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ABSTRACT 

The first chapter provides a brief account of the history and significant advances in 
the fields of aromaticity and magnetism. In this chapter a concise history of the origin and 
advancement of research in aromaticity is given which correlates the chronological 
development of the subjects with the evolution of new materials. The current status of the 
research in aromaticity, with special emphasis on the metal based aromatic molecules, is 
provided. Magnetism is also discussed according to the chronology of the advancement of the 
theory and explored materials. The effect of dimension in the magnetic properties is also 
discussed here. The emergence of new molecules for nanomagnets and the role of the 
theoretical advancement in designing such materials also discussed in this chapter.  

The second chapter presents a concise report of the basic theoretical background 
related to aromaticity, magnetic exchange coupling constant and magnetic anisotropy. The 
significance of the quantification of aromaticity has been discussed with special emphasis on 
the fundamental categories based on which the assessment of aromaticity is performed. A 
short description of the available methods for quantification of aromaticity, which are of 
subsequent use in this work, is also presented. A brief background for the estimation of 
magnetic exchange coupling constant has been provided. Two different methods of 
determination of the magnetic exchange coupling constant (J) is given, namely, the broken 
symmetry approach and the spin-flip DFT approach. The theoretical approach behind these 
two methods are discussed elaborately. A short account of the basic theory behind the 
quantification of magnetic anisotropy is also provided here. There are two popular methods 
for the quantification of magnetic anisotropy. The Pederson-Khanna (PK) approach and the 
Neese method for quantification of zero-field splitting (ZFS) parameter D, in connection to 
the magnetic anisotropy are discussed with proper emphasis on the estimation of the spin-
orbit coupling in spin-systems.  

Gradual migration of Na+ from Mg3
2− brings about fascinating change in aromatic and 

magnetic behavior of inorganic Mg3Na2 cluster, which is addressed at the B3LYP and 
QCISD levels is discussed in the third chapter. During this process, Na+ takes away the 
electron density from Mg3

2− causing a net decrease in aromaticity. A tug-of-war between the 
Pauli repulsion and the aromaticity is shown to be responsible for the observed stability and 
aromaticity trends in singlet and triplet states. Implications of a spin crossover vis-à-vis a 
possible superexchange are also explored. 

The fourth chapter is on the magnetism in metallocene based donor–acceptor 
complexes, which stems from the donor to acceptor charge transfer. Thus, to correlate the 
exchange coupling constant J and the charge transfer integral, a formalism is developed 
which enables one to obtain the coupling constant from the value of the charge transfer 
integral and the spin topology of the system. The variance in the magnetic interaction 
between donor and acceptor is also investigated along two perpendicular directions in the 
three dimensional crystal structure of the reference system, decamethylchromocenium ethyl 
tricyanoethylenecarboxylate [Cr(Cp*)2][ETCE]. These donor–acceptor pairs (V-pair and H-
pair), oriented along vertical and horizontal directions respectively, are found to have 
different extents of J, which is attributed to the difference in exchange coupling mechanisms, 
viz., direct exchange and super exchange. Next, V-pair and H-pair are taken together to treat 
both the intra chain and inter chain magnetic interactions, since this competition is necessary 
to decipher the overall magnetic ordering in the bulk phase. In fact, this truncated model 
produces a small positive value of J supporting the weak ferromagnetic nature of the 



complex. Lastly, a periodic condition is imposed on the system to comprehend the nature of 
magnetism in the extended system. Interestingly, the ferromagnetism, prevailing in the 
aperiodic system, turns into weak antiferromagnetism in the periodic environment. This is 
explained through the comparison of density of states (DOS) plots in aperiodic and periodic 
systems. This DOS analysis reveals proximity of the donor and acceptor orbitals, facilitating 
their mixing in periodic conditions. This mixing causes the antiferromagnetic interaction to 
prevail over the ferromagnetic one, and imparts an overall antiferromagnetic nature in 
periodic conditions. This change over in magnetic nature with the imposition of periodicity 
may be useful to understand the dependence of magnetic behavior with dimensionality in 
extended systems.  

Magnetic anisotropy of a set of octahedral Cr(III) complexes is the key deliberation of 
chapter five. The magnetic anisotropy is quantified in terms of zero-field splitting (ZFS) 
parameter D, which appeared sensitive toward ligand substitution. The increased π-donation 
capacity of the ligand enhances the magnetic anisotropy of the complexes. The axial π-donor 
ligand of a complex is found to produce an easy-plane type (D > 0) magnetic anisotropy, 
while the replacement of the axial ligands with π-acceptors entails the inversion of magnetic 
anisotropy into the easy-axis type (D < 0). This observation enables one to fabricate a single 
molecule magnet for which easy-axis type magnetic anisotropy is an indispensable criterion. 
The equatorial ligands are also found to play a role in tuning the magnetic anisotropy. The 
magnetic anisotropy property is also correlated with the nonlinear optical (NLO) response. 
The value of the first hyperpolarizability varies proportionately with the magnitude of the 
ZFS parameter. Finally, it has also been shown that a rational design of simple octahedral 
complexes with desired anisotropy characteristics is possible through the proper ligand 
selection. 

In chapter six, the effect of an external electric field on the magnetic anisotropy of a 
single-molecule magnet has been investigated, with the help of DFT. The magnetic 
anisotropy of a pseudo-octahedral Co(II) complex namely, [CoII(dmphen)2(NCS)2],  has been 
investigated in connection to the tunability of the magnetic anisotropy through external 
electric field. The application of an electric field can alter the magnetic anisotropy from 
“easy-plane” (D > 0) to “easy-axis” (D < 0) type. The alteration in the magnetic anisotropy is 
found due to the change in the Rashba spin-orbit coupling by the external electric field. This 
variation in the Rashba spin-orbit coupling is further confirmed by the generation of the spin 
dependent force in the molecule which is later found to manifest separation of α- and β- spins 
in opposite ends of the molecule. The excitation analysis performed through time-dependent 
DFT also predicts that the external electric field facilitates metal to π-acceptor ligand charge 
transfer, leading to uniaxial magnetic anisotropy and concomitant spin Hall effect in a single 
molecule. 

Finally chapter seven presents a general and comprehensive conclusion of all the 
chapters. 

 



PREFACE 

 

Wiberg once referred aromaticity as a “large fuzzy ball” due to the difficulty in 
defining the concept precisely. Although aromaticity is popularly considered to be an 
important concept primarily for organic compounds, but it has been extended to compounds 
containing transition-metal atoms. Recent findings of aromaticity and antiaromaticity in all-
metal clusters have enthused further research in alkaline earth metal clusters referring to their 
chemical bonding, structures and stability. In this thesis we used the σ-aromatic alkaline earth 
metal clusters and their alkali metal complexed salts to extended the concept of aromaticity. 
Motivated by the transformation of σ-aromaticity in free cyclo-[Mg3]

2− to π-aromaticity in the 
alkali metal salts, we undertake a detailed investigation of the Mg3Na2 firstly, to obtain a set 
of consistent structural data for the species; secondly, to analyze the electronic structure, 
electron delocalization properties, and aromaticity of these species; and finally, to discuss the 
changes in aromaticity and emergence of magnetism as a function of the distance from the 
alkali metal to the center of the Mg3 ring.  

Single molecular magnets have opened an opportunity for the study of physical 
phenomena at the interface of the microscopic quantum world and the macroscopic classical 
systems. The field of molecular magnetism has expanded with the discovery of magnetic 
quantum tunneling in Mn12-acetate molecules. The cornerstone for the rise of present day 
interest in molecular magnetism owes to the creativity of molecular chemists for designing 
high and low spin clusters and single chain magnets. There is the vibrant ongoing work on 
some hole burning phenomenon like molecular spintronics, quantum tunnelling of 
magnetisation, spin Hall effect etc. The magnetic behaviour in molecules and solids are 
primarily controlled by exchange interaction. Various microscopic electronic Hamiltonians,  
spin Hamiltonians have been introduced to solve quantum many body problems and compute 
magnetic exchange coupling constant. Magnetic anisotropy is responsible for intrinsic ‘easy’ 
and ‘hard’ directions of the magnetization in some ferromagnetic materials. This magnetic 
anisotropy is, from both a technological and fundamental viewpoint one of the most 
important properties of magnetic materials. Owing to the perspective of both fundamental 
sciences and applications new materials are currently being prepared, named multifunctional 
molecular materials, which involve interplay or synergy between multiple physical properties 
like aromaticity and magnetism. 
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8.49955 -924.8553556 1.000021 -924.85536 
8.74955 -924.8553482 1.00002 -924.85535 
8.99955 -924.8553417 1.00002 -924.85534 
9.24955 -924.8553367 1.000019 -924.85534 
9.49955 -924.8553338 1.000019 -924.85533 
9.74955 -924.8553315 1.000018 -924.85533 
9.99955 -924.8553289 1.000018 -924.85533 
10.24955 -924.8553262 1.000018 -924.85533 
10.49955 -924.8553242 1.000018 -924.85532 
10.74955 -924.8553227 1.000018 -924.85532 
10.99955 -924.8553213 1.000018 -924.85532 



 

11.24955 -924.8553195 1.000017 -924.85532 
11.49955 -924.8553176 1.000017 -924.85532 
11.74955 -924.855316 1.000017 -924.85532 
11.99955 -924.8553146 1.000017 -924.85531 
12.24955 -924.8553133 1.000017 -924.85531 
12.49955 -924.8553117 1.000017 -924.85531 
12.74955 -924.8553097 1.000017 -924.85531 
12.99955 -924.8553077 1.000017 -924.85531 
13.24955 -924.8553058 1.000017 -924.85531 

 
 
 
 Table A.S3. Description of the orbital, wherefrom and to charge transfer occurs in Na2Mg3 with Na – 
Mg3 distance of 5.08 Å and corresponding second order energy as obtained from the NBO output.  
 

 Donor NBO with 
composition 

Acceptor NBO with 
composition 

∆E (kcal/mole) 

Within α – spin orbitals LP* (4) Mg  1 
s (0.28%) p 99.99 (99.32%) 

d 1.42 (0.40%) 

LP* (1) Na   4 
s (56.69%) p 0.76 (43.30%) 

d 0.00 (0.01%) 

− 0.12 

Within β – spin orbitals LP* (4) Mg  1 
s (0.28%) p 99.99 (99.32%) 

d 1.42 (0.40%) 

LP* (1) Na   5 
s (56.69%) p 0.76 (43.30%) 

d 0.00 (0.01%) 

− 0.12 

 
 
 
 

 
                            
Figure A.S1. Plot of  NICS(0) and NICS(1) in the singlet state of Na2Mg3 at CCSD/6-311+g(d) level 
of theory 
 
 



 

 
 
Figure A.S2. Plot of NICS(0) and NICS(1) in the singlet state of Na2Mg3 at the DFT level with and 
without the dispersion correction. 
 
 

 
 
Figure A.S3. Comparison of potential energy curves in Mg3Na2 with and without the dispersion 
correction.  
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                                      (a)                                    
 
Figure A.S4. The derivative plots of 
increasing Na-Mg3 separation. 
 

(a)                                                                  (b) 

The derivative plots of (a) Average of DI and (b) MCI indices of aromaticity with 

 

MCI indices of aromaticity with 



 

 
Appendix B: Supplementary Information for Chapter 4 
 

 

 

                               (a)                                      (b)                                          (c)             
 

Figure B.S1. Spin populations of the high spin states plotted in (a) two dimensional array (b) 
V-pair and (c) H-pair of the donor-acceptor complex. 
 
 
Table B.S1. Energy comparison of triplet and quintet spin states in neutral [CrII(Cp*)2]  
 

Level of Theory Energy difference between 
the quintet and triplet state 

in a.u. 
UBHandHLYP/6-311++G(d,p) with 

LANL2DZ as extrabasis on Cr 
0.005 

CASSCF(6,8)/LANL2DZ 0.003 

UBPW91/6-311++G(d,p) with 
LANL2DZ as extrabasis on Cr 

0.042 

UB3LYP/6-311++G(d,p) with 
LANL2DZ as extrabasis on Cr 

0.028 
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Table B.S2. Spin populations at the vertical donor-acceptor stack in different functionals 
(percentage of HF exchange are given for each functional in the parenthesis) 

 
 
B1. Sorkin, A.; Iron, M. A.; Truhlar, D. G. J. Chem. Theory Comput., 2008, 4, 307 and 
references therein. 

B2. Kantchev, E. A. B.; Norsten, T. B.; Sullivan, M. B. Org. Biomol. Chem., 2012, 10, 6682. 

B3. Pantazis, D. A.; Krewald, V.; Orio, M.; Neese, F. Dalton Trans., 2010, 39, 4959. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Functionals UBHandHLYP  UBPW91 UB3LYP  UPBEPBE UTPSSH 
% of Hartree-Fock Exchange 50 B1 0B2 20 B1 0B1 10B3 

 
 
 

 
 
 

 
 

 

−0.297 −0.250 −0.249 −0.255 −0.228 

3.452 3.498 3.423 3.482 3.465 

−0.432 −0.385 −0.373 −0.358 −0.381 

0.892 0.727 0.790 0.706 −0.829 

Magnetic exchange coupling 
constants (J) in cm−1 

511 142 137 133 408 



 

Table B.S3. Variation in spin densities on the magnetic centers 
[ETCE]− (A−) and coupling constants in the V
 
               Gamma (Γ) point                      
 

                 

 

 
             J = −7.072 cm−1                     
 

 

 

 

Table B.S4. Estimation of magnetic exchange coupling constant with the hybrid PBE0 
functional (at PBE1PBE/LANL2DZ level) at 

 

Spin state Energy in a.u.

High spin (quintet) -1486.6654340
Low spin (triplet) -1486.6668841

 

* The 2S  values are obtained through unrestricted density functional approach. The 

unrestricted density functional calculation leads to the problem of spin contamination. Due to 

this spin contamination, the 

6.000.B4, B5 

 

B4. (a) Bhattacharya, D.; Misra, 
A.  J. Phys. Chem. A, 2010, 114

B5. Paul S.; Misra, A. J. Chem. Theory and Comput.

Variation in spin densities on the magnetic centers [Cr(Cp*)
) and coupling constants in the V-pair with nk points (n = 0, 1, 2)

                     n=1                                           n=2

                       

                     J = −7.501 cm−1                   J = −9.297 

Estimation of magnetic exchange coupling constant with the hybrid PBE0 
functional (at PBE1PBE/LANL2DZ level) at Gamma (Γ) point only. 

Energy in a.u. 2S *  J

1486.6654340 6.100961 -107.24 
1486.6668841 3.133394 

values are obtained through unrestricted density functional approach. The 

unrestricted density functional calculation leads to the problem of spin contamination. Due to 

tamination, the 2S  value is found to be deviated from the exact value of 

) Bhattacharya, D.; Misra,  A. J. Phys. Chem. A, 2009, 113, 5470; (
114, 2022. 

J. Chem. Theory and Comput., 2012, 8, 843.  

[Cr(Cp*)2]
+ (D+) and  

= 0, 1, 2) 

n=1                                           n=2                       

 

−9.297 cm−1                 

Estimation of magnetic exchange coupling constant with the hybrid PBE0 

J  in cm−1 

107.24 cm−1 

values are obtained through unrestricted density functional approach. The 

unrestricted density functional calculation leads to the problem of spin contamination. Due to 

value is found to be deviated from the exact value of 

, 5470; (b) Shil, S.; Misra, 



 

Figure B.S2. Spin populations of the high-spin states at different functionals. 

 

 

 

 

 

 

 

 



 

Spin populations at UBHandHLYP: 

Mulliken atomic spin densities: 

             1  Cr   3.452088 
     2  C   -0.075705 
     3  C   -0.063121 
     4  C   -0.045285 
     5  C   -0.052738 
     6  C   -0.060055 
     7  C    0.015104 
     8  H   -0.000610 
     9  H   -0.000434 
    10  H   -0.000001 
    11  C    0.018556 
    12  H    0.000152 
    13  H   -0.000172 
    14  H   -0.001848 
    15  C    0.030128 
    16  H   -0.001165 
    17  H   -0.001640 
    18  H    0.000560 
    19  C    0.029040 
    20  H   -0.002802 
    21  H   -0.000792 
    22  H    0.000371 
    23  C    0.016175 
    24  H    0.000376 
    25  H   -0.001354 
    26  H   -0.000248 
    27  C   -0.108805 
    28  C   -0.062361 
    29  C   -0.021571 
    30  C   -0.120283 
    31  C   -0.119003 
    32  C    0.045692 
    33  H    0.000664 
    34  H   -0.002864 
    35  H    0.004106 
    36  C    0.082698 
    37  H   -0.006715 
    38  H   -0.000653 
    39  H    0.001546 
    40  C   -0.001421 
    41  H   -0.002097 
    42  H   -0.001464 
    43  H   -0.003589 
    44  C    0.031833 
    45  H   -0.000336 
    46  H   -0.000281 
    47  H   -0.001393 
    48  C    0.012664 
    49  H    0.006226 
    50  H   -0.002422 
    51  H   -0.001617 



 

    52  N    0.049340 
    53  N    0.167389 
    54  C   -0.004473 
    55  H    0.002348 
    56  O    0.099409 
    57  O    0.017629 
    58  N    0.223715 
    59  C    0.484294 
    60  C    0.408096 
    61  C   -0.231266 
    62  C   -0.136223 
    63  C   -0.085798 
    64  C    0.020922 
    65  C   -0.000062 
    66  H   -0.000062 
    67  H   -0.000007 
    68  H    0.001710 
    69  H   -0.000095 
 Sum of Mulliken spin densities=   4.00000 

 

Spin populations at UB3LYP: 

Mulliken atomic spin densities: 

     1  Cr   3.422894 
     2  C   -0.070972 
     3  C   -0.069556 
     4  C   -0.015448 
     5  C   -0.028181 
     6  C   -0.065246 
     7  C   -0.031425 
     8  H    0.000000 
     9  H   -0.000386 
    10  H    0.000826 
    11  C    0.002208 
    12  H    0.000927 
    13  H    0.001524 
    14  H   -0.001862 
    15  C    0.043588 
    16  H    0.000101 
    17  H   -0.001921 
    18  H    0.001478 
    19  C    0.046722 
    20  H   -0.003167 
    21  H    0.000387 
    22  H    0.001457 
    23  C   -0.001597 
    24  H    0.001098 
    25  H   -0.001779 
    26  H    0.001529 
    27  C   -0.109473 
    28  C   -0.067410 
    29  C   -0.018869 
    30  C   -0.078382 
    31  C   -0.099357 



 

    32  C    0.024940 
    33  H    0.000829 
    34  H   -0.001121 
    35  H    0.005098 
    36  C    0.063182 
    37  H   -0.002777 
    38  H   -0.000737 
    39  H    0.001107 
    40  C    0.002044 
    41  H   -0.001989 
    42  H   -0.002236 
    43  H   -0.002074 
    44  C    0.028099 
    45  H   -0.001191 
    46  H   -0.000268 
    47  H    0.000027 
    48  C    0.022861 
    49  H    0.008220 
    50  H   -0.002275 
    51  H   -0.001516 
    52  N    0.044192 
    53  N    0.138277 
    54  C   -0.003654 
    55  H    0.002692 
    56  O    0.087095 
    57  O    0.025861 
    58  N    0.177527 
    59  C    0.406035 
    60  C    0.383816 
    61  C   -0.148961 
    62  C   -0.083880 
    63  C   -0.064732 
    64  C    0.033645 
    65  C    0.000030 
    66  H   -0.000055 
    67  H    0.000007 
    68  H    0.002159 
    69  H    0.000015 
 Sum of Mulliken spin densities=   4.00000 
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TDDFT results for d-d vertical excitation: The d-d excitations along with their oscillator 
strengths and orbital transition coefficients are listed in Tables C.S1, C.S2 and C.S3. 

 

Table C.S1. Complex 1 TDDFT results. 

Excitations Oscillator 
Strengths (fosc) 

Orbital transition 
coefficient 

dyz →dx2-y2 (HOMO→LUMO)  0.003210117 0.713318 
 

dxz →dx2-y2 0.002323539 0.555789 
 

dyz →dz2 0.000075149 0.280159 
 

 

Table C.S2. Complex 2 TDDFT results. 

Excitations Oscillator 
Strengths (fosc) 

Orbital transition 
coefficient 

dyz →dx2-y2 (HOMO→LUMO)  0.007747317 0.838286 
 

dxz →dx2-y2 0.006952073 0.795980 
 

dyz →dz2 0.006828186 0.426463 
 

 

Table C.S3. Complex 3 TDDFT results. 

Excitations Oscillator 
Strengths (fosc) 

Orbital transition 
coefficient 

dyz →dx2-y2 (HOMO→LUMO)  0.004066582 0.953855 
 

dxz →dx2-y2 0.001813928 0.827064 
 

dyz →dz2 0.001813928 0.101435 
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Figure D.S1. The Density of States (DOS) plots of the complex in (a) the unperturbed state 
and (b) under external electric field of magnitude 4.0×10
 

 
 
 
 
 
 
 
 

: Supplementary Information for Chapter 6 

 
(a) 

 
(b) 

The Density of States (DOS) plots of the complex in (a) the unperturbed state 
and (b) under external electric field of magnitude 4.0×10–3 a.u. 

The Density of States (DOS) plots of the complex in (a) the unperturbed state 



 

Figure D.S2. Mulliken atomic spin densities at different applied electric fields. 

 

Mulliken atomic spin densities at zero applied electric field: 
 

Mulliken atomic spin densities: 
 
     1  Co   2.550419 
     2  N    0.087736 
     3  C   -0.014911 
     4  S    0.093805 
     5  N    0.086775 
     6  C   -0.012992 
     7  S    0.098080 
     8  N    0.046077 
     9  C   -0.013895 
    10  C    0.003092 
    11  H    0.000461 
    12  C   -0.011425 
    13  H    0.000928 
    14  C    0.002097 
    15  C   -0.007749 
    16  C   -0.002263 
    17  C   -0.007625 
    18  C    0.002948 
    19  H    0.000648 
    20  C   -0.007810 
    21  H    0.000629 
    22  C    0.002016 
    23  C    0.000185 



 

    24  H    0.000166 
    25  C    0.000688 
    26  H    0.000203 
    27  C    0.002883 
    28  H   -0.001242 
    29  H   -0.000366 
    30  H   -0.000355 
    31  C    0.002250 
    32  H   -0.000836 
    33  H   -0.000187 
    34  H   -0.000280 
    35  N    0.042802 
    36  N    0.042888 
    37  C   -0.007695 
    38  C    0.003491 
    39  H    0.000681 
    40  C   -0.008314 
    41  H    0.000664 
    42  C    0.002415 
    43  C   -0.002185 
    44  C   -0.008090 
    45  C   -0.012874 
    46  C    0.003260 
    47  H    0.000451 
    48  C   -0.012207 
    49  H    0.000967 
    50  C    0.002339 
    51  C    0.000745 
    52  H    0.000199 
    53  C    0.000244 
    54  H    0.000166 
    55  C    0.002395 
    56  H   -0.001026 
    57  H   -0.000174 
    58  H   -0.000265 
    59  C    0.002879 
    60  H   -0.001096 
    61  H   -0.000346 
    62  H   -0.000349 
    63  N    0.047884 
 Sum of Mulliken spin densities=   3.00000 
 

Mulliken atomic spin densities at +0.004 a.u. applied electric field: 
 

Mulliken atomic spin densities: 
 
     1  Co   2.353109 
     2  N    0.000980 
     3  C   -0.043498 
     4  S    0.009624 
     5  N    0.171036 
     6  C   -0.063613 
     7  S    0.338287 
     8  N    0.069482 
     9  C   -0.013454 



 

    10  C    0.006847 
    11  H    0.000433 
    12  C   -0.007254 
    13  H    0.000599 
    14  C    0.003165 
    15  C   -0.000119 
    16  C    0.000371 
    17  C   -0.010109 
    18  C    0.013356 
    19  H   -0.000223 
    20  C    0.002028 
    21  H    0.000079 
    22  C    0.001302 
    23  C    0.004147 
    24  H    0.000039 
    25  C    0.000981 
    26  H    0.000281 
    27  C    0.003795 
    28  H   -0.002503 
    29  H   -0.000363 
    30  H   -0.000388 
    31  C    0.003022 
    32  H   -0.000563 
    33  H   -0.000289 
    34  H   -0.000536 
    35  N    0.093918 
    36  N    0.038786 
    37  C   -0.005155 
    38  C    0.002692 
    39  H    0.000760 
    40  C   -0.004494 
    41  H    0.000300 
    42  C    0.000697 
    43  C   -0.000218 
    44  C   -0.005633 
    45  C   -0.011723 
    46  C    0.004682 
    47  H    0.000534 
    48  C   -0.010743 
    49  H    0.000779 
    50  C    0.002308 
    51  C   -0.000143 
    52  H    0.000252 
    53  C    0.000721 
    54  H    0.000152 
    55  C    0.002196 
    56  H   -0.000783 
    57  H   -0.000179 
    58  H   -0.000244 
    59  C    0.003581 
    60  H   -0.001746 
    61  H   -0.000328 
    62  H   -0.000321 
    63  N    0.049300 
 Sum of Mulliken atomic spin densities =   3.00000 
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CHAPTER 1 

 

Aromaticity and magnetism in metal based systems 

 

 

Abstract 

 

This chapter provides a brief account of the history and significant advances in the 
fields of aromaticity and magnetism. In this chapter a concise history of the origin and 
advancement of research in aromaticity is given which correlates the chronological 
development of the subjects with the evolution of new materials. The current status of the 
research in aromaticity, with special emphasis on the metal based aromatic molecules, is 
provided. Magnetism is also discussed according to the chronology of the advancement of the 
theory and explored materials. The effect of dimension in the magnetic properties is also 
discussed here. The emergence of new molecules for nanomagnets and the role of the 
theoretical advancement in designing such materials also discussed in this chapter. 
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1.1 Aromaticity 

The concept of aromaticity is of central importance to the theory and practice of 
teaching and research in chemistry. The chemical term “aromatic” is first known to be used 
by August Wilhelm Hofmann in 1855.1 Hofmann referred to a group of acids related to 
Benzoic acid as “aromatic acids” in his paper. In early 1860 ‘‘fatty’’ and ‘‘aromatic’’ 
compounds were differentiated by Kekulé.2 The word aromatic was first chosen by Kekulé to 
refer benzene derivatives richer in carbon (kohlenstoffreichere). A precise definition of 
aromaticity was never given by Kekulé other than some partial definitions in the 1865/66 
papers.3 In 1872, Kekulé described benzene as “a regular arrangement of the six carbon 
atoms”, thus implying a D6h symmetric structure. However, initially benzene was drawn with 
alternating single and double bonds indicating a D3h symmetric structure.4 The axiom, that 
‘‘In allen sogenannten aromatischen Substanzen kann eine gemeinschaftliche Gruppe, ein 
Kern, angenommen werden, der aus 6 Kohlenstoffatomen besteht.’’ (In every so-called 
aromatic substance one common group, a kernel which consists of 6 carbon atoms, can be 
assumed) was contradicted by Erlenmeyer in the case of naphthalene,5 by Körner,6 and by 
Dewar for pyridine.7 In 1922 Crocker noticed that “aromatic structure is observed only in 
those combinations of elements which furnish six extra or aromatic electrons above those 
needed to complete a single-bonded ring”.8 He was thereby first to recognize the six aromatic 
electrons and in this way correctly described benzene, pyridine, thiophene, furan, and pyrrol. 
The circle, signifying the six aromatic electrons, was introduced by Armit and Robinson in 
1925, but as they state that “the deletion of the central connecting bonds is more apparent 
than real”,9 it seems that they knew already from the beginning that their representation of 
polyaromatic hydrocarbons was flawed. In 1931, Hückel published the theory of cyclic 4n+2 
π-electron systems which forms the basis for Hückel´s rule for aromaticity.10 It was not until 
1959 that Clar made the refinements to the resonance structures (Figure 1.1).11 

 

Kekulé
1872

Armit and Robinson
1925

Clar
1959

 

Figure 1.1. Evolution of resonance structures of benzene and polybenzenoid hydrocarbons 
from Kekulé to Clar. 
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The concept of aromaticity is to some extent intuitive. As a matter of fact the notion 
of ‘‘aromaticity’’ is controversial, difficult to understand or to explain in a few words. It 
implies that there is still a long way to go, and to dig, before we can conclude that this 
concept is of seminal value, useful in providing insight for the phenomenon. The core of 
aromatic nature is often defined by referring to a series of structural, energetic and 
spectroscopic characteristics, of which the following constitute the core: (i) a highly 
symmetric, delocalized structure involving six C–C bonds of equal length, each with partial 
double-bond character, (ii) enhanced thermodynamic stability, and (iii) reduced reactivity as 
compared to nonaromatic conjugated hydrocarbons.12 Other properties that have been taken 
as symptoms of aromatic character are, for example, the down-field shift in proton NMR 
spectra, the exaltation of diamagnetic susceptibility, and a comparatively low reactivity.13 
The counterpart of benzene is the antiaromatic 1,3-cyclobutadiene which, for example, shows 
localized double bonds instead of a regular delocalized structure with four C–C bonds of 
equal length.12 There are many designations for aromaticity, but benzene is considered as the 
archetype of an aromatic molecule in all of the definitions. Soon after the designation of 
benzene as aromatic molecules, many characteristics of benzene were started to be used as 
benchmark to determine the aromaticity in other molecules. Often the degree of similarity of 
the characteristic between the molecule under study and benzene is then considered as a 
measure of Aromaticity. Aromaticity continues to be a topic in many studies associated not 
only with its relevance in chemistry, biology and technology, but also with the very concept 
itself. Indeed, despite many pioneering contributions on this issue, there is still a gap in our 
physical understanding of the nature of aromaticity.12,13,14 In the early twentieth century, 
Pauling and Hückel were the first to quantum chemically address the issue of benzene's 
structure and enhanced stability using valence bond (VB) and molecular orbital (MO) 
theory.15 In a VB-type approach, used by both Pauling and Hückel, the circular topology of 
benzene enables a resonance between the wave functions of two complementary sets of 
localized bonds, leading to an additional stabilization. In the MO approach applied by Hückel 
to the benzene problem, the enhanced stability of benzene compared, for example, to isolated 
or linearly conjugated double bonds, is attributed to an extra bonding contact (or resonance 
integral or interaction matrix element) in circularly conjugated hydrocarbons with 4n+2 π-
electrons15b,c (a generalization to other than pericyclic topologies was later derived by 
Goldstein and Hoffmann).16 

1.1.1. History and key advances 

Since the isolation of benzene, the number of aromatic compounds has exponentially 
increased (See Table 1.1 for a summary of the main advances in the field of aromaticity). 
Before the end of the 19th century, the list was enlarged with benzene related monocyclic six 
membered rings. Then, the concept of aromaticity was extended to polycyclic rings such as 
naphthalene, anthracene, or phenanthrene and to rings with heteroatoms such as thiophene 
and pyrrole, and to annulenes and their ions e.g., tropylium cation. The work of Hückel 
helped to find a rule to discern between aromatic and non-aromatic compounds. With the 
concept of metalloaromaticity, aromaticity broke the confinements of organic chemistry. On 
the other hand, Heilbroner defined Möbius aromaticity, which follows exactly the opposite 
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behaviour of 4n+2 rule. By means of theoretical calculations, Baird described a rule of triplet 
aromaticity which was experimentally validated by Wörner et al. in 2006.17 In 1978 Aihara 
introduced the three-dimensional aromaticity in boron clusters. Hirsch’s rule allows one to 
predict the spherical aromaticity of recently discovered fullerenes and nanotubes.18 Finally, 
the most important recent breakthrough in the field of aromaticity took place in 2001, when 
Boldyrev, Wang et al., characterised the first all-metal aromatic cluster Al4

2−. The properties 
of such molecules make them potentially useful for technical applications such as specific 
and very efficient catalysts, drugs, gas storage materials and other novel materials with as yet 
unimagined features. At variance with the classical aromatic organic molecules that possess 
only π-electron delocalization, these compounds present σ-, π-, and δ- (involving d-orbitals) 
or even ϕ- (involving f-orbitals) electron delocalization, exhibiting characteristics of what has 
been called multifold aromaticity. Figures 1.2 and 1.3 represent graphically the chronology of 
the advancement in aromaticity research. 

