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CChhaapptteerr  VV  
 

[Bis(picolinate-κκκκ
2
N:O)Copper(II)] di(benzene-1,3,5- tricarboxylic 

acid): hydrothermal synthesis, structural characterization, magnetic 

properties and DFT study* 

5.1. Introduction 

The diversity in the structure of Cu(II)  complexes is highly related to its 9d  

system. This allows it to have variety of coordination polyhedra with significantly 

different geometries. Cu(II)  is found in mononuclear, dinuclear and polynuclear 

species with  diverse structures.1 The 9
d  system plays crucial role in various 

characterization methods (electronic spectroscopy, electron paramagnetic resonance 

and magnetic susceptibility) that are connected to the Cu(II)  chemistry.2,42 In the past 

decades, a growing interest in the field of magneto-chemistry has been observed, 

attributed due to huge practical applications of various magnetic materials.  The 

interactions of the unpaired electrons in 9
d  system may lead to the formation of 

magnetic materials like paramagnetic, antiferromagnetic, ferromagnetic species, etc.
3, 

42  

Recently, chemists around the world have shown tremendous interest in 

synthesizing metal-organic hybrid complexes. This extensive interest to design, 

synthesize and explore potential applications of such hybrid complexes stemmed from 

intriguing structural features, fascinating compositional variability and charming 

theoretical and practical applications in various fields like adsorption, chemical 

separation catalysis, magnetism, etc.4-6 The carboxylates of transition metals shows 

variety in coordination modes due to the ability of carboxylic group to form polymer 

or cluster7 involving carboxyl group.  The picolinate ion has an inherent property of 

forming chelate rings leading to the formation of stable mononuclear or polynuclear 

complexes. The pyridine N-atom and the carboxylate O-atoms of the picolinic acid 

moiety are fairly capable of forming complexes with a variety of transition metal ions.  

Metal complexes involving of bio-active ligands are now-a-days, targeted for 

developing new drugs. Metal complexes of picolinic acid have been the area of 

intense research stemmed from superb coordination flexibilty and wide range of 
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physiological properties, like insulinomimetic activity8-14 and also in designing new 

metallo-pharmaceuticals.15-19  The coordination number, oxidation state and structure 

of such complexes influence their biological and physico-chemical properties.17 

Benzene-1,3,5-tricarboxylic acid (trivially known as trimesic acid, TMA) being rigid 

and planar, has been extensively used in its anionic form. This anionic form acts as a 

bridging ligand for the synthesis of metal-organic hybrid materials ranging from 1D to 

3D. Thus TMA plays vital role in defining the and functional versatility of the hybrid 

complexes.20-22 

Hydrothermal method is regarded as one of the best methods employed to 

synthesize dislocation free pure single crystals of organic-inorganic hybrid 

complexes. This method is cheap and uses environment friendly water as reaction 

medium. Thus synthesis of metal-organic hybrid complexes using hydrothermal 

technique is in agreement with green chemistry requirements.23 Herein this chapter 

the hydrothermal synthesis of hybrid complex [Bis(picolinate-κ2
N:O)Copper(II)] 

di(benzene-1,3,5-tricarboxylic acid; using Cu(NO3)2.3H2O, picolinic acid and 

benzene-1,3,5-tricarboxylic acid (trimesic acid, TMA) has been reported. The 

synthesized complex was characterized by analytical, physico-chemical and 

spectroscopic techniques like FTIR spectroscopy, single crystal X-ray diffraction, 

FESEM, EPR, SQUID, TGA and DFT study. 

5.2. Experimental Section 

 5.2.1. Materials and Methods 

Hydrothermal synthesis of the title complex was performed in a 10 mL 

stainless steel Teflon-lined autoclave at 150 °C and under autogenous pressure. 

