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Abstract 

Context 

Recent years have seen a significant increase in interest in the photochemistry of the azo (-N=N-) group 

due to its photodynamic features associated with the reversible trans-cis-trans isomerization cycle. The 

research investigates the effect of different substituents on aniline yellow dye in trans and cis forms. The 

best derivatives (AYC1/AYT1) are further explored with a graphyne sheet. The research gives valuable 

results and might be useful for photoswitching molecules. 

Method 

The structural, and electronic properties and UV-Vis absorption behavior of derivatives were examined by 

the computational analysis such as Density Functional theory (DFT), time-dependent DFT (Gaussian), and 

density of states (DOS). Additionally, utilizing molecular dynamics (MD) simulations (GROMACS) to 

explore the interactions between the graphyne and the isomers (E and Z) of aniline yellow. 
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Introduction  

Azo-containing molecules obtained significant attention in the field of photoswitches because of their 

versatile nature and the potential to undergo reversible structural changes in response to light [1]. This 

category of compounds, a key component of the synthetic organic chemical field, exhibits fascinating 

biological activities and is widely used as indicators for different titrations in analytical chemistry as well 

as used in the dye industry. Apart from their biological and dyeing characteristics, azo compounds show 

unique geometrical and electrical properties that make them suitable candidates for reversible optical data 

storage [2],[3].  

The Azo unit (-N=N-) is attributed to its fascinating properties, including narrow bandgap, lewis’s base 

characteristic, and redox activity. The existence of delocalized Π-electrons and a centered π-π* transition at 

the azo chromophore gives even more attraction towards it [4]. The Azo moiety exhibits special cis-trans 

isomerization properties when exposed to UV light [5] causing a significant shift in geometry and 

movement of molecules during photoisomerization. This characteristic makes azo compounds desirable 

components for creating light-driven molecular electronics [6]. 

Molecular photoswitching is an attractive phenomenon in several fields of study, such as 

photopharmacology, biology, data storage, and solar energy storage [7]. Photoswitching involves molecules 

that can reversibly switch between (at least) two states cis and trans when exposed to light. The integration 

of photoswitches into multifunctional systems is highly relevant to the development of next-generation 
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materials [8]. Among different categories of photochromic molecules, azobenzene stands out as the most 

widely used photoswitches because of their reliability, stability, and tunability. Low-intensity light 

circumstances allow steady switching between Z and E isomers due to azobenzene's strong quantum yields 

and extinction coefficients [9], [10]. 

Photoisomerization trans-cis-trans cycle is the main property of the chromophore group, which is widely 

used in reversible optical storage, non-linear optical components, light-driven optical switches, and other 

photonics applications. Since the cis (Z) twist conformation has more energy due to the orbitals' repulsion 

between the aromatic ring and prohibited orbital symmetry, the trans isomer is more stable 

thermodynamically than the cis isomer [11], [12]. 

Carbon based allotropes hold fascinating but uniquely different chemical and physical characteristics [13]. 

Graphyne (Gy) are considerably more important because of their distinct structural and electrical 

characteristics. Graphyne exhibits several distinct chemical, electrical, mechanical, and structural 

characteristics with significant applications in nanoelectronics and energy storage [14]. These substances 

are seen to be fascinating possibilities for applications in energy storage, desalination, electrical devices, 

and hydrogen purification, among other areas. since they contain carbon having sp and sp2 hybridization 

[15]. Hence, graphyne alters with photochromic molecules that might modify their energy storage 

properties.  

In recent decades, quantum chemistry methodologies have been applied to better comprehend the link 

between dye characteristics and its molecular geometries. Providing a solid theoretical foundation for the 

fast screening of effective dyes [16]. Density functional theory (DFT) is one of the essential and useful 

techniques used to describe the chemical and electrical structure of the compound and provide more 

accurate and precise results than other methods [17]. TD-DFT based computations are increasingly being 

used to characterize the behavior of FMOs that participate in the transitions of electrons and the electronic 

structure in the excited state [18]. Molecular dynamics simulations determine the complex's structural 

stability [19]. 

In this work, the aniline yellow dye is investigated, and comes under the category of azo dye, using density 

functional theory calculations. The goal is to investigate how substituents or other functional groups and 

the presence of graphyne affect the molecular structure of these dyes, using DFT calculations to anticipate 

stable structures for both E and Z isomers. In addition, we used time-dependent DFT (TD-DFT) to 

investigate the UV-Visible absorption behavior of derivatives. Furthermore, the binding features or 

interactions between the isomers of aniline yellow with graphyne and the stability of molecules were 

further investigated using molecular dynamics (MD) simulation techniques. These comprehensive methods 

allow us to understand and tune the characteristics of azo containing molecules for improved 

photoswitching molecules.  
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Table 1: Different substituent groups and their position on cis/trans isomer of aniline yellow. 

