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Abstract 

Computational analysis of high potential quinones for battery 

applications 

      
Cosmas Kipyego Kosgei   
 
The participation of quinone in electron transfer processes is an important aspect in 
many areas e.g. medicine, biochemistry and battery charge carrier mechanism. Of 
much interest is quinone application on sustainable and renewable charge storage 
components. Here the option of reaching high quinone potentials in aprotic solvents 
by varying the 𝑝𝐾𝑎 values of different proton accepting bases of different basicity 
has been investigated theoretically. The approach has been to employ first-
principles based on density functional theory (DFT). The focus is to screen how the 
nature of the ion trap (T) impacts on the quinone redox potential and how the 
nature of the electrolyte salt and solvent polarity affects the redox behavior by 
simulation means. 𝐸𝑜′ from ∆𝐺 values  has been calculated  using DFT method on 
B3LYP/6-311++G**  of a series of pyridine derivatives on quinone hydroquinone 
redox reaction. The solvation effects in acetonitrile are included by incorporating 
Polarizable Continuum Model (PCM) and its contribution included in ∆𝐺 calculation. 

The application of the  the Born-Herber cycle resulted in formal potentials in 
the order of – 330mV as the highest at 𝑝𝐾𝑎 of 2.81 and – 550mV as the least 
value at 𝑝𝐾𝑎 of 7.43. However the experimental and the theoretical values 

however did not agree well. Total energy correlates linearly with the pKa 
values of the pyridine bases. This shows that gas phase energy can be a 
source of information to theoretically predict the formal potential. With 
decreased 𝑝𝐾𝑎 value of the pyridine bases the quinone potential was observed to 
shift linearly to higher potential. This high potential shift is a direct implication that 
the storage battery setup is of high energy. The results show that changes in 𝑝𝐾𝑎 
upon Quinone influence the pathways for proton-couple electron redox couples 
which should have an impact for power generation and energy storage in battery 
cells. 
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1. Introduction  

1.1. Background 

First-principles theoretical calculations on quinone redox processes (quinone reduction and 

hydroquinone oxidation) are presented in this research study. With growing need for the 

development of renewable energy sources, a major challenge for exploratory research is to 

design electrical energy storage (EES) batteries for both mobile and stationary applications.1 

Lithium based anodes as anode material in rechargeable batteries has shown high theoretical 

capacity. However during electrochemical cycling, its nature does not fulfill the safety 

requirements and cycle life of rechargeable batteries due to dendrite formation and electrolyte 

decomposition on the lithium anode surface. This has triggered interest to replace these 

inorganic compounds with organic compounds like disulfides, nitroxides, carboxylates, and 

carbonyl compounds. 2 Research have shown that organic based electrode materials are 

comparable and can even succeed lithium ion battery (LIB) cathode materials as renewable and 

readily accessible resources.3, 4  

The challenge under intense research is to resolve the poor conductivities of organic matter 

and minimize or stop solubility of small organic molecules in the battery electrolyte.  The 

broader objective of this work is to overcome these challenges by attaching quinone redox 

active pendant group (PG) on a conducting polymer. Quinones are organic carbonyl compounds 

responsible for electron transport in biological mechanisms like photosynthesis and respiration. 

In photosynthesis quinones are used to transport electrons between Photosystem II to 

Photosystem I while in the respiratory electron transfer chain they serve to transport electrons 

from enzyme complex I to enzyme complex II. These natural occurrences of quinones in 

biological energy conversion systems and their relatively stable redox chemistry have made 

quinones attractive targets for electrical energy storage purposes. 

The strategy is therefore to investigate high potential quinones. For the hydrogen generation in 

hydroquinone oxidation to quinone, the movement and transport of protons and electrons in 

presence of proton accepting bases is vital to energy storage and utilization. In the non-polar 

solvent, the charged species tend to be high in energy. The energy of the oxidized state would 

then be possibly increased if the positive charge generated by oxidation is trapped in the 

material.  

Previously in this study, we experimentally examined the direction of the shift of quinone 

potential in aprotic solvents by varying the 𝑝𝐾𝑎 values and concentration of different proton 

accepting bases of different basicity. We electrochemically screened the shift of the Fermi level 

of the electrode redox state with 𝑝𝐾𝑎 by relating with the electrochemical potential. 

Additionally information on the HOMO-LUMO shift with change of basicity was also screened. 

To further analyze the impact of these key parameters we employ first-principles based on 

density functional theory (DFT). The focus is to screen how the nature of the ion trap(T) impacts 

on the quinone redox potential and how the nature of the electrolyte salt and solvent polarity 

affects the redox behavior by simulation means.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
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1.2. Aim of the project 

 

 To achieve fundamental understanding on how charge trapping by binding of the 

counter ion in the vicinity of the redox active group influences the reduction potential  

 To develop a new first-principles high-throughput screening system to establish 

trends in counter ion binding sites 

 To investigate the influence of solvent and electrolyte ions on the reduction potential 

of quinone. 

