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ABSTRACT 

A substantial amount of work has already been done on molecule based magnetism as 

evident from the existing literature. The main objective of this thesis is to study the properties 

as well as the applications of the designed molecular magnets particularly of organic domain. 

Transparency, photo activity, low toxicity and biocompatibility are the properties which 

make the field of molecule based magnetism to rise over traditional magnetism. The studies 

described in the thesis are divided into eight chapters. 

The Chapter 1 describes the general introduction of this work based on magnetic 

molecules. The background of this thesis is clearly described. This chapter also categorically 

portrays the different objectives of this thesis. 

The Chapter 2 depicts the theoretical background how the magnetic exchange 

coupling constant (J) is evaluated by broken symmetry (BS) approach in the unrestricted 

density functional theory (UDFT) framework. The theoretical background of estimation of 

axial spin-spin zero field splitting (ZFS) parameter (D), the rhombic ZFS parameter (E) and 

ZFS magnitude (a2) are also discussed here. 

The Chapter 3 describes our investigation on different linkage specific oxoverdazyl 

diradicals. Here, we have used meta- and para-connected aromatic cyclic ring couplers. in 

between two oxoverdazyl moieties to form the desired diradicals. Their J values are then 

evaluated at UB3L YP/6-311 ++G( d,p) level of theory. A correlation between sign and 

magnitude of J with respect to their connectivity is also made. The ferromagnetic and 

antiferromagnetic interactions are observed for meta-connected and para-connected 

diradicals respectively. After that, the estimated J values are clarified using spin polarization 

maps and magnetic orbitals. The hyperfine coupling constant values are also computed to 

support the intramolecular magnetic interactions. Figure 1 is the representative of two such 

meta- and corresponding para-connected systems. 
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Figure 1. Bis-oxoverdazyl diradicals where meta- and para-connected furan is used as 

couplers. 

The Chapter 4 encompasses the intramolecular magnetic exchange coupling constant 

for different high spin diradicals using BS-UDFT treatment. The role of linear polyacenes 

varying length which are used as couplers in these bis-oxo- and bis-thioxo-verdazyl 

diradicals is discussed. The spin density distribution as well as an analysis made 

''magnetic" IS to explain their magnetic character. The Nuclear Independent 

Chemical Shift (NICS) values have been correlated with J values. Figure 2 shows a general 

schematic representation of the diradicals investigated in Chapter 4. 

Figure Bis-oxo-· and bis-thioxo-verdazyl diradicals where meta connected linear 

polyacenes are used as couplers, where n is the number of benzenoid rings. 

In Chapter 5 geometry based aromaticity index harmonic oscillator model of 

aromaticity (HOMA) along with magnetic aromaticity index NICS has been evaluated. Here 

we have taken so called heteroverdazyl diradicals where meta- and para-phenylene coupled 

high spin and the corresponding low spin diradicals (Figure 3) are used. The result of the spin 

leakage phenomena on J and that on HOMA and NICS values of certain phosphaverdazyl 

systems has been unequivocally argued. However, the main novelty of this work stands upon 
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the consideration of the aromatic behavior by means of the geometrical global and local 

aromaticity index HOMA. 
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N-N2 (/Jl (/J, N,4-N o ·o 
Figure 3. Substitution at X and Y position gives rise to different "so called" meta-

corresponding para-phenylene 

different relevant dihedral angles. 

heteroverdazyl diradicals. The \fll and \fl2 denote two 

The Chapter 6 has embodied the study of different variants of green ±1uorescent 
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Figure 4. The trans ( antiferromagnetic) and the respective photoconverted c1s 

(ferromagnetic) diradicals, where the blue variant of GFP chromophore (BFPF) is used as 

coupler. Here, IN and oxo-verdazyl radicals are used as mixed magnetic sites. The up and 

down arrows show a and fJ spin respectively. 

c 



protein (GFP) chromophore coupled diradicals where imino nitroxide (IN) and IN or oxo- or 

phospha-verdazyl radical moieties are used as magnetic centers. A spin crossover from 

antiferromagnetic to ferromagnetic state is observed as the trans diradicals are converted into 

their cis state by the irradiation of appropriate wave length of light, which is estimated by the 

time dependent DFf calculation. The most novel property observed here is that the dark trans 

diradicals tum into their fluorescent cis isomers upon irradiation of appropriate light. As a 

result, only visual inspection is required to know the magnetic status of these diradicals 

(Figure 4). 

The Chapter 7 describes biomedical applications of different analogues of GFP 

chromophores coupled diradicals where we have introduced bis-IN as radical sites. To 

confirm their biomedical uses we have optimized them not only in gas phase but also 

water and blood plasma medium by adopting 2-layer our own N-layer integrated 
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Ferromagnetic, cis and green fluorescent 

Figure 5. The antiferromagnetic planar trans (dark) and corresponding photoconverted 

puckered cis fluorescent (green) bis-IN diradicals where GFP chromophore is used as 

couplers. These diradicals are used as contrast agents in MRI experiment. The a and fJ spins 

are represented by the up and down arrows. 

molecular orbital and molecular mechanics (ONIOM) method and polarized continuum 

model (PCM) method respectively. In ONIOM method the water molecules are treated as 
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low level layer whereas the diradicals are treated as high level layer. The magnetic nature of 

these diradicals is estimated by ONIOM-BS [where BS calculations are done for inner high 

level layer (diradical system) keeping the outer water layer at low level] and in PCM-BS 

methodology. Their suitability to be used as magnetic resonance imaging contrast agent 

(MRICA) has been quantified by the estimation of the axial zero field splitting (ZFS) 

parameter (D), rhombic ZFS parameter (E) and ZFS magnitude (a2) for each ferromagnetic 

species in three different media. One can ambitiously expect from our calculations that if 

these diradicals are synthesized then they can be used as successful, non-hazardous MRICA 

in place of other metal based contrast agents. Figure 5 shows the photoconversion of 

antiferromagnetic dark planar trans and their corresponding fluorescent (green) puckered cis 

diradicals where GFP chromophore is used as couplers between two IN moieties. 

A comprehensive conclusion of the total thesis work is given at the end in Chapter 8. 
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Chapter 1 

Molecules Manifesting Magnetic Behavior 

A general introduction of molecules manifesting magnetic behavior is presented in this 

chapter. A detailed along with the objectives of this thesis is systematically 

stated in this chapter. 



1.1. Introduction 

In recent years, research work on magnetism and magnetic materials has gained a 

tremendous momentum. Particularly synthetic magnetic molecules both of organic and 

inorganic origin have drawn a huge attention of researchers worldwide. One can have an idea 

of the volume of work that has already been done on this subject by the result of a Google 

search. Such a search in September 2012 gives around 18,100,000 http links in just 0.34 

seconds with a keyword "magnetic molecules". Searching with a keyword "synthetic 

magnetic molecules" gave around 19,900,000 links on the subject. Several books have also 

been written on this topic. 1 A closer look on these articles reveals that the materials 

containing magnetic molecules with inorganic origin have some historical importance as 

many of the early magnetic materials is basically inorganic in nature. Nevertheless, past 

few decades organic magnetic molecules have emerged as one the most interesting topics 

this line of research.2 This field of study has numerous technological and biological 

applications. In a broader perspective the present thesis deals with the design, 

characterisation and application of molecular magnets of organic origin and in particular, of 

organic diradical systems. This chapter includes the backgrmmd, objective and justification 

of the present research work. 

1.2. Types of Magnetism 

Although the initial discovery of magnetic phenomenon is not known; however, the 

word magnet is derived from the name of Magnesia province Thessalia, where magnetite 

was found abundantly.3 Depending on magnetic behavior, solids can be classified in different 

categories; say, diamagnetic, paramagnetic, ferromagnetic (FM), antiferromagnetic (AFM), 

ferrimagnetic, metamagnetic and so on. The genesis of these different types is due to the 

diverse coupling arrangements of electronic spin angular momentum in molecular and 

suprarnolecular arrays. So far, the most precious and rare class of materials from both 

theoretical and experimental point of view are ferromagnets. According to the first principle 

of magnetism, if spontaneous coupling between two equal spin moments occurs in parallel 

fashion then ferromagnetism arises leading to permanent magnetization. On the other hand, 
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when two unpaired but equal spin moments are coupled in antiparaiiel fashion avoiding spin 

pairing then antiferromagnetism arises, leading to the lowering of magnetism. Both 

ferromagnetic and antiferromagnetic substances behave like paramagnetic substances beyond 

a certain temperature called Curie temperature (for FM) or Neel Temperature (for AFM) 

respectively. Paramagnetic substances show spontaneous magnetization under an external 

magnetic field but they loose that property in absence of such field. Diamagnetic substances 

contain spin paired electrons and do not show spontaneous magnetization under an external 

magnetic field. In ferrimagnetism unequal spin moments couple to give net magnetization. 

All these things are nicely discussed in different articles.4 

1.3. Design, Characterisation and Application 

Molecular designing is a creative process or strategy of finding new tailor made 

molecules having requisite characteristics. This is frequently done either by scratching or by 

creating intended variations in the known structures. Since 1960s the synthetic chemists are 

having continuous interest for designing of high spin magnetic molecules such as organic 

ferro magnets, 5 as ferromagnetic interactions are preconditioned to most attractive magnetic 

properties. 6 Thus the capability to design molecules or crystals with ferromagnetic exchanges 

in a balanced manner is significant and equally intellectually challenging. 7 

To design a molecule with desired magnetic properties it is essential to characterise 

the molecule with available theoretical tools. characterising the magnetic molecules one 

must reveal its magnetic nature (ferro or antiferro) and its extent of magnetism. Magnetic 

systems are best characterised by magnetic exchange coupling constant (J) values. A positive 

sign of J, in which a situation of parallel spin is essential, is used to indicate a ferromagnetic 

interaction, whereas an antiferromagnetic interaction is indicated by a negative value, where 

a state of anti parallel spin is favored. 1 The high positive value of J indicates that the magnetic 

molecule is strongly ferromagnetic whereas less ferromagnetic chanicter is observed for its -------

low positive value. 

It's being extremely essential to observe the applicability either in technologies or in 

biomedical sciences of the magnetic molecules after their design and characterisation. 

2 



Molecule based magnets are a class of compounds capable of showing interesting magnetic 

behavior. The first synthesis and characterisation of moiecuie-based magnet, a 

diethyldithiocarbamate-Fe(III) chloride complex, was credited to Wickman and co-workers.8 

Low density, mechanical flexibility, low-temperature processability, solubility, low 

environmental contamination, biocompatibility, high remanent magnetizations, low magnetic 

anisotropy, transparency, semiconducting properties and so on make these molecules suitable 

for the uses in different purpose.4
(b) On the other hand, in biomedical field of research 

magnetic molecules can provide new opportunities including the improvement of magnetic 

resonance imaging, magnetic hyperthermia for cancerous cell and also in site specific drug 

delivery.9 

1.4. Background: The Essence of Interest 

Magnetism in molecules has giVen rise to newer aspects of various interesting 

research areas both in the filed of Physics and Chemistry. In numerous studies the results are 

radiating. in the following subsections few gems are collected from the sea of knowledge 

which suit best to the present thesis work 

1.4.1. Molecule Based Magnetism 

To be an effective building block of a synthetic magnetic molecule, the constituting 

magnetic sites must be stable enough. They can be prepared, isolated, and characterised with 

ease. It is known that stable organic radicals in pure state are the most suitable candidates for 

the building of various magnetically active substances. More specifically, stable diradical 

based organic ferromagnets are of primary interest to study the molecule based magnetism.2 

According to Borden and Davidson a diradical is "a molecule in which two electrons occupy 

a degenerate or nearly degenerate pair of orbitals". 10 In a more lucid version, diradical is a 

molecular species with two radical centers. One point should be noted here that there are two 

types of non-kekule diradical molecules, disjoint and non-disjoint type. This classification is 

based on the shape of their two non-bonding molecular orbitals (NBMOs). In case of non

disjoint molecules both NBMOs have electron density at the same atom; whereas, in the dis-
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-joint molecules electron density resides on different atoms. Following Hund's rule, unpaired 

electrons in non-disjoint molecules are preferred to be in parallel orientation resulting in a 

triplet ground state. However, in case of disjoint molecules, the relative stability of the 

singlet ground state to the triplet ground state will be nearly equal even electrons can have 

anti parallel orientation resulting in a singlet ground state. The simplest examples of diradical 

is methylene (CH2)··, but methylene (1) (Figure 1.1) is very reactive and unstable in nature. 11 

(1) 

Figure The simplest methylene diradical (1) (ref. 11). 

1.4.2. Searching of Stable Radicals as Building Blocks for Magnetic 

Molecules 

molecular magnetochemistry nitroxide radical family is playing a prime role since 

long. 12 The first reported stable organic nitroxyl based ferromagnetic species was ,8-crystal 

phase of para-nitrophenyl nitronyl nitroxide (Figure 1.2). After its discovery by Kinosita and 

co-workers13 in 1991, nitronyl nitroxide based diradicals with different couplers have been 

experimentally investigated and characterised by many group of researchers. 12 Zeissel et al. 

studied nitronyl nitroxide diradicals with ethylene coupler. 14 

Figure 1.2. The para-nitrophenyl nitronyl nitroxide (ref. 13). Hydrogens are excluded for 

clarity. 
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The excellent stability of nitronyl nitroxides (NN), imino nitroxides (IN), (2,2,6,6-

Tetramethylpiperidin-1-yl)oxyl (TEMPO) (Figure 1.3) has made them mesmerizing to both 

synthetic and theoretical chemists.13
-
19 The presence of strongly delocalized unpaired 

electrons in NN and IN make them perfect ferromagnetic precursor. Nonetheless, their 

excellent stability, lucid method of preparation, flexibility in coordination, and capacity to 

generate tailor made magnetic properties are the reasons for their wide study. 13
-
17 On the 

other hand, diradicals containing TEMPO as one of the radical centers have been synthesized 

and characterised. 18 TEMPO is well known class of stable organic radical which can be used 

in preparing molecule based magnetic materials, organomagnetic systems and so on. Charge 

transfer complexes, photo responsive devices can also be developed from TEMPO radicals. 19 

Nonetheless; besides nitroxide family of radicals only few radical classes are used in 

preparing diradical based magnetic molecules due to their suitability in preparation, isolation, 

and characterisation. Following the trend, investigations were carried out to synthesize other 

radical species such as verdazyl, tetrathiafulvalene (TTF) etc. (Figure 1 .4) which are suitable 

candidates for preparing organic diradical based ferromagnets at relatively higher 

temperature. 20
-
24 

(NN-radical) (IN -radical) (TEMPO-radical) 

Figure 1.3. NN, IN and TEMPO radicals, the building blocks of diradicals based magnetic 

molecules (ref. 28). Hydrogens are omitted for picture clarity. 

The Verdazyl radical was discovered by Kuhn and Trischmann in early 1960s.20 In 

recent years, a lot of effort is given to synthesize and characterise the "so-called" 

heteroverdazyl radicals incorporating different hetero atoms in place of nitrogen and carbon 

5 



nng atoms at X or Y position or the both.25 The most common heteroverdazyls are 

oxoverdazyl (OV), thioverdazyl (TV) and phosphaverdazyl (PV) and the last one is generally 

considered as the inorganic analogue of verdazyl radical (Figure 1.4). In the later case, spin 

leakage is prominent due to mixing of (J- and Jr-systems. 26 Spin leakage is the phenomena 

where the spin density of a particular atom at a definite site becomes lower than the expected 

spin density value. The spin leakage has an insightful effect on magnetic behavior of the 

concerned diradical. Different research groups have established the method of synthesis of 

the above mentioned different types ofverdazyl radicals.25
-

28 

\ . 
N-N 

I \ 
y X-
\ II 
N-N 

I 

Heteroverdazyl radical 

OV (C-linked) TV (C-linked) 

• 
OV (N-linked) Verdazyl (C-linked) 

• \ 

PV-Type I (C-linked) PV-Type II (P-linked) 

Figure 1.4. General schematic representation of heteroverdazyl radical, upon substitution of 

different atoms on X and Y positions yields different verdazyl analogues, such as OV (N

linked), Verdazyl (C-linked), OV (C-linked), TV (C-linked), PV-Type-I (C-linked), PV

Type-II (P-linked) which act as radical centers in different diradicals (ref. 28). Hydrogens are 

excluded for clarity. 
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Lahti and his co-workers have prepared azide substituted verdazyles?9 Synthesis of 

carboxyl substituted verdazyl complexes of Ni(II) and Co(II) have been carried out in 

aqueous system as carboxyl substituted verdazyl radicals are highly soluble in water.30 On 

the other hand, TTF has shown through bond and through space intramolecular 

ferromagnetic exchange interactions (Figure 1.5). TTF has also been used as building blocks 

for magnetic molecules having been used as supramolecular chemistry, molecular memories, 

organic conductors and so on.31 

(TTF-radical cation) 

~~igure 1.5. TTF radical moieties used to develop different magnetic molecules (ref. 31). 

Hydrogens are excluded for simplicity. 

1.5. Qualitative Methods: Ground State of the Diradical Based Magnetic 

Molecules 

Qualitative prediction of the ground state of a magnetic molecule is a state of the art 

technique. Several methods are available for qualitative prediction of the ground spin state of 

diradicals. The first successful method of predicting the ground state of magnetic molecules 
32(a) 

was made by Longuet-Higgins. The method says, if there are total X number of carbon 

atoms with total Y maximum number of possible double bond then the number NBMOs can 

be calculated as n = (X- 2Y). As an example, we predict the ground spin state of para

benzoquinodimethan (2). In case of para-benzoquinodimethan maximum four double bonds 

are possible. Hence the number of NBMOs is zero resulting in an antiferromagnetic 

interaction. Similarly for meta-benzoquinodimethan (3), there are two NBMOs and from 

Hund's rule, a triplet (S= 1) ground state is estimated32
(bl (Figure 1.6). 

7 



(2) (3) 

para- benzoquinodimethan (S= 0) meta-benzoquinodimethan (S = 1) 

Figure 1.6. Demonstration of ground spins state of para- (2) and meta-benzoquinodimethan 

(3) [ref32(a)]. Hydrogen atoms are not shown in the picture for simplicity. 

Another simple method was proposed by Ovchinnikov considering valence-bond 

formalism 
32(c) 

planar alternate hydrocarbons. The method suggests that if the number of 

starred (K) and unstarred (K*) carbon atoms are not equal then the ground state spin S=jK*

KI/2 and the value is always nonzero. Applying the rule to previous examples of meta- ( 4) 

and (5) benzoquinodimethan one concludes that meta and para isomers have triplet 

and singlet ground spin states respectively (Figure L7). This model was further applied for 

the simplest case trimethylenemethane (TMM) diradical, and triplet ground state was 

predicted and in addition confirmed by the experiment.33 

(4) (5) 

Figure 1.7. Determination of the ground spins state of meta- (4) and para- (5) 

benzoquinodimethan using starredlunstarred model by Ovchinnikov [ref. 32(c)]. Hydrogen 

atoms are not shown in the picture for simplicity. 
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The rule of spin alternation has been successfully explained and demonstrated in UHF 

treatment by Trindle et al.32
(h,i) Heuristically, in a planar n--conjugated system the spin 

densities of a particular atom prefers opposite signs to that of its adjacent atoms. That is, the 

polarization of spins will follow an alternate afJafJafJ pattern. The spin density alternation 

rule efficiently predicts the nature of exchange coupling interaction in almost every case 

(Figure 1.8). This rule states that, if the number of bonds through the coupler is odd in the 

coupling path, the exchange pattern is antiferromagnetic, whereas, exchange pattern is 

ferromagnetic if the number of bonds in the coupler is even between two n--conjugated 

magnetic sites. In the following figure, by using the rule, one can easily find the proper 

ground state of these diradicals with butadiene (6), para-phenylene (7), ortho-phenylene (8), 

and meta-phenylene (9) as couplers. They have antiferromagnetic ground state as the spin

spin coupling is transmitted through odd number of bonds. However, for the meta-phenylene 

(9) coupled diradicals ferromagnetic ground state is observed as the spin coupling is 

propagated through even number of bonds. 

(6) (7) 

(8) (9) 

Figure 1.8. Spin alternation rule demonstrating the ground state ferromagnetic nature of 

meta-phenylene (9) coupled diradical with net two up spins in two magnetic centers; whereas 

the linear conjugated n--polyene (6), para-phenylene (7) and ortho-phenylene (8) coupled 

diradicals are antiferromagnetic in nature [ref. 32(h,i)]. 
9 



1.6. Different Diradicals 

In diradicals the magnetism arises mainly due to intramolecular interactions between 

two magnetic sites. The credit to synthesize and characterise the first stable ferromagnetic 

diradical (10) was accounted for Schlenk (Figure 1.9) in 1915?4 In a diradical generally the 

spin polarization and spin delocalization play the major role for determining the magnetic 

coupling. A large number of works have been executed on this issue.35
•
36 On the other hand, a 

great deal of theoretical works have also been done on organic molecule based magnetism. It 

must be noted that the first theoretical work to predict the high spin ground state had been 

attributed to McConnell. S(a) 

(10) 

Figure 1.9. The Schlenk diradical (10) which is stable and remain in triplet 

(ref. 34). 

1.6.1. Simple Hydrocarbon Diradicals 

state 

Molecular topology and spin alignment in some simple hydrocarbon diradicals are 

interesting to understand their nature of magnetism in their ground state. Dowd33 have first 

reported one of the most simple n-conjugated hydrocarbon diradical named 

trimethylenemethane diradical (11). This diradical has triplet ground state which can be 

proved both theoretically and experimentally. However, when two methyl radicals are 

attached in two different ends of ethylene (12), which is essentially a butadiene moiety, 

antiferromagnetism is observed. Benzene containing diradical meta-benzoquinodimethane 

(13) is strongly ferromagnetically coupled, whereas its para and ortho isomers (14,15) are 
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antiferromagnetically coupled. It is to be noted here that ferromagnetic coupling is observed 

in non-kekule molecules having non-disjoint nature,37 that is, these MO's would be non

orthogonal and have overlapped at one or two atomic sites. There are other molecular 

structures where the simple hydrocarbon diradicals are disjoint in nature. Tetramethylene 

ethane (TME) (16), 2,3-bis(methylene )-1 ,3-cyclohexadiene (17), 2,2-dimethyl-4,5-

bis(methylene )-1 ,3-cyclopentadiene (18), and 2-( 1-methyleneethenly)cyclopentenyl (19) are 

such disjoint diradicals having triplet ground state (Figure 1.1 0). This fact has been attributed 

to the zero overlap between perpendicular n-systems. This phenomenon suggests high 

spin ground state is also obtained in para-phenylene system when doped?3 

(11) 

(16) 

·c-· 
•• 

(12) 

(17) 

• . 

(13) 

(18) 

--~ 
~4 ···-· ~_. 

(14) (15) 

(19) 

Figure 1.10. Molecular topology and spin coupling of some hydrocarbon diradicals (11-19). 

Hydrogen atoms are not shown in the picture for simplicity (ref. 33,37). 

1.6.2. Biphenyl and Tetraphenyl Diradicals 

Biphenyls have important uses in chemical synthesis and these are the potential 

linkers used as couplers for designing high spin organic molecules. Diradical species has 

been prepared and studied in frozen solutions with 3,3' and 3,4' biphenyl as spin coupling 

units.38 Diradical (20) possessing 3,3'-biphenyl in its coupling unit, has ~ntiferromagnetic 

11 



ground state, whereas, its other isomer (21) has ferromagnetic ground state with 3,4'-biphenyl 

as coupling unit. This isomer (21) can be easily handled in low temperature in laboratory. 

However, there are examples where two different exchange coupling pathways (ECPs) are 

possible depending upon the structure ofthe coupler. A molecule having one ECP with 3,3'

biphenyl units (22) has the half exchange coupling constants in magnitude than the molecules 

with two ECPs with 3,3'-biphenyl units (23)39 (Figure 1.11). If there are multiple parallel 

ECPs in a ferromagnetic coupled diradicals the magnetic exchange can be controlled with the 

increase or decrease of ECPs. 

• • • 

• 

(20) (21) 

Gr Gr 

(22) (23) 

c,~-o-But 

Figure 1.11. Synthesized biphenyl hydrocarbon diradicals with one ECP (20,21,22) and two 

parallel biphenyl units containing diradical (23) with two different ECPs (ref. 38,39). 

1.6.3. Theoretically Designed Diradicals 

Many researchers have studied theoretically intermolecular and intramolecular 

interactions, on which magnetic properties of diradical based systems depend. The degree of 

magnetism in magnetic molecules is best represented through intramolecular magnetic 

12 



exchange coupling constant which depends on the structure and spin orientation of such 

systems. Previous knowledge about the magnetic characteristics of the designed diradicals is 

essential before synthesizing possible organic magnetic systems with desired magnetic 

nature. This has been successfully proven in many cases resulting in the discovery of several 

ferromagnetic molecules. 1 A development in this direction is discussed chronologically in the 

following: 

Diradical based magnetic molecules have been studied both with ab-initio or density 

functional theory (DFT) approach. 17
A

0 The spin states of some fused ring 

systems 40
(al along with some other diradical derivatives of IN and NN40

(b) radicals have 

investigated by ab-initio quantum chemical approach to calculate their singlet-triplet energy 

gap. set it been found that the calculated gas phase values are 

us accurate 

J value in principle but in actual practice it needs high level of computational resources. On 

the other hand, spin polarized DFT based broken symmetry (BS) approach in unrestricted 

formalism (BS-UDFT) is very suitable for evaluating J with less computational cost. Datta 

co-workers have predicted the J values in different nitronyl nitroxide based diradicals 

(24) (Figure 1.12) using BS-UDFT approach.40
(c,d) They have found that the ferromagnetic 

interactions prevail where meta-coupler is used, and for diradicals with linear couplers the 

antiferromagnetic interaction decreases as the length of the chain increases.40
(c) In another 

work, molecular tailoring is executed to obtain the planarity of the molecules of 

trimethylenemethane-based nitroxide diradicals with the prediction of high positive J values 

due to larger de localization of n-electrons.40
(d) 

(24) 

Figure 1.12. Bis-IN diradical (24) with coupler. Hydrogens are omitted for clarity (ref. 40). 
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So far, we are confined in diradical based orgamc magnets with one particular 

monoradical in two different ends of the coupler; however, the diradicals with neutral OV 

radical and TTF radical cation as mixed magnetic sites (25) having different aromatic and 

nonaromatic linkers (Figure 1.13) have also been studied in the spin polarized BS-UDFT 

frame work by Polo and coworkers.41 The OV and TTF are used as radical centers to prepare 

the cationic diradical based magnetic molecules. The obtained J values for the diradicals 

without coupler have been found to be very weak antiferromagnetic which is in good 

hannony with previous experimental work by Sugawara and coworkers.42 Yamaguchi et aL 43 

also have inspected mixed diradicals assembled from TTF and verdazyl with high positive 

magnetic exchange coupling constants. Nonetheless, in the work of Polo and coworkers,41 

the J values are explained in the light of planarity of the n-system, and in the presence of 

spinning pathway as weH as in the existence of different spin polarization 

paths instead of one. The novelty of this work is that, if these ferromagnetic materials are 

used in columnar staking one would get molecule based conducting ferromagnets. 

(25) 

Figure 1.13. OV and TTF cationic radicals based diradicals (25) with the couplers 

investigated by Polo and coworkers (ref. 41 ). Hydrogens are not shown in picture for 

simplicity. 

Recently, magnetic interactions of some dinitrene systems (Figure 1.14) have also 

been investigated.44 The J values for few unconjugated and their corresponding conjugated 

systems have been evaluated to compare the role of n-conjugation in such systems. A strong 

antiferromagnetic interaction is observed in investigated conjugated dinitrene systems 44
(a) 

(26-28). With the increase of chain length the magnetic interactions decrease for such 

systems. The corresponding unconjugated dinitrenes have weakly antiferromagnetic 
14 



interactions (28). In another work, 44
(a) using the spin flip DFT, the positive J values in alkyl 

substituted cyclohexane diradicals (29-30) (Figure 1.15) have been evaluated. The dramatic 

change of J value is explained with positive inductive effect of the alkyl substituents. 

(26) (27) 

(28) 

Figure 1.14. Investigated dinitrene systems (26-28) [ref. 44(a)]. Hydrogens are omitted for 

lucidity. 

(29) (30) 

Figure 1.15. Alkyl substituted cyclohexane-1,4- (29) and -1,3-diyls (30) [ref. 44(b)]. 

Hydrogens are excluded for lucidity. 

1.7. Organic Polyradicals and Polymer Magnets 

Iwamura and co-workers have designed and characterised nitroxyl group containing 

triradical with ferromagnetic interactions having quartet ground state (31).45 Rajca and co

workers have made significant progress in design and preparation of organic branched chain 

15 



n-conjugated potential ferromagnets with strong intermolecular exchange coupling,46 such as 

heptaradical (S=7/2) (32) and decaradical (S=S) (33) based on star branched topology.46
(a) 

They have prepared magnetic polymer with large magnetic moment and magnetic order even 

at 10K.46
(b) The credit of preparation and characterisation of dendritic polyradicals (34) and 

polymer magnets (35) with triplet ground state goes to the same group of researchers.46
(c-d) 

Nonetheless, the presence of spin deficiencies in large systems is known as spin defects 

which has happened on a potential spinning site due to the non-generation of spins on the 

required site, and it causes the hindrance of spin propagation through the exchange coupling 

pathway. This problem can be overcome by designing multiple exchange coupling pathways 

in a single entity. One of such example is Calix[3]arene (36).46
(e) Nonetheless, recently a 

computationally less rigorous technique has been developed so that one can estimate 

magnetic exchange between each two sites of the polyradicals following the 

model.47 All the molecules are sketched in Figure 1.16. 

