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CHAPTER 4 

Enhancement of nonlinear optical properties of indole based dyes through 

electron acceptor and π-linker for dye-sensitized solar cell applications  

Abstract 

 

               Six indole based thiazole substituted donor-π-acceptor molecules are designed 

and their nonlinear optical properties (NLO) are evaluated theoretically. Different 

electron withdrawing groups and π-linkers are used to understand their role in tuning the 

NLO properties. The NLO properties of the molecules are analyzed in gas phase and in 

different solvent medium through the dipole moment, static polarizability, first and 

second hyperpolarizabilities. Efficiency of the molecules are studied through HOMO-

LUMO gap, frontier molecular orbitals, light harvesting efficiency, ionization potential, 

electron affinity and reorganization energy for hole and electron. All the dyes show 

maximum absorption wavelength in the visible region. The computed absorption spectra 

are well correlated with the HOMO-LUMO gaps of the molecules. The HOMO-LUMO 

gaps of all the dyes are found to be small, which lead to large NLO response.  Results 

indicate that hyperpolarizability increases with increasing strength of the electron 

withdrawing group.  In addition to the study of nonlinear optical property, we also 

calculate relevant parameters related to photovoltaic cells for two designed dyes which 

emerge suitable for this purpose. Photovoltaic parameters such as electron injection 

efficiency, exciton binding energy, and open circuit photovoltage are evaluated for dye 

sensitized solar cells (DSSC) applications. This study shows that alkyne π-linkers are 

better than the alkene π-linkers for desired applications. Overall, this study highlights the 

optical and photovoltaic nature of the dyes and reveals the influence of different π-linkers 

and electron acceptors in designing new materials for NLO and DSSC applications. 
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4.1. Introduction 

Organic compounds exhibiting strong nonlinear optical (NLO) response have 

become focus of applied research during recent years due to their potential applications in 

the field of optical storage, optical telecommunications, 1-4 high density optical 

materials,5-7 integrated laser medicine,8 fluorescence imaging9 etc. Compared with 

inorganic materials, NLO materials based on organic skeleton are highly preferred,10 

because of their possible advantages such as lower cost, ease of processing, high electro-

optic coefficients and so on.11, 12 Chromophores with large hyperpolarizability together 

with the enhancement of other properties like high yield, robust thermal stability and 

excellent chemical as well as photo stability are of utmost importance in the development 

of efficient NLO materials.13, 14 Such an organic NLO material is usually composed of 

pushpull chromophores. These types of chromophores contain π-conjugated bridge 

which is end-capped by donor (D) and acceptor (A) groups. The role of π-conjugated 

bridge is to provide a route for the ultrafast rearrangement of electric charges under an 

external electric field.15 It is well known that large hyperpolarizability can be achieved by 

modifying the strength of donor and acceptor groups and also with the change in the 

nature and length of π-conjugated bridge.16,17 It is reported that with  increasing strength 

of the electron withdrawing group (EWG)18 and introduction of an additional electron-

rich hetero atom into the donor moiety could effectively enhance the nonlinear optical 

properties.19 The NLO chromophores crafted with thiophene,20 locked phenyltetraene,13 

azo21 and phenyltetraene-based22 bridges are well known. It has been shown that five 

membered heteroatomic rings such as thiophene, pyrrole are superior as bridging groups 

compared to the aryl analogues,23-25 as they significantly increase the electron density of 

the π-conjugated bridge. Logically, connection of a strong donor to an electron rich 

heterocycle and a strong electron acceptor to an electron deficient heterocycle will 

improve NLO response.26 This influences us to design the investigated molecules in the 

present study where we choose thiazole unit as auxiliary π-conjugator. It is well known 

that the presence of thiazole unit in organic system enhances the coplanarity of the 

structure and its imine (–C=N–) group increases the electron accepting tendency.27, 28 

Previous studies have shown that when thiazole is substituted at the acceptor end, 

hyperpolarizability increases in comparison to oxazole and imidazole.25, 29, 30   
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Due to the excitation of photoelectron in a D-π-A system, an extensive charge 

transfer occurs and electron affluent donor unit experiences an intramolecular charge 

transfer to the electron deficient acceptor unit. The charge transfer phenomena in D-π-A 

system on semiconductor surface facilitates the electron injection properties of the 

sensitized dye.31 This type of extensive charge transfer (CT) in such push-pull systems 

enhanced by the conjugation of π-bridge and the degree of non-centrosymmetric charge 

distribution leads to large NLO properties which has direct impact on the DSSC 

efficiency.32  Some studies have revealed that thiazole based π-conjugated chromophores 

can be fabricated for small molecular organic solar cell which shows good power 

conversion efficiency.33,34 So, inclusion of the thiazole unit into the molecule can 

improve the solar cell performance. Therefore, in addition to the study of nonlinear 

optical property, we also calculate some parameters related to photovoltaic cell for dye 

sensitized solar cells (DSSC) applications. 

