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Abstract. Quinones possess high redox potential, making them suitable for organic redox-flow batteries. Their 
oxidation and discharge during charging involve two reversible electron transfer reactions. This study utilized 
density functional theory (DFT) with the B3LYP functional and 6-31G(d) basis set to calculate the first and second 
reduction potentials of benzoquinones (BQ). Various BQ derivatives were created by adding electron-donating 
substituents (-NHCH3, -NH2, -OCH3, -NHCOCH3, -OCOCH3). The universal solvation model (SMD) assessed 
solvent effects, while lithium salts, solvation-free energy, and HOMO-LUMO energies influenced reduction 
potentials. The -OCOCH₃-substituted BQ showed the highest first and second redox potentials at 2.81 V and 2.27 
V, respectively. Adding boron trifluoride (BF3) salt increased these potentials to 3.99 V and 3.84 V. The 
electrochemical behavior of BQ and its derivatives was examined in three solvents: carbon tetrachloride (CCl₄), 
acetonitrile (ACN), and water (H₂O). The average reduction potentials in these solvents followed the trend CCl₄ < 
ACN < H₂O, with water being the most effective due to its hydrogen bonding and polarity. These findings highlight 
the significant impact of solvent characteristics on electrochemical processes. 
 
KEYWORDs: Benzoquinone derivatives, DFT, Electron affinity, Reduction potential, Redox flow battery, 
Solvation-free energy, SMD solvation model 

INTRODUCTION 
 

Due to inequalities in power supply and demand, as well as a growing global population, the 
world's current energy production will quadruple by 2050 [1]. Fossil fuel use on a large scale has 
reduced the energy crisis while wreaking havoc on the environment [2, 3]. Large-scale energy 
storage devices are essential to replace fossil fuels and provide a reliable answer to these issues 
as the use of renewable energy sources such as wind, hydroelectric power, solar energy, and 
geothermal energy increases. Such renewable energy sources are environmentally benign and 
could be regarded as promising alternative energy sources for the world in the future [4]. In terms 
of dependability, safety, and cost, redox flow batteries (RFBs) offer a superior alternative to 
existing electrochemical energy storage technologies in medium- to large-scale stationary 
applications. In terms of cost, system flexibility, quick response, and safety concerns for large-
scale applications, redox flow batteries show great advantages over other types of batteries, such 
as lead-acid and lithium-ion batteries, and are expected to have increasing commercial space 
through technological development in the future [5, 6]. 
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Because of its modular design, superior scalability, and flexible operation, the redox flow 
battery is suitable for large-scale applications. This is because it can store much energy and power 
[7]. In redox flow batteries, as depicted in Figure 1 [8], the electroactive species are dissolved in 
an electrolyte, stored in a separate electrolyte tank, and then pumped to a power-converting 
electron reactor. The redox-active species make up the majority of a redox flow battery. The redox 
potential and solubility of electroactive species control the system's energy and power. The 
chemical stability, electrochemical reversibility, and reduction potential of redox materials all 
play a role in the overall effectiveness of redox flow batteries. Research has been conducted on 
several types of redox flow batteries, including organic and inorganic redox flow batteries [9] 
Most redox flow batteries contain two electrolyte tanks, one of which stores electroactive 
materials for the positive electrode reaction (cathode) and the other of which stores electroactive 
materials for the negative electrode reaction (anode). 
 

 
 
Figure 1. Schematic illustration of a redox flow battery [8]. 
 

