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ABSTRACT 
Photophysical properties of the of methyl red, methyl orange, methyl violate and brilliant green molecules have been studied in solvents of varying polarity using steady-state fluorescence and UV-Vis spectroscopy. In addition computational technique has been applied to explain and verify the experimental result. The investigated molecules showed different solvatochromic shits. Attempt has been made to explain the different solvatochromisms, i.e. negative, positive and inverted solvatochromism. In all the studied compounds a strong solvent polarity dependent shift in absorption position was observed, except methyl violate, which did not show a significant solvent dependence. In methyl red a different situation was observed: in non polar to polar solvents a shift to lower λmax (positive solvatochromism), and in contrast, in polar to strong polar solvents negative solvatochromism was observed. This apparent reversal of solvatochromic behavior, which is commonly known as inverted solvatochromism, is against the theory of solvatochromism. In this work, the observed anomality is explained based on the existence of equilibrium structures each responsible to the resulting positive and negative solvatochromism.  The computational results also support the existence of two mesomeric structures, namely polyene and zwitterionic structures.
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[bookmark: _Toc359827121]1. INTRODUCTION
The term solvatochromism refers to the solvent-induced changes in spectral position, intensities, and shapes on the spectum of a given chromophor compared to the gaseous phase spectrum. The solvent effect on spectra, resulting from electronic transitions, is primarily dependent on the charge distribution in the chromophore and the nature of the transition, of which π→π * and n→π* and as well as charge-transfer absorptions lie in the UV-Vis spectrophotometry accessible spectral range. 
These changes in the spectrum result due to physical intermolecular solute solvent interaction forces, such as ion-dipole, dipole-dipole, dipole-induced dipole, hydrogen bonding, etc. All the above mentioned interactions tend to alter the energy difference between ground and excited state of the absorbing species. The changes depend largely on a change in the dipolar characteristics of a molecule when it is promoted to the excited state [1, 2]. 
Solvent induced spectral position changes are more pronounced in charge compounds which exhibit transfer transitions. Charge transfer is generally possible in compounds that are donor acceptor substituted which are connected with conjugated π-systems. Polymethines are good examples of charge transfer compounds.
Polymethines are organic molecule having conjugated chain with equal bond lengths and charge alternation along the methine chain. They exhibit common structural features: (i) they have n + 3 conjugated double bonds, where n can be any positive odd integer number starting from 1, and  (ii) their terminal ends are attached to donor and acceptor molecules. If both the acceptor and donor attached are nitrogen atoms then compounds are known as 'Polymethines' or 'Cyanine'. A compound is called 'merocyanine' when the donor is nitrogen atom while the acceptor is oxygen atom.
cyanine and merocyanine dye electronic structure lies between a neutral limiting mesomeric structure without charge separation and that of a charge-separated zwitterionic form., in which an electron-donating group, D, is linked by a conjugated system, R, to an electron-accepting group, A. Their intermediate p-electronic structure can be described in terms of two mesomeric structures, 

Scheme:	The two extreme structures of push-pull substituted π-system
and their electronic transition is associated with an intramolecular charge-transfer between donor and acceptor group, producing an excited state with a dipole moment (µe) appreciably different from that in the ground state (µg).
It has been established experimentally that only those molecules with p-electrons for which the charge distribution (and consequently the dipole moment) in the electronic ground state is considerably different from that in the excited state exhibit a pronounced solvatochromism. So up on increasing polarity of the solvent the spectral band of chromophore can undergo a hypsochromic or/and a bathochromic shift depending on the electronic structure of the chromophor and its interaction with the environment given by the solvent shell [3, 2]. 
Canine dyes and merocyanine dyes are the commonly used  probes for studying solvent effects, since they exhibit a significant change in their electronic charge distribution accompanying their excitations, while the nature of the solvent will have little influence on the absorption spectrum when the charge is minimal [1]. Their corresponding structural coming from the contribution of the two resonance structures strongly depends on the strength of the electron-donor and electron-acceptor groups. The c2 parameter, which is commonly known as resonance parameter, allows convenient classification of dyes: c2 = 0.5 describes the resonance situation (“cyanine limit”) in which the neutral and zwitterionic resonance forms have equal contributions. For c2 < 0.5 the neutral resonance form dominates the ground state, and for c2 > 0.5 the zwitterionic resonance form dominates the ground state. In the excited state the situation is reversed [4].
Depending on the direction of the spectral band shift, in relation to polarity of the solvent,  solvatochromism can be classified as positive, negative and inverted. This can be explained through differential solvation of the ground and Franck–Condon excited state. If the ground state is more stabilized than the excited state due to solvation by solvents of increasing polarity, a negative solvatochromism is exhibited and vice verse. In which the sigh of the solvatochromisim depends on the difference in dipole moment of the molecule of the dye between its ground and excited state [2, 3]. 
Inverted solvatochromism may be explained as a given absorption band exhibits firsta bathochromic and then a hypsochromic band shift as the solvent polarity increases [2]. This phenomenon mostly observed in merocyanine dyes with a c2 value slightly below 0.5 in weakly polar solvents is expected to show inverted solvatochromism [5].
In the literature there is a controversy regarding the existence of such a phenomenon. Some researchers regard it as an artifact that arises from aggregations in solutions of low polarity [6]. Some researchers, however, commented in favor of the existence of inverted solvatochromism [5, 7]. Therefore, in this work, it is intended to critically investigate the existence or non existence of the so called inverted solvatochromism. Emphasis is given to explain the reasons for the observation of such a phenomenon, especially if it doesn't exist. In the investigation steady state optical spectroscopic and computational techniques are employed.


[bookmark: _Toc358049180][bookmark: _Toc358052170][bookmark: _Toc358526263][bookmark: _Toc359827122]2. LITRATURE REVIEW
Nowadays most researchers agree on the definition of inverted solvatochromism, but still there is no consensus on explanation about the origin of the phenomena. There have been various mechanisms proposed to explain the phenomena of inverted solvatochromism.
Panigrahi et al. have reported a reversal in the sign of solvatochromism for a series of bischromophoric styrylpyridinium dyes with hydroxy group in the styryl unit. The reversal has been ascribed to a change in the hydrogen-bonding property of the solvents. Hydrogen-bond donor (HBD) solvents exhibit a negative solvatochromism, while the hydrogen-bond acceptor (HBA) solvents show a positive solvatochromism with increasing solvent polarity. The reversal point has been considered as a switch in the ET(30) scale to identify the HBD and HBA characteristics of the solvents. In addition, with the above idea, they suggested that reversal in solvatochromism may be considered as a switch to explain either structural transition of the dye due to solvent or a transition due to solvent cage with differential polarity [2]. 
Würthner et al. suggested the origin of this phenomena as a dipolar solvent induced structural change in the dye between two limiting mesomeric structures, polyene and zwitterionic structures [5]. That implies, a change in the ground-state dipole moment of the solute, induced by the surrounding solvent cage, causes an electronic polarization of the surrounding solvent molecules, creating a so-called reaction field which affects the solute’s ground-state dipole moment µg. That is, the interaction of the dipolar solute molecules with this induced reaction field, due to the total dipole moment (permanent and induced) of the solvent molecules, may cause an alteration of the electronic structure of the chromophore [3]. 
In addition, Domínguez et al. tried to explain the solvatochromic reversal as to arise from structural changes in the dye, caused by solute–solvent interactions and suggested that it should be an intrinsic property of the molecule, which could, therefore, be evaluated or predicted theoretically [1].
However, for the merocyanines, this contention is not supported by an analysis based on the Onsager reaction field model which shows that the electric field produced by even the most polar solvents is inadequate to produce the large geometric distortions required to change its structure [8]. On the other hand, J. Catalán proposed as the usual interpretation, based on structural changes of the ground states of these dyes caused by medium variations, is of little predictive value and cannot account for the fact that other compounds, which are also affected by the solvent, do not exhibit such a behavior. If the solvatochromic reversal of some of these betaine dyes is a true phenomenon and not an artifact, the compound must exhibit considerable dipolarity changes as the solution temperature is lowered, not the polarity of the solvent. This inference should, therefore, be considered in any structural model developed to account for this phenomenon [9].
It is to be recalled that the phenomenon ‘inverted solvatochromism’ is based on mere observation of two types of solatochromic trends as a function of the solvent polarity than theoretical scientific justification. Similar scientific controversy exists on phenomena including dual fluorescence, in which two emission bands observed for an “apparent” single absorption band.
Dual fluorescence is one of the most widely investigated ‘anomalous’ phenomena, and there has been a long standing controversy, regarding the mechanism of its origin. Although, several models have been proposed to explain the dual emission in 4-( N,N-dimethylamino)benzonitrile (DMABN) such as pseudo Jahn-Teller interaction of excited states, in-plane bending and rehybridization of acceptor and twisted intramolecular charge transfer (TICT) [10], it seems the controversy has come to an end in view of the recent explanation based on two ground state structural isomers. 
Fluorescent compounds in general possess a single fluorescence band for a particular absorption. However, where two fluorescence bands are observed for some donor-acceptor type compounds. Since the existence of two different absorption bands for a compound indicates the existence of two isomers of that compound in the ground state or more than one mode of electronic transitions. Similarly, the existence of two different emission bands (dual fluorescence) is attributed to the existence of two isomers in the excited states or more than one mode of transitions. In addition to structural isomers, tautomersim is also suggested as a reason for Dual fluorescence due to the existence of ground state rotamers, which are in equilibrium. But most literature reports focus on the excited state as a reason for dual fluorescence [10, 11].
Therefore, the aim of this study is to investigation the origin of the observed ‘anomalous’ inverted solvatochromism phenomenon in methyl red from the perspective of ground state isomers and also monomer-dimer equilibrium of dye. Special attention is given to account the major or dominant properties of the solvents that are not considered in the polarity function of the solvents, which may also lead to a wrong conclusion. Finally, computational analysis, based on Molecular Mechanics (MM) and density function theory (DFT), are employed to verify the experimental result.
[bookmark: _Toc359827123]2.1 Molecule-Electromagnetic Field Interaction

