(17)a 1(4) 2.24(8) 3.119(9) 146(3) 



 

260 
 

N(1)−H(1N)···O(18)b 0.82(5) 2.86(5) 3.526(1) 140(4) 

Symmetry transformations a=2-x, 1/2+y, 1/2-z; b = -1+x, y, z. 

Five C-H···π interactions are also observed in complex 10. The hydrogen atom, H(23A), 

attached to the carbon atom C(23), is involved in an inter-molecular C–H···π interaction with a 

symmetry related (x,1/2-y,1/2+z) phenyl ring [C(25)–C(26)–C(27)–C(28)–C(29)–C(30)] to form a 

supramolecular zigzag structure (Fig. S6, SI). Hydrogen atoms, H(22C), H(23B), H(45B) and 

H(46C), attached to carbon atoms, C(22), C(23), C(45) and C(46) respectively are involved in 

intra-molecular C–H···π interactions with the phenyl ring *C(2)–C(3)–C(4)–C(5)–C(6)–C(7)], 

[C(15)–C(16)–C(17)–C(18)–C(19)–C(20)], [C(25)–C(26)–C(27)–C(28)–C(29)–C(30)] and [C(38)–

C(39)–C(40)–C(41)–C(42)–C(43)], respectively. The details of the geometric features of the C–

H···π interactions have been gathered in Table IV.5. 

Complex 11 also shows three C–H···π interactions. The hydrogen atom, H(1A), attached 

to carbon atom, C(1), is involved in a C–H···π interaction with symmetry related (1/2-x,y,1-z) 

phenyl ring [C(16)–C(17)–C(18)–C(19)–C(20)–C(21)]. The hydrogen atom, H(24C) and H(25A), 

attached to carbon atom, C(24) and C(25), respectively, are involved in intra-molecular C–H···π 

interactions with phenyl rings [C(16)–C(17)–C(18)–C(19)–C(20)–C(21)] and [C(3)–C(4)–C(5)–

C(6)–C(7)–C(8)] respectively. Details of the geometric features of the C–H···π interactions have 

been gathered in Table IV.5. 

Table IV.5: Geometric features (distances in Å and angles in ) of the C−H···π interactions for 

complexes 10 and 11. 
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Complex C−H∙∙∙Cg (Ring) H···Cg (Å) C−H∙∙∙Cg (°) C···Cg (Å) 

10 

C(22)-H(22C)···Cg(7) 2.88 145 3.726(8) 

C(23)-H(23A)···Cg(9)a 2.89 172 3.864(8) 

C(23)-H(23B)···Cg(8) 2.94 152 3.837(8) 

C(45)-H(45B)···Cg(9) 2.98 156 3.897(7) 

C(46)-H(46C)···Cg(10) 2.85 143 3.685(6) 

11 

C(1)-H(1A)···Cg(5)b 2.94 127 3.612(11) 

C(24)-H(24C)···Cg(5) 2.61 148 3.482(9) 

C(25)-H(25A)···Cg(4) 2.86 148 3.729(10) 

Symmetry transformations; a= x,1/2-y,1/2+z and b= 1/2-x,y,1-z . 

IV.3. Concluding remarks 

 In conclusion, syntheses and structural characterizations of five hetero-nuclear 

nickel(II)/lead(II) complexes with compartmental reduced Schiff base ligands have been 

reported where C-H···π interactions are commonly observed in complexes 10 and 11. Finally, 

the results reported herein stress on the importance of π-interactions involving chelate ring in 

crystal engineering in addition to the tetrel bonds involving hemicoordinated lead(II). 
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V.1. Introduction  

 Different groups of coordination chemists were synthesizing varieties of homo and 

hetero polynuclear complexes of transition and non-transition metals with salen type di-Schiff 

base ligands (prepared by the condensation of several diamines with salicylaldehyde) for long 

[1-5]. In this method, the ability of phenoxo oxygen atoms of salicylaldimine Schiff bases was 

utilized to bridge different metal centres [6-11]. Our group was also engaged in the synthesis 

and characterization of such complexes [12-14]. Several ‘half salen’ type mono-condensed 

Schiff bases have also been used to prepare such complexes [15-18]. Ability of many of these 

complexes in mimicking several enzymes, e.g. phosphatase, phenoxazinone synthase, catechol 

oxidase etc was investigated [19-25]. Opto-electronic properties of few such complexes were 

explored [26, 27]. Few complexes were found effective to degrade methylene blue under visible 

light irradiation [28-30]. The denticity of these ‘salen’ type Schiff bases may be increased by 

using 3-alkoxysalicylaldehyde instead of salicylaldehyde [31-33+. In this method, ‘salen’ type 

hexadentate N2O4 donor compartmental Schiff bases were produced affording a facile synthetic 

route to multimetallic complexes with greater ease. N,N′-bis(3-methoxysalicylidene)-2,2-

dimethylpropane-1,3-diamine is a well known compartmental Schiff base, containing inner 

N2O2 and outer O4 compartments. We have prepared many heterometallic complexes with this 

ligand [34, 35]. Many other groups were also used this ligand to prepare hetero-metallic 

complexes [36-38]. Usually, transition metals are placed in the inner N2O2 compartment as their 

radii matches well with the radius of this compartment. On the other hand, non-transition 

metals of larger size usually fit well in the outer O4 compartment [39-43]. 
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 In this work, we have reduced the Schiff base ligand with borohydride to get a more 

flexible reduced Schiff base ligand which was then used to prepare tetranuclear heterometallic 

copper(II)/cadmium(II) complexes, (µ1,1-N3)2[(H2O)Cu(LR)Cd(N3)]2∙2CH3OH (12) and (µ1,1-

NCS)2[CuLRCd(SCN)]2∙2CH3OH (13), where H2LR=2,2'-[(2,2-dimethyl-1,3-

propanediyl)bis(iminomethylene)]bis[6-methoxy-phenol]. Both complexes were characterized 

with single crystal X-ray diffraction analysis. Both complexes could be used as photo-catalyst to 

degrade methylene blue under visible light irradiation, although complex 12 was found to be 

better catalyst than complex 13. Methylene blue is an organic dye pollutant released by textile 

industries and it is necessary to destroy methylene blue from industrial waste to minimize 

environmental pollution [44-46]. A probable mechanistic pathway for the photocatalytic 

degradation of the organic dye by these complexes has been proposed. The difference in their 

photocatalytic performance has also been correlated with their structures.  

V.2. Experimental Section 

V.2.1. Synthesis 

V.2.1.1. Synthesis of Schiff base ligands 

V.2.1.1.1: Preparation of the ligand, 2,2'-[(2,2-dimethyl-1,3-

propanediyl)bis(iminomethylene)]bis[6- methoxy-phenol] (H2L
 1 )  

H2L1 ligand preparation has been given in II.2.1 (See Chapter 2). 
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V.2.1.3. Synthesis of complexes 

V.2.1.3.1. Synthesis of (µ-1,1-N3)2[(H2O)Cu(LR)Cd(N3)]2∙2CH3OH  (12) 

A methanol solution (5 mL) of copper(II) acetate monohydrate (~400 mg, 2 mmol) was 

added to the methanol solution (10 mL) of the reduced Schiff base ligand H2LR, with constant 

stirring. A methanol (10 mL) solution of cadmium(II) acetate dihydrate (~540 mg, 2 mmol) was 

then added to it and the stirring was continued for about 2h. A methanol–water (2:1) solution 

(10 mL) of sodium azide (260 mg, 4 mmol) was added and the resulting mixture was refluxed 

for ca. 2h. Crystalline product was obtained after few days on very slow evaporation. Single 

crystals, suitable for X-ray diffraction, were isolated from the crystalline product. 

Yield: 914 mg (~67%) based on copper(II). Anal. Calc. for C44H68Cd2Cu2N16O12 (FW: 

1365.06): C, 39.88; H, 4.46; N, 17.72. Found: C, 39.7; H, 4.3; N, 17.9 %, FT-IR (KBr, cm-1): 3412 

(νO−H),3246-3166 (νN−H), 2972-2835 (νC−H), 2060 (νµ-1,1-N3), 2035 (νN3). UV–Vis, λmax (nm), *εmax (L 

mol−1 cm−1)] (DMF): 242 (1.5 × 104), 280 (7.9 × 103), 336 (8.9 × 102), 414 (1.0 × 103), 591 (2.2 × 

102). 

V.2.1.3.2. Synthesis of(µ-1,1-NCS)2[CuLRCd(SCN)]2∙2CH3OH (13) 

Complex 13 was prepared in a similar method to that of complex 12, except that sodium 

thiocyanate (~330 mg, 4 mmol) was added instead of sodium azide. Crystalline product was 

obtained after few days on very slow evaporation. Single crystals, suitable for X-ray diffraction, 

were isolated from the crystalline product. 
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Yield: 905 mg (~65%) based on copper(II). Anal. Calc. for C48H64Cd2Cu2N8O10S4 (FW: 

1393.23): C, 41.57; H, 4.25; N, 8.43. Found: C, 41.3; H, 4.1; N, 8.6%, FT-IR (KBr, cm-1): 3220-3145 

(νN−H), 2972-2835 (νC−H), 2081 (νµ-1,1-NCS), 2017 (νSCN). UV–Vis, λmax (nm), *εmax (L mol−1 cm−1)] 

(DMF): 240 (1.8 × 104), 280 (1.0 × 104), 336 (1.1 × 103), 410 (1.3 × 103), 595 (2.7 × 102). 

V.3. Results and discussion 

V.3.1. Synthesis 

 2,2-dimethyl-1,3-diaminopropane was refluxed with 3-methoxysalicylaldehyde in a 1:2 

ratio to form a N2O4 donor compartmental Schiff base ligand, H2L, following a literature method 

and NaBH4 was used as a reducing agent to prepare reduced Schiff base ligand (H2LR) [50, 51]. 

This reduced Schiff base (H2LR) on reaction with copper(II) acetate monohydrate followed by 

the addition of cadmium(II) acetate dihydrate and sodium azide in methanol gave rise to 

complex 12. The complex 13 was synthesized in similar method to that of complex 12, except 

that sodium thiocyanate is used instead of sodium azide. Synthetic route to the formation of 

both complexes 12 and 13 have been shown in Scheme 12. 
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Scheme V.1: Synthetic route to complexes 12and 13 

V.3.2. Structure description 

V.3.2.1. Description of structures (µ1,1-N3)2[(H2O)Cu(LR)Cd(N3)]2∙2CH3OH (12)and (µ1,1-

NCS)2[CuLRCd(SCN)]2∙2CH3OH (13) 

 Structure determination reveals that complex 12 crystallizes in the monoclinic space 

group P21/c. The complex is a centrosymmetric zigzag tetramer and is build up of two dinuclear 

units, [(H2O)Cu(LR)Cd(N3)],connected through two end-on azide bridges. A perspective view of 

the complex with selective atom numbering scheme has been shown in Fig.V.1. In the 

asymmetric unit, the copper(II) centre, Cu(1), and cadmium(II) centre, Cd(1), respectively 
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occupy the inner N2O2 and outer O4 sites of a potential compartmental reduced Schiff base 

H2LR, with a Cu(1)···Cd(1) distance of 3.378(6) Å.  

Copper(II) centre is penta-coordinated being bonded to two amine nitrogen atoms, N(1) 

and N(2), and two phenoxo oxygen atoms, O(1) and O(2), of the deprotonated reduced Schiff 

base ligand, (LR)2- and one oxygen atom, O(5), from a coordinated water molecule. The 

geometry of any penta-coordinated metal centre may conveniently be measured by the 

Addison parameter (τ) *52+. The geometry of copper(II) centre is slightly distorted square 

pyramidal with τ = 0.06 (τ = 0 indicates perfect square pyramid). On the other hand, 

cadmium(II) centre, Cd(1), is hepta-coordinated and its geometry is distorted pentagonal 

bipyramidal. Cd(1) is coordinated by two phenoxo oxygen atoms, O(1) and O(2), two methoxy 

oxygen atoms, O(3) and O(4), and one nitrogen atom, N(3), of an end-on bridging azide, which 

constitute the pentagonal plane. The sixth site is occupied by a nitrogen atom, N(6), from a 

terminal azide. The seventh coordination site is occupied by another nitrogen atom, N(3), from 

an end-on bridging azide, which bridges  Cd(1) and its symmetry ,′= 1-x,1-y,1-z} related 

counterpart, Cd(1′). The saturated six-membered chelate ring [Cu(1)–N(1)–C(9)–C(10)–C(13)–

N(2)+ has envelope conformation with puckering parameters, q = 0.523(6) Å; θ = 23.0(5)°; ϕ = 

177.6(14)° [53, 54].  

 Complex 13 crystallizes in triclinic space group, P1 . It is basically a centrosymmetric 

cyclic tetramer with *−Cd−(µ1,1-NCS)CuO2Cd(µ1,1-NCS)−Cu−+ core, in which two hetrero-

dinuclear [CuLRCd(SCN)] units are linked through two end-on thiocyanate bridges. A perspective 
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view with selective atom numbering scheme has been shown in Fig.V.2. Cu(1)···Cd(1′) 

,symmetry transformation ′= 1-x,1-y,1-z} distance in the tetrameric unit is 3.617(9) Å. 

 Copper(II) centre, Cu(1), is square pyramidal being coordinated equatorially by two 

amine nitrogen atoms, N(1) and N(2), and two phenoxo oxygen atoms, O(1) and O(2), of the 

deprotonated reduced Schiff base, (LR)2-. The fifth position is occupied by a nitrogen atom, 

N(3′), of the bridging thiocyanate. The square pyramidal geometry of copper(II) centre is 

confirmed by τ, here τ = 0.01 *52+. On the other hand, the coordination geometry of 

cadmium(II) centre, Cd(1), is distorted octahedral, where two phenoxo oxygen atoms, O(1) and 

O(2), and two methoxy oxygen atoms, O(3) and O(4), of the reduced Schiff base constitute the 

equatorial plane. One axial site is occupied by a sulfur atom, S(1), from terminal thiocyanate 

and another axial site is occupied by nitrogen atom, N(3), from thiocyanate which is act as a 

bridge between the cadmium(II) centre, Cd(1) and the symmetry related copper(II) centre, 

Cu(1′). The saturated six-membered chelate ring [Cu(1)–N(1)–C(9)–C(10)–C(13)–N(2)] has 

envelope conformation with the puckering parameters, q = 0.524(6) Å; θ = 148.2(5)°; ϕ = 

2.6(11)° [53, 54]. 
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Fig.V.1: Perspective view of complex 12 with selective atom numbering. Hydrogen atoms and 

the lattice methanol molecule have been omitted for clarity. 

 

 

Fig.V.2: Perspective view of complex 13 with selective atom numbering. Hydrogen atoms and 

the lattice methanol molecule have been omitted for clarity. 
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V.3.3. Comparison of structures of12 and 13 

It is interesting to note here that in complex 12, cadmium(II) centre of one asymmetric 

unit is connected with a cadmium(II) centre of a symmetry related counterpart via end-on azide 

bridges. This makes the copper(II) centres free to be used in any catalytic reaction. On the other 

hand, cadmium(II) centre of one asymmetric unit in complex 13 is connected with a copper(II) 

centre of a symmetry related dinuclear unit via end-on thiocyanate bridges. Thus both 

copper(II) and cadmium(II) are confined in a cyclic tetrameric unit, making copper(II) less 

available to take part any catalytic reaction. 

V.3.4. Supramolecular interactions in solid state of complexes 12 and 

13 

Solid state structures of both complexes are stabilized through significant non-covalent 

interactions such as hydrogen bonding and C−H···π. Complex 12 shows five significant hydrogen 

bonding interactions. The hydrogen atom, H(1), attached to amine nitrogen atom, N(1), involve 

in hydrogen bonding interaction with the symmetry related (x,1.5-y,-0.5+z) oxygen atom, O(6j), 

of the lattice methanol molecule. Another hydrogen atom, H(5C), attached to oxygen atom, 

O(5), of coordinated water molecule participate in hydrogen bonding interaction with the 

symmetry related (1-x,1/2+y,3/2-z) azide nitrogen atom N(8i). These two intermolecular 

hydrogen bonding interactions form a two dimensional layer structure. On the other hand, the 

oxygen atom, O(6), of the lattice methanol molecule forms hydrogen bond with the hydrogen 

atom, H(5D), attached with the oxygen atom, O(5), of the coordinated water molecule. Again, 
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hydrogen atom, H(6), of the same lattice methanol molecule, forms an additional hydrogen 

bond with azide nitrogen atom, N(6). Another hydrogen atom, H(2), attached to amine nitrogen 

atom N(2), participates in hydrogen bond formation with the azide nitrogen atom, N(5). Two 

dimensional layer structure of the complex has been shown in Fig.V.3 and selected small part of 

the two dimensional structure of hydrogen bonding has been shown in Fig.V.4. Details of the 

hydrogen bonding interactions have been given in Table.V.4. 

 The hydrogen atom, H(22A), attached to the carbon atom, C(22), of the lattice methanol 

molecule, is involved in a C−H···π interaction with the symmetry related (x,1.5-y,0.5+z) phenyl 

ring *C(2)−C(3)−C(4)−C(5)−C(6)−C(7)+.Twodimensional layer structure of C−H···π interaction has 

been shown in Fig.V.5 and selected small part of C−H···π interaction with specific atom 

numbering has been shown in Fig.V.6. Details of the geometric feature of the C−H···π 

interaction have been given in Table.V.5.  

 Three types of supramolecular interactions have been observed in complex 13 (H-

bonding, C−H···π and π···π interactions). The hydrogen atom, H(2N), attached to amine nitrogen 

atom, N(2), of the reduced Schiff base is engaged in intramolecular hydrogen bonding 

interaction with the same symmetry related oxygen atom, O(5), of lattice methanol molecule, 

as shown in Fig.V.7. Details of the hydrogen bonding interaction have been gathered in Table 

V.4.  

 The hydrogen atom, H(24B), attached to the carbon atom, C(24), of lattice methanol 

molecule is involved in the C−H···π interaction with a phenyl ring 

*C(15)−C(16)−C(17)−C(18)−C(19)−C(20)+. The C−H···π interaction of the complex has been shown 



 

283 
 

in Fig.V.8. Detail of the C−H···π interaction has been given in Table V.5. Complex 13 shows a 

significant π···π stacking interaction (Fig.V.9) between an aromatic ring [C(2)–C(3)–C(4)–C(5)–

C(6)–C(7)] with a symmetry-related (1−x,1−y,1−z) aromatic ring [C(15)–C(16)–C(17)–C(18)–

C(19)–C(20)]. Details of the π···π interaction have been given in TableV.6. 

 

Fig.V.3: Hydrogen bonded layer structure of complex 12. Only the relevant hydrogen atoms 

have been shown. 
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Fig.V.4: Selected small part of hydrogen bonded structure of complex 12. Only the relevant 

hydrogen atoms have been shown. Symmetry transformation i= x,1.5-y,0.5+z, j= 1-x,0.5+y,1.5-z 

 

Fig.V.5:Two dimensional supramolecular C–H···π interactions in complex 12. Only the relevant 

hydrogen atoms have been shown for clarity. Symmetry transformation: #= x,1.5-y,0.5+z. 
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Fig.V.6:Selected small part of C–H···π interactions of complex 12. Only the relevant hydrogen 

atoms have been shown. Symmetry transformation #= x,1.5-y,0.5+z. 

 

 

Fig.V.7:Hydrogen bonding structure of complex 13 with lattice methanol molecule. Only the 

relevant hydrogen atoms have been shown. 
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Fig.V.8: C−H···π interaction of complex 13 with lattice methanol molecule. Only the relevant 

hydrogen atoms have been shown. 

 

Fig.V.9: Intramolecular π···π stacking interactions in complex 13. Hydrogen atoms and lattice 

methanol molecules have been omitted for clarity. 



 

287 
 

TableV.1: Crystal data and refinement details of complexes 12 and 13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Complex 12 13 

Formula C44H68Cd2Cu2N16O12 C48H64Cd2Cu2N8O10S4 

Formula Weight 1365.06 1393.23 

Temperature (K) 273 273 

Crystal system Monoclinic Triclinic 

Space group P21/c Pī 

a(Å) 10.5544(9) 11.6584(13) 

b(Å) 18.0146(14) 11.6797(12) 

c(Å) 15.1340(11) 12.7556(14) 

 90 108.983(3) 

β 103.804(2) 99.804(3) 

γ 90 116.542(3) 

Z 2 1 

dcalc (g cm-3) 1.622 1.697 

μ(mm-1) 1.573 1.755 

F(000) 1388 706 

Total Reflections 31902 15213 

Unique Reflections 5032 4851 

Observed data *I >2 ς 
(I)] 

4343 4271 

No. of parameters 353 347 

R(int) 0.030 0.044 

R1,wR2 (all data) 0.0437, 0.1294 0.0499, 0.1360 

 

 

 

CCDC NO 1891988 1891989 
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Table V.2: Selected bond lengths (Å) of complexes 12 and 13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Symmetry transformation: ′= 1-x, 1-y, 1-z. 

 

 

 

 

 

 

Complex 12 13 

Cd(1)–O(1) 2.287(3) 2.256(3) 

Cd(1)–O(2) 2.307(3) 2.262(2) 

Cd(1)–O(3) 2.471(4) 2.511(3) 

Cd(1)–O(4) 2.472(4) 2.496(4) 

Cd(1)–N(3) 2.354(5) 2.201(5) 

Cu(1)–O(1) 1.956(3) 1.964(3) 

Cu(1)–O(2) 1.953(3) 1.968(4) 

Cu(1)–N(1) 2.028(4) 2.022(4) 

Cu(1)–N(2) 2.032(4) 2.017(4) 

Cd(1)–N(6) 2.259(5) — 

Cd(1)–N(3') 2.341(4) — 

Cu(1)–O(5) 2.317(4) — 

Cd(1)–S(1) — 2.636(2) 

Cu(1)–N(3′) — 2.626(5) 
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TableV.3: Selected bond angles (°) of complexes 12 and 13. 

 

Complex  12 13 

O(1)–Cd(1)–O(2) 66.46(10) 66.97(10) 

O(1)–Cd(1)–O(3) 67.19(15) 68.20(9) 

O(1)–Cd(1)–O(4) 132.15(11) 134.87(10) 

O(1)–Cd(1)–N(3) 90.02(12) 136.20(14) 

O(2)–Cd(1)–O(3) 133.63(14) 135.15(11) 

O(2)–Cd(1)–O(4) 66.41(11) 67.98(12) 

O(2)–Cd(1)–N(3) 85.43(13) 136.67(15) 

O(3)–Cd(1)–O(4) 158.23(15) 156.56(11) 

O(3)–Cd(1)–N(3) 95.93(16) 80.21(13) 

O(4)–Cd(1)–N(3) 94.09(16) 81.70(14) 

O(1)–Cu(1)–O(5) 99.67(18) 78.70(13) 

O(1)–Cu(1)–N(1) 90.59(15) 91.68(14) 

O(1)–Cu(1)–N(2) 165.34(13) 170.44(16) 

O(2)–Cu(1)–N(1) 168.94(13) 169.80(12) 

O(2)–Cu(1)–N(2) 92.04(14) 92.07(14) 

O(1)–Cd(1)–N(6) 96.86(12) — 

O(1)–Cd(1)–N(3') 143.99(14) — 

O(2)–Cd(1)–N(6) 100.24(15) — 

O(2)–Cd(1)–N(3') 141.12(15) — 

O(3)–Cd(1)–N(6) 83.85(18) — 

O(3)–Cd(1)–N(3') 82.14(18) — 

O(4)–Cd(1)–N(6) 83.69(17) — 

O(4)–Cd(1)–N(3') 82.05(14) — 

N(3)–Cd(1)–N(6) 172.41(13) — 

N(3)–Cd(1)–N(3') 74.31(15) — 
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N(3')–Cd(1)–N(6) 98.17(15) — 

O(1)–Cu(1)–O(2) 80.15(13) — 

O(2)–Cu(1)–O(5) 92.80(15) — 

O(5)–Cu(1)–N(1) 94.72(16) — 

O(2)–Cu(1)–N(2) 92.04(14) — 

N(1)–Cu(1)–N(2) 95.65(15) 97.37(16) 

S(1)–Cd(1)–O(1) — 101.08(11) 

S(1)–Cd(1)–O(2) — 101.46(10) 

S(1)–Cd(1)–O(3) — 85.74(9) 

S(1)–Cd(1)–O(4) — 85.09(10) 

S(1)–Cd(1)–N(3) — 106.13(13) 

O(1)–Cu(1)–N(3') — 88.88(13) 

O(2)–Cu(1)–N(3')  89.83(15) 

N(1)–Cu(1)–N(3')  93.41(16) 

N(2)–Cu(1)–N(3')  93.63(14) 

O(5)–Cu(1)–N(2) 93.04(18) — 

 

Symmetry transformation: ′= 1-x, 1-y, 1-z. 

Table V.4: Hydrogen bond distances (Å) and angles (º) of complexes 12 and 13. 

 

Complex D–H···A D–H H···A D···A D–H···A 

12 

N(1)−H(1)−O(6i) 0.9800 2.0800 3.039(5) 167.00 

N(2)−H(2)−N(5) 0.9800 2.4800 3.182(6) 129.00 

O(6)−H(6)−N(6) 0.8200 2.0200 2.831(5) 169.00 
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Symmetry transformation: i= x,1.5-y,0.5+z. 

 

Table V.5: Geometric features (distances in Å and angles in º) of the C−H···Cg interactions for 

complex 12 and 13. 

 Symmetry transformation: #= x,1.5-y,0.5+z. Cg(4) = centre of gravity of the ring 

*C(2)−C(3)−C(4)−C(5)−C(6)−C(7)+ and Cg(8) = centre of gravity of the ring 

*C(15)−C(16)−C(17)−C(18)−C(19)−C(20)+. 

 

Table V.6: Geometric parameters (Å) for the π⋯π interactions for the complex 13. 