 

2. Theory   

2.1. A brief introduction to Quantum Mechanics 

Quantum mechanics is used in studying and predicting the molecular and atomic properties of 

systems. This also includes solid state matter. Molecular quantum mechanics is a scientific 

subfield mainly focusing on the application of quantum mechanics in experiments of chemical 

systems and physical model. It aims at solving chemical problems specifically. It strives to 

calculate different properties and structures of molecules, such as electronic structure, charge 

distribution, geometry, vibrational frequency, electric dipole moment, etc. by using theoretical 

principles and the computer science tools.5   

For molecular systems there is a small energy shift arising from the magnetic dipoles of the 

nuclei and electrons as compared to chemical binding energies. This can usually be successfully 

treated by perturbation theory. If the focus is only on the valence electrons, the relativistic 

effects, which mostly affects the core electrons can be ignored, and these core electrons can be 

treated approximately. In the solid state and chemistry then, the reactivity and structure 

characterization can be found from the non-relativistic part of the Schrödinger equation 

without magnetic effects. The whole time dependent Schrödinger is employed in studying the 

interaction of molecular systems with electromagnetic radiation, while the time independent 

Schrödinger equation works for the characterization of structure. The brief theory therefore 

mainly touches on the time independent Schrödinger equation in which the computation of the 

electronic structure is carried out at fixed nuclear positions. This is in the Born-Oppenheimer 

approximation.  

The time-independent Schrödinger equation6,7 describing the quantum behavior of matter8 is 

                                            𝐻𝛹 = 𝐸𝛹                                                                                                           1 

where 𝜳 represents the wave function, which defines the given system and E is the ground 

state energy of the system determined as an eigenvalue to the Hamiltonian. H is the 

Hamiltonian operator, whose value includes the potential and kinetic energy. In the non-

relativistic approximation, the Hamiltonian is given as 

 

                                          𝐻𝑡𝑜𝑡 =  𝑇𝑛 +  𝐻𝑒                                                                                               2 
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Where 𝑇𝑛 = ∑ −
1

2𝑀𝑎
∇𝑎

2
𝑎                                 𝐻𝑒 =  𝑇𝑒 + 𝑉𝑛𝑒 + 𝑉𝑒𝑒 +  𝑉𝑛𝑛 

 

where 𝑇𝑛 is the nuclear kinetic energy. 𝐻𝑒 denotes the electronic Hamiltonian operator whose 

value is split to 𝑇𝑒(electron kinetic energy), 𝑉𝑛𝑒(nuclei-electron attraction), 𝑉𝑒𝑒(electron-electron 

attraction) and 𝑉𝑛𝑛 being the nuclei-nuclei attraction. 

As per the Born-Oppenheimer approximation, the computational cost of the time-independent 

Schrödinger equation is reduced. In this approximation the nuclei are held constant while 

considering the wave function of the electrons alone i.e., the coupling nuclear-electron 

interaction is neglected. The solution of the electronic part of the Schrödinger equation is done 

with the nuclear positions as parameters. The potential energy surface resulting from electronic 

part of the solution is utilized as a basis in solving the nuclear movement. Therefore in a given 

set up of nuclear coordinates the task in computation will be on the electronic part of the 

Schrödinger equation (eq.3).   

                                                             𝐻𝑒 =  𝑇𝑒 +  𝑉𝑛𝑒 +  𝑉𝑒𝑒 +  𝑉𝑛𝑛                                                    3 

 

where                 𝑇𝑒 = ∑ −
1

2
∇𝑎

2
𝑎                                  𝑉𝑛𝑒 = ∑ ∑

𝑍𝑎
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𝑁𝑒𝑙𝑒𝑐
𝑖

𝑁𝑒𝑙𝑒𝑐
𝑎  

                             𝑉𝑒𝑒 = ∑ ∑
1

| 𝑟𝑖− 𝑟𝑗|

𝑁𝑒𝑙𝑒𝑐
𝑗>𝑖

𝑁𝑒𝑙𝑒𝑐
𝑎                       𝑉𝑛𝑛 = ∑ ∑

𝑍𝑎𝑍𝑏

|𝑅𝑎− 𝑅𝑏|

𝑁𝑒𝑙𝑒𝑐
𝑏>𝑎

𝑁𝑒𝑙𝑒𝑐
𝑎  

    

There are two categories for investigating the properties of a system; wave function based 

methods and electron based methods (Density Functional Theory), depending on the different 

bases.  