(31) (32) 

(33) (34) 
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• 

n 

(35) (36) 

Figure 1.16. Different types of synthesized polyradicals (ref. 45, 46). 

1.8. Application of Diradical Based Magnetism 

There are many uses of diradical based magnetic molecules. 

applications48 or in bio- medicines9 they are in use. The organic diradicals are used as 

molecular junctions spintronics.48
(a) Apart from this role, they also serve as common 

intermediate in numerous chemical reactions and this is why they are very significant in 

chemical synthesis. However, the phenomena of magnetization reversal is important in the 

:field of magnetic data storage, hard disk drives, and also in spintronic materials.48
(b) The field 

induced magnetization reversal is difficult to execute,48
(c) however, the photoinduced 

magnetic crossover is easy to accomplish and find wide applications in high density 

information storage devices, in superior resolution etc. 48
(d) 

1.8.1. Earlier Photomagnetic Diradical Systems 

If a photochromic moiety is used as a coupler between two magnetic sites then the 

nature of magnetic interaction of the resulting magnetic material can change upon 

photoirradiation of appropriate wavelength. In organic systems, electron spins can be 

conserved for longer time and distance than in conventional inorganic materials. In recent 

years, photomagnetism in organic compounds has engrossed generous attentiveness. Various 

photochromic spin couplers like diarylethene, azobenzene etc. have been synthesized and 

characterised with their magnetic properties by Matsuda and coworkers.49 
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Theoretically the photomagnetic behavior of nitronyl nitroxide, imino nitroxide and 

verdazyl derivatives of substituted dihydropyrene has been investigated. 50 The change of 

structural pattern from cyclophanediene to dihydropyrene can be obtained by the application 

of appropriate wavelength of electromagnetic radiation (Figure 1.17). When bis-IN or bis

NN are used as radical sites with these photochromic couplers the observed J values are very 

low.50
(a) However, the J values are drastically increased when N-linked OV and NN are used 

as radicals with these couplers.50
(b) 

hv,~ 

Cyclophanediene Dihydropyrene 

Figure Photoconversion cyclophanediene to dihydropyrene upon irradiation of 

appropriate wave length of light. 

1.8.2. Photoinduced Antiferromagnetic to Ferromagnetic Crossover 

The most interesting point of these previous systems that only the change 

of coupling constants is found sign of coupling does not change. This 

to theoretical design and explore photomagnetic switch systems of organic origin, where 

magnetic crossover takes place when exposed to the light of a particular wave length,51 

(Figure 1.18) although different systems of inorganic origin, where such magnetic crossover 

takes place are already known.52 Trans (a) and cis (b) azobenzene with his-IN, bis-NN and 

bis-OV as radical sites (Figure 1.18) is used to design photomagnetic molecules which would 

likely to attract immediate attention of the experimentalists for their potential applications. It 

is needless to say that, in suitably crafted azobenzene molecules light can perform the 

magnetic crossover at nano second time scale which is more applicable in modern 

technology. 
18 
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Figure 1.18. Conversion of trans azo-benzene diradicals to cis azo-benzene diradicals with 

application of proper wave length of electromagnetic radiation (ref. 51). 

hv 
Exchange Trough Space t 

Itinerant Exchange Through Coupler 

Figure 1.19. Pictorial representation of itinerant (through coupler) exchange and direct 

(through space) exchange in trans and cis geometric isomeric azobenzene (ref. 51) based 

diradicals showing anti parallel and parallel spin alignment respectively upon irradiation of 

light of appropriate wavelength. 
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In the azobenzene based work,5
i the J values of ali three species in the trans forms are 

negative, but in the case of cis forms, J values are positive. Hence, from the basic principles 

of magnetism one may note that all trans forms have spins with opposite orientation 

(antiferromagnetic) in two spin sites and similarly all cis forms have spins with same 

alignment (ferromagnetic) in two radical centers (Figure 1.19). Accordingly, a magnetic 

crossover from antiferro (trans) to ferro (cis) would be noticed in all cases when the trans 

isomers undergo photoisomerization by the application of range 340-380 nm wavelength of 

light51 (Figure 1.18). 

1.8.3. Biologically Active Diradicals 

Huge attention has been paid for the designing of tailor made biomedicines attached 

with magnetically active molecules for their site specific uses at the pathologic sites. 

Biocompatible multifunctional magnetic micro- and nano-particles are used to release 

specific drugs the target by external or local controL53 These magnetic particles find 

diverse biological applications such as in magnetic resonance imaging (MRI) contrast agents, 

hyperthermia treatment for malignant tumors, conveying medicines, gene delivery, 

fluorescent biological leveler, discovery of proteins, inquiring DNA structures, and so on, as 

discussed comprehensively in the review of Salata.9 The use of target specific magnetic 

biodegradable materials reduces the inherent side effects through the local distribution of 

drugs. In MRI, the aminoxyl radicals are known as contrast agents.54 Rajca and co-workers 

have made various attempts to synthesize many aminoxyl radicals with S=l ground state.55 

Generally, gadolinium (Gd) complexes are used as MRI contrast agents, however they are 

nonspecific and the toxic nature of Gd+3 complexes causes renal failure in many cases. On 

the other hand, nitroxyls and aminoxyls are water soluble and can do the renal excretion with 

ease. Oppeneer and co-workers have theoretically investigated the effect of hydrogen 

(aminoxyl-water hydrogen) bonding (NO • .......... H20) on J for different synthesized 

biologically active ferro magnetically coupled bis-aminoxyl diradicals. 56 However, the 

searching for biocompatible, easily renal excreable organic less toxic MRI contrast agents are 

still encouraging. 
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1.8.4. Molecular Spintronics 

So far as the technological applications are concern the organic magnetic molecules 

are promising in the field of spintronic materials.48
(a) Literally spintronics means spin based 

electronics, which is also called magneto electronics. One of the major advantages of the 

spintronic materials is that the nature of spin orientation makes them suitable candidate for 

making devices like memory storage, quantum computing, magnetic sensors etc.57 Several 

experimental groups have reported the quantification of the current-voltage (/

characteristics of different organic molecules.58 These developments have expanded 

immense curiosity in modeling and understanding the capabilities of the molecular 

conductors from the basic scientific and applied point of view.59 Recently, Sen and 

Chakrabarti have reported the smallest molecular filter which is essentially a 

ferromagnetically coupled cobalt-benzene-cobalt (CBC) system adsorbed on Au(III) surface 

with extraordinary spin injection coefficient. 60 In another work, it has been shown that the 

chemical and magnetic interactions of metalloporphyrenes and metallic substrates can be 

modified through the tuning of magnetic interactions between manganese porphyrenes and 

ferromagnetic Co substrates. The objective the work was to tune the properties of 

molecular spintronic materials, that is, the adsorption of nano-magnetic molecules on metal 

surfaces by means of dedicated control of the molecule-surface interaction.61 However, the 

field is in early stage, and the scientists are very keen to develop numerous spintronic nano

or micro-devices. Photoinduced spin valve effect has also been predicted in case of organic 

systems, 51 in azobenzene based diradicals examining density of states at Fermi level. 

1.9. On Molecular Magnetism 

The field of research where the magnetic properties of an isolated molecule as well as 

their assemblies are taken into consideration is the area of molecular magnetism. The 

molecules may have one or more magnetic centers. In case of assemblies of molecules 

residing in the solid state, the intramolecular magnetic interactions occur in between different 

magnetic entities. The similar type of interactions is observed among a single isolated 

magnetic entity where intermolecular magnetic interactions prevaiL At this point it is really 
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informative to mention that, in an extended isolated magnetic system strong magnetic 

interactions may be found which is responsible for bulk magnetic properties. 

Over the time, as the science related to molecular magnetism is developing, the 

discovery of new magnetic building blocks as well as the way to assemble them in the solid 

state is increasing rapidly. It is to be noted that, the spin bearing entity is called as building 

block in such cases. There are different strategies by which one can assemble these unpaired 

spins in the molecular magnetic materials. The fundamental efforts are necessary to 

understand the structural and physicochemical features of these magnetic species to get the 

newly created molecular magnets. 

In organic domain of molecular magnetism the organic radicals are used as spm 

components. However, these radicals must be stable in air and moisture, isolated and 

characterised at room temperature. This limitation makes only a few organic radical classes 

to be useful for this purpose. It is found that the most active spin bearing site to be used as 

building block does not have much steric bulk. Hence, the radical approach to realize 

molecular magnet pays attention to nitroxides, verdazyls, heterocyclic thiazyl radicals etc. 

As far as the applications of these materials are concerned their uses in domestic as 

well as high tech appliances are not overlooked. The increasing necessity of microelectronic 

devices with decreasing size finally reaches the molecular dimension. On the other hand, in 

biornolecular field of research molecule based magnetic materials can also find uses. 

ultimate 

is still intellectually challenging.27
,
62 

1.10. Objectives of the Thesis 

The essence of magnetism is well known, however the design, characterisation and 

applications of molecular magnets are still fascinating. The main objective of my thesis is to 

examine molecular magnetic systems of organic origin. The magnetic character of a 

molecule is best quantified by the intramolecular magnetic exchange coupling constant (J). 
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Hence, the objectives of this thesis are to understand the magnetic features and applicability 

of different magnetic substances through quantification. These are systematically indentified 

in the following: 

(1) To design different bis-oxoverdazyl based diradicals connected by various linkage 

specific aromatic ring couplers and to quantify their magnetic properties (Chapter 3: 

Magnetism in Bis-Oxoverdazyl Diradicals Coupled with Different Linkage Specific 

Aromatic Ring Spacers). 

(2) To understand the magnetic nature and aromaticity of different high spin bis-oxo- and 

-thioxo-verdazyl based diradicals with linear polyacenes with varying length as couplers 

(Chapter 4: Role of Linear Polyacene Spacers in Intramolecular Magnetic Exchange 

Coupling). 

(3) To find out a relation between the magnetic exchange coupling constant and different 

aromaticity index among different high spin and their corresponding low spin bis

heteroverdazyl diradicals having meta- and para-phenylene as couplers (Chapter 5: 

Influence of Aromaticity on the Magneto Structural Property of Heteroverdazyl 

Diradicals ). 

(4) To briefly investigate the antiferromagnetic to ferromagnetic crossover upon 

irradiation of appropriate wavelength of electromagnetic radiation in green fluorescent 

protein (GFP) chromophore coupled diradicals (Chapter 6: Photoresponsive Magnetic 

Crossover). 

(5) To study computationally the possible biomedical uses, particularly as a potent 

candidates of magnetic resonance imaging contrast agents, of our designed different variants 

of GFP chromophore coupled diradicals (Chapter 7: Possible Applications of Fluoro 

Protein Chromophore Coupled Photo magnetic Diradicals ). 
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Chapter 2 

Theoretical Background 

The theoretical background for the determination of the magnetic exchange coupling 

constants from the first principle of magnetism has been discussed here. Theory for zero field 

splitting parameters and magnitude are also described in this chapter. 



2.1. Introduction 

In the previous chapter we have discussed the background of the different qualitative 

methods of how the ground state of a diradical based magnetic species can be estimated. 

Although these qualitative methods can estimate the ground state of a diradical very 

effectively; however, the quantification is necessary. Theoretically the quantification of the 

magnetic nature of a diradical species have been done by estimating the magnetic exchange 

coupling constant (J). In diradical species J is mainly the energy difference between the 

triplet and the singlet states. Positive and negative values of J indicate the ferromagnetism 

and antiferromagnetism respectively. Nonetheless, as far as the applications of the organic 

diradical based magnetic species are concerned, after evaluating their magnetic characters, 

one needs to quantifY their biological activity such as applicability as magnetic resonance 

imaging contrast agent (MRICA), as hyperthermic agent, applicability in optoelectronic 

devices, in spintronic applications and so on. A point to be mentioned here is that, the 

quantification of a diradical to be applicable as MRICA can be done by the quantitative 

estimation of spin spin axial and rhombic zero field splitting (ZFS) parameters D, E and also 

with the static ZFS magnitude a2. 

2.2. Quantitative Methods: The Hamiltonian 

It is known that the magnetic interaction is electronic 

fenomagnetic diradicals, electronic spins at two different radical centers are aligned 

parallel to each other whereas in antiferromagnetic substances spins are aligned in 

antiparallel fashion. 1 Hence, ferromagnetic substances have high spin ground state. For 

example, organic ferromagnetic diradicals have triplet ground state in contrary 

antiferromagnetic diradicals have singlet ground state. This indicates that for a moiety to be 

ferromagnetic it must have singly occupied molecular orbitals as their HOMO and HOM0-1. 

We now discuss how this interaction energy can be quantified. 
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Let us consider a diradical with two unpaired electrons at sites 1 and 2. The isotropic 

interaction between two spin sites, say S1 and S2, can be best described by Heisenberg 

effective spin exchange Hamiltonian 

(2.1) 

The eigenfunctions of the Heisenberg Hamiltonian are eigenfunction of S2 and S _where S 

is the total spin angular momentum and is directly related to the energy difference between 

the spin eigenstates. 

Let the two electrons are in\{' a(r1) and Wb(r2) where r is the spatial coordinate. For a 

singlet system, the part will be antisymmetric and for triplet is symmetric. 

Electrons being fermionic the total wave function must be antisymmetric under the exchange 

of coordinates which is written as: 

\f's =-~ [Ta(1J)\f'b(rz) + Ta(rz)'I'b(rl)]Xs 
'\'~ 

The singlet and triplet energies are given by 

E5 = J\f';H'¥5 d!jdr 
2 

Er = J'I';H'I'rdr1dr 
2

• 

The quantity (Es- ET) can be estimated assuming Xs and xT to be normalized, 

(2.2) 

(2.3) 

(2.4) 

30 



Now, we define exchange integral J as 

(2.5) 

Here the quantity J is called isotropic interaction parameter or magnetic exchange 

coupling constant. For diradical systems, when J is negative, S = 0 is the ground state with 

anti-parallel spins resulting an antiferromagnetic interaction. In contrast, when J is positive, S 

= 1 is the ground state with parallel orientation of the electronic spins resulting in a 

ferromagnetic interaction. 

In summary, if the two centers interact with each other then the total spin of the 

diradical system will be S=O and 1, i.e., singlet and triplet respectively. Due to the 

electrostatic reason, energy of the singlet and triplet states are separated by a 2J energy gap 

which is defined as 

0 -- (2.6) 

An explanation of eq 2.6 is required here. Considering electronic correlation, one can 

describe the limiting behavior of a diradical molecule in a weak coupling limit. We note that 

for a ferromagnetic system in weak coupling limit, the spin polarized description of the 

lowest energy electronic configuration corresponds to all spin up with S = 1 and lowest 

energy configuration with half spin up and half spin down to S = an 

between 0 and 1, more than one configuration can be written. Therefore, S = 1 

correctly describes a state with all radical centers with spin up condition. However, S = 0 

corresponds to a state in which radical moieties have their magnetic electrons equally 

distributed among localized spin up and spin down orbitals. Hence Es =I gives correct energy 

for triplet whereas Es = o gives a poor approximation to energy of singlet state. The magnetic 

exchange coupling constant can be evaluated by determining the proper singlet and triplet 

energy values from a multiconfigurational approach. However, quantitative description of 

spin exchange interaction is a difficult task and computationally very expensive. 
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Nevertheless, many groups have done theoretical research usmg multiconfigurational 

techniques. 

2.3. Methodology: The Density Functional Theory (DFT) Based Methods 

DFT is the powerful methodology for chemical simulation where the energy of the 

systems can be defined in terms of its electron probability density (p ), that is, in DFT 

formalism the electronic energy E is treated as the functional of the electron density E(p ), so 

that one to one correspondence between the total electron density of a system and 

electronic energy is made. Notable point is that, compared to the ab initio methodology the 

density functional theory based treatments are easy to use in respect of their 

consumption and flexibility. The simplicity of DFT based methods over other pure methods 

can be understood by considering a system with n electrons. In such systems the 

wavefunctions have 3 coordinates for each electron and there must be one extra coordinate 

where spin is included. However, the electron density actually depends on the 3 coordinates 

and independent of the number of total electrons of the system. As a matter of fact, if 

complexity in the wavefunction is increased for the large systems the electron density keeps 

up the same number ofvariables, irrespective of the size of the system. 

The density functional concept for the first time was emerged from the work ofF ermi 

and Thomas in late 1920s, 2 where the energy of a system is expressed as a function of total 

electron density. In early 1950s, Slater has made the development ofHartree-Fock method to 

fonn Hartree-Fock-Slater3 method which is treated today as an ancestor theory of DFT. 

However, it is the mid 1960s, when Kohn and Sham4 have developed a formalism with the 

introduction of atomic orbitals then the application of DFT in the field of computational 

chemistry really sets in motion. The difficulties in the representation of the kinetic energy 

(KE) of a system are the main problem in earlier DFT formalism. The main essence of Kohn

Sham approach to overcome this problem is that they have splitted the KE functional into 

two different parts. The first part considered electrons are non-interacting particles and this 

part is calculated exactly, and in the other part the electron-electron interactions are 

considered by the introduction of a small correction term. 
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According to the Kohn-Sham formalism the ground state electronic energy of a 

system having n electrons and N nuclei is written as 

(2.7) 

where, 'Pi's (i=l. ..... n) are called Kohn-Sham orbitals, KE of the noninteracting electrons 

are represented by the first term, second term accounts for the nuclear-electron 

whereas the last two terms represent the Coulombic repulsion and exchange correlation tem1 

which leads to correction to total kinetic energy of the system respectively. 

Within the Kohn-Sham orbital formulations the ground state ,..,'"'., ... -.. n 

point r can be written as 

at 

(2.8) 

The importance of Kohn-Sham orbitals lies in the fact that the electron density of the 

total electronic system is calculated from the above equation. To obtain the Kohn-Sham 

orbital one needs to solve the Kohn-Sham equation for which the application of variational 

principle to the electronic energy E(p) with the charge density ( eq 2.8) is required. 

~ 

h, q;; (7j) = 8 ; l.Jii (fj ). (2.9) 

A 

In the above equation h1 and £ 1 represent the Kohn-Sham Hamiltonian and respective 

orbital energy. The Kohn-Sham Hamiltonian has the form 

(2.10) 
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where vxc is the functional derivative of the exchange correlation energy and the description 

of this term causes the major challenge ofDFT methodology, which is given by 

(2.11) 

Hence, having known theExc, the term vxc can be obtained readily. In Kohn-Sham 

density functional theory starting from the tentative charge density p the dependence of 

Exc on electron density is used to calculate V xc . Once the initial set of Kohn-Sham orbitals 

is obtained, these orbitals are used to obtain the superior electron density from eq (2.8). Until 

the density and the Exc meet the certain convergence criteria the process is repeated again 

again. from eq the electronic energy is calculated. 

One point to be noted here is that, the exchange correlation energy ( Exc) is separated 

two terms, namely the exchange term (Ex), the interactions between the electrons having 

same spin and the correlation term ( Ec ), the interactions between the electrons having 

opposite spins. The respective functionals are known as exchange functional and correlation 

functional correspondingly 

(2.12) 

Today, one can find different functionals depending on variation of different 

values of exchange and correlation functional. However, Perdew and Schmidt5 have 

successfully represented their vision of the progress of DFT functionals in the form of 

Jacob's ladder, the famous allusion from the book of Genesis (28, 10-12), in a DFT 

symposium in Menton, France. The ladder has five different rungs depicting the five 

different generations of DFT functionals (Scheme 2.1 ). One gets local density approximation 

(LDA) in the first rung, generalized gradient approximation (GGA) stands in the second 

rung, meta generalized gradient approximation (M-GGA) remains in the third rung, whereas 

the hybrid generalized gradient approximation (H-GGA) and hybrid meta generalized 

gradient approximation (HM-GGA) stand in the fourth rung and the fully nonlocal 
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approximation remains in the last rung when moving from the iower to the higher steps in the 

Jacob's ladder. If one climbs up with the ladder one needs to assume more and more 

sophisticated and complicated approximation and reach the heaven of chemical accuracy. A 

point to be mentioned here is that, each rung has its own drawbacks and advantages. 

Although the better rung gives better results than its lower one, however, the choice of 

functionals somehow depends on the problems in hand. 

Scheme 2.1. The vision of Perdew for Jacob's ladder of five generation DFT functionals 

from the world of Hartree to the heaven of chemical accuracy, with the indication of most 

popular density functional B3L YP at the fourth rung of the ladder. 

Chemical Accuracy (IIeaven) 

Fully Non Local 

IIybrid JV:Iet:a GGA 
II brid GGA 

JV:Iera GGA 

GGA 

LDA 

World o:C IIart:ree (Eart:h) 

The H-GGA functional has possessed a new dimension in the field of density 

functional study especially after the birth of B3L YP having 20% Hartree-Fock exchange in 

1994. The most popular and widely used B3LYP functional contains Becke 3 parameter 

exchange in addition to Lee-Yang-Parr correlation functional. 6 There are very few 

alternatives of B3L YP functional for average quantum chemical problems. If publication is a 

criterion then from its birth to 2005, the B3L YP is the most accepted one. Many competitive 

functionals of B3L YP, like MOX suite7 of functionals are still mounting. However, it is 
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expected that the supremacy of popular B3L YP may continue for another 4-5 years or more. 

At last, the property and obviously the type of the systems under study is the key factor of 

choosing accurate functionals. All these discussions are nicely portrayed in a nice review of 

Ramos and coworkers. 8 

2.4. Broken Symmetry: Noodleman's Approach 

A reliable and computationally less expensive solution to estimate the exchange 

coupling constant (J) is provided by Density Functional Theory (DFT) based methodologies. 

To date, the best technique to calculate the S-T energy gap is the well known broken 

symmetry (BS) method. This method was developed by Noodleman and coworkers.9 In this 

method, the spin-polarized, triplet state from unrestricted formalism ( <S2> = 2 

and a broken-symmetry (BS) solution needed. According to Noodleman "when the 

magnetic orbitals, i.e., the singly occupied orbital of two spin bearing monomers are allowed 

to interact by overlapping in self-consistent field procedure, a state of mixed spin symmetry 

and lowered space symmetry is obtained. This is refened to as the mixed spin or broken 

symmetry state." The BS state is not an eigenstate of H. It has the expectation value of <S2> 

equal to 1 for a diradical. It is assumed to be an equal admixture of a singlet and a triplet 

state. States of pure spin symmetry can be retrieved from the BS state using projection 

operator method. A detailed theoretical description of the BS state is given below. 

Following the description of the BS state given by Caballo! et al., 10 we write broken 

symmetry triplet state in unrestricted formalism as I ) = 1 .. ,.¢ A¢H), where (/JA and (/JB are the 

open shell localized spin up orbitals. If one assumes that the spin contamination is small 

enough to neglect its effect, then one can easily approximate that IT1
) = jT)where jT) 

represents pure triplet. In case of broken symmetry solutions, two types of solutions are 

possible. These are 

IBS,) = ! ..... mn) 

jBS2 ) == j ..... mn). (2.13) 
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The two magnetic orbitals m and n are expressed as 

(2.14) 

where (ct 2 + c2
2 

) = 1. Using these BS solutions one can write the spin adopted singlet 

function sf (not the pure singlet, S) as 

I f) jBSl)+IBS2) 
S = ~2(1 + (BS1 !BS2 ))' 

1 

where (BS1 jBS2 ) is the overlap integral between the two non-orthogonal BS Slater 

determinant Similarly one can write the triplet with Sz = 0 as 

jrf\ = _ jBS1)-jBS2 ) 

I ~2(1-(BSIIBS2)). 

From the energy expectation values of Sf and 

intramolecular exchange coupling constant J as 

(2.16) 

one can express that the 

(2.17) 

Assuming that the spin polarization of the closed shells can be neglected, the quantity 

(BS1 jBS2 ) can be approximated as the square of simple overlap integral between the 

magnetic orbitals Sab =(min). Hence the J value can be written as 

(2.18) 
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As discussed earlier, in a single determinantal approach, because of the much less 

spin contamination in the high-spin state, Er; can be approximated by the energy of the 

triplet state that is achieved from a direct computation i.e., ET; ~ ET. In contrast, the BS 

state is often found as spin-contaminated. Therefore, to eliminate the effect of spin 

contamination from the energy of the BS state, spin-projected methods have been applied. Eq 

(2.18) is valid when there is only one pair of magnetic orbitals. 

The BS method was further investigated for various systems with different degrees of 

overlap between the magnetic orbitals. The following three spin-projected equations are the 

results obtained from the same basic methodology and valid for different general cases 

depending on the degrees of overlap between the magnetic orbitals: 

( DFTE DFTE) 
yJND= BS- T 

S2 ' 
max 

(2.19) 

1) 

These three relations differ in their applicability. For a sufficiently small overlap 

between the magnetic orbitals, eq (2.18) reduces to eq (2.19).9
•
11 This expression is given by 

Giensberg, Noodleman and Davidson. In another work, Bencini et a1. 12 and Ruiz et a1. 13 have 

proposed an expression for evaluation of J which was further modified by Illas et al. 14
'
1 0 

( eq 

2.20) for the systems with sufficiently large overlap integral, that generally happens for 

binuclear transition metal complexes. On the other hand, eq (2.21 ), can be reduced to eq 

(2.19) and eq (2.20) in the weak and strong overlap limits respectively, has been derived by 

Y arnaguchi et al. 15 One notable point to be mentioned here is that, in my entire thesis work I 
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have used eq (2.21), the expression given by Yamaguchi and coworkers15 for the 

quantification of magnetic exchange coupling constant (J) values. 

2.5. Zero Field Splitting (ZFS) Parameters 

The direction dependent magnetic properties of a material are known as magnetic 

anisotropy. Magnetically isotropic material, in absence of magnetic field has no preferential 

direction of their magnetic moments; however, in absence of such field magnetically 

anisotropic materials align their magnetic moments with one of the easy axes. The easy axis 

means an energetically favorable direction of spontaneous magnetization. The magnetic 

anisotropy may lead to the splitting of 2S+ 1 magnetic sublevels in absence of external 

magnetic field. This phenomenon is called zero field splitting (ZFS). The magnetic 

anisotropy also known as ZFS can characterize the geometric and electronic environment of 

a radical having spin > 112.16 The reason for the quantification of the ZFS data, that is, its 

utility in the biomedical applications (D, E and a2 the axial and rhombic parameters and 

magnitude of ZFS respectively) and the theoretical background of ZFS are discussed below. 

Rajca and co-workers have synthesized and characterized various nitroxide diradicals 

and polyradicals. Nonetheless, the most interesting bio-features of these radicals are that they 

can be used as magnetic resonance contrast agents (MRICAs). 17 To design MRICAs in a 

rational manner, one needs to know the ZFS parameters. The electron spin correlation time is 

a leading factor for clearer MRI scans with enhanced contrast The easy estimation 

electron spin correlation time is possible by the ZFS data. 18 The sign and magnitude of axial 

ZFS parameter Dis crucial in determining different magnetic properties of a system. Rajca 

and co-workers have established that the diradical and polyradical systems of organic origin 

can be successfully used as MRICAs.17 The ZFS arises from two contributions, namely the 

direct electron-electron magnetic-dipole spin-spin (SS) (to first order in perturbation theory) 

interaction and the spin-orbit coupling (SOC) (to second order in perturbation theory) ofthe 

electronically excited state with the ground state. 16 The second order correction to the total 

energy, originating entirely from the spin orbit coupling interactions in molecular systems, is 

estimated with the help of the following expression 
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(2.22) 

where different spin degrees of freedoms are represented by (J, and i, j denote coordinate 

levels x, y and z. However, spin-orbit interaction happens to be dominant in case of heavy 

metal ion systems; in case of organic systems containing lighter elements, this part 

contributes a negligible amount to the total magnetic anisotropy of the system. 

On the other hand, the SS coupling contribution is the main source of ZFS in case of 

organic radicals. 19 The ZFS value arising from the SS interactions can be estimated through 

effective spin Hamiltonian 

iiZFS = LD!!S,Sj, 
ij 

(2.23) 

where Du the ZFS tensor, Skis the k'th Cartesian component of the total electron spin 

operator. Rearrangement of the Dif leads to 

(2.24) 

where D and E are axial and rhombic ZFS parameters respectively .zo The spin spin coupling 

interaction appears as a dipole dipole interaction21 

(2.25) 

The single ground-state Kohn-Sham determinant approximates the result of the SS 

coupling part of the ZFS tensor as the expectation over the single determinant, therebl2 

(2.26) 
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where a is the fine structure constant, ge is the gyromagnetic ratio. The operators Smn signify 

n'th component of m'th spin vector and riJ is the distance between spins i andj; k and I run 

over x, y, and z coordinates. McWeeny and Mizuno expressed the above equation using the 

spin density matrix as23 

(2.27) 

Here pa-P = Pa - pP is the spin density matrix in the atomic-orbital basis, 

and p , v , K, /L are the basis functions. 18 The ZFS parameters D and E are determined from 

the tensor components Di;'5 l, in the following way24 

(2.28) 

1 
E = 2(Dxx- Dry). 

(2.29) 

The D and E values are utilized to determine the static ZFS magnitude (a2) using the 

formula 

(
2 2 2) a2 = JD +2E . (2.30) 

this a2, the longitudinal 

(2.31) 

where B0 is the external magnetic field, m0 is the Larmor frequency, r2 and r' are the 

reduced spectral densities and a2r is the transient ZFS magnitude.26 Larger a2 corresponds to 

.&: t 1 . 1 25 a ~as er re axatwn rate - . 
J;e 

41 



2.6. Conclusions 

In this chapter we have discussed the theoretical background for the quantification of 

the ground state of a diradical based magnetic species. A brief discussion on Hamiltonian 

relevant to magnetic molecules such as Heisenberg effective spin exchange Hamiltonian is 

given. We also discuss different studies on this subject density functional theory (DFT) based 

methods. A brief focus on the development ofDFT from Fermi and Thomas (1920) to Kohn 

and Sham (1965) is also discussed. In recent years broken symmetry (BS) approach in DFT 

framework has gained much attention for its effectiveness in handling very critical problems 

with less computational effort. A section of this chapter has been attributed to the BS 

formalism. Computational methodology on different contemporary research articles is also 

given. At last, a systematic theoretical discussion on the magnetic anisotropy which is 

called zero splitting as as need of its quantification for design a magnetic 

resonance imaging contrast agents 1s made. These theoretical methodologies would 

followed systematically in this thesis. 
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Chapter 3 
Magnetism in Bis-Oxoverdazyl Diradicals Coupled with Different 

Linkage Specific Aromatic Ring Spacers 

In this chapter the design and investigation of 11 different bis-oxoverdazyl diradicals 

connected by various aromatic couplers for their magnetic properties are given. The 

intramolecular magnetic exchange coupling constants ( J) have been calculated using broken 

symmetry approach in DFT framework. The J values are explained using spin polarization 

maps and magnetic orbitals. Isotropic hypeifine coupling constants (hfccs) have been 

calculated for all the species in vacuum. The computed hfcc values also support 

intramolecular magnetic interactions. It has been found that some of these diradicals have 

ferromagnetic while the others are antijerromagnetic in nature. 