Copper nitrate [Cu(NO3)2·3H2O], picolinic acid, trimesic acid and triply distilled de-

ionized water (specific conductance < 1·10-6 S·cm-1 at 25 °C) were used in this 

synthesis. The source and purity of the chemicals used in the synthesis of title 

complex has been detailed in chapter II. The elemental micro-analyses (C, H and N) 

were performed using Perkin–Elmer (Model 240C) analyzer. AAS (Varian, SpectrAA 

50B) was used for the determination of Cu-content using standard Cu-solution 

procured from Sigma-Aldrich, Germany. Single crystal X-ray diffraction study was 

performed using Oxford diffractometer equipped with CCD camera.  The IR spectrum 

in KBr pellet was recoded using Perkin-Elmer Spectrum FT-IR spectrometer (RX-1) 
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operating in the region 4000 to 400 cm-1 at ambient temperature. Ever Cool 7 Tesla 

SQUID magnetometer was used for the study of magnetric susceptibility of the 

powdered crystalline sample. The X-band EPR of the synthesized complex was 

recorded using EPR magnetometer (JEOL, JES-X3 FA200) operating in the field 

range of 266.66 mT to 386.66 mT. Thermal stability and behaviour of the title 

complex was studied by thermogravimetric analysis (TGA) and differential 

thermogravimetry (DTG) analysis. The data were recorded using TGA instrument 

(Q500 V20.10 Build 36) in N2 atmosphere with 6.619 mg of the complex. The crystal 

morphology was studied using Field Emmission Scaning Electron Microscopy 

(FESEM, INSPECT F50, FEI, The Netherland). The detailed descriptions of the 

various analytical and spectroscopic methods and instruments have been discussed in 

chapter II.  

5.2.2. Synthesis of [Bis(picolinate-κκκκ
2
N:O)Copper(II)] di(benzene-1,3,5-

tricarboxylic acid 

A mixture of Cu(NO3)2.3H2O (0.2416 g, 1mmol), picolinic acid (0.123 g, 

1mmol) and benzene-1,3,5-tricarboxylic acid (trimesic acid) (0.21 g, 1mmol) was first 

pulverized using agate pastle and mortar. The pulverized mixture was then transferred 

to a 10 mL Teflon-lined stainless steel autoclave and 4 mL of water (triply distilled 

de-ionized) was added and the mixture thus obtained was stirred for 30 min to a 

suspension. The autoclave was sealed and placed in an automated hot air oven; 

maintained at 150 oC and heated for 48 h. After 48 hours, the autoclave was subjected 

to natural cooling (for about 6 h) at room temperature. The pH = 3 of the suspension 

before and after the reaction remained the same. Then the mixture was filtered and the 

residue thus obtained was repeatedly washed with sufficient amount of de-ionized 

water. The residue with the blue crystals was washed with adequate amount of ethanol 

to remove any un-reacted picolinic acid and TMA and the crystals thus obtained were 

dried in air. The single crystals were separated and collected by hand picking under a 

microscope (40x). The complex was found insoluble in common conventional 

solvents and it did not melt up to 300 oC. Yield: 85% (based on Cu). Elemental 

analysis calcd (%) for [Cu(C30H20N2O16)]: C 49.49, H 2.77, N 3.85, Cu 8.73; found: C 

48.75, H 2.69, N 3.68, Cu 8.35.  
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5.2.3. X-ray crystallographic measurements 

Crystal data collection and structure refinement are summarized in Table 5.1. 

The details of data collection using single crystal X-ray diffractometer and structural 

refinement using related softwares and programmes are discussed in chapter II. The 

selected bond lengths and angles of the complex are summarized in Table 5.2. The 

hydrogen bond geometry and their corresponding symmetry codes are listed in Table 

5.3. The fractional atomic coordinates and isotropic or equivalent isotropic 

displacement parameters, atomic displacement parameters and geometric parameters 

are listed in tables 5.4 to 5.6, respectively. The parameters summarized in these tables 

give clear insight into the geometry and coordination of the synthesized complex. 

Table 5.1. Crystallographic parameters of the complex 

Crystal Data  

Chemical formula [Cu(C30H20N2O16)] 

Mr 728.03 

Crystal system, Space group Monoclinic, P 1 21/c 1 

Temperature (K) 293 

a , b, c  (Å) 4.9853 (4), 13.1082 (5), 21.6616 (8) 

β (°) 90, 91.23 (6), 90 

V (Å3) 1415.22(14) 

Z 4 

Radiation type Mo Kα 

µ  (mm-1) 1.784 

Crystal size (mm) 726.0052.0033.0 ××   

Data collection  

Diffractometer Oxford Diffraction Gemini 

Absorption correction Analytical 

Tmin, Tmax 0.948, 0.972 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 
2423, 3429, 2662 