Table 1.1. List of the key advances of the concept of aromaticity listed in chronological 
order. 

Year Main Contributors Contributions 

1825 Micheal Faraday19 Isolation of benzene 
1865 August Kekulé20 Cyclohexatriene benzene formula 
1866 Ernlenmeyer21 Reactivity basis for aromaticity 
1922 Crocker22 Aromaticity sexet 
1931 Hückel23 (4n+2)π electron rule 
1938 Evans, Warhurst24 Transition state stabilization by aromaticity 
1945 Calvin, Wilson25 Metalloaromaticity 
1959 Winstein26 Generalization of homoaromaticity 
1964 Heilbronner27 Möbius aromaticity 
1965 Breslow28 Recognition of aromaticity 
1970 Osawa29 Superaromaticity 
1972 Clar30 Clar aromatic sextet 
1972 Baird31 Triplet aromaticity 
1978 Aihara32 Three-dimensional aromaticity 
1979 Dewar33 σ-aromaticity 
1979 Schleyer34 Double and in plane aromaticity 
1985 Shaik and Hiberty35 π-electron distortivity 
1985 Kroto36 Discovery of fullerenes 
1991 Iijima37 Discovery of nanotubes 
2001 Boldyrev and Wang38 All-metal aromaticity 
2005 Schleyer39 d-orbital aromaticity 
2007 Boldyrev and Wang40 δ-aromaticity 
2008 Tsipis and Tsipis41 ϕ-aromaticity 
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Figure 1.2. Most relevant advances of the concept of Aromaticity from 1825 to 1970. 
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Figure 1.3. Most relevant advances of the concept of Aromaticity from 1970 to 2010. 
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1.1.2. Aromaticity in metal based systems  

The concept of aromaticity is usually associated with organic compounds. The 
organometallic and inorganic aromatic species42 led the way to the discovery of σ-
aromaticity43 which was followed soon by the three dimensional aromaticity in certain 
spherical compounds.44 The geometric, energetic and magnetic criteria are helpful to 
determine aromaticity in such species. However, the discovery of pure all-metal aromatic 
systems (AMAS) has made a prospect to the theoretical chemists due to the special nature of 
their chemical bonding leading to the existence of multi-fold aromaticity.45 This discovery 
was followed by the searching of different novel all-transition metal aromatic as well as 
antiaromatic systems.46 The presence of σ-, π-, and δ- or even ϕ-electron delocalization 
together, unlike classical π-electron delocalization in organic systems, enriches this special 
class of compounds. Besides, few of such systems drew attention to the scientific community 
due to the simultaneous presence of aromatic and antiaromatic ring current. The typical all-
metal aromatic cluster Al4

2− was reported to be a doubly aromatic system with the 
simultaneous existence of σ- radial- (σr-), σ-tangential- (σt-) and π-aromaticities. A number of 
metallo-aromatic compounds, e.g., Cu3

+;47 X3
− (X=Sc, Y, La);48 X3

2− (X = Zn, Cd, Hg);49 
Hf3;

50 Ta3
−;51 Au5Zn+;52 Cu5Sc, Cu6Sc+, Cu7

3− and Cu7Sc;53 M4Li 2 (M = Cu, Ag, Au);54 M4L2 
and M4L

− (M = Cu, Ag, Au; L = Li, Na)55 etc.  are also reported. This disparity of aromaticity 
in such metallo-aromatic systems, with their classical organic analogues, asked for a new 
definition which will resolve all the complexity and discrepancy to describe the phenomena 
of aromaticity.  

1.2. Magnetism: History and Key Advancements  

The first use of a loadstone compass can be found in China popular as shao shih or 
tzhu shih, which the Chinese meant loving stone more than four millennia ago. Then came 
the French word l'aimant, meaning attraction or friendship for magnet. The English word 
magnet came from the name of a region of the ancient Middle East, Magnesia, where 
magnetic ores were found. The amazing natural magic of magnets was known to the priests 
and people in Sumer, ancient Greece, China and pre-Colomban America. Zheng Gongliang in 
1064, made a significant discovery that iron could acquire a resultant magnetization when 
quenched from red heat. Steel needles thus magnetized in the Earth’s field were the first 
artificial permanent magnets. They aligned themselves with the field when floated or suitably 
suspended. A short step led to the invention of the navigational compass, which was 
described by Shen Kua around 1088. A lodestone sliced in the shape of a Chinese spoon was 
the lynchpin of an early magnetic device, the ‘South pointer’. This ‘South pointer’ (Figure 
1.4) were used for geomancy in China at the beginning of our era utilizing the property of the 
spoon turning on the base to align its handle with the Earth’s magnetic field. Such permanent 
magnets are quite widespread in nature in the rocks rich in magnetite, the iron oxide Fe3O4 – 
which were magnetized by huge electric currents in lightning strikes.  
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Figure 1.4. Some early magnetic devices: the ‘South pointer’ used for orientation in China 
around the beginning of the present era. 

The Chinese are known to be the first to use abstract binary concepts such as yin/yang 
and male/ female, as well as understanding the concrete binary process of counting by the 
presence or absence of a bead in an abacus. But the development of a magnetic abacus, that 
is, a computer with binary magnetic information storage, took thousands more years to 
achieve. These magnetic memories were tiny toroids of ferrite that could be individually 
magnetized by simultaneous current pulses passing through two orthogonal wires. In this era 
of information technology the use of magnetic materials in tapes, floppy diskettes, and hard 
disks for the purpose of storing information are abundant in devices ranging from personal 
computers to supercomputers.  

Magnetic materials are the backbone of progress of information technology in current 
days. Our seemingly insatiable appetite for more computer memory is satisfied by a variety 
of magnetic recording technologies based on nanocrystalline thin-film media and magneto-
optic materials. Personal computers and many of our consumer and industrial electronics 
components are now powered largely by lightweight switch-mode power supplies using new 
magnetic materials technology that was unavailable 20 years ago. Magnetic materials touch 
many other aspects of our lives. Each automobile contains dozens of motors, actuators, 
sensors, inductors, and other electromagnetic and magneto-mechanical components using 
hard (permanent) as well as soft magnetic materials. Electric power generation, 
transformation, and distribution systems rely on hundreds of millions of transformers and 
generators that use various magnetic materials ranging from the standard 3% SiFe alloys to 
new amorphous magnetic alloys. Tiny strips or films of specially processed magnetic 
materials store one or more bits of information about an item or about the owner of an 
identification badge.  

The magnetic properties of solids arise essentially from the magnetic moments of 
their atomic electrons. The quantum mechanics of electrons is described by Dirac equation 
which speaks that electrons have an additional degree of freedom, known as ‘spin’. The 
mathematical form of a “spin” is angular momentum and the genesis of magnetism is 
considered to be inherent within the interaction of such spins. The key advances in the field 
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of magnetism are given in Table 1.2. in chronological order. Magnetism can be divided into 
two groups. In one group, either there is no net spin moment or there is no interaction 
between the individual spin magnetic moments and each moment acts independently of the 
others. Congeners belonging to these groups are referred to as diamagnets and paramagnets 
respectively. In the other group, the individual moment couple to one another and form 
magnetically ordered materials. The coupling, which is quantum mechanical in nature, is 
known as the exchange interaction and is rooted in the overlap of electrons in conjunction 
with Pauli's exclusion principle. Most of the well known magnets are based on the 
compounds of iron, cobalt, nickel, gadolinium etc. which are ferromagnetic i.e. having 
unpaired spins in parallel orientation in their bulk state. The situation, where each spin is 
aligned antiparallel to its nearest neighbors, gives rise to antiferromagnetism. Metal 
compounds, MnO, MnF2 or NiO are the archetypes of antiferromagnetic materials. In case, 
the numbers of antiparallel and parallel pair of spins are different or the antiparallelly aligned 
spins are of unequal magnitude, a remnant magnetization develops in the material.  

Table 1.2. List of the key advances in the field of magnetism in the chronological order. 

Period Dates Icon Materials 

Ancient Period -2000-1500 Compass Iron, loadstone 
Early modern age 1500-1820 Horseshoe magnet Iron, loadstone 
Electromagnetic age 1820-1900 Electromagnet Electrical steel 
Age of understanding 1900-1935 Pauli matrices -- 
High-frequency age 1935-1960 Magnetic resonance Ferrites 
Age of Applications 1960-1995 Electric screw driver Sm-Co, Nd-Fe-B 
Age of spin electronics 1995- Read head Multilayers 
 

1.2.1. Dimensionality and magnetic properties 

An important branch of the molecular magnetism deals with molecular systems with 
bulk physical properties, such as long-range magnetic ordering. Molecular compounds with 
spontaneous magnetization below a critical temperature were reported during the eighties.56 
These pioneering reports encouraged many research groups in organic, inorganic, or 
organometallic chemistry to initiate activity on this subject, and many new molecule-based 
magnets have been designed and characterized. A tentative classification can arise from the 
chemical nature of the magnetic units involved in these materials— organic- or metal-based 
systems and mixed organic–inorganic compounds. The field of molecular 
magnetism is enriched with materials based on several families of magnetic metal complexes, 
such as the oxamato, oxamido, oxalato-bridged compounds and cyanide-bridged systems. 
The most extensively used spin carriers are 3d transition metal ions. The magnetic 
interactions between these ions are now well understood and enable the rational synthesis of 
materials. The heavier homologs from the second and third series have been envisaged only 
recently for the construction of hetero-bimetallic materials. In 1995 Olivier Kahn wrote a 
paper reviewing the magnetism of hetero-bimetallic compounds.57 An important part of this 
review was devoted to finite polynuclear compounds, which can be considered as models for 
the study of exchange interactions. Magnetic ordering is a three dimensional property, 
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however, and the design of a molecule-based magnet requires control of the molecular 
architecture in the three directions of space.   

1.2.2. Discrete molecules  

One of the first high-spin molecules was prepared in 1988. It was a trinuclear linear 
CuMn2 species synthesized by using [Cu(pba)]2− as the core and [Mn(Me6-[14]ane-N4)]

2+ as 
a peripheral complex.58 However, no single crystal was obtained, and any structure in 
agreement with the magnetic properties was proposed foe this species. The compound shows 
ferrimagnetic behavior with an irregular spin state structure resulting from the 
antiferromagnetic interaction between the peripheral Mn ions (SMn = 5/2) and 
the middle Cu ion (SCu = 1/2). The low-temperature magnetic behavior is the characteristic of 
a high-spin ground state equal to S = 9/2. Efforts were later made to obtain structural 
information for such species.59 In this context it can be mentioned that Liao’s group 
succeeded in isolating crystals of binuclear and trinuclear compounds with the NiII ion (SNi = 
1).60 These compounds were obtained by the reaction of CuL2− (L = pba, pbaOH and opba) 
with NiL2+, L being tetraamine ligands, final compounds having formula (L Ni)CuL or (L 
Ni)2CuL2+. These compounds have been magnetically characterized, and is confirmed that 
they possess the expected ferrimagnetic behavior with an S = 3/2 ground state with a zero-
field splitting. Another interesting example that can be cited here is by Ouahab and Kahn 
with the opbaCl2 ligand and its CuII complex.61 The reaction of the CuII precursor with 
ethylenediamine, en, and MnII in the solvent DMSO led to an unprecedented trinuclear 
species MnIIICuIIMnIII . 

1.2.3. The importance of spin-nano magnets  

The data storage industry is fast approaching the limit of the traditional bulk magnets 
used in computer hard drives. The ferromagnets that have been employed since IBM 
introduced the technology in 1953 are fundamentally limited, since the data becomes more 
volatile as the bit is made smaller. This has been termed the super-paramagnetic limit.62 
Increasingly sophisticated methods are being used to dodge this limit, such as perpendicular 
storage63 or using different substrates in disk construction. The issue is that as the domain of 
these bulk ferromagnets decreases, the potential for spontaneous demagnetisation 
(randomisation of spin orientation) becomes greater. Currently the bulk magnetic domain 
(which is made out of many small magnetic grains) is around the order of 100 nm.64 Instead 
of continuing to evade this limit, it is possible to take a “bottom up” chemical approach for 
the construction of the magnetic bit. The ultimate goal of the nano-magnet is to create a 
molecule that is stable at room temperature, that retains its spin orientation for long periods 
and that can be easily read or manipulated. If this can be achieved then a new age of quantum 
storage is possible.  
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1.2.4. The single molecule magnet and the potential of quantum storage 

The single molecule magnet (SMM) is one approach to create a molecular bit.65 Each 
individual molecule is used to store data as the orientation of its electronic spin. The critical 
equation that governs the eligibility of an SMM takes the form  

                                                      
2SDE =                                                                    (1.1) 

where E is the energy of the spin reversal barrier, S is the total spin of the system and D is the 
large component of the magnetic anisotropy. The energy barrier dictates the temperature up 
to which the spin retains its stability and thus controls the magnetic half-life of a nano-
magnet. The issue of constructing large energy barriers is a chemical problem with two 
avenues to exploit; either the total spin of the system be large or the magnetic anisotropy 
could be increased. The current experimental trend is to construct ever larger clusters of 
inorganic molecules that contains multiple spin-unpaired electrons.66 To create a molecule 
with a large paramagnetic ground state there are three main options, namely— (i) the use a 
hetero-metallic system where the metal spins are unbalanced, (ii) a homo-metallic system that 
contains an odd number of metal centres or (iii) a spin frustrated system. There is on-going 
research into the applicability of f-block elements67 to attain ever higher ground state spins. A 
limitation of this approach is becoming apparent although the energy barrier scales as S2, the 
D tensor tends to scale as S2 and thus renders the barrier increasing with spin of the order of 
S0.68 A second factor in the construction of an SMM that must be considered is the magnetic 
anisotropy, D, which determines the spacing between the various spin states along the energy 
barrier. 

 

Figure 1.5. Diagram of the SMM energy barrier for an S = 4 system. 

Here in Figure 1.5, Ms is the projection of spin in the Sz direction (the spin 
quantization axis). To create an SMM, D must be negative as this guarantees a ground state 
where the spin is all aligned along Sz and thus has a defined orientation for manipulation. As 
the molecule is excited and accesses higher lying Ms states, the spin is less orientated along Sz  
until it reaches the top of the energy barrier where Ms = 0 and is no longer orientated along 
that axis, at this point data would be lost. Nevertheless, a discussion of the quantum 
tunnelling mechanism is outside the work of this thesis. D is a difficult parameter to control 
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chemically as in inorganic systems it is dominated by spin-orbit coupling (SOC) and is 
extremely sensitive to ligand effects.   

1.2.5. The role of theory in developing new magnetic molecules  

Theoretical chemistry has some clear advantages in elucidating what is needed to 
create large D values. We are able to break D into its component factors of spin-spin 
interaction and spin-orbit coupling. Then, we are able to break down the spin-orbit coupling 
further and analyze the way its components influence its magnitude. Being able to calculate 
large SMMs is however out of the reach of pure wave-function methods due to their high 
computational cost; instead we must turn to density-functional theory (DFT), which has a 
much better scaling factor. Recently, Neese developed new methods of calculating the ZFS in 
a DFT framework; however it remains unclear if DFT in its current form is able to accurately 
model the coupling of the excited spin states needed to calculate D. Some analogy can be 
made to the electronic g-factor which is now readily studied in theory with a good degree of 
accuracy.69 However, this is where the current limit of theoretical chemistry lies as the g-
value only involves the coupling of electronic configurations of the same spin and the D 
value requires the coupling of excited states that can vary from the state of interest by S ±1. It 
is not clear that DFT is able to accurately model excited states of this nature as it is a theory 
of the ground state density. DFT studies so far show qualitative agreement with experiment.70 

The historic calculations of ZFS were done with ab initio methods.71 

1.3. Objectives of the Thesis 

The objective of the present thesis is to study the aromaticity of novel metal based system 
and the magnetic properties of metallo-organic complexes. The precise objectives of this 
thesis are defined in the following:   

1. To study the aromaticity in metal based system and provide an insight about the onset 
of magnetism at the expense of aromaticity in such systems. 
 

2. To study the effect of dimensionality on the magnetic exchange interaction of charge 
transfer transition metal complexes. 
 

3. To study the effect of ligand-field on the magnetic anisotropy of the transition metal 
complexes. 
 

4. To study the effect of external electric field in tuning the magnetic anisotropy of the 
metal base complexes. 

Every chapter in this thesis is complete by itself; that is, it contains its own introduction, 
complete list of references, figures, tables, and interim conclusions etc. 
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CHAPTER 2 

 

Theoretical methods to quantify aromaticity and magnetism 

 

 

Abstract 

 

The present chapter presents a brief account of the basic theoretical information 
related to aromaticity, magnetic exchange coupling constant and magnetic anisotropy. The 
significance of the quantification of aromaticity has been discussed with special emphasis on 
the fundamental categories based on which the assessment of aromaticity is performed. A 
short description of the available methods for quantification of aromaticity, which are of 
subsequent use in this work, is also presented. A brief background for the estimation of 
magnetic exchange coupling constant has been provided. Two different methods of 
determination of the magnetic exchange coupling constant (J) is given, namely, the broken 
symmetry approach and the spin-flip DFT approach. The theoretical approach behind these 
two methods are discussed elaborately. A short account of the basic theory behind the 
quantification of magnetic anisotropy is also provided here. There are two popular methods 
for the quantification of magnetic anisotropy. The Pederson-Khanna (PK) approach and the 
Neese method for quantification of zero-field splitting (ZFS) parameter D, in connection to 
the magnetic anisotropy are discussed with proper emphasis on the estimation of the spin-
orbit coupling in spin-systems.   
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2.1 Quantification of Aromaticity 

Aromaticity is one of the most pervasive concept in chemistry.1 Although initially 
well defined in terms of cyclic electron delocalization in benzene and similar benzenoid 
rings,2 the concept of aromaticity has been extended for many different classes of molecules, 
making it ambiguous over time. One can come to know about eight different classes of 
molecules that manifest aromatic property as defined by Minkin et al.,3 in their book 
“Aromaticity and Antiaromaticity, Electronic an Structural Aspects”, namely,(i) Aromaticity, 
(ii) Antiaromaticity, (iii) Heteroaromaticity, (iv) Homoaromaticity, (v) σ-aromaticity, (vi) In-
plane aromaticity, (vii) Three-dimensional aromaticity and (viii) Spherical aromaticity. 
Although there are different classes of molecules that manifest aromaticity, there is no 
definite observable based on which one can classify a molecule as aromatic. The qualitative 
distinction of cyclic compounds into aromatic, nonaromatic, and antiaromatic (Scheme 2.1), 
is quite clear. However, it is also well documented that aromaticity is a qualitative as well as 
a quantitative concept.4 

Scheme 2.1 Examples of Aromatic, Nonaromatic and Antiaromatic compounds    
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The features that distinguish an aromatic compound from a nonaromatic compound 
have been comprehended for a long time as —(1) cyclic compound with a large resonance 
energy (RE); (2) tendency to react by substitution rather than addition; (3) aromatic sextet 
and related Hückel rule of (4n + 2)π electrons; (5) ability to sustain a diamagnetic ring 
current. Significant scrutiny of the concept of aromaticity prompts the scientific community 
for the proposition of some new indices to define aromaticity in a more precise and 
quantitative manner. Many different quantities have been derived to express the degree of 
aromaticity in various molecules. The existent aromaticity indices can be divided into a few 
fundamental categories, such as (i) energetic, (ii) structural, (iii) magnetic and (iv) electronic 
criteria. Also the techniques that are applied to obtain quantitative measures of aromaticity 
may be divided into four main groups:5 (1) measurements of the energy (heat of formation) of 
aromatic compounds and comparison of this with the estimated heat of formation of a 
hypothetical model analogue lacking cyclic conjugation; (2) measurement of the geometries 
of aromatic compounds and their comparison with geometries of nonaromatic analogues 
either measured or estimated; (3) measurement of magnetic properties of aromatic 
compounds and comparison with those expected for nonaromatic analogues; (4) quantum 
chemical calculations corresponding to all of these experimental approaches. It has now been 
convenient to choose physical methods over chemical techniques to provide a quantitative 
measure of aromaticity.  

Depending on the nature of measured parameters and the physical state of the system 
when the measurement is being performed, the estimation of aromaticity encounters many 
inherent inconsistencies and discrepancies. Not only experimental techniques, theoretical 
approximations are also not free from inconsistencies and lead aromaticity as a contentious 
subject. These problems render the measurement, and indeed the definition of aromaticity to 
be multifaceted. Here we present an unbiased overview of some of the multifarious measures 
of aromaticity.4 

2.1.1 Aromaticity indices  

The multidimensional nature of aromaticity led scientists to quantify the effect that 
aromaticity exerts on different structural, magnetic, and electronic properties. There is a 
plethora of different aromaticity indices which measures the aromaticity of different class of 
aromatic compounds. The indices that have been used in this thesis are briefly discussed in 
the following subsections.  

2.1.1.1. Nucleus Independent Chemical Shifts (NICS)  

Nucleus independent chemical shifts (NICS) is a aromaticity index based on magnetic 
property manifested by an aromatic molecule.6 NICS index is calculated by taking the 
negative of the absolute magnetic shielding tensor of a dummy atom placed at the geometric 
center of an aromatic ring, the so-called NICS(0) index. Firstly, only this index was applied 
to estimate aromaticity in a molecule. The problem with this index was the large effect of the 
π-orbitals on the NICS(0) value. We are also concerned to estimate aromaticity that arises 
due to the participation of π-orbitals in the molecule. Hence, the dummy atom was later 
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moved to 1 Å above the molecular plane (NICS(1)), thus assessing the influence of the π-
framework of the molecule (Figure 2.1).7 Negative NICS values indicate a diatropic ring 
current (aromaticity) while positive NICS values indicate a paratropic ring current 
(antiaromaticity). The isotropic chemical shift is represented as the average of the xx, yy, and 
zz tensor components. As the xy plane conventionally taken to be the molecular plane, and the 
magnetic field is applied along the z-direction, the zz tensor (out-of-plane) component reveals 
the most relevant information about aromaticity.8 The NICS index which only regards the zz 
component of the isotropic chemical shift tensor is designated as NICS(1)zz, and is one of the 
most useful and reliable measures of aromaticity now a days. 

 

 

Figure 2.1. The scheme of calculation of NICS and NICS-scan by measuring the magnetic 
shielding at the ring centre and points above the ring plane.  

2.1.1.2. NICS scan 

Although NICS is widely accepted measure of aromaticity, one disadvantage of this 
index is a matter of concern, and that is only one point in space is regarded ofr the evaluation 
of NICS. Stanger introduced an alternative index based on the NICS index to alleviate the 
problems of using the NICS(0) and NICS(1) single point approaches.9 In this NICS-scan 
method the NICS values are calculated at each 0.1Å increment from the ring centre upto 5 Å 
above the ring (Figure 2.1). The plots of NICS-scan for aromatic compounds show deep 
minima for both the out-of-plane component and the overall isotropic chemical shift. On the 
other hand, antiaromatic compounds display a highly positive out-of-plane component close 
to the ring centre and then decrease to zero with increasing distance. 

2.1.1.3. Electron Localization Function (ELF) 

As electron delocalization is assessed as the main crux in the phenomenon of 
aromaticity, it is obvious that the aromaticity indices which reflect the electron delocalization 
are considered as the most appropriate measure.10 Hence another method to trace aromaticity 
is explored as the Electron Localization Function (ELF) based on the properties of the 
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electron localization function. The electron localization function is viewed as a mathematical 
description of the valence shell electron-pair repulsion (VSEPR) theory as presented in 1990 
by Becke and Edgecombe.11 The ELF and is defined as 
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where ( )rχ is a dimensionless localization index referenced to the uniform electron gas. ( )rT

is the local excess of kinetic energy due to the Pauli repulsion, and ( )rTh  is the Tomas-Fermi 

kinetic energy of the uniform electron gas.12 The ELF can have values between 1 and 0. ELF 
attains values close to 1 where electrons are alone or paired with opposite spins, while in 
regions between the electron pairs ELF accomplish a smaller value due to Pauli repulsion.12 
The π-component of the electron localization function (ELFπ) is generally used as an 
indicator of aromaticity. 

2.1.1.4. Multi-centre electron delocalization index 

Electronic delocalization based descriptors of aromaticity are now-a-days being 
considered to play an important role in the characterization of aromaticity. Among these 
tools, the multicenter indices are the most versatile and are widely used to characterize 
different classes of aromaticity. The ringI

 
is the first among these descriptors, defined by 

Giambiagi et al.13 and is estimated as  
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where ni is the occupancy of  i-th MO and Sij(A) is the overlap between MOs i and j within the 

molecular space assigned to atom A. The ringI  index measures the electron delocalization along 

the molecular ring.14 The multi-center index (MCI) is an improvement over ringI
 
that includes 

the delocalization across a ring.15 MCI is defined as the sum of all the ringI
 
values resulting 

from the permutations of indices A1, A2, ..., AN  
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Here P(A) is a permutation operator which interchanges the atomic labels A1, A2, ..., AN to 
generate up to the N! permutations of the elements in the string A.16 A more positive MCI 
value indicates the ring to be more aromatic.  
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2.2. Estimation of Magnetic Exchange Coupling Constant (J) 

Two electrons with parallel or antiparallel spins behave differently, even though the 
fundamental interaction is the same. If unpaired electrons are present on the metal centres of 
an oligonuclear transition metal complex, the spins of these electrons can couple either in 
parallel (ferromagnetic) or antiparallel fashion (antiferromagnetic) as is depicted in Figure 
2.2. It is obvious that the atomic spin quantum numbers are no longer valid to describe the 
coupled spin system involving interaction between two spin-centres. A total spin quantum 
number S is now required. Hence, a proper description of the simplest system of one unpaired 
electron at each of the spin containing centres (e. g. CuII

2), would require S to be either 0 for 
the antiferromagnetically coupled state or 1 for the ferromagnetically coupled state.  

 

(a) 

 

(b) 

Figure 2.2. Ferromagnetic (a) and antiferromagnetic (b) coupling of two metal centers via σ-
bonding. 

The energy difference between these two states is described by the exchange coupling 
constant J. Negative value of J denotes an antiferromagnetic ground state while a positive 
value indicates a ferromagnetic ground state.17 The energy and the magnetic properties of 
such dinuclear systems can be described by the Heisenberg-Dirac-van Vleck (HDvV) 
Hamiltonian, popularly known as “Spin-Hamiltonian”  

                                                                jiij SSJH ˆˆ2 •−=
                                                   

(2.4) 
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where, ̂ iS and ĵS 
are the spin angular momentum operators on magnetic sites i and  j and ijJ  is 

the exchange coupling constant between them.18  

 

2.2.1. Broken symmetry spproach 
 

Open-shell transition metal ions have several accessible electronic states which give 
rise to a number of different spin-states. Although the high spin state for a dinuclear system 
(↑↑) can easily be described in the density functional theory framework, the description of the 
low-spin state (↑↓ − ↓↑) requires multiple determinants and this is not possible in DFT.19 As a 
solution to this problem, one can guess the true low-spin state as a single determinant wave 
function (↑↓ or ↓↑) and subsequently re-optimize the orbitals applying variational principle.20 
This method was first coined by Noodleman and is popularly known as the broken symmetry 
method.21 The optimized wave function is the broken symmetry solution to the problem. This 
method reproduces the correct charge density for the molecule, but as an artifact the spin 
density produced is incorrect. A broken symmetry solution for the simplest CuII2 benchmark 
system should produce a single spin-up density at one CuII centre and single spin-down 
density at the other CuII atom. On the other hand, the true spin density of the low-spin state 
should be zero throughout the whole molecule. Hence, this is clearly not the case for the 
broken symmetry solution (Figure 2.3). 

