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Abstract: The increasing dependence on non-renewable resources for energy storage has accelerated the 

development of supercapacitor technology, which is now essential to portable devices and electric cars because of 

its high-power density and quick charge/discharge speed. Optimized geometry, weak C-H‧‧‧O hydrogen bonding 

interactions inside methylene groups affect bond lengths, and the carboxylic group in adipic acid (ADPI) shortens 

bond lengths (C14–C15 and C4–C5). DFT simulations demonstrate a fair agreement to experimental data. According 

to vibrational studies, the O-H and C=O groups' vibrational frequencies are greatly influenced by the reactive 

hydrogen bonding displayed by the -COOH group in carboxylic acid derivatives. With theoretical values 

demonstrating significant PED contributions, these interactions reduce the O-H stretching frequency, which is seen 

as an O-H stretching band at 3405 cm⁻¹ in the FT-IR spectra. In ADPI, atoms interact with neighboring atoms' σ* 

orbitals (O2-C4), (O12-C14), (C4-C5), (C14-C15), (O1-C4), and (O11-C14) through lone pairs of electrons localized on O1 

(LP2), O11 (LP2), O2 (LP1), and O12 (LP1); these interactions have fairly high stabilization values of 33.78, 33.78, 

17.91, 17.91, 6.75, and 6.75 kcal/mol, accordingly. Redox peaks and increased specific capacitance with scan rate 

are revealed by cyclic voltammetry study of ADPI, suggesting efficient electron transport, improved charge storage, 

and encouraging prospects for electrochemical energy storage applications. ADPI's appropriateness for high-

performance electrochemical applications such as supercapacitors is supported by its impedance analysis, which is 

displayed by a Nyquist plot with a decreased semicircle and a sharp low-frequency slope. This plot demonstrates 

effective electron transfer, ion diffusion, and capacitive behavior. 

Keywords: CV, Impedence, DFT, Adipic Acid, Non-Covalent, Supercapacitor Technology, FMO  

 

1. Introduction 

The need for new energy storage technologies 

that provide clean, renewable, and sustainable energy is 

expanding due to the depletion of non-renewable 

resources and the escalating pollution of the 

environment. Technological developments have 

prompted academics to look for alternatives to 

conventional energy storage systems in order to solve 

environmental problems resulting from the reliance on 

non-renewable resources. Supercapacitors are a very 

promising energy storage technology because of their 

extended lifespan, broad operating temperature range, 

quick charge/discharge rates, and outstanding power 

density. Supercapacitors, sometimes referred to as 

ultracapacitors, have drawn interest for their high-power 

density and quick charge-discharge capabilities in 

applications including electric cars and portable 

electronics. Depending on the materials utilized and the 

underlying energy storage process, supercapacitors are 

commonly divided into two types: electrochemical 

double-layer capacitors (EDLCs) and pseudocapacitors 

[1, 2]. While pseudocapacitors display reversible Faradic 

reactions, akin to those observed in rechargeable 

batteries, EDLCs store energy through non-faradic 

electrostatic interactions at the electrode/electrolyte 

interface. The physical and chemical characteristics of 

the electrode materials have a significant impact on 

supercapacitors' performance. The creation of effective 

electrode materials is essential to the advancement of 

supercapacitor technology. Because of their good 

electrical conductivity, high stability, huge surface area, 

and better power density, graphene-based materials are 

currently widely employed. However, their potential as 

supercapacitor electrode materials is limited by their 

comparatively poor energy density when compared to 

other storage devices [3, 4]. 

The choice of electrode materials significantly 

impacts the performance of supercapacitors. 

Researchers have explored various options, including 

carbon-based materials, metal-doped carbon 
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compounds, metal oxides, and hybrid metal oxide 

systems. The increasing demand for flexible 

supercapacitors in wearable and portable electronics 

has renewed interest in carbon-based substrates, such 

as carbon felt and carbon sheets, as potential electrode 

materials. Carbon felt, in particular, offers high electrical 

conductivity, excellent mechanical and thermal 

properties, cost-effectiveness, exceptional flexibility, and 

a large specific surface area (SSA) [5]. ADPI is an 

essential chemical compound with an annual production 

growth of 4%. It is used in the manufacture of fertilizers, 

lubricants, paper, waxes, and in the biomedical and food 

industries [6–8]. Traditional ADPI synthesis involves 

using HNO3 with copper or vanadium catalysts, 

producing NOx by-products like N2O5 and N2O, which 

negatively impact the environment [9]. To mitigate these 

issues, HNO3-free methods employing H2O2, molecular 

oxygen, or microbial glucose conversion have been 

developed, although they face challenges such as safety 

concerns, longer reaction times, and lower yields [10]. 

This research focuses on the careful synthesis and 

characterization of ADPI using advanced techniques 

such as spectroscopy, density functional theory (DFT), 

and natural bond orbital (NBO) analysis, making this 

study unique. These methods provide a comprehensive 

understanding of the molecular structure and properties 

of ADPI, which is valuable for those interested in 

molecular design and materials science. Tools such as 

Gaussian'09 and Multiwfn exemplify the precision in 

computational analysis. By integrating studies on 

impedance and supercapacitance, this research paves 

the way for innovations in renewable energy integration 

and advancements in energy storage technology. 