Rint 0.014 

θmax,θmin 29.245, 3.108 

h -6 �6 

k -17 �17 



 

 

Chapter V 
 

107 | P a g e                       

             

 

l -29 �28 

Refinement   

R(F2)> 2σ(F2), wR(F2),  S 0.0415, 0.0462, 1.0610 

No. of reflections 2662 

No. of parameters 224 

No. of restraints 0 

∆ρmax, ∆ρmin (e Å-3 ) 0.61, -0.45 

 

Table 5.2. Selected bond lengths and angles (Å, o) 

Cu1-N6 1.959 (2) O13-C12 1.204 (3) 

Cu1-O2 1.928 (2) N6-Cu1-O2 83.68 (8) 

O2-C3 1.271 (3) N6-Cu1-O2 96.32 (8) 

C3-O4 1.235 (3) O2-Cu1-O2 179.99 (4) 

O11-C12 1.307 (3) N6-Cu1-N6 179.99 (4) 

 

    Table 5.3. Hydrogen-bond geometry (Å, o) 

AD LH−  H−D  ALH  ADL  AD LH−  

C7-H71…O13 0.937 2.462 3.386(3) 168.80 

C10-H101…O19i 0.947 2.574 3.478(3) 159.76 

C20-H201…O4ii 0.932 2.529 3.263(3) 135.90 

O11-H111…C3iii 0.831     2.581 3.401(3) 169.45 

O11-H111…04iii 0.831 1.800 2.610(3) 164.42 

O25-H251…O4ii 0.827 2.552 3.181(3) 133.83 

O25-H251…C20 0.827 2.175 2.722(3) 123.70 

O18-H181…O19iv 0.830 2.568 3.323(3) 151.90 

Symmetry codes: i) 21,2/1,2 −−−− zyx  ii) 

2/1,2/1,2 +−−+ zyx , iii) 1,, +−−− zyx , iv) zyx ,,1−  
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Table 5.4. Fractional atomic coordinates and isotropic or equivalent isotropic 

displacement parameters (Å2) 

 x y z Uiso*/Ueq 

Cu1 0.0000 0.0000 0.5000 0.0409 

O2 -0.2686 (4) -0.04638 (13) 0.44099 (10) 0.0518 

C3 -0.2616 (5) -0.14124 (18) 0.42905 (11) 0.0361 

O4 -0.4142 (4) -0.18441 (13) 0.39174 (9) 0.0456 

C5 -0.0502(5) -0.20146 (17) 0.46364 (10) 0.0317 

N6 0.1090 (4) -0.14359 (14) 0.50062 (9) 0.0330 

C7 0.3042 (5) -0.18713 (19) 0.53449 (11) 0.0367 

C8 0.3442 (5) -0.2915 (2) 0.53338 (12) 0.0404 

C9 0.1790 (6) -0.35133 (19) 0.49651(12) 0.0409 

C10 -0.0205 (5) -0.30592 (18) 0.46021(12) 0.0390 

O11 0.7334 (4) 0.07703(16) 0.67985 (10) 0.0562 

C12 0.8290 (5) -0.0120 (2) 0.66455 (12) 0.0392 

O13 0.7758 (5) -0.05778 (18) 0.61767 (10) 0.0638 

C14 1.0221 (5) -0.05449 (18) 0.71239 (11) 0.0343 

C15 1.0671 (5) -0.00769 (17) 0.76941 (11) 0.0329 

C16 1.2571 (5) -0.04964 (17) 0.80937 (10) 0.0321 

C17 1.3082 (4) -0.00083 (17) 0.86956 (9) 0.0288 

C18 1.1438 (5) 0.05891 (18) 0.88834 (10) 0.0589 

O19 1.5149 (5) -0.02276 (15) 0.89789 (9) 0.0536 

C20 1.4047 (5) -0.13548 (17) 0.79554 (11) 0.0345 

C21 1.3486 (5) -0.18053 (17) 0.73923 (11) 0.0353 

C22 1.1603 (5) -0.14278 (18) 0.69748 (11) 0.370 

C23 1.5009 (5) -0.27209 (17) 0.72246 (11) 0.0337 

O24 1.4055 (5) -0.32712 (17) 0.68210 (11) 0.0655 

O25 1.7135 (5) -0.28770 (17) 0.74950 (11) 0.0623 

H71 0.4157 -0.1444 0.5584 0.0432* 

H81 0.4823 -0.3206 0.5567 0.0470* 
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H91 0.2061 -0.4222 0.4956 0.0481* 