 

 
 
Figure 2.3. Spin densities of the broken symmetry solution for the CuII2 benchmark system. 

The two uncoupled spins are in the 22 yx
d −  orbitals of the two metal centers. Some spin 

density is also delocalized over the bridging atoms. 
 

Once the correct charge density and thus the correct energy of the high- and low-spin 
states of the dinuclear complex are known, the exchange coupling constant between metal 
centres 1 and 2 can be computed with the help of the spin Hamiltonian (eqn. 2.4). Given the 

relation in eqn. 2.5 below, where Ŝ  is the total spin operator and1Ŝ , 2Ŝ  are the spin operators 

for the individual magnetic centres 
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the HDvV Hamiltonian now becomes 
 

                                                   
( )2

2
2
1

2 ˆˆˆˆ SSSJH HDvV −−−=
                                        (2.6) 

 
The energy expectation values of the high- and low-spin states can be calculated, assuming 

the wave functions are eigen functions of2
1Ŝ and 2

2Ŝ , as 
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where 
HS

S2ˆ and 
BS

S2ˆ  are the spin expectation values of the high- and low-spin states 

respectively. From eqns 2.7 and 2.8 the magnetic exchange coupling constant J comes out as  
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Eqn. 2.9 represents the interpolative broken symmetry solution,22 as proposed by Yamaguchi 
et al.23 In the extreme cases of an uncoupled system eqn 2.9 reduces to the so called spin-
projected equation 
 

                                                                
2
maxS

EE
J BSHS −

−= .                                                (2.10) 

 
The spin-projected formalism has been directly implied by the treatment of Noodleman for 
the broken symmetry problem.21 On the other hand, for a fully coupled low-spin 
configuration, eqn. 2.9 reduces to the spin-unprojected equation  
 

                                                              ( )1maxmax +
−

−=
SS

EE
J BSHS .                                            (2.11) 

 
This approach was developed by Ruiz et al.23 The general applicability of the expression of J 

given by Yamaguchi (eqn 2.9) can be understood through the following dependence of 2Ŝ  

of a Slater determinant on the overlap of magnetic orbitals.24 
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where, αβ
ijO is the overlap between the spin orbitals referring to opposite spins. In case of the 

overlap among all pairs of α and β orbitals, the sum in eqn 2.12 is reduced to a summation 
over Nβ with individual terms all equal to 1. Therefore, the sum equals N β and the total spin 
expectation value indicates a pure spin state with <S2>BS= 0, and the denominator in eqn 2.9 

transforms to ( )1maxmax +SS which resembles eqn 2.11.  

 
2.2.2. Spin-flip DFT approach 
 

The exchange coupling constants J is related to the energy gap between the high- and 
low-spin states of a system (eqns 2.7 and 2.8). Hence, J can be calculated once the energies 
of two adjacent true spin states are known. Unfortunately, the true spin states are often multi 
determinantal in nature and are not properly describable by single determinantal ordinary 
KSDFT method as is discussed in the previous section. Thus a new methodology can be 
adopted based on the creation of single determinantal micro-states by single electron spin-flip 
excitations from the high-spin reference state, which has a single determinantal wave 
function. This methodology is known as spin-flip constricted variational DFT (SF-CV-DFT) 
formalism. The energy of the resulting single determinantal micro-states are calculated 
relative to the high-spin reference as 

 

                  
KS

iaiaiaai
KS

aiiaia KFA ,, +−== →→ εεψψ                                    (2.13) 

 

where a is a spin orbital of beta spin. The KS
iaiaK ,  terms for spin-flip excitations can be derived 

within the non-collinear DFT formalism.25 The single determinantal micro-states ai→ψ are 

eigenfunctions of the zŜ operator, but not of the2Ŝ  operator. However, the symmetrized 

linear combinations of the single determinants ai→ψ  

 

                                                            
∑ →=

ia
aiiaC ψψ γγ ,

                                               
(2.14) 

 

are eigenfunctions of both zŜ and 2Ŝ ,where the constants γ,iaC  are determined by symmetry 

only. The interaction matrix between the symmetrized spin micro-states γψ can now be 

calculated as 
 

                                                            τγγτ ψψ KSFA =                                           (2.15) 
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in terms of the corresponding matrix elements between single determinantal micro-states 

ai→ψ  

 

                               
( ) ijabia

KS
jbiabj

KS
aijbia

KFA δδεεψψ −+== →→ ,, .             (2.16) 

 
The state functions and energies can be calculated from orbitals optimized for the 

high-spin reference state. The energy difference ∆E is thus calculated on the basis of the so 
called unrestricted SF-CV-DFT scheme, which is directly related to the exchange coupling 
constant J.25a However, this method suffers from some unavoidable spin contamination.  
 

2.3. Quantification of Magnetic Anisotropy 
 

The genesis of magnetic anisotropy in a molecule is the existence of two ground states 
of magnetization +MS and −MS separated by an energy barrier (U). Reorientation of spin in 

the magnetic molecules requires the energy U of amount 2SD  for molecules with integer 

spins and ( )4
12 −SD  for molecules with half integer spins, where D is the zero-field 

splitting (ZFS) parameter and S is the ground-state spin.ZFS is known to arise from the spin-
orbit coupling (SOC) and the spin-spin coupling (SSC) predominantly.26 The spin-orbit 
coupling interaction is generally described by the following Hamiltonian  

                                                          
SLH SOC
ˆˆˆ •= λ

                                                        (2.17) 

where λ is the polylectronic spin-orbit coupling constant and L̂  and Ŝ  refer to the 
orbital momentum and spin operators respectively. The basis for this Hamiltonian are 

iSL MSML ,,,  configurations belonging to the free-ion ground state.27 In the regular DFT 

method, the SOC effects are included approximately by perturbation theory.  
 
2.3.1. Pederson-Khanna (PK) method 
 

The determination of the spin-orbit coupling with the help of eqn 2.17 requires that 
we take into account the electric field observed by the moving electrons. In the classical 
explanation, an electron moving with velocity v in an external electric field (E), experiences a 

magnetic field c
Ev× . A corresponding quantum-mechanical operator within a Hartree 

approximation would include ( )rE Φ−∇= , with Φ the Coulomb potential. Accordingly the 

velocity (v) is replaced by the momentum operator p and considering the spin of the electron, 
the interaction energy is given by  

 

                                                        
( )rSL

c
U φ∇×•−=

22

1
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This is true only in the spherically symmetric potential. The interaction energy matrix 

elements is evaluated with single-electron wave functions, ( )∑=
σ

σσ χφψ
j

j
is
jis rC .28 The 

interaction energy matrix thus takes the form  
 

                                                  '',,, σσσσ χφχφ kjkj UU =                                         (2.19) 

 
The second-order correction to the total energy is then represented as 
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where the matrix elements σσ'ijM are  
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and  
 

                                                        
'σσ χχ i

σσ'
i S=S                                               (2.22) 

 

where σχ  and 'σχ are the spinors, σφl  and 'σφk are occupied and unoccupied orbitals with 

corresponding energies σε l  and 'σε k , respectively. The second-order shift in energy can be 

represented in terms of anisotropy tensors as 
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After proper choice of co-ordinate system and diagonalizing the anisotropy tensor γ, eqn. 
2.23 takes the form 
 

                           

( ) ( )

( ) ( )[ ]

( )( )22

2

2

2

1

13
2

1

3

1

1
3

1

yxyyxx

zyyxxzz

zzyyxx

SS

SSS

SS=

−−+

+−




 +−+

+++∆

γγ

γγγ

γγγ

.                   (2.24) 

 



26 

 

Parameterization of the anisotropy tensor components (γxx, γyy, γzz) with D and E, which are 
the axial and the rhombic ZFS parameters, respectively, one can get the final simplified 
expression 

                                                 
( )222

yxz SSEDSH −+=                                              (2.25) 

In chapters 5 and 6 we have used this technique for ZFS computations. 
 
2.3.2. The Neese technique 
 

As is discussed in the previous sections, the SOC is described in the second-order in 
perturbation theory. The SOC operator can be approximated by an effective one electron 

operator ∑=
i

i
SOC
i

SOC shH ˆˆˆ .Here, SOC
iĥ can be represented as29 
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where ( )µA
il  is the µth component of the orbital angular momentum operator relative 

to centre A and ( )iArξ is a suitable radial operator, i.e. 
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Here, eff
AZ  is an effective charge for center A situated at point AR

r
 and ir

r
 is the position 

operator of the ith electron. Neese et al. has prescribed sum-over state equations for 
components of the ZFS tensor in the second order contribution to SOC with given by30 
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Here the one-electron spin operator for electron i is written in terms of spherical vector 
operator components mis ,ˆ with m =0, ±1 and ∆b = Eb − E0 is the excitation energy.31 After 

inclusion of proper prefactors for different spin excitations, the final for can be given as32 
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It is noteworthy that these coupled-perturbed CP equations are free from any contribution due 
to the Coulomb potential or any other local potential such as the exchange-correlation 
potential in DFT. 
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CHAPTER 3 

 

Concurrent loss of aromaticity and onset of superexchange 

in Mg3Na2 with an increasing Na–Mg3 distance 

 

 

 

 

 

 

Abstract 

 

 Gradual migration of Na+ from Mg3
2− brings about fascinating change in aromatic and 

magnetic behavior of inorganic Mg3Na2 cluster, which is addressed at the B3LYP and 
QCISD levels. During this process, Na+ takes away the electron density from Mg3

2− causing a 
net decrease in aromaticity. A tug-of-war between the Pauli repulsion and the aromaticity is 
shown to be responsible for the observed stability and aromaticity trends in singlet and triplet 
states. Implications of a spin crossover vis-à-vis a possible superexchange are also explored. 
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3.1. Introduction  

Triggered by the pioneering concept of ‘‘all metal aromaticity’’ by Boldyrev et al.,1,2 
all-metal annular systems have received a keen attention in past decade. The exceptional 
nature of aromaticity in this class of molecules has led the researchers to go through several 
experimental and theoretical studies of such all-metal aromatic systems.3–30 These systems 
include XAl3

−(X=Si, Ge, Sn, Pb),3,4 M4
2−(M=Ga, In, Tl, Sb, Bi),5–8 T5

6−(T=Ge,Sn, Pb),9,10 
M4

2+(M =Se, Te),11–15 M3−(M =Al, Ga),16–19 Al6
2−,20 Hg4,

5, 8 M5
−(M =Sb, Bi),24–26 Au5Zn+,27 

Cu3
3+,28 Cu4

2−,29 [Fe(X5)]
+(X=Sb, Bi),30 and so on. Ab initio and density functional theory 

(DFT)-based methods have been exercised to explain the stability and reactivity of a wide 
range of all-metal aromatic and antiaromatic systems.31 The dianionic annular systems 
containing main group metals have been perceived as stable building blocks for multi-decker 
sandwich complexes.32–36 The feasibility of using anionic annular systems to sandwich the 
cationic metal was first theoretically examined by Mercero and Ugalde, who found the 
proposed molecule [Al4TiAl 4]

2− to have large binding energy comparable to conventional 
metallocenes.37 Apart from the metal, the annular system N4

2− is found to fulfil all the 
aromaticity criteria38 and is also able to form stable sandwich complexes with transition 
metals.39 Among the anionic annular systems, Be3

2−, Mg3
2−, and Ca3

2− have been paid a 
special attention for their interesting nature of stability, reactivity, and aromaticity.40–43 Such 
electron-surplus anions are unstable due to large inter-electronic repulsion44–46 and hence 
require suitable counterions to attain necessary stability.47, 48 In a recent work, Chakrabarty et 
al.49 addressed the effect of Na+ counterions on the bonding, stability, and aromaticity of 
Mg3

2− in a neutral Mg3Na2 complex of D3h symmetry, which can also be seen as an 
‘‘inverted’’ sandwich compound with reference to the sandwich type clusters.37, 39 
Chakrabarty et al.49 have shown that with the increasing separation of Na+ Ion from the 
Mg3

2− triangular plane, the counterion is found to take away considerable amount of electron 
density from the planar dianion. Thus, the complex does not follow the common trend of 
ionic dissociation of inorganic salt and produces neutral Na and Mg3 at large separation. 
Further, with an increase in separation of Na+ from Mg3

2− plane, the trigonal dianion cluster 
Mg3

2− also experiences a gradual loss in its well-known π-aromaticity.40–43,47,48 All these 
interesting observations,49 arising from gradual separation of Na from Mg3, prompted us to 
opt for the present theoretical investigation where the genesis of such observations in Mg3Na2 
is thoroughly explored.  

The molecule Mg3Na2 shows an interesting convergence in its singlet and triplet state 
at a 5 Å separation between the counterion Na+ and triangular anion Mg3

2−. This observation 
alludes toward the stabilization of the high spin state at some particular distance between the 
Mg3 plane and Na. Moreover, during migration, Na+ ion tends to pull away the loosely bound 
π-cloud of the trigonal Mg3

2− ring,49 and they accumulate unpaired spin in neutral Na atoms 
at fairly large distance. Hence, at this critical Na–Mg3 distance, spins on two doublet sodium 
atoms can interact through planar Mg3 ring and superexchange mechanism is switched on. 
Through the superexchange of spins on doublet sodium atoms, the molecule can turn 
magnetic and gain significant stability even with wide stretched axis joining Na and Mg3. 
This possibility of magnetic phase transition in Mg3Na2 is the crux of present investigation. 
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The extent of magnetic interaction is intimately related to the relative stability of the singlet 
and triplet states which may also vary with Mg3–Na separation in the Mg3Na2 molecule. 
Thus, the change in the aromaticity may have some role in tuning the magnetic status of the 
molecule. In fact, an antagonistic relationship between aromaticity and magnetism has 
already been established in similar type of all-metal aromatic systems.50 Hence, in the present 
work with continuous migration of Na+ ion from the Mg3

2− plane, the possibility of 
appearance of magnetism due to onset of superexchange and its relation with the loss of 
aromaticity is put in focus. A part of the present results echoes and thus validates the fact in 
ref. 49, and another segment of this work describes the interplay between aromaticity and 
magnetism in Mg3Na2.  

3.2. Theoretical background and computational details  

The aromaticity of the present system is measured in terms of the magnetic criterion 
of aromaticity. The hypothesis that magnetic shielding tensor on a test dipole at the center of 
a ring can be used to quantify its magnetic property was first proposed by Elser and 
Haddon,51 which eventually became popular as nucleus-independent chemical shift (NICS). 
Negative (Positive) shielding tensor values are taken to indicate the presence of a diatropic 
(paratropic) ring current, and accordingly, the system is defined as aromatic (antiaromatic).52 
However, the poor correlation between different measures has led the scientific community to 
debate about the proper characterization of aromaticity.53–57 At this circumstance, the use of 
more than one aromaticity indices to describe the aromaticity in molecules occurs to be a 
logical suggestion.66 Although NICS is the most widely used descriptor of aromaticity in 
inorganic systems, nowadays delocalization-based indices are found to perform well in 
describing the aromaticity ofmaterials.58–62 One of such indices is the delocalization index 
(DI), δ(A, B), based on quantum theory of atoms in molecules (QTAIM) methodology. This 
is estimated as the double integration of the exchange–correlation density over the atomic 
basins as defined by the QTAIM theory. This index gives a quantitative idea of the number of 
electrons delocalized between atoms A and B.60 A larger DI value indicates more aromatic 
nature and corresponds to a more negative NICS. Being based directly on electron 
delocalization, which is the essence of aromaticity, NICS and the DI can be regarded as the 
absolute measure of aromaticity in the sense of not requiring reference standards for its 
quantification. Another such DI is the multicenter index (MCI) based on the extended 
delocalized bonding which is considered to be a typical characteristic of aromaticity.63 
Following the suggestions of Giambiagi et al.,64 Bultinck et al.63 formulated the MCI as 
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where P and S represent charge density bond order and overlap matrices, respectively, and η 
is a normalization constant. Γi is the permutation operator which runs over the µ, ν, …κ basis 
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to take into account all the terms of generalized population analysis. In the preceding section, 
a link between aromaticity and magnetism is outlined, at a fairly large separation between Na 
and Mg3. According to ref. 40–43, the counterion Na+ moves away with the electron and 
eventually at a large distance becomes neutral. Na in the neutral state is expected to be in the 
doublet state which can undergo magnetic interaction with another doublet Na through 
diamagnetic Mg3 ring. Hence, at some optimum distance, superexchange mechanism may be 
operative due to charge transfer from Mg3 to Na. The second-order perturbation energy for 
such a charge transfer has been formulated by Anderson65–67 as follows, 
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here, ijt  is the hopping integral which carries an electron from site i to site j, U is the single 

ion repulsion energy, and iŜ  and jŜ  are the spin angular momentum operators on magnetic 

sites i and j. However, this t2/U term is well known in the Hubbard model and related to the 
coupling constant (J) of a spin exchange process.68,69 However, in a recent formalism, instead 
of direct estimation of this t2/U term, the above expression is modified to estimate the 
coupling constant in terms of the second-order perturbation energy (∆E) for charge transfer 
between sites and spin density on those centers (ρi and ρj).

70 This model suits in the present 
context, since here the magnetic interaction sets in due to charge migration from Mg3 to Na, 
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To study the system under investigation DFT as well as post Hartree–Fock level 
methods are used. In DFT, hybrid functional B3LYP, coupled with 6-311+g(d) basis set, is 
used in the unrestricted framework to optimize the structure. Besides, quadratic configuration 
interaction method QCISD is also employed with Dunning’s correlation consistent basis set 
aug-cc-pVDZ for geometry optimization. The shielding tensors on the dummy atoms are 
reported as the NICS value. While computing NICS, the sign convention coined by Schleyer 
et al.71 is followed. According to this convention, the signs of the computed values are 
reversed and negative (positive) sign is assigned for diamagnetic (paramagnetic) shielding. 
The choice of the gauge for the vector potential of the magnetic field is an important factor in 
the computation of shielding tensors. This well-known gauge problem had been resolved by 
adopting the gauge independent atomic orbitals (GIAO) method,72–75 and the same method is 
followed in the present work to compute the shielding tensors. To find out the contributions 
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of r and p electrons to aromaticity, NICS has been calculated both at the center of the ring 
[NICS(0)],71 and 1 Å above the plane [NICS(1)].76, 77 The second-order perturbation energies 
[∆E in eqn (3.3)] due to the charge transfer from Mg3

2− to Na+ are obtained from the natural 
bond orbital (NBO) output, carried out in the Gaussian NBO version 3.1.78–81 Bond energy 
decomposition is performed using Amsterdam Density Functional (ADF) software.82–84 The 
DI, δ(A, B) terms are computed by the Proaim and Promega first-order algorithms as 
implemented in the AIMAll suite of programs.85 To validate the DFT result, the NICS values 
of the singlet Mg3Na2 is also computed in CCSD method using DALTON.86 The MCI index 
is calculated by ESI-3D suit of program,87 which is popularly used for the calculation of 
electron sharing indices.88, 89 Other calculations are performed using Gaussian 09W suite of 
quantum chemical package.90 

3.3. Results and discussion 

The energy and geometry comparison of the system is reported in Table 3.1. It is 
interesting to observe that irrespective of the computational level, the system reserves its D3h 
symmetry at its energy minima. It is also apparent from the Table 3.1 that the geometries in 
the singlet and triplet states only differ in the distance of Na+ ion from the equatorial plane of 
Mg3

2−, whereas the sides of Mg3
2− triangle remains almost constant in both the spin states, 

irrespective of the methodology. Moreover, in both the methodologies, the triplet state of the 
molecule is found to have a longer separation between Na and Mg3 compared to the singlet 
state. This dependence of spin state energies on the Na–Mg3 separation is in agreement with 
the results in refs. 40–43. To further investigate the dependence of spin state energies on Na–
Mg3 separation, two Na+ ions are allowed to move away by 0.25 Å from their ground state 
position along the axis lying perpendicular to the Mg3

2− triangular plane till they reach a 
distance as large as ~14 Å (distance of Na is measured perpendicularly from the center of the 
Mg3 ring). 

Table 3.1. Energy and geometry comparison of the singlet and triplet states of Mg3Na2, 
optimized at (a) UB3LYP/6-311+g(d) and (b) QCISD/aug-cc-pVDZ level of theories. 

System Singlet Triplet 
Bond Length (Å) Energy (a.u) Bond Length (Å) Energy (a.u) 

 

(a) 
Mg – Mg = 3.13 
Mg3 – Na = 2.75 

 

(a) 
  – 924.918 

 

(a) 
Mg – Mg = 3.16 
Mg3 – Na = 3.19 

 

(a) 
  – 924. 877 

 

(b) 
Mg – Mg = 3.15 
Mg3 – Na = 2.84 

 

(b) 
– 922.694 

 

(b) 
Mg – Mg = 3.17 
Mg3 – Na = 3.16 

(b) 
– 922.654 
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It is interesting to note that in the DFT framework, the singlet state wave function 

with 
2

Ŝ = 0 shows an internal instability at longer separation between Na and Mg3. For this 

reason, the wave function corresponding to all the singlet states is optimized which results in 

the nonzero value of 
2

Ŝ onward 3.7 Å distance between Na and Mg3 (Table A.S1 and A.S2 

in Appendix A). Moreover, the spin square value approaches toward unity with gradual 
stretching of Na–Mg3 distance, indicating the attainment of open-shell singlet state (Table 
A.S1 and A.S2 in Appendix A). This observation is quite similar to that in the ref. 91, which 
says that for a two-electron two-radical system, if the bonding orbitals are beyond the range 
of any kind of interaction, the unrestricted solution is produced with an equal mixture of 
singlet state (S=0) and triplet state (S=1). Noodleman et al.92, 93 described such a spin state to 
be a broken symmetry (BS) state which is obtained by polarizing spins with antiparallel 
alignment at different magnetic sites within unrestricted formalism. The BS state, being a 

weighted average of high-spin and low-spin states,92, 93 is characterized by 
2

Ŝ  = 1. Hence, 

in the present case, the gradual separation of Na from Mg3 plane causes the appearance of BS 
situation in Mg3Na2. Next, the potential energy scan is executed on the optimized geometry 
of singlet state (with optimized wave function) with spin multiplicities one and three, which 
provides the information of vertical excitation energy. In another scan, optimized geometries 
of both the spin states are used at their respective spin multiplicities, and thus, the adiabatic 
excitation energy can be figured out. Interestingly, all the plots delineate that the singlet state 
is gradually destabilized with the increase in Na–Mg3 distance and ultimately overlaps with 
the triplet energy profile (Figure 3.1). However, the geometries and energies of the molecules 
in different spin states, the nature of the potential energy surface in Figure 3.1, obtained in the 
computational levels UB3LYP/6-311+g(d) and QCISD/aug-cc-pVDZ, are all found to be 
similar and concordant to each other. Hence, following computations on Mg3Na2 (with 
optimized wave function) are carried out only at UB3LYP/6-311+g(d) level with its 
geometry optimized at QCISD/aug-cc-pVDZ level (if not specified otherwise). 

 

                                     (a)                                                                 (b) 
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                                          (c)                                                                     (d)                          
 

Figure 3.1. Energy (a.u.) profile of Mg3Na2 with increasing Na–Mg3 distance (Å) on the (a) 
geometry of singlet state optimized at UB3LYP/6-311+g(d) level, (b) geometry of singlet 
state optimized at QCISD/aug-cc-pvdz level, (c) geometry of singlet and triplet states, both 
optimized at UB3LYP/6-311+g(d) level, and (d) geometry of singlet and triplet states, both 
optimized at QCISD/aug-cc-pvdz level of theory.  

The explanation of the above schematics can be attributed to the gradual charge 
neutralization of Na+ and Mg3

2− with their increasing separation as evident from ref.49 as 
well as from the change in the pattern of highest occupied molecular orbital (HOMO) of 
singlet ground state (Figure 3.2). This is characterized by the delocalized electron density 
above and below the trigonal Mg3 plane, which itself defines the nodal plane (Figure 3.2a). 
The electron density gradually migrates toward Na from Mg3 and ultimately resorts solely on 
Na. 

                                                                       
                                        (a)                               (b)                             (c) 
 
Figure 3.2. Schematics of the HOMO generated at (a) optimized geometry (b) Na–Mg3 
distance of 4.08 Å where the singlet energy approaches close to the triplet energy, and (c) Na 
– Mg3 distance of 5.58 Å. 
 

Since the HOMO of the singlet state retains two excess π-bonding electrons, they 
experience a repulsion which significantly reduces at large Na–Mg3distance owing to the 
charge accumulation on the Na atoms above and below the plane. The repulsion between the 
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bonding electrons is computed in terms of Pauli repulsion using ADF quantum chemical 
package.82–84 In ADF, the interaction energy between different fragments is split into 

                                                oiPauliStatbnd EEEE ∆+∆+∆=∆
                                 (3.4) 

The first term usually corresponds to the attractive potential [94, 95], whereas ∆EPauli is 
usually repulsive in nature. In ADF, ∆EPauli is equated as the energy change associated with 

going from superposition of fragment densities ( )BA ρρ +  to the wave function BANA ψψ that 

properly obeys the Pauli principle through explicit antisymmetrization (A) and 
renormalization (N) of the product of fragment wave functions.82 ∆Eoi accounts for electron 
pair bonding, charge transfer, and polarization. However, due to charge migration, the Mg3 

plane becomes completely devoid of any electron, and the system loses the bonding energy. 
This fact is apparent from the following plot (Figure 3.3), where both the attractive potential 
and Pauli repulsion are found to decrease with an increase in the Na–Mg3 distance. However, 
the stability gain by the system due to the decrease in Pauli repulsion energy cannot 
overcome the loss of attractive potential, resulting in a net decrease in binding energy. 

 

Figure 3.3. Bonding energy decomposition analysis in the singlet state of the molecule. 

Next, to investigate the variation of aromaticity with increasing separation of Na from 
Mg3 plane, NICS(0) and NICS(1) are scanned by varying the distance, at both the spin states 
of the system with its optimized geometry at the singlet state (Figure 3.4a). At the singlet 
ground state, large negative values of both NICS(0) and NICS(1) refer to the coexistence of 
σ- and π-aromaticity, rendering Mg3Na2 to be multiply aromatic. Existence of π-electron 
cloud above and below the Mg3 plane in the HOMO can well explain π-aromaticity, whereas 
the maximum diamagnetic contribution toward the total NICS(0) value comes from the 
26thMO (Figure 3.4b) of the system. As graphically represented in Figure 3.4b, this MO can 
evidently be narrated to be composed solely of Mg ‘s’ atomic orbitals. The contribution of 
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individual MOs toward the total NICS(0) value is computed in the ADF computational 
package. Contrary to the singlet state, low negative values of NICS(0) and NICS(1) are 
obtained near the ground state geometry of Mg3Na2 in its triplet state indicating lower degree 
of aromaticity than in the singlet state. This reduced aromaticity in the triplet state is due to 
the presence of unpaired spin in Na atoms which exalts the paratropic shielding tensor 
compared to its diatropic analog resulting in low aromaticity.50 To further verify the variation 
of aromaticity, the average of DI among Mg atoms and the MCI values in the singlet state are 
also plotted against the increasing Na–Mg3 separation (Figure 3.4c). A decaying nature of the 
average DI and MCI confirms the trend in the change of NICS. In addition to the DFT, ab 
initio method such as CCSD  is also adopted to compute NICS. The plot shows the same 
trend of decreasing negativity of NICS particularly after spin density grows on Na atoms 
(Figure A.S1 in Appendix A) and hence once again solicits gradual loss of aromaticity with 
increasing Na–Mg3 separation. However, with an increase in vertical distance of Na from the 
center of Mg3 plane, the aromaticity in both the spin states decays almost to a null value, 
which is quite obvious, since Na atoms take away all the charge density which has been 
maintaining the ring current. Since two apical Na atoms are pulled apart which leave behind 
the Mg3 moiety in the neutral state, the effect of dispersion can be argued to play a significant 
role in such scenario.96 Hence, a verification of the effect of dispersion interaction in 
aromaticity of the singlet Mg3Na2 is performed at the DFT level with dispersion correction 
due to Grimme.97,98 From Figure A.S2 in Appendix A, it is apparent that the effect of 
dispersion on the NICS values is negligible which is also obvious from the literature.99–101 
However, the dispersion may have effects on the energy of the molecule, and hence, the 
energy profiles of the system are compared with and without dispersion correction. The 
variation in energy with increase in Na–Mg3 distance appears similar with and without the 
dispersion correction (Figure A.S3 in Appendix A). 

 

                        

 
                             (a)                                                                           (b)  



 

                                     (c)                                                                      (d)

Figure 3.4. Plot of (a) NICS(0) and NICS(1) in the singlet and triplet state of Na
level. (b) The 26th MO contributing maximum toward the diamagnetic NICS(0). (c) The 
average DI and (d) MCI index of aromaticity for the singlet state as a function of increasing 
Na–Mg3 distance (Å). 

Since, with an increase in Na
responsible for maintaining the aromaticity, the system loses the aromatic stabilization
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                                         NICSδ
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It is further interesting to note that
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S(0) and NICS(1) in the singlet and triplet state of Na
MO contributing maximum toward the diamagnetic NICS(0). (c) The 

average DI and (d) MCI index of aromaticity for the singlet state as a function of increasing 

Since, with an increase in Na–Mg3 distance, Na move away with the pair of electrons 
the aromaticity, the system loses the aromatic stabilization

though gains stability due to reduction in the Pauli repulsion, particularly i
aromaticity with increasing Na–Mg3 distance is formulated as 

( ) ( ) ( )rNICSrrNICSrNICS −∆−=
                               

is fixed at 0.25 Å in the present work. The plot of Pauli repulsion energy (
and the loss of aromaticity with increasing separation between Na and Mg

3.5, which clarifies that as in one hand, a minimization of Pauli repulsi
the system and on the other hand, loss of aromaticity acts as an instability factor. 

