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ABSTRACT 

The first chapter addresses a concise history and momentous advances in the field of 

characterization of optical properties. This chapter introduces origin of several optical properties 

like nonlinear optical property, luminescence property, two-photon absorption property and also 

highlights current advancement in researches on designing of materials with improved optical 

properties. These optical properties are analyzed from the viewpoint of electronic structure 

theory for proper understanding of the structure property relationship. Special attention is given 

to the luminescent materials for their applicability as phosphorescent emitters for organic light 

emitting diodes (OLEDs) along with basic setup and working principles of OLED devices. 

The second chapter represents a brief description of the basic theoretical background 

related to various optical properties along with theoretical techniques to quantify 

hyperpolarizability (β) and two-photon absorption cross section (σ). For theoretical 

determination of first hyperpolarizability (β), early models, equivalent field model (EIF), 

additivity model and two-state model along with quantum chemical approaches viz., sum over 

states (SOS) methods and coupled perturbed HF (CPHF) methods are discussed here. A short 

description of available methods viz., few-states model for quantifying two-photon absorption 

cross section (σ), is also presented. In case of luminescent materials, principles of computational 

phosphorescence are clearly stated. 

The third chapter contains the results and analysis of the theoretical study on the NLO 

property of two synthesized aryl extended thiophene fused Nickel dithiolenes. Based on these 

two systems, a systematic modification of the molecules is done by substituting neutral and 

zwitterionic donor acceptor group at the aryl (phenyl and thenyl) ring to find their effect on NLO 

responses. Among the four designed systems, zwitterionic donor-acceptor group significantly 

reduces the HOMO-LUMO energy gap resulting an enormous increase in the first 

hyperpolarizability (β) values. To judge their high NLO response, transition dipole moment 

(TDM) density is also plotted and it is found that electron dissipation occurs from one donor part 

to the acceptor part with a large Δr index value which is the quantitative measurement to 

understand the type of transitions. A charge transfer transition is also observed in case of 

zwitterionic systems. In order to highlight the NLO active segment in a molecule, a beta density 

analysis is also presented.  
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In fourth chapter six different diradical systems based on azulene coupler and nitronyl 

nitroxide radical moieties are studied theoretically. Among them, three ferromagnetic diradicals 

are chosen for further calculation to assess their usability in different biological applications such 

as two-photon absorption photodynamic therapy (TPA-PDT) and magnetic resonance imaging 

contrast agents (MRICA). The TPA cross-section values are calculated to judge their efficiency 

as TPA-PDT photosensitizing agents. Calculated values of TPA cross-section lie in the range of 

commonly used photosensitizers for PDT. It is seen that the ferromagnetic diradicals can act as 

very good MRI contrast agents due to their high magnetic anisotropy characteristics. The 

magnetic anisotropy is quantified in terms of zero-field splitting parameter using DFT. It is 

found that the proposed diradicals can show good relaxation behaviour and consequently act as 

efficient MRI contrast agents. Thus, one can anticipate the multifunctional biological activity of 

these diradicals.   

The fifth chapter deals with designing of efficient luminescent materials based on 

octahedral hexaaminechromium(III) complex.  It is found that distortion of the octahedral 

symmetry of [CrIII (NH3)6]3+ by replacing the axial ligands with weaker halides influences the 

stability of the doublet state with respect to the quartet ground state. This replacement affects the 

doublet to quartet transition responsible for phosphorescence. The relative positions of the 

halides and ammonia in the spectrochemical series play an important role in tuning of emission 

wave length. The proximity of fluorine and ammonia in the spectrochemical series causes blue-

shift in the emission wavelength and thus provides a rational way for designing blue emitting 

phosphorescent materials, essential in OLED application for full color display. 

The sixth chapter provides a comprehensive study of molecular mechanism of excited 

state relaxation induced by intermolecular hydrogen-bond formation. The absorption and 

fluorescence property of 2-amino pyridine (2-AP) and its dimer (2-AP)2 are analyzed 

theoretically in order to unveil the effect of intermolecular H-bonding interaction in the 

photochemical behavior of 2-AP. All the calculations (DFT and TDDFT) are performed using 

ADF suit of program with dispersion corrected methods (DFT-D). To reveal the cooperativity 

due to H-bonding, a decomposition analysis (EDA) in the framework of the Kohn-Sham 

molecular orbital (MO) model is performed. The ETS-NOCV calculations are performed for the 

equilibrium geometries of the ground and excited states of the dimer. The formation of H-bond 

has been confirmed by the calculation of synergy (ΔEsyn) from the difference of interaction 
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energy (ΔEint) with and without H-bond interactions. H-bond interaction affects the energy of the 

electronic excited state of the dimer resulting red-shift in the emission spectrum. 

General and comprehensive conclusions of all the chapters are given in the final chapter. 
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PREFACE 

Recent years have witnessed evolution of multifunctional materials to meet the urge of 

rapidly evolving technological world. To design such materials, optical properties are one of the 

important characteristics to delve into. Knowledge of the quantum chemical origin of different 

kind of optical properties in molecules are extremely important for tuning smart materials with 

desired functionality. We have put our effort to systematically increase the nonlinear optical 

(NLO) response in molecular systems, which can effectively guide the synthesis of molecules for 

use in three dimensional memory storage, optical limiting, optical switching etc. In our study, 

inclusion of zwitterionic substituents has been found to have significant effect on NLO response 

of molecules, where the push and pull of charges tremendously increase the first 

hyperpolarizability values. In continuation of our effort to design multifunctional material, 

coinciding useful magnetic and optical response in the same system seemed to be an interesting 

idea. There have been reports where organic molecules with both the magnetic and NLO 

response achieve multifunctionality and this feature is used in the field of biomedicine. From the 

urge of designing such molecules, we have proposed diradical systems with stable ferromagnetic 

ground state and reasonable two-photon absorption cross section. Simultaneous presence of these 

two features makes the systems a promising candidate for magnetic resonance imaging contrast 

agent and photo sensitizer. Our next work is based on the design of luminescent materials, which 

have become an indispensable part of our life. In order to construct luminescent devices, specific 

emitting materials are required amongst which blue emitting materials are rarest for high energy 

electron transition. This fact motivates us to find out the electronic structural criteria for blue 

emission, and thus we find appropriate choice of ligands around a 3d transition element can 

really lead to the electronic transition in blue wavelength region. Such luminescent materials 

based on 3d transition metals surmount the difficulty of luminescence quenching commonly 

found in heavy metal-based systems. We also explore the effect of weak interactions like H-

bonding on fluorescence. Our study divulges that the H-bonding stabilizes the excited electronic 

state more compared to the ground state resulting red shift.   
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CHAPTER 1 

 

Optical properties of organic and metal based systems 

 

Abstract 

 
The first chapter addresses a concise history and momentous advances in the field 

of optical characterization of molecules. In this chapter a brief description of the origin and 

advancement of research in several optical properties like nonlinear optical property, 

luminescence property and two-photon absorption property are given which associate the 

sequential development for designing new materials. A basic theoretical approach of these 

optical properties from the viewpoint of electronic structure theory is described for proper 

understanding of the structure property relationship. A special attention is also given to 

the luminescent materials for their applications as phosphorescent emitters for organic 

light emitting diodes (OLEDs) along with basic setup and working principles of OLED 

devices. 
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1.1. Introduction 

Exploring the physical and chemical properties of matter by using light is a natural 

concept and for a long time we have been doing this with our vision. For example, from the 

color of emitted light one can predict how hot an incandescent object is, thickness variation 

of a soap film from the colors of light it transmits, from the amount of absorbed light the 

concentration of solutions can also be judged. With the advancement of civilization, people 

are using specialized instrumentation technique to extend the range, perception, sensitivity, 

and precision of our vision or using photons of light to determine materials properties, what 

we call optical characterization. Many different characterization techniques have been 

reported so far that use photons with energies in the range of electromagnetic spectrum. 

Optical properties of materials are one of the most powerful characterization techniques that 

have played a significant role in the development of science and our current understanding of 

the universe. A few notable examples are: 

(i) The study of the blackbody radiation, which lead to the formulation of quantum 

mechanics by Max Planck. 

(ii) The discovery and study of the photoelectric effect, which provide evidence of the 

dual nature of light. 

(iii) The study of the optical emission from atoms and molecules, which provided 

evidence of their quantized electron energy levels. The chemical element helium was 

discovered from the observation of the emission spectrum of the Sun. 

Generally optical properties of materials depend on the structural, morphological, electronic 

and physical properties. When light enters into a matter, its electromagnetic field interacts with 

the localized electromagnetic field of atoms. After performing the interactions when it emerges 

from the matter, its characteristics and properties may not be the same. How the matter can affect 

the light depends on the strength of the field of the light, its wavelength, and the matter itself. In 

addition, external influences such as temperature, pressure, and other external fields (electrical, 

magnetic) can also manipulate the interactions. These interactions are also helpful in 

constructing optical devices. In this chapter our intension is to give a brief introduction to two 

specific optical properties, viz., nonlinear optical response and luminescence.   
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1.2. Nonlinear optical property 

1.2.1. Definition of nonlinear optics 

The interactions of applied electromagnetic fields with various materials to produce new 

field that altered in phase, frequency, amplitude or other propagation characteristics from the 

incident one are termed as nonlinear optics (NLO).1 This kind of nonlinear interaction can only 

be observed with a very high intensity (electric field) of the incoming field. Following scheme 

(Figure 1.2.1) represents linear and nonlinear interactions of the wave and the media.    

 

Figure 1.2.1. Linear (left) and nonlinear 

(right) interactions of waves and the 

media. 

   

 

During the past few decades the field of NLO and photonics has secured a good place as 

a new frontier science and technology in application areas that has been dominated previously by 

electronics. In Photonics, in order to acquire, accumulate and transmit information, a photon 

instead of an electron is used. A photonic circuit is very much similar to that of electronic circuit. 

The major difference is that in photonic circuit photons are conducted through channels and light 

can be switched from one channel to another at certain junction points. For optical switching at 

these junctions, we need to use a material that allows the manipulation of light propagation by 

application of an electric field or a laser pulse. The materials that can control the light at these 

junction points are known as NLO materials and these are gaining importance day by day in 

technologies such as telecommunications, information processing, robotics, optical 

communication, optical computing, dynamic image processing and so on.2, 3  Photonics has many 

notable virtues over electronics. The major advantage is that photons are much faster than an 

electron. Moreover there is no electrical and magnetic interference, thereby making the photonic 

circuits fully compatible with the existing fiber optics networks.4  

1.2.2. Origin of NLO  

In order to explain the physics in Figure 1.2.1; let us consider an energy diagram in 

Figure 1.2.2. The left part of the diagram represents the weak beam (non-laser light) interaction 
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with the molecule resulting same energy emission as the input light and hence we achieve same 

waves for linear optics. On the other part of the diagram, light with high intensity (lasers) interact 

with the molecule resulting multiple excitation to higher energy level. Hence it results emission 

of light with higher energy than the input light energy. This is nonlinear optics, in which new 

waves have been produced.  

 

Figure 1.2.2. Energy band diagram of linear 

(left) and nonlinear optics (right). 

 

When electromagnetic radiation interacts with 

matter, depending on their frequency, various 

types of polarizations are induced. With low 

frequency radiation (radiowave and microwave), 

orientation polarization, vibrational polarization and electronic polarization contributes to the 

total polarization. The first one implies reorientation of the molecules; the second one is related 

with the deformation of the nuclear framework of the molecule with the applied field. The 

electronic polarization can only occur when the radiation has wavelength in the optical range. 

With small electric field associated with the electromagnetic radiation, the polarization varies 

linearly with the electric field and the constant of proportionality is the known as polarizability 

(for molecules) and the linear electric susceptibility 
(1) (for bulk solids).5 

( ) ( ). ( )Polarization E    = =  

( ) ( ). ( )ijP E   =      (1.2.1) 

The materials showing this kind of response are termed as linear optical materials. The 

charge movement may cause reemission of radiation without modifying the frequency of the 

incident light. Although induced polarization may change in the speed of the light resulting 

optical phenomena such as refraction or birefringence. The reason for this is that the field 

strength of conventional light sources is much weaker (below 103 ν/cm) than the atomic and 

inter-atomic fields (107 to 1010 ν/cm). Therefore the resultant perturbation is too small to cause 

any change in the optical parameters. But with the advent of lasers the situation has changed 

drastically. Lasers generate electric field strength varying in the range of 105 - 109 ν/cm, 

compatible in resonating with the atomic electric fields of the medium. This resonance affects 

the optical properties of the medium and thus generates new electromagnetic fields altered in 

phase, frequency, and amplitude. This is the realm of NLO.6  
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With strong field strength (e.g., lasers) the polarization response of the medium is no 

longer linear as given in equation (1.2.1) and the higher order terms become more significant. 

The optical response can be described by expressing the polarization (P) as a power series in the 

field strength (E) as7 

........3)3(2)2()1( +++= EEEP     (1.2.2) 

2 3

0 ................P E E E   = + + + +    (1.2.3) 

Equations 1.2.2 and 1.2.3 represent the interaction of radiation with bulk material and a 

molecule respectively.8 Where 0 is the permanent dipole moment, 
(1) and α are linear terms 

responsible for linear optical properties (refractive index, absorption, permittivity etc.), 
(2) and 

β are quadratic terms responsible for nonlinear optical properties (second harmonic generation, 

electro optic effect, etc.). The term 
(3) and γ are known as cubic nonlinear term responsible for 

the third harmonic generation, optical phase conjugation and the Kerr effect. Hence, the induced 

polarization can convert the fundamental frequency to the second, third and higher order 

frequencies. This is illustrated in Figure 1.2.3 for a medium where the first nonlinear term β 

makes significant contribution to the induced-frequency components. In this example the 

medium (a model of non-centrosymmetric molecule) demonstrates an asymmetric polarization 

response to the applied field E(ω). The polarization occurs from D (electron rich substituent) to 

the A (electro deficient substituent). The nature of polarization can be illustrated as a summation 

of the Fourier components of frequencies ω, 2ω and 3ω etc. as shown in the Figure 1.2.3. 

According to Fourier theorem a non sinusoidal periodic response (P) can be represented as a sum 

of series of sinusoidal functions with harmonics of appropriate coefficients of the elementary 

frequency ω. For asymmetric and symmetric response, an appropriate summation of the even 

harmonics (0, 2ω, 4ω, 6ω etc.) and the odd terms (ω, 3ω, 5ω etc.) describe the total 

polarizability function (P).      

 

Figure 1.2.3. (a) Polarization response (P) 

plot to an incident electromagnetic wave of 

field strength E(ω) in a noncentrosymmetric 

medium at frequency ω. (b) to (d) Fourier 

components of P at frequencies         2ω, ω, 

and 0. 
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Similarly Figure 1.2.4 shows an example of a nonlinear response in a centrosymmetric 

medium like benzene. Here delocalized π electron of system is responsible for the symmetric 

nonlinear polarization. The Fourier response decomposition occurs at odd harmonics (ω, 3ω, 5ω, 

etc.) with gradually decreasing amplitudes (coefficients) of the higher order components. In 

either of these examples, as the incident field E(ω) becomes more and more intense, the 

nonlinear terms contribute more significantly. 

 

 

Figure 1.2.4. Nonlinear polarization response 

(P) plot of to an incident electromagnetic field in 

a centrosymmetric medium.  

 

 

The non-linearity of the optical response is best represented by the second (β) and third 

hyperpolarizability (γ). For a centrosymmetric system, then first order or second 

hyperpolarizability (β) is zero, implying the non-responsiveness of centrosymmetric media 

towards second harmonic generation. This can be explained as follows. If a field +E is applied to 

the medium, the first nonlinear term appeared as +βE2 according to equation (1.2.3), with an 

applied field of –E, it still appeared as +βE2. But this is contradictory as the medium is 

centrosymmetric where polarization should be −βE2. This contradiction can only be resolved if 

β=0. Thus we can conclude that the centrosymmetric medium possess zero β-value. In the case 

of third order NLO susceptibility, if +E field produces polarization +γE3 and −E field produces 

−γE3, so for centrosymmetric media, the second order hyperpolarizability (γ) is the first non-zero 

nonlinear term.1 

1.2.3. Microscopic nonlinearities 

The description of nonlinear optical processes in the previous section needs more 

rigorous physical basis. In this section the constitutive relationships will be precisely stated.  

The polarization induced in a molecule by an applied electric field is  

 

.............i ij j ijk jk ijkl jklP E E E  = + + +    (1.2.4) 

Where the subscripts i, j, k, l refer to the molecular coordinate system and Ej, Ejk etc. 

denote the components of the applied field. The induced polarization in a molecule is a vector 
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quantity and is related to the electric field vectors through the components of tensor coefficients, 

though it has been considered earlier as scalar as expressed in equation (1.2.3). The third-rank 

tensor ( βijk ) has very similar properties  to a vector, but γ, a fourth-rank tensor, has the 

properties of a scalar. This can be verified from the experimental findings where values of β and 

γ are related to the components of the tensors according to equations (1.2.5) and (1.2.6).  

 

zxx zyy zzz   = + +       (1.2.5) 

1 ( 2 2 2 )
5 xxxx yyyy zzzz xxyy xxzz yyzz      = + + + + +    (1.2.6) 

 

In order to understand clearly about the vector like nature of β we observed a situation as 

presented pictorially in Figure 1.2.5 where the z-axis of the molecule is considered passing 

through two carbon atoms that contains the donor (D) and acceptor (A). It can be noted that the 

component of any arbitrary chosen field will polarize the molecule mostly in the z direction. If 

we set up experiments where the applied field is pointed in the direction of the molecular axis, it 

is clear that βzzz will be the dominant contributor to the nonlinear response. γ, on the other hand, 

has the characteristics of a scalar with field projections contributing in all molecular directions.  

    

 

Figure 1.2.5. Model system 

with electron donor and 

acceptor substituents which 

results the asymmetric charge 

distribution along with large 

β. Considering the reference 

coordinate system as z- axis 

which is parallel to the dipolar 

axis of the molecule, the 

molecule is most easily 

polarized   along z direction. 

Hence βzzz is the largest 

component of the βijk tensor.  

 

 

 

 

 

1.2.4. Various types of second-order NLO effects  

Various types of second-order NLO effects can be observed experimentally namely,  
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1.2.4.1. Second harmonic generation (SHG)  

This has been considered as the most extensively used applications of NLO. SHG is a 

process where frequency of radiation becomes doubled with respect to the incident light after 

passing through a certain medium. Suppose two radiations of frequency ν are passed through a 

material having characteristics 
2 and β, the emitted radiation will have a frequency of 2ν. The 

produced wave will have the same direction as the incident one. Figure 1.2.6 pictorially 

represents the process of SHG. 

 

Figure 1.2.6. Second harmonic 

generation (SHG). The dashed 

(-) line corresponds to the 

virtual level9. 

 

 

2h h h  + =      (1.2.7) 

1 2p p p+ =       (1.2.8) 

The p1 and p2 are the momenta of the absorbed photons, and p is the momentum of the 

emitted one.  

1.2.4.2. Sum frequency generation or parametric generation  

Transformation of the light wave with frequency ν into two new light waves with 

frequencies ν1 and ν2 is termed as parametric generation9 as shown in Figure 1.2.7. 

 

 

Figure 1.2.7. Paramagnetic 

generation.                                                                           

                                               

 

1 2h h h  = +       (1.2.9) 

1 2p p p= +       (1.2.10) 
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This process is also represented as two-photon process like SHG.  

1.2.4.3. Linear electrooptic effect or Pockels effect  

In presence of an external electric field, a linear change in the refractive index of the 

medium occurred and is termed as Pockels effect. In this case, a DC field is applied to a medium 

through which an optical wave propagates. The interacting field component can change the 

polarization which effectively alters the refractive index of the medium.1  

1.2.4.4. Optical rectification  

The optical rectification is defined as the ability to induce a DC voltage between the 

electrodes placed on the surface of the crystal when an intense laser beam is directed into the 

crystal.1  

1.2.5. Applications of NLO effects  

Table 1.2.1 represents various susceptibility and frequency dependent applications in 

various fields for 
(2) and 

(3)  

Table 1.2.1. Susceptibility functions (
(2) and 

(3) ) for various types for interacting field 

components, their effects and applications. 

 

Susceptibility Effect Applications 

(2) (0; , )  −  Optical rectification Hybrid bistable device10 

(2) ( ; ,0)  −  Electro-optic (Pockels) effect Modulators, variable phase 

retarders11 

(2) ( 2 ; , )   − −  Frequency doubling Harmonic generation device10 

(2) ( ; , )c a b   −  Frequency mixing Paramateric amplifiers, IR up 

converters11 

(2) ( ; ; , )    − −  AC electro-optic effect 

AC Kerr effect 

Optical bistability10 

Phase conjugation12 

(2) ( 3 ; ; , )    −  Frequency tripling Deep UV conversion12 
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1.2.6. Present status of the field  

Strong intramolecular charge transfer excitations in a noncentosymmetric environment 

have been proved to be the fundamental requirements for second-order NLO materials as 

prescribed by theoretical model (vide infra). Prototypical organic molecules such as p-

nitroaniline (PNA) (Scheme 1.2.1), dimethylaminonitrisostilbene (DANS) have an asymmetric 

charge distribution with donor and/ or acceptor group substituents and thus satisfy basic criterion 

for good NLO response. 

 

Scheme1.2.1. P-nitroaniline molecule, the 

prototypical dipolar D-π-A system. 

 

 

 

 

DANS has long been regarded as typical benchmark compound for evaluating NLO 

properties.1 In this respect, scientists have primarily focused on engineering the electronic 

structure of the donor, acceptor and the bridge structure based on the simple molecular scheme 

(D-π-A structure) for producing efficient second-order NLO dipolar organic molecules and metal 

complexes. In addition to dipolar molecules, octupolar molecules have also drawn the attention 

of scientific community in recent times. These species are multi-polar and their NLO response is 

due to multidirectional charge transfer excitation. A prototypical example is shown in Scheme 

1.2.2.  

 

 

 

Scheme 1.2.2. Dipolar vs. octupolar charge 

distribution in prototypical dipolar and trigonal 

octupolar systems. 
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1.2.6.1. Organic molecules for second-order nonlinear optics 

In the early nineties, Marder et al. paved the way for developing highly advanced NLO 

chromophores13, 14 and found an optimal combination of D and A strengths to maximize μβ for a 

given conjugation bridge. It was found that the average difference between the single and double 

bond lengths in the molecule i.e., bond length alteration (BLA) is the key parameter for 

optimizing the β of molecules.15 Most of the existing molecules are known to have high BLA to 

maximize β. For example DANS molecule having aromatic ground state is likely to have more 

bond length altered than a simple polyene chain of comparable length for a given set of 

combination of D and A. The high degree of BLA in such molecules indicates that insufficient 

contribution of charge separated resonance takes place in the ground state configuration showing 

a direct consequence of loss of aromatic stabilization in the charge separated form. Therefore 

molecules with less aromatic character in the ground state or systems where loss of aromaticity 

in the ground state is compensated by a gain in aromaticity in the charge separated form have 

been receiving importance. For example when heterocyclic rings like thiophene, furan replace 

benzene rings in stilbene derivatives, a decrease in the aromatic character in the ground state 

leads to enormous high β value.16, 17  More enhanced nonlinearities can be observed in molecules 

that can gain aromaticity in their charge separated form.18  

Molecules with high nonlinearities, designed for electro-optic and SHG applications, should 

also possess good thermal and chemical stability. Unfortunately, organic molecules discussed so 

far are thermally unstable in spite of having high degree of nonlinearity. Moylan et al.,19, 20 

figured a way out to increase the thermal stability without compromising the nonlinearity of 

chromophores by replacing aliphatic dialkyl amino donor groups with diaryl amino groups.21, 22 

Lindsay et al.,23 replaced the most reactive cyanide group in the tricyanovinyl group with aryl 

units in tricyanovinyl thiophenes, which improved the chemical and thermal stability 

considerably. Another class of extremely thermally stable chromphores with good nonlinearity 

are symmetrical analogues of the commercially available 4-(dicyanomethylene-2-methyl-6-94-

dimethylamino styryl)-4-pyran (DCM) laser dye.23 This compound with dicyanomethylene pyran 

acceptor attached to two carbazole donors is found to be thermally stable up to 350ºC. Due to 

their “lambda-shape” structure, these molecules may be less susceptible to loss of nonlinearities 

in poled polymer films.24   
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1.2.6.2. Metal complexes for second-order nonlinear optics 

Similar to organic NLO chromophores, most of the second-order NLO metal complexes 

also possess the structural pattern of D-π-A, where an organometallic bridge can be attached to 

donor and acceptor moieties. Metal to ligand charge transfer (MLCT), ligand to metal charge 

transfer (LMCT), or intraligand charge transfer (ILCT) processes make the metal complexes 

effective for use as donor / acceptor / polarizable bridge. Keep this scheme in mind; several 

classes of second-order NLO transition metal complexes can be identified.  

Metallocene derivatives, one of the most widely investigated classes of NLO metal 

complexes,25, 26 generally a ferrocenyl moiety acts as the donor group of the D-π-A structure. The 

second-order nonlinearity of such complexes is attributed to the CT excitations from low-lying, 

filled metallocene orbitals to empty π* orbitals of the conjugated π-A system.27 Another 

important classes of NLO metal complexes based on Schiff base ligands have also been 

introduced.28 Reports on the NLO properties of these types of compounds based on the 

tetradentate salen [N,N′-bis(salicyleneaminato)ethylene] ligand showed that the role of the metal 

electronic configuration determines the second-order nonlinearities.29 It was also confirmed that 

this family of derivatives shows excellent thermal stability. This discovery indicated the 

potentiality of metal complexes as building blocks of NLO materials. Another prime important 

metal based complexes for applications in the areas of conducting, magnetic molecular materials 

and also relevant optical properties are metal bis-dithiolen complexes.30 In a works it has been 

shown that bis-dithiolene complexes of Ni, Pd, Pt can be useful as near-infrared dyes for Q-

switching the Nd:YAG lasers.31 Curreli et al., in one of their works addressed how the different 

terminal environments (π-conjugated) with the centrosymetric (C2S2)Ni(C2S2) core affects the 

electronic and NLO properties of the complex.32 Volger in early 1980s,33 reported asymmetric 

bis-dithiolene complexes as potential second-order chromophore.34  

 

1.3. Luminescence 

The word luminescence appears from the Latin term ‘lumen’ signifying light and is 

presently defined as spontaneous emission of radiation through a process other than 

incandescence. If we heat something to a high enough temperature, it will begin to glow. When 

coil of heater or metal in a flame begin to glow ‘red hot’, this is incandescence. Sun and stars 

also glow due to this phenomenon. Whereas luminescence is ‘cold light’ emission phenomenon 

which takes place at lower or even at normal temperatures. In luminescence some energy source 
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drags an electron from its ground state (lower energy) into the excited (higher energy) state; then 

the electron return to its original state with emission of light in the visible region. This is 

luminescence. We can observe the luminescence phenomena in nature also, like aurora borealis, 

the light of sea, luminous animals (glow-worms, fireflies), phosphorescent woods etc. All over 

the world, scientists are using this phenomena in various fields like geology, physics, chemistry, 

biomedical engineering, industrial applications for research and development.35  

1.3.1. Luminescence and stokes law  

When radiation is incident on a material, some of its energy is absorbed and re-emitted as 

light of higher wavelength (stocks law). The wavelength of the emitted light is characteristics of 

the luminescent substance and does not depend on the incident radiation. The emitted light may 

be in visible, ultra-violet or infrared region. This cold emission (i.e., luminescence) involves two 

steps: (1) excitation of electronic systems to higher energy level, and (2) subsequent emission of 

light. After absorption of radiation, emission of light takes place with characteristic time gap (τc). 

This parameter allows us to sub-classify the process of luminescence into fluorescence and 

phosphorescence. In fluorescence, τc <10−8s and is seen to be spontaneous i.e., fluorescence 

emission occurs instantly with the absorption of radiation and stops immediately as the radiation 

ceases. Whereas in phosphorescence, τc > 10−8 s and is seen to continue for a long time even after 

the source of excitation is removed. Phosphorescence can be further divided into two parts: a) 

short period, τc <10−4 s, and (b) long period where τc >10−4 s, also called Thermoluminescence 

(TL). Fluorescence is essentially independent of temperature, whereas decay of phosphorescence 

exhibits strong temperature dependence. Each process mentioned above has its own significance 

and advantage in the field of 

science and technology.35 The 

family tree of luminescence 

phenomena is shown in Figure 

1.3.1.  

Figure 1.3.1. Classification of 

luminescence on based on 

duration of emission.35 
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1.3.2. Types of luminescence 

Depending on the source of energy or what trigger luminescence, there are varieties of 

luminescence namely: 

1.3.2.1 Chemiluminescence: Energy source is chemical reactions. 

1.3.2.2 Bioluminescence: Living organism produces light due to chemical reactions. 

1.3.2.3 Triboluminescence: Light is generated by mechanical energy. 

1.3.2.4 Cathodoluminescence: The light emission is a result of electron beam excitation. 

1.3.2.5 Electroluminescence: Light is generated in response to an applied electric field on a 

certain material. 

1.3.2.6 Photoluminescence: Emission of the light is the result of the excitation by 

electromagnetic radiation or photons. 

1.3.2.7 Thermoluminescence:  It is also known as thermally stimulated luminescence (TSL). It is 

the luminescence activated thermally after initial irradiation by other means such as α, β, γ, UV 

or X-rays. 

1.3.2.8 Sonoluminescence: It is the phenomenon by which light is produced due to the excitation 

by ultrasonic waves. 

Emphasis in this thesis has been given to electroluminescence and its application for 

producing organic light emitting diodes (OLEDs). 

1.3.3. Basic principles of luminescence 

The process of luminescence can be illustrated using an energy diagram called Jablonski 

diagram (Figure 1.3.2). This diagram describes various relaxation mechanisms for the excited 

state molecules. Every energy level (S0, S1, T1 etc.) is comprised of several closely spaced 

vibrational states due to the presence of vibronic motions in a molecule. When larger energy 

compared to the HOMO−LUMO energy difference is introduced in a molecule, electronic 

transition may take place either to the lower lying S1 excited state or even higher singlet excited 

states S2, S3 etc. Higher vibronic states within S1 state relax to the lowest vibronic state of S1 

within a time scale of picoseconds. On the other hand, higher energy singlet state (S2,S3) relax to 

S1 state via nonradiative internal conversion (IC) processes. Triplet states are usually populated 
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via an intersystem crossing (ISC) of S1 and T1 states. Radiative transitions take place when 

electron comes down from the lowest vibronic state of S1 or T1 to the ground state S0. The 

radiative transition from S1 to S0 is classified as a spin allowed transition with a time scale of the 

transition of the order of a few nanoseconds. On the other hand, the time scale of the T1 to S0 

transition is much longer, ranging from micro- to milliseconds, because the process is spin-

forbidden.36, 37 Here it is worth mentioning that the population of excited triplet and singlet states 

depends upon the relative magnitude of rate constant ( S

rk ) of the process S1→ S0 and the rate 

constant ( ISCk ) for a nonradiative intersystem crossing (ISC), S1→ T1. The rate constant ( T

rk ) of 

the T1→ S0 process is normally low irrespective of the triplet yield because of spin forbidden 

character. Thus phosphorescence rarely occurs in organic molecules though it is common in 

metal complexes due to the high degree of spin-orbit coupling, which relaxes the spin selection 

rule. Radiative emission can then compete with deactivating processes allowing 

phosphorescence to be observed at room temperature. 

 

 

 

Figure 1.3.2. Jablonski diagram 

representing the absorption, 

fluorescence and 

phosphorescence. Thick arrow 

represents absorption of light; 

dashed ones indicate vibrational 

relaxation and non-radiative 

decay.  

 

 

 

 

1.3.4. Electroluminescence and OLEDs 

Luminescent materials fascinated mankind owing to their broad range of applications 

such as cathode ray tubes (CRTs), projection televisions (PTVs), fluorescent tubes, and X-ray 

detectors etc.38 Besides traditional areas of application, the demand for new materials for 

displays and illumination technology has received considerable activity in the last decade. One of 

the revolutionary technologies for generating light in LEDs is the direct excitation of organic 

semiconductors by electrical current. Particularly OLEDs has been receiving notable interest 
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over the world and are already substituting conventional display technologies.39, 40 In fact, 

OLEDs offer many appealing advantages such as self emission, easy manufacturing, flexibility 

etc. OLEDs do not require a backlight, polarizers and diffusers which results the formation of 

much thinner display panels. Moreover in OLEDs, light emission occurs only from the required 

pixel rather than from the entire panel causing very low power consumption compared to that of 

LCDs.41  Finally, OLED displays are aesthetically superior to LCDs providing truer colors, wider 

viewing angles (up to 170º) and fast switching times (1000 fold faster than traditional displays). 

