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Abstract 

 

As we know that Azobenzene (AB) derivatives are widely used as photo switchable systems 

for various applications. Aromatic azobenzenes are excellent candidates as molecular switches, 

their capability to undergo fast, efficient, and reversible photo-isomerization (transcis). Our 

study focuses on synthesis of symmetrically as well as unsymmetrically halogen substituted 

AB derivatives with the focus on the kinetics of spontaneous cis- to trans- isomerization in the 

presence of visible light. A library of halogen-substituted azobenzenes (ABs) have been 

synthesized and structurally characterized by single crystal X-ray diffraction technique and 

various other spectroscopic technique like IR, NMR, PXRD, DSC after that their solid-state 

interactions has been studied. Halogenated azobenzenes studies herein display fast photo 

switching properties. Kinetics of cis-  trans- isomerization has been studied using UV-VIS 

spectroscopy and the rate constant for this transformation were determined. Theoretical studies 

like Intrinsic Reaction Coordinate (IRC) was followed to establish the transformation TS to 

trans- and TS to cis- isomers. The optimizations of the trans-, cis- isomers and the probable 

transition states were conducted using DFT/B3LYP level of theory and 6-311++G(d,p) as basis 

set. The effect of the solvents (DMSO) were modelled with the polarizable continuum model 

(PCM). Optimization of probable conformers of the cis- isomer and the corresponding 

transition state (TS) were carried out to determine the energy of activation. The Time-

Dependent Density Functional Theory (TD-DFT) calculations were also performed to gain 

insight into the photo-isomerization by comparing the wavelength and the nature of transitions 

observed in the experimental UV-Vis spectra. Our results indicate that the fluorinated 

compounds display better kinetic stability of the cis- isomer compared to the corresponding 

chloro and bromo analogues. 
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1.1Historical Perspective 

The existence of the cis- isomer of azobenzene was first reported in Nature by Hartley in 1937 

in the article entitled “The Cis- form of Azobenzene” a result of their study on the determination 

of the solubility of azobenzene, using a photometric method of analysis.1 They traced an 

increase in the light absorption of standard prepared solution on exposure to UV light. Thus he 

identified, for the first time the photochemical isomerization of azobenzene. Since then the 

photo-isomerization of azobenzene has become an example of unimolecular photochemical 

reaction and through this work cis-trans isomerization by excited state mechanism has been a 

famous subject to investigation for ultra-fast spectroscopy.1 Azobenzene (AB) derivatives are 

widely used as photo switchable systems for various applications.2-5 Most interesting features 

of ABs are their capability to undergo fast, efficient, and reversible photo-isomerization (trans- 

 cis-) without sufficient photo bleaching. The AB moiety is generally incorporated in a wide 

variety of systems due to their useful and versatile nature. Their unique photo-isomerization 

property is utilized for applications in photo-orientation of materials,6-9 photo switching 

properties of materials10,11 and all-optical surface patterning.12-14 AB moiety has a potential 

application in controlling enzyme activities by the incorporation into the biological system.15 

It has been observed that trans- and cis- isomers of AB have different interaction with 

polymerase enzyme. Incorporation of cis- isomer of AB into the DNA sequence results in the 

disruption of duplex formation.16 Thus by incorporating AB unit in the new system one can 

generate systems, which can be triggered by visible light and this strategy can be applied to 

resolve the problems in the chemical dynamics, with biological systems being the explicit 

targets. In addition, researchers are still trying to increase the lifetime of cis – isomer. 

Researchers have reported the lifetime of the cis- isomer up to 6 years.17-22 Synthetic protocols 

have also been reported to synthesize exclusively the cis- isomer.23 

Azobenzenes have two geometrical isomers around N=N like alkenes. The trans- isomer 

energy is more stable than the cis isomer by around 12 Kcal/mol.24 The energy barrier between 

these two states is around 23 Kcal/mol.25 If we irradiate the trans- isomer using UV light of 

wavelength between 320-365nm, it is converted to the cis- isomer (S1←S0 or S2←S0 excitation) 

and the cis- isomer is spontaneously converted to the trans- isomer when irradiated at 400-

450nm (exciting S1 or S2) or by heating. While the trans- azobenzene do not have any dipole 
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moment, cis– isomer, having an angular geometry, has a dipole moment of 3.0 D, and one of 

the rings is flipped to minimize the π-cloud repulsion of one another. This type of 

rearrangement affect the proton nuclear magnetic resonance spectrum (1H NMR), signal of cis- 

isomer appear higher field strength than the trans- isomers due-to the anisotropic effect of the 

π-cloud of the aromatic rings of azobenzene. When the isomerization process occurs then the 

distance between the two carbon atoms in the position 4 of the aromatic rings of azobenzenes 

from 9.0 Å in the transform to 5.5 Å in the cis form (Figure 1.1)26 The azobenzenes in UV-

Visible spectrum having two characteristics absorption bands the first one is π→π*(UV-region) 

and n→π*(Visible region) electronic transitions.27     

         

 Figure 1.1: Photo-isomerization process of azobenzene. 

1.2 Recent developments on azobenzene photo-switching 

In the last couple of decades, many research groups across the oceans have contributed in the 

area related to azobenzene photoisomerization.28-34 While Karanam & Choudhury reported 

structural analysis of halogen substituted Azobenzenes and reported the significance of weak 

interactions in those,28 Zharnikov group have reported the photoisomerization of azobenzene-

substituted thiolates on Au(111) substrate in context of work function variation: the effect of 

structure and packing density.29 Hong-Xing Zhang group theoretically studied the cis-trans 

isomerization mechanism of a pendant metal-bound azobenzene30 and theoretical study of 

substituent and charge effects on the thermal cis-trans isomerization of ortho-

fluoroazobenezenes photoswitches.31 In 2018 Rafal Klajn group reported Reversible 

photoswitching of encapsulated azobenzenes in water and investigated the behaviour of 

azobenzene-the key building block of light controlled molecular machine32 and also published 
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their research work on Supramolecular Control of Azobenzene Switching on Nanoparticals in 

journal of the American Chemical Society.33 Recently Jonathen E. Beves group from School 

of Chemistry, UNSW Sydney Australia reported their work on Visible-light Photoswitching 

by azabenzazoles.34 

1.3 Foreword 

 Based on the literature reports available on azobenzene, we aimed to study and understand the 

kinetic stability of cis-isomer of halogenated azobenzene derivatives. Our study focuses on 

synthesis of symmetrically as well as unsymmetrically halogen substituted AB derivatives with 

the focus on the kinetics of spontaneous cis- to trans- isomerization in the presence of visible 

light. This study may lead to a strategy to develop ABs with kinetically stable cis- isomer in 

solution and in the solid state as well. Herein, we have successfully synthesized a series 

(fifteen) of both symmetrical and unsymmetrical halogen derivatives of azobenzene. We have 

structurally characterized the trans- isomers of azobenzene derivatives by single crystal and 

powder X-ray diffraction technique and studied their photo-isomerization process by UV/Vis 

and NMR spectroscopy. In addition, we have conducted computational study to verify the 

experimental result by density functional theory method and spectral signatures were explained 

by time dependent density functional theory (TD-DFT) using Gaussian09.35 
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CHAPTER 2 

 

 

 

 

 

 

 

 

Methodology 
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2.1 Experimental  

2.1.1 Synthesis 

All the substituted aniline derivatives were purchased from Sigma Aldrich, India, and were 

used without further purification. Solvents and reagents were purchased from Merck 

Chemicals, India, and used as received. All the unsymmetrical azo compounds (1a, 1b, 1c, 2a, 

2b, and 2c) and symmetrical azo compounds (3a, 3b, 3c, 4a, 4b, 4c, 5a, 5b, and 5c) as indicated 

in Scheme S1 and Scheme S2 were synthesized using the procedure reported in the 

literature.36,37                                           

 

                     

 

 

 

 

 

 

 

 

 

 

          Scheme S1: Synthetic Scheme for unsymmetrical Azobenzene 
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Scheme S2: Synthetic Scheme for symmetrical Azobenzenes   

For the synthesis of unsymmetrical (1a, 1b, 1c, 2a, 2b, and 2c) azobenzenes, at first the nitroso 

compound of one aniline was synthesized using oxone, and then second aniline (1 eqiv.) was 

added to the acetic acid solution of nitroso compounds (1.2 eqiv.). The symmetrical azo 

compounds (3a, 3b, 3c, 4a, 4b, 4c, 5a, 5b, and 5c) were synthesized by taking corresponding 

aniline derivatives (2 mmol) and a freshly ground mixture of KMnO4 (1 g) and FeSO4·7H2O 

(1 g) in DCM (20 mL). The reaction mixture was refluxed overnight. Then reaction mixture 

was filtered through Whatman 40 filter paper and concentrated under reduced pressure. The 

obtained crude product from the reaction was purified by flash chromatography on a short silica 

gel (100-200 mesh size) column using hexane as an eluent. . 
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2.1.2 Characterization 

2.1.2(A) Spectroscopic Characterization  

All the compounds were characterized by FT-IR (PerkinElmer Spectrum 2) and [1H and 13C] 

NMR (400 MHz for 1H, 100 MHz for 13C) Bruker ultra shield plus Avance-III NMR 

spectrometer  
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5a                                                                         5b 

 

5c 

Figure 2.1: FT-IR spectrum of all 5 set of compound (1a,1b,1c), (2a,2b,2c), (3a,3b,3c), 

(4a,4b,4c) and (5a,5b,5c) 

 

 

1H, 13C NMR spectrum of 1a 
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1H, 13C NMR spectrum of 1b 

 

  

1H, 13C NMR spectrum of 1c 

Figure2.2: 1H, 13C NMR spectrum of compound 1a,1b,1c. 