H101 -0.1329 -0.3450 0.4335 0.0461* 

H151 0.9725 0.0507 0.7803 0.0377* 

H201 1.5362 -0.1610 0.8226 0.0401* 

H221 1.1289 -0.1754 0.6600 0.0431* 

H111 0.6190 0.1008 0.6554 0.0828* 

H251 1.6938 -0.2575 0.7826 0.0934* 

H181 1.0059 0.0258 0.8797 0.0893* 

 

Table 5.5. Atomic displacement parameters (Å2) 

 U11 U22 U33 U23 U13 U12 

Cu1 0.0447(3) 0.0248(2) 0.0521(3) -0.00639(18) -0.02390(19) 0.00324(18) 

O2 0.0564(12) 0.0296(9) 0.0679(13) -0.0083(8) -0.0359(10) 0.0053(8) 

C3 0.0399(13) 0.0325(11) 0.0355(12) -0.0024(9) -0.0094(10) 0.0010(10) 

O4 0.0515(11) 0.0366(9) 0.0476(10) -0.0079(7) -0.0228(9) 0.0013(8) 

C5 0.0348(12) 0.0298(10) 0.0302(10) -0.0030(8) -0.0047(9) 0.0001(9) 

N6 0.0359(10) 0.0284(9) 0.0342(10) -0.0019(7) -0.0089(8) 0.0017(8) 

C7 0.0390(13) 0.0363(12) 0.0343(12) -0.0015(9) -0.0088(10) 0.0032(10) 

C8 0.0452(14) 0.0408(13) 0.0349(12) 0.0063(10) 0.0058(11) 0.0100(11) 

C9 0.0511(15) 0.0297(11) 0.0421(13) 0.0028(10) 0.0020(11) 0.0071(10) 

C10 0.0453(14) 0.0305(11) 0.0408(13) -0.0033(9) -0.0062(11) -0.0010(10) 

O11 0.0654(13) 0.0503(11) 0.0516(11) -0.0096(9) -0.0280(10) 0.0198(10) 

C12 0.0332(12) 0.0451(14) 0.0389(12) -0.0038(10) -0.0083(10) 0.0011(10) 

O13 0.0635(14) 0.0702(14) 0.0564(13) -0.0230(11) -0.0298(11) 0.0188(11) 

C14 0.0324(12) 0.0352(12) 0.0349(12) 0.0003(9) -0.0046(9) -0.0030(9) 

C15 0.0332(11) 0.0293(10) 0.0361(11) -0.0023(9) -0.0015(9) -0.0001(9) 

C16 0.0362(12) 0.0293(11) 0.0307(11) 0.0004(8) -0.0023(9) -0.0061(9) 

C17 0.0367(11) 0.0260(9) 0.0237(9) 0.0002(8) -0.0012(8) -0.0039(10) 
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O18 0.0579(13) 0.0711(14) 0.0474(11) -0.0198(10) -0.0043(10) 0.0046(11) 

O19 0.0667(13) 0.0475(11) 0.0455(11) -0.0008(8) -0.0233(10) 0.0004(9) 

C20 0.0359(12) 0.0307(11) 0.0366(12) 0.0036(9) -0.0022(10) 0.0015(9) 

C21 0.0396(13) 0.0288(11) 0.0377(12) 0.0006(9) 0.0046(10) 0.0005(9) 

C22 0.0393(13) 0.0364(12) 0.0351(12) -0.0054(9) -0.0019(10) -0.0026(10) 

C23 0.0394(13) 0.0257(10) 0.0362(12) -0.0005(9) 0.0064(10) 0.0057(9) 

O24 0.0868(17) 0.0481(12) 0.0615(13) -0.0159(10) 0.0002(12) 0.0139(12) 

O25 0.0588(14) 0.0491(12) 0.0790(16) -0.0055(11) 0.0019(12) 0.0186(10) 