Secondary batteries or rechargeable batteries are used as cathode active materials due to their 
high electrochemical reversibility and quick transfer of two electrons. For instance, the most 
promising redox-active organic compounds for stationary energy storage are quinone-based 
molecules, including an aqueous redox flow battery based on the redox chemistry of 9,10-
anthraquinone-2,7-disulfonic with a Br/Br- pair [10]. Quinone-based flow batteries can store more 
energy than conventional flow batteries because quinones transfer two-electron redox reactions 
in an aqueous solution. A previous study was conducted on the redox potential of quinone 
derivatives [11, 12]. Using the SMD solvation model, the electrochemical redox potentials of 
benzoquinone derivatives were investigated in both aqueous and non-aqueous solutions. The most 
promising organic redox potentials are quinones and their derivatives, which involve reversible 
redox reactions between lithium atoms and oxygen carbonyl groups [13, 14]. Depending on the 
substituent functional group, the redox properties and cycling performance of naphthylamide 
derivatives can work as a positive electrode for a lithium-ion battery, with a redox potential 
centered at 2.3 V to 2.9 V Li/Li+ [15]. Likewise, Assary and his colleagues used a computational 
method to study the redox potentials for the first and second reduction of anthraquinone 
derivatives [16]. 
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In the early stage, Mitome et al. [17] investigated carbonyl-based redox-active organic 
compounds such as benzoquinone BQ, naphthoquinone NQ, and anthraquinone AQ. According 
to Huskinson et al. [18], those carbonyl redox-active compounds engage in two-electron, two-
proton redox reactions in an aqueous solution and exhibit fast reversible redox reaction kinetics. 
Among carbonyl-based quinone molecules, the BQ molecule is the simplest and undergoes a 
reversible two-electron transfer reaction under neutral conditions. Redox reactions are a well-
known form of electron transfer reaction that is relevant in a wide range of chemistry fields. 
Electrode potential simulations are particularly useful when experimental measurement is 
problematic due to complex chemical equilibrium. Because of their quick, simple, and cost-
effective purposes, electrochemical techniques are now frequently used in many fields of 
chemistry for the study of electroactive substances [19, 20]. In electrochemistry, electronic 
structure methods and applications are powerful tools for obtaining certain physicochemical 
properties, as they have been implemented for various areas of study, including metal 
rechargeable batteries [20-22] , spintronics [23, 24], and optoelectronics. When experimental 
observations are problematic, the inclination to calculate the redox potential properly using the 
theoretical method is favorable. The ab initio method has recently been utilized to determine the 
redox potential of various compounds in an aqueous solution [25]. 
 In 2011, Senoh et al. [26] introduced a two-compartment cell design that utilized soluble 
benzoquinone derivatives as active materials for high-performance lithium secondary batteries. 
Their study demonstrated the stability and high capacity of various derivatives with different 
substituents over multiple charge‒discharge cycles. Hoober-Burkhardt et al. [27] introduced a 
new Michael-reaction-resistant benzoquinone (BQ) derivative as a potential active material for 
aqueous organic redox flow batteries. They showed the high solubility and stable redox behavior 
of the BQ derivative, which is highly resistant to unwanted side reactions such as the Michael 
reaction. These studies highlight the importance of designing active materials with specific 
chemical functionalities to achieve desirable electrochemical properties. Luo et al. [28] 
emphasized the advantages of organic RFBs over other RFB technologies, such as high stability, 
low cost, and scalability, in their review. This suggests that organic redox flow batteries have 
promising potential as a technology for energy storage. 

This study aimed to computationally determine the first- and second-reduction potentials of 
various BQ derivatives in three solvents with different dielectric constants. It explores important 
factors such as the solvation energy, salt effect, and functional group effect of BQ molecules, 
along with the contributions of EA and solvation energy to the redox potential of organic 
molecules during discharging. Additionally, the study calculates the HOMO and LUMO energies 
of BQ and its derivatives in both the gas and solvent phases. 

 

Computational details 
 

All calculations presented in this study were carried out using the density functional theory (DFT) 
tool implemented in the Gaussian 09 package. The B3LYP [29] functional level of theory with a 
split-valence 6-31G (d) basis set [30] was used to perform electronic property and geometry 
optimizations. The structures were optimized both in gas and in the solution phase (water, 
acetonitrile, and carbon tetrachloride) using the universal solvation model, SMD,  This solvation 
model is a more realistic representation of the solvation effect compared to discrete solvent 
molecules and treated the solvent as a continuous dielectric[31]. 
 