A quantum system under the influence of external time-dependent electromagnetic fields (which we call external perturbations) is described by a time-dependent Hamilton operator  as

										(2.1)


where  is the time-independent Hamilton operator of the system without external perturbation, and  is an operator representing the effects of the external forces applied.

										(2.2)



where  is a time-independent Hermitian operator and  is a real function of time. may be expressed using a multipole series as

						(2.3)


where  and  represent the electric dipole, magnetic dipole and electric quadrupole moments, respectively.
Usually, in describing the interaction of electromagnetic radiation with a molecular system the so called ‘electric dipole approximation’ is employed. In a dipole approximation all interactions are neglected except between the dipoles and the fields. The dipole approximation is valid as long as the electric (or magnetic) field strength does not change over the size d of the molecular system, i.e., as long as λ >>d. In the dipole approximation, the interaction operator can be written as:

								(2.4)

If , the EM field strengths vary over the size of the molecular system, the higher order poles, i.e. quadrupoles, octupoles, etc. of the molecules must be considered. 

The electric dipole interaction is the dominant interaction in the microwave, infrared, visible and ultraviolet ranges of the electromagnetic spectrum ( large). At short wavelength, i.e., for X- and -rays, the dipole approximation does not hold because  [12].
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The effects of solvents on electronic spectra can be treated efficiently by combining an accurate quantum mechanical (QM) method for the solute with an efficient and accurate method for the solvent molecules. Quantitative calculations of the solvent dependence of UV-Vis absorption spectra, based on different models have been carried out by different scholars. 
An important aspect of computational chemistry is to evaluate the effect of the solvent. Methods for evaluating the solvent effect may broadly be divided into two types: those describing the individual solvent molecules and those that treat the solvent as a continuous medium. Combinations are also possible, for example by explicitly considering the first solvation shell and treating the rest by a continuum model. Each of these may be subdivided according to whether they use a classical or quantum mechanical description. 
The effects of solvation can be partitioned into two main groups: which are Specific and Non-specific interactions.
Non-specific (long-range) solvation
· Polarization
· Dipole orientation
Speciﬁc (short-range) solvation
· Hydrogen bonds
· Solvent shell structure
· Solvent–solute dynamics
· Charge transfer effects
· Hydrophobic effects (entropy effects).
The non-speciﬁc effects are primarily solvent polarization and orientation of the solvent electric multipole moments by the solute, where the dipole interaction is usually the most important. These effects cause a screening of charge interactions, leading to the (macroscopic) dielectric constant being larger than 1. The microscopic interactions are primarily located in the first solvation shell, although the second solvation shell may also be important for multiple-charged ions. The microscopic interactions depend on the specific nature of the solvent molecule, such as the shape and the ability to form hydrogen bonds [13, 14, 15].
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In this model the solvent as a uniform polarizable medium with a dielectric constant of r, and with the solute molecule placed in a suitably shaped hole in the medium. A more appropriate cavity can be created by representing each atom of the solute molecule as a sphere with a particular radius that reflects the atom size. This is often the van der Waals radius, but can be a scaled van der Waals radius, or even radii that are empirically determined to fit solvation energies. The union of these spheres makes up the cavity. A cavity constructed in this manner might still have decencies when one considers that the cavity should reflect the closest contact between the solute and solvent. Since Creation of a hole in the medium costs energy, i.e. this is a destabilization, while dispersion interactions between the solvent and solute add a stabilization (this is roughly the van der Waals energy between solvent and solute). In principle, there may also be a repulsive component, thus the dispersion term is sometimes denoted dispersion or repulsion. The electric charge distribution of the solute molecule will polarize the medium (induce charge moments), which in turn acts back on the molecule, thereby producing an electrostatic stabilization. The main non electrostatic contribution to the solvation energy is dispersion interactions but other factors may come into play such hydrogen bonding. The total solvation energy then may be expressed as the sum of these energetic contributions: 
							(2.5)
where , ,  and  represent the solvation, dispersion, cavity and electrostatic Gibbs free energies, respectively.
In the polarized continuum method (PCM), which is the most widely accepted solvent model, the cavity is assumed to be formed by interlocking spheres centered at the nuclei. The spheres are then described as a set of spherical triangles, creating a tessellated surface. A number of variations on the PCM formalism have appeared since its first introduction. Some are modifications are purely technical in nature, designed to improve the computational performance of the method, e.g., an integral equation formalism for solving the relevant SCRF equations which facilitates computation of gradients and molecular response properties (IEF-PCM) [13, 14, 15].
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Merocyanine are molecules with electron donors and acceptors at two ends linked with conjugation and thus are commonly known “push-pull” molecules. Pull-push molecules may be described by two limiting resonating structures: a neutral structure having zero or small formal charges on the donor and acceptor groups, and a zwitterionic form. The inter-conversion between these two structures involves interchanging the double and single bonds of the conjugated linker as shown in the Figure 1. These two structures are often taken as basis states whose linear combinations compose the ground and excited states [8].
In addition, the c2 (resonance parameter) parameter allows convenient classification of such types of dyes in the Two-State-Model: c2 = 0.5 describes the ideal resonance situation (“cyanine limit”) in which the neutral and zwitterionic resonance forms have equal contributions. For c2 < 0.5, the neutral resonance form predominates in the ground state, whereas for c2 > 0.5 the zwitterionic resonance form dominates in the ground state. In the excited state the situation is reversed. 
[image: ]
Figure 1.	Illustration of the different classes of “charge-transfer” dyes. 
In a simple two-state model, the electronic structure of a dye is described as a linear combination of the configuration functions ψDA and ψD+A-, corresponding to neutral and zwitterionic valence bond structures. Only two molecular orbitals are considered, ψ1 and ѱ2, that can be constructed by a liner combination of the two atomic orbitals 𝜙1 and 𝜙2 of the basis. parameter, c2, which can vary between 0 and 1.
There are two states to be considered  in the calculation: the ground state where the molecular orbital ψ1 is doubly occupied and an exited state where one electron is promoted from ψ1 (HOMO) to ψ2 (LUMO) (configuration ψ11 ψ21)
						(2.6)
						(2.7)
 For c2 = 0.5, the contribution of the two configurations to the electronic wave function in the two electronic states is equal. This situation is known as the “cyanine limit”. Compounds near the cyanine limit are characterized by a small geometry difference between the energy minima of the two states, resulting in a narrow and intense absorption band. 