 

1.3.4.1. The OLED structure 

The multilayered OLEDs device consists of organic thin layers sandwiched between an 

anode (generally indium tin oxide) and metallic cathode (Mg–Ag or Li–Al). The organic layers 

generally compose of three layers namely (a) a hole transport layer, (b) an electron transport 

layer and the most important one (c) exciton blocking layer such as 2, 9-dimethyl-4, 7-diphenyl-

1, 10-phenanthroline (BCP).42 The organic emitters are generally deposited either between the 

conducting layers or more commonly doped into the electron transport layer, typically tris(8-

hydroxyquinolate)aluminum (Alq3). 

Application of electric voltage causes 

injection of holes from anode and electrons 

from cathode. Holes migrate to the hole 

transport layer and electrons migrate to the 

electron transport layer where they meet 

forming exciton. The exciton is then relaxed 

to the ground state resulting emission of light 

(Figure 1.3.3).  

 

Figure 1.3.3. Basic set up of a layered OLED structure. Triplet emitters are represented by 

asterisks.  

 

1.3.4.2. Mechanism of exciton formation 

We have discussed earlier that exciton formation occurs at the emissive layer which are 

generally consist of organic matrix doped with emitter molecules (dopants). In general the 

electron hole recombination occurs at the dopants although it may also occur in the organic 
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matrix. For the latter case relatively high dopant concentration is required for quenching of 

matrix emission. In early days organic fluorescent molecules had been utilized in OLED devices 

as dopant molecules.9 However, in recent times, identification of phosphorescent materials are 

gaining importance as luminous efficiency of OLEDs can be greatly enhanced with 

phosphorescent emitters.  

According to the mechanism of exciton formation, the first step is characterized by 

trapping of charge carriers (electron and hole) in emitter molecules. The hole may be trapped 

first to the emitter molecule e.g., Ir(F-ppy)3 in PVK43 and consequently oxidizes it. 

Simultaneously under applied external potential, electrons from cathode will migrate through the 

matrix material to the anode. This is known as electron hopping. If the trapped holes are far from 

the trajectory of electrons, electrons migrate independently to the anode without meeting the 

holes. In that case, the hole-electron binding energy ΔE(e-h) depends on the electron-hole 

separation, R. The hole-electron recombination also depends on the spins of both electron and 

hole. When these spins are coupled, one combination of antiparallel spins gives singlet and three 

combinations of parallel spins generate a tripet state (Figure 1.3.5b). Thus statistically, 25% of 

the excitons are singlet and 75% are triplet, which differ from each other with respect to their 

spin orientations.44, 45 Thus, excitons produced either directly into the dopants or into the organic 

matrix will undergo exchange interaction leading to the energy splitting between singlet (S) and 

triplet (T) states, ΔE(S-T). Emission between these spin states of exciton, excites the emitter 

molecules. The process is described to follow singlet or triplet path (S-path or T-path) depending 

on the initial spin orientation of the electron-hole pair (Figure 1.3.4).46  

 

 

 

 

 

Figure 1.3.4. 

Dynamics of exciton 

formation. 
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1.3.4.3. Triplet and singlet harvesting 

This section describes the effect of spin-orbit coupling on the efficiency of 

electroluminescence in an OLED device though the mechanism of exciton formation remains 

unaltered.  In order to illustrate this, we will compare the luminescence efficiency of organic and 

organometallic complexes, both having equal photoluminescence quantum yields. Relaxation of 

exciton through singlet or triplet paths populates the lowest excited singlet or triplet state of the 

emitter. This is true for both organic and organometallic complexes. Figure 1.3.5 schematically 

represents this phenomenon. In case of organic molecules, S1 → S0 emission is dominant over S1 

→ T1 intersystem crossing. On the other hand T1 → S0 transition rate is rather small because of 

spin forbidden nature. The deactivation of T1 state occurs in non-radiative fashion at ambient 

temperature. Thus 75% of the triplet excitons do not lead to luminescence and lose their energy 

as heat (Figure 1.3.6, left hand side). On the contrary, in transition metal complexes, the central 

metal ion possesses significant spin-orbit coupling (Figure 1.3.6, right hand side) resulting 

efficient S1 → T1 ISC and thus singlet S1 emission is not observed. Rather radiative T1 → S0 

transition occurs significantly allowing phosphorescence even at ambient temperature. Thus all 

possible spin states of the excitons can be harvested to populate the lowest T1 state. In 

conclusion, by this process of triplet harvesting one can in principle obtain a four times larger 

electro-luminescence efficiency for triplet emitters than for singlet emitters. 

 

 

 

Figure 1.3.5. Electro-luminescence excitation processes for (a) organic and (b) organo-

transition metal emitters. (c) and (d) representing triplet and singlet harvesting effect 

respectively.  
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But the situation is little different for heavier transition metal complexes where average 

radiative rates for the T1 → S0 transition is relatively low. In this case if non-radiative processes 

do not lead to quenching, the emission decay times are relatively very long causing triplet-triplet 

annihilation and hence make these materials unfit for OLED application. To overcome these 

problems, Yersin et al.47, proposed specific emitter molecules with newer electro-luminescence 

mechanism. This special class of molecules are characterized by small energy gap ΔE(S1 –T1) 

between excited singlet (S1) and triplet states (T1).
48, 49 Hence SOC induced ISC processes are 

fast as well as upward processes from T1 to S1 are effective at ambient temperature, which 

enables emission from both states (S1 and T1). In summary, singlet emitters can also take 

advantage of singlet harvesting effect by gathering both triplet and singlet excitons and might be 

well suited for OLED applications as already well established for triplet emitter materials. 

 

1.3.4.4. Requirements of triplet emitters for OLEDs 

Emission wavelength (λem), lifetimes (τ) and quantum yields (Φp) of phosphorescent 

materials are important parameters from the view point of OLED application. Three primary 

colors, blue (~ 450–470 nm), green (~ 500–550 nm) and red (~ 650–700 nm) are required for full 

color displays. Although red and green emitters are readily available, blue emitters are hard to 

find due to the large energy gap between the ground and excited states. On the other hand emitters 

with long emission lifetimes severely decrease the OLED efficiency. For example, when a 

molecule remains in the triplet state for an extended period of time, the rapid repopulation of the 

excited state will be inhibited and this become the limiting factor for the conversion of the 

electrical energy to photon energy. Ideally a guest phosphor should have phosphorescence 

lifetimes in the range of 5-50 µs at 298 K. In addition, suitable triplet emitters should ideally be 

stable, exhibit reversible redox behavior and undergo vacuum sublimation for ease of device 

fabrication. 

 

1.3.5. Structural classes exhibiting room-temperature phosphorescence 

Demand of novel luminescent materials exhibiting desired photophysical properties has 

generated significant activity in the last decades. Concerning OLEDs application, dopant 

containing organometallic systems offers a series of advantages over conventional organic 

emitters as pointed out earlier. Thus with judicious ligand selection it is possible to design a 

series of complexes where the identity of the emitting state is predetermined.50 This is 
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particularly important in designing of application-oriented luminescent materials. There are four 

types of electronic states or transitions expected for transition metal complexes. 

(i) d-d states (metal-centred (MC) transition): Upon ligand coordination the metal d 

orbitals are split. Excited d-d states arise from promotion of an electron within d 

orbitals which are essentially confined to the metal centre. 

(ii) d-π* states (metal-to-ligand-charge-transfer (MLCT)): These involve excitation of a 

metal centred electron to a π* anti-bonding orbital located on the ligand system. 

(iii) π-π* or n-π*  states (intraligand (IL) transition): Promotion of an electron from a π- 

bonding or non-bonding orbital to a higher energy anti-bonding orbital gives rise to 

these states. 

(iv) π-d states (ligand-to-metal-charge-transfer (LMCT)): These states arise from the 

transfer of electronic charge from the ligand π system to a metal centered orbital. 

 

The relative ordering of these four states (d, n, π, π*) may be altered by changing the metal 

centre or ligands,  or by changing the geometry of the complex.50 These modification 

possibilities have led to the design of many new complexes with predetermined luminescent 

characteristics.51  

 

1.3.6. Recent status of the field 

  Numerous research efforts have been put on the photo physical properties of transition 

metal complexes, some of which are discussed here.  

Room temperature phosphorescence is not a common feature for first row transition 

metal complexes due to weak spin-orbit coupling. However, isolated manganese (I)52 and 

manganese (II)53 have been reported to exhibit low temperature emission in solid glasses and 

several Ni (0)54 complexes exhibit weak phosphorescence in solution. Chromium (III) and 

copper (I) complexes are better examples of room-temperature phosphorescence. 

There are several comprehensive reviews regarding the photophysics of chromium (III) 

complexes.55, 56 In these complexes d→d excitation populates the 4T2 state, followed by 

intersystem crossing to the excited 2E state. This process is efficient (1010–1011 s-1) enough to 

produce quantum yield close to unity.57 Although both fluorescence (4T2→
4A2) and 

phosphorescence (2E→4A2) have been reported, phosphorescence occurs quite frequently. Due to 

the low excited-ground state energy gap in fist row transition metal complexes, emission wave 

lengths are mainly restricted to the red spectral region.58, 59 Ir(III) complexes with different 
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combination of ligands e.g., anionic 2-phenyl pyridine (ppy), Acetyl acetonate (acac), 2-carboxy, 

4-amino pyridine and neutral bipyridine (bpy) are also reported as effective phosphorescent 

complexes.60, 61 Their emission can be tuned from blue to red region by peripheral 

functionization of the ligands with different substituents (electron donating and withdrawing).62, 

63 The facial (fac) and meridional (mer) isomers of [Ir (Fnppy)3] are found crucial for use in 

OLED devices.62 A close inspection of their molecular orbitals reveals that introduction of 

fluorine atom can enlarge the HOMO-LUMO energy gap resulting blue shifted emission. Thus 

the green emitting fac-[Ir(ppy)3]  becomes the blue emitting fac-[Ir(Fnppy)3] complex after 

fluorination on the ppy ligands. So far it has been found that Ir(ppy)3  complex is one of the most 

famous emitters for OLED application and it’s emission is governed by the nature of  cyclo-

metallating ligands. However in case of Ir(ppy)2LX  (LX=ancillary ligand)  complexes, their 

color can be tuned from blue to red by changing the ancillary ligands. For example, complex 

Ir(ppy)3 shows deep blue emission at 77K, but its color can be changed from blue (422nm) to 

orange red (587nm) by using different ancillary ligands like Ir(ppz)2(acac) (acac= acetyl 

acetonate), Ir(ppz)2(dbm)  (dbm=dibenzoyl methane). It can be noted that the complex 

Ir(ppy)2(pic)  (pic=picolinate) shows strong green emission both in the solid state and  in solution 

at room temperature with photoluminescence (PL) efficiency of 19%. Here it is worth 

mentioning that to tune the emission of Ir (III) complexes, changing the ancillary ligand is more 

simple and convenient compared to the traditional method of altering the structure of cyclo-

metalating ligand. Yersin et al. proposed first row transition metal based complexes such as 

Cu(I)(pop)(Pz2BH2), (pop = bis(2-diphenyl phosphanyl, pzBH2 = bis (pyrazol-1-yl)borohydrate) 

with small energy separation, [ΔE (S1- T1)]. This causes emission from both the singlet and triplet 

excited state with better efficiency. Therefore efforts have been devoted to the development of 

materials with smaller ΔE (S1- T1) values. Solvent can also control the phosphorescence quantum 

yield by quenching the emission process of organo-transition metal compound with formation of 

exciplex between the excited emitter and the solvent molecule.64, 65 Exciplex quenching occurs 

more efficiently when emitters are more electrophilic and solvents are more nucleophilic in 

nature. Recently in an electrophilic Pt(II) compound the emission is found strongly quenched 

even by poor Lewis bases. On the other hand, in non polar cyclohexane, a high emission 

quantum yield was obtained.66    
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1.4. Aim of the present work 

Computational modeling is an efficient tool for designing potential materials. By modeling it 

is possible to eliminate the high costs associated with the hit and miss synthetic approach. This 

also offers the materials scientist the added advantage of quick feedback on a compounds 

potential usefulness. In many cases it has been found that the optical properties of studied 

compounds, computed using various methodologies are in good agreement with the experimental 

values. Thus use of computational methodology before synthesis is now accepted as a state-of-

the-art technique in modeling the potential molecules. Keeping in view the success of quantum 

chemical methods in predicting the quantitative value, the thesis specifically deals with the 

computational modeling of optical materials as given below:   

(1) Ionic donor-acceptor groups can enhance the hyperpolarizability values drastically 

compared to the neutral subatituents, attempts have been put in order to design efficient NLO 

materials based on organometallic spacer with zwitterionic substituents (donor-acceptor) at the 

peripheral unit.  

(2) Focus of the present research has shifted from heavy to light transition metal complexes 

for the existence of singlet harvesting effect in the latter. Third row transition metal complexes 

have also been reported to be quite effective for OLED applications. Therefore our interest 

centers around designing of luminescent materials especially rare blue emitters based on 3d 

transition metal complexes.        

(3) Magnetic Materials with interesting electrical and optical properties are of enormous 

importance due to their multifarious applicability in photonic devices. Especially organic 

magnetic materials with larger nonlinear optical response are of prime importance as they 

possess biological application as well. A great deal of attention has been paid to the two photon 

absorption (TPA) property of organic molecules as these systems have potential application in 

photodynamic therapy (PDT). Hence a single molecule can be used in multidimensional way. 

Thus by judicious choice of the components that constitute the molecule, it is possible to control 

the application of designed systems. In nutshell our intention is to design multifunctional 

molecules. 

(4) The effect of weak interaction (intermolecular hydrogen bond formation) on the 

excited state relaxation process such as luminescence process is one of the fundamental aspects 

of photochemistry. In some cases it has been found that intermolecular H-bonding interaction 
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diminishes HOMO-LUMO energy gap resulting red shift in the emission spectra. Here we have 

studied the effect of hydrogen bond interaction on the luminescence spectra. 
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CHAPTER 2 

 

 

Theoretical background of computational methods 

 

Abstract 

 

The second chapter represents a brief report on the basic theoretical background 

related to various optical properties along with theoretical techniques to quantify 

hyperpolarizability (β) and two-photon absorption cross section (σ). For theoretical 

determination of first hyperpolarizability (β), early models, equivalent field model (EIF), 

additivity model and two- state model along with quantum chemical approaches viz., sum 

over states (SOS) methods and coupled perturbed HF (CPHF) methods are also discussed 

here. A short description of “few-states model” for quantifying two-photon absorption 

cross section (σ) is also presented. In case of luminescent materials, principles of 

computational phosphorescence are clearly stated. 
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2.1. Theoretical determination of first hyperpolarizability (β) 

 

2.1.1. Early models for the calculation of β 

 

2.1.1.1. Equivalent field model (EIF) 

Equivalent field model was developed by Oduar and Chemla67, 68 for interpreting the 

second-order nonlinear optical responses. This method represents β by quantifying the ground 

state asymmetry of a π-network in a systematic fashion. It is reported that the major portion of 

the second order response can be predicted by the deformation of the electron distribution due to 

appended substituents to the chormophore molecules. The perturbation of the π-cloud caused by 

particular substituents is known as substituent mesomeric moment (μR) and is related with β as 






R
=

3
     (2.1) 

Where α is polarizability, γ is second order hyperpolarizability and βπ is the static 

hyperpolarizability at hω = 0.0. 

 

In this model determining the μR 
is complicated in predicating the βπ. For mono 

substituted benzenes and stilbenes, the π-deformation caused by substitutent R is defined as the 

difference between the ground-state μ to the mono substituted aromatic derivative and that for 

the analogous mono substituted aliphatic molecule. The σ-contributions to the μ of the π-

chromophores are eliminated. Using the μR,69 the βπ for a considerable number of mono 

substituted π-conjugation systems are predicted, which are well correlated with experimental 

trends in the second order response.68, 70 This model also accounts for the negative sign in the 

second order response when the added group is an electron acceptor and a positive β when the 

attached moiety is an electron donor. 

 

2.1.1.2. Additivity model 

This model is an extension of the EIF model and is generally used for predicting the 

second-order response for disubstituted derivatives i.e., push/pull systems (push/pull substituted 

benzene). It has been proposed that the total molecular nonlinearity for a complex system should 

be the sum of the contributions of each important structural component of the system.71, 72  

However this additivity model works well for weakly coupled systems, such as D and A σ-
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networks73 but fails for strongly coupled disubstituted systems73, 74 as proposed by Zyss et al. 

This model also fails predicting high β-values for highly asymmetric systems. 

Thus difficulties with both the EIF and additivity model is based on the assumption that β 

is governed by ground-state electronic distributions and that the substituents act independently of 

each other. 

 

2.1.1.3. Two-state model 

 In order to explain the high β-value for asymmetric systems, Oudar and Chemla68, 75 

proposed the two-state model. This model proposed that the large NLO response for these type 

of systems arises due to intramolecular charge transfer (CT) between D and A. Hence not only 

the ground state, the excited state is also responsible for the NLO response. The β can be 

represented as a sum of two contributions, βadd and βCT. 

addCT  +=       (2.2) 

βadd accounts for the interaction between the individual substituents and spacer (i.e., 

chromophore) and βCT represents the charge transfer interactions between the D and A moieties 

and is described in terms of a two-level interaction between the ground state (g) and the first 

excited state (n) as follows . 
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Here,  

hω is the energy of the laser photon, 

hωgn is the energy difference between ground state (g) and the first excited state (n), 

fgn is the oscillator strength of a g-n transition, 

Δgn is the difference in dipole moments between the ground and first excited state. 

Thus high β-value for a system is related to the charge transfer excited states and any 

method that seeks to predict hyperpolarizability must adequately represent the excitation to these 

states.76 

 

2.2. Quantum chemical approach for the calculation of β 

Reliable theoretical predictions of nonlinear optical responses are useful for providing 

guidelines to the synthetic chemists for exploring species of potential interest. Moreover this will 
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give us a concrete idea about the structure-optical-property relationship which is a key step to 

search the possible suitable candidate for NLO materials. There are two basic methodologies 

which can be used with an electronic structure method to compute NLO response viz., Sum over 

states (SOS) methods and Coupled perturbed HF (CPHF) methods. Both the SOS (field-

independent) and CPHF (field-dependent) methods are useful for any model Hamiltonian (i.e., 

ab initio, semiempirical) for the computation of β. 

 

2.2.1. Sum over states (SOS) methods 

Sum over states (SOS) approaches constitute one of the most commonly used class of 

methodologies for theoretical estimation of hyperpolarizabilities. These methods are field 

independent and calculations are carried out on free molecule where NLO response involves the 

coupling of the excited state. According to SOS methods, NLO responses calculated by applying 

perturbation theory to an unperturbated molecule77, 78 and are suited for studying the interaction 

between individual orbitals. In the uncoupled formulation, electronic excited states created by the 

perturbating laser field are treated as an infinite sum over unperturbed particle-hole states. The 

SOS perturbation equation for calculating β is given here (2.4). 
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       (2.4) 

where, ω is the frequency of the applied electric field, 
,

i

n nr 
is the matrix element of 

displacement operator ri along the ith molecular axis between electronic states n and n’ and hωng 

is the energy separation between the ground state (g) and an excited state (n). The term

( )i i i

n nn ggr r r = − is the dipole moment difference between excited and ground state. 

From this equation it is clear that in order to compute β, one needs to know the dipole 

matrix elements between the ground and excited states, excitation energy and excited state dipole 

moments. Since the ground state is of single determinant type, the polarizability involves only 
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monoexcited configurations. However, the applied fields mix the molecular ground state with 

many excited states, the SOS expansion is infinite and generally the sum is truncated after 

apparent convergence has been reached. 

 

2.2.2. Coupled perturbed Hartree Fock (CPHF) methods 

These formalism involves molecular Hamiltonian as field term (-r.F), which describes 

the interaction between the external uniform static field and the electronic structure. At a given 

field strength the molecular wave function is found, from which the appropriated expectation 

values of the field-dependent molecular energy (E(F)) and the field-dependent dipole moment 

(μ(F)) can be evaluated by following equation 

= )()()()( FFHFFE      (2.5) 

 = )()()()()( FFrFqFF ii     (2.6) 

The relationship between the μ of a molecule interacting with an external electric field 

and the NLO response can be given as  

  
 

++++=
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lkjijklkjijkjijii FFFFFFF .........)( 0    (2.7) 

where μ
i

0 

is the dipole moment in the absence of the field and (μ
i 
- μ

i

0

) is the polarization 

in the i
th 

direction (P
i
) as defined in equation (1.3). The (hyper) polarizabilities of increased order 

may be obtained by differentiating μ(F) with respect to the field.  

The partial derivative of the polarization (P
i
) with respect to the field can give the 

polarizability, while the second partial derivative of the polarization gives β and third partial 

derivative gives γ evaluated at zero field,79-81  

0)/( == Fjiij F      (2.8) 

0

2 )/( == Fkjiijk FF     (2.9) 

0

3 )/( == Flkjiijkl FFF     (2.10) 

Similarly the α, β and γ coefficients can be obtained from the molecular energy 

expansion80, 81 as follows. The molecular dipole moment is the negative field derivative of the 

energy. Thus 

)/( ii FE −=      (2.11) 
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0

2 )/( =−= Fjiij FFE     (2.12) 

0

3 )/( == Fkjiijk FFFE     (2.13) 

0

4 )/( == Flkjiijkl FFFFE     (2.14) 

The relationships given for α, β and γ are valid for the static field limit. Thus, the majority 

of derivative based NLO response computations have been reported at zero frequency. 

Numerical differentiation strategies82, 83 are used to compute the above derivatives. Pulay and 

others84, 85 have developed analytic gradient techniques to compute the above derivatives. 

Generally in CPHF methods analytical gradients techniques are used to compute NLO and other 

properties. While in FF, numerical methods are used to calculate the derivatives.  

2.3. One- and two-photon absorptions 

The one-photon absorption rate is proportional to the imaginary part of the linear 

susceptibility that can be derived by time-dependent perturbation theory.86 It is useful to 

introduce the oscillator strength to specify the “strength” of the transition. The dimensionless 

oscillator strength of the g →e transition is defined as86  
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where the μα is the dipole moment operator. The name of “oscillator” derives from the classical 

theory of radiation, imaging the atom as an oscillating electric dipole. The one-photon absorption 

spectra can be obtained by the calculation of oscillator strength through Lorentzian lineshape 

broadening 

22)(

1
)(

ff

f

fg
+−


=−
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where  
f corresponds to level broadening of the final state. 

A typical nonlinear absorption process is two-photon absorption which means the 

molecule can absorb two photons at the same time under the interaction of light field, see Figure 

2.1. The probability of a molecule simultaneously absorbing two identical photons is 

proportional to the square of the light intensity. In comparison with one-photon absorption, TPA 

has different selection rules and also it is related to the polarization of the light. These properties 
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make the TPA as a complementary spectroscopic tool for determining the position of energy 

levels that are not connected to the one photon absorption. 

Usually the TPA activity of molecules is described by TPA cross section. The 

relationship between molecular structure and 

two-photon absorption cross section can be also 

derived from standard time-dependent 

perturbation theory.86 The TPA cross sections 

of random orientated systems are related to 

imaginary part of the second 

hyperpolarizability Imγ (−ω;ω,−ω,ω) by87  

 

        Figure 2.1. Two-photon absorption 
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where n is the refractive index and L is the local filed factor. 

Alternatively, the two-photon absorption cross section can be obtained by calculating the 

two-photon transition matrix elements S  between the initial state I and final state f . Consider 

Imγ (−ω;ω,−ω,ω) for frequency ω being close to half of the excitation energy of the final state f 

ω and neglect all nonresonant contributions, the expression for γ becomes 
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where S  is the two-photon transition matrix elements defined as88  
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where α ,β (x, y, z) , μ is the dipole moment operator, si  represents the excitation 

energy to each intermediate state s , and the summation here includes all intermediate, initial and 

final states. 
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The TPA transition probability for a molecule is dependent on the polarization of the 

laser beams. The orientationally averaged two-photon probability is given by89  

 

 ++=


 ][ *** SSHSSGSSFtp
  (2.20) 

Here F ,G and H are coefficients dependent on the polarization of the light and are 

defined as 

1.4.
2* −+−= F      (2.20a) 
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where λ and ν are the polarization vectors of the laser beam. The values of F ,G and H are 

2, 2 and 2 for linearly polarized light and -2, 3 and 3 for the circular case. 

The macroscopic TPA cross section that can be directly compared with the experiment 

can be obtained by88, 90  
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where 0a  is the Bohr radius, α is the fine structure constant, L is the Lorentz field factor, 

g(ω) provides the spectral line profile, n is the refractive index and the level broadening 
f  of 

final state is assumed to have the commonly used value Γ = 0.1 f eV. If the Bohr radius and the 

speed of light are given in cgs units and the frequency ω and the TPA probability 
tp  are in 

atomic units, the resulting unit will be cm4s which is often expressed as the Göppert-Mayer unit 

(1GM = 1050 cm4s). 

 

2.3.1. Few-states model 

Equation (2.7), which includes the summation of all the intermediate, initial and final 

states for computing TP transition matrix elements, represents the so-called sum-over-states 

(SOS) method. Since it requires the information of all excited states, it means that the ab initio 

calculations could be too expensive to use. In practice, especially for charge-transfer molecules, 

it is used by truncation of the SOS expression to only include the dominating states and 
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excitation channels. That is the few-states model.90, 91 This model not only makes the SOS 

approach to a manageable extent, but also provides a better understanding for the structure-to-

property relations. The validity of the few-states model has been confirmed by comparing its 

results with those obtained from the analytical response theory. 

In the few-states model, for the symmetrically substituted one-dimensional molecules, 

usually its first excited state is a charge-transfer state, but the two-photon transition is forbidden 

in this situation. Thus we have to use at least a three-state model for calculation of the TPA cross 

section, which has a simple form as 
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As to asymmetrically substituted one-dimensional molecules it is sufficient to include 

only the ground state and final TPA state because the final TPA state is usually the charge-

transfer state 





−

−
=

f

z

ff

z

f

z
zzS

000 (2
      (2.23) 

For two-dimensional charge-transfer molecules, when the excitation scheme is dominated 

by two major transitions, from ground state 0 to the final excited state f via the intermediate state 

1, the TPA transition matrix for symmetric molecules often can be expressed by a three-state 

model 
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Where ij

fE  ,2/11 −=−= is the dipole moment between the state i and j and 

 yx,,  . In asymmetric planer molecules, when the excitation is dominated by the transition 

from ground state 0 to the final excited state f , the two-state model can be used. 
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Where ,2/ffE  =−=   denotes the dipole moments between the ground state 

and the final state. More general, if an asymmetric molecule has more than one charge transfer 

state, there will be several dominant excitation channels (see Figure 2.2). For instance, an 



33 
 

asymmetric molecule has two charge transfer states S1 and S2. If the TPA state is the S1, there are 

two dominant scattering processes involved, i.e., 120 SSS →→  and 110 SSS →→ . Therefore, 

three-state model should be employed, which can be written as  
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Figure 2.2. The excitation channels: 

120 SSS →→  and 110 SSS →→ , the numbers 

beside the lines are transition moments. 

 

 

Using the few-states model, the transition 

energy, transition dipole moments and the difference of the permanent dipole moment between 

the ground and excited states are specified. Then the dependence of the TPA properties on the 

molecular electronic structure is clearly illustrated. In this thesis, the few-states model is 

employed to explain the TPA properties of several interacting polar chromophores. 

 

2.4. Principles of computational phosphorescence 

 According to the molecular analogue of Hund’s rule in atomic physics, the triplet excited 

states are always placed lower in energy than the corresponding singlet excited states, which are 

formulated by this equation, 
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In the framework of the electric-dipole approximation, the electronic transitions between 

the ground singlet (S0) and excited singlet (Sn) states are spin allowed and are also usually 

allowed by the orbital symmetry selection rules. In contrast, the absorption and emission 

involving singlet and triplet states (Tn) are strongly spin-forbidden since they proceed as second-

order, or nonlinear processes involving both spin-orbit and dipole couplings. 
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2.4.1. Spin-orbit coupling and S-T mixing 

Neglecting spin-orbit coupling and other relativistic effects, any singlet state (1ψ) can be 

represented as a product of a symmetrical spatial wave function (Ф+) and an unsymmetrical spin 

wave function (Ω-): 

1 + −=         (2.28) 

For two electrons, the spatial and spin parts for the singlet state can be written as follows: 

 
1

(1) (2) (2) (1)
2

a b a b   + = +    (2.29) 

1
( )

2
 − = −      (2.30) 

where φa(1) and φb(2) are the molecular orbitals which depend on the spatial coordinates 

x1, y1 and z1 and x2, y2 and z2 for the first and second electrons, respectively; α and β are the 

eigenfunctions of the one-electron Sz operator, with quantum numbers Ms= ±1/2. 

The triplet state wave function (3ψ) is also asymmetrical and can be represented as a 

product between an asymmetrical spatial wave function (Ф-) and three different symmetrical spin 

wave functions (
1 1 0, )and−

+ + +   : 

3 − +=         (2.31) 
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If (1ψ) and (3ψ) corresponds to the same electronic configuration, the “‒” sign in the 

spatial part of 3ψ (equation 2.32) leads to the fact that the T state energy is lower than the S state 

energy (the first Hund’s rule) since the exchange integral between the orthogonal MOs φa and φb 

is always positive. 

Actually, the 1ψ and 3ψ functions are never “pure” singlets or triplets (even for helium 

and noble gases) because the spin-orbit coupling always mixes the 1ψ and 3ψ eigenfunctions.92, 93 

The S-T mixing is responsible for phosphorescence intensity, lifetime and quantum yield.   

2.4.2. Perturbation theory for S-T transitions 

Due to the SOC effect, the singlet states of polyatomic molecules contain some admixture 

of triplet character. At the same time, the T1 state is contaminated by singlet state wave functions 

that can be described by first-order perturbation theory.92, 94 
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where δn is an admixture coefficient: 
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Typically the admixture coefficient values vary in the range of 0.001-0.1 depending on 

the system. As follows from equation (2.35), larger the value of δn, the larger the 
1n SOS H T

integral in the numerator and the smaller the ∆EST gap in the denominator. For radiative T1 decay 

(phosphorescence), the intensity of the S0-T1 interaction is proportional to the square of the 

0 1S M T transition moment (M is the electric dipole moment operator). Accounting for 

equations (2.34) and (2.35) and a similar mixing of the Tn and S0 states one can get: 
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In general, the multipole expansion for the interaction between a molecular electronic 

shell and a light electromagnetic wave can be truncated with account of the electric dipole, 

magnetic dipole, and electric quadrupole terms. Thus, the transition moment for the S-T radiation 

process has the following general definition: 
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The first component in equation (2.37) is the electric dipole moment contribution, while 

the second and third terms corresponds to the magnetic dipole moment and electric quadrupole 

moment contributions respectively. Both magnetic dipole and quadrupole terms are negligibly 

small compared with the first component, but in the case when the electronic transition is 

forbidden in the electric dipole approximation due to some selection rules, these small magnetic 

dipole and quadrupole contributions become very important for molecular phosphorescence. 
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2.4.3. Phosphorescence intensity and lifetime 

  The oscillator strength of the 0 1S T→ absorption is proportional to the square of the 

transition moment value MS-T: 

2
2

0 1S TM S M T


− =     (2.38) 

and is equal to  

22

3
S T S T S Tf E M− − −=       (2.39) 

where M and ∆ES-T values are in atomic units (a.u.), γ sets the polarization of the transition 

momentum M along x, y, or z axes. 

