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Abstract: Density Functional Theory (DFT) implemented in ADF 2012.01 was used to study the structures of 

three macro-cyclic paramagnetic hexa coordinated complexes: [L3M]
2+ 

{M=V(II), Ni(II)}, and [L3Cr]
3+ 

where
 

L=1,10-phenanthroline having symmetry point group D3 to calculate their spectrochemical parameters. The 

software was run by using Single Point, Default, Relativity, Spin Orbit, ZORA, Unrestricted, None, Collinear, 

Nosym using TZP or TZ2P Basis sets in ESR/EPR/EFG/ZFS Program to obtain ESR, parameters: g11, g22, g33, 

giso, a11, a22, a33, Aten after the pre- optimization of the complexes. More ESR parameters (gn. Aten, ZFS) and NQR 

parameters {, q11, q22, q33, NQCC} were obtained by replacing Spin Orbit by scalar command in a new ADF 

Input. Thereafter, the software was run using the “NMR Program” with Single Point, Default, None, Collinear, 

Nosym using the same Basis sets but leaving Unrestricted command  blank to obtain the Shielding Constants 

(σM, σ
13

C, σ
17

O), Chemical Shifts (δM, δ
13

C, δ
17

O), 2 diamagnetic, 4 paramagnetic and 4 spin orbit contributing 

terms in the  σ values of  constituents.  IR frequencies of normal modes of the 195 fundamental vibration bands 

of these complexes were obtained by using the keyword Freequencies.5 parameters: σ, δ, g. Aten, , NQCC of 
14

N; 4 parameters: σ, δ, g. Aten,   of 
13

C and 3 parameters: σ, δ,  g. Aten, of 
1
H corroborated to infer that  in these 

1,10-phenanthroline complexes, the 36 C were of 6 types while the 24 H of 4 types but all the 6 N were spatially 

of the same type .The importance of this study would lie in the fact  that it confirmed MLCT phenomenon by 

NMR; calculated four other NMR,ESR and NQR parameters: H^, Ehf ,Asymmetric coefficient(), Laplace 

equation; classified the 195 fundamental bands  into vibration symmetries and IR activities along with some  

thermal parameters of the complexes.  

Keywords: Chemical Shift, Total NMR Shielding Tensor, Nuclear Quadrupole Coupling Constant, Effective 

Spin Hamiltonian, Asymmetric Coefficient   
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I. Introduction 

The development of simple to complex transition metal compounds in which the metal ion is bonded to 

a variety of ligands have attracted immense attentions over the past few decades oweing to their unique 

characterstics that arises because of their enriched physicochemical, optical and electromagnetic properties. We 

have well established synthetic methods available in literature to modulate these properties.(1-4) The several 

potential applications of transition metal complexes but not limited to be involved in catalysis(5-7), components 

for energy storage devices, optical materials (8, 9), Sensors(10),  biologically active materials (11, 12) and so 

on.  Phenanthroline (Phen) ligand reported to be a promising building block component in the design of metal 

organic frameworks because of its rich cooridation modes and high stability and wide variety of practical 

applications in analytical chemistry, Catalysis and biochemistry.(1, 13) The practical application of these 

complex compounds rely mainly on their high yield synthetic methods and unique characterstics. To develope 

such compounds in high yield it is important to predict their charcterstics even before synthesis, should therefore 

be of great value. Density Functional theory (DFT) can serve as a valuable tool to this path and have been 

extensively used to study transition metal-phenanthroline or substituted phenanthroline complexes to study their 

structures and other electromagnetic properties.(14-21) The present study is an extension of our previously 

reported work (22) where we had studied macro-cyclic, paramagnetic complexes such as: [L3M]
2+ 

{M=V(II), 

Ni(II)}, and [L3Cr]
3+

(L=2,2

 -bipyridine) exhibiting Metal to Ligand Charge Transfer (MLCT) phenomenon 

with the help of NMR, ESR, NQR and IR spectral techniques. We would try a few  analogous  biologically 
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important macro-cyclic paramagnetic complexes of the 1,10-phenanthroline ligand: [L3M]
2+ 

{M=V(II), and 

Ni(II)
 
}, and [L3Cr]