 

Symmetry transformations: i= 1-x,1-y,1-z; a= dihedral angle between ring I and ring J, 

Cg(I)⋯Perp. = perpendicular distance of Cg(I) on ring J, Cg(J)⋯Perp. = perpendicular distance of 

O(5)−H(5C)−N(8) 0.88(9) 2.20(9) 2.926(8) 140(7) 

O(5)−H(5D)−O(6) 0.82(8) 2.22(10) 2.915(7) 143(10) 

13 N(2)−H(2N)−O(5) 0.87(6) 2.16(6) 3.027(9) 171(5) 

Complex C−H···Cg (Ring) H···Cg (Å) C−H···Cg (°) C···Cg (Å) Symmetry 

12 C(22)−H(22A)···Cg(4)# 2.89 164 3.825(9) x,3/2-y,1/2+z 

13 C(24)−H(24B)···Cg(8) 2.85 125 3.499(11) x, y, z 

Cg(I)⋯Cg(J) Cg⋯Cg (Å) α Cg(I)⋯Prep (Å) Cg(J)⋯Prep (Å) 

Cg(8)⋯Cg(7)i 3.735(3) 11.1(3) 3.467(2) 3.468(2) 



 

292 
 

Cg(J) on ring I. Cg(7) = centre of gravity of the ring [C(2)– C(3)–C(4)–C(5)–C(6)–C(7)] and Cg(8) = 

centre of gravity of the ring [C(15)–C(16)–C(17)–C(18)–C(19)–C(20)] for the complex 13. 

V.3.5. Hirshfeld surfaces analysis 

The Hirshfeld surfaces of both complexes mapped over dnorm (range -0.1 Å to 1.5 Å), 

shape index and curvedness have been shown in Fig.V.10. Red spots on these surfaces denote 

the dominant interactions. Analysis of Hirshfeld surfaces indicates that there are interactions 

mainly between nitrogen and hydrogen atoms in complex 12, whereas, there are significant 

interactions between sulphur and hydrogen atoms in complex 13. Other visible spots in 

Hirshfeld surfaces correspond to C···H and H···H contacts. The intermolecular interactions 

appear as distinct spikes in the 2D fingerprint plot (Fig.V.11).   

 

 

 

Fig.V.10:Hirshfeld surfaces of both complexes 12 and 13 mapped over dnorm (left), shape index 

(middle), curvedness (right). 
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Fig.V.11:Fingerprint plot: different contacts contributed to the total Hirshfeld surface area of 

complexes 12and 13. 

V.3.6. IR and electronic spectra 

 In the IR spectrum of complex 12, a sharp peak at 2060 cm-1 and an associated small 

peak at 2036 cm-1 indicate the presence of bridging and terminal azides [55-57]. In IR spectrum 

of complex 13, there are two successive strong peaks observed at 2081 and 2017 cm−1, 

indicating the presence of terminal (S-bonded) and end-on bridged thiocyanates (N-bonded), 

respectively [58]. A moderately strong band due to stretching vibration of N−H bond appears 

around 3213-3166 cm-1 for both complexes [59]. A broad peak around 3412 cm-1 indicates the 

presence of coordinating water molecule in complex 12 [60]. Bands near the range of 2972–

2835 cm−1 are due to alkyl C–H bond stretching vibrations, which are customarily noticed in the 

IR spectra of both complexes [61]. The IR spectra of both complexes have been shown in 

Fig.V.12 
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 Electronic spectrum of each complex in DMF displays one absorption band in the visible 

region around 590 nm which may be considered as 2T2g(D) ← 2Eg(D) transition for copper(II) 

[35,60]. Bands around 410 nm (407 nm for complex 12 and 414 nm for complex 13) may be 

attributed to LMCT transition from the N donor centres of Schiff base to copper(II) [62, 63]. 

Another bands around 335 nm (for both 12 and 13) may be attributed to LMCT transition from 

the O donor centres of Schiff base to cadmium(II) [64]. The high intensity band occur at 242 (for 

12) and 240 (for 13) nm is attributed to π→π* transition of the ligand. Another intense band 

observe in the region of 275-285 is correspond to n→π* transition for both complexes *62, 65+. 

The UV-vis spectra of both complexes have been shown in Fig.V.13and Fig.V.14, respectively.. 

 

Fig.V.12: IR spectra of (a) complex 12 and (b) complex 13. 
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Fig. 13. UV-vis spectra of complex 12. Inset shows the visible range spectrum. 

 

 

Fig. 14. UV-vis spectra of complex 13. Inset shows the visible range spectrum. 
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V.4. APPLICATION 

V.4.1. Photocatalytic activity 

 The ability of both complexes (12 and 13) to be used as photo-catalyst for the 

degradation of organic dye, viz. methylene blue (MB), has been investigated under visible light 

irradiation. The degradation efficiencies are defined as C/C0, where C and C0 represent the 

residual and initial concentration of organic dyes, respectively. The degradation efficiencies 

(C/C0) is calculated by the following equation:-  

Degradation efficiencies (%)= (C0−C)/C0 × 100. 

 As shown in Fig.V.15 the residual concentration of the dye in an aqueous solution 

gradually decreased as a function of the increasing reaction time, indicating that both 

complexes degrade organic dyes. Both complexes are efficient for the degradation of MB and 

the ratio of the degradation reaches around 62% (for complex 12) and 30% (for complex 13) 

using 10 mg of complexes. 

 To prove the photocatalytic efficiency of both complexes to MB, comparative 

experiments without catalyst under visible light irradiation have been performed, which 

showed only very little decomposition. The photocatalytic activity of cadmium(II) acetate and 

copper(II) acetate have also been studied to MB under similar conditions (mentioned in the 

Fig.V.16), which showed that the rate of degradation was still very slow using 10 mg of bare 

cadmium(II) as well as bare copper(II). It is revealed that the intensity of the characteristic 
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absorption peak of MB decreased with the increase of irradiation time in the degradation 

process. Kinetic plots of both complexes have been shown in Fig.V.16. 

 

Fig.V. 15: UV–Vis absorption spectra of MB solution with both complexes (sample taken = 10 

mg), used as a catalyst.  

 

Fig.V.16: Degradation efficiency of MB in presence of complex 12 and complex 13. 

Experimental condition [MB]= 20 mg/L. 

 In order to verify whether both complexes are capable of maintaining its structural 

integrity during photocatalytic decomposition of MB, IR experiments for both complexes were 

performed during the course of photocatalytic reactions. The IR experiments indicated that the 
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patterns are nearly identical when compared with the pure complex. Hence the IR experiments 

imply that both complexes maintain their structural integrity even after getting involved in the 

photocatalytic reactions. IR spectra of both complexes 12 and 13 (before and after degradation) 

have been shown in Fig.V.17 and in Fig.V.18, respectively. 

 

Fig.V.17: IR spectra of complex 12 before (blue) and after (red) photodegradation process. 
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 Fig.V.18:IR spectra of complex13 before (blue) and after (red)photodegradation 

process. 

 

The first step of the process is excitation of electrons from the valence band to the conduction 

band which creates equal amounts of positives vacancies or holes in valence band.It is well-

established that holes act as powerful oxidants and electrons as powerful reductants. The 

second step is adsorption of oxygen or water on the surfaces of catalyst. Electrons in the 

conduction band is scavenged by oxygen molecule to produce O2
•−anion radical, which provides 

peroxide radical (•OOH) and then decomposed to active hydroxyl radical (•OH). On the other 

hand, the holes in the valence band interact with H2O or −OH to produce highly active hydroxyl 

radical (•OH). Finally, the effective degradation of methylene blue is occurred by these 

generated hydroxyl radicals (•OH). 
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V.4.2.  Structure-activity relationship 

 The photocatalytic degradation study has been carried out with visible light irradiation. 

So the degradation process must be initiated with visible light absorption. Absorption spectra of 

both complexes contain peaks around 590 nm in the visible region, originating from copper(II)-

based 2T2g (D) ← 2Eg (D) transition. Thus copper(II) centres may be considered as the initiator of 

the degradation process. As already mentioned, copper(II) centre in complex 12 is relatively 

more free to take part in any reaction for its open zigzag structure. High efficiency of complex 

12 to degrade the dye (MB) is therefore justified from its structure. On the other hand, 

copper(II) is rigidly imprisoned in a cyclic tetranuclear skeleton in complex 13 and is less free to 

take part in reaction. This explains the less catalytic efficiency of complex 13 compared to 

complex 12. 

 A comparative study has also been done to compare the degradation efficiency of these 

complexes with all reported complexes, which has been characterized structurally. The 

comparative study has been shown in Table V.7. This indicates our complexes are good enough 

to be explored in industrial chemistry, although better complexes are also known in literature. 

However, it should be noted that many of the previously reported catalysts have been prepared 

using Schiff bases as ligands and therefore their application in aqueous medium is limited 

(Schiff bases are susceptible to hydrolysis). Our complexes are containing reduced Schiff bases 

as ligands and may, therefore, be used in aqueous medium without any problem related to 

destruction of the ligands via hydrolysis. 
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Table V.7: Kinetic studies for the degradation of methylene blue by some previously reported 

compounds and the present complexes. 

Complex 
Degradation 

time (min) 

Degradation 

percentage 
Refs. 

[Zn(µ1,1-N3)2{Zn(La)(N3)}2] 18 90% [30] 

[Zn(-1,1-N3)2{Zn(La)(N3)}2]∙0.5CH3OH 60 90% [49] 

[{CdLa(µ-1,1-N3)}2Cd(µ-1,1-N3)2·1.76CH3OH]n 40 99% [66] 

[Zn(DCTP)(Lb)]n  120 96.9%  [67] 

[Zn(Lc)(DCTP)]n 120 81.4% [67] 

[Cd2(Ld)2(hfpd)]n 180 94.1% [68] 

[Zn(Ld)(tbta)]n 180 93.9% [68] 

[Cd2(Le)2(-1,3-SCN)2(CH3OH)2] 40 85% [69] 

[Co(Lf)(tbta)]∙H2O]n 135 82.8% [70] 

[Co(Ld)(nip)]n 135 84.7% [70] 

[Fe(Lg)]  75 96.5% [71] 

{[Cd3Lh
2(H2O)5]·H2O}n 180 88.7% [72] 
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{[Cd3Lh
2(hbmb)(H2O)2]·2.5H2O}n 180 65.9% [72] 

{[Cd3Lh
2(btbb)(H2O)2]·2EtOH·1.5H2O}n 180 85.8% [72] 

{[Cd6Lh
4(bipy)2(H2O)6]·3H2O}n 180 63.8% [72] 

[(N3)LiCoIIILjCoIIILi] 90 55% [73] 

(µ-1,1-N3)2[(H2O)Cu(LR)Cd(N3)]2∙2CH3OH 18 62% Complex 12 

(µ-1,1-NCS)2[CuLRCd(SCN)]2∙2CH3OH 18 32% Complex 13            

 

La=[2-((3-(dimethylamino)propylimino)methyl)-6-ethoxyphenol]; Lb=1,3-bis(5,6-

dimethylbenzimidazol-1-ylmethyl)benzene; Lc=1,4-bis(benzimidazol-1-ylmethyl)benzene]; 

Ld=1,5-bis(2-methylbenzimidazol-1-yl)pentane; Le=2-(3-(methylamino)propyliminomethyl)-4,6-

dichlorophenol; Lf=1,5-bis(benzimidazolyl)pentane;Lg=porphyrin 5-(2-(N-benzoyl-5-carboxyl)-1-

amino)-10,15,20-triphenyl porphyrin; Lh=3,4-bi(4-carboxyphenyl)-benzoic acid; Li=2-((1-

hydroxybutan-2-ylimino)methyl)-4-bromophenol; Lj=2-amino-1-butanol  

H2DCTP=2,5-ichloroterephthalic acid; H4hfpd = 4,40-(hexafluoroisopropylidene)diphthalic acid, 

H2tbta=tetrabromoterephthalic acid. H2tbta=tetrabromoterephthalic acid; H2nip=5-

nitroisophthalicacid; hbmb=1,1′-(1,6-hexane)bis(2-methylbenzimidazole), btbb=1,4-bis(2-(4-

thiazolyl)benzimidazole-1-ylmethyl)benzene, 4,4′-bipy=4,4′-bipyridine. 
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V.5. Concluding remarks 

 Synthesis and X-ray characterization of two new hetero-tetranuclear copper(II)–

cadmium(II) complexes with same reduced Schiff base ligand have been described in this paper. 

In both complexes 12 and 13, copper(II) and cadmium(II) resides on N2O2 and O4 donor sites, 

respectively. The bridging mode in complex 13 is quite different than that of complex 12. In 

complex 12, two cadmium(II) centres are bridged by end-on bridging azide whereas in complex 

13, the copper(II) and cadmium(II) is bridged by end-on bridging thiocyanate instead of two 

cadmium(II) centres. Both complexes show significant supramolecular interactions in their solid 

state structures. Photocatalytic degradation study of both complexes gives a reliable result as it 

is the first report of the degradation study for heterometallic complexes with reduced Schiff 

base ligands. Both complexes have catalytic ability for the degradation of organic pollutant, MB, 

under visible light irradiation. Complex 12 shows a good catalytic degradation property than 

complex 13. The structural variation upon the degradation process has also been rationalized. 

Finally, efficient catalytic ability of both complexes for the photo-degradation of organic 

pollutant under visible light irradiation indicates the potential application of the complex in 

industrial chemistry. 
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Chapter VI 

Highlights of the thesis 

 The entire research work contained within this dissertation mainly focuses on 

synthesis and characterization of multi-metallic complexes with reduced Schiff base ligands. 

The studies of different weak interactions in the solid state are esteemed and might be useful 

to understand the stability of new supramolecular assemblies or synthetic host-guest systems. 

In terms of application, few complexes have shown good result towards catalysis. The exciting 

observations are gathered below.  

Synthesis and characterization of four (hydrogen bonded) dimeric nickel(II) complexes 

with reduced Schiff base blocking ligands have been described in Chapter II. The energy of 

these hydrogen bonds has been estimated by DFT calculation. The energy associated to the low 

barrier hydrogen bond is found to be very large due to the strong covalent character of the 

interaction.  

A hemi-directed copper(II)/lead(II) complex has been synthesized and characterized in 

Section A of Chapter III. The energy of chalcogen–chalcogen and tetrel bonding interactions in 

this complex was analyzed by DFT calculations. On the other hand, a hetero-nuclear 

nickel(II)/lead(II) complex has been synthesized and characterized in Section B of Chapter III. 

The tetrel bonding interactions established between the ς-hole at the hemi-coordinated lead(II) 

and the electron rich chlorido ligand has been analyzed by DFT study. 
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 Synthesis and characterization of a series of hemi- and holodirected nickel(II)/lead(II) 

complexes were reported in Section C of Chapter III and also in Chapter IV. A density functional 

theory study is devoted to analyze the tetrel bonding interactions that are established between 

the ς-hole at the hemicoordinated lead(II) and either the electron-rich thiocyanate or the π-

system of the aromatic ligand. 

Two new tetra-nuclear copper(II)/cadmium(II) complexes with CuO2Cd cores have been 

synthesized and characterized in Chapter V. Their ability to act as photo-catalyst in 

degrading methylene blue has been explored. The difference in their photocatalytic 

performance may be correlated with their structures. 
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a b s t r a c t

A series of isostructural centrosymmetric hydrogen bonded dimeric nickel(II) complexes of general
formula, [Ni2(HL)2(DMSO)2(H2O)2]X {where H2L = N2O4 donor reduced Schiff base ligand, [H2L

1=(2,2-
dimethyl-1,3-propanediyl)bis(iminomethylene)bis(6-methoxyphenol) and H2L

2=(2,2-dimethyl-1,3-propane-
diyl)bis(iminomethylene)bis(6-ethoxyphenol)] and X = counter anion}, are synthesized and characterized
by elemental analysis, infrared and electronic spectra. The structures of all complexes have been con-
firmed by single crystal X-ray diffraction analysis. Each complex forms O� � �H� � �O hydrogen bonded dimer
in the solid state, where the O� � �O distance is very short, ranging from 2.424(3) to 2.437(3) Å. The hydro-
gen bonds are very strong as can be seen from the DFT estimated energy of these hydrogen bonds.
Non-covalent interaction plot (NCI plot) index has been used to characterize them.

� 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The interaction energy of conventional hydrogen bonds basi-
cally depends on their geometric features like length and linearity.
However, the difference in the pKa values (where pKa is the nega-
tive logarithm of Ka) of the heavy atoms sharing the proton is also
important [1]. The DH of formation of the water dimer is ~5 kcal/
mol1 in the gas phase. However, the HO–H���OH2 hydrogen bond in
water is weaker due to the large difference between the pKa values
of the donor group and the conjugate acid of the acceptor group
(15.7 for H2O and �1.7 for H3O+) [2]. In the gas and solid state
phases, hydrogen bonds between hetero atoms with similar pKa

values can be very short and strong (up to 30 kcal mol�1) [3–6].
When groups of equal pKa establish an hydrogen bond, three dif-
ferent situations different situations may occur (see Fig. 1). The
classical hydrogen bond where the hydrogen atom is covalently
bonded to one of both oxygen atoms (dipole� � �dipole interaction,
see Fig. 1a). As the O� � �O distance is progressively shortened, the
energy barrier lowers until it reaches the lower vibrational energy
levels, thus leading to a low barrier hydrogen bond (LBHB, see

Fig. 1b). In this case, the hydrogen atom can move freely between
the two oxygen atoms with its average position is the center (high
covalent character) [7]. Further shortening leads to a single-well
hydrogen bond with the highest covalent character and interaction
energy of the three situations.

In this manuscript, we report the synthesis and X-ray character-
ization of a series of mononuclear nickel(II) complexes that form
O� � �H� � �O hydrogen bonded dimers in the solid state where the
O� � �O distance is very short, ranging from 2.424(3) to 2.437(3) Å.
We have analyzed the hydrogen bonds using DFT calculations

https://doi.org/10.1016/j.poly.2020.114374
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Fig. 1. Energy diagrams for OH� � �H hydrogen bonds between groups of identical
pKa. (a) Standard hydrogen bond with O� � �O distance d(O� � �O) �2.8 Å. (b) Low
barrier hydrogen bond of d(O� � �O) ~2.55 Å (average position in the center). (c)
Single-well hydrogen bond with d(O� � �O) ~2.3 Å.
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and the non-covalent interaction plot (NCI plot) index to distin-
guish between the three possible situations represented in Fig. 1.

2. Experimental section

2.1. Materials

Nickel(II) thiocyanate tetrahydrate was prepared in our labora-
tory following the literature method [8]. All other materials are
commercially available, reagent grade and used as purchased from
Sigma-Aldrich without further purification.

Caution!!! Although no problems were encountered in this
work, perchlorate salts in presence of organic ligands are poten-
tially explosive. Only a small amount of the materials should be
prepared and they must be handled with care.

2.2. Synthesis

2.2.1. Synthesis of Schiff base ligands
2.2.1.1. Synthesis of H2L

a [N,N0-bis(3-methoxysalicylidene)-2,
2-dimethyl-1,3-propanediamine], H2L

b [N,N0-bis(3-ethoxysalicyli-
dene)-2,2-dimethyl-1,3-propanediamine], H2L

c [N,N0-bis
(3-methoxysalicylidene)-1,3-propanediamine] and H2L

d [N,N0-bis(3-
ethoxysalicylidene)-1,3-propanediamine]. A methanol solution
(10 mL) of 2,2-dimethyl-1,3-propanediamine (1 mmol, 0.12 mL)
was mixed separately with of 3-methoxysalicylaldehyde (2 mmol,
304 mg) and 3-ethoxysalicylaldehyde, (2 mmol, 332 mg) and the
resulting solutions were allowed to reflux for ca. 2 h to synthesize
two hexadentate N2O4 donor Schiff base ligands, H2L

a [N,N0-
bis(3-ethoxysalicylidene)2,2-dimethyl-1,3-propanediamine] and
H2L

b [N,N0-bis(3-ethoxysalicylidene)-2,2-dimethyl-1,3-propanediamine]
respectively. Other two hexadentate Schiff bases, H2L

c [N,N0-bis(3-
methoxysalicylidene)-1,3-propanediamine] and H2L

d [N,N0-bis(3-
ethoxysalicylidene)-1,3-propanediamine] were synthesized following
the similar procedure as mentioned above except 1,3-propanedi-
amine (1 mmol, 0.11 mL) was used as the diamine instead of
2,2-dimethyl-1,3-propanediamine.

2.2.2. Synthesis of the reduced Schiff base ligands
2.2.2.1. Synthesis of H2L

1 [(2,2-dimethyl-1,3-propanediyl)bis(imi-
nomethylene)bis(6-methoxyphenol)]. The prepared Schiff base solu-
tion, H2L

a was cooled to 0 �C, and solid sodium borohydride
(4 mmol, 150 mg) was then added gently to this solution with con-
stant stirring. The solution was further acidified with glacial acetic
acid (10 mL) and placed under reduced pressure in a rotary evap-
orator (~60 �C). The residue was dissolved in water (15 mL) and
extracted with dichloromethane (15 mL) using a separating funnel.
Finally the dichloromethane part was dried using anhydrous
sodium acetate to get the desired hexadentate N2O4 donor reduced
Schiff base ligand, H2L

1. The ligand was not purified and used
directly for the synthesis of complex 1.

2.2.2.2. Synthesis of H2L
2 [(2,2-dimethyl-1,3-propanediyl)bis(imi-

nomethylene)bis(6-ethoxyphenol)]. A potential hexadentate N2O4

donor reduced Schiff base was synthesized following the similar
procedure as used for Schiff base, H2L

1, except H2L
b was used as

the Schiff base derivative. It was not purified and was used directly
for the synthesis of complex 2.

2.2.2.3. Synthesis of H2L
3 [(1,3-propanediyl)bis(iminomethylene)bis(6-

methoxyphenol)]. A potential hexadentate N2O4 donor reduced
Schiff base was synthesized following the same procedure as
described above, except H2L

c was used as the Schiff base derivative.
It was not purified and was used directly for the synthesis of
complex 3.

2.2.2.4. Synthesis of H2L
4 [(1,3-propanediyl)bis(iminomethylene)bis(6-

ethoxyphenol)]. A potential hexadentate N2O4 donor reduced Schiff
base was synthesized following the same procedure as described
above, except H2L

d was used as the Schiff base derivative. It was
not purified and was used directly for the synthesis of complex 4.

2.2.3. Synthesis of complexes
2.2.3.1. Synthesis of [Ni2(HL

1)2(DMSO)2(H2O)2](ClO4)2�2H2O (1). A
methanol solution of nickel(II) perchlorate hexahydrate,
(0.99 mmol, 257 mg), was added into the methanol solution of a
reduced Schiff base ligand, H2L

1, with constant stirring and colour
of the solution turned into dark green. Few drops of DMSO were
added and the resulting solution was kept for crystallization. Dark
green single crystals, suitable for X-ray diffraction, were obtained
after 3–4 days on slow evaporation of the solution in open
atmosphere.

Yield: 350 mg, (~54%, based on Ni). Anal. Calc. for C23H38N2-
NiO10.5SCl (FW = 636.77): C, 42.87; H, 5.74; N, 4.35%. Found: C,
42.8; H, 5.8; N, 4.3%. FT-IR (KBr, cm�1): 3400 (mO-H), 3270 (mN-H),
2990–2850 (mC-H). UV–Vis, kmax (nm), [emax (dm3 mol�1 cm�1)]
(DMSO), 730 (1.01 � 102), 625 (2.00 � 102), 355 (2.65 � 103),
280 (5.6 � 103).

2.2.3.2. Synthesis of [Ni2(HL
2)2(DMSO)2(H2O)2](ClO4)2 (2). Complex 2

was synthesized following the similar procedure as that for com-
plex 1 except that the reduced Schiff base ligand, H2L

2, was used
instead of H2L

1. Dark green coloured crystalline complex suitable
for X-ray diffraction, started to separate from the solution after
3–4 days on standing at room temperature and was collected by
filtration.

Yield: 343 mg, (~53%, based on Ni). Anal. Calc. for C25H41ClN2-
NiO20S (FW = 655.82): C, 53.5; H, 5.8; N, 4.2%. Found: C, 53.4; H,
5.7; N, 4.3%. FT-IR (KBr, cm�1): 3395 (mO-H), 3280 (mN-H), 2990–
2865 (mC-H). UV–Vis, kmax (nm), [emax (dm3 mol�1 cm�1)] (DMSO),
720 (0.89 � 102), 620 (1.80 � 102), 355 (4.84 � 103), 274
(9.38 � 104).

2.2.3.3. Synthesis of [Ni2(HL
3)2(DMSO)2(H2O)2](NCS)2∙2CH3OH

(3). Yield: 392 mg, (~60%, based on Ni). Anal. Calc. for C24H41N3-
NiO8S3 (FW = 654.48): C, 44.0; H, 6.2; N, 6.4%. Found: C, 43.7; H,
6.2; N, 6.6%. FT-IR (KBr, cm�1): 3390 (mO-H), 3260 (mN-H), 3012–
2840 (mC-H), 2045 (mNCS). UV–Vis, kmax (nm), [emax (dm3 mol�1

cm�1)] (DMSO), 718 (1.40 � 102), 622 (2.78 � 103), 355
(4.34 � 102), 280 (9.49 � 104).

A methanol solution of nickel(II) thiocyanate tetrahydrate
(1.01 mmol, 250 mg) was added into the methanol solution of a
reduced Schiff base ligand, H2L

3, with constant stirring and colour
of the solution turned into dark green. Few drops of DMSO were
added and the resulting solution was kept for crystallization. Dark
green single crystals, suitable for X-ray diffraction, were obtained
after 2–3 days on slow evaporation of the solution in open
atmosphere.

2.2.3.4. Synthesis of [Ni2(HL
4)2(DMSO)2(H2O)2](ClO4)2 (4). Complex 4

was synthesized following the similar procedure as that for com-
plex 3 except that the reduced Schiff base ligand, H2L

4, was used
instead of H2L

3. Dark green coloured crystalline complex suitable
for X-ray diffraction, started to separate from the solution after
2–3 days on standing at room temperature and was collected by
filtration.