   In the present work we choose indole as an electron donating group in the D-π-A 

system because of its good electronic and photonic properties.35 There are several reports 

that reveal indole based chromophores possess high NLO 36-38 and photovoltaic  

properties. 39-42 Carboxylic acid is used in the anchoring part for DSSC application 

because of its stability and easy synthesis.43 As hydrogen atom of indole is active, we 

also calculated NLO property of N-methyl indole as donor which can be synthesized 

easily44, 45 and this is compared with the indole donor systems. In this investigation, 

thiazole ring with alkene or alkyne groups is used as π-linker whereas cyanide or 

carboxyl group attached with acrylonitrile is used as electron acceptor (Scheme 4.1). 

There are only a few reports in the literature where alkyne group have been used as π-

conjugated linker which demonstrates high nonlinear response as well as high efficiency 

in organic DSSC.46, 47 In this work, optoelectronic properties of the six newly designed 

molecules are investigated using density functional theory based method. The NLO 

properties of the molecules are analyzed in gas phase and in different solvent medium 

through the dipole moment, static polarizability, first and second hyperpolarizabilities. In 

addition to this, photovoltaic parameters for DSSC application such as electron injection 

efficiency, exciton binding energy and different chemical parameters such as softness, 

hardness, and chemical potential have been explored. Efficiency of the molecules are 
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studied through frontier molecular orbitals (FMO), absorption spectra, light harvesting 

efficiency (LHE), ionization potential (IP), electron affinity (EA) and reorganization 

energy. This work also reports, systematic study of the effect of solvent polarity on 

(hyper) polarizability. The object of the work is to reveal the photophysical and 

photovoltaic nature of the dyes and understand the influence of different π-linkers and 

electron acceptors.  

 

 

Scheme 4.1. Chemical structures of the indole-based dyes. 

 

4.2. Theoretical Background  

 

4.2.1. Nonlinear optical properties (NLO) 

 

A good nonlinear optical (NLO) material has high polarizability and 

hyperpolarizability values. We have calculated static dipole moment (µ), mean 

polarizability (α), first-order hyperpolarizability (β) and second-order hyperpolarizability 

(γ) at the ground state geometry of the designed molecules. Dipole moment and mean 

polarizability was calculated using the following equations:48 

                                                       µ𝐭𝐨𝐭 = √µ𝐱
𝟐 + µ𝐲

𝟐 + µ𝐳
𝟐                 (4.1) 

                                                       𝛂 =
𝟏

𝟑
 (𝛂𝐱𝐱 + 𝛂𝐲𝐲 + 𝛂 𝐳𝐳)                           (4.2) 

             αxx , αyy, αzz are the polarizability tensor components.  

The total first-order hyperpolarizability,48 βtotal can be expressed as: 
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𝛃𝐭𝐨𝐭𝐚𝐥 = [(𝜷𝒙𝒙𝒙  +  𝜷𝒙𝒚𝒚 +  𝜷𝒛𝒙𝒙)
𝟐

+  (𝜷𝒚𝒚𝒚    +  𝜷𝒚𝒛𝒛 +   𝜷𝒚𝒙𝒙 )
𝟐

+ (𝜷𝒛𝒛𝒛    +  𝜷𝒛𝒙𝒙 +

  𝜷𝒛𝒚𝒚 )
𝟐

 ]𝟏/𝟐                              (4.3) 

  βxxx, βxyy, βzxx, βyyy, βyzz, βyxx, βzzz, βzxx and βyyy  are hyperpolarizability tensors along x, 

y and z direction.  

The second-order hyperpolarizability, γtotal
49

  is calculated using equation 4.4. 

𝛄𝐭𝐨𝐭𝐚𝐥 =
𝟏

𝟓
[( 𝛄𝐱𝐱𝐱𝐱 +  𝛄𝐲𝐲𝐲𝐲 +  𝛄𝐳𝐳𝐳𝐳) +  𝟐( 𝛄𝐱𝐱𝐲𝐲 + 𝛄𝐲𝐲𝐳𝐳 +  𝛄𝐳𝐳𝐱𝐱)                 (4.4) 

 

Ionization Potential (IP) and electron affinity (EA) signifies the energy changes of     

removing electron or adding holes and adding electron or removing hole from / to the 

neutral molecule. This can be expressed as:50 

                     𝑰𝑷 =  𝑬𝑪𝒂𝒕𝒊𝒐𝒏 − 𝑬𝑵𝒆𝒖𝒕𝒓𝒂𝒍 and  𝑬𝑨 =  𝑬𝑵𝒆𝒖𝒕𝒓𝒂𝒍 − 𝑬𝑨𝒏𝒊𝒐𝒏 (4.5) 

E denotes energy of the respective molecules. Hole transport reorganization energy (λhole) 

and electron transport reorganization energy (λelectron) are calculated as:51 

 

λhole = λ1 + λ2 = (𝑬𝟎
∗ − 𝑬𝟎) +  (𝑬+

∗ − 𝑬+) 

                                  λelectron= λ3 + λ4 =(𝑬𝟎
∗ − 𝑬𝟎) +  (𝑬−

∗ − 𝑬−)      (4.6) 

Here, E0, E+ and E̶   represent the energy of neutral, cation and anion species in their 

optimized geometries.  E0
 ∗ and 𝐸+/ ̶  

∗ represent energy of neutral and cation / anion species 

with the geometries of the  cation / anion and neutral species. . 