2.2. Density Functional Theory (DFT) 

 Density functional theory (DFT) is a proof based on Hohenberg-Kohn theorem9, which states 

that the external potential Vext is obtained uniquely by the electron density, i.e., the total 

ground-state energy of one system is a functional of the electron density. This 3D electronic 

density of the system is used to describe the physics of the electron interaction, and therefore 

it gives the exclusive properties of a system. From Kohn-Sham theory10, the simple equation for 

the ground state energy can be expressed as 

 

                                  𝐸[𝜌] =  𝑇𝑠[𝜌] + 𝑉𝑛𝑒[𝜌] +  𝐽[𝜌] +  𝐸𝑥𝑐[𝜌]                                                            4 

where 𝑇𝑠[𝜌] is the kinetic energy of the system expressed as 
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with  i  as the set of one electron KS orbitals and the electron density is given by 

                                        

i

rir 
2

                                                                                                      6 

The second and the third terms of equation 4 are two energy components .These are the 

nucleus potential energy (due to nuclear-electron interaction), given in terms of the external 

potential term due to the nuclei,     
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And the other is the classical electron-electron repulsion energy (coulomb energy) given as, 
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The key remaining term, 𝐸𝑋𝐶[𝜌], is the exchange-correlation energy. This includes the 

interaction correlation to 𝑇𝑠[𝜌], and 𝐽[𝜌]. 𝐸𝑋𝐶[𝜌 is expressed as a functional known as the spin-

density functional, of spin densities.11 Although no closed-form expression exist in the 

constrained12approximation for density functional, it can be given as, 

      


 JT sV eeTE xc 


 min  

                      JV eeT sT                                                                                               9 

As mentioned above a number of density functional approximations have been introduced for 

practical applications in this exchange-correlation term. Due to this many varying density 

functional methods have been compiled and developed.   

Among them this is the local density approximation (LDA), 10 which is the simplest exchange-

correlation energy type of approximation being popular in the 1970s and 1980s. Introduced in 

the late 1980s is the generalized gradient approximations (GGAs) 13, this can well be utilized in 

chemical reactions with an acceptance accuracy. The current most popularly used functional 

over a wide set of systems is B3LYP. It was introduced by Becke in the early 1990s where he 

adopted a fraction of the Hartree-Fock (HF) exchange as an alternative to a fraction of GGA 

exchange.  
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2.2.1. Hybrid DFT Method-B3LYP 

Presently a number of DFT methods have been developed, of which their difference is on the 

chosen functional form related to the exchange and correlation energy. Being one of the hybrid 

DFT methods B3LYP has enjoyed a good performance in a wide range of systems. 

B3LYP15, 16 exchange-correlation term has the form; 

            EcEcEbEaEaE
LPY
c

VWN
c

B
x

Slater
x

HF
x

LYPB
xc  11 883                                                    10 

In the exchange-correlation term, we have the exchange part introducing the exact Hartree-

Fock exchange ( E
HF
x ) in the functional, Becke 1988 nonlocal gradient correction ( E

B
x

88 ), and 

Slater local functional ( E
Slater
x ). For the correction part it introduces the Vosko-Wilk-Nusair 

(VWN) local functional ( E
VWN
c ), and also the Lee-Yang-Parr local and nonlocal functional ( E

LPY
c ). 

The semi-empirical parameters are given as a, b and c whose corresponding values are 0.20, 

0.72 and 0.81 respectively. 

On reported evidence, DFT predicts highly accurate results on the use of quantum mechanics to 

challenging scientific problems in material science.8 To study the quinone redox reaction on 

pyridine bases, B3LYP has been adopted in this project.  

 

2.2.2. Solvation 

Solvent effects have become a subject of interest on the kinetics and thermodynamics of 

biological and chemical phenomena. The main focus here is to use theoretical methods to 

elaborate chemical processes in solution. Therefore the models of solvation used should 

manage to treat HF wave functions by displaying energies and also properties of solutes. 

Solution-phase computation in this research work is necessary in order to obtain the Gibbs free 

energy (equation 13). This will in turn enable the calculation of the formal potential of quinone 

at varying 𝑝𝐾𝑎 values of pyridine bases (equation 12). There are two methodologies used in 

factoring in the effects of solvation: Continuum solvation and explicit solvation. A hybrid of the 

two has also been developed. Explicit solvation (microsolvation) surrounds the solvent 

molecules around the solute molecule. Continuum solvation (implicit solvation), is a 

methodology whereby the solute molecule is accommodated in a cavity in a continuous 

medium which stimulates the sea of solvent molecules. 

Solvation models relying on polarizable continuum dielectrics have shown reliable accuracy and 

flexibility, particularly when the solute molecule is placed in a cavity of a given molecular shape.  

Among the models in this category, Poisson-Boltzmann model (PBF) has been used in this 

research work. It is therefore appropriate to expound more on continuum solvation. This is also 

called implicit solvation due to the fact that a continuous medium, a continuum, is used to 

‘mimic’ the existence of individual solvent molecules. This algorithm accommodates the solute 

in a cavity in a solvent medium and the extent of interaction between the cavity and the solute 
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is calculated.  Using a continuum in place of individual solvent molecules as in microsolvation, is 

the best way of averaging out the contribution of big number of solvent molecules.  

The main steps in the currently used continuum solvation models are the design of the shape 

and size of the solvent cavity and the calculation of the interaction energy of the solute with the 

solvent. Trusted continuum models accommodate the solute molecule in a cavity build to 

match its size and the shape of the cavity for example spherical or ellipsoidal. However there is 

a level of accuracy for designing this size and shape of the cavity. This size and shape of the 

cavity identifies the solvent-accessible surface area (SASA), a parameter required by the 

method. The basic build shape would be that arising from the exposed surfaces of overlapping 

spheres molecular model. These spheres have measurable van der Waals atomic radii.  