S.no. 

 

 

Cis Trans 

R CMPD. number R CMPD. number 

1 2-OH AYC1 2-OH AYT1 

2 2-Cl AYC2 2-Cl AYT2 

3 2-CH3 AYC3 2-CH3 AYT3 

4 2-OCH3 AYC4 2-OCH3 AYT4 

5 2-COOH AYC5 2-COOH AYT5 

6 3-OH AYC6 3-OH AYT6 

7 3-Cl AYC7 3-Cl AYT7 

8 3-CH3 AYC8 3-CH3 AYT8 

9 3-OCH3 AYC9 3-OCH3 AYT9 

10 3-COOH AYC10 3-COOH AYT10 

 

Computational calculations 

Density functional theory (DFT) calculations 

The chemical structure of aniline yellow and its derivatives was drawn by ChemDraw Professional 15.0 

(Table 1) [20]. The GAUSSIAN software was utilized to optimize the electronic structure and molecular 

geometry of the molecules under study [21], [22]. We have looked at the trans and cis forms of every 

molecule under consideration, as well as the locations of the functional groups inside the molecule. The 

calculations are performed out using DFT at b3lyp/6-311g basis set for aniline yellow and derivatives but 

for graphyne with aniline yellow derivative uses b3lyp/3-21g basis set [23], [24]. TD-DFT calculations 

were carried out of Z and E isomers of the derivatives of aniline yellow after the optimization of geometry 

at b3lyp/6-311g basis set [11]. The density of states (DOS) analysis of graphyne, graphyne+AYC1 

(Gy+AYC1), and graphyne+AYT1 (Gy+AYT1) complexes was carried out using GaussSum [25]. 

 

Molecular dynamics (MD) simulations  

MD simulations were carried out to investigate the interactions between the graphyne and aniline yellow 

derivatives and the stability of complexes. The topology file of graphyne, Gy+AYC1, and Gy+AYT1 

complexes was prepared by using Swiss Param [26]. MD simulations were performed using GROMACS 

over a period of 200 nanoseconds and CHARMM27 force field was applied for MD simulation. MD 

simulations provide different trajectories, such as root mean square fluctuations (RMSF) and root mean 

square derivatives (RMSD) which state the stability of the complexes [27]. The structures were minimized 
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and then brought to equilibrium. The equilibration occurred in an isothermal-isochoric ensemble, and NVT, 

which stands for a constant number of particles, volume, and temperature, at 300K for 100 ps. In an 

isothermal-isobaric NPT (constant number of particles, pressure, temperature) ensemble, the second stage 

of equilibration was conducted at 300 K and 1 bar of pressure for 100 ps. Next, the computations were run 

in water for 200 ns [28]. 

 

Results and discussion  

Frontier molecular orbitals  

DFT computations were used to examine the electronic properties of aniline yellow dye. The method 

included the determination of the frontier molecular orbitals (FMO) (lowest unoccupied molecular orbitals 

(LUMO) and highest occupied molecular orbitals (HOMO)), dipole moment, optimization energy, and 

optimized geometry. The HOMO, LUMO, and optimized geometry of aniline yellow are shown in Figure 1 

and Figure S1 of supplementary file [29]. 

The LUMO functions as an electron acceptor, whereas the HOMO exhibits the capacity to donate an 

electron [30]. The EHOMO-ELUMO plays an important factor in explaining the movement of charge within the 

molecule [31] and also identifying a compound's kinetic stability, chemical reactivity, electrical properties, 

and optical polarizability [2]. Higher energy gap values are associated with higher compound stability [30], 

lower electrical conductivity, and higher kinetic stability with lower chemical reactivity due to the increase 

in the potential of charge transfer, charge transfers are also accountable for the molecule's NLO reaction 

[32], [33], [34]. The lower EHOMO-ELUMO value also shows a better potential for donating electrons and an 

improved nonlinear optical response of the compounds [35]. Soft molecules generally have a small energy 

gap and will be more polarizable than hard molecules [36]. Dipole moment analyses were carried out to 

assess the polarity of the molecule where the NLO features exhibited higher activity [30]. 

The photochromic behavior of molecules is determined by the energy difference between their E and Z 

isomers. A higher energy difference between the Z and E isomers is required to achieve effective 

photochromism [37]. The calculated results of the change in energy of the parent molecule and its 

derivatives are summarized in Table 2 and EHOMO and ELUMO are shown in Table 3. The change in energy 

between the cis and trans isomer of the parent molecule (AYC and AYT) is 63.012 KJ/mol, which is less 

than its two derivatives AYC1/AYT1 and AYC6/AYT6 which is 86.641 and 65.637 KJ/mol respectively. 

