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A B S T R A C T   

The development of organic light-emitting diodes (OLEDs) is very important due to their use in 
new generation lighting and displays, their color resolution and their unique optical properties. 
Herein, the change of the electronic and optical properties of a new molecule, 4-[(E)-[(2-hydroxy- 
1-naphthalenyl)methylene]amino]-3-methyl benzoic acid (HNMB) in different solvents are re-
ported by experimental and advanced theoretical calculations. Optical properties are investigated 
by calculating the optical absorption wavelength, optical refractive index, optical band gap, 
optical conductance, angle of incidence, angle of refraction, contrast for different solvents. 
Finally, due to well-suited photonic and optoelectronic properties, the HNMB can be used as a 
phosphorescent and OLED material.   

1. Introduction 

In recent years, materials containing organic molecules have gained great importance in terms of materials science [1–3]. These 
materials are considered to be good candidates for optoelectronic, photovoltaic and mechanochromic luminescent device research [4, 
5]. Because of their conjugated electrons, organic materials have improved efficiency, stability, and flexibility [6,7]. 

OLED is designed as a layer of organic material placed between two electrodes called anode and cathode, and in this organic layer 
with delocalized pi electrons, the pi-electron conductivity is between the insulator and the conductor, and so it is used as a semi-
conductor [8]. Similarly, organic semiconductor molecules are used in many fields of science and technology due to their unique 
optical and charge transfer properties. Therefore, the determination of optical properties is very important in terms of technological 
applications. OLEDs have a wide range of uses, such as smart watches and TV screens, sensors, lighting devices, and sensor applications 
[9]. 

HNMB is a commercial molecule important for mechanochromatic luminescent and OLED materials. Mechanochromic luminescent 
materials are very sensitive to pressure. Zhang et al. [10] synthesized the (E)-4-((2-hydroxynaphthalen-1-yl) methylene) amino)-3 
methylbenzoic acid molecule (HNMB), and its charge transfer, emission properties, and reliability in pressure sensor applications 
were investigated. 

The solvent is an essential complement to the active medium. Because it is known that solvent organic molecules significantly 
change their structural and optical properties [11–13]. Therefore, solvent environments that cause strong changes in the properties of 
materials significantly affect the performance of the designed devices [14]. 

In this study, the electronic (the UV-Vis absorption spectra, HOMO, LUMO, and HOMO-LUMO gap (Eg) energies), optical (optical 
band gap (Eg), refractive index, reflectivity, and optical conductivity) and photonic properties (angle of incidence (Փ1), refraction 
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angle (Փ2), and contrast (αc) of the HNMB molecule in various solvents (ethyl acetate (EA), tetrahydrofuran (THF), dimethyl sulfoxide 
(DMSO) and dimethyl formamide (DMF)) were investigated by the TD-DFT method and experimental measurements. The available 
experimental results have been compared with theoretical values. 

2. Computational details 

The calculations of the HNMB have been performed using the Gaussian 09 [15] and Gauss View 5.0 [16] programs. Electronic and 
optical calculations of the optimized molecule using the TD-DFT/LSDA function with the aug-cc-pVDZ basis set were also performed on 
the same model method. The TD-DFT method is known to be one of the most reliable methods for calculating the electronic structure of 
molecules in solid-state [17–22]. The optimized structure used in quantum chemical calculations is given in Fig. 1. After optimization, 
electronic calculations were made for all solvents to compare with the experimental absorbance values. 

3. Results and discussion 

3.1. Electronic properties 

The experimental absorbance data [10] of the HNMB molecule in EA, THF, DMSO, and DMF solvents is shown in Fig. 2. The 

Fig. 1. The optimized structure of HNMB.  

Fig. 2. Experimental absorbance spectra of HNMB for different solvents (The data are taken from the experimental study of Ref. [6]).  
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absorbance spectrums of HNMB were observed at approximately 383 nm (3.24 eV) in EA and THF solvents, while maximum peaks 
were observed at 439 (2.82 eV) and 465 nm (2.66 eV) in DMF and DMSO, respectively. It is understood from these results that HNMB 
has maximum absorbance peaks in the visible region for all solvents. In addition, the HNMB molecule absorbs the violet in EA and THF 
solvents, while it absorbs the blue in DMF and DMSO solvents. A solvent with a large dielectric constant creates more stabilization 
energy for polar species [23]. The stabilizing effect of solvents decreases depending on the dielectric constant, such as DMSO 
(ε = 46.7), DMF (ε = 36.7), THF (ε = 7.58) and EA (ε = 6.02), respectively. The blue shift of the absorbance spectrum defining 
negative solvatochromism is because the polarity of DMSO and DMF solvents is greater than that of EA and THF solvents. PMMA and 
CdS nanocomposites modify the band gap so that it has high absorption in the range of 190–330 nm and transmits it into the visible 
range (360–1100 nm), suitable for OLED applications. Some optical and electrical parameters of PMMA and its metal sulfide-based 
polymeric nanocomposites are given in [24–26]. 