  

Figure 2.2.4. Figure showing the molecule surface area from overlapping spheres and also from a sphere rolling 

over the molecular surface. Just as the solvent, the rolling sphere can’t access the V-shaped cavities, therefore the 

area of the surface defined by this rolling sphere is a more realistic measure of the solvent-accessible as compared 

to the overlapping sphere surface.        

Having built a cavity as per a realistic SASA, the energy of the solute molecule interaction with 

the solvent it gets access to, is calculated. This energy of interaction can be split into four terms: 

(1) the cavitation energy, which is the energy required to tailor a cavity. This clearly relies on 

the size of the solute; (2) the weak solute-solvent energy (dispersion forces); (3) reorganization 

energy of the solvent which is caused by disturbing solvent-solvent dispersion forces, and (4) 

energy of electrostatic interaction between the charges on the solvent molecules and those in 

the solute.  
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2.3. Theory of Redox potential prediction 

 

A redox reaction process is simply defined in form of a half-cell reaction as below 

 

          d meOxm Re 1                                                                                                               11 

 

where Ox and dRe is the oxidized and the reduced species respectively. As this process takes 

place, the oxidized species )(Ox gains an electron and the reduced species ( dRe ) is formed. 

This overall reaction is called half cell reaction. Two such half-cell reactions are combined to 

obtain a complete redox reaction. The reduction of quinone to hydroquinone in aprotic solvent 

is shown in fig.1 

                                                

 

Figure 1: Reduction of quinone in aprotic solvents with a proton donating acid.  

 

Applying appropriate computational methods to accurately predict the redox potential can 

guide us in understanding the redox mechanism in quinone and aid in the design of high 

potential quinone based materials. 

2.3.1. Computational treatment of reference electrodes 

Redox potentials are reported or referenced against the reference electrodes. Cases vary 

according to the need to use aqueous or non-aqueous solutions and suitable reference 

electrodes of each solvent has been recommended. Acetonitrile (non-aqueous) is used as a 

solvent in this project work and ferrocene redox couple has been extensively used to reference 

redox couple in such a case. The ferrocene compound (Fe(C5H5)2)  is an organometallic 

compound, a phototypical metallocene  consisting of two cyclopentadienyl rings sandwiched on 

opposite sides of a centered Fe(II) ion. 

 



8 
 

Figure 2. Ferrocene (eclipsed) structure in (a) horizontal and (b) vertical views16 

 (a)                    (b)       

The redox system study of ferrocene/ferrocenium ion (Fc/Fc+) has been done extensively. This 

has shown a solvent dependent redox behavior to a spectrum of 22 of the non-aqueous 

solvents and has therefore been preferred to be used as a reference electrode by IUPAC for 

electrochemical investigations in non-aqueous solvents.17 Since the IUPAC recommendation, 

the Fc/Fc+ reference electrode has been accepted and used as a reference electrode system for 

non-aqueous solutions. The half-cell reaction for this system (Fc/Fc+) is given as; 

                                                     𝐹𝑐+ +  𝑒−  → 𝐹𝑐                                                                                  12 

2.3.2. Thermodynamic Cycle  

There are currently a number of protocols for the computational redox potential prediction in 

solution.10 The popularly used method is the Born-Herber cycle. (Scheme 1)  

 

 

 

                   

 

 

 

 

Scheme 1. Born-Haber thermodynamic cycle.(Thermodynamic cycle forn the calculation of Gibbs 

free energies of a one electron process) 

                           

         eOx gg
                                        d gRe  

  

                                     

      eOx gSolv
                                      d SolvRe  
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The scheme is generally a representation of solution phase and gas phase reactions and the 

relations of these two phases. It is a thermodynamic cycle used in evaluating the reaction free 

energy of any chemical transformation e.g. a redox reaction. In this cycle the electron free 

energy is not accounted for because on addition to another reference electrode half-cell 

reaction will cancel out the energy of the electron automatically. 

One other way of looking at it is that the electron ionic convention in the solution and gas 

phase results to a zero value of its free energy. 

The standard reduction potential is calculated as below; 

                                           
nF

dG
Eo solv )(Re)(

                                                                                       12 

Where n and F are the number of electrons exchanged in the redox reaction and the Faradays 

constant respectively. This is achieved after obtaining the reduction free energies G solv )( using 

scheme 1 above. The overall value of this Gibbs free energy G solv )( is obtained as; 

    )()(Re)(Re)(Re )()()()( OxGdGdGdG ssgsolv                                                                    13 

where ).(Re)(Re)(Re )()()( dSTPVdUdG sgg   The statistical mechanics contributions 

are also included in the calculation by factoring in the vibration, rotational and translational 

contributions. This means that the internal energy )(H  and entropy )(S  becomes

PVUUUPVUH transrotvib  )( and SSSS transrotvib  .  

2.3.3. Methods to calculate the Gibbs free energy and Redox 

Potential of Redox Reaction. 