The change in energy of AYC1/AYT1 is found to be maximum. The first derivative produced the most 

useful outcomes out of all the derivatives [37]. Additionally, the result of EHOMO – ELUMO gap in eV of 

AYC1 and AYT1 (2.966 and 3.048 respectively) is lesser than parent molecules AYC and AYT (3.374 and 

3.238 respectively). A lower EHOMO-ELUMO gap gives higher chemical reactivity, electrical conductivity 

[32], [38], and better potential for electron donation nonlinear property [35]. Hence, results show that these 

derivatives have the potential and might be used as photoswitching molecules. 
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Name              HOMO               LUMO      Optimize geometry 

 

 

AYC 

   

 

 

AYC1 

   

 

 

AYT 

   

 

 

AYT1 

   

Figure 1: Visual illustrations of optimized geometry, HOMO, and LUMO of cis and trans isomers of 

aniline yellow. 

 

Table 2: Calculated optimization energy, dipole moment, and change in energy of aniline yellow and 

derivatives. 

Cis Trans    

Name 

 

Optimization 

energy 

(Hartree) 

Name Optimization 

energy 

(Hartree) 

Change in 

energy 

(Hartree 

per 

particle) 

Change in 

energy 

(kJ/mol) 

Change in 

energy 

(eV) 

AYC -628.083 AYT -628.107 0.024 63.012 0.653 

AYC1 -703.305 AYT1 -703.338 0.033 86.641 0.898 

AYC2 -1087.687 AYT2 -1087.700 0.013 34.131 0.354 

AYC3 -667.399 AYT3 -667.418 0.019 49.884 0.517 

AYC4 -742.594 AYT4 -742.601 0.007 18.378 0.190 

AYC5 -816.640 AYT5 -816.664 0.024 63.012 0.653 
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AYC6 -703.302 AYT6 -703.327 0.025 65.637 0.680 

AYC7 -1087.688 AYT7 -1087.710 0.022 57.761 0.599 

AYC8 -667.399 AYT8 -667.423 0.024 63.012 0.653 

AYC9 -742.600 AYT9 -742.624 0.024 63.012 0.653 

AYC10 -816.649 AYT10 -816.667 0.018 47.259 0.489 

 

 

Table 3: Calculated EHOMO, ELUMO, EHOMO-ELUMOse of aniline yellow and derivatives. 

Cis Trans 

Name EHOMO ELUMO EHOMO-

ELUMO 

(Hartre

e per 

particle

) 

EHOM

O-

ELUM

O 

(eV) 

Name EHOMO ELUMO EHOM

O-

ELUMO 

(Hartr

ee per 

particl

e) 

EHOM

O-

ELUM

O 

(eV) 

AYC -0.206 -0.082 0.124 3.374 AYT -0.208 -0.089 0.119 3.238 

AYC1 -0.202 -0.093 0.109 2.966 AYT1 -0.207 -0.095 0.112 3.048 

AYC2 -0.213 -0.087 0.126 3.428 AYT2 -0.212 -0.091 0.121 3.292 

AYC3 -0.205 -0.081 0.124 3.374 AYT3 -0.206 -0.085 0.121 3.292 

AYC4 -0.206 -0.086 0.12 3.265 AYT4 -0.215 -0.091 0.124 3.374 

AYC5 -0.212 -0.087 0.125 3.401 AYT5 -0.213 -0.095 0.118 3.211 

AYC6 -0.207 -0.083 0.124 3.374 AYT6 -0.208 -0.091 0.117 3.184 

AYC7 -0.211 -0.087 0.124 3.374 AYT7 -0.212 -0.096 0.116 3.156 

AYC8 -0.205 -0.082 0.123 3.347 AYT8 -0.207 -0.089 0.118 3.211 

AYC9 -0.207 -0.082 0.125 3.401 AYT9 -0.208 -0.090 0.118 3.211 

AYC10 -0.209 -0.087 0.122 3.320 AYT10 -0.212 -0.096 0.116 3.156 

                      

UV spectra analysis  

The UV-Visible spectra of E and Z isomers of derivatives of aniline yellow were obtained using time 

dependent DFT (TD-DFT) [39], displayed in Figure 2 and S2, and the maximum absorption wavelength is 

summarized in Table 4. A shift in the absorption band intensity enables the monitoring of cis-trans-cis 

isomerization. The band associated with the π-π* transition moves toward shorter waves upon conversion 

to the cis-isomer, whereas the n-π* transition takes place at a higher wavelength [40], [41]. Spectra were 

computed using Origin to determine the band locations [42]. A noticeable decrease was observed in the 

wavelength of the parent molecule moving from trans (AYT) to cis (AYC) isomer. Similarly seen in 

moving from AYT1 to AYC1 (Figure 2), Thus, these are associated with the π-π* transition. In some of the 

derivatives observed the wavelength increases (redshift) as well as decreases (blueshift), hence these are 
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associated with both n-π* and π-π* transitions respectively (Table 4 and Figure S2 of supplementary file). 