 

                        Table 5.6. Geometric parameters (Å, °) 

Cu1-O2 1.928(2) C12-C14 1.506(3) 

Cu1-N6 1.959(2) C14-C15 1.393(3) 

O2-C3 1.271(3) C14-C22 1.388(3) 

C3-O4 1.235(3) C15-C16 1.384(3) 

C3-C5 1.504(3) C16-C17 1.469(3) 

C5-N6 1.349(3) C16-C20 1.381(3) 

C5-C10 1.379(3) C17-O18 1.210(3) 

N6-C7 1.334(3) C17-O19 1.222(3) 

C7-C8 1.383(4) C20-C21 1.379(3) 

C9-C10 1.388(4) C21-C22 1.381(4) 

O11-C12 1.307(3) C23-O24 1.222(3) 

C12-O13 1.204(3) C23-O25 1.217(3) 

N6-Cu1-O2 83.68(8) O11-C12-O13 125.7(2) 

N6-Cu1-O2 96.3(8) O11-C12-C14 112.8(2) 

O2-Cu1-O2 179.994( O13-C12-C14 121.5(2) 

N6-Cu1-N6 179.994 C12-C14-C15 122.4(2) 

O2-Cu1-N6 96.32(9) C12-C14-C22 117.5(2) 

O2-Cu1-N6 83.68(9) C15-C14-C22 120.1(2) 

Cu1-O2-C3 115.00(16) C14-C15-C16 118.3(2) 
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O2-C3-O4 124.3(2) C15-C16-C17 119.0(2) 

O2-C3-C5 115.7(2) C15-C16-C20 123.3(2) 

O4-C3-C5 120.1(2) C17-C16-C20 117.7(2) 

C3-C5-N6 113.4(2) C16-C17-O18 118.3(2) 

C3-C5-C10 124.7(2) C16-C17-O19 118.1(2) 

N6-C5-C10 121.9(2) O18-C17-O19 123.6(2) 

C5-N6-Cu1 112.13(16) C16-C20-C21 116.2(2) 

C5-N6-C7 119.9(2) C20-C21-C23 118.2(2) 

Cu1-N6-C7 127.85(16) C22-C21-C23 118.6(2) 

N6-C7-C8 121.1(2) C14-C22-C21 118.7(2) 

C7-C8-C9 119.2(2) C21-C23-O24 117.6(2) 

C8-C9-C10 119.7(2) C21-C23-O25 117.9(2) 

C9-C10-C5 118.1(2) O24-C23-O25 124.5(2) 

 

5.2.4. Theoretical Methods  

Density functional theory (DFT) has proved to be an effective tool for 

electronic properties of molecules, structural determination, ionization energies 

atomization energies, vibrational frequencies, etc.24-26 The synthesized complex was 

optimized DFT with B3LYP hybrid functional27-28 using Gaussian 09 programme 

package29 and LANL2DZ basis set was used for Cu(II) ion. Single crystal X-ray 

diffraction provided the initial structure for the fragments of title complex. The 

molecular geometries were optimized without any symmetry constraints. 

Harmonic vibrational frequencies were calculated at B3LYP level of theory to 

confirm the local minima character of the structures. To understand the stability, 

electronic properties and molecular orbital (MO) analysis was performed at the 

same level of theory.  

5.3. Results and discussion 

5.3.1. Crystal structure of [Bis(picolinate-κκκκ
2
N:O)Copper(II)] 

di(benzene-1,3,5-tricarboxylic acid  

Fig 5.1 reveals that the asymmetric unit of the complex consists of two 2-

picolinic acid coordinating the Cu(II) ion. It is evident from Fig 5.1 that Cu(II) 
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occupies the centre of symmetry forms a five member chelate ring when 

coordinated to picolinic moieties through pyridinium N-atom and carboxylate O-

atoms simultaneously. The geometry of the complex is slightly distorted square 

planar (Fig 5.2 and 5.3). The complex crystallise in monoclinic crystal system 

with space group is P1 21/c 1. 

 

 

Fig 5.1. Asymmetric unit of the complex showing the atom numbering 

scheme.Displacement ellipsoids are drawn at 50% probability level. 