Yield: 344 mg, (~54%, based on Ni). Anal. Calc. for C23H37N2-
NiO10SCl (FW = 627.75): C, 43.9; H, 5.9; N, 4.4%. Found: C, 43.8;
H, 5.8; N, 4.5%. FT-IR (KBr, cm�1): 3420 (mO-H), 3265 (mN-H),
2995–2870 (mC-H). UV–Vis, kmax (nm),[emax (dm3 mol�1 cm�1)]
(DMSO), 755 (0.58 � 102), 635 (0.93 � 102), 360 (3.8 � 103), 271
(8.86 � 103).
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2.3. Physical measurements

Elemental analyses (carbon, hydrogen and nitrogen) were car-
ried out using a Perkin Elmer 240C elemental analyzer. IR spectra
in KBr (4500–500 cm�1) were recorded with a Perkin Elmer Spec-
trum Two spectrophotometer. Electronic spectra in acetonitrile
(200–800 nm) were recorded on a Perkin Elmer Lambda 35 UV–
visible spectrophotometer.

2.4. X-ray crystallography

Suitable single crystals of all the complexes were used for data
collection using a ‘Bruker D8 QUEST area detector’ diffractometer
equipped with graphite-monochromated Mo Ka radiation
(k = 0.71073 Å). The molecular structures were solved by direct
methods and refined by full-matrix least squares on F2 using the
SHELXL-16/6 package [9]. Non-hydrogen atoms were refined with
anisotropic thermal parameters. Hydrogen atoms attached to
nitrogen and oxygen atoms were located by difference Fourier
maps and refined with distance constraints. There were two mole-
cules in the asymmetric unit in complexes 1 and 2. In complex 3, it
proved impossible to locate the thiocyanate anion due to excessive
disorder and the SQUEEZE option was applied via the PLATON pro-
gram [10] to account for the electron density. The calculation
showed 174 electrons in the voids which would allow for one thio-
cyanate anion together with methanol solvent molecules in the
asymmetric unit. This programwas also used for the cavity in com-
plex 2. All four structures contained very short intramolecular
OH∙∙∙O distances in the range 2.424(3)–2.437(3) Å. It was assumed
that it was most likely that on average the hydrogen atom occu-
pied a central position between the oxygen atoms in these struc-
tures and distance constraints were applied accordingly such that
the hydrogen was so placed. Other hydrogen atoms bonded to oxy-
gen and nitrogen atoms were refined with distance constraints but
those bonded to carbon were placed in their geometrically ideal-
ized positions and constrained to ride on their parent atoms. Disor-
der was also modelled in the perchlorate anions and the attached
ethanol molecules in 2 and 4. Multi-scan empirical absorption cor-
rections were applied to the data using the program SADABS [11].
A summary of the crystallographic data has been given in Table 1.

Programs used: SHELX-2016/6 [9], PLATON [10], WINGX [12],
ORTEP [13] and MERCURY [14]. Selected bond lengths for all four
complexes are given in Tables 2. Selected bond angles of all com-
plexes are given in Table S2 (see supporting information, SI).

2.5. Theoretical methods

The energies of the complexes reported in this study were
computed at the B3LYP-D/def2-SVP level of theory using the
crystallographic coordinates by means of the Gaussian-09 pro-
gram [15]. The Grimme’s dispersion [16] correction has also
been used since it is adequate for the evaluation of non-covalent
interactions. The basis set superposition error for the calculation
of interaction energies has been corrected using the counterpoise
method [17]. The NCI index and NCI plot [18] isosurfaces have
been used to characterize the non-covalent interactions. They
correspond to both favorable and unfavorable interactions, as
differentiated by the sign of the second density Hessian eigen
value and defined by the isosurface color. The color scheme is
a red-yellow-green-blue scale with red for q+

cut (repulsive) and
blue for q�cut (attractive), whereas yellow and green isosurfaces
correspond to weak repulsive and weak attractive interactions,
respectively [19].

Table 1
Crystal data and refinement details of complexes 1–4.

Complex 1 2 3 4

Formula C23H38N2NiO10.5SCl C25H41ClN2NiO20S C21H33N2NiO6S + NCS anion + methanol solvent molecules C23H37N2NiO10SCl
Formula Weight 636.77 655.82 500.24 627.75
Crystal System Triclinic Triclinic Monoclinic Monoclinic
Space group P1

�
P1
� P21/n C2/c

a(Å) 13.044(11) 12.344(3) 13.422(1) 22.317(2)
b(Å) 14.575(13) 14.130(3) 15.229(4) 15.316(11)
c(Å) 17.002(15) 20.995(4) 13.651(2) 16.547(13)
a(�) 83.19(2) 80.25(5) (90) (90)
b(�) 68.10(4) 78.99(5) 106.16(3) 91.15(3)
c(�) 88.22(15) 65.07(5) (90) (90)
V(Å3) 2978.0(5) 3243.6(12) 2680.4(6) 5655.0(7)
Z 2 2 2 4
d(calc) [g cm�3] 1.418 1.343 1.240 1.475
m [mm�1] 0.866 0.796 0.835 0.910
F(0 0 0) 1336 1384 1060 2640
Total Reflections 81,257 75,605 28,688 34,336
Unique Reflections 9526 11,546 4778 5009
Observed data I > 2r(I)] 8266 7735 3638 4135
R(int) 0.032 0.070 0.090 0.042
*R1, wR2 (all data) 0.0546, 0.1517 0.1170, 0.2655 0.0676, 0.1439 0.0706, 0.1861
R1, wR2 ([I > 2 r(I)] 0.0470, 0.1429 0.0772, 0.2120 0.0469, 0.1222 0.0594, 0.1747
Residual Electron Density (eÅ�3) 1.423, �0.815 1.047. �0.958 0.512, �0.614 1.520, �0.950

*R1 = R||Fo| � |Fc||/R|Fo| and wR2 = Rw(|Fo|2 � |Fc|2)2/Rw|Fo|2)1/2.

Table 2
Selected bond lengths (Å) of complexes 1–2 (around Ni(1), Ni(2) in dimers A and B
respectively) and complexes 3–4.

Complex 1 2 3 4

Ni(1)-O(1) 2.079(3) 2.085(4) 2.076(2) 2.096(3)
Ni(1)-O(2) 2.071(3) 2.086(5) 2.090(2) 2.101(3)
Ni(1)-O(3) 2.101(3) 2.087(5) 2.089(2) 2.092(3)
Ni(1)-O(4) 2.080(3) 2.074(5) 2.085(3) 2.087(3)
Ni(1)-N(1) 2.096(3) 2.100(7) 2.097(3) 2.096(3)
Ni(1)-N(2) 2.102(4) 2.092(6) 2.090(3) 2.103(3)
Ni(2)-O(8) 2.081(3) 2.076(4) – –
Ni(2)-O(9) 2.077(3) 2.089(5) – –
Ni(2)-O(10) 2.103(4) 2.077(4) – –
Ni(2)-N(3) 2.095(3) 2.084(5) – –
Ni(2)-N(4) 2.095(3) 2.094(4) – –
Ni(2)-O(7) 2.078(3) 2.080(4) – –
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3. Results and discussion

3.1. Synthesis

Two moles of 3-alkoxysalicylaldehydes (3-methoxy and 3-
ethoxy) have been used to condense separately with 2,2-dimethyl-
diaminopropane and 1,3-diaminopropane in methanol medium to
prepare four Schiff bases, H2L

a, H2L
b, H2L

c and H2L
d. These Schiff

bases were then reduced with NaBH4 in methanol under constant
stirring at 0 �C to prepare four respective reduced Schiff bases,
H2L

1, H2L
2, H2L

3 and H2L
4 respectively following the literature

method [20] (Scheme 1).
These reduced Schiff bases on then reaction with nickel(II) per-

chlorate hexahydrate or nickel(II) thiocyanate in methanol and on
adding few drops of DMSO to the individual reaction mixture gave
rise to complexes 1–4 (Scheme 2).

Use of reduced Schiff base ligands seems to be crucial in form-
ing these types of hydrogen bonded dimeric complexes, as the non-
reduced Schiff bases were unable to produce such complexes.
Many synthetic inorganic chemistry groups have prepared many
homo and heteronuclear complexes with the corresponding non-
reduced Schiff base ligands, but did not obtain complexes similar
to complexes 1–4. This is probably due to the greater flexibility
of the reduced Schiff bases compared to their non-reduced
precursors.

3.2. Description of structures

3.2.1. [Ni2(HL
1)2(DMSO)2(H2O)2](ClO4)2�H2O (1), and

[Ni2(HL
2)2(DMSO)2(H2O)2](ClO4)2 (2)

X-ray crystal structure determinations reveal that complexes 1

and 2 crystallize in triclinic space group, P1
�
with two molecules in

the asymmetric unit. Potential N2O4 donor hexadentate reduced

Schiff bases, H2L
1 and H2L

2, have been used to prepare these com-
plexes respectively. Each complex actually possesses a dinuclear
moiety formed via strong hydrogen bonds. Each structure consists
of two independent centrosymmetric dimers (A and B) with equiv-
alent geometry. Views of the A dimers of complexes 1 and 2 are
given in Figs. 2 and 3 respectively. The structure of dimer B of each
complex is very similar to the structure of dimer A (Figs. S1 and S2
in SI).

In each dimeric unit, nickel(II) centers are hexa-coordinated and
adopt distorted octahedral geometry. Each nickel(II) center, {Ni(1)

Scheme 1. Synthetic route to ‘reduced Schiff base’ ligands.

Scheme 2. Synthetic route to complexes 1 (R1 = Me, R2 = Me), 2 (R1 = Me, R2 = Et), 3 (R1 = H, R2 = Me) and 4 (R1 = H, R2 = Et). Non coordinated counter anions have not been
shown here.

Fig. 2. Perspective view of dimer A of complex 1 with selective atom-numbering
scheme. Non co-ordinated perchlorate ions have been omitted for clarity. Only the
hydrogen atoms between the phenolic oxygen atoms are shown.

4 S. Mirdya et al. / Polyhedron 179 (2020) 114374



of A and Ni(2) of B} is equatorially coordinated by two amine nitro-
gen atoms, {N(1) and N(2) for Ni(1) and N(3) and N(4) for Ni(2)},
two phenoxo oxygen atoms, {O(1) and O(2) for Ni(1) and O(7)
and O(8) for Ni(2), of the reduced Schiff base units. The axial sites
are coordinated by two oxygen atoms, {O(3) and O(4) for Ni(1) and
O(9) and O(10) for Ni(2)} of coordinated water and DMSO mole-
cule. Each of the reduced Schiff bases are dibasic in character,
but loses only one proton to form mononegative anion, which, in
turn, connects with another such moiety via strong hydrogen
bonding to form the symmetric dimeric structure. The deprotona-
tions of the hydroxyl group are well reflected in the nickel(II)-oxy-
gen bond lengths (Table 2). The deprotonated hydroxyl groups are
bound strongly (shorter bond length) with nickel(II) centers com-
pared with the non-deprotonated hydroxyl groups [21]. The satu-
rated six membered chelate rings, Ni(1)-N(1)-C(9)-C(10)-C(13)-
N(2) and Ni(1)-N(1)-C(10)-C(11)-C(14)-N(2), in dimer A of
complexes 1 and 2 respectively represent individual chair confor-
mations with puckering parameters [22], q(2) = 0.583(4) Å,
u = 168(2)�, and q(2) = 0.589(8) Å, u = 199(7)� respectively. Simi-
larly the saturated six membered chelate rings, Ni(2)-N(3)-C(32)-
C(33)-C(36)-N(4) and Ni(2)-N(3)-C(35)-C(36)-C(39)-N(4), in dimer
B of complexes 1 and 2 respectively also represent individual chair

conformations with puckering parameters, q(2) = 0.563(7) Å,
u = 180(3)� and q(2) 0.563(7) Å, u = 180(3)� respectively.

3.2.2. [Ni2(HL
3)2(DMSO)2(H2O)2](NCS)2∙2CH3OH (3) and

[Ni2(HL
4)2(DMSO)2(H2O)2](ClO4)2 (4)

X-ray crystal structure determination reveals that complexes 3
and 4 crystallize in monoclinic space groups P21/n and C2/c respec-
tively. Potential N2O4 donor hexadentate reduced Schiff bases, H2L

3

and H2L
4, have been used to prepare complexes 3 and 4 respec-

tively. Each complex contains one centrosymmetric dinuclear moi-
ety formed via strong hydrogen bonds. The structures of complexes
3 and 4 are jointly shown in Fig. 4. The geometry around each
nickel(II) centers is quite similar to that described for complexes
1–2 . Both the nickel(II) centers are hexa-coordinated and adopt
distorted octahedral geometry. Each nickel(II) center is equatori-
ally coordinated by two amine nitrogen atoms, {N(1) and N(2)}
and two phenoxo oxygen atoms, {O(1) and O(2)}, of the reduced
Schiff base unit. The axial sites are coordinated by two oxygen
atoms, {O(3) and O(4)}, of coordinated water and DMSO molecule
respectively. The saturated six membered chelate rings, Ni(1)-N
(1)-C(9)-C(10)-C(11)-N(2) and Ni(1)-N(1)-C(10)-C(11)-C(12)-N(2),
of complexes 3 and 4 respectively represent individual chair con-
formations with puckering parameters, q(2) = 0.610(6) Å, u = 3(9)�
and q(2) = 0.589(5) Å, u = 182(2)� respectively.

3.3. Supramolecular interactions in solid state

The details of hydrogen bonding interactions in complexes 1–4
are given in Table 3. Complexes 1 and 2 show similar kinds of
hydrogen bonding interactions. Three hydrogen atoms, H(1O), H
(3A) and H(3B), available in the ligand part in each complex are
involved in effective hydrogen bonding. A hydrogen atom, H(1O),
attached to a phenoxy oxygen atom, O(1), forms a strong inter-
molecular hydrogen bonding interaction with symmetry related
phenoxy oxygen atom, O(2), which leads to the formation of a
dimeric unit, {Ni}2. Two remaining hydrogen atoms, H(3A) and H
(3B), attached to an oxygen atom, O(3), are involved in intermolec-
ular hydrogen bonding interactions with symmetry related alkoxy
oxygen atoms, O(6) and O(5), respectively. Similar kinds of hydro-
gen bonding interactions are also observed in dimer B unit in each
complex (Table 3). Pictorial representation of hydrogen bond inter-
actions in dimer A of complexes 1 and 2 are shown in Figs. 5 and 6.

However in complexes 3 and 4, a hydrogen atom, H(1O)
attached to a phenoxy oxygen atom, O(1), is hydrogen bonded with
its adjacent symmetry related phenoxy oxygen atom, O(2) to form

Fig. 3. Perspective view of dimer A of complex 2 with selective atom-numbering
scheme. Non co-ordinated counter anions are not shown. Hydrogen atoms are
omitted for clarity apart from those between the phenolic oxygen atoms.

Fig. 4. Perspective view of complexes 3 (left) and 4 (right) with selective atom-numbering scheme. Non co-ordinated perchlorate ions are not shown. Hydrogen atoms are
omitted for clarity apart from those between the phenolic oxygen atoms.

S. Mirdya et al. / Polyhedron 179 (2020) 114374 5



a dimeric unit. Additionally in complex 3, two other hydrogen
atoms, H(3A) and H(3B), attached to oxygen atom, O(3), are
involved in intermolecular hydrogen bonding interactions with
symmetry related alkoxy oxygen atoms, O(5) and O(6), respec-
tively. The hydrogen bonding interactions in complexes 3 and 4
are shown in Figs. S4 and S5 (supporting information) respectively.

These hydrogen bonded dimeric units are further stabilized by
strong CAH� � �p interactions. The details of CAH� � �p interactions
are listed in Table 4. However no significant p� � �p interactions
are found in any of the complexes. Complex 1 shows significant
CAH� � �p interactions involving the hydrogen atom, H(1B),
attached to a carbon atom, C(1), with suitable symmetry related

phenyl ring, C(38)-C(39)-C(40)-C(41)-C(42)-C(43). Again two
hydrogen atoms, H(22B) and H(23C) attached to two different
methyl carbon atoms, C(22) and C(23), respectively are involved
in intramolecular CAH� � �p interactions with two separate phenyl
rings, C(2)-C(3)-C(4)-C(5)-C(6)-C(7) and C(15)-C(16)-C(17)-C(18)-
C(19)-C(20), respectively.

Moreover two similar hydrogen atoms, H(45B) and H(46B),
attached to two different methyl carbon atoms, C(45) and C(46),
respectively of another subunit show similar type of intramolecu-
lar CAH� � �p interactions with two separate phenyl rings, C(25)-C
(26)-C(27)-C(28)-C(29)-C(30) and C(38)-C(39)-C(40)-C(41)-C(42)-
C(43), respectively. The hydrogen bonding interactions in complex
1 are shown in Fig. 7.

Complexes 2 and 3 exhibit similar types of intermolecular
CAH� � �p interactions with phenyl rings. Two hydrogen atoms,

Table 3
Hydrogen bond distances (Å) and angles (�) for the complex 1–4.

Complex D–H� � �A D-H H� � �A D� � �A \D-H� � �A
1 O(1)-H(1O)� � �O(2)a 1.23(3) 1.22(3) 2.426(4) 165(6)

O(3)-H(3A)� � �O(6)a 0.85(5) 1.99(4) 2.804(5) 163(4)
O(3)-H(3B)� � �O(5)a 0.86(4) 1.95(4) 2.777(5) 162(4)
O(8)-H(8O)� � �O(7)e 1.20(3) 1.23(3) 2.424(4) 172(3)
O(10)-H(10A)� � �O(12)e 0.85(4) 1.95(4) 2.767(4) 161(4)
O(10)-H(10B)� � �O(11)e 0.84(3) 1.96(2) 2.762(4) 160(4)

2 O(1)-H(1O)� � �O(2)b 1.22(6) 1.21(6) 2.424(6) 174(9)
O(3)-H(3A)� � �O(6)b 0.86(4) 2.05(6) 2.821(8) 150(8)
O(3)-H(3B)� � �O(5)b 0.85(6) 2.00(6) 2.825(8) 163(5)
O(8)-H(8O)� � �O(7)f 1.21(6) 1.23(6) 2.427(6) 168(5)
O(9)-H(9A)� � �O(12)f 0.85(4) 2.02(4) 2.831(6) 162(8)
O(9)-H(9B)� � �O(11)f 0.84(6) 1.97(7) 2.793(6) 167(6)

3 O(1)-H(1O)� � �O(2)c 1.23(4) 1.21(3) 2.433(3) 169(3)
O(3)-H(3A)� � �O(5)c 0.84(3) 1.94(3) 2.759(4) 165(4)
O(3)-H(3B)� � �O(6)c 0.84(4) 1.93(4) 2.766(4) 175(5)

4 O(1)-H(1O)���� � �O(2)d 1.23(7) 1.25(7) 2.437(4) 159(5)
O(3)-H(31)� � �O(5)d 0.83(3) 2.06(4) 2.838(5) 154(6)

D = donor; H = hydrogen; A = acceptor, Symmetry transformations: a = 1 � x, 1 � y, 1 � z, b = 1 � x, �y, 1 � z, c = 2 � x, 1 � y, 1 � z, d = 3/2 � x, 3/2 � y, 1 � z, e = 1 � x, 2 � y,
2 � z, f = �x, 1 � y, 2 � z.

Fig. 5. Perspective view of intermolecular hydrogen bonding interactions in dimer
A of complex 1. Only the relevant hydrogen atoms have been shown for clarity.
Symmetry transformation: a = 1 � x, 1 � y, 1 � z.

Fig. 6. Perspective view of intermolecular hydrogen bonding interaction in dimer A
of complex 2. Coordinated dmso molecules have been omitted for clarity. Only the
relevant hydrogen atoms are shown here. Symmetry transformation: b = 1 � x, �y,
1 � z.
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H(24B) and H(25C), in complex 2 and H(20A) and H(21C) in com-
plex 3, attached to the respective carbon atoms, C(24), C(25) and C
(20) and C(21) respectively, participate in intermolecular CAH� � �p
interactions with the phenyl rings, C(3)-C(4)-C(5)-C(6)-C(7)-C(8), C
(16)-C(17)-C(18)-C(19)-C(20)-C(21), C(2)-C(3)-C(4)-C(5)-C(6)-C(7)
and C(13)- C(14)-C(15)-C(16)-C(17)-C(18), respectively. The
hydrogen bonding interactions in complexes 2 and 3 are shown
in Fig. 8.

In complex 4, H(22C) and H(23B), attached to the methyl carbon
atom, C(22) and C(23), respectively, participate in intramolecular
CAH� � �p interactions with two separate phenyl rings, C(14)-C
(15)-C(16)-C(17)-C(18)-C(19) and C(3)-C(4)-C(5)-C(6)-C(7)-C(8),
respectively while another hydrogen atom, H(11A), attached to a
carbon atom, C(11), is involved in intermolecular CAH� � �p interac-
tion with proper symmetry related phenyl ring, C(3)-C(4)-C(5)-C
(6)-C(7)-C(8) to form a supramolecular chain (Fig. 9).

3.4. Hirshfeld surfaces analysis

The Hirshfeld surface emerged from an attempt to delineate the
space covered by a molecule in a crystal for the purpose of dividing

the crystal electron density into molecular fragments [23]. The Hir-
shfeld surfaces of four complexes are mapped over dnorm (range
�0.1 Å to 1.5 Å), shape index and curvedness (Fig. 10). Red spots
appear on the Hirshfeld surfaces mapped with dnorm represent
the dominant interactions within the complex in solid state. Vari-
ous intermolecular interactions are summed up effectively in the
spots with the large circular depressions (deep red) noticeable on
the dnorm surfaces indicates the dominance of hydrogen bonding
interactions and other weak interactions. The 2D fingerprint plot
of Hirshfeld surfaces for all complexes and the comparative contri-
butions of different interactions overlapping in full fingerprint
plots are provided in Fig. S5. In the 2D fingerprint plot intermolec-
ular interactions appear as distinct spikes. Complementary regions
are observable in the 2D fingerprint plots where one molecule act
as donor (de > di) and the other as an acceptor (de < di). The relative
percentages of intermolecular interactions of four complexes are
shown in Fig. S5 (see SI).

3.5. DFT results

The X-ray structures of complexes 1–4 reveal that they crystal-
lize forming dicationic dimers where two strong hydrogen bonds
are formed between the phenoxy oxygen atoms of the ligands
(Figs. 2–4). The O� � �O distance is shorter than 2.44 Å and both O
atoms are of identical pKa. Therefore, these hydrogen bonds have
strong covalent character and could therefore be examples of
LBHBs or single-well hydrogen bonds. The nature of these hydro-
gen bonds has therefore been analyzed using B3LYP-D/def2-SVP
calculations. The energy profile of complex 1 has been computed
as a representative model. The plot of the energy profile is shown
in Fig. 11 and shows that the hydrogen bonds correspond to LBHBs
with a barrier of 2.36 kcal/mol for the synchronous movement of
both hydrogen atoms in opposite directions.

Therefore the barrier for each hydrogen bond is only 1.18 kcal/
mol, in agreement with the short O� � �O distance (2.426(4) Å in the
model used for the calculations). These results suggest that in com-
plexes 1–4 the hydrogen atoms can move freely between the two
oxygen atoms and on average are positioned at the centre of the
O� � �O vector which is consistent with their placement in the struc-
ture refinement.

The other additional hydrogen bonds between the coordinated
water molecules O(3) and the methoxy groups of the ligand, O(5)
and O(6) (see blue dashed lines in Fig. 12) have also been analyzed.
The dimerization energy is very large(DE1 = �107.7 kcal/mol) due

Table 4
Geometric features (distances in Å and angles in �) of the CAH� � �p interactions obtained for complexes 1–4.

Complexes CAH� � �Cg(ring) H� � �Cg(Å) CAH� � �Cg C� � �Cg (Å)

1 C(1)-H(1B)� � �Cg(1)g 2.65 165 3.585(6)
C(22)-H(22B)� � �Cg(2) 2.92 155 3.814(8)
C(23)-H(23C)� � �Cg(3) 2.88 140 3.667(9)
C(45)-H(45B)� � �Cg(4) 2.80 144 3.626(7)
C(46)-H(46C)� � �Cg(1) 2.75 157 3.649(6)

2 C(24)-H(24B)� � �Cg(4) 2.79 156 3.683(12)
C(25)-H(25C)� � �Cg(5) 2.81 145 3.648(14)

3 C(20)-H(20A)� � �Cg(4) 2.74 151 3.608(6)
C(21)-H(21C)� � �Cg(5) 2.62 152 3.500(6)

4 C(11)-H(11A)� � �Cg(4)h 2.62 146 3.463(6)
C(22)-H(22C)� � �Cg(5) 2.68 146 3.523(7)
C(23)-H(23B)� � �Cg(4) 2.91 152 3.787(8)

Symmetry transformation: g = x, y, �1 + z, h = 3/2 � x, �1/2 � y, 1/2 � z.
For complex 1: Cg(1) = Centre of gravity of the ring [C(38)-C(39)-C(40)-C(41)-C(42)-C(43)]; Cg(2) = Centre of gravity of the ring [C(2)-C(3)-C(4)-C(5)-C(6)-C(7)]; Cg(3) = Centre
of gravity of the ring [C(15)-C(16)-C(17)-C(18)-C(19)-C(20)]; Cg(4) = Centre of gravity of the ring [C(25)-C(26)-C(27)-C(28)-C(29)-C(30)].
For complex 2: Cg(4) = Centre of gravity of the ring [C(3)-C(4)-C(5)-C(6)-C(7)-C(8)]; Cg(5) = Centre of gravity of the ring [C(16)-C(17)-C(18)-C(19)-C(20)-C(21)].
For complex 3: Cg(4) = Centre of gravity of the ring [C(2)-C(3)-C(4)-C(5)-C(6)-C(7)]; Cg(5) = Centre of gravity of the ring [C(13)-C(14)-C(15)-C(16)-C(17)-C(18)].
For complex 4: Cg(4) = Centre of gravity of the ring [C(3)-C(4)-C(5)-C(6)-C(7)-C(8)]; Cg(5) = Centre of gravity of the ring [C(14)-C(15)-C(16)-C(17)-C(18)-C(19)].