4.2.2. Photovoltaic properties of dye sensitized Solar cell (DSSC) 

 

The efficiency of electron injection process to the surface of conduction band of 

semiconductor and electron accumulation efficiency at the transparent conductive oxide 

electrode regulate the short-circuit current density (Jsc) of DSSC. The efficiency (ɳ) of 

DSSC can be expressed using the following equation:52  

                                                               ɳ =
𝑱𝑺𝑪  𝐅𝐅 𝑽𝑶𝑪

𝐏𝐈𝐍
                                         (4.7) 

    where VOC is the open-circuit photovoltage, which is the potential difference between 

the Fermi level of the electrons in the semiconductor and redox potential of the 

electrolyte. FF is the fill factor and PIN is the input power of incident solar light. The 

short-circuit density (JSC) in DSSC is determined as:53  
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                                     𝑱𝑺𝑪 = ∫
𝛌

 𝐋𝐇𝐄(𝛌) ф
𝐢𝐧𝐣𝐞𝐜𝐭

 ɳ𝐜𝐨𝐥𝐥𝐞𝐜𝐭  dλ                    (4.8)                         

LHE (λ) is light harvesting efficiency, фinject is the electron injection efficiency 

and ɳcollect is the charge collection efficiency. Equation 4.8 describe that, large LHE and 

фinject of the sensitizer, assist to achieve high  JSC  value.  The LHE is described by:54  

                                  𝑳𝑯𝑬 = 𝟏 − 𝟏𝟎−𝑨 = 𝟏 − 𝟏𝟎−𝒇                             (4.9) 

Where A (f) is the absorption (oscillator strength) of the dye. So, larger f value imparts 

higher light harvesting efficiency.  

 фinject is correlated with the free energy change (ΔG), which is linked to the 

electron injection process from the photoinduced excited state of the dye into the TiO2 

surface.54, 55  

 

                                      ф
𝐢𝐧𝐣𝐞𝐜𝐭 

∝ 𝒇 (− ∆𝑮𝒊𝒏𝒋𝒆𝒄𝒕)                                     (4.10) 

                          ∆𝑮𝒊𝒏𝒋𝒆𝒄𝒕 =  𝑬𝒅𝒚𝒆∗ −  𝑬𝑪𝑩 =  𝑬𝒅𝒚𝒆 − 𝑬𝟎−𝟎 − 𝑬𝑪𝑩          (4.11) 

Edye* and Edye are the excited state and ground state oxidation potential energy of the dye. 

ECB
 is reduction potential of TiO2 conduction band. Herein we use, –4.0 eV for TiO2. E0-0 

represents electronic vertical transition energy.56 To achieve high energy-conversion 

efficiency, dye molecules should overcome the binding energy barrier, i.e., dye should 

hold low exciton binding energy (Eb). Eb is determined as:57, 58 

                                           𝑬𝒃 =  𝑬𝒈 −  𝑬𝒙 =  𝑬𝑯−𝑳 − 𝝀𝒎𝒂𝒙                  (4.12) 

Eg is band gap of dye molecule and estimated as the difference of HOMO–LUMO energy 

and EX is the optical band gap and defined as electronic vertical transition energy.  

 

 4.3. Computational Details  

 

All the calculations are performed using Gaussian 09 programme package59 at 

B3LYP/6-311++G(d,p)60 level of theory otherwise stated elsewhere. The ground state 

geometry optimization of the designed molecules are carried out in gas phase and in 

different solvents such as toluene, dichloromethane (DCM), acetonitrile (MeCN), 

dimethylformamide (DMF) and dimethyl sulfoxide (DMSO). Optimization in the solvent 

phase has been done by applying the self-consistent reaction field (SCRF) incorporated in 

the polarizable continuum model (PCM).61, 62 The vibrational frequency analysis of the 
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optimized structure is carried out at the same level of theory. No imaginary frequency 

was found which verify local minima of the optimized structures. To get vertical 

excitation energy at the ground state optimized geometry for the singlet-singlet 

excitation, time dependent density functional theory (TDDFT) calculations are 

performed. For the account of long range correction (LC) in TDDFT calculation the 

hybrid exchange-correlation functional CAM-B3LYP is used.63 Multiwfn 3.3.6 program 

was used to analyze molecular orbital (MO) contributions from the groups of atoms.64  

 

4.4. Results and Discussions  

4.4.1. Geometrical structures 

 