3+ 
(L=1,10-phenanthroline) using DFT implemented in ADF: 2012:01. Numerous research 

has been done to investigate the structures, magnetic, electronic, vibrational and optical properties, Spin- State 

Cross-Over phenomenon and Jahn-Teller effect using different keywords  in case of a few homoleptic and 

mixed tris(1,10-phenanthroline) complexes of 1
st
 transition series metal ions  by DFT. (23-27) To the best of our 

knowledge DFT had hardly been used in the calculation of NMR, ESR and NQR parameters in the tris(1,10-

phenanthroline) complexes of 1
st
 transition series metal ions. Moreover NMR was never used to ascertain the 

presence of Metal to Ligand Charge Transfer (MLCT) phenomenon (28, 29) as accurate computations of their 

NMR, ESR and NQR (30-33)
 
parameters had become possible by DFT only recently. (34-36) 

   

II. Need For The Study 
It was difficult to assign the exact value to CN because several uncoordinated 1,10-phenanthroline 

vibrations (37) would also fall in the CN region of these complexes. So IR and Raman spectra which were 

commonly used to study CT phenomenon in other cases had a limitation here. Reflectance technique was, also, 

not helpful as π→ π* transition of this ligand (38) absorbed in the same region where MLCT were observed in 

some complexes.     

III. Methodology 
We have already reported the use of ADF software implemented in DFT has a potential to be used as a 

valuable tool to calculate various spectroscopic parameters of NMR (39-41), IR(42), ESR and NQR (43-45) to 

predict the structure and properties of first transition series metal ion complexes. 

 

IV. Results 
Table: 1 Showed the  thermal parameters of complexes. Table: 2 Showed the Optimization parameters 

of the complexes and [Mgn], {MI}, (MS) values  of metal ions. Table: 3 Showed δ and σ values of M
n+

, 
14

N, 
13

C, 

and 
1
H of the  three complexes. Table: 4 showed 10 Diamagnetic, Paramagnetic and Spin orbit contributing 

terms in σ values of constituents. Table: 5 Showed the ESR and NQR parameters of the three complexes. Table: 

6 Showed calculation of H^, Ehf of the paramagnetic complexes.
 
Table: 7 Showed more ESR and NQR 

parameters of
 
complexes.Table:8 Showed the IR active bands of complexes. Table: 9 Showed the σ

14
N values of 

the uncoordinated tris(1,10-phenanthroline) ligand and the complexes. Figure: 1 Represented ADF numbers as 

mentioned in tables in parentheses where ever required for the tris(1,10-phenanthroline) complexes. 

 

V. Discussion 
Each of the three tris(1,10-phenanthroline) metal complex possessed a total of 67 constituent atoms 

which differ only in the nature of metal ion present in them. The remaining 66 atoms are being: 6 Nitrogen 

atoms, 24 Hydrogen atoms and 36 Carbon atoms. The detailed discussion of various calculated parameters and 

the mathematical equations used to calculate them ( see supporting materials at the end) of all three  studied 

complexes are discussed below.  

 

5.1. Relations used to calculate NMR  , ESR  and NQR parameters  

We would obtain as many as  thirteen different ESR(43-45), NQR(46, 47)  and NMR(36) parameters 

such as: ESR (gn, Aten), NQR (NQCC, ) and NMR {σ
13

C, δ
13

C, σ
14

N, δ
14

N, σ
1
H, δ

1
H, σM, δM and 10 terms (2 

diamagnetic and 4 paramagnetic and 4 spin orbit) each for M,
 14

N,
 13

C, and 
1
H} having different units.  We have 

reported earlier the various mathematical equations (see supporting materials at the end) that showed the 

relationship between the above mentioned parameters and also with the two other ESR parameters (H^, ∆Ehf ) 

(22, 42, 48). They , all , helped us to ascertain the stereochemistry of these  complexes.                                                                                                                                                                                                                                                                                                                                                                     
 

5.2. Calculation of four ESR and NQR parameters:  

Other ESR and NQR parameters such as H^, Ehf,  and Laplace equation   were calculated from five 