Supercapacitors, also known as ultracapacitors, have 

become increasingly important as fast energy storage 

devices. They offer greater energy storage capacity than 

conventional capacitors, which has significantly 

expanded their applications over the past few decades 

[11–14]. Finally, the electrochemical performance of the 

newly synthesized compound as a supercapacitor was 

assessed using cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS) 

techniques. The selection of electrode materials has a 

significant influence on the execution of supercapacitors. 

Numerous alternatives have been investigated by 

researchers, such as carbon-based supplies, metal-

doped carbon compounds, metal oxides, and hybrid 

metal oxide systems. The growing need for flexible 

supercapacitors in wearable and portable electronics 

has led to a renewed interest in carbon-based 

substrates, such as carbon felt and carbon sheets, as 

possible electrode options. Among the numerous 

benefits of carbon felt are its high electrical conductivity, 

good mechanical and thermal qualities, affordability, and 

exceptional flexibility [15]. The careful characterisation of 

Adipic acid (ADPI) using cutting-edge methods like 

spectroscopy, DFT, & NBO analysis makes this study 

unique. These techniques offer in-depth understanding 

of the molecular structure and characteristics of ADPI for 

individuals interested in molecular design and materials 

science applications. Tools like Gaussian'09 and 

Multiwfn, which provide researchers with a dependable 

analytical framework, are prime examples of accuracy in 

computation. This research lays the door for new 

developments in renewable energy integration and 

creates avenues for advances in energy storage 

technologies by combining studies on impedance and 

supercapacitance[16]. 

 

2. Experimental Section Details 

2.1 ADPI Crystal Growth 

ADPI crystal was grown using analytical-grade 

precursors, which included equimolar quantities of adipic 

acid. To guarantee complete mixing, 0.9312 g of adipic 

acid (Loba Chemie) was dissolved in double-distilled 

water and constantly agitated for six hours at 20 °C using 

a temperature-controlled magnetic stirrer. To get a 

homogenous solution, continuous agitation was 

maintained throughout this period. To get rid of 

contaminants, the solution was filtered after being 

stirred. After allowing the solvent to evaporate, white, 

crystalline ADPI salt was produced. The crystals were 

allowed to dry naturally at room temperature. A number 

of recrystallization procedures were used to improve the 

crystals' purity and clarity. The saturated solution was 

allowed to gradually evaporate at room temperature in 

order to encourage the production of bulk ADPI crystals. 

High-quality ADPI crystals were formed after 30 days; 

Table 1 lists the specific features of these crystals, and 

Figure 1 shows the ORTEP diagram of ADPI. 

 

2.2 Experimental Details 

A variety of spectroscopic methods were used to 

characterize ADPI. Using the conventional KBr pellet 

approach, FT-IR spectra were collected on a Perkin 

Elmer spectrometer over a range of 4000–500 cm⁻¹. 

Using a UV-vis spectrophotometer, UV-visible 

absorption spectra in the 200–800 nm wavelength range 

were acquired. Electrochemical impedance 

spectroscopy (EIS) was used to analyze electrical 

parameters such as bulk ionic conductivity (σ). Using a 

1.0 V AC signal, the impedance of a 0.009 cm-thick 

sample was measured between stainless steel 

electrodes by cutting it into 1 cm2 squares. The tests 

were conducted between 42 Hz and 1 MHz. 

 

3. Theoretical details 

The Gaussian'09 program [17] was used to 

study the ADPI molecule computationally at B3LYP/6-

311++G(d,p) level. Vibrational analysis was achieved 

utilizing the VEDA4 software [18] and PED 

interpretation. Molecular electrostatic potential (MEP) 

maps, which show the LUMO and HOMO states and are 

used to highlight regions of strong chemical activity, 
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were generated using Gauss View 5.0 [19]. The Multiwfn 

program [20] was utilized to conduct comprehensive 

wave function studies, which included electron 

localization function (ELF), RDG and localized orbital 

locator (LOL). The VMD software was utilized to 

generate isosurface visualizations [21]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. ORTEP diagram of adipic acid 

 

Table 1. Crystal data and structure refinement for ADPI 

Empirical formula C6 H10 O4 

Formula weight 146.14 

Temperature 296(2) K 

Wavelength 0.71073 Å 

Crystal system, space group Monoclinic, P 21/n 

Unit cell dimensions 

 

a = 7.3557(6) A   alpha = 90 deg. 

b = 5.1483(4) A    beta = 110.481(4) deg. 

c = 9.9955(9) A   gamma = 90 deg. 

Volume 354.60(5) A3 

Z, Calculated density 2, 1.369 Mg/m3 

Absorption coefficient 0.116 mm-1 

F(000) 156 

Crystal size 0.250 x 0.250 x 0.200 mm 

Limiting indices -9<=h<=9, -5<=k<=6, -13<=l<=13 

Reflections collected / unique 11402 / 4603 [R(int) = 0.0276] 

Theta range for data collection 2.995 to 28.360 deg. 

Completeness to theta = 25.242     100.0 % 

Max. and min. transmission 0.977 and 0.972 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 854 / 0 / 48 

Goodness-of-fit on F2             1.050 

Final R indices [I>2sigma(I)] R1 = 0.0442, wR2 = 0.1240 

R indices (all data) R1 = 0.0515, wR2 = 0.1348 

Extinction coefficient 1.17(10) 

Largest diff. peak and hole 0.215 and -0.202 e.A-3 
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Figure 2. Optimized structure of adipic acid molecule for gas phase. 