Solvation free energy 
 

The free energy of solvation in the reaction is obtained from the optimized gas-phase free energy 
and the free energy of solvation. The standard free energy of an electron is equal to zero at all 
temperatures [32]. The electron affinity in the gas phase can be calculated prior to the standard 
redox potential at 298 K and 1 atm [33] using equation 1. 
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For the general reaction:                   

                                                                                         (1) 

The electrode potential, E, can be used to express the quantity of free energy produced by 
electrochemical cells as well as the amount of energy required to do work. 

                                                                                                                       (2) 

where ∆G�
��� denotes the Gibbs free energy of solvation, n denotes the number of electrons 

transferred during charging/discharging, F denotes Faraday's constant, and E� denotes the cell's 
electrochemical redox potential. 

The Born-Haber cycle changes all of the reactants from gas to a solution. The Gibbs free 
energy of solutions in a reaction is calculated using the Born-Haber cycle, as shown in Scheme 1: 

 
Scheme 1. The thermodynamic quantity used to calculate solvation Gibbs free energy. 
 

The redox potential (∆Ered) of the active positive electrode material in solution with respect to 
a Li/Li+ reference electrode can be predicted from equation 3 [34]. 
       

∆���� =  −
∆����

��
 − 1.24 �                                                                                                             (3) 

i.e.  ∆���� =  ∆����(���) − ∆����(��)���                                                                                 (4) 
 

where ∆��
���  denotes the solvation-free energy. ∆���� (���) denotes the solvation energy of 

anionic species in a solution and, ∆���� (��) denotes the solvation-free energy of a neutral 
species, where n is the number of electrons transferred and F is the Faraday constant (96500 
C/mol).  

The constant 1.24 V indicates the redox potential of the Li/Li+ reference electrode [(-4.28 V 
[35, 36] Vs SHE (-3.04 V) Li/Li+]. All reduction potentials in this paper are reported with 
reference to Li/Li+ unless mentioned otherwise. The first and second reduction potentials of the 
benzoquinones were determined by considering the solvation effect using the SMD solvation 
model. The solvation-free energy corresponding to 1 atm and 298 K at the standard state was 
calculated while various electron-donating groups of benzoquinone derivatives were introduced, 
and their geometric structures were optimized to the ground state. The electronic properties, i.e., 
HOMO and LUMO energy levels, as well as the electron affinity of the active positive electrode 
materials, were also computed to rationalize the predicted reduction potentials. 
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HOMO-LUMO energies 
 

The energies of the benzoquinone molecule and its electron-donating group in the ground states 
are determined for the highest occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO). Both HOMO and LUMO energies influence chemical stability. The 
energy difference between two molecules serves as a proxy for each molecule's chemical 
reactivity. According to Sajan and colleagues, frontier molecular orbital analysis was used to 
explain the optical and electrical properties of organic molecules [37, 38].  
 

RESULTS AND DISCUSSION 
 

Geometry optimizations 
 

The bond lengths with single and double bonds for carbon‒carbon, carbon‒oxygen, and carbon‒
hydrogen are represented as C − C, C − O, C − H,  C = C, and C = O, respectively (Figure 2). 
 
 

 
 

 
 
 
 
  

 
 
 
 
 
 
 

Figure 2. Labeling schemes for benzoquinone: (A) BQ and (B) BQ derivative (BQ-OCH₃). White, 
gray, and red colors represent hydrogen, carbon, and oxygen atoms, respectively. 

 
Table 1. Calculated bond lengths and bond angles for 1,4-neutral (BQ) and anionic (BQ-) benzoquinone using 

a hybrid functional (B3LYP) compared to their available experimental findings. Values presented 
as previous findings are obtained from references[39, 40]. 

 

The C-H, C=C, and C-C bond lengths indicated in Table 1 for the anionic benzoquinone 
molecules (BQ-) were calculated based on the geometric optimization of the neutral benzoquinone 
(BQ) molecule. The results revealed that the C=C and C-C bond lengths as well as the C-H bond 
length are shortened and lengthened very slightly, respectively. 