Theoretical UV calculations were done by using the TD-DFT/LSDA method and the aug-cc-pVDZ basis set. As can be seen from  
Fig. 3, the maximum absorbance is 390 nm (3.18 eV) for EA and THF and 458 nm (2.71 eV) for DMF and DMSO. These results are good 
enough to compare with experimental results. Small differences between the theoretical results and the experimental results may be 
because the solvents may not have been completely separated from the HNMB molecule under the experimental measurement 
conditions. 

The energy difference between the frontier orbital levels of the highest occupied orbital (HOMO) and the lowest unoccupied orbital 
(LUMO) determines the band gap value. From the band gap, it is understood that HNMB is a 2.55 eV semiconductor material. This 
band gap is also clearly compatible with Rubrene [27] and 4,5-bis(benzofuro[3,2-c] carbazole-5-yl) phthalonitrile [28], both of which 
are OLED materials. 

Fig. 3. Theoretical absorbance spectra of HNMB for different solvents.  

Fig. 4. The experimental (αhϑ)2 curves vs. photon energy (E) of the HNMB for different solvents.  
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3.2. Optical properties 

The optical band gap is an important optical parameter that controls the nature of the electroluminescence signal in OLEDs. It can 
be calculated with the help of the Tauc relation [29]; 

(αhν) = A
(
hν − Eg

)n (1)  

where α is the absorption coefficient, A is a constant, hν is photon energy, Eg is the optical energy gap, and n is a parameter that 
measures the types of the bandgap. For HNMB, the type of bandgap [30] is the direct allowed bandgap (Eg). For this, we plotted the 
(αhν)2 plot vs E of the HNMB for EA, THF, DMF and DMSO solvents, and as seen in Fig. 4. We calculated the Eg values from the linear 
regions of Fig. 4 and obtained Eg values of the HNMB for EA, THF, DMF and DMSO solvents were given in Table 1. As can be seen from 
Table 1, the Eg value of HNMB was approximately 2.55 eV for EA and THF, and approximately 2.51 eV for DMF and DMSO. These 
results are very close to the results of metal oxide nanocomposites such as PMMA/TiO2 [31–33], PMMA/CuO [34], which have an 
important place in optoelectronic device applications. Also, the theoretically obtained energy gap of 2.55 eV, which is the difference 
between HOMO and LUMO, is very compatible with the experimental optical band gap values of the HNMB. 

The optical refractive index (n) is an important value for optoelectronics, as it shows how the frequencies and wavelengths of light 
change as they pass through the transparent material. The experimental n values can be determined by [35], 

n =

⎧
⎨

⎩

[
4R

(R − 1)2 − k2

]

1/2 −
R + 1
R − 1

⎫
⎬

⎭
(2)  

and are given in Table 2. As can be seen from the table, the lowest experimental refractive index is 1.72 in DMSO solvent and the 
highest is 2.06 in THF solvent. When the experimentally determined refractive index values are compared with those of PMMA/TiO2, a 
metal oxide nanomaterial [31–33], it is understood that HNMB is quite suitable for applications such as OLED and solar cells. 
Depending on the band gap Eg, the quasi-experimental refractive index values are calculated with the help of the following equations 
proposed by Moss, Ravindra, Herve-Vandamme, Reddy and Kumar and Singh presented in Table 2. 

Moss relation can be expressed as follow [36]: 

n4Eg = 95 eV (3) 

Ravindra proposed the following relationship [37]: 

n = 4.084 − 0.62Eg (4) 

Herve-Vandamme relation [38]. 

n = 1+
(

A
Eg + B

)
2 (5) 

Here, A= 13.6 eV is a constant parameter like hydrogen ionization energy. B = 3.47 eV and represents the difference between the 
band gap and ultraviolet resonance energy. 

Reddy relation [39] 

n4( Eg − 0.365
)
= 154 (6) 

The following relationship was used to calculate Kumar and Singh’s relationship [40]: 

Table 1 
The Eg values of the HNMB for different solvents.  

Solvents Eg (eV) 

EA  2.55 
THF  2.55 
DMF  2.51 
DMSO  2.51  

Table 2 
The experimental (Exp.) refractive index (n) parameters and Moss (M), Ravindra (Ra), Herve-vandamme (H-V), Reddy (Re) and Kumar-Singh (K-S) 
relations results of the HNMB for different solvents.  