The radiative lifetime (τα) and corresponding rate constant (kα) for the selected spin 

sublevel 1T
cab be estimated as94 
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2.4.4. Quadratic response theory and phosphorescence 

Response theory 95, 96 can be considered as a special representation of time-dependant 

(TD) perturbation theory97 where the selected molecular property (at an external perturbation) is 

characterized by response functions. In the presence of a TD-perturbing field Vt, a molecular 

property “A”  can be Fourier-transformed yielding coefficient that define the response functions 

of different orders (indices 1, 2, 3,…..): 
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A main feature of the response theory is that the usual algorithms for the excited state 

summation is replaced by the solving of linear equation sets that can be accomplished without 

prior calculations of the excited states.96 
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CHAPTER 3 

 

Strategic design of thiophene-fused nickel dithiolene derivatives for efficient NLO 

response 

Abstract 

 

In the third chapter the NLO property of two synthesized aryl extended thiophene 

fused Nickel dithiolenes are studied theoretically. Based on these two systems, a systematic 

modification is done by substituting neutral and zwitterionic donor acceptor group at the 

aryl (phenyl and thenyl) ring to enlarge their NLO responses. Among the four designed 

systems, zwitterionic donor-acceptor group significantly reduces the HOMO-LUMO energy 

gap resulting an enormous hike in the first hyperpolarizability (β) values. To judge their 

high NLO response, transition dipole moment (TDM) density is also plotted and it is found 

that electron dissipation occurs from one donor part to the acceptor part with a large Δr 

index value. High Δr index values are quantitative measurement to understand the type of 

transitions, and observed a charge transfer transition in case of zwitterionic systems. 

Hence a relationship between first hyperpolarizability and TDM is established. In order to 

highlight the NLO active segment in a molecule, a density analysis is also presented.  
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3.1. Introduction 

Molecular Materials with high second order (β) nonlinear optical (NLO) properties have 

received enormous interest of the scientific community because of their multifarious 

applicability in optoelectronic and photonic devices98, 99 as optical switching, optical 

communications, data storage, signal processing and optical limiting etc. One of the specific 

requirements related to the above applications, is to develop molecules with high NLO response. 

Metal dithiolene complexes are often ideal for the above-cited applications because of their 

unique optical and electrochemical properties.100, 101   It has been found in the literature that Ni 

based dithiolene complexes can be potentially used as near infrared dyes for Q-switching 

Nd:YAG lasers102 due to their high thermal as well as photochemical stability.103  Dithiolenes 

can also be used for energy conversion104  and the development of photodetectors.105  Moreover 

they possess very long excited-state lifetimes and tunable absorption properties which make 

them useful for applications in photovoltaic devices.106 Another important aspect about their 

structures is that they possess multiple stable redox states and planar geometry, an essential 

criteria for developing semiconductors, superconductors and molecular metals.105  

Nickel dithiolenes were first synthesized in 1960.107 Since then a number of theoretical 

studies have been performed to understand the electronic structures and bonding schemes of 

these compounds. A series of interesting studies108, 109  have revealed that these covalent 

complexes have high degree of electron delocalization. In a recent work, Herman et al.109 

performed INDO (intermediate neglect of differential overlap) computations for Ni(C2S2H2)2 and 

showed that the oxidation state of the nickel atom is +2 with a d8 configuration which is very 

common for these type of compounds.32, 110, 111 Recent theoretical and experimental studies112, 113  

have also confirmed the previous observation in a series of Ni complexes. A more detailed 

presentation of properties and applications of dithiolene complexes can be found in several 

articles as well.103-105, 114 A common tactic is to fuse aromatic rings to the dithiolene core, in 

order to enhance molecularity and electron delocalization.115 Many fused-ring dithiolene systems 

have been studied so far, including fusion of benzene,116, 117 functionalized benzene,118, 119 

thiophene,120, 121 pyridine,122 quinoxaline123, 124 and other heterocyclic systems.125, 126 Among 

various fused-ring dithiolene systems, thiophene-fused metal dithiolenes are of particular interest 

owing to their stable crystal packing arrangement. Actually, their packing arrangement is 

determined by the total balance of many weak intermolecular forces (hydrogen bonding, van dar 

Waals forces, π-π interactions, and S---S/M---S interactions).127, 128 Additional thiophene content 



39 
 

would be expected to increase such intermolecular interactions and provide more significant 

overlap of frontier orbitals, which could result in enhanced electrical conductivity and higher 

magnetic transition temperatures.  

In a recent report, a new family of aryl-extended nickel thiophenedithiolene complexes 

have been synthesized and their optical, electronic, magnetic and solid-state properties are 

studied as well.115 It has been found that aryl-extended metal 2, 3-thiophenedithiolene can retain 

their planar structure even after the fusion of rings. As a consequence, the conjugation length is 

maximized along the molecular backbone.115 These kind of Ni(II) complexes are reported to 

have high degree of second-order NLO response, which further increases in asymmetric 

compounds through push-pull mechanism.129  All these facts motivate us to design nickel 

dithiolene based complexes for high NLO response. A well known mechanism to enhance 

hyperpolarizability value is to add organic donor acceptor groups to the core system.130  As an 

example, stillbene derivatives have β-values of very large magnitude which is further enhanced 

by including the ionic donar-acceptor functional groups.131, 132 Most of the studies on 

hyperpolarizabilities reported in the literature are on π-electron conjugated organic systems and 

there are very few reports on inorganic spacer based push-pull systems.32, 110, 111 In a work by 

Miller et al. one zwitterionic compound in which donor (D) and acceptor (A) are linked by a 

sigma bond has been reported for NLO applications.133 There are a number of reports in the 

literature134, 135 in favor of the presence of crystal zwitterions structures of imidazole-1-ylacetic 

acid, 3-ethoxycarbonyl-2-imidazole-1-ylpropionic acid, 3-pyridinesulphonic acid which 

emphasizes us to choose zwitterions based substituent. 

In this work, we calculate the NLO properties of Thiophene expanded Nickel 

thiophenedithiolene, Th-NiTDT (1a) and Phenyl expanded Nickel thiophenedithiolene, Ph-

NiTDT (2a) synthesized by Amb et al.115 and based on the structures (1a and 2a) a strategic 

design has been made (two sets) by replacing neutral and ionic donor-acceptor group as 

represented in Scheme 1. From the calculations it has been found that the synthesized systems 

(1a and 2a) possess very low values of β as the molecules are centrosymetric. Keeping in mind 

their multifarious applicability and exceptional stability, our strategy is to modify the structure in 

such a manner so as to have high NLO response. We showed that by replacing the ionic donor-

acceptor group at the two end of the inorganic moiety, the β-values enhanced by at least 10-15 

times than that of the molecule without the ionic substituent. In our study, the core parts of the 
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synthesized systems are kept intact, rather the structures are systematically modified by annexing 

different functional groups to peripheral rings (Scheme 3.1).                                             

 

Scheme 3.1. Schematic representation of the studied and designed systems. 

3.2. Theoretical Background 

The NLO properties may be defined in terms of a power of series of the molecular dipole 

moment in presence of an oscillating electric field according to eq 1.136 
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Here E and E0 are referred to as the energies of the perturbed and zero-field unperturbed 

states, the Fx’s are the field strength along a particular direction, the tensors μi, αij, βijk and γijkl 

stands for the dipole moment, linear polarizability, first or static hyperpolarizability and second 

or cubic hypepolarizability terms, respectively.136 In general, the field as well as polarizability 

and hyperpolarizability terms of the above equation are frequency dependent. The first static 

hyperpolarizability (βTOTAL) may be expressed by using x, y, z components as follows, 
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and 

βx = βxxx + βxyy + βxzz, 

βy = βyyy + βxxy + βyzz, 

βz = βzzz + βxxz + βyyz.  

  The charge density function ρ(r,F) can be explained in the powers of the field F in the 

same way  as the expansions of energy and dipole moment.137 The charge density function ρ(r,F) 

are expressed as  
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Here, the ri is the i component of the electron coordinate. From equations (3.3) and (3.4), 

the first-hyperpolarizabilities can be expressed by 
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This derivaties of electron densities with respect to external electric fields are referred to as  β 

densities.137 In this study, we confine our attention to the β-densities which are calculated by 

using the following 2nd order numerical differentiation formula. 

(2)
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( , ) ( , ) 2 ( ,0)
( ) z z

zz

r F r F r
r

F

  


+ − −
=    (3.6) 

where ( ), zr F represents the charge density at a special point in presence of the field F. 

The charge densities over a three-dimensional grid of points are evaluated by the density matrix 

obtained by the Gaussian 09 program package. The study of β densities is important as it 

straightforwardly highlight the NLO-active segments in a molecule. 

3.3. Computational Details 

The structures of Thiophene expanded Nickel dithiophenedithiolene, Th-NiTDT (1a) and 

Phenyl expanded, Ph-NiTDT (2a) complexes are taken from the crystallographic file format 

(CIF),115  and  the positions of the hydrogen atoms in the synthesized systems were partially 

optimized using density functional theory (DFT) based methodology with the B3LYP 

functional138-140 in conjugation with the 6-311++g(d,p) basis set. It has been reported115 that the 

two synthesized systems possess one unpaired electron; all the calculations have been done with 

unrestricted DFT formalism along with the geometry optimization for the designed systems (1b, 

1c, 2b & 2c) at B3LYP functional and 6-311++g(d,p) basis set. 

For calculating the λmax (nm) values of the synthesized systems, we have employed 

CAM-B3LYP/6-311g(d,p) methodology in the solution phase using the dielectric constant of the 

experimental solvent (acetonitrile) within polarizable continuum model (PCM) and compared 

our computed data with the experimentally reported excitation energies values.115 Thus we have 

optimized the computational methodology with the help of experimental data provided for two 

synthesized systems (1a, 2a) and have used the same methodology for calculating excitation 

energies for our designed systems (1b, 1c, 2b, 2c). 

In order to highlight the NLO-active segments in a molecule, a contribution analysis137, 

141 has been carried out to analyze the results of the TD-DFT calculations. The NLO behavior 

and the first hyperpolarizability (β), have been quantitatively evaluated for all the studied species 

by using UB3LYP/6-311++g(d,p) methodology in Gaussian 09 software.142 Benchmarking of the 

computational model has been done with a very common push-pull system, 4-amino 4-nitro 
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stilbene74  whose experimental first hyperpolarizability (β) has been measured to be (260±35) × 

10−30 esu.  We could, to a reasonable extent reproduce the β value of this system ( 184 × 10−30 

esu in gas phase) with same functional and with 6-311++g(d,p) basis set in Gaussian 09 suit of 

program. The correlation of our computed results with the experimentally reported data 

provoked us to choose this basis set and functional combination for the estimation of β values of 

our designed systems. The transition dipole moment (TDM) has been calculated based on dipole 

moment integral between occupied and virtual MOs. The contribution from each MO pair to the 

transition dipole moment can be straightforwardly evaluated and visualized with the help of 

Multiwfn wave function analyzer.143  ∆r index which proposed to measure the charge transfer 

length during electron excitation has also been calculated in Multiwfn. 

3.4. Results and Discussions 

 3.4.1. The electronic structure of Nickel dithiolene (NiDT) 

Bisdithioglyoxalnickel, Ni(S2C2H2)2, or simply Nickel dithiolene (NiDT) is a 

characteristic example of square planar derivatives involving “non-innocent” conjugated sulfur-

based ligands. Several bonding structures describing 8, 10 or 12π-electron systems have been 

proposed for NiDT,144, 145 where the formal oxidation states of Ni is 0, +2 and +4 respectively. 

For Ni(0) systems, the ligands are expected to retain their diketonic structure, though we hardly 

found any concrete evidence for such complex.146 The ligands are assumed to be 

dithiolatodianions, −S−CH=CH−S− in Ni (IV) which usually occurs in d8 neutral NiDT.146 NiDT 

is one of the first examples of complex of this family for which an assignment of the nickel 

oxidation state proved to be 

problematic as summarized in 

Figure 3.1. 

 

Figure 3.1. Schematic presentation of different oxidation state of NiDT complex. 

A series of interesting studies regarding the electronic structure of such complex have 

revealed that these complexes are in fact Ni(II) complexes with each ligand bearing a radical.147, 

148 Calculations also showed that the frontier orbitals of such complexes are ligand-based rather 

than metal-based.149 Because of this peculiarity, change in oxidation state in such complexes 

occurs at the ligand center rather than at the metal centre. This property is illustrated by the fact 
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that nickel dithiolene complexes undergo facile single-electron reductions leading to the 

formation of paramagnetic radical anion when singly reduced and a diamagnetic nickelate (II) 

when doubly reduced (Figure 3.2). 

 

Figure 3.2. Redox activity 
of Ni dithiolene complex. 

 

 

Two different situations may occur upon addition of an electron to NiTDT species (ie. 

formation of [NiTDT]−). In the first case, electron occupies a metal d-orbital of the MII ion, 

which is therefore reduced to MI (case of an “innocent” ligand). The Multiplicity of [NiTDT]−1 

anion containing NiI is 2. In the 2nd case, the electron fully or partially occupies an antibonding 

orbital of L−1 ligand (in case of non-innocent ligand). In this case two values of different spin 

states can exist: quartet and open-shell doublet. In a recent report, the magnetic susceptibilities of  

some synthesized systems based on NiTDT core i.e., Tetrabutylammonium Bis(5-(2-thienyl)-

2,3-thiophenedithiolato)-nickelate(II), [Bu4N]NiTDT and various salts of NiTDT were measured 

by NMR in solution using the Evans method150, 151  and also in the solid state using vibrating-

sample magnetometry and the obtained susceptibility values are found to be greater than 1.73 μB, 

indicating  S=1/2. Hence, all the subsequent computations on the studied complexes are 

performed assuming the doublet state as the ground state.  

3.4.2. HOMO-LUMO Gap, Excitation Energies and NTOs analysis 

The set of compounds we have studied can be categorized into two subsets: (a) 

Thiophene expanded NiTDT and its derivatives (1a, 1b, 1c; Scheme 3.1) and (b) Phenyl 

expanded NiTDT and its derivatives (2a, 2b, 2c; Scheme 3.1).  In order to have a clear idea 

which orbitals are responsible for transitions, we have analyzed natural transition orbitals 

(NTOs). As can be seen in Figure 3.3, the HOTO (highest occupied transition orbital) of the 

entire studied complex (1a, 1b, 1c & 2a, 2b, 2c) are found to have comparable contribution from 

metal and ligand. On the contrary, the LUTO (lowest unoccupied transition orbital) is primarily 

composed of ligand-based orbitals. For complexes 1a, 1b and 2a, 2b, HOTO is more or less 

localized at the central metal dithiolene core, with some electron density dissipation onto the 
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pendent thiophene; whereas for complexes 1c and 2c, the HOTO is mainly constituted from the 

ionic donor part and the LUTO is from ionic acceptor part clearly indicating electron 

delocalization at ionic terminals. Hence from the transition orbital analysis it can be noticed that 

charge transfer takes place from one terminal to the other for zwitterionic complexes (1c, 2c).  

From the comparison of HOMO and LUMO energies in these systems (Table 3.1), it can 

be concluded that attachment of electron donor-acceptor group (−NH2 and –CN) in compounds 

1b, 2b marginally affect the HOMO energy level, though LUMO is stabilized to some extent. 

However, the LUMO energies are found to be significantly reduced in zwitterionic complexes 1c 

and 2c, resulting decrease in HOMO−LUMO energy gap (HLG) (Table 3.1). Hence compared to 

the two synthesized systems (1a & 2a), all our designed systems possess lower value of HLG. 

Another important point to note is that both the HOMO and LUMO are oriented in mutually 

perpendicular fashion in 1b, whereas both the orbital lie in the plane of ring in 2b (Figure S7 in 

ESI).152 This difference in the orientation of MOs can be correlated with their first 

hyperpolarizability value (Table 3.1), which is higher in 2b than 1b.  

 

Table 3.1. HOMO/LUMO energies and βtot values of NiTDT and its derivative computed in 
gas-phase at UB3LYP/6-311++g(d,p) level of theory. 

 

 

aHOMO stands for highest occupied molecular orbital. 

bLUMO stands for lowest unoccupied molecular orbital. 

cΔEH-L represents HOMO-LUMO energy gap. 

 

Molecule Energies in gas-phase (eV) β × 10-30 esu 

HOMOa LUMOb ΔEH-L
c 

Th-NiTDT −1.838 0.724 2.562 4.02 

nTh-NiTDT −2.002 0.056 2.058 455.92 

zTh-NiTDT −2.1284 −1.7566 0.3714 5890.9 

Ph-NiTDT −1.805 0.830 2.635 22.67 

nPh-NiTDT −1.962 0.155 2.117 643.08 

zPh-NiTDT −2.34 −1.6587 0.6813 18553.6 



46 
 

Table 3.2. TDDFT calculated transitions for Thienyl (1a) and Phenyl (2a) expanded 
analogues of NiTDT core and its derivative (1b, 1c & 2b, 2c) at CAM-B3LYP/6-311g(d,p) level 
of theory. 

 

 

In order to explain the variation of optical properties in NiTDT series, the electronic 

excitation energies of the monoanions (1a and 2a) are calculated using TDDFT approach and 

compared with the experimental data. The λmax values for 1a and 2a have been calculated as 1438 

nm and 1281 nm, which are in reasonable range to the experimentally measured values (1108 

and 1076 nm).115 However, the absorption wavelengths (1173 and 1103 nm) when calculated in 

the gas phase, much closer result compared to the solution phase has been obtained. Thus for the 

designed systems gas phase only calculations are performed to get the absorption wavelength. 

For subset 1a, 1b, 1c and 2a, 2b, 2c, excitation energy and HLG follow the same trend (Table 

3.2) as explained earlier that the donor-acceptor group decrease the HLG consequently increases 

the absorption wavelength. There is only one exception, the excitation energy of 2b which is 

more than 2a. The excitation of the Ni derivatives is an intramolecular charge transfer (π-π*) over 

the π-type orbitals of the ligand.  

 

 

 

 

 

 

Compound λmax
cal (nm) f Primary description 

1a 1173 0.2274 130B to 131B 

1b 1229 0.1749 140B to 141B 

1c 1371 0.6975 175A to 176A 

2a 1103 0.2589 128B to 129B 

2b 1057 0.2089 138B to 139B 

2c 1414 0.3635 172B to 173B 
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Figure 3.3. The dominant natural transition orbital (NTO) pairs for the systems under study. 
The “hole” (highest occupied transition orbital; HOTO) is on the left, the “particle” (lowest 
unoccupied transition orbital; LUTO) on the right. The associate eigenvalues, λmax is given 
over the arrow. 
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3.4.3. NLO Properties 

From the reported values in Table 3.1, complexes 1c and 2c with lowest HLG are found 

to have the highest values of βTOTAL among the members of NiTDT series, which delineate an 

inversely proportional relation between the HLG and intrinsic first hyperpolarizability.153, 154  To 

explain the origin and variation of NLO responses in NiTDT series, the β densities and transition 

dipole moments (TDM) are also calculated for these systems under investigations. Table 3.3 

shows three strong absorption peaks with their oscillator strength (f) and pictorial presentation of 

transition dipole moments (TDM) for the corresponding transition for system 2a. These data are 

also in agreement with the fact that the oscillator strength (f) is directly related to the square of 

the TDM (in atomic unit), ( )2 2 22

3
X Y Zf E D D D=   + + , where ΔE denotes the transition energy 

between the two states. From the reported TDM plot in Table 3.3, we can also observe that for 

energy state (S4) with highest oscillator strength, the electrons from one terminal is transferred to 

the other terminal. For the same system (2a), when we consider the energy states with lower 

oscillator strength (f) values (e.g. states S7 and S9 in Table 3.3), the transitions are referred to as 

local excitations indicating electron oscillation of the state S4 is the strongest. Keeping the 

previous observations in mind, the transitions with highest oscillator strength for each of the 

remaining systems have been considered.  The results are reported in Table 3.4 along with a 

pictorial presentation of the transition dipole moment in Figure 3.4. For subset 1a, 1b, 1c, highest 

value of TDM has been found for 1c which can be evident from their highest Δr index value.155 

This index is introduced with the aim of exploring the metric of excited electronic states in the 

framework of the time-dependent density functional theory. It is based on the charge centroids of 

the orbitals involved in the excitations and can be interpreted in term of the hole-electron 

distance. It has been reported in the literature that the type of excitation can be judged with the 

help of this index. Δr ≤ 1.5 Å indicates local excitations, whereas Δr ≥ 2.0 Å indicates long-range 

excitations.155 Theoretical predictions can also be outlined here. The hole-particle pair 

interactions could be related to the distance covered during the excitations, so one possible 

descriptor could be their average distance, weighted in function of the excitation coefficients. 

The following definition will be then introduced: 
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where index i and l run over all occupied and virtual MOs, respectively.   is orbital 

wave function.  

For 1c, the electrons from donor part are transferred to the acceptor part with strongest 

electron oscillation amongst this set. We found similar observation for the next subset. Hence a 

nice correlation between Δr index, TDM and first hyperpolarizability has been found. In a 

nutshell ionic donor-acceptor group can increase the TDM as well as first hyperpolarizability 

values to a large extent. 

Table 3.3. Transition energies (eV, nm), their oscillator strengths (f) and transition dipole 
moment densities for three strong transitions for Ph-NiTDT. The purple color implies charge 
increase upon excitation and the turquoise color implies charge depletion. The isovalue is 
4×10−4 in a.u.  

 

Energy 

State 

eV nm f Transition dipole moment density 

S4 1.1238 1103.25 0.2589 

 

S7 1.6836 736.44 0.0138 

 

S9 1.9185 646.25 0.02 

 

 

Table 3.4. Major transition energies (eV, nm), their oscillator strengths (f), Δr index and 
eigenvalues for three strong transitions for two sets of complexes (1a, 1b, 1c & 2a, 2b, 2c) 
calculated at CAM-B3LYP/6-311g(d,p). 

Complex State nm f Δr (Å) Primary description, 

Eigenvalues (λmax) 

1a S4 1103 0.2589 0.36 128b-129b, 1.97 

1b S5 1057 0.2089 1.40 138b-139b, 1.38 

1c S1 1414 0.3635 8.60 172b-173b, 1.80 

2a S5 1173 0.2274 0.33 130b-131b, 1.69 

2b S4 1229 0.1749 0.87 140b-141b, 1.60 

2c S5 1371 0.6975 6.51 175a-176a,1.62 



50 
 

 

 

Figure 3.4. The transition dipole moment density of the electronic state transition from 
ground state for the studied complexes. The purple color implies charge increase upon 
excitation and the turquoise color implies charge depletion. The isovalue is 4×10−4 in a.u. 

 

In this part we investigate second harmonic generation of the studied systems from local 

contribution analysis. The isosurfaces of the dynamic β-density are shown in Figure 3.5. From 

the isosurfaces, it is clear that the electrons on all the sulfur atoms in the systems are responsible 

for β density. A little contribution from the π-electron cloud of the extended thiophene has also 

been observed for complex 1a. When donor-acceptor groups substitute the hydrogens of the 

thiophene ring (for complexes 1b and 1c), β density shift to the donor acceptor part which 

highlights the importance of the push-pull mechanism directly. We found similar observation in 

case of the second set of complexes 2a, 2b. For complex 2c, electron densities are distributed to 

the whole molecule through the π-electron conjugation of phenyl ring. Electron delocalization is 

more in case of 2c compared to 1c due to the fact that phenyl expanded systems are more planar 

compared to thiophene expanded systems. Another important observation is that, in complex 2a 

compared with complex 1a, a five membered ring has been replaced by a six membered ring 

which increases push-pull character and electron delocalization resulting in enhancement of β 

value. 
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Figure 3.5. Isosurfaces of the static β density of all the studied complexes calculated at 
UB3LYP/6-311++g(d,p) level.  

 

3. 5. Conclusions  

In the present computational study, the nonlinear optical properties of two synthesized 

systems, phenyl expanded and thienyl expanded thiophene fused nickel dithiolenes have been 

studied. Both the systems possess very low value of first hyperpolarizability. We systematically 

modify their structures by substituting neutral and zwitterionic donor-acceptor group at the aryl 

(phenyl and thienyl) ring to have high NLO response. After careful inspection of the HOMO-

LUMO energies of all the six systems, we noticed that neutral donor-acceptor group marginally 

affects the HOMO energy level, whereas the LUMO is stabilized to some extent. Hence HOMO-

LUMO energy gap (HLG) decrease. However LUMO energies are found to be significantly 

reduced for the zwitterionic complexes resulting large decrease in the HOMO-LUMO energy 

gap. Hence, HLG gradually decreases from neutral to ionic substituents for both sets of the 

designed systems. This observation has also been supported by the excitation energy calculations 

with TDDFT approach. From the calculated first hyperpolarizability values, it has been noted 

that the zwitterionic compounds possess very large values of β with low HLG. We find that by 

substituting ionic groups at the two ends of the Ni complex, the β values enhanced by at least 10-

15 times than that of the molecules without any such substituent. By systematic analysis, a nice 

correlation between Δr index, TDM and β value have been observed. We anticipated that if 

synthesized, these molecules may prove to be useful in optical uses.   
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CHAPTER 4 

 

Multifunctional magnetic materials of organic origin for biomedical applications: A 

theoretical study 

 

Abstract 

  

 

In fourth chapter six different diradical systems based on azulene coupler and 

nitronyl nitroxide radical moieties are studied theoretically. Among them, three 

ferromagnetic diradicals are chosen for further calculation to assess their usability in 

different biological applications such as two-photon absorption photodynamic therapy 

(TPA-PDT) and magnetic resonance imaging contrast agents (MRICA). The TPA cross-

section values are calculated to judge their efficiency as TPA-PDT photosensitizing agents. 

Calculated values of TPA cross-section lie in the range of commonly used photosensitizers 

for PDT. It is seen that the ferromagnetic diradicals can act as very good MRI contrast 

agents due to their high magnetic anisotropy characteristics. In connection to the magnetic 

anisotropy, the zero-field splitting (ZFS) parameters are also computed using density 

functional theory (DFT) based methods. It is found that the proposed diradicals can show 

good relaxation behaviour and consequently act as efficient MRI contrast agents. Thus, one 

can anticipate the multifunctional biological activity of these diradicals.   
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4.1. Introduction 

In the past few years, organic magnetic materials have attracted the attention of the 

materials science community due to its interesting electrical, magnetic and nonlinear optical 

(NLO) properties. Appealing magnetic behaviour in reduced dimensions, diverse functional 

characteristics such as photosensitivity, fluorescence activity, highly efficient NLO property etc. 

promote their potential applications in photonic devices viz., optical switching, three dimensional 

memory storage and photodynamic therapy (PDT).156, 157 PDT is recognized as a highly effective 

treatment to fight oncological diseases in recent times.158, 159 PDT requires a photosensitizer, 

which transfers its triplet state energy to molecular oxygen when activated by light. This leads to 

the genesis of reactive singlet oxygen species (1O2) capable of causing oxidative damage to 

biological substrates and ultimately lead to selective and irreversible apoptosis of malignant 

tissues, without causing damage to the adjacent healthy ones.160, 161 The excitation of 

photosensitizers, induced by two-photon absorption (TPA), is considered as a promising strategy 

in PDT and this is popularly known as two-photon photodynamic therapy (TP-PDT).157, 162 Two-

photon absorption is a third-order nonlinear optical process in which excitation occurs by the 

simultaneous absorption of two photons at longer wavelengths instead of a single-photon 

excitation at a shorter wavelength.163 A great deal of attention is paid to TPA property of organic 

π-conjugated systems because of their large nonlinear optical response.164, 165 In particular the 

design, preparation and application of efficient multifunctional organic diradicals are of 

enormous importance in the field of biomedical research.166, 167 The existence of both magnetic 

and optical properties in the same molecule will certainly make them appropriate candidates in 

the field of biophotonics.168, 169  

The increase in interest towards nitronyl nitroxide (NN)170, 171  stems not only from their 

use as building blocks in the design of molecular magnetic materials,172 such as purely organic 

ferromagnetic ordered solids,173, 174 metal organic exchange coupled complexes175-177 but also as 

new agents in bio imaging.178-180  NN radical is known to be exceptionally stable, easy to prepare 

and able to generate co-operative magnetic properties.181 Moreover it has been established that 

the nitronyl nitroxide radical shows cell permeability, biocompatibility and in vivo stability of the 

nitroxide-drug bonds.182, 183 Although a number of NN based diradicals have been synthesized 

and experimentally investigated,184 combined electro-optic and magnetic materials based on NN 

diradicals have not received adequate attention. A number of previous reports reveal that the 

couplers between two radical centers play a decisive role for the magnetic characterization of the 
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systems.185, 186 Generally, magnetic coupling arises from spin polarization and spin 

delocalization.187 Nevertheless, the magnetic interaction between two radical centers normally 

depends upon the nature and the spatial linkage to the coupler. Thus by a judicious choice of the 

coupler and by modifying the spatial orientation of the coupler, the magnetic interaction may 

change in a useful manner so that the magnetic molecule have some multifunctional features.187-

189 In a nutshell, choice of coupler will be the key factor for designing efficient multifunctional 

materials.  

Highly aromatic couplers are known to induce strong magnetic interaction in organic 

diradicals.190 The high aromaticity of azulenes and their strong tendency to retain aromaticity 

upon exposure to magnetic interaction191 make them suitable as coupler between radical centers. 

Though aromaticity of azulene compared to one of its isomer naphthalene is less, it has long 

been considered to be an interesting candidate for the application in optoelectronic materials due 

to its unique electronic and optical properties such as large permanent dipole moment, intense 

blue colour and the domination of fluorescence from S2 – S0  with low emission intensity.192, 193 

Stimuli responsive behavior and high luminescence intensity of azulene derivatives also became 

recognized in recent research.194, 195 Despite quite a large number of theoretical calculations on 

the influence of the functional bis-substitution pattern of azulenes on their electronic properties, 

the theoretical investigation of magnetic and nonlinear optical properties of various diradical 

substituted azulene derivatives is lacking. Thus there is certainly a possibility of developing 

multifunctional ferromagnetic molecules with azulene as a coupler and nitronyl nitrixide as 

radical centers.  

In this work six diradicals based on suitable substitution of NN radical in different 

positions of azulene coupler (Scheme 4.1) are considered as the reference systems of the present 

theoretical study. The estimation of magnetic exchange coupling constant values (J) for all of 

these diradicals has been performed in the gas phase. The process of calculation is 

straightforward and well-established in the case of gas phase. However, for calculation in water 

and in blood plasma medium, the polarized continuum model (PCM) has been adopted. TPA 

cross section (σ) has been calculated to assess the efficiency of the proposed radicals for 

multifunctional uses. In the literature it has been shown that diradicals of organic origin can be 

effective and less hazardous for use in magnetic resonance imaging (MRI) as contrast agents.196, 

197 In order to achieve a good MRI contrast activity, large longitudinal relaxation rate of the 

contrast agents is highly desired. Zero-field splitting (ZFS) magnitude is the key parameter to 

ascertain the longitudinal relaxation rate (vide infra) and the suitability of a diradical as MRI 
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contrast agents (MRICAs).198 Hence, we have evaluated the axial and rhombic ZFS parameters 

(D and E) of the diradicals so to assess their aptness as MRICAs.   

 

Scheme 4.1. Schematic representation of the diradicals under investigation. 