The solvatochromic behavior of merocyanines can be rather complicated. Many cyanine dyes show strong fluorescence, in a narrow band with a small Stokes shift. Merocyanines which are close to the cyanine limit can also be strongly fluorescent. On both sides of the cyanine limit, however, non-radiative decay processes are often predominant channels of excited state depopulation, especially in structurally flexible systems [16].
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The aggregates or self‐association are result in a highly ordered supra molecular structures of dye molecules, which are form by self-assembling caused mainly by the interaction between the π-electrons of the neighboring dyes owing to strong intermolecular van der Waals and often in addition by hydrogen bonds attractive forces between the molecules and having very weak interaction with the solvent. 
The self‐association of dyes in solution or at the solid‐liquid interface is frequently encountered phenomenon in dye chemistry. Many classes of dyes in aqueous solution often show changes in their absorption spectra when the concentration of the dye is varied. Such spectral changes are attributed to the interaction of the dye molecules that form dimers and/or higher aggregates [17]. 
The aggregates in solution exhibits distinct changes in the absorption band as compared to the monomeric species i.e. bathochromically shifted J-bands (J for Jelly, one of the first worker who investigated these shifts) and hypsochromically shifted H-bands (H for hypsochromic) this spectral change is called "metachromasy" [17, 18, 19].
As mentioned above aggregation or self-association of dye may miss lead with the phenomena of inverted solvatochromism. Since the hypothesis of aggregation in solution must rely on the a posteriori verification that a given dye forms aggregates in media of low polarity [7]. The reason for this suggestion is based on the usually believed mechanism for the self-aggregation of solutes in non-polar solvents, namely a stronger electrostatic and van der Waals interaction between the solute-solute molecules as compared to solute–solvent molecules [20]. Therefore care should be taken in differerentiating between the two. 
From the practical perspective, strongly coupled aggregates of dye molecules e.g., cyanide dyes, known as J aggregates play an important role in photosensitization of semiconductor particles which is the primary step in photography. Molecular aggregates also have numerous important biological functions. These include the conversion of light energy in to chemical energy by collecting the light and channeling it in to the necessary sites by the light harvesting antenna systems, and the intermolecular charge transfer in the photosynthetic reaction center [21].
The aggregation behavior of cyanine dyes has been studied extensively since these are the best known self‐aggregating dyes. It is generally agreed that both H‐ and J‐aggregates are composed of parallel dye molecules stacked plane‐to‐plane (very small dipole moment) and end-to-end (high dipole moment)	 moment) and form two‐dimensional dye crystals respectively.
According to McRae-Kasha, exciton model can be applied for the case of dimeric molecules. As shown in Figure 2, it is assumed that molecular axis, parallels its transition polarization axis, i.e., the transition dipole is placed along the long axis of the molecule. Upon excitation of the dimer from its ground state (G), the model provides a splitting of the excited state (E) because of electronic degeneracy. Whether a transition is allowed to the lower or the higher excited state depends on the angle (α) between the transition dipoles and the aggregate axis. The ground states of the monomeric and dimeric molecules are shown in Figure 2 are fixed at the same relative position, although the point-multipole expansion employed by Kasha provides for a displacement of the dimer ground state because of van der Waals interaction. Judging from the effect of dye aggregation on ground state properties such as infrared transitions, redox potential and basicity the latter is particularly strongly depressed by J-aggregation a common ground state is an oversimplification.
However, excitonic interactions can be conveniently discussed in terms of energies normalized to a common ground state. Figure 2 shows that when the transition dipoles are in line with the molecular axis of the dimer, i.e. when α = 0, then the transition to the lower excited level will be allowed and consequently the maximum absorption of the dimer will be red-shifted relative to the absorption of the monomer. In fact, according to  the Kasha’s approximation a red shift, as observed in J-band formation, will occur as long as the angle α is less than about 54.7, which was called as magic angle. If α is greater than that value, the transition to the higher excited level will be allowed so that the spectral band will be blue-shifted relative to the monomeric dye [22, 23].
[image: ]
Figure 2.	The energy level diagram for a monomer and dimers 
In J-aggregates, transition only to the low energy states of the exciton band is allowed and, as a consequence, J-aggregates are characterized by a high fluorescence quantum yield. In contrast, after exciting the upper exciton band, a rapid downward energy relaxation to the lower exciton states occurs that exhibits vanishingly small transition dipole moments. Therefore, their fluorescence is suppressed and a low fluorescence yield characterizes blue-shifted spectra arising from H-aggregates [24, 25].
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Luminescence is an emission of ultraviolet, visible or infrared photons from an electronically excited species. Generation of luminescence through excitation of a molecule by electromagnetic radiation, the  phenomenon termed as photoluminescence, which is formally divided into two categories, fluorescence and phosphorescence, depending upon the electronic configuration of the excited state and the emission pathway [26].
In excited singlet states, the electron in the excited orbital is paired (by opposite spin) to the second electron in the ground-state orbital. Consequently, return to the ground state is spin allowed and occurs rapidly by emission of a photon, with lifetime of near (10 x 10–9 s)., so that a this typical emission is called fluorescence [27]. 
Phosphorescence is emission of light from triplet excited states, in which the electron in the excited orbital has the same spin orientation as the ground-state electron. which is forbidden and the emission lifetimes is milliseconds [11].
At room temperature most molecules occupy the lowest vibrational level of the ground electronic state, and on absorption of light they are elevated to produce excited states. Once formed, an excited molecule has available a variety of decay processes by which it can rid itself of the energy imparted to it by absorption. In addition to fluorescence (the desired decay route), there are non radiative decay processes, leading to release of energy in the form of heat rather than light. Other sample constituents may interact with an excited analyte molecule in such a way as to prevent it from fluorescing; such processes are called quenching. Also, an electronically excited molecule may undergo chemical reaction (photodecomposition). Jablonski diagrams are used in a variety of forms, to illustrate various molecular processes that can occur in excited states [11, 27].
A typical Jablonski diagram is shown in Figure 3. The singlet ground, first, and second electronic states are depicted by S0, S1, and S2, respectively. At each of these electronic energy levels the fluorophores can exist in a number of vibrational energy levels, depicted by 0, 1, 2, etc. In this Jablonski diagram a number of interactions such as quenching, energy transfer, and solvent interactions are excluded. The transitions between states are depicted as vertical lines to illustrate the instantaneous nature of light absorption. Transitions occur in about 10-15 s, a time too short for significant displacement of nuclei. This is the Franck-Condon principle. 