 

 
1H NMR spectrum of 2a 
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1H, 13C NMR spectrum of 2b 

 

 

 

1H, 13C NMR spectrum of 2c 

 

Figure2.3: 1H, 13C NMR spectrum of compound 2a,2b,2c 

 

1H, 13C NMR spectrum of 3a 
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1H, 13C NMR spectrum of 3b 

 

 

 

 

 

1H, 13C NMR spectrum of 3c 

Figure2.4: 1H, 13C NMR spectrum of compound 3a,3b,3c. 

 

 
1H, 13C NMR spectrum of 4a 
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1H, 13C NMR spectrum of 4b 

 

 

 
1H, 13C NMR spectrum of 4c 

Figure2.5: 1H, 13C NMR spectrum of compound 4a,4b,4c. 

 

 
 

1H, 13C NMR spectrum of 5a 
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1H, 13C NMR spectrum of 5b 

 
 

1H, 13C NMR spectrum of 5c 

Figure2.6: 1H, 13C NMR spectrum of compound 5a,5b,5c. 
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 NMR analysis of cis-trans- isomerization of all the compounds 

We studied photo-isomerization of all the halogenated azobenene through NMR spectroscopy 

and analysed 1H NMR spectra during our analysis we observed that small peaks along with the 

peaks corresponding to the peaks of the trans- isomer in the aromatic region. To verify we 

irradiated sample by 365 nm UV light and recorded the spectra again and we found that those 

small peaks become prominent. This confirmed that very small amount of the cis- isomer was 

present even in the as synthesized raw material at room temperature. 

        

1H NMR spectra of before (black) and after (brown) irradiation of 1a,1b 

 

1H NMR spectra of before (black) and after (brown) irradiation 1c,2a 
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1H NMR spectra of before (black) and after (brown) irradiation 2b,2c 

  

1H NMR spectra of before (black) and after (brown) irradiation 3a,3b 

 

    

1H NMR spectra of before (black) and after (brown) irradiation 3c,4a 
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1H NMR spectra of before (black) and after (brown) irradiation 4b,4c 

 

     

     

1H NMR spectra of before (black) and after (brown) irradiation 5a,5b 

 

 

1H NMR spectra of 5c before (black) and after (brown) irradiation 

Figure2.7: 1H NMR spectra of of compound (1a,1b,1c), (2a,2b,2c), (3a,3b,3c), (4a,4b,4c) and 

(5a,5b,5c) before (black) and after (brown) irradiation. 
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2.1.2(B) Differential Scanning Calorimetry 

The melting points and melting enthalpies (Table 1) were determined based on DSC (Figure-

2.8) (PerkinElmer DSC 8000) traces recorded at a rate of 5 ºC min-1 under nitrogen 

atmosphere. 

 Table 1. Melting Points of all synthesised compounds from DSC analysis. 

Samples Melting range 

(ºC) 

Enthalpy of melting (J g-1) 

1a 43-46 87.92 

1b 66-69 95.93 

1c 64-67 33.87 

2a 84-87 99.42 

2b 112-114 95.78 

2c 123-126 47.10 

3a 126-130 80.83 

3b 129-131 7.25 

3c 254-256 36.36 

4a 147-150 100.18 

4b 163-166 32.84 

4c 212-214 41.94 

5a 88-91 68.85 

5b 195-197 95.28 

5c 248-250 56.15 
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                                          1a                                                             1b 

 

             

 1c                                                           2a 

 

         

     2b                                                           2c      

            

3a                                                       3b       
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3c                                                        4a        

                                                      

            

                                            4b                                                         4c 

 

                                                 

                                             5a                                                       5b 
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 5c 

Figure2.8: DSC curve for all 5 set of compound (1a,1b,1c), (2a,2b,2c), (3a,3b,3c), 

(4a,4b,4c) and (5a,5b,5c) 

  

2.1.3 Powder X-ray Diffraction Analysis 

 The powder X-ray diffraction (PXRD) data were determined based on Rigaku Ultima IV 

diffractometer with a parallel beam geometry, Cu Kα radiation, 2.5º primary and secondary 

solar slits, a 0.5º divergance slit with a 10 mm height limit slit, sample rotation stage (120 rpm) 

attachment and DTex Ultra detector at a tube voltage of 40 kV and current of 40 mA. The data 

sets were collected over 2θ values ranging from 3º to 50º with a scanning speed of 3º min-1 and 

a 0.02º per step for all compounds. The simulated PXRD spectra were generated using 

Mercury. Raw materials after the purification through column chromatography were ground 

using agate morter and pestle and were used to record the PXRD patterns.  

 

 
Experimental PXRD pattern of 1(a, b, c)       Experimental PXRD pattern of 2(a, b, c)  
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Experimental PXRD pattern of 3(a, b, c) Experimental PXRD pattern of 4(a, b, c). 

 

 

 

Experimental PXRD pattern of 5(a, b, c). 

Figure 2.9 Experimental PXRD pattern for all 5 set of compound (1a,1b,1c), (2a,2b,2c), 

(3a,3b,3c), (4a,4b,4c) and (5a,5b,5c) 
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Experimental (blue) and simulated (red) PXRD pattern of 1a,1b

 

Experimental (blue) and simulated (red) PXRD pattern of 1c,2a 

 

 

Experimental (blue) and simulated (red) PXRD pattern of 2b,2c 
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Experimental (blue) and simulated (red) PXRD pattern of 3a,3b 

 

Experimental (blue) and simulated (red) PXRD pattern of 3c,4a 

      

Experimental PXRD pattern of 4b, Experimental (blue) and simulated (red)  PXRD pattern of 

4c. 
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Experimental (blue) and simulated (red) PXRD pattern of 5a,5b

 

Experimental PXRD pattern of 5c 

Figure 2.10 Experimental (blue) and simulated (red) PXRD pattern of compound (1a,1b,1c) 

(2a,2b,2c), (3a,3b,3c), (4a,4c) and (5a,5b) Experimental (blue) PXRD pattern of 4b,5c 

 

 

2.1.4 Single-crystal X-ray diffraction study 

Crystal Growth, Single crystal data Collection, Structure solution and Refinement  

Good quality crystals were grown from methanol/ethyl acetate or dichloromethane solvents by 

slow solvent evaporation techniques at 4 to 6 ºC, and single-crystal X-ray diffraction data for 

the crystals of compounds 1b, 2a, 2b, 2c, 3b, 4a, and 5b, were recorded using Bruker AXS 

KAPPA APEX-II CCD diffratometer (monochromatic Mo Kα radiation) equipped with Oxford 

cryosystem 700 Plus at 100 K. Data collection and unit cell refinement for the data sets were 

done using Bruker APEX-II suit, data reduction and integration were reduced using SAINT 

V7.685A (Bruker AXS, 2009), and absorption corrections and scaling were done using 
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SADABS V2008/1 (Bruker AXS, 2009). The crystals of compounds 1a, 1c, 3a, 3c, 4c, and 5a 

were recorded using a Rigaku XtaLAB mini diffractometer with Mercury375/M CCD detector, 

Mo-Kα radiation, a sample-to-detector distance of 4.95 cm, and 2θ fixed at 29.85° using the 

CrysAlis Pro software. The 100 K data were collected using Oxford Cryosystem. The crystal 

structure were solved using Olex238  packages using XT,39 and the structures were refined using 

XS.40 Single crystal data and refinement parameters for all these compounds are listed in Table 

2. All hydrogen atoms were geometrically fixed and refined using the riding model. The 

thermal ellipsoid plots and packing diagrams of all molecules are drawn at 50% probability for 

non-H atoms using Mercury41 and are shown with respective atomic labels.  

2.1.5 Photo-isomerization 

2.1.5 (A) Nuclear Magnetic Resonance (NMR) study:  

During the analysis of 1H NMR spectra of the compounds in their trans- isomeric form (as 

synthesized), some small peaks along with the peaks of the trans- isomer in the aromatic region 

were observed. Those small peaks become prominent when the samples were irradiated by 365 

nm UV light. NMR spectra of the freshly irradiated samples were also recorded immediately. 

This confirmed that very small amount of the cis- isomer was present even in the freshly 

prepared trans material at room temperature. 1H NMR spectra of the ABs were taken before 

and after irradiation to get further confirmation for trans-  cis- isomerization upon irradiation 

using 365 nm UV light. Such type of characteristic shift is observed for all the compounds 

reported herein. 