3.1. Introduction 

A global interest has recently been emerged in the field of materials science to search 

for new magnetic materials where a permanent magnetization and magnetic hysterisis can be 

achieved not through a three dimensional magnetic ordering but as a purely one-molecule 

phenomenon. Diverse possibilities for the development of some novel properties such as 

photo-magnetic behavior, 1 superconductivity,2 spintronic property3 and so on make 

molecular magnetism an interesting field to probe theoretically. Biocompatibility of magnetic 

materials may lead to several prospective therapeutic applications like in the field 

magnetic imaging, 4 in hyperthermic oncology5 etc. Stable organic radicals, which can 

separated and handled in pure state, are most suitable for the study of molecular magnetism. 

The search fur ferromagnetic organic systems leads to the invention of ,8-crystal phase 

nitrophenyl nitronyl nitroxide by Kinosita and co-workers in 1991.6 Nitronyl nmrox10e 

diradical with ethylene coupler has been extensively studied by Ziessel et al.,7 which shows a 

very high exchange coupling constant. Nitronyl nitroxide based molecular ferromagnets with 

different Jr-conjugated couplers were comprehensively studied in DFT frame work by Ali 

and Datta. 8'
9 Verdazyl radical was first synthesized by Kuhn and Trischmann in early 

1960s, 10 nevertheless, its potential as a precursor of molecular magnets remained unnoticed 

for long. 11 To design molecular magnets, active verdazyl moiety, which is essentially 

resonance stabilized hydrazyl radical, is a viable alternative to nitronyl nitroxide. Non

Kekule bis-oxoverdazyl diradical remains in singlet ground state with a small amount of 

populated triplet. 12 Brook et aL 13 have extensively studied its electronic properties 

and found strong antiferromagnetic coupling among unpaired spins. It is stable due to its 

chemical resistance and becomes attractive as a prospective building block for magnetic I 
materials. Azidophenyl substituded verdazyls have also been prepared by Serwinski et al. 14 I 

The extent of magnetism in molecular magnets is best represented through 

intramolecular magnetic exchange coupling constant and found to be dependent on the 

structure and spin orientation of such systems. Prior knowledge about the magnetic 

characteristics of designed molecular magnets is useful in the synthesis of such materials. 

This has been successfully proved in many cases resulting in the discovery of several 
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ferromagnetic molecules. 15 Present theoretical study and computational technique lead us to 

predict magnetic properties of eleven different bis-oxoverdazyl diradicals connected with 

different linkage-specific aromatic ring couplers, while some of them are already 

synthesized. 13 

Normally, the magnetic interaction between two radical centers depends on the 

distance and the nature of the coupler8
•
9

• V erdazyl molecule and its various derivatives have 

been synthesized by Gilroy et al., 16 they have found fascinating values of magnetic exchange 

coupling constant for verdazyl molecules connected with a variety of organic couplers. 

Applying unrestricted density functional methodology the intramolecular magnetic exchange 

coupling constants have been studied for a series of tetrathiafulvalene {TTF) and verdazyl 

diradical cations bridged with some aromatic and linear IT-couplers by Polo et al. 17 Ali and 

Datta8 investigated bis-nitronyl nitroxide diradicals in DFT framework having 

same couplers as used by Polo et al. 17 They have found that the magnetic interaction is 

mainly transmitted via IT-conjugation. They have also established that the magnitude of the 

coupling constant depends strongly on the planarity of the molecular structure, length of the 

couplers and spin polarization paths. As a logical consequence, these schemes form the 

background of this very chapter. In this chapter, we have considered two linkage-specific 

sets, Set-I and Set-II of different bis-oxoverdazyl diradical derivatives and noticed that the 

magnetic exchange coupling constant enormously depends on the spin polarization path. The 

couplers (i) 2, 4 furan, (ii) 2, 4 pyrrole, (iii) 2, 4 thiophene, (iv) 2, 6 pyridine, and (v) m

phenylene are used in Set-L On the other hand, in Set-H (vi) 2, 5 furan coupler, (vii) 2, 5 

(viii) 2, 5 thiophene coupler, (ix) 2, 5 pyridine coupler, (x) p-phenylene 

coupler, and (xi) no coupler are used (Figure 3.1). All the couplers are IT-conjugated aromatic 

molecules. 

In this chapter, the spin-polarized DFT methodology is used to evaluate magnetic 

exchange coupling constants. Broken-symmetry (BS) approach, described in the next section, 

has been adopted here to quantify ferromagnetic coupling constants for all the systems 

described above. 
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(iv) (v) (vi) 

(vii) (viii) (ix) 

(x) (xi) 

Figure 3.1. Investigated coupler added bis-oxoverdazyl diradical sytems (i-xi), where the 

couplers are (i) 2, 4 furan coupler, (ii) 2, 4 pyrrole coupler, (iii) 2, 4 thiophene coupler, (iv) 2, 

6 pyridine coupler, (v) m-phenylene coupler, (vi) 2, 5 furan coupler, (vii) 2, 5 pyrrole 

coupler, (viii) 2, 5 thiophene coupler, (ix) 2, 5 pyridine coupler, and (x) p-phenylene coupler 

and (xi) no coupler. Atoms having red, blue, black, yellow and white colors represent 

oxygen, nitrogen, carbon, sulphur and hydrogen respectively. 
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3.2. Theoretical Background 

The Heisenberg spin Hamiltonian is normally used to express the magnetic exchange 

interaction between two magnetic sites 1 and 2 

(3.1) 

A 

where J is the exchange coupling constant between two magnetic centers of a diradical, S1 

A 

and S2 are the respective spin angular momentum operators. The square of the total spin 

operator S has eigen value S(S+ 1) in unit of li. A ferromagnetic interaction is indicated by a 

positive sign in which a situation of parallel spin is essential, whereas the negative value 

indicates an antiferromagnetic interaction, where a state of antiparallel spin is favored. For a 

diradical with single unpaired electron on each site, J can be written as 

- E(S=O) = (3.2) 

The singlet state of a diradical can not be truly represented by a single determinant 

(SD) wave function in the unrestricted formalism and this leads to spin contamination in such 

calculations. Multiconfigurational methods are useful to describe pure spin states in an 

appropriate way; however, they are resource intensive and not being employed in this 

chapter. Broken symmetry formalism proposed by Noodleman18 in DFT framework is an 

alternative approach to evaluate J with less computational effort. The BS state is a weighted 

average of a singlet and a triplet state and not an eigenstate of the Hamiltonian. BS solution 

is often found to be spin contaminated, using spin projection technique reliable estimate of 

magnetic exchange coupling constant can be obtained. Depending upon the extent of overlap 

between magnetic orbitals, different expressions for J have been given by many 

researchers, 18
-
26 using unrestricted spin polarized BS solution for lower spin state. The 

expression for J given by Ginsberg,19 Noodleman,20 and Davidson21 is more useful when 

overlap of the magnetic orbitals is very small. Expression given by Bencini and coworkers,22 
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Ruiz et al.,23 has been further justified by Illas and coworkers24 and Dual,25 is applicable 

when the overlap is sufficiently large. Nevertheless, expression given by Yamaguchi and 

coworkers26 is a balance between above two extremes. 

In this chapter, we have calculated magnetic exchange coupling constant by using the 

elegant expression given by Yamaguchi and coworkers26 which can be reduced to the 

expressions given for weak19
-
21 and strong22

-
25 coupling strength. The expression is 

(3.3) 

EBs the energy of the broken symmetry singlet and triplet state where as 

and (S2)ss represent average spin square values in triplet and BS state respectively. 

Commonly used exchange correlation potentials yield an overestimation of J 

values due to the presence ofhigh self interaction error (SIE). Polo et al. have concluded that 

the presence of SIB in commonly used functionals in DFT is related to nondynamic 

correlation energy.Z7 Hybrid functionals perform better than pure DFT functionals in BS

UDFT calculations because the former reduce the SIE of DFT exchange functionals.Z8 In a 

recent work, Ruiz et al.29 have shown that B3L YP functionals in the unrestricted framework 

produces low SIE, this makes the use of such functionals more suitable when spin projected 

techniques are used to evaluate J. In this chapter the molecular geometries of all the 

compounds (i-xi) have been fully optimized with the UB3L YP30 exchange correlation 

potential using 6-311 +G(d,p) basis set. To obtain open shell BS singlet solution "guess 

=mix" key word is used within unrestricted formalism. The BS states for all diradicals are 

stable. The J values for all eleven diradicals have been calculated on the optimized geometry 

of all the species at the UB3L YP level with 6-311 +G( d,p) and 6-311 ++G{ d,p) basis sets. All 

the calculations have been carried out using GAUSSIAN 03W31 quantum chemical package. 

The visualization softwares, Hyperchem 7.532 and Molekel4.033 have also been used. 
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3.3. Results and Discussion 

Radicals of verdazyl family are well known for their stability and ferromagnetic 

characteristics which has already been theoretically and magnetically established.24
e•

34 The 

optimized structures of the systems under investigation are planar. As a result, according to 

spin polarization rule better spin polarization along the JT-conjugated system stabilizes the 

triplet states. 35 The linker between two same or different organic radicals plays a major role 

in determining the sign and magnitude of magnetic exchange coupling constant.8
•
9

•
17 We have 

estimated the value of J for two sets of compounds, some of them are already known and the 

others are newly designed as given in Figure 3.1. In each set five different linkage-specific 

aromatic ring couplers connect two oxoverdazyl monomers, hence forming bis-oxoverdazyl 

diradicals. addition to systems with different aromatic couplers, in Set-H oxoverdazyl 

diradical with no coupler has also been included. It is established that the unpaired spins are 

largely delocalized on the four nitrogen atoms of a verdazyl radical.36 The (s 2
) and energy 

values for both triplet and BS states are obtained by using eq (3.3). Numerical va1ues of the 

coupling constant for all eleven species are reported in Table 3 .1. 

Normally, the sign and magnitude of J does not largely depend on basis set. The 

observation made by us that the m-phenylene and p-phenylene coupled bis-oxoverdazyl 

diradicals are ferromagnetic and antiferromagnetic respectively, are in good agreement with 

work Ali and Datta8 where they have used the same couplers grafted two 

moieties. In our computational results, J value (Table 3. for direct 

coupling between two oxoverdazyl units (xi) leads to a very strong antiferromagnetic 

coupling (J = -589 cm-1
). This result is in good agreement with previous experimental 

studies made by Brook et al. 13 in frozen chloroform solution where they reported singlet

triplet energy separation J of -760 cm-1
, that is, the two radicals are strongly 

antiferromagnetically coupled. 

For a diradical, spin alternation rule35 indicates that six membered aromatic ring 

couplers result antiferromagnetic coupling for o-phenylene and p-phenylene couplers, and a 

ferromagnetic coupling arises in case of m-phenylene coupler. For five membered 
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Table 3.1. UB3L YP level absolute energies in au, (S
2

) and intramolecular magnetic exchange coupling constant (J/cm-1) using 6-

311 +G( d,p) and 6-311 ++G( d,p) basis sets, for bis-oxoverdazy 1 diradicals ( i-xi). 

At UB3LYP/6-3ll+G(d,p) level At UB3LYP/6-3Il ++G(d,p) level 

Diradicals BS Triplet J/cm·1 BS Triplet J!cm· 1 

(i) E -1129.57169 -1129.57187 39 -1129.57190 -1129.57211 46 
(Sz) 1.044 2.051 1.042 2.050 

(ii) E -1109.72118 -1109.72135 37 -1109.72138 -1109.72145 15 
(S2) 1.043 2.048 1.041 2.043 

(iii) E -1452.55688 -1452.55742 117 -1452.55734 -1452.55756 48 
(SJ) 1.035 2.051 1.039 2.044 

(iv) E -1147.82754 -1147.82773 41 -1147.82770 -1147.82787 37 
(S2) 1.042 2.048 1.040 2.043 

(v) E -1131.79327 -1131.79360 72 -1131.79363 -1131.79388 54 
(SJ) 1.040 2.049 1.039 2.046 

(vi) E -1129.57101 -1129.57072 -64 -ll29.57110 -1129.57085 -55 
(S2) 1.053 2.043 1.049 2.040 

(vii) E -1109.72406 -1109.72379 -60 -1109.72432 -1109.72390 -93 
(S2) 1.051 2.043 1.051 2.038 

(viii) E -1452.55732 -1452.55693 -86 -1452.55728 -1452.55705 --51 
(S') 1.054 2.044 1.045 2.039 

(ix) E -1147.83100 -1147.83070 -66 -1147.83122 -1147.83094 --62 
(S2) 1.051 2.042 1.049 2.040 

(x) E -1131.79440 -1131.79410 -67 -1131.79443 -1131.79431 -26 
{S2) 1.053 2.042 1.042 2.039 

(xi) E -900.67135 -900.66865 -579 -900.67156 -900.66882 -589 
(S2) 1.010 2.033 1.010 2.031 
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heteronuclear aromatic ring couplers 2,3 and 3,4 species are treated as o-couplers, the 2,5 

species are p-coupler and the 2,4 one as m-couplers because the heteroatom at 1 provides 

two 1r-electrons. The diradicals belong to Set-I (m-coupled diradicals) yield strong 

ferromagnetic interaction whereas Set-H diradicals {p-coupled diradicals) are 

antiferromagnetic in nature. This trend indicates triplet ground state for Set-I diradicals 

and for Set-H diradicals singlet ground state results. These are also the preferred ground 

states according to spin alternation rule.35 Compounds (v), (viii), (x) and (xi} have been 

synthesized by Fox and co-workers. 12 They have found from spectral evidence that 36nm 

and 66 nm red shift is observed for diradicals (x} and (viii) correspondingly with respect 

to the parent compound (xi}, indicating an increase in conjugation. It can also be noticed 

fiom their experimental studies that bis-oxoverdazyl diradical (xi) without bearing heavy 

substituents are planar and exists in a singlet ground state which have also been 

established by our investigation. In six membered m-coupled diradicals (iv) and (v), we 

find (v) has larger J value (Table 3.1) as a consequence of increase in aromatic character 

in the coupler the later case. 8 On the other hand, decrease in aromaticity increases 

antiferromagnetic character (Table 3.1). Further, in diradical (ix) the presence ofpyridyl 

nitrogen atom instead of phenyl C-H fragment reduces its steric hindrance compared to 

diradical (x), hence the magnitude of J increases. 17 

3.3.1. Spin Density Distribution 

Exchange coupling constant is largely dependent on the delocalization of n-· 

electron densities. Hund' s rule based spin alternation rule, 35 for a diradical coupled with 

different aromatic systems, are very helpful to predict the state of magnetism. When the 

coupling pathway through the coupler propagates through even number of bonds, 

ferromagnetism arises, but antiferromagnetism occurs in case of odd number of bonds. 

The existence of apparently two different spin polarization paths, presence of heteroatom 

in the coupling pathway and non-planarity of the system makes it tricky to predict the 

magnetic characteristics of molecular systems. 17 However, Ali and Datta demonstrate the 

spin density alternation in the case of such systems satisfactorily with examples of bis-
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nitronyl nitroxide diradicals connected by different heterocyclic aromatic couplers. At a 

first glance, one would think that there is a competition between the two pathways. In 

Scheme 3.1. General schematic representation of diradicals (i-xi) with different couplers, 

where there are two unpaired electrons at N4 and N 10 atoms. 

reality, odd route is supported by the even path through the heteroatom as the latter 

contributes two .IT-electrons. 8 The unpaired electron in the verdazyl radical is delocalized 

over four nitrogen atoms,36 so the linker carbon atoms with two oxoverdazyl moieties 

suffer strong spin polarization to make the bonds stronger in nature. Moreover, the 

linkage position of the Jr-donar unit to an aromatic ring coupler determines the sign of J. 

As a result, six membered aromatic ring coupled para substitution as in Set-H, 

meta substitution as found in Set-I lead to antiferromagnetic and ferromagnetic coupling 

respectively. In compound (ix) the C-H fragment is replaced by N-atom which restores 

the planarity thus favoring delocalization of 1r-electrons.17 The sign of J also largely 

depends on the number of bonds and nature of atoms in the spin polarization paths 

coupler. In this chapter, in Set-I, the diradicals with six membered aromatic 

couplers are (iv) and (v) (Figure 3.1). There are two even (four- and six-bond) coupling 

pathways through the couplers for above two diradicals, as a result, the J values are 

positive. The Set-I diradicals having five membered heteronuclear aromatic couplers are 

(iii), (iv) and (v), where there are one even (four-bond) and one odd (five-bond) coupling 

pathways, nevertheless, all of them are ferromagnetic in nature. The number of bonds in 

the coupling pathway is even through carbon chain, though with hetero atom it is odd, 

with the contribution of two Jr-electrons by the heteroatom (the count increases by one 

and becomes even), the odd path also supports the spin density alternation rule. 35 As a 

54 



result we get positive J value which makes it clear that the path through carbon chain and 

the alternate route through heteroatom actually complement each other and spin density 

alternation is followed by both the ways (Figure 3.2). The parent diradical (xi) has C2 

(i) (ii) (iii) 

(iv) (v) (vi) 

(vii) (viii) (ix) 

(x) (xi) 

Figure 3.2. Spin density distribution plots for Set-I and Set II diradicals (i-xi), blue color 

indicates a spin and green color indicates f3 spin respectively. 
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point group with a nodal plane passing through the linkage bond (Scheme 3.1 and 

Figure 3.1) between the two monoradicals so spin distribution is subdued and as a result 

antiferromagnetism arises.36 On the other hand, for the systems of Set -II, J value is 

negative which can be easily rationalized by spin density alternation in a similar fashion. 

In Set-II diradicals, the magnitude of J values for diradicals (vi), (vii), (viii) (Table 3.1) 

are larger than that of diradical (x) which can be viewed as an extension of spin 

alternation rule in case ofheteronuclear aromatic ring couplers.8 

3.3.2. Analysis of Singly Occupied Molecular Orbitals (SOMOs) 

Based on extended Hiickel theory (ETH), that is, all valence-electron independent 

particle model on benzyne and diradicals, Hoffinann37 suggested that the energy 

difference between two consecutive SOMOs is less than 1.5 e V so as to maximize 

Table 3.2. The energy of SOMOs in au and their differences in e V at UB3 L YP level 

using 6-311 +G(d, p) basis set for diradicals (i-xi). 

Diradicals E8 (l)au E8 (2)au ~E83eV 

(i) -0.20642 -0.20420 0.0604 

(ii) -0.20473 -0.19705 0.2090 

(iii) -0.20620 -0.20440 0.0490 

(iv) --0.20204 --0.20044 0.0435 

(v) -0.20445 -0.20279 0.0452 

(vi) -0.20496 -0.20343 0.0416 

(vii) -0.20536 -0.20368 0.0457 

(viii) -0.20507 -0.20360 0.0400 

(ix) -0.20928 -0.20162 0.2085 

(x) -0.20482 -0.20335 0.0400 

(xi) -0.20866 -0.19551 0.3578 
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electrostatic repulsion between two different degenerate orbitals, then parallel orientation 

of spins occurs. On the other hand, at B3LYP level with 6-31G(d,p) basis set, 4mr 

antiaromatic linear and angular polyheteroacenes have been investigated by 

Constantinides et al. 38 where they found that when till ss > 1. 3 e V singlet ground state 

results with antiparallel orientation of spins. Zhang et al. 39 using DFT calculations have 

shown that critical value of Mss is different in different cases, however, increasing 

values of Mss indicates spin pairing as evident from compounds (xi) in our present 

chapter, where we found largest Mss values among the eleven diradicals and 

consequently singlet ground state with antiferromagnetic character is observed. However, 

in Set-I, diradical (ii) has highest value of Mss (Table 3.2) with a low J value. For 

compounds (i), (iii) and (v) the Mss value (Table 3.2) decreases as J value increases. The 

above observations made it clear that our calculation is in good agreement with Hay

Thibeault-Hoffmann (HTH) formula for the singlet-triplet energy gap40 in weakly 

coupled dinuclear metal complexes and as well as the work of Paul and Misra41 where 

they have found gradual increase of Mss values with a net effect of decreased 

magnitudes of ferromagnetic coupling constant through the Cr20n cluster series. 

[i] Disjoint [ii] Disjoint 

[iii] Disjoint [iv] Disjoint 
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[v] Disjoint [vi] Nondisjoint 

[vii] Nondisjoint [viii] Disjoint 

[ix] Disjoint [x] Nondisjoint 

[xi] Nondisjoint 

Figure 3.3. Triplet SOMOs for diradicals (i-xi), plotted at UB3L YP level using 6-

311 +G( d,p) basis set. 

The shapes of the SOMOs (Figure 3.3) play a major role in determining the 

magnetic properties of the diradicals. In this chapter, we have found that in Set-L 
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diradicals, the SOMOs are disjoint (atoms are not common) in nature and accordingly 

ferromagnetic. 8 Set-H diradicals are antiferromagnetic, and the SOMOs are mostly 

nondisjoint (atoms are common). 

3.3.3. Isotropic Hyperfine Coupling Constants (HFCCs) 

The interaction between nuclear and electronic magnetic moment is characterized 

by hfcc. It depends on the spin density of the related nuclei. Due to electron correlation 

and basis set effects hfccs are difficult to calculate. Solvent also plays an effective role in 

evaluating the hfcc values. In this chapter, hfccs are calculated under DFT framework by 

using EPR-II basis set at UB3LYP level in vacuum. As "S" atoms are not considered in 

EPR-U basis set in the quantum chemical package used for computations/1 so we have 

used 6-311 +G(d, p) basis set for "S" atom. 

Fox and co-workers12 have shown that if there is an aromatic coupler (Scheme 

3.1) between two monomers then a red shift is observed compared to that of parent 

diradical (xi), suggesting an increase conjugation. In oxoverdazyl monoradical, two 

sets of two equivalent nitrogen atoms (N1-N5 and N2-N4) (Scheme 3.1) are found. Plater 

et al.42 have observed that hfcc for a(N2-N4) = 6.5 G and a(N1-N5) = 5.3 G (depending 

upon nature of substitution), which are nearly similar to that observed by Neugebauer et 

al. 4
3A4 They have also found that larger hfcc values are obtained at N2, N4 and Nw, N14 

which means that the spins are localized along N=C-N group rather than over the Me-N

CO-N-Me group (Scheme 3.1). Nitronyl nitroxide diradical with different couplers8
'
9 

have been studied and the hfcc values for conjugated coupler added diradicals reduces to 

half of the values for corresponding monoradical. 

In this chapter, we have computed (Table 3.3) the hfcc values for all the eight N

atoms present in each bis-oxoverdazyl diradical. We have found that the calculated gas 

phase hfcc values for N2-N4 and N10-N14 are larger than that ofN1-Ns and Nu-N13 which 

are in good agreement with different experimental results.43'44 However, we can not get 

any perfect relationship ofhfcc values with magnetic exchange coupling constant. 
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Table 3.3. Evaluated hyperfine coupling constants (HFCCs) in Gauss at UB3LYP level 

using EPR-II basis set for diradicals (i-xi). 

Diradicals aNI GN2 GN4 GNs aNJo aN! I aNI3 aNl4 

(i) 1.85832 2.38518 2.67110 1.87494 2.62724 1.86688 1.79370 2.36602 

(ii) 1.82520 2.59019 2.41342 1.75696 2.35668 1.74092 1.96261 2.59318 

(iii) 1.61759 2.95559 2.13403 1.69148 2.83684 1.15914 1.26903 2.44571 

(iv) 1.88313 2.45098 2.57799 1.80510 2.46730 1.80827 1.80789 2.54126 

(v) 1.87546 2.45333 2.50391 1.81105 2.45941 1.80i40 1.80758 2.47663 

(vi) 1.86201 2.35111 2.64272 1.87390 2.35061 1.77835 1.88444 2.61720 

(vii) 1.73190 2.25968 2.58498 1.88905 2.29739 1.73734 1.96681 2.59163 

(viii) 1.10544 2.82310 2.78463 1.15423 2.16139 1.15535 1.22148 2.78933 

(ix) 1.85434 2.48057 2.45545 1.85264 2.45197 1.82553 1.81063 2.52009 

(x) 1.83863 2.49922 2.50999 1.82895 2.50999 1.82895 1.83863 2.49922 

(xi) L92324 2.42065 2.46129 1.84293 2.46129 1.84293 1.92324 2.42065 

3.40 Conclusions 

Oxoverdazyl radicals are promising groups for the development of new molecular 

materials with magnetic properties due to its better stability than other simpler groups. 

Bis-oxoverdazyl diradical (xi) is known to be one of the stable organic diradicals due to 

its chemical resistance but antiferromagnetic species. 12
•
13 In this chapter, we have studied 

intramolecular magnetic exchange coupling constants for two different linkage-specific 

sets of bis-oxoverdazyl diradicals with different aromatic couplers. The purpose of this 

investigation lies in the fact that they are straight-forward to prepare and are air and 

moisture stable. All the eleven diradicals in two different sets have been optimized at 

UB3L YP level and J values were calculated using BS approach under DFT framework. It 

is found that members of Set-I diradicals which are essentially m-coupled oxoverdazyl 

diradicals are ferromagnetic with high magnetic exchange coupling constant, whereas the 

p-coupled oxoverdazyl diradicals belong to Set-II are antiferromagnetic. As the 

aromaticity of the spacer increases, the ferromagnetic character also increases and vice 
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versa. These observations strictly follow the spin density alternation rule?5 Here, we find 

that the magnetic interactions are primarily transmitted through Jr-electron conjugation as 

observed by other authors. 8
•
9

•
17 This is justified through MO analysis and spin density 

alternations as obvious from Figure 3.2. The shape of SOMOs (Figure 3.3) also helps to 

predict the magnetic characteristics of the diradicals. 

This work has been published in The Journal of Physical Chemistry A (Ref. 45). 
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Chapter4 

Role of Linear Polyacene Spacers in Intramolecular 

Magnetic Exchange Coupling 

The estimation of intramolecular exchange coupling constant (J) for 10 different oxo- and 

thio:xo-verdazyl based high spin ground state diradicals with linear polyacene couplers of 

varying the broken symmetry approach in an unrestricted DFT framework is 

described in this chapter. The magnetic characteristics of these systems are explained using 

the spin-density distribution, and an analysis is made by "magnetic" orbitals. The Nuclear 

Independent Chemical Shift (NICS) values have been calculated for these diradicals. The 

average NICS( 1) ( 1A above the ring suiface) value per benzenoid ring increases as the size 

of the coupler increases. So-called LJN1CS( 1) values [the difference among average NICS( 1) 

per benzenoid ring in the coupler and the NICS( 1) of the linear polyacene molecule} are 

correlated with J values. Bond orders and hyperfine coupling constant values have also been 

evaluated and analyzed for these diradicals. 



4.1. Introduction 

In the last few decades, experimentalists as well as theoreticians have paid special 

attention to the design, characterization and application of ferromagnetic materials based on 

organic diradicals.1
-
3 The first purely organic magnetic material, based on the P-crystal phase 

of p-nitrophenyl nitronyl nitroxide radical, was discovered by Kinoshita and co-workers,4 

and has thrust the work nearer to the target of an organic ferromagnet. It is often important to 

have proper apprehension about the intramolecular magnetic exchange coupling constants 

before synthesizing organic diradicals intended as prospective ferromagnets. 1 As the 

aromatic linear fused-ring couplers of varying length can be synthesized easily, an interest 

has grown up concerning diradicals coupled with polyacene spacers. 

Only a few organic paramagnetic species have reasonable stability to be suitable for 

the design of organic molecular ferromagnets. 5
•
6 Organic radicals such as nitronyl nitroxide, 

verdazyl, tetrathiafulvalene are appropriate for this purpose. The advantage of working with 

such systems is that they do not have any bulky substituent. 7 Nitronyl nitro xi de diradical with 

ethylene coupler, isolated and studied by Ziessel et al} shows a very high exchange coupling 

constant. In the DFT framework, Ali and Datta9
•
10 have comprehensively studied nitronyl

nitroxide-based molecular ferromagnets with different 1r-conjugated couplers. The 

potentiality of verdazyl radical as a precursor of molecular magnets remained unnoticed for a 

long time, i!,lz although it was first synthesized by Kuhn and Trischmann.13 The spin-active 

verdazyl moiety is a good option for the design of molecular magnets. Non-Kekule bis

oxoverdazyl diradical remains in the singlet ground state with small amount of thermally 

populated "triplet".14 Brook et al. 15 have also extensively studied its electronic properties and 

found that it is strongly antiferromagnetically coupled. The HOMO and LUMO of bis

oxoverdazyl diradicals are similar to those of tetramethylene ethane (TME).15
•
16 Substitution 

of both of the oxygen atoms in bis-oxoverdazyl diradical by sulfur atoms (bis-thioxoverdazyl 

diradical) gives a red shift.17 Fico et al. 14 have reported that the room-temperature EPR 

spectrum of bis-thioxoverdazyl diradical is similar to that of the bis-oxoverdazyl diradical. 