Bond parameters BQ BQ- 
This work Previous findings This work 

Bond length�Å� 
  

C − C  1.3952 1.4810 1.3948 

C = C  1.3954 1.3440 1.3951 

C = O  1.4300 1.2250 1.4300 

C − H  1.0997 1.0890 1.0998 
 
Bond angle(°) 

C=C-C 120.0002 121.1000 119.8985 
C-C=O 119.9808 121.1000 119.9972 
C-C-C 120.0086 117.8000 119.9985 
C-C-H 119.9811 - 119.9840 

(A) (B) 
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The C = C has a bond energy (due to the presence of one sigma and one pi bond), while C-C 
and C-H have low bond energies (it contains one sigma bond). Higher bond energy typically 
correlates with shorter bond length because increased number of shared electron pairs pulls the 
bond atoms closer by reducing the reduction potential of benzoquinone. The redox properties of 
BQ correlates with its electronic properties like electro-affinity (EA), lowest unoccupied 
molecular orbitals (LUMO) and occupied molecular orbitals (HOMO) for the most stable state. 
 
Solvent effects 
 
One of the most important factors in determining a solute's solubility is its solvation-free energy 
[41]. Higher solvation-free energy suggests a more favorable interaction of the electron-donating 
group with the aqueous solvent (water) molecules, implying greater solubility. The optimized 
structures of BQ and its derivatives were used to estimate the first and second reduction potentials. 
Accordingly, Table 2 presents the calculated solvation-free energy (∆Gsol) of benzoquinones in 
three distinct solvents (CCl4, ACN, and H2O) with various dielectric constants and polarities using 
the B3LY/6-31G(d) basis set combined with the SMD solvation model. 
 
Table 2. Calculated free energies of solvation for benzoquinones. 
 

 
The solvent effect on the reduction potential depends on interactions between solute and 

solvent, such as solute-solvent hydrogen bonding, electron affinity, and solvation-free energy. 
Table 2 shows an increasing trend in solvation-free energy as follows CCl4 < CAN < H2O. The 
solvation-free energy of bare BQ in water, -89.72 kcal/mol, is higher than that of other bare BQ 
in three distinct solvents. This means that BQ is more soluble in water than in acetonitrile or 
carbon tetrachloride. The solvation-free energy of the ester-substituted BQ is higher than that of 
other electron-donating groups and bare BQ in the three solvents. As a result, adding an ester 
group to the functionalization of BQ can improve the interaction between the solute and solvents. 
Because the solvent phase influences the reduction potential through the solvation effect and 
electron affinity [42], the effect of the solvent phase's dielectric constant on the redox potential 
was also addressed. The average solvation-free energy of water (-86.90 kcal/mol) is higher than 
that of the other two solvents. The dielectric constant also has a comparable influence on the redox 
potential for the BQ functional group. The redox potential rises from a low dielectric constant to 
a high dielectric constant, and it stays constant beyond a certain point. 
 

Prediction of reduction potentials 
 

There are two basic characteristics of the redox properties of organic compounds containing 
carbonyls, such as quinone employed as cathode active material in redox flow batteries [43, 44]. 
The first is that organic molecules would continue to exhibit cathodic activity while having 
positive redox potentials up until each carbonyl could bond with one Li, and cathodic activity 
would mostly depend on solvation energy. Investigated compounds with negative solvation 
energies (solvation-free energy at neutral state > solvation-free energy at anion state) would have 
positive redox potentials and be cathodically active. 

 Benzoquinones 
 

∆���� (kcal/mol) 
CCl4 ACN H2O 

1 BQ -61.69 -80.75 -89.72 
2 2-Methylether BQ -57.82 -76.90 -86.96 
3 2-Methylamine BQ -54.51 -72.88 -81.87 
4 2-O-acyl BQ -69.38 -84.63 -93.31 
5 2-N-acyl BQ -67.03 -82.61 -87.60 
6 2-Amine BQ -54.42 -73.51 -82.51 
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The redox potential of a molecule is a measurement of its ability to gain or lose electrons. The 
thermodynamic cycle that connects the gas phase and solvent processes should be used to compute 
the redox potentials [45]. 