Figure 3.		Jabloski diagram describing transitions giving rise to absorption and fluorescence 			emission spectra
The vertical arrows corresponding to absorption start from the 0 (lowest) vibrational energy level of S0 because the majority of molecules are in this level at room temperature.
Internal conversion is a non-radiative transition between two electronic states of the same spin multiplicity. In solution, this process is followed by a vibrational relaxation towards the lowest vibrational level of the final electronic state. The excess vibrational energy can be indeed transferred to the solvent during collisions of the excited molecule with the surrounding solvent molecules.
Emission of photons accompanying the S1     S0 relaxation is called fluorescence. It should be emphasized that, apart from a few exceptions, fluorescence emission occurs from S1 and therefore its characteristics (except polarization) do not depend on the excitation wavelength (provided of course that only one species exists in the ground state).
Intersystem crossing is a non-radiative transition between two isoenergetic vibrational levels belonging to electronic states of different multiplicities. Crossing between states of different multiplicity is in principle forbidden, but spin–orbit coupling (i.e. coupling between the orbital magnetic moment and the spin magnetic moment) can be large enough to make it possible. The probability of intersystem crossing depends on the singlet and triplet states involved. If the transition S0 to S1 is of n to π* type for instance, intersystem crossing is often efficient. It should also be noted that the presence of heavy atoms (i.e. whose atomic number is large, for example Br, Pb) increases spin–orbit coupling and thus favors intersystem crossing. In doing so, excited organic molecules can also relax via conversion to a triplet state which may subsequently relax via phosphorescence or by a secondary relaxation step. 
The main information available in fluorescence spectral measurements:- Two basic types of spectra can be produced by a fluorescence spectrometer. In a fluorescence spectrum, or emission spectrum, the wavelength of the exciting radiation is held constant (at a wavelength of which the analyte absorbs) and the spectral distribution of the emitted radiation is measured. In an excitation spectrum, the fluorescence signal, at a fixed emission wavelength, is measured as the wave- length of the exciting radiation is varied. Because an analyte can fluoresce only after it has absorbed radiation, an excitation spectrum identifies the wavelengths of light that the analyte is able to absorb. Thus, subject to certain constraints, the excitation spectrum of a molecule should be the same as its UV-Vis absorption spectrum [28].
The excitation spectrum for a compound should not change as the emission wavelength is varied. Whenever the excitation spectrum varies with choice of emission wavelength, there is good reason to believe that two or more different substances are responsible for the observed fluorescence. Fluorescence occurs when a molecule excited by absorption of radiation relaxes to its ground 
									(2.8)
									(2.9)
where hν is photon energy. State S0 is called the ground state of the fluorophore (fluorescent molecule) and S1 is its first (electronically) excited state. The specific  frequencies of exciting and emitted light are dependent on the particular system.
[bookmark: _Toc358049185][bookmark: _Toc358052176][bookmark: _Toc358526269][bookmark: _Toc359827129]2.5.1 Fluorescence quantum yield 
The fraction of electronically excited molecules that decay to the ground state by fluorescence is
called the fluorescence quantum yield. Molecules in the fundamental state absorb light with an intensity equal to I and reach an excited state Sn. Then, different competitive processes, including fluorescence, will compete with each other to de-excite the molecule. 
The fluorescence quantum yield is the ratio of the number of photons emitted to the number absorbed.
								(2.10)
where Γ= emissive rate constant of the fluorophore, Kr = rate constant of all non-radiative decay to S0 
The quantum yield can be close to unity if the radiationless decay rate is much smaller than the rate of radiative decay, that is Kr < Γ [11].
[bookmark: _Toc358049186][bookmark: _Toc358052177][bookmark: _Toc358526270][bookmark: _Toc359827130]2.5.2 Factors Affecting Fluorescence Spectra
Fluorescence probes represent the most important area of fluorescence spectroscopy. The wavelength and time resolution required of the instruments is determined by the spectral properties of the fluorophores. Furthermore, the information available from the experiments is determined by the properties of the probe. Many chromophores do not necessarily ﬂuoresce. A variety of environmental  factors affect fluorescence emission, including interactions between the fluorophore and surrounding solvent molecules (dictated by solvent polarity), other dissolved inorganic and organic compounds, temperature, pH, and the localized concentration of the fluorescent species. The effects of these parameters vary widely from one fluorophore to another, but the absorption and emission spectra, as well as quantum yields, can be heavily influenced by environmental variables. In fact, the high degree of sensitivity in fluorescence is primarily due to interactions that occur in the local environment during the excited state life time [11].
2.5.2.1 Solvent effect
When the excited state of a molecule is created in solution by continuous or flash excitation, the excited state molecule interacts to a varying degree with the surrounding solvent molecules, depending on their polarity, before relaxing to the ground state. These excited-state solute-solvent interactions found in fluorescent molecules are often reflected in the spectral position and shape of the emission bands, this solvent dependence of fluorescence spectra has been called fluoro-solvatochromism. The time scale for fluorescence emission is much longer than that for absorption, and over this period of time, the solvent molecules have a chance to rotationally reorient to stabilize an excited state dipole moment. This effect is called solvent relaxation, and the magnitude of this effect varies with the nature of the solvent.  Solvent relaxation leads to a lowering of the energy of the excited state of the molecule in a dipolar solvent i.e. the maximum in the fluorescence spectrum of a compound occurs at longer wavelength than the maximum in the absorption spectrum. The wavelength difference between the absorption and fluorescence maxima is called the Stokes shift. Often, the Stokes shift is large (20 to 50 nm), especially for polar solutes in polar solvents. There is often some overlap, but not a great deal, between the absorption and fluorescence spectra of a compound. Both spectra may exhibit wavelength shifts whenever the solvent is changed; again, these effects are largest for polar solutes dissolved in polar, hydrogen bonding solvents [3, 11, 27, 29].
Solvent dependence of fluorescence spectra can be described depending on the nature of solute and solvent as clearly shown in the Figure 4.


Figure 4.	Jablonski diagram for fluorescence with solvent relaxation
If the ground state has a smaller dipole moment than the excited state, then this stabilization effect will not be as pronounced as that observed for the excited state.  Thus, in this case, the primary effect in fluorescence emission spectra is the observation of a red shift in polar solvents.  Fluorescence offers additional means for characterizing molecular motions and interactions within the fluorophore environment, thus offering an estimation of the polarity of the environment of the fluorophore. The lifetime of an excited fluorophore molecule reflects the rate of competing processes like quenching for the relaxation of the excited state.
Generally, fluorescence spectra are more sensitive for solvent polarity than absorption spectra. Absorption of light occurs in about 10–15 s, a time too short for motion of the fluorophore or solvent. Therefore the molecule is exposed to the same local environment in the ground and excited states. In contrast, the emitting fluorophore is exposed to the relaxed environment, which contains solvent molecules oriented around the dipole moment of the excited state. Therefore large solvent sensitivities are highly desirable with the greatest sensitivity being found with molecules having the largest permanent dipole moment change on going from the ground to the excited  state. This dipole change interacts strongly with the solvent dipoles and causes large solvent effects on state energies and spectra. Fluorescence lifetimes (1–10 s) are usually much longer than the time required for solvent relaxation. For fluid solvents at room temperature, solvent relaxation occurs in 10–10 ps. For this reason, the emission spectra of fluorophores are representative of the solvent relaxed state [26, 27].
2.5.2.2 PH effect
Relatively small changes in pH will sometimes radically affect the intensity and spectral characteristics of fluorescence. Accurate pH control is essential and, when particular buffer solutions are recommended in an assay procedure, they should not be changed without investigation. Most phenols are fluorescent in neutral or acidic media, but the presence of a base leads to the formation of non fluorescent phenate ions. 5 hydoxyindoles, for example, serotonin, show a shift in fluorescence emission maximum from 330 nm at neutral pH to 550 nm in strong acid without any change in the absorption spectrum [11, 26].
2.5.2.3 Inner-Filter Effects 
Fluorescence intensity will be reduced by the presence of any compound which is capable of absorbing a portion of either the excitation or emission energy. At high concentrations this can be caused by absorption due to the fluorophore itself. More commonly, particularly when working with tissue or urine extracts, it is the presence of relatively large quantities of other absorbing species that is troublesome. The purpose of extraction procedures is usually to eliminate such species so that the final measurement is made upon a solution essentially similar to the standard [27].
2.5.2.4 Quenching
Quenching is any process in which a sample constituent decreases the fluorescence quantum yield for the analyte. External molecules added to the fluorescent system can quench fluorescence intensity and therefore quantum yield. These quenchers will decrease the fluorescence while entering in collision with the fluorophore (e.g., oxygen molecules that are going to diffuse in a protein and to enter in collision with the fluorescent Trp residues) or while forming a non-fluorescent complex with the fluorophore. One way that fluorescence quenching can occur is intermolecular electronic energy transfer:
										(2.11)
Here an excited analyte molecule (M*) transfers excitation energy to a quencher molecule Q, causing de-excitation of M and forming an excited quencher molecule, Q*. If Q* is a fluorescent species, its fluorescence (called sensitized fluorescence) may then be observed. This phenomenon can allow one to observe fluorescence from a molecule (Q) that may be difficult to excite directly. More often, however, these processes are a nuisance. Not only do they cause a decrease in the fluorescence signal observed for a given concentration of analyte (M) in the sample, but they may produce unwanted background fluorescence signals; that is, Q may act both as a multiplicative and an additive interference [26, 27].
[bookmark: _Toc358049187][bookmark: _Toc358052178][bookmark: _Toc358526271][bookmark: _Toc359827131]2.6 Absorption of Radiation
The interaction of electromagnetic radiation with solids, liquids or gases produces various effects, such as absorbance, reflectance or scattering. UV-Vis spectroscopy exclusively investigates the interaction of radiation with matter in the ultraviolet and visible range. The interaction of light with different compounds offers many possibilities for performing both qualitative and quantitative measurements. When atoms or molecules absorb electromagnetic radiation they are transformed from a ground state into an energetically excited state, energy of a specific wavelength (is in the range of visible and ultraviolet) absorbed in this process. The energy absorbed corresponds to the amount necessary to promote an electron from one orbital to another. Valence electrons can generally be found in three types of electron orbital such as single, or σ, bonding orbitals, double or triple bonds (π bonding orbitals), and non-bonding orbitals (lone pair electrons). Sigma bonding orbitals tend to be lower in energy than π bonding orbitals, which in turn are lower in energy than non-bonding orbitals. Absorption of a photon of appropriate energy can promote one of the π or n electrons to an anti-bonding orbital denoted by π*. The transition is then called π to π* or n to π* respectively. The promotion of an σ electron requires a much higher energy and will not be in of UV-Vis range [26, 30, 31].