Fig. 7. Perspective view of significant CAH∙∙∙p interactions in complex 1 with
selective atom numbering scheme. Only relevant atoms are shown in the figure for
clarity. Symmetry transformation: g = x, y, �1 + z.
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to the contribution of the strong LBHBs and the conventional
OAH� � �O bonds that are expected to be also strong due to the
enhanced acidity of these protons due to the coordination of the
water molecule to the nickel(II) metal center. In an effort to esti-
mate the contribution of the LBHBs, a theoretical model has been
used in which the water molecules are eliminated (Fig. 12b). As a
result, the conventional hydrogen bonds are not established and
the interaction energy drops to DE2 = �73.3 kcal/mol, that corre-
sponds to the contribution of both LBHBs and also some additional
van der Waals interactions established between the bulk of both
molecules. This large interaction energy confirms the strong cova-
lent nature of these hydrogen bonds. This result is agreement with

previous investigations in hydrogen bonds between hetero atoms
with identical pKa values where the DH of formation can approach
30 kcal/mol [4]. Furthermore, the difference between DE1 and DE2
provides a rough estimation of the four OAH� � �O bonds established
by the coordinated water molecules and methoxy groups
(–8.6 kcal/mol per hydrogen bond).

Finally, non-covalent interaction plot (NCI plot) index has been
made to further characterize the hydrogen bonds. It allows a direct
assessment of host–guest complementarity and the extent to
which non-covalent interactions stabilize a complex. Fig. 13 shows
the NCI plot obtained for the self-assembled dimer extracted from
the solid state of complex 1. The NCI index indicates that the LBHBs

Fig. 8. Perspective view of intramolecular CAH� � �p stacking interactions in complexes 2 (left) and 3 (right). Only relevant hydrogen atoms are shown in the figure for clarity.

Fig. 9. Perspective view of a supramolecular chain through intermolecular CAH� � �p stacking interactions in complex 4. Only relevant atoms are shown in the figure for
clarity. Symmetry transformation: h = 3/2 � x, �1/2 � y, 1/2 � z.
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are covalent bonds, since no isosurface is found between the H and
O atoms. The OAH� � �O hydrogen bonds involving the coordinated
water molecules are characterized by small and intense blue

isosurfaces, thus supporting the strong nature of the interactions.
Several green isosurfaces are also present between both mono-
meric units, thus revealing the existence of additional weak inter-
actions that also stabilize the assembly.

3.6. IR and electronic spectra

A moderately sharp band in the range of 3280–3225 cm�1 has
been noticed in the IR spectrum of each complex which may be
assigned as the NAH stretching vibration of the reduced Schiff base
ligand [24,25]. Broad bands in the range of 3010–2865 cm�1 due to
alkyl CAH stretching vibrations are routinely noticed in IR spectra
of all complexes [26,27]. Appearance of a broad band in each com-
plex around 3400 cm�1 indicates the presence of OAH stretching
vibrations of water molecules. A very strong band is obtained
around 2045 cm�1 only in complex 3 due to the presence of non-
coordinated thiocyanate ions [28,29]. IR spectra of all complexes
are given in Figs. S6–S9 (SI).

Fig. 10. Hirshfeld surfaces mapped with dnorm (left column), shape index (middle)
and curvedness (right column) of complexes 1–4.

Fig. 11. Energy diagram obtained for complex 1 at the B3LYP-D/def2-SVP level of
theory. The energies are relative to the maximum. In the calculation the two
hydrogen atoms were moved in opposite directions to maintain the inversion
center of symmetry.

Fig. 12. Theoretical models used to evaluate the LBHBs in complex 1 (a) and a model complex where the two coordinated water molecules have been eliminated (b).
Distances in Å.
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Electronic spectra of all four complexes in DMSO show two dis-
tinguished bands in the visible range around 625 nm and 735 nm.
These bands may be assigned as 3T1g(F)  3A2g(F) and 3T2g(F)  
3A2g(F), respectively [30]. The intense absorption bands at
~355 nm may be assigned as ligand to metal charge transfer
(LMCT) bands, which obscure the 3rd d–d band, 3T1g(P)  3A2g(F),
expected for any octahedral nickel(II) [31]. In addition, high energy
absorption bands around 275 nm are assigned to intra-ligand
p ? p* transitions [32,33]. Electronic spectra of all complexes
are given in Figs. S10–S13 (SI).

4. Conclusion

In summary, we have synthesized and characterized four nickel
(II) complexes (1–4) that form self-assembled dimers in the solid
state where low barrier hydrogen bonds appear to play a promi-
nent role. Structures of all complexes were confirmed by single
crystal X-ray diffraction study. Each complex may be represented
by a general formula [Ni2(HL)2(DMSO)2(H2O)2]X [H2L = N2O4 donor
reduced Schiff base ligand, X = counter anion]; X is perchlorate in 1,
2 and 4 and X = thiocyanate in 3. Use of reduced Schiff bases seems
to be essential to form this type of hydrogen bonded dimeric spe-
cies, as the non-reduced analogues of these Schiff bases fails to pre-
pare such complexes. More flexibility of the reduced Schiff bases
compared to their Schiff base precursor may be the driving force
in forming these complexes. The hydrogen bonds are evaluated
energetically and using the non-covalent interaction plot. We con-
clude that the barrier is very low and, consequently, the hydrogen
atoms can move freely with their average position between both
oxygen atoms. The energy associated to the low barrier hydrogen
bonds is very large due to the strong covalent character of the
interaction.
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An insight into the non-covalent Pb⋯S and S⋯S
interactions in the solid-state structure of a
hemidirected leadĲII) complex†

Saikat Mirdya,a Snehasis Banerjee b and Shouvik Chattopadhyay *a

A heterodinuclear copperĲII)/leadĲII) complex with a compartmental ‘reduced Schiff base’ ligand (having

inner N2O2 and outer O2O′2 compartments) has been synthesized and characterized. Single-crystal X-ray

diffraction analysis confirmed its structure. The X-ray data indicate that the inner N2O2 compartment of the

compartmental reduced Schiff base is occupied by copperĲII) while the outer O2O′2 compartment is

occupied by leadĲII). A thiocyanate anion is coordinated to the copperĲII) center via its N-end,

whereas, another thiocyanate ion is linked to the leadĲII) center via its S-end and is semi-coordinated

to the copperĲII) center through its N-end. A hemidirectionally coordinated leadĲII) center is well suited

for establishing tetrel bonding interactions. We estimated the BSSE (basis set superposition error)

corrected energies of non-covalent S⋯S, Pb⋯π, and π⋯π interactions and N–H hydrogen bonding

along with tetrel bonding by DFT calculations. To obtain an insight into the physical nature of these

bonds, we extensively used Bader's quantum theory of atoms-in-molecules (QTAIM). Additionally, the

non-covalent interaction reduced density gradient (NCI-RDG) method established nicely the presence of

such non-covalent intermolecular interactions. Here, we also used natural bond orbital (NBO) analysis to

find out the origin of S⋯S and Pb⋯S bonding.

Introduction

Lead is a heavy metal with an atomic number of 82. Its large
radius, ability to adopt different coordination numbers from
2 to 8 and ability to exist in variable valence states leading to
versatile coordination chemistry attracted synthetic inorganic
chemists to prepare new complexes of lead.1–4 Lead
containing materials are extensively used in semiconductors,
batteries, ferroelectric materials and non-linear optical
materials.5–9 On the other hand, lead is very toxic even in a
very low concentration and is a dangerous biological poison
similar to mercury, if not more dangerous.10–16 Disodium cal-
cium EDTA is used in chelation therapy to take away leadĲII)
from the human body.17–21 Many bio-inorganic chemists are
working to develop other chelating ligands for the treatment
of lead intoxication.22–25

[Xe]4f145d106s26p2 is the electronic configuration of lead
(Pb). Due to their very weak screening efficiency, fourteen
electrons in the 4f orbitals and ten electrons in the 3d or-
bitals increase the effective nuclear charge of lead acting on
the outermost 6s2 electrons and make the electron pair es-
sentially inert. The penetrating property of the 6s orbital is
also very high and has a pronounced effect on lowering the
energy of these two electrons. A relativistic increase in the
mass of the 6s2 electrons also stabilizes the 6s2 electrons.
Lead, therefore, shows a +2 oxidation state in most of its
complexes and contains a lone pair of electrons.26–31 In some
of these complexes, this lone pair is, however, stereo-
chemically active leading to hemidirectional complexes32,33

and in the rest of the complexes, the lone pair is stereo-
chemically inactive leading to holodirected complexes.34,35

Theoretical chemists are currently engaged in rationalizing
the extent to which the lone pair is stereochemically active in
leadĲII) complexes.36–40

Supramolecular chemistry deals with various non-covalent
interactions,41–43 including a large range of attractive and re-
pulsive forces42,43 such as ion–ion interactions, hydrogen
bonding, π⋯π interactions, ion–dipole interactions, van der
Waals forces, dipole–dipole interactions, etc.44–47 These are
often jointly working in one supramolecular complex. These
non-covalent forces are attributable to the self-assembly of
large molecules, crystal packing, and biological pattern
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identification.48–51 Other well-known non-covalent interac-
tions, such as short contacts among halogen/chalcogen
atoms,52–56 may also promote the formation of interesting su-
pramolecular assemblies.57–60 Another important non-
covalent interaction is the σ-hole interaction, which is less
studied. Strong σ-hole interactions may occur in complexes
of group IV elements which usually involve tetrel bonding in-
teractions, especially in the cases of lead.61–72

In one of our previous studies, few ‘nickelĲII)–salen’ type
metalloligands with a reduced Schiff base was used to pre-
pare a few holodirected and hemidirected leadĲII) com-
plexes.73,74 In this work, we have reduced a compartmental
‘salen type’ Schiff base into a compartmental ‘reduced Schiff
base’ (having N2O2 and O2O2′ pockets), which entraps
copperĲII) and leadĲII) in the inner N2O2 and outer O2O2′ com-
partments respectively to produce a heterodinuclear
copperĲII)/leadĲII) complex, [(SCN)CuL1PbĲSCN)]. LeadĲII) shows
a hemi-directed geometry in the complex. Non-covalent inter-
actions in the supramolecular assembly of the complex were
studied energetically by means of theoretical DFT calcula-
tions. The most interesting observation is the existence of
S⋯S and Pb⋯S interactions. These interactions have also
been analyzed using several computational tools, including
Bader's “atoms-in-molecules” (AIM) and MEP analyses.

Results and discussion
Synthesis

2,2-Dimethyl-1,3-diaminopropane was refluxed with
3-methoxysalicylaldehyde in a 1 : 2 ratio, followed by the addi-
tion of NaBH4 to form an N2O2O2′ donor compartmental re-
duced Schiff base ligand, H2L

1, following the literature
method.75,76 The ligand (H2L

1) on reaction with copperĲII) ace-
tate monohydrate followed by leadĲII) acetate trihydrate and
sodium thiocyanate in a 1 : 1 : 2 ratio produced the hetero-
dinuclear complex. The formation of the complex is shown in
Scheme 1.

Description of [(SCN)CuL1PbĲSCN)]

X-ray crystal structure determination reveals that the complex
crystallizes in the triclinic space group, P1̄. The crystal struc-
ture of the complex is built from isolated heterodinuclear
molecules of [(SCN)CuL1PbĲSCN)]. The molecular structure of

the complex is shown in Fig. 1. The details of crystallographic
data and refinements are given in Table 1. Important bond
lengths are gathered in Table 2.

The N2O2O2′ donor compartmental reduced Schiff base
ligand (H2L

1) is used to prepare the complex in which a
copperĲII) center, Cu(1), is placed in the inner N2O2 cavity and
a leadĲII), center, Pb(1), is placed in the outer O2O′

2 cavity.
Both the copperĲII) and leadĲII) centers are pentacoordinated.
The copperĲII) center, Cu(1), has a square pyramidal geome-
try, where two amine nitrogen atoms, N(1) and N(2), and two
phenoxo oxygen atoms, O(1) and O(2), of the deprotonated re-
duced Schiff base constitute the equatorial plane. The axial
position of the copperĲII) center is occupied by a nitrogen
atom, N(3), from a terminal thiocyanate molecule. The geom-
etry of any pentacoordinated metal centre may conveniently
be measured by the Addison parameter (τ)77 [τ = (θ − Φ)/60,
where θ and Φ are the two largest ligand–metal–ligand angles
of the coordination sphere]. In the title complex, the geome-
try around the copperĲII) center, CuĲ1), is square pyramidal
with τ = 0.02. On the other hand, the phenoxo oxygen atoms,
O(1) and O(2), of the deprotonated reduced Schiff base also
coordinate to the leadĲII) center, Pb(1). The potential donor
methoxy oxygen atoms, O(3) and O(4), of the compartmental

Scheme 1 Synthetic route to the complex.

Fig. 1 Perspective view of the complex with a selective atom
numbering scheme.
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reduced Schiff base also coordinate to leadĲII), but at much
longer distances to form equatorial planes. The leadĲII) cen-
ter adopts a geometry intermediate between square pyrami-
dal and trigonal bipyramidal as indicated from the Addison
parameter value (τ = 0.493), which is close to 0.5. The sul-
phur atom, S(2), from the terminal thiocyanate molecule co-
ordinates to the leadĲII) center in the axial position with a
PbĲ1)–SĲ2)–C(23) angle of 96.8Ĳ2)°, where the N-terminal of
the same thiocyanate molecule is directed towards the
copperĲII) center with a CuĲ1)⋯NĲ4)–SĲ2) angle of 95.7Ĳ1)°.
The NĲ4)⋯CuĲ1) distance [3.057(4) Å] is larger than the dis-
tances of NĲ1)–CuĲ1) [2.019Ĳ4)], NĲ2)–CuĲ1) [2.037(3)] and also
PbĲ1)–SĲ2) [2.791(1) Å], which indicates partial bridging
interaction of thiocyanate between Cu(1) and Pb(1). The de-
viations of the four coordinating atoms, O(1), O(2), N(1) and
N(2), in the basal plane from the mean plane passing
through them and those of the copperĲII) center from the
same planes are −0.008Ĳ3), −0.075Ĳ3), −0.077Ĳ3), −0.016Ĳ4) and
0.175 (5) Å respectively for the complex. The saturated six-
membered chelate ring [CuĲ1)–NĲ1)–C(9)–C(10)–C(13)–NĲ2)]
has an envelope conformation with puckering parame-
ters78,79 q = 0.531(5) Å; θ = 25.2Ĳ4)°; ϕ = 185.1Ĳ12)°. The
CuĲ1)OĲ1)OĲ2)PbĲ1) core is almost planar as the angle be-
tween the CuĲ1)OĲ1)OĲ2) and OĲ1)OĲ2)PbĲ1) planes is
7.29Ĳ9)°, and the dihedral angle of OĲ1)PbĲ1)OĲ2)CuĲ1) is
5.74Ĳ11)°. The distance between Cu(1) and Pb(1) is 3.504(5)

Å. The bridging angles CuĲ1)–OĲ1)–PbĲ1) and CuĲ1)–OĲ2)–
PbĲ1) are 106.5Ĳ1)° and 106.0Ĳ1)°, respectively.

Supramolecular interactions

The solid-state structure of the complex is well constructed
through several non-covalent interactions such as hydrogen
bonding, π⋯π stacking interaction, and cation⋯π interac-
tion. The hydrogen atom, H(1), attached to the amine nitro-
gen atom, N(1), forms bifurcated H-bonds with the nitrogen
atom, N(4), and a symmetry related nitrogen atom, NĲ4)* {* =
1 − x, 1 − y, 1 − z}, of a neighboring moiety to form a dimeric
structure, as shown in Fig. 2.

The phenyl ring Cg(7) [Cg(7) = center of mass of the ring
C(2)–C(7)] exhibits a strong face-to-face π⋯π stacking interac-
tion with the neighboring phenyl ring Cg(8) [Cg(8) = center of
mass of the ring C(15)–C(20)] of symmetry a = −1 + x, y, z. A
one-dimensional array is formed because of this type of π⋯π

stacking interaction (Fig. 3).
A cation⋯π interaction is also observed in the complex.

The leadĲII) center, Pb(1), is involved in a cation⋯π interaction
with a symmetry-related (1 − x, 1 − y, −z) phenyl ring Cg(8),
which leads to the formation of a dimeric structure (Fig. 4).

Relying on the structural discussion by Shimoni-Livny
et al.,80 the hemidirectionally coordinated leadĲII) center has
a significant void opposite to the ligand (H2L

1) and thiocya-
nate co-ligand, which is similar to other leadĲII) complexes.81

All bonds around the leadĲII) atom are basically concentrated
within less than one hemisphere of the coordination sphere,
leaving a large gap on the leadĲII) ion. This also allows a close
interaction with the sulfur atom, (S1)c, of the thiocyanate
from an adjacent molecule (c = x, −1 + y, z) of a 3.517(2) Å dis-
tance which leads to the formation of a 1D polymeric chain,
as shown in Fig. 5. There is another interesting interaction
between S(1) and SĲ1)d [d = 2 − x, 2 − y, −z] of a 3.593(2) Å dis-
tance which leads to the formation of another supramolecu-
lar dimeric structure, as shown in Fig. 6. Both Pb1⋯S1a and
S1⋯S1b interactions lead to the formation of a 2D polymeric
network, as shown in Fig. S1 [ESI†].

Table 1 Crystal data and refinement details of the complex

Formula C23H28PbCuN4O4S2
Formula weight 759.36
Temperature (K) 273
Crystal system Triclinic
Space group P1̄
a (Å) 9.3667(7)
b (Å) 9.5064(7)
c (Å) 15.1076Ĳ11)
α 84.047(2)
β 75.365(2)
γ 79.476(2)
Z 2
dcalc (g cm−3) 1.974
μ (mm−1) 7.615
FĲ000) 738
Total reflections 38 018
Unique reflections 5206
Observed data [I > 2σ(I)] 4885
No. of parameters 324
RĲint) 0.054
R1, wR2 (all data) 0.0287, 0.0652
R1, wR2 [I > 2σ(I)] 0.0258, 0.0638
Largest diff. peak/hole (e Å−3) 1.90, −0.87

Table 2 Selected bond lengths (Å) of the complex

PbĲ1)–OĲ1) 2.375(3) CuĲ1)–OĲ1) 1.988(3)
PbĲ1)–OĲ2) 2.358(3) CuĲ1)–OĲ2) 2.021(3)
PbĲ1)–OĲ3) 2.631(4) CuĲ1)–NĲ1) 2.019(3)
PbĲ1)–OĲ4) 2.609(4) CuĲ1)–NĲ2) 2.037(4)
PbĲ1)–SĲ2) 2.7914(15) CuĲ1)–NĲ3) 2.232(4)

Fig. 2 Perspective view of the hydrogen bonding interactions in the
solid state structure of the complex. Only the relevant atoms are
shown in the figure. Symmetry transformation: * = 1 − x, 1 − y, 1 − z,
where NĲ1)⋯HĲ1) = 0.79(4) Å, HĲ1)⋯NĲ4) = 2.65(4) Å, HĲ1)⋯NĲ4)* =
2.77(5) Å, NĲ1)⋯NĲ4)* = 3.367(5) Å, NĲ1)⋯NĲ4) = 3.193(6) Å, ∠NĲ1)–
HĲ1)⋯NĲ4) = 127Ĳ4)° and ∠NĲ1)–HĲ1)⋯NĲ4)* = 134Ĳ4)°.
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IR and electronic spectra

The IR spectrum of the complex is in good agreement with
the X-ray structural data. In the IR spectrum of the complex,
there are two successive strong bands observed at 2091 and
2068 cm−1, indicating the presence of terminal N-bonded and
terminal S-bonded thiocyanate, respectively.82 A moderately
strong band due to stretching vibrations of the N–H bond ap-
pears in the range of 3248–3232 cm−1.83,84 Bands near the
range of 2951–2838 cm−1 are due to alkyl C–H bond
stretching vibrations, which are customarily noticed in the IR
spectrum of the complex.85 The IR spectrum of the complex
is shown in Fig. 7.

The electronic spectrum of the complex in DMF displays
one absorption band in the visible region at 618 nm which
may be ascribed to the 2T2gĲD) ← 2EgĲD) transition for
copperĲII).86,87 A broad band of low intensity features near
405 nm may be attributed to ligand-to-metal charge transfer
(LMCT) transition from the ligand to copperĲII).88,89 Another
very low intensity band at 335 nm may be attributed to the n
→ π* transition of the ligand.90 The high intensity band that
appeared at 282 nm is attributed to the π → π* transition of

the ligand.91 The UV-Vis spectrum of the complex is shown
in Fig. 8.

Theoretical work

The focus of the theoretical work is to evaluate the electronic
and energetic features of Pb⋯S tetrel bonding and some
other weak non-covalent interactions, namely S⋯S bonding
and N⋯H hydrogen bonding, which are further characterized
by the Hirshfeld analysis (Fig. S1 and S2†), and also Pb⋯π

and π⋯π, found in the solid-state of the investigated com-
plex. As discussed in the experimental section, we used the
dimer of the title complex to explore such interactions.

S⋯S interactions

As observed in the crystal structure, the short distance be-
tween two sulfur atoms (3.59 Å) indicates significant chalco-
gen–chalcogen interactions (Fig. 6) as we have found in the
literature.92,93 The literature results suggest that in the chal-
cogen–chalcogen interactions, p–σ* plays an important role
to stabilize such interactions as shown in Fig. 9. In our case,
as shown in Fig. 9, the S⋯S interaction is stabilized by the
overlap of a filled 3pS orbital of the sulfur atom of one mono-
mer and an empty σ*S −C anti-bonding orbital of the sulfur
atom of another monomer. Also, Fig. 9 shows the NBO calcu-
lated donor and acceptor orbitals. The estimated stabilization
energy E(2) associated with the pS → σ*S −C charge transfer (de-
localization) is 0.34 kcal mol−1 computed at the B3LYP/
Lanl2DZ/6-31G(d) level using NBO analysis.

Moreover, the S⋯S interaction is also supported using
Bader's theory of atoms in molecules. As shown in Fig. 11, we
found a bond critical point, CP3 (ρ ≈ 0.0633 a.u.), between
two sulfur atoms of two different monomers. We also com-
puted the Lagrangian kinetic energy and potential energy
densities at the BCP and the corresponding values are 0.1086
and −0.1001 a.u., respectively.

Furthermore, the reduced density gradient (RDG), s, was
calculated to represent the deviation from a homogeneous
electron distribution.94 As presented in the following equa-
tion (eqn (1)), ∇ is the gradient operator and |∇ρ| is the
electronic density gradient mode. Now, this is a useful ap-
proach to explore and visualize different kinds of non-
covalent interactions (NCIs) in real space such as both intra-

Fig. 3 1D chain of intermolecular π⋯π stacking interactions. All hydrogen atoms and uncoordinated perchlorate anions are omitted for clarity.
Symmetry elements: a = 1 + x, y, z, where CgĲ7)⋯CgĲ8)a = 3.771(3) Å, CgĲI)⋯Perp = 3.5404(19) Å, CgĲJ)⋯Perp = 3.5648Ĳ18), and α = 13.5Ĳ2)° [α =
dihedral angle between ring I and ring J, CgĲI)⋯Perp. = perpendicular distance of Cg(I) from ring J, CgĲJ)⋯Perp. = perpendicular distance of Cg(J)
from ring I for the complex].

Fig. 4 Supramolecular dimer of the complex generated through
cation⋯π interactions. All hydrogen atoms and uncoordinated
perchlorate anions are omitted for clarity. Symmetry elements: b = 1 −
x, 1 − y, −z, where CgĲ8)⋯PbĲ1) = 3.563 Å, PbĲ1)⋯Perp = 3.359 Å, and β

= 19.43°.
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and intermolecular weak interactions like hydrogen bonds
and van der Waals forces. Therefore, the NCI index is used to
investigate NCIs in the investigated complex.

s ¼ 1

2 3π2ð Þ13
∇ρj j
ρ
4
3

(1)

The color mapped isosurfaces and corresponding scatter
diagrams of RDG versus signĲλ2)ρ for the investigated complex
in the monomeric and dimeric forms are shown in Fig. 13.
As stated, the results are used to characterize the types of
multiple weak interactions like S⋯S, Pb⋯S and H-bonds via
colored isosurfaces according to the values of signĲλ2)ρ. The
sign of λ2 is used to distinguish bonded (λ2 < 0) and non-
bonded (λ2 > 0) interactions, whereas the electron density is
an indicator of the bonding strength. Large negative values
of signĲλ2)ρ are indicative of attractive interactions (such as
hydrogen bonding), whereas, if signĲλ2)ρ is large and positive,
the interaction is non-bonding (usually steric effect). Values
near zero indicate weak vdW interactions. The color of RDG
(s) vs. signĲλ2)ρ and the isosurfaces have the same meaning;
blue color represents hydrogen bonds; green, van der Waals
forces; red, steric hindrance. The darker the corresponding
color, the stronger the interaction.

The color mapped isosurfaces and corresponding scatter
diagrams of RDG versus signĲλ2)ρ for the complex in dimeric
form is shown in Fig. 13. The green region in Fig. 13a clearly
characterizes the weak S⋯S interaction between two mono-
mers in the solid-state. The BSSE corrected interaction energy
calculated for the S⋯S interactions is −1.6 kcal mol−1.

Pb⋯S tetrel bonding

In the solid state structure of the investigated complex, the
existence of intermolecular tetrel bonding interactions is ob-
served (Fig. 5) and characterized by a bond critical point
(CP1) and a bond path interconnecting the S and Pb atoms
in a dimeric unit (ρ = 0.06936 a.u.). The strengths are signifi-
cantly strong which is evident from the MEP analysis. The
MEP surface at the S and Pb atoms shows that a σ-hole of 22
kcal mol−1 is observed at the Pb center along with a strong
nucleophilic center at the S atom of −20 kcal mol−1 (Fig. 12a).
As a result, the BSSE corrected interaction energy computed
for the tetrel bonding is −13.6 kcal mol−1. The NBO analysis
shows that the stabilization energy E(2) associated with the
charge transfer (delocalization) from the S to the Pb center is
13.79 kcal mol−1 computed at the B3LYP/Lanl2DZ/6-31G(d)
level (Fig. 10). Additionally, we have characterized the

Fig. 5 1D coordination polymer of the complex considering an interaction between Pb(1) and SĲ1)a of 3.517(2) Å. Symmetry transformation: c = x,
−1 + y, z.

Fig. 6 Dimeric form of the complex considering an interaction
between S(1) and SĲ1)d of 3.593(2) Å. Symmetry transformation: d = 2 −
x, 2 − y, −z. Fig. 7 IR spectrum of the complex.
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existence of the Pb⋯S tetrel bond with the RDG plots and
NCI surfaces (Fig. 13d).