The standard electrode potentials can be predicted theoretically by using direct and indirect 

methods. For direct method the half-cell reaction of the reference electrode for example the 

half-cell reaction of Fc/Fc+ or SHE reference electrode is incorporated in the redox reaction. The 

reference electrode measure is then evaluated in the same way as half-cell reaction of the 

reactant. The complete redox-reaction is the combination of equations (11) and (12). 

                                                       1Rem mFcOx d Fc                                                                13 

For the indirect method (isodesmic model) evaluated redox potentials are referenced against to 

the redox half-cell reaction of equation 14 (reference complex). 

                                                     Reref refOx e d                                                                                14   

Equation 11 is then combined with equation 14 to give eqt.15 which is the overall redox 

reaction. 

                                                       Re Reref refOx d Ox d                                                                 15 
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2.4.  𝒑𝑲𝒂 (Basicity) as a factor influencing the redox potential 

 

The pyridine bases used in this research work have varying basicity. The main task here is to establish 
how this bases influence the redox potential of quinone. Pyridine results when a benzene ring is 
replaced by a nitrogen. Table 1 below shows pyridine base and its derivatives used in their 
corresponding 𝑝𝐾𝑎 values. Incase nitrogen becomes protonated in the reaction conditions, the reaction 
is decreased further due to the fact that a positively charged nitrogen is more electron withdrawing 
compared to a neutral nitrogen. 

  

Base Structure pKa 
(corresponding 

acid) 

3-Chloropyridine 

 

2.81 

4-
Chloropyridine 

 

3.83 

Pyridine 

 

5.23 

2-Picoline 

 

5.95 

2,6-Lutidine 

 

6.60 

2,4,6-Collidine 

 

7.43 

 

Table 1. pyridine bases and their derivatives with corresponding pKa values 

 

            𝐾𝑒𝑞 is a value called the equilibrium constant, at equilibrium this value is used to indicate 

whether a reversible reaction favors products or reactants. 

 

                                             𝐻𝐴 + 𝐻2𝑂 ⇋  𝐻3𝑂+ +  𝐴−                                                                               16 
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                                                𝐾𝑒𝑞 =  
[𝐻3𝑂+][𝐴−]

[𝐻2𝑂][𝐻𝐴]
                                                                                                  17 

The extend to which an acid (HA) dissociates in a dilute solution normally is obtained, hence the 

concentration of water approximately remains constant. This enables the above expression (eqt 17) to 

be rewritten in terms of a constant called the acid dissociation constant, 𝐾𝑎 . 

                                      𝐾𝑎 =  
[𝐻3𝑂+][𝐴−]

[𝐻𝐴]
=  𝐾𝑒𝑞[𝐻2𝑂]                                                                                     18 

Therefore 𝐾𝑎 is the quantitative measure of the acids’ strength in a solution. It is the equilibrium 

constant of a chemical reaction called dissociation with refference to acid-base reactions. The larger the 

𝐾𝑎 (acid dissociation constant) the stronger the acid i.e. the higher the likelyhood to give away a proton. 

For simplicity, the strength of an acid is normally given in terms of 𝑝𝐾𝑎 instead of 𝐾𝑎 where 

                                                                 𝑝𝐾𝑎 =  −𝑙𝑜𝑔𝐾𝑎                                                                                        19 

Hence 𝑝𝐾𝑎 is the logarithimic constant. For comparison purposes ; 𝑝𝐾𝑎 is a characteristic measure of a 

compound which gives the tendency of that compound to give up its proton. The pH on the other hand 

is a scale used to indicate the concentration of positively charged hydrogen ions in a solution indicated 

by [𝐻+], that is   

                                𝑝𝐻 =  −log [𝐻3𝑂+]                                                                                                                 20 

where  [𝐻3𝑂+] is the solvated form of hydrogen ions in water. The connection between these two is 

formulated in Henderson-Hasselbalch equation. 

          𝑝𝐾𝑎 = 𝑝𝐻 + 𝑙𝑜𝑔
[𝐻𝐴]

[𝐴−]
                                                                                                                                  21  

Common  𝑝𝐾𝑎 values in most contexts indicate the strength of the acid in water unless it is stated. 
Change of solvent e.g. using acetinitrile instead of water affects the  𝑝𝐾𝑎 of the acid. A protic solvent like 
water has hydrogen bonded to nitrogen or oxygen;so it is an hydrogen donor. An aprotic solvent has no 
hydrogen bonded to nitrogen or oxygen, therefore it is not a hydrogen bond donor.  
As discussed above the 𝑝𝐾𝑎 is the logarithimic constant of 𝐾𝑎. 𝐾𝑎 is an acid dissociation constant. From 

the nerstian equation below (eq.17), it is evident that factors influencing the pKa value of a base would 

also affect the quinone redox potential.  

                                                                                                               17 

One way to find the basicity of a substance is to consider the structure of the molecule. The concept is 

that high electron density within a molecule implies that it is more probable to share electrons with 

another molecule (stronger basicity). Low electron density within  a molecule implies that it is less 

probable to share electrons with the neighbouring molecule (weaker basicity). Basically a base with low 

electron density means weaker base and a base with higher electron density means strong base. 