They also have found that there is a notable variation in electron density between the oxo and 

thioxo derivatives. The magnetic properties of different derivatives of verdazyl radicals have 
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been studied extensively.ll,lZ,Is-z6 The radicals, 6-oxo- and 6-thioxo-verdazyl are also known 

to be chemically stable. They can be isolated in solvent-free pure forms in the crystalline 

state. 17
'
27 Azidophenyl substituted verdazyls have also been prepared by Lathi and co

workers.28 Hicks et al. 29 have studied the supra-molecular chemistry of verdazyl molecules. 

Phosphaverdazyl radicals are also synthesized and characterized by Hicks and Hooper.30 

The intramolecular magnetic exchange-coupling constant (J) as described by 

Heisenberg Hamiltonian is the best known descriptor of magnetism. The value of J depends 

on the molecular geometry of the diradicals and the unpaired-electron structures. Prior 

knowledge of the magnetic exchange-coupling constant characteristics becomes useful 

before synthesizing molecular ferromagnets. 1 In a diradical, the exchange-coupling constant 

depends crucially on dls:tartce between two radical centers and the nature of the couplers. 

Gilroy et al.31 have synthesized various verdazyl based compounds and characterized their 

magnetic properties. Applying unrestricted density functional methodology, intramolecular 

magnetic exchange-coupling constants have been studied for a series ofbis-nitronyl nitroxide 

diradicals bridged with different n-couplers by Ali and Datta.9 Polo et al. 32 have investigated 

tetrathia:fulvalene (TTF) and verdazyl diradical cations with similar couplers. Although, in 

that work they have criticized the use of spin projected techniques and decided not to use it, 

but they finally end up using one such method. In a recent work, Latif et al. 33 investigated 

polyene spacers with mixed radical systems, in which they have established that the 

magnitude of the coupling constant depends strongly on the planarity of the molecular 

structure, spin polarization paths, length of the couplers, etc. In some recent work, we have 

designed and investigated 11 bis-oxoverdazyl diradicals conrtected by different linkage

specific aromatic couplers and found that meta-coupled diradicals are ferromagnetic whereas 

para-coupled diradicals are antiferromagnetic in nature.34 Logically, our present chapter 

follows these investigations, where the objective is to design and characterize oxoverdazyl 

and thioxoverdazyl based molecular ferromagnets coupled with different polyacene spacers. 

We have designed two sets of diradicals, (set A with 5 bis-oxoverdazyl diradicals and set B 

with 5 bis-thioxoverdazyl diradicals) coupled by different meta-conrtected linear polyacene 
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Scheme 4.1. General schematic representation of diradicals (i-x) with five different 

polyacene couplers, where formally there are two unpaired electrons at N4 and N 10 atoms and 

the benzenoid rings are denoted as A, B, C, D and E. The polyacene couplers (X=l to 5) are 

used in both sets of diradicals. 

(Set A) and S (Set B) and X=l-5 

Diradical (i), X=l, Y=O Diradical (ii), X=2, Y=O 

Diradical (vi), X=l, Y=S Diradical (vii), X=2, Y=S 

Diradical (iii), X=3, Y=O 

Diradical (viii), X=3, 

Diradical (iv), X=4, Y=O 

Diradical (ix), X=4, Y=S 

Diradical (v), X=5, Y=O 

Diradical (x), X=5, Y=S 

67 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 



spacers of varying length. The designed systems are depicted in Scheme 4.1. Some of the 

systems under investigation are already synt..lJ.esized and characterized.14
'
31 It is noticed that 

the magnetic exchange coupling constant depends on the length of the coupler and spin 

polarization path. The polyacenes are aromatic hydrocarbons with linearly fused benzene 

rings?5 Experimentalists as well as theoreticians have been attracted by these substances for 

a long time. 36 Pentacenes are known to have semiconducting property35
'
37 hence; it can be 

used in spintronic materials. It is established that the polyacenes are predicted to have smaller 

band gaps than the corresponding polyenes. 38 The polyacenes become less stable with 

increasing numbers of benzene rings. 35
•
36 In this chapter, we find, linear polyacene coupled 

bis-oxo- and bis-thioxo-verdazyl diradicals have moderate ferromagnetically signed 

exchange-coupling constants. The exchange coupling constants are evaluated through the 

spin-polarized unrestricted DFT methodology. The broken-symmetry (BS) approach, 

described the next section, has been adopted here to quantify ferromagnetic coupling 

constants for all the systems described above. 

4.2. Theoretical Background and Computational Details 

The Heisenberg spin Hamiltonian is normally used to express the magnetic exchange 

interaction between two magnetic sites 1 and 2, 

(4.1) 

where J is the exchange coupling constant between two magnetic centers of a diradical, with 

S1 and S
2 

being the respective spin angular momentum operators. The square of the total 

spin operator §2 has eigenvalue S(S+ 1 ). A positive sign of J, in which a situation of parallel 

spin is essential, is used to indicate a ferromagnetically signed interaction, whereas an 

antiferromagnetically signed interaction is indicated by a negative value, where a state of 

antiparallel spins is favored. For a diradical with a single unpaired electron on each site, J can 

be written as 

E(S=l) - E(S=O) = -2J. (4.2) 
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A single determinantal wave function in the unrestricted Hartree Fock formalism 

cannot truly represent the singlet state of a diradical. Moreover, this introduces spin 

contamination in such calculations. Therefore, this method cannot directly yield reliable J 

values. However, one can evaluate J by determining the exact singlet and "triplet" energy 

values from a multiconfigurational approach and MCSCF calculations on bis-verdazyl 

systems have been carried out.39 The performance of the complete active space second-order 

perturbation theory (CASPT2) and accurate Difference Dedicated Configuration Interaction 

(DDCI) calculations for a-4-dehydrotoluene and 1,1 ',5,5'-tetramethyl-6,6'-dioxo-3,3'-bis

verdazyl and other diradicals have also been reported by Illas and coworkers40 and the 

authors found that CASPT2 provides a clean alternatives to the use of BS-UDFT based 

methods. However, these methods are resource intensive and are not employed in this 

chapter. On the other hand, the broken-symmetry (BS) formalism proposed by 

Noodleman41
'
42 in a DFT framework is an alternative approach to evaluate J with less 

computational effort. The BS state, which is a weighted average of low- and high-spin states, 

is often found to be spin contaminated. But with the use of a "spin-projection" technique, 

reliable estimates of the exchange-coupling constant can be obtained via this BS approach. 

Depending upon the extent of overlap between magnetic orbitals, different expressions for J 

have been proposed by many researchers,40
-
57 using the unrestricted spin-polarized BS 

solution for the lower-spin state. The expression for J given by Ginsberg,43 Noodleman,44 and 

Davidson45 is more useful when overlap of the magnetic orbitals is very small. The 

expression put forward by Bencini and coworkers,46
•
47 Ruiz et al.48 uses the energy ofthe BS 

state as that of the open-shell singlet without spin projection and attempt to justify their 

choice (later on) by the hypothesis of the large overlap limit between magnetic orbitals. 

However, this approach has been shown to be unphysical by Caballo! et al.,50 where the 

overlap is explicitly calculated and found to be small. In a more recent work, Moreria and 

Illas52 have shown that there exists a common physical background in the magnetic 

interactions in organic diradicals, inorganic complexes or ionic solids, where the magnetic 

interactions occur between localized spins. Further, Illas and coworkers51
-
53 have shown that 

Spin Unrestricted Broken Symmetry (SUBS) and Spin-Restricted-Ensemble-referenced 

Kohn-Sham (REKS) lead to similar estimate of J value. However, exchange correlation 
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functional used in REKS approach is under development and performance of each functional 

is yet to be explored. 

Nevertheless, in this chapter, the Yamaguchi modee4
-
57 is employed to get the J 

values, and this is the proper choice, especially if one is uncertain of the magnitude of J 

beforehand. The expression is 

(4.3) 

where EBs and Er denote the energy of the broken symmetry singlet and "triplet" state, and 

where (S-2)r and (S)Bs represent respective average spin-square values in "triplet" and BS 

states. It should be noted here that E7 is the approximate form of Er, the energy of the 

"triplet" state in the unrestricted f01malism using the BS orbital. The approximation is valid 

because of the very less spin contamination in the high spin state.9
•
10 However, even for this 

high symmetry states the spin unrestricted calculations converge to a state not 

well defined. As (S)r is near 2 and (S2)Bs is near 1, eq ( 4.3) reduces essentially to case 

small overlap and the denominator is just a very small correction. 

The energy differences in B3LYP calculations are accurate to ± 2-5 kcal/mole. In 

this chapter, the computed energy difference is less than 0.1 kcal/mole. As a result, not 

surprising that the J values may be little overestimated. Nevertheless, 

exchange coupling right and therefore correctly predict the nature of coupling. 

Ruiz et al. 58 related the overestimation of J values with the presence of high self interaction 

error (SIE) in commonly used DFT exchange correlation potentials. However, this has been 

severely questioned by a comment co-authored by a large list of specialists in this field. 59 

Polo and coworkers60 have concluded that the presence of SIE in commonly used DFT 

approximations is related to "nondynamic" correlation energy. Hybrid functionals are more 

suitable than pure DFT functionals in BS-UDFT calculations because the former reduces the 

self interaction error (SIE) of DFT exchange functionals. 61 The suitability of B3LYP over 

LSDA and GGA approach has also been justified by Martin and Illas.62 Thus, one can 

70 



surmise that as B3LYP functional is parameterized mainly to molecules composed of light 

atoms, it likely to give superior energy differences in such molecules. In this chapter, the 

molecular geometries of a sequence of compounds (i-x) have been fully optimized with the 

UB3L YP63
-
65 exchange correlation potential using a 6-31 G(d,p) basis set.66

-
68 At the 

optimized geometries energy calculations of each of the species are then done with a larger 

basis set i.e., 6-311 ++G( d,p ), and these are used to calculate the J values. To obtain the open

shell BS singlet solution, "guess =mix" keyword is used within the unrestricted formalism. 

The BS states are stable for all 10 diradicals. All the calculations have been carried out using 

the GAUSSIAN 03W9 quantum chemical package. Hyperchem 7.570 and Molekel 4.071 

softwares have also been used for visualization. All computations of this chapter have been 

carried out in a HP xw4600 workstation, processor Intel® Core (TM) 2 Duo CPU@ 2.33 

GHz, 3,072 MB of RAM with 64-bit operating system. 

4.3. Results and Discussion 

The main characteristic of the radicals of the verdazyl family is their as 

as their ferromagnetic nature in suitably designed diradicals.40
•
72 The optimized structures 

the systems under investigation are planar (Figure 4.1 ). As a result, better spin polarization 

along the n-conjugated network stabilizes the "triplet" states.73
'
74 The linker between two 

same or different organic radicals plays a major role in determining the sign and magnitude 

of exchange coupling constants.9
•
10

•
32

-
34 We examine spin coupling between centers 

separated by polyaromatics, using density functional theory to 

exchange coupling constants (Table 4.1) from the differences in high-spin and low-spin 

broken symmetry energies for two sets (set A and set B) of compounds, some of which are 

already known/4
'
31 and the others are newly designed as given in Scheme 4.1 (also see 

Figure 4.1 ). In set A, we have considered meta-coupled diradicals with general formula OV

X-OV, where X [when X=l (benzene coupler), 2 (naphthalene coupler), 3 (anthracene 

coupler), 4 (tetracene coupler), 5 (pentacene coupler)] is the number of aceneic benzene 

ring(s) used as couplers and OV is oxo-verdazyl monoradical, whereas for set B diradicals,

OV radicals are replaced by -TV (thioxo-verdazyl) radicals. It is established that the 

unpaired spins are equally distributed among the specified atoms of the diradicals (N2, N4, 
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(i) (ii) (iii) 

(iv) (v) (vi) 

(vii) (viii) (ix) 

(x) 

Figure 4.1. The optimized images of polyacene coupled and 

diradical systems at UB3L YP/6-31 G( d,p) leveL Atoms having 

blue, black, yellow and white colors represent 0, N, C, S, and H, respectively. 

N 10 and N 14 in Scheme 4.1).7 Numerical values of J are obtained by use of eq (4.3) for alllO 

species, and are reported in Table 4.1. Normally, the sign of J does not depend on the basis 

set employed;32 hence the nature of predicted magnetic behavior in this chapter is reliable. 

Through close inspection of Table 4. I, it can be inferred that consistent results have been 

obtained with different basis sets and all 10 diradicals are ferromagnetic in nature. The 

methyl groups linked with verdazyl N atoms are replaced by hydrogen atoms to save the 
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Table 4.1. UB3L YP level absolute energies in au, (~) and intramolecular exchange-coupling constant (J cm-1
) using 6-31 G( d,p) and 

6-311 ++G( d,p) basis sets, for bis-oxoverdazyl diradicals (i-v) and bis-thioxoverdazyl diradicals (vi-x). 

At UB3LYP/6-31G(d,p) level At UB3L YP/6-31l++G(d,p) level 

Di radicals BS "Triplet" J( em-) BS "Triplet" J(cm·) 

(i) E -974.25460 -974.25491 67 -974.50782 -974.50816 74 

<If> 1.049 2.059 1.048 2.055 
(ii) E -1127.90269 -1127.90284 

,.,,., 
-1128.18659 -1128.18673 31 .).) 

(S2) 1.050 2.060 1.052 2.056 
(iii) E -1281.54431 -1281.54432 02 -1281.85856 -1281.85858 04 

<If> 1.056 2.065 1.052 2.054 

(iv) E -1435.18313 -1435.18315 04 -1435.52783 -1435.52801 39 

<If> 1.058 2.078 1.052 2.057 

(v) E -1588.82059 -1588.82080 44 -1589.19595 -1589.19614 41 

(S2) 1.079 2.138 1.059 2.068 

(vi) E -1620.17104 -1620.17131 59 -1620.42061 -1620.42081 44 

(S2) 1.047 2.054 1.047 2.051 

(vii) E -1773.81940 -1773.81944 09 -1774.09948 -1774.09965 37 

<If> 1.049 2.055 1.048 2.053 

(viii) E -1927.46107 -1927.46110 07 -1927.77164 -1927.77178 31 

<If> 1.050 2.060 1.048 2.053 

(ix) E -2081.09999 -2081.10004 11 -2081.44114 -2081.44120 13 

(S2) 1.054 2.072 1.051 2.054 

(x) E -2234.73756 -2234.73776 42 -2235.10927 -2235.10941 31 

<If> 1.072 2.128 1.055 2.061 
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computation time.32 In other recent work,34 the bis-oxoverdazyl diradical with no coupler has 

been found to generate a strong antiferromagnetically signed interaction according to DFT 

computations, as is in good agreement with previous experimental studies.15 In this chapter, 

we find that the meta-aceneic coupled bis-oxoverdazyl and bis-thioxoverdazyl diradicals 

manifest a ferromagnetically signed interaction, which is also in good agreement with other 

works.9
•
10

•
31

•
34 The decreasing order of calculated J values from (i)-(iii) in set A and (vi)-(viii) 

in set B are also in good agreement with the work of Ali and Datta. 10 The change in J values 

from (iii)-(v) in set A and (viii)-(x) in set B can be attributed to the fact that the larger 

polyacenes possess open-shell singlet ground states.35 However, with our larger basis set, the 

Jvalue obtained for diradical (viii) is marginally higher than expected. 

4.3.L Bond Order 

Using natural bond-order (NBO) analysis we have calculated the Wiberg bond order75 

at the UB3L YP/6-31 G( d,p) level. The calculated average Wiberg bond orders between the 

Table 4.2. The calculated average Wiberg bond order for the linkage bond between the 

monoradical and the coupler on both sides, for all the diradicals (i-x) at the UB3LYP level 

using a 6-31G(d, p) basis set. 

Diradicals Wiberg bond order 
(i) 1.042 
(ii) 1.045 
(iii) 1.048 
(iv) 1.050 
(v) 1.051 
(vi) 1.048 
(vii) 1.053 
(viii) 1.056 
(ix) 1.059 
(x) 1.061 
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coupler and the monoradical moieties on both sides for each of the 1 0 diradicals are given in 

Table 4.2. With the increase in the number of benzenoid rings in the coupler, the number of 

delocalizable Jr-electrons increases and small increment in Wiberg bond order is noted. It can 

also be observed that as the average bond order increases, the average Mulliken atomic spin 

densities decrease modestly on the radical centers (Table 4.3) for the first three diradicals of 

each set. As a consequence, the magnitude of J value also decreases for the first three 

diradicals in both sets. On the other hand, for the last two diradicals in every set, with the 

increase of the diradical character of the coupler, the average Mulliken atomic spin density 

on the radical centers increases and hence the J value. 10 

Table 4.3. The calculated Mulliken atomic spin densities for all the diradicals (i-x) with the 

couplers at UB3LYP using 6-31G(d,p) basis set [N2, N4 and N10, N14 (Scheme 4.1) are 

the respective atoms the verdazyl moiety where the unpaired spins are delocalized (Ref. 

7)]. 

~·-~----------------

Diradicals N2 N4 Average Nw N14 Average 
(i} 0.4307 0.4326 0.4317 0.4318 0.4316 0.4317 
(ii) 0.4435 0.4191 0.4313 0.4199 0.4426 0.4313 
(iii) 0.4109 0.4489 0.4299 0.4110 0.4489 0.4300 
(iv) 0.4533 0.4121 0.4327 0.4128 0.4527 0.4328 
(v) 0.4566 0.4136 0.4351 0.4136 0.4566 0.4351 
(vi) 0.4292 0.4283 0.4289 0.4285 0.4291 0.4288 
(vii) 0.4406 0.4168 0.4287 0.4168 0.4406 0.4287 
(viii) 0.4067 0.4451 0.4259 0.4066 0.4451 0.4259 
(ix) 0.4512 0.4096 0.4304 0.4097 0.4511 0.4304 
{x} 0.4546 0.4111 0.4329 0.4105 0.4501 0.4303 

4.3.2. Spin Density Distribution 

Hund's rule based spin alternation rule,73
•
74 is very helpful to predict the ground state 

magnetism for diradicals coupled with different couplers. This rule states that when the 

pathway through the coupler propagates through an even number of bonds, ferromagnetism 

arises. Kiovisto and Hicks 7 have discussed the fact that bis-oxoverdazyl diradical possess a 
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plane of symmetry through the linkage bond between two monoradicals, as a result, the spin 

distribution is subdued and antiferromagnetism arises. However, the linkage position of the 

n-donor unit to an aromatic ring coupler determines the sign of J. It is widely recognized that 

meta-phenylene coupled diradicals exhibit a high ferromagnetically signed interaction.9
•
10

•
31

-

34 In our present chapter, we have used "meta" -coupled linear polyacene spacers of varying 

length between two oxo-verdazyl and two thio-verdazyl monoradicals and found that all the 

diradicals strictly follow the spin alternation rule (Figure 4.2). Indeed, the consequences of 

(i) (ii) (iii) 

(iv) (v) (vi) 

(vii) (viii) (ix) 

(x) 

Figure 4.2. Spin-density distribution plots for each of the diradicals (i-x); blue color 

indicates a spin, and green color indicates f3 spin respectively. 
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this spin-alternation rule follows directly from the results76
-
78 for altemant conjugated JT

networks that the total ground-state spin is half of the difference between the number of spins 

on "'starred" and "unstarred" sites. An altemant network is such that the sites can be 

partitioned into the starred and unstarred sites with every neighboring pair of sites of 

different types. That is, in a diradical species, the two unpaired electrons are, predicted to 

give a "triplet" or a "singlet" ground state as the two electrons are respectively on like (i.e., 

both "starred" and both "unstarred") or unlike (i.e., one is "starred" and the other 

'"unstarred"). It is also to be noted that two like sites are separated by an even number of 

bonds, while unlike sites are separated by odd number of bonds, which is essentially the 

same as that given by Trindle et al. 73
•
74 This general result arises in the context of the nearest 

neighbor Heisenberg spin model, which is equivalent to the covalent-space Pauling-Wheland 

VB modeL This theorematic result is a consequence of a general symmetry feature of the no 

des of the many-electron wave-function.76 However, these theorematic results apply when 

the average formal number of :rr -electrons per site in the JT -network is 1.79 If one includes in 

the tr -network a different number of :rr -electrons, that is, when one introduces a formally 

neutral N atom 3 cr -bonds and a net contribution of 2 :rr -electrons, then a different 

situation arises. To understand this, when two N atoms are neighbors, as that in verdazyl, 

with one N atom formally contributing 1 :rr -electron and the other 2, there is a major ground-

state contribution with spin t on the first site and spin t -i on the second site. This 

configuration also interacts with another configuration via electron transfer, with spin t -i on 

the :first site and spin t on the second site. Thus one finds parallel spins on these two 

neighboring N-atom sites which are 

illustrated in Figure 4.2. 

agreement with our computational results, as 

4.3.3. Analysis of Singly Occupied Molecular Orbitals (SOMOs) 

With the help of extended Hiickel theory (ETH), Hoffinann80 suggested that if the 

energy difference is less than 1.5 e V between two consecutive SOMOs, then parallel 

orientation of spins occurs. However, the theorem concerning the number of sites of the two 

different types ("starred" and "unstarred"), indicates the situation which is generally more 

nuanced. Within the MO framework, one also needs to figure out the overlap between the 
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SOMOs, for which the argumentation leading to Hund's rule is severely weakened. 16
'
81 At the 

B3L YP level with 6-31 G( d,p) basis set, 4mr anti-aromatic linear and angular 

polyheteroacenes have been investigated by Constantinides et al. ;82 where they found that for 

a SOMO splitting A£88 > 1.3 e V, a singlet ground state results with anti parallel orientation of 

spins. The critical value of !!.Ess is different in different cases. 34 In this chapter, we calculate 

the SOMO-SOMO energy gap for the "triplet" ground state of all 10 diradicals. It is observed 

that, diradicals (i) in set A and (vi) in set B have the lowest Mss (Table 4.4) value with the 

highest J value in their respective sets. Among the diradicals (i), (ii), (iii) (in set A) and (vi), 

(vii), (viii) (in set B) the Mss value increases as the J value decreases. This observation 

makes it clear that our calculations are consistent with the Hay-Thibeault-Hoffmann83 (HTH) 

formula for the singlet-triplet energy gap in weakly coupled dinuclear metal complexes. 

Table 4.4. The energy of SOMOs in au and their differences e Vat UB3L YP level using a 

6-31G(d, p) basis set for diradicals (i-x). 

Diradicals E8 (1)au 
------~~~-cc ____ _ 

(i) 
(ii) 
(iii) 
(iv) 
(v) 
(vi) 
(vii) 
(viii) 
(ix) 

-0.20778 
-0.20774 
-0.20744 
-0.20706 
-0.20665 
-0.21952 
-0.21878 
-0.21778 
-0.21698 

E8 (2)au 

-0.20771 
-0.20681 
-0.19874 
-0.18565 
-0.17576 
-0.21941 
-0.21739 
-0.20625 
-0.19244 
-0.18212 

l!.E8seV 

0.0019 
0.0253 
0.2367 
0.5826 
0.8406 
0.0030 
0.0378 
0.3137 
0.6678 
0.9184 

However, for last two diradicals in each set, the !!.Ess values are higher; despite they show 

high values of J. This is due to the fact that larger polyacenes possess within themselves a 

significant radicaloid character, with a "triplet" state approaching toward the singlet ground 

state, which then may be better viewed as an open-shell singlet. This observation is also 

found in recent computations,35
'
84

'
85 but this is also conceivable from reasonable extensions 

of "classical" arguments of Clar. 86 If one imagines that as the length of an N -acene 

increases, the N+ 1 ordinary single Clar-sextet structures become of ever lesser importance 

78 



than the diradicaloid two-Clar-sextet structures, for which there is a much greater 

number= 1~ N(N -1}2(N- 2). In fact, Clar paid little attention to radicals, though recent 

extensions87
•
88 to deal with radicaloid species reflect favorably on his ideas, and such natural 

extensions follow. The point is that with an extended diradicaloid nature for the spacer, its 

spin-polarization is eased, and the communication (as mediated by J) is enhanced. In any 

event in this present chapter, all 10 diradicals under investigation have M 55 <1.5 e V and 

show manifestly ferromagnetic coupling. Thus, even if it is not conclusively proved that the 

Kohn-Sham orbital energies have a relationship with the magnetic coupling constants, this 

analysis provides justification of such a connection, albeit empirically. 

4.3.4. Nuclear Independent Chemical Shift (NICS) 

The quintessence of aromaticity can be straightforwardly documented with ease, yet it is 

Table 4.5. The calculated NICS values at the centre of the aromatic rings at UB3L YP level 

using a 6-311 +G( d, p) basis set for diradicals (i-x). 

Diradical NICS A B c D E 
(i) NICS(O) -6.62 

NICS(l) -8.96 
(ii) NICS(O) -8.77 -8.77 

NICS(l) -9.46 -9.46 
(iii) NICS(O) -6.62 -9.90 -6.62 

NICS(l) -8.81 1.71 --8.81 
(iv) NICS(O) -5.81 -10.25 -10.24 -5.80 

NICS(l) -8.12 -11.95 -11.95 -8.11 
(v) NICS(O) -5.10 -9.64 -11.20 -9.64 -5.10 

NICS(1) -7.49 -1.43 -12.65 -11.43 -7.49 
(vi) NICS(O) -6.56 

NICS(1) -8.99 
(vii) NICS(O) -7.21 -7.27 

NICS(1) -9.55 -9.51 
(viii) NICS(O) -6.42 -10.00 -6.29 

NICS(1) -8.87 -11.80 -8.82 
(ix) NICS(O) -5.63 -10.25 -10.25 -5.75 

NICS(1) -8.14 -11.99 -11.99 -8.18 
(x) NICS(O) -4.88 -9.60 -11.24 -9.63 -5.02 

NICS( I} -7.50 -1.46 -12.70 -11.45 -7.55 
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tricky to categorize quantitatively because of its multidimensional89
-
92 or partially

ordered93'94 nature. In some interesting work, Illas and co-workers95 and Feixas et al.96 have 

shown that different measures of aromaticity exhibit some discrepancies. There are many 

descriptors to study aromaticity, but NICS, which is a local aromaticity index, has many 

advantages over others. The NICS values depend on the methodology used and the basis set 

employed.90
-
92 In our present chapter, the NICS values for all aromatic rings in 10 different 

diradicals are calculated by using GIAO-UB3L YP methodology with a 6-311 +G( d,p) basis 

set. The NICS values are calculated at the centre of the ring [NICS (0)] and 1A above the 

ring surface [NICS (1)], where, .1r-orbital density is maximum. Schleyer and coworkers90
-
92 

Table 4.6. The calculated NICS(l) values for the all the diradicals (i-x) and corresponding 

acene molecules, ilNICS(l), at UB3LYP level using 6-3ll+G(d,p) basis set, where(*) sign 

represents the NICS(l) values in bis-oxo- and bis-thioxo-verdazyl diradicals (Table 4.5), on 

the other hand, (**) sign represents the NICS(l) values in acene molecules without bis-oxo

and bis-thioxo-verdazyl diradicals as given in ref. 92. 

-----------------·-------------------------
Average NICS(l) 

Diradicals Couplers* Acenes** 
(i) -8.96 -10.60 
(ii) -9.46 -10.80 
(iii) -9.78 -11.00 
(iv) -10.03 -11.10 
(v) -10.10 1.20 
(vi) -8.99 -10.60 
(vii) -9.53 -10.80 
(viii) -9.83 -11.00 
(ix) -10.08 -11.10 
(x) -10.13 -11.20 

~NICS(!) 

1.64 
1.34 
1.22 
1.07 
1.10 
1.61 
1.27 
1.17 
1.02 
1.07 

have studied linear polyacene molecules with B3LYP/6-311 +G(d,p) level using GIAO

B3L YP methodology. Ali and Datta10 also have used the same methodology and basis sets 

for nitronyl nitroxide based polyacene spacers. These authors have noticed that terminal rings 

in the linear polyacenes have less benzenoid character and the inner rings are more aromatic 
80 



than benzene itself. These results are in good agreement with the results obtained in this 

chapter (Table 4.5). It is observed from Table 4.6 that NICS(l)coupler< NICS(l)acenes· The 

difference between average NICS(l)coupler and NICS(l)acene is represented by L\NICS(l). For 

both set of diradicals it is obvious that the average NICS(l) value per benzenoid ring 

increases as the size of the coupler increases. It is also observed that with the decrease of 

ANICS(l), J value decreases for the first three species in each set but the reverse trend is 

observed for the last two species in both sets of diradicals due to the increase of diradical 

character of the couplers as discussed in the previous section. 

4.3.5. Isotropic Hyperfine Coupling Constants (HFCCs) 

Isotropic hyperfine coupling constant (HFCC), the interaction between nuclear and 

electric magnetic moments depends on the spin density of the related nuclei. HFCCs are 

difficult to calculate because of electron correlation and basis-set effects. Solvent also often 

plays an effective role to influence the HFCC values. In our present chapter, we have 

calculated HFCCs within the DFT framework by using an EPR-II basis set at the UB3LYP 

level vacuum. it turns out, "S" atoms are not considered in the EPR-II basis set in the 

quantum chemical package used for computations69 so we have used the 

for "S" atoms in all set B diradicals. 