ESR(g11, g22, g33, giso; a11, a22, a33, Aten) and NQR parameters (; q11, q22, q33; NQCC) parameters  given by the 

software for the two  complexes [Phen3V]
2+

 and [Phen3Cr]
3+

. However, for  the third complex [Phen3Ni]
2+ 

 the 

ADF software did not work. These complexes possessed axial symmetry with (a) Two of three g called g were 

of the same value and third of higher value was called g  (b) Two a called a  were of same value and the third 

of higher value was called a11. (c) Two of the three q parameters were of the same value. (d) =0, equation (4) 

(see supporting materials at the end) was applicable to calculate H^. Individual values of these four factors in 

the total value of H^ were given at bottom and were represented as (). Ehf, , Laplace equation  were 

calculated by relations (7,8,10) respectively (see supporting materials at the end) in Tables: 6,7. The parameters 

like NQCC, a, q were expressed in MHz while the g parameter was unit less.  
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5.3. Confirmation of Spatial Equivalence of NMR parameters of N, C, H 

 The same stereochemistry of the three complexes having D3 point group was ascertained as follows by two 

ways:  

 

5.3.1. From the equivalence of NMR parameters of complexes  

Spatially equivalent species having  same values of δ, σ and each one of 10 contributing terms in the 

total value of σ of constituents respectively (22, 42, 48)  led us to infer that the three tris(1,10–phenanthroline) 

complexes: [L3M]
2+ 

{M=V(II), Ni(II) and [L3Cr]
3+

, where L= tris(1,10–phenanthroline) contained 4 types of 

stereo chemically different H; each type possessing 6 equivalent protons which showed four different series of 

values of σ
1
H, δ

1
H and the10 contributing terms respectively. They also contained six types of spatially different 

C atoms; each type having six equivalents C; giving six different series of values of σ
13

C and δ
13

C and the 10 

contributing terms respectively. All the six 
14

N nuclei were equivalent with the same values of σ
14

N and δ
14

N 

and the 10 contributing terms respectively (Tables:3 and 4).  

 

5.3.2.From the equivalence in  five NMR, ESR and NQR parameters  

5 parameters of used spectroscopic techniques [ESR (Aten), NQR (NQCC, ) {Tables:5 and 6} and 

NMR (σ, δ) {Tables:3,4}]  were used to ascertain the similar stereochemistry of the complexes by the fact that 

stereo chemically equivalent species would possess same values of these parameters. 5 parameters: σ, δ,  g. Aten , 

, NQCC of 
14

N; 4 parameters:σ, δ, g. Aten,   of 
13

C and 3 parameters: σ, δ,  g. Aten, of 
1
H  corroborated to infer 

that in  all these  complexes,  36 C were of 6 types. The 24 H were of 4 types and all the 6 N were spatially of 

the same type.  

 

5.4. Evidence of MLCT Phenomenon from NMR parameters of complexes 

As the σ value of any nucleus(22, 42, 48) was directly related to its electron density,  any change in its 

σ value  should serve as an indicator to the change in electron density on it. The σ
14

N (Table: 9), σ
13

C, σ
1
H 

(Table:3) values in these complexes were higher but δ
14

N, δ
13

C, δ
1
H values were found to be lower than their 

corresponding values of uncoordinated ligand(22) to confirm the transfer of electronic charge from the metal to 

the  ligand. So NMR results supported the presence of MLCT phenomenon in these complexes.  
 

5.5. IR Studies of the Complexes (49)  
ADF software gave values of frequencies, dipole strengths and intensities of IR normal modes of the 

195 fundamental vibration bands of these complexes. Each band was given a vibration symmetry symbol while 

each complex was represented by a Vibration Symmetry Class (49). The bands were classified according to their 

IR activities with symmetry symbols A1, A2,  and E having 33, 32 and 130 bands (Table:8) respectively with a 

vibration symmetry class [33A1+32A2 +65E]. Bands with A2 and E symmetries were IR-active while the bands 

with A1 symmetry were IR- inactive.    
 