Figure 5.	Electron transitions in ultraviolet/visible spectroscopy.
The energy of these quanta can be specified as the wavelength of the radiation. The shorter the wavelength, the greater is the energy of the quanta. The location of the absorbance points and the relative magnitudes of absorbance can be determined with UV-Vis spectrophotometers.
Light beam of intensity I0 penetrates a medium of thickness l, the light beam is attenuated by the absorbance properties of the sample apart from reflectance and scattering losses. The exiting light beam (transmittance) now has the intensity I and calculated using Beer-Lambert Law which is defined as   
									(2.12)
								(2.13)
 where  is the molar decadic absorption coefficient (commonly expressed in m2 mol-1 ) c is the concentration in mol m-3 of absorbing species and l is the optical path length in m. The molar decadic absorption coefficient , expresses the ability of a molecule to absorb light in a given solvent.
In the theory of spectroscopy the macroscopic (measured) quantity molar decadic absorption coefficient can be related to the microscopic (molecular) quantity known as transition dipole moment eg (which is the dipole induced during the transition from the ground to the excited state)
										(2.14)
[bookmark: _Toc359827132]2.6.1 Solvent Effect on Absorption Spectra
solvatochromism is used to describe changes in energy position, shape and intensity of absorption/emission bands as a function of the polarity of the medium. When absorption spectra are measured in solvents of different polarity it is found that not only the position but also the intensity and shape of the absorption band can vary, depending on the nature of the solvent. Attempts made to express the polarity in terms of dielectric constant, dipole moment, or other properties of the solvent have not been fully successful, largely due to the simplifications used
Theoretical treatments of electronic spectra start by assuming the presence of isolated molecules. This can be achieved experimentally only in gas phase at low pressures or when the spectrum is recorded in very dilute solutions of the dye probe in ‘non-interacting’ solvents. On the contrary, in experiments, spectra are recorded in a variety of environments and at reasonable solute concentrations. Thus, both solute-solute and solute-solvent interactions need to be considered to be able to better predict the changes due to the solvent environment. The effect of the medium on the spectral properties of the solute molecules are broadly including “general solvent-solute interactions” like dipole-dipole, dipole-induced dipole, and induced dipole-induceddipole and “specific interactions” such as hydrogen bonding, complexation, acid base chemistry, and charge transfer interactions.
Solvent effects on spectra on non-polar molecules: For non-polar solute in a non-polar solvent, the intermolecular interaction between the solute and the solvent arises only from dispersion forces, and is generally weak, since in most cases, excited state of non-polar molecules are also non-polar. Therefore, the solvent effect upon absorption bands is generally small. This is why hydrocarbon (non-polar) solvents, such as n-hexane, n-hexane, and cyclohexane, are said to be spectroscopic solvents, because they have low refractive index and hence give spectra nearly resembling vapour spectra.
Solvent effects on spectra on polar molecules: When the solute is polar and the solvent is non-polar, the predominant intermolecular interaction is of the dipole-induced dipole type. When the dipole moment of the solute molecule increases as a result of the charge displacement due to an electronic transition in the molecule, the excited electronic state will become more stabilized by solvation than the ground electronic state, and hence the corresponding max will be shifted to longer wavelengths. 


Figure 6.	λmax shift on polar solute by non polar solvent.
On the other hand, when the dipole moment of the solute molecule decreases upon electronic transition, the corresponding max will be shifted to shorter wavelengths. 


Figure 7.	λmax shift on polar solute by polar solvent
When both solute and solvent are polar, the predominant intermolecular interaction is of the dipole-dipole type. In this case, absorption bands due to electronic transitions which are which cause an increase the dipole moment of the molecule will be shifted to longer wavelengths (much more pronounced the in above two cases) with increasing of the solvent polarity [3].


[bookmark: _Toc358049188][bookmark: _Toc358052179][bookmark: _Toc358526272][bookmark: _Toc359827133]3. OBJECTIVE
[bookmark: _Toc358049189][bookmark: _Toc358052180][bookmark: _Toc358526273][bookmark: _Toc359827134]3.1 General Objective 
[bookmark: _Toc359249474]To investigate the origin of anomalous phenomenon of inverted solvatochromism in cyanine and cyanine similar dyes
[bookmark: _Toc358049190][bookmark: _Toc358052181][bookmark: _Toc358526274][bookmark: _Toc359827135]3.2 Specific Objective
· Study and analyze the solvent effect on absorption spectra of methyl red, methyl orange, brilliant green and methyl violate
· Study and analyze the solvent effect on emission and excitation spectra of methyl red.
· Study concentration effect on the absorption spectra of the methyl violate
· Compute parameters to theoretical explain the observed experimental results
· Suggest the origin of inverted solvatochromism based on experimental and computational results


[bookmark: _Toc358049191][bookmark: _Toc358052182][bookmark: _Toc358526275][bookmark: _Toc359827136][bookmark: _Toc358049192][bookmark: _Toc358052183][bookmark: _Toc358526276]4. EXPERIMENTAL PART
In this work, methyl red, methyl orange, methyl violate and brilliant green were selected for the reasons that all compounds are push-pull substituted π-conjugated systems and therefore they are expected to display distinctive solvatochromic properties. 

[image: ]
[bookmark: _Toc359827137]4.1 Chemicals
Methyl red and methyl violate (analytical grade, Wagtech international Ltd., UK), brilliant green and methyl orange (spectroscopic grade, Sigma-Aldrich, Germany) were used without further purification. Solvents including, Acetonitrile (HPLC grade), chloroform, Toluene, Cyclohexane, Carbon tetra chloride, Tetrahydrofuran, Dichloro ethane, Methyl acetate (GC grade) were obtained  from Sigma-Aldrich, Germany. 1,4-Dioxane and Ethyl glycol (GC grade, Avocado Spain) and Heptane and Benzene from (GC grade, BDH chemical ltd, UK) were used. Distilled water (Chemistry Department, AAU, Ethiopia) was used whenever required.


[bookmark: _Toc358049193][bookmark: _Toc358052184][bookmark: _Toc358526277][bookmark: _Toc359827138]4.2 Methods and Instrument
Steady-state fluorescence spectroscopy: Fluorescence measurements were carried out with a FluoroMax-4 Spectrofluorometer (Jobin Yvon, USA). Each dye was added to the different solvent systems immediately before measurements. In order to avoid the formation of dimmers and self-absorption, in all cases, the sample concentration was adjusted to achieve an absorbance value around 0.1. The emission spectra were recorded up on fixing the excitation wavelength and varying the emission wavelength rang and vise verse. 
The absorption spectrum were taken by a double-beam spectrophotometer (Lambda9-UV-Vis-NIR, PerkinElmer, USA) except for methyl violate in which its absorption spectrum were recorded by a single beam spectrophotometer (Spectronic Genesys, 2pc UV-Vis, USA). In all cases the probe concentration was adjusted to achieve an absorbance value around 0.5.
[bookmark: _Toc358049194][bookmark: _Toc358052185][bookmark: _Toc358526278][bookmark: _Toc359827139]4.3 Computational Methods
[bookmark: _Toc358049195][bookmark: _Toc358052186][bookmark: _Toc358526279]All calculations were performed using the Gaussian 09 program package [35]. A combination of Molecular Mechanics (MM) and Density Functional Theory (DFT) methods were employed to study spectroscopic properties of the mesmeric structures of methyl red. Geometry optimizations of electronic ground state were carried out at MM level, with Universal Force Field (UFF). The graphical view of the structures obtained using GaussView program package [36].
The above optimization done using MM in the presence of solvent based on integral equation formalism polarizable continuum model (IEFPCM). This model represents the solvent as apparent charges spread over the surface of a cavity having the same shape as the solute. It takes into account the electrostatic interactions between these surface charges and the solute in a self-consistent manner. The ground state energy of the polytene and zwiterionic form obtained by using the DFT level with hybrid form of B3LYP exchange-correlation functional and the split valence 6-311G basis set combining with (IEFPCM) solvation model. 