 

2.1.5 (B) UV-Vis Study for Understanding of Kinetic stability 

Photo-switching properties of all the compounds were studied in the solution state by 

irradiating a solution (in DMSO solvent) of the respective compound under UV light (365 nm) 

for 1 - 10 minutes. After the irradiation, it was observed that the trans- isomers were 

transformed to the corresponding cis- isomer. The solution of the cis- isomer was then exposed 

to white light in the laboratory for long hours and the UV-Vis spectrum of the solution was 

measured at regular intervals up to 4 days. The kinetics of transformation of cis-isomer to trans- 

isomer was then studied using a UV-Vis spectrophotometer and the rate constant for this 

transformation was calculated. 
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2.2 Computational Study: 

All the computations have been done using Gaussian 09 program. Gauss View 0542 has been 

used as a graphical interface. The transitions states of these compounds have larger number of 

probable geometries, all the probable geometries of the the transition states (TS) were first 

optimized without any constraints. All the optimized TS geometries showed only one negative 

imaginary frequency vibrating in the directions of the reaction coordinate. The optimizations 

of the trans-, cis- isomers and the probable transition states were conducted using DFT/B3LYP 

level of theory and 6-311++G(d,p) as basis set. The effect of the solvents (DMSO) were 

modelled with the polarizable continuum model (PCM).43  

2.2.1 Intrinsic Reaction Coordinate (IRC) Calculation 

The reaction paths were traced using intrinsic reaction coordinates (IRC) in both forward as 

well as backward direction from all the probable optimised TSs. Intrinsic Reaction Coordinate 

(IRC) was followed to establish the transformation TS to trans- and TS to cis- isomers. A few 

of the transition state geometries do not follow the reaction co-ordinates leading to both cis- 

and trans- isomer as shown by Intrinsic Reaction Coordinates (IRC) .These structures were not 

included for further calculation. There are 2 probable conformers for the trans- and cis- isomers 

of 1(a-c) and 2(a-c), 4 probable conformers for 3(a-c) and 4(a-c) and only one conformer is 

possible for 5(a-c). 

 

 

 

 

 2.2.2 Density Functional Theory calculation 

The cis- and trans- isomers obtained after IRC calculations were optimised further with 

frequency calculation using DFT/B3LYP level and 6-311++G(d,p) basis set  The optimised 

geometry of the probable transition states and the corresponding cis- and trans- isomers of all 

the compounds are shown in the (Table 16). The activation energy for the cis-  trans- 

isomerization was calculated from the energy of the optimized geometries of the conformer of 

the cis- isomer obtained after IRC calculation and the corresponding transition state for most 

of the compounds the fluoro compounds show larger Eact value compared to bromo and chloro 

analogues. 

2.2.3 Time dependent density functional theory calculation 
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Time-Dependent Density Functional Theory (TD-DFT) calculations were conducted to 

compare the wavelength and the nature of transitions observed in the experimental UV-Vis 

spectra. The calculations predict an intense π → π* transition at approximately 355nm for the 

trans- compound involving HOMO and LUMO.  The absorption band for n → π* transition 

around 480 nm for trans- isomer is dipole forbidden as indicated by very low oscillation 

strength (f). This prediction matches quite well with the experimentally observed spectra. On 

the other hand, the cis- compound predicts transitions approximately at 470nm and 300nm 

which represent n → π* and π → π* transitions respectively. The n → π* transition is allowed 

in cis- isomer and the oscillator strength is relatively higher than that in the trans- isomer. The 

intensity of π → π* transition in trans- isomers is greater than cis- isomers. This observation 

also matches well with the experimentally observed spectra of the cis- and trans- compounds. 

Major orbital contributions of the cis- and trans - isomers were calculated for these π → π* and 

n → π* transition  
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3.1 Structural analysis of all 5 sets of halogenated azo-benzenes   

Among the fifteen molecules synthesized, we could structurally characterized thirteen of them. 

The compounds 4b and 5c did not yield suitable single crystals for structure determination. 

3.1.1. Structure of 1(a, b, c)  

In this series of asymmetrical halogenated azobenzene compound 1a. 1-(3-fluorophenyl)-2-

phenyldiazene was crystallized in monoclinic centrosymmetric P21/c space group with Z = 2 

and have CH···F hydrogen bonds44 in the solid-state. We observed pseudo centre of inversion 

disorder in the crystal structure of  trans- isomer of the fluorinated azobenzene 1a. Compound 

1b (1-(3-chlorophenyl)-2-phenyldiazene) and 1c (1-(3-bromophenyl)-2-phenyldiazene) both 

were crystalized in the orthorhombic crystal system, Pca21 space group with Z = 4. Compound 

1b have CH····Cl45 and π····π46 interactions in the solid-state and compound 1c have 

CH····Br,47 CBr····π48 and π····π interactions in the solid-state .(The experimental PXRD 

pattern of these compounds are found to match with the corresponding simulated PXRD pattern 

from the CIF of the single crystal structure solution. it indicates that raw material and 

recrystallized phases were same. Significant intermolecular interaction of these compounds are 

reported herein. 

 

 

1a   1b     1c      

 

                                                               

.                              Figure 3.1. ORTEP of 1a,1b,1c compounds 
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Figure 3.2. H····F interactions in the solid-state in 1a. 

 

            Figure 3.3. H····Cl and π····π interactions in the solid-state in 1b. 

 

Figure 3.4. H····Br, Br····π and π····π interactions in the solid-state in 1c. 
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Table 2. Crystallographic and Refinement data for the compounds 

Samples 1a 1b 1c 2a 2b 

CCDC no. 1952357 1952358 1952359 1952360 1952361 

Empirical formula  C12H9FN2 C12H9N2Cl C12H9BrN2 C12H6F2N2 C12H10N2Cl2 

Formula weight  200.12 216.67 261.12 216.19 251.12 

Temperature/K  100.0(2) 100.0(2) 100.0(2) 296.0(2) 296.0(2) 

Crystal system  monoclinic orthorhombic orthorhombic monoclinic monoclinic 

Space group  P21/c Pca21 Pca21 P21/c P21/c 

a/Å 11.8769(12) 11.9759(2) 11.8827(3) 12.0362(8) 20.3732(5) 

b/Å  5.8555(3) 4.51200(10) 4.5273(1) 5.8230(4) 4.59290(10) 

c/Å  12.2150(14) 18.7655(4) 19.2353(5) 12.2683(10) 11.5971(3) 

α/°  90 90 90 90 90 

β/°  145.347(10) 90 90 145.744(5) 101.723(2) 

γ/°  90 90 90 90 90 

V/Å3  483.02(10) 1014.00(4) 1034.79(4) 483.99(7) 1062.53(5) 

Z  2 4 4 2 4 

ρcalc g/cm3  1.376 1.4192 1.675 1.483 1.5697 

μ/mm-1  0.097 0.340 3.936 0.117 0.579 

F(000)  208 448.7 519  220.0 513.3 

2Θ range for data 

collection/°  
6.032 to 65.396 4.34 to 57.38 3.4 to 32.8 

6.014 

to 50.268 
2.04 to 57.4 

Index ranges  
-16 ≤ h ≤ 16, -8 ≤ 

k ≤ 8, -18 ≤ l ≤ 16 

-16 ≤ h ≤ 15, -2 

≤ k ≤ 6, -24 ≤ l ≤ 

25 

-14 ≤ h ≤ 17, -

6≤ k ≤ 6, -27 ≤ 

l ≤ 27 

-14 ≤ h ≤ 14, -

6 ≤ k ≤ 6, -14 ≤ 

l ≤ 14 

-27 ≤ h ≤ 26, -6 

≤ k ≤ 3, -15 ≤ l ≤ 

15 

Reflections 

collected  
4424 7583 7611 

3865 
7518 

Independent 

reflections  

1585 

[Rint=0.0198, 

Rsigma=0.0217] 

2481  

[Rint = 0.0189, 

Rsigma =0.0222] 

3516 

 [Rint = 0.022, 

Rsigma = 0.03] 

861 

[Rint = 0.0147, 

Rsigma=0.0128] 

2728 

[Rint = 0.0263, 

Rsigma = 0.0345] 

Data/restraints/para

meters  
1585/0/75 2481/1/172 3516/0/264 

861/0/82 
2728/0/145 

Goodness-of-fit on 

F2  
1.094 1.044 1.05 

1.082 
1.049 

Final R indexes 

[I>=2σ (I)]   

R1 = 0.0489, wR2 = 

0.1419 

R1 = 0.0500,  

wR2 = 0.1167 

R1 = 0.0299, 

wR2 = 0.0770 

R1 = 0.0334, 

wR2 = 0.0918 

R1 = 0.0483,  

wR2 = 0.1140  

Largest diff. 