It is further interesting to note that the maximum loss of aromaticity occurs near to the critical
distance (4.33 Å) where the singlet and triplet state energies are converged 

also noted here that the spin-crossover region corresponds
zone of maximum change in the MCI and DI indices, which can be found from the derivative 

DI and the MCI indices (Figure A.S4 of Appendix A
 spin-crossover occurs at the cost of the loss of delocalization 

which corroborates to aromaticity. This suggests that the appearance of BS state and 
accumulation on the Na atoms at that point plays a definite

the aromaticity of the system. The localization of those two extra charges, which maintain the
ions causes cessation in circulation of those electro

the maximum loss of aromaticity as well the minimal ∆EPauli continuum after that

 

S(0) and NICS(1) in the singlet and triplet state of Na2Mg3 at DFT 
MO contributing maximum toward the diamagnetic NICS(0). (c) The 

average DI and (d) MCI index of aromaticity for the singlet state as a function of increasing 

away with the pair of electrons 
the aromaticity, the system loses the aromatic stabilization energy 

, particularly in the singlet state. 

                               (3.5) 

Pauli repulsion energy (∆EPauli) 
and the loss of aromaticity with increasing separation between Na and Mg3 are depicted in 

minimization of Pauli repulsion energy tends 
as an instability factor. 

the maximum loss of aromaticity occurs near to the critical 
triplet state energies are converged 

crossover region corresponds to the 
which can be found from the derivative 

Appendix A). This observation 
crossover occurs at the cost of the loss of delocalization 

that the appearance of BS state and 
accumulation on the Na atoms at that point plays a definite role in reducing 

the aromaticity of the system. The localization of those two extra charges, which maintain the 
of those electrons and explains 

continuum after that point. 
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Figure 3.5. Plot of Pauli repulsion energy (∆EPauli) and δNICS (0) and δNICS (1) with increasing 
Na–Mg3 distance (Å) in the singlet state of Na2Mg3. 

Since, with the gradual increase in the Na–Mg3 separation, a charge transfer is 
occurred from Mg3 to apical Na atoms, decrease in charge density in the Mg3 plane causes 
weak bonding interaction (Figure 3.3). In this situation, the stability of the molecule can 
partly be compensated through the energy minimization due to charge migration from Mg3 
moiety to Na. The stability gained by such charge migration was given by Anderson in the 
framework of second-order perturbation theory and was equated with the energy of 
superexchange.65–67 In the present case also, the superexchange becomes possible between 
the spins accumulated on Na atoms as a consequence of charge transfer and gradual 
neutralization of Na+. The fact of gradual spin accumulation on Na with increase in Na–Mg3 

separation can be ascertained from the spin density plot in the Figure 3.6. 
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Figure 3.6. Plot of spin density on Na and Mg3 in the ground state with increasing Na–Mg3 

distance (Å). 

The value of coupling constant associated with the superexchange process can now be 
estimated through eqn (3.3). From the variation in MO with increase in Na–Mg3 (Figure 3.2), 
it becomes evident that the charge migration involves the out-of-plane p-orbitals of all the 
three Mg atoms and s orbitals of the Na atoms particularly for low Na–Mg3 distance. Thus, 
during NBO analysis, the out-of plane p-orbitals in Mg3 plane and s orbitals in Na are only 
considered as the donor and acceptor orbitals for obtaining the appropriate value of second-
order perturbation energy (∆E) due to charge migration. To clarify this choice of relevant 
orbitals, a truncated part of the NBO output corresponding to the Na–Mg3 distance of 5.08 Å, 
showing the donor and acceptor orbitals, and their composition are given in Table A.S3 in 
Appendix A as an example. From the plots in Figure 3.1 it appears that significant amount of 
spin density starts to grow on the Na atoms from the Na–Mg3 distance of 4.08 Å. This open-
shell singlet state is found to be more stable than the corresponding triplet state by a 
considerable amount up to ~6 Å distance between Na and Mg3, beyond which the singlet–
triplet energy gap almost vanishes. Thus, the superexchange energies (∆E) are obtained from 
the NBO analysis of singlet state of Mg3Na2 with Na–Mg3 separation in the range of 4.08–
6.08 Å. While using this ∆E value in the estimation of coupling constant, the right-hand side 
of eqn (3.3) is multiplied by 2 since there are two such transitions from Mg3 to first and 
second Na atoms. Moreover, these transitions leave almost zero spin density in Mg3 plane, 
and thus, the denominator in the right-hand side of eqn (3.3) takes the value of one with 
which eqn (3.3) transforms into, 

                                                                   EJ ∆= 4                                                          (3.6) 

which is ultimately used in this work to estimate the exchange coupling constant associated 
with superexchange. Moreover, no contribution from the Na–Na direct exchange is taken into 
account due to their large separation. The interaction between two spins on Na atoms 
expectedly decreases with an increase in separation between Mg3 and Na, and can be 
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understood from Table 3.2. The negative value of coupling constant indicates the 
antiferromagnetic interaction which is also attested by the spin density plot showing up-spin 
and down-spin on different Na atoms (Figure 3.7). 

Table 3.2. ∆E and calculated J value on the basis of eqn (3.6). 
 

Na – Mg3 distance (Å) ∆∆∆∆E (kcal/mole) J (cm-1) 
4.33 0.37 − 518 
4.58 0.295 − 413 
4.83 0.225 − 315 
5.08 0.17 − 238 
5.33 0.115 − 161 

 
 

 
Figure 3.7. Spin density plot at a Na–Mg3 separation onward 3.83 Å (greenandred color 
denote up-spin and down-spin density). 
 
 
3.4. Conclusion  

Present study explains the change in the aromaticity and energy profile of the singlet 
state of Mg3Na2 molecule and gradual attainment of the BS state with an increase in Na–Mg3 
distance. Near the ground state, Mg atoms are held together by a pair of π-bonding electrons 
onto which Na+ ions are impregnated. The circulation of π-electron cloud above and below 
the Mg3 plane also contributes to the σ- and π-aromaticity of the molecule. However, in this 
situation, the stability due to aromaticity has to compete with the Pauli repulsion. When the 
Na ions move away from Mg3plane with all the charge density, the aromaticity is also 
gradually lost, though the system gets stability due to decrease in Pauli repulsion. At a critical 
value (~4.33 Å) of Na–Mg3 distance, the Pauli repulsion approaches a minimum due to 
localization of charge density on Na atoms above and below the plane. This charge 
accumulation on Na atoms makes these neutral doublet species with up-spin polarization at 
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one Na and down-spin at another. The spins on Na atoms undergo superexchange which is 
quantified through eqn (3.6). The stabilization due to superexchange and lowering of Pauli 
repulsion partly compensates the loss in bonding energy in the molecule for the charge 
migration to Na atoms. The Na spins are found to been engaged in antiferromagnetic 
interaction which gradually decreases with an increase in Na–Mg3 separation. 
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CHAPTER 4 

 

Effect of charge transfer and periodicity on the magnetism of 
[Cr(Cp*)2][ETCE] 

 

 

Abstract 

 

 Magnetism in metallocene based donor–acceptor complexes stems from the donor to 
acceptor charge transfer. Thus, to correlate the exchange coupling constant J and the charge 
transfer integral, a formalism is developed which enables one to obtain the coupling constant 
from the value of the charge transfer integral and the spin topology of the system. The 
variance in the magnetic interaction between donor and acceptor is also investigated along 
two perpendicular directions in the three dimensional crystal structure of the reference 
system, decamethylchromocenium ethyl tricyanoethylenecarboxylate [Cr(Cp*)2][ETCE]. 
These donor–acceptor pairs (V-pair and H-pair), oriented along vertical and horizontal 
directions respectively, are found to have different extents of J, which is attributed to the 
difference in exchange coupling mechanisms, viz., direct exchange and superexchange. Next, 
V-pair and H-pair are taken together to treat both the intrachain and interchain magnetic 
interactions, since this competition is necessary to decipher the overall magnetic ordering in 
the bulk phase. In fact, this truncated model produces a small positive value of J supporting 
the weak ferromagnetic nature of the complex. Lastly, a periodic condition is imposed on the 
system to comprehend the nature of magnetism in the extended system. Interestingly, the 
ferromagnetism, prevailing in the aperiodic system, turns into weak antiferromagnetism in 
the periodic environment. This is explained through the comparison of density of states 
(DOS) plots in aperiodic and periodic systems. This DOS analysis reveals proximity of the 
donor and acceptor orbitals, facilitating their mixing in periodic conditions. This mixing 
causes the antiferromagnetic interaction to prevail over the ferromagnetic one, and imparts an 
overall antiferromagnetic nature in periodic conditions. This change over in magnetic nature 
with the imposition of periodicity may be useful to understand the dependence of magnetic 
behavior with dimensionality in extended systems. 
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4.1. Introduction 

The synthesis and characterization of charge transfer (CT) ferromagnetic compound 
[Fe(Cp*)2][TCNE] (Cp* = η5-C5Me5 and TCNE = tetracyanoethylene) by Miller et al. in 
1985 was a breakthrough in the field of metallocene-based magnets.1 This was the first 
reported complex where the unpaired electron of a p-orbital also participates in the exchange 
interaction along with metal d-electrons. Nanoscale charge transfer is also known to have 
widespread application in sensors, photonics, electrocatalysis, solar photoconversion, 
molecular electronics and soon.2 The occurrence of charge transfer in organoligand–metal 
fragments is found to induce a high dielectric polarization and concomitant intense nonlinear 
optical (NLO) response.3 Long spin coherence time in such materials renders them as 
potential candidates for high-density information storage and also for quantum computing.4 
Their applicability can further be proliferated by simply tuning their magnetic interaction 
through simple adjustment of organic fragments therein. All these facts tantalize the scientific 
community to explore a plethora of such metallocene based charge transfer complexes 
(MBCTCs).5–7 In these compounds such as [M(Cp*)2][TCNE] (M = Cr, Mn or Fe);[M(Cp*)2] 
fragment donates one electron from the magnetic orbital of the metal to the initially 
diamagnetic [TCNE] part. This leads to ferromagnetic interaction among the localized spins 
on the donor part (D+) and the acceptor part (A−).7 Divergent mechanisms have been 
proposed for the spin exchange in these CT salts. One such proposition is the McConnell-II 
mechanism where the stability of a particular spin state is attributed to the interaction of 
ground spin state and lowest excited state of same spin multiplicity.8 Miller et al. supported 
this mechanism assuming a forward charge transfer from the donor to the acceptor leading to 
the triplet excitedstate.7b In [Fe(Cp*)2]

+[TCNE]−, the triplet ground state becomes stabilized 
through its interaction with the lowest lying triplet excited state.8c However, in case of 
[Mn(Cp*)2]

+[TCNE]− and [Cr(Cp*)2]
+[TCNE]−, the interaction between the ground and 

excited states leads to the stabilization of the antiferromagnetic situation which is in 
opposition to the experimentally reported high spin state of the molecules. Hence, the 
McConnell-II mechanism based explanation appears insufficient to justify this 
observation.7b,c,9 To explain this anomaly, Kollmar and Kahn coined a new mechanism of 
back charge transfer from A− to D+, which is justified by the presence of positive spin density 
on Cp* ring.9b Another proposition is McConnell-I mechanism,10 where a large positive spin 
density on the transition metal induces a negative spin density on Cp* ring, which again 
induces a positive spin density on the acceptor. These conflicting mechanisms about the 
origin of magnetic nature in MBCTCs urge for the development of a complete theoretical 
model.7b  

To investigate the charge transfer induced magnetic interaction in the MBCTCs, the 
compound decamethylchromocenium ethyl tricyanoethylenecarboxylate [Cr(Cp*)2][ETCE] is 
taken as the representative system in the present work. This complex is recently synthesized 
by Wang et al. and found to have a ferrimagnetic ordering.11 This ferrimagnetism may arise 
from the competition of ferro- and antiferro-magnetic interactions in three different lattice 
dimensions as interestingly probed by Datta and Misra.12 The [Cr(Cp*)2][ETCE] is known to 
crystallize in orthorhombic geometry with parallel arrangement of vertical one dimensional 
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D+A− chains. These one dimensional chains in a crystal can have two possible parallel 
orientations. In one type, the D+ segments are oriented side by side and termed as in registry 
chains (Figure 4.1a). On the other hand, in the out of registry chains, D+ finds A− in the 
neighboring chain in its nearest position (Figure 4.1).11,13 The D+A− pair of a vertical chain is 
defined as the V-pair in this work (Figure 4.1b). As the nearest neighbor spin interaction is 
known to govern the magnetic nature of any system,13 a nearest D+A− pair from the 
horizontally stacked out of registry chains is selected for this investigation. This D+A− pair, 
where the D+ and A− belong to two different vertical columns arranged in an out of registry 
manner which is termed as H-pair in this work (Figure 4.1b). Although, the origin of 
ferromagnetism in the V-pair has been well explained by McConnell-I mechanism,10 the 
weak ferromagnetic ordering of H-pair is not yet addressed properly.11 

 

 

(a) Three dimensional motif of [Cr(Cp*)2][ETCE]         (b) Out of registry D+A− pairs 

Figure 4.1. (a) Representation of the in registry and out of registry chains (b) blue and brown 
rectangles in the out of registry chains designate the H-pair and V-pair respectively. 

 

This study makes an attempt to address the charge transfer induced magnetism in a 
particular MBCTC, [Cr(Cp*)2][ETCE], keeping three different goals in its focus. Primarily, 
the charge transfer in between donor and acceptor is explored and the donor–acceptor 
magnetic coupling is quantified in terms of this charge transfer energy. Secondly, the 
architecture of this complex hints towards a different degree of magnetic interaction between 
the donor and the acceptor in V-pair and H-pair. In the V-pair, the d-electrons on Cr can be 
transferred to the acceptor via Cp* bridge;14 whereas, absence of any such mediator in case of 
H-pair obstacles the CT process. The difference in horizontal and vertical direction definitely 
has an important role in governing the overall magnetic nature of this crystal. This stimulates 
us to investigate the nature of magnetic interaction in the V-pair and H-pair individually and 
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in presence of each other. Lastly, we cultivate the role of periodicity in governing charge 
transfer and concomitant magnetic interaction. Dealing with such extended system also 
enables one to explore the effect of dimension on magnetic characteristics. The systems in 
reduced dimension are found to depart from their usual bulk behavior which inspires the 
study of electronic properties in nano scale.15 Intensified magnetism in the reduced dimension 
has recently been the subject of several theoretical and experimental investigations.16 This 
fact has already been realized in cases of Au-nanoparticle, alkali metal clusters, Mn 
nanosheet and many other systems.16e,h,17 All these facts spur the study of the effect of 
periodicity on the magnetic behavior of [Cr(Cp*)2][ETCE]. 

 

4.2. Theoretical Framework 

 The magnetic sites in a system are characterized by a non-vanishing spin angular 

momentum quantum number, iS . Interaction among these localized spin moments govern the 

overall magnetic nature of the system. The magnetic interaction, often termed as exchange 
coupling is described by the well-known phenomenological Heisenberg–Dirac–van Vleck 
(HDvV) Hamiltonian, which describes the isotropic interaction between localized magnetic 

moments iS  and jS  as 

∑
<

−=
ji

jiij SSJĤ

                
(4.1) 

where, ijJ is the exchange coupling constant between the localized spin moments, and the i, j 

symbols indicate that the sum extends to the nearest neighbor interactions only. According to 
the spin Hamiltonian in eqn (4.1), a positive (negative) value of ijJ corresponds to a 

ferromagnetic (antiferromagnetic) interaction, thus favoring a situation with parallel 
(antiparallel) spins. Symmetrically equivalent magnetic sites must necessarily have equal 
amplitude of spin density which imposes a delocalized solution for the system. Thus, such 
“full-symmetry” calculations are unable to consider the weakly coupled limit, where the 
electrons are fully localized.18 Therefore, the removal of all symmetry elements connecting 
the magnetic centers is necessary to account for weak coupling limit. Noodleman and co-
workers worked out a “broken-symmetry” (BS) approach, where the space and spin 
symmetry can be removed by polarizing the up-spin and down-spin onto different magnetic 
centers.19 Later on, Bencini and Ruiz modified this expression for the limit of strongly 
interacting magnetic sites.20 On the other hand, Yamaguchi's expression encompasses the 
appropriate limit, depending on the interaction strength and thus fulfils the criterion of 
general applicability,21 
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The general applicability of the eqn (4.2) can be understood through the following 

dependence of 2Ŝ  on the overlap of magnetic orbitals22 

( ) ( )∑−++=
βα

αβ
β

NN
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,

,

22 1ˆ
.                             (4.3) 

Here, αβ
ijO is an integral describing the overlap between the spatial parts of α and β spin 

orbitals.22,23 In the strong coupling limit, all pairs of α and β orbitals overlap and the double 
sum in eqn (4.3) is reduced toβN . Therefore, the total spin expectation value indicates a pure 

spin state with
BS

S2ˆ = 0 for a diradical with equal number of α and β electrons. Hence, the 

denominator in eqn (4.2) transforms to ( )1+HSHS SS  which resembles the Noodleman–

Bencini–Ruiz formula.20 On the other hand, if magnetic orbitals do not overlap (BS 

determinant), the sum in eqn (4.3) becomesβN − 2SA, where SA is the sum of α and β 

magnetic orbitals. In this weakly coupled limit,
BS

S2ˆ = 2SA = SHS and resembles 

Noodleman's original expression.23 The BS state is usually constructed by mixing two 
magnetic orbitals which usually belongs to different irreducible representations.19,20b So, the 
magnetic orbitals should be close enough in order to interact with each other. Hence, for the 
remote magnetic sites, the construction of BS state becomes difficult. However, the BS state 
is usually achieved by performing HF or DFT in spin-unrestricted formalism where up-spin 
and down-spin densities are allowed to localize on different centers.20b Though an open shell 
singlet state can best be represented through multi-configuration techniques;24 DFT uses a 
single Slater determinant to describe the BS state and thus becomes more advantageous than 
post-HF methods in handling larger systems.20b 

As discussed in the introduction, the donor–acceptor magnetic coupling is induced by 
electron transfer from donor to acceptor. Among the various models of charge transfer in 
electronic systems, a perturbative treatment has widely been adopted to account for the 
electron tunnelling process.25 Anderson in his pioneering work, derived the second order 
perturbation energy (DE) for such an intersite charge transfer and correlated this energy with 
magnetic interaction as,26 








 +=∆ ji
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U
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1
2
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Here, ijt is the hopping integral which carries an electron from site i to site j and U is the 

single ion repulsion energy. However, this U
t 2

 term is well-known in the Hubbard model 

and related to the exchange coupling constant (J).27 In their seminal works Calzado et al. 
Applied ab initio CI techniques to compute these individual contributions to the magnetic 
coupling constant using effective Hamiltonian theory.28 However, in a recent formalism, 

instead of direct estimation of this U
t 2

 
term; the above expression is modified to estimate 

the coupling constant (JSX) in a superexchange process in terms of the second order 
perturbation energy (DE) for charge transfer between sites and spin population on those 
centers (ρi and ρj),

29 

ji
SX

E
J

ρρ+
∆=

1

2
.                                                               (4.5) 

The charge transfer matrix element between the donor and acceptor can be expressed as30–33 

2
AD

DA

EE
H

−= .                                                                         (4.6) 

where, HDA is a pure one electron matrix element, coupling the effective donor and acceptor 
orbitals as 

                                    ADDA HH φφ ˆ= .                                                                      (4.7) 

and, ED and EA are the energies of the LUMO in cationic donor and neutral acceptor. Again, 
the second order perturbation energy (∆E) for the charge transfer process is related to the 
transfer matrix element HDA for the donor–acceptor pair in the following manner,34 

AD

DA

EE

H
E

−
=∆

2

 .                                                                (4.8) 

Now, substituting 2∆E term in eqn (4.5), using eqn (4.8) and (4.6), the following modified 
form is obtained, 

AD

DA
T

H
J

ρρ+
=

1 .                                                                           (4.9) 

This can be conveniently used to calculate the exchange coupling constant value (JT) in 
electron transfer systems. 
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4.3. Computational Details 

In the present work, the effective exchange integral J  is estimated in two approaches, 
one of which is the state-of-the-art spin projection technique of Yamaguchi (eqn (4.2)). In the 
second approach, the electron transfer matrix element for charge transfer from donor to 
acceptor and the spin populations on the donor and acceptor sites are used to estimate J 
through presently derived eqn (4.9). The eqn (4.2) is generally implemented through an 
unrestricted or spin polarized formalism, where the up-spin and down-spin densities are 
allowed to localize on magnetic sites.21,22 Thus, in the present work unrestricted DFT (U-
DFT) is applied to compute the coupling constant. The same U-DFT method is adopted to 
derive the parameters in eqn (4.9). The U-DFT method is reported to produce a reliable 
estimate of such transfer integrals, at least in cases of metal-based systems.35 To evaluate J 
through eqn (4.9), standard DFT calculation on the isolated donor and acceptor molecules is 
first carried out to extract the energies of the LUMO of the cationic fragment [Cr(Cp*)2]

+ and 
that of the neutral acceptor [ETCE]. These energy values along with the spin populations on 
the donor and acceptor in the ground state of dimer [Cr(Cp*)2]

+[ETCE]− are utilized to 
compute the JT in eqn (4.9). 

To understand the magnetic effect of V-pair on H-pair and vice versa in the crystal 
motif of [Cr(Cp*)2][ETCE], it becomes necessary to estimate the exchange-coupling constant 
between every D+A− pair in vertical and horizontal directions in presence of each other. A 
recently adopted technique to determine J in a system with multiple magnetic sites becomes 
useful in this regard.31 In this particular strategy, which is mentioned as the “dummy 
approach” in the present work; first the effect of all the magnetic sites on each other is 
realized in the form of ground state spin population. Then the exchange coupling constant 
between any two magnetic sites is calculated on the basis of their ground state spin 
population while regarding other magnetic sites inert. However, in the present context the 
computational scheme of ref. 31 is applied on a 2D crystal motif displayed in Figure 4.1b so 
as to consider both the direct exchange and superexchange in the H-pair and V-pair 
respectively. The spin density distribution of this system is first obtained. Next, the exchange 
coupling for one V-pair is computed while its neighboring V-pair is made dummy. Although, 
other than a specific magnetic pair all other magnetic sites are made dummy, their effect is 
imposed on the specific pair in terms of pre-calculated spin population which can be 
understood from the spin density parameterization of the Heisenberg Hamiltonian.31 

In order to investigate the effect of periodicity on the magnetic interaction, the 
periodic boundary condition is imposed on the system. To deal with the extended solid, 
different level of theoretical platforms are used which ranges from the simple tight-binding 
model to the ab initio periodic Hartree–Fock and modern DFT based methods.33 The 
eigenstates of such periodic system can be labelled by the reciprocal lattice vectors, k, in the 
first Brillouin zone (BZ).33 Since the system is infinite, the quantum numbers k are 
continuous. Calculation of the total energy requires a self-consistent calculation of the 
eigenvalues, which are performed at a finite number of points in the Brillouin zone.34 A 
recent work expresses the charge transfer integral as the function of k point36 and thus 



54 

 

stimulates us to investigate the influence of increasing k point (within the first BZ) on the 
charge transfer induced magnetism. 

The structure of the complex is available in crystallographic file format,11 this 
geometry of the complex is taken as its ground state structure. While doing the periodic 
boundary calculation with different k points, the Perdew–Burke–Ernzerhof exchange and 
correlation functional (PBE) is employed.37 This exchange correlation functional is found to 
produce superior accuracy for a broad variety of systems under periodic boundary 
conditions.38 This advanced GGA functional includes some electron correlation effects at 
larger distances. The LANL2DZ basis set is chosen selectively for Cr atoms and 6-
311++g(d,p) for all other atoms and this has been maintained throughout for DFT 
calculations. The success of exchange correlation functionals in accurate estimation of J is 
believed to be intrinsically linked to the introduction of an amount of Hartree–Fock (HF) 
exchange.39 In this regard, the B(X)LYP functional is prescribed as the optimum performer, 
where X is related to the percentage of Fock exchange.40 However, Martin and Illas have 
shown that the coupling constant vary with X and the result becomes satisfactory with 
X=50.41 Hence, in this work we use BHandHLYP functional with X=50, which has already 
been found efficient to reproduce the experimental value of coupling constant.42 This 
particular functional is characterized to be a 1 : 1 mixture of DFT and exact exchange 
energies which can be represented as EXC=0.5EHF

X +0.5ELSDA
X +0.5∆EBecke88

X +ELYP
C.43  

This is also supported by Caballolet al.44 who have concluded that functionals assuming fully 
delocalized open shell magnetic orbitals, such as B3LYP, produce a poor description of local 
moments.41 Particularly, the B3LYP functional is reported to produce inaccurate structural 
and thermochemical parameters in the extended systems due to its failure to attain 
homogeneous electron gas limit.45 On the contrary, another school of thought advocate the 
use of B3LYP with less amount of HF exchange to get a reliable estimate of J.46 
Nevertheless, the hybrid functionals are questioned for their tendency to overstabilize the 
higher spin multiplet, whereas the GGA functionals overestimate the stability of the ground 
state.47 On the other hand, the hybrid meta GGA functional TPSSh with 10% HF exchange 
shows a minimum deviation (10–15%) in the J value compared to experiment.48 Thus, among 
several other functionals, the TPSSh functional is chosen by several groups for evaluating the 
exchange coupling constant.49 In order to get a self-consistent result, here also a set of 
exchange correlational functionals is applied to compute the exchange coupling constant. The 
results obtained with DFT are also validated with the multireference Complete Active Space 
Self-Consistent Field (CASSCF) technique, based on the active electron approximation. This 
technique incorporates several important physical effects in both direct exchange and 
superexchange cases for the calculation of magnetic interaction.50 However, the CAS method 
disregards important physical mechanisms like ligand-spin polarization, dynamic spin 
polarization, double spin polarization etc. and underestimates the coupling constant in 
effect.51 These effects can be included through the second order perturbation theory based 
upon the UHF wave function. The complete active space second-order perturbation theory 
(CASPT2) is a method which imposes second order correction to the CAS wave functions, 
and found useful in producing J close to experimental values.52 This method can further be 
refined by considering “external correlation” through multireference configuration interaction 
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(MRCI) tools,53 among which the difference dedicated CI(DDCI) approach by Miralles et al. 
has been particularly successful to produce the desired degree of accuracy.54 However, to 
avoid computational rigor associated with such sophisticated methods, in the present work 
the CASSCF is used with a large active space which includes different configurations 
connected to charge transfer excitation,55 and thus partially overrule the limitations of 
CASSCF. An active space often electrons in nine orbitals [CASSCF (10, 9)] is used to 
calculate the exchange coupling constant of the V-pair in this work. All calculations are 
performed using Gaussian 09W suite of quantum chemical package.56 The density of states 
(DOS) plots are generated with GaussSum 2.2.57 

 

4.4. Results and Discussion 

Before dealing with the present dimeric system [Cr(Cp*)2][ETCE], first the ground 
states of monomers (D and A) are taken for pursuit. Since, there exists a probability for the 
neutral [CrII(Cp*)2] to remain in the low-spin triplet or high-spin quintet state, it requires a 
theoretical confirmation. The ground state of the monomers is thus checked with different 
DFT functional. These results are also compared with multireference CASSCF to verify the 
reliability of DFT methods in properly describing the ground state of the monomers. 
Everywhere, the ground state is recognized as the low-spin triplet (Table B.S1 in Appendix 
B), which is also reported experimentally.42 Concerning to an orbitally degenerate ground 
state of [CrII(Cp*)2], Cr2+ ion is supposed to experience a quenching of the orbital angular 
momentum due to static Jahn–Teller (JT) effect.58 Moreover, the Cr ion in the D+A− species 
is also reported to be reluctant to magnetic hysteresis and exhibit no magnetic anisotropy.11 
The neutral acceptor unit, which initially exists in singlet ground state, turns into an anionic 
doublet after accepting an electron from neutral donor, leaving the donor in cationic quartet 
state. The overall quintet spin state in [Cr(Cp*)2][ETCE] dimer, with three d-electrons on the 
Cr atom and one in the acceptor unit finds validation in its spin density plot and references of 
similar systems.11,9b From the molecular orbital (MO) analysis of V-pair and H-pair, 131 to 
134 MOs appear as singly occupied molecular orbitals (SOMO), of which 133 α MO is found 
to be composed of the acceptor orbitals solely in both the pairs (Figure 4.2). Since, the 
computations are performed at U-DFT level, all the occupied orbitals are in fact possessed by 
single electrons. Thus, here the SOMOs are referred to as the α-occupied MOs which do not 
have any β-counterpart of comparable energy. 
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                                  (a) H-pair                                                           (b) V-pair 

Figure 4.2. The 133rd α-SOMO in (a) H-pair, and (b) V-pair, solely centered on the acceptor. 

Existence of this MO advocates for the single electron transfer to the acceptor moiety. 
Rest of the SOMOs shows an equitable contribution of Cp* and ETCE orbitals. Although in 
such complexes metal d-orbitals are reported as magnetic orbitals,13 in the present case any 
contribution from Cr d-orbitals is found surprisingly missing in the construction of the 
highest occupied α-MOs. This contradiction probably stems from the non-Aufbau kind of 
behavior, where the singly occupied metal orbitals are buried below doubly occupied 
orbitals.44 The density of states (DOS) plot which shows the highest occupied β-spin orbitals 
at higher energy levels than the highest occupied α-MOs (Figure 4.3) also supports this 
observation. This problem is often encountered in systems having bonds with prevalently 
ionic character. Due to this rearrangement of the electrons in shuffled MOs, the contribution 
of d-orbitals is found in 126, 127 and 128 α-MOs which are below the so called SOMOs. 
However, applying spin projection technique (eqn (4.2)), the coupling is found to be very 
weak (J =0.004 cm−1) in the H-pair, compared to V-pair (J =511 cm−1). Though weakly 
coupled, the H-pair takes a decisive role in setting up the gross magnetic behavior in such 
crystals.6b 
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Figure 4.3. The DOS plot of the V-pair. 