 

 

Fig 5.2. Coordination geometry of Cu(II) ion in the complex. Color scheme: green, 

Cu; red, O; blue, N; grey, C and sky blue, H. 



 

 

Chapter V 
 

113 | P a g e                       

             

 

 

Fig 5.3. A view approximately normal to the chain along the c-axis showing. 

Colors: grey, C; blue, N; green, Cu; red, O; and sky blue, H. 

 

 

Fig 5.4. A view approximately along the b-axis. 

Color: grey, C; blue, N; green, Cu; red, O; and sky blue, H. 

 

The Cu(II)  ion situated on crystallographic inversion centre is coordinated to two 

picolinate ligands placed in the equatorial plane. The extensive hydrogen bond 

shown in Figs 5.1 and 5.4 involving trimesic acid is responsible for the 

exceptional stability of the complex. Interestingly, this reaction failed to give the 

crystal in absence of trimesic acid under the same applied reaction condition. The 

Cu1–N6 bond distance of 1.959 Å and the bond angles formed around Cu(II) ion, 
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involving trans pairs of donor atoms found to be slightly distorted. The presence 

of TMA moieties is probably responsible for the distortion in geometry of the 

complex. The N or O atoms of coordination from the two 2-picolinic acid 

molecules are equivalent. 

5.3.2. FTIR spectroscopy 

The FTIR spectrum of the synthesized complex was shown in Fig 5.7. The 

asymmetric νas (COO-) and symmetric νs (COO-) stretching vibrations of 

carboxylate group appeared at 1718 cm-1 and 1320 cm-1 respectively. The 

difference (∆ν = νas – νsym)= 398 cm-1 indicates monodentate carboxylate 

coordination.30-31 The high value of ∆ν (> 200 cm-1) suggests highly asymmetric 

bridging (“pseudo-monodentate” coordination).30 This coordination mode is 

consistent with the crystal structure of the complex. 
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Fig 5.5. FTIR spectrum of the complex. 

 

The sharp peak at 1599 cm-1 indicates N, O-chelation,32 involving the pyridinium 

N-atom of picolinate ligand. The peak appearing at 423 cm-1 is assigned to Cu-N 

bond.33-34 The broad band appearing at 471 cm-1 indicates presence of Cu-O 

bond.33-34 The sharp peak at 3091cm-1 is due to the aromatic C-H stretching 

vibrations of picolinic acid moiety.32 

 



 

 

Chapter V 
 

115 | P a g e                       

             

 

5.3.3. Magnetic properties 

The X-band EPR spectrum of the complex was recorded in the field range of 

266.66 –386.66 mT.  Fig 5.8 shows the X-band EPR spectrum of the complex. For the 

complex calculations show that ||g = 2.29 and ⊥g  = 2.099 and the fact that ||g > ⊥g > 

2.003 suggests that the unpaired electron of d9 of Cu(II) belongs to 22 yx
d

−
 supporting 

the square planar geometry of Cu(II) in the complex.35 Further, magnetic 

susceptibilities of powdered crystalline sample were measured by SQUID 

magnetometer in the temperature range T = 2 to 300 K in an applied magnetic field of 

100 Oe.  

 

Fig. 5.8.  EPR spectrum of the complex. 

 

The magnetic susceptibility of the title complex was measured on the polycrystalline 

sample from 2 to 300 K under an applied magnetic field of 100 Oe. As shown in Fig. 

5.9, the Tmχ  value gradually increases with lowering of temperature.  
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                  Fig 5.7. Temperature dependence of χmol for the complex. 

The value of Tmχ  steadily increases until above 20 K and then sharply reaches a 

maxima of 17 cm3 mol-1 K at 2 K. The temperature dependent Tmχ  behavior reveals 

the overall ferromagnetic behavior for the complex.   

 

 

          Fig 5.8. Temperature dependence of χm
-1 for the complex. 