As shown in Table 3, the first-reduction potential (E1
red) and second-reduction potential (E2

red) 
of benzoquinones in the three solvents increase from carbon tetrachloride through acetonitrile to 
water. This is because of hydrogen bonding, HOMO energies, polarity, and the solvent's dielectric 
constant. 

The correlation of the electron-donating group vs. the reduction potential of benzoquinones is 
shown in Figure 3. The reduction potentials of benzoquinones were calculated with respect to 
Li+/Li. 
 
Table 3. Calculated first (E1red) and second (E2red) reduction potentials (V) of benzoquinones using the 

B3LYP/6-31G (d) level of theory in three solvents. 
 

 

 
 

Benzoquinones H2O ACN CCI4 

E1
red E2

red E1
red E2

red E1
red E2

red 

 

 
2.81 

 
2.27 

 
2.43 

 
1.63 

 
1.77 

 
0.56 

 

 
2.65 

 
2.01 

 
2.26 

 
1.43 

 
1.44 

 
0.33 

 

 
2.56 

 
2.04 

 
2.35 

 
1.49 

 
1.67 

 
0.01 

 

 
 

2.53 

 
 

1.92 

 
 

2.09 

 
 

1.32 

 
 

1.27 

 
 

0.43 
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Figure 3. The predicted E1

red and E2
red of BQ and its substituent at the B3LYP functional by using 

a 6-31/G (d) basis set. 
 

The results revealed that the reduction potentials, E1
red and E2

red, of the benzoquinones 
decrease upon substitution of the different electron-donating groups at the ortho position except 
for the ester substituent. The corresponding lithiation redox potentials of quinones are greatly 
influenced by their functional groups. Li-O bonds are formed more easily when the initial Li-ion 
(Li+) is bound due to the increased redox activity of the electron-donating group at the ortho 
position of the carbonyl group. The higher reduction potentials indicated that the carbonyl group 
of esters at the ortho position has a greater potential for electrostatic attraction to the positively 
charged lithium ion. 

 

 
 

2.34 

 
 

1.78 

 
 

1.95 

 
 

1.22 

 
 

1.22 

 
 

0.53 

 

 
 

2.29 

 
 

1.77 

 
 

1.92 

 
 

1.21 

 
 

1.22 

 
 

0.01 

Electron-donating group 
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The effects of salt on the reduction potentials 
 
Due to their high redox potential and theoretical capacity [46], benzoquinone compounds have 
shown tremendous promise as cathode-active materials in lithium-ion batteries [47]. BQ is the 
cathode active material in a rechargeable lithium-ion battery and will undergo a stepwise redox 
process involving two electrons. In the discharge process, this can be seen as the production of 
two reduction potentials or plateaus. Here, lithium atoms were assumed to interact with the redox-
active sites step by step. The effect of salts (BF3 and PF5) on the first- and second-reduction 
potentials of BQ is indicated in Table 4. 
 
Table 4. The effects of salts on the first and second reduction potential of benzoquinone. 
 

 
The results obtained for benzoquinone are in excellent agreement with the previous theoretical 

reduction (no salt) [34]. The calculated free energy of the complex formation of the salt effect 
(Lewis acid) with benzoquinone is also shown in Table 4. The first and second reduction potentials 
were considered with respect to Li/Li+ as a reference electrode. For the salt mentioned above, the 
predicted free energies of complex formation were also computed. Benzoquinone forms 
complexes with salts. The free energies of BQ-salt complex formation were calculated from the 
free energies of the complex and the sum of the free energies of BF3 and BQ in solution. 

The coordination of salt and salt decomposition products raises the estimated first- and 
second-reduction potentials by 0.80 to 1.60 V. The electron affinity of BQ increases when it forms 
complexes with electron-withdrawing group salts such as BF3 and PCl5, which explains why the 
reduction potential increased significantly. These compounds bind to BQ with a mild exergonic 
effect. The last entry was obtained from an earlier published theoretical measurement [34]. The 
calculated first (2.65 V), and second (2.01 V), the reduction potentials of BQ are in excellent 
agreement with the earlier theoretical reduction potential values. 
 