 

Table 2. Optimized Bond lengths (Å) and bond angles (°) by B3LYP/6-311G(d,p) with XRD data of ADPI 

Bond length DFT EXP Bond angle DFT EXP 

O1-C4 1.2054 1.2213 H3-O2-C4 107.2 109.5 

O2-H3 0.9691 0.82 O1-C4-O2 122.3 122.9 

O2-C4 1.3581 1.2944 O1-C4-C5 126.4 122.9 

C4-C5 1.5103 1.4934 O2-C4-C5 112.3 114.2 

C5-H6 1.0959 0.97 C4-C5-H6 107.5 108.6 

C5-H7 1.0959 0.97 C4-C5-H7 107.5 108.6 

C5-C8 1.5281 1.5069 C4-C5-C8 113.6 114.8 

C8-H9 1.0948 0.9701 H6-C5-H7 105.3 107.5 

C8-H10 1.0948 0.9701 H6-C5-C8 111.3 108.6 

C8-C18 1.5319 1.515 H7-C5-C8 111.3 108.6 

O11-C14 1.2054 1.2213 C5-C8-H9 109.2 109.1 

O12-H13 0.9691 0.82 C5-C8-H10 109.2 109.1 

O12-C14 1.3581 1.2944 C5-C8-C18 112.2 112.4 

C14-C15 1.5103 1.4934 H9-C8-H10 105.9 107.9 

C15-H16 1.0959 0.97 H9-C8-C18 110.1 109.1 

C15-H17 1.0959 0.97 H10-C8-C18 110.1 109.1 

C15-C18 1.5281 1.5068 H13-O12-C14 107.2 109.5 

C18-H19 1.0948 0.9701 O11-C14-O12 122.3 122.9 

C18-H20 1.0948 0.9701 O11-C14-C15 126.4 122.9 

   O12-C14-C15 111.3 114.2 

   C14-C15-H16 107.5 108.6 

   C14-C15-H17 107.5 108.6 

   C14-C15-C18 113.6 114.8 

   H16-C15-H17 105.3 107.5 

   H16-C15-C18 111.3 108.6 

   H17-C15-C18 111.3 108.6 

   C8-C18-C15 112.2 112.4 

   C8-C18-H19 110.1 109.1 

   C8-C18-H20 110.1 109.1 

   C15-C18-H19 109.2 109.1 

   C15-C18-H20 109.2 109.1 

   H19-C18-H20 105.9 107.9 
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4. Results and Discussion 

4.1 Conformation Studies 

4.1.1 Optimisation Studies 

ADPI's molecular makeup is symmetrical in the 

C1 point group. In the gas phase, it is discovered that 

the lowest SCF energy of ADPI is -535.606 a.u. Figure 2 

shows the ADPI's optimized shape with atom 

numbering. Utilizing the above said basis set, the DFT 

technique was used to examine standardized structural 

variables, which are displayed in Table 2 as bond 

lengths (BL) and bond angles (BA). A correlation 

analysis was conducted among the geometric attributes 

of the basis set (B3LYP/6–311++G(d,p)) calculated and 

experimental. The computed RMSD values for the 

relevant actual bond lengths (BL) & bond angles (BA) in 

comparison to the optimal ones were 0.98997 (BL) & 

0.94269 (BA). These RMSD values are near one, 

indicating that the actual and theoretical bond properties 

coincide perfectly.  

The carboxylic group shortens the bond lengths 

C14-C15 and C4-C5 compared to the methylene groups 

linked via the C8-C18 bond, with actual and DFT values 

of 1.5319 Å and 1.5069 Å, respectively. In ADPI, bond 

lengths inside methylene groups (1.0948 - 1.0959 Å) are 

diminished due to weak C-H‧‧‧O hydrogen bonding 

interactions that are smaller than the vdW gap. The bond 

angles (O2-C4-C5) and (O1-C4-O2) were estimated 

theoretically to be 122.3° and 112.3°, respectively, which 

is in close agreement with the stated values of 122.9° 

and 114.2°. The computed C–C–C angles in ADPI 

showed good agreement with known values spanning 

112.2° to 113.6°, falling between 112.4° and 114.8°. 

Because of its large electronegative charge, oxygen 

aggressively tries to pull electrons from neighboring 

atoms and move them closer together for simpler 

electron sharing. The experimental bounds for the BA of 

C–C–H & H–C–H were 105.5°–107.5° and 107.5°–

108.6°, respectively. It is possible to ascribe the 3.5° 

discrepancy between the estimated bond angle of O1-

C4-C5 (126.4°) and the observed angle (122.9°) to the 

existence of the electronegative oxygen atom (O1) inside 

the carboxylic group. With its increased ability to extract 

electrons, this oxygen atom may impact the electron 

density surrounding the hydrogen & carbon atoms. This 

can result in a somewhat reduced bond angle relative to 

the anticipated value, characterizing the molecule's 

electrical interactions. In contrast to the stated 

experimental result of 109.5°, the bond angle of (C–OH) 

was determined to be 107.2°. Theoretically, bond angles 

for O-C-C were simulated within the 111.3°–126.4° 

range. The recorded range for the matching 

experimental values was 114.2° - 122.9° 

 

4.1.2 Vibrational assignments  

ADPI is made up of 20 atoms in its molecular 

structure, each of which can vibrate in 54 different ways. 