Therefore the features influencing the basicity are: electronegativity, size of atomic radius, inductive 

effect, formal charges and resonance.  
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3. Method/computational details 
  All computations were done using the density functional theory (DFT), using the density functional 

B3LYP as implemented in jaguar 7.7 software package. Vibrational calculations and geometry 

optimization of Quinone and pyridine bases were all treated in the level of 6-311G** basis set under the 

restricted scheme.  

Solvation energies were performed from the Poison-Boltzmann self-consistent method (PBF) 
where the solvent used is acetonitrile (CH3Cl2) with dielectric constant (effective radius) equal 
to 37.3 (1.40).  
 

4.  Results and Discussion 

4.1. Geometry  

Molecular parameters are known to be controlled by the molecular geometry and therefore the 

optimization of the geometry is important in calculating the formal potential. Optimized 

structures gives the exact and accurate energy-minimums as no imaginary frequency is arises. 

Bond C=C C-C C=N C-N C-Cl C-H N-H C=O H-O C-O 

Computed 1.35 1.4 1.4 1.4 1.73 1.1 1.07 1.23 0.94 1.36 

literature 1.34 1.289 1.38 1.1718 1.6512 1.1199 1.063 1.23 0.958 1.178 

 

Table 1. Table of computed bond lengths and experimental (Literature)  

Table 1 shows a comparison of calculated structural parameters of quinone, hydroquinone and 

pyridine derivative with those reported in literature which is normally obtained from x-ray 

crystallography data. The computed bond lengths optimization were performed at B3LYP/6-

311G** levels. As evidence from figure 3 and table 1 the computed bond lengths are in good 

agreement with experimental bond lengths. 
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Fig 3. Calculated bond length in comparison with experimental data at B3LYP/6-311G** 

level 
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        Fig 4. Optimized base structures               

 

4.2. Standard reduction potential of Quinone /Hydroquinone couple 

  Before the theoretical analysis of the effect of basicity and concentration of proton accepting 

bases on the Quinone potential, it was important to analyze the Quinone/hydroquinone redox 

couple. This was also a way to validate the choice of correct DFT functional and the basis set. 

 

 Upon reduction in water solution quinones undergo conversion to hydroquinone (Figure 4). This 

reaction is a 2-electron process that is coupled to uptake of two protons. As protons are 

consumed in the reaction an increased proton content (lower pH) will decrease the Gibbs free 

energy (∆𝐺) of the reaction. The Gibbs free energy is related to the redox potential (𝐸𝑜) through 

the equation; 

                                           ∆𝐺 =  −𝑧𝐹𝐸𝑜                                                                              4.1 

 

where z is the number of electron transferred in the reaction and F is the Faraday constant. The 

potential will thus decrease with pH. To evaluate ∆𝐺 the thermodynamic circle in scheme 1 has 

been used where;  

                                 ∆𝐺 =  ∆𝐺𝑠𝑜𝑙𝑣,𝑟𝑒𝑑 −  ∆𝐺𝑠𝑜𝑙𝑣,𝑜𝑥 
 
                                                             4.2              



15 
 

                                                                          4.3 

Fig .4.  Reduction of quinone in water solution to hydroquinone 

 
Table 3 below shows the components of energy values of to obtain the Gibbs free energy as per 

equation 13. The contribution of  𝑇∆𝑆(𝑔𝑎𝑠) at 298K is 1.026eV (23.67cal/mol), 1.01eV 

(23.32cal/mol) and 0.403eV (9.28cal/mol) for quinone, hydroquinone and hydrogen molecule 

respectively. Given that total enthalpy (𝐻𝑡𝑜𝑡= 𝑈𝑡𝑜𝑡 + pV), its values at 298K are 0.195eV 

(4.05cal/mol), 0.191eV (4.406cal/mol) and 0.09eV (2.074cal/mol) for quinone, hydroquinone 

and hydrogen. 

Equation 13 also requires that the solvation Gibbs free energies of the quinone/hydroquinone 

couple are needed in order to get the total change in Gibbs energy of reaction. These energies of 

solvation were computed using Poisson-Boltzmann solver model of solvation (PBF). The values 

as summarized in table 2 are -0.28eV, -0.55eV for quinone and hydroquinone respectively.    

 ∆𝐺𝑠𝑜𝑙𝑣 𝐸𝑔(Gas phase energy) ZPE 𝐻𝑡𝑜𝑡 𝑇𝑆𝑡𝑜𝑡 ∆𝐺𝑠𝑜𝑙𝑣,𝑎,𝑏,𝑐 

Quinone -0.28 -10382.8 2.3 0.195 1.026 -239399.65a 

Hydroquinone -0.55 -10416.6 2.9 0.1910 1.01 -240170.44b 

𝐻2 0 -32.099 6.32 0.09 0.403 -741.0852c 

Table 2. Energy values in eV 

The above values together with the gas phase energies are used to obtain the total Gibbs free 

energy  ∆𝐺 
 
 given as; ∆𝐺 =  ∆𝐺𝑠𝑜𝑙𝑣,𝑟𝑒𝑑 −  ∆𝐺𝑠𝑜𝑙𝑣,𝑜𝑥 

 
and formal potential obtained from 

                                                
nF

dG
Eo solv )(Re)(

                                                                             4.4 

Where n=2 and F is the Faradays constant. The potential of quinone/hydroquinone couple versus 

SHE is therefore found to be 0.644V. This value is in good agreement with the available 

experimental data of 0.7V. 