[bookmark: _Toc359827140]5. RESULT AND DISCUSSION
[bookmark: _Toc359827141][bookmark: _Toc358049197][bookmark: _Toc358052188][bookmark: _Toc358526280]5.1. Absorption Spectra of Methyl orange 
The UV-Vis absorption spectra of methyl orange were recorded in various solvents covering a very wide polarity range from non polar Heptane to polar aprotic Acetonitrile as well as polar protic like methanol. The absorption spectra obtained are presented in Figure 8 and their absorption wavelengths of maximum absorption λmax are summarized in Table 1.



Figure 8.		Normalized absorption spectrum for methyl orange in different solvent having 			large polarity difference


Table 1.		Absorption maxima of methyl orange in different solvent with their respective 			polarity function
	Solvent
	Polarity function
	λmax / nm
	Wavenumber / cm-1

	Heptane
	0.0946
	353
	28329

	Benzene
	0.1164
	377
	26525

	Carbon tetra chloride
	0.1188
	367
	27248

	1,4-Dioxane
	0.2833
	398
	25126

	Tetra hydrofuran
	0.2942
	418
	23923

	Methyl acetate
	0.3051
	410
	24390

	Butanol
	0.3747
	416
	24038

	Ethyl glycol
	0.3763
	438
	22831

	Acetonitrile
	0.3929
	418
	23923

	Methanol
	0.3930
	422
	23697

	Water
	0.4052
	465
	21505



The entire electronic absorption band occurs in the spectra regions between (353 - 465) nm. Upon increasing the solvent polarity, λmax shifts to longer wavelength. The maximum shift observed was 112 nm. A shift to longer wavelength, bathochromic (red) shift, of the absorption band with increasing solvent polarity is usually called “positive solvatochromism”. 
Obviously, solvatochromism is caused by differential solvation of the ground and first excited state of the light-absorbing molecule. If with increasing solvent polarity, the ground-state of a molecule is better stabilized by solvation than in the excited state, then positive solvatochromism results [3, 32]. As can be extracted from the Figure 9 and Table 1, upon increasing the solvent polarity, λmax shifts to longer wavelength observed indicating a positive solvatochromism in methyl orange. 
The solvatochromism observed depends on the chemical structure and physical properties of the chromophore and the nature of the solvent molecules. In general, a dye molecule with a large change in their permanent dipole moment upon excitation exhibits a strong solvatochromism. If the solute dipole moment increases during the electronic transition (µg < µe) a positive solvatochromism results [2, 32]. This fact points out that the dipole moment of methyl orange at the excited state is higher than the corresponding dipole moment in the ground state. 
In Two-State-Model assumption, the extent and direction of solvatochromism depends on whether the zwitterionic (betaine) mesomeric structure is more dominantly existed in the ground state or in the excited state [3]. Therefore, in this particular dye zwitterionic mesomeric structure is more dominant in the excited state and the polyene type, which intern is dominant in the ground state. 
[bookmark: _Toc359827142]5.2 Absorption Spectra of Brilliant Green
Similarly, the UV-Vis absorption spectra of brilliant green were recorded in various solvents having large polarity difference. The spectra obtained are presented in Figure 9, and λmax values are summarized the Table 2. 


Figure 9.		Normalized absorption spectrum for brilliant green in different solvent having 			large polarity difference
Table 2.		The absorption maxima λmax value of brilliant green in different solvent with their 			respective polarity function

	Solvent
	Polarity function
	λmax /nm
	Wave number/cm-1 

	Carbon tetra chloride
	0.11878
	636.7
	15706

	Toluene
	0.12641
	638.2
	15669

	1,4-Dioxane
	0.2833
	633
	15798

	Tetrahydrofuran
	0.29422
	631
	15848

	Methylacetate
	0.30507
	628.8
	15903

	Dichloro ethane
	0.32934
	630.4
	15863

	2-methyl-1-propanol
	0.35953
	627.6
	15934

	Butanol
	0.37468
	630.2
	15868

	Ethyl glycol
	0.37632
	632.6
	15808

	Acetonitrile
	0.39286
	625
	16000

	Methanol
	0.39301
	624.8
	16005

	Water
	0.40521
	624.8
	16005



From Figure 9 and Table 2 above, it is evident that the absorption spectra in all the solvents (water, methanol, acetonitrile, ethyglycol, butanol, 2-methyl-1-propanol, dichloroethane, methyl acetate, tetra hydro furan, 1,4-dioxane, toluene and carbon tetra chloride) have similar band shape. It is interesting to note that, n contrary to methyl orange, brilliant green, the observed shift in λmax, as a function the polarity of the solvent, was to shorter wavelength. Such a type of shift - shift to higher energy - is known as negative solvatochromism. The magnitude of the observed shift in brilliant green was smaller than that observed for methyl orange, suggesting that the change in dipole moment (∆µ) is smaller in brilliant green than in methyl orange. Since the resonance parameter c2 is a function (∆µ), i.e. c2 value for brilliant green is, in comparision, nearer to 0.5, suggesting a better charge distribution in the ground state. The observed absorption bandshape in all of the solvent are sharp and intense, further confirming the compound resonance structure is more nearer to cyanine limit. Since compounds near the cyanine limit are characterized by a small geometry difference between the energy minima of the two states, the spectra result in a narrow and share or intense absorption band as observed for brilliant green (Figure 9).
The extent of the solvatochromic shift may be quantified from the slope of the plot of wavenumber (wavelength) versus polarity function using Lippert-Mataga equation.
								(5.1)
The linear correlation of absorption maxima value verses polarity function of the solvent was observed and is depicted in the Figure 10.


Figure 10.		Solvent effect for brilliant green using the equation of Lippert-Mataga for reaction 		field of a solvent
As can see from the Figure 10, the fit of absorption maxima verses polarity function of for ethyl glycol show large deviation from the linearity, which may be due to hydrogen bonding property of the solvent. Hydrogen bonding is a specific interaction, and is not considered in dipolar-interaction approximation of polarity function employed.
[bookmark: _Toc358049198][bookmark: _Toc358052189][bookmark: _Toc358526281][bookmark: _Toc359827143]5.3 Absorption Spectra of Methyl violate
The absorption spectrum of methyl violate were recorded with solvents of different polarity (water, methanol, acetonitrile, dichloro ethane, Methy acetate, tetra hydro furan, 1,4-dioxane, chloroform, toluene, carbon tetra chloride, cyclohexane, and heptane ) at room temperature using quartz cuvette of 1 cm optical path length and concentration was adjusted to achieve absorbance of 0.5. 
The absorption spectra were very sharp, and only a slight solvent induced red shift in λmax was observed (the entire electronic absorption band maxima occur in the spectra range between 593.4-590.4 nm regions). The spectra are depicted in Figure 11 and λmax values are summarized in the Table 3.


Figure 11.		Normalized absorption spectrum for methyl violate in different solvent having 			large polarity difference
Table 3.		The absorption maxima Methyl violate in different solvent with their respective 	polarity function

	Solvents
	Polarity function
	λmax / nm
	Wavenumber / cm-1

	Heptanes
	0.09462
	593.4
	16852

	Cyclohexane
	0.10040
	594.3
	16827

	Carbontetrachloride
	0.11878
	598.8
	16700

	Toluene
	0.12641
	597.6
	16734

	Chloroform
	0.25353
	585.6
	17077

	1,4-dioxane
	0.28330
	604.8
	16534

	Tetrahydrofuran
	0.29422
	592.8
	16869

	Methyacetate
	0.30507
	591.3
	16912

	Dichloroethane
	0.32934
	589.2
	16972

	Acetonitrile
	0.39286
	588.9
	16981

	Methanol
	0.39301
	587.1
	17033

	Water
	0.40521
	590.4
	16938



The observed solvent shift in methylviolate was about 3nm, which is small compared to compounds with pronounced solvatochcomic shift like styryl pyridinium cyanine dye which shows 44 nm shift in λmax [1]. Therefore, it can be assumed that the change in dipole moment in methylviolate is small. This may indicate that the structural change in the HOMO and LUMO energy states of the molecules is not significant, which is typical of compounds the cyanine limit which resulting in a narrow and intense absorption band [16].
The absorption wavenumber maxima observed for methylviolate were plotted verses polarity function using equation of Lippert-Mataga is shown in Figure 12. 