 

4.2. Theoretical Background  

The magnetic exchange interaction between two magnetic sites 1 and 2, is in general 

expressed by the Heisenberg spin Hamiltonian, 

212 ŜŜJĤ −=        (4.1) 

where 
1S and

2S  are the spin angular momentum operators of spin-sites 1 and 2 

respectively, and J  is the exchange coupling constant. A positive J-value indicates a 

ferromagnetic interaction, whereas a negative value of J signifies an antiferromagnetic 

interaction. To evaluate the exchange coupling constant with reasonably less computational 

effort, Noodleman199, 200 has proposed an unrestricted spin polarized broken symmetry (BS) 

formalism in the DFT framework. The BS state is not a pure spin state, but a state of mixed spin 
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symmetry with lower spatial symmetry. Depending on the extent of the magnetic interaction 

between two magnetic sites, many scientists have developed different formulae to estimate J 

using the BS approach.201-204  Ideally, for diradicals the computed average 
2S 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 the spin contamination problem. In order to 

neutralize the spin contamination error associated with the BS state, one can use a spin projection 

technique. For estimating the J-values of diradicals of organic origin, the following expression 

by Yamaguchi et al.201, 205, 206 is the most widely applied186, 207, 208 and has been used by us in this 

work 
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EE
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=       (4.2) 

where BSE
, BS

S 2 , and  HSE , 
HS

S 2  are the energy and average spin square values for the 

corresponding BS and high spin (HS) states, respectively. All the above mentioned calculations 

are implemented through the Gaussian 09W quantum chemical package.142  

The electron spin correlation time is important for clear MRI scans with enhanced 

contrast. The ZFS helps to get an estimation of the electron spin correlation time,209 and is also 

one of the important parameters to characterize the geometric and electronic properties of a 

radical with S ˃ 1/2.210 The zero field splitting is treated in the second order of the perturbation 

theory where two interactions are taken into account, namely the direct spin–spin (SS) 

interaction and (second-order) spin-orbit coupling (SOC),210 however, the SS coupling 

contribution is the main source of ZFS in the case of organic radicals which are formed with 

light elements.211 The ZFS value arising from the SS interactions can be estimated through an 

effective spin Hamiltonian 

=




,

ˆˆˆ SSDHZFS       (4.3) 

where D are the components of the ZFS tensor, Ŝ  is the th  Cartesian component of 

the total electron–spin operator. After diagonalization and subsequent reframing of the molecular 

coordinate, Equation (4.3) optimizes to 
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where D and E are axial and rhombic ZFS parameters respectively.212 The spin–spin 

coupling interaction appears as a dipole-dipole interaction,213  
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The ground state Kohn-Sham determinant approximates the ZFS tensor components as 

expectations over the single determinant,214  
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In the above,   is the fine structure constant, eg  is the gyromagnetic ratio. The operators 

iŜ signify the ' th components of i’th spin vector, and ijr  is the distance between spin sites i and 

j, while  and   run over x, y, z coordinates. McWeeny and Mizuno expressed the above 

equation using the spin density matrix as215 
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Here,  PPP −=−  is the spin density matrix in the atomic orbital basis, and now 

 ,,,  label the basis orbitals.211 The ZFS parameters D and E are determined from the 

tensor components )(SS

klD , as216 
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2
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and in turn determine the static ZFS magnitude (a2) through 
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From this
2a , the longitudinal electron–spin relaxation rate 

eT1

1 can be estimated by,217  
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Where 0B  is the external magnetic field, 0  is the Larmor frequency, 
2 and ' are the reduced 

spectral densities and Ta2  is the transient ZFS magnitude. Larger
2a values correspond to a faster 

relaxation rate 
eT1

1 .217 

Despite the well established formal theoretical description of TPA,218 the theory has only 

been applied in the context of physics of atoms and small molecules. The two-photon-absorption 

cross section is related to the imaginary part of the third-order polarizability as87, 219, 220 
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where   is Plank’s constant, c is the speed of light, n is the refractive index of the media, 

L is the local field factor.   is the second hyperpolarizability, average over all orientations, 

which is represented as 
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where indices i and j refer to spatial directions x, y, and z.221 The evaluation of the third-

order polarizability is done by the perturbative sum-over-state (SOS) method utilizing the 

ground- and excited-state energies, state dipoles, and transition dipole values.222, 223  

4.3. Computational Details  

The gas phase molecular geometry of all the azulene diradicals have been fully optimized 

with the unrestricted B3LYP functional using the 6-311g(d,p) basis set in Gaussian 09W suite of 

program.142 The magnetic exchange coupling constant (J) is estimated from the single point 

energies of the triplet and BS state at the UB3LYP/6-311++g (2df, 2p) level utilizing Equation 

(2). The ZFS parameters (D and E) have been calculated using BPW91 functional, EPR-II basis 

set in ORCA suit of software.224 EPR-II basis set has long been considered to be useful for 

calculating the D values in case of organic diradicals.225 The validity of this methodology for 

computing D and E is tested by comparing the computed value of D and E against the 

experimental value available for a diradical synthesized by Rajca. The experimental ZFS 

parameter has been reported as −1.22×10−2 cm−1, which is in close agreement with the computed 

D value (−1.60×10−2 cm−1). For this correlation of our computed results with the experimentally 

reported data by Rajca et al., the same combination of basis set and functional is used for the 
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estimation of the D parameters for the systems under investigation. In order to check the effect of 

solvent on calculated properties, the J and D values are also calculated within polarizable 

continuum model (PCM) using the dielectric constants of water and blood plasma (80 and 58 

respectively), which are the most common solvents in human body.  

The computation of TPA cross section values have been carried out at UB3LYP/6-

311++g (2df, 2p)  level of theory in DALTON software.226  

 

4.3. Results and discussions  

The optimized geome4tries of the designed diradicals are shown in Figure 4.1. Frequency 

calculation on the optimized geometries showed no imaginary frequency for any of the 

molecules, which indicate intrinsic stability of the optimized structures (zero point energy 

corrected values are also given in the supporting information in Table S2). The gas phase 

magnetic exchange coupling constant (J) values are presented in Table 4.1. Systems i, iii and v 

are found to be ferromagnetic and the systems ii, iv and vi are antiferromagnetically coupled. 

The ferro- and antiferro-magnetic behaviour of the azulene coupled diradical systems can be 

justified through the popular spin density alternation rules.227, 228 The spin-density alternation can 

also be visualized through the spin density plots presented in Figure 4.2., where one can clearly 

see that the radicals coupled through an odd and even number of conjugated atomic centers 

always lead to ferro- and antiferromagnetic interactions respectively. A close inspection of 

Figure 2 further reveals an interesting feature of the spin density alternation. The carbon atoms 

situated at the junction of two fused five and seven membered rings in azulene always carry 

similar spins despite being neighbours. It appears that the two junction-carbon atoms in i, iii and 

v behave as single units in spin density alternation protocol. Owing to their biomedical relevance 

we consider only the ferromagnetic systems, i.e., i, iii and v for further calculations 
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Figure 4.1. Optimized molecular geometry of the diradicals obtained through unrestricted 
B3LYP exchange correlation functional using the 6-311g (d,p) basis set. 
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Table 4.1. Calculated absolute energies in atomic units (au), 2S  values, intramolecular 

magnetic exchange coupling constants (J in cm−1) between two radical centers for the 
designed diradicals at UB3LYP/6-311++g (2df, 2p) level. 

 

Diradicals  Energy (au) 2S  J in cm−1 

i Triplet −1452.7267132 2.115519 12.75 

BS −1452.726656 1.130897 

ii Triplet −1452.7346583 2.096137 −193.22 

BS −1452.7355085 1.130392 

iii Triplet −1452.7330113 2.131788 47.70 

BS −1452.7327901 1.114097 

iv Triplet −1452.7333679 2.106828 −81.77 

BS −1452.7337341 1.123951 

v Triplet −1452.7411477 2.149931 90.37 

BS −1452.7407227 1.117795 

vi Triplet −1452.7381936 2.108376 -228.89 

BS −1452.7391866 1.156251 

 

 

 

 

Figure 4.2. Spin density 
plots of ferromagnetic 
azulene diradicals. Green 
and blue surfaces indicate 
up and down spin density. 
Same color code is used for 
schematic representation of 
spin alternation, i.e., blue 
and green arrow for up and 
down spin respectively. 
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Extensive study of two-photon photodynamic therapy revealed that the treatment is 

relatively benign and gives finer cosmetic outcomes compared to other PDT techniques. In those 

methods excitation of the drugs are performed through visible light which has very low 

penetrability into human tissues.229, 230 Simultaneous absorption of two near-IR photons is much 

more penetrating through tissues compared to visible light photons. Hence, excitation of the 

photosensitizer through near-IR photons is more desirable to destroy cancer cells present in 

deeper tissues.231, 232 Two-photon PDT also ensures greater penetration depths and highly-

selective targeting through intense laser pulse processes. TPA cross-section (σTPA) estimates the 

efficacy of a photosensitizer that undergoes two-photon absorption. It is measured in Göppert-

Mayer units (1 GM = 10–50 cm4 s photon–1 molecule–1). The TPA cross-sections of existing 

photosensitizers are in the order of 1–100 GM.233 In a recent report Zhao et al.234 studied the 

spectroscopic properties of Chlorophyll derivative photosensitizer (CDP) and their TPA cross 

section is measured as 31.5 GM. The results of the two photon photodynamic therapy (TPPDT) 

test showed that CDP can kill all of the tested cancer cells. Hence, suitable design of compounds 

with higher TPA cross-sections is always desirable to ensure efficient phototherapeutic 

applications. Generation of singlet oxygen (1Δg) is the key to phototherapeutic activity of the 

photosensitizers in PDT. A good singlet oxygen yield (ΦΔ) is desired for photo-biological cell 

damage or apoptosis. It has been seen that the insertion of radical moieties in a photosensitizer 

greatly enhances ΦΔ.235 Thus a diradical system will be the best candidate for use as 

photosensitizer in photodynamic therapy. In the present study we have calculated σTPA of the 

designed diradicals which are reported in Table 4.2. It is found that the TPA cross-section values 

lie in the reported range of the presently used photosensitizers. Among the three designed 

ferromagnetic diradicals, v shows the highest σTPA value of 21.1 GM.  

Although very promising as noninvasive and safe protocols of cancer treatment, PDT is 

challenging in connection with the delivery of the photosensitizer to the infected tissue.[51] To 

ensure the monomeric distribution of the photosensitizing agent, diagnostic imaging techniques 

are preferred compared to regular drug delivery methods.236 Magnetic resonance imaging has 

emerged as a powerful imaging technique in recent years. MRI, with the use of contrast agents 

can provide highly sensitive imaging with minute three dimensional topographical details in 

vivo. Hence, if one can integrate contrast-enhanced MRI imaging capability with PDT, the 

resulting imaging guided PDT can prove to be the most appreciable strategy for cancer 

treatment. The design of materials with good imaging and photosensitizing capability is therefore 

the requirement for developing improved multifunctional agents. 
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Table 4.2. The spin-spin ZFS parameter DTotal (cm−1), static ZFS magnitude a2 (cm−1), rhombic 
ZFS parameter (E) for each ferromagnetic diradical at BPW91/EPR-II and two photon 
absorption cross section (σTPA in GM), for the same diradicals at UB3LYP/6-311++g(d,p) level. 

 

Diradicals σTPA (GM) DTotal (cm−1) E (cm−1) a2 (cm−1) 

i 3.8 −10.03 × 10-2 −1.7 × 10-2 8.5 × 10-2 

iii 5.0 −11.6 × 10-2 − 1.51 × 10-2 9.7× 10-2 

v 21.1 −10.6 × 10-2 − 0.74 × 10-2 8.7 × 10-2 

 

 A site-specific MRI contrast agent with a high rate of relaxation of water protons in the 

target cell is central to efficient magnetic resonance imaging. It is quite evident from the 

discussion in the previous section and Equation (11) that the ZFS magnitude (a2) is directly 

proportional to the longitudinal relaxation rate (1/T1e). With the increase in the value of 1/T1e, the 

observed MRI signal is enhanced. In the present work, the ZFS parameter D and static ZFS 

magnitude (a2) of the three ferromagnetic systems, namely, i, iii and v, have been estimated and 

is reported in Table 2. It is notable from Table 2 that all the ferromagnetic diradicals possess high 

value of D in the range of −8.5 × 10−2 cm−1 to −9.7 × 10−2 cm−1. Rajca et al. in one of their 

pioneering works reported nitroxide based diradicals, synthesized and already been established 

as a MRICA of organic origin, to have D values in the range of −1.2 × 10−2
 to −1.7 × 10−2 

cm−1.196, 197 A diarylnitroxide triplet diradical with D and a2 values of −1.223 × 10−2
 and 1.02 × 

10−2 cm−1 respectively is also found to be usable as MRICA.198   

In order to gain an assurance of the in vivo functionality of the designed systems, we have 

calculated the magnetic exchange coupling constant (J) and the zero field splitting parameters 

(D) in water and as well as in blood plasma medium and the results are reported in Table 4.3. It 

is clear that the variations in J and D values of all the designed systems in different media are 

negligible.  
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Table 4.3. The magnetic exchange coupling constants (J) and ZFS parameter (D) values for 
the proposed ferromagnetic diradical systems in gas phase, water and blood plasma media, 
computed using PCM model using UB3LYP/6-311++g(2df,2p) and BPW91/EPR-II method. 
 

Diradicals J (cm−1) D (cm−1) 

Gas 

Medium 

Water 

Medium 

Blood 

Plasma 

Gas 

Medium 

Water 

Medium 

Blood 

Plasma 

i 12.75 12.40 12.42 −10.03×10−2 −10.3×10−2 −10.6×10−2 

iii 47.70 41.68 43.03 −11.6×10−2 −10.6×10−2 −10.6×10−2 

V 90.37 81.59 81.64 −10.6×10−2 −10.9×10−2 −10.9×10−2 

 

4.4. Conclusion 

In the present computational study we have considered the magnetic and optical 

properties of a few azulene based diradical systems. We have studied six diradical systems based 

on nitronyl nitroxide radical moiety and azulene as coupler. The magnetic property has been 

assessed through the magnetic exchange coupling and magnetic anisotropy. The calculated 

magnetic exchange coupling parameters J depict that among the six diradicals three are 

ferromagnetic, and three are antiferromagnetic. The magnetic exchange coupling constants have 

been corroborated through spin density alternation protocol. The spin density analyses of the 

three ferromagnetic diradicals depict an interesting alternation behavior in the azulene coupler. 

The junction carbon atoms of the two rings in azulene coupler always show similar spin density 

despite being neighbors. This behavior is a fascinating variation of the spin density alternation 

rule. The ability of the ferromagnetic diradicals as photosensitizer in photodynamic therapy is 

evaluated through the computation of the two-photon absorption cross-section. The integrative 

photodynamic therapy (IPDT) of tumors relies on the combined use of different factors that 

enhance the usefulness of IPDT.237 The observed TPA cross-section values range in the reported 

limit of commonly used photosensitizing agents. Another dimension of the multi-property 

diradical system has also been explored in this work. The magnetic anisotropy of the 

ferromagnetic diradicals has been estimated through the zero-field splitting parameter D. A 

negative ZFS parameter suggests the tendency of the spin vector to orient along a specific 

Cartesian direction. All the three ferromagnetic diradicals show negative D values. Radical 

systems with negative ZFS parameters have been proved to be usable as MRI contrast agents.188 

It has long been shown that the larger the ZFS magnitude a2, larger is the spin relaxation time 
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and the better an MRICA is.198 The ZFS magnitude a2 is directly proportional to the ZFS 

parameter D. In the designed ferromagnetic diradicals, the ZFS parameters are found to be 

significantly high as for organic radical systems. The values are at least one order of magnitude 

higher compared to reported diradical systems usable as MRICA. Ferromagnetic systems are 

used as efficient probe in the magnetic hyperthermia, a popular treatment in oncology. These 

diradicals can also be sought for a lateral use as MRICA in magnetic resonance imaging, which 

is very often utilized for the detection of cancer. Treatment of interstitial tumors with PDT 

demands the delivery of photosensitizers to the precise location of tumor tissues for effective 

light irradiations. Thus a single agent that can be injected to the infected body to image tumors 

through MRI and simultaneously treat them by exposing to light through PDT is greatly 

welcomed as a proficient cancer treatment protocol. In summary we propose that if synthesized 

these diradical systems can promote the “see and treat” method238 by proving themselves 

efficient in multifarious therapeutic function such as magnetic hyperthermia, MRI contrast 

agents and photodynamic therapy applications. 
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CHAPTER 5 

 

Ligand induced symmetry breaking and concomitant blue shift of emission wavelength 

in octahedral chromium complex 

 

Abstract 

  

 

The fifth chapter deals with designing of efficient luminescent materials based on 

octahedral hexaaminechromium(III) complex.  It is found that distortion of the octahedral 

symmetry of [CrIII (NH3)6]3+ by replacing the axial ligands with weaker halides influences 

the stability of the doublet state with respect to the quartet ground state. This replacement 

affects the doublet to quartet transition responsible for phosphorescence. The relative 

positions of the halides and ammonia in the spectrochemical series play an important role 

in the tuning of emission wave length. The proximity of fluorine and ammonia in the 

spectrochemical series causes blue-shift in the emission wavelength and thus provides a 

rational way for designing blue emitting phosphorescent materials, essential in OLED 

application for full color display. 
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5.1. Introduction 

Luminescent materials have attracted considerable interest239-241 due to their multifarious 

applications in organic light emitting diodes (OLEDS),47, 242, 243 light emitting electrochemical 

cells (LEECS),[244] light absorbers in dye-sensitized solar cells,245, 246  chemosensors, 

biosensors,247, 248 lumophores for cell imazing, 249, 250 chemical photo catalysts,251, 252 and so on. 

The suitability of luminescent materials for a specific application depends upon the stability of 

the system, color purity of the emitted light, high emission quantum yield, specific emission 

decay time and several other factors. In last decades, considerable efforts have been put in the 

quest of highly efficient emitters with three primary colors (red, green and blue), which are 

essential for full-color display. Although, red and green light emitting transition metal complexes 

are abundant due to triplet harvesting,253, 254  blue light emitting phosphorescent materials are not 

easily available for the requirement of wide energy gap between the excited and the ground 

state.255  The strong spin-orbit coupling (SOC) in the organometallic complexes containing 

heavy transition metals weakens the spin forbiddenness of transitions between the ground and 

the excited states and thus these systems partially fulfill the criteria of an ideal luminescent 

material.256 However, the dd* transitions in heavy metals largely quench the luminescence of 

blue phosphorescent materials.257, 258  Another difficulty with heavy metals is the triplet-triplet 

annihilation which hinders the process of phosphorescence and in turn makes the materials unfit 

for OLED application.254, 259  To surmount these difficulties with heavy metals, the 3d transition 

metal complexes are the best alternative. For example, recently a Cu (I) complex have been 

found to be a blue emitter (λmax= 436nm) by Yersin et al.,260  though it’s emission decay time is 

still too long for high brightness OLED application. Hamada et al. reported some Zn (II) 

complexes as greenish white emitter as well.261 However, among the 3d transition metal 

complexes, the Cr (III) systems have emerged as efficient luminescent materials for their 

substantial quantum yield and possibility of both the emission processes (fluorescence and 

phosphorescence) in liquid media at room temperature.59, 262 Though, there exists sufficient 

number of experimental reports on the photoresponsive behavior of Cr (III) complexes, a 

comprehensive theoretical account of the phosphorescence in octahedral (Oh) Cr (III) complex is 

still awaited. All these facts inspire the selection of octahedral Cr (III) complex for the 

theoretical investigation of its luminescent property.  

The present work is divided into two parts. In the first part, a hexa-amine Cr (III) system 

is opted for the theoretical investigation of its luminescent property. Subsequently, the absorption 
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and emission wavelengths of the chosen system are computed and the values are compared with 

the experimental data to standardize the computational methodology. The octahedral Cr (III) 

complexes are found to exhibit fluorescence with weak ligands like F−, Cl−, Br− and 

phosphorescence with strong ligands such as carbonyl, ammonia, cyano etc.[262]  However, 

literature survey reveals the dearth of blue-emitting Cr (III) complexes compared to the red- or 

green-emitters. These facts form the basis of the second part of the work where we put our effort 

to find out the appropriate set of ligands which can induce the blue-shift in the emission wave 

length. The phosphorescence in Oh Cr (III) complex involves excitation from ground state 

quartet (Q) to excited state quartet (Q´) followed by intersystem crossing (ISC) to the doublet 

state (D). The phosphorescence energy thus depends on the separation between the lowest 

doublet (D) and the quartet ground state (Q) which is nearly equal to the absorption energy due 

to Q → D transition.262 Hence, in principle, the excitation of the doublet state compared to the 

quartet ground state can lead to the blue shift in the emission wave length. The doublet state in 

the Oh Cr (III) complex can be realized by lifting the degeneracy of the t2g states. In order to do 

so, the symmetry of the Oh [CrIII (NH3)6]
3+ complex is disturbed by replacing the axial ammonia 

with the weak halides (I−, Br−, Cl− and F−). Thus, imposing the asymmetry to the complex 

through axial ligand substitution in [CrIII (NH3)6]
3+, the doublet state can be induced. Putting 

different halogens in the axial position, a trend in the change of emission wave length is 

observed in order to achieve the blue-shift. This study may provide a useful guideline in rational 

design of metal complexes with desired degree of luminescence behavior and more specifically 

blue-emitting phosphorescence. 

5.2. Computational Methods  

For the geometry optimization of the studied complexes at their ground state, the 

B3PW91 functional is employed. This functional works well for the transition metals and has 

been successfully employed for studying the photo-physical properties.263, 264 However, to check 

the performance of other functional, we had also done the same set of calculations with the most 

popular GGA functional PBE and meta-GGA functional TPSS. However, since the hybrid-GGA 

functional is placed higher than pure GGA functional in the Jacob’s ladder of Perdew because of 

its ability to partially minimize the self-interaction energy, we present the B3PW91 result in the 

main text and for comparison PBE and TPSS results are provided in the supplementary. Hay and 

Wadt’s double-zeta effective core potential (LANL2DZ) is chosen as the basis set for all the 

computations.265, 266 Since the phosphorescence of the systems under investigation involves the 
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quartet and doublet spin states, unrestricted formalism is adopted in the density functional theory 

(DFT) calculations. The absorption and emission energies of the reference systems are obtained 

through the time dependent DFT (TDDFT) method coupled with same exchange-correlation 

functional and basis set as applied for geometry optimization of the ground quartet (Q) and 

doublet (D) states. The TDDFT approach offers a reliable route for the calculation of vertical 

electronic excitation spectra.267, 268  This fact is supported by the good agreement of experimental 

spectral property with TDDFT results obtained for transition-metal complexes.269, 270 Although 

solvent plays important role in determining excitation values. We have calculated the energy 

values for different energy states (quartet, doublet, excited quartet) of [CrIII (NH3)6]
3+ complex 

and found these states are minutely stabilized compared to the gas phase calculation. Hence in 

order to reduce the computational rigors we rely on the gas phase calculations. However, to get 

the accurate description of the excited quartet state (Q´) of all the reference systems, we resort to 

more sophisticated complete active space self consistent field (CASSCF) method with an active 

space of (3, 5) and LANL2DZ basis set. With the initial guess from the state average calculation, 

the final geometry of the excited quartet state is obtained. Next, a single point calculation at the 

same DFT level is performed on this optimized geometry of the excited state molecules for 

comparison with the ground state condition obtained in the level of DFT. In every case, 

vibrational analysis is performed at the same DFT level to assure the structural stability of the 

systems. All the computations were done with the GAUSSIAN09W suit of quantum chemical 

package.142 

5.3. Results and discussions  

The structural parameters and energies of the optimized geometries of [CrIII (NH3)6]
3+ in 

its quartet ground state (Q), quartet excited state (Q´) and the lowest energy doublet state (D) are 

given in the Table 1. In the quartet ground state, all the Cr-(NH3)6 bond lengths are found to be 

equal, which ascertains the Oh symmetry of the system. The molecular orbital (MO) analysis in 

the quartet ground state reveals that the highest occupied molecular orbital (HOMO) and next 

two orbitals (HOMO – 1 and HOMO – 2) are composed with maximum contribution from Cr d-

orbitals viz., dxz, dyz and dxy. On the other hand, the lowest unoccupied molecular orbital (LUMO) 

and the LUMO + 1 orbitals are mainly constituted by the Cr 2z
d and 22 yx

d
−

orbitals (Figure 5.1). 

Thus, in the octahedral field the splitting of the Cr MOs into t2g and eg set of orbitals can be 

confirmed in this [CrIII (NH3)6]
3+ complex (Figure 5.1).                            
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Figure 5.1.   t2g and 
eg set of orbitals in 
[CrIII (NH3)6]3+. 

 

 

 

From the analysis of the TDDFT computation, carried out on the ground quartet state of 

[CrIII (NH3)6]
3+, the leading excitations occurs at 420 nm (Table 5.2), which is quite close to the 

experimental value of absorption wavelength (Table 5.2).262 The major contribution to this 

absorption energy comes from the electronic excitation from the 37th up-spin occupied orbital (α-

HOMO) to the initially unoccupied 38th α-LUMO [Table S1(a) in Supporting Information]. 

Thus, the excited quartet state (Q´) acquires the electronic configuration t2g
2 eg

1 due to spin 

reserved electron excitation from t2g to eg level. The electronic configuration t2g
2 eg

1in the excited 

quartet state is supported from the elongation in the distance between Cr and equatorial ligands 

compared to the quartet ground state (Q) (Table 5.1). In the excited quartet state, the 38th α-MO 

which is primarily composed of the Cr 22 yx
d

−
orbital, gets populated due to electronic excitation 

and the presence of electron in Cr 22 yx
d

−
orbital causes the elongation in the equatorial (xy) plane. 

On the contrary, the axial Cr-(NH3) distance remains almost unaltered in the ground and excited 

quartet states of the molecule (Table 5.1). Unlike the excited quartet state, the geometry in the 

doublet state is not much distorted compared to the ground state quartet (Table 5.1). In the 

doublet state the electronic distribution alters within the dxy, dyz and dzx set of orbitals which are 

not directly oriented towards the ligands and thus the structural change in the doublet state is 

nominal with respect to the ground state quartet (Table 5.1).  

 

Table 5.1. Bond distance between Cr and axial ligand (Cr-Lax), Cr and equatorial ligand (Cr-
Leq) and energies of the [CrIII (NH3)6]3+ at quartet ground state (Q), quartet excited state (Q´), 
and doublet ground state (D). 
  

 

States Cr-Lax (Å) Cr-Leq (Å) Relative energy 

(Kcal/mol) 

Q 2.16 2.16 0 

Q´ 2.11 2.29 9.41 

D 2.13 2.13 28.2 



71 
 

Next, to understand the mechanism of the intersystem crossing between the excited 

quartet (Q´) and doublet state (D), the vibrational modes in both the states are closely observed. 

After a thorough analysis of the vibrational modes, the 20th mode of Q´ (vibrational energy = 379 

cm-1) and 16th mode of the D state (vibrational energy = 318 cm-1), are found to have oscillation 

vectors in the same direction (Figure 5.2). The proximity in the energy and the oscillation pattern 

in these two vibrational modes suggest that the doublet and the excited quartet states may switch 

into one another through the vibration as shown in Figure 5.2. From the TDDFT computation on 

the lowest energy doublet state, the emission wavelength for the D → Q transition is obtained as 

877 nm, comparable to the experimental value of phosphorescence (Table 5.2).262  After 

standardizing the computational framework for the estimation of absorption and emission 

wavelength, we move to the next part of this work which is carried out in the same 

computational methodology.   

 

Table 5.2. Comparison of absorption and emission wavelengths in nm (energies in cm-1) with 
experimental value in [CrIII (NH3)6]3+.  
 

 Computational value Experimental Value262  

Absorption(Q→Q´) 420 nm (23804 cm-1) 21550 cm-1 

Emission (D→Q) 877 nm (11403 cm-1) 15120 cm-1 

 

 

Figure 5.2. Oscillation vectors in the (a) 16th vibrational modes in the D state and (b) the 20th 
vibrational mode in the Q´ state of [CrIII (NH3)6]3+ .      
 

According to the plan discussed in the introduction, the axial ligands in the [CrIII 

(NH3)6]
3+ are substituted by the weaker halogens to destroy the Oh symmetry of the complex. 

This is expected to lift the degeneracy of singly occupied t2g orbitals as shown in Figure 5.3 and 

induce the doublet state in case the axial and equatorial ligands differ sufficiently in strength 

according to their position in the spectrochemical series. Table 5.3 displays the structural 
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parameters of the optimized geometry, and energies of all the halogen substituted octahedral Cr 

(III) complexes. 

Table 5.3. Bond distance between Cr and axial ligand (Cr-Lax), Cr and equatorial ligand (Cr-
Leq) and energies of the complex [CrIII (NH3)4(X)2]+ (X= I−, Br−, Cl−, and F−, represented by 
violet, brown, green and light blue colors respectively).  

 

Systems Electronic 

States 

Cr-Lax (Å) Cr-Leq (Å) Relative energy 

(Kcal/mol) 

 

[CrIII (NH3)4(I)2]+ 

Q 2.71 2.12 0 

Q´ 2.76 2.28 18.2 

D 2.69 2.11 27.6 

 

[CrIII (NH3)4(Br)2]+ 

Q 2.51 2.11 0 

Q´ 2.56 2.32 10.04 

D 2.46 2.13 11.3 

 

[CrIII (NH3)4(Cl)2]+ 

Q 2.32 2.10 0 

Q´ 2.37 2.34 11.4 

D 2.28 2.12 26.35 

 

[CrIII (NH3)4(F)2]+ 

Q 1.85 2.11 0 

Q´ 1.83 2.27 10.7 

D 1.80 2.12 38.9 

 

 

 

Figure 5.3. Orbital splitting pattern in the 
ground state quartet (Q), excited state 
quartet (Q´), and the doublet state of [CrIII 

(NH3)6]3+. 
 

 

In the quartet ground state (Q), the diiodo, dibromo and dichloro substituted complexes 

are found to be destabilized compared to the [CrIII (NH3)6]
3+, whereas the difluoro complex is 

relatively stabilized (Table 5.1 and Table 5. 3). The bond distance between the metal and the 

apical ligand (Cr-Lax) provides the explanation for such an observation. For the first three 
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substituted complexes, the Cr-Lax distance is larger than that in the [CrIII (NH3)6]
3+ whereas for 

the [CrIII (NH3)4F2]
+, the Cr-Lax distance is much shorter than that in the [CrIII (NH3)6]

3+(Table 

5.1 and Table 5.3). Hence, in the present case the bonding between the Cr and axial ligands 

contributes significantly towards the stability of the halogen substituted complexes. In the 

excited quartet state (Q´) of all the halogen substituted complexes, the bond distances in the 

equatorial (xy) plane are found to be stretched compared to the quartet ground (Q) state with little 

variation in the Cr-La bond distance. The bond stretching in the xy plane of the Q´ state compared 

to the Q state of these new complexes is attributed to the electronic excitation in the 22 yx
d

−
orbital 

similar to the case of [CrIII (NH3)6]
3+. Moreover for stability issue, we calculated hardness of the 

ground state for all the studied complexes and results are given in tabular form. 

 

Table 5.4. Calculated hardness values in eV for the studied complex (ground state quartet). 

 

Systems Hardness (eV) 

[CrIII (NH3)6]3+ 3.34 

[CrIII (NH3)4(F)2]+ 2.37 

[CrIII (NH3)4(Cl)2]+ 2.2 

[CrIII (NH3)4(Br)2]+ 2.18 

[CrIII (NH3)4(I)2]+ 1.15 

 

From the Table 5.4 it can be concluded that among the halide substituted systems, [CrIII 

(NH3)4(F)2]
+ is found to be the most stable as maximum hardness means maximum stability.271 

From the TDDFT computation on the quartet ground states of the halogen substituted complexes, 

the lowest transition is found to take place from α-occupied HOMO (35th α-MO for diiodo, 

dibromo and dichloro substituted complexes and 37th α-MO for the difluoro substituted complex) 

to the initially unoccupied LUMO (36th α-MO for diiodo, dibromo and dichloro substituted 

complexes and 38th α-MO for the difluoro substituted complex) as can be found from Table S1 

and Figure S1 in supplementary data. The absorption wavelengths of all the halogen substituted 

complexes are given in Table 5.5. For these complexes also, the HOMO to HOMO – 2 and 

LUMO to LUMO + 1 belong to the t2g and eg set of orbitals as in case for [CrIII (NH3)6]
3+ [Figure 

S1 (a) – S1 (h) in the Supporting Information]. In all the halogen-substituted complexes the 

possibility of intersystem crossing between the excited quartet state and doublet state is verified 
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by the common mode of vibrations of compatible energies in both the spin states [Table S2 in the 

Supporting Information].   

 

Table 5.5. Comparison of absorption and emission wavelengths in nm (energies in cm-1) in 
[CrIII (NH3)4(X)2]+ (X= I−, Br−, Cl−, and F−). 
 

Complex Absorption(Q→Q´) Emission(D→Q) 

[CrIII (NH3)4I2]+ 618.4(16171) 1280.7 (7808) 

[CrIII (NH3)4Br2]+ 554.9(18021) 1416.4  (7060) 

[CrIII (NH3)4Cl2]+ 502.2(19912) 968 (10331) 

[CrIII (NH3)4F2]+ 555.4(18004) 453.8 (22036) 

 

From the TDDFT computation on the doublet state, the ligands are found to regulate the 

emission frequency in the halogen substituted complexes. In the viewpoint of application, the 

most appealing fact has been the trend in the variation of emission wave length, which can be 

explained by the relative positions of the halogens in the spectrochemical series. The I− and Br− 

are the weak ligands and hence in stark contrast with the strong ammonia ligand. Thus placing 

the weak ligand along the z-axis, the dxz and dyz orbitals can be stabilized compared to the dxy 

orbital and hence the threefold degeneracy of the t2g level is lifted (Figure 5.3). This further 

splitting of the t2g level stabilizes the doublet state compared to the quartet ground state resulting 

low energy emission as can be confirmed from Table 5.5. Hence, replacement of the axial 

ligands in [CrIII (NH3)6]
3+ with weak I− and Br− causes red shift in the emission wave length. This 

is further interesting to note that the nearly equal emission wave lengths in the diiodo and 

dibromo complexes correspond well with their proximate position in the spectrochemical series. 