Peak/hole/e (Å-3) 
0.36/-0.26 0.48/-0.38 

0.6/-0.6 0.14/-0.23 
1.62/-0.71 
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Compound No. 2c 3a 3b 3c 

CCDC no. 1952519 1952362 1952363 1952364 

Empirical formula  C12H10.5N2Br2 C12H6F4N2 C12H6Cl4N2 C12H6 Br4N2 

Formula weight  340.02     127.09 320.00 497.83 

Temperature/K  100.0(2) 298.0(2) 296.0(2) 298.0(2) 

Crystal system monoclinic monoclinic monoclinic monoclinic 

Space group  P21/c P21/c P21/c P21/c 

a/Å  21.089(2) 12.152(3) 3.8774(5) 12.570(2) 

b/Å  4.5236(4) 9.341(2) 6.7859(9) 12.6296(10) 

c/Å  11.6930(10) 12.229(3) 23.572(3) 13.341(2)   

α/°  90 90 90 90 

β/°  95.678(8) 157.61(3) 91.221(2) 160.195(11) 

γ/°  90 90 90 90 

V/Å3  1110.08(17) 528.7(3) 620.08(14) 717.6(2) 

Z  4 4 2 2 

ρcalc g/cm3  2.035 1.597 1.7138 2.304 

μ/mm-1  7.272 0.146 0.933 11.199 

F(000)  656.0 256 321.3 464 

2Θ range for data 

collection/°  
3.882 to 49.996 5.534 to 65.582 3.46 to 50 6.452 to 65.632 

Index ranges  
-23 ≤ h ≤ 25, -2 ≤ 

k ≤ 5, -13 ≤ l ≤ 13 

-17 ≤ h ≤ 11, -13 ≤ 

k ≤ 13, -14 ≤ l ≤ 18 

-2 ≤ h ≤ 4, -8 ≤ k 

≤ 7, -27 ≤ l ≤ 27 

-17 ≤ h ≤ 9, -15 ≤ 

k ≤ 18, -6 ≤ l ≤ 18 

Reflections collected  4939 4863 1933 4548 

Independent reflections  

1933  

[Rint = 0.0327, 

Rsigma = 0.0255] 

1844 

[Rint = 0.0338, 

Rsigma = 0.0380] 

1049 

[Rint = 0.0359, 

Rsigma =    0.0278] 

2414 

[Rint = 0.0323, 

Rsigma = 0.0546] 

Data/restraints/paramet

ers  
1933/0/145 1844/0/83 1049/0/82 2414/0/82 

Goodness-of-fit on F2  1.106 1.026 1.069 1.098 

Final R indexes [I>=2σ 

(I)] 

R1 = 0.0654,  wR2 

= 0.1681   

R1 = 0.0659, wR2 = 

0.1878 

R1 = 0.0227,  wR2 

= 0.0628 

R1 = 0.0783, wR2 

= 0.2213 

Largest diff. 

Peak/hole/e (Å-3) 
2.17/-2.08 

0.37/-0.24 
0.27/-0.22 0.81/-1.02 

 

 

 



40 

 

Compound No. 4a 4c 5a 5b 

CCDC no. 1952365 1952366 1952367 1952368 

Empirical formula  C12H8N2F4 C24H12Br8N4 C12H6F4N2 C12H6Cl4N2 

Formula weight  254.19 995.66 254.19 320.00 

Temperature/K  296.0(2) 298.0(2) 200.0(2) 100.0(2) 

Crystal system monoclinic monoclinic monoclinic monoclinic 

Space group  P21/c P21/c P21/c P21/c 

a/Å  3.7549(12) 17.645(2) 3.8151(3) 13.749(3) 

b/Å  6.1126(15) 4.0942(7) 6.0756(6) 3.7695(8) 

c/Å  21.725(6) 17.898(3) 23.1225(14) 15.209(4) 

α/°  90 90 90 90 

β/°  91.329(10) 147.706(15) 93.759(7) 128.475(3) 

γ/°  90 90 90 90 

V/Å3  498.5(3) 690.8(2) 534.80(7) 617.1(3) 

Z  2 1 2 2 

ρcalc g/cm3  1.6933 2.393 1.579 1.7220 

μ/mm-1  0.155 11.633 0.145 0.938 

F(000)  256.2 464.0 256 321.3 

2Θ range for data 

collection/°  
6.92 to 49.98 

5.388 to 55.072 
3.5 to 32.7 3.78 to 50 

Index ranges  
-1 ≤ h ≤ 4, -4 ≤ k 

≤ 4, -25 ≤ l ≤ 5 

-22 ≤ h ≤ 22, -4 

≤ k ≤ 5, -23 ≤ l ≤ 

23 

-5 ≤ h ≤ 5, -7 ≤ k ≤ 

8, -32 ≤ l ≤ 35 

-16 ≤ h ≤ 16, -4 ≤ k 

≤ 2, -18 ≤ l ≤ 16 

Reflections collected  420 4594 4871 2902 

Independent reflections  

283  

[Rint = 0.0719, 

Rsigma = 0.0591] 

1560 

 [Rint = 0.0653, 

Rsigma = 0.0693] 

1836 

 [Rint = 0.036, 

Rsigma =  0.05] 

1070 

 [Rint = 0.0217, 

Rsigma =   0.0233]  

Data/restraints/paramete

rs  
283/0/37 

1560/0/82 
1836/0/82 1070/0/82 

Goodness-of-fit on F2  1.050 1.094 1.05 1.058 

Final R indexes [I>=2σ 

(I)] 

R1 = 0.0448,  wR2 

= 0.1074 

R1 = 0.0792, wR2 

= 0.2493 

R1 = 0.0517, wR2 = 

0.1599 

R1 = 0.0253,  wR2 = 

0.0679 

Largest diff. Peak/hole/e 

(Å-3) 
0.21/-0.24 

1.51/-1.24 
0.2/-0.3 0.30/-0.34 
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Table 3. Interactions in the solid state in the crystal structures 

Serial 

no 
DH···A D(D···A)/Å d(H···A)/Å 

D–

H···A/o 
SYMMETRY 

1a C4 H4 ···F1   3.360 2.469 134.10 1-x,1-y,-z+2 

1b C2  H2···Cl1 3.664 2.810 135.89    x + ½, 1 -y, z 

 C7 H7···N9 2.744 2.521 90.05 x, y ,z 

 C11  H11···N8 2.705 2.584 84.61   x, y, z 

1c C10 H10 ···Br1   3.421 3.5463 132.21 1-x, 1-y,+z+½ 

2b C5  H5···N1 2.742 2.494 91.38 x, y, z 

C8  H8···N2 2.744 2.505 90.93 x, y, z 

2c C6 H6···N1 2.739 2.508 90.50 x, y, z 

C9 H9···N2 2.714 2.470 91.04 x, y, z 

3a C6 H6···N1 2.701 2.445 91.63 2 - x, 1 - y, 1 -z 

C4 H4 ···F1   3.399 2.547 135.14 x- ½,-y+ ½,+z+ ½ 

C3 H3···F2 3.360 2.593 127.37 -x+ ½,+y- ½,-z+ ½+1 

3b C2 H2···N1 2.697 2.430   92.18 -x, 1-y, 1-z 

3c C6 H6···N1 2.659 2.396 91.81 2-x, 1-y, 1-z 

4a C5 H5···N1 2.730 2.434 93.98 2-x, -y,  2- z 

C6 H6···F2 3.401 2.578 132.38 x-1, y+1,+z 

C2 H2···F1 3.213 2.542   119.46 1-x, y-½, -z+½+1 

4c C9 H9 ···N3 2.698 2.426 92.47 1-x,-y,1-z 

5a C5 H5···F2 3.361 2.520 134.03 x-1, y+1, z 

C8 H8···F1 3.401 2.494 140.92 1-x, y-½, -z + ½+1 
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3.1.2 Structure of 2(a, b, c) 

All three compound 2a (1-(3-fluorophenyl-2-(4-fluorophenyl)diazene), 2b (1-(3-chlorophenyl-

2-(4-chlorophenyl)diazene) and 2c (1-(3-bromophenyl-2-(4-bromophenyl)diazene) were 

crystallized in monoclinic centrosymmetric P21/c space group but for compound 2a, Z = 2 and 

for 2b and  2c, Z = 4 . The compound 2a displayed different static disorder across the –N=N– 

bond.  The crystal structure of 2b contains CCl···ClC,49 while 2c displays CBr···BrC49 

interactions. 2b and 2c exhibits Type II halogen···halogen interaction49 where θ1 (= 95.09° and 

100.32°) and θ2 (= 166.07° and 167.43°) are close 90° and 180° (θ1 – θ2  30o). The 

experimental PXRD pattern of 2(a, b, c) is found to match with the corresponding simulated 

PXRD pattern from the CIF of the single crystal structure solution. 

     

2a     2b    2c  

                                  Figure 3.5. ORTEP of 2a, 2b, 2c compounds.    

 

Figure 3.6. Type –II and π····π interactions in the solid-state in 2b. 

 C5 H5···N3 2.712 2.464 91.28 -x, 1-y, 1-z 

5b C4 H4 ···Cl1   3.816 2.893 143.55 -x,-y,1-z 

C6 H6···N1 2.710 2.459 91.42 1-x,1-y,1-z 

C6 H6 ···Cl2 3.539 2.905 117.68 - x + ½,+y- ½,-z + ½ 
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Figure 3.7. Type –II and π····π interactions in the solid-state in 2c. 

3.1.3. Structural analysis of 3a, 3b and 3c 

All three compound 3a (bis(2,5-difluorophenyl)diazene), 3b (bis(2,5-dichlorophenyl)diazene) 

and 3c (bis(2,5-dibromophenyl)diazene) were crystallized in monoclinic centrosymmetric 

P21/c space group although 3a has Z = 4 while 3b and 3c has Z = 2 (Z′ = 0.5). These 

symmetrical molecules possessing an inversion centre and the crystallographic centre of 

inversion coincided with the molecular centre of inversion laying at the midpoint of the -N=N- 

bond. The ORTEPs ABs are shown herein. In the crystal structure of 3a  CH····F and π····π 

interactions were observed. The crystal structure of 3b contains Type I CCl···ClC 

interaction where θ1 = θ2 (= 144.48°). The experimental PXRD pattern of all 3(a, b, c) is found 

to match with the corresponding simulated PXRD pattern from the CIF of the single crystal 

structure solution.  