Figure 12.		Solvent effect for methyl violate using the equation of Lippert-Mataga for reaction 	field of a solvent 
According to theory of Dielectric polarization, the larger the dipole difference between the ground and excited state, the larger will also be the solvent induced red shift. Quantitative determination of the dipole difference may be done using the equation below.
					(5.2)
where h is planks constant, c is the speed of light, ṽabs and ṽoabs are the solvent equilibrated absorption maxima and the value extrapolated to gas phase condition, respectively. The superscript "0" indicates the absence of solvent, µe and µg are the excited and the ground state dipole moment, a0 is the radius of the Onsager cavity, Ɛ is the static dielectric constant, n is the index of refraction of the solvent. The approximation used (rigid point dipole in the center of a spherical Onsager cavity) but it neglects polarizability, of the solute by the solvent (those solvent having high polarizing ability).
Since the polarity function does not account for polarizability of the solute, those solvent having high polarizability like carbontetra chloride, chloroform etc. may not be governed with Lippert-Mataga equation. The same is true for 1,4-dioxane in which the solvatochromic shift expected from 1,4-dioxane (Ɛ = 2.25) is different from that of the experimental obtained result. This anomalous solvatochromic property of 1,4-dioxane is discussed the literature [33], which is attributed to quadrapole moment in 1,4-dioxane neglected in dipolar approximation. Thus, the experimental findings differ from the expectation. Similar explanation pattern can be used for solvents with relatively high quadrapole, and at the same time small dipole moments like benzene toluene etc [10]. 
Therefore, one should give due attention in analyzing and interpreting experimental findings using expressions that are based on approximations and models that consider certain special conditions. One such an expression is the Lippert-Mataga equation (Eq. (5.2)), which is derived from a more general Liptay equation [3]. In Lippert-Mataga equation, the polarizability term is neglected for practical purpose, since for applying the Liptay equation one needs additional experimental data, obtaining them require complicated instrumental set-up. The Liptay equation, though the most detailed solvent effect equation to date [3], is also far from being perfect. It is based on the dipolar approximation, and consequently, does not account the higher pole and specific interaction contributions. 
[image: ]
Figure 13.		Solvent effect on the extent of solvatochromism for methylviolate using Eq. (5.2). 	Linear fit (a) without and (b) with data in CCl4
Therefore, extreme case should be taken, when interpreting solvent induced changes (solvatochromism), especially when the extent of the shift in max is small, before coming to conclusion regarding the type and extent of solvatochromism.
In addition to the contribution not considered in Eq. (5.2), concentration effects may contribute to erroneous interpretation of the solvatochromism. In Figure 11, apart from the data listed in Table 3, very sharp peak at longer wavelength observed only for extreme non-polar solvents (toluene (645.0 nm), carbontetrachloride (647.1 nm), cyclohexane (642.6 nm), and heptane (641.7 nm)). Considering these wavelengths as a correct 0-0 transition would lead to the ‘apparent’ reversal of solvatochromism. However, a in the long wavelength band was observed when the concentration of the sample was decreased. Thus, in order to investigate the origin of the peak concentration-dependent UV-Vis absorption measurements was collected. The area normalized spectra (Figure 14) exhibited an isosbestic point, indicating the second band is due the dimer. 


	Figure 14.	Area normalized absorption spectrum of methyl violate in carbon tetrachloride at different concentration (c).
Aggregation (self association) is commonly and frequently encountered phenomenon in dyes with fairly large dipole moments, and results in additional band in absorption spectra mostly in non polar solvents. The reason for this suggestion is based on the usually believed mechanism for the self-aggregation of solutes in non-polar solvents, namely a stronger electrostatic and van der Waals interaction between the solute–solute molecules as compared to solute–solvent molecules [20]. Similarly in the Figure 11 the absorption spectrum of methyl violate in different solvent, the intense and sharp peak at longer wavelength which is observed only in non polar solvent i.e. in (Heptane, Cyclohexane, carbon tetra chloride and Toluene) as compared to polar solvent like (water, acetonitrile, methanol) and medium polar solvents like (1,4-dioxane, tetra hydro furan, methyl acetate), in addition from Figure 14 area normalized spectra in carbontetrachloride, the peak intensity decrease as concentration of the solution decrease even disappears at very dilute solution at (c 6). Similar trained also obtained in toluene and cyclohexane, therefore this peak most likely not arise from monomer rather self association of the dye. 
The isosbestic point found in three of the solvents confirms the presence of two structure in the ground state [22]. Since this peak found at longer wavelength, it is expected that J type of aggregate takes place [19].
[bookmark: _Toc358049199][bookmark: _Toc358052190][bookmark: _Toc358526282][bookmark: _Toc359827144]5.4 Optical Spectra of Methyl red
[bookmark: _Toc359827145]5.4.1 Absorption Spectra of Methyl red
Solvent-dependent changes of UV-Vis absorption spectra of methyl red were recorded in solvents including water, acetonitrile, Methanol, butanol, ethylglycol, Tetrahydrofuran, chloroform, 1,4-dioxane, 1,2-dichloroethane methyl acetate The spectra obtained are depicted in Figure 15 and the corresponding absorption maxima are summarized in the Table 4.

 
Figure 15.		Normalized absorption spectrum for methyl red in different solvent having large 				polarity difference
Table 4.		The absorption maxima of methyl red in different solvents with their respective 	polarity function

	No
	Solvent
	Polarity function
	λmax / nm
	Wavenumber / cm-1

	1
	Heptane
	0.0946
	453
	22075

	2
	Cyclohexane
	0.1004
	456
	21930

	3
	Benzene
	0.1164
	485
	20618

	4
	Carbon tetra chloride
	0.1188
	493
	20284

	5
	1,4-dioxane
	0.2833
	479
	20877

	6
	Tetrahaydro furan
	0.2942
	499
	22371

	7
	Methyl acetate
	0.3051
	493
	20618

	8
	Dichloro ethane
	0.3293
	493
	20284

	9
	Butanol
	0.3747
	493
	20284

	10
	Ethyl glycol
	0.3763
	421
	23753

	11
	Acetonitrile
	0.3929
	492
	20325

	12
	Methanol
	0.3930
	411
	24331

	13
	Water
	0.4052
	469
	21322


The absorption maxima of methyl red in various solvents show first blue-shift in non-polar solvents and successive red shift for medium and polar solvent then unusual spectra shift observed for strong polar solvent (water and methanol) in which reversal of the shift to shorter wavelength were obtained. For instant the steady-state absorption spectra of methyl red shows absorption maxima at 453 nm, 456 nm, and 479 nm in heptane, cyclohexane, and 1,4-dioxane, respectively. However, in ethylene glycol and Methanol the peaks were occurred at 421 nm and 411 nm, respectively.
The effects of solvent polarity function on the absorption maxima of methyl red are presented by means of two linear correlations using Lippert-Mataga equation.