Now, to understand the charge transfer phenomenon, the electronic configuration of 
D+ and A− in the V-pair is compared with its neutral analogues (D0 and A0). From the 
comparison of the molecular orbitals of the individual D0and A0 units, it appears that the 
electron transits from the 86th β-orbital of D0 to the 46th α-MO of A0. In the receptor part, the 
antibonding nature of the olefinic C–C orbitals further clarifies that this is the π* MO (Figure 
4.4). This analysis, performed in the background of monomer approach, also provides 
necessary information for the appropriate selection of donor and acceptor orbitals, 
participating in the charge transfer process. To trace the charge transfer process, the system is 
analyzed at the transition state, when one electron is being transferred from the donor β-
orbital to the π* MO of the acceptor. It has been shown previously that the superexchange 
electronic charge resonance energy, which we have denoted here as 2∆E in eqn (4.5), can be 
substituted by the charge transfer integral (HDA) or the direct vacuum electronic coupling 
term.59 The initial and final states of electron transfer has been crucial in the determination of 
the two-state approximation. In determining the initial and final states of the electron transfer, 
the β-LUMO of the isolated donor D+ is taken as the donor orbital since the electron was 
initially localized on that particular orbital. Whereas, in the acceptor part A, the α-LUMO is 
taken as the recipient orbital since the hopping electron is going to be localized on that 
orbital.46 Using the energies of the concerned orbitals, the magnetic exchange coupling 
constant is estimated as 514 cm−1 through eqn (4.9) (at UBH and HLYP/6-311++g(d,p) with 
LANL2DZ extrabasis on Cr) which is in reasonable agreement with the J, estimated at same 
level of theory through the famous spin projection technique (eqn (4.2)) of Yamaguchi (Table 
4.1). To compare these values obtained through DFT, a more accurate CASSCF technique is 
adopted as well, which is capable to describe the multireference character of involved 
radicals. The CASSCF wave function is constructed allowing all possible combination of ten 
electrons in nine orbitals resulting in a CASSCF (10,9) active space. The active space 
includes SOMOs, i.e., Cr dz

2, dx
2
-y

2 and dxy-orbitals on the donor fragment and also the singly 
occupied π*-orbital on the acceptor fragment. The orbitals, which on a test calculation using a 
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larger active space (namely a 14 electrons and 11 orbitals space), shows an occupancy of 1.99 
electrons, are moved to core orbitals. The chosen active orbitals are shown in Figure 4.5. 
From Table 1, the chosen functional BHandHLYP  and CASSCF are found to produce 
similar value of exchange coupling constant. Moreover, in all the methodologies, same kind 
of spin density alternation (up–down–up) in Cr–Cp*–ETCE is observed, which is indicative 
of the superexchange mechanism (see Table B.S2 in Appendix B). 

 

Figure 4.4. The 46th α-MO of acceptor unit in both of the V-pair and H-pair. 

 

Table 4.1. Comparison of coupling constant values (J) for the V-pair, obtained through 
different methodology. 

Level of theory J in cm−1 

BHandHLYP/6-311++g(d,p) with 
LANL2DZ extrabasis on Cr 

511 

CASSCF(10,9)/LANL2DZ 439 
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Figure 4.5. A qualitative MO diagram of the chosen active space for the CASSCF 
calculation, containing 10 electrons in 9 orbitals. 

4.4.1. Competition between exchange mechanisms 

So far the spin topology of the V-pair is concerned, it is interesting to note significant 
spin density on Cp* moiety which intervenes the magnetic sites Cr and the acceptor ETCE. 
This observation suggests that bridging Cp* ligand is playing a role to couple the spins on Cr 
and ETCE through superexchange process. The spin density alternation further affirms the 
possibility of superexchange.47 The spin density alternation in the V-pair also justifies the 
McConnell-I mechanism, according to which, the majority spin on the metal atom induces a 
negative spin density on the Cp* motif, which in its turn spawns positive spin density on the 
acceptor part. On the other hand, absence of any such bridging ligand in between the 
magnetic sites of H-pair makes direct exchange the only mechanism for the interaction of 
spins. Earlier studies pointed out two such contributions to the magnetic coupling; 
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where Kij describes direct exchange between magnetic orbitals and generally considered as 

ferromagnetic contribution.48 The second part, including the hopping integral2
ijt  and the on-
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site Coulomb repulsion U, is usually termed as kinetic exchange in Anderson's interpretation 
and antiferromagnetically contributes to the total coupling constant.49 In a model proposed by 
Heitler and London,  J  is similarly split into ferro- and antiferro-magnetic parts 

SKJ β2+= .                                                                  (4.11) 

The first part, being the two-electron exchange integral is necessarily positive; whereas the 
second part contains resonance integral (β) and an overlap integral (S), which are of opposite 
sign and thus their product becomes negative. Hence, the value of overlap integral plays a 
crucial role in controlling the overall nature of magnetic interaction.9b However, the value of 
direct exchange coupling constant, estimated through spin projection technique, in case of H-
pair is found to be very weak (0.004 cm−1) compared to that (511 cm−1) in case of V-pair, 
where the superexchange is operative. This observation is in agreement with Anderson's 
explanation where the superexchange is argued to be more intense than direct exchange on 
the basis of metal–ligand overlap.48b The direct exchange interaction is considered to be 
comparatively weaker because it operates between spatially orthogonal wave functions.50 
Further, the degree of exchange is found to be largely affected from the distance between the 
magnetic sites.51 Hence, the large distance of 7.248Å between the donor and acceptor in H-
pair is another reason for the weaker direct exchange compared to superexchange. This 
observation is in agreement with the result of theoretical and experimental works, executed 
on similar systems,57 where the intrachain (V-pair) magnetic interaction is found to be much 
stronger than interchain (H-pair) interaction. 

Though weak, the interchain coupling takes a significant role in deciding the overall 
magnetic ordering of the system.6b,11,57  Hence, both of these V-pair superexchange and H-
pair direct exchange are to be simultaneously taken into account to explain the bulk magnetic 
behavior. As a replica of the bulk system, a two-dimensional (2D) motif of the crystal (Figure 
4.1b) is scooped out where both H-pair and V-pair are present. Next, following the 
computational strategy stated in ref. 31, the second vertical column is made dummy in order 
to compute the coupling constant in the 1st V-pair. The exchange interaction between the 
donor–acceptor pair in horizontal direction is quantified through similar approach. A 
comparable approach requires embedding the central unit in a field of point charges.60 
Inclusion of neighboring units is found to be a good approximation to the bulk property.61 
The value of coupling constant (JD), obtained in this way for the V-pair considerably 
decreased to 13 cm−1 compared to the earlier computed J value of 511 cm−1 (Table 4.1). On 
the other hand, in the H-pair there is a slight increase (0.007 cm−1). This indicates some kind 
of antagonism between direct exchange and superexchange. Since this truncated model 
reproduces the bulk-behavior, the coupling constant of this system is ideal to compare with 
that obtained from experimental data.  

The value of J drastically decreases in a two-dimensional system, compared to that in 
the single V-pair. A close comparison of the parameters, required to get coupling constant 
from eqn (4.2), reveals that except the energy of BS state all other factors are nearly same in 
single pair and 2D model. This clearly indicates that in the 2D model the BS state gets more 
stability compared to single D+A− pair, which can be attributed to the interchain interaction. 
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In the extended model, one single D+A− pair finds another such A−D+ pair in its neighbor, 
which causes a distortion in its equilibrium configuration.57 Following the second order 
perturbation it can be shown that there is an orbital interaction between neighboring chains, 
which eventually stabilizes the broken-symmetry state.62 Moreover, the difference of spin 
density in these two situations, also contributes to such steep change in the value of coupling 
constant (see Figure B.S1 in Appendix B). A decrease of spin density is noticed in the two 
dimensional array due to dispersion of spin densities from magnetic sites, which affect the 
coupling constants. This fact finds its support from the recent works which advocate for an 
intimate relationship between the spin population and coupling constant.29,31 

4.4.2. Effect of periodicity 

For a proper understanding of the magnetic interaction in the extended system, one 
must concentrate on studying the magnetic interaction as a periodic function. To gain an 
insight to the magnetic property in the periodic lattice system, periodic boundary condition is 
imposed on the system with the translational vectors 10.796 Å in the vertical direction and 
16.161 Å in the horizontal direction. An attempt to compute the J value in the periodic 
boundary is failed in case of the horizontal pair because of the non-convergence of BS 
solution. This can be attributed to the large distance between donor and acceptor which does 
not allow mixing of the orbitals on magnetic centers and the BS state cannot be constructed in 
consequence. This fact is also ensured from a very weak value of coupling constant for H-
pair. The electron tunnelling rate is also found to decay exponentially with distance.59,63 For 
this, the vertical pair is only chosen to investigate the effect of periodicity on its magnetism. 

 

(a)                                                                   (b) 

Figure 4.6. The density of states plots of the V-pair in (a) gas phase and (b) under periodic 
boundary condition. 

It has been previously anticipated that the prediction of a local property, e.g., spin 
density for a system in cluster or in PBC are similar for a particular functional.64 The 
comparison of spin density in PBE functional can be found in Tables B.S2 and B.S3 of 
Appendix B A close inspection of Tables B.S2 and B.S3 reveals a change in the spin density 
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under PBC (see Table B.S3 in Appendix B). This is expected to bring about the variation in 
magnetic interaction. However, a variation in the choice of the k-point grid shows that after 
the 3rd k-point, the change in spin density becomes insignificant which implies the attainment 
of the bulk limit. Computation of magnetic exchange coupling constant with the constraint of 
periodic boundary reveals an antiferromagnetic (AFM) interaction in vertical direction. The 
AFM interaction in the V-pair under periodic boundary condition (PBC) is in the stark 
contrast to the positive value of coupling constant in absence of PBC. The change over from 
FM to AFM exchange within the periodic boundary condition may be argued to be arising 
out of this difference in functionals. To verify this, in absence of PBC the exchange coupling 
constant for the V-pair is also estimated using PBE functional in unrestricted framework 
which results in the J value of 133 cm−1. This result shows that from the methodological 
point of concern, though the functional may alter the extent of coupling,65 it cannot overturn 
the magnetic nature at least in the present case. Thus imposition of periodicity only can be 
attributed to such change in the magnetic behavior. This spin crossover can be understood in 
terms of charge transfer integralijt in eqn (4.4).66 In this extended model, a particular donor 

(D+) finds two acceptor units (A−) below and above it unlike in the single V-pair. This 
increases the possibility of charge transfer, leading to the stabilization of AFM state. The 
exchange coupling constant under PBC is also calculated in the hybrid PBE0 functional for 
convenience,67 which also predicts antiferromagnetic exchange in the periodic lattice. The 
results are given in Table B.S4 of Appendix B. The larger estimate of J produced by the 
hybrid PBE0 functional, in comparison to the pure PBE functional, can be explained due to 
the presence of a fraction of exact exchange which has a much larger extent than the DFT 
exchange considered in the pure functional. The AFM exchange coupling within the periodic 
boundary approach can further be envisaged as the effect induced by increasing the degrees 
of freedom of an electron. Thus the system gains stabilization in presence of PBC which can 
be confirmed from the energy comparison of V-pair, computed at same theoretical level 
[UPBEPBE/6-311++g(d,p) level with LANL2DZ as extrabasis on Cr atom]. The energy of 
the system without periodic boundary is −2445.135 a.u. and with the periodic boundary the 
energy is −2445.142 a.u. The periodic electron density can thus be assumed to be more 
delocalized which in turn induces a decreasing shift in Hubbard U parameter.68 Now, there is 
a report of the lowering of energy of the d-states with increase in U parameter.69 So, a 
decreasing shift in U should uplift the energy levels of d-states, which is apparent from the 
DOS plots in aperiodic and periodic conditions (Figure 4.6). Hence, a small value of U is 
expected in a periodic boundary formulation.68 From the comparison of DOS plots in 
aperiodic and periodic systems, not only the upliftment of Cr d-states, but also the 
destabilization of Cp* ligands can be noticed. In addition, the up-spin orbital of acceptor 
lowers down in energy in the periodic condition. This situation brings the down-spin orbital 
of lower Cp* ring and the up-spin orbital of acceptor unit within the same energy range and 
thus facilitate their overlap in the periodic condition of the system. Hence, a small value of U 
together with non-zero value of S result in a stronger AFM interaction, which eventually 
supersedes the FM interaction and turns the system into a weak antiferromagnet in the 
periodic condition. However, the overall ferromagnetism in the bulk is manifested through an 
ensemble of different mechanisms.6b,66,70,71 
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4.5. Conclusion 

The phenomenon of charge transfer (CT) is of paramount impact in guiding the 
courses of several biological and chemical processes. In the present study, the charge transfer 
process is also found effective in governing the magnetic behavior of metallocene based 
charge transfer complexes. A recently synthesized system, [Cr(Cp*)2][ETCE] is taken as the 
representative MBCTC to explore the influence of charge transfer on the magnetic behavior 
of such donor–acceptor complexes. Anderson in his pioneering work ascribed charge transfer 
as the origin of kinetic exchange and correlated this exchange with the second order 
perturbation energy for such charge transfer. In a recent work, using this approach of 
Anderson, the coupling constant is parameterized with spin population (eqn (4.5)). However, 
eqn (4.5) is employed to account for through bond charge transfer in a superexchange 
process. On the contrary, NBO analysis for the present system clarifies a zero overlap status 
in between the donor and acceptor, which necessitates the tunnelling of electron in its journey 
from the donor to the acceptor. Hence, in the present work, eqn (4.5) is modified to take the 
electron tunnelling matrix element (HDA) into account to determine the coupling constant. 
This integral, is evaluated from the zeroth order eigenvalues of pure donor and acceptor at the 
transition state of the electron transfer process. The exchange coupling constant (JT), obtained 
in this way (eqn (4.9)) is well in agreement with J, the coupling constant derived through 
well-known spin projection technique of Yamaguchi (eqn (4.2)). The charge transfer 
interaction happens to be the central in such type of complexes where the magnetic 
interaction begins after the charge dislocates from the donor to the acceptor creating one 
magnetic site at the acceptor. 

The topological difference of V-pair and H-pair leads to the possibility of concurrent 
and competitive exchange interactions at different directions. In V-pair, the intervening Cp* 
ring assists the transfer of electron from metal to acceptor unit and hence there operates the 
superexchange process in this direction. In the other direction, the donor and acceptor are far 
separated and there is no such aid for the spins to be transferred from the donor to the 
acceptor. Hence the direct exchange process becomes only viable in H-pair. From the 
comparison of the coupling constant values, the superexchange interaction is found dominant 
in between two exchange processes in [Cr(Cp*)2][ETCE]. Since, the weak interaction in the 
horizontal direction takes a decisive role to render overall magnetic ordering; the V- and H-
pairs are simultaneously taken into account. This situation opens up the possibility of several 
exchange interactions among multiple magnetic sites, which is estimated through one of our 
earlier developed computational scheme, referred to as dummy approach within the text. The 
coupling constant value for the V-pair, obtained through this approach is found to be very 
low compared to the previous value, where only the V-pair is considered. The drastic 
decrease in the J value through dummy approach is attributed to the interchain interaction. 
The coexistence of competitive superexchange and direct exchange in this truncated model 
replicates the bulk behavior. The small positive value of J supports the weak ferromagnetic 
nature of this MBCTC by Wang et al.11 

It has been of optimal challenge to investigate the nature of magnetism in a crystal 
system. The best way to mimic the real network of spins of a cluster demands the application 
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of periodic boundary condition. The PBC can treat systems in bulk condition with much less 
computational effort without taking the finite size-effect and border-effect. Our calculation 
clearly shows that the magnetic interaction in one dimensional periodic lattice of such kind of 
system in the vertical direction is antiferromagnetic and the extent of magnetism is too low. 
Moreover, it is interesting to note that the FM system turns into an AFM one with imposition 
of periodic boundary condition. This change over in the magnetic status of the system is 
explained with the rearrangement of the density of states in [Cr(Cp*)2][ETCE]. In this 
condition, there occurs a simultaneous higher and lower energy shifts in the donor and 
acceptor orbitals respectively and the donor–acceptor overlap integral gains a non-zero value, 
which is otherwise zero in the system. This lift in energy of the d-states is also supported 
from the easy dispersion of alpha spin to the Cp* ligand orbital. Hence, this situation 
facilitates electron delocalization and results a lower Hubbard U value. As a consequence of 
all these facts the [Cr(Cp*)2][ETCE] which exhibits ferromagnetic coupling in the single 
D+A− pair, turns into a antiferromagnetic system in the periodic condition along vertical 
direction. However, the convolution of different exchanges pervading the crystal makes it a 
weak ferromagnet. An extended review on MBCTC divulges that there is a delicate balance 
in the sign of coupling constant in horizontal direction.65 This weak, still competing magnetic 
interaction is regarded as the principle criterion for metamagnetism.72 However, this work 
suggests a delicate poise of magnetic interaction in the vertical direction as well.  
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CHAPTER 5 

 

Ligand Effects toward the Modulation of Magnetic Anisotropy and Design of 
Magnetic Systems with Desired Anisotropy Characteristics 

 

 

 

 

Abstract 

 

              Magnetic anisotropy of a set of octahedral Cr(III) complexes is studied theoretically. 
The magnetic anisotropy is quantified in terms of zero-field splitting (ZFS) parameter D, 
which appeared sensitive toward ligand substitution. The increased π-donation capacity of the 
ligand enhances the magnetic anisotropy ofthe complexes. The axial π-donor ligand of a 
complex is found to produce an easy-plane type (D > 0) magnetic anisotropy, while there 
placement of the axial ligands with π-acceptors entails the inversion of magnetic anisotropy 
into the easy-axis type (D < 0). This observation enables one to fabricate a single molecule 
magnet for which easy-axis type magnetic anisotropy is an indispensable criterion. The 
equatorial ligands are also found to play a role in tuning the magnetic anisotropy. The 
magnetic anisotropy property is also correlated with the nonlinear optical (NLO) response. 
The value of the first hyperpolarizability varies proportionately with the magnitude of the 
ZFS parameter. Finally, it has also been shown that a rational design of simple octahedral 
complexes with desired anisotropy characteristics is possible through the proper ligand 
selection. 
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5.1. Introduction 

 Magnetically interacting open-shell transition metal ion clusters have been a topic of 
thorough investigation in the past few decades, which has caused the divergent areas of 
chemistry and physics to meet.1 Interesting catalytic, biochemical, and physical properties of 
paramagnetic metal complexes have drawn the attention of many researchers and material 
scientists.2 Magnetic materials based on molecular lattices, rather than continuous lattices of 
classical magnets, have been designed and synthesized.3 Recently, polynuclear clusters 
assembled from mononuclear coordination complexes have become a subject of increased 
interest since it is relevant for the study of “single molecule magnets” (SMMs).4 A 
phenomenon hindering spin inversion causes certain molecules to exhibit slow relaxation of 
the magnetization after removal of an applied magnetic field, thus showing SMM behavior.5,6 
The discovery that some metal coordination clusters may behave as SMMs5,7,8 has provoked 
plentiful research in the direction of their potential applications in high-density information 
storage and quantum computing.9−11 

 The genesis of SMM behavior is a large easy-axis magnetic anisotropy and concomitant 
high energy barrier that needs to be overcome for the reversal of the magnetic moment. The 
barrier to reorient spin in magnetic molecules can be given by |D|S2 for molecules with 
integer spins and |D|(S2−1/4) for molecules with half integer spins, where D is the zero-field 
splitting (ZFS) parameter and S is the ground state spin.12 Molecular systems containing a 
large number of paramagnetic centers with significant negative D are the most suitable 
candidates to be used as SMMs.5 However, most of these species show either low negative or 
positive D value in spite of having high ground state spin. Recently, a few lanthanide 
complexes have been reported to show slow magnetic relaxation behavior. For example, 
phthalocyanine double-decker complexes with Tb(IV) and Er(III) encapsulated in a 
polyoxometalate framework exhibit an extremely high negative anisotropy barrier.13,14 
Several complexes of Fe(II), U(III) and Dy(III) also show similar characteristics.15−17 Another 
novel class of nanomagnets called the single-chain magnets (SCMs), can be formed by 
combination of the SMMs.18−23 A series of one-dimensional cyano-bridged coordination 
solids (DMF)4MReCl4(CN)2, with M = Mn, Fe, Co, Ni, have been reported to show a slow 
relaxation of magnetization.24 Moreover, in the combination of SMMs in which the easy axes 
of anisotropies are linked in a parallel manner, can lead to a large easy-axis type (D < 0) 
anisotropy in the long-chain range, and manifestation of a slow relaxation of magnetization 
can occur.25 

 The dependence of the ZFS parameter (D) on the nature of ligands has long been a 
subject of enormous interest.26 For example, the synthesis and characterization of a series of 
high spin hexa-coordinated dihalide Mn(II) complexes [Mn(tpa)X2] (tpa = tris-2-
picolylamine; X = I, Br, and Cl) advocate for the presence of such ligand effects showing an 
increase in the D value with I relative to that with Br and Cl (DI>DBr>DCl).

26b Recently 
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Karunadasa et al. have shown the variation in magnetic anisotropy in a few pseudo-octahedral 
first-row transition metal complexes by varying ligands.27 A series of octahedral complexes 
[Cr(dmpe)2(CN)X]+ (dmpe =1,2-bis-(dimethylphosphino)ethane, X = Cl, Br, I) and 
Cr(dmpe)2(CN)X (X = Cl, I) has been studied, and a similar trend as that discussed above has 
been observed. Logically, the observed trends can be attributed to factors such as changes in 
d-orbital splitting with the nature of the halide, the influence of ligand spin−orbit coupling, 
and so on. A simple computational model may be useful for a clear analysis of the observed 
changes in D as a function of the nature of the ligands. One of the interesting properties that 
such types of organometallic complexes manifest is the nonlinear optical (NLO) property.28 
Molecular NLO materials are of considerable scientific interest due to their potential 
application in the field of optoelectronics and all-optical data processing technologies.29,30 In 
a number of works, the magnetic property of materials has been related to the NLO 
response.31,32 Therefore, it can be intuited that there exists a correlation between NLO 
response and ZFS parameter. 

 In order to understand the effect of the ligands to tune the magnetic anisotropy in 
transition metal complexes, a systematic DFT study was carried out on a few chosen systems 
(Figure 5.1). The observed trends in the D values of the octahedral complexes 
[Cr(dmpe)2(CN)X]+ (dmpe=1,2-bis-(dimethylphosphino)ethane, X = Cl, Br, I) enable one to 
estimate the contribution of the halides toward the ZFS of the whole molecule. Such 
contributions of the ligands are correlated with the energy difference between the highest 
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), and 
second-order NLO response. A positive value of D would correspond to an easy-plane type 
(i.e., D > 0) magnetic anisotropy. On the other hand, a negative value relating to the easy-axis 
type (i.e., D < 0) magnetic anisotropy would make the systems more interesting for various 
applications. As a logical consequence, the second part of our work involves the study of the 
magnetic nature of the complexes in which both the axial positions of the complex are 
replaced either by π-donor or π-acceptor ligands to inspect the magnetic nature of the 
complexes as a function of ligand substitution. 

 

Figure 5.1. Structures of the octahedral complexes [Cr(dmpe)2(CN)X]+, (X = Cl, Br, I for 
complexes 1, 2, and 3, respectively). 
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5.2. Theoretical Background 

 Magnetic anisotropy leads to the splitting of 2S+1 magnetic sublevels even in the 
absence of an external magnetic field, and this phenomenon is called ZFS. The degeneracy of 
the Ms states is lifted due to ZFS in molecules having S > 1/2. Prediction of the ZFS in 
transition-metal complexes using density functional theory (DFT)-based methods has been a 
subject of scientific interest.26b The uncoupled perturbation theoretical approach in the 
framework of unrestricted Kohn-Sham formalism is adopted to determine the spin-orbit 
coupling contribution to ZFS.33 The second-order correction to the total energy of a system 
due to spin-orbit coupling can be expressed as34 

                                           
∑∑
σσ' ij

σσ'
j

σσ'
i

σσ'
ij SSM=∆2 ,                                                  (5.1) 

Where σ is used to denote different spin degrees of freedom and i and j denote coordinate 
labels, x, y, and z. Here Si

σσ′ is defined as 

                                         

' '
σσ σ σ
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(5.2) 

χ
σ and χσ′ are a set of spinors that are constructed from a unitary transformation on the Sz 

eigenstates. The matrix elements Mij
σσ′ are described as 
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φ |V |φ φ |V |φ
M =

ε ε
−

−∑  .                                (5.3) 

In this equation, φl
σ and φk

σ′ are occupied and unoccupied states with energies εlσ and εkσ′, 
respectively. The operator Vx is related to the derivative of coulomb potential. In the absence 
of magnetic field, the change in energy of the system in the second-order can be written as 

                                  
j

ij
iij SS=∆ ∑ γ2  .                                                                   (5.4) 

Diagonalizing the anisotropy tensor γ, one can obtain the eigenvalues γxx, γyy, and γzz, and, 
consequently, the second-order perturbation energy can be written as 
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Parameterization of the anisotropy tensor components (γxx, γyy, γzz) with D and E, which are 
the axial and the rhombic ZFS parameters, respectively, gives rise to the following simplified 
expression 
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 +− .                      (5.6) 

The sign of the axial ZFS parameter D is important in determining the nature of the magnetic 
property associated with the system. For a positive value of D, the system cannot show 
magnetic phenomena, and the magnetic anisotropy is termed easy-plane anisotropy. On the 
other hand, the negative value of D is the basic requirement for a material to become SMM.35 

 

5.3. Computational Details 

 Single-point calculations on the chosen octahedral Cr(III) complexes (Figure 5.1) are 
carried out on the crystallographic geometries obtained from ref 27. Following the 
methodology proposed by Pederson and Khanna,34 the ORCA36 code is used to calculate the 
ZFS tensor in DFT formalism. We have calculated the ZFS parameters using the BPW91 
functional,37 and TZV basis set,38 and taking advantage of the resolution of the identity (RI) 
approximation with the auxiliary TZV/J Coulomb fitting basis set,39 under unrestricted 
Kohn−Sham formalism. This methodology, as adopted in this work, is being widely used to 
compute the ZFS parameter.37b,c,40 Although there are several methods available for the 
computation of the ZFS parameter, the Pederson and Khanna (PK) method is known to 
produce the correct sign of the ZFS parameter.37b,c Moreover, it has also been observed that 
the ZFS contributions predicted by this method show fair agreement with accurate ab initio 
and experimental results. With regard to the computation of the ZFS parameter, other DFT 
methods that are being used are Neese’s quasi-restricted (QR) approach,41 and the coupled 
perturbed spin orbit coupling (CP-SOC) method.42 Recently, some more sophisticated ab 
initio techniques have proven to produce excellent results.43 Nevertheless, the justification of 
using the PK method in the case of Mn(II) systems by Neese and co-workers solicits for the 
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selection of this method in the present work.33 Earlier studies have concluded that magnetic 
anisotropy values have strong dependence on the functionals; however, the same is less 
dependent on basis sets.37a,44 It has also been previously explained that the performance of the 
nonhybrid functionals toward the prediction of the D parameter is excellent.45 Thus it can be 
expected that the BPW91 functional will be a good choice for the calculation of the ZFS 
parameter, which has also been shown by Rodriguez etal.37b,c The second-order NLO 
response β has been calculated using the Gaussian 09W46 suite of software, using the same 
methodology as the ZFS parameter. As the Gaussian suit of software does not allow the use 
of TZV basis set for the element iodine, we supply the midi-x basis set as an extrabasis for the 
element iodine. The midi-x basis set is a heteroatom-polarized valence-double-ζ basis set that 
is known to be good at predicting partial atomic charges accurately.47 

 

5.4. Results and Discussions 

5.4.1. Role of π-donation from ligand 

        The ZFS parameters are computed for complexes 1, 2, and 3 (Figure 5.1). The 
agreement between the calculated and the experimental values can be followed from Table 
5.1. The ZFS is known to arise from small differences of various contributions; thus, a better 
agreement with the experimental results can rarely be expected.48 However, the order of 
magnitude of the ZFS parameters are in parity with experimental observations. Moreover, 
similar to the experimental trend, the magnitude of D increases gradually from complex 1 to 3 
in the present study.  