VI.  Conclusions 
With NMR parameters like σ

14
N, σ

13
C, σ

1
H having higher and the δ

14
N, δ

13
C, δ

1
H showing lower 

values than those of their values in the uncoordinated  ligand, an increase in electron density on ligand was 

authenticated. This implied the transfer of electron charge from the metal into the ligand orbitals and thus 

justified the presence of MLCT phenomenon. NMR, ESR and NQR justified that these complexes possessed the 

same symmetry point group (D3) where the 66 constituting species would occupy the same relative positions 

around the metal ion.   

 
 

Table: 2. Optimization Parameters (kJmol
-1

), [Mgn] ,{MI} and (MS) of [Phen3M]
n+

 Complexes 
 Mn+ (D3)          

              

[M gn], {MI} 

 (S) 

**Total bonding 

  energy           

 *Total Energy :Xc  

LDA(Exchange; Correlation) 

Nucleus 

V(II) [1.4710588]  

(1.5) 

-45688.81 -670489.56 

-620721.59, -49767.9 

51V 

Cr(III) 

     

[-0.316360] 

(1.5) 
-44826.18 -679431.25 

-629353.61, -50077.64 

56Cr 

 Ni(II) [-0.500013] 

(1.0) 

-45232.03 -716715.35 

-665469.98 , -51245.37 

61Ni 

*X c is made up of LDA and GGA components. Here all have zero GGA. **Bonding energy is computed as an 

energy difference between molecule and fragments.     
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Table: 3 . σM
n+

, σN, σH and δH in [Phen3M]
n+ 

Complexes
 a 

 

 
 

Table: 5. ESR and NQR Parameters from Software for [Phen3M]
n+ 

Complexes 
* Mn+           gn. Aten values of 

4 types of H;each 

type having 6 H*   

  gn. Aten values of 

 6 types of C; each 

type having 6 C   

 values of  6 types of  

C; 

 each  type having   6 C    

 gn. Aten value  

of  each N     

NQCC and 

  values 

 of each N    

V(II) -1.839,   0.016, 

-0.051,  -2.058 

6.089,-1.021,4.296, 

-2.350,6.082,0.239 

0.220,0.524,0.071, 

0.150,0.628,0.191 

 -4.070     -2.6993 

(≈0.2623)      

Cr(III)  -1.345, -0.153,     
 -1.803,  -0.002 

2.918,-0.563,1.437, 
-1.153,2.497,0.055  

0.919,0.803,0.980, 
0.904.0.399,0.017  

 ≈-5.397    ≈3.186 
(≈0.025)      

Ni(II)   0.525,   0.050, 

  3.494,  1.295 

-0.73,1.915,-0.698, 

4.101,0.817,0.360 

0.453,0.545,0.091, 

0.143,0.777,0.224 

 ≈25.170  

 

≈ - 2.840 

(≈0.052) 

           *With I=1/2 for 
1
H and 

13
C; their NQCC =0.0. All  values =0.0 for 24 

1
H  

 

    Table: 6. More ESR and NQR Parameters from Software * for M
n+

 in [Phen3M]
n+ 

Complexes
 
         

  
 

* Mn+           g values           gn.a&[Aten]                           q & ( Laplace)[10]                                NQCC& ()[8]                                                                                                                                                                                                                                                                                                                                                                                                          ZFS[D,E] 

V(II) 

 

1.994805   

1.995166  

1.995167 
giso1.9951                                                                                       

                                                                                                                                                                                                                        

-0.622079.102 

-0.764113.102 

-0.764101.102   
  [-71.6743]                                       

 0.295637.10-1 

 -0.147382.10-1  

 -0.148255.10-1        
  ( 0.00)                                        

1.24167  

(0.003) 

                

 [-0.08927,      

-0.0001] 

Cr(III) 
           
 

 

 1.993387  

 1.992852 
 1.992859  

giso1.99303 

0.203662.102 

0 .203542.102  
0.187 012.102  

 [19.8072]          

 0.929232.100 

 -0.462359.100 

 -0.466874.100   

    (≈0.00)                           

5.5754 

(0.005) 
                              

[-0.0183, 

0.0001]  

NQCC a, q, are expressed in MHz and g is unit less. *To be used in the calculation of H^ and Ehf   in Table: 7   

 

                           Table :7. Calculation of H^, Ehf Parameters of [Phen3M]
n+

 Complexes 

 
*Multiply by 8388.255; **Modulus; ***Sum of values in II-IV columns. 