Solvents Exp Ra H-V M Re K-S 

EA  1.93  2.50  2.47  2.50  2.89  2.49 
THF  2.06  2.50  2.47  2.50  2.89  2.49 
DMF  1.79  2.52  2.48  2.52  2.91  2.50 
DMSO  1.72  2.52  2.48  2.52  2.91  2.50  
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n = KEC
g (7)  

where K = 3.3668 and C = − 0.32234 are constant parameters. 
It is seen that these values obtained by quasi-experimental relations are larger than the experimental refractive indices, and the 

Herve-Vandamme results are the closest to the experimental results. Fig. 5 shows the experimental refractive index (a) and experi-
mental reflectivity (b) as a function of wavelength. Maximum peaks are observed in Fig. 5-(a) at 477 nm for EA and THF solvents, and 
at 485 nm for DMF and DMSO solvents. After the maximum peaks, the refractive index values of all solvents decreased rapidly. 

The reflectivity peaks of HNMB in EA, THF, DMSO, and DMF solvents are shown in Fig. 5-(b) at 477, 477, 482, and 485 nm, 

Fig. 5. (a) The experimental refractive index; (b) reflectivity of HNMB for different solvents.  

Fig. 6. The experimental optical conductivity of HNMB for different solvents.  
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Fig. 7. The experimental (a) angle of incidence; (b) angle of refraction; (c) contrast of HNMB for different solvents.  
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respectively. It is seen that HNMB reflects about 20% of the incident light for all solvents at these wavelengths. Both the refractive 
index and the reflectivity decrease after these wavelengths. Furthermore, Fig. 5-(b) shows that the reflectivity of HNMB increases from 
1% to 20% in the 384–477 nm range in EA and THF solvents, and from 2% to 10% in the 470–484 nm range in DMF and DMSO 
solvents. It is more suitable for OLED applications because the reflectivity is low in the visible region range, causing an increase in the 
contrast [41,42]. 

Fig. 6 shows the change of optical conductivity in related solvents depending on the photon energy. It can be seen from the figure 
that when the photon energy is equal to the band gap of HNMB, there is a sudden increase in optical conductivity. It is also understood 
that HNMB has higher optical conductivity in DMF and DMSO solvents than in EA and THF solvents. Therefore, it can be said that the 
decrease in the bandgap increases the optical conductivity. In addition, the optical conductivity results are compatible with the results 
of the phosphor bipolar base material as a light-emitting layer in the design of OLED devices [43]. 

3.3. The photonic properties 

The properties of optoelectronic materials such as angle of incidence (Փ1), refraction angle (Փ2), and contrast (αc) are very 
important [44]. Փ1, Փ2 can be given as the following formulas (8) and (9); 

Փ1 = tan− 1(
n2

n1
) (8)  

Փ2 = sin− 1(

(
n1

n2

)

sinՓ1) (9)  

where n1 defines the refractive index of the medium, n2 defines the refractive index of the PHMB. Fig. 7(a, b) shows the variation of 
incidence and refraction angle values in respective solvents as a function of energy. The Փ1 values of HNMB for EA, THF, DMF, and 
DMSO can be seen in Fig. 7a, where the material has the highest peak in the optical band value in the respective solvent. The energy- 
dependent changes of Փ2 values obtained by using Eq. (8) are shown in Fig. 7b. In contrast to the Փ1 change in Fig. 7a, Փ2 appears to 
have a minimum scattering angle at optical band gap values in all solvents. Also, HNMB’s Փ1 values are higher than Փ2 values. In the 
previous study [43], incidence and refractive angle values in the visible region range were lower than the results here. 

Contrast, which is an important value for determining the sensitivity of HNMB, is calculated by the following formula [45]. The 
versus of the contrast varies with energies and solvents is given in Fig. 7c. As shown in this figure, While the lowest contrast value was 
obtained at approximately 3.22 eV in EA and THF solvents, the highest value was obtained in DMF and DMSO solvents at 2.55 eV. Our 
contrast values are very close to the contrast values of the 26DczPPy material known for its application to high-tech devices [46]. 

αc = 1 − (
n1

n2
)

2 (10)  

4. Conclusion 

Changes in electronic, optical and photonic properties of HNMB for various solvents were studied in detail. HNMB is a direct 
bandgap semiconductor (2.51 eV in DMF and DMSO solvents, 2.55 eV in EA and THF solvents). The energy gap value (2.55 eV) be-
tween HOMO and LUMO is quite compatible with this measured direct band gap. HNMB absorbs violet and blue due to solvents. The 
negative solvatochromism data were observed concerning the solvent polarity. HNMB is a sample with low reflectivity in all solvents. 
From the experimental and theoretical results, It can be understood that HNMB can be used in photonic and optoelectronic technology 
with its excellent optical and photonic properties. 
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