Here, Scheme 4.1 represents indole based molecules with different acceptor 

groups and π-linkers. The optimized geometries of the investigated molecules are given 

in Fig. S1 (Supporting information) and bond parameters are shown in Scheme S1 and 

Tables S1-S7 in the supporting information. Geometrical structure of a molecule is an 

important parameter in regulating its properties. The degree of delocalization influences 

the optical properties of the dye.65 It is anticipated that an efficient dye should have 

coplanarity between the anchoring groups to the bridging unit and donor moiety which 

makes the electron transfer process smooth. With the introduction of alkyne π-linker in 

2b and 2c, the planarity of the compound increases. For all the compounds the dihedral 

angle ф1 which is formed between acceptor group and additional π- linker are nearly 

close to 180o which indicates the planarity of the molecules. The dihedral angle ф4 shown 

in Table S7 found between donor moieties and π-linkers are calculated to be 160.2o, –

163.7o, –162.8o, –10.8o, –2.48o and 179.8o respectively. Compared to other molecules 2b 

and 2c show more planarity which suggests that introduction of the alkyne π-linker 

enhances planarity. Therefore, the calculated geometrical parameters impart that, 

planarity and delocalization of a molecule can be adjusted by varying the π-linkers and 

electron withdrawing groups which are of crucial importance in optoelectronic properties.  

 

4.4.2. Frontier molecular orbitals  
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To gain more information about the molecular structure and electronic 

distribution of these molecules, frontier molecular orbital (FMO) analysis has been 

carried out. Molecular energy level diagram of the dyes are shown in 4.1. FMO theory is 

used to obtain information about the optical property of the organic molecules66-68 and to 

predict the chemical stability of the dye.69 Smaller energy gap (ΔE) between the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 

influences the molecules to absorb light in the higher wave length region.70   Also, 

HOMO-LUMO energy gap is an important parameter for prediction of chemical hardness 

and softness of a molecule.71 High ΔE value reveals chemically hard molecules with high 

stability and low ΔE value indicates less stability, i.e., chemically soft molecule. 

Polarizability increases with the increase of the softness in a molecule which facilitates 

the NLO response.72  Chromophores 1b, 1c and 2c show lower HOMO-LUMO gap 

compared to the other compounds, which indicate that they should exhibit better NLO 

properties. We analyze the frontier molecular orbitals of the investigated dyes, 

represented in Fig. S8 (supporting information) where it is observed that, HOMOs for all 

the dyes are delocalized throughout the molecular framework and LUMOs are more 

concentrated in the acceptor and π-spacer region. Calculated energy values of HOMOs 

and LUMOs in different solvent phases are represented in Table S8 (supporting 

information) which demonstrates positive solvatochromism. From Fig. 4.1 it is seen that 

compound 1a, 2a and 2b have approximately similar energy gaps, which suggest that π-

conjugated linkers involved in this dyes have similar impact in the HOMO and LUMO 

energy levels. Although it has been found that substitution of alkene π-linkers (compound 

1a) by alkyne π-linker (compound 2a) the HOMO-LUMO energy gap increases which is 

also reflected in the geometry of the molecules. The least band gap found for compound 

1c (2.5 eV). The calculated HOMO-LUMO energy gaps of all the dyes are in the range of 

2.5 eV to 2.99 eV. It may be noted that the competitive electron dragging nature of cyano 

group results π-electron delocalization throughout the molecular framework which is 

reflected in the energy level diagram (Fig. 4.1). With the variation of the strength of 

electron withdrawing groups, stabilization of LUMOs become more prominent than that 
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by the HOMOs. Overall, all the investigated dyes have smaller energy gaps. So, the 

studied dyes would exhibit excellent NLO properties.  

 To know more about the electronic property of the molecules, we calculate the 

composition of FMOs, which are presented in Fig. 4.2. Dye molecules have been 

segmented into 4 units- as acceptor, TH (thiazole), π-bridge and donor (indole). From the 

figure it can be found that donor unit stabilizes the HOMO whereas acceptor unit 

stabilizes the LUMO as the composition of the HOMO is dominated by the donor 

fragment. In all dye molecules, TH unit largely stabilizes the LUMO. It is interesting to 

note that in case of alkene substituted dyes, HOMO is more stabilized by π-bridge than 

thiazole ring whereas in case of alkyne substituted dyes reverse order is found. This may 

be due to more planarity achieved between the thiazole unit and π-bridge in case of 

alkyne substituted compounds which are in accordance with the geometrical parameters. 

The N atom of thiazole ring significantly enhances the π-conjugation of these molecules. 

This information helps us in designing molecule with suitable band gap for NLO and 

solar cell applications. 

 

 

Fig. 4.1. Schematic energy level diagrams of the dyes in gas phase, the CB of TiO2, and 

the electrolyte  (I ̶ / I ̶ 3). 
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Fig. 4.2. Composition of frontier molecular orbitals (FMO) of various fragments of the 

indole based dyes (A) Different fragments involved in the calculation of percentage 

contribution to FMOs. (B) FMO composition (%). 