1 G( d,p) basis set 

In oxo-vardazyl and thioxo-verdazyl monoradicals, two sets of two equivalent 

nitrogen atoms (N 1-N5 and N2-N4) (Scheme 4.1) are found. Plater et al 97 

diradical have observed that hfcc for a(N2-N4) = and 

upon the nature of substitution), which are nearly similar to that observed by Neugebauer et 

al. 27
'
98 They have also found that larger hfcc values are obtained at N2, N4 and N w, N 14 which 

means that the spins are localized along the N=C-N group rather than over the 

Me-N-CO-N-Me group (Scheme 4.1). Nitronyl nitroxide diradical with different 

couplers9
'
10 have been studied and the HFCC values for conjugated coupler added diradicals 

reduce to half of the values for corresponding monoradicals. 
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In our present chapter, we have computed HFCC values for all eight N-atoms present 

in each bis-oxo- and thioxo-verdazyl diradical (Table 4. 7). From these computations we see 

that the calculated gas phase HFCC values for N2-N4 and N 10-N14 are larger than that ofNI

Ns and NII-N13 (Scheme 4.1) in both sets of diradicals. These results are in good agreement 

with many experiments.27
•
98 However, we do not find a clear relationship between the HFCC 

values and the exchange-coupling constants. 

Table 4.7. Evaluated hyperfine coupling constant (HFCC) in Gauss at UB3LYP level using 

EPR- II basis set [for "S" atom 6-31 G( d,p) basis set is employed] for all diradicals. 

Diradicals aNI aN2 aN4 aNs aNio aN11 aNl3 aNI4 

(i) 1.39456 2.81214 2.81926 1.38991 2.80826 1.38999 1.39465 2.82350 
(ii) 1.37680 2.84858 2.50333 1.32396 2.84127 1.38191 1.31987 2.51208 
(iii) 1.21091 2.19120 2.97822 1.34377 2.75415 1.33215 1.40500 3.10998 
(iv) 1.28194 2.71955 2.13397 1.17365 2.72345 1.29045 1.18250 2.16933 
{v) 1.41566 3.14904 2.57570 1.30419 3.14903 1.41564 1.30422 2.57576 
(vi) 1.18701 3.17927 3.26141 1.12447 3.17827 1.18679 1.12477 3.26315 
(vii) 1.49530 3.19138 3.03626 1.14349 3.19407 1.46392 1.36941 3.04159 
(viii) 1.88941 2.93919 3.15984 1.71353 2.94157 1.89106 1.70922 3.15784 
(ix) 1.44644 3.32940 3.60754 1.83785 3.16914 1.77647 1.76401 2.87529 
(x} 1.33400 3.01129 2.74187 1.27111 3.01187 1.03849 1.23550 2.73678 

4.4. Conclusions 

This chapter presents a theoretical study of magnetic intramolecular coupling in his

and bis-thioxoverdazyl diradicals with polyacene spacers using a density 

functional theory based method within the broken symmetry approach to estimate the energy 

of the open shell singlet. We discuss the results in light of correlation with several qualities 

related to spin density. This subject is of interest for the community seeking for stable 

organic ferromagnets. Although we have used the unrestricted B3L YP exchange-correlation 

potential, recent advances have shown that other functionals, such as functionals of M06 

famill
9 

and the range-separated functionals100 represent a considerable improvement over 

B3L YP. Bis-verdazyl is one of the compounds included to study the usefulness of such 
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functionals; thus, these functionals are promising to study organic ferromagnets. In our study, 

all 10 diradicals (i)-(x), have been found to be ferromagnetic in nature (i.e., with a "triplet" 

ground state). A general site-type-classification given by theorematically based rule/6
•
77 

accurately predicts the sign of J, as well as the spin-density alternation pattem,78 which is 

also consonant with an empirically designed rule73
•
74 for the sign of J. The exchange

coupling interactions are mainly transmitted through conjugated 7r-electron network as 

observed by other authors.9
•
10

•
31

-
34 It is emphasized that this coupling between distant 

diradical sites is enhanced when the coupler itself has a low-lying excited "triplet" state with 

spin-density spread over the intervening space, as manifested in (iv), (v) and (ix), (x). A clear 

signature of this effective transmission is seen in the strong spin-density alternation (Figure 

4.2) pattern, as obvious from an MO analysis. The J values decrease (Table 4.1) :from X= 1 to 

X=3 (Scheme 4.1) but increase from X=3 to X=5 for both sets of diradicals. The increase in J 

value in the later case is due to the evident increase of diradical character of tetracene and 

pentacene couplers. In dimetal systems which exhibit little charge transfer :from ligands to 

metals, predicted J values are found to be pretty accurate. 101 In the present study, our systems 

do not seem to be susceptible to much charge transfer onto the spin centers. Thereby, we 

expect that the predicted J values should be accurate in analogy with the inorganic 

complexes. However, this generalization needs systematic study with organic systems. To 

compare our results with experimental works, we find Gilroy et al.31 have reported 1,3-

benzene-bridged N,N~di(isopropyl)-6-oxoverdazyl diradical from empirical method by 

measuring magnetic susceptibility data at different temperatures. They have found that the 

diradical has a high-spin ground state with J =19.3 ± 1.7 cm-1
• In our DFT study, we get./= 

67 cm-1 (Table 4.1 ), at the optimized level for diradical (i) which is 

diradical studied by Gilroy et al.,31 with only difference is that the isopropyl groups are 

substituted by the hydrogens. Thus, our results are in good agreement with experimental 

work. In case of bis-thioxo-verdazyl series not many experimental studies are reported. 

Nevertheless, from this study it is clear that bis-thioxo verdazyls are good precursors for 

single molecule magnets. In this study, we notice that the J values are found to increase with 

bond order between the coupler and the radical fragments, which is manifested in spin 

population analysis. The NICS values (Table 4.5) are higher for the central benzenoid ring(s) 

of each coupler, while it is found that terminal rings have low NICS values, that is, a loss of 
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benzenoid character is observed.90
-
92 However, for tetracene and pentacene coupled 

diradicals in both sets, the J value increases due to increase in open-shell radicaloid character 

of the spacers. Finally, this chapter also estimates HFCC values. 

This work has been published in Theoretical Chemistry Accounts (Ref. 102). 
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Chapter 5 
Influence of Aromaticity on the Magneto Structural Property of 

Heteroverdazyl Diradicals 

describes "''""'~'"''r" design of 5 different meta phenylene coupled high spin 

bis-heteroverdazyl diradicals and their analogous para phenylene coupled low spin 

positional isomers. The geometry based aromaticity index, harmonic oscillator model of 

aromaticity (HOMA) values for both the couplers (local HOMA) and the whole diradicals 

(global HOMA) have been calculated for all diradicals. We also qualitatively relate these 

HOMA values with the intramolecular magnetic exchange coupling constants (J) which is 

calculated using broken symmetry approach within unrestricted density functional theory 

framework. Structural aromaticity index HOMA of linkage specific benzene rings in our 

designed diradical systems shows that the aromatic character depends on the planarity of the 

molecule and it controls the sign and magnitude of J. The effect of the spin leakage 

phenomenon on J and HOMA values of certain phosphaverdazyl systems has been explicitly 

discussed. We also estimate another aromaticity index, nucleus independent chemical shift 

(NICS) values for the phenylene coupler in each diradical and compare these values with 

that of HOMA. 



5.1. Introduction 

The term aromaticity is primarily used in a chemical sense in early 19th century to 

portray a special class of organic substances.1
•
2 However, it remains a mystery to the 

scientific community even today as there is no unique definition of aromaticity and it is 

multidimensional in nature. Nevertheless, the aromaticity can be characterized through the 

properties like (a) planarity (b) total (4n+2)1i electrons (c) stabilization energie,3
•
4 (d) bond 

length,5 (e) magnetic exaltation,6 (f) retention of n-electron delocalization after typical 

reactions7 and so on. If any system has all the characteristics mentioned above then it is fully 

aromatic. The lack of proper definition leads one to assign different indices to quantifY 

aromaticity; these include different structural indices such as HOMA which can reliably give 

the differences in aromaticity in more complicated systems.8 HOMA quantifies the decrease 

aromaticity an increase in the bond length alternation and bond elongation.9 

Aromaticity can not only be illustrated by geometry based indices, but also a specified lr

electron part in some greater n-electron structure may be affected by its structural 

environment.8
-

10 Beside structural HOMA index nucleus independent chemical shift (NICS) 

is another widely used index of aromaticity because of its simplicity and efficiency.n-u It is 

well known that, the extent of aromaticity can be established experimentally by the 1H NMR 

shift of aromatic and anti-aromatic compounds. This effect is a manifestation of the .1i

electron ring current of aromatic systems under the influence of external magnetic field. 

NICS can be widely used to identifY aromaticity, non-aromaticity and anti-aromaticity of a 

single ring system and individual ring in polycyclic systems (local aromaticity). 

The design and synthesis of high spin magnetic molecules of organic origin have 

attracted wide attention during last three decades. 14
•
15 The magnetic properties of a crystalline 

material are known to be controlled by the intermolecular interaction which depends on the 

structure and the nature of the crystal. Similarly, for diradical based magnets, magnetic 

properties are dependent on the intramolecular magnetic exchange interaction which in turn 

depends on the structure and topology of the molecule. 14 Stable organic radicals in pure state 

are the most suitable precursor for diradical based magnets. More specifically, stable 

diradical species based organic ferromagnets are of primary interest in the study of molecular 
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magnetism. 16 The first reported species of the stable magnetically active radical was f:i-crystal 

phase of p-nitrophenyl nitronyl nitroxide. 17 After its discovery by Kinosita and co-workers in 

1991 nitronyl nitroxide based diradicals with different couplers have been extensively 

investigated and characterized by many group of researchers.18
-
20 There were many 

investigations to synthesize other radical species such as verdazyl, imino nitroxide, 

tetrathiafulvalene which are stable at high temperature and are suitable candidates for 

preparing organic diradical based ferromagnets,21
-
25 at relatively higher temperature. 

Verdazyl radical has a prolonged history of magnetism as it is very stable and fulfills 

almost all the necessary requirements for being used as stable diradical based magnets?6
-
30 In 

general, verdazyl based diradicals are known to have the structure as shown in Scheme 5J. 

In recent years, lots of effort is given to synthesize and characterize the "so-called" 

heteroverdazyl radicals incorporating different hetero atoms in place of nitrogen and carbon 

ring atoms at X or Y position or the both.31 The most common heteroverdazyls are 

oxoverdazyls, thioverdazyls and phosphaverdazyls which are in general considered as the 

inorganic analogue ofverdazyl radical. 

Oxoverdazyls have C=O substitution at the Y position which interacts with the 

heterocyclic n-system through the n* orbital of C=O and in tum gives the observed stability 

and planarity of the radical. 16 1,3,5-triphenyl-verdazyl and 1,3,5-triphenyl-oxoverdazyl 

radicals have been isolated and characterized.32 It has been found that bis-oxoverdazyl 

diradical has singlet ground state. However, insertion of suitable coupler between the two 

radical centers results in the formation of diradical with triplet ground state. 

Substitution of the oxygen atom of oxoverdazyl moiety with less electronegative 

sulfur atom gives thioverdazyl radical moiety with a notable variation of electron density 

from its oxo-analogue. Like other verdazyl derivatives, suitable choice of coupler gives 

stable thioverdazyl diradical with triplet ground state.32
•
33 

In the case of phosphaverdazyls, one of the skeleton carbon atoms of verdazyl radical 

is replaced by phosphorus atom. There are two positions in verdazyl radical where carbon 

atom can be replaced by phosphorus atom. Hence, the two structurally different 
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phosphaverdazyls have been reported. 16 Firstly, the C=O group can be replaced by P=O 

group resulting a non planar phosphaverdazyl. Secondly, the carbon atom at the X position is 

replaced by P atom (Scheme 5.1). The second one has a- and rr-systems which mix with each 

other leading to the spin leakage from the P-atom.31 Due to spin leakage the spin density of a 

particular atom at a particular site becomes lower than the expected spin density value of that 

particular site. The spin leakage has a profound effect on magnetic behavior of the concerned 

diradical. This phenomenon will be discussed later in this article. A number of different 

phosphaverdazyl radicals have been prepared and characterized by Hicks and co-workers. 

These radicals show characteristic EPR signal. Moreover, the hyperfine parameters of these 

systems and that of oxoverdazyl radicals are almost similar.31 They have established that the 

method of synthesis of phosphaverdazyls is theoretically analogous with that of oxo- and 

thio-verdazyls.32 

Scheme 5.1. Schematic diagrams of benzene coupled bis-heteroverdazyl systems, where the 

spacer is meta phenylene ring (Sl) for Set-a diradicals (la, 2a, 3a, 4a and Sa respectively) 

and para phenylene ring (S2) for Set-b diradicals (lb, 2b, 3b, 4b and 5b respectively). 

Substitution at 'X' and 'Y' positions gives rise to different "so-called" bis-heteroverdazyl 

diradical species. Here ip 1and <Pz denotes the dihedral angle between the plane of spacer and 

that ofthe verdazyl radicals. 

(Sl) 
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In the present chapter, we design and theoretically characterize meta-phenylene 

coupled [Set-a denoted as l(a), 2(a), 3(a), 4(a), 5(a)) and para-phenylene coupled (Set-b 

denoted as l(b), 2(b), 3(b), 4(b), S(b)] diradicals with verdazyl, oxoverdazyl, 

phosphaverdazyl and thioverdazyl radical centers (Figure 5.1 and also see Scheme 5.2). We 

design this type of heteroverdazyls based on the fact that very similar types of N-phenyl 

substituted verdazyl radicals, like 2,4,6-triphenylverdazyl radicals, have already been 

synthesized and characterized?4
-
37 As far as the synthesis of these diradicals is concerned, the 

synthetic routes of verdazyl radicals with a range of substituents on the nitrogen and carbon 

atoms are well known. These radicals are air and moisture sustainable and can be easily 

handled in laboratory. However, magnetic properties of these diradicals have been 

determined by semi empirical methods. 31 Our primary aim of this chapter is to theoretically 

investigate the effect of aromaticity of the couplers and that of the molecules as a whole on 

the magnetic exchange between two monoradical moieties. We report the popular geometry 

based aromaticity index, Harmonic Oscillator Model of Aromaticity (HOMA)9
•
38

'
39 

individually for the couplers and the whole diradicals. We also calculate NICS values for the 

phenylene coupler in each diradical and compare them with HOMA. A qualitative correlation 

between the energy differences of two singly occupied molecular orbitals (SOMOs) with the 

J values has been given. 
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5.2. Theoretical Background and Methodology 

The structural data for calculation of HOMA values of all the diradicals under 

discussion is taken from the optimized geometries of the diradicals. In this chapter, the 

molecular geometries of all the molecules (Set-a and Set-b) have been fully optimized with 

the UB3 L YP40
.4

1 exchange correlation potential using 6-31 G( d,p )42
-
44 basis set. The 

optimized geometries are shown in Figure 5.1. The Hannonic Oscillator Model of 

Aromaticity (HOMA) is an easily accessible geometry based quantitative index of total 

aromaticity and is defined using the degree of bond length alteration. The advantage of 

HOMA over other energy based aromaticity index is due to the possibility of using HOMA 

either for the whole molecule (global HOMA) or for any fragment of the molecule (local 

HOMA) having Jr-electron networks. Nonetheless, it can not be limited only for the hydroca-

(la) 

,J •• ,,.J 
j •• j, 

2(b) 

(lb) 2(a) 

(3a) (3b) 
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(4a) (4b) (Sa) 

(5b) 

Figure 5.1. The optimized geometries of different bis-heteroverdazyl diradical systems with 

m-phenylene coupler (Set-a: la, 2a, 3a, 4a and Sa) and with p-phenylene coupler (Set-h: lb, 

2b, 3b, 4b and 5b) from UB3LYP calculations with the 6-31G(d,p) basis set. The carbon 

atoms are marked in grey, sulfur in yellow, nitrogen in blue, oxygen in red, phosphorus in 

orange, and hydrogen in white respectively. 

-rbon system. We choose HOMA aromaticity index because of its 

application?8
·
39 The HOMA of a species can be calculated as, 

HOMA= 1- a/n I (Ropt- Rij) 2, 

calculation and wide 

(5.1) 

where n is the number of bonds taken into summation, Ropt is the optimal bond for fully 

delocalized n-electron system, Rij is the bond length of the molecule under investigation. 

HOMA is also a normalized index of aromaticity. It is known that HOMA value closer to the 

ideal value of 1 indicates the presence of greater aromaticity, whereas, HOMA value equal to 

95 



zero indicates non-aromatic system. The parameter a is an empirical constant set to give 

HOMA to be 0 and 1 for fully non-aromatic and fully aromatic systems respectively. It can 

also be noted here that, HOMA of bare benzene is 0.969, 0.979 and 0.996 from electron 

diffraction geometry, from MW (microwave) geometry and from X-ray geometry 

respectively?8 In the present chapter, we have determined the HOMA values individually for 

the couplers and the whole diradicals, the details of which is given in results and discussion 

section. 

In another way, the aromaticity of the couplers has been estimated by NICS index 

using UB3L YP/GIAO methodology with 6-31G(d,p) basis set for the phenylene coupler in 

each diradicaL The NICS values can be calculated at the centre of the rings [NICS(O)]. The 

cr framework of C-C and C-H affects the Jr-electrons and hence NICS is calculated at lA 

above the ring surface (NICS( I)] where the Jr-electron density is known to be maximum. 11
-
13 

Using optimized geometries we also calculate the energies of different spin states of 

the diradical required for estimation of magnetic exchange coupling constant. The magnetic 

exchange interaction energy between two magnetic sites 1 and 2 is given by the well known 

Heisenberg-Dirac-van Vleck (HDvV) spin Hamiltonian 

(5.2) 

A 

where, J is the exchange coupling constant between two magnetic centers, S, is the spin 

angular momentum operator of ith site. In case of ferromagnetic interaction between two 

parallel spins, J value is positive, whereas the negative J indicates an antiferromagnetic 

interaction between two antiparallel spins. The quantity J can be estimated from the energy 

difference of high spin and low spin states of the magnetically active molecule. As an 

example, J value of a diradical with single unpaired electron on each site can be written as 

E(S=l) - E(S=O) = -2J. (5.3) 
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However, pure singlet state of a diradical can not be truly represented by a single 

determinant (SD) wave function in the unrestricted formalism and this leads to spin 

contamination in such calculations. One may make use of multiconfigurational methods to 

describe pure spin states in an appropriate way. However, those methods are computationally 

expensive and generally not used for large systems. An alternative way is the Broken 

Symmetry (BS) formalism proposed by Noodleman in DFT framework. 45
,4

6 The BS state is 

an equal mixture of a singlet and a triplet state and is not an eigenstate of the above 

Hamiltonian (eq 5.2). Nevertheless, the BS state is a spin contaminated state and one needs 

spin projection technique for reliable estimation of the magnetic exchange coupling constant. 

Depending upon the extent of overlap between the magnetic orbitals, J can be estimated 

number of ways,47
-
62 using unrestricted spin polarized BS solution for lower spin state. 

However, it has been established19
•
20

•
34

•
60

-
64 unambiguously that the following formula by 

Yamaguchi and co-workers, is the most appropriate one for estimating magnetic exchange 

coupling constant of diradicals of organic origin. The formula is written as 

(5.4) 

where EBs and Er denotes the energy of the broken symmetry state and triplet state 

respectively. The quantities (S)Bs and (S)r represent square of the total spin for BS and 

triplet state respectively. 

It is well known that commonly used DFT exchange correlation potentials 

overestimates J values due to the presence of high self interaction error (SIE). To avoid SIE 

problem, hybrid functionals such as B3L YP are used in BS-UDFT calculations, especially 

for spin projected techniques that are used to evaluate J.65
'
66 Based on these molecular 

geometries the corresponding J values of each molecule have been estimated from the single 

point energies of the triplet and BS states. These single point calculations are carried out 

using UB3L YP method with 6-3ll++G(d,p) basis set. To obtain open shell BS singlet 

solution "guess =mix" keyword is used within unrestricted formalism. The BS states for all 

diradicals are stable. All the calculations have been carried out using GAUSSIAN 03~7 
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quantum chemical package. We also have used Hyperchem 7.568 and Molekel 4.069 for 

visualization. 

5.3. Results and Discussion 

In general, aromaticity depends on the topology of the molecules. Above all, a planar 

structure favors aromaticity. Here, we observe that the optimized structures of all the 

heteroverdazyl diradicals are nonplanar. This non planarity of the heteroverdazyls affects the 

aromaticity as well as the magnetic behavior of the diradical. In determining the sign and 

magnitude of J of the diradical the geometry of the spacer between two verdazyl moieties is 

the key factor. 

In this present study, the HOMA values are calculated from the data of optimized 

structures. We have calculated the hitherto undetermined optimal bond lengths (Rapt) and the 

empirical constants a for PO and PN bonds using the experimentally determined single and 

double bond lengths of the PO and PN bonds. For this purpose we have used eq (6), (7), and 

(8) of ref. 38. These values are reported in Table 5.1. The experimental data for single and 

double bond lengths of PO and PN bonds are taken from the work of Hoppe et al. 70 and 

Markovski et al. 71 respectively. 

Table Reference single and double bond lengths and approximate optimal bond length, 

and empirical constant a. 

Type ofbond Rapt a 

PO 1.482 162.59 

PN 1.610 62.5 

#Single bond distance, *Double bond distance, aData from ref. [70], bValues from ref. [71]. 
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It has been observed that the HOMA values for phenylene couplers are higher in 

meta-connected diradicals than that in corresponding para-connected species (Table 5.2). 

This is probably due to the fact that 1r-electron delocalization is lower in para-connected 

diradicals than that of consequent meta-connected one. Therefore, one can easily infer that 

meta-connected couplers (Set-a) are more aromatic than the corresponding para-connected 

couplers (Set-h), that is, the delocalization of 1r-electrons is better among the meta-coupler 

moiety, which favors ferromagnetic interaction between the radical centers attached to the 

coupler due to itinerant exchange, hence, aromaticity favors the ferromagnetic trend. 19
•
64 

Table 5.2. Variation ofHOMA values for couplers and for the whole diradicals at UB3LYP 

level oftheory with 6-31G(d,p) basis set. Here tp1and tp2are the dihedral angles (Scheme 5.1) 

between the two heteroverdazyl moieties with the plane the coupler. 

·-------
HOMAfor HOMAforthe 

Set Diradicals coupler whole diradical 

(la) 0.96488 0.71024 

(2a) 0.96863 0.72301 

Set-a (3a) 0.96822 0.66664 

(4a) 0.96845 0.71712 

(Sa) 0.96515 0.74477 

(lb) 0.95898 0.70706 

(2b) 0.96209 0.72536 

Set-h (3b) 0.96520 0.65616 

(4b) 0.96246 0.73659 

(5b) 0.95807 0.74744 

Dihedral Angle (de g) 

ifJl f./J2 

3.0604 3.0415 

6.2164 9.1013 

86.1027 86.2033 

9.5952 10.0079 

-0.3489 0.3824 

2.4790 2.4776 

0.5116 0.5116 

85.1074 85.1075 

0.8646 0.8633 

0.7353 0.7354 

Average 

3.0510 

7.6589 

86.1530 

9.8016 

0.0168 

2.4783 

0.5116 

85.1075 

0.8640 

0.7354 
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It is established that the unpaired spins of verdazyls are equally distributed among 

magnetic centers comprising of the specified atoms (N2, N4, Nw and N14, Scheme 5.1) of the 

diradicals32 except the diradicals with phosphaverdazyl radical centers which shows the spin 

leakage from the phosphorous atom. In case of phosphaverdazyl diradicals, the spin 

distribution over the specific magnetic centers is unequal. This results in the low J value of 

the diradica1.24
,3

1 The J values are calculated using eq (5.4). We observe that the more 

aromatic meta-connected molecules (Set-a) are ferromagnetically coupled while the less 

aromatic para-connected molecules (Set-h) are antiferromagnetically coupled. The calculated 

J values are reported in Table 5.3. These observations follow same trend as found in previous 

work with different diradicals. 19
'
20

'
33

•
64 A discussion on the magnetic properties of molecule 

l(a) and l(b) is due here. One can easily notice that the molecule (la) is ferromagnetic 

whereas the molecule (1 b) is antiferromagnetic, which strongly contradicts with the reports 

claiming that both the molecules possess triplet ground state with exchange energies in 

excess of 300K.32
•
35

-
37 However, a relatively new experimental study on benzene bridged 

diradicals of very similar structure reveals that the para-connected diradical is 

antiferromagnetic whereas the meta-connected is ferromagnetic one. Our calculation is in 

good agreement with the later observation. This problem was addressed previously in a 

review by Koivisto and Hicks lacking a proper theoretical explanation.32 We unequivocally 

settle this problem here. 

The change in HOMA values with dihedral angle between the spacer plane and that 

of the radical moieties (Table 5.2) of the whole diradical molecule shows that aromaticity is 

highly disturbed in (3a) due to high average dihedral angle. This results in the lowest 

magnetic exchange coupling constant J = 02 cm-1 in diradical (3a). It is also evident that 

diradical (Sa) have highest HOMA value with maximum J = 42 cm-1 (Table 5.3) among the 

ferromagnetic series for having low average dihedral angle between the coupler plane and the 

plane of the radical moieties. In case of diradical (la) and (2a), as the global HOMA 

increases the J value also increases. Among the Set-h diradicals low global HOMA is 

observed for diradical (3b) with very high average dihedral angle. In any case, for all 10 

different bis-heteroverdazyl diradicals, the HOMA values are smaller for the benzene acting 

as a linkage specific coupler between the two radical moieties (Table 5.2) than the HOMA 

value obtained for bare benzene i.e. (HOMA) coupler benzene< (HOMA) bare benzene is observed. 
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Table 5.3. Calculated absolute energies in atomic unit (au), the (S2
) value and intramolecular magnetic exchange coupling constant (J 

in cm.1
) using UB3LYP/6-31G(d,p) and 6-3ll++G(d,p) for different meta-connected (Set-a) andpara-connected bis-heteroverdazyl 

diradicals (Set-b). 

At UB3L YP/6·31G(d,p) level At UB3LYP/6-31l++G(d,p) level 

Diradicals Ess (au) ET (au) J( cm-1
) Efls(au) ET(au) J(cm"1

) 

(S2) (S2) (S) 

(la) -1750.44633 -1750.44659 57 -1750.78001 -1750.78017 35 

1.049 2.050 1045 2.047 

(2a) -1898.47016 -1898.47023 !5 -1898.90690 -1898.90708 39 

1.043 2.049 1.042 2.047 

(3a) -2506.04818 -2506.04834 35 -2506.52823 -2506.52824 02 

1.014 2.014 1014 2.014 

(4a) -2506.17215 -2506.17216 02 -2506.64695 -2506.64714 41 

1.046 2.054 1.046 2.051 

(Sa) -2544.35946 -2544.35978 70 -2544.80009 -2544.80028 42 

1.043 2.049 1.043 2.047 

(lb) -1750.39137 -1750.39105 -71 -1750.44770 -1750.44731 -87 

1.058 2.046 1.055 2.040 

(2b) -1898.47136 -1898.47084 -115 -1898.90810 -1898.90776 -76 

1.053 2.042 1051 2.039 

(3b) -2506.04410 -2506.04405 -II -2506.52368 -2506.52365 -07 

1.013 2.014 l.Ol3 2.014 

(4b) -2506.17349 -2506.17324 -55 -2506.64848 -2506.64814 -75 

1.057 2.046 1055 2.044 

(5b) -2544.36077 -2544.36063 --3 -2544.41592 -2544.41563 -64 

1.050 2.042 1.051 2.041 
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A precise definition of aromaticity is not possible due to its multidimensional 

nature; hence there is no exact scale to measure it. Therefore, we have also calculated 

another aromaticity index NICS to comprehend the aromatic character of all the 

diradicals. Here, NICS(O) and NICS(l) values have been calculated for the phenylene 

coupler in all 10 bis-heteroverdazyl diradicals. Probes (dummy atoms) are placed at the 

centre of the ring to compute NICS(O) values and lA above the ring surface where Tf

orbital density is maximum to get NICS( I) values. 11
-
13 These values are reported in Table 

5.4. Here, we also estimate NICS(O) and NICS(l) values for the bare benzene ring at 

same level of theory. These values are -9.82 and -11.32 respectively. Comparing these 

NICS values ofbare benzene with that of the coupler benzene (Table 5.4), one can very 

easily surmise that (NICS)coupler benzene is less than (NICS)bare benzene· This is also evident 

from HOMA values reported in Table 5.2. It is also to be concluded from Table 5.4 that, 

in every case NICS [NICS(O) and/or NICS(l)] values for the couplers of meta-phenylene 

coupled Set-a diradicals are more negative than their Set-b counterparts, that is, couplers 

of Set-a diradicals are more aromatic than their corresponding Set-b diradicals. These 

results are also in good agreement with the HOMA values (Table 5.2), that means 

HOMA correlates well with NICS.9
•
10 From these results one can also conclude that as the 

couplers of the Set-a diradicals are more aromatic than corresponding Set-b diradicals 

aromaticity of the coupler favors the ferromagnetic trend which has already been 

established from the HOMA analysis. 

Table 5.4. The calculated NICS(O) and NICS( I) values for the all the ten diradicals at 

UB3LYP level oftheory using 6-31G(d,p) basis set. 