NMR, ESR, NQR and IR Studies of Paramagnetic Macrocyclic Complexes of 1
st
 Transition Series  

DOI: 10.9790/5736-1007031622                                  www.iosrjournals.org                                             20 |Page 

20 

           Table: 8. Designations of IR Active Bands in [Phen3M]
n+ 

 Complexes
 

Mn+ Number of bands and their 

Vibration Symmetries*  

IR active 

bands   

IR inactive 

 bands  

Vibration  

Symmetry Class 

V(II),Cr(III), Ni(II) A1(33) ,A2(32) ,E(65) A2(32),E(65)  A1(33)   {33 A1 +32 A2 +65E} 

          
  
*Numbers in parentheses indicate the number bands of a specific symmetry      

  
 

 

Table: 9. σN values  of  1, 10-Phenanthroline
  
and [Phen3M]

n+ 
Complexes 

σ values Phen Ti(II) Cr(III) Ni(II) 

 σN -138.4  413.0                             411.22          373.96 

 

 

Fig.1 [Phen3M] n+ Complexes {M= V (II), Ni (II), Cr (III) at number:1} 
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Supporting Materials 

Relations to calculate various spectroscopic constants using DFT implemented in ADF 2012.01. software. 

 

Relations used to calculate NMR parameters 

(a) Sum of values of 2 diamagnetic, 4 paramagnetic and 4 spin orbit terms gave σM n+, σ1H, σ13C and σ14N  respectively. 

(b) δ and σ of 1H and 13C were related as follows:  

                                               δ1H = 31.7 - σ1H -------------------------------- (1) 

                                                              δ13C = 181.1- σ13C------------------------------- (2)  

 
 (c ) δM and δ14N were numerically equal but having reverse signs of σM and σ14N : 

                                               
                                             
                                                     ------------------------------(3) 

 
 
Relations used to calculate ESR parameters   

 

(a) Effective Spin Hamiltonian (H^)  

 The 3 complexes were axially asymmetric with same two  g values (g) and third g  being  different (g ll ),Two same a values ( a) and  third  

a of different value  was called a ll,.So  following relation would be sufficient  to calculate H^:   

 

              ----- (4)    

Five factors: g factor, a factor, Q factor, Zero Field Splitting (ZFS) factor and interaction of nuclear magnetic moment with external 

magnetic field, i.e. I factor would contribute in  total value of Spin Hamiltonian (H^).  

(b) S z
 representing spin angular momentum was calculated as:  

                                                  Sz = S/S(S+1)1/2 -------------------------- (5)   

(c) Hyperfine Coupling Energy  

                                  E hf       =1/2[a11
2 +a22

2 + a33
2]1/2   

------------------------------------ (6)   

 E hf
 / Aten

 ≈0.86-0.90; averaged to 0.88 was found in most of complexes   

(d) H^ values were calculated both in terms of MHz as well as in joules mol-1.   

The units like MHz, erg, kJ mol-1   and cm-1 were interrelated as follows: 

 
(i)  One MHz=6.627*10-21 erg = 3.9903124*10-7 kJ mol-1           

(ii) 1cm-1 = 0.0119626kJ mol-1  = 29979.2458 MHz   
 
 

(e) For 8388.255 MHz in a 0.30T, the g value of the standard substance: 2, 2-diphenyl-1-picrylhydrazyl (DPPH) was: gDPPH 2.00232[37-39]. 

So g value of complex (gM
n+) and its frequency (M 

n+) were related as follows:  

                                                      M 
n+ =8388.255 * g M 

n+ /2.00232    ----------------------  (7)                                                                                                                                                                                                                                                                                                                                                                                                                                              
 
Relations used to Calculate NQR Parameters    

(f) Asymmetry Coefficient ()   
                                                   = q xx - q y y q z z                ---------------------------- (8)                                                             

No doubt, () would lie in between 0-1 but for complexes with axial symmetry, should always be =0. This was possible only when: 

                                                                   q x x = q y y q z z                  ---------------------------  (9)  

(g) Laplace Equation  

                                                 q x x + q y y  +q z z = 0             --------------------------(10)  