4.4.3. Electron transfer process          

        

             For the desired photovoltaic performance, an appropriate energy band is 

necessary. Efficiency of the dye molecules in DSSC, hence, the electron injection process 

are determined by the electronic energy level of dye molecules which are related to the 

conduction band of the semiconductor surface. For this purpose, we take indole as 

electron donating group, cyanoacrylic acid as electron acceptor group and thiazole as 

additional π-conjugated linker. It is to be noted that for DSSC application, dye molecule 

must hold appropriate anchoring group to adsorb onto the semiconductor surface, 

therefore among the studied molecules, 1b and 2b where carboxylic acid groups are 

present are considered for further study in this direction. In DSSC, a sensitizer dye should 

hold several important properties like; (i) broad absorption spectrum, (ii) high molar 

extinction coefficient, (iii) strong anchoring group for the interaction with semiconductor 

electrode, (iv) appropriate redox potential to match electron injection, (v) HOMO of the 

dye must have low energy than the redox potential of the electrolyte and LUMO of the 
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dye must lie above the conduction band of semiconductor.73-76 For thermodynamically 

spontaneous electron transfer process, LUMO of the dyes should be above the conduction 

band of TiO2 (–4.0 eV) and HOMO of the dye should be below reduction potential of the 

electrolyte I ̶ / I ̶ 
3 (–4.8 eV). The HOMO and LUMO energy of compound 1b and 2b are 

–3.02 eV, –3.21 eV and –5.94 eV, –5.80 eV respectively (Fig. 4.1), which suggest that 

these dyes should give positive response. So, the dyes are capable to inject electron to the 

conduction band and easily restore electrons from the electrolyte in the photo-oxidation 

process. Fig. 4.1 exhibits the relative energy level of the investigated dye, along with 

conduction band of the TiO2   and I ̶ / I ̶ 3 as redox couple.  

 

4.4.4. Absorption properties   

 

Based on the optimized geometries of the compounds, the vertical excitation 

energy of the studied dyes in gas phase and in different solvent phases are calculated 

using CAM-B3LYP/6-311++G (d,p) level of theory. The vertical excitation energy, 

oscillator strength (f), maximum absorption wavelength (λmax), light harvesting energy 

(LHE) were obtained for the lowest six singlet-singlet transition and are tabulated in 

Table 4.1 and Table S9 (supporting information), it has been found that when the π-

bridge of compound 1a is replaced with alkyne π-bridge in compound 2a the absorption 

spectra of the dye molecules in gas phase are blue shifted by 15 nm. This is due to less 

planar structure and high HOMO-LUMO gap of 2a compared to 1a which is discussed 

earlier. The absorption maxima of the designed molecules are red shifted with increasing 

strength of EWG from a→ b → c for both alkene (by 42 nm and 10 nm) and alkyne π-

linker series (by 10 nm and 36 nm). In polar solvent, expected red shift of the absorption 

wavelength is found for all the dyes. This may be ascribed to the lowering the energy of 

HOMOLUMO gap (Table S8) in the polar environment. The highest absorption maxima 

found for compound 1c compare to other studied molecules. Among all the dyes 2a has 

highest excitation energy (3.32 eV) and 1c has lowest excitation energy (2.82 eV) in gas 

phase. All the dyes absorb light in the visible region of the spectrum. For all the cases, the 

absorption band is associated with HOMO → LUMO transition.  
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Light harvesting energy (LHE) is determined by the oscillator strength (f) of 

vertical excitation of the dye which is correlated with the intensity of the absorption 

spectra.54 High oscillator strength gives high LHE which elevates the short circuit current 

density of the molecule.  Calculated results of oscillator strength and light harvesting 

energy of the studied molecules are reported in the Table 4.1 and Table S9. Oscillator 

strength as well as LHE increases with the increase in bond character of the conjugated π-

linker. Alkyne substituted π-linker exhibits highest value of oscillator strength and LHE 

among all the dyes. The order of LHE and f is as follows:   2c > 2b > 2a > 1c > 1b > 1a.  

Table 4.1.   Main electronic transitions, oscillator strength and light harvesting efficiency 

of indole-based dyes in gas phase at CAM-B3LYP/6-311++G(d,p) level of theory.  

Dye Excited 

energy (eV) 

λmax 

(nm) 

f Assignment LHE 

1a 3.19 389 0.9746  H – L  67.18%  0.894 

1b 2.88 430 0.9961 H – L   67.37% 0.899 

1c 2.82 440 1.0021 H – L  67.65% 0.901 

2a 3.32 373 1.1300 H – L  66.63% 0.926 

2b 3.24 383 1.1433 H – L  66.65% 0.928 

2c 2.96 419 1.1570   H - L  67.12% 0.930 

 

4.4.5. Dipole moment  

 

         Dipole moment (μ) of the organic molecule is one of the useful parameters which 

gives information about the charge distribution in the molecule, thereby assists to design 

molecule for optoelectronic applications. Dipole moment of the studied dyes are 

calculated at the B3LYP/6-311++G (d,p) level of theory in gas phase as well as in 

different polar solvents represented in Fig. S9 and Table S10 (supporting information). 