Diradicals NICS(O) NICS(1) Diradicals NICS(O) NICS(1) 

1(a) -7.60 -9.72 1(a) -7.59 -9.59 

2(a) -7.90 -9.91 2(a) -7.89 -9.84 

3(a) -8.54 -11.21 3(a) -8.42 -11.18 

4(a) -7.87 -9.88 4(a) -7.86 -9.76 

5(a) -7.98 -10.04 5(a) -7.95 -10.00 
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Here we focus on the spin leakage of phosphaverdazyls. As mentioned earlier, 

Hicks and co-workers31
,3

2 have shown that due to spin leakage, density of electron spin 

on linkage phosphorus atom in (3a) and (3b) diradicals decreases in comparison with the 

spin density found on the linkage carbon atom at the same position of corresponding 

oxoverdazyls (2a) and (2b). A detail analysis of Mulliken spin densities of (2a) and (3a) 

diradicals shows a comparatively lower spin density over the P atom (-0.004048) of the 

phosphaverdazyl (3a) than that over the C atom of corresponding oxoverdazyl (-

0.144519) (2a). At the same time, it is found that nitrogen atoms (N2, N4, Nw and N14 

Scheme 5.1) adjacent toP atom at position X in (3a) and (3b) bears more electron spin 

density than the corresponding nitrogen atoms (N2, N4, N10 and N 14 in Scheme 5.1) 

adjacent to the carbon atom in X position in (2a) and (2b ). In case of (3a) and (3b ), the 

electron spin density is about 050703 on the nitrogen atoms N2, N4, N 10 and N14 (Scheme 

1) while on the corresponding nitrogen atoms in molecules (2a) and (2b), the electron 

spin density is about 0.37912. The overall average spin density on N atoms (N2, N4, N10 

and Nt4) is lower in case of (3a) and (3b) diradicals than that in case of (2a) and (2b) 

diradicals respectively. We notice that this spin delocalization effect is more clearly 

observable if one carries out simulations using diffused basis set. Incase of diradical (3a), 

we get a lower value of J from the calculations carried out using more diffused basis set 

6-311 ++G( d,p) than that obtained from the calculations carried out using 6-31 G( d,p) 

basis set. For the same reason, in case of (3b) the J value obtained from the calculations 

using 6-311 ++G(d,p) is higher than that obtained from the calculations using 6-31G(d,p) 

basis. 

So far a quantitative estimation of aromaticity of the diradicals and its effect on 

magnetic exchange has been discussed. However, we reach at a very similar qualitative 

conclusion about the state of magnetism of the diradicals using spin alternation rule, 

which is essentially based on Hund's rule72
'
74 The presence of even number of bonds 

between the two magnetic centers gives rise to ferromagnetic interactions but 

antiferromagnetism arises in case of odd number of bonds. 19
'
20 The existence of 

apparently two different spin polarization paths, presence of heteroatom in the spinning 

path and non planarity of the system makes the prediction of magnetic characteristics of 

molecular systems a tricky job.74 However, Ali and Datta have explicitly shown that 
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usmg spin alternation rule qualitative prediction of magnetic characteristics of any 

diradical system can be given satisfactorily, 19
•
20 provided one takes into account of the 

fact that nitrogen, oxygen, sulfur like heteroatom may contribute two n-electrons 

depending on the bonding pattern, nature and topology of the coupler moiety. 19 In our 

present chapter, we explicitly show that according to the spin alternation rule molecules 

of Set-a, which are essentially m-phenylene coupled diradicals, give ferromagnetic 

interaction with positive J value and those of Set-b, that is p-phenylene coupled diradicals 

(Scheme 5.2), shows antiferromagnetic interaction with negative J value. The same can 

also be established by spin density plots (Figure 5.2). This estimation is supported by the 

results of our calculations as discussed earlier. 

Scheme 5.2. Schematic representation of the ground spin states and the nature of the 

magnetic exchange coupling on the basis spin alternation rule for different linkage 

specific phenylene bridged bis-heteroverdazyl diradicals. 

(la) (lb) 

(2a) (2b) 
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(3a) (3b) 

(4a) (4b) 

Q n r N-Nt t t tN-N 
I ')LQ-,t t +~ t:' \ s=c i ~ ;, \ c=s 
\ / \\ ;, "· I 

o~· ,_o 
(Sa) (Sb) 

On the basis of all valence electron independent particle model on benzyne and 

diradicals Hoffmann et al. have suggested that if the energy difference between two 

consecutive SOMOs is less than 1.5 e V parallel orientation of spins occur.75 In another 

study, Constantinides et al. 76 have showed that for 4mr antiaromatic linear and angular 

polyheteroacenes Mss value will be greater than 1.3 e V, resulting in antiparallel 

orientation of spins. Using DFT calculations, however, Zhang et al.77 have shown that the 
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magnetic characteristics of a molecule are not explicitly dependent on the critical value of 

!lEss rather it is different in different cases. We find that for the ferromagnetic diradical 

series (Set-a) the calculated J values decreases as the Mss values increases, where both 

of the quantities (J and Mss) have been calculated using 6-31G(d,p) basis set at the 

(la) (lb) (2a) 

(2b) (3a) (3b) 

(4a) (4b) 5(a) 

(Sb) 
Figure 5.2. Spin density plots for different phenylene bridged bis-heteroverdazyl 

diradicals (Set-a and Set-b). Purple color indicates a-spin and green color indicates /]

spin respectively. The cut offvalues for this all 10 figures were 0.0004. 
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UB3L YP level of theory. The highest J value is obtained for diradical (Sa) with the 

lowest value of Mss. On the other hand, the lowest J with highest Mss is obtained in 

case of diradical (4a). In case of diradical (2a), (3a), and (4a), as Mss value decreases 

down the series the J value increases (Table 5.5). These observations prove that our 

calculations agree with the Hay-Thibeault-Hoffmann (HTH) formula78 for the singlet

triplet energy gap in weakly coupled binuclear metal complexes. This observation is also 

in accordance with other previous theoretical work 19
•
20

·
34

•
63

•
64 

l(a) [Disjoint] 2(a) [Disjoint] 

3(a) [Disjointl 4(a) [Disjoint] 

S(a) [Disjoint] l(b) [Nondisjoint] 
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2(b) [Nondisjoint] 

.!- J ., . ~ 
,.~ 

J _d 

4(b) [Nondisjoint] 

3(b) [Nondisjoint] 

S(b) [Nondisjoint] 

Figure 5.3. The triplet disjoint and triplet nondisjoint sets ofSOMOs for Set-a [l(a), 2(a), 

3(a), 4(a) and 5(a)] and set-b [l(b), 2(b), 3(b), 4(b) and 5(b)] bis-heteroverdazyl 

diradicals. The diagrams are generated from the results of the calculation carried out 

using UB3L YP level of theory and 6-31 G( d,p) basis set The cut off values for this all 10 

figures were 0.0004. 

The shapes of the SOMOs (Figure 5.3) play a major role determining the 

magnetic properties of the diradicals. We find that the SOMOs are disjoint (atoms are not 

common) for Set-a diradicals and nondisjoint (atoms are common) for Set-b diradicals. 

As a consequence, the diradicals of Set-a are ferromagnetic and that of Set-b are 

antiferromagnetic. These observations are also in tune with the previous studies19
'
64 as 

well as with our present numerical calculations. 

We investigate the energy difference between the highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy gap of all the 

lO molecules (Table 5.6). The HOMO-LUMO energy gap determines the fate of 
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numerous chemical reactions.79 Consequently HOMO--LUMO energy gap is used as a 

simple indicator of kinetic stability. If the energy gap is high, it signifies high kinetic 

stability as well as low chemical reactivity and hence more aromatic.80 The energy gap 

also corresponds to the chemical hardness of the molecule.81 From Table 5.6, it is evident 

Table 5.5. Absolute energies of SOMOs in atomic unit (au) and their differences in 

electron volt (e V) along with the J values (in cm-1
) for different bis-heteroverdazyl 

diradicals (Set-a and Set-b). All calculations are done using UB3L YP level of theory with 

6-31G(d,p) basis set. 

Diradicals Es(l) au Es(2) au AEssineV J(cm-) 

(la) -0.16661 -0.16658 0.00082 57 

(2a) -0.19242 -0.19133 0.02966 15 

(3a) -0.20213 -0.20170 0.01170 35 

(4a) -~0.18867 -0.18715 0.04136 02 

(5a) 19915 19913 0.00054 70 

(1 b) 16729 -0.16660 0.01878 -71 

(2b) -0.19262 -0.19161 0.02748 -115 

(3b) -0.20117 --0.20030 0.02367 --11 

(4b) -0.18814 -0.18715 0.02694 -55 

(5b) -0.20003 -0.19891 0.03048 -31 

that all the Set-a diradicals have higher HOMO-LUMO energy gap than the 

corresponding antiferromagnetic Set-b series, which implies that the ferromagnetic Set-a 

diradicals are kinetically more stable, that is, chemically less reactive and more aromatic 

in comparison with the corresponding Set-b diradicals. It is also known that the 

molecules having HOMO-LUMO energy gap of the order of 1.59-3.18 eV can be 

suitable candidates for optoelectronic devices. 82 In that respect, more judicious designing 

of molecules may come up with good candidates for such applications. We hope to report 

such molecules in near future. 
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Table 5.6. The HOMO and LUMO energies in atomic unit (au) and their difference in 

electron volt ( e V) for different bis-heteroverdazyl diradicals at UB3L YP level of theory 

with 6-31G(d,p) basis set. 

Set Diradicals EHoMo in au EruMoinau 11EH-L in eV 

(la) -0.16658 -0.02665 3.80772 

(2a) -0.19133 -0.05166 3.80064 

Set-a (3a) -0.20170 -0.06673 3.67275 

(4a) -0.18715 -0.03821 4.05290 

(5a) -0.19913 -0.06728 3.58785 

(lb) -0.16660 -0.03767 3.50839 

(2b) -0.19161 -0.06389 3.47547 

Set-h (3b) -0.20030 -0.07653 3.36798 

(4b) -0.18715 --0.05006 3.73044 

(5b) -0.19891 -0.07854 3.27546 

Table 5.7. Ground state energies ofheteroverdazyl diradicals determined from the results 

of single point UB3L YP/6-311 ++G( d,p) calculations. 

Set-a ETinau Set-b Estimated Es in au 

(la) -1750.78017 (lb) -1750.44810 

(2a) -1898.90708 (2b) -1898.90841 

(3a) -2506.52824 (3b) -2506.52371 

(4a) -2506.64714 (4b) -2506.64882 

(5a) -2544.80028 (5b) -2544.41621 
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We have compared the ground state stability of the two different types of 

diradicals (Table 5.7). In general, ferromagnetic diradicals show grater stability than their 

antiferromagnetic counterparts. However, a little bit of over estimation of the energy 

value of the singlet state (Es) is observed in two cases. Nonetheless, the estimated Es 

values for Set-h diradicals are lower than the respective computed triplet state energy 

values (Er ), that is, singlet ground states for Set-h diradicals are confirmed. 

5.4. Conclusions 

This chapter presents a theoretical study of correlation between structural 

aromaticity index HOMA and intramolecular magnetic exchange coupling in m

phenylene and p-phenylene coupled bis-heteroverdazyl diradicals. The HOMA index 

which depends on the structure the molecules is estimated for the whole diradical 

molecules and their aromatic coupler fragments to show how intramolecular magnetic 

interaction is dependent on the aromatic character of the diradical. The HOMA values 

suggest that increase of aromaticity is associated with the enhancement of 

fen·omagnetism, that aromaticity favors ferromagnetic trend in such systems. It can be 

observed that low HOMA value is observed in case of diradical (3a) and (3b), where spin 

leakage is prominent. Resembling structural aromaticity index HOMA, the magnetic 

aromaticity index nucleus independent chemical shift (NICS) also shows that the 

ferromagnetism is instigated by the aromaticity of the coupler of the diradicals. 

this chapter we find, Set-a diradicals are ferromagnetic as 

diradicals are antiferromagnetic in nature. The exchange-coupling interactions are mainly 

transmitted through conjugated ;r-electron system as observed and justified by other 

authors. 19
,
20

,
34

'
41

'
42

'
44 We also show that the low J values for bis-phosphaverdazyl 

diradicals are due to the spin leakage27
'
34 from the phosphorus atom to the spin bearing 

nitrogen atom of phosphaverdazyl radical center. Here, the effective spin transmission is 

clearly represented from the strong spin density alternation pattern (Figure 5.2), as 

obvious from the MO analysis. For each species, a qualitative relation between SOMO

SOMO energy gaps with J values has been made. The shapes of SOMOs also play a 
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function to predict the state of magnetism (Figure 5.3). One also observes that the 

variation of average dihedral angles of the radical centers with the coupler plane 

determines the magnitude of J values. The kinetic stability as well as low chemical 

reactivity of Set-a diradicals than those of Set-b diradicals has been discussed in light of 

HOMO-LUMO energy gap. Finally, the ground state stability ofthese diradicals has also 

been investigated. 

This work has been published in The Journal of Physical Chemistry A (Ref. 83). 
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Chapter 6 

Photoresponsive Magnetic Crossover 

In this chapter we present density functional theory based calculations on 6 diradicals in 

which imino nitroxide (IN) and IN or oxo- or phospha-verda:zyl radical centers are linked by 

fragments of structures called cyan, blue and green fluorescent protein respectively. The 

photoinduced cis-trans isomerization of these diradical substituted chromophores is 

accompanied by changes from antiferro- to ferro-magnetic spin coupling on the radical 

centers. Moreover, upon irradiation with light of appropriate wavelength, the dark trans 

diradicals turn into their fluorescent cis isomers. Therefore, photoinduced magnetic 

crossover from antiferromagnetic to ferromagnetic regime associated with the change in 

color would be noticed in all three cases. This is a novel observation in case of the systems 

green fluorescent protein chromophore and its variants. The change in color associated 

magnetic crossover for these diradicals increases their suitability as biological taggers. 



6.1. Introduction 

Photoresponsive green fluorescent protein (GFP) and its various mutants have been 

extensively used in biotechnology as well as in elemental and applied science research. GFP 

is stable and fluoresce at least up to 65°C temperature, which was first isolated in 1962 by 

Shimomura and co-workers from Aequorea Victoria jellyfish.1 It is known to be responsible 

for the green bioluminescence ofthe jellyfish.l,2 Aequorea GFP was the first such fluorescent 

protein for which the gene was cloned? GFP is widely used to study the protein dynamics in 

living cells, in fluorescence microscopy, as a reporter gene, as a tagger in cellular biology 

and biotechnology, in transgenic plants, to study fungal biology, for protein localization in 

bacteria, to study embryos, as a vital marker in mammalian cell, in gene therapy, imaging 

biochemistry in vivo, visualizing chromosome dynamics, lighting up the cell surface, and so 

on, as been nicely discussed in the comprehensive review of Zimmer.4 Different 

transgenic living fluorescent species have also been developed using GFP.5 Recently, it has 

been discovered that the GFP can act as light induced electron donors in photo biochemical 

reactions with various electron acceptors.6 There are many other uses of GFP out side the 

laboratory.7 Moreover, National Aeronautics and Space Administration (NASA) have 

developed a GFP Imaging System (GIS), a controlled nondestructive analytical tool to judge 

the status of a target organism stellar objects. This device is likely to revolutionize space 

biological research by eventually eliminating the resource intensive requirement to return 

biological materials to earth for post flight analysis. This advanced technique can be applied 

to a host of model organisms engineered with the GFP gene construct including plants, 

microbes, and nematodes. 8 

The chromophore of GFP is a p-hydroxybenzylidene imidazolinone derivative (p-HBI) 

formed by self-catalyzed covalent modification of Ser65-Tyr66-Gly67 residues.4 

Spontaneous rearrangement and oxidation of Ser-Tyr-Gly residue is the source of 

fluorescence in GFP. The crystal structure study of GFP shows that it contains a unique 11-

strand ~-barrel fold structure with a central helix containing the fluorophore which plays a 

significant role in its fluorescence properties. With relatively small molecular mass (27 kDa), 

the thermostable GFP composed with 238 amino acids can tolerate both N- and C-terminal 
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protein fusion? When the fluorophore is irradiated with ultra violet (UV) or blue light it 

emits green light.2
,4 Aequorin, which is a luciferase, contains coelenterazine the luciferin, and 

GFP are the two proteins which are involved in bioluminescence in wild Aequorea jellyfish. 

Aequorin binds with three calcium ions to oxidize coelenterazine to form Ca3-apo-aequorin

coelenteramide complex which in vitro emits blue light. Instead of giving blue 

bioluminescence the aequorin complex in vivo undergoes radiationless energy transfer to 

GFP which then gives off green fluorescence. 4 Once excited by light of 488-nm wavelength, 

it undergoes repeated cycle of fluorescent emission i.e., "blinking" for several seconds. This 

behavior indicates that it can act as an optical storage material, molecular photonic switch or 

fluorescent marker.9 To change the photophysical features, several mutants of GFP have been 

designed by genetic engineering and some of them are already synthesized and characterized. 

Three different isomers of dimethyl derivative of GFP chromophore o-HBDI, p-HBDI and 

m··HBDI have been synthesized and characterized.10
'
11 Chromophores of GFP (Ser65-Tyr66-

Gly67) analogue are obtained from similar chemical modification with the only difference is 

that they are formed with other tripeptide chains. Replacing Tyr66 with Trp-, His-, Phe

residues (i.e., triptophan, histidine or phenylalanine) one can get different blue shifted 

variants of GFP such as, cyan fluorescent protein (analogue of Y66W GFP i.e., CFP), blue 

tluorescent protein (analogue ofY66H of GFP i.e., BFP), and BFPF (analogue ofY66F GFP) 

respectively. Thus, when indolyl or imidazolyl or phenyl ring replaces the phenol of GFP 

moiety, a blue shifted fluorescence is observed; in spite of low quantum yield these mutants 

perform multidimensional biological applications. All these above mentioned synthetic 

chromophores undergo photochromic cis/trans isomerization upon irradiation. However, it is 

to be noted here that Matsuda and co-workers12 have also isolated and characterized various 

photochromic spin couplers. Theoretically, Ali and Datta have investigated the 

photomagnetic behaviour of nitronyl nitroxide, imino nitroxide and verdazyl derivatives of 

substituted pyrene and found that magnetic coupling constants changed their magnitude 

when exposed to electromagnetic radiation of right frequency. 13 In a recent work, it has been 

shown that photochromic antiferromagnetic to ferromagnetic crossover occurs in organic 

magnetic entity when exposed to light of suitable wavelength.14 This leads us to focus on the 

design and investigation of magnetic systems with synthetic analogue of GFP and its 

different photochromic variants, where photoresponsive antiferromagnetic to ferromagnetic 

crossover occurs. These prospective biocompatible diradicals undergo magnetic crossover 
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along with change in color, as a result they are likely to be more useful in different in vivo 

treatments as already discussed. As substituted dark nonfluorescing trans GFP chromophore 

converts into its bright fluorescing cis isomer when exposed to light, 15 GFP coupler can be 

suitably crafted between two radical centers so as to produce a photochromic and photoactive 

reversible diradical which can undergo magnetic crossover with irradiation of light of 

appropriate wavelength. 

Scheme 6.1. Photoinduced conversion of diradicals from trans isomer to cis isomer, where 

GFP chromophore and its variants are used as couplers. Here, T and ([J are the two 

stereochemically relevant dihedral angles. 

A., hours 

Trans (E) (a) Cis (Z) (b) 

X= 

1 2 3 
H 

/ 
N-rJ 

R1 
;/' '• ff< )=o 

H f\.1-N . \ 
H 

Iminonitroxide Oxoverdazyl Phosphaverdazyl 

120 



In GFP like chromophores, generally the cis isomer possesses lower energy than the 

corresponding trans form. 16 The cis and trans isomers of synthetic analogues of GFP and 

BFPF are characterized by the rotation of symmetrical phenol and phenyl rings around <p, but 

in case of CFP, the presence of asymmetric indolyl ring disrupts this symmetry of rotation 

(Scheme 6.1 ). Both the cis CFP and trans CFP chromophores are characterized by two 

energy minima. 15 Here, in this study we take more stable trans CFP configuration as well as 

its cis form. Radicals of imino nitroxide (IN) family are known to be stable and they are also 

used to design molecular magnets.17 Nearly planar or planar verdazyl molecules are attractive 

alternative to nitroxides as through space interactive building blocks.18 In this chapter, we 

design six diradicals with GFP chromophore and its variants (i) CFP as a coupler with two IN 

moieties act as radical centres in diradicals 1 a and 1 b; (ii) BFPF as a coupler with 

oxoverdazyl and IN moieties are the two different radical centres as in diradicals 2a and 2b; 

and (iii) dimethyl substituted synthetic GFP chromophore (p-HBDI) as a coupler with 

phosphaverdazyl and IN moieties are two different radical centres as in diradicals 3a and 3b 

(Scheme 6.1 ), and predict the photoinduced magnetic behaviour therein. Among these 

molecules la, 2a and 3a are the trans isomers, whereas lb, 2b and 3b are their corresponding 

cis forms respectively. 

6.2. Theoretical Background and Methodology 

The interaction between two magnetic sites 1 and 2, 1s generally expressed by the 

Heisenberg spin Hamiltonian 

(6.1) 

~ ~ 

where S1 and S2 are the respective spin angular momentum operators and J is the exchange 

coupling constant. The positive sign of J signifies the ferromagnetic interaction while the 

negative value indicates the antiferromagnetic interaction. For a diradical containing one 

unpaired electron on each site, J can be represented as 

E(S=l)- E(S=O) = -2J. (6.2) 
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Due to spin contamination, the single determinantal wave function cannot satisfactorily 

represent a singlet state of a diradical in the unrestricted formalism. To overcome this 

problem one may prefer multiconfigurational approaches to obtain pure spin states. However, 

these methods are resource intensive and not being used in this chapter. Broken symmetry 

(BS) approach given by Noodleman 19 in DFT framework is an alternative route to evaluate J, 

which is more effective due to less computational effort. BS state is an artificial state of 

mixed spin symmetry and lower space symmetry. The BS solution is often found to be spin 

contaminated, and using spin projection technique one can overcome this problem. 

Depending on the extent of magnetic interaction between two magnetic sites, many 

researchers have developed diverse formalisms to assess J using unrestricted spin polarized 

BS solution. 19
-
25 The equation for evaluating J proposed by Ginsberg,20 Noodleman21 and 

Davidson22 is applicable when interaction between two magnetic sites is small. On the other 
n M hand, the expression given by ot::JrlclJm co workers and Ruiz et aL, is applicable for 

large interaction. Nevertheless, the eminent expression given by Yamaguchi25 is relevant for 

both strong and weak overlap limits. Following the well established and widely applied 

method, 13
•
26 we use the Y amaguchi25 formula for evaluation of J value in this chapter, which 

is given by 

(6.3) 

where, E88 , EHs and (S2)Bs, (S2)Hs are the energy and average spin square values for 

corresponding BS and high spin states. 

It is necessary to say that, in this chapter, we have used a simple and widely employed 

approximation to estimate the spin state preference. An estimate of the open shell singlet 

energy is obtained by broken symmetry wave functions using unrestricted formalism. It is 

widely accepted that this produces an equal mixture of singlet and triplet states. However, 

Neese27 has advocated over the fact that these states are not equally mixed as it thought to be. 

Moreover, projection of the triplet leaves a singlet component. For diradicals, (S2
) = 1 
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represents pure BS state. The singlet states are spin contaminated in DFT formalism, and the 

MOs are not optimized for an open shell singlet. The MOs are optimized for the triplet and 

these are used to estimate the BS state, as a result, this calculation tends to be biased in favor 

of the triplet. Here, we estimate the singlet and triplet weightage in the computed BS 

solutions for each diradical. Another point needs to be noted here that, in molecular level a 

quantitative calculation of first and second energy derivatives, which are influenced by spin 

contamination is of significant interest. Recently Yamaguchi and co-workers28 have used a 

new method to avoid such spin contamination from geometry optimization using 

approximate spin projection (AP) procedure, but this procedure is resource intensive and not 

being employed in the chapter. 

Generally, in any photoinduced process it is necessary to know the excitation energy. In 

GFP chromophores and its variants, the excitation would take place from bonding to 

anti bonding rc orbitals. Here, we calculate electronic excitation energies with time-dependent 

density functional theory (TDDFT) which is essentially a DFT analogue of time dependent 

Hartee-Fock (TDHF) approach using B3L YP functional with 6-31G(d,p) basis set. In 

TDDFT the fundamental variable is time dependent density and exchange correlation 

potential describes many body interactions.29 TDDFT in early days is considered only for the 

closed shell molecules by describing singlet-singlet or singlet-triplet excitation dominated 

by single electron excitation. Recently it has been shown that TDDFT is also useful to 

estimate excitation energies of open shell molecules.30 However, in any photoinduced 

process, rc~ rc* transition energy can be calculated through time dependent perturbative 

technique. It is known that there arise inherent errors due to "near triplet instability" in 

prediction of transition energy through time dependent Hartree-Fock method (TDHF)?1 

Hartee-Fock (HF) based single excitation theories, configuration interaction singles (CIS) 

method, have many similarities with TDHF method. CIS avoids the problem of "near triplet 

instability" error as it is not a response theory method, even though its results are not precise 

enough as evident in numerous applications. Many post Hartree F ock ab initio methods are 

free from such errors; however, being computationally expensive not been employed in this 

chapter. On the other hand, TDDFT is more robust than TDHF and CIS, and known to 

produce minimal "near triplet instability" error,32 hence, the TDDFT method is used in this 
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chapter to calculate excitation energies. The TDDFT method is based on the dynamic 

polarizability a (OJ) of a system which has poles at frequencies analogous to its transition 

energies. Obtaining the frequency dependent polarizability from TDDFT calculations and 

substituting it in the relation 

(6.4) 

one can get oscillator strength (fi) and excitation frequency (m1) respectively?1 In this 

chapter, we calculate 1r~1l* transition energies for all substituted trans fluorescent protein 

chromophores following the method mentioned above. 

6.3. Results and Discussion 

In this chapter, the molecular geometries of all six molecules have been fully optimized 

by hybrid exchange-correlation functional B3LYP using 6-31G(d,p) basis set within the 

unrestricted formalism. The optimized geometries are shown in Figure 6.1. Based on these 

molecular geometries the corresponding J values for each molecule have been estimated 

from the energies of the triplet and BS states at same level of theory. To obtain open shell BS 

singlet solution "guess =mix" keyword is used within unrestricted formalism. The BS states 

for all six diradicals are stable. To confirm the stability of BS solution, we follow the 

procedure developed by Bauemschmitt and Ahlrichs,33 which is an extension of the SCF 

analysis given by Cizek and Paldus?4 This has been implemented in this chapter by 

using "stable" keyword. All the calculations have been carried out using GAUSSIAN 03W35 

quantum chemical package. 

The cis isomers of these chromophores are known to possess lower energy than 

corresponding trans isomers or zwitterionic species either in gas phase or in solution.4
'
15 In 

the optimized structures (Figure 6.1) ofthe trans diradicals (la, 2a, 3a), the atoms containing 

the unpaired spins and the couplers are in the same plane. The trans diradicals have singlet 

ground state, so the polarization of spin in the high spin state of these molecules through the 
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fluoro protein couplers is blocked and hence antiferromagnetic behaviour is observed in such 

cases (Figure 6.2), this is also in good agreement with spin alternation rule?6 On the other 

hand, in cis diradicals ( 1 b, 2b, 3b ), the radical centres are slightly out of plane with a very 

low dihedral angle (q; = 1.07°, -2.76° and -2.71 o and r = 0.27°, -0.74°, -0.63° for diradicals 

Diradical 1 (a) Diradi cal 1 (b) Diradical 2(a) 

Diradical 2(b) Diradical3(a) Diradical 3(b) 

Figure 6.1. The optimized geometries three trans la. 3a) diradicals and their 

corresponding cis forms (lb, 2b, 3b) with different GFP variants (CFP, BFPF and p-HBDl 

respectively) as coupler from UB3LYP/6-31G(d,p) calculations. The carbon atoms are 

represented in grey, nitrogen in blue, oxygen in red, phosphorus in orange, and hydrogen in 

white respectively. 

lb, 2b, 3b correspondingly). The dihedral angles q; and r are shown in Scheme 6.1. 

Moreover, in the cis forms radical centres are also closer in space compared to that in the 

trans diradicals. Proximity of the radical centres in cis isomers facilitates direct exchange, 

125 

I 

I 



which usually favours the ferromagnetic coupling. 14 As a result, c1s diradicals show 

ferromagnetic behaviour with the triplet ground state. The spin alternation rule is less 

pronounced in these cases where the radical sites are close to each other, 14 which is also 

obvious from spin density plots (Figure 6.2). 

We have calculated the value of J for all three systems in the cis and trans forms. The 

energy and (S2
) values for both triplet and BS states are reported in Table 6.1. Here, the J 

values of all three species in the trans forms are negative, but in the case of cis forms, J 

values are positive. Thereby from the point of view of basic principles of magnetism one may 

note that all trans forms have spins with opposite orientations in two spin sites and similarly 

all cis forms have spins with same alignments in two radical centers, i.e., antiferromagnetic 

and ferromagnetic situations in respective cases being observed. This is also obvious from 

Diradical (la) Diradical (lb) Diradical (2a) 

Diradical (2b) Diradical (3a) Diradical (3b) 

Figure 6.2. Spin density plots for the diradicals in their triplet states; green color indicates up 

spin and red color indicates down spin. 
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spin density maps in Figure 6.2. As a result, a magnetic crossover from antiferro to ferro 

would be noted in all three cases when the trans isomers are subjected to photoisomerization. 

It is also to be noted that, potential energy of a diradical system has two wells corresponding 

to the two stable orientations of the magnetism. In case of conventional magnetic reversal by 

applying magnetic field one of the two wells become metastable when small field is applied. 