Compared to these two complexes, in the difluoro compound the blue shift in the emission wave 

length is observed with respect to the Oh [CrIII (NH3)6]
3+ complex.  This fact can again be 

explained on the basis of relative strength of axial and equatorial ligands. Among the halogens, 

the F− is closest to the ammonia in the spectrochemical series, for which the asymmetry in the t2g 

is least imposed and the doublet state becomes less favored. This fact increases the energy gap 

between the doublet and quartet ground state and is reflected in the maximum value of the 

emission frequency. In alignment with this explanation, in the chloro-substituted complex, the 

emission wave length is in between that shown by the [CrIII (NH3)4F2]
+ and [CrIII (NH3)4I2]

+ or 

[CrIII (NH3)4Br2]
+. This trend again matches well with the position of chloride lying between the 
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I−, Br−and F− in the spectrochemical series. In order to see the variation of emission wavelength 

by replacing ligand other than halide, we include two other ligands, OH− and CN−. The former is 

close to F− and the later is more separated from F− in the spectrochemical series. The complex 

containing stronger ligands, CN− exhibit emission almost in the same region (676 nm) as [CrIII 

(NH3)6]
3+, whereas the complex containing OH− giving red shifted emission (1823 nm). 

 

5.4. Conclusion 

In the present work, the photophysical property of an Oh Cr (III) complex is studied in the 

framework of density functional theory. Primary computational results of the absorption and 

emission wavelength obtained through TDDFT correspond well with the known phosphorescent 

behavior of the complex. In the later part, the axial ligands in the Oh [CrIII (NH3)6]
3+ complex is 

replaced with comparatively weaker ligand so as to disrupt the Oh symmetry of the complex. The 

weaker ligand along the z-axis is expected to stabilize the dxz and dyz orbitals compared to the dxy 

orbital and thus lifts the degeneracy of the erstwhile t2g set of orbitals. This tetragonal distorted 

structure brings about electronic redistribution leading to the doublet state as illustrated in the 

Figure 3. Since, the difference in the strength of the axial and equatorial ligands is the key to 

further split the degenerate t2g level, we logically replace the axial ligands of  Oh [CrIII (NH3)6]
3+ 

by I−, Br−, Cl−, and F− which are placed at different positions in the spectrochemical series with 

respect to NH3. The propensity of the doublet state is high in the diiodo and dibromo complexes 

due to large difference in the strength of the I− and Br− ligands compared to NH3. On the 

contrary, F− and NH3 are close in the spectrochemical series. Hence, the doublet state cannot 

easily be achieved due to equivalent strength of the axial and equatorial ligands. This fact of 

differing tendency for doublet state due to the variant strength of axial and equatorial ligands is 

supported by the low energy emission in the diiodo, dibromo complexes and high energy 

phosphorescence in the fluoro-substituted complex. The position of Cl− lying between I−, Br− and 

F− in the spectrochemical series matches well with the emission frequency of the chloro-

substituted complex which is also in between the emission frequencies of iodo-, bromo- 

substituted complexes and fluoro-substituted complex. Thus, here we can see the relative 

position of the ligands in the spectrochemical series turns effective in tuning the emission 

frequency of phosphorescence. The most important finding of the present work is the blue-shift 

in the emission wave-length of [CrIII (NH3)4F2]
+. An emission wave length of 454 nm of this 

complex may offer significant insight for the rational designing of hitherto rare blue-emitting 

first row transition metal complexes, important for OLED applications.  
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CHAPTER 6 

 

Photochemical study of 2-aminopyridine: A density functional investigation 

 

Abstract 

 

The sixth chapter provides a comprehensive study of molecular mechanism of 

excited state relaxation induced by intermolecular hydrogen-bond formation. The 

absorption and fluorescence property of 2-amino pyridine (2-AP) and its dimer (2AP)2 are 

analyzed theoretically in order to unveil the effect of intermolecular H-bonding interaction 

in the photochemical behavior of 2-AP. All the calculations (DFT and TDDFT) are 

performed using ADF suit of program with dispersion corrected methods (DFT-D). To 

reveal the cooperativity due to H-bonding, a decomposition analysis (EDA) in the 

framework of the Kohn-Sham molecular orbital (MO) model is performed. The ETS-NOCV 

calculations are performed for the equilibrium geometries of the ground and excited states 

of the dimer. The formation of H-bond has been confirmed by the calculation of synergy 

(ΔEsyn) from the difference of interaction energy (ΔEint) with and without H-bond 

interactions. H-bond interaction stabilizes the electronic excited state of the dimer 

resulting red-shift in the emission spectrum. 

 

 

 

 

 



77 
 

The molecular mechanism of the excited state relaxation induced by intermolecular 

hydrogen-bond formation is of great interest because it belongs to the most fundamental 

processes of photochemistry. The process of fluorescence quenching, occurring as a result of 

intermolecular hydrogen bonding, is a well-known phenomenon.272 273-275 Photo induced proton-

coupled electron transfers, wherein the proton donor and acceptor are assembled by hydrogen 

bond interaction, have attracted considerable interest in recent years.276 Numerous studies by 

Mataga and co-workers277, 278 have been devoted to the case when both the proton donor and 

acceptor atoms belong to π-electronic systems. Moreover, excited state hydrogen bond 

interactions have also earned potential interest due to its connection with reversible or 

irreversible proton displacements or H-atom transfer reactions.278, 279  These reactions play a vital 

role in a wide range of chemical and biological processes.  

Pyridine and its derivatives are currently finding immense interest in the scientific 

community due to their wide variety of application in various fields. They find use in the 

chemical industry as reagent and also play a central role in the structure and properties of nucleic 

acid.280 Some of amino pyridine derivatives show anaesthetic properties and are used as drugs 

for certain brain disease. 2-amino pyridine (2-AP) is used in the preparation of cytidine which is 

used as drug.  In spite of this biomedical application, the photochemistry of this molecule has not 

been thoroughly investigated. In recent years ab initio and density functional theory (DFT) based 

methods have become a popular tool in the investigations of molecular structure and electronic 

properties. DFT offers a cost effective way for the quantum chemical investigation of the 

molecular properties and has been proved to be efficient in producing accurate results.281    

In this study we report a systematic density functional investigation of the absorption and 

fluorescence property of 2-amino pyridine (2-AP) and its dimer (2-AP)2. As the dimerization of 

2-AP occurs through hydrogen-bonding (H-bonding), is becomes essential to unveil the effect of   

intermolecular H-bonding interactions in the photochemical behaviour of 2-AP. It has been 

reported earlier that H-bonding plays a pivotal role in the photochemical description of a 

molecule. Moreover, the simple electronic structure of this compound offers simplicity and 

encourages studying the effect of H-bonding interaction in the photochemistry of this compound 

as a benchmark.  

For the computation of weak interactions like H-bond, the correlated ab initio techniques 

such as second-order Møller-Plesset perturbation theory (MP2) are in wide use.282, 283 Although 

the density functional methods, like the popular B3LYP functional, are reported to be 



78 
 

incompetent for the accurate description of H-bonding,283 the inclusion of correction due to 

dispersion interactions in the scenario has been proved to be effective. In the present work, we 

opted for the dispersion corrected DFT (DFT-D) method for the computation of absorption and 

fluorescence. All the DFT and time dependent DFT (TDDFT) calculations are performed using 

ADF suit of program. The B3LYP functional has been used, augmented with dispersion 

correction developed by Grimme (B3LYP-D), along with triple-ζ TZ2P basis. The solvent 

effects have been estimated using the conductor-like screening model (COSMO) implemented in 

ADF.  

Structures of the monomer and the dimer are fully optimized at the B3LYP-D/TZ2P 

level. The optimized ground state structures of the monomer and the dimer are represented in 

Figures 1 and 2. The dimer is found to prefer a non-planar geometry at ground and excited states 

(Figure 2).  

 

 

Figure 6.1. B3LYP-D/TZ2P optimized geometry of 2-
aminopyridine at its ground state. 

 

 

 

 

Figure 6.2. The H-bonded dimer (a) 
front view and (b) side view. 

 

 

To reveal the cooperativity due to H-bonding, an energy decomposition analysis (EDA) 

in the framework of the Kohn-Sham molecular orbital (MO) model is performed. In this 

approach, the interaction energy (ΔEint) is partitioned into electrostatic interaction (ΔVelstat), Pauli 

repulsive orbital interaction (ΔEpauli), attractive orbital interaction (ΔEoi ) and dispersion 

interactions (ΔEdisp) as shown in the following, 
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dispoipaulielstat EEEVE +++= int
  (6.1) 

 This method combines the extended transition state (ETS) energy decomposition 

approach284 with the natural orbitals for chemical valence (NOCV) density analysis method.285. 

The ETS-NOCV calculations are performed for the equilibrium geometries of the ground and 

excited states of the dimer. The formation of H-bond has been confirmed by the calculation of 

synergy (ΔEsyn) from the difference of interaction energy (ΔEint) with and without H-bond 

interactions.  

noneqeqsyn EEE −− −= intint
    (6.2) 

Here, ΔEint-eq corresponds to the interaction energy of the dimer in its equilibrium 

geometry. Next, the equilibrium geometry is distorted by moving the momomer units far from 

each other, so that no H-bond formation is possible, and the interaction energy (ΔEint-noneq) is 

estimated. A negative value of synergy indicates stabilization through the formation of H-

bonding. ΔEint is the energy change in systems due to formation of the association from 

individual units. This is interpreted as the amount of energy required to promote the separated 

fragments to form the dimeric structure. The synergy due to H-bonding is estimated through 

Equation 2 and the results are given in Table 6.1.  

Table 6.1. Bonding energy decomposition of ground and excited states of the dimer. 

Dimer ΔVelstat 

(kcal/mol) 

ΔEpauli 

(kcal/mol) 

ΔEoi 

(kcal/mol) 

ΔEdisp 

(kcal/mol) 

ΔEint 

(kcal/mol) 

 

ΔEsyn 

(kcal/mol) 

Distorted 

Geometry 

–0.30    –0.12 –0.03   –0.07   –0.52 -- 

Excited 

State 

–25.93 29.92 –14.64 -4.30 -14.94 -14.42 

Ground 

State 

-26.24 30.31 -14.85 -4.26 -15.05 -14.53 

 

From Table 6.1, it is clear that the hydrogen-bond formation is possible at both the 

ground and excited states. From the comparison of ΔEsyn values in Table 6.1, one can infer a 

greater stabilization of the H-bonded dimer at its ground state than the corresponding excited 



80 
 

state. However, from the components of ΔEint it is observed that the dispersion energy change, 

which corresponds to the H-bonding interaction, is greater in the excited state than the ground 

state. Hence, it can be concluded that the H-bonding interaction is more pronounced at the 

excited state.  

The absorption and fluorescence spectra are shown in Figures 6.3 and 6.4. It becomes 

prominent from the figures that there occurs a red-shift of the absorption and fluorescence peaks 

in the dimeric state compared to the monomer (Table 6.2). This red-shift can be attributed to the 

lowering in the HOMO-LUMO gap (ΔEHL) due to H-bond formation. Table 6.3 accumulates the 

HOMOs and the LUMOs of the species in its different states and a lowering of the ΔEHL is 

clearly visible. From the previous studies on H-bonded systems it becomes evident that 

polarization effects promote H-bonding interaction. It has also been seen that there occurs a 

mixing of the empty/occupied orbital on one fragment in the presence of another fragment due to 

polarization effect. From the nature of the HOMO and LUMO orbitals in Table 6.3, the mixing 

of two fragments is critically exposed. Hence, the diminished HOMO-LUMO gap can be 

explained as an outcome of the H-bonding interaction. 

The red-shift in the fluorescence spectra can be explained from the stabilization of the S1 

electronic state of the dimer due to the formation of the H-bonding. The quenching of the energy 

gap for the S0←S1 leads to a red shift of the fluorescence λmax value.  

 

 

Figure 6.3. Absorption Spectra of (a) monomer unit and (b) hydrogen bonded dimer. 



81 
 

 

Figure 6.4. Fluorescence Spectra of (a) monomer unit and (b) hydrogen bonded dimer. 

 

Table 6.2. Comparison of the calculated value λmax of absorption and fluorescence with 
experimentally reported values.  

 

System λmax of absorption in nm λmax of fluorescence in nm 

Calculated Experimental Calculated Experimental 

2-AMP 

monomer 

216 292(a) 342 363(a) 

2-AMP 

Dimer 

279 359 

 

(a) Experimentally reported λmax of absorption and fluorescence in water medium.286 
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Table 6.3. HOMO-LUMO gap of monomer unit and hydrogen bonded dimer. 

 

System Orbitals Energy in eV ΔEHL in eV 

2-AMP 

monomer 

 

-5.8743 6.0044 

 

0.1257 

2-AMP 

dimer 

 

-5.6443 4.9446 

 

-0.6997 

 

The calculated values of λmax of both the absorption and fluorescence spectra of the 2-AP 

monomer and dimer are given in Table 6.2. The close agreement of the calculated values with 

the experimental results suggests that dimers are the most preferable states of 2-AP in water 

solution. This can also be inferred from the Table 6.1 as the high negative synergy of the dimer 

in both the ground and excited states indicates the formation of H-bonding. The formation or the 

change in the strength, of the intermolecular hydrogen bonds following excitation may simply 

lead to new vibronic dissipative modes that couple excited and ground states.274, 287, 288  
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CHAPTER 7 

 

Conclusion 

 

Abstract 

This chapter presents general and comprehensive conclusions of all the chapters. 
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This chapter deals with the general concluding remarks drawn from the previous 

chapters. The first chapter provides a brief introduction to the origin and advancement of 

research in the field of nonlinear optical property, two-photon absorption property and 

luminescent property. Theoretical formulations have also been outlined here to understand the 

structure property relationship for designing efficient materials in optical uses. It can be 

concluded that both organic and metal based systems possessing push-pull character are of 

enormous importance for use in optical devices due to their large first hyperpolarizability values. 

From the general discussion of the characterization of the luminescent materials, one can argue 

that singlet emitters can also take the advantage of singlet harvesting effect by gathering both 

triplet and singlet excitons and might be well suited for OLED applications as already 

established for triplet emitter materials.  

The second chapter presents a brief theoretical framework of the measurements of 

hyperpolarizability (β) and two-photon absorption cross section (σ). Some of the methods viz., 

Sum over states (SOS), Few-states model that are utilized in this thesis to quantify optical 

properties are explained in details. 

Chapter three presents computational study of nonlinear optical properties of two 

synthesized systems, phenyl expanded and thienyl expanded thiophene fused nickel dithiolenes. 

Both the systems possess very low value of first hyperpolarizability. We systematically modify 

their structures by substituting neutral and zwitterionic donor-acceptor group at the aryl (phenyl 

and thienyl) ring to have high NLO response. After careful inspection of the HOMO-LUMO 

energies of all the six systems, we noticed that neutral donor-acceptor group marginally affects 

the HOMO energy level, whereas the LUMO is stabilized to some extent. Hence HOMO-LUMO 

energy gap (HLG) decrease. However LUMO energies are found to be significantly reduced for 

the zwitterionic complexes resulting large decrease in the HOMO-LUMO energy gap. Hence, 

HLG gradually decreases from neutral to ionic substituents for both sets of the designed systems. 

This observation has also been supported by the excitation energy calculations with TDDFT 

approach. From the calculated first hyperpolarizability values, it has been noted that the 

zwitterionic compounds possess very large values of β with low HLG. We find that by 

substituting ionic groups at the two ends of the Ni complex, the β values enhanced by at least 10-

15 times than that of the molecules without any such substituent. By systematic analysis, a nice 

correlation between Δr index, TDM and β value have been observed. We anticipated that if 

synthesized, these molecules may prove to be useful in optical uses. 
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Chapter four provides computational study where we have considered the magnetic and 

optical properties of a few azulene based diradical systems. We have studied six diradical 

systems based on nitronyl nitroxide radical moiety and azulene as coupler. The magnetic 

property has been assessed through the magnetic exchange coupling and magnetic anisotropy. 

The calculated magnetic exchange coupling parameters J depict that among the six diradicals 

three are ferromagnetic, and three are antiferromagnetic. The magnetic exchange coupling 

constants have been corroborated through spin density alternation protocol. The spin density 

analyses of the three ferromagnetic diradicals depict an interesting alternation behavior in the 

azulene coupler. The junction carbon atoms of the two rings in azulene coupler always show 

similar spin density despite being neighbors. This behavior is a fascinating variation of the spin 

density alternation rule. The ability of the ferromagnetic diradicals as photosensitizer in 

photodynamic therapy is evaluated through the computation of the two-photon absorption cross-

section. The integrative photodynamic therapy (IPDT) of tumors relies on the combined use of 

different factors that enhance the usefulness of IPDT.237 The observed TPA cross-section values 

range in the reported limit of commonly used photosensitizing agents. Another dimension of the 

multi-property diradical system has also been explored in this work. The magnetic anisotropy of 

the ferromagnetic diradicals has been estimated through the zero-field splitting parameter D. A 

negative ZFS parameter suggests the tendency of the spin vector to orient along a specific 

Cartesian direction. All the three ferromagnetic diradicals show negative D values. Radical 

systems with negative ZFS parameters have been proved to be usable as MRI contrast agents.188 

It has long been shown that the larger the ZFS magnitude a2, larger is the spin relaxation time 

and the better an MRICA is.198 The ZFS magnitude a2 is directly proportional to the ZFS 

parameter D. In the designed ferromagnetic diradicals, the ZFS parameters are found to be 

significantly high as for organic radical systems. The values are at least one order of magnitude 

higher compared to reported diradical systems usable as MRICA. Ferromagnetic systems are 

used as efficient probe in the magnetic hyperthermia, a popular treatment in oncology. These 

diradicals can also be sought for a lateral use as MRICA in magnetic resonance imaging, which 

is very often utilized for the detection of cancer. Treatment of interstitial tumors with PDT 

demands the delivery of photosensitizers to the precise location of tumor tissues for effective 

light irradiations. Thus a single agent that can be injected to the infected body to image tumors 

through MRI and simultaneously treat them by exposing to light through PDT is greatly 

welcomed as a proficient cancer treatment protocol. In summary we propose that if synthesized 

these diradical systems can promote the “see and treat” method238 by proving themselves 
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efficient in multifarious therapeutic function such as magnetic hyperthermia, MRI contrast 

agents and photodynamic therapy applications. 

In chapter five the photophysical property of an Oh Cr (III) complex is studied in the 

framework of density functional theory. Primary computational results of the absorption and 

emission wavelength obtained through TDDFT correspond well with the known phosphorescent 

behavior of the complex. In the later part, the axial ligands in the Oh [CrIII (NH3)6]
3+ complex is 

replaced with comparatively weaker ligand so as to disrupt the Oh symmetry of the complex. The 

weaker ligand along the z-axis is expected to stabilize the dxz and dyz orbitals compared to the dxy 

orbital and thus lifts the degeneracy of the erstwhile t2g set of orbitals. This tetragonal distorted 

structure brings about electronic redistribution leading to the doublet state as illustrated in the 

Figure 3. Since, the difference in the strength of the axial and equatorial ligands is the key to 

further split the degenerate t2g level, we logically replace the axial ligands of  Oh [CrIII (NH3)6]
3+ 

by I−, Br−, Cl−, and F− which are placed at different positions in the spectrochemical series with 

respect to NH3. The propensity of the doublet state is high in the diiodo and dibromo complexes 

due to large difference in the strength of the I− and Br− ligands compared to NH3. On the 

contrary, F− and NH3 are close in the spectrochemical series. Hence, the doublet state cannot 

easily be achieved due to equivalent strength of the axial and equatorial ligands. This fact of 

differing tendency for doublet state due to the variant strength of axial and equatorial ligands is 

supported by the low energy emission in the diiodo, dibromo complexes and high energy 

phosphorescence in the fluoro-substituted complex. The position of Cl− lying between I−, Br− and 

F− in the spectrochemical series matches well with the emission frequency of the chloro-

substituted complex which is also in between the emission frequencies of iodo-, bromo- 

substituted complexes and fluoro-substituted complex. Thus, here we can see the relative 

position of the ligands in the spectrochemical series turns effective in tuning the emission 

frequency of phosphorescence. The most important finding of the present work is the blue-shift 

in the emission wave-length of [CrIII (NH3)4F2]
+. An emission wave length of 454 nm of this 

complex may offer significant insight for the rational designing of hitherto rare blue-emitting 

first row transition metal complexes, important for OLED applications.  

Chapter six concludes with the observation that H-bond interaction stabilizes the 

electronic excited state in case of 2-amino pyridine resulting red-shift in the emission spectrum. 
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Strategic design of thiophene-fused nickel
dithiolene derivatives for efficient NLO response†

Manoj Majumder and Anirban Misra *

The NLO properties of two synthesized aryl extended thiophene fused nickel dithiolenes have been

studied theoretically. Based on these two systems, a systematic modification has been made by

substituting neutral and zwitterionic donor–acceptor groups at the aryl (phenyl and thenyl) ring to

enlarge their NLO responses. Among the four designed systems, the zwitterionic donor–acceptor group

significantly reduces the HOMO–LUMO energy gap, resulting in an enormous increase in the first hyper-

polarizability (b) values. To judge their high NLO response, transition dipole moment (TDM) density

values have been plotted and it has been found that electron dissipation occurs from one donor part to

the acceptor part with a high Dr index value. It should be noted that the high Dr index values are a quanti-

tative measurement to understand the type of transitions, and we noticed that a charge transfer transition

occurs in the case of zwitterionic systems. Hence, a relationship between the first hyperpolarizability and

TDM has been established. In order to highlight the NLO active segment in a molecule, a density analysis

has also been done. We anticipate that as our designed systems possess high b values, they should have

significance in optical uses.

1. Introduction

Molecular materials with high second order (b) nonlinear
optical (NLO) properties have received enormous interest from
the scientific community because of their multifarious applic-
ability in optoelectronic and photonic devices1–5 for optical
switching, optical communications, data storage, signal proces-
sing, optical limiting etc. One of the specific requirements
related to the above applications is to develop molecules with
a high NLO response. Metal dithiolene complexes are often
ideal for the above-cited applications because of their unique
optical and electrochemical properties.6,7 It has been found in
the literature that Ni based dithiolene complexes can be
potentially used as near infrared dyes for Q-switching Nd:YAG
lasers8 due to their high thermal as well as photochemical
stability.9 Dithiolenes can also be used for energy conversion10

and the development of photodetectors.11 Moreover, they have
very long excited-state lifetimes and tunable absorption properties,
which make them useful for applications in photovoltaic devices.12

Another important aspect about their structures is that they
possess multiple stable redox states and a planar geometry, an

essential criterion for developing semiconductors, super-
conductors and molecular metals.11

Nickel dithiolenes were first synthesized in 1960.13 Since
then, a number of theoretical studies have been performed to
understand the electronic structures and bonding schemes of
these compounds. A series of interesting studies14–19 revealed
that these covalent complexes have a high degree of electron
delocalization. In a recent work, Herman et al.18 performed
INDO (intermediate neglect of differential overlap) computa-
tions for Ni(C2S2H2)2 and showed that the oxidation state of the
nickel atom is +2 with a d8 configuration, which is very
common for this type of compounds.20–22 Recent theoretical
and experimental studies23–26 have also confirmed the previous
observation in a series of Ni complexes. A more detailed
presentation of the properties and applications of dithiolene
complexes can be found in several articles as well.9–11,27

A common strategy is to fuse aromatic rings to the dithiolene
core, in order to enhance molecular planarity and electron
delocalization.28 Many fused-ring dithiolene systems have been
studied so far, including the fusion of benzene,29–34 functiona-
lized benzene,35–40 thiophene,41–46 pyridine,47 quinoxaline48,49

and other heterocyclic systems.50–52 Among various fused-ring
dithiolene systems, thiophene-fused metal dithiolenes are of
particular interest owing to their stable crystal packing arrangement.
Actually, their packing arrangement is determined by the total
balance of many weak intermolecular forces (hydrogen bonding,
van der Waals forces, p–p interactions, and S–S/M–S inter-
actions).53,54 Additional thiophene content would be expected to
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increase such intermolecular interactions and provide a more
significant overlap of frontier orbitals, which could result in
enhanced electrical conductivity and higher magnetic transition
temperatures.

In a recent report, a new family of aryl-extended nickel thiophene-
dithiolene complexes was synthesized and their optical, electronic,
magnetic and solid-state properties were studied as well.28 It was
found that aryl-extended metal 2,3-thiophenedithiolene can retain its
planar structure even after the fusion of rings. As a consequence, the
conjugation length is maximized along the molecular backbone.28

These kinds of Ni(II) complexes are reported to have a high degree of
second-order NLO response, which further increases in asym-
metric compounds through a push–pull mechanism.55 All
these facts motivated us to design nickel dithiolene based
complexes with a high NLO response. A well known mechanism
to enhance the hyperpolarizability value is to add organic donor–
acceptor groups to the core system.56 As an example, stillbene
derivatives have b-values of very large magnitude, which can be
further enhanced by including ionic donor–acceptor functional
groups.57–59 Most of the studies on hyperpolarizabilities reported
in the literature are on p-electron conjugated organic systems and
there are very few reports on inorganic spacer based push–pull
systems.20–22 In a work by Miller et al., one zwitterionic compound
in which the donor (D) and acceptor (A) are linked by a sigma bond
has been reported for NLO applications.60 There are a number of
reports in the literature61,62 describing the existence of crystal
zwitterion structures of imidazole-1-ylacetic acid, 3-ethoxycarbonyl-
2-imidazole-1-ylpropionic acid, and 3-pyridinesulphonic acid that
have motivated us to choose zwitterion based substituents.

In this work, we calculate the NLO properties of thiophene
expanded nickel thiophenedithiolene, Th-NiTDT (1a), and
phenyl expanded nickel thiophenedithiolene, Ph-NiTDT (2a), synthe-
sized by Amb et al.,28 and based on the structures (1a and 2a), a
strategic design has been undertaken (two sets) by replacing the
neutral and ionic donor–acceptor groups, as represented in
Scheme 1. From the calculations, it has been found that the
synthesized systems (1a and 2a) have very low values of b as the
molecules are centrosymmetric. Keeping in mind their multi-
farious applicability and exceptional stability, our strategy is to
modify the structure in such a manner so as to gain a high NLO
response. We showed that by replacing the ionic donor–acceptor
group at the two ends of the inorganic moiety, the b-values were
enhanced by at least 10–15 times compared to that of the
molecule without the ionic substituent. In our study, the core
parts of the synthesized systems are kept intact; rather, the
structures are systematically modified by introducing different
functional groups to peripheral rings (Scheme 1).

2. Theoretical background

The NLO properties may be defined in terms of a power series
of the molecular dipole moment in the presence of an oscillat-
ing electric field according to eqn (1).63–65

E ¼ E0 �
X
i

miFi �
1

2

X
ij

aijFiFj �
1

3

X
ijk

bijkFiFjFk

� 1

4

X
ijkl

gijklFiFjFkFl � . . . (1)

Scheme 1 Schematic representation of the studied and designed systems.
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Here, E and E0 refer to the energies of the perturbed and zero-
field unperturbed states, the Fx are the field strengths along a
particular direction, and the tensors mi, aij, bijk and gijkl stand
for the dipole moment, linear polarizability, the first or static
hyperpolarizability and the second or cubic hypepolarizability
terms, respectively.63–65 In general, the field as well as polar-
izability and hyperpolarizability terms of the above equation
are frequency dependent. The first static hyperpolarizability
(bTOTAL) can be expressed by using x, y and z components as
follows,

btot = (bx
2 + by

2 + bz
2)1/2 (2)

and

bx = bxxx + bxyy + bxzz,

by = byyy + bxxy + byzz,

bz = bzzz + bxxz + byyz.

The charge density function r(r,F) can be explained by the
powers of the field F in the same way as the expansions of the
energy and dipole moment.66 The charge density function r(r,F)
can be expressed as

r r;Fð Þ ¼ r 0ð Þ rð Þ þ
X
j

r 1ð Þ rð ÞFj þ 1

2!

X
jk

r 2ð Þ rð ÞFjFk

þ 1

3!

X
jkl

r 3ð Þ rð ÞFjFkFl þ . . . :

(3)

The dipole moment expansion can be represented as

mi Fð Þ ¼ �
ð
rir r;Fð Þdr3

¼ mi0þ
X
j

aijF j þ
X
jk

bijkF
jFkþ

X
jkl

gijklF
jFkFl þ . . .

¼�
ð
rir 0ð Þ rð Þdr3�

X
j

ð
rir 1ð Þ rð Þdr3Fj

� 1

2!

X
jk

ð
rir 2ð Þ rð Þdr3FjFk� 1

3!

X
jkl

ð
rir 3ð Þdr3FjFkFl � . . . :

(4)

Here, ri is the i component of the electron coordinate.
From eqn (3) and (4), the first-hyperpolarizability can be
expressed by

bijk ¼ �
1

2!

ð
rir 2ð Þ rð Þdr3:

Here,

r 2ð Þ rð Þ ¼ @2r
@Fj@Fk

(5)

And these derivatives of electron densities with respect to
external electric fields are referred to as b densities.66 In this
study, we confine our attention to the b-densities, which are

calculated by using the following 2nd order numerical differ-
entiation formula,

r 2ð Þ
zz rð Þ ¼ r r;Fzð Þ þ r r;� Fzð Þ � 2r r;0ð Þ

F2
(6)

where r(r,Fz) represents the charge density at a special point in
the presence of the field F. The charge densities over a three-
dimensional grid of points were evaluated by the density matrix
obtained by the Gaussian 09 program package. The study of b
densities is important as it straightforwardly highlights the
NLO-active segments in a molecule.

3. Computational details

The structures of thiophene expanded nickel dithiophene-
dithiolene, Th-NiTDT (1a), and phenyl expanded nickel thio-
phenedithiolene, Ph-NiTDT (2a), complexes are taken from the
crystallographic file format (CIF),28 and the positions of the
hydrogen atoms in the synthesized systems were partially
optimized using a density functional theory (DFT) based
methodology with the B3LYP functional67–69 in conjugation
with the 6-311++g(d,p) basis set. It has been reported28 that
the two synthesized systems have one unpaired electron; all the
calculations have been done with an unrestricted DFT formalism
along with the geometry optimization for the designed systems
(1b, 1c, 2b and 2c) with the B3LYP functional and the
6-311++g(d,p) basis set.

For calculating the lmax (nm) values of the synthesized
systems, we have employed the CAM-B3LYP/6-311g(d,p) meth-
odology in the solution phase using the dielectric constant of
the experimental solvent (acetonitrile) within the polarizable
continuum model (PCM) and compared our computed data
with the experimentally reported excitation energy values.28

Thus, we have optimized the computational methodology with
the help of experimental data provided for the two synthesized
systems (1a and 2a) and we have used the same methodology
for calculating excitation energies for our designed systems
(1b, 1c, 2b and 2c).

In order to highlight the NLO-active segments in a molecule,
a contribution analysis66,70 has been carried out to analyze the
results of the TD-DFT calculations. The NLO behavior and the
first hyperpolarizability (b) have been quantitatively evaluated
for all the studied species by using the UB3LYP/6-311++g(d,p)
methodology in the Gaussian 09 software.71 Benchmarking of
the computational model has been done with a very common
push–pull system, 4-amino 4-nitro stilbene,72 whose experi-
mental first hyperpolarizability (b) has been measured to be
(260 � 35) � 10�30 esu (in methanol). We can reproduce the b
value of this system (184 � 10�30 esu in the gas phase) to a
reasonable extent with the same functional and with the
6-311++g(d,p) basis set in the Gaussian 09 suit of program. When
we performed the calculation in the solvent phase (methanol), the
hyperpolarizability values are found to be high (905 � 10�30 esu).
Actually, polar solvents decrease the HOMO–LUMO gap, thereby
increasing the hyperpolarizability values. Here, our intention is to
see the effect of the ionic donor–acceptor group on the
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hyperpolarizability values, so we keep other tuning parameters
constant. Moreover, the error due to not considering the solvent
effect is around 45–50%, which is within the range of the
experimental margin of error.73 Hence, we rely on the gas phase
values to explain the changes in the NLO response with structural
modifications. The correlation of our gas phase computed results
with the experimentally reported data provoked us to choose this
basis set and functional combination for the estimation of b
values of our designed systems. The transition dipole moment
(TDM) has been calculated based on the dipole moment integral
between the occupied and virtual MOs. The contribution from
each MO pair to the transition dipole moment can be straight-
forwardly evaluated and visualized using a Multiwfn wave func-
tion analyzer.74 Dr index, which is proposed to measure the
charge transfer length during electron excitation, has also been
calculated in Multiwfn.