From Fig. S9, it can be found that strong EWG substituted π-acceptor (1c and 2c) 

demonstrates maximum dipole moment of 13.09 Debye and 12.78 D in gas phase. As 

expected the dipole moment successively increases with increasing solvent polarity. In 

DMSO, the dipole moment of 1c is 20.09 Debye.  



 

84 
 

4.4.6. Nonlinear optical properties  

 

Hence, for the assessment of NLO properties of the investigated dyes, linear 

response, i.e., polarizability (α) and nonlinear response, i.e., hyperpolarizability (β and γ) 

need to be evaluated. To investigate the influence of π-conjugated linker and EWG at the 

π-acceptor position α, β and γ values are calculated and results are tabulated in Table 4.2. 

These are graphically represented in Fig. 4.3 and Fig. S10 (supporting information). The 

average polarizability (Δα) (Fig. S10, panel A) of the investigated dyes are found in the 

following order: 2a < 1a < 1b < 2b < 2c < 1c. In most of the cases static polarizability is 

proportional to the dipole moment of the dyes.77 It has been found that with increasing 

the strength of EWG at the π-acceptor region, push-pull effect increases hence Δα 

increases from a → b → c.  

 The second-order hyperpolarizability is connected with intramolecular charge 

transfer (ICT). Charge transfer occurs due to the flow of electron density from D to A 

moieties via π-bridge. When the external electric field interacts with the electron density 

of the molecule, dipole moments alter which influence NLO response.78 It is reported 

that, 1st hyperpolarizability (β) depends on various factors such as, HOMO-LUMO gap, 

intra-molecular charge transfer, π-conjugation length, different substitution etc.24, 79 

Energy gap between HOMO and LUMO has a prominent effect on the 

hyperpolarizability of the molecule. For both alkene and alkyne substituted π-linker series 

with the decrease of HOMO-LUMO gap NLO response enhances. From Fig. 4.1 and Fig. 

S10 (panel B), it has been observed that, β values are inversely proportional to the 

HOMO-LUMO gap. Compound 2c which has perfect planar geometry has highest βtotal 

and γtotal values of 217× 10–30 esu and 540.2 ×10–36 esu. With the substitution of alkene π-

linker by alkyne π-linker, βtotal increases by 16.5× 10–30 esu in gas phase. The least value 

of 121×10–30 esu of βtotal found for compound 1a. From Table 4.2, we found the order of 

the βtotal and γtotal is 1a < 2a < 2b < 1b < 1c < 2c. The higher hyperpolarizability values are 

responsible for electron delocalization of π-electrons. All the calculated results 

demonstrate that NLO property enhances with increasing power of EWG in electron 

acceptor region (a < b < c) and alkyne substituted π-linker is favoured over alkene 

substituted π-linker.  
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 α, β and γ values show an increasing trend with the increase in solvent polarity 

presented in Fig. S10 and Table S10 (supporting information). βtotal values of the studied 

dyes are in the range of 121 × 10–30  esu to 201 × 10–30 esu in gas phase which reaches in 

the range of 495 × 10–30 esu to 999 × 10–30 esu in DMSO. The increment of the 

polarizability and hyperpolarizability values can be assigned to the increase of dipole 

moment in the polar solvent. Polar solvent affects the environment of the NLO 

chromophores. Firstly, the electronic distributions of the incorporated dye molecules are 

changed compared to the gas phase, which is called static reaction field. Secondly, the 

external field is perturbed by the dielectric medium of solvent and local field is 

experienced by the chromophore.80 From Table S10, it has been found that all the 

calculated Δα, β and γ values are much higher. The maximum value of µβ obtained for 

compound 2c of 2782×10–48 esu. µβ value ranges from 1208 ×10–48 esu to 2782 ×10–48 

esu in gas phase and 6528×10–48 esu to 17, 104 ×10–48 esu in solvent phase. Computed 

βtotal value of 1a, 1b, 1c, 2a, 2b and 2c dyes are 326, 522, 541, 370, 423 and 587 times 

greater than the value of urea. Therefore, the results indicate that among all the dyes 2c is 

the most promising candidate for NLO application. 

For comparison between indole and N-methyl indole (Scheme S1, supporting 

information) as donor in the push-pull systems, we have performed the NLO calculation 

at the B3LYP/6-311++G (d,p) level of theory in gas phase. The results indicate that 

methylation of indole ring enhances planarity of the system as the conjugation length 

increases. The energy difference between HOMO and LUMO of N-methyl indole is 

small compare to the indole based donor system which is shown in supporting 

information (Fig. S12). Computed Δα, β and γ value of N-methyl indole dyes are 

tabulated in S11 and presented in Fig. S13 (supporting information). The maximum value 

of βtotal of 257 × 10–30 esu and γ value of 614 × 10–30 esu found for N-methyl indole donor 

systems. So, it can be concluded that suitable substitution at indole moiety can improve 

the NLO property of the system and this also opens up possibilities for future studies.  
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Fig. 4.3. First order hyperpolarizability of indole based dyes studied at the B3LYP/6-

311++G (d,p) level of theory in gas phase.     