Fig. 5.10 shows almost a linear variation of m/1 χ  with temperature and in accordance 

with Curie–Weiss law. The Weiss constant (θ = −35 K) was determined from a linear 

fit of the data (Fig 5.10). The negative value of θ indicates weak anti-ferromagnetic 
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interactions in the complex at low temperatures.  However, Tmχ  (Fig 5.9) values at 

temperatures higher than -35 K indicates ferromagnetic behavior of the complex. The 

effective magnetic moment µeff    (s = 1/2 and g = 2.14) determined from the best fitted 

EPR data is 1.98; this µeff    value agrees well with the µeff value for square planar 

geometry of Cu(II) ion.36-37 

5.3.4. Computational Results  

The optimization of the geometric structure of the complex was performed 

at B3LYP level of theory for evaluating the cluster models and computational 

methods. It is evident from the Fig 5.5 that the coordination environment of 

Cu(II) ion is in complete agreement with the structural geometry derived from 

single crystal X-ray diffraction.  

 

Fig 5.9. DFT optimized structure of the coordination sphere of the complex. 

 

The Frontier Molecular Orbitals (HOMO and LUMO) can qualitatively predict the 

excitation properties and electron transport in the studied system, therefore, the parameter 

HOMO and LUMO can offer a reasonable prediction of molecular reactivity. Thus the 

energies of the HOMO and LUMO (shown in Fig 5.6) orbitals of the Cu(II) complex 

have been calculated using density functional theory(DFT) using Gaussian 0938 

programme. The energy of HOMO and LUMO orbitals has been found to be -6.5743 eV 

and -2.5021 eV respectively. Since the energy of HOMO and LUMO orbitals are 

negative and it indicates that the studied complex is stable.39 Again the energy gap (∆E) 

between HOMO and LUMO of the complex can be correlated with its stability and the 

energy gap (∆E) = (ELUMO-EHOMO) for the studied system is found to be 4.0722 eV and 
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this large HOMO-LUMO gap reveals that the Cu(II) complex is highly stable.40 This 

HOMO-LUMO energy gap falls in the visible region that corresponds to the blue colour 

of the crystal. However, the DFT based descriptors (HOMO-LUMO orbital energy) could 

be used in order to understand the structure and reactivity of molecule by calculating 

different properties such as Chemical potential (µ), Global hardness (η) and global 

electrophilicity power (ω). The HOMO-LUMO orbital energies are directly related to 

ionization energy (I= -EHOMO) and electron affinity (A= -ELUMO). Similarly, the chemical 

potential (µ), Global hardness (η) and global electrophilicity power (ω) are related to 

HOMO-LUMO orbital energies by the following relations: chemical potential (µ)= 

(EHOMO+ELUMO)/2, Global hardness (η) = (-EHOMO+ELUMO)/2 and global electrophilicity 

power (ω) = µ2/2η.  

 

Fig 5.10. HOMO-LUMO of the title complex. 

 

Alternatively, chemical potential (µ) and Global hardness (η) are given by the 

following relations: µ= -(I+A)/2 and η=(I-A)/2. Where I and A are the first ionization 

potential and electron affinity of the chemical species.41 For the title compound, the 

values of first ionization potential (I), electron affinity (A), Chemical potential (µ), 

Global hardness (η) and electrophilicity power (ω) are -6.5743 eV, -2.5021 eV, -

4.5382 eV, 2.036 eV and 5.06 eV respectively. Since the chemical potential (µ) of the 

studied complex is negative and it signifies that the compound is stable and do not 

decompose spontaneously into its elemental form. The HOMO-LUMO orbital 

energies, chemical potential (µ), Global hardness (η) and global electrophilicity power 

(ω) are summarized in Table 5.7.  
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Table 5.7. Physical parameters obtained theoretically for the complex. 

Descriptors Energy 

(eV) 

EHOMO -6.5743 

ELUMO -2.5021 

∆E 4.0722 

Chemical potential(µ), -4.5382 

Global hardness (η) 2.036 

Electrophilicity power (ω) 5.06 

 

5.3.5. Hirschfeld surface analysis 

In order to quantify the various intermolecular interactions, Hirschfeld surface 

analysis has been carried out for the synthesized complex and their associated two-

dimensional fingerprint plots have been used to predict the possible intermolecular 

interactions. The descriptor normd , which incorporates two factors: (i) ed , signifying 

the distance of any surface point nearest to the internal atoms, and (ii) id , signifying 

the distance of the surface point nearest to the exterior atoms and also with the van der 