 

    

3a                                 3b     3c 

Figure 3.8. ORTEP of 3a, 3b, 3c compounds. 
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Figure 3.9. H····F and π····π interactions in the solid-state in 3a. 

 

Figure 3.10. Type –I and π····π interactions in the solid-state in 3b. 

 

Figure 3.11. H····Br and π····π interactions in the solid-state in 3c. 

3.1.4. Structural analysis of 4a and 4c 

Compound 4a (bis(2,4-difluorophenyl)diazene) and 4c (bis(2,4-dibromophenyl)diazene) were 

crystallized in the monoclinic centrosymmetric P21/c space group with Z = 2 for 4a and Z = 1 

for 4c. The compounds 4b did not yield suitable single crystals for structure determination. 4a 

and 4c possessing an inversion centre, and the crystallographic centre of inversion coincided 

with the molecular centre of inversion laying at the midpoint of the -N=N- bond. Significant 

intermolecular  CH····F interactions in the solid-state was observed in 4a. The experimental 
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PXRD pattern of both 4(a, c) are found to match with the simulated PXRD pattern from the 

CIF of the single crystal structure solution. 

 

                          4a                                                                   4c 

                                         Figure 3.12. ORTEP of 4a, 4c compounds. 

 

 

Figure 3.13 H····F interactions in the solid-state in 4a. 

3.1.5. Structural analysis of 5a and 5c  

Compound 5a (bis(3,5difluorophenyl)diazene) and 5b (bis(2,4-dichlorophenyl)diazene) were 

crystallized in monoclinic centrosymmetric P21/c space. The compounds 5c (bis(3,5-

dibromophenyl)diazene) did not yield suitable single crystals for structure determination. Both 

5a and 5b possessing an inversion centre with Z = 2, and the crystallographic centre of 

inversion coincided with the molecular centre of inversion laying at the midpoint of the N=N 

bond. The ORTEPs of 5a and 5b are shown herein. Significant CH····F and π····π interactions 

in the solid-state in 5a, CH····Cl and CH····N interactions in the solid-state in 5b was 

observed. The experimental PXRD pattern of both 5(a, b) are found to match with the simulated 

PXRD pattern from the CIF of the single crystal structure solution 
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5a        5b 

Figure 3.14. ORTEP of 5a, 5b compounds. 

 

Figure 3.15 H····F and π····π interactions in the solid-state in 5a. 

 

Figure3.16 H····Cl and N····Cl interactions in the solid-state in 5b.  

3.2: UV-VIS analysis of cis-/trans- isomerization of all the 

compounds 

The results of kinetic study of cis- to trans- isomerization of the fifteen compounds by UV-Vis 

study are listed in the Table 13. UV-Vis spectrum of the compound are shown herein. The 

absorption spectrum of the trans- isomers exhibited π → π* transitions at ~320-330 nm (For 

4b and 4c the transition at around 350 nm) whereas very weak n → π* transitions appeared at 

~450-460 nm. After irradiation by 365 nm UV light, the compounds have shown shifting of π 

→ π* transitions below 330 nm with a large reduction in intensity of the peak while the weak 

n → π* transitions shifted below 440 nm. All the ABs exhibited hyper chromic shift both in 

the π → π* and in the n → π* region. It has been observed that n → π* is greatly affected due 

to the N=N bond orbital involvement during photo-isomerization.38 UV-Vis spectra of all 

the compounds show complete conversion of trans- isomers to cis- isomers. The cis- isomers 

have been found to remain unaltered for long time (few hours) if kept in the dark and below 4 
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oC in a refrigerator. When the solutions were exposed to the visible light in the laboratory, 

spontaneous cis-  trans- isomerization was observed at different rate and approximately 15-

30% of cis– isomer was found to remain unconverted even after exposure to visible light for 

several days (except for compounds 3(c), 4(c), 5(b) and 5(c)) .All the compounds followed first 

order kinetics. The rate constants (k) were calculated using standard procedure (Table 13). All 

the kinetic data were reproduced twice.  

   

  (a)          (b)     (c) 

Figure 3.17: Time evolution of the UV-Vis spectra of (a) 1a (10-5 M), (b) 1b (10-5 M) and (c) 

1c (10-5 M). 

     
(a)          (b)     (c) 

Figure 3.18: Time evolution of the UV-Vis spectra of (a) 2a (10-5 M), (b) 2b (10-5 M) and (c) 

2c (10-5 M). 

     
(a)         (b)     (c) 

Figure 3.19: Time evolution of the UV-Vis spectra of (a) 3a (10-5 M), (b) 3b (10-5 M) and (c) 

3c (10-5 M). 
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(a)         (b)     (c) 

Figure 3.20: Time evolution of the UV-Vis spectra of (a) 4a (10-5 M), (b) 4b (10-5 M) and (c) 

4c (10-5 M). 

     

(a)         (b)     (c) 

Figure 3.21: Time evolution of the UV-Vis spectra of (a) 5a (10-5 M), (b) 5b (10-5 M), (c) 5c 

(10-5 M). 

Table 4: Rate constants and % of unconverted cis- isomers. 

Samples Rate constant 

(k) (min-1) 

Unconverted 

% of cis- after 4 days 

1a 2.11×10-2 21.1 

1b 2.83×10-2 20.7 

1c 2.8×10-2 18.3 

2a 1.68×10-2 22.82 

2b 2.88×10-2 21.5 

2c 3.17×10-2 16.6 

3a 1.62×10-2 33.3 

3b 1.98×10-2 22.0 

3c 2.01×10-2 0 

4a 3.35×10-2 31.9 

4b 4.0×10-2 16.6 

4c 4.51×10-2 0 



49 

 

5a 1.08×10-2 18.1 

5b 1.73×10-2 0 

5c 2.52×10-2 0 

 

 

Figure 3.22. Kinetic study of the compounds. 

Table 5. Azo compounds with their λmax values for π → π* and n → π* transitions. 

Samples trans-isomer cis-isomer 

λmax (nm) for π 

→ π* 

λmax (nm) for n 

→ π* 

λmax (nm) for π 

→ π* 

λmax (nm) for 

n → π* 

1a 322.0 445.0 320.0 433.0 

1b 324.0 446.0 318.0 434.0 

1c 323.0 445.0 308.0 430.0 

2a 324.0 445.0 320.0 430.0 

2b 330.0 445.0 325.0 433.0 

2c 333.0 434.0   # 432.0 

3a 338.0 450.0   # 420.0 

3b 320.0 468.0 315.0 430.0 

3c 320.0 455.0 300.0 430.0 

4a 336.0 446.0 317.0 422.0 

4b 350.0 460.0   # 430.0 

4c 356.0 463.0 360.0 435.0 

5a 318.0 449.0 317.0 429.0 

5b 322.0 452.0 320.0 426.0 
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5c 325.0 444.0 324.0 432.0 

 # No peak was observed 

3.3 Theoretical Calculations 

The transitions states of these compounds have larger number of probable geometries (Table- 

6). The optimised geometry of the probable transition states and the corresponding trans- and 

cis- isomers of all the compounds are shown in the (Table-7). There are 2 probable conformers 

for the trans- and cis- isomers of 1(a-c) and 2(a-c), 4 probable conformers for 3(a-c) and 4(a-

c) and only one conformer is possible for 5(a-c). The resultant trans- isomers were compared 

with the geometry of the trans- isomer observed in the crystal structure (for 13 compounds). 

Energy value of optimized geometry of all possible cis-, trans-, TS in (Table -8). We calculated 

the activation energy (Eact) for trans-  cis- (Etrans-TS) and cis-  trans- (Ecis-TS) 

isomerization from the energy of the optimized geometries of the  conformer obtained after 

IRC calculation and the corresponding transition state for all the possible optimized geometries 

of trans- and cis- isomers (Table 9). For most of the compounds the fluoro compounds show 

larger Eact value compared to bromo and chloro analogues. Bond Length (Å) and bond angles 

(º) torsional angle (º) of the all possible cis- and trans- compounds are shown in (Table 10).   

We used optimized geometry for TD-DFT calculation to compare the wavelength and the 

nature of transitions observed in the experimental UV-Vis spectra. 