Table 5.1. Experimental (Dexp) and calculated (Dcalc) ZFS parameters for the complexes 1, 2, 
and 3. 

complex formula |Dexp| (cm−1) Dcalc (cm−1) 

1 [Cr(dmpe)2(CN)Cl]+ 0.11 0.27 

2 [Cr(dmpe)2(CN)Br]+ 1.28 1.45 

3 [Cr(dmpe)2(CN)I]+ 2.30 5.66 

 

 Although it is difficult to relate the electron pulling capacity of a ligand with the help of 
electronegativity of the ligand in the complex, the effect of covalency cannot be ignored. A 
covalent interaction of the central metal with the ligand aids in the delocalization of unpaired 
spins away from the metal.49 This phenomenon is often explained through the orbital 
reduction factor k, which is defined by Stevens as the decrease in the orbital angular 
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momentum of an unpaired electron in thed-orbital.50 Previously, it has been shown that the 
orbital reduction factor is associated with the time spent by the unpaired electron in the 
adjacent ligands.51 The orbital reduction factor is expressed as follows: 

                                                 ii

ii

dld

l
k

ΨΨ
=

                                                               

(5.7) 

where l is the orbital angular momentum operator, and |d⟩ and |Ψ⟩ are free ion d-orbitals and 
molecular orbitals, respectively.52 However, k can be reduced to the following working 
equation for computational realization: 
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for l =2,i runs over d atomic orbitals (AOs) and µ runs over molecular orbitals (MOs) with 
dominant d-contributions, with c(i,µ) being the contribution of ith AO to the µth MO.53 The 
orbital reduction factor value obtained for complexes 1, 2, and 3are 1.16, 0.95, and 0.85, 
respectively. A reduction in the orbital angular momentum from the free ion value can be 
taken as evidence of covalency between the central ion and the ligandion.54 Following Pellow 
and Vala,55 it clearly appears that the value of orbital reduction factor is dependent on the 
ratio of the metal and the ligand spin−orbit coupling. Hence, a smaller value of the orbital 
reduction factor depicts a larger spin−orbit coupling contribution from the ligand to the 
overall magnetic anisotropy characteristics of the complex. Although the conventional orbital 
reduction factor has values within 0 and 1, a k value larger than 1 can arise due to the 
admixture of states with different multiplicity.56 A value of k greater than 1 signifies that the 
spin−orbit coupling of the complex is greater than the free ion value.55 This point has been 
explained thoroughly by Griffith on the basis of the delocalization of the d-orbitals.56b The 
halogen ligands are also known for their π-donation ability, which increases down the 
halogen group. Hence gradual increase in the magnitude of D parameter can primarily be 
attributed to the π-donation strength or the basicity of the halide ligands. The ZFS parameters 
are usually understood in the framework of ligand-field (LF) theory as many other properties 
of transition metal complexes.33 In an octahedral field, the degenerate d-orbitals of the metal 
ion is split into two levels, namely, t2g and eg. The ground state of Cr(III) in an octahedral 
environment has the electronic configuration t2g

3 which gives rise to the 4A2g state. The three 
unpaired electrons in this d 3 system remain in the nonbonding dxy, dyz, and dzx orbitals of the 
t2g group. There are six one-electron promotions that give rise to 4T1g and 4T2g excited states. 
These two states are different in energy, but only the 4T2g state can couple to the ground 
state.57 However t2g

2eg
1 configuration corresponds to a 4T state, and, particularly, these 

excitations within the metal d-shell make the most important contributions to the ZFS.58 Four 
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types of excitations that are found to contribute to the D tensor are SOMO−VMO (α→α), 
SOMO−SOMO (α→β), DOMO−VMO (β→α), and DOMO−SOMO (β→β), where SOMO, 
VMO, and DOMO refer to singly occupied, virtual, and doubly occupied MOs, respectively. 
In the unrestricted formalism, all the orbitals are singly occupied by up-spin or down-spin. 
Thus, the SOMOs are referred to as those occupied up-spin MOs that do not have any 
population in their down-spin counter parts. Similarly, those orbitals having population in 
both the up and their corresponding down spin MOs are considered here as DOMOs. In Table 
5.2, these individual excitation contributions to the D are listed. It can be seen from Table 5.2 
that all the individual contributions are more or less in accordance with the experimentally 
observed trend in the values of ZFS parameters, i.e., these contributions also increase from Cl 
to I in almost all cases. The crucial dependence of the ZFS parameter on various important 
d→d excited states, involving spin-allowed and forbidden intra-SOMO spin flip excitations 
can be observed from Table 5.2.59 Among the four excitations, two important contributions 
stem from α→α and β→α excitations, which correspond to the SOMO→VMO and 
DOMO→VMO transitions, respectively. The first one has maximum positive contribution 
toward the overall D of the molecule, while the DOMO→VMO has the highest negative 
contribution for the same. The magnetic response of the electronic ground state is largely 
determined by the d−d excited states of the same multiplicity as that of the ground state.58 
The HOMO→LUMO transition is so spin conserving that the d−d transition can exclusively 
be made responsible for the ZFS.41 This observation draws our attention to the 
HOMO−LUMO gap of the molecules, where HOMO is the highest energy SOMO. TDDFT 
calculations for the study of the d−d vertical excitations are carried out with the same basis 
set and functional to see which of these excitations are most important for the ZFS. The 
TDDFT results (see Appendix C) for all three complexes reveal that, among the d−d 
transitions, those transitions that correspond to the highest oscillator strength are 
HOMO−LUMO transitions. 

Table 5.2. Individual excitation contribution to the total ZFS parameter D. 

complexes SOMO−SOMO 
(α→β) 

DOMO−VMO 
(β→α) 

SOMO−VMO 
(α→α) 

DOMO−SOMO 
(β→β) 

complex 1 0.02 −0.35 0.29 0.31 

complex 2 1.53 −4.78 3.64 1.06 

complex 3 11.87 −25.22 17.99 1.02 

 

 The HOMOs in all three cases are pπ−dπ antibonding orbitals (Figure 5.2), while the 
LUMOs are mainly concentrated on the metal d-orbitals with no contribution from the 
ligands. Since the LUMOs, mainly composed of metal dx

2
−y

2 orbitals, are not in a desired 
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orientation to interact with halides, they are found to be almost constant in energy with the 
variation in halides (Figure 5.3). Interaction of halide p-orbitals with the metal d-orbitals 
leads to destabilization of those orbitals by mixing with them in an antibonding fashion. The 
extent of destabilization increases with the donation property of the halide π-donor. Hence, 
the HOMO−LUMO gap eventually reduces from the chloride complex to the iodide complex 
(Figure 5.3). Thus, it is expected that in case of the chloride complex, the D value will be 
lowest in magnitude as the denominator in eqn 5.3 is largest. Hence the increase in the D 
value from complex 1 to 3 is justifiable from the standpoint of the reducing HOMO−LUMO 
gap. 

 

Figure 5.2. The HOMOs and the LUMOs of the octahedral Cr(III) complexes. The equatorial 
ligands are in tube form for clarity. 

 Moreover, a reduction in the HOMO−LUMO gap has its manifestation in the NLO 
properties of materials.31 This single parameter, the HOMO−LUMO gap, is established as a 
key factor to tune both the magnetic behavior and the NLO response simultaneously.31 
Electronic charge-transfer transition is responsible for NLO response in materials. Analysis of 
the results obtained from the calculation of the second-order NLO response reveals that there 
is a unidirectional charge-transfer transition, as one particular tensorial component of β, 
namely βzzz, is the dominating term, with z-axis being parallel to the metal halogen bond.60 A 
good π-donation from the ligand increases the diffusibility of the electronic cloud in between 
the metal and the ligand, which in turn is responsible for the hyperpolarizability of the 
molecule. Hence, the physical origin of the high βzzz for complex 3 can be correlated with the 
strong π-donation ability of iodine. On the other hand, it is clear from eqn 5.3 that the 
denominator of the tensorial component of magnetic anisotropy corresponds to the energy 
difference between the occupied and unoccupied energy levels. In that case, an increase in 
first hyperpolarizability value can be envisaged as a tool toward the prediction of increasing 
magnetic anisotropy. Keeping this view in mind, we have also computed the first 
hyperpolarizability that is the second-order NLO response of the complexes. The first 
hyperpolarizability values are given in Table 5.3 along with the HOMO−LUMO energy gap. 
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Scrutiny of Table 5.3 shows that as we go from complex 1 to complex 3 with increased π-
donation of one axial ligand, the value of βzzz  is increased, showing the validity of the idea of 
getting a prediction over the magnitude of ZFS from the NLO response. 

 

Figure 5.3. Decrease in the HOMO−LUMO gap on going from complex 1 to complex 3, with 
the increase in π-donation strength from Cl to I. 

Table 5.3. The first hyperpolarizability values of complexes1, 2, and 3 and corresponding 
HOMO−LUMO gaps(∆EHL). 

complexes 

 

HOMO−LUMO energy gap (∆EHL) 

(in eV) 

hyperpolarizability ( βzzz) 

(in a.u.) 

1 3.2 −146.61 

2 2.9 −393.90 

3 2.7 −546.01 

 

5.4.2. Effect of individual ligands toward the ZFS of a molecule 

        The interaction of the π-donor ligand with the d orbitals in the t2g group is shown in 
Figure 5.4. The π-interaction lifts the SOMOs containing dxz and dyz orbitals upward by 
forming pπ−dπ antibonding orbitals. In order to study the effect imparted by the ligands, a 
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DFT calculation is performed by replacing the ligands of focus by point charges of same 
magnitude as that on the ligand. The purpose of this model is to nullify the π-interaction 
between the ligand orbitals and the metal d-orbitals. The charge in place of the ligand is 
retained to model the same crystal field environment as in the original complex and enforces 
a similar occupation of the orbitals.61 When the ligand is replaced by a point charge, the D 
value, which is denoted here as DX, corresponds to the ZFS of the complex, excluding that 
specific ligand. The idea as coined by Neese and Solomon47 is that the ligand contribution to 
the total D can be estimated from the difference of the DX from the molecular D values. The 
use of point charges in the calculation of the electronic spectra of complexes is known as the 
“Sparkle” model.62 Hence, the method employing the point charge, described above, can be 
used as a scheme for getting a fingerprint of the ligand contribution toward the total SOC of 
the complex in the DFT framework. The results given in Table 5.4 depict that there is a 
considerable contribution from the halide ligands to the magnetic anisotropy of the 
complexes, i.e., the participation of the halide ligands in the spin−orbit coupling is very 
pronounced. The contribution from ligand is also increased from chloride to iodide. This 
result is quite consistent with the fact that, as iodine has a very heavy nucleus, the spin−orbit 
coupling imparted by this ligand will be higher than bromide, which will in turn be greater 
than chloride. The comparison of the D values with and without π-donor explores that, in the 
cases of complexes 2 and 3, the halide ligands play a significant role to make the value of D 
positive and there placement of ligand with point charge brings forth a negative DX  value. 
The π-acceptor ligand on the other side, which has been kept intact, may be responsible for 
the switch in the D value. However, for complex 1, the DX value is not altered much and is of 
positive sign. This apparent anomaly in DX values can be attributed to the altering electron 
availability at the Cr(III) atom, which in its turn increases the π-acceptor capacity of the CN− 
ligand.63 In the presence of a weak donor Cl−  ligand in complex 1, the π-accepting tendency 
of the CN− is less efficient. Hence, in the case of complex 1, the cyanide ligand cannot act as 
an effective π-acceptor, and, consequently, the effect is less prominent. As bromide or iodide 
effectively donates electrons to the metal ion, the electron density on the metal in complex 2 
and 3 is much higher than that in complex 1. The availability of electrons in the metal ion in 
bromide and iodide complexes is much higher, and the π-accepting tendencies of the CN− 
ligands are very similar. So, the replacement of these groups with point charge produces D 
values that differ so little that rounding off leads to the same value of DX, and both are of 
negative sign. This reversal in D in the case of complexes 2 and 3 is explained below from the 
arrangement of the MOs and d-orbital splitting of the Cr(III) ion in the octahedral ligand 
field. At zero applied magnetic field, the ligand field Hamiltonian is written as 
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3

1ˆˆ

                    
(5.9) 

where ∆ax and ∆rh are the axial and rhombic splitting parameters, respectively, λ is the 
spin−orbit coupling constant, and A is a constant having a value between 1.0 (strong ligand 
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field) and 1.5 (weak ligand field).64 The ∆ax is the splitting of the dxy-orbital relative to the dxz 

and dyz-orbitals (∆ax = Exz,yz –Exy).
65 The sign of ∆ax determines the sign of the D parameter. 

The positive sign of D requires ∆ax to be positive, which indicates that the dxz  and dyz-orbitals 
are at higher energy than the dxy-orbital. A negative ∆ax would certainly give rise to a state 
where the dxy-orbital lies higher in the energy level diagram than the dxz and dyz-orbitals.66 
Figure 5.4 clearly explains the positive sign of the ZFS parameter in the cases of complexes 
1, 2, and 3. Thus, the MO analysis of the complexes with different ligands can serve as a 
good indicator to forecast the sign of the ZFS parameter. 

 

Figure 5.4. A qualitative MO diagram of [Cr(dmpe)2(CN)X]+showing interaction of the 
metal d-orbitals with π-donor ligands. 
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Table 5.4. The values of the total ZFS parameter (D) and after replacement of the halide 
ligands with point charges of the same magnitude (DX  with X = Cl, Br, and I). 

complex D (cm−1) DX (cm−1) 

1 0.27 0.23 

2 1.45 −0.14 

3 5.66 −0.14 

 

5.4.3. Effect of axial ligand substitution  

       To examine the effect of π-donation and π-acceptance from the axial positions on the 
magnetic anisotropy of a complex, two sets of test calculations were performed. The first set 
of calculations was carried out with complexes where both the axial positions occupied by π-
donor ligands and the other set of calculations are performed with the complexes containing 
π-acceptor ligands in axial positions. 

 SET-I. Set-I includes complexes of formula [Cr(dmpe)2L2]
+, with L = Cl, Br, and I 

(Figure 5.5). These structures are also available in crystallographic information file format in 
ref 27. The intention to carry out the first set of calculations arose from the observation of 
Table 5.4, as there we can see that the presence of a π-donor is found to increase the value of 
D. Hence further replacement of the other axial ligand with the same π-donor is made, and the 
results are tabulated in Table 5.5. 

 

 

 

Figure 5.5. Schematic representation of the complexes used in SET-I and SET-II. 
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Table 5.5. Calculated ZFS parameters for complex series [Cr(dmpe)2X2]
+, with X = Cl, Br, 

and I. 

[Cr(dmpe)2X2]+ Calculated ZFS Parameter D in cm−1 

L=Cl 0.38 

L=Br 3.80 

L=I 16.98 

 

    From the results it is clear that when both the axial ligands are halides, the magnitude of D 
is much higher than those complexes with only one halide ligand in an axial position. The d-
orbital splitting in such complexes are such that the dxy-orbital lies at a lower energy than the 
dxz or dyz-orbital, i.e., in these cases, ∆ax is positive. The positive sign of the axial splitting 
parameter ∆ax explains the positive ZFS value. It is also obvious from Tables 1 and 5 that this 
ligand effect is additive in nature.  

SET-II.  While the effect of the π-donor ligands can be understood as a controlling 
factor of the sign and magnitude of D, it is obvious that with a π-acceptor ligand, the sign of 
D would be negative. A negative D value is desired for making SMMs. So, this set of 
numerical experiment is carried out with the π-acceptor ligands in the axial positions, and 
ZFS parameters are calculated. The calculated values of D are kept in Table 5.6. A qualitative 
MO diagram for such set of complexes is given in Figure 5.6. An alteration in the position of 
the singly occupied dxy orbital in the energy spectrum of these complexes compared to that in 
Set-I complexes is observed. Hence, from the discussions given in the previous section, the 
change in the sign of the D values for this set of complexes can be explained. Moreover, a 
higher negative D is obtained with a stronger π-accepting carbonyl (CO) ligand. It has been 
reported previously that if easy-axes anisotropies are linked in tandem, they can lead to a 
large easy-axis type anisotropy in the long chain range, and exhibition of a slow relaxation of 
magnetization can be realized.25 Hence it seems to be quite a general effect that, while a π-
donor ligand causes an easy-plane anisotropy, a π-acid ligand on the other hand makes the 
nature of the anisotropy of the complexes to be of easy-axis type. 
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Figure 5.6. A qualitative MO diagram of [Cr(dmpe)2(CN)X/CN]+ showing interaction of the 
metal d-orbitals with π-acceptor ligands. 

Table 5.6. Calculated ZFS parameters for complex series [Cr(dmpe)2L2]
n+, with L = CN and 

CO. 

[Cr(dmpe)2L 2]n+ Calculated ZFS Parameter D in cm−1 

[Cr(dmpe)2(CN)2]+ −0.09 

[Cr(dmpe)2(CO)2]3+ −0.14 
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5.4.4. Effect of equatorial ligand substitution 

      On the basis of the results of the numerical experiment employing point charge given in 
Table 5.4, the effect of the axial ligand substitution is carried out as described in the above 
sections. It seems from the discussion in Table 5.4 that the electron density on the metal ion is 
vital when π-acceptor ligands are employed from both axial positions. The greater the 
electron density on the metal, the more effective the π-acceptor ligands will be. The 
equatorial ligands here can aid in the increment of electron density on the central metal, 
which in turn can lead to greater π-acceptance of the axial ligands. Hence, for the verification 
of the above speculation, a few complexes are designed with two π-acceptor ligands in the 
axial positions, and the equatorial ligands are changed through the halides (Figure 5.7). The 
designed octahedral complexes contain chloride, bromide, and iodide ligands, respectively, in 
their equatorial positions. First we have tried out three octahedral Cr(III) complexes with CN− 
as two axial ligands. Here we see that, as the donation from the equatorial ligands increase, 
the magnitude of the negative D is increased (Table 5.7). Thus following the interplay 
between the nature of the ligand and the axial crystal field splitting (∆ax), one can 
systematically change the magnetic anisotropy of a complex. To sum up, we can say that a 
negative D value can be achieved if there is sufficient donation of electrons from the 
equatorial ligands to the metal, so that a larger availability of electrons on the metal occurs 
and the designing of single molecule magnets with a high degree of magnetic anisotropy is 
possible by suitable placement of the π-acid ligands in the axial positions of octahedral metal 
complexes. 

 

Figure 5.7. Schematic representation of the designed complexes where equatorial positions 
are replaced with halides (X = Cl, Br, and I). 
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Table 5.7. Calculated ZFS parameters for complex Series [CrX4(CN)2]
3−, with X= Cl, Br, and 

I. 

X= 
Calculated ZFS Parameter D in cm−1 for 

Complex [CrX4(CN)2]3− 

Cl −0.13 

Br −0.69 

I −5.18 

 

5.5. Conclusion 

 In the present work, the magnetic anisotropy property of a series of octahedral Cr(III) 
complexes is studied. It has been shown that π-donor and π-acceptor ligands, in the axial 
position of the octahedral complexes, have different effects on the magnetic anisotropy of the 
complexes. The interaction of the ligands with the metal d-orbitals gives rise to two different 
situations responsible for this kind of switch in the ZFS parameter. The π-donor ligands play 
a role in making the magnitude of ZFS larger with an increased π-donation from the halide 
ligands, while a π-acceptor ligand causes the anisotropy property to be of easy-axis type (D 
<0). Moreover, a π-acceptor ligand in both the axial positions imparts single molecular 
magnetic nature to the system having an easy-axis of the magnetic anisotropy. An increased 
donation from the equatorial positions is seen to enhance the magnitude of easy axis type 
magnetic anisotropy. This can be attributed to the increased π-accepting efficiency of the 
axial ligands due to an enhanced metallic electron density, pushed by the equatorial ligands. 
On the basis of the above observations regarding the ligand replacement, octahedral Cr(III) 
complexes can be designed in such a way that it can meet our desired anisotropy 
characteristics. The NLO response is found to vary with π-donation similarly as the magnetic 
anisotropy. The second order NLO response, β, has been related to the magnetic anisotropy in 
the case of the non-centrosymmetric octahedral complexes, where we can see that the NLO 
response can lead us to good anticipation of magnetic anisotropy. 

 From the systematic DFT study with these octahedral complexes, a clear understanding 
about the influence of the ligands on modulating the magnetic anisotropy of the Cr(III) 
complexes is possible. For convenience, we perform a few numerical experimentations. The 
D value for [CrBr4(CN)2]

3−, as we recollect from Table 7, is −0.69 cm−1. We calculate the 
ZFS parameter for [CrBr4(CO)2]

−, which comes out to be −2.51 cm−1. Now relying on the 
above method of prediction, we design a complex of formula [CrBr4(CN)(CO)]2− and expect 
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the D value to be in between −0.69 cm−1 and −2.51cm−1 and get a value of −0.94 cm−1. Thus, 
from this observation, a general conclusion can be drawn that the anisotropy of such metal 
complexes is greatly controlled by the ligands. To summarize, this work explicates a simple 
application of DFT to calculate anisotropy parameters in metal complexes to devise a rule of 
thumb for the occurrence of SMM behavior in such complexes. 
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CHAPTER 6 

 

On the control of magnetic anisotropy through  

an external electric field 

 

 

 

 

Abstract 

 

 The effect of an external electric field on the magnetic anisotropy of a single-
molecule magnet has been investigated, with the help of DFT. The magnetic anisotropy of a 
pseudo-octahedral Co(II) complex namely, [CoII(dmphen)2(NCS)2],  has been investigated in 
the present chapter in connection to the tunability of the magnetic anisotropy through external 
electric field. The application of an electric field can alter the magnetic anisotropy from 
“easy-plane” (D>0) to “easy-axis” (D<0) type. The alteration in the magnetic anisotropy is 
found due to the change in the Rashba spin-orbit coupling by the external electric field. This 
variation in the Rashba spin-orbit coupling is further confirmed by the generation of the spin 
dependent force in the molecule which is later found to manifest separation of α- and β- spins 
in opposite ends of the molecule. The excitation analysis performed through time-dependent 
DFT also predicts that the external electric field facilitates metal to π-acceptor ligand charge 
transfer, leading to uniaxial magnetic anisotropy and concomitant spin Hall effect in a single 
molecule. 
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6.1. Introduction  

Magnetic anisotropy is of central importance in the understanding of single-molecule 
magnets (SMM).1 Molecules that exhibit slow relaxation of their magnetization, leading to a 
magnetic hysteresis at low temperatures, are termed as SMMs.2 The genesis of this interesting 
magnetic property in a molecule is the existence of two ground states of magnetization +MS 
and −MS separated by an energy barrier. This bistability of the SMMs makes them 
indispensable in the domain of data storage3 and quantum computing.4 SMMs are often 
characterized by a large easy-axis-type magnetic anisotropy and concomitant high energy 
barrier (U), which restricts the reversal of the magnetization from +MS to −MS. To reorient 

spin in the magnetic molecules, the barrier U can be given by 2SD for molecules with 

integer spins and ( )4
12 −SD

 
for molecules with half integer spins. D is the zero-field 

splitting (ZFS) parameter and S is the ground-state spin. The large negative ZFS parameter 
(D) causes the spin (S) of the molecule to point along a preferred easy-axis and makes it a 
nanomagnet. The requirement of proper SMMs for apposite needs prompted researchers to 
study the tuning of magnetic anisotropy.  

The most investigated molecule of this type is [Mn12O12-(CH3COO)16(H2O)4], which 
is popularly known as Mn12-ac.5 A central tetrahedron of four Mn4+ ions (S=3/2) and eight 
surrounding Mn3+ (S=2) ions construct the magnetic core of Mn12-ac. This compound, which 
was first synthesized by Lis,6 has drawn the attention of the scientific community because it 
has a strikingly large molecular magnetic moment,7 and magnetic bistability with a high 
magnetization reversal barrier.8 It is evident from the above discussion that the spin-reversal 
barrier is dependent on the total spin, S, and the ZFS parameter, D. The most convenient way 
to increase the energy barrier within a SMM is through the ground-state spin S. However, 
increasing S leads to an effective reduction in the ZFS parameter, D,9 which results in a net 
decrease in the spin-reorientation barrier, U. Thus, the only way to control U is through 
modulation of the ZFS parameter, D. Although a plethora of compounds with properties that 
resemble those of Mn12-ac have been synthesized to date,10  the rational design of SMMs with 
tunable S and D is far from being achieved. Thus, modulation of the ZFS parameter is now a 
promising field of research for its wide-ranging applications in high-density information 
storage, quantum computing, and spintronic devices.11  

Cobalt(II) complexes are known to exhibit strong spin–orbit coupling in comparison 
to manganese(II–IV), iron(III), or nickel(-II), to which the distinguished members of the 
SMM family belong.12 This is because such octahedral or pseudo-octahedral cobalt(II) ions 
are known to exert strong first-order orbital magnetism. The ground-state spin configuration 
for Co(II) in an octahedral coordination environment is t2g

5eg
2, which designates a 4F ground 

state.13 The 4F ground state is split into two triplet states (4T1g,
4T2g) and one singlet state 

(4A2g). The triplet nature of the 4T1g ground state is responsible for first-order orbital 
momentum.13 The large unquenched orbital angular momentum in CoII makes it an important 
candidate for the study of magnetic anisotropy. Current literature in the domain of SMM 
research suggests a drift towards the tuning of the magnetic anisotropy through various 
means.  



 

The modulation of the ZFS parameter by ligand substitution
in the framework of DFT.14 Structural modification in an octahedral Cr
the magnetization behavior of a molecule from easy
investigate the effect of an external electric field on the ZFS 
octahedral [CoII-(dmphen)2(NCS)
Figure 6.1) to control magnetization through external stimuli. The use of an electric field in 
tuning magnetic and transport properties has a
magnetization, the use of an electric field is highly ad
properties of SMMs are well 
of an external electric field on the 

 

Figure 6.1. Structure of the pseudo
 

6.2. Theoretical Background and 

The formation of a static electric field between two oppositely charged parallel plates 
is well known from the laws of classical electrophysics. It is also common practice to create a 
uniform static field between the central area of large parallel plates b
electric lines of force become parallel. This simple concept from elementary physics 
encouraged us to construct a device to calculate ZFS under the influence of an external 
electric field. Thus, to realize the magnetization behavior
pulse, we placed the molecule between two oppositely charged parallel plates with 
about 600 Å2. We chose the atomic arrangements of
replaced the atoms with point charges 
40 Å apart, which maintained a distance of at least 18 
any structural deformation due to point charges. The whole arrangement is pictorially 
represented in Figure 6.2. This is typically the same arrangement as a parallel
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The modulation of the ZFS parameter by ligand substitution has recently 
Structural modification in an octahedral CrIII

magnetization behavior of a molecule from easy-plane to easy-axis type. Herein, we 
investigate the effect of an external electric field on the ZFS parameter of a pseudo

(NCS)2] complex (dmphen=2,9-dimethyl-1,10
1) to control magnetization through external stimuli. The use of an electric field in 

transport properties has also been demonstrated recently.
magnetization, the use of an electric field is highly advantageous.16 Although the bulk 

 documented in their unperturbed state,17  the study of the
of an external electric field on the magnetization of SMMs is relatively recent.

 

Structure of the pseudo-octahedral CoII-complex, [CoII(dmphen)

6.2. Theoretical Background and Method  

The formation of a static electric field between two oppositely charged parallel plates 
is well known from the laws of classical electrophysics. It is also common practice to create a 
uniform static field between the central area of large parallel plates because in that area the 
electric lines of force become parallel. This simple concept from elementary physics 
encouraged us to construct a device to calculate ZFS under the influence of an external 
electric field. Thus, to realize the magnetization behavior of the molecule under an electric 
pulse, we placed the molecule between two oppositely charged parallel plates with 

. We chose the atomic arrangements of the Pt (111) surface, and subsequently, 
replaced the atoms with point charges uniformly to create the charged plates. The plates were 

apart, which maintained a distance of at least 18 Å from the molecule and would avoid 
any structural deformation due to point charges. The whole arrangement is pictorially 

2. This is typically the same arrangement as a parallel

has recently been studied 
III  system can switch 

axis type. Herein, we 
parameter of a pseudo-

1,10-phenanthroline; 
1) to control magnetization through external stimuli. The use of an electric field in 

demonstrated recently.15 To control 
Although the bulk 

the study of the effect 
SMMs is relatively recent.18 

(dmphen)2(NCS)2] . 

The formation of a static electric field between two oppositely charged parallel plates 
is well known from the laws of classical electrophysics. It is also common practice to create a 

ecause in that area the 
electric lines of force become parallel. This simple concept from elementary physics 
encouraged us to construct a device to calculate ZFS under the influence of an external 

of the molecule under an electric 
pulse, we placed the molecule between two oppositely charged parallel plates with an area of 

the Pt (111) surface, and subsequently, 
uniformly to create the charged plates. The plates were 

from the molecule and would avoid 
any structural deformation due to point charges. The whole arrangement is pictorially 

2. This is typically the same arrangement as a parallel-plate capacitor. 



 

The left plate is charged as positive, while the right plate contains negative
the same magnitude in the platinum atomic positions. In this way, we create an electri
along the positive z-axis. Calculations of the ZFS parameters were performed
the methodology discussed in the following paragraphs.

 

Figure 6.2. The arrangement of [Co
charged parallel plates. 
 

ZFS lifts the degeneracy of the
an external magnetic field. It is customary to treat the spin
through an uncoupled perturbation theoretical approach 
formalism.19 The corresponding correction to the total energy can be expressed as 

                                           

∆2

in which 
' 'σσ σ σ

i iS = χ | S | χ

degrees of freedom and the coordinate

The matrix elements σσ'
ijM in eqn

                                           

M =

In this equation εlσ and εkσ’ are energies of the occupied,
respectively. In the absence of a magnetic
second-order is written as eqn

                                              

∆
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charged as positive, while the right plate contains negative
the same magnitude in the platinum atomic positions. In this way, we create an electri

axis. Calculations of the ZFS parameters were performed
the methodology discussed in the following paragraphs. 

 
The arrangement of [CoII(dmphen)2(NCS)2] complex between two oppositely 

ZFS lifts the degeneracy of the MS states in a molecule with S>1/2, in the absence of 
an external magnetic field. It is customary to treat the spin–orbit coupling contribution to ZFS
through an uncoupled perturbation theoretical approach in unrestricted Kohn

The corresponding correction to the total energy can be expressed as 

∑∑
σσ' ij

σσ'
j

σσ'
i

σσ'
ij SSM=2 ,                                                  

' 'σσ σ σ
χ ; χσ and χσ′are different spinors; σ denotes different spin 

degrees of freedom and the coordinate labels, x, y, and z are represented by 

qn (6.1) are described by eqn (6.2) 

lσ i kσ' kσ' j lσσσ'
ij

kl lσ kσ'

φ |V |φ φ |V |φ
M =

ε ε
−

−∑  .         

are energies of the occupied, φlσ, and unoccupied,
respectively. In the absence of a magnetic field, the change in energy of the system in the 

qn (6.3): 

j
ij

iij SS=∆ ∑ γ2  .                                           

charged as positive, while the right plate contains negative point charges of 
the same magnitude in the platinum atomic positions. In this way, we create an electric field 

axis. Calculations of the ZFS parameters were performed by following 

 

] complex between two oppositely 

>1/2, in the absence of 
orbit coupling contribution to ZFS 

unrestricted Kohn–Sham 
The corresponding correction to the total energy can be expressed as eqn (6.1):20 

                                             (6.1) 

denotes different spin 

are represented by i, j, and so forth. 