4. Results and discussion
4.1. The electronic structure of nickel dithiolene (NiDT)

Bisdithioglyoxalnickel, Ni(S2C2H2)2, or simply nickel dithiolene
(NiDT), is a characteristic example of the square planar deriva-
tive involving ‘‘non-innocent’’ conjugated sulfur-based ligands.
Several bonding structures describing 8, 10 or 12p-electron
systems have been proposed for NiDT,75,76 where the formal
oxidation states of Ni are 0, +2 and +4, respectively. For Ni(0)
systems, the dithiolene ligand coordinates to the metal atom as
a neutral dithioketone (Fig. 1), though we hardly found any
concrete evidence for such a complex.77 The ligands are
assumed to be dithiolatodianions, �S–CHQCH–S�, in Ni(IV),
which usually occurs in d8 neutral NiDT.77 NiDT is one of the
first examples of a complex of this family for which an assignment
of the nickel oxidation state proved to be problematic, as
summarized in Fig. 1.

A series of interesting studies regarding the electronic
structure of such complexes revealed that these complexes are
in fact Ni(II) complexes with each ligand bearing a radical.78,79

Calculations also showed that the frontier orbitals of such
complexes are ligand-based rather than metal-based.80 Because
of this peculiarity, a change in the oxidation state in such
complexes occurs at the ligand center rather than at the metal
centre. This property is illustrated by the fact that nickel
dithiolene complexes undergo facile single-electron reductions,
leading to the formation of a paramagnetic radical anion when
singly reduced and a diamagnetic nickelate(II) when doubly
reduced (Fig. 2).

Two different situations may occur upon the addition of an
electron to the NiTDT species (i.e. formation of [NiTDT]�).
In the first case, the electron occupies a metal d-orbital of the
MII ion, which is therefore reduced to MI (the case of an
‘‘innocent’’ ligand). The multiplicity of the [NiTDT]�1 anion
containing NiI is 2. In the 2nd case, the electron fully or
partially occupies an antibonding orbital of the L�1 ligand
(in the case of a non-innocent ligand). In this case, two values
of different spin states can exist: a quartet and an open-shell
doublet. In a recent report, the magnetic susceptibilities
of some synthesized systems based on the NiTDT core, i.e.,
tetrabutylammonium bis(5-(2-thienyl)-2,3-thiophenedithiolato)-
nickelate(II), [Bu4N]NiTDT and various salts of NiTDT, were
measured by NMR in solution using the Evans method81,82

and also in the solid state using vibrating-sample magnetometry,
and the obtained susceptibility values were found to be greater
than 1.73 mB, indicating S = 1/2. Hence, all the subsequent
computations for the studied complexes were performed assuming
the doublet state as the ground state.

4.2. HOMO–LUMO gap, excitation energies and NTO analysis

The set of compounds that we have studied can be categorized
into two subsets: (a) thiophene expanded NiTDT and its deriva-
tives (1a, 1b, 1c; Scheme 1) and (b) phenyl expanded NiTDT and
its derivatives (2a, 2b and 2c; Scheme 1). In order to gain a
perceptible idea of which orbitals are responsible for transi-
tions, we have analyzed the natural transition orbitals (NTOs).
As can be seen in Fig. 3, the HOTO (highest occupied transition
orbital) of the entire studied complex (1a, 1b and 1c and 2a, 2b
and 2c) is found to have a comparable contribution from the
metal and the ligand. In contrast, the LUTO (lowest unoccupied
transition orbital) is primarily composed of ligand-based orbitals.
For complexes 1a and 1b and 2a and 2b, the HOTO is more or less
localized at the central metal dithiolene core, with some electron
density dissipation onto the pendent thiophene; whereas for
complexes 1c and 2c, the HOTOs are mainly constituted from
the ionic donor part and the LUTOs arise from the ionic acceptor
part, clearly indicating electron delocalization at the ionic term-
inals. Hence, we find the highest populated origin and the highest
populated destination NTOs (Fig. 3), associated with a specific
transition (Table 4), and we noticed that the charge transfer takes
place from one terminal to the other for the zwitterionic complexes
(1c and 2c).

From the comparison of the HOMO and LUMO energies in
these systems (Table 1), it can be concluded that attachment of the
electron donor–acceptor group (–NH2 and –CN) in compounds 1b

Fig. 1 Schematic representation of different oxidation states of the NiDT complex.
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and 2b marginally affects the HOMO energy level, though the
LUMO is stabilized to some extent. However, the LUMO energies
are found to be significantly reduced in zwitterionic complexes 1c
and 2c, resulting in a decrease in the HOMO–LUMO energy gap
(HLG) (Table 1). Hence, compared to the two synthesized systems
(1a and 2a), all our designed systems possess a lower value of HLG.
Another important point to note is that both the HOMO and LUMO
are oriented in a mutually perpendicular fashion in 1b, whereas

both the orbitals lie in the plane of the ring in 2b (Fig. S7 in ESI†).
This difference in the orientation of MOs can be correlated with
their first hyperpolarizability value (Table 1), which is higher in 2b
than in 1b.

In order to explain the variation of the optical properties in
the NiTDT series, the electronic excitation energies of the
monoanions (1a and 2a) were calculated using the TDDFT
approach and compared with the experimental data. The lmax

Fig. 2 Redox activity of the Ni dithiolene complex.

Fig. 3 The dominant natural transition orbital (NTO) pairs for the systems under study. The ‘‘hole’’ (highest occupied transition orbital; HOTO) is on the
left, and the ‘‘particle’’ (lowest unoccupied transition orbital; LUTO) is on the right. The associated eigenvalue, lmax, is given over the arrow.
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values of 1a and 2a have been calculated to be 1438 nm and
1281 nm, which are in a similar range to the experimentally
measured values (1108 and 1076 nm).28 However, the absorp-
tion wavelengths (1173 and 1103 nm), when calculated in the
gas phase, are a much closer result compared to those obtained
in the solution phase. Thus, for the designed systems, only gas
phase calculations were performed to get the absorption wave-
length. For subsets 1a, 1b and 1c and 2a, 2b and 2c, the
excitation energy and HLG follow the same trend (Table 2) as
explained earlier that the donor–acceptor group decreases the
HLG and consequently increases the absorption wavelength.
There is only one exception, the excitation energy of 2b, which
is more than that of 2a. The excitation of the Ni derivatives is an
intramolecular charge transfer (p–p*) over the p-type orbitals
of the ligand.

4.3. NLO properties

From the reported values in Table 1, complexes 1c and 2c with
the lowest HLG are found to have the highest values of bTOTAL

among the members of the NiTDT series, which suggests an
inversely proportional relation between the HLG and intrinsic
first hyperpolarizability.83,84 To explain the origin and variation
of the NLO responses in the NiTDT series, the b densities and
transition dipole moments (TDMs) were also calculated for
these systems under investigation. Table 3 shows three strong
absorption peaks with their oscillator strength ( f ) and the
pictorial presentation of the transition dipole moments (TDMs)
for the corresponding transition for system 2a. These data are
also in agreement with the fact that the oscillator strength ( f ) is
directly related to the square of the TDM (in atomic units),

f ¼ 2

3
DE � DX

2 þDY
2 þDZ

2
� �

; where DE denotes the transi-

tion energy between the two states. From the reported TDM plot
in Table 3, we can also observe that for the energy state (S5) with
the highest oscillator strength, the electron from one terminal
is transferred to the other terminal. For the same system (2a),
when we consider the energy states with lower oscillator
strength ( f ) values (e.g. states S7 and S9 in Table 3), the
transitions are referred to as local excitations, indicating that
the electron oscillation of state S5 is the strongest. Keeping the
previous observations in mind, the transitions with the highest
oscillator strength for each of the remaining systems have been
considered. The results are reported in Table 4 along with a
pictorial presentation of the transition dipole moment in Fig. 4.
For the subset of 1a, 1b and 1c, the highest value of TDM has been
found for 1c, which is evident from its highest Dr index value.85

This index was introduced with the aim of exploring the metric of
excited electronic states in the framework of the time-dependent
density functional theory. It is based on the charge centroids of the
orbitals involved in the excitations and can be interpreted in terms
of the hole–electron distance. It has been reported in the literature
that the type of excitation can be judged with the help of this
index. Dr r 1.5 Å indicates local excitations, whereas Dr Z 2.0 Å
indicates long-range excitations.85

Theoretical predictions can also be outlined here. The hole–
particle pair interactions could be related to the distance

Table 1 HOMO/LUMO energies and btot values of NiTDT and its deriva-
tives computed in the gas-phase at the UB3LYP/6-311++g(d,p) level of
theory

Molecule

Energies in gas-phase (eV)

b � 10�30 esuHOMOa LUMOb DEH–L
c

Th-NiTDT �1.838 0.724 2.562 4.02
nTh-NiTDT �2.002 0.056 2.058 455.92
zTh-NiTDT �2.1284 �1.7566 0.3714 5890.9
Ph-NiTDT �1.805 0.830 2.635 22.67
nPh-NiTDT �1.962 0.155 2.117 643.08
zPh-NiTDT �2.34 �1.6587 0.6813 18553.6

a HOMO stands for highest occupied molecular orbital. b LUMO stands for
lowest unoccupied molecular orbital. c DEH–L represents the HOMO–LUMO
energy gap.

Table 2 TDDFT calculated transitions for the thienyl (1a) and phenyl (2a)
expanded analogues of the NiTDT core and its derivatives (1b and 1c and
2b and 2c) at the CAM-B3LYP/6-311g(d,p) level of theory

Compound lcal
max (nm) f Primary description

1a 1173 0.2274 130B to 131B
1b 1229 0.1749 140B to 141B
1c 1371 0.6975 175A to 176A
2a 1103 0.2589 128B to 129B
2b 1057 0.2089 138B to 139B
2c 1414 0.3635 172B to 173B

Table 3 Transition energy (eV, nm), its oscillator strength (f ) and transition
dipole moment density for the three strong transitions of Ph-NiTDT. The
purple color implies charge increase upon excitation and the turquoise
color implies charge depletion. The isovalue is 4 � 10�4 in a.u.

Energy
state eV nm f Transition dipole moment density

S5 1.1238 1103.25 0.2589

S7 1.6836 736.44 0.0138

S9 1.9185 646.25 0.02

Table 4 Major transition energy (eV, nm), its oscillator strength (f), Dr
index and eigenvalues for the three strong transitions for the two sets of
complexes (1a, 1b and 1c and 2a, 2b and 2c) calculated at the CAM-B3LYP/
6-311g(d,p) level of theory

Complex State nm f Dr (Å)
Primary description,
eigenvalues (lmax)

1a S4 1103 0.2589 0.36 128b–129b, 1.97
1b S5 1057 0.2089 1.40 138b–139b, 1.38
1c S1 1414 0.3635 8.60 172b–173b, 1.80
2a S5 1173 0.2274 0.33 130b–131b, 1.69
2b S4 1229 0.1749 0.87 140b–141b, 1.60
2c S5 1371 0.6975 6.51 175a–176a, 1.62
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covered during the excitations, so one possible descriptor could
be their average distance, weighted in function of the excitation
coefficients. The following definition will be then introduced:

Fig. 4 The transition dipole moment density of the electronic state transition from the ground state for the studied complexes. The purple color implies
charge increase upon excitation and the turquoise color implies charge depletion. The isovalue is 4 � 10�4 in a.u.

Fig. 5 Isosurfaces of the static b density of all the studied complexes calculated at the UB3LYP/6-311++g(d,p) level.

Dr ¼

P
i;l

Kl
i

� �2 jl rj jjlh i � ji rj jjih ij j
P
i;l

Kl
i

� �2 (7)
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where indices i and l run over all the occupied and virtual MOs,
respectively. j is the orbital wave function.

For 1c, the electrons from the donor part are transferred to
the acceptor part with the strongest electron oscillation
amongst this set. We found a similar phenomenon for the next
subset. Hence, a good correlation between the Dr index, TDM
and first hyperpolarizability has been found. In a nutshell, the
ionic donor–acceptor group can increase the TDM as well as the
first hyperpolarizability values to a large extent.

In this part, we investigate the second harmonic generation
of the studied systems from the local contribution analysis. The
isosurfaces of the dynamic b-density are shown in Fig. 5. From
the isosurfaces, it is clear that the electrons on all the sulfur
atoms in the systems are responsible for the b density. A little
contribution from the p-electron cloud of the extended thio-
phene has also been observed for complex 1a. When donor–
acceptor groups substitute the hydrogens of the thiophene ring
(for complexes 1b and 1c), b density shifts to the donor–
acceptor part, which highlights the importance of the push–
pull mechanism directly. We found a similar phenomenon in
the case of the second set of complexes, 2a and 2b. For complex
2c, electron densities are distributed over the whole molecule
through the p-electron conjugation of the phenyl ring. Electron
delocalization is higher in the case of 2c compared to 1c due to
the fact that the phenyl expanded systems are more planar
compared to the thiophene expanded systems. Another important
observation is that in complex 2a, compared with complex 1a, a
five membered ring has been replaced by a six membered ring,
which increases the push–pull character and electron delocaliza-
tion, resulting in the enhancement of the b value.

5. Conclusions

In the present computational study, the nonlinear optical
properties of two synthesized systems, phenyl expanded and
thienyl expanded thiophene fused nickel dithiolenes, have
been studied. Both the systems have a very low value of the
first hyperpolarizability. We systematically modify their struc-
tures by substituting neutral and zwitterionic donor–acceptor
groups at the aryl (phenyl and thienyl) ring to obtain a high
NLO response. After a careful inspection of the HOMO–LUMO
energies of all the six systems, we noticed that the neutral
donor–acceptor group marginally affects the HOMO energy
level, whereas the LUMO is stabilized to some extent. Hence,
the HOMO–LUMO energy gap (HLG) decreases. However, the
LUMO energies are found to be significantly reduced for
the zwitterionic complexes, resulting in a large decrease in
the HOMO–LUMO energy gap. Hence, the HLG gradually decreases
from the neutral to ionic substituents for both sets of the
designed systems. This observation has also been supported
by the excitation energy calculations with the TDDFT approach.
From the calculated first hyperpolarizability values, it has been
noted that the zwitterionic compounds possess very large
values of b with low HLG. We find that by substituting ionic
groups at the two ends of the Ni complex, the b values were

enhanced by at least 10–15 times compared to that of the
molecules without any such substituents. By a systematic
analysis, a good correlation between the Dr index, TDM and b
value has been observed. We anticipate that if synthesized,
these molecules may prove to be useful in optical applications.
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Multifunctional Magnetic Materials of Organic Origin for
Biomedical Applications: A Theoretical Study
Manoj Majumder,[a] Tamal Goswami,[b] and Anirban Misra*[c]

Six different diradical systems based on azulene coupler and
nitronyl nitroxide radical moieties have been studied theoret-
ically. Among them, three ferromagnetic diradicals are chosen
for further calculation to assess their usability in different
biological applications such as two-photon absorption photo-
dynamic therapy (TPA-PDT) and magnetic reso nance imaging
contrast agents (MRICA). The TPA cross-section values have
been calcu lated to judge their efficiency as TPA-PDT photo-
sensitizing agents. Calculated values of TPA cross-section lie in
the range of commonly used photosensitizers for PDT. It is seen

that the ferromagnetic diradicals can act as very good MRI
contrast agents due to their high magnetic anisotropy charac-
teristics. In connection to the magnetic anisotropy, the zero-
field splitting (ZFS) parameters are also computed using density
functional theory (DFT) based methods. It is found that the
proposed diradicals can show good relaxation behaviour and
consequently act as efficient MRI contrast agents. Thus, one
can anticipate the multifunctional biological activity of these
diradicals.

1 Introduction

In the past few years, organic magnetic materials have
attracted the attention of the materials science community due
to its interesting electrical, magnetic and nonlinear optical
(NLO) properties. Appealing magnetic behaviour in reduced
dimensions, diverse functional characteristics such as photo-
sensitivity, fluorescence activity, highly efficient NLO property
etc. promote their potential applications in photonic devices
viz. optical switch- ing, three dimensional memory storage and
photodynamic therapy (PDT).[1] PDT is recognized as a highly
effective treatment to fight oncological diseases in recent
times.[2] PDT requires a photosensitizer, which transfers its
triplet state energy to molecular oxygen when activated by
light. This leads to the genesis of reactive singlet oxygen
species (1O2) capable of causing oxidative damage to bio-
logical substrates and ultimately lead to selective and irrever-
sible apoptosis of malignant tissues, without causing damage
to the adjacent healthy ones.[3] The excitation of photosensi-
tizers, induced by two-photon absorption (TPA), is considered
as a promising strategy in PDT and this is popularly known as

two-photon photodynamic therapy (TP-PDT).[1c,d] Two-photon
absorption is a third-order nonlinear optical process in which
excitation occurs by the simultaneous absorption of two
photons at longer wavelengths instead of a single-photon
excitation at a shorter wavelength.[4] A great deal of attention is
paid to TPA property of organic p- conjugated systems because
of their large nonlinear optical response.[5] In particular the
design, preparation and application of efficient multifunctional
organic diradicals are of enormous importance in the field of
biomedical research.[6] The existence of both magnetic and
optical properties in the same molecule will certainly make
them appropriate candidates in the field of biophotonics.[7]

The increase in interest towards nitronyl nitroxide (NN)[8]

stems not only from their use as building blocks in the design
of molecular magnetic materials,[9] such as purely organic
ferromagnetic ordered solids,[10] metal organic exchange
coupled complexes[11] but also as new agents in bio imaging.[12]

NN radical is known to be exceptionally stable, easy to prepare
and able to generate co-operative magnetic properties.[13]

Moreover it has been established that the nitronyl nitroxide
radical shows cell permeability, biocompatibility and in vivo
stability of the nitroxide-drug bonds.[14] Although a number of
NN based diradicals have been synthesized and experimentally
investigated,[15] combined electro- optic and magnetic materials
based on NN diradicals have not received adequate attention.
A number of previous reports reveal that the couplers between
two radical centers play a decisive role for the magnetic
characterization of the systems.[16] Generally, magnetic coupling
arises from spin polarization and spin delocalization.[17] Never-
theless, the magnetic interaction between two radical centers
normally depends upon the nature and the spatial linkage to
the coupler. Thus by a judicious choice of the coupler and by
modifying the spatial orientation of the coupler, the magnetic
interaction may change in a useful manner so that the
magnetic molecule have some multifunctional features.[16b,17–18]
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In a nutshell, choice of coupler will be the key factor for
designing efficient multifunctional materials.

Highly aromatic couplers are known to induce strong
magnetic interaction in organic diradicals.[19] The high aroma-
ticity of azulenes and their strong tendency to retain
aromaticity upon exposure to magnetic interaction[20] make
them suitable as coupler between radical centers. Though
aromaticity of azulene compared to one of its isomer naphtha-
lene is less, it has long been considered to be an interesting
candidate for the application in optoelectronic materials due to
its unique electronic and optical properties such as large
permanent dipole moment, intense blue colour and the
domination of fluorescence from S2–S0 with low emission
intensity.[21] Stimuli responsive behavior and high lumi- nes-
cence intensity of azulene derivatives also became recognized
in recent research.[22] Despite quite a large number of
theoretical calculations on the influence of the functional bis-
substitution pattern of azulenes on their electronic properties,
the theoretical investigation of magnetic and nonlinear optical
properties of various diradical substituted azulene derivatives is
lacking. Thus there is certainly a possibility of developing
multifunctional ferromagnetic molecules with azulene as a
coupler and nitronyl nitrixide as radical centers.

In this work six diradicals based on suitable substitution of
NN radical in different positions of azulene coupler (Scheme 1)
are considered as the reference systems of the present
theoretical study. The estimation of magnetic exchange cou-
pling constant values (J) for all of these diradicals has been
performed in the gas phase. The process of calculation is
straightforward and wellestablished in the case of gas phase.
However, for calculation in water and in blood plasma medium,
the polarized continuum model (PCM) has been adopted. TPA
cross section (s) has been calculated to assess the efficiency of

the proposed radicals for multifunctional uses. In the literature
it has been shown that diradicals of organic origin can be
effective and less hazardous for use in magnetic resonance
imaging (MRI) as contrast agents.[23] In order to achieve a good
MRI contrast activity, large longitudinal relaxation rate of the
contrast agents is highly desired. Zero-field splitting (ZFS)
magnitude is the key parameter to ascertain the longitudinal
relaxation rate (vide infra) and the suitability of a diradical as
MRI contrast agents (MRICAs).[24] Hence, we have evaluated the
axial and rhombic ZFS parameters (D and E) of the diradicals so
to assess their aptness as MRICAs.

2 Theoretical Background

The magnetic exchange interaction between two magnetic two
magnetic sites 1 and 2, is in general expressed by Heinsenberg
spin Hamiltonian,

Ĥ ¼ �2JŜ1Ŝ2 ð1Þ

where and are the spin angular momentum operators of spin-
sites 1 and 2 respectively, and J is the exchange coupling
constant. A positive J-value indicates a ferromagnetic inter-
action, whereas a negative value of J signifies an antiferromag-
netic interaction. To evaluate the exchange coupling constant
with reasonably less computational effort, Noodleman[25] has
proposed an unrestricted spin polarized broken symmetry (BS)
formalism in the DFT framework. The BS state is not a pure spin
state, but a state of mixed spin symmetry with lower spatial
symmetry. Depending on the extent of the magnetic inter-
action between two magnetic sites, many scientists have
developed different formulae to estimate J using the BS
approach.[26] Ideally, for diradicals the computed average 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 the spin contamination
problem. In order to neutralize the spin contamination error
associated with the BS state, one can use a spin projection
technique. For estimating the J-values of diradicals of organic
origin, the following expression by Yamaguchi et al.[26a–c] is the
most widely applied[16b–d,27] and has been used by us in this
work

JDFT
Y ¼ ðE

DFT
BS � EDFT

HS Þ
S2h iHS� S2h iBS

ð2Þ

whereEBS, S2h iBS, and EHS, S2h iHS are the energy and average spin
square values for the corresponding BS and high spin (HS)
states, respectively. All the above mentioned calculations are
implemented through the Gaussian 09 W quantum chemical
package.[28]

The electron spin correlation time is important for clear MRI
scans with enhanced contrast. The ZFS helps to get an
estimation of the electron spin correlation time,[29] and is also
one of the important parameters to characterize the geometric
and electronic properties of a radical with S > 1/2.[30] The zero
field splitting is treated in the second order of the perturbation

Scheme 1. Schematic representation of the diradicals under investigation.
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theory where two interactions are taken into account, namely
the direct spin–spin (SS) interaction and (second-order) spin-
orbit coupling (SOC),[30] however, the SS coupling contribution
is the main source of ZFS in the case of organic radicals which
are formed with light elements.[31] The ZFS value arising from
the SS interactions can be estimated through an effective spin
Hamiltonian

ĤZFS ¼
X

m;n

DmnŜmŜn ð3Þ

where Dmnare the components of the ZFS tensor, Ŝm is the mth

Cartesian component of the total electron–spin operator. After
diagonalization and subsequent reframing of the molecular
coordinate, Equation (3) optimizes to

ĤZFS ¼ D Ŝ2
Z �

1
3

Ŝ2

� �
þ EðŜ2

X � Ŝ2
YÞ ð4Þ

where D and E are axial and rhombic ZFS parameters
respectively.[32] The spin–spin coupling interaction appears as a
dipole-dipole interaction,[33]

ĤSS ¼
a2

2

X

ij

~si:~sj

r3
ij

� 3ð~si:~rijÞð~sj:~rijÞ
r5

ij

� �
ð5Þ

The ground state Kohn-Sham determinant approximates the
ZFS tensor components as expectations over the single
determinant,[34]

DðSSÞ
mn ¼

ge

4
a2

Sð2S� 1Þ OSMSh j

X

I

X

J 6¼I

r2
ij dmn � 3ðrijÞmðrijÞn

r5
ij

� 2Ŝiz Ŝjz � Ŝix Ŝjx � Ŝiy Ŝjy

� �
OSMSj i:

ð6Þ

In the above, a is the fine structure constant, ge is the
gyromagnetic ratio. The operators Ŝimsignify the m0th compo-
nents of i’th spin vector, and rij is the distance between spin
sites i and j, while mand n run over x, y, z coordinates. McWeeny
and Mizuno expressed the above equation using the spin
density matrix as[35]

DðSSÞ
kl ¼

ge

4
a2

Sð2S� 1Þ
X

mn

X

kl

Pa�b
mn Pa�b

kl � Pa�b
mk Pa�b

nl

n o
� mnh jr�5

12 3r12;k r12;lg �dklr
2
12

� 	
g klj i

��

ð7Þ

Here, Pa�b ¼ Pa � Pb is the spin density matrix in the atomic
orbital basis, and now m; n; k; l label the basis orbitals.[31] The
ZFS parameters D and E are determined from the tensor
componentsDðSSÞ

kl , as[36]

D ¼ DZZ �
1
2

DXX þ DYYð Þ ð8Þ

E ¼ 1
2

DXX � DYYð Þ ð9Þ

and in turn determine the static ZFS magnitude (a2) through

a2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3

D2 þ 2E2

� �s
ð10Þ

From thisa2, the longitudinal electron–spin relaxation rate
1=T1e

can be estimated by,[37]

1
T1e B0ð Þ

¼ 2
5

a2
2tR

1
1þ w2

0t2
2

þ 4
1þ 4w2

0t2
2

� �
þ

12
5

a2
2T t0

1
1þ w2

0t02
þ 4

1þ 4w2
0t02

� � ð11Þ

Where B0 is the external magnetic field, w0 is the Larmor
frequency, t2and t0are the reduced spectral densities and a2T is
the transient ZFS magnitude. Largera2values correspond to a
faster relaxation rate 1=T1e

.[37]

Despite the well established formal theoretical description
of TPA,[38] the theory has only been applied in the context of
physics of atoms and small molecules. The two-photon-
absorption cross section is related to the imaginary part of the
third-order polarizability as[39]

sTPAðwÞ ¼
4p2�hw2

n2c2 L4Im gðw;w;�wÞh i ð12Þ

where �h is Plank’s constant, c is the speed of light, n is the
refractive index of the media, L is the local field factor. gh i is
the second hyperpolarizability, average over all orientations,
which is represented as

gh i ¼ 1
15

3
X

i

giiii þ
X

i 6¼j

giijj þ gijji þ gijij

� 	
" #

ð13Þ

where indices i and j refer to spatial directions x, y, and z.[40] The
evaluation of the third-order polarizability is done by the
perturbative sum-over-state (SOS) method utilizing the ground-
and excited-state energies, state dipoles, and transition dipole
values.[41]

3 Computational Details

The gas phase molecular geometry of all the azulene diradicals
have been fully optimized with the unrestricted B3LYP func-
tional using the 6–311 g(d,p) basis set in Gaussian 09 W suite of
program.[28] The magnetic exchange coupling constant (J) is
estimated from the single point energies of the triplet and BS
state at the UB3LYP/6-311 + + g (2df, 2p) level utilizing
Equation (2). The ZFS parameters (D and E) have been
calculated using BPW91 functional, EPR-II basis set in ORCA suit
of software.[42] EPR-II basis set has long been considered to be
useful for calculating the D values in case of organic
diradicals.[43] The validity of this methodology for computing D
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and E is tested by comparing the computed value of D and E
against the experimental value available for a diradical
synthesized by Rajca.[24] The experimental ZFS parameter has
been reported as �1.22 3 10�2 cm�1, which is in close agree-
ment with the computed D value (�1.60 3 10�2 cm�1). For this
correlation of our computed results with the experimentally
reported data by Rajca et al., the same combination of basis set
and functional is used for the estimation of the D parameters
for the systems under investigation. In order to check the effect
of solvent on calculated properties, the J and D values are also
calculated within polarisable continuum model (PCM) using the
dielectric constants of water and blood plasma (80 and 58
respectively), which are the most common solvents in human
body.

The computation of TPA cross section values have been
carried out at UB3LYP/6-311 + + g (2df, 2p) level of theory in
DALTON software.[44]

4 Results and discussions

The optimized geometries of the designed diradicals are shown
in Figure 1. Frequency calculation on the optimized geometries
showed no imaginary frequency for any of the molecules,
which indicate intrinsic stability of the optimized structures
(zero point energy corrected values are also given in the
supporting information in Table S2). The gas phase magnetic
exchange coupling constant (J) values are presented in Table 1.
Systems 1, 3 and 5 are found to be ferromagnetic and the
systems 2, 4 and 6 are antiferromagnetically coupled. The ferro-
and antiferro-magnetic behaviour of the azulene coupled
diradical systems can be justified through the popular spin
density alternation rules.[45] The spin-density alternation can
also be visualized through the spin density plots presented in
Figure 2., where one can clearly see that the radicals coupled
through an odd and even number of conjugated atomic
centers always lead to ferro- and antiferromagnetic interactions
respectively. A close inspection of Figure 2 further reveals an
interesting feature of the spin density alternation. The carbon
atoms situated at the junction of two fused five and seven
membered rings in azulene always carry similar spins despite
being neighbours. It appears that the two junction-carbon
atoms in 1, 3 and 5 behave as single units in spin density
alternation protocol. Owing to their biomedical relevance we
consider only the ferromagnetic systems, i. e., 1, 3 and 5 for
further calculations.

Extensive study of two-photon photodynamic therapy
revealed that the treatment is relatively benign and gives finer
cosmetic outcomes compared to other PDT techniques. In
those methods excitation of the drugs are performed through
visible light which has very low penetrability into human
tissues.[46] Simultaneous absorption of two near-IR photons is
much more penetrating through tissues compared to visible
light photons. Hence, excitation of the photosensitizer through

Figure 1. Optimized molecular geometry of the diradicals obtained through
unrestricted B3LYP exchange correlation functional using the 6–311 g (d,p)
basis set.

Table 1. Calculated absolute energies in atomic units (au), S2h i values,
intramolecular magnetic exchange coupling constants (J in cm�1) between
two radical centers for the designed diradicals at UB3LYP/6-311 + + g (2df,

2p) level.

Diradicals Energy (au) S2h i J in cm�1

1
Triplet �1452.7267132 2.115519

12.75
BS �1452.726656 1.130897

2
Triplet �1452.7346583 2.096137 �193.22
BS �1452.7355085 1.130392

3
Triplet �1452.7330113 2.131788

47.70
BS �1452.7327901 1.114097

4
Triplet �1452.7333679 2.106828 �81.77
BS �1452.7337341 1.123951

5
Triplet �1452.7411477 2.149931

90.37
BS �1452.7407227 1.117795

6
Triplet �1452.7381936 2.108376

�228.89BS �1452.7391866 1.156251

Figure 2. Spin density plots of ferromagnetic azulene diradicals. Green and
blue surfaces indicate up and down spin density. Same color code is used for
schematic representation of spin alternation, i. e., blue and green arrow for
up and down spin respectively.
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near-IR photons is more desirable to destroy cancer cells
present in deeper tissues.[47] Two-photon PDT also ensures
greater penetration depths and highly-selective targeting
through intense laser pulse processes. TPA cross-section (sTPA)
estimates the efficacy of a photosensitizer that undergoes two-
photon absorption. It is measured in Göppert-Mayer units (1
GM = 10–50 cm4 s photon–1 molecule–1). The TPA cross-sections
of existing photosensitizers are in the order of 1–100 GM.[48] In
a recent report Zhao et al.[49] studied the spectroscopic proper-
ties of Chlorophyll derivative photosensitizer (CDP) and their
TPA cross section is measured as 31.5 GM. The results of the
two photon photodynamic therapy (TPPDT) test showed that
CDP can kill all of the tested cancer cells. Hence, suitable design
of compounds with higher TPA cross-sections is always
desirable to ensure efficient phototherapeutic applications.
Generation of singlet oxygen (1Dg) is the key to phototherapeu-
tic activity of the photosensitizers in PDT. A good singlet
oxygen yield (FD) is desired for photo-biological cell damage or
apoptosis. It has been seen that the insertion of radical
moieties in a photosensitizer greatly enhances FD.[50] Thus a
diradical system will be the best candidate for use as photo-
sensitizer in photodynamic therapy. In the present study we
have calculated sTPA of the designed diradicals which are
reported in Table 2. It is found that the TPA cross-section values

lie in the reported range of the presently used photosensitizers.
Among the three designed ferromagnetic diradicals, 5 shows
the highest sTPA value of 21.1 GM.