Table 6. Input and optimized geometries of the Transition States 

Sample ID TS Input Geometries TS Optimized Geometries 

1a1 

  

1a2 

  

1a3  
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1a4 

 

 

 

1b1 

  

1b2 

  

1b3 

  

1b4 

  

1c1 

  

1c2 

  

1c3 
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1c4  

 

 

2a1 

 
 

2a2 

 
 

2a3  

 

 

2a4  

 

 

2b1 

 

 

2b2 

  

2b3 

 

 
 

2b4 
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2c1 

 
 

2c2 

  

2c3 

 

  

2c4 

 

 

 

3a1 

 
 

3a2 

  

3a3 

  

3a4 

  

3b1 

  



54 

 

3b2 

  

3b3 

 
 

3b4 

 
 

3c1 

 

 

3c2 

  

3c3 

  

3c4 

  

4a1 
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4a2 

  

4a3 

  

4a4 

  

4b1 

  

4b2 

  

4b3 

  

4b4 

  

4c1 

  

4c2 
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4c3 

  

4c4 

  

5a 

  

5b 

  

5c 

  

 

Table 7: Probable TS and corresponding optimized Cis and Trans Geometries  

 

Sam

ple 

ID 

Trans Geometries 

obtained from TS after 

IRC (Optimized) 

Probable TS Geometries 

(Optimized) 

Cis Geometries 

obtained from TS after 

IRC (Optimized) 

1a1 

   

1a2 

   

1a3  

# 

 

 

# 
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1a4  

# 

 

 

# 

1b1 

  
 

1b2 

 
  

1b3 

 
  

1b4 

 
  

1c1 

   

1c2 

 
 

 

1c3 

   

1c4  

# 

 

 

# 
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2a1 

   

2a2 

 
 

 

2a3  

# 
 

 

# 

2a4  

# 

 

 

# 

2b1 

 
  

2b2 

 
 

 

2b3  

# 

 

 

# 

2b4  

# 

 

 

# 

2c1 
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2c2 

 

 
 

2c3  

# 

 

 

# 

2c4  

# 

 

 

# 

3a1 

 

  

3a2 

   

3a3 

   

3a4 

   

3b1 
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3b2  

# 

 

 

# 

3b3  

# 
 

 

# 

3b4 

   

3c1 

   

3c2  

# 

 

 

# 

3c3  

# 

 

 

# 

3c4 

   

4a1 
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4a2 

  
 

4a3 

   

4a4 

   

4b1 

 

 
 

4b2 

 
  

4b3  

# 

 

 

# 

4b4  

# 

 

 

# 

4c1 

   

4c2  

# 

 

 

# 
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4c3  

# 

 

 

# 

4c4 

 
  

5a 

 
  

5b 

 

  

5c 

 
  

# These transition states did not yield any corresponding cis/trans geometry in IRC calculation 

Table 8. Energy value of optimized geometry of all possible cis-, trans-, TS. 

Sample ID 

  

Cis Energy 

(Kcal/mol) 

Trans Energy 

(Kcal/mol) 

 TS Energy           

(Kcal/mol) 

1a1 
    -

421691.6326 -421705.6691 -421667.3785 

1a2 -421691.6012 -421705.8725 -421667.4789 

1b1 -647814.9768 -647828.9016 -647790.6599 

1b2 -647815.049 -647829.0347 -647790.7685 

1b3 -647815.0709 -647828.8489 -647792.2105 

1b4 -647815.0119 -647829.211 -647792.2889 

1c1  -1974300.7 -1974314.686 -1974276.448 

1c2 -1974300.768 -1974314.78 -1974276.52 

1c3 -1974300.722 -1974315.031 -1974278.177 

2a1 -483988.5406 -484002.8909 -483963.4418 

2a2 -483988.5525 -484003.1456 -483963.509 

2b1 -936235.3174 -936249.4305 -936212.494 



63 

 

2b2 -936235.3124 -936249.6075 -936212.4984 

2c1 -3589206.72 -3589220.726 -3589183.938 

2c2 -3589206.693 -3589220.767 -3589183.926 

3a1 -608574.9909 -608585.6145 -608550.7625 

3a2 -608575.4948 -608589.3086 -608551.6391 

3a3 -608575.4346 -608589.6619 -608551.5889 

3a4 -608575.001 -608587.2379 -608550.7236 

3b1 -1513070.789 -1513083.406 -1513047.24 

3b4 -1513070.772 -1513083.47 -1513047.291 

3c1 -6819014.215 -6819026.001 -6818990.354 

3c4 -6819013.874 -6819026.374 -6818990.351 

4a1 -608576.3419 -608588.7539 -608550.8579 

4a2 -608576.2899 -608586.6787 -608550.0942 

4a3 -608575.8606 -608588.8505 -608549.9129 

4a4 -608576.2767 -608591.3436 -608550.8792 

4b1 -1513070.758 -1513083.818 -1513047.977 

4b2 -1513070.652 -1513084.36 -1513046.988 

4c1 -6819014.2 -6819026.656 -6818990.28 

4c4 -6819014.033 -6819026.669 -6818990.565 

5a -608579.8258 -608594.0525 -608557.3839 

5b -1513073.035 -1513087.032 -1513050.429 

5c -6819015.905 -6819029.93 -6818993.588 

 

Table 9. Energy difference (Cis – Trans), activation energies Eact(trans- to TS) and Eact(cis- to TS)   

Sample ID 

  

  (Cis-Trans) 

   (Kcal/mol) 

Eact(trans- to TS) 

(Kcal/mol) 

Eact(cis- to TS) 

(Kcal/mol) 

1a1    14.036 38.290 24.254 

1a2 14.271 38.393 24.122 

1b1 13.924 38.241 24.316 

1b2 13.985 38.266 24.280 

1b3 13.778 36.638 22.860 

1b4 14.199 36.922 22.723 

1c1  13.985 38.237 24.252 

1c2 14.011 38.259 24.248 

1c3 14.308 36.853 22.545 

2a1 14.350 39.449 25.098 

2a2 14.593 39.636 25.043 

2b1 14.113 36.936 22.823 

2b2 14.295 37.109 22.814 

2c1 14.006 36.788 22.782 

2c2 14.073 36.840 22.766 

3a1 10.623 34.851 24.228 

3a2 13.813 37.669 23.855 

3a3 14.227 38.072 23.845 

3a4 12.236 36.514 24.277 

3b1 12.617 36.166 23.549 

3b4 12.698 36.179 23.480 

3c1 11.785 35.647 23.861 
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3c4 12.499 36.022 23.523 

4a1 12.411 37.895 25.484 

4a2 10.388 36.584 26.195 

4a3 12.989 38.937 25.947 

4a4 15.066 40.464 25.397 

4b1 13.060 35.840 22.780 

4b2 13.707 37.372 23.664 

4c1 12.456 36.376 23.919 

4c4 12.635 36.103 23.468 

5a 14.226 36.668 22.441 

5b 13.997 36.602 22.605 

5c 14.025 36.342 22.317 
 

Table 10. DFT calculated parameters of all different conformers. 

Sample 

ID 

cis isomer trans isomer 

R 

(N1=N2) 

(Å) 

A 

(N=NC) 

(°) 

D 

(CN=NC) 

(°) 

R 

(N1=N2) 

(Å) 

A 

(N=NC) 

(°) 

D 

(CN=NC) 

(°) 

1a1 1.24 123.80 9.43 1.25 115.34 179.95 

1a2 1.24 124.03 9.11 1.25 115.39 179.98 

1b1 1.24 123.78 9.37 1.25 115.29 179.88 

1b2 1.24 124.00 9.07 1.25 115.46 179.99 

1b3 1.24 124.02 9.08 1.25 115.31 179.98 

1b4 1.24 124.03 9.44 1.25 115.43 179.85 

1c1  1.24 123.96 9.37 1.25 115.31 179.99 

1c2 1.24 124.01 9.12 1.25 115.49 179.88 

1c3 1.24 123.82 9.46 1.25 115.47 179.94 

2a1 1.24 124.02 9.50 1.25 115.38 179.75 

2a2 1.24 124.13 9.21 1.25 115.40 179.97 

2b1 1.24 124.10 9.09 1.25 115.64 179.96 

2b2 1.24 124.09 9.39 1.25 115.64 179.96 

2c1 1.24 124.02 9.17 1.25 115.55 179.92 

2c2 1.24 124.07 9.19 1.25 115.55 179.88 

3a1 1.24 123.53 8.02 1.25 114.39 179.40 

3a2 1.24 123.72 10.90 1.25 114.96 179.99 

3a3 1.24 123.61 9.41 1.25 114.96 179.99 

3a4 1.24 123.56 8.11 1.25    114.41 179.66 

3b1 1.24 123.70 10.64 1.25 115.26 179.99 

3b4 1.24 123.63 10.72 1.25 115.25 179.99 

3c1 1.24 123.69 10.69 1.25 115.21 175.80 

3c4 1.24 123.69 10.72 1.25 115.33 177.19 

4a1 1.25 123.66 11.52 1.26 114.53 179.74 
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4a2 1.25 123.91 9.64 1.26 116.68 179.31 

4a3 1.25 123.78 8.08 1.26 114.52 179.70 

4a4 1.25 123.63 9.74 1.25 115.09 179.99 

4b1 1.24 123.66 11.63 1.25 115.22 179.99 

4b2 1.24 123.63 11.65 1.25 115.21 179.67 

4c1 1.24 123.69 11.59 1.25 115.19 176.32 

4c4 1.24 123.53 11.57 1.25 115.19 176.75 

5a 1.24 123.84 8.67 1.25 115.24 179.99 

5b 1.24 123.86 8.46 1.25 115.31 179.99 

5c 1.24 123.93 8.60 1.25 115.35 179.99 

 

3.3.1 Time dependent density functional theory  

Time-Dependent Density Functional Theory (TD-DFT) calculations were conducted to 

compare the wavelength and the nature of transitions observed in the experimental UV-Vis 

spectra. Lowest unoccupied Molecular orbital (LUMO), highest occupied molecular orbital 