.                           (6.2) 

, and unoccupied, φkσ’, states, 
, the change in energy of the system in the 

.                                                       (6.3) 
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Upon diagonalization of the anisotropy tensor, γ, the eigenvalues γxx, γyy, and γzz are obtained 
and the second-order perturbation energy can now be written as eqn (6.4) 
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(6.4) 

These anisotropy tensor components (γxx, γyy, γzz) are parameterized to obtain eqn (6.5) as a 
simplified expression: 

                                          
][)]1(

3

1
[ 2

y
2
x

2
zZFS SSESSSDH −++−=

                      
(6.5) 

in which D and E are axial and rhombic ZFS parameters, respectively. Calculation of 
parameters D and E was performed in the ORCA suit of a density functional package.21 The 
methodology adopted herein was the BPW91 functional,22 TZV basis set,23 with the auxiliary 
TZV/J Coulomb-fitting basis set.24 This methodology, under unrestricted Kohn--Sham 
formalism, as adopted herein, is being widely used to compute ZFS parameters.22a,25 
Although there are several methods available for the computation of the ZFS parameter, the 
Pederson and Khanna (PK) method is known to produce the correct sign of the ZFS 
parameter;22a,26 therefore, we use this methodology20 to calculate the ZFS parameters. The 
ZFS contributions predicted by this method show fair agreement with accurate ab initio and 
experimental results. 

 

6.3. Results and Discussions 

Single-point calculations on the crystallographic structure, which are available in 
ref.28, were performed and used for further calculations. It is known from the EPR spectra of 
complex [CoII(dmphen)2(NCS)2] that it has ground-state spin S=3/2. The value of D is 
calculated for the complex in its unperturbed ground state and also under the application of 
bias voltage in the range of −4×10−3 to 4×10−3a.u. Herein, the positive and negative values of 
the external electric field are designated with the application of the field along the positive 
direction of the z axis, that is, along one axial direction of the Co-NCS bond. The complex is 
put under a static electric field of different strengths, according to the arrangement discussed 
in the previous section. It was shown previously that typically a critical electric field in the 
order of 0.01a.u. was required to bring about ionization in a molecule.27 Hence, application of 
an electric field in the order of 0.004a.u., as in the present case, is not expected to bring about 
any undesired polarization or ionization of the molecule. 
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In the ground state, the ZFS parameter of the complex is positive, which signifies 
easy-plane type magnetic anisotropy. The computed value of D is given in Table 6.1, along 
with individual excitation contributions. The MAE barrier, U, was also computed and 
compared with experimental values.28 We found reasonable agreement of the calculated value 
of U with the experimentally obtained MAE barrier. However, from experimental results 
reported previously,28 we also find an ab initio CASSCF result of D = +196 cm−1 with a clear 
dictation of the disagreement between the calculated and experimental values of U. There has 
been a debate about whether DFT is better than ab initio methods in the logical prediction of 
ZFS parameters. Nevertheless, in a recent study, it was categorically shown that DFT 
provided efficient estimates of the ZFS parameters compared with popular ab initio 
methods.29 

Table 6.1. A comparison of the experimental magnetic anisotropy energy (MAE) barrier with 
that computed at the BPW91/TZV level and the individual excitation contributions towards 
the ZFS parameter in the ground state.  

Computed ZFS parameter D and U at BPW91/TZV level 
Experimental28 
MAE barrier in 

cm–1 
Individual excitation 
contributions to ZFS 

Calculated ZFS 
Parameter D in 

cm–1 

Calculated MAE 
barrier in cm –1 

α→α 0.178 

6.561 13.122 ~17 α→β 1.385 
β→α –0.266 
β→β 5.265 

 

Computation of the ZFS parameters is also executed under different external electric 
fields. The values of D, along with the individual excitation contributions towards ZFS, are 
given in Table 6.2. A plot of the variation in D with applied electric field in Figure 6.3 
suggests that after certain critical field strength the easy-plane magnetization of the CoII 
complex changes to easy-axis type. Thus, it can be interpreted that, after a threshold field, the 
molecule starts to behave as an SMM. Moreover, the switch in the D value in both field 
directions is also clear from Figure 6.3. This flip in D is in the range of 1.6×10−3 and 
1.7×10−3a.u of electric field strength when the field is applied along the positive z axis. 

 



 

 

Figure 6.3. A plot of the variation in 

 

Table 6.2. The ZFS parameters computed at the BPW91/TZV level and the individual 
excitation contributions towards ZFS under the influence of a finite electric field.

External 
Electric Field 

(in a.u.) 

ZFS parameter 
(in cm

–0.0040 –5.828
–0.0035 –5.762
–0.0030 –5.700
–0.0025 5.668
–0.0020 5.909
–0.0015 6.133
–0.0010 6.325
–0.0005 6.470

0.0005 6.578
0.0010 6.537
0.0015 6.428
0.0020 –6.593
0.0025 –6.835
0.0030 –7.059
0.0035 –7.254
0.0040 –7.406
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A plot of the variation in D with external electric field. 

The ZFS parameters computed at the BPW91/TZV level and the individual 
towards ZFS under the influence of a finite electric field.

ZFS parameter D 
(in cm–1) 

Different Excitation Contributions to 

α→α α→β β→α

Under negative applied field 
5.828 –0.132 –1.288 0.211
5.762 –0.131 –1.267 0.216
5.700 –0.130 –1.236 0.222
5.668 0.168 1.429 –0.230
5.909 0.172 1.451 –0.238
6.133 0.175 1.463 –0.247
6.325 0.177 1.460 –0.255
6.470 0.178 1.436 –0.261

Under positive applied field 
6.578 0.177 1.323 –0.268
6.537 0.177 1.231 –0.270
6.428 0.179 1.105 –0.273
6.593 –0.107 –0.646 0.258
6.835 –0.107 –0.602 0.255
7.059 –0.104 –0.560 0.249
7.254 –0.107 –0.516 0.248
7.406 –0.110 –0.477 0.246

The ZFS parameters computed at the BPW91/TZV level and the individual 
towards ZFS under the influence of a finite electric field. 

Different Excitation Contributions to D 

β→α β→β 

0.211 –4.619 
0.216 –4.580 
0.222 –4.557 
0.230 4.301 
0.238 4.524 
0.247 4.742 
0.255 4.943 
0.261 5.117 

0.268 5.347 
0.270 5.399 
0.273 5.418 
0.258 –6.096 
0.255 –6.380 
0.249 –6.644 
0.248 –6.879 
0.246 –7.066 
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It can be seen from Tables 6.1 and 6.2 that the major excitation contribution towards 
D comes from the β→β excitation. To further investigate the effect of electric field on the 
excitation pattern of the molecule, we performed time-dependent (TD) DFT calculations at 
the same computational level by using the Gaussian09W30 suite of programs. Excitations 
with maximum oscillator strengths are characterized to involve β electrons only. The 
molecular orbitals (MOs) from and to which excitation occurs are summarized in Table 6.3. 
In the ground state, the source MO involves the metal d orbitals and the thiocyanate ligands. 
The destination MOs in the unperturbed state corroborate the interaction of the dmphen 
ligand with the central metal ion. No significant change in the picture is observed for a field 
strength lower than that of the critical value at which D is still positive. On the other hand, 
above the critical field strength, the excitation spectrum reverses. At a field strength of 0.004 
a.u., the source MO is essentially centered on the dmphen ligand, whereas the destination is 
the MO based on the NCS ligands. Hence, from the above discussion, it is evident that the 
natural tendency of the electrons to flow towards the π-acceptor NCS ligands is developed at 
a field strength higher than that of the critical field. It follows from our previous work that the 
π-accepting tendency of the ligands exerts easy-axis-type magnetic anisotropy (D<0) in a 
molecule.14 Thus, it can be concluded that the switch in the D value arises from metal-to-
ligand back charge transfer in the molecule facilitated by exposure to the external electric 
field. 

 

Figure 6.4. The spin-density plots (at an isosurface value of 0.004) of the Co(II) complex in 
a) the ground state and b) under the applied electric field with a magnitude of 4.0×103 a.u. 
The blue color specifies α-spin density and the green color indicates β-spin density. 
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Table 6.3. The excitation behavior of [CoII(dmphen)2(NCS)2] in the ground state and under 
application of a finite electric field computed at the BPW91/TZV level. 

Applied 
electric 

field 
strengt

h 
[a.u.] 

Source MO Destination MO 

0.000 

  

 136 β 138 β 

0.004 

  

 134 β 137 β 

 

A similar and more interesting portrayal of the phenomenon is found in the spin 
density plots depicted in Figure 6.4. We compared the spin densities of the complex at zero-
external field and finite external electric fields above the critical field. Separation of the α and 
β spins is observed at a higher electric field strength than that of the unperturbed state. This 
dispersion of the β spin is further confirmed from a comparison of the density of states (DOS) 



100 

 

plots at different electric fields given in Figure D.S1 in the Supporting Information. Close 
inspection of the DOS plots reveals the shift in the energies of the α and β electrons. 
Although electrons of both spins show a shift in the energy level, an alteration in the energy 
of the β spin is specifically observed. This interesting feature of a shift in the energy levels of 
different spins due to opposite spin accumulation on two different sides of a molecule is 
termed as the spin Hall effect.31 

The molecular origin of this correlation of the electron spin and applied electric field 
is steered by spin-orbit coupling. In this context, the Rashba-type spin-orbit interaction draws 
the attention of the scientific community due to its tunable nature under an applied electric 
field.32 The spin-orbit coupling Hamiltonian in eqn (6.6) describes the coupling of electron 
spin σ and momentum p under an external electric field E: 

                                







−=
2BSO 2

Ĥ
mc

E
pσµ

                                                      
(6.6) 

in which σ, µB, and c are Pauli spin matrices, the Bohr magneton, and the velocity of light, 
respectively. It is evident from eqn (6.6) that a momentum-dependent internal magnetic field 
is generated, as shown in eqn (6.7): 

                                                     
2int 2mc

E
pB =

                                                              
(6.7) 

and the resulting spin polarization is crucially dependent on both p and E and their relative 
directions.33 It can be argued that there is a generalized tendency of the electrons to move 
towards the π-accepting NCS ligands, and hence, the direction of the resultant momentum of 
the electrons can be along the +x axis (see Appendix D). The interaction of the electron 
momentum with the external electric field generates an internal magnetic field. A magnetic 
field thus generated, in turn, accelerates the α and β electrons in opposite directions through a 
spin-dependent force, represented by eqn(6.8) 

                                                     q

B
gF

d

d int
Bµ±=↑↓

                                                      
(6.8) 

in which g is the electronic g factor and µB is the Bohr magneton. The clear bifurcation of the 
α and β spin densities in opposite directions in the present complex indicates a modification 
in the spin-orbit interaction. It is also commonly understood that the ZFS in metal systems 
originates from spin-orbit coupling. Thus, modification in the spin-orbit coupling is further 
established through alteration to the ZFS parameter under an external electric field. 

 

6.4. Conclusion 

Emerging interest in mononuclear complexes, in comparison to polynuclear ones, has 
meant that the field of quantum magnets has turned to tuning of the ZFS parameter D through 
structural modification or external aids. This study contemplated the magnetic anisotropy of 
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an octahedral CoII complex, namely, [CoII(dmphen)2(NCS)2], in connection with the 
tunability of ZFS parameter D by exploiting an electric field as an external stimuli. 
Previously, it was shown that the presence of a π-accepting ligand in the axial position of an 
octahedral complex could result in magnetization of the molecular magnetic dipole along a 
specific direction. The external electric field in the present situation assisted such metal-to-
ligand charge transfer and led to a switchover in the anisotropic characteristics. A spin-Hall 
spatial spin separation was also observed due to modulation in the Rashba spin-orbit coupling 
in a single molecule, for the first time, rather than in mesoscopic systems. 
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This chapter deals with the general conclusive remarks drawn from the previous 
chapters. The first chapter provides a brief introduction to the origin and advancement of 
research in aromaticity, magnetic exchange coupling and magnetic anisotropy of the metal 
based systems. The development of the theory of aromaticity with the advent of the synthesis 
of new materials based on transition metals, heavy metals or alkaline earth metals have been 
discussed. The origin and the chronological advancement of the theory and synthetic research 
of metal complexes have been elaborated with special emphasis on the application of the 
magnetic materials as data storage devices and nanomagnets. Finally, the role of theoretical 
research in the progression of the field of magnetism is explained.   

The second chapter presents a brief theoretical framework of the measurements of 
aromaticity based on energetic, magnetic and structural criteria are discussed. Some of the 
methods that are utilised in this thesis to quantify aromaticity are explained in detail. The 
estimation of magnetic exchange coupling constant based on density functional theory based 
methodology is explicated elaborately. The most popular broken symmetry approach and spin 
flip approach are elucidated thoroughly. Finally, the estimation of magnetic anisotropy 
through density functional methods is enlightened. The Pederson-Khanna (PK) method and 
the Neese methods of quantification of axial and rhombic ZFS parameter D are also 
explained.   

Chapter three explains the change in the aromaticity and energy profile of the singlet 
state of Mg3Na2 molecule and gradual attainment of the BS state with an increase in Na–Mg3 
distance. Near the ground state, Mg atoms are held together by a pair of π-bonding electrons 
onto which Na+ ions are impregnated. The circulation of π-electron cloud above and below 
the Mg3 plane also contributes to the σ- and π-aromaticity of the molecule. However, in this 
situation, the stability due to aromaticity has to compete with the Pauli repulsion. When the 
Na ions move away from Mg3 plane with all the charge density, the aromaticity is also 
gradually lost, though the system gets stability due to decrease in Pauli repulsion. At a critical 
value (~4.33 Å) of Na–Mg3 distance, the Pauli repulsion approaches a minimum due to 
localization of charge density on Na atoms above and below the plane. This charge 
accumulation on Na atoms makes these neutral doublet species with up-spin polarization at 
one Na and down-spin at another. The spins on Na atoms undergo superexchange. The 
stabilization due to superexchange and lowering of Pauli repulsion partly compensates the 
loss in bonding energy in the molecule for the charge migration to Na atoms. The Na spins 
are found to be engaged in antiferromagnetic interaction which gradually decreases with an 
increase in Na–Mg3 separation. 

Chapter four explains that the phenomenon of charge transfer (CT) is of paramount 
impact in guiding the courses of several magnetic processes. In the present study, the charge 
transfer process is also found effective in governing the magnetic behavior of metallocene 
based charge transfer complexes. A recently synthesized system, [Cr(Cp*)2][ETCE] is taken 
as the representative MBCTC to explore the influence of charge transfer on the magnetic 
behavior of such donor–acceptor complexes. Anderson in his pioneering work ascribed 
charge transfer as the origin of kinetic exchange and correlated this exchange with the second 
order perturbation energy for such charge transfer. In a recent work, using this approach of 
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Anderson, the coupling constant is parameterized with spin population. However, through 
bond charge transfer in a superexchange process is accounted for with the help of a newly 
developed equation in this chapter. On the contrary, NBO analysis for the present system 
clarifies a zero overlap status in between the donor and acceptor, which necessitates the 
tunnelling of electron in its journey from the donor to the acceptor. The electron tunnelling 
matrix element (HDA) integral, is evaluated from the zeroth order eigenvalues of pure donor 
and acceptor at the transition state of the electron transfer process. The exchange coupling 
constant (JT), obtained in this way is well in agreement with J, the coupling constant derived 
through well-known spin projection technique of Yamaguchi. The charge transfer interaction 
happens to be the central in such type of complexes where the magnetic interaction begins 
after the charge dislocates from the donor to the acceptor creating one magnetic site at the 
acceptor. The topological difference of V-pair and H-pair leads to the possibility of 
concurrent and competitive exchange interactions at different directions. In V-pair, the 
intervening Cp* ring assists the transfer of electron from metal to acceptor unit and hence 
there operates the superexchange process in this direction. In the other direction, the donor 
and acceptor are far separated and there is no such aid for the spins to be transferred from the 
donor to the acceptor. Hence the direct exchange process becomes only viable in H-pair. 
From the comparison of the coupling constant values, the superexchange interaction is found 
dominant in between two exchange processes in [Cr(Cp*)2][ETCE]. Since, the weak 
interaction in the horizontal direction takes a decisive role to render overall magnetic 
ordering; the V- and H-pairs are simultaneously taken into account. This situation opens up 
the possibility of several exchange interactions among multiple magnetic sites, which is 
estimated through a newly developed computational scheme, referred to as dummy approach 
within the text. The coupling constant value for the V-pair, obtained through this approach is 
found to be very low compared to the previous value, where only the V-pair is considered. 
The drastic decrease in the J value through dummy approach is attributed to the interchain 
interaction. The coexistence of competitive superexchange and direct exchange in this 
truncated model replicates the bulk behavior. It has been of optimal challenge to investigate 
the nature of magnetism in a crystal system. The best way to mimic the real network of spins 
of a cluster demands the application of periodic boundary condition. The PBC can treat 
systems in bulk condition with much less computational effort without taking the finite size-
effect and border-effect. Our calculation clearly shows that the magnetic interaction in one 
dimensional periodic lattice of such kind of system in the vertical direction is 
antiferromagnetic and the extent of magnetism is too low. Moreover, it is interesting to note 
that the FM system turns into an AFM one with imposition of periodic boundary condition. 
This change over in the magnetic status of the system is explained with the rearrangement of 
the density of states in [Cr(Cp*)2][ETCE]. In this condition, there occurs a simultaneous 
higher and lower energy shifts in the donor and acceptor orbitals respectively and the donor–
acceptor overlap integral gains a non-zero value, which is otherwise zero in the system. This 
lift in energy of the d-states is also supported from the easy dispersion of alpha spin to the 
Cp* ligand orbital. Hence, this situation facilitates electron delocalization and results a lower 
Hubbard U value. As a consequence of all these facts the [Cr(Cp*)2][ETCE] which exhibits 
ferromagnetic coupling in the single D+A− pair, turns into an antiferromagnetic system in the 
periodic condition along vertical direction. However, the convolution of different exchanges 
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pervading the crystal makes it a weak ferromagnet. An extended review on MBCTC divulges 
that there is a delicate balance in the sign of coupling constant in horizontal direction. This 
weak, still competing magnetic interaction is regarded as the principle criterion for 
metamagnetism. However, this work suggests a delicate poise of magnetic interaction in the 
vertical direction as well. 

 In chapter five, the magnetic anisotropy property of a series of octahedral Cr(III) 
complexes is studied. It has been shown that π-donor and π-acceptor ligands, in the axial 
position of the octahedral complexes, have different effects on the magnetic anisotropy of the 
complexes. The interaction of the ligands with the metal d-orbitals gives rise to two different 
situations responsible for this kind of switch in the ZFS parameter. The π-donor ligands play 
a role in making the magnitude of ZFS larger with an increased π-donation from the halide 
ligands, while a π-acceptor ligand causes the anisotropy property to be of easy-axis type 
(D<0). Moreover, a π-acceptor ligand in both the axial positions imparts single molecular 
magnetic nature to the system having an easy-axis of the magnetic anisotropy. An increased 
donation from the equatorial positions is seen to enhance the magnitude of easy axis type 
magnetic anisotropy. This can be attributed to the increased π-accepting efficiency of the 
axial ligands due to an enhanced metallic electron density, pushed by the equatorial ligands. 
On the basis of the above observations regarding the ligand replacement, octahedral Cr(III) 
complexes can be designed in such a way that it can meet our desired anisotropy 
characteristics. The NLO response is found to vary with π-donation similarly as the magnetic 
anisotropy. The second-order NLO response, β, has been related to the magnetic anisotropy 
in the case of the non-centrosymmetric octahedral complexes, where we can see that the NLO 
response can lead us to good anticipation of magnetic anisotropy. From the systematic DFT 
study with these octahedral complexes, a clear understanding about the influence of the 
ligands on modulating the magnetic anisotropy of the Cr(III) complexes is possible. For 
convenience, we perform a few numerical experimentations. The D value for [CrBr4(CN)2]

3−, 
is −0.69 cm−1. We calculate the ZFS parameter for [CrBr4(CO)2]

−, which comes out to be 
−2.51 cm−1. Now relying on the above method of prediction, we design a complex of formula 
[CrBr4(CN)(CO)]2− and expect the D value to be in between −0.69 cm−1 and −2.51cm−1 and 
get a value of −0.94 cm−1. Thus, from this observation, a general conclusion can be drawn 
that the anisotropy of such metal complexes is greatly controlled by the ligands. To 
summarize, this work explicates a simple application of DFT to calculate anisotropy 
parameters in metal complexes to devise a rule of thumb for the occurrence of SMM 
behaviour in such complexes. 

Emerging interest in mononuclear complexes, in comparison to polynuclear ones, has 
meant that the field of quantum magnets has turned to tuning of the ZFS parameter D through 
structural modification or external aids. Chapter six contemplated the magnetic anisotropy of 
an octahedral CoII complex, namely, [CoII(dmphen)2(NCS)2], in connection with the 
tunability of ZFS parameter D by exploiting an electric field as an external stimuli. 
Previously, it was shown that the presence of a π-accepting ligand in the axial position of an 
octahedral complex could result in magnetization of the molecular magnetic dipole along a 
specific direction. The external electric field in the present situation assisted such metal-to-
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ligand charge transfer and led to a switch over in the anisotropic characteristics. A spin-Hall 
spatial spin separation was also observed due to modulation in the Rashba spin-orbit coupling 
in a single molecule, for the first time, rather than in mesoscopic systems. 
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ầ
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_�ĝebl_db ĉ_̀_n] è~c̀��b_ r̀ĝ qhjqj̀dcdjb d̀ ĉ_
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¦�§�̈�©�ª�«¬­®�©̄°�̈±²³ª̄́ �̈°̄�±«¬µ«̈�®¶�ª·��²̧ �̄̄·¹̈ º̄»¼½¾»²¿�°�¶�ª·��²

ÀªÁ̄��ÂÃ©�̄�Ä�ª̄̈Å�ª©̄°̈�Æ±�®««�Ç«©

Èx~_gchjbdg r̀qq~_p_bceha dbkjhpecdjb mxÉ�o e�ed~e�~_� É__ ���Ê

�Ë��ËÌ�ÍgÌheÎÏÌÐË�

Ñ\VÒVÓ\ÔÕÖ×ØÙÚHK$@ÛÜÝ$Þ$ÜÝßÝà

á121#:1'â&7P121�-1,@ÛÜã
+2214&1'ÜÛ&7.�,27@ÛÜÝ

PQNäÜÛ8ÜÛãåæ2ã,�ÝàãâÛM

çççSWÔ[SXWèéêYëêU[ÒÔ

ìíîïðñòóôõöîï÷ìíøùñúõöûñüîøýúñþÿíø�îïýóú���� ����	
�������Þ���
�����
���RÞ�Þ�

����
������

�����



�������������������	�
������������	
	��
��
������	���
����

�������	
�
��
���
	��	����	
�	�
���������
��������	����


��
���
�����	��
��	����������
����
����	

������

���
�
��� ����������
���	
��������
������
��	�������

�
��	��������	
� !"#"$%	������
�
���
	�����&	������
�

&�

�	�
���
�����
�
���	����'�
�������
������	�()

�	*+��
��
�������,�����
������
��	��	���������
��
����

	
��-��
��$! (
	�
����	�	����	
�����	

��������
��


����./�
����������	���������
��
����	
�
����
����	


������
������
����������
��
����	
��-��
���
��
����


�
�������	���������
��
����	
�
�������	��%
����	
�

0����
����
�
������	���
�	����
	����
����
������


�1�%�������	��
������	���
�	���	�������
�	�������

�	���� !

%	�
����������
��
�������
�����
��������
�����
������

��	
�
�
��1�%����
��	��	�
��������
���
�	�	��
���

��
��������
	��
���
�����	������2��3��-45627%�76����'�
���
�

�������
������������ �
�
������
��	�'�%
���	�������

����
�����
�
��������8�
�9:;<=�
��	�
��	
����������

���
����	�����
��..%
����������
����� ����������	� �
�

�	�������	
	�����	��
��
������	���
�����
�������	
��
�
���

��>���
������������
��	
����
�������
�����	�����*�����
�

������.?%
�2��3��-45627%�76��'
	�
�	������������
	��
	�

�
	������	��������
������������
����
�	���������	
�

����
��	
��*+()�
��
��%
���	
�����
��	
���
��
��
�

���������

�����	�	��������������	���
����	
���
	
�������
�

*+�����
�����	���
��������������
����������
��������

�
��
�3@���A�4�B
�
�	�
��
�
���
�
�	��	����������
��
��

*+,
��() �
�
�
���
�	��
��
��
�
���
�������	����	


3@���A4�..".C%
�*+()����	�����������
��
����,
�����
�

D������
�
���	�'3@���A�4�(��
�
������
���
�	����
�
����

����	
��'
	�
�	�	���
�
����
����
�����	��
��������.C�


������*+()������	��
�
	���	
���������'��	��	���������

�
��
������������	��
���
���������	
�%
��*+()������
����
�

*+�
�()���	
��	��	��>���
����������	���
�����
����
�


	��	�����������

���
��
�����������������
�
���	�'

3@���A�4�(��
	��
��
�	����
	�����	���
������
�
�D�����
��

���
����������
�������	

��������
�
����./�
����'

����	���
����	�����
�	���������
	���������������	������..

%
���������'���
��������	��������
��
�������
����

�
��������
������
������������1�%��2��3��-45627%�76�

'����
��
�����>���
��	����
����	����E����������
��
����

���
�����
������
�	
	��
�������	�������	����
��
�

�	
	�F������	����
�����	����
���G��
��,���
�����	��
��

�
�������
�����
�����H��	
�����
����
��������	��
��

�	�����
�
���	��������>���
�������	����
�����
������

��	
������
�
��	
	��
��
�������	��
D������
���������


�
�D�������
���������	
�	
����
�����
��������	�
�

������	�IJ;��-������K.L�
����������
��	��
����
�����

��	��
����	�������	���������
��%��	�����%
���>���
���



	���	
����
����������������	
��,
�����
���
���	���
�

�	���
�	���
�
��
�	���������
����
�����	��
����������

%
���������������	�
����������
�
�����	����
�����
����

����	
�
�
�D������
��������
�����������
��
�����
��	�

���
	�
���M������������������
��	��	�����	�������
�	��

��
�
��
�������
�����
��	
�	����
����
�����
�������	
�

*����
����
���
����
������������	�
�����	
��	����	��

�
��>���	�����
��	
	
���
�����
��������������%
�

��������
�����������
��	
����	�
��	��������	��
���

��������'��
���	��
��
�
�������
������	�������	
��

��	��������
 
�
	������.N �
��
��,�� ���
����� �
 �
�

�����������
��	

������
������
�
��������	��������

�
�	��������
���������
����
���������	
��.O%
������
��

����������
���������
�����	�(��
�
	�����������'��������

����������

�
	�
����
���
�	�
����������.OP"Q". (���
���

����������
������	��
��>���	�����	������	
�
����
����

��
���	�	�2��3��-45627%�76�

RSTUVWXVYZ[\]̂X\_V̀ WXa

%
����
����������
������� ����
��������������
	
�

��
��
�
����
�
������	��
��� G��
��� 
������bJ�

�
�������	
��	
��
����	����������
�	��
���	���
�
�

	���������
����
�����	��
��������%
����
�����
������

��	
�	c�
�����������
�
���	����
���������������
�

�����'
	�
 �
�
	��
	�	����������
����F*����F��
 D���'

3�*DD4������	
��
��
��
����������
���	��	����
�������	


������
�	����������
�����	��
��bJ�
�bd��

efg)
h

ijk

likemiemkn 3A4

�
����oJd���
����
�
���	����
��	
���
�������
�
��	����

�������
�	��
����
��
�J�d����	���
�������
���
����

����
���	�
�
������
���
�	��
�������	
�	
���(��	���
��	

�
����
������	
��
�
�G
3A4���	������3
�������4�����	�oJd
�	�����	
���	�����	���
����3�
������	���
����4�
�������	
�

�
�����	��
���������	
���
��������3�
����������4���
��

H�������������G������
����
�������������
����������
���

�G������������	����
��
�����
��
���	�������	�������

�	����	
�	��
��������%
������
p�������������q��������

��	
�����
�����	�	
������
����'���	������������
����
�

������	
����������	��������.r%
����	����
����	���	����

�������������
���	

����
��
����
������
������
�����

�����	���	�
��	����'�	����
�������s		�����
�
��	�

�	�'����	�'��	���p��	'�
���������q31H4����	��
��
���

�
�������
����
����������
�����	������	������
�

�
�������
�
��	�
����
	
�	��>���
����
������
�����.$

M����	
�1�
��
��
�t����	��,���
����������	
�	��
�

�����	����	
����
�������
����
����������?/B
�
�	�
��
�
��

uZvSw xyz{|}~|�|��y��������|��~|����~�y�������~|����~���y���x�z

���|y���~���~|��y���|�����|�����~|����~���y����|����y�|��|

��}y�~y����}y�~~|�}|����|���

w��������������� ¡��� ¡¢¡£¤ ¡¢¥£ ¦§̈©ª«¬­®̄°̈©±¦§²³«́ °̄µ«¶̈²·́«̧¹§²º©̈·­́�� ¡

»¼½¾¿ÀÁÂÃÄÅ ÆÁÇÄÈ



����������	
��

		���
������		
	��
���
��
���
������

�
�
���������
���

������	�

����������	������	��


�
��

������
�

������������������

����
�� !�" 

#
$%
&'" 
!
#
$%
&'� 
( )*+

,�
�
�

�������������������

-�)*+����
���

	����

��
������
�����.����
�
��
��
��/01*2����
�3

�����

����
����
�����	��

#
%&
'
�4 54 67869:!

;9<=9:

�=�

>
?<=:��

@&
( )A+

B


�C<�:DE �	�����
�
���
	�
�������
�3

����
�.