Using the B3LYP/6-311++G(d,p) basis set and the DFT 

approach, the initial vibrational wavelengths of ADPI 

were discovered, as indicated in Table 3. Figure 4 

displays the FT-IR spectrum of ADPI that was obtained 

computationally and practically. To account for the 

mistakes caused by ignoring anharmonicity effects, the 

calculated frequencies of vibration were scaled by 0.961. 

The matching association graph between the ADPI 's 

experimental and theoretical FT-IR wavenumbers is 

displayed in Figure 3.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Experimental and Simulated FT-IR spectra 
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Table 3. Calculated vibrational frequencies of adipic acid by B3LYP/6-311++G(d, p) basis set. 

Modes Unscaled Scaled FT-IR Assignments (PED%) 

1 3758.73 3612  νOH (100) 

2 3758.62 3612 3405 νOH (100) 

3 3083.04 2963 2965 νASCH (12)+νASCH (17)+νASCH (63) 

4 3066.76 2947  νSSCH (80)+νASCH (15) 

5 3053.14 2934  νSSCH (69)+νASCH (18) 

6 3045.51 2927 2926 νSSCH (80)+νASCH (11) 

7 3040.58 2922  νASCH (15)+νCH (14)+νCH (61) 

8 3032.66 2914  νSSCH (81)+νSSCH (13) 

9 3027.78 2910  νASCH (13)+νSSCH (81) 

10 3026.52 2908 2854 νSSCH (73)+νASCH (17) 

11 1812.26 1742  νOC (84) 

12 1811.21 1741 1625 νOC (84) 

13 1508.1 1449  βHCH (94) 

14 1491.46 1433  βHCH (94) 

15 1462.95 1406  βHCH (84) 

16 1459.73 1403  βHCH (84) 

17 1423.05 1368 1388 τHCCC (46) 

18 1418.35 1363  νCC (14)+τHCCO (48) 

19 1374.68 1321  νCC (19)+βHOC (10)+τHCCC (41) 

20 1332.49 1281  βHCC (63)+βHCC (10)+τHCCC (11) 

21 1329.21 1277  βHCC (67)+βHCC (11) 

22 1321.61 1270  νOC (12)+βHOC (38)+βCCO (13)+τHCCC (13) 

23 1292.71 1242  βHOC (52)+τHCCC (18) 

24 1271.84 1222  βHCC (64) 

25 1261.06 1212  βHOC (24)+τHCCC (48) 

26 1168.86 1123  βHCC (15)+βHCC (57) 

27 1155.52 1110  νCC (41)+βHOC (19) 

28 1131.92 1088  νOC (51)+βHOC (21) 

29 1107.95 1065  τHCCC (45)+τHCCC (18) 

30 1086.01 1044  νCC (59)+βCCC (12) 

31 1048.12 1007 1006 νCC (63) 

32 1045.21 1004 947 νCC (80) 

33 920.5 885  τHCCC (11)+τHCCO (45) 

34 888.26 854  νOC (71) 

35 872.66 839  νCC (52)+βCCO (12) 

36 804.81 773  τHOCC (13)+τHCCC (17)+τHOCC (14) 

37 736.69 708 677 βHCC (20)+τHCCC (15)+τHCCO (39) 

38 649.86 625  τHOCC (80) 

39 648.67 623  νOC (15)+βCCO (65) 

40 647.15 622  τHOCC (74) 

41 625.17 601  νCC (13)+βOCO (68) 

42 520.61 500  τHOCC (74) 

43 517.99 498  τCCCO (11)+τHOCC (61) 

44 504.54 485  βCCC (10)+βCCO (79) 

45 474.25 456  νCC (13)+βCCO (69) 
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46 329.18 316  βCCC (86) 

47 255.27 245  νOC (14)+νCC (21)+βCCC (50) 

48 171.08 164  βCCC (14)+βCCC (66) 

49 131.62 126  τHCCO (14)+τHCCC (12)+τCCCC (59) 

50 117.91 113  τCCCC (85) 

51 74.25 71  βCCC (94) 

52 50.44 48  τHCCC (13)+τCCCO (62) 

53 46 44  τCCCC (87) 

54 21.72 21  τCCCC (79) 

d: ν- stretching, β- bending, ω- wagging, τ- torsion 

 