Effects of a functional group on the reduction potential of BQ 
 
The electronic properties of extra functional groups influence the redox properties of the 
investigated molecule [48]. To predict the redox properties of active compounds, it is necessary 
to understand how the electronic transfer mechanism of functional groups affects the BQ redox 
window. The electronic structure properties of a redox-active molecule determine its redox 
behavior. 

The computed first (E1 red) and second (E2 red) reduction potentials of six benzoquinones 
without salt molecules were studied, as shown in Table 3. For instance, the first and second 
reduction potentials of bare benzoquinone are 2.65 V vs. Li/Li+ (standard reduction potential 
without Li/Li+, 3.89 V) and 2.01 V vs. Li/Li+ (standard reduction potential without Li/Li+, 3.25 
V), respectively. 
 
HOMO-LUMO energies 
 
The HOMO-LUMO energies have an impact on a molecule's ability to react chemically. During 
a chemical reaction, the HOMO is the ability to donate an electron, and its energy is proportional 
to the ionization potential. The energy gap between LUMO and HOMO could determine the 

Salt effect E1
red E2

red Complexation-free energy (eV) 
No salt 2.65 2.01 NA 

BF3 3.91 3.72 -0.1779 
PF5 3.81 3.76 -4.9500 

2BF3 3.99 3.84 0.1500 
2PF5 3.66 3.56 -0.1200 
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charge transfer interaction within a benzoquinone molecule [49]. The delocalization of pi 
electrons, which results in a reduced HOMO-LUMO gap, makes it simple for an electron to 
transition from a lower energy level to a higher energy level with a similar energy level. The lower 
the HOMO-LUMO gap value, the higher the reactivity of the studied compounds. The chemical 
X = -OCOCH3 is more stable (less reactive) and more reactive in X = -NHCH3. 

The chemical activity of the BQ molecule is reflected in the HOMO-LUMO gap. The charge 
transfer interaction inside the investigated molecule is shown by a decrease in the HOMO-LUMO 
gap. The stability of the species investigated decreases in the following order. -OCOCH3 > -H >   
-OCH3 > -NHCOCH3 > -NH2 > -NHCH3 solvent in water, which is the same in the gas phase. 
 
Table 5. The HOMO-LUMO energy gap, which is computed at the B3LYP/6-31G (d) level. 
 

 
 

 
Substituents 

                        Parameter 
HOMO (eV) LUMO (eV) Egap(eV) IP (eV) EA (eV) 

GAS -OCOCH3 -7.60 -3.80 3.81 7.60 3.80 
  -H -7.36 -3.54 3.82 7.36 3.52 
  -OCH3 -7.12 -3.22 3.90 7.12 3.22 
  -NHCOCH3 -6.17 -3.15 3.02 6.17 3.15 
  -NH2 -6.32 -3.11 3.21 6.32 3.11 
  -NHCH3 -6.00 -3.00 3.00 6.00 3.00 
CCl4 -OCOCH3 -7.48 -3.63 3.85 7.48 3.63 
 -H -7.22 -3.38 3.84 7.22 3.38 
 -OCH3 -6.94 -3.11 3.83 6.94 3.11 
 -NHCOCH3 -6.45 -3.11 334 6.45 3.11 
 -NH2 -6.13 -2.97 3.16 6.13 2.97 
 -NHCH3 -5.83 -2.89 2.94 5.83 2.89 
Acetonitrile -OCOCH3 -7.32 -3.40 3.92 7.32 3.40 
 -H -7.09 -3.22 3.87 7.09 3.22 
 -OCH3 -6.77 -3.02 3.75 6.77 3.02 
 -NHCOCH3 -6.68 -3.23 3.45 6.68 3.23 
 -NH2 -5.95 -2.88 3.09 5.97 2.88 
 -NHCH3 -5.69 -2.81 2.87 5.69 2.82 
Water -OCOCH3 -7.59 -3.59 4.00 7.59 3.59 
  -H -7.37 -3.43 3.90 7.37 3.43 
  -OCH3 -6.93 -3.28 3.65 6.93 3.28 
  -NHCOCH3 -6.91 -3.46 3.45 6.91 3.46 
  -NH2 -6.10 -3.10 3.00 6.10 3.10 
  -NHCH3 -5.85 -3.05 2.80 5.85 3.05 