4.3. Quinone redox potential in pyridine bases. 

 

Before the calculation of the Quinone redox potential in pyridine bases the components of the 

∆𝐺 in reaction 4.4 are first examined. These are the solvation energy and the gas-phase energies. 

As shown from reaction 4.3, Gibbs free energies of solvation for both the base and its corresponding 

protonated base are required in order to find the final change in Gibbs energy of reaction 4.2. Table 3 

shows these solvation energies calculated by using the PBF model in acetinitrile. 
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4.4. Calculation of solvation free energies 

Solvation free energies of the pyridine derivative bases, quinone and hydroquinone were computed 

with DFT wave functions using the standard Poison-Boltzmann model (PBF). The solvent used was 

acetonitrile at 295K, dielectric constant 𝜖 = 41.05 and probe radius of 2.19Å. 

The solvation energy of 3-chloropyridine, 4-chloropyridine, pyridine, 2-pcoline, 2-6lutidine and 2,4,6-

collidine bases  (∆𝐺𝑠𝑜𝑙𝑣,𝑜) are -0.2673eV, -0.2749eV, -0.3036eV, -0.0072eV, -0.0106eV and -0.3009eV 

respectively. Their correspondding protonated bases gave solvation energy values  (∆𝐺𝑠𝑜𝑙𝑣,1)  are; -

2.6637eV, -2.6394eV, -2.6386eV, -2.5010eV, -2.3708eV and -2.2737eV. The final component values of 

∆𝐺𝑠𝑜𝑙𝑣 calculated from the above parameters are displayed in the last row of table 3. 

The summary of the results is also plotted in fig.4 against the pKa values of the bases. The results shows 

a linear trend where the solvation energies rises with the increase in the basicity of the pyridine  bases. 

𝑝𝐾𝑎 Base ∆𝐺𝑠𝑜𝑙𝑣,𝑜 ∆𝐺𝑠𝑜𝑙𝑣,1 ∆𝐺𝑠𝑜𝑙𝑣 

2.82 3-chloropyridine -0.2673 -2.6637 -4.6311 

3.83 4-chloropyridine -0.2749 -2.6394 -4.8421 

5.23 Pyridine -0.3036 -2.6386 -4.5082 

5.95 2-picoline -0.0072 -2.5010 -4.4472 

6.6 2,6-Lutidine -0.0106 -2.3708 -4.0028 

7.43 2,4,6-Collidine -0.3009 -2.2737 -3.7838 

 

  Table 3. Solvation energies for quinone redox reaction in pyridine bases at B3LYP/6-

311+G level. The solvation energies of quinone and hydroquinone are -0.4eV and -0.5617eV 

respectively  
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Fig. 5. Solvation energies versus the pKa values calculated at B3LYP/6-311+G level in PBF 

model. 

Solvation free energy of a transition-state structure or minimum energy optimized in solution 

calculated in this work compares the energy of the optimized solvated structure to energy of 

the optimized gas-phase structure. Hence optimizations in solution were performed after each 

gas-phase structure is calculated.  

This gas phase energies are tabulated in table and plotted against the pKa values of the bases 

in figure 6. Fiqure 6 shows perfect linearity with the pKa values of the bases, where bases 

with larger gas phase energies is obtained from bases with smaller pKa values. 

𝑝𝐾𝑎 Base 𝐸𝑔𝑎𝑠,0 𝐸𝑔𝑎𝑠,1 𝐸𝑔𝑎𝑠 

2.82 3-chloropyridine -19264.8817 -19274.7.72 14.10 

3.83 4-chloropyridine -19264.8822 -19274..86 13.82 

5.23 Pyridine -6757.66 -6767.80 13.51 

5.95 2-picoline -78274.86 -7838.13 13.39 

6.6 2,6-Lutidine -8898.2 -89.59 12.99 

7.43 2,4,6-Collidine -9968.37 -9978.85 12.81 

Table 4. Gas phase energies of Quinone redox reaction on pyridine bases at B3LYP/6-

311+G level. Gas phase energies of Quinone and hydroquinone are -10382.77eV and -

10416.55eV respectively  
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Fig. 5. Gas phase energies of quinone redox reaction on pyridine bases versus the pKa 

values calculated at B3LYP/6-311+G level in PBF model. 