H-Bonding

We characterized two types of H-bonding in the investigated
complex: intramolecular and intermolecular. The intramolec-
ular H-bonding is characterized by AIM analysis, which gives
an orange sphere as a BCP (Fig. 11f) between the N of SCN
and amine hydrogen of the reduced Schiff base. The exis-
tence of such H-bonding is well supported by the RDG plots
and NCI surfaces as shown in Fig. 13c. In the H-bonded di-
mer of the complex (Fig. 2), we have found some additional
intermolecular H-bonding as characterized very clearly from
the NCI surfaces and by AIM analysis. We identified a BCP (ρ
= 0.0149 a.u.) between the hydrogen atom, H(1) {attached to

the amine nitrogen atom, N(1)}, and the thiocyanate nitrogen
atom, NĲ4)*, of a symmetry related {* = 1 − x, 1 − y, 1 − z}
neighboring moiety. Additionally, the scatter RDG plot shows
some additional blue dots at the left side to identify the inter-
molecular H-bonding (Fig. 13b and c). As a consequence, the
BSSE corrected interaction energy of this complex is −7.1 kcal
mol−1.

Pb⋯π and π⋯π interactions

As stated in the experimental section, we have found a π⋯π

interaction (Fig. 3) between two benzene rings on two mono-
mers. In the investigated complex, we confirmed the exis-
tence of the π⋯π interactions by using AIM analysis. In the
dimer (Fig. 3), the computed results show that two BCPs are
found, one of which (CP2) is shown in Fig. 11, between the σ

(C–H) framework of one ring and π-electrons on another ring.
The attractive interaction is also evident from the MEP sur-
faces (Fig. 12b). Further, we established the existence of the
π⋯π stacking by utilizing RDG surfaces as shown in
Fig. 13(e). A very clean image of green color between two
rings strongly supports this statement. As a result of the π⋯π

interactions, we computed a BSSE interaction energy of −1.15
kcal mol−1.

Interestingly, from the AIM analysis, we detected another
weak interaction between the cation PbĲII) and π-electrons, re-
ferred to as Pb⋯π interaction (Fig. 4). The properties of the
BCP (CP4) show that this interaction is stronger (ρ = 0.2394
a.u.) than the other CPs discussed previously. The MEP sur-
face of the Pb⋯π interaction (Fig. 12b) clearly indicates that
this is electrostatically very favorable due to the potential
difference between the strong σ-hole at the Pb center (+18
kcal mol−1) and aromatic ring (−6.9 kcal mol−1). The interac-
tion is further characterized with an NCI-RDG surface show-
ing a green plate between the PbĲII) center and aromatic ring
as shown in Fig. 13f. As a consequence, the computed BSSE
corrected interaction energy of the Pb⋯π interaction is
−13.6 kcal mol−1.

Fig. 8 UV-vis spectrum of the complex. Inset shows the spectrum in
the 520–800 nm range.

Fig. 9 Isosurfaces for a value of 0.03 a.u. showing the interaction of
the filled p orbital of the S center of one monomer and empty σ*
orbital of the S center of another monomer computed using NBO
analyses.

Fig. 10 Isosurfaces for a value of 0.03 a.u. showing the interaction
between the orbital of S of one monomer and orbital of Pb of another
monomer indicating a tetrel bond computed using NBO analysis.

CrystEngCommPaper



CrystEngComm, 2020, 22, 237–247 | 243This journal is © The Royal Society of Chemistry 2020

Concluding remarks

In summary, we report the syntheses and structural charac-
terization of a new heterodinuclear copperĲII)/leadĲII) complex
with an N2O4 donor compartmental reduced Schiff base li-
gand. In the solid-state, the complex exhibits relevant tetrel
bonding and chalcogen–chalcogen interactions that generate
interesting supramolecular assemblies. The complex contains
a hemidirectionally coordinated leadĲII) center and an organic
aromatic molecule which can be important to understand the

X-ray structure of organic–inorganic material systems. In ad-
dition to the use of NCI-RDG analysis, which support the ex-
istence of tetrel bonding, NBO results show that the tetrel
bonding is formed between the donor S atom of SCN and ac-
ceptor Pb atom (lpS → lpPb*) with a high second-order stabili-
zation energy of E(2) ≈ 13.8 kcal mol−1. Further, the S⋯S
interaction, like general chalcogen–chalcogen bonds, is a pS
→ σ*S −C orbital delocalization with E(2) ≈ 0.34 kcal mol−1. The

other three interactions, namely Pb⋯π, π⋯π and both intra-
and intermolecular H-bonding, are well supported

Fig. 11 AIM analyses of the monomer (a) and dimers of the investigated complex showing (b) Pb⋯S, (c) π⋯π, (d) S⋯S, (e) Pb⋯π and (f)
intermolecular hydrogen bonding, N⋯H–N. Bonds, rings and cage critical points are represented by orange, yellow and green spheres,
respectively.
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qualitatively and quantitatively with the help of NCI-RDG,
QTAIM, MEP surface, and NBO analyses. Among these inter-
actions, we have found that Pb⋯π has the highest interaction
energy of −13.6 kcal mol−1.

Computational details

A DFT study is carried out to understand the electronic struc-
ture of the investigated complex. All geometry optimizations
of the complex are carried out using the density functional
theory method at the B3LYP level with the Gaussian 09 pro-
gram package. The Los Alamos effective core potential lanL2-
DZ basis set was employed for the Pb and Cu atoms. On the
other hand, the split-valence 6-31G(d) basis set was applied
for the other atoms. The starting structure of the investigated
complex was derived from its X-ray crystallographic data. The

geometry optimization is performed without any constraints,
and the nature of stationary points was confirmed by normal-
mode analysis. The topological features derived from Bader's
theory of atoms in molecules (AIM) approach was applied to
understand the electron-density features like charge density
(ρ) and Laplacian of charge density (∇2ρ) using ADF2014.10.
The recently developed reduced density gradient (RDG) based
NCI (non-covalent interactions) index calculations were ap-
plied for real-space visualization of both attractive (van der
Waals and hydrogen bonding) and repulsive (steric) interac-
tions based on the properties of the electron density. Herein,
the single-point calculations were based on the structure
obtained from the X-ray studies and in these structures, the
hydrogen atom positions were normalized before computa-
tion. This is already discussed in the Theoretical work sec-
tion. Natural bond orbital (NBO) analysis was applied to

Fig. 12 MEP surface (isosurface = 0.001 a.u.) of the investigated complex. MEP values at selected points of the surface in the complex showing (a)
Pb⋯S, (b) Pb⋯π, (c) π⋯π, (d) S⋯S and (e) H-bonding interactions.
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Fig. 13 Non-covalent interaction (NCI) analysis of the investigated complex computed at the B3LYP/Lanl2DZ/6-31G(d) level showing (a) S⋯S
interaction, (b) intermolecular H-bonding, (c) intramolecular H-bonding, (d) Pb⋯S tetrel bonding, (e) π⋯π interaction and (f) Pb⋯π interaction.
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investigate the stability of the molecule arising from charge
delocalization. The interaction energies of dimers were calcu-
lated using basis set superposition error (BSSE) corrections
by the following method:

ΔE(AB) = E(AB) − E(A) − E(B) + (BSSE value of dimer)
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Formation of a tetranuclear supramolecule via
non-covalent Pb⋯Cl tetrel bonding interaction in
a hemidirected leadĲII) complex with a nickelĲII)
containing metaloligand†

Saikat Mirdya,a Antonio Frontera *b and Shouvik Chattopadhyay *a

A hetero-dinuclear nickelĲII)/leadĲII) complex with a compartmental ‘reduced Schiff base’ ligand (having

inner N2O2 and outer O2O2′ compartments) has been prepared and characterized by elemental and

spectral analysis. Single crystal X-ray diffraction analysis confirms its structure. NickelĲII) is placed in the

inner N2O2 compartment and leadĲII) is placed in the outer O2O2′ compartment of the compartmental

reduced Schiff base. The complex forms a tetranuclear supramolecule via non-covalent Pb⋯Cl tetrel

bonding interactions. The DFT study is devoted to analyze these tetrel bonding interactions that involve the

σ-hole at the hemicoordinated PbĲII) atom. The tetrel bonding interactions have been characterized using

Bader's theory of atoms in molecules (AIM).

Introduction

A significant number of supramolecular coordination
compounds have been synthesized in recent years1 and
shown to have the potential to be used as probes, sensors
and photonic devices.2 The most commonly used approach
for engineering the crystal structure of such complexes
employs non-covalent intermolecular forces, e.g. hydrogen
bonding, π–π stacking, cation-π, C–H⋯π interactions, etc.3

Other well recognized non-covalent interactions, such as
halogen bonding and ion pairing, have also been used to
direct the formation of many supramolecular assemblies.4

They play a vital role in drug–receptor interactions, crystal
engineering, enzyme inhibition, protein folding, etc.5

Structures of bio-molecules could also be controlled by these
interactions.6 On the other hand, σ-hole interactions have
been studied less. Strong σ-hole interactions may occur in
complexes of group IV elements and usually involves tetrel
bonding interactions, especially in the case of lead.7 Tetrel
bonds8 are generally characterized by two distinct classes of
structural organizations, viz. holodirected9 and
hemidirected10 geometries (Scheme 1). In the case of the
former, the bonds of lead to donor atoms are directed
throughout the surface of an encompassing sphere, while in

the case of the latter, the bonds of lead to ligand atoms are
directed throughout a hemisphere, thereby exhibiting a clear
void in the distribution of bonds to the ligands.11

In the present work, one N2O2O2′ donor compartmental
reduced Schiff base, 2,2′-[(2,2-dimethyl-1,3-propanediyl)bis-
Ĳiminomethylene)]bisĳ6-ethoxy-phenol] (H2L), has been used
to prepare a hetero-dinuclear nickelĲII)/leadĲII) complex,
[(H2O)ĲDMSO)NiLPbCl]SCN. The structure of the complex has
been determined by single crystal X-ray diffraction analyses.
The leadĲII) centre in the complex is hemidirectionally
coordinated and participates in non-covalent tetrel bonding
interactions. Also an interesting hydrogen bonding is
observed with non-coordinated thiocyanate. Finally, the
supramolecular interactions have been studied using DFT
calculations focusing on Pb⋯Cl tetrel bonds observed in the
solid state of the complex.

Results and discussion
Synthesis

2,2-Dimethyl-1,3-diaminopropane was refluxed with
3-ethoxysalicylaldehyde in a 1 : 2 ratio followed by the
addition of NaBH4 to form the N2O2O2′ donor compartmental
reduced Schiff base (H2L) following literature methods.12 The
ligand (H2L) on the reaction with nickelĲII) thiocyanate and
leadĲII) chloride produced the complex. The formation of the
complex is shown in Scheme 2.

Description of [(H2O)ĲDMSO)NiLPbCl]ĲSCN). The
molecular structure of the complex was established by X-ray
single crystal diffraction measurement. It reveals that the
complex crystallizes in the monoclinic space group, P21/n,
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with Z = 2. The complex consists of a cationic dinuclear
cation [(H2O)ĲDMSO)NiLPbCl] along with an uncoordinated
thiocyanate anion. The molecular structure with a selected
atom numbering scheme is shown in Fig. 1. Important bond
angles are listed in Table S1 (ESI†).

The N2O2O2′ donor compartmental reduced Schiff base
ligand (H2L) is used to prepare the complex in which the
nickelĲII) centre, Ni(1), is placed in the inner N2O2 cavity and
the leadĲII) centre, Pb(1), is placed in the outer O2O2′ cavity
with a NiĲ1)⋯PbĲ1) distance of 3.488(2) Å. The nickelĲII)
centre [Ni(1)] is hexacoordinated having a pseudo octahedral
geometry, where two amine nitrogen atoms, N(1) and N(2),
and two phenoxo oxygen atoms, O(1) and O(2), of the
deprotonated reduced Schiff base (L)2− constitute the
equatorial plane. The fifth and sixth coordination sites are
occupied by two oxygen atoms, O(5), from a DMSO molecule
and O(6) from a water molecule. All nickelĲII)–nitrogen and
nickelĲII)–oxygen bond lengths are comparable to those
observed in other complexes with similar structures.13

The leadĲII) centre in the complex is pentacoordinated
where two phenoxo oxygen atoms, O(1) and O(2), also
coordinate to the leadĲII) centre. The potential donor ethoxy
oxygen atoms, O(3) and O(4), of the deprotonated reduced
Schiff base also coordinate to the leadĲII) centre, but at much
longer distances to form equatorial planes. All leadĲII)–oxygen
bond lengths are comparable to those observed in other
complexes with similar structures.14 The fifth coordination
site is occupied by one chlorido ligand, Cl(1) in the axial

Scheme 1 Schematic representation of the holodirected (left) and hemidirected (right) coordination modes of leadĲII), with indication of the
location of the inert lone pair.

Scheme 2 Preparation of the ligand and the complex.

Fig. 1 Perspective view of the complex with a selective atom
numbering scheme. Hydrogen atoms and the uncoordinated
thiocyanate ion have been omitted for clarity. Selected bond lengths
(Å): PbĲ1)–ClĲ1) 2.729(4), PbĲ1)–OĲ1) 2.338(7), PbĲ1)–OĲ2) 2.320(7), PbĲ1)–
OĲ3) 2.855(8), PbĲ1)–OĲ4) 2.831(12), NiĲ1)–OĲ1) 2.083(7), NiĲ1)–OĲ2)
2.091(7), NiĲ1)–OĲ5) 2.125(9), NiĲ1)–OĲ6) 2.086(10), NiĲ1)–NĲ1) 2.084(7),
and NiĲ1)–NĲ2) 2.087(9).
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position with a PbĲ1)–ClĲ1) distance of 2.729(4) Å in the
complex. The geometry of any penta-coordinated metal centre
may conveniently be measured by the Addison parameter
(τ)15 [τ = (θ − Φ)/60, where θ and Φ are the two largest ligand–
metal–ligand angles of the coordination sphere]. In the
complex, the geometry around the leadĲII) centre assumes a
square pyramidal geometry with τ = 0.45. The angle between
the NiĲ1)OĲ1)OĲ2) and OĲ1)OĲ2)PbĲ1) planes is 4.12° and also
the dihedral angle of the O(1)Ni(1) and O(2)Pb(1) planes is
3.5Ĳ3)°, making the NiO2Pb core almost planar. The bridging
angles, NiĲ1)–OĲ1)–PbĲ1) and NiĲ1)–OĲ2)–PbĲ1), are 104.0Ĳ3)°
and 104.4Ĳ3)°, respectively. The angle of ClĲ1)–PbĲ1)–NiĲ1) is
83.62Ĳ7)°. The saturated six membered chelate ring [NiĲ1)–
NĲ1)–C(10)–C(11)–C(14)–NĲ2)] has an envelope conformation
with puckering parameters, q = 0.596(11) Å; θ = 15.6Ĳ10)°; ϕ =
184Ĳ4)°.

IR and electronic spectra

A band near the range of 3289–3278 cm−1 indicates the
presence of amine N–H stretching in the complex.16 Broad
bands in the range of 2998–2867 cm−1 due to alkyl C–H
stretching vibrations are routinely noticed in the IR spectrum
of the complex.17 A broad band at 3369 cm−1 indicates the
presence of the O–H stretching frequency of the water
molecule.18 An intense band at 2052 cm−1 indicates the
presence of uncoordinated thiocyanate.19 The IR spectrum of
the complex is given in Fig. 2.

The electronic spectrum of the complex (Fig. 3) shows five
bands at 242 nm, 284 nm, 348 nm, 601 nm and 848 nm. The
absorption band at 601 nm may be assigned to 3T1gĲF) ←
3A2gĲF), whereas the band at 848 nm may be assigned to
3T2gĲF) ← 3A2gĲF).

20 A higher energy d–d band, 3T1gĲP) ←
3A2gĲF), cannot be observed as it is obscured by a strong
charge transfer transition (348 nm) in this case.21 The UV
absorption band at 284 nm may be assigned to the

intraligand n–π* transition.22 A band at 242 nm may be
attributed to π–π* transition.23

Supramolecular interactions and Hirshfeld surface analyses

The water molecule bonded to nickelĲII) forms a strong donor
hydrogen bond. The hydrogen atom, H(6B), attached to the
oxygen atom, O(6), of the coordinated water molecule forms
an intramolecular hydrogen bond with a nitrogen atom, N(3),
of the uncoordinated thiocyanate. The hydrogen bonded
structure of the complex is given in Fig. 4.

A significant C–H⋯π interaction is observed. The
hydrogen atom, H(24C), attached to the carbon atom, C(24),
is involved in an intra-molecular C–H⋯π interaction with a
phenyl ring [C(3)–C(4)–C(5)–C(6)–C(7)–C(8)] (Fig. 5).

An additional interesting aspect is that there is another
interaction from Pb(1) to the chloride ClĲ1)a from an adjacent
molecule (a = −x, 1 − y, 1 − z) at 3.339(3) Å in the complex which

Fig. 2 IR spectrum of the complex.

Fig. 3 UV-vis spectrum of the complex. Inset shows the spectrum in
the 400–1000 nm range.

Fig. 4 Hydrogen bonded structure of the complex. Only the relevant
hydrogen atoms are shown for clarity, where NĲ3)–HĲ6B) = 0.93(8) Å,
HĲ6B)⋯OĲ6) = 1.87(2) Å, NĲ3)⋯OĲ6) = 2.77(2) Å, and ∠NĲ3)–HĲ6B)⋯OĲ6)
= 160Ĳ8)°.
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leads to the formation of a tetranuclear molecule, as shown in
Fig. 6. It is worth noting that this bond is on the same side of
the equatorial plane as O(1) leading to a very irregular geometry.
This may be because the presence of the two ethoxy groups
close to the vacant site in the equatorial plane has precluded
further bonding in that plane. The distance between the PbĲ1)a

(a = −x, 1 − y, 1 − z) and Pb(1) is 4.841(2) Å. The bridging angle
of PbĲ1)–ClĲ1)⋯PbĲ1)a is 105.39Ĳ11)°.

Although the literature shows reports on experimental and
theoretical investigations devoted to tetrel bonding,24–28 only
two contain chlorides with hemidirected leadĲII) centres
(Table 1). Both complexes were not found to form a
supramolecular dimer containing Pb2Cl2 cores.

Hirshfeld surfaces

The Hirshfeld surface emerged from an attempt to define the
space occupied by a molecule in a crystal for the purpose of

subdividing the crystal electron density into molecular
fragments.29 dnorm is a normalised contact distance.30

Intermolecular contacts are highlighted in the dnorm surface
(when atoms make intermolecular contacts closer than the
sum of their van der Waals radii, these contacts will be
highlighted in red whereas longer contacts are in blue, and
contacts around the sum of van der Waals radii are in white).
The Hirshfeld surfaces of the complex have been mapped over
dnorm (range of −0.1 to 1.5 Å), the shape index and curvedness
[Fig. 7]. The red spots on these surfaces denote the dominant
interactions [S⋯H/H⋯S, N⋯H/H⋯N, O⋯H/H⋯O and Cl⋯H/
H⋯Cl]. As the Hirshfeld surface defines the shape of the
molecule in terms of its surrounding crystalline environment,
the local shape of the surface may provide some chemical
insight whereas the shape index is a qualitative measure of
shape and can be sensitive to very subtle changes in surface
shape, particularly in regions where the total curvature (or the
curvedness) is very low.31 We are particularly interested in
investigating if the Pb⋯Cl non-covalent bond can also be
evidenced by means of Hirshfeld surface analysis. Gratifyingly,
the non-covalent bond was characterized by the spikes of the
breakdown fingerprint plot.

The complex exhibits the Pb⋯Cl/Cl⋯Pb non-covalent
bond that contributes 1.2% of the total Hirshfeld surface area
and is evident in the (di, de) region of (2.742 Å, 2.661 Å). A
close inspection of the fingerprint plot revealed that the
sharp spikes with the shortest (de + di) = 3.098 Å in the
complex correspond to the Pb⋯Cl/Cl⋯Pb interaction.

The 2D fingerprint plots,32 which are used to analyze the
intermolecular contacts at the same time, revealed that the
main intermolecular interactions in the complex are S⋯H/
H⋯S, Cl⋯H/H⋯Cl, O⋯H/H⋯O and N⋯H/H⋯N. Fig. 8
presents the 2D plots of the complex.

An interesting Pb⋯Cl contact (Fig. 7) is observed in the
complex. The contact may lead to the formation of different
unconventional supramolecular interactions which is quite
captivating. Also a small amount of Cl⋯zCl contact is
observed (Fig. 9).

Fig. 5 C–H⋯π interactions observed in the complex. Only the relevant
atoms are shown for clarity, where HĲ24C)⋯CgĲ8) = 0.93(8) Å, C(24)–
HĲ24C)⋯CgĲ8) = 145°, and C(24)⋯CgĲ8) = 3.662(19) Å.

Fig. 6 Non-covalent Pb⋯Cl interactions. Symmetry elements (a = −x, 1 − y, 1 − z).
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Theoretical studies

The theoretical study is focused on the tetrel bonding
interaction described above in Fig. 6 and further
characterized by the Hirshfeld analysis (Fig. 9). Since the
coordination of the PbĲII) is hemidirected, the σ-hole at the
tetrel atom is accessible as shown in Fig. 10. It can be

observed that the molecular electrostatic potential (MEP) is
positive at the Pb atom (+25 kcal mol−1) that is located
between both OEt groups. The most negative region is
located at the SCN counter-ion, as expected. The MEP value
is also negative at the chlorido ligand. This analysis indicates
that the tetrel bond between the Pb atom and the chlorido
ligand is favored from an electrostatic point of view.

Table 1 Reported X-ray characterized nickelĲII)/leadĲII) and leadĲII) complexes comprising tetrel bonding interaction

Complex (CCDC) Formula Coordination mode of lead Bonding Pb–X (Å) Ref.

YISROI [{LaNi}PbĲNC5H5)Cl]2 Hemidirected Tetrel 3.272(1) 24
TAGMOG [(Cl)PbLb]·CH3OH Hemidirected Tetrel 3.155(2) 25
— [(H2O)ĲDMSO)NiLPbCl]ĲSCN) Hemidirected Tetrel 3.339(3) This Work

La = tris-((2-hydroxybenzylidene)-aminoethyl)-amine; H2L
b = N′-(phenylĲpyridin-2-yl) methylene)isonicotinohydrazide.

Fig. 7 Hirshfeld surfaces of the complex mapped over dnorm (left), the shape index (middle), and curvedness (right).

Fig. 8 Fingerprint plots of the complex.
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Fig. 11a shows the self-assembled dimer retrieved from
the X-ray of structure of the complex (H-atoms omitted),
where two symmetrically equivalent Pb⋯Cl tetrel bonding
interactions are formed. We have evaluated the interaction
energy of this dimer, which is very strong ΔE1 = −34.9 kcal
mol−1 thus confirming the relevance of this interaction as
predicted by the MEP surface. A close examination of the
dimer reveals that each Cl ligand also establishes a
H-bonding interaction with one H-atom of the ethyl group of
the Schiff base ligand (2.54 Å, see Fig. 11a). To evaluate the
contribution of this ancillary interaction we have computed a
theoretical model where the ethyl groups have been changed
by methyl groups (see Fig. 11b). As a result, the H-bonds are
not formed and the interaction energy in the mutated
complex is slightly reduced to ΔE2 = −33.7 kcal mol−1, thus
suggesting that these H-bonds are very weak and that the
dimer formation is totally dominated by the tetrel bonding. A
likely explanation for the small contribution of the H-bonds
is that the Cl atom is already participating in other
interactions like the tetrel bond and an intramolecular
H-bonding with the water molecule (see blue dashed lines in

Fig. 11). Therefore, the electron-donor ability of the Cl atom
is significantly reduced.

To further characterize the interactions described above,
we have used Bader's theory of atoms-in-molecules since it
allows easy characterization of the noncovalent interactions.
Fig. 12 shows the distribution of critical points and bond
paths of the self-assembled dimer. Each tetrel bond is
characterized by the presence of a bond CP (green sphere)
and a bond path connecting the Pb atom to the Cl atom, thus
confirming the existence of the tetrel bonds. Moreover, a ring
CP (yellow sphere) also appears upon complexation due to
the formation of a supramolecular ring (Pb2Cl2). The QTAIM
analysis also confirms the existence of the H-bonds between
the Cl ligands and the H-atoms of the ethyl groups.
Moreover, each intramolecular O–H⋯Cl H-bond is
characterized by a bond CP and a bond path interconnecting
the Cl and H atoms. The values of the electron charge density
(ρ) at the bond CPs that characterize the noncovalent
interactions are also indicated in Fig. 12. The values of ρ(r)
are smaller for the C–H⋯Cl bonds (0.0132 a.u.) in agreement
with the energetic results discussed above.

Fig. 9 Fingerprint plot resolved into the Pb⋯Cl/Cl⋯Pb contact and Cl⋯Cl/Cl⋯Cl contact contributing to the total Hirshfeld surface area of the
complex.

Fig. 10 MEP surface (left) of the complex (isosurface 0.001 a.u.) at the B3LYP-D/def2-SVP level of theory. The values at selected points of the
surface are indicated in kcal mol−1. The complex represented in the same orientation used for building the MEP surface is also shown in the right.

CrystEngCommPaper



CrystEngComm, 2019, 21, 6859–6868 | 6865This journal is © The Royal Society of Chemistry 2019

Concluding remarks

In conclusion, we report the synthesis and structural
characterization of a new heteronuclear nickelĲII)/leadĲII)
complex with a compartmental reduced Schiff base ligand.
The complex forms a tetranuclear supramolecule via non-
covalent Pb⋯Cl tetrel bonding interaction, which is strong as
evidenced by DFT calculations and MEP surface analysis. The
QTAIM and the Hirshfeld analyses have been used to
characterize the tetrel bonding interactions and stress the
importance of tetrel bonds involving hemicoordinated PbĲII)
in crystal engineering. Our results might be important to
understand the X-ray structure of organic–inorganic material
systems containing organic aromatic molecules and
hemidirectionally coordinated leadĲII) centres.