 

Table 4.2.  The dipole moment, static polarizability, first and second order 

hyperpolarizability of dyes studied at the B3LYP/6-311+G(d,p) level of theory in gas 

phase.  

 

 

 

 

 

 

 

 

4.4.7. Photovoltaic properties  

 

For the DSSC, dye molecule must hold appropriate anchoring group to adsorb 

onto the semiconductor surface, therefore among the studied molecules, 1b and 2b hold 

the criteria of photovoltaic process. An efficient dye should possess high photo-electric 

conversion efficiency, rapid electron injection efficiency from the excited state of the dye 

to the conduction band of the semiconductor and regeneration of the oxidized dye by the 

electrolyte. For fast electron transfer, low reorganization energy (ΔGreg) is necessary. The 

Molecule µ 

Debye 

Δα 

10-24 esu 

βtotal 

10-30 esu 

         γ 

10-36 esu 

µβ 

10-48 esu 

1a 9.99 46.95 121.00 399.45 1208.79 

1b 9.24 52.73 193.94 501.70 1792.01 

1c 13.09 53.27 200.84 501.78 2628.99 

2a 9.93 46.01 137.49 433.31 1365.28 

2b 10.92 49.63 157.13 470.82 1715.86 

2c 12.78 52.21 217.70 540.2 2782.20 
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ΔGreg can be calculated by the following eqation:  ΔGreg = E(I− I3
−⁄ ) − Edye . For the 

efficient electron injection process from the dye molecule to TiO2 surface   ∆𝐺𝑖𝑛𝑗𝑒𝑐𝑡 

should be negative. Electron injection free enthalpy (ΔGinject), Edye, Edye*, E0-0 and ΔGreg 

are summarized in Table 4.3. Both the compounds show negative value of ΔGinject and 

low reorganization energy. Therefore, the electron injection process is spontaneous and 

there is potential to get higher power conversion efficiency. Results indicate that, dye 2b 

has higher electron injection efficiency than 1b. The exciton binding energy of 1b and 2b 

molecules are very close (0.21 eV and 0.20 eV). The overall efficiency (ɳ) of DSSC 

depends on the open circuit voltage (VOC) as expressed in the equation no. 4.7. The values 

of short-circuit current density (Jsc), fill factor (FF), intensity of the incident solar light 

(PIN) can be obtained from the current – voltage characteristics in the irradiated condition. 

VOC can be expressed by the following expression  e𝑉𝑂𝐶 = ELUMO − ECB .77 This 

expression indicates that, higher value of LUMO energy results higher value of VOC. 

Generally organic dyes experience low value of open circuit voltage due to the electron / 

dye cation recombination.31 In this study we find high open circuit voltage. The 

computed values of eVOC are given in Table 4.3. Results indicate that, dye 2b shows 

higher electron injection efficiency and open circuit voltage. So, we infer that among the 

studied dyes, 2b will show best performance in DSSC applications.  

 

Table 4.3.  Edye* and Edye is  excited state and ground state oxidation potentials, E0-0 

represents electronic vertical transition energy, ΔGinject is electron injection free enthalpy, 

Eb denotes excitation binding energy  and eVOC represents open circuit voltage of the 

studied dyes at the B3LYP/6-311++G(d,p) level of theory in gas phase. 

 

 

 

Dye Edye 

(eV) 

E0-0 

(eV) 

 Edye* 

(eV) 

ΔGinject 

(eV) 

ΔGreg 

(eV) 

Eb 

(eV) 

eVOC 

(eV) 

1b 5.80 2.39 3.41 -0.59 1.00 0.20 0.79 

2b 5.94 2.71 3.23 -0.77 1.14 0.21 0.98 
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4.4.8. Ionization potential, electron affinity and reorganization energy 

  

IP and EA of organic molecules are important tools which provide relevant 

information about the charge transport property and charge injection character of a 

molecule.81
 Adiabatic IP and EA of these six molecules are calculated at B3LYP/6-

311++G(d,p) functional and represented in Table 4.4. The IP and EA of studied dyes are 

in the range of 6.81 eV to 7.29 eV and 1.54 eV to 2.23 eV respectively. It is known that 

molecule with higher EA value shows higher electron transport ability and molecule with 

lower IP value shows higher hole transport ability. Compound 1a has lowest IP value of 

6.81 eV and 2c has highest EA value of 2.23 eV. So 1a and 2c molecules will transport 

hole and electron better than the other molecules. It is interesting to note that with the 

decrease of HOMO-LUMO gap both in alkene and alkyne π-linker substituted systems IP 

values and EA values increase.  