4.1.2.1 COOH vibrations 

The -COOH group is reactive and participates in 

hydrogen bonding networks, making vibrational 

investigations into this group essential. As a result, while 

investigating -COOH derivatives, the vibrations of the -

OH and C=O groups are important indications. H-

bonded entity spectra show that the vibrations of the 

hydroxyl groups are very sensitive to changes in their 

surroundings. The vibrational band usually emerges 

between 3700 and 3584 cm-1 in hydrogen-bonded -OH 

groups [22]. The strong polarization of the carboxylic 

acid position allows hydrogen bonds to develop with 

solvents such as alcohols and water, as well as with 

other polar substances. Alteration in the surroundings 

has a significant impact on the O-H group vibrations, 

resulting in the hydrogen bonding spectra into reduced 

frequency sections of elevated intensity. The crystallized 

makeup of the molecule forms H-bond interactions, 

which are responsible for this behavior. An O-H 

stretching band was detected in the FT-IR spectrum of 

the current investigation at 3405 cm-1. A matching 

estimated value of 3612 cm-1, yielding 100% to PED, 

indicated thorough stretching. The development of non-

covalent contacts, namely C-H-O hydrogen bonds, 

explains the frequency shift downward of the vOH 

vibration. The bending HOC mode corresponds to 

theoretical bands at 1242 and 1212 cm-1 in the scaled 

spectra. The impact of HB interactions brought on by the 

carboxylic group's existence is responsible for the 

enhanced values of O-H in-plane bending vibrations. A 

partial charge is placed on the oxygen atom receiving 

the hydrogen bond as well as the atom supplying the 

hydrogen when a carbonyl group engages in hydrogen 

bonding, which might result in resonance. This 

resonance effect increases the C=O stretching 

wavenumber, which is reduced owing to the proton's 

partial "transfer of allegiance". The carbonyl stretching 

mode is lowered in the crystal when the carbonyl group 

chelates in alongside additional nucleophilic groups to 

establish intra- and intermolecular hydrogen ties. There 

is a good match between the scaled value of 1741 cm-1 

and faintest band in the IR at 1625 cm-1. 

 

4.1.2.2 CH2 Vibrations 

The region of 3100–2950 cm-1 is νas CH2 groups 

are usually observed, whereas νss appear around 

2900–2800 cm-1 [23]. One notable difference between 

aromatic ring stretching (C-H) vibrations and CH2 

stretching vibrations is their frequency. Mild to moderate 

bands at 2965, 2926, and 2854 cm-1 in the FT-IR 

resemble to symmetric and asymmetric CH2 stretching 

in ADPI. The vibrations at 2963, 2947, 2934, 2927, 2922, 

2914, 2910, and 2908 cm-1 have matching computed 

wavenumbers that show excellent PED values. 

Intramolecular C-H‧‧‧O hydrogen bonding contacts are 

responsible for the change in wavenumber for the s νss 

CH2 from the predicted range. 

 

4.2 Transition Studies 

4.2.1 NBO Analysis 

A helpful framework for analyzing the high ED in 

molecular systems' orbital bonding is provided by NBO 

research [24]. Using second-order perturbation theory 

with the Fock matrix in the NBO basis, NBO analysis was 

carried out in the case of ADPI to assess electron-

occupied orbitals and unoccupied orbitals). The amount 

of conjugation within the system and the donor-acceptor 

relationships are better understood owing to this 

investigation. The header composite underwent an NBO 

analysis at the above said level. Table 4 summarizes 

electron supplier and receiver orbitals and provides the 

stabilization energies (E(2)) for important intramolecular 

CT contacts. A key factor in keeping the combination 

stable is the interactions between oxygen atoms' lone 

pair orbitals. In ADPI, atoms interact with neighboring 

atoms' σ* orbitals (O2-C4), (O12-C14), (C4-C5), (C14-C15), 

(O1-C4), and (O11-C14) through lone pairs of electrons 

localized on O1 (LP2), O11 (LP2), O2 (LP1), and O12 (LP1); 

these interactions have fairly high stabilization values of 

33.78, 33.78, 17.91, 17.91, 6.75, and 6.75 kcal/mol, 

accordingly because -COOH and -OH groups that are 

joined to the ring have the ability to donate and take 

electrons, which increases the resonance inside the ring. 

The C=O bond contracts as a result of this interaction, 

which is fueled by the bonding orbital contacts with the 

oxygen atom and amply demonstrates the ring's 
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enhanced resonance. The NBO analysis revealed a 

significant intramolecular charge transfer from σ orbitals 

[(O2-H3), (O12-H13), (C8-H9), (C8-H10), (C18-H19), (C18-H20), 

(C8-H9), (C8-H10)] to σ* orbitals [(C4-C5), (C14-C15), (C5-

H6), (C5-H7), (C15-H16), (C15-H17), (C18-H19), (C18-H20)], 

with stabilization energies fluctuating between 3.55 to 

2.78 kcal/mol. 

 

4.2.2 FMO study 

Essential evidence on the electrical and optical 

characteristics of molecules can be obtained by utilizing 

FMOs, particularly LUMO and the HOMO [25]. These 

orbitals are essential for comprehending quantum 

chemical characteristics and UV-Vis spectra, as well as 

for elucidating a variety of conjugated system processes 

[26]. According to the FMO concept, the reactive ability 

of compounds is related to molecular orbital energies 

and orbital coefficients; in particular, HOMO and LUMO 

are crucial since they denote the outer limits of electron 

possession in a system.  

 

 