(LUMO) of all possible cis- isomer which are involved in n → π* transitions approximately at 

470nm are shown in (Table 11). Molecular orbital diagram of LUMO and all those occupied 

molecular orbital which has major contribution in π → π* transitions approximately at 300nm 

for cis compound are reported in (Table- 12).  HOMO and LUMO energies of cis- isomers in 

(Table -13) and HOMO and LUMO energies of trans- isomers in (Table -14) 

             TD-DFT calculated parameters and orbital contributions of the cis - isomers. (‘H’ 

stands for HOMO and ‘L’ stand for LUMO) are shown in (table-15) and orbital contributions 

of the trans – isomers in (Table 16). We observed that absorption band for n → π* transition 

around 480 nm for trans- isomer is dipole forbidden as indicated by very low oscillation 

strength (f). On the other hand, the n → π* transition is allowed in cis- isomer and the oscillator 

strength is relatively higher than that in the trans- isomer the cis- compound predicts transitions 

approximately at 470nm and 300nm which represent n → π* and π → π* transitions 

respectively. This prediction matches quite well with the experimentally observed spectra. 
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Table 11 Lowest unoccupied Molecular orbital (LUMO), highest occupied molecular orbital 

(HOMO) diagram of all possible cis- isomer which are involved in n → π* transitions 

Sample 

ID 

(Cis) 

 

LUMO(L) 

 

HOMO(H) 

1a1 

  

1a2 
 

 

1b1 

  

1b2 

 

 

1b3 
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1b4 

 

 

1c1 

  

1c2 

 

 

1c3 

  

2a1 

 

 

2a2 
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2b1 

 

 

2b2 

 

 

2c1 

 

 

2c2 

 

 

3a1 
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3a2 

  

3a3 

 

 

3a4 

 

 

3b1 

 

 

3b4 
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3c1 

 

 

3c4 

 

 

4a1 

 

 

4a2 

 

 

4a3 

 

 

4a4 
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4b1 

 

 

4b2 

 

 

4c1 

 

 

4c4 

 

 

5a 

 

 

5b 
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5c 

 

 

 
Table 12 Molecular orbital diagram of LUMO and all those occupied molecular orbital which 

has major contribution in π → π* transitions approximately at 300nm for cis compound  

 

Sample 

ID 

(Cis) 

 

LUMO(L) 

 

 MO diagram responsible for   
π → π*         transitions 

1a1 

  

H-4 

1a2 
 

             

H-3 

1b1 

 

 

H-4 

1b2 

  

H-3 
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1b3 

 

 

H-3 

1b4 

 

 

H-4 

1c1 

 

 

H-4 

1c2 

 

 

H-3 

1c3 

 

 

H-4 

2a1 

 

 

H-3 
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2a2 

  

H-2 

2b1 

 

 

H-3 

2b2 

 

 

H-2 

2c1 

  

H-2 

2c2 

 

 

H-2 

3a1 

 

 

H-4 
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3a2 

 

 

H-3 

3a3 

 

 

H-4 

3a4 

 

 

H-3 

3b1 

  

H-2 

3b4 

 

 

H-3 

3c1 

 

 

H-3 
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3c4 

 

 

H-3 

4a1 

  

H-3 

4a2 

  

H-2 

4a3 

 

 

H-4 

4a4 

 

 

H-2 
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4b1 

 

 

H-3 

4b2 

 

 

H-3 

4c1 

 

 

H-2 

4c4 

  

H-2 

5a 

 

 

H-4 

5b 

 

 

H-4 
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5c 

 

 

H-4 

 

                  Table 13. HOMO and LUMO energies of cis- isomers 

 

Cis-

isomer 

H (a.u.) L  

(a.u.) 
L-H (a.u.) 

L-H  

(Kcal/mol) 

1a1 -0.2353 -0.0955 0.1398 87.7245 

1a2 -0.2354 -0.0959 0.1395 87.5362 

1b1 -0.2355 -0.0959 0.1396 87.5990 

1b2 -0.2357 -0.0961 0.1396 87.5990 

1b3 -0.2357 -0.0962 0.1395 87.5362 

1b4 -0.2355 -0.0960 0.1395 87.5362 

1c1 -0.2356 -0.0959 0.1397 87.6617 

1c2 -0.2357 -0.0962 0.1395 87.5362 

1c3 -0.2355 -0.0961 0.1394 87.4735 

2a1 -0.2359 -0.0967 0.1392 87.3480 

2a2 -0.2361 -0.0971 0.1390 87.2225 

2b1 -0.2370 -0.0993 0.1377 86.4067 

2b2 -0.2368 -0.0991 0.1377 86.4067 

2c1 -0.2369 -0.0998 0.1371 86.0302 

2c2 -0.2369 -0.0997 0.1372 86.0930 

3a1 -0.2494 -0.1067 0.1427 89.5442 

3a2 -0.2476 -0.1095 0.1381 86.6577 

3a3 -0.2488 -0.1086 0.1402 87.9755 

3a4 -0.2494 -0.1067 0.1427 89.5442 

3b1 -0.2480 -0.1095 0.1385 86.9087 

3b4 -0.2481 -0.1094 0.1387 87.0342 

3c1 -0.2473 -0.1094 0.1379 86.5322 

3c4 -0.2472 -0.1095 0.1377 86.4067 

4a1 -0.2410 -0.1035 0.1375 86.2812 

4a2 -0.2422 -0.1029 0.1393 87.4107 

4a3 -0.2436 -0.1015 0.1421 89.1677 

4a4 -0.2423 -0.1028 0.1395 87.5362 

4b1 -0.2421 -0.1072 0.1349 84.6497 

4b2 -0.2421 -0.1071 0.1351               84.7752 

4c1 -0.2414 -0.1078 0.1336 83.8340 

4c4 -0.2416 -0.1075 0.1341 84.1477 

5a -0.2483 -0.1066 0.1417 88.9167 

5b -0.2485 -0.1077 0.1408 88.3520 

5c -0.2481 -0.1079 0.1402 87.9755 
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    Table 14. HOMO and LUMO energies of trans- isomers 

 

Trans- isomers H  

(a.u.) 

L  

(a.u.) 

L-H  

(a.u.) 
L-H (Kcal/mol) 

1a1 -0.2495 -0.1057 0.1438 90.2345 

1a2 -0.2496 -0.1062 0.1434 89.9835 

1b1 -0.2496 -0.1061 0.1435 90.0462 

1b2 -0.2498 -0.1064 0.1434 89.9835 

1b3 -0.2496 -0.1061 0.1435 90.0462 

1b4 -0.2497 -0.1065 0.1432 89.8580 

1c1 -0.2493 -0.1062 0.1431 89.7952 

1c2 -0.2495 -0.1065 0.1430 89.7325 

1c3 -0.2495 -0.1065 0.1430 89.7325 

2a1 -0.2487 -0.1062 0.1425 89.4187 

2a2 -0.2488 -0.1068 0.1420 89.1050 

2b1 -0.2488 -0.1094 0.1394 87.4735 

2b2 -0.2488 -0.1094 0.1394 87.4735 

2c1 -0.2477 -0.1095 0.1382 86.7205 

2c2 -0.2477 -0.1095 0.1382 86.7205 

3a1 -0.2542 -0.1163 0.1379 86.5322 

3a2 -0.2557 -0.1199 0.1358 85.2145 

3a3 -0.2557 -0.1199 0.1358 85.2145 

3a4 -0.2552 -0.1163 0.1389 87.1597 

3b1 -0.2545 -0.1220 0.1325 83.1437 

3b4 -0.2545 -0.1220 0.1325 83.1437 

3c1 -0.2495 -0.1203 0.1292 81.0730 

3c4 -0.2504 -0.1214 0.1290 80.9475 

4a1 -0.2498 -0.1084 0.1414 88.7285 

4a2 -0.2448 -0.1048 0.1400 87.8500 

4a3 -0.2497 -0.1084 0.1413 88.6657 

4a4 -0.2495 -0.1118 0.1377 86.4067 

4b1 -0.2491 -0.1185 0.1306 81.9515 

4b2 -0.2491 -0.1185 0.1306 81.9515 

4c1 -0.2457 -0.1181 0.1276 80.0690 

4c4 -0.2459 -0.1184 0.1275 80.0062 

5a -0.2633 -0.1182 0.1451 91.0502 

5b -0.2627 -0.1189 0.1438 90.2345 

5c -0.2615 -0.1191 0.1424 89.3560 

 

Table 15. TD-DFT calculated parameters and orbital contributions of the cis - isomers. (‘H’ 

stands for HOMO and ‘L’ stand for LUMO) 

Sample λcal (nm) f(cal) E (ev) Major Contribution (%) 

1a1 Cis 472.23 0.0536 2.6255 H -> L         91.95 

287.42 0.1278 4.3136 H-4>L         87.34 

1a2 Cis 474.03 0.0541 2.6155 H -> L         92.74 

296.53 0.1762 4.1811 H-3 -> L      79.99 
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1b1 Cis 472.63 0.0560 2.6233 H -> L          91.79 