 

Table 4.4. Calculated ionization potentials (IP) , electron affinities (EA), reorganization 

energies (λhole and λelectron), chemical potential (μc.p), chemical hardness (ɳ) and softess (s) 

of the dyes in gas phase at the B3LYP/6-311++G(d,p) level of theory. 

 

 

 

 

 

 

 

Reorganization energy of organic molecule gives idea about the rate of charge 

transport for DSSC application. Smaller the hole transport reorganization energy (λhole) 

better the hole transport material (HTM) and smaller the electron transport reorganization 

energy (λelectron) better the electron transport material (ETM). Calculated values of λhole 

Molecule IP 

(eV) 

EA 

(eV

) 

λhole 

(eV) 

λelectro

n 

(eV) 

μc.p 

(eV) 

ɳ 

(eV) 

s 

(eV) 

1a 6.81 1.54 0.37 0.35 4.23 1.45 0.68 

1b 6.91 2.03 0.32 0.37 4.51 1.29 0.77 

1c 7.06 2.17 0.28 0.30 4.65 1.25 0.8 

2a 7.04 1.58 0.27 0.32 4.35 1.49 0.67 

2b 7.11 2.05 0.26 0.35 4.48 1.46 0.68 

2c 7.29 2.23 0.21 0.28 4.79 1.31 0.76 
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and λelectron are given in Table 4.4 from which we find some significant results, such as 

with the increase in the strength of EWG, λhole values starts decreasing; substitution of 

alkene π-linker by alkyne π-linker, both hole and electron transport properties increases 

and in most of the cases except compound 1a hole transport rate is higher than the 

electron transport rate. Also if we look on the alkene and alkyne π-linker series we find 

chemical hardness decreases whereas chemical potential and softness increase from weak 

EWG to strong EWG. Thus, the present results demonstrate that compound 2c has lowest 

λhole and λelectron values of 0.214 eV and 0.28 eV respectively. This indicates that, 

compound 2c can act as HTM as well as ETM. Compared to 1b and 2b dyes, 2b shows 

low reorganization energy for both hole and electron than 1b dye. So, dye 2b should 

transport charge better for DSSC applications. 

 

4.5. Conclusion 

 

 Extensive theoretical studies on the six newly designed molecules have been 

carried out in search of better NLO materials. We choose different D-π-A systems 

containing –CN and –COOH as electron acceptor group, indole as electron donor and 

thiazole ring with alkene or alkyne as π-conjugator. Our results show that all the studied 

dyes have narrow HOMO-LUMO gap in gas and solvent phases. Dye 2c shows better 

planarity compare to other molecules. With increasing the strength of EWG at electron 

acceptor position, HOMO-LUMO gap decreases for both alkene and alkyne systems. 

From FMO analysis we find that donor unit stabilizes the HOMO, whereas acceptor unit 

stabilizes the LUMO.  Thiazole ring also provides additional stabilization to the LUMO. 

In case of alkene substituted dyes the HOMO is more stabilized by π-bridge than thiazole 

ring and in case of alkyne substituted dyes reverse order is found. Photophysical 

properties of the six compounds are evaluated examining the excited states. TDDFT 

results show that all the dye exhibit λmax in the visible region possessing low transition 

energy, high oscillator strength and LHE value. Maximum absorption wave length is 

found for 1c which is well correlated with the HOMO-LUMO gap. All the investigated 

dyes show large NLO property. Among the studied dyes, 1c has maximum Δα in gas and 
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in DMSO which is proportional to their dipole moments. It has been found that first and 

second-order hyperpolarizabilities are more favoured in alkyne substituted π-linker 

system. Compound 2c shows highest βtotal and γtotal value. Polarizability and 

hyperpolarizability increases with the solvent polarity. The computed βtotal values are 

326-587 times greater than the values of urea. Furthermore, hyperpolarizability increases 

with the increase of strength of EWG. Photo-voltaic property has been calculated for 

compound 1b and 2b. Substitution of alkene π-linker in 1b by alkyne π-linker in 2b, all 

relevant properties for DSSC application like electron injection free enthalpy, LHE, 

dipole moment, open circuit voltage, charge transport character are favoured. This 

improvement assists to obtain high JSC as well as high power conversion efficiency. We 

also find that compound 2c demonstrates lowest λhole and λelectron values. This indicates, 

compound 2c can act both as HTM and ETM. If we look on the series we can see, 

chemical hardness decreases whereas chemical potential and softness increases from 

weak EWG to strong EWG. In all the cases alkyne systems prove better than the alkene 

systems for NLO and DSSC applications. Therefore, as a whole one can conclude that 

these six designed dyes can function as NLO material, among them compound 2c shows 

highest NLO efficiency and 2b demonstrates good photovoltaic property for DSSC 

application. This type of dye can be adsorbed on the surface of the titanium dioxide 

semiconductor and may be considered for future work. These results should be useful to 

design efficient NLO material and organic sensitizer in DSSC application.   
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