Table 4. Second order perturbation theory analysis of Fock matrix in NBO basis 

Type  Donar  (i) ED (i)  (e) Type Acceptor (j) ED (j)  (e) E (2)a kcal/mol 

LP(2) O2 1.83052 π* O1 - C4 0.20483 43.4 

LP(2) O12 1.83052 π* O11 - C14 0.20483 43.4 

LP(2) O1 1.85025 σ* O2 - C4 0.09990 33.78 

LP(2) O11 1.85025 σ* O12 - C14 0.09990 33.78 

LP(2) O1 1.85025 σ* C4 - C5 0.06011 17.91 

LP(2) O11 1.85025 σ* C14 - C15 0.06011 17.91 

LP(1) O2 1.97764 σ* O1 - C4 0.02199 6.75 

LP(1) O12 1.97764 σ* O11 - C14 0.02199 6.75 

σ O2 - H3 1.98701 σ* C4 - C5 0.06011 3.55 

σ O12 - H13 1.98701 σ* C14 - C15 0.06011 3.55 

σ C8 - H9 1.97887 σ* C5 - H6 0.01344 2.96 

σ C8 - H10 1.97888 σ* C5 - H7 0.01344 2.96 

σ C18 - H19 1.97887 σ* C15 - H16 0.01344 2.96 

σ C18 - H20 1.97888 σ* C15 - H17 0.01344 2.96 

σ C8 - H9 1.97887 σ* C18 - H19 0.01540 2.78 

σ C8 - H10 1.97888 σ* C18 - H20 0.01540 2.78 

σ C5 - H6 1.96447 σ* C8 - H9 0.01540 2.6 

σ C5 - H7 1.96446 σ* C8 - H10 0.01540 2.6 

σ C15 - H16 1.96447 σ* C18 - H19 0.01540 2.6 

σ C15 - H17 1.96445 σ* C18 - H20 0.01540 2.6 

σ C5 - H6 1.96447 σ* O1 - C4 0.02199 2.45 

σ C5 - H7 1.96446 σ* O1 - C4 0.02199 2.45 

σ C15 - H16 1.96447 σ* O11 - C14 0.02199 2.45 

σ C15 - H17 1.96445 σ* O11 - C14 0.02199 2.45 

LP(1) O1 1.97829 σ* C4 - C5 0.06011 2.4 

 

 

 

 

 

 

 

Figure 4. Frontier molecular orbitals of adipic acid 
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Table 5. Calculated energy values of title compound by B3LYP /6-311++G(d, p) 

Parameters (eV)   Gas 

EHOMO -5.477 

ELUMO -1.859 

Energy band gap (ΔE) 3.6174 

Ionization potential 5.4773 

Electron affinity 1.8599 

Chemical hardness 1.809 

Chemical Softness 0.276 

Electro negativity 3.669 

Chemical potential -3.669 

Electrophilicity index 3.721 

Electron donating capability (ω-) 5.781 

Electron accepting capability (ω+) 2.112 

Net electrophilicity ( ω−
+)  7.893 

Nucleophilicity index (N) 0.269 

 

Table 6. Experimental and theoretical UV–vis Characteristics of adipic acid molecule in DMSO 

No. Experimental Energy (cm-
1) 

Wavelength 
(nm) 

Oscillatory 
Strength 

Symmetry Major contribs 

1  47872.56 208.9 0.0005 Singlet-A H-1->L+1 (48%), 
HOMO->LUMO (49%) 

2  47874.98 208.8 0 Singlet-A H-1->LUMO (48%), 
HOMO->L+1 (49%) 

3 178 56673.74 176.4 0.1213 Singlet-A H-1->L+2 (62%), 
HOMO->L+3 (35%) 

 

Employing the B3LYP/6-311++G(d,p) basis set, 

the HOMO and LUMO orbital visual representations for 

ADPI were computed, as illustrated in Figure 4. In ADPI 

the ionization potential (I) and the HOMO, which 

represents the molecule's electron-donating 

(nucleophile) capacity, are proportional. In contrast, the 

LUMO energy is precisely associated to electron affinity 

(A) and indicates the molecule's propensity for accepting 

an electron (electrophile) [27]. With computed energies 

of EHOMO = -5.477 eV & ELUMO = -1.859 eV, the 

HOMO & LUMO are both concentrated over the 

carboxylic acid group, as shown in Fig. 5. The energy 

gap that results, which is 3.6174 eV, describes the CT 

contacts within the complex and shows the chemical 

strength of ADPI. To further elucidate these qualities, 

Table 5 presents the global reactivity parameters that 

have been determined. Organic compounds are 

characterized as being robust electrophiles (ω > 1.5 eV), 

medium electrophiles (0.8 < ω < 1.5 eV), or feeble 

electrophiles (ω < 0.8 eV) according to the 

electrophilicity index (ω)[28]. Considering its greater ω 

value, ADPI appears to be a potent electrophile. 

 

4.2.3 UV Study 

The UV-visible spectrum for ADPI in DMSO 

solvent was determined utilizing the TD-DFT technique 

[29, 30], as Figure 5 illustrates. Table 6 shows the 

chemical orbital contributions, wavelengths, energy 

band gaps, and absorption energy. ADPI in DMSO 
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showed a broad absorbance spectrum at 186 nm, which 

corresponds to a π-π* transition. The wavelengths at 

which the data could be obtained were 208.9, 208.8, and 

182.4 nm. The observed absorbance peaks match 

electron transitions between border orbitals, namely 

from HOMO to LUMO, according to computational 

models. According to the estimated absorption spectra, 

the maximum absorption wavelength is associated with 

electronic shifts from H-1 -> L+2 (62%) and HOMO -> 

L+3 (35%). 

 

4.3 Non-Covalent Interaction Analysis 

4.3.1 ELF and LOL Analysis 

The ELF & LOL are important tools for surface 

and topological investigation in molecular systems. 

LOL ̞(r) and ELF τ(r) form the essential basis of the 

electron localization that the Lewis structure describes 

[31,32]. These functions provide the foundation for 

comprehending the distribution of electron pairs in 

molecular space; the gradients of orbitals give birth to 

maximum localized orbital overlap, which is signified by 

LOL and electron pair density by ELF [33].  