Experimental section

NickelĲII) thiocyanate tetrahydrate was prepared in our
laboratory following a literature method.33 All other materials

were commercially available, of reagent grade, and used as
purchased from Sigma-Aldrich without further purification.

Preparation of the ligand, 2,2′-[(2,2-dimethyl-1,3-
propanediyl)bisĲiminomethylene)]bisĳ6-ethoxy-phenol] (H2L)

A methanol solution (10 mL) of 2,2-dimethyl-1,3-
propanediamine (0.1 mL, 1 mmol) and
3-ethoxysalicylaldehyde (305 mg, 2 mmol) (10 mL) was heated
under reflux for ca. 1 h to prepare a Schiff base ligand. It was
not purified but used directly for the preparation of the
reduced Schiff base ligand (H2L). After cooling to room
temperature, solid sodium borohydride (4 mmol, 151.32 mg)
and glacial acetic acid (2 mL) were added sequentially. Then
the resulting solution was stirred for 10 minutes. After that,
the solution was evaporated to dryness under reduced
pressure in a rotary evaporator (∼60°C). The residue was then
dissolved in water (15 mL) and extracted with
dichloromethane (15 mL). The organic part was dried over

Fig. 12 QTAIM distribution of bond and ring CPs (green and yellow spheres, respectively) and bond paths for the dimer of the complex. The
values of ρ(r) at selected bond CPs are indicated in italics (a.u.)

Fig. 11 (a and b) Theoretical models used to evaluate the noncovalent interactions in the dimer of the complex. Distances in Å.
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anhydrous sodium acetate and the solvent (i.e.
dichloromethane) was evaporated under reduced pressure
using a rotary evaporator to obtain the reduced Schiff base
ligand (H2L).

Preparation of [(H2O)ĲDMSO)NiLPbCl]ĲSCN)

A methanol solution (5 mL) of nickelĲII) thiocyanate
tetrahydrate (250 mg, 1 mmol) was added to a solution of the
ligand, H2L, in methanol (10 mL) with constant stirring. A
water (5 mL) solution of leadĲII) chloride (278 mg, 1 mol) was
then added to it and the stirring was continued for about 30
min. The solution was then refluxed for ca. 1 h. A few drops
of DMSO were then added to the solution. The resulting
reaction mixture was left unperturbed for slow evaporation at
room temperature. After a few days, blue crystals, suitable for
X-ray diffraction, were collected by filtration.

Yield: 839 mg (∼49%) based on nickelĲII). Anal. calc. for
C52H80Cl2N6Ni2O12Pb2S4 (FW: 1712.14): C, 36.48; H, 4.71; N,
4.91; found: C, 36.3; H, 4.6; N, 5.1%. FT-IR (KBr, cm−1): 3369
(O–H); 3289–3278 (N–H); 2998–2867 (C–H); 2052 (SCN). λmax

(nm) [εmax (l mol−1 cm−1)] (MeOH): 242 (1.07 × 102); 284 (0.59
× 102); 348 (0.76 × 102); 601 (2.62); 848 (2.12). Crystal data for
the complex: C52H80Cl2N6Ni2O12Pb2S4, M.W. = 1712.14 g,
monoclinic, space group P21/n, a = 9.874(5), b = 17.314(7), c =
19.651(14) Å, V = 3335(3), Z = 2, dcalc = 1.705 g cm−3, μ = 5.852
mm−1, FĲ000) = 1696, 40 265 total reflections, 4895 unique
reflections [RĲint) = 0.068], observed data [I > 2σ(I)] = 7365, R1

= 0.1159, wR2 = 0.2836 (all data), R1 = 0.08240, wR2 = 0.2367
[I > 2σ(I)], temperature = 273 K. Magnetic moment = 3.13
BM.

Physical measurements

Elemental analyses (carbon, hydrogen and nitrogen) were
performed using a Perkin-Elmer 240C elemental analyzer. IR
spectra in KBr (4000–500 cm−1) were recorded with a Perkin-
Elmer Spectrum Two spectrophotometer. An electronic
spectrum in acetonitrile was recorded on a JASCO J-630
spectrophotometer.

X-ray crystallography

A suitable single crystal of the complex was used for data
collection using a ‘Bruker D8 QUEST area detector’
diffractometer with graphite-monochromated Mo Kα

radiation (λ = 0.71073 Å). The molecular structure was solved
by direct methods and refined by full-matrix least squares on
F2 using the SHELX-18 package.34 Non-hydrogen atoms were
refined with anisotropic thermal parameters. The hydrogen
atoms attached to nitrogen atoms were located by difference
Fourier maps and were kept at fixed positions. All other
hydrogen atoms were placed in their geometrically idealized
positions and constrained to ride on their parent atoms.
Multi-scan empirical absorption corrections were applied to
the data using the program SADABS.35

Hirshfeld surfaces

Hirshfeld surfaces36 of the complex were determined using
Crystal Explorer.37 2D fingerprint plots of the Hirshfeld
surfaces were also shown as plots of di against de.

Theoretical methods

The energetic features of the complexes and models included
in this study were calculated at the B3LYP-D/def2-SVP level of
theory using the crystallographic coordinates. For the
calculations, the GAUSSIAN-09 program has been used.38

Grimme's dispersion correction39 has also been used as
implemented in the GAUSSIAN-09 program since it is
adequate for the evaluation of non-covalent interactions
where dispersion effects are relevant. The basis set
superposition error for the calculation of interaction energies
has been corrected using the counterpoise method.40

Molecular electrostatic potential (MEP) surfaces have been
computed at the same level of theory and represented using
the 0.001 a.u. isosurface. Bader's quantum theory of “atoms
in molecules” (QTAIM) has been used to characterize the
noncovalent interactions using the AIMall program.41
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ABSTRACT: Five heteronuclear nickel(II)/lead(II) complexes
with two compartmental reduced Schiff base ligands were
prepared and characterized. Their structures were confirmed by
single crystal X-ray diffraction analyses. In each complex,
nickel(II) is placed in the inner N2O2 compartment and lead(II)
in the outer O2O2′ compartment of reduced Schiff base ligands.
Interesting molecular architectures were formed via supra-
molecular interactions in the solid state of the complexes. A
density functional theory study is devoted to analyze unconven-
tional tetrel bonding interactions established between the σ-hole
at the hemicoordinated lead(II) and either the electron-rich
thiocyanate or the π-system of the aromatic ligand. In addition,
π-stacking assemblies between both the aromatic rings and five-
membered Pb-chelate rings were described and studied both with regard to their energies and by using the noncovalent plot
index.

■ INTRODUCTION

Lead is a heavy metal with an ability to adopt different
coordination numbers and valences. The coordination
chemistry of lead has attracted synthetic inorganic chemists
to prepare new lead(II) complexes with different molecular
and crystalline architectures.1−4 Although lead(II) is associated
with serious pollution, materials possessing lead(II) are
increasingly used in batteries, ferroelectric materials, semi-
conductors, and nonlinear optical materials.5−11 On the other
hand, salen-type ligands are well-known in the literature for
their easy synthetic approach and the ability to ligate several
transition metal ions in tetradentate N2O2 cores.

12−19 Many of
them may then be used as metallo-ligands to form lead(II)
complexes.20−22 In the present work, two N2O2O′2 donor
compartmental Schiff base ligands have been reduced to form
“reduced Schiff bases”, which were then used to arrest
nickel(II) in their inner N2O2 cores. These metallo-ligands
have, in turn, been used to encapsulate lead(II) in their outer
O2O′2 cores. The valence shell electronic configuration of lead
being [Xe]4f145d106s26p2, the presence of poorly screening f14

and d10 electrons makes the 6s2 electron pair inert, mostly due
to the increasing effective nuclear charge. In addition, the high
penetrating property of the 6s orbital and relativistic

stabilization of 6s2 electrons are also responsible.23−26 The
magnitude to which the lone pair is stereochemically active27,28

is currently arousing interest in theoretical chemists to explore
this area further.29−32 Heavy atoms of groups IV to VII are
gaining special interest nowadays in the field of supramolecular
chemistry. This is because of their participation in strong σ-
hole interaction in complexes where these atoms are covalently
bonded to electronegative ones.33−40 These interactions have
been widely designated for chalcogen, pnictogen, and halogen
atoms. Nonetheless, those of group IV comprising tetrel
bonding interactions (specially for lead complexes) are
relatively less explored.41−44 Solid state crystal structures are
stabilized due to various noncovalent interactions such as
hydrogen bonding, π−π stacking, cation−π, anion−π, and C−
H···π interactions.45−52 The influence of these interactions in
crystal packing has been widely studied. However, the
attention has now shifted toward more unconventional
interactions such as C−H···π(chelate), π(arene)−π(chelate),
etc.53−59 In recent years, “non-classical” interactions have
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become an interesting topic for research as they have been
proven to be equal or even dominating contributors to metal−
organic crystal structure formation.
In the present work, two N2O2O′2 donor compartmental

reduced Schiff bases, 2,2′-[(2,2-dimethyl-1,3-propanediyl)bis-
(iminomethylene)]bis[6-methoxy-phenol] (H2L

1) and 2,2′-
[(2,2-dimethyl-1,3-propanediyl)bis(iminomethylene)]bis[6-
ethoxy-phenol] (H2L

2), were used to prepare five hetero-
nuclear nickel(II)/lead(II) complexes, [(SCN)NiL1(μ1,3-
NCS)Pb] (1), [(SCN)NiL1(μ-OAc)Pb] (2), [(SCN)NiL2(μ-

OAc)Pb] (3), [{(DMSO)(H2O)NiL
1}2Pb](ClO4)2(4), and

[{(DMSO)(H2O)NiL2}2Pb](ClO4)2·4DMSO (5). Their
structures were determined by single crystal X-ray diffraction
analyses. The lead centers in complexes 1−3 are hemidirec-
tionally coordinated and participate in noncovalent tetrel
bonding interactions. Moreover, supramolecular interactions
were studied by means of density functional theory (DFT)
calculations focusing our attention on Pb···S and Pb···π tetrel
bonds observed in the solid state architecture of complexes 1−
3. Furthermore, π-stacking assemblies between aromatic rings

Scheme 1. Synthetic Route to Complexes 1−5a

aLattice solvent molecules have been omitted for clarity.

Figure 1. Perspective view of complexes (a) 1, (b) 2, and (c) 3 with selective atom numbering scheme.
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and five-membered Pb-chelate rings were detected and studied
both with regard to their energies and by using the
noncovalent (NCI) plot index. In complexes 4 and 5, the
lead centers are holodirected, resulting in different trinuclear
structures where interesting hydrogen bonding has been
observed with noncoordinated perchlorates.

■ RESULTS AND DISCUSSION

Synthesis. 2,2-Dimethyl-1,3-diaminopropane was refluxed
with 3-methoxysalicylaldehyde and 3-ethoxysalicylaldehyde in
a 1:2 ratio respectively, followed by the addition of NaBH4 to
form two N2O2O′2 donor compartmental reduced Schiff bases
(H2L

1 and H2L
2) following standard literature methods.60−62

These ligands (H2L
1 and H2L

2) on reaction with different
ratios of nickel(II) and lead(II) salts in different solvents
produced the complexes. Formation of complexes 1−5 is
shown in Scheme 1.

Description of [(SCN)NiL1(μ1,3-NCS)Pb] (1), [(SCN)NiL
1(μ-

OAc)Pb] (2), and [(SCN)NiL2(μ-OAc)Pb] (3). Single crystal X-
ray diffraction measurements reveal that complexes 1, 2, and 3
are built from isolated heterodinuclear molecules of [(SCN)-
NiL1(μ1,3-NCS)Pb], [(SCN)NiL

1(μ-OAc)Pb], and [(SCN)-
NiL2(μ-OAc)Pb] respectively (Figure 1). Crystallographic
data and refinement details are provided in Table 1. Important
bond lengths and bond angles are summarized in Tables 2 and
S1 (Supporting Information), respectively.
Two N2O2O′2 donor compartmental reduced Schiff bases

(H2L
1 and H2L

2) were used to prepare complexes 1, 2, and 3
in which nickel(II) centers are placed in inner N2O2 cavities
and lead(II) centers in outer O2O2′ cavities. The nickel(II)
center [Ni(1)] has a distorted octahedral geometry, where two
amine nitrogen atoms, N(1) and N(2), and two phenoxo
oxygen atoms, O(1) and O(2), of the deprotonated reduced
Schiff base constitute the equatorial plane. Deviations of

Table 1. Crystal Data and Refinement Details of Complexes 1, 2, and 3

complex 1 2 3

formula C23H28PbNiN4O4S2 C24H31PbNiN3O6S C26H35N3NiO6PbS
formula weight 754.50 755.47 783.52
temperature (K) 273 273 273
crystal system triclinic monoclinic monoclinic
space group P1 P21/n P21/c
a (Å) 9.3341(8) 10.5402(9) 8.2144(6)
b (Å) 9.4091(8) 15.1178(13) 27.361(2)
c (Å) 15.2174(13) 17.8145(18) 13.1439(10)
α 83.558(3)
β 75.284(3) 99.613(3) 101.617(3)
γ 79.946(3)
Z 2 4 4
dcalc (g cm−3) 1.974 1.793 1.799
μ (mm−1) 7.566 6.796 6.577
F(000) 736 1480 1544
total reflections 26594 30361 80213
unique reflections 4481 4971 5095
observed data [I > 2σ(I)] 4296 4066 4622
no. of parameters 324 296 343
R(int) 0.055 0.076 0.061
R1, wR2 (all data) 0.0467, 0.1283 0.0999, 0.2395 0.0280, 0.0535
R1, wR2 [I > 2σ(I)] 0.0449, 0.1263 0.0897, 0.2270 0.0230, 0.0511

Table 2. Selected Bond Lengths (Å) of Complexes 1, 2, and 3

complex 1 2 3 complex 1 2 3

Pb(1)−O(1) 2.353(6) 2.327(7) 2.295(3) Ni(1)−N(2) 2.064(7) 2.085(9) 2.081(3)
Pb(1)−O(2) 2.338(6) 2.285(7) 2.284(2) Ni(1)−N(3) 2.028(8) 2.037(11) 2.053(4)
Pb(1)−O(3) 2.650(7) 2.643(10) 2.685(3) Pb(1)−S(2) 2.827(3)
Pb(1)−O(4) 2.611(7) 2.576(9) 2.597(3) Ni(1)−N(4) 2.432(10)
Ni(1)−O(1) 2.038(6) 2.130(8) 2.096(2) Ni(1)−O(5) 2.070(9) 2.097(3)
Ni(1)−O(2) 2.061(6) 2.067(7) 2.084(2) Pb(1)−O(6) 2.308(8) 2.321(3)
Ni(1)−N(1) 2.069(7) 2.093(10) 2.075(3)

Table 3. Deviation of Coordinating Atoms from the Least Square Mean Plane Passing through Them and That of Nickel(II)
from the Same Plane in Complexes 1−3

deviations of atoms in Å

complex O(1) O(2) N(1) N(2) Ni(1)

1 −0.008(6) −0.051(6) −0.052(7) −0.014(7) 0.125(10)
2 0.001(7) −0.036(7) −0.035(10) −0.002(9) 0.071(13)
3 0.009(2) 0.023(2) 0.025(3) 0.012(3) −0.0692(4)
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coordinating atoms from the mean equatorial planes passing
through them and those of the nickel(II) center of the same
plane in both complexes are listed in Table 3. One nitrogen
atom, N(3), from a terminal thiocyanate coordinates with a
nickel(II) center to fulfill the fifth coordination. The sixth
coordination site is occupied by a nitrogen atom, N(4), from a
bridging thiocyanate in the case of complex 1, whereas in
complexes 2 and 3 it is occupied by an oxygen atom, O(5),
from an acetate molecule.
The lead(II) center in each complex is pentacoordinated.

Phenoxo oxygen atoms, O(1) and O(2), along with alkoxy
oxygen atoms, O(3) and O(4), [methoxy for complexes 1 and
2 and ethoxy for complex 3] of deprotonated reduced Schiff
bases also coordinate to a lead(II) center but at much longer
distances to form equatorial planes. The fifth coordination site
is occupied by a sulfur atom S(2) from a bridging thiocyanate
in case of complex 1, whereas in complexes 2 and 3 it is
occupied by an oxygen atom, O(6), from a bridging acetate
molecule. The geometry of any pentacoordinated metal center
may conveniently be measured by the Addison parameter (τ)63

[τ = (θ − Φ)/60, where θ and Φ are the two largest ligand−
metal−ligand angles of the coordination sphere]. In complexes
1, 2, and 3, the geometries around the lead(II) center assume
square pyramidal geometries with τ = 0.43, 0.07, and 0.24 for
complexes 1, 2, and 3 respectively. Ni(1)O(1)Pb(1)O(2)
dihedral angles are 7.7(2)°, 13.7(2)° and −16.29(9)° in
complexes 1, 2, and 3 respectively. The distance between
Ni(1) and Pb(1) is 3.491(1) Å (complex 1), 3.362(1) Å
(complex 2) and 3.346(8) Å (complex 3). The bridging angles
Ni(1)−O(1)−Pb(1) and Ni(1)−O(2)−Pb(1) are 105.1(2)°
and 104.8(2)° respectively for complex 1, 97.8(3)° and
101.1(3)° for complex 2, and 99.2(1)° and 99.93(9)° for
complex 3 respectively.
Description of [{(DMSO)(H2O)NiL

1}2Pb](ClO4)2 (4) and
[{(DMSO)(H2O)NiL

2}2Pb](ClO4)2·4DMSO (5). The asymmetric
unit of complex 4 contains a heterotrinuclear [{(DMSO)-
(H2O)NiL

1}2Pb] dication with two noncoordinating perchlo-
rate anions (Figure 2a). The oxygen atoms, O(13), O(15) and
O(17), O(19) of two noncoordinated perchlorates are
disordered in complex 4. Two sets of positions (O13A,
O13B), (O15A, O15B) and (O17, O17A), (O19, O19A) were
refined with occupancies of x and 1 − x, respectively with x =
0.712. Complex 5 is centrosymmetric and contains hetero-
trinuclear[{(DMSO)(H2O)NiL

1}2Pb] dication with two non-
coordinating perchlorate anions along with four lattice DMSO

molecules (Figure 2b). Crystallographic data and refinement
details of both complexes are provided in Table 4. Important
bond lengths and bond angles are summarized in Tables 5 and
S1, respectively.

N2O2O′2 donor compartmental reduced Schiff bases (H2L
1

and H2L
2) were used to prepare complexes 4 and 5

respectively in which nickel(II) centers are placed in the
inner N2O2 cavities. The nickel(II) centers [Ni(1) and Ni(2)
for complex 4 and Ni(1) and Ni(1)m for complex 5, where m =
1/2 − x, y, 1 − z] are coordinated with two amine nitrogen
atoms [N(1), N(2) for Ni(1); N(3), N(4) for Ni(2) in
complex 4 and N(1), N(2) for Ni(1); N(1)m, N(2)m for
Ni(1)m in complex 5] and two phenoxo oxygen atoms [O(1),
O(2) for Ni(1); O(7), O(8) for Ni(2) in complex 4 and O(1),
O(2) for Ni(1); O(1)m, O(2)m for Ni(1)m in complex 5] of
the deprotonated reduced Schiff base ligands. The fifth site is
coordinated by an oxygen atom [being O(5) for Ni(1); O(11)
for Ni(2) in complex 4 and O(5) for Ni(1); O(5)m for Ni(1)m

Figure 2. Perspective view of complexes (a) 4 and (b) 5 with selective atom numbering scheme. Hydrogen atoms, perchlorate ion, and the
noncoordinating solvent molecules have been omitted for clarity.

Table 4. Crystal Data and Refinement Details of Complexes
4 and 5

complex 4 5

formula C46H72PbNi2N4O20S2Cl2 C58H104PbNi2N4O24S6Cl2
formula weight 1460.68 1829.29
temperature (K) 150 150
crystal system monoclinic monoclinic
space group P21/c I2/a
a (Å) 13.3953(11) 17.9651(16)
b (Å) 24.316(2) 17.7582(14)
c (Å) 18.4399(16) 26.3234(17)
β 91.537(3) 105.848(5)
Z 4 4
dcalc (g cm−3) 1.616 1.504
μ (mm−1) 3.648 2.831
F(000) 2960 3760
total reflections 73608 47959
unique reflections 10905 7149
observed data
[I > 2σ(I)]

8275 6210

no. of parameters 741 454
R(int) 0.068 0.079
R1, wR2 (all data) 0.0590, 0.0937 0.0566, 0.1378
R1, wR2
[I > 2σ(I)]

0.0369, 0.0820 0.0471, 0.1301
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of complex 5] from water molecules. Another oxygen atom
[O(6) for Ni(1); O(12) for Ni(2) of complex 4 and O(6) for
Ni(1); O(6)m for Ni(1)m of complex 5] from DMSO
molecules coordinated with the nickel(II) centers to fulfill
their distorted octahedral geometries. Deviations of the
coordinating atoms from the mean equatorial planes passing
through them and those of the nickel(II) centers from the
same planes in complex 4 are listed in Table 6.
The central lead(II) is octacoordinated by four phenoxy

oxygen atoms, [O(1), O(2), O(7), O(8) in the case of
complex 4 and O(1), O(2), O(1)m, O(2)m for complex 5] and
four alkoxy [methoxy in case of complex 4 and ethoxy for
complex 5] oxygen atoms, [O(3), O(4), O(9), O(10) for
complex 4 and O(3), O(4), O(3)m, O(4)m for complex 5] of
two deprotonated reduced Schiff base ligands (Figure 3). In
each complex, the lead(II) center is crammed between two
{(DMSO)(H2O)NiL*} [where L*= L1 (for complex 4) and L2

(for complex 5)] moieties forming a sandwich-type config-
uration.64 The Pb−O(phenoxy) distances [2.460(4)−2.418(4)
Å] are smaller compared to the Pb−O(methoxy) distances

[2.954(5)−2.696(5) Å]. Distances between the metal centers
are ∼3.564 Å for Pb(1)−Ni(1) and ∼3.575 Å for Pb(1)−
Ni(2). The angles, Ni(1)−O(1)−Pb(1), Ni(1)−O(2)−Pb(1),
Ni(2)−O(7)−Pb(1), and Ni(2)−O(8)−Pb(1) are with the
range of 102−107°. In complex 4, Ni(1)O(1)Pb(1)O(2) and
Ni(2)O(7)Pb(1)O(8) dihedral angles are 4.05(12)° and
−2.30(10)° respectively. The angle between Ni(1)O(1)O(2)-
Pb(1) and Ni(2)O(7)O(8)Pb(1) cores is 79.77(11)°. In
complex 5, Ni(1)O(1)Pb(1)O(2) dihedral angle is −7.63(13).
The angle between Ni(1)O(1)O(2)Pb(1) and Ni(1)mO-
(1)mO(2)mPb(1) [where m = 1/2 − x, y, 1 − z] cores is
measured to be 72.75(13)°.
The saturated six-membered chelate rings, Ni(1)−N(1)−

C(9)−C(10)−C(13)−N(2) and Ni(2)−N(3)−C(32)−
C(33)−C(36)−N(4) in complex 4 have envelope conforma-
tions with puckering parameters65,66 q = 0.566(6) Å; θ =
167.5(6)°; φ = 14(3)° and q = 0.552(5) Å; θ = 19.5(4)°; φ =
169(15)°, respectively. Similarly, the saturated six-membered
chelate ring, Ni(1)−N(1)−C(10)−C(11)−C(14)−N(2) also
has an envelope conformation with puckering parameters65,66 q
= 0.573(7) Å; θ = 8.6(6)°; φ = 175(5)° in complex 5.

IR, Electronic Spectra, and PXRD. The strong bands
around 2080 cm−1 indicate the presence of thiocyanate in
complexes 1, 2, and 3.67 The bands around 3008−3286 cm−1

indicate the presence of amine N−H stretching in all
complexes.68 The broad bands in the range of 2970−2818
cm−1 due to alkyl C−H stretching vibrations were routinely
noticed in IR spectra of the complexes.69 In complexes 2 and 3,
the bands around 1250 and 1229 cm−1 indicate the presence of
an acetate group.70 A broad band around 3400 cm−1 indicates
the presence of coordinated water in complex 4.71,72 A strong
band in the range of 1085−1011 cm−1 indicates the presence
of perchlorate ions in complex 5.73

The electronic spectrum of each complex in acetonitrile
displays three bands around 242, 285, and 600 nm. The
absorption around ∼242 nm and ∼285 nm may be assigned to
charge transfer transitions,74,75 whereas the band around ∼600
nm could be assigned to a d−d transition.76

Table 5. Selected Bond Lengths (Å) of Complexes 4 and 5

Ccomplex 4 5 complex 4 5

Pb(1)−O(1) 2.434(3) 2.430(4) Pb(1)−O(7) 2.460(3)
Pb(1)−O(2) 2.418(3) 2.444(4) Pb(1)−O(8) 2.445(3)
Pb(1)−O(3) 2.696(4) 2.869(5) Pb(1)−O(9) 2.921(5)
Pb(1)−O(4) 2.873(4) 2.954(5) Pb(1)−O(10) 2.742(4)
Ni(1)−O(1) 2.100(3) 2.135(4) Ni(2)−O(7) 2.030(3)
Ni(1)−O(2) 2.001(3) 2.016(4) Ni(2)−O(8) 2.082(3)
Ni(1)−N(1) 2.062(4) 2.060(5) Ni(2)−O(11) 2.128(4)
Ni(1)−N(2) 2.073(5) 2.075(6) Ni(2)−O(12) 2.099(3)
Ni(1)−O(5) 2.108(4) 2.095(4) Ni(2)−N(3) 2.073(4)
Ni(1)−O(6) 2.106(3) 2.130(4) Ni(2)−N(4) 2.078(4)

Table 6. Deviation of Coordinating Atoms along with Nickel(II) from the Least Square Mean Plane Passing through Them in
Complex 4

deviations of atoms in Å

complex O(1) O(2) N(1) N(2) Ni(1)

4 0.088(3) −0.093(3) −0.080(5) 0.079(5) 0.0065(5)
deviations of atoms in Å

complex O(7) O(8) N(3) N(4) Ni(2)

4 0.069(3) −0.061(3) −0.055(4) 0.062(4) −0.0138(5)

Figure 3. Perspective view of octacoordinated around lead(II) in
complex 4.
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Experimental PXRD patterns of the bulk products are in
good agreement with simulated XRD patterns from single
crystal X-ray diffraction results, indicating consistency in bulk
samples. The simulated patterns of the complexes are
calculated from the single crystal structural data (CIF) using
the CCDC Mercury software. Experimental and simulated
PXRD patterns of complex 1 are shown in Figure 4. The
experimental and simulated PXRD patterns of complexes 2−5
are given in Figures S1−S4, respectively.