In order to calculate the formal potential of quinone/hydroquinone couple from equation 4.4 

and basing on the thermodynamic cycle (scheme 1), the following equation was used to 

calculate the ∆𝐺𝑠𝑜𝑙𝑣  

∆𝐺𝑠𝑜𝑙𝑣 =  −(∆𝐺𝑠𝑜𝑙𝑣,𝐻𝑄 + 2 ∗ ∆𝐺𝑠𝑜𝑙𝑣,0 −  ∆𝐺𝑠𝑜𝑙𝑣,𝑄 − 2 ∗ ∆𝐺𝑠𝑜𝑙𝑣,1) 

where ∆𝐺𝑠𝑜𝑙𝑣,𝐻𝑄, ∆𝐺𝑠𝑜𝑙𝑣,0, ∆𝐺𝑠𝑜𝑙𝑣,𝑄, ∆𝐺𝑠𝑜𝑙𝑣,1 are the solvation energies of hydroquinone, 

base, Quinone and the protonated base respectively. The values of the above solvation values 

were computed from equation 13 simplified as; 

∆𝐺 =  𝐸𝑒𝑙𝑒𝑐𝑡 +  𝐺𝑠𝑜𝑙𝑣 + 𝑍𝑃𝑉𝐸 +  ∑
ℎ𝑣

𝑒
ℎ𝑣
𝑘𝑇 − 1

+  
𝑛

2
𝑘𝑇 − 𝑇(𝑆𝑣𝑖𝑏 +  𝑆𝑟𝑜𝑡 +  𝑆𝑡𝑟𝑎𝑛𝑠)

𝑣

 

Where ∑
ℎ𝑣

𝑒
ℎ𝑣
𝑘𝑇 −1

+  
𝑛

2
𝑘𝑇 𝑣  represents the enthalpy of the system and the other values were 

defined in section 2.3.2. These ∆𝐺 of the above reactants are tabulated in table 
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𝒑𝑲𝒂 Base ∆𝑮𝒐 ∆𝑮𝟏 ∆𝑮𝒔𝒐𝒍𝒗 

2.82 3-chloropyridine -444224.8 44498.6 9.563 

3.83 4-chloropyridine -444225.1 -444501.2 9.36 

5.23 Pyridine -155801.6 156081.1 9.07 

5.95 2-picoline -180463.8 -180743.5 9.05 

6.6 2,6-Lutidine -205129.9 -205409.1 9.1 

7.43 2,4,6-Collidine -229792 -230070.8 9.12 

 Quinone/hydroquinone -239401.7a -240169.8b  

 

Table 5. ∆𝐺𝑠𝑜𝑙𝑣 Values of the reactants of Quinone redox reaction.(a: ∆𝐺𝑄 and         

b: ∆𝐺𝐻𝑄) 

5 above the ∆𝑮 values of the Quinone redox reaction on each base were then used in 

equation 4.4 to calculate the formal potential of Quinone. These Quinone potential values are 

shown in table 6 below. The table also shows corresponding experimental values. The 

experimental and the calculated values have been represented in figure 6. 

 

 

 

             𝒑𝑲𝒂 

E
o
’ (V) 

 2.81 3.83 5.23  5.95  6.6  7.43  

Experimental  0.034 -0.0383  -0.115  -0.223  -0.28  -0.33  

Theoritical -0.33 -0.43 -0.57 -0.58 -0.56 -0.55 

 

Table 5. Quinone redox potential in pyridine bases in acetonitrile. 

Both experimental and the theoretical values displays the same trend where higher potential 

values are obtained at lower pKa values. Lower  𝑝𝐾𝑎 values implies that the base reactant has 

a higher tendency to give up a proton to charge compensate the two electrons involved in the 

hydroquinone oxidation. This increases the proton content decreasing the Gibbs free energy 

of the reaction and from equation 4.1 where  ∆𝐺 =  −𝑧𝐹𝐸𝑜  it is evident that the formal potential 

will increase.  

The experimental and the theoretical values however did not agree well such that a common 

Quinone formal potential was arrived at. From the nerstian equation given as,  

                                          

The experimental and the theoretical data gave 0.27V and -0.21V respectively. 
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 Figure 6. Calculated and experimental values of Quinone redox potential in pyridine bases. 

 

 

 

 

5. Conclusions and recommendations 

 The potential of quinone/hydroquinone couple versus SHE was theoretically calculated 

using DFT computational method, at B3LYP level under 6-311G** basis set. This 

functional and basis set gave the quinone formal standard potential to be 0.644V. This 

value is in good agreement with the available experimental data of 0.7V. 

 The computed formal potential of quinone redox reaction in pyridine bases using 

acetonitrile as a solvent is - 0.21V.  

 The slope compared to the nerstian value of 59mV is found to be 63mV. This value will 

help in tuning the quinone potential whereby it has been shown that lower 𝑝𝐾𝑎 values 

of the base gives a higher quinone potential. 

 Decreased 𝑝𝐾𝑎 shifts quinone potential to more positive potential (𝐸𝑜′) linearly 

 Total energy correlates linearly with the pKa values of the pyridine bases. This shows 

that gas phase energy can be a source of information to theoretically predict the formal 

potential.  

 Given than the computed quinone formal potential did not perfectly correlate with the basicity 

in jaguar 7.7 software package, the recommendation is that the Gaussian software package can 

also be used to seek equal correlation as in experimental values. 
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