The derivatives in the trans state show absorption bands from 340-670 nm and in the cis state from 345 to 

550 nm (Table 4).  

 

 

Figure 2: UV-visible spectra of aniline yellow and derivative. 

 

Table 4: Maximum absorption wavelength (λmax) of aniline yellow and derivatives. 

Name λmax (nm) 

 

Name λmax (nm) 

 

AYC 366.4 AYT 438.4 

AYC1 349.2 AYT1 392.8 

AYC2 394.2 AYT2 416.0 

AYC3 376.2 AYT3 347.2 

AYC4 360.0 AYT4 423.0 

AYC5 480.0 AYT5 664.0 

AYC6 352.8 AYT6 362.0 

AYC7 459.0 AYT7 366.4 

AYC8 361.8 AYT8 359.8 

AYC9 466.0 AYT9 362.0 

AYC10 542.4 AYT10 370.8 

 

DFT calculations of graphyne with AYC1/AYT1 

The change in energy between Gy+AYC1 and Gy+AYT1 is much higher than between AYC1 and AYT1 

102.394 and 86.641 kJ/mol respectively. (Table 5) A higher energy difference between the Z and E 

isomers is required to achieve effective photochromism [37].  This states that graphyne with an aniline 

yellow derivative might be good for photoswitching or energy storage. The interactions between the 

graphyne with AYC1 and AYT1 are studied. The interactions are visible in the optimized geometry shown 
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in Figure 3. In Gy+AYC1, the hydrogen atom of the graphyne sheet interacts with the hydrogen atom of the 

aniline yellow derivative, and the bond length is 2.926Ao. In Gy+AYT1, the hydrogen atom of the 

graphyne sheet interacts with an amine group of aniline yellow derivative and forms a bond of bond length 

3.057Ao. 

The derivatives such as AYC1 and AYT1 which give valuable outcomes are further explored. Graphyne 

(Gy) interacts with AYC1 and AYT1 to investigate the effect of graphyne on the properties of the aniline 

yellow derivative. The optimized geometry, HOMO, and LUMO are given in Figure 3. Higher HOMO 

energy (EHOMO) values give rise to nucleophilicity, while lower LUMO energy (ELUMO) molecules are more 

likely to undergo electron transfer and exhibit higher electrophilicity [43]. In Gy+AYC1, the HOMO 

electron density extended towards the AYC1 molecule. Although the electron density of LUMO delocalized 

around the center carbon chain of graphyne. In Gy+AYT1, the HOMO electron density extended towards 

the AYT1 molecule. While the electron density of LUMO delocalized around the center carbon chain of 

graphyne. The EHOMO-ELUMO of Gy+AYC1 and Gy+AYT1 is 2.231 and 2.286 eV respectively is lesser than 

AYC1 and AYT1 (Table 6). Hence, after the addition of graphyne in aniline yellow derivatives the EHOMO-

ELUMO gap was reduced. This states that Gy+AYC1 and Gy+AYT1 are more chemically reactive, more 

electrically conductive, less kinetic stable, and have a better potential for electron donation nonlinear 

properties than AYC1 and AYT1 respectively [30], [33], [35].  s  

Name            Graphyne+AYC1        Graphyne+AYT1 

 HOMO 

 

 

 

 

  LUMO 
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Optimize 

geometry 

 

 

 

 

Figure 3: visual illustrations of optimized geometry, HOMO, and LUMO of graphyne with AYC1 and 

AYT1. 

 

Table 5: Calculated optimization energy, dipole moment, and change in energy of graphyne with AYC1 

and AYT1. 

                         Cis                       Trans    

Name 

 

Optimization 

energy 

(Hartree) 

Dipole 

moment 

(Debye) 

Name Optimization 

energy 

(Hartree) 

Dipole 

moment 

(Debye) 

Change 

in 

energy 

(Hartree 

per 

particle) 

Change 

in 

energy 

(kJ/mol) 

Change 

in 

energy 

(eV) 

Gy+AYC1 -3210.814 12.351 Gy+AYT1 -3210.853 6.882 0.039 102.394 1.061 

 

Table 6: Calculated EHOMO, ELUMO, EHOMO-ELUMO of graphyne with AYC1 and AYT1. 