Supramolecular Interactions. The solid state structures
of the complexes are stabilized through various noncovalent
interactions (e.g., hydrogen bonding, C−H···π, π···π, cation···π
interactions etc.). The complexes were prepared while
changing the ligand moieties along with bridging ligands,
which result in five different nickel(II)/lead(II) complexes.
These trivial changes in ligand moieties along with bridging

ligands play significant roles in the formation of diverse
molecular architectures. Different supramolecular interactions
are discussed below in the light of Hirshfeld surface analyses.
Complexes 1, 2, and 3 are isostructural and show similar types
of interactions. These complexes form supramolecular dimeric
structure via cation···π interactions. The lead(II) center, Pb(1),
is involved in cation···π interactions with symmetry-related [(1
− x, 1 − y, −z) for complex 1; (1 − x, 1 − y, 1 − z) for
complex 2 and 3] phenyl rings, {[C(15)−C(16)−C(17)−
C(18)−C(19)−C(20)] for complexes 1 and 2; [C(16)−
C(17)−C(18)−C(19)−C(20)−C(21)] for complex 3 shown
in Figure 5. Details of the geometric features of cation···π
interactions are given in Table 7. It should be mentioned that

these interactions can (be) also defined as tetrel bonds where
the electron donor is the π-system of the aromatic ring. This
aspect is further analyzed in the theoretical part.
In complex 3, the hydrogen atom, H(2), attached to

nitrogen atom, N(2), is engaged in an intermolecular hydrogen
bonding interaction with a symmetry-related (1 + x, y, z) sulfur
atom, S(1) of a coordinated terminal thiocyanate to form a
chain structure (Figure 6). The dimensions are H···S = 2.58(3)
Å, N···S = 3.371(3) Å, ∠N−H···S = 138(6)°.
In complex 1, the phenyl ring, [C(2)−C(3)−C(4)−C(5)−

C(6)−C(7)] forms a π···π stacking interaction [dimensions,
Cg(9)···Cg(10) = 3.759(5) Å, Cg(9)···Prep = 3.487(4) Å,
Cg(10)···Prep = −3.521(3) Å, α = 14.4(4)°; where Cg(9) =

Figure 4. Experimental and simulated PXRD patterns of complex 1
confirming the purity of the bulk material.

Figure 5. Cation···π interactions in complexes 1, 2, and 3. Only the relevant atoms have been shown for clarity. (Symmetry transformation a = 1 −
x, 1 − y, −z; b = 1 − x, 1 − y, 1 − z.)

Table 7. Geometric Featuresa of the Cation···π Interactions
Obtained for Complexes 1, 2, and 3

complex Cg···M(cation) Cg···M (Å) M···Prep (Å)

1 Cg(10)···Pb(1)a 3.595 −3.324
2 Cg(4)···Pb(1)b 3.494 3.443
3 Cg(4)···Pb(1)b 3.700 −3.390

aDistances in Å and angles in °. Symmetry transformations. a = 1 − x,
1 − y, −z and b = 1 − x, 1 − y, 1 − z.
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C(2)−C(3)−C(4)−C(5)−C(6)−C(7), Cg(10) = C(15)−
C(16)−C(17)−C(18)−C(19)−C(20), Cg(9)···Prep = Per-
pendicular distance of Cg(9) on ring Cg(10), Cg(10)···Prep =
Perpendicular distance of Cg(10) on ring Cg(9), α = dihedral
angle between planes 9 and 10] with a symmetry-related (1 +
x, y, z) phenyl ring, [C(15)−C(16)−C(17)−C(18)−C(19)−
C(20)], which leads to the formation of a chain structure
(Figure 7a). The fascinating tetrel bonding interaction is

observed between the lead(II) atom, Pb(1), with a symmetry-
related (x, −1 + y, z) sulfur atom, S(1), of a thiocyanate from
an adjacent molecule at 3.688(3) Å which leads to the
formation of a chain. This is shown in Figure 7b.
In complex 4, the hydrogen atoms, H(5A), attached to

oxygen atom, O(5), and H(11O), attached to oxygen atom,
O(11), are hydrogen bonded with oxygen atoms, O(14) and
O(13B) respectively of a perchlorate anion. Similarly, the
hydrogen atoms, H(5B), attached to oxygen atom, O(5) and
H(11), attached to oxygen atom, O(11), are involved in
hydrogen bonding interactions with phenoxo oxygen atoms,
O(8) and O(1), respectively of the reduced Schiff base ligand
as shown in Figure 8. Additionally, the hydrogen atom, H(4N),
attached to nitrogen atom, N(4), is engaged in symmetry-
related [2 − x, 1/2 + y, 1/2 − z] hydrogen bonding interaction
with the oxygen atom, O(17), of a perchlorate anion (Figure
8). A weak hydrogen bonding interaction is also observed
between the hydrogen atom, H(1N), attached to nitrogen
atom, N(1), with a symmetry-related (−1 + x, y, z) oxygen
atom, O(18), of a perchlorate anion (Figure S5). Details of the

geometric features of the hydrogen bonding interactions are
summarized in Table 8.
Five C−H···π interactions are also observed in complex 4.

The hydrogen atom, H(23A), attached to the carbon atom
C(23), is involved in an intermolecular C−H···π interaction
with a symmetry-related (x, 1/2 −y, 1/2 + z) phenyl ring
[C(25)−C(26)−C(27)−C(28)−C(29)−C(30)] to form a
supramolecular zigzag structure (Figure S6). Hydrogen
atoms, H(22C), H(23B), H(45B), and H(46C), attached to
carbon atoms, C(22), C(23), C(45), and C(46) respectively
are involved in intramolecular C−H···π interactions with the
phenyl ring [C(2)−C(3)−C(4)−C(5)−C(6)−C(7)],
[C(15)−C(16)−C(17)−C(18)−C(19)−C(20)], [C(25)−
C(26)−C(27)−C(28)−C(29)−C(30)], and [C(38)−
C(39)−C(40)−C(41)−C(42)−C(43)], respectively. These
interactions are shown in Figure S7. The details of the
geometric features of the C−H···π interactions have been
gathered in Table 9.
Complex 5 also shows three C−H···π interactions. The

hydrogen atom, H(1A), attached to carbon atom, C(1), is
involved in a C−H···π interaction with a symmetry-related (1/
2 − x, y, 1 − z) phenyl ring [C(16)−C(17)−C(18)−C(19)−
C(20)−C(21)]. The hydrogen atoms, H(24C) and H(25A),
attached to the carbon atoms, C(24) and C(25), respectively,
is involved in intramolecular C−H···π interactions with phenyl
rings [C(16)−C(17)−C(18)−C(19)−C(20)−C(21)] and
[C(3)−C(4)−C(5)−C(6)−C(7)−C(8)] respectively. These
interactions are shown in Figure S8. Details of the geometric
features of the C−H···π interactions have been gathered in
Table 9.

Theoretical Study. The theoretical study is devoted to the
analysis of interesting tetrel bonding interactions observed in
the solid state of complexes 1−3, where coordination of the
lead(II) atom is hemidirected, and consequently the σ-hole at
the lead(II) atom is accessible to interact with electron donors
(π-system or thiocyanate ligand). Using complex 1 as
exemplifying molecule, the molecular electrostatic potential
(MEP) was computed and plotted onto the van der Waals
surface (isosurface 0.001 au) in order to investigate the
electron-rich and electron-deficient regions of the complex.
The MEP surface is represented in Figure 9. It can be observed

Figure 6. Supramolecular chain structure of complex 3 via hydrogen
bonding interaction. Only the relevant atoms are shown for clarity.
(Symmetry transformation c = 1 + x, y, z).

Figure 7. π···π (a) and Pb···S (b) interactions observed in complex 1.
Only the relevant atoms have been shown for clarity. Symmetry
transformations a = 1 + x, y, z and d = x, −1 + y, z.

Figure 8. Hydrogen bonding interactions in complex 4. Only the
relevant atoms have been shown for clarity. Symmetry trans-
formations a = 2 − x, 1/2 + y, 1/2 − z.
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that the most positive region is located on the lead(II) atom,
approximately in the PbO4 mean plane (+37 kcal/mol)
between both methoxy(-OMe) groups. The most negative
region as expected is located at the anionic thiocyanate (-SCN)
ligand. The MEP value is negative over the aromatic ring and
slightly positive over the lead(II)-chelate ring. This analysis
indicates that the most favored interaction from an electro-
static point of view should be a tetrel bond between the
lead(II) atom and the pseudohalide. Moreover, the MEP
surface also reveals that π-stacking interactions between
aromatic rings and chelate rings are also electrostatically
favored. Finally, it is worthy to comment on the unexpected
positive MEP value observed at the sulfur atom of the bridged
thiocyanate ligand at the extension of the thiocyanate bond
revealing the existence of a σ-hole at the chalcogen atom
suitable to establish weak σ-hole interactions.

Figure 10 shows two dimers retrieved from the X-ray
structures of complex 1 (hydrogen atoms omitted for clarity),
where relevant and unconventional interactions are observed.
The first dimer corresponds to the cation−π (or tetrel−π)
complex highlighted in Figure 5, and the second one has been
extracted from the infinite 1D supramolecular chain described
in Figure 7b (bottom). A close examination of the self-
assembled dimer represented in Figure 10a reveals that the
five-membered Pb-chelate ring (CR, represented in blue) is
stacked above the aromatic ring (represented in green). This
type of interaction is described in hemidirected lead(II)
complexes with hydrazide-based ligands.77 In fact, the lead
atom basically interacts with one carbon atom of the aromatic
ring. The interaction energy of this dimer was evaluated and
found to be very large (ΔE1 = −29.9 kcal/mol), thus
confirming the relevance of π−π(CR) interactions. The Pb···
S dimer is represented in Figure 10b, and it can be observed
that the negative sulfur-atom of the monocoordinated
thiocyanate ligand is situated exactly at a position predicted
by the MEP surface (maximum value of shown in Figure 9). In
addition, the σ-hole at the sulfur atom of the bridged
thiocyanate interacts with the electron-rich carbon atom of
the thiocyanate ligand, also in agreement with the MEP
analysis. Both interactions contribute to the binding energy
that is moderately strong (ΔE2 = −19.6 kcal/mol). To further
characterize the interactions described above, the NCI plot
index was used since it allows an easy assessment of host−
guest complementarity and the extent to which weak
interactions stabilize a complex. Figure 10c shows the NCI
plot of the stacked dimer. The presence of an extended green
(energetically favorable) isosurface between aromatic and
chelate rings observed confirms the existence of the
interaction. Moreover, a smaller green isosurface is located
between the lead atom and one carbon atom of the ring
characterizing the Pb···C tetrel bond. The NCI plot also
reveals the existence of several C−H···SCN interactions
involving the methoxy (−OCH3) and C−H groups charac-
terized by two isosurfaces. For the Pb···S dimer, the tetrel bond
is characterized by a green isosurface located between the
sulfur and lead(II) atoms (see Figure 10d). This interaction is
complemented by two C−H···S hydrogen bonding interactions
involving methyl groups. Finally, the S···C(SCN) interaction is
characterized by a small isosurface located between both
atoms.
As previously shown in Figure 5, complexes 2 and 3 also

form Pb···π (or cation−π) dimers in the solid state. Both
dimers are shown in Figure 11 from where it can be observed
that they are slightly different compared to complex 1. In fact,
for complex 2, the lead(II) atom is located approximately over
the center of the aromatic ring instead of being connected to a
single carbon-atom. This provokes a displacement of the π-
systems and the π−π(CR) interaction is not formed; instead a

Table 8. Geometric Featuresa of the Hydrogen Bonding Interactions Obtained for Complex 4

D−H···A D−H H···A D···A ∠D−H···A

O(5)−H(5A)···O(14) 0.81(7) 2.04(7) 2.836(7) 168(5)
O(5)−H(H5B)···O(8) 0.84(4) 1.99(3) 2.815(5) 167(3)
O(11)−H(H11O)···O(13B) 0.73(5) 2.13(5) 2.840(14) 163(6)
O(11)−H(H11)···O(1) 0.84(4) 2.09(3) 2.917(6) 170(3)
N(4)−H(4N)···O(17)a 1(4) 2.24(8) 3.119(9) 146(3)
N(1)−H(1N)···O(18)b 0.82(5) 2.86(5) 3.526(1) 140(4)

aDistances in Å and angles in °. Symmetry transformations: a = 2 −x, 1/2 + y, 1/2 − z. b = −1 + x, y, z.

Table 9. Geometric Featuresa of the C−H···π Interactions
for Complexes 4 and 5

complex C−H···Cg (ring)
H···Cg
(Å)

C−H···Cg
(deg) C···Cg (Å)

4 C(22)−H(22C)···Cg(7) 2.88 145 3.726(8)
C(23)−H(23A)···Cg(9)a 2.89 172 3.864(8)
C(23)−H(23B)···Cg(8) 2.94 152 3.837(8)
C(45)−H(45B)···Cg(9) 2.98 156 3.897(7)
C(46)−H(46C)···Cg(10) 2.85 143 3.685(6)

5 C(1)−H(1A)···Cg(5)b 2.94 127 3.612(11)
C(24)−H(24C)···Cg(5) 2.61 148 3.482(9)
C(25)−H(25A)···Cg(4) 2.86 148 3.729(10)

aDistances in Å and angles in °. Symmetry transformations: a = x, 1/2
- y, 1/2 + z and b = 1/2 − x, y, 1 − z.

Figure 9. MEP surface of complex 1 (isosurface 0.001 au) at the
PBE0/def2-TZVP level of theory. The values at selected points of the
surface are indicated in kcal/mol.
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π(CR)−π(CR) stacking is established in combination with two
Pb···π interactions (see Scheme 2). Therefore, differences

between both these arrangements were analyzed with regard to
energy. In Figure 11a, the Pb···π dimer of complex 2 has been
represented, and it was found that the interaction energy is
almost identical (ΔE3 = −29.0 kcal/mol) to the dimer of
complex 1 (see Figure 10a), suggesting both combinations are
basically isoenergetic. The dimer of complex 3 is not strictly
comparable because of the presence of an ethyl group instead
of a methyl group. This provokes a displacement of the π-
systems (parallel displaced arrangement) that provokes an
enlargement of both π(CR)−π(CR) stacking and Pb···π

distances and the formation of C−H···SCN interactions
(marked in red in Figure 11b). As a consequence, the
interaction energy of this dimer is the most favorable (ΔE4 =
−35.9 kcal/mol) due to additional interactions.
There are examples in the literature of experimental and

theoretical investigations devoted to tetrel bonding. Table 10
shows examples of such X-ray characterized heteronuclear
nickel(II)/lead(II) complexes along with lead(II) complexes
where the lead(II) center is hemidirected and subjected to a
tetrel bonding interaction. Now it has to be mentioned that no
such report has been found where tetrel bonding was explored
in heteronuclear nickel(II)/lead(II) complexes with reduced
Schiff bases. Thus, the present work is the first systematic study
that explores tetrel bonding interactions in hemidirected
heteronuclear nickel(II)/lead(II) complexes.

■ CONCLUDING REMARKS
In conclusion, syntheses and structural characterizations of five
heteronuclear nickel(II)/lead(II) complexes with compart-
mental reduced Schiff base ligands have been reported where
five -membered Pb-chelate rings in the hemicoordinated
complexes 1−3 play a relevant role. Moreover, supramolecular
tetrel bonding interactions of these complexes have been

Figure 10. (a, b) Theoretical models used to evaluate the noncovalent interactions. (c, d) NCI plots of the dimers in complex 1. The gradient
cutoff is s = 0.35 au, and the color scale is −0.04 < ρ < 0.04 au.

Figure 11. (a, b) Theoretical models used to evaluate the noncovalent interactions in complexes 2 and 3. Distances in Å.

Scheme 2. Schematic Representation of the π-Stacking
Assemblies in Complexes 1 and 2
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investigated, and the interaction energies were calculated and
characterized using NCI plot index. Remarkably, the
combination of interactions observed in the π-stacking
assembly in complex 1, a pair of π−π(CR) interactions, is
energetically equivalent to the formation of one π(CR)−π-
(CR) interaction and two cation−π interactions (or Pb···π
tetrel bonds) observed in complex 2. C−H···π interactions are
commonly observed in complexes 4 and 5. Finally, the results
reported herein stress the importance of π-interactions
involving the chelate ring in crystal engineering in addition
to the tetrel bonds involving hemicoordinated lead(II).
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(24) Pyykkö, P.; Desclaux, J.-P. Relativity and the periodic system of
elements. Acc. Chem. Res. 1979, 12, 276−281.
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a b s t r a c t

Two centrosymmetric hetero-tetranuclear copper(II)/cadmium(II) complexes, (m1,1-N3)2[(H2O)Cu(L
R)Cd

(N3)]2∙2CH3OH (1) and (m1,1-NCS)2[CuL
RCd(SCN)]2∙2CH3OH (2), have been prepared with a compartmental

reduced Schiff base ligand, H2L
R = 2,20-[(2,2-dimethyl-1,3-propanediyl)bis(iminomethylene)]bis[6-methoxy-

phenol]. Both complexes have been characterized elemental and spectral analyses. Structures of both
complexes have been confirmed by single crystal X-ray diffraction technique. Both complexes contain
CuO2Cd cores. Here the bridging mode of azide and thiocyanate is quite different. Complex 1 contains
m-1,1-azide bridges between two cadmium(II) centres whereas in complex 2, m-1,1-thiocyanate bridges
occur between copper(II) and cadmium(II) centres. The ability of both complexes to be used as photo-
catalyst in degrading methylene blue (MB) has been explored. The difference in photocatalytic
performance may be correlated with their structures. Complex 1 shows better catalytic activity compared
to complex 2, and can degrade almost 62% MB in 18 min. Comparative IR studies (before and after the
photocatalytic degradation process) confirmed the stability of both catalysts.

� 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Different groups of coordination chemists were synthesizing
varieties of homo and hetero polynuclear complexes of transition
and non-transition metals with salen type di-Schiff base ligands
(prepared by the condensation of several diamines with salicy-
laldehyde) for long [1–5]. In this method, the ability of phenoxo
oxygen atoms of salicylaldimine Schiff bases was utilized to bridge
different metal centres [6–11]. Our group was also engaged in the
synthesis and characterization of such complexes [12–14]. Several
‘half salen’ type mono-condensed Schiff bases have also been used
to prepare such complexes [15-18]. Ability of many of these com-
plexes in mimicking several enzymes, e.g. phosphatase, phenoxazi-
none synthase, catechol oxidase etc was investigated [19–25].
Opto-electronic properties of few such complexes were explored
[26,27]. Few complexes were found effective to degrade methylene
blue under visible light irradiation [28-30]. The denticity of these
‘salen’ type Schiff bases may be increased by using 3-alkoxysalicy-
laldehyde instead of salicylaldehyde [31–33]. In this method,
‘salen’ type hexadentate N2O4 donor compartmental Schiff bases
were produced affording a facile synthetic route to multimetallic

complexes with greater ease. N,N0-bis(3-methoxysalicylidene)-
2,2-dimethylpropane-1,3-diamine is a well known compartmental
Schiff base, containing inner N2O2 and outer O4 compartments.
Synthetic inorganic chemist used this ligand to prepare hetero-
metallic complexes [34–37]. Usually, transition metals are placed
in the inner N2O2 compartment as their radii matches well with
the radius of this compartment. On the other hand, non-transition
metals of larger size usually fit well in the outer O4 compartment
[38–42].

In this work, we have reduced the Schiff base ligand with boro-
hydride to get a more flexible reduced Schiff base ligand which was
then used to prepare tetranuclear heterometallic copper(II)/
cadmium(II) complexes, (m1,1-N3)2[(H2O)Cu(L

R)Cd(N3)]2∙2CH3OH (1)
and (m1,1-NCS)2[CuL

RCd(SCN)]2∙2CH3OH, where H2L
R = 2,20-

[(2,2-dimethyl-1,3-propanediyl)bis(iminomethylene)]bis[6-methoxy-
phenol]. Both complexes were characterized with single crystal
X-ray diffraction analysis. Both complexes could be used as
photo-catalyst to degrade methylene blue under visible light irra-
diation, although complex 1 was found to be better catalyst than
complex 2. Methylene blue is an organic dye pollutant released
by textile industries and it is necessary to destroy methylene blue
from industrial waste to minimize environmental pollution
[43–45]. A probable mechanistic pathway for the photocatalytic
degradation of the organic dye by these complexes has been
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proposed. The difference in their photocatalytic performance has
also been correlated with their structures.

2. Experimental

All starting materials and solvents were commercially available,
reagent grade, and used as purchased from Sigma-Aldrich without
further purification.

Caution!!! Although no problem was encountered in this work,
azide complexes are potentially explosive. Only a small amount of
the materials should be prepared and they must be handled with
care.

2.1. Preparation

2.1.1. Preparation of the ligand, 2,20-[(2,2-dimethyl-1,3-propanediyl)
bis(iminomethylene)]bis[6-methoxy-Phenol] (H2L

R)
A hexadentate Schiff base ligand, H2L [N,N’-Bis(3-hydroxysalicyli-

dene)-2,2-dimethyl-1,3-propanediamine], was synthesized by
refluxing of 2,2-dimethyl-1,3-propanediamine (0.2 mL, 2 mmol)
with 3-methoxysalicylaldehyde (�610 mg, 4 mmol) in methanol
solution (10 mL) for ca. 2 h. The Schiff base was not purified but
used directly for the preparation of the reduced Schiff base ligand,
H2L

R. The methanol solution (10 mL) was then cooled to 0 �C and
solid sodium borohydride (8 mmol, 310 mg) was added to it slowly
with constant stirring. Then the resulting solution was acidified
with glacial acetic acid (2 mL) and stirred for 10 minutes. The solu-
tion was evaporated to dryness under reduced pressure in a rotary
evaporator (�60 �C). The residue was dissolved in water (15 mL)
and extracted with dichloromethane (15 mL). The organic phase
was dried over anhydrous sodium acetate and the solvent i.e.
dichloromethane was evaporated under reduced pressure using a
rotary evaporator to give the reduced Schiff base ligand, H2L

R.

2.1.2. Preparation of the complex (m-1,1-N3)2[(H2O)Cu(L
R)Cd

(N3)]2∙2CH3OH (1)
A methanol solution (5 mL) of copper(II) acetate monohydrate

(�400 mg, 2 mmol) was added to the methanol solution (10 mL)
of the reduced Schiff base ligand H2L

R, with constant stirring. A
methanol (10 mL) solution of cadmium(II) acetate dihydrate
(�540 mg, 2 mmol) was then added to it and the stirring was con-
tinued for about 2 h. A methanol–water (2:1) solution (10 mL) of
sodium azide (260 mg, 4 mmol) was added and the resulting mix-
ture was refluxed for ca. 2 h. Crystalline product was obtained after
few days on very slow evaporation. Single crystals, suitable for X-
ray diffraction, were isolated from the crystalline product.

Yield. 914 mg (�67%) based on copper(II). Anal. Calc. for
C44H68Cd2Cu2N16O12 (FW: 1365.06): C, 39.88; H, 4.46; N, 17.72.
Found: C, 39.7; H, 4.3; N, 17.9%, FT-IR (KBr, cm�1): 3412 (mO�H),
3246–3166 (mN�H), 2972–2835 (mC�H), 2060 (mm-1,1-N3), 2035 (mN3).
UV–Vis, kmax (nm), [emax (L mol�1 cm�1)] (DMF): 242 (1.5 � 104),
280 (7.9 � 103), 336 (8.9 � 102), 414 (1.0 � 103), 591 (2.2 � 102).

2.1.3. Preparation of the complex (m-1,1-NCS)2[CuL
RCd(SCN)]2∙2CH3OH

(2)
Complex 2was prepared in a similar method to that of complex

1, except that sodium thiocyanate (�330 mg, 4 mmol) was added
instead of sodium azide. Crystalline product was obtained after
few days on very slow evaporation. Single crystals, suitable for
X-ray diffraction, were isolated from the crystalline product.

Yield. 905 mg (�65%) based on copper(II). Anal. Calc. for C48H64-
Cd2Cu2N8O10S4 (FW: 1393.23): C, 41.57; H, 4.25; N, 8.43. Found:
C, 41.3; H, 4.1; N, 8.6%, FT-IR (KBr, cm�1): 3220–3145 (mN�H),

2972–2835 (mC�H), 2081 (mm-1,1-NCS), 2017 (mSCN). UV–Vis, kmax

(nm), [emax (L mol�1 cm�1)] (DMF): 240 (1.8 � 104), 280
(1.0 � 104), 336 (1.1 � 103), 410 (1.3 � 103), 595 (2.7 � 102).

2.2. Physical measurement

Elemental analysis (carbon, hydrogen and nitrogen) was per-
formed using a Perkin-Elmer 240C elemental analyzer. IR spectra
in KBr (4500–500 cm�1) were recorded with a Perkin-Elmer Spec-
trum Two spectrophotometer. Electronic spectra were recorded on
a JASCO J-630 spectrophotometer.

2.3. X-ray crystallography

Suitable crystals of both complexes were used for data collec-
tion using a ‘Bruker D8 QUEST area detector’ diffractometer
equipped with graphite-monochromated Mo Ka radiation
(k = 0.71073 Å). The molecular structures were solved by direct
method and refined by full-matrix least squares on F2 using the

SHELXL-18/1 package [46]. Non-hydrogen atoms were refined with
anisotropic thermal parameters. The hydrogen atoms attached to
nitrogen and oxygen atoms were located by difference Fourier
maps and were kept at fixed positions. All other hydrogen atoms
were placed in their geometrically idealized positions and con-
strained to ride on their parent atoms. Multi-scan empirical
absorption corrections were applied to the data using the program

SADABS [47]. The details of crystallographic data and refinements
have been given in Table 1. Important bond lengths and angles
have been listed in Tables 2 and 3, respectively.