Although very promising as noninvasive and safe protocols
of cancer treatment, PDT is challenging in connection with the
delivery of the photosensitizer to the infected tissue.[51] To
ensure the monomeric distribution of the photosensitizing
agent, diagnostic imaging techniques are preferred compared
to regular drug delivery methods.[52] Magnetic resonance
imaging has emerged as a powerful imaging technique in
recent years. MRI, with the use of contrast agents can provide
highly sensitive imaging with minute three dimensional topo-
graphical details in vivo. Hence, if one can integrate contrast-

enhanced MRI imaging capability with PDT, the resulting
imaging guided PDT can prove to be the most appreciable
strategy for cancer treatment. The design of materials with
good imaging and photosensitizing capability is therefore the
requirement for developing improved multifunctional agents.

A site-specific MRI contrast agent with a high rate of
relaxation of water protons in the target cell is central to
efficient magnetic resonance imaging. It is quite evident from
the discussion in the previous section and Equation (11) that
the ZFS magnitude (a2) is directly proportional to the
longitudinal relaxation rate (1/T1e). With the increase in the
value of 1/T1e, the observed MRI signal is enhanced. In the
present work, the ZFS parameter D and static ZFS magnitude
(a2) of the three ferromagnetic systems, namely, 1, 3 and 5,
have been estimated and is reported in Table 2. It is notable
from Table 2 that all the ferromagnetic diradicals possess high
value of D in the range of �8.5 3 10�2 cm�1 to �9.7 3 10�2

cm�1. Rajca et al. in one of their pioneering works reported
nitroxide based diradicals, synthesized and already been
established as a MRICA of organic origin, to have D values in
the range of �1.2 3 10�2 to �1.7 3 10�2 cm�1.[23] A
diarylnitroxide triplet diradical with D and a2 values of �1.223
3 10�2 and 1.02 3 10�2 cm�1 respectively is also found to be
usable as MRICA.[24]

In order to gain an assurance of the in vivo functionality of
the systems under investigation, we have calculated the
magnetic exchange coupling constant (J) and the zero field
splitting parameters (D) in water and as well as in blood plasma
medium and the results are reported in Table 3. It is clear that
the variations in J and D values of all the designed systems in
different media are negligible.

5 Conclusion

In the present computational study we have considered the
magnetic and optical properties of a few azulene based
diradical systems. We have studied six diradical systems based
on nitronyl nitroxide radical moiety and azulene as coupler. The
magnetic property has been assessed through the magnetic
exchange coupling and magnetic anisotropy. The calculated
magnetic exchange coupling parameters J depict that among
the six diradicals three are ferromagnetic, and three are
antiferromagnetic. The magnetic exchange coupling constants
have been corroborated through spin density alternation
protocol. The spin density analyses of the three ferromagnetic
diradicals depict an interesting alternation behavior in the
azulene coupler. The junction carbon atoms of the two rings in
azulene coupler always show similar spin density despite being

Table 2. The spin-spin ZFS parameter DTotal (cm�1), static ZFS magnitude a2

(cm�1), rhombic ZFS parameter (E) for each ferromagnetic diradical at
BPW91/EPR-II and two photon absorption cross section (sTPA in GM), for the

same diradicals at UB3LYP/6-311 + + g(d,p) level.

Diradicals sTPA (GM) DTotal (cm�1) E (cm�1) a2 (cm�1)

1 3.8 �10.03 3 10�2 �1.7 3 10�2 8.5 3 10�2

3 5.0 �11.6 3 10�2 �1.51 3 10�2 9.7 3 10�2

5 21.1 �10.6 3 10�2 �0.74 3 10�2 8.7 3 10�2

Table 3. The magnetic exchange coupling constants (J) and ZFS parameter (D) values for the proposed ferromagnetic diradical systems in gas phase, water
and blood plasma media, computed using PCM model using UB3LYP/6-311 + + g(2df,2p) and BPW91/EPR-II method.

Diradicals
J (cm�1) D (cm�1)
Gas Medium Water Medium Blood Plasma Gas Medium Water Medium Blood Plasma

1 12.75 12.40 12.42 �10.03 3 10�2 �10.3 3 10�2 �10.6 3 10�2

3 47.70 41.68 43.03 �11.6 3 10�2 �10.6 3 10�2 �10.6 3 10�2

5 90.37 81.59 81.64 �10.6 3 10�2 �10.9 3 10�2 �10.9 3 10�2
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neighbors. This behavior is a fascinating variation of the spin
density alternation rule. The ability of the ferromagnetic
diradicals as photosensitizer in photodynamic therapy is
evaluated through the computation of the two-photon
absorption cross-section. The integrative photodynamic ther-
apy (IPDT) of tumors relies on the combined use of different
factors that enhance the usefulness of IPDT.[53] The observed
TPA cross-section values range in the reported limit of
commonly used photosensitizing agents. Another dimension of
the multi-property diradical system has also been explored in
this work. The magnetic anisotropy of the ferromagnetic
diradicals has been estimated through the zero-field splitting
parameter D. A negative ZFS parameter suggests the tendency
of the spin vector to orient along a specific Cartesian direction.
All the three ferromagnetic diradicals show negative D values.
Radical systems with negative ZFS parameters have been
proved to be usable as MRI contrast agents.[16b] It has long been
shown that the larger the ZFS magnitude a2, larger is the spin
relaxation time and the better an MRICA is.[24] The ZFS
magnitude a2 is directly proportional to the ZFS parameter D.
In the designed ferromagnetic diradicals, the ZFS parameters
are found to be significantly high as for organic radical systems.
The values are at least one order of magnitude higher
compared to reported diradical systems usable as MRICA.
Ferromagnetic systems are used as efficient probe in the
magnetic hyperthermia, a popular treatment in oncology. These
diradicals can also be sought for a lateral use as MRICA in
magnetic resonance imaging, which is very often utilized for
the detection of cancer. Treatment of interstitial tumors with
PDT demands the delivery of photosensitizers to the precise
location of tumor tissues for effective light irradiations. Thus a
single agent that can be injected to the infected body to image
tumors through MRI and simultaneously treat them by
exposing to light through PDT is greatly welcomed as a
proficient cancer treatment protocol. In summary we propose
that if synthesized these diradical systems can promote the
“see and treat” method[54] by proving themselves efficient in
multifarious therapeutic function such as magnetic hyper-
thermia, MRI contrast agents and photodynamic therapy
applications.

Supporting Information

The optimized coordinates of all the diradicals, sample input
output section for J, ZFS parameter and TPA cross section
calculations are available in the Supporting Information.
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1250; b) C. Avendańo and J. Men�ndez in Medicinal chemistry of
anticancer agents, Vol. Elsevier, Amsterdam, 2008.

[7] a) P. Verwilst, S. Park, B. Yoon, J. S. Kim, Chem. Soc. Rev. 2015, 44, 1791–
1806; b) M. Abe, Chem. Rev. 2013, 113, 7011–7088.

[8] a) J. H. Osiecki, E. F. Ullman, J. Am. Chem. Soc. 1968, 90, 1078–1079;
b) E. F. Ullman, L. Call, J. H. Osiecki, J. Org. Chem. 1970, 35, 3623–3631;
c) E. F. Ullman, J. H. Osiecki, D. Boocock, R. Darcy, J. Am. Chem. Soc. 1972,
94, 7049–7059.

[9] O. Kahn, Magnetism: a supramolecular function, Springer Science &
Business Media, 2013, p.

[10] a) M. Tamura, Y. Nakazawa, D. Shiomi, K. Nozawa, Y. Hosokoshi, M.
Ishikawa, M. Takahashi, M. Kinoshita, Chem. Phys. Lett. 1991, 186, 401–
404; b) M. Kinoshita, P. Turek, M. Tamura, K. Nozawa, D. Shiomi, Y.
Nakazawa, M. Ishikawa, M. Takahashi, K. Awaga, T. Inabe, Chem. Lett.
1991, 20, 1225–1228; c) J. Cirujeda, M. Mas, E. Molins, F. Lanfrnc de
Panthou, J. Laugier, J. G. Park, C. Paulsen, P. Rey, C. Rovira, J. Veciana, J.
Chem. Soc. Chem. Commun. 1995, 709–710; d) J. Cirujeda, E. Hern�ndez-
Gasi�, C. Rovira, J. L. Stanger, P. Turek, J. Veciana, J. Mater. Chem. 1995, 5,
243–252; e) M. M. Matsushita, A. Izuoka, T. Sugawara, T. Kobayashi, N.
Wada, N. Takeda, M. Ishikawa, J. Am. Chem. Soc. 1997, 119, 4369–4379;
f) C. Hirel, D. Luneau, J. P�caut, L. �hrstrçm, G. Bussi�re, C. Reber, Chem.
Eur. J. 2002, 8, 3157–3161.

[11] a) D. A. Shultz, S. H. Bodnar, K. E. Vostrikova, J. W. Kampf, Inorg. Chem.
2000, 39, 6091–6093; b) H. O. Stumpf, L. Ouahab, Y. Pei, D. Grandjean, O.
Kahn, Science-New York Then Washington 1993, 447–447; c) K. Inoue, T.
Hayamizu, H. Iwamura, D. Hashizume, Y. Ohashi, J. Am. Chem. Soc. 1996,
118, 1803–1804; d) G. Ballester, E. Coronado, C. Gim�nez-Saiz, F. M.
Romero, Angew. Chem. Int. Ed. 2001, 40, 792–795; e) K. Fegy, D. Luneau,
T. Ohm, C. Paulsen, P. Rey, Angew. Chem. Int. Ed. 1998, 37, 1270–1273;
f) C. Benelli, D. Gatteschi, Chem. Rev. 2002, 102, 2369–2388; g) K. Inoue,
H. Iwamura, J. Am. Chem. Soc. 1994, 116, 3173–3174; h) F. Mathevet, D.
Luneau, J. Am. Chem. Soc. 2001, 123, 7465–7466; i) C. Rajadurai, V.
Enkelmann, V. Ikorskii, V. I. Ovcharenko, M. Baumgarten, Inorg. Chem.
2006, 45, 9664–9669; j) K. Bernot, L. Bogani, A. Caneschi, D. Gatteschi, R.
Sessoli, J. Am. Chem. Soc. 2006, 128, 7947–7956.

[12] a) J. Joseph, B. Kalyanaraman, J. S. Hyde, Biochem. Biophys. Res. Commun.
1993, 192, 926–934; b) T. Nagano, T. Yoshimura, Chem. Rev. 2002, 102,
1235–1270; c) P. Cabrales, A. G. Tsai, M. Intaglietta, J. Appl. Physiol. 2006,
100, 1181–1187.

[13] J. Miller, M. Drillon in From Molecules to Materials IV, Vol. Wiley-VCH,
Weinheim, 2003.

[14] a) Z. Zhelev, R. Bakalova, I. Aoki, K.-i. Matsumoto, V. Gadjeva, K. Anzai, I.
Kanno, Mol. Pharmaceut. 2009, 6, 504–512; b) L. J. Berliner, H. Fujii, X.
Wan, S. Lukiewicz, Magn. Reson. Med. 1987, 4, 380–384.

[15] C. Rajadurai, A. Ivanova, V. Enkelmann, M. Baumgarten, J. Org. Chem.
2003, 68, 9907–9915.

[16] a) C. Ling, M. Minato, P. M. Lahti, H. Van Willigen, J. Am. Chem. Soc. 1992,
114, 9959–9969; b) D. Bhattacharya, S. Shil, A. Misra, J. Photochem.
Photobiol. A: Chem. 2011, 217, 402–410; c) D. Bhattacharya, A. Panda, S.

Full Papers

938ChemistrySelect 2018, 3, 933 – 939 � 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Wiley VCH Donnerstag, 18.01.2018
1803 / 105500 [S. 938/939] 1



1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

Shil, T. Goswami, A. Misra, Phys. Chem. Chem. Phys. 2012, 14, 6905–6913;
d) S. Shil, A. Misra, J. Phys. Chem. A 2009, 114, 2022–2027.

[17] F. Dietz, N. Tyutyulkov, Chem. Phys. 2001, 264, 37–51.
[18] N. Tanifuji, M. Irie, K. Matsuda, J. Am. Chem. Soc. 2005, 127, 13344–

13353.
[19] D. Bhattacharya, A. Misra, J. Phys. Chem. A 2009, 113, 5470–5475.
[20] D. Cho, K. C. Ko, J. Y. Lee, J. Phys. Chem. A 2014, 118, 5112–5121.
[21] a) N. J. Turro, Modern molecular photochemistry, University science books,

1991, p; b) D. R. Mitchell, G. D. Gillispie, J. Phys. Chem. 1989, 93, 4390–
4393; c) Y. Yamaguchi, Y. Maruya, H. Katagiri, K.-i. Nakayama, Y. Ohba,
Org. Lett. 2012, 14, 2316–2319; d) K. Kurotobi, K. S. Kim, S. B. Noh, D.
Kim, A. Osuka, Angew. Chem. 2006, 118, 4048–4051.

[22] a) E. Amir, R. J. Amir, L. M. Campos, C. J. Hawker, J. Am. Chem. Soc. 2011,
133, 10046–10049; b) M. Koch, O. Blacque, K. Venkatesan, Org. Lett.
2012, 14, 1580–1583.

[23] a) G. Spagnol, K. Shiraishi, S. Rajca, A. Rajca, Chem. Commun. 2005,
5047–5049; b) A. Olankitwanit, V. Kathirvelu, S. Rajca, G. R. Eaton, S. S.
Eaton, A. Rajca, Chem. Commun. 2011, 47, 6443–6445.

[24] A. Rajca, K. Shiraishi, S. Rajca, Chem. Commun. 2009, 4372–4374.
[25] a) L. Noodleman, J. Chem. Phys. 1981, 74, 5737–5743; b) L. Noodleman,

E. J. Baerends, J. Am. Chem. Soc. 1984, 106, 2316–2327; c) L. Noodleman,
E. R. Davidson, Chem. Phys. 1986, 109, 131–143; d) L. Noodleman, C.
Peng, D. Case, J. M. Mouesca, Coord. Chem. Rev. 1995, 144, 199–244.

[26] a) K. Yamaguchi, Y. Takahara, T. Fueno, K. Nasu, Jpn. J. Appl. Phys. 1987,
26, L1362; b) K. Yamaguchi, F. Jensen, A. Dorigo, K. Houk, Chem. Phys.
Lett. 1988, 149, 537–542; c) K. Yamaguchi, Y. Takahara, T. Fueno, K. Houk,
Theor. Chem. Acc. 1988, 73, 337–364; d) S. Paul, A. Misra, J. Chem. Theory
Comput. 2012, 8, 843–853; e) R. L. Martin, F. Illas, Phys. Rev. Lett. 1997, 79,
1539; f) R. Caballol, O. Castell, F. Illas, I. de PR Moreira, J. Malrieu, J. Phys.
Chem. A 1997, 101, 7860–7866; g) V. Barone, A. di Matteo, F. Mele, I. de
PR Moreira, F. Illas, Chem. Phys. Lett. 1999, 302, 240–248; h) F. Illas, I. P.
Moreira, C. De Graaf, V. Barone, Theor. Chem. Acc. 2000, 104, 265–272;
i) F. Illas, I. de PR Moreira, J. Bofill, M. Filatov, Phys. Rev. B 2004, 70,
132414.

[27] a) M. E. Ali, S. N. Datta, J. Phys. Chem. A 2006, 110, 10525–10527; b) V.
Polo, A. Alberola, J. Andres, J. Anthony, M. Pilkington, Phys. Chem. Chem.
Phys. 2008, 10, 857–864; c) D. Bhattacharya, S. Shil, A. Misra, D. Klein,
Theor. Chem. Acc. 2010, 127, 57–67; d) D. Bhattacharya, S. Shil, A. Panda,
A. Misra, J. Phys. Chem. A 2010, 114, 11833–11841.

[28] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H.
Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G.
Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J.
Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven,
J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E.
Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K.
Raghavachari, A.Rendell,J. C.Burant,S. S.Iyengar,J.Tomasi,M.Cossi,N.Rega,
J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J.
Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi,
C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski,
G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, O “.
Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski and D. J. Fox, Gaussian 09,
Revision A.1, Gaussian, Inc., Wallingford CT, 2009.

[29] B. J. Tucker, EPR of powders, crystals, and clays of MRI contrast agents:
zero field splitting and proton relaxation, University of Illinois at Urbana-
Champaign, 2010, p.

[30] C. Duboc, D. Ganyushin, K. Sivalingam, M. N. Collomb, F. Neese, J. Phys.
Chem. A 2010, 114, 10750–10758.

[31] S. Zein, C. Duboc, W. Lubitz, F. Neese, Inorg. Chem. 2008, 47, 134–142.
[32] O. Loboda, B. Minaev, O. Vahtras, B. Schimmelpfennig, H. Ågren, K. Ruud,
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Abstract
The resulting distortion of the octahedral symmetry of the complex [CrIII(NH3)6]

3+ upon replacing the axial ligands with halides
(i.e., weaker ligands) affects the stability of the doublet state with respect to that of the quartet ground state. This substitution
affects the doublet-to-quartet transition responsible for phosphorescence. The position of the halide with respect to ammonia in
the spectrochemical series is a major influence on the emission wavelength of the complex. The close proximity of fluorine and
ammonia in the spectrochemical series leads to a blueshift in the emission wavelength when fluoride ions are introduced into the
complex, thus providing a rational approach to the design of blue-phosphorescent materials, which are desirable for OLEDs used
in full-color displays.

Keywords Blueshift . Quartet . Luminescence . OLED . TDDFT

Introduction

Luminescent materials have attracted considerable interest
[1–6] due to their multifarious applications in, for example,
organic light-emitting diodes (OLEDS) [7–14] and light-
emitting electrochemical cells (LEECS) [15–18], as light ab-
sorbers in dye-sensitized solar cells [19–22], and in
chemosensors, biosensors [23–27], lumophores for cell imag-
ing [27–30], and chemical photocatalysts [31–34]. The suit-
ability of luminescent materials for a specific application de-
pends upon the stability of the system, the color purity of the
emitted light, the quantum yield of the emission, the specific
emission decay time, and several other factors. In the last few
decades, considerable effort has been directed into identifying
highly efficient emitters of the three primary colors (red,

green, and blue), which are required in order to develop full-
color displays. Although transition metal complexes that emit
red and green light are abundant due to triplet harvesting
[35–37], phosphorescent materials that emit blue light are rel-
atively rare because a wide energy gap between the excited
and the ground states is needed [38]. The strong spin–orbit
coupling (SOC) that occurs in organometallic complexes con-
taining heavy transition metals weakens the spin-
forbiddenness of transitions between the ground and the ex-
cited states, so these systems partially fulfill the criteria of an
ideal luminescent material [35, 39, 40]. However, the dd*
transitions that take place in heavy metals strongly quench
the luminescence of blue-phosphorescent materials [39,
41–45]. Another difficulty with heavy metals is triplet–triplet
annihilation, which hinders the process of phosphorescence,
making the material unfit for OLED applications [46–49]. The
best option for circumventing these difficulties with heavy
metals is to use 3d transition metal complexes. For example,
a Cu(I) complex was recently found by Yersin et al. [50] to be
a blue emitter (λmax = 436 nm), although its emission decay
time was too long to allow its use in high-brightness OLED
applications. Hamada et al. reported that some Zn(II) com-
plexes are greenish-white emitters [51]. However, among 3d
transition metal complexes, Cr(III) systems have emerged as
the most efficient luminescent materials due to their substan-
tial quantum yields and their ability to both fluoresce and
phosphoresce in liquid media at room temperature [52–54].
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While there are a reasonable number of experimental reports
on the photoresponsive behavior of Cr(III) complexes, a com-
prehensive theoretical account of the phosphorescence of an
octahedral (Oh) Cr(III) complex is still awaited. All of these
facts inspired us to theoretically investigate the luminescence
properties of an octahedral Cr(III) complex.

In the first part of this paper, we introduce the hexa-amine
Cr(III) system that we chose for this theoretical investigation.
Subsequently, we provide the computational results for the
absorption and emission wavelengths of this system, which
are compared with corresponding experimental data in order
to standardize the computational methodology. Octahedral
Cr(III) complexes with weak ligands such as F−, Cl−, and
Br− have been found to exhibit fluorescence, and those with
strong ligands such as carbonyl, ammonia, and cyano have
been observed to yield phosphorescence [52]. However, a
literature survey reveals a dearth of blue-emitting Cr(III) com-
plexes compared to those emitting red or green. The second
part of the paper summarizes our attempts to utilize the data
obtained in the first part in order to identify an appropriate set
of ligands for inducing a blueshift in the emission wavelength.
Phosphorescence of a Oh Cr(III) complex involves excitation
from the quartet ground state (Q) to the quartet excited state (Q
′) followed by intersystem crossing (ISC) to the doublet state
(D). The phosphorescence energy thus depends on the sepa-
ration between the lowest doublet state (D) and the quartet
ground state (Q), which is nearly equal to the absorption en-
ergy due to the Q → D transition [52]. Hence, in principle,
excitation to the doublet state from the quartet ground state
can lead to a blueshift in the emission wavelength. The dou-
blet state can be attained for the Oh Cr(III) complex by lifting
the degeneracy of the t2g orbitals. To do this, the symmetry of
the Oh [Cr

III(NH3)6]
3+ complex is disturbed by replacing the

axial ammonia ligands with weak halides (I−, Br−, Cl−, and
F−). Thus, the doublet state can be induced by introducing
asymmetry into the complex by substituting the axial ligands
of [CrIII(NH3)6]

3+. A trend in the change in the emission
wavelength depending on the halogens included in the com-
plex was observed. This study may therefore provide a useful
guideline for the rational design of metal complexes with tai-
lored luminescence behavior such as blue phosphorescence.

Computational methods

The B3PW91 functional was employed to optimize the geom-
etries of the studied complexes in their ground states. This
functional, based on generalized gradient approximations
(GGAs), mixes some exact exchange with the trial DFT ex-
change–correlation functional, and works well for transition
metals [55]. It has been successfully employed to study
photophysical properties [56, 57]. However, to check how
well other functionals perform, we also carried out the same

set of calculations with the most popular GGA functional PBE
and the meta-GGA functional TPSS. Since the hybrid GGA
functional is higher than the pure GGA functional on the
Jacob’s ladder of Perdew due to its ability to partially mini-
mize the self-interaction energy, we present the results obtain-
ed using B3PW91 in the main text of this paper, while the
PBE and TPSS results are given in the BElectronic supplemen-
tary material^ (ESM). Hay and Wadt’s double-zeta effective
core potential (LANL2DZ) was chosen for use as the basis set
in all of the computations [58, 59]. Since the phosphorescence
of the systems under investigation involves quartet and dou-
blet spin states, an unrestricted formalism was adopted in the
density functional theory (DFT) calculations. The absorption
and emission energies of the reference systems were obtained
using a time-dependent DFT (TDDFT) method coupled with
the same exchange-correlation functional and basis set applied
for geometry optimization of the ground quartet (Q) and dou-
blet (D) states. The TDDFTapproach offers a reliable route for
the calculation of vertical electronic excitation spectra [60,
61], as demonstrated by the good agreement of experimental
spectral properties with TDDFT results obtained for
transition-metal complexes [62–64]. However, the solvent al-
so plays an important role in determining excitation values.
We calculated the energy values for different energy states
(quartet, doublet, excited quartet) of the [CrIII(NH3)6]

3+ com-
plex and found that these states are only slightly more stable
than expected from gas-phase calculations. Hence, in order to
reduce computational effort, we performed gas-phase calcula-
tions in this work. That said, to get an accurate description of
the quartet excited state (Q´) of each reference system, we
resorted to a more sophisticated complete active space self-
consistent field (CASSCF) method with an active space of (3,
5) and the LANL2DZ basis set. Using the initial guess obtain-
ed from the state-average calculation, the final geometry of the
quartet excited state was then determined. Next, a single-point
calculation was performed at the same DFT level for this
optimized geometry of the excited-state molecule for compar-
ison with the ground-state condition obtained at the DFT lev-
el. In each case, vibrational analysis was performed at the
same level of DFT to check the structural stability of the sys-
tem. All computations were done with the Gaussian 09W
quantum chemical software package [65].

Results and discussion

The structural parameters and energies of the optimized ge-
ometries of [CrIII(NH3)6]

3+ in its quartet ground state (Q),
quartet excited state (Q´), and lowest-energy doublet state
(D) are given in Table 1. In the quartet ground state, all of the
Cr–NH3 bond lengths were found to be equal, indicating
that the system has Oh symmetry. Molecular orbital (MO)
analysis in the quartet ground state revealed that the main
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contributors to the highest occupied molecular orbital
(HOMO) and the next two orbitals (HOMO – 1 and
HOMO – 2) are the Cr d orbitals (dxz, dyz, and dxy). On the
other hand, the main contributors to the lowest unoccupied
molecular orbital (LUMO) and the LUMO + 1 orbitals are
the Cr dz2 and dx2−y2 orbitals (Fig. 1). Thus, in the octahedral
field, we can confirm that the CrMOs in this [CrIII(NH3)6]

3+

complex split into t2g and eg orbitals (Fig. 1).
According to an analysis of the TDDFT computations car-

ried out for the quartet ground state of [CrIII(NH3)6]
3+, the

main excitations occur at 420 nm (Table 2), which is quite
close to the experimental value of the absorption wavelength
for this complex (Table 2) [52]. The main contribution to this
absorption energy comes from electronic excitation from the
occupied 37th spin-up orbital (α-HOMO) to the initially un-
occupied 38th α-LUMO (Table S1a in the ESM). Thus, the
quartet excited state (Q′) acquires the electronic configuration
t2g

2 eg
1 due to spin-reserved electron excitation from the t2g to

the eg level. The electronic configuration t2g
2 eg

1in the excited
quartet state is supported by an elongation in the distance
between Cr and each equatorial ligand compared to the corre-
sponding distance in the quartet ground state (Q) (Table 1). In
the quartet excited state, the 38th α-MO, which is primarily
composed of the Cr dx2−y2 orbital, becomes populated through
electronic excitation, and this occupation of the Cr dx2−y2 or-
bital leads to elongation in the equatorial (xy) plane. On the
contrary, the axial Cr–NH3 distance remains almost unaltered
in the quartet ground and excited states of the molecule (Table
1). Unlike the quartet excited state, the geometry in the dou-
blet state is barely distorted compared to the quartet ground
state (Table 1). In the doublet state, the electron distribution
within the dxy, dyz, and dzx orbitals alters, but these orbitals are
not directly oriented towards the ligands, so structural changes

in the doublet state are nominal with respect to the quartet
ground state (Table 1).

Then, to explore the mechanism for the intersystem cross-
ing between the quartet excited state (Q′) and the doublet state
(D), the vibrational modes of both states were closely exam-
ined. After a thorough analysis of the vibrational modes, the
20th mode of Q′ (vibrational energy = 379 cm−1) and the 16th
mode of D (vibrational energy = 318 cm−1) were found to
have oscillation vectors in the same direction (Fig. 2). The
similar energies and oscillation patterns of these two vibra-
tional modes suggest that the doublet and the quartet excited
states may interconvert through these vibrations, as shown in
Fig. 2. From the TDDFT computations for the lowest-energy
doublet state, the emission wavelength for the D → Q transi-
tion was obtained as 877 nm, which is comparable to the
experimental value for phosphorescence (Table 2) [52].
After standardizing the computational framework for estimat-
ing absorption and emission wavelengths, we shifted to the
second part of this work, which was carried out using the same
computational methodology as employed in the first part.

As outlined in the BIntroduction,^ the axial ammonia li-
gands in [CrIII(NH3)6]

3+ were substituted by (weaker) halogen
ligands to disrupt the Oh symmetry of the complex. This was
expected to lift the degeneracy of the singly occupied t2g or-
bitals, as shown in Fig. 3, and to induce the doublet state when
the axial and equatorial ligands differed sufficiently in
strength based on their positions in the spectrochemical series.
Table 3 displays the structural parameters of the optimized
geometries and the energies of all the halogen-substituted oc-
tahedral Cr(III) complexes.

In the quartet ground state (Q), the diiodo-, dibromo-, and
dichloro-substituted complexes were found to be less stable
than [CrIII(NH3)6]

3+, whereas the difluoro complex was more

Table 1 Bond distances between Cr and the axial ligands (Cr–Lax) and between Cr and the equatorial ligands (Cr–Leq), and the energies of the
[CrIII(NH3)6]

3+ complex in the quartet ground state (Q), quartet excited state (Q´), and doublet ground state (D)

States Cr–Lax (Å) Cr–Leq (Å) Relative energy (kcal/mol)

Q 2.16 2.16 0

Q´ 2.11 2.29 9.41

D 2.13 2.13 28.2

Fig. 1 t2g and eg orbitals in
[CrIII(NH3)6]

3+
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stable (Tables 1 and 3). The distance between the metal and
each apical ligand (Cr–Lax) provides the explanation for this
observation. For the first three substituted complexes, the Cr–
Lax distance was larger than that in [CrIII(NH3)6]

3+, whereas
for [CrIII(NH3)4F2]

+, the Cr–Lax distance was much shorter
than that in [CrIII(NH3)6]

3+ (Tables 1 and 3). Hence, in the
present case, the bonding between the Cr and the axial ligands
contributes significantly to the stability of the halogen-
substituted complexes. In the quartet excited states (Q′) of
all the halogen-substituted complexes, the bond distances in
the equatorial (xy) plane were found to be stretched compared
to those in the quartet ground state (Q), with little variation
observed in the Cr–La distance. The bond stretching that oc-
curs in the xy plane of the Q′ states compared to the Q states of
these complexes can be attributed to electronic excitation in
the dx2−y2 orbital, similar to the case for [CrIII(NH3)6]

3+. To
explore the stabilities of the complexes, we calculated the
hardness of the quartet ground state for each complex, and
the results are given in Table 4.

From Table 4, we can conclude that [CrIII(NH3)4(F)2]
+ is

the most stable of the halide-substituted systems, as the largest
hardness value implies the greatest stability [66]. Based on the
TDDFT computations of the quartet ground states of the
halogen-substituted complexes, the lowest transition was
found to occur from the α-occupied HOMO (the 35th α-
MO for the diiodo-, dibromo-, and dichloro-substituted com-
plexes and the 37th α-MO for the difluoro-substituted com-
plex) to the initially unoccupied LUMO (the 36th α-MO for
the diiodo-, dibromo-, and dichloro-substituted complexes
and the 38th α-MO for the difluoro-substituted complex), as

indicated by Table S1 and Fig. S1 of the ESM. The absorption
wavelengths of all the halogen-substituted complexes are giv-
en in Table 5. Also, for these complexes, HOMO to HOMO –
2 and LUMO to LUMO+1 belong to the t2g and eg orbitals, as
also seen for [CrIII(NH3)6]

3+ (Fig. S1a–h in the ESM). In all of
the halogen-substituted complexes, there is a high possibility
of intersystem crossing between the quartet excited state and
the doublet state, as verified by the similar vibrational modes
and energies of these two spin states (Table S2 in the ESM).