Name EHOMO ELUMO EHOMO-ELUMO 

(Hartree per particle) 

EHOMO-ELUMO 

(eV) 

Gy+AYC1 -0.197 -0.115 0.082 2.231 

Gy+AYT1 -0.199 -0.115 0.084 2.286 

 

Density of states (DOS) spectra analysis 

The DOS analysis of graphyne, Gy+AYC1, and Gy+AYT1 complexes was carried out using GaussSum 

[25], using DFT calculations (Figure 4). The charge transfer and electronic structure between the 

complexes’ active sites of the complexes can be predicted using the information obtained from DOS 

spectra, which reveal the number of states accessible at each energy level. The locations of the peaks in the 

DOS spectra indicate the electronic energy levels present in the molecule. The probability of charge 

transfer within the complex increases with decreasing band gap [44], [45]. There was observed a bandgap 

of -1.873eV in the graphyne. A drop in the bandgap to −1.423 and -1.498eV was seen in the Gy+AYC1 and 

Gy+AYT1 complexes respectively, suggesting a greater probability of charge transfer, which is also 
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observed in the EHOMO-ELUMO gap by DFT calculation.  The DOS's sharp peaks signify a stronger 

interaction between the graphyne and derivatives due to a higher intensity of charge transfer. 

 

 

 

 

 

A B 

 

 

C 

Figure 4: The density of states (DOS) spectra of (A) graphyne, (B) Gy+AYC1, and (C) Gy+AYT1 

complexes. 

 

Molecular dynamics (MD) simulations 

MD simulations were used to produce a set of data at 200 ns using GROMACS. The interaction between 

graphyne AYC1 and AYT1 and the stability of complexes was investigated using MD simulations. The 

stability of the compound has been examined by analyzing RMSD and RMSF at a time interval of 200 ns 

[46]. As shown in Figure 5A, the amplitude of the RMSD curve changes indicates no major fluctuation in 

either Gy+AYC1 and Gy+AYT1 complexes in free graphyne. Which states that both the complexes are 

stable throughout the time [27]. The RMSD value for both Gy+AYC1 and Gy+AYT1 starts from zero and 

goes up to 3.2 nm and both complexes have higher RMSD values than graphyne, this might have happened 

due to the interaction formed between graphyne and aniline yellow derivatives.   

Root-mean-square fluctuation (RMSF) measures to study parts of the structure that fluctuate, by calculating 

the average departure of a residue over time from its time-averaged position [47]. A greater variation in the 

RMSF value suggests a shift in the desired molecule's position, suggesting a higher probability of an 

interaction between the graphyne and aniline yellow derivatives [48]. Figure 5B shows that the values of 

RMSF are same for both Gy+AYC1 and Gy+AYT1 and both are strongly enhanced from graphyne [49]. 

Very high fluctuations are observed first after 40 atoms and secondly, after 90 atoms for both complexes 
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which indicates that AYC1 and AYT1 interact with graphyne. A high RMSF value means that during the 

simulation, the associated atoms are quite mobile and fluctuate a lot [50-55]. 

 

 

 

A 

 

 B 

Figure 5: Plots of A) RMSD plots of graphyne, Gy+AYC1, and Gy+AYT1 complexes and B) RMSF plots 

of graphyne, Gy+AYC1, and Gy+AYT1 complexes. 

 

Conclusion  

The comprehensive study delves into the photochromic behavior of aniline yellow dye and its derivatives, 

emphasizing the significant energy differences between cis and trans isomers. AYC1/AYT1 derivatives 

display maximum change, with lower EHOMO-ELUMO gaps indicating heightened reactivity, and 

conductivity, and have better potential for electron donation nonlinear properties suggesting effective 

photoswitching capabilities. UV spectra analysis employing TD-DFT illustrates shifts in absorption band 

intensity during isomerization, indicating diverse photochemical behavior. Further exploration of AYC1 

and AYT1 derivatives with graphyne reveals enhanced reactivity and conductivity, reduced EHOMO-ELUMO 

gaps, and stable interactions. The density of state (DOS) was performed which suggested a greater 

probability of charge transfer, which is also observed in the EHOMO-ELUMO gap by DFT calculation. 

GROMACS-based MD simulations confirm the stability of Gy+AYC1 and Gy+AYT1 complexes, offering 
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insights into their structural dynamics for potential applications in molecular interactions and materials 

science. The research concludes that these derivatives have the potential and might be used as 

photoswitching molecules. 
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