���


	��������
�	��<���:	����
�����	F��G�HI���
	�
�����������

������������
	��<���:�
�����	�3

��������
�����
	����


-�)A+�	

���
���J:F,�


��

���
�����	���
��
�������

3���
�������
	���

	���	���
.���/1*2KL�M��
���
������

.���
-�������

��<���:
�
��
��	FB
��
���
�
��������


��
-�)*+�
��	��
�	��1BL)1BLNO+.����

	
���
	��
P��Q

��
���RK
�����RS��T��
����F�UV���
���

�����������
���

�
�����	������3

���)KL�
�

������+���
	�� ��
-�)A+

�
���
	J:!*1W�.�


1W�	��
	����<���:����
���

�
�����	FI����	.
�X�������
�������/1*2KL�*1W�1BL���



	
���
	P����
����	�
������
��

		���F�H,�
KL	���
�	

�	��������	�
���
����������.�����
����
�����	.����

�	������
����	����Y


���


������


�

	
�������	F�ZG�U[L��

��
����
����
�����		������
���	

��������
�

�����

���

.���
������

FB
��
���
��


���
����
���	��
	���


���	�
��������KL	���
�
���
	��\����FB�.
3

���
KL	���


�	�	���������
3
����

��
����B]�
̂ ],��	���Q��

	�
���
�

��
����	�.�


��Q	��������.�Q	����
�	���
	�

����.
���

������T
����Y


���
��

	F�U[,���������
�	�
��	����
�	���


��� �
	��


�

	
��
���
���� �����Q������
����� �
��Q

��-�
	_�̀ ]̂,�	
	�	����
L���

�
�

���������
	�
��
��
KL

	���
������	�
���
	��

��3�����
��	������	�QB]

�
����	������������
�

	�	�
�	F�U[

W	��	��		
� �� ��
���
�����������
����
R���
���


����
������������	�����
���
�
��
���
��	�

�
������
��

���
���
FW������
3�
���	���
�	�����
�
�
��	�

��


�
��
����	�	�
�	���

��
����3
�

���
����	.��
���

�

�����
� �����������
��

�
��
�� ����
�����
��
		F�a

W��

	������	����


���.�
X��

�3
���
	
�����
�



�

��
������
�

��)bc+��
	��������

	��
���
�
�
��	�



�����


���
����	
�

��.�������
������

�������	��d

b��
e��
&

f

g
7

&
6&$%�$%�

h

( )i+

B


�jDE�	��
����������
�
��.������

�
	��
�
��
���
��

	��
D��	��
E���k�	��
	����
���

���	���
�

��FB�.
3

�

���	j*lk�

��	.
��QX��.�����
B����
����
����

���
�

����

������
�����������	����)m+F�nI���
�
	
�����.�
X	

o��T���pjqrs�����
�qtDuDjDvoI�
����-�
	��������
��
	


����3���������
�������	����
����
��������������	����

�	���
Y
���3
B������������
�
�F�wB�.
3

����

�
��

��
����	����	�
������

��
	�������������	j*lk�

�_��


���3

��

		����	�����
���
	�����
��
�����������	����

)mLx+���	��


������
�
��
		���

�	����
	
�����
�



�

��
������
�

��)bc+��
���
�
�
��	�

�
�.

�	��
	���

	������������������	
�
��

	)yD���yE+�
�Z

� z�
&b�

76y�y�
( ){+

,�
���
�
�
��	�

���
��
�
�
���
�.

���
����
���

���
���
����

��

		
��	HU|HH

}~��
�~!��
&

( )�+

.�


��̂ W�	���

��

�
��
�����
��
�
�
�������������



Y
���3
����
������
���
�
�����	�	

}~��/�~��}���2 )�+

����ĉ ���cW�

��

�

��
	����
���V��������������


����
��
�����
���
FW�������
	
�����
�

�

��
������


�

��)bc+��
��
���
�
�
��	�

�
��
		�	

���
�����


�
��	�

���
��
�
�
���̂ W��
��
����
R���
���
���
����


�����.�������

�H̀

b��
�}~��

&

�~!��
( )�+

P�.�	��	��������*bc�

���
-�){+��	���
-�)�+���)�+�

��
�����.��������
���
��	������
��

���
}~�
76y~y�

( )�+

,��	����
���3
��
�����	
�����������
��

������


�����������	����3���
)m,+��
�
��
���
��	�

	�	�
�	F

����������������������

I���
�

	
��.�
X���

Y
���3

������
���
�
��m�	
	��Q

���
����.����
����
	���
��.�����	��
	���
Q��Q��
Q�
�

	����
��
������
����-�
�����������)
-�)*++FI���
	
����

���
�������

�
��
���
��	�

���
��
�
�
����
���
�


�
��	�

�
������
�����
���
�����
	�������������	����


����
������
���
	��
	�

�	
���
	�����
m��
�����

	Q


�����

�3
�
-�)�+F,�

-�)*+�	�
�

��������
�
��
�

��
��������

	�
���
��
	�������
�T
���
����	��.�


��


��Q	��������.�Q	����
�	���
	�

����.
���������T
��

����
���	��
	F��G��,��	�����
�

	
��.�
X��

	�
���
� ]̂,

)�Q̂],+�	�����
���������
��
�����������	����F,�
	��


�Q̂],�
�����	�����
����

�3
��
��
��
�

	��
-�)�+F

,�
�Q̂],�
�����	

��
�
����
����
�

�����

	�����
��

	��� �
��	�

���
�
��	����
�	��� ��	
	���
���Q��	
�

	�	�
�	FHa,�
3�����
m��
����
-�)�+�	�����
� ]̂,�����Q

����������
�	����
�����
������
���
���
���
	�	�
	�

��

�
������
��
�����

�

��
	����
���V����
��������

�
���
���o
)o��+*�
N�����������
�
��
�����
���
� ,o �F

,�
	

�

��3���
	�����.�����
	�������������	����


¡¢£¤¥¦§̈©ª«£¤¬¡¢­®¦̄ª«°¦±£­²̄¦³́ ¢­µ£¤²̈̄ ¶·̧¹ º»¼½¾¿ÀÁ¶·̧¹ÁÂÁ̧¹Ã¹ÄÅ̧¹ÃÆÄÇÈÂÉÂÊ

ËÌÍÎÏ ÐÑÒÓÔÕÌÖ×ÎØ



����� ��� �������� 	� �
� ������ 
���� �� �	���

����������
�������������	�	�������������
���	������� 

�������
�����
�������	��!�����"#��	���$#��	����%&'(

%()*+	��
���,
������	�������������������-	�.�����
����
#


��,���
�	�����
��/�
����#�����	�����
����.��0����1��,

2�3���	�	�1���	������
��	�������	����	��
	����
������

���
��
�� 3�������,����������
�	�����������	���	��


,
���0	�
����	���������	�
	��
�4554�.�����
�
����	�

�
	
������ 678��
	
����	�����
������,-0
	�
	
����	�����


�
�9����,�������
:	��
����
���0��;<=�
��
��!��������

�
�������	�
	��
�����
��
��	
����	���	��
�������������


����
�	��������	�� �
���
��/�
���������	�����
����

.��0�����,�0�������	�
	��
	
�������������
�.�
	
���
�	�

������
����
�	��������	��0
	��������	����
��������	�


	��
	���� $�0�1��-	��
����
��������/��
���������	����


�
�������� >?	
����	������2��,
������	��	
���,��	�

@	� ?.
��
�����
	���.��
�
��	�����/�
�������
����#

�/�
����	��
�$#��	����"#��	���
����	1��, �
�
�	����
	�,

�	
��	.��	�����
	

,
���	
=�
��.��	��� A�/�-�
��/�
����

�����	��������"#��	�	
��������0
	��	�
��	�
.��	��"#��	�

	
��������, 3��
���
-��
���
���
���	=�������	���	�

�����
��������	�
	��
�����������,-�
�	��!���	
	���
��

���
�
���	=���	�	�����
�����#����������
�	��������	��

0
	�
���.������
���������
�
�	����
	�,���������	���	��

���
�$�	
��.���$��	����	�� 67

8��������	�1�
�	�����
��!��������	��	�	�,���
�

������	�	�������	��-�
����	��	�.������,����	�	�� 	


	���
�����
�
,
��� ������0	�
�
��/������
��	�-

�	!�������1�����
�����	�����������
����
��0
	�
�����


�����
�
	�����	�
�#.	��	����������
�+B&C&D&E���	��	�

$������F@��;���������2@�.�
�����
��
 66�
��	���#


����
��
��
���	��	�
,
������.���.�����.,�
����	������#

����	��1�����
-G-	��
�=�
�H�	����	������HI� 664	����
�


,
��� 	
	�=�	��-�
�������� ���.��
G�������	����
 

��������	�����
�����������,����	��
�
���#���
	
���������#

���	�����
��	���1����
-0
	�
���������������=�	��

���.������	��
	��
�H�	����	����� 6J 3������0��;

�/���

�
�
��
��������
���	��������
�
������	����G

��	��6K����
�

�	������
�
��	�1�
�	�����
�	�L�������

	�����
	��G��	���0	�
	��
�=�
�HI����
��
��������
���

	������������	
� 

�
�
�����������
�������/	
�1�	��.��	���,
���������
	�

=��������-77�
	
�������,���
�������/	
��;���
	�


������
����
�������� M
	����	���
����	��	�.������,

��������	��0	�
�	!�����G��	��
-�
�N����0FH��;�F������#


���/�
���������������	�������	�����NH��	
�����,�� 6O

�
	
�/�
������������	�������	����	
��������������


����	���������,����.����1��	��,��
,
���
��������	��	�

.������,����	�	��
 6P�
	
��1�����QQ3�����	����	������



�������������������	���!���
���������	
�����
 �
�

R3AR�2I.�
	

��	
�
�
��
�����	1��,���������
���

S#>??�����-����������
������
����
	

�
.�����	���	���

�
����
������2@���������	��
 �
�
����

���/�
����

��������	�������	����
	����������
�	���	�����	
.��	�1����

.�	���	�
	����,�	�;�����
�	��������	��������������

$������F@��;�$@��/�
���� 6T8��
	
������-�
�H�U�RVN

�����	����	
���
��	.���
�
����	������������-0
���U	


����������
�������������@��;�/�
���� JW$�0�1��-5���	�

���8���

�1�

�0��
���
������	�����
����1��,0	�
U���

�
���
���.�����

��	
������,0	�
UXYZ J7$����-	��
	


0��;0��
�H$���$RVN�����	����0	�
UXYZ-0
	�

�


������,.���������[�	���������������
��/���	������

1�����������	�����
���� J\ �
	
����	����������	����	


�
�������	�����.��?]?�	/������2@�����/����/�
����

�����	�
0
	�
���.������
������
̂ _�XZ Ŷ
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G������	
���������������	b������
����	��	�����
���	��

	
���������	
����-����
����	�
�����C�����	�������

���	��	�	
��	����	���
��	
C������	���	����P�CP
���


��
	�������
���	
�
������������C���������
�����������	

�������	��	
���
��C����P�CP�������
��	�	 �����	

����	


��	
��� �	�
������	������� �����	��c��
��	

��

���������
��	�	 �����	
4d��	
����	�
������	���������

��	b�������
�E�
��-	
��	��C���	�����	�����
�����������

����������	��E�����
�������	�	������������	
��	���

���	
����	�
�������	C�����������������
����
����


��
����	
����	�
�������	���	��������
����	���	�����e

��
	��	�����
��������������������	��		���	����	���


��	
��;�������1	
���	��	 �����	��	�����	�����
����

��	���	���������
���

P����	�
����	
�����	�������
���

������������
����	����	�����������e

fgfhijklhmnopqlrspnkotufvhijklvhmnopqlrspnkot

wxyz{8|}z{
x~�� %6H'

��	�	�I��	
����	
���	��	 �����	�	��		�����	����������


����	�	��������
��	�	��
�	�������	���������������
4���	


	��������������������	����������	�����I������	���
��	

C�������	���
������
�
������	��	��
1��	���	 �����	��

*��	�
���
���	���	��������������	�������	���������������

��	
����	����������������
����
4,������	������
	���

;	���	����.������D�

��������
���������	������������	��

������	�������


fwyux��� %66'

��	-�
�������	�����	����	�	�����	 �����	���	�����


�	�	

�������
����	e��	�	�
��	
	���������������
�	
��

����	���	����%�'�������	�������	����%�'��������	��

����
��	
���������
��	����������	���	
�	�����	
;	��	�

��	����	����	�������	��������
�����������	�������������

��	��	���������	������	������	�������
,�;��	�	����	����	

�����	��	 �����	�����������
�����	
�����	��������
���

���E	������	����$�	�����
	��;������
��������	�	���	�1

%H
HH7��86'������	�������%&66��86'����
	��b������

��	�	��	
��	�	 �����	�
��	�����	
���
��
	��������
��

���		�	������ *��	�
���
	 ��������� ��	�	��	
��	��

	 �����	�
����	����	���	���	�
	�������	��	 �����	��

��	��
�
���	���O��������	����
4�� ��	���	��	 �����	

���	��������
���
��	�	����	����������	���	�1	��	���
	��

��	���	
 �	��		� 
�������� �������������	 ��������

+�

F����	����	�	��		��	 �����	�
��������	����	����	��	�

������	��
����	�	��		���	����	���
��	

+�;	��	���	����	

��
����	���
!7��*�	��		���	�����������	������;������


�����	��	�
�������	�	�1	����	��	 �����	������	���


��	�	 �����	
���
��
	��������
�����		�	��������	�	
���

����	��	��������	 �	���	�������1
�	 	���	���
������


�
�	�
�+d��	�	��	����������%b�����'����	������	��������


��������	����
�����	��������	������%;�����'���	�������


�������	�1���	���	����������������1	
�
����-�������	

���	��������	��	��������	������	��������	
�
�	�
5�����+d

;	��	���������	
	b�����
��	�	 �����	���;��������	��

����� �������3�� ¡¢£¤¤�¥�¡¦§̈©�©̈ª¡��¡¢���«�¥£©¦£̈¬­�¥£©¦®

°̄±²³´ µ¡¶¥£¦©·¡̈ ¡¢¤¡§¥̧©̈¹¤¡̈·�£̈�º£̧§�·»¼½¢¡¦���«�¥£©¦¾

¡ª�£©̈�¬��¦¡§¹�¬©¿�¦�̈�¶���¡¬¡̧¡¹À

.	�	�����	��� D����86

:;���;.<=>?�@6600�%���'����

.*A.!)B	 �����
�
��C�

&66

C*GGCF%6H�9'>.*A.!)B 7@9

�́ÁÂÃÄÅÆÇÈÉÊËÌÍÎÏÐÌ�ÌÏÐÑÐÒÓÏÐÑÔÒ ÕÖ×ØÙÚÛÜÝÞß×ØàÕÖáâÚãÞßäÚå×áæãÚçèÖáé×ØæÜãÍÎÏÐ

êëìíîïðñòóô õðöó÷



������������	
���
������	������������	���	����	�������

���
���
�������
�����	������������	����
��������
��

��	���
����	�������
	���	���������������� 
�����		���	��

�����
	��!��������"����������������#�����	��	�������

�	
������	�����������������������$ �������	����������

�	��
���
�����

���	�����	�	
��������	������

�	����������� ��"������%�������������������	�
���������

�	�	�&������	������� �	��'	�����������	� ��(�����)��

���	�����
��������	������	
����
������	�����(�����

�

�����������������������)���	��	�����������*+,�����

��	�	������
	������������	����	
���		�����	��
���	��	

���
�����	������*-%�������	��	�������	�������.���	
������

����������	����"������	�������
������������	 $�
/ 

�	
������	�����������	
�����.�����	�0  �
/ �%�
�� ��

1����	��������������!���������������������������

�2�223�
/ ��%�������������	
�����	������	���

������

����������������� ��������������4�����������������


	�������	��������
����
�����	������	�������	������	�

���������
��������	�	
������������	
��������	
�������


����������

%�������	�.�������������������������	���
����	���

�����
��	
������	���������������"���������	���	
����

��	�	��������
��������(������	����	�������	��������	


�(�������������������������������	�54��������	����

����	�������������
������������������
	����%����������

��������������������
	������54���������
	�����
�����

�	
������	�������6�/�������������
������
�����	���

�������������������	��,������������
	����	���������6�/

����)�����	���������/�6��������������
	�������������

�����	���	�������(����
���
 �	�)������	��78�	��	�������

���	��	����������
���	������
���	���������������

	�
�������������	�
�����������
	�����������������������

�������
���'�����
�	������

����������*9 :	��	�������

��;������	���������������������	�������	������	�	����
�

�����	�������������������������	��	�������	����������

����4 �����<4,=�����������	���������������	����������

��	��
����	������������	��������	�	����������������	



�������������������;�������	�������	��������%�������

)����������	����	
����������	�����������	�����	���

����
��� ������	����� 
������ ��� ���� �	������	� ���

�	�������	�������9>?@-

ABCDEFGHCIJFKJDJEL

�	����	����������������	����
����������������	������

�������� �����
�	��
����	���������	� �����������


����������������	��������	���������	��%	�������������

�	���
���������	��������������	���������������
�����	���


	�������	�����	����
�	���	���������
�������������

����	�������	�� 2�3MNO���������������������	���� N� N O���

����	��'	�����������	��������
���	�	
�������.�������

�������	���
	��������������������	�����	��'	��������


������	�����	���	���������	�54�	����	��%������
�

�����
�����	����������������
�������	�	����������	�

������	���	����	�
�����	����	�
�����	�
��������������

������54���������	�
��	������������	���(������%���

���������	���������	
��������������	��	�������	������

�	�!������%��������	�������������������	�	����	�����

���	����������������������7>?*@�	�����������������������	���

��	����	���������������;���	�����	������	����
�������
�

,����
��������	������������������������������	�	��

�	�����	������PQRQ�������������	�������
���������	���S5T

�����
�����	������������������	����*U%���	
�����	�	�����

���������S5<������	������
��	�����%�
���4����4$	����

<4,�=���	����������	�	�%�
���4����4$=����������������

�������������������S5T����%�
��4$�����<4,=��%�����

���������	
�����
	������������	���
����������������	��

!	��������������	��������	���	����V��	���������	������

�W�����$��V��	��������������������������
��	
��������

��)��������� �
��������������
���	����
�����
���

T	
������	�	�
����������������	�������	�������������

�	��������	�����	���
	�����������������������	
�������
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(C���_̀�C����#�a	<����Q"%�#Z%�3Q�4!��b\6�K�J�F�]

+��H�(CC'	

C����	/G�]��L���/	��>�����	
�>�c�d���;�����
	a=���N�

+	e����>>������	.����=G���V$f\ g����(�&8h��('��E�

�	<�>>
�����a	<����A## 5$�6 W�\ �(CC'�&i��)C	

(�J	�	,G�����>>�@ 5$�6 V$f\ �(C:'�78�(C(�	

((�	-��j��	/>�N����GH�.	�	;=�G�������	*	+���2!"34 

5$b6 A#������C�7i&��9�'	

(�/	F	���������	,�����@ 5$�6 V$f\ �(CCC�DDD�

C��C	

('-	/	*S����*������=N
����������?�G=>�S�?���K��j����

e�>S��G���Gk�����=�����/����l��d�����S?�������j����?

,������?/G���G������
����S����)	

(9*	aH�
=���+	*�H����+	+�����H��F	l�S�
��

�	F�H�
=�����<	+�
�j=G���@ m34�!"6�� 5$�6 �

(CC��_i8�(��	

()J	;�=���J	.n�����J	;���j�����<	<����V$f\ W�U o��� �

(CC9�h7�(C))	

(:���,	.	e��������0	.�=�����/	F	<������V$f\ W�U gp

5"!T�!\ Q����3Q���3 V$f\ �(CC��_q�):'���E�/	<	F�S�H�

;	<	.�����e	�����@ V$f\ p5"!T�!\ Q����3�(CC��Dr�

(��:'��#�/	<	F�S�H���e	�����5$�6 V$f\ o��� �(CC��

&q8�9�'��T�,	;	F�GH�>N����V$f\ W�U o��� ����(�qi�

)�))����0	,�G���>��	���L�>�L�K	,=s�G��,	,��M=�L

���,	�	.������V$f\ W�U gp5"!T�!\ Q����3Q���3 

V$f\ ������hi���99�C��[��	,	/����J�������L�

e	�	�>d������
�Sd���	,	,����L���������L�>�����

0	�j=�>��������s��W�U Q�t Yb\ ����9�_r�'���4�0	
�=�

/	F	<��������e	�����V$f\ W�U gp5"!T�!\ Q����3

Q���3 V$f\ �(CC(� 7̀��(�C��$�/	,������	,����>�

�	������/	;����s������	���H��d���S�@ V$f\ 5$�6 5�

��((�DD_�(9:�'	

(����;	K	.���S�/	F	<��������;	k	�=�>�P�V$f\ W�U 

o��� �(CC'�hr�''�'��E�+	F�L=��*	<���������*	�����

V$f\ W�U o��� � (CC�� iq� '��C� �#� �	 �	 ��R�

�	�	
�=���N�GH���
	�	;>��
u�>��V$f\ W�U o��� �

(CC'�hD�C�'��T�e	K�>>���v�������Lw�>����	���������

�w�d�>��J	���SS�w�����	,	e������V$f\ W�U gp5"!T�!\ 

Q����3Q���3 V$f\ �(CC��__�()��9����.	�=������
w�P�L�

�	/P��s���� ��� ,	�	���s��M=�����V$f\ W�U gp

5"!T�!\ Q����3Q���3 V$f\ �(CC��_h�:'�)	

(��	�	,G����S�.	/����j�����*	
�d�>>�@ V$f\ 5$�6 A�

(CC��DrD�:�:)	

(C
	F���>�
���@ 5$�6 V$f\ �(C�(�h̀�)�'�	

������	;��G����0	*������	�	��=>�<	��G>��e	0���=GG����

K	;������2!"34 5$�6 �(CC��7i�)�����E��	.=�L��	�����

/	�>d���L���e	�>�
��S�@ 5"6̂ Z� 5$�6 �(CCC�&r�('C(	

�(*	/����+	<���j�]��*	a������+	*�H����+	/��j����

J	F�j���+	+�����H����<	+�
�j=G���5$�6 V$f\ 

o��� ������7D8���'	

���	/L�N����F	/	a��>=���Q"T�3!xZ�!�Z65$�6b\�3fp

2!�3"TZ#�b"!�"ATU�!#�Ty%�#�3"!b#B�3Z#�Z3�z$�"3f���d��

e=N>�G�������F�]+��H�(CC:	

�'�	J���
����
	+=���,	.������@ 5"6̂ Z� 5$�6 ����:�

&h�(��'	

�9.	�	;�����j������	�	;�G�>��@ 5"6̂ Z� 5$�6 ������&8�

�(:	

�),	��>P������	/�j�>����	F��L�
�@ 5$�6 V$f\ �(CCC�

DDD�():C	

�:���e	-	���������V$f\ W�U �(C)��h8�')���E�

e	 -	 ��������� V$f\ W�U � (C)C� DD_� �� �#�

e	-	�����������z$�"3f"[�$�Q�4!��b#2!��3�#�b"!p

yt#$�!4�b!2!\Z%��"3\�!TBẐ�3#"!TZ#�"3\{B"%bTB����
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NTHUVWUXYZPU[\]̂U[X_Ù L̂a\[bT��	�*(�����	
	��
��	%����
	����%����	�	�8�:������*����	8�)��	
���		�	�
�	
�		�
�	%��%���
	����
�		��	���	�
������	�
%���	������	���������	8)��	�*(�������
�����	����

�������c	�	�%	����������%��
����
����=
������	

	�
���		�	�
��
�
�		��	���	�
���	���
�%�����	���	
	��	%
	�),
d��	�	��
�	���	��������
��	��
�	�*(
�����	
	����	������
���
�	��	���	�
�����	���
����)
0��	��	���������
�
�		��	���	�
��
�	���
�	�����
��	
��>��%�	��	��������������%����	�8
����
�	��	�	�

�
���).�
������
����e%��

��	��
	
�		�	%
����������
%���%�
������������
�
�	�	����	�	%
���	��
���
���
�	
��������
�	%����	��
�		c	%
��%����	�%�%����
�	
�����	�).%����	�
��
	��%
�����
�	%	�
����	
����
�
�	
������������
�	�	��%���A�
�����������	��������������

�	�	
��),$������	���	�������
	�	������	�
������
�	
����
���	��%
�����%
��f����%����	#�	���(
	�	����
�	
�	%�	��	��
�	����
������������	�
������������	�

	�	%
�����
�	g6����
��)?-/�	���������
����		������
��


�	����
���	��%
�����%
��������%��
	���
�
�	
��	��	�
��

�	������	�	�	%
�����
�	��;�%	�
�������)?8��	����
��
�	��%
�����%
����	���	��	����������h

i
jkllkm

jllm
n

o

pop
q q

q q �+�

��	�	r��
�	����
������������	�
����	��
������sgt���
sut��	��		���g6����
���������	%��������
�����	��	%
��	��)?:

d��	�	��f%���	�	��%	�
�
�	����������������	5��
���
���%����
�
������	���A�
���h

v
i
w w

x

vi

x

i

x

n
yq

o

z{|

} ~

q

o o

~

} ~

~

} ~ }

�
�

���r�:��������	�g�
���%����
����.9������������	�
���	%��������
����09����
��������
g6%��
����
�������
�
�������	���
�	%��
����
������
�.9
�
�	�
�09)?���	
����
���	��%
�����%
������	��
���	����%����	�	�8�:�����
��	8)8E�-)$?����-)
?��	��	%
��	��).�	��%
�����
�	����
��
����������	�
������
�	��		�������	%���	
��	���
	���	�%	��%����	�%��	
�		�
�	%	�
���������
�	������
���)?,*��������/	������������??�
%�	�������	���
��

�	
����	������
���	��%
�����%
�����	�	��	�
��
�	��
����
�	
�	
�����
�	����������'����
%�������)d	�%	�������	�
����	��
�	����
���	��%
�����%
���	��%
������	�����'����

%�������%��
����
�������
�	������
�
�	��	��������	
�%
�����
����%����%
	���
�%���
�	%����	�).�
�����
�	
%���	�
���������
���	��%
�����%
���������	���
���-���
8��f����	����	�
���8%������	��	
�
�	�����
��	���
�
	�
��
���c	�	�
���
����%�
�)?E.����	��f��	�
	�
���8�����#	�

��

�	����'����
%���������
�	%����	�����	�
	�
���
�	
��		�������	)??��������
����		�	������	�
�����������
D��e
���
�	�������
�	�	��%���A�
�����
�	g6����
���)?E�

��	�����	����������	������������
�	���6����
��������
��
���%���%�	��	�����
�	�����	������)d	�%	�������
��%�	��	��
�	�����
��	��>�����	
	�%������������	
�

����
	�
�
�	�6����
����
�	��
���
�	����%�
���
�	
�����	�������)
��	�*(�����	
	����	����������	��
�����
�	
����	������������6#	���B*�
�	����������
�	�����	�
�	�
��
�����
����	
��%����	�	�)�������%
��	����#	���
�	
�	�	�	��
	g6����
�����
�	�	
�����������
��
�
���	�	���
���	����:������)��	�������
�
	��"�����������%
��	����
	�������	�
���
�		�	%
����%%��#����
����:�

����%����	�
���	
�
�	,.:��
�
	)��	
��		������	�	�	%
������
���g

�

���
	��	������
�	����������g���g������g������
�����
�	
�:������)��	�	��	�����	6	�	%
��������
����
��
���	���	

�,�8����

,�:�	�%�
	��
�
	�)��	�	
���
�
	���	��c	�	�
��
	�	������
����
�	,�:��
�
	%��%����	
�
�	�������
�
	)

?+

d��	�	��:�
:��
8%��#����
���%���	������
��,��
�
	�����

���
�%�������
�	�		�%�
�
������
���
�	�	
��g6��	�����	
�	
���
�����
��
%��
����
����
�
�	�*()?
*���
��	���
	�%�
�
����
��
��	�����
�%��
����
	
�
�	>
	������	
(909'�09��� ���(909'(909��� C��2909'
�09�C�������2909'(909�C�C����	�	(909�
�09����2909�	�	�
��������%%���	�����
�������������
�%%���	�09���	��	%
��	��)��
�	���	�
��%
	��������������

�	����
�����	�������%%���	�����6����������6����)�����

�	(909���	�	�	��	�
���
���	�%%���	���6����09�
��

����
���	���������
�����
�	������6����%���
	����
�)
(���������
���	����
���������������
�������
�
�	�����

�	��%���	����������������09���	%�����	�	��	�	��

������������������������������� ¡������� �� �¢£¤
¥��������¦§̈��©��̈������¦�ª«ª���¬

%����	� ������� s>	��s�%�
'8� >%��%�%�

'8�

8 ­"�����	�:�"3�"�®
¯ -)88 -):+

: ­"�����	�:�"3�@�®
¯ 8):
 8),?

� ­"�����	�:�"3��®
¯ :)�- ?)EE

M°W±U²_[\VUX³°́µ̂¶\VR°Ẁ µ̂]_́N ·̧¹º»¼½
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