Figure 16.		Linear fit of solvent effect data of methyl red using the equation of Lippert-	Mataga for reaction field of a solvent
It is obvious that such a definition of solvent polarity function cannot be expressed by only with some of an individual physical quantity of solvent such as the relative permittivity and refractive index. It means that multi parameter solvent polarity scale that correlate different solvation factors in one global equation can be used for investigation of magnitude of solute-solvent interactions on molecular and microscopic levels [12, 34]. Hence in the Lippert-Mataga polarity function of solvent do not account for quadrapole moment of the solvent like benzene, 1,4-dioxane clearly observed in Figure 16 that, the linear correlations of polarity function of the solvents using Lippert-Mataga equation and that of absorption maxima in which first negative and then positive dioxane therefore large deviation from linearity were observed.
From the definition of Inverted solvatochromism, it is explained the phenomenon as long wavelength absorption band exhibits first a bathochromic and then a hypsochromic band shift as the solvent polarity increases [2]. The observed absorption maxima of methyl red in different solvent shows similar pattern with anomalous phenomenon of inverted solvatochromism. 
As can be seen from the result, a red-shift of the absorption maxima on the spectra of the molecule was observed in moving from non-polar to medium polar solvents. This indicates that a progressive stabilization of the excited state in contrary to the ground-state in a polar environment [3]. But the spectra shift associated with strong polar solvent such as ethyglycol and methanol, does not fit well to the accepted theory of solvatochromism. In accurate description of solvatochromism, if the spectra probe molecule shifted to longer wavelength as the polarity increases, the trend should persist even in strong polar solvent. However, the observed absorption maxima shifts in strong polar solvent suggest greater stabilization of ground state than excited state. 
The theory behind this phenomenon is a source of greater debate. Some literature suggest inverted solvatochromism, assuming that the resonance molecular structure is modified through solvent polarity from polyene to zwitterionic. But the inter-conversion between these two structures involves interchanging the double and single bonds of the conjugated linker, the largest solvent-induced change in vibrational frequency for any of the predominantly stretching modes is less than 0.5%, implying a force constant change of less than 1% or a change in bond order of less than 0.01. Therefore, the electric field produced by even the most polar solvents is inadequate to produce the large geometric distortions required to change its structure [8], disqualifying the assumption behind “inverted solvatochromism” and thus supporting rather the suggestion that two stable species of methyl red present in the ground state, as indicated in Figure 16.
The overall analysis of Figure 16, there is no single linear correlation between the λmax and polarity function of the solvent. In the contrary, two opposite linear correlations were obtained. The presence of two correlation lines is attributed to the fact that the nature of the absorbing species in non-polar and strong polar solvents is quite different. Therefore, we have considered the possibility of two structural isomers in equilibrium in the ground state, and the equilibrium is influenced with solvent polarity similar to DMABN [10].
[bookmark: _Toc359827146]5.4.2 Fluorescence Spectra of Methyl red
In order to verify whether two ground state species exist, solutions of methyl red were prepared in (water, cyclohexane, methyl acetate, acetonitrile and methanol), and fluorescence measurements were conducted. In all cases the probe concentration was adjusted to achieve an absorbance value around 0.1.
The fluorescence emission and excitation spectra were recorded up on fixing the excitation wavelength and varying the emission wavelength rang and vise verse. The 3D spectra were collected by measuring multiple emission spectra at different excitation wavelengths.
Methyl red in strong polar solvents such as water and in non-polar solvent such as (cyclohexane) showed dominantly only a single emission and excitation spectrum but in the rest of the solvents two excitation and two emission band were obtained (in acetonitrile, the emission (554, 670) nm and excitation peaks (363, 535) nm obtained). 
The λmax of emission and their respective excitation spectrum for each of the solvent is summarized in the Table 5.



Table 5. 	The emission and excitation maxima of Methyl red in different solvent

	Solvent
	Emission λmax /nm
	Excitation λmax /nm

	Cyclohexane
	508 (strong)
	603
	473
	503

	Methyl acetate
	555
	573
	508
	519

	Acetonitrile
	554
	670
	363
	535

	Methanol
	544
	594
	454
	522

	Water
	----
	524
	----
	512



The compound exhibited same shaped emission spectra irrespective of the excitation wavelength, and overlapping excitation spectra were observed for the spectra recorded at varying emission positions. In all other solvents used two distinct emission peaks corresponding to two excitation peaks were observed (Table 5). This observation suggests that the two excitation / emission are coming from two electronic transitions which correspond to polyene and zwitterionic structures. 
What is most striking is that the two bands, based on the intensity of the band denoted ‘weak’ and ‘strong’ resulted in two distinctive solvatochromism in both emission and excitation cases; the ‘weak’ and ‘strong’ bands showed positive and negative solvatochromism. Based on the negative and the single emission band in water, the ;strong’ bands assigned to have arisen from the zwitterionic form of methyl red, since zwitterionic form is more stabilized in polar solvent than in non polar solvent. Similarly, employing the same argument, the ‘weak’ bands are attributed to the polyene form of methyl red.
[bookmark: _Toc358049200][bookmark: _Toc358052191][bookmark: _Toc358526283] 
[bookmark: _Toc359827147]5.5 Computational Results
[bookmark: _Toc358049201][bookmark: _Toc358052192][bookmark: _Toc358526284]The ground state energy of the acidic (polytene) and carboxyl (zwiterionic) form obtained by using the DFT level with hybrid form of B3LYP exchange-correlation functional and the split valence 6-311G basis set combining with (IEFPCM) solvation model after geometry optimizations of each structure using MM level, with Universal Force Field (UFF). 
The theoretical calculated solvation energy values alongside energies the stable polyene and zwitterionic structure in different solvent are summarized in the Table 6.
Table 6.		The energy of the two mesomeric structure of methyl red in different solvents
	Solvents
	Polyene
	Zwitterionic
	E / Eh
	Esolv / Eh

	
	E / Eh
	Esolv / Eh
	E / Eh
	Esolv / Eh
	
	

	Gas
	895.1937
	--
	895.1534
	--
	0.0403
	--

	Cyclohexane
	895.1998
	0.0061
	895.1637
	0.0103
	0.0361
	0.0042

	Methanol
	895.2097
	0.0160
	895.1811
	0.0277
	0.0286
	0.0117

	Acetonitrile
	895.2098
	0.0161
	895.1813
	0.0279
	0.0285
	0.0118

	Water
	895.2103
	0.0166
	895.1820
	0.0286
	0.0283
	0.0120



As can be seen from the Table 6, as the solvent polarity (described through the polarity function) increases, as determined from the magnitude and sign of the solvation energy, Esolv, the stability of increases for polyene and decreases for zwitterionic structures, respectively. This finding strongly supports the experimentally observed solvatochromic trend for polyene (positive solvatochromism) and decreases for zwitterionic (negative solvatochromism) structures. In addition, the energy difference between the two structures is much larger, more than two fold greater than the difference in solvation energy (for example in water, the difference in stability and solvation energies are 0.7673 eV and 0.3307 eV respectively). This in turn implies that the electric field produced by even the strong polar solvents is inadequate to produce the large geometric distortions required to change its structure which confirms that the two structures coexist at electronic ground state. The computational results further confirm the suggestion based on experimental findings that consid-er the presence of two structures in the ground state which is the source of the apparently anomalies inverted solvatochromic behavior of methyl red.
[image: ]
				
[image: ]				Zwitterionic

[bookmark: _Toc359827148]				Polyene
Figure 17.	Optimized structure zwitterionic and polyene form of methyl red by MM 				method with UFF.



6. CONCLUSION
From the experimental observations and that of theoretical calculations, it is clear that inverted solvatochromism observed in absorption spectra arises from two different structures: polyene and zwitterionic structures. This is in contradiction with the explanation patter used by some researchers to explain the anomalous behavior of inverted solvatochromism, according to their suggestion, the polyene form in the cyanine and cyanine like compounds are gradually changed in to zwitterionic structure due to the change in solvent polarity. Their suggestion is only circumstantial and also is not compatible with the very theory of solvatochromism, which presumes the change in dipole moment  to be constant.
The type of solvatochromism and its extent depend on the sign and magnitude of  ( = µe  µg), respectively. Cyanine dyes resonance structure is characterized by an even distribution of charges (c2  0.5), thus they have very small dipole moment change (  0), i.e. the solvent induced absorption/emission maxima change is small. Consequently, the determination of the type of solvatochromism is difficult. In this work, it was shown that it is extremely important to account for the contribution which are neglected, for either mathematical simplification or practical purposes, in the commonly employed solvatochromic equations, including solvent polarizability and non-specific interactions. Furthermore, in determining the max necessary considerations need to be given the effect of concentration effects, since the peak may be due dimerization as shown in this work.
[bookmark: _Toc358049202][bookmark: _Toc358052193][bookmark: _Toc358526285]
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