 

Chemical reactivity, on the other hand, decreases in the reverse order, -OCOCH3 < -H <              
-OCH3 < -NHOCH3 < -NH2. The corresponding energy levels of the frontier molecular orbital for 
the benzoquinones are shown in Figure 4. Based on the frontier molecular orbital investigation, 
electron transfer would occur between the HOMO and LUMO. 
 As shown in Table 5, the calculated LUMO and HOMO molecular orbitals (MOs) of the BQ 
derivatives are primarily dispersed on the BQ core and the substituents, respectively. While the 
substituents can act as a donor, the BQ core can behave as an acceptor. A split electron density 
distribution between HOMO and LUMO may result from the donor-acceptor configuration of this 
compound. The electron transport capability of the investigated molecule is caused by this 
separation. The redox properties of the six quinone derivatives can be explained by correlating 
them with their electronic structures, specifically LUMO and HOMO, in both stable Li binding 
cases. As shown in Figure 5, the redox potential has a direct relationship with the LUMO, HOMO, 
and HOMO-LUMO gap. The greater positive value of the HOMO-LUMO gap would be 
associated with higher redox potential, whereas the more negative values for LUMO and HOMO 
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would have higher redox potentials for Quinones with more reductive capacity. Similar 
observations have been consistently reported in other studies, as presented in Table 5 [43]. 
Therefore, –NHCH3 (low band gap) and –OCOCH3 (high band gap) can be related to the high and 
low chemical reactivity, respectively. 
 

HOMO BQ (X) 
 

LUMO BQ (X) 

 
 (X = H) 

 
(X = H) 

 
(X = -OCOCH3) 

 
(X = -OCOCH3) 

 
(X = -OCH3) 

 
(X = -OCH3) 

 
(X = -NHCOCH3) 

 
(X = -NHCOCH3) 

 
(X = -NH2) 

 
(X = -NH2) 

 
(X = -NHCH3) 

 
(X = -NHCH3) 

Figure 4. Shapes of frontier molecular orbitals of BQ and its derivatives. 
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Figure 5. The computed HOMO-LUMO energies of BQ derivatives at the B3LYP/DFT level of 

theory using a 6-31G/d basis set. 

CONCLUSION 
 
DFT calculations at the B3LYP/6-31G(d) level of theory are employed to determine the first and 
second reduction potentials of benzoquinone and its derivatives, both in the gas phase and in three 
different solvents. The solvation energies of these organic molecules are obtained using the SMD 
solvation model. BQ derivatives are generated by applying electron-donating substituents (-
NHCH3, -NH2, -OCH3, -NHCOCH3, and -OCOCH3) to the parent benzoquinone molecule. In this 
paper, the effects of selected electron-donating substituents, HOMO-LUMO energies, solvation-
free energy, and lithium salts on the first- and second-reduction potentials of benzoquinones are 
investigated. The results demonstrated that the molecule BQ-NHCH3 has a low HOMO-LUMO 
energy gap in both the gas and solvent phases, making it kinetically less stable but exhibiting a 
high level of chemical reactivity in all the solvents under investigation and the gas phase. 
Moreover, -OCOCH3-substituted BQ exhibited the highest first- and second-reduction potentials 
with values of 2.81 V (2.27 V) mainly due to an increase in BQ's electron affinity, these values 
further improved to 3.99 V (3.84 V) upon the addition of 2BF3 salt. The reduction potentials were 
significantly influenced by salt and salt decomposition products or Lewis acid substituents. The 
study shows that BF3 salt significantly improved the reduction potentials of BQ derivatives due 
to an increase in the electron affinity of BQ when it forms complexes with electron-withdrawing 
salts. As a result of its hydrogen bonding, polarity, and dielectric constant, water has been proven 
to be the preferable solvent for boosting the reduction potential, followed by acetonitrile and 
carbon tetrachloride. 
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