According to TDDFT computations for the doublet
state, the ligands control the emission frequency of each
halogen-substituted complex. From an application per-
spective, the most interesting observation is the trend in
the variation of the emission wavelength with the halo-
gen ligands included in the complex, which can be ex-
plained by the different positions of the different halo-
gens in the spectrochemical series. I− and Br− are weak
ligands, in contrast to ammonia, which is a strong ligand.
When weak ligands are placed along the z-axis, the dxz
and dyz orbitals become more stable than the dxy orbital,
so the threefold degeneracy of the t2g level is lifted (Fig.
3). This splitting of the t2g level stabilizes the doublet
state compared to the quartet ground state, resulting in a
decrease in the emission energy, as confirmed by Table
4. Hence, replacing the axial ligands in [CrIII(NH3)6]

3+

with weak I− or Br− ligands causes a redshift in the
emission wavelength. It is also interesting to note that
the almost equal emission wavelengths of the diiodo
and dibromo complexes correlate with the similar posi-
tions of I− and Br− in the spectrochemical series. On the
other hand, a blueshift in the emission wavelength is
observed for the difluoro compound with respect to the
Oh [CrIII(NH3)6]

3+ complex. This can again be explained
by the relative strengths of the axial and equatorial li-
gands. Among the halogens, F− is closest to ammonia in
the spectrochemical series, meaning that F− substitution
of the axial ligands leads to a less asymmetric t2g than if
I− or Br− ligands are inserted into the complex. This in
turn implies that the doublet state becomes less favored,

Table 2 Comparison of the computed absorption and emission
wavelengths in nm (energies in cm−1) with experimental values for
[CrIII(NH3)6]

3+

Computed value Experimental value [52]

Absorption (Q → Q′) 420 nm (23,804 cm−1) 21,550 cm−1

Emission (D → Q) 877 nm (11,403 cm−1) 15,120 cm−1

Fig. 2a–b Oscillation vectors for a the 16th vibrational mode in the D
state and b the 20th vibrational mode in the Q′ state of [CrIII(NH3)6]

3+

Fig. 3 Orbital splitting patterns in the quartet ground state (Q), the quartet
excited state (Q′), and the doublet state (D) of [CrIII(NH3)6]

3+
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increasing the energy gap between the doublet state and
the quartet ground state, which is reflected in an in-
creased emission frequency. In line with this explanation,
in the dichloro-substituted complex, the emission wave-
length is between those of [CrIII(NH3)4F2]

+ and
[CrIII(NH3)4I2]

+ or [CrIII(NH3)4Br2]
+. This trend again

correlates well with the position of chloride (i.e., be-
tween F− and I−, Br−) in the spectrochemical series. In
order to explore the variation in the emission wavelength

caused by replacing the axial ligands with ligands other
than halides, we also inserted OH− and CN− ligands. The
former ligand is close to F− and the latter is quite far
from F− in the spectrochemical series. The complex con-
taining the stronger ligand, CN−, exhibited emission in
virtually the same region (676 nm) as [CrIII(NH3)6]

3+,
whereas the complex containing OH− showed redshifted
emission (1823 nm).

Table 3 Distances between Cr and each axial ligand (Cr–Lax), and between Cr and each equatorial ligand (Cr–Leq), and energies of the complexes
[CrIII(NH3)4(X)2]

+ (X = I−, Br−, Cl−, or F−, shown in violet, brown, green, and light blue, respectively)

Systems Electronic States Cr-Lax (Å) Cr-Leq (Å)
Relative energy 

(Kcal/mol)

[CrIII (NH3)4(I)2]
+

Q 2.71 2.12 0

Q´ 2.76 2.28 18.2

D 2.69 2.11 27.6

[CrIII (NH3)4(Br)2]
+

Q 2.51 2.11 0

Q´ 2.56 2.32 10.04

D 2.46 2.13 11.3

[CrIII (NH3)4(Cl)2]
+

Q 2.32 2.10 0

Q´ 2.37 2.34 11.4

D 2.28 2.12 26.35

[CrIII (NH3)4(F)2]
+

Q 1.85 2.11 0

Q´ 1.83 2.27 10.7

D 1.80 2.12 38.9

Table 4 Calculated
hardness values (in eV)
for the studied
complexes (quartet
ground state)

System Hardness (eV)

[CrIII(NH3)6]
3+ 3.34

[CrIII(NH3)4(F)2]
+ 2.37

[CrIII(NH3)4(Cl)2]
+ 2.2

[CrIII(NH3)4(Br)2]
+ 2.18

[CrIII(NH3)4(I)2]
+ 1.15

Table 5 Comparison of the absorption and emission wavelengths in nm
(energies in cm−1) of the complexes [CrIII(NH3)4(X)2]

+ (X = I−, Br−, Cl−,
or F−)

Complex Absorption (Q → Q′) Emission (D → Q)

[CrIII(NH3)4I2]
+ 618.4 (16171) 1280.7 (7808)

[CrIII(NH3)4Br2]
+ 554.9 (18021) 1416.4 (7060)

[CrIII(NH3)4Cl2]
+ 502.2 (19912) 968 (10331)

[CrIII(NH3)4F2]
+ 555.4 (18004) 453.8 (22036)
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Conclusions

In the present work, the photophysical properties of an
Oh Cr(III) complex was studied in the framework of
density functional theory. In the first part of this study,
the absorption and emission wavelengths for this com-
plex were obtained using TDDFT, and were found to
correspond well with the known phosphorescent behav-
ior of the complex. In the second part of the study, the
axial ligands in the Oh [CrIII(NH3)6]

3+ complex were
replaced with weaker ligands in order to disrupt the
Oh symmetry of the complex. The presence of weaker
ligands along the z-axis was expected to stabilize the dxz
and dyz orbitals compared to the dxy orbital and thus lift
the degeneracy of the t2g orbitals. The resulting
distorted tetragonal structure undergoes electron redistri-
bution, leading to the doublet state, as illustrated in Fig.
3. Since ensuring that the axial and equatorial ligands
differ significantly in strength is the key to splitting the
degenerate t2g orbitals, we investigated the effects of
replacing the axial ligands of Oh [CrIII(NH3)6]

3+ with
I−, Br−, Cl−, or F−, which occur at quite different posi-
tions in the spectrochemical series with respect to NH3.
The propensity for the doublet state is high for the
diiodo and dibromo complexes due to the large differ-
ence in strength between the I− or Br− ligand and NH3.
On the contrary, F− and NH3 are close together in the
spectrochemical series, so the doublet state cannot easily
be achieved in the difluoro complex due to the almost
equivalent strengths of the axial and equatorial ligands.
This dependence of the likelihood of the doublet state
on the difference in the strengths of the axial and equa-
torial ligands is supported by the relatively low emis-
sion energies of the diiodo and dibromo complexes and
the high phosphorescence energy of the difluoro-
substituted complex. The position of Cl− (between F−

and I−, Br−) in the spectrochemical series correlates well
with the emission frequency of the dichloro-substituted
complex, which is also between the emission frequen-
cies of the difluoro-substituted complex and those of the
diiodo- and dibromo-substituted complexes. Thus, we
can see that the emission frequency of the phosphores-
cence of the complex can be tuned by appropriately
selecting the axial ligands of the complex, based on
the difference in strength between those ligands and
the equatorial NH3 ligands. The most important finding
of the present work is the blueshift in the emission
wavelength of [CrIII(NH3)4F2]

+ as compared to the orig-
inal Oh [CrIII(NH3)6]

3+ complex. This blueshift in the
emission wavelength to 454 nm may offer useful in-
sights for the rational design of hitherto rare blue-
emitting first-row transition metal complexes, which
are desirable for OLED applications.
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Abstract: The  absorption  and  fluorescence property  of  2‐amino pyridine  (2‐AP) 
and  its dimer  (2AP)2   have been  investigated using dispersion  corrected density 
functional  theory  (DFT‐D) method using B3LYP‐D  functional along with  triple‐ζ 
TZ2P basis in ADF suite of  program. For the equilibrium geometries of the dimer, 
the  ETS‐NOCV  calculations  are  performed.  The  formation  of H‐bond  has  been 
confirmed by the calculation of synergy (ΔEsyn) as well as from the spectral shift. A 
close  agreement  of  the  calculated  spectra with  that  of  experimental  results  has 
been  found  suggesting  the  dimers  to  be  the  preferable  states  of  2‐AP  in water 
medium. 

AMS subject classifications: 74E40, 78M50 
Key words: Density functional theory, 2‐amino pyridine, absorption, fluorescence, H‐bond 

 

The  excited  state  relaxation  is  of  paramount  importance  in  the  photochemical  process. 
Recently  it  has  been  noticed  that  the  excited  state  relaxation  can  be  induced  through 
intermolecular Hydrogen bonding  [1‐4]. Photo  induced proton‐coupled electron  transfers, 
where the proton donor and acceptor are held together by hydrogen bond (H‐bond), have 
attracted  considerable  interest  in  recent  years  [5]. A  number  of  studies  by Han  and  co‐
workers [6‐12] have shown that the gradual strengthening of the H‐bond brings about the 
stabilization of the electronically excited state. H‐bonded systems are ubiquitous within the 
                                                            
1 Corresponding author. Email address: anirbanmisra@yahoo.com  
2 Corresponding author. Email address: ssahanbu@hotmail.com   



226                                                                             S. K. Saha et al. / Commun. Comput. Chem., 1 (2013), pp. 225‐234 

biological macromolecules  and  hence  the H‐bond  induced  relaxation  of  excited  state  is 
deemed  to  be  important  in  biological  systems  as  well  (13‐15,  16).  Pyridine  and  its 
derivatives are currently finding immense interest in the scientific community due to their 
luminescence  property.  Some  of  amino  pyridine  derivatives  show  anaesthetic  properties 
and are used as drugs for certain brain disease [17‐19]. 2‐amino pyridine (2‐AP) is used in 
the preparation of cytidine which is used as drug [20]. In spite of this biomedical application 
the photochemistry of this molecule has not been thoroughly investigated.  

In this study we report a systematic density functional investigation of the absorption 
and  fluorescence  property  of  2‐amino  pyridine  (2‐AP)  and  its  dimer  (2AP)2.  As  the 
dimerization of 2‐AP occurs  through hydrogen bonding (H‐bonding),  is becomes essential 
to  unveil  the  effect  of      intermolecular  H‐bonding  interactions  in  the  photochemical 
behaviour of 2‐AP.  It has been reported earlier  that H‐bonding plays a pivotal role  in  the 
photochemical description of a molecule. Moreover,  the simple electronic structure of  this 
compound offers simplicity and encourages studying the effect of H‐bonding interaction in 
the photochemistry of this compound as a benchmark.  

For  the  computation  of  weak  interactions  like  H‐bond,  the  correlated  ab  initio 
techniques such as second‐order Møller‐Plesset perturbation  theory (MP2) are  in wide use 
[21].  In  recent  years  ab  initio  and  density  functional  theory  (DFT)  based methods  have 
become popular tool in the investigations of structure and electronic properties of molecules. 
DFT  offers  a  cost  effective way  for  the  quantum  chemical  investigation  of  the molecular 
properties and has been proved to be efficient in producing accurate results [22].   Although 
the  density  functional methods,  like  the  popular  B3LYP  functional,  are  reported  to  be 
incompetent for the accurate description of H‐bonding [23], the inclusion of correction due 
to dispersion  interactions  in  the  scenario has  been proved  to  be  effective.  In  the present 
work, we opted  for  the dispersion corrected DFT  (DFT‐D) method  for  the computation of 
absorption  and  fluorescence  spectra.  All  the  DFT  and  time  dependent  DFT  (TDDFT) 
calculations are performed using ADF suit of program [24]. The B3LYP functional has been 
used, augmented with dispersion correction developed by Grimme  (B3LYP‐D)  [25], along 
with  triple‐ζ TZ2P basis. The solvent effects have been estimated using  the conductor‐like 
screening model (COSMO) implemented in ADF [26].  

Structures of  the monomer and  the dimer are optimized at  the B3LYP‐D/TZ2P  level. 
The optimized ground  state  structures of  the monomer and  the dimer are  represented  in 
Figures 1 and 2. The dimer is found to prefer a non‐planar geometry at ground and excited 
states (Figure 2).  
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Figure 1: B3LYP‐D/TZ2P optimized geometry of 2‐Aminopyridine at its ground state. 

   

(a)                                   (b) 

Figure 2: The H‐bonded dimer (a) front view and (b) side view 
To reveal the cooperativity due to H‐bonding, an energy decomposition analysis (EDA) 

in  the  framework  of  the Kohn‐Sham molecular  orbital  (MO) model  is performed.  In  this 
approach,  the  interaction energy (ΔEint)  is partitioned  into electrostatic  interaction (ΔVelstat), 
Pauli repulsive orbital interaction (ΔEpauli), attractive orbital interaction (ΔEoi) and dispersion 
interactions (ΔEdisp) as shown in the following, 

dispoipaulielstat EEEVE Δ+Δ+Δ+Δ=Δ int .                                               (1) 

 This  method  combines  the  extended  transition  state  (ETS)  energy  decomposition 
approach  [27]  with  the  natural  orbitals  for  chemical  valence  (NOCV)  density  analysis 
method [28]. The ETS‐NOCV calculations are performed for the equilibrium geometries of 
the ground and excited states of the dimer. The formation of H‐bond has been confirmed by 
the calculation of synergy (ΔEsyn) from the difference of interaction energy (ΔEint) with and 
without H‐bond interactions  

noneqeqsyn EEE −− Δ−Δ=Δ intint .                                                       (2) 

Here,  ΔEint‐eq  corresponds  to  the  interaction  energy  of  the  dimer  in  its  equilibrium 
geometry. Next,  the equilibrium geometry  is distorted by moving  the momomer units  far 
from each other, so that no H‐bond formation is possible, and the interaction energy (ΔEint‐
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noneq) is estimated.  A negative value of synergy indicates stabilization through the formation 
of H‐bonding. ΔEint is the energy change in systems due to formation of the association from 
individual units  [29]. This  is  interpreted as  the amount of energy required  to promote  the 
separated  fragments  to  form  the dimeric  structure  [30]. The  synergy due  to H‐bonding  is 
estimated through eq 2 and the results are given in Table 1.  

Table  1:  Bonding  energy  (kcal/mol)  decomposition  of  ground  and  excited  states  of  the 
dimer 

Dimer  ΔVelstat  ΔEpauli  ΔEoi  ΔEdisp  ΔEint  ΔEsyn 

Distorted Geometry  –0.30  –0.12  –0.03  –0.07  –0.52  ‐‐ 
Excited State  –25.93  29.92  –14.64  –4.30  –14.94  –14.42 
Ground State  –26.24  30.31  –14.85  –4.26  –15.05  –14.53 

 
(a)                                                      (b) 

Figure 3: Absorption Spectra of (a) monomer unit and (b) hydrogen bonded dimer. 

From  Table  1,  it  is  clear  that  the  hydrogen‐bond  formation  is  possible  at  both  the 
ground and excited states. From the comparison of ΔEsyn values in Table 1, one can infer a 
greater  stabilization  of  the H‐bonded  dimer  at  its  ground  state  than  the  corresponding 
excited  state. However,  from  the  components  of  ΔEint  it  is  observed  that  the  dispersion 
energy  change  (ΔEdisp), which  corresponds  to  the H‐bonding  interaction,  is  greater  in  the 
excited  state  than  the  ground  state.  Hence,  it  can  be  concluded  that  the  H‐bonding 
interaction is strengthened at the excited state.  

The  absorption  and  fluorescence  spectra  are  shown  in  Figures  3  and  4.  It  becomes 
prominent from the figures that there occurs a red‐shift of the absorption and fluorescence 
peaks  in  the  dimeric  state  compared  to  the  monomer  (Table  2).  This  red‐shift  can  be 
attributed to the lowering in the HOMO‐LUMO gap (ΔEHL) due to H‐bond formation. Table 
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3  accumulates  the HOMOs  and  the  LUMOs  of  the  species  in  its  different  states  and  a 
lowering of  the ΔEHL  is clearly visible. From  the previous studies on H‐bonded systems  it 
becomes  evident  that polarization  effects promote H‐bonding  interaction  [31].  It has  also 
been seen that there occurs a mixing of the empty/occupied orbital on one fragment in the 
presence of another fragment due to polarization effect. From the nature of the HOMO and 
LUMO  orbitals  in Table  3,  the mixing  of  two  fragments  is  critically  exposed. Hence,  the 
diminished  HOMO‐LUMO  gap  can  be  explained  as  an  outcome  of  the  H‐bonding 
interaction [32‐33]. 

Table  2:  Comparison  of  the  calculated  value  λmax  of  absorption  and  fluorescence  with 
experimentally reported values.  

System 
λmax of absorption in nm  λmax of fluorescence in nm 

Calculated  Experimental Calculated  Experimental 

2‐AMP 
monomer 

216 
292(a) 

342 
363(a) 

2‐AMP 
dimer 

279  359 

(a) Experimentally reported  (in reference  [37]) λmax of absorption and  fluorescence  in water 
medium 

The red‐shift in the fluorescence spectra can be explained from the stabilization of the S1 
electronic  state of  the dimer due  to  the  formation of  the H‐bonding. The decrease  in  the 
energy gap for the S0←S1 leads to a red‐shift of the fluorescence λmax value.  

 
(a)                                                       (b) 

Figure 4: Fluorescence Spectra of (a) monomer unit and (b) hydrogen bonded dimer. 

The calculated values of λmax of both the absorption and fluorescence spectra of the 2‐AP 
monomer and dimer are given in Table 2. The close agreement of the calculated values with 

Red‐Shift of 

Emission 

Peak due to

No H‐Bond 
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the experimental results suggests  that  the dimers are  the most preferable states of 2‐AP  in 
water solution. This can also be inferred from the Table 1 since the high negative synergy of 
the dimer in both the ground and excited states indicates the formation of H‐bonding. The 
formation or the change in the strength of the intermolecular hydrogen bonds following the 
excitation, may simply  lead  to new vibronic dissipative modes that couple  the excited and 
the ground states  [34‐36]. Hence,  the study of relaxation  induced red shift  in  the emission 
spectra due  to strengthening of H‐bond seems  to be useful  tool  to unveil many biological 
systems [38].  

Table 3: HOMOs and LUMOs of  the monomer and  the dimer with corresponding energy 
values and HOMO‐LUMO gap (ΔEHL). 

System  Orbitals  Energy in eV  ΔEHL in eV 

2‐AP 
monomer 

 
HOMO 

‐5.8743 

6.0044 

 
LUMO 

0.1257 

2‐AP 
dimer 

 
HOMO 

‐5.6443 

4.9446 

 
LUMO 

‐0.6997 



 S. K. Saha et al. / Commun. Comput. Chem., 1 (2013), pp. 225‐234                                                                     231 

Acknowledgement: 

Financial assistance from the UGC, New Delhi, India, under Special Assistance Programme 
is  gratefully  acknowledged.  TG  thanks  CSIR,  New  Delhi,  India  for  Senior  Research 
Fellowship. S.B thanks UGC, New Delhi, India for UGC‐BSR Research Fellowship. 

References 

[1] N. Mataga,  Y. Kaibe, M. Koizumi,  Equilibrium  of  hydrogen‐bond  formation  in  the  excited  state, 

Nature, 175 (1955), 731‐732. 

[2] J. Herbich, M. Kijak, A. Zielin´ska, R. P. Thummel, J. Waluk, Fluorescence quenching by pyridine and 

derivatives  induced by  intermolecular hydrogen bonding  to pyrrole‐containing heteroaromatics,  J. 

Phys. Chem. A, 106 (2002), 2158‐2163.  

 [3]  T.  Yatsuhashi,  H.  Inoue,  Molecular  mechanism  of  radiationless  deactivation  of  amino 

anthraquinones  through  intermolecular  hydrogen‐bonding  interaction  with  alcohols  and 

hydroperoxides, J. Phys. Chem. A, 101 (1997), 8166‐8173. 

[4]  L.  Biczo´k,  P.  Valat,  V. Wintgens,  Effect  of  molecular  structure  and  hydrogen  bonding  on  the 

fluorescence of hydroxy‐substituted naphthalimides, Phys. Chem. Chem. Phys., 1 (1999),  4759‐4766. 

[5]   H. Miyasaka, A. Tabata, S. Ojima, N.  Ikeda, N. Mataga, Femtosecond‐picosecond  laser photolysis 

studies on the mechanisms of fluorescence quenching induced by hydrogen‐bonding interactions ‐ 

1‐pyrenol‐pyridine systems, J. Phys. Chem., 97 (1993), 8222‐8228. 

[6]  G.‐J.  Zhao,  K.‐L. Han,  Early  time  hydrogen‐bonding  dynamics  of  photoexcited  coumarin  102  in 

hydrogen‐donating solvents: Theoretical Study, J. Phys. Chem. A, 111 (2007), 2469–2474.  

[7] G.‐J.  Zhao,  K.‐L. Han, Ultrafast  hydrogen  bond  strengthening  of  the  photoexcited  fluorenone  in 

alcohols for facilitating the fluorescence quenching J. Phys. Chem. A 111 (2007), 9218–9223.  

[8]  G.‐J.  Zhao,  J.‐Y.  Liu,  L.‐C.  Zhou,  K.‐L.  Han,  Site‐selective  photo  induced  electron  transfer  from 

alcoholic  solvents  to  the  chromophore  facilitated  by  hydrogen  bonding:  a  new  fluorescence 

quenching mechanism, J. Phys. Chem. B, 111 (2007), 8940–8945.   

[9] G.‐J. Zhao, K.‐L. Han, Novel infrared spectra for intermolecular dihydrogen bonding of the phenol‐

borane‐trimethylamine complex in electronically excited state,  J. Chem. Phys., 127 (2007), 024306‐6. 

[10] G.‐J. Zhao, K.‐L. Han, Y.‐B. Lei, Y.‐S. Dou, Ultrafast excited‐state dynamics of  tetraphenylethylene 

studied by semiclassical simulation, J. Chem. Phys., 127 (2007), 094307‐6.  

 [11]  G.‐J.  Zhao,  Y.‐H.  Liu,  K.‐L. Han,  Y.  Dou,  Dynamic  simulation  study  on  ultrafast  excited‐state 

torsional dynamics of  9,9′‐bianthryl  (BA)  in gas phase: Real‐time observation of novel oscillation 

behavior with the torsional coordinate, Chem. Phys. Lett. 453 (2008), 29–34.  



232                                                                             S. K. Saha et al. / Commun. Comput. Chem., 1 (2013), pp. 225‐234 

[12]  G.‐J.  Zhao,  K.‐L.  Han,  Time‐dependent  density  functional  theory  study  on  hydrogen‐bonded 

intramolecular charge‐transfer excited state of 4‐dimethylamino‐benzonitrile in methanol, J. Comput. 

Chem., DOI: 10.1002/jcc.20957. 

[13] D.  J. Heyes, C. N. Hunter,  I. H. M. van Stokkum, R. van Grondelle, Ultrafast enzymatic  reaction 

dynamics in protochlorophyllide oxidoreductase, Nat. Struct. Biol., 10 (2003), 491–492. 

[14] H. Deng, R. Callender, E. Howell, Vibrational structure of dihydrofolate bound to R67 dihydrofolate 

reductase, J. Biol. Chem., 276 (2001), 48956–48960. 

[15] H.  Cheng,  ,  I. Nikolic‐Hughes,  J. H. H. Wang, H. Deng,  P.  J. O’Brien,  L. Wu,  Z.  Y.  Zhang, D. 

Herschlag, R. Callender, Environmental effects on phosphoryl group bonding probed by vibrational 

spectroscopy:  implications  for understanding phosphoryl  transfer and enzymatic  catalysis,  J. Am. 

Chem. Soc., 124 (2002), 11295–11306. 

 [16] G.‐J. Zhao, K‐L Han, Site‐specific solvation of the photoexcited protochlorophyllide a in methanol: 

formation  of  the  hydrogen‐bonded  intermediate  state  induced  by  hydrogen‐bond  strengthening, 

Biophys. J., 94 (2008), 38–46. 

 [17] K. J. Smith, P. A. Felts, G. R. John, J. Neurology, 123 (1999), 171‐184.  

[18] S Sedehizadeh,  M. Keogh,  P. Maddison, The use of aminopyridines in neurological disorders,  Clin. 

Neuropharmacol., 35 (2012) 191‐200.  

[19] R. R. Hansebout,  A. R. Blight, S. Fawcett, K. Reddy, 4‐Aminopyridine in chronic spinal cord injury: 

a controlled, double‐blind, crossover study in eight patients, J. Neurotrauma., 10 (1993), 1‐18. 

[20]  A. W.  Fraley, D.  Chen, K.  Johnson,   L. W. McLaughlin,  An  HIV  reverse  transcriptase‐selective 

nucleoside chain terminator, J. Am. Chem. Soc., 125 (2003), 616–617. 

 [21] S. Suzuki, P. G. Green, R. E. Bumgarner, S. Dasgupta, W. A. Goddard, G. A. Blake, Benzene forms 

hydrogen bonds with water, Science, 257 (1992), 942‐944. P. Tarakeshwar, S.  J. Lee,  J. Y. Lee, K. S. 

Kim,  Benzene‐hydrogen  halide  interactions:  Theoretical  studies  of  binding  energies,  vibrational 

frequencies, and equilibrium structures, J. Chem. Phys., 108 (1998), 7217‐7223. D. Feller, Strength of 

the benzene−water hydrogen bond,  J. Phys. Chem. A, 103  (1999), 7558‐7561. P. Tarakeshwar, K. S. 

Kim,  B.  Brutschy,  Interaction  of  the water  dimer with  p‐systems: A  theoretical  investigation  of 

structures,  energies,  and  vibrational  frequencies,  J.  Chem.  Phys.,  112  (2000),  1769‐1781.  T.  van 

Mourik, S. L. Price, D. C. Clary, Ab  initio calculations on  indole–water, 1‐methylindole–water and 

indole–(water)2, Chem. Phys. Lett., 331  (2000), 253‐261. T. van Mourik, Comment on “Theoretical 

study of  indole: protonation,  indolyl  radical,  tautomers of  indole, and  its  interaction with water”, 

Chem. Phys., 304  (2004), 317‐319. P. Tarakeshwar, H. S. Choi, K. S. Kim, Olefinic vs aromatic π−h 

interaction:  A theoretical investigation of the nature of interaction of first‐row hydrides with ethene 

and benzene, J. Am. Chem. Soc., 123 (2001), 3323‐3331.  

[22]  S.  Shil, D. Bhattacharya,  S.  Sarkar, A. Misra, Performance  of  the widely used minnesota density 

functionals for the prediction of heat of formations, ionization potentials of some benchmarked first 

row transition metal Complexes, J. Phys. Chem. A, 117 (2013), 4945–4955. 



 S. K. Saha et al. / Commun. Comput. Chem., 1 (2013), pp. 225‐234                                                                     233 

[23]  S.  Tsuzuki, H.  P.  Luthi,  Interaction  energies  of  van  der Waals  and  hydrogen  bonded  systems 

calculated using density  functional  theory: Assessing  the PW91 model,  J. Chem. Phys. 114  (2001), 

3949‐3957.  Y.  Zhao,  D.  G.  Truhlar,  Hybrid  meta  density  functional  theory  methods  for 

thermochemistry,  thermochemical  kinetics,  and  noncovalent  interactions:   The  mpw1b95  and 

mpwb1k  models  and  comparative  assessments  for  hydrogen  bonding  and  van  der  waals 

interactions, J. Phys. Chem. A, 108 (2004), 6908‐6918. Y. Zhao, D. G. Truhlar, Benchmark databases 

for nonbonded interactions and their use to test density functional theory, J. Chem. Theory Comput.,  

1 (2005), 415‐432. 

[24]  Computer  code  ADF2010.01,  SCM,  Theoretical  Chemistry,  Vrije  Universiteit,  Amsterdam,The 

Netherlands, http://www.scm.com. 

[25] S. Grimme, Accurate description of van der Waals complexes by density functional theory including 

empirical corrections, J. Comput. Chem., 25 (2004), 1463‐1473. S. Grimme, Semiempirical GGA‐type 

density functional constructed with a long‐range dispersion correction, J. Comput. Chem., 27 (2006), 

1787‐1799. 

[26] A. Klamt, G. Schüürmann, COSMO: A new approach to dielectric screening in solvents with explicit 

expressions for the screening energy and its gradient, J. Chem. Soc. Perkin Trans. 2 (1993), 799‐805. 

A. Klamt, Conductor‐like  screening model  for  real  solvents: A new  approach  to  the  quantitative 

calculation of solvation phenomena, J. Phys. Chem., 99 (1995), 2224‐2235. C. C. Pye, T. Ziegler, An 

implementation of  the conductor‐like screening model of solvation within  the Amsterdam density 

functional package, Theor. Chem. Acta, 101 (1999), 396‐408. 

[27]  T.  Ziegler,  A.  Rauk,  Carbon  monoxide,  carbon  monosulfide,  molecular  nitrogen,  phosphorus 

trifluoride, and methyl  isocyanide as  .sigma. donors and  .pi. acceptors. A  theoretical study by  the 

Hartree‐Fock‐Slater transition‐state method, Inorg. Chem., 18 (1979), 1755–1759. T. Ziegler, A. Rauk, 

On  the  calculation of bonding energies by  the Hartree Fock Slater method, Theor. Chim. Acta 46 

(1977), 1–10. 

[28] M. Mitoraj, A. Michalak, Natural orbitals for chemical valence as descriptors of chemical bonding in 

transition metal complexes,  J. Mol. Model, 13  (2007), 347–355. M. Srebro, A. Michalak, Theoretical 

analysis of bonding  in n‐heterocyclic  carbene−rhodium  complexes,  Inorg. Chem.,  48  (2009)  5361–

5369. A. Michalak, M. Mitoraj, T. Ziegler, Bond orbitals from chemical valence theory, J. Phys. Chem. 

A, 112 (2008) 1933–1939. 

[29] C. F. Guerra, H. Zijlstra, G. Paragi, F. M. Bickelhaupt, Telomere structure and stability: covalency in 

hydrogen bonds, not resonance assistance, causes cooperativity in guanine quartets, Chem. Eur. J., 

17 (2011), 12612 – 12622. 

 [30]M. P. Mitoraj, R. Kurczab, M. Boczar, A. Michalak, Theoretical description of hydrogen bonding in 

oxalic  acid  dimer  and  trimer  based  on  the  combined  extended‐transition‐state  energy 

decomposition analysis and natural orbitals  for  chemical valence  (ETS‐NOCV),  J. Mol. Model, 16 

(2010) 1789–1795. 



234                                                                             S. K. Saha et al. / Commun. Comput. Chem., 1 (2013), pp. 225‐234 

[31]  L.  X.  Dang,  Importance  of  polarization  effects  in modeling  the  hydrogen  bond  in water  using 

classical molecular  dynamics  techniques,  J.  Phys.  Chem.  B,  102  (1998),  620‐624.  Y.‐F. Chen,  J.  J. 

Dannenberg,  The  effect  of  polarization  on multiple  hydrogen‐bond  formation  in models  of  self‐

assembling materials, J. Comput. Chem., 32 (2011), 2890–2895. 

[32] G.‐J. Zhao, K.‐L. Han, Hydrogen bonding in the electronic excited state, Accounts Chem. Research, 

45 (2012), 404 – 413. 

[33] Y‐H. Liu, M.  S. Mehata,  J.‐Y. Liu, Excited‐state  proton  transfer  via  hydrogen‐bonded  acetic  acid 

(acoh) wire for 6‐hydroxyquinoline, J. Phys. Chem. A, 115 (2011), 19–24. 

[34]  J.  Herbich,  J. Waluk,  R.  P.  Thummel,  C.‐Y.  Hung,  Mechanisms  of  fluorescence  quenching  by 

hydrogen bonding in various aza aromatics, J. Photochem. Photobiol. A: Chem., 80 (1994) 157‐160. 

[35] L. Biczo´k, T. Berces, H. Linschitz, Quenching processes in hydrogen‐bonded pairs:  interactions of 

excited fluorenone with alcohols and phenols, J. Am. Chem. Soc., 119 (1997) 11071‐11077. 

[36]  T.  Yatsuhashi,  H.  Inoue,  Molecular  mechanism  of  radiationless  deactivation  of 

aminoanthraquinones  through  intermolecular  hydrogen‐bonding  interaction  with  alcohols  and 

hydroperoxides, J. Phys. Chem. A, 101 (1997) 8166‐8173. 

[37] A. Weisstuch, A. C. Testa Fluorescence  study of aminopyridines,  J. Phys. Chem., 72  (1968), 1982–

1987. 

[38] M.  A. Thompson, M. C. Zerner, On the red shift of the bacteriochlorophyll‐b dimer spectra, J. Am. 

Chem. Soc. 110 (1988), 606‐607. 

View publication statsView publication stats

https://www.researchgate.net/publication/264325821

	Ligand-induced symmetry breaking and concomitant blueshift in the emission wavelength of an octahedral chromium complex
	Abstract
	Introduction
	Computational methods
	Results and discussion
	Conclusions
	References