2.4. Photocatalytic measurement

The photocatalytic experiment in aqueous solution has been
carried out in usual process [48]. The catalytic degradation has
been carried out separately with 100 mL of Methylene Blue (MB)
solution (20 mg L�1) with the complex using as catalyst. The mix-
ture has been stirred for 10 min in a dark environment to get a bal-
ance between adsorption and desorption. The solution has been
then stirred constantly. A 3 mL sample has been taken from the
reaction system in an interval of 3 min and the supernatant liquid
obtained by centrifugation has been used for collecting the UV–Vis
spectrum. The characteristic peak for methylene blue (�600 nm)
has been employed to monitor the photocatalytic degradation.

Table 1
Crystal data and refinement details of complexes 1 and 2.

Complex 1 2

Formula C44H68Cd2Cu2N16O12 C48H64Cd2Cu2N8O10S4
Formula weight 1365.06 1393.23
T (K) 273 273
Crystal system monoclinic triclinic
Space group P21/c P�ı
a (Å) 10.5544(9) 11.6584(13)
b (Å) 18.0146(14) 11.6797(12)
c (Å) 15.1340(11) 12.7556(14)
a 90 108.983(3)
b 103.804(2) 99.804(3)
c 90 116.542(3)
Z 2 1
Dcalc (g cm�3) 1.622 1.697
l (mm�1) 1.573 1.755
F(0 0 0) 1388 706
Total reflections 31 902 15 213
Unique reflections 5032 4851
Observed data [I > 2 r (I)] 4343 4271
No. of parameters 353 347
Rint 0.030 0.044
R1,wR2 (all data) 0.0437, 0.1294 0.0499, 0.1360
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3. Results and discussion

3.1. Synthesis

2,2-Dimethyl-1,3-diaminopropane was refluxed with 3-
methoxysalicylaldehyde in a 1:2 ratio to form a N2O4 donor com-
partmental Schiff base ligand, H2L, following a literature method
and NaBH4 was used as a reducing agent to prepare reduced Schiff

base ligand (H2L
R) [49,50]. This reduced Schiff base (H2L

R) on reac-
tion with copper(II) acetate monohydrate followed by the addition
of cadmium(II) acetate dihydrate and sodium azide in methanol
gave rise to complex 1. The complex 2 was synthesized in similar
method to that of complex 1, except that sodium thiocyanate is
used instead of sodium azide. Synthetic route to the formation of
both complexes 1 and 2 have been shown in Scheme 1.

3.2. Description of structures

3.2.1. (m1,1-N3)2[(H2O)Cu(L
R)Cd(N3)]2∙2CH3OH (1)

Structure determination reveals that complex 1 crystallizes in
the monoclinic space group P21/c. The complex is a centrosymmet-
ric zigzag tetramer and is build up of two dinuclear units, [(H2O)Cu
(LR)Cd(N3)], connected through two end-on azide bridges. A per-
spective view of the complex with selective atom numbering
scheme has been shown in Fig. 1. In the asymmetric unit, the cop-
per(II) centre, Cu(1), and cadmium(II) centre, Cd(1), respectively
occupy the inner N2O2 and outer O4 sites of a potential compart-
mental reduced Schiff base H2L

R, with a Cu(1)� � �Cd(1) distance of
3.378(6) Å.

Copper(II) centre is penta-coordinated being bonded to two
amine nitrogen atoms, N(1) and N(2), and two phenoxo oxygen
atoms, O(1) and O(2), of the deprotonated reduced Schiff base
ligand, (LR)2� and one oxygen atom, O(5), from a coordinated water
molecule. The geometry of any penta-coordinated metal centre
may conveniently be measured by the Addison parameter (s)
[51]. The geometry of copper(II) centre is slightly distorted square
pyramidal with s = 0.06 (s = 0 indicates perfect square pyramid).
On the other hand, cadmium(II) centre, Cd(1), is hepta-coordinated
and its geometry is distorted pentagonal bipyramidal. Cd(1) is
coordinated by two phenoxo oxygen atoms, O(1) and O(2), two
methoxy oxygen atoms, O(3) and O(4), and one nitrogen atom, N
(3), of an end-on bridging azide, which constitute the pentagonal
plane. The sixth site is occupied by a nitrogen atom, N(6), from a
terminal azide. The seventh coordination site is occupied by
another nitrogen atom, N(3), from an end-on bridging azide, which
bridges Cd(1) and its symmetry {0=1 � x, 1 � y, 1 � z} related coun-
terpart, Cd(10). The saturated six-membered chelate ring [Cu(1)–N
(1)–C(9)–C(10)–C(13)–N(2)] has envelope conformation with
puckering parameters, q = 0.523(6) Å; h = 23.0(5)�; / = 177.6(14)�
[52,53].

3.2.2. (m1,1-NCS)2[CuL
RCd(SCN)]2∙2CH3OH (2)

Complex 2 crystallizes in triclinic space group, P1
�
. It is basically

a centrosymmetric cyclic tetramer with [�Cd�(m1,1-NCS)CuO2Cd
(m1,1-NCS)–Cu–] core, in which two hetrero-dinuclear [CuLRCd
(SCN)] units are linked through two end-on thiocyanate bridges. A
perspective view with selective atom numbering scheme has been
shown in Fig. 2. Cu(1)� � �Cd(10) {symmetry transformation 0=1 � x,
1 � y, 1 � z} distance in the tetrameric unit is 3.617(9) Å.

Copper(II) centre, Cu(1), is square pyramidal being coordinated
equatorially by two amine nitrogen atoms, N(1) and N(2), and two
phenoxo oxygen atoms, O(1) and O(2), of the deprotonated
reduced Schiff base, (LR)2�. The fifth position is occupied by a nitro-
gen atom, N(30), of the bridging thiocyanate. The square pyramidal
geometry of copper(II) centre is confirmed by s, here s = 0.01 [51].
On the other hand, the coordination geometry of cadmium(II) cen-
tre, Cd(1), is distorted octahedral, where two phenoxo oxygen
atoms, O(1) and O(2), and two methoxy oxygen atoms, O(3) and
O(4), of the reduced Schiff base ligand constitute the equatorial
plane. One axial site is occupied by a sulfur atom, S(1), from termi-
nal thiocyanate and another axial site is occupied by nitrogen
atom, N(3), from thiocyanate which acts as a bridge between the
cadmium(II) centre, Cd(1) and the symmetry related copper(II)

Table 2
Selected bond lengths (Å) of complexes 1 and 2.

Complex 1 2

Cd(1)–O(1) 2.287(3) 2.256(3)
Cd(1)–O(2) 2.307(3) 2.262(2)
Cd(1)–O(3) 2.471(4) 2.511(3)
Cd(1)–O(4) 2.472(4) 2.496(4)
Cd(1)–N(3) 2.354(5) 2.201(5)
Cu(1)–O(1) 1.956(3) 1.964(3)
Cu(1)–O(2) 1.953(3) 1.968(4)
Cu(1)–N(1) 2.028(4) 2.022(4)
Cu(1)–N(2) 2.032(4) 2.017(4)
Cd(1)–N(6) 2.259(5) —
Cd(1)–N(30) 2.341(4) —
Cu(1)–O(5) 2.317(4) —
Cd(1)–S(1) — 2.636(2)
Cu(1)–N(30) — 2.626(5)

Symmetry transformation: 0=1 � x, 1 � y, 1 � z.

Table 3
Selected bond angles (�) of complexes 1 and 2.

Complex 1 2

O(1)–Cd(1)–O(2) 66.46(10) 66.97(10)
O(1)–Cd(1)–O(3) 67.19(15) 68.20(9)
O(1)–Cd(1)–O(4) 132.15(11) 134.87(10)
O(1)–Cd(1)–N(3) 90.02(12) 136.20(14)
O(2)–Cd(1)–O(3) 133.63(14) 135.15(11)
O(2)–Cd(1)–O(4) 66.41(11) 67.98(12)
O(2)–Cd(1)–N(3) 85.43(13) 136.67(15)
O(3)–Cd(1)–O(4) 158.23(15) 156.56(11)
O(3)–Cd(1)–N(3) 95.93(16) 80.21(13)
O(4)–Cd(1)–N(3) 94.09(16) 81.70(14)
O(1)–Cu(1)–O(5) 99.67(18) 78.70(13)
O(1)–Cu(1)–N(1) 90.59(15) 91.68(14)
O(1)–Cu(1)–N(2) 165.34(13) 170.44(16)
O(2)–Cu(1)–N(1) 168.94(13) 169.80(12)
O(2)–Cu(1)–N(2) 92.04(14) 92.07(14)
O(1)–Cd(1)–N(6) 96.86(12) —
O(1)–Cd(1)–N(30) 143.99(14) —
O(2)–Cd(1)–N(6) 100.24(15) —
O(2)–Cd(1)–N(30) 141.12(15) —
O(3)–Cd(1)–N(6) 83.85(18) —
O(3)–Cd(1)–N(30) 82.14(18) —
O(4)–Cd(1)–N(6) 83.69(17) —
O(4)–Cd(1)–N(30) 82.05(14) —
N(3)–Cd(1)–N(6) 172.41(13) —
N(3)–Cd(1)–N(30) 74.31(15) —
N(30)–Cd(1)–N(6) 98.17(15) —
O(1)–Cu(1)–O(2) 80.15(13) —
O(2)–Cu(1)–O(5) 92.80(15) —
O(5)–Cu(1)–N(1) 94.72(16) —
O(2)–Cu(1)–N(2) 92.04(14) —
N(1)–Cu(1)–N(2) 95.65(15) 97.37(16)
S(1)–Cd(1)–O(1) — 101.08(11)
S(1)–Cd(1)–O(2) — 101.46(10)
S(1)–Cd(1)–O(3) — 85.74(9)
S(1)–Cd(1)–O(4) — 85.09(10)
S(1)–Cd(1)–N(3) — 106.13(13)
O(1)–Cu(1)–N(30) — 88.88(13)
O(2)–Cu(1)–N(30) 89.83(15)
N(1)–Cu(1)–N(30) 93.41(16)
N(2)–Cu(1)–N(30) 93.63(14)
O(5)–Cu(1)–N(2) 93.04(18) —

Symmetry transformation: 0=1 � x, 1 � y, 1 � z.
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centre, Cu(10). The saturated six-membered chelate ring [Cu(1)–N
(1)–C(9)–C(10)–C(13)–N(2)] has envelope conformation with the
puckering parameters, q = 0.524(6) Å; h = 148.2(5)�; / = 2.6(11)�
[52,53].

3.3. Comparison of structures of 1 and 2

It is interesting to note here that in complex 1, cadmium(II) cen-
tre of one asymmetric unit is connected with a cadmium(II) centre
of a symmetry related counterpart via end-on azide bridges. This
makes the copper(II) centres free to be used in any catalytic reac-
tion. On the other hand, cadmium(II) centre of one asymmetric
unit in complex 2 is connected with a copper(II) centre of a sym-

metry related dinuclear unit via end-on thiocyanate bridges. Thus
both copper(II) and cadmium(II) are confined in a cyclic tetrameric
unit, making copper(II) less available to take part any catalytic
reaction.

3.4. Supramolecular interactions

Solid state structures of both complexes are stabilized through
significant non-covalent interactions such as hydrogen bonding
and CAH� � �p. Complex 1 shows five significant hydrogen bonding
interactions. The hydrogen atom, H(1), attached to amine nitrogen

Scheme 1. Synthetic route to complexes 1 and 2.

Fig. 1. Perspective view of complex 1 with selective atom numbering. Hydrogen
atoms and the lattice methanol molecule have been omitted for clarity.

Fig. 2. Perspective view of complex 2 with selective atom numbering. Hydrogen
atoms and the lattice methanol molecule have been omitted for clarity.
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atom, N(1), involve in hydrogen bonding interaction with the sym-
metry related (x, 1.5 � y, �0.5 + z) oxygen atom, O(6j), of the lattice
methanol molecule. Another hydrogen atom, H(5C), attached to
oxygen atom, O(5), of coordinated water molecule participate in
hydrogen bonding interaction with the symmetry related (1 � x,

1/2 + y,3/2 � z) azide nitrogen atom N(8i). These two intermolecu-
lar hydrogen bonding interactions form a two dimensional layer
structure. On the other hand, the oxygen atom, O(6), of the lattice
methanol molecule forms hydrogen bond with the hydrogen atom,
H(5D), attached with the oxygen atom, O(5), of the coordinated

Fig. 3. Hydrogen bonded layer structure of complex 1. Only the relevant hydrogen atoms have been shown.

Fig. 4. Selected small part of hydrogen bonded structure of complex 1. Only the relevant hydrogen atoms have been shown. Symmetry transformation i = x,1.5 � y,0.5 + z,
j = 1 � x,0.5 + y,1.5 � z.

S. Mirdya et al. / Polyhedron 170 (2019) 253–263 257



water molecule. Again, hydrogen atom, H(6), of the same lattice
methanol molecule, forms an additional hydrogen bond with azide
nitrogen atom, N(6). Another hydrogen atom, H(2), attached to
amine nitrogen atom N(2), participates in hydrogen bond forma-
tion with the azide nitrogen atom, N(5). Two dimensional layer
structure of the complex has been shown in Fig. 3 and selected
small part of the two dimensional structure of hydrogen bonding
has been shown in Fig. 4. Details of the hydrogen bonding interac-
tions have been given in Table 4.

The hydrogen atom, H(22A), attached to the carbon atom, C(22),
of the lattice methanol molecule, is involved in a CAH� � �p interac-
tion with the symmetry related (x, 1.5� y, 0.5 + z) phenyl ring [C
(2)–C(3)–C(4)–C(5)–C(6)–C(7)]. Two dimensional layer structure
of CAH� � �p interaction has been shown in Fig. 5 and selected small
part of CAH� � �p interaction with specific atom numbering has been
shown in Fig. 6. Details of the geometric feature of the CAH� � �p
interaction have been given in Table 5.

Three types of supramolecular interactions have been observed
in complex 2 (H-bonding, CAH� � �p and p� � �p interactions). The
hydrogen atom, H(2N), attached to amine nitrogen atom, N(2), of
the reduced Schiff base is engaged in intramolecular hydrogen
bonding interaction with the same symmetry related oxygen atom,
O(5), of lattice methanol molecule, as shown in Fig. 7. Details of the
hydrogen bonding interaction have been gathered in Table 4.

The hydrogen atom, H(24B), attached to the carbon atom, C(24),
of lattice methanol molecule is involved in the CAH� � �p interaction
with a phenyl ring [C(15)–C(16)–C(17)–C(18)–C(19)–C(20)]. The
CAH� � �p interaction of the complex has been shown in Fig. 8.
Detail of the CAH� � �p interaction has been given in Table 5. Com-
plex 2 shows a significant p� � �p stacking interaction (Fig. 9)
between an aromatic ring [C(2)–C(3)–C(4)–C(5)–C(6)–C(7)] with
a symmetry-related (1 � x, 1 � y, 1 � z) aromatic ring [C(15)–C
(16)–C(17)–C(18)–C(19)–C(20)]. Details of the p� � �p interaction
have been given in Table 6.

3.5. Hirshfeld surfaces analysis

The Hirshfeld surfaces of both complexes mapped over dnorm
(range �0.1 Å to 1.5 Å), shape index and curvedness have been
shown in Fig. 10. Red spots on these surfaces denote the dominant
interactions. Analysis of Hirshfeld surfaces indicates that there are
interactions mainly between nitrogen and hydrogen atoms in
complex 1, whereas, there are significant interactions between
sulphur and hydrogen atoms in complex 2. Other visible spots
in Hirshfeld surfaces correspond to C� � �H and H� � �H contacts.

Table 4
Hydrogen bond distances (Å) and angles (�) of complexes 1 and 2.

Complex D–H� � �A D–H H� � �A D� � �A \D–H� � �A
1 N(1)–H(1)–O(6i) 0.9800 2.0800 3.039(5) 167.00

N(2)–H(2)–N(5) 0.9800 2.4800 3.182(6) 129.00
O(6)–H(6)–N(6) 0.8200 2.0200 2.831(5) 169.00
O(5)–H(5C)–N(8) 0.88(9) 2.20(9) 2.926(8) 140(7)
O(5)–H(5D)–O(6) 0.82(8) 2.22(10) 2.915(7) 143(10)

2 N(2)–H(2 N)–O(5) 0.87(6) 2.16(6) 3.027(9) 171(5)

Symmetry transformation: i = x, 1.5 � y, 0.5 + z.

Fig. 5. Two dimensional supramolecular CAH� � �p interactions in complex 1. Only the relevant hydrogen atoms have been shown for clarity. Symmetry transformation:
# = x,1.5 � y, 0.5 + z.
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The intermolecular interactions appear as distinct spikes in the 2D
fingerprint plot (Fig. S1).

3.6. IR and electronic spectra

In the IR spectrum of complex 1, a sharp peak at 2060 cm�1 and
an associated small peak at 2036 cm�1 indicate the presence of
bridging and terminal azides [54–56]. In IR spectrum of complex
2, there are two successive strong peaks observed at 2081 and
2017 cm�1, indicating the presence of terminal (S-bonded) and
end-on bridged thiocyanates (N-bonded), respectively [57]. A mod-
erately strong band due to stretching vibration of NAH bond
appears around 3213–3166 cm�1 for both complexes [58]. A broad
peak around 3412 cm�1 indicates the presence of coordinating

water molecule in complex 1 [59]. Bands near the range of
2972–2835 cm�1 are due to alkyl CAH bond stretching vibrations,
which are customarily noticed in the IR spectra of both complexes
[60]. The IR spectra of both complexes have been shown in Fig. S2
(Electronic Supplementary Information, ESI).

Electronic spectrum of each complex in DMF displays one
absorption band in the visible region around 590 nm which may
be considered as 2T2g(D) 2Eg(D) transition for copper(II)
[34,59]. Bands around 410 nm (407 nm for complex 1 and
414 nm for complex 2) may be attributed to LMCT transition from
the N donor centres of Schiff base to copper(II) [61,62]. Another
bands around 335 nm (for both 1 and 2) may be attributed to LMCT
transition from the O donor centres of Schiff base to cadmium(II)
[63]. The high intensity band occur at 242 (for 1) and 240 (for 2)

Fig. 6. Selected small part of CAH� � �p interactions of complex 1. Only the relevant hydrogen atoms have been shown. Symmetry transformation # = x, 1.5 � y, 0.5 + z.

Table 5
Geometric features (distances in Å and angles in �) of the CAH� � �Cg interactions for complex 1 and 2.

Complex CAH���Cg (Ring) H���Cg (Å) CAH���Cg (�) C���Cg (Å) Symmetry

1 C(22) � H(22A)� � �Cg(4)# 2.89 164 3.825(9) x, 3/2-y, 1/2 + z
2 C(24) � H(24B)� � �Cg(8) 2.85 125 3.499(11) x, y, z

Symmetry transformation: #=x, 1.5 � y, 0.5 + z. Cg(4) = centre of gravity of the ring [C(2)–C(3)–C(4)–C(5)–C(6)–C(7)] and Cg(8) = centre of gravity of the ring [C(15)–C(16)–C
(17)–C(18)–C(19)–C(20)].

Fig. 7. Hydrogen bonding structure of complex 2 with lattice methanol molecule.
Only the relevant hydrogen atoms have been shown.

Fig. 8. CAH� � �p interaction of complex 2 with lattice methanol molecule. Only the
relevant hydrogen atoms have been shown.
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nm is attributed to p? p* transition of the ligand. Another intense
band observe in the region of 275–285 is correspond to n? p*

transition for both complexes [61,64]. The UV–Vis spectra of both
complexes have been shown in Fig. 11 and Fig. S3 (ESI),
respectively.

3.7. Photocatalytic activity

The ability of both complexes (1 and 2) to be used as photo-cat-
alyst for the degradation of organic dye, viz. methylene blue (MB),
has been investigated under visible light irradiation. The degrada-
tion efficiencies are defined as C/C0, where C and C0 represent the
residual and initial concentration of organic dyes, respectively.
The degradation efficiencies (C/C0) is calculated by the following
equation:-

Degradation efficiencies %ð Þ ¼ C0 � Cð Þ=C0 � 100:

As shown in Fig. 12, the residual concentration of the dye in an
aqueous solution gradually decreased as a function of the increas-
ing reaction time, indicating that both complexes degrade organic
dyes. Both complexes are efficient for the degradation of MB and
the ratio of the degradation reaches around 62% (for complex 1)
and 30% (for complex 2) using 10 mg of complexes.

To prove the photocatalytic efficiency of both complexes to MB,
comparative experiments without catalyst under visible light irra-
diation have been performed, which showed only very little
decomposition. The photocatalytic activity of cadmium(II) acetate
and copper(II) acetate have also been studied to MB under similar
conditions (mentioned in the Fig. 13), which showed that the rate
of degradation was still very slow using 10 mg of bare cadmium(II)
as well as bare copper(II). It is revealed that the intensity of the
characteristic absorption peak of MB decreased with the increase
of irradiation time in the degradation process. Kinetic plots of both
complexes have been shown in Fig. 13.

In order to verify whether both complexes are capable of main-
taining its structural integrity during photocatalytic decomposition
of MB, IR experiments for both complexes were performed during
the course of photocatalytic reactions. The IR experiments indi-
cated that the patterns are nearly identical when compared with
the pure complex. Hence the IR experiments imply that both com-
plexes maintain their structural integrity even after getting
involved in the photocatalytic reactions. IR spectra of both com-
plexes 1 and 2 (before and after degradation) have been shown
in Fig. 14 and S4, respectively.

The first step of the process is excitation of electrons from the
valence band to the conduction band which creates equal amounts
of positives vacancies or holes in valence band. It is well-
established that holes act as powerful oxidants and electrons as

Fig. 9. Intramolecular p� � �p stacking interactions in complex 2. Hydrogen atoms
and lattice methanol molecules have been omitted for clarity.

Table 6
Geometric parameters (Å) for the p� � �p interactions for the complex 2.

Cg(I)� � �Cg(J) Cg� � �Cg (Å) a Cg(I)� � �Prep (Å) Cg(J)� � �Prep (Å)

Cg(8)� � �Cg(7)i 3.735(3) 11.1(3) 3.467(2) 3.468(2)

Symmetry transformations: i = 1�x,1�y,1�z; a = dihedral angle between ring I and
ring J, Cg(I)� � �Perp. = perpendicular distance of Cg(I) on ring J, Cg(J)� � �Perp. = per-
pendicular distance of Cg(J) on ring I. Cg(7) = centre of gravity of the ring [C(2)–C
(3)–C(4)–C(5)–C(6)–C(7)] and Cg(8) = centre of gravity of the ring [C(15)–C(16)–C
(17)–C(18)–C(19)–C(20)] for the complex 2.

Fig. 10. Hirshfeld surfaces of both complexes 1 and 2 mapped over dnorm (left), shape index (middle), curvedness (right).
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powerful reductants. The second step is adsorption of oxygen or
water on the surfaces of catalyst. Electrons in the conduction band
is scavenged by oxygen molecule to produce O2

�� anion radical,

which provides peroxide radical (�OOH) and then decomposed to
active hydroxyl radical (�OH). On the other hand, the holes in the
valence band interact with H2O or �OH to produce highly active

Fig. 11. UV–Vis spectra of complex 1. Inset shows the visible range spectrum.

Fig. 12. Absorption spectra of MB solution with complexes (sample taken = 10 mg), used as a catalyst.

Fig.13. Degradation efficiency of MB in presence of complex 1 and complex 2. Experimental condition [MB] = 20 mg/L.

Fig.14. IR spectra of complex 1 before (blue) and after (red) photodegradation
process. (Color online.)
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hydroxyl radical (�OH). Finally, the effective degradation of methy-
lene blue is occurred by these generated hydroxyl radicals (�OH).

3.8. Structure-activity relationship

The photocatalytic degradation study has been carried out with
visible light irradiation. So the degradation process must be initi-
ated with visible light absorption. Absorption spectra of both com-
plexes contain peaks around 590 nm in the visible region,
originating from copper(II)-based 2T2g (D) 2Eg (D) transition.
Thus copper(II) centres may be considered as the initiator of the
degradation process. As already mentioned, copper(II) centre in
complex 1 is relatively more free to take part in any reaction for
its open zigzag structure. High efficiency of complex 1 to degrade
the dye (MB) is therefore justified from its structure. On the other
hand, copper(II) is rigidly imprisoned in a cyclic tetranuclear skele-
ton in complex 2 and is less free to take part in reaction. This
explains the less catalytic efficiency of complex 2 compared to
complex 1.

A comparative study has also been done to compare the
degradation efficiency of these complexes with all reported
complexes, which has been characterized structurally. The com-
parative study has been shown in Table 7. This indicates our com-
plexes are good enough to be explored in industrial chemistry,
although better complexes are also known in literature. However,
it should be noted that many of the previously reported catalysts
have been prepared using Schiff bases as ligands and therefore
their application in aqueous medium is limited (Schiff bases are
susceptible to hydrolysis). Our complexes are containing reduced
Schiff bases as ligands and may, therefore, be used in aqueous
medium without any problem related to destruction of the ligands
via hydrolysis.

4. Concluding remarks

Synthesis and X-ray characterization of two new hetero-
tetranuclear copper(II)–cadmium(II) complexes with same
reduced Schiff base ligand have been described in this paper. In
both complexes copper(II) and cadmium(II) reside on N2O2 and

O4 donor sites, respectively. The bridging mode in complex 2 is
quite different than that of complex 1. In complex 1, two cad-
mium(II) centres are bridged by end-on bridging azide whereas
in complex 2, the copper(II) and cadmium(II) are bridged by end-
on bridging thiocyanate. Both complexes show significant
supramolecular interactions in their solid state structures. Both
complexes have catalytic ability for the degradation of organic pol-
lutant, MB, under visible light irradiation. Complex 1 shows better
catalytic degradation ability than complex 2. The structural varia-
tion upon the degradation process has also been rationalized.
Finally, efficient catalytic ability of both complexes for the photo-
degradation of organic pollutant under visible light irradiation
indicates the potential application of the complex in industrial
chemistry.
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