At a particular field, whose frequency matches the precision frequency of the magnetization 

called the switching field, the energy can be pumped into the system and the energy barrier 

between the two wells vanishes, as a result magnetization reverses. This magnetic field 

induced magnetization reversal in magnetically active materials is a fundamental issue 

many applications and it is difficult to implement as it requires very high field gradient. 

the other hand, photoinduced magnetic crossover is easy to implement and expected to find 

wide applications. The cis and trans forms of GFP chromophore and its variants 

different absorption spectra and these two forms can be converted to each other their 

structures and physical properties can change when exposed to proper electromagnetic 

radiation. Since the trans form of all the diradicals are dark, upon irradiation of light of 

suitable wavelength on the dark trans isomers corresponding bright fluorescing cis forms 

(cyan, blue and green colors for diradicals lb, 2b and 3b respectively) are obtained.2'
15 As a 1 

result, here we observe different states of magnetism with different colors, that is, it is easy to 1 

understand the magnetic property of these six diradicals by visual inspection even without 

evaluating coupling constants. I 

The photoisomerization from diradical (a) to diradical (b) [in every case (1-3)] is 

initiated by n-+rc* transition energy, hence, we calculate the transition energies for trans 

isomers of each diradical. The experimentally observed excitation peaks for neutral bare 

couplers in la, 2a and 3a diradicals are 436 nm, 360 nm, and 399 nm respectively.2 

Transition energies obtained by TDDFT method are known to be less dependable due to spin 

contamination. 38 However, many authors have found good agreement between calculated 

transition energies and experimental values using TDDFT methods?9
,4° Thus, it has been 

prudently surmised that TDDFT calculations for open shell molecules are very reliable to 
I 

explain experimental results even it lacks a solid theoretical background.39 In our TDDFT 
I 

calculations for diradicals 1-3 (Table 6.2), we get reasonable agreement with previous 
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experimental results for the respective chromophores? Hence, upon irradiation with light of 

360-390 nm wavelengths the trans isomers would be converted into their corresponding cis 

forms, as a consequence structural isomerization with magnetization reversal from antiferro 

to ferro associated with change in colors would be observed. It is apparent from other 

works2
,4 that electronic transition in the GFP like chromophores leads to fluorescence decay. 

Therefore, it may be argued that in the present case even if a part of the excited molecules 

fluoresce through S 1~So transition, a sizable amount may undergo intersystem crossing 

(ISC) to the triplet T 1 state which eventually decays energy via nonradiative pathways. A 

general schematic representation of the photoresponse for all of our designed diradicals is 

given in Scheme 6.2. 

Table 6.1. UB3L YP level absolute energies in au, (:!), and exchange coupling constants 

cm-t), using 6-31 G{ d,p) basis set for trans and cis forms of all diradicals. 

Diradicals At UB3L YP/6-31G(d,p) level 
Energy( au) <fl> J(cm-) 

-------·-·-
la Triplet 657.61021 2.032 -20 

BS 657.61030 1.034 

lb Triplet -1657.61180 2.032 9 

BS -1657.61176 1.032 

2a Triplet -1438.97996 2.050 -2 

BS -1438.97997 1.046 

2b Triplet -1438.98505 2.052 35 

BS -1438.98489 1.046 

3a Triplet -1817.99078 2.025 -15 

BS -1817.99085 1.025 

3b Triplet -1817.99461 2.027 13 

BS -1817.99455 1.028 
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Table 6.2. The Jr-Hr* transition energy values, estimated wave length aAexc in trans diradicals 

at UB3LYP (TDDFT) level using 6-31G(d,p) basis set, bAexc is the experimental value for 

bare coupler from ref. 15(a). 

Diradicals En in au En* in au Transition Estimated a Aexc Experimental 
energy in eV for diradicals in b Aexc for bare 

nm couplers in nm 

1a -0.19374 -0.07620 3.1985 387 436 

2a -0.21580 -0.09002 3.4227 361 360 

3a -0.21349 -0.08939 3.3770 366 399 

Scheme 6.2. A general schematic representation of the photoresponse for all of our designed 

are singlet electronic ground state, singlet electronic 

excited state and triplet electronic excited state respectively. ISC represents intersystem 

crossing. 
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The up-spin density on both radical sites is intense as obvious from spin density plots 

(Figure 6.2), hence spin-up electrons will go through the molecules from one magnetic sites 

to another when bias is applied, whereas the propagation of spin-down electrons are 

129 



blocked.41 Using GaussSum v. 2.1 software,42 the density of states (DOS) plots (Figure 6.3) 

are evaluated from the output file of population analysis obtained using Gaussian 03W?5 

From DOS plots one can find very easily that the spins are highly polarized at Fermi level in 

bright ferromagnetic cis · diradicals, whereas in case of dark trans diradicals no such 

polarization is observed. Thus ferromagnetic cis diradicals can show spin valve effect, that is, 

the majority spins are conveyed only in one direction when bias is applied.41 It is also noted 

that in case of diradicals lb and 3b, theft-HOMO is located above the Fermi level. This 

observation is due to non-Aufbau occupation of molecular orbitals (MOs) in these cases. 

Non-Aufbau behavior is experimentally and theoretically supported by Westcott et al.43 

Aufbau principle can also be violated due to delicate balance between promotion energies, 

coulomb repulsions and exchange interactions. 

0.8 

0.6 . 

0.2 

0 

-0.2 

-0.4 

-0.6 

-o.a 

Diradicall(a) 

Alpha DOS spectrum 
Beta DOS spectrum 

Total DOS spectrum <scaled by 0.5) 
Alpha Occupied Orbitals 

Alpha Virtual Orbitals 
Beta Occupied Orbitals 

Beta Virtual Orbitals 

-i L-------~--~---L------~----~--L-------~------~--------L-----~ 
-6 -5.5 -5 -4.5 -3.5 -3 -2.5 -2 

130 



Diradical 1 (h) 

1 r-~----~----TC<---r--------,---------r-------~r-------~------~cr-,--~--. 
/1, ir ~\ill Alpha DOS s~ectr•Jl., --f\-
11 ~ 1"•1 1'

1

.,·.''\

1 

i'·,··,: Beta DOS s~kctr~~ =$="" . 

I 
, 

1 
Total DOS spectrurn (scaled ':! O.~i ·· 

~ 
Alpha Occupied 0 J::lita~") 

,1, \II ~!~~ 0~~~~~=~ %-~~ ~~~~ fF 
0.8 

0.6 Beta Virtual orblft~lsl r' I 
0

•
4 '~r\l ,' ., 1 ~~ !,t'~;~ .. _lt"~\l~,i\\ 

I) I 11,1 I\ /[.'1 il I, 1,', ill' \ I '\ 
'1 1/ '\\ '! II I_ 1'-1 l 

0.2 l'i I, Jl·'' '•) I, ,._ '.r .,, ii , ' '\1 l :l 1!': \l f ~ 
r.1 ·~, 1/ 1

• 1i ,i l '1 \.·i ;··. \~ 
8 '• i' ~ ! • \ •!, 1,,· .,, , , 'I :::: 'lu ~ ' ~ --~ - - --- -~ "-

-0.6 

1

1 II 
II -·1 '---'-----'l---!--'---'-------'------L-----'------'-------L--~--' 

-6 -5.5 I -5 

EF 

1 

0.8 

0.6 

().4 

() .., 
•"-

0 

-0.2 

-().4 

-().6 

-0.8 

-:1 

-4.5 -4 -3.5 -3 -2.5 -2 
Energ~ <eV) 

Diradical2(a) 

Total 

Alpha DOS spectnf~- --.. 
Beta DOS spectr , ·-

DOS spectr·urn <scaled by o ·! 
Alpha Occupied Orbita -

Alpha Virtual Orbita 
Beta Occupied Orbit~l , ----" 
Beta Virtual Orbit~lsJ 

I , 
I I 
I I 
i ! 

-6 -5.5 -5 -4.5 -4 

Energy (eV) 

-3.5 -3 -2.5 -2 

131 



Diradical 2(b) 
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Diradical3(b) 
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Figure 6.3. DOS vs energy plots for antiferromagnetic trans (la, 2a and 3a) and their 

respective ferromagnetic cis (lb, 2b and 3b) isomers, consequent Fermi levels are indicated 

as 

A discussion on estimated singlet and triplet weightage for each diradicals is due 

here. These estimated values are given in Table 6.3. For this calculations, in pure state, we 

take the broken symmetry wave function, If/ 85 = m I,Vff5 + n I,V:s, where 1,Vff5 and I,V:s singlet 

d . 1 fi - d 2 " l . - 2 " l Al an tnp et component unctwns, an m ;::;; n· = - , that 1s, m + nk = _ . so 
2 

1 
) BS' SO 

2 

that, m 2 == l-_!_(S2
) 85 • It is obvious from Table 6.3 that for both ferromagnetic and 

2 

antiferromagnetic species the triplet weightage is greater in every case as also obvious from 

the work of Datta and co-workers.45 
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Table 6.3. Percent net weight of singlet and triplet components in the computed BS 

Solution, using 50(S)ss and Singlet weightage = 100 - Triplet weightage. 

Diradicals 

la 

lb 

2a 

2b 

3a 

3b 

Singlet% Weightage 
(100m2

) 

48.30 

48.40 

47.70 

47.70 

48.75 

48.60 

Triplet % Weightage 
(100n2

) 

51.70 

51.60 

52.30 

52.30 

51.25 

51.40 

We have compared the ground state stability ofthe cis and trans forms of these fluoro 

coupled diradicals. Commonly, ferromagnetic diradicals show greater stability than 

their antiferromagnetic counterparts,45 as also apparent from Table 6.4. Nonetheless, the 

estimated singlet state energy (Es) values for trans diradicals are lower than the respective 

computed triplet state energy values (Er) ( Table 6.1 and Table 6.4), i.e., singlet ground 

states for trans diradicals are confirmed. 

Table 6.4. Ground state energies of six diradicals from single point UB3LYP/6-31G(d,p) 

calculations. 

Diradicals Estimated Es in au Diradicals Erin au 

la -1657.61039 lb -1657.61180 

2a -1438.97998 2b -1438.98505 

3a -1817.99092 3b -1817.99461 
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The energy differences between the a-highest occupied molecular orbital (a-HOMO) 

and a-lowest unoccupied molecular orbital (a-LUMO) for all 6 molecules (Table 6.5) have 

been evaluated. The energy gap also corresponds to the chemical hardness of the molecule. 

Chemical hardness is calculated from the formula, 1J = (ELUMo-EHoMo)/2, where 1J is the 

molecular hardness, ELUMO and EHoMo are the energy of the LUMO and HOMO respectively. 

From Table 6.5, it is evident that all the cis diradicals have lower HOMO-LUMO energy gap 

than the corresponding antiferromagnetic trans isomer, which implies that lower molecular 

hardness and the higher molecular polarizability is observed for ferromagnetic cis diradicals. 

Table 6.5. Energy of HOMO and LUMO in au and their differences in e Vand molecular 

hardness (!J) at the UB3LYP/6-31G(d,p) level for diradicals. 

Diradicals EHoMo in ELUMoin li£HOMO-LUMO in Molecular 
au au eV Hardness( 1J) 

la -0.19503 -0.07942 3.1459 1.5730 

lb -0.19318 --0.08107 3.0507 1.5254 

2a -0.21286 -0.09474 3.2142 1.6071 

2b -0.21256 -0.10218 3.0036 1.5018 

3a -0.18638 -0.09803 2.4042 1.2021 

3b --0.18323 -0.09983 2.2695 1.1347 

--------------

However, Chattaraj and co-workers46 have advocated over the fact that for open shell 

spin polarized triplet state the relationship between HOMO-LUMO gap and the stability of 

the molecules is not as simple as widely assumed. This is because LUMO may come below 

the HOMO giving a negative contribution to the hardness, as in some cases LUMO is not 

well defined. It is also known that the molecules having HOMO-LUMO energy gap of the 

order of 1.59-3.18 e V can be used in optoelectronic devices, and in non-linear optical (NLO) 

imaging.47 On the other hand, the fluorophores similar to GFP have their uses as 

optoelectronic devices.48 In this case all the diradicals have HOMO-LUMO energy gap 
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2.44-3.14 e V (Table 6.5) and can be used for preparing organic light emitting diode (OLED), 

and in the development of high-density optical memories and switches.49 The acidic -OH 

group in GFP makes it less useful as OLED material; nevertheless, efforts are being put to 

develop oxazolone and imidazolidinone derivatives related to GFP chromophore to overcome 

this problem.48 

6.4. Conclusions 

Magnetic nano- and micro-particles are judiciously used in various biomedical 

applications. 50 On the other hand, GFP and its different variants also earned substantial 

attention in the field of molecular biology.9 The reversible photochromic cis/trans 

isomerization, which is independent ofthe nature of the solvents, is displayed by GFP and its 

different analogous chromophores.15 In this chapter, six GFP based photoswitchable 

diradicals are theoretically designed and characterized. These molecules undergo 

magnetization reversal associated with change in color, which are likely to receive attention 

the field biomedical applications. A general schematic representation (Scheme 6.3) 

shows such magnetic reversal in all our designed GFP based diradicals from bright 

fluorescent cis form to their dark trans form. The extent of magnetic interactions in all six 

molecules have been quantified in terms of the coupling constant through unrestricted broken 

symmetry approach in the framework of density functional theory. In our investigated 

systems, antiferromagnetic dark trans isomers turn into bright fluorescing ferromagnetic cis 

forms when exposed to light in the wavelength range 360-390 nrn. Thus, one can observe 

cyan, blue and green colours for systems 1, 2 and 3 respectively, when magnetic crossover 

takes place. From DOS plots it is clear that at Fermi level the spins are highly polarized for 

ferromagnetic cis diradicals, which indicates such molecules will show a spin valve effect. 

We have also compared the ground state stabilities of these diradicals and find that the 

ferromagnetic cis isomer is more stable than respective antiferromagnetic one. The HOMO

LUMO energy gap indicates that the diradicals can be used in NLO imaging. It can also be 

used to prepare OLED devices, high-density optical memories and switches.48
,4

9 
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Scheme 6.3. A general schematic representation of magnetic reversal of GFP based 

diradicals from bright fluorescent cis form to their dark trans form. 

Radical! Radical2 

Radical! Radical2 

Recently, in an interesting work, Weber et have addressed the use of magnet guided 

transduction of enhanced GFP encoded lentiviral particles coupled with three layers carbon 

coated cobalt based nanoparticle in targeted delivery of therapeutic transgene to the 

pathologic tissue.51 The capacity of magnetic folate conjugate nanoparticle towards its 

tagging ability in the cancerous cell with the reduction of unwanted side effects and toxicity 

has been shown by Pramanik and co-workers.52 However, GFP functions as magnetic drug 

carrier without any biocompatible coating; moreover, GFP based multifunctional magnetic 

drug carrier can also act as a biological magnetic tagger which can be traced with the change 

in color associated with magnetization reversal. In the first step, GFP based magnetic drug 
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• 

carriers can label the living cells in vivo and then magnetic separation of desired biological 

entity is possible. GFP based diradicals attached with multifunctional drugs can congregate at 

the required pathological site by local or external control. In the next step, it can discharge 

the specific drug at precise target or one can treat it by hyperthermia. GFP based fluorescent 

magnetic particles can be utilized as a multidimensional tool to molecular biologists; i.e., it 

can assist to test drug effectiveness or can help to act as a drug carrier in controlled drug 

delivery in vivo. Contrast agents, such as nitroxyls or aminoxyls, are used in magnetic 

resonance imaging (MRI) to enhance the image quality. 53 Here we have imino nitroxide 

moieties in the diradicals; hence, such multiibnctional diradicals might also be used as a 

contrast agent in MRI. Last but not the least; it is needless to say photocontrol of magnetic 

crossover in GFP based diradicals make them suitable for next generation biomedical 

research. 

This work has been published in Photochemistry photobiology A: Chemistry (Ref. 
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Chapter 7 

Possible Applications of Fluoro Protein Chromophore Coupled 

Photomagnetic Diradicals 

The design, characterisation and application of three different pairs of imino nitroxide based 

green fluorescent protein chromophore and its different homologue coupled diradicals have 

been theoretically studied in this chapter. To begin with, the geometries of all these 

diradicals have been optimized at high spin state in gas phase, in water medium and in blood 

plasma medium. For calculations in water medium, we adopted the 2-layer our own N

layer integrated molecular orbital and molecular mechanics (ON/OM) method. Similarly for 

blood phase calculations, the polarized continuum model (PCM) method has been adopted. 

With these optimized geometries the magnetic exchange coupling constant (J) values are 

estimated for these diradicals in different medium using broken symmetry (BS) approach in 

unrestricted DFT framework We found that these diradicals have an ability to change 

their magnetic nature from antiferromagnetic in trans form to ferromagnetic in cis form upon 

irradiation with light of appropriate wavelength. Using time dependent DFT (TDDFT) 

technique the required wavelengths of light by which non-fluorescent dark trans diradicals 

turn into their corresponding bright fluorescent cis isomers, are determined for each pair of 

gas water This color change which can be observed in bare eyes 

is indeed a signature of the change in magnetic state of the diradicals concerned. Moreover, 

we have also calculated the zero field splitting (ZFS) parameter (D), rhombic ZFS parameter 

(E) and ZFS magnitude (a2). From our calculations we ambitiously expect that if these 

diradicals are synthesized then they can be used as successful, non-hazardous magnetic 

resonance imaging contrast agent (MRICA) in place of other metal based contrast agents. 



7.1. Introduction 

Materials science research has gained notable importance in the field of biomedical 

research through design, preparation and appliance of effective multifunctional 

biomaterials.1
-
3 Some of these multifunctional systems are useful because they exhibit 

magnetic behavior in reduced dimension. The fundamental requirement for developing 

multifunctional nano-magnetic material is to design ferromagnetic molecules with diverse 

functional characteristics such as photosensitivity, fluorescence activity, water solubility etc. 

These types of multifunctional molecules have earned huge interest in the lurking field 

materials science research.4 Following this trend, attention has been given on designing 

photomagnetic molecules which change their magnetic behavior when exposed to suitable 

external radiation. 5 Thus, these systems can be activated or deactivated by appropriate 

auJ'""'v.u as required for effective use of their magnetic property. Nevertheless, magnetic 

field induced magnetization reversal procedure for magnetically active molecules is well 

known and used for diverse technological applications.6 However, this process is difficult to 

implement as it requires very high field gradient. On the other hand, compared to the field 

induced process, photoinduced magnetic crossover is easier to accomplish and more suitable 

for functional uses. 7 

Photochromic molecules undergo photon induced reversible chemical change 

involving two different wavelengths of electromagnetic radiation and instantaneously 

modulate their geometries and physical properties. If two monoradical moieties are 

cmmected with such photochromic coupler of particular structural form the resulting 

diradical switch to another structural form of the coupler by a definite external 

electromagnetic radiation. 8 As a result, change in magnetic property due to this structural 

change is observed. The photomagnetic behavior of substituted pyrene molecules has been 

nicely studied by Ali and Datta.9 Photoinduced antiferromagnetic to ferromagnetic crossover 

in case of organic diradicals has also been reported and widely studied very recently.5 

Fluorescent proteins, with photochromic property have revolutionized the study of 

living cells. The first such protein utilized in cell biology was green fluorescent protein 
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(GFP) which was obtained from jellyfish Aequorea Victoria. 10 The GFP has found its use in 

cellular and molecular biology, genetics, medicines and chemistry over the past several 

years.10
'
11 This has also initiated several studies on different natural and artificial homologues 

of GFP. 12
'
13 The structural aspects and uses of GFP and its various homologues are nicely 

illustrated in the detailed review of Zimmer. 13 

Photomagnetic molecules with GFP chromophore and its homologues based 

diradicals have recently been designed and studied by Bhattacharya et al.5
(b) There is 

certainly a possibility of developing multifunctional photochromic ferromagnetic molecules 

with GFP and its different derivatives as couplers which are expected to show fluorescence 

properties in addition to the ferromagnetic properties. Existence of both magnetic and 

fluorescence properties in same molecule will certainly make them a potent candidate for 

different biomedical applications particularly in the field of magnetic resonance imaging 

(MRI). The site specific MRI contrast agent (MRICA) with increased rate of relaxation of 

water protons in the targeted tissues, makes MRI fascinating in the field of in vivo 

bimolecular imaging. Most widely used MRICAs are various Gd-chelate compounds. 

However, Gd ion being poisonous in nature, toxic effect of Gd ion due to accidental in vivo 

dissociation of the Gd-chelate can not be avoided causing renal failure of patient after MRI 

investigation. 14 An alternative way is to use radical based organic MRICAs like nitroxide

leveled anti-cancer drug lomustine. 15 The point to be noted here is that a successful MRICA 

should be anti toxic, water soluble, biocompatible, easily renal excreable, and most 

importantly in vivo stable. Moreover, it should have greater volume distribution and better 

permeability. So far, among the synthesized stable radicals, nitroxyl radicals possess 

these qualities making themselves suitable for designing MRICA. 16 Moreover, pyrrolidine 

and piperidine type nitroxyl radicals have the ability to cross the blood brain barrier (BBB) 

which is the primary requirement for a MRICA to be suitable for brain MRI scan. 15 

In this chapter, we have used (1) p-HBDI, (2) m-HBDI and (3) BFPF as fluorescent 

couplers with imino nitroxide (IN) as magnetic center to construct the diradicals. In every 

case trans-isomers of diradicals are designated as (a) and its corresponding cis-isomers are 

indicated as (b). Diradicals attached to the trans and cis states of GFP type coupler absorb 
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Scheme 7.1. Pictographic representation of reversible trans-cis photoisomerization of green 

fluorescent protein chromophore based diradicals (1-3). Where, X is imino nitroxide (IN) 

moiety and Y represents the fragment of the particular chromophore. Here, rand rp stands for 

the dihedral angles as shown. 

Y= 

Trans 
c 0 ( r = l80 , rp =O ) 

Diradicnl (a) Diradical 

and. X= 

JN 

two different wavelengths and interchange their states as well as the nature of magnetism 

depending upon the state of GFP coupler to which it is attached. We choose the imino 

nitroxide radical because of its stability, non-toxicity and solubility in water medium. 17 These 

designed diradicals are useful in making water soluble photoswitchable magnetic molecules 

with fluorescence properties observable in naked eye. The whole process is shown in Scheme 

7.1 . We have estimated the magnetic exchange coupling constant values (.f) for two different 

forms of every diradical in gas phase. We have also evaluated their J values in water and 
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blood plasma medium to understand their in vivo suitability. By writing blood plasma in 

italics we really mean that we have taken an average condition of a very complicated 

physiological fluid, blood. Throughout this article the same has been referred as "blood" in 

several occasions. The relative stability of the designed diradicals in different medium with 

respect to the total energy value is discussed. In every medium we have observed a magnetic 

crossover from antiferro- to ferro-magnetic states when the trans forms of each diradical is 

exposed to suitable wavelength of light. The required wavelength of external radiation is 

estimated through time dependent density functional theory (TDDFT) based calculations 

both in gas phase and in water medium. To know the suitability of our designed diradicals as 

MRICAs, we have evaluated their zero field splitting (ZFS) parameters and compared 

other synthesized molecular systems which are already in use as MRICAs. 

702. Theoretical Background and Methodology 

The exchange interaction between two magnetic sites 1 and 2, is in general expressed 

by the Heisenberg spin Hamiltonian, ii = -2JS1 • §2' where sl and s2 are the spin angular 

momentum operators of site 1 and 2 respectively and J is the exchange coupling constant. A 

positive J indicates ferromagnetic interaction whereas the negative value of J signifies 

antiferromagnetic interaction. To evaluate the exchange coupling constant with reasonably 

less computational effort, Noodleman18 has proposed an unrestricted spin polarized broken 

symmetry (BS) formalism in DFT framework. The BS state is not a pure spin state but a state 

mixed spin symmetry with lower spatial symmetry. Depending on the extent of magnetic 

between two magnetic sites, many scientists have developed different formulae to 

estimate J using the BS approach. 18
-
20 Ideally, for diradicals the computed average <St2> 

values for triplet and BS states should be exactly 2.00 or 1.00 respectively. However in 

reality, their difference is not exactly unity showing a clear indication of spin contamination 

problem. In order to neutralize the spin contamination error associated with the BS state, one 

can use spin projection technique. For estimating the J values of diradicals of organic origin, 

the following expression by Yamaguchi et al. 19 is the most widely applied5
•
9

•
21 and has been 

used by us in this chapter. This expression is given by 
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(7.1) 

where EBs, (S)Bs and EHs, (S)Hs are the energy and average spm square values for 

corresponding BS and high spin states respectively. 

As far as the biomedical applications are concerned, gas phase calculations of 

molecular energies are unlikely to produce a reliable picture. A more realistic approach is to 

consider the molecule-medium interaction. To achieve this end, one can employ the Our own 

N-layer Integrated molecular Orbital molecular Mechanics (ONIOM) method. In this method 

the whole system is divided into several onion-like layers. Out of which the inner active 

centre is treated with highest level ab initio QM method while the outer layer is treated with 

low-level QM or MM method. In a two layer hybrid ONIOM (high: low) method the 

extrapolated energy of the real system at high level is given by 

E ONIOM _ E high E low E low 
total - core + total - core , (7.2) 

where 'high' and 'low' refers to high- and low-level theoretical methods. The subscripts 'core' 

and 'total' indicate the active site and the whole system respectively. Explicit solvation effect 

on the triplet geometry and triplet energy can be obtained from the ONIOM optimized 

geometry of the diradical molecule. A similar calculation using BS state of the inner high 

level layer will give the solvation effect on the energy of BS state. The method is named as 

ONIOM-BS method?2 

Another way of considering the effect of medium on molecule is to apply polarized 

continuum model (PCM) method. This method, proposed by Newton,23 evaluates the solute 

charge density distribution in dielectric continuum by solving the Schrodinger equation self 

consistently. The method considers that a molecule has a defmite shape and effective volume 

and it is rarely spherical. Moreover, half the diameter of the solvent molecule is added with 

the constructed boundary of the solute molecule. In most cases the solvent is water unless 

specified and in general 0.5A is added leading to slight error. As this method relies on self 
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consistency, it is valid for any order and one can perform PCM calculations for various 

quantum chemical methods like DFT, perturbation theory etc. Using PCM one can also 

optimize molecular geometry. The PCM method actually considers medium as a dielectric 

continuum and any averaging is included in the dielectric constant. As a matter of fact, PCM 

does not explicitly consider any fluctuation effect from average solvent polarization?4 For all 

three diradical pairs PCM optimization calculations have been carried out taking blood 

plasma (c: =58) as medium. With the PCM optimized geometry of these diradicals in high 

spin state, the BS treatment has been performed to know the magnetic nature of these 

molecules in blood plasma medium. This method is named as PCM-BS method. 

It is known that the spectroscopic and photochemical properties of any photoactive 

molecule can be well comprehended by knowing the ground and excited state energies of the 

molecule. For any photoinduced chemical process involving chromophore, it is necessary to 

know the transition energy between the two photo reactive forms of the species. It has 

been observed that the transition energy barrier has close correspondence with the excitation 

energy of the chromophoric molecule. To be more specific, in the different variants of GFP 

chromophores the excitation would take place from bonding (Jr) to antibonding ( n*) orbitals. 

It is already known that, the post Hartree Fock methods are suitable to estimate the wave 

length external radiation for electronic transition in molecular systems?5 However, they 

are also computationally expensive and following our recent works,5
(a),S(b) we have employed 

time dependent density functional theory (TDDFT)26 based calculations, which is a way out 

to obtain electronic excitation energies with less computational efforts?7 The TDDFT 

method, relies on the frequency dependent polarizability of a system, and produces more 

reliable results than other methods.Z8 On the other hand, TDDFT is almost free from "near 

triplet instability"29 error and in addition the excited state energies from filled to unfilled 

orbitals can be obtained by performing only ground state Kohn-Sham calculations.30
•
31 

The TDDFT method is based on the dynamic polarizability a(w) of a system which 

has poles at frequencies analogous to its transition energies. Obtaining the frequency 

dependent polarizability from TDDFT calculations and substituting it in the sum-over-states 

relation 
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(7.3) 

one can get oscillator strength (h) and excitation frequency (01) respectively.29 We calculate 

ff_:;,Jfl' transition energies for all designed trans fluorescent protein chromophores following 

the above method. All these above mentioned computations are implemented through 

Gaussian 09W quantum chemical package.32 

Rajca and coworkers have established that the diradical and polyradical systems with 

organic origin can be successfully used as MRl contrast agent.33 For the rational designing of 

MRICA one needs to know the extent of zero field splitting (ZFS) in addition to the 

solubility criterion. The ZFS, associated with magnetic anisotropy, is one of the important 

parameters to investigate the geometric and electronic properties of a radical with S > Y2.34 

Having known the ZFS, one can easily estimate the electron spin correlation time which is 

one of the governing factors for clearer MRI scans with enhanced contrast?5 

The ZFS from two contributions, namely the direct electron-electron magnetic 

dipole spin-spin (SS) interaction and the spin-orbit coupling (SOC) of the electronically 

excited state with the ground state.34 It has also been established from the earlier work that 

the SS coupling happens to be the main source of ZFS in case of organic diradicals?6 The 

ZFS value arising from the SS interactions can be estimated through effective spin 

Hamiltonian 

A 

HzFs == Inu§i§j , 
u 

(7.4) 

where D;i is the ZFS tensor, Sk is the k'th Cartesian component of the total electron spin 

operator. For a diagonalized Dif one can write the Hamiltonian as 

A ( "2 1 A2) ( "2 "2) H 2F.., =D sz - 3s +E sx -sy , (7.5) 

where D and E are the axial and rhombic ZFS parameters respectively ?7 
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The first order contribution to the ZFS energy using the single ground state Kahn

Sham determinant is the SS coupling part of the ZFS and it can be calculated by applying the 

following fonnula38 

D(SS)::: ge az \osM' ""'""' '!Jzgkl- 3(r;)k(r;), X {2s s -s s -s s } OSM ·)' (7.6) 
k/ 4 S(2S-1) c\ L.L.J 5 IZ )Z IX }X IY JY S 

I J*' rij 

where a is the fine structure constant, ge is the gyromagnetic ratio. The operators Smn signify 

n'th component of m'th spin vector and rv is the magnitude of the distance vector between 

spins i andj. The equation can be safely approximated as39 

(7.7) 

where pa-P = P11 
- ptl the spin density matrix the atomic orbital basis, and J1 , v , K and 2 

are the basis functions. 36 These tensor elements can be used to evaluate the ZFS parameters D 

and E.40 The and E values are utilized to determine the static ZFS magnitude (a2) using the 

formula 

(7.8) 

1 
From this a2 longitudinal electron spin relaxation rate can be estimated following the 

T;e 
• 41 expressiOn 

(7.9) 

where B0 is the external magnetic field, m0 is the Lannor frequency, r 2 and r' are the 

reduced spectral densities and a2r is the transient ZFS magnitude.42 Larger a2 corresponds to 
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a faster relaxation rate -
1
-.41 Here B3L YP correlation functional along with 6-31 G(d,p) 

~e 

basis set has been used in the unrestricted formalism for the calculation of D and a2. 