287.98 0.1215 4.3054 H-4 -> L       84.09 

1b2 Cis 473.69 0.0526 2.6174 H -> L          92.60 

298.16 0.1583 4.1583 H-3 -> L        81.36 

1b3 Cis 474.12 0.0528 2.6150 H -> L           92.61 

298.17 0.1626 4.1581 H-3 -> L        81.39 

1b4 Cis 473.41 0.0565 2.6190 H-> L           91.79 

288.22 0.1218 4.3017 H-4 -> L        83.74 

1c1 Cis 472.67 0.0574 2.6230 H -> L          91.51 

288.24 0.1228 4.3013 H-4 -> L       83.47 

1c2 Cis 473.97 0.0516 2.6159 H-> L          92.51 

299.33 0.1500 4.1421 H-3 -> L        81.73 

1c3 Cis 473.77 0.0582 2.6170 H-> L          91.53 

288.41 0.1232 4.2988 H-4 -> L       82.69 

2a1 Cis 472.03 0.0562 2.6266 H-> L          91.32 

291.27 0.1146 4.2567 H-3 -> L        78.59 

2a2 Cis 473.60 0.0567 2.6179 H-> L           92.14 

303.87 0.1343 4.0801 H-3 -> L        39.64 

H-2 -> L        49.18 

2b1 Cis 476.75 0.0640 2.6006 H-> L            91.13 

309.58 0.1916 4.0049 H-3 -> L        61.15 

H-2 -> L        25.81 

2b2 Cis 475.87 0.0682 2.6054 H-> L            90.25 

307.41 0.0855 4.0331 H-2 -> L        87.38 

2c1 Cis 477.96 0.0670 2.5940 H -> L          90.25 

315.05 0.2050 3.9354 H-3 -> L        19.50 

H-2 -> L        66.83 

2c2 Cis 477.72 0.0669 2.5953 H-> L           90.25 

314.99 0.2032 3.9361 H-3 -> L        19.29 

H-2 -> L        67.01 

3a1 Cis 456.72 0.0497 2.7147 H-> L           88.39 

284.18 0.1821 4.3628 H-4 -> L       91.32 

3a2 Cis 473.42 0.0665 2.6189 H-> L          91.15 

299.59 0.1801 4.1385 H-3-> L         90.28 

3a3 Cis 467.20 0.0573 2.6538 H-> L           90.70 

290.16 0.1546 4.2729 H-4 -> L       89.90 

3a4 Cis 457.08 0.0500 2.7125 H-> L          88.45 

299.34 0.1842 4.1420 H-3 -> L        93.86 

3b1 Cis 473.58 0.0496 2.6180 H -> L           89.77 

302.02 0.1839 4.1052 H-3 -> L       90.51 

3b4 Cis 472.68 0.0495 2.6230 H -> L          89.72 

301.88 0.1822 4.1071 H-3 -> L        90.41 

3c1 Cis 474.44 0.0409 2.6133 H -> L          87.48 

304.58 0.1864 4.0706 H-3-> L         89.36 

3c4 Cis 475.05 0.0414 2.6099 H-> L           87.52 
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304.80 0.1882 4.0678 H-3-> L         89.46 

4a1 Cis 472.30 0.0741 2.6251 H-3 -> L        7.79 

H -> L          91.50 

306.78 0.2180 4.0414 H-3 -> L        89.29 

4a2 Cis 466.99 0.0648 2.6550 H -> L          91.32 

308.17 0.1638 4.0233 H-2 -> L        72.21 

4a3 Cis 457.59 0.0567 2.7095 H -> L          91.28 

290.49 0.1343 4.2682 H-4 -> L        81.37 

4a4 Cis 466.25 0.0649 2.6592 H -> L          91.29 

308.18 0.1609 4.0232 H-2 -> L        73.55 

4b1 Cis 481.04 0.0820 2.5774 H -> L          90.47 

321.25 0.2153 3.8594 H-3 -> L        57.93 

H-2 -> L        32.57 

4b2 Cis 480.16 0.0815 2.5821 H-> L           90.49 

320.78 0.2123 3.8650 H-3 -> L        58.01 

H-2 -> L       32.50 

4c1 Cis 484.48 0.0815 2.5591 H-> L           89.56 

332.21 0.1958 3.7321 H-4 -> L        35.56 

H-2 -> L        54.64 

4c4 Cis 482.37 0.0803 2.5703 H -> L          89.51 

331.45 0.1921 3.7407 H-4 -> L        36.78 

H-2 -> L        53.33 

5a Cis 467.01 0.0486 2.6548 H-> L          92.57 

292.36 0.1842 4.2408 H-4 -> L       87.41 

5b Cis 469.88 0.0514 2.6386 H -> L          91.83 

299.93 0.1731 4.1338 H-4-> L       90.01 

5c Cis 471.01 0.0523 2.6323 H-> L          91.06 

306.83 0.1419 4.0408 H-4 -> L        88.16 

 

 

Table 16. TD-DFT calculated parameters and orbital contributions of the trans - isomers. (‘H’ 

stands for HOMO and ‘L’ stand for LUMO)  

Sample λcal  

(nm) 

f(cal) E (ev) Major Contribution (%) 

1a1 trans 354.51 0.8177 3.4973 H -> L             97.60 

1a2 trans 354.0 0.9119 3.5024 H -> L             99.15 

1b1 trans 355.52 0.7908 3.4874 H -> L            94.70 

1b2 trans 355.22 0.9000 3.4904 H->L              98.93 

1b3 trans 355.59 0.7912 3.4867 H->L              98.02 

1b4 trans 355.23 0.9000 3.4902 H->L               94.46 

1c1 trans 357.11 0.7249 3.4719 H -> L              97.28 

1c2 trans 356.74 0.8636 3.4755 H -> L              96.47 

1c3 trans 356.74 0.8645 3.4755 H -> L              97.53 

2a1 trans 356.41 0.8309 3.4787 H->L                94.94 

2a2 trans 356.22 0.9204 3.4805 H->L                 99.45 
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2b1 trans 365.38 1.0181 3.3933 H->L                99.28 

2b2 trans 365.36 1.0181 3.3935 H->L                 99.30 

2c1 trans 370.60 0.9338 3.3455 H->L                 98.61 

2c2 trans 370.59 0.9337 3.3455 H->L                 98.57 

3a1 trans 366.27 0.6111 3.3851 H-1-> L            40.32 

H->L                54.78 

3a2 trans 376.69 0.7378 3.2914 H->L                 96.57 

3a3 trans 376.72 0.7386 3.2912 H->L                 96.59 

3a4 trans 366.75 0.6302 3.3806 H-1->L             26.61 

H->L                68.41 

3b1 trans 344.95 0.3843 3.5943 H-3->L             95.43 

3b4 trans 344.95 0.3844 3.5943 H-3->L             95.43 

3c1 trans 339.86 0.4970 3.6481 H-3->L             96.04 

3c4 trans 344.87 0.4790 3.5951 H-3->L             96.42 

4a1 trans 355.47 0.9749 3.4879 H->L                96.05 

4a2 trans 340.64 0.9672 3.6397 H-1->L             67.37 

H->L                 31.79 

4a3 trans 355.45 0.9746 3.4881 H->L                94.26 

4a4 trans 367.67 0.9329 3.3722 H->L                99.47 

4b1 trans 395.31 1.0078 3.1364 H->L                98.99 

4b2 trans 395.24 1.0072 3.1369 H->L                98.05 

4c1 trans 395.30 0.9076 3.1365 H-1->L             44.58 

H->L                 53.19 

4c4 trans 398.13 0.9257 3.1142 H-1->L             39.61 

H->L                 58.29 

5a trans 350.27 0.7043 3.5397 H-2->L             10.23 

H->L                89.35 

5b trans 351.03 0.5057 3.5320 H-2->L             64.01 

H->L                33.62 

5c trans 358.12 0.8601 3.4621 H->L                88.07 
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4. Conclusions 

The rate constants for the cis-  trans- isomerization in solution for a series of halogenated 

azobenzenes were experimentally observed. These observations were further supported by 

theoretical calculations. It is interesting to note that there is a trend in the value of the rate 

constant for the transformation of cis- to trans- isomer for all the compounds. The value 

increases from fluoro to chloro to bromo derivative in general. Compounds 1(a-c) show similar 

trend in rate constant with the fluoro compound a slightly lower in value. The energy of 

activation is similar for all three compounds. A similar trend was observed for 2(a-c). The 

noticeable change was observed for 3a, 4a and 5a compounds. Approximately 20% of all of 

them remained unconverted even after 4 days. Approximately 30% of 3a and 4a while 18% of 

5a remained unconverted for a long time.  

The remarkable reduced rate constants of all the fluoro compounds compared to the Br and Cl 

analogues justified the kinetic stability of these fluoro derivatives over Br and Cl analogues. 

The resultant trans- isomers were compared with the geometry of the trans- isomer observed 

in the crystal structure (for 13 compounds).  It is noteworthy that the conformation of the trans- 

isomers of the 13 compounds structurally characterized are found to be similar to those 

obtained by optimized conformation of the trans- isomers obtained after IRC 

calculations.Theoretical calculations of activation energy also predict the similar trend in most 

of the cases. The UV-Vis spectra were well predicted and analysed by theoretical calculations. 

Therefore, we conclude that the fluorinated ABs can be promising candidates for various 

applications in future. 
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