Waals radii of the atoms has been used for mapping the Hirschfeld surface of a 

molecule.42 The parameter normd  is given by a mathematical expression as 

vdw
e

vdw
ee

vdw
i

vdw
iinorm /)(/)( rrdrrdd −+−= , where vdw

ir  and vdw
er  are the van der walls 

raii of atoms. The parameter normd  may have negative or positive value depending on 

the types of intermolecular contacts. If the value is positive, then the intermolecular 

contacts are shorter and if the value is positive the contacts are larger than the van der 

walls separations.43 The descriptor normd  displays a surface with bright red, white and 

blue spots for shortest contact, contact around the van der walls separation and devoid 

of close contacts respectively. Crystals with spherical atomic electron densities, the 

Hirschfeld surface is unique and it gives an idea about the intermolecular interactions 

occurring in the studied molecular crystals. In order for better visualization of the 

molecular moiety around which they are calculated, the surfaces have been shown as 

transparent. The molecular Hirschfeld surface for the Cu(II); normd , shape index and  
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Fig 5.11. Molecular Hirschfeld surface: a) normd , b) shape index, c) curvedness  

and d) id for the complex. 

 

curvedness for the Cu(II) complex is depicted in Fig. 5.11 respectively and mapped 

over normd  ranges –0.7184 to 1.7801 Å, shape index ranges –1.0000 to 1.0000 Å, and 

curvedness ranges –4.0000 to 0.4000 Å, respectively. The normd  mapping for the 

studied Cu(II) complex shows a bright red area in the Hirschfeld surfaces indicating 

the strong hydrogen bond interactions, such as O–H···O between coordinated/lattice 

water and carboxylate oxygen and these hydrogen bond interactions. The 

intermolecular interactions of the Cu(II) complex are shown in the 2D fingerprint 

plots shown in Fig 5.12. H…H contacts make the second largest contribution to the 

Hirshfeld surfaces (16.2%). The O…H/H..O makes the largest contributions to the 

Hirshfeld surfaces (19.1%) the CH regions while the green CH/HC interactions 

(9.6%). 
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Fig 5.12. 2D fingerprint plots of the complex. 

 

5.3.6. Thermogravimetric Analysis 

The synthesized complex is air stable and insoluble in water. Thermal stability 

of the complex was studied using thermogravimetric technique in the temperature 

range 30-900 °C. The thermogram (shown in Fig 5.11) has mainly three weight loss 

stages.  

 

Fig 5.13. Thermogram of the complex in the temperature range 30-900 oC 
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The sample shows an initial mass loss of 50.08% (calcd: 56.9%) from 170 to 270 °C 

due to loss of non-coordinated TMA or its fragments. The DTG peak appears at 265 
°C and the second weight loss stage occurs from 210 to 320 oC with a sharp weight 

loss of 29.49% (calcd: 33.54%) and consequently a DTG peak appears at around 310 

°C. This sharp weight loss is probably due to loss of coordinated picolinate moieties. 

This stage is accompanied by subsequent weight loss of 7.185% due to the loss of 

organic fragments and finally the sample decomposes to corresponding metal oxide 

(CuO, calcd: 10.9%) at about 910 °C. So the complex has appreciable thermal 

stability at ambient to moderately high temperatures. 

5.3.7. Scanning electron microscopic study 

The FESEM analysis revealed that the crystals are like long rods with 

squared or rectangular cross sections with thickness of ~ 200µm. From Fig 5.12, 

it appears that the crystal has a rectangular or squared cross-section.  

 

Fig 5.14. FESEM images of the complex: a) represents the large single crystals of thickness ~ 

200 µm and several mm long, b) and c) show the individual grains of the crystal when 

ruptured along the length. 

 

From the ruptured crystal it was found that the large single crystals are composed of 

long filamentous grains running along the length of the crystal with thickness ranging 

from 300 nm to 5µm.  

5.4. Conclusion 

The hydrothermally synthesized monoclinic Cu(II) hybrid complex is tetra 

coordinated with slightly distorted square planar geometry. The complex is stabilised 

by the extensive H-bonding involving TMA moiety. TGA and DFT studies justified 

its extreme stability. The crystalline nature and ferromagnetic behaviour was well 

supported by FESEM and SQUID respectively 
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