7.3. Results and Discussion 

The gas phase molecular geometries of all three cis-trans pairs have been fully 

optimized with the unrestricted B3LYP exchange correlation functional using 6-31G(d,p) 

Table 7.1. The gas phase single molecule optimized energies (in au) for trans 

corresponding cis forms of all 3 sets of diradicals. The (S) values and corresponding 

exchange coupling constants cm-1
) are also reported. The calculations are 

UB3L YP level of theory with 6-311 ++G(d,p) basis set. 

Diradical At UB3L YP/6-311 ++G(d,p) level 

Energy(au) (S2) J(cm ) 

la Triplet - 1601.62893 2.037 -8.8 

BS - 1601.62897 1.038 

1b Triplet - 1601.63404 2.038 2.2 

BS - 1601.63403 1.036 

Triplet - 1601.62905 2.035 -8.8 

BS - 1601.62909 1.040 

2b Triplet - 1601.63386 2.037 8.8 

BS - 1601.63382 1.034 

3a Triplet -1526.38116 2.036 -8.8 

BS -1526.38120 1.038 

3b Triplet -1526.38590 2.037 7.4 

BS -1526.38589 1.741 
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Scheme 7.2. Schematic representation of geometrical and exchange pattern of different 

photoconvertable GFP based antiferromagnetic (itinerant exchange) dark trans (la, 2a and 

3a) and their corresponding ferromagnetic (direct exchange) fluorescent cis (lb, 2b and 3b) 

diradicals taking imino nitroxide (IN) as radical centers. The red colored up and down arrows 

represent a and ~ spin respectively. 

·~ HO 

''''··~~!! 0 
~,,,. N N/ hv lb la 

~ H N ::till t "/N ' "·''· 

~ t 
·~ OH 
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~ 
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basis set. Scheme 7.2 shows the actual structure, exchange pattern and colors of all the 

ferromagnetic cis form and their corresponding dark antiferromagnetic trans form. The 

Figure 7.1 shows the gas phase optimized geometries. Based on these molecular geometries, 

the corresponding J values for each pair have been estimated from single point energies of 

the triplet and BS states at UB3LYP/6-3ll++G(d,p) level (eq 7.1). All the gas phase Jvalues 

are shown in Table 7.1. Hence, antiferro- to ferro-magnetic crossover in all chosen diradical 

systems are observed when the trans isomers are exposed with proper electromagnetic 

radiation. It is also to be noted that, this type of magnetic crossover is associated with 

fluorescence color change, which can be viewed in naked eye. It is clear from Figure 1 that 

the trans form of all the diradicals are planar. They possess singlet ground state with opposite 

spin orientation in two different spin sites. In these isomers spin polarization is blocked 

through the coupler resulting in a manifestation of antiferromagnetic behavior. However, in 

the corresponding states of the respective diradicals the monoradical centers are out 

plane in a manner that their close proximity facilitates direct exchange which results in 

fenomagnetism. The spin density plots admit the fact that although the spin density is less 

pronotmced through the coupler, the direct exchange makes them magnetically active.5
(a-b) 

The spin density distribution in gas phase optimization and in PCM optimization are depicted 

Figure 7.2 and Figure 73 respectively. 

To account for the solvent effect in the designed diradicals, we have performed 

ONIOM optimization (Figure 7.4) for each pair at UB3LYP/6-31G(d,p):UFF level treating 

the diradical as higher level and water as lower level in two level ONIOM. We take 

approximately 65 to 75 water molecules in low layer of ONIOM. The optimized geometries 

have been used for single point calculation of ONIOM-triplet and corresponding ONIOM-BS 

energies in UB3LYP/6-31G(d,p):UB3L YP/3-210 level of theory. The conesponding 

magnetic exchange coupling constant values obtained from the difference of ON! OM-triplet 

and ONIOM-BS energies using Yamaguchi formula are compiled in Table 7.2. Like that in 

gas phase here also we observe the antiferro- to ferro-magnetic crossover when explicit 

solvation model ONIOM method is considered. We have also taken into account the implicit 

solvation model using PCM technique. All the diradical pairs are optimized (Figure 7.5) at 

blood dielectric constant (s =58). We calculate theJvalues for all the diradicals through the 
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l(b) 

2(b) 3(a) 3(b) 

Figure 7.1. The gas phase optimized geometries of three trans (la, 2a, 3a) diradicals and 

their corresponding cis fonns (lb, 2b, 3b) with different GFP variants (p-HBDI, m-HBDI and 

BFPF respectively) as coupler. The geometries are optimized using UB3LYP method at 6-

31 G ( d,p) level. The carbon atoms are represented in grey, nitrogen in blue, oxygen in red 

and hydrogen in white respectively. 
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l(a) l(b) 2(a) 

2(b) 3(a) 3(b) 

Figure 7 .2. Gas phase spin-density plots for the diradicals in their triplet optimized states. 

Different color schemes are used for two different spins. 
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l(a) l(b) 2(a) 

f J, .. 

2(b) 3(a) 3(b) 

Figure 7.3. The spin-density plots for the triplet diradicals optimized using PCM method 

with & = 58. Red and green color schemes are used for the representation of a and /3 spin 

respectively. 

l(a) l(b) 
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2(a) 

3(a) 

" .""'). 
"·, .. ~ . /. 
TJ' 

2(b) 

3(b) 

Figure 7.4. The ONIOM optimized geometries of water solvated 3 trans (la, 2a, 3a) 

diradicals and their cotTesponding cis forms (lb, 2b, 3b) with different GFP variants (p

HBDI, m-HBDI and BFPF respectively) as coupler. The QM and MM levels are represented 

by ball and stick and only ball model respectively. The two layer ONIOM optimization for 

diradical pairs are performed at UB3LYP/6-31G(d,p):UFF level; where the diradicals 

are treated as higher level (QM) and water molecules at lower level (MM). The carbon atoms 

are represented in grey, nitrogen in blue, oxygen in red and hydrogen in white respectively. 

PCM-BS approach. The results of the PCM calculations are shown in Table 7.3. Even in this 

implicit solvent model we observe antifelTo- to fetTo-magnetic crossover. It has been noticed 

that there is a difference between the computed crossover values (M = Jcis - Jtrans) in PCM 

and ONIOM methods. The ONIOM being explicit in nature shows greater crossover (M) 

values. This is because of the fact that, instantaneous interaction of water molecule with that 

-OH group has an effect on the total energy values (for both singlet and triplet) of the trans 
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isomer. On the other hand, in PCM method all the diradicals of each and every pair are in 

same dielectric environment. It is evident from the PCM optimized spin density plots (Figure 

7.3) that for the cis-diradicals the direct exchange interaction between the spin centers is 

predominant. However, for planer trans-isomers antiferromagnetic interaction is observed 

which is also in accordance with spin density alternation rules (Figure 7.3).43 

Table 7.2. The ONIOM energies (in au) of all three different sets of diradicals and their 

corresponding (S2
) values at UB3LYP/6-31G(d,p):UB3LYP/3-21G level of theory for inner 

core diradical and outer water layer respectively. All exchange coupling constants have been 

estimated in the unit of cm-1
• 

Diradical At (UB3LYP/6-31G(d,p):UB3LYP/3-21G) level 
Energy( au) (sl) J(cm-) 

~~----------

la Triplet -1592.37843 2.033 -6.6 

BS -·1592.37846 1.036 

lb Triplet -1592.38692 2.035 2.2 

BS -1592.38691 1.036 

2a Triplet -1592.38116 2.037 1 

BS -1592.38121 1.040 

2b Triplet -1592.38587 2.034 4.4 

BS 592.38585 1.034 

3a Triplet -1517.58297 2.037 -8.8 

BS -1517.58301 1.040 

3b Triplet -1517.58784 2.035 2.2 

BS -1517.58783 1.035 
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Table 7.3. The PCM optimization results for different trans and their respective cis forms of 

all studied diradicals in blood plasma (taking £ = 58) medium using UB3L YP/6-31G(d,p) 

level of theory. The (S) values of each diradical are reported separately. The absolute 

energies are expressed in au, exchange coupling constants (.J) in cm-1
. 

Diradical At UB3L YP/6-31G(d,p) level 

Energy( au) (~/) J(cm-1
) 

la Triplet --1601.26522 2.037 -8.8 

BS -1601.26526 1.040 

lb Triplet -1601.26938 2.039 2.2 

BS -1601.26937 1.039 

2a Triplet -1601.26465 2.037 -6.6 

BS 601.26468 1.039 

2b Triplet -1601.26937 2.037 4.4 

BS 601.26935 1.037 

3a Triplet -1526.04072 2.037 -6.6 

BS -1526.04075 1.040 

3b Triplet 526.04523 2.038 2.2 

BS -1526.04522 1.038 
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l(b) 2(a) 

2(b) 3(a) 3(b) 

Figure 7.5. The PCM optimized geometries of three trans (la, 2a, 3a) diradicals and their 

corresponding ( 2b, 3b) with different GFP variants (p-HBDI, m-HBDI and 

BFPF respectively) as coupler. The geometries are optimized using PCM method with 8 = 

58, at UB3LYP/6-31G(d,p) level of theory. The carbon atoms are represented in grey, 

nitrogen in blue, oxygen in red and hydrogen in white respectively. 

7.3.1. Time Dependent Density Functional Study 

As discussed earlier, the transition energies for the cis-trans conversion on irradiation of 

appropriate wave length of light can be estimated using TDDFT technique. The 
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experimentally found excitation peaks for different variants of neutral bare GFP used in the 

trans form of diradicals 1 and 3 are 399 nm and 355 nm respectively. By cautiously applying 

TDDFT technique we found a reasonably good match between the experimental 

findings 10
(b),IZ(a) and our calculated data. From the gas phase TDDFT results (Table 7.4), we 

conclude that with the application of 360-390 nm wave length of light the antiferromagnetic 

trans diradicals convert into their corresponding ferromagnetic cis forms. The transition 

brings out magnetic crossover along with a visual change from non-fluorescent dark to 

fluorescent green or blue form of GFP-diradicals. Similar types of calculations using water as 

solvent (Table 7.5) have been carried out for each pair of diradicals. A reasonable agreement 

between the experimental data12
(a) and our calculated data for absorption wavelength of GFP 

at water medium at least for one example (la) inspires about the authenticity of our 

calculation for rest of the molecules for which such experimental data are absent. For a visual 

effect, as trans forms of these diradicals are dark, upon irradiation of light of suitable 

wavelength the trans isomers change to corresponding bright fluorescent cis forms (green for 

p-HBDI and m-HBDI, blue for BFPF).ll,tz As a result, even without evaluating coupling 

constants, one can easily identify the magnetic status of the molecules, by visual inspection 

alone. 

Table 7.4. The n~:r/ transition energy values in gas phase, estimated wave length a;•exc in 

trans diradicals at UB3LYP (TDDFT) level using 6-JlG(d,p) basis set, bAexc is the 

experimental value for bare couple [ref. 12(a)]. 

Diradicals El( in EJT* in Transition Estimated a },exc Experimental 

au au energy in eV for diradicals in bAexc for bare 

nm couplers in nm 
la -0.20780 -0.08309 3.39353 364 392 

2a -0.21606 --0.08664 3.52170 351 

3a -0.21675 -0.08634 3.54864 349 355 
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Table 7.5. The estimated Jr~Jr* transition energy values of all trans diradicals with wave 

length aAexc in water medium. Calculations are done at UB3LYP (TDDFT)/6-31G(d,p) level 

of theory, bAexc is the experimental value for bare coupler in water medium taken from ref. 

12(a). 

Diradicals Etr in au Etr* in au Transition Estimated a Aexc Experimental 

energy in eV for diradicals in b Aexc for bare 

nm couplers in nm 

la -0.21875 -0.09473 3.37476 366 368 

2a -0.22717 -0.09679 3.54782 349 

3a -0.22843 -0.09715 3.57231 346 

7.3.2. Applicability of the Designed Diradicals as Magnetic Resonance 

Imaging Contrast Agent (MRICA) 

In this chapter, the parameter D and static ZFS magnitude ( a2) have been 

numerically estimated gas phase, water medium (with dieiectric constant t: =80 and 

refractive index Jlri = 1.33) and also in blood plasma medium (t: =58 and Jlri = 1.1315),44 

(Table 7.6) for diradicals with S=l states using ORCA program package45 in DFT formalism. 

One point to be noted here is that, all the ferromagnetic diradicals possess the primary 

criterion to be a MRJCA as discussed in the introduction section. Another point to be noted 

here is to nitroxide monoradical, nitroxide based di- or poly-radicals have the 

ability to increase the longitudinal relaxation rate (l/T1e).33
(b) A discussion about the D, az 

and 1/T1e is due here. The calculated D values and a2 are reported in Table 7.6. It is apparent 

from the eq (7.9) that the static ZFS magnitude (a2) is directly proportional to the 

longitudinal relaxation rate, (reciprocal of time taken for protons to realign with the external 

magnetic field, 1/Tie), which can be controlled in molecular level.33
(b) Nonetheless, with the 

increase of l/T1e the observed MRI signal is enhanced.46 From Table 7.6 it is evident that 

our computed IDI values for cis diradicals are in the range of 1.62x 10-2 to 1.69x 10-2 cm-1 in 
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three different mediums. In an experimental work, Rajca and co-workers have synthesized 

nitroxide based high spin (S = 1) diradicals, which have been already established as standard 

MRICA of organic origin. In water ethanol mixture these synthesized diradicals have 

furnished the \DI values in the range of 1.2x10-2 to 1.7x10-2 cm-1
•
33

(a) In another recent 

communication, we have noticed that, a stable diarylnitroxide triplet diradical is capable to 

be used as MRICA with \DI and lEI values 1.223x10-2 and 1.44xl0-3 cm-1 correspondingly.47 

As a result, the calculated a2 value for that diradical comes around l.02x10-2 in the unit of 

cm-1
• In our designed GFP chromophore based diradicals, the calculated a2 values are in the 

range of 1.33xl0-2 to 1.39xl0-2 cm-1 as depicted in Table 7.6. From these two experimental 

findings,33
(a),4

6 it is clear that, our designed diradicals are able to perform well as MRICA 

organic origin, capable of producing clearer MRI image.33
(b),

35 Moreover, each fragment of 

the diradicals i.e., the radical moieties15
•
16 and the GFP fragments 11

·
13 both can cross the 

BBB. As a result, the constructed diradicals are also expected to cross the BBB and hence 

suitable as brain MRICAs. 

Table 7.6. Spin-spin ZFS parameter D(SSJ in cm-1
, static ZFS magnitude a2 in cm-1 and 

parameter (E) values in cm-1 are given for all different ferromagnetic cis 

diradicals three different mediums using UB3L YP/6-31 G(d,p) basis set. 

Diradicals Medium ncss) in cm-1 Eincm 1 a
2 

in cm-1 

Gas -0.01696 -0.00054 0.01387 

lb Water -0.01682 -0.00053 0.01375 

Blood plasma -0.01683 -0.00053 0.01376 

Gas -0.01644 -0.00052 0.01344 

2b Water -0.01628 -0.00051 0.01331 

Blood plasma -0.01629 -0.00051 0.01332 

Gas -0.01651 -0.00052 0.01350 

3b Water -0.01636 -0.00051 0.01338 

Blood plasma -0.01636 -0.00051 0.01338 

162 



7 .4. Conclusions 

In this chapter, we have designed and investigated three different paus of 

photoswitchable antiferromagnetic trans and their corresponding ferromagnetic cis diradicals 

where GFP chromophore and its different fluorescent homologue are used as couplers with 

Imino Nitroxide (IN) as radical centers. The basis of choosing Imino Nitroxide (IN) as 

radical moiety lies on a report by Rajca et al., that the water soluble nitroxides can be used as 

very effective spin level, magnetic resonance imaging contrast agent, antioxidant etc.47 

From our calculations we infer that all the designed diradicals are not only stable in 

different solvents but they also show antiferromagnetic to ferromagnetic crossover 

different mediums like water (dielectric constant, e = 80 and refractive index, Jlri = 1.33) and 

blood (dielectric constant, e = 58 and llri = L1315),44 when exposed to appropriate 

electromagnetic The calculations are done employing both ONIOM and PCM 

techniques. All the high spin geometries are optimized using UB3L YP/6-31 G( d,p) method in 

ONIOM and PCM. The low spin states of these diradicals are described by ONIOM-BS and 

PCM-BS states. The photochemical properties of the diradicals in gas phase and in solvent 

phases have been investigated using TDDFT method. 

We have investigated the possibility of using our designed diradicals as successful 

magnetic resonance imaging contrast agent. As of now, most of the widely used Gd~based 

MRICAs show adverse side effects due to Gd ions. 14 The designed diradicals, if synthesized, 

is expected to be free from such hazards. Rajca and co-workers33
(a) have reported diradicals 

(S = 1) in water-ethanol mixture which can be used as MRICA. We found that our designed 

nitroxide based diradicals have static ZFS parameters D in the same range (1.2 x 10-2 to 

1.7x 10-2 cm-1)?3
Ca) The ZFS parameter is indicative of the efficiency of MRICA as already 

discussed. Moreover, the GFP chromophore is stable even at 65°C. 13 Thereby, these GFP 

based nano-magnetic moieties can be used in hyperthermia treatment where the therapeutic 

threshold is of 42°C.1
(a), 

48 The GFP is also known to have good tagging ability, 13 thus 

magnetic separation of different GFP-tagged biological entity is possible with suitable use of 

these diradicals. 
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The concluding point to be discussed here has an ambitious note. The GFP encoded 

lentiviral particles paired with carbon coated Co-nanoparticle are used for therapeutic uses, 

particularly in the field of targeted gene delivery.49 On the other hand, foiate leveled 

magnetic nano-particles are used for their tagging ability in malignant cell without any side 

effects and toxicity.50 As a matter of fact, one may combine these two ideas and converge to 

the point that if GFP based ferromagnetic diradicals tagged with folate moiety is injected 

without any biocompatible coating in a living organism, it can serve both these purposes. 

Nevertheless, this area is relatively young, rapidly developing, and multidisciplinary and can 

find a huge application in various fields if these diradicals are synthesized. The whole idea is 

represented in simple schematic manner by Scheme 7.3. 

Scheme 7.3. The Schematic representation ofbio-applicability of these six diradicals. 

Guided to pathologic site 
by chemical means 
(using suitable tagger) 

Magnetically guided to 
pathologic site 

This work has been published in Physical Chemistry Chemical Physics (Ref. 51). 
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Chapter 8 
Conclusions 

A on all the chapters of the thesis is given here. 



Conclusions 

This part of the thesis deals with the concluding remarks among different aspects of 

design, characterisation and application of molecular magnetic systems particularly on the 

diradicals of organic origin, albeit theoretically. The origin of magnetism in an organic 

diradical arises due to the presence of unpaired electrons in the nonbonding molecular 

orbitals (NBMOs). Generally, designing of molecular magnetic entities means a strategy of 

constructing new tailor made molecules having essential desired characteristics. The 

bioactivity, insulation, transparency, photoactivity, spintronic properties and so on are 

divergent areas of research which make organic diradical based magnetic molecules a 

promising field. 

In Chapter 1 (Chapter 1: Molecules Manifesting Magnetic Behavior) we 

discussed the general introduction of the thesis comprising about the molecules with 

magnetic characters. The background of the thesis work including the stable building blocks 

for the organic magnetic molecules, qualitative predictions of the ground state of organic 

diradicals is embodied this chapter. The biological and technological applications of 

different relevant molecular magnetic systems are dearly stated. The objectives of the thesis 

are also categorically mentioned in this chapter. 

The Chapter 2 (Chapter 2: Theoretical Background) portrays the theoretical 

background magnetic exchange coupling constant (J) in diradical species applying broken 

symmetry (BS) approach. The difference in energies between singlet and triplet state is 

related to the value of J. The magnetic molecules considered in this thesis are characterised 

by the sign and magnitude of J values. Positive and negative values of J indicate ferro- and 

antiferro-magnetic interactions respectively. Starting from the expression of Heisenberg 

effective spin Hamiltonian the popular Giensberg, Noodlemann and Davidson (GND) 

formula for the evaluation of J value is given. However, the GND equation is applicable 

where the overlap between the two magnetic orbitals is small. Another formula for the 

estimation of J proposed by Bencini, Ruiz and further justified by Illas is applied for a 
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system where the overlap between the orbitals is large enough. However, Yamaguchi 

formula is used for the calculation of J throughout my entire thesis work because of its 

suitability and wide applicability in all cases. The utility of zero field splitting (ZFS) 

parameters for the quantification of different applications especially related to the organic 

diradical based magnets are discussed. It is mentioned that, the ZFS parameters are 

associated with the magnetic anisotropy. The different electronic and geometric properties of 

radicals with S higher than 'ii, are properly investigated through ZFS data. Although the spin

spin interaction and spin-orbit coupling of the ground state and the excited state are 

responsible for ZFS, however, the spin-spin coupling is the main source of ZFS in case of 

organic radicals. The ZFS value arising from the spin-spin interactions can be anticipated 

through effective spin Hamiltonian. The conventional methodologies for the determination of 

axial ZFS parameter (D) and rhombic ZFS parameter (E) are discussed. The formula for 

evaluating the static ZFS magnitude (a2) from the values of D and E is also mentioned. 

Chapter 3 (Chapter 3: Magnetism in Bis-Oxoverdazyl Diradicals Coupled with 

Different Linkage Specific Aromatic Ring Spacers), we have predicted intramolecular 

magnetic exchange coupling constants for 11 different linkage specific bis-oxoverdazyl 

diradicals divided into two groups (meta and para) with different aromatic ring couplers. All 

the molecules have been optimized at UB3LYP/6-311+G(d,p) level of theory and the J 

values are calculated using BS approach under DFT framework at the optimized level along 

with 6-311 ++G( d,p) basis set using the same methodology by single point calculations. The 

general observation shows that meta connected molecules are ferromagnetic, whereas the 

para connected ones are antiferromagnetic. The magnetic interactions are conveyed via Jr

conjugated path aromatic couplers as established by the spin density alternation rule, 

The figures of singly occupied molecular orbitals (SOMOs) are in good agreement with our 

predicted results. We also estimate hyperfine coupling constant (HFCC) values. 

The Chapter 4 (Chapter 4: Role of Linear Polyacene Spacers in Intramolecular 

Magnetic Exchange Coupling) describes the theoretical investigation on 1 0 bis-oxo- and 

bis-thioxo-verdazyl diradicals with linear meta connected polyacenes (benzene to pentacene) 

of varying length as couplers. All the molecules are essentially ferromagnetic according to 
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the spin density alternation rule, as we have deliberately used meta-connected ring couplers. 

The evaluated magnetic exchange coupling constants (J) decrease regularly when benzene, 

naphthalene and anthracene are used as couplers with the increase of coupler chain length, 

whereas for tetracene and pentacene couplers the J values are decreasing although the chain 

length is increased. This observation is explained in the light of open shell radicaloid 

character of the higher polyacenes. Nonetheless, the observed J values are in good agreement 

with the experimental findings. Magnetic aromaticity index, nuclear independent chemical 

shift (NICS) values for the each benzenoid ring at the ring plane [NICS(O)] and 1 A above 

the plane of the ring surface [NICS(l)] of every coupler for all diradicals are evaluated. It is 

found that the central benzenoid rings of each coupler have higher NICS values compared to 

the terminal rings of the coupler. That is, a loss of benzenoid character is observed for the 

terminal rings. A relation between ~NICS (1) with that of J values is made. One should note 

that, the difference between average NICS(l)coupler and NICS(l)acene 

~~1CS(1). 

represented by 

The Chapter 5 (Chapter 5: Influence of Aromaticity on the Magneto Structural 

Property of Heteroverdazyl Diradicals) finds a theoretical correlation between the 

structural aromaticity index, harmonic oscillator model of arornaticity (HOMA) and 

magnetic aromaticity NICS. These two indices are separately compared with the J 

values evaluated for the meta-phenylene and their corresponding para-phenylene coupled 

bis-heteroverdazyl diradicals as designed for this chapter. The HOMA index is estimated for 

the whole diradicals as well as for the aromatic six membered coupler fragments. On the 

other hand, the NICS index is evaluated only for the six membered coupler fragments of the 

diradicals. HOMA and NICS values suggest that the increase of aromaticity is associated 

with the rise of ferromagnetism, that is, aromaticity favors ferromagnetic trend in such 

diradical systems. In this chapter, the low J values for bis-phosphaverdazyl diradicals are 

attributed due to the spin leakage phenomena associated with the phosphorus atom. A 

quantitative relation between SOMO-SOMO energy gaps with J values has been made for 

all molecules. The shapes of SOMOs also play a role to envisage the state of magnetism. The 

ground state stability of these diradicals has also been investigated and found that the 

ferromagnetic diradicals are more stable than their respective antiferromagnetic counterparts. 

171 



In Chapter 6 (Chapter 6: Photoresponsive Magnetic Crossover), the green 

fluorescent protein (GFP) chromophore based photoswitchable diradicals in two different 

structural isomeric forms (cis and trans) are theoretically designed and characterized. The 

cyan, blue and green variants of GFP chromophores are used as couplers to form the 

photomagnetic diradicals. These photochromic diradicals undergo antiferromagnetic (trans) 

to ferromagnetic (cis) crossover upon irradiation of appropriate wavelength of light 

associated with alteration in color, which are likely to be useful in the field of biomedical 

applications. From the time dependent density functional theory (TDDFT) measurement it is 

found that ifthe dark trans diradicals are exposed to the light of wavelength range 360 to 390 

nm, the transformation to their puckered fluorescent cis form is observed. As far as the 

technological applications of these diradicals are concerned, we have made the density of 

states (DOS) plots and found that at the Fermi level the spins are highly polarized for 

ferromagnetic cis diradical indicating to show the spin valve effect. The HOMO-LUMO 

energy gap qualitatively that these diradicals can be used in non linear optical 

(NLO) imaging, in organic light emitting diode (OLED) devices, high-density optical 

memories and switches. The efficiency of these diradicals to be used as magnetic resonance 

imaging contrast agents (MRI CAs) and in many other biomedical cases are qualitatively 

justified. The ground state stability with the two different structural forms of all these 

diradicals are made and shown that the cis fluorescent ferromagnetic molecules are 

more stable than their dark trans counterparts. 

The quantification of the different variants of the fluoroprotein chromophore coupled 

diradicals which can be used as MRlCAs are furnished in Chapter 7 (Chapter 7: Possible 

Applications of Flu oro Protein Chromophore Coupled Photo magnetic Diradicals ). Here, 

the GFP chromophore based 6 photoswitchable diradicals are theoretically designed with his

imino nitroxide (IN) as magnetic sites and a magnetic crossover is observed when irradiated 

with appropriate wave length of light. The extent of magnetic interactions in all these 

molecules has been quantified in terms of J. The choice of IN as radical sites in these 

diradicals is due to its water solubility, the ability to act as very effective spin levels and most 

importantly capacity to perform as MRlCAs. The in vivo suitability of these diradicals has 

been tested by calculating these diradicals with 2-layer Our own N-layer Integrated 
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molecular Orbital molecular Mechanics (ONIOM) and Polarized Continuum Model (PCM) 

methods. Along with gas phase optimization, the ONIOM optimization for all diradicals is 

performed where the diradicals are treated as high level layer and the surrounding water 

molecules are selected as low level layer. However, for PCM optimization in blood plasma 

medium the dielectric constant, e = 58 and reflective index, flri = 1.1315 have been chosen. 

Like gas phase calculation a magnetic crossover from antiferromagnetic (trans, dark) state to 

ferromagnetic (cis, fluorescent) state is also observed for ONIOM and PCM methods. As a 

matter of fact, only visual inspection is required to understand the nature of magnetism; 

however, the extent of magnetism can be theoretically determined by applying the above 

methodologies. The photochemical properties of the diradicals in gas phase and in water 

solvated phases have been investigated using TDDFT method. The novel property of these 

diradicals is about their in vivo utilities as MRICAs. From our calculations it is found that all 

these designed fluoro protein chromophore coupled nitroxide based diradicals have axial zero 

splitting in the L2xl0-2 to 1 10-2 cm-1
, which is 

essential to act as contrast agents in MRI. Moreover, the GFP chromophore is stable even at 

65°C. Thereby, these fluorescent nano-magnetic moieties can have the utilities in magnetic 

hyperthermia treatment as 42°C temperature is required to destroy the required malignant 

sites. Being a good tagger, the magnetic separation of different biological entity with external 

is possible by the judicious use of these GFP based diradicals. 
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