The wave analysis tool Multiwfn was used to 

analyze electrical wave functions and create mapping 

graphics of ELF and LOL [34]. The color-shaded 

patterns of LOL and ELF are shown in Figure 6. On the 

ELF map, values are represented by a color scale from 

blue to red, whereas on the LOL map, values are 

represented by a scale from 0.5 to 1.0. The regions of 

bonding and nonbonding localized electron density are 

highlighted in both maps by a span from 0.5 to 1.0, 

whereas delocalized electron zones are highlighted by 

values below 0.5 [35]. The LOL maps show that 

the highest values are obtained at scales above 0.5 in 

regions where ED drives electron localization. The 

existence of bonding & nonbonding electrons is verified 

by the color variations in the LOL & ELF visualizations. 

Regarding the hydrogen atoms (H16, H17, H19, H20, H9, 

H10, H6, H7), the color red denotes areas exhibiting 

elevated bonding and nonbonding electron localization 

values. In Figure 6, on the other hand, low electron 

localization values are indicated by the blue coloring 

surrounding carbon atoms. Little blue circles 

surrounding carbon atoms (C15, C18, C8, C5) indicate 

electron depletion throughout the valence and inner 

shell. As seen in Figure 6, minimal white circles 

surrounding hydrogen atoms with elevated LOL values 

represent regions of maximal electron density [36], 

whereas the red color near these hydrogen atoms 

indicates covalent connections between the atoms. 

 

 

 

 

 

 

 

 

 

Figure 6. Electron localization function (ELF) map and Localized orbital locator (LOL) maps in the gas 

phase 

 

Figure 7. 2D scatter and Isosurface density plots illustrating the non-bonded interactions of adipic acid 
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Figure 8. MEP map for adipic acid 

 

4.3.2 RDG Studies 

Analyzing noncovalent interactions (NCIs) or 

Reduced Density Gradients (RDGs) in molecular 

systems is a great way to learn about weak 

connections[37]. This method visualizes these 

interactions by using the RDG's isosurface[38]. Electron 

density is the basis for accurate estimation of weak 

relationships in real space; a low-density gradient 

represents regions of weakened connections, while a 

high-density gradient emphasizes regions of substantial 

interaction[39]. In the investigation of NCI in ADPI, a 

visual examination of weak links was conducted using 

the RDG technique and Atomistica [40,41]& VMD 

software. A coloured scatter map (graph) produced by 

the Multiwfn tool with an isovalue of 0.5 is shown with 

the NCI in ADPI in Figures 7. The lack of a ring structure 

is probably the reason for the results, which show no 

steric impacts. It is found that hydrogen bonding occurs 

when a hydrogen atom forms a bridge among two 

electronegative atoms, one via a covalent connection 

and the other by an electrostatic attraction. Mixed flaky 

patches in green and red show the presence of 

moderate noncovalent relationships such as C-H‧‧‧O. 

The RDG chart, which displays values spanning 0.01 to 

-0.02 a.u., provides more evidence for these 

relationships. 

 

4.4 Charge Analysis 

4.4.1 MEP Studies 

Protons' interactions with electrons and 

neutrons through a molecule's electric charge cloud are 

depicted visually in MEP maps. A 3D representation of 

the electrostatic potential inside a molecule is provided 

by these maps, which are sometimes referred to as MEP 

surfaces [42,43]. 3D color-coded MEP images with a 

scaling range were produced in this study using the 

GaussView 5.0 [19] program. Red indicates areas of 

strongest attraction, whereas blue indicates areas of 

greatest repulsion on the MEP maps, which are color-

coded in red, yellow, green, and blue. In Figure 8, the 3D 

MEP picture is displayed. Finding reactive locations 

within the molecule and determining the compound's 

physicochemical connection are made possible by MEP 

analysis [44]. The MEP chart's scaling range is -6.183 × 

10-2 (red), which represents the greatest enticement, to 

6.183 × 10-2 (blue), which represents the strongest 

repelling. The illustration shows that the carbonyl group's 

oxygen atoms display a positive prospective cloud. The 

green hue, which emphasizes the methylene categories 

in ADPI, represents the neutral potential. Moreover, the 

positive potential across the hydroxyl group is 

represented by the color blue on the diagram. 

 

4.5 CV Analysis 

In a cyclic voltammetry (CV) analysis, ADPI 

demonstrates redox behavior characterized by oxidation 

and reduction peaks in the CV graph, indicating its 

capability for electron transfer. The specific capacitance 

values calculated for ADPI at different scan rates are 

11.77 F/g at 10 mV/s, 17.69 F/g at 20 mV/s, 33.35 F/g at 

30 mV/s, 37.26 F/g at 40 mV/s, 38.88 F/g at 50 mV/s, 

40.06 F/g at 60 mV/s, 50.11 F/g at 80 mV/s, 50.99 F/g at 

100 mV/s, and 73.80 F/g at 200 mV/s (figure 9). These 

values show that as the scan rate increases, the specific 

capacitance also increases, suggesting more efficient 

charge storage and faster ion diffusion at higher scan 

rates, likely due to improved accessibility of active sites 

on the electrode, which is crucial for ADPI's potential 

application in electrochemical energy storage devices. 

The supercapacitor system's maximum charge storage 

capacity efficiency was demonstrated at a scan rate of 

200 mV/s. Specific capacitance is influenced by a 

number of variables, including scan rate, electrode 

surface area, and material properties; therefore, it is 

important to optimize scan rate in order to increase 
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capacitance. The promise of ADPI for energy storage 

applications may be highlighted by additional research 

into the underlying mechanisms and material properties, 

which could yield important insights for creating high-

performance supercapacitors. 

 

4.7 Impedance Analysis 

ADPI's impedance study usually shows a 

semicircle at high frequencies and a linear region at low 

frequencies, which represent the material's ion diffusion 

and charge transfer resistance, respectively. The real 

and imaginary components of impedance at different 

frequencies are displayed for ADPI in the data provided, 

which are used to explain its electrochemical activity. 

Effective electron transfer at the electrode-electrolyte 

interface is shown by a reduced diameter of the 

semicircle in the Nyquist plot (figure 10), which also 

shows a lower charge transfer resistance. Ion diffusion 

through the electrolyte is indicated by the low-frequency 

linear part, which is frequently connected to the Warburg 

impedance. Better capacitive behavior is indicated by a 

steeper slope in the low-frequency zone, but lower 

impedance values at high frequencies suggest better 

conductivity. Understanding these properties is essential 

to comprehending the effectiveness of ADPI in 

electrochemical systems, especially in applications like 

supercapacitors where high capacitance and low 

impedance are required for quick charge-discharge 

cycles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Cyclic volumetric analysis of adipic acid at various scan rates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Nyquist plot of adipic acid 
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Figure 11.  Hirshfeld surfaces of adipic acid 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Fingerprint plot of adipic acid molecule 

 

4.8 Hirshfeld surface (HS) Analysis 

Hirshfeld surface calculations and fingerprint 

graphs investigated the intermolecular contacts inside 

the researched molecule's crystal structure [45]. The 

intermolecular forces that influence the creation of 

different supramolecular arrangements in the framework 

of crystals can only be compared with these 
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investigations[46]. Contributor and receiver atoms with 

substantial intermolecular hydrogen bonding are 

indicated as red patches on the HS, depicted with the 

dnorm variable (-0.7295 to 1.0024 Å) (Figure 11). The 

dnorm parameter, which reflects the normalized collision 

distance, is utilized in O‧‧‧H-C/C-H‧‧‧O interactions. 

This disparity is computed using two formulas: di, which 

is the distance (Figure 11) from a nucleus within the HS 

to a certain point on the surface, and de, which is the 

distance (Figure 11) from a nucleus beyond the HS to a 

similar place on the surface [47,48]. The curvature & 

shape index of the HS (Figure 11) show C-H…π and π-

π stacking relationships represented by neighboring red 

and blue triangles (Figure 11). It is evident that there are 

no π–π interactions when there are no such adjacent 

triangles. Several noteworthy intermolecular interactions 

revealed by HS analysis are depicted together in Figure 

11. Short contacts are identified by adding the lengths of 

the two surfaces, de and di, which result in the following 

values: 1.672 Å, 3.612 Å, 3.426 Å, and 2.161 Å. These 

separations are indicative of strong ties. Further 

information about the intermolecular contacts may be 

gained from the 2-D fingerprint charts, which indicate 

that the compound's most common affinities are 

reciprocal O‧‧‧H/H‧‧‧O, H‧‧‧H, O‧‧‧C/C‧‧‧O, and O

‧‧‧O, with consecutive values of 49.1%, 40.8%, 23.2%, 

and 3.5% (figure 12). 

 

5. Conclusion 

Using a variety of scientific methods, this study 

provides a thorough analysis of the compound ADPI in 

order to reveal its characteristics and actions. Deeper 

understanding of different structural characteristics was 

made possible by determining the single-crystal 

structure. All required input files for theoretical 

calculations were then prepared and successfully 

carried out, yielding satisfying findings. From optimized 

geometry the carboxylic group in ADPI significantly 

influences bond lengths and angles, with theoretical and 

experimental values closely aligning, revealing strong 

effects of electronegative oxygen on molecular geometry 

and electron distribution. The vibrational movements, 

chemical structure, and bonding interactions of ADPI 

were better understood using vibrational spectrum 

analysis. According to FT-IR spectra and theoretical 

values with high PED accuracy, this study demonstrates 

that the carboxylic (-COOH) group in ADPI actively 

participates in hydrogen bonding networks, which have 

a significant impact on the vibrational frequencies of O-

H and C=O groups. Hydrogen bonding interactions 

consistently lower the O-H stretching frequencies and 

affect CH2 vibrations due to intramolecular C-H...O 

contacts. A high electrophilicity index (ω) and a 

noteworthy HOMO-LUMO energy gap of 3.6174 eV, 

which indicate significant charge transfer potential and 

robust chemical stability, especially within the carboxylic 

acid group, are two indicators of ADPI 's strong 

electrophilic behavior, according to the study. Using 

RDG analysis, the study shows that ADPI has moderate 

noncovalent interactions, such as C-H‧‧‧O hydrogen 

bonding. The study indicates that during CV analysis, 

ADPI exhibits increasing specific capacitance with 

increasing scan rates, indicating improved ion diffusion 

efficiency and charge storage properties that are 

advantageous for its use in electrochemical energy 

storage devices. The impedance analysis of ADPI 

reveals low charge transfer resistance and effective ion 

diffusion, key traits that support its suitability for high-

performance electrochemical applications such as 

supercapacitors, where rapid charge-discharge cycles 

are crucial. 
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